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ABSTRACT. The mini-workshop was devoted to the study of hypercyclic and
chaotic operators within the wider framework of linear dynamical systems.
Topics discussed included common hypercyclic vectors; hypercyclic and su-
percyclic subspaces; extensions of hypercyclicity like Cesaro-, Faber-, and
disjoint hypercyclicity; hypercyclic N-tuples and hypercyclic direct sums; hy-
percyclic Cp-semigroups and hypercyclic polynomials; hypercyclicity in non-
metrizable spaces; weak supercyclicity; hypercyclic composition operators;
and the influence of the norms || T"|| on the dynamical behaviour of T'. A list
of open problems is included in the report.
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Introduction by the Organisers

Chaos has long been thought of as being intrinsically linked to non-linearity. The
investigations into hypercyclicity in the last two decades have thoroughly refuted
this assumption. Many, even quite natural, linear dynamical systems exhibit chaos;
this effect, however, only becomes visible when one studies infinite-dimensional
state spaces. Starting from the seemingly innocent definition of a hypercyclic
operator, that is, an operator with a dense orbit, the theory has developped into
a very active research area, the Theory of Linear Dynamical Systems.

In recent years, several open problems have been solved. For example, Ansari
and Bernal have given a positive answer to Rolewicz’ question if every separable
infinite-dimensional Banach space supports a hypercyclic operator, and Costakis
and Peris have given a positive answer to Herrero’s question if every multi-hyper-
cyclic operator is hypercyclic. On the other hand, Herrero’s problem if for every
hypercyclic operator T also T' & T is hypercyclic has turned out to be a major
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challenge. This Great Open Problem in hypercyclicity has, in fact, motivated a
fair number of recent investigations.

The solution of another major problem in hypercyclicity was announced by
A. Peris during the workshop. In his talk he showed that if {T; : ¢ > 0} is a
hypercyclic Cy-semigroup then every operator T3,¢t > 0, in the semigroup must
itself be hypercyclic. This problem had previously evaded the efforts of several
researchers.

In an attempt to better understand the Great Open Problem, H. Petersson
studied the set of hypercyclic vectors for direct sums of operators. He found
conditions under which there are dense subspaces U;,1 < ¢ < N, such that every
vector (u;)1<i<n € U1 X...xUpn with u; # 0 for all ¢ is hypercyclic for T1®. . .&Ty.

Hypercyclic vectors for 71 & ... @ T were also studied by J. Bes. However,
motivated by an investigation of Furstenberg, he only considered vectors of the
form (z,...,x), and called these vectors d-hypercyclic. He obtained examples of
such vectors based on a d-Hypercyclicity Criterion.

In a different direction, N. Feldman called an N-tuple (T4, ...,Tx) of commut-
ing operators hypercyclic if the orbit {lel e T}f,”x : ki > 0} is dense in X for
some vector x. He discussed many examples and presented extensions of results
in hypercyclicity to the new setting.

Spectral results in hypercyclicity often involve the unit circle. The talk of S.
Grivaux explained why this is so. Replacing the polynomials 2™ by the Faber-
polynomials F$! of a non-empty simply connected domain €2 in C with compact
closure and rectifiable boundary, she defined a vector z to be Q-hypercyclic for
an operator T if {F}(T)z : n > 0} is dense in X. She presented analogs of
results in hypercyclicity in this context, where now the réle of the unit disk is
taken over by (2. In a similar vein, a vector x is called Cesaro-hypercyclic if the
set {% S h_oT*x :n >0} is dense in X. For this setting, G. Costakis obtained a
version of the somewhere dense orbit theorem of Bourdon and Feldman.

Another topic of the workshop were common hypercyclic vectors. F. Bayart
obtained a new condition on a parametrized family (T )xea to have a dense Gs-set
of common hypercyclic vectors. The proof used both the Baire category theorem
and a nontrivial result from probability theory. A different sufficient condition for
the same problem was given by K. Chan. He employed his condition to show that
any two hypercyclic unilateral weighted backward shifts can be connected by a
path of such operators having a dense Gs-set of common hypercyclic vectors.

H. N. Salas studied the existence of supercyclic subspaces, that is, closed infinite-
dimensional subspaces of supercyclic vectors. He presented two sufficient condi-
tions for their existence, and studied their necessity in the special case of backward
shift operators. K.-G. Grosse-Erdmann extended the known sufficient condition
for the existence of hypercyclic subspaces to the setting of F-spaces, and he ob-
tained an analogous result on frequently hypercyclic subspaces.

The topic of supercyclicity was also taken up by E. Matheron. He first showed
that unitary operators can be weakly supercyclic; his example was the multiplica-
tion operator M, on a space L?(y), where 1 is a probability measure on T of small
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support. He then presented recent work of S. Shkarin saying that the measure p
may even be such that its Fourier coefficients tend to 0.

J. Bonet studied hypercyclicity and chaos of the differentiation operator on
some natural spaces of holomorphic functions. The special interest of these results
was that he considered spaces that are non-metrizable, so that the Baire cate-
gory theorem is not available. He also presented a characterization of topological
transitivity and chaos of the backward shift on non-metrizable sequence spaces.

F. Martinez characterized hypercyclicity and chaos of certain polynomials on
Kothe echelon spaces. He also discussed a result that links the infinite-dimensional
dynamics of polynomials to the Julia set of a corresponding complex polynomial.

Two of the talks studied the behaviour of the sequence of norms ||T"||,n > 1, of
operators T' on Banach spaces. C. Badea characterized those sequences (n) such
that, for any operator T on any separable Banach space X, sup,sg [|T™*] < oo
implies that the unimodular point spectrum o,(T) N'T is at most “countable. As
an application he obtained an example of a chaotic and frequently hypercyclic
operator on Hilbert space that is not topologically mixing, thereby answering a
question of Peris. V. Miiller considered an opposite of hypercyclicity, vectors x
for which ||T™z]| is big in some sense. He showed that, for any sequence (7},) of
operators and any positive sequence (a,) with > a, < oo there is a vector x so
that | T"z|| > an|Tx|| for all n > 0. He also obtained analogues for weak orbits.

R. Mortini investigated composition operators f — f o ¢,,n > 1, on the space
B={f€H(Q):sup,cq|f(2)] <1}, where Q is a domain in CV and the ¢,, are
automorphisms or, more generally, holomorphic self-maps of 2. He characterized
when there exists an f € B so that {f o ¢, : n > 1} is locally uniformly dense in
B, and also presented an analogous result when B is replaced by the space H ()
of all holomorphic functions on ).

It is a distinctive feature of hypercyclicity that it unites researchers from various
backgrounds, be it topological dynamics, operator theory, semigroup theory, the
theory of locally convex spaces or complex analysis, which was also reflected in
the composition of the participants. A very lively exchange of ideas characterized
the mini-workshop, which was particularly apparent in the two Special Sessions
that both ran overtime. Some of the problems discussed in the Problem Session
on Wednesday morning and some of the contributions presented in the Informal
Session on Friday morning are collected at the end of this report, while additional
problems can be found in the abstracts of J. Bes, N. Feldman, F. Martinez, H.
Petersson and H. N. Salas.

The mini-workshop was organized by Teresa Bermidez (La Laguna), Gilles
Godefroy (Paris), Karl-G. Grosse-Erdmann (Hagen), and Alfredo Peris (Valen-
cia). Unfortunately, Teresa Bermudez was unable to participate. The partici-
pants greatly appreciated the hospitality and the stimulating atmosphere of the
Forschungsinstitut Oberwolfach.
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Abstracts

Common Hypercyclic Vectors for Paths of Shift Operators
Kir C. CHAN
(joint work with Rebecca Sanders)

Let X be a separable, infinite dimensional Banach space, and B(X) be the alge-
bra of all bounded linear operators 7' : X — X. A sequence of bounded linear
operators {T,, € B(X) : n > 1} is said to be universal if there exists a vector x in
X such that the set {T,,x : n > 1} is dense in X. Such a vector z is said to be a
universal vector for the sequence {T,}. In the case that there is a single bounded
linear operator T in B(X) whose sequence of positive powers {T"} is universal,
then we say that the operator T is hypercyclic, and the corresponding vector x is
said to be a hypercyclic vector.

In 1982, Kitai [7] showed that whenever T is hypercyclic, the set of all hyper-
cyclic vectors for T is a dense Gs subset of X. It follows from the Baire Category
Theorem that if each operator T, in a countable family {7}, : n > 1} is hyper-
cyclic, then the set of vectors that are hypercyclic for each T, is also a dense Gg
subset of X. Such a vector is said to be a common hypercyclic vector for the fam-
ily {T},}. Since the Baire Category Theorem does not go beyond countability, it
is interesting to investigate the possibility of having common hypercyclic vectors
when the family of hypercyclic operators is uncountable. For that, we introduce
the concept of a path of operators, which is a continuous function F' from a real
interval I into the operator algebra B(X). A path of hypercyclic operators is said
to have a dense Gs set of common hypercyclic vectors, if the set of all common
hypercyclic vectors contains a dense Gs subset, but not necessarily that the set
itself is dense Gs.

The first examples of hypercyclic operators on a Banach space were offered
in 1969 by Rolewicz [9]. To explain his result, we first need a definition. An
operator T : /P — (P on the Banach space /P, with 1 < p < oo, is said to be a
unilateral weighted backward shift if there is a bounded positive weight sequence
{wy, > 0:n > 1} such that

T(ag,a1,az,...) = (wia1, waaz, wsas,...).

When all w,, = 1, the operator is simply said to be the unilateral backward shift,
and is denoted by B. What Rolewicz [9] showed was that each unilateral weighted
backward shift ¢ B, where t € (1, 00), is a hypercyclic operator. In 1999, Salas [11]
raised the question whether all those operators tB have a common hypercyclic
vector. Then in 2003, Abakumov and Gordon [1] answered Salas’s question in the
positive, and a year later Costakis and Sambarino [3] proved that the path ¢ B, with
t € (1,00), indeed has a dense Gy set of common hypercyclic vectors. Meanwhile
they also exhibited another path of unilateral weighted backward shifts that has
a dense Gy set of common hypercyclic vectors. About the same time, for general
operators, Leén-Saavedra and Miiller [8] proved that whenever T is a hypercyclic
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operator, every operator in the path of rotations {7 : t € [0,27]} has the same
hypercyclic vectors as T itself. The above interesting examples motivate us to
investigate whether every path of hypercyclic operators has a common hypercyclic
vector. As it turns out, the answer is negative.

Theorem 1. There is a path of hypercyclic unilateral weighted backward shifts
with no common hypercyclic vector.

Since it is easy to show that the set of all hypercyclic unilateral weighted back-
ward shifts is path connected, Theorem 1 implies that between any two hypercyclic
unilateral weighted backward shifts there is a path of such operators having no
common hypercyclic vector. This may sound a little disappointing, but it raises
the natural question whether we can actually find one path that has common
hypercyclic vectors. Along this line, we are able to prove the following.

Theorem 2. Between any two hypercyclic unilateral weighted backward shifts,
there exists a path of such operators having a dense Gs set of common hypercyclic
vectors.

Our proof for the above existence result is rather complicated, because the
weights of a hypercyclic unilateral weighted backward shift may be very small; see
Salas [10]. Nevertheless, it inspires us to find a necessary and sufficient condition
for a general family of operators to have a dense Gs set of common universal
vectors.

Theorem 3. Let {(F;,) C B(X) :n > 1,t € [a,b]} be a family of operators.
Suppose the map t — F ,, is continuous on [a,b] for each n > 1. Then (Fy,) has
a dense Gy set of common universal vectors if and only if for any pair of nonempty
open subsets Uy and Us of X, there is a partition P = {a =ty < t; < -+ <ty = b},
and positive integers ni,na,...,Nk, and a nonempty open set V-.C Uy, such that

Fin, (V) CUs, whenever t€ [ti—1,t;] and1<i<k.

Using Theorem 3, one derives the above result of Costakis and Sambarino [3]
as a corollary.

Corollary 4. The path {tB: (P — (P|t € (1,00)} has a dense Gs set of common
hypercyclic vectors.

The necessary and sufficient condition in Theorem 3 enables us to put down a
more concrete sufficient condition that can be applied to other paths of operators.
Such a sufficient condition was first found by Costakis and Sambarino [3], but our
condition is different in the sense that we do not require a comparison of certain
growth rates with a convergent series.

