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Abstract. We study the weak disjointness of hypercyclic operators to refine the classifi-
cations of hypercyclic operators. We establish an analogue of the Weiss—Akin—Glasner
theorem from topological dynamics within the framework of linear dynamics, which
gives a characterization of the weak disjointness of each class of mixing operators
with respect to a given Furstenberg family. The key ingredient is an analogue of the
Weiss—Akin—Glasner lemma from topological dynamics, which gives a characterization
of subsets of non-negative integers that can be realized by the return time sets of mixing
operators with respect to a given Furstenberg family. We also provide several examples to
distinguish some classes of hypercyclic operators and end with the characterization of the
mixing property with respect to Furstenberg families of direct sums of backward shifts on
Fréchet sequence spaces.
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1. Introduction

In 1967, Furstenberg introduced the concept of disjointness in topological dynamics and
ergodic theory in the seminal paper [15], and characterized certain classes of systems
by their disjointness relations. Two compact dynamical systems (X, 7) and (Y, S)
(continuous self-maps on compact metric spaces) are said to be disjoint if X x Y is the
only closed T x S-invariant subset whose coordinate projections are surjective. It is easy
to see that if two transitive compact dynamical systems (X, 7) and (Y, S) are disjoint,
then the product system (X x Y, T x S) is transitive. Later in 1972, Peleg introduced
the concept of weak disjointness in topological dynamics in [26], which, as the name
suggests, is a condition weaker than disjointness. Two compact dynamical systems (X, T)
and (Y, §) are said to be weakly disjoint provided that the product system (X x Y, T x S)
is transitive.
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2 J. Lietal

In 2000, Weiss characterized in [28] the compact dynamical systems that are weakly
disjoint from all weakly mixing compact dynamical systems, as being exactly the
syndetically transitive ones. Let F be a Furstenberg family (a hereditary upward collection
of subsets of non-negative integers). A topological dynamical system (X, T') is said to be
F-transitive provided that N(U, V) :={n € No : T"U NV # @} € F for any non-empty
open subsets U, V of X; and F-mixing provided that the product system (X x X, T x T)
is F-transitive. In 2001, Akin and Glasner studied in [2] the F-transitivity of compact
dynamical systems and provided a method to characterize the compact dynamical systems
that are weakly disjoint from a prescribed class of compact dynamical systems, general-
izing Weiss’ result. The key ingredient is the realization of every set in a shift-invariant
thick Furstenberg family F by the return time sets of JF-transitive compact dynamical
systems. The corresponding result of the characterization of compact dynamical systems
is known as the Weiss—Akin—Glasner theorem, and the realization result is called the
Weiss—Akin—Glasner lemma, see e.g. [24, 25]. It turns out that the notion of weak
disjointness plays a significant role in the classification of transitive compact dynamical
systems, see e.g. [2, 18, 24].

Furstenberg showed in [15] that the return time sets of any weakly mixing topological
dynamical system form a filter base. By this result, it is easy to see that a topological
dynamical system (X, T) is weakly mixing if and only if N(U, V) is thick for any
non-empty open subsets U and V of X, and (X, T) is F-mixing if and only if it is
F-transitive and weakly mixing. This implies that for a thick family F, the F-transitivity
is equivalent to the F-mixing. Then, the F-transitive system in the Weiss—Akin—Glasner
lemma is in fact F-mixing. However, the family generated by the return time sets of
a non-trivial F-mixing topological dynamical system must be a shift-invariant thick
family. Therefore, the Weiss—Akin—Glasner lemma gives a characterization of subsets
of non-negative integers that can be realized by the return time sets of JF-mixing
compact dynamical systems (see Lemma 2.12), and the Weiss—Akin—Glasner theorem
characterizes the compact dynamical systems that are weakly disjoint from F-mixing
compact dynamical systems (see Theorem 2.13).

Linear dynamics has become an active area of research in the last decades, see the
monographs [6, 22] for the introduction of dynamics of linear operators. In particular,
the study of hypercyclic operators constitutes a subject of considerable interest. A linear
dynamical system (a continuous linear operator on an infinite-dimensional Fréchet space
over R or C) is said to be hypercyclic provided that the orbit of some vector is dense.
Although linear dynamical systems lack compactness compared with compact dynamical
systems, by different methods and techniques, many conclusions in linear dynamical
systems are parallel to those in compact dynamical systems.

As every linear dynamical system has a fixed point, two linear dynamical systems can
never be disjoint in the sense of Furstenberg. In [8, 12], the authors introduced the notion
of disjoint hypercyclicity, which is weaker than disjointness. In [8, 10, 12, 13, 27], the
authors studied the hypercyclicity of direct sums, which is in fact the weak disjointness
in linear dynamics. In 1992, Herrero asked in [23] whether T & T is hypercyclic or not,
provided that T is hypercyclic. In 1995, Salas gave an affirmative answer in [27] for the
case where T is a weighted backward shift on £2(Np) or ¢%(Z), and also provided two
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hypercyclic operators 7', S on £%(Z) such that T @ S is not hypercyclic. de la Rosa and
Read [14] constructed a hypercyclic operator on a suitable Banach space such that the
direct sum is not hypercyclic, while Bayart and Matheron [5] showed that operators of this
type can be found on many classical Banach spaces like co(Np), £/ (Np), 1 < p < o0, etc.
To provide more hypercyclic operators without hypercyclic direct sums, it is natural to ask:
which operators are weakly disjoint from a given class of hypercyclic operators?

In [10], Bes et al studied the F-transitivity of operators. They formulated a criterion for
an operator to be F-transitive and characterized the F-transitivity of weighted backward
shifts. In [13], Cardeccia studied the hypercyclicity of the direct sum of an operator and its
iterates. Cardeccia also proved that the operators that are weakly disjoint from all weakly
mixing operators are exactly the syndetically transitive ones, and that the operators that
are weakly disjoint from all syndetically transitive operators are exactly the piecewise
syndetically transitive ones.

The aim of this paper is to study the weak disjointness of hypercyclic operators, advanc-
ing the classifications of hypercyclic operators. Motivated by the Weiss—Akin—Glasner
theorem from topological dynamics and Cardeccia’s results for operators, we characterize
the weak disjointness of more classes of operators. We first present some preliminaries
in §2. In §3, we state some basic properties of weak disjointness in linear dynamics,
and give sufficient conditions for /F-mixing operators (Theorem 3.9) and mild mixing
operators (Proposition 3.15). We also illustrate some examples to show that a weakly
mixing operator may not be weakly disjoint from its iterates. In §4, as an analogue of the
Weiss—Akin—Glasner theorem from topological dynamics, we formulate the corresponding
result (Theorem 4.4) in linear dynamics, which gives a characterization of the weak
disjointness of F-mixing operators. The key ingredient of the proof is an analogue of
the Weiss—Akin—Glasner lemma from topological dynamics, see Lemma 4.1, which gives
a characterization of subsets of non-negative integers that can be realized by the return
time sets of F-mixing operators. We also provide several examples of operators with some
prescribed properties. In §5, we characterize the F-mixing property of direct sums of
backward shifts on Fréchet sequence spaces in terms of the F-norms of the basis.

2. Preliminaries
In this section, we recall some basic notions and results that will be used consistently
throughout the paper.

2.1. Subsets of non-negative integers. By N, Ng and Z, we denote respectively the set of
positive integers, the set of non-negative integers and the set of integers.

Before proceeding further, we briefly recall the relevant notation concerning a Fursten-
berg family (detailed discussions can be found in [1, 16]). Let F be a collection of subsets
of No. We say that F is a Furstenberg family (or family for short) provided that it is
hereditary upward, that is, for any A € 7 and B C Ny with A C B, we have B € F.
Denote the family of all infinite subsets of N by Fiyr and the family of all cofinite subsets
of Ny by F¢¢. For a family F, we say that a collection F” of subsets of Ny is a subfamily of
Fif F’ is a family with 7' C F.
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Throughout this paper, for each Furstenberg family F, we adopt the conventions that
W ¢ Fand F # 0.

For a subset F of Z and i € Z, let F £i ={m £i: m € F}. We say that a family
Fis:
e shifty-invariant if F +i € F foreachi € Ny and F € F;
e shift_-invariant if (F —i) NNy € F foreachi € Np and F € F;
e shift-invariant if (F +i) NNy € F foreachi € Zand F € F.

Definition 2.1. Let F be a family. The dual family F* is given by
F*={ACNy:ANB #@forall B e F).

We say that F is a full family if F N F’ is infinite for any F € F and F’ € F*; F is a filter
if F1 N F, € Fforany Fy, F, € F.

Remark 2.2. The following statements can be checked easily.

(1) A family F is full if and only if F N F' € F forany F € F and F' € F.
(2) Each shift-invariant family is full.

(3) For each full family F, we must have F.f C F.

(4) A family F is full if and only if F* is full.

We recall some standard families.
e Fi: the family of subsets of Ny containing intervals of arbitrary length, which are said
to be thick.
Fs: the family of subsets of Ny with bounded gaps, which are said to be syndetic.
Fps: the family of subsets of Ny with the form Fy N F>, where Fy € s and F, € F,
and these are said to be piecewise syndetic.
e Fi: the family of subsets A of Ny such that for each k € Ny, there exists F' € F with
U;‘ZO(F + 1) C A, and these are said to be thickly syndetic.
It is easy to see that 7 = F; and F;S = Fis.
We turn to a property of families (see [1, 2]) which plays a significant role in our later
discussion.

Definition 2.3. Let F be a family. We say that F is a thick family if for any F € F and

kGN(), k

ﬂ(F—i)mNo e F.
i=0
Remark 2.4. We have the following easy facts:
(1) each thick family is shift_-invariant;
(2) each thick family is a subfamily of F;
(3) each shift-invariant filter is a thick family;
(4) a family F is a shift-invariant thick family if and only if for each F € F and any
ki, k2 € No,

neNy:{n—ki,n—ki+1,...,n+k}C F} e F;

(5) both F; and Fi are shift-invariant thick families.
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Following [10], for a given family J, we denote

k
F= {Fef:foranykeNo, ﬂ(F+i)mNoef}.
i=—k

Then, F is the maximal shift-invariant thick subfamily of F provided that it is not empty.
Note that if F is full, then F¢f C F.

2.2. Topological dynamics. For a topological dynamical system, we mean a pair (X, T),
where X is a metric space and 7 is a continuous map of X into X. If in addition X is a
compact metric space, then we say that (X, T') is a compact dynamical system. See [15,
16] for details of compact dynamics.

