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Disjoint hypercyclic operators
by

Luis BERNAL-GONZALEZ (Sevilla)

Abstract. We introduce the concept of disjoint hypercyclic operators. These are
operators performing the approximation of any given vectors with a common subsequence
of iterates applied on a common vector. The notion is extended to sequences of operators,
and applied to composition operators and differential operators on spaces of analytic
functions.

1. Introduction. In the last 25 years there have been important ad-
vances in the research of hypercyclicity, from several points of view. Roughly
speaking, hypercyclicity means existence of a dense orbit. In this paper, we
are concerned with the existence of a common vector with dense orbit for
several operators, such that approximation of any fixed vectors is also si-
multaneously performed by using a common subsequence. This will be for-
malized later. Although we have been inspired by an interesting work about
universal Taylor series due to Costakis and Vlachou [20], the path of re-
search opened in the current paper is, as far as we know, new. Below, we fix
some related notation and terminology to be used in the present article. For
a good account of concepts, results and history concerning hypercyclicity,
the reader is referred to the surveys [26], [28] and [15].

By N, Ng, R, C, D, B(a,r), B(a,r) (a € C,r > 0) we denote, respec-
tively, the set of positive integers, the set NU {0}, the real line, the complex
plane, the open unit disk {z € C : |z| < 1}, the open disk with center a
and radius 7, and the corresponding closed disk. Assume that X and Y are
two (Hausdorff) topological vector spaces over K = R or C. Then L(X,Y)
will stand for the space of all continuous linear mappings 7' : X — Y. In
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particular, if X =Y, then L(X) := L(X, X) = {operators on X}. If (T},)
is a sequence in L(X,Y"), then (7},) is said to be hypercyclic whenever there
exists a vector x € X—called a hypercyclic vector for (T, )—whose orbit
{T,x : n € N} under (7)) is dense in Y (so Y is necessarily separable).
We denote by HC((T},)) the set of hypercyclic vectors for (T;,). An operator
T € L(X) is said to be hypercyclic provided that the sequence (T™) of iter-
ates of T is hypercyclic. In this case the set HC(T') := HC((T™)) is called
the set of hypercyclic vectors for 7. If HC((73,)) is dense in X, then (7},) is
said to be densely hypercyclic. Finally, recall that an F-space is a completely
metrizable topological vector space.

Assume that X, Y, Z are separable F-spaces, and that S,, : X — Y and
T, : X — Z (n € N) are densely hypercyclic sequences. Since HC((S,,)),
HC((T},)) are dense G subsets of X, it follows that HC((S,,)) "HC((17,)) is
also dense, so nonempty. Hence there is a common hypercyclic vector x € X.
So, for any given vectors y € Y, z € Z, there are sequences {n; < ng < ---}
and {m; < mg < ---} in N such that S,z — y and Tp,,x — z as j — oo.
Now, we pose the following question (a similar conclusion as above can be
obtained and a similar question can be posed for single hypercyclic operators
on X, just by considering the sequences of their iterates):

Under what conditions on (S,) and (73,) can one guarantee
the existence of a vector x € X such that, for any given y € Y’
and z € Z, there is one sequence {n; < ny < ---} C N such
that S,z — y and Tp,,x — z (j — o0)?

Motivated by the last question, the new concepts of jointly hypercyclic
operators and of disjoint hypercyclic sequences of continuous linear map-
pings are introduced in Section 2. Also, two workable sufficient conditions
for disjoint hypercyclicity will be provided in the setting of F-spaces (see Sec-
tion 4). Before this, we introduce in Section 3 two new notions: supermixing
operators and sequences of operators controlled by seminorms. Finally, in
Section 5, the disjoint hyperciclity conditions will be applied on spaces of
analytic functions to identify finite sets of sequences of either infinite order
differential operators or composition operators that are disjoint hypercyclic.

2. Disjoint hypercyclic operators. Let us define the new concept
that is the subject of this paper.

DEFINITION 2.1. Let p € N and X,Y7,...,Y, be topological vector
spaces. Assume that, for each j € {1,...,p}, Tj, : X — Y; (n € N)
is a sequence of continuous linear mappings. We say that the sequences
(Tim), .-, (Tpn) are disjoint hypercyclic if the sequence [Ti,...,Tpn] :
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X —Y; x---xY, (neN) defined as
Ty Tpnle = (Thpx, ..., Tppx) (z€X)

is hypercyclic, where Y1 x --- x Y}, is assumed to be endowed with the prod-
uct topology. We say that the sequences (T1,),...,(Tp ) are densely dis-
joint hypercyclic if the sequence ([T, ..., Tpn]) is densely hypercyclic. If
Ti,...,T, € L(X) then Ty, ..., T, are said to be disjoint hypercyclic (densely
disjoint hypercyclic, resp.) provided that the sequences (17'),..., (7)) are
disjoint hypercyclic (densely disjoint hypercyclic, resp.).

REMARKS 2.1. 1. Clearly, the disjoint hypercyclicity of (T1,), ..., (Tpn)
remains unaltered under a change of order (T, (1)), - -, (T, o (p), n)- lso, triv-
ially, it implies the hypercyclicity of each sequence (Tj n) (J=1,...,p).

