Dynamical systems of finite-dimensional metric
spaces and zero-dimensional covers

Yuki Ikegami, Hisao Kato and Akihide Ueda

Institute of Mathematics, University of Tsukuba, Ibaraki 305-8571, Japan

Abstract. In this paper, we assume that dimensions mean the large inductive di-
mension Ind and the covering dimension dim. It is well-known that Ind X = dim X for
each metric space X. In [7], J. Kulesza proved the theorem that every compact metric n-
dimensional dynamical system with zero-dimensional set of periodic points can be covered
by a compact metric zero-dimensional dynamical system via an at most (n + 1)"-to-one
map. In this paper, we generalize Kulesza’s theorem above to the case of arbitrary metric
spaces, and improve the theorem. In fact, we prove that every metric n-dimensional dy-
namical system with zero-dimensional set of periodic points can be covered by a metric
zero-dimensional dynamical system via an at most 2"-to-one closed map. Moreover, we
also study periodic dynamical systems. We show that each finite-dimensional periodic
dynamical system can be covered by a zero-dimensional periodic dynamical system via a
finite-to-one closed onto map.

1 Introduction

In this paper, we assume that all spaces are metric spaces and dimensions mean the
large inductive dimension Ind and the covering dimension dim. It is well-known that
Ind X = dim X for each metric space X (see [3, The Katétov-Morita Theorem 4.1.3]).
Note that in this paper we do not use the small inductive dimension ind. We know that
if X is a separable metric space, then Ind X = dim X = ind X (see [3]). A pair (X, f)
is called a dynamical system if X is a metric space and f is a homeomorphism of X onto
itself. A dynamical system (Y, g) covers (X, f) via an onto map p : Y — X provided that
pog = fop. There is a classical theorem by W. Hurewicz [4] that a compact metric space
X is at most n-dimensional if and only if there is a compact metric zero-dimensional space
Z with an onto map p : Z — X whose fibers have cardinality at most n 4+ 1. Moreover,
K. Kuratowski [8] and K. Morita [12] generalized this theorem to the case of arbitrary
metric spaces. In the theory of dynamical systems, there is a related problem: Is every
finite-dimensional dynamical system covered by a zero-dimensional dynamical system via
a finite-to-one closed map? It is well known that for any compact metric dynamical system
(X, f), there is a compact zero-dimensional dynamical system covering (X, f) via an onto
map. In [7], J. Kulesza proved the following theorem: For each compact n-dimensional
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dynamical system (X, f) with zero-dimensional set of periodic points, there is a compact
zero-dimensional dynamical system covering (X, f) via an at most (n+1)"-to-one map. He
also showed that there is a compact one-dimensional dynamical system which can not be
covered by a compact zero-dimensional dynamical system via a finite-to-one map (see [7]).
Moreover, he [7] announced in his paper without proof that there is a zero-dimensional
compact dynamical system covering (X, f) via an at most (n + 1)-to-one map. However,
we could not find any articles about this fact. Covers of dynamical systems are also
related to the theory of colorings. Many mathematicians have investigated the theory of
colorings (e.g., see [1], [5], [9] and [11]).

In this paper, we generalize Kulesza’s theorem to the case of (nonseparable) metric
spaces, and improve the theorem. In fact, we prove that every metric n-dimensional
dynamical system with zero-dimensional set of periodic points can be covered by a metric
zero-dimensional dynamical system via an at most 2"-to-one closed map. In Lemmas 3.3,
3.4 and 3.5 of this paper, we are bit more careful in choosing locally finite open covers
C(7) compared with the methods of Kulesza [7, Lemmas 3.5 and 3.7]. Also, in this paper
we study periodic dynamical systems.

Recall that dim X denotes the covering dimension of a space X and Ind X = dim X
for each metric space X (see [3], [11] and [13]). For the theory of dimention for arbitrary
metric spaces, see [3] and [13]. Let N be the set of all natural numbers, ie. N =
{1,2,3,...}, and let Z be the set of all integers, i.e. Z = {...,-2,—-1,0,1,2,...}. For
each map f: X — X let P(f) be the set of all periodic points of f, i.e.

P(f)={z € X | f/(x) = x for some j € N}.

If K is a subset of X, then cl(K), bd(K) and int(K) denote the closure, the boundary and
the interior of K in X, respectively. For a collection C of subsets of X, C|x = {C N K |
C € C} and ord(C) = sup{ord,C | = € X}, where ord,C is the number of members of C
which contains x.

