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I. Introduction

The thesis consists of three topics from functional analysis and operator
theory, all connected by the notion of orbit of an operator. An orbit is a se-
quence T"x for n running from 0 to infinity, where T is a fixed bounded linear
operator on a Banach space, and x is a fixed vector in the Banach space. Orbits
have been present in mathematics for a long time, but they were systemati-
cally studied first by Beauzamy [15] and received an enormous attention from
that time on. The study of orbits is of course related to dynamics of linear sys-
tems and semigroup stability in particular, but also to the invariant subspace
problem and local spectral theory.

After Part I, which is this introduction, Part II of the thesis deals with reg-
ular orbits, that is orbits whose norm tends either to zero (stable orbit) or to
infinity. To prepare the ground, in Chapter 1 we begin with the study of the
problem how is the asymptotic behaviour of the sequence || 7" || related to the
asymptotic behaviour of the sequence || 7" x||, where again T is a bounded lin-
ear operator and x a vector. Then, mainly for the sake of completeness, in
Chapter 2 we briefly touch the stability theory. Chapter 3 tries to develop a
theory of orbits tending to infinity, in particular we use the results from Chap-
ter 1 to obtain some conditions under which an operator has an orbit tending
to infinity. Finally, Chapter 4 switches from “normal” orbits to weak orbits, that
is the sequences x*(T" x) where x* is a functional.

Part III is titled Irregular orbits and in fact deals with the notion of hyper-
cyclicity and some closely related notions. An operator is called hypercyclic if
it has an orbit norm dense in the whole space, and the notion is introduced
in Chapter 5. The usual way of showing that a given operator is hypercyclic is
the Hypercyclicity criterion, which is studied in Chapter 6, together with a few
examples of hypercyclic operators. Next we look at how the set of hypercyclic
vectors of a fixed operator looks like — this is done in Chapter 7. Chapter 8
on the other hand studies the set of hypercyclic operators. Finally the topics
of Chapters 9 and 10 are notions closely related to hypercyclicity, namely &-
hypercyclicity and weak hypercyclicity.

Finally Part IV is devoted to the concept of orbit reflexivity, which is an
orbit-wise analogue of the well studied notion of reflexivity, primarily defined
for operator algebras. Orbit reflexivity was introduced some 25 years ago but
until very recently it has received almost no attention. Perhaps one of the rea-
sons is that, as we show in Chapter 11, many of the known classes of “nice”
operators are orbit reflexive, and only a few examples of non orbit reflexive
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operators are known. The first constructed is the famous Read’s counterex-
ample to the invariant subspace problem on Banach spaces. However, there
are some simpler ones even in Hilbert spaces, and we exhibit some of them in
Chapter 12.

Some definitions and notation

We will denote the sets of positive integers, non-negative integers, inte-
gers, rational numbers, real numbers and complex numbers by N, Ny, Z, Q, R
and C, respectively. The letter T denotes the set of unimodular complex num-
bers,i.e. T=1{z€ C: |z| =1}.

Let X be a real or complex Banach space, that is, a complete vector space
over the field F of real or complex numbers, with a norm || - ||. If not stated
otherwise, the letter X will always denote such a Banach space without explicit
mention. We will use the notation By := {x € X: ||x|| < 1}, and Sx := {x € X:
x|l = 1} to denote the closed unit ball, and the unit sphere in X, respectively.

The closure of a set A is written either as A or as A~, and the diameter of A
is denoted by diam A := sup{llx — yll: x,y € A}. Given x € X and x € X",
we sometimes use the notation (x, x*) = x*(x) to emphasize the duality of
the evaluation of x* at the point x. If M < X* then the pre-annihilator of M
is denoted by M+ = {x € X: (x,x*) = 0forevery x* € M}. The notation
X =Y & Z always denotes the direct sum (not the orthogonal sum).

The algebra of the bounded linear operators acting on X will be denoted
by £(X). If not stated otherwise, the letter T will always denote an operator
from £(X) without explicit mention. For T € £(X), | T|l denotes the operator
norm, || Tl.ss the essential norm, o(T) the spectrum, o,(T) the point spec-
trum, o.ss(7T) the essential spectrum, r(T) the spectral radius, and r.g(T) the
essential spectral radius. The strong operator topology on £(X) is often abbre-

viated by SOT, e.g. for A c £(X) the symbol A°%" denotes the strong closure
of A.

If T € £(X)and x € X, the orbit of x under T is the sequence of iterates
Orb(T, x) := {T"x: n € Ny}. We will also use the symbol Orb(T) := {T": n €
No}.

The orbits can behave regularly. For instance, it may happen that:

(i) the orbit is stable: || T" x| — 0,

(ii) the orbit tends to infinity: || T" x| — +oo0,

(iii) the orbit stays inside (or outside) a given ball: there is a point y € X and r >
0 such that forall nwe have | T"x—y| < r (or |[T"x—y| > r, respectively),

(iv) the orbit is periodic: there is n € N such that T"x = x.
On the other hand, the orbits can be also irregular. For instance, it may
happen that:

(i) inf|| T"x|| = 0and sup || T" x|| = +oo0,
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(ii) the orbit is dense in the whole space: {T"x: n € Ny}~ = X; such a vector
is called hypercyclic vector.

Given T € L(X), we will examine the sets of vectors in different categories
mentioned above, and use the notation X(7T), Xoo(7T) and Xj(T) to denote the
set of points with stable orbit, points with orbit tending to infinity, and hyper-
cyclic points, respectively. We call T hypercyclic, if there is a hypercyclic orbit
(in that case there is even a dense set of hypercyclic points, since all iterates
T" x are also hypercyclic).

It is natural to consider a sequence of (possibly independent) operators
T, instead of the sequence of powers of a single operator T". All the above no-
tions extend to this setting, so that for instance the sequence (77);¢y is called
hypercyclic if there is a point x € X such that the set {T,,x: n € N} is dense in
X. We will use such notions without explicit definition if it cannot be confus-
ing.

Throughout the text, we will sometimes encounter the weighted shift op-
erators. First, let X be one of the sequence spaces ¢”, 1 < p < oo, or ¢,
and denote by (ex)?, the standard basis of X. Given a bounded sequence
of nonzero complex weights (wy )77, the unilateral backward shift is defined
as Tey := wyex—1 if k > 0 and Tey := 0, while the unilateral forward shift is
defined as Tey := wyeyy if kK = 0. Second, let X be one of the spaces ¢7(Z),
1 < p < oo, or ¢y(Z), and denote by (ek);gz‘ioo the standard basis of X. Given a

bounded sequence of nonzero complex weights (wk);gioo, the bilateral back-
ward shift is defined as Tey := wyey—; for all k € Z, the bilateral forward shift
is defined as Tey := wyey,; for all k € Z. (Note that the difference between the
bilateral backward shift and the bilateral forward shift is just formal - there is
a one-to-one correspondence between them.)

It is also interesting and useful to study the Cy-semigroups, which are the
continuous analogues of the discrete semigroup (7"),en of a single operator T.
Since we will encounter this notion in the text from time to time, let us briefly
summarize the basic notions and theorems.

A Cy-semigroup, or a strongly continuous one-parameter semigroup, is
a family (T(#));>0 of bounded linear operators acting on X, indexed by non-
negative real numbers, which satisfies the following three conditions:

@) 1r0)=1,
(ii) T(t)T(s) = T(t + s) for any ¢, s = 0 (the semigroup property),
(iii) lim;— o4 | T(#)x — x|| = 0 for all x € X (strong continuity).

Note that such a family indeed forms a strongly continuous semigroup.
The generator of the semigroup is the linear operator A defined as

1
Ax = lim —(T(t)x — x),
t—0+ [

for all x in the domain D(A) < X consisting of those points where the above
limit exists. The generator can be a bounded operator, and then T(t) = e'4,
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t = 0, in the Dunford functional calculus sense, but the important case is when
D(A) # X and the generator is unbounded. The generator is always a closed,
densely defined operator, commuting with all 7(z), t = 0, with the spectrum
contained in some left half-plane. The reason why the definition is useful lies
in the following theorem.

Theorem 0.1. Operator A with domain D(A) on X is the generator of a
Co-semigroup (T(t))s=o if and only if the associated abstract Cauchy problem
(ACP)

du
E(t) = Au(t), t=>0,
u(0) = x,

is well-posed (for each initial value x € D(A) there is a unique solution u sat-
istying the equation), A is densely-defined, and there is a continuous depen-
dence on the initial value: if z, — z with z,,, z € D(A), then u,(-) — u(-) locally
uniformly on [0, co), where u and u,, denote the solutions of (ACP) with respect
to the initial value x = z and x = z,, respectively.

In this context, the orbits (T(#)x);>o are called the mild solutions of (ACP)
provided x € X, and classical solutions provided x € D(A).

The asymptotic behaviour of the semigroup (7(#));>¢ can be roughly de-
scribed by its growth bound defined as

wo(T) := inf{w € R: thereis C > 0such thatforall t =0, | T(f)|| < Ce®"}

If wo(T) < 0 we say that the semigroup is uniformly exponentially stable.

Original versus adopted results

The thesis consists of Parts I, IIl and IV. Part IT and Part IV are more or less
based on an original research, Part III is more or less a compilation of known
results. A rule of thumb is also the difference between a Theorem, which con-
tains basically an already known statement, and a Proposition, which is basi-
cally a new result, either at least partially published in one of the papers [61]
and [62] (below denoted just Papers) or unpublished.

In Part II, the statements Proposition 1.3, Proposition 1.5 and Proposition
1.9 are generalisations of results published in the Papers. Example 3.1, Propo-
sition 3.2, Example 3.4, and Example 4.1 appeared in the Papers; Proposition
3.5 and Proposition 4.2 also, but in weaker forms. The simple statements Ob-
servation 3.6 and Example 3.8 are new.

Part III consists of a summarisation of known results, with the initial aim
of providing an introduction to hypercyclicity, which hasn’t appeared in the
subject since [38]. However, during the preparations the monography [11] was
published and provided a much broader insight into the subject. The only
original, unpublished statements are: Proposition 9.2 and Theorem 9.3 which
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generalise results from [5], Corollary 10.4 which improves the result from [33],
and according to my knowledge, condition (iv) in Theorem 5.1.

Part IV is based mainly on the first Paper [61], which already contains
roughly partially Theorem 11.3, Proposition 11.4, Corollary 11.5, Example 12.3,
and Example 12.5. The trivial yet new proof of part (iv) in Theorem 11.6 was
also used independently in [42]. Part (ii) in Observation 11.1 is new and un-
published. (Lemma 11.2 and most of Theorem 11.6 and partially Theorem 11.3
were published already in [44].)



I1. Regular orbits

1. Rate of convergence

Let T € L(X). The subject of this part will be the question, under what
circumstances there is x € X such that | T"x|| ~ ||T"| in a sense? For instance,
is there always x € X such that || T"x|| = %Il T"|| - | x|l for all n € N?

We will use the following solution to the affine plank problem asked by T.
Bang [9], which was (in case of symmetric bodies) answered positively by K.
Ball [8]. The name comes from the definition of plank to be a subset of points
between two parallel hyperplanes in a Banach space, that is a set of form

{xeX: |(y—x,f)| < w/2}

where f € X* is a unit functional, y € X a fixed vector, and w = 0 the so-
called width. We formulate also a dual version of Ball’s theorem. For a survey
of similar results see Ball’s article on the subject [6].

Theorem 1.1. (Ball’s plank theorem) Let X be a Banach space and f,, € X*,
n € N. Let(a,)3?, be a sequence of nonnegative real numbers such that a :=

Zzo:l a, < 1; in case X is reflexive, it is sufficient to assume a < 1. Then for
anyy € X there is a point x € X of norm 1 such that for alln € N

v = x fd)] = @nll full.

Theorem 1.2. (dual version) Let X be a Banach space and x,, € X, n € N. Let
(a,)2, be a sequence of nonnegative real numbers such that a := Zc::l a, <
1. Then for any g € X™ there is a functional f € X* of norm 1 such that for all
neN

|Xn, g = )| = anllxall.

It is possible to generalize the theorem from functionals to operators, us-
ing a proof similar to that in [62].



I1. Regular orbits 7

Proposition 1.3. (plank theorem for operators) Let X and Y be Banach
spaces and T,, € L(X,Y), n € N. Let(ay)}, be a sequence of nonnegative

real numbers such that a == Zc::l a, < 1. Then for any y € X there is a point
x € X of norm 1 such that for alln € N

I Tn(y = 0l = anll Tull.

Moreover, in every ball of radius ¢ > 0 there is a point x € X such that for all
n € Nwehave || T, x| = ca,||T,|. In particular, the set

M:={xeX:dc>0 VneN |T,x|l=ca,|lT,l|}
isdensein X.

If the space Y is the scalar field the theorem becomes the ordinary plank
theorem for functionals. If the operators T}, are powers of a single operator,
that is, if T,, = T" for given T € L(X), the proposition gives an interesting
statement about how the growth of || 7" || can be realized by a single orbit. Note
that there is no dual version of the theorem, but of course it is possible to apply
the theorem to the adjoints T, to obtain a statement about the existence of a
functional satisfying certain conditions.

Proof of Proposition 1.3.  Consider the adjoint operators T,, € L(Y*, X™).
Then for any n € N there exists g, € Y™ such that ||g,|| < 1 and [T, gull =
al T, Il = al T,Il.

Let y € X. Applying the plank theorem 1.1 to the functionals T, g, and
coefficients a,/a, we obtain a point x € X with || x|]| = 1 such that for every
neN

* a *
(y—xTrgn|= 7”||Tngn|| > ay || Tall,
and therefore
I Tw(y = 0l = 1 Ty = )l - lgll
= (Tu(y = x), gd| = [(y = % T )

= anll Thll.

For the additional assertion, let z € X and ¢ > 0. There is x € X with

x|l = 1 satisfying || T}, f — x)Il = a,l Tyl for all n € N, thus z — cx belongs to

M while its distance from z is not more than c.

For complex Hilbert spaces, Ball proved in [7] that a similar assertion holds
even if the sum of coefficients is just square summable, with the necessary
restriction to the case when y = 0.
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Theorem 1.4. (complex plank theorem) Let X be a complex Hilbert space
and f, € X*, n € N. Let(a,)%, be a sequence of nonnegative real numbers

such that a := Zoo

o, @5 < 1. Then there is a point x € X of norm 1 such that
foralln e N

|<x’fn>

= anll fal.

(Note that in [62], we wrote Zzo:l a2 < 1instead of the non-strict inequal-
ity. The non-strict inequality is used in [7] and is formally stronger, we thus
rather write the non-strict inequality here.) It is again possible to extend this
complex plank theorem to operators. Although the complex plank theorem
holds just if y = 0, we are anyway able to obtain the density of the set M, by
introducing an additional plank that places the point to any given open set.

Proposition 1.5. (complex plank theorem for operators) Let X be a complex
Hilbert space, Y be a Banach space and T, € L(X,Y), n € N. Let(ay)}, be

o}

a sequence of nonnegative real numbers such that a = Z a% < 1. Then

there is a point x € X of norm 1 such that for alln € N

n=1

I Tnxll = anll Tyl
Moreover, the set
M:={xeX:3dc>0 VneN |T,x|l=ca,|lT,l|}
isdensein X.
Proof. Consider the adjoint operators T, € L(Y*, X*). Fixn € N. Asin
the previous proposition, there is g, € Y* such that g, = 1 and | T} gl =
all Tyl

Applying the complex plank theorem 1.4 to the functionals T, g, and co-
efficients a,/a, we obtain a point x € X with | x|| = 1 such that for everyn € N

* a %
|6 T )| 2 T, gl 2 anll Tal,

and therefore
I Tpxll = 1 Thxll - Igxl

= |<Tnx’ gn)| = |<x’ T;:gn>

= anll Tl

For the density assertion, let # € X with ||u|| = 1 and ¢ be a real number
with 0 < € < 1. By linearity, it is sufficient to prove that thereis x € X and ¢> 0
such that |u — x|| < e€and | T, x|l = ca, || T,| for all n € N.

Letd =1 - % and ¢ := V1 - 62 so that §° + Z(:;l(can)z < 1. Apply-
ing the complex plank theorem to the functionals (-, u), T} g1, T,' &, ... and
coefficients 8, ca;, cao, ..., we obtain a point x' € X with ||x'|| = 1 such that
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|<x’,§)| > ¢ and |(x’, Ty gn
ne

> ca,llT, gnll for every n € N. Therefore for all

I Tn' Il = 1Tl - 1 g
(T, gnd| = |, Ts gn)

canpall Ty

v

v

Moreover, |(x’ , u)| > . Therefore, for a special choice of complex number

7 of modulus 1, the point x := 7x’ satisfies ||x — u|| < ¢, while | T"x| = || T" x|
for all n € N. More precisely, set 7 := |§§:’Z§|, so that
(X!, u)
(tx,uy = ——(x', u) = |<x’, u>| >0,
[<x', u)]

and therefore
lx —ul® =(xx' —u,7x' — uy = |tx'|* — 2Re(rx’, uy + | ul?

