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Abstract.  First notions of relative complexity function and relative sensitivity are
introduced. It turns out that for any open factor map = : (X, T) — (Y, S) between
topological dynamical systems with minimal (Y, S), 7 is positively equicontinuous if
and only if the relative complexity function is bounded for each open cover of X; and
that any non-trivial weakly mixing extension is relatively sensitive. Moreover, a relative
version of the notable result that any M-system is sensitive if it is not minimal is obtained.
Then notions of relative scattering and relative Mycielski’s chaos are introduced. A relative
disjointness theorem involving relative scattering is given. A relative version of the well-
known result that any non-trivial scattering topological dynamical system is Li—Yorke
chaotic is proved.

1. Introduction
By a topological dynamical system (TDS) we mean a pair (X, T), where X is a compact
metric space and T : X — X is a continuous map from X onto X.

Recall that a TDS (X, T) is positively equicontinuous if the transformation acts
positively equicontinuously on X, that is, for each € > 0 there exists § > 0 such that
d(T"x1,T"xy) < €ifn € Z4 and d(x1, x2) < 8. Positively equicontinuous TDSs can be
characterized using a concept called a complexity function. The complexity function of a
TDS has been studied by many researchers in the past few years: a survey for symbolic
systems was given in [Fe] and it was considered in [BHM] for a general TDS. Let (S, o)
be a symbolic system and pg(n) its complexity function. Then it is either eventually
constant, or greater than n for all n; the symbolic systems having a bounded complexity
function are exactly the equicontinuous ones. For a general TDS (X, T'), the complexity
function of a cover C (admitting a finite sub-cover) was introduced in [BHM] as the
minimal cardinality of all sub-covers of \/flz_o1 T~C. They proved that equicontinuous
transformations are exactly those such that any open cover has a bounded complexity
function. In the same paper, the notions of scattering and 2-scattering were introduced.
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It was proved that in the minimal case, the weakly mixing, scattering and 2-scattering
properties are equivalent. In general, scattering evidently implies 2-scattering and whether
the converse holds appeared as an open problem in [BHM]. This question was answered
affirmatively in [HY2] by showing that 2-scattering is equivalent to scattering. Moreover,
the authors of [HY2] generalized the notion of the complexity function along a sub-
sequence of natural numbers, and so using it they could characterize some topological
properties of TDSs, such as mild mixing, strong scattering, scattering and so on.

Even though abundant results have been obtained, the question remains open as to what
extent the result in [BHM] is valid in a more general setting. We investigate this question
and discuss some related topics in the first part of our paper.

Let (X, T) and (Y, S) be two TDSs. A factor map = : (X, T) — (Y, S) means a
continuous surjective map satisfying St = n7T. In this case, we say that (X, T) is an
extension of (Y, S), (Y, S) is a factor of (X, T). If, in addition, it is not one-to-one, then
we say that  is non-trivial. We say that the factor map 7 is positively equicontinuous or
7 is a positively equicontinuous extension if for each € > 0 there exists § > 0 such that
d(T"x1,T"xp) < €ifn € Z4,d(x1,x2) < éand w(x1) = w(x2).

First we introduce the notion of a relative complexity function for any given factor
map w. We prove that if 7 is an open factor map between minimal TDSs, then it is
positively equicontinuous if and only if each open cover has a bounded relative complexity
function (Theorem 2.7), and that in the general case the former implies the latter, which
generalizes the result in [BHM]. Moreover, we show that the assumptions of openness and
minimality are necessary. Then, based on the idea of a relative complexity function we
introduce the notions of relative complexity tuples, relative n-scattering (n € N : n > 2)
and relative scattering. We show that if 7 is an open factor map between minimal invertible
TDSs, then:

(1) the maximal positively equicontinuous factor of 7 is induced by the set of relative
complexity pairs;

(2) any pair not on the diagonal is a relative complexity pair if and only if it is contained
in the relative regionally proximal relation;

(3) relative scattering implies weak mixing.

We also present a relative disjointness theorem involving relative scattering.

Another area of progress in TDS made in the past few decades is the study of
the chaotic behaviour of a TDS. Since the introduction of the so-called Li—Yorke’s
chaos in 1975 by Li and Yorke [LY], people have paid much attention to it (see, for
example, [AAB, BBCDS, BGKM, GW, HY1, LY]). In [HY1], a long open problem
was solved of whether Devaney’s chaos implies Li—Yorke’s chaos. Another long open
problem was solved in [BGKM] by proving that positive entropy implies Li—Yorke’s
chaos. Just recently, this result was generalized to a more general setting in [Z]; namely,
the author proved that positive conditional topological entropy implies Li—Yorke’s chaos on
fibres. With the help of the well-known Mycielski’s theorem (see [M]) it is not hard to show
that any non-trivial scattering TDS is Li—Yorke chaotic. A very nice explanation of the role
of Cantor and Mycielski sets in topological dynamics is contained in [A]. Moreover, any
minimal TDS is either equicontinuous or sensitive, and any M -system must be sensitive if
it is not minimal (see [GW]).
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Then the other part of our paper focuses on the chaotic behaviour on fibres for a given
factor map between TDSs. Precisely, opposite to positive equicontinuity, we introduce
the concepts of relative sensitivity and relative Mycielski’s chaos (which is a stronger
version of Li—Yorke’s chaos on fibres), and prove that for a factor map between minimal
TDSs it is either relatively sensitive or positively equicontinuous, and that any non-
trivial weakly mixing factor map is relatively sensitive. Related to this, we present a
relative version of Glasner—Weiss’s result (Theorem 5.10). Moreover, we show that with
necessary assumptions, relative 2-scattering implies relative Mycielski’s chaos in many
cases, including any open relatively sensitive factor map between invertible TDSs, any
open non-trivial factor map between minimal invertible TDSs and so on.

The paper is organized as follows. In §2, we first introduce the notion of a relative
complexity function, then, by localizing the concepts of a relative complexity function
and positively equicontinuous extension, we prove that, for an open factor map between
minimal TDSs, it is positively equicontinuous if and only if each open cover has a bounded
relative complexity function. In §3, based on the idea of a relative complexity function, the
notion of relative complexity tuples is given and basic properties are discussed. For an open
factor map between minimal invertible TDSs, the relationship between relative complexity
pairs and the relative regionally proximal relation is interpreted. In §4, we introduce
the notions of relative scattering and relative Mycielski’s chaos, and prove that relative
scattering implies weak mixing if we consider an open factor map between minimal
invertible TDSs. A relative disjointness theorem involving relative scattering is given.
Then, with necessary assumptions, some cases are studied when relative 2-scattering
implies relative Mycielski’s chaos. In §5, we introduce the concept of relative sensitivity
and prove that if & is a factor map between minimal TDSs, then it is either relatively
sensitive or positively equicontinuous. Moreover, we obtain a relative version of the known
Glasner—Weiss’s result.

2. Relative complexity functions and their application to positively equicontinuous
extension
In this section, we first introduce the notion of a relative complexity function. For any
factor map between TDSs we prove that positive equicontinuity implies that each open
cover has a bounded relative complexity function. Then we localize the concepts of a
relative complexity function and positively equicontinuous extension, and prove that, for
an open factor map between minimal TDSs, the factor map is positively equicontinuous if
and only if each open cover has a bounded relative complexity function (Theorem 2.7).
Letw : (X,T) — (Y, S) be a factor map between TDSs and U/ a cover of X which
admits a finite sub-cover. For £ C X, set N(U4, E) to be the minimum among the
cardinalities of subsets of ¢/ which cover E, and let N({U|n) = Supcy NU, 77 (y)).
Put

n—1
Cn,U|m) = N(\/ T’UIn) meN) and CU|m) = lim C(n,U|r).

We say that C(e, U|m) is the relative complexity function of U with respect to w. We also
regard C(U|m) (it may be infinity) as the relative complexity function. Let I/; and U/ be
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two covers of X admitting finite sub-covers. We say that I/ is finer than U> (denoted by
Uy > Uy or Uy < Uy) if each element of U{; is contained in some element of /. We have:
(D) Chlm) = CUIm) if Uy Ui (2) CU Vv U ) < CUILIT) + CUs|m).

It is not hard to obtain the following.

LEMMA 2.1. Letw : (X,T) — (Y, S) be a factor map between TDSs. If & is positively
equicontinuous, then for any open cover U of X, C(U|m) < oo.