2. Let X,Y, Z be separable F-spaces. According to [26], being densely
hypercyclic is equivalent to being topologically transitive, in the sense of
Birkhoff. Thus, saying that two sequences (S,) C L(X,Y), (T,,) C L(X, Z)
are densely disjoint hypercyclic is the same as saying that if U, V, W are
nonempty open subsets of X,Y, Z, respectively, there exists an n (equiva-
lently, there exist infinitely many n) such that U N S, 2 (V)N T, Y (W) # 0.

3. The mere hypercyclicity of two sequences (Sy,), (T},) does not imply
their disjoint hypercyclicity: take (T},) hypercyclic and (Sy,) := (T},).

4. The reader should be warned not to confuse the disjoint hypercyclicity
of (Tin),. .., (Tpyn) with the hypercyclicity of the sequence

TLn@"‘@Tp’ni(l‘l,...,ZL‘p) EXPH(TLnZEl,...,Tp’ni‘p) €Y x ---XYp.

Disjoint hypercyclicity implies the hypercyclicity of the last sequence, but
the converse is false.

5. It is well known that (7™) is densely hypercyclic as soon as T is hyper-
cyclic. But, in principle, nothing guarantees the dense hypercyclicity of the
sequence ([S™,T"]) if S,T are disjoint hypercyclic operators. Therefore we
pose the problem of whether there exist disjoint hypercyclic operators S, T
such that ([S™,T™]) is not densely disjoint hypercyclic. For this reason, we
have been forced in Definition 2.1 to define the dense disjoint hypercyclicity
for several single operators, which would be superfluous for one operator.

6. In spite of the last remark, we have found a situation where the answer
to the problem just posed is affirmative. It is inspired by [24, Section 4] and
[28, Section 2]. Recall that if T is a hypercyclic operator on a topological
vector space X, then HC(T') contains, except for zero, a dense linear sub-
manifold (in the terminology of [2], HC(T) is algebraically generic in X); see
[10], [17], [30] and [41]. In this order of ideas, we give the following state-
ment, which can be easily proved just by taking into account (see [41]) that
P(T) has dense range if T" is hypercyclic and P is a nonzero polynomial with
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coefficients in K: Suppose that T, ...,T), are disjoint hypercyclic operators
on a topological vector space X. Assume also that there is i € {1,...,p}
such that every T commutes with 7;. Then the sequence ([17,...,T}]) is
densely hypercyclic. Even more, HC(([TT", ..., T}'])) is algebraically generic
in X.

3. Control by seminorms and supermixing operators. In order
to isolate the properties that will be needed, we introduce two concepts
concerning operators defined on Fréchet spaces. Recall that an F-space
X is called a Fréchet space whenever X is locally convex. The family of
continuous seminorms on such a space X will be denoted by SN(X). If
p € SN(X), then we define a p-open set of X as a union of open p-balls
{reX : plx—a)<e} (e X, e>0).

DEFINITION 3.1. Let X, Y be Fréchet spaces, and (7},) be a sequence in
L(X,Y). We say that (7)) is controlled by seminorms, or that it is SN-
controlled, if for every ¢ € SN(Y) there are p € SN(X) and constants
Cp € (0,00) (n € N) such that ¢(T,z) < Cup(x) for all x € X and all

n € N. Equivalently, for every ¢ € SN(X) there is p € SN(X) such that
T71(V) is a p-open set in X for each g-open set V in Y and each n € N.

n

REMARK 3.1. The point in the above definition is that p depends on ¢,
but not on n. Observe that if (7,,) is equicontinuous then (7)) is SN-
controlled (with a common constant C,, = C for all n). Between Banach
spaces X and Y, any sequence (7,,) C L(X,Y) is SN-controlled. Hence the
SN-control is only of interest for nonnormable Fréchet spaces.

Before giving some examples, let us fix some additional notation. By a
domain we mean a nonempty connected open subset G C C. Then H(G)
denotes the Fréchet space of holomorphic functions in G endowed with the
topology of uniform convergence on compacta. It is known that H(G) is
separable and nonnormable. If G = C, then we obtain in particular the
space £ = H(C) of entire functions.

Let &(z) = > 2 yanz" € E. Then @ is said to be of exponential type
(the set of these functions will be denoted by Exp) provided that there
are positive constants A, B such that |®(z)| < Aexp(B|z|) for all z € C.
Consider its associated formal linear (in general, infinite order) differential
operator (D) = 32 1 a,D" defined as ®(D)f = S°0° ja,f™ (f € &).
Then @(D) is a well-defined operator on £. Moreover, an operator T' € L(E)
commutes with translations (that is, T'o 7, = 7, 0 T for all a € C, where
(1af)(2) := f(z+a) for z € Cand f € &) if and only if it commutes with the
derivative operator D (Df := f’), and if and only if there exists & € Exp
such that T'= &(D) (see [23, Section 5]). Note that D and the translations
T, are special cases (take @(z) = z and &(z) = e*?, resp.).
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Assume that @ is an entire function of subexponential type, that is, for
given € > 0 there is a constant A > 0 such that |®(z)| < Aexp(e|z|) for
all z € C (so, in particular, & € Exp); equivalently, lim,, oo (n!|a,|)"/" = 0
(see [14]). Suppose that G is any domain in C. Then ¢(D) is an operator
on H(G), not only on & (see [3]).

EXAMPLES 3.2.