A topological dynamical system (X, T) is said to be topologically transitive (or
transitive for short) if for any pair U, V of non-empty open subsets of X, the return time set

Nr(U,V)=NU,V):={neNy:T"UNV # ¢}

is non-empty. When the operator is fixed and there is no risk of ambiguity, we shall write
N(U, V) in place of N7 (U, V). A topological dynamical system (X, T) is said to be
weakly mixing if the product system (X x X, T x T) is transitive, and strongly mixing if
for any pair U, V of non-empty open subsets of X, N(U, V) € Fe.

Given a family F, we say that a topological dynamical system (X, T) is:
e F-transitive if for any non-empty open subsets U, V of X, N(U, V) € F;
e F-mixing if the product system (X x X, T x T) is F-transitive.
For each family F, since #§ ¢ F, the F-transitivity is stronger than topological transitivity.
It can be verified that a topological dynamical system is transitive if and only if it is
Finf-transitive. A topological dynamical system is said to be topologically ergodic if it
is Fs-transitive.

We have the following characterization of weak mixing of topological dynamical
systems, which is essentially contained in the proof of [15, Proposition I1.3].

PROPOSITION 2.5. Let (X, T) be a topological dynamical system. Then, (X, T) is weakly
mixing if and only if it is Fi-transitive, and if and only if

Nr ={A CNy: N(U, V) C A for some non-empty open subsets U, V of X}
is a filter.

By Proposition 2.5, it is easy to see that a topological dynamical system (X, T) is
F-mixing if and only if it is F-transitive and weakly mixing. We have the following
folklore result on the return time sets of F-mixing systems, see e.g. [10, Lemma 2.3]
in the setting of linear dynamics.

PROPOSITION 2.6. Let (X, T) be a topological dynamical system, where X is not a
singleton, and F be a family. Then, (X, T) is F-mixing if and only if

Nr ={A CNy: N(U, V) C A for some non-empty open subsets U, V of X}

is a shift-invariant thick subfamily of F.
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Proof. On the one hand, suppose that T is F-mixing. It is clear that A7 is a subfamily
of F. By Proposition 2.5, N7 is a filter. By Remark 2.4, it suffices to show that N7 is a
shift-invariant family. Let U and V be non-empty open subsets of X and i € Ny. Since T
is transitive, it has a dense range, and then T~'U # ¢ and T~'V # ¢. Since T is weakly
mixing and X is not a singleton, we have that X has no isolated points. Then, there are
non-empty open subsets W; C T—iU, W, C V with N (Wi, Wy) C [i, +00). Note that
N(T~'U, V)N [i,+00) C N(U, V) +i. So, we have

N(W, W) C N(T_iU, VyNnl,4+o0) CNWU,V)+i
and
N, T7'V) C (NU, V) —1i)NNp.

By the fact that N7 is a filter, N7 is a shift-invariant thick family.

On the other hand, suppose that N7 is a shift-invariant thick subfamily of . Then, we
have N7 C Fi. By Proposition 2.5, T is weakly mixing. Since T is F-transitive, we have
that T is F-mixing. O

Remark 2.7. Let F| and F; be two families. If there exists an F}-mixing (X, T') that is
not F»-transitive, then by Proposition 2.6, there exists a shift-invariant thick subfamily Fo
of Fi such that Fy \ Fo # 0.

Definition 2.8. Two topological dynamical systems (X, 7) and (Y, S) are said to be
weakly disjoint provided that their product (X x Y, T x S§) is topologically transitive.

In 2000, Weiss found in [28] that the compact dynamical systems that are weakly
disjoint from all weakly mixing compact dynamical systems are exactly the topologically
ergodic ones. In 2001, Akin and Glasner generalized Weiss’ result to more classes
of compact dynamical systems in [2], and the generalized result is known as the
Weiss—Akin—Glasner theorem, see e.g. [24, 25]. In this theorem, they characterized the
weak disjointness of F-transitive compact dynamical systems, where F is a shift-invariant
thick family, and connected the study of topological dynamics and combinatorial number
theory.

THEOREM 2.9. (Weiss—Akin—Glasner theorem, [2, Theorem 4.15]) Let (X, T) be a
compact dynamical system and F be a shift-invariant thick family. Then, (X, T) is
F*-transitive if and only if (X, T) is weakly disjoint from all F-transitive compact
dynamical systems.

The key ingredient of the proof of the Weiss—Akin—Glasner theorem is the following
lemma.

LEMMA 2.10. (Weiss—Akin—Glasner lemma, [2, Lemma 4.16]) Suppose that F is a
shift-invariant thick family and F € F. Then, there exists an JF-transitive compact
dynamical system (X, T) and a non-empty open subset U of X such that

N(U,U) = FU{0}.
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Remark 2.11. As F is a shift-invariant thick family, by Remark 2.4, the JF-transitive
compact dynamical system (X, T') in the Weiss—Akin—Glasner lemma is in fact /-mixing.
By Proposition 2.6, the family generated by the return time sets of an F-mixing system
whose underlying space is not a singleton must be a shift-invariant thick family. So, the
condition that F is a shift-invariant thick family in the Weiss—Akin—Glasner lemma is
necessary for all sets in F to be realized by the return time sets of F-mixing systems.

Recall that F is the maximal shift-invariant thick subfamily of a full F. Then, we can
restate the Weiss—Akin—Glasner lemma as follows.

LEMMA 2.12. Suppose that F is a full family and F C Ny. Then, F € F if and only if
there exists an JF-mixing compact dynamical system (X, T) and a non-empty open subset
U of X such that

NU,U) = F U{0}.
We also restate the Weiss—Akin—Glasner theorem as follows.

THEOREM 2.13. Let (X, T) be a compact dynamical system and F be a full family. Then,
(X, T) is (F)*-transitive if and only if (X, T) is weakly disjoint from all F-mixing compact
dynamical systems.

The concept of mild mixing was originally introduced by Furstenberg and Weiss in
the context of ergodic theory [17], and was later introduced independently in topological
dynamics by Glasner [18] and by Huang and Ye [25], inspired by its ergodic-theoretic
counterpart.

Definition 2.14. A compact dynamical system (X, T) is said to be mildly mixing if it is
weakly disjoint from all transitive compact dynamical systems.

The return time sets of mild mixing systems are related to IP-sets. For a sequence
(xn)nen in N, the finite sum set of (x,),cN is given by

FS((xp)neN) = {xi) +xiy +- - -+ xi,0 i1 <ip < -+ <iy,n €N}

A set A C Ny is called an IP-set if there is a sequence (x,),cn in Ny with infinitely many
non-zero terms such that FS((x,,),en) C A. Denote by Fij, the family of all IP-sets and by
Aijp the family of the sets of the form (F — F)) N No, where F € Fjp and F — F = {m —
n:m #n € F}. We denote the dual family of Aj, by Afp. For a topological dynamical
system (X, T), x € X and a subset U of X, we denote

Nr(x,U)=Nx,U):={neNy:T"x € U}.

Recall that a point x € X is recurrent if for every neighbourhood U of x, N(x, U) is
infinite. In 1981, Furstenberg proved the following result for compact dynamical systems,
which is in fact true for topological dynamical systems.

THEOREM 2.15. [16, Theorem 2.17] Let (X, T) be a topological dynamical system. If a
point x € X is recurrent, then for any neighbourhood U of x, we have N (x, U) € Fip.
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The following characterization of mild mixing was obtained by Glasner [18], and by
Huang and Ye [25] independently.

THEOREM 2.16. [18, Theorem 10.7] or [25, Theorem 6.6] A compact dynamical system is
mildly mixing if and only if it is A;"p-transitive.

2.3. Linear dynamics. In recent years, there has been growing interest in the study of
linear dynamical systems, see [6, 22] for further information.

Let X be an infinite-dimensional separable Fréchet space over R or C. For an operator
(i.e. a continuous linear self-map) 7 on X, the pair (X, T) is called a linear dynamical
system. Usually, we simply call the operator T or T: X — X a linear dynamical system.
If, in addition, T is an invertible map such that T-!is also an operator on X, then we say
that (X, T') (or T for short) is invertible. In this paper, for a Fréchet space X, the symbol
Il - llx = Il - || denotes an F-norm defining the topology of X. If, in particular, X is a Banach
space, then the symbol || - ||x = || - || denotes a norm defining the topology of X.

While infinite-dimensional Fréchet spaces are lacking of compactness, many results in
linear dynamical systems remain similar to their counterparts from compact dynamical
systems, despite being obtained by different methods.

Definition 2.17. An operator T: X — X is said to be hypercyclic provided that there is
some x € X whose orbit under 7 is dense in X. Such an x is called a hypercyclic vector for
T. We denote the set of hypercyclic vectors for T by HC(T).

Remark 2.18. By the Birkhoff transitivity theorem (see e.g. [22, Theorem 1.16]), we know
that for a separable infinite-dimensional Fréchet space X, an operator 7 on X is hypercyclic
if and only if it is topologically transitive, and if and only if HC(T) is a dense G subset
of X.

A well-known result to imply the weak mixing of a given operator is the so-called
hypercyclicity criterion.

THEOREM 2.19. (Hypercyclicity criterion, see e.g. [22, Theorem 3.12]) Let T: X — X
be an operator. If there exist dense subsets X, Yo C X, a sequence (ny)xen in N and a
sequence of maps Sy, : Yo — X such that for any xo € Xo, yo € Yo:

(1) lim T™xg=0;

k?oo
@ lim S,50="0;
3) kl_i)n;o T" Sy, y0 = Yo

then T is weakly mixing.

A remarkable feature of the hypercyclicity criterion is that it is actually equivalent to an
operator being weakly mixing. In [11], Bés and Peris obtained this result using the notion
of hereditarily hypercyclic operators.

THEOREM 2.20. [11, Theorem 2.3] Let T: X — X be an operator. Then, the following
assertions are equivalent:
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Weak disjointness of hypercyclic operators 9

(1) T satisfies the hypercyclicity criterion;
(2) T is weakly mixing;
(3)  Tis hereditarily hypercyclic.

Unlike the case for compact dynamical systems, a tool for the study of linear dynamical
systems is provided by the neighbourhoods of 0. We recall the blow up/collapse condition
for weak mixing.

THEOREM 2.21. [22, Theorem 2.47] Let T: X — X be an operator. Then, T is weakly
mixing if and only if for any non-empty open sets U, V C X and any neighbourhood W
of 0,

NU, W) N N(W, V) # 0.

Let X = co(Np) or £/ (Np), 1 < p < 00, and let w = (w;);en, be a bounded sequence
of positive real numbers. Define a map By, : X — X by

(x0, X1, X2, . . .) => (W1x7, wax2, .. .).

