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Introduction

(A) The original motivation for this work came from the study of cer-
tain results in ergodic theory, primarily, but not exclusively, obtained over
the last several years. These included: i) Work of Hjorth and Foreman-
Weiss concerning the complexity of the problem of classification of ergodic
measure preserving transformations up to conjugacy, ii) Various results con-
cerning the structure of the outer automorphism group of a countable mea-
sure preserving equivalence relation, including, e.g., work of Jones-Schmidt,
iii) Ergodic theoretic characterizations of groups with property (T) or the
Haagerup Approximation Property, in particular results of Schmidt, Connes-
Weiss, Jolissaint, and Glasner-Weiss, iv) Results of Hjorth, Popa, Gaboriau-
Popa and Toérnquist on the existence of many non-orbit equivalent ergodic
actions of certain non-amenable groups, v) Popa’s recent work on cocycle
superrigidity.

Despite the apparent diversity of the subjects treated in these works,
we gradually realized that they can be understood within a rather unified
framework. This is the study of the global structure of the space A(T, X, u)
of measure preserving actions of a countable group I' on a standard measure
space (X, 1) and the canonical action of the automorphism group Aut(X, u)
of (X, ) by conjugation on A(T', X, i) as well as the study of the global
structure of the space of cocycles and certain canonical actions on it. Our
goal here is to explore this point of view by presenting (a) earlier results,
sometimes in new formulations or with new proofs, (b) new theorems, and
finally (c) interesting open questions that are suggested by this approach.

(B) The book is divided into three chapters, the first consisting of Sec-
tions 1-9, the second of Sections 10-18, and the third of Sections 19-30.
There are also nine appendices.

In the first chapter, we study the automorphism group Aut(X,u) of
a standard measure space (i.e., the group of measure preserving automor-
phisms of (X, 1)) and various subgroups associated with measure preserving
equivalence relations. Note that Aut(X,u) can be also identified with the
space A(Z, X, i) of measure preserving Z-actions. Sections 1, 2 review some
basic facts about the group Aut(X,p). In Section 2 we also show that
the class of mild mixing transformations in Aut(X,u) is co-analytic but
not Borel (a result also proved independently by Robert Kaufman). This
is in contrast with the well-known fact that the ergodic, weak mixing and
(strong) mixing transformations are, resp., G5, G5 and Fys sets. In Section
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iv INTRODUCTION

3 we discuss the full group [E] C Aut(X, p) of a measure preserving count-
able Borel equivalence relation E on (X, it). In Section 4 we give a detailed
proof of Dye’s reconstruction theorem, which asserts that the equivalence
relation E is determined up to (measure preserving) isomorphism by [F]
as an abstract group. In Section 5 we give a new method for proving the
turbulence property of the conjugacy action of Aut(X,u) on the set ERG
of ergodic transformations in Aut(X, ), originally established by Foreman-
Weiss, and use this method to prove other turbulence results in the context
of full groups. We also extend the work of Hjorth and Foreman-Weiss on
non-classification by countable structures of weak mixing transformations in
Aut(X, ), up to conjugacy or unitary (spectral) equivalence, to the case of
mixing transformations (and obtain more precise information in this case).
In Sections 6, 7 we review the basic properties of the automorphism group
N[E] of a measure preserving countable Borel equivalence relation E on
(X, 1) and its outer automorphism group, Out(E), and establish (in Section
7) the turbulence of the latter, when E is hyperfinite (and even in more
general situations). Understanding when Out(E) is a Polish group (with
respect to the canonical topology discussed in Section 7) is an interesting
open problem raised in work of Jones-Schmidt. In Section 8 we establish
a connection between the Polishness of Out(FE) and Gaboriau’s theory of
costs and use it to obtain a partial answer to this problem. In Section 9 we
discuss Effros’ notion of inner amenability and its relationship with the open
problem of Schmidt of whether this property of a group is characterized by
the failure of Polishness of the outer automorphism group of some equiva-
lence relation induced by a free, measure preserving, ergodic action of the
group. Some known and new results related to this concept and Schmidt’s
problem are presented here.

In the second chapter, we start (in Section 10) with establishing some
basic properties of the space A(T', X, ) of measure preserving actions of a
countable group I' on (X, u). For finitely generated groups, we also calcu-
late an upper bound for the descriptive complexity of the cost function on
this space and use this to show that the generic action realizes the cost of
the group. In Section 11 we recall several known ergodic theoretic char-
acterizations of groups with property (T) or the Haagerup Approximation
Property (HAP). In Section 12 we study the structure of the space of er-
godic actions (and some of its subspaces) in A(T', X, ), recasting in this
context characterizations of Glasner-Weiss and Glasner concerning property
(T) or the HAP, originally formulated in terms of the structure of extreme
points in the space of invariant measures. In Section 13 we study, using
the method introduced in Section 5, turbulence of conjugacy in the space
of actions and also discuss work of Hjorth and Foreman-Weiss concerning
non-classification by countable structures of such actions, up to conjugacy.
We also prove an analogous result for unitary (spectral) equivalence. In Sec-
tion 14, we present the essence of Hjorth’s result on the existence of many
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non-orbit equivalent actions of property (T) groups as a basic property con-
cerning the topological structure of the conjugacy classes of ergodic actions
of such groups. We use Hjorth’s method to show that for such groups the set
of ergodic actions is clopen in the uniform topology and so is each conjugacy
class of ergodic actions. In Section 15 we study connectedness properties in
the space of actions, using again the method of Section 5. This illustrates
the close connection between local connectedness properties and turbulence.
We show, in particular, that the space A(I', X, u) is path-connected in the
weak topology. We also contrast this to the work in Section 14 to point out
the interesting phenomenon that connectedness properties in the space of
actions of a group seem to be related to properties of the group, such as
amenability or property (T). In particular, for groups I with property (T),
we determine completely the path components of the space A(T", X, 1) in the
uniform topology. In Section 16 we discuss results of Popa concerning the
action of SLy(Z) on T2. These are used in Section 17, along with other ideas,
in the proof of a non-classification result of Térnquist for orbit equivalence
of actions of non-abelian free groups. We also briefly discuss very recent re-
sults of Ioana, Epstein and Epstein-loana-Kechris-Tsankov that extend this
to arbitrary non-amenable groups. Finally, Section 18 contains a survey of
classification problems concerning group actions.

In the third chapter, we give in Section 19 a short introduction to the
properties of the group of group-valued random variables and then in Sec-
tions 20, 21 we discuss the space of cocycles of a group action or an equiv-
alence relation and some of the invariants associated with such cocycles,
like the associated Mackey action and the essential range. We also discuss
cocycles arising from reductions and homomorphisms of equivalence rela-
tions. Our primary interest is in cocycles with countable (discrete) targets.
The next two Sections 22 and 23 contain background material concerning
continuous and isometric group actions and Effros’ Theorem. The topol-
ogy of the space of cocycles is discussed in Section 24 and the study of the
global properties of the cohomology equivalence relation is the subject of
the final Sections 25-30. Section 25 contains some general properties of the
cohomology relation, and Section 26 is concerned with the hyperfinite case.
There is a large literature here but it is not our main focus in this work.
There is a fundamental dichotomy in the structure of the cohomology re-
lation for the cocycles of a given equivalence relation (or action), which in
some form is already present in the work of Schmidt for the case of cocycles
with abelian targets. In a precise sense, that is explained in these sections,
when an equivalence relation E is non Ey-ergodic (or not strongly ergodic),
the structure of the cohomology relation on its cocycles is very complicated.
This is the subject in Section 27. On the other hand, when the equivalence
relation E is Ey-ergodic (or strongly ergodic), then the cohomology relation
is simple, i.e., smooth, provided the target groups satisfy the so-called min-
imal condition on centralizers, discussed in Section 28 (and these include,
e.g., the abelian and the linear groups). If the target groups do not satisfy
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this condition, in certain situations, like, e.g., when E is given by an action
of the free group with infinitely many generators, the cohomology relation is
not smooth. Thus in the Fy-ergodic case, there is an additional dichotomy
having to do with the structure of the target groups. This is the topic of
Section 29. Finally in Section 30 we deal with the special case of actions of
groups with property (T) and discuss some recent results of Popa on cocycle
superrigidity. We also establish in the above sections some new character-
izations of amenable and property (T) groups, that, in particular, extend
earlier results of Schmidt and also show that there is a positive link between
the Ey-ergodicity of an equivalence relation E and the Polishness of its outer
automorphism group, Out(E), an issue raised by Jones-Schmidt. They have
pointed out that FEp-ergodicity does not in general imply that Out(E) is
Polish but we show in Section 29 that one has a positive implication when
E is induced by a free action of a group with the minimal condition on
centralizers.

Appendices A — I present background material concerning Hilbert spaces
and tensor products, Gaussian probability spaces and the Wiener chaos de-
composition, several relevant aspects of the theory of unitary representations
(including unitary representations of abelian groups and induced representa-
tions as well as some basic results about the space of unitary representations
of a group) and finally semidirect products of groups. We also include, in
Appendix E, a detailed proof of the standard result that any unitary repre-
sentation of a countable group is a subrepresentation of the Koopman rep-
resentation associated with some measure preserving action of that group.

(C) I would like to thank Miklés Abért, Scot Adams, Oleg Ageev, Sergey
Bezuglyi, Andrés Caicedo, Clinton Conley, Damien Gaboriau, Sergey Gefter,
Eli Glasner, Greg Hjorth, Adrian Ioana, John Kittrell, Alain Louveau, Ben
Miller, Sorin Popa, Dinakar Ramakrishnan, Sergey Sinelshchikov, Simon
Thomas, Todor Tsankov and Vladimir Zhuravlev for their comments on
this book or useful conversations on matters related to it. Finally, I would
like to thank Leona Kershaw for typing the manuscript.

Research for this work was partially supported by NSF Grant DMS-
0455285.



CHAPTER 1

Measure preserving automorphisms

1. The group Aut(X, u)

(A) By a standard measure space (X,p) we mean a standard Borel
space X with a non-atomic probability Borel measure p. All such spaces are
isomorphic to ([0,1], A), where A is Lebesgue measure on the Borel subsets
of [0,1]. Denote by MALG,, the measure algebra of p, i.e., the algebra of
Borel subsets of X, modulo null sets. It is a Polish Boolean algebra under
the topology given by the complete metric

d(A, B) = d,(A, B) = n(AAB),

where A is symmetric difference.

Throughout we write L2(X,u) = L?(X,u,C) for the Hilbert space of
complex-valued square-integrable functions. When we want to refer explic-
itly to the space of real-valued functions, we will write it as L?(X, i, R).

We denote by Aut(X, i) the group of Borel automorphisms of X which
preserve the measure p and in which we identify two such automorphisms
if they agree p-a.e.

Convention. In the sequel, we will usually ignore null sets, unless there
is a danger of confusion.

There are two fundamental group topologies on Aut(X, u): the weak and
the uniform topology, which we now proceed to describe.

(B) The weak topology on Aut(X, p) is generated by the functions
T T(A), AeMALG,,

(i.e., it is the smallest topology in which these maps are continuous). With
this topology, denoted by w, (Aut(X, ), w) is a Polish topological group. A
left-invariant compatible metric is given by

5.u(,T) = 3 27" u(S(A)AT(A,)),

where {A,} is a dense set in MALG,, (e.g., an algebra generating the Borel
sets of X), and a complete compatible metric by

6w (S, T) = 6,(S,T) + 6, (S™1H,T7Y).

We can also view Aut(X, ) as the automorphism group of the measure
algebra (MALG,,, 1) (equipped with the pointwise convergence topology),
as well as the closed subgroup of the isometry group Iso(MALG,,,d,) (again

1



2 I. MEASURE PRESERVING AUTOMORPHISMS

equipped with the pointwise convergence topology) consisting of all T' €
Iso(MALG, d,) with T'(0) = (. (We only need to verify that an isometry
T with T'(0) = () is an automorphism of the Boolean algebra MALG,,. First
notice that p(A) = d, (0, A) = d,(0,T(A)) = n(T(A)). Next we see that if
A,B € MALG, and AN B =0, then T(A) NT(B) = (. Indeed d,(A, B) =
u(4) + p(B), thus d,,(T(A), T(B)) = dy(A, B) = j(A) + u(B) = u(T(A)) +
w(T(B)), so T(A)NT(B) = 0. From this we obtain that T'(~ A) = ~ T(A)
(where ~ A = X \ A), since d,(A,~ A) =1, so d,(T'(A),T(~ A)) =1 and
T(A)NT(~ A)) =0, s0 T(~ A) =~T(A). Finallyy AC B AN(~ B) =
0= TAN(~T(B)) =0« T(A) CT(B),soT is an automorphism of the
Boolean algebra.)

Identifying 7' € Aut(X, ) with the unitary operator on L?(X, 1) defined
by

Ur(f)=foT™,

we can identify Aut(X, ) (as a topological group) with a closed subgroup
of U(L?(X, 1)), the unitary group of the Hilbert space L?(X, 1), equipped
with the weak topology, which coincides on the unitary group with the
strong topology. With this identification, Aut(X, u) becomes the group of
U € U(L*(X,p)) that satisfy:

U(fg) =U(f)U(g) (pointwise multiplication)

whenever f,g, fg € L*(X, ), i.e., the so-called multiplicative operators. It
also coincides with the group of U € U(L?(X, p)) that satisfy

fz0=U(f) =0,
U(1) =1,
i.e., the so-called positivity preserving operators fixing 1. Note also that any
such U preserves real functions.

Let LE(X,pu) = Ct = {f € L*(X,p) : [ fdu = 0} be the orthogonal
of the space C = C1 of the constant functions. Clearly Up is the identity
on C and LZ(X,p) is invariant under Ur. So we can also identify 7' with
U9 = Ur|LE(X, p) and view Aut(X, u) as a closed subgroup of U(L3(X, u)).

The map T + Ur of Aut(X, u) into U(L?(X, p)) is called the Koopman
representation of Aut(X, ). It has no non-trivial closed invariant subspaces
in L3(X, u), i.e., the Koopman representation on L3(X, ) is irreducible (see
Glasner, [G12], 5.14).

Finally, for further reference, let us describe explicitly some open bases
for (Aut(X, p),w). The sets of the form

Vs Ar.ape = AT : Vi <n(u(T(A)AS(A:)) <€)},

where Ay,..., A, € MALG,,e > 0,5 € Aut(X, ), form an open basis for
w. This is immediate from the definition of this topology.
Next we claim that the sets of the form

Ws Ay Ape =T : Vi, j <n(|p(S(A) N Aj) — p(T(A;) N Aj)| < e)},
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for Ay,..., A, € MALG,, e > 0,5 € Aut(X,p), form an open basis for
w. The easiest way to see this, as pointed out by O. Ageev, is to use the
identification of (Aut(X, ), w) with a closed subgroup of U(L?(X, u)) with
the weak topology, which is generated by the functions U — (U(f),g) =
JU(f)gdp, for f,g € L*(X, ). Simply notice that if we denote by x4 the
characteristic function of a set A, then the linear combinations Y " | ;X 4,
of characteristic functions of Borel sets form a dense set in the Hilbert space
L*(X, p) and (Ur(xa),xs) = [(xa o T~")xpdu = (T (A) N B).

It is clear that we can restrict in Vg a,..a,. or Wga, .a,. the sets
A1,..., A, to any countable dense set in MALG,, and € to rationals and
still obtain bases. Also it is easy to check that we can restrict above
the Aj,..., A, to belong to any countable dense (Boolean) subalgebra of
MALG,, and moreover assume that Ai,..., A, form a partition of X (by
looking, for each Ay,..., A,, at the atoms of the Boolean algebra generated
by Ai,..., A4,).

(C) We now come to the uniform topology, u. This is defined by the
metric

0,(8,T) = Sap - u(S(A)AT(A)).

This is a 2-sided invariant complete metric on Aut(X, 1) but it is not sepa-
rable (e.g., if S, denotes the rotation by o € T of the group T, then {S,} is
discrete). Clearly w G w.

An equivalent to ¢/, metric is defined by

6u(S,T) = p({z : S(x) # T(2)}).
In fact,
260 <0<
The metric 6, is also 2-sided invariant. For T : X — X let

supp(T) = { : T(x) # x}.
Then 6,,(7,1) = pu(supp(7')), where 1 = id (the identity function on X).

We note that each closed ¢ -ball is closed in w and therefore each open
d!,-ball is F,; in w. To see this, note that for each Ty € Aut(X, p), e > 0, the
ball

{T : 0,,(Ty, T) < €}
coincides with the set of T satisfying
VA € MALG,(d,.(T(A),To(A)) < e).

Similarly, each closed §,-ball is closed in w. To see this, it is enough to
show, for each € > 0, that the set {T": §,,(T,1) > €} is open in w. Fix T with
0u(T,1) > €. Then we can find pairwise disjoint Borel sets A41,..., A, with
S (A > eand T(A) N A; = 0,Vi < n. Fix § < (3070, n(4i) — e).
Then if p(S(A;)AT(A;)) < 9,Vi < n, we have

n(S(Ai)AA;) = p(T(Ai)AA;) — p(S(Ai)AT(4;)) > 2u(A;) — 6,
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so (A \ S(Ai)) > pu(A;) —6,¥i <n. Then 6,(S,1) > > | pu(A; \ S(4;)) >
Yo m(Ay) —nd > e

It follows that both §, and 4], are lower-semicontinuous in the space
(Aut(X, p), w)?.

Let us finally observe that similar calculations show that the map

T +— supp(T)
Aut(X, u) — MALG,

is continuous in (Aut(X,pu),u) and Baire class 1 in (Aut(X,u),w). This
is clear for u. For the weak topology, we need to show that for each A €
MALG,,, e > 0, the set {T": u(supp(T)AA) < e} = F is F,. Note that

TeF < do,fla,feQand o, >0 and a+ [ < € and
u{z g A:T(z) # x}) < a and
ullr € A:T(x) = 2}) < 8]

Now the previous argument also shows that for each v > 0, B € MALG,,,
(T:p({w € B:T() £ ) > 7}

is open in w. It follows that

{T:p(fe ¢ A: T(2) #2}) < a}

is closed in w and since pu({x € A T(z) =z}) = p(A) —pu({xr € A: T(z) #
x}), the set

{T:u{x e A:T(x) =x}) < B}

is open in w, thus F' is F, in w. O

Remark. One could also consider the operator norm topology on the
group Aut(X,u) induced by the identification T — Up. However, it is
easy to see that this is the discrete topology. We will show that T # 1 =
|Ur — I]| > 1 (where I is the identity operator on L?(X,u)). Since T # 1
there is a set of positive measure on which T'(z) # x, so there is a set A
of positive measure, say €, such that T(A) N A = (. Let f € L*(X, u) be
equal to ﬁ on A and 0 otherwise. Thus ||f| = 1. Also |Ur(f) — f|I?> =

ST @) = f(@)Pdu(@) > [, [F(T7H (@) = f2)Pdp(z) = 1.

Convention. When we consider Aut(X, p) as a topological group with-
out explicitly indicating which topology we use, it will be assumed that it is
equipped with the weak topology.

Comments. The basic facts about the topologies w,u can be found
in Halmos [Ha]. Note however that Halmos uses 4, for our ¢, (and vice
versa). Since we more often use (our) d,, we decided to leave it unprimed.
For the characterizations of the unitary operators Up,T € Aut(X, u), see,
e.g., Fleming-Jamison [FJ], p. 73, Glasner [G12], p. 366, and Walters [Wa],
Ch. 2.
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2. Some basic facts about Aut(X, u)

(A) An element T' € Aut(X, p) is periodic if all its orbits are finite a.e.
It is periodic of period n if for almost all z,7%(z) = z,T*(z),...,T" ()
are distinct but 7" (x) = z. It is aperiodic if T"(z) # x for all n # 0, a.e.

Consider now X = 2N, ;s = the usual product measure. A basic nbhd of
rank n is a set of the form

Ny,={zec2V:s5Cua},

where s € 2". A dyadic permutation of rank n is determined by a permuta-
tion 7 of 2" via
Tr(s"z) =m(s) x.
It is clearly in Aut(X, u). If 7 is cyclic, we call the corresponding T} a cyclic
dyadic permutation of rank n. In that case T); is periodic of period 2".
We now have the following approximation theorem.

Theorem 2.1 (Weak Approximation Theorem, Halmos [Ha]). The
cyclic dyadic permutations are dense in (Aut(X, u),w). In fact, every open
set contains cyclic dyadic permutations of any sufficiently high rank.

Remark. The following nice argument for the special case of 2.1 that
states that a measure preserving homeomorphism of X can be weakly ap-
proximated by a dyadic permutation comes from [LS], where it is attributed
to Steger.

Fix T € Aut(X, ), T a homeomorphism. It is enough to show that for
any given € > 0 and f1,..., f, € C(X), there is n such that for any N > n,
there is 7 of rank N such that |fo(T-(z)) — fo(T~(2))| < ¢,Vz € X, £ =
1,...,m. Choose n large enough so that the oscillation of every fo, fpoT ™1
on each basic nbhd of rank n is < €/2. Fix now N > n and enumerate the
basic nbhds of rank N as Dj,..., Dy~. Next define a bipartite graph G on
two disjoint copies of {1,...,2V} by:

(i,j) € G < D;NT(D;) # 0.
Claim. This satisfies the criterion for the application of the marriage

theorem.

Granting this, by the marriage theorem, there is a bijection

e:{1,....2My =~ {1,...,2™}
with D; N T(Dy(;)) # 0. Consider now z € X. Say z € DZ7 so that
Tp(z) € Dyiy.- AlsoT Y(Di) N Dygiy # 0, so find z € D; with T71(z) =y €
Dy Then |fy(Ty(2)) — fe(y)l < €/2 and | fo(y) — fo(T~}(z))| < /2, thus
|fe(Ty(z)) — fo(T1(2))| < e. Finally, put m = ¢~ 1.

Proof of the claim. Fix A C {1,...,2"} of cardinality M. We will
check that there are > M points adjacent to elements of A. If not, then there
is B C {1,...,2N} of cardinality > 2 — M such that D; N T(D;) = () for
alli € A,j € B. Then (Uiea D) N (Ujep T(D))) = 0,50 1 > S (D) +
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2N

> iep (T(Dj)) = QMN + X jep M(Dj) > QMN + 2;M = 1, a contradiction.
Similarly reversing the roles of i, j. O

In particular, 2.1 implies that (Aut(X, u), w) is topologically locally finite,
i.e., has a locally finite countable dense subgroup.

We also have the following result which is a consequence of the Rokhlin
Lemma.

Theorem 2.2 (Uniform Approximation Theorem, Rokhlin, Halmos
[Ha]). If T € Aut(X, p) is aperiodic, then for each N > 1,¢ > 0 there is a
periodic S € Aut(X, ) of period N such that 6,(5,T) < % + €.

Consider now the set APER of all aperiodic elements of Aut(X, p). Then
as

1
T € APER & Vn (6,(T",1) = 1) < Vn¥m (5U(T", 1)>1- m) ,

APER is G5 in (Aut(X, p), w). (It is also clearly closed in (Aut(X, u),u).)
In fact the following holds.

Proposition 2.3. APER is dense G in (Aut(X, u), w).

Proof. Take X = 2N with the usual measure p. Then the sets of the
form

k
(T : du(T(D;), To(Dy)) < e},
=1

D; finite unions of basic nbhds, Ty € Aut(X, u),e > 0 form a nbhd basis
for Ty in w. Thus it is enough for each dyadic permutation 7, of rank say
n, to find T € APER such that for each s € 2", T(N,) = Tr(N;) = Nr(s)-
Let ¢ : 2V — 2N be any aperiodic element of Aut(X, i), e.g., the odometer:
e(1™0"x) = 0™ 17z, (1°°) = 0. Define then T'(s"z) = 7(s)"p(z). Clearly
this works. O

Moreover, using the Uniform Approximation Theorem, one obtains the
following result.

Theorem 2.4 (Conjugacy Lemma, Halmos [Ha]). Let T € APER.
Then its conjugacy class {STS™' : S € Aut(X,p)} is uniformly dense in
APER. Therefore its conjugacy class is weakly dense in Aut(X, ). Con-
versely, if the conjugacy class of T is weakly dense, T € APER.

Proof. Observe that if U,V are periodic of period N, then they are
conjugate. Indeed let A C X be a Borel set that meets (almost) every orbit
of U in exactly one point and let B C X be defined similarly for V. Then
1(A) = u(B) = . Thus there is Sy € Aut(X, p1) with So(A) = B. Define
now S € Aut(X, u) by

S(z) = So(x), if x € A,
S(U™(x)) =V"™(Sy(x)), ifz e A, 0 <n < N.
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Then S € Aut(X, u) and SUS™! = V.

Now given aperiodic T, W and € > 0, find periodic U, V' of large enough
period N such that §,(T,U) < €,6,(W,V) < € and find S € Aut(X, 1) with
SUS™! = V. Then as §, is 2-sided invariant,

6u(STS™L, W) < 6,(STS™, SUS™Y) + 6,(V, W) < 2,

so we are done.
For the last assertion, note that if T" is not aperiodic, then for some n #
0,6 < 1,0,(T", 1) < € and so §,((STS™1)", 1) < € for every S € Aut(X, ).
O

On the other hand every conjugacy class is small in the sense of category.
In fact one has a stronger conclusion concerning unitary (or spectral) equiv-
alence classes. Consider Aut(X, i) as a closed subgroup of U(L?(X, p)) via
the identification T' +— Up. Then we say that T,.S € Aut(X, ) are unitarily
equivalent or spectrally equivalent if they are conjugate in U(L?(X, p1)). This
is clearly a coarser equivalence relation than conjugacy in Aut(X,u). One
now has:

Theorem 2.5 (Rokhlin). Every unitary equivalence class in Aut(X, u) is
meager in the weak topology. In particular, this is true for every conjugacy
class in Aut(X, p).

Proof (Hjorth). We work below in the weak topology. Fix aset A C X
with z(A) = 1. We claim that the open set

((S,T) : In[u(S"(A)AA) < ﬁ and j(T"(A)AA) > é]}

which is equal to

{(5,7) : 3nllUE(xa) — xall < o5 and [UF(xa) — xall > 513

is dense in Aut(X,pu)2. To see this, notice that by 2.4 the set of mixing
T € Aut(X, ) is dense in Aut(X,u). So, given any (So, Tp) € Aut(X, u)?,
we can find mixing 7" as close as we want to Tp. Then p(7"(A) \ A) —
n(A)p(X \ A) = 1, so for some N and all n > N, u(T"(A)AA) > 5. On the
other hand, by 2.1 we can find periodic S of period > N as close as we want
to Sp. For such S, if S has period n, u(S™"(A)AA) = 0, and we are done.
(Notice that it would be enough here to take T' weak mixing, since then there
would be a set A C N of density 1 such that u(T"(A)AA)) > §,¥n € A
(see, e.g., Bergelson-Gorodnik [BGo], 1.1).)

Now, by 2.4, if a unitary equivalence class is not meager it will have to be
comeager. So assume the unitary equivalence class of some Tj is comeager,
towards a contradiction. Then for comeager many T' € Aut(X, i), there is
U € U(L*(X,p)) with UUpU ! = Ur,. By the Jankov-von Neumann Se-
lection Theorem, we can find a Borel function f : Aut(X, u) — U(L*(X, i)
so that, letting fr = f(T),

VT (frUrfr! = Ur,),
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where V*T means “for comeager many T.” Fix a dense set {&,} C L?(X, ).
Then U, {7 : || fr(xa) — &mll < 1/20} = Aut(X,p). So there is an open
nonempty set W C Aut(X, u) and some m so that, putting &, = £, we have

w1 ew (Irte) - €l < o ).

We can then find S,T € W and n such that

. 1 1
1US(xa) — XA||< , NUP(xa) — xall > 5

3
and fsUsfg' = frUrfp! = UTO,

1
1£sOxa) = €ll < 55 I1fr(xa) =€l < 55
Then if fS(XA) =&, fT(XA) = 52, we have

1
U7, (&1) = &ull < 55, 1Un,(&2) = &Il > 5,

3
and [|& — €|, |é2 — €] < %, s0
Uz, (&) = &Il < HU’%O(O — Uz, (E)|| + | UZ, (1) = &l + (160 — &,

which is smaller than 2, while also

207
1U7,(&) — &Il = 1UF,(&2) — &2ll = [1UT, (&2) — UL, (I — 1§ — &I,
which is bigger than %, a contradiction. O

Remark. One can employ a similar strategy to give another proof of
the well-known fact (see Nadkarni [Na], Ch. 8) that in the unitary group
U(H) of a separable infinite dimensional Hilbert space H (with the weak,
equivalently strong, topology) every conjugacy class is meager.

Fix a unit vector v € H. As in the proof of 2.5, it is enough to show
that for any positive €, < 1 the open set

W ={(S,T) € U(H)*: In(]|S™(v) — || < € and ||T™(v) —v|| > &)}

is dense in U(H)?2. Fixing a basis {b;}3°, for H, with v = b1, we can view
the unitary group U(m) of C™ as the unitary group of the subspace (b;)",
and it is easy to see that | J,,, U(m) is dense in U(H). So it is enough to show
that given any m and Sp, Tp € U(m), there are S, T € U(m) as close we want
to Sp, Tp such that for some n, ||S™ —I|| < e and ||T™+I|| < 2—9, where [ is
the identity of U(m) and || - || refers here to the norm of operators on C". For
this it is enough to show again that given any U € U(m) and p > 0, there is
N such that for n > N, there are VW € U(m) with U —-V|,[|U-W| < p
and V" = I,W" = 1.

Since any Uy € U(m) is conjugate in U(m) to some U; € U(m) which
is diagonal for an orthonormal basis of C™, i.e., for such a basis {ey, ...}
we have Uj(e;) = A\je;, where A\; € T, we can assume that U is already of
that form. Given p > 0, there is o > 0, such that if P € U(m) satisfies
P(e;) = pies, where |p; — A\i| < 0,1 < i < m, then |[U — P|| < p. Now we
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can find large enough N, such that if n > N, there are nth roots of 1, say
Ay, AL, with [N, — Aj| < o, and nth roots of —1, say A{,..., A}, with

N/ — Xi| < o. Then if V(e;) = Ne;, W(e;) = Ne;, V,W clearly work.

Addendum. Rosendal [Ro] has recently found the following simple
proof that all unitary equivalence classes in Aut(X, p) are meager in the
weak topology.

For each infinite set I C N, let A(I) = {T € Aut(X,u): Ji € [(T* =1)}.
By 2.2 and 2.3, A(J) is dense in (Aut(X,pu),w). Let Vp D V3 D ... be a
basis of open nbhds of 1 and consider the set B(I,k) = {T" € Aut(X, p) :
Ji € I(i >k & T* € Vi,}. Tt contains A(I \ {0,...,k}), so it is open dense.
Thus

C(I)=(\BU,k)={T:3{i,} CI(T" — 1)}
k
is comeager and clearly invariant under unitary equivalence. If a unitary
equivalence class C' is non-meager, it is contained in all C'(I), I C N infinite.
It follows that if T'e€ C, then T™ — 1, so T' = 1, a contradiction.

Notice that this proof shows that in any Polish group G in which the
sets A(I) = {g € G : 3i € I(g° = 1)} are dense for all infinite I C N, every
conjugacy class is meager. Another group that has this property is U(H)
(see the preceding remark) and this gives a simple proof that conjugacy
classes in U(H) are meager.

Denote by ERG the set of ergodic T' € Aut(X, p).
Theorem 2.6 (Halmos [Ha]). ERG is dense G in (Aut(X, p),w).
Proof. Take X = 2. For T' € Aut(X, ), define fr: X — X% by

fr(z), =T""(z).
Then if S is the (left) shift action on X%,

S((zn)) = (2n-1),

clearly fr(T™(z)) = S™(fr(z)). So if vy = (fr)«p, vr is shift-invariant. We
will verify that 7' — vp is continuous from (Aut(X, ), w) to the space of
shift-invariant probability measures on X%, which is a convex compact set
in the usual weak*-topology of probability measures on the compact space
XZ. Then

T € ERG < vy is an ergodic, shift-invariant measure.

But the ergodic shift-invariant measures are exactly the extreme points of
the convex, compact set of shift-invariant measures, so they form a Gy set
and thus ERG is Gs.

To check the continuity of T — vp we need to verify that for some
uniformly dense D C C(X%), and any f € D,T — [ fdvr is continuous. By
Stone-Weierstrass we can take D to be the complex algebra generated by
the functions (x;)icz — xa(zyn), forn € Z, A C X clopen. Thus it is enough
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to check that for each finite {ni,...,n;} C Z and clopen sets {A,..., Ax}
the function

k

T / L[lexxm)duT((xn))
k

— [Tlxatr ™ @)dnts)
=1

k
~ [Tlvmay @into)
=1

= / X, i (an T
k

= () T7(4)

=1

is continuous, which is clear. O

Concerning stronger notions of ergodicity, the set of weak mixing trans-
formations, WMIX, is also dense G5 (Halmos [Ha|; see 12.1 for a more
general statement) but the set of mild mizing transformations, MMIX, and
the set of (strong) mizing transformations, MIX, are meager (Rokhlin for
MIX; see Katok-Thouvenot [KTh], 5.48 and Nadkarni [Na], Chapter 8).

(B) Recall that if T € Aut(X,u) and Ur € U(L*(X,u)) is the cor-
responding unitary operator, then ERG, MMIX, WMIX, MIX are charac-
terized as follows in terms of Ur, where we put below L3(X,pu) = {f €
L*(X,p) : [ fdu =0} = Ct (the orthogonal of the constant functions):

T € ERG & Ur(f) # f,Vf € L§(X, 1) \ {0},

T € WMIX & Up(f) # M, ¥A € TVf € L3(X, p) \ {0},

T € MMIX < UZ*(f) 4 f,¥ng — 00, ¥f € L3(X, ) \ {0},
T € MIX & (U™(f), f) — 0,Vf € L3(X, ).

~— —

We have MIX C MMIX € WMIX C ERG and these are proper inclusions.
(Note that if for any T € Aut(X, 1) we denote by k% the Koopman repre-
sentation of Z on L3(X, u) induced by Uy, then T is in ERG, etc., iff £ is
ergodic, etc., according to the definition in Appendix H.)

Also denote by 0% the maximal spectral type of Up|L3(X, p) (thus o2 is
uniquely defined up to measure equivalence); see Appendix F (where we take
A =7Z,H = LiX,p),n(n) = UF|LE(X,n)). Note that ¢ can be chosen
so that the map T +— o is continuous from (Aut(X, p), w) into P(T), the
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space of probability measures on T with the weak*-topology. Then we have
T € ERG < o2 ({1}) =0,
T € WMIX < o9 is non-atomic,
T € MMIX & 0% € D*,
T € MIX & 0% € R,

where R is the class of Rajchman measures in P(T), i.e., those measures
w € P(T) such that fi(n) — 0 as |n| — oo, D is the class of closed Dirichlet
sets in T, i.e., the class of closed E C T such that there is ny — oo with
2™ — 1 uniformly for z € E, and finally D' is the class of all 4 € P(T)
that annihilate all Dirichlet sets. All the preceding characterizations in
terms of Ur, 0% can be found, for example, in Queffélec [Qu]. The reader
should note that in Queffeléc [Qu], II1.21 one finds the characterization:
T € MMIX & 0% € D+ in the form T € MMIX < 0% € £, where L; is a
certain class of measures defined there. A proof that £; = D' can be found
in Proposition 3, p. 212 and Proposition 9, p. 243 of Host-Méla-Parreau
[HMP]. For more about Dirichlet sets, see Lindahl-Poulsen [LP], Ch.1.

For each 0 € P(T) which is symmetric (i.e., invariant under conjuga-
tion), 6(n) = [27"do(z) is a positive-definite real function and let T}, be
the Gaussian shift on R? corresponding to & (see Appendix C). It is known
(see Cornfeld-Fomin-Sinai [CFS], 14.3, Theorem 1) that the maximal spec-
tral type of Uz, [C is 00 = 300 | 507", where 0™ = o- - -x0 is the n-fold
convolution of 0. We also have (see Cornfeld-Fomin-Sinai [CFS], 14.2) and
Queffélec [Qu], III. 21):

o is non-atomic < T, € ERG & T, € WMIX,

o€ Dt & T, e MMIX,
o€ Re T, € MIX.

For the equivalence 0 € D+ < T, € MMIX one needs to notice that
o € D+ = o, € DL, which follows from the fact that Dt is closed un-
der convolution by any measure, since D is closed under translations (see
Lindahl-Poulsen [LP], p.4). We already noted that ERG, WMIX are G5 in
(Aut(X, ), w) and it is easy to see that MIX is IIJ. However we have the
following result.

Theorem 2.7 (Kaufman, Kechris). The set of mild mixing transfor-
mations in Aut(X, p) is co-analytic but not Borel in the weak topology of
Aut(X, ).

Proof. It is clear that MMIX is co-analytic. The map o — T, €
Aut(X, i) is Borel and D restricted to symmetric measures is known to be
non-Borel (Kechris-Lyons [KLy|, Host-Louveau-Parreau). O

Remark. Recall that a subset A of N\ {0} is an IP-set if there are
p1,p2,- -+ € N\ {0} such that A = {p;, +--- +p;, : 01 < ---ix}. The filter
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IP* consists of all A C N\ {0} that intersect every IP-set (see Furstenberg
[Fur]). It is shown in [Fur], 9.22, that 7' € Aut(X, p) is mild mixing iff for
any two Borel sets A, B C X, u(ANT~™(B)) — u(A)u(B) in the filter IP*.
It is clear that A, B can be restricted to any countable dense subset of the
measure algebra. It follows that IP*, which is clearly a co-analytic set in
the compact metric space of subsets of N\ {0}, is not Borel.

In Kechris-Lyons [KLy] a canonical ITi-rank on D% is defined and used
to prove, by a boundedness argument, the non-Borelness of D+. It might be
interesting to define a canonical H%—rank on MMIX, as this would probably
give an interesting transfinite hierarchy of progressively “milder” mild mix-
ing notions. One could even wonder whether mixing would occupy exactly
the lowest level of this hierarchy.

(C) We next show that Aut(X, i) is contractible.

Theorem 2.8 (Keane [Kea)]). The group Aut(X, u) is contractible in both
the weak and the uniform topology.

Proof. For each A € MALG,, T € Aut(X,u), define the induced
transformation T4 € Aut(X,pu) as follows: Let By = X \ A, B; = AN
T-YA),...,B, = ANT YBy)N---NnT-"V(By) N T"(A),n > 2. The
Poincaré Recurrence Theorem guarantees that {B,} is a partition of X
(a.e.). Let Ta(z) = T"(x), if x € By,. Then (T, A) — T4 is continuous from
(Aut(X, p),u) x MALG,, — (Aut(X, p),u) and also from (Aut(X, u), w) x
MALG,, — (Aut(X, u), w). Assume now X = [0, 1], u = Lebesgue measure,
and define ¢ : [0, 1] x Aut(X, ) — Aut(X, p1) by (A, T') = T}y ;). Then this
is a contraction to the identity of Aut(X, u). O

For the weak topology a complete topological characterization has been
obtained.

Theorem 2.9 (Nhu [Nh]). The space (Aut(X, ), w) is homeomorphic to
2.

(D) Finally we mention a number of algebraic properties of Aut(X, p).

Theorem 2.10 (Fathi [Fa], Eigen [Ei2], Ryzhikov [Ry1]). The group
Aut(X, p) has the following properties:
(i) Every element is a commutator and the product of 3 involutions.
(ii) It is a simple group.
(iii) Every automorphism is inner.

Proofs of (ii), (iii) and a somewhat weaker version of (i) are contained
in the arguments given in the course of the proof of Theorem 4.1 below

Comments. For 2.5 see Nadkarni [Na], §8 and references contained
therein. For 2.10, see Choksi-Prasad [CP] for some generalizations.
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3. Full groups of equivalence relations

(A) Let (X, ) be a standard measure space and E a Borel equivalence
relation on X. We say that E is a countable equivalence relation if every
E-class is countable. Feldman-Moore [FM] have shown that E is countable
iff there is a countable (discrete) group I' acting in a Borel way on X such
that if (,x) — = - 2 denotes the action and we let

Ef ={(z,y): Iy el(y -z =y)}

be the induced equivalence relation, then E = Eff . We say that F is a
measure preserving equivalence relation if the action of I' is measure pre-
serving, i.e., x — <y - x is measure preserving for each v € I'. This condition
is independent of I' and the action that induces F and is equivalent to the
condition that every Borel automorphism 7" of X for which T'(z)Ex,Vx, is
measure preserving.

For any Borel E we define its full group or inner automorphism group,
[E], by

[E] ={T € Aut(X,p) : T(z)Ez, p-a.e.(z)}.

It is easy to check that this is a closed subgroup of Aut(X, x) in the uniform
topology.

Convention. Below we will assume that equivalence relations E are
countable and measure preserving, unless otherwise explicitly stated.

Recall that E is an ergodic equivalence relation if every E-invariant Borel
set is null or co-null. We call E a finite equivalence relation or a periodic
equivalence relation if (almost) all its classes are finite and an aperiodic
equivalence relation if (almost) all its classes are infinite.

Proposition 3.1. E is ergodic iff [E] is dense in (Aut(X, p),w).

Proof. Assume F is ergodic. Then if A, B are Borel sets of the same
measure, there is T € [E] with T'(A) = B.

Now let S € Aut(X,u). A nbhd basis for S is given by the sets of the
form {T": Vi < n(d,(T(A;),S(A;)) <€)}, where € > 0, and Ay,..., A, is a
Borel partition of X. Find T1,...,T, € [E] such that T;(4;) = S(A;). Then
T =, Ti|A; is in [E] and clearly T'(A;) = S(4;), i =1,...,n.

If £ is not ergodic, there is A € MALG,, with 0 < p(A) < 1 which is
[E]-invariant. If [E] was weakly dense in Aut(X, 1), A would be T-invariant
for any T' € Aut(X, uu), which is absurd. O

T.-J. Wei [We] has shown in fact that [E] is closed in w iff E is a finite
equivalence relation. Otherwise, it is Hg—complete in w and its closure in
the weak topology is equal to [F], where F' is the (not necessarily countable)
equivalence relation corresponding to the ergodic decomposition of E. Also
clearly [E] is a meager subset of (Aut(X, i), w), since it is a Borel non-open
subgroup of (Aut(X, u), w).

Note now the following basic fact about the uniform topology of [E].
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Proposition 3.2. In the uniform topology, [E| is separable, thus ([E],u) is
Polish.

Proof. Since F is a countable equivalence relation, there is a countable
group I' < Aut(X, ) such that E = EX = the equivalence relation induced
by I'. Thus T € [E] iff there is a Borel partition { A, }2° ; of X and {v,}22; C
I" such that T|A,, = v,|A,. Fix also a countable Boolean algebra A of Borel
sets closed under the I'-action and dense in the measure algebra.

Given C4,...,Cy € A and ~1,...,y8 € T such that C1,...,Cy are
pairwise disjoint and ~1(C1),...,yn(Cy) are pairwise disjoint, let Cyp =
X\ U<y Ci; Do = X \ U<y 7(Ci), so that u(Co) = Dy, and pick T, p, €
Aut(X, p) with T(Cy) = Dy. Put finally Sé < = Tco,e|Co U U< il Ci-
Clearly there are only countably many S *ﬁ" We will show that for any
T € [E] and € > 0 there are C,7 such that d,(T, SCW) < e. It follows then
that [F] is separable (being contained in the uniform closure of the Sé,'y)'

So fix T € [E],e > 0, a Borel partition {A,}°; of X and {v,}2; CT
such that T|A,, = y,|An,Vn > 1. For each 01,02 > 0, choose N = N (1)
large enough so that ),y u(4;) < 91, and then Bi,...,By € A with
w(A;AB;) < d9. Let for 1 <i < N,

Ci={zeBi:xg|JB; &lz) & Jn(C)},
j<i j<i
so that {C;}i<ny C A are pairwise disjoint and so are {7;(Ci)}i<ny C A.
Then if 61, d2 are chosen small enough, 6,(7', S5 ~7> <. O

Since the identity is a continuous map from the Polish group ([E], u) onto
the Borel subgroup [E] of (Aut(X, u), w), it follows that [E] is a Polishable
subgroup of (Aut(X, i), w) with the unique corresponding Polish topology
being the uniform topology.

(B) Some of the basic facts we mentioned earlier for Aut(X, ) “localize”
to [E].

First the proof of Rokhlin’s Lemma actually shows that the Uniform
Approximation Theorem is true in each [E].
Theorem 3.3 (Uniform Approximation Theorem for [E]). IfT € [E]
is aperiodic, then for each N > 1,€ > 0 there is a periodic S € [E] of period
N such that §,(S,T) < % +e.

From this we also have the following, in case E is also ergodic.

Theorem 3.4 (Conjugacy Lemma for [E]). If E is ergodic, and T € [E]
is aperiodic, {STS™! : S € [E]} is uniformly dense in APER N [E] (which
is a closed subset of ([E],u)).

Proof. In the proof of 2.4 note that, since E is ergodic, there is Sy € [F]
with S()(A) = B. O

We also note another well-known basic fact.
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Theorem 3.5. If E is ergodic (resp., aperiodic), then there is T' € [E| which
is ergodic (resp., aperiodic).

Proof. (i) We first give the proof for the aperiodic case, which works in
the pure Borel context (with no measures present). The proof below is due
to Dougherty.

Let E be a countable aperiodic Borel equivalence relation on a standard
Borel space X. Let < be a Borel linear order on X and let a countable
group T act in a Borel way on X so that E = E&. Put I' = {v,}. Let
A = {x : [z]g has a largest element in <}. Then E|A admits a Borel
transversal, so clearly there is an aperiodic Borel automorphism of A, say
Ty, with Tq(z)Exz,Vx € A. Let now B = X \ A. Define U : B — B
by U(z) = vn(z), where n is least with v,(z) > z. Consider then the
equivalence relation on B:

zEyy < ImIn(U"(x) = U (y)).

There is a Borel automorphism of B, say Tz, that induces Ey; (see Dougherty-
Jackson-Kechris [DJK], 8.2). Clearly Tg(x)Ex,Vx € B, and Tp is aperiodic.
So T =1T4 UTg works.

(ii) For the ergodic case, see Zimmer [Zil], 9.3.2 or Kechris [Kecl], 5.66.
Alternatively, one can go over the proof of Dye’s Theorem, 3.13 below, given
in Kechris-Miller [KM], 7.13, and notice that if condition (4) is omitted in
that argument, one obtains a proof that every ergodic F contains an ergodic
subequivalence relation isomorphic to Ey, defined before 3.8 below, which is
thus generated by an ergodic automorphism. O

As an immediate consequence, we obtain the next result.

Theorem 3.6. If E is ergodic, then ERGN[E] is dense G5 in (APER N
[E], u).

Proof. Since ERG is G in w C u, it is clearly G in u. Density follows
from the two preceding results. O

Similarly (using also 3.14 below) one can show the same fact for the set
of weak mixing T' € [E].

It will be useful, given a countable group I' < Aut(X,u) and letting
E = EX = {(z,y) : 3y € I(y(x) = y)}, to have a criterion for a countable
subgroup A < [E] to be dense in ([E],u). Note that if A < [E] is dense
in ([E],u), then E = EX. (However, if E = EX,I' may not be dense in
([E],u).)
Proposition 3.7. Suppose I' < Aut(X, p) is a countable group and E =
Elg Let also A € MALG,, be a countable Boolean algebra dense in MALG,,
and closed under T'. Let A < [E] be a countable subgroup of [E]. Then A
is dense in ([E],u) provided that for every e > 0 and every Ao, ..., An—1 €
A Y0,y Yn—1 € T with {A; ?:_01, {7i(A,) ?:_01 each pairwise disjoint, there
is 0 € A such that u({x € A; : vi(z) #6(z)}) <e,i=0,...,n— 1.
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The proof is similar to that of 3.2, so we omit it. Notice that this
condition is also necessary if F is ergodic.

This has the following consequence; below FEy denotes the following
equivalence relation on 2N:

xEyy < ImVn > m(x, = yn).
Proposition 3.8. The group of dyadic permutations of 28 is uniformly
dense in [Ey).
Proof. We use 3.7. Take I' = {dyadic permutations}, A = the algebra

of clopen sets in 2N. Thus A consists of all sets of the form

U Ng, I C 2" for some n.
sel

Then EI%N = Fy and A is closed under I'. To verify 3.7 for A = I" take
{Aiticn €A, {7iticn C© T with {A;}i<n, {7i(Ai) }icn both pairwise disjoint.
We can assume that for some large enough N,
A= J No, Lc2v,
sel;
vi(A) = | J Ne, T €2V,
seJ;

and ; is a dyadic permutation of rank N, ¢ = 0,...,n — 1. Thus each of
{I;}i<n, {Ji}i<n is pairwise disjoint and if v;(s"z) = m;(s) x, m; a permutation

of 2V, then m;(I;) = J;,i = 0,...,n — 1. So there is a permutation 7 of 2V
with 7|I; = m;|l;. Thus if v € T is defined by v(s'z) = n(s)'z,s € 2V,
clearly v|A; = 7i|A;,i =0,...,n — 1 and we are done. O

Remark. In connection with 3.3 and 3.8, Ben Miller has shown that if X
is a zero-dimensional Polish space, i+ a non-atomic Borel probability measure
on X, I' a countable group acting by homeomorphisms on X, F = EIZ( the
equivalence relation generated by this action, and [E]c the group of all
homeomorphisms f of X such that Vo € X (f(z)Ez), then the periodic (i.e.,
having finite orbits) homeomorphisms in [E]¢ are uniformly dense in [E].

(C) We next verify that a generic pair in APERN[E] generates a free
group.
Theorem 3.9. The set
{(S,T) € (APERN[E])? : S, T generate a free group}
is dense G5 in (APERN[E], u)?.

