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Resumen

La presente memoria “Medidas fuertemente mezclantes y subconjuntos in-
variantes en dindmica lineal” se estructura en tres partes. En el Capitulo
0 se introducen la notacién, definiciones y resultados basicos que se nece-
sitaran a lo largo de la tesis. La primera parte consta de dos capitulos, los
Capitulos 1 y 2, donde estudiamos la relacién entre el Criterio de Hiper-
ciclicidad Frecuente y la existencia de medidas de probabilidad borelianas
fuertemente mezclantes. La segunda parte la compone el Capitulo 3, donde
centramos nuestra atencién en el estudio de la hiperciclicidad frecuente de
los Cp-semigrupos de traslacion. En la 1ltima parte, consistente en los
Capitulos 4 y 5, estudiamos propiedades dindmicas que satisfacen los sis-
temas dinamicos lineales auténomos y no auténomos sobre ciertos subcon-
juntos invariantes. A continuacién proporcionamos una breve descripcién
de cada capitulo:

En el Capitulo 1, construimos medidas de probabilidad borelianas fuerte-
mente mezclantes y T-invariantes con soporte total para operadores definidos
en F'- espacios que satisfacen el Criterio de Hiperciclicidad Frecuente. Ade-
mds, proporcionamos ejemplos de operadores que verifican este criterio y
mejoramos el resultado en el caso de operadores backward shifts unilat-
erales y caodticos con la obtencién de medidas exactas. Los contenidos de
este capitulo han sido publicados en [88] y [12].

En el Capitulo 2, demostramos que el Criterio de Hiperciclicidad Frecuente
para Cy-semigrupos, obtenido por Mangino y Peris en [82], asegura la ex-
istencia de medidas invariantes fuertemente mezclantes con soporte total.
Proporcionaremos diversos ejemplos que ilustran este resultado y que varian
desde el modelo de nacimiento y muerte hasta la ecuacién de Black-Scholes.
Todos los resultados de este capitulo han sido publicados en [86].
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En el Capitulo 3, centramos nuestra atencién en uno de los Cy-semigrupos
mas importantes, el semigrupo traslaciéon. Inspirados en el trabajo de Ba-
yart y Ruzsa [22] que caracteriza la hiperciclicidad frecuente de los ope-
radores backward shifts con pesos, caracterizamos los semigrupos traslacién
frecuentemente hiperciclicos en los espacios C§(R) y Ly(R). En primer lu-
gar, repasamos los resultados ya existentes sobre la dindmica de los semi-
grupos traslacién. A continuacién, obtenemos una caracterizacién de la
hiperciclicidad frecuente para operadores pseudo-shifts con pesos en funcién
de los mismos, que se usard mas tarde para caracterizar el Cp-semigrupo
traslacién en C§(R). Finalmente, estudiamos el caso de L5(R). También
estableceremos una analogia entre el estudio de la hiperciclicidad frecuente
para el semigrupo traslaciéon en Lp(R) y el operador backward shift en es-
pacios de sucesiones con pesos. Los contenidos de este capitulo han sido
incluidos en [81].

En el Capitulo 4 hemos estudiado la hiperciclicidad, el caos de Devaney
y las propiedades de tipo mezclante tanto en el sentido topolégico como
en el medible para operadores definidos en espacios vectoriales topolégicos
que presentan subconjuntos invariantes. Hemos establecido relaciones en-
tre el hecho de que un operador satisfaga las propiedades dindmicas so-
bre ciertos subconjuntos invariantes y que las satisfaga sobre la envoltura
lineal cerrada del propio subconjunto o sobre la unién de subconjuntos
invariantes. Ademds, proporcionamos condiciones sobre el operador (o Cp-
semigrupo), que aseguren que al restringirlo sobre el subconjunto inva-
riante, satisface ciertas propiedades dindmicas. En particular, centraremos
nuestra atencién en el caso de operadores positivos y semigrupos positivos
definidos en reticulos, y el cono positivo. Los contenidos de este capitulo
han sido publicados en [85].

En el ultimo capitulo, motivados por el trabajo de Balibrea y Oprocha
[4], donde obtuvieron resultados sobre propiedades mezclantes y caos para
sistemas discretos no auténomos sobre compactos, estudiamos propiedades
mezclantes para sistemas dindmicos lineales no auténomos sobre ciertos
subconjuntos invariantes. Todos los resultados de este capitulo han sido
publicados en [87].



Resum

La tesi “Mesures fortament mesclants i subconjunts invariants en dinamica
lineal” s’estructura en tres parts. En el Capitol 0 s’introdueix la notacid,
definicions i resultats basics que es necessitaran al llarg de la tesi. La
primera part de la tesi consta de dos capitols, els Capitols 1 i 2, on estudiem
la relacié entre el Criteri d’Hiperciclicitat Freqiient i 'existencia de mesures
de probabilitat borelianes fortament mesclants. La segona part la compon
el Capitol 3, on centrem la nostra atencié en l'estudi de la hiperciclicitat
freqiient dels Cp-semigrups de translacié i I'iltima part consistent en els
Capitols 4 i 5, on estudiem propietats dinamiques que satisfan els sistemes
dinamics lineals autonoms i no autonoms sobre certs subconjunts invari-
ants. A continuacié proporcionem una breu descripcié de cada capitol:

En el Capitol 1, construim mesures de probabilitat borelianes fortament
mesclants i T-invariants amb suport total per a operadors definits en F-
espais que satisfan el Criteri d’Hiperciclicitat Freqiient. A més, propor-
cionem exemples d’operadors que verifiquen aquest criteri i millorem aquest
resultat en el cas d’operadors backward shifts unilaterals i caotics. Els con-
tinguts d’aquest capitol han sigut publicats en [88] i [12].

En el Capitol 2, mostrem que el Criteri d’Hiperciclicitat Freqiient per a Cy-
semigrups, obtingut per Mangino i Peris en [82], assegura existéncia de
mesures invariants fortament mesclants amb suport total. Proporcionarem
diversos exemples que il-lustren aquest resultat i que varien des del model
de naixement i mort fins a I'equacié de Black-Scholes. Tots els resultats
d’aquest capitol han sigut publicats en [86] .

En el Capitol 3, centrem la nostra atencié en un dels Cy-semigrups més
importants, el semigrup translacié. Inspirats en el treball de Bayart i
Ruzsa [22] que caracteritza la hiperciclicitat freqiient dels operadors back-
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ward shifts amb pesos, caracteritzem els semigrups translacié freqiientment
hiperciclics en els espais C{(R) i L5(R). En primer lloc, repassem els resul-
tats ja existents sobre la dinamica dels semigrups translacié. A continuacio,
obtenim una caracteritzacié de la hiperciclicitat freqient per a operadors
pseudo-shifts amb pesos en funcié dels mateixos que s’usara més tard per a
caracteritzar el Cp-semigrup translacié en C§(R). Finalment, estudiem el
cas de Lj(R). També establirem una analogia entre l'estudi de la hiperci-
clicitat freqiient per al semigrup translacié en Lp(R) i I'operador backward
shift en espais de successions amb pesos. Els continguts d’aquest capitol
han sigut inclosos en [81].

En el Capitol 4 hem estudiat la hiperciclicitat, el caos de Devaney i les
propietats de tipus mesclant tant en el sentit topologic com en el mesurable
per a operadors definits en espais vectorials topologics que presenten sub-
conjunts invariants. Hem establit relacions entre el fet que un operador
satisfaga les propietats dinamiques sobre certs conjunts invariants i que les
satisfaa sobre I’embolcall lineal tancat del propi subconjunt o sobre la unié
de subconjunts invariants. A més, donem condicions a 'operador (o Cp-
semigrup), que asseguren que en restringir-ho sobre el subconjunt invariant,
satisfaa certes propietats dinamiques. En particular, centrarem la nostra
atencié en el cas d’operadors positius i semigrups positius definits en reti-
cles i el con positiu. Els continguts d’aquest capitol han sigut publicats en
[85].

En I"iltim capitol, motivats pel treball de Balibrea i Oprocha [4], on van
obtenir resultats sobre propietats mesclants i caos per a sistemes discrets
no autonoms en conjunts compactes, estudiem propietats mesclantes per a
sistemes dinamics lineals no autonoms sobre certs subconjunts invariants.
Tots els resultats d’aquest capitol han sigut publicats en [87].



Summary

The Ph.D. Thesis “Strong mixing measures and invariant sets in linear dy-
namics” has three differenced parts. Chapter 0 introduces the notation,
definitions and the basic results that will be needed troughout the thesis.
There is a first part consisting of Chapters 1 and 2, where we study the
relation between the Frequent Hypercyclicity Criterion and the existence of
strongly-mixing Borel probability measures. A third chapter, where we fo-
cus our attention on frequent hypercyclicity for translation Cy-semigroups,
and the last part corresponding to Chapters 4 and 5, where we study dy-
namical properties satisfied by autonomous and non-autonomous linear dy-
namical systems on certain invariant sets. In what follows, we give a brief
description of each chapter:

In Chapter 1, we construct strongly mixing Borel probability 7T-invariant
measures with full support for operators on F-spaces which satisfy the
Frequent Hypercyclicity Criterion. Moreover, we provide examples of op-
erators that verify this criterion and we also show that this result can be
improved in the case of chaotic unilateral backward shifts. The contents of
this chapter have been published in [88] and [12].

In Chapter 2, we show that the Frequent Hypercyclicity Criterion for Cy-
semigroups, which was given by Mangino and Peris in [82], ensures the
existence of invariant strongly mixing measures with full support. We will
provide several examples, that range from birth-and-death models to the
Black-Scholes equation, which illustrate these results. All the results of this
chapter have been published in [86].

In Chapter 3, we focus our attention on one of the most important tests
Cy-semigroups, the translation semigroup. Inspired in the work of Ba-
yart and Ruzsa in [22], where they characterize frequent hypercyclicity of
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weighted backward shifts we characterize frequently hypercyclic transla-
tion Cp-semigroups on C§(R) and LH(R). Moreover, we first review some
known results on the dynamics of the translation Cy-semigroups. Later we
state and prove a characterization of frequent hypercyclicity for weighted
pseudo shifts in terms of the weights that will be used later to obtain a
characterization of frequent hypercyclicity for translation Cp-semigroups
on C{(R). Finally we study the case of L(R). We will also establish an
analogy between the study of frequent hypercyclicity for the translation
Co-semigroup in L5(R) and the corresponding one for backward shifts on
weighted sequence spaces. The contents of this chapter have been included
in [81].

Chapter 4 is devoted to study hypercyclicity, Devaney chaos, topological
mixing properties and strong mixing in the measure-theoretic sense for op-
erators on topological vector spaces with invariant sets. More precisely, we
establish links between the fact of satisfying any of our dynamical proper-
ties on certain invariant sets, and the corresponding property on the closed
linear span of the invariant set, or on the union of the invariant sets. Vicev-
ersa, we give conditions on the operator (or Cy-semigroup) to ensure that,
when restricted to the invariant set, it satisfies certain dynamical property.
Particular attention is given to the case of positive operators and semi-
groups on lattices, and the (invariant) positive cone. The contents of this
chapter have been published in [85].

In the last chapter, motivated by the work of Balibrea and Oprocha [4],
where they obtained several results about weak mixing and chaos for nonau-
tonomous discrete systems on compact sets, we study mixing properties for
nonautonomous linear dynamical systems that are induced by the corre-
sponding dynamics on certain invariant sets. All the results of this chapter
have been published in [87].
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Introduction

This Ph.D Thesis treats different aspects about linear dynamics. In the
first part of the thesis we focus our attention on frequent hypercyclicicity
and its connection with measurable dynamics, i.e. ergodic theory. Ergodic
theory was first used for the dynamics of linear operators by Rudnicki [94]
and Flytzanis [56] and during the last years it has deserved special attention
thanks to the work of Bayart and Grivaux [18, 17].

In 2005, motivated by Birkhoff’s Theorem, Bayart and Grivaux introduced
in [18] the notion of frequently hypercyclic operators, trying to quantify how
“often” an orbit meets non-empty open sets. Moreover, they also gave the
first version of a Frequent Hypercyclicity Criterion which ensures that an
operator T defined on an F- space is frequently hypercyclic. Later, some
new versions of this criterion were stated such as a probabilistic version
given by Grivaux in [66], and the most usual one was given by Bonilla an
Grosse-Erdmann in [33].

If an operator T" turns out to be ergodic with respect to some T- invariant
Borel probability measure with full support, then T is frequently hyper-
cyclic by Birkhoff’s Ergodic Theorem. Accordingly, it is desirable to find
conditions ensuring the existence of such types of measures.

The starting point of the first chapter is motivated by the work of Bayart
and Matheron that gave very general conditions, expressed on eigenvector
fields associated to unimodular eigenvalues, under which an operator T
admits a T-invariant strongly mixing measure with full support [21]. In
order to obtain their results, they work with Gaussian measures.

In our case, we show that under the hypothesis of the Frequent Hypercyclic-
ity Criterion, we can ensure the existence of T-invariant strongly mixing
measures with full support on F-spaces. Actually, on the one hand our
results can be deduced from [21] in the context of complex Fréchet spaces,
and on the other hand we only need rather elementary tools. Also, although




2 Introduction

our measures are not Gaussian, they have certain different properties which
have been used recently by Bayart [15].

Moreover, in this first chapter we provide examples that illustrate our re-
sults and we show that they can be improved by obtaining the existence of
exact measures in the case of chaotic unilateral weighted backward shifts.

We also show that Devaney chaos is therefore a sufficient condition for the
existence of strongly mixing measures within the framework of weighted
shift operators on sequence F-spaces, and that in some natural spaces such
as fP it is even a characterization of this fact.

The contents of this chapter have been published in [88] and [12].

Motivated by our work in Chapter 1, we wonder whether if it was also pos-
sible to obtain some conditions to ensure the existence of strongly-mixing
measures with full suppport for Cp-semigroups. In parallel with the the-
ory for linear operators, since the seminal paper by Desch, Schappacher
and Webb [45], many researchers turned their attention to the chaotic be-
haviour of strongly continuous semigroups. Actually hypercyclicity appears
in solution semigroups of evolution problems associated with “birth and
death” equations for cell populations, transport equations, first order par-
tial differential equations, Black and Sholes equations, diffusion operators
as Ornstein-Uhlenbeck operators [6, 7, 9, 31, 82, 37].

In [82], Mangino and Peris obtained a continuous version of the Frequent
Hypercyclicity Criterion based on the Pettis integral. We show that this
criterion suffices for the existence of invariant Borel probability measures
on X that are strongly mixing and have full support.

In contrast with the chaotic behavior in the topological sense, which is
trivial to pass from the discrete to the continuous case, while difficult or
false to go in the other direction (see, e.g., [38] for hypercyclicity and fre-
quent hypercyclicity, and [16] for Devaney chaos), the measure-theoretic
properties are not trivially passed from the discrete to the continuous case,
especially because of the requirement of Tj-invariance for every ¢t > 0. This
is why we need to construct explicitly the strongly mixing measures for
Co-semigroups, and they cannot be obtained from the main result in [88].

In [82] some conditions, expressed in terms of eigenvector fields for the in-
finitesimal generator of the Cpy-semigroup, were given to ensure that the
assumptions of the Frequent Hypercyclicity Criterion are satisfied. In con-
sequence we also obtain the stronger result of existence of invariant strongly
mixing measures under the same conditions. A different argument for the
existence of invariant strongly mixing measures for Cp-semigroups has been
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obtained by Bayart and Matheron in [21] under weaker assumptions on the
eigenvector fields for the generator.

We finish the chapter by presenting several applications of the previous
results to the (chaotic) behaviour of the solution Cp-semigroup to certain
linear partial differential equations and infinite systems of linear differen-
tial equations. These examples range from birth-and-death models to the
Black-Scholes equation.

All the results of this chapter have been published in [86].

In Chapter 3 we focus our attention on one of the most important tests
Co-semigroups, the translation semigroup. The role of “test” class, which
is played by weighted shifts in the setting of discrete linear dynamical sys-
tems, is covered by translation semigroups in the setting of continuous
linear dynamical systems. These semigroups have been widely studied by
many authors. In [45] hypercyclic translation semigroups were character-
ized. Mixing and chaotic properties were studied by Bermudez et alt. in
[24] and by Matsui et alt. in [84], respectively.

Inspired in the work of Bayart and Ruzsa in [22], where frequent hyper-
cyclicity of weighted backward shifts is characterized, we characterize fre-
quently hypercyclic translation Cp-semigroups on C{(R) and L5(R).

Firstly, we state and prove a characterization of frequent hypercyclicity
for weighted pseudo shifts in terms of the weights that will be used later
to obtain a characterization of frequent hypercyclicity for translation Cp-
semigroups on C§(R). Moreover, we prove that in C{(R) chaos implies
frequent hypercyclicity but the converse is not true.

Finally we study the case of L(R). We complete the results obtained by
Mangino in Peris in [82] by showing that for translation Cp-semigroups on
L (R) chaos is equivalent to frequent hypercyclicity.

We will also establish an analogy between the study of frequent hyper-
cyclicity for the translation Cp-semigroup and the corresponding one for
backward shifts on weighted sequence spaces as Barrachina and Peris stud-
ied for distributional chaos in [11].

The contents of this chapter have been included in [81].

Chapter 4 is devoted to study hypercyclicity, Devaney chaos, topological
mixing properties and strong mixing in the measure-theoretic sense for op-
erators on topological vector spaces with invariant sets. Although chaotic
properties for linear operators are usually considered in the context of F-
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spaces, more general topological vector spaces have also attracted the at-
tention in recent years (see, e.g.,[32], [99] and Chapter 12 of [72]).

In the first section of the chapter our framework are operators defined on
topological vector spaces. We provide several conditions under which a
dynamical property can pass from an invariant set (or a countable family
of invariant sets) of the operator to the closure of its linear span (or to the
union of the invariant sets). In [13] analogous results have been given for
backward shift operators and the specification property.

These results allow us to provide some surprising examples that show the in-
terplay between non-linear finite-dimensional dynamics and linear (infinite-
dimensional) dynamics.

There are well-known criteria of chaos [62, 25|, mixing [62, 75] and weak
mixing [59, 27] properties for operators. In section 4.3 we derive some
criteria under which an operator restricted to an invariant set satisfies these
properties.

In the last section we will give several criteria for operators and Cp-semigroups
that allow certain dynamical properties when restricted to invariant sets.
Special attention is devoted to positive operators on Fréchet lattices and
Co-semigroups of positive operators on Banach lattices when the invariant
set is the positive cone. By following the ideas that we developed in [88]
and [86], respectively, we show that certain “positive” versions of frequent
hypercyclicity criteria ensure the existence of T-strongly mixing measures
supported on the positive cone of a Fréchet lattice, and the existence of
(T})i-invariant strongly mixing Borel probability measures supported on
the positive cone of a Banach lattice, where T' is a positive operator and
(T3)e>0 is a Cp-semigroup of positive operators, respectively. In this last
case, the results are relevant in connection with applications since, for in-
stance, the chaotic behaviour of certain solutions to differential equations
make sense only when they are positive. This provides partial answers to
questions of Banasiak, Desch and Rudnicki.

The contents of this chapter have been published in [85].

In the last chapter we study mixing properties (topological mixing and
weak mixing of arbitrary order) for nonautonomous linear dynamical sys-
tems that are induced by the corresponding dynamics on certain invariant
sets. The type of nonautonomous systems that we consider can be defined
by a sequence (T;);en of linear operators T; : X — X on a topological vec-
tor space X such that there is an invariant set Y for which the dynamics
restricted to Y satisfies certain mixing property. We then obtain the cor-
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responding mixing property on the closed linear span of Y. We also prove
that the class of nonautonomous linear dynamical systems that are weakly
mixing of order n contains strictly the corresponding class with the weak
mixing property of order n + 1.

Chaotic behaviour for nonautonomous discrete systems has been studied
by several authors [35, 36, 77, 78, 76].

While the study of dynamics of nonautonomous discrete systems is usually
more complex and demanding than the same studies in the setting of au-
tonomous systems (i.e. systems given by a pair (X,T) where T is a linear
operator) such studies became more popular each year. The reason is that,
they are more flexible tools for the description of real world processes and
also because the variety of dynamical behavior that can be represented by
such systems is much richer. Very often nonautonomous discrete dynami-
cal systems arise in a natural way as a solution of differential equation. A
particular example is the dynamics of evolution of a population modeled by
(one or multi-dimensional) difference equations, like forced Pielou equation,
periodically forced Beverton-Holt equation, etc. (see for example [42]).

Our work has its starting point in [4], where Balibrea and Oprocha ob-
tained several results about weak mixing and chaos in nonautonomous dis-
crete systems on compact sets. Some of their results will be used to induce
the corresponding dynamical behavior on linear nonautonomous systems.
The theory of linear dynamics is well established in the case of iterations
of a single operator (autonomous dynamical system). The case of nonau-
tonomous linear dynamics is not yet developed, although a more general
concept of universality of a sequence of operators (7},)nen where the orbits
are defined as {T,,x ; n € N}, z € X, has been treated by several authors
(See, e.g., [24, 26, 27, 64, 79]).

All the results of this chapter have been published in [87].







Chapter 0

Preliminaries

This chapter is devoted to introduce the notation, definitions and the basic
results that we will use throughout the thesis. Most of the results related
to linear dynamics can be found in [20] and [72].

0.1 Topological dynamics

Dynamical systems appear naturally in the study of the behavior of evolving
systems. Let X be a set of elements that describes the different acceptable
states of a system. If x, € X is the state of the system at time n > 0,
then its evolution will be given by a linear map 7" : X — X such that
Tnt1 = T(zy).

Definition 0.1.1 (Discrete dynamical system) Let X be a metric space
and let T be a continuous map T : X — X. A discrete dynamical sys-
tem is a pair (X,T). We define the orbit of a point x € X as the set
Orb(x,T) = {T"x : n € Ny}, where T™ denotes the n-th iterate of a map
T. We will often simply say that T or T : X — X is a dynamical system.

Definition 0.1.2 Let S:Y — Y and T : X — X be dynamical systems.

1. Then T is called quasi-conjugate to S if there exists a continuous
map ¢ : Y — X with dense range such that T o ¢ = ¢ o S, that is, the
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following diagram commutes.

y 2y
1® 1@
x L x

2. If ¢ can be chosen to be a homeomorphism, then S and T are called
conjugates.

Definition 0.1.3 We say that a property p for dynamical systems is pre-
served under (quasi-)conjugacy if the following holds: if a dynamical system
S:Y =Y has property p then every dynamical system T : X — X that is
(quasi-) conjugate to S also has property .

Definition 0.1.4 Let T : X — X be a dynamical system. Then Y C X is
called T-invariant or invariant under T if T(Y) C Y.

Definition 0.1.5 We say that x € X is a fixed point for the dynamical
system T : X — X if Tx = x, and we say that x € X is a periodic point
for the dynamical system 7T if T"x = x for some n € Ng. The set of
all periodic points is denoted by Per(T). If x € Per(T) then the smallest
positive integer n such that T"x = x is called a primary period of x.