<1-26+1=¢€%

Given a Banach space X, an interesting question is, what is the maximal
possible exponent in the condition on the sequence ()7’ , in Theorem 1.1 and
Theorem 1.4. More precisely, let X be a Banach space. The plank number of X
is the supremum of all p > 0 such that for any unit functionals f; € X*,i € N,
and coefficients a; = 0, i € N, satisfying Zzl a:f <1,thereisx € X, ||x|]| <1,

such that fo, f,-)| > @; for all i € N. By Theorem 1.1, the plank number of
any Banach space is at least 1, and by Theorem 1.4, the plank number of any
complex Hilbert space is at least 2.

Example 1.6. ([7]) The plank number of the real Hilbert space X := R? is 1.
In other words, Theorem 1.4 is no more valid in real Hilbert spaces.

Proof. Suppose the plank numberis p > 1, let g € R such that 1 < g < p and
fix an arbitrary constant ¢ € (0;1). Let n € N be so large that n!/97! < ¢/2. Let

yi € R? be unit vectors evenly distributed along the circle: y; := (sin %’, cos %
fori=1...2n.Leta; :=c-n~"4,

For a contradiction, suppose that there is x € X, ||x]| < 1 such that
|<x, yi>| > a; foralli = 1...2n. But by the choice of y;, there is i for which

|<x, yi>| < sin 5. But this means that for this particular i

_ LT 2
c-nVl=gq;< |(x,yl~)| < sin — < —,
2n n

a contradiction.

An intriguing open problem is to determine the plank number of complex
¢P spaces for p € (1;00), p # 2. Numerical experiments, as well as other evi-
dence (cf. [50], or [11, section 10.1]) suggest that in these complex ¢” spaces,
the plank number could be strictly bigger that 1, namely it is justified to for-
mulate the following conjecture.
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Conjecture 1.7. Let X = ¢P(X), 1 < p < oo, over the field of complex
numbers. Then the plank number of X equals min{p, q} where % + é =1.

In the case of finite number of planks of the same width, we have at least
one inequality.

Theorem 1.8. ([74, Proposition 1]) Let p > 1, and let X be a complex LP(u)-

space, % + % =1,meN,and f, € X* forn € {1, ..., m}. Then there is a point
x € X ofnorm 1 such that foralln € {1, ..., m}
|¢x, f)| = m Py £

Proof. Since X is reflexive there are points x,, n = 1,..., m, of norm 1 such
that (x,, f,) = || f»| for all n.

For isomorphic Banach spaces Y and Z, let d(Y, Z) denote the Banach-
Mazur distance

d(Y,Z):=inf{|T| - | T"'||: T: Y — Zisan isomorphism}.

Let Z := Span{x,,..., X} be a subspace of X of dimension d < m and let
Y := ¢*(d) be the d-dimensional complex Hilbert space. By a result of E John
[49], we have d(Y, Z) < dlV/>-V/7l,

First we show that this means there is an isomorphism 7: Y — Z of norm

1with 0 < [T~ < dlV2=1/P| Indeed, let C := d!'2=V/7| and consider the set
K :={T € L(Y, Z): T isanisomorphism, ||T| =1, || Tl <C+1}.

By the above result of E John, for each k € Nthereis Ty € Kwith | T™!|| < C+ %
Since K is a compact set in £(Y; Z), the sequence (T¢)ren has an accumulation
point, say T, which is an isomorphism and satisfies || T'|| = 1 and || T ' <C.

Now consider the functionals T*(f,|z) € Y*, n € {1,..., m}, and m coeffi-
cients m~'/2. By the complex plank Theorem 1.4, thereis y € Y of norm 1 such
that

Ty, ful 2| = | Tl 20| = m 21T (ful 2

_12 1 fulzll ~1/2 ~|1/2-1/
> ﬂzm I fulld | P|,

since || f, || = Il f»|z|l by the choice of points x,. For x := Ty € Bz < Bx we thus
have

|, f)

-1/2 4—(1/2-1/ —1/2—|1/2-1/
=[x ful2)| = mT2a VRl £ 2 R R g

= m VP £,

On the other hand, Example 3.1 and Proposition 3.2 will show that the
plank number of P cannot be greater than p.
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It is also possible to formulate a version of the plank theorem for certain
continuous families of operators, namely strongly continuous one-parameter
semigroups and groups. However, we formulate a more general version. We
will use two ad-hoc notions. A function ¢: [0;00) — [0;00) is said to have
uniformly bounded decline (UBD) if there is 6 > 0 and M = 1 such that for all
,s€R,0<r<s<oowith s — t < § we have ¢(s) > M~ ¢p(t). Similarly, it has
uniformly bounded growth (UBG) if under the same circumstances we have
¢(s) < M@(r). Note that if (T(2));»¢ is a Cp-semigroup and wy(T) its growth
bound then for any @ > w((7T) there is M > 0 such that for all z, s € [0; c0) we
have | T(8)|| < Me®! ™| T(s)|, so the function ¢ — | T(t)| has UBG. Moreover,
for any x € X the norm of the orbit, i.e. t — ||T(¢)x|| has UBG as well, even
uniformly, i.e. the numbers 6 > 0and M = 1 can be chosen the same indepen-
dently on x € X.

Proposition 1.9. Let X and Y be Banach spaces and let(T(t));>o be a family
of operators T(t) € L(X,Y) such that the function | T(-)|| has UBG and the
norm of every orbit | T(-)xl|l, x € X, has also UBG, all uniformly with the same
0 and M. Suppose that the function ¢ : [0;00) — [0;00) has UBD and ¢ €
L'[0; 00), in case X is a complex Hilbert space just ¢ € L?[0; c0). Then for every
€ > 0 there is d, € (0; €] and a dense set of x € X such that there is ¢ > 0 such
that | T(t — 6¢)x|l = cp(t)| T(2)|| for each t = .

Proof. In case X is a complex Hilbert space, set p = 2, otherwise set p = 1.
By assumption there is a common 6 > 0 and M = 1 from the definitions of

uniform UBD and UBG of ¢, | T(:)Il, IT(-)x|l. Let 6o := min{g, g}. Consider

the points t,, ;= nd, for n € Ny. Since ¢(s) > M~ 1¢(t,) for each s € (1, t,41),

n € Ny, we have
o0

8o D Pt < M” J Pls)Pds,
n=0 0

50 (P(1n))2, € £P.

Applying the plank theorem for operators 1.3, or 1.5 in case of complex
Hilbert space, to the sequence of coefficients (¢(#,+1))7>, and the sequence of
operators (71(z,)).,, we obtain a dense set of points x € X for each of which
there is ¢y > 0 such that for all n € Ny we have || T(z,)x|l = cod(tn+1)IT(2:)I-
Note that the indices used for the function ¢ and for the family of operators T
differ by 1.

Lett, <t < tyy,n € N. Thatis, 0 < r—6y < t, <t < t,41, and
the differences between each two of these subsequent positive numbers are
strictly less than 6. We have

IT(t — 8o)xll > M| T(2,)x]
=M ¢o - P(tna1) - 1 T(2)I
> M ey - MTY(E) - 1T (1)l
>M ey - M7Ip(1) - MY T(D)|
=M co - p(OIT(DI.
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Indeed, the first, strict inequality follows from the UBG property of || T(-)x||:
since t, —(t — o) < 6 ityields || T(¢,)x| < M| T(t — 6¢)x|l. The second is the in-
equality obtained from the plank theorem. The third, strict inequality follows
from the UBD property of ¢: since t,,, — t < & it yields ¢(t,41) > M~ 1p(1).
Finally the last, strict inequality follows from the UBG property of || T'(-)||: since
t— t, <6 ityields | T(2)ll < M| T(t,)ll.

Unfortunately the proof does not provide the control of the norm of the
obtained point (as will be in Corollary 1.14) — the norm of the vectors x depends
on §. Moreover, we have to “skew” the inequality “| T(t)x|| = Co()IT()|”
to “IIT(t — 6o)xll = CH(D)IT(t)|l” where §y > 0. This is because whereas the
Co-semigroups have a limited growth, they do not have necessarily a limited
decline (consider e.g. a nilpotent shift semigroup on [0; 1]). The formulation is
however sufficient for applications to orbits tending to infinity in Chapter 3.

We can also examine other possible definitions of “largeness” of the or-
bit. Let X be a Banach space and («,);., be a sequence of nonnegative real
numbers such that lim,,_.., &,, = 0. Define

M:={xe X: | Tyx|l = a,lIT,|l forinfinitely many n’s}

It is easy to see that the plank theorem for operators implies that M is a
dense set. However, using a different technique with Baire theorem as a core,
it is possible to prove that M is even a residual set. (Or even a complement of
a o-porous set, as was shown recently in [4], cf. end of Chapter 7.) Recall that
a set is called residual if its complement is a first category set or, equivalently,
if it contains a Gs subset dense in the whole space. Again, we formulate the
result generally for any sequence of operators T, € £(X, Y).

Theorem1.10. ([59]) Let X, Y be Banach spaces, T,, € L(X, Y ) and(a,);., be
a sequence of nonnegative numbers such thatlim,,_., a, = 0. Then the set M
of those x € X satistying | T, x|l = a, || T, | for infinitely many n's, is residual.

Proof. If there are infinitely many n’s such that T;, = 0 then the assertion is
obviously true. Otherwise, fix k € N and let
My ={xeX:An=k |T,xll>a,lT,l}.

Clearly My is open. We shall prove it is also dense. Let z € X and € > 0 be
arbitrary. There exists n = k such that a, < € and T,, # 0. Hence there exists
x € X of norm 1 such that || T, x|| > a,,e || T,Il. Since

2anl Tl < I Tn(2ex)l < 1 Tu(ex + 2)Il + | Tn(ex — 2)II,

either || T,(z + €x)|| or || T,,(z — €x)|| is bigger than || T, I, so one of the points
z+ ex and z — €x is in My, while its distance from z is at most €.
Now by the Baire theorem, the intersection

o
ﬂ My M
k=1

is a dense Gg set.
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Corollary 1.11. The set of x € X for which the local spectral radius

r+(T) := limsup || T" x||*'"

n—oo
is equal to the spectral radius r(T), is residual in X.

If we have a single operator and want to find an orbit which is big with
respect to the spectral radii 7(T") instead of the norms || T"||, there is a similar
result restricting the sequence of coefficients not to ¢! as in the plank theo-
rems, but again just to ¢.

Theorem 1.12. ([15], [57]) Let X be a complex Banach space, ¢ > 0 and
(a,)52, be a sequence of nonnegative numbers such that lim,_.., a, = 0.
Then there is a point x € X, of norm at most sup a, + €, such that |T" x| =
a,r(T") foralln € N.

In case of real Banach spaces, it was proved in [58, Theorem 2.3] using
complexification techniques that under the same conditions there is a dense
set of x € X such that for some ¢ > 0, for all n € Nwe have | T"x| = ca,, r(T").

There exists also a version of the above theorem for the Cy-semigroups
which offers an alternative to Proposition 1.9. Recall that w((T) denotes the
growth bound of the semigroup. We will just state the version without proof.

Theorem 1.13. ([64, Lemma 3.1.7]) Let (T(t));>0 be a Cy-semigroup with
wo = 0, € (0;1) and a: [0;00) — [0;1] be a non-increasing function such
that lim;_, a(t) = 0. Then there is a point x € X, of norm 1, such that
IT(H)x|l =(1 —€)a(t) forall t = 0.

Corollary 1.14.  Let (T(t))s=0 be a Cy-semigroup, € > 0 and a : [0;00) —
[0; 00) be a bounded non-increasing function such thatlim;_.o, a(t) = 0. Then
there is a point x € X, of norm at most sup,., a(t) + ¢, such that | T(¢)x| =

a(t)e D forallt = 0.

Proof of Corollary 1.14. If a(0) = 0 then just take x := 0. If @(0) > 0 we
rescale the semigroup, function a and ¢ to apply Theorem 1.13 in the following
way. Define T(t) := e DIT(1), a(t) = a(t)/a(0) and & = ﬁx(o)' From

Theorem 1.13 we obtain % such that | T(£)x| = (1 — &)a(¢) forall £ = 0 so
x := (a(0) + €)% satisfies | T(t)x|| = a(t)e“ D! forall t = 0.
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2. Stable orbits

The operator T is called (strongly) stable if every orbit is (strongly) stable,
thatisif | 7" x| — 0 for all x € X. We will denote X (T) ={x € X: limT"x =
0}.

Stability of both discrete and continuous systems has been thoroughly
studied for along time. It is closely connected not only to the evolutionary dif-
ferential equations but also ergodic theory, harmonic analysis etc. For some
recent results we refer for instance to monographs [29] and [64].

Now let us turn to the Datko-Pazy theorem, first formulated in [26] and
[66]. The first implication shows how the semigroup property immediately
leads to an integrability condition sufficient for stability. (In fact, instead of
the semigroup property, a UBG of the orbits is sufficient.)

Theorem 2.1.  Let (T(t))=0 be a Cy-semigroup and let x € X. If for some
p € [1;00)

J I T()x||P dt < 0o
0

then T(t)x — 0 ast — oo.

Proof. To obtain a contradiction, suppose that the orbit of x is not sta-
ble. Hence there is € > 0 and a sequence (f;)xen, Of real numbers such that
IT(t)xll = €, thyy > t, +1forn € N,and f, > 1. Let M := sup,,<; | T(2)ll > 0.
Then for ¢ € (t, — 1, ), n € Ny, we have || T(#)|| = M e by the semigroup

property, so
f IT(O)x|? = Z(M-lg)P — 0.
0 n=0

If the assumption holds for all x € X with a single p € [1; 00), by the closed
graph theorem applied to the map x — LP(R, X): x — T(-)x, there is a con-
stant C > 0 such that for every x € X

f IT()xI”dt < Clix||”.
0

In this case there is a quantitative strengthening of the Datko-Pazy theorem,
based on Corollary 1.14.
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Theorem 2.2. ([64, Lemma 3.1.8]) Let (T(%));>0 be a Cy-semigroup. If for
some p € [1;00) there is C > 0 such that for all x € X

f IT()xII”dr < Clix|I?,
0

then wy(T) = -1/(pC).

Proof. Letw := wy(T). By Theorem 2.1, every orbit is stable so it follows from
the uniform boundedness principle that w < 0. Let 6 >0and 0 < € < 1 and
define a(t) := e 0. By Corollary 1.14, there is a point xy, € X of norm at most
1 + € such that

IT()x Il = a()e”" = &=,

Integrating the p-th power of this inequality and using the assumption of the
theorem, we obtain

(0, 0]

1
Cl+e)f =Clxl? = | IT(OxPdt = ———.
0 plo - 6)

The numbers § > 0 and € > 0 can be chosen arbitrarily small, so w < —1/(pC).

Corollary 2.3. A Cy-semigroup (T(t)):»¢ is uniformly exponentially stable, if
and only if there is p = 1 such that for every x € X

f I T(t)x||Pdt < co.
0

Proof. If wy(T) < 0 then for some w < 0 and C > 0 we have || T(?)|| < Ce®! — 0
exponentially so for every x € X, |T(-)x|| € L” for any p = 1. The oppo-
site implication follows from the closed graph theorem mentioned above, and
Theorem 2.2.

One could ask if it is possible to use Proposition 1.9 instead of Corollary
1.14. In such a case, there is unfortunately no control of the constant M so the
method yields nothing apart from the classical, non-quantitative Datko-Pazy
theorem.

There are other more general results of Datko-Pazy type, see [79], [76], [63],
[65].
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3. Orbits tending to infinity

An operator T € £(X) is said to be power bounded if there is C > 0 such
that for all n» € N we have | T"| < C. By uniform boundedness principle, T
is power bounded, if and only if all its orbits are bounded. In other words, the
sequence || T"| is unbounded if and only if the sequence || 7" x| is unbounded
for some x € X.

Analogously, one could ask whether the following equivalence holds: || 7" ||
tends to infinity if and only if || 7" x| tends to infinity for some x € X. Of
course if there is a point x € X with orbit tending to infinity then || T"| =
IT" x|/l x|l — oo, so the crucial question lies in the other implication.

