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Abstract We study the notion of recurrence and some of its variations for linear
operators acting on Banach spaces. We characterize recurrence for several classes
of linear operators such as weighted shifts, composition operators and multiplication
operators on classical Banach spaces. We show that on separable complex Hilbert
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operators. Finally, we study the notion of product recurrence and state some relevant
open questions.
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1 Introduction

The most studied notion in linear dynamics is that of hypercyclicity: a bounded linear
operator T acting on a separable Banach space is hypercyclic if there exists a vector
whose orbit under 7' is dense in the space. On the other hand, a very central notion
in topological dynamics is that of recurrence. This notion goes back to Poincaré and
Birkhoff and it refers to the existence of points in the space for which parts of their
orbits under a continuous map “return” to themselves. The purpose of this note is the
study of the notion of recurrence, together with its variations, in the context of linear
dynamics. Some examples and characterizations of recurrence for special classes of
linear operators have appeared in [15]. In the present paper we develop the properties of
recurrent operators in a more systematic way, and give examples and characterizations
for some classes of recurrent operators such as weighted shifts, unitary operators,
composition operators and multiplication operators.

In an effort to characterize recurrent linear operators one many times falls back to
the notion of hypercyclicity. This is for example the case when we study the recurrence
properties of backwards shifts, say on £2(Z). The reason behind is that, according to a
result of Seceleanu, [48], the orbits of these operators satisfy a zero-one law: if the orbit
of a weighted backward shift contains a non-zero limit point then the corresponding
shift is actually hypercyclic. Thus a weighted backward shift on £?(Z) is recurrent
if and only if it is hypercyclic. The same equivalence is true, albeit for different
reasons, for the adjoint of a multiplication operators on the Hardy space H>(ID). These
connections to hypercyclicity, already observed in [15], come up naturally and thus
motivate a further search on whether the properties of recurrent operators resemble
the properties of hypercyclic ones, in general. It turns out that, indeed, there are many
structural similarities between the set of hypercyclic vectors and the set of recurrent
vectors in the sense that they exhibit the same invariances. Furthermore, the spectral
properties of hypercyclic and recurrent operators are somewhat similar, although this
vague statement should be interpreted with some care. However, these similarities
cannot be pushed too much as there are obviously many classes of operators which are
recurrent without being hypercyclic. One can find such examples among composition
operators on the Hardy space H?(ID). However, the primordial example is given just
by considering unimodular multiples of the identity operator. A more general class for
which one needs to address the recurrence properties independently of hypercyclicity
is that of unitary operators on Hilbert spaces.

The discussion above hopefully justifies why we will shortly recall a full set of
definitions relating to hypercyclicity, and not just stick to the notions of recurrence
which is the main object of this paper.

1.1 Notations

We will work on a complex Banach space X and T : X — X will always denote a
bounded linear operator acting on X. We will just refer to 7" as an operator acting on
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X with the understanding that it is linear and bounded. In several occasions we will
need to work with Fréchet spaces Y in which case we consider operators 7 : ¥ — Y
which are continuous with respect to the topology induced by the (complete invariant)
metric. We reserve the notation H for a Hilbert space over the complex numbers.
In general, our spaces will be always considered over the complex numbers unless
otherwise stated. If K C X we write K for the closure of K in the norm topology.
We will denote by B(x, €) the open ball in X of center x € X and radius € > 0 while
we write D(z, r) for disks of center z and radius r > 0 in the complex plane C. We
will write I) for the open unit disk of the complex plane and T for its boundary. We
denote by C the extended complex plane. Finally, we denote by N the set of positive
integers.

1.2 Notions of Recurrence

The classical notion of recurrence specializes to linear operators as follows:

Definition 1.1 An operator T acting on X is called recurrent if for every open set
U C X there exists some k € N such that

UnT*U) # 2.

A vector x € X iscalled recurrent for T if there exists a strictly increasing sequence
of positive integers (k,),eN such that

Ty — X,

as n — +oo. We will denote by Rec(T') the set of recurrent vectors for 7.

A stronger notion of (measure theoretic) recurrence, namely, measure theoretic
rigidity, has been introduced in the ergodic theoretic setting by Furstenberg and Weiss,
[24]. In the context of topological dynamical systems the notions of rigidity and
uniform rigidity have been introduced by Glasner and Maon, [25]. These notions
have also been studied in linear dynamics for example in [19,20]. The corresponding
definitions are as follows.

Definition 1.2 An operator 7 acting on X is called rigid if there exists an increasing
sequence of positive integers (k, ), <N such that

Thx — x for every x € X

i.e., T — I (SOT) in the strong operator topology.
An operator T acting on X is called uniformly rigid if there exists an increasing
sequence of positive integers (k;),eN such that

IT* — 1| = sup |T*x — x| — 0.

=1
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Note that we can always assume that the sequences (kj),cn in the previous

definitions satisfy lim;,_, 400 k, = 4o00. Indeed, if k;, does not converge to 400
then 750 = [ for some positive integer ko, so that 7750 = [ for every positive
integer n.

1.3 Notions of Hypercyclicity

As we observed above, in many cases the study of the properties of recurrent operators
is intimately connected to the study of hypercyclic ones. For a general overview of
hypercyclicity in linear dynamics see [8] and [36]. A nice source of examples and
properties of hypercyclic and supercyclic operators is the survey article [32]. See also
the survey articles [10,21,33,34,42]. Here we just recall the definitions of hypercyclic
and supercyclic operators:

Definition 1.3 An operator T acting on X is called hypercyclic if there exists x € X
such that the set

Orb(x, T) := {T"x :n =0,1,2,...},

is dense in X. The set of hypercyclic vectors for T is denoted by HC(T').
An operator T acting on X is called supercyclic if there exists a vector x € X whose
projective orbit

COrb(x,T) := {AT"x :n=0,1,2,..., » € C}

is dense in X.
An operator T acting on X is called cyclic if there exists x € X such that the set

span Orb(x, T') := {p(T)x : p polynomial},

is dense in X.

The first trivial observations is that a hypercyclic operator is always recurrent.
Indeed, every hypercyclic vector is trivially a recurrent vector and we shall see that the
existence of a dense set of recurrent vectors characterizes recurrent operators. Another
way to this easy conclusion is Birkhoff’s transitivity theorem, according to which, an
operator T acting on a separable Banach space X is hypercyclic if and only if it is
topologically transitive:

Definition 1.4 An operator T acting on X is called topologically transitive if for
every pair of non-empty open sets U, V C X there exists a positive integer n such that
™Ww)ynv #£o.

One can immediately compare the definition of topological transitivity above to the
definition of recurrence above. Observe that there is no notion of transitivity in the
definition of a recurrent operator.
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A stronger notion of hypercyclicity was introduced in [9]:

Definition 1.5 Anoperator T : X — X is called hereditarily hypercyclic with respect
to some strictly increasing sequence of positive integers (k,),cnN if for every subse-
quence (k;, ),enN there exists a vector x € X such that (Tknx :n e N}y = X.If T is
hereditarily hypercyclic with respect to the whole sequence of natural numbers we
will just say that T is hereditarily hypercyclic.

Of course a hereditarily hypercyclic operator is hypercyclic is a very strong sense
and thus recurrent. However, it is not hard to see that a hereditarily hypercyclic operator
can never be rigid. The reason is that if an operator T is rigid then all the vectors in
the space are recurrent for 7', and in fact along the same sequence of iterates of 7.

Observe that the notions of cyclicity and hypercyclicity defined above are only
meaningful when the Banach space X is separable. This one other point where the
theory for hypercyclic and recurrent operators becomes significantly different.

Remark 1.6 The notions and definitions above where given with respect to a Banach
space. However, they extend in an obvious manner to the case that 7 : ¥ — Y is
a continuous linear operator acting on a Fréchet space Y. All one needs to do is to
replace the norm convergence in the definitions by convergence with respect to the
metric of Y.

The rest of this article is organized as follows. In Sect. 2 we give some simple
invariances of recurrent operators, motivated by similar results in hypercyclicity, and
describe the spectral properties of such operators. In Sects. 3—7 we study particu-
lar classes of operators which exhibit recurrence such as power bounded operators,
weighted shifts, composition operators, multiplication operators, and operators on
finite dimensional spaces. In Sect. 8§ we show that the study of recurrent operators
with “sufficient structure”, acting on complex Hilbert spaces reduces to the study of
recurrent unitary operators. Finally, in Sect. 9, we study product recurrence, again
motivated by the corresponding question for hypercyclic operators. We draw some
connections to orbit reflexive operators and state some relevant open problems.

2 General Properties of Recurrent Operators

We begin the exposition by giving some easy properties of recurrent vectors and
operators.

2.1 General Properties and Invariances of Recurrent Operators

First we give an equivalent characterization of recurrence by means of the following
well known proposition; see for example [23]. We include a proof for the sake of
completeness.

Proposition 2.1 Let T : X — X be a bounded linear operator acting on a Banach
space X. The following are equivalent:
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(1) The operator T is recurrent.
(i1) Rec(T) =

Furthermore, the set of recurrent vectors for T is a Gg subset of X.

Proof Inorder show that (ii) implies (i) let us assume that 7" has a dense set of recurrent
points and let U be an open set in X. Take a recurrent point y € U and € > 0 such
that B := B(y, €) C U. Then there exists a k € N such that |[7¥y — y|| < €. Thus
y e UNT%U) # @ and so T is recurrent. We now show that (i) implies (ii). To
that end suppose that T is recurrent and fix an open ball B := B(x, €) for some x € X
and € < 1. We need to show that there is a recurrent vector in B. Since T is recurrent
there exists a positive integer k1 such that x; € Tk (B) N B for some x| € X. Since
T is continuous, there exists €] < % such that By := B(xy,€1) C BN Tk (B). Now
since 7 is recurrent, there is a ko > k| such that x, € Tk (B2) N B, for some x» € X.
By continuity again there exists €, < 2% such that B3y := B(x2, €3) C By N Tk (B).
Continuing inductively we construct a sequence (x,),eN C X, a strictly increasing
sequence of positive integers (k, ), <N and a sequence of positive real numbers €, <
such that

L
om»

B(xn, €) C B(xy—1,€n—1), T*(B(xn,€1)) C B(Xp—1, €n—1).

Since X is complete we conclude by Cantor’s theorem that

ﬂ B(xy, €,) = {y},

for some y € X. It readily follows that 7%y — y, that s, y is a recurrent point in the
original ball B. Finally observe that

Rec(T) = ﬂU[xeX | T"x x||<l],

s=1n=0

which shows that the set of T-recurrent vectors is a G s-set. O

Remark 2.2 Observe that the previous proposition remains valid whenever 7' : X —
X is a continuous map on a complete metric space.

In the following we describe some simple invariances of the set of recurrent vectors.
In particular, we show that unimodular multiples and powers of an operator share the
same set of recurrent vectors. These statements are analogous to the corresponding
results for hypercyclic vectors due to Ansari [3] and Miiller and Ledn-Saavedra [41].

Proposition 2.3 Suppose that T is an operator acting on X. We have that
(i) For every ) € C with |A| = 1 we have that Rec(T) = Rec(AT).
(ii) For every positive integer p we have that Rec(T) = Rec(T?).

In particular, T is recurrent if and only if TP is recurrent for every positive integer
p, if and only if AT is recurrent for every X € T.
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Proof For (i) it suffices to show that Rec(T) C Rec(AT). Let x € Rec(T). We define
the set

F={ueT: (AT)k"x — ux for some (k,) C N with k,, — +o00}.

In order to show that x € Rec(AT) we need to show that 1 € F.

First we show that ' # &. Since x € Rec(T), there exists a strictly increasing
sequence of positive integers (k),eny such that 7% x — x. By compactness, there
exists a subsequence of (k,),cn, Which we call again (k,,),cn, such that Ak — p for
some p € T. We conclude that (A\T)*"x — px. Thatis p € F.

Next we show that the set F' is a (multiplicative) semi-group inside T. Indeed, let
U1, 42 € F and fix some € > 0. Since ;1 € F there is a positive integer n1 such that

1T x — x| < %

Now since o € F there is a positive integer ny such that

€
IAT)"x — pox|l < 57—t
2Ty

We thus get

1T — x| < [T (GT)"2x = pox) || + 2 (AT x = %) |
< I | T)"™x — x| + % <e

So o € F.

We have already shown that there is a p € F. Since F is a semi-group this means
that for every positive integer n, p" € F. If p is a rational rotation this means that
1 € F and we are done. If p is an irrational rotation there is a strictly increasing
sequence of positive integers tx such that p™ — 1. Now we just need to observe that
F is closed in order to conclude that 1 € F.