1. Suppose that G is a domain in C. If (®,,) is any sequence of entire
functions of subexponential type, then the sequence (7,,) := (®,(D)) is
SN-controlled in H(G). To see this, take a sequence of compact sets (Ky)
such that G = ;2| Ky, Kx C Kj,; (k € N) (A° denotes the interior
of a subset A C C) and the boundary 0K} of each K} is the union of
finitely many rectifiable Jordan curves, which can be assumed to be oriented
counterclockwise. It is even possible to construct (K}) so that, for every k,
each bounded connected component of C\ K (i.e., each “hole” of K})
contains some bounded connected component of C\ G (see [19] and [37]).
The increasing sequence P := (pg) of seminorms given by

pe(f) =sup{[f(2)|: z € Ky} (k€EN, f € H(G))

defines the topology of H(G). Fix a seminorm ¢ € SN(H(G)). Then there
are ¢ > 0 and k € N such that ¢(f) < epg(f) for all f € H(G). Let
Dp(2) = Z?ioaj,nzj (z € C,n € N). Since (jllajn|)*7 — 0 (j — o0),
there is a constant A, > 0 such that j!la;,| < Ane{ (j € Np), where

= (1/2)dist(Kx, 0Kk+1). Let p := pry1 and
eA, length(0Kg1)

dist (K, 0Ky+1)

Fix f € H(G). Then the Cauchy integral formula for derivatives shows that,
for every z € Ky,

in t
0K 41

Cy = (n € N).

Z n€1 SuptGaKk+1 ‘f( )‘ length 8Kk'+1)
B (dist(Kg, 0Ky41))7 1

_ A length(0Kj11) SUPwe Ky 4 |f(w)| i ]
- leSt(Kk, 8Kk+1 =0
Ay length(0Kj) Gy

- dlSt(Kk,aKkH_l) pk+l(f) - € p(f)

Therefore, ¢(Tnf) < epp(Tnf) < esup{|Tnf(2)| : z € K} < Cup(f), as
desired.
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2. However, if the &,, are merely of exponential type, then the sequence
(Pn(D)) (C L(€)) is not always SN-controlled. For instance, the sequence
(n) of translations (case @,(z) = €™?) is never SN-controlled. Indeed, let
q:=p1 and fix p € SN(E) and C,, > 0 (n € N), where p,(f) := sup{|f(2)] :
|z| < n}. We wish to find a function F' € £ and a positive integer N such
that ¢(7n F) > Cnp(F). Since p is continuous, there exist n € N and € > 0
satisfying {f € £ : p(f) <1} D {f € £ : pu(f) < €}. Since the balls B(0,n)
and B(n + 2,1) are disjoint, we can apply Runge’s approximation theorem
(see [22]) to obtain a polynomial F' (so F' € &) such that |F(z) — 0] < ¢
on B(0,n) and |f(2) — (Cpy2 +1)| < 1 on B(n + 2,1). Therefore p(f) < 1
and q(7p42F) > Cp12. Hence, for N :=n+ 2, we get q(7n F) > Cyp(F), as
required.

The second new concept that will be introduced has to do with the
“improvement of quality” of the hypercyclicity. First, let us recall a number
of related notions. Assume that X, Y are separable F-spaces and that (7},) C
L(X,Y). Then (T,,) is said to be weakly mizing whenever the sequence

T, 0T, : (z,9) € X2 = (Thx, Tyy) €Y?  (neN)

is hypercyclic. The sequence (7},) is called mizing if given a pair U, V' of
nonempty open subsets of X, there is an N € N such that T,,(U) NV # ()
for every n > N. If (T},) is mixing, then it is weakly mixing, which in turn
implies that (7},) is densely hypercyclic. For sharper relations among these
three concepts, see [23], [11], [26], [15], [7], [5], [35], [4] and [25].

Now, we present a property that is a kind of mixing property depending
only on the “shape” of the neighborhood. The concept is suggested by the
notion of “Runge-transitive operators” introduced by Bonilla and Grosse-
Erdmann in [16]. Observe that if X, Y are two Fréchet spaces and (7},) C
L(X,Y), then (7,) is mixing if and only if, given p € SN(X), ¢ € SN(Y),
a p-open set U in X and a g-open set V in Y, there is N = N(U,V) € N
such that T,,(U) NV # ( for every n > N. Compare this with the definition
below, which introduces a concept stronger than mixing.

DEFINITION 3.2. If X and Y are Fréchet spaces and (7},) C L(X,Y),
then we say that (7},) is supermizing if, given p € SN(X) and ¢ € SN(Y),
there exists N = N(p,q) € N such that T,,(U) NV # 0 for every p-open
set U in X, every g-open set V in Y and every n > N. An operator T €
L(X) is said to be supermizring whenever the sequence (T™) of its iterates
is supermixing.

ExampLEs 3.3. 1. If X is a Banach space, then no sequence (7,) C
L(X) can be supermixing. Indeed, supermixing in the Banach space case
means that, for some N, the set Ty (U) NV is nonempty for every pair U, V
of nonempty open sets, which is clearly impossible.
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2. Each translation operator 7, (a € C\{0}) is supermixing on €. Indeed,
let (px) be the sequence of seminorms pg(z) = sup{|f(2)|: |z| < k} and fix
p,q € SN(E). Then there exist £ € N and § > 0 such that {f : p(f) < 1}
N{f:q(f) <1} D{f: pr(f) <d}. Choose N > 2k/|al, and fixann > N, a
p-open set U and a g-open set V. Then there are o, 6 € £ and e > 0 with U D
{f:p(f—a) <e}and V D {f: pr(f—0) < €}. By Runge’s approximation
theorem applied to a, 3 on the compact set B(0, k)UB(na, k), there exists a
polynomial P such that |P(z) — a(z)| < ¢ on B(0,k) and |P(z) — 3(z — na)|
< e on B(na, k). Then py(P—a) < € and |P(z+na) — B(z)| < € on B(0, k),
so pr(ThP — 3) < €. Hence P € U N (7*)~}(V), which finishes the proof.
This example will be generalized later (see Section 5).