The map B,, is clearly an operator on X and is called a unilateral weighted backward
shift. Similarly, one can define bilateral weighted backward shift on co(Z) and £P(Z),
1 < p < oo. In [10], Bes et al characterized the F-transitivity of such operators and one
of their results is restated here.

PROPOSITION 2.22. [10, Proposition 3.1] Let F be a family and B,, be a bilateral
weighted backward shift on X = co(Z) or €P(Z), 1 < p < oco. Then, the following
assertions are equivalent:

(1) By is F-transitive;

(2) By is F-mixing (that is, F-transitive and weakly mixing);

(3) forany M > Oand j € N, we have Ay ; OZM,J- € F, where

Ayj=neNwjwji---wjp, > M},

_ 1
AM’j = {n e N: Wiwj—1 - Wj—p41 < M}
We denote by w the Fréchet space of all sequences in K, where K denotes either R or C,
that is,

w: = KNO ={(xn)n: xn € K, n € No},

with the topology given by the seminorms: p,(x) = sup;,|x;|, n € No. The canonical
basis of w is denoted by e,, = (8; n)ieNy, n € No.

Let X be an infinite-dimensional separable Fréchet space. If X can be embedded
continuously (by a linear map, 6 say) into w, then X is called a unilateral Fréchet sequence
space. Roughly speaking, the convergence in a Fréchet sequence space implies the
convergence of each coefficient in K. Since for each n € Ny, E,, = 0~ Le, € X (if exists)
must be unique, we denote it still by e,,.
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10 J. Lietal

Let X be a unilateral Fréchet sequence space in which (e, ),¢N, is a basis (i.e. Z?io X;je;
converges for each x € X). Define a linear map B: X — w by

(x0, X1, X2, . . ) > (x1, X2, .. .),

where x = Z?io xje; € X. If B maps X into X, then it must be continuous and we
say that B is the unilateral backward shift on X. Define a map F: {x € X: there is
| € Ny such that x; = 0 foreachi > [} — X by

(x0, X1, X2, . .., x,0,...) = (0, x0, x1, x2, . . ., x1,0,...).

The map F is called the unilateral forward shift for finite sequences of X. Bilateral
backward (and forward) shifts on bilateral Fréchet sequence spaces are defined similarly.
See [9, 10, 22, 27] for more details of weighted backward shifts.

3. Weak disjointness in linear dynamics

In this section, we introduce the notion of weak disjointness of linear dynamical systems.
We will give a criterion for F-mixing and a sufficient condition for mild mixing. In
addition, we illustrate that a weakly mixing operator may not be weakly disjoint from
its iterates.

Definition 3.1. LetT: X — X and §: Y — Y be two operators. We say that 7 and S are
weakly disjoint provided that their direct sum 7 @ S is hypercyclic.

Weak disjointness of finitely many operators is defined similarly. By Remark 2.18, two
operators 7: X — X and S: Y — Y are weakly disjoint if and only if for any non-empty
open subsets Up, Uy of X and non-empty open subsets Vi, Vo of Y, Nr (Ui, Uz) N
Ns(Vi, V2) # . We have the following observation, which is in fact true for topolog-
ical dynamical systems. Recall that for a given family F, an operator 7: X — X is
F-transitive if N(U, V) € F for any non-empty open subsets U and V of X.

LEMMA 3.2. Suppose that F is a shift-invariant family. Let T: X — X and S: Y — Y
be two operators. If S is hypercyclic, then T @ S is F-transitive if and only if for any
non-empty open subsets U1, Uy of X and non-empty open subset V of Y, we have

N7 (U, U) N Ng(V, V) e F.

Proof. The condition is obviously necessary.

Conversely, by the hypothesis, both 7 and S are hypercyclic. Fix non-empty open subsets
Ui, U, of X and non-empty open subsets Vi, V2 of Y. By the hypercyclicity of S, there
must be m € Ny such that V| N S™"V, # @. By the hypercyclicity of T, T~ U, # @. Let
V =V NS ™V,. We then have Ng(V, V) +m C Nsg(V{, V») and Ny (U, T""U,) +
m C Nt (U1, U3). Finally,

(N7 (U1, T"™U2) N Ng(V, V)) +m C Nr(Uy, Uz) N Ns(V1, V2).
We are done since N7 (Uy, T~ Uz) N Ng(V, V) € F and F is shift, -invariant. O

Since the family of non-empty subsets of Ny is shift, -invariant, by applying Lemma 3.2,
we have the following version for weak disjointness.
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LEMMA 33. Let T: X — X and S: Y — Y be two operators. If S is hypercyclic, then
T and S are weakly disjoint if and only if for any non-empty open subsets U1, U of X and
non-empty open subset V of Y, we have

Nr Uy, Uy) N Nsg(V, V) # 0.

Given a hypercyclic operator T and k € N, we consider the weak disjointness of 7 and
Tk. We will see in the following examples that T may not be weakly disjoint from T*, even
if T is weakly mixing. We note that related constructions appear in [20, Theorem 1.3] and
[12, Example 4.5], although they are used there to address different questions. We give a
self-contained proof below, formulated in a way that makes explicit the properties required
for our subsequent analysis.

Example 3.4. Let X = co(Np) or £7(Np), 1 < p < oco. There exists a unilateral weighted
backward shift B,, on X such that B,, is weakly mixing, but By, ® Bl% is not hypercyclic.

Proof. For any n € N, we define two finite blocks .4, and B, by

1
An=[2,2,2,...,2,2—n], B,=1I[1,1,1,...,1].
n terms n terms

Define a sequence (b,),eN of positive integers by
b1=2, byt1=2b,+n+2, nel

Let By, be the unilateral weighted backward shift on X defined by the weight w, where
w = (wj);eN, 18 given by
w = (Bls -’419 Bblv A2’ Bb29 ] Ana anv . )
e e — —
For a finite block u, denote the length of u by |u|. For each n € N, one has

n
D (Al + 1By, ) = 2by.
i=1
For each n € N, it is easy to see that for each k € [b, — 1,2b,] NNy, wiwy - - -
wr = 1, and for each k € [2b, + 1, 2b, +n + 11NNy, wiws - - - wy = 282b» Then,
lim sup;_, o, wiwy - - - wg = 00. By [22, Example 4.9], B,, is weakly mixing.

For each k € N with wjw; - - - wi > 2, we have either k =1 or k € [2b,, + 1, 2b,, +
n+ 1]forsomen € N.If k = 1, then wyw, - - - wyr = wywy = 1. If k € [2b,, + 1, 2b,, +
n + 1] for some n € N, since 2k € [4b,, + 2, 4b,, + 2n + 2] C [bp+1 — 1, 2b,41], we have
wiwy - - - wyx = 1. Consider the non-empty open set

W={xeX: ||x—eol|<%}.

Assume that there is m € NBW@B%(W e W, W& W)\ {0}. Then, there is a pair
(x,y) e W@ W with (B, & Bi)m(x, y)e W@ W. Since x,y € W and m # 0, we
have |x,,| < % and |yo;,| < % Since Bjyx € W, we have [wiwy - - - WXy, — 1] < % and
then wiws - - - wy = (Wiw2 - - - Wy |Xm|/|1Xm|) > 2. Then, wiwy - - - wyy, =1 by the
above analysis. Since BSJ’" y € W, we have |lwiws - - - womyam — 1| < % and then again
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wiwy - - - Wy, > 2, which is a contradiction. Then, NB“,@Ble(W oW, We Ww)=/{0},
which implies that B,, @ B?D is not hypercyclic. O

Example 3.5. Let X = co(Np) or £/ (Np), 1 < p < oco. There exists a unilateral weighted
backward shift B, on X such that B, @ B2 is weakly mixing, but B, @ B, is not
hypercyclic.

Proof. Assume that X = ¢o(Np); the case X = £7(Ny), 1 < p < oo is similar. For any
n, m € N, we define three finite blocks A, B, and C, by

1
A, =12,2,2,...,2], Bn’mz[l,l,l,...,l,ﬁ}, C,=1[1,1,1,...,1].
————— —_— ——————
n terms n terms n terms

Letso =1,s; =3and s,+1 = 2(3(s, — 1) +n + 1) 4+ n for n € N. Define two sequences
(bn)nen and (cp)nen of positive integers by

b,=s,—1—[36-1—1)+nl, ¢ =26,—1)—1, neN.

Let By, be the unilateral weighted backward shift on X defined by the weight w, where
w = (w;);eN, 1s given by

w = (C1, A1, By.1,Ceys - - - s Ans Boyns Cepo - - ).

Fix n € N. One has w;, =27". If k € [s,, 3(s, — 1)] NNy, then wjwy - - - wx = 1. If
keB(sp—1) 41,3, —1)+n] NN, then wiws - - - wg = 2K736=D If k e [3(s,, —
1) + n+1, 8,41 — 11NNy, then wywy - - - wy = 2"F1,

For each finite sequence x = (xp, x1, X2,...,x7,0,...) € X, let
X0 X1 X2 Xi
wa—<0, s T s T 90 )
w]p w2 w3 Wi+1

Denote T = By, & Bi, S=S8, Si and Y =X & X. Let Xg be the set of finite
sequences in X. Then, Yo = Xo @ Xo is a dense subset of Y. Put a, =3(s,—1 — 1) +n
for each n € N. We shall show that T satisfies the hypercyclicity criterion (Theorem 2.19)
with S, Yy and (a,)nenN.

To see this, fix (u,v) €Yy and € > 0. Write u = (ug, uy,...,u;,0,0,...)
and v= (vo,v1,...,0,0,0,...). Let My =max({|u;|:i € No} U{|v;] :i € Ngo}) +
I, My = max{wjwy ---w; :i € No,i <I[}. Pick N; € N such that n > N; implies
sy —2n —7 > 1. For any n > Ni, we have [ +2a, —a, <s, — 1 — 3(s,—1 — 1) +n)

and then {a,,a, + 1,...,2a,,...,l 4+ 2a,} C [3(sp—1 — 1) +n, s, — 1]. By the above
analysis, we have wi - - - Wy, = W1 - - - W, 41 = -+ = W] - - - W24, = 2". Pick N €
N such that n > N, implies 1/2" < e/M;M,. Put N = max{Ny, N,}. For any n > N,
one has
Hsg)nuuzsupjflesupjfl wiwy - - w;luj
Wjt] -« Wjta, WIW2 -+ - WjWjig] - - Wtg,
_ Supj<lw1w2 ceewjlugl - sup-<lw1w2 ceewjlugl
= on J= M1M2
<€
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Weak disjointness of hypercyclic operators 13

and
2 lvjl wiwy - - wjlvj|
15240 ]| = sup; o) ———L——— = sup, _,
Wiyl - Wjt2a, wWiwy « - - WjWjsg -« - Wjitla,
— sup w1w2"'wj|vj| < sup wlwz...wjlvjl
Jj=<I on Jj=l MM,

< €.