Proof. It is clearly Gs. To prove density it is enough, by the Baire
Category Theorem, to verify that for each reduced word w(z,y),

{(S,T) € (APERN [E])?: w(S,T) # 1}
is uniformly dense in (APERN[E])?.
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Otherwise, find (S, 7p) € (APER N [E])%,e > 0 such that for every
(S,T) € (APERN[E])? with 6,(S, So) < €,8,(T,Tp) < €, we have w(S,T) =
1, ie, w(S,T)(z) = z,u—a.e. (). Let wy,ws,..., w, = w be the co-initial
(non-)) subwords of w (e.g., if w = zy?r ™t w = 27wy = yr~twz =
v et wy = zy*u~! = w). Clearly n > 2.

Lemma 3.10. If Py,..., P, € Aut(X,u), and on a Borel set of positive
measure A and every x € A we have that Pi(z), PP (x),...,Py--- Pi(x)
are distinct, then there is B C A of positive measure such that the sets
Py(B),P,Pi(B),...,P;--- Pi(B) are pairwise disjoint.

Proof. We can assume that X is a Polish space, A C X is clopen
and Pp,..., P, are homeomorphisms. Fix a countable basis {U,} for X.
Then every point z € A is contained in a basic open set U, ) such that
Pi(Up@)),---> Pr- - Pi(Up(s)) are pairwise disjoint. As A C (J{Uy) : 7 €

A}, for some z € A, B = Uy () N A has positive measure. O
For each T' € Aut(X, u), let Ex be the equivalence relation induced by
T,
zEry < 3In e Z(T"(z) = y)
and let

[T] = [Ex].

Lemma 3.11. Given aperiodic T € Aut(X, 1) and a Borel set with u(A) >
0, there is a Borel set A" C A with u(A’) > 0 and aperiodic T' € [T] such
that T'(z) = T'(x), p-a.e. x ¢ A, T(x) #T'(x),u-a.e. x € A'.

Proof. We can assume that A intersects every orbit of T and, by
Poincaré recurrence, that for (almost) every x € A there are k,¢ > 0 with
TF(x), T~%(x) € A. We can also assume that if B = X \ A, then u(B) > 0
and Vo € B3k,¢ > 0(T*(z) € B, T~%(x) € B) (since if u(B) = 0 we can
take A’ = A = X,T'(r) = T?(x)). Then we can find A’ C AN [B]r,
where [B]r denotes the T-saturation of B, such that [A’]p = [B]r, so that
(A > 0,Ve € A3k > 03¢ > 0(T*(z), T~(x) € A’) and finally z € A’ =
T(xz) ¢ A'. Then we put T'(z) = T(z) if z ¢ A’, and T'(z) = T(T*(z)),
where k > 0 is least with T%(z) € A, if x € A’. O

For convenience, in the rest of the argument, we will write, for any

reduced word v(z,y), v>7T instead of v(S,T). Continuing the proof, let
0 < kg < n be least such that on a set of positive measure Ay we have

x € Ay = m,wlso’TO (x),... ,w,f(?’_Tlo (zp) are distinct and
So, Tt So,Tt
w0 (w) € {z, .. wp T ()}

Clearly kg > 2 and actually

So,T So,T(
wp ' (z) € {z, .. wp ) ()}
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(since Sp, Tp are aperiodic). By 3.10, we can also assume that
So,Ti S0,Ti
Ao, wlo’ O(A()), .. 7wkg—1o(A0)

are pairwise disjoint and if the first symbol of wy, is say SOil (the other case
being similar), then S(j)d(w,fg’_jlo(Ao)) = wa’TO (Ap), for some 0 < i < kg —2.
Finally, we can assume that p(A4p) < €/2.

If the first symbol of wy, is Sp (the other case being similar), then by
3.11, applied to the set A = wa’To (Ap) and T = S;', we can find the
appropriate 7", A’ C A and then, letting S} = (7)1, A) = (wfo’TO)_l(A’)
we have an aperiodic S, with §,,(So, S)) < €/2 and A}, C Ay, p(Aj) > 0 such
that

! ! !
w0 (), wpo T (@), w0 ()

are distinct for x € Aj,. (Note here that Vj < ko, w;-%’TO (x) = wa’TO (x),Vx €
Aj.) Since 0,(S0,5)) < €/2, we still have w;q(l”To(x) = 1z for almost all
x € Aj.

Then, if ky < n, let 0 < ko < k1 < n be least such that on a set A; C Aj,
of measure < ¢/4

re A = x,wfé’TO (x),... ,w,ff)’_? () are distinct and
SIT SIT S! T
wk:f 0(‘7}) S {$7w10 0($)7'-'awkf_f(x)}

and repeat this process finitely many times to eventually find S, T with
0u(S,S0) < €,0,(T,Tp) < € and a set A of positive measure such that

reld = x,wf’T(m), . ,wf’f(x) are distinct,

which is a contradiction, as for almost all z € 4, wy" (z) = . O

A similar argument shows that the set of (S1,...,S,) € (APER N [E])"
that generate a free group is also dense Gs. So using also the Mycielski,
Kuratowski Theorem (see Kechris [Kec2], 19.1) this shows that there is a
Cantor set C' C APER N [E] generating a free group, so [E] contains a free
subgroup with continuum many generators.

(D) Note that the proof of 2.8 also shows the following.

Theorem 3.12 (Keane). The full group [E] is contractible for both the
weak and the uniform topologies.

Recently Kittrell and Tsankov [KiT| have shown that in fact ([E], u) is
homeomorphic to ¢2.

(E) Recall that E is a hyperfinite equivalence relation if it is induced by
an element of Aut(X,u). In particular Ej is hyperfinite. The fundamen-
tal result about hyperfinite equivalence relations is the following classical
theorem of Dye. For a proof see, e.g., Kechris-Miller [KM].



3. FULL GROUPS OF EQUIVALENCE RELATIONS 19

Theorem 3.13 (Dye). Let E, F be ergodic hyperfinite Borel equivalence
relations. Then there is T € Aut(X,pu) such that for all x,y in a set of
measure 1,

xEy < T(x)FT(y).

Since the hyperfinite E which preserve i and are ergodic are exactly
the ones induced by ergodic T' € Aut(X, i), we have for any two ergodic
Ty, T € Aut(X, u), that [T1], [Tz] are conjugate in Aut(X, u). Also from 3.5
we have the next result.

Corollary 3.14. If E is ergodic, then for any ergodic T € Aut(X, ), [E]
contains a conjugate of T, i.e., [E] meets every conjugacy class in ERG.

Thus, up to conjugacy, there is only one full group of a hyperfinite
ergodic equivalence relation and it is the smallest (in terms of inclusion)
among all full groups of ergodic countable equivalence relations.

(F) We conclude with an application of 3.8 due to Giordano-Pestov.
Recall that a topological group G is extremely amenable if every continuous
action of G on a (Hausdorff) compact space has a fixed point.

Theorem 3.15 (Giordano-Pestov [GP]). Let E be an ergodic, hyperfinite
equivalence relation. Then ([E],u) is extremely amenable.

Corollary 3.16 (Giordano-Pestov [GP]). The group (Aut(X,u),w) is
extremely amenable.

The corollary follows from 3.15, since, by 3.1, the identity map is a
continuous embedding of ([E], ) into (Aut(X, p), w) with dense range.

Proof of 3.15. We take E = Ey. Denote by G, = Son the finite
group of permutations of 2", which we identify with a subgroup of [E],
identifying m € San with the element of [E] given by s’z — 7(s)"z. Clearly
G1 C Gy C ... and |, G, is dense in ([Ep|,u) by 3.8.

Now the metric &, restricted to G, is clearly the Hamming metric on
Gy @ 6u(m, p) = gmcard{s € 2" : w(s) # p(s)}, and therefore, by a result of
Maurey [Mal, the family (G, 0y|Gn, pin), Where p, = counting measure on
Gy, is a Lévy family and so, by Gromov-Milman [GM], ([Eo],u) is a Lévy
group and thus extremely amenable (see, e.g., Pestov [Pe2]). O

Giordano-Pestov [GP] also prove that, conversely, if for an ergodic E
the group ([E], u) is extremely amenable, then FE is hyperfinite, so this gives
a nice characterization of the hyperfiniteness of F in terms of properties of
[E]:

Theorem 3.17 (Giordano-Pestov [GP]). If E is an ergodic equivalence
relation, then E is hyperfinite iff ([E],u) is extremely amenable.
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4. The Reconstruction Theorem

(A) We will prove here another beautiful result of Dye that asserts that
any ergodic E is completely determined by [E] as an abstract group. Given
two countable Borel measure preserving equivalence relations E, F' we say
that E, F' are isomorphic, in symbols

Ex~F
if there is T' € Aut(X, ) such that except on a null set

zEy < T(z)FT(y),
or, equivalently, T[E]T~! = [F], i.e., [E],[F] are conjugate in Aut(X, u).

Theorem 4.1 (Dye). Let E, F be ergodic equivalence relations. Then the
following are equivalent:

(i) EXF.

(ii) [E], [F] are conjugate in Aut(X, ).

(iii) ([E],w), ([F],u) are isomorphic as topological groups.

(iv) [E], [F] are isomorphic as abstract groups.

Moreover, for any algebraic isomorphism f : [E] — [F], there is unique
¢ € Aut(X, ) with f(T) = Ty~ VT € [E].

(B) In preparation for the proof, we prove some results that are also
useful for other purposes.

Lemma 4.2. Let E be ergodic. Then every element of [E|] is a product of 5
commutators in [E].

Proof. We will need two sublemmas.

Sublemma 4.3. Let E be ergodic and let T € [E] be periodic. Then T is a
commutator in [E] and the product of two involutions in [E].

Proof. We can assume that for some n > 2 all T-orbits have exactly
n elements. Let A be a Borel selector for the T-orbits. Split A = A; U Ao,
where p(A1) = p(Az) = $u(A). Let Q € [E] be an involution that sends
By = U2y T*(A1) to By = J}Zy T*(As) and conjugates T|B; to T—'|Bs.
Let Ty = T|B; Uid|By, Ty = id|B; UT|By. Then QTy,'Q = T; and T =
T =QT,'Qh=(Q,T; '] = Q(T;, ' QD). O
Sublemma 4.4. Let E be ergodic. If T € [E|, then we can write T =
ST/, where S € [E],S = [U, V] = U1V1 with U,V,U;, V1 € [E],(;u(T/, 1) <
%5u(T, 1), Uy, V1 involutions and

supp(U) Usupp (V') Usupp(Uy) U supp(V1) Usupp(T”) C supp(T).

Proof. We can assume that 7" is aperiodic (since on the periodic part
of T we can apply 4.3 and take 7" = 1). We can then find a Borel complete
section A for the T-orbits such that in the usual Z-order of each T-orbit the
distance between successive elements of A is at least 2, and A is unbounded
in each direction in every orbit (see, e.g., [KM], 6.7). Let 7" = T4 be the
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induced transformation. So 7" € [E] and T(T")~! is periodic, thus, by 4.3,
S =T(T")! = [U, V] = U W, for some U, V, Uy, V; € [E],Uy, V; involutions.
Also supp(T”) = A and p(A) < Ju(supp(T)) = %, as ANT(A) = 0, so
6u(T',1) < 1. |

Fix now T € [E]. All transformations below are in [E]. Then, by 4.4,
T = ST, where Sy is a commutator and &,(T1,1) = p(supp(T1)) < 3.
We concentrate on Tj. Split X = X; U Xo U ..., with u(X;) = 279,
supp(71) € X;. Then, by 4.4 again, T} = 5173, where S; is a commu-
tator of elements with support contained in Xp,74 has support also con-
tained in X, and §,(7%,1) < %. Then find an involution U; 2 supported
by X1 U Xa, with Uy 2(supp(73)) C Xo, thus, as in general W (supp(V)) =
supp(WVW 1), we have supp(U12T5U12) C Xo. Let Ty = Uy 2T3Us 2, so
that T7 = SlULQTQULQ = Sl(ULQTQULQTQ_l)TQ = SlSLQTQ, where 5172 is
a commutator of elements supported by X; U X5. Continuing this way, we
write Ty = 5255 313, where Sy is a commutator of elements supported by X»
and S>3 a commutator of elements supported in XoU X3 and 73 is supported
by X3, etc. Then if S, = SnSnn+1, S, is the product of two commutators
supported by X, U Xy, 11,11 = 81T, Ty = S5T3, ..., with T}, supported by
X,. Let P, be equal to §2n+1, n >0, on Xop4+1 U Xopyo and P be equal to
§2n+2, n > 0, on Xopt2 U Xo,43 and the identity otherwise. Then

Py = 518385 ... = (W Ty )WTET, ) (TsTg ) . .
= (NWTsTs ... )Ty ' T, Tt )

and
Py = 558,85 ... = (ToT3 ) (TuTy NWT6T: ). ..
= (uTs ... )Ty ' T Tt ).
Thus Ty = P1 P, and Py, P, are each a product of 2 commutators. O

Lemma 4.5. Let E be ergodic. Then every element of [E] is a product of
10 involutions in [E].

Proof. Let T € [E]. All transformations below are in [E]. As in the
preceding proof, we write T' = SyT7, where §,(71,1) < % and, by 4.4, Sy a
product of 2 involutions. Then, proceeding as before, we have 71 = 5175 =

Sy (TyUL 2(T5) YUy 2(Uy 2THU, 2), with S; a product of 2 involutions, and
note that Uy g, TyUs 2(T3) " are involutions. So T = 157 ,Tb, where S , =
(T5U1 2(T5) 1)Uy 2 is the product of two involutions. Thus, continuing as in
the rest of the proof, T7 is the product of two transformations each of which
is the product of 4 involutions and we are done. O

We now have as a consequence of 4.2 the following result.
Theorem 4.6. If E is ergodic, then [E] is a simple group.

Proof. Let N < [E], N # {1}. We will show that NV = [E]. Notice that
for any group G and N < G, if H generates G and [H, H] C N, then also
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[G,G] C N. Indeed if 7 : G — G/N is the canonical projection, every two
elements of m(H) commute, so since w(H) generates 7(G), 7(G) is abelian,
so [G,G] € N. Also notice that for each € > 0, the elements T' € [E] with
0u(T,1) < € generate [E]. This follows immediately from 4.5 and the fact
that any involution in [F] is a product of involutions in [E] with arbitrarily
small support (or alternatively one can use the path connectedness of [E],
see 3.12). Finally fix Ty # 1 in N and then a set A of positive measure with
To(A)NA=0. Let e = u(A)/2. We will show that the commutator of any
two elements of [E] with §,(T,1) < e is in N.

Fix S,T € [E] with 6,(T,1),8,(S,1) < e. Conjugating, if necessary, we
can assume that their supports are contained in A. Thus S—!, ToT~'T, 0 !
have disjoint supports, so commute. Consider T = (TToT _I)TO_ e N
Then

[S,T] = STS™ ‘1!
= ST(ToT~'Ty S ™ (ToTTy ')
= S(TToT Ty S ToTTy ' T )
= STS Y (T)teN.
Od

Note that conversely simplicity of [E] implies that E is ergodic. Indeed,
if A is an E-invariant Borel set which is neither null or conull, then the
elements of [E] supported by A form a non-trivial closed normal subgroup of
[E]. In fact, Bezuglyi-Golodets [BG1] have shown that in case E is aperiodic,
non-ergodic, all the nontrivial closed normal subgroups of [E] arise this way
by letting A vary over the invariant Borel sets.

We need one more lemma before embarking in the proof of 4.1.

Lemma 4.7. Let E be ergodic. Let 1 # T € [E] be an involution, Cr its
centralizer in [E]. Then [T] is the largest abelian normal subgroup of Cr.

Proof. Note that for S, 7' € Aut(X,p),S[T')S~! = [ST'S7!]. So if
S € Cr,S[T)S™! = [T), i.e., [T] < Cp. Clearly, as T is an involution, [T7] is
abelian.

Let now N <Cp, N abelian. Consider the standard Borel space X/T =
X/Er, the projection 7 : X — X/T and the measure v = m, . Then E/T is
a countable, measure preserving, ergodic equivalence relation on (X/T,v).
Clearly every S € Cr preserves the support of 7" and induces a map S* in the
full group of E/T restricted to supp(T)/T; p(S) = S* is clearly a surjective
homomorphism. So p(N) is a normal subgroup of [(E/T)|(supp(T)/T)],
which is simple, by 4.6. Since p(N) is abelian, p(N) # [(E/T)|(supp(T)/T)],
thus p(N) = {1}, i.e., N C ker(p) = Cr N [T] C [T], which completes the
proof. O

(C) We are now ready to give the proof of 4.1. It is clearly enough to
show (iv) = (i) and the “moreover” assertion.



4. THE RECONSTRUCTION THEOREM 23

So fix an algebraic isomorphism f : [E] — [F]. It follows from 4.7 that
i 7 € [E),14T,7% = 1, then f([T]) = [f(T)].
Let for T' € [E] (and similarly for [F]),

L(T) ={S € [E] : supp(S) Nsupp(T) = 0}.

Lemma 4.8. If T # 1 is an involution, then f(L(T)) = L(f(T)).

Proof. Note that L(T) is really the same as [E|(X \ supp(T))], so every
element of L (7") is the product of commutators in L(7), by 4.2. Thus the
same holds for f(L(T")). We will show that f(L(T)) € L(f(T)). Applying
this to =1, f(T) we get f~1(L(f(T))) C L(T), so we have equality.

Claim. If S € Cip), where Cip) is the centralizer of [T] in [E], then
S = 5159, where Sy € [T], 52 € L(T).

Granting this claim, we complete the proof of 4.8. Take any commutator
in f(L(T)), say [U1,Us], with Uy,Us € f(L(T)). Then, as L(T) C Cpy,
Ui € f(Cir)) = Clyery) (this is because [T'] and thus Cj) is preserved under
f, by 4.7). So, by the claim, applied to f(T), U; = T;V; with T; € [f(T)],V; €
L(f(T)). Thus

NLUU U = IV T VeV Ty vy iyt
and, since T;, V; commute, this is equal to
VRV s e L(F(T)).

Proof of the claim. If S € Cjp, then S € Cr, so S(supp(T)) =
supp(7T'), thus S = 5152, where S; = S|supp(T") U id|(X \ supp(T)), Sz =
S|(X \ supp(T")) Uid|supp(T). Clearly Sy € L(T), so it is enough to show
that S; € [T]. By restricting everything to the support of T, if necessary, it
is enough to show that if supp(7') = X and S € Cjz, then S € [T]. Now
S descends to S* on X/T, so if S & [T],S* # 1 on X/T, thus there is a
T-invariant set A C X of positive measure with S(A) N A = (). Then S(A)
is also T-invariant. Define now U € [T to be the identity on X \ S(A) and
switch any two elements of S(A) in the same T-orbit. Then US # SU, a
contradiction. O

Now take any A € MALG,,. Then there is an involution T" in [E] with
supp(7') = A (split A into two sets of equal measure and let 7" map one onto
the other and be the identity off A). Put

®(A) = supp(f(T)) € MALG,,.
Claim. This is well-defined.

Proof of the claim. Indeed, if T’ is another involution with supp(7”) =
A, we have L(T) = L(T"), so L(f(T)) = L(f(T")), by 4.8. Note now that
for any U,V € [F],supp(U) C supp(V) < L(V) C L(U), so supp(U) =
supp(V) & L(V) = L(U), thus supp(f(T')) = supp(f(I")). O
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Clearly @ is a bijection of MALG,, with itself with inverse

& 1(B) = supp(f (1)),

where T” is an involution with support B. Also if supp(T') = A, supp(T”) =
B,

A C B¢ supp(T) C supp(T")
& 1L(T") C L(T)
& L(f(T") C L(f(T))
< supp(f(T)) < supp(f(T”))
& B(A) C ®(B).

Thus ® is an automorphism of the Boolean algebra MALG,, (not necessarily
the measure algebra MALG,,), so it is given by a (unique modulo null sets)
Borel automorphism ¢ : X — X which is non-singular, i.e., preserves null
sets, via

(4) = ¢(A).

We now want to verify that actually ¢ is measure preserving, i.e., ¢ €
Aut(X, ), and moreover that f(S) = pSp~1,VS € [E].

Lemma 4.9. For each S € [E], f(S) = Sy~ L.

Granting this we verify that ¢ € Aut(X,pu). Since ¢ is non-singular,
there is measurable 7 : X — RT with u(¢(A4)) = [, rdu, VA € MALG,. We
will show that r is actually constant, » = k. Then u(p(A)) = ku(A), so,
putting A = X,k =1, thus ¢ € Aut(X, p).

If r is not constant, there are two disjoint sets of positive measure A, B
with 0 < 7(z) < A <r(y), forz € A,y € B. Let C C A,D C B be such
that u(C) = p(D) > 0 and let K = ¢(C). Let also U € [E] be such that
U(C) = D. Then u(p(D)) = [prdu > Au(D) = Mu(C), p(K) = pu(p(C)) =
Jerdn < Au(C) < p(@(D)). So p(K) < p(p(D)) and ¢(D) = U™ (K),
so u(K) < p(eUp Y(K)), thus pUp~t & Aut(X,pu), contradicting that
pUp~! = f(U) € [F] C Aut(X, p).

Proof of Lemma 4.9. As [E] is generated by involutions, it is enough
to prove this for S = T', an involution. Notice that if 7" € [E] is an involution,
then

supp(pT ") = @(supp(T)) = ®(supp(T)) = supp(f(1)),

i.e., oT'p~! and f(T) have the same support A. Assume, towards a contra-
diction, that

B={reA: Ty~ (z) # f(T)(x)}
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has positive measure. Then we can find C C B of positive measure such
that

T~ (C)NC =10,

T~ (C) N f(T)(C) =0,
FT)(C)NC =0.

Let D = C U f(T)(C). Then D is f(T)-invariant but not T ~! invariant.
Write f(T') = UyUsa, where Uy = f(T) on D,=id on X \ D and Us = f(T)
on X \ D,id on D, so that Uy, Us € [F] are involutions. Then

T= "YU (U),

so oTp™" = (pf (U ) (of " (U2)p™"). Now @f H(Ur)p~" has sup-
port (supp(f~1(U1))) = supp(ff~1(U1)) = supp(U;) and similarly the
automorphism ¢f~1(Us)p~! has support equal to supp(Us), thus ¢Tp*
leaves D invariant, a contradiction. O

Finally, we verify that there is unique ¢ such that f(S) = @Sp~!. For
that we use the following lemmas which, for further reference, we state in
more generality than we need here.

Lemma 4.10. For any aperiodic E (not necessarily ergodic) and Borel set
A, there is T € [E]| with supp(T) = A.

Proof. Since FE is aperiodic, measure preserving, we can assume that
FE|A is aperiodic. Thus, by 3.5, there is aperiodic Tp : A — A with Ty(z)Ex.
Let T =Ty Uid|(X \ A). O

Corollary 4.11. For any aperiodic E (not necessarily ergodic) the central-
izer Cg) of [E] in Aut(X, p) is trivial.

Proof. If S € Cjp and A € MALG,, then by 4.10 there is T' € [E] with
supp(T) = A. Then A = supp(T) = supp(STS~!) = S(A), so S = 1. 0

The uniqueness now follows immediately from 4.11 and the proof of 4.1
is complete.

Remark. Note that the argument following the statement of 4.9 shows
that if ¢ is a non-singular Borel automorphism of X, E is ergodic and
[Elp~t C Aut(X, p), then ¢ € Aut(X, ).

(D) Dye’s Reconstruction Theorem suggests the problem of distinguish-
ing, up to isomorphism, ergodic equivalence relations by finding algebraic
or perhaps topological group distinctions of their corresponding full groups
(it is understood here that full groups are equipped with the uniform topol-
ogy). For example, 3.17 provides such a distinction between hyperfinite and
non-hyperfinite ones.

One might explore the following possibility. Recall that an action of I'
on (X, u) is called a free action if Vy # 1(y -z # x, p-a.e.). We know by
Gaboriau [Gal] that if E,, is given by a free, measure preserving action of
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the free group F,, and E, by a similar action of the free group F,, (1 <
m,n < o), then if m # n,E,, 2 E,. Can one detect this by looking
at their full groups [E,,], [Fn]? One can look for example at topological
generators. Recall that given a topological group G a subset of G is a
topological generator if it generates a dense subgroup of G. Denote by t(G)
the smallest cardinality of a set of topological generators of G. (Thus t(G) =
1 iff G is monothetic.) Clearly 1 < #(G) < Ny, if G is separable.

In the notation above, and keeping in mind that if T is dense in ([E], u),
then E = ng , Gaboriau’s [Gal] theory of costs immediately implies that
t([Er]) > n. In fact, Ben Miller pointed out that one actually has t([E,]) >
n + 1. To see this, assume, towards a contradiction, that Ti,...,T, are
topological generators for [E,] and let I' be the group they generate. Since
E, = E¥, and E, has cost n, it follows from Gaboriau [Gal], 1.11, that
I" acts freely. Let then S7,.S2 be two distinct elements of I' and (as in the
proof of 3.10) find disjoint Borel sets Aj, Ay of positive measure such that
S1(A1), S2(Asz) are also disjoint. Then there is S € [E,] with S|A; = S;|A;,
for i = 1,2. Clearly, S cannot be in the uniform closure of I'.

In particular, t([Fs]) = Ro. Note that, by 3.9, for any ergodic E we have
t([E]) > 2. In an earlier version of this work, I have raised the question of
whether ¢([E),]) < oo (even in the case n = 1). This has now been answered
by the following result.

Theorem 4.12 (Kittrell-Tsankov [KiT]). An ergodic equivalence rela-
tion E is generated by an action of a finitely generated group iff t([E]) < oo
(where [E|] is equipped with the uniform topology). Moreover if E, is gen-
erated by a free, measure preserving, ergodic action of F,,, then t([E,]) <
3(n+1).

Kittrell and Tsankov [KiT] also proved that if n = 1, i.e., for ergodic
hyperfinite E, we have t([E]) < 3. It is unknown whether in this case the
value of ¢([E]) is 2. For any n < oo, we have n + 1 < ¢([E,]) < 3(n+ 1).
It is unknown if ¢([E},]) is independent of the action and, in case this has a
positive answer, what is the exact value of ¢([E,]). In any case, the preceding
shows that ¢([E,]) < t([Ewm]), provided m+1 > 3(n+1). This appears to be
the first result providing a topological group distinction between [Ey,], [Ey],
provided m, n are sufficiently far apart.

We remark that it is known that ¢(Aut(X, p), w) = 2 and in fact the set
of pairs (g, h) € Aut(X, u)? that generate a dense subgroup is dense G in
Aut(X, p)? (see Grzaslewicz [Gr], Prasad [Pr], and Kechris-Rosendal [KR]
for a different approach). Also it is not hard to see that if U(H) is the
unitary group of an infinite dimensional Hilbert space, then t(U(H)) = 2,
and again, in fact, the set of pairs (g,h) € U(H)? that generate a dense
subgroup of U(H) is dense Gs in U(H)2 This is because if U(n) is the
unitary group of the finite-dimensional Hilbert space C™ then (with some
canonical identifications) U(1) CU(2) C--- CU(H) and J,, U(n) = U(H).
Then since each U(n) is compact and connected, it follows, e.g., by a result
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of Schreier-Ulam [SU], that the set of pairs (g,h) € U(n)? that generate a
dense subgroup of U(n) is dense G4 in U(n)?. The same result for U(H)
follows, using the Baire Category Theorem, since for each u € |J,, U(n) and
open nbhd N of u, the set of (g,h) € U(H)? that generate a subgroup
intersecting N is open dense.

It is perhaps worth pointing out here that although, as we have seen
above, ([E],u) is topologically finitely generated, when E is given by an
ergodic action of a finitely generated group, for any E and for any n > 1
it is not the case that the set of n-tuples (71,...,T),) € [E]" that generate
a dense subgroup of ([E],u) is dense in [E]™ (with the product uniform
topology). To see this, simply notice that if T3,..., T, satisfy d,(T;,1) < €
for i = 1,...,n, then there is a set A C X with u(4) > 1 — ne such
that T;|A = id, Vi < n, so T|A = id for each T' € (T1,...,T,), thus if
ne < 1,(Ty,...,T,) C{T € [E] : dy(T, 1) < ne} is not dense in ([E], u).

This simple argument also limits the kinds of Polish groups that can
be closed subgroups of ([E],u) for an equivalence relation E. Call a Polish
group G locally topologically finitely generated if there is n > 1 such that for
any open nbhd V of 1 € G, there are g1, ..., g, € G with (g1, ..., gn) dense in
G. Examples of such groups include R, T" U(H), Aut(X, u). Also factors
and finite products of locally topologically finitely generated groups have
the same property. Now notice that by the above argument any continuous
homomorphism of such a group into the full group ([E], u) must be trivial. In
particular, a non-trivial locally topologically finitely generated group cannot
be a closed subgroup of ([E],u) (or even continuously embed into ([E], w)).

(E) Recently Pestov (private communication) raised the following re-
lated question: Let E be a measure preserving, ergodic, hyperfinite equiv-
alence relation. What kind of countable groups embed (algebraically) into
[E]? In response to this we mention the following two facts. For the first, re-
call that a countable group I is residually finite (resp., residually amenable)
if for any « € I',v # 1 there is an homomorphism 7 : I' — A, where A is
finite (resp., amenable) such that v ¢ ker(w). The following simple result
was originally proved for residually finite groups. Ben Miller then noticed
that the argument really shows the following stronger fact.

Proposition 4.13. Let E be an ergodic, hyperfinite equivalence relation.
Given a countable group T', if for every v € T'\ {1} there is a homomorphism
7w : I' — [E] such that v & ker(n), then T' embeds into [E]. In particular
every residually amenable T' embeds into [E] and for every countable group
T there is unique normal subgroup N such that T /N embeds into [E] and
every homomorphism from N into [E| is trivial.

Proof. Suppose (X, ) be the space on which F lives. Let I' \ {1} =
{71,792, ...}. Fix then a sequence of homomorphisms , : I' — [E] such
that ~, & ker(m,). Next split X into countably many Borel sets A7, Ag, ...,
each meeting every E-class. Let E,, = E|A,,. Considering the space A,, with
the normalized restriction of u to A,, F, is hyperfinite and ergodic, so, by
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3.13, it is isomorphic to E, and thus, using m,, there is a Borel measure
preserving action a, of I' on A, such that =, acts non-trivially and the
equivalence relation induced by a, is contained in E,. Taking the union
of these actions on the A,’s gives an action on I' on X such that every
~v # 1 acts non-trivially and the equivalence relation induced by this action
is included in E. This clearly gives an embedding of T" into [E].

Since every amenable group can be clearly embedded into [E], by the
result of Ornstein-Weiss [OW] and 3.13, it is clear that every residually
amenable " embeds into [E]. Finally, the last assertion of the proposition is
clear by taking IV to be the intersection of the kernels of all homomorphisms
from T into [E]. O

We also have the following partial converse. It is a special case of a
result of Robertson [Ro|, concerning groups embeddable into the unitary
group of the hyperfinite II; factor but we give below a direct ergodic theory
argument.

Below we recall that a Borel (not necessarily countable) equivalence
relation R on a standard Borel space Y is smooth if there is Borel map
f:Y — Z, Z a standard Borel space, such that xRy < f(z) = f(y). If
R is countable, this is equivalent to the existence of a Borel selector for R.
Finally, if F is countable, measure preserving on (X, u), then E is called
smooth if its restriction to a co-null E-invariant Borel set is smooth in the
previous sense. It is then easy to see that F is smooth iff F' is finite.

Proposition 4.14. Let E be an ergodic, hyperfinite equivalence relation. If
I is a countable group, I' < [E] and ' has property (T), then I' is residually
finite.

Proof. Let F' C E be the equivalence relation induced by T'.
Claim. F' is smooth.

Granting this, we can complete the proof as follows. Since F' is smooth
and measure preserving it must have finite classes a.e. Decompose then
X into countably many I'-invariant Borel sets Aj, Ao, ... such that the I'-
orbits in A,, have cardinality n. Fixing a Borel linear ordering on X, we
can identify each I'-orbit in A, with {1,2,...,n} and thus each I'-orbit in
A, gives rise to a homomorphism of I' into S,,. Let v € I' be different
from 1. Then for some n, ~ acts non-trivially on A,,, so the homomorphism
corresponding to some ['-orbit in A,, sends v to something different from 1
in S,. So I' is residually finite.

Proof of the claim. We will use the following result of Schmidt-
Zimmer (see Zimmer [Zil], 9.1.1): If a property (T) group I' acts in an
ergodic, measure preserving way on a standard measure space (Y,v) and
a:I'xY — Zis a Borel cocycle of this action, then « is a coboundary, i.e.,
a(y,z) = f(y-x) — f(z), for some Borel f: X — Z.

Fix a free Borel action (n,z) +— n-x of Z on (X, pu) which generates
E. To show that F' is smooth, it is enough to show that if (Y, v) is one of
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the ergodic components of the action of I', with v non-atomic, then F|Y
is smooth. Consider the cocycle o from I" x Y into Z : a(y,x) = (the
unique n such that -z = n-z). Then there is Borel f : Y — Z such that
a(y,z) = f(y-z) — f(z). Fix a set A of positive v-measure, thus meeting
every F-class in Y, on which f is constant. Then if z,v-x € A we have
a(y,x) =0,s0 v-x =z, i.e., A meets every F-class in exactly one point, so
F|Y is smooth. O

There are related questions that came up in a discussion with Sorin Popa.
What countable groups I" embed (algebraically) into [E], for an ergodic,
hyperfinite F, so that they generate E?7 More generally, what countable
groups I' have measure preserving, ergodic actions that generate a hyper-
finite equivalence relation? Every group that has this last property does
not have property (T) and one may wonder if conversely every non-property
(T) group has such an action. This however fails. Fix a countable group
I" which is simple, not residually finite, and has property (T) (such groups
exist as pointed out by Simon Thomas). Let F' be a non-trivial finite group
and let A =T % F. Then A does not have property (T). Assume, towards
a contradiction, that A has an ergodic action which generates a hyperfi-
nite equivalence relation E. Then there is a homomorphism 7 : A — [E].
Clearly 7 is 1-1 or trivial on I'. In the second case, 7(A) = 7(F)) is a finite
group generating F, which is absurd. In the first case I' embeds into [E],
which contradicts 4.14.

On the other hand, one can see that the free groups embed into [E], E
ergodic, hyperfinite, so that they generate E. Take, for example, F5. It is
enough to find S, T € [F], which generate a free group that acts ergodically.
But 3.9 shows that in the uniform topology the set of pairs (S, 7") in (APERN
[E])? that generate a free group is dense G's and, using 3.6, it is easy to check
that the set of such pairs that generate a group acting ergodically is also
dense G5. Thus the generic pair in (APER N [E])? works.

In general, it is not clear what countable groups embed into the full
group of a given ergodic equivalence relation, not necessarily hyperfinite. A
result of Ozawa [O] implies that there is no full group [F] into which every
countable group embeds (algebraically). In particular, there is no full group
[F'] that contains up to conjugacy all full groups or, equivalently, there is no
equivalence relation F' such that for any other equivalence relation F there
is B/ C F with E = E’. We give an ergodic theory proof of this fact in
Section 14, (C).

Ben Miller has pointed out that in the purely Borel theoretic context
one actually has the opposite answer. Below all spaces are uncountable
standard Borel spaces. If E,F are countable Borel equivalence relations
on X,Y, E =p F means that there is a Borel bijection 7 : X — Y with
xFEy < m(x)Fr(y). Also E Cp F means that there is a Borel injection with
zEy < m(x)Fr(y). Miller shows that there is a countable Borel equivalence
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F such that for every countable Borel equivalence relation F thereis B/ C F
with ¥ =g E’. His argument goes as follows.

Let E be a countable Borel equivalence relation on X such that for any
countable Borel equivalence relation E we have £ Cp E4 (see Dougherty-
Jackson-Kechris [DJK], 1.8). Let I(N) = N x N and put F = E, x I(N),
an equivalence relation on ¥ = X x N. We will show that F' works. Take
first a non-smooth E (on some space Z). Let m: Z — X be Borel and 1-1
that witnesses £ Cg E,. Put

m'(2) = (n(2),0).
Then 7/ witnesses F Cp F. Let P = 7/(Z). Clearly F|(Y \ P) is compress-
ible, via (z,n) — (z,n + 1), so there is an aperiodic smooth subequivalence
relation R C F|(Y \ P) (see [DJK], 2.5). Let E' = (F|P)U R. Clearly
E' C F, so it is enough to show that £’ =g E. Now E' =g F ® R and
clearly there is an E-invariant Borel set A C Z such that F|A =25 ROR®. ..
(we are using here that E is not smooth). So

E'2g E®R=2p (E|(Z\A)D®RD...) DR
=p (E|(Z\A)®(R®R®...)=p E.

Finally, when E is smooth, the proof is easy as F' contains an aperiodic
smooth subequivalence relation.

Comments. The method of proof and most of the results about [E]
up to 4.11 come (with some modifications) from the papers Eigen [Eil, Ei2]
and Fathi [Fa]. The numbers 5 and 10 in 4.2 and 4.5 can be replaced by 1,
3 resp., see Miller [Mi].

5. Turbulence of conjugacy

(A) Foreman and Weiss [FW] have shown that the conjugacy action of
the group (Aut(X, ), w) on (ERG, w) is turbulent. We will provide below
(see 5.3) a different proof of (a somewhat stronger version of) this result. Our
argument also shows that the conjugacy action of ([E], u) on (APERN[E], u)
is turbulent for any ergodic but not Ey-ergodic £. We will first give the proof
of this for hyperfinite FE in order to explain in a somewhat simpler context
the main idea. In this section, we use Hjorth [Hj2] and Kechris [Kec3| as
references for the basic concepts and results of Hjorth’s theory of turbulence.

Theorem 5.1 (A special case of 5.2). Let E be a hyperfinite ergodic equiv-
alence relation. Then the conjugacy action of ([E],u) on (APERN[E], u) is
turbulent.

Proof. We have already seen in 3.4 that if T € APER N [E], then its
conjugacy class (in [E]) is dense in (APERN[E], u). We next verify that if
T € APER N [E], then its conjugacy class (in [E]) is meager in (APER N
[E],u). First, by 2.5, the conjugacy class of T in (Aut(X, ), w) is meager,
so it is disjoint from a conjugacy-invariant dense Gs in (Aut(X, u), w), say
C. We can also assume that C C APER by 2.3. By 3.14, D = C N [E] # 0.
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Clearly D C APER N [E] is conjugacy invariant in [F] and, being non-
empty, it is dense in (APER N [E],u) by 3.4. Finally as w C u,C is G5 in
(Aut(X, ), u) and so D is G5 in (APERN[E],u). As D is disjoint from the
conjugacy class of T" in [E], we are done.

We finally verify that if 7€ APER N [E], then T is turbulent (for the
conjugacy action of ([E],u) on (APER N [E],u)).

Fix € > 0 and let

U.={S € APERN[E]:0,(S,T) < €}
Fix also a nbhd V of 1 in ([E],u). It is enough to show that the local orbit
oT,U.,V)

is dense in U..

Since {gTg~! : g € [E]} is dense in (APER N [E],u), it is clearly dense
in (U, u). So fix any g € [E] with gTg~! € U.. It is enough to show that
gTg™t € O(T,U, V)"

Let E = J,2 | Epn, where Ey C Ey C ... are Borel with card([z]g,) <
n,Vz. Then |, [Ey] is dense in ([E], u). Indeed, given S € [E], if X,, = {x :
S(xz) € [z]g,}, then X; € Xo C ... and |J,, X = X. So for any p > 0,
choose n large enough so that pu(X,) > 1 — p. Then, as x € X,, = S(z) €
[*]Eg, , we can find S’ € [E,] such that S|X,, = 5’| X,, and so 0,(S,S") < p.

So we can clearly assume that g € [E,], for some large enough n.

Notice that it is enough to find a continuous path A — gy in ([E],u), A €
[0,1], such that go = 1,91 = ¢g and gATg)Tl € U, VA. Because then we
can find Ag = 0 < Ay < -+ < A\, = 1 with gy 95" € V\Vi < k. If

Ty = gx, Tz = g,\ggA_lly SNPES gxkg,fkl_la then T; € V and
TTiy .. TWTT . TN T = g3 Ty € Ue, Vi < k.

Choose &y small enough so that if a = §/,(gTg~!,T), then a + 46y < e.
Find then N > n large enough, so that there is S € [En] with §,,(S,T) < do.
Then 6,,(S,9S9™") < do + 6,(T,gTg™") + 6o = a + 2.

Claim. There is a continuous path A — gy in ([E],u) withgo = 1,1 = ¢
and 8,(S, gxSgy ') < a + 26p.

Then 0,(T, g\Tgy ") < do + a+ 200 + 6o = o + 4dp < ¢, i.e.,, g2Tgy " €
U,V

Proof of the claim. Let Z be a Borel transversal for Ey and let
A — Zy be continuous from [0, 1] into MALG,,, so that Zy =0 C Z, C Z, C
Z1=Z,u(Zy\Zy) <(v—=2A),for 0 <A<v <1 Let Xy = [Z)\]EN, so that
w(Xy, \ X)) < N-(v—A). Finally, define

_Jgon Xy,
7 Vid on X\ X,
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Then A — gy is a continuous path in ([E],u) and go = 1,91 = g. Moreover,
X, is gy, S-invariant for each A and g| X, = id| X, where X = X \ X.
We check that &/,(S, 9xSgy ') < a + 2d. Fix A € MALG,,. Then

959y (A)AS(A) = [9aS9, (AN X)) UgaSgy (AN Xy)]A
[S (AﬁXA) US(ANXy)]
[92Sgy (AN X)) US(AN X)y)]A

(S (AOX,\)US(AQXA)]
QASQ)\ (ANXy)AS(AN X))
(989~ (A)AS(A)] N X,

so u(gaSgy (A)AS(A)) < pu(gSg~ (A)AS(A)) < &,(98971, ) < a + 20
and we are done. O

1N

Remark. I would like to thank Greg Hjorth for suggesting a modifi-
cation that simplified considerably my original calculation in the preceding
proof.

We next show that a variation of the proof of 5.1 allows one to show
the following stronger statement. Recall that an equivalence relation E is
Ep-ergodic (or strongly ergodic) if for every Borel homomorphism 7 : E —
Ey, (i.e., a Borel map 7 : X — 2N with 2By = 7(x)Eyn(y)) the preimage of
some Ej-class is conull. If F = EIZ( for a Borel action of a countable group
I" on X and FE is Fy-ergodic, we will also call this action FEg-ergodic. See
Jones-Schmidt [JS] and Hjorth-Kechris [HK3], Appendix A, for some basic
properties of this concept.

Theorem 5.2 (Kechris). Let E be an ergodic equivalence relation which
is not Eg-ergodic. Then the conjugacy action of ([E],u) on (APERN[E], u)
is turbulent.

Proof. Since E is not Ey-ergodic, there is a Borel homomorphism 7 :
E — FEj such that the preimage of every FEy-class is py-null. Write Ey =
Us i En, By C Ey C ..., E, Borel with finite classes. We claim that the
set |, [7"1(E,) N E] is dense in ([E],u). Indeed, if PER denotes the set of
periodic elements of Aut(X, u), i.e

S € PER & Vzan(T"(x) = z),

then, by 3.3, PERN[E] is dense in ([E],u). So fix a periodic S € [E] and let
Xy, = {z: m([z]g) is contained in a single E,-class},

where [z]g is the S-orbit of . Then X; C Xy C ... and X = |J,, Xy.

Also each X, is S-invariant and if S, = S|X, Uid|(X \ X,,), then S, €

[r=Y(E,) N E] and S,, — S uniformly.

As in the proof of 5.1, whose notation we keep below, fix T'€ APER N
[E],Ue, and g € [#~1(E,) N E] with ¢Tg~! € U.. Then choose &y small
enough so that a + 409 < € and N > n large enough so that for some
S e [rYEN)NE]E(S,T) < d. It is again enough to find a continuous
path A — gy with go = 1,91 = g and &,(S, gASgA_l) < a+ 2.
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Fix a Borel transversal A for Ey and let v = m,u. Then v(C) = 0 for
each Ey-class C. Define the measure p on A by

p(B) = v([B|gy ), B € A Borel.

Clearly it is non-atomic, so there is a continuous map A\ — A, from [0, 1]
to MALGP with Ag = @,Al =Aand 0 <A< N <1= A4, C Ay and
p(Ax \ Ay) <N =\ Let X, =7 Y([A]Ey), so that p(X)) = p(A,), thus
A — X is continuous from [0,1] to MALG,, X0 =0,X; =X, 0< A< N <
1= X, C Xy and u(Xy\ X)) < XN —\ Moreover Xy is 7~ (Ey)-invariant,
o0 g, S-invariant. Then define as before g\ = ¢g| X, Uid|(X \ X)), so that X
is also gy, S-invariant. The proof then proceeds exactly as in 5.1. O

With essentially the same proof one can show the result of Foreman-
Weiss that the conjugacy action of (Aut(X, 1), w) on (ERG, w) is turbulent.
Actually one can prove a somewhat more precise version (replacing ERG by
APER) by using an additional fact (Lemma 5.4 below).

Theorem 5.3 (Foreman-Weiss [FW] for ERG). The conjugacy action
of the group (Aut(X, pn),w) on (APER, w) is turbulent.

Proof. We have already seen that every conjugacy class in APER is
dense and meager. We finally fix 7' € APER in order to show that it
is turbulent for the conjugacy action. The following lemma was proved
together with Ben Miller.

Lemma 5.4. FEvery aperiodic, hyperfinite equivalence relation E is con-
tained in an ergodic, hyperfinite equivalence relation F'.

Granting this, let S € ERG be such that [T] C [S], where for T €
Aut(X, ) we denote by [T] = [Ep] the full group of the equivalence relation
Er induced by T. Now [S] is dense in (Aut(X,p),w). Then repeat the
argument in the proof of 5.1, starting with g € [5].

Proof of the Lemma. Consider the ergodic decomposition of F. This
is given by a Borel F-invariant surjection 7w : X — &, where £ is the space
of ergodic invariant measures for E. If X, = {z € X : n(z) = e}, then e is
the unique invariant ergodic measure for F|X, and if v = 7., a probability
measure on &, then p = [edv(e), ie., for A C X Borel,

w(A) = /e(A N Xe)dv(e).

In particular, modulo p-null sets, every E-invariant set A is of the form
7~1(B), for some B C £.

Case 1. & is finite.

We will prove then the result by induction on card(€). If card(€) = 1,
there is nothing to prove. Assume now card(€) = 2, say £ = {e1, e}, with
w(Xe,) > p(Xe,). Note that e; = (u|Xe,)/1(Xe,;). By Dye’s Theorem, we
can find X1 C X,, with u(X;) = u(Xe,) and a Borel isomorphism ¢ from
E|X; to E|X., (modulo null sets) which preserves . Then define F' to
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be the equivalence relation generated by E and ¢. Clearly F' is measure
preserving and ergodic. Since every F-class consists of at most 2 E-classes,
F' is hyperfinite.

Assume now that the result is true up ton and say € = {e1, ..., en, €nt1}-
By induction hypothesis we can find a hyperfinite measure preserving ergodic
equivalence relation E, on X, U---U X, extending E|(X, U---U X, ).
Then if F;, = EUFE,, F, is hyperfinite, measure preserving and has 2 ergodic
invariant measures, so by the n = 2 case, we can find F' O F,,, F hyperfinite,
ergodic and measure preserving.

Case 2. & is countably infinite.
Say & = {ej,e9,...). By Case 1, there is hyperfinite, measure preserving,

ergodic £, on X, U---UX, with E|X. U---UE|X,, C E, and E,, C Ej11.
Let F ={J,, E,. This clearly works.

Case 3. £ is uncountable and v is non-atomic.

Let then T € Aut(€,v) be ergodic. For each e € &, let ¢, : X, —
X7(e) be a Borel bijection such that ¢(e,z) = we(x) is Borel and ¢, is an
isomorphism of (E|Xe,e) with (E|Xp,),T(e)) modulo null sets. Let then
() = Qr(z)(z) (s0if € X, p(x) = pe(z)). Note first that ¢ € Aut(X, ).
To see this fix a Borel set A C X. Then

u(e~'(A))

e(p™ ' (A) N Xe)du(e)

T(e)(pe(v™ (A) N Xe))dr(e)

T(e)(AN Xp(e)dv(e)

e(AN X.)dv(e)
A),

I
Eot— e

as v is T-invariant.

Let F' be the equivalence relation induced by E and ¢, so that £ C F
and F' is measure preserving, ergodic. Finally, E is hyperfinite (u-a.e.) as
every F class can be (Borel uniformly) ordered in order type ¢? (where  is
the order type of Z) (see Jackson-Kechris-Louveau [JKL], Section 2).

Case 4. & is uncountable but v has atoms.

Let then {eq,e2,...} be the atoms of v. Let Xo = |J; Xe¢,, X1 = X \ Xo.
By applying the preceding cases to (E|X;, (u|X;)/1(X5)),7 = 0,1, we see
that we can find measure preserving, ergodic, hyperfinite F; on X; such that
E|X; C F;. If F/ = F} U F,, then F is measure preserving, hyperfinite and

E C F’'. Then, by Case 1 again, we can find measure preserving, ergodic,
hyperfinite F' O F’ and the proof is complete. O

Similar arguments also show the following.
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Theorem 5.5. Let E be an ergodic equivalence relation. Then the conjugacy
action of ([E],u) on (Aut(X, u),w) is generically turbulent.

Proof. Use the argument in 5.1 to show that every ergodic T € [E]
is turbulent for this action (since the conjugacy class of T in Aut(X, p) is
weakly dense, this shows that the action is generically turbulent). O

(B) Given equivalence relations E, F' on standard Borel spaces X, Y, we
say that E can be Borel reduced to F', in symbols

E<pF,
if there is a Borel map f : X — Y such that
By < f(z)Ff(y).
We say that E is Borel bireducible to F', in symbols
E ~p F,

if E <p F'and F < E. An equivalence relation F on a standard Borel
space X can be classified by countable structures if there is a countable
language L and a Borel map f: X — X, where Xy, is the standard Borel
space of countable structures for L (with universe N), such that xEy <
f(z) = f(y), where 2 is the isomorphism relation for structures, i.e, E is
Borel reducible to the isomorphism relation of the countable structures of
some countable language. Hjorth [Hj2] has shown that if E is induced by a
(generically) turbulent action, then E restricted to any dense G set cannot
be classified by countable structures.

