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Hyperspace Dynamics
of Generic Maps of the Cantor Space

Nilson C. Bernardes Jr. and Rdmulo M. Vermersch

Abstract. 'We study the hyperspace dynamics induced from generic continuous maps and from generic
homeomorphisms of the Cantor space, with emphasis on the notions of Li-Yorke chaos, distributional
chaos, topological entropy, chain continuity, shadowing, and recurrence.

1 Introduction

The study of generic dynamics is a classical topic in the area of dynamical systems.
In the context of topological dynamics, such a study has been developed during the
last forty years by several authors. For the generic dynamics of continuous maps of
the closed unit interval, see [4, 34], for instance. For the case of continuous maps
and homeomorphisms of compact manifolds, we refer the reader to (7, 29, 32, 35],
where further references can be found. Properties of generic continuous maps and
of generic homeomorphisms of compact topological manifolds that hold almost ev-
erywhere with respect to a given Borel probability measure on the manifold were
studied in [9-14]. A similar point of view was considered in [1]. Finally, for the
generic dynamics of maps of the Cantor space, see [6, 15,21,22,24,26], for instance.

On the other hand, the study of collective dynamics is also an important topic in
the area of dynamical systems. While the action of a system on points of the phase
space can be thought of as individual dynamics, the action of the system on subsets of
the phase space is a kind of collective dynamics, and it is natural to compare individ-
ual with collective dynamics. The most usual context for collective dynamics is that
of the induced map on the hyperspace of all nonempty compact subsets endowed
with the Hausdorff metric. We refer the reader to [2, 8,25], where further references
can be found.

It is natural to combine both topics and study the collective dynamics of generic
maps. In order to state this in a more precise way, let us now fix some notations.

Given a compact metric space M with metric d, we denote by C(M) (resp. H(M))
the space of all continuous maps from M into M (resp. of all homeomorphisms from
M onto M) endowed with the metric

d(f,g) = maxd( f(x), g(x)) .
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Moreover, we denote by K (M) the hyperspace of all nonempty closed subsets of M
endowed with the Hausdorff metric

dy(X,Y) := max{ max d(x, Y),maxd(y,X)} .
xeX yey

It is well known that K (M) is also a compact metric space. Given f € C(M), the
induced map f: K(M) — K(M) is defined by

fX) = fX) (={f(x) :x € X}).

Note that ? € C(K(M)). Moreover, if f is a homeomorphism, then so is ? The
book [27] contains a detailed treatment of hyperspaces.

Given a Baire space Z, to say that “the generic element of Z has a certain property
P” means that the set of all elements of Z that satisfy property P is comeager in Z, that
is, is the complement of a meager (i.e., first category) set in Z. The word “typical” is
sometimes used instead of the word “generic”.

As mentioned before, it is natural to study the dynamics of the induced map f
for the generic map f € C(M) (resp. f € FH(M)). In this paper we develop such a
study in the case where M is the Cantor space. Recall that a Cantor space is a zero-
dimensional compact metrizable space without isolated points. A classical result due
to Brouwer [20] asserts that any Cantor space is homeomorphic to Cantor’s ternary
set. In particular, any two Cantor spaces are homeomorphic to each other. This
explains why we often use the definite article “the” before the expression “Cantor
space”. In this paper we will work with the product space {0, 1}, where {0, 1} is
endowed with the discrete topology. We consider the Cantor space {0, 1}"¥ endowed
with the compatible metric d given by d(o,0) := 0 and d(o,7) = %, where 1 is
the least positive integer such that o(n) # 7(n) (0,7 € {0,1}N, 0 # 7). f M isa
Cantor space, it is well known that X(M) is a Cantor space as well. The following
nice proof of this fact was suggested by the anonymous referee. Let {B;,B,,...}
be the countable set of all clopen subsets of M and define c: KX(M) — {0,1}" by
c(X), :=1if X C B, and ¢(X), := 0 otherwise. Since c is continuous and injective,
it is an embedding. Moreover, it is easy to see that KC(M) has no isolated point. Thus,
K (M) is also a Cantor space.

Due to its importance, the dynamics of maps of the Cantor space has been ex-
tensively studied by several authors from different points of view. In the case of the
generic dynamics of homeomorphisms, one of the most impressive results is the ex-
istence of a comeager conjugacy class for the group F({0, 1}"). So, the dynamics of
the generic element of 3(({0, 1}"V) reduces to the dynamics of a single element of this
class. This result was first proved by Kechris and Rosendal [28] using model theoretic
techniques, and a specific element of this class was described later by Akin, Glasner,
and Weiss [6]. Bernardes and Darji [15] obtained a new proof of the existence of this
class by giving a graph theoretic description of its elements, and applied this descrip-
tion to obtain many old and new dynamical properties of the elements of this class.
Moreover, by using their graph theoretic techniques, they were also able to prove the
somewhat surprising fact that there is a comeager subset of €({0, 1}") such that any
two of its elements are conjugate by an element of ({0, 1}").
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This work complements the previous works on the generic dynamics of maps of
the Cantor space by establishing several new dynamical properties of these maps,
from the point of view of collective dynamics.

2 Preliminaries

The main tools used in this paper are the graph theoretic descriptions of the generic
continuous map and of the generic homeomorphism of the Cantor space obtained
in [15]. In order to state these descriptions we need to recall some terminology from
[15].