Theorem 5. Let {(F},) C B(X) :n > 1,t € [a,b]} be a family of operators.
Suppose the map t — F,, is continuous on [a,b] for each n > 1. Then (Fy,) has
a dense Gg set of common universal vectors if there are dense sets Dy and D5y in
X, an increasing sequence of integers (my), and mappings Sy : D1 — X such
that for each h € D1 and for each € > 0, there exists a 6 > 0 satisfying:



Mini-Workshop: Hypercyclicity and Linear Chaos 2235

(1) for all't € [a,b], we have ||S¢kh| — 0, as k — oo;
(2) for all f € Da, we have ||Fym, f|| — 0 uniformly for all t € [a,b];
(3) for allt € [a,b] and all N > 1, there exists an integer k > N, such that

EFyom, Sexh — hl| <€, whenever [t' —t| < 6.
sk )

When a = b, the interval [a, b] in Theorems 3 and 5 becomes a singleton set and
in that case we have exactly one sequence of operators {7,,}. Then Theorem 3
reduces to the classical results of GroBle-Erdmann [6] and Godefroy and Shapiro [5],
and Theorem 5 reduces to the well-known hypercyclicity criterion. The criterion
was first obtained by Kitai [7] in 1982, and it was rediscovered in a much greater
generality by Gethner and Shapiro [4] with a different proof. The version to which
Theorem 5 reduces was provided by Bes and Peris [2]. The hypercyclicity criterion
is a sufficient condition for hypercyclicity and universality. It has been used widely
to prove that certain operators are hypercyclic.
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Disjointness in Hypercyclicity
JUAN BEs
(joint work with Alfredo Peris)

Given N > 2 operators 11,715, ...,Tn on a Fréchet space X, it has been natural
to study the cyclic properties that their direct sum 77 @ --- & Ty may inherit
from those of T3, Ts,...,Tn. A significant example of this is Herrero’s [5] central
question on hypercyclicity and weak mixing:
Must T & T be hypercyclic whenever T is?

Another example is Salas’s characterization of those weighted shifts 77,...,Ty on
X =c¢oor¥, (1 <p<oo)forwhichTi&---& Ty is hypercyclic or supercyclic [7],
[8]. But while the dynamical systems (X, T1), ..., (X,Ty) may be independent of
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each other (i.e., for ¢ # j the action of T; may not depend on Tj and vice-versa),
they may still have a certain correlation (or lack of it) manifested in the behaviour
of the co-orbits

Co—Orb(z;Ty,...,Tn) ={(T{'2,T3'2,...,TRz): n=0,1,...} (z€X).

In this talk we propose to consider the situation in which dense co-orbits exist,
a weaker notion than Furstenberg’s disjointness of fluid flows [4].

Definition 1. We say that N > 2 hypercyclic operators Ty, ...,Tn acting on a
Fréchet space X are disjointly hypercyclic (in short, d-hypercyclic) provided there
is some vector z in X such that Co — Orb(z; Ty, ..., Tw) is dense in XV. We call
such z a d-hypercyclic vector for the operators Ty, Ts,...,Tn.

Definition 2. We say that N > 2 sequences of operators (71,;)32;, - .. ,(Tn,;)52,
in B(X) are d-topologically transitive (respectively, d-mizing) provided for every
non-empty open subsets Vp,...,Vy of X there exists m € N so that §§ # Vo N
Tf,;(‘/l) n---N T]le(VN) (respectively, so that § # V5 N lejl(Vl) N---N Tjg,lj(VN)
for each 5 > m). Also, we say that N > 2 operators T1,...,Tx in B(X) are d-
topologically transitive (respectively, d-mixing) provided (Tf )31 (TJ]\,);”;1 are
d-topologically transitive sequences (respectively, d-mixing sequences).

The results presented here are taken from [2].
A. The d-Hypercyclicity Criterion.

Definition 3. We say that T1,...,Txy € B(X) satisfy the d-Hypercyclicity Crite-
rion provided there exists a strictly increasing sequence (ny) of positive integers,
dense subsets Xy, X1,...,Xn of X, and mappings S;,: X; - X (1 <I<N, ke
N) satisfying

" — 0 pointwise on Xg,
k—o0
(1) Sk — 0 pointwise on X, and
k—oo

(1" Si e — 650 Idx,) 7 0 pointwise on X; (1 <1i < N).

Theorem 4. Let Ty, ..., Tn satisfy the d-Hypercyclicity Criterion. Then for some
sequence (ni) of positive integers the sequences of operators (T1")g,...,(TN" )k
are d-topologically mixing. In particular, T1,...,TNn have a dense manifold of
d-hypercyclic vectors.

As happens for the case of N = 1 operator [3], the converse of Theorem 4
also holds and may be expressed in terms of hereditary dense d-hypercyclicity [2,
Theorem 2.7].
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B. Disjoint differentiation operators.

Let H(C) be the space of entire functions on the complex plane C, and endowed
with the topology of uniform convergence on compact subsets of C. For each a € C,
we let T, denote the translation operator on H(C) given by To(f)(z) = f(z + a)
(z €C, f e H(C)), and by D the derivative operator.

Theorem 5. Letay,...,any € C\ {0} (N > 2) be given. Then

(a) The translation operators Ty, , ..., T, are d-hypercyclic on H(C) if and
only if the scalars a1, ...,an are pairwise distinct.

(b) The differentiation operators a1D™,...,anD"™ are d-hypercyclic on
H(C) for any selection of integers 1 <rqy < --- <ry.

Using different methods, Theorem 5(a) and generalizations were obtained inde-
pendently by L. Bernal [1].

C. Disjoint powers of weighted shifts.

For each bounded sequence w = (w,,) of scalars, let B,, be the unilateral back-
ward shift on X = ¢o(N) or £,(N) (1 < p < o) given by By (Tn) = (Wn41Tn+t1)-
Also, let B be the backward shift with constant weight sequence w = (1). In [2] we
characterize the d-hypercyclicity of different powers of (unilateral/bilateral) back-
ward weighted shifts in terms of the different weight sequences. As a consequence,
we have:

Theorem 6. Let X = co(N) or £,(N) (1 < p < c0), and let integers 0 =rp <1 <
ry < -+ < ry be given (N > 2). Then for any non-zero scalars ai,...,an, the
operators a1 B™ ... ,anB"™ are d-hypercyclic if and only if 1 < |a1| < -+ < |an]|.
Moreover, for any backward shift By, the following are equivalent.

(i) Brr,Brz,...,BIN are d-hypercyclic on X.

(ii) sup,,en (min{H?;(fl_“) w;: 0<s<I< N}) = 00.

B.,.l . BTN B(rlfrs) . l XN(1\2H~1)
(iii) w D @B D Di<s<i<nBuw 18 hypercyclic on .

In particular, By, B2, ..., BY are d-hypercyclic if and only if the operator B, &
B2 @ ---@® BY is hypercyclic on XN

D. Disjoint hypercyclicity and Hilbert adjoints.

In [6], Salas constructed a hypercyclic operator T' on a Hilbert space so that
its Hilbert adjoint 7% is also hypercyclic. A simple argument shows that it is not
possible to have an operator that is disjointly hypercyclic with its Hilbert adjoint.
However, we have the following extension of Salas’ result.

Theorem 7. For each N > 2, there exist d-hypercyclic operators Ty,...,Tn on
05(Z) so that their Hilbert adjoints Ty, ..., TR are also d-hypercyclic.
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E. Final comments.

In joint work (in progress) with A. Peris we investigate spectral conditions for
the existence of d-hypercyclic subspaces, that is, of closed, infinite dimensional
subspaces of a Banach space X consisting entirely (except for the origin) of d-
hypercyclic vectors for given operators 71,...,Ty on X.

We conclude with three problems:

Problem 8. Let Ty,...,Tn be d-hypercyclic and invertible. Must Tl_l, . ,T&l
be d-hypercyclic?

Problem 9. LetTy,...,Tn be d-hypercyclic, and let M1, ..., An be scalars of mod-
ulus 1, where N > 2. Must \Ty,...,ANTn be d-hypercyclic? Must Ty, ..., Tn
and MTh, ..., ANTN have the same set of d-hypercyclic vectors?

Problem 10. Does every separable, infinite dimensional Banach space support a
pair (or more) of d-hypercyclic operators?
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Hypercyclic and chaotic polynomials on Fréchet spaces
FELIX MARTINEZ-GIMENEZ
(joint work with Alfredo Peris)

N. Bernardes [1] proved that there are no hypercyclic homogeneous polynomials
of degree d > 1 on any Banach space. Contrary to the Banach space case, A. Peris
showed that the Fréchet space w := CN admits chaotic homogeneous polynomials
of arbitrary degree [4]. For Banach spaces he showed that [, also admits a (non-
homogeneous) chaotic polynomial of degree d, for each d > 1 [5]. These examples
motivated us to study them when they are defined on more general sequence
spaces, namely Kothe echelon sequence spaces.

We recall that a continuous map f : X — X on a separable Fréchet space is
said to be chaotic in the sense of Auslander and Yorke (AY-chaotic) if (1) it is
topologically transitive, i.e. hypercyclic in our setting, and (2) it has sensitive
dependence on initial conditions; f is said to be chaotic in the sense of Devaney
(D-chaotic) if (1) it is topologically transitive, and (2) it has a dense set of periodic
points.
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A map P: X — X is a d-homogeneous polynomial if there exists a continuous
and d-multilinear map A : X x --- x X — X such that P(z) = A(z,...,x). A
continuous polynomial on X is a linear combination of homogeneous polynomials.

A Koéthe matrix A = (ajx)jken is a scalar matrix such that for each j € N
there exists & € N with a;; > 0, and such that 0 < a;; < aj 41 forall j,k € N.
We consider the Kothe echelon sequence space

1/p

Ap(A) =S e C |l = [ D lay aixl’ <oo, VkEN},

and for p =0
Ao(A) := {ac eCN : lim 2 aj, =0, ||2| = sup |zjlajx, V k€ N}.
J—00 JEN

Theorem 1. Consider the d-homogeneous polynomial (d > 1)
P M) — (4
()iz1 = (2l1)i>1
The following are equivalent:

(1) P has a non-zero periodic point.
(2) For each keN, {ajr}>1 € lp.
(3) loo C Ap(A) canonically.

(4) P is D chaotic.

Examples 1. (1) If A = (a;1); ke satisfies that for all k£ € N there exists j(k)
with a;, = 0 for each j > j(k), then we have w = A\ (A) and P is chaotic on w.

~

(2) For A = (a;1)jeNg.ken = (679/%)jen, ken We have \,(A) = H(D) endowed
with the compact open topology and with the isomorphism

SO i (f(j)(o))
Jzo it Jiso

G d .
We thus obtain that the polynomial P (f(z)) = Z;‘;O (f(;ili)(,o)) 27 is chaotic on
H(D). 4
(3) For A = (aj)jene.ken = (e7%)eng.ken we have A,(A) = H(C) endowed
with the compact open topology and with the same isomorphism as before. In
that case P is not chaotic on H(C).

Theorem 2. Consider the non-homogeneous polynomial (d > 1)
Q: A — Ap(4)
(zi)iz1 — ((@ir1 +1)? = 1)z
(1) Ifliminf; %= = 0 for each k € N, then Q is hypercyclic (even AY-chaotic).
(2) If {4t }] | €1lp for each k € N, then Q is D-chaotic.
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Examples 2. (1) For A = (1), xen we have A\,(A) =1, and @ is D-chaotic on [,.
(2) For A = (j*)j.ren we have that \,(A) is a nuclear space. This implies
Ap(A) = A (A) = Mo(A) for any 1 < p,q < oo, and therefore the space of rapidly
decreasing sequences s := {(z;);>1 € CV : lim;j o |2;]j* =0, V k € N} = Ag(A).
The polynomial @ is chaotic on s.
(3) The space of rapidly decreasing functions

S(R) := {f € C®(R) : ||f|lx := sup{|z°F P (z)| : 2 € R, a+f < k} < 00, Vk € N}

is isomorphic to s with the isomorphism f(z) = >2" anHy () — (an),>, Where

an = (f,Hn) = [ f(z)Hn(z)dz, and Hy(z) is the n-th Hermite polynomial.
We have Q(f(z)) = > oo, (ZZ=1 (Z) a’fH_l) H,(z) is D-chaotic on S(R).

Concerning the proofs of Theorem 1 and 2 we will mention here that in both
cases we make a “linearization” of the polynomial in order to construct a com-
mutative diagram and then we use characterizations for hypercyclic and chaotic
weighted backward shifts [3, 2] and the following lemma.

