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1. INTRODUCTION

A dynamical system describes a dependence of the position of a point in some space
on the time that is continuous or discrete. The founder of general theory of one and low—
dimensional discrete dynamical systems is Alexander Sharkovsky. In 1964 he specified
a new total ordering of natural numbers, known today as Sharkovsky’s ordering, which
describes the co—existence of periodic orbit for continuous interval maps. In the '70s it
has turned out that this ordering gives direction from more complex to simpler behavior
of systems. One of the most significant traits of dynamical systems is just the existence
of chaotic behavior. In 1972 during the 139th meeting of the American Association for
the Advancement of Science, Lorenz described the Butterfly Effect in his talk entitled
“Predictability: Does the Flap of a Butterfly’s Wings in Brazil Set Off a Tornado in
Texas?” The Butterfly Effect shows that very small change in initial conditions can create
a significant difference in the results. It is also known as the sensitive dependence on initial
conditions [22]. For the first time the notion of chaos was introduced by Li and Yorke in
1975 [20]. They showed that not only the existence of periodic point of period 3 implies
the existence of periodic points of all periods (which is a special case of Sharkovsky’s
Theorem), but also in addition it implies the existence of uncountable set whose points
never map to any cycle. There was suggested a defining criterion on the existence of chaos
for maps on the interval. This notion can be extended to more general metric spaces
and now this kind of chaos is known as Li—Yorke chaos. Various alternative definitions
of chaos was introduced later. However, it should be noted that unique and universally
accepted definition of chaos does not exists currently and it will probably never exist.
A summary of chaos theory is given by Li and Ye in [21]. In recent years, the chaotic
behavior of dynamical systems is a common concern not only among various branches of
mathematics. The chaos is also intensively studied by various branches of science and
engineering.

Combining Li-Yorke version of chaos with the notion of sensitivity to initial conditions
leads to a definition of Li—Yorke sensitivity that is the main area of interest of this thesis.
The thesis is structured as follows. After defining some elementary notions and introducing
notations in the next section, we explain some kinds of chaos and provide relationship
among them. In the last two sections of the first part we recapitulate the main results
contained in the papers concerning the thesis. These three papers form the second part
of the thesis. We focus on minimal Li-Yorke sensitive systems. In particular, on relations
between Li—Yorke sensitivity and spatio-temporal chaos, and extensions and factors of

Li—Yorke sensitive systems.



2. BASIC NOTIONS

A topological dynamical system is a pair (X, T'), where X is a non-empty compact metric
space with metric p and T is a surjective, continuous map from X to itself. If the space
X contains only one point, then the unique map on X is the identity map and we say
that the dynamical system on X is trivial. For any nonnegative integer n, denote by T"
the nth iterate of T. One of the main topics in dynamical system is the behavior of T"
when n goes to infinity. For a point x € X, its trajectory under the map T is the sequence
(T(2)).

If Y is a non-empty closed invariant (i.e., T(Y) C Y) subset of X, we call (Y,T|y) a
subsystem of (X,T') and we denote it briefly by (Y,T). A system (X,T) is minimal if it
contains no proper subsystem. Equivalently, (X,7) is minimal if any point € X has
a dense trajectory in X. A subset A C X is minimal if (A,T) is a minimal subsystem
of (X,T). By the Axiom of choice, any dynamical system contains some minimal set. A
point x € X is minimal if it belongs to a minimal set. A dynamical system (X,T) is
called transitive if for every pair of non-empty open subsets U and V of X, there exists a
positive integer n such that U NT™(V) # (). A point with dense orbit is called transitive
point. It is well known that the set of all transitive points in a transitive system (X, 7))
is a dense Gy subset of X. Obviously, if X has no isolated point and has a transitive
point, then (X, 7)) is transitive. A system (X,T) is weakly mizing if the product system
(X x X, T xT) is transitive. In [13], it was proved that for weakly mixing system (X,T),
the system (X™, T x ... x T) is transitive for every positive integer n.

A system (Y,S) is said to be a factor of (X,T) if there is a continuous onto map
m: X — Y such that

Som(x)=moT(x), forallxeX.

In this case (X,T) is an extension of (Y, S) and 7 is a factor map.

Let X,Y be compact metric spaces. A continuous map F': X x Y — X x Y is called
a skew-product map if it has the form F(z,y) = (T(z),G(z,y)). We say that the map
T : X — X is the basis map of F' and the maps G, : Y — Y, G,(y) = G(x,y), are fiber
maps. It is obvious that the skew-product system (X x Y, F') is an extension of (X, T).

3. CHAOS IN DISCRETE DYNAMICAL SYSTEMS

There are many papers on chaotic behavior. The following list contains only some of

the most famous kinds of chaos and the relationships among them.

3.1. Sensitive dependence on initial conditions and equicontinuity. For contin-
uous dynamical systems the idea and the significance of sensitive dependence on initial
conditions has first been introduced in [22] and [24]. However, firstly the phrase “sensitive
dependence on initial conditions” was used in [23] and [15]. For topological dynamical
systems the notion of sensitivity in the below form was defined by Auslander and Yorke
in [5].
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We say that a dynamical system (X,T') has sensitive dependence on initial conditions
(or more briefly, is sensitive) if there exists 0 > 0 such that any neighborhood of any point
x € X contains a point y € X such that p(T"(z),T"™(y)) > § for some n € N.

The opposite of sensitivity is equicontinuity. A dynamical system (X,T') is called
equicontinuous if the sequence of maps {T™ : n > 0} is uniformly equicontinuous, i.e.,
for every € > 0 there exists a 6 > 0 such that p(T"(x),T"(y)) < € for all n > 0 and all
z,y € X satisfying p(z,y) < 6. In [5] (respectively [2]) it is shown the following dichotomy
result for minimal (respectively transitive) systems. If (X,7") is minimal, then (X,T) is
either sensitive or equicontinuous; and if (X, T) is transitive, then (X, T) is either sensitive
or almost equicontinuous, i.e., there exists some point x € X such that for every ¢ > 0
there is some 0 > 0 satisfying for any y € X, p(x,y) < § implies p(T"(z),T"(y)) < € for
alln € N.

It is known that transitive almost equicontinuous (thus also equicontinuous) systems
have very simple dynamical behaviors. In [14], it is shown that every such system is
uniformly rigid (i.e., there exists a subsequence of (7},)22, that converges uniformly to the

identity map) and consequently it has zero topological entropy, see below.

3.2. Li—Yorke chaos. The definition of Li-Yorke chaos is based on ideas in [20] where
pairs of points which are proximal (i.e., the trajectories of x and y are at some times
arbitrarily close), but not asymptotic are considered. Accordingly, a pair of points (z,y) €

X x X is called a Li—Yorke pair whenever

(1) lim inf p(T" (), T"(y)) = 0
and
(2) lim sup p(T"(x), T"(y)) > 0.

In the case that a pair (z,y) € X2 besides the condition (1) satisfy also the following

condition

(3) lim sup p(T" (), T"(3)) > 6,
n—o0

the pair (z,y) is §-Li—Yorke pair. That is, (x,y) is proximal, but their orbits are frequently

(i.e., infinitely many times) at least ¢ apart.

A dynamical system (X, T') is Li—Yorke chaotic if there is an uncountable subset S C X
such that any two distinct points z,y € S form a Li—Yorke pair. Moreover, if there exists
a number § > 0 such that any two distinct points z,y € S form a §-Li—Yorke pair, we say
that the system (X,T') is §-Li—Yorke chaotic. It is known a system, which is Li—Yorke
chaotic, but is not 0-Li-Yorke chaotic for any 6 > 0 (see [4]). Note that in the case of

interval maps, it is not possible.
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3.3. Li—Yorke sensitivity. A concept of Li—Yorke sensitivity is a combination of sensi-
tivity and §-Li—Yorke chaos and it links these ideas together. It was introduced by Akin
and Kolyada in 2003 [3]. A dynamical system (X,T') is Li-Yorke sensitive if there is a
number § > 0 such that any neighborhood of any = € X contains a point y € X such that

the pair (x,y) is d-Li—Yorke. In this case, the number § is called a constant of sensitivity.

3.4. Spatio-temporal chaos. A weaker notion than Li—Yorke sensitivity is spatio-tem-
poral chaos, which means that any neighborhood of any point € X contains a point
y € X such that the pair (z,y) € X? is Li-Yorke. The concept of spatio-temporal chaos
was introduced in [7].

In [3], it was proved that the nonminimal, transitive, almost equicontinuous system
such that every minimal point is periodic, is spatio-tempotally chaotic but is not Li—Yorke

sensitive.

3.5. Other forms of chaos. Other popular forms of chaos are Devaney chaos and positive
entropy.

Devaney’s definition of chaos emphasized the significance of sensitive dependence on
initial condition (see [11]). A dynamical system (X, T) is said to be chaotic in the sense of
Devaney, if it is transitive, sensitive and the set of periodic points is dense in X. In [6], it
is proved that the sensitive dependence is implied by transitivity and density of periodic
points.

A quantitative measure of chaos of a dynamical system (X, T') is given by the topological
entropy h(T). It is a nonnegative extended real number that can be defined in various
ways in [1, 9, 12]. Equivalence between the above definitions was proved by Bowen in [10].
A dynamical system (X, T) is called topologically chaotic if its topological entropy h(T') is

positive.

3.6. Relationships. In [19], it was proved that weakly mixing implies Li—Yorke chaos.
Akin and Kolyada [3] shown that any nontrivial weakly mixing system is Li—Yorke sensitive
and in [M1], there is a minimal Li—Yorke sensitive system which is not weakly mixing.
By using an ergodic method, Blanchard et al. proved that positive topological entropy
implies Li-Yorke chaos in [7]. On the other hand there are Li-Yorke chaotic systems with
zero topological entropy (see e.g. [26]). In [18], it is shown that any Devaney’s chaotic
system is Li-Yorke chaotic. More recently in [16], it was shown that Li—Yorke sensitivity
does not imply Li—Yorke chaos. It is still an open question whether every minimal (or
transitive) Li—Yorke sensitive system is Li—Yorke chaotic. So, the interrelations among
above mentioned notions are summarized in the following diagram. In this scheme the
arrows mean implications. In the case that a relationship is not shown in the diagram, then
either it is a corollary that follows by the transitivity of implications or the implication
does not hold.
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see [3]

Li—Yorke sen51t1v1ty‘ /A ’Devaney S chaos‘

see [M1] Def. or see [13]

see [16]

Def. see [19] Def.

Spatio-temporal chaos ‘ ’ Li—Yorke chaos ‘ Transitivity

see [7}](%500 [26]

’ Topologically chaos ‘

4. MINIMAL LI-YORKE SENSITIVE SYSTEMS WITHOUT WEAKLY MIXING FACTOR

For minimal system, in [3] it was introduced five conjectures. Here are three of them.

(C1) In a minimal system, spatio-temporal chaos is equivalent to Li—Yorke sensitivity.

(C2) Every minimal Li—Yorke sensitive system has a nontrivial, weakly mixing factor.

(C3) If # : (X,T) — (Y,S) is a factor map between minimal systems with (Y,.5)
Li—Yorke sensitive, then (X, T) is Li—Yorke sensitive.

