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SZEMEREDI’S THEOREM, FREQUENT
HYPERCYCLICITY AND MULTIPLE
RECURRENCE

GEORGE COSTAKIS and IOANNIS PARISSIS*

Abstract

Let T be a bounded linear operator acting on a complex Banach space X and (1,),en a sequence
of complex numbers. Our main result is that if |A,|/|A,4+1| — 1 and the sequence (A, 7");en
is frequently universal then 7 is topologically multiply recurrent. To achieve such a result one
has to carefully apply Szemerédi’s theorem in arithmetic progressions. We show that the previous
assumption on the sequence (1, ),en is optimal among sequences such that |1, |/|X,+1| converges
in [0, oo]. In the case of bilateral weighted shifts and adjoints of multiplication operators we
provide characterizations of topological multiple recurrence in terms of the weight sequence and
the symbol of the multiplication operator respectively.

1. Introduction

In this note we discuss how some notions in dynamics of linear operators are
connected to classical notions in topological dynamics using in an essential
way Szemerédi’s theorem in arithmetic progressions. Let us first fix some
notation. As usual the symbols N, Z stand for the sets of positive integers and
integers respectively. Throughout this paper the letter X will denote an infinite
dimensional separable Banach space over the field of complex numbers C. We
denote by D the open unit disk of the complex plane centered at the origin and
by T the unit circle. For x € X and r a positive number we denote by B(x, r)
the open ball with center x and radius r,i.e., B(x,r) ={y € X : ||y—x| < r}.
For a subset D of X the symbol D denotes the closure of D. In general T will
be a bounded linear operator acting on X. For simplicity we will refer to T as
an operator on X.

DEFINITION 1.1. The operator T is called hypercyclic if there exists a vector
x € X whose orbit under 7, i.e., the set

Orb(T, x) ¥ (T"x :n=0,1,2,...},
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is dense in X and in this case x is called a hypercyclic vector for T'.

Under our assumptions on X, it is easy to check that hypercyclicity is equi-
valent to the notion of topological transitivity, i.e., T is topologically transitive
if for every pair (U, V') of non-empty open sets of X there exists a positive in-
teger n such that 7"U NV # (. Hypercyclicity is a phenomenon which occurs
only in infinite dimensions. For several examples of hypercyclic operators and
a thorough analysis of linear dynamics, we refer to the recent books [6], [29].

A more recent notion relevant to hypercyclicity, which examines how often
the orbit of a hypercyclic vector visits a non-empty open set, was introduced
by Bayart and Grivaux in [2], [3]:

DerINITION 1.2. T is called frequently hypercyclic if there is a vector x
such that for every non-empty open set U the set

(neN:T"x e U}
has positive lower density.
Recall that the lower and upper densities of a subset B of N are defined as

dB) & lim inf |

—> 00

€EB:n=<N = €eB:n=<N
meBin= N Gpy ¥ pimsup € B0 = NI

N—o00 N

respectively. Here |C| denotes the cardinality of a set C C N.

Actually one can define a more general notion of frequent hypercyclicity
for sequences of operators and in fact this notion has been introduced in [11]
as follows:

DeriNiTION 1.3. Let (7,),en be a sequence of operators. We say that
(Ty)nen 1s frequently universal if there is a vector x € X such that for every

open set U the set
fneN:T,x eU}

has positive lower density.

In this note our purpose is to connect the previous notions from linear
dynamics to classical notions from topological dynamics and, in particular, to
that of recurrence and (topological) multiple recurrence; see [23]. We recall
these notions here.

DEeFINITION 1.4. An operator T is called recurrent if for every non-empty
open set U in X there is some positive integer k such that

UnT*U # 9.
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A vector x € X is called recurrent for T if there exists an increasing sequence
of positive integers {ny} such that 7" x — x as k — +oo.

REMARK 1.5. It is easy to see that if T is a recurrent operator on X then
the set of recurrent vectors for 7 is dense in X. Moreover, if T is an invertible
operator then T is recurrent if and only if its inverse 7! is recurrent.

DEFINITION 1.6. An operator T is called fopologically multiply recurrent
if for every non-empty open set U in X and every positive integer m there is
some positive integer k such that

UnT*un...nT7U + ¢.

Clearly every hypercyclic operator is recurrent. Of course, there is no reason
for a hypercyclic operator to be topologically multiply recurrent in general.
On the other hand, as we remark in Section 3.3, one can trivially deduce from
Szemerédi’s theorem in arithmetic progressions that a frequently hypercyclic
operator is in fact topologically multiply recurrent.

In [16] it was shown that T is hypercyclic whenever (% T")neN is frequently
universal. Motivated by this, we examine when the hypothesis that (A, 7"),en
is frequently universal for some sequence of complex numbers (A, ),en implies
that T is topologically multiply recurrent. Our main result is the following:

THEOREM 1.7. Let (A,)nen be a sequence of complex numbers such that

y [Anl
im =1,
n—>00 | Ay yr|

for some positive integer T. Suppose that the sequence of operators (AyT™)nen
is frequently universal. Then T is topologically multiply recurrent.