Lemma 1 ([3]). Suppose f; : E; — E; is a continuous map on a separable Fréchet
space E;, i = 1,2, and ¢ : E1 — FEs is a continuous map with dense range such
that ¢ o f1 = fao . If f1 is hypercyclic (AY-chaotic, D-chaotic) then so is fa.

It should be pointed out that in all previous examples we get polynomials which
are AY-chaotic or D-chaotic, in particular hypercyclic polynomials with sensitive
dependence on initial conditions. The next result, due to A. Peris [5], shows that
hypercyclicity is equivalent to sensitive dependence on initial conditions at least
for a class of polynomials on /,. First observe that both types of polynomials we
have studied are included in the following class

M) Ap(A)

(1, 29,...) +— (q(x2),q(x3),...)

where ¢(z) is a fixed complex polynomial of degree d > 1 with ¢(0) = 0 (this is a
necessary condition to have the polynomial well defined).

Theorem 3 ([5]). For the particular case \,(A) =1, the following are equivalent
(i) P is AY-chaotic.
(ii) P is hypercyclic.
(iii) P has sensitive dependence on initial conditions.
(iv) 0 € J(q) (the Julia set of q).

Remark 1. Observe that the chaotic behavior of P is also related with the complex
dynamics of ¢q. In other words, there is a “link” between the infinite dimensional
dynamics of P and the finite dimensional complex dynamics of q.

Going one step further, chaos in the sense of Devaney seems to be a stronger
condition than AY-chaos. By a result of Fatou and Julia, J(q) is the closure of
the repelling periodic points of ¢q. It is known that if 0 is a fixed repelling point of
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g then P is D-chaotic [5], but we do not know if 0 € J(q) is a sufficient condition
for P being D-chaotic.

Conjecture. P :1l, — [, is D-chaotic if and only if 0 is a repelling fixed point of
q(x).
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Hypercyclic operators in Cy-semigroups
ALFREDO PERIS
(joint work with José A. Conejero, Vladimir Miiller)

The investigation of hypercyclic Cy-semigroups was initiated by Desch, Schap-
pacher and Webb in [10], although the first example of a hypercyclic semigroup
was given by G.D. Birkhoff [3] who showed that, given any a € C\ {0}, the trans-
lation semigroup {T} := Ty, : H(C) — H(C) ; ¢t > 0}, (where (Tpf)(2) := f(b+ 2)
for each f € H(C)) defined on the Fréchet space H(C) of entire functions on the
complex plane endowed with the compact-open topology, is hypercyclic.

So far, several specific examples of hypercyclic semigroups have been studied,
see for example [10, 8, 11, 15]. In [1] Bermidez, Bonilla and Martinén proved that
every separable infinite dimensional Banach space admits a hypercyclic semigroup.
This result was extended to Fréchet spaces in [4].

We recall that a one parameter family 7 = {T}},, of operators in the space
L(X) of (continuous and linear) operators on a separable F-space X is a strongly
continuous semigroup (or Cop-semigroup) of operators in L(X) if Ty = I, 3T, =
Tiqs for all t,s > 0, and lim;—,; Tyx = Tsx for all s > 0, x € X. A Cy-semigroup
T = {Tt},>, is said to be hypercyclic if Orb(7,z) := {Tyx : t > 0} is dense in X
for some z € X.

Given T € L(X), let us denote by HC(T') the set of all hypercyclic vectors of T,
and analogously, denote by HC(7) the set of hypercyclic vectors of a Cp-semigroup
7. It is easy to see that if T = {T}},., is a Co-semigroup and some operator T}
in the semigroup is hypercyclic, then the semigroup 7 itself is hypercyclic.

For the converse situation (from the continuous to the discrete case), as a con-
sequence of an old result of Oxtoby and Ulam [14] it is possible to establish that,
if x € HC(T) is hypercyclic, then there exists a residual set G C R4, such that
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x € HC(T}) for all t € G (see, e.g., [5]). The point here is whether G = R,.
That is, if 7 = {T}},-, is a hypercyclic Cp-semigroup, is every operator Ty, t > 0,
hypercyclic? This problem was explicitly stated in [1].

Our main result is the solution to this problem in the affirmative. To do this
we adapt an argument due to Leén and Miiller [13] on rotations of hypercyclic
operators. This approach is not new: Several authors have tried to use similar
arguments to the ones in [13] for the Cy-semigroups context without success (e.g.,
[6], [12] and [9]). The key point in the proof, proceeding by contradiction, is to
construct a pair of continuous maps f : HC(7) — T and g : D — HC(T) such
that fog|r is homotopically nontrivial. Such a point has resisted previous attempts
(notice that the homotopy in [9] does not yield any contradiction, which results in
a serious gap).

We first need a technical result, which is a consequence of an adaptation to
F-spaces of a result of Costakis and Peris [7], using ideas of Wengenroth [16].

Lemma 1. Let T = {T;}4>0 be a hypercyclic semigroup in L(X). Ift > 0,
(A1, A2) #(0,0) and x € HC(T), then Mix + ATz € HC(T).

Theorem 2. Let T = {Ti}i>0 be a hypercyclic semigroup on L(X), and let x €
HC(T). Then x € HC(Ty,) for every to > 0.

Sketch of Proof. Without loss of generality, we may assume that to = 1.

Let T:={z € C : |z| = 1} denote the unit circle, D := {z € C : |z| <1} the
closed unit disc, and let Ry :={t € R : ¢ > 0}.

We define the map p : R; — T by p(t) := €27, For every pair u,v € X let

Fun = {)\ € T:3(tn)n C R with lim¢, = oo, lim T, u=wv, and limp(t,) = )\} i
n n n

The proof is divided into several steps. The first three steps follow in a straight-
forward way from the compactness of T and the definition of F;, ,.

Step 1 Ifue HC(T), then F,, , # 0 for allv e X.

Step 2 Iflim; vy = v, Ay € Fy v, and limy A\, = A, then A € F,,,,. (In particular,
F, , is a closed set for each u,v € X.)

Step 3 Ifu,v,w € X, A€ Fyy, and p € Fy, o, then Ay € F .

Fix now « € HC(T). By Steps 1, 2 and 3, F, , is a nonempty closed sub-
semigroup of T with multiplication. Firstly, suppose that F , = T. Then, given
y € X, by Steps 1 and 3 we get F,, = T. In particular 1 € Fj ,, which yields
that (with some technical arguments) Tyy € Orb(T}, x). Since T} has dense range
and y € X is arbitrary, then x is hypercyclic for T;.

For the rest of the proof we assume that F, , # T, and we will show that it
leads to a contradiction. The next step is a consequence of the obvious description
of the closed subsemigroups of T.

Step 4 There exists some k € N such that, for each y € HC(T), there is A € T
satisfying Fpy = {Az @ 2% =1}.
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Step 5 There is a continuous function h : D — T, whose restriction to the unit
circle is homotopically nontrivial. A contradiction. Consider the function
f:HC(T)— T as f(y) :== A\¥, where X € F, . Clearly, by Steps 2 and 4,
f is well defined and continuous. It easily follows that f(T;z) = €27 for
every t > 0.

We will find g : D — HC(7) such that h := fogis the desired function
which will give the contradiction. We first define g : T — HC(T), and
then extend it to D. To do this, we fix tg > 1 so that T3,z is “close enough”
to x, and define g : T — HC(T) by

omity ._ ) L2t if0<t<1/2,
(e”™") :=
(2t — Dz + (2-2)Ty,x if1/2<t<1.

Clearly, g is well defined and continuous. The selection of ¢y gives that
the index of f o g at 0 is greater than or equal to [to]k.

We extend the function g to D by defining g(z) := (1—|z|)z+|z|g(z/|2])
for each z # 0, and ¢(0) = z.

To sum up, we have a continuous function h := fog: D — T, such that
its restriction to the unit circle is homotopically nontrivial, a contradiction.

O

Motivated by Birkhoff’s ergodic theorem, Bayart and Grivaux introduced the
notion of frequent hypercyclicity [2] by quantifying the frequency with which an
orbit meets open sets. To be precise, let us define the lower density of a set A C N
by dens(A) := liminfN_oo #{n < N :n € A}/N. An operator T € L(X) is said
to be frequently hypercyclic if there exists x € X such that, for every non-empty
open subset U C X, the set {n € N: T"z € U} has positive lower density. Each
such vector x is called a frequently hypercyclic vector for T.

Analogously, if we define the lower density of a measurable set M C R, by
Dens(M) := liminfy_,oo (M N [0, N])/N, where p is the Lebesgue measure on
R4, then a Cy-semigroup 7 = {T}},-, in L(X) is said to be frequently hypercyclic
if there exists € X such that for any non-empty open set U C X, the set {t €
R, : Tyx € U} has positive lower density. In both cases, frequent hypercyclicity is
stronger than hypercyclicity.

We prove that, if a Co-semigroup 7 = {T}},~ is frequently hypercyclic, then
every single operator T; # I is frequently hypercyclic, and shares with the semi-
group the same frequently hypercyclic vectors.
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Why the unit circle?
SOPHIE GRIVAUX
(joint work with Catalin Badea)

1. INTRODUCTION

Let X be a complex infinite dimensional separable Banach space, and T € B(X)
a bounded linear operator on X. The operator T is said to be hypercyclic if there
exists a vector x € X such that {T"x ; n > 0} is dense in X. The motivation of
our study here comes from the following observation: there are several results in
the spectral theory of hypercyclic operators involving the unit disk D or the unit
circle T. The simplest of these spectral properties appears in the early work of
Kitai: if T € B(X) is hypercyclic, every connected component of the spectrum
o(T) of T meets the unit circle T. Or, according to a result of Herrero, if H
is a Hilbert space, the norm-closure in B(H) of the set HC(H) of hypercyclic
operators on H can be completely described in terms of spectral properties of the
operator, some of them involving the unit circle. Herrero’s proof of this result uses
in a crucial way a criterion for hypercyclicity due to Godefroy and Shapiro ([6]),
which brought under the light the interplay between the behaviour of eigenvectors
associated with eigenvalues inside or outside ID and hypercyclicity properties: for
any bounded operator T" on X, consider the two spaces

H (T)=splker(T —XI) ; |A| > 1] and H_(T) = sp [ker(T — XI) ; |A| < 1].
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If Hi (T') and H_(T) are dense in X, then T is hypercyclic. More recently, the con-
nection between properties of the eigenvectors associated to eigenvalues of modulus
1 (such eigenvectors will be called T-eigenvectors in the sequel) and properties of
the dynamical system (X, T) was studied in [5], [3] and [2].

A possible explanation for this frequent occurrence of the unit circle in hyper-
cyclicity results is given by the following remark. The unit disk is hidden in the
definition of a hypercyclic operator in the sense that the iterates T™ coincide with
F2(T), where FP(z) = 2™ represent the basic Taylor polynomials associated to D.
Let now €2 be a non empty and simply connected open subset of C with compact
closure Q and rectifiable boundary 9. The Faber polynomials F< associated to
the domain 2 are a natural generalization of the Taylor polynomials of the disk.

Definition 1.1. A bounded operator 1" on X is said to be Q-hypercyclic if there
exists a vector x of X such that {FS}(T)z ; n > 0} is dense in X. Such a vector is
an Q-hypercyclic vector for T', and the set of such vectors is denoted by HCq(T).

Then D -hypercyclicity is exactly the same notion as hypercyclicity. It turns out
that most of the results involving the unit disk/circle for hypercyclic operators have
natural analogs for Faber-hypercyclic operators which involve the corresponding
open domain 2 or its boundary. For another instance of such a relationship be-
tween the geometry of the domain and the behaviour of the Faber polynomials of
an operator (in relation to the boundary point spectrum o, (1) N 0N2), see [1].

2. SOME BASIC PROPERTIES OF {2-HYPERCYCLIC OPERATORS

As was already mentioned in the introduction, hypercyclicity implies several spec-
tral restrictions on the operator. We give here some examples of the corresponding
spectral restrictions entailed by Q-hypercyclicity. For instance, here is the analog
of Kitai’s necessary spectral condition:

Proposition 2.1. Let Q be a simply connected bounded domain whose boundary
is a rectifiable Jordan curve, and let T € B(X) be a Q-hypercyclic operator. Then
every connected component of the spectrum o(T) of T meets the boundary of Q.

The following modified Godefroy-Shapiro Criterion is quite natural:

Theorem 2.2. Let Q) be a simply connected bounded domain whose boundary is
a rectifiable Jordan curve, and T € B(X) a bounded operator on X such that the
following two vector spaces

Hf(T) =sp[ker(T — 2I) ; 2 € Q] and HHT) = sp [ker(T — 21I) ; z € Q]
are dense in X. Then T is Q-hypercyclic.