Exactly by the definitions it follows a Li—Yorke sensitive system is spatio-temporally
chaotic. In [17] was shown that every minimal spatio-temporally chaotic system (X, T) is
thickly sensitive, i.e., there exists € > 0 such that for any non-empty open set U C X , a
set Np(U,e) = {n € N : diam(T™(U)) > ¢} contains arbitrarily long intervals of positive
integers. Consequently, such systems are sensitive. Indeed, a system (X, T) is sensitive if
and only if there is an € > 0 with the property that for every open non-empty subset U
of X, the set Np(U, ¢) is non-empty.

The following theorem disproves conjecture (C1). We denote by @ a Cantor ternary set
and by S the unit circle.

Theorem 1. ([M1]) There is a parametric family Fy of skew-product homeomorphisms
F:Q xS — QXS such that for any F € F1, (Q XS, F) is
(i) minimal system,
(ii) spatio-temporally chaotic,
(iii) not Li—Yorke sensitive.

Moreover, (Q x S, F') possesses no nontrivial weakly mizing factor for any F € Fj.

Let 7 : (X,T) — (Y, 5) be a factor map. It is known (e.g. [28]) that if a trajectory of
x € X is dense in X then a trajectory of 7(x) is dense in Y. In particular, a factor of a
transitive system is transitive and a factor of a minimal system is minimal. Obviously, an

extension of a transitive or minimal system may not be transitive or minimal.



Every dynamical system (X,T') possesses a mazimal equicontinuous factor (Y, S), i.e.,
an equicontinuous factor (Y, S) with a corresponding factor map 7 : X — Y such that
for any equicontinuous (Z, R) and factor map ¢ : (X,T) — (Z, R) there is a factor v :
(Y,S) — (Z, R) such that ¢ = ¢ o . The maximal equicontinuous factor is unique up to
conjugacy.

A weakly mixing system has no non-trivial equicontinuous factor (see e.g. [27]). In
[4] is shown that a minimal system (X,T") is weakly mixing if and only if (X,7") has no
non-trivial equicontinuous factor. Another situation is in the case of Li—Yorke sensitive
systems. In [3] it was proved that the product of Li-Yorke sensitive system with any
dynamical system (and thus also with an equicontinuous system) is Li—Yorke sensitive.
Consequently, a Li-Yorke sensitive system can have an equicontinuous factor.

The following theorem disproves conjecture (C2). Moreover, the system in theorem 2

is Li—Yorke sensitive, but not weakly mixing.

Theorem 2. ([M1]) There is a parametric family Fo of skew-product homeomorphisms
F:Q xS — QXS such that for any F € Fa, (Q XS, F) is

(i) minimal Li-Yorke sensitive system,

(i) without weakly mizing factor.

Glasner and Weiss in [14] proved that any transitive uniformly rigid system has an
extension with no isolated points that is transitive, uniformly rigid and is not sensitive.
There exist uniformly rigid systems which are sensitive, e.g. every minimal uniformly
rigid weakly mixing system. Hence any system of this type has an almost equicontinuous
transitive extension. In the case a feebly open factor map 7 : (X, T) — (Y, 5), i.e., 7(U)
has non-empty interior for any non-empty open set U in X, Akin and Kolyada in [3]
proved that an extension of sensitive system is sensitive.

Auslander in [4] showed that any factor map between minimal systems is always feebly
open. A system (X,7T) is said to be an almost one-to-one extension of (Y,S) if the
corresponding factor map 7 is almost one-to-one, i.e., the set of the points x € X such

that 7! (m(z)) = {2} is dense in X. The following theorem disproves conjecture (C3).

Theorem 3. ([M2]) There is a minimal system which is not Li-Yorke sensitive, but has
Li-Yorke sensitive factor. In fact, any system (Q x S, F), with F € Fo, where Fy is as in
Theorem 2, has almost one-to-one minimal extension (X,T) with T being a homeomor-

phism but not Li—Yorke sensitive.

In the case when (X, T) is an extension of (Y, 5), it is known [8] that a Li—Yorke pair
in (Y,5) need not be a projection of a Li-Yorke pair in (X, 7). But this in not the case

of Theorem 3. In [M2] we showed the following assertion.

Proposition 4. ([M2]) Let (X, T) be an almost one-to-one extension of a Li—Yorke sensi-

tive minimal system (Y, S) with a factor map . Then there is an § > 0 such that, for any
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y €Y, there is a u € 7 (y) such that any neighborhood U of u contains a v satisfying
(1) and (3) from the definition of §-Li-Yorke pair (on page 3) such that (y,m(v)) is a
Li—Yorke pair, too.

5. MINIMAL EXTENSION OF WEAKLY MIXING SYSTEMS

Besides hypotheses already mentioned above, Akin and Kolyada in [3] introduced other

conjecture.
(C4) Every minimal system with a weakly mixing factor is Li-Yorke sensitive.

Furstenberg in [13] proved that for a minimal distal system (X, T") and a minimal weakly
mixing system (Y, .5), the product system (X x Y,T" x S) is minimal. As was mentioned
above, this system (X x Y, T x S) has to be also Li—Yorke sensitive.

In [M3] it is given a partial solution of this problem. Later Shao and Ye in [25] proved
that the conjecture (C4) is true. The following theorem shows that in certain cases, a skew-
product map on product of minimal weakly mixing system and finite space is Li—Yorke

sensitive.

Theorem 5. ([M3]) Let (X,T) be a minimal weakly mizing system. Let A be a finite
space with discrete topology, Y = X x A with the maximum metric, and (Y, S) a skew-
product extension of (X, T) such that S(t,a) = (T(t), G¢(a)), where every fibre map Gy is
a biection of A. Then (Y, S) is Li-Yorke sensitive with a constant of sensitivity € for any

0 < e < diam(X).
Moreover, the system from the previous theorem is also Li-Yorke chaotic.

Theorem 6. ([M3]) Let (X,T) be a minimal weakly mizing system and A be a nonempty
finite space with discrete topology. Let S be a skew-product map of X x A. Then, for any
0 < e < diam(X), S is Li—Yorke chaotic with corresponding constant € .

Let A be a collections of generalized odometers on Cantor-type set (i.e., nowhere dense
non-empty compact set without isolated points) Y. The elements of A are synchronous if
there is an increasing sequence my, mo, ... of natural numbers such that for any odometer
(Y,7) € A related to a sequence pi,pa,... of prime numbers and for any j € N there is
lj € Nwithmj =py-p2-...-py.

Here are generalizations of Theorem 5 for certain types of skew-product maps of X xY,

where a set Y is infinite compact.

Theorem 7. ([M3]) Let (X,T) be a minimal weakly mizing system, Y a Cantor-type set,
A be a collection of synchronous odometers on'Y and S : X xY — X XY a skew-product
map, S(z,y) = (T'(z), Ry(y)) such that, for every x € X, Ry is an odometer in the class
A, or the identity. Then (X xY') is Li-Yorke sensitive.

A continuum X (i.e., non-empty connected compact metric space) is unicoherent if for

any two continua A, B with AU B = X, the set AN B is connected.
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Theorem 8. ([M3]) Let (X,T') be a minimal, weakly mixing, not connected, and such
that every subcontinuum of X is unicoherent. Let n > 0 be an integer and let (Y,S) be
an extension of (X,T) such that the set {y € Y : n(y) = x} contains n points for every
x € X. Then (X xY) is Li-Yorke sensitive.
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Abstract
Let Q be the Cantor middle third set and S the circle, andlett : Q — Q
be an adding machine (i.e. odometer). Let X = Q x S be equipped with (a
metric equivalent to) the Euclidean metric. We show that there are continuous
triangular maps F; : X — X, F; : (x,y) = (t(x), gi(x,¥)),i = 1,2, with
the following properties.

(i) Both (X, F;) and (X, F,) are minimal systems, without weak mixing

factors (i.e. neither of them is semiconjugate to a weak mixing system).

(i1) (X, Fy) is spatio-temporally chaotic but not Li—Yorke sensitive.
(iii) (X, F>) is Li—Yorke sensitive.
This disproves conjectures of Akin and Kolyada (2003 Nonlinearity 16
1421-33.)

Mathematics Subject Classification: 37B05, 37D45, 54H20, 37E30

1. Introduction

In [2] Akin and Kolyada considered, for a surjective continuous map T : X — X of a compact
metric space (X, p), the notions of chaos which are related to proximality. In particular, they
introduced and studied the concept of Li—Yorke sensitivity, in brief LYS. A map T is LYS if
there is an ¢ > 0 with the property that any neighbourhood of any x € X contains a point y
proximal to x (i.e. the trajectories of x and y are at some times arbitrarily close), such that the
trajectories of x and y are frequently (i.e. infinitely many times) at least ¢ apart. Thus,

liminf p(T"(x), T"(y)) =0, and limsup p(T" (x), T"(y)) > &, (1.1)
n— o0 n—oo
where T" denotes the nth iterate of T, for n = 0, 1,2,.... This notion is stronger than

sensitivity, since any minimal system which is distal but not equicontinuous is sensitive but not
LYS. Akin and Kolyada proved, among others, that the weak mixing systems are LYS. Recall

0951-7715/06/020517+13$30.00 © 2006 IOP Publishing Ltd and London Mathematical Society ~Printed in the UK 517
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that T is sensitive if, for some ¢ > 0, the set of pairs x, y whose trajectories are frequently at
least € apart is dense in X x X.

Since only the construction in [2] uses weak mixing to obtain LYS, there is a natural
question posed by Akin and Kolyada whether every LYS minimal system has a nontrivial weak
mixing factor. In this paper we use a new method of constructing LYSS maps, as skew-product
(or, triangular) maps 7' : (x, y) — (f(x), gx(y)) without nontrivial weak mixing factors. This
shows that the answer to the above question is negative. Our proof is based on ideas from [3]
(cf also [5]). We construct a parametric family of skew-product minimal maps on the product
X = Q0 x § of the Cantor set Q and the circle S and then properly choose the parameters.

A weaker notion than LYS is that of spatio-temporal chaos, or STC, which means that
any neighbourhood of any point x € X contains a point y proximal to x but not asymptotic
to x, i.e. (1.1) is satisfied with ¢ = 0. STC was introduced in [4]. However, all known STC
systems which are not LYS are nonminimal. Therefore, in [2] there is a question whether, for
minimal systems, LYS is equivalent to STC. We show that again the answer is negative, even
for the class of maps without nontrivial weak mixing factors. Our construction uses the same
parametric family of skew-product maps as before but with different choice of parameters.

For convenience we recall here some notions used throughout the paper. Points x, y in
X are asymptotic if, for any ¢ > 0, their trajectories are at a distance less than ¢, except for
a finite number of times. A point x € X is distal if the only point in X asymptotic to x is x
itself. A system (X, T') is distal if any point of X is distal; it is proximal if any two points of
X are proximal. A set A C X is minimal if it is closed, nonempty, invariant (i.e. T(A) = A)
such that no proper subset of A has the same properties. A system (X, T') is minimal if X is a
minimal set or, equivalently, if every point x € X has a dense orbit {77 (x)}2,,.

