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MULTI-SENSITIVITY, LYAPUNOV NUMBERS AND ALMOST
AUTOMORPHIC MAPS

WEN HUANG, SERGII KOLYADA AND GUOHUA ZHANG

ABSTRACT. In this paper we study several stronger forms of sensitivity for con-
tinuous surjective selfmaps on compact metric spaces and relations between
them. The main result of the paper is an analog of the Auslander-Yorke di-
chotomy theorem, which states that a minimal system is either multi-sensitive
or an almost one-to-one extension of its maximal equicontinuous factor. For
minimal dynamical systems, we also show that all notions of thick sensitivity,
multi-sensitivity and thickly syndetical sensitivity are equivalent, and all of
them are much stronger than sensitivity.

1. INTRODUCTION

Throughout this paper (X, T) denotes a topological dynamical system, where X
is a compact metric space with metric ¢ and 7' : X — X is a continuous surjective
map. If X is a singleton then we call (X,T) trivial.

The notion of sensitivity (sensitive dependence on initial conditions) was first
used by Ruelle [31]. According to the works by Guckenheimer [20], Auslander and
Yorke [7] a dynamical system (X,T') is called sensitive if there exists a positive ¢
such that for every x € X and every neighborhood U, of z, there exist y € U, and
a nonnegative integer n with o(T"(x), T™(y)) > 4.

Recently several authors studied different properties related to sensitivity (cf.
[1], [5], [30], [22]). The following proposition holds according to [5].

Proposition 1.1. The following conditions are equivalent:

1. (X,T) is sensitive.

2. There exists a positive § such that for every x € X and every neighborhood
U, of x, there exists y € U, with limsup,,_, . o(T™(x), T"(y)) > 6.

3. There exists a positive 6 such that in any opene' U in X there are x,y € U
and a nonnegative integer n with o(T™(x), T"™(y)) > 6.

4. There exists a positive § such that in any opene U C X there are x,y € U
with imsup,,_, . o(T"(x), T™(y)) > 9.

According to these properties were defined the following Lyapunov numbers [25]
(here we set sup @ = 0 by convention):

L, = sup{d: for every € X and every open neighborhood U, of x there exist
y € U, and a nonnegative integer n with o(T"(x),T"(y)) > d};
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IBecause we so often have to refer to open, nonempty subsets, we will call such subsets opene.
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L, = sup{d: for every z € X and every open neighborhood U, of = there
exists y € U, with limsup o(T"(x),T"(y)) > 0};
n—oo

Lgy = sup{d: in any opene U C X there exist z,y € U and there is
a nonnegative integer n with o(T"(x), T"(y)) > d};
Ly = sup{d: in any opene U C X there exist z,y € U with
limsup o(T" (), T"(y)) > 6}.
n—oo

So, various definitions of sensitivity, formally give us different Lyapunov numbers
— quantitative measures of these sensitivities. Nevertheless, as was shown in [25],
for topologically weakly mixing minimal systems all these Lyapunov numbers are
the same.

Some another way to measure the sensitivity of a system, by checking how large is
the set of nonnegative integers for which the sensitivity still happens, was initiated
by Moothathu in [30]. This is the main subject of this paper.

Let S be a subset of the set of all natural numbers (positive integers) N. S is
thick if for each k € N there exists ng € N such that {ng,nx +1,...,np +k} CS.
S is syndetic if there exists m € N such that SN{n,n+1,...,n+m} # & for each
n € N. S is thickly syndetic if {n e N: {n,n+1,...,n+ k} C S} is syndetic for
each k € N. S is cofinite if S D {m, m—+1,m+2,...} for some m € N. Observe that
each syndetic set and any thick set has a nonempty intersection, which is called a
piecewise syndetic set.

Let 6 > 0. For an opene U C X define

Nr(U,6) = {n € N: there are x1,z2 € U such that o(T"x1,T"x2) > §}.

It is easy to see from Proposition 1.1 that (X, T') is sensitive iff Np(U, ) is infinite
for some 0 and every opene set U C X.
Following [30] and [29], recall the following definitions of some stronger versions
of sensitivity. A topological dynamical systems (X, T) is called
(1) thickly sensitive if there exists § > 0 such that for any opene U C X,
Nr(U,6) is thick;
(2) thickly syndetically sensitive if there exists § > 0 such that for any opene
U C X, Nr(U,$¥) is thickly syndetic;
(3) cofinitely sensitive if there exists § > 0 such that for any opene U C X,
Nr(U,d) is cofinite;
(4) multi-sensitive if there exists § > 0 such that for any positive integer k and

k
any opene Uy, ..., Uy, C X, () Nr(U;,9) # @.
i=1
Inspired by [25], we may introduce the following Lyapunov numbers

L., = sup{d: for any positive integer k, for every z; € X and any open
neighborhood U; of x;, i =1,...,k, there exist y; € U; and
a nonnegative integer n with 1r<11i£1k o(T"x;, T"y;) > 0};

727

L,,» = sup{d: for any positive integer k, for every z; € X and any open
neighborhood U; of z;, i = 1,...,k, there exist y; € U;
with limsup min o(T"xz;, T"y;) > 0};

n—oo 1<i<k



Ly.g = sup{d: for any positive integer k and any opene U; C X, there
exist z;,y; € U; and a nonnegative integer n with

1r§nz‘1£k o(T"x;, T"y;) > 6}

L,,a = sup{d: for any positive integer k and any opene U; C X, there
exist x;,y; € U; with limsup 12113]c o(T"x;, T"y;) > 0}.
_1/_

n—roo

As we show in Section 2, these new Lyapunov numbers L, ., Emﬂ«, L, q and Emd
are all related to each other. In particular, for a nontrivial weakly mixing system
Lya = Lipg = diam(X) and L, , = L,,» > 0 (Proposition 2.4); for a system
with a dense set of distal points L,, , = Em,r (Proposition 2.6). An analogue of
Proposition 1.1 also holds for multi-sensitive systems (see Proposition 2.2).

The Lyapunov stability or, in another word, equicontinuity is the opposite side
of sensitivity. Recall that a point x € X is called Lyapunov stable if for every
¢ > 0 there exists a 6 > 0 such that o(x,z’) < § implies o(T"z, T"z') < € for any
n € N. This condition says exactly that the sequence of iterates {T™ : n > 0} is
equicontinuous at x. The system (X,T) is called equicontinuous if {T™ : n > 0}
is equicontinuous at any point of X. The well-known Auslander-Yorke dichotomy
theorem states that a minimal dynamical system is either sensitive or equicon-
tinuous [7] (see also [2]). Equicontinuity can be localized easily by introducing
equicontinuity points. Later the Auslander-Yorke dichotomy theorem was refined
in [3],[17]: a transitive system is either sensitive or almost equicontinuous (in the
sense of containing some equicontinuity points).

Such a dichotomy can also be found in the study of stronger versions of sen-
sitivity. By using Veech’s characterization of equicontinuous structure relation of
a system [33, Theorem 1.1], we show that an invertible minimal system is either
multi-sensitive or almost automorphic (Corollary 3.2). Recall that the concept of
almost automorphy, as a generalization of almost periodicity, was first introduced
by Bochner in 1955 (in the context of differential geometry [10]) and studied by
many authors starting from [11], [32], [34].

We may also measure the equicontinuity of (a point in) a system by checking
how large is the set of nonnegative integers where equicontinuity happens. More
precisely, we introduce the concept of syndetically equicontinuous points. It turns
out that this new notion of local equicontinuity is very useful. In fact, the re-
fined Auslander-Yorke dichotomy theorem [3], [17] also holds in our setting (The-
orem 5.4): a transitive system is either thickly sensitive or containing syndetically
equicontinuous points. Observe that for transitive systems thick sensitivity is equiv-
alent to multi-sensitivity (Proposition 4.1). Moreover, any nonminimal M-system
is thickly syndetically sensitive and for minimal dynamical systems all notions of
thick sensitivity, multi-sensitivity and thickly syndetical sensitivity are equivalent
and much stronger than sensitivity (Theorem 4.6). We also present three diagrams,
which illustrate a comparison between stronger forms of sensitivity for dynamical
systems.
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2. LYAPUNOV NUMBERS

In this section we are interested in relationships between those introduced Lya-
punov numbers Ly, ., Ly, , Ly, g and Ly, 4.
It is easy to see that (X, T) is multi-sensitive iff L,, 4 > 0, and

(21) H-dm,d > Lm,r Z Em,r and ILlm,,d > Em,d > Em,r-
Moreover, we have the following
Lemma 2.1. L,, 4 < QEmm.