3. It is easy to check that the backward shift operator B(zy) = (zx+1) on
the Fréchet space w = KN of all scalar sequences (endowed with the product
topology) is supermixing. Just use the denseness of the sequences having
only finitely many nonzero entries, and take into account that, for every
p € SN(w), there are k € N and € > 0 such that {z = (z;) € w: p(z) < 1}
D{zx cw: supj|rj| <e}

4. Two criteria for disjoint hypercyclicity. We are now ready to
state the first of our main results.

THEOREM 4.1. Let X, Y and Z be three separable Fréchet spaces. As-
sume that (Sy,) C L(X,Y) and (T,) C L(X, Z). Suppose that the following
conditions are satisfied:

(a) (Sn) is densely hypercyclic.
(b) (Sy) is SN-controlled.
(c) (Ty) is supermixing.

Then (Sy) and (T,) are densely disjoint hypercyclic.

Proof. We will use Remark 2.1.2. Fix nonempty open subsets U, V, W
of X,Y, Z, respectively. Then there are seminorms p € SN(X), ¢ € SN(Y),
r € SN(Z) as well as a p-open set Up, a g-open set 1 and an r-open set
Wy satisfying U D Uy, V D Vp, W D Wy. Since (S,) is SN-controlled,
there is p € SN(X) such that S, (V) is a p-open set for all n € N. If
po = max{p,p}, then py € SN(X) and each of the sets Uy, S, (Vp) is
po-open in X, hence so also is their intersection Uy N S, 1(Vp), for every
n € N. Since (T;,) is supermixing, there is N = N(pg,r) € N such that
ANT; Y (Wy) # 0 for every n > N and every nonempty po-open set A
in X. Finally, by the dense hypercyclicity of (7},), there is ny > N such that
Up N S,H (Vo) # 0. Hence we can take A := Uy N S, (Vo). It follows that
Uo N Syt (Vo) N T H(Wo) # 0. Consequently, U N S, L (V) N T, H(W) # 0, as
required. m
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REMARK 4.2. As a consequence, if X is a Fréchet space and S, T' € L(X)
are such that S is hypercyclic, the sequence (S™) is SN-controlled and T is
supermixing, then S and T are densely disjoint hypercyclic.

The second criterion has to do with the Godefroy—Shapiro idea that an
operator can be hypercyclic if it possesses a good supply of eigenvectors.
This is the core of the proof of their theorem that an operator ¢(D) is hy-
percyclic (see [23, Section 5] and Section 5 below). Their idea was developed
and formalized by the author in [6] to obtain hypercyclic sequences of dif-
ferential operators. Now we extend Theorem 7 of [6] (see also [9]) to obtain
a sufficient condition for disjoint hypercyclicity. Recall that, in a topological
vector space, a subset is said to be total whenever its linear span is dense.
If T is an operator and e is an eigenvector, then we denote by A(T,e) its
corresponding eigenvalue.

THEOREM 4.3. Let Th,...,T, be operators on a separable F-space X.
Assume that there are p+ 1 total subsets Do, D1, ..., D, of X satisfying the
following properties for all j € {1,...,p}:

(a) Each vector e € Dy U Dy U---U D, is an eigenvector of Tj.
(b) |A(T},e)| < 1 for all e € Dy.

(c) [M(Tj,e)| > 1 for all e € D;.

(d) |MTj,e)| < |\(Ti,e)| for alle € D; and all i € {1,...,p}\ {j}.

Then the sequence ([17,...,T}]) is miving. In particular, the operators

Ty,...,T, are densely disjoint hypercyclic.

Proof. First, note that A\(S™,e) = (A(S,e))” (n € N) whenever e is
an eigenvector of the operator S. If A C X denote by s(A) the linear
span of A. In view of the Birkhoff transitivity theorem—applied to the
sequence T;, = [17',..., T})] : X — XP (n € N)—it should be proved that,
given nonempty open subsets UVi,...,V,in X, there is N € N such that
T]”(U) NV; #0forall j =1,...,p and all n > N. Due to the denseness
of s(Dy),s(D1),...,s(Dy) in X, it is enough to prove that, given p+ 1 vec-
tors uj € s(D;) (j =0,...,p), there is a sequence (z,) C X such that, as
n — 0o,

(1) Ty —ug and T, —wu; (j=1,...,p).
For fixed vectors u; (7 = 0,1,...,p) as above, there are respective finite
sets I = {ej1,...,¢; m(j )} C Dj and scalars ¢;i1, ..., Cj ;) such that

m(j)
=1
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By hypotheses (a)—(c), for every j € {1,...,p},

(2) M1}, e01) = (M(Tj,e00))" — 0 asn—oo (l=1,...,m(0)),

(3) )\(Tj”,eﬂ) = (MTj,€51))" w00 asn—oo(l=1,...,m(j)).