By a partition of {0, 1}", we mean a finite collection of pairwise disjoint nonempty
clopen sets whose union is {0, 1}". The mesh of a partition P of {0, 1} is defined by

mesh(P) := maxdiam(a).
acP

For each f € C({0,1}") and each partition P of {0, 1}", we consider the digraph
Gr(f,P) whose vertex set is P and whose edge set is

{%:a,be?andf(a)ﬁb#@}.

By a component of a digraph G we mean a largest (in vertices and edges) subgraph
H of G such that given any two vertices a, b in H, there are vertices ai, ..., a, in H
such thata; = a,a, = band, foreach 1 <i < n, m or m is an edge of H.

A digraph ¢ is a loop of length n if the vertex set of £ is a set {v;,...,v,} with n
elements and the edges of £ are m and m forl1 <i<n.

A digraph B is a balloon of type (s,t) if the vertex set of B is the union of two
disjoint sets p = {v1,...,v},and £ = {wy,..., w;}, and the edges of B are

e the edges of the path p, i.e., v;viy1 for 1 <i <s,
e the edges of the loop formed by ¢, and

—
® VWi,

We call v; the initial vertex of B. Unless otherwise specified, whenever we write a
balloon B simply as

B={v,...,vsp U{wi,...,wm},
we implicitly assume that it is the balloon described above.

A digraph D is a dumbbell of type (1, s, t) if the vertex set of D is the union of three
disjoint sets ¢; = {uy,...,u,}, p = {v1,...,v} and &, = {wy,..., w;}, and the
edges of D are
¢ the edges of the loops formed by ¢; and ¢,,
¢ the edges of the path p, and

— —
® UV, VsW.

We say that s is the length of the bar of the dumbbell. If r = ¢, then we say that the

dumbbell is balanced with plate weight r. Unless otherwise specified, whenever we
write a dumbbell D simply as

D:{ulv"'aur}U{Vla"'vvs}U{Wl,"'awt}a

we implicitly assume that it is the dumbbell described above.
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Suppose that f € €({0, 1}"), P is a partition of {0, 1}", and B is a component of
Gr(f,P) that is a balloon. Write

B={vi,...,vt U{wy,...,w}

with usual labeling. We say that the balloon B is strict relative to f if f(v;) C v;; for
every 1 <i <s, f(wj) € wjy forevery 1 < j <t,and f(v,) U f(w;) C wi.

Suppose that h € H({0,1}"), P is a partition of {0, 1}", and D is a component
of Gr(h, P) that is a dumbbell. Write

D=y} U v, v} U, )

with the usual labeling. We say that the dumbbell D contains a left loop of h (resp.
a right loop of h) if there is a nonempty clopen subset a of u; (resp. of w;) such that
h'(a) = a (resp. h'(a) = a).

We are now in position to state the above-mentioned results from [15].

Theorem A The generic f € C({0,1}™) has the following property:

(Q) Foreverym € N, there are a partition P of {0, 1} of mesh < 1/m and a multiple
q € N of m such that every component of Gr( f, P) is a balloon of type (q!, q!) that
is strict relative to f.

Theorem B The generic h € H({0, 1}") has the following property:

(P) Foreverym € N, there are a partition P of {0, 1} of mesh < 1/m and a multiple
q € N of m such that every component of Gr(h, P) is a balanced dumbbell with
plate weight q! that contains both a left and a right loop of h.

Moreover, it was proved in [15] that any two maps f,g € C({0,1}") (resp.
f,g € H({0,1}N)) with property (Q) (resp. property (P)) are topologically conju-
gate to each other; that is, f = h~!gh for some h € H({0, 1}").

Let us now introduce some further terminology and state a few simple facts. Given
a partition P of {0, 1}", we define

§(P) := min{d(a,b) : a,b € P,a # b},
Ip(X):={acP:anX#2} (Xc{o,1}".

Note that §(P) > 0. The next two results follow immediately from the definitions.
Lemma 2.1 Forevery X,Y € X({0,1}V),

dg(X,Y) < §(P) = I»(X) = I»(Y).
Lemma 2.2 Forevery X,Y € X({0,1}V),

Ip(X) = Ip(Y) = dy(X,Y) < mesh(P).
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3 Main Results

If f: M — M is a continuous map of a metric space M, recall that a pair (x, y) €
M x M is called a Li—Yorke pair for f if

liminfd(f"(x),f”(y)) =0 and limsupd(f"(x)j”(y)) > 0.

n—oo

n—00
A scrambled set for f is a subset S of M such that (x, y) is a Li-Yorke pair for f
whenever x and y are distinct points in S. The map f is said to be Li—Yorke chaotic if
there exists an uncountable scrambled set for f. This notion of chaos was introduced
by Li and Yorke in [30].
It was proved in [15] that the generic f € C({0,1}") has no Li-Yorke pair (in
particular, f is not Li-Yorke chaotic). We shall now extend this result by proving that
the same property is satisfied by the induced map f.

Theorem 3.1  For the generic f € C({0, 1}"), f has no Li~Yorke pair.

Proof Let f € C({0,1}") satisfy property (Q) of Theorem A. Suppose that X,Y €
K ({0, 1}V) satisfy

(3.1) liminfdy (f"(X), f"(Y)) = 0.

Given € > 0, there is a partition P of {0, 1} of mesh < ¢ such that every component
of Gr(f, P) is a balloon. Moreover, by (3.1), there exists ny € N such that

dir (f*(X), f(Y)) < 6(P).