From 5.3 and the fact that WMIX is dense G§ one can of course de-
rive that conjugacy in WMIX cannot be classified by countable structures.
Earlier such a result for ERG was proved in Hjorth [Hjl]. Moreover, by
also using 2.5, it also follows that unitary equivalence in WMIX cannot be
classified by countable structures.

Theorem 5.6 (Hjorth [Hjl] for ERG, Foreman-Weiss [FW]). Con-
Jugacy and unitary (spectral) equivalence in WMIX cannot be classified by
countable structures.

In fact one can prove stronger results which apply as well to MIX (which
is meager in Aut(X, u)).

Fix an uncountable standard Borel space Y and let P(Y") be the standard
Borel space of Borel probability measures on Y. As usual call p,v € P(Y')
equivalent measures (or mutually absolutely continuous) if they have the
same null sets. Thus denoting equivalence of u,v by u ~ v and absolute
continuity by p < v, we have

p~vepLryand v << p.

Clearly, up to Borel isomorphism, ~ is independent of the choice of Y. It is
known that ~ is a Borel equivalence relation which cannot be classified by
countable structures, see Kechris-Sofronidis [KS]. The spectral theorem for
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unitary operators implies that if U(H) is the unitary group of a separable
infinite dimensional space H, then conjugacy in U(H) is Borel bireducible
to ~. It is clear then that unitary (spectral) equivalence in Aut(X, ) is
Borel reducible to measure equivalence ~.

Theorem 5.7 (Kechris). (a) Measure equivalence is Borel bireducible to
unitary equivalence in MIX (and thus also in WMIX, ERG and Aut(X, p)).
In particular, unitary equivalence in MIX cannot be classified by countable
structures.

(b) Measure equivalence is Borel reducible to conjugacy in MIX (and
thus also in WMIX, ERG and Aut(X, pn)). In particular, conjugacy in MIX
cannot be classified by countable structures.

Our proof will use the spectral theory of unitary operators and mea-
sure preserving transformations, for which some standard references are
Cornfeld-Fomin-Sinai [CFS], Glasner [G12], Goodson [Goo], Lemariczyk [Le],
Nadkarni [Nal, Parry [Pa], Queffélec [Qu], and in particular the spectral the-
ory of the shift in Gaussian spaces (see Appendices C-E) for which we refer
the reader to Cornfeld-Fomin-Sinai [CFS]. Moreover, we will also make use
of some results in the harmonic analysis of measures on T, for which we refer
to Kechris-Louveau [KL].

Proof of 5.7. (a) For each finite (positive) Borel measure o on T
consider ¢ : Z — C given by

g(n) = /z”da(z).

By Herglotz’s theorem (see, e.g., Parry [Pa]) o < ¢ is a 1-1 correspon-
dence between finite Borel measures on T and positive-definite functions on
Z. Note that ¢ is real iff o is symmetric, i.e., invariant under conjugation
(0(A) = o(A), for every Borel set A, where A = {z: 2 € A}). To each sym-
metric o then we can associate the real positive-definite function ¢(o) = &
and then the Gaussian space (RZ, (o)), s in Appendix C, and the corre-
sponding shift, which we will denote by Ty, i.e., T5((xn)nez) = (Tn—1)nez-
It is well-known (see, Cornfeld-Fomin-Sinai [CFS], p. 369) that T}, is mixing
iff o is a Rajchman measure, i.e., 6(n) — 0 as |n| — oo.
Consider the Wiener chaos decomposition

L2(RZ7/’LQD(O')) - LQ(R y Mo(o) @H(C
n>0

discussed in Appendix D, and let Uy, = U, be the unitary operator on
L?(RZ, fp(e)) induced by T,. Clearly each Hg" is invariant under U,. Also
note that H(é): = C is the subspace of constants and

LY(R?, py(0)) = EP HE".

n>1
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For each finite measure o on T consider the Hilbert space L?(T, o) and
the unitary operator V,(f)(z) = zf(z). Suppose now that A C T is an
independent set, i.e., if z1,...,z; € A are distinct, ny,...,nr € Z, and
21t ~-zZ_’“ =1, then ny = --- = ng = 0. If a symmetric o is supported
by A U A, then the n-fold convolution ¢** = ¢ % --- % ¢ is supported by
(AUA)" (={z1...2n : z; € (AUA)}). Moreover if o is non-atomic, then
actually o*" is supported by (AU A)*™ = {z1...2, : z; € (AUA), 2 #
2k, Zk, if @ # k} and these sets are pairwise disjoint, so o = ¢*!,0*2, ... have
pairwise disjoint supports. Now the spectral theory of Gaussian shifts shows
that the unitary operator U, on Hg",n > 1, is isomorphic to the unitary
operator Vy«n on L?(T,0*"); see Cornfeld-Fomin-Sinai [CFS], Chapter 14,
§4, Theorem 1. If o is also a probability measure, let ooo = > 074 2%0*"

Then L*(T, 000) = @,,51 Kn, where K, = {f € L*(T,0) : [ is 0 off A*"},

each K, is invariant under V,,__ and the map f € K,, — \/12—”]” € L*(T,o*")

is an isomorphism of V,_ |K, with Vyen. It follows that Uy|L§(R%, f1y(,))
is isomorphic to V,_ on L?(T,04). In the language of spectral theory this
says that the maximal spectral type of the operator U = U,|L3(RZ, Ho(o))
is equal to 0 and it has multiplicity 1. Since, by the spectral theory,
two unitary operators are isomorphic iff their maximal spectral types are
equivalent and they have the same multiplicity function, we conclude that
whenever o, 7 are non-atomic symmetric probability Borel measures on T
each supported by a set of the form A U A, A independent, and U2, U? are
the unitary operators associated to the respective Gaussian shifts (restricted
to the orthogonal of the constant functions), then

Ooo ™ Too & U2 2 UL,

where = denotes isomorphism of the unitary operators. B
But one can now verify that if o, 7 are supported by the same set A UA,
where A is an independent set, then

O~NTE 0o ™~ Too-

Indeed, 0 ~ 7 = 04 ~ Too holds simply because 0 << 7= 0% p << T * p,
for any p. Conversely, assume that oo, ~ Too. Say o, 7 are both supported
by A UA. Suppose now o(A4) = 0 but 7(A) > 0, towards a contradiction.
Replacing A by AN (A UA), we can assume that A C (AU A). Since
Ooo ~ Too >> T, we have 0 (A) > 0, so as 0(A) = 0,0 (A) > 0 for some
n > 1. Thus AN (AUA)*™ # () and therefore (AU A) N (AUA)™ # 0, a
contradiction. Thus if o, 7 are supported by AUA for the same independent
set A, then
o~Te U 2UL.
Note also that
=0l U, =2U,,

so we finally have:
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If o, 7 are symmetric Rajchman (and thus non-atomic) probability mea-
sures supported by A U A for the same independent set A, then T, T, are
mixing and

o ~ 1 & Ty, T, are unitarily equivalent.
As 0 — T, is clearly Borel, we have shown that ~ restricted to symmetric
Rajchman probability measures supported by AUA, for a fixed independent
set A, is Borel reducible to unitary equivalence on MIX. It only remains to
show that ~ can be Borel reduced to ~ restricted to such measures.

We will use here the following result of Rudin [Rul] (see also Kahane-
Salem [KS], VIII, 3, Théoréme II): There is a closed set A C T which is inde-
pendent and supports a Rajchman measure, i.e., A is in the class M of closed
sets of restricted multiplicity (see Kechris-Louveau [KL]). By a theorem of
Kaufman (see Kechris-Louveau [KL], VII. 1, Theorem 7), there is a Borel
function = — o, from 2N to the standard Borel space of probability measures
on T such that each o, is a Rajchman measure, supp(o;) Nsupp(oy) = 0 if
x # y (where supp(c) = T \ |J{U open : ¢(U) = 0}), and supp(o;) C A.
Then, since A is independent, we have ANB = (), for disjoint 4, B C A, so, by
replacing o, by (o, +6;) (where 5(A) = o(A)), we have the following con-
clusion: There is a Borel map z — o, from 2N to symmetric Rajchman prob-
ability Borel measures with supp(o,) C AU A and supp(o,;) Nsupp(ay) = 0
if x #y.

Now consider an arbitrary probability Borel measure p on 2. Put

oy = /deu(:r)

i.e., = f (A , for each Borel set A C T, or equivalently
J fdau = f ( fdax)d,u( ) for every continuous function f on T. It follows
that

uln) = [ Ga(m)du(a)

and since 65(n) = fp(zr) — 0 as [n| — oo and |fp(x)|] < 1 we have, by
Lebesgue Dominated Convergence, that 6,(n) — 0, i.e., 0, is a Rajchman
measure. Clearly o, is symmetric and o, is supported by A U A. It only
remains to verify that

pLY o, Loy

Assume 1 < v and let A C T be Borel with ¢, (A) = 0, so that

/ o (A)d(z) = 0.

Then 0,(A) = 0,v—a.e.(z), thus 0,(A4) = 0, u—a.e.(z), therefore o, (A) = 0.
Thus 0, < 0,. Conversely, assume that o, < 0, and let X C 2N be Borel
with v(X) = 0. Let X* = (J,cx supp(o,), which is a Borel set in T. Then
0, (X*) = [0,(X*)dv(z) = v(X) = 0. Thus 0,(X*) = [ 0x(X*)du(z) =0,
S0) am(X*) = 0, p—a.e.(x), therefore v & X, u— ae( ), i.e., u(X) =0. So
n<Luv.
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This concludes the proof of (a).

(b) By the proof in part (a), it is clearly enough to show that if o, 7 are
symmetric measures on T, and ¢ ~ 7, then T,, T, are isomorphic transfor-
mations, i.e., there is an isomorphism S : (Rz,uv(g)) — (Rz,u@(ﬂ) sending
T, to T.

Suppose o ~ 7. Then the map

f € L*T, o) — j—jf e L¥(T, )

is an isomorphism of the Hilbert space L?(T, o) to L?(T, 7) that sends V, to

V. Since o, T are both symmetric, i.e., invariant under conjugation, so is zll—i,

ie., Z—‘T’(z) = %(2) (t—a.e.). Let S?(T, o) be the closed subset of L*(T,o)
consisting of all f € L?(T, o) satisfying f(z) = f(z). This is a real subspace
of L*(T,o) invariant under the operator V,, and L?(T,o) is the complexifi-
cation of S?(T, o), since any f € L%*(T,o) is uniquely written as f; + ifa,
with f1,f2 € S3(T,0), namely fi(2) = [f(2) + FG)) fal2) = %(f(2) —
f(2)]. Moreover, V, on L?(T,o) is the complexification of V,|S?(T,o).
Now the spectral theory of the Gaussian shift 7, asserts that there is an
isomorphism between the real Hilbert space H, = H'* (the first chaos of
L?(R%, Io(o), R) associated with the Gaussian space (RZ, Ho(s))) and the real
Hilbert space S?(T,o), which sends U,|H, to V,|S?*(T,o) (see Cornfeld-
Fomin-Sinai [CFS], p. 368). Similarly for 7. Since % is invariant under
conjugation, the map f € L?(T,o0) Zl—:f € L?(T,7) sends S*(T,o) to
S%(T,7) and V,|S%(T,0) to V;|S?*(T,o). Thus there is an isomorphism T
between H, and H, that sends U,|H, to U;|H,;. By Appendix D, there is
an isomorphism S : (RZ,/@,(J)) — (]RZ,MSD(T)) such that if Og(f) = fo S~!
is the corresponding isomorphism of L?(R%, (o) R) with L?(RZ, Ho(r)s R),
then Og|H, = T. Since T sends U,|H, to U;|H;, S sends T, to T, and the
proof is complete. O

(C) Very recently Foreman, Rudolph and Weiss [FRW] have shown that
the conjugacy equivalence relation on ERG is not Borel (in fact it is a
complete X} subset of ERG?). This in particular shows that conjugacy on
ERG cannot be Borel reduced to unitary equivalence on ERG and thus, in
combination with 5.7, it shows that, in terms of Borel reducibility, conjugacy
on ERG is strictly more complicated that unitary equivalence on ERG.

Although the place of unitary equivalence on ERG in the Borel reducibil-
ity hierarchy of complexity of equivalence relations is completely understood,
it is still open to determine this for conjugacy on ERG. For example, how
does it compare with the universal equivalence relation induced by a Borel
action of (Aut(X, u),w) (or equivalently of U(H), which is isomorphic to a
closed subgroup of (Aut(X, u),w), by Appendix E)?

Another question (motivated by a discussion with Yehuda Shalom) on
which not much seems to be known is the following. It has been a classical
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problem of ergodic theory to distinguish up to conjugacy ergodic transfor-
mations which are unitarily equivalent. The concept of entropy provided
a powerful tool for attacking this problem. In this vein one can raise the
general problem of understanding the complexity of conjugacy within each
unitary equivalence class. More precisely, let C C ERG denote a given uni-
tary equivalence class in ERG. How complicated is conjugacy restricted to
C? The answer will depend of course on C. If C corresponds to a dis-
crete spectrum ergodic transformation 7 (i.e., one for which Ur has discrete
spectrum, which means that the corresponding maximal spectral type con-
centrates on a countable set), then, by the classical Halmos-von Neumann
Theorem, C' consists of a single conjugacy class. On the other hand not
much seems to be known about the complexity of conjugacy for C' whose
maximal spectral type is continuous (i.e., non-atomic). A particular case of
interest is the class C' which has countable homogeneous Lebesgue spectrum
(i.e., the unitary equivalence class of the shift on 2 with the usual product
measure), which of course contains continuum many conjugacy classes.

Remark. Concerning the spectral theory of ergodic measure preserving
transformations, it is a very hard and still unsolved problem to determine
what are the possible spectral invariants, i.e., pairs of measure classes in
P(T) and multiplicity functions, that correspond to (the unitary operator
associated to) an ergodic measure preserving transformation. Equivalently,
this can be viewed as the question of characterizing the unitary operators
that are realized by ergodic, measure preserving transformations up to iso-
morphism (i.e., conjugacy in the unitary group) - see here also Appendix
H, (F). Fox example, one can ask if the set of such of operators is Borel in
U(H). (It is obviously X}.) It also appears to be unknown what measure
classes of probability measures on T can appear as maximal spectral types
of ergodic measure preserving transformations. (See, e.g., Katok-Thouvenot
[KTh].) For example, one can ask whether the set of maximal spectral types
of such transformations is a Borel set in P(T). (It is clearly 31.)

6. Automorphism groups of equivalence relations

(A) For each measure preserving countable Borel equivalence relation
E on (X, u) we denote by N[E] the group of all T'€ Aut(X, u) such that

zBy < T(z)ET(y),

for all z,y in a conull set. Note that N[E] is the normalizer of [E] in
Aut(X,p). If E is not smooth, then T.-J. Wei [We| showed that N[E] is
IT)-complete in (Aut(X, i), w). Clearly N[E] is closed in (Aut(X, ), u) but
it may not be separable. For example, if £ = Ey and for A C N we let
fa(x) = x + xa, where addition is pointwise modulo 2, then f4 € N[E]
and 0,(fa, fe) = 1 if A # B. Next we will see that N[E] is a Polishable
subgroup of (Aut(X, u),w), if E is aperiodic.
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Note that each T' € N[E] induces by conjugation an isometry ip of
([E],64) : ir(S) = TST~!. Consider the Polish group Iso([E],d,), with
the pointwise convergence topology and the map i(7") = ip. We first check
that it is an algebraic isomorphism of N[E] with a subgroup of Iso([F], d,,),
provided that E is aperiodic. It is clearly a homomorphism. Injectivity
follows from 4.11.

We next verify that the image i(N[E]) of N[E] is closed in Iso([E], d,,),
provided FE is aperiodic.

To see this let T;, € N[E] and assume i7,, — ip in Iso([E], d,). Then for
every S € [E], {T,,ST,; '} is §,-Cauchy, i.e.,

lim 6,((T,, ) S(T,, ' T,) ™", S) — 0.
m,n—o0

Fix A € MALG, and find S € [E] with supp(S) = A (by 4.10). Since
supp((T,,1T,)S(T,; T,)~Y) = T,1T,(A), we have u(T,,'T,(A)AA) — 0,
as m,n — oo. Similarly, since also (i, )~ ! = ip-1 — iy " in Tso([E], d,),
we have limy, 0 (T Ty H(A)AA) = 0. So limy, oo [1t(Th(A) AT (A)) +
w(THA)ATH(A)] — 0, ie., {T,,} is a Cauchy sequence in the complete
metric &, of Aut(X, ). Thus there is T € Aut(X, u) with T, — T weakly.
Then for S € [E],T,ST,,! — TST~! weakly. But also T,,ST,;! — io(9)
uniformly, so TST~! = iy(S) € [E]. Thus T € N[E] and clearly i = io.

We summarize the preceding discussion as follows.

Theorem 6.1. Let E be aperiodic. The group N[E] is a Polishable subgroup
of (Aut(X, pu),w). The corresponding Polish topology Tn(g) is given by the
complete metric

6N[E} (T17T2) = Z 2_n[5u(T15nT1717TQSnT271) + 5u(T1715nT17T2715nT2)]a
where {Sp} is dense in ([E],u). We have w|N[E] C 7y C u|N[E], and
thus if T,, — T in N[E], then T,, — T weakly.

Convention. From now on, when we consider topological properties of
N[E] without explicitly indicating the topology, we will always assume that
we refer to Tyg)-

If F= EIZ( , where the countable group I' acts in a Borel way on X,
we also have the following fact, denoting for each v € I' also by + the map

V(@) =7
Proposition 6.2. For E = EX aperiodic, T,,,T € N[E)|,
T, — T < T, — T weakly and ¥y € T(T,yT,;' — TyT~! uniformly).
Proof. Again it is enough to show that if T, € N[E],T,, — 1 weakly and
ToyT,;7 ! — ~ uniformly, Vy € T, then T;,7T,, ' — T uniformly, VT € [E].
Fix T' € [E]. Then there is a partition X = |J; A;, A; Borel, and v; € T’
with T'(x) = 7;(x), Vo € A;. Fix € > 0. Choose then M large enough so that
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Y isam M(A;) < e. Then for some N and all n > N,

,U,(Tn(AZ)AAz) < Vi < M,

€
(M+1)

Tn’YiTn_l(x) = 7i($)7Vi <M,
for all © ¢ A%, where u(A%)

‘s 1 < M. Thus off a set of measure

< @y
< 2¢, we have that if i < M and x € A;, then T, !(x) € A; and

TT (2) = (T (@) = T (i()) = T; ' T(a).

n
Thus p({z : TT, Y (x) # T,'T(2)}) < 3¢, if n > N, so 6,(TT,; 1, T, 'T) =
Su(T,TT, 1, T) — 0. m)
Thus the following is also a complete metric for N[E]:
OniE)(T1, To) = 0u(Th, To) + > 27 "0u(Tiy Ty Tom Ty ),

n

where I' = {v,}.

Remark. It is clear that in the preceding one can equivalently use 0/,
instead of 6.

(B) There is also another way to understand the topology of N|[E].
Consider the measure M on E defined by

M(A) = /Card(Ax)d,u(:U),

where A, = {y : (z,y) € A}, for any Borel set A C E. This is a o-finite
Borel measure on E.
Given now T' € N|[E] consider the map 7' x T on E defined by
T x T(a,y) = (T(2), T(y)).
Then it is easy to see that T'x T preserves the measure M, therefore induces
a unitary operator on the Hilbert space
L*(E,M)
denoted by Urxr:

Urxr(f)(a,y) = F(T" (@), T (y))-
The map T +— Upxr is a group isomorphism between N[E] and a sub-
group of U(L*(E, M)). (To see that it is 1-1, assume that Upxr = 1, i.e.,
(T Y2), T~ (y)) = f(z,y), M-a.e., for all f € L?>(E,M). Then for any

g € L*(X, p), if
) g(z), ifz =y,
f,y) = {0, otherwise,

then f € L*(E, M) and g(T ™ (2)) = f(T™H(2), T~ (%)) = f(=,2) = g(2), p-
a.e.,s0 T'=1.)

Now notice that Up, w7, — 1 in U(L*(E, M)) = T,, — 1 in N[E]. This
is because for any T' € N[E], S € [E], if f is the characteristic function of
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graph(S) C E, then &,(TST~1,S) < ||[Urxr(f) — f||3- On the other hand
T +— Urpxr is clearly a Borel homomorphism from the Polish group N[E] into
the Polish group U(L?(E, M)), thus it is continuous, so if T, — 1 in N[E],
then Up, 7, — 1 in U(L*(X, M)). So T + Urxr is a homeomorphism of
N|[E] with a (necessarily closed) subgroup of U(L?(X, M)), and we have the
following fact.

Proposition 6.3. For aperiodic E, the map T +— Urpxp from N[E] to
U(L*(E,M)) is a (topological group) isomorphism of N[E] with a closed
subgroup of U(L*(E, M)).

Thus we can identify each T' € N[E] with the corresponding unitary
operator Uryr on L?(E, M).

(C) It follows from 4.1 that for every ergodic E, N[E] can be also iden-
tified with the automorphism group, Aut([E]), of the (abstract) group [E].
More precisely, every S € N[E] gives rise to the automorphism 7' +— STS™1
of [E] and every automorphism of the (abstract) group [E] is of this form for
a unique S € N[E]. Next notice that [E] is the smallest non-trivial normal
subgroup of N[E]. Indeed, if K < N[E] is another normal subgroup, then,
since [E] is simple (by 4.6), either [E] < K or else [E] N K = {1}. In the
latter case K C Cig), the centralizer of [E] in Aut(X, u), which by 4.11 is
trivial, so K = {1}.

Assume now F, F' are ergodic and f : N[E] — N[F] is an (abstract)
group isomorphism. Then f sends [E] onto [F] so, by 4.1, E = F and there is
¢ € Aut(X, p) such that f(T) = f,(T) = ¢Tp~!,VT € [E]. Thus f, maps
[E] onto [F] and therefore f, maps N[E] onto N[F]. Consider f~'o f,. This
is an automorphism of N[E] which is trivial on [E]. Since [E] is simple, non-
abelian, a theorem of Burnside (see Thomas [Tho], 1.2.8) asserts that every
automorphism of N[E] (which can be identified with the automorphism
group of [E]) is inner and thus there is ¢ € N[E] such that f~!o f,(T) =
YTy~1 VT € N[E], and as Lo f,(T) =T for T € [E], T~} = T,¥T €
[E], i.e., ¥ € Cig), s0 ¢ = 1. Thus f(T) = f,(T),VT € NI[E].

So we have the following Reconstruction Theorem for N[E].

Theorem 6.4. If E, F are ergodic equivalence relations, the following are
equivalent:

(i) E=F,

(i) N[E], N[F] are isomorphic as abstract groups.

Moreover, for any algebraic isomorphism f : N[E] — N[F] there is
unique ¢ € Aut(X, p) with f(T) = Ty~ ', VT € N[E].

(D) Finally, we note that Danilenko [Da] has shown that (as a topolog-
ical group) N[FE] is contractible, when E is ergodic, hyperfinite. We will see
some further properties of such N[E] in the next section.

Comments. For the definition of the topology on N[FE], see Hamachi-
Osikawa [HO], Gefter [Ge|, Danilenko [Da].
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7. The outer automorphism group

(A) The group [E] is normal in N[E] and the quotient
Out(E) = N[E]/[E]

is called the outer automorphism group of E. If E is aperiodic and N[E]
has the Polish topology Tx(g], then Out(E) with the quotient topology will
be a Polish group iff [E] is closed in N[E].

The group [E] may or may not be closed in N[E] (we will say more
about this below) but it is always a Polishable subgroup of N[E] with the
corresponding Polish topology being equal to the uniform topology on [E].
This is because Ty g |[E£] C u|[E]. Moreover we have that [E] will be closed
in N[E] exactly when 7y |[E] = ul[E], ie., for T,, € [E], T,ST,; " — S
uniformly, VS € [E], implies T,, — 1 uniformly. If E = EX, this is also
equivalent to the assertion that 7, — 1 weakly and Vy € T'(T,~vT,; ' — v
uniformly) implies 7;, — 1 uniformly.

Proposition 7.1. If E is ergodic and {gyn} is dense in ([E],u), then
[E] = NIE] N J{T : 6u(T, gn) < 1}.

In particular, [E] is open in (N[E]),u) and an F, Polishable subgroup of
(N[EL TN[E})-

Proof. If T € N[E] and 0,(T, g,) < 1, then T(z) = gn(z) and thus
T(x)Ex on a positive measure set. Then, by the ergodicity of E,T(x)Ew,
a.e., i.e., T € [E].

Since every open ball in u is F,, in w and w|N[E] C 7y/g, it follows that
[E] is Fy in (N[E], Tn(g])- O

The preceding result should be contrasted with the fact that, for ergodic
E, [E] is II3-complete in (Aut(X, ), w) (see the paragraph after 3.1).

(B) We next study the complexity of Out(E), when E is ergodic, hy-
perfinite.

Theorem 7.2 (Hamachi-Osikawa [HO)). If E is ergodic, hyperfinite,
then [E] is dense in N|E].

Proof. Take E = Ej on 2". Consider the basic open sets { Ny} 4eon and
let G, be the permutation group of 2. We view each g € G,, as a member
of [Ey] (a dyadic permutation) by letting g(s"z) = g(s)"z. SoG1 C G2 C ...
and G = J,, Gn is dense in ([Ep],u). Finally note that if for s € 2", g, is
the transposition gs = (0™ s) that switches 0", s (with gon = id), then G,, is
generated by {g}econ (a5 (a b) = (z )(z b)(z ).

If T'e N[Ep],n > 1, we will find T}, € [Ep] such that

Tn(Ns) = T(Ns); TngsTn_l = TgsT_17

for any s € 2. Then T,,gT,;! = TgT ! for any g € Gy, so Tp,gT); ' — TgT 1
uniformly for any g € G, and T,, — T weakly, thus T,, — T in N[E].
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Definition of T,,: Let R € [Ep| be such that R(Ngn) = T(Ngn). Then
define T,, on Ng, s € 2", as follows:

(*) T (z) = Tg,T ' Rg,(x).

As g5, TgsT™Y, R € [Ey), clearly T, € [Ep]. Also T, |N0n R|Non, Ty, (N,) =
T(Ns). We now check that T,,g,T; ' (y) = TgsT ' (y),Vs € 27, Vy. If y &
T(Ns)UT(Non), Tgs T (y) =TT ' (y) = y and T,,9:T;, *(y) = T, T, ' (y) =
y. If y € T(Ns) UT(Non) this follows from (*). O

Since clearly [Ep] # N[Ep] (e.g., any infinite A C N induces an element
of N[Ey| \ [Ep] via x — x + xa(mod 2)), it follows that for any ergodic,
hyperfinite E, Out(E) is not Polish. In fact one can say quite a bit more.

Call Out(E) turbulent if the action of ([E],u) by (right) translation on
N[E] is turbulent. In that case, the equivalence relation induced by the
cosets of [E] in N[FE] admits no classification by countable structures (i.e.,
Out(F) cannot be Borel embedded in the isomorphism types of countable
structures).

Theorem 7.3 (Kechris). If E is not Ey-ergodic, then every element ofﬁ
(closure of [E] in N[E]) is turbulent for the translation action of ([E],u) on
N[E]. In particular, if also [E] is not closed in N[E], the translation action
of ([E],u) on [E] is turbulent and the associated coset equivalence relation
admits no classification by countable structures.

Corollary 7.4. If E is ergodic, hyperfinite, then Out(E) is turbulent.

Proof. Let G = [E]. Since the periodic g € [E] are dense in ([E],u), fix
a countable set {g;} of periodic elements in [E] which is dense in ([E], u).
Then a basic nbhd of g € G has the form

U= ({SeG:5,(59,5 " 99597 ") < e}.
j=1
Also fix a basic nbhd V of 1 in ([E], u).

We will show that O(g,U, V) is dense in U. Now {gT~!: T € [E]} is
dense in G, so {gT~' € U : T € [E]} is dense in U. Therefore {ggj_1 eU:
Jj=0,1,...} is dense in U, thus it is enough, for each p > 0, and h € {g;}
such that gh™! € U, to show that O(g,U,V) N {S : &.,(S,gh™') < p} # 0.
Note that for S € G:

95 €U & Vj <n[5,(959;5 97", 9997") < €
& Vi < n[6,(Sg;571, g5) < €.

It is thus enough, for each p > 0, to find a continuous path A — h) in
([E],u) with hg = 1 such that &,,(h} ' gjhx, g;) < €,¥j < n, and &/, (h, h1) < p.
Let oo < € be such that 8l (htgih, g;) < a, Vj < n. Using the notation of 5.2,
we can find h, g;, j < n, which are in [x~}(Ey) N E] for some large enough

N and §),(h, h) < (50,5u(g],g]) < 00,Vj < n, where 0 < dg < p, + 609 < €.
Then 8, ((h)~tg;h,g;) < 38 + o + do = a + 48p. Then, as in the proof of
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5.2, there is a continuous path A — hy in ([E],u) such that hg = 1,h = h
and &,,(hy'gjha, G5) < @+ 480,Vj < n. Then &,(h, h1) = 8, (h,h) < & <
12 5;(hxlgjh)\vgj) < 26&(gj>gj) + o+ 450 <a+ 650 < €. U

Remark (Tsankov). As we noted earlier, N[E] is closed in the space
(Aut(X, ), ) and so J,, is a complete metric on N[E]. Also as we saw in the
proof of 7.1 6,(S,T) =1if S € [E],T € N[E]\ [E], so for any two distinct
cosets [E]S # [E|T of [E] in N|[E],6,(5,T") = 1,vS’ € [E]|S,VI' € [E|T.
It follows that (N[E], u) is separable (i.e., Polish) iff Out(E) is countable iff
TN[E)] = u|N[E].

Remark. Consider the shift action of a countable group I' on (X', ub),
given by v-p(8) = p(y~1d), with corresponding equivalence relation E. Any
S € Aut(X, 1) induces S* € Aut(X', u) given by

S*(p) = (v = S(p(v)).

Clearly S* € N[E], in fact S*y = vS*,Vy € I'. It is easy to check that
0, (S*,T) = 1, for every S # 1,T € [E]. It follows that S — S* is a
Borel, therefore, continuous embedding of (Aut(X,u),w) into N[E] with
image having trivial intersection with [E]. In fact, it is a homeomorphism of
(Aut(X, p), w) with (a necessarily closed) subgroup of N[E] since, in view
of 6.2, S} — S* in N[E] iff S} — S* weakly and this is easily equivalent to
Sy, — S weakly. If 7 : N[E] — Out(FE) is the projection map and G = {S5* :
S € Aut(X, )}, then it is easy to check that 7|G is a homeomorphism,
so (Aut(X,u), w) embeds topologically as a subgroup of Out(FE). So, if
moreover Out(E) is Polish, this copy of (Aut(X, u),w) in Out(E) is closed,
ie., [E]G is closed in N[E]. Finally note that for any distinct 77,75 €
Aut(X, ), 0, (15, T5) = 1, ie., G is discrete in w. In particular, taking
I' = 7Z, we see that if E is ergodic, hyperfinite, then N[E] contains a closed
subgroup G isomorphic to (Aut(X, 1), w) with GN[E] = {1} and moreover
G is discrete in u.

Remark. Assume now that E is ergodic, hyperfinite. Then Connes
and Krieger [CK] have shown that Out(E) has the following very strong
property: Every two elements of Out(F) which have the same order (finite
or infinite) are conjugate. Since, by the preceding remark, Out(E) contains
a copy of Aut(X,u), which is simple and has elements of any order, it
follows that Out(F) is simple. Also since in Aut(X, u) every element is a
commutator and a product of three involutions (see Section 2, (D)) the same
is true for Out(E). Going up to N[E] we see that [E] is the unique non-trivial
normal subgroup of N[E]. Moreover, using again the preceding remark and
the result of Connes-Krieger, we see that there is a copy G of Aut(X, u) in
N[E] so that for every T' € N[E] some conjugate of T is of the form 5752,
where S € [E] and Sy € G. It follows (using also 2.10 and the comments in
Section 4) that every element of N[E] is the product of 2 commutators and
6 involutions. I do not know if every (algebraic) automorphism of Out(E)
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is inner. Also I do not know whether the following is true: If F' is ergodic
and Out(F') is algebraically isomorphic to Out(E), then F' is hyperfinite.
Bezuglyi and Golodets [BG2| have generalized the Connes-Krieger the-
orem to show that if m;,m3 : G — N[E] are two homomorphisms of a count-
able amenable group into N[E] and 7; : G — Out(FE) is defined as 7; = porr;,
with ¢ : N[E] — Out(F) the canonical surjection, then 7,72 are conjugate
(i.e., 30 € Out(E) with 71(g) = 0m2(9)071,Vg € G) iff ker(m) = ker(m2).

Remark. Consider now a Borel measure preserving action of a count-
able group T' on (X, u) and the associated equivalence relation Elz( = F.
We denote by Cr the stabilizer of the action, i.e., the set of T' € Aut(X, u)
such that (writing v(x) = v -2) TyT~! = 7,¥y € T. This is equivalent
to T(y-z) =~ -T(x),Yy € T, ie., T € Cr iff T is an isomorphism of
the action. In particular, Cr < N[E|. By Proposition 6.2, assuming E
is aperiodic, TN[EHC[‘ = w|Cp. Thus, since Cr is obviously a closed sub-
group of (Aut(X,u),w), and therefore Polish, Cr is a closed subgroup of
(N[E], T )

Now Cr < N[E] acts by conjugation on [E]. Since (Cr,w) = (Cr, Tn(g))
is a closed subgroup of Iso([E],d,), when we identify T" € Cr with S €
[E] — TST~! € [E], and the evaluation action of Iso([E],d,) (with the
pointwise convergence topology) on ([E],u) is continuous, it follows that
the conjugation action of (Cr,w) on ([E],u) is continuous. Consider then
the semidirect product Cr x [E] (for the conjugation action), which we take
here to be the space Cr x [E] with the product topology and multiplication
defined by

(Tl, Sl)(Tg, 82) = (TlTQ, (T{lSng)SQ)
(see Appendix I, (B)). This is again a Polish group. Let

¢ :Cr X [E] — N|[E]
be defined by
o(T,S)="TS.
This is a continuous homomorphism of the Polish group Cr x E into the
group (N[E], 7y(g)) whose range is the group
CrE]

generated by Cr and [E]. In particular, Cp[E] is Polishable.

In the case Cr N [E] = {1} (and this is quite common, see 14.6 below),
then ¢ is a continuous injective homomorphism of Cr x [E] onto Cr[E].
Thus if additionally Cp[FE] is closed, ¢ is a topological group isomorphism
of Cr x [E] with (Cr[E], Tn(g))- Since p({1} x [E]) = [E], we conclude that
[E] is closed in N[FE]. Thus

(Cr N[E] = {1} and Cr[E] is closed in N[E]) = [E] is closed in N[E].

Comments. Very interesting explicit calculations of the outer automor-
phism groups of equivalence relations induced by certain actions have been
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obtained by Gefter [Ge], Gefter-Golodets [GG|, Furman [Ful], Popa [Po4],
Ioana-Peterson-Popa [JPP] and Popa-Vaes [PV]. Among them are examples
where Out(FE) is trivial, i.e., N[E] = [E].

8. Costs and the outer automorphism group

(A) We establish here a connection between the cost of an equivalence
relation and the structure of its outer automorphism group. Concerning the
theory of costs, see Gaboriau [Ga]. We follow in this section the terminology
and notation of Kechris-Miller [KM], Ch. 3. In particular, the cost of an
equivalence relation E on (X, i) is denoted by C(E).

Theorem 8.1 (Kechris). If the outer automorphism group of an ergodic
equivalence relation E is not Polish (i.e., if [E] is not closed in N|[E]), then
Cu(F)=1.

Proof. To say that [E] is not closed in N[E] means that the identity
map from ([E],u) into N[E] is not a homeomorphism, i.e., the identity
map from ([E], 7x(g)) into ([E],u) is not continuous, or, equivalently, that
there is a sequence {7}, } C [E] such that 6,(T,,T,TT,) — 0,VT € [E], but
0u(Tn, 1) £ 0.

Call a sequence {T,,} C [E] good if Je¢ > OVn(6,(T,1) > €) & VT €
[E)(0u(T5,T,TT,) — 0). Thus [E] is not closed in N[E] iff there is a good
sequence. Note also that a subsequence of a good sequence is good.

Lemma 8.2. If{T),} is good, then Er,), (= the equivalence relation induced
by {T,}) is aperiodic.

We will assume this and complete the proof.

Lemma 8.3. If {T,,} is good, S € [E] is aperiodic, and € > 0, then there
is a sequence ig < i1 < g < ... such that CI»‘(E<S,Tik o) < 1+ ¢ for any
4

subsequence ig, < g, < iy < ....

Proof. We first show that for any § > 0 there is i(d) such that for
any ¢ > i(9) there is A; with pu(A4;) < 0 and {S,T;|A;} is an L-graphing of
Es ;. Since S is aperiodic, we can find a complete Borel section A of Eg
with u(A) < 0/3. Then we can find large N so that u(B) < §/3, where

B={zxe X :Vin| < N(S"(z) ¢ A)}.
Next fix i(d) such that for all i > i(d) and |n| < N,

o

0u(1;S™, 8" T;) = 6, (ST S, T;) < s~ -
( )=l ) <3N+ D)

For such 4, if
Ci ={z : Jln| < N(ST"T;:5"(x) # Ti(x))},
then u(Cy) < §/3.
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If = ¢ Cij,z ¢ B, there is |n|] < N with S"(z) € A and T;(x) =
STTS™(x). Thus {S,T;|(AU B U C;)} forms an L-graphing of Eg 7y and
if A, = AU BUC(;, then /L(AZ) < 4.

It follows that we can find ig < i1 < --- < i < ik < ... such that

i > i, = 3B;(u(B and {S,T;|B;} is an L-graphing of Eg ).

€
i) < g1
Let iy, < i, < ... be a subsequence of {iy}. Then i}, > iy, so we can find
Dy with p(Dy) < 557 and {S,T;, |D¢} is an L-graphing of Eg, , so that
2
{85, nke|Dg}g is an L-graphing of E(sr, ), and therefore CM(E<S,Tik ) <
4 4

L+ s =1+e a
Lemma 8.4. If [E] is not closed in N[E| and there are aperiodic transfor-
mations S1, ..., € [E] with E = Eg, . g,, then C,(E) = 1.

Proof. Fix ¢ > 0. Repeatedly applying the preceding lemma, we can
find a good sequence {T,,} such that
Cu(Eis, ) <1+ %,v@' <k

Since, by Lemma 8.2, 7,y is aperiodic, it follows (see Kechris-Miller [KM],
23.5) that

k
CH(E) - 1 = C/”‘(\/ E<Si7T7L)7L) - 1

Since € is arbitrary, C\,(E) = 1. O

The next fact is true in the pure Borel category (where we interpret [E]
as consisting of all Borel automorphisms 7" with T'(z)Ex, for all x).

Lemma 8.5. Let E be a countable aperiodic Borel equivalence relation and
S € [E]. Then there is an aperiodic T € [E] with Es C Ep.

Proof. We can assume that every orbit of S is finite. Let then A be a
Borel transversal for Eg. Then E|A is aperiodic, so (by the proof of 3.5, (i))
let F' C E|A be aperiodic hyperfinite. Then F'V Fg is aperiodic, hyperfinite
and so of the form Er for some aperiodic T' € [E]. O

Now, to complete the proof, assume FE is as in the statement of the
theorem. By 3.5 there is Uy € [E] which is ergodic (and thus aperiodic).
By 8.3, there is a good sequence {7} such that C,(E, 1,),) < 2. Let
E = E(U1,U2,...>7 Ul S [E] Then if Em == E<UO,~~-,Um,Tn>n’E1 - E2 cC... and
each E,, is ergodic. Also

Cu(Em) <m-+ CM(E<U0,Tn>n) <m+ 2 < oo,
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so (see Kechris-Miller [KM], 27.7) Ey, = Eg, . s, for some Si,..., 8 €
[E], which by 8.5 we can assume are aperiodic. But [E,,] is not closed
in N[E,,] since {T,} is good for E,, as well. So, by 8.4, C,(Ep,) = 1. As
U,,, Em = E, it follows (see Kechris-Miller [KM], 23.5) that C,(E) = 1.

So it only remains to give the proof of 8.2.

Proof of Lemma 8.2. [ will give an argument due to Ben Miller which
is simpler than my original one.

Assume, towards a contradiction, that there is a set of positive measure
on which F' = FE7,, is periodic. It follows that there is a partition X =
AU B into two F-invariant Borel sets of positive measure with F'|A periodic.
By ergodicity of E, we can assume that A, B are complete sections for E.

Let {gn} be a sequence of Borel involutions such that £ = {J,, graph(gy).
Also let {A,} be a sequence of partial Borel F-transversals (i.e., each A4,
meets every F-class in at most one point) such that J,, A, = A. Let finally
Gn, Hy, be pairwise disjoint such that G,,UH,, = supp(g,) and g,(G,) = H,.
Put

G;%m ={zeG,NAy:gn(z) € B},H,’hm = G;%m U gn(G’n,m)
and let
him = gn|Hp m Uid|(X\ Hy, 1)
Then {hy m} is a family of involutions and
tEy& xe A& yeBes dInm(hym(z) =y &z #y).
Also hpm € [E] and U, ,,, supp(hnm) = X.

Claim. If z € supp(hn,m) and TkhmmTk_l(z) = hpm(2), then Ti(2) = z.
Proof of the claim. Assume z € supp(hnm) and TkhmmTk_l(z) =
Bn,m(2) but Ty(2) # 2 (and thus T, '(z) # z as well).

Case (1). z € A. Either T, '(z) & supp(hnm), 50 TxhnmT, '(2) =
2 = hpm(2), which is impossible or T, '(2) € supp(hnm), so z # T *(2)
are F-equivalent and in supp(hym) N A C A, which is an F-transversal, a
contradiction.

Case (2). z € B. Let hym(z) =y, s0y € A and hypm(y) = 2. As
in Case (1), T,;l(z) € supp(hpn,m). Put hn’m(kal(z)) = w. Then wFy and
w # y. But also w,y € supp(hyp,m) N A C Ay, a contradiction.

So we see that
SUpp(hn,m) N {z : Ti(2) # 2} C {2 : TehnmTy *(2) # hnm(2)}.
Let Ay, € supp(hy,m) be pairwise disjoint with

U Apm = U supp(hn,m) = X.
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Then

{2 € Apm : Ti(2) # 2} C{z € Anm : TihnmTy *(2) # hnm(2)},
thus
0u(Ths 1) < (Anm N {2 : Tihinm T}, (2) # hnm(2)})-

n,m
Fix € > 0 and find a finite set F C N2 such that
> w(Anm) <€
(n,m)¢F

and then K| large enough so that for all (n,m) € F,
k> Ko = p({z: TihnmT}, ' (2) # ham(2)}) <

Then for such k,

0u(Ty, 1) < € + card(F) - card(F)

Thus 0, (T, 1) — 0, a contradiction. O

Remark. Note that if §,(75,,1) — 0, then there is a subsequence {7}, }
such that E<Tn ), 18 not aperiodic (in fact it is equality on a set of posi-
tive measure). To see this, find {n;} so that ), 0,(Ty,;,1) < co. Then if
By, = supp(Ty,), >, (Bn ) < 00, so, by Borel-Cantelli, u({z : Vidj > i(z €
By;)}) =0, or (neglectlng as usual null sets)

Va3iVj > i(Ty, (z) = ).
Then for some set B of positive measure and some 1,
r € B=Vj2>i(Ty(r)=1),

Le, Eq, );5:/B = equality|B.

Thus we see that, given any sequence {T,,} C E with T,, — 1 in N[E],
the following are equivalent:

(1) e > 0Vn(0y (T, 1) > €) (i-e., {15} is good),

(ii) For every subsequence {n;}, Eqr,, )i is aperiodic.

Remark. By definition, [E] not closed in N[E] means that there is a
sequence {1, } C [E] with 6,(Ty,,1) 4 0 but 7,, — 1 in N[E]. We note here
that if E is actually Ey-ergodic, then, if [E] is not closed in N[E], there is
such {7} with 6,(7,,1) =1, i.e., supp(7,,) = X.

Indeed we have some {S,} C [E] and € > 0 with §,(S,,1) > € and
Sp — 1in N[E]. Let A, = {x : Sp(x) = x}, so that u(X \ A,) > €

If §,(Sh,1) 4 1, then we can assume that for some § > 0,d,(S,,1) <
1 -9, s0 u(Ay,) > 6. Thus u(An)(1 — u(Ay)) 4 0.

Fix T € [E]. If

Bp = {z:T7'S,(z) # S,T ()},
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then u(B,) — 0 (as S, — 1 in N[E]). If =z € By, then
r €A, = T8, (x) =T (z) = S, (T (x))
= T Yz)c A, =z € T(A,),

so A,\T(A,,) C B, and therefore u(A,\T(Ay)) — 0. Thus u(A,AT(A,)) =
2u(A, \T(A,)) — 0. It follows that E is not Ey-ergodic, a contradiction.

Thus 0,,(Sy,, 1) — 1. Let U,, € [E] be an involution with support A4,, and
put

[Sula), ifa & A,
EA@"{UMx%iﬁreAw

Then T, € [E],0u(Sn,Tn) < u(A,) — 0 and 6,(T,,1) = 1. Also clearly
T, —1in N[E].

Remark. The converse of 8.1 is not true. By 9, (A) and 9.1 below there
are groups I such that for any measure preserving, free, ergodic action of I,
we have [E{] closed in N[E{] but C,(EX) = 1. For example, one can take
any ICC (infinite conjugacy classes) group with property (T), fixed price
and cost equal to 1, for instance SL3(Z).

(B) The preceding result 8.1 can be used to give a partial answer to a
question of Jones-Schmidt [JS], p. 113 and Schmidt [Sc2], 4.6. They ask for
a characterization of when [E] is closed in N[E]. The following corollary
resolves this when FE is treeable, i.e., there is a Borel acyclic graph whose
connected components are the E-classes.

Corollary 8.6. Let E be an ergodic equivalence relation. Then if E is
treeable, the following are equivalent:

(i) [E] is closed in N[E].

(ii) E is not hyperfinite.

Proof. We have already seen that if F' is hyperfinite, [E] is dense in (and
not equal to) N[E]. Conversely, if [E] is not closed, then by 8.1, C,(E) =1,
so, as FE is treeable, F is hyperfinite (see Kechris-Miller [KM], 22.2 and
27.10). O

It is interesting to note here that although the statement of this result
does not involve costs, the proof given here makes use of this concept.

For further results concerning the question of when [E] is closed in N[E],
see the next section and Section 29, (C).

9. Inner amenability

(A) Recall that a countable group I' is inner amenable if there is a mean
on I'\ {1} invariant under the conjugacy action of I" or equivalently there is
a finitely additive probability measure (f.a.m.) on I'\ {1} invariant under the
conjugacy action of I'. See Effros [Efl], where this notion was introduced,
and the survey Bedos-de la Harpe [BdIH|. Examples of such groups are:

(i) amenable groups,
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(ii) groups that have a finite conjugacy class # {1},

(iii) direct products I' x A, where I # {1} is amenable,

(iv) weakly commutative groups (i.e., groups I' such that for every finite
F C T there is a v € I' \ {1} commuting with each element of F'). For
example, direct sums I'1 @ 's @ ... of countable non-trivial groups,

(v) the Thompson group F' = (xg,x1, z2,. .. ]a:i_lxnxi =Tpt1,1 < n).

On the other hand the free groups F,,n > 2, are not inner amenable.
Also ICC groups with property (T) are not inner amenable.

(B) The following result was proved in Jones-Schmidt [JS].

Theorem 9.1 (Jones-Schmidt). Given a free, measure preserving action
of a countable group T on (X, p), if [EZ] is not closed in N|EZ], then T is
inner amenable.

Proof. Since, letting E = EX,[E] is not closed in N[E], there is a
sequence T,, € [E] with §,(T},1) > ¢, some ¢ > 0, and T,7T, ' — v
uniformly, Vv € T'.

Put

Tn(x) = a(n,x) - x,
where a(n,z) € I'. Let U be a non- principal ultrafilter on N and define a
positive linear functional on ¢>°(T")

—hm/f (n,x))dp(z).

n—U

Note that if x; is the characteristic function of {1}, then ¢(x1) # 1 as

SO(XI) - hmn—ﬂ/lel(a(nvw))du(x)
= lim, .y f{szn(x):m} dp(x)
= lim,y p({z : Tp(x) = x})
= limp (1 — 04 (T, 1)) < 1—e < 1.

We will next see that ¢ is conjugacy invariant. Then clearly

(M)
v =1onT o)

where f*(vy) = f(y) if v # 1, f*(1) = 0, is a conjugacy invariant mean on
'\ {1}, so we are done.
For v € T, f € £°°(T), put (v- £)(6) = f(y 7). We need to verify that

o(v- f) =o(f). We have
e(v-f) = hm (v fla(n,z))dp(z)

= I [ (7 an,2))duo)

n—U
Let A, = {z: T,(v" ' 2)) #~7 1 T,(x)}, so that u(A,) — 0. If z & Ay,
then
To(v ' -a) =" Tu(),
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0
-1 Ltz =q"tamn,z)

a(n,y " -x)y

and, as the action is free,

a(n,y ! -a)y T =y a(n, ),
SO
’y_la(na .TL')’)/ = Oé(TL, ’y_l ’ SC)
Thus
ot 1) = lim [ fo atma)duta) + lim [ flan ! 0)dute).
n—U Ja, n—U Jx\A,
The second summand is equal to
lim faln,2)dua) = o(f) =ty [ flaln,a))duo)
n—U 7= 1(X\An) n—U 1. Ap
Thus
o) = pth) =tim [ 56 atn.zdu) -
lim flaln, 2))dpu(z),
n—U 1. A,
which equals 0, since p(A4,) — 0. O

It follows from 9.1 that for every free, measure preserving action of a
countable group I', which is ICC and has property (T), [E{] is closed in
N[E¥] (see Gefter-Golodets [GG]).