Moreover, we need the following notions. A closed set K in X is reqular closed in X
if cl(int(K)) = K. A collection C of regular closed sets in X is called a regular closed
partition of X provided that (JC = X and C' N C" = bd(C) Nbd(C") for each C,C" € C
with C # C’. For regular closed partitions A and B of X, AQB denotes the regular closed
partition

{cl(int(A) Nint(B)) | A € A and B € B}

of X. It is clear that ord(AQB) < ord(A) - ord(B). A collection {A)}rea of subsets of
X is called a swelling of a collection { By }xea of subsets of X provided that By C A, for
each A € A, and if m € N and \q,..., A\, € A, then

(A # 0 if and only if (1) By, # 0.
=1 =1

Conversely, a cover { By }aea of X is called a shrinking of a cover { Ay }rea of X if By C Ay
for each A € A.
In [7], J. Kulesza proved the following theorem.
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Theorem 1.1. ([7, Theorem 3.1]) If (X, f) is a compact dynamical system such that
dimX = n < oo and dim P(f) < 0, then (X, f) can be covered by a compact zero-
dimensional dynamical system via an at most (n + 1)"-to-one map.

J. Kulesza [7] needed the following theorem to prove Theorem 1.1.

Theorem 1.2. ([7, Theorem 3.2]) Suppose that (X, f) is a compact dynamical system
with dim X =n < oo, and {C; | i = 0,1,2,...} is a sequence of reqular closed partitions
of X such that

(i) there is m € N such that ord(C;) < m for each i =0,1,2,...,

(ii) Cita1 refines f~1(C;)QC;Qf(Cy),

(iii) of ¢ > 0, then mesh(C;) < 1/i.

Then there is a compact zero-dimensional dynamical system (C,h) and an at most m-to-
one map g: C' — X such that goh = fog.

On the other hand, for the case of arbitrary metric spaces, we know the following
theorem which characterizes dimension, by use of closed coverings. The theorem is due
to K. Morita [12].

Theorem 1.3. ([13, Theorem II1.9]) A metric space X is at most n-dimensional (i.e.
dim X < n) if and only if there is a sequence {F; | i € N} of locally finite closed coverings
of X such that

(i) for each x € X and for each neighborhood U(x) of x in X, there is i € N satisfying
St(z, F;) C U(x), where St(z, F;) = | J{F € F; | x € F},

(i) F; ={F(on,...,q) |ax € Qand k =1,...,i}, where F(ay,...,q;) may be empty,
(111) F((Ih e 7ai—1) = U{F(Oél, . ,Oéz‘_l,ﬁ) | B S Q},

(iv) ord(F;) <n+ 1.

2 Periodic dynamical systems and zero-dimensional
covers

In this section, we study the relation between periodic dynamical systems and zero-
dimensional covers. We need the following lemma which is a generalization of Theorem
1.2 to the case of arbitrary metric spaces. The proof is a modification of the proof of |7,
Theorem 3.2]. For completeness, we give the proof.

Lemma 2.1. (cf. [7, Theorem 3.2]) Let (X, f) be a dynamical system of a metric space
X, and suppose that {C(j) | j € N} is a sequence of locally finite reqular closed partitions
of X such that

(i) there is m € N such that ord(C(j)) < m for each j € N,

(i) C(j + 1) refines f~1(C(5))QC()Qf(C(j)),

(iii) for each x € X and for each neighborhood U(z) of x in X, there is j € N satisfying
St(z,C(j)) C U(x). .

Then there is a dynamical system (C,f) of a zero-dimensional metric space C (i.e.
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dim C' = 0) and an at most m-to-one closed onto map p : C' — X such that po f = fop.
Moreover, if X is a compact (resp.separable) metric space, then C can be taken as a
compact (resp.separable) metric space.

Proof. Without loss of generality, we may assume that each element of each C(j) is
nonempty. Put

C={(cr.co,..)e[]CU) lex D2 D+ and [)e; # 0}

JjeN jeN

and suppose that each C(j) is a discrete (metric) space, i.e., {c} is open in C(j) for each
¢ € C(j). By (iii), note that [,y ¢; is a one point set for each (ci,ca,...) € C. Since the
product space [] jeNC (7) is a zero-dimenisonal metric space, so is C'. Moreover, if X is
a compact (resp. separable) metric space, we can take C(j) as a finite (resp. countable)
collection and hence C(j) is a compact (resp. separable) metric space. In particular, C'is
the limit of the inverse sequence (C(1) <— C(2) < C(3) < ---), if each C(j) is a compact
metric space. Then C' is also a compact (resp. separable) metric space.

Define p : C' — X by p(eq,¢9,...) = ﬂjeN ¢;. It is easy to see that p is a continuous
onto map.