By Lemma 2.1, Ip(f™ (X)) = Ip(f™(Y)). Since each component B of Gr(f,P) is a
balloon, f maps each vertex of B into a vertex of B, and so Ip(f"(X)) = I»(f"(Y))
for every n > ny. Hence, by Lemma 2.2,

dH(f"(X),f"(Y)) < e foreveryn > ny.
This proves that
lim dy (F'), F'(V) =0,

and so (X,Y) is not a Li—Yorke pair for 7 [ |

It was proved in [15] that the generic h € H({0, 1}"V) has no Li-Yorke pair (in
particular, h is not Li-Yorke chaotic). In strong contrast to this fact and to the previ-
ous theorem, we will see that for the generic h € ({0, 1}Y), the induced map h is
Li—Yorke chaotic. In fact, we will see that / is even uniformly distributionally chaotic.

Let us recall the definition of uniform distributional chaos. Given A C N, the
upper density of A is defined by

_ ) M
dens(A) := lim sup M.

n—oo n

If f: M — M is a continuous map of a metric space M, a pair (x,y) € M x M is
called a distributionally e-chaotic pair for f (¢ > 0) if

dens{n € N:d(f"(x), f"(y)) > e} =1
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and

dens{n € N:d(f"(x), f"(y)) <} =1,
forall 0 > 0. A distributionally e-scrambled set for f is a subset S of M such that (x, y)
is a distributionally e-chaotic pair for f whenever x and y are distinct points in S. The
map f is said to be uniformly distributionally chaotic if there exists an uncountable
distributionally e-scrambled set for f, for some € > 0. The notion of distributional
chaos was introduced by Schweizer and Smital in [33] (see also Oprocha [31]).

Theorem 3.2 There is a dense open subset O of H({0, 1}Y) such that, for all h € 0,
h is uniformly distributionally chaotic. In particular, for the generic h € H({0, 1}V), h
is uniformly distributionally chaotic.

Proof Let O be the set of all h € H({0,1}") for which there is a partition P of
{0,1}" such that some component of Gr(h, P) is a balanced dumbbell with plate
weight > 2. Clearly, the set O is open in ({0, 1}"V). By Theorem B, O is also dense
in 3({0,1}Y). Fix h € O and let P be a partition of {0, 1} such that there is a
component D of Gr(h, P) that is a balanced dumbbell with plate weight g > 2. Write

D={u,...;ugf U{vi,...,vf U{wi, ... w},
with usual labeling. Since
w Dh W uy) Dh™M(uy) D -+ and wy D hl(wy) D U (wy) D -+,
it follows that the intersections

Fie (\h ™) and Gi= () H"(w)

n=0 n=0

are nonempty. Moreover, h4(F) = F and h1(G) = G. We define
X:=FUhF)U---UhT(F) and Y:=GUhKG) U---UhT(G).
It is not difficult to verify that the following properties hold:

(a) Xisanonempty closed subset of u; U - - - U u, with h(X) = X;

(b) (uU---Uuy)\X is exactly the set of all o € u;U- - -Uu, whose forward trajectory
eventually goes to the bar of the dumbbell D (i.e,, there exists r € N such that
W (o) € n1);

(a’) Y is a nonempty closed subset of wy U - - - U w, with h(Y) = Y;

(b) (w1 U---Uwy)\Y is exactly the set of all o € w; U - - - U w, whose backward
trajectory eventually goes to the bar of the dumbbell D (i.e., there exists r € N
such that h =" (o) € vs).

Moreover, we claim that:

(C) hmm%oo maXyey, d(l’l_m(O'),X) =0;
(c") limy— 00 maxsey, d(h"(0),Y) = 0.

Indeed, suppose that (c) is false. Then there exist ¢ > 0 and an increasing sequence
(m;}) jen of positive integers such that max,e,, d(h™™"i(0),X) > € for every j € N.
Hence, for each j € N, there exists o; € v; such that

(3.2) d(h™"i(0}),X) > €.
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Note that h="i(0;) € u; U --- U u, for every j € N. By passing to a subsequence, if
necessary, we may assume that there exists

7= lim h™"(0j) € uy U---Uuy.
]*)OO

By (3.2), 7 ¢ X. Thus, it follows from (b) that there exists » € N such that h"(7) € v;.
By continuity,

lim h"™"i(0j) = h' (1) € v1.
j—oo

Therefore, h"~™i(0;) € v, for every sufficiently large j. But this is impossible, since
h"(v1) Nv; = & for every negative n. This proves (c). The proof of (¢) is analogous.
Now we fix a point gy € v;. By (¢) and (¢),

(3.3) lim d(h™"(0y),X) =0 and lim d(h"(0y),Y)=0.
m— 00 m— 00
Therefore, we can construct an increasing sequence
aqa<bh<g<d<am<bh<o<d<---

of positive integers so that the following properties hold:
(d) d(h"*(0y),X) < % whenever n < ajandt > bj;

(€) limj oo 952 =15
]

(d) d(h"*(0y),Y) < ! whenevern > d;and t < ¢;;
Ji ) — "]
=1.

ajr1—d;

AN F
(&) Timj o0 22

Let H be a set of subsequences of the sequence (b;) such that H has the cardi-
nality of the continuum and any two distinct elements of H differ at infinitely many
coordinates. Each element 6 of H is a sequence of the form

0 = (bj,,bj,,bj,,...),
with j; < j, < j3 < ---. We associate with such a sequence 6, the sequence agiven
by
0= (bjl7bjl + 1,...7le,b]‘27bj2 + 17...,Cj2,...).