Definition 0.1.6 Let T : X — X be a dynamical system. For any pair of
nonempty open sets U,V we denote by N(U,V)={n € Ny : T"(U)NV #
0}. Then we have that (X,T) is:

(i) topologically transitive if for any pair of nonempty open sets U,V C X
N(U,V) #0;
(7i) weakly mixing if the map T x T is topologically transitive;

(i4i) mixing if for any pair of nonempty open sets U,V C X N(U,V) is
cofinite.

(iv) topologically ergodic if for any pair of nonempty open sets U,V C X
N(U,V) is syndetic, that is, there exists p € N, such that {n,n +
L...,n+p}NN(U,V) #0 for any n € No.

A result due to Furstenberg [58] is the following:

Theorem 0.1.7 Let T : X — X be a weakly miring dynamical system.
Then the n-fold product T x ... x T is weakly mizing for each n > 2.
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Remark 0.1.8 For any linear dynamical system,
maixing = topologically ergodic
= weakly mizing = topologically transitive.
In 1989 Robert L. Devaney proposed the first good definition of chaos; see

[46]. This concept reflects the unpredictability of chaotic systems because
the definition contains a sensitive dependence on initial conditions, i.e.:

Definition 0.1.9 Let X be a metric space without isolated points. Then
the dynamical system T : X — X is said to have sensitive dependence on
initial conditions if there exists some & > 0 such that, for every x € X and
e > 0, there exists some y € X with d(z,y) < € such that, for some n > 0,
d(T™x, T™y) > 6. The number ¢ is called a sensitivity constant for T'.

Definition 0.1.10 (Devaney chaos) A dynamical system T : X — X is
called chaotic in the sense of Devaney if it satisfies the following properties:
(i) T is topologically transitive,
(ii) Per(T) is dense in X,
(iii) T has sensitive dependence on initial conditions.
However, Banks, Brooks, Cairns, Davis and Stacey proved in 1992 ([10]),

that one can drop sensitive dependence from Devaney’s definition because
it is implied by the other two conditions.

Theorem 0.1.11 ([10]) Let X be a metric space without isolated points.
If a dynamical system T : X — X 1is topologically transitive and has a dense
set of periodic points then T has sensitive dependence on initial conditions
with respect to any metric defining the topology of X.

Proposition 0.1.12 The following properties are preserved by quasi-conjugacy:

(i) Topological transitivity.

(i) The property of having a dense orbit.
(iii) The property of having a dense set of periodic points.
(iv) Devaney Chaos.

(v) The mizing property.
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(vi) The weak-mizing property.

(vii) Topological ergodicity.

0.2 Hypercyclic and chaotic operators

Dynamical systems are defined by continuous maps on metric spaces. For
linear dynamical systems, the underlying space must in addition have a
linear structure, as is the case for Hilbert spaces and Banach spaces. We
will give definitions of linear dynamical systems on spaces of a more general
type, topological vector spaces.

Definition 0.2.1 Let ||.|]| : X — Ry be a functional on a vector space X
that satisfies:

(i) |z +yl| < [l|[ + [lyl|
(i) |[Azl| < =] if [A] <1
(idi) limy_so ||Az]] = 0

(i) ||z|| = 0 implies that x = 0.

Then ||.|| : X — Ry is called an F-norm. If (X,||.||) is complete under the
induced metric d(xz,y) = ||z — y||, then X is an F-space.

A particular case of I'-spaces are Fréchet spaces.

Definition 0.2.2 A Fréchet space is a vector space X, endowed with a
separating increasing sequence (py,)n of seminorms, which is complete under
the metric given by

oo

1

d(x,y) =) oo min(L,pa(z —y)).
n=1

Definition 0.2.3 Let X and Y be topological vector spaces. Then a con-

tinuous linear map T : X — Y is called an operator. The space of all

operators is denoted by L(X,Y). If Y = X we say that T is an operator

on X, with L(X) = L(X, X).

A link between chaos theory and linear operator theory was established by
Birkhoft’s Transitivity Theorem in 1922. In this theorem, he showed that
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topological transitivity was equivalent to the notion of hypercyclicity that
Beauzamy established in 1987.

Definition 0.2.4 ([23]) An operator T : X — X is said to be hypercyclic
if there is some x € X whose orbit under T is dense in X. In that case,

x s called a hypercyclic vector for T'. The set of hypercyclic vectors is
denoted by HC(T).

Theorem 0.2.5 (Birkhoff Transitivity theorem, [29]) An operatorT
is hypercyclic if and only if it is topologically transitive. If one of these
conditions holds then, the set HC(T') of hypercyclic vectors is a dense G-
set; i.e., HC(T') is a countable intersection of open dense sets.

In 1991 Godefroy and Shapiro adopted Devaney’s definition for linear chaos.

Definition 0.2.6 ([62]) An operator T : X — X is called chaotic in the
sense of Devaney if:

(i) T is hypercyclic.

(ii) Per(T) is dense in X.

Example 0.2.7 The first examples of hypercyclic operators were found by
G.D.Birkhoff in 1929 [30], G.R. Maclane in 1952 [80] and S.Rolewickz in
1969 [91].

(i) (Birkhoff’s operators) The translation operators given by
Tuf(2) = f(z +a),a 0.
on the space H(C) of entire functions are hypercyclic for all a # 0.
(ii) (MacLane’s operator) The differentiation operator:
D:f—f
on H(C) is hypercyclic.

(iii) (Rolewicz’s operators) On the spaces X = %, 1 < p < oo, or
X = ¢y we consider the multiple

T:)\B:X—>X,(x1,x2,x3...) —>/\(.I2,.C63,x4,...)

of the backward shift, where A € K. T'is hypercyclic whenever |[A| > 1.
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Moreover, these operators are chaotic. We first need the following results.

Proposition 0.2.8 Let T be a linear map on a complex vector space X.
Then the set of periodic points of T is given by

Per(T) = span{z € X; Tz = ¢*™x  for some o€ Q}

Let ey denotes the exponential function ey(z) = e**.

Lemma 0.2.9 Let A C C be a set with an accumulation point. Then the
set
span{ey; A € A}

is dense in H(C).

The lemma allows us to show that Birkhoff’s and MacLane’s operators are
chaotic on H(C).

Example 0.2.10 For the differentiation operator D, any function e) is an
eigenvector of D to the eigenvalue X. Thus, since the subspace

span{ey; A = €™, for some « € Q}

is dense in H(C) by lema 0.2.9, proposition 0.2.8 tells us that Per(T) is
dense. Since we already know that D is hypercyclic, it is also chaotic.

For the translation operators T, a € C\{0}, any function ey is an eigen-
vector of T, to the eigenvalue e®*. Thus, since the subspace

) (07
span{ey; e = ™ for some a € Q} =span{ey;\ = —im, o € Q}
a

is also dense in H(C), we conclude as before that each T, is chaotic.

0.3 Measure-theoretic properties

The theory of dynamical systems has its roots in topological dynamics
but there is also a parallel theory of measurable dynamics, which is better
known under the name of ergodic theory. Ergodic theory was first used
for the dynamics of linear operators by Rudnicki [94] and Flytzanis [56].
During the last years it has deserved special attention thanks to the work of
Bayart and Grivaux [17, 18]. For instance, the papers [3, 19, 21, 43, 67, 95]
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contain recent advances on the subject. In this section we present some ba-
sic measure-theoretic properties that linear dynamical systems have. These
results can be found in [102].

Let T be an operator on a topological vector space X. In order to look at
T from the point of view of ergodic theory we need to define a probability
measure g on X. It is natural to assume that p is defined on the Borel
o-algebra B(X), that is the smallest o-algebra containing the open subsets
of X.

Definition 0.3.1 o A measure u has full support if for all non-empty
open set U C X p(U) > 0.

o A measurable map T : (X,B(X), 1) = (X,B(X), ) is called a measure-
preserving transformation, or in other words, p is T-invariant, if
w(T=H(A)) = u(A) for all A € B(X).

o T : (X,B(X),n) — (X, B(X),u) is an E-system if there exists a
T-invariant probability measure p with full support.

o A measurable map T : (X, B(X),u) — (X, B(X), u) is called ergodic
if it is measure-preserving and satisfies one of the following equivalent
conditions:

(i) Given any measurable sets A, B with positive measures, one can
find an integer n > 0 such that T"(A) (B # 0;

(i1) if A€ B(X) satisfies T(A) C A, then u(A)(1 — p(A)) =0.
(iii) if A € B(X) satisfies T~1(A) = A, then pu(A)(1 — p(A)) = 0.

e A measurable map T : (X, B(X),u) — (X, B(X),un) is said to be
strongly mixing with respect to u if

o T is said to be exact if given A € (7 T "B(X) then u(A)(1 —
u(A)) = 0.
Proposition 0.3.2 For any operatorT : X — X,

erxact = strongly mixing = ergodic.
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0.4 Hypercyclic criteria

The main purpose of this section is to show several criteria under which an
operator is chaotic, mixing or weakly mixing. In this section we show these
criteria. This first criterion is due to Godefroy Shapiro and it is contained
implicitly in their paper [62] and was isolated by Bernal [25].

Theorem 0.4.1 (Godefroy-Shapiro criterion, [62] ) Let T be an op-
erator. Suppose that the subspaces

Xo:=span{x € X; Tz =X x forsome XeK with |\ <1}

Yo :=span{z € X; Tx =Xz for some Ne€K with |\ >1}

are dense in X.
Then T is mizing, and in particular hypercyclic.

If, moreover, X is a complex space and the subspace
Zy:=span{r € X; Tx=X x for Xe€C, |N"=1 forsome necN}
is dense in X, then T is chaotic.

Example 0.4.2 Rolewicz’s operators

Let T = pB, with |u| > 1, be the multiple of the backward shift on any
space X = /P, 1 < p < ooor X = ¢y. Let us consider the complex case.
One easily determines the eigenvectors of B as the nonzero multiples of the

sequences
ex = (MAZ A3, N < 1

with corresponding eigenvalue \. Therefore, e is an eigenvector of T' = uB
corresponding to the eigenvalue pA. For any subset A of the unit disk that
has an accumulation point inside the disk, the set span{ey; A € A} is dense
in X. By the Hahn-Banach theorem it suffices to show that any continuous
linear functional x* on X that vanishes on each ey, A € A vanishes on X.
Since x* € X*, via the canonical representation it is given by a sequence
(Yn)n € £2 for a certain ¢, with 1 < g < oo, we have that

oo
x¥(ey) =< ey, z* >= Zyn)\" if |\ <1
n=1

The identity theorem for holomorphic functions implies that each vy, is zero
and therefore * = 0. In particular, the subspace

1
Xo =span{z € X;Tz=nx for nek, |y <1}=span{ey;|A| < —}

]
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is dense in X, as the suspaces Yy and Zj of the Godefroy- Shapiro criterion;
note that ﬁ < 1. This implies that Rolewicz’s operators are mixing and

chaotic.

The earliest forms of the Hypercyclicity Criterion were found independently
by Kitai [75] and by Gethner and Shapiro [59]. In its general form it is due
to Bés and Peris [27].

Theorem 0.4.3 (Kitai’s criterion, [75]) Let T' be an operator. If there
are dense subsets Xg, Yo C X and a map S : Yo — Yy such that, for any
x € Xo, y€Yp:

(i) T"x — 0,
(i) S™y — 0,
(iii) TSy =y,

then T is mizing.

Example 0.4.4 (i) (Rolewicz’s operators) Taking Xy = Y| the set
of finite sequences, which is dense in X, and for S : Yy — Y{ the
map S = %F where F is the forward shift operator F' : (z1x3,...) —
(0,1, x2,...) the conditions of Kitai’s criterion are clearly satisfied.

(ii) (MacLane’s operators) In this case we take for Xy = Yj the set
of polynomials, which is dense in H(C), and for S we consider the
integral operator Sf(z) = [y f(¢)d¢. While conditions (i) and (i)
are obvious, we note that condition (i7) is sufficient to be verified by
monomials, and S"(z%) = Ug_’ﬁi!n)!z“” — 0 as n — oo, uniformly on

compact sets, as required.

(iii) (Birkhoff’s operators) It is sufficient to prove that T} f(z) = f(2+1)
on H(C) is mixing. For Xy = Y} we choose the set of functions fp o, =
p(z)e*“(zf”)Q, where p is a polynomial and o > 0, v € Np. Since
Ipay = pin H(C) as a — 0, this set is dense in H(C). Moreover, for
S we consider the translation operator Sf(z) = f(z —1). Now if z =
z+iy with |y| < 1|2| then we have that le=a?| = emo(@®—v") < gm0’
This implies, that for any p, o and v, f, (2 = n) — 0 uniformly on
compact sets as n — oo, which shows that conditions (i) and (i7) of
Kitai’s criterion hold, while condition (7i7) is trivial.
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Theorem 0.4.5 (Gethner-Shapiro criterion, [59]) Let T be an oper-
ator. If there are dense subsets Xo, Yy C X, an increasing sequence (ng)g
of positive integers, and a map S : Yy — Yy such that, for any v € X,
Yy € Yy:

(i) T"x — 0,

(i) S™y — 0,
(i) TSy =y,
then T s weakly mixing.

Theorem 0.4.6 (Hypercyclicity criterion, [27]) Let T be an operator.
If there are dense subsets Xy, Yo C X, an increasing sequence (ny)g of
positive integers, and maps Sy, : Yo = X, k > 1 such that, for any x € Xo,
y € Yy:

(i) T™x — 0,

(ii) Sn,y — 0,

(iii) T™ Sp,y — v,

then T is weakly mizing, and in particular hypercyclic.

0.5 Weighted shifts

In this section we include some basic results about weighted shifts, which
make up an important class of hypercyclic and chaotic operators. Due
to its simple structure, the class of weighted shifts is a favorite testing
ground for operator-theorists. Salas([96]) characterized hypercyclic and
weakly mixing unilateral and bilateral weighted shifts on ¢? and (?(Z),
respectively. The characterizations for more general sequence spaces and
chaos characterizations are due to Grosse-Erdmann [70].

Definition 0.5.1 The basic model of all shifts is the backward shift
B(.Z‘l, T2,X3, .. ) = (1’2, T3, T4y - )
Another shift is the weighted backward shift which is defined as:

By (21, 22,23, ...) = (Waxe, w3x3, Wiy, .. .),
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where w = (wy,), is called a weight sequence. The weights w, will be
assumed to be non-zero.

These operators can be defined on an arbitrary sequence space X, that
is, a linear space of sequences or, in other words, a subspace of w = K.
Moreover, X should carry a topology that is compatible with the sequence
space structure of X. We interpret this as demanding that convergence in
X should imply coordinatewise convergence. A Banach (Fréchet, F-) space
of this kind is called a Banach (Fréchet, F-) sequence space.

Theorem 0.5.2 Let X be a Fréchet sequence space in which (ey,), (where
en=1(0,...,0, 1 ,0,...)) is a basis. Suppose that the backward shift B is

n
an operator on X. Then the following assertions are equivalent:

(i) B is hypercyclic;
(i) B is weakly mizing;

(iii) there is an increasing sequence (ny)r of positive integers such that
en, = 0 X as k — oo.

Example 0.5.3 Let
[e.e]
0 ={(@n)n; Y lwnlPon < oo},
n=1

with 1 < p < oo, be a weighted ¢,-space, where v = (v,), is a positive
weight sequence. Then B is an operator on £ if and only if there is an
M > 0 such that, for all x € £}

(9] i 00
(z |\) < (z \)
n=1 n=1

which is equivalent to sup,,cy v?’:l < oo. Theorem 0.5.2, tells us that

hypercyclicity of B is characterized by inf,cyv, = 0.

The same conditions also characterize the continuity and hypercyclicity of
the backward shift B on the weighted cg-space

co= {(xn)nanll_grolo |z |vn = 0}.

The following Theorem provides a charcaterization of mixing backward
shifts.
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Theorem 0.5.4 Let X be a Fréchet sequence space in which (en), is a
basis. Suppose that the backward shift B is an operator on X. Then the
following assertions are equivalent:

e B is mizing;
e ¢c, —>0inX asn — oo.

In order to show the following results we first need the definition of uncon-
ditional convergence.

Definition 0.5.5 Let X be a Fréchet space. Then the following assertions
are equivalent:

(i) Y02 | @ is unconditionally convergent;

(ii) for any 0-1-sequence (€n)n, Y pey €nTn CONVETGES;
(iii) for any bounded sequence (ou)n of scalars, Y 7 | anxyn converges;

(iv) for any e > 0 there is some N € N such that for any finite set F' C
{N,N+1,N +2,...} we have that

>,

neF

< €

(v) for any € > 0 there is some N € N such that for any 0-1-sequence
(€n)ns D opeq Enln converges and

E EnTnl|l < €

n>N

(vi) for any e > 0 there is some N € N such that whenever sup,,>; [an| <1
then > | anx, converges and

E Tyl < €
n>N

Definition 0.5.6 A sequence (ey), in a Fréchet space X is called an un-
conditional basis if it is a basis such that, for every x € X, the representa-
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tion
[e.9]
T = Z Anen
n=1
converges unconditionally.
Theorem 0.5.7 Let X be a Fréchet sequence space in which (), is an

unconditional basis. Suppose that the backward shift B is an operator on
X. Then the following assertions are equivalent:

(i) B is chaotic;
(ii) Y07 | en converges in X ;
(iii) the constant sequences belong to X ;

(iv) B has a non-trivial periodic point.

It is easy to transfer results to weighted shifts by a conjugacy. Let B, be
a weighted shift on some sequence space X. We define v, by

n -1
Up = (H wu) , n=>1
v=1

and consider the sequence space
Xy = {(zn)n; (@pvn)n € X}

The map ®, : X, = X, (zn)n — (Tpvn)n 1S a vector space isomorphism
and By, o ®, = &, o B, that is the following diagram commutes:

X, -2 x,

ol

X — X
Thus By, : X — X and B : X, — X, are conjugate operators.

Theorem 0.5.8 Let X be a Fréchet sequence space in which (en), is a
basis. Suppose that the weighted shift By, is an operator on X.

1. The following assertions are equivalent:

(i) By is hypercyclic;
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(ii) By is weakly mizing;

(iii) there is an increasing sequence (ny)x of positive integers such that

Nk -1
<H wl,> en, — 0
v=1

mn X as k — oo.
2. The following assertions are equivalent:
(i) By is mizing;
(ii) we have that

i) s

v=1

n X asn — oo,

3. Suppose that the basis (ey,)y is unconditional. Then the following as-
sertions are equivalent:

(i) By is chaotic;

(ii) the series

converges in X ;

(iii) the sequence
n ~1
v=1

(iv) By has a non-trivial periodic point.

n

belongs to X ;

Example 0.5.9 A weighted backward shift B, is an operator on a se-
quence space P, 1 < p < 00, or ¢ if and only if the weights w,, are bounded.
The respective characterizing conditions for B,, to be hypercyclic mixing
or chaotic on /P are

n oo 1
supH\w|:oo limp— H\w|:oo 27<oo.
v 3 n ooV:1 v ; Z HZ:1 ’wl”p
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The first condition also characterizes when B,, is hypercyclic on ¢y and the
second when it is mixing or equivalently chaotic on ¢y. In particular for
Rolewicz’s operator T' = AB, || > 1, we have that [])'_; |w,| = A", which
implies that this operator is chaotic.

We can also study shifts on sequence spaces indexed over Z. The bilateral
backward shift is given by

B(zn)nez = (Tn41)nez
and the bilateral weighted backward shifts are given by
Bu(#n)nez = (Wn41%n+1)nez
where w = (wy,), is called a weight sequence.

Theorem 0.5.10 Let X be a Fréchet sequence space in which (en)nez s
a basis. Suppose that the bilateral shift B is an operator on X.

1. The following assertions are equivalent:
(i) B is hypercyclic;
(ii) B is weakly mizing;

(i1i) there is an increasing sequence (ny)g of positive integers such that
forany j € Z, ej_p, — 0 and ejqn, — 0 in X as k — oo.

2. The following assertions are equivalent:
o B is mixing;
ec_,—~0ande, > 0in X asn — oo.
3. The following assertions are equivalent:
(i) B is chaotic;
(i) Y00 . en converges in X ;
(iii) The constant sequences belong to X ;

(iv) B has a nontrivial periodic point.
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Using a suitable conjugacy this result can be generalized immediately to
weighted shifts. The conjugacy is given by:

X, -2 x,

d),, J/¢v

X By x

where
A;7::{(mn)n62;(xnvn)n S )(}
and ®, : X, = X, (Tn)nez = (Tnvn)nez with

n -1 0
vn:(Hwy) for n>1,v, = H w, for n<-—-1,v9=1.
v=1

v=n+1

Theorem 0.5.11 Let X be a Fréchet sequence space over Z in which (en)nez
1 a basis. Suppose that the weighted shift By, is an operator on X.

1. The following assertions are equivalent:
(i) By is hypercyclic;
(ii) By is weakly mizing;

(iii) there is an increasing sequence (ny)r of positive integers such
that, for any j € Z

-1

J J+ng
H wy | €j—n, — 0 and H Wy, €jtn, — 0
v=j—nr+1 v=j+1

m X as k — oo.
2. The following assertions are equivalent:
(i) By is mizing;
(ii) we have

0 n -1
< H wy>en—>0 and (Hw,,) en — 0

v=—n+1 v=1

in X as n — 0o.
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3. Suppose that the basis (ey,)y is unconditional. Then the following as-
sertions are equivalent:

(i) By is chaotic;
(ii) the series
0 0 00 n -1
> (I w)er (10
n=—oo \v=n-+1 n=1
converges in X;

(iii) the sequence (xy)nez with

belongs to X;

(iv) By has a nontrivial periodic point.

Remark 0.5.12 A weighted backward shift B, is an operator on a se-
quence space P(Z), 1 < p < oo, if and only if the weights wy,,n € Z
are bounded. Such an operator is then hypercyclic, mixing or chaotic if
and only if the following conditions, respectively, are satisfied. There exists
(ng)x such that for all j € Z:

J J+nk
lim H w, =0 and lim H |wy| = oo;
k—oo k—oo
v=j—ni+1 v=j+1
0 n
lim H w, =0 and lim H |wy, | = oo;
n—00 n—00
v=—n+1 v=1
oo 0 00
» 1
n=0v=—n+1 n=1 11v=1 Wy

In particular, a symmetric weight (that is, one with w_,, = wy, for allm >0)
never defines a hypercyclic weighted shift B,, on these spaces.
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0.6 Weighted pseudo-shifts

In this section we study a more general kind of operators, the weighted
pseudo-shifts operators.

Definition 0.6.1 Let X,Y be topological sequence spaces over countable
sets I and J. Then a continuous linear operator T : X — Y is called a
weighted pseudo-shift if there is a sequence (bj)jcs of non-zero scalars and
an injective mapping ® : J — I such that

T(xi)ier = (bjTa(j))jes

for (z;) € X. We then write T = Ty, ¢, and (bj)jes is called the weight
sequence.

Remark 0.6.2 Every unilateral or bilateral weighted backward shift is a
weighted pseudo-shift with by, = ap4+1 and ®(n) = n+1, and every bilateral
weighted forward shift is a weighted pseudo-shift with b, = a,—1 and ®(n) =
n — 1.

Some well-known results about hypercyclicity of weighted pseudo-shifts will
be shown. First of all, we need to recall that the family (e;);e;r of unit
vectors is called an M-basis in a topological sequence space X over [ if
span{e; : i € I} is a dense subspace of X [100]. We shall call (e;)ier an
OP-basis if it is an M-basis and if the family of coordinate projections
x — zie;(i € I) on X is equicontinuous.