For (ii) it is enough to show that Rec(7") € Rec(7'?) since the opposite inclusion
is obvious. For this, let x € Rec(T) and take a strictly increasing sequence of posi-
tive integers (k;, ), <N such that Tknx — x as n — +00. From this we conclude that
TPty — x asn — +oo for an increasing sequence (£,),cn and a sequence
(Wn)neny € {0, 1,2, ..., p—1}. Since (v,),cN is bounded we conclude that there is a
vef0,1,2,..., p— 1} such that TPitvy 5 x asn — +oo for some subsequence
of (£,),en Which we call again (£,),cN. Let now U be any open neighborhood of x.
Since TP *x — x there is a positive integer m| := £,, such that TP™*x € U.
We have that

TPEntm)t2vy  pplatvppmitvy L prmitiy o 7 ag p — 4o00.

We can thus find a positive integer my := m++£,, > m| such that TPmat2vy ¢ .
Continuing inductively we can find a positive integer mp := mp_1 + £, > mp_;
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such that TP"rTPPx e U. That is, (T?)"»T'x e U which shows that x €
Rec(T?). O

Remark 2.4 Actually, part (ii) of the previous proposition is valid whenever X is a
T -topological space and 7' : X — X is just continuous. See [28].

Proposition 2.3 has an analogue for rigid and uniformly rigid operators. In the case
of uniform rigidity the proof is identical to that of Proposition 2.3 and thus we omit
it. The argument for rigid operators is slightly more subtle so we include the details
of the proof.

Proposition 2.5 Let T be an operator acting on X. Then,

(1) The operator T is (uniformly) rigid if and only if, for any positive integer p, the
operator TP is (uniformly) rigid.

(ii) The operator T is (uniformly) rigid if and only if, for any A € T, the operator AT
is (uniformly) rigid.

Proof For (i) it is clear that T is rigid whenever 77 is rigid, for some positive integer
p > 0. To see the opposite implication, assume that 7 is rigid so there exists a
strictly increasing sequence of positive integers (k,),en such that 7% x — x as
n — oo, for all x € X. Then the uniform boundedness principle implies that
M = sup, oy | T* || < +o0. It follows that

ITPRnx — x|l < |1+ T + 1% ... 7@~ Dk 7k — x|

IA

p—1
Z M) TR x — x|l
=0

This shows that 77 is rigid whenever T is rigid.
In order to show the equivalence in (ii) it suffices to show that if 7" is rigid and
A € T then AT is rigid. Let us define the set

SOT

F:={uneT:ul € AT, AT, AT)3 ...} }.

In order to show that AT is rigid it suffices to show that 1 € F. Since T is rigid there
exists a strictly increasing sequence of positive integers (m,,),,cry such that 7" — [ in
SOT. By compactness there exists a subsequence (7;), N of (1, ),eN, such that L™ —
p, for some p € T, and of course we still have that 7™ — I in SOT. Furthermore, the
uniform boundedness principle implies that M := sup,, ||7™ || < +oc. We now have,
for all positive integers k, that

k—1

10-T) ™ x — x| < (Z M@) 1G.T)™x — px].

£=0

Observing that (A\T)™ — pI in SOT we conclude that (AT)k™ — pK[ in SOT
and thus p¥ € F for all non-negative integers k. If p € Q we gave that 1 = pke for
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some suitable positive integer k, and thus 1 € F.If p € R\Q then there is a sequence
(my;)neN such that p™ — 1 as n — +o00. Since (p""),en C F and F is closed we
conclude that 1 € F. O

Proposition 2.6 Let T : X — X be an invertible operator. Then T is recurrent if and
only if T~V is recurrent.

Proof Tt suffices to show that if T is recurrent then 7! is recurrent. Since

(o olNee] 1
Rec(T™!) = eX:|T"x— -1,
ec(T™h ﬂU[x I77"x —xll < -

s=1n=0

in view of Baire’s category theorem it suffices to show that, givens € {1,2,...}, ¢ > 0
and y € X, thereexist x € X andn € {0,1,2,...} such that ||y — x|| < € and
IT~"x — x|| < 1/s. Indeed, we can choose a z € Rec(T) such that ||y — z|| < €/2.
We also may find a positive integer n such that ||z — 7"z|| < min{l/s, €/2}. Define
x = T"z. Then we have ||y — x| < [ly —zll+ llz — x|l < €and |T7"x — x| =
llz — T"z]| < 1/s. This completes the proof of the proposition. O

Remark 2.7 1f T is invertible, the operators 7', T~! do not necessarily share the same
recurrent vectors. Consider for example a hypercyclic, invertible, bilateral backward
weighted shift B,,, on £?(Z). For a detailed definition see § 5. Such hypercyclic
weighted shifts exist as shown in [47]. Since the hypercyclic vectors of B, are dense
in £2 there exists a x = (x,),c7 € £2(Z) which is hypercyclic for By, and satisfies
x0 # 0. Let y = (yp)nez € £2(Z) be the vector with y, := x, if n > 0 and y, := 0 if
n < 0. Observe that (Bfuy)n = (B,’j)x)n ifn > —k. We claim that y € HC(B,,). To see
this, let € > 0 and z € £2(Z). There exists some 7 such that Z|n|>no |zn|2 < 62/4.

Now let N > n, such that ||B£x — z|l2 < €/2. We can estimate

1 1

2 2
1BYy —zlla < | D ABYyw =l | + [ D 1By —zal
n<—N n>—N
1
2
< D 1zl +IBYx—zl2<e

[n|>N

This shows the claim and thus y € HC(B,,) € Rec(By,). On the other hand, B, 1
is a bilateral forward weighted shift thus || B,;)"y — yll2 > |yo| # O for every n > 1.
This shows that y cannot be recurrent for B, !.

The following lemma is an immediate consequence of the definitions and states that
the notions of recurrence, rigidity and uniform rigidity are invariant under similarity
transformations. We omit the simple proof.

Lemma 28 Let T : X — X be an operator acting on X and S : X — X be an
invertible bounded operator. Then:
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(i) T is recurrent if and only if ST'T S is recurrent.
(i) T is rigid if and only if ST S is rigid.
(iii) T is uniformly rigid if and only if S™'T S is uniformly rigid.

2.2 Spectral Properties of Recurrent Operators

In this paragraph we study some spectral properties of recurrent operators. We denote
by o (T') the spectrum of T, o, (T') the point-spectrum of T and by r (T') the spectral
radius of T. In general we will see that the spectral properties of recurrent operators
tend to resemble the spectral properties of hypercyclic operators.

Proposition 2.9 Let T : X — X be an operator acting on X. If r(T) < 1 then T is
not recurrent.

Proof Since r(T) < 1, we have that ||T"|| — 0 asn — +o00. Hence ||T"x|| — O for
every x € X and therefore T is not recurrent. O

Proposition 2.10 Ler Ty, T, be two operators acting on the Banach spaces X1, Xo
respectively. If T1 @ T, is recurrent then both T\, T, are recurrent operators.

Proof Take a recurrent vector x; @ x for T @ T». It is clear that x1, x» are recurrent
vectors for 77, T, respectively. The last implies that 77, 7> are recurrent operators. O

Proposition 2.11 IfT : X — X is a recurrent operator then every component of the
spectrum of T, o (T), intersects the unit circle T.

Proof We first show the following statement
if o(T) C {\:|A| > 1} then T is not recurrent. 2.1

Indeed, the hypothesis on the spectrum implies that 7 is invertible and that
r(T~1) < 1. By Proposition 2.9 it follows that 7! is not recurrent and by Proposition
2.6 we conclude that 7 is not recurrent.

Let us now prove the full conclusion of the proposition. Arguing by contradiction,
assume that some component Cp of the spectrum o (7)) does not intersect the unit
circle. Then either C; C D or C; C C\ﬁ. By [8, Lemma 1.21] there exists a clopen
set 01 C o(T) such that either C;{ C oy C Dor C; C o1 C (C\ﬁ. By the Riesz
decomposition theorem applied for o1 and 0, := o (T)\o7 there exist operators 71, 1>
and a decomposition of the space X, X = X1 @ XpsuchthatT =T10 71, T; : X; —
Xi,i =1,2and o(T;) = 0y, i = 1,2. Now, Proposition 2.9 and (2.1) imply that
T is not recurrent and by Proposition 2.10 we conclude that 7 is not recurrent, thus
reaching a contradiction. This completes the proof of the proposition. O

Corollary 2.12 A compact operator on an infinite dimensional Banach space cannot
be recurrent.

Example 2.13 Ttis well known that there exist compact operators K acting on separa-
ble Banach spaces X such that / + K is hypercyclic and thus recurrent. It is however
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not difficult to construct a compact operator K such that / + K is recurrent but not
hypercyclic. Indeed, consider the space £?(N) and take K to be the operator

K(x1,%2, .., xj, .. == ((¢" = Dx1,0,...,0,...),
for some 6 € R. Then for every positive integer n we have that
I+ K)"x —x = ("x1,x2,...,xj,...) —x = (" = 1x1,0,...,0,...).

Thus K is a compact operator with one-dimensional range and / + K is recurrent.
An obvious modification provides a compact operator K with d-dimensional range,
for any positive integer d, such that / + K is recurrent. Of course I + K cannot be
hypercyclic in this case.

In a similar fashion one can construct a compact operator K with infinite dimen-
sional range such that / 4+ K is recurrent but not hypercyclic. For this just take a
sequence (0,)pen With 6, — 0 as n — +o0 and define K : £2(N) — ¢>(N) as

K(xi,x2,...,%j,...) = (@ = Dxy, (€2 — Dxa, ..., (€9 — Dxj, ...
Again we have for every positive integer n
(I +K)"'x = ("x,, e"0x,, ..., ein@ij, ).

Based on the previous identity we can show that / + K is recurrent. Indeed, note that
for every positive integer m and every a = (ay, ..., a,) € T there exists a strictly
) . s ko kn kn
increasing sequence of positive integers (kn),en such that (a)", ay", ..., an) —
(1,1,...,1) as n — +oo. Using the fact that 8, — 0 we readily see that K is

compact.

Proposition 2.14 Let T : X — X be an operator. If T is recurrent then for every
A € C\T the operator T — LI has dense range, hence o,(T*) C T. Here T* denotes
the Banach space adjoint of the operator T.

Proof Suppose that (T — AI1)(X) # X for some 1 € C\T. Since T is recurrent and
the set X\ (7T — AI)(X) is non-empty and open there exists a non-zero vector x € X
such that x € Rec(T) N X\(T — AI)(X). By the Hahn-Banach theorem there exists
x* € X* such that x*(x) # 0 and x*((T — AI)(X)) = {0}. Then for every y € X we
have x*(Ty) = Ax*(y) and thus x*(T"y) = A"x*(y) for every n = 1,2, .... Since
x € Rec(T) there exists a sequence of positive integers (k,), <N such that k, — +o0
and T¥x — x. Hence Af"x*(x) = x*(T*x) — x*(x). Using that x*(x) # 0 we
conclude that Ak» — 1, which is a contradiction since A € C\T. This completes the
proof. O

Remark 2.15 If T is hypercyclic then T is recurrent but o, (T*) = <. However, there
exist several recurrent operators such that @ # o, (T*) C T. For example, this is the
case for the operator I + K constructed in Example 2.13 as well as for unimodular
multiples of the identity operator.
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The following lemma contains the classical fact that a sufficiently large supply
of eigenvectors corresponding to unimodular eigenvalues implies that the operator is
recurrent.

Lemma 2.16 Let T : X — X be an operator. If T has discrete spectrum, that is, if

span{x € X : Tx = Ax for some A € T} = X 2.2)

then T is recurrent.

Proof Take x,y € X such that Tx = pjx, Ty = oy for some w1, ur € T and fix
any A1, A € C. Since p|" — 1 and Mg” — 1 for some strictly increasing sequence
of positive integers (k,),cN We get that Ajx + Ay € Rec(T'). The last implies that

span{x € X : Tx = Ax for some A € T} C Rec(T)

and by our hypothesis we conclude that T is recurrent. O

Remark 2.17 A few remarks are in order.

(i) Observe that Lemma 2.16 holds even in the case that the space X is non-
separable. A much stronger form of the hypothesis (2.2) is the assumption that an
operator 7', acting on separable Banach space X, has a perfectly spanning set of
eigenvectors associated to unimodular eigenvalues. This means that there exists
a continuous probability measure ¢ on T such that, for every Borel A C T with
o(A) = 1 we have

span{x € X : Tx = Ax forsome A € A} = X.

In this case we get the stronger conclusion that 7' is hypercyclic. In fact, in this
case, T is frequently hypercyclic; see [5,6,29,30]. The point of Lemma 2.16 is
that if we only assume the weaker hypothesis (2.2) we can still conclude that 7
is recurrent.

(i1) On a similar spirit, if besides (2.2) we further assume that 7 : X — X is power
bounded, i.e. sup, oy |7"| < +00, and X is separable, then T is rigid; see [19].
However, (2.2) is far from being a necessary condition for rigidity since there
exist rigid unitary operators whose point spectrum is empty and so (2.2) fails for
these operators. For such examples see [19] and the references therein.

