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TOPOLOGIES
ON THE GROUP OF BOREL AUTOMORPHISMS
OF A STANDARD BOREL SPACE

SERGEY BEZUGLYI — ANTHONY H. DOOLEY — JAN KWIATKOWSKI

ABSTRACT. The paper is devoted to the study of topologies on the group
Aut(X, B) of all Borel automorphisms of a standard Borel space (X, B).
Several topologies are introduced and all possible relations between them
are found. One of these topologies, 7, is a direct analogue of the uniform
topology widely used in ergodic theory. We consider the most natural sub-
sets of Aut(X, B) and find their closures. In particular, we describe closures
of subsets formed by odometers, periodic, aperiodic, incompressible, and
smooth automorphisms with respect to the defined topologies. It is proved
that the set of periodic Borel automorphisms is dense in Aut(X, B) (Rokhlin
lemma) with respect to 7. It is shown that the 7-closure of odometers (and
of rank 1 Borel automorphisms) coincides with the set of all aperiodic auto-
morphisms. For every aperiodic automorphism 7' € Aut(X, B), the concept
of a Borel-Bratteli diagram is defined and studied. It is proved that every
aperiodic Borel automorphism 7' is isomorphic to the Vershik transfor-
mation acting on the space of infinite paths of an ordered Borel-Bratteli
diagram. Several applications of this result are given.

1. Introduction

The study of topologies on the group of transformations of an underlying
space has a long history. Some of the early results in the area are the classical
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results of J. Oxtoby and S. Ulam on the typical dynamical behavior of home-
omorphisms which preserve a measure [26], [25]. Traditionally, this circle of
problems has attracted attention in various areas of dynamical systems, no-
tably, in measurable and topological dynamics, where it is important for many
applications to understand what kind of transformations is typical for certain
dynamics. Of course, this problem assumes that a topology is defined on the
group of all transformations. The best known results concerning ergodic, mix-
ing, and weakly mixing automorphisms of a measure space were obtained by
P. Halmos and V. A. Rokhlin (see e.g. [17], [27]). Many results on approximation
of automorphisms of a measure space can be found in the book by I. Cornfeld,
S. Fomin, and Ya. Sinai [8]. The recent book by S. Alpern and V. S. Prasad [1]
develops the Oxtoby—Ulam approach and contains new results on approximation
of homeomorphisms of compact and non-compact manifolds.

Motivated by ideas used in measurable dynamics, we first started studying
topologies in the context of Cantor minimal systems in [4] and [5], which we refer
to as Cantor dynamics, but very soon it became clear that our approach could
also be used for Borel automorphisms of a standard Borel space (Borel dynamics).
The main goal of our two papers, the present one and [3], is to study the global
properties of topologies on the group of all Borel automorphisms Aut(X,B) of
a standard Borel space (X, B) and the group of all homeomorphisms Homeo(£2)
of a Cantor set 2. Although we define and study several topologies on Aut(X, B),
only two of them, the uniform (7) and weak (p) topologies, are considered as
basic since they are analogous to the topologies which are well-known in ergodic
theory. Let us recall their definitions for automorphisms of a measure space.

Let (X, B, u) be a standard measure space. On the group Aut(X, B, i) of all
non-singular automorphisms of X, the uniform and weak topologies are defined
by the metrics

du(S,T) = p({z € X | Sz #Tx}) and dy(S,T)=> 2 "u(SA, ATA,),

respectively, where S,T € Aut(X,B,u) and (A,) is a countable collection of
Borel sets which is dense in B. These concepts have turned out to be of crucial
importance in ergodic theory. As far as we know, the first deep results on
the topological properties of Aut(X, B, 1) with respect to d,, and d,, appeared
in the pioneering papers by P. Halmos [18] and V. A. Rokhlin [27] where the
concept of approximation of automorphisms was introduced in abstract ergodic
theory. Later, this concept was developed in many papers where the notion of
approximation was considered in various areas of ergodic theory. Probably the
most famous application of these ideas in measurable dynamics is the Rokhlin
lemma, a statement on approximation of an aperiodic automorphism by periodic
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ones. However, there have been many other applications, too numerous to list
here.

It seems rather curious but, to the best of our knowledge, these topologies
have not so far been systematically studied in the context either of topological
or Borel dynamics. However, we should mention the interesting paper [16] by
E. Glasner and B. Weiss where the Rokhlin property is considered for homeo-
morphisms of compact metric spaces with respect to the topology of uniform
convergence. For a standard Borel space, we do not have a fixed Borel measure
on the underlying space (in contrast to measurable dynamics). Therefore, if we
want to extend the definitions of topologies generated by metrics d,, and d,, to
the group Aut(X, B), then we have to take into account the set M;(X) of all
Borel probability measures on (X, B). Roughly speaking, we say that two Borel
automorphisms S and T from Aut(X, B) are close in the uniform topology 7 on
Aut(X, B) if for any measure p € M (X) the set where S and T are different is
small in the measure p. To define the topology p, which is treated as an analogue
of d,,, we observe that if the symmetric difference of two Borel sets is arbitrarily
small with respect to any p € M1(X), then these sets must coincide. Thus,
a p-neighbourhood of T is formed by those S for which SB = T'B where B is
a given Borel set (see Section 2 for strict definitions).

In [4], [5], we first gave a definition of the uniform topology 7 analogous to d,,.
Our main interest in those papers was focused on full groups and normalizers
of Cantor minimal systems. In particular, we showed that the full group of
a minimal homeomorphism is closed in 7. The paper [3] is devoted to the study
of topologies on the group Homeo(f2) of all homeomorphisms of a Cantor set ).
We have tried to make the content of the current paper parallel to that of [3]
by considering similar topologies and similar problems. The comparison of all
results from these papers would take up too much place. We mention only that
on a Cantor set €2 one can study both dynamics, Borel and Cantor, and answer
some questions about their interplay because Homeo(2) is obviously a subset of
Aut(9, B). In particular, we can consider in both cases the topology of uniform
convergence generated by the metric

D(S,T) = sup d(Sxz, Tz) +supd(S~ ' a, T z)
€N zeQ

on the groups Homeo(€2) and Aut(£2, B). Notice that D coincides with the topol-
ogy p defined on Homeo(2) by clopen sets only [3]. This topology is extremely
useful in the study of homeomorphisms of a Cantor set. In Borel dynamics, the
topologies p and D are obviously inequivalent. Nevertheless, it seems to be inter-
esting to study topological properties of the metric space (Aut(£2, B), D) keeping
in mind the parallel theory for Cantor dynamics.
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The outline of the paper is as follows. We consider more systematically the
definitions and properties of various natural topologies on Aut(X,B). Actually,
we study simultaneously a collection of Hausdorff topologies: 7 (the analogue of
uniform topology), 7/ (which is equivalent to 7), 7/ (which is weaker than 7),
p (which is the direct analogy of the weak topology in ergodic theory and which
is mostly useful in the context of Cantor dynamics), p (which is equivalent to p),
and P (which is weaker than p). We consider also the topologies 79 (which is
weaker than 7) and py (which is equivalent to p) as natural modifications of 7
and p. They all (except p) make Aut(X, B) into a topological group.

The initial part of the paper is devoted to discovering all possible relations
between these topologies (see Theorem 2.3 and its proof in Section 4). In Sec-
tion 2, we discuss various topological properties of the group Aut(X, B) and its
subsets. For example, we describe convergent sequences of automorphisms from
Aut(X, B) and show that (Aut(X, B),p) is a zero-dimensional topological space
(Corollary 2.11). The group Aut(X,B) has a normal subgroup Ctbl(X) which
consists of automorphisms with at most countable support. It turns out that
Ctbl(X) is closed with respect to the above topologies. This fact allows us to
study topologies on the quotient group KEE(X, B) = Aut(X, B)/Ctbl(X). This
kind of identification of Borel automorphisms is analogous to that usually used
in ergodic theory.

In Sections 3 and 5, we study the following classes of Borel automorphisms:
periodic, aperiodic, smooth, incompressible, and of rank 1 (the latter includes
odometers). It is proved that periodic automorphisms are dense in Aut(X, )
with respect the topology 7. This allows us to prove a version of the Rokhlin
lemma (Theorem 3.7). Remark that the problem of periodic approximation of
an aperiodic Borel automorphism has been also studied by M. Nadkarni [24] and
B. Weiss [29]. As an immediate consequence of these results, we obtain that
the set Ap of aperiodic automorphisms is nowhere dense in (Aut(X, B), 7). We
also prove that the full group [T] of a Borel automorphism 7" € Aut(X, B) is
closed with respect to all the topologies. We consider the set of incompressible
automorphisms, Znc, consisting of those aperiodic automorphisms which admit
an invariant Borel probability measure and prove that Znc is a closed nowhere
dense subset of Ap with respect to p. It is shown that the 7-closure of rank 1
Borel automorphisms coincides with that of odometers (Theorem 3.19).

In the last section, we introduce the concept of Borel-Bratteli diagrams in
the context of Borel dynamics. To do this, we use a remarkable result on exis-
tence of a vanishing sequence of markers [2], [24]. It is well known that Bratteli
diagrams play a very important role in the study of minimal homeomorphisms of
a Cantor set [19], [14]. Similarly to Cantor dynamics, we show that every aperi-
odic Borel automorphism is isomorphic to the Vershik transformation acting on
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the space of infinite paths of a Borel-Bratteli diagram. Several applications of
this result are given. In particular, we prove that the set of odometers is 7-dense
in aperiodic Borel automorphisms. We also discuss properties of such diagrams
for automorphisms of compact and locally compact spaces. We believe that this
approach to the study of Borel automorphisms will lead to further interesting
developments in this area.

To conclude, we would like to make two remarks. Firstly, Borel automor-
phisms of a standard Borel space (or, more general, countable Borel equivalence
relations) have been extensively studied in many papers during the last decade.
We refer to numerous works of A. Kechris, G. Hjorth, M. Foreman, M. Nad-
karni, B. Weiss and others. More comprehensive references can be found, for
instance, in [2], [22], [20], [12], [24]. Secondly, it is impossible to discuss in one
paper all the interesting problems related to topologies on Aut(X,B). We con-
sider the current paper as the first step in the study of topological properties of
Aut(X, B). Our primary goal is to display a wealth of new topological methods
in Borel dynamics.

Throughout the paper, we use the following standard notation:

e (X, B) is a standard Borel space with the o-algebra of Borel sets B =
B(X); By is the subset of B consisting of uncountable Borel sets.

e Aut(X, B) is the group of all one-to-one Borel automorphisms of X with
the identity map I € Aut(X, B).

e Ap is the set of all aperiodic Borel automorphisms.

e Per is the set of all periodic Borel automorphisms.

e M;(X) is the set of all Borel probability measures on (X,5). Let
M§(X) denote the subset of M;(X) formed by continuous (non-atomic)
Borel probability measures.

e 0, is the Dirac measure at x € X.

e BE(ST) = {z € X | Tx # Sz} U{xr € X | T'z # S~ 'z} where
S, T € Aut(X, B).

e B(X) is the the set of Borel real-valued bounded functions, B(X); =
{f € BX) | 1]l = sup{|f(@)| : @ € X} < 1}, u(f) = [ f dp where
f e B(X), pe Mi(X).

o poS(A):=pu(SA) and po S(f) := [y fd(poS) = [y (S~ z)du(x)
where S € Aut(X, B).

o A°:= X \ A where A € B.

e the term “automorphism” means a Borel automorphism of (X, B); we
deal with Borel subsets of X only.

e (1 is a Cantor set.

e Homeo(Q?) is the group of all homeomorphisms of .
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2. Topologies on Aut(X,B)

2.1. Definition of topologies on Aut(X,B). In this section, we define
topologies on Aut(X, B) and establish their main properties.

DEFINITION 2.1. The topologies 7, 7/, 7", p, p, and p on Aut(X,B) are
defined by the bases of neighbourhoods U, U', U", W, W7 and W, respec-
tively. They are: U = {U(T;u1,-.. ,un;e)}, U ={U (T4, .. spn;e)}, U =
{UN(Ts 1y s )}, W= {W(T; Fy, ... \F)} W =W(T; f1,..., fa;€), and
W={W(T;Fy,... ,Fx;p1,...,pn;€)} where

(2.1)  UT;p1y---,pne) ={5 € Aut(X,B) | 1:(E(S,T)) < ¢,
i=1,...,n},

(2.2) U(T;p1,--- pn;e) ={S € Aut(X, B) | ;u%/,Li(TF A SF) <e,
€

i=1,...,n},
(2.3) U"(T;pa,.-- ,pn;e) ={S € Aut(X,B) |

sup [ui o S(f) —pioT(f)] <e,
fEB(X)1

i=1,...,n},
(24)  W(T;Fy,... ,F,) ={S e Aut(X,B) | SF;, =TF;, i =1,... ,k},
(25)  W(T:f1,..., fmie) ={S € Aut(X,B) |

|fioT ™' —fioS Y <ei=1,...,m}
(2.6) W(T; (F)Y; (1y)15€) ={S € Aut(X,B) |

wi(SEATE) + i (ST EATIF) <e,

t=1,...,k j7=1,... ,n}.

In all the above definitions T' € Aut(X, B), p1,... , pn € M1(X), F1,... ,F; €
B, fi,...,fm € B(X), and € > 0.

In the paper, we will study the topologies which are defined by their bases of
neighbourhoods. With some abuse of definition, we will say that two topologies
are equivalent if they are defined by equivalent bases of neighbourhoods.

If the set Eo(S,T) = {z € X : Sz # Ta} were used in (2.1) instead of
E(S,T), then we would obtain the topology equivalent to 7.

It is natural to define also two further topologies, which are similar to 7
and p, by considering only continuous measures and uncountable Borel sets.

DEFINITION 2.2. The topologies 79 and py on Aut(X, B) are defined by the
bases of neighbourhoods Uy = {Uy(T;v1, ... ,vn;€)} and Wy = {Wo(T; A4, ...,
An)}, respectively, where Ug(T; vy, ... ,vp;€) and Wo(T; Ay, ... , A,,) are defined
as in (2.1) and (2.4) with v; € M§(X) and A; € By, i=1,... ,n.
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Obviously, 7¢ is not stronger than 7 and pg is not stronger than p.

Note that the topology 7 was first introduced in [4] where, motivated by
ergodic theory, we called it the uniform topology. We defined p in [5] in the
context of homeomorphisms of Cantor sets. In this section, we use a number
of results about these topologies which are proved lately. Namely, the following
theorem is proved in Section 4.

THEOREM 2.3.

The topologies T and T’ are equivalent.

—
52

The topology p is strictly stronger than p.

=

The topology T is not comparable with p and the topology "' is not

)
(b) The topology T (~ 7') is strictly stronger than 7".
(¢) The topology T is strictly stronger than .
(d) The topology T is strictly stronger than 7.
(e) The topology p is equivalent to p.
(f) The topology p (~ p) is equivalent to po.
)
)

—~ —~
o

comparable with p and Tq.

We will also introduce in Section 4 two auxiliary topologies 7 and 7 equiva-
lent to 7" which will allow us to have a more convenient description of 7" (see
Definition 4.2 and Proposition 4.4. In particular, the topology 7 is defined by
neighbourhoods

2.7) V(T;pun,. .. s pimie) = {S € Aut(X, B)
sup |p;(TF) — p;(SF)| <e, j=1,... ,n}
FeB

where py, ...,y € M1(X).