Definition 0.6.3 ([69]) We recall that a sequence (Ty,)nen, of continuous
mappings T, : X — Y between topological spaces X and Y is called univer-
sal if there is an element x € X such that the set {Tp,x : n € Ny} is dense
in'Y. The element x is called universal for (7T),)nen,-

Definition 0.6.4 A sequence (®y)nen, of mappings ®, : J — I is called
a run-away sequence if for each pair of finite subsets Io C I and Jy C J
there exists an ng € Ny such that, for every n > ng, ®,(Jo) NIy =10

In [70], the author characterizes the universality of sequences of weighted
pseudo-shifts.

Theorem 0.6.5 ([70]) Let X and Y be F-sequence spaces over I and J,
respectively, in which (e;)icr and (ej)jes are OP-bases. Let T, =Ty, ¢, :
X =Y (neNy) be weighted pseudo-shifts with weights b, = (by, j)jes. If
(Pn)n s a Tun-away sequence, then the following assertions are equivalent:
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(i) the sequence (T),) has a dense set of universal elements;

(ii) there exists an increasing sequence (ny) of positive integers such that

mg€., ) =0 in X, jEJ
bnk@;,i(i)%;k}(j) —0 m Yiel

as k — oo.

Clearly, an operator T': X — X is hypercyclic if and only if the sequence
(T™)y, is universal.

Theorem 0.6.6 ([70]) Let X be an F-sequence space over I in which
(€i)ier is an OP-basis. LetT =Ty e : X — X be a weighted pseudo-shift.
Then the following assertions are equivalent:

(i) T is hypercyclic;

(i) (1) the mapping ® : I — I has no periodic points;

(2) there exists an increasing sequence (ng) of positive integers such
that, for everyi € I,

in X, as k — oo.

0.7 (Cp-semigroups

In this section we study dynamical properties of strongly continuous semi-
groups of operators on Banach spaces, that is, for Cy-semigroups. They can
viewed as the continuous-time analogue of the discrete-time case of iterates
of a single operator. All these results about Cy-semigroups can be found in
the books of Engel and Nagel ([53] and [52]) and in [72].

Definition 0.7.1 A one-parameter family (1¢):>0 of operators on a Ba-
nach space X is called a strongly continuous semigroup of operators if the
following three conditions are satisfied:
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(i) To=1
(ii) TiTs = Tyys for all t,s >0

(iii) limg_y; Tsx = Tyx for allz € X and t >0
One also refers to it as a Cy-semigroup.

A systematic study of the dynamical properties of semigroups, was started
by Desch, Schappacher and Webb [45]. In particular they introduced the
notions of hypercyclicity and chaos for semigroups.

Definition 0.7.2 Let (T}):>0 be a Cy-semigroup on X.

(i) The semigroup is hypercyclic if there is some © € X whose orbit
Orb(z,Ty) = {Tix;t > 0} is dense in X. In such a case, x is called a
hypercyclic vector for (13)t>0-

(ii) The semigroup is called topologically transitive if for any pair U,V of
nonempty open sets of X, there exists some to > 0 such that T;,(U) N
V£ .

(iii) The semigroup is mixing if, for any pair U,V of nonempty open sets
of X, there exists some to > 0 such that Ty(U)NV #£ 0 for all t > to.

(iv) The semigroup is weakly mixing if (T3 @ T3)¢>0 is topologically transi-
tive on X @ X.

(v) A point x € X is called a periodic point of (T;)i>0 if there is some
to > 0 such that Ty, x = x.

(vi) The semigroup is said to be chaotic if it is hypercyclic and its set of
periodic points is dense in X.

(vii) Let (St)¢>0 be a Co-semigroup on a Banach space Y. Then (T})i>0
is called quasiconjugate to (Si)i>o if there exists a continuous map
®: Y — X with dense range such that Ty o ® = ® o Sy for all t > 0.
If ® can be chosen to be a homeomorphism then (1i)i>0 and (St)e>o0
are called conjugate.

Proposition 0.7.3 Hypercyclicity, mizing, weak miring and chaos for a
Co-semigroup are preserved under quasiconjugacy.

Now, we give some measure-theoretic properties properties related to Cy-
semigroups defined on a probability space (X, B, u), where X is a Banach
space and ‘B denotes the o-algebra of Borel subsets of X.
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Definition 0.7.4 (i) A Cy-semigroup is called measure-preserving, or in
other words, u is Ty-invariant, if u(A) = p(Ty *(A)) for allt > 0 and
for all A € 5B.

(ii) A Cy-semigroup is strongly mixing with respect to u if it is measure-
preserving and

Jim p(ANTH(B) = p(A)u(B) (A, B€B).

(iii) A Co-semigroup is ergodic with respect to p if it is measure-preserving
and satisfies one of the following equivalent conditions:

(i) Given any measurable sets A, B with positive measures, there ex-
ists to > 0 such that Ty, (A) (B # 0;

(i1) if A € B(X) satisfies Ty(A) C A for all t > 0, then p(A)(1 —
n(A)) =0

0.7.1 Criteria for hypercyclicity and chaos of Cy-semigroups

The first criteria for hypercyclicicty of Cp-semigroups were found by Desch,
Schappacher and Webb [45]. In the form that we give, the Hypercyclicity
criterion is due to Conejero and Peris [39] and El Mourchid [49], while the
criterion for mixing, is due to Bermudez, Bonilla, Conejero and Peris [24].

Theorem 0.7.5 (Hypercyclicity Criterion for semigroups ([39],[49]))
Let (Ti)¢>0 be a Cy-semigroup on X. If there are dense subsets Xo,Yy C X,
a sequence (tn)n € Ry with t, — oo, and maps S, : Yo — X,n € N, such
that, for any z € Xo,y € Yo,

(Z) Ttn(E — 0,

(ii) S,y — 0,

(ZZZ) Ttn Stny _> y}
then (Ti)¢>o0 is weakly mizing, and in particular hypercyclic.

If in the Hypercyclicity criterion one has convergence along the whole real
line then we obtain a criterion for mixing.
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Theorem 0.7.6 ([24]) Let (T})t>0 be a Co-semigroup on X. If there are
dense subsets X, Yo C X, and maps Sy : Yo — X, t > 0, such that, for any
T € X07 Yy e Yb;

(l) Tt.%' — 0,
(iii) TSy — y,

then (T})i>0 is mizing.
Now let (7})i>0 be an arbitrary Cp-semigroup on X. It can be shown that

1
Az = }1_1)% ;(Tt:c —x)

exists on a dense subspace of X; the set of these x, the domain of A is
denoted by D(A). Then A, or rather (A, D(A)), is called the infinitesimal
generator of the semigroup. Moreover T;(D(A)) C D(A) with ATz =
TiAx, for every t > 0 and x € D(A), see for instance [104]. Another
important property is provided by the point spectral mapping theorem for
semigroups. If X is a complex Banach space then, for every z € D(A) and
A eC,

Az = \z = Tyx = Mz

for every t > 0.

Sometimes the Hypercyclicity Criterion is hard to be applied. In many sit-
uations we can obtain the infinitesimal generator of a semigroup although
we do not have the explicit representation of its operators. Desch, Schap-
pacher, and Webb gave a criterion which permits us to state Devaney chaos
(and hypercyclicity) of a Cp-semigroup in terms of the abundance of eigen-
vectors of the infinitesimal generator [45].

Theorem 0.7.7 ([45]) Let X be a complex separable Banach space, and
(T¥)t>0 a Co-semigroup on X with generator (A, D(A)). Assume that there
exists an open connected subset U and weakly holomorphic functions f; :
U— X,j€J, such that

(i) UNR # 0,
(i7) fj(N\) € Ker(A — A) for every A€ U;j € J,
(1i1) for any x* € X*, if (fj(A),z*) =0 for all X € U and j € J then

z* =0,
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then the semigroup (1})i>0 is mizing and chaotic.

A more general version of this criterion can be found in [50].

Theorem 0.7.8 Let X be a complex separable Banach space, and (T})¢>0
a Cy-semigroup on X with generator (A, D(A)). Assume that there are
a < b and continuous functions f; : [a,b] = X, j € J, such that

(1) fi(s) € Ker(isI — A) for every s € [a,b], j € J,
(11) span{ f;j(s);s € [a,b],j € J} is dense in X,

then the semigroup (Ty)i>0 is mizing and chaotic.

0.8 Frequent Hypercyclicity

The concept of frequent hypercyclicity was introduced by Bayart and Gri-
vaux [18] inspired by Birkhoff’s Ergodic Theorem.

Theorem 0.8.1 (Birkhoff’s Ergodic Theorem, [28]) Let T' be an op-
erator on a Fréchet space X ergodic respect to i then, for any p-integrable
function f on X, its time average with respect to I coincides with its space
average; more precisely

N
1
- ™
T S0 = [
n=0
for p-almost all x € X as N — oc.

First of all we recall the following definition:

Definition 0.8.2 The lower density of a subset A C Ny is defined as

dens(A) = liminf card{0 <n < N;n € A}

Definition 0.8.3 An operator T on a Fréchet space X is called frequently
hypercyclic if there is some x € X such that, for any nonempty open subset
U of X,

dens{n € No;T"xz € U} > 0.

In this case, = is called a frequently hypercyclic vector for T'. The set of
frequently hypercyclic vectors of T is denoted by FHC(T).
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Proposition 0.8.4 A vector x is frequently hypercyclic for T if and only
if, for any nonempty open subset U of X, there is a strictly increasing
sequence (ny), of positive integers such that

Tz e U forall keN,and np=O0(k).

By contrast, T is hypercyclic if and only if the same is true for some (ng)g,
not necessarily of order O(k).

Definition 0.8.5 We recall that a sequence (Ty,), of continuous mappings
between topological spaces X and Y is called frequently universal if there
erists x € X such that for every non-empty open set U C Y,

dens{n e Ny : T,x € U} > 0.

In this case, x is called a frequently universal vector for (T),)nen, -

The first ones that used ergodic theory for the dynamics of linear operators
were Rudnicki [94] and Flytzanis [56]. The notion of frequent hypercyclicity
was extended to Cy-semigroups in [3]. We recall the corresponding notion
of lower density for a subset of R .

Definition 0.8.6 The lower density of a measurable set M C R is defined
by

Dens(M) = lim inf MM, N
N—oo N

where \ is the Lebesgue measure on R .

Definition 0.8.7 A Cy-semigroup (1})i>0 is said to be frequently hypercyclic
if there exists x € X such that Dens({t € Ry ; Tyx € U}) > 0 for any
non-empty open set U C X.

Proposition 0.8.8 Frequent hypercyclicity is preserved by quasiconjugacy.

0.9 Lattices

In this section we remind some basic definitions about lattices, that will be
very useful in chapter 4. All these results can be found in [57] and [97].

Definition 0.9.1 A lattice is a non-empty set M with an order < such that
every pair of elements x,y € M has both a supremum and an infimum.



0.10 Pettis Integral 31

Definition 0.9.2 An ordered vector space is a real vector space E which
is also an ordered space with the linear and order structures such that:

o [fr,yze Eandx <y thenx+ 2 <y—+z.

e [fr,ye B, x <y and 0 < «a R then ax < ay.

The set EY = {x € E : x > 0} is termed the positive cone in E and
its elements are termed positive. An ordered vector space which is also a
lattice is a vector lattice.

Definition 0.9.3 If E and F' are vector lattices thenT : E — F is positive
if x > 0 implies Tx > 0.

Definition 0.9.4 (i) A normed lattice is a normed space which is also
a vector lattice in which © < y implies ||z| < ||y||. A normed lattice
which is also a Banach space is called a Banach lattice.

(ii) A Fréchet lattice is a Fréchet space that is a vector lattice and carries
an increasing sequence of seminorms (pp)n such that x < y implies
pn(x) < puly) for alln € N.

0.10 Pettis Integral

In this section we recall the main definitions and results about Pettis inte-
grability. The proofs of all these results can be found in [47] for the case of
a finite measure space, but they easily extend to o-finite measure spaces.
Let X be a Banach space and (€2, u) a o-finite measure space.

Definition 0.10.1 (i) A function f : Q — X is said to be weakly p-
measurable if the scalar function @ o f is u-measurable for every p €
X*, where X* denotes the topological dual of X

(ii) f is said to be u-measurable if there ezists a sequence (fn)n of simple
functions such that lim, || frn — f|| =0 p-a.e.

Lemma 0.10.2 (Dunford’s lemma) Let f be weakly p-measurable and

po feLi(Qu) for every p € X*, then for every measurable E C Q there
exists xp € X** such that

rp(p) = /E o fdu,

for every p € X*.
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Definition 0.10.3 (i) If f : Q — X is weakly p-measurable and po f €
Li(Q, ) for every ¢ € X*, then f is called Dunford integrable. The
Dunford integral of f over a measurable E C Q is defined by the
element xp € X** such that xp(p) = [ @ o fdu, for every ¢ € X*.

(i) In the case that xp € X for every measurable E, then f is said to
be Pettis integrable and xg is called the Pettis integral of f over E,
which is denoted by (P) — [, fdp.

(iii) If || f|| is integrable on ), then f is said to be Bochner integrable on
Q.

Clearly the Dunford and Pettis integrals coincide if X is a reflexive space,
and if f is Bochner integrable, then it is Pettis integrable. Some basic and
useful results to characterize Pettis integral are the following:

Theorem 0.10.4 If f is Pettis integrable, then for every sequence (Ey)n
of disjoint measurable sets in )

/U =Y /E s,

neN
where the series converges unconditionally.
As a consequence,

Corollary 0.10.5 If f : [0,4+o0c0o[— X is Pettis integrable on [0, +oo[, then
for every € > 0 there exists N > 0 such that for every compact set K C

[N, +00)
H/K f(t)dtH <e.



Chapter 1

Strong mixing measures for linear
operators and frequent
hypercyclicity

1.1 Introduction

In this chapter we construct strongly mixing invariant measures with full
support for operators on F-spaces which satisfy the Frequent Hypercyclicity
Criterion. In order to obtain this results we need to use ergodic theory

( see section 0.3). The contents of this chapter have been published in [88].

First of all, we recall the different versions of the Frequent Hypercyclicity
Criterion. Bayart and Grivaux gave the definition of a frequently hyper-
cyclic operator (see 0.8) but they also gave the first version of the Frequent
Hypercyclicity Criterion.

Theorem 1.1.1 ([18]) Let T be an operator on a separable F-space X
and d a translation invariant metric which makes it complete. If there is
a dense sequence (x1);>1 of vectors of X and a map S defined on X such
that,

(1) > k>t d(T*x;,0) is convergent for every | > 1,

(1) Y k> d(S*x;,0) is convergent for everyl > 1, and

(iii) TS =1 ,

33
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then T is frequently hypercyclic.

Another (probabilistic) version of it was given by Grivaux .

Theorem 1.1.2 ([66]) Let (2,3, 1) be a probabilistic space, and let (gx)r>0
be a sequence of independent real-valued standard Gaussian random vari-
ables. Let T be an operator on a infinite dimensional real or compler Ba-

nach space X. If there is a dense sequence (z1);>1 of vectors of X and a
map S defined on X such that,

(i) for every I > 1, the series Y~ gr(W)T*x; converges almost every-
where, a

(ii) for every I > 1, the series >~ gr(w)S¥z; converges almost every-
where, and

(i) TS =1,
then T is frequently hypercyclic.

In order to obtain our main result we will consider the formulation of Bonilla
and Grosse-Erdmann for operators on separable F-spaces.

Theorem 1.1.3 ([33]) Let T be an operator on a separable F-space X. If
there is a dense subset Xg of X and a sequence of maps Sy, : Xo — X such
that, for each x € X,

(i) Y02 T"x converges unconditionally,
(ii) Y 07 Snx converges unconditionally, and

(iii) T"Spx = x and T™Spx = Sp—max if n > m,
then T is frequently hypercyclic.

This theorem allows us to show that some of the classical hypercyclic opera-
tors such as MacLane’s and Rolewicz’s operators are frequently hypercyclic.

Example 1.1.4 (MacLane’s operator) The differentiation operator D
on H(C) is frequently hypercyclic. Let Xy be the set of polynomials and
S the operator Sf(z) = [ f(¢)d¢. Condition (i) of the Frequent Hyper-
cyclicity Criterion is satisfied since any finite series converges uncondition-
ally, and (474) is trivial. For (i7) we need only consider the monomial, for
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which we find that Y o2 S™(z%) = kIS0, Wz’”", which converges

uniformly and unconditionally on any compact set.

1.2 Invariant measures and the frequent hypercyclicity
criterion

In this section under the hypothesis of Bonilla and Grosse-Erdmann cri-
terion we derive a stronger result by showing that a 7-invariant mixing
measure can be obtained.

For the existence of strong mixing measures with full support, certain Can-
tor subsets of NV, with either N = N or N = Z, will be needed. Actually
they will be of the form C' =[], . Fi, where the cardinalities of the finite
sets I, tend to infinity as n — oo.

From now on, T will be an operator defined on a separable F-space X.
We are now ready to present our main result.
The idea behind the proof is to construct, given T' an operator on a sepa-
rable F-space X satisfying the hypothesis of Theorem 1.1.3,

1. a “model” probability space (Z, 1) and

2. a Borel measurable map ® : Z — X with dense range,
where

e o is the Bernoulli shift defined as

a(...,n_l,no,nl,...) = (...,no,nl,ng,...),

e 7 C N% is a o-invariant subset of the space NZ of bilateral sequences
with the product topology,

1

e 71 is a o~ “-invariant strongly mixing measure with full support, and

e dc 1 =Td on Z.

As a consequence, the Borel probability measure p on X defined by u(A) =
(®71(A)), A € B(X), is T-invariant, strongly mixing and has full support.
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Theorem 1.2.1 Let T be an operator on a separable F'-space X . If there
s a dense subset Xo of X and a sequence of maps Sy, : Xo — X such that,
for each x € X,

(i) Y02 T"x converges unconditionally,
(ii) > 07 o Snx converges unconditionally, and

(iii) T"Spx = = and T™Spx = Sp—max if n > m,

then there is a T-invariant strongly mizing Borel probability measure p on
X with full support.

Proof.

We suppose Xg = {z,, ; n € N} with z; = 0 and 5,0 = 0 for all n € N.
Let (Uy)n be a basis of balanced open 0-neighbourhoods in X such that
Upnt1 + Upy1 C Uy, n € N. By (i) and (i), there exists an increasing
sequence of positive integers (N, ), with Nyi2 — Npt1 > Ny — N, for all
n € N such that

k
Z T%xm, € Upy1 and Z SkTm, € Ung1,
k>N, k>N,

if mp <21, for Ny <k < Npgq, 1> n. (1.1)

Actually, this is a consequence of the completeness of X and the fact that,
for each 0-neighbourhood U and for all [ € N, there is N € N such that
Spep iz € U and Y, Spx € U for any finite subset ' C [N, +00) and
for each x € {x1,...,29}.

Indeed, by the definition of unconditional convergence 0.5.5, for each ¢, =

W, there exists IV, such that:

Z T*z|| < €, and Z Spx|| < en

keFC[N,,,00) kEFC[N,,,0)

for every finite set F' and every = € {x1,...,x2,}. Let ||.|| denotes the
F-norm defined on the space. Without loss of generality we can select the
sequence (INy,), such that N,yo2 — Nyt > Npy1 — N, for all n € N.
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In 1.1 we have that:
oo
Z Tkacmk = Z Z Tkacmk and
k>N, Jj=n N;<k<Nji1
o0
> SkTme =Y > Splm, (1.2)
k>N, ]:TL NJ <k§Nj+1

So we have for each j > n:

PORIELT P I S
N;<k<Nji N;<k<Nji
25 1
oY Ty S<Z€J>§23+2
N;<k<N; i i=1

Analogously, we get :

N;<k<Nji:
Finally in 1.2:
oo
1 1
k —
Z T 2, SZW_ on+1 and
k>N, j=n
oo
1 1
> Skrmi|| <D ors = g
k>N, j=n

and we conclude the result in 1.1.

1.-The model probability space (Z, ).

We define the space K = [],c; Fk, which is compact when endowed with

the product topology inherited from N%, where

F, = {1, .. m} if N, < “{’ < Np+1, m €N, and Fj, = {1}, if ’k" < N;.

Let K(s) := 0%(K), s € Z, where o : N — N? is the backward shift. K(s)

is a subspace of N, s € Z.
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We consider in N” the product measure i = )., ik, where fiz({n}) = py,

for all n € N and fi5(N) = > 0% pp = 1, k € Z. The values of p, €]0,1]
are selected such that, if

; Njt1—N;
J 00
Bj = (sz> , J € N, then Hﬁj > 0.
i=1

j=1

Let Z = (U,ey, K(s), which is a countable union of Cantor sets, invariant
under the shift, and satisfies

pz)znk) = [ m{hH]] I[I =m0

|k|<N1 =1 Nl<|k‘|§NL+1

= 2Nl+1 <H ,6[) > 0.

It is well-known [102] that 7z is a o~ '-invariant strongly mixing Borel prob-

ability measure. Since o0(Z) = Z, Z has positive measure, and every strong
mixing measure is ergodic (0.3.2), we necessarily have that @(Z) = 1.

2.-The map .

Given s € Z we define the map ¢ : K(s) — X by

(ni)rez) =D S—pn, +ng + Y Ty, (1.3)
k<0 k>0

® is well-defined since, given (ng)rez € K(s) and for [ > [s|, we have
ng < 20 if Ny < |k| < Nj41, which shows the convergence of the series in
(1.3) by (1.1).

®|k(s) is also continuous for each s € Z. Indeed, let (a(j)); be a sequence

of elements of K (s) that converges to a € K(s) and fix any n € N with
n > |s|. We will find ng € N such that ®(a(j)) — ®(«a) € U, for j > ng. To
do this, by definition of the topology in K (s) there exists ny € N such that

a(j)k = ap if |k| < Npt1 and j > no.

By (1.1) we have

(I)(a(]) Z S_k a(f)e — xak)"' Z Tk(l‘a(j)k_l'ak)EUn

k<—Np41 k>Np41
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for all j > ng. This shows the continuity of ® : K(s) — X for every s € Z.

The map @ is then well-defined on Z, and ® : Z — X is measurable (i.e.,
P~1(A) € B(Z) for every A € B(X)).

3.-The measure p on X.

Let us define L(s) := ®(K(s)), s € Z, and Y := [J,cp L(s) = ®(Z) is a
T-invariant Borel subset of X because it is a countable union of Cantor
sets and ®o ! = T'®. Indeed, let (ny)x be a sequence of K(s), then:

TO((np)r) = TS_gn, + Tan, + Y T, =
k<0 k>0

Z S_k_ll‘nk + 177171 + ZTk+1xnk = (bo-il((nk)k)‘
k<—1 k>0

We then define on X the measure pu(A) = m(®~1(A)) for all A € B(X).
Since we know that @ is strongly mixing on Z we have that p is well-
defined and it is a T-invariant strongly mixing Borel probability measure.
It is T-invariant because given A € B(X), we have that u(T-1(A)) =
(7T A)) = u(c® 1 (A)) = @(®1(A)) = u(A). Finally, it is strongly-
mixing, because given A, B € B(X) we have:

lim p(ANT(B)) = lim m(® ' (ANT"(B)))
= lim (@ (4) N & (T"(B)) = lim w(@(A) No"(@(B))

= (@M (A) (@ (B)) = p(A)u(B).

