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ANALOGUES OF AUSLANDER-YORKE THEOREMS FOR
MULTI-SENSITIVITY

WEN HUANG, SERGII KOLYADA AND GUOHUA ZHANG

ABSTRACT. We study multi-sensitivity and thick sensitivity for continuous
surjective selfmaps on compact metric spaces. Our main result states that
a minimal system is either multi-sensitive or an almost one-to-one extension of
its maximal equicontinuous factor. This is an analog of the Auslander-Yorke
dichotomy theorem: a minimal system is either sensitive or equicontinuous.
Furthermore, we introduce the concept of a syndetically equicontinuous point,
and prove that a transitive system is either thickly sensitive or contains syn-
detically equicontinuous points, which is a refinement of another well known
result of Akin, Auslander and Berg.

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 surjection.

The notion of sensitivity (sensitive dependence on initial conditions) was first
used by Ruelle [23]. According to the works by Guckenheimer [I5], Auslander and
Yorke [6] a dynamical system (X,T) is called sensitive if there exists 6 > 0 such
that for every x € X and every neighborhood U, of z, there exist y € U, and
n € N with o(T™(z),T™(y)) > 0, where N is the set of all natural numbers (positive
integers). According to [4], it is easy to see that (X,T) is sensitive if and only if
St(U, ) is infinite for some § > 0 and every opend] set U C X, where

St(U,d8) = {n € N: there are x1,x2 € U such that o(T"z1,T"x2) > d}.

We define Jr(U,d) C N to be the complement of S (U, J).

The Lyapunov stability or, in other words, equicontinuity is the opposite to the
notion of sensitivity. Recall that a point z € X is called Lyapunov stable if for every
€ > 0 there exists a ¢ > 0 such that o(z,2') < ¢ implies o(T"z,T™z') < € for any
n € N, equivalently, for every € > 0 there exists a neighborhood U of = such that
Jr(U,e) = N. This condition says exactly that the sequence of iterates {T™ : n > 0}
is equicontinuous at z. Hence, such a point is also called an equicontinuity point
of (X,T). Denote by Eq(X,T) the set of all equicontinuity points of (X,T). The
system (X, T) is called equicontinuous if Eq(X,T) = X.

The well-known Auslander-Yorke dichotomy theorem states that a minimal dy-
namical system is either sensitive or equicontinuous [6] (see also [14]), which was
further refined in [I] 2]: a transitive system is either sensitive or almost equicontin-
uous (in the sense of containing some equicontinuity points). We recommend [20]
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for a survey on the recent development of chaos theory, including sensitivity and
equicontinuity, in topological dynamics.

Recall that a subset S C N is called thick if for each k € N there exists ny € N
such that {ng,np +1,...,n, + k} C S, and is syndetic if there exists m € N such
that SN{n,n+1,...,n+m} # & for each n € N. A thick set has a nonempty
intersection with every syndetic set. The following definitions of stronger forms of
sensitivity were introduced in [21], 22]. A dynamical system (X,T) is said to be

(1) thickly sensitive if there exists 6 > 0 such that Sp(U,¢) is thick for any

opene U C X
k
(2) multi-sensitive if there exists 6 > 0 such that [ Sp(U;,d) # @ for any
i=1
finite collection Uy, ..., Uy of opene subsets of X.

In the paper we show that an analog of the Auslander-Yorke dichotomy theorem
can also be found for this stronger forms of sensitivity. Precisely, by using Veech’s
characterization of equicontinuous structure relation of a system [25] Theorem 1.1],
we prove that a minimal system is either thickly sensitive or an almost one-to-one
extension of its maximal equicontinous factor (Theorem [B1]), and thick sensitivity
is equivalent to multi-sensitivity for transitive systems (Proposition[3.2)). In partic-
ular, an invertible minimal system is either multi-sensitive or almost automorphic
(Corollary B3).

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 [8]) and studied by many authors starting from [9], [24], [26].

We extend the notion of equicontinuity by demanding that the set Jr(U,¢€) is
large. Precisely, we introduce the concept of syndetically equicontinuous points,
which means that for every € > 0 there exists a neighborhood U of x such that
Jr (U, €) is a syndetic set. It turns out that this new notion of local equicontinuity
is very useful. That is, the refined Auslander-Yorke dichotomy theorem [II 2] also
holds in our setting (Theorem B4)): a transitive system is either thickly sensitive
or contains syndetically equicontinuous points.
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2. PRELIMINARIES
In this section we recall standard concepts and results used in later discussions.

2.1. Topological dynamics. Recall that (X,T) is (topologically) transitive if
Np(Up,Uz) = {n € N: Uy N T "Uy # @} is nonempty for any opene Uy, Uy C X.
A point x € X is called transitive if its orbit orbp(x) = {T"x : n = 0,1,2,...} is
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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 if and only if Tran(X,T) # @.