If X is finite dimensional then || T"| — oo implies 1 < || T'|| = r(T) so there
is A € 0p(T) with |A] > 1 and the corresponding eigenvector x € X satisfies
|T"x|| = |Al" - | x|| — oo. In the infinite dimensional spaces, the implication
doesn’t hold anymore, as the following example shows. Recall the notation
Xoo(T):={x€ X: |[T"x|| — oo}.

Example 3.1. ([62, Example 4]) On the space X = ¢P,1 < p < oo, there is an
operator T € £(X) satisfying | T"|| = (n+ 1)"'? foralln € N but Xoo(T) = @

Proof. Let(er)7?, be the standard basis in the space X = ¢ P (real or complex).
Let T € L(X) be the weighted backward shift defined by

1/p
Tey. = { (%) e, fork>1,
0

for k=1.
Hence
n+1 1/
k p
ny — _ 1/p
I ||—|H| (s75) =@+

for all n. For the contradiction, suppose that there is x = ZT: | Ckek € £P such

that || x|| = Zk_ Icklp Y7 <1 put IT"x|| — oo as n — oco. Consequently,
2n—-1

1 .
— E IT!x||P — oo, as n — oo.
n «

Let us estimate the above arithmetic mean. First we have

1/p
1T/ x0P = | Z (k_ ) crer-;I”

k_]+1
< E |Ck|p + E |Ck|p

k=j+1 k=2j+1




I1. Regular orbits 17

where the second sum can be estimated by 2| x||” < 2 since for k > 2 j we have

k%j < 2. If we sum up the inequalities we get

2n-1 2n-1
Z ITIxl” < 2n+ Y Z exl” -
j=n k=j+1
<2n+ Z |Ck|p2—
k=n+1
4n
<2n+ Z lck|P 4n(1 +log4n),
k=n+1
so that
2n 1
2+4(1+log4n) Z lexlP = — Z 177 x]|P — oo.
k=n+1 j=n

Hence, for all n large enough, the left hand side is greater than 6, i.e., if we write

4n
— 2 p
Sp = k:n—i—llckl then
1

1+log4n

Sp =

But this is a contradiction since for such n we have

(o]
E lckl? = s+ San + Sgean + Saaan + -
k=1

1+log41n —i ] +logn+ jlog4

j=1 j=1

v

It is possible to obtain a slightly faster growth: defining T to be the back-
ward shift with weights

k +1)log(k + 1)\ /7 k \YP
(( + 1loglk + )) instead of (—) ,
klogk k-1

a similar proof shows that T has no orbit tending to infinity, but

1= [ 1/p( +2)log(n+2))""”
_(210g2) ((n og(n+2))".

In particular, there is an operator T € £(¢!) with | T"|| ~ nlogn without an
orbit tending to infinity.
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However, the example is in a sense the best possible, as can be proved
using the plank theorem for operators: if the norms of the operator satisfy
| T™|| = Cn'*€ for some € > 0, C > 0, than there is a dense set of points whose
orbit tends to infinity. In the complex Hilbert space the same conclusion holds
if |7 = Cn'?*¢ for some € > 0, C > 0. (The situation in the real Hilbert
spaces, or in complex ¢” spaces, is not clear as far as we know.) We will formu-
late the proposition in a more general form, including a technical detail in the
conclusion which will be used in Part IV.

Proposition 3.2. Let(Ty)nen < L(X) be a sequence of operators satisfying

o0 (0.0]

1 1
Z < 00, or when X is a complex Hilbert space Z 5 <00
I Tl I Tl

Then there is a dense set of vectors x € X such that |T,x|| — oo and
infyen | T x|l > 0.

Proof. Set p := 2 in the case when X is a complex Hilbert space and p := 1
otherwise. Let (,)5., be a sequence of real numbers tending to infinity such
that

(o0

Bn
I TP

n=1

<00

so that (,Bil/plll T,l)2, € ¢P. By the plank theorem for operators 1.3 or 1.5,
respectively, there is a dense set of points x € X for which there is ¢ > 0 such

that
1/p
n

I Tl

I Thxll = c I Tl — oo.

Note that for some particular classes of operators, a slower growth rate
could ensure the existence of an orbit tending to infinity, for instance in [67]
the following is proved.

Theorem 3.3. Let

(N M)
T_(O N,

be a 2-normal operator, i.e., N}, M and N, are normal, commuting operators.
If the polar decompositions can be written as N; = UP; and N, = UP, (U
unitary, Py, P, positive) and if there exist p,6 > 0 such that | T" || ¢ss > pn5 for
each n € N, then any compact perturbation of T admits an orbit tending to
infinity.
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J.-M. Augé recently in [4] defined a quantity g(X) as the supremum of all
q > 0 such that for every non-nilpotent T € £(X) there is x € X such that

5 (153

n=1

Denote the plank number of X by 7(X). The proof of Proposition 3.2 in fact
shows that 7(X) < g(X). If we consider the complex ¢” spaces, Proposition
3.2 together with Example 3.1 proves that g(¢”) < p if p € [1;00) — and Augé
in [4] uses Banach space geometry tools, namely the modulus of asymptotic
uniform smoothness, to show the other inequality, so that g(¢”) = p. His re-
sults however doesn’'t seem to be strong enough to show that n(¢”) = p for
p € [1;2].

There is also a version of both Example 3.1 and Proposition 3.2 for Cy-
semigroups of operators.

Example 3.4.  On the space X = LP(1;00), 1 < p < oo, there is a Cy-
semigroup (T(t)) ;= satistying | T(t)|l = (t + 1)"'? forall t = 0 but Xoo(T) = @.

The semigroup can be constructed as a weighted backward unilateral
shift:
zZ+t

1/p
W@ = (=) fe+n

for f € X = LP(1;00), t = 0, z = 1. The argument is analogous to that in
Example 3.1.

Proposition 3.5. Let(T(t))>0 be a Cy-semigroup satisfying

*
dt < oo,
fo I T(2)

or when X is a complex Hilbert space

|
dt < oco.
JO I T(£)II?

Then there is a dense set of vectors x € X such that || T(t)x| — oo.
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Proof. Let p := 2 in case of complex Hilbert space, p := 1 otherwise. Let
B: [0;00) — [0; 00) be a nondecreasing Lebesgue measurable function tending

to infinity, such that
= r
LONPYS
. ITI?

so that the function ¢(t) := B(t)"/P /|| T(t)| for t = 0 satisfies ¢ € LP[0;00).
Moreover, ¢ satisfies the UBD condition. Indeed, let w, be the growth bound
of T. By the definition there is M > 1 and w = w, such that || T(z)| < Me®!
for all £ = 0. Without loss of generality, suppose that w > 0. Set § := % > 0.
Then for any s, t € Rsuch that0 < t < s <ooand s — £ < §, we have || T(s)|| <
Me®CS=D| (1) < Me*|| T(t)|l. Hence

IO O ——
=T = Mertaon - M ¢ AW

¢(s)

By Proposition 1.9, for € := 1 there is 6y < € = 1 and a dense set of x € X such
that for some ¢ > 0

IT(t — o)xll = cp(OIT(ON = cB(H)'P — oo.

An interesting problem is a characterization of the sets which can be writ-
tenas Xoo(T):={x € X: ||[T"x| — oo} for some T € L(X).

Observation 3.6. The set Xoo(T) of x € X such that | T" x|| — oo, is a homo-
geneous Fs set (in the norm topology). Moreover, X.(T)N Sx is either empty
or infinite.

Proof. Clearlyif x € X(T)then Ax € X(T) foreach A € F\ {0} and

o0 0

Xo(T) = ﬂ U ﬂ xeX: |T"x|| = k)

k=1 ny=1 n=ny,

where the inner sets are closed. Moreover, suppose that the set X,(7) N Sx is
nonempty and finite. If x € Xo(7T) then T"x € X(T) so there are n, m € N,
n < m, such that 7" x = AT"x for some A € F. For each k € N we have

| THRm=m ) x| = || TR0 ) = AR T )

Since x € X,(7T) the middle term tends to infinity as k — oco so |A] > 1 and
the whole sequence || T"| tends to infinity exponentially. Hence by Proposi-
tion 3.2, X,(T) is dense in X and we have a contradiction since X,,(7) is also
homogeneous.

Prdjitura [69] conjectured that if X.(7T) # @ then X,(7T) is even dense
in X. However, in all the infinite dimensional separable Banach spaces, the
conjecture turned out to be false, as was shown by first by P. Hajek and R. Smith
for spaces with symmetric basis and later by J.-M. Augé in general.
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Theorem 3.7. ([45], [3]) Let X be an infinite-dimensional separable Banach
space. Then there is T € L(X) such that X.(T) is non-empty but not dense,
and T can be written as Id + K with K a compact operator. Moreover, if X has
a symmetric basis then there is T € L(X) such that X.,(T) is non-empty and
nowhere dense in X.

The set X(T) is also far from being linear. Obviously if x € X,,(T) then
—X € Xoo(T)but x + (—x) = 0 ¢ X(T). However, even X(7T) U X,(T) is not
necessarily a linear set, as the following example shows.

Example 3.8. There is a Hilbert space X, an operator T and vectors x, y € X,
such thatx,y € Xoo(T) but x+y ¢ Xoo(T) U X(T).

Proof. Let X be the orthogonal sum of the Hilbert spaces with standard bases
(ex)ken, and (fi)ken, respectively. Let the operator T be defined as

T(key) :=(k+ 1)exs: and Tfi = fi+1 keN

so that for x := —e;, y := e; + fi we have |T"x|| = n+ 1 and ||T"y| =
v/ (n+1)?+ 1, while || T"(x + y)Il = 1. Clearly T is bounded.

We finish by relating the sets X, for different operators, the main part was
noted in [67, Proposition 2.2], as a supplement to former Ansari’s theorem on
hypercyclic operators — see Theorem 8.6.

Theorem3.9. Letm e NandA € T. Then Xoo(T) = Xoo(T™) = Xoo(AT).

Proof. Suppose that the sequence || 7" x| does not tend to infinity so that
M = 1+ liminf,,_ [|T"x|| < co. Then there is a sequence ny of positive
integers tending to infinity such that |7 x| < M. Let m € N be arbitrary.
Then for n; > m the number n; can be uniquely written as ny = mji — ik
where ji, ix € Ngand 0 < iy < m. Note that limy_, jx = co. Since

I(T™Yex|| = | T* x| < | T)% - | T™ x| < | T|™ - M

the orbit of x under 7" is not tending to infinity. The rest of the statement is
easy.
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4, Weak orbits

Results analogous to the “normal” orbits (7" x),cn, X € X, can be some-
times also obtained for the weak orbits ({(T"x, x*)),en, X € X, x* € X*. For
instance, on ¢%(N) there is an analogy of Example 3.1, only with a linear growth
of [T"|.

Example 4.1. ([62, Example 8]) There is a Hilbert space X (real or complex)
and an operator T € L(X) satistying |T"|| = n+ 1 for each n € N, such that

there is no pair x, y € X with |<T”x, y)| — 00 asn — oo.

Proof. Let X be the Hilbert space with orthonormal basis {eyj: kK € N,1 <
j < k}. Let T € L(X) be defined by

. . /2
Jj+1 k—]+1)1 .
— : Cr. i for j < k,

]ka = { ( I k—j k,j+1 J

for j = k.

We have T"e ; = (2. kit 1/Ze L.forj < k — n. Itis easy to see
kji = 77~ %=j+i-n k,j+n IOT | = : y

j+n k—j+1 \1/2 n _
that (T . k—j—i—l—n) < n+ 1. Moreover, T"e,,4+11 = (n+ 1)e,+1,n+1, and so
|T"|| = n+ 1 for each n.

Let x = Zk’j @i jerj € X,y = Zk’j Pr,jexr,j € X with real or complex

coefficients ay, j, Bk, j. Suppose on the contrary that |(T”x, y)| — oo. Without
loss of generality we may assume that || x|| = ||y|| = 1.
For each n large enough we have

2n—-1

Z |(Trx,y)| > 7n.

r=n
On the other hand, we have

2n-1 2n-1 oo k-r

; (=Y Y] Z(j;r , k:iir)mhkdﬁk,ﬂr

r=n k=r+1 j=1

<A+B+C+D,
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where

+ k—j+1 12
(]jr k—j-]u—r) kB er

2= 33 3 (i) fewse
c= 2 Z (]j;r'kf;iir)”q“k’fﬁk#r’

00 k-r . s
IO o o R R

4n < |6¥k,j| 2 |,3k,k—i+1| 2
=5 2 2 Vi ) +(T)

k=n+11,j=1
4n k
2 2
< 2n(1+1n(4n)) Z Z(|ak,j| +|,3k,j| )
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le’s) 2n—-1 n
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Since the terms C and D are symmetrical, we have

D_T+?(1+lnn) i Z |a:k,

k=4n+1 i=k-3n
Thus for n large enough we have

2n—-1

7n < Z |<Trx, y)|

4n k
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Thus for all n = ny we have
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In particular, for n =4°ny, s =1, 2, ..., we have

oo k
10 = SZZ(|ak'j|2 + |,Bk,j|2)
k=1 j=1

4S+l

2237 ST ¢l

s=1 k=4%ny+1 j=1

e ) 00 3-4%p,
#3) D Z<|ﬁk,f|2+|ak,k—f|2>
§=1 k=4%ny+1 j=4°

(0.0]

(o0]
> 2 Trman, ~ 2 = oo,
1+ln4s+1n0 1+lnn0+(s+1)ln4

s=1
a contradiction. Hence there are no x, y € X with |(T”x, y)| — 0.
The example is in a sense the best possible.

Proposition 4.2. Let(T,)en < L(X) be a sequence of operators satisfying

or when X is a complex Hilbert space

<00
< || T,

Then there is a dense set of pairs x € X, x* € X* such that |{T,x, x*)| — oo.

Proof. Set p := 2 in the case when X is a complex Hilbert space and p := 1
otherwise. Let (f,)5, be a sequence of real numbers tending to infinity such
that

(0, 0]

B
< (| TP 1T, P72
so that the sequence of coefficients a, := ,Bup T, N1M? belongs to ¢ and sat-
isfies the limit condition a? || Ty, || — oo.
Now we apply one of the plank theorems for operators 1.3 or 1.5, respec-
tively, to the operators (7, ),en and coefficients () en- By the theorems, there
is a dense set of x* € X™ such that there is ¢; > 0 such that

1T, x" Il = cranll T, Il
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Next we use one of the plank theorems 1.1 or 1.4, respectively, to the func-
tionals T,y x* and the coefficients (a,),en. There is a dense set of vectors x € X
such that there is ¢, > 0 such that

(T, x°) 2 o0ty || Ty x|

= |(x, T x*)

In sum, we have a dense set of pairs x € X, x € X™* such that for some ¢;, ¢, > 0

2
(Tx, )| 2 €120 Tl — oo.

Since Example 4.1 works only in Hilbert spaces, the situation for other do-
mains, namely ¢7 spaces, or the class of Banach spaces in general, is currently
not clear.
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5. Hypercyclicity

The notion of hypercyclicity and related topics received a broad attention
in the past two decades. However, as noted in a wonderful survey by Grosse-
Erdmann [38], a more general concept of universality goes back at least to the
year 1914, when Pal Fekete discovered a formal real power series on [—1;1]
such that every continuous function g on [—1; 1] with g(0) = 0 is uniformly ap-
proximable by partial sums of the series. The first explicit example of a hyper-
cyclic operator on a classical Banach space appeared in an article by Rolewicz
[75] — his example is just a multiple of the backward shift on 7,1 < p < co.

Recall that an operator is called hypercyclic if there is a vector with dense
orbit; such a vector is then called hypercyclic vector; the term orbital vector
also appeared in the literature in the same meaning. Similarly, a sequence
(Ty)nen of operators is called hypercyclic if there is x € X such that (T,(x))nen
is dense. Usually it is supposed that the underlying space is separable — oth-
erwise obviously, there cannot be a hypercyclic vector. There are two other
similar notions which are not subject of the thesis but will be briefly touched:
an operator is called cyclic if for some x € X the linear subspace Span Orb(7, x)
is dense in the whole space, and supercyclic if the cone F - Orb(T, x) = {AT" x:
A € F, n € N} is dense in the whole space, where F € {R, C} is the underlying
field.

Hypercyclicity is connected to many different branches of mathematics
and there are many interesting problems concerning hypercyclicity; we will
briefly mention some of the connections and some of the problems in this
chapter. For a much broader study about the subject we can refer to a recent
monograph of Bayart and Mathéron [11].