For each 6 € H, let

Cop=XUY U{h ™ (5):keN}.
It follows from (3.3) that each Cjy is a closed set; that is,

Cop € K({0,1}")  forevery§ € H.

The set S := {Cp : 8 € H} has the cardinality of the continuum, and we shall prove
that it is a distributionally d (P)-scrambled set for h.

Let ¢,0 € H with ¢ # 6. By the definition of H, we may assume that there are
infinitely many b;’s that are terms of ¢ but not terms of 6. For each such b;, we have
that

H'(Cy) Nvi ={oo} and h"(Co)Nvi =@ forallne {bj,bj+1,...,¢j},
which implies that
dy(h"(Cy),h"(Cp)) > 6(P) foralln e {bj,b;+1,...,¢;}.
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By (e), we conclude that

(3.4) dens {n € N:dy(h"(Cy),h"(Cp)) > (P} =1.
Givenf € H, je N,andn € {d;,d; +1,...,aj}, we can write

H(Cy) = X UY U{h" W (a) : (k) < ¢;} U {h""®(0) : 0(K) > bjy}.

By (d),
A0 (50, X) < ﬁ% whenever 0(k) > by
By (d'),
d(h”fg(k)(Uo)aY) < 1 whenever §(k) < ¢j-
Therefore, ]

- 1
dy (h"(Cy), X UY) < 3
Finally, let ¢, # € H. By what we have just seen,
- - 2
du(h"(Cy), 1" (Cy)) < 7

whenever j € Nand n € {dj,d; +1,...,a;.1}. Thus, (¢/) implies that

(3.5) dens {n € N:dy(h"(Cy),h"(Cp)) <6} =1
for every 6 > 0. By (3.4) and (3.5), S is a distributionally 6(P)-scrambled set for
h. |

Let us now recall the notion of topological entropy. Let f: M — M be a contin-
uous map of a compact metric space M. For each n € N, we define an equivalent
metric d, on M by

dy(x,y) = max d( f5(0), f4(3)

A subset A of M is said to be (n, ¢, f)-separated if d,(x, y) > € for everyx,y € A
with x # y. Let N(n, €, f) be the maximum cardinality of an (#, €, f)-separated set.
The topological entropy of f is defined by

. . 1
ent(f) := }E‘(} ( hfligp " log N(n, €, f)) .

The map f is said to be topologically chaotic if ent(f) > 0. The notion of topolog-
ical entropy was introduced by Adler, Konheim, and McAndrew [3]. Here, we are
adopting the equivalent definition formulated by Bowen [17] and Dinaburg [23].

Theorem 3.3  For the generic f € C({0,1}V), ent(f) = 0.

Proof Suppose that f € C({0, 1}"V) satisfies property (Q), and fix € > 0. Then there
exists a partition P of {0, 1} of mesh < ¢ such that every component of Gr(f, P) is
a balloon. If X, Y € K({0,1}") and I»(X) = I»(Y), then Ip(f"(X)) = Ip(f"(Y))
for every n € N, and so

dH(f”(X), f”(Y)) < mesh(P) < ¢ foreveryn e N.
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This implies that N(n, e, ?) < peard(P) for every n € N. Thus, ent(?) =0. [ |

Related to the previous theorem, let us mention that Blanchard, Glasner, Kolyada
and Maass [16] solved a long-standing open question by proving that topological
chaos implies Li—Yorke chaos. With this result, we see that Theorem 3.1 actually
implies Theorem 3.3. However, we think it is instructive to establish Theorem 3.3
directly from Theorem A.

In contrast to the previous theorem, we have the following result.

Theorem 3.4  For the generic h € H({0,1}V), ent(h) = oo.

Proof Leth € 3(({0, 1}") satisfy property (P). For each n € N, define
d,(X, Y) 1= max dy(B'00B'(V) (XY € K({0,11).
<k<n

Given m € N, there is a partition P of {0, 1} of mesh < 1/m such that every
component of Gr(h, P) is a balanced dumbbell with plate weight ¢ > 2. Put § :=
d(P) > 0. Let

Di=A{uir, ..., uigt U{vir,...,vis} U{wir,...,wig} (1 <i<N)

be the components (dumbbells) of Gr(h, P). In order to simplify the indexing in the
sequel, we do not use the usual labeling for these dumbbells. The only difference is
that we consider m as an edge of Gr(h, P) instead of it 1v;;. For each t € N, let
P, be the partition of {0, 1}" obtained from P by replacing each u; ; by its partition
given by the sets

. t .
B ) <k<n and u\(U B 00).
k=1

Note that card(P;) = card(P) + tqN. Now, we claim that the following property
holds:
(%) If €; and €, are distinct nonempty subsets of Py, then d11 (|J €1, J C2) > 4.
In fact, let X := |J € and Y := |J C,. Without loss of generality, let us assume that
there exists a € C; such thata ¢ C,. If a is some v; ; or some w; ;, then

dp(X,Y) > 6.

Ifa = h=%*=Y(v, ) for some i, j, k, then v;; C H=7*1(X) and v;; N K4=7*1(Y) =
@, implying that

d (7" 00 BT () > 6.
Finally, if a = u;;\( Uiy h=k1ti=1(y;,)) for some i, j, then K7 /*!(a) = u;;.
Hence, u;; C H'977*1(X) and u;; N K'977*1(Y) = &, which gives

dH(th7j+1(X) thfjJrl
In any case, we see that dyg;1(X,Y) > 4.