A system (X, T) is topologically transitive if for every pair of open, nonempty subsets
U,V C X there is a positive integer, n, such that U N T~" £ (. A system (X, T) is weakly
mixing when the product system (X x X, T x T) is transitive. Finally, a system (Y, S) is a
factor of (X, T) if there is a surjective continuous map g : X — Y such that

Togkx)=goSkx), forall x € X. (1.2)

In this case we also say that (X, T) is semiconjugate to (Y, §) via homomorphism g.
Our main results, theorems 5.1 and 5.2 given below, can be summarized as follows.

Theorem 1.1. Neither of the following conjectures stated in [2] is true:

(i) In a minimal system, STC implies LYS.
(ii) If a minimal system is LYS then it has a nontrivial weak mixing factor.

The paper is organized as follows. In the next section we describe a construction of a
minimal homeomorphism on the product of the odometer (Q, ) with the circle S. This map
is of triangular type and depends on a sequence {¢} }oo, of continuous homeomorphisms of S.
The maps go,f are just the maps g, (-) in F : (x, ) = (f(x), g:(-)). In section 3 we design the
system such that the maps <p,ﬁ, with odd &, are rotations of S. It follows that the set of x € Q for
which g, (+) is rotation is dense in Q. This causes a rigidity of the system and consequently the
system has no nontrivial weak mixing factor (cf lemma 3.1). The family of homeomorphisms
@i with even k are ‘free’ parameters; in section 4 we prove some general properties of these
systems. Finally, in section 5 we specify the parameters so that the resulting system is STC
but not LYS (cf theorem 5.1) and we show that for another specification of the free parameters
the system is LYS; see lemma 5.3 and theorem 5.2.

Further terminology and notation, if not standard, is explained below in the proper places.
For basic facts concerning systems considered in this paper, the reader is referred to standard
books such as [1] or to papers dealing with the subject such as [2-5].
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2. A class of minimal skew-product maps

Let (X, px) and (Y, py) be compact metric spaces and let p denote the max-metric on the
product X x Y. Let 7 (X, Y) denote the class of skew-product (or triangular) maps of X x Y.
Thus, F € T(X,Y)if F: X xY — X x Y is continuous such that F(x, y) = (f(x), g ().
The map f is called the base for F and g, is a map from Y, = {x} x Y to ¥ so we consider
gy asamap from Y to Y. The set Y, is the layer or fibre of X x Y over x; similarly a layer M,
of arbitrary M C X x Y is defined.

In this paper we consider the class 7 (Q, S), where Q is the Cantor set in [0, 1] and S is
the circle with radius R > O (i.e. the set |z| = R in the complex plane). For any family

®={p;0< <2 -2, @2.1)

of homeomorphisms of S where {n;};2, is an increasing sequence of positive integers, we
define a special map Fp € 7(Q, S). In the next sections we show that a specification of
the sequence @ will provide counterexamples to some conjectures in [2]. Our construction
is inspired by [5] where a special class of triangular maps of [0, 1] x [0, 1] monotone on the
fibres was used to prove some conjectures on minimal sets. However, in this class of triangular
maps any minimal set M has empty interior in [0, 1] x [0, 1] and hence most of the fibres
of such M are singletons. Consequently, no such system M can be spatio-temporally chaotic
since the odometer is distal. Therefore this family is modified so that the maps are defined on
the product [0, 1] x S. Since we are interested in minimal systems, we consider the subspace
X = Q x S (since Q is a minimal set), but all maps considered below on Q x S can be
continuously extended onto [0, 1] x S. We also modify the coding system in order to simplify
the calculation. A similar approach was used in [3].

To define Fgp we recall that any point « of the Cantor set Q@ C [0, 1] can be uniquely
represented as

oo
20[,‘
a=>" 5 where o; € {0, 1}, (2.2)
i=1
so the set Q is homeomorphic to the set {0, 1} of sequences of two symbols equipped with
a metric pg(a, B) = max{1/i,a; # B;}, for any distinct « = {o;} and B = {B;}. Let
f 10, 1] — [0, 1] be a continuous map defined by

f(0) =2/3, f) =0, (2.3)
fa—2/3=1/3"1  fa—1/3 =2/3! for k < 1 (2.4)

and by linearity at intermediate points. The graph of the map f is as follows (figure 1).

The Adding Machine (or odometer) T : Q — Q is defined as follows (cf, e.g., [S]): for
every a € {0, 1}V, T(a) = o + 10000. .. where the addition is modulo 2 from left to right.
Obviously, T is continuous on Q and it is well known that (Q, t) is a minimal system. It is
easily seen that f|p(a) = t() for any a € {0, 1}V, where the map f is defined by (2.3)
and (2.4).

Any @ € Q, a = {o;}72,, can be written as

a=a'd?dd, ..., a’ is the block of n; digits of a. 2.5)

For any finite or infinite sequence x = x;x; ... Xy ...1in {0, 1} with only finitely many nonzero
digits let e(x) = x; +2xp + 2%x3 + - - - + 2" Ix + ... € N be the evaluation of x. Conversely,
for any integer n denote by n the infinite sequence x in {0, 1} such that e(x) = n. Now we let

Fo(a,y) = (z(a), y) if o = 1%, (2.6)
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Figure 1. The graph of the map f.
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Figure 2. Application of ¢.

Otherwise, let o* be the first block in (2.5) containing at least one zero digit. Then

Fola, y) = (t(@), 9/ (). @2.7)

For example, if we put n; = k for every k € N, figure 2 shows which of the maps, ¢/, are
used as fibre maps in respective portions Jy,q,..0, = @102 ...0,0%°, 0tz . .. @, 1°°] of the
Cantor set.

Note that respective portions, Ju,a,..a, and Jg g, p,, have the same length 1/3", for all
n € N. So |Jy| = /1] = 1/3, [Joo| = |Jo1] = |J10] = |J11] = 1/9, and so on. For typographic
reasons, in the figure the lengths of the portions are distorted.

Finally, let p be a metric on Q x § given by p((«, u), (8, v)) = max{pg(«, B), ps(u, v)}
where ps(u, v) is the Euclidean length of the arc between the points u and v; if possible we
always take the shorter arc. It is obvious (cf also [3]) that any Fg is continuous if

lim max ||g{ — Id| =0, (2.8)
k—oo j

where || - || is the uniform norm.
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Now we can prove some general formulae for iterates of Fp. Let 0 € QO be the sequence
of zeros and let yy € S. Then y, is (uniquely) defined by

(1, yn) = ("), yu) = Fg(0, yo). 2.9

In the following we make use of some combinatorial results. To simplify the calculation we
assume throughout that, in (2.1),

and
(p]%"k72o(p£’lk73o‘,,o(p]:O(p](c)zld, k € N. (2.11)

Then we have the following lemma.

Lemma 2.1. Assume (2.10) and (2.11). For s,k € N, k > 0, denote my, := 2"*"2""*% qnd
let1 <5 < 2™+, Then

Yme = Yo (2.12)
and
_ o s—1 s—2 1 0
Vs = Ppe1 © Prai O © Prar © P (V0)- (2.13)
Proof. By (2.7),

o =@3og; Fogl o o0ploel(y),

hence, by (2.10) and (2.11), y»m = yo. Now assume by induction that
y211]+112+--~+nk = yo_

We show that

ymk+] = y2n1+r12+~-+nk+nk+l = yo_

Denote by f; the composition of m; maps, ¢!, such that B (yo) = y.,. Since the block By
begins with the map, ‘/’Sm , which is by (2.10) the identity map, formally we have 8, = (pSM oB,
where B is a composition of m; — 1 maps in {¢!}, but, for any y € S, B (y) = B, (y) = y.
Consequently,

s = Py © s S0 Brony o Bro o Biog, o Biog, o B0, (214)
Since B, is the identity, (2.14) reduces to

_ .0 2"k+1 =2 2M+1 -3 1 0
Yt = Py © P © P O 9Pt © P o), 2.15)

which by (2.10) and (2.11) amounts to (2.12).
Proof of the second formula is similar. By (2.10)—(2.12), we have

s—1 / §—2 / / 1 / 0 /
Ysme = Pha1 © B 0 @it © B o 0 B © @puy © B © 9y © B (ho),

and via B, = Id we obtain (2.13). O
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3. A subclass of minimal skew-product maps without weak mixing factors

Now we specify the homeomorphisms, ¢;, for odd k to obtain minimal systems without
nontrivial weak mixing factors for an arbitrary choice of the remaining homeomorphisms ¢;
(with even k) satisfying (2.8). First of all, to simplify the computation we assume throughout
the paper that the circle S has perimeter 3. So, let

4 6

R=—, =3, 6=——, and = —) fork > 1.
M2k—1 k Qnop—1 — "k 2nop-1 —

2
3.1
For0 < j <21 —2, let (,0{,{71 be the rotation of S with angle 6y, in the positive direction if

0 < j < 2"~ — 1 and in the opposite direction otherwise. Clearly, these mappings goé,kl
satisfy (2.10) and (2.11). In particular,

ol =@ D7 if0<jg2m o1 <] <2mt — 1, (3.2)
and
ps(u,<p£k71(u)) =r, ifueS, k=21, 0<j <21 -1, (3.3)
Let a®*~! = gya, ... ax—_; be the first block containing at least one zero digit. It is easy
to see that rotation in the positive direction is used if ay;—; = 0; see figure 2.

Lemma 3.1. Assume (2.8), (2.10), (2.11) and (3.1)=(3.3). Then Fs is a minimal
homeomorphism of Q x S, for any choice of homeomorphisms goék, keNO0<j<2m—1,

Proof. Keeping notation from lemma 2.1, by (2.12),
lim £"(0) = 0, and y,, = yo, (3.4)
k—o00

whence any point (0, yo) € S is recurrent. Fix a kp € N and let 5o € N be any integer such
that p := sory, < 1. Then, by definition of goék_ 1» for any k > ko there is an s; such that

0<sp <21 — 1 and Skt = Pp. 3.5)
By (2.13), (3.3) and (3.5),
kll)nolo TSk (Q) — Q and Vsumy = ((pZIko—l)SkU (yo), 3.6)

Since the set {(<p5k071)sko (30); 0 < s, < 2"07'}_| is dense in S, by (3.6) we get
So C wr, (0, yo), for any yy € S.

To complete the argument note that wg, (0, o) is compact and invariant, FC{; (So) = S; and the
set {S;}52, is dense in Q x S. a O

Lemma 3.2. Assume (2.8), (2.10), (2.11) and (3.1)—(3.3).  Then, for any choice of
homeomorphisms {(pék}, keNO<j<?2®%—1, (0 xS, Fp) has no nontrivial weak
mixing factor.

Proof. Let (X, px) be a compact metric space and let G : X — X be a surjective, continuous
map. Let v : Q x § — X be (a continuous) action map, so that vo Fy = G o v. Let Py, P;
be the periodic portions of Q of period 2. Thus,

‘E(P()) = Pl, ‘L'(Pl) = P(), P() N P1 = @, and P() U P1 = Q (37)
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Put Ag = v(Py x Q), Ay = v(P; x Q). Then

G(Ag) = G (P x 8)) = v(Fo(Pp x §)) =v(P1 x §) = Ay (3.8)
and similarly G(A;) = Ayp. If Ag and A, are disjoint then they are closed, by the continuity
of v, and open since X = Ay U A, and consequently G is not weak mixing.