The hypothesis of Theorem 1.7 is optimal among complex sequences such
that the limit lim,,—, » |An|/|Xn+| €xists. More precisely we have:

PropoSITION 1.8. Let a € [0, 00) \ {1} and t be a positive integer. There
exists a sequence (A,)uen and an operator T which is not even recurrent, such
that

|2

lim =a
n—>00 |Apyc]

and the sequence (A, T™)pen 1S frequently universal.

The rest of the paper is organized as follows. In Paragraph 3.1 we state
Szemerédi’s theorem and describe its variations which result from the ergodic-
theoretic proofs. In Paragraph 3.2 we describe some weaker properties that
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follow from frequent universality. We will use these weaker notions to prove
the main theorem in Paragraph 3.3. We close this section by giving some
forms of polynomial recurrence that follow under the same hypotheses as in
Theorem 1.7. In Section 4 we give the proof of Proposition 1.8. We also provide
several examples of sequences such that our main theorem applies. In Section 5
we characterize topologically multiply recurrent weighted shifts in terms of
their weight sequences. In Section 6 we look at adjoints of multiplication
operators on suitable Hilbert spaces. We characterize when these operators
are topologically multiply recurrent by means of a geometric condition on
the symbol of the multiplication operator. It turns out that such operators are
topologically multiply recurrent if and only if they are frequently hypercyclic.
Finally in Section 7 we propose some further questions related to the results
of the present paper.
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3. Szemerédi’s theorem and multiple recurrence

In this section we give the proof of Theorem 1.7. Our proof relies heavily on
Szemerédi’s theorem in arithmetic progressions and variations of it so we first
recall its statement and explain some of its generalizations.

3.1. Szemerédi’s theorem and variations

The ‘infinite’ version of the classical Szemerédi theorem on arithmetic pro-
gressions is usually stated in the following form:

THEOREM 3.1 (Szemerédi’s theorem). Let A C N have positive upper
density d(A) > 0. Then for any positive integer m there exist positive integers
a, r such that the m-term arithmetic progression

a,a+r,a+2r,...,a+ mr,

is contained in A.

By now there are numerous proofs of this theorem as well as several exten-
sions of it. We will not try to give an account of those here. Instead, we refer
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the interested reader to [32] and the references therein. Here we are interested
in the following strengthened version which is implicit in any ergodic theoretic
proof of Szemerédi’s theorem and, in particular, in [22], [24].

THEOREM 3.2. Let A C N be a set with d(A) > 0 and m a fixed positive
integer. For any positive integer k consider the set

AP ¥ aeN:a,at+k a+2k, ..., a+mke A).

There is a positive integer k such that the set AP (k) is infinite.

In the recent years several authors have given generalizations of Szemerédi’s
theorem by looking for patterns of the form

a,a+[yi(O), a+ O] ....a+[ymO)]

in sets of positive upper density. Here y1, v», ..., ¥, are appropriate functions
and [x] denotes the integer part of a real number. A typical theorem in this
direction is the following result from [7].

THEOREM 3.3. Let A C N be a set of positive upper density, m a positive
integer and pi, pa, ..., pm polynomials with rational coefficients taking in-
teger values on the integers and satisfying p;(0) =0 forall j =1,2,...,m.
For k € N consider the set

AP () Y (g eNza,a+ pik),a+ prk), ... a+ pulk) € A).

There exists a positive integer k with pj(k) # 0 forall j =1,2,...,m, such
that the set APP\(k) is infinite.

More general versions of this theorem can be found for example in [20],
where the functions yy, ..., y,, are allowed to be ‘logarithmico-exponential’
functions of polynomial growth. See also [21].

3.2. Weaker properties that follow from frequent universality

Consider a sequence of operators (7},),cy Which is frequently universal. It is
then immediate that (7},),cn satisfies the following property:

DEFINITION 3.4. Let (7,),en be a sequence of operators. We will say that
(Ty)nen has property &/ if for every open set U C X there exists a vector

x € X such that _
dfneN:T,x e U}) > 0.

If the sequence of operators (7"),cn has property &/ then we simply say that
T has property /.
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For a single operator, property .2/ has already been introduced in [1, Propos-
ition 4.6] where the authors show that if 7 has property 7 and T is hypercyclic
then T satisfies the hypercyclicity criterion. From [9] this is equivalentto T T
being hypercyclic. Alternatively one could consider a notion of frequent re-
currence which seems to be relevant in this context:

DeriNITION 3.5. Let (T,,),en be a sequence of operators. A vector x € X
is called a U -frequently recurrent vector for (T,),en if for every open neigh-
borhood U, of x, the set

fneN:T,x eU,}

has positive upper density. The sequence (7},),en is called U-frequently re-
current if it has a dense set of U-frequently recurrent vectors. If the sequence
of operators (T"),cn is U-frequently recurrent we will just say that T is U-
frequently recurrent.