Now, for every t € N, (%) tells us that the set {JC&€ C P,,€ # o} is

(tq+ 1,6, h)-separated, and so

N(tq + 1’ 5)%) Z zcard(T,) 1= zcard(?)ﬂ‘qN -1 2 2card(?)+th—1.

(Y)) > 4.
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Thus,

1 logN(tq + 1,8,7) > card(P) + tqN — 1

log2 (teN
tq+1 tq+1 g2 (reN),

which implies that
1 _
lim sup - log N(n,d,h) > Nlog?2.

n—oo

Hence, ent(h) > Nlog2. Since N — oo as m — 00, we conclude that ent(h) = oo.
|

Given a map f from a metric space M into itself, recall that f is said to be equicon-
tinuous at a point x € M if for every € > 0 there exists § > 0 such that

d(y,x) < § = d(f”(y), f”(x)) < eforalln > 0.

Moreover, f is said to be chain continuous at x [5, 9] if for every € > 0 there exists
0 > 0 such that for any choice of points

X9 € B(x;0), x1 € B(f(x0);6),% € B(f(x1);6),...,
we have that
d(x,, f"(x)) <e foralln > 0.

Of course, chain continuity is a much stronger property than equicontinuity. It was
proved in [15] that the generic f € C({0,1}") is chain continuous at every point.
We shall now see that the induced map f has the same property.

Theorem 3.5  For the generic f € ({0, 1}V), f is chain continuous at every point.

Proof Let f € C({0,1}") satisfy property (Q) and fix e > 0. There is a partition
P of {0, 1} of mesh < ¢ such that every component of Gr(f, P) is a balloon. Put
§:=0(P) > 0. Fix X € X({0,1}") and let

Xo € B(X;6),X; € B(f(X0);6), X2 € B(f(X1);0), .. ..

We have to prove that dy (Xn, ?n(X)) < eforall n > 0. In view of Lemma 2.2, it is
enough to prove that

(3.6) Ip(X,) = Ip (" (X))

for all n > 0. Since dy(Xy,X) < 6, Lemma 2.1 shows that (3.6) holds for n = 0.
Assume that (3.6) holds for a certain #n > 0. Since every component of Gr(f,P) is a
balloon, it follows that

(3.7) I (F0%) = 1o (F" (X))

On the other hand,

(3.8) Ip(Xu1) = In (f(X)) ,

because dH(Xn+17?(Xn)) < 4. Equalities (3.7) and (3.8) show that (3.6) also holds
with # + 1 in place of n. By induction we have the desired result. ]
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It was proved in [15] that the generic h € ({0, 1}") is not equicontinuous at
each point of an uncountable set, and so the same property holds for the induced
map h. However, we have the following result, where R(h) denotes the set of all
recurrent points of h.

Theorem 3.6  For the generic h € H ({0, 1}"V), Efis chain continuous at every point
X € K({0,1}) with X N\ R(h) = &; in particular, h is chain continuous at every point
of a dense open set.

Proof Leth € H({0, 1}") satisfy property (P). Fix X € K ({0, 1}¥) with XNR(h) =
@. For each o € X, there exists t/. > 0 such that

B(o;t)) N {h(o), W (0),...} = 2.

Moreover, since h is equicontinuous at every nonrecurrent point [15, Theorem 4.6],
there exists #// > 0 such that

t/
d(r,0) <t = d(h'(1),h"(0)) < EU foralln € N.
Define £, := min { %, t!'} for each o € X. Then
B(osty) N {h(7),h*(),...} = @ whenever o € X and 7 € B(o;t,).
Now a simple compactness argument shows that there exists ¢ > 0 such that
(3.9) B(o;t) N {h(c),h*(0),...} = @ forallo € X.

Fix € > 0 and let P be a partition of {0, 1} of mesh < min{e, t} such that every
component of Gr(h, P) is a balanced dumbbell with plate weight g > 2. Let

D, = {ui,l,...,uiyq} U {V,‘J,...,V,}Si} U{w,;,l,...,w,;,q} (1<i<N)

be the components (dumbbells) of Gr(h, P). As in the proof of Theorem 3.4, we
consider u; 4v; 1 as an edge of Gr(h, PP) instead of u; 1v; 1. By (3.9), we must have

(3.10) hI—IN(X N u; j) C viy wheneveri € {I,...,N}andje {I,...,q}.
Let P’ be the partition of {0, 1}"¥ obtained from P by replacing each u; ; by
{ hi(qijﬂ)(vm), ui,j\hi(qijﬂ)(vi,l)} )
Define § := 6(P’) > 0. It follows from (3.10) that the relations
Xo € B(X;9), X, € B(h(X);0),X, € B(h(X);0),...
imply
d(X,,h"(X)) <& foralln>0.

This proves that / is chain continuous at X.
Finally, since R(h) is closed and has empty interior in {0, 1} [15, Theorem 4.5],
the setofall X € K ({0, 1}) with XNR(h) = @ is open and dense in X({0,1}). m
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Given a homeomorphism h: M — M of a metric space M, recall that a sequence
(X4n)nez is called a d-pseudotrajectory (6 > 0) of h if

d(h(x,),x,41) < 6 foralln € Z.

The homeomorphism £ is said to have the shadowing property [18, 19] (also called
pseudo-orbit tracing property) if for every € > 0 there exists 6 > 0 such that every
d-pseudotrajectory (x,),cz of h is e-shadowed by a real trajectory of k; i.e., there
exists x € X such that

d(x,,h"(x)) <e foralln € Z.