First, we will show that p is at most m-to-one. Suppose, on the contrary, that there
is x € X and pairwise distinct m + 1 elements

(e(D)1,e(1)a, .. .), (e(2)1,¢(2)2, ... ), ..y (c(m+ 1)1, c(m + 1)s,...)

of C' such that
(e);=-=()clm+1); ={z}.
jEN jEN
Foreach 1 <i < ¢ <m+1,let r,, =min{j € N | ¢(i); # c¢(i');}. Note that c(i); # c(i’),
for each j > r; ;. Put
r=max{r;y | 1<i<i <m-+1}

Then ¢(1),,...,c(m+1), are pairwise distinct elements of C(r) satisfying = € ¢(1),MN---N
c(m +1),. Thus, ord(C(r)) > m + 1. This is a contradiction.
Next, we will show that p is a closed map. For each n € N and (¢y,¢o,...) € C, let

On(c1,co,...) ={(c},c5,...) €C |, =cu}.

Note that {O,(c1, ca,...) | n € N}isaneighborhood base at (¢1, ¢, ... ) and p(O,(c1, ca,...)) =
Cn- Now let K be closed in C and z € X — p(K). Then K and the finite set p~!(x) are
disjoint closed sets in C. Put O, (K) = J{On(c1,¢2,...) | (c1,¢2,...) € K} C C. Then

we can take j € N with p~'(z) N O;(K) = 0 and put H; = J{¢; | (c1,¢2,...) € K} C X.
Note that = ¢ p(O;(K))) = H; D p(K). Since C(j) is locally finite, H; is a closed set in

X. Put U = X — H;. Then U is an open neighborhood of z in X with U N p(K) = 0.
This implies that p(K) is closed in X.



Next, we will construct a desired homeomorphism f : ¢ — C. By (ii), note that
both f(C(j + 1)) and f~'(C(j + 1)) are refinements of C(j). Thus, by regular closedness
there are unique maps f;,g; : C(j + 1) — C(j) given by fj(cjs1) = ¢jp if f(cj11) C ¢y,
and gj(cjy1) = ¢j 1 if f7H(c¢jp1) C ¢jp-1. Now define f,g: C — C by f(ci,ca,...) =
(fi(ca), falcs),...) and Gler,car...) = (G1(c2), G2(cs),...). We show that the following
conditions (a), (b), (¢) and (d) are satisfied.

(a) f is continuous.

This is obvious since each f] is continuous.

(b) f is bijective.
Let (¢1,co,...) € C. Then,

fioGi(ciin) D Fo fH(cjhn) = cjpa

g5 © fix1(cjr2) D f7 o f(¢j12) = ¢jpa.
Note that f; o §j41(cjr2) = §; 0 fi+1(¢jy2) = ¢;. Then, fo§ = Go f =ide. Therefore f is
bijective and f~! = g.
(¢) f~!is continuous.
This is obvious since each g; is continuous.
(d) po f=fop.
Let (¢1,¢9,...) € C. Then

po f(chc?v .- ) :p(fl(c2)7f2(c3)= .- ) = ﬂ fj(cj-&-l) 2 ﬂ f(cj+1)7

jeN jeN

foplercay )= F([V &) = () Fley) = () Flejn)-
jeN jeN jeN
Therefore, pof(cl, Ca,...) D fop(ey,ca,. .. ). Note that pof(cl, ca,...)and fop(cy,co,...)
are one point sets in X. Thus po f = fop. O

In general, we have the following proposition. The proposition in the case of compact
spaces is well known.

Proposition 2.2. Let (X, f) be a dynamical system of a metric space X. Then there is
a dynamical system (C, f) of a zero-dimensional metric space C' and a closed onto map

p:C — X such that po f = fop. Moreover, if X is a compact (resp. separable) space,
then C can be taken as a compact (resp. separable) space.

Proof. Tt is easy to see that we have a sequence {C(j) | j € N} of locally finite regular
closed partitions of X satisfying the conditions (ii) and (iii) as in Lemma 2.1. By Lemma
2.1, we have the desired homeomorphism f : C' — C of a zero-dimensional metric space
C and a closed onto map p: C' — X. m

A homeomorphism f : X — X of a space X is periodic if f¥ = idx for some k € N.
The following theorem says that each finite-dimensional periodic dynamical system can be
covered by a zero-dimensional periodic dynamical system via a finite-to-one closed onto
map. The case of £ = 1 implies the above theorem of Hurewicz.
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Theorem 2.3. Let (X, f) be a dynamical system of a metric space X such that dim X =
n < oo and f* =idy for some k € N. Then there is a dynamical system (C, f) of a zero-
dimensional metric space C with f* = ide and an at most (n + 1)¥-to-one closed onto
map p: C — X such that po f = f op. Moreover, if X is a compact (resp. separable)
metric space, then C' can be taken as a compact (resp. separable) metric space.