Given an automorphism T of (X, B), we can associate a linear unitary oper-
ator Ly on the Banach space B(X) by (L7 f)(x) = f(T~'z). Then the topology
p is induced on Aut(X,B) by the strong operator topology on bounded linear
operators of B(X). Theorem 2.3 asserts the equivalence of p and p. It is well
known that the weak topology in ergodic theory can be also defined in a similar
way using the strong topology on linear bounded operators of a Hilbert space.
This observation is a justification of the name “weak topology” which will be used
to refer to p.

PROPOSITION 2.4. U, U, U", Uy, W, W, Wy, and W are bases of Hausdorff
topologies T, 7', 7", 10, P, D, Do, and P, respectively. Aut(X,B) is a topological
group with respect to T, 7', 7", 10, D, P, Po, and Aut(X,B) is not a topological
group with respect to .

ProOF. The first statement is clear for 7, 7/, 79, p, P, po and can be imme-
diately deduced from the definition of neighbourhoods (2.1), (2.2), (2.4), (2.5).
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We need to check it for 7”7 and p only. Let S be a Borel automorphism taken
in a given neighbourhood U"(T; py, ... , tn;€). We will show that there exists
Uy (S;vi,... yvn;0) CU(T5pa, ..., pns€). To see this, take v; = p;, 6 =€ — ¢,
where

¢ = max { sup |ui o T(f) — pi o S(f)I}-
SIST fEB(X )

If R € UY, then we get

sup | o T(f) — pi o R(f)‘
feB(X)1

< sup  pi o T(f) —pi o S(f)|+ sup |uioS(f) — pio R(f)|
fEB(X)1 feEB(X)1

<ct+e—c=g¢g,

ie. ReU"(T; piy... ,pHn; €).
To see that {W} is a base of neighbourhoods, we may use a slight modification
of the above argument. For S € W(T; Fy, ..., Fy; 1, ... , fin;€), take

Cc = max[MJ(SFZ A TFZ) + /Lj(S_lFi A T_lF,L)}
2%

It is easily seen from (2.6) that

W(Sth aFk;NJla"' Hun;5) CW(T;FM"' aFk;NJla"' 7,u”n;€)

where § =¢ —c.

Now we prove that Aut(X, B) is a topological group with respect to 7 ~ 7/,
To, P~ po ~ P, and 7.

Consider first (Aut(X,B),7). In the case of the topology 7y the proof is
similar. Let S,T € Aut(X, B). We need the following facts:

(1) U(Tnu’la 7”71;5) = U(Til;ﬂllv'“ 7#77,;5)71;
(i) {ze€eQ:Se#Te}C{reQ|Sex# Rx}U{x € Q| Rx # Tx}.

Indeed, (i) follows from the relation E(S,T) = E(S™!,T7!) and (ii) is checked
straightforward.

By (i), the map T +— T~! is continuous. To prove that (S,T) — ST is also

continuous, we show that for any neighbourhood Ugr = U(ST; 1, ... , tn;€)
there exist neighbourhoods Us = U(S;v1, ... ,vk;€1), Ur =U(T;01,... ,0m;€2)
such that UsUr C Ugyp. Take €1 = e = ¢/4, k = m = 2n, (v1,... ,vap) =

(iy oo s pin, 1o T o0 gy o T7Y), and (01,...,00,) = (1y--- » fhn, i1 ©
S, pp0S).
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Let P € Ug, Q € Up. It follows from (ii) that

E(PQ,ST) ={z | PQz # STx} U{x | (PQ)™'a # (ST) '}
C{z| PQx # PTx} U{x | PTx # STz}
U{z | Q' Pz #Q 'S ey u{z | Q7S e AT S 11}
={z|Qr# Tz} UT '({z | Pz # Sz})
U{z | Pz # S 2} uSH{z | Q te # T 'a}).

Then, for any i =1,... ,n,

1i(B(PQ, ST)) < pi({x | Qv # Ta}) + pi o T~ ' ({z | Pz # Sz})
+ui({z | P le# S 2} +uioSHz | Q e £ T a}) <e.

Thus, PQ € Ugr.

The proof of continuity of (T,S) — TS and T + T~ in (Aut(X, B),p) is
straightforward.

To complete the proof of the proposition, we will show that Aut(X,B) is a
topological group with respect to 7. Again choose S,T € Aut(X,B) and let
U"(ST) =U"(ST, p1, .- , pn;€) be a given neighbourhood. Consider U”(S) =
U'(S;p1y--- s pin;€/2) and U'(T) = U"(T;u1 0 S,... ,ptn 0 S;€/2). Then for
ReU"(S),Q € U"(T) we have

sup  [pi 0 RQ(f) — pi o ST(f)]

fEB(X)
< sup  |pio RQ(f) — pi o SQ(f)| + sup [u;i 0 SQ(f) — pio ST(f)]
feEB(X)1 feB(X)
= sup w0 R(f') = pioS(f)
'=LofEB(X):
+ sup  |(pi 0 S)Q(f) — (mi 0 S)T(f)| <e.
FEB(X)

We remark that (Aut(X,B),p) is not a topological group as one can prove
that the product (7',.S) — T'S is not continuous in the topology p. To see this,
we show that there exists a p-neighbourhood Wy of the identity such that in any
neighbourhoods Wi (I; (E;); (v;);€) and Wa(I; (D;); (X);8) of the identity one
can find automorphisms R and Q, respectively, such that RQ ¢ W. Take Wy =
Wo(l; F;8,,;1/2). Note that if Sxg ¢ F, then S ¢ Wy. Find an automorphism
Q € Wy such that the point Qzo is of measure zero with respect to all v;.
Finally, find some R € W such that RQzo ¢ F. d

REMARK 2.5. (1) Let (X, B) and (Y, C) be two standard Borel spaces (hence,
they are Borel isomorphic). It can easily be seen that (Aut(X, B),top(X)) and
(Aut(Y,C), top(Y)) are homeomorphic where top is any of the topologies from
Definitions 2.1 and 2.2.
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(2) Let (X,d) be a compact metric space. In this case, we can consider
the group Aut(X,B) of Borel automorphisms and its subgroup Homeo(X) of
homeomorphisms of X. Define for S,T € Aut(X,B) the topology of uniform
convergence generated by the metric!

(2.8) D(S,T) = sup d(Sz, Tx) + sup d(S~ 'z, T x).
zeX zeX

Then (Aut(X,B),D) is a complete metric space and Homeo(X) is closed in
Aut(X,B). When X = Q is a Cantor set, we studied thoroughly the Polish
group (Homeo(Q2), D) in [3]. It is not hard to see that in Cantor dynamics the
topology on Homeo(2) generated by D is equivalent to the topology p defined by
clopen sets only. We note that, in contrast to (1), the topology generated by D on
Aut(X, B) depends, in general, on the topological space (X, d). Nevertheless, we
think it is worth to study the topological properties of Aut(X, B) and Homeo(X)
for a fixed compact (or Cantor) metric space X because one can compare in this
case these properties for both groups.

Let Ctbl(X) be defined as the subset of Aut(X, B) consisting of all automor-
phisms with countable support, that is T' € Ctbl(X) if and only if E(S,1) is at
most countable. One can show that Ctbl(X) is a normal subgroup, closed with
respect to the topologies which we have defined (see Lemma 2.6 below). There-
fore m(X, B) = Aut(X, B)/Ctbl(X) is a Hausdorff topological group with re-
spect to the quotient topology. Note that the quotient group KLR(X , B) was first
considered in [28] where the simplicity of this group was proved. Considering
elements from m(X ,B), we identify Borel automorphisms which are different
on a countable set. The class of automorphisms equivalent to a Borel automor-
phism T we will denote by the same symbol T and write T' € ﬂ(X, B). This
corresponds to the situation in ergodic theory when two automorphisms are also
identified if they are different on a set of measure 0. We studied topological
properties of the group Ku\t(X ,B) in [6].

LEMMA 2.6. The normal subgroup Ctbl(X) C Aut(X, B) is closed with re-
spect to the all topologies from Definitions 2.1 and 2.2.

ProOOF. By Theorem 2.3, it is sufficient to prove the statement of the lemma
for the topologies 7"/, 79 and p. Notice that we gave in [6] a direct proof of the
fact that Ctbl(X) is closed in 7 and p. The case of the topology 7 is similar to
that of 7. .,

Suppose that S € Ctbl(X) \ Ctbl(X). Then there exists an uncountable
Borel set F' such that SF N F = (). Let p be a continuous Borel probability

n fact, the metric D can be considered on Aut(X,B) if X is a totally bounded metric
space. Many of results concerning the metric D which are proved below for a compact metric
space can be generalized to totally bounded spaces.
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measure such that u(F) = 1 and let fo(x) = xr(z). The 7”-neighbourhood
U"(S) =U"(S;u;1/2) consists of automorphisms T satisfying the condition

sup |po S(f) —poT(f)] <1/2.
feB1(X)
By assumption, there exists Tp € Ctbl(X)NU"(S). Then |uoS(fo) —uoTo(fo)| <
1/2. On the other hand, it can be easily seen that poTo(fo) = 1 and poS(fy) = 0.
This leads to a contradiction.
The fact that Ctbl(X) is closed in P is proved in the same way. We leave the
details to the reader. O

Notice also that W(X)D = Ctbl(X) when (X, d) is a compact metric space.
Indeed, if (T}, )nen C Ctbl(X), then there exists a countable set C' C X such that
T,z =z forallz € X\ C. Let D(T,,,T) — 0 (n — 00). We obtain Tz = z for
every v € X \ C, i.e. T € Ctbl(X).

Let 7 be the natural projection from Aut(X,B) to m(X, B). Lemma 2.6
allows us to define the quotient topologies T = 7 (1), To = 7(79), and p = 7(p)
on m(X ,B). Tt turns out that 7-neighbourhoods are defined by continuous
measures and p-neighbourhoods are defined by uncountable Borel sets. In par-
ticular, this means that 7 is equivalent to 7p. In [6], the following proposition
was proved.

PROPOSITION 2.7. Given a T-neighbourhood U = ﬁ(T; U1y s fin;€) and
a p-neighbourhood W = W(T; Fi, ..., Fy,), there exist neighbourhoods

~

Uo(T;v1, ... yunse) =Up(Tsv1, ... ,vn;e) Ctbl(X),
Wo(T; By,...,Bp) = Wo(T; By, ..., By) Ctbl(X)

in T and D, respectively, such that fjo C ﬁ, W' C W where Viyeoo yUn € MS(X)
and By,... ,B,, € Byp.

2.2. Properties of the topologies. We will now discuss some properties of
the topologies which we introduced above. In particular, we consider convergent
sequences with respect to these topologies.

REMARK 2.8. (1) We recall some facts about the uniform topology 7 from
the paper [4].
(a) T, —— S if and only if for all # € X there exists n(z) € N such that for
all n > n(x), Ty = Sw;
(b) T,, — S if and only if, for all u € M1 (X), u(E(Ty,S)) — 0 if and only
if, for all x € X, 0,(E(T},,S)) — 0;
(¢) A sequence of Borel automorphisms (7, )nen is a Cauchy sequence in
(Aut(X,B),7) if and only if |J,cy Xn = X where X,, = {z € X |
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Tpx = Thy1x = ...} Clearly, every Cauchy sequence converges to
a Borel automorphism in 7.

(d) For a Cantor set €2, Homeo(€2) is not closed in Aut(€2, B(£2)) with respect
to 7. (In fact, it is shown in [3] that Homeo(2) is dense in Aut(£2, B(Q2))
in 7).

(2) Note that
(2.9) T, T e Vue MY(X), W(E(Tn,T)) — 0, n — .
It is not hard to see that (2.9) holds if the set

(2.10) c=) U ETnT)

neNm>n
is countable. Indeed, if C,, = UU,,>, E(Tm,T), then u(C,) — 0 for all p €
M5(X). Hence p(E(T,,,T)) — 0 as m — oo.

Observe that condition (2.10) is not necessary for 7p-convergence. This means
that even a weaker form of (1)(a) does not hold. To see this, let us consider the
following example. Set X = [0,1) and denote by (&,) the refining sequence of
partitions of X into the intervals A4, (i) = [i27", (i +1)27"), ¢ =10,...,2" — 1,
n € N. Let p be a continuous Borel probability measure on X. Then for all
€ > 0 there exists N, € N such that p(A,(i)) < e for all n > N..

Now let T, (z) be a Borel automorphism of X such that E(T,,(i),I) = A, (7).
Then p(E(T,(i),I) — 0 as n — oo. By (2.9), this sequence of automorphisms
converges to the identity map in 79. On the other hand, for any x € [0,1) the
property T),(i)x # x holds for infinitely many automorphisms from the sequence
(T,(1)-

(3) (Aut(X,B),p) is a complete nonseparable topological group. Note that
it follows from Theorem 2.3 and (1) that (Aut(X, B),7”) and (Aut(X, B),p) are
also complete spaces.

(4) Let T be a Borel automorphism and let U(T;u1,... ,n;€) be a 7-
neighbourhood of T. Consider v = n=!(uy + -+ + pp). Then it can be easily
shown that U(T; v; n=te) CU(T;p1, ... , in;€). This means that we can work
with a single measure instead of a finite collection of measures when it is more

convenient.

REMARK 2.9. We notice the following three simple properties of the topo-
logy p.
(1) Without loss of generality, we may assume that p is generated by neigh-
bourhoods W(T; Fy, ... , F,) where (Fy,...,F,) is a partition of X.
(2) Let W(T; Fy,...,F,) be given, then for every S € W(T; Fy,... ,F,)
one has W(S;Fy,... ,F,) = W(T;Fy,...,F,). Tt follows from this
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observation that W(I; Fy, ... , F,) is an open (and therefore also closed)
subgroup of (Aut(X, B),p).
(3) For any T € Aut(X, B), we have W(T~Y;TFy,... ,TF,)"! = W(T; Fy,
).

PROPOSITION 2.10. The sets W(T'; Fy, ..., F,) are closed in Aut(X, B) with
respect to the topologies T, T/, 7", p and p.

PrROOF. We begin with two simple observations. Firstly, the proposition
will be proved if we can show that every set W (T'; F) is closed. Secondly, if the
proposition holds for 7 and P, then it holds for the other topologies because
they all are stronger than either 7" or p.

(1) Let us first consider p. We show that W (T'; F)¢ is open in p. Suppose
S € W(T; F)¢, that is SF # TF. Then we have two cases:

(i) E:=TF\SF #0,

(ii) TF\ SF =0, that is TF C SF.
In case (i), define a neighbourhood W (S; F; u;1/2) with a measure p concen-
trated on E, i.e. u(E) = 1, u(E°) = 0 (one can take p = 6, with some z € E).
Let R € W(S; F;pu;1/2), then pu(RF) = u(RFASF) < 1/2 since u(SF) = 0.
On the other hand, u(TF \ RF) > u(TF) — u(RF') > 1/2 since TF D E. This
means that TF # RF and R € W(T; F)°.

In case (ii), we take p such that u(SF \ RF) = 1. Consider again an auto-
morphism R € W (S; F; u;1/2). We have

1/2 > u(SF A RF) = p(RF \ SF) + u(SF\ RF) = u((SF\TF)\ RF)
and therefore
wW(SF\NTF)NRF) = u(SEF\TF) — u((SF\TF)\ RF) > 1/2.

Thus, (SF\ TF) N RF # 0 and RF # TF, i.e. R € W(T; F)-.