It was proved in [15] that the generic h € ({0, 1}") has the shadowing property.
In this case, we will see that this property of the generic  is also satisfied by h.

Theorem 3.7  For the generic h € 3(({0, 1}V), h has the shadowing property.

Proof Suppose h € H({0, 1}") satisfies property (P) and fix ¢ > 0. Then there
exists a partition P of {0, 1} of mesh < & such that every component of Gr(h, P) is
a balanced dumbbell with plate weight ¢ > 2. Choose

0< 6 <46(P).
Let (X,,) ez be a 6-pseudotrajectory of h. We have to find X € K ({0, 1}V) such that
dH(XmEn(X)) <e foralln e Z.

In view of Lemma 2.2, it is enough to find X € K ({0, 1}"V) such that

Ip(X,) = Ip(h"(X)) forallneZ
Let us fix a component

D={u,...;ugf U{vi,...,vf U{wi, ... wy}

of Gr(h, P). In order to simplify the indexing in the sequel, we do not use the usual
labeling for this dumbbell. As in the proofs of Theorems 3.4 and 3.6, the only differ-
ence is that we consider m as an edge of Gr(h, P) instead of m . Note that it is
enough to prove the existence of a closed subset Y of | J D such that

(3.11) Ip(X,n (UD)) =Ip(h"(Y)) forallneZ

For this purpose, we fix points

oo .
o; € N h™™(u;) Cuj, ojx€h 1 (v) Cuj,
n=0

(o] .
i€ () W"Uw;) Cwi,  Tix € WV () € wj,
n=0

for each j € {1,...,q} and each k € N. We also fix a point 6; € v; for each
i € {1,...,s}. Note that both the forward and the backward trajectories of ¢ go
around the “loop” {uy, ..., u,} forever. The same is true for the backward trajectory
of o, but the forward trajectory of o x goes around the “loop” {uy, ..., us} exactly
k — 1 times, then passes through the bar of the dumbbell, and finally keeps going
around the “loop” {wy, ..., w,} forever. We have analogous geometric descriptions
for the trajectories of 7; and 7.
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Now, we define a set A consisting of 0;’s, 0 1’s, 7;’s, Tj x’s, and 0;’s in the following
way:
e 0, €A== XyyNuj# Jforalln>0,
* ik €EA <= Xiy—jr1 N1 %+ g,
e T €A== X_,yNw;# Sforalln >0,
* Tik EA= X (r—1)9—j N Vs #* g,
e e A= XoNv; £ 2.

We claim that

(3.12) Ip(X,N (UD)) =Ip(h"(4))
for all n € 7Z. In order to prove this assertion, note that

(3.13) Ip(Xpr1) = Ip (h(X,)) foralln € Z,

because of our choice of §. By (3.13) and the way the set A was defined, it is clear that
(3.12) holds for n = 0. Assume that (3.12) holds for a certain n > 0. We shall prove
that (3.12) also holds with n + 1 in place of n. By (3.13), it is enough to show that

(3.14) Iy (A(X, 0 (UD))) = Ip (A" ().

In view of the dumbbell structure, it follows that
—n+l

Ip(h(X, 0 (UD)))\{ur,vi} =Ip(h (A) \{u1, 1}
So, we have only to worry about the vertices #; and v;. Assume that at least one of
these vertices belongs to some of the sets in (3.14). Then we must have

ug € In (X, N (UD)) =Ip(h"(4)).
Write 7 in the form n = kq — jwith j € {1,...,g}. Then,
vi € Ip(h(X, N (UD))) <= vi € Ip(Xp1)
= Xig—j1 MM # D
= 0jk € A
= I A Ny £ o

—n+l

v elp(h (4).

Moreover, u; € Ip(h(X, N (UD))) if and only if u; € Ip(Xy41) = Ip(Xig—j+1), and
this happens if and only if
XqNuj #3 foreveryr >0
or
Xpg—jr1 Nvy # @ forsome k' > k,

—n+l

which is equivalent to saying that u; € pr(h (A)) . This completes the proof of
(3.14). By induction we have that (3.12) holds for every n > 0. A similar induction
argument shows that (3.12) also holds for n < 0.

Finally, let Y := A, which is a closed subset of UD. We have to prove that (3.11)
holds. By (3.12), it is enough to show that

(3.15) Ip(h"(Y)) = I (h"(A))
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for alln € Z. Since A C Y, the inclusion “D” is clear. In order to prove the reverse
inclusion, suppose y € Y\ A. Then either y belongs to some u; of y belongs to some
w;. We will consider only the first case, since the second one is analogous. So assume
that y € u; for a certain j. There must exists a subsequence (o )ken of (0 1)ken
contained in A such that y is a limit point of this subsequence. Since

hkq*j-"l(a'j?k) €y forallk €N,

the whole trajectory of y must be contained in the “loop” {ui, ..., u,}. This infor-
mation together with the fact that the subsequence (¢ i )xen lies in A imply that

Ip(h"({y})) CIp(R"(4)) forallne 7.

Since this holds for each y € Y\ A, we conclude that (3.15) is true. ]

Given a map f from a metric space M into itself, we denote by P(f) (resp. R(f),
Q(f), CR(f)) the set of all periodic (resp. recurrent, nonwandering, chain recurrent)
points of f.

It was proved in [21] (resp. [7]) that the generic f € C({0,1}") (resp. h €
H ({0, 1}™)) has no periodic point. We will see that the situation is completely dif-
ferent for the induced map f (resp. h).