From condition (d) we obtain, for i,j € {1,...,p} with i # j,

@ MIhew) (A(Tj,ei,n
AT i) A(Ti, e49)

Now, for each n € N, we define the vector

$n—UO+ZZ>\Tn ell

i=1 I=1

)n_>0 asn—oo (I=1,....,m()).

By (3), ¢iy/MT}",ei;) — 0 (n — oo) for every i = 1,...,p and every
l=1,...,m(i), so &, — ug. The first part of (1) has been proved. Finally,

for each j =1,...,p, we deduce from (2) and (4) that, as n — oo,
p_m(i)
T — n Zl .
r= T, (wzzA )
i=1 I=1 Z
p_m(i) cig
(2
=S i+ 55 e,
i=1 [=1
Ci,l
= ZCOMT 601601-1-;;/\11” o) MTF ei)eiy
m(O) m(j)

ZCOZ)\ 17, eo0,) 60[+chl€]l
+ Z Z T ezl ezl)ezl

ie{L,...p}\{j} (=1
m(j)
— 04+ Z Cj1€51 +0= Uy -
I=1
This is the second part of (1), concluding the proof. m

As in [6] and [9], there is a generalization of the last theorem to the case
of sequences of operators (11, ..., (Tpn). This is left as an exercise for the
interested reader.

5. Examples of disjoint hypercyclic operators. In this section, we
furnish a number of examples of disjoint hypercyclic operators or sequences
of operators. This will be done either directly or by applying Theorems 4.1
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and 4.3. We will consider composition operators and differential operators
on spaces of analytic functions.

We recall that by Birkhoff’s theorem [13] and MacLane’s theorem [33],
respectively, each nontrivial translation operator 7, and the derivative oper-
ator D are hypercyclic on £. Moreover, as a link between D and 7., Godefroy
and Shapiro [23] proved that ¢(D) is hypercyclic on £ for any nonconstant
entire function @ € Exp.

Let us start with a simple result concerning composition operators. If
G C C is a domain and ¢ : G — G is a holomorphic selfmap, then the
composition operator C, € L(H(G)) generated by ¢ is defined as Cyf =
f o p. We denote by Aut(G) the group of its automorphisms, that is, of
its bijective holomorphic selfmaps. Recall that a domain G is called simply
connected whenever Cy, \ G is connected, where Coo = C U {o0} is the
extended plane.

THEOREM 5.1. Assume that G is a simply connected domain, m € N,
and (pjn) C Aut(G) (j = 1,...,m). Suppose that these sequences “leave
compacta separately”, that is, for every compact subset K C G, there is N =
N(K) € N such that, for eachn > N, the sets K, <p1 (K)o omn(K) are
pairwise disjoint. Then the sequence [Cy, .,...,Cy,, ]+ H(G) — (H(G))™
(n € N) is supermizing. In particular, the sequences (Cpr)s- -5 (Copyp) are
densely disjoint hypercyclic.

Proof. Let p € SN(H(G)) and ¢ € SN((H(G))™). Since G is simply
connected, one can find a compact set K C G without holes and a § > 0
such that {f : p(f) < 1} D {f : supr|f| < ¢} and {F = (f1,...,[m) :
q(F) <1} D{F : supg |fjl <d (j =1,...,m)}. Let N = N(K) be the
natural number furnished by the “leaving” hypothesis. Fix n > N. Fix also a
nonempty p-open set U C H(G) and a nonempty g-open set V C (H(G))™.
Then we derive the existence of functions «, 31,..., 5, € H(G) and of a
number ¢ > 0 such that U D {f € H(G) : [f(z) — a(z)] < e for all
z € K} and V O {F € (H(GQ)™ : |fj(z) = Bj(2)| < € for all z € K
and all j = 1,...,m}. Since each ¢;, is an automorphism, the compact
set ¢;n(K) has no holes. Hence the disjoint union K U ¢ ,(K) U --- U
©mn(K) is a compact set without holes. Therefore, Runge’s theorem yields
a polynomial f (so f € H(G)) such that |f(z) — a(z)] < € on K and
|f(z)—ﬂj(<pj_7é(z))\ < eon ‘Pj,n(K) (j =1,...,m). The last set of inequalities
is equivalent to [(Cy, nf)( ) — Bi(2)] <eon K (j =1,...,m). Therefore
feUand [Cy,,,....Cp,.)f € V Hence [Cy, ., .-, Cop, J(U)NV # 0, as
required. m

REMARKS 5.2. 1. The “leaving” condition of Theorem 5.1 is fulfilled if
the sequences (¢; ) tend uniformly on compacta in G—in the sense of the
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chordal distance—to m distinct points of dG, the boundary of G in Cx.
This is not at all necessary (see Proposition 5.5).

2. In the case m = 1, the supermixing conclusion of Theorem 5.1 still
holds just on assuming that G is a domain of C which is not isomorphic
to the punctured plane C\ {0}. That is, if (¢,) C Aut(G) and ¢, — 0G
compactly, then the sequence (Cy,) is supermixing. Indeed, by adapting
the proof of Lemma 2.12 in [8] from the so-called “run-away” sequences
of automorphisms to our (y,) (the lemma dealt with domains of infinite
connectivity; its conclusion is evident for simply connected domains, while
for domains with finite connectivity > 3 or isomorphic to an annulus or to
D\ {0}, its conclusion is trivial because there is no sequence of automor-
phisms tending to 0G; in the case of finite connectivity > 3, this is so by
Heins’ theorem [29]), we find that if K is a compact subset of G such that
each hole of K contains some hole of G, then there is N = N(K) € N such
that, for all n > N, we have K Ny, (K) = () and K Up,(K) is a compact set
each of whose holes contains at least one hole of G. This yields, via Runge’s
theorem and similarly to the final part of the proof of Theorem 5.1, a rational
function f with poles outside G (so f € H(G)) such that |f(z) —a(z)| <€
on K and |f(z) — B(p,(2))] < € on ¢, (K), for any preassigned e > 0 and
a, 3 € H(G). This completes the proof.