(2) Show that W (T; F)¢ is open in 7”. In fact, we will consider the topology
T equivalent to 7" (see (2.7) and Proposition 4.4. Let S € W(T; F)¢, then
SF # TF and we have the above cases (i) and (ii). In case (i), take a 7-
neighbourhood V'(S;u;1/2) as in (2.7) where u is concentrated on E. Then
u(SF) =0 and for R € V(S;u;1/2) we have that

W(RE) = |p(RF) — p(SF)[ < 1/2.

Therefore, u(TF \ RF) > 1/2 and R € W(T; F)°.

In case (ii), we choose p supported on SF'\TF. Then, by the method of (1),
we see that for R € V(S;u;1/2) the set (SF\ TF)N RF is non-empty since its
measure is greater than 1/2. Therefore, RF # TF and R € W(T; F)°. O



346 S. BEZUGLYI A. H. DOOLEY J. KWIATKOWSKI

Observe that Proposition 2.10 does not hold for 7y. One can easily show that
W (T;{z}) is not closed with respect to 7o.

COROLLARY 2.11. (Aut(X, B),p) is a 0-dimensional topological space.
ProOF. This follows from Remark 2.9(2). O

Now we consider convergent sequences in each of our topologies. Of course,
the topologies are not defined by convergent sequences but it is useful for many

applications to know criteria of convergence.

REMARK 2.12. (1) If a sequence (7},) of Borel automorphisms converges to
S in 7", then for any measure p € M;(X),

o S(f) —puoTu(f)| —0

uniformly in f € B(X); asn — oo. Since 7" is equivalent to 7 (Proposition 4.5),

the above condition is equivalent to the following one: T, ", §if and only if
lW(SF) = (T F)| — 0

uniformly in F' € B.

(2) (T,) converges to S in p if and only if for any Borel set F, T,, F = T'F for
sufficiently large n = n(F'). In particular, F' can be a point from X. Therefore,
we see that p-convergence implies 7-convergence by Remark 2.8.

(3) Tt follows directly from (2.6) that T, —= S if and only if for all y €
Mi(X) and all F € B

(2.11) wW(ToF A SF) 4+ (T, 'F A ST'F) — 0.
In fact, one can prove the following criterion of p-convergence.

PROPOSITION 2.13. T, -~ S if and only if for all F € B,

(2.12) SF =limsupT,F, S 'F =limsupT,'F,
n—oo n—oo
where
limsup F,, = F,.

PrOOF. We assume for simplicity that S = I. The general case is proved
similarly. To prove (2.12) we remark that for any € X and F € B, the

convergence T, 21 implies that
6o(TWwFAF)+6,(T"'FAF) -0

as n — oo. This means that if € F', then there exists ng = ng(z, F') such that
xzeT,Fandz e T, F foralln > ng. Wehave proved that F' C ,, ,ysm InFs
F C Uy Npsm Ty 'F. In fact, these inclusions are equalities. Indeed, if we

assume that there exists g € F© = X \ F with zp € T, F for some m,

n>m
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then we have a contradiction to the fact that x also belongs to J, (), ~x TnF'°.
Thus, (2.12) holds.

Conversely, let E,, = (),s,, TnF and {J,, Em = F. Since Ep, C Epy1, we
know that for any measure p € My(X), pE, — pF (m — o0). Remark that
E,, c T,,F for all n > m. Therefore F,,, = E,,NT,,FF C FNT,F C F. Thus we
obtain u(FNT,F) — pF, n — oco. Similarly u(F NT,;1F) — pF. By (2.11),

the proof is complete. O

n>k

PROPOSITION 2.14. Suppose (T,,) is a sequence of Borel automorphisms and
let S € Aut(X,B). Then

(T, 2+ 8) = (T, 7+ 8) & (T, 7 8) & (T, 2> 5).

Proor. We will consider, for simplicity, the case S = I. We note that if
T,, 25 1, then for every = € X the sequence (T},) eventually gets into W (I; {z}),
that is T;,z = x for sufficiently large n. It follows that T,, — I (see Remark 2.8).

By Theorem 2.3, 7 is strictly stronger than 7”/. To prove the second impli-
cation, we need to verify only that if a sequence of Borel automorphisms (7},)
converges in 7"/, then it also converges in .

To see this, we assume that T, =, I when n — oo. Then for any measure
w € My (X), we have

sup |u(f) —poTn(f) — 0, n— oo
FEB(X)

Thus,

(2.13) ' [ = ] —o

uniformly in f as n — oco. Take p = 0, in (2.13). Then for all € > 0 there exists
N = N(g, zg) such that for all n > N and for all f € B(X)i, one has

(2.14) [F(T7 o) = flao)l <e.

To prove that T,, — I, it suffices to verify that T,xzy = zo for n sufficiently
large (see Remark 2.8). To obtain a contradiction, we assume that for any N
there exist a point zp and ng > N such that T, ,z¢ # zo. Take a Borel set F'
of z¢ such that T,z ¢ F. Then there exists a function fy € B(X); such that
fo(xzo) =1 and fo(Th,2o) = 0. This contradicts (2.14).

As above we will show that p-convergence of (T3,) implies 7-convergence. If
T, -2 1, then for every v € X, T, € W(I;{z};6,;1/2) when n is sufficiently
large. In other words, T,z = x. It proves that T, — 1. O
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3. Approximation by periodic and aperiodic automorphisms

3.1. Periodic approximation of Borel automorphisms. Here we focus
on the study of periodic and aperiodic automorphisms. We will show that for
every Borel aperiodic automorphism T of (X, B) there exists a sequence of pe-
riodic Borel automorphisms that converges to T in the uniform topology 7. In
fact, this result was proved by Nadkarni in [24] although he did not consider
topologies on Aut(X, B). We reproduce the main part of Nadkarni’s proof here
because it will be used below. We will also find the closures of some natural
classes of automorphisms.

Recall some standard definitions. For T' € Aut(X, B), a point « € X is called
periodic if there exists n € N such that T"z = x. The smallest such n = n(zx) is
called the period of T at x. Given T', the space X can be partitioned into a disjoint
union of Borel T-invariant sets X1, ..., Xo, where X, is the set of points with
period n, and X, is the set where T is aperiodic. Such a partition related to an
automorphism T will be called canonical. If X , = (), then T is called pointwise
periodic, T € Per. Denote by Per,(x) the set of all automorphisms which have
period n at x. By definition, T € Per, if X,, = X. In other words,

(3.1) Pery, = ﬂ Perp(x).

zeX
We say that T € Perg if there exists N € N such that 7Vz = z, € X. This
means that X is a finite union of some sets X,,,...,X,,. Obviously, Pery is
a proper subset of Per. Finally, if X = X, then T is called aperiodic, T € Ap.

ProrosiTION 3.1.

(a) For any n € N, the set Pery(z) (z € X) is clopen with respect to all
topologies from Definition 2.1.

(b) Perg = Per .

(¢) Ap and Pery, (n € N) are closed with respect to all the topologies.

PrROOF. (a) As mentioned above, to show that Per,(x) is closed for the all
topologies, it suffices to do this for 7/ and p.

By Proposition 4.5, 7" is equivalent to the topology T whose neighbour-
hoods are defined by V(T 1, - .. , fin;€) = {S € Aut(X, B) | suppeg |1 (TF) —

v

ui(SF)| < e, j = 1,...,n} (see Definition 4.4). Let R € Per,(z) . Let
V(R) = V(R;6Rz,--- ,0Rrnz; 1/2). Then, there exists P € V(R)NPer,(z). This
means that taking one-point sets {z},... ,{R" "'z}, we obtain that

g (R(R™12)) — pin(P(R\2))| < 1/2, i=1,...n.

It follows that Rx = Pz, ... ,R"x = P"x = x, i.e. R € Per,(z).
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Let us show that Per,(z) is closed in p. Take R € Pern(w)p and consider the
p-neighbourhood W (R) = W (R;{z},... ,{R" '2};0Rrz, ... ,0Rnz;1/2). There
is an automorphism P € W(R) N Per,(z). The inequalities §p,(RzAPz) <
1/2,... ,0pnz(R(R"12)AP(R"12)) < 1/2 imply that Rx = Pz,... ,R"z =
Pty =z.

To check that Per,(z) is open with respect to the all topologies, it suffices
again to show this for 7/ and P only (Theorem 2.3). This fact follows from
the following observation: if P € Per,(z), then V(P;dpy,... ,0pny;1/2) and
W(P;{z},... ,{P" '2};0ps,... ,0pny; 1/2) are subsets of Per,(x).

(b) Let now T' € Per. We can construct a sequence (P,) C Perq converging
to T in 7. As above, consider the partition (X; : 4 =1,2,...) of X corresponding
T, ie. T has period i on X;. Let E, = {J,.,,X;. Then E, C E,;; and
X =U, En. Define P,z = Tz if x € E, and Ignx =z ifxz € X\ E,. Clearly,
P, T

(c) The set Per,, is closed by (a) and (3.1). It is clear that

Ap = Aut(X,B) \ ( Uu Pern(z)>.

neNzeX

Hence Ap is closed. O

Let Orby(z) denote the T-orbit of € X. Recall the definition of the full
group [T generated by T € Aut(X, B):

[T] ={v € Aut(X,B) | yz € Orby(z), for all x € X}.

Then every v € [T defines a Borel function m.,: X — Z such that vz = 7™ (®)g,
x € X. Thus, every v € [T] defines a countable partition of X into Borel sets
A, ={z € X |my(z) =n},neN.

It is obvious that if T' € KEL(X ,BB), then one can also define the full group
[T] as a subgroup of /@(X, B).

PROPOSITION 3.2.

(a) The full group [T) (T € Aut(X, B)) is closed in Aut(X, B) with respect
to the topologies from Definition 2.1.

(b) The full group [T] (T € Aut(X,B)) is closed in Aut(X, B) with respect
to 7.2

PROOF. (a) It is not hard to prove this result directly for the topologies T
and p. To prove the proposition for all our topologies, it is sufficient to check
that [T is closed in 7" ~ 7 and P.

2We do not consider here other quotient topologies on m(X ,B).
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Assume that there exists S € [T}T \ [T]. Then one can find a point y € X
such that Sy # T"y for all n € Z. Let p be an atomic probability measure
supported by {T"y | n € Z} such that u({y}) = 1/2. Then the 7-neighbourhood
V(S) = V(S;u;1/4) contains an automorphism ~ € [T]. Hence for any Borel
set I we have that |u(SF) — pu(yF)| < 1/4. For F = {y~ 'y}, we have a
contradiction.

The proof for p is similar. We observe only that the p-neighbourhood W (S;
{y};dsy;1/2) cannot meet [T] where S and y as above.

(b) Assume that R € [T] \[T] where T € Aut(X, B). Then any 7-neighbour-
hood U(R) contains an element + from [T]. Since R is not in [T, the Borel set
A =N,ez E(R,T™) is uncountable. Let y be a continuous measure from M¢(X)
such that p(A) = 1. Take an automorphism v € U(R; t;1/2) N [T]. Then there
exists some n such that y({z € X | Rz = T"z}) > 0. This contradicts the fact
that u(E(R,T™)) =1 for all n € Z. O

Given T' € Aut(X,B), a Borel set A C X is called a complete section (or
simply a T-section) if every T-orbit meets A at least once. If there exists a com-
plete Borel section A such that A meets every T-orbit exactly once, then T is
called smooth. In this case, X = (J;c, T"A and all the T"A’s are disjoint. The
set of smooth automorphisms is denoted by Sm.

A measurable set W is said to be wandering with respect to T' € Aut(X, B)
if the sets T"W, n € Z, are pairwise disjoint. The o-ideal generated by all
T-wandering sets in B is denoted by W(T'). By Poincaré recurrence lemma, one
can state that given T' € Aut(X, B) and A € B there exists N € W(T') such that
for each x € A\ N the points T"x return to A for infinitely many positive n and
also for infinitely many negative n [24]. The points from the set A\ N are called
recurrent.

Assume that all points from a set A are recurrent for a Borel automorphism
T and A is a T-section. Then for z € A, let n(z) = na(z) be the smallest
positive integer such that T"(®)z € A and Tz ¢ A, 0 < i < n(x). Let Cy =
{x € A| na(z) =k}, k € N, then T*C), C A and {T°Cy | i = 0,... , k — 1}
are pairwise disjoint. Note that some Cj’s may be empty. Since T"x € A for
infinitely many positive and negative n, we obtain

oo k—1
UT”A:UT”A:X and UT”A:U UTick.
n>0 nez n>0 k=1 1=0

This union decomposes X into T-towers &, = {T'Cy, | i =0,... ,k —1}, k €N,
where Cj, is the base and T*~1C}, is the top of &. In particular, the number of
these towers may be finite.

The next lemma is one of the main tools in our study of Borel automorphisms.
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LEMMA 3.3. Let T € Aut(X,B) be an aperiodic Borel automorphism of
a standard Borel space (X,B). Then there exists a sequence (A,) of Borel sets
such that

(a) X:AojAlDAQD...,

Borel set, k € N.

PROOF. See [2, Lemma 4.5.3] where (a)—(c) have been proved in more general
settings of countable Borel equivalence relations. It is shown in [24, Chapter 7|
that one can refine the choice of (A4,,) to get (d) and (e). It is clear that one can
remove an at most countable set of points from each A4, to prove (f). O

DEFINITION 3.4. A sequence of Borel sets satisfying conditions (a)—(f) of
Lemma 3.3 is called a vanishing sequence of markers.

Note that usually (A,,) is called a vanishing sequence of markers if it satisfies
(a)—(d). We have added two more conditions, (e) and (f), which we will need in
the constructions in Section 5.

REMARK 3.5. We will use below the following changing-of-topology result
(see, for example, [21], [24]). Let T' € Aut(X, B) and let (&,) be a sequence of
at most countable partitions of X such that:

(a) &ut1 refines &,;

() Unén
generates the o-algebra of Borel sets B. Then we may introduce a topology w
on X such that:

(i) (X,w) becomes a Polish 0-dimensional space,
(ii) B(w) = B where B(w) is the o-algebra generated by w-open sets,
(iii) all elements of partitions &,, n € N are clopen in w,
(iv) T is a homeomorphism of (X,w).
In particular, by changing-of-topology, we can choose the elements of the parti-
tions corresponding to a vanishing sequence of markers to be clopen.

PROPOSITION 3.6. Let T € Aut(X, B) be an aperiodic Borel automorphism
of a standard Borel space (X,B). Then there exists a sequence of periodic auto-
morphisms (P,) of (X,B) such that P, — T, n — co. Moreover, the P, can
all be taken from [T).

PROOF. If T is a smooth automorphism, then the proof is obvious. Let (A,)
be a vanishing sequence of markers for 7. Then, as we have seen above, A,
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generates a decomposition of X into T-towers &, (n) = {T°Cx(n) | i = 0,...,
k—1} and {J, Ck(n) = A,,. Define

Tx if v ¢ B, = | T" 'Ci(n),
P,x = k=1

T—F 1y if x € TF1Ck(n), for some k.

Then P, belongs to [T] and the period of P, on & (n) is k. Note that P, equals
T everywhere on X except B,,, the union of the tops of the towers.