Theorem 3.8  For the generic f € C({0,1}N), the following properties hold:

i f has uncountably many periodic points of each period p > 1;
) R(H)=Q(f) =CRF:

(ili) CRC(f) has empty interior in f(iK({O, I}N));

(iv) P(?) is dense in CR(?).

Proof Suppose f € C({0, 1}") satisfies property (Q).

(i) Fix p € N and assume that f has only countably many periodic points of period
p- Let X1, X5, X5, ... be alist of all these periodic points. There are a partition P,
of {0, 1}V and an integer q; > p such that every component of Gr(f,P;) is a bal-
loon of type (q1!, q1!). Moreover, by choosing P; with mesh(P;) small enough, we
can also guarantee that Gr(f, P;) has at least two components. So, we can choose
a component By of Gr(f,P;) with X;\(JB;) # &. Now, there are a partition P,
of {0, 1} of mesh < §(P;) and a positive integer g, such that every component of
Gr(f,P,) is a balloon of type (g2!, 42!). The condition mesh(P,) < §(P;) implies
that P, is a refinement of P,. Hence, every component B of Gr(f, P,) is contained
in a component B’ of Gr(f, P;) in the sense that | JB C |J B’. Moreover, by choos-
ing P, with mesh(?P,) small enough, we can also guarantee that Gr(f,P,) has at
least two components whose initial vertices are contained in the initial vertex of the
component B; of Gr(f,P;). So, we can choose such a component B, of Gr(f,P,)
with X5\ (UUB,) # @. We continue this process to obtain the sequences (P;), (g;),
and (B;).

Since B; is a component of Gr(f, P;), it is a balloon of the form

Bj = {vjas o vignt Udwins - wigal-
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By construction, P, refines P; and vj;1; C v}, which implies that
qin1 =2 qj and wj; Cwjp (jEN).
For each j € N, let
Fj:= fjo f ).

Clearly, F; € K({0,1}") and f%'(F;) = F;. Write q;! = k;p. Then

Y;:=F; U fP(F;) U f2P(F;)U--- U fR=DP(E))
is a periodic point of f of period p. Since Y; DY, D Y3 D -- -, the set

Y= ﬁ Y;
j=1

is also a periodic point of f of period p. Finally, since X;\(lB;) # @ andY C
Y; C |UBj, we have that Y # X; (j € N). This contradiction completes the proof of
item (i). 7
(ii) Follows from the fact that f is chain continuous at every point (Theorem 3.5).
(iii) Fix X € R(f) and & > 0. There are a partition P of {0, 1}" of mesh < ¢ and a
positive integer g such that every component of Gr(f, P) is a balloon of type (g, ).
Let

B, = {1/,'117 - 7V,‘7q} U {W,‘J, .. 7Wi~,q} (1<i<N)
be the components (balloons) of Gr( f, P). Since X is a recurrent point of f, we must
have

N 4q
X C U U Wi j.

i=1j=1

Hence, we may define Y as the unique union of some of the sets
fWig), s fvig),
with i varying in {1, ..., N}, that satisfies I»(Y) = I»(X). Then
Y € f(X({0,1}")) and dy(Y,X) <e.

Moreover, it follows from the balloon structure that Y is not a recurrent point of ?

(iv) Let X, ¢, P, q, and B; be as in the proof of (iii). For each i € {1,...,N}, let

Fi= () f"wi).

n=0

Then F; is a periodic point of f of period q. Let Z be the unique union of some of the
sets

Fi, f(F),..., f7(F),
with i varying in {1, ..., N}, that satisfies I»(Z) = Ip(X). Then

Flzy=2 and dy(Z,X) <e,
which completes the proof. u

Theorem 3.9  For the generic h € H({0,1}V), the following properties hold:
(i)  h has uncountably many periodic points of each period p > 1;
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(i) R(h) # Q(h) = CR(h);
(iii) CR(h) has empty interior in K({0, 1}V);
(iv) P(h) is dense in CR(h).

Proof Leth € ({0, 1}V) satisfy property (P).
(i) Let P be a partition of {0, 1}" such that every component of Gr(k, P) is a balanced
dumbbell with plate weight g > 2. Fix such a component

D={uy,...;ug} U{vi,...,v} U{wi, ... ,wg}.
Let X and Y be defined as in the proof of Theorem 3.2. For each o € vy, let
Z, =XUYU{HW?(0):keZ}.

It follows from properties (c) and () in the proof of Theorem 3.2 that each Z, is a
closed set. Hence, {Z, : o € v} is an uncountable set of periodic points of i with
period p.

(ii) Let P, ¢, D, X and Y be as in the proof of (i). Define

Z:=XUYUr €X{0,1}").

Since

dy(Z,h"(2)) > 8(P) foralln € N,
we have that Z is not a recurrent point of i. On the other hand, for each k € N, let
Zi = ZUh ) € K({0,1}").
Then
WN(Zi) = ZU (),
and it follows from properties (c) and (c’) in the proof of Theorem 3.2 that

Zy —~ 7 and H(Z) — Z.

Thus, Z is a nonwandering point of h.