So assume z € Ag N Ay. Then there are points u € Py x S, v € P; x § so that
v(u) = v(v) = z. Let U be the orbit of u with respect to the second iterate Fé of Fy. Then
v(U) = Z,and since U C Py x Sisdensein Py x S, Z is dense in Ag. Similarly, v(V) =
and Z is dense in A;. It follows that Ag = A;.

Now let P be a T-periodic portion of Q of period m = 2¥. Hence, P x S is invariant with
respect to F = = Fy. Split P into two periodic portions Py and Py of perlod 2%+ and denote
A =v(PxS),i=0,]1. Similarly as in the first case, we get Ay = A, Consequently, since
any point « € Q is the intersection of a nested family of periodic portions of Q, v(S,) = X
Thus,

if (X, G) is weak mixing then v(Sy) = X, for any @ € Q. 3.9)

We finish the proof by showing that from (3.9) it follows that X is a singleton. Assume
first that, for some @ € Q, vls, is a bijection. Then v|s, is a bijection for any 8 in the backward
orbit of «.

Indeed, let 7" (B) = «, for some n > 0, and let, for some ug 7# v in Sg, v(ug) = v(vp).
Let {u;}:2,, and {v;}7°, be the Fyp-trajectories of u( and vy, respectively. Then

V(un) = v(Fguo)) = G"(v(ug)) = G"(v(vp)) = v(Fg(vo)) = v(va),

which is impossible since v|s,) is bijective, u, # v, since Fg is bijective, and u,, v, € S,.
So, if y € Q is the T-pre-image of « then

G = (vls,) o Fpo (vs)™"

is bijective.  Since any continuous bijection between compact metric spaces is a
homeomorphism, X is (homeomorphic to the) circle S and G is a homeomorphism and,
as a factor of minimal map, it is also minimal. It is well known [6] that any minimal
homeomorphism of the circle is conjugate to an irrational rotation, which is obviously not
weak mixing. This is a contradiction and hence (3.9) implies that

vls, is bijective forno o € Q. (3.10)
Next we show that
v(0, a) = v(0, b) implies v(0, a+h) = v(0, b+h), foranya,be S, heR, (3.11)

where the points a + &, b + h are obtained from a, b by rotation of § at angle £ 27h. Let ag, by
be distinct points in S. Denote g = (0, ag) and By = (0, by) and assume that v(ozo) = (o).
For n € N, define a, and b, as the second coordinates of F” (o) and F"(By), respectively.
Fix an h € R; without loss of generality we may assume that 2 € (0, 3) since the circle S has
perimeter 3. By (2.13), (3.2) and (3.3), there is a sequence {s;}7 ; in N such that

lim a, =ay+h, lim b, =by+h, where py=simoy. (3.12)
k— 00 k— 00

Since limy_ o T7(0) = 0,
lim Up = (Q! ap+h) =:a, lim /Spk = (Qs by +h) =: B, (3.13)
k—o00 k—00

and hence, by the continuity of v,
px((a), v(B)) = kILII;O px (), v(Bp)) =0

whence v(«) = v(B). This proves (3.11).
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Now we show that
if J C Sy is an interval then v|; is not one-to-one. (3.14)

To do this suppose that Jy = [, B], with &« # B, is a (minimal) interval of Sy such that
v(a) = v(B) and v|[4 p) is one-to-one mapping. Denote & =  — . There is a k € N such
that

k—1
UJ,- =Sy, where J; = [a +ih, B +ih]. (3.15)
i=0

Thus, by (3.9) and (3.11), v(Jyp) = X and X is (a homeomorphic copy of) the circle S. Let
Ky = qul(Jo) C S where 1 denotes the sequence of ones. Then Ky = [a—;, B—1] is an
interval since Fg is a homeomorphism and v|j, , g ) is one-to-one since G o v = v o Fg.
Consequently, v|g, is a homeomorphism. Denote Xo = v(Kp). Then X, is a compact
interval on the circle X and G(Xy) = v o Fp(Kp) = X. By the minimality of G, Xy = X.
Since

G(z) =vo Fgov(2), for any z € X, (3.16)

where  is the inverse of v|(,_, g_,). Then G as a composition of homeomorphisms itself is a
homeomorphism of the circle X which is not possible (see above). We have proved that (3.10)
implies (3.14).

To finish the proof we show that (3.11) and (3.16) imply that X is a singleton. By (3.16),
there are pairs of distinct points Ay, By € Sp, k € N, such that

lim A; = lim By and V(Ar) = v(By). (3.17)
k—o00 k— 00

Let Cy be the shorter of the arcs on Sy connecting the points A, By. We may assume that
Cix D Ciq1, for any k. By (3.17), ﬂ,fil Cy = {c} is a singleton. Since v(Cy) = X, by (3.11)

and (3.9), we obtain
X=()vC)=v (ﬂ ck) = (c),

k=1 k=1

hence X is a singleton. O

4. A subclass of minimal skew-product STC maps

In the previous section we specified homeomorphisms {¢3, |} so that the system has no weak
mixing factors, for any choice of the homeomorphisms {goék}, keN,0 < j < 2" —1. Inthis
section we let the homeomorphisms {(p{k_l} depend on sequences {#;} and {ny;} of positive
integers, called ‘parameters’. For any proper choice of parameters the resulting system is
STC, but different choices provide different examples disproving the conjectures stated in the
introduction.

Let {#;}32, be a decreasing sequence of positive numbers tending to 1; we will specify it
later. Let a = ap € S be given and let a; and a, be points in S obtained from ay by rotating S
in the positive direction at angle 8, = 2w /3 or 20; = 4m /3, respectively. Let S; be the arc
with the endpoints @; and a;41, 0 < i < 2. By (3.1), since the length of any S; is 1, we may
represent Sy as the unit interval [0, 1] and similarly S; = [i, i + 1], where i is taken to be
mod 3. Thus,

SoUSIUS, =8, diam(S;) =1, “4.1)
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and any two distinct S;, S; have exactly one point in common. Without loss of generality we
may consider any (pék onS;asamapfrom/ =[0,1] > I. Fork > landy € I, let

95, = ¥, if 1< j <2m 4.2)
ol () = y'/%, if 2l < j <2 — ], 4.3)

Since, by (2.10), gogk = Id, then the maps goék satisfy (2.11). For j # 0 every (pgk has exactly
two fixed points, one repulsive and one attractive. For simplicity, denote by ¢, the map from
(4.2) and by @5, = ()" the map from (4.3). Similarly, by (3.2), let po_; = @3, , and

Oy = (pu—1) 7" 4
Letx = x'x?... € Q where any x' is the block of n; digits, and zy € S. For any n > 0,
define z, by F}(x, z0) = (t"(x), z,).

Lemma 4.1. Assume (2.10), (2.11), (3.1)—(3.3), (4.2) and (4.3). Let x € Q and zy € S. Then,
forany g > 1,

rmq—e(xlxz...x‘l)(i) — 0n1+n2+~~»+nqr(xq+lxq+2 ).

Proof. It is obvious and we omit it. O

Lemma 4.2. Assume (2.10),(2.11), (3.1)—(3.3), (4.2) and (4.3). Let x € Q and zo € S. Then,
forany g > 1,

Far (U3 ) = (@ e (et ), g% o).
Proof. It follows easily by (2.7). |

Lemma 4.3. Assume (2.10), (2.11), (3.1)—(3.3), (4.2) and (4.3). Let x € Q and zy € S. Then,
foranyq > 1,

Zimg—e(x!x?..xa) = §0;g{l+]) o (‘P;)Eq o (fﬂq__l)%l 0---0 ((01_)01 (z0), 4.4)
where

¢ =2""1 1 —e(x’) —2m
and

Zm, = (@D 0 (@)% 0+ 0 (9-1) " 0 (04)" @m—exinz.an)- 4.5)
Proof. It follows by (3.2), (4.2), (4.3) and lemmas 4.1 and 4.2. O

Lemma 4.4. Let F be a finite family of homeomorphisms of a compact metric space (X, px).
Then for any & > 0 there is a § > 0 such that |~ oh oy — Id| < e, for any ¥ € F and
any map h on X with |h — Id| < 4.

Proof. Given an ¢ > 0, for any sufficiently small § > 0, any ¥ € F and any x € X,
|h(¥ (x)) — ¥ (x)| < & implies [ ~' o h o ¥ (x) — x| < &, by the continuity of . O

Lemma 4.5. Assume (2.8), (2.10), (2.11), (3.1)—(3.3), (4.2) and (4.3). Let ny, ny, ..., Nog—1)
be a sequence of positive numbers. Then, for any k > 1, there is a Ty > 1, depending only on
t,ty ooy ti_t, ..., with the following property: if

1 <ty <t < Ty, forany k > 1, 4.6)
then, for any x € Q andu, v € Sy,

klim p(Fy ' (x,u), Fg* ' (x,v)) = p((x, u), (x,v)). 4.7

—00
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Proof. Denote u = uy and v = vy. Then, by lemma 4.4,

e xk+l
Uy, =¥ o @S 0 Y (uo), (4.8)
where ¥ = (¢3,_ )1 0 (@3_)* 2 0+ 0 (@), 0r ¥ = (91) 0 (92)% 0 -+ ()™ 0
(@2k—1)*-" are in the family, Wy, _1, of all possible compositions of the maps, ¢;, @, of rank
< 2k that may occur in (4.4) or (4.5). Put ¢ = 1/k and apply lemma 4.4 to Wy;_; to obtain a
8r > 0. Obviously, by (4.2) and (4.3), there is a T} depending only on Wy _1, such that

1 <t < T} implies ||<p]{+] — 1d| < &, 0<j< 2™ —1. 4.9
For such a choice, by (4.8) and lemma 4.4, ||u,,, — uo|| < 1/k whence limy_, » #,,, = w0, and
similarly for v,,,. This implies (4.7). |

5. Specifications of ®
Lemma 5.1. Assume (2.8), (2.10), (2.11), (3.1)~(3.3), (4.2) and (4.3). Assume that the
sequences {ty}r2 | and {ni ;2 satisfy (4.6) and
lim (1 - 00" =0, where gy =27 — 1, 6, €(0,1)

and kli)rglo@k =1. 5.1
Then, for any a € Sy, x € Q there is an arc A C Sy such that any two points from A are

proximal.

Proof. It suffices to show that, for any o := (x, u), there is a 8 := (x, v) # « proximal to «.
Fix an x € Q and assume without loss of generality that « is in Sy = [0, 1].

Denote by v, (zo) the right-hand side of (4.4). Since any of the maps (pf‘ in ® preserves
the distance of the endpoints of any S, (cf (3.1), (3.3), (4.2) and (4.3)),

0s(v7(0), v,(1)) = ps(0,1) =1, for any g € N. 5.2)
For y € (0, 1), denote
u(y) = liqrr_ljogf ps(g (¥), vy (1)), M(y) = limsup ps(v,(y), vg(1)). (5.3)
g—>00

To prove the lemma it suffices to show that

u@@ =0 or M(y)=1, for any y € (0, 1). 5.4
Indeed, by (5.2),0 < u < M < 1. Foru = Oputv = —1 if u(3) = 0, and let v = § if
M(%) = 1. Foru € (0,1),letv =0if u(u) = 1,and v = 1 if M(u) = 0. To prove (5.4)
assume

ye(@0,1) and S§<u(y) <M@y)<1-34, for some § > 0. (5.5)
Denote
m(q, j,s):=my — e()c')c2 ooaxD+s mj, (tj()_c), yj):=F<{;(£, ), q,j,s €N.
5.6)
By (2.13)and (4.4),for0 < k < g and 0 < s < 2",
Un(g.ks) = Phrt O Phri © " © Phat © Py © Vg (), Om(g.k.) = Vg (0). 5.7
Hence, by (4.2), (5.6), (5.7), (5.5) and (5.1),
s Ut 26100+ Oty 2 10) < [0y @) = v, OFF > 0. if kg > 00, k< 3.
(5.8)
O
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Lemma 5.2. Assume (2.8), (2.10), (2.11), (3.1)—(3.3), (4.2) and (4.3). Then there are
sequences {ny}ro, and {ty}72, satisfying (4.6) and (5.1) such that Fg is not LYS.