It follows from Lemma 3.3 that (B,,) is a decreasing sequence of Borel subsets
such that (", B, = 0. This means that for any « € X there exists n(z) such that
x ¢ By, n > n(x). Moreover, if for some z € X, P,z = Tx, then P, 1z = Tx.
These facts prove that for each x, all the P,z are eventually the same and equal
to Tz, that is P, converges to T in 7. U

We now give a version of the Rokhlin lemma for aperiodic Borel automor-
phisms. We should also remark that B. Weiss proved a measure-free version of
the Rokhlin lemma [29].

THEOREM 3.7 (Rokhlin lemma). Let m € N and let T' be an aperiodic Borel
automorphism of (X,B). Then for any € > 0 and any measures [i1, ... , ltp from
M (X) there evists a Borel subset F in X such that F,TF,... , T 'F are

pairwise disjoint and

pwi(FUTFU...UT™ 'F)>1—¢, i=1,...,p.

ProoFr. We will use notation from the proof of Proposition 3.6. Clearly, it
suffices to consider the case of non-smooth automorphism 7" only. Let (A4,,) be
a vanishing sequence of markers. Note that for any p € M;(X), p(4,) — 0
as n — oo because A, decreases to the empty set. By the same reasoning,
w(By,) — 0. For every n, the space X can be represented as a union of T-towers
&k (n) where the height of £ (n) is k (see the proof of Proposition 3.6. Let

m—1

Dn(m) = | &(n).
k=1
Since D,,(m) C UZZ()Q Tk A, we see that there exists ng such that for n > ng

(3.2) wi(Dp(m)) <e/2, i=1,...,p.

Let By, = Upsp T k=1Cy(n). Similarly, we can deduce that for all sufficiently
large n

(3.3) wi(BLUT'BLU...uT ™Ry <e/2, i=1,...,p.
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Let n be chosen so large that (3.2) and (3.3) hold. Define F' by the following rule.
In each T-tower & (n), k > m, we take every m-th set beginning with Cx(n), i.e.

k/m]—1

[
F=J) U TCm).

k>m  j=0
Then FNT'F=0,5=1,...,m—1, and
wi(X —(FUTFU...UT™ 'F))<e, i=1,...,p,
in view of (3.2) and (3.3). O

It follows from Theorem 3.7 that in any 7-neighbourhood U (T; pi1, - .. , tin; €)
of an aperiodic Borel automorphism T there exists a pointwise periodic auto-
morphism. Thus we obtain the following corollary from the above results:

COROLLARY 3.8.
(a) The sets Per and Pery are dense in (Aut(X, B), 7). Moreover, Per is
also dense in Aut(X, B) with respect to topologies 7', Pp.
(b) Per N[T) is T-dense in [T] for each aperiodic T.
(¢) The set Per is not dense in Aut(X, B) with respect to p.

PROOF. (a) and (b) are obvious. To prove (c), take an uncountable Borel set
E and an aperiodic Borel automorphism 7' such that TE C E. Then W(T; E)
has no periodic automorphisms. O

We observe that the following result can also be proved. The details are left
to the reader.

COROLLARY 3.9. Let N € N and a 7-neighbourhood U = U (T pi1, ..., fin :
g) be given. Define V. =U(T; (v})1<i<n, Ik|<N;0) where vk =p;oT7% and § =
(2N)~te. ThenV CU and for any S€V, we have that ST €U (T?; i1, ... , fin,€),
j=1,...,N.

We will need below the following statement proved in [6].

LEMMA 3.10. The set Sm of smooth automorphisms is dense in Aut(X, B)
with respect to the topology p.

Denote by Ap mod (Ctbl) the subset of Aut(X,B) consisting of automor-
phisms which are aperiodic everywhere except in an at most countable subset
of X.

THEOREM 3.11.

(a) Ap" = Ap mod (Ctbl).
(b) Ap is a nowhere dense closed subset in (Aut(X, B), 7).
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PRrROOF. (a) We first show that the set Ap mod (Ctbl) is closed with respect
to 79. Suppose R € (Ap mod (Ctbl))" \ (Ap mod (Ctbl)). Then there exist
some m € N and an uncountable R-invariant Borel set B such that R has period

m on B. Let p be a continuous Borel probability measure such that u(B) =1
and g o R = pu. The mp-neighbourhood Uy(R) = Uy(R; pu;e/m) contains an
automorphism S from Ap mod (Ctbl). We have that

pw{r € B| Sz =Rx,...,S" o =R" 2,8 =R"z=x}) >1—¢.

In other words, S is periodic on an uncountable Borel set, a contradiction. Thus,
we have that Ap° C Ap mod (Ctbl).

Conversely, if R € Ap mod (Ctbl), then we need to show that any 7o-
neighbourhood Up(R) of R contains some aperiodic automorphism. Indeed, the
periodic part of R is supported by an either countable or finite set A. It is
clear that if A is infinite, then one can change R on A to produce an aperiodic
automorphism from Uy(R). If A is finite, then we take a single aperiodic orbit
Orbgr(z), x ¢ A, and consider the infinite set AU Orbg(x).

(b) It follows from Proposition 3.1(c) and Corollary 3.8 that Aut(X,B) \ Ap
is an open dense subset. Therefore, Ap is a closed nowhere dense set in 7. O

Let (X,d) be a compact metric space (in particular, X can be a Cantor
set). Recall that in this case we can define the metric D on Aut(X,B) as in
Remark 2.5. We proved in [3] that the set of aperiodic homeomorphisms is D-
dense in Homeo(X) when X = Q is a Cantor set. Here we will find the closure
of Ap in the group Aut(X, B) with respect to the metric D.

Let T be a Borel automorphism of X. Then X is decomposed into the
canonical T-invariant partition (Y1, ... ,Ys) where T has period n on Y,, and T
is aperiodic on Y,,. We call T regular if all sets Y;, 1 < i < oo, are uncountable.

LEMMA 3.12. Suppose that T € Aut(X, B) is regular. Then for any e > 0
there exists S € Ap such that D(S,T) < e.

PrOOF. Since TY; = Y;, it suffices to find an aperiodic automorphism S
satisfying the condition of the lemma for each set Y;. We can write down Y; as
E;UTE;U...UT*'E; for some E; € By. Let (E;(1),...,E;(k;)) be a partition

of E; into uncountable Borel sets such that diam(E;(j)) < eforall j =1,... k.
Let R(j) be an aperiodic automorphism of E;(j). Set for j =1,... ,k;
i—1
Tx ifzel| | TFE; (),
. ktzjl ()

TR(j)z if » € E;(j).
Clearly, D(S,T) < e onY;. O
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COROLLARY 3.13. The set of aperiodic automorphisms from m(X, B) is
dense with respect to D.

To answer the question when a non-regular automorphism 7' € Aut(X, B)
belongs to /TpD, we need to introduce the following definition. We say that an
automorphism T is semicontinuous at x € X if for any € > 0 there exists z # x
such that d(z, z) < e and d(Tz,Tz2) < €.

THEOREM 3.14. Let T be a non-regular Borel automorphism from Aut(X, B)
and let Yy denote the set Uie[ Y, where each Y; is an at most countable set, i €
I CN. ThenT € prD if and only if for every x € Yy there exists y € Orbp(z)
such that T is semicontinuous at y.

PRrROOF. We first suppose that for any £ > 0 there exists an aperiodic auto-
morphism S = S, such that D(T, S) < e. Notice that the fact that T is pointwise
periodic on Yy implies that Orbr(z) # Orbg(z) for any x € Y. Hence there
exists y € Orbr(z) such that Sy # Ty. On the other hand, we have that

(3.4) d(Ty,Sy) <&, d(T~*(Sy),S *(Sy)) <e.

Denoting by z = T-1Sy, we obtain from (3.4) that z # y, d(z,y) < ¢, and
d(Tz,Ty) < ¢, that is T is semicontinuous at y.>

Suppose now that for every z € Y there exists y € Orbr(z) such that T is
semicontinuous at y. We need to show that for any € > 0 there exists S € Ap
such that D(T,S) < e. Tt is clear that S can be taken to coincide with T on Y.
Therefore, we need to define S on the at most countable set Yy. We assume here
that Yj is infinite. It will be clear from the proof how one can deal with the case
when Y} is finite.

Take a finite partition (C1, ... ,C,) of X into Borel sets such that diam(C;) <
g/2 for all i. Denote by 4;; = YoNC;NT~Cy, 4,5 = 1,...,n. For each
x € Ajj, choose y(x) € Orbr(z) such that T' is semicontinuous at y(z). The set
Yy = {y(z) : € Yp} is a subset of Y} intersecting each T-orbit of x € Y; exactly
once. Set Aj; = A;;NYy. Let J = {(i1,j1),--- , (ip, Jp) } be the set of those pairs
(4,7) for which Aj; # (). Then

(3.5) Yo= U U Orbr(y)).

(i.4)€] y(a)eAl,

Fix (¢,7) = (i1,71). We have two possibilities:
(a) [A7] = oo,
(b) |47, < co.

3We have not used in this part of the proof the fact that T' is non-regular.
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If (a) holds, write down Aj; as {...y—1,%0,1,- .. }. Define S on J; cz Orbr(ys).
Set
5. _ Tz if z € Orbr(yk), 2z # Yk,
o { Typy1 ifz=uyx, keZ
In such a way, the set | J; o, Orbr(yg) is included in an infinite S-orbit.

If (b) holds, then A}, = {z1,...,2.}. Let m = min{d(z;,2;) | i # j, i,j =
1,...,q} and let 0 < n < min{e/2,7;}. By the hypothesis of the theorem, there
exists z € Cy, 2 # z1, such that Tz € Cj, d(z,21) <1, d(Tz,Tz) <n, and the
T-orbit of z is infinite. To produce an S-orbit defined on |J{_, Orbr(z;), we
can insert the T-orbits of z,...,z, into Orby(z). To do this, set Sz = Tz,
Sw = Tw,w € Orbr(z),w # z, and

Tw if weUi_, Orbr(zk), w# 21,..., 24,
Sw=¢ Tziys fw=z,1=1,...,¢g—1,

Tz if w=z.
By the choice of the C;’s, we see that in both cases (a), (b)
(3.6) d(Tx,Sz) +d(T 'z, S '2) <

on the set |J,c 4, Orbr(y).
ij
Take (iz, j2) from J. By definition of Y{, we notice that (J,c 4, Orbr(y) does
ij
not meet the set of T-orbits going through the points from A;% ;- Therefore, we

can apply consequently the above procedure until the automorphism S is defined
everywhere on Yy. By (3.5) and (3.6), we obtain that D(T,S) < e. O

3.2. Incompressible automorphisms. Let T be an aperiodic Borel auto-
morphism of (X, B). Let us denote by [T, the set of Borel bijections v: A — B
where A, B are Borel subsets of X and vz € Orbr(z), z € A. We call A and
B equivalent with respect to T, A ~g B, if there exists v € [T]o such that
v(A) = B. If there exists a Borel subset A of X such that X ~p A and X \ A
is a complete T-section, then T is called compressible. Otherwise, T is called
incompressible. 'We denote the set of incompressible aperiodic automorphisms
by Znec. It was proved in [11] that T is compressible if and only if [T] contains
a smooth aperiodic automorphism. Let M;(T) denote the set of Borel proba-
bility T-invariant measures. Clearly, for some automorphisms this set may be
empty. For example, if T' is smooth, then M;(T) = (. M. Nadkarni [24] proved
that 7" is incompressible if and only if there exists a T-invariant Borel probability
measure, i.e. My (T) # 0.

THEOREM 3.15. The set Inc is a closed nowhere dense subset of Ap with
respect to the topology p.
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PrOOF. We first show that Znc is p-closed. Let T € Znc”. Choose a se-
quence (&) of partitions of X such that:

(i) & = (Fn(),... , Fy(ky)), Fn(i) € Bo;
(ii) &nt1 refines &;
(iii) U, &n generates the o-algebra of Borel sets B.

By changing-of-topology results (Remark 3.5), we may choose a topology w on
X such that:

(i) X is a Polish 0-dimensional space,
(ii) B(w) = B where B(w) is the o-algebra generated by w-open sets,
(iii) the sets Fj, (7)), n € N, i =0,... ,ky are clopen in w,
(iv) T is a homeomorphism of (X,w).
Denote by W,,(T') the p-neighbourhood W(T'; F,,(1),. .. , Fy(ky)). Then W, (T')
meets the set Znc for every n. Let S, € ZncN W, (T) and let u, be an S,-
invariant probability measure. Then, for every n € N,

(3.7) SpFo(i) = TF,(i), i=1,... kn.

Notice that if m > n, then F,(i) = U;c; Fin(j) for each i = 1,...  k, where
I'c{l,...,kn}. Hence by (3.7)

jel jel
and
(3.8) i (TFn (i) = pim (Fa (i) m > n.

The set {u, | n € N} contains a subsequence (i, ) which converges to a Borel
probability measure p in the weak® topology. Let us show that u is T-invariant.
For B € (U, & we obtain that pu,, (B) — u(B) and py, (T'B) — p(TB) as
ny — 00, since B and T'B are clopen sets (see e.g. [7]). It follows from (3.8) that
for those sets B

w(TB) = lim jin, (TB) = lim pp, (B) = u(B).

np— 00 nj— 00

Since J,, & generates B, we see that u is T-invariant.
To finish the proof, we refer to Lemma 3.10 which provides us with the
following result: Sm” = Aut(X, B). Since Sm NZnc =0, we are done. O

Observe that in [3] we proved that if X is a Cantor set, then Homeo(X) =
Aut(X, B). From Theorem 3.15, we obtain that Homeo(X)p C Inc.
Let T € Aut(X, B) be an aperiodic incompressible automorphism. Denote
by
Fix(M1(T)) ={R € Auwt(X,B) | uo R =p, for all p € My(T)}
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and
Pres(M1(T)) = {R € Aut(X,B) | R(M1(T)) = M1 (T)}.

ProrPOSITION 3.16.

(a) Let T € Inc. Then Fix(M1(T)) is closed in the topologies T,7", and p.

(b) Let T be an incompressible Borel automorphism of a compact metric
space (X, d). Then Fix(M1(T)) is closed in the topology defined by the
metric D.

(¢) The set Pres(M;(T)) is closed in p.

PROOF. (a) We will first prove the statement for the topology 7 which is
equivalent to 7" by (3.7). It will follow from this result that Fix(M;(T)) is
closed in 7. Let R € Fix(M;(T)) and p € M;(T). Then the F-neighbourhood
V(R;p;e) = {S € Aut(X,B) | suppep |1(RF) — u(SF)| < e} meets Fix(M;(T))
for any € > 0. Therefore, for any Borel set F', we have that |u(REF) — u(F)| < e.
Thus, po R = p and R € Fix(M;(T)).

The fact that Fix(M;(T)) is closed in p can be proved similarly (see also (c)).

(b) We need to show that for every automorphism R € WD and
every u € Mi1(T) one has po R = u. Take a sequence (7,) from Fix(M;(T))
such that D(y,,R) — 0 as n — co. For A C X and « > 0, denote by B,(A)
the a-neighbourhood of A. We notice that Al = Naso Ba(A) (a countable
intersection). It is clear, that for any a > 0, there exists n,, such that v,(A) C
B, (RA) for all n > n,.

Fix ¢ > 0 and p € My(T). The following statement follows easily from

Luzin’s theorem.

CLAM. Let R, p1, (vn) and € be as above. Then there exists a closed subset
F. of X such that the automorphzsms R, R, and v,, being restricted to F.,
are homeomorphisms and p(F.) > 1 — ¢ where F. = RF. N F. N R™LF..