The proof is completed by showing that p has full support. Indeed, given a
non-empty open set U in X, we pick n € N satisfying z,, + U, C U. Thus,
wu(U) is greater than :

p{x =z, + Z T* %, + Z SkTm, 3 mE <2l N <k < Niyq, 1 >n})

k>N, k>N,
>mo({n}) I mH]] [ mdL....21)
0<|k|<N, I=n \ N, <|k|<Nij1

00 2
> papy (H Bzz) >0
l=n
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and we obtain that u has full support. O

Recently, Bayart and Matheron gave very general conditions expressed on
eigenvector fields associated to unimodular eigenvalues under which an op-
erator 7' admits a T-invariant mixing measure [21]. A T-eigenvectors field
for T'is a map E : A — X defined on some set A C T, such that

TE(N) = AE())

for every A € A.

A complex Borel measure p on T is said to be Rajchman, if lim|n|_>+Oo a(n) =
0, where fi(n) = [ e "™du,n € Z. A set A C T is called a set of extended
uniqueness if for every positive Rajchman measure p we have pu(A) = 0.
Recall also that a closed set A C T is perfect if it has no isolated points
or, equivalently, if V' N A is uncountable for any open set V' C T sucht that
V N A # (. Analogously, a closed set A C T is Uy-perfect if V N A is not a
set of extended uniqueness for any open set V such that V N A # 0.

Given any property @ relative to measure-preserving transformations, an
operator 1" has property @ in the Gaussian sense if there exists some Gaus-
sian probability measure p on X with full support with respect to which T
has p.

Theorem 1.2.2 ([21]) Let X be a separable complex Fréchet space, and
let T be an operator on X. Assume that one has at hand a family of
continuous T-eigenvectors fields (E;);cr for T, where E; : Ay — X is defined
on some closed set N\ C T, such that span(UE;(A;)) is dense in X.

o If each N; is a perfect set, then T is weakly mizing in the Gaussian
sense.

o Ifeach N; is a Uy-perfect set, thenT' is strongly mixzing in the Gaussian
sense.

Indeed, the argument of E. Matheron is the following:

Let T : X — X be an operator on a separable complex Fréchet space X
satisfying the hypothesis of the Frequent Hypercyclicity Criterion given in
Theorem 1.2.1, and suppose Xo = {z,, ; n € N}. We define the following
family of continuous T-eigenvector fields for T’

EnA) =Y AT 2y + Y X"Spzm, AT, meN,
neNg neN
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They span X since, for any functional z* that vanishes on E,,()) for each
A € T and m € N, the equality (z*, E,, (X)) = 0 for fixed m and for all
A € T implies that (x*, T"x,,) = 0 for every n € Ny. Thus, (x*, x,,) = 0
for each m € N, and by density z* = 0.

Actually, on the one hand our results can be deduced from [21] in the
context of complex Fréchet spaces, and on the other hand we only need
rather elementary tools.

1.3 Consequences

The previous theorem can be applied to different classes of operators. A
distinguished one is the class of weighted shifts on F-sequence spaces.

Corollary 1.3.1 Let T : X — X be a chaotic bilateral weighted backward
shift on an F-sequence space X in which (en)nez is an unconditional basis.
Then there exists a T-invariant strongly mizing Borel probability measure
on X with full support.

Proof. First of all, since T is a chaotic weighted backward shift by 0.5.11,

the series
0 0 [e'¢) n -1
> (I w)es 3 (1)
n=—oo \v=n+1 n=1 \v=1
converges unconditionally in X. We choose as X as the set of finite se-
quences, which is dense by assumption, and for S,, = F,,”, where Fy, (2 )nez =

(LIn_1> . It is clear that B,, o F,, = Id.

By linearity we need to check hypothesis (i) and (iz) of theorem 1.2.1 for
the sequences e, k € Z. But then:

0o o e k 00 k+n -1
) FTT QI ET (ku) 5 (Hwy)
n=0 v=1

Wg+1 " Wk4n

n=0 n=0 \v=1
and
[e'e) 00 0 k
Y Bler=> ern(Wp Wpps1) = Y €ktn ( 11 wu) ;
n=0 n=0 n=-—00 v=k+4+n+1

and by hypothesis these series converge unconditionally. The hypotheses of
theorem 1.2.1 are satisfied and then, there exists a B-invariant strongly
mixing Borel probability measure on X with full support. o
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Remark 1.3.2 The preceding result can be improved if T is a unilateral
weighted backward shift operator on a sequence F-space. In that case,
there exists a T-invariant exact Borel probability measure on X with full
support.

Theorem 1.3.3 Let T : X — X be a chaotic unilateral weighted backward
shift on an F-sequence space X in which (ep)nen s an unconditional basis.
Then there exists a T-invariant exact measure on X with full support.

Proof.

We fix a countable set M = {z, ; n € N} of pairwise different scalars
which form a dense set in K with z; = 0, and a basis (U,),, of balanced
open 0O-neighbourhoods in X such that U,41 4+ Up41 C Uy, n € N. We will

consider as U, the 0-neighbourhood of radius 2% Again, since T is chaotic,
Yoo (I—y w,) " e, converges unconditionally ( see 0.5.8), so there exists
an increasing sequence of positive integers (N,,), with Nyio — Npy1 >

Npt1 — Ny, for all n € N such that

) -1
Z U (H wu) ek € Uny1,
v=1

k>N,
if ap € {z1,...,29m}, for N, <k < Nppy1, m > n. (1.4)

Indeed, by the definition of unconditional convergence (0.5.5), for each

€n = W,n € N, there exists N,, such that:
k ~1
Z (H wl,> erll < €pn
kEFC[N,,00) \r=1
for every finite set F. Let ||.|| denotes the F-norm defined on the space.

Without loss of generality we can select the sequence (V,), such that
Nn+2 — Nn+1 > Nn+1 — N, for all n € N.

In 1.4 we have that:

k>N, v=1
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So we have for each j > n:

> ak<ﬁwy>_lek < |a > (yljlw)_lek

N]‘<I€§NJ‘+1 v=1 Oék:,zl,NJ<k§Nj+1

k -1 2j
1
+ o 294 Z (Hwy> er|| < <Z|zll> €j SW

ak:zzj7Nj<k§Nj+1 v=1

Finally in 1.5:

k -1 00 1 1
3o () o <35 = o
v=1

k>N, Jj=n

and we conclude the result in 1.4.

We define the compact space K = []; oy Fr Where

Fr,={1,...m}if Ny, <k < Npt1, m €N, and F, = {1}, if 1 <k < Nj.
Let K(s) := 0°(K), s € Ny, where o : N¥ — NV is the backward shift.
K (s) is a subspace of NV, s € Nj.

We consider in N the product probability measure 77 = @ ren Fr, Where
fe({n}) = pn for all n € N and i (N) = > 2 p, = 1, k € N. The values
of p,, €]0, 1] are selected such that, if

j Nji1—N; 00
B; = (ZpZ) , j €N, then J]8; > 0.
=1

=1

Let Z = U, ey, K(s), which is a countable union of Cantor sets, invariant
under the shift, and satisfies

Il
—
=
-
—
ot
—

H ﬁk({L?l})

k=1 =1 Nl<k‘§Nl+1

= p{vl (Hﬂl> > 0.
=1

w(Z) > u(K)

It is known [102] that 7 is a o-invariant exact Borel probability measure.
We set Z = J,~ K (s). Since 0(Z) = Z, Z has positive measure and every
exact measure is ergodic 0.3.2, we necessarily have that @(Z) =1 .
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Now we define the map ® : K(s) — X given by

—1
() = S, (H w,,)

® is well-defined for each s > 0 by 1.4. Indeed, given (ng)ren € K(s) and
for I > s, we have ny < 21 if Ny < k < Nj41, which shows the convergence

of the series ) 77 | an, <Hllf:1 wl,> er by (1.4).

®| () is also continuous for each s € Ny. Indeed, let (p(j)); be a sequence

of elements of K (s) that converges to p € K(s) and fix any n € N with

n > s. We will find ng € N such that ®(p(j)) — ®(p) € U, for j > ng. To

do this, by definition of the topology in K (s) there exists ng € N such that
P(])k = Pk if 1 < k < Nn+1 andj > ng.

By (1.4) we have

k>N, iy k>N,

And ®(p(j)) — ®(p) € U, for all j > ng. This shows the continuity of
®: K(s) —» X for every s € Ny.

The map @ is then well-defined on Z, and ® : Z — X is measurable (i.e.,
d~1(A) € B(Z) for every A € B(X)).

L(s) := ®(K(s)) is compact in X, s > 0, and Y := [J,»c L(s) = ®(2) is a
B, -invariant Borel subset of X because it is a countable union of Cantor
subsets of X and ®o = B,®. Indeed, let (ng)r be a sequence of K(s),
then:

-1
Po((ng)rken) Zanm (H ’wu> er = Bu®((ng)ken)-

We then define on X the measure p(A) = m(®1(A)) for all A € B(X).
As in Theorem 1.2.1, we conclude that p is well-defined on X, it is B,-
invariant and exact. Indeed, given A € (>° B;"B(X), we have for each
n € Ny that A = B"(A,), with A,, € B(X). Then we have that

€ ﬁ B (D7L(X)).
n=0
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By the exactness of u, necessarily fi(® 1(A4)) = 0 or m(®~1(A)) = 1 and
then p(A) =0 or 1.

Now it only remains to show that y has full support. Indeed, given a non-
empty open set U, we pick y = ®((ng)x) € Y such that y + U, C U and
then p(U) is greater than:

H {y+z ek:akE{Zla---ZQm}aNm<k§Nm+1umZn}
k>N, b w

N,

00 N,
H {nk}H I =21 H <H52l>>o

k=1 I=n \N,<k<Ni; k=1

g

Devaney chaos is therefore a sufficient condition for the existence of strongly
mixing measures within the framework of weighted shift operators on se-
quence F-spaces. In some natural spaces it is even a characterization of
this fact. For instance, F. Bayart and I. Z. Ruzsa [22] recently proved that
weighted shift operators on £, 1 < p < oo, are frequently hypercyclic if,
and only if, they are Devaney chaotic. It turns out that this is equivalent
to the existence of an invariant strongly mixing Borel probability measure
with full support on #P. Also, for the space w, every weighted shift oper-
ator is chaotic [70]. In particular, for the unilateral case we obtain exact
measures.

Example 1.3.4 Every unilateral weighted backward shift operator on w =
KN admits an invariant exact Borel probability measure with full support
on w.







Chapter 2

Strong mixing measures for
Cy-semigroups and frequent
hypercyclicity

2.1 Introduction

In this chapter, our purpose is to obtain a very effective and general method
to prove that certain Cy-semigroups admit invariant strongly mixing mea-
sures.

More precisely, we show that the Frequent Hypercyclicity Criterion for Cy-
semigroups ensures the existence of invariant strongly mixing measures with
full support. We will provide several examples, that range from birth-and-
death models to the Black-Scholes equation, which illustrate these results.

As we mentioned in Chapter 1, there exists a criterion that gives a sufficient
condition to ensure when an operator is frequently hypercyclic. In the case
of Cp- semigroups there also exists a continuous version of this criterion.

In [82], Mangino and Peris obtained a sufficient condition for frequent hy-
percyclicity. This frequent hypercyclicity criterion is based on the Pettis
integral.

Theorem 2.1.1 ([82]) Let (1})i>0 be a Cy-semigroup on a separable Ba-
nach space X. If there exist Xog C X dense in X and maps St : Xog — Xo,
t > 0, such that

47
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(i) T.Six = x, T;Srx = Sp—yx, t > 0,7 >t >0 for all z € Xy,
(ii) t — Tyx is Pettis integrable on [0,00) for all x € Xy,

(i1i) t — Six is Pettis integrable on [0,00) for all x € Xy,
then (Ti)¢>0 is frequently hypercyclic.

Our purpose is to show that this criterion suffices for the existence of in-
variant Borel probability measures on X that are strongly mixing and have
full support.

In contrast with the chaotic behavior in the topological sense, which is
trivial to pass from the discrete to the continuous case, while difficult or
false to go in the other direction (see, e.g., [38] for hypercyclicity and fre-
quent hypercyclicity, and [16] for Devaney chaos), the measure-theoretic
properties are not trivially passed from the discrete to the continuous case,
especially because of the requirement of Ti-invariance for every ¢t > 0. This
is why we need to construct explicitly the strongly mixing measures for
Co-semigroups, and they cannot be obtained from the main result in [88].
All the results of this chapter have been published in [86].

2.2 Invariant measures and the frequent hypercyclicity
criterion

Now, we are allowed to present our main result.

Theorem 2.2.1 Let (T3)i>0 be a Co-semigroup on a separable Banach
space X. If there exist, Xg C X dense in X and maps S; : Xog — Xo,
t > 0 such that :

(i) T;Six = x, T;Spx = Sp—yz,t > 0,7 >t > 0 for all x € X,

(ii) t — Tyx is Pettis integrable on [0,00) for all x € X,
(iii) t — Spx is Peltis integrable on [0,00) for all x € Xy,

then there is a (T})i>0-invariant strongly mizing Borel probability measure
woon X with full support.

The idea behind the proof is to construct, given a Cp-semigroup (73)¢>0 on
a separable Banach space X satisfying the hypothesis of Theorem 2.1.1,
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1. a “model” probability space (Z, z) and

2. a Borel measurable map ® : Z — X with dense range,
where

e (Ry)tcr is the translation group defined as Ry f(x) = f(z — 1),

o ZC C(R)isa (R¢)tcr-invariant subset of the space C(R) of continuous
functions on the real line, endowed with its natural Fréchet space
compact-open topology,

e 11 is a (Ry)ier-invariant strongly mixing measure with full support,
and

e DR, =T,® on Z for all t > 0.

As a consequence, the Borel probability measure p on X defined by p(A) =
(@A), A € B(X), is (T})i>o-invariant, strongly mixing, and has full
support. Proving the measure y is (T})¢>o-invariant and strongly mixing is
simple. Showing p has full support will take a little work.

Proof. We suppose Xy = {z,;n € N} with z; = 0. Let U,, = B(0, QL), the
open ball of radius 1/2" centered at 0. By conditions (ii) and (iii) we can
obtain an increasing sequence { Ny}, € N with Ny19 — Npp1 > Nyy1 — Ny,
for all n € N such that, for any sequence (Cy )y of mutually disjoint compact
sets with C, C [k/2,+o0o[, k € N, we have that

ifmg <21, for Ny <k < Npy1, I >2n, neN,

then
> / Tym,dt € Upyy and Y / Sy, dt € Upy1. (2.1)
k>N, © 7k k>N, * =k

Indeed, by 0.10.5 for each ¢, = ﬁm € N, there exists IV, such that for

every compact set K C [N, 00),

H/ Tix|| < €, and H/ S
K K

for every x € {z1,...,29,}. Without loss of generality we can select the
sequence (N, ), such that N, y2 — Nyt > Npy1 — N, for all n € N.

< €p,
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/ Tixy, and
Ch

In 2.1 we have that:

Z /C Ttxmk =

k>N, Jj= nN <k<N i1
g / StTm, = g g / St T,
k>N, Jj=n N;<k<Nj;i1

So we have for each j > n:

> /Tt:cmkg > /Tm

N;<k<N,., Ok N;<k<Nj, Ok

2j
1
+ ...+ Z / Ttﬂfgj < (ZEj) SW

N;j<k<Nj,, Ok

Analogously we get:

1
N;<k<Nji1 k

Finally in 2.2:

1 1
k>N, g =n
(o ¢]
1 1
Z Stm, || < Z 25 +2 — ogntl
k>N, 7 Ck j=n

and we conclude the result in 2.1.

1.-The model probability space (Z, 7).

First of all, we define the following set A C C(R) of continuous functions:
f € A if there exist a sequence (s;);ez of real numbers such that

(a) .85 4<859<0<sg<s9<84< ...,

(b) |s2iy2 — s2; — 1| < %, and



2.2 Invariant measures and the frequent hypercyclicity criterion 51

(€) s2i41 = (52i + s2i42)/2, i € Z;
and a sequence of natural numbers (n;);cz such that
(d) f(s2:) = nq,

(e) f(s2i+1) =0, and
() 1"

Isi,8it1] =0foralli e Z.

We write f(s,, n,), to denote the continuous function f associated with
sequences (Sok)kez and (ng)rez given above.

| | \ | | | | | |
S_7 S5-6 S—5S5-4 S_3 S_2| S_1 Sy S1 $2 53 S4

wn—
ot

Figure 2.1: Graph of a typical function f € A

A is a closed subset of C'(R), where C(R) is endowed with the compact-
open topology (that is, the topology of uniform convergence on compact
subsets of R), therefore a complete separable metric space.

Indeed, if (f;); is a sequence of functions in A that converges to certain
[ € C(R), then each f; has associated sequences (s2x(j))kez and (nx(4))kez
satisfying conditions (a)—(f) above. From the convergence with respect to
the compact-open topology we deduce that there exist the limits lim; soz(j)
and lim; ny(j) for each k € Z.

Now, we either have lim; s_5(j) < 0, so that sg := lim; sgx(j) and ny =
lim; ng(j), k € Z, define the sequences that make f € A, or we have
lim;j s_o(j) = 0, that yields sof := lim; sop_2(j) and ny = lim; ng_1(j),
k € Z, the defining sequence for f € A.
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We will introduce a measure on A. Let us consider A the Lebesgue measure
on R, and let p be the probability measure defined on N such that p({j}) =
pj, with 0 < p; <1, p(N) = >°°2, p; = 1 and, if

j Njy1—N; 0
B = <Z pi> ,j €N, then []g;>0. (2.2)
=1

j=1

We define the map ¥ : A — (R x N)Z given by U (fs0;m,)e2) = (825, 15)jez-
The map ¥ is continuous on A\ Ag, where

Ay = {f = f(52j,nj)j €EA; s9= 0}.

Let (f(s’;j,n’;)j)k be a sequence that converges to f(,, ), € A with s > 0.
Then, for any compact set C' C R, we have that

m sup | frgx ne), (€) = fiso;my), (@) = 0.

k—o00 zeC J

In particular, for any NV € N and € > 0, there exists kg € N such that,

if [j| < N and k > kg, then n?” = n; and \slgj — s94| < e. (2.3)

Then we have that (séj,ng?)j)k converges to (s2;,n;); and this shows the

continuity of ¥ on A.
Analogously, W is also continuous on Ag, thus ¥ is Borel measurable.

Let II,, : (R x N)? — (R x N)?**! be the projection onto the corresponding

coordinate space centered at index 0 and define the measure A, = (A ®
p)?" 1 on I1,,(¥(A)). We have

I, (W (A)) = {((5-2,n—1), (s0,m0), (s2,71)) € (R x N)? ;

1 3
s0 >0, s_2 <0, §§32i_32i72§§a Z':O,l},

and its associated measure is

572+g So+g
(/ (/ d82> dS()) dS_2
5 at3 so+3
-3 ( s o42 so+3 1 1
+/ / / dsg | dsg |ds_o ==+ —==1.
_g 0 80_;'_% 2 2

B 0
X (T (B(A)) = /
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Analogously, A\, (I1,,(¥(A))) =1 for all n € N.
An(I (W (A))) =
S _on_2+3 0

8—2+% So+%
/ / e d52 dSQ dS,Q dS,Qn
1 s o432 so+3
572n—2+% % 572+% So+g
+/ (/ (/ (/ ...dSQ) d80> d8_2> dS_Qn:1.
S an-2+3 -2 0 so+3

Let B, be the o-algebra of Borel subsets of II,(¥(A4)). We consider
A := U,en 11,1 (By), which is an algebra consisting of Borel subsets of
W(A) since I, 1(B,) C H;il(%nﬂ) for all n € N. Also, the o-algebra
generated by 2 coincides with the family B of all Borel subsets of U(A)
because 2 contains the open subsets of W(A).

For each n € N and B € II,,;1(B,), we define A(B) = A,(IL,(B)). X is a
well-defined probability measure on 2 with full support since (I (B)) =

A1 (I 11(B)) for every B € 11, 1(8,,), n € N. There is a unique extension

of A to B, for which we keep the same notation (see, e.g., [73]).
Now, since A is a complete separable metric space and ¥ : A — (R x N)Z
is an injective measurable map, we have that the family of Borel sets of

A equals U~1(B) (see, e.g., Corollary 3.3 in [73]), and we obtain that
T := AoV is a Borel probability measure on A with full support.

Moreover, A is R;-invariant for any ¢ € R, where (R;)ier is the trans-
lation Cop-group, since given f(, »,), € A we have that Ri(f(s,, n,),) =
ftt+sa50nnmyi); € As where

k:=min{j € Z ; t+ s9; > 0}. (2.4)
The definition of & easily yields that @ is (R¢)icr-invariant.

We also note that  is strongly mixing with respect to the translation Cy-
group (R;)ier. Actually, it suffices to prove it on a basis of open sets of

Let us define, for each
a = ((s2j)j_p, (nj)iL_,,,€) € RO s NP0, 1/4]
with s_9, < -+ <59 <0< 59 < 82 < -+ < Som, % < 89542 — 825 < %,
j=-n,...,m—1, the set
Ay ={f € A; Ttyj €]sa; — €, 505 + € with f(ta;) =nj, f(tajy1) =0 for
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to; + t2j42
2 )
They form a basis of open sets in A as a topological subspace of C(R)

endowed with the compact-open topology. Let A, and A, be two elements
from the above basis, where

j=-n,...,m—1, "

t2j+1 = Jtostisal = 0, 1= —2n, ey 2m—1}.

a = ((s2)epy (n5) ]y €) and o = ((s;) 7y, (0))JZ €.

If ¢ is large enough then [s_,, —¢, s; +€] ([t +5_,, —€', t+ 5], +€'] = 0 and
because of the definition of & and the empty intersection of the previous
intervals we have:

ﬁ(Aa N Rt(Aa’)) = H(Aa)ﬁ(Aa’)'

Let us consider the subset of A given by
= {f(s%,nk Y € A ng = f(Sgk) S {1, ce ,m} if Ny, < |k5| < Nyt

m €N, f(SQk) =1 for |l€’ < Nl}

Clearly, H is a closed subset of A which is bounded in C(R). An easy argu-
ment shows that the subsets of A that are bounded in C(R) are relatively
compact, thus H is compact.

Let (f(S nk ), )k, be a sequence in H and fix n € N. We will show that,

there ex1sts a Cauchy subsequence ( f(S § b, )k, with respect to the uniform
250°% /I

convergence in [—n,n]. By the selection of (sg;);, we have that so;(k) ¢

[—n,n] for every j € Z with |j| > 2n + 1 and for each k € N. We select an
increasing sequence (k;); in N such that there exists

s2j = Hm s2;(ki)

and

nj = Zli)rgon](k )

for | j[ < 2n + 2. We conclude, by definition of the elements of A that
( f( k) )k, is a Cauchy sequence with respect to the uniform convergence

J
[ n] Since n € N was arbitrary, we have found a subsequence of
( f(s% z;)],)k that is Cauchy in H, therefore convergent since H is closed,

and we get that H is compact.