Proof. Let U be any open cover of X with € > 0 a Lebesgue number. Then there exists
8 > 0 such that d(T"x1, T"x2) < €ifn € Z4, d(x1,x3) < § and 7w(x1) = 7w (x2).
Let V = {Vi, ..., Vi} be an open cover of X with diam(V;) < §,i = 1,..., k. Then for
eachyeY,meZyandi,V;N n’l(y) C T7"Uj m,y for some U; .y € U. So

n—1
N(\/ T7'U, rrl(y)> <k

i=0
for each n € N. That is, C(|r) < k. This completes the proof. O

In order to study positively equicontinuous extension using a relative complexity
function and obtain the converse of Lemma 2.1 with some necessary assumptions,
we localize the concepts of positive equicontinuity and a relative complexity function.

Definition 2.2. Letm : (X, T) — (Y, S) be a factor map between TDSs. We say that:

(1) the factor map m is locally positively equicontinuous (LPE) if for each y € Y and
€ > 0 there exists § = 8(e,y) > 0 such that d(T"x1,T"x2) < € if n € Zy,
d(x1,x2) <dand x1,xp € n_l(y);

(2) apoint x € X is locally relatively positively equicontinuous (LRPE) (denoted by
x € Ene(X, T|m)) if for each € > 0 there exists § > 0 such that d(T"x, T"x’) < €
ifne€Zy,d(x,x’) <§and w(x) = w(x').

It is clear that if 7 is positively equicontinuous then it is LPE, whereas the latter implies
Ere(X, T|m) = X. In fact, we have the following.

PROPOSITION 2.3. Let w : (X, T) — (Y, S) be a factor map between TDSs. Then
is LPE if and only if Ey (X, T|m) = X.

Proof. Assume Epe(X,T|m) = X. Lety € Y and € > 0. For each x € 7~ !(y) select
8¢ > 0 such that d(T"x, T"x') < €/2ifn € Z4, d(x,x") < 8, and x’ € 7w~ (y).
Letxi,x2,...,xm € n’l(y) (m € N) with

m
5)(1' —1 5)(1' . axi
UB Xi,— | 27 '(y), where B|x;j, — )| =3{x€ X :d(xj,x) < =—1.
i=1 2 2 2

Put 26 = minj<j<m 8y, > 0. If 1", x" € 771 (y) satisfy d(x’, x”") < 8, then for some i
we have x’, x” € B(xj,, SX,O), sod(T"x', T"x") < eforalln € Z,. Thatis, 7w is LPE. O

The concept of a relative complexity function can be localized as follows.
Letw : (X,T) — (Y, S) be a factor map between TDSs and U/ a cover of X which
admits a finite sub-cover. For each point y € Y, the relative complexity function of U with
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respect to 7 at point y is defined by

n—1
Cn, U, yln) = N(\/ 77U, 7! (y)) (n € N)
i=0
and CU, y|mr)= lim C(n,U, y|7).
n—o0

Then, LPE can be characterized as follows.

PROPOSITION 2.4. Letnw : (X, T) — (Y, S) be a factor map between TDSs. Then:

(1) ifx ¢ Ene(X, T|7), then there exists an open cover U of X with C(U, 7t (x)|m) = oo,
where U consists of the closure of elements of U;

) 77 Y(y) € Ewe(X, T|7) if and only if CU, y|m) < 0o for each open cover U of X ;

(3) misLPEifand onlyif CU, y|m) < oo for each open cover U of X andy € Y.

Proof. (1) Since x ¢ Eye(X, T|7), there exist € > 0, a sub-sequence {#,},en € Z+ and
{(Xp}neny € 77 (7wx) such that d(T"x,, T"x) > € and d(x,,x) < 1/n. Let U be any
open cover of X with diameter at most € /2. We claim that C U, 7(x) |7r) = oo. Otherwise,
71 (7 x) admits a closed cover o = {X1, ..., X;,}, where m = C(ﬂ, 7 (x)|m), such that
foreachi € {1,...,m},

X; C m T"U;, forsomeU., el (neZy).

n>0

This implies that d(T"x’, T"x") < €/2 if n € Z4 and x’, x” are both in the same X;.
By choosing a sub-sequence, we may assume that {x;},ey < X;, for some iy €
{1,..., m}, then we have x € X;,, which contradicts the selection of x and e.

(2) By part (1), ‘<=’ is obvious. Now let us turn to the proof of ‘=".

Let € > 0 be a Lebesgue number of the cover U{. Since 7~ 1(y) C Ee(X, T|n),
proceeding in the same way as in the proof of Proposition 2.3 there exists § > 0
such that d(T"x;, T"xp) < € ifn € Z4, d(x1,x2) < & and w(x]) = 7w(xp) = y.
LetV = {Vi,..., Vi} be any open cover of X with diam(V;) < §,i =1, ..., k. Then for
each i,

Vina~'(y) S (T ™"Uin forsome U, €U (n € Zy),
n>0
which implies C(U, y|7) < k. This finishes the proof of part (2).
(3) This follows directly from Proposition 2.3 and part (2). O

The variational relation between a relative complexity function and its localization is
interpreted in Lemma 2.6. The easy part is

supC(n, U, y|lr) =C(n,U|xr) and supCU, ylr) =CU|x).
yey yeY
Before giving the more difficult part, we need to recall some definitions.
Let f : Y — R be a mapping (function) from the topological space Y to the space R of
areal line. We say that the function f is:
(1)  upper-semicontinuous if f~'((—oo, 1)) is openin Y forall r € R;
(2) lower-semicontinuous if f~'((t, 00)) is openin Y forall r € R.
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Then f is continuous if and only if f is not only upper-semicontinuous but also
lower-semicontinuous. The following lemma was given long ago; see, for example,
[Fu, Lemma 1.28].

LEMMA 2.5. Let f:Y — R be an upper-semicontinuous (respectively, lower-semi-
continuous) function, where Y is a compact metric space. Then the points of discontinuity
lie in the union of countably many closed nowhere dense subsets. In particular, the set of
continuous points forms a dense G subset of Y, and so it is not empty.

Recall that TDS (X, T) is transitive if for each pair of non-empty open subsets U and V,
the set of return times N(U,V) = {n € Zy : UNTV # (§} is non-empty; it is
weakly mixing if (X x X, T x T) is transitive. x € X is a transitive point (denoted by
x € Tran(X, T)) if the orbit orb(x, T) = {x, Tx, T2x, .. .} is dense in the space X. It is
well known that (X, T) is transitive if and only if Tran(X, T') forms a dense G5 subset of X.
If Tran(X, T) = X we say that (X, T) is minimal. Then (X, T) is minimal if and only if
for each non-empty open subset U of X there exists N € N such that UQJ:o T7"U = X.
For any minimal sub-system (X, T') each point of X is called a minimal point or almost
periodic point, denote by AP(X, T) the set of minimal points.

Let7r : (X,T) — (Y,S) be a factor map between TDSs. We say that 7 is open
(respectively semi-open) if 7 (U) is open (respectively 7 (U) has a non-empty interior in Y)
for each non-empty open subset U of X. Then we have the following.

LEMMA 2.6. Letnw : (X, T) — (Y, S) be an open factor map between TDSs with (Y, S)
minimal. Then 1 is positively equicontinuous if and only if w is LPE.

Proof. 1t is sufficient to prove that  is positively equicontinuous if 7 is LPE. Let dx and
dy be the metrics on X and Y, respectively.
Let € > 0 be fixed. Define a function f : ¥ — RT, RT = [0, 00), as follows:

fy) = sup{é >0: sup dx(T"x1, T"xp) < % if dx(x1,x2) <8 and x1,x2 € n_l(y)}.
nely

Since 7 is LPE, such an f is well defined and f(y) > O for each y € Y. Moreover,

SUp,ez, dx(T"xy, T"x2) < €/2 if dx(x1,x2) < f(y) and x1, x3 € n’l(y). Let§g > 0

and yo € Y with f(y0) < 8p. Then there exist x1,0,X20 € n’l(yo) such that

dx(x1,0,x2,0) < 80, whereas dx(T"/xLo, T"/xz,o) > ¢/2 for some n’ € Zy. Let U

(respectively Uz) be an open neighbourhood of x1 ¢ (respectively x2 o) with

UiNUy =0, dx(xf,x}) <8 and dx(T"x}, T"x}) > % if x¥ € Uy, x3 € Ua.

As misopen, V = m(U;) N (Uz) > yp is an open subset of Y. It is not hard to conclude
that f ~1((0, 89)) D V, and so the function f:Y — RT is upper-semicontinuous.