Clearly, one can choose the sets FE such that F61 C FE when ¢ > €;. Let
C be a closed subset of F.. Then for a > 0 and sufficiently large n, u(C) =
w(nC) < p(Ba(RC)). Hence

(39) (€)= lim p(Ba(RC)) = (] Ba(RC)) = u(RC") = u(RC),
a>0
Similarly to (3.9) we can show that u(C) < u(R™'C) and therefore u(A) =
w(RA) for any Borel set A Cc F..

Let now F = Ueso Fe
argument shows that (A) = u(RA) for any Borel set A C F. It remains to
check that if E is a Borel subset of X \ F, then u(RE) = 0. Indeed, given
a > 0, we can find a sufficiently large n = n(«) such that RE C B, (v, F). Since
limgy—0 p(Ba(1E)) = 0, we have that pu(RE) = 0.

(a countable union). Clearly, u(F) = 1. The above
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(¢) Let us show that rm Pres(M;(T)) is closed in the topology p. Indeed,
it R € Pres(M; (T))p \ Pres(M;(T)), then there exist pg € M;(7T') and a Borel
set E such that puo(RTE) # po(RE). On the other hand, the p-neighbourhood
W(R; E,TE) contains some S € Pres(M;(T)) and therefore RE = SE, RTE =
STE. Then po(RTE) = (oo S)(TE) = poo S(E) = po(RE), a contradiction.[

REMARK 3.17. For T € Znec, the full group [T] is a subset of Fix(M;(T))
and the normalizer N[T] = {S € Aut(X,B) | S[T]S~! = [T]} is a proper subset
of Pres(M1(T)). On the other hand, we know that in Cantor dynamics the set
Fix(M;(T)) is the closure of [T] in D [15]. In Borel dynamics the situation is
different. We first recall the definition of odometers.

Let {\:}22, be a sequence of integers such that Ay > 2. Denote by p_1 = 1,
Pe=XAg...- A, t=0,1... Let X be the group of all p;-adic numbers; then any
element of X can be written as an infinite formal series:

X = {x:inpil x; € (0,... ,)\i—l)}.
i=0

It is well known that X is a compact metric abelian group endowed with the

metric d(z,y) = (n+ 1)~ where n = min{i | z; # i}, * = (%;), v = (¥;)-
By definition, an odometer T is the transformation acting on X as follows:
Tr=x+1,z € X, where 1 = 1p_; + Opo + Op; + ... € X*. From topological
point of view, (X,T) is a strictly ergodic Cantor system and the set M;(T)
is a singleton. The orbit Orbr(0) is dense in X, that is every b € X can be
approximated in d by integer adic numbers. If b € X, then Tz — = + b
commutes with 7. Tt is known that the topological centralizer C(T') coincides
with {Tp | b € X}. Since d(x + b,z + ¢) = d(b,c), b,c € X, it follows from
Proposition 3.16 that

o) c T [nez) ] ¢ Fix(M(T))

and
CM\{T" | ne€ Z} CFix(M1(T)\{T" | n € Z}.

2.3. Borel automorphisms of rank 1. Recall the definition of rank 1
Borel automorphisms following [24].

Let T € Aut(X, B) be an aperiodic non-smooth automorphism and let £ =
(Bo,...,B,) be a T-tower, that is all B;’s are disjoint where B; = T'By, i =
1,...,n. Then By and B, are called the base and and the top of £.

Suppose a disjoint collection n = (J;c; §(j) (finite or countable) of T-towers
is given where £(j) = (Bo(j), ... , Bn,(j)) and By(j) € B is a Borel uncountable
set, j € J. Then 7 is called a T-multitower and YV = {J;; Ui, Bi(j) is called
the support of . The cardinality of J is called the the rank of the multitower.

4More general, we call S an odometer if S is Borel isomorphic to T'.
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A multitower 1’ is said to refine 7 if every atom B/ (j') of 7’ is a subset of some
atom B;(j) of n.

DEFINITION 3.18. We say that T" has rank at most r if there exists a sequence
(nn) of T-multitowers of rank r or less such that 7,41 refines 7,, and the collection
of all atoms in 7,, taken over all n € N, generates 5. Then Y,, C Y41 and
U,, Yn = X where Y, is the support of 7,,, n € N. We say that T" has rank r if
T has rank at most r but does not have rank at most » — 1. If T does not have
rank 7 for any finite r then, by definition, T' has infinite rank. Denote by R(n)
the set of automorphisms of rank n.

A complete description of the structure of Borel automorphisms of rank 1
can be found in [24]. Here, we observe only that any T € R(1) can be obtained
as a 7-limit of a sequence (T},) of partially defined Borel automorphisms. For
this, we use the cutting and stacking method to produce a refining sequence
(&) of towers satisfying Definition 3.18. More precisely, &, is first cut into T,-
subtowers &, (k) = (C2(k),...,CM(k)), k=0,...,pn, with T (CO(k)) = C% (k),
i=1,...,h,, and then some spacers D"»+1(k), ..., prn (k) (k) are added to each
subtower to extend &, (k) to ¢, (k). One defines T,1(CP(k)) = Di+*1(k) and
T, (Dl (k) = Dhntitl(k)), i = 1,...,my(k) — hy, — 1. To construct &,41
one takes successively the extended T),41-subtowers &/, (0),..., &, (p,) and then
makes from them a single T, 1-tower by concatenating those subtowers and
setting TnH(D;n"(k)(k)) =CY%k+1),k=0,...,p,. Thus, the base and the top
of &,41 are C2(0) and Dy’ n(p ")(pn), respectively. Remark that the spacers that
enlarge each &, (k) are taken from X \ Y,,. Finally, as n — oo, we get a Borel
automorphism 7' of rank 1 as the limit of T,.

If we assume that for given T' € R(1), from the above construction, one
can choose a sequence (&,) such that Y,, = X for every n (no spacers can be
added), then we get that T belongs to the simplest subclass of rank 1 Borel
automorphism, the so called odometers. The exact description of odometers is
given in Remark 3.17. Let us denote this subclass by Od.

We will need the following simple fact. If T € Aut(X, B) and (F1,..., Fy,) is
a Borel partition of X such that TF, = F5,... ,TF,_1 = F,, TF, = F}, then
the p-neighbourhood W(T'; Fy, ... , F,) contains an odometer S.

The next theorem shows that any rank 1 automorphism is a limit of odome-
ters in 7. Later, in Section 5, this result will be strengthen.

T

THEOREM 3.19. R(1) = Od .

PROOF. We need to show only that given e > 0, T € R(1), and p1,... ,un €
M; (X)), there exists an odometer S such that p;(E(S,T)) < ¢ for all 7.

We first assume that every measure p; is continuous. Let (£,), &, = (C2, ...,
Ch), be a refining sequence of T-towers as above. Then we see that p;(Y;,) — 0
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as n — oo. Since atoms from (&,) generate B, we have that p;(CY U Cl») — 0
asn — oo for i = 1,...,n. Find N € N such that u;(Y, UCS U Cl) < ¢
for n > N. Clearly, we can define a new Borel automorphism S such that
Sr=Tzifx € U?Z”(;l C! and S(C') =Y, S(Y,) = C2. In other words, we
have constructed the S-tower (C2, ... C~ Y,) which partitions X. Clearly, the
definition of S can be extended to produce an odometer on X which belongs
o U(T; 1y -+ fhn €)-

Now suppose that every measure u; can have points of positive measure, say
{zr(i)}ren, @ = 1,...,n. Then find a finite set Y = {z4(¢) | k € I(u;) C N}
where a finite subset I(y;) is determined by the condition

Y w{z()) < g i=1,...,m.
keI (i)
Notice that there exists a refining sequence of T-towers (&,,) such that, for suf-
ficiently large n, points from Y do not belong to the base and the top of &,.
Indeed, it follows from the fact that (§,) generates B. The rest of the proof is
the same as for continuous measures. g

4. Comparison of the topologies

In this section, our main aim is to prove Theorem 2.3, which clarifies rela-
tionships between the topologies 7, 7/, 77, 79, p, po, P and p.

PROPOSITION 4.1.

(a) The topology T is strictly stronger than To.
(b) The topologies p and py are equivalent.

PROOF. (a) We need to show only that 79 is not equivalent to 7. For y € X,
take U = U(I;6,;1/2). We will show that for any Uy = Up(L;v1,... ,Vn;¢€)
(vi € MS(X)) there exists a Borel automorphism S from Uy such that S ¢ U.
To see this, take an uncountable Borel set B such that y € B and v;(B) < ¢ for
all 7. Let S be a freely acting automorphism on B such that Sz = x for x € B°.

(b) We will prove that any p-neighbourhood W (T Fy,... , F,) contains a
po-neighbourhood Wy (T'; C4, ... ,C,) where the C;’s are uncountable. Without
loss of generality, we can assume that (Fi,..., F,) is a partition of X. Suppose
Fy, ..., F} are uncountable sets and Fiy1, ..., F;, are countable (or finite) ones.
Define C; = F;,i=1,... ,k,and C; = 1 UF;, i =k+1,... ,n. Clearly, if R is
a Borel automorphism such that RC; = T'C; then RF; =TF; fori=1,... ,n.0O

THEOREM 4.2. The topologies T and 7' are equivalent.

PROOF. It is sufficient to consider neighbourhoods of T only since Aut(X, B)
is a topological group. Take a neighbourhood U = U(T; p1, . .. , fin;€). We will
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show that U’ := U'(T; w1, ... , un;e/4) C U. By definition, if T € U’, then for
any Borel set F' we have

(4.1) wi(FAT(EF)) <e/4, i=1,...,n.

We need to estimate p;(E(T,I)). Note that E(T,I) can be partitioned as a dis-
joint union XoUX3U...UX, where the period of T'on X}, is k and T is aperiodic
on Xo. Apply Theorem 3.7 with X = X, m = 2 and £/4. We obtain a Borel
subset I C X, such that F" NTF' = () and by (4.1)

3

(4.2) 1i(Xoo) < pi(F' UTF') + Z = ui(F' ATF) +

- €
5
For every 2 < k < 00, let us take Y} such that

k—1
m:UWm

§=0
Let Fy = U2§k<oo Y).. Then Iy ATF, = F} UTF; and therefore
(4.3) pi(F1) < pi(FyATE) <e/4, i=1,...,n

Denote by
R= U 7m™n
2<k<o0 0<;<[(k—1)/2]
Then FoNTF; C Fy and FoUTFy = U2§k<oo Xk. Thus, we get from inequalities
(4.1) and (4.3)

m( U XO:qMEAT&%Hm&ﬂTB)<, i=1,...,n
2<k<o0

| ™

This result together with (4.2) shows that T' € U and therefore U’ C U.

Conversely, suppose U’ = U'(T; 1, ... , tun;€) is given. We will show that
UL pry .oy pin;e/2) C U’ Indeed, let S € U(T; pa, . .-, fin;€/2), then

wi(E(S, ) <e/2, i=1,...,n.
Thus, for a Borel subset F' C F(S,I), we have

pi(F A S(F)) < pi(FUS(F)) < pi(F) + pi(SF) < 2p,(E(S,I)) <,

t=1,...,n.

If FC X — E(S,I), then FASF = 0. Thus U(T; p1, ... , un;e/2) C U’ O
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PROPOSITION 4.3. The topology T (and therefore 7') is strictly stronger
than p.

PROOF. We define another topology, denoted 7, on Aut(X, ). By defini-
tion, 7 is generated by the base of neighbourhoods

U(Ts5 a1y s s €) = {S € Aut(X, B)

sup p;(TF ASF) 4 sup ui(T"'FAST'F) <e, i=1,... ,n}.
FeB FeB

Obviously, 7 is stronger than 7’.
CLAM 1. 7 is equivalent to T.

In fact, we need to show only that 7 is stronger than 7). This assertion can
be proved in the same method which was used to establish that 7 is stronger
than 7/ in Theorem 4.2. Using this fact, we obtain

TeTo T ~T

and the claim is proved.
To finish this part of the proof, we note that 7 is clearly stronger than p.
Now we show that 7 is strictly stronger that p. For this, we need to find
a 7-neighbourhood U of the identity such that for any p-neighbourhood W =
W (L (Fy); (115); €) there exists S € W which is not in U. Take U = U(T; 6,;1/2).
Then S ¢ U if and only if Sz # x9. Thus, we have to show that in every W
there exists S such that Sxg # xp.

CLAIM 2. Every D-neighbourhood of the identity W (I; (F}); (;);€) contains
a free automorphism S.

Indeed, if S € W then ,UJ(SFZ AFZ) +[Lj(S_1Fi AFZ) <eg i1=1,...,n, j=
1,...
condition. To see this, we can assume that X = R and then S can be taken as

,m. Given (F;) and (p;), one can find a freely acting S satisfying the above

a translation r — x + «, a € R. The details are left to the reader. O

Next, we will compare 7 and 7”. Our goal is to prove that the uniform
topology 7 is strictly stronger than 7”/. To do this, we will need a more convenient
description of 7.

DEFINITION 4.4.
(a) Let T be the topology on Aut(X, B) defined by the base

(4.4) V(T; pi,-.. pns€)

- {s € Aut(X, B) sup <Z|,uj(TEi) uj(SEi)|) <e j=1,... n}

iel
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where py, ..., un € M1(X) and supremum is taken over all finite Borel
partitions Q = (FE;);er of X.

(b) Define a new topology T on Aut(X, B) using as neighbourhood base the
sets

(4.5) V(T;ui,...,pHn;e)
={S € Aut(X,B) | sup |u;(TF) — n;(SF)| <e, j=1,...,n}
FeB
where p1,. ..,y € M1(X).

PROPOSITION 4.5. The three topologies 7", T and T are pairwise equivalent.

Proor. (7" & 7)) Let U”" = U"(T; 1, - - - , fin; €) be as in (2.3). We will show
that V. =V (I; u1,. .., un;e/3) C U” where V is defined in (4.4). Take S € V.
For any f € B(X)y, find g(x) = _,c; aixe, such that

If =gl = sup [ f(z) — g(z)| <e/3.
reX

Here \ai| < 1 and (F;)ies forms a partition of X into Borel sets. Then for
7=1,.

| / 87 = o du| < | [ (57 - a5 e i

+’/(9(S‘1I) ) dpus| + ‘/ ) dps;

<% | L) (x))duj=§+|Zai<uj<SEz->—uj<Ez->>|

i€l

2e
<5+ D Iug(SE) — (Bl < e
iel
This proves that V C U".
Conversely, let V.=V (I; u1, ... , in;€) be given. It is sufficient to show that
U'=U"u1,. .., in;e) CV. If S € U”, then for all f € B(X);, we have

(4.6) ‘/(f(S_lx)—f(x))d,uj <e J=1,...,n

We thus need to show that for every finite Borel partition Q = (F;);c; and all
ij=1...,n,

(4.7) D i (SE) = i (By)| < e

iel
For this, we consider the Q-measurable function

9;(x) =Y ai(f)xm, € B(X)1,

el



TOPOLOGIES ON THE GROUP OF BOREL AUTOMORPHISMS 365

where for a finite set of measures (p;) and S we define
L if y(SE) > (B,
ai(j) = § =1 if p(SE;) < p;(E3),
0 if 4y (SE) = py(Ey).
The definition of g;(x) and (4.6) imply that for every j =1,... ,n

S s (SE) — ()| = | 3 i) (SE) (Em\

el i€l

'/ > ai(§)(xse, — xB,) dp;| =

el

’/ (g;(S™ 1) — g;(x)) dps| <

Thus, (4.7) holds and therefore U” C V.
(T = 7) Let V(I; pq, . - . , iin; €) be given as in (4.5). Then, we will prove that

(4.8) V(.o i 26) C V(L pia,- o pini ).