Let Z = U;er Ri(H) = Uz Rj(H), therefore a Borel subset of A.
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This last equality is clear because

Rt(f(sz.m”j)j) = f(t+s2j+2k:”j+k)j = f([t]+h+s2j+2k:”j+k)j = R[t}(f(h+s2j,n_,»)_7)

where
k:=min{j € Z; t+ s9; > 0} (2.5)

and t = [t] + h, where [t] denotes the integer part of .

We easily get

- 2
w(Z) > [(H) = (pr)* ! (H 51) > 0.
=1

The last inequality is obtained by using Fubini’s theorem again.

Since Z is R;-invariant, it has positive measure and 7 is strongly mixing
and then ergodic, u(Z) = 1.

2.-The map .

We define the map ® : Z — X by

52542 0
(fissymy)y) = D / S_pan,dt + / S_tap_,dt

Jj<-2 -
So S2j42
+ / Tywn_,dt+ ) / Tyy, dt. (2.6)
0 ]ZO S2j

® is well defined since, given f(, .y, € R, (H), to € R, and for [ > [to],

we have that ny < 210 if N; < |k| < Njy1, which shows the convergence of
the series in (2.6) by (2.1).

Let us see that T, o ® = ® o R, for any a > 0. We will distinguish two
cases:

Casel s_ 9 < —a<0:
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Too (I)(f(szjﬂ%‘ 7’) =

52j42 0 S0
g / T S—txn +/ TaS—th'n_l +/ Taﬂmn_l
S_o 0

j<—2 525
52542 52;5+2 —a
+) / ToTyan, = Z / S—(t+a)Tn, + / TaS—t2n_,
J>0 S2j S_2
0 52542
+/ Tantxn,l +/ TiyaTn_, + Z/ Tt+a$nj
—a 0 >0

S2j42t+a —a 0
= E / Sftmnj + Sftfaxn,l +/ TortTn_,
S—2

j<—2 S2;ta —a

So+a Saj+2ta ll+SzJ+z
+/ Tixn_, + g / nfvnj g / tl'nj
a s

j>0 7 S2ta j<—27atss;
0 a+So a+S2j42
a+s_o 0 ]>0 a+521

= (I)(f(aJrSzn”j)j) =do Ra(f(sz_n”j)j)‘

since, in this case, 0 = min{j € Z ; a + sg; > 0}.

Case 2 so < —a < Sopyo, for some k € Z7, k < —2:
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Ta ° (I)(f(st,nj)j) =

S2j42 0 S0
Z / Tas—txnj +/ TaS—tmn_l +/ Ta+t$n_1
S_2o 0

j<—2752
52542 S2j+42 —a
+Z/ Ta+t$nj = Z/ Sftfal‘nj +/ TaS,tl‘nk
jZO S2j j<k S2j S2k
S2k+42 S2j42 a
+/ TaS—txnk + Z / Ta—i—txnj +/ Ttxn,l
—a k<j<—1 Sa2j S_s+a
Sot+a a+S2j42 S2j42t+a
+/ Tiwn , + Z/ T%xnj = Z/ Sftxnj
a >0 a+S2; j<k S2;+a
0 Sak42 S2j+2ta
+/ Sftfﬂnk +/ TottTn, + Z / Ttl'n]-
Sak+a —a k<j<71 52j+a
a sota a+82j+42
+/ 71tm‘n,l +/ ,Ttxn,l + Z/ Ttxnj =
S_2+ta a >0 a+sz;
a+S82j42 0 a+Sak+2
Z/ S_tp, +/ S_txn, +/ Tixy,
j<k a+S2; a+S2p 0
a+S2542
+ Z/ Ttxnj = q)(f(&+32g‘+2k+2un.7+k+1)j) =do Ra(f(s%,nj)j)
>k At

since, in this case, k + 1 =min{j € Z ; a + sa; > 0}.

Also, @ is continuous almost everywhere on Ry, (H) for any ¢y € R. Indeed,
let (f(st, n), )k De a sequence in Ry, (H) that converges to f(s, n,), € R, (H)
with sg > 0. Then, for any compact set C' C R, we have that

li k ok - =Y
il ilelg f(Szy"”J )i () ftsaym), ()| =0

In particular, for any NV € N and € > 0, there exists kg € N such that,

if |j| < N and k > kg, then n;"’ = n; and \slgj — s95| < e. (2.7)

Fixn > |to| and N = N,,. Let & > Osuch that || [; S_yzp, dt||+]| [; Tizn,dt| <
(3(N + 1)27H) =1 whenever I C] — 00,0] and J C [0, +oo[ are intervals of
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length less than € and |j| < N. By (2.7) and (2.1), there exists an integer
ko such that for every k > kg,

5j42
H@ 52],n])j) - (I)(f(szj,nj))H < Z /)C S_tl‘ﬁ
j<—N, v 52
5§j+2 i S2j+2
AT [t | X[ s,
J>Nn 53 j<—N,
S2j+2 max (s5;,52;)
+[ ) / Ty, |+ Y / S iy,
>N, N, <j<—2 min (sk;,52;)
max(8§j+2752j+2) max (8" ,,5_2)
+ ) S-aan |+ [ S
—N,<j<-2 min(s’;_j+2,52_j+2) min (s* 5,5_2)
max (s ,50) max (s5,52;)
4 T |+ 3 | [ Ty,
min (88750) 0<j<N'n, min (ng 7ng)
max s2j+2,52j+2)
+ 2/ Tir, | <
0<j<N,, ||/ min (s5;2,525+2)
1 1,1 1 1 2(N, — 2)
on+1 on+1 on+1 on+1 3(Nn + 1)2n+1 S(Nn + 1)2n+1
2(N, +1) 1 1
3(N,, + 1)2n+1 ~ 9n—1 on’

This shows the continuity almost everywhere of ® : R,(H) — X for every
t € R. The map & is well-defined on Z, and ¢ : Z — X is Borel measurable.

3.-The measure p on X.

L(s) := ®(Rs(H)) is a countable union of compact sets in X for each s € R.

Indeed,

®(R,(H))

CD({f(st,nj) € RS(H) ;S0 = 0}) U

U (I)({f(szjﬂj) € RS(H) ; S0 2 %})

neN
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We then have that Y := {J,cp+ L(s) = U,en L(n) is a countable union of
compact sets, thus a Ti-invariant Borel subset of X because Po Ry = Ti 0 ®,
t>0.

We then define in X the measure u(B) = u(®~1(B)) for all B € B(X).
Obviously, p is well-defined and it is a (7});-invariant strongly mixing Borel
probability measure. The proof is completed by showing that p has full
support. In the proof of Theorem 2.2 in [82] it was shown that, for uy :=

fol Tyxgdt, k € N, the set {uy ; k € N} is dense in X. Thus, given a
non-empty open set U in X, we pick n € N and ¢ > 0 satisfying
S2
/ Tix,dt+ U, CU
So

for any s € [0,¢], s2 € [1,1 + ¢]. Together with (2.1), this implies

ILL(U) Z Iu’ ({(I)<f(52j,nj)j) ; f(82j7nj)j E Z? 80 e [076]7 82 e [171 +€]7
ng=mn, np=11f0< |]€| < N,, np <2I, for Nj < |k” SNZ—H; lZn})

e—2 s_o+3 1+e
/ 1 / pn</ pl...d32>dso
— 0 1
-3 € 1+e
+/ p1</ pn</ pl...d52>d50>d52...
e—3 0 1
e—1 € 1+e
+/ P / pn</ pl...dSQ)dSO ds_g...
— s,2+% 1

1
2

00 2l 00
> e%pa(p)”™ [ ] I Do | =)™ [ (B2)* >0
l=n

l=n \Ni<|[k|<Niy1 r=1

v

(SIS

O

Remark 2.2.2 There exists an alternative way of defining the measure on
the space of continuous functions, by using Brownian motions (for more
details see [92],[93]). We denote by B = B(C(]0,00))), the o-algebra of
Borel subsets of C([0,00)). Let wy, t > 0, be a Brownian motion defined on
a probability space (€2, §, ). Assume that the sample functions of w; are
continuous. Setting & = elw,-2 for t > 0, then &; is a stationary Gaussian
process with mean value F¢; = 0 and correlation function E&&p = e~ Ikl
Then the measure on B = B(C(]0,00))) induced by & is strongly mixing
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with full support. The details of the construction of the measure can be
found in [93].

In Corollary 2.3 in [82] some conditions, expressed in terms of eigenvector
fields for the infinitesimal generator of the Cp-semigroup, were given which
ensure that the assumptions of Theorem 2.2.1 are satisfied. In consequence
we also obtain the stronger result of existence of invariant strongly mixing
measures under the same conditions. A different argument for the exis-
tence of invariant strongly mixing measures for Cy-semigroups has been
obtained in [21] under weaker assumptions on the eigenvectors fields for
the generator.

Corollary 2.2.3 Let X be a separable complex Banach space and let (T})¢>0
be a Cy-semigroup on X with generator A. Assume that there exists a fam-
ily (fj)jer of locally bounded measurable maps f; : I; — X such that I is an
interval in R, f;(I;) C D(A), where D(A) denotes the domain of the gener-
ator, Afj(t) =itf;(t) for everyt € I;, j € I and span{f;(t): j €T, t € I;}
is dense in X. If either

(Z) fj S CZ(I]',X), Jevr
or
(ii) X does not contain cy and (p, f;) € C*(I;), p € X', j €T,

then there is a (Tt)i>0-invariant strongly mizing Borel probability measure
woon X with full support.

2.3 Applications

In this section we will present several applications of the previous results to
the (chaotic) behavior of the solution Cp-semigroup to certain linear partial
differential equations and infinite systems of linear differential equations.

Example 2.3.1 Let us consider the following linear perturbation of the
one-dimensional Ornstein-Uhlenbeck operator

Aqu =" + bxu’ + au,

where o € R, with domain

D(Aa) = {u e L2(R) N W22(R) : Anu € L2(R) } .

loc
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We know that, if > b/2 > 0, then the semigroup generated by A, in L?(R)
is chaotic [37] and frequently hypercyclic [82]. Actually, it was shown that
the Cy-semigroup satisfies the hypothesis of Corollary 2.2.3 [82]. Therefore,
we also obtain that it admits an invariant strongly mixing measure with
full support.

Example 2.3.2 Rudnicki [95] recently showed the existence of invariant
strongly mixing measures for some Cpy-semigroups generated by a partial
differential equation of population dynamics. More precisely, he reduced
the equation to

ou ou
5 + To = au(t,x) + bu(t, 2x),

whose formal solution, given the initial condition u(0,x) = ug(z), is
o
(bt)" _
u(t7 x) = eat ZO TUO(2”€ t.%').
n=

He considered the space
X = Xo 1= {u€ C(0,00]) 5 lim zfu(@)| =0, Tim o7fu(z)| =0}
T—r T—>00

endowed with the norm [[ul| := sup,e)p o[ [u(z)|p(z), Where p(z) = 2 if
< land p(z) =27 ifz > 1. If2%log2 < e~ !, B < log, b+log,(log 2), and
a > g, where ag satisfies (a+ag)2* = b, then there exists a Borel strongly
mixing probability measure g on X with full support which is invariant
under the solution Cy-semigroup generated by the above equation as it is
proved in Theorem 1 of [95]. Actually, this fact was shown by reducing the
problem to the translation flow (R;)icr on the space

Y = {gEC(R); lim g(w):()},
|| =00 T
of weighted continuous functions with the norm
l9(z)]
glly = sup
lally = sup 250

The corresponding generator is A = D, the derivative operator. We can ap-
ply directly our Corollary 2.2.3 to the map f : R — Y given by [f(¢)](x) :=
e’ which is a C?-map, and we obtain the same result since span{f(t) ; t €
R} is the set of trigonometric polynomials, which is dense in Y.

Example 2.3.3 The chaotic behaviour associated to birth-and-death pro-
cesses has been widely studied by Banasiak et al [5, 6, 7, 9]. We will consider
three cases that are shown to admit invariant strongly mixing measures.
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1. In [9], Banasiak and Moszynski studied the following “birth-and-death”
model with constant coefficients:

B = (L= afi+dfo, 2.9
2.8

% = (Lf)n= bfp—1+afn+dfnys, n > 2.

Among other things, they studied the chaotic behaviour of the solution
Co-semigroup.

Theorem 2.3.4 ([9]) Let a, b, d € R satisfy 0 < |b| < |d| and |a| <
|b+d|. Then the solution Cy-semigroup to the Cauchy problem (2.8)
1s Devaney chaotic on fP.

Actually, to show this result they used a spectral criterion (see [8] and
[45]) which is less general than the criterion of Corollary 2.2.3. In
consequence, we obtain that the solution Cy-semigroup to the Cauchy
problem (2.8) admits an invariant strongly mixing measure on ¢? with
full support.

2. In [2], Aroza and Peris studied the same model with coefficients de-
pending on N,

o - arfi + difa,
(2.9)
% = bufn—1+ anfn+ dnfnta, n>2.
with ay,, by, d, € R and the infinite matrix
al d1
by as do
[ — bg as d3
b4 aq

They intended to obtain sub-chaos (i.e., Devaney chaos on a subspace)
results for birth-and-death type models with proliferation in a wide
range of coefficients depending on N. They considered the Banach
space X = X () on which the operator associated with £ generates a
Co-semigroup. Given 1 < p < oo, let

X(7) = {f e Lhf e ¥neN,|Ifll =S L flly " < oo} .
n=0
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If the sequences (ay,)n, (by)n and (dy,), are bounded, £ has an asso-
ciated bounded operator S, on 7, with spectral radius 7(S,) < oo,
and X (y) = (P for v > r(Sp). If any of the sequences (ay)n, (by)n and
(dp)rn is unbounded, we have that the operator Sx associated with L is
a bounded operator on X and, therefore, it generates a Cp-semigroup
Tx on X. They obtained the following result:

Theorem 2.3.5 ([2]) Let (an), (bn) and (dn)n be sequences of real
numbers such that d, # 0 for alln € N, 1 < p < o0, and v > 0.
Assume that either

1. limy 00 ap = @, limy—y00 by = b, limy, o0 dyy = d # 0 with |b| < |d]
and la| < |b+d| or

2. limy 500 % = @, limy 00 5= = B,1imy, 00 dy = 00 with o® # 45,
18] <1 and |a| < |1+ 8]

then the Cy-semigroup Tx is sub-chaotic on X (7). Moreover, in case
1, S, generates a sub-chaotic Cy-semigroup T, on (P.

Actually, to show this result they proved that the solution Cy-semigroup
satisfies the spectral criterion of [8], in particular the conditions of
Corollary 2.2.3 on a certain subspace Y. Thus, we obtain that the cor-
responding solution Cy-semigroup admits an invariant strongly mixing
measure p on X () whose support is Y.

3. Let us consider the death model with variable coefficients

% = —anfn + Bufnt1, n2>1,

£u(0) = an, n>1 (2.10)

where (o), and (3,), are bounded positive sequences and (ay,), € £*
is a real sequence. Considering X = ¢!, and the map A given by

Af = (—anfn+ Bafni1)n for f = (fa)n € X,

since A is a bounded operator on ¢!, it generates a Cy-semigroup
(T})¢>0 which is solution of (2.10). It is shown in [72], that if

sup oy, < liminf 3,
n>1 n—oo

then the semigroup (73):>0 satisfies the hypothesis of the spectral
criterion [45], and then we can ensure the existence of an invariant
strongly mixing measure with full support on X.
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Example 2.3.6 Let us consider the solution semigroup (e!4)i>o of the
hyperbolic heat transfer equation problem:

O%u ou __  O%*u
Toe T ot = Qg2

u(0,2) = ¢1(z), = €R, (2.11)
%(O,x) =@o(z), z€R

where ¢1 and @9 represent the initial temperature and the initial variation
of temperature, respectively, o > 0 is the thermal diffusivity, and 7 > 0 is
the thermal relaxation time. We can represent it as a Cp-semigroup on the
product of a certain function space with itself. We set u; = u and ug = %.

Then the associated first-order equation is :

Q (75} o O I ul
P\w )\ fgm F1)\w )’

%)
(2.12)
u(0,2) \ _ ( ¢1(x)
(nfs))=(06]) wex
We fix p > 0 and consider the space
X, = f'R%C'f(x)—ianpnaz”(a) €c
p— . y - — n s \Un Jn>0 0
endowed with the norm || f|| = sup, > |an|.
Since
0 1
A= ( W ) (2.13)
o o1

is an operator on X := X,® X, we have that (etA)tzo is the Cy-semigroup
solution of 2.11. We know from [40] and [72] that, given a, 7 and p such
that arp > 2, the solution semigroup (e*4);> defined on X, ® X, satisfies
the hypothesis of the spectral criterion [45], and we conclude the existence
of an invariant strongly mixing measure with full support on X, ® X,.

Example 2.3.7 In [31], Black and Scholes proved that under some as-
sumptions about the market, the value of a stock option u(x,t), as a func-
tion of the current value of the underlying asset x € R* = [0, 00) and time,
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satisfies the final value problem:

% - _%0—2:52% — rm% +ru  in RT x [0,7)
u(0,7) =0 for t € [0, 7]
w(z,T) = (x —p)* for z € RY

where p > 0 represents a given strike price, o > 0 is the volatility and » > 0
is the interest rate. Let v(z,t) = u(x, T — t), then it satisfies the forward
Black-Scholes equation defined for all time ¢ € R™ by

o %(723522;{ 4 TJU% —rv  in RT xRT
v(0,T) =0 for t e RY
v(z,0) = f(z) for x € RT

with

ro=@-p={ 7 Rz

In order to express this problem in an abstract form , we define D, = Vaza%,
where v = % and B = (D,)? +v(Dy) — rl, with v = £ — v. Then the
problem can be reformulated as:

% = Bu,

v(0,T) =0,

v(z,0) = f(xz) forxz e RT.

Recently in [63], the authors gave a simple explicit representation of the
solution of the Black-Scholes equation and this representation holds in the
spaces Y*7. Let

ysT = {u € C((0,00)) : Tim M o B 0}

z—oo 1 4+ 25 o014 2T

be endowed with the norm

[|lu||ys- = sup u(z)
e>0| (1 +2)(1 +27T)

It is shown that the Cy-semigroup solution of the Black-Scholes equation
can be represented by T} := f(D, ), where

f(2) = 9% with g(z) = 2> + 7z —r and D, = ana.
x
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For more information and details see [31].

In [51], it is proved that the Black-Scholes semigroup is strongly continuous
and chaotic for s > 1,7 > 0 with sv > 1. We will see that, with a
little more work, the Black-Scholes semigroup satisfies the spectral criterion
in [45] under the same restrictions on the parameters and, therefore, the
hypothesis of Corollary 2.2.3.

Let s >2 0<v<lands>1 Let S ={\€C; 0< ReX < sv}.
By Lemma 3.5 in [51], we have that g(Ss) NiR # (). Then there exists an
open ball U C ¢(Ss) such that U N iR # () and such that UNR = . In
particular, we find an inverse g~! well defined (and holomorphic) on U.
Weset F = Log™' F:U — Y*, where L : Sy — Y7 is defined as
L(X\) = ha, with hy(z) = 2}, Tt is clear that F is weakly holomorphic since
L is weakly holomorphic [51].

Finally, AF(\) = g @w) F(X) = AF()) for any A € U, where (4, D(A))

v
is the generator of the Black-Scholes semigroup, and the equality (F'(\),¢) =
0 for a fixed ¢ € (Y*7)* and for every A € U necessarily implies ¢ = 0. All
the details are proved in Theorem 3.6 in [51].
Thus, the spectral criterion in [45] is satisfied and the Black-Scholes semi-
group admits an invariant strongly mixing Borel probability measure on
Y#7 with full support by Corollary 2.2.3.



Chapter 3

Frequently hypercyclic translation
Cy-semigroups

This chapter is divided in three sections. In the first one we review some
known results on the dynamics of the translation Cy-semigroups, later we
state and prove a characterization of frequent hypercyclicity for weighted
pseudo-shifts in terms of the weights that will be used in the last section
to obtain a characterization of frequent hypercyclicity for translation Cp-
semigroups on Cf(R). Finally, in the third one, we establish a character-
ization of frequently hypercyclic translation Cp-semigroups on Cj(R) and
LP(R). Moreover, we establish an analogy between the study of frequent
hypercyclicity for the translation Cp-semigroup and the corresponding one
for backward shifts on weighted sequence spaces. The contents of this chap-
ter have been included in [81].

For linear discrete dynamical systems, shift operators on sequence spaces
are one of the most important test operators. In the continuous case
this role is played by the translation semigroup. Firstly, let us intro-
duce the spaces of functions where we are going to consider translation
Co-semigroups. These spaces are denoted by Lh(R), with 1 < p < oo and
CH(R) and p is an admissible weight function.

Definition 3.0.8 ([45]) We recall that by an admissible weight function
on R, we mean a measurable funtion p : R — R such that:

o p(t) >0 for allt € R and

67
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e there exist M > 1 and w € R such that p(1) < Me“'p(T +t) for all
7€ R and allt > 0.

We recall the following useful property for admissible weight functions.

Lemma 3.0.9 ([45]) Let p be an admissible weight function on R. For
each I > 0 there are constants 0 < A < B such that for each 0 € R and
each T € [o,0 + 1], we have Ap(o) < p(1) < Bp(o +1).

We consider the following function spaces

LO(R) ={f:R — R ; f is measurable and [ f[|, < oo},

where || f]l, = (/°, | £(£)[Pp(t)dt)> and

CS(R)={f:R—R; fis continuous and lim f(z)p(x) =0},

T—00

with || fllec = supscr f(t)p(t). If X is any of the spaces above, the trans-
lation semigroup (1i)i>0 defined as Tif(x) = f(z +t) is a well defined
Cp-semigroup .

3.1 Existing results on the dynamics of translation
Cp-semigroups

In this section, we have compiled some characterizations of hypercyclic,
mixing and Devaney chaotic translation Cp-semigroups in terms of the
weight function in order to establish a relation between these concepts and
being frequently hypercyclic.

Theorem 3.1.1 ([45]) Let X be one of the spaces Lp(R) or C§(R) with
p an admissible weight function. The translation Co-semigroup (T)i>0 is
hypercyclic on X if and only if for all 0 € R

thI_l>loI.}f plx+0) = 119611_1)101.}f p(—x +0)=0.
Theorem 3.1.2 ([24]) Let X be one of the spaces Lp(R) or C§(R) with

p an admissible weight function. The translation Cy-semigroup (Ti)i>o is
mixing on X if and only if

lim p(z) = lim p(—z) =0.

T—00 T—r00
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Theorem 3.1.3 ([84]) Let X be the space CS(R) with p an admissible
weight function. The translation Co-semigroup (Tt)¢>0 is chaotic on X if

and only if
lim p(z) = lim p(—z) =0.

T—00 T—00

Theorem 3.1.4 ([84]) Let X be the space Lh(R) with p an admissible
weight function. The translation Cy-semigroup (Tt)¢>0 is chaotic on X if
and only if for every €,0 > 0 there exists P > 0:

o0

Z ploc+nP) <e.

neZ\{0}

Theorem 3.1.5 ([44]) Let X be the space Lh(R) with p an admissible
weight function. The following are equivalent:

(i) The translation Cy-semigroup (T3)¢>0 s chaotic on X ;
(i) [, p(s)ds < oo
(iii) sup{v € R; [ e"5p(s)ds < oo} > 0;
(iv) Ty has a non-trivial periodic point;

(v) T is chaotic.