The equality Q(h) = CR(h) follows from (iv).
(iii) Fix X € CR(h) and £ > 0. There are a partition P of {0, 1}" of mesh < ¢ and a
positive integer g such that every component of Gr(h, P) is a balanced dumbbell with
plate weight g. Let

Di ={ujy, ..., uigt U{vip,....vig} U{wir,...,wig} (1<i<N)

be the components (dumbbells) of Gr(h, P). We define Y as the unique union of
some of the sets

h_q(Vi,l)v . ah_l(Vi,1)7 Vi,l) sty ViﬁS,‘v h(ViA,S,‘)7 sty hq(vﬁ,s,‘)a
with i varying in {1, ..., N}, that satisfies I (Y) = I»(X). Then
dg(Y,X) < e.

Moreover, it follows from the dumbbell structure that Y is not a chain recurrent point
of h.
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(iv) Let X, &, P, g and D; be as in the proof of (iii). For eachi € {1,... N}, we
define
F,’ = ﬂ h_”q(u,;’l) and G,’ = ﬂ hnq(W,'71).
n=0 n=0
Clearly,
hq(Fi) = F,' and hq(Gi) = G,’.

Since X is a chain recurrent point of h, there is a finite sequence X, . .., Xy in
K ({0, 1}N) such that

du(X,Xo) < 6(P), dy (h(Xo), X1) < 6(P), ... dy(h(Xk—1),Xk) < 6(P)
and X; = X. Therefore,
(3.16) Ip(X) = Ip(Xo), Ip (h(Xo)) = Ip(X1), ..., Ip (h(Xk—1))
= Ip(Xy) = Ip(X).

Let Z; be the union of all sets of the form hi(F;), with i € {1,...,N} and j €
{0,...,9 — 1}, such that u; j;; N X # @. By (3.16), if u; j,; N X # @ and u; ¢
is the vertex that contains h*k(uﬂjﬂ), then we also have u; .,y N X # &, and so
h=*(hi(F;)) = h*(F;) C Z,. This implies that

(3.17) Wz = Zz,.

Let Z, be the union of all sets of the form h/(G;), withi € {1,...,N} and j €
{0,...,q—1},such that w; j;; N X # @. By (3.16), if w; j:1 N X # & and w; ¢4, is the
vertex that contains hk(wi,jﬂ), then w; ;1 NX # &, and so H(hi(G))) = W(G;) C Z,.
Thus,

(3.18) Wz, = Z,.

Let Z3 be the union of all sets of the form | J,,., h"k(vi,j), withi € {1,...,N} and
j€{1,...,s}, such that v; j N X # &. Obviously,

(3.19) W(Z3) = 7.
Finally, we define Z := Z; U Z, U Z5. It folows from (3.16) that
Ip(Z) = I»(X).

By properties (c) and (c’) in the proof of Theorem 3.2, Z EiiK({O, 1}Y). By (3.17),
(3.18), and (3.19), K*(Z) = Z. Thus, Z is a periodic point of hand dy(Z,X) < c. W

4 Remarks on the Dynamics Induced on Products

Another very natural context for collective dynamics consists in looking at the action
of a system on k-tuples of points of the phase space. In other words, given f € C(M)
and k € N, it consists in studying the dynamics of the induced product map

R (g, x) € ME s (F(x), ... o)) € ME,

In the case of the generic dynamics of maps of the Cantor space, it turns out that the
dynamics of these induced product maps can be easily derived from the dynamics of
the original maps. In this direction, we have the following results.
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Theorem 4.1  For the generic f € C({0, 1}"), the following properties hold for each
keN:

(i) f** has no Li-Yorke pair. In particular, ent( f**) = 0;

(ii)  f*kis chain continuous at every point;

(i) P(f*%) = @

(iv) R(f%) = Q(f*9) = CR(;

(v)  R(f*¥) is a Cantor set with empty interior in f*(({0, 1}N)¥).

Theorem 4.2  For the generic h € 3({0, 1}"), the following properties hold for each
ke N:

(i) ¥k has no Li-Yorke pair. In particular, ent(h**) = 0;

(ii) h*k has the shadowing property;

(iii) h*k is chain continuous at every point of a dense open set, but it is not equicontin-
uous at each point of an uncountable set;

(iv) P(h*) = 2;

(v)  R(BF) = Q(h**) = CR(hH);

(vi) R(h*¥) is a Cantor set with empty interior in ({0, 1}™),

We will say a few words about the proof of Theorem 4.2 (the proof of Theorem 4.1
follows the same reasoning). Properties (i), (ii), (iii), and (iv) follow easily from the
corresponding properties of the map h as presented in [15]. Properties (v) and (vi)
also follow from the corresponding properties of h provided we prove that

R(h*%) = R(W)~.

Since the inclusion “C” is obvious, let us take a point (o1, ...,0%) € R(h)k. Given
g > 0, let P be a partition of {0, 1} of mesh < & such that every component of
Gr(h, P) is a balanced dumbbell with plate weight g > 2. Let

D; = {ul—’l,...,um} U {Vi.la"'vvi,s,‘} U{Wi71a-~-7W1}q} (1<i<N)

be the components (dumbbells) of Gr(h, P). Foreach 1 < j < k,let1 <i; < N be
such that o; belongs to a vertex of the dumbbell D;,. Since o is a recurrent point of
h, either o ; belongs to u;, ; U - - Uu;, 4 or 0 belongs tow;, ; U - - - Uw;, 5. Moreover,
in the case 0; € w;;; U -+ U u;, 4, we must have h"(0j) € u;, 1 U -+ U, for all
n € N. In both cases, we see that

d(h"(cj),0;) <e foralln € Ny.

Since this holds for each 1 < j < k, and since € > 0 is arbitrary, we conclude that
(o1,...,01) € R(W*K).
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