(iii)) The assumption (2.2) alone does not suffice in order to conclude that 7 is rigid.
To see this consider any hereditarily hypercyclic operator which has a dense set
of periodic points, namely, points x € X for which there exists a positive integer
n with T"x = x. One such example is provided by the operator A B on the space
of square summable sequences, where B is the unweighted unilateral backward
shift and || > 1. Observe that the operator above is hypercyclic and has a dense
set of periodic points, that is, it is chaotic.

(iv) Inthe case of complex separable Hilbert spaces H, condition (2.2) appears in [22],
and is shown to be equivalent to the existence of an invariant Borel probability
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measure of square integrable norm. For the precise definitions see [22]. We only
note here that this class of Borel probability measures contains the interesting
class of Gaussian measures.

2.3 Spectral Properties of Rigid and Uniformly Rigid Operators

We already saw that every component of the spectrum of a recurrent operator meets the
unit circle. If an operator is rigid then we also get that the spectrum must be contained
in the closed unit disk of the complex plane.

Proposition 2.18 Let T be a rigid operator acting on a Banach space X. Then every
component of the spectrum of T intersects the unit circle. Furthermore we have that
o(T) CD.

Proof If T is rigid then it is recurrent so Proposition 2.11 gives the first assertion of
the proposition. We also claim that (7)) = 1. Indeed, if »(T') > 1 then follows by
[43, Corollary 1.2] that there exists a non-zero vector y € X such that ||7"y|| — +o00
as n — 400. On the other hand, since T is rigid there exists a strictly increasing
sequence of positive integers (k) e such that 7% x — x for every x € X. Thus we
should also have that || 7% y|| — | y||, a contradiction. m|

For uniformly rigid operators we have a significant strengthening of the previous
statement.

Proposition 2.19 Let T be a uniformly rigid operator acting on a Banach space X.
Then the spectrum of T is contained in the unit circle. In particular, if T is uniformly
rigid then T is invertible.

Proof Let T be a uniformly rigid operator and suppose that (kj),cn is a strictly
increasing sequence of positive integers such that | 7% — I — 0 asn — +oo.
Without loss of generality we can assume that k, — -+o0o. In particular we have
that sup,, .y |75 | < +o0. By Proposition 2.18 we have that o (T) C D. Since T
is uniformly rigid it is immediate that 0},(7) N D = @ and by Proposition 2.14 we
also have that 0,(T*) NID = @. Thus if A € o(T) N DD then A is necessarily in the
approximate point spectrum of 7.

Let A € o(T) N D. By Proposition 2.5 we have that 77 is uniformly rigid for
any positive integer p. By the spectral theorem A? € o (T?) and by the previous
discussion A? is necessarily an approximate eigenvalue of 7'”. This means that, for
every positive integer p, there exists a sequence (x,(,p ))nEN with ||x,(,p )|| = 1 such
that ||TPx,§p) — )J’x,(,p) | = 0asn — 4o00. Using this we can construct a sequence
(Vn)neN C X with ||y, || = 1 forevery n € N, suchthat ||[T"y, — A"y, || < %for every
integer n > 1. This immediately implies that

1 1
17" yull < - + A" [ynll < - + A" >0 as n — +oo.
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On the other hand, since T is uniformly rigid along the sequence (k;),cn We have
that

75y, | = 1] < IT*ye, = yi, | < IT* — 11| = 0 as n — +oo,

which is clearly a contradiction. Thus o (7)) € T. O

Question 2.20 We have already seen that if an operator T is invertible then 7 is recur-
rent if and only if 77! is recurrent. On the other hand, for uniformly rigid operators
we get that 7' is automatically invertible. However, it is not clear whether 7! is also
uniformly rigid without some additional information on 7. See also Proposition 3.4.
It is natural to ask if the same property is shared by rigid operators, namely, whether
every rigid operator is invertible. Failing that, is it true that if 7 is rigid and invertible
then 7! is also rigid? Note that both questions above have affirmative answers in all
the examples of rigid and uniformly rigid operators appearing in this paper.

3 Power Bounded Operators

Recall that an operator 7 : X — X is called power bounded provided there exists
a positive number M such that ||T"| < M for every positive integer n. The main
purpose of this section is to show that power bounded recurrent operators are similar
to surjective isometries. This is contained in Proposition 3.2 below. In view of Lemma
2.8 this means that the study of power bounded operator recurrent operators reduces
to the study of recurrent surjective isometries.

We start with a simple lemma.

Lemma 3.1 IfT : X — X is a power bounded operator then the set Rec(T) is closed.

Proof Let (x,)nen C Rec(T) and x € X and suppose that x, — x in X. Since
(xn)neN C Rec(T') we can choose a strictly increasing subsequence of positive integers
(my)nen such that lim,,—, 4 || 7" x, — x,,|| = 0. Using the hypothesis that T is power
bounded it is routine to check that 7”7 x — x in X thus x € Rec(T). This shows that
Rec(T) is a closed set. O

We continue with our main result for this section.

Proposition 3.2 Let T : X — X be an operator.

) If T < 1 and T is recurrent then T is a surjective isometry.
@11) If T is power bounded and recurrent then o (T) C T and T-lis power bounded
and recurrent. In particular, T is similar to an invertible isometry.
(iii) If T is power bounded, recurrent and o (T) N'T = {A} for some A € T then
T=M)I.
(iv) If T is power bounded and recurrent then T is not supercyclic.
v) If T is power bounded and recurrent then Rec(T) = X.

Proof Assertion (v) follows from Lemma 3.1 and the fact that T is recurrent. In
order to show (i) we fix some x € X. By (v) we have that x € Rec(T) thus there
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exists a strictly increasing sequence of positive integers (k) cx such that T*1x — x.
The assumption that 7" is a contraction implies that || T”+1x|| < ||T"x|| for every n.
Since || T x|| — |lx]| it follows that || 7"x|| — ||x||. From the last we conclude that
ITx|| = |lx||. It remains to show that T is surjective. Observe that it is enough to
prove the convergence of the sequence (T*=1x),en. We have ||[Th—1x —Tk=1x| =
|T*x — T% x| — 0asn,l — +oo. Therefore (T*~1x),cx is a Cauchy sequence.
This completes the proof of (i).

We proceed with the proof of (ii). Define the equivalent norm |x||; =
sup,~o I7"x|l, x € X. Then T is a contraction and recurrent operator on the Banach
spacé (X, II - I)- By (i) it follows that T is a surjective isometry on (X, || - ||1), hence

o(T) C T. Therefore T is invertible on (X, || - ||1). It is clear now that T is also
invertible on (X, || - ||). We have ||T"x| < |[T"x||; = |lx||; for every n > 0 and
everyx € X. Thus 7~! : (X, ||-|) = (X, ||-])) is power bounded and by [17, Lemma
9] we conclude that 7' : (X, || - ||) — (X, || - ||) is similar to an invertible isometry.

The proof of (ii) is complete.
Let us now prove (iii). We have a(%) N'T = {1}. The theorem of Katznelson and
Tzafriri [40], gives

Trl+1 "
lim W — )\‘—n

n—)oo‘

:0,

or equivalently
lim |T"(T —x1)|| =0.
n—o00

Take anon-zero vector x € X. There exists a strictly increasing sequence of positive
integers (k,),en such that T¥nx — x, hence T (T — 1 I)x — (T — A I)x. It is now
clear that Tx = Ax.

Ansari and Bourdon have showed in [2] that, if T' is power bounded and supercyclic,
then it is stable, that is, || 7"x|| — O for every x € X. Assertion (iv) follows. O

Remark 3.3 Asitis observed in [19, Remark 2.2], rigid contractions on Hilbert spaces
are necessarily unitary. Here we show the stronger statement that recurrent contrac-
tions on Banach spaces are surjective isometries and, more generally, recurrent power
bounded operators on complex Banach spaces are similar to invertible isometries.

We close this section by an easy remark on rigid and uniformly rigid power bounded
operators.

Proposition 3.4 Let T be an operator acting on a Banach space X. Then T is power
bounded and (uniformly) rigid if and only if T~" is power bounded and (uniformly)
rigid.

Proof We will just show the proposition for rigid operators, the proof for the case of
uniform rigidity being a repetition of the same arguments. So assume that 7" is power
bounded and rigid. Then Proposition 3.2, (ii), implies that 7 is invertible and 7! is
power bounded. It remains to show that 7! is rigid. Since 7T is rigid there exists a
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strictly increasing sequence of positive integers (k) ey such that T%x — x for all
x € X. Thus, for every x € X we have

—k —k k - k
1775 — x|l < IT7 [llx — T x|l < sup 1T |[[lx — T x|,
meN

which shows that 7! is rigid with the same sequence (k,),eN. m|

4 Finite Dimensional Spaces

In this section we include a characterization of the recurrent operators 7 : C¢ — C¢
and T : RY — RY. This is relatively straightforward and probably well known.
However we provide the details here adjusted to our terminology.

We begin with the complex case.

Theorem 4.1 A matrix T : C? — C? is recurrent if and only if it is similar to a
diagonal matrix with unimodular entries.

Proof We first assume that 7 : C¢ — C¢ is recurrent. Since op(T) = o(T) and
by Proposition 2.11 every component of the spectrum of 7' intersects the unit circle,
we conclude that 6(T) = 0,(T) = {A1,..., Ay} for some Aq,..., Ay € T, with
multiplicities m1, ..., my, respectively, and m| + - - - + my; = d. By the canonical
Jordan decomposition the matrix 7 is similar to a block-diagonal matrix T of the form

Vi 0 -~ 0
B 0 Vv, -~ 0
Tr=\|. . . I
0 0 - Vy
where each V, j =1,..., M,is either am; x m; Jordan matrix, that is,
A1 0 O
0 )‘j 0 0
Vi=1 . .. . 4.1
J oo 1 @D
0O O )»j 1
0 O 0 Aj

or of the form Vj = A; I, ;, where I, is the m j-dimensional identity matrix.

We claim that each block V; is of the form A/, ;. Arguing by contradiction we
assume that there exists at least one Jordan block V; of the form (4.1), withm j, > 2.
This implies that the 2 x 2 matrix V, where

_ (i 1
V_(O M‘g)’
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is recurrent on C2. An easy calculation shows that for every natural number n we have

n n—1
Vn — )\']o n)\'jo .
0

Since Rec(V) = C?, there exists a recurrent vector z = (z1,2z2)" € C>*! with
z2 # 0. Hence, there exists a strictly increasing sequence of positive integers (k; ), cN
such that V¥z — z. Since zo # 0 this implies that A];Z — 1. On the other hand we
must have

k kp—1
)»jnzl + k, A 720 — 21
o Jo

This is clearly impossible since z; 7% 0 and this contradiction proves the claim.
We have showed that 7' is similar to a diagonal matrix with unimodular entries. The

opposite direction follows by observing that if (aj, ..., aq) € T¢ then there exists
a strictly increasing sequence of positive integers (k;),cn such that af.” — 1 for all
j=12,....d. O

We now move to the study of the real case.

Theorem 4.2 A matrix T : R? — R< is recurrent if and only if it is similar to a block
diagonal matrix if the form

Ji 0 .- 0 0
0 Jz 0 0
T .
0 0 - Jyu_1 O
o o - 0 Jm

where each Jj, 1 < j < M, is either a 2 X 2 rotation matrix or a 1 X 1 matrix with
entry either 1 or —1.

Proof Let T : RY — R? be recurrent. By the canonical Jordan decomposition 7 is
similar to a block-diagonal matrix consisting of blocks Ji, ... Jjy. Each block J; is a
real Jordan block and for real Jordan blocks there are two mutually exclusive cases:
Case 1: The Jordan block J; is identical to a complex Jordan block with real eigen-
value. In this case we conclude by the same argument as in the proof of Theorem 4.1
that J is of the form J; = Ajlmj withd; € {—1,+1}and 1 <m; <d.
Case 2: The Jordan block J; is a block matrix of the form

C L - 0 0
0 C . 0 0

=, ) 4.2)
0 0 C I
0 0 0 C
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where C is a 2 x 2 matrix

witha, b € R.

Since T is recurrent and T is a block diagonal matrix consisting of the blocks J;,
Lemma 2.8 implies that each block J; is itself recurrent on the corresponding subspace
of R?. Likewise, since the last block row of J ; 1s orthogonal to all but the last block
columns of J;, the 2 x 2 matrix C has to be recurrent on R2. However, for every
x = (x1,x2) € R2 and every positive integer n we have

IC" x|l = (a® + b*)? |x],

where || - || is the Euclidean norm on R2. From this identity it readily follows that C
is recurrent if and only if > 4+ b*> = 1. Thus C is a rotation.