Theorem 3.1.6 ([82]) Let X be the space LH(R) with p an admissible
weight function. The translation Cy-semigroup (T3)i>o is chaotic on X if
and only if it satisfies the Frequent Hypercyclicity Criterion for semigroups.

Theorem 3.1.7 ([82]) Let X be the space C§(R) with p an admissible
weight function. If f_oooo p(s)ds < oo, then the translation Cy-semigroup
(T)¢>0 satisfies the Frequent Hypercyclicity Criterion for semigroups.

Proposition 3.1.8 ([82]) Let X be the space Lp(]0,00)) with p an ad-
missible weight function and (T})t>o the translation Co-semigroup on X . If
(Ti)¢>0 is frequently hypercyclic, then for every € > 0 there exists a sequence
(ni)r € N with positive lower density such that ), p(ni, —n;) < € for all
1 € N. Moreover, p is bounded.

If (Th)i>0 is a frequently hypercyclic translation semigroup on Cf([0,00))
then for every e > 0 there exists a sequence (ng)r € N with positive lower
density such that p(ny —n;) < € for alli € N and k > i.
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3.2 Frequently hypercyclic weighted pseudo-shifts

The concept of weighted pseudo-shift was introduced in section 0.6. We
will be interested in weighted pseudo-shifts acting on spaces of vanishing
sequences. More precisely, given a countable set I, we consider the space

co(l) = {(xi)ier :Ye>0,3 JCI,J finite: Vie I\J |z;] <¢€},
endowed with the norm ||(x;)icr|| = sup;er |-

The first result that we prove is a characterization of frequently univer-
sal sequences of weighted pseudo-shifts on co(/). In order to prove this,
we will follow the idea of Bayart and Ruzsa in [22] for proving frequent
hypercyclicity of weighted backward shifts on cy(Z). We first recall the
characterization they obtained.

Theorem 3.2.1 Let (w;)icz be a bounded and bounded below sequence of
positive integers. Then By, is frequently hypercyclic on co(Z) if and only if
there exist ( for all) a sequence (M (p))pen of positive real numbers tending
to 0o and a sequence (Ep,)pen of subsets of Zy such that

(a) For any p > 1, dens(E,) > 0.
(b) For any p,q 21, p# q, (Ep+ [=p,p]) N (Eq + [—q,q]) = 0.

(¢) limy, o0 nep, W1 ... Wy = 00.

(d) For anyp,q>1,ne€ E,, me E;, n# m:

Wi .. Wmen > M(p)M(q), if m>n

Wim—n)41 - - - W_1Wo < m, if m<n. (3.1)

Now, we obtain a characterization for weighted pseudo-shifts on cy(7).

Theorem 3.2.2 Let (T),),, be a sequence of weighted pseudo-shifts on co(I)
defined by Ty, [(7i)ier] = (b]'xg, () )icr , where b} are positive real numbers.
Assume that:

(i) (dn)n is a Tun-away sequence, i.e. for each pair of finite subsets
Iy, Jo C I there exists an ng € N such that, for every n > ng,
gf)n(Jo) NIly= @,
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(ii) there exists p > 1 such that ﬁ < % foralln,m € N, s,t € I such
that ¢n(s) = dm(t),

(iii) there exists g : I — R such that In—m| < |g(s)—g(t)| for alln,m € N,
s,t € I such that ¢n(s) = dm(t).

Then (Ty)n is frequently universal on co(I) if and only if there exist a
sequence (M (p))pen of positive real numbers tending to oo, a sequence
(Ep)pen of subsets of N, and an increasing sequence (Wp)pen of finite sub-
sets of I with I =\J;2, Wy, such that:

(a) For any p > 1, dens(E,) > 0.
(b) FOT’ any p,q Z 17 p 7é q, n € Ep7m € Eq; ¢R(Wp) N ¢m(Wq) - @
(c) For every p > 1 and every s € Wpy: limy, 00 neg, by = 00.

(d) For any p,q > 1, n€ E,, me E;, n# m,t €W, and s € I such
that ¢n(s) = om(t) :

Proof.

"=": Let x € ¢o(I) be a frequently universal vector for (T5,),. Let (ap)pen
be a strictly increasing sequence of positive real numbers such that a; = 2
and for all p > 2, a, > 4a,_1p*>Y®), where ¥(p) = max{|g(t)| : t € W)}
and define

1
E,=<neN:||Tyz—a Z eil] < —
€W, p
Clearly dens(E,) > 0. In order to prove (b), fix p # ¢, with p < ¢,
n € Ey,m € E; and assume by contradiction, that there exist s € W), and
t € W, such that ¢,(s) = ¢m(t). The s-th coefficient of T,z is bz, (s),
then

1
020, 9| < 1 Tww —ap D eill +apll D eall < =+ ap < 20,
€W, iEW, p
The t-th coefficient of Tin2 is bz, (1) and

1 Q

026, (0)| > g = V]9, (0) — gl > g = [Tz —ap Y eil] > ag—— > L.
i€EW, q

(3.2)
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Then we get

bn
L1 D224, ()] S2%3<40¢q_1

p?(@) = pln=ml = b, )] Qq Qq
, contraddicting the choice of (ay)p.

Now let p > 1 and s € W),; for every n € E, the s-th coefficient of T,z is
byy, (s) and, with the same argument as in (3.2), we get that its modulus
is greater or equal than 3. Let M > 0. Given € = 5, since « € co(I),
there exists J C I finite such that |z;| < e for all i € I\ J. As ¢, is a
run-away sequence there exists ng € N such that for all n € E,, n > ng and
for all s € W), ¢n(s) € J, and then |74 (5| < €. As aresult, for all n € E,
n > no:
el > > Sy,
2|.CU¢H(S)’ 2e

So, we have proved (c).

Finally, let n € E,, m € E,,t € Wy, s € I such that ¢, (s) = ¢, (t); then
by (b) s ¢ W), and

S

n bn
i el 12 1L
bt b, ] T pag T pg

Hence (d) holds with M (p) = p.

7<": Observe that if properties (a) to (d) hold true for some sequence
(M(p)), then they are also satisfied for any subsequence of it, passing to a
subsequence of (E)), if necessary. Therefore we may assume that, for any
p > 1, M(p) > p*. Moreover, observe that E, N E, = ) if p # ¢q. Indeed,
assume p < ¢; if there exists n € E, N £, then for any s € W, C Wy, one
would have ¢, (s) € ¢n(Wp) N ¢ (W), contraddicting (b).

We set A
E,=E,\ |J {neN:p} <p*}.
seW,

By (c), E, is a cofinite subset of Ej, hence dens(E;) > 0. If E), = {n;, |
k € N}, where (n}), is an increasing sequence natural numbers, we consider
F, = {n€2[\11(p)]+3)k | k € N} where [¥(p)] is the integer part of U(p). F),
has positive lower density and moreover the distance between two different
elements of F), is greater than 2W¥(p).
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Let (y?)p>0 be a dense sequence in co(I) such that supp(y?) C W, and
[yP|| < pP. We define z € R by setting

b%yp(s)ﬂ if i:¢n(5)7n€Fp)5€ Wp
(3.3)

T; = .
0 otherwise.

This definition is well posed, because if i = ¢, (s) = ¢ (t), with n € F,,
s € Wy, m € Fy, t € W, then, by (b), p = ¢ and, by the assumption (iii),
In —m| <|g(s) — g(t)| < 2¥(p), hence, by the definition of F},, n = m and
hence s = t, by the injectivity of ¢,.

It holds that that = € ¢o(I). Indeed, given € > 0, there exists pg € N such
that for p > pg and n € Fp,s € Wp:

|| < é <e.
pp
If p < po:
0
lz;] < *— — 0,n — 0.

bn

S

We finally show that x is a frequently hypercyclic vector by proving that
forall p > 1,n € F, ||Thx — y”|| < €(p) with €(p) — 0 as p — co. We have
that
1 Tnz = yP|| = sup [biwy, (s)l-
s¢W,

The terms which appear in the modulus do not vanish if and only if ¢,,(s) =
dm(t),m € Fy,t € W,. It holds that n # m, otherwise n € Fj, N Fy, hence
p = ¢ and, by the inyectivity of ¢, s =t € W, = W,, while s ¢ W,
Hence, we can apply (d) to get that
T

b
;yq<t>'< LA .
bt

0574, (5] =

As a corollary, we obtain a characterization of frequent hypercyclicity for
weighted backward shifts operators defined on ¢y(I), in the case that I C R
is any countable set such that I +Z C I, I = J,2, Wp, where (W}), is an

increasing sequence of finite subsets.
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Corollary 3.2.3 Let (w;);er be a bounded and bounded below sequence of
positive integers. The operator T : co(I) — co(I) defined by T(z;)ier =
(wit1%iv1)icr i frequently hypercyclic on co(I) if and only if there exist

( for all) a sequence (M (p))pen of positive real numbers tending to oo and
a sequence (Ep)pen of subsets of Z such that

(a) For any p > 1, dens(E,) > 0.
(b) For any p,q>1,p#q, (E,+Wp) N (E;+ W) = 0.
(C) hmn—)oo,nEE,,,sEWP W41+ - - Wsn = OO,

(d) For anyp,q>1,ne€ E,, me E;,, n#m andtec W,:

Wm—ntttl - Wt _ 1
Wil - Wi M(p)M(q)

Proof. This corollary is a particular case of Theorem 3.2.2 when we consider
T, = T" with
T(xi)ier = (Wit1Tit1)iel,

b = W 1Wst2 .. Wsin, &(s) = s+ 1, ¢, = ¢" and g : I — R defined by
g(s) =s. O

Remark 3.2.4 Observe that condition (d) is equivalent to say that for any
p,g>1,neE,, mecE;,n#mandtec Wy:
Wit] -« Wipm—n > M(p)M(q), if m>n

wt+(m_n)+1 oW1 W S m, ’l/f m < n. (34)

and we obtain similar conditions as the ones obtained in 3.2.1.

3.3 Frequently hypercyclic translation semigroups

Our main purpose is to obtain a characterization of frequent hypercyclicity
for translation semigroups on C{(R) and LH(R).

To treat the case of continuous functions, we will first need to recall some
known results about the construction of a Schauder basis in Cy(R), referring
for more details to [98].
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Let D be the set of dyadic numbers, that is D = UnZy D where Dy = {0,1}

and, if n > 1,
2k —1 1
Dn—{ o ck=1,...,2" }

For any 7 € Dy, set 7~ =7 —2"and 77 =7+ 27"

Let ¢(x) = max(0,1 — |z|), =z € R and define ¢y, (z ) 2"z — k — 7'))
where k € Z,7 € Dy, 7 # 1. Observe that ¢pi-(z) = ¢-(z — k) Where o7 is
the Faber-Schauder dyadic function with peak at 7.

Set I = Z+ D and consider the partition I = VoUV4U. .. where Vj = {0,1},
and

Vi={-n+h+Dph=1,...,n}U{h+D,_plh=0,1,...,n}. (3.5)

We define an order on I assuming that the elements of V; are earlier that
the elements of V,, if 0 < k < n, and within each V,, keep the usual order.

The system (¢;)icr, is a Schauder basis in Cy(R). More precisely, if f €
Co(R) then f = Zk+Tez+5 aktrPk+r where ap = f(k), for k € Z and
aprr = flk+7) = 3(f(k+77) + f(k +77T)) for k € Z,7 € D.

Lemma 3.3.1 Let p be an admissible weight function on R such that p(x) =
p([z]) for any x € R and let Ty : C§(R) — CE(R) be the translation operator
defined as T f(x) = f(x + 1). Then the weighted backward shift operator

By i ¢o(Z + D) — co(Z + D) defined by
Bw(($k+r)k+reZ+D) = (wk+rl‘k+r+1)k+rez+p

p(k)

where W4, = SRFT)

k+71€Z+D is quasi conjugated to T1.

Proof.
Given f € C{(R), we define Q(f(2)) = (aktr), 4 ez Where
f(@)p(z) = Z Ut r Pl r (T)-
k+7E€Z+D
Clearly Q : C§(R) — co(Z + l~?) is a continuous linear operator and
p(k)

Bw o Q = Bw Qg1 D~ <a T > .
(f) (ak+ )k+T€Z+D p(k+1) frrH k+71€Z+D
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On the other hand, @ o T1(f(z)) = Q(f(z + 1)) = (Ok+r) 1z, Where
f@+Dp(x) =30 cri b bktrOrir(z). We have that:
f(k+1)p(k) = ak+1%7 if 7=0
bss — (flk+1+7)=3(f(k+1+77)+ f(k+14+71))p(k) (3.6)

k .
:ak+7'+1%a it 7#0.

\

for k € Z,7 € 15, taking into account that p(k +7) = p(k +77) = p(k +
7)) = p(k) for all k € Z,7 € D. Then

p(k)

QoTi(7) = (57 savirin) — B, Q).
p(k+1) 7" k+T€Z+D
So the diagram
CHR)  IH CER)
1Q N 1Q N
co(Z+D) 2% co(Z+ D)
is commutative and we conclude the result. O

Theorem 3.3.2 Let (T});>0 be the translation semigroup on Cf(R), where
p is an admissible weight function and supycy, % < 00. (T)i>o is fre-

quently hypercyclic on C§(R) if and only if there exist a sequence (M (p))pen
of positive real numbers tending to oo and a sequence (Ey,)pen of subsets of
Zy such that:

(a) For any p > 1, dens(E,) > 0.

(b) For any p,q = 1, p # q, (Ep + W) N (Eq + Wy) = 0.

(C) hmn—mo,nEEp,kG[—p,p-l-l} p(k + n) =0.

(d) For any p,q > 1, for any n € E, and any m € Ey, n # m and for all

ke [_(L q-+ 1} :

plk+m—n+1)< (3.7)

M(p)M(q)’
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where Wy, = Jy_, Vi defined in (3.5).

Proof. (1) is frequently hypercyclic if and only if 77 is frequently hyper-
cylic [38, 82]. Let us point out that if p is an admissible weight function

then sup p{’k(f_)l) < 00.

By hypothesis we have sup 2 (pk(z)l) = M < oo, then there exist constants

0 < A < B such that
Ap(k) < p(z) < Bp(k +1) < BMp(F).

Then if we define p(x) = p(z) for = € [k, k + 1], there exist constants
My, Ms > 0 such that

M| 115 < 1115 < M| f][2.

We conclude the result combining Corollary 3.2.3 and Lemma 3.3.1. O

Remark 3.3.3 Let p be an admissible weight function on R such that

SUPgc7, % < oo and set wy = p(pk(ii)l)’ k € Z. If B, is frequently hy-

percyclic on ¢y(Z), the corresponding translation semigroup is frequently
hypercyclic on C§(R).

Let (E,) be a sequence of subsets of N such that for any p,q > 1, p # ¢,
(Ep + [=p,p) N (Eq + [—q.q]) = 0.

Choosing Fj, = Ept1, we get that (F,+W,)N (F,+W,) = 0 if p # ¢, where
the sets W), are defined as in the assumptions of Theorem 3.3.2. Indeed, if

neF,scl-pp+l,oeD o=251 mekF,tec[-qq+1],7eD,

T = 2”2;1 are such that

n+s+o=m+t+rT,

we have that 7 — o € Z. Thus straightforward calculations give that h = k
and |u —v| = a2"~! with a € Z,..

On the other hand |u — v| < 2"~ hence a = 0. Therefore 7 = ¢ and so
n+ s =m+t. Now the assertion follows by the properties of the set E,,.

As an immediate consequence using Theorem 3.2.1 hypothesis (¢) and (d)

of Theorem 3.3.2 are verifed and we get that if p is an admissible weight
function on R such that supgcy p(pk(z)l) < oo and we set wy, = %, ke
Z, if By, is frequently hypercyclic on ¢o(Z), the corresponding translation

semigroup is frequently hypercyclic on C§(R).
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Proposition 3.3.4 Let (T;)i>0 be a mizing (equivalently chaotic) transla-
tion Cy-semigroup on C§(R). Then (T})i>o is frequently hypercyclic.

Proof. As it is shown in 3.1.3 and 3.1.2, chaos and mixing are equivalent
properties for the translation Cy-semigroup on Cf(R), and this happens if
and only if lim,_, p(2) = lim,_,00 p(—2x) = 0.

Consider a sequence (E,) of subsets of Zy such that for any p > 1,
dens(E,) > 0 and for any p,q > 1, p # q, (Ep+[—p, p]) N (Eq+[—q,q]) = 0.
(see e.g. the constructions in [20]). It is clear that hypothesis (c) of 3.3.2
will be verified trivially, while () is satisfied by Remark 3.3.3.

Moreover, given n € E,,m € E; and k € [—q, ¢+ 1], we can define for each
1€ N:

1
M(i) = min .
( ) ke[,q’qul] {Supn|21{p(k +n+ 1)} }

It is clear that for n € E,,m € E,, |m — n| > max(p, q), and

p(k+m—n+1) Ssup|s|21p(k‘+8+1) < Ml(i)7m<n7i:pv%

So, we have for each k € [¢,q + 1]:

plk+m—n+1) < 2 L

(3.9)

and hypothesis (d) is satisfied by the sequence M'(p) = /M (p) and there-
fore (T})¢>0 is frequently hypercyclic. O

Remark 3.3.5 The converse of the previous proposition does not hold.
Indeed, let (wg)kez be one of the sequence of weights constructed in [22,
19] such that B,, is frequently hypercylic on Co(Z]) and wy...wy = 1 for
infinitely many k. Define p(k) = (w1...wg—1) " if & > 1 and p(k) =
Wk - Wet1 - -+ - wp if B < 0 and p(x) = p([z]) for any x € R. Then,
by Remark 3.3.3, the translation semigroup is frequently hypercyclic on
C’(R), while clearly it is not mixing, since p(k) = 1 for infinitely many k.

Now we will be devoted to characterize frequent hypercyclicity for transla-
tion semigroups on Lp(R). In order to do this, we will establish a relation
between the discrete and the continuous case. The relation between the
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discrete and continuous case for Devaney chaos was studied in [16] and
distributional chaos in [11].

First of all, we recall the characterization of frequent hypercyclicity for
weighted backward shifts on ¢, given in [22].

Theorem 3.3.6 Let 1 < p < 0o and let w = (wp)nez be a bounded se-
quence of positive real numbers. Then By, is frequently hypercyclic on £,(Z)
if and only if the series Y ;- m and Y . o(w_1...wg)P are conver-
gent.

The following lemma follows immediately by the conjugacy of the backward

shift on /) and the weighted backward shift B, on ¢, where wy = (”’;—;1) ;,
k € Z and Theorem 3.3.6.

Lemma 3.3.7 Let v = (vi)kez be a sequence of strictly positive weights
such that (U""l)k is bounded. Then the backward shift operator B is fre-

Vk

quently hyperyclic on £y if and only if Y} o, v < 00.

Proof.

T
Let us define T': £, — £ as T'(zy) = (pl> ,
LA

1 1 r—1 o Z1
T OBOT(CL'k)n:T oB P eey ol Sy S B =
(% 'Up 'Up
1 0 1
0
-1 —1 -1
Uzil i) Ug I vf xI9
cey b1 b1 p1 e = Bw(xn)n
0

1
Vg —1 14
Vk

where wy, = < . We have that B is frequently hyperyclic in £, if and

only if B, is frequently hypercyclic. By 3.3.6, this happens if and only
if Y ps1 m < ooand ), _o(w_1...wg)? < co. As a result, B is

frequently hyperyclic on £, if and only if }, -, vx < oo. O
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Theorem 3.3.8 Let (T})i>0 be the translation semigroup defined on Lh(R).
If (Ti)¢>0 is frequently hypercyclic, then the backward shift operator B is fre-
quently hypercyclic on £y, where v, = p(k) for all k € Z.

Proof. Since p is an admissible function by 3.0.9 there exists A, B > 0 such
that for all ¢ € [k, k+1], Ap(k) < p(t) < Bp(k+1). If (T})i>0 is frequently
hypercyclic, then T7 is frequently hypercyclic [38]. Hence there exists f €
LY such that for all g € L} and for all € > 0, dens{n € N : ||TI'f — g|| <

e} > 0. Since f € Lf we have that |f|p» € Ly([k,k + 1)) C Ly([k, k + 1])
for every k € Z. Being p a strictly positive continuous function we get that

f € Li([k,k +1]) for all k € Z. Therefore we can define zj, = [ f(t)dt
for all k € Z. We have that:

k+1 p k+1
S faxlPotk) = 3 / Fndt| o) <3 / PO Ppk)dt <
kezZ kez IV kez 'k
k+1
A [ Irpetd = Zifl, < o
kez 'k

So x = (zg)kez € ) with vy = p(k).
Let y=(0,...,9—Ny---,Y0,--->YM,---,0) and let € > 0.
M

Set g = Z YkX[k,k+1] € Lp(R). We show that:
k=—N

{neN:||T1'f —g|| < Ave} C{n e N:||B"z —y|| < €}

and therefore
dens{n e N:||B"z —y|| <€} >0

because f is a frequently hyperciclic vector. We have:
1 k+1 1
18—yl = 3 lonsimPol0) < 5 3 [ Fem) =g () < 34"
kez kez

By the density of finite sequences in ¢, we get that B is frequently hyper-
cyclic. |

Finally we are able to characterize frequently hypercyclic translation semi-
groups in Lp(R).



3.3 Frequently hypercyclic translation semigroups 81

Proposition 3.3.9 Let (T;)i>0 be the translation semigroup defined on
LE(R) and p and admissible weight function on R. The following asser-
tions are equivalent:

(1) (T})e>0 is frequently hypercyclic.
(2) Dpez p(k) < o0.

(3) [72 p(t)dt < 0.

(4) (Ti)e>0 is chaotic.

(5) (Ti)i>0 satisfies the Frequent Hypercyclicity Criterion.

Proof. Observe that <p (f(;)l)>k is bounded by the admissibility of the func-

tion p. By Theorem 3.3.8 and Lemma 3.3.7, (1) = (2), while (2) =
(3) = (4) = (5) = (1) are proved in [82]. O
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Chapter 4

Chaotic behavior on invariant sets
of linear operators

4.1 Introduction

In this chapter we study hypercyclicity, Devaney chaos, topological mixing
properties and strong mixing in the measure-theoretic sense for operators
on topological vector spaces with invariant sets. More precisely, our pur-
pose is to establish links between the fact of satisfying any of our dynamical
properties on certain invariant sets, and the corresponding property on the
closed linear span of the invariant set, or on the union of the invariant sets.
Viceversa, we give conditions on the operator (or Cy-semigroup) to ensure
that, when restricted to the invariant set, it satisfies certain dynamical
property. Particular attention is given to the case of positive operators and
semigroups on lattices, and the (invariant) positive cone. We also present
examples that illustrate these results.

Although chaotic properties for linear operators are usually considered in
the context of F-spaces, more general topological vector spaces have also
attracted the attention in recent years (see, e.g.,[32], [99] and Chapter 12
of [72]). In the first section we deal with operators T" on general topological
vector spaces X. We will provide several conditions under which a dynami-
cal property can pass from an invariant set (or a countable family of invari-
ant sets) of the operator to the closure of its linear span (or to the union of
the invariant sets). In [13] analogous results have been given for backward
shift operators and the specification property. Some examples include an
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interplay between finite-dimensional and infinite-dimensional dynamics.