The key concept in the field is a theorem now attributed to Birkhoff, which
states that in the case of separable Banach spaces, hypercyclicity is equivalent
to the so-called topological transitivity. The first result of this type appeared
already in [20] (thus the name), and later in [51], [35], [19]. In addition to the
important statements (i) and (iii), we also state two other, under usual condi-
tions equivalent statements.

27
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Theorem5.1. (Birkhoff’s transitivity theorem) Let X be a separable complete
metric space with metric p. Let f,: X — X, n € N, be a sequence of continu-
ous mappings. Then the following assertions are equivalent:

(i) (fn)nen is topologically transitive, that is, for any non-empty open sets
U,V c X thereis n € N such that f,,(U) n V is non-empty,

(ii) there is a dense set of hypercyclic points, i.e. of those points x € X such
that the set {f,(x): n € N} is dense.

Moreover, if f,, = f|" for all n € N then the above assertions imply the
following assertion (iii). If in addition to that, X is perfect (i.e. without isolated
points) then all the four assertions are equivalent.

(if) f1 is hypercyclic, that is, there is x € X such that the set {f"(x): n € N} is
dense,

(iv) there is a dense sequence (y;);2 | in X such that foreach i, j € Nandk € N
there is n € N such that p(f"(yi), y;) < -

Proof.

(i)=(ii) Suppose (fn)nen is topologically transitive and let M c X be any
nonempty open set, without loss of generality of diam M < 1. We will show
that M contains a hypercyclic point. Let (z)2, be dense in X and define V. :=

{y € X: polzx,y) < %}. Set U, := M. By assumption, there is n; € N such
that f, (U;) N Vi is nonempty so that U; N f, (V1) is a nonempty open set.
Choose any s; € Uy n f;'(V1) and define U, := Uy n f,;'(V1) N By2(s1) so that
diam U, =< 1/2. Like this, we inductively construct nonempty open sets Uy
such that Up > Uy,; and diam Uy < 1/k, so that there is x € ﬂzozl Uy, since
X is complete. The point x is hypercyclic. Indeed, let U be any open set. For
some k € N, we have Vi c U so that

fnk(x) € fnk(m) c fnk(Uk—l—l)_ c Vk c Ur

while x € U; ¢ M and the implication is proved.

(ii)=(i) Let U, V be nonempty open sets in X. By assumption, there is a
hypercyclic point x € U so there is n € N such that f,(x) € V, thatis f,(U) N
V#o.

(ii)=(iii) Trivial.

(iii)=(ii) Suppose that f; = fli and let x be a hypercyclic point. For any
i € N, the point f;(x) is hypercyclic since f;(fi(x)) = fl'ﬂ (x) and X is perfect.
Hence there is a dense set of hypercyclic points.

(ii)=(iv) Suppose that f; = f and let x be a hypercyclic point, set y; :=
fi(x). Since X is perfect, each y; is hypercyclic and thus its orbit comes arbi-
trarily close to any given y;.
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(iv)=(i) If U, V < X are nonempty open sets then y; € U, y; € V for some
i,j € N. There is k € N so that the ball with diameter % and center y; is also

contained in V. By assumption, there is n € N such that o(f,(y;), ;) < % SO
fn(yi) € V. Thus (f)nen is topologically transitive.

In particular, if X is a Banach space and f;, = T" for a single bounded
linear operator T, we have the following equivalence.

Corollary 5.2. LetT € L(X). Then the following are equivalent:

(i) T is topologically transitive, i.e. for any non-empty open sets U,V < X
there is n € N such that T"(U) N V is non-empty,

(ii) T is hypercyclic,

(iii) T has a dense set of hypercyclic points.

6. The Hypercyclicity criterion

A first version of a powerful sufficient condition for hypercyclicity which
is now known as the Hypercyclicity criterion was first proposed by C. Kitai [51].
We rephrase a generalized version of it as follows [19], [39]: T € L(X) satisfies
the Hypercyclicity criterion iff there are dense sets D, D’ ¢ X and a sequence
(nx)ken of positive integers such that:

(i) Tz — O0forall z € D,

(ii) for each z’ € D' there is a sequence (xx)reny < X such that x; — 0 and
T x; — Z'.

In such a case we will also say that T satisfies the Hypercyclicity criterion
with respect to the sequence (7ny)ren. The original condition of Kitai is now
usually referred to as Kitai’s criterion, and it requires the sequence to be ny =
k,and D = D'.

Itis not difficult to prove that if T satisfies the Hypercyclicity criterion then
itis hypercyclic - see the part “(i)=(ii)” of the next theorem. A natural question
is the opposite implication: whether all the hypercyclic operators satisfy the
Hypercyclicity criterion. Independently in 1992, Herrero [48] asked another
question: whether T @ T is hypercyclic whenever T is hypercyclic. In fact, the
two questions turned out to be equivalent.
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Theorem 6.1. ([19]) The following are equivalent:

(i) T satisfies the Hypercyclicity criterion,
(ii) T is hereditarily hypercyclic,

(iii) T is (topologically) weakly mixing, that is, the direct sum T & T acting on
X @ X is topologically transitive.

Here T is called hereditarily hypercyclic with respect to a sequence of non-
negative integers (7 )ken if for all subsequences (7 J )jen, the sequence of oper-

ators (T"/) jen is hypercyclic. T is called hereditarily hypercyclic if it is heredi-
tarily hypercyclic with respect to some sequence (7 )xen-

Proof.

(i)=(ii) First we will prove that T is topologically transitive. Let U and V'
be nonempty open sets in X. Let D, D’ be the dense sets from the Hypercyclic-
ity criterion so there are z € Un D and z' € V n D’. Let € > 0 be such that
B(z,¢) < U and B(Z/,2¢) < V and let (x;) be the sequence from the Hyper-
cyclicity criterion.

There is k € N such that

T z| < €
lxill <€

1T x. — 2| <€

and therefore
I(z+xk) -zl <€

| T"™(z + x3) — Z'|| < 2.

This means that z+ x, € U and T"*(z+ xi) € V,so T"*"U NV # @.

Furthermore, it is easy to see that if T satisfies the Hypercyclicity criterion
with respect to (n;) then it is satisfied also for any subsequence of (7;) and we
can proceed as above. Therefore T is hereditarily hypercyclic with respect to
(k).

(ii)=(iii) Suppose that T is hereditarily hypercyclic with respect to the
sequence (ny)xen, we will prove that T @ T is topologically transitive. Let
U,, V1, U, V, be nonempty open sets in X. The sequence (7") is hypercyclic,
so there is a dense set of hypercyclic points. By Theorem 5.1, there is ny, € N
such that 7" (U;) N V; # @. However, the sequence T"x+1, T+ | is also hy-
percyclic, so by again, thereis ng, € Nsuch that 7" (U;)n V; # @. Proceeding
by induction, we obtain a subsequence (7 : )jen of () such that

T"™M(U)N Vi # @ for each j € N.

Finally since (T"*/) still forms a hypercyclic sequence of operators we can
apply Theorem 5.1 once more again, so there is m € (ng,;)jen such that
T™(U,)n Vo # @.So T & T is topologically transitive and thus hypercyclic.
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(iii)=(i) Let (x, y) be a hypercyclic vector for T & T, let D = D' .= {T"x:
n € N}. Fix k € N for a moment. We will prove that the vector (x, Tk y) is
also hypercyclic for T @ T. First note that Rng T* is dense. Second, given any
(u,v) e Te T, v € Rng TFand € > 0, let gy := (1 + || T*|)e and take anyn € N
larger than k such that ||(T"x, T"y) — (u, T~*kv)|| < €. Then

I(T" x, T”Tky) —(u, V) < IT"x — ull + | T”Tky— v
<&+ ITNT y - T *v| <e.

Hence (x, Tk y) is hypercyclic for T @ T, so that there is a dense set M of vectors
u € X such that (x, u) is hypercyclic for T @ T. In particular, given k € N there
is a vector u; € M of norm at most 1/k, so that || T"(x, ux) — (0, x)|| < 1/k for
certain exponent ny € N. In other words, for each k € N there is u; € X and
ni € N such that

luel < 1/k,
I T x| < 1/k,
I T™ u — x| < 1/k.

First, this means thatforanyz = T""x € D, m € N,wehave Tz = T"T"x —
0 as k — oo. Second, let z/ = T™x € D', m € N. Then for x;, = T"u; we have
X — 0and T™x, = T"T™u; — TMx = z' as k — oo.

If we restrict the Hypercyclicity criterion to the case when ny = k, we can
obtain an analogous result regarding stronger notions. The proof is similar.

Theorem 6.2. The following are equivalent:

(i) T satisfies the Hypercyclicity criterion with respect to ny = k,
(ii) T is hereditarily hypercyclic with respect to ny = k,

(iii) T is (topologically) mixing, that is, for any nonempty open subsets U, V c
X there exists m € N such that for all n = m the set T"(U) intersects V.

The natural question whether every hypercyclic operator satisfies the Hy-
percyclicity criterion (or equivalently, whether for all T hypercyclic, T® T is hy-
percyclic as well), turned out to be one of the most important problems on the
notion of hypercyclicity. In 1991, it was proved by Salas [77] and Herrero [47]
that even in the Hilbert space setting, there are hypercyclic operators which
do not satisfy the Hypercyclicity criterion with respect to the sequence ny = k.
However, the general case remained open until 2006 when De La Rosa and
Read constructed a counterexample.
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Example 6.3. ([27]) There is a Banach space X and a hypercyclic operator
T € L(X) such that T & T is not hypercyclic, that is, T does not satisty the
Hypercyclicity criterion.

In the sequel, Bayart and Mathéron [10] showed that such an operator can
be constructed in every Banach space with an unconditional basis such that
the forward shift corresponding to the basis is continuous, which includes the
spaces ¢y and £, 1 < p < oo.

In the opposite direction, in some broad classes of operators the Hyper-
cyclicity criterion is equivalent to hypercyclicity. In particular, the equivalence
holds for operators T with dense generalized kernel Un21 Ker(T™), for instance
generalized backward shifts.

Theorem 6.4. ([19]) Let T be hypercyclic with dense generalized kernel, i.e.

U Ker(T")” = X.

n=1
Then T satisfies the Hypercyclicity criterion.

Proof. Let x be any hypercyclic vector. Since T is topologically transitive, for
each k € N there is ny € N and yx € X such that ||yl < 1/k and || T y; —
x|l < 1/k. Obviously we can suppose that (7 )xey is increasing. The set D :=
Unzl Ker T" is dense in X; for each z € D we have T"* z = 0 for sufficiently big
k so point (i) of the Hypercyclicity criterion holds. Let D' := {T"x: n € N}. If
zZ = T™x € D' then x; := T™yy satisfies || xill < |T™| - 1/k — 0 as k — oo,
aswellas T x, = T"T™ y, — T™x = z' as k — oo. Thus the point (ii) of the
Hypercyclicity criterion also holds.

Using the Hypercyclicity criterion, it is not hard to prove that several op-
erators are hypercyclic, for instance it allows us to reprove the classical result
of Rolewicz in just a few lines.

Example 6.5. ([75]) LetS: ¢P — ¢P,1 < p < oo, be the backward shift
operator, and A € C satisfy |A| > 1. Then the operator T := AS satisfies the
Hypercyclicity criterion and is thus hypercyclic.

Proof. Take n; := kand D = D' := cy(N) be the subspace of all finitely
supported sequences. Let z € D, then Tz — 0. Set x; := A ¥S§'*z where §' is

the forward shift operator, so that || x| = |A|7* | z]l — 0 and

T*x; = A*SK(A %5k z) = .
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7. Set of hypercyclic vectors

If x is a hypercyclic vector then for any n € N the points 7" x are also hy-
percyclic, that is, there is a dense set of hypercyclic points. Moreover, it is easy
to determine the topological complexity of the set, and the linear structure al-
lows us to prove even more.

Theorem 7.1. Let T be a hypercyclic operator. The set X}, of hypercyclic
points under T is a dense Gs set. If x € Xj, then p(T)x € X}, for any nonzero
polynomial p, so that X; U {0} contains a dense linear manifold and X}, is a
connected set.

The assertion about the linear manifold was proven in [47, Proposition
4.1] and independently [21], for real Banach spaces the proof was given by Beés
[17]. The proofs gave a surprising answer to a question whether there is an
operator whose set of hypercyclic points contains a nontrivial vector space: in
fact every hypercyclic operator has such a property. We show the proof only
for complex Banach spaces.

Proof. Let(x; )?‘;1 be dense in X. Observe that

= 1Jtvex: 11"y - x;l < %}.

JEN keN neN

The inner sets are open so the whole set is a Gg.

Let T be a hypercyclic operator. We will first prove, that the adjoint T*
has no eigenvalue, so that for each A € C, the operator T — A1 has dense range.
Suppose on the contrary that 7*x* = Ax* forsome A € Cand x* € X*, x* # 0.
Let x € X be a hypercyclic vector. Then

C={T"x,x*): ne N} =(x, x*MA": ne N},

but the sequence {1": n € N} cannot be dense in C (it is monotone in modu-
lus) so we have a contradiction.
Now let x € X} and p be a polynomial. Then

{T"p(T)x: ne N} =a(T — B1INT — BoI)---(T — B DIT"x: neN}

where k € Ny, @, B1, B2,..., Bk € C, a # 0, are fixed. The set {T"x: n € N} is
dense and all the operators T — 3; I have dense ranges, so the set {T"p(T)x:
n € N} is also dense.

Note that in the proof we showed an assertion which is interesting in itself:
if T is hypercyclic then A ,(T™) = @. In particular, on a finite dimensional space
there is no hypercyclic operator.

Montes-Rodriguez [56] found conditions, sometimes called the Strong
Hypercyclicity Criterion, ensuring the existence of even infinite-dimensional
closed subspace consisting of hypercyclic points.
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Theorem 7.2. ([56]) Let X be a separable Banach space and let T satisty the
Hypercyclicity criterion. Moreover suppose, that there is a closed infinite-
dimensional subspace Xy < X consisting of stable vectors. Then there is a
closed infinite-dimensional subspace consisting of vectors hypercyclic under
T.

The famous invariant subspace problem asks, whether each bounded lin-
ear operator has a nontrivial closed invariant subspace. The question can be
reformulated in terms of closed linear span of the orbits: if T is a bounded
linear operator, is there a nonzero orbit, whose linear span is not dense in
the whole space? Similarly, the invariant subset problem asks, whether each
bounded linear operator has a nontrivial closed invariant subset, that is, if T is
a bounded linear operator, is there a nonzero orbit which is not dense in the
whole space?

In the case of Banach spaces, the questions have been solved negatively by
Enflo (solved in the 1970s, published in [30], see also Beauzamy [13]) and Read
([71], [72] for ¢,, [73] for cy). However, in reflexive spaces, especially Hilbert
spaces, the questions are still open. In particular, it is unknown whether
there is a hypertransitive operator on a Hilbert space, i.e. an operator with all
nonzero points hypercyclic, i.e. without a nontrivial closed invariant subset.
There is also the following open conjecture: if T is a bounded linear operator
on a Banach space then its adjoint 7* has a nontrivial closed invariant subset.

In the past twenty years there have been several attempts to construct an
operator on a separable Hilbert space with a big set of hypercyclic points, gen-
erally using techniques similar to that of Read. Beauzamy in [16] (see also [14])
constructed an operator with hypercyclic point x, such that for any nonzero
polynomial p, the point p(T)x is also hypercyclic. Later it was discovered that
such a property is satisfied for every hypercyclic operator — see Theorem 7.1.
Grivaux and Roginskaya [37] constructed an operator, such that the set of non-
hypercyclic points is in many senses “small”, but the operator has also other
interesting properties:

(i) X \ Xp(T) is Gauss-null, i.e. for every non-degenerate Gaussian measure
pon X, we have u(X \ Xp,(7T)) =0,

(ii) in particular, X \ X3(T) is Haar null, i.e. there exists a Borel probability
measure such that any translate of X \ X;(T) has measure 0,

(iii) X \ X3(T)is o-porous, i.e. it is a countable union of porous sets; a set A is
called porous if there is A € (0; 1) such that for any x € A and € > 0 there
exists y € X \ A, with ||y — x|| < &, such that An B(y, Aly — x|) = @,

(iv) each orbit forms a linear manifold,

(v) T is orbit-unicellular, i.e. the family of the closures of all orbits is totally
ordered with respect to the inclusion relation,

(vi) T is not orbit reflexive, i.e. there is an operator A such that it is not in the
closure of {T": n € N} in the strong operator topology, but Ax € {T"x:
n € N}~ for each x € X; the notion is thoroughly studied in Part IV.
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8. Set of hypercyclic operators

Fact 8.1. The set HC(X) of all hypercyclic operators on X is a Gs set in the
operator norm topology.