In fact, if S € 17(11; W1, [n; 2€), then for every finite Borel partition Q into
sets (E;);c; we have

> |1 (SE) — pi(By)| < 2.
iel
In particular, if F' is a Borel set, then for Q = {F, X — F}and j=1,...,n

2e > |p;(SF) = pi(F)| + | (S(X = F) = i (X = F)| = 2|p; (SF) — i (F)].
Hence |p;(SF) — p;(F)| < e for any Borel set F' and j = 1,...,n, that is
S e V(L p1,. .., pn;e) and (4.8) is proved.

Conversely, let V.= V(I; pu1,... ,pn;€) be given as in (4.4). We will prove
that V(I g1, ... , pn;€/2) C V. Take S € V(I; i1, ... , in;€/2). This means that
for every F € B(X) and all j =1,... ,n,

(4.9) 1 (SF) — i (F)| < /2.
Let Q = (F;)ier be a finite partition into Borel sets and denote by F.(j) =
User, ) Fs whete 1,(j) = {i € T | 5(SEs) > py(E)}. Then F_(j) i= X —
Fo(j) = User_) Brr where I_(j) = {i € I | 15(SE:) < iy (E:)}. We know, by
(4.9), that for j =1,... ,n,

13 (SEL (7)) — i (Fr ()] <e/2,

5 (SF_()) — 15 (F- ()| < 2/2.

In other words,
€ . .
5 1 (SE4 (7)) — ps (F(5))]

T (uj(SEi)—uj(Ei))’= S Iy (SE) — s ()]

1€14(5) i€ly(5)
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Similarly,

% > i (SF-()) = iy (F-())l = D 5 (SE:) = iy (Ei).
i€l (5)

Therefore
> i (SE:) — pi(B)| <e,
iel
ie. S e V(I 1, ... pin;e). O
THEOREM 4.6. The topology T (and therefore 7') is strictly stronger than ".

PROOF. The theorem will be proved in two steps. We first show that 7 is
stronger than 7 (we give two proofs of this fact). Then we prove that 7/ cannot
be equivalent to 7.

Step 1. (7 > 7") First proof. As mentioned above, it suffices to consider
neighbourhoods of T only. Take U” = U"(I; 1, ... , un;€) as in (2.3). We will
show that U = U(I; py, - .. , in;€/2) C U".

Indeed, for T € U, one has p;(E(T,1)) < ¢/2, ¢« = 1,...,n. Then, for
feBX),

sup |pi o T(f) — pi(f)| = sup
[IflI<1 [IflI<1

/X (F(T'2) - £(2)) dps

~ sup / (F(T ') = f@)) ds| < sup 2|7 i (B(T,D)) < e.
IfII<1 1 JE(T,I) IflI<1
Thus, U Cc U".

(7 = 7") Second proof. By Theorem 4.2 and Proposition 4.5, the statement
will be proved if we show that 7’ is stronger than 7 ~ 7”. To this end, we note
that for given pq,...,u, € M1(X) and € > 0, one has

(4.10) V(I 1y s pins€) DU (G gy oo s i €)-
Indeed, (4.10) and (4.5) in view of the following simple observation. If S €
U@ u1, ..., un;e), then

sup ;(FASF)<e, i=1,...,n.
FeB

Since |p;(F) — p;(SF)| < pi(F A SF), we get that
sup |u; (F) — pi(SF)| <e,
FeB

ie. S € V(L pi,...,Hn; €).

Step 2. (7 =~ 7"") The theorem would be proved if we could show that
the following assertion holds. To see that 7" ~ 7 cannot be equivalent to 7,
we should exhibit a 7-neighbourhood, say U(I; u;¢), that does not contain a
T-neighbourhood. This means that we need to prove the following claim.
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CLAaM 1. There exists a T-neighbourhood U (I; u;€) such that for every T-
neighbourhood V(I; vy, ... ,vn;6) = V one can find a Borel automorphism S that
belongs to V but does not belong to U(I; u;€).

Step 2(a). We first discuss the case where p is a purely atomic measure. The
next claim shows that it is impossible to distinguish the topologies 7 and 7/ ~ 7
by using atomic measures only.

Cram 2. Let U = UL g, - .-, in; €) be such that all of the measures p;,

i=1,...,n, are purely atomic. Then there exists V = V(L;v1,... ,vy;0) such
that V.C U.
To prove this claim, fix a 7-neighbourhood U(T; u11,. .. , ftn;€) with atomic

measures j;. Then there exists a set (at most countable) {a} | j € N; i =
1,...,n} of points in X such that j;({}}) > 0 and > pi({z%}) = 1. Choose
ng such that for alli=1,... ,n,

> mil{aih) <=

Jj>no

For {z | 1 <j <ng, 1 <i<n}, define atomic measures v;, i = 1,... ,n:

VZ({,Z;}) = bé- >0
where Y27, b5 =1 and b} # b}, for all 4 and j # j1. Let

j=1"J
(4.11) 6 < min. [#jh@%lgno(\b; AL
Then we have
V(Evy, oo vn;8) CUI a1y s i €)-
Indeed, if S € V(I;vy,... ,v,;0), then for each point {zz} 1<j<mngi=
1,...,n) we get

(1.12) wil{}}) — m({Saih)] <

Then (4.11) and (4.12) imply that Sz = 2% for all i and 1 < j < ng. In other
words, v; is S-invariant. Then x; ¢ E(S,I) foralli=1,...,n,j=1,...,no.
Therefore
1i(E(S, 1)) < Z pi({x5}) <e,
Jj>no

that is S € U(I; py, . .. , pin; €). The claim is proved.

Step 2(b). In view of Claim 2, we must consider continuous measures from
M;(X). Since we want to find an example of U(I; u; ) satisfying Claim 1, we
may assume, without loss of generality, that u({z}) =0, for all z € X.

Cram 3. Let U(L; p;e) be given where p is a purely continuous measure
on X. Let also V(I; vi,...,vn;0) be a T-neighbourhood such that j and all v;’s
satisfy the condition p <€ vi ~ ... ~ v, (i.e. u is absolutely continuous with
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respect to all v;’s which are, in turn, pairwise equivalent). Then there exists

SeV(ivy, ..., vp;0) but S ¢ UL p;e).
Let fi(x) =1 and

_dvi

dvy(z)’

Given ¢ > 0, choose simple functions g;(x) where g; = 1,

9i = E AijXE;j;s t=2,...,m,
J€l;

filz) =

1=2,...,n.

and such that
/ |fi —gildin <3/2, i=1,...,n.
X

Define a new measure v, on X by dvi(z) = gi(z)dvi(z), i = 1,...,n. Let
Q; be the partition of X defined by (E;;) ecr,- The intersection of all Q;’s is
a new partition Q@ = (Fj);c, of X into Borel sets. Every Fy is of the form

N, Eij, where j; € I; and k is a multiindex (ji,... ,j,) taken from a subset
A C I x...x1I, Let S(k):F; — Fy be a free Borel map of F onto itself
preserving v1. Then for any F' C Fy and i =1,... ,n, we get

Vi(F") = vi(S(R)F")| = lagj 1 (F') — ayi (S(R)F')| =0, k€ A

It may be that some of the F; have zero vi-measure. Thus, S(k) preserves the
measures v (= vy),vh,... v, for all k € A. Define a free Borel automorphism
S of X by Sz = S(k)x when x € F, k € A. Then S € Aut(X,B) and Sz # z,
x € X, which means that E(S,I) = X and p(E(S,I)) = 1. Moreover, S preserves

the measures v{ = vy1,v4,... v}, since for any Borel F,
Vi(SF) = y;< JsFn Fk)> =Y V(S(FNFy)
keA keA

= S USEENEFY) = S vi(F N Fy) = vi(F).
keA keA

On the other hand, if F' € B(X), then

|Vi(F) —l/l(SF)| = ‘/Ffldlll — o fidlll

/(fi_gi)dyl+/ gidl/l_/ (fi —gi)dv1 — / gi duvy

F SF SF

§/|fz‘—gz’|d1/1+/ | fi gz|dl/1+’/gzd1/1 / gi dvy
F SF SF

<5+ [V(F) — V.(SF)| = 6.

Hence, we have shown that S € V(I;vy,... ,v,;0) but S ¢ U(I;u;¢) if € < 1,
and therefore Claim 3 is proved.
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CLAM 4. Suppose X1 C X is a Borel set such that u(X1) > 0 but 11 (X7) =
. = vp(X1) = 0. Then there exists S € Aut(X,B) such that for any § > 0,
SeV(Lvr, ... ,vn;0) but S ¢ U(L; ;) if e < pu(Xy).

To see that this claim holds, it is sufficient to take S as a free Borel auto-
morphism on X; and put Sx =z on X — X;. Then ;0S5 =v;,i=1,... ,n, and
therefore S € V(I; vy, ... ,vp;6) for any 6 > 0. On the other hand, E(S,I) = X
and then S cannot be in U(I; y;¢) if € < p(X7).

Step 2(c). Using Claims 3 and 4, we can prove the theorem in the general
case. To do this, it suffices to prove Claim 1. Let U(I; u;¢) be given where p is
a continuous measure on X. Let vy, ... , v, be measures from M;(X). Consider
all possible relations between vy, ... ,v,. For v; and vy there exists a partition of
X into three Borel sets A, B, and C such that 11 and vy are equivalent on C, 14
is zero and vy is positive on B, and vs is zero and v is positive on A. Then vy is
supported on AUC and v5 is supported on BUC'. Considering the three measures
V1,9, and v, this fact can be applied to each of the sets A, B,C. We thus
obtain a new partition (X (1), X(2),X(3),X(1,2),X(1,3),X(2,3),X(1,2,3)) of
X such that v; > 0, v; =0, j # i on X(4), v; ~ v, v; =0, j # ik, on
X(i,k), and v1 ~ vo ~ v3on X(1,2,3). It is clear that a similar statement holds
for v1,... ,v,. Namely, for every nonempty subset K C {1,...,n} there exists
a subset X (K) in X such that all the v;’s are equivalent on X (K) if i € K, and
vi(X(K)) =01if j ¢ K. Moreover, the sets X (K) define a partition of X as K
runs over all subsets in {1,... ,n}.

Now consider the measure p together with vy, ... ,1v,. Without loss of gen-
erality, we can assume that u(X(K)) > 0 for all K. Every X(K) can be de-
composed into two sets X (K) and X (K)” (some of these sets might be of zero
p-measure) such that p < v; on X(K)" and p is singular with respect to v; on
X(K)"” where i € K. In fact, the latter condition holds for all vq,... ,v, by
definition of X (K). This means that pu(X(K)”) > 0 whereas v;,(X(K)") = 0,
i =1,...,n. Denote X' = |J X(K), X" = U X(K)". By Claim 4, we
may define a free Borel automorphism S on X’ which preserves each X (K)”.
To define S on X’, we use the proof of Claim 3. Given vy,...,v, and ¢, take
01 < 27™3. The proof of Claim 3 allows us to find a Borel one-to-one map
Sk: X} — Xj such that Sz # z, ¢ € X(K)" and |v;(F) — vi(SkF)| < 61,
F Cc X(K)'. Then Sz = Skgz, © € X(K)', defines a one-to-one Borel map
on X'. Therefore, S € Aut(X,B) and S € V(I;v1,... ,v,;0) and since S is free,
S ¢ U(L; u;e) if € < 1. The proof of Theorem 4.6 is complete. O

THEOREM 4.7. The topologies p and p are equivalent.

PROOF. Let T € Aut(X,B) and let W(T) = W(T;Fy,...,F,) be a p-
neighbourhood of T. Then for every S € W(T), one has SF; = TF;, for all i.
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Let f; = xp,. Then for any 0 < ¢ < 1 we see that W(T; fio-oo s fuye) CW(T).
Indeed, if

sup | fi(S™'w) — fi(T )| <e,
xeX

then |xsr, () — x7F, (x)] < e for all z € X. This implies that SF; = T'F;.

To prove the converse statement, we take a p-neighbourhood W(T )= W(T;
f1s--o s fnse). We need to show that W(T) contains a p-neighbourhood W(T') =
W(T; F1,...,F,). Given € > 0, find for each f; a Borel function g;(x) such that

9i(x) = X jer() 25 (1)XE; (i) (x) and
sup |fi(z) —gi(z)| <e/2, i=1,...,n.
reX

Note that |I(#)] < oo since f; is bounded. Take the p-neighbourhood W(T') =
W(T;(E;(3):jeI(i), i=1,...,n)). If S W(T), then

sup | f;(T~"2) — fi(S™ )| < sup | fi(T ™ e) — gi(T )]

zeX zeX

+sup |gi(T™"2) — gi(S™ w)| + sup |g;(S™'x) — fi( ST w)]
reX zeX

> () (e, @ — Xsm,m)| ==
JEI(9)

<&+ sup
zeX

Thus, S € W(T). O

PROPOSITION 4.8.

(a) The topologies T and p are not comparable.
(b) The topologies "' and D are not comparable.
(¢) The topologies 19 and T are not comparable.

PROOF. We prove only (c) here. We will show that for the 7"/-neighbourhood
U" = U"(L;0y;¢0), €0 < 1, and any 7yp-neighbourhood Uy = Up(L; v, ... ,vpn;¢€)
there exists T € Uy such that T' ¢ U”. Tt suffices to take T" such that v;(E(T,1))
< ¢ for all i and Ty # y. Clearly such a T' can always be found. Then there is
a Borel function fo € B(X); such that |fo(T~'y) — fo(y)| = 1. Hence T ¢ U".
The fact that 7" cannot be stronger than 7 is proved as in Theorem 4.6.

The proofs of (a) and (b) use the method similar to that applied in Claim 1
and in the proof of Theorem 4.6. We leave the details to the reader. g

REMARK 4.9. Note that when the underlying space X in Definition 2.1 is
a Polish space, one can consider various modifications of the definition of 7, 7/, 7/
and p, p. In particular, we can show that replacing Borel functions from B(X);
by continuous functions from C(X); does not affect the topology 7 (see (2.3)).
To see this, we may use the following statement in the proof of Proposition 4.5
which establishes the equivalence of 7, 7, and 7:
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Let g(x) € B(X)1 and S € Aut(X,B). Then for any § > 0 and any p €
M1 (X), there exists a continuous function f € C(X)1 such that

‘/ W‘ <o ’ /X (F(S72) = g(S™"2)) dps| < 0.

In the case when X is a Cantor set, observe that in the definition of 7/ (3.2)
it suffices to take the supremum over only the countable family of clopen sets.
This follows easily from regularity of Borel measures on Cantor sets.

5. Bratteli diagram for a Borel automorphism

5.1. Borel-Bratteli diagrams. In this section, we show that every aperi-
odic Borel automorphism of (X, B) can be represented as a Borel transformation
acting on the space of infinite paths of a Bratteli diagram. More precisely, we
define a modification of the concept of Bratteli diagram that is suitable for Borel

automorphisms.