In the last section we will give several criteria for operators and Cy-semigroups
that allow certain dynamical properties when restricted to invariant sets.
Special attention is devoted to positive operators on Fréchet lattices and
Cy-semigroups of positive operators on Banach lattices when the invariant
set is the positive cone. In this case the results are relevant in connection
with applications since, for instance, the chaotic behavior of certain solu-
tions to differential equations make sense only when they are positive. This
provides partial answers to questions of Banasiak, Desch and Rudnicki.

The contents of this chapter have been published in [85].

4.2 Topological dynamics and invariant sets

In this section we plan to study dynamical properties, in the topological
sense, of operators that admit invariant sets, supposed that the correspond-
ing properties are satisfied when the operators are restricted to the invariant
sets. We will show that these properties can be extended to the closed span
of the corresponding invariant sets.

Our first result is rather general and does not need linearity. Although it is
almost immediate, we include a proof of it from the sake of completeness.

Proposition 4.2.1 Let T : X — X be an operator, (K,,), an increasing

sequence of T-invariant sets, and Y = ;- | K,,. Then:

(i) If Tk, is transitive for alln € N then T : Y — Y is transitive.
(i) If Tk, is mizing for alln € N then T : Y — 'Y is mizing.

(iii) If Tk, is weakly-mizing for alln € N then T :' Y — Y is weakly-
MiTIng.

(iv) If T|k, is chaotic for alln € N then T : Y — Y s chaotic.
(v) If Tk, is topologically ergodic for alln € N then T :' Y — Y is
topologically ergodic.

Proof. 1t is sufficient to show that T |UZ°:1 K, satisfies these properties since
the property trivially extends to Y by density.
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(i)

(i)

Let U,V be non-empty open sets of | J- ; K. Then there exist U’, V'
non-empty open sets of X such that

U=UN(JEKn)#0 and V=V'n({J K, #0.
n=1 n=1

Since U and V are non-empty there exist ni,no € N such that U’ N
K,, # 0 and V' N K, # (. Without loss of generalization, suppose
that nq < ng. Thus, K, C K,,, and then U’ N K, # 0.

By hypothesis T' |k, is transitive and there exists an n € N such that
T (U N Kp,)N (V' NK,,) # 0.
Since
[e.9] [e.9]
UNK,, CUN(J K, and V' NnK,, CV'n(l]Kn)
n=1 n=1
then

™0 N (G K.) N (V' N (G K,)) =T"(U) AV 2.
n=1 n=1

Let U,V be non-empty open sets of | J;- ; K. Then there exist U’, V'
non-empty open sets of X such that

U=UN({JEKn)#0 and V=V'n({J K, #0.
n=1 n=1

Since U and V are non-empty there exist ni,no € N such that U’ N
K, # 0 and V' N K,, # (. Suppose that n; < ng then K,,, C K,,
and U' N K,, # 0.

By hypothesis T |, is mixing and there exists an ng € N such that

for all n > ny,
T (U N Ky, N (V' NK,,) # 0.

Since

UNK,, CUN(|JK,) and V' NK,, CV'n(lJKn)
n=1 n=1
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(iii)

(iv)

we have

T”(U’ﬂ([j Kn))ﬂ(V’ﬁ([j K,)=T"U)NV #0 for all n > ng.
n=1 n=1

Let Uy, Uy, V1, Vo be non-empty open sets of Uf;l K,,. Then there
exist U1, U}, V{, V] non-empty open sets of X such that

Ui=Un(JK.)#0 and Vi=V/n(|JK.) #0
n=1

n=1
fori=1,2.

Since U; and V; are non-empty there exist ni,n9,n3,n4 € N such that
UNK, #0UNK,, #0, V/{NK,, # 0 and V; N K, # 0.

Let ng = max{ni,na2,n3,na}; so, K, C Ky,.

Then U/ N Ky, # 0 and V; N K, # 0. By hypothesis, T' |, is
weakly-mixing, so there exists an n € N such that

Then
Ui (| Ka) 0 (Vi 0 (| Ea)) = TU) N V; # 0
n=1 n=1

fori=1,2.
By part (4), it follows that T': |J;2 | K, — Une | Ky 1s transitive.

On the other hand the set of periodic points Per(T |k, ) C Per(T |y~ k,)
for each n € N, then the set Per(T | j= f,) will be dense in X and
then T | =  k, is chaotic.

Let U,V be non-empty open sets of | J;~ ; K. Then there exist U’, V'
non-empty open sets of X such that

U=UN(JKn)#0 and V=V'n(lJ K. #0.
n=1 n=1
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Since U and V are non-empty there exist ni,no € N such that U’ N
K,, # 0 and V' N K,, # (. Suppose that ny < ng, then K,,, C K,
and U' N K,, # 0.

By hypothesis T' |k, is topologically ergodic, then N(U' N K,,V'N
K,,) is syndetic and N(U' N K,,,V'NK,,) C N(U,V), which implies
that N (U, V) is syndetic too and T'|y is topologically ergodic.

|

If we have a T-invariant subset K C X which is absolutely convex, then
nK C mK when n < m and span(K) = |JnK. Therefore, an easy appli-
cation of Proposition 4.2.1 yields the following result.

Corollary 4.2.2 LetT : X — X be an operator and let K be an absolutely
convex T-invariant set such that T|k is transitive (respectively weakly-

mixing, mizing, chaotic, topologically ergodic), then T|m s transitive

(respectively weakly-mizing, mizing, chaotic, topologically ergodic). In par-
ticular, if span(K) = X, then the property is inherited by T on the whole
space X.

Absolute convexity of the invariant set is not needed if we assume, at least,
the weak mixing property for T'|x. A version of the following result, except
chaos, will be given for non-autonomous dynamical systems in the last
chapter.

Theorem 4.2.3 LetT : X — X be an operator and let K be a T-invariant
set such that 0 € K. Then:

(i) If T|i is weakly mizing, then T| ——7= is weakly mizing.

span(K

(ii) If T|k is mizing, then T|——r= is mizing.

span(K

(iii) If Tk is weakly mizing and chaotic, then T|——F=
and chaotic.

span(K) is weakly mizing

Proof.

(i) It will be sufficient to prove that T'|s,an(k) is weakly mixing. Let
Uj, V; C span(K), j = 1,2, be non-empty open sets. We fix A; j, A; ;
Kandz;j,2}; € K,i=1,...,n,j=1,2,suchthat x; := 71" | \i wa €
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(i)

(iii)

Ujand o =30 N g € Vi, j=1,2. LetU”,V;],WCKberel—
atively open sets in K with 0 € W, z; ; € U; , i €Vigyi=1,...,n,

j=1,2, and

n n n n
Z AijUij + ZaiW c Uj, Z)\;JVM + ZaiW cVj,
i=1 i=1 i=1 i=1

for any o; € {\11,..., )\ng,)\’ll,... ;12} i=1,...,n. Since T|g is
weakly mixing, by Furstenberg s result [58], there are y; ; € U j, 25 €
WandnENsuchtha‘cT”ywEVV,andT zZJEVZ],z—l n,
j = 1,2. By the above selection, y; := > 2i_; (\ijyij + A ;2i;) 6 U
and T"y; € V;, j =1,2.

Let U,V C span(K), be non-empty open sets. We fix A\, N, € K
and z;,2; € K, ¢ = 1,...,n, such that  := > "' | \jz; € U and
=30 Nl e V. Let U;, Vi, W C K be relatively open sets in K
withOEW zieU,a,eVy,i=1,...,n, and

zn:)\iUi—i-Xn:aiWCU, Zn:)\ﬂ/erzn:a,WCV,
=1 =1 i=1 i=1

for any a; € {A1,..., A\, N, AL i =1,...,n. Since Tk is mix-
ing, there are y; € U;, z; € W, and ng € N such that T"y; € W,
and T"z; € Vi, i = 1,...,n, for all n > ng. By the above selection,

Y= Z?:l()\iyi +Nz)eUand Ty e V.

It is sufficient to show that Per(T|span(x)) = span(K) in order to
prove that T|m is chaotic. Let x € span(K) and let U be a neigh-
bourhood of z, with z = 27111 a;xq, and x; € K. Let U,Us ... U, be
neighbourhoods of z; respectively such that Y ;" o;U; C U. For
each x; there exists y; € Per(T|x) NU;. Let us denote by n =
m.cm.{n;;i =1,...,n} where n; is the period of y; for alli = 1,...,n.
We have that T™(>°", cuyi) = > ity auyi, that is y = Y0 oqy; €
PeT(T‘Span(K)) nu

d

Actually, we know that every chaotic operator T" on a general topological
vector space is weakly mixing as it is proved in corollary 3 in [71].
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The previous Theorem allows us to provide some surprising examples that
show the interplay between non-linear finite-dimensional dynamics and lin-
ear (infinite-dimensional) dynamics. The first example is inspired by [90],
where a procedure known as Carleman linearization is indicated. The sec-
ond example was given by Feldman [54], who showed that there exists a
universal chaotic operator “containing” the dynamics of every continuous
map on a compact metric space.

We also consider in the third example the so-called Lipschitz-free Banach
spaces (or Arens-Eells spaces) generated by a metric space (see [61],[74]).
Note that free spaces were also used in [99] in the context of hypercyclic-
ity. Finally, the Frobenius-Perron operator on the space of measures is also
considered in [14].

Examples 4.2.4 (1) Logistic map

Let p : [0,1] — [0, 1] be the logistic polynomial p(x) := 4x(1 — x), which is
chaotic and mizing ([72]). We will embed [0, 1] in a locally convex space X
via a map ¢, and we will give an operator T : X — X such that Top = ¢op

and span(¢[0,1]) = X. An application of Theorem 4.2.3 will yield that T
is mizing and chaotic. To do so we set

X = {(x;); € CY ; Ir > 0 such that sup |z;|r" < oo}.
€N

The space X can be identified with H(0), the space of holomorphic germs at
0, if we associate to each function the coefficients of its Taylor expansion.
X is endowed with its natural inductive topology. We refer the reader to,
e.g., [48] for the details.

We define the embedding ¢ : I — X as ¢(x) = (z,22,23,...). It is clear
that ¢ is injective and it is well defined. Given x € [0,1], we fir r <1 and

l¢(2)|| = sup |z|'r* < |a]r < oo.
ieN

The operator T : X — X is defined by

k
(kK
Ty e =310 (Mo, ven

J=0

The selection of the sequence space X easily gives that T is a well-defined
operator on X . Indeed, let (xj); € X, that is there exists R > 0 such that

|zjpn] < RM*I | for all j k € N. Then, we have that |T(z1,72,... )] <
4%(R + R?*)*, for all k € N.




90 Chaotic behavior on invariant sets of linear operators

Also, a simple computation shows that T o¢ = pop. Let Y := ¢[0,1]. We
observe that span(Y’) is dense in X by the Hahn-Banach theorem. Indeed,
since the dual of X is

o0

X*={(y;); € CV; Z|yi|Ri < 00 for all R > 0},

i=1

which can be identified with the space of entire functions, we have that
(D), (yi)i) = d_;yix" = 0 for some (y;); € X* and for all x € I, implies
yi = 0 for every i € N. The hypothesis of Theorem 4.2.3 are satisfied, and
hence T is mizing and chaotic. This example can be generalized to many
classes of maps that satisfy certain chaotic properties on subsets of R or C.

(2) Universal Hilbert-space operator

In [54] Feldman constructed a Hilbert space operator which is universal, in
the sense that it “represents” all possible dynamics on a compact metric
space.

Let f : M — M be a continuous map on a compact metric space M for
which we additionally suppose that there exists z € M such that f(z) =
Given a countable dense subset {x, ;n € N} of M, we fit h : M — (*
defined by

_ Z d(x,z;) 2—2 d(z,xi)ei’ ve M.
i=1

where (e;); is the canonical basis of /2. It is clear that h is well defined, be-

cause givenx € M h(z) <22, d(‘r Ze; € (2. It is continuous because gwen

(Yn)n such that y, — y, we have that [|h(yn) — R(Y)|| < D002y laC g"ff <e
Let X = (2(¢?) and ® : M — X defined by

fx)) h(f*(=))
2 22

@(m)z(h(x),h( ) z € M.

® is well defined. Notice that x, ho f(z), hof?(x)... are all vectors in £?> and
since Orb(ho f,x) C h(f(M)) and h(f(M)) is a bounded set in €% it follows
easily that ||®(z)|| < co. Thus ® does map M into X. It is clear that it is
injective and let us see that ® is continuous. So, suppose that xg € M and
€ > 0. Let d > 0 be the diameter of h(f(M)), that is ||h(f(x)) —h(f(y))l <

d for all x,y € M. Now we choose an m > 1 such that Y 5 mffi < € Z'

Since h, hof1 ho f2, ... ,ho f™ are all continuous at xq, there exists 6 > 0

such that if [z — mo|| < 5, then ||h(f*(x)) — h(f*(x0))| < Nﬁ for all
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ke€{0,...,m}. Thus if ||x — xo|| <9, then

1@ () — @ (z0)||* =

™\ h(FE(2)) = h(F*(z0)) | 2 R(fF(x)) = R(f* (@)
ZH (f"(=)) 4k(f(o))\l Py [h(f"(z)) 4k(f(o))!

k=0 k=m+1
> d2 2 2 2

m

€ € € 9
Z4m+1 Z4k—4+4 g <€
k=0 k=m+1

Thus ||®(z) — ®(x0)|| < €. Hence ¥ is continuous. Also, since it is clear
that ||®(z) — ®(y)|| > ||h(z) — h(y)|| > < ’y) we have that ®~1 : ®(M) —
M s also continuous. Thus ® is an homeomorphism onto its image. If
we set T : X — X, T(vi,v9,...) := (2v2,2v3,...), then f and T|x are
topologically conjugated via ®,that is ® o f =T |k o @, where K := ®(M).
By Theorem 4.2.3 we obtain that T|span(K is weakly mizing (respectively,

mizing, weakly mizing and chaotic) if f is so.

(3)Lipschitz-free spaces
Given a metric space (K,d) with a distinguished point 0 € K, one can
consider the space of Lipschitz maps on K that annihilate on 0

Lipg(K) ={f: K - R; f(0) =0, f Lipschitz}

endowed with the norm

|f(z) = f(y)]
d(z,y)

Let § : K — Lipy(K)* be the evaluation map (64, f) = f(x), x € K. § is
an isometry and the Lipschitz-free Banach space generated by K is

1l ::sup{ ; x#yeK}.

F(K) :=span{é, ; = € K}.

Actually, F(K) is a predual of Lipy(K). Moreover, if L : K — K is a
Lipschitz map with L(0) = 0, then it induces an operator Ty, on F(K) such
that Tr,d = 0L( [105],[61]). Theorem 4.2.3 yields that, when L is weakly
mizing (respectively, mizing, weakly mizing and chaotic), so is Ty,.

(4) Frobenius-Perron operator

Let T : K — K be a continuous map defined on a compact metric space K.
Let us denote by M (K) the space of Borel probability measures defined on
K endowed with the weak topology. T induces a map Ty : M(K) — M(K),
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defined by (Tarp)(A) = pT=YHA) (p € M(K),A € B(K) Borel set). Ty
is known as the Frobenius-Perron operator on measures associated with T'.
Actually, by Riesz representation theorem, Ty is the adjoint operator of
the composition operator f — f o1 on the space of continuous functions
C(K). From now on we will consider that Ths is defined on C(K)*.

Suppose that T admits a fived point x € K, and let us consider the translated
compact set K' = M(K) — 6., where 0, is the Dirac measure associated
with z. It is clear that 0 € K', and K' is Th;-invariant, due to the fact that
T(z) = x. In [1}], the authors prove that if T is mizing or weakly mizing
then so is Tar| (k- 1t is easy to see, that if Ta|a(i) satisfies one of the

previous properties, then so does Thr|r .

Finally, we have that span(K') = {p € C(K)* ; <1, >= 0}, where 1 is
the constant function on K. By Theorem 4.2.3, T 1s also mizing

or weakly mizing, respectively.

span(K’)

Theorem 4.2.5 Let T : X — X be an operator and let Y be an absolutely
convex T-invariant set such that (Y,T) is an E-system and span(Y) = X,
then T is topologically ergodic.

Proof. Every E-system is topologically ergodic (see [60]), so (Y, T) is topo-
logically ergodic, and by corollary 4.2.2, T' is topologically ergodic. o

The following result shows that one can even improve, in some sense, the
dynamical properties of the operator from the invariant sets to the corre-
sponding closure of their union.

Theorem 4.2.6 Let T : X — X be an operator and (Ky), an increas-
ing sequence of T-invariant bounded sets such that T|k, is topologically

transitive and | ;| K, = X. Then T is weakly mizing.

Proof. We will apply the following result which can be found in [71] (see
[65] for the original version on Banach spaces):
If T: X — X is a transitive operator such that there exists a dense subset

Xo C X with Orb(z,T) bounded for all z € Xy, then T is weakly-mixing.

By Proposition 4.2.1, T : X — X is transitive. If we take Xo = (J,—; Ky,
then every z € X has a bounded orbit, and we conclude the result.
O
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Let (Y,T) be a dynamical system with Y compact and let U be a finite
cover. We let () denote the minimal cardinality of a subcover of U and
set c(n) = cU,n) := r(U}) where, U} =UUT1UU...UT™U. We call
(A, U) the complezity function of the cover U. Given (X,T) a dynamical
system we will define the complezity function ¢(X) of X as the supremum
of all the complexity functions of the covers of all invariant compact sets
contained in X.

Theorem 4.2.7 Let T : X — X be an operator and let Y C X be a
compact T-invariant set such that Ty is sensitive to initial conditions,
then the complexity function of X is unbounded.

Proof. As (Y,T) is sensitive to initial conditions, it is not equicontinuous
and by lemma 6.1 of [60], for all open cover U of Y, C(U,n) is unbounded.
So the complexity function of X is unbounded. |

4.3 Dynamics on invariant sets and positive operators

There are well-known criteria of chaos, mixing and weak mixing properties
for operators (section 0.4). Our next goal is to derive some criteria under
which an operator restricted to an invariant set is mixing or weakly mixing.

Proposition 4.3.1 Let T : X — X be an operator and let K be a T-
invariant set. If there are dense subsets Xo, Yy C K, an increasing sequence
(nk)x of positive integers, and a sequence of maps Sp, : Yo — X, k € N,
such that, for any r € Xo, y € Yo,

(i) T x — 0,

(ii) Sn,y — 0,
(iii) T™ Sp,y — v,

(iv) for all x € Xo and y € Yy there exists a ko such that x + Sp,y €

K for all k > ko,

then T|k is weakly mizing. Moreover, if ny =k for all k € N, then T|k is
MiTing.

Proof. Let Uy, Us, Vi and Vo be non-empty open sets of K. By assumption
we can find vectors z; € U; N Xy and y; € V; NYy, j=1,2. Then by (i) and
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(131),

T (x5 + Snyj) = Y5, 0 = 1,2,
It follows from (i7) and (iv) that, for sufficiently large k, x; + Sp,y; € U;
for j = 1,2. This shows that T'|x is weakly mixing.

The mixing case is analogous. Let U and V' be non-empty open sets of K.
By assumption we can find vectors x € U N Xy and y € V NYy. Then by
(1) and (7i7),

T (z + Spy) = Tz + .
It follows from (i7) and (iv) that there exists an k¢ such that for k > ko,
x 4+ Spy € U. This proves that T'|k is mixing. O

The following two examples illustrate how the previous result can be ap-
plied.

Example 4.3.2 We consider a hypercyclic weighted backward shift T :=
B, on fP. We define

k
K={zet ; |o]Jw<1,vk>1}
j=1

with wy = 1, which is T-invariant. Let Xy = Y be the space of finite
sequences in K. If we consider the weighted forward shift S : Yy — Yy with

S(x1,22,...) = (0,’(1)2_1.1'1,103_1.%2, R

Since B,, is hypercyclic, there is an increasing sequence of integers (ng)g
such that limy oo [[}2; wj = +00 (see 0.5.8). We fix Sy, = 5™, k€ N. It
is clear that T'Sy = y for all y € Y, and that 7"z — 0, x € Xg, Sp,y — 0,
y € Yp, so that (i), (#4) and (i%i) in Proposition 4.3.1 are satisfied. With
respect to condition (iv), we just have to observe that, if z,y € K have
disjoint supports, then z := x +y € K. Thus, given € Xy and y € Yy,
for sufficiently large k£ we get that x and S,y have disjoint support, so
x4 Sp,y € K. We conclude that T|x is weakly mixing.

Example 4.3.3 We consider a hypercyclic weighted backward shift T :=
B, on ¢P and the subset K defined as

k
K={zet ; |o[]w;e{0,1},vk>1}.
j=1
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Let Xy = Yy be the space of finite sequences in K. By following the
proof of the previous example we clearly have that all the conditions in
Proposition 4.3.1 are satisfied, and T'|x is weakly mixing.

Remark 4.3.4 It is worth noting that the fourth condition of Proposi-
tion 4.3.1 is necessary. Suppose, for instance, that T := B,, is a chaotic
weighted backward shift on /7 and let us define K’ as

p

k
K ={zer ; Z ij |zgP < 1,Vk > 1},
k>1 \j=1

with wy = 1. It is clear that K’ is T-invariant. Although the first three

conditions are satisfied, T'|k- is not even transitive. Given x € K’, since T
is chaotic we have limg_, H?zl w; = oo (for more details see 0.5.8) and

there exists A > 0 such that H§:1 wj > XA > 0 for all k € N. Then

k+n P k p
WP <3 | [Tws | 1@l =Y [Jwsi| |l —o0,
k>1 7=1 k>n \j=1

which excludes the possibility of  having dense orbit in K’ for every x € K.

In the case that X is a complex space, we can offer a sufficient condition
for the chaotic behavior of T'|x on an invariant set K.

Corollary 4.3.5 Let T : X — X be an operator with X complex, and let
K C X be a T-invariant set. If T|i satisfies conditions of Proposition 4.3.1
and the subset

span{z € X ; Tx = Az for some A€ C X'=1 forsome neNINK

is dense in K, then T|k is chaotic.

Proof. By 0.2.8 the set before corresponds to the set of periodic points of
an operator, then if this set is dense and T'|x is transitive, we have that
T|k is chaotic. O

As a direct consequence of Proposition 4.3.1 we have:

Proposition 4.3.6 Let T : X — X be a positive operator defined on a
Fréchet lattice X. If there are dense subsets Xg, Yo C X, an increasing
sequence of integers (ng)k, and a sequence of maps Sy, : Yo — X1, k € N,
such that, for any x € Xo, y € Yp,
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(i) T™x — 0,
(i) Sn,y — 0,
(iii) T™ Sp,y — v,

then T'|x+ is weakly mizing. If, moreover, ny =k for all k € N, then T'|x+
18 MITING.