Proof. We only need consider the case L,, 4 > 0. The proof follows [25, Proposition
2.1] and we provide it for completeness.
Let € > 0 be small enough with L,, 4 > 2¢. Now, let £ € N and z; € X with a
neighborhood U; for each ¢ =1,...,k. Set Vo1 = Ui,..., Vo, = Uy. Take
k
ng € m Nr(VoisLima —
i=1
and then there exist yo1 € Vo,1,...,%0,x € Vo,& such that

3)

L d— €
2.9 ; TT0 e PO, —_m,a =
(2.2) in, o(T"ws, T o) > =3
Moreover, we can choose open neighborhoods Vi1 of yo1 (with Vi1 C Vo1), ...,
Vik of yor (with Vi i C Vo) such that

(2.3) max max diam(7"Vy ;) < =
0<n<ng 1<i<k ’ 2
Again take
k
€
n1 € (Y Nr (Vi Lima = 5)

i=1
and hence ny > ngy by (2.3). We continue the process and define recursively (for
each m > 2) open neighborhoods V;;, 1 of some y,,—11 (with Vi1 C Vim11), -+ -,
Vink of some yp,—1 x (With Vi i C Vin—1.5) and ny, > 11 such that

]Lm d— €
3 M —1 . Mo —1 . )
(2.4) 11;1%1]C o(T i, T Ym—1,i) > 5
and
€ k €
@) | ATV < 5o € (NN (Vi Loa = 5)

Since by the construction, for each i = 1,...,k, (] Vin: # &, we can take a point
m>1

y; from the intersection (and so y; € U;). Directly from (2.4) and (2.5) we have

> ]Lm,d

-2

Thus the conclusion follows from the arbitrariness of € > 0. O

i i T x;, T™y; — €.
im sup I%lilélk o(T"x;, T"y;) €

n— oo



As a consequence, we have the following

Proposition 2.2. The following conditions are equivalent:

1. (X, T) is multi-sensitive.

2. There exists a positive & such that for any positive integer k, for every
z; € X and any open neighborhood U; of x;, i = 1,...,k, there exist
yi € U; and a nonnegative integer n with ming <;<p o(T"x;, T"y;) > 4.

3. There exists a positive § such that for any positive integer k, for every
z; € X and any open neighborhood U; of x;, i = 1,...,k, there ezist
yi € U; with limsup,,_, miny<;j<g o(T"x;, T"y;) > 6.

4. There exists a positive & such that for any positive integer k and any opene
Ui,..., U, C X, there exist x;,y; € U; with
limsup,,_, o mini<i<x o(T"x:, T"y;) > 6.

Recall that (X,T) is called (topologically) transitive if Np(Uy,Us) = {n € N :
Uy NT Uy # @} for any opene subsets Uy, Us C X, and weakly mizing if (X X
X, T x T) is transitive. A point z € X is called transitive if its orbit orbr(z) =
{T"™z:n=0,1,2,...} is dense in X. Denote by Tran(X,T') the set of all transitive
points of (X,T). Since T is surjective, (X, T) is transitive iff Tran(X,T') # @.

The system is called minimal if every point has a dense orbit or, equivalently,
if Tran(X,T) = X. In general, a subset A of X is called invariant if TA = A.
If A is a closed, nonempty, invariant subset then (A, T|4) is called the associated
subsystem. A minimal subset of X is a nonempty, closed, invariant subset such that
the associated subsystem is minimal. Clearly, (X,T") is minimal iff it admits no
proper, nonempty, closed, invariant subset. A point x € X is called a minimal point
if it lies in some minimal subset. Since Zorn’s Lemma implies that every closed,
nonempty invariant set contains a minimal set. If (X, T) is a transitive system with
a dense set of minimal points, then we call it an M-system [17].

Lemma 2.3. Let (X,T) be a transitive system. Then Ly, 4= Ly q-

Proof. It suffices to show that L,, 4 < Emyd in the case of L,, 4 > 0. Let k € N
and take opene Uy,..., U, C X. Let § > 0 be small enough with L,, 4 > 6.
By the definition there exist n € N and z},y; € U; for each i = 1,...,k with

1ré1j£k o(T"x}, T™y;) > §. Then, for each i = 1,...,k we could find opene z €
_z_

V; C U; and y; € W; C U; such that both diam(7T"V;) and diam(T™W;) are small
enough, thus 1gljgk dist(T"V;, T"W;) > 0.

Since (X, T) is transitive, take z € Tran(X,T) and then choose s;,¢; € N with
T%z € V; and Ttz € W; for each i = 1,...,k. Observe that once m € N such
that 7™z is sufficiently close to z then T%t™z € V; and T%*T™z € W, for each
i =1,...,k, and hence 1r<nii£1k o(Tmtsitmy pnttitmy)y > §. Since z € Tran(X,T),

clearly there are infinitely many m; < mo < ... in N such that each T™iz is
close enough to z, and hence we obtain L,, 4 > ¢ by taking z; = T%z € U; and
y; = Ttz € U, for each 4 = 1,. .., k, finishing the proof. O

Clearly that any nontrivial weakly mixing system is multi-sensitive [30], and a
classic result of Gottschalk states that z € X is minimal iff Np(z,U) = {n € N :
Tmx € U} is a syndetic set for any neighborhood U of x.

By the same proof of [25, Theorem 4.1] one has:
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Proposition 2.4. Let (X,T) be a nontrivial weakly mizing system. Then Ly, 4 =
Ly, q = diam(X) and Ly, = Ly, > 0.

Recall that S C N is an IP set (the family of all IP sets we denote by F;,) if
there exists {py : k € N} C Nwith {p;, +---+p;, :k€eNand i; <--- <ix} CS,
and is an IP* set if SNT # & for each IP set 7 C N. It is easy to see that the
intersection of an IP set and an IP* set is an infinite set. Remark that for an IP
set S C N, § = § USs implies that either S; or Sy is an IP set by Hindman’s
theorem (see for example [15, Theorem 8.12]), and from this it is not hard to see
that the intersection of any finitely many IP* sets is an IP* set (see for example |2,
Corollary 7.5]).

Lemma 2.5. Let 6 > 0, k be a positive integer, and x; € X with a neighborhood
U; for eachi=1,...,k. If Ly, > J, then

N = {n eN: 1gl_i£1kg(T"xi,T"yi) > § for somey, € Uy, ...,y; € Uk} € Fip.-

Proof. By the assumption, N’ # & as § < L, ,. Now assume that
A:{pll ++p17 ]-S'Ll < - <’ij SZ}CN
for some {p1,...,p} C Nwith [ € N. We shall find p;+1 € N such that p;11 +.4g C
N with Ay = {0} U A, and then obtain the conclusion by induction.
Take z,; € X with TPt +tP=sg . = g; for each s € Ay and any i =
1,...,k. Since § < L,,,, obviously we may choose ¢ > p; + --- + p; and
Ysi € T~ (Pt +p=9)[J. for each s € Ag and any i = 1,...,k such that

(2.6) snel.}é{}) 1r<nii£k o(T"xs;, Ty, ;) > 6.

Set pry1=q — (p1 +---+mp) € Nand af ; = TP+ +P=5y ;€ U; for each s € Ag
and any ¢ = 1,...,k. Then (2.6) means equivalently
i i TPi1ts . TPiy1ts 5
min min o i, rgi) >0,
that is, pj11 + Ao C N, which finishes the proof. O

A pair of points x € X and y € X is called proximal if liggioréf o(T™x, T™y) = 0.
In this case each of points from the pair is said to be also prozimal to another.
We will say that a point x € X is distal if it is not proximal to any another point
from the orbit closure orbr(z). Note that by [15, Theorem 9.11]: z € X is distal
iff Np(x,U) is an IP* set for any neighborhood U of x (and hence any distal point
is minimal); and for distal points x; € X; of the system (X;,T;),i = 1,...,k, point
(x1,...,2) € X7 X+ x X}, is also distal of the system (X7 x -+ X Xp, T X+ X T}).