Observe that if a sequence of operators (7;,),en is U-frequently recurrent
then it trivially satisfies property /. It turns out that the hypothesis that
(A T™)pen 1s frequently universal in Theorem 1.7 can be replaced by the
weaker hypothesis that (A,7"),en is U-frequently recurrent or by the even
weaker hypothesis that (1, 7"),cn satisfies property /. We chose to state our
main theorem in the introduction by using the more familiar notion of frequent
universality since the definitions of frequent recurrence and that of property &/
are relatively new in the literature and not very well understood. However, it is
relatively easy to see that there exist operators that are recurrent without being
U-frequently recurrent; see the comment after Proposition 5.8. We intend to
take up these issues in a subsequent work.

3.3. Property & implies topological multiple recurrence
First we observe that Szemerédi’s theorem immediately implies the following:
ProOPOSITION 3.6. If T has property & then T is topologically multiply

recurrent. In particular, every U-frequently recurrent operator is topologically
multiply recurrent.

Proor. Take a non-empty open set U and fix a positive integer m. Since T
has property &/ there exists a vector x € X such that the set

A={neN:T"x € U}
has positive upper density. By Szemerédi’s theorem there exist positive integers

a, k such that . " .
TOx, T x, T x, ... Ty € U.
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From the last we get
TxeUNT*UN---NT*"U,

that is T is topologically multiply recurrent.

For the proof of Theorem 1.7 we need an easy technical lemma that will
allow us to reduce to the case that the sequence (X,),en consists of positive
numbers.

LeMMA 3.7. Let (T,),en be a sequence of operators acting on X. Then the
following are equivalent:
(i) The sequence (T,),en has property Sf.
(i) For every sequence of real numbers (6,),en, the sequence (¢! T),),en

satisfies property Sf.

PrOOF. Obviously it is enough to prove that (i) implies (ii). Let U be any
open set in X and assume that B(y, €) C U. Since (7,),en has property &/
there exists x € X such that the set

A eN: Tx € By, ¢/2)},

has positive upper density. Now let us write T = Uf,”zl I,, where the arcs
Iy, ..., I are pairwise disjoint and each has length less than € /(2] y| + €).

We define the sets J, & {n € N : ¢/ ¢ I,}. Since

M
0<dA) <) dANJ,),

v=1

we must have d(AN J,,) > 0 forsome v, € {1, 2, ..., M}.If /% is the center

def _;
of J,, we setz = e~ '%x and

BY neN:e"T,z e B(y, €)}.

Letn € AN J,, . We have that
e Tuz = yll < 1€ — ™ I Tox ]| + I Tox = yll <€,

which proves that AN J,, C B. Thus d(B) > d(AN J,,) > 0 which obviously
implies that the set {n € N : €% T,z € U} has positive upper density.

Theorem 1.7 is an immediate consequence of the following:
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THEOREM 3.8. Let (A,),en be a sequence of complex numbers such that

A
lim [Pl =1,
”_>°°|)“n+r|

for some positive integer T. Assume that the sequence (A, T"),cn has property
. Then T is topologically multiply recurrent.

PrOOF. We begin by fixing a sequence (A,),en Which satisfies the condition
in the statement of the theorem as well as an operator T such that the sequence
(AnT™)nen has property /. By Lemma 3.7 this is equivalent to the sequence
(A | T™)en having property .o/ . We can and will therefore assume that (A,,),en
is a sequence of positive numbers such that

An

lim =1,
n—+00 )\n+r

and that the sequence (A,T"),en has property 7. In order to show that T is
topologically multiply recurrent we fix a non-empty open set U in X and a
positive integer m and we need to find a vector u € U and a positive integer £
with

T'u, T*u,...,T"u e U.
Since U is open there is a y € U and a positive number € > 0 such that
B(y,€) C U. Since (1, T"),en has property &/ there exists some x € X such

that the set def
F={neN:1T"x € B(y, €/2)},

has positive upper density. For k € N we define the set

APK) L iaeN:a,a+tk a+2tk,...,a+mrk e F).

By Szemerédi’s theorem, Theorem 3.2, there exists a k € N such that the set
AP(k) is infinite. We fix such a k so that

a,a+tk,a+2tk,...,a+mtkeF

for all a € AP(k). Thus the vectors

A

def def a+jtk i
J T]rku,

a a+jtk .
u=AT% uj = hgqjix T = j=1,...,m,

a

belong to B(y, €/2) for all a € AP(k). Now forevery j € {1,2,...,m} we
have that

Aa

)\a+jrk

Aa

Uj = Uj — 1{{lu;ll,

itk
177" 0 — u;ll = H

)\'a+jrk
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and, since lim,,_, 4 » AA—+ = 1, we also have that lim,_, | » )t)-:-_k = 1. Thus by
n+t a+jt
choosing a large enough in AP(k) we get that

. €
M“W—wn<5

forevery j =1, ..., m. Since

€
uj —y|l < =,
lluj =yl <3

we conclude that _
1770 =yl < e

forevery j =1, ..., m. Therefore, with ¢ def Tk, we have that
T/ eU forevery je{0,1,2,...,m},

as we wanted to show.
Some remarks are in order.