(C) The converse of 9.1 is literally false as stated, in view of the following
simple fact.

Proposition 9.2. If ' = A x Fy, where A is non-trivial finite, then for
every free, measure preserving, ergodic action on (X, u), [EZ] is closed in
N[E].

Proof. This follows from 8.1, as the cost C(I') is greater than 1 and I’
has fixed price but one can also give a direct proof.

Let E = EX. Let Y = X/A (we view here A as a subgroup of I’
and similarly for F»). Let m : X — Y be the canonical projection and put
v =Ty Then Fy actsonY by v-(A-z) = A-(y-z). This is a free, measure
preserving, ergodic action of F» on Y. If [EX] is not closed in N[EZX], we
will show that [E}f] is not closed in N[EY, ,], contradicting 9.1.

Let T,, € [EX] be such that §,(T},1) 7L> 0 but 7,, — 1 in N[EX]. Thus
if Ay, ={x:V0 € A(T(§-x) =0 -Ty(x))}, then pu(A,) — 1. Then for every
A -x €Y such that A -z N A, # () define

To(A-z)=A-Ty(y), foryc A-zNA,.
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This is well-defined. Clearly T},(A - ;v)E};;A -z and T, is 1-1 and measure
preserving on its domain, which has v-measure equal to pu(A - A,) — 1. So
we can extend T}, to S, € [EL,].

We will check that {S,} witnesses that [E},] is not closed in N[E},].
For this it is enough to verify:

(i) Sp — 1 weakly,

(ii) SpyS; 1 — ~ uniformly, Vy € F,

(if) By(Sp. 1) /- 0.
Now (i), (ii) easily follow from the fact that {7, } has the same properties. To
prove (iii) we will use the following simple fact: If E is a smooth equivalence
relation and U, € [E],U, — 1 weakly, then U, — 1 uniformly. This is
because w and u agree on [E], as [E] is weakly closed (or write X = (J, A;,
where {A;} is a pairwise disjoint family of partial Borel transversals and
note that pu({z € 4; : Up(2) # 2}) = 1u(Un(A;)A4;)). Assume then that
(iii) fails, towards a contradiction. From the definition it follows then that
there is U,, € [EX] such that &,(Uy,,T,) — 0 and so U, — 1 weakly (since
T,, — 1 weakly) and U,, / 1 uniformly, a contradiction. O

Schmidt [Sc2] raised the question of whether there is a converse of 9.1
for ICC groups.

Problem 9.3. Assume that T' is countable, ICC and inner amenable. Is
there a free, measure preserving, ergodic action of I' for which [E'ff] s not
closed in N[E{X]?

In connection with this question we note the following corollary of 8.1,
8.6.

Theorem 9.4 (Kechris). Suppose I is a countable group that admits a free,
measure preserving, ergodic action on (X, ) with [EX] not closed in N[EZX].
Then C(I') = 1. If moreover, I' is strongly treeable (i.e., every equivalence
relation induced by a free, measure preserving action of I is treeable), then
I' is amenable. Thus for strongly treeable groups I', T" is amenable iff there
is a free, measure preserving, ergodic action of ' on (X, u), with [EX] not
closed in N[EX].

Note that, in view of 9.4, a positive answer to 9.3 implies that C(T") = 1
for any ICC inner amenable group, which is also an open problem.
Concerning 9.3, we also have the following partial answer.

Proposition 9.5. Let I" be a countable ICC group which is weakly commu-

tative. Then there is a free, measure preserving, ergodic action of I' with
[EX] not closed in N[EX].

Before we start the proof, let us notice certain general facts about con-
jugacy shift actions. Let I' be a countable group, put

r*=r)\{1},
and consider its conjugacy shift action on 2" : (y-p)§ = p(y~167).
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Proposition 9.6. Let I' be an infinite countable group. Then I' is ICC iff
its conjugacy shift action on 25" is ergodic iff its conjugacy shift action on
2" is weak mizing.

Proof. View 2" as Zg* = the Cantor group. The conjugacy shift action
of I on Zg* is an action by automorphisms of Zg* and the corresponding

action on ZL" = Z5T" = Py, (T*) (= the set of finite subsets of ') is the
conjugacy action of I on Pgn (I'*). Let Pfi (T') = Pan(I'*)\ {0} and denote by
I'r the stabilizer of F' € Pf; (I") under this action. Since the trivial character
corresponds to (), we have that the conjugacy shift action is ergodic iff it is
weak mixing iff VF € Pg (T')([I' : I'r] = 00) (see, e.g., Kechris [Kec4], 4.3).

If v € T, then I'(,} has infinite index iff the conjugacy class of v is
infinite. Also [I'r : T'r NT'y] < oo for any v € F, thus VF' € Pg (I)([T" :
[p] = o00) iff Vy € I*([I": T3] = o0) iff I' is ICC. O

Also note the following fact.

Proposition 9.7. If ' is countable ICC, then the conjugacy shift action of
I on 2" is free (a.e.).

Proof. Fix vy € T and let p € 2'" be such that v-p = p, i.e., Vé(p(d) =
p(y~18v)). Thus if (y) acts by conjugation on I'*, p is constant on each
orbit. Thus {p : v-p = p} is null unless all orbits of this action are finite and
all but finitely many are trivial, i.e., v commutes with all but finitely many
elements of I'* in which case its conjugacy class is finite, a contradiction. O

Proof of 9.5. Let X = 2", 1 = the usual product measure and let T
act on 2" by conjugacy shift. This action is free, measure preserving and
ergodic. Let {v,} C I'* witness the weak commutativity of T, i.e., for each
0 € I', 6y, = y,0 for all large enough n. View each v € I' as an element of
)

(i) 7 — 1 weakly: It is enough to show for each set A of the form
A={pe2 :p(6) =a;i=1,....k}, where a; € {0,1},61,...,0; € T*,
that p(v,(A)AA) — 0. Now for all large enough n:

pEMA) & 1t peA
& Vi <k((y, " p)(6i) = ai)
& Vi <k(p(yadin, ') = ai)
< Vi < k(p(d;) = a;)
< pe A
(ii) 7,07, — & uniformly, V6 € T': This is clear as y,0v,! = d, if n is

large enough.
(iii) Oy (yn, 1) =1, as T acts freely. O

(D) Recall from Jones-Schmidt [JS] that a measure preserving action
of I' on (X, pu) is called stable if EX (on (X,u)) is isomorphic to EX x
Eo (on (X,p) x (2V,v), where v is the usual product measure on 2V). In
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Theorem 3.4 of Jones-Schmidt [JS] this is characterized by the existence
of a sequence {T,,} C [E{] for which we have 7, — 1 in N[E{X] but for
some non-trivial asymptotically invariant sequence {4, } € MALG,, we have
w(Th(An)AA,) /4 0. (Here {A,} is a non-trivial asymptotically invariant
sequence if p(y - A,AA,) — 0,Vy € T, but u(A,)(1 — u(A4,)) # 0.) Note
that for such {7}, T, / 1 uniformly, so {T},} is a witness to the fact that
[EX] is not closed in N[EX].

Proposition 9.8. Suppose there exist {vn},{0n} C T that witness weak
commutativity of T' but vp0pn # 6 yn, V0. (For example, let T' = @, T'y, 'y
non-abelian.) Then the conjugacy shift action of T' on 21" is stable.

Proof. As in the proof of 9.5, v, — 1 in N[Er]. Put A, = {p € 2" :
p(6,) = 1}. Then 7, - A, = {p € 2U" : p(v0ny;t) = 1}, and 71,6,y # O,
SO

1(yn - An NV Ap) = p(ym - Ap)(An) =

Thus p(v, - AnAA,) = 5. Finally notice that p(y-A,AA,) — 0,Vy €T, as
~v- A, = Ay, if n is large enough. O

N

We now have the following application, where two actions are orbit equiv-
alent if the induced equivalence relations are isomorphic (see Section 10,

(A)).

Proposition 9.9. Let {T',} be a sequence of countable non-trivial groups at
least one of which is not amenable. Then the shift action of I' = @, 'y, on
2U' is not orbit equivalent to the conjugacy shift action on 2' .

Proof. Since the shift action of I" on 28 is Ey-ergodic, it is enough to
show that the conjugacy shift action is not.

Case 1. Eventually the '), are abelian. Then I' = A x Z, Z infinite
abelian. Consider
2 s p e f(p) €27,
where f(p)(z) = p(1,z). Then if p,p’ are shift conjugate, clearly f(p) =
f(p'). Thus the conjugacy shift action of ' on 2" is not ergodic, as f
cannot be constant on a conull set.

Case 2. Infinitely many I';, are not abelian, say for n =n; <ns < ....
Choose ay,, by, € I'y, that do not commute. Let v, = (1,...,an,;,1,...),d =
(1,...,bn,,1,...). These satisfy the hypothesis of 9.8, so the conjugacy shift
action of T on 2" is stable, thus not Eg-ergodic. O

Addendum. Recently Tsankov showed that for any inner amenable
group I' the conjugacy shift action of I" on 2''" is not Eg-ergodic and thus
9.9 is true for any non-amenable, inner amenable group.

Kechris and Tsankov [KT] then studied more generally the action of a
countable group I' on a countable set I and its relationship to the correspond-
ing shift action of I" on 2/. They proved that the following are equivalent: i)
The action of " on I is amenable (i.e., admits a finitely additive probability
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measure), ii) the shift action of I' on 2/ admits non-trivial almost invariant
sets (equivalently: admits a non-trivial asymptotically invariant sequence),
iii) the Koopman representation associated to the shift action, restricted to
the orthogonal of the constant functions, admits non-0 almost invariant vec-
tors (see Section 10, (C) for an explanation of these notions). In particular,
if these conditions hold, the shift action of I on 2! is not orbit equivalent to
the shift action of I on 2'', provided I is not amenable.

We finally note the following (almost) characterization of weakly com-
mutative groups.

Proposition 9.10. Let T" be a countable group.

i) If T’ is a non-discrete (i.e., not closed) normal subgroup of a Polish
group, then T' is weakly commutative.

it) If T is weakly commutative with trivial center, then T is a non-discrete
normal subgroup of a Polish group.

Proof. i) Assume that I" is a non-discrete normal subgroup of the Polish
group G. Consider the map

m: G — Aut(T),

w(g) = (v gv9 ).
This is a Borel homomorphism, so it is continuous, where Aut(I') has the
pointwise convergence topology. Since I' is not discrete in G, there is a
sequence {y,} C T'\ {1} with v, — 1 (in G). So Vo¥*®n(v,0v,! = §), i.e.,
VoVon(v,0 = dvn), where V> means “for all but finitely many”. Thus I' is
weakly commutative.
ii) Consider the map

p:T'— Aut(T) =G,

p(7) = (8 = 78771,
Since I' has trivial center, p is an isomorphism, so we can identify I" with
p(I'), which is a normal subgroup of G. Let {v,} C I'\ {1} witness the weak
commutativity of I". Then v, # 1,7+, — 1 in G, so T is not discrete in G. O

Thus a centerless group is weakly commutative iff it is (up to algebraic
isomorphism) a non-discrete normal subgroup of a Polish group (or equiv-
alently a dense normal subgroup of a non-discrete Polish group). In the
case of groups with non-trivial center (which are automatically weakly com-
mutative) it is not clear if there is a simple characterization of when they
are non-discrete normal subgroups of Polish groups. Tsankov pointed out
that if I' has non-trivial finite center and countable automorphism group
Aut(T"), then I' cannot be a non-discrete normal subgroup of a Polish group
G. Otherwise if 7 : G — Aut(I') is defined as in the proof of 9.10, i)
and v, are distinct in I' with 7, — 1, then 7(y,) — 1 in Aut(I"), which
is discrete, so m(vy,) = 1 for all large enough n and thus the center of I'
is infinite. For example, one can take I' = A X Zo, where A is a simple
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countable group which is perfect, i.e., every automorphism is inner. On the
other hand, it is well-known that if I" is infinite abelian, then I' is a sub-
group of a compact abelian Polish group and thus a non-discrete normal
subgroup of a Polish group. Indeed, if I' is an infinite abelian group and r
is its dual, there is a countable subset I C I' which separates points (i.e.,
Vy e '\ {1}39 € I(4(y) # 1)). Then consider the (compact abelian Polish)
product group G = T! and embed (algebraically) I' into G via 7(y) = y|I
(where we view here 7 as a character of T').

In the reverse direction, it is also not clear what non-discrete Polish
groups admit a dense normal subgroup. Clearly every non-discrete abelian
Polish group and the infinite symmetric group have this property.






CHAPTER 1II

The space of actions

10. Basic properties

Convention. In the sequel, we consider countable (discrete) groups T,
unless otherwise explicitly stated.

(A) Let I' be a countable group and (X, u) a standard probability space.
Every measure preserving action a of I' on (X, u) gives rise to a homo-
morphism 7 : I' — Aut(X,u), where 7(y) = % with v%(z) = a(v,z).
Conversely every homomorphism 7 : I' — Aut(X, ) gives rise to a Borel
action a of I" on X such that for each v € T',a(vy,z) = 7(y)(z), a.e. Then
identifying, as usual, two actions a, b if they agree almost everywhere (i.e.,
a(vy,z) = b(y,z), a.e., ¥y), we can view the space of measure preserv-
ing actions of I" in (X, ) as the space of all homomorphisms of I' into
Aut(X, p), denoted by A(T, X, u) or just A(T) if (X, u) is understood. If
Aut(X, p) is equipped with either the weak or the uniform topology and
Aut(X, )" with the product topology (which we also denote by w or u),
then A(T', X,p) is a closed subspace of Aut(X,u)", so (AT, X, u),w) is
Polish and (A(T, X, u),u) is completely metrizable. Thus a,, — a weakly
(uniformly) iff y» — 4% weakly (uniformly), Vy € I'. Moreover, if I' = {~,},
then

orw(a,b) 22 5w (72,72)
is a complete compatible metric for w and

dru(a,b) = 22 "5 (72, 72)

is a compatible complete metric for u (and similarly for 5}7,& defined by the
same formula using 4/, instead of d,,)
The group Aut(X, p) acts on A(T", X, 11) by conjugation: (T,a) — TaT !,
where
AT = Ty~ vy T,

This is a continuous action in w or u. Note that dr ,, 5’F ,, are invariant under
conjugation. 7

If a, b are measure preserving actions of I on (X, ), (Y, v), resp., we say
that they are isomorphic,
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if there is a measure preserving bijection ¢ : X — Y such that p o y* =
7 o p, ¥y € T. Thus two actions a,b € A(T, X, ) are isomorphic iff they
are conjugate. We call a,b orbit equivalent,

aOED,

if the equivalence relations induced by a,b are isomorphic, i.e., there is a
measure preserving bijection ¢ : X — Y such that if

Eo = {(z,y) : I(aly,2) = y)},
then xE,y < ¢(z)Epp(y) modulo null sets. We also write this as E, & Ej,.

Clearly a = b = aOED.
If a,b € A(T', X, ), let also

a=b<s E, = E, (modulo null sets).

Then clearly OE = (=) V(=) and =, = commute, i.e., aOEb < Je(a = ¢ = b)
iff Ie(b=c=a).

Remark. Suppose I is given in terms of generators and relations,
I'= <£U1,x2,...‘w1 = 1,w2 = 1,...),

where x1,x3,... may be finite or infinite and similarly for wi, we,... Then
the space of homomorphisms of I" into Aut(X, 1) can be identified, in either
w or u, with the closed subspace of Aut(X,u)", where N is the cardinality
of the set of generators, consisting of all {T3,Ts,...} € Aut(X,u)" such
that wlTl’TQ"' = szl’T2"' = ... = 1. Note that this subspace is conjugacy
invariant and this identification preserves the conjugacy action of Aut(X, u).
In particular, the set of actions of Fl, the free group on N generators, can

be identified with Aut(X, ).

Finally, we denote by ERG(T, X, u), WMIX(T', X, ), MMIX(T', X, p),
MIX(T, X, u), EoRG(T, X, i) the sets of ergodic, weak mixing, mild mixing,
mixing, Fp-ergodic actions in A(T", X, u). (These sets are of course empty
if I' is finite.) Also FR(I", X, u), FRERG(T", X, ) denote, resp., the sets of
free, resp., free ergodic actions.

Recall here that an action a(y,z) = -z of I" on (X, ) is ergodic if every
invariant Borel set has measure 0 or 1. It is weak mizing if the product
action v - (x,y) = (y-z,7-y) on (X2, u?) is ergodic. It is mild mizing if
for any Borel set A C X with 0 < p(A) < 1,lim,_,u(AAy - A)) > 0. It
is mizing if limy oo pu(y - AN B) = p(A)pu(B), for any two Borel sets A, B.
It is Eg-ergodic or strongly ergodic if E, is Ep-ergodic. Finally it is free if
Vy # 1(y - x # x,u—a.e.(x)). There are many equivalent formulations of
these notions that we will use in the sequel, for which we refer the reader to
[BGol, [BR], [G12], [HK3], [Sc4].

(B) There is also another way to view the space of actions of I', studied
in Glasner-King [GK] (see also Rudolph [Rud] for the case I = Z). We will
take as our model space (X, 1) the space (T, ), where T = unit circle and
A = (normalized) Lebesgue measure on T (the interval [0, 1] with Lebesgue
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measure or the space 2V with the usual product measure would work as
well). Consider also T! and the shift action s given by s(7,p)(8) = p(y~19).
This is clearly a continuous action and we denote by SIM(I') the space
of probability measures on T! which are shift-invariant. In the space of
probability Borel measures on T endowed with the usual weak*-topology,
SIM(T") is a compact, convex set. For any p € SIM(I') and v € T, let
7y : T' — T be the corresponding projection 7 (p) = p(7), and consider
(7y)«pt. By shift-invariance this is independent of v and we denote it as
1 (= (m1)«p). It is called the marginal of p. We denote by SIM, (I') the
space of all ;€ SIM(T") with marginal v. It is again a compact, convex set.

For each a € A(I',T,\),z € T, let ¢*(x) € T be the orbit map of z,
ie.,

P (x)(7) = alry™", ).
Then ¢ : T — T is a measurable injection (with ¢%(z)(1) = z), and
e (a(y,x)) = s(v, %)), s0 (p*)«(A) = pq is in SIM(T") with marginal \.
Moreover a on (T, \) is isomorphic to s on (T', p1,). Glasner-King show that
®)(a) = pg is a homeomorphism of (A(I', T, \),w) with a dense G5 subset
of SIM,(T").

Similarly, if 4 is any non-atomic probability measure on T with support
T, there is a corresponding homeomorphism ®,, (defined exactly as before)
of A(I', T, ) with a dense G5 subset of SIM,(I").

Let H be the Polish group of orientation preserving homeomorphisms
of T that fix 1. Then h € H — h,\ is a bijection of H with the set of all
non-atomic, full support probability measures on T. Moreover, if for h € H
we let A" : TU' — TT be defined by A (p)(y) = h(p(y)), then the following
diagram commutes

A(D,T, ) = SIM,(T)
1h 1A
AT, T, N) 2% SIMy(I)

where h denotes the obvious homeomorphism of A(T', T, A) with A(I, T, u)

induced by h, i.e., h(a)(y, h(z)) = h(a(y,z)). Note that h(a) = a. Now
Glasner-King show that the map
®: Hx AT, T, \) — SIM(T),
defined by B
®(h,a) = hy (Px(a)) = Pp,a(h(a))
is a homeomorphism of H x A(I', T, \) with a dense G5 subset of SIM(T).
For further reference, we denote by ESIM(T") the set of ergodic measures in

SIM(T"). They are the extreme points of SIM(T") and they form a Gy set in
SIM(T).

(C) Motivated by an analogous notion concerning unitary representa-
tions (see Appendix H), it is also useful to introduce a notion of weak con-
tainment for actions.
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Suppose a € A(T', X, u),b € A(T',Y,v). We say that a is weakly contained

in b, in symbols
a < b,

if for any Aq,..., A, € MALG,, F' C T finite, € > 0, there are B1,..., B, €
MALG, such that |u(v*(A;) N A;) —v(?(B) N By)| < e,V € F,i,j <n. It
is clear that we can restrict here the Aq,..., A, to belong to any countable
dense subalgebra of MALG, and also form a partition of X. We also say
that a, b are weakly equivalent, in symbols a ~ b, if a < b and b < a. We will
now provide an equivalent characterization of weak containment (analogous
to that in H.2).

Proposition 10.1. Let a € A(T', X, u),b € A(T',Y,v). Then
a<bsac{ce AT, X, pn):c=b},
where closure is in the weak topology.

Proof. «: Fix A;,..., A, € MALG,, F' C T finite, ¢ > 0. Then there
is ¢ = b such that Vy € FVi,j < n(|p(v*(Ai) NA;) — pu(v¢(A) NAj)| <e). If
¢ (X,p) — (Y,v) is a Borel isomorphism that sends ¢ to b, put ¢(A;) = B;.
Then p(v¢(4;) N A;) = +°(B;) N By, so clearly Yy € FVi,j < n(|u(v*(4;) N
Aj) = v(y"(B;) N Bj)| < e).

= By Section 1, (B), basic open nbhds of a in (A(T", X, 1), w) have the
form

V= {c:Vy € FVi,j < n(lp(y"(Ai) N A;) — p(v°(A:) N A7)| <€)},

where Ay,..., A, € MALG, form a partition of X,e > 0 and F' C I’ is finite
containing 1 € I'. We need to find ¢ = b in any such nbhd. Since a < b, for
any 6 > 0 we can find By,..., B, in MALG,, such that

Vy € FVi,j < n(lu(v*(A) N Aj) — v(y*(Bi) N By)| < 6).

Take § < Since 1 € F, we have

(A N Aj) —v(B; N By)| <6,Vi,j <n,
sov(B;NBj) < d,ifi# j <n,and |u(A;)—v(B;)| < d,s0 1= v(B;)| <
nd. Let B; = B;\U;.; Bj = (;<;(Bi \ Bj). Then By,..., B, are pairwise
disjoint, v(B;AB]) = v(B; \ Bj) = v(U;-;(Bi N B;)) < id < nd, and |1 —
S v(Bl)| < n3d, therefore we can find By,. .., B, € MALG,, a partition
of Y, with v(B;AB;) < 2n3§, from which it follows that |v(v*(B;) N B;) —
v(v*(B;)N By)| < 4n3§ and so |u(y2(A:)NA;) —v(y*(Bi) N B;)| < 5n36,Vy €

F,Vi,j <n. In particular, |u(A;) — v(B;)| < 5n36,Vi < n.

Lemma 10.2. If Ay,..., A, € MALG, form a partition of X,0 < oy
LY " o =1 and |pu(A;) — ou] < p,Vi < n, then there are C1,...,Cy
MALG,, which form a partition of X such that u(C;AA;) < p and p(C;)
a;, Vi < n.

_€ _
20n3

<
€

Proof. In fact, by separately considering the ¢ for which u(A4;) > o4
and then those for which ©(A4;) < «;, we can find C; so that C; C A;, if
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a; < p(A;), and C; O A; if a; > p(A4;). Indeed, by renumbering, we can
assume that Ay,..., A, are such that o; < pu(A;),vi < m,and Apy1,..., A,
are such that u(4;) < o;,Vm +1 < j < n. Let then C; C A;,i < m, be
such that p(C;) = ;. Let \j = p(A;) — oy > 0. Then clearly > ", N =
> i—my1(a — pu(Aj)), so we can find for each m +1 < j <n,C;j 2 A; with
Ci\A4; CUjL (A \ G) and p(Cy) = ;. -

So fix a partition Cj,...,C, of X with u(C;) = v(B;),Vi < n, and
u(A;AC;) < 5n35. Let then ¢ : (Y,v) — (X, 1) be a Borel isomorphism with
@(BZ) C;,Vi < n. Let ¢ send b to ¢. Then for v € F, u(v*(C;) N C;) =
v(7*(B;) N By), and u((v¢(C;) N CHA(v¢(A;) N Aj)) < 10n36, therefore
(R (A) 0 A7) — p(E(A) 0 A < [y (A) 1 A7) — v(4(B) 1 By)| +
v(7°(Bi) N Bj) — p(v°(Ci) N Ci)l + |u(v*(Ci) N Cj) — u(°(Ai) N Aj)] <
5n38 + 10n36 < 20n35 < ¢, s0 c € V. o

Thus if a,b € A(T, X, p),
a < b < a in the closure of the conjugacy class of b.

It follows that < on A(T', X, u) is a special case of a familiar partial pre-
ordering, present in any continuous action. If a topological group G acts
continuously on a topological space P, we have the following partial pre-
ordering on P:

rxyesreG ye G- xCG-y.

The equivalence relation induced by <, ie, z ry <oz <y &y <=z
is sometimes called the topological ergodic decomposition of this action. It
is clear from the definition that each section Y= {x : = < y} is closed
and, if P is separable metrizable, then < is Gs. For the particular case
G = (Aut(X, p),w), P = (AT, X, ), w) and the conjugacy action, we then
obtain <. So we have the following fact.

Corollary 10.3. The relation < on A(I',X,u) in Gs and each section
<b={a € AT, X,p) : a < b} is closed in the weak topology.

A basic property of weak containment, that will be useful later on, is
stated in the next result.

Let a; € A(T, X;, ui),i € I, where I is a countable index set, and p a
probability Borel measure on [[; X; whose marginal on X; is p; (i.e., the
X;-projection of p is y1;). Denote by [[; a; the product action of ' on [ [, X;:

Al ({a}) = (@)}

(Note that each A(T', X;, u;) is really a set of equivalence classes of Borel
actions of I' on X;, where two actions are equivalent if they agree p;-a.e.
Observe now that if a;, a; are equivalent with respect to p;, for each 4, then
IL; @i, I1; &; are equivalent with respect to p.) If p is [], a;-invariant, then
we say that p is a joining of {a;}. In this case [[,a; € A(T,[[; Xi,p). To
emphasize that we are looking at [[, a; with respect to p, we also write
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(II; as),- A special case is when p = []; i, in which case we simply write
Hi a;.
We note that the map

{ai}i € HA(F,Xi,Mz‘) = Hai € AT, H&vHM)

is continuous in the weak topology and, if I is finite, also continuous in the
uniform topology.

Proposition 10.4. Let a; € AT, X;, i), i € I, and p a joining of {a;}, so
that (1], ai), € AL, 11; Xi,p). Then

a; < (H ai)p, Vi.

In particular,

a; < H a;, Vi.
%

Proof. Fix i € I. Given A € MALG,,, let A = 771(A) € MALG,,

~

where m : [[, X; — X; is the projection. Clearly p(A) = p;(A) and
I ai)p (A) = 74 (A). So given Ay,..., A, € MALG,,, if B; = 121]-, we have
,ul-(v‘“ (A]c) N Ag) = p(ry(ni ai)p (Bk) N Bg), which shows that a; < (Hz ai)p. O

Note also that
a; < b;,Vi = Hai < Hbz
i i

Every a € A(T', X, i) gives rise to a unitary representation on L?(X, p),
denoted by k%, called the Koopman representation associated to a. This is

defined by
R (F)(@) = F(( 1))

The map a — k% € Rep(T', L?(X, p1)) is a homeomorphism of (A(T, X, i), w)
with the closed subspace of Rep(I", L?(X, it)) consisting of all representations
7 € Rep(T, L3(X, ) such that 7(y) € Aut(X,p) C U(L*(X,pn)),Vy € T
(see Appendix H for a discussion of the space Rep(I', H) of unitary repre-
sentations of a group I' on a Hilbert space H). Let also } be the restriction
of k% to LE(X, u). Again a — k& € Rep(T, L3(X, 1)) is a homeomorphism
of (A(T, X, ), w) with a closed subspace of Rep(T, L(X, u)). Clearly if
a,b are isomorphic, K* (resp., K3), Kb (resp., /18) are isomorphic. We call
a,b unitarily equivalent (or spectrally equivalent) if k® = kY. This is also
equivalent to kj = /<;8.

Note that a is ergodic (resp., weak mixing, mild mixing, mixing) iff k§ is
ergodic (resp., weak mixing, mild mixing, mixing) in the sense of Appendix
H, (D).

Recall also the notion of weak containment m < p of unitary representa-
tions (see Appendix H). We have the following fact.

Proposition 10.5. a < b = £% < Kk, k2 < K.
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Proof. It is enough to check that a < b = Kj < mg. We can as-

sume that a,b € A(I', X, ) and view A(I', X, pu) as a closed subspace of
Rep(T', L3(X, u)). If a < b, then a is in the closure of the conjugacy class of
b, i.e., in {THT—1:T € Aut(X, u)}, where closure is in the weak topology.
Thus, since we identify a (resp., b) with ¢ (resp., k3) € Rep(T, L3(X, n)),
we have

kG € {U:(F)KS(UTO,)_ T € Aut(X,p)} C{UKSU-: U € U(LE(X, )}
= {0 € Rep(T', L§(X, 1)) : 0 = K}
Then (see the proof of H.2) k& < x§. O

oo

Remark. In fact this argument shows that
a<b= K<z K KL <7 KD,

where <7 is the stronger notion of weak containment in the sense of Zimmer;
see the Remark after Proposition H.2.

We denote by
ir e AT, X, )
the trivial action of I" on (X, u) : v- 2z = =.

For the next proposition, recall the result of Jones-Schmidt [JS] that an
ergodic action a € A(T', X, p) is not Ep-ergodic iff it admits non-trivial al-
most invariant sets. Here a € A(T', X, u) admits non-trivial almost invariant
sets iff 30 > OVF finite C I'Ve > 034 € MALG,[d < u(A) <1 — 4§ and Vy €
F(u(v*(A)AA) < ¢)] iff 36 > 03{A,} € MALG,[d < pu(A,) <1 -4, and
Vy € F(u(v*(An)AA,) — 0)]. (For a survey of these notions and a proof
of this result see also Hjorth-Kechris [HK3], Appendix A.) Moreover, if a is
ergodic but not FEjy-ergodic, we can find such almost invariant sets of any
given measure 0 < ¢ < 1.

Proposition 10.6. Let a € AT, X,u). If ir < a, then a admits non-
trivial almost invariant sets. Moreover if a is ergodic, then ir < a &
a is not Eg-ergodic.

Proof. First assume ir < a. Fix F' C T finite containing 1 and € > 0.

Let also A € MALG,, be such that u(A) = 1/2. Put Ay = 4,4, = X \ A.
Then for any § > 0, there are By, By € MALG,, such that

/L(Bl N BQ) <90,

1 1
15— BB |5 — #(B2)| <5,

u(Br N y*(B2)), (B2 N y*(Br)) <6,

Vv € F. If we choose § small enough, then clearly u(y*(B1)AB1) < €,V €
F. So a has non-trivial almost invariant sets.

Conversely, if a is ergodic but not Fy-ergodic, then the proof of the
above result of Jones-Schmidt (see again Hjorth-Kechris [HK3], A2.2) shows
that for any partition Ap,..., A, of X, with say u(A4;) = «j, and every
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€ > 0, F C T finite, symmetric containing 1, there is a partition By,..., B,
of X with u(B;) = a; and u(v*(B;)AB;) < € for v € F. Thus for i,j < n,

(A 0 Aj) — p(v*(Bi) N By)| <ee,
SO ir < a. U

If 1r is the trivial 1-dimensional representation of I', then

Ir < k§ < K§ admits non-0 almost invariant vectors.
(where a representation m admits non-0 almost invariant vectors if VF C T
finite Ve > 03v (||7(7)(v) — v|| < €[jv])). If ir < a, then, as x = oo - Ir,
we have 1r < x§. However, 1r < x§ does not imply ir < a, since there are
examples of ergodic actions of I' = F, with 1 < s but ir 4 a (see Schmidt
[Sc3], 2.7 and Hjorth-Kechris [HK3], A3.2). Thus, in general, kg <  does
not imply a < b.

(D) In Glasner-King [GK], p. 234, the authors asked for what groups I'
there is a dense conjugacy class in (A(T", X, ), w). They note that Rudolph
and Weiss pointed out that this holds for all amenable I' and, in particular,
Glasner-King asked if this is also the case for any free group. It turns out
an affirmative answer for the free group case is an immediate consequence
of Kechris-Rosendal [KR], 6.5, but in fact it is always true, as shown, inde-
pendently, by Hjorth (unpublished) and Glasner-Thouvenot-Weiss [GTW].

Theorem 10.7 (Glasner-Thouvenot-Weiss, Hjorth). For each count-
able group T, the space A(I', X, ) has a weakly dense conjugacy class.

Proof. Fix a countable dense set {a,} in (A(T, X, u),w) and consider
the product action a = [], a, of I' on (XN, 1Y) s a(y, {zn}) = {an(v, z0)}-
Then, by 10.4, a,, < a,Vn, so as {a,} is dense in A(T', X, i), b < a, for every
be AT, X, i), i.e., an isomorphic copy of a in A(T', X, i) has weakly dense
conjugacy class. O

Also note the following result that can be proved by a similar method.

Theorem 10.8 (Glasner-King). Let I' be a countable group. The set
FR(T, X, u) of free actions in A(T', X, u) is dense Gg in the weak topology.

Proof. First note that FR(T", X, ) is Gs. We have
a € FR(I, X, p) & Vy # 1(0u(7*,1) = 1)

and open balls in 4, are F, in the weak topology.

To check that FR(I", X, u1) is dense, note that I' admits some free action,
e.g., the shift on 2U if T is infinite or the translation action v-(d-2) = (v, x)
on I'x X if I is finite. Thus, if in the proof of 10.7 we include in the sequence
{an} a free action, it follows that a = [],, a, is free and its isomorphic copies
are dense in A(T, X, p). O

(E) We next consider factors and extensions of actions. Given two ac-
tionsa € A(T, X, u),b € A(T,Y,v), a homomorphism of a to b is a Borel map
7: X — Y such that m.u = v and 7(y%(x)) = Y°(n(2)), p-ae. (x),Vy€T.
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If such a homomorphism exists, then b is a factor of a and a an extension
of b. We denote this by
bC a.

We note that for 7 as above the map 7*(A) = 7 !(A) is an embedding
of MALG, to a I'-invariant non-atomic o-subalgebra of MALG,. Con-
versely, every I'-invariant non-atomic o-subalgebra A C MALG,, gives rise
to a homomorphism 7 from a to some b, so that n* is an isomorphism of
MALG, with A which preserves the action of I' (see Mackey [M] or Kechris
[Kecl], 3.47). Thus there is a canonical bijection between factors of a and
I'-invariant non-atomic o-subalgebras of MALG,,.

Simple examples of factors come from joinings. If p is a joining of {a;},
clearly a; T (], as),, Vi.

There is a canonical way to produce extensions of a given action. Let
b e A(T,Y,v) be a given action, let (Z,0) be a standard Borel space with
a probability measure o, not necessarily non-atomic, and let g : I' x Y —
Aut(Z,0) be a Borel cocycle of the action b into Aut(Z, o), i.e., a Borel map
satisfying

B(172,9) = B(11,75 (1)) B2, ), ae.(y),

Vy1,72 €. Let X =Y X Z, u = v X 0 and define the skew product action
ac A", X, ) of b with /3, denoted by

bxg(Z,0),
by

Yy, 2) = (), B(v, y)(2)).

Clearly b C a. Conversely a theorem of Rokhlin (see, e.g., Glasner [Gl2],
3.18) asserts that if b C a and a is ergodic, then a =2 b xg (Z,0) for some
(Z,0), as above.

We note that the argument in the proof of 10.4 clearly shows that

aCb=a=<0.

Moreover, it is easy to check that

aCb= k" <k K§ <KD
We call a,b weakly isomorphic, in symbols

a="b

if a C b and b C a. Thus we have

a=2b=a="b=a~b,

a =V b= kR

For I' = Z and a,b free and ergodic, it is well-known that none of these
implications reverses. For examples of a,b with a =% b but a % b see, e.g.,
Glasner [Gl2], 7.16. Since a ~ b for all such a,b, clearly a ~ b % a =¥ b.

Finally, weakly isomorphic actions of Z have equal entropies and all Bernoulli
shifts on 2% are spectrally equivalent, so the last implication does not reverse.
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However, I do not know if for every infinite, countable group I', there
are a,b € FRERG(T', X, p) with a ~ b but a 2 b, and also whether there are
a,b € FRERG(T, X, 1) with x* 2 P but a 2% b.

Remark. A natural question, raised by Tsankov, is whether for a
given infinite countable group T' there is an, € A(I', X, u) such that for
any a € FRERG(T, X, 1), a C aoo. The answer is however negative. If such
aoo existed, then k§ < kg for all a € FRERG(T', X, 1) and thus, by E.1 and
the paragraph following it, if 7 is an irreducible infinite-dimensional repre-
sentation of I', there is a € FRERG(T', X, ) with m < k§ < sy, If I" is not
abelian by-finite, then (see, e.g., Thoma [Th] or Hjorth [Hj3]) I has uncount-
ably many non-isomorphic infinite-dimensional irreducible representations,
which immediately gives a contradiction.

Consider now the case where I' is abelian-by-finite and fix A < T', [T :
A] < oo, A abelian. We use below the notation and facts of Appendix G.
For any a € FRERG(A, X, 1), Ind} (a) € FRERG(A, X x T, uu x v7). Thus

IndX (a) C as and so /ﬁlndg(a) >~ Indk (k%) < K%< and therefore
Indk (k%)|A < K| A.

Let m = k*<|A. Using now Appendix F, it follows that the maximal spectral
type of each Indk (k?)|A is < the maximal spectral type of 7, say p, and
thus, by the last paragraph of Appendix G, the maximal spectral type of
k® is < p. Thus we have derived that all maximal spectral types of (the
Koopman representations of) free, ergodic measure preserving actions of A
are absolutely continuous to a fixed measure p on A. But this is clearly false.
For example, given any non-atomic symmetric probability measure v on A
(symmetric means invariant under x +— x~1), ¢ = © is real positive-definite
on A (see Appendix F) and if we consider the shift action a,, of A on (R?, )
(see Appendix D), then the maximal spectral type of a, is > v. Since,
whenever v is non-atomic, a, is free, ergodic (see, e.g., Cornfeld-Fomin-
Sinai [CFS], 14.2.1), it follows that every non-atomic symmetric measure on
A s absolutely continuous to p, which is absurd, since A is uncountable.

(F) We can also endow A(T", X, 1) with a concept of “convex combina-
tion”. Let ai,...,ap € AL, X,p) and 0 < N\, < 1,1 <i<mn,> " A\ = 1.
Then we define, up to isomorphism, b =" | \ja; € A(T', X, p1) as follows:

Let X = X U---UX,, where each X; is a copy of X, say via a copying
map z — Z;. Let fi; be the copy of 11 on X;. Define fi on X as fi = o il
Let a; be the copy of a; on X; and let @ = (J;; @;. Then Y ;" | Aja; is defined
to be any b € A(I', X, p) such that b = a. (One can also define integrals of
actions over a probability measure but we will not discuss this here.)

When each a; is ergodic, then Xi,..., X, as above give the ergodic
decomposition of a. Thus the set of all convex combinations 2?21 N;a; for
ergodic a; gives, up to isomorphism, all the actions a € A(I", X, u) which
have a finite ergodic decomposition. Denote the set of such actions by
FED(T, X, u).
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Proposition 10.9. The set FED(T', X, u) of all actions in A(T', X, p) that
have a finite ergodic decomposition is dense in (A", X, ), w).

Proof. We can assume that X = 2V, Fix an action a € A(T', X, i) in or-
der to show that a is in the weak closure of FED(T', X, u). Let % : X — XU
be the usual orbit map ¢®(x)(y) = a(y~!,z). Then ¢® is a Borel embedding
of the action a into the shift action s of I' on XT, which is clearly continu-
ous. Let k = (p?),p. Then s € A(I', X", k) and s = a. Thus, by replacing
a by s, we can assume without loss of generality that X = 2V (as X1 is
homeomorphic to X) and a is continuous. Consider the compact convex
set of probability measures on X which are a-invariant, with the weak*-
topology. The extreme points of that set are the probability measures that
are a-invariant, ergodic, so by Krein-Milman the set of measures Y ;" | a;i,
where 0 < o; <1, 221 a; = 1 and each p; is a-invariant, ergodic, is dense
in the set of a-invariant probability measures.

Since the Boolean algebra of clopen sets in 2V is dense in the measure
algebra MALG,,, a basic open nbhd of a in A(I", X, i) can be taken to be of
the form V = {b: Vy € FVj, k < n|u(v*(4;) N Ax) — u(v°(Aj) N Ag)| < €},
where Ai,..., A, is a clopen partition of 2Y, F C T is finite containing 1
and € > 0. We need to find b € VN FED(I', X, ). Find «;, and distinct y;
as above, such that if v = >~ | a;p,, then |u(C) —v(C)| < €/3 for any C in
the Boolean algebra generated by {v*(4;) :v € F,1 < j <n}. Fix a Borel
partition Y7 U---UY,, = X, so that y;(¥;) = 1 and each Yj is a-invariant.
Then let Y; be a copy of Y; Wlth copying map y — ¥;, let fi; be the copy of p;
onY; let X =Y U---UY,, be the dlsJomt union of the Y;, and let fi on X be
defined by i = Z " aifi; (so that fi(Y;) = a;). Let a; be the copy of a|Y; on
Y; and let a = (J]~ 1 a;. Clearly a € FED(T',Y, 1). We will find a 2 b€ V.
For A C X, let A =", ANY;. Then v%(4;) = U,7%(4,NY;) =
U, v4(4;,nY;) = UL, v (4;)nY; = v2(A;). Clearly Ay,..., 4, is a
partition of X and f(4;) = >, aiﬂi(Aj ﬂYl) = > (A NY;) =
v(A;). Similarly,

So |i(A;j) — (A )| < €/3, thus, by Lemma 10.2, there is a Borel partition
By,...,Bm of X with u(B;AA;) < €/3 and u(B;) = i(A;). Fix then an
isomorphism ¢ : (X,n) — (X, ,u) with ¢(A;) = B; and let the image of



72 II. THE SPACE OF ACTIONS

a under ¢ be b € A(T, X, ). Thus u(7*(B;j) N By) = a(v*(4;) N Ag) =
v(v4(A;) N Ag), so |u(v*(4;) N Ax) — p(7°(Bj) N Bk)| < &. We will check
that b € V. We have for v € F, 5,k < n,

(v (A7) N Ag) = p(7* (A7) N AR < (v (A)) N Ag) — n(y"(B5) N By)|

+ (v (B;) N By) — (" (A5) N Ay)|

< S
3=

M

w

Note also the following simple fact:

Vi < n(a; < b)) = Zn:)\iai =< znj)\z‘bz‘?
i=1 i=1

where > A =1,0 < \; < 1.

(G) Next we discuss the relation between A(T', X, u) and A(A, X, u) for
certain pairs of groups I', A.

First, we note that the space A(I'y *x g % -+ % 'y, X, u) with the weak
(resp., uniform) topology is canonically homeomorphic to A(T'1, X, p1) x - - - X
ATy, X, ) with the product of the weak (resp., uniform) topologies and this
homeomorphism preserves the conjugacy actions of Aut(X, u) (where in the
second case we of course look at the product action).

Second, if I' < A, then there is a canonical continuous map

mar AA, X, p) — AL, X, 1)

defined by restriction: ma r(a) = a|A. Again we can use here either the
weak or the uniform topology. Moreover 7a r clearly preserves the conjugacy
action of Aut(X, u). In case A = I'«I"”, for some I, clearly this map is open
and surjective, as in this case A(A, X, u) can be identified with the product
AT, X, p) x A(IY, X, u) and 7a r is simply the projection map to the first
factor.

Conversely, when I' < A, every action of I' gives rise to an action of A
called the co-induced action. (This was brought to my attention by Adrian
Ioana, who referred to Gaboriau [Ga2] in his paper Ioana [I1]. Sinelshchikov
pointed out that this concept also appears in Liick [Lu], and references
therein, in another, non-measure theoretic context.) We will actually con-
sider a somewhat more general situation.

Suppose that a countable group A acts on a countable set T', and let
o:AxT — Aut(X, pu) be a cocycle of the action of A on 7" with values in
Aut(X, p), i.e., a map satisfying the property

0(0102,t) = (01,02 - t)o(d2,t),

for 01,00 € A, t € T. We define an action of A on (Y,v), where ¥ =
XT v=pu" (the product measure), by

@ N&) =@ ) (f(07 1))
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It is straightforward to check that this is indeed a measure preserving action
of A on (Y,v).

We note that if 7: A x T'— Aut(X, 1) is cohomologous to o, i.e., there
is f: T — Aut(X, u) such that

7(8,) = f(6- ) (5, ) f(t)”"
then the action induced by 7 is isomorphic to the action induced by o via
the map ¢ : Y — Y given by ¢(p)(t) = f(t)(p(1))-

If now I" is another countable group and a € A(T', X, ), while p : A X
T — T' is a cocycle of the action of A on T with values in I', define the
cocycle 0 : A x T — Aut(X,pu) by o(d,t) = p(d,t)*. We call the action
defined as above using this ¢ the co-induced action of a with respect to the
action of A on T and p.

Consider now the case where I' < A and let T be a transversal for the
left cosets of I' with 1 € T. Let A act on T by defining ¢ - ¢ to be the unique
element of T in §tI", and let p : AxT — T be the cocycle defined by p(d,t) =
(the unique v € I" such that (J - t)y = dt). In that case we write

CInd? (a)
for the co-induced action corresponding to this action and cocycle. Clearly
a2 b= CIndf (a) = CInd2 (b).
We note certain facts about this co-induced action (for proofs see Ioana
[I1]):
(i) @ C CIndA (a)|T.
Indeed the map f — f(1) shows that a is a factor of CInd® (a)|T.
(i)
a — CIndA (a)
AT, X, n) — A(AY,v)

is a homeomorphism of (A(T', X, 1), w) onto a (necessarily Gs) subspace of
(A(A)Y,v),w). It is also a homeomorphism in the uniform topology, if
[A:T] < 0.

(iii) Assume I' is infinite. Then a is mixing (resp., mild mixing) iff
CInd& (a) is mixing (resp., mild mixing). If [A : ] = oo, then CIndA(a) is
weak mixing. If [A : T] < oo, then CIndf(a) is weak mixing iff a is weak
mixing. In particular, if a is weak mixing, so is CInd2 (a).

(iv) a is free iff CInd2 (a) is free.

(v) If ip is the trivial action of T on X, then CInd& (ir) is the shift action
of A on X&/T.

When I' < A, then for any vy € I',t € T, -t =t and p(v,t) = t~1nt,
so that CInd& (a)|T" is given by (v - f)( ) = ( vt) - f(t). Thus if we define
for each ¢ € T the action a; € AT, X, ) by a ( ) = a(t~'4t, ), then
CInd& (a)|T = [I;era:- Moreover, 1fF < Z(A), CIndF( T = [Ljera = a’.
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In particular, this shows that a being ergodic does not always imply that
CIndf (a)|T is ergodic. Toana has also shown that even a being weak mixing
does not always imply that CInd& (a)|T is ergodic.

Since a = CIndA(a)|T, it follows that a < CInd2(a)|T, so in particular
the set of b € A(T', X, u) of the form b = ¢|T', for some ¢ € A(A, X, u) (i.e.,
the set of actions of I' that can be extended to actions of A) is weakly dense
in A(T', X, pt). In other words, the restriction map 7a r defined above has
dense range in the weak topology. Moreover, if [A : '] = oo the set of
b e AT, X, pn) of the form b = ¢|I" for some ¢ € WMIX(A, X, ) is also
weakly dense in A(T', X, p). (As we will see later, when I' has property (T),
WMIX(T, X, u) is closed nowhere dense; see 12.8.)

It follows from (ii), (iii) above and 2.7 that MMIX(T', X, u) is (co-
analytic) but not Borel, if I' has an element of infinite order. In particular,
mixing, mild mixing and weak mixing are all distinct for such groups (since
MIX(T', X, u), WMIX(T", X, 1) are Borel). It is unknown if this holds for
every infinite group; see Section 11, (C).

Remark. Let I' < A be countable groups and denote by A(I' T A, X, i)
the set of actions in A(T, X, u) that can be extended to an action of A.
We have just seen that A(I' T A, X, u) is dense in (A(T, X, u),w). It is
an interesting question to find out when the generic action of I' extends to
an action of A. For example, Ageev [A1] has shown that this is the case
when I' = Z and A > I' is abelian. On the other hand one can see that
there are cases in which the answer is negative. Let I' = F) with generators
a, 3,7,0. The generic action a of I" has the following properties: It is free,
so in particular a®, 8%, v%, % are distinct, and the group generated by o, 5%
is dense in Aut(X, i) (see Section 4, (D)). Let ¢ be the automorphism of
I such that (o) = a,9(B) = B,0(y) = §,¢0(0) = v. Let A be the HNN
extension of I' corresponding to ¢ (i.e., the semidirect product of Z with T,
where Z acts on I by n -y = ¢"(vy)). Let t be the additional generator,
so that tyt~! = ¢(v),Vy € T. If the generic action a € A(T', X, u) was
extendible to an action b of A, let o’ = a® = A, 3% = ¢ = B,4* = 4% =
C,0" =6 = D,t® =T. Then TAT™' = A,TBT~! = B. so T commutes
with every element of (A, B) and thus every element of Aut(X, i), so T = 1.
But 7CT~! = D, i.e., C = D, a contradiction.

We also recall from Appendix G that when I' < A has finite index, we
can also define for each a € A(T, X, 1) the induced action Ind= (a), defined
as follows: Let T, p be as before (for the pair I', A), vy be the normalized
counting measure on 7. Then Indf(a) € A(T', X x T, u x vr) is defined by

If a is free (resp., ergodic), so is Indf(a).

Finally, let I" be a factor of A. The clearly there is a topological embed-
ding (in either the weak or the uniform topology)

Pr,A A(FvXalu’) - A(A7X7 /’L)7
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which preserves conjugacy and such that the equivalence relation generated
by a is the same as that generated by pr a(a).