This criterion immediately yields a variety of examples of (2-hypercyclic operators,
with corresponding applications. In all the forthcoming examples, we suppose that
) is a bounded domain whose boundary is a rectifiable Jordan curve.

Example 2.3. Let ® € H*°(D) be a non constant bounded analytic function on
D, and Mg the associated multiplier on H?(D). Then M} is Q-hypercyclic if and

only if ®(D) N 9N # 0, where ®(D) denotes the conjugate of the set (D).
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Example 2.4. Let B be the backward shift on £,, 1 < p < +00, or ¢g: Beg =0
and Be,, = e,_1 for n > 1, where (e, )n>0 denotes the canonical basis of the space.
For every complex number w with |w| > d(0,0), wB is Q-hypercyclic.

Example 2.5. Let H be a complex separable infinite dimensional Hilbert space.
Every bounded operator on H can be written as the sum of two Q-hypercyclic
operators.

Example 2.6. The norm closure HCq(H) in B(H) of the class HCqo(H) of Q-
hypercyclic operators on a complex separable infinite dimensional Hilbert space
H consists exactly of those operators which satisfy the following three conditions:

(1) ow (T) N IR is connected;

(2) o0(T) = 0;

(3) ind(z —T) > 0 for every z € psp(T).

3. FABER-HYPERCYCLICITY AND PERIPHERAL POINT SPECTRUM

We are now concerned with the study of the influence of eigenvectors associated to
eigenvalues belonging to the boundary of Q on the Q-hypercyclicity of the operator.
We call such eigenvectors 0€Q2-eigenvectors.

Definition 3.1. Let Q be a (simply connected) bounded domain of C whose
boundary is a rectifiable Jordan curve, and let T' € B(X). We say that T has
perfectly spanning 0N)-eigenvectors if there exists a continuous probability measure
o on 0f) such that for every A C 9Q with o(A) = 1, we have

splker(T' — z) ; z € Al = X.

In view of the results of [2], we would like to show that if 7' € B(X) has perfectly
spanning 9€-eigenvectors, then T' is Q-hypercyclic. But the proof of [2] seems to
use the unit circle in a crucial way, since everything relies on the behavior of Fourier
coeflicients of measures. Surprisingly enough, it turns out that this (2-version is
still true under some mild smoothness assumptions on 0f2:

Theorem 3.2. Suppose that the boundary of Q is a curve of reqularity C*+< for
some o €]0,1[. If X is any separable infinite dimensional Banach space, and
T € B(X) has perfectly spanning 9$)-eigenvectors, then T is Q-hypercyclic.

4. FREQUENT {)-HYPERCYCLICITY

Definition 4.1. A bounded operator T on X is said to be frequently Q2-hypercyclic
if there exists an x € X such that for every non empty open subset U of X,

1
dens{n >0; F,(T)x € U} := }\i[minf —N#{n <N; F,(T)x €U} >0.
——+00

The main idea of Theorem 4.2 comes from a frequent hypercyclicity result of [4].

Theorem 4.2. Let 2 be a simply connected bounded domain of C whose boundary
is a curve of class C®+ for some o €]0,1[, and T a continuous linear operator on
a separable infinite dimensional F-space X. Suppose that there exists a countable
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family of functions (E;);>1 defined on Q with values in X, of class C?, such that
for every z € 9Q we have ker(T — z) = 5p [Ei(z) ;i > 1]. We also suppose that
the 0Q-eigenvectors are spanning, i.e. X = 8plker(T — z) ; z € 09Q]. Then T is
frequently Q-hypercyclic.
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Norms of iterates, unimodular eigenvalues and linear dynamics
CATALIN BADEA
(joint work with Sophie Grivaux)

The behaviour of the sequence of the norms of the iterates of a bounded linear
Banach space operator T' € B(X) is closely related to the size of its unimodular
point spectrum o, (T)NT. Here T will denote the unit circle T={A € C: |\ =1}
while 0,(T) = {A € C: Ker(T — A\) # {0}} is the point spectrum (the set of
eigenvalues) of T. One of the fundamental results in this direction is due to
Jamison ([3]): if X is a separable Banach space and T is power-bounded on X,
ie. sup,>o||T"|| < 400, then the unimodular point spectrum o,(T) NT is at
most countable. The influence of partial power-boundedness of T on the size of
the unimodular point spectrum will be our main interest here:

Definition 1. Let (ng)r>0 be an increasing sequence of integers, and T a bounded
linear operator on the Banach space X. We say that T is partially power-bounded
with respect to (ny) if supys [|T7*]] < +oo0.

It is clear that the spectrum o(T') of a partially power-bounded operator T is
contained in the closed unit disk. Partially power-bounded operators have been
studied in this setting by Ransford ([4]) and Ransford and Roginskaya ([5]). They
have proved in particular that partial power-boundedness of an operator does not
necessarily imply countability of the unimodular point spectrum. Whether this
phenomenon can happen or not depends of course on the sequence (ny). The
following definition was introduced in [1]:
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Definition 2. Let (ng)r>o be an increasing sequence of integers. We say that
(nk)k>1 is a Jamison sequence if for any separable Banach space X and any
bounded linear operator T' on X, 0,(T") N T is at most countable as soon as T'
is partially power-bounded with respect to (ny).

Using this terminology, it was proved in [5] that any sequence (ny) with the

property that supkzo(nflf) < 400 is a Jamison sequence, but that the sequence

ng = 22k, for instance, is not. Jamison sequences were further studied in [1], where
it was proved that no sequence (ny) with lim "7’;:1 = +00 is ever a Jamison se-
quence. Some equidistribution criteria were also proved in [1], providing examples
of Jamison sequences verifying lim inf % =1 and limsup ™+ = 4o0.
k Nk

A unified approach to all these results can be given using the following ([2])
characterization of Jamison sequences. It is important to remark that we can
assume without loss of generality that ng is equal to 1.

Theorem 3. Let (ny)i>0 be an increasing sequence of integers with ng = 1. The
following assertions are equivalent:

(1) (nk)k>o0 is a Jamison sequence;
(2) there exists a positive real number € such that for every A € T\ {1}, we
have
sup A" — 1| > &
k>0
(3) there exists a positive real number € and a countable set E C T such that
for every A € T\ E, we have

sup |A"F — 1| > e.
k>0
We discuss then several old and new examples of Jamison sequences. We also
discuss partially power-bounded operators acting on Banach or Hilbert spaces
having peripheral point spectra with large Hausdorff dimension.
These results have applications in linear dynamics ([1]).

Theorem 4. There exists a Hilbert space operator which is frequently hypercyclic,
chaotic (in Devaney’s sense), but not topologically mizing.

This answers a question raised by Alfredo Peris.

REFERENCES

[1] C. Badea, S. Grivaux, Unimodular eigenvalues, uniformly distributed sequences and linear
dynamics, preprint 2006.

[2] C. Badea, S. Grivaux, Size of the peripheral point spectrum under power or resolvent growth
conditions, preprint 2006.

[3] B. Jamison, Eigenvalues of modulus 1, Proc. Amer. Math. Soc. 16 (1965), 375 — 377.

[4] T. Ransford, Eigenvalues and power growth, Israel J. Math. 146 (2005), 93 — 110.

[5] T. Ransford, M. Roginskaya, Point spectra of partially power-bounded operators, J. Funct.
Anal. 230 (2006), 432 — 445.



Mini-Workshop: Hypercyclicity and Linear Chaos 2249

Weakly supercyclic unitary operators
ETIENNE MATHERON

It was shown by C. Kitai ([3]) that hyponormal operators cannot be hypercyclic.
This was generalized in two different ways by P. Bourdon ([2]) and R. Sanders ([4]).
Bourdon showed that hyponormal operators cannot be supercyclic, and Sanders
proved that they cannot be weakly hypercyclic either. It is therefore reasonable to
consider the case of weak supercyclicity. In a joint work with F. Bayart, we were
able to get the following result.

Theorem 1 ([1]). Every weakly supercyclic hyponormal operator is a multiple of
a unitary operator.

This theorem is proved in two steps. First, one uses the Berger-Shaw Theorem
to show that every weakly supercyclic hyponormal operator is in fact normal.
Then, by some simple spectral considerations, one proves that if a multiplication
operator M, acting on some L?(u)-space is weakly supercyclic, then the function
© has constant modulus, which gives the desired result. O

From Theorem 1, it is of course natural to ask whether a unitary operator can be
weakly supercyclic. Therefore, one has to look at the multiplication operator M,
acting on L?(u1), where p is a Borel probability measure on T.

Example 1 ([1]). Assume p has the following property: for each measurable set
Z C T with u(Z) = 1, one can find a positive integer ¢ and two distinct points
a,b € Z such that a? = b%. Then M, is not weakly supercyclic on L?(p).

This follows from the (weakly) supercyclic version of Ansari’s theorem together
with the following simple observation: if ¢ € L*(u) and if the multiplication
operator M, is cyclic on L*(p), then one can find Z C T with u(Z) = 1 such
that the function ¢ is 1-1 on Z. Indeed, if M, were weakly supercyclic, then all
powers of M, would be cyclic, so one could find Z C T with u(Z) = 1 such that
all functions 29, ¢ € N are 1-1 on Z. O

In particular, M, is not weakly supercyclic if the measure p is not singular with
respect to Lebesgue measure. One can also find singular measures satisfying the
above property; for example, this holds for the canonical “Lebesgue” measure on
the usual Cantor ternary set.

On the other hand, it turns out that if the support of p is very small, then M,
is indeed weakly supercyclic on L?(u). Recall that a compact set K C T is said
to be a Kronecker set if, for every continuous function f : K — T, one can find a
sequence of positive integers (k;) tending to oo such that z* — f(z) uniformly on
K.

Example 2 ([1]). Assume the measure p is continuous; that is, u({a}) = 0 for
each point a € T. If the support of u is a Kronecker set, then M, is weakly
supercyclic on L2 ().



2250 Oberwolfach Report 37/2006

The proof relies on the following fact: If the measure u is continuous, then the
measurable functions with constant modulus are weakly dense in L?(u1). By def-
inition of a Kronecker set, this gives at once the above result. Notice that the
continuity assumption on p is necessary: it is not hard to check that M, cannot
be weakly supercyclic if the discrete part of u is nonzero, unless p is a point mass.
O

From the point of view of Harmonic Analysis, Kronecker sets are “very small”
sets. On the other hand, a compact set K C T is usually considered as “large”
if it carries a probability measure p whose Fourier coefficients vanish at infinity.
Thus, it is natural to ask whether M, can be weakly supercyclic on L?(p) if
it € ¢o(Z). This problem was raised in [1], and recently solved by S. Shkarin ([5]).

Theorem 2 ([5]). There exists a probability measure p on T such that fi(n) — 0
as |n| — oo, and yet M, is weakly supercyclic on L*().

The main part of my talk was devoted to the exposition of Shkarin’s proof. I will
now outline the main steps, following rather closely Shkarin’s paper [5].

Lemma 1. Let (g;)icr be a family of vectors in H (separable Hilbert space), and
let (a)ier be a family of nonzero complex numbers, where I is a countable set.
Assume the following properties hold.
(1) 55 lggo 0P < o0
i€l j#i
(2) X laif? = oo
i€l
Then 0 belongs to the weak closure of the set {aL gi; 1 € I}

The proof of this lemma reads as follows. Condition (1) and Cauchy-Schwarz’s
inequality yield an estimate of the form || > a;g:|| < C'|[(a;)||2, for all finite linear
combinations of the g;’s. In other words, there is a bounded linear operator L :
I12(I) — H such that L(e;) = g;, i € I, where (e;) is the canonical basis of 2(I).
Now, it is not hard to deduce from (2) that 0 is in the weak closure of the set
{a% e;; 1 € I}, and this proves the lemma. O

As a very simple consequence of Lemma 1, one can now state a useful criterion for
weak supercyclicity of the operator M, on L?(u) (a more general result is proved
in [5], but the version below is enough for our purpose). Let us fix a bijection
(p,q) — (p,q) from N x N onto N, and for i € N, write i = (p;, ¢;).

Criterion for weak supercyclicity. Let H = {h,; p € N} C L*(u) be a count-
able set such that C'H is weakly dense in L?(u). Let also (c;)ien be a sequence

of nonzero complex numbers such that Y |o, |* = 0o for each p € N, and put
qg=1

fi = aihyp,. Assume one can find a sequence of positive integers (k;)ien such that

33" gi, 95012 < 00, where gi(2) = 2% — fi(2). Then M, is weakly supercyclic on

e

L2(u), and 1 is a weakly supercyclic vector for M.
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This is indeed an immediate consequence of Lemma 1: setting I, := {i € N; p; =
p}, we see at once that each function h,, is in the weak closure of the set {%zk*; 1€
I,} c COrb(M,,1).