This gives that lim S*(u,v) =0, while it is clear that TS(u, v) = (4, v) and
n—oo
lim T%yy = 0 for each yg € Yy. So, T satisfies the hypercyclicity criterion (Theorem

378; and then it is weakly mixing.

However, whenever there is n € N with wjw, - - - w, > 2, we have either n € {1, 2}
orn € [3(sg — 1) + 1, sg41 — 1] forsome k € N. If n € {1, 2}, then wywy - - - w3, = 1. If
ne3@y—1)+1,s¢4+1 — 1] forsome k € N, since 3n € [9(sx — 1) + 3, 3(sx+1 — 1)] C

[sk+1, 3(sk+1 — 1)1, we have wiwy - - - w3, = 1. Consider the non-empty open set

1
W:{xeX:l|x—eo||<§}.

As in Example 3.4, NBWGBB?U We W, We W) =1{0} and then B, ® BS, is not hyper-
cyclic. O

Remark 3.6. By a similar method, for any k € Nand X = ¢o(Np) or £7(Np), 1 < p < oo,
one can construct a unilateral weighted backward shift B, on X such that B, &
B2 @ - - - @ Bf is weakly mixing but B,, @ BX*! is not hypercyclic.

3.1. The F-mixing criterion. It is observed that an operator is weakly mixing if and
only if it is weakly disjoint from itself. We investigate how a weakly mixing operator can
be weakly disjoint from itself. In terms of Furstenberg families, we study the F-transitivity
of the direct sum of an operator and itself when a family F is given.

Definition 3.7. Let F be a family. An operator T : X — X is said to be F-mixing provided
that T & T is F-transitive.

Recall that the blow up/collapse condition characterizes the weak mixing of operators
(see Theorem 2.21). We formulate here the blow up/collapse condition for F-mixing.

LEMMA 3.8. Let F be a family. Then, an operator T : X — X is F-mixing if and only if
for any non-empty open subsets U, V of X and neighbourhood W of 0, we have

NWU,W)NN(W, V) e F.

Proof. The condition is obviously necessary.

Conversely, let U, V be a pair of non-empty open subsets of X. Pick non-empty open
subsets U’ C U, V' C V and a neighbourhood W of 0 such that U'+ W Cc U, V' +
W C V. The observation N(U’, W)NN(W, V') Cc N(U, V) gives that N(U,V) € F
and then T is F-transitive. Since ¥ ¢ F, by Theorem 2.21, T is weakly mixing. So, T
is F-mixing. O
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Inspired by the hypercyclicity criterion (Theorem 2.19), we formulate a criterion for
F-mixing in terms of limits, which is especially applicable to backward shifts (see §5).
Before this, we need a notion, which requires the specific shape of the indices of convergent
subsequences.

Suppose that X is a metric space and F is a family. Let (x,),eN, be a sequence in X.
We say that a point x € X is an F-limit of (x,),en,, denoted by F _;11—i>nolo X, = x, if for any

neighbourhood U of x, we have
(neNy:x,eU}eF.

In [10], Bes et al gave a criterion [10, Theorem 2.4] for an operator to be JF-mixing,
requiring that F is a filter. The following criterion has a strong requirement on the limits,
but no requirement for the family.

THEOREM 3.9. (F-mixing criterion) Let T: X — X be an operator and F be a family.
If there exist dense subsets Xo, Yo of X and a sequence (Sp)nen, of maps of Yy into X such
that for any xo € Xo, yo € Yo,

F- lim (T"x0, Spyo, T" Suyo) = (0, 0, yo),
n—oQ
then T is F-mixing.

Proof. Let U, V be non-empty open subsets of X and let W C X be a neighbourhood of
0. Pick xo € XoN U and yg € Yo N V. Then,

A={neNy:T"xge W, S,y0o € W, T"S,yo € V} € F.

Since AC NWU,W)YnNMW,V), we have NWU, W)NNW,V)e F. Then, T is
F-mixing, by Lemma 3.8. O

Remark 3.10. Tt is clear that an operator satisfying the hypercyclicity criterion
(Theorem 2.19) must satisfy the JFiyr-mixing criterion. Once an operator satisfies the
Finf-mixing criterion, it is weakly mixing and then by Theorem 2.20, it satisfies the
hypercyclicity criterion (Theorem 2.19). The F¢¢-mixing criterion coincides with Kitai’s
criterion [22, Theorem 3.4]. Generally, the F-mixing criterion does not characterize the
JF-mixing. For example, Grivaux has constructed a strongly mixing operator that does not
satisfy Kitai’s criterion (see [19, Theorem 2.5]).

3.2. Mild mixing. It is natural to consider the property of operators that are weakly
disjoint from a given class of operators. In 2024, Cardeccia characterized in [13] the
operators that are weakly disjoint from all weakly mixing operators and the operators that
are weakly disjoint from all topologically ergodic operators. We restate these results, in the
language of weak disjointness.

THEOREM 3.11. [13, Theorem 5.3] Let T: X — X be an operator. The following
assertions are equivalent:

(1) Tis topologically ergodic;

(2) T is weakly disjoint from all weakly mixing operators;

(3) T & S is weakly mixing for each weakly mixing operator S: Y — Y.
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THEOREM 3.12. [13, Theorem 5.4] An operator T : X — X is Fps-transitive if and only
if T is weakly disjoint from all topologically ergodic operators.

It is clear that the operators that are weakly disjoint from all strongly mixing operators
are exactly the hypercyclic ones. We wonder if there is a non-mixing operator that is weakly
disjoint from all hypercyclic operators. We introduce the concept of mild mixing in the
framework of linear dynamical systems, and show that the mild mixing of operators is a
property that lies strictly between strong mixing and weak mixing.

Definition 3.13. An operator T: X — X is said to be mildly mixing provided that it is
weakly disjoint from all hypercyclic operators.

PROPOSITION 3.14. Let T: X — X and S: Y — Y be two operators. Then, T & S is
mildly mixing if and only if both T and S are mildly mixing.

Proof. The condition is obviously necessary.

Conversely, fix a hypercyclic operator R: Z — Z. Since S is mildly mixing, we
have that S @ R is hypercyclic. Since T is mildly mixing, we have that T & (S & R)
is hypercyclic. This gives that (T @ S) @ R is hypercyclic and then 7 & S is mildly
mixing. O

Next, we deduce a sufficient condition for an operator to be mildly mixing.
PROPOSITION 3.15. Each A;“p-transitive operator is mildly mixing.

Proof. Suppose that T: X — X is a Ai*p—transitive operator. Fix a hypercyclic operator
S:Y — Y. Let Up, Uy be non-empty open subsets of X and let V be a non-empty
open subset of Y. Let x € V be a hypercyclic vector for S. Since each hypercyclic
vector is recurrent, by Theorem 2.15, we have Ngs(x,V) e Fip and Ng(V,V) =
(Ns(x, V) — Ns(x, V)) NNg (i.e. Ns(V, V) € Ayp). Since Nr (Ui, Uz) € Ai*p’ we have
that N7 (Uy, Up) N Ng(V, V) # (0. By Lemma 3.3, T is weakly disjoint from S and then T
is mildly mixing. U

Recall from Theorem 2.16, we know that the mild mixing of compact dynamical
systems is equivalent to the Ai*p-transitivity. In Proposition 3.15, we have shown that each
A;“p-transitive operator is mildly mixing, so we ask the following question.

Question 3.16. Is each mildly mixing operator A;“p-transitive?

Now, we deduce that for operators, strong mixing is not equivalent to mild mix-
ing. Let A = {A C Ny : there is F' € Fiy with (F — F) N Ng C A}. Since Fj, C Finf, by
Proposition 3.15, each A*-transitive operator is mildly mixing. Bes ez al have constructed

a A*-transitive weighted backward shift on co(Np) or £7(Np), 1 < p < oo that is not
strongly mixing in [10, Proposition 5.5]. So, we have the following.

PROPOSITION 3.17. There exists a mildly mixing operator that is not strongly mixing.
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Remark 3.18. For an operator T on £(Z), it is natural to consider the weak disjointness
of T and its adjoint T*. However, it can be easily checked that this will never happen, see
e.g. [22, Remark 4.17].

Salas constructed in [27, Corollary 2.6] two weakly mixing operators T, S on ¢>(Z)
such that 7" and S are not weakly disjoint. He also constructed in [27, Corollary 2.3] an
operator T on ¢2(Z) such that both 7 and T* are weakly mixing, while 7 and T* can
never be weakly disjoint by Remark 3.18. It is illustrated in Example 3.5 that there is a
weakly mixing operator 7' on £'(Np) such that 7 and T2 are not weakly disjoint. The
above examples show that mild mixing is not equivalent to weak mixing for operators.

PROPOSITION 3.19. There exist some weakly mixing operators that are not mildly mixing.

It is observed that each strongly mixing operator is mildly mixing and each mildly
mixing operator is weakly mixing. By Propositions 3.17 and 3.19, the mild mixing of
operators lies strictly between strong mixing and weak mixing. In 1993, Ansari showed
in [3] that an operator is hypercyclic if and only if each of its iterates is hypercyclic.

THEOREM 3.20. [3, Theorem 1] Let T: X — X be an operator and p € N. Then,
HC(T) = HC(TP).

By Ansari’s result, we have the following two more sufficient conditions for mild
mixing. Recall that an operator is said to be chaotic in the sense of Devaney (or chaotic
for short) if it is hypercyclic and has a dense set of periodic points. In 2007, Badea and
Grivaux constructed in [4, Corollary 4.7] a chaotic operator that is not strongly mixing,
which shows that chaos does not imply strong mixing. However, we have that chaos does
imply mild mixing. We also obtain that an operator is mildly mixing if some iterate of it is
mildly mixing.

PROPOSITION 3.21. Let T: X — X be an operator.
(1) If T is chaotic, then it is mildly mixing.
(2) IfT? is mildly mixing for some p € N, then T is mildly mixing.

Proof. (1)Let S: Y — Y be a hypercyclic operator. Fix a non-empty open subset V of X
and two non-empty open subsets Uy, U, of Y. Since T is chaotic, thereisv € V and p € N
such that T”v = v. Since S” is hypercyclic by Theorem 3.20, there exists n € N such that
SPPUL N Uy # B. Since TP"v = v, we have pn € N7(V, V)N Ng(Uy, Uz). By Lemma
3.3, T is weakly disjoint from S. Thus, 7 is mildly mixing.