Next, we turn our attention to differential operators. In the following
statement, which concerns operators ¢(D) on H(G), we may suppose merely
that @ € Exp if G is the whole plane C. In addition, the statement has a
multi-dimensional version—with the same proof except for small changes
of notation—if the expression “simply connected domain” is replaced by
“Runge domain” (i.e., a domain in C"V such that the set of polynomials is
dense in H(G); see [31] or [32, Chap. 5] for properties and characterizations).
In the definition of entire function of exponential or subexponential type, one
should interpret the modulus |z| of a point z = (21, ..., 2y) as its euclidean
norm (|z1|? + -+ + |zn|?) /2.

THEOREM 5.3. Assume that G is a simply connected domain of C and
that @1, ...,P, are entire functions of subexponential type. Assume also that
there are p + 1 points zo, z1, ..., 2y € C such that:

(a) max{|®j(z0)|: j=1,...,p} < L.

(b) max{1,|®;(z)|: j € {1,....p} \ {i}} <|Pi(2)| for alli=1,...,p.
Then the operators ®1(D),...,Pp(D) are densely disjoint hypercyclic on
H(G).

Proof. For a € C and A C C, set eq(2) := exp(az) and M(A) := {e, :
a € A}. If A is a nonempty open set, then M(A) is total in H(G) (see
for instance [23, Section 5] or [9, Lemma 2.3]). Observe that ®(D)e, =
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P(a)e, for all a € C and all ¢ € Exp, so e, is an eigenvector of ¢(D) with
eigenvalue @(a). By the continuity of the functions |®;|, there are nonempty
open subsets U; C C such that, for every j € {1,...,p}, one has [®;(z)| < 1
on Uy, |9(z)| > 1 on Uj, and |9;(z)| > |®j(z)| on U; whenever i # j. Thus,
it suffices to apply Theorem 4.3 to T} := ®;(D) and D; := M(U;). =

ExaMPLES 5.4. 1. Approximation by Birkhoff-universal functions and
MacLane-universal functions can be simultaneously performed with the
same functions and with the same approximating iterates. In other words,
the operators 71 and D are disjoint hypercyclic on €. Indeed, 71 = @1(D)
and D = @5(D), where ®;(z) := e* and P2(z) := 2. Then just apply The-
orem 5.3 with p = 2, zo = —1/2, z1 = 1 and z5 = —1. This result can also
be derived from Example 3.2.1, Theorem 4.1 and Remark 4.2, because 7 is
supermixing, D is hypercyclic and (D"™) is SN-controlled.

2. Of course, one can mix Theorems 5.1 and 5.3 to obtain (with the help
of Theorem 4.1) more examples of disjoint hypercyclic operators.

The final part of this section is devoted to several examples (in the cases
G = C or D) of disjoint hypercyclic sequences of composition operators, via
an application of Theorem 5.1.

Recall that the members of Aut(C) are the similarities z — az + b
(a,b € C, a # 0), while Aut(D) consists of the Mdobius transformations
of the form z — k=% (la] < 1 = |k|). As a generalization of Birkhoff’s
theorem and of Seidel-Walsh’s theorem (the latter is the D-version of the
Birkhoff theorem, see [39]), it is known that if (¢, (2) := anz+0by,) € Aut(C)
((pn(2) = kni=) € Aut (D), resp.) then (Cy,, ) is hypercyclic on € (on
H(D), resp.) if and only if sup,,cy min{|by, |, |by/an |} = +00 (sup,en |an| = 1,
resp.). Moreover, if p(z) := az + b € Aut (C), then C, is hypercyclic on
£ if and only if ¢ is a translation, that is, a = 1 and b # 0. And if
p(z) = 2% ¢ Aut(D), then C, is hypercyclic on H(D) if and only
if ¢ has no fixed point in D, or equivalently, if and only if |a| > [sin(6/2)|
and a # 0 (for this and extensions, see [8], [18] and [40]). In particular, every
“non-Euclidean translation” ¢(2) := 2z xa = £t (a € D\ {0}) generates a

14+az
hypercyclic composition operator on H (D).

PROPOSITION 5.5.

(A) If bi,...,b, are pairwise different nonzero complex numbers, then
the translation operators Ty, ..., Ty, are densely disjoint hypercyclic
on the space &.

(B) Assume that ¢, (2) = ajnz+bjn (j =1,...,p; n € N) are auto-
morphisms of C satisfying, for every j € {1,...,p}, the following
properties:
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b
(a) lim |bj,| =00 = lim | 2%
n—00 n—00|a;n

b) lim ———>— = o0 for everyi € {1,..., .
(b) lim Gonl T T2 f yie{ py\ {7}

Then the sequence [Cy, ,,,...,Cyp,,] + € — EP (n € N) is supermizing. In
particular, the sequences (Cy, ), ..., (Cy, ) are densely disjoint hypercyclic
on &.