Proof. Let u = % be the centre of Sy = [0, 1]. It suffices to show that #, and ny; satisfying
(4.6) and (5.1) can be chosen such that, for suitable x € Q and §y > O,
ps(F" (o), F*(B)) < ps(a, B), o= u—258), B=xu+d),

0<é6<ép, n=1, (5.9)
since T on Q is distal (actually, T preserves the distances between points in Q) and hence points

in different fibres of Q x § are distal. To do this assume that, instead of (5.1), the stronger
condition

1 n -
(1= )™ < Sri. where pp =t =271 k>1,  (510)
is satisfied. Let x = x'x%...x* ... be such that
e(x¥y =2m — g —1, k>1. (5.11)
Since
1 ! 1 ! 1
—+8) —=—08) <24, teR, 0<68<=,
2 2 2

the Us = {x} x [% — 38,1 46], withs < %, could be mapped by an Fj to a set with greater
diameter than 26 only when the end-points of U; are mapped by a rotation of the circle to
different sets S; and S;. But this is impossible by (5.10) and (5.11). O

Theorem 5.1. Assume (2.8), (2.10), (2.11), (3.1)—(3.3), (4.2) and (4.3). If the sequences
{te)pe, and {ni )72, satisfy (4.6) and (5.10) then the system (Q x S, Fg) is STC and not LYS.

Proof. If @ # B are points in Q x § then they are not asymptotic. This follows by lemma 4.5
if a, B € §,, for some x. Otherwise, «, B have different first coordinates and hence they are
distal since Q is a distal system. On the other hand, any point @ € Q x § is a limit of points
proximal to «, by lemma 5.1. Hence, the system is STC. Finally, the system is not LYS, by
lemma 5.2. ]

Lemma 5.3. Assume (2.8), (2.10), (2.11), (3.1)—~(3.3), (4.2) and (4.3). Then there are
sequences {ny 12, and {172, satisfying (4.6) and (5.1) such that Fy is LYS.

Proof. By (3.1), no—; = 3 and r, = 6/(2"+' — 2). Define sequences {pe)e, and {8;}72,
by

1
(1 = 2P = 3 and 8k = Brier)V/Px. (5.12)

Obviously, pr < pi+1, forany £ > 1, and limy_ o pr = 0o. Similarly, §; > 0 forany £ > 1
and it is easy to verify that

lim & =o. (5.13)

6 1/pe
8 = Grien)/? = (3 : m> :

Then (5.13) follows since, for a; > 0, limy_, o a,l/k = a if and only if limy_, o ag+1/ax = a.

Indeed, by (5.12),
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Hence there is a unique #; > 1 such that

onak—1_1

po=1 p=z Pi—1 = 1 pr—1, k> 1, (5.14)
where ¢y is given in (5.1). Thus,

pe =t )l k> 1. (5.15)
It is easy to see that

tw>1, k>1 and kli)rgotk =1. (5.16)

Denote Yo = ¢3; © 931,y 0 -+ 0 9 0 93", Then
Vo (y) = y™, k=1, yel0,1] (5.17)

Letu,v € §;, forsome i € {0, 1, 2} with u < v, and let §, be given such that
lu —v| = 8.

Then, by (5.12) and (5.17),
[k, @) — Vo, (V)| = [uPo —vPo| 2 Ju — v|P 2> 3ry . (5.18)

Letx € Q,and puta = (x, u), B = (x, v). Since any of the maps <pgk71 is rotation it preserves
the distance between points. Therefore, by (5.18),

|um2k0+|—e()c‘xz...xy‘o”) - vm2k0+|—e(x‘x2...x2k0“)| = |w2ko (14) - w2k0 (U)| P 3rk0+] ’ (519)

where y, denotes the second coordinate of F"(x, y). For simplicity, denote 2ky + 1 = K and
M =mg —e(x'x*...x%). Then

FM(a) = FM(x,u) = (0M0™ ... 0™ o (x X1 xX*2 ) uy), (5.20)

and similarly for F¥(8). Find 0 < s < 2"¢~! — 1 such that (¢ )* (us) and (¢k )* (vsr) belong
to different intervals [i,i + 1] of S, separated by a point, say, j; here (¢))* denotes the sth
iterate of (p}(. Thus, (¢}<)‘Y um) <j< (go}()s(vM). Moreover, let s be such that the distance
between (q)k)“ (upm) and j is greater than 2ry .. By (5.19), this is always possible since go}( is
the rotation which shifts any point of S to the right at distance ry,+1. By (5.12),

1
lim sup p (F§ (), Fg(B)) > > (5.21)

n—00o
Since «, B are arbitrary distinct points with the same first coordinate, we proved the following:
for any a € S, there is a neighbourhood U, of « in §, such that, for any 8 € Uy, (5.21) is
satisfied. Since lim p;, = o0, there exists a sequence {6y} satisfying (5.1). Hence, by lemma
S5.1and (5.21), (Q x S, Fg) is LYS. |

Theorem 5.2. There exists a minimal system which is LYS but has no weak mixing factor.

Proof. The theorem follows by lemmas 3.1, 3.2, 5.3. O
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Abstract

In a previous paper (Ciklova 2006 Nonlinearity 19 517-29) a family of minimal,
Li—Yorke sensitive dynamical systems (X, 7)) without weak mixing factors
has been constructed, disproving a conjecture by Akin and Kolyada (2003
Nonlinearity 16 1421-33). In this article we show that, in addition, any system
in the above-mentioned family has an almost one-to-one minimal extension
which fails to be Li—Yorke sensitive. This disproves another conjecture by
Akin and Kolyada.

Mathematics Subject Classification: 37B05, 37D45, 54H20

1. Introduction

Akin and Kolyada [1] introduced and studied the concept of Li—Yorke sensitivity, in brief LYS,
for surjective continuous maps 7 : X — X of a compact metric space (X, p). Amap T is LYS
if there is an ¢ > 0 such that any neighbourhood of any u € X contains a point v satisfying
liminf o(T"(u), T" (v)) =0 and limsup p(T"(u), T" (v)) > &, (1.1)
n—00 n—00

where T" denotes the nth iterate of T. Any such pair u, v is an e-Li—Yorke pair, briefly eLY or
LY pair. In [1] they also provide five conjectures concerning LYS. Two of them are disproved
in [4]. In particular, the following is proved.

Theorem 1.1 (see [4]). There is a parametric family F of minimal skew-product
homeomorphisms F : X = Q x S' — X, where Q is a Cantor set and S' the unit circle, such
that for any F € F, (X, F) is Li-Yorke sensitive and possesses no weak mixing factor.

Recall thatasystem (X, T) is afactorof asystem (Y, S), or (Y, S) is an extensionof (X, T),
if there is a continuous surjective map & : ¥ — X, a factor map, suchthat wr o S = T o .
A system (Y, S) is an almost one-to-one extension of (X, T) if X contains a dense subset
of points x such that 7~!(x) is a singleton. A system (X, T) is weak mixing if the system

0951-7715/09/071569+05$30.00  © 2009 IOP Publishing Ltd and London Mathematical Society ~Printed in the UK 1569
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(X x X, T x T) is transitive, i.e. contains a point whose trajectory is dense in X x X. A
system (X, T') is minimal if any point x € X has a dense trajectory in X. A skew-product map
F:XxY — X xY, where X, Y are compact spaces, is any continuous map of the form
x,y) ~ (f(x), gx, y). Points x, y in (X, T) are distal if liminf,, _, .o p(T" (x), T"(y)) > 0,
and are proximal otherwise. By a Cantor set we mean any compact, totally disconnected set
without isolated points; any such set is homeomorphic to the middle-third Cantor set on [0, 1].
For more information concerning terminology, the reader is referred to [1] or [4].

In this note we show that the family F from theorem 1.1 consists of LYS maps F such
that (X, F) is a factor of a minimal system (Y, §) which is not LYS. This disproves another
conjecture of Akin and Kolyada, namely that any minimal system with a LYS factor must be
LYS (cf[1 question 3]). Our main result is the following:

Theorem 1.2. There is a minimal system which is not LYS, but has a LYS factor. In fact, any
system (Q xS!, F), with F € F, where F is as in theorem 1.1, has almost one-to-one minimal
extension (Y, S) with S being a homeomorphism but not LYS.

Remark. If (X, T) is a factor of (Y, S) then a LY pair in (X, T') need not be a projection of a
LY pair in (Y, S) [3]. This is not the case of theorem 1.2 since we have the following:

Proposition 1.1. Lez (Y, S) be an almost one-to-one extension of a LYS minimal system (X, T),
with a factor map w. Then there is an & > 0 such that, for any x € X, thereisau € w~'(x)
such that any neighbourhood U of u contains a v satisfying (1.1) such that (x, 7 (v)) is a
Li-Yorke pair, too.

Consequently, any (not necessarily minimal) almost one-to-one extension of a minimal
LYS system is ‘almost’ LYS. This shows that theorem 1.2, in some sense, is the best possible
result since the factor map 7 from theorem 1.2 is at most two-to-one, i.e. #7 ~' (x) is 1 or 2 for
any x € X (see the proof of theorem 1.2).

Proof of proposition 1.1. Let x € X and, for any n € N, let x, € X be such that x, — x,
and x, x, is an ¢/LY pair. Since Y is compact, 7' is an upper-semicontinuous set-valued
map. Thus, for any neighbourhood V of 7' (x), 7~ '(x,) C V, whenever n is sufficiently
large. Hence, by compactness of Y, there is a u € w~!(x) such that any neighbourhood U of
u intersects some 7 ! (x,). Take v € U N7 ~'(x,). Since 7 is continuous, there is an ¢ > 0
such that the distance of any two points a, b in Y is greater than ¢ whenever 7 (a), 7w (b) are
more than ¢’ apart. It follows that lim sup;_, ., o (S’ (u), S'(v)) > &, where p is the metric in Y.

To finish the argument it suffices to show that the points u, v are proximal. Let z € X
be such that 77'(z) = {w}, and let W be a §-neighbourhood of w. Since 7! is upper
semicontinuous there is an open G # ¢ such that 7~!(G) c W. Since (X, T') is minimal
and x, x, are proximal, there is an m > 0 such that 7" (x), T™(x,) € G. It follows
p(S™(u), S (v)) < é. Since § is arbitrary, u, v are proximal. O

2. Proof of theorem 1.2

Lemma 2.1. Let X, R be compact metric spaces such that R is the interval I = [0, 1], or the
circle S', equipped with the standard topology. Assume that

(i) F : X x R — X X R is a surjective skew-product map, (x,y) — (t(x), g:(y)), and
(X, ©) is distal;
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(ii) ® is a countable family of homeomorphisms R — R containing the identity and such
that, for any x € X, g, € ®;

(iii) there are points xo € X and yy € R, and an open interval V. C R with y, as one of its
endpoints such that no point v = (xo, y;) with y; € V is proximal to u = (xo, Yo).