By Lemma 2.5, choose yg € Y a continuous point of the function f and let 0 < 2y <
min{e, f(yo)} such that £~ ((f(y0)/2,00)) 2 By (yo, ¥0) = {y € Y : dy(y,y0) < y0}.
As (Y, S) is minimal, there exists N € N such that U[IV:() S~ By (y0, y0) = Y. For such N
select lg > 0 with dx (T x1, T'xp) < yoifi = 0,1,..., N and dx(x1, x2) < lo. Now if
x1, X2 € X satisfy w(x1) = 7w (x2) and dx (x1, x2) < lp, then:
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(1) dx(T'x1, T'xp) < yo < minfe, f(y0)}/2ifi =0,1,...,N;
(2)  y*=Sm(x1) € By (yo. y0) (and so f(y*) > f(y0)/2) for some ig € {0, 1, ..., N}.
Note that 7%0x;, T%x; € 7~ (y*), by (1), dx (Tx1, Tx2) < f(0)/2 < f(y*) and so

. . € €
sup dx(T"T"xy, T"T"x;) < =, ie. supdx(T"x;, T"x2) < =.
nely 2 n>ig 2

Combining with (1) again, we have

€
supdx(T"x1, T"xp) < = < €.
n>0 2

i.e. 7 is positively equicontinuous. This completes the proof. a

The main result of this section is stated as follows, which appears as a direct corollary
of Lemma 2.1, Proposition 2.4 and Lemma 2.6 (see [BHM] for the absolute case).

THEOREM 2.7. Letmw : (X, T) — (Y, S) be an open factor map between TDSs with (Y, S)
minimal. Then the following statements are equivalent:

(1) = is positively equicontinuous;

) CU|m) < oo for each open cover U of X;

(3) CWU, y|r) < oo for each open cover U of X andy € Y;

(4) misLPE;

(5)  Ere(X,T|m) =X.

It is not hard to show that the assumption of ‘(Y, S) is minimal’ is necessary in the
above theorem, even if the systems considered are both invertible. For example, put
X={x,0):0<x<1}U{(x,x):0<x <1}and Y = {(x,0) : 0 < x < 1}, inheriting
the metrics from the real plane R2. The transformations 7 : X — X and S : ¥ — Y are
given by T'(x,0) = (x'/2,0), T(x, x) = (x'/2,x1/2) and S(x, 0) = (x'/2,0). The factor
map 7w : (X,T) — (Y, S) is defined as 7 (x,0) = (x,0) and 7w (x, x) = (x,0). Clearly
7 is open. Meanwhile, 7 ~!(y) contains at most two points of X for any y € Y, which
implies that for each given open cover of X the relative complexity function is at most 2, so
all items of the theorem hold for = except item (1). However, obviously, the extension 7 is
not positively equicontinuous. Note that the system (Y, S) in the example is not transitive,
so we have the following.

Question 2.8. Is there an open factor map 7 : (X,T) — (¥, S) between TDSs with
(Y, S) transitive such that Theorem 2.7(2)—(5) hold for 7, whereas, 7 is not positively
equicontinuous?

In fact, the assumption of ‘w is open’ is also essential, and we can find a factor map
between minimal invertible TDSs (hence, it is semi-open, see [Au]) which is not positively
equicontinuous. Let us recall the simple example that appeared as Example 6.5 in [Go].
Leta € [0, 1] be irrational. Set Ag = {¢>™? : 0 <6 < I} and A; = {¥0 : 1 <0 < 1}.
Define X = {x = (x),ez € {0, 1}Z : (), ez, €™ %Ay, # 0}. Then @ # X < {0, 1}% is
closed and (X, T') forms a minimal invertible TDS where T is given by (T'x), = x4 for
each n € Z. Now let the minimal invertible TDS (Y, S) be the irrational rotation on the
unit circle in the complex plan with Sy = e27i%y The factor mapmw : (X, T) — (¥, 9)
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is defined as w(x) = (), ¢z e2mira g x, (it is well defined). It is not hard to check that there
exists a countable subset Yy C Y such that 7 ~!(y) is a singleton if y € ¥ \ Y and 7~ (y)
contains exactly two points if y € Yy, whereas 7 is not positively equicontinuous.

3. Relative complexity tuples
In this section, based on the idea of a relative complexity function we introduce the
notion of relative complexity tuples and prove that for an open factor map 7 between
minimal TDSs, the maximal relative positively equicontinuous factor of r is induced by
the set of relative complexity pairs. Moreover, after recalling the nth relative regionally
proximal relation (n € N : n > 2) we show that, for any open factor map between minimal
invertible TDSs, the nth relative regionally proximal relation is identical with the union of
the nth diagonal and the set of relative complexity n-tuples.

Let us first start with the definition of relative complexity tuples. Let 7 : (X, T) —
(Y, S) be a factor map between TDSs andn € N : n > 2. Set R,(,n) = {(x)] € X .
m(x)) = =m(x,)}and Ay (X) = {(x)} € X : x; = - = x,}, the nth diagonal.

Definition 3.1. Let m : (X,T) — (Y, S) be a factor map between TDSs. We say
that (x;)] ¢ An(X) is a complexity n-tuple with respect to m (denoted by (x;)] €
Com, (X, T'|r)) if C{UY, ..., Ug}lm) = oo when U; is a closed neighbourhood of x;
withU;NU; =0 ifx; #xjand U; = U ifx; =xj, 1 <i, j <n.

It is not hard to obtain Com,, (X, T'|) C Rj(,") \ A, (X). Thus, we have (following [B2])
the following proposition.

PROPOSITION 3.2. Letnw : (X, T) — (Y, S) be a factor map between TDSs.

(1) IfV is an open cover of X with C(V|mw) = oo, then there exists an open cover
U = {Uy, Uy} of X such that C(U|m) = oo.

(2) Ifthereis an open coverd = {Uy, ..., Uy} of X with C(U|m) = 00, then there exists
x; € Uf (i =1,...,n)such that (x;)| € Com, (X, T|m).

(3) Com,(X,T|w) U Ay(X) is a closed, positively T"-invariant subset of X,
i.e. T™(Comy (X, T|7)) € Com, (X, T|m) U Au(X).

4) Letrw' :(Y,S) — (Z, R) be a factor map between TDSs. Then:
(1) Comy(Y, S|7") C 7 x- - xw(Com, (X, T|n'nw)) € Com, (Y, S|z YUA,Y);
(i) Com, (X, T|7n) € Com,(X, T|x'm).

Letn : (X, 7)) — (¥,S), n1 : X, T) > (Z,R) and m» : (Z,R) — (Y, S) be
factor maps between TDSs with 7 = mom;. In this case, we say that (Z, R) is a factor
of m. If my is non-trivial, then we say that the factor (Z, R) is non-trivial. If m, is
positively equicontinuous, then we say that (Z, R) is a positively equicontinuous factor
of w. Note that if 7 is open then 73 is also open, as m (W) = 71’(7'[1_1 W) is an open subset
of Y for each open subset W of Z. Then by Lemma 2.1, Theorem 2.7 and Proposition 3.2
we have the following.

COROLLARY 3.3. Letmw : (X, T) — (Y, S) be a factor map between TDSs.
(1)  If w is positively equicontinuous, then Comp (X, T'|) = (.
(2)  Suppose that v is open and (Y, S) is minimal. Then:
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(1) 7 is positively equicontinuous if and only if Coma(X, T|7) = §;
(ii) the maximal positively equicontinuous factor of w is induced by the closed
positively invariant equivalence relation generated by Comp (X, T |m).

Letw : (X, T) — (Y,S) be a factor map between invertible TDSs. Recall that 7 is
equicontinuous if for each € > 0 there exists § > 0 such that d(T"x, T"x;) < € ifn € Z,
d(x1,x2) < 8 and w(x1) = w(x2). Let w1 : (X, T~Y) — (¥, ™) be the factor map
induced by 7. One has Com, (X, T'|r) = Com, (X, T—l7n_)), as

m—1 m—1 m—1

N(\/ T’Uln) = sup N(\/ T~ U, ™! (Slmy)> = N( \/ TiU|n1)
i=0 yey i=0 i=0

for each m € N and any cover U/ of X admitting a finite sub-cover. So by Proposition 3.2

the subset Com,, (X, T'|r) is T ™-invariant, i.e. 7™ (Com, (X, T|7)) = Com,(X, T|7).

Letting n = 2 we have the following easy fact.

COROLLARY 3.4. Let m : (X, T) — (Y,S) be an open factor map between
invertible TDSs with (Y, S) minimal. Then 1 is equicontinuous if and only if 7 is positively
equicontinuous.

Letrm : (X, T) — (Y, S) be a factor map between TDSs. Recall that  is weakly mixing
ofordern (n € N : n > 2)if the TDS (R, T™) is transitive; when n = 2 we say that
is weakly mixing; and that  is weakly mixing of all orders if (R,(,"), T™) is transitive for

each n > 2. Then we have (see [BHM] for the absolute case) the following.