Proof. Observe that (A) follows from (B) applied to a;, := 1, b, :=
nb;. Therefore, it suffices to demonstrate (B). For this, fix a compact set
K c C. Choose r > 0 such that K C B(0,r) =: B. By hypothesis, there is
a positive integer N such that, for every j € {1,...,p} and every n > N,
we have |bj | > 2r, |bjn/ajn| > 2r, and |b;n — bjn| > |ain|r + |a;|r for all
i € {1,...,p} \ {j}. Then, if n > N, the p balls B(bjn,|ajn|r) = ¢jn(B)
are pairwise disjoint. Furthermore, we have

Aink A;nz T
; = b1+ L > b1 - |25 ) > 20 (1 - — ) =
ein@)] = i1+ 22| > ol (1 |22 ) > 2r(1- ) =

for all z € B, all j € {1,...,p} and all n > N. Then B N ¢y, ;(B) = 0 for
all j and all n > N. Since K C B, we infer that, for each n > N, the sets
K, p10(K),...,¢pn(K) are pairwise disjoint. The conclusion follows from
Theorem 5.1. =

If a € C, then we denote by a* the point symmetric to a with respect to
the unit circle 0D, that is, a* = 1/a.

PROPOSITION 5.6.

(A) If a1,...,ap are pairwise different points in D and ¢;(2) := z * a;
(j =1,...,p) are their respective non-Euclidean translations, then
the composition operators Cy,,...,C, are densely disjoint hyper-
cyclic.

(B) Suppose that {pjn : j€{1,...,p}, n € N} C Aut(D). Assume also
that, for each j € {1,...,p}, the following properties are satisfied:
(a) lim p;,(0)] = 1.
n—oo

. ?in(0) — ¢jn(0) or all i ;
e e O e ) A A
).

Then the sequences (Cy, ,.),-..,(Cy,,) are densely disjoint hyper-
cyclic.

Proof. Assuming that (B) is proved, let us demonstrate (A). Let ¢ be a
non-Euclidean translation ¢(z) = z * a with a = re?, where r € (0,1) and
6 € [0,27). Define « as the simplest Mobius transformation sending 1, —1
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to 0, 00, respectively, and § as the rotation of angle 6, that is,

z—1
alz) = z+1
Then a™'(2) = (1 +2)/(1 —2) and B71(2) = e ¥2. If 4 is defined as 1 =
a"tofB topoBoa, then an easy calculation shows that 1 is the dilation
Y = 1oz, where ro = (14+r)/(1—7r) (> 1). Let ¢p,1, denote the nth
iterate of ,1, respectively. Since ¢ = Boa o1 oa~t o 37!, one obtains
¢on =Boaocth,oatoB L But ¥,(z) = rfz, whence

and  f(z) = 2.

070 — 1
i+ 1

on(0) = Bla(¥n(1))) =€

Note that, as n — 0o, we get ¢, (0) — €, so [p,(0)] — 1.

Consequently, according to (B), it is enough to prove that, if ¢(z) :=
z % a, P(z) := z * b are two non-Euclidean translations (with a = re®¥ #
Re®® =b,0<r <R < 1and#,6 € [0,271)) and ¢,, P, denote their
respective iterates, then

Son(o) — én(o)
en(0) — (Pn(0))*
At this point, we distinguish two cases. If 8 # ©, then

—1 asn — oo.

An::‘

0 _ 4i®
An — el — (e©)—1| L
Finally, if 6 = ©, then 7 < R. We set
1+7r 1+R
= d =—
ro:= g, and Roi=gT

so that Ry > rg > 1. Then

-1 RD—1
rerl  Rivi| Ry —1 (Ro/ro)" —1

An = n n -
1 Rp+1 R6L+1 (Ro/To)n+1

—1-1=1,
o _
il T Rp-1

and we are done.
Next, we prove (B). For each pair (j,n), we can write

' 5 Z = Qjn

for certain numbers a;p, k; n satisfying |a;,| < 1 = |kjp|. Then ¢;,(0) =
—kjnajn and |@;,(0)] = |ajn|. Fix a compact set K C D. Choose a ball
B = B(0,7) with 7 € (0,1) and K C B. As |p;,(0)] — 1 (n — o00) for all j,
we can find Ny € N such that |a;,| > (2r —r2)Y/2 for all j € {1,...,p} and
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all n > Nj. Therefore, if z € B and j,n are as before, we get

Z— a; 1 a2 —a: 2 1 ai 12 -1
|§0j,n(z)| = _‘]m _ — | JJL’ — J,m — ' 1_|_| ],n|_'
21—%21—%21_ﬂ:ﬁ
1= @] 1— 4] 1—r

Hence BN @jn(B) = 0,s0 KNpjn(K) =0 (n > Ni,j e {1,...,p}).
According to Theorem 5.1, and since K C B, it is enough to show the
existence of a positive integer N > Nj such that ¢; ,(B) N ¢;n(B) = 0 for
all 4,7 with i # j and all n > N.

For this, consider the hyperbolic distance ¢ on D (see [21]), given by

zZ—w

o(z,w) = tanh™! (z,w e D).

1—z2w

Since p is invariant under automorphisms, we deduce from the triangle in-
equality that, for z,w € B,n € Nand i,j € {1,...,p},

0(pin(2), pjn(w))
> 0(#in(0), 9jn(0)) — 0(pin(2), in(0)) — o(@jn(w), ¥;n(0))
= 0(¢in(0), ©jn(0)) — 0(2,0) — o(w,0) > 0(£in(0), jn(0)) — 2tanh ™' r.