From this criterion, it is clear that Theorem 2 follows from the next lemma: just
put &; =27 " and f; = % hp, -

Lemma 2. Let (f;)ien C C(T) with || fillco <1 and || filloc — 0. Let also (6;) be
a sequence of positive numbers. Then one can find a probability measure p on T
with fi(n) — 0, and a sequence of positive integers (k;) such that [(gi, g;) 2| < 6

whenever j < i, where g;(z) = 2k — f;(2).

For the proof, one more lemma is needed. In the sequel, I will denote by M(T) the
space of all complex measures on T. Since M(T) is the dual space of C(T), one can
speak of the w*-topology on M(T). Let R be the family of all complex measures
w € M(T) such that fi(n) — 0; I use the symbol R because these measures are
usually called Rajchman measures. One important fact is that R is hereditary for
absolute continuity: if p € R and v << p, then v € R.

Lemma 3. Let u be a probability measure in R. Let also ¢ € C(T) with ||¢]le < 1,

and let N € N. Then one can find a probability measure v € R and an integer
k > N such that

(1) v is w*-close to p;
(2) 17— flloo < 2[#llocs
(3) zFv is w*- close to pu.

Here is a short outline of proof. First, one chooses a probability measure p; which
is w* - close to u, and whose support is a Kronecker set contained in supp(u). By
definition of a Kronecker set, one can find an integer k > N such that z*|¢| u; is
close (in norm) to ¢ u1, and since (1—|p|) 4 € R, one may assume that z*(1—|p|)
is w*- close to 0. Next, one picks a probability measure puo € R which is w*- very
close to 1 (specifically, close enough to ensure that z¥|¢| s is close to z¥|p| 111);
this is possible because p € R and supp(p1) C supp(p). Finally, one checks that
vi= (1 —|¢|) p+ || p2 works. O

Proof of Lemma 2. Let d be a compatible metric for the w*- topology on the unit
ball of M(T). Let also (g;) be a sequence of positive numbers to be chosen later.
One constructs by induction two increasing sequences of integers (n;) and (k;), and
a sequence (u;) of probability measures in R, such that the following conditions
are fulfilled, with g;(z) = 2% — f;(2).

(a) d(pis pit1) < €5

(b) Niv1 = fuilloo < 2| fit1lloos

c) |ftiv1(n) — fii(n)| < e if n] < ng;

d) |pi(n)| < e; if n| > ny;
) (G595, tit1 — pa)| < &; for all 7,7 <4
) | [ 959i dpi| < e; for all j < i.
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One starts with any probability measure p; € R, some positive integer n; such
that (d) holds, and k; := 1. The measure p;11 and the integer k;11 are given by
Lemma 3 applied to p := p; and ¢ := f;11; more explicitly, conditions (a), (c), (e)
follow from (1) in Lemma 3, condition (b) follows from (2), and (f) follows from
(3). Then one can choose n;;1 according to (d) since p;+1 € R.

By (a), the sequence (p;) is w*- convergent to some probability measure p, provided
>, €i < oo. If the €;’s are small enough, one checks using (b), (c), (d) that p € R,
while (e), (f) ensure |(g;, g:)| < 6; for all j < 4. This concludes the proof of Lemma
2, and hence the full proof of Shkarin’s theorem. O
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How to get common universal vectors
FREDERIC BAYART
(joint work with Etienne Matheron)

Let (Th)xea be a parametrized sequence of operators on some separable Fréchet
space X. Suppose that each T) is hypercyclic. The question that we study is the
existence of a common hypercyclic vector for the whole family. If A is countable,
this follows from Baire’s theorem. If A is uncountable, the first positive example
was given by Abakumov and Gordon in [1] whereas Costakis and Sambarino in [2]
have given a criterion for the existence of a common hypercyclic vector.

Our aim in this work is to improve the result of Costakis and Sambarino in
order to take into account the geometry of the Fréchet space. We assume that the
parameter space A is an interval, and that T (z) depends continuously on the pair
(A, z). Finally, we also assume that there exists a dense set D C X such that each
operator Ty has a right inverse Sy : D — X.

Theorem 1. Assume the Banach space X has type p € [1;2], and that for each
f € D and any compact set K C A, there exists a sequence of positive numbers
(ck)rken such that the following conditions are satisfied:
&)
(a) (cx) is nonincreasing, and Yy ¢ < 0o;
k=0
(by) |TPTES2()| < ek, for any n,k €N and N\, € K, A > «;
(ba) | TRS2HE(F)|| < ek for any nyk € N and \,a € K, X < oy

(1) TR = TpR)(Sa )l < (n+ k)X — plew, fornk €N and A p > a €
K;
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(c2) (TR — ﬂ?)(SZ*k(f))H <nlA—plck, fornkeENand \,py<a € K.
Then Nyep HCO(Ty) is a dense G5 subset of X.

An interesting feature of the proof of the previous theorem is that it mixes Baire
Category arguments with a nontrivial result from Probability Theory, namely
Dudley’s majorization theorem for subgaussian stochastic processes.
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On large orbits
V. MULLER

Let X be a complex Banach space and T' € B(X). Vectors z € X such that the
orbit {T"x :n =0,1,...} is ”large” (in some sense) form the opposite extreme to
the hypercyclic vectors. The talk was a survey of results concerning large orbits.

All the results here are formulated for complex Banach spaces. However, most
of them are also true for real Banach spaces (sometimes with minor modifications).

Theorem 1 ([M], [B]). Let T € B(X), an >0, a,, — 0. Then there exists v € X
such that | T"z|| > anr(T™) for all n.

Moreover, it is possible to find such an x with ||x|| < max, a,, + €, where € is
any given positive number.

Theorem 2 ([MV]). Let X,Y be Banach spaces, T, € B(X,Y), an, >0, > an <
oo. Then there exists x € X such that |Thx|| > an||Tw|| for all n.

Moreover, x can be chosen in any ball of radius greater than > a,,.

Corollary 3. Let T € B(X), Y ||IT"||7! < co. Then there exists a dense subset
of vectors © € X such that | T"z|| — oo.
In complex Hilbert spaces it is sufficient to assume that Y | T"|| 72 < oo.

Example 4. There exists an operator T' € B(X) such that ||T™|| = n + 1 for all
n, but there is no x € X with ||T"z|| — oo.

Similar results are true for weak orbits {(T"x,2*) : n =0,1,...}, where z € X
and x* € X* are fixed vectors.

Theorem 5 ( [MV]). Let X,Y be Banach spaces, Ty, € B(X,Y), an, >0, > ar? <
1. Then there exist x € X, y* € Y* such that ||z|| = 1 = |ly*|| and (Thz,y*)| >
an|| Ty for all n.

Corollary 6. Let T € B(X), 3 ||T"||""/? < co. Then there are vectors x € X
and z* € X* such that |[(T"x,x*)| — oo.
In complex Hilbert spaces it is sufficient to assume that > [|[T™|| 7 < cc.
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Example 7. There exists an operator T on a Hilbert space H such that ||T"| =
n+ 1 for all n, but there are no z,y € X with [(T"z, y)| — oo.

The analogue of Theorem 1 for weak orbits is true only in some partial cases.

Theorem 8 ([BM]). Let T be a completely non-unitary contraction on o Hilbert
space H. Suppose that r(T) = 1. Let a, > 0, a, — 0. Then there exists v € H
such that [{T"x,z)| > an for all n.

Moreover, it is possible to choose x such that ||z|| < maxa, + €.

For unitary operators the questions concerning weak orbits reduce to the ques-
tions about the behaviour of the Fourier coeflicients of L' functions.

Corollary 9. Let p be a probability measure with suppp C T. Suppose that p is
Rajchman (i.e., i(n) — 0 if |n| — o0). Let a, > 0, a, — 0. Then there exists
f € LY(u) such that h >0 a.e. and |f(n)| > ajp| for all integers n.

In particular, this is true if p is absolutely continuous with respect to the
Lebesgue measure.

Example 10. There exists a probability measure p with supppu C T and a se-
quence (a,,) of positive numbers converging to 0 such that there is no f € L'(u)
with |f(n)| > a, for all n. > 0.

Consequently, there exists a unitary operator U € B(H) and a sequence (a,),
an > 0, a,, — 0 such that there are no x,y € H with [{(U™z,y)| > a,, for alln > 0.
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Hypercyclic Tuples of Operators
NATHAN S. FELDMAN

In what follows X will denote a separable Banach space and T' = (11, Ta, ..., Ty)
an n-tuple of commuting bounded linear operators on X. The semigroup of
operators generated by T is (T) = {T/Ts2... Tk . k; > 0}. Notice that
(T') is a finitely generated (discrete) Abelian semigroup. If z € X, then the
orbit of z under the n-tuple T (or equivalently under the semigroup (T')) is
Orb(T, x) = Orb((T), z) = {TF' T2 ... Tkrg : k; > 0}. We say that the n-tuple T
is hypercyclic if there is a vector that has dense orbit under T'.
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Examples:

(1) T = (B, 2I), where B is the (unilateral) backward shift on ¢? and I denotes
the identity operator is a hypercyclic pair, even though neither operator
is hypercyclic.

(2) If A and B are hypercyclic operators, then the pair T = (A® I,I ® B) is
hypercyclic.

(3) T is hypercyclic whenever (T') contains a hypercyclic operator.

(4) If A is a supercyclic operator on X and 6 is an irrational multiple of ,
then T = (21, %I, eI, A) is a hypercyclic tuple on X. Thus the study of
hypercyclic tuples of operators includes the study of supercyclic operators.

Theorems:

(1) ¥ T = (Mj,...,M; ) is an n-tuple of coanalytic Toeplitz operators on
H?(D), then T is hypercyclic if and only if the semigroup (T') contains a
hypercyclic operator.

(2) If G is any bounded open set in C with infinitely many components, then
there exists two bounded analytic functions, f, g, on G such that the pair
of adjoint multiplication operators T' = (M M ;) is hypercyclic on the
Bergman space L2(G), but the semigroup generated by T, (T'), does not
contain any hypercyclic operators.

(3) On C™ there exists a hypercyclic (n + 1)-tuple of diagonal matrices.

(4) There does not exist a hypercyclic n-tuple of diagonalizable matrices on
cn.

(5) There does not exist a hypercyclic n—tuple of normal operators on an
infinite dimensional Hilbert space.

In [3] Bourdon and Feldman proved that if a single operator on a real or complex
locally convex space has a somewhere dense orbit, then that orbit must actually
be dense. Next we present a version of this for tuples of operators.

A Somewhere Dense Theorem: Suppose that T = (T1,T%,...,T,) is an
n-tuple of commuting operators on a separable Banach space X over R or C. If
x € X and Orb(T,x) is somewhere dense in X, then Orb(T,z) is dense in X
provided one of the following holds:

(a) op(A*) =0 for each A € (T), or

(b) there is a cyclic operator B that commutes with 7" and satisfies o, (B*) = 0.

An n-tuple T is said to be k—hypercyclic if there are k vectors in X such that
the union of their orbits under 1" is dense in X. A tuple T is multi-hypercyclic if
T is k—hypercyclic for some k > 1.

It was proven independently by Costakis [2] and Peris [4] that a multi-hyper-
cyclic operator is hypercyclic. Also Ansari [1] proved that if T is a hypercyclic
operator, then T" is also hypercyclic. Next we state versions of these for tuples of
operators.
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Corollary Suppose that T' = (T1, Tz, ...,T,) is an n-tuple of commuting op-
erators on a separable Banach space X and either condition (a) or (b) above is
satisfied. Then the following hold:

(1) If T is multi-hypercyclic, then T' is hypercyclic.
(2) If T is hypercyclic, then T* = (lel,TQIW7 ..., T} is also hypercyclic for
any multi-index k = (ki, ka, . .., k) of positive integers.

Examples:
n

2
(1) S—k:n,kZO is dense in RY.

e ([ ) = 0, e e

of z under T is dense in the first quadrant of R?. Hence T has a somewhere
dense orbit that is not dense. In fact, if + = (a,b) and a,b # 0, then the
orbit of z under T is dense in that quadrant that contains x. Thus, T is
4—hypercyclic on R?, but not 3—hypercyclic on R2.