(2) Let S: Y — Y be a hypercyclic operator. By Theorem 3.20, S? is also hypercyclic.
Since 77 is mildly mixing, we have that 77 is weakly disjoint from S”. Then, T is weakly
disjoint from S. This implies that 7 is mildly mixing. O

It is natural to consider the following question.

Question 3.22. Let T: X — X be a mildly mixing operator. Is 77 mildly mixing for all
p e N?
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4. The Weiss—Akin—Glasner theorem for operators and some applications

In this section, by showing an analogue of the Weiss—Akin—Glasner lemma, we formulate
the counterpart of the Weiss—Akin—Glasner theorem within the framework of linear
dynamical systems and provide some applications.

4.1. The Weiss—Akin—Glasner theorem for operators. We have the following charac-
terization of subsets of non-negative integers that can be realized by the return time
sets of F-mixing operators, which is an analogue of the Weiss—Akin—Glasner lemma
(Lemma 2.12) from topological dynamics.

LEMMA 4.1. Let F be a full family and F C No. Then, F € F if and only if there is an
invertible F-mixing weighted backward shift By, on X, and a non-empty open subset W of
X such that

Ng, (W, W) = F U {0},
where X = co(Z) or £P(Z), 1 < p < oo.

Proof. If such an operator B, : X — X exists, then by Proposmon 2.6, N, is a
shift-invariant thick subfamily of F. Then, F U {0 } e N, C F since F is the max-
imal shift-invariant thick subfamily of F. Since F is shift-invariant, it is full. Then,
(FU{Oh)NN € F.Itis observed that (FU {0}) NNCF.So, F e F.

Conversely, suppose that F' € F. Since F is hereditary upward, F' U {0} € F. As the
desired return time set is F U {0}, replacing F by F U {0} if necessary, we may assume
that 0 € F. We divide the construction of the weighted backward shift into two cases.

Case A:F € Fep. Write F =1, UL, U---UI, U([L, o) NNp) with ¢, L > 0 such
that {Ik}iz | are disjoint maximal finite integer intervals. Write No \ /' = 1 U, U---U
J; such that {Jk}f(:1 are disjoint maximal finite integer intervals. Without loss of generality,

we assume that min /1 < min I < - -+ < min I; andmin J; < min J < - - - < min J;. If
F = Ny, then there is no such I and J;. Foreach k € {1, 2, ..., ¢}, let
11 1 .
2,2,...,2, =, =, ...,=, 1 if | Ix| = 2s for some s € N,
_— 22 2
s terms —IT—‘
J— S— erms
T = 11 1 _
2,2,...,2, =, =, ..., = if [Ix] = 2s + 1 for some s € Ny,
—_— 22 2
s+1 terms
s terms
and

1
[Z,l,...,l] ifk =1,
Tk =

R
|:—, ..., 1] otherwise,
2
with | Jx| = |Jk|. We consider the weighted backward shift B,,: X — X defined by the

weight

111
== ==, I, L T, 2,2, ... ).
w ( ) 1, t» Tt )
———— No
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Since both (w;)jez and (1/w;4+1)iez are bounded, B, is an invertible operator on X.
Clearly, By, is strongly mixing (see [22, Example 4.15]) and, thus, F-mixing.

Case B:F € F \ Fcf- Write F as the disjoint union of a sequence (Ii)xen of maximal
finite integer intervals and write Ng \ F as the disjoint union of a sequence (Ji)gen of
maximal finite integer intervals. Without loss of generality, we assume that the sequences
(min Ix)ken and (min Ji)gen are increasing. Note that 0 € 1. For each k € N, let 7y
and Ji be defined by the same formulae as in Case A. Let B, be the bilateral weighted
backward shift on X defined by the weight

: 57 E’ Ea
— i

111
w=< Il’ja"'»Iﬂajn7z-}’l+la\7ﬂ+l"")'

Since both (w;);ez and (1/w;+1);ez are bounded, By, is an invertible operator on X. We
first prove the following claim.

CLAIM 4.2. If m € Ny satisfies {m —r —1,m—r,...,m+r+ 1} C F for some r €
No with r > |I1]|, then wowy - - - wy, > 2.

Proof of the claim. Denote ¢(j) = wowy - - - w; for j € Ny. Since (Ii)ken are disjoint,
there is a unique k € N such that {m —r — 1, m —r,...,m+r + 1} C Ix. Denote

a = min I and b = max I;. Since |I| > 2r + 3 > |I1|, we have k > 2 and |I;| > 3. If
|I]| = 2s for some s € N, then

2, 0<i=<s-—1,
pla+i)={2>"1"2, s<i<25-2,
1, i=2s—1.
If | Ix| = 2s + 1 for some s € N, then
pla+i)= 2, ) O=i=s.
2271 s+ 1<i<2s.
Asa+r+1<m<b-—r—1,itisclear that o(m) > 2". O

To show that By, is F-mixing, by Proposition 2.22, it suffices to show that for any
M >0andjeN, Ay NAy,; €F, where

AMJ = {n e N: Wit W42 - Wigp > M},
ZM’j =meNiwjwj_1---wj_p1 <1/M}.

Now, fix M > 0 and j € N. There is ¢ € Ng with ¢ > [/] and 29 > Mwowjws - - - w;.
Consider the set

E={meNoy:{m—g—-—j—1lm—qg—j,....m+qg+j+1} C F}.

Recall that F is the maximal shift-invariant thick subfamily of 7 and F € F, by Remark
24, Ee FCF. FixneE. We have {(j+n)—qg—1,(+n)—q,...,([J+n+
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q + 1} C F. By the claim,
WoW Wy - - - Wjgy = 29,
This implies that

WoWIW2 -« * Wjgp 24
Wit Wj42 - - Wjgp = > > M.
w0w1w2~~~wj wowlwz---wj

It is obvious that n > ¢ + j + 1. Then,

Wiwj—]++ Wj—pgl = (Wjwj—p -+ wo) - (W—1 ++* Wj—pt1)
( ) : =( ) 1 :
= (wowy - - Wj)  ——— Wowy - W) — < —.
oW1 j n—j—1 = ow1 Jj 24 M

So, n e AM’J' ﬂZM’j and then E C AM,/' QZM’j. This gives that AM,J' ﬁZM’J' e F.
Hence, B, is F-mixing, by Proposition 2.22.

So, in both cases, we have constructed an F-mixing bilateral weighted backward shift
B,, on X and for each n € Ny, one has:
(O wowiwy---w, = % ifandonlyifn ¢ F;
2) wowjwy---w, > lifandonlyifn € F.
Foreachx =), ., xie; € X, let

xlle = | Y xiei.
ieNy
The function || - ||+ is clearly a continuous seminorm on X. Consider the following

neighbourhood W of ey:
4
W=1{yeX:ly—el+ < 5[

Now, we verify that Np, (W, W) = F. On the one hand, fix m € Np, (W, W) \ {0}.
Then, there is a vector x = ZieZ x;e; € Wsuchthat B])x € W, which gives that |x,,| < %

and |{wiwy - - - WXy, — 1] < %.Then, we have wiwy - - - Wy | x| > %and
Wow Wy -« - W lXm|  wo 1
wowiwy - - - Wy = > — = _,
[ X | 4 2

which gives that m € F. On the other hand, fix m e F\ {0}. Let x =¢eo+
(3/10wywy - - - wy,)en. Then,

3wy 3wg 3 4
Ibe = eoll+ = 10wiwy - - - wy, lemll = 10wowwy - - - wy = 10 - 5 = 5
and, hence, x € W. Moreover,
| Byyx —eoll+ = ’ i60 —e0+ (Wemt W42 -+ - WOl | = llleoll . < A—‘
10 + 10 10 5
So, B} x € W. Therefore, m € Np (W, W). O]

Remark 4.3. Given a full family F and F € F, by a strategy similar to that used in the
proof of Lemma 4.1, one can find an F-mixing unilateral weighted backward shift By, on X,
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and a non-empty open subset W of X such that Np, (W, W) = F U {0}, where X = co(Np)
or {?(Np), 1 < p < o0.

By Lemma 4.1, for a given full family /, we characterize the operators that are weakly
disjoint from all F-mixing operators, which is an analogue of the Weiss—Akin—Glasner
theorem (Theorem 2.13) from topological dynamics.

THEOREM 4.4. Let T: X — X be an operator and let F be a full family. Then, the

following assertions are equivalent:

() Tis (f)*—transitive;

(2) T is weakly disjoint from all F-mixing operators;

(3) T is weakly disjoint from all invertible F-mixing bilateral weighted backward shifts
onY, where Y = co(Z) or £ (Z), 1 < p < o¢.

Proof. The implications (1)=-(2)=>(3) are clear.

(3)=(1). Let U, V be a pair of non-empty open subsets of X. Our goal is to show
that N7 (U, V) intersects each member in F.Fix F e F. By Lemma 4.1, there exists
an invertible F-mixing bilateral weighted backward shift S on Y and a non-empty
open subset W of Y such that Ng(W, W) = FU{0}. Since T & S is hypercyclic,
Nr (U, V) N Ns(W, W) is an infinite set, while Ny (U, V) N Ng(W, W) = Nr(U, V) N
(FU{0}) =(Nr(U,V)NF)U (Nt (U, V)N {0}). Consequently, Ny (U, V)N F is an
infinite set and then N7 (U, V) € (]A-: )*. Hence, T is (f )*-transitive. ]

For a shift-invariant thick family F, if every F*-transitive operator is weakly mixing,
then the characterization of the weak disjointness of F-transitive operators can be
strengthened as follows.

PROPOSITION 4.5. Let T: X — X be an operator and let F be a shift-invariant thick

Sfamily. If every F*-transitive operator is weakly mixing, then the following assertions are

equivalent:

(1) Tis F*-transitive;

(2) for any F-transitive operator S: Y — Y, T @ S is weakly mixing;

(3) for any invertible F-transitive bilateral weighted backward shift S on Y, where
Y =co(Z), or £P(Z), 1 < p < oo, T & S is weakly mixing.

Proof. The implication (2)=(3) is clear. (3)=>(1) follows from Theorem 4.4.

(1)=(2). Let S: Y — Y be an F-transitive operator. Fix non-empty open subsets
Ui, Vi of X and Uy, V» of Y. Let k € Np. By the hypothesis, T is weakly mixing
and F*-transitive. So, T is F*-mixing. Then, A={neNy:{n,n+1,...,n+k} C
Nr(Uy, V1)} € F*. By the F-transitivity of S and the thickness of F, we have B = {n €
No:{n,n+1,...,n+k} C Ng(Uz, V2)} € F. Now, 0 #ANBC{neNg:{n,n+
1,...,n4+k} C Nr(Uy, Vi) N Ns(Up, V»)} and then Ny (Ui, Vi) N Ns(Up, Vo) € Fi.
By Proposition 2.5, T @ S is weakly mixing. O
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Since Fis and JF; are shift-invariant thick families, and topologically ergodic operators
are weakly mixing, by Theorem 4.4 and Proposition 4.5, we can strengthen Cardeccia’s
results (Theorems 3.11 and 3.12) as follows.