We now show that if T is recurrent then every J is itself a rotation C. Indeed,
suppose that J has at least two blocks. Then the block matrix

_ C b
=6 ¢)

must be recurrent on R*, for some rotation matrix C. However, the iterates of S have

the form
o cr I’LC”71
~—\o cn ’

By an argument identical to the one used in the case of a complex Jordan matrix
this leads to a contradiction.

The considerations above show that if 7" is recurrent then 7 is similar to a block
diagonal matrix, with each block being either a rotation or a 1 x 1 matrix with
entry either 1 or —1. Conversely, every matrix of this form is easily seen to be
recurrent. O

Remark 4.3 The results in this section show that, in finite dimensions, recurrence of

linear operators is equivalent to uniform rigidity.

5 Weighted Shifts and Diagonal Operators

In this section we study the recurrence properties of weighted shifts and diagonal
operators on classical sequence spaces. We will denote by £7 (Z) the Banach space of
doubly indexed sequences a = (a,), ¢z such that

1
P
lal p:= (Z |an|f’) <400, 1=p<oo,

nez
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and

lalloo:=sup |a,| < +o0.
nez

Let w = (wy),e7 be a weight sequence, that is a bounded sequence of positive real
numbers. The bilateral weighted backward shift with weight sequence w is the linear
operator By, : £P(Z) — £P(Z) defined as

Bye,:=wye,—1, n ez,

where (e;,),e7 denotes the canonical base of £7(Z), 1 < p < 4o0. It is obvious
that B,, defines a bounded linear operator with || By || < ||[w|lco-

We define the unilateral weighted backward shift By, : £°(N) — £P(N) in an
analogous way with the obvious modifications.

It is known that a unilateral or a bilateral weighted backward shift on £7(Z), 1 <
p < +o0o,isrecurrent if and only if it is hypercyclic. See for example [13,48] and [15].
For a characterization of hypercyclic weighted shifts in terms of the weight sequence
see for example [47].

As for rigidity for unilateral or bilateral weighted shifts there is not so much to
talk about since these operators are never rigid. Indeed, if B is a unilateral or bilateral
weighted shift on £7, say, then for every basis vector ¢; we have that || B"e; —ex ||, > 1
if n > 1, thus B cannot be rigid.

5.1 Non Separable Banach Spaces

As we mentioned above, there exist hypercyclic and thus recurrent weighted shifts on
every £” with 1 < p < oo. It turns out however that there are no recurrent weighted
shifts on £°°(N) or £°°(7Z).

Theorem 5.1 There does not exist recurrent unilateral or bilateral weighted backward
shifts on £°°(N) or £°°(Z), respectively.

Proof Let T : £>°(N) — £°°(N) be a unilateral backward weighted shift with weight
sequence a = (&y,),eN and suppose that T is recurrent. Let M > 1 and define
the vector y := (2, M, 2,2,...). Since T is recurrent there exist a recurrent vector
x = (xp)neN and a positive integer [ > 1 such that |x — y|jeo < % and

l

1
||Tlx — X|loo = sup Hai+j_1xl+j —xj| < z.
iz 2
We get that
I l
1 < H(x,-xl_,_l <3, M-1< Hai+1x1+2 <M+1
i=1 i=1
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3 5 . . . .
and 5 < |xz+1l, |x142| < 5. Using the previous estimates and since

)
1
H. QX[ 4]
i=1

a1 x4l
o Xl

we arrive at

a
Q41 > g(M = 1.

Since M can be chosen to be arbitrarily large, we conclude that the sequence
(otn)nen 1s unbounded which is a contradiction. The proof for bilateral weighted shifts
is essentially identical so we omit it. O

A well known result of Salas from [47] says that if 7 is any unilateral weighted
backward shift on £2(N) then the operator I 4 T is hypercyclic. In the non-separable
case it is easy to see that / + T can never be recurrent.

Proposition 5.2 Let T : £°(N) — £°°(N) be a unilateral weighted backward shift.
Then I 4+ T is not recurrent. The same is true if T : £>°(Z) — £°°(Z) is a bilateral
weighted backward shift.

Proof Let T : £*°(N) — £°°(N) be a unilateral weighted backward shift with weight
sequence a = (a,),cN and suppose that / + 7 isrecurrent. Let y := (1, 1,...,1,...).
There exist a vector x € £°°(N) and a positive integer N with Na; > 5 such that
Ix = ylloo < 4 and

(I 4+ T)Nx — x|loo = sup
j=1

J
N !

N
> () (H) _x
=0 i=1

Taking real parts in the previous inequality and j = 1 in the supremum we must
have

< 1.

= sup
jz1

N N l
> (1 ) (H oz,-)Re(xl+1) —Re(x))| < 1.
=0 i=1

The last implies that

N

> (7) (H ai)Re(le)

=0 i=1

<1+ |Re(x;)| = 1 +Re(x)).
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Now observe that all the terms in the sum above are positive, so we conclude that
NajRe(xy) < 14+ Re(xy).

Taking into account that Re(xz) > 1/2 and Re(x1) < 3/2, the last inequality above
implies that Na; < 5, which contradicts the choice of N. A similar argument shows
that I 4+ T is never recurrent when T is a bilateral weighted backward shift. O

5.2 Diagonal Operators

We now turn to some examples of diagonal recurrent operators. We will see that
diagonal operators on classical sequence spaces are recurrent if and only if they are
rigid. There are however diagonal operators on co(N), for example, that are rigid
without being uniformly rigid. See the discussion in Example 5.5.

Theorem 5.3 For a sequence .. = (A, ..., Ak, ...) € £2°(N) we define the diagonal
operator Ty, : £°(N) — £°°(N) by the formula

T(x1, X2, ooy Xiey oon) i= (AXT, o ooy A X, . ).

The following are equivalent:

(i) T is recurrent.
(i) T is rigid.
(iii) T is uniformly rigid.
(v) For every k € N we have i, = e*'% for some (0;)reny C R and

lim inf sup|e?™ "% — 1| — 0.
n—-+00 keN

Proof First of all we claim that if 7} is recurrent then necessarily [Ax| = 1 for
all k € N. Indeed, if Rec(7)) = £°°(N) then there exists a recurrent vector
V=01, Yk»-..) € LP(N) with yr # 0 for all k € N. Using this it is straightfor-
ward to show the claim. So, it suffices to consider unimodular A;’s, i.e., Ay = 21tk
for some (Gx)reny C R.

Next, we observe that for every n € N we have

1T} — I = sup |T)'x — x|lco < suple®™ "%

xlloo=<1 keN

= 1lxllco-

On the other hand, for1 := (1, 1,...,1,...) € £°°(N) we have

71 — 1] = sup|e?™ "% — 1],
keN

We conclude that [|7}" — I|| = [|[7]'1 — 1|| = supgcyle?™ "% — 1|. Using this
together with Proposition 3.2, (v), it is routine to show the equivalence of (i)—(iv). O
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Theorem 5.4 For a sequence ). € £°°(N) we define the operator T), : X — X as
above, where X = co(N) or X = ¢P(N), 1 < p < +o0.

(A) The following are equivalent:
(1) T, is recurrent
(i) T, is rigid.
(iii) For every k € N we have |A¢| = 1.
(B) The following are equivalent:
(1) Ty is uniformly rigid.
(i) Foreveryk € Nwe have Ay = e2m it for some (Or)ren C R and

lim inf sup|eZ™ "% — 1| — 0.
n—+o00 keN

Proof We give the prove for the case X = ¢o(N) since the proof for the case X =
£P(N) is essentially identical. The equivalence in (B) follows by exactly the same
arguments as in the proof of Theorem 5.3. We turn to the equivalences in (A). The
only non-trivial thing to show is that (iii) implies (ii). To that end we fix a sequence
(B)keny C R such that Ay = e2™% for all k € N. We exhibit the existence of a strictly
increasing sequence of positive integers (p,),en satisfying T)\p " — [ in the strong
operator topology.
For every positive integer £ we consider the set

; 1
{m(le)<m(2£)<<ml(f)<.}': meN:|€27nm€/—1|<27 for all j:1,...,£].
Observe that for every £ > 2 the sequence (m,(fﬂ)) reN s a subsequence of

(m,(f)) reny- Define p, := mf,n), for every n € N. The above construction easily implies

that for every integer M we have

lim sup |e?7P% — 1| = 0.
n—+00 p <y

Using this it is easy to see that T)f’"x — x asn — +oo, forevery x € co(N). 0O

Example 5.5 For 6 € R consider the sequence (Ar)ren With Ay = 27k for all
k € N.If € Q it is easy to check that the sequence (e27k?), . satisfies the
condition in Theorem 5.3, (iv), and thus the corresponding diagonal operator 7 is
uniformly rigid on ¢o(N) and £7(N), 1 < p < 4+00. On the other hand if § € R\Q
then supkeN|e2”i”k9 — 1] = 2 for every n € N and, therefore, Tj, fails to be uniformly
rigid on any of the spaces considered above. However, T is still rigid on co(N) or
P(N), 1 < p < +o0.

6 Composition Operators

In this section we turn to the study of composition operators in different spaces of
functions and characterize when these operators are recurrent in terms of conditions
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on their symbol. If Y is a Banach or Fréchet space of functions f : A — C, where
ACC,and ¢ : A — A, we will denote the composition operator with symbol ¢ by
Cyp:Y =Yt

Co(f)=fod, feV,

whenever this operator is well defined.

6.1 Composition Operators on the Space of Continuous Functions C ([0, 1])

Let C([0, 1]) denote the space of continuous functions f : [0, 1] — C equipped with
the topology of uniform convergence. For any continuous function ¢ : [0, 1] — [0, 1]
the composition operator

Cy : C([0,1]) = C([0, 1]),  Cyp(NH(x) == f(@(x)), x €[0,1],

is a well defined bounded linear operator. The first easy observation is that a necessary
condition for Cy to be recurrent is that ¢ is one-to-one. Indeed, supposing that it is
not, there exist x1, x» € [0, 1] with x| # x2 such that ¢ (x1) = ¢ (x2). We get that for
every recurrent vector f € Rec(Cy) we must have f(x1) = f(x2) and thus that

C([0, 1]) = Rec(Cy) C {f € C([0, 1]) : f(x1) = f(x2)},

which is clearly a contradiction. Furthermore it is easy to see that ¢ : [0, 1] — [0, 1]
must be onto [0, 1]. However, this is an easy exercise: since ¢ is one-to-one, if it is
not onto [0, 1] then there must be some interval (a, b) C [0, 1] that avoids the range
of ¢. Constructing a non-zero continuous function with compact support inside (a, b)
immediately leads to a contradiction. Thus ¢ is a strictly increasing from [0, 1] onto
[0, 1] with ¢ (0) = 0 and ¢ (1) = 1 or a strictly decreasing function from [0, 1] onto
[0, 1] with ¢ (0) = 1 and ¢ (1) = O.

If ¢ is strictly increasing we claim that the only possibility is the identity ¢ (x) = x.
If not then there is some x, € (0, 1) and some § > 0 such that ¢(x,) < x, — § or
¢ (xo) > x, + 6. Without loss of generality let us assume that ¢ (x,) < x, — § so that
¢"(x,) < x, — & for all positive integers n € N. Now we observe that ¢l (x,) <
¢!"=1(x,) for all n > 1. To see this for n = 1 we remember that ¢ (x,) < x, — 8
and that ¢ is strictly increasing so that ¢ (¢ (x,)) < ¢(xo, — ) < ¢ (x,). The proof for
general n follows easily by induction, using the fact that ¢ is strictly increasing. Thus
(¢, cn is strictly decreasing and bounded from below and we can conclude that there
exists y < x, such that ¢! (x,) — y asn — +o00. We get that f(¢p!"(x,)) — f(y)
forevery f € C([0, 1]). Now let f € Rec(Cy) with corresponding sequence (ky),eN.
We have that

F@* I (x,)) — f(x,) asn— +oo.

Thus f(x,) = f(y) for all recurrent vectors f € Rec(Cy). Since x, # y and
Rec(Cy) = C([0, 1]) this is clearly a contradiction.
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If ¢ is strictly decreasing we use the analogous argument to show that the only
choice is ¢ (x) = 1 — x. We have thus showed the following.

Theorem 6.1 Suppose that Cy : C([0, 1]) — C([0, 1]) is a composition operator.
The following are equivalent.

(i) Cy is recurrent.
(i1) Cy is rigid.
(iii) Cgy is uniformly rigid.
iv) ¢(x) =xor¢p(x) =1 —x.