(H) We conclude this section with some results and questions concerning
the theory of costs. General references for this theory are Gaboriau [Gal]
and Kechris-Miller [KM]. We use the terminology and notation of [KM].

Let T' be an infinite countable group. For each a € A(T, X, ), let the
cost of a be defined by

C(a) = Cu(Ey),

i.e., the cost of a is the cost of the associated equivalence relation. Thus

aOEb = C(a) = C(b).
Also 0 < C(a) < co. The cost of T is defined by

C(T) =inf{C(a) : a € FR(T", X, u) }.
Moreover, it turns out that
C(T) = inf{C(a):a € FRERG(T, X, u)}
= min{C(a) : a € FRERG(T', X, p1)},

see Kechris-Miller [KM], 29.1 and 29.2. We have 1 < C(T") < 0.

A group T is said to have fized price if C|FR(I", X, ) is constant. It is
unknown whether every infinite countable group has fixed price. However,
the calculations in 18.1 of Kechris-Miller [KM] show that for each r € R the
set

A ={ae AT, X, pn): Cla) <r}
is analytic in (A(T", X, 1), w) and thus, in particular, C' is a Baire measurable

function on this space. The following is then immediate from 10.7, 10.8 and
the fact that C is conjugacy invariant (see Kechris [Kec2], 8.46).

Proposition 10.10. Let I' be an infinite countable group. Then there is a
dense G set in (FR(T', X, p), w) on which the cost is constant. In particular,
if C is continuous on (FR(I', X, u),w), then I' has fixed price.

Denote this value C*(T"). Clearly C(T") < C*(T).
Problem 10.11. Is C(I') = C*(I") ?

Remark. Using 12.1 and 13.1 below, we also see that there is a dense
Gs set in (FRERG(T', X, 1), w) on which the cost is constant. Call this fixed
value C**(T"). Clearly C(T') < C**(T"). If T" does not have property (T)
then 12.2, ii) shows that FRERG(T, X, ) is dense G in (FR(T, X, ), w),
so C*(I") = C**(I"), but if T" has property (T), 12.2, i) shows that the set
FRERG(T', X, i) is closed nowhere dense in (FR(T', X, p),w) and it is not
clear how the quantities C*(I"), C**(I") are related in this case.

In connection with 10.11, let us note the following fact.
Proposition 10.12. Let I' be an infinite countable group. Then
MINCOST(T, X, ) = {a € FR(T', X, uu) : C(a) = C(I"))
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is dense in (FR(I', X, n), w).

Proof. It has been shown by Gaboriau [Gal] (see also Kechris-Miller
[KM], 29.1) that if b = [[, an, then C(b) < C(ay),Vn. Let then {a,} C
FR(T, X, ) be dense and such that C(I") = inf{C(a,) : n € N}. By 10.4,
if b= [],, an, then the conjugacy class of b is dense in (FR(I', X, 1), w) and
C(b) =C(T). O

Clearly if MINCOST(I", X, i) is Gs we have an affirmative answer to
10.11.

We next show that 10.11 has indeed a positive answer if I' is finitely
generated. The main fact is the following result which gives an estimate for
the complexity of the cost function.

Theorem 10.13 (Kechris). Let ' be an infinite, finitely generated group.
Then the cost function C' is upper semicontinuous on (FR(T, X, u), w), i.e.,
for each r € R,

A, NFR(T, X, pu) = {a € FRI', X, p) : C(a) <7}
is open in (FR(I', X, pu), w).

Proof. We will use the arguments in 18.1 and 18.3 in Kechris-Miller
[KM] together with a modification due to Melleray (see Corrections and Up-
dates for Kechris-Miller [KM], www.math.caltech.edu/people/kechris.html).

Let I' = (y1,...,yn) and let I' = {g; };en be an enumeration of I'. Fix a
countable Boolean algebra {A,} € MALG,,, which is dense in MALG,, let
n +— ((n)o, (n)1) be a bijection of N with N x N and for a € A(T, X, uu), let
{62} = {g?n)O|A(n)1}. For S C N, put ©% = {62},cs. Then one can see that

C(a) <r <« 3 finite T € NIM[C,(07) + C.({7/'|D(v, O 1) bisn) <7l
where
So={07" 03] 10, € ©4 Vv 0; =id,Vi < M}
and
D(vi', ©% 1) = {x : 7' (w) # 0(x), V0 € Of 1}

Indeed, if such T, M exist, then, as ©F U {v}[D(f, ©%,7) i< is ob-
viously an L-graphing of E, and has cost < r, clearly C(a) < r. Con-
versely, assume C(a) < r. Then, by the first paragraph of the proof of
18.1 in [KM], there is an L-graphing of E, of the form ©%, S C N, such that

C,(0%) = a < r. Let € < r—a. Next notice that, since ©¢ is an L-graphing
of E,, for each i < N,

Jim u(D'(7}, O5n10,.. ny) = 0,
where

D'(6,0) = { : (x,0(x)) & Re}.
with Rg the equivalence relation generated by ©. So choose L large enough,
so that if 7= SNA{0,....,L},u D’(’yZ,G“)) < ,Vi < N. Further-
more, since D'(y%,0%) = ﬂ v D, 0%, 1), we can find M large enough
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so that u(D(vf,0%r)) < 7,¥i < N. Then C\\(07) < o < 1 — € and
C.({v|D (v, @‘}VI’T)} <N) < 5 - N = ¢, so we are done.
Now

=) uA

neTl

is independent of a. So it is enough to show that for each s € R, finite
T CN, and M € N, the set

{a € FR(L, X, p) : Cu({%|D(v, Ofyr) Fisn) < s}

is open in (FR(T', X, ), w).
Since

Cu({3 DOV, O%1.0) Yisn) = D (D, O%7)),
<N

and p : MALG,, — [0, 1] is continuous, it is enough to show that for each
fixed 1 < N, finite T C N, M € N,

ar= D(’Yzav f/z\/[,T)
FR(T, X, ;1) — MALG,,

is continuous in the weak topology.
Inspecting the definition of D(v¢, @?\LJ,T)’ we see that there is a finite
sequence 41, ...,0; € I', a finite sequence ny,...,ny € N, and a Boolean for-

mula O(T1, ..oy Ty Y11y« -+ > Y105 Y215 -« Y20y - - - s Ykl - - - » Ykt ), all independent
of a, such that

D(Fygﬂ (]JM,T) = go(supp(5f), s 7supp(5g)7
01 (Any), -, 07 (An,),
05(An,), .-, 05(An,),

0% (Any)s - -+ 03 (Any)).

Recall that the Boolean operations are continuous in MALG,,. Since a +—
d%(A) is continuous from (A(T', X, ), w) into MALG,,, for each 6 € I', A €
MALG,, and since supp(d?) is either @ or X on FR(T', X, i), depending on
whether § = 1 or § # 1 (and this is the only place where we use freeness of
the actions), it follows that a — D(v{,0%, 1) is continuous and the proof is
complete. O

For a,b € FR(T', X, i), put

a<bsac{ceFR(I',X,pu): cOEb},
where closure is in the weak topology. Thus

a<b=a=0b.
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Corollary 10.14. Let I' be an infinite, finitely generated group. For a,b €
FR(T', X, ),

a=<b= C(a) > C(b).
In particular, if a € FR(T', X, ) has weakly dense orbit equivalence class,
restricted to free actions, e.g., if a has weakly dense conjugacy class, then
C(a) = C(T"). Therefore,

c*(T) =C(@).

Moreover, MINCOST(T', X, u) is dense Gg in the weak topology and it is
equal to the set of continuity points of C|FR(I', X, u).

Abért and Weiss (unpublished) have recently shown that for any infinite
group I, the shift action sp of T on (X, 1), where X = 2T and s is the usual
product measure, is minimum in < among free actions of I'. This implies
by the above that for infinite, finitely generated groups I', the action st has
the maximum cost among free actions of I'.

Remark. The cost function is not upper semicontinuous in the space
(A, X, u), w), for any infinite I'. Otherwise, if a € FR(I", X, ) has weakly
dense conjugacy class, then 1 < C'(a) < C(b) for any b € A(T', X, 1), which
gives a contradiction by taking b = i (the trivial action) for which C'(b) =
0. On the other hand, since the map 7" — supp(7’) from Aut(X,pu) to
MALG,, is continuous in the uniform topology u (see Section 1), it follows
that a — supp(d?) is continuous from (A(T, X, p),u) to MALG,, Vo € T.
Then, by the argument in the proof of 10.13, the cost function C' is upper
semicontinuous in (A(T", X, 1), u) for any infinite, finitely generated group.

Remark. Tsankov pointed out the following fact, relating extensions of
actions and cost.

If a € FR(I', X, ), b € FR(I',Y,v) and b C a, then C(b) > C(a). In
particular, a =" b = C(a) = C(b), i.e., the cost is an invariant of weak
isomorphism. (Note here that I" is not assumed to be finitely generated.)

To see this, consider the equivalence relations E,, Ej induced by a, b,
resp. Also fix a homomorphism 7 : X — Y of a to b. Given a graphing G of
Ey (see Kechris-Miller [KM], Section 17) define a graph G’ C E, by

2G'y & 2E.y & m(x)Gn(y).

We claim that G’ is a graphing of E,. Indeed let v*(z) = y, where v € T.
Then 7°(7(z)) = 7(y), so there is a G-path 7(z) = 20Gz1...Gz, = 7(y).
As G C E, there are dp,...,0,—1 € I' such that (52’(,21') = 2zi+1. Thus
Y = 8y—1--80. Then 7(6¢(z)) = 68(20) = 21, and so if 1 = §3(z), we have
rG'z1. Next m(6¢(x1)) = 6%(21) = 29, s0 if 13 = 6§(z1),21G'w2. Continuing
this way, we find a G’-path from z to y. Next note that if dg(y) denotes
the degree of G at y, then dg/(z) < dg(m(x)) (using the freeness of the
action b). So Cy(E,) < Cu(G") = § [dg/(z)du(z) < 1 [ dg(m(z))du(z) =
5 [dg(y)dv(y) = Cu(G). Since C,(Ep) = infgC,(G) (see Kechris-Miller
[KM], Section 18), it follows that C'(b) > C(a).
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Note that the fact mentioned in the proof of 10.12 is a special case of
this, as b = [[,, an = an T b, Vn.

When I' is infinite and finitely generated, 10.14 shows that C is also an
invariant of weak equivalence, but I do not know if this stronger fact holds
for every infinite, countable I'.

11. Characterizations of groups with property (T) and HAP

(A) We first consider a characterization of groups with the Haagerup
Approzimation Property (HAP). We use Cherix et al. [CCJJV] as a stan-
dard reference for HAP. Moreover, other prerequisite material is developed
in Appendices A—H.

The groups I' with HAP can be defined in several equivalent ways. We
will use below the following ones:

(i) I has HAP iff there is a unitary representation 7 of I" such that 1pr < 7
and 7 is a co-representation. Recall that 1r is the trivial one-dimensional
representation and 1lp < m is equivalent to the existence of non-0 almost
invariant vectors, i.e., the existence of a sequence {v,} of unit vectors such
that ||7(y)(vn) — vnl] — 0,Vy € T. Also 7 is a mizing representation or
co-representation if the matrix coefficients (w(v)(v),v) — 0 as v — oo, for
every v € H.

(ii) ' has HAP iff there is an orthogonal representation 7 of I (on a
real Hilbert space) which has non-0 almost invariant vectors and is a co-
representation (as in (i)).

It is clear that (ii) = (i) (using complexifications as in Appendix A). For
the proof of (i) = (ii), let {v,} be as in i), and put ¢, (v) = (7(7)(vpn), vpn)-
Then ¢, is positive-definite, ¢, (1) = 1, ¢, (7) — 0 as ¥ — oo, and moreover
Re pn(v) — 1 as n — oo. Then 1, = Re ¢, is real positive-definite (see
Berg-Christensen-Ressel [BCRJ, 3.1.18), ¥ (1) = 1,¢n(y) — 0 as v — oo
and ¥, () — 1 asn — oo. Let (7, Hy, wy) be the orthogonal representation
given by the GNS construction for 1,, so that w, is a cyclic vector and
(T (V) (wp), wn) = ¥p(y) (thus, in particular, w, is a unit vector). Let
H =8, Hy,m= &, mn. Clearly (7(v)(wn),wn) = ¢¥n(y) — 1 as n — oo,
thus [|7(y)(wy) — wy|| — 0, and for v € H, (7(y)(v),v) — 0 as v — o0, s0
(ii) holds.

Theorem 11.1 (Jolissaint [CCJJV]). Let T' be an infinite countable
group. Then the following are equivalent:

(i) T' has the Haagerup property.

(i) T' has a measure preserving, mizing action which is not Ey-ergodic.

(iii) T has a free, measure preserving, mizing action which is not Ey-
ergodic.

In particular, T' does not have HAP iff MIX(T", X, 1) € EoRG(T', X, ).

Proof. (i) = (iii): If a € A(T", X, ) satisfies (ii) and b € A(T', X, u) is
a free, mixing action of T' (e.g., the shift of I on 21'), then a x b satisfies (iii).
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(iii) = (i): Let a € A(T", X, p) satisfy (iii). Then if x§ is the correspond-
ing Koopman representation restricted to L%(X , b), K is a co-representation
and a is not Ep-ergodic, so 1p < k§ (see, e.g., 10.6 and the paragraph
following it).

(i) = (ii). Since I' has HAP, there is an orthogonal representation 7
of I on H which has non-0 almost invariant vectors {v,} and is a co-
representation. By replacing m by infinitely many copies of it, we can assume
that {v,} is orthonormal and of course H is infinite-dimensional. Consider
the product space (X,v) = (RN, uN), with p normalized Gaussian measure
on R. Then there is an isomorphism 6 : H — H*!*, where H''' = (p,)nen is
the first chaos of L2(X, v, R) (with p, the projection function p, : RN — R).

The representation 7 via € gives rise to a measure preserving action a on
(X,v) such that if k3 is the corresponding Koopman representation, then
H* is k@-invariant and @ sends 7 to k&|H'**. From the Wiener chaos decom-
position, using the obvious fact that if 7 is a cg-representation on H, then
7™ is a co-representation on H", it follows that x{ is a co-representation,
so a is mixing. It remains to show that it is not Ey-ergodic.

Consider the Polish space Repg (T, H'") of orthogonal representations
of ' on H", viewed as a closed subspace of O(H)I'| with O(H\*) the
orthogonal group of H'!' (see Appendix A). Since O(H') can be identi-
fied with a closed subgroup of Aut(X,v), Repo(T, H*!) is identified with a
closed subspace of A(T', X, v) by identifying any p € Repg (T, H'') with the
unique action b € A(T, X,v) such that x§|H'* = p. Moreover the conju-
gacy class of p in Repo(I', H'Y) is contained, when we identify p and b, in
the conjugacy class of b in Aut(I", X, u). Now it is easy to check that the
trivial representation my € Repg (T, H'1*) is contained in the closure of the
conjugacy class of (the image under 6 of) 7 in Repo(T, H'**) and, as the
action corresponding to 7y is the trivial action ir € A(T', X, v), we have that
ir < a, therefore a ¢ EoRG(T', X, i) (see 10.6). O

Remark. More generally, the simple fact that is being used here is
that if 0,7 € Repo ([, HY) and ¢,d € A(T, X,v) are the actions such that
o= k§|HY and 7 = kd|H*", then

0 <zT=c=<d,

where 0 <z 7 is the obvious orthogonal analog of the notion of weak con-
tainment in the sense of Zimmer (see the Remark after H.2), which is equiv-
alent to the property that ¢ is in the closure of the conjugacy class of 7 in
Repo (T, HY).

There is also another way to see that a, in the proof of 11.1 (i) = (ii),
is not Eyp-ergodic (following the method of Connes-Weiss [CW]). What one
needs to show is that if 7 is an orthogonal representation of I' on H'Y, a
is the action in A(T', X,v) with 7 = k¢|H", and if 7 has non-0 almost
invariant vectors {¢,}, then a has non-trivial almost invariant sets.
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To prove this, put A, = {z € X : g,(z) > 0}. Since every function in
H is a centered Gaussian random variable, clearly v(A,) = % We will
verify that v(v%(A4,)AA,) — 0,Vy € I, or equivalently v(v*(4,) \ 4n) —
0,y € I. Fix v € I'. Since xd(v)(HY) = H, we have k2(7)(qn) =
(cos an)qn + (sinay)ry,0 < a, < 2w, where r, € H'' is a unit vector per-
pendicular to the unit vector ¢,. Then ¢,,r, are independent centered
normalized Gaussian random variables. Clearly cosa, = (7(7)(¢n), qn) — 1
as n — 0o.

Now

€7 A\ An & [K8(7)(n)(@) = 0 and g, (x) < 0
< [(cosan)gn(x) + (sinay)r,(x) > 0 and g,(x) < 0],
thus, since g, r, are independent, normalized Gaussian variables,
v(y-An\ An) = 12({(g,7) € R? : (cosan)q + (sinay,)r > 0 and ¢ < 0}),
sov(y-An\ 4,) — 0.

(B) We finally prove the following characterization of groups with prop-
erty (T), which preceded historically the characterization 11.1 of groups with
HAP. Recall that I" has property (T) if for every unitary representation 7 of
I', 1r < 7 implies 1r < 7.

Theorem 11.2 (Connes-Weiss [CW], Schmidt [Sc3], Glasner-Weiss
[GW]). Let T" be an infinite countable group. Then the following are equiv-
alent:

(i) T' does not have property (T).

(i) There is a measure preserving, ergodic action of ' which is not Ey-
ergodic.

(iii) There is a free, measure preserving, ergodic action of I' which is
not Ey-ergodic.

(iv) There is a measure preserving, weak mizing action of I' which is not
Ey-ergodic.

(v) There is a free, measure preserving, weak mizing action of T' which
is not Ey-ergodic.

In particular, T' has property (T) iff WMIX(T', X, u) € EoRG(T, X, p)
iff ERG(T, X, ) = EgRG(T, X, p).

Proof. (v) = (iv) = (ii), (v) = (ili) = (ii) are obvious.

(ii) = (i). Suppose a is a measure preserving, ergodic action of I' on
(X, 1) which is not Ey-ergodic. Then if x§ is the corresponding Koopman
representation on L3(X, 1), Ir < 7§ (since the action is not Ep-ergodic) and
Ir £ k§, since the action is ergodic. So I' does not have property (T).

(i) = (iv) = (v). As in the proof of 11.1, it is enough, assuming I' does
not have property (T), to find an action which is measure preserving, weak
mixing and not Ey-ergodic.

By the definition of property (T), there is a unitary representation p of I'
on H, such that 1r < p but 1p £ p. Let I' = {71,792, ... } and, since 1r < p,
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fix a sequence of unit vectors v1,vs, ... such that ||p(y)(vs) — vn|*> < o= for
v€{m,.-..,m} Let

p(7) =Y _(nllp(y)(vn) — va]?) < 0.

n

Since [|p(+) (tn) —vn[2 = 2—2 Re {p(+) (1), va), clearly gu(7) = () (v) —
vp|? is negative-definite and so is ¢ (also note that ¢(1) = 0). Recall
that a real function 6 on T is negative-definite if () = 6(y~!) and more-
over we have that >, ., ., oziaje(vi_lyj) <0, for all v1,...,yn € I' and
ait,...,am € Rwith 37" a; = 0.

We next show that ¢ is unbounded. First notice that for each n, there
is 0, such that ||p(6,)(vn) — vn[? > §. Indeed, otherwise ||p(7)(vy) — vy <
%, YV~ € T, so the closure of the convex hall of {p(7)(v,) : v € T'} is contained
in the ball of radius % around v,. Then if v, is the unique element of
least norm in this closed convex set, clearly v, # 0 and v, is I'-invariant,
contradicting that 1 £ p. It follows that ©(d,) > %, so ¢ is unbounded.

Consider now the real positive-definite function v, = e %/", and let
(7, Hy, wy,) be the orthogonal representation of T' given by the GNS con-
struction for v, so that w, is a cyclic vector and (7, (7)(wy,), wn) = P ().
(In particular, as ¥,(1) = 1,w, is a unit vector.) Let H = @, H,, 7 =
D, ™. As Yp(y) — 0, for n — oo, the sequence {wy,} witnesses that H has
non-0 almost invariant vectors.

Next as in the proof of (i) = (ii) for 11.1, whose notation we use below,
let a € A(T', X,v) be the corresponding action. As in that proof, a is not
Ep-ergodic, so it remains to show that it is weak mixing, i.e., that the
corresponding Koopman representation x§ is weak mixing. We first recall
the following equivalent characterizations for a unitary representation o of
I' on H, to be weak mixing (see Bergelson-Rosenblatt [BR], 1.9 and 4.1,
Glasner [Gl2], 3.2, 3.5 and 1.52):

(a) o has no non-0 finite-dimensional subrepresentations,

(b) Y1, .., & € Ho¥e > 03y € Vi, j(|{0/(7)(€:), )] < ),

(c) If M is the mean on the weakly almost periodic functions on I' (see
Glasner [Gl2], 1.51), then for any v € H,, if ¥(y) = (o(y)(v),v), then
M(J1p]?) = 0. Recall here that every positive-definite function is weakly
almost periodic and 1), [1|? as above are positive-definite. Moreover, for any
positive-definite function w,

m
M(w) = inf{z ajow(8;165) 1 i >0, Zai =1,01,...,0m €T}
i=1
(see Godement [Go], THEOREME 14).
Using (b) for o = k3 and the Wiener chaos decomposition, it is easy to
see that it is enough to show that x¢|H® is weak mixing, which (by either

(a) or (c)) is reduced to showing that each m, + i - m, is weak mixing. For
this it is clearly enough to show that M(¢2) = M(e=2#/") = 0. This is
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a general fact about unbounded negative-definite functions (see Jolissaint
[Jol], 4.4 or [Jo3], 2.1) but it is easy to adapt the proof in our case without
using any general theory.

We will show that M(e=%) = 0, the proof for e=2#/" being identical.
First note that we can represent ¢ in the form p(y~18) = [|f(y) — f(0)|?
for some function f : I' — F,F a Hilbert space, with f(1) = 0. Indeed,
let F' = &, H, be the direct sum of infinitely many copies of H, and put

() = @, vnlp(v)(vn) — vy). In particular, ¢(v) = || f(7)||?, therefore

e(vy7'8) = If(v) — FO)I1?
(B FOIE
1Ve(y) = Ve(d).

v

Recalling that
M(e %) = inf{z oziozje_“"(‘si ) oy > 072041‘ =1, 61, -+ ,0m €'},
i=1

fix € > 0 and find m large enough so that if a; = %, then > 1" a? = % < €/2.
Then inductively define 61 = 1,...,d,,, so that, if 1 < j < i <m, \/p(d;) >

\/1og(2) + \/¢(8;), and thus ©(6; '6;) > log(2/e), e=?00,13) < €/2, and

-1
therefore > ayaje™?0 %) < e, O

Remark. In the proof of (i) = (iv) in 11.2, we have started with a
representation p of a countable group I' such that 1pr < p and 1p £ p
(i.e., p is ergodic). We then constructed a real negative-definite ¢ which is
unbounded and then considered the real positive-definite ¢, = e~#/™ and
the corresponding orthogonal representation 7, and finally the direct sum
7 =@, ™ If T =m®i- 7 is the complexification of m, then 1p < 7 and
the unboundedness of ¢ was used to show that m, & i - 7, is weak mixing,
thus so is 7. So by starting with an ergodic p with 1r < p one ends up with
a weak mixing 7 with 1p < 7.

(C) Schmidt [Sc4] calls groups I' for which
WMIX(T, X, 1) = ERG(T, X, )

groups with property (W). He characterizes infinite such groups as those
that admit no non-trivial finite-dimensional unitary representations (such
groups are called minimally almost periodic). Dye [Dy] has shown that
there are amenable groups with property (W). Schmidt [Sc4] also considers
groups with property (M) and property (S), characterized by the equalities
MMIX (T, X, u) = ERG(T, X, ), and MIX(T', X, ) = ERG(T, X, uu), resp.
It is apparently unknown whether (countable infinite) such groups exist.



84 II. THE SPACE OF ACTIONS

12. The structure of the set of ergodic actions
(A) First we note the following fact.

Proposition 12.1. Let I' be a countable group. The sets ERG(T", X, ),
WMIX(T', X, u) are Gs in the weak topology of AT, X, u).

Proof. First consider ERG(I', X, ). One way to prove this is to use
Section 10, (B). Take (X, u) = (T, ). The ergodic (relative to the shift s)
measures in SIM(T") are the extreme points of SIM(I"), thus the set ESIM(T")
of ergodic shift-invariant measures is G5 and so is ESIM,(I") = SIM,(I")N
ESIM(T). Since ®, is continuous and ®,*(ESIM,(T')) = ERG(T, T, \) the
proof is complete.

An alternative way to prove this is as follows: The action a € A(T, X, u1)
is ergodic iff the corresponding Koopman representation x§ on L(Z)(X J ) is
ergodic, i.e., for every v € L3(X, p), if p,(7) = (k&(7)(v), v), then M(p,) =
0, where M is the mean on the weakly almost periodic functions on I' (see
Glasner [GI12], 3.2, 3.9, 3.10). Now recall that

n
M(SOU) = lnf{z ala]@v(,y;l,yj) e 2 O)Zai = 17’)/17 - In € F}
i=1

Moreover, it is clear that we can restrict v here to any countable dense set
D C L%(X, ). Thus, restricting below € to rationals,
a € ERG(T, X, u) & Vv e DVe > 03(ay)lq, (i)
i > 0,3 = 1,3 aiajpu(y; 1) < e,
so clearly ERG(T', X, 1) is Gs.

A similar argument works for WMIX. By Bergelson-Rosenblatt [BR],
4.1, we have

a € WMIX(T', X, u) < Vi, ...,v, € DVedy(|(kG(7)(vi), vi)| < €,¥i < n).
Alternatively we can use the fact that
a € WMIX(T', X, u) & axae ERG(I', X x X, x p)
and a — a X a is continuous in the weak topology. O

Note also that ERG(T, X, 1) has no interior in w. To see this take a
non-ergodic action b and any a € A(T", X, ). We have seen in 10.4 that a
is in the closure of the set of isomorphic copies of a x b, which is clearly
non-ergodic. Thus ERG(T, X, u) has no interior.

(B) We have the following important dichotomy, originally formulated in
Glasner-Weiss [GW] in terms of the structure of the set of ergodic measures
in SIM(T").

Theorem 12.2 (Glasner-Weiss [GW]). i) If a countable group T has
property (T), then the set of ergodic actions ERG(I', X, u) is closed in the
weak topology of A(T, X, p) (and has no interior).
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i1) If a countable group I' does not have property (T), then ERG(T", X, u)
is dense G in the weak topology of A(T', X, u).

Proof. i) Given a € A(I', X, ) consider the corresponding Koopman
unitary representation k& on L3(X,u). Then a € ERG(T', X, u) < k¢ has
no invariant non-0 vectors. Recall that a Kazhdan pair for T is a pair (@, €),
where (Q C I', @ finite, € > 0, such that in any unitary representation m of
', if there is a vector v with [|7(y)(v) — v| < €||v|,Vy € @, then there is
a non-0 invariant vector. It is well-known (see Bekka-de la Harpe-Valette
[BAIHV]) that I' has property (T) iff it admits a Kazhdan pair. Then for a
Kazhdan pair (Q,¢),

a ¢ ERG(T, X, ) & Jve L3(X,u)Vy eq
[£6(7)(v) = vl| <ellv]],
which clearly shows that A(T", X, ) \ ERG(T', X, i) is open in w.

ii) Using 10.9, it is enough to show that ERG(I', X, u) is dense in the
set FED(I', X, ). Again for that it is enough to show that if aj,as €
ERG(T, X, ), A\i1+X2 = 1,0 < \; < 1, then Aja; + Ag2az < b for some ergodic
b. Because then by induction on n it is easy to see (using the paragraph
after 10.9) that if a; € ERG(T, X, 1),0 < A\; < 1, then > 7" | Aja; < b for
some ergodic b.

First notice that there is an ergodic a such that a;,as < a. This follows
from 10.4, by taking p to be an ergodic joining of aj, as (see also the proof
of 13.1). So A1a1 + A2a2 < A1a + Aaa, thus it is enough to show for ergodic
aand 0 < A, Ao < 1, A1 + A9 = 1, that Aja + Aoa < b for some ergodic b.
Since I' does not have property (T), by 11.2 there is ag € WMIX(T', X, u) \
EoRG(T, X, ). We will in fact show that

Aa + Aqa < ag X a.
Since ag is not Ep-ergodic, find a sequence A9 of Borel sets such that p(A%) =
A1 (o p(X \ A7) = Ao) and u(y*(Ap)AAD) — 0,y € T (e, {A)} is
almost invariant for agp; see Jones-Schmidt [JS] or Hjorth-Kechris [HK3],
A2.2, A2.3).

Let Y = X; U X5 be the disjoint union of two copies of X and let
v = Ap1 + Aopz, where p; is the copy of p on X;. Thus v(X;) = \;. Let
¢ be the union of the copy of a on X; and the copy of @ on X5. Thus
c = Ma + doa. We will check that ¢ < ag x a. Indeed given Borel sets

Ay, A in Y let AY = A;n X, C X. Put
B = (4 x AP U ((x\ 49) x 4P).
Fix F C T finite and € > 0. Then we claim that if n is large enough
V(3 (A:) N Ag) = (nx p) (v (BM) n BIY)| < e.

Indeed
( a(A(l)) ﬂA(l))
( a(A(Q)) ﬂA( ))

v(y°(Ai) NAk) = X
A2
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and if n is large enough
ao Xa(B(n))
is very close to (AY x ( )) U((X\A%) x ’y“(Agg))) in the measure algebra
of pu x p, thus v“oX“(B( )) B( ") is very close to (AY x (7“(14(1)) N A,(fl))) U

(X \ AY) x (’ya(A( )N )) which has p x p-measure equal to
m(ﬂAE”) NAD) + dau(y2(AP) N AD),
so we are done. O

Remark. A similar argument as in the proof of 12.2, i) above can be
also given to show the result of Glasner-Weiss that if I' has property (T),
then the set ESIM(I") of ergodic measures in SIM(I") (see Section 10, (B))
is closed in SIM(I'). One only needs to notice that in this proof v can
be restricted to any dense set in L3(X,u) and that if X is compact, the
continuous functions in L3(X, ) are dense in L3(X, p).

Remark. Note that 12.2, ii) is equivalent to the fact that ESIM(T") is
dense G in SIM(T"), which is what is proved in Glasner-Weiss [GW]. Indeed,
using the Glasner-King [GK] correspondence described in Section 10, (B),
we have that (h,a) € @~ H(ESIM(T')) & a € ERG(T', T, \) and so ESIM(T)
is dense Gy in SIM(T) iff ®~1(ESIM(T)) is dense Gs in H x A(T',T,\) iff
ERG(T', T, A) is dense G5 in A(I', T, \).

(C) On the other hand, for any group I', there are very few Ep-ergodic
actions.

Proposition 12.3. For any countable group T', the set EQRG(T, X, ) is
meager in (AL, X, p), w).

Proof. The set of actions I(I', X, ) which admit almost invariant sets of
measure 1/2, i.e., VF finite C T'Ve > 03A(u(A) = 1 & Vv € Fu(y- AAA) <
€) is a Gj set. Let {an}2 be dense in AT, X, u) and let ag € A(T, X, u)

have an invariant set of measure 5 If aso = [[52( @n, then the isomorphic

copies of a, are dense in (A(T", X, u), w), by 10.4, and clearly they belong to
I(D, X, u), so I(T, X, p) is dense Gs. Clearly I(T', X, u) NEqRG(T", X, u) = 0
(see the paragraph preceding 10.6), so EgRG(T, X, i) is meager. O

Thus we also have another dichotomy.

Corollary 12.4. i) If a countable group I' has property (T), the set of
ergodic but not Eg-ergodic actions is empty.

it) If a countable group T’ does not have property (T), the set of ergodic
but not Ey-ergodic actions is dense Gs in (AT, X, p), w).

Proof. i) follows from 11.2. For ii) notice that
ERG(T, X, 1) \ EoRG(T', X, ) = ERG(T, X, ) N I(T, X, )
(as in the proof of 12.3) and use 12.2. O
We finally note the following corollary of 12.2.



12. THE STRUCTURE OF THE SET OF ERGODIC ACTIONS 87

Corollary 12.5. Let I' be a countable group. Then the following are equiv-
alent:

(i) ' has property (T),

(i) ERG(T, X, p) is closed in (A(I', X, n), w),

(ii) ERG(T, X, p) is Fy in (A", X, 1), w).

Proof. (i) = (ii) is 12.2, i) and (ii) = (iii) is obvious. Assume now (iii).
Then as the complement of ERG(T', X, i) is dense Gs in A(T", X, 1), 12.2 ii)
shows that I has property (T), i.e., (i) holds. O

This corollary provides an abstract “descriptive” way of thinking about
property (T) for a countable group I, in terms of the structure of the set
of its ergodic actions. It has the following immediate consequence: Suppose
Ur C A(T', X, ) is a G property (set) of measure preserving actions of I'
(in the weak topology), which is satisfied by all non-ergodic actions, i.e.,
A, X, ) \ ERG(T, X, ) C Up. Then T' has property (T) if Ur implies
(thus is equivalent to) non-ergodicity.

For example, fix finite ¢ C I';e > 0, and call a set A € MALG,,
(Q, €)-invariant for an action a, if

vy € Q(u(v*(A)AA) < ep(A)(1 — p(A)).

Recall that (Q, €) is a Kazhdan pair for I' if for every unitary representation
m: ' — U(H), if there is v € H which is (Q, €)-invariant, i.e., ||7(y)(v) —
v|| < €||lv]], ¥y € @, then there exists v # 0 which is invariant, i.e, 7(y)(v) =
v,Vy € I'. If (Q,¢) is a Kazhdan pair for I" and a € A(I', X, 1) admits a
non-trivial (@, €?)-invariant set A4, then in the Koopman representation rg
we have, for v = x4 — u(A),

K5 (7)(v) = vll* = n(v*(A)AA),
ol = p(A) (1 — p(4)),

thus ||k§(y)(v) —v]| < €||v|l,Vy € @, and so k3 admits a non-0 invariant
vector, therefore a is not ergodic. So this leads to the following conclusion.

Corollary 12.6. Let I' be a countable group. Then the following are equiv-
alent:

(i) ' has property (T),

(ii) There is finite @ C I',e > 0, such that every a € A(I', X, i) which
admits a (Q, €)-invariant set has a non-trivial invariant set, i.e., is not er-
godic.

Proof. Let
Urg.e={ac A(l', X, 1) : a admits a (Q, €)-invariant set}.

Then Ur g is open in (A(I', X, ), w) and A(I', X, ) \ ERG(I", X, ) C
Ur, Q.. So if (ii) holds for some (@, €),I" has property (T).

Conversely, if I" has property (T) with Kazhdan pair (@, €), by the para-
graph preceding 12.6, (Q, €2) satisfies (ii). O
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(D) In Glasner [GI2], 13.20 a characterization of groups failing to have
property HAP was obtained, analogous to that for property (T) groups that
was established in Glasner-Weiss [GW]. This characterization asserted that
the closure of the mixing shift-invariant measures on T is contained in the
ergodic shift-invariant measures. By a combination of the arguments used
in the proof of 12.2 and 10.4, one can obtain a similar characterization for
the space of actions.

Theorem 12.7. Let I be an infinite countable group. Then I does not
have HAP iff MIX(T', X, u) € ERG(T, X, u) (where closure is in the weak
topology).

Proof. =: If I" does not have HAP, then
MIX(T, X, pu) C{a € AT, X, p) : Ir £ K3}

Assume now, towards a contradiction, that a, € MIX(T', X, ) and a, —
a ¢ ERG(I', X, 1). Let b =[], an. Then, by 10.4, a,, < b,Vn, so a < b and
thus g < /@8. Now, as a is not ergodic, 1r < kg, so 1r < /{8, contradicting
the fact that b is mixing (as a product of mixing actions.)

<: Now assume that I" has HAP. Then, by 11.1, there is an action
ap € MIX(T, X, ) \ EQRG(T', X, 1) and thus, for the action ag, there is
an almost invariant sequence of Borel sets {4,} in X with pu(4,) = 1.
Then, as in the proof of 12.2, ii), we see that b = %ao + %ao < ap X ag.
Clearly b is not ergodic, ag X ag is mixing, and so b € MIX(T", X, 1), thus
MIX(T, X, u) € ERG(T", X, ). O

Note also that a similar argument shows that if I' has HAP, then the
space MIX(T", X, u) is closed under convex combinations. Indeed let

ai,ag € MIX(F,X,M),O <A <SLAL 4+ A =1,

and let agn) e MIX(T, X, u),agn) — a; (in the weak topology). Then if
a™ = agn) X agn),)\lagn) + )\gagn) < Aa™ 4+ Aa™ < ag x a™, for an
appropriate ag € MIX(T", X, u) \ EoRG(T', X, ), and, as ag,a™, ay x a™ €
MIX(T', X, 1), we have Aja; + Aaas € MIX(T', X, u). Thus an infinite I" has
HAP iff MIX(T", X, 1) is closed under convex combinations. (For the anal-
ogous result concerning shift-invariant measures on T, see Glasner [GI12],
13.21.)

We also have the following characterization of property (T) groups.

n)

Theorem 12.8. Let I' be an infinite countable group. Then I'" has prop-
erty (T) off WMIX(T', X, u) € ERG(T, X, ) (where closure is in the weak
topology) iff WMIX(T", X, u) is closed in the weak topology.

Proof. The first equivalence is proved as in 12.7, using also 12.2. If I’
has property (T), then ERG(T', X, u) is closed. But

a € WMIX(T', X, 1) & axa€ ERG(I, X x X, ux )
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and a — a X a is continuous in the weak topology, so WMIX(T', X, ) is
also closed. Clearly if WMIX(T', X, i) is weakly closed, WMIX(T', X, ) =
WMIX(T, X, 1) € ERG(T, X, ). 0

Again we also have that I" does not have property (T) iff WMIX(T', X, u1)
is closed under convex combinations.

In the recent paper Kerr-Pichot [KP] the authors independently note
that if T has property (T), then WMIX(T", X) is closed in the weak topol-
ogy. Moreover they establish the following strengthening of 12.2, (ii), which
answers a question of Bergelson-Rosenblatt [BR], p. 80.

Theorem 12.9 (Kerr-Pichot [KP]). If a countable group T' does not
have property (T), then WMIX(T', X, u) is dense Gs in the weak topology
of A(T', X, ).

Proof (sketch). Fix a sequence of Borel finite partitions Py, Pa,... of
X, each refining the preceding one, such that the union of the finite Boolean
algebras generated by each P, is dense in the measure algebra. Then the
set of weak mixing actions is equal to the intersection of the sets

1
Wam ={a € AL, X, p) : 3VA, B € Pu(lp(v*(A)NB) = u(A)u(B)| < )}
So, by the Baire Category Theorem, it is enough to show that for each finite

Borel partition P of X and ¢ > 0, the open set
fa € AN, X, 1) : 3WWA, B € P(ju(+"(A) N B) — u(A)u(B)] < o)}

is dense in the weak topology. By considering refinements of partitions,
it is enough to show that given a € A(T', X, pu), a finite Borel partition
Q of X,1 € F C T finite and § > 0, there is b € A(T', X, u) such that
n((A)Av*(A)) < 6,VA € Q,¥y € F and Iy(|u(r*(A) N B) — u(A)u(B)| <
5,VA,B € Q).

Since I" does not have property (T), 11.2 shows that WMIX(T', X, u) \
EoRG(T, X, u) # 0 and so we can find ¢ € WMIX(T", X, i) such that for each
€ > 0, finite ' C I, there is a set A with p(A) = 1/2 and p(7¢(4)AA) <
€,V € F (see, e.g., Hjorth-Kechris [HK3], A2.2). By considering the weak
mixing product ¢” and the partition {[],;<, A?® : p € {~1,1}"}, where
Al = A, A1 = X\ A, it follows that for each € > 0,n > 1, F C T finite, we
can find d € WMIX(T', X, 1) and a Borel partition R of X into 2" pieces of
equal measure such that u(y4(A)AA) < ¢,¥y € F,YA € R. (Alternatively,
one can use the argument in the second part of the proof of 10.6 to show
that we can actually take d = ¢.)

Fix now a € A(I', X, p),1 € F C T finite, a finite Borel partition Q of
X and 6 > 0, in order to find b € A(T', X, ) such that u(y°(A)Av*(A)) <
I,VA € Q,Vy € F and Iy[|u(v*(A) N B) — u(A)u(B)| < 6,VA, B € Q.

First let n, e be such that 27" < 4,2 < §. Then find d, R for these
e,n, F. Say R = {Ry,...,Rn}, with m = 2". Consider the product space
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(X™FL 1) and for B C X, let

m

B:U(RixXx---xBx---xX),

i=1
where B appears in the (i + 1)th coordinate in B; x X X -+- X B x -+ x X.
Clearly ,umH(B) = u(B), and B +— B preserves intersections and unions.
/Lfd is the action ir x a', where ip is the trivial action of I on X, then
~2(B) = ~%(B), for any Borel set B C X and v € I'. It follows that there
is a isomorphism ¢ : (X!, 1) — (X, p) with @(v%(A)) = y*(A),Vy €
F,A € Q. Let now e = d x a" and b be the isomorphic copy of e on (X, )
induced by ¢. Then this b works. O

Corollary 12.10. A countable group I' does not have property (T) iff
ERG(T, X, u) is dense in the weak topology of A(T', X, ) iff WMIX(T', X, p)
is dense in the weak topology of A(I', X, u).

From 12.7 it follows that for every I" that does not have HAP, the set
MIX(T, X, pt) is not dense in A(T", X, ). In an earlier version of this work it
was asked whether for any infinite group with HAP, MIX(T', X, u1) is dense
in A(T', X, ). This has now been answered by Hjorth.

Theorem 12.11 (Hjorth [Hj4]). An infinite countable group T' has the
HAP ff MIX(T', X, ) is dense in the weak topology of A(T', X, u).

I do not know if there are I" for which MIX(T', X, 1) is comeager in the
weak topology of A(T', X, u).

13. Turbulence of conjugacy in the ergodic actions

(A) We will now consider the conjugacy action of Aut(X,p) on the
space ERG(T', X, ut). First we show that this action has a dense orbit.

Theorem 13.1. For any infinite countable group I, there is a free action
in the space ERG(T', X, u) with dense conjugacy class in (ERG(T", X, u), w).
In particular the set of free actions in ERG(T, X, ) is dense G in the space
(ERG(T, X, p), w).

Proof. The proof is a modification of that of 10.7. Fix a dense set
{an} in (ERG(T', X, ), w), including a free action. For each n also fix a set
X, € X with pu(X,,) = 1, such that X,, is a,-invariant and p is the unique
ergodic, invariant measure for the action a,, restricted to X,,. Let a = [],, an.
By the ergodic decomposition there is an ergodic, invariant measure p for a
with p([],, X») = 1 and a is free p-a.e. Then if 7, : XN — X denotes the
nth projection, m,({x;}) = zp, clearly (m,).p = . So p is a joining of {a,}.
Then, by 10.4, a,, < ([,, an), and ([],, an), is free. O

It is clear that for any group I', if a € ERG(T', X, 1) has dense conjugacy
class in the weak topology of the space of ergodic actions, then a is free
(since if a is not free, then for some v € I'\ {1},€ < 1,0,(7% 1) < € and



13. TURBULENCE OF CONJUGACY IN THE ERGODIC ACTIONS 91

closed balls in §,, are weakly closed). Foreman-Weiss [FW] show that if I is
amenable, then the conjugacy class of every free ergodic action is dense in
(FRERG(I', X, pt), u) and thus it is dense in (ERG(T', X, 1), w). However, as
we will now see in 13.2 below, this first property can only hold for amenable
I". T do not know a characterization of the class of free ergodic actions that
have weakly dense conjugacy class in ERG(I", X, u) (for non-amenable I).

Proposition 13.2. Let I' be an infinite countable group. Let sp be the shift
action of T' on (X, i), where X = 2' and p is the usual product measure.
Then the following are equivalent:

(i) I is amenable.

(ii) Every action in FRERG(I', X, i) has dense conjugacy class in the
space (AL, X, p), w).

(iii) st has dense conjugacy class in (AL, X, p),w), ie., a < sy for
every a € A(I', X, ).

(Z"U) ir < Sr.

(v) There is an action in FRERG(T', X, u) with dense conjugacy class in
the space (FRERG(T', X, p1), ).

(vi) Every action in FRERG(T, X, u) has dense conjugacy class in the
space (FRERG(T, X, p), u).

Proof. Let s = sp. (i) = (vi) is the aforementioned result of Foreman-
Weiss [FW], and clearly (vi) = (v). Next we claim that (v) = (vi). To
see this, we note that the conjugacy action of Aut(I', X, u) on A(T, X, u)
is an action by isometries for the metric dr,. From this it is easy to see
that the uniform closures of the conjugacy classes in the space A(T', X, u)
form a partition of this space (see, e.g., the proof of 23.1 below). So if some
conjugacy class is dense in (FRERG(I", X, u),u), every conjugacy class is
dense in this space.

We now show that (vi) = (ii). Indeed, if (vi) holds, then I' cannot have
property (T) by 14.2 and the fact that not all free ergodic actions of I' are
conjugate, which follows, for instance, from 13.7. But then by 13.1 and 12.2,
ii), we obtain immediately (ii).

Clearly (ii) = (iii) = (iv). Finally to see that (iv) = (i) note that
kg = oo - 1p and k§ < Ar (see Bekka-de la Harpe-Valette [BAIHV], E.3.5),
so if i < sp, we have 1p < Ar and thus I' is amenable (see, e.g., Zimmer
[Zi1] or Bekka-de la-Harpe-Valette [BAIHV], G.3.2). O

Remark. I would like to thank Eli Glasner for pointing out an inaccu-
racy in an earlier version of this proposition.

Remark. In Ageev [A3] it is shown that if an infinite " is amenable,
then every action in FR(I', X, ) has dense conjugacy class in the space
(A, X, p),w), thus, using also 13.2, I' is amenable iff every action in
FR(T, X, ) has dense conjugacy class in (A(T', X, u),w). This answers a
question in the above paper [A3].
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Remark. Note that by 12.2 and 13.1, " does not have property (T)
iff there is an action in FRERG(T", X, 1) with dense conjugacy class in the
space (A(I', X, pu), w).

Remark. One can also ask if the weakening of (iii), where we require
only that a < sp for every a € ERG(T', X, u1), is enough to imply that T is
amenable. I do not know the answer but one can see that this weakening
implies that I' does not contain F5. To prove this, we consider cases: If I’
does not have property (T), then, by 12.2,ii), a < sp for all a € A(T", X, p),
so I' is amenable. So we can assume that I" has property (T). We will then
show that every infinite index subgroup A < I' must be amenable. This
implies that F5 < I' fails, since otherwise F5 would have finite index and
thus property (T) (see Bekka-de la Harpe-Valette [BAIHV], 1.7.1), which is
of course a contradiction.

So fix A < T of infinite index, let X = I'/A and consider the translation
action of I' on X : v-JdA = vdA. Then let a be the shift action of I' on
2X ca(y, f)(x) = f(y ' -x), for y €T, f € 2%, 2 € X. One can identify 2%
with the compact Cantor group Zs', so this is an action by automorphisms
on this group. Using 4.3 of Kechris [Kec4], we can see that (since X is
infinite) a is ergodic, so a < sp and therefore k§ < k" < Ar, i.e., the action
a is tempered, in the terminology of [Kec4]. Using then 4.6 of [Kec4], we
see that the stabilizer of any point in the action of I' on X is amenable, i.e.,
A is amenable.

To summarize, we have seen that if I' is such that it satisfies Va €
ERG(T', X, u)(a < sr) but I' is not amenable, then I' must have property
(T) and every infinite index subgroup of I' must be amenable, so that Fp £ T.
We also note that it must have the following property: I' is minimally almost
periodic, i.e., has no non-trivial finite-dimensional unitary representations.

Indeed, this property is equivalent to the property that WMIX(T', X, u) =
ERG(T, X, i) (see Schmidt [Sc4] and Section 11, (C)). If this failed for a I'
as above, then there is a € ERG(T", X, ) \ WMIX(T", X, i), so a < sp and
thus k8 < k" < Ar and k§ is not weak mixing, so it has a non-0 finite-
dimensional subrepresentation w. Thus m < Ar, i.e., A\r weakly contains a
non-0 finite-dimensional representation, which implies that I" is amenable
(see Dixmier [Di], 18.9.5 and 18.3.6), a contradiction.

I do not know whether property (T) groups with the above properties
exist,.

Finally, I also do not know if the following weakening of 13.2, (ii) is
enough to guarantee amenability of I': Every action in FRERG(T', X, u) has
a dense conjugacy class in (ERG(T, X, ), w).

Remark. For each T € ERG we consider the corresponding unitary
operator U € U(L3(X, u)), induced by T on LZ(X,u) and the associated
set MY C {1,2,...} U {oo} of essential values of its multiplicity function,
i.e., the set of numbers 1 < n < oo for which the multiplicity function of U%
obtains the value n at a set of positive measure with respect to the maximal
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spectral type of U%. It is a major open problem in the spectral theory of
ergodic transformations to characterize the sets M% corresponding to T €
ERG and it is indeed open whether any A C {1,2,...}U{oo} is of the form
M2 (see Katok-Thouvenot [KTh], 3.6). It is of course clear that the map
T € ERG — MY € 2V where N = {1,2,...} U {oc} and we identify subsets
of N with their characteristic functions, is Borel, so {MY : T € ERG} is
analytic but it is not clear whether it is Borel or not.