Proposition 2.6. If the system (X,T) contains a dense set of distal points. Then
]Lm,r = IL'm,r-

Proof. By (2.1) and Lemma 2.1 we have 2L, , > Ly > L, . Thus we only need
prove L, , < Em,r in the case of L,, , > 0.
Let § > 0 be small enough with L, ,, > ¢, and we take an open cover {V1,...,V,}

of X with Jax diam(V;) < §. Now let £ € N and x; € X with a neighborhood U;
<i<p

for each i = 1,...,k, and for each s = (s1,...,s;) € {1,...,p}* we set
Ns={neN:T'zx; € V..., T "z € Vg, }.



Observe that

N = {n eN: 1r<m£1k o(T"x;, T"y;) > L,, , — 0 for some y1 € Ur,...,yx € Uk}

is an IP set by Lemma 2.5, and then N'NA is also an IP set for some t € {1,...,p}*,

because N = |J  (NNN;). Choose {qo,q1,42, ...} C N with {g;, +---+¢, :
se{l,...,p}F
je€Nand 0 <4 < - <i;} C NNN, and hence go + T C N NN, for some
T € .sz
Since qg € N, there exist y; € U; for each ¢ = 1, ...,k such that
i 90 - q0,,. _
(2.7) min, o(T®x;, Ty;) > Ly, — 0.

Note that the set of distal points is dense in X, we may assume that all points
Y1,.-., Yk are distal. Then all of T%y,, ..., T%y; (and hence (T%yq,...,T%y))
are also distal points. In particular,

_ . q90,,. T'90+tn,,.
M {neN'f?fE(kQ(T i, T y;) <5}

is an IP* set. Thus M N T # &, which is in fact an infinite set. Observing (2.7),
it is easy to check from the construction that o(T%*"z;, T y;) > L,, , — 36 for
eachr e MNT and any i = 1,...,k (asr € M and qo,q0 + 7 € N;). Then the
conclusion follows from the arbitrariness of 4 > 0. (]

As will be shown in Example 4.2, we can not require L,, , > 0 under the as-
sumption of Proposition 2.6 even for a minimal system with positive topological
entropy.

3. DICHOTOMY OF MULTI-SENSITIVITY FOR MINIMAL SYSTEMS

The Auslander-Yorke dichotomy theorem states that a minimal dynamical sys-
tem is either sensitive or equicontinuous (see [2], [3], [7], [17]). The main goal of this
section is to prove an analog of the Auslander-Yorke theorem for multi-sensitivity
(see Theorem 3.1), which is the main result of this paper.

A continuous map ¢ : X — Y is called almost open if ¢(U) has a nonempty
interior in Y for any opene U C X. Recall that if a dynamical system (X,T) is
minimal then the map 7 : X — X is almost open ([27]).

Let (X,T) and (Y, S) be topological dynamical systems. By a factor map  :
(X,T) — (Y,S) we mean that 7 : X — Y is a continuous surjection with 7o T =
Som. In this case, we also call (X,T) to be an extension of (Y,.S) and (Y, S) to be
a factor of (X,T), sometimes we also call 7 : (X,T) — (Y, S) to be an extension. It
is easy to see that all of sensitivity, thick sensitivity, thickly syndetical sensitivity,
cofinite sensitivity and multi-sensitivity can be lifted from a factor to an extension
by an almost open factor map by the method used in the proof of [17, Lemma 1.6].
Note that any factor map from a system containing a dense set of minimal points
to a minimal system is almost open, as each factor map between minimal systems
is also almost open [6, Theorem 1.15].

Each dynamical system admits a maximal equicontinuous factor. In fact, this fac-
tor is related to the regionally proximal relation of the system. The regionally proz-
imal relation Q4 (X, T) of (X, T) is defined as: (x1,22) € Q4+ (X, T) iff for any € > 0
there exist 2}, 25, € X and m € N with max{o(x1, z}), o(x2, z}), o(T™a, T™xh)} <
€. Observe that Q4 (X,T) C X x X is closed and positively invariant (in the sense
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that if (z1,22) € Q+(X,T) then (Tz1,Txz2) € Q+(X,T)), which induces the max-
imal equicontinuous factor (Xeq, Seq) of (X,T). And if (X,T) is minimal, then
Q+(X,T) is in fact an equivalence relation by [6, 9, 13, 33] and [23, Proposition
A4]. Denote by Teq : (X,T) — (Xeq, Seq) the corresponding factor map. Re-
mark that (Xeq, Seq) is invertible, when (X, T') is transitive, because each transitive
equicontinuous system is uniformly rigid [17, Lemma 1.2] and hence invertible.
Let X be a compact metric space. Recall that the function f: X — R, is upper
semi-continuous if limsup f(z) < f(xo) for each 79 € X. Let ¢ : X — Y be a

r—rxo
continuous surjective map. If there exists a dense subset Yy C Y such that 7=1(y)
is a singleton for each y € Yy, then we call ¢ almost one-to-one. Note that such a
set Yy can be always presented as a G subset of Y, because

Yo ={y €Y :7(y) is a singleton} = ﬂ {y €Y :diam(r ' (y)) < 1} :
neN "

If 7:(X,T) = (Y,S5) is an almost one-to-one factor map between topological
dynamical systems, then we also call (X,T) almost one-to-one extension of (Y,.S).
Recall also that if a dynamical system (X,T) is minimal, where X is a compact
metric space, then the map T : X — X is almost one-to-one [27, Theorem 2.7].

The main result of this paper is the following dichotomy for multi-sensitive min-
imal systems, whose proof will be presented at the end of this section.

Theorem 3.1. Let (X,T) be a minimal system. Then (X,T) is either multi-
sensitive or an almost one-to-one extension of (Xeq, Seq). Furthermore, (X,T) is
not multi-sensitive iff (X,T) is an almost one-to-one extension of (Xeq, Seq)-

Let (X,T) be an invertible system. Recall that € X is an almost automorphic
point of (X, T) if T"*x — ' implies T~ 2’ — x for any {n; : k € N} C Z. (X,T)
is said to be almost automorphic if X = orbr(x) for an almost automorphic point
x € X ([32]). The structure of almost automorphic systems was characterized in
[32]: a minimal invertible system is almost automorphic iff it is an almost one-to-one
extension of its maximal equicontinuous factor (Xeq, Seq)-

Thus, directly from Theorem 3.1, we have the following

Corollary 3.2. Let (X,T) be an invertible minimal system. Then (X,T) is not
multi-sensitive iff it is almost automorphic.

Let us also remark that by Theorem 4.6 all notions of thick sensitivity, multi-
sensitivity and thickly syndetical sensitivity are equivalent for minimal dynamical
systems, therefore one can apply Theorem 3.1 and Corollary 3.2 to any of them.

Now we will use the following concepts of Furstenberg [15]. Let S C N. Sis a
central set if there exists a topological dynamical system (X,7T) with z € X and
opene U C X containing a minimal point y of (X,T) such that the pair (x,y) is
proximal and Nr(z,U) C S. S is a difference set if there exists {s; < sy < ...} CN
with S = {s; —s; : 1 > j}. Sisa A*-set if S has a nonempty intersection with any
difference set. We also call a difference set as a A-set. Note that each central set is
an IP set [15, Proposition 8.10], and hence contains a A-set [15, Lemma 9.1]; and
if (X,T) is a minimal system, then Np(U,U) is a A*-set for any opene U C X by
[15, Page 177].

Let 7 : (X,T) — (Y,S) be a factor map between dynamical systems. We call ©
prozimal if any pair of points z1,x9 € X is proximal whenever 7(x1) = m(x2).
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Proposition 3.3. Let m: (X, T) — (Y, 5) be a factor, not almost one-to-one map

between minimal systems, where (Y, S) is invertible. Then in}f/ diam(m~1y) > 0.
IS

Moreover, if w is also proximal, then (X, T) is thickly sensitive.