(3) UT = (2Ir® Iz, 3Ip ®2B), then T is a 2—hypercyclic pair on H = R (3
that is not hypercyclic. Here B denotes the unilateral backward shift on
the (real) space (2.

Questions:

(1) If T is a hypercyclic tuple of operators, then must there be a cyclic operator
B that commutes with 77 Can B be chosen to also satisfy o,(B*) = 0?

(2) Is there an n—tuple of operators on a complex Banach space that has a
somewhere dense orbit that is not dense?

(3) Does there exist a hypercyclic n—tuple of matrices on C™?

(4) Does there exist a hypercyclic n—tuple of hyponormal operators on an
infinite dimensional Hilbert space?
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Questions on Supercyclic and Hypercyclic Subspaces
HECTOR N. SALAS

Let E be an infinite dimensional separable complex Banach space. Recall that
a supercyclic subspace for the operator T on FE is an infinite dimensional closed
subspace such that any nonzero vector is supercyclic for T. In [5], it was proved
the following:
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Theorem 1. Let T € L(FE). Suppose that T satisfies:
(1) The Supercyclicity Criterion for a sequence (Ap, ) C C\ {0}.
(2) There exists an infinite dimensional closed subspace By of E such that
A, T (x) — 0 for every x € By.
Then T has a supercyclic subspace.

The second condition is called the By condition. It was discovered in the context
of hypercyclicity (actually universality) by Montes-Rodriguez, [4]. The converse is
true in the class of backward weighted shifts, unilateral and bilateral. Moreover, for
these operators the existence of supercyclic subspaces was also identified in terms
of their weights, see Theorem 5.1 and Theorem 6.1 of [5]. In general, however, it
is not known whether the converse of this theorem is true, see [5] and [6].

Question 1. Let T € L(E). Suppose that T satisfies the Supercyclicity Criterion
for (An,) and has a supercyclic subspace. Must it also satisfy the By condition for

(Any)?

If supercyclicity is replaced by hypercyclicity, then the converse is true and is
also equivalent to the fact that o.(T), the essential spectrum of T, meets the unit
disc, see sections 3 and 4 of [3]. What if we allow T" to be unbounded? The concept
of spectrum is not very useful in this situation but we can ask:

Question 2. Let T be an unbounded operator defined on the whole space E such
that T has a hypercyclic subspace. Can T be such that for any infinite dimen-
sional closed subspace Ey and any sequence (ny), then there exists xg € Egy with
T™ (xg) - 07

In [8], it was proved that for every infinite dimensional separable Banach space
there is an unbounded operator on it such that every nonzero vector is hypercyclic.
(In view of the Read operator, [7], the most interesting case is when the underlying
space is Hilbert.) So we may restate Question 2 with the additional requirement
that every nonzero vector is hypercyclic. In [5], it was also proved the following.
(The second condition is called the spectral condition.)

Theorem 2. Let T € L(E). Suppose that T satisfies:
(1) The Supercyclicity Criterion for (A, ).
(2) supp{|\"* A, |} < 00 for some X € o.(T).
Then T has a supercyclic subspace.

The converse is not true. The counterexample, Corollary 7.5 of [5], is an opera-
tor of the form T(°) = T@ T @ ... It is somehow surprising that even for weighted
shifts the spectral condition is not necessary for having supercyclic subspaces.

Proposition 3. Let ax be a positive sequence increasing to 1 and let € be a
positive sequence decreasing to 0. Let ny be a rapidly increasing sequence such
that ap* "™ ' < ex. Let T be the unilateral backward shift on (?(N) with weights

n1 n1 N n2 nz—ny

—_— T 1 L —,—
17]-;"'7]-7&17@17"'7a17a1 , Ay, 0 a]-a]-a"'a]-aa27a27"'aa2a
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ni n2—ni 1
ni n3

—_—— 1 1 -1 -1 -1 -1 4 »
a1,Q1,° - ,01,01 ,Q1 - ,Q1 ,0A9 ,Ag ,*** ,09 71a17"'71a

and so forth. Then T has a supercyclic subspace but doesn’t satisfy the spectral
condition.

Note that o.(T) is the unit circle, but any sequence (A, ) which satisfies the
Supercyclicity Criterion for 7' is unbounded.

Proposition 4. Let T be the bilateral backward shift on (?(Z) with weights

0
N
,1/2,3/4,2/3,1/2,2/3,1/2,1/2,1 ,1,1,1,1,1,1,1, - -

Then T has a supercyclic subspace but doesn’t satisfy the spectral condition.

Note that o(T) = 0.(T) = {z : |z] = 1} and no multiple of T' may be hyper-
cyclic. In both propositions the underlying space may be ¢ with 1 < p < co.

Question 3. Are there nice classes of operators for which the spectral condition
is mecessary for having supercyclic subspaces?

To avoid the “easy cases” of T(°), we might restrict our attention to opera-
tors T' such that whenever F = E; @ Fs and F; and E5 are invariant under T,
then T has a supercyclic subspace if and only if T'|g, and T'|g, have supercyclic
subspaces. Observe that even for operators which are multiples of hypercyclic
operators, Question 3 is interesting since the nature of the hypercyclic subspaces
and supercyclic subspaces is quite different. The following result can be seen as a
special case of Theorem 7.1 of [5]. Recall that the weights are always positive.

Theorem 5. Let S and T be bilateral backward shifts defined on (*(Z), and let
(sn) and (t,) be their respective weight sequences. Suppose that s, = t,, for positive
integers and t, < s, otherwise. Then

(1) Ewery hypercyclic vector for S is also a hypercyclic vector for T.
(2) If S has a hypercyclic subspace, so does T.

Recently there have been several papers studying families of operators having
common hypercyclic vectors and common hypercyclic subspaces, see for instance
[2] and [1]. The family S below is uncountable.

Corollary 6. Let S be a hypercyclic bilateral backward shift with weight sequence
(sn) and let S be the family of bilateral backward shifts such that T € S if and only
if its weight sequence (t,) satisfies that s, = t,, for positive integers and t, < s,
otherwise. Then

(1) S has a common hypercyclic vector.
(2) S has a common hypercyclic subspace whenever S has a hypercyclic sub-
space.
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Hypercyclic Structures in Product Spaces
HENRIK PETERSSON

The symbol X denotes a separable Fréchet space, if nothing else is specified, and
L(X) the algebra of continuous linear operators on X. ”The big” open problem
in Hypercyclicity is whether T @ T (and hence any 77T : X™ — X" n > 2) is
hypercyclic whenever T' € L(X) is hypercyclic. For some recent progress on this
problem we refer to [2]. In fact, we know that the following are equivalent for
T € L(X) (in particular, see [1]):

(i) T satisfies the Hypercyclicity Criterion (HC);

(ii) T is hereditarily hypercyclic (that is, T is hereditarily hypercyclic for some
sequence (ng), in the sense that (T"*)i>¢ is hypercyclic for any subse-
quence (my) of (ng));

(iii) T & T is hypercyclic;

(iv) T is syndetically hypercyclic (that is, (T"*)i>o is hypercyclic for any
strictly increasing sequence (ny) with sup(ng+1 — ng) < 00).

Further, if X admits a continuous norm, then (i) through (iv) are equivalent to
any of the following:

(v) Ly : S — TS is hypercyclic on L(X) for the Strong Operator Topology;
(vi) There exists an S € L(X) such that (Sz1, Sxa, ..., Sx,) is hypercyclic for
@17 for any finite linearly independent set {z1,...,x,} C X.

In fact, one can show that an operator S € L(X) is hypercyclic for Ly if and
only if it satisfies the condition in (vi) (this holds even if X does not admit any
continuous norm).

All this motivates us to study structures of hypercyclic vectors in X" for opera-
tors @7T. In particular we know, from the above, that if T' € L(X) is hereditarily
hypercyclic and X admits a continuous norm, then there exists an infinite dimen-
sional vector subspace V' C X such that (v;) € X™ is hypercyclic for ®}7T for
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any linearly independent set {v;}7 C V. Indeed, just take V := ImS where S
is any hypercyclic vector for Ly. A counter-example shows, however, that not
every linearly independent set {x;}7 C X of hypercyclic vectors forms a hyper-
cyclic vector (x;) for @7T. (Is it true that the set HC(T) of hypercyclic vectors
for any (hereditarily) hypercyclic operator T' € L(X) contains the range ImS of a
one-to-one operator S € L(X), and/or, if T is such a mapping, is every linearly
independent n-tuple (x;) C ImS hypercyclic for ®77'7)

Next, we know that any hypercyclic operator admits a (dense) infinite dimen-
sional subspace of, except for zero, hypercyclic vectors (a so-called hypercyclic
vector subspace). The simplest type of subspaces of X™ are those of the form
Ui X ... x Uy, where U; C X are subspaces, but such a subspace cannot be a
hypercyclic vector subspace for &7, because (0, xa, ..., ;) is never a hypercyclic
vector. However, a simple observation, due to Vladimir Miiller, is that if we fix
a hypercyclic vector (x;) for ®1T and put U; := {p(T)x; : p polynomial}, then
every vector in Uy x ... x U,, with nonzero coordinates is hypercyclic for @}7T". Note
also that every vector subspace U; is dense, so Uy X ... X U, is a dense ”almost”
hypercyclic vector subspace. On the other hand, this construction requires that
we already know a hypercyclic vector (z;) for @77, which suggests to try to obtain
such subspaces in a more constructive way.

We give a constructive proof of how we can obtain dense ”almost” hypercyclic
vector subspaces U; X ... x Uy, for @71 where T is hereditarily hypercyclic. In fact,
in contrast to the construction found by Miiller, ours works also for sequences
(Th)n>0 C L(X) and so we have the following more general:

Theorem 1. Assume (T,(i))mzo C L(X;), i = 1,...,n are hereditarily densely

hypercyclic for a common sequence (m;), where X; are Fréchet spaces. Then there

exist dense hypercyclic vector subspaces U; C X; for (Ty(i))mzo, respectively, such

that every vector (u;) of Uy X ... x U, with u; # 0 for all i, is hypercyclic for
e (T).

From the proof (see especially the last part of Lemma 1) it follows that:

Corollary 1. Assume (ny) is a hereditarily hypercyclic sequence for T (and S,
resp.). Then for any hypercyclic vector x for (T™), there exists a dense vector
subspace U C X such that (x,y) is hypercyclic for T ®T (T & S, resp.) for any
nonzero y € U.

Thus if T is mixing [2], i.e. hereditarily hypercyclic for the full sequence, we can
find, for every hypercyclic vector x for T', a dense hypercyclic vector subspace U
for T such that (z,y) is hypercyclic for T @ T whenever y € U \ {0}. Since every
(infinite dimensional separable) Banach space supports a mixing operator [2], we
also have:

Corollary 2. Let Y be a complemented infinite codimensional subspace of a sep-
arable Banach space X, and assume T € L(Y') is hereditarily hypercyclic. Then
T admits a hypercyclic extension T' € L(X). Further, T can be chosen so that for
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any hypercyclic vector y € Y for (T™), where (ny) is a hereditarily hypercyclic
sequence for T', there exists an x € X such that x + y is hypercyclic for T.

The proof of Theorem 1 rests on the following, which is of independent interest:

Lemma 1. Let {x}r>1 be any countable dense set in X, and assume (T,gm))nzo C
L(X), m =1,2,... are hereditarily densely hypercyclic sequences for, respectively,
the sequence (nj(m));. Then there exist a linearly independent sequence (zx)g>1 C
X and for each m subsequences (nfjl(m))], i>1,1>2, k<l of (nj(m)); such
that

a) lim; Tt
b) lim; TT(Lm 2z, =0 for allv # k and i,m.

, l)
iyfj (m)

zr =x; for all k <1 and i,m;

In particular, V = span{zx}r>1 forms a common hypercyclic vector subspace for

the sequences (T,(Lm))nzo, m > 1. Further, {zi}r>1, and thus V', can be chosen to

be dense, and z1 as any common hypercyclic vector for (TTETZR))PO, m > 1 (which
; >

exists).

Recall that a sequence (T},)n>0 C L(X) is called hereditarily densely hypercyclic
for a sequence (ng), if (T, )k>0 has a dense set of hypercyclic vectors for every
subsequence (my) of (ng). Since any hereditarily hypercyclic operator is heredi-
tarily densely hypercyclic, we conclude from Lemma 1 that any countable family of
hereditarily hypercyclic operators on a Fréchet space has a common dense hyper-
cyclic vector subspace. This result has also been obtained by L. Bernal-Gonzélez
and M. C. Calderén-Moreno, and a much stronger result was obtained by Sophie
Grivaux in the Banach space setting, namely — the same conclusion holds for any
countable family of hypercyclic operators (on a Banach space).