Proof. By Theorem 1.3, there is a sequence {F; | i € N} of locally finite regular closed
partitions of X such that
(i) for each x € X and for each neighborhood U(p) of x in X there is ¢ € N satisfying
St(x, F;) C U(x),
(i) Fi ={F(aq,...,) | ax € Qand k =1,...,i}, where F(ay,...,q;) may be empty,
(iii) Flag, ..., 1) = U{F(a1,...,q;1,8) | B € Q},
(iv) ord(F;) < n+ 1.

Note that F;.1 refines F;. Put C; = @;‘:&fj(}"i). Since f* = idy, we see that

Ci = @;:l@f;i(k_l)f](fp)
Then
k—1
ord(C:) < [Jord(F(F) < (n + 1),
§=0

and Ci;y refines f~1(C;)QC;,Qf(C;) = C;. Therefore, applying Lemma 2.1, we obtain a
desired homeomorphism f : ' — C of a zero-dimensional metric space C' and a desired
closed map p : C — X. Finally, we will show that f* =ids. For each (¢i,cp,...) € C,

fz’ 0:++0 fH(k—l)(CHk) - fk(ch) = Citk;

where f; is the map as in the proof of Lemma 2.1. Note that f;o0---o fin_l)(CHk) =q.
Then

fk(01,62, .. ) = (fl O-:++0 fk(ck_H), f2 O---0 fk+1(ck+2), .. ) = (61,02, . )

Therefore, f¥ = idc. ]

3 Dynamical systems with zero-dimensional sets of
periodic points

In this section, we generalize Theorem 1.1 to the case of any metric spaces, and improve
the theorem. The following is the main theorem in this paper.

Theorem 3.1. Let (X, f) be a dynamical system of a metric space X such that dim X =
n < oo and dim P(f) < 0. Then there is a dynamical system (C, f) of a zero-dimensional
metric space C' and an at most 2"-to-one closed onto map p : C' — X such that pof = fop.
Moreover, if X is a compact (resp. separable) metric space, then C can be taken as a
compact (resp. separable) metric space.



Remark 1. J. Kulesza [7] showed that if we do not assume dim P(f) < 0, there is a
compact one-dimensional dynamical system which can not be covered by a compact zero-
dimensional dynamical system via a finite-to-one closed map (see [7, Example 2.2]).

We say a collection G of subsets of a metric space X with dim X = n < oo is in general
position provided that if S C G and 1 < |S| < n+1, then dim((S) < n —[S|, where |S|
denotes the cardinality of S. To get the degree of the (dynamical system) cover to be an
improvement to 2" from (n+ 1)", we need the next lemmas 3.2, 3.3, 3.4 and 3.5 which are
the key lemmas. In [7, Lemma 3.7], Kulesza made the collection {f*(bC;)| k € Z,i € N}
having order at most n (see [7] for the definition of bC;). In this paper, we are able to get
more sets { fP(bd(C(j)a)| @ < 7,j € N, p € Z} to have order at most n (see Lemma 3.5 of
this paper). The next lemmas are modifications of [7, Lemmas 3.5 and 3.7] in the case of
nonseparable metric spaces, but we need more precise and general arguments.

Lemma 3.2. Let X be a metric space with dim X = n < oo, and for any j € N, suppose
that G(j) is a locally finite collection of closed subsets of X. If each G(j) is in general
position, then there is a zero-dimensional F,-set Z of X such that if A is a subset of X
with ANZ =0, then G(j) U{A} is in general position for each j € N.

Proof. Let j € N. Note that {(1S|S C G(j) and (S # 0} is a locally finite collection
such that each element is a closed set in X. First, we choose a zero-dimensional F-set
Z" of X such that dim(X — Z') <n — 1 (see [2, Proposition 3]). Also, for each S C G(j)
with (S # (), we can choose a zero-dimensional F,-set Zs of (]S such that

dim(()S = Zs) < dim([)S) — 1.

Note that {Zs | S € G(j) and (S # 0} is a locally finite collection of zero-dimensional
F-sets of X. Then

Z=|\{Zs1jeN, SCg(j)and (S#0uZ

is also a zero-dimensional F,-set of X. We will show that Z is a desired set. Now suppose
AC X with ANZ =0. Let S C G(j) U{A} such that 1 < |S| <n+1and (S # 0. We
may assume that A € S. If |S| = 1, then

dim(ﬂ S)=dimA <dm(X - Z')<n-—1.

On the other hand, suppose 2 < |S| < n+1. Since S—{A} C G(j)and 1 < |[S—{A}| <n
and (S — {A4}) # 0, we see that

dim(()8) = dim[)(S — {A}) N A] < dim[\(S ~ {A}) — Zs_ap)
< diml()(S — {A})] 1< (n—|S — {A}]) ~ 1
= n—(S|-1)—1=n—|8]

Therefore G(j) U {A} is in general position for any j € N. O
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From now on, we assume that 7 and  are ordinal numbers. Also, we assume that 0
is the smallest ordinal number.