Proof. Since (Y,S) is an invertible minimal system, it is not hard to show that
77 (y) is not a singleton for any y € Y. So, let us first prove that d :=
inf diam(7~1y) > 0.

yey

Let ¢ : Y — [0,diam(X)] be given by y — diam(7~!'y), and hence for each
y € Y one has ¥(y) > 0 as 7~ 1(y) is not a singleton. Since the function 1 is upper
semi-continuous, E.(1) - the set of all points of continuity of v, is a residual subset
of Y (see for example [15, Lemma 1.28]). Suppose that d = 0. So, there exists a
sequence of points y; € Y such that Aliﬁm Y(y;) = 0.

Let y. € E.(¢) and € > 0. There exists opene V' C Y containing y. such that
|¥(ye) —¢(y)| < € whenever y € V. Since (Y, S) is minimal, there exists m € N with

U S~V =Y. By taking a subsequence (if necessary) we may assume that {y; :

i=0

i € N} € S™FV for some k € {0,1,...,m}. Since lim #(y;) = 0, in other words,
71— 00

the diameter of m~!(y;) tends to zero, the diameter of 7~ 1(S*y;) = T*7~1(y;) also

tends to zero. Therefore lim v(S*y;) = 0, which implies that 1 (y.) < € by the
11— 00
construction of V' and m. Finally ¢ (y.) = 0, a contradiction.

d
Take 0 < § < —. Now assume that 7 is proximal. We shall prove that (X,T)

is thickly sensitive with a sensitive constant §. Let z, € X and m € N and take

opene U C X containing z,. Let V' C U be an opene set containing x, with

(ax diam(7"V) < §. Since a factor map between minimal systems is almost
i<m

og)en [6, Theorem 1.15], therefore for each ¢ = 0,1,...,m: we can choose y; €
int(7(T°V)) (the interior of 7(T*V)), u; € 7 *(y;) with dist(u;, T?V) > g -0
because diam(7°V) < 4, and set

Wi ={re€ X :o(x,u;) <5} Na t(int(7(TV))) > u;.

. d
Obviously dist(W;, T°V) > 5 20 > 6 for each i =0,1,...,m.

Note that since (X,T) is minimal, the set of all minimal points of the system
(Xm+L Tm+1)) the product system of m + 1 copies of (X, T), is dense in X"+,
Hence we can take a minimal point (v, v1,...,0m) € Wo x Wi X --+ x W, of the
system (XL Tm+D) and let x; € TV with 7(z;) = 7(v;) (because 7(v;) €
w(T*V)) for each i = 0,1,...,m. Since the factor map 7 : (X,T) — (Y, 95) is
proximal, it is not hard to show that

x s (X Ay Ly (ymt gmEDy (0 < i <m) e (m(2]) 10 < i < m)

is also a proximal factor map. In particular, ((zg,x1,...,Zm), (Vo,V1,.-.,Um)) is
proximal (under the action 70*+1), and thus

S = NT(m+1)((CEQ,I17. .. ,l‘m),WO X W1 X X WT,L)

is a central set and contains a A-set [15]. Finally SON # @ where N = Np(V, V) C
Nr(TV,TV)C -+ C Np(T™V,T™V) is a A*-set [15]. Now for any n € SNAN and
each i = 0,1,...,m: on one hand T"x; € W; as n € S, and hence T" "'V NW; >
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T"z; as x; € T'V; on the other hand T" ™V N TV # @ as n € N, therefore
diam(T"+V) > dist(W;, T*V') > §. Thus

Nr(U,8) D Np(V,8) D {n+i:neSNN,i=0,1,...,m},
which implies that (X, T) is thickly sensitive by the arbitrariness of U and m. O
The following lemma is just a reformulation of Theorem 1.1 in [33].

Lemma 3.4. Let (X,T) be an invertible minimal system. Let z,2’ € X and
Teg + (X, T) = (Xeq, Seq) as introduced at the beginning of this section. Then
Teg(x) = Teg(2') iff for every opene U,V C X containing x and x', respectively,
there exist ni,m1 € Z such that T x, TM+ g c U and T™x € V.

Now let us show that it is also true for any (not only invertible) continuous
minimal map. Recall that the natural extension (X,T) of (X, T) is defined as

X ={(#1,22,...) : T(xi41) = x; and z; € X for each i € N},

~

T: (xl,xg,...) — (Ti[,'l,l'l,...).
Then (X, T) is an invertible extension of (X,T) with a factor map 7 : ()/(> ,f) —
(X,7),(x1,22,...) — x1. It is not hard to check from the definitions that (X,T")
is minimal (sensitive, thickly sensitive, thickly syndetically sensitive, cofinitely sen-
sitive, multi-sensitive) iff ()2 , f) is minimal (sensitive, thickly sensitive, thickly
syndetically sensitive, cofinitely sensitive, multi-sensitive, respectively).

Lemma 3.5. Let (X,T) be a minimal system and z,y € X. Then (z,y) €
Q+(X,T) iff for every opene U,V C X containing x and y, respectively, there
exist n,m € N such that T"z, T" "z ¢ U and T™x € V.

Proof. From the definition (z,y) € Q4+ (X,T) once for every opene U,V C X con-
taining x and y, respectively, there exist n, m € N such that T"z, T"T™z € U and
T"x e V.

Now assume (z,y) € Q+(X,T) and take opene U,V C X containing z and
y, respectively. Let ()? ,f) be the natural extension of ( T) with the factor
map 7 : ()?,f) — (X,T). Since (X,T) is minimal, (X T) is an invertible min-
imal system. Hence Q+()/(\' ,f) is a closed invariant equivalence relation which
induced the maximal equicontinuous factor (ch,T ) of ()/(\' . T) and Q- (X,T) =
FxT)Q4 (X, T) by [23, Lemma A.3 and Proposition A. 4]. In particular, there exist
(Tw,yx) € Qy (X T) and opene U,,V, C X containing x, and Yo, mspectwely7 such
that 7(z.) = z,7(y«) = y and 7(U,) C U,7(Vi) C V. Let 7, (X, T) — (Xeq,T )
be the corresponding factor map. Then 7 (z+) = 7, (y«), and by applying Lemma
3.4 there exist ni,my € Z such that T”lx* Tratmig el and Tmlx* € V.. More-
over, we choose opene W C X _containing such that T W C U,, Tmtmiy c U,
and T™ W C V,. Since (X T) is minimal, x. is recurrent in the sense that Tha,
tends to x, for a sequence of positive integers Iy < Iy < ..., and so Na(x,, W) is
an IP set by [15, Theorem 2.17]. Hence there exists p1,q1 € N such that

n=mn1+p >0,m=mi+q >0and {p1,q1,p1 + @1} C Ng(z., W).

Thus f”x*,f”er:z:* € U, and T™z, € V.. Therefore Trx, Tz ¢ U and T™x €
V by the above construction. This finishes the proof. O
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Using an idea of the proof of [32, Lemma 2.1.2] we obtain the following result,
which is of independent interest.

Proposition 3.6. Let (X,T) be a minimal system and xz,y € X. Then (x,y) €
Q+(X,T) iff Np(z,U) contains a A-set for any opene U C X containing y.

Proof. Sufficiency. Since Np(z,U) contains a A-set, there exist {s1 < s < s3} C N
with 788 =82, TS2= 513 TS~ S1p e U, Leta’ = x,y = T2 51z and m = s3—s, € N.
Then T™z', T™y' € U and (x,y) € Q+(X,T) by the arbitrariness of opene U C X
containing y.

Necessity. Assume (z,y) € Q4(X,T) and take opene U C X containing y.

Choose positive real numbers i and 7, k € N such that n = > n; and B, (y) C U,
keN
where B, (y) denotes the open ball of radius 7 centered at y. By applying Lemma

3.5 to By, (x) and By, (y), there exist n1,m; € N such that
T, T ™ g € By, (z) and T™x € B, (y).