An old problem, known as Rokhlin’s Problem, asked whether the sets
{n},n=2,3,4,... are realized as MY for ergodic 7. An affirmative answer
was given recently by Ageev [A2] (and Ryzhikov [Ry2] for n = 2). Ageev’s
method is to find for each n, a pair (I'y,,7,) of a countable group T, and
an element -, € I',, such that for the generic a € ATy, X, p), if T = ~2,
then MYQ = {n}. Ageev suggests that there should be a spectral rigidity,
i.e., for any pair (I', ) of a countable group and v € T, Mga is fixed for the
generic a € A(T', X, u) (with respect to the weak topology w). He shows
that sup(MSa) is indeed fixed for the generic a, provided (A(T', X, p),w)
has the Rokhlin property, i.e., admits a dense conjugacy class. Of course
10.7 asserts that this is indeed the case for all I', so that we can in fact
infer (given that the map a — M,?a is Borel and invariant under conjugacy,
and using, e.g., Kechris [Kec2|, 8.46) that we have full spectral rigidity, i.e.,
for any pair (I',7), MY is fixed for the generic a € A(I', X, ). (A similar
remark for sup(MJ.) is also made in Glasner-Thouvenot-Weiss [GTW]. A
recent preprint of Ageev [A3] also contains this fact for Mga.) Of course v*
will not be ergodic if a is not ergodic, so it may be more reasonable to look
instead at the Polish space (ERG(T', X, u),w). By 12.2, ERG(T', X, ) is
meager in (A(T', X, p),w), if I’ has property (T), and dense Gy if I' does
not have property (T), so it is irrelevant whether we use A(T', X, pu) or
ERG(X,T, u) if T does not have property (T). In any case, even if we work
within ERG(T', X, ), 13.1 implies that we still have a dense conjugacy class
and thus Mga is fixed for the generic a € ERG(T', X, uu), for each infinite I'.

(B) We next study (generic) turbulence of the conjugacy action of the
group Aut(X, u) on ERG(T, X, u).

Theorem 13.3 (Kechris). Suppose a countable group T' does not have
property (T). Then the following are equivalent:

(i) Every conjugacy class in ERG(T", X, u) is meager in the topological
space (ERG(T, X, p), w).

(ii) The conjugacy action of (Aut(X,u),w) on (ERG(I, X, pu),w) is
generically turbulent.

Proof. It is of course enough to show that (i) = (ii). We work below
in the weak topology.

By 10.7, 12.2 (ii) and 12.3, there is an a € ERG(I', X, ) with dense
conjugacy class which is not Ey-ergodic. It is enough to show that a is a
turbulent point. Let E = E, be the equivalence relation induced by a. Let
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for e > 0,71,...,m €', Ay,..., Ay € MALG,,
U ={beERG(T, X, ) : Vi <kVj < [u(r}(A;) A (4;)) < €},

Fix also an open nbhd V of 1 € Aut(X,u). We will show that the local
orbit O(a,U,V) is dense in U. Since the conjugacy glass of a is dense in
ERG(T, X, i) it is enough to show that every TaT~!' € U can be weakly
approximated by elements of O(a,U, V). Since E is ergodic, [E] is weakly
dense in Aut(X, p), so it is enough to take TaT~! € U with T € [E]. Finally,
as the periodic elements are uniformly dense in [E], we can assume that T’
is periodic. We can now proceed as in the proofs of 5.1, 5.2, using the fact
that each v* can be uniformly approximated by periodic elements of [E].

More precisely, let 7 : E — FEy be a Borel homomorphism with the
preimage of every Ep-class null. Let Ey = (oo En, E1 C Ey C ... fi-
nite Borel. Choose also § > 0 sufficiently small (as needed below). Then
choose periodic v1,...,7; € [E], so that §,(v{,v;) < 6/2,Vi < k, and, as
in the proof of 5.2, choose N large enough so that there are T,71,...,7; €
m(E) 0 E] with 0,(T,T) < 6,6,(.7) < 6/2,¥i < k. Then, again
as in the proof of 5.2, we can find a continuous A — X, € MALG,,\ €
[Ol]Xo—@Xl—XO<)\<)\/:>X>\CX>\/ (X)\\X)\/)S)\/—A,
and X, 7 !(Ey)-invariant, so that it is also T,%; (1 < i < k)-invariant.
Put T\ = T|X, Uid|(X \ X)), so that Xy is also Th,% (1 < i < k)-
invariant. Since Ty = 1,7 = T, as in the proof of 5.1, we have that for
A e MALGy,1 <i <k,

DTy H(A)AY(A) C (THTHA)AY(A)) N X
It follows that
(T Ty H(A)AYE(A)) < u(Tay Ty H(A)AFi(A)) + 6
< w(TTy H(A)A5;(A)) + 26
< p(T%T~ ( JAY;(A)) +26
< w(TyIT~H(A) Ay (A)) + 66,

so if ¢ is small enough, clearly T,\aTA_ € U,VX € [0,1]. Moreover, for any
yel,

S (T Ty Y T T Y = 6, (T T, Ty*T ™) < 26,
and this completes the proof. O

Foreman-Weiss [FW], using ideas about entropy of actions of amenable
groups, show that every conjugacy class of an action of an amenable group
is meager, thus we have the following result.

Theorem 13.4 (Foreman-Weiss). If I' is an infinite amenable group,
the conjugacy action of the group (Aut(X,p),w) on (ERG(T, X, p),w) is
generically turbulent.

It is also clear that the conjugacy classes of actions of free groups are
meager, so we have the next fact.
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Theorem 13.5 (Kechris). IfT' is a free group, then the conjugacy action
of the group (Aut(X, p),w) on (ERG(T', X, u), w) is generically turbulent.

In fact, more generally, if I', A are countable groups without property
(T) and the conjugacy action of (Aut(X, ), w) on each one of the spaces
(ERG(I', X, ), w), (ERG(A, X, i), w) is generically turbulent, so in the ac-
tion of (Aut(X, u),w) on (ERG(T * A, X, 1), w) (note that I x A does not
have property (T) as well.)

The following problem remains open.

Problem 13.6. For which infinite countable groups I' are the conjugacy
classes in ERG(T', X, ) meager in the weak topology of ERG(T, X, u)? Is
13.3 true for property (T) groups?

In the next section we will see an important fact concerning conjugacy
classes in ERG(T', X, u) for property (T) groups.

(C) Although the question of turbulence for the conjugacy action of
Aut(X, u) on ERG(T, X, p) is still unresolved for arbitrary I', one can still
derive from 13.4 and work of Hjorth [Hj3] that the conjugacy equivalence
relation on ERG(T', X, i) cannot be classified by countable structures.

Let U(H) be the unitary group of an infinite-dimensional separable
Hilbert space H with the weak (equivalently the strong) topology. This
is a Polish group. For each countable group I, let Rep(I", H) be the space of
unitary representations of I on H, i.e., the closed subspace of H' consisting
of all homomorphisms of I' on H (see Appendix H). Finally, let Irr(T", H) be
the subset of Rep(I', H) consisting of all irreducible representations. This
is a G5 subset of Rep(I', H), hence Polish. The group U(H) acts continu-
ously on Rep(T', H) by conjugation. The corresponding equivalence relation
is isomorphism or unitary equivalence of representations, in symbols 7 =2 p.
We finally put = < p if 7 is isomorphic to a subrepresentation of p.

Hjorth [Hj3] has shown that there is a conjugacy invariant Gy set

Gr,g C Irr(T', H)

such that the action of U(H) on Gr g is turbulent, provided that I is
not abelian-by-finite. This strengthens the result of Thoma [Th], as it im-
plies that unitary equivalence of irreducible unitary representations cannot
be classified by countable structures. (However Thoma’s result is used in
Hjorth’s proof.) See Appendix H, (C) for an exposition of Hjorth’s work.

It is known (see Appendix E) that one can assign in a Borel way to each
7w € Rep(T', H) an action a, € A(T, X, i), so that

TEp=ar = ap,

and moreover if k" is the Koopman representation on L3(X, u) associated
with a,, then
T < kg™

We now have the following result.
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Theorem 13.7 (Foreman-Weiss, Hjorth). Let I" be an infinite countable
group. Then conjugacy of measure preserving, free, ergodic actions of I’
cannot be classified by countable structures.

Proof. If T is abelian-by-finite, this follows from 13.4.

So assume I' is not abelian-by-finite, and assume, towards a contradic-
tion, that there is a countable language L, so that, denoting by X the
space of countable structures for L and by & the isomorphism relation on
X1, there is a Borel function F': FRERG(T', X, 1) — X with

a=b<s F(a) = F(b).

Now if 7 € Gr g C Irr(T', H), ar is weak mixing, by the remarks follow-
ing E.1, and so if ag is any fixed action in FRERG(I', X, 1), ap X ar is in
FRERG(I', X, ). Thus, for m,p € Gr g C Irr(I', H),

= p= F(ag X ax) = F(ag X ap).

Since the conjugacy action on Gr g is turbulent, there is some My € X,
with
F(ag X aﬂ) = M()

for comeager many m € Gr g. So there is a € FRERG(I', X, i), for which
on a comeager set of m € Gr y,ap X ar = a. Since every conjugacy class in
G, is meager in Gt g, there are uncountably many pairwise non-conjugate
7 € Irr(T', H) such that ag X ar = a, and thus 7 < k™ < kO™ =2 KQ,
which is a contradiction, as k§ contains only countably many irreducible
subrepresentations. O

Remark. In a recent preprint, Térnquist [To2] has extended 13.7 to the
set of measure preserving, free, ergodic actions of I' that can be extended to
free actions of A, for any (fixed) A >T.

Remark. By choosing in the preceding proof ay to be weak mixing, we
see that 13.7 holds as well for measure preserving free, weak mizing actions
of I'. We also note that 13.7 and 2.2 of Hjorth-Kechris [HK1] imply that the
equivalence relation Fy can be Borel reduced to conjugacy of such actions.
It has been shown recently by Ioana-Kechris-Tsankov-Epstein (see [IKT])
that these facts are true as well for measure preserving, free, mizring actions,
provided that the group I' is not amenable. I do not know if this holds for
all infinite I'.

(D) One can also consider unitary (spectral) equivalence in A(T', X, u).
Recall that two actions a € A(T, X, u),b € A(T',Y,v) are called unitarily (or
spectrally) equivalent if the corresponding Koopman representations k%, x°
are isomorphic. We then have the following analog of 13.7.

Theorem 13.8 (Kechris). Let I be an infinite countable group. Then
unitary equivalence of measure preserving, free, ergodic actions of I' cannot
be classified by countable structures.
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Proof. We will again consider cases depending on whether I is abelian-
by-finite or not.

If T is not abelian-by-finite, then the argument in the proof of 13.7 works
as well for unitary equivalence instead of conjugacy.

Next consider the case where I' is abelian-by-finite. Let A <", A infinite
abelian, [I' : A] < co. From now on we will use the notation and results of
Appendices F, G. For a € FRERG(A, X, ), let Ind) (a) € FRERG(T', X x
T, x vr) be the induced action. Clearly a — f(a) = Indk(a) is Borel.
Assume now, towards a contradiction, that there is a Borel map

F :FRERG(I', X x T, u x vp) — X,
with
k= ko F(c) = F(d).
Then for a,b € FRERG(A, X, u),

a=b= f(a) = f(b) = F(f(a)) = F(f(b)).
So, by 13.4 and 10.8, there is a comeager set A C FRERG(A, X, ) such
that for a,b € A, F(f(a)) = F(f(b)) and thus
F&Indg(a) ~ ﬁlndg(b)y

ie.,

pInda (@) o Indg(/ﬁa) = Indg(f@b) o Indi (b)
and therefore IndX (k%)|A 2 Ind} (x%)|A. ?0 if 04, 0p are the maximal spec-
tral types for k%, k%, resp., so that >, (61)«0a, > 17 (01)<0p are the maxi-
mal spectral types for Indk (x%)|A, Ind (x%)|A, resp., then we have

(1) a,b€ A= (0)s0a ~ Y _(01)400.
teT teT

We will next use some ideas from Choksi-Nadkarni [CN] (see also [Na,
Ch. 8]). First recall that for each p € P(A) = the space of probabil-
ity measures on A, {v € P(A) : v L p} is a Gs set in P(A) (see, e.g.,
Kechris-Sofronidis [KS]). Since a € A(A, X, u) — k& € Rep(A, L3(X, 1))
is continuous, so that a +— oy is also continuous, we have that {a €
A(A, X, p)  oge L p} and B, = {a € A(A, X,p) 1 > cp(0t)«ong L p}
are G5 as well (we work here in the weak topology of A(A, X, u)) and also
conjugacy invariant. We will find a free ergodic action ¢y € A(A, X, ) such
that the maximal spectral type T cc0 of Kk is supported by a countable set,

and thus so is ZteT(Gt)*aﬁgo, and, as a consequence, ZteT(Qt)*aﬁgo LA

where A = 74 is the Haar measure on A. Since the conjugacy class of ¢y in
A(A, X, p) is dense, by 13.2, it follows that B, is comeager and thus there

is bgp € ByN A, i.e., we have by € A, ZteT(ét)*O'Hbo =09 L X. Let now s
0

be the Gaussian shift on R? associated to ¢; = the characteristic function
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of {1} € A (see Appendix D). Then (see Appendix F, (C)) the maximal
spectral type for s is A and ZteT(ét)*Uné ~ ZteT(ét)*)‘ = |T|\ (as each
0, preserves ). Thus s € B,,. Again the conjugacy class of s is dense
in A(A, X, ), as s is free and ergodic, so By, is comeager. Thus there is
ag € AN By, ie., ag € A and ZteT(ét)*aﬂgo i ZteT(ét)*aHgo and there-

fore ZteT(ét)*Jao A ZteT(ét)*me where 04, = 01 + 00 1 the maximal
spectral type for k% and similarly for o3, (where d; is the Dirac measure at
1 € A). This contradicts (1).

Construction of (an isomorphic copy) of co. By the next to last para-
graph of Section 9, we can assume that A is a dense subgroup of a compact
Polish group G. We take ¢y to be the translation action of A on (G,ng),
where 7g is the Haar measure on G. Clearly c¢q is free and ergodic. Then,
using the fact that {y : Y € G} is an orthonormal basis for L2(G,ng) and
Cy is invariant under the translation action, it is easy to check that the
maximal spectral type for k{ is supported by a countable set and the proof
is complete. O

Finally we have the following result.

Theorem 13.9. Let I' be an infinite countable group. Then weak isomor-
phism of measure preserving, free, ergodic actions of I' cannot be classified
by countable structures.

Proof. If I' is not abelian-by-finite, the argument in the proof of 13.7
works as well. If I is abelian-by-finite, then the argument in the proof of
13.8 applies and the proof is complete. O

Remark. Again 13.8 and 13.9 hold as well for weak mixing actions.

It appears that weak isomorphism =% is of a different nature than iso-
morphism =2 or unitary equivalence, which are both Borel reducible to equiv-
alence relations induced by continuous actions of Polish groups. For exam-
ple, the following is open.

Problem 13.10. Let ' be a countable infinite group. Let Ey be the following
equivalence relation on RN:

Can Ey be Borel reduced to =" on FRERG(T', X, u) ?

An affirmative answer would imply that =% cannot be Borel reducible
to equivalence relations induced by continuous actions of Polish groups.

14. Conjugacy in ergodic actions of property (T) groups

(A) We will now use a technique employed in Hjorth [Hj4] to study
conjugacy classes of ergodic actions of property (T) groups. It traces its
origins in separability arguments used in the context of operator algebras
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in Popa [Pol]. In essence, Hjorth’s proof, from the point of view pre-
sented here, showed that the conjugacy classes in ERG(T', X, 1) are clopen
in (ERG(I', X, ), w). However a more careful analysis, which is encapsu-
lated in Lemma 14.1 below, can be used to derive stronger conclusions, see
Theorem 14.2.

Let ' = {7,,} be a countable group and let

oru(a,b) = 22 "8u (72, 72)

be the metric giving the uniform topology on A(T', X, u). Also if E is a
countable measure preserving equivalence relation on (X, ), then letting ¢
vary over all partial Borel automorphisms ¢ : A — B, where A, B are Borel
sets, we put

[[E]] ={¢: p(z)Ex,Vx € A}.

Note that if ¢ € [[E]], then ¢ is measure preserving on its domain.
Below for two equivalence relations F, F', we define their join, £V F, to
be the smallest equivalence relation containing E and F'.

Lemma 14.1. Let T’ be a countable group with property (T). Then given

d > 0, there is n > 0, such that for any a,b € A(T', X, pn), if oru(a,b) <,

then there is ¢ : A — B, ¢ € [[E, V Ep)], such that A is a-invariant, B is

b-invariant, o(a|A)p~t = b|B, and p(A) > 1 —166%. Moreover, u({x € A :
() # 2}) < 46°.

Proof. Put below F = E,VE}. The main idea, which comes from Hjorth
[Hj4], is to consider the product action a x b on X?2. Notice that it leaves E C
X? invariant and the o-finite measure M on E invariant, where for Borel
ACE, M(A) = [card(Ag)du(z). Thus it gives a unitary representation of
I' on L?(E, M), which, viewed as an action of I" on L?(E, M), is defined by

v fzy) = F(vH=), (v H ().

Claim. If A : E — C is the diagonal function, A(z,y) = 1 if x =
Y, Az, y) =0, if v #y, then

v~ A= A5 =26,(v% ")
Proof of the claim. We have
I A=AIR = [5AG(2),7(y) — Az, y)[PdM (z,y)
= Jou, 1A ( “(z)," (y) —1\2dM(w y)

),y
= p({z v (x) # 7” )})
+M({(z,y) € E:x #y & v(x) = (y)}).
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Now
M{(z,y) €E:x#y &~ (z) =1"(y)})
=M{(z,y) €E:x#y & (v )" (x) =y})
= p({z : (v (@) # 2}) = p{z 1 1% (2) # 1 (2)})
= 6u(v",7"),

v~ A= A3 = 26,(v%,7).

Recall now that I' admits a Kazhdan pair (Q,€), i.e., a pair consisting
of a finite subset @ C I' and € > 0 such that for any unitary representation
m:I'— U(H), if thereis v € H which is (Q, €)-invariant, i.e., ||7(7)(v)—v]|| <
e|v||, ¥y € Q, then there is v # 0 which is I-invariant. Recall also (see, e.g.,
Bekka-de la Harpe-Valette [BAIHV]) that if (Q,€) is a Kazhdan pair for T’
and 6 > 0, then for any unitary representation 7 : I' — U(H), if v € H is
(Q, de)-invariant, then there is I-invariant vy such that |[v — vi|| < d||v]|.

So given § > 0, choose 7 > 0 small enough such that if or ,(a,b) < 7,
then 26,((y1)%, (771 < 62€%,¥y € Q. Then, applying the above to the
representation of I on L?(E, M) and the vector A, we can find f € L?(E, M)
with ||A — f|l2 < § which is I'-invariant, i.e.,

FO(@):7(y) = f(,y), ¥y €T.
Following Hjorth [Hj4] put
Then clearly R is a x b-invariant, i.e.,

R(z,y) & R(v"(2),7"(y))-
Let
C = {x : There is unique y with R(x,y)},
and for z € C, put
T(x) = the unique y with R(x,y).
Let also
D=T(C).
Clearly C is a-invariant, D is b-invariant and T(y%(z)) = ~*(T(z)), for
x € C. Let now

B ={y € D: There is unique z € C' with R(z,y)},
Then 77! is well-defined on B and put
A=T"Y(B)CC.

Clearly A is a-invariant, B is b-invariant and if ¢ = T'| A, then ¢ € [[E]] and
¢(alA)p~! = b|B. Tt remains to prove that u(A) (= u(B)) > 1 — 1662

Claim. p(D) > 1 — 1252
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Proof of the claim. Let Dy = {y : Va(z,y) € R}, Dy = {z : 3z #

xR(z,2)}, D3 ={y : 3x # yR(x,y)}. We claim that
X\DngUDQUDg.

Indeed, let y ¢ D and y ¢ D;. Then there is x with R(x,y), thus = ¢ C, so
there is z # y with R(x, z). If = y, then clearly y € Do, while if © # vy,
then y € Ds.

Recall now that for any Borel i > 0, [ hdM = [(32, ¢, M@, y))du(y).
Thus

P> =A = [ Saeyp @) — Al y)Pduy)
> [p, ddu(y) = 122,
so u(Dq) < 462, Also
1
P2~ A= [ Gdut) ="

Ds

(D3)
4 b

so u(D3) < 462
Since also for Borel h > 0, [ hdM = [(}
{z: 3y # xR(x,y)}, we have
> |f-Al3 = nye[x]E |f(z,y) — Az, y)Pdu(z)
D
ng dn = “(42)7

thus u(Dz) < 462, and finally p(X \ D) < 1262 and u(D) > 1 — 1262

h(z,y))du(z), and Dy =

y€lr]p

v

Let now
F ={y: 3z # za(x1,22 € C & R(21,y) & R(z2,y))}.
Again F' is b-invariant and as before
p(F)

1
2 S ZAIZ > 1 _
> |If AHz/F4du(y) IR

so u(F) < 46%. Clearly B = D\ F and thus u(B) > 1—126%2—462 = 1-166°.
For the final assertion of the lemma, note that {x € A : ¢(x) # x} C Ds.
|

We now have the following consequence.

Theorem 14.2. Let " be a countable group with property (T). Then
(i) ERG(T, X, ) is clopen in (A(T, X, p), u),
(ii) Every conjugacy class in ERG(T, X, p) is clopen in (A(T, X, u), u),
(ii3) WMIX(T', X, ) is clopen in (A(T, X, p), u).

Proof. Let a € ERG(I', X, 1) and let n be chosen as in Lemma 14.1
for 6 < 1/4. Let then or,(a,b) < n. Then for ¢, A, B as in that lemma,
w(A) > 0, so by the ergodicity of a, u(A) = u(B) =1 and so ¢ € Aut(X, p)
and pap~! = b, thus b is conjugate to a and b is ergodic. It follows that
ERG(T, X, 1) is open in u and so is every conjugacy class in ERG(T, X, u).
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Now ERG(T', X, u) is also closed in u, by 12.2 i), and thus it is clopen in u
and therefore the same is true for each conjugacy class contained in it.
That WMIX(T', X, u1) is clopen in A(T', X, u) follows from the fact that
a € WMIX(T', X, p) iff a xa € ERG(I", X x X, ux p) and the map a — axa
is uniformly continuous. O

A similar argument shows that for groups I' with property (T), the set
FED(T', X, i) is open and each conjugacy class contained in it is open in
(A(T, X, 1), ).

It is clear from 14.2, and the separability of each full group in the uniform
topology, that we now have the following.

Theorem 14.3 (Hjorth). Let T' have property (T). Then every orbit
equivalence class in ERG(T, X, u) contains only countably many conjugacy
classes.

Hjorth derives from this a result about the complexity of classification
of ergodic actions of I' up to orbit equivalence.

Theorem 14.4 (Hjorth). Let T' be a countable infinite group with property
(T). Then orbit equivalence of measure preserving, free, ergodic actions on
I' cannot be classified by countable structures.

Proof. Using the notation and the argument in the proof of 13.7, and
noting that, as I has property (T), I is not abelian-by-finite, we conclude,
if the theorem fails, that there is a € FRERG(T", X, 1) such that we have
(ap X ar)OEa for comeager many 7 € Gr,g. Then, by 14.3, there is {a,, } C
FRERG(I', X, ) such that on a comeager set of m € Gr g, ag X ar = a,, for
some n. So there is b € FRERG(I', X, i) such that for a non-meager set of
m € Gr g, a0 X ax = b, from which we have a contradiction as in 13.7. O

Remark. I do not know what countable groups I' have the property that
ERG(T", X, u) is closed in u and similarly what groups I' have the property
that ERG(T, X, 1) is open in u. It may very well be that the last property
characterizes the property (T) groups. However, it is easy to see that if
Ny, resp., Na, denote the classes of groups I' for which ERG(T', X, ) is not
uniformly closed, resp., not uniformly open, then Z € N;, and if I' € N; and
I is a factor of A, then A € N, for i = 1,2. For example, for the free group
F, (n > 1), ERG(F,, X, 1) is neither closed nor open in u. In fact, it is
not hard to see that ERG(F,, X, i) is not even F, in u (it is of course G
in u). Indeed, fixing free generators ~i,...,7, for F,, consider the closed
in u set C of all actions a such that ~{ is aperiodic for all ¢ < n. Then
clearly the ergodic actions are uniformly dense in C' by 2.4. But also the
non-ergodic actions are uniformly dense in C' (which, be the Baire Category
Theorem implies that the ergodic actions cannot be Fj, in u). There are
several ways to see this but perhaps the easiest, pointed out by Tsankov,
is to use the proof of 2.8 and notice that the set A is invariant under the
induced transformation 7T'4.
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Remark. There is a version of 14.1 valid for an arbitrary countable
group I'. Consider the space A(I', X, 1) and define the metric

0T 00 (a, b) = sup 6, (7%, 7).
yel’

Clearly 0r o > or, and the topology induced by dr ., contains the uni-

form topology. It is also easy to check that dr  is a complete metric on
AT, X, ).

Given a,b € A(T', X, 1) such that dr o (a,b) < 62/2 and going through
the proof of 14.1 we see that ||y - A — Al < §,Vy €. ThusI'- A isa I'-
invariant set, contained in the ball of radius § around A. Let f be the unique
element of least norm in the closed convex hull of I'-A. Then f is [-invariant
and ||[A — f|| < J. The rest of the proof of 14.1 can be repeated verbatim.
Thus we have that for any countable group I' and a,b € A(T, X, pu), if
Or 0@, b) < 62/2 then there is ¢ : A — B,y € [[E, V Ep]] such that A is
a-invariant, B is b-invariant, ¢(a|A)p =t = b|B and pu(A) > 1—166%, u({z €
A p(x) #x}) < 462

It follows, as in 14.2, that for any countable group I';, ERG(T, X, p) is
clopen in the dr o-topology and so is every conjugacy class in ERG(I", X, p1).
Similarly WMIX(T", X, 1) is clopen in this topology.

Finally, we note that if I" has property (T), then the uniform topology
coincides with the dr o.-topology. For this it is enough to show that for any
§ > 0, there is n > 0 such that if p ,(a,b) < 7, then dr o (a,b) < 5652, Fix
d > 0 and let n be given by 14.1. If ép4(a,b) < n find ¢ : A — B as in
Lemma 14.1 and extend ¢ to T € Aut(X, p1), so that T(X\ A) = X\ B. Now
for each v € I', Ty*T~!(x) = 4%(x), for each x € B, thus 6,(7°, Ty*T~1) <
w(X \ B) < 166% and 6,(T,1) < p({z € A: p(z) # 2} U (X \ 4)) < 2052
Thus 6,(7%,7%) < 6u(Y°, TyoT™Y) 4 6, (TY*T~1,4%) < 1662 4 26,(T,1) <
5662, 80 Or 00 (a, b) < 5652

(B) Lemma 14.1 also has implications concerning the outer automor-

phism group of equivalence relations induced by actions of property (T)
groups.

Theorem 14.5 (Gefter-Golodets [GG]). Suppose the countable group T’
has property (T) and let a € ERG(I", X, ). Denote by C, C N[E,] the
centralizer of a, i.e., the set of all T € Aut(X, ) that preserve the action:
TaT™! =a. Then Cy[E,) = {TS:T € C,,S € [E,]} is clopen in N[E,]. In
particular, if Cq = {1}, then Out(E,) is countable.

Proof. Put £ = E,,C = C,. For T € N[E], let

p(T) = 27"6u(v, TT ™),

where I' = {v,}. Then it is enough to show that there is some 1 > 0 such
that for T € N[E],

p(T) <n=TeC[E].
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Put b= TaT~!. Then E;, C E. Moreover
p(T) = dru(a,b).
So if i is as in 14.1 for 0 < % and p(T) < n, then (as a,b are ergodic and

E,V Ey = E), there is S € [E] with SaS™! = b= TaT~!, and thus we have
(S7I)a(S™IT)™ ! =a,ie, ST € C, 50 T € SC C [E|C = C[E]. O

Note also the following result.

Theorem 14.6. Let I' be a countable group and let a € FRERG(T', X, ).
Then Co N [Eg] = {1} if one of the two conditions below hold:

(i) (Gefter [Ge]) I' is ICC.

(ii) T is centerless and every infinite subgroup of I' acts ergodically (e.g.,
the action is mizing).

Proof. Suppose T € [E,] is in C,. Let T' = |, vi|Ai, where A =, A4;
is a partition of X into Borel sets of positive measure. By ergodicity A;
meets every E,-class. We will show that each v; = 1.
For xE,y, let
a(r,y) -z =y
be the corresponding cocycle o : E, — I'. For each E,-class C, let

¢ = {a(z,y) :z,y € CN A} CT.
Then by ergodicity I'{' = T; is constant for (almost) all C.
Claim. If§ € T';, then ;0 = 6;.

Proof of the claim. Indeed, if § = a(z,y), where x,y € A;, zE,y, we
have § -z =y and

V6 v =7 y=T(y) =T -z)=06-T(x) =0 =
Since the action is free, ;0 = d;.

Thus 7; commutes with every element of (I';). Consider first case (ii).
Since A; meets every E,-class infinitely often, I'; is infinite and so is (I';),
thus (I';) acts ergodically. Now (I';) - A; is conull and thus contains a conull
E,-invariant set, thus for (almost) all C, C is a (I';)-orbit, thus (again by
the freeness of the action) (I';) =T'. So v; = 1.

In case (i), notice that for the conjugacy action of I on itself the stabilizer
of v; contains (I';). If 7; # 1, the conjugacy class of ; is infinite, so (I';) has
infinite index in I', which implies that there are infinitely many {0,} C T’
with {3, (I';) - A;} pairwise disjoint, a contradiction.

(There is actually a simpler proof in case (i); see Golodets [Gol] or
Furman [Ful]: Suppose T' € C, N [E,]. There is Borel f(z) = v, € I" with
T(z) = vz - x. Then s, = 07,0~ 1. Thus f.u is a probability measure on
I" which in conjugacy-invariant, so, since I' is ICC, concentrates on 1, i.e.,
f(x)=1andso T =1.) O

(C) Finally, one can use these ideas to give a proof of the result of
Ozawa [O] that no full group [F] contains (algebraically) every countable
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group. Assume such F' existed, towards a contradiction, and without loss of
generality take F' to be ergodic (by enlarging it if necessary). Let us say that
a non-trivial countable group I' < [F] is nice if {x : y(z) = z,Vy € I'} has
measure < % Notice that if I' < [F], then there is an isomorphic copy I of
I',T" < [F], such that I'" is nice. Indeed, if ' is not nice itself, let C' = {z :
v(z) = 2,¥y € T} Then 1 > pu(C) > %, s0if D =X\ C, 0 < u(D) < 1.
Note that, by the ergodicity of F, both C, D are complete sections of F.
Let Cy,...,Cy be pairwise disjoint subsets of C' such that u(C;) = p(D)
and 1(C \ Ui, Ci) < 3. Let ¢; : D — C; be a Borel 1-1 correspondence
with ¢;(x)Fz,Vo € D. Notice that C,D and each C; are of course I'-
invariant. For each v € T', let 4/ € [F] be defined as follows: ~/'(z) = ~(z),
if o € Div/(x) = y(@) = o, if 2 € C\ UL, Ciy'(@) = gilr(e7 (@),
if x € C;. Clearly v — 4/ is an isomorphism of I' with I < [F] and
{z:+(zx) =2,VyeTl}=C\U;, Ci soI' is nice.

As in Ozawa [O], we fix a countable property (T) group I" which has
uncountably many pairwise non-isomorphic factors {I';};c; with each T';
simple. Fix epimorphisms 7; : I' — I';. Then the kernels N; = ker(m;),i €
I, are all distinct. Assume, towards a contradiction, that each I'; can be
(algebraically) embedded into [F']. By the preceding remarks, we can assume
that the image of each embedding is nice, i.e., there is an isomorphism
¢i : Iy — [F] with ¢;(T";) nice. Consider then the action a; of T" on (X, )
given by 7% = ¢;(m;(v)). Thus for all 4, p({z : y%(z) = 2,Vy € I'}) < 1.
Clearly {a € A(I',X,u) : v* € [F],Vy € I'} is separable in the uniform
topology, so there are ¢ # j with éry(ai, a;) < 1, where 7 is chosen small
enough so that, by Lemma 14.1, there is ¢ : A — B,¢ € [[F]] with A
ai-invariant, B aj-invariant, ¢(a;|A)¢~' = (a;|B), and u(A) > 3. Since
N; # Nj, suppose, without loss of generality, that N; € N;. Then 7;(N;) is a
non-trivial normal subgroup of I';, so 7;(N;) = I';. Butify € N;,~%|B =id,
so 7%|A = id, thus A C {z : y%(x) = z,Vy € I'}, which is a contradiction,
as pu(A) > 3.

15. Connectedness in the space of actions

(A) Recall from 2.8 that the group Aut(X,p), which we can identify
with the space of Z-actions, A(Z, X, u), is contractible in the uniform topol-
ogy and the same argument shows that each open ball in §, around the
identity is also contractible, so that in particular (Aut(X, u),u) is locally
path connected. By 2.9, (Aut(X, ), w) is homeomorphic to £2, so again it
is locally path connected. We next prove another local connectedness fact
about Aut(X, x) which can serve as a prototype for similar results for other
A(T, X, p) that we will discuss later on.

We start with a lemma that can be proved by using the argument for
turbulence in 5.1. Below for T' € Aut(X, u),e > 0, we put

Vre={S € Aut(X, p) : 0,(5,T) < €},
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where §,, is the metric giving the weak topology on Aut(X, i), as in Section
1, (B).

Lemma 15.1. Let T € Aut(X,pn), T € [E]|, with E hyperfinite, g €
[E],6,¢ >0 and gTg~' € V. Then there is a continuous path in ([E],u),
A= gnA € [0,1], with go = 1 and g,\TgA_1 € Vre, for which we have
5;(ng_1,nggl_1) < 6. Similarly if V. is replaced by the open ball of
radius € around T in the metric 0,,.

Using this one can prove the following fact, due to Rosendal and the
author.

Lemma 15.2. Let T € APER, T € [E], with E ergodic, hyperfinite, and let
S € V. Then there is a continuous map X — hx, A € [0,1), in ([E],u) with
hg = 1,h)\Th;1 € Vre and hATh;1 — S weakly as X — 1. In particular,
there is a continuous path in (Vpe,w) connecting T to S.

Proof. Let V. = Vr.. Fix a sequence €, | 0 such that Vso,, C V,Vn.
By the aperiodicity of T' and the ergodicity of E, {gTg~! : g € [E]} is weakly
dense in Aut(X, ), so we can find g € [E] such that gTg~! is as close to S as
we want, in the weak topology, so by 15.1 we can find a continuous path hq
in ([E], u) such that hyg =1, hLAThlfj\ eV, TH = hl,lThf& € Vs, and so
S € Vpy e, thus V¢, € Vsae, C Vi. By the same argument, we can find a
continuous path hs y in ([E],u) such that hog =1, h27,\T1h27j\ eV Tr =
ha1Tihy 1 € Vsey, and s0 S € Vi ¢y, thus Vi, o, € Ve, C Ve, ... Fix finally
a1 < ag < --- — 1. Then define h) as follows:

h)\ =h A ,A S [O,Cll],
Lar

hx=h_ (—ay) h1,1, A € [a1,a2],
"(az—a1)

hy=nh (A—as) h271h171,)\ € [ag,ag], ...

"(az—a2)

It is easy to see that this works. O

Theorem 15.3. Let C C Aut(X,p) contain the conjugacy class of an
aperiodic T € Aut(X,u). Then (C,w) is path connected and locally path
connected.

Proof. From 15.2, by taking ¢ > 1, and using also 5.4, we see that
C' is path connected. Also by considering the family of all Vz. N C' with
T € APER N C, we see that it is locally path connected. O

A similar argument, using now the proof of 5.2, shows the following.

Theorem 15.4. Let E be an ergodic equivalence relation which is not Ey-
ergodic. Let C C APER N [E] contain the conjugacy class in [E] of an
aperiodic T € [E]. Then (C,u) is path connected and locally path connected.
Moreover, a continuous path from T to any S € C can be found that has
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the form T\ = g)\Tg;l?)\ € [0,1), Ty = S, where X — gy, A € [0,1), is
continuous in ([E],u).

Corollary 15.5. Both (APER,u) and (ERG, u) are path connected.

Proof. Let S, T € ERG. By Dye’s Theorem 3.13, there is U € Aut(X, u1)
such that U[Es]U~! = [Er] and thus USU~! € [Er]. Since USU LT €
[E7], it follows from 15.4 that there is a continuous path in (ERG N [E7], u)
from USU~! to T. By 2.8, there is a continuous path Uy,0 < X < 1,
in (Aut(X,u),u) from 1 to U. Clearly U,\SU;1 is a continuous path in
(ERG, u) from S to USU™!, so there is a continuous path in (ERG,u) from
StoT.

The argument for APER is similar (using the fact, see 5.4, that for any
S,T € APER, there are Sy, Ty € ERG with Eg C Eg,,E C Ep,). As
pointed out by Tsankov, it can be also proved directly as in 2.8. a

(B) We now consider a countable group I'" and the space A(T, X, u).
First let us note the following fact.

Proposition 15.6. For any countable group I, the conjugacy class of any
a € AT, X, pn) is path connected in (A(T', X, pu),u) (and thus also in the
space (A(L, X, n), w)).

Proof. Let a € A(I',X,u) and T" € Aut(X,pn). By 2.8, there is a
continuous path ¢ — T} in (Aut(X, p),u) with Ty = 1,77 = T. Let a; =
TyaT;'. Then t — a; is a continuous path in (A(T', X, u),u) with ap =
a,a; = TaT™ 1. O

Corollary 15.7 (a weak version of 15.11). For any countable group I', the
space (A(T, X, p),w) is connected.

Proof. From 10.7 and 15.6. a

This fact can be reformulated as follows. For any topological group G,
a variety on G is a closed subset on G, where N = 1,2, ..., N, of the form

{(917927 .. ) S GN - Vi & I(U}'gl’g}" = 1)},

where {w;};cr is a family of words in the free group Fy. Recalling the
remark in Section 10, (A), we can rephrase 15.7 as follows: Every variety
in (Aut(X, p),w) is connected.

The next question is whether (A(T", X, u),w) is path connected. The
answer turns out to be positive. The main fact is that it holds for groups
that do not have property (T). In fact, for such groups we have a complete
analog of 15.3.

Theorem 15.8 (Kechris). Let I" be a countable group that does not sat-
isfy property (T). Let C C A(I', X, u) contain the conjugacy class of an
a € AL, X, u), which is ergodic, not Ey-ergodic and has a weakly dense
conjugacy class. Then (C,w) is path connected and locally path connected.
In particular, (AT, X, p), w) has these properties.
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Proof. For ¥ = {v1,...,v} C I,B = {Bi1,...,B;} € MALG, e >
0,a € AT, X, p), let

U ni = b€ AT, X, ) ) < 0,9 < K(u(r2(B)AR(B,) < o))
Let also of. , on A(I', X, p) be defined by

5Fuab 22 n§! (42, ~2),

for some fixed enumeration I' = {,,}, so that (5F7u is a complete compatible
metric in u.
First we have an analog of 15.1, whose proof is as in 13.3.

Lemma 15.9. Let a € A(I', X, u) be ergodic but not Ey-ergodic, T €

[E.],6 > 0 and TaT ' € U,eq.4 Then there is a continuous path in

([Eq],u), A — T, A € [0,1], with Ty =1, T,\aT)\ eU, - 5and

a,e 'Y7
5f7u(T1an1,TaT_1) < 0.
From this, as in 15.2, we can deduce the following lemma.

Lemma 15.10. Let a € ERG(T, X, ) \ EoRG(T', X, p) have weakly dense
conjugacy class in AL, X, pu). Let b € Uae'?A" Then there is continuous

A= Ty, A € [0,1), in (Aut(X,p),u) with Ty = 1,ThaTy ' € Uyeqi and

ThaTy V' b weakly as X — 1. In particular, there is a continuous path in
u, E%@,w) connecting a to b.

The theorem is then immediate from 15.10. The last assertion also
follows using 10.7, 12.4 ii). ]

Theorem 15.11 (Kechris). Let I be a countable group. Then the space
(AT, X, p),w) is path connected and locally path connected.

Proof. Let A =T %Z, so that A does not have property (T). Then by
Section 10, (G), A(A, X, i) is homeomorphic to (A(T, X, u) x A(Z, X, u),
and since, by 15.8, A(A, X, u) is path connected and locally path connected,
sois AT, X, u). O

Again this can be reformulated as: FEvery variety in (Aut(X, u),w) is
path connected and locally path connected.

It follows from the proofs of 15.8 and 15.11 that for any I', the space
(FR(T', X, ), w) is path connected. It is also clear from 15.8 that the space
(ERG(T', X, ), w) is path connected, when I does not have property (T). I
do not know if (ERG(T, X, 1), w) is path connected for any T

(C) We next consider connectedness properties in (A(T', X, u), u), when
I' has property (T).

Theorem 15.12. Let the countable group I' have property (T). Then for
any a € ERG(T', X, ), the path component of a in (AT, X, ), u) is exactly
its conjugacy class and thus is clopen in (A(L, X, u),u).
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Proof. By 15.6 the conjugacy class of any a € A(T', X, pu) is con-
tained in its uniform path component. By 14.2 the conjugacy class of
a € ERG(T', X, ) is clopen in the uniform topology, so it is exactly equal to
its uniform path component. O

It thus follows that if an infinite I has property (T), (ERG(T, X, ), u)
and also (FRERG(T', X, 1), u) is far from connected. On the other hand,
we have seen in 15.5 that (FRERG(Z, X, u),u) = (ERG(Z,X,pu),u) =
(ERG,u) is path connected and in fact the same argument works in the
following more general situation.

Theorem 15.13. Let I' be a countable amenable group. Then the set
FRERG(T', X, u) is path connected in the uniform topology.

Proof. As in the proof of 15.5 and using the fact that if a € A(T, X, p),
then the equivalence relation E, is hyperfinite (Ornstein-Weiss [OW)), it is
enough to show that if a,b € FRERG(I', X, ) and E, C Ej, then there
is a continuous path in the space (FRERG(T', X, ), u) from a to b. Now
Foreman-Weiss [FW], proof of Claim 19, show that the set of conjugates of
a by elements of [Ejp| contains in its uniform closure the action b. Then we
can use the argument in the proof of 15.8. a

It would be interesting to characterize the countable groups I' for which
(FRERG(T', X, p1), ) is path connected.
Let now

DI, X, p) ={a:3A0 < p(A) & A is a-invariant & a|A is ergodic)}.

Thus D is the set of all actions whose ergodic decomposition has a “dis-
crete” component, i.e., an ergodic component of positive measure. Thus
ERG(T", X, u) C D(I', X, nu). Let also

C(I, X, p) = A, X, p) \ D(I', X, )
be the set of all actions with “continuous” ergodic decomposition.

Proposition 15.14. Let I' be a countable group. Then C(T', X, u) is dense
in (A(T, X, 1),0).

Proof. Fix b € C(I,Y,v). Since, by 10.4, a € A(I", X, u) is in the
weak closure of the set of actions isomorphic to a x b, it is enough to show
that the latter admits no invariant set of positive measure on which it is
ergodic. Assume otherwise, and let A C X xY be Borel, a X b-invariant with
(nxv)(A) >0 and a x b|A ergodic. Let o4 = ((;;x;))(\j)m : X XY =Y the
projection, and put p = m.o4. Then p is a b-invariant, ergodic probability
measure, so if Y, is the ergodic component corresponding to p,v(Y,) = 0
and p(Y,) = 1. Then (u x v)(X x Y,) = 0 and so p(Y,) = oa(71(Y,)) =

% = 0, a contradiction. O

Proposition 15.15. Let I' be a countable group. Then D(I', X, u) is dense
in (A(T, X, 1), ).
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Proof. Let a € C(I', X, ). Let m : X — & be the ergodic decomposition
of a, i.e., £ is the standard Borel space of a-invariant, ergodic measures, m
is an a-invariant Borel surjection, and for each e € £, e(7~!(e)) = 1 (and e
is the unique a-invariant, ergodic measure on 7~!(e)). Let mu = v. Since
a € C(I', X, ), v is non-atomic, thus we can find A; € MALG,,0 <t <1,
with Ag = 0,41 =E&,s <t= A; C Ay, v(A;) =t. Let Xy = 7 1(A;). Then
X¢ is a-invariant, Xo =0, X1 = X, s <t = X, C X, u(Xy) = t.

Fix now 1 > € > 0 and let Y, = X \ X.. Fix a measure preserving,
ergodic action a, of " on (X, (1| X¢)/€) and let

b=alY:Uae.
Then b € D(T', X, ) and clearly dp ., (a,b) < e. O
A similar argument shows the following.

Proposition 15.16. Let I' be a countable group. Then C(T', X, p) is path
connected in the uniform topology and thus is contained in the path connected
component of the trivial action ip € A(T', X, 1) in the uniform topology.

Proof. In the notation of the preceding proof, let a € C(T", X, 1) and
put

ay = CL‘Xt UZFth,O <t< 1.

Then ¢ — a; is a continuous path in (C(T', X, 1), u) which connects ir to
a; = a. d

Finally we have the following result.

Theorem 15.17 (Kechris). If a countable group T' has property (T), then
DT, X, u) is open (and dense) in (AT, X, u),u) and C(T, X, u) is exactly
the path component of ir in (AT, X, u),u).

Proof. Let a € D(T', X, i) and fix an a-invariant set C' with p(C) > 0
and a|C ergodic. Next, by 14.1, there is n > 0 so that if or 4 (a,b) < n, then
for the ¢ : A — B given in the lemma, we have pu(A) > 1 — u(C), thus
w(ANC) > 0. Since AN C is a-invariant, it follows that AN C = C, so
C C A and since ¢ gives an isomorphism of a|A with b|B, it follows that
©(C) is b-invariant and b|¢(C) is ergodic, so b € D(I', X, u) (and there is
b-invariant set D = ¢(C') with u(D) = p(C) and b|D ergodic). This proves
that D(I', X, ) is open.

Finally we show that C(T", X, ) is the uniform path connected compo-
nent of ir. Indeed, let ¢ — a; be a uniformly continuous map from [0,1] to
AT, X, u) with ag = ir and a1 = a € D(I', X, u), towards a contradiction.
Let C,n be as above and find tg = 0 < t; <ty < --- < t, = 1 such that
oru(ay,ar, ) <n,Vi <n. By the preceding argument, a simple backwards
induction shows that for every i <n,a;, € D(I', X, u), soir € D(T', X, u), a
contradiction. O
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Remark. One can also give a more direct proof for the fact that
D(T', X, p) is open in (A(I', X, ), w), when I' has property (T). We start
with the following lemma that we will also use in 15.20.

Lemma 15.18. Suppose (Q, €) is a Kazhdan pair for T'. Let a € A(T', X, ),
and fir § > 0. If a Borel set A satisfies u(y*(A)AA) < 6e2u(A), ¥y € Q,
then there is an a-invariant Borel set B with u(AAB) < 85u(A).

Proof. Consider the Koopman representation % associated to a. Then

we have [|5(7)(xa) = xall* = p(y*(A)AA), [Ixal? = p(A), so [K*(7)(xa) —
xall < Vel xal, ¥y € Q. Thus there is f € L?(X, u) which is x%invariant

and [[xa — fIl < Vollxall = /ou(A). Let B = {z : [f(z) — 1| < 3}. Then

B is a-invariant and

v € A\B = [xale) ~ [@)] = |1 - f(a)| > 5.

0 5(4) > [xa— FI12 = [ [xal@) ~ F(@)Pdn > [ k= 1u(A\ B). Also
v B\ A= [xale) ~ [(@)] = f(x)| 2 5,
thus
Su(4) > Tu(B\ A),
so $1(AAB) < 26u(A) or p(AAB) < 85u(A). o

To complete the proof fix a € D(I', X,pu) and let A € MALG,, be
a-invariant with p(A) > 0 and a|A ergodic. Let I' = {vy1,72,...},Q =
{71...,,7~} and recall that

Or,u(a,b) = 22 "Su(vi o) = 27N> 6u(v", 4"
7EQ

We will see that if
-N

2
A
100 n(A),

then b € D(I', X,u). Fix such an action b. Then u(y*(A)A~*(A)) =
w(AAAP(A)) < 2N6p u(a,b) < %OM(A),V’V € @, so there is a b-invariant
set B € MALG,, with u(AAB) < 155u(A), thus in particular $504(A4) >
w(B) > 2pu(A). If b ¢ DT, X,p) towards a contradiction, there is a b-
invariant set C C B in MALG,, with p(C) = 1u(B). Then pu(v*(C)AC) =
p(y(C)AYP(C)) < 2Vopu(a,b) < {u(A) < S5u(B) = Su(C), ¥y € Q.
Thus there is a-invariant D € MALG,, with u(CAD) < £u(C) = &u(B).

5F,u (a, b) <
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Then

WD\ A) < p(DAC) + u(C\ A)
(DAC) + u(C'\ B) + n(AAB)
S n(B) + o p(4)

20

—u(A

TooA);

and (D) > u(C) — (CAD) > u(B) — g5u(B) = 3Tu(B) > {fo5u(A).
Also u(D) < p(C) + p(DAC) < 3u(B) + gou(B) = gou(B) < {g5i(A). So
0 < u(AND) < u(A) and AND is a-invariant, which violates the ergodicity
of a]A.

We can in fact determine exactly the uniform path component of every
a € A(I', X, ), using similar arguments.

VANVAN

A

A

Theorem 15.19 (Kechris). Let ' be a countable group with property (T).
For each a € A(I',X,pn), let Dy = |J{A € MALG, : u(A) > 0, A is
a-invariant and a|A is ergodic} be the “discrete” part of the ergodic decom-
position of a. Then a,b are in the same uniform path connected component

of A(T, X, ) iff (Da) = p(Dy) and a|D, = b| Dy

Proof. By 15.17 we can find @/, uniformly path connected to a, and
b, uniformly path connected to b, so that a|D, = d'|D, and o’ is trivial
on X \ D, and similarly for b,b'. So we can assume that we work with
a,b for which a|(X \ D,),b|(X \ D) are trivial. If then a|D, = b|D; and
w(Dy) = p(Dy), clearly a, b are conjugate, thus belong to the same uniform
path connected component. Conversely, assume such a, b are uniformly path
connected. Then an argument similar to the proof of 15.17 shows that there
is a 1-1 correspondence between the set D, = {A € MALG,, : u(A) >0, Ais
a-invariant and a|A is ergodic} and the corresponding Dy, say A — By, with
a|A = b| By, from which it follows that u(D,) = p(Dyp) and a|Dg = b|Dy. O

Remark. Using the last Remark of Section 14, (A), it follows that
15.19 holds for every group I', if the uniform topology is replaced by the
01 o-topology.