PROPOSITION 3.5. Let w : (X, T) — (Y, S) be a factor map between TDSs. If w is
weakly mixing of all orders, then Com, (X, T|m) = Ry(rn) \ Ay (X) foreachn e N:n > 2.

Proof. For the proof it remains to show that (x;)| € Com, (X, T'|rr) for each (x;)] € R,(,n)
(n € N:n > 2)with x; # x; if i # j. Fix such a tuple (x;). To complete the proof, we
show that if Uy, ..., U, are n pairwise disjoint open neighbourhoods of xt, ..., x, then
C(U|m) = oo by constructing inductively {t] <, < ---} € Zy and{y,, :m e N} C Y
with C(t, + LU, ym|m) = (n/(n — 1))™, where U = {U7, ..., US}. In fact, we claim the
following.

CLAIM. There exist{t| <tp < ---} C Zy and{yy : m € N} C Y such that if m € N and
s = (@) e{l,...,n)", then w = (ym) N2 T Usqiy # 9.

Proof. Sett; = 0 and y; = m(xy). Clearly x;, € 77 '(y1)) NU; # 8,1 < i < n.
Now assume that | < --- < #; and yy satisfying the claim are constructed. Then

k
Wl = 1_[ (ﬁ m T_ti US(,)> N R;[ﬂnk) and Wz = l_[ (ﬁ Uj) N R7(Tnnk)
n}k

j=1 i=1 se{l,...,n}k

)1k
are both non-empty open subsets of Ry(rn ). Since 7 is weakly mixing of all orders, the TDS

nk nk nk nk nk .
RV, T@")) is wransitive. Say (z,)"" € Wi NTran(RY ’, T™)), then there exists
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nk .
tk+1 > tx such that (T’k“zp)’f € Ws. Let yr4+1 = m(z1). It is easy to check that

k
7 e N m T Uiy NT™ U, # 0
i=1

foreachs € {1,...,n}fand j € {1,...,n}. 0
Let {t{ < n < ---} € Z4 and {y,, : m € N} C Y be constructed as in the
claim. Fix m € N. For each s € {I,...,n}", say x; € 7 '(ym) N, T Us).

Let X, = {xy : s € {I,...,n})"} € 7n '(yn). Obviously, #(X,,) = n™, where
#(X,,) is the cardinality of the set X,,. Note that, each element of \/f":1 T7U, say

L, T Uy ;) contains just (n — 1)™ points in Xy, {xg : s € {l,...,n}" satisfies
s(1) # (1), ..., s(m) # r(m)}. Thisimplies N (\/7_, T=5U, 7= (ym)) = (n/(n—1))".
Then

Im m
Cltm + LU, yn|m) = N(\/ U, n“(ym)> > N(\/ T, n‘l(ym)>

i=0 i=1

n m
> . O
“\n-—-1

Let # : (X,T) — (¥,S) be an open factor map between TDSs with 7 weakly
mixing. We do not know whether Comy(X, T'|7w) = Rj(,z) \ A2(X); at least the proof
of Proposition 3.5 does not work. However, if (X, T) and (Y, S) are both minimal
invertible TDSs, we can answer it positively. Before proceeding, we need a general version
of the well-known Kuratowski—Ulam theorem (an example of the usual version is given
in [O, Theorem 15.1, p. 56]).

LEMMA 3.6. Let m : X — Y be an open continuous map between topological spaces,

where X has a countable basis.

(1)  Suppose that E C X is closed with E° = (J, where E° denotes the interior of E
in X. Then there exists V C Y such that:
(i)  V contains the intersection of a countable dense open subsets of Y;
(i) ENmx~Y(y) has an empty interior in w = (y) for each y € V.

(2) Suppose that E C X is a set of first category and Y is a complete metric space.
Then there exists a dense Gg subset V of Y such that E N\ 7w~ '(y) is a subset of first
category in ' (y) foreach y € V.

Proof. For the proof it is sufficient to prove part (1).

Let {V,},en be a countable basis of X. Let y € Y. Obviously, E N 7~ (y) has a non-
empty interior in 77 ! (y) if and only if there exists n € N such that E 2 V,, Nz~ (y) # 0.
Set

Wy =@Va) Ufy €Y : Vo Na ')\ E # 0} = (x (V) Un(Vo \ E).

Denote by V the set of points y € ¥ such that E Nz ~!(y) has an empty interior in 7 ~! (y).
Then we have V = ﬂn eN Wn. To finish the proof, it suffices to show that W, contains a
dense open subset of Y for any fixed n € N.
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Clearly, W, is dense in Y. Otherwise, there exists a non-empty open subset U C 7 (V)
such that V, N 7~ 1(y) \ E = @ for each y € U, which implies £ 2 V, N7~ (U) # 9,
a contradiction to the assumption of ‘E° = #’. Since m is open, (7 (V,))¢ C Y is
closed, 7(V, \ E) and 7 (V,) are both open. Then it is not hard to check that W,
contains a dense open subset of Y. In fact, as W, is dense in Y, 7(V, \ E) 2 7 (V,),
som(Vu \ E) =(Vy) = X\ [(m(V)€]°, ie. [(w(Vp)I°PUm(V, \ E) C W, is adense
open subset. This completes the proof. O

Let 7 : (X,T) — (Y,S) be a factor map between TDSs and n € N : n > 2.
Recall that the nth relative regionally proximal relation RP, (X, T|m) C R,(,") is introduced
as: (xi)’l’ € RP, (X, T|r)if and only if, foralle > Oand all Uy, € Vy,,i =1,...,n,

n
3H] e RON[JUy and meZy with max d(T"x]. T"x}) <e,

im1 1<i<j<n i
where V,; denotes the set of neighbourhoodsof x; (i =1, ..., n).

PROPOSITION 3.7. Let w : (X, T) — (Y, S) be an open factor map between minimal
invertible TDSs andn € N : n > 2. Then:

(1) RP,(X,T|mw) € Com,(X, T|m)U A, (X);

() if 7 is weakly mixing of order n, then Com, (X, T|7) = RY \ An(X).

Proof. It is not hard to obtain that RP, (X, T'|w) = R,(,") if w is weakly mixing of order n
by selecting a transitive point of (R,(,"), T™) in each ]_[l'-'=1 U,;. Then part (2) follows from
part (1). Now we aim to prove part (1).

Assume the contrary. Let (x;)] € RP,(X, T|m) \ (Com, (X, T|m) U A, (X)).

As (xi)’f ¢ Com, (X, T|r) = Com, (X, T_1|7L1), we can select open subsets U; > x;
@=1,...,m)suchthat U; NU; =P if x; # xj, U; = U; if x;, = x; and CU|m_1)
is finite, where & = {Uf,..., US}. Then it is not hard to see that for each y € Y,
7~ 1(y) admits a closed cover W(y) C Vim0 T™U with cardinality at most C(U|w—1).
Say W(y) € W(y) N7~ !(y) has a non-empt§ interior in 7~ (y).

Denote by S, the collection of all permutations for {1, ..., n}. Set
n n
Cr = () (@™)" <U I1 Uf) NRM™, and
m=>0 i=1 j=1
n
P =J (T(”))’"< U Il Us(i)) NRY.
m=>0 (s(1),...,s(n) €Sy i=1

Then we have:
(1) Cr N Py =0, by the definitions of C;; and Py;
(2) Cr € R™ is closed and Uyer ]—[’}=1 W(y) C Cyr;
(3) A, (X) is contained in the closure of P, in R,(,"), as (x,')’l1 € RP,(X,T|w)and (X, T)
is minimal.

Let w, : (R,(T"), TW) — (¥,S) be the factor map determined by m. Then x,
is open, as m is open. Let int(Cy) be the interior of C; in Rj(,"). Now applying
Lemma 3.6 to C; \ int(Cy) one has that there exists a dense G5 subset Yy of Y such
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that C; \ int(C) N H;f:l 771 (y) has an empty interior in ]_[l’;:1 7~ 1(y) foreach y € Yo,
as ' () = [Tj=y 7' ).

Let y € Yo. Since []}_; W(y) has a non-empty interior in []}_, 77 1(y), write it as
int([Tj—; W(»)) ( #). By the above discussion we have

U int(l_[ W(y)) C int(Cy). (3.1)

ye¥y j=1
Obviously int( 1_[.’1%=1 W(y)) N A, (X) # @, this implies int(Cr ) N A, (X) # @. Thus,
Cx N Pr 2 int(Cx) N Pr # ¥ (by (3)),
a contradiction to (1). This means RP, (X, T'|r) € Com, (X, T|7) U A,(X). O

LEMMA 3.8. Let w : (X, T) — (Y, S) be a factor map between invertible TDSs and
neN:n>2 Then Com,(X, T|7) C RP,(X, T n_y).