Let 0 > 0 be small enough and applying Lemma 3.5 to Bs(z) and By, (y), we have
ng,me € N such that 772z, T"2+™2g € Bs(x) and T™2x € By, (y). Since ¢ is small
enough, we can require additionally
Tr+n2 TT d T'r+7L2+mg T'r‘ .
o< B, 8T <mand e oI T <

k
We continue the process by induction. Put I = > (n; +m;) for each k € N. Then
i=1
there exist ngq1,mpy1 € N such that Tz € By, . (y),

3.1 TT+nk+1 T d TT+nk+1+mk,+1 T" .
(3.1) Jmax o( 2, T"x) < g1 an Jmax of 2, T"x) < Mt
Set pr = mk + ngy1 and s = p1 + - - + pg, for every k € N. Then

i
mi+ > (netmE)+n i
oI iay) = (T Ty

m;+ ZJ: (nktme)+n;11 m;+ i (nk+mp)
o(T  k=it1 x, T k=it1 x) +
oo (Tt (M) g Ty (T g, )
< Mj+1+ oo+ (using (3.1)) <,
for all i < j. So, Np(z,U) D {s; —s; : 4 < j} from the construction. O

Proposition 3.7. Let (X, T) be a minimal system and let meq : (X, T) = (Xeg, Seq)
be not proxzimal. Then (X, T) is thickly sensitive.

Proof. Since meq : (X,T) — (Xeq, Seq) s not proximal, there exist a not proxi-

mal pair of points x1,z2 € X such that meq(z1) = Teq(22) (and hence (z1,z2) €

Q+(X,T), as (X,T) is minimal). Then d := ing o(T"xy,T™z3) > 0, and take
ne

d
0<d<.
<o<g

We are going to prove that (X,T) is thickly sensitive with a sensitive constant
d > 0. Since (X,T) is minimal, it suffices to show that Np(U,J) is thick for any
opene U C X containing x1.

For any m € N take opene V,W C U containing z; and x2, respectively,
such that Jmax max{diam(T*V),diam(T*W)} < 6. By the above construction
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01<ni<n dist(T*V, T*W) > §. Since (z1,22) € Q4 (X,T), Nr(xy, W) contains a A-

set by Proposition 3.6, and hence has a nonempty intersection with A/, where
N = Np(V,V)C Np(TV,TV) C --- C Np(T™V,T™V) is a A*-set [15]. Therefore
for every n € Np(xy, W)NN and i = 0,1,...,m we have: T" TV NTW > T iz,
because T"x; € W, and T"T'V N TV # @, because n € N. That gets
diam(T"+1V) > dist(T*W, T*V) > §. Thus

Nr(U,0) D Np(V,8) D {n—l—i:neNT(wl,W)ﬂN,i:O,l,...,mL

which implies that (X, T) is thickly sensitive. O

Recall once more that a point x € X is called Lyapunov stable if for every
€ > 0 there exists a 6 > 0 such that o(z,z’) < § implies o(T"x,T"2’) < ¢ for any
n € N. This condition says exactly that the sequence of iterates {T™ : n > 0}
is equicontinuous at x. Hence, such a point is also called an equicontinuity point.
Denote by Eq(X,T) the set of all equicontinuity points of (X, T).

Clearly if (X, T) is sensitive then Eq(X,T) = @, and (X, T) is equicontinuous iff
Eq(X,T) = X, and a thickly sensitive system is sensitive. Recall that a transitive
non sensitive system (X,T') has zero topological entropy, Tran(X,T) = Eq(X,T),
and moreover a minimal system (X,T) is equicontinuous iff it is not sensitive ([4,
Theorem 4.1] and [3, 17, 19]).

Lemma 3.8. Let 7 : (X,T) — (Y,5) be a factor map and let yo be a minimal,
equicontinuity point of (Y, S) such that 7=1(yo) is a singleton. Then (X,T) is not
thickly sensitive.

Proof. Assume, to the contrary, that (X,T) is thickly sensitive with a sensitive
constant § > 0. Let o be a compatible metric over Y. Since m~*(yp) is a singleton,
we can take opene W C X containing 7~ !(y) such that diam(W) < §. There
exists opene V C Y containing yo such that 7=1(V) C W. Let € > 0 be small
enough such that {y € Y : o(y,y0) < 2¢} C V. Since yo € Eq(Y, S), there exists
€ > k > 0 such that o(S™y, S™yo) < € whenever o(y,yo) < k and n € N.

Take V! = {y € Y : o(y,90) < },U = 7= 1(V’) and set S = Ng(yo,V’). If
n €S and y € V', then S"yo € V' and 0(S"yo, S"y) < €, and so o(yo, S"y) < 2e,
that gives S"V’ C V. Note that S is syndetic, because 1 is a minimal point, and

U =T"n'(V)cr Y (S"V)cra N (V)W

for each n € S, which implies N (U, §) NS = &, a contradiction to the assumption.
Thus (X, T) is not thickly sensitive. O

Now we are ready to prove Theorem 3.1.

Proof of Theorem 3.1. Let meq @ (X, T) — (Xeq, Seq) be the factor map as intro-
duced at the beginning of this section. If 7 is almost one-to-one, then (X,T) is
not thickly sensitive by Lemma 3.8. Now assume that (X,7') is not thickly sen-
sitive, then 7 is proximal by Proposition 3.7, and then 7 is almost one-to-one by
Proposition 3.3 (observing that (Xeq, Seq) is an invertible minimal system). This
finishes the proof, because a minimal system (X,T') is thickly sensitive iff it is
multi-sensitive by Theorem 4.6. ]
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4. MULTI-SENSITIVITY, THICK SENSITIVITY AND THICKLY SYNDETICAL
SENSITIVITY

In this section we prove that for minimal systems all of the following notions:
thickly syndetical sensitivity, multi-sensitivity and thick sensitivity are equivalent,
and show that all of them are much stronger than sensitivity. We begin with the
following

Proposition 4.1. If (X,T) is multi-sensitive, then (X,T) is thickly sensitive.
Moreover, if (X, T) is transitive, then the converse also holds.

Proof. First assume that (X, T) is multi-sensitive with a sensitive constant § > 0.

— ]
Then L, , > 3 by Lemma 2.1. Now take any opene U C X and k € N. By the
_ . )
definition of L,, , one has that ﬂf:o Np(T™U, §) is an infinite set and we may

o)

choose ny, from it with ny > k. Obviously {nx — k,...,nx — 1,ng} C Np(U, 3

which implies that (X, T) is thickly sensitive with a sensitive constant 3"

Now we assume that a transitive system (X, T') is thickly sensitive with a sensitive
constant § > 0. Let k& € N and Uy, ...,U be opene sets in X. Take a transitive
point € Tran(X,T). Then there exists n; € N such that T™x € U;, where
i =1,...,k. So, we may get an opene U C X such that T™U C U; for every
i=1,...,k. By assumption there exists s € Nwith {s,s+1,...,s+n1+---+ni} C

k
Nr(U,6), and then one has s € [ Np(U;,6). That shows that (X,T) is multi-
i=1
sensitive with a sensitive constant 9. O

Observe that Moothathu pointed out firstly in [30] that multi-sensitivity implies
thick sensitivity. As a direct corollary of Lemma 3.8, one has:

Example 4.2. There exists a minimal sensitive invertible system containing dense
distal points, which is in fact an almost one-to-one extension of an equicontinuous
system (hence not thickly sensitive by Lemma 3.8, and then not multi-sensitive).
Moreover, we can require the constructed system to have either zero topological
sequence entropy or positive topological entropy.

Construction. It is easy to check that the Denjoy minimal system (D, R) is a min-
imal sensitive invertible system containing dense distal points, which is an almost
one-to-one extension of an irrational rotation over the circle and has zero topolog-
ical sequence entropy. Where (D, R) is constructed as follows: Let (S,.S) be an
irrational rotation over the circle and zo € S. We identify (x,0) and (z, 1) for all
x ¢ {S*zo: k € Z}. Then set D to be the quotient space S x {0, 1} equipped with
this identification, where R acts naturally on D induced from the action S.