Example 4.3.7 Given a weighted backward shift 7" := By, on X := *
with limy,_, o H?Zl w; = +o00, we consider Xo = Yj be the space of finite se-
quences in X+ and the weighted forward shift S : Yy — Yy, S(z1,22,...) =

(0,’[1)2_1%1,11)3_1332, ...). If we set S, = S*, k € N, then we have that all the
conditions in Proposition 4.3.6 are satisfied, so T'|x+ is mixing,.

By following the ideas that we developed in [88] and [86], respectively, we
show that certain “positive” versions of frequent hypercyclicity criteria en-
sure the existence of T-strongly mixing measures supported on the positive
cone of a Fréchet lattice, and the existence of (7})s-invariant strongly mix-
ing Borel probability measures supported on the positive cone of a Banach
lattice, where T is a positive operator and (73);>0 is a Cp-semigroup of
positive operators, respectively. Combined with the previous results, we
have at the same time mixing and chaos, in the topological sense, on the
positive cone.

Theorem 4.3.8 Let T be a positive operator on a separable Fréchet lattice
X. If there are, a dense subset Xo of X*, and a sequence of maps S, :
Xo — X1, n €N, such that, for each x € X,

(i) > 02 o T"x converges unconditionally,
(ii) Y07 Snx converges unconditionally,

(iii) T"Spx = x and T™Spx = Sp—max for n > m,

then T'|x+ is mizing, chaotic, and there is a T-invariant strongly mizing
Borel probability measure p on X+ whose support is equal to X .

Proof. The fact that T'|x+ is mixing is a consequence of Proposition 4.3.6.
Concerning chaos, we just need to observe that, for each z € Xy and k € N,
we can construct the vector

[o.¢] o0
Yk 1= ZSnk:L'+x+ZT"kx e Xt
n=0 n=0
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By (i) and (i) both series converge and by (i4i) we have that T*y; = y, so
that each yy, is a periodic point for T'. Moreover, it follows from (¢) and (i7)
that y — x as K — oo. Since X is dense we get that the set of periodic
points is dense and as T'|x+ satisfies the Frequent Hypercyclicity Criterion
it is hypercyclic and hence T'|x+ is chaotic. Finally, for the existence of
the strong mixing measure, we just have to follow step by step the proof of
Theorem 1.2.1 in Chapter 1. O

Before giving the result for Cy-semigroups, we would like to recall the con-
cept of sub-chaos of Banasiak and Moszynski [8], which requires the exis-
tence of a (7});-invariant subspace Y C X such that (T3|y):>0 is chaotic
(see also [9],[2]). Here we are interested in the case of the invariant positive
cone for semigroups of positive operators, mainly because of its applications
to certain differential equations.

Theorem 4.3.9 Let (T})i>0 be a Cy-semigroup of positive operators on a
separable Banach lattice X . If there exist Xo C Xt dense in X and maps
Sy Xo— X, t >0 such that

o I'Six =z, 1T:S,x = S,_x,t >0,r >t >0,
e t — Tyx is Petlis integrable in [0,00) for all z € Xy,

o t — Sz is Pettis integrable in [0,00) for all x € Xy,

then (Ty|x+)i>0 is mizing, each operator Ti|x+ with t > 0 is chaotic, and
there is a (T3)¢-invariant strongly mixing Borel probability measure p on
X1 whose support is equal to X .

Proof. For the mixing property of (1}):>0, one can easily check hypotheses
of theorem 0.7.6 for (Ti|x+)t>0. Given ¢t > 0, we can show that Ti|x+ is
chaotic by following exactly the same argument as in Proposition 2.6 of
[82]. Also, the existence of the strong mixing measure supported on X+ is
a consequence of the proof of Theorem 2.2.1 in chapter 2. O

Remark 4.3.10 It seems that the above criteria for the existence of mixing
measures supported on the positive cone can only be derived from the
type of constructions given in [88] and [86] since other general criteria,
like the ones in ([17],[21]), are for complex spaces and depend strongly
on the existence of certain eigenvectors to unimodular eigenvalues, which
cannot induce measures supported on the positive cone. Also, the measures
obtained in [17, 21] are Gaussian, so their support is a closed subspace which
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can never be included in the positive cone. Recent results on the existence
of invariant measures with ergodic properties in linear dynamics can be
found in [68].

We finally present examples of some Cpy-semigroups of positive operators
where we can apply Theorem 4.3.9.

Example 4.3.11 Let X = L£(]0,00)), and we consider the translation
Co-semigroup (7})i>0 defined by T;f(x) = f(x +t). We assume that
JoS p(s)ds < co. In these spaces, X* = {f € X ; f(z) >0, forall z €
[0,00)}. Let X( be the positive span of the space generated by the char-
acteristic functions of bounded intervals of [0, 00[, which is clearly dense
in X*. By Propositions 3.3 and 3.4 in [82], we have that the translation
semigroup satisfies the hypothesis of Theorem 4.3.9 and, in particular, we
can define a Ti-invariant strongly mixing Borel probability measure p on
X1 whose support is XT.

Example 4.3.12 In [101] Takeo studied the solution semigroup (73);>0 on
X, a certain function space defined on an interval I of R, associated with
the following partial equation

0 0
3t = G2+ h(z)u,

u(0,z) = (=),

where h is a bounded function on I and f € X. We consider X =
L,([0,00),R). The semigroup (73)¢>o defined as

(4.1)

Tif () = el MO (2 4 4)

is the solution semigroup to the equation (4.1). Now we consider the
translation semigroup (ft)tzo on X = L5([0,00),R), where p is the ad-
missible weight function e wdo P)ds e operator ¢ : X > X given by
o(g9)(z) = p(x)g(x), for g € X and for x € I is an isometric isomorphism
and ¢ o Ty = T} o ¢ (for more details see [101]). Since p(z) > 0, it is clear
that ¢ : XT — XV is also an isomorphism. We have that, if h(t) = el
with a > 1/p, then [ p(s)ds < oo [101], thus by Example 4.3.11 (ft)tzo

satisfies satisfies the hypothesis of Theorem 4.3.9, and so does (1;);>0 by
conjugacy.

Example 4.3.13 We consider X = {f € C([0,1],R) : f(0) = 0} with the
sup norm. In [83] (see also [1] for more general recent results) the authors
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consider the following initial value problem of a partial differential equation:
8” =y 5 + h(x)u,

u(0,2) = (2)
where v < 0, h € C([O 1],R) and f € X. Then the solution semigroup
(T3)e>0, Ti f () = elo M~ )d $f(ex) to the equation (4.2) is a strongly
continuous semigroup on X. We will see that if min{h(z) : z € [0, 1]} is
positive, then (7});>0 satisfies the conditions of Theorem 4.3.9. Indeed, let
Xo={fe€C(0,1],R") ; f(x) =0,V € [0,€], for some € > 0}. It is clear
that X is dense in X . We define the family of maps S; : X+ — X as

(4.2)

Sef(x) = e~ oM (e ),
Given r > t, we have that
Ty(S:f)(x) = eh MRS, f(a)
= R [T M) (AT - 5, ().

It remains to check that ¢ — S;f and t — T;f are Pettis integrable on
[0,+00) for all f € Xy. Actually, we will show that they are Bochner
integrable on [0,4+00). In the first case, it is sufficient to prove that
Jo ISeflldt < oo for a given f € Xo, we denote by M = max{f(z) ; x €
[0,1]}. Thus

/ sup |6_ IN h(e”Ysz)de(e—’yt |dt < M/ sup e~ Jih(e )dsdt
0 z€[0,1] z€[0,1]

o0 t
< / e~ Joads gy — / e % < o0,
0 0

where a = min{h(z) ; = € [0,1]} > 0.

For the second case, given f € Xy and € > 0 such that fjgq = 0, there
exists tg > 0 such that €7 < € for all t > t3. Then we have T f = 0 for all
t > to, and [J°||Tyf||dt = fot"HthHdt < 00, which concludes the result.







Chapter 5

Mixing properties for
nonautonomous linear dynamics

In this chapter we study mixing properties (topological mixing and weak
mixing of arbitrary order) for nonautonomous linear dynamical systems
that are induced by the corresponding dynamics on certain invariant sets.
The type of nonautonomous systems considered here can be defined by a se-
quence (7;);en of linear operators T; : X — X on a topological vector space
X such that there is an invariant set Y for which the dynamics restricted
to Y satisfies certain mixing property. We then obtain the corresponding
mixing property on the closed linear span of Y. We also prove that the
class of nonautonomous linear dynamical systems that are weakly mixing
of order n contains strictly the corresponding class with the weak mixing
property of order n+ 1. All the results of this chapter have been published
in [87].

5.1 Introduction

Some basic definitions related to nonautonomous systems are the following:

Definition 5.1.1 (i) Given a sequence of operators T; : X — X, i € N,
defined on a topological vector space X we consider the corresponding
nonautonomous discrete system (NDS) (X,Ts) = (X, (T oTp—1...0

Tl)nEN)
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(ii) The orbit of an element by a NDS is denoted by
Orb(z,Th) = {TWz ; k > 0}, z € X, where T := T 0--- 0T,
keN, TO = Idy.

(i) Y C X is an invariant set for the NDS (X,Tw) if To(Y) C Y for all
n € N.

(iv) A NDS (X,Ty) is weakly mixing of order n if, for any nonempty
open sets Uy, ..., Uy, V1,...,Vy, and for any N > 0 there is k > N
such that T (U)OVi # 0 fori = 1,...,n. If (X,Ts) is weakly
mixing of order n for every n > 2 then we say that it is weakly mizing
of all orders.

(v) (X,T) is said to be mixing if for any nonempty open sets U,V C X
there exists N > 0 such that T®)(UYN\V # 0 for all k > N.

Very recently, Balibrea and Oprocha [4] obtained several results about weak
mixing and chaos in nonautonomous discrete systems on compact sets.
Some of their results will be used to induce the corresponding dynamical
behavior on linear nonautonomous systems. The theory of linear dynamics
is well established in the case of iterations of a single operator (autonomous
dynamical system). The case of nonautonomous linear dynamics is not yet
developed, although a more general concept of universality of a sequence of
operators (T}, )neny Where the orbits are defined as {T,,z ; n € N}, z € X,
has been treated by several authors (See, e.g., [24, 26, 27, 64, 79]).

A type of linear universality which has attracted the attention in recent
years is the dynamics of tuples of operators introduced by Feldman [55].
More precisely, given a commuting tuple (71,...,T},) of operators defined
on a certain topological vector space X, he studied the existence of (some-
where) dense orbits {(T#" o --- o TF)z ; k; > 0}. The subsystems that
correspond to increasing sequences in N, with its natural order, can be
written as nonautonomous discrete systems.

We will essentially follow the notation of [4] and we will denote a NDS as
(X,Ts). These notions can be extended naturally to a system (X, (7))

of sequences of maps T, : X — X, k € N, by substituting T") by Tj,.
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5.2 Mixing properties on linear NDS induced by invariant
sets

The purpose of this section is, given a linear NDS (X, Ty, ), where X is a
topological vector space, with an invariant set ¥ C X, to obtain mixing
properties on the closure of span(Y’), the linear span of Y, induced by
the corresponding ones in (Y,T|y). Actually, the main result in this
section will be given for sequences of operators, so that we will obtain as a
consequence the results for linear NDS and for tuples of operators.

Theorem 5.2.1 Let X be a topological vector space and let the system
(X, (Th)n), where {T), : X — X ; n € N} is a sequence of operators such
that T,,(Y) C Y for every n € N and for certain Y C X with 0 € Y. We

consider Z := span(Y’).

(i) If (Y, (T, \y) ) is weakly mizing of all orders then (Z,(T,|z)n) is also
weak:ly mixing of all orders.

(ii) If (Y, (Tyly)n) is mizing then (Z,(Tn|z)n) is also mizing.
Proof.

(i) Suppose then that (Y, (T,|y),) is weakly mixing of all orders. Given
any m € N, we have to show that (Z, (T,|z),) is weakly mixing of
order m.

Let U;,V; C Z be nonempty open sets, j = 1,...m. We find n € N,
a;j,Bi; C Kand v j,v;€Y,i=1,...,n,j=1,...,m, such that
wj =y 0 ui; € Ujand vy =30 Bisvi; €V, j=1,...m.
There are nonempty open sets U; ;, Vi ;,W C Y with 0 € W, u;; €
Uij,vijeVij,i=1,...,n,j=1,...,m, such that

n n n n
DUy + Y wW U Y BiVig+ Yy W CV;
=1 =1 =1 =1

for any v; € {oyj,i=1,...,n,j=1,...,m}U{Bi;,i=1,...,n,j =
1,...om}yi=1,...,n,5=1,...,m

Since (Y, (Toly)n ) is weakly mixing of all orders there are y; ; € U, j,
wij € W and k € N such that Ty (ys;) € W and Ty(w; ;) € Vi,
1=1,....,n,5=1,.

The above conditions yleld that y; = > (04 jyij + Bijwij) € Uj
and Tpy; € Vj, j=1,.
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(ii) Let U,V C Z be nonempty open sets. We find n € N, a;,8; C K
and u;,v; € Y, i = 1,...,n, such that u := > ; asu; € U and
v:= Y Biv; € V. There are nonempty open sets U;, V;, W C Y
with 0 e W, u; € Uy, v; € V3, i =1,...,n, such that

doailit) wWcl. Y gVit) wWcV
i=1 i=1 i=1 i=1
for any v; € {ayj,i =1,...,n}U{B,i=1,...,n},i=1,...,n. Since
(Y, (Th|y )n) is mixing, there exists N > 0, such that for all £ > N:
T (U)W £0 and Tp(W)NV; £ 0.

For each k > N, there are y; € U;, w; € W, such that Ty(y;) € W
and Ty (w;) € V;, i = 1,...,n. The above conditions yield that y; :=
Yo (cuyi + Biwi) € U and Ty, € V, then TR (U) NV # § for all
k> N.

The result for linear NDS follows now from Theorem 5.2.1.

Corollary 5.2.2 Let X be a topological vector space and let (X,Tx) be a
linear NDS with an invariant set Y C X such that 0 € Y. We consider
Z = span(Y).

(i) If (Y, Tsoly) is weakly mizing of all orders then (Z,Tx|z) is also
weakly mizing of all orders.

(ii) If (Y, Txly) is mizing then (Z,Tx|z) is also mizing.

Now we recall the notion of somewhere and everywhere dense sets.

Definition 5.2.3 A set is called somewhere dense if its closure contains
a nonempty open set. Moreover, a set is said to be everywhere dense if its
closure is the whole space.

In [55] examples were given of somewhere dense orbits for tuples of opera-
tors that are not dense.

Example 5.2.4 ([55]) For each 1 < i < n let A; be the n * n diagonal
matrix with ones in the main diagonal except in the (i,4) position which
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is 2. Also let B; be the n *x n diagonal matrix with ones in the main
diagonal except in the (i,7) position which is % Then the 2n-tuple T =
(Ay,..., A, By,...,B,) on R" has somewhere dense orbits which are not
dense.

Moreover, sufficient conditions under which a somewhere dense orbit under
a tuple of operators must be everywhere dense were obtained.

Theorem 5.2.5 ([55]) Let T = (T1,...,T,) be a tuple of operators on a
real or complex locally convex space X. If A* has no eigenvalues for every
A€ {(TFo---oTf); k; > 0}, then any orbit of T that is somewhere dense
in X will be dense in X. In particular, if T is a n-tuple of matrices on CF,
then every somewhere dense orbit of T must be dense in CF.

We recall that, for linear autonomous systems, no extra assumptions are
needed to show that somewhere dense orbits are everywhere dense, as it
was shown by Bourdon and Feldman [34] answering a question in [89] (see
also [41] for the corresponding version for Cy-semigroups).

Theorem 5.2.6 (Bourdon-Feldman, [34]) Let T' be an operator on a
Fréchet space X and x € X. If Orb(z,T) is somewhere dense in X, then
it is dense in X.

Now we derive new conditions implying that, when there is a somewhere
dense orbit, it must be everywhere dense.

Corollary 5.2.7 Let T = (T1,...,T,) be a commuting tuple of operators
defined on a topological vector space X. Let x € X such that Orb(z,T') :=
{(Tkvo--oTF)z ; ki >0 for all i} is somewhere dense in X. Let (Ry)nen
be an enumeration of {T,’f 0---0 le‘ s ki > 0 foralli} and let Y =
Orb(z,T). If (Y, (Rnly)n) is weakly mizing of all orders then Orb(x,T) is
everywhere dense.

Proof. By Theorem 5.2.1, (X, (R,)y) is weakly mixing of all orders since
span(Y) = X because Y contains a non-empty open set. In particular,
given an arbitrary non-empty open set V' C X and a non-empty open set

U C Orb(z,T), there exists k € N such that R, (U)NV # (). By continuity,

we find a non-empty open set U C U such that Ri(U) C V. Let Jiyeeesn 2
0 such that (73" o---oT{ )z € U, and 5}, ..., !, > 0 with Ry, = Ty o- - -oT?".
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For k; == ji+jl,i=1,...,n, we get (T o--~oT1k1):1: € V, so Orb(z,T)
is everywhere dense. O

The following example links the nonlinear dynamics in dimension 1 with
the linear infinite-dimensional dynamics. The idea follows what is called
Carleman linearization, and it is inspired in [90].

Example 5.2.8 Let {p, : I — I ; n € N} be a sequence of polynomials
on an interval I that contains 0 such that p,(0) =0, n € N, and the corre-
sponding generated NDS (I, ps) is weakly mixing of order 3. By [4, Thm
11] we know that (I, pso) is weakly mixing of all orders.

We will embed (I,ps) in a linear NDS (X, Tw) via a map ¢ such that
T, 0¢ = ¢op, for every n € N and span(¢(I)) = X. To do so we set

X = {(x;); € CY ; 3r > 0 such that sup | r < oo}
(2

X is endowed with the natural topology as inductive limit. We refer the
reader to, e.g., [48] for the details. This space has also been considered in
1 of 4.2.4.

We define the embedding ¢ : [ — X as ¢(x) = (2,22, 23,...). Givenn € N,
we set the operator T, : X — X such that the k-th coordinate of T}, x is

km,

Tn({tl,xg,...)k = Zak,jxj, keN, x= ((L‘l,xg,...) € X,
j=k

where m,, = deg(p,) and p,(z)¥ = fok” ;7. The selection of the se-
quence space X easily gives that T;, is a well-defined operator on X.

Let (zj); € X, that is, there exists 7 > 0 such that ||(z;);]|, = sup;ey || 7 <
00. Then we have by the multinomial formula there exists a positive con-
stant A such that |ay ;| < A for all k,j € N. Now let us distinguish two
cases:
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m

+ and we check that T),((z;);) € X:

T

e When r» < 1 we take s =

km.,
sup |T(z1, 22, .-kl < sup Y oy llas|s”
keN kEN]—k
km, 4
< |l(@g)llesup D P T < O (245
keN S

e When r > 1 we take s = 5 and we check that T,,((z;);) € X:

kmy

sup [Ty (1,2, Jels® < sup > fayj|zs|s"
keN keN =k

km.,

1
H(%‘)g‘!riggzk ok < Cl|(5) -
]:

IN

Then we have that T;, is a well-defined operator.

Also, a simple computation shows that T),0¢ = ¢pop,. Let Y := ¢(I). We
observe that span(Y’) is dense in X by the Hahn-Banach theorem. Indeed,
since the dual of X is

X* = {(y;); € CV; Z lys| R® < oo for all R > 0},
i=1

which can be identified with the space of entire functions, we have that
(0(x), (yi)i) = >; yix" = 0 for some (y;); € X* and for all z € I, implies
y; = 0 for every i € N because an entire function that is annihilated on a
set with accumulation points should be identically 0. The hypotheses of
Corollary 5.2.2 are satisfied and (X, Ty, ) is weakly mixing of all orders.

5.3 Weak mixing property of different orders

In this last section we will prove that it is possible to obtain examples of
linear NDS which show the strict inclusion of the different orders for the
weak mixing property. This fact contrasts with the case of nonautonomous
interval maps, where it was shown that there are examples which are weakly
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mixing of order 2 which are not weakly mixing of order 3 as it is shown
in Theorem 9 in [4], but once an interval NDS is weakly mixing of order
3, then it follows immediately that it is of arbitrary order n > 2 as it is
proved in Theorem 11 in [4].

Theorem 5.3.1 Given any n > 2 there is a linear NDS (¢, T,) defined
on the Hilbert space (? which is weakly mizing of order n, but it is not
weakly mizing of order n + 1.

Proof. We consider an arbitrary mixing operator on ¢2 like, for instance,
the weighted backward shift 7" := 2B, T'(x1,x2,...) = (222,223, ...).
Since every mixing map is weakly mixing of all orders, given n € N; let
(w1, ..., wy) € £2 X --- x (2 be a vector whose orbit is dense in £? x - - x (2
for the operator T'x --- x T

For any k& > 0, let X, := span{T*wy,...,T*w,} and let P : (> — X
be the corresponding orthogonal projection. We observe that dim(Xy) =
n for every £ > 0 since, otherwise, there would be ky > 0 such that
dim(X) < dim(Xy,) < n for all & > ko, which avoids the fact that
{(T*w1, ..., T*w,) ; k > ko} is dense in the n-product of ¢2. We set
Ty =Fyand Ty11 = PyoT, ke N.

The linear NDS (£2, T ) is clearly not weakly mixing of order n+1. Indeed,
let Vi,...,Vy,y1 be non-empty open sets of £2 such that any n + 1-tuple
(U1, Upy1) € Vi X -+ x Vyqq are linearly independent. Then, since
(Ty o -+ o T1)(£?) is n-dimensional, it cannot intersect all the Vi’s, i =
1,...,n+1, and therefore (¢2,Ty,) is not weakly mixing of order n + 1.

On the other hand, given any collection U;, V; C £2 of non-empty open sets,
1t =1,...,n, since Py is an orthogonal projection, thus an open mapping,
we find vectors u; € U;, i = 1,...,n, such that

{Tlul, e ,Tlun} = {Pgul, ey Poun}
is linearly independent. Let Pyu; = Z?Zl a;jw;i, i =1,...,n. By definition
of the T}.’s we obtain

n
k .
(Tk+1o---oT1)ui: E Oéi,jT wy, 2:1,...,n,
j=1

for all k € N. We consider the matrix A := (a;;);;, which is invertible
since the Pyu;’s are linearly independent. Let B = A™! = (53, ;)i ;. We fix
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v; € Vi, i =1,...,n, and a 0-neighbourhood W such that

n
UijLZOéi’jWCV;, 1=1,...,n.
Jj=1

By the selection of the w;’s, there is k € N such that TFw; € Z?Zl Bi,jvj +
W,i=1,...,n. Therefore, since B = A~!, we have

n n
k+1 .
Tl( + )Uz': E ai,kawj cv; + E ai W CV;, i=1,...,n,
Jj=1 Jj=1

and we conclude that (£2,T,,) is weakly mixing of order n. 0

Remark 5.3.2 It is known that a system (75,), of commuting operators
that is weakly mixing of order 2 is necessarily weakly mixing of all orders
[26, 27].

In particular, sequences of operators generated by commuting tuples of op-
erators [55] and discretizations of Cp-semigroups of operators, which are
weakly mixing of order 2, immediately happen to be weakly mixing of all
orders.

This means that there is no hope to find examples like the one in Theo-
rem 5.3.1 within this framework. We do not know whether it is possible to
obtain this type of counterexamples for non artificially constructed linear

NDS.
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