Proof. Hypercyclicity is equivalent to the topological transitivity. Therefore,
given any sequence (J;);en dense in X, an operator T is hypercyclic iff for any
i,j € Nand k € Nthereis n € Nand u € X such that |[u — y;|| < 1/k and
IT"u - y;jll < 1/k. Hence

Hex) =AU U e imu—yji <1k,

i€N jeN keN neN ueX
lu-yill<1/k

The inner sets are obviously open in the operator norm topology, while all the
intersections are countable, so HC(X) is a G5 set.

It is a long time ago since the first explicit hypercyclic operators were con-
structed, however, until recently it was not clear whether hypercyclic operators
can be found in all Banach spaces.

Theorem 8.2. ([2], [53], [46], [36]) On any infinite dimensional separable Ba-
nach space, there is an operator of the form “identity plus compact” which
has a closed infinite dimensional subspace of hypercyclic vectors. Moreover,
given any sequence (v,)nen Of linearly independent vectors, there is an oper-
ator T such that the set v,, precisely coincides with orbit of some vector (not
necessarily in the same order).

It became clear that being hypercyclic is definitely not a rare and obscure
phenomenon: on the contrary, the set HC(X) is big. However, the set of hy-
percyclic operators cannot be dense in the norm topology, since a hypercyclic
operator must obviously have norm strictly greater than 1. On the other hand,
the following holds.

Theorem 8.3. ([23]) Let X be a separable infinite dimensional Hilbert space.
Then the closed linear span of the set of hypercyclic operators is dense in the
norm topology.

On a separable complex Hilbert space, the norm-closure of the set of hy-
percyclic operators was characterized already by Herrero in [47] in spectral
terms, and later Miiller proved the following generalization. Note that the full
statement does not hold in a general Banach space setting.
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Theorem 8.4. ([60]) Let X be a separable complex infinite-dimensional
Hilbert space. Then the norm-closures of the following sets coincide: hyper-
cyclic operators, weakly mixing operators, mixing operators, chaotic opera-
tors, frequently hypercyclic operators and finally the operators which are at
the same time mixing, chaotic and frequently hypercyclic.

Here T is called frequently hypercyclic if there exists x € X such that for
any non-empty U < X theset M := {n € N: T"x € U} has positive lower
density, i.e.

.. AMn{l,..., n}
liminf >

n—o0 n

0.

For the notion of chaotic operators see Chapter .

If one turns to the strong operator topology (SOT), for “nice” Banach
spaces the set of hypercyclic operators is dense — in particular, perhaps surpris-
ingly, the zero operator is an SOT-limit of hypercyclic operators. The theorem
was first proved by K. Chan in [23] for the Hilbert spaces, and then simplified
in [18] and [68], using the result from [43].

Theorem 8.5. Let T be an operator such that for any n € N there are vec-
tors xy, ..., X, such that all the vectors x, ..., x,, T(x1),..., T(x,) are linearly
independent; e.g., let T be a hypercyclic operator. Then the similarity orbit
{JTJ7': J € L£(X) invertible} of T is SOT-dense in £(X). In particular, if X is
a separable infinite dimensional Banach space then HC(X) is SOT-dense in
L(X).

Proof. Suppose T satisfies the assumption. Let A € £(X) be arbitrary opera-
tor and let

U:={SeL(X): ||Se; — Aejll <¢,...,|ISe, — Ae,ll < €}

be its SOT-neighborhood, where ey, ..., e, € X are linearly independent. The
space is clearly infinite dimensional, so there are fi,..., f;, € X such that
| fi — Aejll < eforalli = 1,...,n, and all the vectors ey, ..., ey, fi,..., fn are
linearly independent. By assumption, there are x, ..., x, such that x;, ..., x,,
Txy,..., Tx, are linearly independent. Therefore, there is an invertible opera-
tor J € £(X) mapping each x; to e; and each Tx; to f;. Thus JT/ 'e; = f; so
JTJ~! € U. This proves that the similarity orbit of T is SOT-dense in £(X).

If T is hypercyclic, then for any hypercyclic x, the points (T%*!x)?°  and

its images (T2K+2 x)72, are linearly independent, so T satisfies the assumption
of the theorem. By Theorem 8.2, every separable infinite dimensional Banach
space admits a hypercyclic operator T; the hypercyclicity is preserved under
similarity, so the similarity orbit of T is dense in £(X) and consists purely of
hypercyclic operators.

An important result is the Ansari theorem relating the hypercyclicity of T
and T" for any fixed n € N. The Ansari theorem also follows from the result of
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Bourdon and Feldman, which states that a somewhere dense orbit is necessar-
ily everywhere dense, i.e. that if the closed orbit has a nonempty interior then
itis already dense in the whole space, see [22, Theorem 2.4]. We however show
the original argument.

Theorem 8.6. ([1]) Let x € X be a hypercyclic vector for operator T € L(X).
Then for any n € N, x is hypercyclic for T".

Proof. Denote Y the dense linear manifold {p(T)x : p is a polynomial}, so
that Y is invariant under T and every nonzero element of Y is hypercyclic for
T, by Theorem 7.1. In the rest of the proof all the sets lie in Y, and closures are
taken also relatively to Y. Fix n € N.

Let S := {x, T"x, T?"x,...}. We are going to prove that S = Y. For any k,
1 < k < n, define

Sei= ) ThSn...nTks
il ..... ik

where the union runs over all k-tuples satisfying0 < i; < i < ... < iy <n.In

particular, we have S; = U?:_OI TiS=Yand S, = ﬂ;:ol T'S. In general, every

Siisclosed andwe have S, c S, c...c S, c 8§ =0rb(T,x)” =Y.

Every Si is invariant under T. To see this, let 0 < i; < ... < iy < n, then for
each j € {1,..., k} we have T(T%S) c T Sifi; <n—1,0or T(T'S) c T"S c
T°S =§ifij =n-1.Inanycase, T(T2S)N...Nn T(T*S) c S so TSy < Sk.

Note that0 € S,,. Indeed, 0 € Y = S, so that 0 € TS for some i and thus

0e T"iTiSc T"Sc S. Since0 € Salso 0 € S,,.

Now suppose that for some k, Sy = Y but Si,; # Y. We will show that this
leads to a contradiction. Since Siy; is invariant under T, and every nonzero
vector in Y is hypercyclic under T, necessarily Sx+; = {0}. This means that for

any [ > k and any [-tuple (iy, ..., i;) we have T2Sn...n T%S = 0. Therefore,
the sets in the union

Y\ {0} = S \ {0} = U ThSA...n TikS\ {0}

i] ..... ik

are pairwise disjoint: if (i, ..., ix) # (j1,-.., jx) then

(TaSN...NnTkS)N(THSN...Nn TikS) < {0}.

But Y \ {0} is a connected set so just one of the sets mentioned in the union is
nonempty, say it is the one with indices iy, ..., ix. Then, arguing as above, for
some jy,..., jr we have

T(Y)\{0} = T(ThS)N...Nn T(T*kS)\ {0} = (THS)N ... N T(T/xS)\ {0}

and the latter set is empty by the connectedness argument above. But T(Y)
clearly can’t be nor empty set nor {0}, and we have a contradiction.



38 9. e-hypercyclic operators

Corollary 8.7.  If T satisfies the Hypercyclicity criterion then its any power
does as well.

Proof. If T @ T is hypercyclic then (T @ T)" = T" @ T" is also hypercyclic
by Theorem 8.6. So by Theorem 6.1, T" satisfies the Hypercyclicity criterion as
well.

Observation 8.8.  If T is hypercyclic and invertible, then T™! is hypercyclic
as well.

Proof. Let U, V be any nonempty open sets in X. Then there is n € N such
that T"UNV #@soUNT "V =T "T"UNV)# @and T is thus topo-
logically transitive. Now use Corollary 5.2.

Note that Theorem 8.6 implies that for any rational A € Q, the operators
T and e*™T share the same set of hypercyclic points, i.e. hypercyclicity is
preserved under rational rotations. Leén-Saavedra and Miiller proved that the
statement in fact holds for any rotations.

Theorem 8.9. ([54]) Let x € X be a hypercyclic vector for T and let A € T.
Then x is a hypercyclic vector for AT as well.

9. e-hypercyclic operators

Lete > 0and p = 0. Vector x is called e-hypercyclic with exponent p iff for
any y € X thereis n € Nsuch that [|[T"x—y| < gly||?; if p isnot mentioned p =
1 is assumed. An operator is called e-hypercyclic if it admits an e-hypercyclic
point. Feldman [32] showed that if an operator is e-hypercyclic with exponent
0 for some ¢ > 0, then the operator is already hypercyclic. Later Badea, Grivaux
and Miiller [5] showed that a natural setting for the notion of e-hypercyclicity
would be rather p = 1: they proved that in ¢!, Feldman’s theorem is no longer
true for p = 1, but that an operator is hypercyclic if it is e-hypercyclic for all
€ > 0. We generalize the arguments in the following three theorems.

Theorem 9.1. Letp = 0 and e > 0. Moreover, if p < 1 then suppose that
€ < 1, if p > 1 then suppose that € < 5 7. Then if T is €-hypercyclic with
exponent p theno ,(T*) = @.

Proof. Suppose that T*x* = Ax* for some A € C and x* € X", |x*| = 1.
Let x € X be e-hypercyclic under T with exponent p. We distinguish three
possibilities.

(a) Consider the case when (x, x*) # 0, |A| > 1 and p = 0. Let m € N be so
big that |A|" (JA| — 1) > 2¢/ |[{x, x*)| and put a := %(Mlm +1A|™*1), so that

E
and A - >

a— A" > )
[{x, x*)| [{x, x*)|
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Since (|]A1"),en is an increasing sequence, for any n € N we have

E
[(x, x*)|

||)L|”—a:| >

Now let y = ax. The point x is e-hypercyclic with exponent 0 so there is n € N
such that
> IT"x =yl = [(T"x, x*) = (3, x")

=[x, T*"x™) — alx, x*)

= |6 x|+ |14 - a

and we have a contradiction.

(b) Next suppose that still (x, x*) # 0 and |A| > 1 but p > 0. Then choose
y € Xsosmallthat |yl <1, [yl < [{x, x*)| /(1 +¢€)and [|ylIP < [{x, x*)| /(1 + €).
Since x is e-hypercyclic vector with exponent p, there is n € N such that

ellyl? > [(T"x = 3, x*)
An

= |<x, T x™) =y, x™)

=

(x, x*) = lylx*1.

> |(x,x*)

— (% x)

If0 < p < 1then ||yl < |lyll” so we have €| y|I” > [{x,x*)| — |lyll” and thus
Iyll” > [<x, x*)| /(1 + €), a contradiction. If p = 1 then [|y|l = [|yll” so we
have €| ylI” = €llyll > I{x, x*)| — Iyl and thus ||yl > [{x, x*)| /(1 + €), also a
contradiction.

(c) The remaining possibility is when either |[1| < 1 or (x, x*) = 0. In case
p < 1 we choose a > 0 so that @ > (||x]| + 1)/(1 — €), in case p > 1 we choose
a > 0 so that & > 2(||x|| + 1). Let y € X satisfy (j,x*) > 1 —¢/a and ||y|| = 1.
Since x is e-hypercyclic with exponent p, there is n € N such that

ea =¢llayl? > IT"x —ayll = 1T"x — ayll - |x*|

> [{ay, x*) —(x, T""x")| = a — e — |A]" [{x, x™)

=a—1-|x].

Therefore a — ea” < 1+ ||x|. If p < 1 then a was chosen so that 1 + | x| <
a —ea < a — ea”, and we have a contradiction. If p > 1 then a was chosen so
that 1+ ||x]| < @/2, so ea” > a/2, but by assumption € <577 < 17/“1—;9’ and we
have also a contradiction.

Proposition 9.2. Letp = 0. If T is e-hypercyclic with exponent p for every
€ >0, then T is hypercyclic.
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Proof. By Theorem 9.1, X is infinite dimensional. Now observe that if U is a
non-empty open set then there is € > 0 such that inside U, there is an infinite
number of pairwise disjoint open balls, all with radius € > 0. Indeed, let B c U
be a closed ball of radius €y and let 0 < € < £;/2. Suppose that inside B, there
are disjoint open balls B(u, €), ..., B(uy, €) such that any other open ball of
radius € inside B would intersect one of them. This means that B(u,, 2¢), ...,
B(uy, 2¢) form a finite open covering of B with balls of radius 2¢ < €, — but this
is impossible in an infinite dimensional space.

We will prove that T is topologically transitive. Let U and V be any non-
empty disjoint open sets in X. Without loss of generality, we can suppose that
a = max{sup ||u|l, sup || v||} < oco.
uelU veV
By the previous observation, there are pairwise disjoint open balls of diame-
ter €, infinite number of them in U, with central points denoted (u;);en, and
infinite number of them in V, with central points denoted (v;);en. Since x
is (¢ - a”P)-hypercyclic with exponent p, for each i € N there are exponents

n;, m; € N such that

IT"x = will < ea™PNuil” < elu; |7 Pllu; |17 = e,
IT™ x = vill < ea Pl |I? < elv; | Pllv;|IP = e.

This shows that the orbit of x intersects both U and V infinitely many times,
so in particular, there is k, I € N, k < [, such that T¥x € U and T'x € V. Thus
TR NV # 2.

Theorem 9.3. Letp = 0, p # 1. Suppose that for a singlee > 0, T is €-
hypercyclic with exponent p. Then it is e -hypercyclic with exponent p for all
€ > 0, and thus hypercyclic.

Proof. Suppose that T is §-hypercyclic with exponent p. Let € > 0 be arbi-
trary and set

c:= (8/5)ﬁ.
Let y € X. By assumption applied to cy € X instead of y, there exists a point
x € Xand n € Nsuch that |T"x — cy| < d|lcyll”. Now if we divide the inequal-
ity by ¢, we have
IT"(3%) =yl <8P HylP = ellyll?,

1 ... . . .
so ;X is an e-hypercyclic point with exponent p.

Note that the theorem does not assert that any e-hypercyclic vector with
exponent p is hypercyclic — in fact it’s not true in general. The above results
show that the only interesting case is when p = 1. In such a case the notion
really differs from the notion of hypercyclicity — see the following result which
was first obtained for ¢! in [5], and consequently by Bayart for Hilbert spaces
in [12].

Theorem 9.4. There is a Hilbert space such that for any € > 0 there exists an
operator which is € -hypercyclic but not hypercyclic.
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10. Weakly hypercyclic operators

Up to now we dealt with orbits dense with respect to the norm topology. In
[24], the notion of weak hypercyclicity was broadly studied for the first time. An
operator T is said to be weakly hypercyclic if it admits an orbit which is dense
in X with respect to the weak topology. Weakly hypercyclic operators share
some of the properties with hypercyclic operators, there are however many
pitfalls: only one of two implications of the Birkhoff transitivity theorem 5.1
holds, there is no known version of the Hypercyclicity Criterion valid for the
weak topology etc.

Clearly, if x € X is a (norm) hypercyclic vector then it is weakly hyper-
cyclic, but the converse is not true. However, if x is weakly hypercyclic then
Span Orb(T, x) is weakly dense so, as a convex set, it is norm dense. In other
words, every weakly hypercyclic vector is weakly cyclic and thus cyclic.

Theorem 10.1. ([24, Corollary 3.3]) Let2 < p < oco. There exists a bilateral
weighted shift on ¢”(7Z), that is weakly hypercyclic, but bounded from below
by 1 and thus not hypercyclic.

In fact, the constructed shift operator admits a strictly norm increasing,
weakly dense orbit. In particular, in the space ¢”(Z), there is a weakly dense
sequence which is strictly norm increasing. However, S. Shkarin showed that
the growth of such a sequence has certain limits.

Theorem 10.2. ([78, Proposition 5.2 and 5.4]) Let(x,)?’ , be a sequence in X

satistying
o0
Ci= lxull™? <oo
n=1

where p = 2 if X is a Hilbert space, or p = 1 in general. Then (x,) is weakly
closed.

Proof. Let z € X be such that for no n € Nis z = x,. Observe that the
sequence x, — z satisfies the same growth assumption as x;,.

Applying Theorem 1.2, or Theorem 1.4 in the complex Hilbert space case,
to the sequence (x,, — z)/|lx, — z|| and to the coefficients (CYP|x, — zI)71, we
get a functional f € X* such that

1

.Xn_z
2 —_—
CVP|x, — zl

f>j

—)
lx, — zll

and so |{x, — z, [ LZ C~''P. Therefore z is not in the weak closure of (xn)37 .