(D) As we have seen in 12.2, ii), for every countable group I" which does
not have property (T), the generic element of (A(T', X, u),w) is ergodic.
The next result asserts that when I' is a countable infinite group which has
property (T), then the generic element of (A(I', X, u),w) has continuous
ergodic decomposition.

Theorem 15.20 (Kechris). Let I' be an infinite countable group with
property (T). Then C(I', X, u) is dense Gs in (AT, X, ), w).

Proof. By 15.14 it is enough to show that C(I', X, u) is Gs. Fix a
Kazhdan pair (@, €) for I'. Fix also a countable dense set D C MALG,,\ {0}.
Then we claim that the following are equivalent for a € A(I", X, u):
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(i) a e C(I', X, ),

(ii) For every A € D and for all n > 8, we have that the condition
Vy € Q(u(v*(A)AA) < S p(A)) implies that there is B such that u(B\ A) <
Bu(4) and (3~ )u(4) < p(B) < (3+ 4)u(4) and ¥y € QUur(B)AB) <
SH(B)),

This clearly shows that C(I", X, u) is Gs.

(i) = (ii): Fix A € D,n > 8 such that Vv € Q(u(y*(A)AA) < %M(A))
Then by 15.18 find a-invariant A’ € MALG,, with (AAA’) < 24(A). Since
a € C(T', X, ), there is a-invariant B € MALG,,, with B C A’ and u(B) =
$u(A’). Then we have pu(B\ A) < pu(AAA") + p(B\ A') < 3p(A) and
p(A) = p(AAAY) < p(A') < p(A) + p(AAAY), so (1 = $)u(A) < p(A') <
(1 + 2)u(A), therefore (% — Hp(4) < u(B) < (3 + 2)u(4). Obviously

Yy € Q(u(v*(B)AB) < S u(B)).

(i) = (i): Fix A’ € MALGN \ {0} which is a-invariant. We will find
a-invariant B’ € MALG,, such that 0 < p(A’' N B’) < p(A’). To do this,
first choose a very large n (to satisfy what will be needed below). Then
find A € D so that u(AAA’) is very small compared with p(A’) (and thus
w(A)), so that, in particular, V’y € Q(u(v*(A)AA) < %,U,(A)) By (ii) then
there is B with u(B\ A) < 2u(A4), (3 — Hu(A) < u(B) < (3 + 2)u(A)
and Vv € Q(u(v*(B)AB) < n,u(B)). Finally by 15.18 find a-invariant B’
with y(BAB') < 2pu(B). It follows that p(B’\ A’) is very small compared
to pu(A’) and also p(B’) is very close to $u(A’), which implies that 0 <
w(A’N B’) < u(A’) and completes the proof. O

Remark. Recall that for I' with property (T), Glasner-Weiss have
shown that ESIM(TI") is closed in SIM(I") (see the remarks following 12.2).
The preceding result implies, in view of the result of Glasner-King (see Sec-
tion 10, (B)), that the set of Borel probability measures in ESIM(T") which
are continuous (i.e., non-atomic) is dense Gy in the compact space of all prob-
ability measures on ESIM(T"), which implies that ESIM(T") is perfect. We
are using here the following result of the Choquet theory: if P(ESIM(T")) is
the compact metrizable space of the probability measures on ESIM(T"), with
the weak*-topology, the barycenter map p € P(ESIM(T')) — b(u) € SIM(T)
given by [ fdb(u) = [([ fde)du(e), for any f € C(T'), is a homeomor-
phism of P(ESIM(T")) and SIM(I"), and for v» € SIM(T"), the unique p with
b() = v is the measure corresponding to the ergodic decomposition of v
with respect to the shift on TT.

Remark. From 15.20 and 12.2 it follows that for any countable group
I' the set D(I", X, 1) \ ERG(T', X, p) is meager in (A(T', X, u), w).

16. The action of SLy(Z) on T?

(A) Gaboriau and Popa [GPo] were the first to construct continuum
many non-OE measure preserving, free, ergodic actions of F», using methods
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from operator algebras. Later Tornquist [Tol] used some ideas in the work
of Popa [Po2] and Gaboriau-Popa together with a genericity argument to
find a more elementary proof and established a descriptive strengthening of
their result, which we will discuss in Section 17 (in a somewhat stronger
form). A basic idea, going back to Popa, is to employ the standard action
of SLa(Z) (and its free subgroups of finite index) on T2. We will first recast
below some important properties of this action in a somewhat different form
that brings out more clearly its essential features. We will then derive in
the next section the corollaries concerning orbit equivalence.

(B) Consider the action of SL2(Z) on (X, u) = (T?, i), where p is the
usual product measure on T? = R?/Z2, given by the following matrix mul-
tiplication:

_ z
A (ZIHZQ) = (A 1)t <Z;> .
Fix also a copy of Fy in SLy(Z) which has finite index in SLy(Z), and consider
the induced action ag of Fy on (X, u). This is free, measure preserving, er-

godic (in fact weak mixing and even tempered (but not mixing), see Kechris
[Kecd] 5, (C)). Denote by
an = FO
the equivalence relation induced by this action. We will see that Fy has
the property that all its measure preserving extensions F O Fj exhibit very
interesting properties.
To formulate this, define the following left-invariant metric on Aut(X, p):

do(S,T) = 6,(S.T) + > 2760 (S, Ty T ™)

= 5w(S, T) + (5F27u(SCL0S71, Ta()Tfl),

where Fy = {v,} and v € F, is identified here with 4. Note that if
E F D Fy are measure preserving countable Borel equivalence relations,
and T : E = F is an isomorphism, then TyT~! € [F], so if N[E, F] denotes
the set of all T': £ = F', then for each such F' D Fy,do| J{NI[E,F]|: E =
F,E D Fy} is separable.

We can now recast the crucial properties of this action in the following
lemma.

Theorem 16.1 (Popa). For some 6 >0 and any E,F D Fy,T € N[E, F],
we have:
do(T,1) <0 =6,(T,1)<1=FE=F.
This has the following immediate corollary, noticing that if £ = F,
N[E,F]| = N|[E]
and do|N[E] is continuous in the topology of N|[E].

Corollary 16.2. For any E D Fy, [E] is clopen in N[E] and thus Out(E)
is countable.
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Proof. Taking F = F in 16.1, we see that there is ¢ > 0 such that
it T € N[E] and dyg(T,1) < €, then do(T,1) < 6, so 6,(T,1) < 1, i.e,
T(x) = xz on a set of positive measure, thus (since clearly E is ergodic)
T € [E]. So [E] is clopen in N[E]. 0

Corollary 16.3. On the set of measure preserving countable Borel equiv-
alence relations E O Fy, isomorphism, E = F, is a countable equivalence
relation (i.e., every equivalence class is countable).

Proof. Fix E D Fj and assume, towards a contradiction, that {F;};cs
is an uncountable family of distinct equivalence relations with F; O Fy and
E = FE;. Fix isomorphisms T; : E; & E. Since dg| UF%E,FQFO N[F,E] is
separable, it follows that do|{T; : i € I} is separable, so there are i # j in I
with do(T;, Tj) < & (where § is as in 16.1). Thus do(7; *Tj,1) < § and, since
Tl-_lTj € N[Ej, E;], this implies, by 16.1, that E; = E;, a contradiction. O

Proof of 16.1. First we prove the implication
w(T,1)<1=E=F.

If 6,(T,1) < 1, then if A = {x : T(z) = z},u(A) > 0. Thus the F>-
saturation of A is equal to X. Suppose that xFEy. Then for some v, €
Fo, v-z,0 -y € A, and (v-2)E(0 -y), as Fp C E. Then T(y-x) =
(v-x)F(0-y) =T(-y), so xFy, as Fp C F. Thus E C F and similarly
FCE.

We will now prove that there is § such that

do(T,1) < § = 6,(T,1) < 1.

Below we will need some facts concerning the so-called relative property
(T) for pairs of groups. These can be all found in [BAIHV], 1.4 and Jolissaint
[Jo3].

The crucial point is that if we consider the usual action of SLy(Z) on Z?
by matrix multiplication and the corresponding semi-direct product G; =
SLy(Z) x Z2, then (G4, Z?) has the relative property (T), i.e., there is finite
@ C G1 and € > 0 such that in any unitary representation m of G1 on a
Hilbert space H, if there is a (Q, €)-invariant vector v, i.e., |7 (7)(v) —v|| <
e|[v||, ¥y € Q, then there is Z?-invariant non-0 vector. If G = Fy x Z?, then
(G,7Z?) also has the relative property (T) and by standard facts this also
implies the following, which is all we will use in the sequel:

(*) There is finite Q C F5 x Z? and € > 0 such that for any unitary
representation 7 of Fy x Z? on a Hilbert space H, if ¢ is a (Q, €)-invariant
unit vector, then there is a Z2-invariant vector n with ||¢ —n| < 1.

We will identify below Z? with the group of characters T2 of T?, m =
(m1, mg) € Z? being identified with the character

Xm(21,22) = 27" 25"
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(where we view here T as the multiplicative group of the unit circle). Then

the action of SLy(Z) (and thus of F, < SL2(Z)) on T? gives rise to an

action on T2 given by g - x(2) = x(¢7! - 2) and by the above identification

this is exactly the matrix multiplication action of SLg(Z) on Z2. Thus the
semidirect product Fy x Z? can be viewed (see Appendix I, (B)) as the set

of pairs (v, x), with v € Fy, x € T2 and multiplication defined by

(71, x1) (72, x2) = (M2, (93~ X1)x2)-

Fix now E,F D Fy,T € N[E, F] and let (Q,¢€) be as in (*) above. We
will use 7" to define a unitary representation 7 of F» x Z? on H = L?(F, M)
(where M is defined as in Section 6, (B)). Letting w(g)(f) = ¢ - f, this is
defined by

(7, X) - f(z0) = x(V ()X ( T w) f( (=), Ty T H(w)),
for f € L?(F, M), where again v € Fy is identified with 4%. (Note that

this is well-defined as zFw < v~ 1(2) FTy 1T~ (w).) Tt is straightforward
to check that this is an action.

Claim. We can find § > 0 such that if do(T,1) < 6, then & = A = (the
characteristic function of the diagonal) is (Q, €)-invariant.

Granting this, there is a Z2-invariant vector n in L?(F, M) with ||€—n]|| <
1 and thus 7(z, z) # 0 for a positive set of z, say A. Since (1,x) -n = n for
all x € T2, we have

n(z,2) = x(2)x(T~1(2))n(z, 2),
thus .
X(T7'(2)) = x(2),Vz € A,Vx € T2,

so, as the characters separate points, 7-1(z) = z and so T((z) = z on A4, i.e.,
5u(T,1) < 1.

Proof of the claim. We have
(7. X) - A(z,w) = (v (2))x(y T H(w) A(y H(2), Ty T~ (w)),
thus ||(7,x) - A — A3 is equal to

2
/ X AXO T T @) A ), Ty T W) = Az, w)| dM
and thus to
W /T X O T IE)AG ), Ty () 1 du:

@ +/ A(y (=), Ty T (w)) M.
zZ£w,(z,w)EF

Now (2) is equal to
Ou(y™H Ty T = 8u(y, TATY),
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2

so it is clear that if ¢ is small enough and do(7T',1) < 4, then (2)< 5 for
all (v,x) € Q. Also note that for (1) (considering cases whether v~ 1(z) =
Ty~'T~1(2) or not), we see that

(1) <0y Ty ' TN + (v x) = Ur(y - )%
where v - x(z) = v(x () and Ur is the unitary operator on L?(T?2, )
corresponding to T' (i.e., Ur(f)(z) = f(T~(2)). Now do(T,1) > 6,(T,1)
and the topology induced by d,, is the weak topology, i.e., the topology
induced by identifying 7' and Ur and using on U(L?(T?,)) the strong
operator topology. So if § is small enough, we have again dy(7,1) < § =
(1) < %,V(% X) € @, and thus finally

dO(T7 1) <= ||(7>X) A AHQ <e€,
for all (v, x) € @ and the proof is complete. O

17. Non-orbit equivalent actions of free groups

(A) We will now prove the following non-classification result. The first
assertion is in Tornquist [Tol] and the second can be obtained by combining
his method with 5.5.

Theorem 17.1 (Tornquist). (a) The equivalence relation Ey can be Borel
reduced to the orbit equivalence relation of measure preserving, free, ergodic
actions of the free group Fs.

(b) This orbit equivalence relation cannot be classified by countable struc-
tures.

Proof. We fix, by the work in Section 16, a measure preserving, free,
ergodic action ag of Fy on (X, u) such that if Fy = E,, is the induced
equivalence relation, then isomorphism on the set of all £ O Fy is a countable
equivalence relation. Let Fy = (o, ), F3 = (o, 3,7) be free generators.

Lemma 17.2. Fir ay € FR(Fy, X, ). Then for a comeager set of S €
Aut(X, p) the action ag of F3 determined by a®s = a0 (% = % ~% = §
is free (and of course ergodic).

We will grant this and complete the proof of 17.1. We will first prove
the version of 17.1 for Fj3 instead of Fs. Consider the equivalence relation
~ on Aut(X, p) defined by

S ~T < agOEar.

To prove (b), note that if orbit equivalence of measure preserving, free,
ergodic actions of F3 can be classified by countable structures, so can ~ and
we will derive a contradiction from this.

From 5.5, we know that the conjugacy action of ([Fp],u) on the space
(Aut(X, ), w) is generically turbulent. Let ~¢ be the corresponding equiv-
alence relation. Then clearly

S~cT = Eqy =FEq, = asOEar & S~ T.
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So if f: Aut(X,u) — X, f Borel and L some countable language, is such
that
S~T <« f(S) = f(T),
then
S~cT = f(5)= f(T),
so, by turbulence, there is a comeager set A and My € X, with
f(S) = My, VS € A.

Now we claim that every ~-class is meager, which implies that there are
S, T € A with S ¢ T and thus f(S) 2 f(T), a contradiction. To prove this
let
S~T & E,y = Eq,.

Then by the above property of Fy (since Eqg, E,, 2 Fp), we have that each
~-class contains only countably many ~-classes, so it is enough to check
that each ~-class is meager. But this is obvious, as [S]x~ C [E4g], which is
a meager set in (Aut(X, p), w).

To prove (a) it is enough to show that Ey is Borel reducible to ~. Now
~ is a meager equivalence relation (being analytic with meager classes) and
contains the equivalence relation induced by the conjugacy action of ([Fp], u)
on (Aut(X, u),w), which clearly has a dense orbit. So Ej is Borel reducible
to ~ by the argument in Becker-Kechris [BK], 3.4.5 (see also Hjorth-Kechris
[HK1], 3.2).

To prove the result for Fb, it is enough to show that OE for measure
preserving, free, ergodic actions of F3 can be Borel reduced to OE for mea-
sure preserving, free, ergodic actions of Fy. To see this, fix (X, ) and let
Y =X x{0,1},v = p x p, where p({0}) = p({1}) = 1/2. Let 7 € Aut(Y,v)
be defined by 7(x,i) = (z,1—14). Each S € Aut(X, x) induces S € Aut(Y,v)
by S(x,0) = (S(z),0),S(z,1) = (z,1). Given a € FRERG(F3, X, ),
let E, be the equivalence relation on Y induced by da,éa,ia,r, where
F5 = (a,3,7). Then it is not hard to see that

Ea%EbﬁEagEb.

Clearly E, is ergodic. Finally, it is also not hard to see that E, is induced
by a free, measure preserving action a of Fo = («, 3), namely

Ozé(x,i) _ z(/m,i), .if i. : 0,
at(z,i), if i =1,
o Ty (x,4), if i =0,
6a(x,z) — FY ( )

Bor(z,i), if i = 1.
So it only remains to give the proof of 17.2.

Proof of 17.2. Let T} = o, Ty = 3. For each € > 0, and non-trivial
reduced word v € F3, the set

{5 : 6,25 1) > 1 — ¢}
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is open in (Aut(X, ), w), so, by the Baire Category Theorem, it is enough
to show that it is dense. By induction, we can assume that the intersection
of the following sets, where v varies over all words of length less than that
of v,

{86,125 1) =1},
is dense in (Aut(X, ), w). Put for convenience for each word w,

WS = T TS

Finally, we can assume that v occurs in v. Let vy, v1,v,...,v, = v, where
n = length(v), be the terminal subwords of v with length(v;) = 4, and
let i9p < n be largest such that v;,11 = yilvio. Assume, without loss of
generality that v;,4+1 = yv;,, so that UZ% 1= Svi.

We will use the following two simple lemmas.

Lemma 17.3. If Py, ..., P, € Aut(X, p) and

uw({x : Pi(x),..., Py(z) are distinct} ) > a,
then there are pairwise disjoint Borel sets A1, ..., Ap with u(A1U.. . UA,,) >
a and Py(A;), ..., Pu(A;) pairwise disjoint, for each 1 <i < m.

Proof. As in the proof of 3.10, there is a countable collection of Borel
sets {Uy,} such that for each z with Py (z),..., Py(z) distinct, there is Uy,
with © € Uy and Pi(Upy(y)); - - -5 Pr(Upn@)) pairwise disjoint. Thus, if
A ={x: Pi(x),..., Py(x) are distinct}, then A = |J;cy As, where the sets
Pi(4;),...,Py(A;) are pairwise disjoint, from which the conclusion follows.

(|

Lemma 17.4. For any T € Aut(X, ) and any Borel sets A, Ay, ..., Ap,
there is S € Aut(X, uu), such that S(A;) = T(A;), S7HA;) = T—H(A;) Vi <
m, and {x : S(x) # T(z)} = A.
Proof. Considering the partition generated by
A AL AR T AL, T (A)

and the fact that for each Borel set B there is an involution Pg € Aut(X, )
with supp(Pp) = B, it follows that there is an involution P € Aut(X, u)
with supp(P) = A and P(4;) = A;, P(T71(A;)) = T7Y(A4;),Vi < m. Let
then S =TP. O

Continuing the proof, it is enough to show that for each Sy such that
6,(7%0,1) = 1 for every word © of length < n, and each weak nbhd Ny of S,

Non{S:6,(v,1)>1—€} #0.

By 17.3, we can find pairwise disjoint Borel sets Aq,..., 4, C X with
w(Uity A;) > 1 —€ and

v (Ay) N (Ay) =0, # j < n.

If 6,(v%,1) > 1 — ¢, there is nothing to prove. Else (renumbering the
A;’s if necessary) on a set of positive measure in A; we have v°(z) = .
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Put A} = {z € A; : v°°(x) = z}. Then, by 174, find S; € Ny such that
{z: S1(x) # So(z)} = vio (A}). Tt follows that v1(z) # x for z € A;. (Note
that S; = So,Sl_1 = So_l on the sets Al,va(Al), .. .,Uioil(Al).) Then, by
Lemma 17.3 again, we can find pairwise disjoint Bj,..., By C A such that
M(U?:l BjUAyU---UAy) >1—eand v9(B;) N B =0,V <k.

If 6, (v51, 1) > 1—¢, then again there is nothing to prove, so (renumbering
again the A;’s, i > 2, if necessary), there is a set of positive measure in As
for which v%1(z) = z. Put A = {x € Ay : v (x) = x}. As before we can
find Sy € Ny such that {z : Sa(x) # Si(x)} = v;%l(A’Q) and Sl (v (By)) =
SE (w1 (By)), Vi < n,j < k, so that v>*(B;) = v>'(B;),¥i < n, j <k, thus
v52(Bj) N Bj = 0,Vj < k. Also, as before, v2(x) # x for x € Ag, so we can
find pairwise disjoint Cq,...,Cy C Ay with ,u(U?:1 B;u Ule CyUAsU---U
Ap) > 1—eand v*2(B;)NB; = v*2(Cy)NCy = 0,V < k,Vt < L. Proceeding
this way, finitely many times, we can find S € Ny with 5u(v§, 1) >1—e€and
the proof is complete. O

(B) In connection with 17.1, we note that it would also follow from
13.5 if one knew that orbit equivalence classes in ERG(Fs, X, ;1) were mea-
ger in (ERG(Fs, X, 1), w). So we can raise the following general question
(analogous to that of 13.6 for orbit equivalence).

Problem 17.5. For which infinite countable groups I' are the orbit equiva-
lence classes in ERG(T, X, u) meager in the weak topology of ERG(T', X, ) ¢

Dye’s theorem 3.13 and the Ornstein-Weiss [OW] theorem that every
measure preserving action of a countable amenable group gives rise to a hy-
perfinite equivalence relation, imply that there is only one orbit equivalence
class in ERG(T, X, ), when T is infinite amenable, so 17.5 has clearly a
negative answer for I' amenable.

Finally, in view of 14.4 and 17.1, we have the following problem.

Problem 17.6. Let I' be a non-amenable group. Is it true that orbit equiv-
alence of free, measure preserving, ergodic actions of I' cannot be classified
by countable structures?

Addendum. Recently Adrian Ioana [I1] has shown that any group
I' with F5, < I' has continuum many non-orbit equivalent, free, measure
preserving, ergodic actions. In fact using his main lemma one can derive a
positive answer to 17.6 for such groups, and also show that Fy can be Borel
reduced to orbit equivalence.

We outline the argument below. Consider the action ag € A(Fs, X, p),
where X = T?, i = the usual product measure on T2, defined in Section 16,
(B). This action is free and weak mixing. Let also I be a countable group
with Fp <T.

The following is proved in Ioana [I1], 1.3:
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Consider the set A C A(I',Y,v) ((Y,v) some fixed space) of all a €
FR(T',Y,v) satisfying the following conditions:

(i) CL|F2 S ERG(FQ,Y, l/),

(ii) There is a Borel map ¢ : Y — X witnessing that ag is a factor of
a|F3 such that for each y € I',y # 1,{y € Y : 7(y) = 7(7v*(y))} is v-null.

Define the equivalence relation R on A by: aRb < a|F> = b|F,. Then
on the set 4, OE has countable index over OENR (i.e., every OE class in .4
contains only countably many OENR classes).

One can also see, using, for example, loana [I1], 2.2 (i) that CImd%2 (ag)|F2
is weak mixing. Let now 7 € Irr(Fp, H),m < Ap, (see Appendix H). Let
T = Ind?2 (m) be the induced representation. Since Indll;z()\g) ~ Ar and
T < Ap, = Indj, (1) < Indf, (Ap,), it follows that & < Ap (see Bekka-de la
Harpe-Valette [BAIHV]). Moreover 7|A < Ap|A ~ Aa, for any A < T, so
7|Fy < Ap, and thus 7|F» is weak mixing (since Ay, does not weakly con-
tain a finite-dimensional representation; see Dixmier [Di], 18.9.5, 18.3.6).
Let now az be as in Theorem E.1, so that az|Fy € WMIX(F5, X, 1) (see the
paragraph following E.1). Put

b(m) = CInd?2 (ap) X az.

Then, recalling Appendix H, (C), b : S(Ar,) — FR(I',Y,v) (for some ap-
propriate (Y,v)) is a Borel map (where A(T',Y,v) has the weak topology)
and b(m) € A.

Thus b~ (OE) has countable index over b~'(OEN R) and we next verify
that b~!(OE N R) has countable index over =. Indeed, if 7,p € S(\g,)

and b(r)Rb(p), then p < j|Fy < k7|Fy < k2| Fy (as a5l Fy T b(p)|Fa) =
/@8(”)|F2. Thus fixing m, all such p are irreducible subrepresentations of

mg(ﬂ)|F2, so there are only countably many, up to .

It follows that 5~ 1(OE) has countable index over £ in the space S(\f,).
Now the conjugacy action of U(H) on S(Ag,) is turbulent by Appendix H,
(C) (see the second to the last remark). As in the proof of 17.1, this shows
that Ey can be Borel reduced to OE in FRERG(I', X, ) and also that the
latter cannot be classified by countable structures.

Addendum. Inessa Epstein [E] has now shown that any non-amenable
group I' has continuum many non-orbit equivalent, free, measure preserving,
ergodic actions. By combining her work with that of Ioana-Kechris-Tsankov
[IKT] one can now obtain a complete solution to Problem 17.6. We have in
fact the following stronger result.

Theorem 17.7 (Epstein-Ioana-Kechris-Tsankov; see [IKT]). Let T’
be a non-amenable group. Then Ey can be Borel reduced to the orbit equiva-
lence relation of measure preserving, free, mizing actions of I' and this orbit
equivalence relation cannot be classified by countable structures.
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Thus we have a very strong dichotomy: If an infinite group I' is amenable,
there is exactly one orbit equivalence class of measure preserving, free, er-
godic actions of I'. If I' is not amenable, orbit equivalence of such actions
(even if they are mixing) is unclassifiable in a very strong sense.

18. Classifying group actions: A survey

In several places before we have considered various notions of equivalence
of actions of a given group I' and discussed a number of results concerning
the complexity of classification under each notion of equivalence. Our aim
in this section is to summarize what seems to be known in this context and
collect problems that are left open.

Fix a countable infinite group I'. In the space A(T", X, u) we have con-
sidered the following equivalence relations:

(i) a = b (isomorphism)

(ii) aOEbD (orbit equivalence)

(iii) a =" b (weak isomorphism)

(iv) k& = k8 (unitary equivalence)

(v) a ~ b (weak equivalence)

These are discussed in Section 10. It is clear that (i) = (ii), (i) = (iii)
= (iv), (iii) = (v). To avoid trivialities, we will consider these equivalence
relations on the space FRERG(T', X, i) of free, ergodic actions of I'. We will
start with I' = Z, then consider abelian I', amenable I and general (infinite)
I', as the information available is decreasing as we pass from one case to
the next. For each group I', we will consider relations between (i)—(v), the
Borel complexity of each one of them (in the weak topology) and finally
their complexity in the hierarchy of equivalence relations.

CaseI.IT' =Z.

(Ia) Comparisons. By Dye’s Theorem, any two a,b € FRERG(Z, X, u) =
ERG(Z, X, n) = ERG are orbit equivalent, so clearly (ii) # (i). It is known
that (iii) # (i); see Glasner [GI2], 7.16. If a =" b, then a,b have the same
entropy, so, considering Bernoulli shifts of different entropy, we see that (iv)
# (iii). Finally, we have again that a ~ b for any a,b € ERG(Z, X, 1) (see
2.4), so (v) # (iii).

(Ib) Borel complexity. Foreman-Rudolph-Weiss [FRW] have shown that
= on ERG is not Borel (it is clearly analytic). (ii), (v) are of course trivial on
ERG and =% is analytic. Open problem: Is =* on ERG Borel? Finally,
by spectral theory, (iv) is Borel.

(Ic) Equivalence relation complezity. In terms of Borel reducibility, a
(strict) lower bound for = is measure equivalence (see 5.7) and an obvious
upper bound is the universal equivalence relation induced by a Borel action
of the group Aut(X, u1) (or equivalently induced by a Borel action of U(H));
see Becker-Kechris [BK] for a discussion of these universal equivalence re-
lations. Open problem. Is = on ERG Borel bireducible to the universal
equivalence relation induced by a Borel action of Aut(X, )7 We have seen
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in 5.7 that (iv) is Borel bireducible to measure equivalence and of course
(ii), (v) are trivial. Finally =" is not classifiable by countable structures;
see 13.9. Open problem. Does E; Borel reduce to =% on ERG? (See
13.10.)

Remark. One can also ask about the complexity of isomorphism within
each unitary equivalence class of ergodic transformations. Not much seems
to be known about this problem; see Section 5, (C).

Case II. T abelian.

(ITa) Comparisons. Same as with I' = Z, except that I do not know if
(iii) # (i) has been verified for all abelian T

(ITb) Borel complexity. Same as with I' = Z, except that we have an
additional open problem. Open problem. Is = on FRERG(I', X, 1) non-
Borel?

(Ilc) Equivalence relation complexity. Same as with I' = Z.

Case III. I" amenable.

(ITIa) Comparisons. Same as with I" abelian.

(ITIb) Borel complexity. Same as with I' abelian, except that we have
an additional open problem. Open problem. Is unitary equivalence on
FRERG(T', X, i) Borel?

(ITlc) Equivalence relation complexity. Concerning isomorphism in the
space FRERG(T', X, 1), we have seen in 13.7 that it is not classifiable by
countable structures. Since this is true even allowing C-measurable func-
tions, it follows from Hjorth-Kechris [HK1], 2.2 that Fy can be Borel reduced
to 2 on FRERG(T', X, u1). (Recall that a function between standard Borel
spaces is C-measurable if the preimage of each Borel set is in the smallest
o-algebra containing the Borel sets and closed under the Souslin operation
A.) Not much else seems to be known about the equivalence relation com-
plexity of . Again OE is trivial and so is (v). Nothing seems to be known
about weak isomorphism and unitary equivalence.

Case IV. General T'.

(IVa) Comparisons. As far as I know, it is open whether for every infinite
countable group I' the reversals of the implications (i) = (ii), (i) = (iii) =
(iv), (ili) = (v) fail.

Addendum. Kida [Ki| provides examples of groups I' for which (i) <
(ii). Also a recent result of Bowen [Bo] shows that for any I' D F, (iii) =
(i) fails.

(IVb) Borel complexity. It is again open whether the relations (i)—(iv)
are non-Borel for every countable group I'. Clearly weak equivalence is Gs.

Addendum. To6rnquist [To3] has recently shown that isomorphism and
orbit equivalence are not Borel for groups I' with relative property (T) over
an infinite subgroup.
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~

(IVe) Equivalence relation complexity. As in (IIlc), = on the space
FRERG(TI', X, ) cannot be classified by countable structures and Ej can be
Borel reduced to = on FRERG(T', X, i). Concerning orbit equivalence, it
is now known (see 17.7) that for non-amenable I, Ey can be Borel reduced
to OE on FRERG(I', X, 1) and the latter is not classifiable by countable
structures. Nothing much is known about weak isomorphism. Concerning
unitary equivalence, we have seen in 13.8 that it cannot be classified by
countable structures and again it follows that Ey can be Borel reduced to
it. Finally, weak equivalence, is Gs and thus smooth. It does not seem to be
known however whether for every non-amenable I', there is more than one
weak equivalence class in FRERG(T', X, i) (see the fourth remark of Section

13, (A)).



CHAPTER III

Cocycles and cohomology

19. Group-valued random variables

Let G be a Polish group and dg = d a compatible metric bounded by 1.
Let (X, 1) be a standard measure space. We denote by

L(X,u, Q)

the space of all Borel (equivalently u-measurable) maps f : X — G, where
we identify two such maps if they agree p-a.e. Thus L(X, u, G) is the space
of G-valued random variables. We endow L(X, p, G) with pointwise multi-
plication

fo(@) = f(x)g(),
under which it is clearly a group. We next define a metric dx ,c on
L(X,p,G) by
dxnclf0) = [ A (@), g(a))duo)

Convention. When G is a countable (discrete) group, we will always
assume that it is equipped with the metric dg = d, where d(z,y) = 1, if

T #y.

It follows that when G is countable,

dx po(f,9) = p({z: f(2) # 9(x)}).

The following proposition is obvious.

Proposition 19.1. If d is left-invariant (resp., right-invariant, (two-sided)
invariant), so is dx G-

We denote by 7(dx ) the topology on L(X, i, G) induced by dx ,.q-
Proposition 19.2. 7(dx . ) is a group topology.

Proof. To simplify the notation, write below d= dx uq-

Assume d(fy, f) — 0,d(gn,g) — 0 in order to show that d(f; !, f~1) —
0, d(fagn, fg) — 0. Put ro(x) = d(fa(@), f()), sn(z) = d(fa(z) =", f(2) 7).
Then r, > 0,7, € L*(X,u,R), 7, — 0 in L*(X,u,R), so 3{n;} such that
rn;(x) — 0, pra.e. Thus s,,(z) — 0 p-a.e., so by Lebesgue Dominated
Convergence J( fn_il7 f~1) — 0. Similarly, for any sequence {m;} there is a
subsequence {n;} with cZ(f;il, fH —0,s0d(f;7' f1) — 0. The argument
for multiplication is essentially the same. O

125
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Proposition 19.3. The topology T(dx u.c) depends only on the topology of
G and the measure class of p, i.e., if di,de < 1 are compatible metrics on

G and py ~ p2, then 7((d1) x,u,6) = 7((d2) X 12,6

Proof. First we show that for any p, 7((d1)x,uc) = 7((d2)x,uc). Fix
e > 0 and find 0 < § < e such that By, (1,0/2) C Bg,(1,¢/2). Then we claim
that (in the notation of the proof of 19.2) B (1, (6/2)?) C Bj,(1,¢€). Indeed,
if di(1,f) = [di(1, f(z))du(x) < (6/2)2, then, by Chebychev’s inequality,
p({z - di(1, f(z)) > 6/2}) < 6/2, 50 do(1, f) < 5/2+6/2 < e.

Next we show that for any d, 7(dx u,,¢) = T(dx u,,c). Fix again € > 0
and find 0 < § < € such that for any Borel set B, p1(B) < §/2 = u2(B) <
€/2. Then, as before, B;,. (1,(5/2)?) C Bd'u2(1,€) (where d,,, = dx ;.¢). O

From now on we will simply write 7x , ¢ for this topology. We will
next verify that it coincides with the topology of convergence in measure.
Recall that for f,,f € L(X,u,G), fr, — f in measure if Ve > 0(u({z :

d(fn(2), f(x)) = €}) = 0).

Proposition 19.4. The following are equivalent for f,, f € L(X,u,G):
(i) fo— f (in 7xu6),
(ii) fn — f in measure,
(iii) For every sequence {m;}, there is a subsequence {n;} such that

Jui(@) = [(@), p-ace. (2).

Proof. (i) = (ii): By Chebychev’s inequality, € - u({x : d(f(z), g(x)) >
5}) < dX,,u,G(f7 g)‘

(ii) = (i): Let rp(x) = d(fn(z), f(x)). If f, — f in measure, then
rn : X — R converges in measure to 0, so there is {n;} such that r,,, — 0 a.e.,
thus by Lebesgue Dominated Convergence, dx ,,G(fn;, f) — 0. Similarly for
any sequence {m;}, there is a subsequence {n;} such that dx ,.c(fn;, f) — 0,
so fn — f.

This argument also shows that (ii) = (iii). Finally, (iii) = (i) follows
immediately by Lebesgue Dominated Convergence. O

Since every two standard measure spaces (X1, 1), (Xo, p2) are isomor-
phic, it follows that (L(X,u,G),7x ua) (resp., (L(X,u, G),dx uq)) is de-
termined uniquely up to homeomorphism (resp., isometry). Thus, if we do
not need to indicate (X, ) explicitly, we will sometimes write

é = L(X7 Ky G)7
T = TX,1,G>
d=dx,.c.

Next we note that the map g € G +— (z +— g) is an isometric embedding
from G to the subgroup of constant functions in G, so we can view G as a
(topological) subgroup of G, G < G, and d as an extension of d.
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Consider now for n > 1 the product group G2" with compatible metric
271
dn({g:}, {hi}) = 27" d(gi, b
i=1

We can embed isometrically G2* into G2 via

(g15---,927) — (91,91, 92,92, - - -, g2n, Gon ),

so we can write G! < G2 < G* < ... and let G(®) = U., G?") | which is a
separable metrizable group with compatible metric J,, dp.

Since (X, p) is a standard measure space, we can find a sequence of
finite Borel partitions of X,Py > Py > ..., with Pyqq refining P,, P, =
{Aln b 213 bo(A; )) = 27", and the Boolean algebra generated by | J,, Pn
dense in MALG Denote by Gy, the subgroup of G consisting of all functions
which are constant on each piece of the partition P,. It is then clear that the
groups G2" and G,, are isometrically (with respect to don, d\G ) isomorphic,
so we can identify G2" and G,, and thus G(*) with G ) = Un Ghn.

Proposition 19.5. G is dense in G and thus G is separable.

Proof. Using the separability of G, it is easy to check that the f € G
with countable range are dense in G, from which it immediately follows that
the f € G with finite range are dense in G. Given such an f with range
{91, -, g1}, let A; = f71({g:}), and for each € > 0 find n large enough so
that there is a partition Bj,..., By consisting of elements of the Boolean
algebra generated by P, with u(A;AB;) < €/k,¥i < k. If g € G is defined
by g(x) = g;, for & € B;, then g € G,, and d(f, g) < e. O

Finally we have:

Proposition 19.6. If the metric d on G is complete, so is the metric d on
G. Thus G is a Polish group.

Proof. Let {f,} be d-Cauchy, i.e., [ d(fu(z), fm(2))du(z) — 0. Fix ¢ >
0. Then there is N such that for m,n > N, [d(fm(z), fo(z))du(z) < €%, so
w({x : d(fm(z), fu(x))} > €} < e. Thus we can find n; < ng < ... such that
if A; = {z:d(fn,(2), fasy, (x)) > 277}, then p(A;) < 27 Thus, by Borel-
Cantelli, ANVi > N(xz € A;), a.e.(x), i.e., ANVI > N(d(fn,(x), fr;y,(2)) <
274, a.e.(r), so {fn,(z)} is d-Cauchy and f,,(r) — f(x), a.e., for some
f € G. Using Lebesgue Dominated Convergence, d( fn;» f) — 0 and so
d(fn, f) — 0. O

Thus for each Polish group G, we have a canonical way of enlarging G to
a Polish group G in which G is a closed subgroup. An interesting property
of this extension is the following.

Proposition 19.7. For any Polish group G, G is contractible.
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Proof. We can take (X, ) = ([0,1],\). For f € G,t € [0,1] let fy(z) =
f(@),ifz >t=1 iz <t Thus fo=f fi =1 Alsoif s <t,d(fs,9) <

(t—s)+d(f,g), so (f,t) — f; is continuous and a contraction of G to 1. O

We next note that we can extend the definition of L(X, i, G) to the case
of a o-finite measure. So let X be a standard Borel space, v a non-atomic
o-finite measure on X and let 1 ~ v be an equivalent probability measure.
Then we define L(X,v,G) to be L(X, u, G) (which clearly only depends on
v). The topology 7x , ¢ depends only on the measure class of 4, thus only
on v, and we can denote it by 7x, . We also have the compatible metric
dx. G, which of course depends on .

Fix now a complete metric d on G. Consider the complete metric group
(G,d) = (L(X,u,G),dx .c). Then we have a canonical shift action of
Aut(X, p) by isometric isomorphisms of (G,d), which is an analog of the
Koopman representation of Aut(X,u) on L?(X,p). Namely, for any T €
Aut(X,p), f € L(X,u1,G), let T - f(x) = f(T'"1(z)). Thus to each T €
Aut(X, u) we associate the isometric isomorphism

vwr(f) = foT™!

on (G, d). Endowing, as usual, the isometry group Iso(G, d) with the point-
wise convergence topology, under which it is a Polish group, we have the
following fact.

Proposition 19.8. If G is non-trivial, the map T +— v is a topological
group isomorphism of (Aut(X,u),w) with a (necessarily closed) subgroup
of Iso(G,d). In particular, the action T - f of Aut(X, p) on L(X,u,G) is
continuous.

Proof. This map is clearly a homomorphism from Aut(X,u) into the
group Iso(G,d). If vp = 1, then f(T (z)) = f(z), ae., YVf € G. Fix
go # 1,90 € G. Let for A C X, xa(x) =go,ifx € A; =1,ifc g A If Ais
Borel, then x4 (T (x)) = x7(4)(z), a.e, s0o T(A) = A. Thus T'= 1.

Clearly T' +— up is Borel, thus continuous. Conversely, if v7, — 1,
then for any Borel A, v, (x4) — x4 (in G) or [ d(x1,(a)(2), xa(2))du(z) =
S 3 yaa@)d(L, go)du(z) = p(Tu(A)AA)(L,go) — 0, Lo, Ty — 1. O

Remark. It is clear that if G is abelian, so is G. Glasner [Gl1] has
shown that T is monothetic.

Remark. Pestov [Pel] has shown that if G is amenable locally compact,
then G is extremely amenable.

Remark. Let G = Zy and d be the discrete metric on G. Then clearly
G can be identified with (MALG,,, A) and d(A, B) = d,(A, B) = u(AAB).
In this case, via T' +— up defined above, Aut(X, p) is identified with the
group of all isometries S of (MALG,,,d,,) such that S(0) = 0.
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Since Aut(X,u) acts on G by shift, T- f = f o T~ !, we can form the
semidirect product

Aut(X, p) x G,
which is the product space Aut(X, ) x G with multiplication

(S7 f)(T7g) = (ST7 (T_l ' f)g)

See Appendix I for more about semidirect products and, in particular, see
part (B) for our choice of the multiplication rule.

Clearly Aut(X,u) x G is a Polish group (when Aut(X, p) is equipped
with the weak topology) and the canonical action of Aut(X, u) on the group
Aut(X, i) x G given by

T-(S.f)=(TST~\,T-f)
is a continuous action by automorphisms.

Comments. The basic facts about the group L(X, u, G) can be found
in Moore [Mo], which lays the foundation of Moore cohomology theory (note
that one can also consider the analogous metric space L(X, u, M) for any
given metric space M). The earlier paper Hartman-Mycielski [HM] gives a
version of this construction with emphasis on the connectedness properties
of the resulting groups.

20. Cocycles

(A) Let a € A(T", X, 1) be a measure preserving action of a countable
group I' on (X, p) and let G be a Polish group. A cocycle of a (with values
in G) is a Borel map o : I' x X — G such that for all 7,5 € T', writing
a(y,x) =~ -z, we have the cocycle identity:

(*) a(vd,x) = a(y,0 - v)a(d, x), p-a.e.(x).

We identify two cocycles a, 3 if for all v, a(y, x) = (v, z), a.e.(x). Thus we
could equivalently consider measurable instead of Borel cocycles. Note that
the cocycle identity implies a(1,z) = 1,a(y,2) "' = a(y 71,7 1), a.e.(z).
We denote by
Z'(a,G)

the set of cocycles for the action a. Thus Z'(a,G) C L(I' x X,nr x p, G),
where nr is the counting measure on I

When I' acts in a Borel way on a standard Borel space X a strict cocycle
for this action is a Borel map a : I' x X — G such that «(vd,z) = a(y,0 -
x)a(d,x) for all v,0 € I', and all x € X. It is easy to check that given
a € ZYa,@G), there is a strict cocycle o/ such that for all v, a(y,z) =
o/ (v,x), a.e.(z). Indeed, there is a Borel set A C X of measure 1 which is
invariant under the action a and (*) holds for all 7,§ € I';x € A. Then put
d(v,x) =a(y,z),if r € A, and o/ (y,2) =1, if x € A.
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When a € Z!(a,G) is independent of z, i.e., a(y,z) = ©(7),, where
¢ : I' = G, then (*) implies that ¢ is a homomorphism. Thus the homo-
morphisms ¢ : I' — G are exactly the cocycles that depend only on v € I'.

The group L(X,u, G) = G acts on Z!(a,G) by

fraly,@) = f(y-a)aly,z) f(x)"
We say that «, 8 are cohomologous cocycles or equivalent cocycles, in symbols
o~ f,
if there is f € G with f-a = 8. We denote by
[a]~
the cohomology class of . The trivial cocycle is denoted by 1: a(y,x) = L.
A cocycle « is a coboundary if it is cohomologous to 1, i.e., for some f € G

a(y,z) = fly-=)f(z)~".
The set of coboundaries is denoted by
B'(a,G).
Finally the quotient space
HY(a,G) = ZY(a,G)/ ~
is called the (1st-)cohomology space of a, relative to G.
In the special case where G is abelian, Z!(a, G) is an abelian group under

pointwise multiplication, B'(a, G) is a subgroup and clearly ~ is induced by
the cosets of B!(a,G), so

H(a,G) = 7}(a,G)/B(a, G)

is an abelian group, the (1st-)cohomology group of a.
If we view an action a € A(T", X, i) as a homomorphism
a € Hom(T", Aut(X, p)),

where (by abusing notation) a(y) = v* = (¢ — a(v,x)) and a cocycle
a:I'xX - Gasamap a: ' — L(X, u,G), where a(y)(x) = a(v, z), then,
as explained in Appendix I, the pair (a,«) gives an extension of the homo-
morphism a € Hom(I', Aut(X, ) to a homomorphism v +— (a(7), a(y)) of

I into Aut(X, p) x G, where this semidirect product is defined as in Section
19, (B). Thus if we put

AZY D, X, 1, G) = {(a,a) :a € AL, X, ), € Z (a,G)},
then we can identify AZ' (T, X, 1, G) with Hom(T, Aut(X, u) x G).

Recall that Aut(X, ) acts on Aut(X, ) x G by
T.(S.f) = (TSTLT - f),
where T - f = f o T~!, and thus acts on AZY(T", X, i, G) by
T-(a,0) = (TaT 1T -a).
where T - a(y,z) = a(y, T~ 1(x)).
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Let C, be the stabilizer of the action a, i.e.,
Co={T:TaT™! = a}.

This is a closed subgroup of Aut(X,u). Then C, acts on Zi(a,G) via
(T, ) — T - . Note that this action preserves ~, i.e.,

a~f=T-a~T- -0

and so preserves Bl(a,G). It also induces an action on H'(a, G).
Consider now the semidirect product Cy, X G (a closed subgroup of the
group Aut(X, ) x G). It acts on Z'(a,G) by

(T.9) - aly,z) = g(v- T~ (x))aly, T~ (x))g(T~ ().

If o, 3 belong to the same orbit of this action then we say that «, 3 are
weakly equivalent, in symbols,

a~" .
We can easily see that
a~ B 3dT e Co(T-a~p).

More generically, if a; € AT, X;, 1i),i = 1,2, 05 € Z'(a;, G), we say that
a1, g are weakly equivalent, oy ~% g, if there is an isomorphism of the
actions a1, ao that sends ay to a cocycle equivalent to as.

(B) Let now E be a countable, measure preserving equivalence relation
on (X, pu). Recall from Section 6, (B) that we can define a o-finite Borel
measure M on E C X2 by M(A) = [card(A4;)du(z) = [ card(AY)du(y),
for Borel A C E. Note that A C F is M-conull iff there is an E-invariant
Borel set B C X of measure 1 such that for z,y € B,zEy = (z,y) € A.

A cocycle of E with values in GG is a Borel map « : £ — G which satisfies
the cocycle identity

a(z, z) = aly, z)a(z,y),
for all zFEyFz in some E-invariant Borel subset of X of measure 1. We
identify two cocycles «, g if a(z,y) = B(z,y), M—a.e.(z,y). Again instead
of Borel we could equivalently consider (M —)measurable cocycles. If «v is a
cocycle, then a(z,z) =1 and a(z,y) = a(y,z) "1, a.e.
We denote by
ZNE,G)
the set of cocycles for E with values in G, so that Z'(E,G) C L(E, M, Q).

Again for any countable Borel equivalence relation E on a standard Borel
space X, a strict cocycle is a Borel map a : E — G such that a(z,z) =
aly, 2)a(z,y) for all tEyEz. Tt is easy to see that for any a € Z'(E,G)
there is a strict cocycle o’ such that a(x,y) = o/ (x,y), M—a.e.(z,y).

The group L(X,u,G) = G acts on Z'(E,G) by

fralz,y) = fy)az,y) f(z)~)
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and we say that a, 3 are cohomologous cocycles or equivalent cocycles, in
symbols

ar~ G,

if they belong to the same orbit of this action and we denote by [a]. the
cohomology class of . The cohomology class of the trivial cocycle a(x,y) =
1 is the set of coboundaries, denoted by

BY(E,G),
and the quotient space
HY(E,G)=Z"(B,G)/ ~
is the (Ist-)cohomology space of E, relative to G. Again if G is abelian,
BY(E,G) < ZY(E,G) and H'(E,G) = ZY(E,G)/BY(E, G) are also abelian
groups, the latter called the (1st-)cohomology group of E.
The automorphism group N[E] of [E] acts on Z}(E,G) via
T- OL(ZL', y) = O((T_I(ZL‘), T_l(y))v
and this action preserves ~ and B'(E,G) and thus descends to an action
on HY(E,G). Finally N[E] x L(X,p,G) < Aut(X, u) x L(X, 1, G) acts on
Z'(B,G) by
(T.9) - a(z,y) = g(T~ (y))a(T™ (2), T (y)g(T~ (x)) ™
and induces the notion of weak equivalence,
o~ B,
among cocycles. Again
a~" B 3T e NE|(T -a~f).
Similarly we define the notion of weak equivalence of o;; € Z'(E;, G),i = 1, 2.

Remark. Note that if 7' € [E], then T - o ~ a. Because if f(z) =
a(z, T~!(x)), then
f-ae.) = Fyaley)f@) ™ = al, T @)al, v)o(T @), )
=a(T ' (2), T () =T - alz,y),
soa~f-a=T:a.

(C) Suppose now that a € A(I', X,u) and let E, be the associated
equivalence relation. Then there is a canonical embedding of Z!(E,, G) into
ZY(a,G) given by

Oé({l}7y) = a*(f}/ax) = O[(:E,’y : .I)
(To see that this is 1-1 note that if a # 3, so that M ({(z,y) € E, : a(x,y) #
ﬁ(m,y)}) > 0, then for some v e FaM({CI:?"Y'I) : Oé(IL’,"}/':ZI) 7é ﬂ((l),’)/x)}) >
0, so p({z : a*(y,x) # B*(v,x)}) > 0.) Clearly a — o preserves the action
of L(X, p,G) on ZY(E,, G), Z'(a,G), so sends Z*(E,, G) onto a cohomology
invariant subset of Z!(a,G). Also it maps B!(E,, G) onto B!(a,G).
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We note that a +— o* maps Z1(E,, G) onto Z'(a,G) iff a is free. Indeed,
if a is free, and o« € Z'(a,G), let B(z,y) = a7y, ), where v -z = y. Then
B* = a. Conversely, if a is not free let B(v,z) = ~. If o = 3, then
v = afz,y - x). Let x be such that v-x = x for some v # 1. Then
v =az,y-x) =alx,z) =1, a contradiction.