Now we consider a Toeplitz flow which is a minimal invertible system and has
positive topological entropy (thus it is sensitive), which in fact is an almost one-to-
one extension of an odometer (and hence contains dense distal points). See [12] for
the definition of a Toeplitz flow and a detailed construction of such a system. [

We say that (X, T) is topologically ergodic (thickly syndetically transitive, respec-
tively) if the set Ny (U, V) is syndetic (thickly syndetic, respectively) for any opene
U,V C X. Recall that (X,T) is weakly mixing iff Np(U,V) is a thick set for any
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opene U,V C X [14], and (X, T) is thickly syndetically transitive iff (X,T’) is not
only weakly mixing, but also topologically ergodic [24, Theorem 4.7].

A nonminimal M-system is thickly syndetically sensitive [29, Theorem 8]. Ob-
serve also that the intersection of finitely many thickly syndetic sets is also thickly
syndetic (and hence nonempty).

Proposition 4.3. If (X,T) is thickly syndetically transitive, then (X,T) is thickly
syndetically sensitive.

Proof. Assume (X, T) is a thickly syndetically transitive system. We take opene
V1, Vo € X with § = dist(V3,V2) > 0. Now let U C X be an opene subset. By
the assumption, both Np(U,V;) and Np(U,Vs) are thickly syndetic, and hence
Nr(U,6) D Np(U, Vi) N Nr(U, Va) is also thickly syndetic. O

In fact, we have the following property of topologically ergodic systems and
provide a proof of it for completeness (see also [29, Theorem 8§]).

Lemma 4.4. Let (X, T) be a topologically ergodic system with two different minimal
subsets My and My of X. Then (X, T) is thickly syndetically sensitive.

Proof. Let dist(M;, M3) > 6 > 0. Take opene subsets U C X and V; C X contain-
ing M;, 1 = 1,2 with dist(V1, Vo) > §. We shall prove that every Np(U,V;),i = 1,2
are thickly syndetic, and hence Np(U,V7) N Ny (U, V3) is also thickly syndetic. In
fact, for any m € N, we may choose opene W; C V; with T9W; C V; for all
7=0,1,...,m. Then

Np(U, Vi) > | No(U,T'W;) D {n+j :n € Np(U,W;),j =0,1,...,m}
§=0
is thickly syndetic, because Np (U, W;) is syndetic. O

By the same reason a thickly syndetically sensitive system is multi-sensitive.
The following Figure 1 presents a comparison between stronger forms of sensi-
tivity for general topological dynamical systems.

— — Thickly - —
[ Cofinite sensitivity DE’[syndetical sensitivityjz'[ Multi-sensitivity )

( Semsitivity  Je——— Thick sensitivity )

Figure 1. General case.

Proposition 4.5. If (X, T) is a thickly sensitive M-system, then (X,T) is thickly
syndetically sensitive.

Proof. Recall again that if (X,T) is an M-system, then (X% 7)), the product
system of k copies of (X,T'), contains a dense set of minimal points for any k € N.
In fact we can say more. Let x € Tran(X,T) and Uy, ..., U be opene subsets in
X. There are ny,...,n, € N such that Tz € Uy,...,T"x € Uy. Since (X,T)
is an M-system, there is a minimal point xy € X sufficiently close to x such that
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Txg € Up,...,T™"xg € Ug. Thus U; X --- x Uy contains the minimal point
(T™ xg, ..., T™xq) of (X*,T®).

Let (X,T), which is thickly sensitive, has a sensitive constant § > 0. Let U be
an opene subset in X. Since Ny (U, d) is a thick set,

k
(\No(T7'U,8) > {n>k:{n—k,...,n—1n}C Np(Ud)}
=0

k .
Therefore there are a positive integer ng € (| Np(T7'U,6), np > k, and
i=0
2,y € T7U with o(T™x;, T™y;) > 6§, i = 0,1,..., k. Moreover, we can choose
opene subsets U;,V; C T7'U such that o(T™0z;,T™y;) > § for all 2} € U;
and y; € Vi, ¢ = 0,1,..., k. Again, since (X,T) is an M-system, the system
(X2k+2 T(k+2)) contains a dense set of minimal points, and there is a minimal

point (2o, 20, 21, 21, - - - » 2k, 25,) € Up X Vo x Uy x Vi X -+ x Uy x V. Obviously
k
S = ((Nr (=i, Ui) N N (2], V7))
i=0

is a syndetic set. From the construction we get that Np(U,0) D {m+ng—i:m €
S,i=0,1,...,k}, which is a thickly syndetic set. O

Combining Proposition 4.1, Example 4.2 and Proposition 4.5 we have the fol-
lowing

Theorem 4.6. Let (X,T) be a topological dynamical system. Then
(1) Thickly syndetical sensitivity = multi-sensitivity = thick sensitivity.
(2) Multi-sensitivity <= thick sensitivity, when (X,T') is transitive.
(3) If (X,T) is an M-system, then these three sensitivities are equivalent, and
all of them are much stronger than sensitivity, even when (X, T) is minimal.
(4) If (X,T) is a nonminimal M-system, then it is thickly syndetically sensitive.

The following Figure 2 presents a comparison between stronger forms of sensi-
tivity for M-systems.

CCofinite sensitivity)

- — Thickly ; —
C Multi-sensitivity )@{syndetical sensitivity]AZ»C Thick sensitivity )

C Sensitivity )

Figure 2. M-systems.

Let us mention about some another stronger form of sensitivity. Recall that a
pair of points z,y € X is called a Li-Yorke pair if liminf o(T™2z, T™y) = 0 while
n—oo

limsup o(T™z, T"z) > 0. A dynamical system (X,T) is called spatio-temporally

n—oo
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chaotic if for any point x € X and its neighborhood U, there is a point y € U,
such that the pair x,y is Li-Yorke [8], (X,T) is called Li-Yorke sensitive if there
exists d > 0 such that for any point € X and its neighborhood U, there is a point
y € U, with linn_1>i£f o(T™x, T"y) = 0 while limsup o(T"x,T"x) > § [5], and (X,T)

is called distal if any point of X is distal. Clré;ﬁ; that Li-Yorke sensitivity is much
stronger than sensitivity and a distal system contains no Li-Yorke pairs.

The following Figure 3 presents a comparison between stronger forms of sensi-
tivity for topological transitive systems.

Topologically

mixing

CCofinite sensitivity) [ I;Zilonf:f(:g j:—CLi—Yorke sensitivity)

Thickly
syndetical sensitivity

[ Multi-sensitivity )«z»[ Thick sensitivity )z»[ Sensitivity )

Figure 3. Topologically transitive systems.

Remarks: 1. Even for minimal systems cofinite sensitivity does not imply spatio-
temporal chaos, and hence Li-Yorke sensitivity. In fact, Example 4.7 provides a
cofinitely sensitive invertible minimal system containing no Li-Yorke pairs.

2. When a system (X,T) is minimal, spatio-temporal chaos (and hence Li-
Yorke sensitivity) does imply multi-sensitivity. Assume that (X,7) is a minimal
system which is not multi-sensitive. Then by the dichotomy theorem (Theorem 3.1)
(X,T) is an almost one-to-one extension of its maximal equicontinuous factor. Take
x € X such that 7~1(x) is a singleton, where 7 is the factor map from (X, T) to
its maximal equicontinuous factor. It is easy to see that (z,z) can not be proximal
for any z € X (z # x). Therefore (X, T) is not spatio-temporally chaotic.

3. In general, even for transitive systems, Li-Yorke sensitivity does not imply
thick sensitivity. In fact, there is a nonminimal E-system (and hence sensitive
system), such that 1) it contains a fixed point as its unique minimal set, and hence
the system is Li-Yorke sensitive by [5, Corollary 3.7]; 2)it is not thickly sensitive.
We will discuss more about such systems in the next section

For example, let (X, T') be the system as in Example 5.2. Then by collapsing the
unique minimal set in (X,T) into a fixed point we obtain a system (Y, S), which
is the system with the required properties. By Example 5.2, (X,T) is not thickly
sensitive, and by the construction 7 : (X, T) — (Y, .S) is almost open. Then (Y, S)
should be not thickly sensitive.