Remark 6.2 Observe that the spectrum of Cy : C([0, 1]) — C([0, 1]) for ¢(x) =
1 —xiso(Cy) = {—1, 1}. Indeed, since C¢2 = I we have that 0(Cy) C {1, 1}.
Clearly 1 € 0,,(Cy). For f(x) = e 4 77X we have f(1 —x) = — f(x), hence
—1 € 0(Cy). In fact we have 0,(Cy) = 0(Cy) = {—1, 1}. Therefore, the only
possible structures for the spectrum of a composition operator on C([0, 1]) which
is recurrent are of the form {1}, {—1, 1}. The above theorem remains valid, without
changing the proof, by replacing the space C ([0, 1]) with the space Cr ([0, 1]) of real
valued continuous functions on [0, 1]. In this case, the spectrum of the composition
operator Cy : Cr([0, 1]) — Cgr([0, 1]) for ¢ (x) = 1 — x, which coincides with the
point spectrum, is also the set {—1, 1}. To see this just consider the real valued function
fx) = % —x, x € [0, 1] and observe that /(1 — x) = —f(x), x € [0, 1].

Remark 6.3 Aswehave already mentioned T. Eisner showedin [19] thatif 7 : X — X
is a power bounded operator acting on a complex separable Banach space X and

span{x € X : Tx = Ax forsome A € T} =X,

then T is rigid. The composition operator Cy : C([0, 1]) — C([0, 1]) for ¢p(x) = x
satisfies trivially the assumptions in Eisner’s theorem. Let us check that this is also the
case for the composition operator Cy : C([0, 1] — C([0, 1]induced by ¢(x) =1 —x

(which is trivially rigid since C; = [I). For every positive integer n the function
fa(x) = (% —x)", x € [0, 1] satisfies f,(1 —x) = f,(x), x € [0, 1]if n is even and
fnl —x) = —f,(x), x € [0, 1] if n is odd. Since every non-zero constant function

on [0, 1] is an eigenfunction for Cy corresponding to the eigenvalue 1 and f; is also
an eigenfunction for Cy corresponding to the eigenvalue —1 we conclude that the
monomial pi(x) = x belongs to span{Ker(Cy — I) UKer(Cy + I)}. The polynomial
2, which has degree two, belongs to the vector space span{Ker(Cy—I)UKer(Cy+1)}
and since the non-zero constant functions and the monomial pj(x) = x also belong
to span{Ker(Cy — I) U Ker(Cyp + I)} it follows that p2(x) = x2e span{Ker(Cy —
I) UKer(Cy + I)}. Continuing in the same way we get

{pn(x) =x":n=0,1,2,...} Cspan{Ker(Cy — I) UKer(Cy + 1)},

which in turn implies that every polynomial belongs to span{Ker(Cy — I) UKer(Cy +
I)}. The conclusion now follows by the Weierstrass approximation theorem.
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Observe that, from Eisner’s result and the previous discussion, each of the four
equivalent statements in Theorem 6.1 is equivalent to:

span{f € C([0,1]) : Cy f = Af forsome A e T} = C([0,1]).

6.2 Composition Operators on the Space of Entire Functions

Let H(C) denote the Fréchet space of entire functions endowed with the topology
of uniform convergence on compact sets, and let ¢ € H(C). We will abbreviate
“holomorphic and one-to-one” by “univalent”. The composition operator induced by
¢ is defined on H(C) as Cy(f) = f o ¢. Obviously Cy is continuous and linear. It is
well known, and easy to prove, that Cy is hypercyclic if and only if ¢ is of the form
¢(z) = z+ b with b # 0. See [27]. The class of recurrent composition operators on
H (C) turns out to be slightly wider.

Theorem 6.4 Consider the composition operator Cy : H(C) — H(C) for some
¢ € H(C). The following are equivalent.

(i) Cg is recurrent.
(i) ¢(z) =az+bwitha,b € Cand |a| = 1.

Proof Assume first that Cy is recurrent. By an argument similar to the one used § 6.1
for C ([0, 1]) it follows that ¢ must be univalent. However, the only univalent entire
functions are of the form ¢ (z) = az + b for some a, b € C.

Now for ¢(z) = az + b and n € N we have that

n_|
o _ |a"2+%=b, a#1,
0] (Z)_[z+nb, g1

Ifa = 1and b # O then Cy is the translation by b which is known to be hypercyclic
and thus recurrent. On the other hand if a = 1 and b = 0 then Cy is the identity which
is obviously recurrent. If a # 1 with |a| = 1 then we will show that every f € H(C)
is a recurrent vector for Cy and thus Cy is recurrent. Indeed, take any f € H(C). We
need to check that for every €, R > 0 and every positive integer N > 0 there exists
n > N such that,

n

sup <e. 6.1)

2€D(0,R) a—1

7 (a”z 4@ b) e

By the uniform continuity of f on compact subsets of C there exists § > 0 such
that:

2|b|
la — 1]

if z,weD(O,R—i— ) and |z —w| <34, then |f(z) — f(w)| <e.
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1b]
la—1]|

D(0, R) we have that z, a"z + “=Lb € D(0, R + %) and

There exists n > N such that |[a" — 1| < §(R + )~!. Then, for every z €

"1 b
a"z+ 2 b—z| <|a" =1 R+ d <4,
a—1 la — 1]
and (6.1) follows.
Finally, for |a| < 1 we have that a"z + ‘Z%llb — —c% uniformly on compact

subsets of C and a simple argument shows that Cy cannot be recurrent. Similarly,
if |a] > 1 then take R > O sufficiently large so that 0 € D(a%l, R). Then for any
strictly increasing sequence of positive integers (k,), N and every non-constant entire
function f we have

k at 1 k
sup |fla™z+ 1b - f@|= sup flamz— 1
2€D(0,R) a- 2eD(GE.R) a-
b
—flz———)|+o©
a—1
as n — +o00. Thus Cy cannot be recurrent in this case either. 0

Theorem 6.5 Consider the composition operator Cy : H(C) — H(C) for some
¢ € H(C). The following are equivalent.

(i) Cy is rigid.
(ii) ¢(z) = az + b where, eithera = 1 and b =0ora € T\{1} and b € C.

Proof Assume that Cy is rigid. Then Cy is recurrent and by Theorem 6.4, ¢ should
be of the form ¢(z) = az + b witha, b € C and |a| = 1. Let us first exclude the case
a = 1and b # 0. Indeed, if ¢ (z) = z 4+ b with b # 0 then it is well known that Cy
is hereditarily hypercyclic thus Cy is not rigid. On the other hand if a = 1 and b = 0,
i.e. ¢(2) = z, then Cy is rigid, trivially. It only remains to handle the case a € T\{1}
and b € C. Fix such a and b and then fix a strictly increasing sequence of positive
integers (k,),eN such that

1
|ak”—1|< — forevery n=1,2,....
n

Take any f € H(C). We shall prove that for every €, R > 0 there exists a positive
integer N such that for every n > N

akn

f (ak"z +
a

sup
2eD(0,R)

< €.

—1
- b)—f(z)

By the uniform continuity of f on compact subsets of C there exists § > 0 such
that:
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ifz,weD (0,R+ ‘jﬂl) and |z — w| < 8 then | £(z) — f(w)| < e.

Fix a positive integer N such that

L _s(rs+ 1 B
— < .
N la — 1]

Then

b
la —1]

-1
|ak"—1|<8(R+ ) forevery n> N

and arguing as in the proof of the Theorem 6.4 the conclusion follows. O

6.3 Composition Operators on the Space of Holomorphic Functions in the Punctured
Plane

Let C*:=C\{0} denote the punctured plane and H (C*) denote the Fréchet space of
holomorphic function on C* endowed with the topology of uniform convergence on
compact sets of C*. Then the automorphisms of C* are the functions

¢(z) =az or ¢(z) = g, a € C\{0}.

Theorem 6.6 Let ¢ be an automorphism of C*. Then the composition operator Cy :
H(C*) — H(C*) is recurrent if and only if either ¢ (z) = az witha € T or ¢(z) = %
with a € C*.

Proof Let ¢(z) = az with |a| # 1. Suppose that Cy is recurrent. Since Rec(Cy) is
dense in H (C*), there exists f(z) = 2, .7 cnZ" € Rec(Cy) with c_1 # 0. We have

Jcors@ = ranaz = [(r@'a - fendz =2mi (S =),
T T

where the unit circle T is positively oriented. Since f € Rec(Cy) there exists a strictly
increasing sequence of positive integers (k,),cn such that the left hand side of the
above equality tends to zero and since c_; # 0 we conclude that a®» — 1, which is
a contradiction. Consider now ¢ (z) = az with |a| = 1. Then there exists a strictly
increasing sequence of positive integers (k,)y such that a* — 1 and now it is easy
to show that for every f € H(C*), (C¢)k" f — f uniformly on compact subsets of

C*, i.e., Cy is recurrent. It remains to handle the case ¢ (z) = %, a € C*. For this

observe that ¢ o ¢(z) = z, z € C* and therefore (C¢)2” f = f foreveryn € N
and every f € H(C*). Therefore Cy is recurrent and this completes the proof of the
theorem. O
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Theorem 6.7 Let ¢ be an automorphism of C*. Then the composition operator Cy :
H(C*) — H(C¥*) is rigid if and only if either ¢(z) = az witha € T or ¢(2) = ‘;’
with a € C*.

Proof A careful inspection of the proof of Theorem 6.6 gives the desired result. O

6.4 Composition operators on the space of holomorphic functions on the unit disk

We now consider the Fréchet space H (D) of holomorphic functions on the unit disk D,
endowed with the topology of uniform convergence on the compact subsets of D.
Let ¢ : D — D be a holomorphic function. We define the composition operator
Cyp : HD) — H(D) as Cy(f) = f o ¢. Again it is clear that Cy is a continuous
linear operator.

We will be especially interested on composition operators induced by linear frac-
tional maps.

Definition 6.8 A non-constant map ¢ : D — D is called a linear fractional map if it
can be written in the form

az+b

, zeD,
cz+d ‘

¢(2) =

for some a, b, c,d € C satisfying ad — bc # 0. The latter condition is necessary
and sufficient for ¢ to be nonconstant. We denote by LFM(D) the set of all linear
fractional maps of D into itself. The linear fractional maps that take D onto itself are
called conformal automorphisms of D.

The members of LEFM(ID) have at least one and at most two fixed points in C. We
classify them as:

e Linear fractional maps without a fixed point in ID.

— parabolic linear fractional maps: those having a unique attractive fixed point
on T.

— hyperbolic maps with attractive fixed point on T: those having an attractive fixed
point ¢ € T and a second fixed point 8 € C\ID. The linear fractional map is a
hyperbolic automorphism of D if and only if both fixed points are on T

e Linear fractional maps having a fixed point in D. Here there are two cases:
— either the interior fixed point is attractive, or
— the map is an elliptic automorphism: The automorphisms of D having a fixed
point o € D and the second fixed point 8 € C\D.

For these notions and classification we refer the reader to [49].
The following theorem describes the recurrent composition operators, induced by
holomorphic self-maps of the disk.

Theorem 6.9 Let ¢ : D — D be a holomorphic function. The composition operator
Cy : HD) — H(D) is recurrent if and only if either ¢ is univalent and has no fixed
point in D or ¢ is an elliptic automorphism.
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Proof First we assume that Cy is recurrent. Using the the same argument as in the
proof of Theorem 6.4, (i), we see that ¢ is necessarily univalent. If ¢ has no fixed
point in D then there is nothing to show. Assume now that ¢ has an interior fixed
point p € D. If ¢ is an automorphism of the disk then it is necessarily an elliptic
automorphism; see [49]. If ¢ is not an elliptic automorphism then the Denjoy—Wolff
Iteration Theorem, [49, Proposition 1, Chapter 5], implies that ¢ converges to p
uniformly on compact subsets of ). We conclude that the only limit points of the
Cy-orbit are the constant functions. Therefore Cy cannot be recurrent in this case.
To show the converse observe that if ¢ is an elliptic automorphism then ¢ is con-
jugate to a rotation; see [49, Chapter 0]. Thus, there exists a linear fractional map S
and a complex number A € T such that Cy = S~!Cy, S where ¢, (z) = Az, z € D.
As in the proof of Theorem 6.4 it is easy to see that Cy, is recurrent and by Lemma
2.8 we get that Cy is recurrent. If ¢ is univalent and has no fixed point in ID then by
the Denjoy—Wolff theorem, [49, p. 78, Chapter 5], there is a point w € T such that
¢!l — w uniformly on compact subsets of ID. This implies that for every compact set
K C D there exists a positive integer n such that /"J(K) N K = @. By [35, Theorem
3.2] Cy is hypercyclic and thus recurrent. O

Specializing to linear fractional maps immediately gives the following corollary.

Corollary 6.10 Let ¢ € LEM(ID). The composition operator Cy : H(D) — H (D) is
recurrent if and only if ¢ is either parabolic, or hyperbolic with no fixed point in D,
or an elliptic automorphism.

We now characterize the rigid composition operators on H (D).