Proof. The proof follows the idea of [BHM, Proposition 5.8].
Let (x;)] € Rj(,") \ RP, (X, T~'|7_1). Then there exist a closed neighbourhood Uy, of
xi (i =1,...,n) with Uy NUyx; = Gif x; # x5, Uy, = Ux/. if x;, = xj, and € > O such
thatif (x))] € [T/_, Uy, N R andm € Z,, then max<j<j<n d(T"x], T’mx;.) > €.
Let {By, ..., Br} be a closed cover of X with: (1) diam(B;) < €/2 and B} #
@G=1,...,k); @2 xi € BP C B CUy,i =1,....,n. Lety € Yandm € Zy.
We claim that

Vjell,... kb, 3ijefl,....n} suchthat B;Nz~'(y) ST ™(BY). (32

Otherwise, we can select (x/)] € [/_;(T™(Bj) N B; N =l Tmy) < [T, Uy, N R,
Somaxi<j<j<, d(T~"x!", T™™x]') > €, a contradiction to diam(B;) < €/2.

Now set V = {Bf, ..., BS} to be an open cover of X. By (3.2), C(m, V, y|7) < k for
eachy e Y and m € Z4, so C(V|m) < k, which implies (x;)] ¢ Com, (X, T'|r). O

As a corollary of Proposition 3.7 and Lemma 3.8 we have (see [BHM] for the absolute
case) the following.

THEOREM 3.9. Let m : (X,T) — (Y, S) be an open factor map between minimal
invertible TDSs. Then RP, (X, T|n) = RP, (X, T~ |7_1) = Com, (X, T|7) U Ap(X).

Proof. As Com, (X, T|mr) = Com, (X, Tl 7_1), then we have

RP,(X, T|m) € Com, (X, T|7r) U A,(X) (by Proposition 3.7)
= Com, (X, T Y7_1) U An(X)
C RP,(X, T|mr) (byLemma 3.8).

Note that if (X, T) is minimal, then so is (X, T~!). So a similar discussion works for
RP, (X, T~!7w_1). This finishes the proof. O
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4. Relative scattering

In this section, first we introduce the notions of relative n-scattering (n € N : n > 2) and
relative scattering. We show that any relative scattering open factor map is weakly mixing
if we consider minimal invertible TDSs. A relative disjointness theorem involving relative
scattering is given. Then after introducing relative Mycielski’s chaos (a stronger version of
Li—Yorke’s chaos on fibres) we generalize the result that any non-trivial scattering TDS is
Li—Yorke chaotic.

First, let us define relative n-scattering and relative scattering.

Definition 4.1. Letw : (X, T) — (Y, S) be a non-trivial factor map between TDSs.

(1) Letn € N:n > 2. We say that & has relative n-scattering or (X, T) has relative
n-scattering with respect to (Y, S) if Com, (X, T'|r) = Ry(rn) \ Ay (X).

(2) We say that & has relative scattering or (X, T) has relative scattering with respect
to (Y, S) if foreachn € N: n > 2, Comu (X, T|7) = R\ An(X).

As a direct corollary of Proposition 3.2, by definition we have the following.

PROPOSITION 4.2. Letw : (X, T) — (Y, S) be a non-trivial factor map between TDSs
andn € N :n > 2. Suppose that w has relative n-scattering. Then we have the following.
(1) Ifk €e Nwithn > k > 2 then w has relative k-scattering.
(2) Let (Z, R) be a non-trivial factor of w. Then:
(i)  (Z, R) has relative n-scattering with respect to (Y, S);
(i) if w has relative scattering, then (Z, R) has relative scattering with respect
to (Y, S).

Letw : (X, T) — (Y, S) be a factor map between invertible TDSs. Recall that we say

that (x1, x2) € XD is a:

(1)  proximal pair (denoted by (x1, x2) € P(X, T)) if there exists {n;}{° € Z such that
|n;j| > ocoand d(T" x1, T"xp) = 0asi — o0;

(2)  proximal pair for T (denoted by (x1,x2) € Pr(X, T)) if there exists {n;}{° € Z
such that n; — oo and d(T"ixy, T" xp) — 0asi — o0;

(3)  proximal pair for T~ (denoted by (x1, x2) € Pr-1(X, T)) if there exists {n;}{° C
Zy such thatn; — oo and d(T " x1, T Mx3) > 0asi — oo.

It is clear that P(X, T) = Pr(X,T) U Pr-1(X,T). Then by Lemma 3.8 we have the

following.

PROPOSITION 4.3. Let m : (X,T) — (Y,S) be a non-trivial factor map between
invertible TDSs. Suppose that w has relative 2-scattering. Then all of P(X,T) N R,(TZ),
Pr(X,T)N R,(TZ) and P71 (X, T)N R,(TZ) are dense Gg subsets ofR,(TZ).

Proof. As Comy (X, T-Y7_)) = Comy(X,T|n) = R,(Tz) \ Az(X), using Lemma 3.8
we have RP2(X, T|7) = RP2(X, T 'n_;) = RP. Note that Pr(X,T) N RY =

Nyens R (m) and RPy (X, T|7r) = ey R (m), where

meN

1
Rf,z)(m) = U T7" x T_"{(xl,xz) € RJ(TZ) cd(xy, x2) < Z}

I’IEZ+
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Then R,(Tz) (m) C R,(Tz) forms a dense open subset (for all m € N), so P7(X,T) N Rj(,z)
is a dense Gj subset of Ry(rz). The same reasoning works for P(X,T) N R,(Tz) and
P, (X, T)N RYP. 0

Using Theorem 3.9 we obtain (see [BHM] for the absolute case) the following.

THEOREM 4.4. Letnx : (X, T) — (Y,S)andnz : (Z, R) — (Y, S) be two factor maps
between minimal invertible TDSs with wx open. Suppose that wx has relative scattering.
Then TDS (wx,z, T x R) is transitive, where mx 7 = {(x,z2) € X X Z : wx(x) = mz(2)}.
In particular, wx is weakly mixing.

Proof. The proof follows the idea of [G2, Theorem 6.3].
Foreachn e N:n > 2, set

PT(TZ’() = ﬂ{ U (T™)™™Vy : V is a neighbourhood of A, (X) in Rf,';)}

m>0

As mx has relative scattering, RP, (X, T'|rx) = R,(,';) (by Theorem 3.9), using similar
discussions as in the proof of Proposition 4.3 it is not hard to show that P,g’;() forms a dense
G5 subset of R,(,';() Since my is open, applying Lemma 3.6 to R,(,';() \ P,g’(), there exists a
dense G5 subset Y, of Y such that for each y € Y, P,g’;() N H;f:l n_l(y) is a dense G
subset of [}_, 7~!(y). Now put Y* = (n>2 Y- Then Y™ is a dense G5 subset of Y.
Now let W C mx 7z be a positively 7' x R-invariant subset with a non-empty interior in
nx.z. To complete the proof it suffices to show that W = wx z. Let Ux (respectively Uz)
be an open subset of X (respectively Y) such that ¥ #£ (Ux x Uz) Nwx,z C W. As nx
is open and (Z, R) is minimal (so 7z is semi-open), without loss of generality we assume
that mx(Ux) = nz(Uz). Otherwise, replace Uy (respectively Uz) by Ux N rr;l(Uy)
(respectively Uz ﬂnz_l (Uy)), where Uy is the interior of 7z (Uz ﬂnz_l (mxUx))in Y (itis
not hard to check that rx (Ux N n;I (Uy)) =mnz(UzN JTZ_I(Uy)) * 0).
As my is open and Y* C Y is dense, there exists y € Y* such that y € wx(Ux).
Since (Z, R) is minimal, there exist 1 < i; < --- < iy, such that
m
JrUz27;'() and m')NRTTUZz#G, j=1,....m.
Jj=1
Moreover, W,, = 31:1 T—iUx N ]_[’7:1 ngl(y) # 0, as tx(Ux) = mz(Uz). Then by
the construction of Y*, there exists (x1, ..., xm) € W, N P,g';:), and so for some sequence
1 < p1 <pr<--- andsomepointx € X wehave TP*x; — xask — o0,j=1,...,m.
Assume the contrary that 7x z \ W # (, then there exist open subsets Vy < X

and Vz € Z suchthat ¥ # (Vx x Vz) Nwx.z € ax,z\W and nx(Vx) = 7z(Vz).
As (X, T) is minimal, it makes no difference to assume that x € Vyx and so there

exists ¢+ > max{iy, ..., iy} such that T'xy,..., T'x, € Vx. As nx(Vx) = 7z(Vy),
m7(z) =nx(T'x1) = S'y forsome z € Vz,then R~z € rrz_l(y) andso R~z € R Uy,
for some jo € {1, ..., m}. One has (T’xjo, 2)e (Vx xVz)Nmxz Cmx.z\ Wand

(T"xjy, 2) = (T 70 (Thox ), R'™"0 (R0 ™' 2))
e (T x R) "'io(Ux x Uz) Nmyx.z € (T x R)' o (W) C W,
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as W is positively 7 x R-invariant and t > max{iy, ..., i,}. A contradiction, which
implies mx z = W, thatis, (wx, z, T x R) is a transitive TDS. O

Now we present a result involving relative disjointness.