COROLLARY 4.6. Let T: X — X be an operator. Then, the following assertions are

equivalent:

(1) Tis topologically ergodic;

(2) T is weakly disjoint from all weakly mixing operators;

(3) T is weakly disjoint from all invertible weakly mixing bilateral weighted backward
shifts on Y, where Y = co(Z) or £P(Z), 1 < p < o0;

(4)  for any invertible weakly mixing bilateral weighted backward shift Son Y, T @ S is
weakly mixing, where Y = co(Z) or £P(Z), 1 < p < o0;

(5) for any weakly mixing operator S: Y — Y, T & S is weakly mixing, where
Y =co(Z) or P (Z),1 < p < 00.

COROLLARY 4.7. Let T: X — X be an operator. Then, the following assertions are

equivalent:

(1)  Tis Fps-transitive;

(2) Tis weakly disjoint from all topologically ergodic operators;

(3) T is weakly disjoint from all invertible topologically ergodic bilateral weighted
backward shifts on Y, where Y = co(Z) or £ (Z), 1 < p < oo.

As we can see, if each member of a family J contains a return time set of an JF-transitive
operator, then the F*-transitivity of an operator is equivalent to the weak disjointness from
all F-transitive operators. By Lemma 4.1, every member of a shift-invariant thick family
contains a return time set of an F-mixing operator. However, one can construct a family
F, where every member contains a return time set of an JF-transitive operator but is not
thick, using the following result.

THEOREM 4.8. ([14, Theorem 4.1] or [7, Theorem 1.2]) There is a hypercyclic operator
that is not weakly mixing.

Let T: X — X be a hypercyclic operator that is not weakly mixing and let
Nr ={A CNy: N(U, V) C A for some non-empty open subsets U, V of X}. It is easy
to check that an operator S: ¥ — Y is Af-transitive if and only if it is weakly disjoint
from all N7-transitive operators if and only if it is weakly disjoint from 7. However, since
T is not weakly mixing, we have N (Uyp, Vo) ¢ F; for some non-empty open subsets Uy, Vo
of X and then N7 is not a thick family. Lemma 4.1 gives a characterization of subsets of
non-negative integers that can be realized by the return time sets of F-mixing operators.
However, the characterization of return time sets remains open for hypercyclic operators
that are not weakly mixing. This raises the following question.

Question 4.9. In addition to shift-invariant thick families, what kind of family J has the
property that every member of F contains a return time set of an F-transitive operator?

By the Weiss—Akin—Glasner theorem (Theorem 2.9), there is no family F such that
the F-transitivity of compact dynamical systems is equivalent to the weak disjointness
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from all F-transitive compact dynamical systems, since there exists a topologically ergodic
compact dynamical system that is not weakly mixing. However, things change under the
framework of linear dynamical systems, since each topologically ergodic operator must be
Fis-transitive, thus weakly mixing, so we ask the following question.

Question 4.10. Is there a family F such that an operator is F-transitive if and only if it is
weakly disjoint from all F-transitive operators?

Remark 4.11. 1t is clear that every weakly mixing operator is JFps-transitive. A natural
question is whether these two classes of operators are distinct, see [13, Question on
p- 1328]. We note that by Corollaries 4.6 and 4.7, an operator is weakly disjoint from
all weakly mixing operators if and only if it is weakly disjoint from all Fps-transitive
operators.

In 1995, Salas provided in [27, Corollary 2.3] a hypercyclic operator T on £>(Z) such
that 7* is also hypercyclic. In Lemma 4.1, if we restrict the underlying space X to be £2(Z),
require that Ny \ F is large enough and modify our construction slightly, then the operator
we obtain possesses a hypercyclic adjoint.

PROPOSITION 4.12. Let F| and F» be shift-invariant thick families. If there are
Fy € Fi, F, € F with F1 N\ Fy =, then there is an invertible operator T on EZ(Z)
such that T is F-transitive and T* is F»-transitive.

Proof. Let F = Fy. It is clear that both F and Ny \ F are not cofinite. Write F
as the disjoint union of a sequence ([x)reny of maximal finite integer intervals.
Since {n € Ng: {n —2,n — 1,n} C F} € F|, without loss of generality, we require
that 0 ¢ F,1¢ F and |Iz] >3 for each k € N. In addition, we assume that the
sequence (minfly)gen is increasing. Let J; = [1, min/; — 1] N Np. For each k € N, let
Jir1 = [maxly + 1, minfx41 — 1] N Np. Forn € N, let

11 1
2,2,...,2, =, =, , = if |I,,| = 2m for some m € N,
—_— 22 2
m terms —
I — m terms
n 11 1 .
R N | if |1, = 2m + 1 for some m € N
_— 22 2
m terms —
m terms
and
11 1 .
— =y = 2,2, ..., 2 if |J,,| = 2m for some m € N,
22 2 ———
— m terms
m terms
T, = 11 1 .
1 — =y = 2,2, ...,2,1 if |J,| = 2m + 1 for some m € N,
2°2 2 ———
— m terms
m terms
[11 if |J,] = 1.
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In addition, let

1 1 1
2,2, 0,2, = =, = if |1,,| = 2m for some m € N,
_— 22 2
_ m terms
Inz 1mterms 1
1,2,2,...,2, =, —, , = if |I,] = 2m + 1 for some m € N
_ 22 2
m terms —
m terms
and
11 1 .
— =i, =0 2,2,...,2 if |J,,| = 2m for some m € N,
22 22—
— m terms
m terms
7= 11 I .
n 1, = = ..., =,2,2,...,2 if |J,| =2m + 1 for some m € N,
22 2l
m terms
m terms
[1] if |J,] =1

Let B, be the bilateral weighted backward shift on X defined by the weight w, where
w = (w;);ez 1s given by
w = (' : 'E??]’l" . 'I_l’jl3 [l] 3\719:[1’- . -’jn,In,- . ')'

——
-N 0 N

Foreachi € —N, we have w; = 1/w_;. Since both (w;);cz and (1/w;1);ez are bounded,
By, is an invertible operator on 02(Z). Let v = (wi—i)ieN, and T = By,. It is easy to
see that T* is conjugate to B,. It remains to show that B,, is JF|-transitive and B, is
JH-transitive.

By the same argument as the one in Case B of the proof of Lemma 4.1, we have the
following facts:

e if m € Ny satisfies {m —r,m —r+1,...,m+r + 1} C F for some r € Ny, then
wy - wy =27

e if m € Ny satisfies {m —r,m—r+1,...,m+r + 1} C N\ F for some r € Ny,
then wy - - - wy,, < 1/2".

To show that B,, is F-transitive, by Proposition 2.22, it suffices to show that for any
M >0and jeN, Ay ;(w) HKM,j(w) € JFi, where

Apjw) ={n e N:wjpwja - wjpn > M},
_ 1
Ap,j(w) = {n eNtwjwj - wjpy1 < M}

Fix j e Nand M > 0. There is g1 € N with 29! > Mw; - - - w;. Consider the set

Ey={meNo:{m—-qi—j—-1lm—-q—j,....m+q+j+1} CF}L
Since Fj is a shift-invariant thick family and F € Fj, by Remark 2.4, E; € Fji.
Fix neE;, we have {n+j)—qi,(n+j)—q+1L....0+)+q+1}CF
and {(m—j—-D—q,n—j—D—q1+1,....,(n—j—1)+q + 1} C F. Then,
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Wiw2 - Wiy > 29 and wiwy - - - wy—j—1 > 29'. We have

w1w2...wj+n 2‘11
Wit1Wj42 -+ Wjidgn = > > M
wlwz...wj wlwz...wj
and
1 wl---wj 1
WiWj—] - WoW—] ** - Wj—pt] = WoW] * * + W < < —.
S J ]w1---wn7j71 241 M

This gives that n € Ay j(w) N Ay j(w) and then Ey C Ay j(w) N Ay j(w). Then,
Apm,j(w) N ZM’J- (w) € Fi and By, is F-transitive by Proposition 2.22.

To show that B, is J»-transitive, by Proposition 2.22, it suffices to show that for any
M >0and jeN, Ay ;) HZM,j(v) € JF», where

Amjw)={neN:vjijvjpr - vjyn > M},
1

ZM,J'(U) = {I’l eN: VjVj—1 - Vjpgl < M}

Fix j € Nand M > 0. Thereis g» € Nwith29 > Mmax{wow_1 - - - w_jy1, vjvj_1---
vp}. Consider the set

Erx=meNo:{m—qp—jm—qg—j+1,.... m+qg+j+1} CN\ F}.

Since Ng \ F € F, and F; is full, we have N \ F € F,. Since F; is a shift-invariant thick
family, by Remark 2.4, Ey € F,. Fix n € E;. We have {(n+ j) —q2, n+ j) — g2 +
L.o..,m+)+q@+1}CN\Fand{n—j)—q.(n—j)—q+1,....(n— j) +
g2+ 1} C N\ F. By the above analysis, we have wijws - wjqy,—1 <1/29 and
wiwsy - - - wy—; < 1/29. Note that

1 1
‘Ul DY ‘U]+n frd f— .

Wiwy - - - Wjign—1 WoWiwWy - - - Wjqn—1

We have
1/ (wiwy - - - wjtn—1) 202
Vj4l " Vjyn = ! > >M
Ul"'Uj wow_l...w_j+1
and
<vjvj_1-~-v2 1

VjVj1ccUQU—] *c - Vjpq] = VU] -+ LQWOWWY « - W jpy < e < iR
This gives that n € Ay j(v) N Ay ;(v) and then Ey C Ay j(v) N Ay, ;(v). Then,
Ap,j(v) NAp,j(v) € F, and B, is F-transitive by Proposition 2.22. O

4.2. Some examples. Applying Lemma 4.1, we can provide a large number of operators
with some prescribed properties. We first give two general results and then provide certain
examples.

PROPOSITION 4.13. Let F| be a shift-invariant thick family and F, be a family. Then,
there exists an invertible JF1-transitive operator on X that is not F,-transitive if and only if
Fi1\ F2 # 0, where X = co(Z) or £P (Z), 1 < p < o0.
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Proof. On the one hand, let T: X — X be an invertible Fi-transitive operator that is not
JFo-transitive. Then, there are non-empty open subsets U, V of X with N(U, V) ¢ F>. We
are done since N(U, V) € F.