The system (X,T) is called minimal if Tran(X,T) = X. In general, a subset
A of X is invariant if TA = A. If A is a closed, nonempty, invariant subset then
(A,T]a) 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 if and only if it admits no a proper, nonempty, closed, invariant
subset. A point z € X is called minimal if it lies in some minimal subset. Zorn’s
Lemma implies that every closed, nonempty invariant set contains a minimal set.
Observe that by the classic result of Gottschalk, x € X is minimal if and only if
Nrp(x,U) ={n € N:T"z € U} is syndetic for any neighborhood U of z.

A transitive system (X, T) is called an E-system [14] if it admits an invariant
probability Borel measure p with full support, that is Ty = p and p(U) > 0 for all
opene U C X. Note that a nonminimal E-system is sensitive [I4, Theorem 1.3].

2.2. Extensions and factor maps. Let (X,T) and (Y, S) be topological dynam-
ical systems. By a factor map w: (X,T) — (Y,S) we mean that 7 : X - Y is a
continuous surjection with 70T = Som. In this case, we call (X, T) an extension of
(Y, S) and (Y, .S) a factor of (X,T), we also call : (X,T) — (Y, S) an extension.

Each dynamical system admits a maximal equicontinuous factor. In fact,
this factor is related to the regionally proximal relation of the system. The re-
gionally proximal relation Q1 (X,T) of (X,T) is defined as: (z,y) € Q+(X,T)
if and only if for any ¢ > 0 there exist 2/,y’ € X and n € N with
max{o(z,z'), 0y, y"), o(T"x', T™y')} < e. Observe that Q1 (X,T) C X x X
is closed and positively invariant (in the sense that if (x,y) € Q+(X,T) then
(Tz,Ty) € Q+(X,T)), and the quotient by the smallest closed, positively invariant
equivalence relation containing it is the maximal equicontinuous factor (Xeq, Teq)
of (X,T). If (X,T) is minimal, then Q4+ (X,T) is in fact an equivalence relation
by [0 [7, 11l 25] and [I7, Proposition A.4]. Denote by meq : (X,T) — (Xeq, Teq)
the corresponding factor map. Remark that (Xeq, Teq) is invertible, when (X,T)
is transitive, because each transitive equicontinuous system is uniformly rigid [14]
Lemma 1.2] and this implies invertibility.

Let X be a compact metric space and let ¢ : X — Y be a continuous surjective
map. Denote by Yy C Y the set of all points y € Y whose fibers are singletons.
The set Y is a G5 subset of Y, because

Yo ={yeY:¢ '(y) is a singleton} = ﬂ {y €Y :diam(¢ (y)) < %}
neN

and the map y + diam(¢~!(y)) is upper semi-continuous. Recall that the function
f:Y = Ry is upper semi-continuous if limsup f(y) < f(yo) for each yo € Y.

Y—Yo
If Yy C Y is a dense subset, then we call ¢ almost one-to-one. If 7 : (X, T) —

(Y, S) is an almost one-to-one factor map between topological dynamical systems,
then we also call (X,T) an almost one-to-one extension of (Y,S). Recall 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 [I9] Theorem 2.7].

Remark 2.1. Here we take the definition of almost one-to-one from [10, [19], as
we shall use this one in Proposition [{.2 and in the construction of Example [3.0
Note that the denseness of 7= 1(Yy) in X, used heavily in [3], is a sufficient but not



necessary condition; and these two conditions are equivalent, when 7 is a factor
map between minimal systems (see Proposition [2.3).

A pair of points z,y € X is called prozimal if 1inrgi£f o(T"z, T™y) = 0. In
this case each of points from the pair is said to be proximal to another. Let
m: (X, T) — (Y,S) be a factor map between dynamical systems. We call = prozimal
if any pair of points 21,22 € X is proximal whenever m(21) = 7(z2). Note that any
almost one-to-one extension between minimal systems is a proximal extension.

Recall that the natural extension (X,T) of (X,T) is defined as

X ={(z1,m2,...) : T(wi41) = x; and z; € X for cach i € N},

T: (x1,22,...) — (Tx1,21,...),

with a compatible metric d given by

neN

Then (X,7T) is an invertible extension of (X, T) with a factor map 7 : (X,T) —
(X,T), given by (z1,z2,...) — x1. Observe that

n 0o n—1 n 0o
(HUZ- X HX) nx = <HX < (T~ IU; x HX) nx
i=1 n+1 1 i=1 n+1
for any opene Uy,...,U, C X, and all such subsets form a basis for the topology
of X. Applying this fact, it is not hard to check from the definitions that (X,T)
is minimal (sensitive, thickly sensitive, multi-sensitive, respectively) if and only if
()A( , f) is minimal (sensitive, thickly sensitive, multi-sensitive, respectively).

2.3. Other concepts. A continuous map ¢ : X — Y is called almost open if ¢p(U)
has a nonempty interior in Y for any opene U C X. Recall that if a system (X, T)
is minimal then the map 7 : X — X is almost open [19]. It is easy to see that
all of sensitivity, thick 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
[14, 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 [5, Theorem 1.15].

Lemma 2.2. Let 7 : (X,T) — (Y,5) be a factor map between minimal systems. If
Y1 C Y is a dense subset, then m=1(Y1) C X is also a dense subset.