For a real Hilbert space, consider its complexification X = X & iX.
Proceeding as above for the complex Hilbert space X¢, we get a functional
fc=feif € X%, such that

CcVr < |(xn ®ix,—2z® iz,f(c>| = |(xn —Z,f>| + |<ixn - iz,f’)|
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and thus max(|{x, — z, f)| , |(xn -z, if’)|) > C~YP/2 for each n € N. Therefore
z is not in the weak closure of (x,)7” ;.

In [11], an intermediate result is obtained for Banach spaces with the dual
space of (Rademacher) type p — even though an intermediate plank theorem is
unknown for ¢7 spaces.

The following corollary is a strengthening of a result of Kitai [51]. It imme-
diately implies that no compact operator can be weakly hypercyclic (and the
more so hypercyclic) since the infinite-dimensional compact operators have
always one component of the spectrum consisting of a single point with mod-
ulus less than 1.

Corollary 10.3. ([28]) If T is weakly hypercyclic then every component of its
spectrum intersects the unit circle.

Proof. Let o0 c D be a non-empty component of the spectrum of T, P, the
corresponding spectral projection onto the spectral subspace X, and T, =
T|x,. If x € X is a weakly hypercyclic vector for T then y = P, x is a weakly
hypercyclic vector for T, since the orbit of y is an image of weakly dense orbit
of x under the weakly continuous projection P, .

Without loss of generality, ||yl = 1. Clearly, o0 cannot be a subset of {A:
Al < 1}: in such a case r(T;) < 1 and Ty — 0. On the other hand, if 0 < {A:
|Al > 1} then T} is invertible and by the spectral mapping theorem r(7}; D<1.
Hence for some a < 1 we have [|T,;"|[/a" — 0, so that [|T;"| < a" for all
sufficiently large n € N. This yields

1=yl =T, "T;yll < a" I T3y,

so [T}yl = a” for large n € N. By Theorem 10.2, Orb(Ty, y) is weakly closed —
a contradiction.

We finish the chapter with the following corollary, which is a slight im-
provement of [33, Theorem 4.1].

Corollary 10.4. Let T be a weakly hypertransitive operator, i.e., an operator
which has no nontrivial weakly closed invariant subset. Then the sum

o0
S — Z ”Tn”—l/z
n=1

diverges. When X is a complex Hilbert space, even the sum

(0, 0]
S =y I
n=1

diverges. In particular, r(T) = 1.
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|71/2 we ob-

Proof. In the general Banach space case, putting a, = ST
tain by Proposition 1.3 a vector x € X such that | 7" x| = a,||T"| so

o0 o0 o0
DT = ST (T AT )T =57 T = 8
n=1 n=1 n=1

Therefore by Theorem 10.2, the orbit of x is weakly closed in X, so T is not
weakly hypertransitive. In the complex Hilbert space case, we proceed simi-
larly, using Proposition 1.5 instead of Proposition 1.3.

In particular every weakly hypertransitive operator satisfies r(7) < 1.
However, if 7(T) < 1 then for each x € X we have ||T"x|| — 0, so the oper-
ator is even not weakly hypercyclic.



IV. Orbit reflexivity

11. Introduction and some conditions

The notion of orbit reflexivity is a natural analogue of the well-known no-
tion of reflexivity. It is connected to the invariant subset problem in the same
way as is the reflexivity connected to the invariant subspace problem (both
problems were already mentioned in the end of Chapter 7). The notion was
introduced in [44] and studied e.g. in [55] and [42]; for a wider context see [40],
and for another similar notions see [41] and again [42].

Recall that we say that T € L(X) is reflexive if every A € L(X) be-
longs to the closure of the set {p(T) : p polynomial} in the strong opera-
tor topology, whenever for each u € X, Au belongs to the closure of the set
{p(T)u : ppolynomial}. This is the same as saying that the only operators,
which leave invariant all the closed subspaces invariant under T, are those in
the SOT closure of the span of the powers of T. In fact the term comes from
operator algebras: an operator algebra A is called reflexive if it is equal to the
algebra of operators, which leave invariant all the subspaces invariant under
all the operators from .A. The definitions coincide: operator T is reflexive iff
the strongly closed algebra generated by I and T is reflexive.

An analogous notion exists for the invariant subsets in place of invariant
subspaces. We say that T is orbit reflexive if every A € £(X) belongs to the clo-
sure of Orb(T) in the strong operator topology, whenever for each u € X, Au
belongs to the closure of Orb(7T; ). Again, in human language this means that
the only operators, which leave invariant all the subsets invariant under T, are
those in the SOT closure of the powers of T. Note that the term “hyperreflexiv-
ity” is already reserved for a different notion derived from reflexivity.

To shed some light on the definition, consider the following simple exam-

ple. Let X = R? and T be the diagonal matrix (g 2), a, b > 1. In this case for

u € X and a matrix A, the statement Au € {T"u: n € Ny} means Au = T*u for
some k € Ny dependent on u € X. Therefore T is orbit reflexive just if the expo-

nent k is independent on u € X. With the help of linearity it is thus sufficient to
prove that the exponent is the same for a vector u = (8) and a vector v = (g),

where ¢, d # 0. To prove this statement, suppose that Au = T"u = a"u and

44
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Av = T™py = b™v for some n, m € Ny; moreover there is k € N such that
Alu+v)=T*u+ v) = a*u+ b*v. But

a"u+b"v=Au+ Av = A(u + v) = a"u + b*y,

while u and v are linearly independent. Hence a” = a* and b™ = b*,son =k
and m = k. In other words, there is a common exponent k € N such that for
any u € X, we have Au = T*u, so A= T* and T is orbit reflexive.

A few similar notions were also considered, for instance recently in [42],
the notion of null-orbit reflexivity was defined: T is null-orbit reflexive iff every
A belongs to the closure of {0} U Orb(T) in SOT, whenever Au belongs to the
closure of {0} U Orb(T;, x) for each u € X.

However, let us focus on the orbit reflexivity itself.

Observation 11.1.

(i) If T is orbit reflexive and S is invertible then STS™! is also orbit reflexive.

(ii) If T is orbit reflexive then T & T is also orbit reflexive.

Proof.

(i) Similarity preserves both the norm topology on X and the strong op-
erator topology on £(X). Hence “SAS™'x € Orb(STS™!,x)” forall x € X” is
equivalent to “Ax € Orb(7, x)~ for all x € X”, which is by assumption equiva-
lent to “A € Orb(T)~%°T”, which is equivalent to “SAS™! € Orb(STS~!)=597",

(ii) Let A € L(X® X)and suppose that Au € Orb(T® T, u)” forallu € X® X.
In particular, for any x € X we have

A(x,0) € Orb(T & T,(x,0))” < X x {0}

and similarly for the second component, so that both copies of X are A-
invariant. Hence A can be written as B & C where B, C € L(X).

Moreover, if x € X then (Bx, Cx) = A(x, x) € Orb(T & T,(x, x))” < {(3, ¥):
y € X}, so B = C. Now since T is orbit reflexive and Bx € Orb(7, x)~ for all
x € X, we have B € Orb(T)~%97, and therefore A= B@® B € Orb(T & T) 5°7.

However, orbit reflexivity is in general not preserved under scaling: we will
see in Corollary 11.5 that if T is not orbit reflexive and ¢ € C with |c| # 1, then
cT is orbit reflexive.

Many known classes of operators turn out to be orbit reflexive. Most of the
results were obtained for Hilbert spaces in [44] and in fact the original proof
applies to the Banach space setting as well, as was shown in [61]. We'll need
the following Baire category argument.
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Lemmall1.2. LetA, T, T,,... € L(X). If the set of vectors u € X for which
Au e {Tiu, Tou,...} is of second category, then A € {Ty, 15, .. .}.

Proof. Denote the above mentioned set of second category by U, so U c
Uf;l Ker(A — T,). By Baire category theorem, there exists m € N such that
Ker(A — T,,) has a nonempty interior. Since Ker(A — T,,) is a linear subspace,
we have Ker(A — T);,) = X, and so A = Ty,.

Theorem 11.3. T is orbit reflexive in any of the following cases:
(i) there is a nonempty open subset U < X such that for each x € U, the

orbit Orb(T, x) is closed,

(ii) there is a nonempty open subset U < X such that for each x € U,
IT" x|l — oo,

(iii) foreach x € X, |T" x| — 0,
(iv) the set T := Orb(T)~5°7 is countable and strongly compact,
V) o(T)NT = @.

Proof.

(i) Follows from Lemma 11.2.
(ii) Follows from (i).
(iii) Apply Lemma 11.2 to operators 0 = lim,, .o, T", and I, T, T?, T3, .. ..

(iv) Let u € X and suppose Au = lim T"* u for some sequence (7 )xey of non-
negative integers. Since 7 is strongly compact, the sequence (7" )cy has
a strongly convergent subsequence. Therefore Au € T u for each u € X,
and we can use Lemma 11.2.

(v) By the Riesz functional calculus, we can decompose X = Y & Z, T =
Ty & Tz such that r(Ty) < 1 and the spectrum of T lies outside the unit
disc. If Z # {0} then there is a nonemptyopenset U c X withUNY =@
such that the orbit of every point in U tends to infinity and by (ii), T is
orbit reflexive. On the other hand, if Z = {0} then || T"| — 0 so by (iii), T is
orbit reflexive.
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Proposition 11.4. ([61]) T is orbit reflexive if

o0
D 1T < oo,
n=1

or when X is a complex Hilbert space
(o]
D TP < co.
n=1
]

Proof. Let) < 00. Let A € £(X) be such that Au € Orb(T; u)~ for

each u € X. Suppose that A # T" for all n € Ny, otherwise there is nothing to

prove. Observe that
oo

1
— < OQ.
anl 17 = Al
Indeed, since || T"| — oo we have |T" — Al = |T"|| - ||All = %II T"| for all n

large enough. So for certain ny, € N we have

o0 (e.0] o0

1 1 2
S — < < 00
Z 17" — Al Z 17" = 1Al Z (A

n=ny n=ny n=ny

Therefore, the operators S,, := T" — A satisfy the conditions in Proposition
3.2. So there exists (in fact a dense set of points) x € X with [[(T" — A)x| > 0
forall n € Ny and ||(T" — A)x|| — oo. Thus there is a constant C > 0 such that
inf, |[(T" — A)x|| = C > 0 and we have a contradiction with the assumption
that Ax € Orb(7T, x)~.

The Hilbert space case can be proved similarly.

Corollary 11.5. Letr(T)# 1. Then T is orbit reflexive.

Proof. Either r(T) < 1 so lim,_, [|T"|| = 0 and we can apply Theorem 11.3
(iii), or r(T) > 1 so || T"|| > n? for all n € N large enough since otherwise we
would have 7(T) = inf,—.oo | T*V" < lim,—oo(n?)"" < 1, and we can apply
Proposition 11.4.

For Hilbert spaces, it was proved in [44] that many classes of operators are
orbit reflexive. The crucial tool for the following statements is the spectral the-
orem for normal operators, so the method does not extend to Banach spaces
in general.

We also obtain an easy proof that any operator with r(7) = || T|| is orbit
reflexive. This applies to subnormal operators (for which orbit reflexivity was
shown recently in [41, Theorem 8] using a different proof), and compact oper-
ators (for which orbit reflexivity was shown in [44] also using a different proof).
The same easy proof was independently used in [42] to prove null-orbit reflex-
ivity of operators T satisfying r(T) = ||T||. Recall that an operator is called
weakly stable if every weak orbit tends to zero.
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Theorem 11.6. ([44]) Let X be a Hilbert space. Then T is orbit reflexive in
any of the following cases:
(i) T is normal,
(ii) T is a direct sum of a normal operator and a weakly stable operator,
Tl =1,

(iv) r(T) = || T|l, in particular, T is subnormal or compact or algebraic (that is,
p(T) = 0 for some non-zero polynomial p),

(v) T is a unilateral or bilateral weighted shift with positive weights.

Proof.
(i) Let T be normal and suppose that S € £(X) satisfies Sx € Orb(T, x)~
forall x € X. Let y1,)2,...,¥n € X and € > 0. Since S leaves invariant all

the invariant subspaces of T, it is in the von Neumann algebra .4 generated by
T. Without loss of generality, X can be identified with the smallest reducing
subspace of A containing yy, y2,..., Yn-

In particular, X is separable so by the spectral theorem (cf. e.g. [70, Theo-
rem 1.6]), there is a finite measure space (X, u) such that all the operators in .A
are unitarily equivalent to a multiplication operator by a function from L*(p),
acting on L*(u). Let j&, k = 1...n, be the representations of y; in L*(u) and

let X := |5/1| o R S
assumption, there is j € Ny such that |[|(S — THx|? < €.

If S and T/ are represented by multiplication by ¢ and v j € L®(u), re-
spectively, we havefork=1...n

€ L?(u) be the representation of certain x € X. By

I(S = T/)yxl® = f [CEDARTE f (0 — )| dp=11(S - Tl <.

Therefore S € Orb(T)™ so T is orbit reflexive.

(ii) Let the direct sum T = Ty & T correspond to the decomposition
X = Y & Z, where Ty is normal and T, is weakly stable. Suppose that
Ax € Orb(T, x)” for all x € X. As in Observation 11.1 (ii), we see that A can
be also written as a direct sum Ay & Az corresponding to the decomposition
X =Y e Z Since T, — 0 weakly, for any z € Z we have Orb(Tz,z)” <
{0,2,T72,T;z,...} sobyLemma11.2, Ay € {0, 1, Tz, T, .. .}.

By assumption, (ng,z*) — Oforallz € Zand z* € Z*, so T, is power
bounded by the uniform boundedness principle applied twice. Now let z € Z
satisfy 0 € Orb(T, z)”. Then lim,, .o, T}z = 0. Indeed, let M := SUP e, | 71
and let € > 0. Then there is m € Nsuch that || T}'z|| < €/M, so forany n = m

1Tzl < IT;~"II- 1T, zll < MIIT, zll <e.

Now let us turn to the subspace Y. As in (i) we can suppose that X is
separable and use the spectral theorem to find a finite measure p and represent
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Ty and Ay, on L*(u) by multiplication by ¢ and v € L>(u), respectively. Let
h € Y be the vector which is represented by the constant 1 function on L*(u)
and suppose that Ay h = limy_ T{,”‘ h for some sequence 7y of nonnegative
integers. Either ny is bounded, or unbounded. In the former case there is p €
Ny such that n; = p for infinitely many k’s, so Ay h = T{; h which means w1 =

¢Pla.e.,so Ay = T)’? . In the latter case there is a subsequence of n; tending to
infinity — denote this subsequence again ny. We have Ay h = lim T;k h which

means ¥ = lim ¢"* in L*(u), so there is a subsequence, denote it again ny, such
that ¥ = lim ¢p"* almost everywhere. In particular ||¢p|l, < 1. Therefore we can
use the dominated convergence theorem: if y € Y is represented by y € L*(u)
then

du— 0

“AYy-T?’“ynZ:f|wy—¢”k?|2du3f|?|2duf|w—¢”’“

so Ay =lim T* in SOT.

We distinguish three possibilities.

(a) Suppose that Ay = 0 and Ay ¢ Orb(Ty). By (i), there is a sequence
ni tending to infinity such that T{;k — Ay strongly. Since Az = 0 we have
0 € Orb(Tz, z)” for each z € Z, so as was shown in the first paragraph, T —
0 = Ay strongly. In sum, Ty* & T,* — Ay & A strongly.

(b) Suppose that Az = 0 and Ay = T for some m = 0. Either T = 0
so A = T™ or T, # 0 so that we can choose z € Z such that T?z # 0.
Let h be the vector mentioned above. By assumption, A(h, z) € Orb(T, (h, z))~
so there is a sequence nj of nonnegative integers such that lim_., Tg’cz =

Azz = 0, and limy_ T;k h = Ayh. We already know that the latter means

n .
that for some subsequence (ny,) we have T, ' — Ay strongly. Now there are
two possibilities: either limsup ny; = oo so for some subsequence (nkj,-) we

Nk,
have T, ' — 0 = Ay by the above power boundedness argument, and we
are done. Or limsup ng, < oo, so there is s € N such that T{,”“ = Ty so

Tks = Tm — T = Ay strongly as k — oo, while T — 0 = A strongly
as k — oo.