REMARK 3.9. When submitted, the original manuscript contained a much
more restricted version of Theorem 3.8 which only dealt with the case A, =
1/n. The proof, albeit not so different from the one presented here, was unne-
cessarily complicated since it didn’t use the full force of Szemerédi’s theorem.
Even with the simple form of Szemerédi’s theorem, Theorem 3.1, our original
proof was substantially improved by the careful reading and suggestions of the
anonymous referee. The present version of the argument, used in the proof of
Theorem 3.8, was discovered by the authors while the paper was under review
and eventually replaced the original one.

REMARK 3.10. The notion of hypercyclicity generalizes to sequences of
operators as follows. A sequence of operators (7},),en 1S called universal if
there exists a vector x € X such that the set {T,,x : n € N} is dense in X. It
is not hard to see that Theorem 1.7 fails if the hypothesis that (A, T"),cn 1S
frequently universal is replaced by the hypothesis that (A, 7"), <y is universal.

Indeed, let T be the bilateral weighted shift acting on /2(Z) with weight
sequence w, = 1ifn < 0and w, = 2 if n > 1. In [30, Example 3.6] Ledn-
Saavedra proved that (%T ")nen 1s universal and 7 is not hypercyclic. Assume
that T is recurrent. Then there exists a non-zero vector x € [2(Z) which is a
limit point of its orbit under 7. From the results in [15] it follows that T is
hypercyclic, a contradiction. Thus 7T is not recurrent. For the definition of a
bilateral weighted shift on /2(Z) see Section 5.
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REMARK 3.11. The hypothesis that

[Anl
lim =1

n—>00 | Ayl

in Theorems 3.8, 1.7 cannot be replaced by the hypothesis
A0

n—oo |A
neA | n+t|

for some set A C N which has positive density 0 < d(A) = d(A) < 1, as the
following examples show.

ExamMpPLE 3.12. Consider the set A = {2n : n = 1,2,...} and define
the sequence (A,)uen by Ao, = 2" forn = 1,2,... and Ay, = 2" forn =
0,1,2,....Thenwehavelim,ca n—+00 % = landd(A) = dA) = 1/2. We
shall prove that the sequence (A, B"),cn is frequently universal, where B is the
unweighted unilateral backward shift acting on /2(N). Indeed, since A,, B>" =
(2B?)" it follows, by [3], that 2 B? is frequently hypercyclic and therefore the
sequence (Ay, B¥"),en is frequently universal. An easy argument now shows
that the sequence (A, B"),en is frequently universal. Hence (A, B"),cn has
property 2/ and on the other hand B is not recurrent.

ExamPLE 3.13. We now present a stronger example than the previous one,
in the following sense. There exist a sequence (A,),en Of positive integers, a
subset A of N with d(A) = d(A) = 1 and an operator T acting on /2(N) such
that lim,ca n—+00 Ak = 1, the sequence (A, T") is frequently universal but

T is not topologically multiply recurrent. Define A, = 2% ifn e [2F1,25). It

can be easily checked that the set A o Jroo([Zk_l 2 —2]NN) has density 1
and lim,e4 - 400 x)\ = 1. Using the frequent universality criterion from [11]
and [12] itis not dlfﬁcult to show that (A, B"),cn is frequently universal, where

B is the unweighted unilateral backward shift. Clearly B is not recurrent.

3.4. Polynomial multiple recurrence

It is immediate from the proof of Theorem 3.8 and from the discussion on the
different forms of Szemerédi’s theorem that a stronger version of Theorem 3.8
should hold true. This is indeed the case:

THEOREM 3.14. Let (A,),en be a sequence of non-zero complex numbers

which satisfies
2]

1 =1,
n—>+00 | A,
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for some positive integer T. Let T be an operator acting on X such that the
sequence (A, T™),en has property &f. Let U be an open set in X and m a

positive integer. Let py, pa, ..., pm be polynomials with rational coefficients
taking positive integer values on the positive integers and satisfying p;(0) = 0
forall j =1,2,...,m. Then there is a positive integer k such that

unrt—®wyn...nrmO@) = .

The proof of this theorem is omitted as it is just a repetition of the proof of
Theorem 3.8 where one uses the polynomial Szemerédi theorem, Theorem 3.3,
instead of Theorem 3.2.

4. Good and bad sequences

In this section we give examples of sequences for which our main theorem is
valid as well as examples that exhibit that if the limit

lim |2, |/|An e
n—+o0o

exists but is different than 1, then Theorem 1.7 fails in general.

We shall say that a sequence (X,,),en Of complex numbers is good if The-
orem 3.8 holds true for this sequence; that is, the sequence (X,),en iS good
if, for any bounded linear operator T acting on X, the operator 7 is topolo-
gically multiply recurrent whenever the sequence (A,T"),en has property 7.
Otherwise we will say that (1,),en is bad.

4.1. Bad sequences

Here we give the proof of Proposition 1.8.