Proof. If the conclusion does not hold, then U C X is an opene subset, where U is
the complement of the closure of 7~1(Y7) in X. Thus 7(U) has a nonempty interior
in Y by [B, Theorem 1.15], and hence 7(U) N'Y; # ( by the denseness of Y7 in X,
which implies U N 771(Y1) # 0, a contradiction with the construction of U. O

Now we can prove the following

Proposition 2.3. Let 7 : (X,T) — (Y, 5) be a factor map between minimal sys-
tems. Denote by Yy the set of all points y € Y whose fibers 7= 1(y) are singletons.
Then Yy is a dense subset of Y if and only if 7=(Yo) is a dense subset of X.
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Proof. Tt suffices to show the denseness of 771(Yy) in X when Yj is dense in Y.
Denote by Y; the set of all points y € Y such that S~!(y) is a singleton. Then
Y1 C Y is a dense G subset by [I9, Theorem 2.7]; and hence so is S™™(Y;) C YV
for each n € Z., whose denseness in Y follows from Lemma Now set

Y, =Yy N VYo with Yoo = (1) S7(V2).
n>0
We have that Y, C Y is a dense G5 subset by the assumption of Y.

Let y € Yi, and assume 7~ !(y) = {z*} by the definition of Y. It is clear that
Sy € Yo C Y1, in particular, S71(Sy) = {y}. Now if z € X satisfies n(z) = Sy,
and take wg € T~1(x), then S(rz¢) = m(Tx) = Sy, which implies 7(x¢) = y and
hence zg = *, thus * = Txg = Ta*. That is, 7~ 1(Sy) = {T2*}, which implies
Sy € Yy and hence Sy € Y,.. This show that Y, is a positively invariant subset of
Y, and hence 7~ !(Y,) is a positively invariant subset of X. Finally applying the
minimality of the system (X, T') we obtain the denseness of 771(Y.) in X, and then
the denseness of 771(Yp) in X. This finishes the proof. O

We also use the following concepts by Furstenberg [12]. Let S C N. The set
S is called a central set if there exists a topological dynamical system (X, T) with
2 € X and open U C X containing a minimal point y of (X, T) such that the pair
(z,y) is proximal and Np(x,U) C S. The set S is called a difference set or shortly
A-set if there exists {s1 < s2 < ...} CNwithS ={s; —s;:4 > j}. Theset Sisa
A*-set if it has a nonempty intersection with any A-set. Note that each central set
contains a A-set [I2 Proposition 8.10 and 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 [12, Page 177].

3. DICHOTOMY OF MULTI-SENSITIVITY FOR TRANSITIVE SYSTEMS

The Auslander-Yorke dichotomy theorem states that a minimal system is either
sensitive or equicontinuous (see [T, 2 6] I4]). The goal of this section is to provide
an analog of the Auslander-Yorke theorem for multi-sensitivity (see Theorem [31]
Proposition and Theorem [3.4]), which is the main result of this paper.

Our dichotomy is stated firstly for minimal thickly sensitive systems as follows.
Remark that recently Ye and Yu introduced and discussed block sensitivity and
strong sensitivity for several families, and obtained results similar to Theorem [3.1]
for these sensitivities [28]. We defer the long proof of it to Section 4.

Theorem 3.1. Let (X, T) be a minimal system. Then (X, T) is not thickly sensitive
if and only if (X,T) is an almost one-to-one extension of (Xeq, Teq)-

As shown by the following result, for transitive systems thick sensitivity is equiv-
alent to multi-sensitivity. Observe that Moothathu pointed out firstly in [22] that
multi-sensitivity implies thick sensitivity.

Proposition 3.2. 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 sensitivity constant § > 0,

and take any opene U C X. Let kK € N. For each i = 0,1,--- , k, we choose opene

U; C T~'U such that Jmax diam(T7U;) < . By the assumption of § we may select
<5<

ny € ﬂf:o St (Ui, §). Moreover, from the construction of Uy, Uy, . . ., Uy, one has that
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ng € ﬂ?:o St (T~U, ) and ny, > k. Obviously, {nx —k,...,ng—1,nx} C S7(U, ),
which implies that (X, T) is thickly sensitive with a sensitivity constant ¢.

Now we assume that a transitive system (X,T) is thickly sensitive with a
sensitivity constant § > 0. Let k¥ € N and Uj,...,Ux be opene sets in X.
Take a transitive point z € Tran(X,T). Then there exists n; € N such that
Trixz € U;, where i = 1,...,k. So, we may get an opene U C X such that
TvU C U; for every ¢ = 1,...,k. By assumption there exists s € N with

k

{s;s+1,....;8+n1+--+ng} C Sp(U,0), and then one has s € (| Sr(U;, ). This
i=1

shows that (X, T) is multi-sensitive with a sensitivity constant ¢. O

Let (X,T) be an invertible system. Recall that € X is an almost automorphic
point of (X, T) if T"*x — ' implies T~ ™ a2’ — x for any {ny : k € N} C Z, where
Z is the set of all integers. The system (X, T) is said to be almost automorphic if
X = orbp(z) for an almost automorphic point € X. The structure of minimal
almost automorphic systems was characterized in [24]: a minimal invertible system
is almost automorphic if and only if it is an almost one-to-one extension of its
maximal equicontinuous factor (Xeq, Teq)-

Thus, directly from Theorem Bl we have the following

Corollary 3.3. Let (X,T) be an invertible minimal system. Then (X,T) is not
multi-sensitive if and only if it is almost automorphic.