Theorem 6.11 Let ¢ : D — I be holomorphic. The composition operator Cy :
H (D) — H((D) is rigid if and only if ¢ is an elliptic automorphism.

Proof 1f ¢ is an elliptic automorphism we note as in the proof of Theorem 6.9 above
that there exists a linear fractional map S and a complex number A € T such that
Cy = S_1C¢,.AS where ¢, (z) = Az, z € D. It is now an easy exercise to check that
Cy, is rigid. Assume now that Cy is rigid. Then Theorem 6.9 implies that either ¢
has no fixed point in I or that it is an elliptic automorphism. However, if ¢ has no
fixed point in D it follows as in the proof of Theorem 6.9 that for every compact set
K C D there exists a positive integer n,, such that ¢["](K YN K = @ foralln > n,.
This implies that Cy is hereditarily hypercyclic; see for instance [35, Theorem 3.2].
In this case Cy cannot be rigid. Thus ¢ is an elliptic automorphism. O

6.5 Composition Operators on the Hardy Space H?(ID)

In what follows we consider composition operators on the Hardy space H?(ID), con-

sisting of holomorphic functions f : D — C such that
1/2

2
1 i0N)2
= — do .
I/ 1 2y OSUP 27T/|f(re )| < 400
0

<r<l1

We immediately restrict our attention to the special class of symbols ¢ € LFM(ID).
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Theorem 6.12 Let ¢ € LFM(D). Then the operator Cy : H*(D) — H?*(D) is
recurrent if and only if ¢ is either hyperbolic with no fixed point in D, or a parabolic
automorphism, or an elliptic automorphism.

Proof We first consider the case that ¢ € LFM(ID) has no fixed points in . Then
¢ is either parabolic or hyperbolic. In either case, [8, Theorem 1.47] implies that Cy
is hypercyclic and thus recurrent. If ¢ is a parabolic non-automorphism then by [49,
The Linear Fractional Hypercyclicity Theorem, p.114], only constant functions can
be limit points of Cg-orbits. Therefore Cy is not recurrent.

Assume now that ¢ has a fixed point p € . If ¢ is not an elliptic automorphism
of D we claim that Cy is not recurrent. Indeed, assume, for the sake of contradiction,
that Cy is recurrent and consider a non-constant f € Rec(Cy). Then there exists a
strictly increasing sequence of positive integers (k,),cn such that

Hfo¢>[k"] — f“H2(]D>) — 0, n— 4oo.

Therefore f o ¢!*] converges to f uniformly on compact subsets of . Let 0 <
r < 1. Then

sup | F(@% () — f(2)| = 0, n — +oc.

lzl<r

Since we have assumed that ¢ is not an elliptic automorphism, the interior fixed
point p must be attractive. By [49, Proposition 1, Chapter 5] the iterates ¢ con-
verge to p uniformly on compact subsets of ID. We conclude that for every w €
D@, r), f(¢[k”])(w)) — f(p) asn — +oo. It readily follows that f(w) = f(p)
for every w € D(0, r) and thus f is constant, a contradiction. It only remains to
check what happens when ¢ is an automorphism of the disk in which case ¢ is an
elliptic automorphism. Without loss of generality we can assume that ¢ is of the form
¢(z) = Az for some A € T and a direct computation shows that every f € H 2(D) is
a recurrent vector for Cy. O

Theorem 6.13 Let ¢ € LEM(ID). Consider the composition operator Cy : H 2(D) —
H?*(D).

(i) Cy is rigid if and only if ¢ is an elliptic automorphism.
(ii) Cy is uniformly rigid if and only if ¢ is conjugate to a rational rotation.

Proof For (i) firstassume that Cy is rigid. By Theorem 6.12 the operator Cy is recurrent
and thus ¢ is either hyperbolic with no fixed point in D, or a parabolic automorphism,
or an elliptic automorphism. If ¢ is hyperbolic with no fixed point in D or a parabolic
automorphism then Cy is hereditarily hypercyclic; see [8]. Thus Cy cannot be recur-
rent. To complete the proof of (i) it remains to show that if ¢ is an elliptic automorphism
then Cy is rigid. Without loss of generality we can assume that ¢ (z) = Az for some
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X € T. There exists a strictly increasing sequence of positive integers (k;),en such
that Ak» — 1. For any f(z) = Zmzo amz™ € H*(D) we have

ICS f = Flipp = 2 lanPIL=2"> >0 as n— 400 (6.2)

m=>0

by dominated convergence. Thus Cy is rigid.

For the proof (ii) we observe that if either of the equivalences is true then ¢ is
necessarily conjugate to a rotation so we restrict our attention to ¢ of the form ¢ (z) =
Az, with |A| = 1. For any positive integer n we have

ICg — 11 = sup [T —A™"].
¢

m=>0

However, liminf;,—, 4 oo SUp,,>o |1 —A™"| = O if and only if A = e?™1% with 6 € Q.
O

7 Multiplication Operators

We now consider multiplication operators on different spaces of functions. For some
Banach or Fréchet space Y we will denote by My : Y — Y the multiplication operator
with symbol ¢, that is,

My(f) =¢f. feY,

whenever this operator is well defined. In most cases we will see that the recurrent
multiplication operators are, in some sense, trivial, meaning that the symbol of the
operator is a constant function.

7.1 Multiplication Operators on Spaces of Continuous Functions

First we consider multiplication operators on spaces of continuous functions.

Theorem 7.1 Let (K, d) be a compact and connected metric space and denote by
C(K) the continuous functions f : K — C. For ¢ € C(K) the following are
equivalent.

(i) My : C(K) — C(K) is recurrent.
(ii)) My : C(K) — C(K) is rigid.
(iii) My : C(K) — C(K) is uniformly rigid.
(iv) There exists a € T such that ¢ (x) = a for every x € K.

Proof Theimplications (iv) = (iii), (iii) = (ii), (i) = (i) are trivial to show. In order
to show that (i) implies (iv) let us assume that My is recurrent. Suppose that there exist
xo € K with |¢(xo)| # 1 and consider any f € Rec(My). If [¢(x0)| < 1 then, by
the continuity of ¢, there exists an open ball B(xg, 8) = {y € K : d(y, xo) < &} such
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that [¢(y)| < 1 for every y € B(xo, §). From the last and the fact that f € Rec(My)
it easily follows that f(y) = O for every y € B(xy, §). Therefore we have

Rec(My) C {f € C(K) : f(y) =0 forevery y € B(xg,d)}.

However the right hand set in the above inclusion cannot be dense in C(K) (there
is hidden here an argument involving the connectedness of the space K which is left
to the reader), thereby giving a contradiction. The case |¢(xp)| > 1 can be handled
in a similar fashion and we leave the details to the reader. At this point we know that
|¢(x)| = 1 for every x € K, which in turn implies that | M| = 1. Therefore M,
is power bounded and we get that Rec(My) = C(K). Assume that ¢ (x1) # ¢ (x2)
for some x1,x2 € K. The set K is connected, hence ¢ (K) is connected and since
o (x| = |¢p(x2)| = 1 with ¢p(x1) # ¢(x2) there exists a set L C K and an arc
J CT, ¢(x1),p(x2) € J such that J C ¢(L). Observe that the constant function
h(x) =1, x € K, is recurrent for My since Rec(My) = C(K). Thus, there exists a
sequence of positive integers (k,),eN such that sup, o g |¢(x)k" — 1| — 0. It follows
that sup, . ; Izk" — 1| — 0, which is clearly a contradiction. Hence, there exists a € T
such that ¢ (x) = a forevery x € K. O

7.2 Multiplication Operators on Hilbert Spaces of Analytic Functions on Domains
of C"

We fix a non-empty open connected set Q2 of C", n € N, and H a Hilbert space of
holomorphic functions on €2 such that:

— H # {0}, and
— forevery z € €, the point evaluation functionals f — f(z), f € H, are bounded.

Every complex valued function ¢ : € — C such that the pointwise product ¢ f
belongs to H for every f € H is called a multiplier of H. In particular ¢ defines the
multiplication operator My : H — H in terms of the formula

My (f) =¢f. fe€H.

By the boundedness of point evaluations along with the closed graph theorem
it follows that My is a bounded linear operator on H. It turns out that under our
assumptions on H, every multiplier ¢ is a bounded holomorphic function, that is
[@lloo := sup.cq l¢(z)| < +oc. In particular we have that [|¢ |l < [|My||; see [26].

The recurrent properties of multiplication operators on Hilbert spaces of analytic
functions as above are contained in the following theorem, proved in [15]:

Theorem 7.2 Suppose that every non-constant bounded holomorphic function ¢ on
Q is a multiplier of H such that ||My|| = ||¢llco. Then for each such ¢ the following
hold.

(i) The multiplication operator My is not recurrent.
(ii) The adjoint M:; is recurrent if and only if it is hypercyclic if and only if ¢ (2)N
T#o.
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Remark 7.3 1t is not hard to see that under the hypothesis of the previous theorem
M; is never rigid. Indeed, every value ¢(z), z € €2, is an eigenvalue of M;‘; see
[26]. By Proposition 2.18 we must have |¢(z)| < 1. On the other hand if M; is rigid
then by the previous proposition M; is hypercyclic and then we necessarily have that
||M$|| = [[Myll = ll¢lloc > 1. Since these two conditions are mutually exclusive we
see that M; is not rigid.

On the other hand, again under the assumptions of Theorem 7.2, the multiplication
operator My, is recurrent if and only if M is recurrent if and only if ¥ is equal
to a unimodular constant, everywhere on 2. In the latter case My, M;Z are, in fact,

uniformly rigid.

7.3 Multiplication Operators on Banach Spaces of Holomorphic Functions
in the Unit Disk

Let X be a a non-trivial Banach space of functions holomorphic in the unit disk D. A
function¢ € H (D) issaid to be a (pointwise) multiplier of X into X if ¢ f € X forevery
f € X. Then the multiplication operator My : X — X is defined by My f = ¢f for
every f € X. Assuming in addition that each point-evaluation functional is bounded
on X, it follows that: (i) My is a bounded operator, (ii) ¢ is bounded on D, i.e.
¢ € H* (D) and (iii) [|¢llec < [[Mpll, see for instance [1].

7.4 Multiplication Operators on Hardy and Bergman Spaces

For 1 < p < oo the Hardy space H? consists of all holomorphic functions f in the
unit disk D such that

1/p

2
1 0\ p
| f Nl zp(Dy:= sup o | f(re')|’do < +00.
0

0<r<l1

Equipped with this norm H?” (D) becomes a Banach space and for every f € H”
we have that

If (@) < (”f”HP(D) eD; 71.1)

1—zH/p

see [18]. The last estimate implies that all point-evaluation functionals are bounded.
For 1 < p < oo the Bergman space A” (D) consists of all holomorphic functions
f in the unit disk D such that

1/p

Ifllar @)= /If(z)l”dA(z) < 00,
D

where dA(z) = %dxd y is the normalized area measure in D with A(D) = 1. Then
AP becomes a Banach space and for every f € AP (D) we have that
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(@) < (1”f”A"(D) eD, (1.2)

— |Z|2)2/p’

which in turn implies that all point-evaluation functionals of A? (D) are bounded. For
the growth estimate above see for example [1].

We will also consider the Dirichlet space on the unit disc, denoted by D, and
consisting of all the holomorphic functions f on the unit disc such that

I £ %=1 £ (0)* +/ |f/(2)PdA(z) < +o0.
D

Finally, we consider the Bloch space on the unit disc, denoted by B, and consisting
of all functions f, holomorphic on D, such that

I £llz:=1£ ()] + sup(l — [z £/ (@) < +00.

zeD

It is well known that functions both in the Dirichlet space D as well as in the Bloch
space B satisfy growth estimates similar to (7.1) and thus the corresponding point
evaluation functionals are bounded. See for example [1].

Theorem 7.4 Let 1 < p < oo. Consider a multiplier ¢ of HP (D) into HP (D) and
the corresponding multiplication operator My : HP (D) — HP (D). The following
are equivalent.

(1) My is recurrent.
(i1) My is rigid.
(iii) My is uniformly rigid.
(iv) There exists a € T such that ¢ (x) = a for every x € D.

Proof We only have to prove that (i) implies (iv) since all the other implications are
trivial. Consider f € Rec(My) so that f is not identically zero. We have

My f — fllrm)
(1—z»Hlr

lp(2)" f(z) — f)I < eD.