PRrOOF OF PROPOSITION 1.8. A moment’s reflection shows that it is enough
to consider the case T = 1. We first assume that a is a complex number with
0 < |a] < 1andlet B : [>(N) — I2(N) be the unweighted backward shift, that

is
B(wi, wa,...) = (w2, w3, ...),

for all sequences (w;, ws, ...) € I>(N). We define w &of a~* and consider the
sequence A, = w?". We have that A, [Antl = w2 = a. Observe that

wP=la™' >1= |w| > 1

so we can define the operator T & %B and we have ||T|| < 1. On the
other hand, since |w| > 1 a result from [3] shows that wB is frequently
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hypercyclic which is equivalent to saying that the sequence (w”B"),ecn 1S
frequently universal. Observe that we have

w"B" = wz"%B” = AT

That is, the sequence (A,T"),en 18 frequently universal. However T is not
recurrent since | T']| < 1.

Letnow a € Cwith [a] > 1.Let S = {re’? e C: 1 <r < 2|al,0 <
0 < m/2} and ¢ : D — § be the Riemann map of D onto S. Consider the
sequence A, = a~". Let H*(D) be the Hardy space on the unit disc and M be
the multiplication operator on H?(D), for the function ¢ just defined. It is well
known that since ¢ (D) N T = #, the adjoint of the multiplication operator, My
is not hypercyclic [25]. Moreover, by Proposition 6.1 we know that M is not
even recurrent in this case. On the other hand it is easy to see that

MMy = (@ 'M)" = (M} ;)" = (M})",

where ¢ = ¢/a. Since (D) N T # @ we conclude that M is frequently
hypercyclic. For this see [3] or Proposition 6.1 of the present paper. However,
this means that the sequence A, (My)" is frequently universal. Since My is not
recurrent, thus not topologically multiply recurrent, this completes the proof in
this case as well. Actually the same argument works also for the case |a| < 1.
For this just consider the Riemann map of D onto S’ = {re'’ € C: |a|/2 <
r<1,0<0 <m/2}.

Let us now move to the casea = 0. We set A, = n!so A, /A1 = 1/(n +
1) - 0asn — 4o0o0. Now let B be the backward shift on />(N) as before.
It is not hard to see that the sequence A, B" satisfies the frequent universality
criterion from [11] and [12]. We conclude that A, B" is frequently universal.
However B is not recurrent since ||B"x|| — 0asn — +oo forall x € X.

REMARK 4.1. It is not hard to see that if |A,|/|’\yr1] — 400 and T is
any bounded linear operator then the sequence (A,7"),cn is never frequently
universal. To see this let 7 be any operator and fix some positive integer 7,
such that |A,|/|An+1] > 1 + ||T| for all n > n,. Observe that for all n > n,
we have
An

Mo,

An Ayt

)‘«n—l )"nu

< (L4 TH™"

Now for any x € X we conclude that

171\
AT x|l < A, |(1 + IITII)"”(— :
L+T
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for all n > n,. Letting n — +o00 we get that lim,_, ;  ||A,T"x|| = O for all
x € X. Thus (A,,T"),en cannot even be recurrent in this case.

4.2. Good sequences

In this subsection we shall present several illustrating examples for which
Theorem 3.8 applies.

ExAMPLE 4.2 (Sub-Polynomial Growth). Theorem 3.8 implies that the fol-
lowing sequences, (Iogn),en, (loglogn),en, ((logn)*),en, k € R, are good
sequences.

ExAMPLE 4.3 (Polynomial Growth). If Q is a non-zero rational complex-
valued function then the sequence (Q(7)),en is good. In particular if P is any
non-zero polynomial the sequence (P (n)),cn is good. This is straightforward
from Theorem 3.8 since Q(n)/Q(n + 1) — 1 asn — +oo.

ExAMPLE 4.4 (Super-polynomial Growth). For a real number a the se-
quence (e"),enis goodifand onlyifa < 1.Indeed,ifa < 1thene™ /e® D" —
1 as n — +oo and by Theorem 3.8 we conclude that the sequence (e™),en
is good. Observe that for 0 < a < 1 the sequence {¢™} has super-polynomial
growth. On the other hand for a = 1, the sequence (e" B"), <y is frequently hy-
percyclic see [3], where B is the unweighted unilateral backward shift acting on
the space of square summable sequences, and clearly B is not even recurrent.
Therefore (¢"),en is a bad sequence and from the discussion in Paragraph 4.1
it follows that for every a > 1 the sequence (€™ )nen is bad as well.

ExAMPLE 4.5. Let us see an example of a good sequence (A,),en Which
grows faster than every sequence (¢"),en , 0 < a < 1. Indeed, just take
Ay = e . Since A n/Anel = 1 it follows that (eloen Toan )nen 18 a good sequence.
Observe that the sequences (e eler Toglog Ynen, (elbebelozn TogToeTozn )nens €tc. are good sequences
as well.

5. Weighted shifts

In this paragraph we give a characterization of topologically multiply recurrent
bilateral weighted shifts in terms of their weight sequences.