Question. Are all nonminimal M-systems Li-Yorke sensitive?



17

Example 4.7. There exists an invertible minimal distal system (and hence con-
taining no Li-Yorke pairs) which is cofinitely sensitive.

Construction. Let a ¢ Q and (X, T) be given by X = R?/Z? and T : (x,y) —
(x 4+ a,x 4+ y). It is well known that (X, T) is an invertible minimal distal system
(see [15, Chapter 1]). Now for any opene U C X take xo,yo € R/Z and § > 0 with
(o — 6,20+ 8) X {yo} C U. Since

—1
T (z,y) = <x + na, nx + %a + y)
for any point (z,y) € X and any positive integer n, the diameter of T"U is at least
the length of the circle R/Z when n is large enough. From which one has directly
that (X,T) is cofinitely sensitive. O

5. MORE ABOUT THICK SENSITIVITY

This section is mostly devoted to the transitive, not thickly sensitive systems.
Recall that non sensitivity of a system is related to equicontinuity of points in
the system. More precisely, Tran(X,T) = Eq(X,T) for a transitive non sensitive
system (X,T") and a minimal system (X,T") is not sensitive iff Eq(X,T) = X. In
this section, we link thick sensitivity of a system with another kind of equicontinuity
(i.e. syndetical equicontinuity) of points in the system.

We begin this section with recalling a definition of the topological sequence en-
tropy for the system (X,T) by using one of the classical Bowen-Dinaburg def-
inition of topological entropy h(T). For an increasing sequence N' = nj <
ny < ... of N and ng = 0. For any integer k > 1 the function gx(z,y) =
maxo<j<k—1 0(T™x,T™y) defines a metric on X equivalent with o. Now fix
an integer k > 1 and ¢ > 0. A subset E C X is called (k,T,¢)-separated
(with respect to N), if for any two distinct points x,y € E, or(z,y) > €. De-
note by sep(k,T,e) the maximal cardinality of a (k,T,e)-separated set in X and
hn(T,€) = limsup,_, ., 1 logsep(k,T,c). Obviously that hn (T,e1) > hn (T, e2),
when €1 < 9. The topological sequence entropy of (X, T) along the sequence A is
defined by

1
har(T) = lim limsup — log sep(k, T, ¢).
e=0 koo k

As another corollary of Theorem 3.1 and [21, Theorem 4.3], one has that any
minimal thickly sensitive system (and hence multi-sensitive by Proposition 4.1) has
positive topological sequence entropy. In fact, we can obtain the following

Proposition 5.1. Let (X, T) be a multi-sensitive system. Then (X,T) has positive
topological sequence entropy.

Proof. We are going to define an increasing sequence of positive integers N’ = n; <
ng < --- <mn; <...and a sequence of (k + 1, f,e)-separated subsets of X (with
respect to N') with cardinality 2%,k = 1,2,.... Then obviously we will have that
ha(T) > log 2.

Let (X,T) be a multi-sensitive system with a sensitive constant 26 > 0. Take
opene U(1),Up) C X with diSt(U(l),U(g)) > ¢, and define Viy =T7™"Uqy, Vo) =
T7"Uw) for a positive integer ni. Obviously that any two points z; €
Viny,r2 € V(g) are (2,T,0)-separated. Since (X,T) is multi-sensitive and has
the sensitive constant 2§, the Lyapunov number L,,, > ¢ by Lemma 2.1 and
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hence there exist a positive integer ny > n; and 4 points z(1 1), 21,2 € V(1)

and x(21),T(22) € V(2) With I?%nz} o(T™x 1), T"x(;2)) > 6. Therefore they
€1,

are (3,7,0)-separated. More precisely m{i?z} o(T™xq ), T x(2,5) > 6 and
ije{l, ’

‘ 11{111%} o(T™x(; 1), T2 (;,2)) > 0. Take a small enough neighborhood Uy; ;) of point
SN

T™2x(; ;) such that min}dist(U(i}l), Ug,2)) > 0 and set V(; ;) := T2 U; ;) NV,

ie{1,2
for i,5 € {1,2}.
Now assume that by induction we have defined the sequence of positive integers
ny < --- < ny and 2¥ points x, in opene subsets V;,s € {1,2}* such that
min max dist(T"*V,, T™ V) > 6,
8,8’ €{1,2}F sz£s’ 1<q<k
and therefore the set of points {zs € Vi, s € {1,2}*} is (k + 1, T, §)-separated.
Since (X, T)) is multi-sensitive, there exit nj1 > ng and two points (s, . s, 1) €
Vistosi)r Tsrose2) € Visiisn) With o(T™ 0, o 1), T2, sp,2) > 6
for any sq,...,s, € {1,2}*. So, the set of all these 251 points is (k + 2,7, 6)-
separated (with respect to A), because by the induction hypothesis any two dif-
ferent points (s, . s;....s1,0) # T(s1,..0rs!,....5,0) ar€ also (k+ 1,7, 6)-separated (with
respect to A) for any [ € {1,2}. This finishes the proof. O

Recall that (X,T) is a E-system [17] if (X,T) is a transitive system admitting
an invariant probability Borel measure p with full support, that is Ty = p and
w(U) > 0 for all opene U C X. Note that any E-system is topologically ergodic
as shown in [18, Theorem 4.4] (and hence any E-system containing two different
minimal subsystems is thickly syndetically sensitive by Lemma 4.4), and a non
sensitive E-system is minimal equicontinous [17, Theorem 1.3]. It is easy to see
that any M-system is a E-system, and then conclude again that any nonminimal
M-system is thickly syndetically sensitive.

In fact, we have the following

Example 5.2. There exists a nonminimal E-system (X, T) (and hence sensitive)
with positive topological entropy which is not thickly sensitive. Moreover (X, T)
admits an ergodic measure with full support and contains a unique minimal subsys-
tem.

Construction. We take a minimal invertible system (Y, .S) with positive topological
entropy from Example 4.2, which is not thickly sensitive. By the classical variational
principle (see for example [35, Theorem 8.6]) we choose an ergodic measure v of
(Y, S) with positive measure-theoretic v-entropy h, (Y,S). Let v = [, v.dn(z) be
the disintegration of v over the Pinsker factor (Z,D,n, R) of (Y,B,,v,S), where
(Y,B,,v,S) is the completion of (Y, By,v,S) and By denotes the Borel o-algebra
of Y (for the construction of such a disintegration see for example [15, Chapter 5,
§4]). Set A = [, v, x v.dn(z), which is in fact an ergodic measure of (Y x Y, S x 5)
with positive measure-theoretic A-entropy and A\(X \ Ay) > 0 by [16], where Ay =
{(y,y) : y € Y} and X C Y xY is the support of A, that is the smallest closed subset
of Y x Y with A(X) = 1. It is easy to see that (X, S x S) forms a transitive system
having a nonempty intersection with Ay, denoted by (X,T), and then X 2 Ay by
the minimality of (Y, .5).

Now we shall finish the construction by proving that (X,T') is not thickly sen-
sitive (and hence not thickly syndetically sensitive, which implies from Lemma 4.4
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that (X,T) contains a unique minimal subsystem Ay ). The proof of it is direct.
Let o be a compatible metric over Y, and then over Y x Y we take the compat-
ible metric g1((y1,¥2), (y1,45)) = max{o(y1,y1), 0(y2,92)} for y1, 41, 92,45 € Y.
Thus diam(U; x Us) = max{diam(U; ), diam(Us)}, from which it is easy to show
that, if (X,T) is thickly sensitive, then (Y,S) is also thickly sensitive. Assume
(X,T) is thickly sensitive with a sensitive constant 6 > 0. Then Ng(U,d) =
Nsxs((UxU)NX,J) is a thick set for any opene U C Y (reminder Ay C X). We
have a contradiction with the selection of (Y, 5). O

In the following we introduce the concept of syndetically equicontinuous points of
a system and investigate it for transitive, not thickly sensitive systems. We say that
x € X is a syndetically equicontinuous point of (X, T) if for any € > 0 there exist
opene U C X containing x and a syndetic set A’ C N such that o(T"x,T"z’) < e
whenever 2’ € U and n € N. Denote by Eq,,(X,T) the set of all syndetically
equicontinuous points of (X, T). Then Eqg, (X, T) C Eq(X,T).