Letny : (X,T) — (¥,S) and nz : (Z, R) — (Y, S) be two factor maps between
TDSs,and 7y : X X Z — X, mp : X X Z — Z the projections. J € X x Z is called
a joining of (X, T) and (Z, R) over (Y, S) if J is closed, positively T x R-invariant with
m(J)=X,m(J)=Zandy X mz(J) = Ay(Y). Clearly, X xy Z is a joining, where

XxyZ=Jng'0) x77' ().
yey
Call (X, T) and (Z, R) disjoint over (Y, S) if X Xy Z contains no proper sub-joining of
(X,T) and (Z, R) over (Y, S).
Letw : (X,T) — (¥, S) be a factor map between TDSs. Say that 7 is minimal if X is
the only closed positively T -invariant subset with -image Y. The proof of the following
theorem is similar to that of [B2, Proposition 6] (see also [HYZ, Theorem 2.5]).

THEOREM 4.5. Let ty : (X, T) — (Y,S) and nz : (Z,R) — (Y, S) be two factor
maps between TDSs, where mx is open and w7z is minimal. Suppose that wx has relative
scattering and 1wz is positively equicontinuous. If (Y, S) is invertible, then (X, T) and
(Z, R) are disjoint over (Y, S).

In the remainder of this section, we focus on the relation between relative
2-scattering and Li—Yorke’s chaos on fibres (for the definition of Li—Yorke’s chaos, see,
for example, [LY]). It is known that any non-trivial scattering TDS is Li—Yorke chaotic
(see [HY1]). What happens if we consider a factor map between TDSs? We include here
a relative version of this result (Theorem 4.7).

For the reader’s convenience, before proceeding we make some preparations. Let X be
a complete metric space and K C X. We say that K is a Mycielski subset if it has the
form K = Uj e~ Cj,» where each C; is a non-empty Cantor subset of X. We restate here a
version of Mycielski’s theorem [M, Theorem 1] which we use.

MYCIELSKI’S THEOREM. Let X be a complete metric space with no isolated points.
Suppose that for each n € N, R, is a subset of first category in XU, and let Gj,j =

1,2, ..., be a sequence of non-empty open subsets of X. Then there exist Cantor subsets
C;j € G such that for each n € N the Mycielski set K = UjeN C; has the property that
for every x1, ..., x, distinct elements of K, (x,')?" ¢ R,.

A direct application of Mycielski’s theorem is the following.

LEMMA 4.6. Let X be a compact metric space with no isolated points. If R € X®
contains a dense G5 subset of X®, then there exists a dense Mycielski subset K in X such
that (K x K)\ A2(X) € R.

Let (X, T) be a TDS. Recall that we say that the pair (x1, x2) € X@ is asymptotic
(denoted by (x1, x2) € AR(X, T))ifd(T"x1, T"x3) — Oasn — oo. Letk, m € N. Put

. . 1

AR (X, T) = ()T x Tf{(xl,xz) € X@ 1 d(x,x) < —}.

. m
Jj=k
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It is obvious that for each k,m € N, ARy (X, T) is a closed subset of X® and
ARX, T) = (eny Uken ARk m (X, T) is a T @ _invariant F,s subset of X®.

Letm : (X,T) — (Y,S) be a factor map between TDSs. We say that & has relative
Mycielski’s chaos if there exist y € Y and a Mycielski subset K € 7~ '(y) such that
(K x K)\ Ao (X) S Pr(X, T)\ AP(X, T).

The main result of [Z] tells us that if the factor map m has positive conditional
topological entropy, then 7 has relative Mycielski’s chaos (for details, see, for example,
[Z, Theorem 4.2], but instead of relative Mycielski’s chaos there we say Li—Yorke’s chaos
on fibres). Meanwhile, in the following we show that in many cases relative 2-scattering
implies relative Mycielski’s chaos which is stated as Theorem 4.7. We delay the definitions
of sensitivity (for a TDS) and relative sensitivity (for a factor map between TDSs) and the
proof of the second part of Theorem 4.7 until next section.

THEOREM 4.7. Letmw : (X, T) — (Y, S) be an open factor map between invertible TDSs,
where 7 has relative 2-scattering. Suppose that there exists a subset Yo C Y of second
category in Y such that for each y € Y, w~'(y) satisfies property (x):

There exists a non—emptiy open subset Ly, of the sub-space a7t (y) such that K,
the closure of Ly in w™ " (y), is complete with no isolated points. ()

Then one has the following.
() If (AR(X,T)N Rj(,z)) \ A2(X) is a subset of first category in Ry(rz), then 1t has relative
Mpycielski’s chaos.
(2)  In particular, @ has relative Mycielski’s chaos if one of the following holds:
(i)  m is relatively sensitive;
(i) (X, T) is minimal;
(i) (X, T) is a transitive TDS which is not sensitive.

Proof. By assumptions, it is obvious that 7 is non-trivial; by Proposition 4.3 one has
Pr(X,T)N R,(Tz) is a dense G4 subset of R,(Tz), as 7 has relative 2-scattering.

(1) As (AR(X, T) N RP) \ A»(X) is a subset of first category in R\,
M = Ay(X) U ((Pr(X, T) \ AR(X, T)) N RY)

contains a dense G subset of R,(Tz). Since & is open, applying Lemma 3.6 to R,(,2) \ M
there exists a dense G subset Y(; of Y such that foreach y € Y/, M N (! (y) x P ()
contains a dense G subset of 77~ (y) x P ().

Set Yy = Yo N Yé # ). For each y € Yy, by assumptions M N (K, x K,) contains
a dense Gj subset of Ky x K, then My, = (Pr(X,T) \ AR(X,T)) N (K, x Ky)
contains a dense G subset of K, x Ky, as K, has no isolated points. Now applying
Lemma 4.6 to K, and My, we obtain a dense Mycielski subset K < K, such that
(K x K)\ Ax(X) € My, € Pr(X,T) \ AR(X, T). This means that 7 has relative
Mycielski’s chaos.

(2) The proof of this part will be presented at the end of next section. a
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5. Relative sensitivity
In this section, first we introduce the concept of relative sensitivity, then we prove that
for a factor map between minimal TDSs it is either relatively sensitive or positively
equicontinuous, and that any non-trivial weakly mixing factor map is relatively sensitive.
We also present a relative version of the well-known result in [GW] that if an M -system is
not minimal, then it is sensitive; for details, see Theorem 5.10.

The definition of relative sensitivity is stated as follows.

Definition 5.1. Letm : (X, T) — (Y, S) be a factor map between TDSs. We say that:

(1) = is relatively sensitive if there exists € > 0 such that for each§ > O and x € X
there exists (x1, x2) € R,(T2) withd(x,x;) <8 (i =1,2)and d(T"x1, T"x,) > € for
somen € Zy;

(2) x € X is relative positively equicontinuous (RPE) (denoted by x € E(X, T|7))
if for each € > 0 there exists § > 0 such that d(T"x;, T"x3) < € if n € Z4 and
(x1,x2) € R withd(x,x;) <8 (i = 1,2).

Remark 5.2. Recall that we say that (X, T') is sensitive if there exists € > 0 such that for
each§ > 0 and x € X there exists x’ € X such thatd(x, x") < § and for some n € Z with
d(T"x,T"x") > €. It is obvious that if 7 is relatively sensitive, then (X, T) is sensitive.

By definition and the results obtained in §2, we have:
() Ew(X,T|7) C Ewe(X, T|7);
(2) Ew(X,T|m)= X if and only if 7 is positively equicontinuous;
(3B) Ew(X,T|m)=0if  is relatively sensitive.

PROPOSITION 5.3. Letmw : (X, T) — (Y, S) be a factor map between transitive TDSs.

(1) Then Ei(X, T|) = @ if and only if 7 is relatively sensitive.