Let I2(N) be the Hilbert space of square summable sequences x = (X;,)nen.
Consider the canonical basis (e,),en of I2(N) and let (w,,),en be a (bounded)
sequence of positive numbers. The operator T : [>(N) — [*(N) is a unilateral
(backward) weighted shift with weight sequence (w;),en if Te,, = wye,— for
everyn > 1and Te; = 0.

Let /%2(Z) be the Hilbert space of square summable sequences x = (Xp)nez

endowed with the usual /2 norm. Thatis, x = (x,)nez € [2(Z)if Y7 |xa|*<
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+ 00. Let (w, ),z be a (bounded) sequence of positive numbers. The operator
T :1°(Z) — 1%(2) is a bilateral (backward) weighted shift with weight se-
quence (wy) ez if Te, = wye,_| forevery n € Z. Here (e,,),<z is the canonical
basis of 1%(Z).

We begin by showing that for bilateral weighted shifts, hypercyclicity is
equivalent to recurrence.

PROPOSITION 5.1. Let T : 1*(Z) — 1%(Z) be a bilateral weighted shift. Then
T is hypercyclic if and only if T is recurrent.

ProOF. Let (w,),cz be the weight sequence of 7. We only have to prove
that if T is recurrent then 7 is hypercyclic since the converse implication holds
trivially. So assume 7 is recurrent. Let g be a positive integer and consider
€ > 0. Choose § > 0 such that §/(1 — §) < € and § < 1. Consider the open
ball B(Z‘ jl=q € 8)- There exists a positive integer n > 2q such that

B(Z ej,a) N T”(B(Z ej,a)) £ 0.
ljl1=q lj1=q
Hence there exists x € 1>(Z) such that

X — E €j

lil=q

< 4.

) and H T'x — Z ej
ljl<q

Having at our hands the last inequalities we argue as in the proof of Theorem 2.1
in [31] and we conclude that for all |j| < ¢

n—1

. 1
l_[w”f > < and ij_s < €.
s=1 s=0

The last conditions are known to be sufficient for 7' to be hypercyclic; see [31].

In the case of weighted bilateral shifts we provide a characterization of
topological multiple recurrence in terms of the weights. Another characteriza-
tion can be given through the notion of d-hypercyclic operators introduced by
Bes and Peris in [10] and independently by Bernal-Gonzalez in [8]:

DEFINITION 5.2. Let N > 2 be a positive integer. The operators 77, ..., Ty
acting on X are called disjoint or diagonally hypercyclic (in short d-hypercyc-
lic) if there exists a vector x € X such that

(Trx, ... Tix):n=0,12_}=x"
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If the set of such vectors x is dense in X then the operators 71, ..., Ty are
called densely d-hypercyclic.

PROPOSITION 5.3. Let T : [>(Z) — 1%(2) be a bilateral weighted shift with
weight sequence (W, ),cz. The following are equivalent:
(1) T is topologically multiply recurrent.
(i) Foreverym € N the operator T @ T> @ - -- @ T™ is hypercyclic on X".
(iii) Foreverym € NtheoperatorsT,T?, ..., T™ aredensely d-hypercyclic.

@iv) For every m,q € N and every ¢ > 0 there exists a positive integer
n = n(m, q, €) such that for every integer j with |j| < q and every
l=1,...,mwe have

In 1 In—1
ij+,~ > < and 1_[ wj_; < €.
i=1 i=0

If in addition T is invertible then any of the conditions (1)—(iv) is equi-
valent to:

(v) for every m € N there exists a strictly increasing sequence of positive
integers {ny} such that

Iny Ing 1

lim | | w; = lim — =400,
k— 400 - 0 w_;
1= 1=

foreveryl =1,...,m.

PRrROOF. Let us first prove that (i) implies (iv). Fix a positive integer m and
let ¢ > 0. Take also a positive integer g. Then consider a positive number §
such that §/(1 — §) < € and § < 1. Consider the open ball B(le\iq ej,0).
There exists a positive integer n > 2¢g such that

B(quej,a) nNr=" (B(J;qej,(s)) Nn---N T_m"<B<|j|2<:qej,8>> + 0.

Hence there exists x = (x)xez € [>(Z) such that

HTl”x - Z ejll <46
l/1=q
foreveryl =0, 1, ..., m. Testing the previous condition for / = 0, and since

n > 2q, we conclude that necessarily

[xe| < 6 for |k| > n.
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Having at our hands the above inequalities we argue as in the proof of The-
orem 4.7 in [10] and we conclude that for all |j| < g andforalll =1,...,m

In 1 In—1
anJrj > < and l_[ Wj_s < €.
s=1 s=0

Hence we proved that (i) implies (iv). Condition (ii), (iii) and (iv) are known
to be equivalent from Proposition 4.8 and Corollary 4.9 in [10]. Finally the
implication (iii) = (i) holds trivially and this completes the proof of the equi-
valence of statements (i)—(iv) of the proposition. It remains to prove that (iv)
is equivalent to (v) in the case that T is invertible. For [ = 1 this has been
done in [19]. The case of general / follows by an obvious modification of the
argument in [19].