Conversely, fix F € F1 \ F,. By Lemma 4.1, there exist an invertible JF-transitive
operator 7: X — X and a non-empty open subset W of X such that

N(W, W) = FU{0},

where X = co(Z) or €P(Z), 1 < p < oco. Since X has no isolated points, there are
non-empty open sets W', W’ Cc W with N(W’', W”) C [1, +0o0). Finally, we have
NW',W"y C F. Since F ¢ F,, we have that N(W', W") ¢ F,. Hence, T is not
JFo-transitive. O]

PROPOSITION 4.14. Let F| and F> be shift-invariant thick families. Then, there exists
an invertible JF-transitive operator T : X — X and an invertible J,-transitive operator
S: Y — Y such that T is not weakly disjoint from S if and only if there are F1 € F1 and
F) € F> such that Fy N Fp = .

Proof. On the one hand, let T: X — X be an invertible Fj-transitive operator
and S: Y — Y be an invertible F,-transitive operator such that 7" is not weakly
disjoint from S. Then, there are non-empty open subsets Up, Vi of X and U, V»
of Y with Nr(Uy, Vi) N Ns(Us, V2) =@. We are done since N7(Uj, Vi) € F; and
Ng(Uz, V2) € F>.

Conversely, by the hypothesis, F| € F \ F;. By Proposition 4.13, there exists an
invertible J-transitive operator that is not 7 -transitive. Since J is a shift-invariant thick
family, by Theorem 4.4, there exists an invertible J-transitive operator S: ¥ — Y such
that T is not weakly disjoint from S. O

In 2019, Bes et al constructed several operators to distinguish transitivity with respect
to different families [10]. We provide here more invertible operators of this kind. We recall
the definitions of density and Banach density of a subset of Ny.

Definition 4.15. Let A C Ny.
o The upper and lower density of A are given by

5 feA:j<n—1 e Ai<n—1
B(A) = limsup L E AT == UL gy g e €A =0 = DI

n— 00 n n—00 n

e The upper and lower Banach density of A are given by

I € A <j<n-—1
BD(A) = limsup W €AM =/ =n= T

n—m— 0o n—m
feA:m<j<n-—1
BD(A) = liminf m=j=n-1I
n—m— 00 n—m
It is observed that for any A C Ny, we have BD(A) < D(A) < D(A) < BD(A). We

denote:

o Fpud={ACNy:D(A) > 0}; Fpid = {A C Ny : D(A) > 0};
o Fui={ACNy:DA) =1} Fia1 = {A CNo:D(A) =1}
e  Fpud ={A CNy:BD(A) > 0}; Fipa1 = {A C Np: BD(A) = 1}.
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It can be checked that the above six families are shift-invariant and Fiq;, Fipd1 are filters.
By Remark 2.4(5), both Fiq; and Fipq; are shift-invariant thick families. In addition, we
have Fi; = Fpud and F4; = Fpubd. By Proposition 4.13, once we have found a subset
of Ny with some prescribed properties, we will obtain an operator to distinguish certain
classes of hypercyclic operators.

PROPOSITION 4.16. Let X = co(Z) or £P(Z), 1 < p < o0.
1)  There exists an invertible weakly mixing operator on X that is not Fpyqg-transitive.
y g op b
2) There exists an invertible topologically ergodic operator on X that is not
pologically erg p
.ﬁ’;-transitive.
(3) There exists an invertible topologically ergodic operator on X that is not
polog y erg /4
JFud1-transitive.
4)  There exists an invertible JFiqi-transitive operator on X that is not topologicall
P polog Yy
ergodic.
5) There exists an invertible Finq1 -transitive operator on X that is not strongly mixing.
P 8Ly 8
(6) There exists an invertible ]-"i’;-transitive operator on X that is not A*-transitive.
(7) There exists an invertible Ai*p—transitive operator on X that is not fi’;—transitive.

Proof. (1)Let F =|J,cn{2",2" +1,...,2" +n}. Itis clear that F € F; \ Fpuq. Since
Fi is a shift-invariant thick family, the result follows from Proposition 4.13.

(2) Let F = No \ FS((10")5en). It can be verified that F € Fis \ F3,,. Since Fis is a
shift-invariant thick family, the result follows from Proposition 4.13.

(3) For each n € Ny, let F, = {(n3"k+i: ke N,i €{0,1,...,n— 1}}. Then, for
each n € N, F, is syndetic and D(F,) = D(F,) = 1/3". Then, F := U;’;l F, is thickly
syndetic and D(F) < > 0%, D(F,) = % This shows that F € Fi \ Fuqi. Since Fy is a
shift-invariant thick family, the result follows from Proposition 4.13.

(4) Let F =No \ U,en{2". 2"+ 1,...,2" + n}. By the proof of (1), F € Figi \ Fs.
Since Fyq; is a shift-invariant thick family, the result follows from Proposition 4.13.

(5) Let F=Ng\{2": n e N}. It is clear that F € Fppqq \ Fer- Since Fipgy is a
shift-invariant thick family, the result follows from Proposition 4.13.

(6) Let (sp),en be a sequence of positive integers such that s, 41 > 4(2:-;1 s; + n) for
eachn e N.Put S ={s,: n e NJand A =Ny \ (S — S). The family

k
Fa = {B C Np : there exist my, my, . . ., my € Z with ﬂ(A +m,~)}
i=1
is a shift-invariant thick subfamily of ]-"1’; (see [25, Example B]). Now, we have A € Fy4 \
A*. Then, the result follows from Proposition 4.13.
(7) Let (sp)nen be the same sequence as the one in the proof of part (6). Put
A = No \ FS((sp)nen). Foreach k € N, let Ay = ﬂfz_k(A + i). The family

Fa ={B C Ny : there exists k € N with A, C B}

is a shift-invariant thick subfamily of A;“p (see [25, Example C]). Now, we have
A€ Fy \]:f;' Then, the result follows from Proposition 4.13. O

We provide examples of weakly mixing operators without hypercyclic direct sums.
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COROLLARY 4.17. There exist an invertible weakly mixing operator T and an invertible
Fld1-transitive operator S such that T is not weakly disjoint from S.

Proof. Since there are Fy € F; and F; € Fig1 with F1 N F, = (see the proof of
Proposition 4.16(4)), the result follows from Proposition 4.14. O]

In §3, we have demonstrated that the mild mixing of operators lies strictly between
strong mixing and weak mixing. By Proposition 4.16 and Corollary 4.17, we immediately
obtain that the mild mixing of invertible operators lies strictly between strong mixing and
weak mixing.

COROLLARY 4.18.

(1)  There exists an invertible JF\q-transitive operator that is not mildly mixing.
(2)  There exists an invertible mildly mixing operator T that is not strongly mixing.

Proof. (1) The Fyq;-transitive operator S: ¥ — Y in Corollary 4.17 is not mildly mixing
since it is not weakly disjoint from some weakly mixing operator.

(2) By Proposition 4.16(7), there exists an invertible Ai*p—transitive operator T: X — X
that is not ]-"i”l‘)-transitive. By Proposition 3.15, T is mildly mixing. It is clear that T is not
strongly mixing. U

We provide a further example of a weakly mixing operator with a weakly mixing adjoint.
By Remark 3.18, this is also an example of a weakly mixing operator 7': X — X such that
neither 7' nor T* is mildly mixing.

COROLLARY 4.19. There exists an invertible Fq1-transitive operator T on 0%(Z) such that
T* is weakly mixing.

Proof. Since there exist F1 € Fiq1 and F € F; with F|1 N F> =@ (see the proof of
Proposition 4.16(4)), the result follows from Proposition 4.12. O]

5. Direct sums of backward shifts

In this section, we investigate the F-transitivity of the direct sums of finitely many
(bilateral and unilateral) backward shifts on Fréchet sequence spaces and show that the
JF-transitivity of such operators is equivalent to the F-mixing criterion.

Recall that in 1995, Salas gave in [27] a characterization of the weak disjointness of
weighted backward shifts on ZZ(Z) and £2(No). Indeed, the weak disjointness of weighted
backward shifts on co(Z) and £7(Z), 1 < p < oo (or ¢g(Np) and £7(Np), 1 < p < 00) is
already characterized by Salas in [27], although he only gave a proof for £2(Z) and ¢>(Np).
We restate these results in the language of weak disjointness.

THEOREM 5.1. [27, Theorem 2.5] Two weighted backward shifts By, By, on EZ(Z) are
weakly disjoint if and only if for any € > 0 and q € Ny, there exists n € N such that for

any |j| < ¢,

. 1
min{w; 1 Wj42 - Wjtn, Vji+1Vj+2 = Vjgn} > -
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and
max{w;w;—1 - - Wj_ptl, VjVj—1 - Vj_ptl} < €.

THEOREM 5.2. [27, Theorem 2.8] Two weighted backward shifts By, and B, on Ez(No)
are weakly disjoint if and only if

sup{min{IT}_, wy, TT}
n>1

_|VUs}} = o0.

In [21], Grosse-Erdmann gave a characterization of weak disjointness of finitely many
(unilateral and bilateral) backward shifts on F-sequence spaces with OP basis, by the limits
of the basis, see [21, Theorems 6 and 7].

Let X be a bilateral Fréchet sequence space in which {. . ., e_», e_1, eg, €1, €2, . . .} is
a basis. Given a bilateral weighted backward shift B,, on X, it is not hard to see that By, is
conjugate to a (non-weighted) backward shift B on a Fréchet sequence space X,, with the
basis {. .., w_jwpez, woe_i, €g, (e1/w1), (ea/wiwy), . . .}. This strategy also works for
unilateral weighted backward shifts. Since the weak disjointness and the F-transitivity of
operators are preserved under conjugacy, in what follows, we consider the direct sums of
backward shifts, which can be transferred into the form of weighted backward shifts.

THEOREM 5.3. Let X1, X», ..., Xy be bilateral Fréchet sequence spaces in which

(en)nez is a basis and By, By, ..., By be the backward shifts on X1, Xo, ..., Xk,

respectively. Let F be a family. Then, the following assertions are equivalent:

(1) @le B; is F-transitive;

Q) @, B is F-mixing;

3) @?:1 B; satisfies the F-mixing criterion;

(4) for each € >0 and N €N, ﬂj»v:_N ﬂle(C:j(X,-) NC. (X)) € F, where for
j€Zandi €{l,2,...,k},

CH(X)=neNo: llejanllx, <€l C;(X) = {n € No: llejonllx, <e€).

Proof. The implications (3)=-(2)=>(1) are clear.