Since a thick set has a nonempty intersection with a syndetic set, one has read-
ily that, if (X,T) is thickly sensitive, then Eqg,,(X,7) = @. Equivalently, if
Eqeyn(X,T) # @, then (X,T) is not thickly sensitive. Note that Tran(X,T) =
Eq(X,T) for a transitive non sensitive system (X, 7). Similarly, we have the fol-
lowing

Proposition 5.3. Let (X,T) be a transitive, not thickly sensitive system. Then
Tran(X,T) C Eq,,,(X,T).

Proof. Let 6 > 0. Since the system (X, T) is not thickly sensitive, there exists opene
U’ C X such that Np(U’,¢) is not thick. Or equivalently, there exists a syndetic
set N C N such that o(T"z1,T"x2) < § whenever z1,75 € U’ and n € N. Now
for any = € Tran(X,T) there exists m € N with T2 € U’ and hence there exists
opene U C X containing x with 7™U C U’. In particular, o(T™ "z, T™t"z") < §
whenever 2/ € U and n € N. That implies z € Eqg,,(X,T), because the set m +N
is syndetic. ([

A direct corollary of Proposition 5.3 is the following

Theorem 5.4. Let (X,T) be a topological dynamical system.
(1) Assume the system (X, T) is transitive. Then (X, T) is not thickly sensitive
iff Eqsyn(X, T) #+ 2.
(2) Assume the system (X,T) is minimal. Then (X,T) is not thickly sensitive
iff Bqy(X,T) = X.

Let us show it may happen that Tran(X,T) C Eqgy, (X, T) for a transitive not
thickly sensitive system.

Example 5.5. There exists a nonminimal E-system (X', T') (and hence sensitive)
with positive topological entropy which is not thickly sensitive and contains a unique
minimal subsystem such that:

either Tran(X',T") C Eq,, (X', T') = X" or Tran(X',T") C Eq,, (X', T") € X".
Construction. Let (Y,S), (X,T) and ergodic measure A (over (X,T)) be as in
Example 5.2. Both (Y,5) and (X,T) are not thickly sensitive, Ay is the unique
minimal subsystem of (X,T), X is the support of A with X 2 Ay (and hence
AMAy) < 1) and (X, T) has positive measure-theoretic A-entropy.
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1. Case of Tran(X',T") C Eq,,, (X', T") = X'. Set (X', 1) = (X,T). We need
show that Eqgy, (X,T) = X.

Since (Y, S) is not thickly sensitive, Eqy,(Y,S) # @ by Proposition 5.3. Let
Yo € Eqgy, (Y, S). Thus, for each > 0 there exists opene Uy C Y containing yo and
syndetic N' C N such that o(S™y, S"yo) < § whenever y € Uy and n € N. Hence
0(S8™y1, S™y2) < 26 whenever yi,y2 € Uy and n € N, and finally g1 (T"z1,T"x2) <
26 by the construction of g; whenever z1,z2 € (Uy x Uy) N X and n € N. Now
take any x € X and a positive integer m with T™x € (Uy x Uy) N X as Ay is
the unique minimal subsystem of (X,T'). Then, in fact, there exists opene U C X
containing x with T"U C (Uy x Uy) N X, thus oy (T™ "z, T™ "2’) < 2§ by the
construction of g; whenever ' € U and n € N. That implies = € Edgyn (X, T),
because m + N is also a syndetic set.

2. Case of Tran(X',T") C Eq,,,(X',T") € X'. Now we take (X',7") to be the
system constructed by collapsing Ay into a fixed point py of (X,T). Let 7 :
(X,T) = (X',T) be the corresponding factor map. It is easy to see that (X', T")
is an invertible nonminimal E-system and 7 is an almost open factor map. It implies
that (X', T") is not thickly sensitive, because (X, T) is not thickly sensitive.

Observe that A is an ergodic measure with full support X 2 Ay, and AM(Ay) =0
by the ergodicity of A (note TAy = Ay). Now take a measure X' as the projection
of measure X over (X', T") (with respect to 7). It is not hard to show that (X, T, \)
and (X', T’, \') are measure-theoretic isomorphic. Therefore the measure-theoretic
N-entropy of (X’,T') is equal to the measure-theoretic A-entropy of (X,7). In
particular, (X', T") has positive topological entropy.

Moveover, from the above construction it follows that X\’ is an ergodic measure
of (X', T') such that X’ is the support of X (and hence the system (X', T") is
topologically ergodic). (X’,T') has positive measure-theoretic \'-entropy and X'
contains no isolated points. Thus X'\ Tran(X’,T") is a dense subset of X', in
particular, X’ \ Tran(X’",T") 2 {po} (see [26]). In fact, 7 : X \ Ay — X'\ {po}
is a homeomorphism. Therefore we obtain that X'\ {po} C Eqg,(X',T"), as
Bqu,, (X, T) = X.

Finally we are going to show that py ¢ Eqgy, (X', 7") and hence Tran(X',T") C
X'\ {po} = Eqqy, (X', T") € X'. Recall that (X', T") is an invertible topologically
ergodic system and (X', (T”)~!) is also a topologically ergodic system from the
definition. Let x, € Tran(X’,(T')"1) and take 0 < § < dist({x.}, {po}). Choose
opene U, containing z, and opene Uy containing pg. By the proof of Lemma 4.4 one
has that N¢z-1(Us, Up) (= N/ (Up, U)) is thickly syndetic, which implies directly
from the definition of § that Ny (Uy,d) is thickly syndetic, as pg is a fixed point of
the system (X', T"). Hence py ¢ Eqgy,(X’,T"). The construction is done. O

Moreover, as a conclusion we have the following

Proposition 5.6. Let (X,T) be a topological dynamical system. Assume that
(X, T) satisfies one of the following conditions.
(1) (X,T) is equicontinous.
(2) For every e > 0 there exist a 6 > 0 and a syndetic subset A C N such that
o(x,y) < 0 implies o(T"x, T™y) < € for any x,y € X and n € A.
(3) Eqy,(X,T) = X.
(4) For every e > 0 there exist a § > 0 and m € N such that o(x,y) < § implies
ming<i<m o(T" 'z, T"y) < e for any x,y € X and n € N.
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Then (1) <= (2) = (3) = (4).

Proof. In fact, it suffices to prove (2) = (1) and (3) = (4).

(2) = (1): Let € > 0. By the condition (2) there exist € > § > 0 and a syndetic
set A C N such that o(z,y) < § implies o(T"z,T"y) < ¢ for any z,y € X and
n € A. Since syndetic sets have “bounded gaps” in N, there exists m € N such that
{n+i:neAi=0,1,...,m} D{m+1,m+2,...}. Therefore there exists §' > 0
such that o(z,y) < ¢’ implies o(T 'z, T'y) < § < € (hence o(T" ix, T y) < e, n €
A) for any z,y € X and i = 0,1,...,m. So, o(x,y) < & implies o(T7x,T7y) < &
for any z,y € X and j € N, i.e. (X,T) is equicontinuous.

(3) = (4): Let ¢ > 0. Since Eqy,,(X,T) = X, for any z € X there exist
opene U, C X containing = and a syndetic set A, C N such that o(T"z, T"z') <
e for all 2/ € U, whenever n € A, (and hence o(T™z',T"z") < 2¢ whenever
', x” € U,). We take m, € N such that {n,n+1,....,.n+m,} N A, # & for
each n € N, and therefore 0<ni1<i1;1n o(TmHig!  Tntig") < 2¢ for any 2/, 2" € U, and

n € N. Observe that X is a compact metric space. So, we can take a set of points
{z1,...,2,} C X such that {U,, : j = 1,...,s} forms an open cover of X. Then
there exists § > 0 such that any points x,y € X with o(z,y) < § are contained

in some U,,. Set m = max{m,, : j = 1,...,s}. So, ming<i<m o(T" 'z, T 'y) <
Ming<i<m, o(T™ iz, T iy) < 2¢ for each n € N. This finishes the proof. O
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