In the context of unilateral weighted shifts, it turns out that some general
classes of operators are always topologically multiply recurrent. To see this
we first need to recall the following well known notions from topological
dynamics.

DEFINITION 5.4. An operator T acting on X is called topologically mixing
if for every pair (U, V) of non-empty open sets in X there exists a positive
integer N such that 7"(U) NV # ¢ for every n > N.

DEFINITION 5.5. An operator T acting on X is called chaotic if it is hyper-
cyclic and its set of periodic points, i.e., the set {x € X : T"x = x for somen €
N}, is dense in X.

COROLLARY 5.6. Let T : [>(N) — 12(N) be a unilateral weighted shift with
weight sequence (wy,)nen. If T is topologically mixing or chaotic then T is
topologically multiply recurrent.

PrOOF. Suppose first that T is topologically mixing. Take a positive integer
m > 2. Then it is easy to show that T @ T?> @ --- @ T™ is hypercyclic and
by the analogue of Proposition 5.3 for unilateral shifts the conclusion follows.
Assume now that T is chaotic. Then the weight sequence (w;,),en satisfies the
condition

+00
Z(wl .. w,,)_2 < +00.
n=I

See for instance Theorem 6.12 in [6]. The last condition is known to be suf-
ficient for T to be frequently hypercyclic; see [3]. By Proposition 3.6 we
conclude that T is topologically multiply recurrent.
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REMARK 5.7. In cg(N) there exists a unilateral weighted shift which is
frequently hypercyclic and thus topologically multiply recurrent but is neither
chaotic nor mixing. Such an example is provided in [4].

PROPOSITION 5.8. There exists a hypercyclic bilateral weighted shift on
12(Z) which is not topologically multiply recurrent.

ProOF. Take a hypercyclic bilateral weighted shift T acting on /%(Z) such
that T @ T? is not hypercyclic. Examples of such operators are provided, for
instance, in Theorem 1.3 of [27]. By Proposition 5.3 the operator T is not
topologically multiply recurrent.

REMARK 5.9. The operator of Proposition 5.8 provides us with an example
of an operator which is recurrent but not U-frequently recurrent in view of
Theorem 1.7.

We finish this section by showing that in general the converse of Proposi-
tion 3.6 is not true.

PROPOSITION 5.10. There exists a unilateral weighted shift on 1>(N) which
is topologically multiply recurrent but not frequently hypercyclic.

ProOF. Consider the unilateral weighted shift T on />(N) with weight se-
quence w, = /™, n = 1,2,.... Then [[\_,w; = v/n+1 — +oo. By

the main result of [17] it follows that T is topologically mixing and by Corol-
lary 5.6 the operator T is topologically multiply recurrent. On the other hand,

as it is shown in Example 2.9 of [3], T is not frequently hypercyclic.

6. Adjoints of multiplication operators

In this section we will study adjoints of multiplication operators on suitable
Hilbert spaces. As we shall see in this case it is easy to characterize topological
multiple recurrence in terms of several different well understood conditions.
Following [25] we fix a non-empty open connected set 2 of C",n € N, and H
a Hilbert space of holomorphic functions on €2 such that:

— H # {0}, and

— for every z € €2, the point evaluation functionals f — f(z), f € H, are
bounded.

Recall that every complex valued function ¢ : € — Csuch that the pointwise
product ¢f belongs to H for every f € H is called a multiplier of H. In
particular ¢ defines the multiplication operator M, : H — H in terms of the

formula
My(f) = ¢f, f €H.
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By the boundedness of point evaluations along with the closed graph theorem
it follows that M, 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 |#(2)| < +o00. In particular we have that [|¢[lcc < [Myll;
see [25].

In Proposition 6.1 we require the more stringent condition || My || = [|¢ |l
as well as the condition that every non-constant bounded holomorphic function
¢ on Q is a multiplier of H. This is quite natural since it is actually the case in
typical examples of Hilbert spaces of holomorphic functions such as the Hardy
space H?(D) or the Bergman space A%(D), on the unit disk D. On the other hand
Proposition 6.1 fails if we remove this hypothesis as can be seen by studying
adjoints of multiplication operators on Dirichlet spaces. See Example 2.4 of
[14].

ProOPOSITION 6.1. Suppose that every non-constant bounded holomorphic
Sfunction ¢ on Q is a multiplier of H such that |My|| = ||¢|lec. Then for each
such ¢ the following are equivalent.

(i) Mg is topologically multiply recurrent.
i) M :; is recurrent.
(i) My is frequently hypercyclic.
iv) M :; is hypercyclic.
V) ¢(Q2)NT £ 0.
(vi) My has property .