(c) Finally if Az # 0 then Ay = T for some m = 0. Choose z € Z
such that T'z # 0 and let & be again the vector mentioned above. Similarly
as in (b), since A(h, z) € Orb(T, (h, z))~ there is a sequence ny of integers such
that limy_o, 7,52 = Azz = T)'z # 0, and lim_o, Ty*h = Ayh and thus

n . .
T,’ — Ay strongly for some subsequence (n; ;). But by assumption T7z — 0
as n — oo so the sequence (n,) is necessarily bounded, i.e. there is p € Nsuch

that ny;, = p for infinitely many j’s. Hence T{; = Ay and ng =Azz=1T)z.

-p|

This implies that m = p: if not then lem z = z but this contradicts that

T, — 0 weakly. Hence A = T™.
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(iii) By a classical theorem by Langer [52] and Sz.-Nagy and Foias [34], T
can be written as a direct sum of a unitary operator A, and a completely non-
unitary contraction B which is weakly stable (c.n.u. means that any restriction
to areducing non-null subspace is not a unitary operator). Hence we can apply
(ii).

(iv) Let r(T) = ||T|l. Either r(T) > 1, so T is orbit reflexive by Corollary
11.5. Or ||T]l < 1, so T is orbit reflexive by (iii). The subnormal operators
satisfy | T|| = r(T), cf. [25, Theorem 30.12], as do the compact, and algebraic
operators.

(v) Let either X := ¢*(N) and T be a unilateral weighted shift on X, or
¢%(Z) and T be a bilateral weighted shift on X. Suppose that A € £(X) satisfies
Ax € Orb(T, x)~ for all x € X. For all types of shifts we first show that

(1) Ae{0, I, T,T?..},

and afterwards we eliminate the possibility that A = 0.

First, if T is a unilateral forward shift then fix any x € X. The set {y € X:
(T"x,y) — 0}is dense in X so Ax € {0, x, Tx, T?x, ...} for all x € X. Now (1)
follows from Lemma 11.2. Assume that A = 0. Let T be given by Te; := a;e;4,,
i € N. Since the weights (@;);ey are nonzero, 0 = Ae; € Orb(7, e;)” happens
exactly when the sequence of products (&; - @41 - ... @j1n-1)nen has 0 among
its accumulation points. Thus the commuting family (S,),ey, of normal oper-
ators, defined by

Sne,- =aik&iyy...&iyp-16€;, I’LENO,i eN,

satisfies 0 = Ax € {S,x: n € Ny}~ for each x € X. Now a proof similar
to the case (i) of a single normal operator yields that A € {S,,: n € Ny}~, so
A€ Orb(T)".

Second, if T is a bilateral shift then there is an increasing sequence of in-
variant subspaces Y; c Y, < ... € X whose union Z is dense in X and such
that for each j € N the restriction Ty, is a unilateral forward shift. For each

J € N we thus already know that Alyj € {0, I|yj, lej, Tlij ...}. Since the se-
quence of the subspaces is increasing we have A|; € {0, |z, Tl TIZZ ...} and

thus (1) holds on X = Z as well. The rest now follows from almost the same
proof as in the case of the unilateral forward shift, only the normal operators
S, are indexed by Z instead of Nj.

Finally if T is a unilateral backward shift then there is an increasing se-
quence of invariant subspaces Y; := Ker T, Jj € N, whose union Z is dense
in X. Fix j € N and consider the restriction T'ly;. As in the unilateral forward
shift case, the set {y € Y;: (T"x, y) — 0} is dense in Y; so by Lemma 11.2 we

have Alyj € {0, 1 |yj, lej, Tlij ...}. Asin the bilateral shift case, the sequence of

the subspaces is increasing so we have A|z € {0, I|z, Tz, TIZZ ...} and thus (1)
holds for X = Z as well. The rest is similar as in the first two cases.
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12. The operators that are not orbit reflexive

Whereas there are many operators known not to be reflexive, until recently
the only non-orbit reflexive operators discovered were those without a nontriv-
ial closed invariant subset, i.e. basically the Read operator constructed on ¢!
in [72]. In particular, no such operator was known in the setting of reflexive
Banach spaces.

Observation 12.1. Let X be an infinite dimensional separable Banach space,
and T € L(X) a hypertransitive operator, that is an operator without a non-
trivial closed invariant subset. Then T is not orbit reflexive.

Proof. Suppose that T is orbit reflexive, we will show that this leads to a con-
tradiction. Any bounded linear operator A leaves invariant all the closed sub-
sets invariant under T, so that necessarily Orb(7T)” = £(X). But Orb(T)™ is
contained in the commutant of T, hence even all the one dimensional projec-
tions must commute with T, so T must leave invariant all the one dimensional
subspaces. This means T is a scalar multiple of identity — and a scalar multiple
of identity on at least two dimensional space obviously has a non-trivial closed
invariant subset.

Recently, Grivaux and Roginskaya [37] modified the construction of Read
to obtain an operator with a very small set of vectors which are not hypercyclic;
the properties of the operator were mentioned in the end of Chapter 7. They
proved that a slight modification of their example leads to a non-orbit reflexive
operator. Consequently, Esterle [31] showed that the above mentioned modi-
fication is not necessary since every “Read type operator” on a Hilbert space is
non-orbit reflexive itself.

Theorem 12.2. ([31]) Let X be a separable Hilbert space. Then an operator
T # 0 is not orbit reflexive if it is Read type, i.e. it satisfies the following two
conditions:

(i) for every x € X, the closed orbit Orb(T, x) is a closed linear subspace,

(ii) the closed orbits are totally ordered, i.e. ifx, y € X then

either Orb(T,x)” < Orb(T,y) or Orb(T, y)” < Orb(T, x)".

Proof. For a contradiction, suppose that T is orbit reflexive and satisfies both
conditions. If for any x € X \ {0} the orbit is dense then T has no nontriv-
ial closed invariant subset and T is not orbit reflexive by Observation 12.1.
Hence suppose there is a nonzero y € X such that Y := Orb(T y)” # X.
Let P be a projection to Y; we will show that PT # TP. Let x € Ker P \ {0}.
Since x ¢ Orb(7; y)~ and the closed orbits are totally ordered, we know that
y € Orb(T, x)~. Hence y = limy_, T" x for some sequence (7 )ken Of posi-
tive integers, so 0 # y = Py = limy_, PT"*x. However, T" Px = 0 for each
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n € Ny by the choice of x € X, so PT # TP. But the closure of Orb(T) in
the strong operator topology is contained in the commutant of 7 so we have a
contradiction.

Another, simpler construction than that of Grivaux and Roginskaya was
shown by V. Miiller and the author in [61]. It is perhaps of interest, that the
operators obtained by this construction are null-orbit reflexive, whereas the
operator of Grivaux and Roginskaya is not null-orbit reflexive, cf. [42].

The first example is an operator on a Hilbert space which is not orbit re-
flexive.

Example 12.3. ([61]) There exists a Hilbert space X and an operator T € L(X)
such that

(i) for all x € X, we haveinf,ex | T" x| = 0,

(ii) there are vectors ey, fy, € X such that

inf max {||T"eyll, IT" foll} > 0.
neN

Thus T is not orbit reflexive.

In the proof we use the following approximation lemma. Denote by m the
normalized Lebesgue measure on the unit circle T. Denote by || - ||, and || - ||
the norms in the Hardy spaces H?(m) and H*(m), respectively.

Lemma 12.4. Let p, q be complex polynomials, ||pll, < 1, llqll. < 1 and
let 0 < € < 1/3. Then there exist polynomials 1, s such that ||[rp + sqll. < &,
7l = 1, ISlleo = 1 and max{lirll, [Isll2} = 1/3.

Proof. Let M; := {z € T: |p(z)| > |q(z)|}, M, = T \ M;. Without loss of
generality we can assume that m(M;) = 1/2. Define functions g, h: T — C by

(-1 (z € M)
WA= 1o (zean)

q(z)
o (2) (Z € Ml)
8= {g( ) (z € M>)

(if p(z) = q(z) = 0 then set g(z) := 0). Note that [|glloc < 1, |hllc < 1 and
pg +qh =0.

Let K = max{l, ||pllco, Iqllc}. There exist continuous functions g, h; :
T — Csuch that g, — gll2 < ;% and ||k, — hll; < ;%. Define g, hy: T — C by

82(z) = 81(2) )
max {1, |g1(Z)|}
hy(2) = h(2)

max {1, |y (2)}
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Clearly g, h, are continuous, |€2llcc < 1, M2llec = 1, g2 — &gll2 < & and
Ay — Rz < ﬁ(-
There exist trigonometric polynomials g3, i3 such that || g3 — 821l < €/4K,
| hs — hylleo < €/4K. Moreover, we may assume that [|g3llco < 1, [173llco < 1.
Choose [ € N such that r := z'g; and s := z'h; are polynomials. Then
"o = 1, ISl = 1 and

lrp + gsll, = 12" gsp + 2" haqll,

< Iz'gp+ z'hqll, + 12'(gs — g)pllo + 12'(hs — h)qll,
<Klgs — gl + Kllhs — hll,

< K(llgs — g2ll2 + g2 — gll2) + K(llhs — hall2 + l1he — hll2)
<E.

Finally,

1 £ 1
sllo = lhsll, = Ikl = llhs = hll; =2 = = — = —.
Isllz = lhslle = [ All2 — s — Al 5 3K 3
If m(M,) < 1/2 then m(M,) = 1/2 and we can proceed similarly. At the end we
obtain ||r|, = 1/3.

Proof of Example 12.3. For N=1,2,3...letey := N5,
The underlying Hilbert space will be

(e 0]
X=ZoP Y
k=1

where Z is the Hilbert space with an orthonormal basis {e;, f] :j=01,2..}
and Y} are finite-dimensional Hilbert spaces which will be determined in the
construction.

We construct inductively integers ky, N =0, 1,2. .., integers ay, spaces Y
and elements wy € Z, k = 1,2,3..., in the following way. Set formally k; := 0
and ay := 0. Let N = 1 and suppose that the integers ky-_1, ai, spaces Y; and
elements wy € Z have already been defined for 1 < k < ky-;. Write for short
bn-1 = ak,_,. Let Zy := Spanfiej, fj: j=0,..., by} andlet wiy_ 41,..., Wiy
be an E?V—net in the closed unit ball of Zy;.

For k = kn_1+ 1,..., ky we can write wy = Z?ggl(a(ik)ei + ,B(l.k)fi) with
complex coefficients a(ik), ,B(l.k). We define numbers u;, 0 < i < by-_; in the

followingway. If 1 < M < N -1, ky—1 < I < kyyand a; < i < 2a; then set

pi =€y;.1f2a; < i <3a; then y; = E_M(Ml_i)/“l. Set u; = 1 otherwise.

(k)

Consider the polynomials py, g defined by pi(z) := Zg; "uia; z' and

by- K i _ _
ge(z) =Y ,u,-ﬁ(l. )zi. We have Ipill2 < enand gl < €3, -
By Lemma 12.4 for the polynomials €x_; pk, En-19k, there exist my € N

and polynomials ri(z) = ZZ’; y(l.k)zi, se(z) = ZZ’CO 6(l.k)zi such that |7kl < 1,
ISkllco = 1, max {[[rillz, skll2} = 1/3 and [ rg pi + Skqkll2 < €n.
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Choose numbers ag, ky-1 +1 < k < ky, such that aj;, > a? +3a; + mj,

j = kn-1,..., kn — 1. Let Y be the finite-dimensional Hilbert space with an
orthonormal basis uy, j, j =0,..., m +2a; — 1.

Using induction, we continue the construction as described above.

Now we define the operator T € £(X) by:

Tug,; == Ug,i+1 (keN,0<i<mi+2a;-2),

Tuk,mk+2ak—1 = 0)

my
k
Te,, == eneg41 + E Y(i Vi, (kn-1 < k = ky),
i=0

my
k
Tfa, = €N faps1 + § 0Wur;  (knor <k < k),
=0

Tej =y ™ejn (kno1 <k < kn,2a < j<3ag),

Tfi = e ™ fimn  (knor < k < kn, 2ax < j <3ay),

Tej:=ejy; and Tf; = fin otherwise.

That is, T acts on the standard basis of Z as a pair of weighted shifts, up
to the points of the form e,, and f,, . Itis easy to see that T defines a bounded
linear operator on X. It is easy to check that || T|| < 2. Note also that for each
k € N, we have T~ %-1e, =e, and T%* %1 f, = fa.

Let E := Span{e; : i = 0,1,...}, F := Span{f; : i = 0,1,...} and
Y := @}, Yk. For a closed subspace M < X denote by Py, the orthogonal
projection onto M.

To prove (ii), let j € N. If j ¢ U?;l{ak +1,...,3a;} then | T/e| =

1P, T eyl = lejl = 1. So we may assume that ay + 1 < j < 3a; for some
k. Then . .
max {[| T/ eoll, | T/ foll}

> max {|| Py, T’ eoll, | Py, T foll}

= max {| Py, T/ %eg|l}, | Py, T/~ % f,, II}
= max {|| Py, Teq, |, | Py, Tfa, I}

s mi
k k
= max{I Yyl 16wl
i=0 i=0

= max {[|7ll2, lIskll2} = 1/3.

So max{|| T/ ell, | T/ foll} = 1/3 for all j.

To prove (i), suppose that x € X isofnorm 1 and 0 < € < %
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There exists M = 1 such that |(Pz — Pz, )x| < =. There exists N > M such
that

E-EMm
en < S5,
9
(0,0]
z PYk!x ’

k'=ky_1+1
1Pz, x — Py x| < €32,
Indeed, the first two conditions are satisfied for all N sufficiently large. Sup-
pose on the contrary that || Pz, x — Pz, x| = 83/2 forall N = N,. Then

(0, 0]
3
1= lx||” E IPzy,, X = Pzyx|* = E €y = 09,
N—N() N=N0

a contradiction. Fix N with these properties.
Find k, kn-1 < k < ky such that | Pz, x — wyl| < €%. Set j = 2ax+ 1. We
have

kN—l o0
ITixl < | Y TPy, x| +|| D TIPyx||+ P21/ Py, xl
k'=1 k'=kn-1+1

+ 1P, T/ (Pyy — Py )Xl + IP2 T/ (Pyy,, — Pz )x| + IP2 T/ (P; — Py, x|
+|Py TI(Py — Pz, )xIl + |Py T/ (P, — Pz,)xl
+IPy T/ (Pzyx — wi)ll + | Py TV wyl.

We estimate all the terms in the previous formula.
. . KN-1 i
Since k> ky_; and j > ai > 2ay,_, + my, _,, we have Zkfvzll T/Py,x=0.
For k' > kxn_; we have ||Tj|yk, | <1, andso

o o
> Tipgx > Pyx

kK'=kn-1+1 kK'=kn-1+1

=

£
< -—.
9

It is easy to see that

. . . ) .
IPzT! Pz, |l = sup{llPzT’e;ll: i < by} < EMIENEN/ < ngg}\éz < 9

and so |P; T/ Pz, x|l < £[|Pz, x| < .
Similarly,

IPzT!(Pz, — Pz,,)l = max{||Pz T e;ll: by, < i< by_1} <2,

IP2TI(Pg,, — Pz )l = max{|P;T e;|: by_, < i< by} < ey
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and
Pz T/ (Pyz — Pz, )l =max{||P; T/ e;|l: by < i} <2.
Thus
i £
”PZT (PZN - PZM)x” = 2”(PZN - PZM)x” < §)
: _ £
IPzT/(Pz,,, — Pz )xll < ele%z = 8%2 < 5
and
i €
|PzT'(Pz — Pz, )xll <2|(Pz — Pz, )xll < 9’
We show that [Py, T/PzIl < 2&3!. Clearly [|Py, T/Pgll = ||Py, T/ Pg,l

where E; = Spanfey,...,e,}. Lety = Zfﬁo Aiei, |yl = 1. Note that the
numbers p; mentioned in the construction satisfy 0 < y; < E_Nl, 0<i<arand
T le; = Hieq,. We have

my Mg
ri(z) - E Aipiz'|| < ”rk”oo'HE Aipiz!
i=0 2 i=0
my mi
a2 A2
= (D ) =R (QoiP) T =ex
i=0 i=0

So || Py, T/ Pg| < ¢, and similarly, || Py, TIPg| < ey - Hence

1Py, Tyl = i

IPy, T/ Pz|l < ||Py, T’ Pgll + | Py, T/ Ppll < 2¢)}

It is easy to show that for k' > k we have I Py, T/P,|| < 2, and so
| Py TjPZII = SUPy=; ||Pyk, TjPZII < 281_\,1. Furthermore,

IPy T/(Pz — Pz, )l = sup ||Py, T/(Pz — Pz, )l <2.
k'>kn

So

IPyT/(P; — Pz, )xll < 2l(Pz — Pz, )Xl <

)

O] Mm

' - _ €
I Py T](PZN+1 - PZN)x” = 2‘C"Nl ”(PZN+1 - PZN)x” < ZENIE%Z = 28%2 < 5

and

; €
-1 ~1,.3/2 1/2
Py T/ (Pzyx — wi)ll < 2ey 1Pzyx — wpll < 2ey e5° =2ey" < 5
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Finally,

- €
Py T will = 1k pr + Sk qilla < en < g’

Hence || T/ x| < ¢.