We are going to link thick sensitivity with local equicontinuity of points by
introducing the concept of syndetically equicontinuous points of a system.

We say that x € X is syndetically equicontinuous if for any € > 0 there exists a
neighborhood U of x such that Jr(U,¢) is a syndetic set. Denote by Eqgy, (X, T')
the set of all syndetically equicontinuous points of (X,T). Then Eqg, (X,T) D
Eq(X,T). Since a thick set has a nonempty intersection with every syndetic set,
one has readily that if (X, T') is thickly sensitive then Eqg, (X,T) = @, equivalently,
if Eqqy, (X, T) # @ then (X, T) is not thickly sensitive.

Recall the Auslander-Yorke Dichotomy Theorem from [6] as follows, supple-
mented by some results from [14] and [2].

Auslander-Yorke Dichotomy Theorem. Let (X,T) be a transitive system.
Then exactly one of the following two cases holds.

Eq(X,T) # @: Assume that there exists an equicontinuity point for the sys-
tem. The equicontinuity points are exactly the transitive points, i.e., Eq(X,T) =
Tran(X,T), and the system is almost equicontinuous. The map T is a homeomor-
phism and the inverse system (X, T~1) is also almost equicontinuous. Furthermore,
the system is uniformly rigid meaning that some subsequence of {T™ : n=10,1,...}
converges uniformly to the identity map on X.

Eq(X,T) = @: Assume that the system has no equicontinuity points. The
system is sensitive.

Similarly, we have the following dichotomy. We call the system (X,T) syndeti-
cally equicontinuous if Eqgy, (X,T) = X.

Theorem 3.4. Let (X,T) be a transitive system. Then either (X,T) is thickly
sensitive and so Eqg,, (X, T) = 0, or Tran(X,T) C Eq,,(X,T). In particular, if
(X,T) is minimal then it is either thickly sensitive or syndetically equicontinuous.
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Proof. Tt suffices to show that, if (X, T) is not thickly sensitive then Tran(X,T) C
Eqgyn(X,T). Let 6 > 0. By the assumption there exists opene U’ C X such
that S7(U’,d) is not thick. Equivalently, there exists syndetic N' C N such that
o(T"z1, T™x5) < 6 whenever x1,79 € U’ and n € N. Now for any = € Tran(X,T)
there exists m € N with 7™z € U’ and hence there exists open U C X containing
x with T™U C U’. In particular, o(T™ "z, T™* "2’} < § whenever 2/ € U and
n € N. That implies © € Eq,,(X,T), as m + N is a syndetic set. O

Note that the dichotomy Theorem B4 does not work when the system (X, T) is
not transitive. The following example is due to an anonymous referee of the paper.

Example 3.5. There exists a system (X, T), which is not thickly sensitive, such
that Eqg,,(X,T) = 0.

Construction. Let (Y7,51) be the full shift homeomorphism on two symbols, that
is, Y1 = {0,1}2 and Sy : (y; : i € Z) = (y;41 : i € Z). We take a fixed point e; € Y;.
Let (Y2,52) be the identity map on the one-point compactification of the discrete
space N with es € Y3 the point at infinity. Now we set (X,T) to be the factor of
the product system (Y7 x Y2,51 x S2) by collapsing (Y1 x {e2}) U ({e1} x Y2) into
a fixed point e € X. Then (X, T) is the required system:

By the construction of X, for each § > 0, there exists p € N such that Y7 x {p} C
X is an open invariant subset with diam(Y; x {p}) < 4§, in particular, the set
St(Y1 x {p},d) = 0 is not thick. This implies that (X,T) is not thickly sensitive.

Let z € X. By the construction of X, there exists ¢ € N such that any neighbor-
hood of « has a nonempty intersection with Y3 x {q}, and set §, = Sdiam(Y; x{q}) >
0. It is easy to check that, for each neighborhood U of = there exists Ny € N such
that diam(T"U) > 6, for all n > Ny, in particular, the set Jp(U,d,) C {1,---, Ny}
is not syndetic. This shows = ¢ Eqg,,(X,T), and then Eq.,,, (X, T) = 0. O

The following examples show that for a transitive not thickly sensitive system
(X, T) the nonempty set Eqgy, (X,T) may be very complicated. Note that by [14,
Theorem 1.3] each non sensitive E-system is necessarily a minimal equicontinuous
system.

Example 3.6. There exists a sensitive, not thickly sensitive system (X,T) such
that Tran(X,T) C Eqy,,(X,T) = X. In fact, the constructed system (X,T) is a
nonminimal FE-system.