Lemma 3.3. (cf. [5, Lemma 2.1]) Let C = {C,, | @ < 7} be a locally finite open cover of
a metric space X with dim X = n < oo, and let B ={B, | o < 7} be a closed shrinking
of C. Suppose that O is an open set of X, Z is an at most zero-dimensional F,-set of O,
and for each j € N, G(j) is a locally finite collection of closed subsets of O. If each G(j)
is in general position, then there is an open shrinking C' = {C! | a« < 7} of C such that
for each a < T,

(1) B, C C!, C C,,

2) C! =C, if bd(C,) N O =0,

Proof. Without loss of generality, we may assume that By = Cy = X (o = 0). We
will construct C!, by transfinite induction on the ordinal a. For the case a = 0, we put
Cy = X. Next we assume that there is {C} | f < a} (a < 7) satisfying the conditions
(1)—(5) and
G(7)u{bd(Cy) NO | B < a}

is in general position for each j € N. We will construct C?, as follows. By Lemma 3.2,
there is a zero-dimensional F,-set Z, of O such that if A C O and AN Z, = (), then
G(j)u{bd(Cy) NO | B < a} U{A} is in general position for each j € N. Consider the
following open subspace of X:

Y, =X — [bd(C,) — O]
Also consider the following closed set of Y,:
B, = [Ba U (cl(Ca) = O)]NYa = By U (Cy = O)

Since dim(Z, U Z) < 0, we can choose an open set C! of Y, such that B, C C! C
cly, (C!) C C, and bdy, (C)) N (Z, U Z) = 0 (see [3, p.221, Theorem 4.1.13]). Then C/,
is an open set of X. Note that bdy, (C?)) C O and bd(C) C bdy, (C.) U (bd(C,) — O).
Note that

Cl—0=B,-0=C,—-0,

bd(C.) — O C bd(C,) — O,
bd(C!) N O C bdy, (C))NO.

Hence (bd(C%)NO)N (Z,U Z) = 0. By the construction, we see that C satisfies the
conditions (1)—(5), and G(j) U{bd(C3)NO | B < a} is in general position for each j € N.
By transfinite induction on the ordinal «;, we obtain the desired open shrinking C' =

{C! | a <7} of C. O



Lemma 3.4. (cf. [5, Lemma 2.2]) Let (X, f) be a dynamical system of a metric space
X such that dim X = n < oo and dim P(f) < 0. Let C = {C, | a < 7} be a locally
finite open cover of X and let B = {B, | a« < 7} be a closed shrinking of C. Then for
each k =0,1,2,..., there is an open shrinking C' = {C!, | « < 7} of C such that for each
a<T,

(1) B, C C!, C C,,

(2) {f7(bd(CL)) | « < 7 and |j| < k} is in general position,

(3) bd(C) N P(f) = 0.

Proof. We proceed by induction on k. In the case k = 0, if we put O = X and Z = P(f),
by Lemma 3.3 there is an open shrinking C' = {C”, | & < 7} of C such that (1)-(3).

Next we suppose the result holds for £ — 1. Then there is an open shrinking D =
{D, | @ < 7} of C such that for each o < 7,
(1) B, C D, C Cl,
(2)) {f7(bd(D,)) | « < 7 and |j| < k — 1} is in general position,
(3") bd(D,) N P(f) = 0.

Put

F = bd(Da).

a<lT

Since F' contains no periodic points, we can choose a locally finite open (in X) cover
O ={0s | B <~} of F such that

{f7(0p).---. 05, [*(Op)}

is pairwise disjoint for each 3 < 7. We may assume that Oy = (). By transfinite induction
on /3, we will construct an ordered collection {D(5) | B < v} of open shrinkings of C such
that for each g < 7,

(a) D(0) = D,

(b) D(8) = {D(B)a | @ < 7},

(¢) Ba € D(B)a C Ngag DB )a

(@) Nzs D(F)a N (X = Og) = D(B)a N (X = O),

bd()y - D()a) (1 (X — ) > bd(D(B)a) N (X — 0,), and

if bd(ﬂﬁ’<ﬁ D(ﬁ/)a) N Oﬁ = (), then mﬁl<3 D(ﬁl)a = D(ﬁ)aa

(e) G(B) = {f*(bd(D(B)a)) | Ip] < k=T and a <7} U{fP(bd(D(B)a) N (Ug<sOp)) |
Ip| = k and o < 7} is in general position,

(f) bd(D(B)a) N P(f) = 0.