DEFINITION 5.1. A Borel-Bratteli diagram is an infinite graph B = (V, E)
such that the vertex set V' and the edge set E can be partitioned into sets
V =U;>o Vi and E = |J,;~, E; having the following properties:

(a) Vo = {vo} is a single point, every V; and E; are at most countable sets;

(b) there exist a range map r and a source map s from E to V so that
r(E;) C Vi, s(B;) CViey, s~ v) # 0 for all v € V, and 7~ (v) # 0 for
allv e V'\

(c) for every v € V '\ Vp, the set r—!(v) is finite.

The pair (V;, E;) will be called the i-th level. We write e(v,v’) to denote an
edge e such that s(e) = v, r(e) =’

A finite or infinite sequence of edges, (e; : e; € E;) such that s(e;) = r(ej_1)
is called a finite or infinite path, respectively. It follows from the definition that
every vertex v € V; is connected to vy by a finite path and the set of all such
paths E(vg,v) is finite. Given a Borel-Bratteli diagram B = (V, E), we denote
the set of infinite paths by Yp.

Let B = (V, E, >) be a Borel-Bratteli diagram (V, E) equipped with a partial
order > defined on each E;, i = 1,2,..., such that edges e, e’ are comparable
if and only if r(e) = r(e’); in other words, a linear order > is defined on each
(finite) set r~1(v), v € V'\ Vo. For a Borel-Bratteli diagram (V, E) equipped with
such a partial order > on FE, one can also define a partial lexicographic order on
the set Egy10...0E; of all paths from Vi to Vi: (egt1,-.-,€1) > (fet1,---, fi) if
and only if for some ¢ with k+1 <i <1, e; = fj fori < j <lande; > f;. Then
we see that any two paths from E(vg,v), the (finite) set of all paths connecting
vo and v, are comparable with respect to the introduced lexicographic order.
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We call a path e = (eq, ... ,e;,...) maximal (minimal) if every e; has a maximal
(minimal) number amongst all elements from r~!(r(e;)). Notice that there are
unique minimal and maximal paths in E(vg,v) for each v € V;, i > 0.

DEFINITION 5.2. A Borel-Bratteli diagram B = (V, E') together with a par-
tial order > on E is called an ordered Borel-Bratteli diagram B = (V, E,>) if
the space Yp has no cofinal minimal and maximal paths. This means that Yp
does not contain paths e = (eq,...,e;,...) such that for all sufficiently large i
the edges e; have maximal (minimal) number in the set r=1(r(e;)).

It follows from the definitions that Yp is a 0-dimensional Polish space in the
natural topology defined by clopen sets.

To every Borel-Bratteli diagram B = (V, E), we can associate a sequence of
infinite matrices. To do this, consider the set F, of all edges between the levels
Vi—1 and V,,. Let us enumerate the vertices of V,, as (vi(n),...,ve(n),...),
n € N. Define the matrix M, = (ai)7%—, where a;, = |E(vi(n —1),v;(n))|. We
notice that only finitely many entries of each row in M,, are non-zero because of
the relation

o0
Zaik = |r~ (M) < oco.
k=1

Moreover, in each column of M, there exists at least one non-zero entry. De-
note by M the set of infinite matrices having the above two properties of their
rows and columns. It is easy to see that M is closed with respect to matrix
multiplication.

Since the notion of ordered Bratteli diagram has been discussed in many
recent papers (see, e.g. [9], [10]), we recall only the principal definitions. We
refer to [14], [19] for more detailed expositions of this material. We will also use
in our proofs the notions of telescoping and splitting of a Bratteli diagram defined
in [14]. By definition, the telescoping B’ = (V',E’,>) of B = (V, E, >) with
respect to a sequence 0 = mg < m; < mg < ... is obtained if we set V] =V,
and B/ = E,,,_ _,+10...0E, . The set E/ has the induced lexicographic
order defined above. The operation converse to telescoping a Bratteli diagram
is splitting. This means that between to consecutive levels, say V,,_1 and V,,, we
add a new level V’ which is a disjoint union of finite sets V’(v) such that the
number of vertices in V’(v) equals the number of edges in 7~ 1(v), v € V,,. Tt is
easy to see how to introduce an order on the edge set of the new diagram so that
by telescoping one gets the original ordered diagram back.

For each ordered Borel-Bratteli diagram B = (V, E, >), define a Borel trans-
formation ¢ (also called the Vershik automorphism) acting on Yp as follows.
Given y = (e1,e2,...) € Ypg, let k be the smallest number such that ey is not
a maximal edge. Let fi be the successor of ey in 771(r(ex)). Then we define
o) = (f1,-+ -y fe—1, frs€kt1,-..) where (f1,..., fr—1) is the minimal path in
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E(vg,7(fx—1)). Obviously, ¢ is a one-to-one mapping of Yy onto itself. More-
over, ¢ is a homeomorphism of Yp.

It is sometimes convenient to use another description of infinite paths in an
ordered Borel-Bratteli diagram B = (V, E,>). Take v € V,, and consider the
finite set E(vg,v). The lexicographic order on E(vg,v) gives us an enumeration
of its elements from 0 to h(n,v) — 1 where 0 is assigned to the minimal path
and h(n,v) — 1 is assigned to the maximal path in FE(vg,v). Note that h(1,v) =
|r=1(v)], v € V1 and by induction

(5.1) h(n,v) = Z |E(w,v)|h(n — 1,w), veV,.

wes(r~1(v))

Let y = (e1,€2,...) be an infinite path from Yp. Consider a sequence (P,,)
of enlarging finite paths defined by y: P, = (e1,... ,en) € E(vo,7(en)), n € N.
Then every P, can be identified with a pair (i,,v,) where v, = r(e,) and
in € [0,h(n,v,) — 1] is the number assigned to P, in E(vg,vy). Thus, every
y = (en) € Yp can be uniquely represented as an infinite sequence (i, v,) with
v, = r(e,) and 0 < 4, < h(n,v,) — 1. We also observe that i, — 0o, n — oo,
since the Borel-Bratteli diagram B has no infinite cofinal minimal paths and
(h(n,v,) — in) — 00, n — 00, since there is no infinite cofinal maximal paths
in B.

Thus, given an ordered Borel-Bratteli diagram B = (V, E, >), we have de-
fined a dynamical system (Y5, ). Our goal is to show that every Borel automor-
phism can be realized as a Vershik transformation acting on the space of infinite
paths of an ordered Borel-Bratteli diagram.

5.2. Construction of a Borel-Bratteli diagram by a Borel auto-
morphism and a vanishing sequence of markers. Let T be an aperi-
odic automorphism of (X, B). Take a vanishing sequence of markers (A,) with
X = Ag D A; D Ay D ... (see Definition 3.4)). We give a construction of an
ordered Borel-Bratteli diagram coming from (A,,) and T'.

Since A; is a recurrent complete T-section of X, there exists a partition
& = UvGVl &1(v) of X formed by at most countable collection of disjoint T-
towers & (v) = (A1 (v), T(A1(v)),..., T"E=1(A;(v))) where Upev, A1(v) = A
and V; is a subset of N. Here h(1,v) is the height of T-tower & (v).

Because A, is a subset of A;, we can assume (refining, if necessary, the
partition &) that As is a union of some sets A;(v). Then we again define & as
a disjoint collection of T-towers & (v) = (Aa(v), T(A2(v)), ..., TP =1 (Ay(v))),
v € Vo C N, with {J,cy, A2(v) = A2. We apply this construction for every A,
and find the corresponding partition &, consisting of T-towers &, (v) of finite
height h(n,v), v € V,, C N. Note that at each step, A,4+1 is a &,-set and hence
&nt1 refines &,. Moreover, for any partition & from the sequence (&,) and any
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Borel set D in X we can refine £ such that D becomes a -set. This means that
we can assume that the collection of atoms of (§,,) separates points in X.

Now define an ordered Borel-Bratteli diagram B using the sets A,, and gen-
erated by them partitions &, of X, n € N. Let V) = {vo} be a singleton (relating
to Ag = X). The set V; gives vertices at the first level in B. To define E;, we
take v € V1 and draw h(1,v) edges connecting vy and v. Enumerate these edges
from 1 to h(1,v) in an arbitrary order. Set s(e) = vp, r(e) = v for e connecting
vo and v. Thus, the set r~!(v) becomes linearly ordered for every v € V.

To define the diagram B for the next level, we take V5, obtained from the
partition &, as the set of vertices. Fix a vertex v € V5 and consider the T-tower
& (v). Tt can be easily seen that 5 (v) intersects a finite number of T-towers from
the partition &1, say &1 (v1),...,&1(vs), v1,...,vs € V1. Notice that these towers
are not necessarily different and that some of the v;’s may be met several times.
We see that h(2,v) = h(1,v1) + ...+ h(1,vs). Take the vertices vy, ..., v, from
V1 and draw the edges connecting each of them with v € V5. We get the sets
E(v;,v),i=1,...,s. The number of edges in E(v;,v) equals the multiplicity of
the vertex v; in the set vy,... ,vs. Define s(e) = v;, r(e) = v where e € E(v;,v).
To introduce a linear order on 7~ 1(v), v € Vo we consider again the T-towers
&1(v1),... & (vs) and enumerate them from 1 to s according to the natural order
in which they appear in & (v) when we go along &>(v) from the base to the top.
Enumerate the corresponding edges e € r~!(v) in the same order from 1 to s.
This procedure is applied to every vertex from V5 to define the entire set Ey
together with a partial order on FEs.

Repeating this method for every n, we construct the n-th level (V,,, E,) and
establish a partial order on E,. We see that conditions (a)—(c) of Definition 5.1
hold for the infinite graph B = (V, E') where V = J,,~, Vn and E = {J,,~, E,, are
defined as above. The partial order which we have described on E determines an
ordered Borel-Bratteli diagram B = (V| E,>) according to Definition 5.2. In-
deed, it is easy to see that B has no cofinal maximal and minimal paths. It follows
from the fact that (), T%(A,) = 0 for any k € Z. We also observe that every in-
finite path y € Yp is completely determined by the infinite sequence {(iy, vy ) }n,
v € Vp, 0 < i < h(n,v,)—1such that T +1 (A, 11 (vnt1)) C T (An(vn)), n € N.
The height h(n,v) can be found by (5.1).

Notice that if one takes a subsequence (A4, ) in (A,) and constructs a new
ordered Borel-Bratteli diagram B’ by (A,,, ) and T, then B’ turns out to be
a telescoping of B. If a set A, (v) is partitioned into a finite number of uncount-
able Borel sets A? (w) and respectively &, (v) is cut into a finite number of new
T-towers &Y (w) with base AY(w), then the above construction gives an ordered
Borel-Bratteli diagram B’ which is a splitting of B.
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The next theorem shows that any aperiodic Borel automorphism 7' can be
realized as a Vershik transformation acting on the space of infinite paths of an
ordered Borel-Bratteli diagram.

THEOREM 5.3. Let T be an aperiodic Borel automorphism acting on a stan-
dard Borel space (X,B). Then there exists an ordered Borel-Bratteli diagram
B = (V,E,>) and a Vershik automorphism ¢:Yp — Yp such that (X,T) is
isomorphic to (Y, ¥).

PROOF. Let (A,) be a vanishing sequence of markers for 7' and let &, =
(&n(v) : v € V,) be a collection of disjoint T-towers where

En(v) = (A (v), T(An(v)), ..., T (A, (v)), neN.

As mentioned above, we can assume that the atoms of (&,, n € N) generate
the Borel structure on X. By changing-of-topology results (see Remark 3.5), we
may choose a topology w on X such that:

(i) X is a Polish 0-dimensional space,
(ii) B(w) = B where B(w) is the o-algebra generated by w-open sets,
(iii) all sets T9(An(v)), v € Vi, 5 = 0,... ,h(n,v) — 1, n > 1, are clopen
in w,

(iv) T is a homeomorphism of (X,w).

Next, we observe that for fixed n € N and € > 0 one can cut each T-tower
&n(v), v € V,, into disjoint clopen towers of the same height such that the
diameter of every element of the new towers is less than . Therefore, without
loss of generality, we may assume that

(5.2) sup [diam T7 (A, (v))] — 0, n — oo.
0<j<h(n,v),vEVy
Now applying the above construction to (A,) and T (see Subsection 5.2),
we can find an ordered Borel-Bratteli diagram B = (V, E,>) together with
a Vershik transformation acting on the space of infinite paths Yz. Define a map
F:X — Yg. Given z € X, choose the unique sequence {(in,vn)}n, 0 < i <
h(n,v,) — 1, v, € V,,, such that

(5.3) T (Ang1(vn11)) C T (An(vn))

and {xz} =, T (An(v,)). As noticed in Section 5.1, such a sequence defines
a unique infinite path y € Y. We set F'(x) = y. It is clear that F is a continuous
injection of X into Yp. Moreover, it easily follows from the construction of B
and definition of Vershik transformation ¢, acting on Yp, that F(Tz) = p(Fz),
x € X. To finish the proof, we need to show only that F(X) = Yp. Take
a path y € Yp. Then y defines an infinite sequence {(iy,vn)}n, v € V,, 0 <i <
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h(n,v,) — 1 as in Section 5.1. By (5.2) and (5.3) we get a single point x such
that F(x) = y. O

REMARK 5.4. The idea of the proof of Theorem 5.3 was shown to us by
B. Miller [23]. He has pointed out that if (5.2) does not hold, then F' may be
a map onto a proper subset of Yp. However, one can show that in any case F'(X)
contains a dense Ggs-set. Indeed, define

p=NAU U 4w

nvel(m,k)
where I(m,k) = {v € V} | diam (Ax(v)) < 1/m}. Then F(D) is a dense G-
subset of Yp.

HD8

We observe that given aperiodic T € Aut(X,B) one can find a vanishing
sequence of markers such that the corresponding ordered Borel-Bratteli diagram
has a finite number of vertices at each level. To do this, we follow a suggestion
of B. Miller [23] using maximal sets.

By definition, an uncountable Borel set A is called k-mazimal for an aperiodic
automorphism T € Aut(X,B) if ANT!A=0,i=1,... ,k— 1, and A cannot
be extended to a larger set having this property. It is easy to show that A is
k-maximal if and only if

(5.4) X=|JTA and ANT'A=0, i=1,... k-1
li| <k

Hence, a maximal set A is a complete section for 7" such that every point from A
is recurrent. The existence of maximal sets can be easily deduced, for instance,
from the tower construction used in Section 2. Indeed, let £ = ({(v) : v € V),
where £(v) = (B(v), TB(v),...,T""~1B), be a partition of X into T-towers.
Define

h(v)k—1
(5.5) A=) U 7%B)
veV =0

It follows from (5.4) that A is a k-maximal set.

PROPOSITION 5.5. Given aperiodic T € Aut(X,B), there exists a vanish-
ing sequence of markers (A;) such that the corresponding ordered Borel-Bratteli
diagram has a finite number of vertices at each level.

ProOOF. Let Ag = X and let A; be a k-maximal set for T'. Since every point
x € Aj returns to Aj, one can define the induced aperiodic Borel automorphisms
Ta

, acting on Aj:

Ta,x=T™ Dz, where m(z) = min{m > 0| T™z € A,}.
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Then T4, is again an aperiodic automorphism of A; and we can find an k-
maximal set Ay C Ay for T4,. Let now A; 11 C A; be a k-maximal set for T4,,
i € N. It follows from (5.4) that the construction used in Subsection 5.2 gives
a finite number of T-towers over A; which cover X. By the same reasoning, we
see that A; is covered by a finite number of disjoint 7’4, -towers constructed over
Asy. Therefore, X is covered by a finite number of disjoint T-towers constructed
over the base As. It is easy to see that we will have this property at every stage
of the construction.