Construction. We take a Toeplitz flow (Y, .S) which is a minimal invertible system
with positive topological entropy. See [10] for the construction of such a system. Let
Teq (Y, 5) = (Yeq, Seq) be the factor map of (Y, S) over its maximal equicontinuous
factor. Then 7qq is an almost one-to-one extension between minimal systems. And
hence (Y, S) is not thickly sensitive by Theorem [3.1] and e is a proximal extension.

By the classical variational principle (see for example [27, Theorem 8.6]) we
choose an ergodic invariant Borel probability 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) is the completion
of (Y, By,v) and By denotes the Borel o-algebra of Y (for the construction of such
a disintegration see for example [12, Chapter 5, §4]). Set A = [, v, x v.dn(z),
which is in fact an ergodic invariant Borel probability measure of (Y x Y, S x S)
with positive measure-theoretic A-entropy and A\(X \ Ay) > 0 by [13], where Ay =
{(y,y) :y € Y} and X C Y xY is the support of A, that is, X is the smallest closed
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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, 7). Then X D Ay
by the minimality of (Y, S). Additionally, if (y1,y2) € X then meq(y1) = meq(y2),
and hence y; and y, are proximal (as meq is a proximal extension). In particular,
if (y1,y2) € X is a minimal point of (X, T') then y; = y2, and so Ay is the unique
minimal subsystem contained in (X, T).

Now we check that the system (X, T) satisfies all required properties. Clearly,
(X,T) is a nonminimal E-system. Moreover, it is an almost one-to-one extension
of a minimal equicontinuous system (Yeq, Seq) (because meq is almost one-to-one
and Teq(y1) = Teq(y2) for all (y1,y2) € X), and hence not thickly sensitive by
Proposition In fact, we can also obtain it directly from the definitions.

Now let us check Eqg,,(X,7T) = X. Let x € X and yo € Y, and hence yo €
Eqgyn (Y, S) by Theorem[3.4l Take a compatible metric o1 over Y, and a compatible
metric o((y1,y2), (¥1,¥2)) = max{o1(y1,y1), 01(y2,y3)} over X for y1, 4}, y2,y5 €Y.
Then for each ¢ > 0 there exists open Uy C Y containing yy and syndetic N’ C N
such that g1 (S™y, S™yo) < § whenever y € Uy and n € N. Thus g1 (S"y1, S"y2) <
26 whenever y1,y2 € Uy and n € N, and finally o(T"z1,T"z2) < 2§ whenever
z1,22 € (Uy x Uy) N X and n € N. As Ay is the unique minimal subsystem of
(X,T), there exist m € Nand open U C X containing z with T™U C (Uy xUy )NX,
and so o(T™ "y T™+ng') < 2§ whenever 2’ € U and n € N. This implies = €
Edgyn (X, T), because m + N C N is syndetic. The construction is done. O

Example 3.7. There exists a nonminimal E-system (X',T') which is not thickly
sensitive, such that Tran(X',T') C Eg,,,, (X', T") € X'.

Construction. Let (X,T) and (Y, S) be the systems as constructed in Example [3.0]
and we take (X', T") to be the system constructed by collapsing Ay into a fixed
point pg of (X, T). Then the fixed point pg is the unique minimal point of (X', T").
Let m: (X,T) — (X', T’) be the corresponding factor map.

Now we check that the system (X', T”) satisfies all required properties. It is easy
to see that (X', T”) is an invertible nonminimal E-system. Then X'\ Tran(X’,T")
is a dense subset of X’ (see [1§]), and hence X’ \ Tran(X',7") 2 {po}. Moreover,
the factor map 7 is almost open. This implies that (X’,T") is not thickly sensitive,
because (X, T) is not thickly sensitive. In fact, 7 : X \ Ay — X'\ {po} is a homeo-
morphism. Therefore we obtain that Tran(X’,T") € X'\ {po} C Eq,, (X', T"), as
EqSyU(X7 T) = X'

Finally we are going to show that pg ¢ Eqgy,, (X', 7") and hence Tran(X',T") C
X"\{po} = Equy, (X', T") € X'. Let x, € X"\{po} andset 0 < § < dist({z«},{po})
Let Uy C X be any open set containing pg and m € N. By shrinking Uy we may
choose open U, containing z, such that dist(Us,, Up) > §. We take opene W C Uy
such that (T") /W C U, for all j =0,1,...,m (as T'po = po), and then

N+ (UsUo) > | Negy 1 (U, (T)7W)
j=0

> {n+j:ineNqgy (Ui, W),j=0,1,...,m}.
Thus N7+ (Uy,Ux) = Npry-1(Us, Up) is a thick set, because Nipiy-1(Us, W) # @
by the transitivity of (X', (T’")™1) (as (X’,T’) is an invertible transitive system,
(X', (T")~1) is also transitive from the definition). And hence St/ (Up,d) is a thick
set, as T'po = po. In particular, py ¢ Eqgy, (X', 7). The construction is done. [
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Theorem 3.4 from [I9] says that any irrational rotation of the two dimensional
torus has an almost one-to-one extension which is a noninvertible minimal map of
that torus. By Proposition any of these above mentioned noninvertible mini-
mal maps on the torus is syndetically equicontinuous, and by the Auslander-Yorke
Dichotomy Theorem any noninvertible minimal map is sensitive. But we still have
the following open question.