We construct D(f) by transfinite induction on g < 7. For § = 0, we have D(0) = D.
Suppose that we have {D(p’) | f’ < B} satisfying the desired conditions. To construct
D(B), we consider the collection €& = {E, | a < 7}, where E, = (5 _5 D(8')a. Note
that by (d) and local finiteness of O, for each € X there is an open neighborhood U(z)
of z in X and B, < @ such that E, NU(z) = D(B:)a N U(x) and bd(E,) NU(z) =
bd(D(8,)a) N U (1)



Claim 1. €& is an open shrinking of C such that B, C E, C C, and bd(E,) N P(f) = 0.

Proof. Since
Ey = U (D(ﬁx)a N U(.CE)) ) U (Ba N U(ﬂ?)) = B,

zeX zeX

it follows that F, is open in X and contains B,. On the other hand, since

bd(E,) = [ (bd(D(B,)a) NU(2)) and bd(D(B)a) N P(f) =0,

rzeX

it follows that bd(E,) N P(f) = (. &

Claim 2. F = {f?(bd(E,)) | |p| <k—1and a < 7}U{fP(bd(Ea) N (Ug30p)) | [p| =
k and oo < 7} is in general position.

Proof. Note that by (d) and local finiteness of {J,, <, f7(O), for each x € X there is an
open neighborhood V(z) of x in X and -, < /8 such that

(
SPbd(Ea)) NV () = fP(bd(D(yz)a)) NV (x)

for each p. Choose a locally finite open refinement W of {V(z) | x € X}. For each
W e W, we take x € X with W C V(z). Then

fP(bd(Ea)) N W = fP(bd(D(7z)a)) N W,

10d(E) 0 (| 0p)) nW = Pod(D(32)0) 0 (| 0 W
B'<B B'<Va

By (e), Flw = G(7:)|w is in general position. Now we will show that F is in general
position. Let & C F such that 1 <|S| <n+1and (S # 0. Note that ((|S) N W is an
at most (n — |S|)-dimensional F,-set of X. By local finiteness of W,

Ns= U Ns)nw)

is also an at most (n — |S|)-dimensional. &
Then for each |q| < k,

Sy = {fP(bd(Ea)) N f4(Op) | [p| <k — T and v < 7}

U{f?(bd(Es) N | Op) N f1(Op) | Ipl = k and o < 7}
B'<p

is also in general position in f¢(Og). Thus, f7%(S,) is also in general position in Og.
By Lemma 3.3 and Claim 1, there is an open shrinking D(f) of {E, | a < 7}(=
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{ 8B D(f")a | @ < 7}) such that

(1) Ba € D(B)a € Nprep D(B)a(= Ea),

(2") D(B)a =Ngep D(B)a if bdMNg5(D(8)a) N Op =0,

(37) D(B)a — Op ﬂ gr<p D(B)a 0/3,

(47) bd(D(B)a) — Op C bd((Mg5 D(B)a) — O,

(5") bd(D(B)a) N P(f) =10

(6") f74US,) U{bd(D(B)a) NOp | o < 7} is in general position for each |q| < k.

By the similar arguments to the proof of [7, Lemma 3.5, we can check (e). By (4’) and
Claim 2, it suffices to show that G(f3)|s«(0,) is in general position for each ¢. Note that
by (67), for [p| <k,

Sg UL (bd(D(B)a) N f1(Op)) [ @ < 7}

is in general position in f9(Og). Our goal is to see that all elements of G(f3)|sa(0,) are
contained in distinct elements of S, U {f4(bd(D(5)a) N f9(Op)) | @ < 7}. It suffices to
prove the following claim.

Claim 3. Let a <7 and |p| < k with p # q.
(i) If [p] < k — 1, then

FP(bA(D(B)a)) N £9(Og) C fP(bd( () D(B)a)) N f1(Op).
B'<pB
(ii) If |p| = k, then

F(bd(D(B)a) N | 0p) N f1(0g) C f7(bd([) D(B)a) N | Op) N f1(Op).
B'<B B'<B B'<B

Proof. Note that f7(Og) N fP(Og) = 0. If |p| < k — 1, then

FP(bAd(D(B)a) N £(05) = f(bd(D(B)a) — O5) N f1(Op)
C fP(bd( () D(B)a) — O) N 4(Op)
B'<pB
= f7(bd([) D(B)a)) N f4(Op),

B'<p
On the other hand, if |p| = k, then

FPbA(D(B)) N | Op) N f1(0s) = fF(bA(D(B)a) N [ Op = Os]) N f(Op)

B'<B B'<B
C fAbd([) D(B)a) N[ Op — O8]) N f4(Op)
B'<B B'<p
= fA(bd( () D(B)a) N | Op) N F1(05)
B'<B B'<pB

11



Therefore, by induction on 8 we obtain the desired collection {D(5) | B < v} of open

shrinkings of C. O

Finally, we put C! = ﬂﬁq D(f), for each o« < 7. By the arguments of Claim 1 and
2, we see that ' = {C! | @ < 7} is an open shrinking of C satisfying the conditions
(1)—(3). O

Lemma 3.5. ([7, Lemma 3.7]) Let (X, f) be a dynamical system of a metric space X
such that dim X = n < oo and dim P(f) < 0. Then, for each j € N, there is a locally
finite open cover C(j) = {C(j)a | @ < 7} of X such that

(1) mesh(C(7)) < 1/7,

(2) ord(G) < n, where G = {fP(bd(C(j)a)) |a <7, €N and p € Z}.