Proor. Conditions (iii), (iv) and (v) are known to be equivalent; see [3],
[25]. Trivially (iii) implies (vi); by Proposition 3.6 (vi) implies (i) and trivially
(1) implies (ii). We will show that (ii) implies (v). Indeed, assume that M; is
recurrent. Suppose, for the sake of contradiction, that ¢ (2) N T = @. Since 2
is connected, so is ¢ (2); thus, we either have that ¢(Q2) C {z € C: |z] < 1}
orp(2) C{zeC:|z] > 1}.

Case 1. ¢(2) C {z € C: |z] < 1}. Then we have ||M;|| = [[My|l =
l¢lloo < 1. We will consider two complementary cases. Assume that there
exist 0 < € < 1 and a non-zero recurrent vector g for M, ; such that

[Mygll < (1 —e)lgll-
The above inequality and the fact that || My || < 1 imply that for every positive
integer n .
[((Mg)"gll = (1 —e€)lgll.

On the other hand for some strictly increasing sequence of positive integers {ny}
we have (M3)" ¢ — g. Using the lastinequality we arrive at [[g]| < (1—¢€)llgll,
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a contradiction. In the complementary case we must have || M ; gl = llgll for
every vector ¢ which is recurrent for M. Since the set of recurrent vectors
for M; is dense in H we get that ||M;h|| > ||h|| for every h € H. Hence
| M ;h || = ||k|| forevery h € H.Take now z € 2 and consider the reproducing
kernel k, of H. Then we have that

IMgk:|l = lp @Il < NIkl

For the previous identity see Proposition 4.4 of [25]. However, this is clearly
impossible since M is an isometry.

Case 2. $(2) C {z € C: |z] > 1}. Here 1/¢ is a bounded holomorphic
function satisfying ||1/¢ |l < 1; therefore, M;; is invertible. By Remark 1.5

the operator My, = (M, (’;)_1 is recurrent and the proof follows by Case 1.

REMARK 6.2. It is easy to see that under the hypotheses of Proposition 6.1,
M is never recurrent. On the other hand, suppose that ¢ is a constant function
with ¢(z) = a for some a € C and every z € Q2. Then we have that M,
(or equivalently M) is recurrent if and only if M, is topologically multiply
recurrent if and only if |a| = 1. In order to prove this it is enough to notice
that for every non-zero complex number a, with |a| = 1, and every positive
integer m, there exists an increasing sequence of positive integers {rn;} such
that (@™, a®™, ..., a™) — (1,1,...,1).

7. Further Questions

We conclude this note by suggesting a series of questions that relate to the
results and the notions discussed in the preceding paragraphs:

QUESTION 7.1. Let T : I>(N) — I%(N) be a unilateral weighted shift. It
is a classical result of Salas that I + T is hypercyclic; see [31]. In fact, as
observed by Grivaux in [26], I + T is even mixing. Hence it is natural to ask
the following question: is it true that / 4- 7" is topologically multiply recurrent?

QuEsTION 7.2. Let T be frequently hypercyclic. Is it true that for every
positive integer N > 2 the operator T @ T?> @ --- @ T™ is hypercyclic?
Recall that Grosse-Erdmann and Peris have shown that in this case T & T
is hypercyclic; see [28]. The fact that T @ T is hypercyclic is known to be
equivalent to T satisfying the hypercyclicity criterion; see [9]. However, if T
is hypercyclic it is not true in general that 7 @ T is hypercyclic. This was a
long standing question that was solved in [18] and in a more general context
in [5]. In [16] it is proved that if T is frequently hypercyclic then T/ @ T™ is
hypercyclic, for every pair of positive integers (j, m). We propose the following
stronger question. Let T be a frequently hypercyclic operator. Is it true that the
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operators T, T2, ..., TV are d-hypercyclic for every positive integer N > 2?
Observe that by Propositions 3.6, 5.3 and Theorem 3.8 this is indeed the case
for bilateral weighted shifts.

QuEsTION 7.3. Observe that Proposition 6.1 misses the case of Hilbert
spaces H where not all bounded holomorphic functions are multipliers. An
example of such a space is the Dirichlet space Dir(D), that is the Hilbert space
of holomorphic functions f: D — C, satisfying

1
£ 1D i= 1 FO)* + -~ / |f (@)PdA(z) < +o0,

where dA denotes the area measure. It would be interesting to characterize
when the adjoints of multiplication operators on Dir(D) are hypercyclic, fre-
quently hypercyclic, recurrent, or topologically multiply recurrent. For results
along this direction we refer to [13].

QUESTION 7.4. It is easy to see that every chaotic operator T has property
&/. A well known question asks whether every chaotic operator is frequently
hypercyclic; see for example [6]. An even stronger question is thus whether
every hypercyclic operator that has property &/ is frequently hypercyclic.

QUESTION 7.5. Let (A,)nen be a good sequence. Is it true that there is a
positive integer T such that the limit lim,,_, o [An|/|An4r| €Xists? A positive
answer would provide a complete characterization of good sequences.

QUESTION 7.6. As observed in Section 3.2 every U-frequently recurrent
operator has property /. Does there exist an operator which has property &/
but is not U-frequently recurrent? We suspect that the answer is positive.
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