(1)=>4). Fix e >0 and N € N. For each i € {1, 2, ..., k}, since (e,)nez is a basis
of X;, we have that {h,e,: n € Z} is bounded for each h = (h,),cz € X;. By the
Banach—Steinhaus theorem [22, Theorem A.10], for each i € {1, 2, . . ., k}, there exists

8; > 0 such that for any x € X; with IIx(i)lei < §;, we have that

; €
lxVenllx, < 5 neL

and
kP11 =N
J 3
Letd =min{§;: i =1,2,...k} and u = vasz e;. Foreachi € {1,2,...,k}, denote
Ui ={yeX;:|ly —ullx, <38} Since @{-‘zl B; is hypercyclic, we have
k

0:= ﬂ Np, (Ui, U) N [2N + 1, +00) # 0.
i=1
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Fix n € Q. There is a vector (x(l), x@ . x(k)) eU1®U; @ - - - P Uy such that
BixV, B3x@, . BIxYeU @U@ - @ Uy

That is, we have |j —n| > N, j+n > N for |j| < N and foreachi € {1, 2, ..., k}, we
have the following:
@ =11 < tforljl<N;
i) x| < L for |k| > N;
(i) (G~ Dejllx, < e/2for|j] < N:
(v) Ixellx, <e/2for k| > N;

W &~ 1< Lfor|jl < N

vi) x| < 1 for k| > N;
(Vi) [1Gxr; = Dejllx, < €/2 for |j| < N;
(viii)  lx) pexllx, < /2 for [k| > N.

Fixi € {1,2, ... k}. By item (viii), we have that ||x{"e; ,||x, < €/2for |j| < N.Then
by item (ii), we have that for |j| < N,

1 , .
”ej—n lx; = H <T — 1))6;1)6]'_" + x;l)ej_n

X; Xi
1 ] i
|- - 1‘ e allx, + 1x Ve,
X Xi
J
< €.
(@)

By item (iv), we have that ||x
that for |j| < N,

j+nej+"”Xi < €/2 for | j| < N. Then, by item (v), we have

! 0 0
lejnlix; = (T — L)X ,ejon + X840
xj+n Xi
- L O @
S\ T x| E X jnCin
xj+n X; X
@ @
= | Xjn€in + X fn€j+n
Xi i
< €.

Hence, we have that

N k
oc () N€cHxnnec(x.

j=—Ni=1
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Since 69?:1 X; has no isolated points, for each i € {1, 2, ..., k}, there are non-empty
open subsets W; and V; of U; such that

k
m Np,(W;, Vi) C[2N + 1, 4+00).

i=1

Then,

k N k
(\NsWi, Vo coc [ [(CHXnnC;(X).

i=1 j=—N i=1
We are done since the hypothesis gives that ﬂf‘: | Ng, (Wi, V;) e F.

@=@).Leta = (@,a?®,...,a®)yand b= D, b?, ..., b%) be two k-tuples
of finite sequences in @le X;.Foreachi € {1,2,...,k}, write

a”=(..,0,04d", . . .,aa" .. . aP 00..),
0 — (0 M) 50 i)
b =(..,0,0,6%),....60, 60, ... 6" 0,0,.. ).

Let Fy, F> ..., Fy be the forward shifts for finite sequences of X1, X» . .., Xy, respec-
tively. Denote T = @le B; and S = @le F;. Fix § > 0. For each i € {1,2,...,k},
there exists €; > 0 such that for any z® € X; with ||z ||x, < ¢;, we have for |j| <1,

@)

a2 x, <

N 8
) 1Bz Oy, < ——

2041’ 204+ 1°

Let e=min{e: i=1,2,....k}. Fix ne(_, ﬂf;l(c:j(x,-) NC_ (X)) and
ief{l,2,...,k}. We have

I I
) ) ) S
1FaPlx, = | - aejin| < 3 laejinlly, < @4 D5 =6
= X = 21+ 1
and
I . I . 5
”Blnb(l)”X, = Z b;l)ejfn < Z ||b§-l)€j7n||X,- < (21 + 1)21— =3.
= X = +1
Then, we obtain
F- lim (T"b, S"a, T"S"a) = (0,0, a).
n—od
Hence, T satisfies the F-mixing criterion. O

We now turn to unilateral backward shifts. The corresponding result is stated below.
Since its proof closely parallels that of Theorem 5.3 in the bilateral setting, we omit the
details.

THEOREM 5.4. Let X1, Xo, ..., Xi be unilateral Fréchet sequence spaces in which
(en)neN, is a basis and By, By, ..., By be the backward shifts on X1, Xa, ..., Xy,
respectively. Let F be a family. Then, the following assertions are equivalent:
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@;‘:1 B; is F-transitive;

@;‘:1 B; is F-mixing;

@?:1 B; satisfies the F-mixing criterion;

for each ¢ >0 and N €N, ﬂ?’zo ﬂle Ce,j(Xi) € F, where for j e Ngy and
ie{l,2,... k)

Cej(Xi) ={neNp:llentjllx; <€}

Acknowledgements. The authors would like to thank the referee for their valuable
comments, which have helped to improve the presentation of this paper.

Funding.  The authors were partially supported by the National Key R&D Program
of China (2024YFA1013601), NSF of China (12222110, 12171298) and a grant from the
Guangdong Provincial Department of Education (2025KCXTDO013).

(1]
[2]
[31
[4]
[5]
[6]
(71

(8]
91

[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]

[18]
[19]

[20]

REFERENCES

E. Akin. Recurrence in Topological Dynamics. Furstenberg Families and Ellis Actions (The University
Series in Mathematics). Plenum Press, New York, 1997.

E. Akin and E. Glasner. Residual properties and almost equicontinuity. J. Anal. Math. 84 (2001), 243-286.
S. I. Ansari. Hypercyclic and cyclic vectors. J. Funct. Anal. 128(2) (1995), 374-383.

C. Badea and S. Grivaux. Unimodular eigenvalues, uniformly distributed sequences and linear dynamics.
Adv. Math. 211(2) (2007), 766-793.

F. Bayart and E. Matheron. Hypercyclic operators failing the hypercyclicity criterion on classical Banach
spaces. J. Funct. Anal. 250(2) (2007), 426-441.

F. Bayart and E. Matheron. Dynamics of Linear Operators (Cambridge Tracts in Mathematics, 179).
Cambridge University Press, Cambridge, 2009.

F. Bayart and E. Matheron. (Non-)weakly mixing operators and hypercyclicity sets. Ann. Inst. Fourier
(Grenoble) 59(1) (2009), 1-35.

L. Bernal-Gonzalez. Disjoint hypercyclic operators. Studia Math. 182(2) (2007), 113-131.

J. Bés, Q. Menet, A. Peris and Y. Puig. Recurrence properties of hypercyclic operators. Math. Ann. 366(1-2)
(2016), 545-572.

J. Bes, Q. Menet, A. Peris and Y. Puig. Strong transitivity properties for operators. J. Differential Equations
266(2-3) (2019), 1313-1337.

J. Bés and A. Peris. Hereditarily hypercyclic operators. J. Funct. Anal. 167(1) (1999), 94-112.

J. Bés and A. Peris. Disjointness in hypercyclicity. J. Math. Anal. Appl. 336(1) (2007), 297-315.

R. Cardeccia. Disjoint hypercyclicity, Sidon sets and weakly mixing operators. Ergod. Th. & Dynam. Sys.
44(5) (2024), 1315-1329.

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

H. Furstenberg. Disjointness in ergodic theory, minimal sets, and a problem in Diophantine approximation.
Math. Systems Theory 1 (1967), 1-49.

H. Furstenberg. Recurrence in Ergodic Theory and Combinatorial Number Theory (M. B. Porter Lectures).
Princeton University Press, Princeton, NJ, 1981.

H. Furstenberg and B. Weiss. The finite multipliers of infinite ergodic transformations. The Structure of
Attractors in Dynamical Systems (Lecture Notes in Mathematics, 668). Ed. N. G. Markley, J. C. Martin and
W. Perrizo. Springer, Berlin, 1978, pp. 127-132.

E. Glasner. Classifying dynamical systems by their recurrence properties. Topol. Methods Nonlinear Anal.
24(1) (2004), 21-40.

S. Grivaux. Hypercyclic operators, mixing operators, and the bounded steps problem. J. Operator Theory
54(1) (2005), 147-168.

S. Grivaux and M. Roginskaya. Multiplicity of direct sums of operators on Banach spaces. Bull. Lond.
Math. Soc. 41(6) (2009), 1041-1052.

Downloaded from https://www.cambridge.org/core. 16 Nov 2026 at 10:55:54, subject to the Cambridge Core terms of use.


https://www.cambridge.org/core

32 J. Lietal

[21] K.-G. Grosse-Erdmann. Hypercyclic and chaotic weighted shifts. Studia Math. 139(1) (2000), 47-68.

[22] K.-G. Grosse-Erdmann and A. Peris Manguillot. Linear Chaos (Universitext). Springer, London, 2011.

[23] D. A. Herrero. Hypercyclic operators and chaos. J. Operator Theory 28(1) (1992), 93-103.

[24] W. Huang and X. Ye. An explicit scattering, non-weakly mixing example and weak disjointness.
Nonlinearity 15(3) (2002), 849-862.

[25] W. Huang and X. Ye. Topological complexity, return times and weak disjointness. Ergod. Th. & Dynam.
Sys. 24(3) (2004), 825-846.

[26] R. Peleg. Weak disjointness of transformation groups. Proc. Amer. Math. Soc. 33 (1972), 165-170.

[27] H. N. Salas. Hypercyclic weighted shifts. Trans. Amer. Math. Soc. 347(3) (1995), 993-1004.

[28] B. Weiss. A survey of generic dynamics. Descriptive Set Theory and Dynamical Systems (London
Mathematical Society Lecture Note Series, 277). Ed. M. Foreman, A. S. Kechris, A. Louveau and B. Weiss.
Cambridge University Press, Cambridge, 2000, pp. 273-291.

Downloaded from https://www.cambridge.org/core. 16 Nov 2026 at 10:55:54, subject to the Cambridge Core terms of use.


https://www.cambridge.org/core

	1 Introduction
	2 Preliminaries
	2.1 Subsets of non-negative integers
	2.2 Topological dynamics
	2.3 Linear dynamics

	3 Weak disjointness in linear dynamics
	3.1 The F-mixing criterion
	3.2 Mild mixing

	4 The Weiss–Akin–Glasner theorem for operators and some applications
	4.1 The Weiss–Akin–Glasner theorem for operators
	4.2 Some examples

	5 Direct sums of backward shifts
	Acknowledgements
	References