Proof. For each j € N, we choose a locally finite open cover D(j) of X such that
mesh(D(j)) < 1/j. For simplicity, we may assume that D(j) = {D(j)a | @ < 7} by use
of some sufficiently large ordinal number 7. Note that D(j), may be an empty set. Take
an open shrinking B(j) = {B(j)a | a < 7} of D(j) such that B(j) = {cl(B(j)a) | @ < 7}
is a closed shrinking of D(j). For each j € N and each k € N with k& > j, we will find
an open shrinking D(j,k) = {D(j,k)a | @« < 7} (k > j) of D(j) and a closed shrinking
B(j, k) ={B(j,k)a | « <7} (k> j) of D(j, k) such that

(a) D(j, ) = D), B(j,j) = B(j),

(b) cI(B{j)a) = B(js)a € B(jsj +1)a C -+ € D(jyj+1a € DG ja = D(i)as

(c) ord{cl(fP(D(j,k + 1)a = B(j,k+1)a)) |a <7, 1 <j < kand |p| <k} <n.

We proceed by induction on k. Suppose that we have
D(1,k),...,D(k —1,k),D(k, k) = D(k)

and
B(1,k),...,B(k—1,k),B(k, k) = B(k)

satisfying the desired conditions. We will construct D(1,k + 1),...,D(k,k + 1) and
B(l,k+1),...,B(k,k+1). Note that {D(j,k)o | 1 < 7 < kand a < 7} is a locally
finite open cover of X and {B(j,k)s | 1 < j < kand a < 7} is a closed shrinking
of {D(j,k)o | 1 < j < kanda < 7}. By Lemma 3.4, there is an open shrinking
{D(,k+1)|1<j<kand a<7}of {D(j,k)o|1l<j<kanda< 7} such that
(1) B, ) © D(jok+ 1o € DGy K)o
(2) {fP(bd(D(j,k+1)a)) |a <7, 1 <j<kand |p| <k} is in general position.
Since

{fP(bd(D(j,k+1)a)) |a<T, 1 <j<kand |p <k}

is a locally finite collection of closed subsets of X with ord < n, there is an open swelling
OG,k+1) ={00G,k+1)a|a <7}

of {bd(D(j,k + 1) ) |a< T} such that

(3) O(k+1)a N B(j, k)a =
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(47) ord{fP(cl(O(j,k+1)a)) |a <7, 1 <j<kand|pl <k} <n.
For each a < 7 and 7 € N, let

B(j,k+1)o =cl(D(j,k+1)y) — O, k + 1),.

Then D(j,k + 1) and B(j, k + 1) satisfy the conditions (a)—(c).
Now put

C(j)a = nt][) DG, k)a] and C(5) = {C(j)a | @ <7}

Note that B(j)a C C(j)a C D(j)a. Since (1) is obvious, we only need to check (2). It
suffices to show that for each k € N,

G(k) ={f"(bd(C(j)a)) | <7, 1 <j<kand |p| <k}
is ord < n. However, since
bd(C(j)a) C (D(j,k+ 1)a — B(j, k +1)a) and

ord{cl(f(D(j,k+1)a — B(j,k+1)a)) |a<7, 1 <j<kand |p <k} <n,

we see that (2) holds. Consequently, we obtain the desired open cover C(j) = {C(j)a |
a <1} of X for each j € N,
[

Lemma 3.6. (cf. [7, Lemma 3.8]) Let (X, f) be a dynamical system of a metric space X
with dim X = n < oo. Suppose that for each j € N, C(j) = {C(j)a | @ < T} is a locally
finite open cover of X such that mesh(C(j)) < 1/j for each j > 0 and ord(G) < n, where
G={fP(bd(C(j)a)) | @ <7, j €N andp € Z}. Then, for each j € N there is a locally
finite reqular closed partition D(j) of X such that

(1) mesh(D(j)) < 1/,

(2) ord(D(5)) < 27,

(3) D(j +1) is a refinement of £~ (D(j))@D(F)af(D().