Then there is an almost one-to-one extension (Y, S) of (X X R, F)whichisnot LYS.If (X xR, F)
is minimal then (Y, S) is minimal.

Proof. Let D C R be the set of points ¥ o Yx_; o - -+ 0 ¥ o Y (yp), for all finite choices of
¥; € ®. Then D is a countable set, yo € D, ¥ (D) = D for any ¥ € ® and hence, since F is
a skew-product map, F (X x D) = X x D. Now we use the standard technique of doubling
points in D (see, e.g., [5] for details). Assuming that R is ordered in the usual way, we split
any point ¢ € D into a pair a~ < a*, and compress the rest of R preserving the order to
obtain a Cantor set P (which may be considered as a subset of R). Let 7 be the associated
continuous projection of P onto R. Thus, JTO_](a) ={a",a"}ifa € D, and no_l(a) is a
singleton otherwise. For any ¢ € & there is a unique homeomorphism w P — P such that
rroow ¥ o 1. Letfbbethefamllyofallw Y e P. N

To finish the argument let ¥ = X x P, and let S(x, y) = (7(x), g:(y)), where g, = ¢
provided g, = . Letw : ¥ — X x R be the factor map given by w(x, y) = (x, mo(y)).
Obviously, 7 is a factor map whence (X x R, F) is a factor of (Y, S§). Moreover (Y, S) is not
LYS. Assume that, e.g., yo is the right-hand endpoint of V, and let V= Ty UMY vo}. Then
G =X x Visan (open) neighbourhood of u = (xo, y, ). However, by the definition of V', no
v = (x,y) € G is proximal to u. This is clear if x # x¢ since (X, t) is distal. If x = x( then
the statement follows by the definition of V. Consequently, points u, v cannot satisfy (1.1).
The statement concerning minimality of (Y, §) is obvious. U

To prove theorem 1.2 it suffices to show that any map F € F satisfies the hypothesis of
lemma 2.1. First we give a brief description of F. For details see [4]; the general form of the
parametric family was introduced in [2]. Let QO C I be the Cantor set represented as the space
0 = {0, 1}V of sequences of two symbols, with the topology of pointwise convergence, and
the mapping 7 : Q — Q given by x — x + 1000 - - -, the adding machine or odometer. Then
7 is a distal homeomorphism of Q.

Any map F € F has the form (x, y) — (t(x), gx(y)) where, for any x, g, is a continuous
homeomorphism of the unit circle S'. It is associated with a sequence v = {n;}?°, of posmve
integers, and a family ® = {(pk, < j < 2"}, of homeomorphisms of S'; any map ¢ is a
map of rank k.

For any (finite or infinite) sequence x = x1x5 ..., x; € {0, 1}, with finitely many nonzero
terms define the evaluation e(x) of x as

e(x) =x1+2x, + 22x3 +--+ 2k_1xk

The map g, is defined as follows. If x = 1°° then g, = Id, the identity. If x # 1°°, write x in
blocks as x = x!x2x* ... where x/ is the block of n; digits of x, and let x* be the first block
containing at least one zero digit. Then g, = ¢{ where j = e(x*). From the above description
it is obvious that any map F' € F satisfies hypotheses (i) and (ii) of lemma 2.1. A special
choice of v and ® implies that F' is minimal and LYS, see theorem 5.2, or lemmas 3.1 and 5.3
in [4]. Hence to prove theorem 1.2 it suffices to show that there are xg, yp and V satisfying
hypothesis (iii) of lemma 2.1. This is given in the next lemma 2.2.

To simplify the notation we may assume that S' is a positively oriented circle with
perimeter 3, composed of three closed arcs Sy, Si, S», each of length 1, with endpoints
ap < a; < ap < az = ap so that §; is the arc with endpoints a; < @;+1mod3)- Fora, b e St
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denote by p(a, b) the length of arc connecting a with b in the positive direction; thus, p is not
a metric since p(ag, a;) = 1 # p(ai, ag) = 2. Denote by 0/ and 1/ the block of j zeros or
ones, respectively.

Lemma 2.2. Keeping the notation as above, let
xo = OmreT gt el oy = g and V = (aa, ap).

Then, for any zo € V, liminf,_, o p (F" (X0, o), F" (x0, 20)) > 0, i.e. (xo, Yo) and (xo, zo) are
distal points.

Proof. We need more information on the family & from [4]. Maps in ® are defined using a
sequence 61, &2, 63, L4, U5, L, - - . of auxiliary maps of S!, where 6; are rotations of S! in the
positive direction by a small angle so that 6 (y) > y with 6;(y) ~ y, for any y € S! [4]. Any
{r acts on any S; as y +— y™ on [0, 1] (with 0 and 1 replaced by a; and a;., respectively),
with #z > 1. Thus, §(y) > y, forany y € S', y # ag, a1, a», while ay, a; and a, are fixed
points. The maps ¢, for j, k € N, 0 < j < 2™, are defined by the following rule:

kodd = ¢ =1d, ¢l =6,if1<j <2 and ¢ =67 if 2% < j <2 —1,
2.2)

keven= ¢ =1d, ¢ =qif 1 <j<2""' and ¢ =¢ 'if 2% <j < 2% —1,
(2.3)
For any k € N, let yy, z be given by F¥(xo, yo) = (x¢, y) and F¥(xo, z0) = (xk, zk)s
where x; = t¥(x0). Since any ¢ is an orientation preserving homeomorphism, we always
have z; < y; which actually means that p(zx, yx) < 0 (3, zk). To prove the lemma it suffices

to show that

P (ks yk) = p(20, Yo)s for any k € N. (2.4)

Let wy € {yk, zx}. Then w; = Wi (wg) where Wy, is the formal composition ¥, o Yy o--- 0
Y» o Y of k maps 6, ¢, their inverses, or the identities. The map v is applied as the first
one, and v, as the last one; their order is given by (2.2) and (2.3). It follows (see [4] for more
details) that

Wonymy =§go-~-oa1o{zoaloldoaloldoalog‘;lo-~~oalo§271oOl1

272711 maps &, 272" blocks a 272'—1 maps ¢; !, 2727" blocks «;
— Brom, 2.5)

where the block «; = Id is a formal composition of 2" — 1 maps of rank 1, i.e. rotations
and identities, and any of a; and B is a formal composition of 2"*>~! maps of rank 1 or 2.
Similarly,

Wonimms = 0p 0y, 0Pr--0froy,oBroy,ofroyro--opyofroy,ofroar

273711 blocks y;, 237! blocks f 2"37'—1 blocks y», 2"37" blocks B,
=: B30 a3, (2.6)
where
_ 9 -1 —1 ! __ 9—1 —1 —1
y2=030010¢ o---oajo0f, oua V=03 owjof, o--rowjof, owi.
27211 maps ¢; ', 2721 blocks o 211 maps &', 272! blocks a;

2.7)
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Obviously, any of a3 and B3 is a composition of 2"1*2*:~1 maps of rank < 3, and, by
(2.5)-2.7),

wofr=pFoay=1d, y,0B =05 pyofr=06;' and Bzoa;=Id. 2.8)

Since rotations and identities do not change 6 (i) := p(z;, y;) wehave §(i+1) = §(i), whenever
the ith map in (2.6) is not & or its inverse. In particular, the equality holds if the ith map is
in any of the blocks «j. Any map ¢, " in the block a; is applied to y;, z; in the situation
when y; = yo(= ay) is a fixed point of ;2_1 which repulses z; so that §(i + 1) > §(i). After
application of all maps in o, we have §(2"*=~1) = ¢y " (zo) where m = 2m=1 _ 1 is the
number of g“{l in o, see (2.5). Then, successive application of the maps ¢, in B, decreases
8(i) back to §(0). This proves (2.4) for k < 2"*"2,

Application of the maps in the first block y» in (2.7) again is similar as for «,, except for
the last map which is not the identity, but the rotation 83. So, the first map ¢ in the next block
(the second block B, in «3) is applied in the situation when y; is not its fixed point. It follows
that to prove (2.4) for j < 2"*"2* jt suffices to show that

P&y 060308, (2), th 00308, () = p(zi, yi). for any i, k > 0. 2.9)

Denote y; = 65 o (2_1‘ (y;), and similarly with Z;, and consider two cases.
If the points Z; < y; are separated by one of the points ag, aj, ax on S! (i.e.Z; < a; < ¥,
0<j<2),leth = p(aj,y). Then, by the definition of ¢,

PG (), X)) = (p(Zi, 31) — WF2 + 1 — (1 = F™ = A(h) > (p(Z, F)*™"
= A(0) (2.10)

since f, > 1 whence A(h) is an increasing function.
If the points are not separated by an a; then we may assume a9 < y; < Z; < a; and,
letting & = p(ay, ¥;), we have

P(Ex(Z), X)) = (p(Zi, 31) + W2 — (W2 =2 v(h) > (p(Z7, 1) = v(0) (2.11)

since v(h) is an increasing function. So, we have proved (2.4) for j < 2™M*"2+s,

The argument now follows by induction, using the above approach and formulae similar
to (2.10) and (2.11), since, by (2.2) and (2.6), for odd k, Wonjmy+-m = By o ag, Where o and
Bk are obtained when in (2.6), index 2 is replaced by k — 1. Blocks yx, y, are obtained from

By using 6y, and 9,;11 instead of 63 and 65 Y respectively. O
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Li-Yorke sensitivity. They proved that every weak mixing system (X, T), KEYWORDS

where X is a compact metric space and T a continuous map of X is Li-Yorke sensitivity; weak
Li-Yorke sensitive. An example of Li-Yorke sensitive system without mixing system; extension of
weak mixing factors was given in [M. Ciklova, Li-Yorke sensitive minimal system; skew-product
maps, Nonlinearity 19 (2006), pp. 517-529] (see also [M. Ciklova- AMS SUBJECT
Mlichovd, Li-Yorke sensitive minimal maps I, Nonlinearity 22 (2009), CLASSIFICATIONS

pp. 1569-1573]). In their paper, Akin and Kolyada conjectured that 54H20; 37B05
every minimal system with a weak mixing factor, is Li-Yorke sensitive.

We provide arguments supporting this conjecture though the proof

seems to be difficult.

1. Introduction

A topological dynamical system (X, T) is a compact metric space (X, p) endowed with a con-
tinuous surjective map T : X — X. Denote by T" the nth iterate of T, n > 0. Points x, y €
X are proximal, or §-asymptotic (with § > 0), or distal if lim inf,,_, o p(T"(x), T"(y)) =
0, limsup,_, ., p(T"(x), T"(y)) < 6, or liminf, o p(T"(x), T"(y)) > 0, respectively;
instead of 0-asymptotic we say asymptotic. A system (X, T) is distal if all pairs of points
x # yaredistal. Amap T : X — X is Li-Yorke sensitive, briefly LYS or LYS,, if there is an
& > 0 with the property that every x € X is a limit of points y € X such that the pair (x, y)
is proximal but not e-asymptotic, i.e. if

liminf p(T"(x), T"(y)) =0, and limsup p(T"(x), T"(y)) > ¢. (1)
n—00 n—00
Every pair (x,y) € X x X satistying (1) is an e-Li-Yorke pair. A set S C X such that any
points x # y in S satisfy (1) is an (e-)scrambled set. A map T is Li-Yorke chaotic, briefly
LYC or LYC, if it has an uncountable ¢-scrambled set, for some ¢ > 0.