The sequence (A;);en of decreasing k-maximal sets which we have defined,
may have a non-empty intersection, Ao, = [);cy Ai- Obviously, Ao, is a wan-
dering set with respect to 7. We set Aj = (A; \ Aso) U (Uj;)5; 77 Ac). Then
A D A, ;A = 0, and therefore (A]) is a desired vanishing sequence of
markers. O

The concept of Borel-Bratteli diagram can be used to obtain another proof
of the following result (see [24, Theorem 8.9]).

COROLLARY 5.6. IfT is an aperiodic homeomorphism of a Polish space X,
then there exists a compact metric space Y and a homeomorphism S of Y such
that T is homeomorphic to the restriction of S to an S-invariant dense Gs-subset

of Y.

PrOOF. We will use the method of proof of Theorem 5.3 and Proposition 5.5
to construct a vanishing sequence of markers (A,) such that the corresponding
ordered Borel-Bratteli diagram B has a finite number of vertices at each level
and such that every sequence satisfying (5.3) has a non-empty intersection.

We start with a vanishing sequence of markers (D,,) satisfying (5.2). Let &
be a partition of X into T-towers constructed over D;. Define the k-maximal
set A; as in (5.5). Clearly, 41 D Dy. Take the induced automorphism T4,
and construct the partition & of A; into T4, -towers over Dy. Let Ay be a k-
maximal subset of A; defined again as in (5.5). Continuing this process we define
a decreasing sequence of Borel sets (4,,). Let (1,) be the partitions of X into T-
towers constructed over the A,,’s. By Proposition 5.5, the corresponding ordered
Borel-Bratteli diagram B has a finite number of vertices at each level. Moreover,
we can assume that the atoms of the partitions n,, n € N, separate points of X
(see Subsection 5.2). If {T%" (A, (v,))} is a sequence of atoms satisfying (5.3),
then the intersection of these atoms contains at most one point. But, in fact,
this intersection is non-empty because it contains the intersection of a similar
sequence of atoms of partitions defined by (D,,).

As in the proof of Theorem 5.3, take the topology w satisfying conditions (i)—
(iv). Clearly, the ordered Borel-Bratteli diagram B has maximal and minimal
paths (not necessarily unique). To define a homeomorphism S of a compact space
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Y, we use Forrest’s construction of path-sequence dynamical system generated
by a Bratteli diagram [13]. By definition, the set Y = Y; U Y, where Y] is the
set of all infinite paths from Yp different from orbits of cofinal maximal and
minimal paths and Y5 is the set of all equivalent pairs in the sense of Forrest
(z,y) with 2 maximal and y minimal paths in Yz. Let S be the homeomorphism
defined in [13] on Y. Then (Y, 5) is a Cantor dynamical system and the set Y;
is an S-invariant dense Gg-subset of Y. There is a homeomorphism between the
action of S on Y7 and the action of T on X. O

REMARK 5.7. Suppose that a Borel-Bratteli diagram B = (V, E, >) has a

finite number of vertices at each level, i.e. |V},| < 0o, n € N. Then either
(a) limsup,, |V,| = K < o0, or

(b) limsup,, |V,| = .
If (a) holds, then there exists a subsequence (n(k)) such that |V,,,| = K for all k.
By telescoping, we can produce a new Borel-Bratteli diagram B’ isomorphic to
B such that the number of vertices at each level of B’ is exactly K. If (b) holds,
then there exists a subsequence (n(k)) such that |V, )| < [V 41y for all k.
This means that for the Borel-Bratteli diagram obtained by telescoping with
respect to (n(k)), the number of vertices at each level is a strictly monotonically

increasing sequence.

Another application of Proposition 5.5 consists of a description of the closures
of odometers. We recall that in the case of Cantor dynamics the closure of
odometers in D coincides with the set of moving homeomorphisms (by definition,
S is moving if for any proper clopen set E the sets E\ SE and SE \ E are not
empty). In Borel dynamics the notion of moving automorphisms has no sense.

THEOREM 5.8.

(a) Od" = Ap and Od° = Ap mod (Ctbl).

(b) Od" C Inec.

(3) 87mD D @D D Ap assuming that (X, d) is a compact metric space.

PrOOF. (a) Given T' € Ap and € > 0, choose a natural number n > 1/¢. By
Proposition 5.5, we can find a partition £ of X into a finite number of disjoint
T-towers £(v) = (A(v), TA(v),... ,T""=1A(v)), v € V, |V| < oo, such that
min(h(v) : v € V) > 2n. We call the £-set

L) = | T" " A(w), i=0,...,n—1,
VeV
the ¢-th level in the partition . Let p be a Borel probability measure on X. Then
there is a pair (L(ig), L(ig+1)) such that u(L(ig)UL(ip+1)) < e,i9 =0,... ,n—1.
Take now the set L(ip) and construct a new partition & of X into disjoint T-
towers &'(j), 7 = 1,... .k, with the base L(ig) and the top L(ig + 1). Define
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the automorphism S of X to coincide with T everywhere except on the top level
L(ig +1). We define S on L(ig + 1) as a Borel one-to-one map from the top of
the tower ¢'(j) onto the base of ¢(j + 1), j —1,... ,k — 1, and the top of &'(k)
is sent by S onto the base of £’(1). In such a way, the space X is represented as
an S-tower. It is easily seen that the definition of S can be refined to produce
an odometer S7 which agrees with S everywhere except the top of the S-tower.
By construction, u(E(S1,T)) < €. The fact that the set Od is dense in Ap with
respect to 7 follows now from the latter inequality and Remark 2.8(d).
To prove the other statement of (a), we note first that by Theorem 3.11

Od”’ c Ap mod (Ctbl)

since Od C Ap and Ap"° = Ap mod (Ctbl). On the other hand, the topology T
is stronger than 7y and therefore

0d" >0d = Ap
Hence Ap mod (Ctbl) ¢ @d° and we are done.
(b) This follows from the fact that Znc is closed in p (Theorem 3.15).
(¢) We note that once we have a finite partition of X into T-towers as in
Proposition 5.5, then every tower can be additionally cut into finitely (or count-
ably) many subtowers such that the diameter of every atom is sufficiently small.

To construct either an odometer or a smooth automorphism, we can use the
same method as in the proof of (a). O

5.3. Special Borel-Bratteli diagrams. In this subsection we first de-
fine the notion of special Borel-Bratteli diagrams and then indicate a class of
automorphisms which are completely described by these diagrams.

By definition, an ordered Borel-Bratteli diagram B = (V, E,>) is called
special if it satisfies the following conditions:

(i) V=U,so Vs and for n > 1, V,, = U;5,, Vouj, where V,,; NVy50 = 0, j #
j', and 2 < |V,;| < co. The set V,,, is a union of two disjoint sets V,,,,(0)
and V,,,, (1) with |V,,,,(0)] > 2.

(ii) E =, En where each E, is a union of disjoint finite subsets F,,; for
j > n, such that for j > n and e € E,;, one has s(e) € V,,_1, r(e) €
Vi; and S(Enj) = Vp—1,j. The set E,,, is a union of two disjoint subsets
Epnn(0) and E,,(1) such that s(e) € V,_1n-1, r(e) € Vp,(0) if e €
Enn(0) and s(e) € Vi1 p, r(e) € Vin(l) if e € Eppn(1). Moreover,
[r=1(v)| = 1if v is either in V,,j, j > n, or v € Vo (1). If v € V,,,,(0),
then |r~1(v)| > 4. The edges e; < ... < e, from |r~1(v)], v € V,,,(0)
are ordered such that s(e1) € V,—1.p, s(e;) € Vpm1 o1, 0 =2,... ,m—1
and s(ey,) is either in V,,_q (1) or in V;,_1 ;, j > n — 1. By definition,
s(En;) = Vi—1,;-



380 S. BEZUGLYI A. H. DOOLEY J. KWIATKOWSKI

Figure 1 is an example of a special Borel-Bratteli diagram which illustrates
the above definition (we do not indicate a partial order on edges of this diagram).
It follows from the definition (see also Figure 1) that the set of infinite paths
does not have cofinal minimal and maximal paths.

FIGURE 1

In the proof of Theorem 5.3 we used the fact that a given Borel dynamical
system (X, T) together with a vanishing sequence of markers can be topologized
by a topology w (without changing the Borel structure) such that X becomes
a 0-dimensional Polish space, all atoms of partitions defined by the sequence
of markers are clopen, and T becomes a homeomorphism. The next theorem
shows that if additionally the space X is locally compact in w, then applying the
construction given in Subsection 5.3 we get a special Borel-Bratteli diagram.

THEOREM 5.9. Let X be a locally compact 0-dimensional Polish space and
let T be a homeomorphism of X. Then T is homeomorphic to a Vershik transfor-
mation acting on the space of infinite paths of a special Borel-Bratteli diagram.

PROOF. Let (A,,) be a vanishing sequence of markers for 7" and let &,,, n € N,
be a partition of X into disjoint T-towers

&)= (T9(A,(v):5=0,... ,h(n,v) = 1), veV,
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constructed as in Subsection 5.2. Our assumptions imply that X can be taken
to be a locally compact 0-dimensional Polish space, T' is a homeomorphism, and
each atom T7(A,(v)) of &,, n € N is a clopen set.

CLAamM 1. Let X = UiZO X; be a partition into compact clopen disjoint sets
X;, then B, := Uizn Xi;,n=0,1,..., is a vanishing sequence of markers for T.

PROOF. To see this, we note that A,, n € N, is clopen because the comple-

ment
h(n,v)—1
A=X\A,= | U TAnw)
veV, j=1

is open. Then for any compact set Y, we have that [{n | A,NY # 0}| < oo, that
is A, C Y© for sufficiently large n (recall that the A, D A,41 and N, A, = 0).
Given ¢, choose n; € N such that (U;:1 X;)NA, =0 for n > n;. Then
An, € Xiy1 U Xi42 U ..., hence B, is a complete T-section. Thus, (B,,) is
a vanishing sequence of markers. It is easy to see that the partition &, (we do
not change our notation here), defined by B,, and the homeomorphism T, also
consists of clopen sets for all n. The claim is proved.

CLAIM 2. There exists a decomposition of X into clopen compact sets Xg, X1,

Xy ... such that partitions &,, n € N, constructed by the vanishing sequence of
markers A, == X, UX,11U...,n=0,1,..., have the following properties:
(5.6) h(n,v) =1 if A,(v) C | Xi,
i>n

(5.7) X, = A, (v) where Vi, C Vi, Vil < 00,

VEVnn

n—1 h(n,v)—1
(5.8) Xi= J U 77(4n)

=1 UEVnn(O) j>1

where Vi (0) = {v € Vi | h(n,v) > 1}.

Proor. Take a partition of X into compact clopen sets (Yp, Y7,...). Denote
By := U;>, Yi, n € N, and let T/ (B,(v)), 5 = 0,... ,h(n,v) — 1, v € V,,, be
elements of the partition 7, of X into clopen T-towers constructed by 7' and
B,,. Without loss of generality, we can assume that the T-towers (177 (B, (v)) :
j=0,...,h(n,v) — 1) are chosen such that
(5.9) lim [ sup (diam 79 (B,,(v)))| = 0.

n—0oo ’Ue‘/n
Consider these T-towers over B,,, n > 1. We can also assume that every Y; is
an 1,-set. Since YoU...UY,,_; is compact, we can chose minimal m = m(n) > n
such that h(n,v) = 1if B,(v) C Y;, ¢ > m(n). Let V,,,, be a finite subset of V,,
such that the disjoint T-towers 1, (v), v € Vy, cover Yo U ... U Yy (). Some of
those towers may be of height 1. Note that the set Yo U...UY,,_1 is covered by
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a finite subset of T-towers 7, (v) of heights greater than 1. Denote these towers
by Vi (0), that is

h(n,v)—1
YoUu...UY, 1= |J U 77B.w).
’UEVnn(O) J=1
Let V(1) = Vi \ Vi (0). Then h(v,n) =1 when v € V,,,(1).
Define a sequence of clopen compact disjoint sets (X,,) by induction. Let
Xo =Y, and set

Xl :Ylu...Ule, maq :m(l),
X2 :Y;n1+1U...UYm2, meo :m(ml),

Let A, = X, UX,11U..., n €N. Using (A4,) and T, construct refining
partitions (&), satisfying (5.9). It follows from the construction that (&,) is
a telescoping of (7,,). Then X is partitioned by &, into disjoint T-towers &, (v) =
(T (Ap(v)) : 45 = 0,...,h(n,v) — 1), v € V,, such that conditions (5.6)—(5.8)
hold. The decomposition of X = Xy U X; U... and towers &,(v) are shown in
Figure 2. The claim is proved.

XoU...UXp 1

FIGURE 2
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To complete the proof of the theorem, we need to show that the ordered
Borel-Bratteli diagram B = (V, E, >) constructed by the vanishing sequence of
markers (A,) defined in the proof of Claim 2 satisfies properties (i) and (ii) of
the definition of a special Borel-Bratteli diagram.

Denote by V,,; = {v € V,, | A,(v) C X;}, 7 > n, n € N. Let E,; be the set
of edges between V,,; and V,,_1 ;. Then V,, is partitioned into non-empty finite
sets V,,j, j > n. Clearly, we can assume that |V,,;| > 2 for all n, j refining, in
case of need, the partition &,. It is obvious that for every A, (v), v € V,,;, j > n,
there exists a unique set A,_1(v’), v' € V,,_1; such that A,(v) C Ap—1(v').
This means that the set F(v',v) of edges connecting v’ and v has exactly one
element.

The set V,, is divided into two sets V4, (0) = {v € Vi, | h(n,v) > 1} and
Vin (1) = {v € Vo, | h(n,v) =1}, n € N. Then

h(n,v)—1
(5.10) XoU..UX,0= |J U 77(4n)),
VEV,,(0) J=1
(5.11) X, NT N XpUXnp U )= | An).
VEVnn (1)

Moreover,

(5.12) U Apn(0) =X, NT HXoUX U...UX,_1) =X, NTH(X,_1).
0EVnn (0)

Relations (5.10)-(5.12) show that 7~1(v) consists of a single edge connecting
v € Vpr(1) and a vertex w € V,,_1 ,,. Without loss of generality, we can assume
that |V,,(0)] > 2. If v € V,,,,(0), then the set r—!(v) has a unique edge e(w,v)
connecting v with some w € V,,_; ,, and a number of edges which connect v with
vertices from V,,_; ,—1. It follows from the construction of refining sequence
(&n) that s(E,;) = V1 for j > n. We get also from (5.12) that s(E,,(0)) =
Vi—1,n—1 where E,,,,(0) is the set of edges arriving to vertices from V;,,,(0). A non-
trivial linear order on r~1(v) should be defined for v € V,,,,(0). We assign the
least value 1 to the edge e(w,v). The maximal value of the defined order on
r~1(v) is assigned to an edge e such that s(e) is either in V;,_1 ,, or in V;,_1 5,1 (1).
It is obvious that the set Yp of infinite paths is uncountable and has no cofinal
maximal and minimal points. The fact that T is isomorphic to the Vershik
automorphism acting on Yp is proved as in Theorem 5.3 and Proposition 5.5.0]
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