There exists a strictly increasing sequence of positive integers (k;),cN such that
||Mq1§"f — fllgr@) — 0asn — +o0. Therefore, (2% f(z) = f(z) uniformly on
compact subsets of ID and since £ is not identically zero we conclude that ¢ (z)* — 1
uniformly on any open disk B such that B C . It follows that |¢(z)| = 1 for every
z € B and by the maximum modulus principle and analytic continuation we conclude
that ¢ is a unimodular constant on . m|

Theorem 7.5 Let X be either the Bergman space AP (D), 1 < p < 400, the Dirich-
let space D or the Bloch space B. Consider a multiplier ¢ of X into X and the
corresponding multiplication operator My : X — X. The following are equivalent.
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(1) My is recurrent.
(i1) My is rigid.
(iii) My is uniformly rigid.
(iv) There exists a € T such that ¢ (x) = a for every x € D.
(V) ¢ is an isometric multiplier of X.

Proof We give the proof in the case of the Bergman space A” (D). For the other
two cases the proof is similar using the corresponding growth estimates instead of
(7.2). We first prove that (i) implies (iv). Using (7.2) and arguing as in the proof of
the previous theorem the desired implication follows. In [1] it is proved that (iv) is
equivalent to (v). Now, all other implications are trivial. This completes the proof of the
theorem. O

7.5 Multiplication Operators on L2(X, 1)

Let (X, u) be a measure space where p is a non-negative finite Borel measure. For
¢ € L°°(X, ) we define the multiplication operator My, : L%(X, n) — L%(X, ) as
My (f) = ¢f. Obviously My is a bounded linear operator with || My || < (@10 x,0)-
We have the following.

Theorem 7.6 Let My : L%(X, n) — L2(X, ) be the multiplication operator with
symbol ¢.

(A) The following are equivalent.
(i) My is recurrent.
(ii) My is rigid.
(iii) There exists a strictly increasing sequence of positive integers (kp)neN
such that

d(xX)" — 1 as n — 400, u-almost everywhere. (7.3)

(B) The following are equivalent.
(i) My is uniformly rigid.
(i) There exists a strictly increasing sequence of positive integers (k,),eN Such
that

¢k — 1)l ey = 0 as n — +oo.

In particular if My is recurrent then |¢| = 1 p-almost everywhere.

Proof We begin by showing the equivalences in (A). Let ¢ € L>(X, u) satisfy (7.3).
Applying Lebesgue’s dominated convergence theorem we immediately get that M is
rigid.

We now prove that (i) implies (iii) so we assume that My is recurrent. We first show
that |¢| = 1 for u-almost every x € X. For any positive integer m let E,, := {x € X :
[p(x)] > 1+ %} and assume, for the sake of contradiction, that u(E,) > 0 for some
m. Since My is recurrent and E,, has positive measure there exists a recurrent vector
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f € L*(X, ) which is not identically zero on E,,. Then for any strictly increasing
sequence of positive integers (/,,),cn We have

lll
1My f = fllzcxp

v

/ ) — 12| £ (x) P dpe(x)

E m

|(1+1/m)" —1|/|f(x)|2—> +00
Em

v

asn — 400 which is a contradiction since f was a recurrent vector. Thus u(E,) =0
for all positive integers m which shows that u({x € X : |¢p(x)| > 1}) = 0. A similar
argument shows that u({x € X : |¢(x)] < 1}) = 0 so that |¢| = 1, pu-almost
everywhere.

Observe now that My is unitary since |¢| = 1 p-almost everywhere and this implies
thatevery f € L?(X, w)isarecurrent vector for M. In particular the constant function
1 € L?(X, ) is a recurrent vector thus there exists a strictly increasing sequence of
positive integers (k;),cN such that

lg* — 1l 2(x.0) = 0 as n — +oo.

By standard arguments we get the existence of a subsequence which we also call
(kn)nen such that ¢*» (x) — 1, for u-almost every x € X. For (B) it is enough to note
that for every n € N we have ||Mg — I = 19" — L. O

We would like to have a more hands-on characterization of the functions ¢ that
give rise to recurrent operator M. For example, it is straightforward to see that for
every constant function ¢ such that ¢ (x) = a for some a € T, p-almost everywhere,
the operator My is recurrent; but are these the only ones? It turns out that the answer
is no in general, and that one cannot expect a characterization of the symbols ¢ that
give recurrent multiplication operators on L?(X, 1), in the case of a general measure
space (X, n). We illustrate this by two examples.

Example 7.7 Let X = T and du = dO be the Lebesgue measure on the circle.
By the previous analysis we immediately restrict our attention to measurable func-
tions ¢ : T — T. It is clear that constant unimodular functions as well as functions
that take a finite number of values on T give rise to recurrent operators. Instead of
showing this, which is an easy exercise, we present a slightly more general example
below.

Example 7.8 Let¢ : T — T be ameasurable function such that the set ¢ (T) = {¢(¢) :
t € T} is countable. Then the multiplication operator My : L*(T,d6) — L*(T, d6)
is recurrent. Indeed, by Theorem 7.6 it suffices to find a strictly increasing sequence of
positive integers (k,),eN such that ¢(x)k" — 1, u-almost everywhere. Let us write
d(T) = {e¥% : k = 1,2, ...} with (G)reny C R. We inductively construct a strictly
increasing sequence (kj),cN such that
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1> R% _ 1) < 1/n forall j=1,2...,n.

Therefore ¢ (x)k» — 1 asn — +oo for all x € T, so we are done.

Example 7.9 There exists a non-constant continuous function ¢ : [0, 1] — T such
that My is recurrent on L2([0, 1], d0). To see this, let C denote the triadic Cantor set
on [0, 1] and f : [0, 1] — [0, 1] be the Cantor-Lebesgue function as constructed for
example in [50, pp 35]. Since f is continuous the function ¢ ():=e>*"/ @ is a well
defined, continuous function. Furthermore the set {¢(¢) : ¢ € [0, 1]\C} is countable.
As in Example 7.8 we can find a strictly increasing sequence of positive integers
(kn)nen such that ¢ (£)kn — 1 for every t € [0, 1]\C, that is, almost everywhere since
|C| = 0. By Theorem 7.6 we get that My, is recurrent.

Example 7.10 Let us denote by C(T) the set of continuous functions f : T — C
and set S:={f € C(T) : |f(z)| = 1forall z € T}. Recall that a closed set K C T
is called a Kronecker set if for every f € S and every € > 0 there exists a positive
integer n such that

sup | f(z) —2"| <e.
zeK

That is, K is Kronecker if we can approximate every continuous unimodular func-
tion on T by characters, uniformly on K. For a detailed discussion of Kronecker sets
see for example [46]. By Theorem 7.6 we get that the function x;(z) := z, z € T, gives
rise to a uniformly rigid operator M, : L*(K,d#) — L*(K,d6), whenever K is a
Kronecker set. Automatically we get that all the characters y,, (z) := z™ give uniformly
rigid operators on L*(K, df) by using the simple estimate |(z")" — 1| < m|z" — 1|,
whenever z € C with |z| = 1.

8 Unitary, Normal, Hyponormal and m-Iometric Operators

In this section we fix H to be a separable Hilbert space over C. The main theme of this
paragraph is that if a recurrent operator on a Hilbert space has “sufficient structure”
then it reduces to a unitary operator. A first instance of this heuristic is contained in
the following proposition.

Recall that an operator T : H — H is normal if TT* = T*T, where T* is the
Hilbert space adjoint of T'.

Proposition 8.1 If a normal operator T : H — H is recurrent then T is unitary.

Proof Since T is normal there exist a finite positive Borel measure p on the spectrum
o (T) and a function ¢ € L°°(u) such that T is unitarily equivalent to My : L?(n) —
L?(w), where My f = ¢f for f € L?(u1). By Theorem 7.6 it follows that |¢| = 1 u-
almost everywhere on o (T), therefore |[My| = ||¢llo = 1. Since T is unitarily
equivalent to My we get that | T'|| < 1 and by Proposition 3.2, (i), we conclude that T
is unitary. O
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It is classical that a normal operator 7 : H — H is cyclic if and only if there
exists a finite positive Borel measure p on the spectrum o (7") so that T is unitarily
equivalent to M. : L?>(u) — L%*(u), where M. f = zf for f € L*(u). See for
example [14]. Using this, Theorem 7.6 and the fact that recurrence is preserved by
unitary equivalence we immediately get the following corollary.

Corollary 8.2 Let T : H — H be a normal operator. Then T is recurrent and cyclic
if and only if there exist a finite positive Borel measure  on the spectrum o (T) and
a strictly increasing sequence of positive integers (kn),eN Such that T is unitarily
equivalent to M, : L*>(u) — L*(w), where M f = zf for f € L*>(u) and

/ 15 — 112dp(z) — 0.

o(T)

We now turn our attention to hyponormal operators, namely, operators T : H — H
having the property ||T*h| < ||Th|| for every h € H. The next proposition extends
Proposition 8.1. Its proof necessarily avoids the spectral theorem for normal operators.
Instead, it relies on certain inequalities for orbits of hyponormal operators established
by Bourdon in [11].

Proposition 8.3 Ifa hyponormal operator T : H — H is recurrent then T is unitary.
Proof Take a non-zero vector & € Rec(T). Then there exists a strictly increasing

sequence of positive integers (k,),cn such that 7% — h. Observe that T"h # 0 for
every positive integer n. It follows that

|75 Rl T h]
X — .
7% 1

From the last and the continuity of 7" we get that

\Th A T
ITRmTh) T

for every m = 1,2, .... Since T is hyponormal and & ¢ Ker(T), by [11, Theorem
4.1] and the discussion in [11, p. 350-351], we have that the limit

17"+l
n>oo || T"h]|

exists. It readily follows that

\ThI _IT?RI_ TR
Ial ~ ITAl 1T Th]
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The above equalities and an easy induction argument imply that

Th|"*
IT"h| = ||||h||% forevery n=1,2,....

The fact that ||T*h|| — ||h|| # O combined with the previous equality implies
that |Th| = ||k||. Hence |Th| = ||| for every h € Rec(T) and since Rec(T) is
dense we conclude that ||Th| = ||k for every h € H. Therefore ||T'|| = 1 and by
Proposition 3.2, (i), we conclude that 7 is unitary. O

An amusing application of the notions in this paragraph is the observation that, if
T : H — H is hyponormal with ||T|| > 1 and & € H is a non-zero recurrent vector
for T then T has a non-trivial invariant subspace. Indeed, by the proof of [11, Theorem
4.1] and the proof of the previous proposition it follows that

IT"* hll _ ITh|
= =1<|T].

lim |T"A|"" = lim =
n—+00 n—+oo ||T"h] Al

Now [11, Proposition 4.6] implies that T has a non-trivial invariant subspace. The
existence of non-trivial invariant subspaces for hyponormal operators is, in general,
an open problem. For partial results see [12].

We recall the notion of an (m, p)-isometry in general Banach spaces, introduced
by Bayart in [4].

Definition 8.4 Let 7 : X — X be an operator and let m € N, p € [1,400). T is
called an (m, p)-isometry if

>t (’Z) IT*x]” = o,
k=0

for every x € X. T is called an m-isometry if it is an (m, p)-isometry for some
p € [l, +00).

Proposition 8.5 If the operator T : X — X is an m-isometry and recurrent then T
is a surjective isometry.

Proof Let y € Rec(T). Then there exists a strictly increasing sequence of positive
integers (k,)nen such that T¥y — y and hence T%"+!y — Ty. By [4, Proposition
3.1] the sequence (||7"x||),eN is eventually increasing for every x € X. Therefore

we get ||Ty|| = |ly|l. Since Rec(T) is dense in X we readily see that | Tx| = ||x||
for every x € X. So ||T|| = 1 and by Proposition 3.2, (i), we conclude that T is a
surjective isometry. O

9 The T & T Problem: Product Recurrence

The problem which concerns us here is whether T @ T is recurrent whenever 7 is
recurrent. The corresponding problem for hypercyclic operators was a long standing
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question that was only recently settled, in the negative, by de la Rosa and Read [16],
and also by Bayart and Matheron, [7], in classical Banach spaces. Our first result in
this direction is the following.

Theorem 9.1 Let T : X — X be a recurrent operator and consider the commutant
{TY of T, i.e. {T} = {A : AT = T A}. Suppose there exists a subset M of {T} such
that the set

(xeX:{Ax: A e M} =X}

is residual in X. Then T ® T is recurrent.

Proof Since Rec(T') is Gs and dense, take x € Rec(T)N{x € X : {Ax : A e M} =
X} and consider A € M. There exists a strictly increasing sequence of positive
integers (k;),eN such that T*nx — x asn — —4o00. Since A and T commute we get
that 7% Ax — Ax. It follows that

(x@dAx:xeRec(T)N{x e X:{Ax: AeM} =X}, Ac M} CRec(TDT).

Observe now that the left hand side set in the previous inclusion is dense in X @ X
which in turn implies that T @ T is recurrent. O

Corollary 9.2 Let T : X — X be an operator. If T is cyclic and recurrent then T & T
is recurrent.