A system (X, T) is transitive if for every pair of open, nonempty subsets U, V' C X there
is a positive integer n such that U N T™"(V) # ¥, or equivalently, if there is a transitive
point, i.e.apoint x € X having a dense orbit {T"(x)}32 ; it is weakly mixing if the product
system (X x X, T x T is transitive; it is minimal if every point x € X is transitive. Finally,
asystem (Y, S) is a factor of (X, T') if there is a surjective continuous map 7 : X — Y such
that w o T = S o 7. In this case we say that (X, T') is an extension of (Y, S). A skew-product
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system is a system (X x Y, F) where X, Y are compact metric spaces, and F a continuous
map such that F(x,y) = (f(x),g«(y)), for every x € X,y € Y. Other notions will be
defined later, or can be found in [1] or in related papers listed in references.

The notion of LYS was introduced and studied by Akin and Kolyada [2]. It turns
out that such systems are related to weak mixing systems. For example, every nontrivial
weak mixing system is LYS. Therefore, Akin and Kolyada stated in [2] five conjectures
concerning LYS systems. Three of them were disproved in [5] and [6]. In particular, it was
proved that a minimal LYS system need not have a nontrivial weak mixing factor, and that
a minimal system with a nontrivial LYS factor need not be LYS. The remaining two open
problems are the following:

(P1) Is every minimal system with a nontrivial weak mixing factor LYS?
(P2) Does LYS imply LYC?

Both problems seem to be difficult but, in contrast to the preceding ones, it seems that the
answer is in both cases positive. In this paper we give partial solutions. Recall that the only
known result related to (P1) is the following

Theorem 1.1 (See [2,3]): If (X, T) is minimal weak mixing and (Y, S) minimal and distal
then (X x Y, T x S) is minimal and LYS.

We generalize it to some skew-product extensions of the original system in Theorems
2.5, 3.1 which represent the main results of this paper. Then, in Theorem 4.4 we show
that the restriction to skew-product extensions is not too limiting. Finally, our last result,
Theorem 5.1, essentially diminishes the possible class of systems which may not satisfy
(P2). For convenience, we recall several known results which will be of use in the next
sections.

Lemma 1.2 (See [8]): If (X, T') is a minimal system then, for every open set G C X there is
an open set H € X such that H C T(G) € H.

Lemma 1.3 (See [7]): Let X be a complete separable metric space without isolated points.
IfR C X x X is a symmetric relation with the property that for each x € X, R(x) = {y €
X (x,y) € R} contains a dense Gs subset, then there is a dense uncountable set D C X such
that D x D\ A C R, where A is the set of pairs (x,x), x € X.

The following is a topological version of the Fubini Theorem.

Lemma 1.4 (See [1] or [7]): Let R be a relation on a complete separable metric space X
which contains a dense Gs subset of X x X. Then there is a dense G5 set A C X such that for
each x € A, there exists a dense Gs set X,, € X with {(x,y);x € A,y € Xx} C R

Lemma 1.5 (See [7] and [2]): If (X, T) is LYS then, for some § > 0, the set of §-asymptotic
pairs is a first category subset of X x X.

2. Minimal finite-type skew-product extensions of weak mixing systems

Lemma 2.1: If (X, T) is minimal weak mixing, then for every x € X the set Tran(x) C X
of points y such that (x, y) is a transitive point with respect to T x T, is a dense Gs set.
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Proof: Let xy € X be given. The set Tran(xp) of points y € X such that (xp, y) is a transitive
point of T x T, is a Gs set since it is the intersection of two Gj sets, the set of transitive
points (x,y) € X x X, and {xo} x X. So it suffices to show that Tran(xp) is dense in X.
Let {G,},>1 be a base of open sets for X x X of the form G, = I, x J,, where I,,, ], are
open sets. Let Uy C X be nonempty open. By induction, there are nonempty open sets
Up DUy DU, D---,and asequence n; < ny < -- - of positive integers such that

Uj C Uji—1, T"(xo) €I; and T"(Uj) CJj, jeN. )

Indeed, since T is minimal, there is a k; > 0 such that, for every j, there is an s,
0 < s < ki, with T"(xg) € I;. Since T is weak mixing, the set N(Up,J1) of times i such
that T'(Up) N'J1 # @, contains arbitrarily long blocks of successive integers. It follows
that there is an #n; such that T" (xg) € I; and T™(Uy) N J; # @. Since T is minimal
and Uy open, T" (Up) has nonempty interior (see Lemma 1.2) and hence T" (Uy) N J;
contains a nonempty open set H. It suffices to take for U; a nonempty open set such that
U, C T~™(H). Thus, we have n; and U; satisfying (2) (for j = 1). Next we apply the
above process with Uy replaced by U;, G; by Ga, obtaining U, C Uj and np > ny, etc. This
proves (2).

To finish the argument put Y = ﬂjzl Uj = ﬂjzl Uj. Then Y is a nonempty Gs set and,
by (2), forevery y € Y C Uy, (xo, y) is a transitive point. O

Let (X, T) be a minimal weak mixing topological dynamical system. Let A be a finite
space with discrete topology, Y = X x A with the max-metric, and (Y, S) a skew-product
extension of (X, T) such that S(¢,a) = (T'(t), G¢(a)), where every fibre map G is a bijection
of A. The following terminology and notation will be useful. For £ > 0let Ay € X x X
be the set of pairs (x,y) such that p(x,y) < &. For every z = (x,y) € X x X and
i € N, denote by (T x T)i(z) = (x> yi) the ith iterate of z, with xg := x, yo := y. Let
go = ho = Id, the identity and, for i > Olet g = Gy, , 0 Gx,_, 0 - - - 0 Gy, similarly let
hi be the composition of i — 1 corresponding maps G,,, and let ¢; := (g, h;). For n > 0
let N = N(x,y,n) = {i € N; (x4,y;)) € Ay}. The sequence {c;}ien is the n-characteristic
sequence of (x,y). Let jo < j1 < --- be the numbers in N. A finite string cjy, ¢j;» . . . Cjy_,
is an n-saturated chain for (x,y) of length k if the string contains all members of the 7-
characteristic sequence of (x,y); we denote it as M(x, y,7n), and we let C(x, y,n) denote
the set of elements in M(x, y, ). Notice that we do not determine uniquely the length of
a saturated string: if M(x,y,n) = {¢jy>...,¢j_,} then {¢jy, ..., cj_,»cj} is also saturated
string. When dealing with an another pair, (x', y’), we use primes to distinguish the related
symbols like x7, y, ji, ¢ i k', etc. By the continuity there is an & > 0 such that u,v € A,
implies G, = G,. Agaln by continuity, for every saturated chain M (x, y, n) there is an open
neighborhood U (x, y, ) of (x, y) such that every pair (x',y") € U(x, y, ), {(x}, ) }o<i<j_,
e-traces {(x;, yi)Jo<i<j,_, 0 that the distance between (x;, y;) and (x},y?) is less than n and
(x},y) € Ay fori € {jo,j1,j2 - - - jk—1}. In particular, M (x, y,n) = M(x',y’, ).

Saturated strings M(x,y,n), M(x',y’,n’) with n° < n of two transitive pairs (x,y)
and (x/,y’) of length k and k', respectively, can be joined in a single chain of (x,y) in
the following sense. Since (x,y) is transitive, there is an n > jr_; such that (x,,y,) €
U(x',y',n'). It follows that n = j; for some s > k — 1, and the trajectory {(xp+i, Yn+i)}
traces the trajectory {(x/,y;)} for i € [0,/;,_,], remaining within distance " < 5 for
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i = j;,0 <1 < k' — 1. The resulting string is obtained from M(x, y, ) and we denote it as
M, y,m) « M(x',y',n'). Its length is s + k". Thus, we have the following

Lemma 2.2: Let (X, T) be a minimal weak mixing topological dynamical system. Let A
be a finite space with discrete topology, Y = X x A with the max-metric, and (Y,S) a
skew-product extension of (X, T) such that S(t,a) = (T(t), G¢(a)), where every fibre map
G is a bijection of A. Let n > n' > 0, and M(x,y,n), M(x',y',n) be saturated strings of
transitive pairs, of length k and k', respectively. Then

(i) Thestring M(x,y,n)*«M(x',y’,n") need not be saturated for n or n’, but it is obtained
from M(x, y,n) of sufficiently hight length by omitting some elements;

(i) C(x,y,m) 2 C(x',y',n') o cj,, where js is specified above (cj, is the element “connect-
ing”both saturated strings), and { f, g} o h means {f o h,g o h}.

Lemma 2.3: Let (X, T) be a minimal weak mixing topological dynamical system. Let A
be a finite space with discrete topology, Y = X x A with the max-metric, and (Y,S) a
skew-product extension of (X, T) such that S(t,a) = (T(t), G¢(a)), where every fibre map
Gy is a bijection of A. Let (x, ), (x,y") be transitive pairs. Then

(i) #C(x,y,n) = #C(x,y',n) foranyn > 0;
(ii) thereisa& > 0 such thatif (x,y),(x',y') € Ag and 0 < n,n' < & then #C(x,y,n) =
#C(x',y', ).

Proof:

(i) Assume m := #C(x,y,n) < m' := #C(x,y’,n). Then #C(x’,y’,n) = m’ and, by
Lemma 2.2(ii), C(x, y, ) contains m’ distinct elements, a contradiction.

(ii) We may assume " < 1. Then obviously #C(x, y,n") < #C(x, y,n). Since a collection
of permutations of A is finite, thereisa & > 0,and mg > 1suchthat#C(x, y,n) = my
whenever 1 < &. To finish apply (i).

O

Lemma2.4: Let§ beasin Lemma 2.3, and (x,y) € Ag be a transitive pair, and n’ < 1 :=
& Ifcjs € C(x,y,n) is the element connecting the strings M(x,y,n) and M(x,y,n’), then
C(x,y,1") o ¢j, contains the identity map (Id, Id).

Proof: Let x, y be as in the hypothesis. By Lemma 2.2, M (x, y, ) * M(x, y,n") contains the
string M(x, y, 1) o ¢j,. But M(x, y,n') o ¢j, must contain the identity. To see this note that,
by definition, the first member ¢q of the n-characteristic sequence is the identity. Since
px,y) < n (= E,cis also the first member of M(x,y,n), i.e. jo = 0. By Lemma 2.3
(i), C(x, y,n) has the same cardinality as C(x, y,n’) hence as C(x,y,n’) o ¢j,» since ¢j, is a
bijection. Thus C(x, y, ") o ¢j, contains the identity map (Id, Id). O

Theorem 2.5: Let (X, T) be a minimal weak mixing topological dynamical system. Let
A be a finite space with discrete topology, Y = X x A with the max-metric, and (Y,S) a
skew-product extension of (X, T) such that S(t,a) = (T(t), G¢(a)), where every fibre map
G; is a bijection of A. Then (Y, S) is LYS, for any 0 < ¢ < diam(X).