(2)  Suppose Ewe(X,T|w) # @. Then Tran(X,T) C Ew(X, T|w). Moreover, if  is
minimal, then 7~ (Tran(Y, §)) C Ew(X, T|7).

Proof. As Tran(X, T) = n~'(Tran(Y, S)) if 7 is minimal, our proof will be finished once
we show that if there exists xo € Tran(X, T') \ Er(X, T|7), then 7 is relatively sensitive.

Since xg ¢ Er(X, T|m), there exists €g > 0 such that for each 8’ > 0 there exist
(x1, x2) € R? and n € Z, such that d(x, x;) < & (i = 1,2)and d(T"x1, T"x2) > €.
Now let x € X and § > 0. Say m € Z4 with d(T™xp,x) < §, as xo € Tran(X, T).
Let §, > 0 such that if d(xg, x*) < 68y, then d(T™x*, x) < 8. For this §,, there exist
(x1,x2) € R and n € Z, such that d(xo, x;) < 8x (i = 1,2)and d(T"x1, T"x2) > €
(it makes no difference to assume n > m by selecting small enough 8, > 0). So

(T"x1, T"x2) € R®;  d(x, T"x;) <8 (i=1,2);
d(T"™(T"x)), T"™(T"x2)) > €.
That is, 7 is relatively sensitive. This completes the proof. O
Then we have (see [AAB] for the absolute case) the following.

COROLLARY 5.4. Let m : (X,T) — (Y, S) be a factor map between minimal TDSs.
Then 7 is either relatively sensitive or positively equicontinuous.
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THEOREM 5.5. Letmw : (X, T) — (Y, S) be a non-trivial factor map between TDSs. If w
is weakly mixing, then it is relatively sensitive.

Proof. As (X, T) is transitive, it suffices to prove that En(X,T|7r) = @ (by
Proposition 5.3). Let xo € X and € > 0 be small enough. Since TDS (Ry(rz), 7@y is
transitive, for each neighbourhood U of x, SUp,e7, d(T"x1, T"xy) > € if (x1,x2) €
Tran(R,(Tz), T@)N(U xU) (as € > 0is small enough),i.e. x9 ¢ Er(X, T|7). This finishes
the proof. O

Let (X, T) be a TDS. Recall that we say that (X, T) is an M-system if (X, T) is
transitive and AP(X, T') is dense in X. Itis well known that if an M-system is not minimal,
then it is sensitive (see [GW]). Now we aim to prove a relative version of this result.

Let7 : (X,T) — (¥,S) be a factor map between TDSs. We say that xg € X is
a relative minimal point of w (denoted by x € AP(X,T|n)) if 7(X9) = Y and Xy
contains no proper closed positively T-invariant subset which projects onto Y, where
Xo = {Tixp:i € Zy}. In this case, we say that X is a relative minimal sub-system
of .

Before proceeding, we need some notation. Let (X, 7) be a TDS, x € X and B C X
a non-empty subset of X. Set N(x,B) = {n € Zy : T"(x) € B}. Let§ > O.
Write Bx(x,8) = {x’ € X : d(x,x’) < 8}. Let P,Q CZy. Pt P—Q ={p—q >
0: p e P,q € Q}. Then we can characterize the minimal factor map between transitive
TDSs by the set of return times as follows.

LEMMA 5.6. Letm : (X, T) — (Y, S) be afactor map between transitive TDSs. Then the
following statements are equivalent.

(1) o is minimal.

(2) Foreachxy € Tran(X, T) and € > 0, there exists N € N such that

N

7 Y rx) € U T By (xo, €). 5.1
i=0

(3) Foreachxg € Tran(X, T) and € > 0, there exist N € N and § > 0 such that

N
7 By (mx0.8) N {T'xo 1 i € Zy} € | T7 Bx(xo. €. (5.2)
i=0

(4) Foreachxo € Tran(X, T) and € > 0, there exist N € N and § > 0 such that
N (7 xo, By (7w x0,8)) € N(xg, Bx(xg,€)) —{0,1,..., N}. (5.3)

(5) There exists xg € Tran(X, T) such that if € > 0, then (5.1) holds for some N € N.

(6) There exists xo € Tran(X, T) such that if € > 0, then there exist N € Nand § > 0
such that for which (5.2) holds.

(7)  There exists xo € Tran(X, T) such that if € > 0, then there exist N € Nand § > 0
such that for which (5.3) holds.

Proof. The proofis divided into three steps.
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Step 1. (1) & (2) & (5). (2) = (5) is obvious.

(1) = (2)). Let xg € Tran(X,T) and € > 0. Set Xo = Ui€Z+ T~ Bx (xo, €).
Then X \ Xo <& X is closed positively T-invariant, so w(xg) ¢ m(X \ Xo),
ie. 7~ (wxg) € Xo, as 7 is minimal and 7 (xg) € Tran(Y, S). Then there exists N € N
such that (5.1) holds.

(5 = (1)). If 7 is not minimal, then there exists a closed positively T -invariant
subset X* of X such that 7 (X*) = Y and xo ¢ X™*. Let € > 0 with X* N Bx(xg, €) = @.
So X* N UiEZ+ T~ Bx(xo, €) = . By assumption, for such € > 0 there exists N € N
such that (5.1) holds. This implies X* N 7~ !(wxo) = #, a contradiction. Then 7 is
minimal.

Step 2. (2) & (3) and (5) < (6).
((2) = (3),(5) = (6)). Fix xo € Tran(X, T). Let € > 0. By assumption (5.1) holds
for some N € N, then 7 (x) ¢ 7 (X \ UN., T Bx (xo, €)). Let§ > 0 with

N N
By (7x0,8) N7 <x\ | 777 Bx (0. e)> =0 = 7' By(mx0.8) S | JT7 Bx(x0. €.
i=0 i=0 (5.4)
In particular, 7 By (wxo, ) N {Tixg:i € 74} C U,N:o T~ Bx(xo, €).

(3) = (2),(6) = (5)). Fix xo € Tran(X, T). Let ¢ > 0. By assumption (5.2) holds
for some N € Nand § > 0. Now we claim that (5.1) holds for 2¢ and N. In fact, let
x € 7~ (xp). Since xo € Tran(X, T), there exists a sequence {nj};en of Z4 such that
w(T" xg) € By(mwxp,8) (j € N)yand T"/xg — x. By (5.2) one has

N N
xen 'By(wxo.8) N{Tixo:i € Zy} S | J T Bx(xo.€) < | J T Bx(x0. 2€).
i=0 i=0

Step 3. (3) < (4) and (6) < (7). It follows from the following easy facts: if xg € X,

N eN,¢,6 >0and j € Z4, then:

(1) Tixpen'By(mwxo,8) < j € N(wxg, By (xo,8)); and

() T/xoeUNLyT " Bx(xo,€) & j € N(xo, Bx(xo,€)) — {0, 1,..., N}. O
Then we have the following useful corollary.

COROLLARY 5.7. Letw : (X, T) — (Y, S) be a factor map between TDSs and xo € X
with w(xo) € Tran(Y, S). Then xo € AP(X, T|r) if and only if for each € > 0 there exist
N € Nand § > 0 such that N (i xg, By (wxg,8)) € N(xg, Bx(xo,€)) —{0,1,..., N}.

Letz : (X, T) — (Y, S) be a factor map between TDSs and xo € X. Put
Q(T,xplm) ={x € X :3dn; - o0, {x;} C n_l(nxo) such that x; — xo, T" x; — x},
(T, x0) = {x € X : In; — oo suchthat T" xg — x} € Q(T, xo|7).
It is clear that xog € Tran(X, T) if and only if (T, x9) = X.
Let (X, T)beaTDS and xo € X. Itis notable that xg € AP(X, T') if and only if for each
open neighbourhood Uy of x the set of return times N (xg, Up) = {0 <a; <ay < ---}is

syndetic, i.e. there exists a constant M < oo which bounds all a; 41 — a; (i € N). Then we
have the following.
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LEMMA 5.8. Letm : (X,T) — (Y, S) be a factor map between TDSs. Suppose xo €

Eywe(X, T|m). Then we have the following.

(1) (T, x0) = Q(T, xo|7).

(2)  Suppose that there exists a sequence {x;};ecN < 7~ Y xp)NTran(X, T) ( respectively
7 W (wxo) NAP(X, T), 7~V (wxo) N AP(X, T|7)) such that x; — xo. Then xo €
Tran(X, T) (respectively xo € AP(X, T), xo € AP(X, T|7)).

Proof. Let € > 0 be fixed. Since xo € Ee(X, T|7), there exists § > 0 with § < € such
thatif j € Z,, x' € 7~ (wx¢) and d(xo, x') < 8, then d(T7xq, T/x') < €/2.