Since (a) and (b) hold and lim,_,;- tanh™' 2 = oo, for every pair i, with
1 # j we obtain

1 = ¢in(0) ¢ (0)
1 , o
= lim tanh_l( in(0) ‘Pmn(o)* >
e 1050 (0)] 1910 (0) = (#5n(0))
©in(0) — ;n(0) ‘ _
©in(0) = (¢5,n(0))*
Hence lim;, o0 0(¢i,n(0), 50 (0)) = 00, so there exist N € N (we can choose
N > Nj) such that 0(9;,(0),¢;,(0)) > 2tanh™'r for all n > N and all

i,j with i # j. Consequently, o(v;in(2),¢jn(w)) > 0 for such 4, j,n and all
z,w € B. But this implies @; ,(B) N ¢;n(B) = 0, as required. m

lim 0(in(0), 9jn(0)) = lim tanh™!

n—oo

@in(0) = ¢jn(0) ‘

= lim tanh™!
n—oo

We finish this paper by providing an example of disjoint hypercyclic
operators in the setting of Banach spaces. In 1969, S. Rolewicz [36] gave
the first example of a hypercyclic operator on a Banach space. Namely,
he proved that if ¢ € K has modulus > 1 and B is the backward shift
on any of the spaces [? (= the space of scalar sequences x = (x;) with
[zl == (3252 |z4lP) < o0) (1 < p < o0) or ¢y (= the space of scalar
sequences x = () tending to 0, endowed with the norm ||z|| := sup;>; |z;]),
then the operator ¢B is hypercyclic. In 1995, H. Salas [38] improved this
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result by showing that, if a = (a;) is a bounded sequence of nonzero scalars,
then the weighted backward shift operator T, defined on [P or ¢y as

Tor = (aj41241) for z = (z5)

is hypercyclic if and only if the sequence {A,, := H?Zl a;jtn>1 of partial
products of the weights is unbounded. Extensions of Salas’ result can be
found for example in [11], [27] and [34]. Since every power of a hypercyclic
operator is also hypercyclic (even with the same hypercyclic vectors, see [1]),
it follows that, if a is as above, then 7" is hypercyclic for every m € N. In
fact, we have the following statement.

PROPOSITION 5.7. Let X be ¢p or I? (1 < p < o0), and let m € N.
Assume that a = (a;) is a bounded sequence of nonzero scalars such that

(5) sup{min{|A,|, |A2nl, ..., |Amn|}} = co.
Then the operators Ty, T2, ..., T/ are densely disjoint hypercyclic on X.

Proof. The proof will be given when m = 2 and X = [P, the general
case being similar. If T' := T,, then it must be proved that the sequence
([T™,T?"]) is densely disjoint hypercyclic. From the Birkhoff transitivity
theorem it is enough to find dense subsets Dy, D1, D2 of X such that, for
x € Do, y € D1 and z € Do, there are a sequence {ny < mns < ---} C N and
a sequence (xr) C X satisfying:

(i) Tz — 0 and T?"x — 0 as k — 0.

(i) x — 0, Tz, — y and T?™z, — z as k — oo,

We choose Dy = D1 = Dy := D, where D is the set of sequences with
finitely many nonzero entries. Given = € D, there is ng € N such that
T™z = 0 for every n > ny, so condition (i) is trivially satisfied for any (ng).
Now, fix y = (y1,...,94,0,0,0,...) and z = (21,...,2,,0,0,0,...) in D.
Without loss of generality, we may suppose that ¢ = r. By (5), there is a
sequence {mj < mg < ---} C N such that A,,, — oo and Ay, — co. We
can assume that m; > 2¢ (so my —q > ¢ for all k). For k € N, define n, € N
and x € X by ng := my — q and

xg = (0,...,0, AlAkalﬂyl, AQA;:+2y2, LA Ank+qu, ,oon, 0,

-1 1 _
AlAn2k+1zl’ AQATL%+2Z2’ e A A?’Lgk—‘rqzq’ 0,0,0,... )

where there are n, zeros as starting entries and ny — g zeros immediately
after AqA;:Jrqu. Observe that, by construction, 7%z = z — 2z (k — o0).
So part of (ii) has been shown. Hence, it remains to prove that xj — 0 and
Tz, — y. Fix 7 € {1,...,q}. By hypothesis, there is M € (0,00) such
that |a;| < M for all . Therefore

JAA < MINALY | < MIALL MO = MO|A,)
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and, analogously, |A; AL <M 2‘1|A2_Wllkl. Consequently,

2ng+j
q
lzx]lP < (M)A D) Z ly;lP + (M9 A, )P Y [z — 0
j=1 =1
and
1T — ylIP = [(A1 A, 21, AgAL L 124,0,0,0,. )P

Mq|A Z|Zj|p—>0

But this shows that x;, — 0 and T”kxk — vy, as required. m

Final questions. 1. If T is a hypercyclic operator, are T,T? always
disjoint hypercyclic?

2. Is there any Banach space example where Theorem 4.3 can be applied?

3. Are finitely many composition operators generated by nonelliptic
(= without fixed points in D) automorphisms ¢ of D disjoint hypercyclic?
Is this true for the Hardy space HP(D), or even for other Banach spaces
X C H(D) where C,, is a well-defined operator?
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