Proof: Let x € X and U be an arbitrary neighborhood of x. Assume that & > 0 is as in
Lemma 2.3. By Lemma 2.1 there is a point y € U such that (x,y) € A¢ is transitive with
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respectto T x T'. Since Y is equipped with the max-metric it suffices to prove thatifa € A
then, for every 0 < n’ < &, ((x,a)(y,a)) is an n’-proximal pair. This follows by Lemma
2.4. O

Theorem 2.6: Let (X, T) be minimal weak mixing, and A # () a finite metric space. Let S
be a skew-product map of X x A. Then, for every 0 < ¢ < diam(X), S is LYC,.

Proof: Let V. C X be an open set such that V. x V C Ag, where £ > 0 is as in Lemma
2.3. By the proof of Theorem 2.5, for arbitrary a € A and a transitive pair (x,y) € Ag with
respectto T x T, a pair ((x, a), (y, a)) is e-Li-Yorke in X x A. To finish the argument, fix
ana € A,andlet Y := V x {a}. Denote by R the set of e-Li-Yorke pairs (x,y)in Y x Y. By
Lemma 1.3 there is an uncountable dense scrambled set D, C Y such that every distinct
points in D, form an ¢-Li-Yorke pair. O

3. Infinite type skew-product extensions of weak mixing systems

Theorem 2.5 and hence, Theorem 2.6 can be generalized to certain types of skew-product
maps of X x A, where (X, T') is minimal weak mixing, and A is infinite compact. As a sample
we provide the following. Recall that an adding machine or odometer related to a sequence
P1>P2> . .. of primes is a system (X, 7), where X = l_[jzl Xj, Xj = {0,1,...,pj — 1}, and
T(X1%2X3 ...) = X1X2X3 ... + 1000 . . ., when adding is modulo p; at the jth position from
the left to the right, see, e.g. [4]. Obviously X is a Cantor-type set. Let A be a collection
of odometers. We say that elements of A are synchronous if there are naturals number
my < my < ...such that for any odometer (X, 7) € A related to a sequence p1,pa, ... of
primes and for any j € N thereis [; € Nwithmj =py-py - ... py.

Theorem 3.1:  Let (X, T) be minimal weak mixing, Y a Cantor-type set, A be a collection
of synchronous odometerson' Y and S : X x Y — X x Y a skew-product map, S(x,y) =
(T(x), Ry (y)) such that, for every x € X, Ry is an odometer in the class A, or the identity.
Then (X x Y,S) is LYS.

Proof: 1t follows by the following Lemma 3.2, and from Theorem 2.5 and Lemma 2.1. O

Lemma 3.2: Let X,Y and S be as in Theorem 3.1. Then for every § > 0 there isan m > 0
such that, foreveryx € X,y € Y and k € N, |y — RE"(y)| < 8.

Proof: It suffices to show that, for every § > 0 and for every x € X, there is a decomposition
of Y into clopen portions Y1,Y3,...,Y,, forming an Ry-periodic orbit, such that the
diameter of every Y; is less than §. Assume the contrary. Then there is an increasing
sequence mj < my < --- of positive integers, a sequence xj, 2, ... in X, and a sequence
Y1, Y3,. .. of clopen portions of Y such that, for every j, diam(Y;) > 6 and Y is a periodic
portion with respect to Ry, of period m;. Taking a subsequence if necessary, we may
assume that limj o xj = X0, and limj_, », Y; = Yo. Then Y is a compact portion of Y
with “infinite’period, i.e. RY (Yo) is disjoint from Y, for every n > 0, contrary to the
assumption that Ry, is an odometer, or the identity. O
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4. Finite-type extensions and skew product systems

Here we show that the assumption in Theorem 2.5, that the corresponding map is a
skew-product map on Y x {1,2,...,n} is not too restrictive since, for certain but not all
types of minimal weak mixing systems every # to one extension is a skew-product map,
see Theorem 4.4. On the other hand not every finite type extension of a minimal weak
mixing system is (conjugate to) a skew-product map. Recall (see, e.g. [9] for details) that a
continuum is a nonempty connected compact metric space. A continuum X is unicoherent
if for every two continua A, B with A U B = X the set A N B is connected.

Lemma 4.1: Let (X, p) be a compact metric space such that every connected component
of X is nowhere dense in X. Then, for every § > 0 there is a finite decomposition X; U
Xo U -+ U Xy of X into disjoint compact subsets such that, for every j, X; is a subset of the
8-neighborhood of a connected component of X.

Proof: Let X; be the union of connected components of X with diameter > §. Then X is
a closed set. Indeed, let x,, € X5 be such that lim,_, o x, = x. Then there are connected
components K, C X; such that x,, € K, for every n. Since the set of nonempty compact
subsets of X, with the Hausdorff metric py, is a compact set, we may assume that there is a
compact set K C X such thatlim,_, », pr (K, K) = 0. Since x € K, it suffices to show that
K is a connected component of X with K C X;s. Obviously, diam(K) > §. To show that K
is connected, assume the contrary. Then there are disjoint closed sets G, H with K = GUH
such that K N G # @ # H N K. Let G/, H' be disjoint closed neighborhoods of G and H,
respectively. Then, for every sufficiently large n, K, € G UH, K, NG # # # K, NH'
which is a contradiction. Thus, X; is a closed set.

Next we show that for every connected component K C Xs there is a compact
neighborhood U(K) = U of K such that X\U is compact, and U is contained in the
open §-neighborhood V of K. Since K is a component, for every x € X\V there is a
decomposition of X into disjoint compact sets Gy, Hy such that G is a neighborhood of x
and K C H,. Since X\ V is compact, there is a finite cover Gy, U Gy, U --- U Gy, = X\ V.
Take U(K) = Hy, N --- N Hy,.

To finish the proof it suffices to take a finite cover W = W; U W, U --- U W; of
X5 consisting of disjoint compact sets such that every W; is a set U(K;) with K; € X;
a connected component. Then X\ W is a compact set which can be divided into finitely
disjoint compact sets with diam < 4. O

We say that a set A in a metric space is §-separated if p(u,v) > § for every distinct
u,v € A.

Lemma4.2: Let X,Y be compact metric spaces, n > 0 an integer, and v : X — Y a
continuous map such that, for every y € Y, #7 =1 (y) = n. Assume that (Y, S) is a minimal
system. Then there is a 8o > 0 such that every set w =1 (y) is 8o-separated.

Proof: For § > 0 let Y5 be the set of y € Y such that 7 ~!(y) is §-separated. Then Y; is a
compact set. Indeed, let y; € Y such that lim; .~ y; = yo. Since the space of nonempty
compact subsets of X, equipped with the Hausdorff metric pg, is a compact space there is
a subsequence j; < j, < -+ and a set A C X such that limj_, oo o (7 "1 (3j,), A) = 0. By
the continuity, 7(A) = yp and #A = n. Hence A = n_l(yo) is &-separated, i.e. yo € Ys.

Since every 7 ~(y) is finite, Uj>0 Y1/; = Y. By the Baire category theorem there is a
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k > 0 such that Y7 /x has nonempty interior. Since Y is minimal, there is an n > 0 such that
Wo <j<m S_j(Yl/k) = Y. By the continuity of S thereisa dyp > 0 such that S_j(Yl/k) C Ys,»
0 <j < m. Consequently, Y = Yj,. O

Lemma4.3: Let (Y,S) be a factor of (X, T), with factor map w : X — Y. Assume that
(Y, S) is minimal, weak mixing, not connected, and such that every subcontinuum of Y is
unicoherent. Finally, let n > 0 be an integer such that, for every y € Y, #7~1(y) = n. Then
(X, T) is conjugate to a skew-product map F : Y x N — Y x N, where N = {1,2,...,n}.

Proof: By Lemma 4.2 thereisa 8y > 0 such that 7 ~1(y) is §o-separated, for every y € Y. Let
0 < n < 8p/3 be such that, for every u,v € X, p(u,v) < 2n implies p(T (1), T(v)) < 8o/3.
Since (Y,S) is weak mixing and not connected every connected component of (Y, p)
is nowhere dense. By Lemma 4.1, there is a finite decomposition Y; U Y, U --- U Yy,
of Y into disjoint compact sets such that Y; is contained in the n-neighborhood of a
connected component P of Y. Let px € Py and let Uy be a compact n-neighborhood of
Pk Define a continuous map ¥ : 71 (Up N Px) — (Uy N Px) x N.If Yy C Uy extend
Yk continuously onto 7w ~1(Yy); by the choice of 1 this extension is uniquely determined
by v restricted to 771 (Up N Pg). Otherwise take U the compact n-neighborhood of Uy
and extend ¥ continuously to a map 7 YU, NP) — (U NP x N, etc. Since Py is
compact after finite number of steps ¥ is continuously extended onto 77 ~!(Py) such that
V(1 (Py)) = Px x N. Since Py is unicoherent continuum, this extension is uniquely
determined by v on 7 ~!(Up N Py). Finally, by the choice of 1, ¥ can be continuously
(and uniquely) extended onto 7271 (Y). To finish the argument take ¥ = v; U --- U ¥,
which is a continuous bijective map X — Y x N, and take F = ¢y o T o ¢ L. O

Theorem 4.4: Let (Y,S) be minimal, weak mixing, not connected, and such that every
subcontinuum of Y is unicoherent. Let n > 0 be an integer, and let (X, T) be an extension of
(Y,S) such that #7~'(y) = n forevery y € Y. Then (X, T) is LYS.

Proof: 1t follows by Lemma 4.3 and Theorem 2.5. O

5. Li-Yorke sensitivity and Li-Yorke chaos

In [2] there is a problem whether LYS implies LYC; the converse implication obviously
is not true. Here we show that under some additional conditions, the answer is positive.
This significantly restricts the class of systems (X, T') for which the implication need not
hold. To simplify the argument, we will use the following notation. Given a system (X, T')
denote by Dist the set of distal pairs (x, y) € X x X, and by Asym, the set of e-asymptotic
pairs (x,y) in X x X.

Theorem 5.1:  Let (X, T) be LYS. Assume there is a non-empty open set H C X such that
(H x H) N Dist has empty interior or (equivalently) that (H x H) N Dist is a set of the first
Baire category. Then there is an & > 0 such that (X, T) is LYC,.

Proof: By Lemma 1.5 there is an ¢ > 0 such that T is LYS,, and Asym, is a first category
set. It is easy to see that Dist and Asym, are F sets hence, by the Baire category theorem,
(H x H) N Dist is of the first category if and only if it has the empty interior. Assume
(H x H) N Dist is a first category set and put L = X x X\(Dist U Asym,). Then L is a
G;s set dense in H x H. By Lemmas 1.4 and 1.3, there is an uncountable set D C H such
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that D x D\ A C L. Obviously, L is the set of e-Li-Yorke pairs in X x X. Hence, D is an
g-scrambled set for (X, T') and hence, T is LYC,. O

Remark 1: For a minimal (X, T') which is both LYS and LYC, the set Dist can be very
large. In [5] there is an example of such a system, even without a weak mixing factor such
that the set Dist contains an open dense subset of X x X.
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