(1) It suffices to prove w(T, xo) 2 Q(T, xo|lm). Let x € Q(T, xo|w) with n; — oo,
{xi} C 71 xp) such that x; — x¢ and T" x; — x. Selecti € N such that d(xg, x;) < 8
and d(T" x;, x) < €/2. Then d(T" xo, T" x;) < €/2, d(T" x0,x) < d(T"™ xo, T" x;) +
d(T" x;, x) < €. Letting € — 04, one has x € w(T, xp), i.e. Q(T, xo|7w) € w(T, xp).

(2) The first part of the proof follows by the assumption (7, xg|7) = X. Then by
part (1) one has w(T, xo) = X, which implies xg € Tran(X, T).

Now let us turn to the second part. We aim to prove xop € AP(X, T') by showing that
N(x0, Bx (xo, 3€)) is syndetic, as € > 0 is arbitrary. Let ng € N with d(xg, x,,) < 4.
Thus, N(xo, Bx (xo,3€)) 2 N(xp,, Bx(xy,, €)) is syndetic, as x,, € AP(X,T) and if
m € N(xp,, Bx(xy,, €)), then

d(xo, T"x0) < d(x0, Xny) + d(Xpgs T" xny) +d(T" Xy, T"x0) <8 + € + € < 3e.

It remains to prove the third part. Set yo = 7 (xg). Then yo € Tran(Y, S), as yo = mw(x;)
and x; € AP(X, T|m). Letip € N with d(xo, x;)) < 8. Then d(T/x¢, T/x;,) < € for each
Jj €Z4. Asxj, € AP(X, T|r) and yg = 7 (x;,), by Corollary 5.7

N(yo, By (y0, 81)) € N(xiy, Bx (xiy, €)) —{0, L, ..., N} (5.5)

for some 1 > 0 and N € N. Note that N (x;,, Bx (x;,, €)) € N(xo, Bx (x0, 3€)). By (5.5)

N (yo, By (y0,81)) € N (xo, Bx(x0,3€)) —{0,1,..., N}. (5.6)

As m(x0) = yo € Tran(Y, §), by Corollary 5.7, xo € AP(X, T|r), as € > 0 is arbitrary. O
As an application of Lemma 5.8 we have the following.

COROLLARY 5.9. Let w : (X, T) — (Y, S) be a factor map between transitive TDSs.

Suppose that 7 is not relatively sensitive.

(1) Assume that y € Tran(Y, S) satisfies that Tran(X, T) N n_l(y) is dense in n_l(y).
Then Eye(X, T|m) N~ (y) = Ere(X, T|w) N~ (y) = Tran(X, T) Nt~ (y).

(2) Assume that v is open. Then there exists a dense G s subset Yo of Y such that for each
y € Yo, Ee(X, Tl) N~ ' (y) = Ere(X, Tlw) Nw ™! (y) = Tran(X, T) N~ ().

Proof. (1) By Proposition 5.3, Eie(X,T|7r) N 7~ (y) D E(X,Ti7) N7 1(y) 2
Tran(X, T) N~ !(y). Then the conclusion follows from Lemma 5.8 directly.

(2) Note that Tran(X, T') is a dense G subset of X. As 7 is open, applying Lemma 3.6
to X \ Tran(X, T') we obtain a dense G subset Y1 of ¥ such that Tran(X, T) Nz~ (y) is a
dense G subset ofn_l(y) foreach y € Y1. Set Yo = Y1 NTran(Y, S). Then Y is a dense
G subset of Y. Now applying part (1) to each y € Yy, we deduce the conclusion. O
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Then we obtain a relative version of the well-known Glasner—Weiss’s result that if an
M -system is not minimal then it is sensitive.

THEOREM 5.10. Let m : (X, T) — (Y, S) be a factor map between transitive TDSs.
Then we have the following.
(1) AP(X, T|m) is dense in X if and only if the union UX is dense in X, where Xo C X
varies over all relative minimal sub-systems of 7.
(2)  Suppose that AP(X, T|x) is dense in X and 1 is not relatively sensitive. Then the
following statements are equivalent:
(i)  m is minimal;
(i) if xo € Tran(X, T), then there exists a sequence {xi}ien € AP(X,T|m) N
7~ Y xg) such that x; — xo;
(iii) there exist xo € Tran(X,T) and a sequence {x;};en < AP(X,T|m) N
7Y xg) such that x; — xy.

Proof. (1) If follows from some standard arguments.

(2) () = (i) As (X, T) and (Y, S) are both transitive and 7 is minimal, then the
conclusion follows from the fact that AP(X, T|7) = Tran(X, T) = =~ ! (Tran(Y, S)).

(i) = (iii) This is obvious.

(iii) = (i) By Proposition 5.3, x9 € E(X,T|r) € En(X,T|m), then xo €
AP(X, T|r) follows from Lemma 5.8 and the assumption. That is, 77 is minimal. O

Remark 5.11. We have some remarks about Theorem 5.10.

(1) Note that letting (Y, S) be trivial, the definition of relative sensitivity recovers
the definition of sensitivity, then a direct corollary of Theorem 5.10 is that if an
M -system is not minimal, then it is sensitive.

(2) Due to discussions with Professor E. Glasner [G3], the first item may be viewed as
a possible definition of an M -extension for a factor map between transitive TDSs.

Before ending the proof of Theorem 4.7, we need (see [HY1] for the absolute case) the
following.

LEMMA 5.12. Letw : (X, T) — (Y, S) be an open factor map between TDSs. Suppose
that m is relatively sensitive. Then AR(X, T) N R7(12) is a subset of first category in R,(Tz).

Proof. As m is relatively sensitive, there exists € > 0 such that for each open ¥ # U € X
there exist (x1, xp) € R,(,2) NU xU) andn € Zy withd(T"x1, T"x2) > €.

Now we claim that if m > 2 /e, then the closed subset AR ,, (X, T)N R,(,2) has an empty
interior in R,(,z), which implies that AR(X, T') N R,(,2) is a subset of first category in R,(,2).
Otherwise, there exist 6’ > 0 and (x{, xJ) € R,(,2) such that if j > k and (x], x}) € R7(12)
with d(x},x]) < &' (i = 1,2), then d(T/x|, T/x}) < 1/m. Fori = 1,2, put U; =
Bx (x}, 8’y and set Vi = U; N 7~ (w(U;) N (Uy)). Then Vj is an open neighbourhood
of x{, as 7 is open. If (x1,x2) € Rj(,z) N (V1 x V1), by the definition of V; there exists
x" € Uj such that 7(x") = m(x1) (= 7(x2)), then (x', x1), (x', x2) € R N (U x UY),
which implies

1

. . : . 2
supd(T'x", T'x)) < —, i=12 = supd(T’/x;,T'x)<— <e.
jzk m jzk "
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It makes no difference to assume sup;.z d (T/x1,T/x3) < € by selecting 8’ > 0 and
shrinking V| appropriately. A contradiction to the selection of €. This ends the proof. O

Remark 5.13. The assumption of ‘r is open’ is again essential. Let us recall the example
constructed at the end of §2. As a factor map between minimal invertible TDSs, 7 is
not positively equicontinuous, so 7 is relatively sensitive (using Theorem 5.5). Whereas,
ARX,T) N RP = RP. In fact, for each (x1,x2) € RP, d(T"x1, T"x2) — 0 as
n] = oo.

Now we are ready to finish proving Theorem 4.7.

Remainder of Proof of Theorem 4.7. For the proof of part (2), by the discussions in part (1)
we only need prove that if only one of the assumptions holds, then (AR(X, T) N R,(Tz)) \
A>(X) is a subset of first category in Ry(rz).

(1) This follows from Lemma 5.12, as 7 is relatively sensitive.

(i) Assume that (X, T') is minimal. By Corollary 5.4, 7 is either relatively sensitive
or positively equicontinuous. Then by (i) we only consider the case that 7 is positively
equicontinuous. In this case, m is equicontinuous (by Corollary 3.4), which implies
% = (AR(X, T) N RP)\ Axr(X).

(iii) Now assume that (X, T') is a transitive TDS which is not sensitive. It is well
known that in this case AR(X, T) = A(X) (for an alternative version see, for example,
[GW, Lemma 1.2]). This finishes our proof. O

Remark 5.14. Let (X, T) be a non-trivial transitive invertible TDS. If (X, T) is scattering,
then X is a complete metric space with no isolated points. Then by (i) and (iii) of
Theorem 4.7(2) we obtain again the known fact that any non-trivial scattering TDS is
Li—Yorke chaotic (note that scattering implies transitivity; see [BHM]).
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