Proof Proposition 2.14 implies that o, (T*)° = & and in view of [39, Theorem 1] we
conclude that the set of cyclic vectors for T is Gs-dense in X. Now, the conclusion
follows by applying Theorem 9.1 for M := {p(T) : p polynomial}. O

Trivially if T is rigid then T @ T is recurrent. Thus, according to the following
proposition, 7 @7 isrecurrent whenever 7 is a recurrent unitary operator on a complex
Hilbert space.

Proposition 9.3 Let H be a separable Hilbert space and U : H — H be a unitary
operator. The following are equivalent.

(1) U is recurrent.

(i1) U is rigid.

Proof We only have to prove that (i) implies (ii), so suppose that U is recurrent.
By the spectral theorem for unitary operators on separable Hilbert spaces, see [45,
Theorem 1.6], there exists a measure space (X, X', n), where p is a non-negative finite
Borel measure, a unitary map ¢ : H — L%(X, 1), and a function u € L*°(X, )
with |u| = 1 such that the operator ® o U o ®~! : L3(X, ) — L%*(X, ) is the
multiplication operator

M, f :=uf, VfeL*X,p).

Since U is recurrent we immediately get that M, is recurrent. By Theorem 7.6 we
get that M), is rigid and thus U : H — H isrigid on H. O
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Remark 9.4 If T : H — H is a power bounded operator acting on a separable Hilbert
space then, by Proposition 3.2, we get that 7 is similar to a unitary operator. Thus
Proposition 9.3 remains valid if the hypothesis that 7" is unitary is replaced by the
hypothesis that 7' is power bounded.

The analogue of the previous proposition for a general Banach space X is, to the
best of our knowledge, an open problem:

Question 9.5 Let 7 : X — X be a surjective isometry. Is it true that 7T is recurrent if
and only if 7 is rigid?

Finally, we indicate a connection of the last question with another open problem
in Operator Theory. An operator 7 : X — X, acting on a separable Banach space X,
is called orbit reflexive if the only operators S : X — X such that Sx € Orb(x, T)

for every x € X are those in {I, T, T2, ...} T. In [38] it was shown that “many”
Hilbert-space operators are orbit reflexive, for instance, normal, compact, algebraic
operators and contractions. Examples of Hilbert-space operators that are not orbit-
reflexive only recently appeared in [31,44]. It is an open question whether every
power bounded operator 7 : X — X is orbit reflexive. See for example [37]. Observe
that a positive answer to this question would imply an affirmative answer to Question
9.5 above.

Forevery recurrent operator 7" appearing in the present paper, 7 @7 is also recurrent.
However, the following questions seems to be open.

Question 9.6 Let T : X — X be a recurrent operator. Is it true that the operator
T ®T isrecurrenton X @ X?

References

1. Aleman, A., Duren, P., Martin, M.J., Vukoti¢, D.: Multiplicative isometries and isometric zero-divisors.
Can. J. Math. 62(5), 961-974 (2010)
2. Ansari, S.I., Bourdon, P.S.: Some properties of cyclic operators. Acta Sci. Math. (Szeged). 63(1-2),
195-207 (1997)
3. Ansari, S.I.: Hypercyclic and cyclic vectors. J. Funct. Anal. 128(2), 374-383 (1995)
4. Bayart, F.: m-isometries on Banach spaces. Math. Nachr. 284(17-18), 2141-2147 (2011)
5. Bayart, F,, Grivaux, S.: Hypercyclicity and unimodular point spectrum. J. Funct. Anal. 226(2), 281-300
(2005)
6. Bayart, F,, Grivaux, S.: Invariant Gaussian measures for operators on Banach spaces and linear dynam-
ics. Proc. Lond. Math. Soc. (3). 94(1), 181-210 (2007)
7. Bayart, F., Matheron, E.: Hypercyclic operators failing the hypercyclicity criterion on classical Banach
spaces. J. Funct. Anal. 250(2), 426441 (2007)
8. Bayart, F.,, Matheron, E.: Dynamics of linear operators, Cambridge Tracts in Mathematics, 179. Cam-
bridge University Press, Cambridge (2009)
9. Bes, J., Peris, A.: Hereditarily hypercyclic operators. J. Funct. Anal. 167(1), 94—-112 (1999)
10. Bonet, J., Martinez-Giménez, F., Peris, A.: Linear chaos on Fréchet spaces, Dynamical systems and
functional equations (Murcia, 2000). Int. J. Bifur. Chaos Appl. Sci. Eng. 13(7), 1649-1655 (2003)
11. Bourdon, P.S.: Orbits of hyponormal operators. Michigan Math. J. 44(2), 345-353 (1997)
12. Brown, S.W.: Hyponormal operators with thick spectra have invariant subspaces. Ann. of Math. (2).
125(1), 93-103 (1987)
13. Chan, K., Seceleanu, I.: Hypercyclicity of shifts as a zero-one law of orbital limit points. J. Oper.
Theory. 67(1), 257-277 (2012)



1642 G. Costakis et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.
41.

42.

Conway, J.B.: A course in operator theory, Graduate Studies in Mathematics, 21. American Mathe-
matical Society, Providence (2000)

Costakis, G., Parissis, I.: Szemerédi’s theorem, frequent hypercyclicity and multiple recurrence. Math.
Scand. 110(2), 251-272 (2012)

de la Rosa, M., Read, C.: A hypercyclic operator whose direct sum 7" & T is not hypercyclic. J. Oper.
Theory. 61(2), 369-380 (2009)

Drissi, D., Mbekhta, M.: Elements with generalized bounded conjugation orbits. Proc. Am. Math. Soc.
129(7), 2011-2016 (2001). (electronic)

Duren, P.L.: Theory of HP spaces, Pure and Applied Mathematics, vol. 38. Academic Press, New York
(1970)

Eisner, T.: Rigidity of contractions on Hilbert spaces, 2009, Group. Geom. Dynam. (to appear). http://
arxiv.org/abs/0909.4695

Eisner, T., Grivaux, S.: Hilbertian Jamison sequences and rigid dynamical systems. J. Funct. Anal.
261(7),2013-2052 (2011)

Feldman, N.S.: The dynamics of cohyponormal operators, Trends in Banach spaces and operator theory
(Memphis, TN, 2001). Contemp. Math., vol. 321. Am. Math. Soc., Providence. 2003, 71-85 (2001)
Flytzanis, E.: Unimodular eigenvalues and invariant measures for linear operators. Monatsh. Math.
119(4), 267-273 (1995)

Furstenberg, H.: Recurrence in ergodic theory and combinatorial number theory. Princeton: Princeton
University Press, M. B. Porter Lectures (1981)

Furstenberg, H., Weiss, B., The finite multipliers of infinite ergodic transformations. The structure of
attractors in dynamical systems (Proc. Conf., North Dakota State Univ., Fargo, N.D.). Lecture Notes
in Math., 668. Springer, Berlin. vol. 1978, p. 127-132 (1977)

Glasner, S., Maon, D.: Rigidity in topological dynamics. Ergodic Theory Dynam. Syst. 9(2), 309-320
(1989)

Godefroy, G., Shapiro, J.H.: Operators with dense, invariant, cyclic vector manifolds. J. Funct. Anal.
98(2), 229-269 (1991)

Gonzilez, L.B., Rodriguez, A.M.: Non-finite-dimensional closed vector spaces of universal functions
for composition operators. J. Approx. Theory. 82(3), 375-391 (1995)

Gottschalk, W.H.: A note on pointwise nonwandering transformations. Bull. Am. Math. Soc. 52, 488—
489 (1946)

Grivaux, S.: A probabilistic version of the frequent hypercyclicity criterion. Studia Math. 176(3),
279-290 (2006)

Grivaux, S.: (2012) A new class of frequently hypercyclic operators. Indiana Univ. Math. J., (to appear).
http://arxiv.org/abs/1001.2026

Grivaux, S., Roginskaya, M.: On Read’s type operators on Hilbert spaces. Int. Math. Res. Not. IMRN,
2008, Art. ID rnn 083, 42

Grosse-Erdmann, K.-G.: Universal families and hypercyclic operators, Bull. Am. Math. Soc. (N.S.).
36(3), 345-381 (1999)

Grosse-Erdmann, K.-G.: Recent developments in hypercyclicity. RACSAM Rev. R. Acad. Cienc.
Exactas Fis. Nat. Ser. A Mat. 97(2), 273-286 (2003). English, with English and Spanish summaries
Grosse-Erdmann, K.-G.: Dynamics of linear operators. Topics in complex analysis and operator theory.
Univ. Mdlaga, Mdlaga (2007)

Grosse-Erdmann, K.-G., Mortini, R.: Universal functions for composition operators with non-
automorphic symbol. J. Anal. Math. 107, 355-376 (2009)

Grosse-Erdmann, K.-G., Peris Manguillot, A.: Linear chaos, Universitext. Springer, London (2011)
Hadwin, D., Tonascu, 1., Yousefi, H.: Null-orbit reflexive operators. Oper. Matrices. 6(3), 567-576
(2012)

Hadwin, D., Nordgren, E., Radjavi, H., Rosenthal, P.: Orbit-reflexive operators. J. London Math. Soc.
34(1), 111-119 (1986)

Herrero, D.A.: Possible structures for the set of cyclic vectors. Indiana Univ. Math. J. 28(6), 913-926
(1979)

Katznelson, Y., Tzafriri, L.: On power bounded operators. J. Funct. Anal. 68(3), 313-328 (1986)
Leo6n-Saavedra, F., Miiller, V.: Rotations of hypercyclic and supercyclic operators. Integral Equ. Oper.
Theory. 50(3), 385-391 (2004)

Montes-Rodriguez, A., Salas, H.N.: Supercyclic subspaces: spectral theory and weighted shifts. Adv.
Math. 163(1), 74-134 (2001)


http://arxiv.org/abs/0909.4695
http://arxiv.org/abs/0909.4695
http://arxiv.org/abs/1001.2026

Recurrent Linear Operators 1643

43.

44.
45.

46.

47.
48.

49.

50.

Miiller, V.: Orbits, weak orbits and local capacity of operators. Integral Equ. Oper. Theory. 41(2),
230-253 (2001). doi:10.1007/BF01295307

Miiller, V., VrSovsky, J.: On orbit-reflexive operators. J. Lond. Math. Soc. (2). 79(2), 497-510 (2009)
Radjavi, H., Rosenthal, P.: Paul Halmos and invariant subspaces. A glimpse at Hilbert space operators.
Oper. Theory Adv. Appl. Birkhduser, Basel. 207, 341-349 (2010)

Rudin, W.: Fourier analysis on groups, Wiley Classics Library, Reprint of the 1962 original; A Wiley-
Interscience Publication. John Wiley & Sons Inc., New York (1990)

Salas, H.N.: Hypercyclic weighted shifts. Trans. Am. Math. Soc. 347(3), 993-1004 (1995)
Seceleanu, I.: Hypercyclic operators and their orbital limit points, Thesis (Ph.D.)-Bowling Green State
University, ProQuest LLC, Ann Arbor, MI, 2010

Shapiro, J.H.: Composition operators and classical function theory, Universitext: Tracts in Mathemat-
ics. Springer, New York (1993)

Wheeden, R.L., Zygmund, A.: Measure and integral, An introduction to real analysis; Pure and Applied
Mathematics, vol. 43. Marcel Dekker Inc., New York (1977)


http://dx.doi.org/10.1007/BF01295307

	Recurrent Linear Operators
	Abstract
	1 Introduction
	1.1 Notations
	1.2 Notions of Recurrence
	1.3 Notions of Hypercyclicity

	2 General Properties of Recurrent Operators
	2.1 General Properties and Invariances of Recurrent Operators
	2.2 Spectral Properties of Recurrent Operators
	2.3 Spectral Properties of Rigid and Uniformly Rigid Operators

	3 Power Bounded Operators
	4 Finite Dimensional Spaces
	5 Weighted Shifts and Diagonal Operators
	5.1 Non Separable Banach Spaces
	5.2 Diagonal Operators

	6 Composition Operators
	6.1 Composition Operators on the Space of Continuous Functions C([0,1])
	6.2 Composition Operators on the Space of Entire Functions
	6.3 Composition Operators on the Space of Holomorphic Functions in the Punctured Plane
	6.4 Composition operators on the space of holomorphic functions on the unit disk
	6.5 Composition Operators on the Hardy Space H2(D)

	7 Multiplication Operators
	7.1 Multiplication Operators on Spaces of Continuous Functions
	7.2 Multiplication Operators on Hilbert Spaces of Analytic Functions on Domains of mathbb Cn 
	7.3 Multiplication Operators on Banach Spaces of Holomorphic Functions  in the Unit Disk
	7.4 Multiplication Operators on Hardy and Bergman Spaces
	7.5 Multiplication Operators on L2(X,mu)

	8 Unitary, Normal, Hyponormal and m-Iometric Operators
	9 The T+T Problem: Product Recurrence
	References