Question. If a syndetically equicontinuous system is uniformly rigid then is it
equicontinuous?

4. PROOF OF THEOREM [B.1]

In this section we present a proof of our dichotomy Theorem 3.1

Lemma 4.1. Let 7 : (X,T) — (Y, S) be a factor map and let yo € Eq(Y,S) be a
minimal point such that 7' (yo) = {xo}. Then xzo € Eq,,(X,T). In particular,
(X,T) is not thickly sensitive.

Proof. Let § > 0 and let oy be a compatible metric over Y. We take open W C X
containing xo such that diam(W) < 6. As {zo} = 7 '(yo), there exists open
V C Y containing yo such that 7=!(V) C W. Let € > 0 be small enough such that
{y €Y :ov(yo,y) < 2¢e} C V. Since yo € Eq(Y,5), there exists ¢ > x > 0 such
that oy (S™y, S™yo) < £ whenever gy (y,y0) < Kk and n € N. Take V' = {y € YV :
oy (yo,y) < k},U =7~ 1(V') 2 2 and set S = Ng(yo,V'). Note that S is syndetic,
because yg is a minimal point. Let n € S. Then S™y, € V', additionally, if y € V'
then oy (S™yo, S™y) < € and so oy (yo, S™y) < 2¢, that gives S"V’ C V, and hence

U =T"n (V) cr Y(S"V)cr }(V)C W.
Summing up, for each § > 0 there exist open U C X containing xg and a syndetic

set & C N such that o(T"zg,T"x) < § for all z € U and any n € S (recall that o
is the metric over X). That is, o € Eqg,,(X,T). O

Similarly, we can provide proof of the following result, which is in fact Lemma
6.3 from [16].

Proposition 4.2. If (X,T) is an almost one-to-one extension of a minimal
equicontinuous system, then it is syndetically equicontinuous.

In order to prove the another direction of Theorem [3.1] we make some prepara-
tions. Let 7 : (X,T) — (Y, S) be a factor map between dynamical systems. Recall
that 7 is proximal if any pair of points 1,22 € X is proximal for (X,T) whenever
m(x1) = w(x2). The following result should be well known, but we fail to find a
reference and hence provide a proof of it here for completeness. This variant of a
very short proof was kindly communicated to us by Joseph Auslander and works
for systems of any acting group.

Lemma 4.3. Let m; : (X;,T;) — (Y5,5:),i = 1,2 be factor maps between dynamical
systems. If both w and m are proximal, then the product factor map m X 7o :
(X1 x Xo,Th x Tz) = (Y1 x Ya,51 x S3) is also proximal.

Proof. Let a pair of points (x1,z2), (x7,25) € X1 x X with m;(z;) = m;(z]) for
i = 1,2. We will show that this pair is proximal. In fact, take a minimal point
((z1, 22), (2], 23)) from the orbit closure of ((z1,x2), (z},23)) in the system (X; x
Xo X X7 x Xo,T1 X To X Ty X T3). Then (21, z7) is a minimal point in the system
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(X1x X1, T1xTh), and 71 (21) = m1(2]) and hence (21, 27) is proximal, which implies
z1 = zf. Similarly z3 = z3. In particular, (z1,z2) and (x7,z3) are proximal. O

Then we have the following

Proposition 4.4. Let 7 : (X, T) — (Y,S) be a factor, not almost one-to-one map
between minimal systems, where (Y, S) is invertible. Then in}f/ diam(7~1y) > 0.
ye

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

Proof. As (Y, S) is an invertible minimal system, it is not hard to show that 7=1(y)
is not a singleton for any y € Y. Let us first prove that d := in}f/ diam(7~1y) > 0.
ye

Let ¢ : Y — [0,diam(X)] be given by y — diam(7~'y), and hence for each
y € Y one has 9(y) > 0 as 7~ !(y) is not a singleton. Since the function v is upper
semi-continuous, E. (1) - the set of all points of continuity of v, is a residual subset
of Y (see for example [12] Lemma 1.28]). Suppose that d = 0. So, there exists a
sequence of points y; € Y such that _lim Y(y;) = 0.

Let y. € E.(¢) and € > 0. There exists open V C Y containing y. such that
[¥(ye) —1(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; :
§=0

i € N} € S7FV for some k € {0,1,...,m}. Since lim ¥(y;) = 0, in other words,

11— 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 1 (S*y;) = 0, which implies that 1 (y.) < € by the
11— 00
construction of V' and m. Finally ¥ (y.) = 0, a contradiction.