It is a natural question to ask to what degree we can replace the hypercyclic
vector subspaces U; in Theorem 1 by hypercyclic subspaces, i.e., closed hypercyclic
vector subspaces for T;. We have some partial results on this.
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Bounded universal functions in one and several complex variables
RAYMOND MORTINI

(joint work with P. Gorkin & F. Leon-Saavedra and F. Bayart, P. Gorkin &
S. Grivaux)

Let © be a domain in CV and let X denote either the Fréchet space H(2) of all
holomorphic functions on € or the unit ball B = {f € H(Q) : sup,cq |f(2)| < 1}.
A function f € X is called X-universal for the sequence (¢,,) of holomorphic self-
maps of Q if the "orbit“ O(f) = {f o ¢n, : n € N} is locally uniformly dense in X.
Bernal-Gonzalez, Grosse-Erdmann and Montes-Rodriguez showed (see [3, 6, 2]),
that if  C C is not isomorphic to C\{0}, then the sequence (¢, ) of automorphisms
of  admits a H(2)-universal function if and only if (¢,,) is a runaway sequence;
this means that for every compact set K C € there is n € N such that ¢, (K)NK =
0.

During the Mini-workshop I reported on results developed with P. Gorkin, F.
Leon-Saavedra ([4]) as well as with F. Bayart, P. Gorkin and S. Grivaux ([1]) and
concerning the existence of X-universal functions in various contexts. One of the
results tells us the following:

Theorem 1. [4] The sequence (¢,) of automorphisms on Q@ C CN admits a B-
universal function H if and only if for some (for all) zy € Q the sequence (¢n(20))
contains an asymptotic interpolating sequence of type one; or equivalently if there
exists f € B, f not constant, such that

(1) limsup | f(¢n(20))] = 1.

These asymptotic interpolating sequences for general domains have been in-
troduced and studied extensively in [5]. We also point out that the B-universal
functions above were obtained either with the use of a newly developed hyper-
cyclicity criteria for B-universality or explicitly:

H=Y (pjod,))(figr-gi-1),

where {p; : j € N} is a countable, locally uniformly dense subset of B, and (¢, )
is some suitably chosen subsequence of (¢,). Here the functions f; and g; satisfy
|fil + lgj] <1, in order that the series above converges.

Relations between runaway sequences and asymptotic interpolating sequences
of type one are given, too. As a corollary we obtain

Corollary 2. [4] Let Q C CV be a domain for which H> () is locally uniformly
dense in H(2). Then condition (1) implies that the sequence (¢n) of automor-
phisms of Q admits a H(Q)-universal function.

In the second part of the talk we focus on B-universal functions for an arbitrary
sequence (¢y) of selfmaps on the unit disk D (see [1]). Suppose that |¢,(0)] — 1
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and that there exists a B-universal function H for (¢,). Then, for some subse-
quence (n;), H o ¢,; — z. Hence

¢, (0)]
(1 —[én, (0)I?)

— 1.

(1= |¢n, (0)*)[H" 0§, (0)]

By the Schwarz-Pick lemma

|7, (0)]
2 A= —— P — —
. T T 6, OF
The following result, proved in [1], shows that the converse holds, too:

Theorem 3. [1] Suppose that for a sequence (¢,) of selfmaps of D we have
|¢n(0)] — 1. Then the condition (2) is necessary and sufficient for the existence
of a B-universal function for the sequence (¢r,).

It is also shown that whenever there exists a B-universal function for (¢, ), then
there is a Blaschke product whose orbit O(B) is locally uniformly dense in 5. As
a corollary we obtain the following:

n times

—_—~
Corollary 4. [1] If ¢, is the n-th iterate po ¢--- 0@ of some self-map ¢ of D,
then (¢n,) admits a B-universal function if and only if ¢ is a parabolic or hyperbolic
automorphism.

Results on the existence of infinite dimensional subspaces of H> (D) for which
each element is universal for (¢,,), are discussed also. For example it is shown in [1]
that whenever there is a B-universal function for (¢,), then there actually exists a
uniformly closed subspace V of H* (D), linear isometric to £* and locally uniformly
dense in H (D) such that the orbit O(f) is dense in {g € H*®(D) : ||9]lcc < ||f|loo}
for every f € V. On the other hand, such a ”universal” space can never be chosen
to be locally uniformly closed since every infinite dimensional, locally uniformly
closed subspace of H (D) necessarily contains an unbounded function.

We also give a necessary and sufficient condition on a sequence (¢,,) of selfmaps
of D in order for this sequence to admit an H (D)-universal function:

Theorem 5. [1] Let (¢,,) be a sequence of holomorphic self-maps of D such that
¢n(0) — 1. Then (¢p) admits a H(D)-universal function if and only if there exists
some subsequence n; such that for all compact sets K C D there exists jo such that
®n; 18 injective on K for all j > jo.

In particular, the sequence ¢,(z) = anz + 1 — a;, where a,, — 0, admits a
H (D)-universal function, but not a B-universal function. Examples of sequences
giving rise to B-universal functions include the class of n-th roots of the atomic
inner function S(z) = exp[—(1 + 2)(1 — z)]. Whereas the product of two B-
universal functions is not necessarily universal again (for example B2, where B is
a B-universal Blaschke product), the composition of two B-universal functions, is.
Also, B x (B o B) is B-universal.
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Hypercyclicity and chaos of operators on non-metrizable spaces
Jost BONET

Let G denote the open unit disc D or the whole complex plane C. In this lecture
we study the dynamical behaviour of the differentiation operator D on several
spaces of holomorphic functions f € H(G) on the open set G. A weight v on G
is a continuous strictly positive function on G. We consider only weight functions
v on G which are radial, i.e. v(z) = v(]z]) for each z € G, and non-increasing on
the positive real numbers in G. Moreover, if G =D we assume that v(r) tends to
0 as r tends to 1, and if G = C, we suppose that r"v(r) tends to 0 for each n as r
tends to co. The following weighted Banach spaces of holomorphic functions were
investigated by Shields and Williams. Their isomorphic classification was clarified
completely by Lusky [5].

Ho(G) :=={f € H(G) | [|f]lo = ilelgv(Z)lf(Z)l < oo}

Its closed subspace Huvg(G) consists of all the holomorphic functions f € H(G)
such that v|f| vanishes at infinity on G. The space Hvy(G) contains the polyno-
mials and the polynomials are dense. It is known that the differentiation operator
is bounded on Hv(G) if and only if it is bounded on Hvg(G), and it is never a
bounded operator from Hwv(D) into itself. However, Lusky (see also [4]) proved
that, if the following condition introduced by Shields and Williams is satisfied:

v(l—27")
sup —————————
"ol — 2-n-1)

then the differentiation operator D is continuous from Hug(D) into Hwy(D) for
w(r) := (1 —r)o(r),r € [0,1]. In particular, D is continuous from H (v,)o(D)
into H(vp41)0(D) for v,(z) := (1 —|z|)™, z € D. Therefore D is continuous (and
surjective) from the Korenblum algebra A= := ind,, H (v,)o(D) into itself. This
space is a complete separable countable inductive limit of Banach spaces, which
is not metrizable, not Baire, nuclear, and is isomorphic to the strong dual s’ of

< o0,
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the space s of rapidly decreasing sequences. As a consequence of the comparison
principle and a result of Godefroy and Shapiro, we have

Theorem 1 ([1]). The differentiation operator D : A= — A~ is hypercyclic
and has a dense set of periodic points.

A. Harutyunyan, W. Lusky [4] showed that if Hv(C) is isomorphic to £, then
the differentiation operator D : Hug(C) — Huvy(C) is bounded if and only if there
are 3 > 0 and 7(0) > 0 such that v(r)eP" is increasing in the interval [r(0), co|.

Theorem 2. The differentiation operator D : Hvy(C) — Huv(C) is hypercyclic if
and only if H_mn_,oonn# =0.

As a consequence, D : Hvg(C) — Hug(C) for v(r) = e #" is not hypercyclic if
0 < B < 1, and it is hypercyclic if 8 > 1. Countable inductive limits of weighted
Banach spaces of this type are called radial Hérmander algebras; they played an
important role in interpolation theory and were investigated by C. Berenstein and
B.A. Taylor. The most important example is As(C) := indy, H (v,)0(C),v,(2) =
exp(—n|z|®),z € C,s > 0. In case s = 1 we obtain the space of entire functions of
exponential type.

Theorem 3 ([1]). The differentiation operator D : As(C) — As(C) is not hyper-
cyclic if 0 < s < 1 and it is hypercyclic and has a dense set of periodic points if
s> 1.

Meise proved that the monomials (2™),, constitute an absolute basis of radial
Hoérmander algebras A,(C) as soon as the subharmonic radial function p(z) sat-
isfies certain conditions. In this case, the space A,(C) is isomorphic to a Kéthe
co-echelon space, and the differentiation operator is a weighted backward shift
on this sequence space. In joint work with Grosse-Erdmann and Peris [3], we
investigated the dynamical behaviour of weighted backward shifts on complete
non-metrizable sequence spaces. Recall that every hypercyclic operator is topo-
logically transitive. The converse holds if the operator is defined on a separable,
metrizable Baire space. Transitivity of linear operators on non-metrizable spaces
was investigated in [2]. The following result permits us to obtain consequences
about weighted backward shifts on non-metrizable sequence spaces.

Theorem 4 ([3]). Let E be a complete, barrelled locally convexr space with an
unconditional Schauder basis (en)n. Assume that the operator B(> aney) =
> ant1en is well defined and continuous. We have

(1) B is topologically transitive if and only if for each 0-neighbourhood U in E
there is n such that e, € U.

(2) The following conditions are equivalent: (a) B is chaotic, (b) B has a non-
trivial periodic point, and (c) the series Y e, converges in E.
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Extensions of a theorem of Bourdon and Feldman on somewhere dense
orbits

GEORGE COSTAKIS

Let T : X — X be a linear continuous operator acting on a complex Banach space
X. The symbol Orb(T, z) stands for the orbit of a vector x under the operator T,
ie.
Orb(T,x) = {x, Tz, T?x,---}.

The operator T is called hypercyclic (supercyclic) provided there exists z € X so
that the set Orb(T,z) (COrb(T,xz) = {\T"x : A € C,n =10,1,2,---} ) is dense
in X. Our purpose is to provide certain extensions and versions of the following
somewhere dense orbit theorem due to Bourdon and Feldman [1].

Theorem 1. If the set Orb(T,z) (COrb(T,x)) is somewhere dense then it is
everywhere dense.

In order to present our first result, [3], we introduce the following definition.

Definition 2. Let T': X — X be a linear continuous operator acting on a complex
Banach space X. For every x € X the set

J(x) ={y € X : there exist a strictly increasing sequence of positive
integers {k, } and a sequence {z,} C X such that
xn — zand TFrz,, — y}
denotes the extended limit set of x under 7.

Observe that J(x) is always a closed set. We establish the following theorem,
see [3].

Theorem 3. Let T : X — X be a linear continuous operator acting on a complex
Banach space X. If © is cyclic for T and the set J(x) has non-empty interior then
J(z)=X.

It is not difficult to show that the above theorem implies the somewhere dense
orbit theorem of Bourdon and Feldman. We would also like to point out that the
above theorem also implies that T is hypercyclic and although J(z) = X it is not
necessary that the vector x is hypercyclic, see [3].
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Our second version of the somewhere dense orbit theorem concerns the notion of
Cesaro hypercyclicity. An operator T is called Cesaro hypercyclic provided there
exists a vector x € X so that its Cesaro orbit

I+T+T*+ - +1Tm !

n=12,--
{ - pin=1,2,)

under T is dense in X. F. Ledn-Saavedra showed that 7" is Cesaro hypercyclic if
and only if there exists a vector y € X such that the sequence

™
T yin=1292 ..
{—y:in=12-}
is dense in X, see [4]. In [2] we establish the following.

Theorem 4. Let T : X — X be a linear continuous operator acting on a complex
Banach space X and let x € X.