Proof. Put C'(j)o = cl(C(j)o) and C'(j)a = cl(int(C(j)a— Uy C(J)ar)))- ThenC'(j) =
{C"(j)a | @ < 7} is a locally finite regular closed partition of X. Let

D(j) = Qo<i<jpl<if"(C'()).

We will show that D(j) is a desired partition. Since (1) and (3) are obvious, we only need
to check (2).
Let x € X. For each j € N and p € Z, put

Mjp = ord o) {bd(C(j)a)) | @ <7}

13



Since ord,G < n, we have

Z m;, < n.

jeN
PEL

We will show that ordsr)C'(j) < mj, + 1. Put ap = min{a < 7| fP(z) € C(j)a}. By
[1, Lemma 13|, we can see the following;

ordfp(x)C’(j) = ordr(, {C( Na | @ < ag U{C"()ap} U{C (§)a | @ > ap}
< ordp@{cl(C(j)a) = C(h)a | @ < ap}t U{C"(j)ao}
< mj,+ 1L

Note that ord(AQB) < ord(.A) - ord(B) for each regular closed partitions A and B of X.
Since m + 1 < 2™ for each m =0,1,2,...,

ord,D(j) = ord, @ ) < [T ordes =[] ordsprwC'(i)
\p|<] 0<7,<‘] O<7,<?
pl<j pl<j
< J[ mip+1) < J 2mr =25me <2m.
0<i<j 0<i<j
Ip|<j Ip|<j
Therefore, D(j) is a desired partition. ]

Finally, we prove our main theorem in this paper.

Proof of Theorem 3.1. By Lemma 3.5, we have a sequence of locally finite open covers
of X satisfying the conditions of Lemma 3.6. Applying Lemma 3.6, we have regular
closed partitions satisfying the conditions of Lemma 2.1. Hence, by Lemma 2.1, there
is a homeomorphism f : C — C of a zero-dimensional metric space C' and an at most
2™-to-one closed onto map p : C' — X such that po f = fop. O

Remark 2. In the statements of Theorem 3.1, the following are also true:

(1) The 2"-to-one closed onto map p satisfies the condition that [p~'(z)| = 1 for any
x € P(f), i.e. P(f) is naturally embedded in C.

(2) If X is a complete metric space, then C' can be taken as a complete metric space
and there is a Gs—dense set G of X such that [p~'(z)| = 1 for each x € G. In fact, in
the proof of Lemma 3.6, consider the set G = X — J;oy[U{bd(D)| D € D(j)}]. Then G
satisfies the desired condition.

(3) If X is a perfect space, then C' can be taken as a perfect space.

Finally, as a special case we consider the case that f : X — X is an expansive
homeomorphism of a compact metric space X. A homeomorphism f : X — X of a
compact metric space (X, d) is expansive if there is € > 0 such that for any =,y € X with
x # y, there is an integer k € Z such that d(f*(z), f*(y)) > €. Such an € > 0 is called an
expansive constant for f. In [10], Mané proved that if a compact metric space X admits
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an expansive homeomorphism f on X, then dim X < oo and every minimal set of f is
zero-dimensional. Moreover, we see that dim Iy(f) < 0, where

I(f) = U{M | M is a zero-dimensional f-invariant closed set of X'}

(see [6, Proposition 2.5]). Let Y, = {1,2,...,k} (k € N) be the discrete space having
k-elements and let Y2 = [I7, Yi be the product space. Then the shift homeomorphism
o:Y? — Y7 is defined by o((z;);) = (z;11);-

Corollary 3.7. (cf. [7, p. 950]) Let f : X — X be an expansive homeomorphism of a
compact metric space X with dim X = n. Then there exist k € N, a closed o-invariant set
Y of 0 : Y;E— Y and an at most 2"-to-one onto map p: X — X such that poo = fop
and |p~Y(x)| =1 for any x € Ly(f).

Proof. Let € > 0 be an expansive constant for f. Since dim Iy(f) < 0, by Lemma 3.5
there is a finite open cover C(e) of X such that

(1) mesh(C(e)) < e,

(2) ord(G) < n, where G = {f/(bd(C))| C € C(e),j € Z},

(3) bd(C) N Iy(f) = ¢ for each C € C(e).

Let C(e) = {C, Oy, ..., Ck} and put
Ci = Cl(Cl), Cll = Cl(Cl — (Cl U CQ U..u Cz‘—l)) (Z > 2)

Counsider the set

S={(); €| [ [7(CL) # ).

jez
Note that (;c; f7/(C},) is a one point set for each (i;); € X, because f is expansive.
Also, we see that ¢(X) = X. Define a map p: ¥ — X by

p((iy);) = () F7(CY).
JEL
By the proof of Lemma 3.6, we see that p : X — X is a desired map. O
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