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

is thickly sensitive with a sensitivity constant §. Let z, € X and m € N and
take open U C X containing z.. Let V' C U be an open set containing z, with

max diam(T%V) < §. Since a factor map between minimal systems is almost
0<i<m

open [5 Theorem 1.15], therefore for each ¢ = 0,1,...,m we can choose y; €
int(m(T*V)) (the interior of 7(T*V)), u; € 7 (y;) with dist(u;, T°V) > g -0
(because diam(T"V) < ¢), and set

W, ={z € X : o(w,u;) <} N (int(7(T°V))) > uj.

. d
Obviously, dist(W;, T*V) > 5~ 26 > 0 for each i =0,1,...,m.

Note that since (X,7T) is minimal, the set of all minimal points of the system
(Xm+1 7m+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 THD) and let a; € T'V with 7(2;) = 7(v;) (because 7(v;) €
7(T%V)) for each i = 0,1,...,m. Since the factor map 7 : (X,T) — (Y, 9) is
proximal, by Lemma [4.3],

7 (XL Ay Ly (ymdt gmEDy (00 < i <m) e (w(2h) 10 < i < m)

is also a proximal factor map. In particular, ((zo,x1,-..,Zm), (Vo,V1,.-.,Vm)) is
proximal (under the action 7" +1), and thus

S= NT(m+1)(($0,{E1,.. .,Im),WO X Wl X oo X Wm)
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is a central set and contains a A-set by [12]. Finally SN N # @ where N =
Np(V,V) C Np(TV,TV) C --- C Np(T™V,T™V) is a A*-set [12]. Now for any
n € SNN and each i = 0,1,...,m, on one hand T"x; € W, as n € S, and hence
TV NAW; 3 T"x; as x; € TPV; on the other hand TV N TV # @ asn € N,
therefore diam (7" V) > dist(W;, T*V) > 4. Thus

St(U,8) D Sr(V,0) 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 [25] Theorem 1.1].

Lemma 4.5. Let (X,T) be an invertible minimal system and z,2’ € X. Then
(z,2") € Q(X,T) if and only if for every open U,V C X containing x and z’,
respectively, there exist ni,my € Z such that T x, T™ ™™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 S C N is an IP set if there exists {px : k € N} C N with
{piy+-+pi, :k€Nandi; <---<ix} CS.

Lemma 4.6. Let (X,T) be a minimal system and z,y € X. Then (v,y) €
Q+(X,T) if and only if for every open U,V C X containing x and y, respectively,
there exist n,m € N such that T2z, T"™™x € U and Tz € V.

Proof. Firstly assume that, for every open U,V C X containing x and y, respec-
tively, there exist n,m € N such that 7"z, 7" ™z € U and T™x € V. From
the definition it is readily to obtain (z,y) € Q+(X,T), for instance by taking
¥ =2,y =T ().

Now assume (z,y) € Q+(X,T) and take open U,V C X containing x and y,
respectively. Recall that (X, T) is the natural extension of (X,T) and 7 : (X T) —
(X, T) is the associated factor map. Hence Q4 (X,T) = (7 x 7)Q4(X,T) by [17,
Lemma A.3]. In particular, there exist (z.,y.) € Q4(X,T) and open U,,V, C X
containing z, and y., respectively, such that 7(x.) = x, 7T(y«) = y and 7(U,) C U,
#(V4) C V. Since (X,T) is minimal, (X,T) is an invertible minimal system, and
then by applylng Lemma [4.5] there exist nj,m; € Z such that T"lx* T"1+m1:1c €
U and T"“;v* € V.. Moreover, we choose open W C X contalnlng T, such that
TW C U, T"t™W C U, and T™W C V,. Since (X,T) is minimal, z, is
recurrent in the sense that flk:z* tends to z, for a sequence of positive integers
l1 <ly <...,and so Ng(z«, W) is an IP set by [12] Theorem 2.17]. Hence there
exist p1,q1 € N such that

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

Thus 7"z, 7™z, € U, and T™z, € V.. Therefore T"z, Tz € U and T™x €
V by the above construction. This finishes the proof. ([

With the help of Lemma[L0] using an idea of the proof of [24, Lemma 2.1.2] we
obtain the following result, which is of independent interest.

Proposition 4.7. Let (X,T) be a minimal system and x,y € X. Then (z,y) €
Q+(X,T) if and only if Ny(x,U) contains a A-set for any open U C X containing
y.
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Proof. Sufficiency. Let U C X be an open set containing y. Since Np(z,U)
contains a A-set by the assumption, there exists {s; < s2 < s3} C N with
Tss=s2g T2~ 81 TS 51y € U. Let 2’ = x,y = T*27 %1z and m = s3 — so € N.
Then T™z', T™y' € U and (z,y) € Q+(X,T) by the arbitrariness of U.