Consequently, T is not orbit reflexive since the zero operator is not in the
strong operator topology closure of polynomials of T but 0 € Orb(7; x)~ for
each x € X.

Moreover on ¢!, there is an operator which is reflexive but not orbit reflex-
ive. The existence of a Hilbert space operator with such properties seems to be
an open question, in particular it is not clear whether the operator constructed
above is reflexive.

Note that there are many operators which are orbit reflexive but not reflex-
ive, for instance the Volterra operator V on the Hilbert space 12[0;1], defined

as (Vf)(x) = fox f(t)dt. Indeed, it is well-known that V is compact, and hence

it is orbit reflexive, and that the lattice of invariant subspaces of V' consists of
subspaces of the form L?[a; 1] where a € [0; 1], cf. [25, §28]. The multiplication
operator (Tf)(x) := xf(x) leaves all these subspaces invariant, but does not
commute with V since for f := 1 we have (VTf)(x) = x*/2 # x* = (TVf)(x).
The Volterra operator is thus not reflexive.

Example 12.5. ([61]) There is an operator T on ¢! which is reflexive but not
orbit reflexive.

Proof. For N=1,2,3...letey :=1/V'N. Letay, k=1,2,3..., be an increas-
ing sequence of positive integers such that ax,; > Gai.
The underlying space will be the ¢;-direct sum

o0
x=zePv
k=1

where Z is the ¢, space with standard basis {e;, fj: j =0,1,2...} and Y are
the ¢, spaces with standard bases {uy;, vx;: i =1,2,..., Sai}.

We construct inductively integers ky, N = 0,1,2..., and elements wy €
Z,k=1,2,3... in the following way. Set formally k, := 0 and a, := 0. Write
for short by = ay,. Let N = 1 and suppose that the integer ky_; and ele-
ments wy,..., Wg,_, have already been defined. Let Zy := Spanie;, f;: j =
0,...,by-1}andlet wi, 41,..., Wi, bean Eﬁv—net in the closed unit ball of Zy.

Using induction, we continue the construction in the above described
way.

Now we define the operator T € £(X) by:

2
ay

2
— 1 o 1 a
Te, == eq 41+ “_i Zi:1 Uk,i) Tfak = fak+1 + “_i Zi:1 UVk,i»

Teak+3afC = ENeak+3ai+1r Tfak—i—?)ai = ‘stak+3ai+1



58 12. The operators that are not orbit reflexive
if(kN_l <k= kN),

I/a lla
Tej:=¢ey “ej, Tfj=¢ey "fin

if (kno1 < k < ky, ax+3a; < j < ax +4a3),

Tej = ej+1, Tf] = fj]'+1
otherwise.

Thus T acts on the standard basis of Z as a pair of weighted shifts, up to
the points of the form e, and f,, .
Further, let

Tu,c,sai = 0, Tvk,56li = 0,
Tuk,; == ug,it1, Tvk; = Ukis1 (1 <i<2aior2a;<i<bay).

It remains to define T on Span{umai » Ukl }. Since wy € Zy for ky_; <

k < ky, we have wy = Z (a:(k) ,B(k) fi) for some complex coefficients
(.k) ,B(k) Fori = 0,...,by_; we have T% ig; = = pjeq and T4~ lf = Uifa

for some u; € C satisfying |,u,-| < €. Set a(k) = ZbNOI/J, ) and R =

Zf’Ng it ,B(k) Without loss of generality we may assume that |a(k)| # | ,B(k)|

k k — —
If |(X( )| |ﬁ( )| then Set Tuk2a P u,CZa +1 a]fld TVkZa - g(k) ukza +1°

(k)
If |a:(k)| > |,6(k)| then set Tvk,mi = Va4 and Tuk’mi = —% Vk2q? +1- Note

that in both cases we have T(a'® Upqz + po Vi2a? )=0

LetY = @%O:l Yi. Denote by Pz, Py, Pz, and Py, the natural projections
onto the corresponding subspace of X.

It is easy to check that || T|| < 2. Note also that for each k € N, we have the
identities T4~ %-1e,  =e, and T* %1 f, = f,.

We prove that
max {| T"ell, IT" foll} = 1

foralln =0,1,2..., and for each x € X and € > 0 there is a j € N such that
IT/x|| < €. As in Example 12.3, this gives automatically that T is not orbit
reflexive.

To prove the first statement, let n € N. If nn ¢ Uiozl{ak + Sai +1,...,ar+
4a’} then P;T"ey = ey, and so max {[| T"ell, I T" foll} = [Pz T"eoll = 1.

Letay +3a; <n < ak + 4a’, for some k. Recall that wy, = Z (e +
BEL, @t = 30 il and B9 = 3 i, where T le; = pieg,

(k)
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and T%"'f; = p; f,.. First suppose that |a(k)| < |,3(k)| so that T is a shift on
ur,i. It is then easy to show that

and so [|[T"eyll = 1. If |a(k)| > |,6(k)|, then we obtain in the same way that
IT" foll = 1. Hence max {|| T"eyll, | T" foll} = 1 for all n € N.

To prove the second statement, suppose that x € X is of norm 1 and 0 <
e< 1.

There exists M = 2 such that ||(Pz — Pz, )x|l < %. There exists N > M such
that

E-Epm
eN? < ,
9
18
bn_1en > —,
£
(2) 0
2 : £
”PYk/x” < 5)
k'=kn_1+1

2
I1Pzy,, X — Pz x|l < €y.

Indeed, the first three conditions of (2) are satisfied for all N sufficiently large.
Suppose on the contrary that || Pz,,, x — Pz, x| = €3 forall N = Ny. Then

(e o] (e o]
2
1= |x] = E 1Pzy, X = Pzyxll = E £y = 00,
N=N0 N=N0

a contradiction. Fix N with properties (2).
Find k, kn_1 < k < ky such that | Pz, x — wi| < €% Set j = ax +3aj + 1.
We have

kN_1 (o, @]
IT7xl < | Y TIPy,x||+|| D TPy, x||+1P2T7 Py, i
k'=1 kK'=kn-_1+1

+ P, T (Py, — Py )Xl + IP2 T/ (P, — Pz )xll + IP2 T/ (P, — Py, x|
+ 1Py T/(Pz = Py, )xll + | Py T/ (Pyy,, — Pz,)xll
+IPy T/ (Pzyx — wi)ll + | Py T/ wyll.
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. . knot oo
Since k > ky_; and j > a; > SaiN_l, we have Y "' TPy, x = 0. For

k' > kn—1 we have || Tj|yk, | <1, andso

0o 0o
Z Tijk, X Z Py, x

kK'=kn-1+1 kK'=kn-1+1

<

£
< —.
9

The following four terms can be estimated by £/9 similarly as in the Hilbert
space case. We omit the details.
We have
IPy T/(Pz — Pz, )l = max {| Py T’ e;|l, | Py T’ fill: i> by}
. . ~jla;
<max{|PzT/ e, IPzT/ fill: j'<jii>bn} ey, V" <2

and similarly

IPy T/ Py, | < max{|P; T/ ell, IPzT/ fill: j' < j,i<bn}<ey.

Thus

IPy T/(P; — Py, )xll < 2l(Pz — Pz, )xll <

)

O M

. _ _ E
IPy T/(Pz,,, — Pz)x|l < ex II(Pzy,, — Pzy)xll < ey ey = en < 5

and .
' -1 1.2
|Py T/ (Pzyx — wi)ll < €y IPzyXx — will < €y €3 < 5

It remains to estimate || Py TJ wrl|l. We have

IPy T wy |l = | Py, T wy|

a’ a?
’ by, .a(k) k 'uiﬁ(ik) k

3a; Hid;
T°% E ( p E uk,i+i’+7§ Uk,i+i')H

i=0 k=1 k=1

(k) (k)

2 k k
— (| 7% (moa™ i + po By vicn + (o + @l

612

k
k k
+ (oY + iz + o+ D> (@Pups+ pPvg )+

s=by-_1+1
(k) (k)
vt Mby @ Ukaieby, T Bby o By Vk,a;+bN_1) H
1 _ 2 2 £
< — 265 (by— + Dlwll < < <.
as eEnar enby-
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Hence || T/ x|| < €. This implies that T is not orbit reflexive.

We show now that T is reflexive. Suppose that an operator A € £(X)leaves
invariant all the closed subspaces which are invariant for 7. Without loss of
generality we may assume that || All = 1. We have to show that A is a limit of
polynomials of T in the strong operator topology.

Let k € Nandlet y € Y, y # 0. Let s satisfy T*y # 0 and Ty = 0. Since
Span{y, Ty, ..., T®y} is invariant for A, there are numbers Ay, ..., A; € C such

that Ay = Z;O AiT'y.
Fix any natural numbers / > k such that |a(”| < |,6(l)| (so that T is a shift
on u;;; such a number certainly exists) and consider the spaces invariant for T

generated by the vectors u;; and y + u;,, respectively. Since these subspaces
are invariant for A, there are complex numbers ¢; and 1; such that

2
5%—1

i
Aupy = E ¢iT up,
i=0

and
5a7-1
Aly + ) = Z i T (Y + ur).
i=0
Thus
5a7-1
anT y+anT S T,
i=s+1
5a;-1
—Zﬂt T’y+2€,T ) + Z ET .
i=s+1
Since the vectors Tiy, 0<i<s and Tiull, 0<i=< 5a2 1, are linearly
independent, we have ; =¢; =n;,0 < i < s, and Ay = 25% &;T'y. Note
that this equality does not depend on y € Y. Note also that 25% 1€l <
Zsak & T urr|| < lAu 1l < | All = 1. Moreover, if Ay = 25% f’ ij for

allyeYlthenf,-:cf’i,OSisSak—l.

Thus there are numbers ¢, ¢q,... such that Z(;ZO il = 1 and Ay =
5a2—1

Y.l &TlyforalljeNandy€ Y.

=0
2
For k € Nlet pr(z) := Z?Z(’;_l &;z'. Then Ip(T)lyll < 1, and so we have
Ay =limy_o pr(T)yforally e Y.
Let E := Span{e;: j = O} and F := Span{fj: j =0} Letxy,...,x, € E
and X;41,..., X, € F be unit vectors, g € Nand let 0 < € < 1. It is sufficient to
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show that thereisa k = g such that || pi(T)x; — Ax;ll <€,i=1,..., m. This will
show that A belongs to the closure of polynomials of T in the strong operator
topology.

As above, it is possible to show that there is an N such that

&
EN < —,
N*™13
kN+1
D el <er
Jj=kn+1
€ .
(3) I =Pz )xil <= (i=1,...,m)
||(PZN+1 - PZN)xi I < g?\] (l =1,..., m)y
kn
€ .
H(I—PZN—ZPYH)Axi <y G=lL..m)

k'=1

Set k = ky. Fixi e {1,...,n} (forn+1 < i
Let x; = Zjijo yjej with y; # 0. Clearly jj

m the proof will be similar).

<
< by-1. Let s = 5a; + ax — Jo.

Let Q be the natural projection onto the space Spanf{ey, ..., €502 +a; Y (K<

k), Viv1,15 -+ s Vkg1 541}
Consider the vectors x;, V41,1 and x; + vi41,1. We have

S
QAVj411 = ij T Viy1,1

Jj=0
and there are complex numbers v, 11 such that
N
QAxi = QZV]' T]x,-
Jj=0

and

N
QACK; + V1)) = Q D1 T (xi + Vi1 1)
Jj=0

As above, wehavev; =¢;=n;,0< j <s.So QAx; = QZ;:ijzji.
We have

I(A = pe(TNxill < I = QAx; | + 1Q(A = pr(T)x; Il + I = Q)pr(T)x;ll.
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By (3), I({ — Q)Ax;|l < €/4 and

=

1Q(A ~ pe(T)xi 1l = HQ DIRFERET
j 2

=5a

N
E ;T x;
j=5a;

N
< Z |€j|-max{||Tj||: Sa; < j < s} <ey-2ey =2ey<eld

P g2
Jj=5ay

k

Furthermore, since (I — Q)pi(T)Pz,x; = 0, we have

I(I — Q)pi(T)x; |l
< (I = Q)pi(TYI — Pz, )xill + I(I = Q)pi(T)Pz,,, — Pzy)xil
< pi(TYI = Pz, )xill + 1 pi(T)Pzy,, — Pzy)xill,

where

2
Sak—l

D &TiU - Py )
j=0

1pe(T)I - Pz )il = j

2
Sak—l

< (D |e]) max(TI(T = P, )l 0= j <548~ 13- I(T - Pz, )il
j=0

and
Ipx(T)Pzy,, — Pz )xill < I px(D - I(Pzy,, — Pzy)xill

<max{|T/|: 0= j<5a2 -1} &% <2ey' e} =2en < el

Hence [|(A — pr(T))x;ll < € foreach i, 1 < i < n, and similarly, forn +1 <
I < m. This implies that A is a limit of polynomials of T in the strong operator
topology and hence, T is reflexive.

It was suggested in [44] that it’s possible to extend the definition of orbit
reflexivity from Banach spaces to arbitrary topological spaces, passing from
operator theory to topological dynamics. Let X be a topological space and let
f: X — X be a continuous map. Then f is called orbit reflexive if the only
maps that leave invariant all the closed subsets invariant under f, are those in
the pointwise closure of Orb(f) = {f": n € Ny}.

In such a setting, it is very easy to find a map which is not orbit reflexive.
For instance let X := {a, b, c} with a discrete topology and let f be defined as
a— b,b— c¢,c— a. Then f> = f~'and f* = Id, so there is no nontrivial
invariant subset. But g defined by a — a, b — ¢, ¢ — b is not in the pointwise
closure of Orb(f). Hence f is not orbit reflexive. Analogously if X = T and
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A € R\ Q then the map x — e*x has no nontrivial closed invariant subset and
is not orbit reflexive.

We finish the chapter by posing several open questions related to orbit
reflexivity:

(i) Does the orbit reflexivity of T imply orbit reflexivity of T"? Or perhaps
conversely?
(ii) Let T be orbit reflexive and A € C, |A| = 1. Is then AT orbit reflexive?

(iii) Is any Banach space contraction orbit reflexive? Is every mean ergodic
operator orbit reflexive?

(iv) Is “identity plus a quasinilpotent” always orbit reflexive? Does there exist
space where all operators are orbit reflexive?

(v) Is there a Hilbert space operator, which is not orbit reflexive, but is reflex-
ive? In particular, is the operator from Example 12.3 reflexive?

(vi) Are there semigroups which are not orbit reflexive?
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— mixing 31
— power bounded
— Read 34, 50
— Read type 51
— (strongly) stable
— supercyclic 27
— topologically transitive
— Volterra 57
— weakly hypercyclic 41
— weakly hypertransitive
— weakly mixing 29
orbit 2
— periodic 2
— stable 2, 13
— strongly stable
— weak 21
periodic, orbit 2
plank 6
plank number 9
plank theorem 6
— complex 7
— for operators 6
power bounded, operator
problem, invariant subset
— invariant subspace 34
Read, operator 34, 50
Read type, operator 51
semigroup, strongly continuous

29

44
34
15

13

29

42

13

15
34



VI. Index

— uniformly exponentially stable
4

shift, bilateral forward 3

— unilateral backward 3

— unilateral forward 3

similarity orbit 36

solution, well-posed 4

stable, operator 13

— orbit 2, 13

strong hypercyclicity, criterion 33

strongly continuous, semigroup 3

strongly stable, operator 13

— orbit 13

supercyclic, operator 27

theorem, Birkhoff’s transitivity 27

topologically transitive, mapping
27

— operator 29

UBD 10

UBG 10

uniformly bounded decline 10

uniformly bounded growth 10

uniformly exponentially stable,
semigroup 4

unilateral backward, shift 3

unilateral forward, shift 3

vector, e-hypercyclic 38

— hypercyclic 2, 27

Volterra, operator 57

weak, orbit 21

weakly hypercyclic, operator 41

weakly hypertransitive, operator
42

weakly mixing, operator 29

well-posed, solution 4
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