1) Suppose T is hypercyclic. If the sequence {TTJJ :n=1,2,---} is somewhere
dense in X then it is everywhere dense and hence T is Cesaro hypercyclic.

it) If the sequence {L-z :n =1,2,---} is somewhere dense in X then for every
€ > 0 the set

TTL
{)\730:)\6(0,6), n=1,2,---}

is everywhere dense in X .
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Hypercyclic and frequently hypercyclic subspaces
KARL.-G. GROSSE-ERDMANN
(joint work with Antonio Bonilla)

A hypercyclic subspace of an operator T is defined as an infinite-dimensional closed
subspace of the underlying space X such that every non-zero vector in the subspace
is hypercyclic for T'. We study the corresponding notion for the new concept of
a frequently hypercyclic operator. We begin, however, with two remarks on the
well-studied classical notion.
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1. THE THEOREM OF MONTES

Montes [12] obtained the following sufficient condition on an operator to have
a hypercyclic subspace.

Theorem (Montes). Let X be a separable Banach space and T : X — X a
continuous linear operator. Suppose that there exists a sequence (ny) such that
(i) T satisfies the Hypercyclicity Criterion for (ng);
(i) there exists an infinite-dimensional closed subspace Zy of X such that
T x — 0 for all x € Z.
Then T has a hypercyclic subspace.

By now, there exist three proofs of this result. Montes’ own proof was based
on a technique of perturbation of basic sequences, together with a rather lengthy
construction. Chan [6], see also [7] and [13], found a short operator theoretic proof.
A proof using tensor product techniques was given by Martinez and Peris [11].

Independently, Petersson [14], using basic sequences, and Bonet, Martinez and
Peris [4], using tensor products, succeeded in generalizing Montes’ result to separa-
ble Fréchet spaces, provided that the space possesses a continuous norm. Without
this extra assumption, the result becomes false, see [4, Remark 3.6].

Further generalizations are due to Leén and Miiller [10] (sequences of operators
on Banach spaces), whose proof also considerably shortened Montes’ original proof,
and to Aron, Bes, Leén and Peris [1] (common hypercyclic subspaces for countably
many sequences of operators on Banach spaces).

We present here the generalization of Montes’ theorem to separable F-spaces
that have a continuous norm. We remark that the setting of F-spaces, that is,
complete metrizable topological vector spaces, seems to be the largest common
ground for many results in hypercyclicity theory, see [9].

Theorem 1. Let X be a separable F-space with a continuous norm andT : X — X
a continuous linear operator. Suppose that there exists a sequence (ny) such that
(i) T satisfies the Hypercyclicity Criterion for (ng);
(i) there exists an infinite-dimensional closed subspace Zy of X such that
T x — 0 for all x € Z.
Then T has a hypercyclic subspace.

Our proof follows Montes’ original approach via basic sequences. The central
new idea consists in the observation that since X admits a continuous norm it can
be embedded continuously into some Banach space X. One may then work with
basic sequences in that space. Using the arguments of Leén and Miiller, we arrive
at a very short proof of our result. We remark that, with the same proof, our
result extends to sequences of operators and to countable families of sequences of
operators, thereby including all known results.

2. Kit CHAN’S APPROACH

Chan’s proof of Montes’ theorem is based on his observation that there is an
intimate link between the hypercyclicity of the operator T' and that of the left
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multiplication operator Lt : B(X) — B(X),LrV = TV, where X is a separable
Banach space and B(X) is the space of continuous linear operators on X. Since
B(X) is not separable in the operator norm topology, hypercyclicity of Ly has
to be taken in a weaker topology. Chan showed that if one considers the strong
operator topology (SOT), then the following implications hold:
o If T satisfies the Hypercyclicity Criterion, then Ly satisfies a so-called
SOT-Hypercyclicity Criterion;
e if L satisfies the SOT-Hypercyclicity Criterion, then Ly is SOT-hyper-
cyclic;
e if Ly is SOT-hypercyclic and T satisfies condition (ii) in Montes’ theorem,
then T has a hypercyclic subspace.

The second of these implications says, more precisely, the following.

Theorem (Chan). Let X be a separable Banach space and L : B(X) — B(X) a
linear operator that is continuous with respect to the operator norm. Suppose there
exists a countable, SOT-dense set D C B(X) and a mapping A : D — D such
that, for all V € D,

(i) LAV =V,

(i) |1L™"V|| — 0 and ||A"V|| — O.
Then L is hypercyclic for the strong operator topology on B(X).

So far, all proofs of this and similar results in the literature have been construc-
tive, while the usual proof of the Hypercyclicity Criterion is based on the Baire
category theorem. It was previously believed that no such proof is available for
Chan’s result because the strong operator topology is not metrizable. We show
that a Baire category proof is, nonetheless, possible. It is based on the following
notion of restricted universality that was introduced in [8]. A sequence (L,,) of con-
tinuous mappings L, : X — Y between metric spaces X and Y is called universal
for a subset M of Y if there exists some x € X such that M C {Lpz :n > 1}.

3. FREQUENTLY HYPERCYCLIC SUBSPACES

Bayart and Grivaux [2], [3] have recently introduced the concept of a frequently
hypercyclic operator. They call an operator T' frequently hypercyclic if there exists
a vector x € X such that, for every non-empty open subset U of X, the set
{n € N: T"z € U} has positive lower density. In that case, x is called a frequently
hypercyclic vector. They also provide a sufficient condition for an operator to be
frequently hypercyclic, which we recently improved to the following, see [5].

Theorem (Frequent Hypercyclicity Criterion). Let X be a separable F-space and
T : X — X a continuous linear operator. Suppose that there are a dense subset
Xo of X and a mapping S : Xg — Xo such that, for all x € X,

(i) 02, Tz converges unconditionally,
(ii) D02, S™x converges unconditionally,
(ili) TSz = =.
Then T s frequently hypercyclic.
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A variant of the proof of Theorem 1 provides the following result.

Theorem 2. Let X be a separable F-space with a continuous norm andT : X — X
a continuous linear operator. Suppose that

(i) T satisfies the Frequent Hypercyclicity Criterion;
(i) there exists an infinite-dimensional closed subspace Zy of X such that
Tz — 0 for all x € Zj.

Then T has a frequently hypercyclic subspace.

As an application we show that the translation operator T : H(C) — H(C),
Tf(z) = f(z+ 1) has a frequently hypercyclic subspace.
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List of open problems

The following list contains some of the problems that were posed and discussed
during the Problem Session of the workshop.

1. J. BONET: TWO QUESTIONS ON HYPERCYCLIC OPERATORS ON FRECHET
SPACES

1. The following problem was proposed by F. Martinez-Giménez, A. Peris and
me in our joint article “A Banach space which admits no chaotic operator”, Bull.
London Math. Soc. 33 (2001) 196-198. It seems to be still unsolved.

Does every infinite dimensional nuclear Fréchet space admit a chaotic operator?

The problem seems to be open even for nuclear Fréchet spaces with basis, which
are in fact isomorphic to a nuclear Kothe echelon space. It is known that the space
of holomorphic functions on the disc, the space of entire functions and the space
of rapidly decreasing sequences support chaotic operators.

2. Does every nuclear Fréchet space E support a hypercyclic operator T such
that XT' is hypercyclic for all X £ 09

This is clearly a question on non-normable Fréchet spaces, since every operator
T on a Banach space with norm smaller than 1 cannot be hypercyclic. The work
of G. Godefroy and J.H. Shapiro, Operators with dense, invariant, cyclic vector
manifolds, J. Funct. Anal. 98 (1991), 229-269, contains several examples of nuclear
Fréchet spaces (of entire functions) which admit a hypercyclic operator T' such that
AT is hypercyclic for all A # 0.

2. FELIX MARTINEZ-GIMENEZ: EXISTENCE OF CHAOTIC POLYNOMIALS ON
FRECHET SPACES

In 1969 S. Rolewicz [5] asked about the existence of hypercyclic continuous linear
operators on any separable infinite dimensional Banach space. The question was
solved in the positive independently by Ansari [1] and Bernal [2]. Later, Bonet
and Peris [3] were able to prove it for Fréchet spaces. The corresponding question
for chaos in the sense of Devaney (hypercyclicity plus density of periodic points)
has a negative answer [4].

Concerning polynomials, it is natural to ask: Does every separable infinite
dimensional Fréchet space admit a chaotic polynomial of degree d > 17
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3. V. MULLER: THREE PROBLEMS

Problem. Let T be an operator on a Hilbert space H. Suppose that for each
x € H, inf, ||T™z|| = 0. Does it imply that inf, (]|T"u| + [|T"v|]) = 0 for all
u,v € H?

The problem is motivated by the notion of orbit-reflexive operators; it arose in
a discussion with D. Hadwin.

Problem (Prajitura). LetT € B(X). Suppose that both T and 3T are hypercyclic.
Is then 2T also hypercyclic?

More generally, is the set {¢ > 0: ¢T is hypercyclic} convex?

Problem. Let T € B(X), x € X. Suppose that for each y € X,y # 0, there
exists n such that ||T™x — y|| < €||ly||, where € is a fized positive number (maybe
€ < 1/3?). Does it imply that T is hypercyclic?

The problem is inspired by the result of N. Feldman that for the hypercyclicity
of T it is sufficient to have z € X with d-dense orbit.

4. ALFREDO PERIS: DISJOINTNESS OF ERGODIC OPERATORS

Let X be a separable Banach (or Hilbert) space. Find operators T, S € L(X) that
respectively admit invariant (Borel) probability measures u, u’ whose topological
support is X, and such that (X, T, u), (X, S, 1’) are ergodic and, for each A, B C X
Borel sets, there are X, Xo C X of full measure with

N
. 1 .
hj{[n Nl kZ_OXA(T”acl)XB(S”xg) = u(A)u'(B) Vo, € X;, i=1,2.
Observe that, in particular, there would exist elements z € X so that, for each
pair of non-empty open sets U,V C X,

dens{n e N; (T"z,S"z) ¢ U x V} > 0.

5. ALFREDO PERIS AND JOSE A. CONEJERO: CHAOTIC OPERATORS IN
Co-SEMIGROUPS

Let T = {Ti}+>0 be a Cy-semigroup defined on a separable complex Banach space
X. Assume that 7 is chaotic in the sense of Devaney (that is, 7 is hypercyclic
and the set of periodic points P := {x € X ; 3t > 0 with Tix = x} is dense in X).
Is every single operator T} (¢t > 0) chaotic? Does there exist at least a tg > 0 such
that T}, is chaotic?
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Contributions from the Informal Session

We include two of the contributions that were presented during the Informal
Session of the workshop.

1. KARL-G. GROSSE-ERDMANN: ON w, EVERY HYPERCYCLIC OPERATOR
SATISFIES THE HYPERCYCLICITY CRITERION

The Great Open Problem in hypercyclicity asks if every hypercyclic operator satis-
fies the Hypercyclicity Criterion, or, equivalently, if for every hypercyclic operator
T also the direct sum T @ T is hypercyclic, see [1]. It is conceivable that the
solution to this problem depends on the underlying space X. For example, the
answer may well be positive in Hilbert space but negative in some Banach spaces.

We want to point out that there is a space in which the problem can be solved,
namely the space w = CV of all complex sequences. Endowed with the product
topology, this space becomes a separable Fréchet space.

In 1993, Herzog and Lemmert [5] characterized the hypercyclic operators on w.
We denote by T” the dual operator to T.

Theorem (Herzog, Lemmert). A continuous linear operator T on w 1is hypercyclic
if and only if it is torsion free, that is, if for any continuous linear functional X
on w and every complex polynomial P, P(T")\ = 0 implies that P =0 or A = 0.

As observed by Conejero [4], it is easy to see that T is torsion free if and only
if 77 has no eigenvector. Now, since w X w is isomorphic to w, and since (T' & T')’
has an eigenvector if and only if 7" does, we arrive at the following consequence
of the Theorem of Herzog and Lemmert.

Theorem. IfT is a hypercyclic operator on w, then T ®T is hypercyclic on w X w.

We emphasize, however, that w has to be considered as a pathological space in
hypercyclicity, as is clearly indicated by several known results, see, for example,
[3], [2]. Thus, the positive solution of the great problem in w tells us nothing about
its fate in general.
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2. V. MULLER: HYPERCYCLIC DIRECT SUMS

Theorem 1. Let M be any subset of the set of all positive rational numbers. Then
there are operators A, B acting on a Banach space X such that, for j,k > 1, the
operator A’ @ B is hypercyclic if and only if j/k € M.

A variation of this is:

Theorem 2. Let M be any subset of the set of all rational numbers r, 0 <r < 1.
Then there exists a Banach space operator A such that, for 1 < j <k, the operator
AV @ B¥ is hypercyclic if and only if j/k € M.

Operators in Theorems 1, 2 are weighted bilateral shifts with properly chosen
weights.

Reporter: Karl-G. Grosse-Erdmann
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