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

Choose positive real numbers n 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

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

Fix a 6 > 0. Applying Lemma [46] to Bs(z) and By, (y), we have na, mo € N such
that 7722, T2 € Bs(x) and T™x € By, (y). Since ¢ can be selected small
enough, we can require additionally

max T 22 T2) < 1y and max Trinetmeg Tre) <o,
0<r<ni+my Q( ’ ) 2 0<r<ni+m; Q( ’ ) 2

k
We continue the process by induction. Put I, = Y (n; +m;) for each k € N. Then
i=1
there exist ngy1,mry1 € N such that 7™z € B,, . (y),
(4.1)

max o(T" "1, T"x) < npy1 and max (T T+ tMetig TTo) < mpyq.
0<r<lg 0<r<lk

Set pr = my + ngy1 and s = p1 + - - - + p for every k € N. Then, for all i < j,

J
mi+ > (ne+me)+njia
oI iy = o1 )

mit+ Z]: (nktme)+n 1 m;+ ij (np+mg)
S Q(T k=i+1 .’L‘,T k=i+1 .’L‘)—l—

coe Q(Tmi+(ni+1+mi+1)x, Tmzx) + Q(T"”x, y)
< Mjg1+ oo+ <7 (using @)
So, Nr(z,U) contains the A-set {s; — s; : 4 < j} from the construction. O

Recall that meq : (X, T) = (Xeq, Teq) is the corresponding factor map of (X, T)
over its maximal equicontinuous factor.

Proposition 4.8. Let (X,T) be a minimal system. Assume that meq : (X,T) —
(Xeg, Teq) is not proxzimal. Then (X,T) is thickly sensitive.
Proof. Since meq : (X,T) — (Xeq,Teq) is not proximal, there exists a pair of

points z1,x2 € X, which is not proximal, such that meq(21) = 7eq(22) (and hence
(x1,22) € Q+(X,T), as (X, T) is minimal). Then d := infl’N o(T"xy, T™xs) > 0.
ne

d
Take 0 < 6 < 3 We are going to prove that (X,T) is thickly sensitive with a

sensitivity constant ¢ > 0. Since (X, T') is minimal, it suffices to show that S (U, ¢)
is thick for any open U C X containing z;.

For any m € N take open sets V' C U and W containing x; and x4, respectively,
such that [max max{diam(7T*V), diam(T*W)} < 4. By the above construction
OI<ni<Il dist(fii_/, T'W) > 6. Since (z1,22) € Q+(X,T), Nr(x1, W) contains a A-

set by Proposition {7l and hence has a nonempty intersection with A/, where
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N = Nr(V,V) C Np(TV,TV) C --- C Np(T™V,T™V) is a A*-set by [12, Page
177). Therefore for every n € Np(xy, W)NN andi = 0,1,...,m we have: T"TV N
T'W > T" gy, because T"x; € W; and TV N TV # @, because n € N'. That
gives diam (T V) > dist(T'W, T*V) > §. Thus

ST(U,é) D ST(V,é) D {7’L+Z ne NT(;vl,W)ﬂN,i = 0,1,...,m},
which implies that (X, T) is thickly sensitive. O
Now we are ready to prove Theorem [311

Proof of Theorem [Tl If meq is almost one-to-one, then (X, T) is not thickly sensi-
tive by Proposition Now assume that (X, T) is not thickly sensitive, then 7eq
is proximal by Proposition .8 and then meq is almost one-to-one by Proposition
44 (as (Xeq, Teq) is an invertible minimal system). This finishes the proof. O

As a corollary of Theorem Bl we have the following

Proposition 4.9. Let 7 : (X,T) — (Y,S) be an almost one-to-one factor map
between minimal systems. Then (X, T) is syndetically equicontinuous if and only if
sois (Y,9).

Proof. By Theorem B3] it suffices to prove that (X,T) is not thickly sensitive if
and only if so is (Y, S). As a factor map between minimal systems, 7 is almost open
by [B, Theorem 1.15], and so if (X, T) is not thickly sensitive then so is (Y, .5), as
the thick sensitivity can be lifted from a factor to an extension by an almost open
factor map by the method used in the proof of [14, Lemma 1.6].

Now assume that (Y, S) is not thickly sensitive, and then the factor map 77, :
(Y,S) = (Yeq, Seq), the factor map of (Y, S) over its maximal equicontinuous factor
(Yeq, Seq), is almost one-to-one by Theorem Bl Set 7* to be the composition
factor map 73, o7 : (X, T) — (Yeq; Seq). Denote by Y1 (Y2, Yo, respectively) the
set of all points y1 € Yoq (Y2 € Yeoq, Yo € Y, respectively) whose fibers (7*)~1(y)
((m2) " (y2), 7' (yo), respectively) are singletons. Then Y5 is a dense G5 subset
of Yoq, and Yp is a dense G subset of Y. This implies that Yy N (%)~ (Y2) is
a dense G5 subset of ¥ by Lemma 22 and then 77 (Yo N (7%,) " (Y2)) is a dense
subset of Yoq. Note that 7%, (Yo N (73,) " (Y2)) C Y1. In fact, for any y. € 75 (Yo N
(wgq)—l(}@)) C Ya, we take yo € Yo with 7%, (y0) = y«, then (w:q)_l(y*) = {yo} as
Y« € Yo, and hence

() Mys) =7 o (mi) " ye) = 7 (o)

is a singleton as yo € Yp. Thus we have the denseness of Y7 in Yeq, and then (X, 7))
is not thickly sensitive by Proposition 2] This finishes the proof. O
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