Remark. Suppose that a is not necessarily free but E, is treeable with
associated treeing 7 C E,. Let I' = {v,} and find Borel e : 7 — T' with
e(z,y) -z = y and e(y,z) = e(z,y)~!. Also let e(z,2) = 1. Extend e to
e: E—T bye(x,y) =e(xn,y) --e(r1,x2)e(x, x1), where x,x1,...,2Ty,y is
the unique 7-path from x to y. Clearly € € Z!(E,,T') and e(x,y) - = = y.
Define now

/8 € Zl(aa G) = ﬂ* € Zl(EavG)
by
Bi(z,y) = B(e(z, y), ).
Then (a*), = a, so B+ B, is a map from Z!(a,G) onto Z'(E,,G), which
is the inverse of a +— a* on Z'(E,, G)*.

(D) Suppose that {7;}ier (finite or infinite) is a set of generators for
[. Fix a € A(T', X, ). Given a € Z'(a,G), put fa.i(z) = a(vi,x). Clearly
fai € L(X, 1, G) = G. Since for §,61,...,0, €T,

(6102 Op, ) = (91,020 - ) - - A(Op—1, 0p, - T)(Ip, ),

and (671 z) = (4,071 - 2)71, it follows that the maps {fa:}ics com-
pletely determine . When I' = F, and ~i,...,7, are free generators,
then o — (fa1,---,fan) is a 1-1 correspondence between Z!(a,G) and
(G)", so Z'(a,G) can be identified with (G)™. When G is abelian, this
is an identification of the group Z'(a,G) with the product group (G)™.
Thus in the particular case I' = Fy = Z, Z'(a,G) can be identified with
L(X, 1, G) with a € Z1(a, G) identified with f(z) = a(1, ) (then note that
an,r)=f((n—1)-2)... f(1-2)f(x) if n > 0 and a(n,r) = a(-n,n-z)~ 1,
if n <0).

(E) Given two homomorphisms ¢, : I' — G between countable groups

I',G viewed as cocycles in Z!(a,G) for a given a € A(T, X, pu), we can
determine when ¢, 1 are cohomologous. Call ¢, conjugate if thereis g € G

such that go(y)g™' = ¥(y),¥y € T.

Proposition 20.1. Let I' be a countable group, G a countable group and
v, € Hom(T', G). Ifa € A(T', X, ) is such that every finite index subgroup
of T acts ergodically (e.g., if a is weak mizing), then (viewing ¢, as cocycles
in Z\(a, G)),
p ~ Y &) are conjugate.
Proof. < is obvious.
=: Assume that for some f € G,

() = f(y-z)e(y) flz)
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Let go € G be such that f~1({go}) = Ag has positive measure. Then

2,y -z € Ay = P(y) = gop(7)gp -

Put To = {y € T : ¢(y) = gop(7)gy '} Then Ty < T and x,7-z € Ag =
v € Ty. Conversely, if v € Tg,x € Ag, then ¥(v) = f(v- :E)gp(y)gal, SO
900y = f(v-z)e(1)gy ", thus f(y-z) = go and so v -2 € Ag. It
follows that Ag is I'g-invariant and Ay meets every I'-orbit in a single I'o-
orbit (modulo null sets).

Let {vi}ier be a set of left-coset representatives for I'g. Then we claim
that i # j = v - Ao Ny, - Ag = 0. Otherwise, there are zg,yo € Ay with
Vi*To = 7; Yo, SO o, Yo are in the same I'-orbit, thus the same ['g-orbit. Let
Y0 * To = Yo, for some vg € I'g. Then fyo_lfyj_lfy,- - Ty = Xg, SO ,yo—l,yj—l% eIy,
ie., v € v;10, a contradiction.

Therefore I is finite and thus [I" : I'g] < co. So I'y acts ergodically and
therefore (Ap) = 1 and ¢, 1) are conjugate. O

In particular, under the hypotheses of the proposition, the only homo-
morphism in B!(a,G) is the trivial one.

Remark. The condition that every finite index subgroup of I' acts
ergodically is necessary. Let I' = I'g X Zo, where I'( is an infinite group. Let
a € A(Ty, X, ) be free and ergodic, let Y = X x {0} U X x {1} = Xo U X3
be the union of two disjoint copies of X, and let v = %(MO + 1), with p; the
copy of pin X;. Let I'g act on Y in the obvious way: v-(z,i) = (v-x,7). Let
Zs act on'Y by the involution T'(z,i) = (x,1—14). This action commutes with
the I'p-action, so it gives an action of I' which is free and ergodic. However,
it is obviously not I'g-ergodic. Let ¢ : I' — Zg be the projection map. Then

o ~ 1 (since p(7) = f(7 - y) — f(y), where f(z,) = i) but ¢ # L.

(F) Let E; C E5 be two equivalence relations on (X, ). Then there is
a canonical restriction map

a € ZHEy, G) — a|Ey € ZYE1, G).
It clearly respects the action of G and thus o ~ 8 = a|E; ~ 3|Ey.

(G) Consider next an equivalence relation E on (X, ) and let A C X be
a Borel complete section a.e. (i.e., A meets almost all E-classes). Then E|A

(B)

is an equivalence relation on (A, ), where pa(B) = () s the normalized

restriction of p to A. For each o € Z'(E, G), we denote by a|A its restriction
to A, so that a|A € Z1(E|A,G). Conversely, fix a Borel map fq: X — A
such that fa(z)Ez, a.e., and fa|A = id. Then given 8 € Z!(E|A, G), define
B4 € Z(B,G), by BA(z,y) = B(fa(x), fa(y)). Thus BAIA = B. Tt is clear
that

B~ By & B~ B3
We also claim that

a1 ~ g = Oél‘A ~ Oég’A.
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The direction = is obvious. Conversely, assume that there is g : A — G
such that for uFEv,u,v € A, we have

aa(u,v) = g(v)a (u, v)g(u) .

Let then f: X — G be defined by

f(@) = aa(fa(@),x)g(fa(z))on(z, fa(z)).
Then for zEy we have

), fa(y))g(fa(x)) " az(x, fa(@))

)
):9)9( y))
(@), 2)g(falz))” az(x fa(z )
) 9)g( (x
)sy)az(falx), faly))oz(z, fa(z))

=
= as(z,y).

In particular, for any a € Z1(E, Q)

a~ (al4)*
(since a|A = (a|A)4|A). Thus the map

Be ZYE|AG) — gt e ZYE,G)

is a bijection from Z'(E|A,G) onto a subset Z§ C Z1(E,G), which is a
complete section of ~ on Z'(E,G). So in a sense the cohomology spaces
H'(E,G) and H'(E|A,G) are isomorphic.

Comments. Some basic references for the theory of cocycles are the
following: Feldman-Moore [FM], Schmidt [Scl], [Sc5] and Zimmer [Zi].

21. The Mackey action and reduction cocycles

(A) We will work for a while in a pure Borel theoretic context with no
measures present.

Let E be a countable Borel equivalence relation on a standard Borel
space X, let G be a Polish group, and o : E — G a strict Borel cocycle.
Consider the space X x G and the equivalence relation R, on X x G defined
by

(z,9)Ra(y, h) & zEy & a(z,y)g = h.
Let
Xo = (X xG)/R,
be the quotient space, which is not necessarily a standard Borel space. The
group G acts in a Borel way on X x G by

g (.’L',h) = (xvhg_l)
and this action respects R,, so G acts on X, by

g- [:c,h] = [xvhgil]v
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where [z, h] = [(z, h)]r,. Note that this action is free.
Recall that when a group H acts on a set Y, we denote by E}/I the
equivalence relation induced by this action. Let p, : X — X, be defined by

Pa(x) = [z, 1].

Then it can be easily seen that p, is a reduction of E to Eé“, ie.,

2By & pa(2)ES*paly),

and « is the associated cocycle to p, in the sense that

rEy = a(,y) - pa(z) = paly)-

Moreover the reduction p, admits a Borel lifting, i.e., there is a Borel map
fai X — X x G (namely ¢, (x) = (2,1)) with pa(z) = [¢a(@)].
Conversely, let Y be a standard Borel space, I a Borel equivalence
relation on Y, G a Polish group and assume G acts freely on Y/ F so that this
action has a Borel lifting, in the sense that there is a Borel map ¢ : G XY —

Y such that g-[y]r = [¥(9,y)]r. fp: X — Y/F is areduction of E to Eg/F,

ie, 2By & p(m)Eg/Fp(y), and p admits a Borel lifting, i.e., there is Borel

¢ : X — Y with [p(z)]r = p(x), then we can define the (strict) Borel cocycle
a : E — G associated to this reduction by a(z,y)-p(z) = p(y) (to see that «
is Borel notice that a(z,y) = g < g-[0(@)]lr = [p(y)]r < V(g 0(x))Fe(y),
so the graph of « is Borel).

Let us note now that the map p, : X — X, has range p,(X) which is a
complete section for Eg(’, ie., G- po(X) = X,. Wenow have the following
uniqueness property.

Proposition 21.1. Let E be a countable Borel equivalence relation, G a
Polish group and o : E — G a strict Borel cocycle. Let Y be a standard
Borel space, F' a Borel equivalence relation on Y and assume G acts freely
on Y/F with Borel lifting and p : X — Y/F is a reduction of E to Eg/F
with Borel lifting, such that G-p(X) =Y/F and p has associated cocycle c.
Then there is a unique isomorphism 7 : X, — Y/F of G-actions such that

mopa = p. Moreover, © has a Borel lifting (i.e., there is Borel : X XG — Y
with 7([z, g]) = [0(z, 9)|F)-

Proof. To prove uniqueness, assume that w1, 7 are two such maps.
Then m([z,1]) = p(z) = m([z,1]), so mi([z,g]) = m(g~" - [z,1]) = g7
mi([z,1]) = g7 - ma([z, 1)) = m2([2, 9)).

Now put

m([z,g]) =g~ " - p(a).

It is easy to check that this is well-defined and works. O

Let now « ~ (3 in the Borel sense, i.e., there is Borel f : X — G with

Fa(z,y) f(z)~" = B(x,y).
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Let a come from a reduction p of F to Eé/ F asin 21.1. Then let

q(z) = f(z) - p(z),
q: X — Y/F. Then ¢ is a reduction with Borel lifting of E to Eg/F with as-

sociated cocycle 3(x,y). Moreover q(x)E}G//Fp(x). Clearly (Xa,pa;Y/F,p),
(Xp,pp;Y/F,q) are canonically isomorphic by 21.1 and chasing diagrams
this shows that X, X3 are isomorphic G-spaces via the isomorphism
p:Xo— Xp

given by

p([x, 9lr.) = [z, f(2)9]R,
and moreover p(pa(x))Egﬁpg(:v). Conversely, if p: X, — Xz is an isomor-
phism of G-actions with Borel lifting and p(pq (x))Egﬁpg(x) with p(pa(z)) =
f(z)7! - pg(z), then f is Borel and

f(y)oz(:v,y)f(x)_l = 5(%,2/),

so a ~ 3, in the Borel sense.

Thus there is a canonical 1-1 correspondence between f : X — G as
above, witnessing that a ~ 3, in the Borel sense, and isomorphisms of G-
actions p : X, — X with Borel liftings for which

plpa(@)) B pa(a).

The action of G on the space X, is called the Mackey action (or Mackey
range or Poincaré flow) associated with the cocycle a. By the above it is
an invariant of cohomology (in the pure Borel context).

If a countable group I" acts in a Borel wayon X and a: I'x X — G isa
(strict) Borel cocycle for this action, then one can define the skew product
action of I' on X x G given by

v (z,9) = (v 2 a(y,7)g).

Denoting by R, the induced equivalence relation, we can define the Mackey
action as before and prove similar facts.

In particular, if F is a countable Borel equivalence relation induced by
a Borel action of a countable group I' on X, E = Eﬁf, and o : EF — G is a
Borel cocycle, then a*(v,x) = a(x,v - x) is a Borel cocycle for the action
and it is easy to check that Ry, = R, so R, is induced by the skew product
action of I' on X x G associated to o*.

(B) We are of course primarily interested in the case where the space
X, is standard, i.e., where the countable Borel equivalence relation R, is
smooth (equivalently admits a Borel selector). Let us introduce the following
notions.

For each Borel cocycle o : E — G the kernel of « is the equivalence
relation

zEyy & cFy & a(z,y) = 1.
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We say that « is smooth if E, is smooth.

A Borel cocycle a : E — G is called a reduction cocycle if there is a
free Borel action of G on a standard Borel space Y and a Borel reduction
p: X =Y of E to EY with associated cocycle a, a(x,y) - p(z) = p(y).

More generally, if G,Y are as before and p : X — Y is only a Borel
homomorphism of E to Eg, ie.,

zBy = p(z)E&p(y),

then p has an associated cocycle o : E — G given by a(z,y) - p(z) = p(y).
Again if a ~ 3 with 8(z,y) = f(y)a(z,y) f(x)~!, where f : X — G is Borel,
then letting ¢(z) = f(x) - p(x), we have that ¢ is a Borel homomorphism of
E to EY such that ¢(x)ELp(z) and ¢ has associated cocycle 3.

We now have the following fact:

Proposition 21.2. Let E be a countable Borel equivalence relation, G a
countable group and o : E — G a Borel cocycle. Then the following are
equivalent:

(i) « is smooth,

(ii) Ry is smooth,

(iii) « is a reduction cocycle,

(iv) « is associated to a countable-to-1 Borel homomorphism.

Proof. The previous analysis of the Mackey action shows that (i) =
(iii) and (iii) = (i) is clear as if « is associated to the reduction p, then
zEy.y < p(x) = p(y). Clearly (iii) = (iv) and we can see that (iv) = (i) as
follows: If p is a countable-to-1 homomorphism and xEFy = a(z,y) - p(z) =
p(y), then E, C {(z,y) : p(x) = p(y)} = F, which is a smooth countable
Borel equivalence relation, thus F, is smooth.

Finally, we verify that (i) = (ii): Let ¢ = [z, g|r,. Let g. = the least ¢’
such that Jy(y, ¢') € ¢ (“least” means in some fixed enumeration of G). Then
if (y,9¢), (2,9¢) € ¢, we have yE,z. There is Borel f: X x G — X x G such
that f(z,9) = (v, gc), where ¢ = [z, g]r,, (¥, 9c) € c. Then (z,9)Ra(y, h) <
flx,9)Ey x A(G)f(y, h), where A(G) is the equality relation on G. Thus
R, is smooth. O

A special case of a reduction cocycle comes from isomorphism. Let G
be a countable group. A Borel cocycle o : E — G is called an isomorphism
cocycle if there is a free Borel action of G on a standard Borel space Y
and a Borel isomorphism p: X — Y of E with Eg with associated cocycle
a,a(z,y) - p(x) = p(y). In this case a has the following property:

(*) For each z € X,y — a(x,y) is a bijection of [x]g with G.

Conversely, if « satisfies (*), then it is easy to check that it is an isomor-
phism cocycle. Indeed, notice that (*) implies that a(z,y) =1 < x =1y, so
« is smooth and thus the space X, of the Mackey action of G is standard
Borel, and of course the action is free. Finally (*) implies that the canonical
map po(z) = [z,1] is a Borel isomorphism of £ with E;~.
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(C) We now move on to the measure theoretic framework. Let E be
a countable Borel, measure preserving equivalence relation on (X, u),G a
locally compact Polish group, n¢g a left-invariant Haar measure, and pug ~ ng
an equivalent probability measure on G. Given a € Z'(E, G), which we can
assume to be strict, consider the product space (X x G,u x ug) and the
equivalence relation R, given as before by

(z,9)Ra(y, h) & xEy & a(z,y)g = h.

It is easy to see that R, is (i X ng)—measure preserving and therefore it is
(1 X pg)—quasi-invariant, i.e., R,-saturations of null sets are null.

Now let S, be the o-subalgebra of MALG,x ., which consists of the Rq-
invariant sets. Then there is (an essentially unique) standard Borel space
X, and a Borel map 7, : X X G — X, which is R,-invariant, and such that
if (ma)«(i X ) = fta, then A — (m4)71(A) is an isomorphism of MALG,,,,
with S, (see, e.g., Kechris [Kec2], 17.43).

Now G acts on X x G by

g+ (x,h) = (z,hg™")
and p X g is quasi-invariant under this action, which also preserves R, and
thus S,. Then by a result of Mackey [M] (see also Kechris [Kecl], 3.47),
there is (an essentially unique) Borel action of G on X, such that pu,, is quasi-
invariant and w, : X x G — X, preserves the G-actions. The G-action on
(X, o) is called the Mackey action (or Mackey range or Poincaré flow)
associated to « (in the measure theoretic context).
Define now p, : X — X, by

Pa(z) = T (2, 1).

Then zEy = pa(x)Eg“pa(y) & a(z,y) - pa(r) = paly). However the action
of G on X, might not be free (in fact X, can be trivial), and so p, might
not be a reduction.

If a ~ B and f: X — G is such that f(y)a(z,y)f(z)~! = B(z,y), let
F: X xG— X x G be defined by

F(z,g) = (z, f(x)g).
Then F is a Borel isomorphism of R, with Rg and also of the G-action
and moreover preserves p X ng. It therefore induces an isomorphism of
the Mackey actions of a,3. Thus the Mackey action is an invariant of
cohomology.

One can similarly define the Mackey action associated to an action a €
A(T, X, ) and cocycle a € Z(a, G).

We say that a € Z1(E, G) is a reduction cocycle if its restriction to an E-
invariant Borel set of measure 1 is a reduction cocycle (in the previous Borel
sense). Similarly, we define what it means for o to be associated to a Borel
homomorphism. Again if « is a reduction cocycle (resp., associated to a
homomorphism) and  ~ «, then [ is a reduction cocycle (resp., associated
to a homomorphism). Similarly, we say that « is smooth if its restriction to
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an F-invariant Borel set of measure 1 is smooth (in the Borel sense). Also
R,, is smooth if its restriction to a co-null R,-invariant Borel set is smooth
(in the Borel sense).

Finally, we recall the following notion of transience for cocycles. The
cocycle a € Z1(E, G) is transient if there is a set A C X of positive measure
and an open nbhd V' of 1 such that if z,y € A,xEy,x # y, then a(z,y) € V.
Otherwise « is called recurrent.

We now have the following analog of 21.2.

Proposition 21.3. The following are equivalent for a € Z'(E,G), E er-
godic and G countable:

(i) « is smooth,

(ii) Re is smooth,

(iii) a is a reduction cocycle,

(iv) « is associated to a countable-to-1 Borel homomorphism,

(v) « is transient.

Proof. The equivalence of (i)-(iv) comes from 21.2.

(i) = (v): Let A C X be a Borel transversal for E,. Then p(A4) > 0
and if z,y € A, zFEy,x # vy, then a(z,y) # 1.

(v) = (ii): Fix A witnessing that « is transient. Then A x {1} C X x G
is a partial transversal for R, (i.e., meets every R, class in at most one
point) and has positive u X ng-measure. Call an R,-invariant Borel set
B C X x G smooth if R,|B is smooth. By the countable chain condition
there is a largest (modulo null sets) smooth set By. As Ax {1} C By, clearly
(1 x na)(Bp) > 0. Since the action of G preserves R,, By is G-invariant, so
has the form By = Ag x G, for some Ag C X of positive measure. Moreover
Ap is E-invariant (as z € Ag,yEz = (z,9)Ra(y, a(z,9)g), so (y,a(x,y)g) €
By and y € Ap). By ergodicity of E, u(Ag) = 1, so By = X x G, modulo
null sets, and R, is smooth. a

Remark. Note that (in the context of 21.3) no a € B'(E, Q) is tran-
sient, otherwise a would be a reduction cocycle, so 1 € B'(E,G) would be
a reduction cocycle, thus E would be smooth, a contradiction.

In the measure theoretic context, we say that o € Z'(E,G), G a count-
able group, is an isomorphism cocycle if there is a free action of G on a stan-
dard Borel space Y and a Borel isomorphism 7 of E restricted to an invariant
conull Borel set with EY such that a(z,y) - 7(z) = 7(y). Such cocycles can
again be characterized by the condition that y — «(x,y) is a bijection be-
tween [z|p and G, a.e.(r). Similarly, if « € FR(I', X, pn),b € FR(G,Y,v),
then an orbit equivalence m between a,b gives rise to a cocycle a as above,
which we call an orbit equivalence cocycle.

Because cocycles arise canonically from reductions of equivalence rela-
tions and, in particular, from orbit equivalences, the study of cocycles has
numerous applications in the study of orbit equivalence in ergodic theory
as well as in the descriptive theory of Borel equivalence relations; see, for
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example, Zimmer [Zi2], Adams-Kechris [AK], Popa [Po2], for a sample of
such applications.

When E is ergodic, then the Mackey action on (X4, o) is also ergodic,
since a G-invariant subset of X, corresponds to a subset of X x G which is
both R,-invariant and G-invariant and thus either null or co-null.

On the other hand the ergodicity of R, is only true for certain cocycles
a.

Given a cocycle a € ZY(E, ), we define its essential range ER(a) C G
by

ER(a) ={g € G :V open nbhd V of g VA C X(u(A) > 0=
dr,y € A, zEy(a(z,y) € V))}.

Note that if g € ER(«a), then for every open nbhd V of g and any A C X
of positive measure, {x € A: Jy(y € A & xEy & a(zr,y) € V)} has actually
the same measure as A. It is not hard to see that ER(«) is a closed subgroup
of G. First it is clear that 1 € FR(«) and ER(«) is closed under inverses.
Let now g,h € FR(a). Fix a countable group I' and a Borel action of T’
on X with EIQ( = FE. Fix an open nbhd W of gh and open nbhds U,V of
g,h with UV C W. Let u(A) > 0. Then we can find v € T, such that if
C={zrecA:v-2eA&ar,y x) € U}, then u(C) > 0 and of course
CU~v-C C A. Similarly thereis 6 € I', D C C with u(D) >0, DU§-D C C
and a(z,0-z) € V,Vr € D. Thenifx € D,y=~d-z € Aand if 2 =§-z(€
C C A), then a(z,y) = a(z,y)a(x, 2) = a(z,7- 2)a(z,d-z) e UV CW. So
gh € ER(«). That ER(«) is closed is obvious.

When G is countable, which is the case we are mostly interested in here,
ER(«) is the subgroup of G consisting of all g € G that are in the range of
« restricted to every set of positive measure.

We now have the following well-known characterization.

Proposition 21.4. Let E be ergodic, G countable and o € Z*(E,G). Then
R, is ergodic (i.e., the Mackey action is trivial) iff ER(a) = G.

Proof. Assume first that R, is ergodic and fix A C X with u(A) > 0
and g € G. Since A x {g}, A x {1} have positive measure, they meet almost
every R,-class, so there are x € A,y € A such that (z,1)Rn(y,g). Then
zEy and a(z,y) = ¢

Conversely, assume that FR(a) = G. We will show that the R,-
saturation of any positive measure set is conull. For this it is enough to
show that if A C X, u(A) > 0 and g9 € G, then for almost all x and any
ho € G we have (x,hg)Ra(y,g0) for some y € A. Recall that for each
g€ G {reA:Jye A(xEy & a(z,y) = g)} has the same measure as A,
so B={z:Vg3dy € A(xFy & a(x,y) = g)} has positive measure and since
it is E-invariant, it has measure 1. If x € B, then there is y € A with xFEy
and OZ(ZL‘, y) = gohala S0 a(ffay)ho =90 and (Q?, hO)Ra(yaQO)‘ o

In general, the conjugacy class of FR(«) is not a cohomology invari-
ant (see, e.g., Arnold-Nguyen Dinh Cong-Oseledets [ANO]) but the normal
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subgroup

NER(a) = () (9ER(2)g™")
geG

is a cohomology invariant. Indeed, let o ~ 3 and assume that ghg~! €
ER(a),Vg, in order to show that h € FR(3). Fix f such that g(z,y) =
f(y)a(z,y)f(x)~'. Let W be an open set containing h, and find open
sets U,V with h € U,1 € V such that VV'UVV~! C W. Let {g;} be
dense in G, so that |J;Vg; = G. Let u(A) > 0. Fix then ¢ such that
B =An{z: f(x) € Vg;} has positive measure. Since g;lhgi € FR(«),
we can find z,y € B such that a(z,y) € g; 'V "'hVg; and so B(z,y) €
Vgigy 'V gigm 'V = VVIIRVV L C WL

If we denote, for Polish locally compact G, by G = GU{oo} the one-point
compactification of G, then we let for any cocycle a € Z1(E, G),

ER(a) ={g € G :V open nbhd V of g¥A C X(u(A) > 0=
Jz,y € A, zEy(a(z,y) € V))}.

Thus ER(a) = ER(a) N G. We note now the following fact (see Schmidt
[Scl], 3.15).

Proposition 21.5. Let E be ergodic, G countable and o € Z'(E,G). If a
is transient, then ER(a) = {1,00}. In particular, ER(a) = {1}.

Proof. Clearly 1 € FR(a). Fix A C X with u(A) > 0 and finite
K C G. Then E,|A is smooth, so let T be a Borel transversal for it. Since
E|A is ergodic, each E|A-class contains infinitely many E,|A-classes. Fix an
E|A-class C and let TNC = {x1,x2, ...}, where z; # z; if i # j. We claim
that for some i, a(z1,z;) € K, which shows that co € ER(a). Otherwise, if
K ={q,...,9n}, for some k < n and infinitely many i, a(z1, ;) = gk, so
there are ¢ # j with a(z;, ;) = 1, i.e., x;Eoxj, a contradiction.

Finally, we show that ER(a) = {1}. Otherwise let ¢ € FR(«),g # 1.
We will show that for every set A C X of positive measure there are x £ y €
A,zFEy and «a(z,y) = 1, which implies that « is recurrent, a contradiction.

Let I" be a countable group acting in a Borel way on X so that F = E% .
Then there is some v such that B={z € A:v-z € A & a(z,y-z) = g}
has positive measure. Note that if z € B, then a(z,v-z) # 1, s0 v - x # x.
Thus we can find Borel C' C B of positive measure such that C U~ -C C
A,CNy-C =0 and a(z,y z) = g,Vr € C. Since g~! € ER(a), we can
find 6 € I'; D C ~ - C of positive measure such that DUJ§- D C v - C and
aly,6-y) =g LVye D. Thenifz € v 1-DCC(CA,y=v-2¢€
D,j-y=0y-x €A, x#6y-zand a(z,dy-z) = aly-z,0y-x)a(x,y-z) =
a(y,d-ya(z,y-z)=g"'g=1 O

Next we give some examples of cocycles @ with ER(a) = G.

Let H be a countable dense subgroup of a compact group K. Let I' =
H®H®.... Let ¢ : T' — G be an epimorphism such that for each n, |{1}®
- @ {1} ® H® H® ..., where there are n 1’s, is also an epimorphism.
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Consider the compact group K and the dense subgroup I' < K. We let
I' act by left-translation on (KN, ), where u is the Haar measure on KV,
so that this action is free, measure-preserving, and ergodic. Let E = Elé( i
We will define an a € Z'(E, Q) with ER(a) = G. If xEy, and 7 € T is such
that v-x = vz =y, put a(z,y) = ¢(v). (Thus if we view « as a cocycle of
the I'-action, « is a homomorphism into G.) We will show that FR(«a) = G.
Fix g € G and let A C K" have positive measure. Then AA™! contains a
non-empty nbhd of 1, so for some n, {1} @ - @ {1} HOH®--- C AA™L,
Let (hi,ha,...) € H® H & ... be such that ¢(1,1,...1,hi,ho,...) = g.
If v = (1,1,...,1,h1, ha,...), then there are z,y € A with v = yz~!, so
y=vx=7v-zand a(z,y) = p(7) = g.

For instance, we can take H = Z, K = T and G any countable abelian
group. Clearly there is ¢ : I' — G with the above property. Then E as
above is an ergodic hyperfinite equivalence relation and a € Z'(E,G) has
ER(a) =G.

(D) We have seen earlier that examples of cocycles in Z'(E,G) arise
in a natural way from homomorphisms of the equivalence relation F to
equivalence relations induced by free Borel actions of GG on a standard Borel
space. It is reasonable to ask whether there are cocycles that do not arise
in this fashion. We now give a simple example of this sort.

Let I' be a non-amenable countable group that admits an epimorphism
@ : I' - G onto a non-trivial abelian group G with infinite kernel. Let
a € AT, X, u) be free, mixing and Fy-ergodic and let F = E,. We will
show that there is a cocycle a € Z'(E,G) such that a is not associated
to any Borel homomorphism p : X — Y of E to Eg , where G acts in a
Borel way freely on Y. First note that the cocycle a(z,y) = ¢(v), where
v - =y, is not a coboundary. Otherwise a(x,y) = f(y)f(z)~!, for some
f X — @G, so that on a set of positive measure A C X, f|A is constant.
Then z,y € A,vy-x =y = 7 € ker(¢) = I'g. So the intersection of T'y- A with
any ['-orbit is a single I'g-orbit. Since the action is I'g-ergodic, I'g- A = X
and thus I' = Iy, a contradiction. We now argue that o cannot be associated
to a p, Eg as above. Otherwise, xEy = p(y) = a(x,y) - p(x) and since E is
Ep-ergodic, and G is abelian, there is yp € Y such that p(z)ELyo, a.e.(z).
So p(z) = f(x) - yo, for some Borel f: X — G. Then a(z,y) = f(y)f(z)7},

a contradiction.

22. Homogeneous spaces and Effros’ Theorem

(A) Before we continue with the theory of cocycles, in this and the next
section we will discuss some general facts concerning continuous actions, that
we will need later on. We review first some basic results about homogeneous
spaces and discuss Effros’” Theorem.

Let G be a Polish group and H < G a closed subgroup. We endow
G/H with the quotient topology, under which it is a Polish space. If d is a
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right-invariant compatible metric on G, then

d(zH,yH) = inf{d(u,v) : v € zH,v € yH}
= inf{d(x,v) : v € yH}

is a compatible metric for G/H. The group G acts on G/H by g-xH = gxH
and this action is continuous.

If d is (two-sided) invariant, then G acts on G/H by isometries. Moreover
d on G/H is complete. To see this, suppose d(x,H,x,, H) — 0. Then find
ny < ng < ... with d(zn,H, @n, . H) = d(zn,, Ty, , H) < 2. We can then
find hi,ho, -+ € H with d(zn,,Tn,h1) < 1/2,d(xn,, xnsh2) < 1/4,..., so
d(xn,, Tnyh1) < 1/2,d(zpy,h1, xnghahi) < 1/4,... and the sequence

{xnlaxnghla xn3h2h1, e }

is d-Cauchy in G. Since d is complete (being invariant), there is f € G with
ZTp,hic1hi—g ... h1 — f, so d(f,xn,H) — 0 and thus d(z,,H, fH) — 0, ie.,
xn,H — fH in G/H and so {z,H} converges.

(B) We recall Effros’ Theorem (see Effros [Ef2], Kechris [Kecl] and
Becker-Kechris [BK]).

Theorem 22.1 (Effros). Let G be a Polish group acting continuously on a
Polish space P. For eachp € P, let G, ={g € G : g-p = p} be the stabilizer
of p.

(a) The following are equivalent for any p € P:

(i) The canonical map gG, — g - p is a homeomorphism of G/G)p onto
G - p (equivalently g — g - p is open from G onto G - p),

(i) G - p is not meager in its relative topology,

(iii) G -p is Gs in P.

(b) If moreover EE is F, (in P?), then EL is smooth iff every G-orbit
is locally closed (i.e., the difference of two closed sets or equivalently open
in its closure).

Corollary 22.2 (Marker, Sami). In the context of 22.1 (a), if G - p is
nonmeager in P, then G - p is Gg.

Below we use the following notation:

VnR(n) < ANYn > NR(n)
3*°nR(n) < Vnin > NR(n).

Corollary 22.3. If a countable group G acts by homeomorphisms on a
Polish space P, then the following are equivalent:

(i) EE is smooth,

(ii) Vp € P¥{g,} € GN[gn -p — p = Y®n(gs - p = p)],

(iii) ¥p € P¥{gn} € GN(gn-p — p = 3n(gn - p = p)]-
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Proof. The equivalence of (ii), (iii) is clear. Now we have, since Ef is
F, and G is countable:

EEL is smooth < Vp(G - p is locally closed)
< Vp(p is isolated in G - p)
< Vp(p is isolated in G - p)
& Vp¥{ga} € G(gn-p = p= ¥ n(gn-p=p)}.
Od
Since a point p € P is called recurrent if for every open V' > p, there

is g € G withp#g-peV, 223 says that EIGD is not smooth iff there is a
recurrent point.

23. Isometric actions

We will discuss here some general results concerning isometric actions.

Suppose G is a Polish group, (M, p) a Polish metric space (i.e., p is a
complete separable metric) and (g,z) — ¢ - = a continuous action of G by
isometries on (M, p). As with any continuous action of a Polish group on
a Polish space, we consider the topological ergodic decomposition of this
action induced by the G equivalence relation.

rmye G- =Gy

and the corresponding G partial ordering

rxyesreG@ yeo G- xCG-y.

Proposition 23.1. The partial order x < y is an equivalence relation
and thus the equivalence classes of the topological ergodic decomposition are
closed and consist of the orbit closures.

Proof. Assume =z < y and let g, € G be such that g, -y — x. Then
p(gn -y, ) = 0,50 p(y, g9, -2) — 0 and y < . O

Recall that for A, B C M,
p(A, B) = inf{p(z,y) : v € A,y € B).
Proposition 23.2. If G-z # G -y, then p(G - x,G -y) > 0.

Proof. Otherwise, let g,,h, be such that p(gy - ,hy - y) — 0, so
p(hitg, -z y) — 0, thus y < x, and so y ~ z, a contradiction. O

Proposition 23.3. = is a closed equivalence relation.
Proof. Let {V,,} be an open basis for M. Put W,, = G - V,, and
(z,y) € R< ImIn(z € Wy,,y € W, and W,,, " W,, = ().
Clearly R is open in M? and we prove that
(=) = (~ R).
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Clearly if (x,y) € R, then x ~ y fails. Conversely, if G-z # G -y, then
p(G-z,G-y) > e > 0. So there are m,n with z € V,, C B,(z,¢/2),y €
Vo € By(y,€/2). If z € Wy, N W, then there are g,h with gtz €
Vi, h™1-z € Vi, so p(x, g7 1-2) < €/2, p(y, h™1-2) < €/2, thus p(g-x, h-y) < e,
a contradiction. O

Proposition 23.4. The quotient space M/ = (with the quotient topology)
is Polish with compatible complete metric p(G -z, G - y).

Proof. Since p(G - 2,G -y) = p(G-2,G -y) = p(z,G - y), it follows that
it satisfies the triangle inequality, and so 23.2 shows that it is a metric. We
next check that it is compatible with the quotient topology.

We first verify that for y € M,e > 0,{G -z : p(G-z,G -y) < €} is open
in the quotient topology or equivalently that A = {z : p(G - z,G - y) < €}
isopenin M. But z € A < Jg,h € Gp(g - x,h -y) < €, so this is clear.
Conversely, suppose V C (M/ =) is open and G-z € V. We will then find
e > 0such that p(G-2,G-y) <e=G-yeV. Pt V={y:G-yeVhL
Then V is open in M, G-invariant, and = € V. So fix € > 0 with B,(z,¢) C
V. If p(G-2,G-y) = p(z,G -y) < ¢, there is h € G with p(x,h-y) < ¢, so
h-ye By(x,€) CV,thusyeh - V=V,andG-yeV.

Finally we show that p(G -z, G - y) is complete. Let p(G -, G - T,) =
p(Tn, G - Ty) — 0. Then we can find ny < ng < ... with p(z,;, G- 2p,,,) <
27%. Choose inductively g,, € G as follows: Let g,, = 1. Then let g,, be
such that p(Tn,, gny " Tny) < 271 A p(Tpy, G- 2ny) < 272, let h € G be such
that p(xnw h - xn3) < 2_27 S0 p(gn2 : xn2agn2h : wn3) < 2_2' Put Ins = gn2h7
etc. Thus p(gn; - Tnys Gniyy * Tngyy) < 270 and so gy, - 2, — y for some y,
thus p(G - zp,,G -y) — 0, i.e., some subsequence of G - x,, converges in p
and thus so does G - x,,. O

We will now consider the structure of the orbits G - x.

Proposition 23.5. Assume that the Polish group G admits an invariant
metric. Then if an orbit G - x is Gy, it is actually closed.

In particular, every non-meager orbit is clopen and if there is a comeager
orbit the action is transitive.

Proof. Let d be an invariant metric on G. Let H = G, = {g € G :
g-x = x}. Since G-z is G, by Effros’ Theorem the canonical map gH +— g-x
is a homeomorphism of G/H with G - z. Recall from Section 22 that d on
G/H (ie., d(g-H,h- H)) is a complete metric on G/H invariant under the
G-action on G/H.

Suppose, towards a contradiction, that g, - x — y, where y € G - x.

Claim. There is g such that g,H — gH in G/H.
Granting this, g, - — g - = y, a contradiction.

Proof of the claim. Let € > 0 and let V = By(H,¢) be an open
ball around H in G/H. Let U = {g € G : gH € V}. Then U -z is
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an open nbhd of z in G -z, so for some § > 0,B,(z,6) NG -z C U - .
Since p(gm - T, gn - ) = p(g,  gm - ¥, ) — 0, we have some N such that
9tgm - x € U -z, for myn > N. So for such m,n, g, g, H € V, thus
d(g; gmH, H) < ¢ and so d(gmH, g, H) < €. Therefore {g,H} is d-Cauchy
in G/H, thus g, H — gH for some g.

If G - x is a non-meager orbit, then, by 22.2, G - z is G4 so closed, and
has non-empty interior, thus is also open. O

Therefore, when G admits an invariant metric, the closures of the orbits
G - ¢ come in two varieties:

(i) Those that are equal to single closed orbit G-z = G - z.

(ii) Those for which G - x contains more than one orbit, i.e, G - z is not
closed. Then the action of G on the invariant closed set G-z is minimal
and every orbit contained in G - z is meager in G - z (by 22.2 and 23.5). In
that case, clearly EY|(G - z) is not smooth, in fact Fy can be Borel reduced
to it (see Becker-Kechris [BK], 3.4.5).

So we subdivide the space M into two parts:

SMOOTH = {z € M : G - x is closed},
ROUGH = {z € M : G - x is not closed}.

Then SMOOTH, ROUGH are =-invariant, i.e., are unions of orbit closures.

Proposition 23.6. Assume that the Polish group G admits an invariant
metric. Then if Eg is Borel, SMOOTH and ROUGH are Borel.

Proof. Denote by d an invariant metric on G. Since Eé\f is Borel, there
is a Borel map = +— {g"}nen € GN such that {g7},en is dense in G, (see
Becker-Kechris [BK], 7.1.2). Let {f,} be dense in G. Then

z € SMOOTH < (g - © — ¢G) is continuous
< (g-x +— gG,) is continuous at x
& VeddVg(p(g - x,x) < § = d(9G4, Gy) < €)
< VedoVn(p(fn -z, x) < § = d(fnGs, Gz) < €)
& Ve30Vn(p(fn -z, x) < 6 = ILI(d(fng®, b)) < €)),

where €, vary over positive rationals. Thus SMOOTH is Borel. O

We should finally note that under the assumptions of 23.6, the equiva-
lence relation EX|[SMOOTH is smooth, since we have that EY|SMOOTH
= (= [SMOOTH), while EX|ROUGH is not smooth, thus Ey Borel reduces
to it.
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24. Topology on the space of cocycles

(A) Let G be a Polish group, (X,u) a standard measure space and
consider the semidirect product Aut(X,u) x L(X,pu,G) as in Section 19.
Given a countable discrete group I', we can form the topological space
(Aut(X, ) x L(X,pu, G)'' = Aut(X, u)" x L(X,p, G)' with the product
topology. Then

AZNT, X, p, G) = Hom(T, Aut(X, p) x L(X, p, G))
is a closed subspace and we equip it with the subspace topology. Thus for
each a € A(T, X, 1) = Hom(T, Aut(X, u1)), the space Z'(a,G) is the section

of AZN(T', X, u, G) corresponding to a and Z'(a, G) is thus a closed subspace
of L(X,p, G)'' and therefore a Polish space. For ay,, o € Z1(a, G),

an — a < Vy € T'(ay(y, ) — a(y,x) in measure)
< Vy € I'V{n;}3F{m;}({m;} is a subsequence of {n;}

and am, (7, z) — a7y, z) pointwise, a.e.)

oy eI / d(en(y, 7), a7, 2))dp(z) — 0),

where d < 1 is a compatible metric for G. Note that by a simple diagonal
argument, we also have

an — a < V{n;}3{m;}({m;} is a subsequence of {n;} and
Vy(am, (7, ) — a(v,z) pointwise, a.e.)).
If I' = {v}?2,, then we can define a compatible metric for Z!(a, G) by

d' (o, B) = dt x . (cv. B)

=32t dtu son i)
k=1

Equivalently we can view Z'(a, G) as a closed subspace of L(I'x X, nr x 1, G),
where nr is the counting measure on I'. Since np ~ Y 72 2"“6%, where 6, =
Dirac measure at v € I", the metric on L(I" x X, np X u, G) associated with
d is clearly d.

Assume now that FE is a countable measure preserving equivalence rela-
tion on (X, u). Then Z'(E,G) C L(E, M,G), where M is the usual mea-
sure on E (see Section 6, (B)). Moreover, it is easy to see that Z'(E, Q)
is a closed subspace of L(E, M,G). Indeed, assume that o, € Z'(E,G)
and o, — f € L(E,M,G). Let A, C X be E-invariant of measure 1
such that for xEyEz in Ay, an(z,2) = an(y, 2)an(z,y). Since o, — f in
L(E,M,G), there is a subsequence {n;} such that oy, (z,y) — f(z,y), M-
a.e. So there is E-invariant A C (), A,, with u(A) = 1, and for zEy in A,
an,(z,y) — f(x,y), so that for zEyEz in A, f(z,2) = f(y, 2)f(z,y), ie.,
f € ZYE,G). We equip Z'(E,G) with the relative topology, so that it is
again a Polish space. If I' = {7 }}2, is a countable group acting in a Borel
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way on X with Ef = E, then E = |J{2 graph(vx). Let uy be the proba-
bility measure on graph(+y) which is the image of p under x +— (x,7 - ).
Then M ~ > 27%u;, so a compatible metric for Z'(E, G) is

Ba.0) =32 [dlateon o). fa - 0)du(o)
k=1

In particular, if a € A(T", X, ) and o — «* is the canonical embedding of
ZY(E,,G) into Z(a,G) (see Section 20, (C)), then it is an isometry onto a
closed subspace of Z'(a,G).

Finally, if G is a Polish abelian group, then Z'(a, G), Z'(E, G) are Polish
groups, in fact Z'(a,G) (resp., Z'(E,G)) is a closed subgroup of L(I" x
X, nr X p, G) (resp., L(Ea M, G))

(B) Consider now the action of L(X, u, G) on Z!(a,G) as in Section 20,
(A). It is easy to check that it is continuous. We also have the following,
when G admits an invariant metric.

Proposition 24.1. Let G be a Polish group which admits an invariant
metric d,T’" = {y}32, @ countable group, a € A(I', X, ) and consider the
metric d* on Z'(a,G). Then L(X, u, G) acts by isometries on (Z'(a, G),d").
Similarly for Z*(E, Q).

Proof. A trivial calculation using the above formula for czl(a, B). O

As in Section 20, (A) the Polish group Aut(X,u) also acts on the
space AZYT, X, u,G) by T - (a,a) = (TaT~1,T - ), where T - a(y,r) =
a(y,T7Y(x)). This action is continuous and so is the action of C, on
ZY(a,@G). For any Polish group G and compatible metric d on G, this is
easily an action by isometries on (Z'(a, @), d"). Also C, x L(X, ju, G) acts
continuously on Z'(a,G) and this is an action by isometries for d', when d
is invariant.

Consider now the action of N[E] on Z!(E,G) as in Section 20, (B).
Let E be aperiodic and consider N[E] as a Polish group with the topology
discussed in Section 6. We claim that this action is also continuous. For
that it is enough to show that it is separately continuous.

First let o, — a in ZY(E,G) and let T € N[E], in order to show that
T-a, — T-«a. We have that for any {m,} there is a subsequence {n;} with
i, (2,9) — (), M-aie., 50 an, (T-1(2), T-1(y)) — a(T~} (@), T~} (1)),
M-a.e., since T' x T preserves M.

Next assume that T, — T in N[E] and let « € Z'(E,G). We need to
show that T}, -a — T -« in Z1(E,G), i.e.,

(T, (@), T M () — (T H2), T (y))

n r n
in the space L(E,M,G). Since T x T preserves M, this is equivalent to
(T, 1T (x), T, T (y)) — a(wz,y). Since T, 'T — 1 in N[E], it is enough to
show, that if T}, — 1 in N[E], then T}, - — a in Z!(E,G). Let " act on X
so that EX = E. Then we need to show that for each v € I, Ty, - a(z,v-2) —
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a(z,v-x) in L(X, pu, G), ie., [da(T,; (x), T, Y (v-2)), a(z,v-z))du(x) — 0.
If this fails, then, by going to a subsequence, we can assume that for some
e > 0 the above integral is > 3¢ for each n. By 6.2, since 7, — 1 in N[E], we
can assume that d, (YT, 1, T, 1Y) <€, ie., u({x - Ty (z) # T, (y-2)}) <
e. Thus [d(a(T; (z), v Ty (2)), ez, v-2))du(x) > €. Let f(z) = a(z, v-z),
so that f € L(X, u,G). Again by 6.2 we have T,, — 1 in Aut(X, ) with the
weak topology and since the action of Aut(X, u) on L(X i, G) is continuous,
we have Tp, - f — f in L(X,pu,Q), ie., [d(f(T,; (z)), f(z))d ()—>O,a
contradiction. ~

Again the action of N[E] on (Z!(a,G), d") is by isometries for any Polish
group G and compatible metric d. Finally N[E] x L(X, i, G) acts continu-
ously on Z!(E,G) and moreover by isometries for d' if d is also invariant.

Remark. As we discussed in Section 20, (D), there is a canonical 1-1
correspondence between Z!(a,G), where a € A(F,, X, u) and L(X,pu, G)™.
It is clear that this is a homeomorphism.

Remark. Let By C FE3. Then the map a € Z'(Fy,G) — a|FE; €
ZY(E1, Q) is continuous and respects the actions of L(X, u, G).

(C) Finally recall Section 20, (G). Given an equivalence relation E on
(X, u) and a complete section A C X, the map o € Z'(E,G) — alA €
ZY(E|A,G) is continuous and the map 3 € Z(E|A,G) — p4 € ZY(E, G) is
a homeomorphism of Z!(E|A4,G) with a G5 subset Z} of Z1(E,G), which
is a complete section of ~ on Z(E,G). Since a1 ~ ag < a1|A ~ as|A
and 31 ~ B2 & Bt ~ ﬂé“, the Borel complexity of ~ on Z'(E,G) and
~ on ZY(E|A,G) is the same and similarly the Borel complexity of each
cohomology class [a]~ is the same as that of [a|A].

25. Cohomology I: Some general facts

We will study from now on the structure of the equivalence relation ~ of
cohomology on Z'(a,G) and Z*(E,G). We are primarily interested in the
case where G is countable but occasionally we will formulate statements in
greater generality.

If the Polish group G admits an invariant metric d, which is neces-
sarily complete, then, as we have seen in Section 24, the Polish group
G = L(X, 1, G), which admits the invariant metric d, acts continuously
by isometries on (Z'(a,G),d") and (Z'(E,G),d"). So the theory of Sec-
tion 23 applies. Of course the equivalence relation induced by this action
is the relation of cohomology, ~. We will denote by ROUGH(a, G) (resp.,
SMOOTH(a, G)) the rough, resp., smooth parts of this action. Similarly for
ROUGH(E, G) , SMOOTH(E, G).

In view of 23.6, we will consider conditions under which ~ (= Egl(a’G))
is Borel.

Proposition 25.1. Let G be a Polish group admitting an invariant metric
d. Let a € ERG(T, X,u). Then for any o € Z'(a, ), there is a closed
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subgroup H < G and an isometric isomorphism of the stabilizer (GQ,J)
with (H,d). Similarly for any ergodic E and o € Z*(E,G). In particular,
if G is locally compact (resp., countable), so is each stabilizer G,.

Proof. For each f, g € G, we have
f(7 : :U) = a(77 x)f(x)a(’y’x)il)

9(v-z) = a(y, z)g(x)a(y, ).

Thus d(f(v-x),g(v-x)) = d(f(2), g(z)) and z — d(f(x), g(x)) is I-invariant,
so, by ergodicity, constant a.e. Thus

d(f(x),g(x)) = d(f,g), ae.(z).
Let now Gy € G, be a dense subgroup of G,. Then

Vf,g € Gold(f(x), 9(x)) = d(f,9)], ae.(x).

For each g € Gy, recall that g is an equivalence class of Borel functions from
X to GG modulo null sets. Pick a representative g : X — G for each g € Gy.
Then for almost all z, and all f,g € Gy we have

d(f(x),g(z)) = d(f,9)

and 1(x) = 1, 7g(2) = F@)g(2), (F D) = ()~} (x). So fix 70 € X such
that all of the above hold and let F': Gy — G be defined by

F(g) = g(zo).

Then clearly F': (Go,d) — (G, d) is an isometric group embedding and thus

uniquely extends to an isometric isomorphism of G, onto a closed subgroup
H of G. O

Corollary 25.2 (Hjorth [Hj1]). In the context of 25.1, if G is additionally
locally compact (e.g., if G is countable), then the cohomology relation ~ is
Borel.

Proof. Consider the case of Z!(a,G) and let R C Z'(a,G)? x G be
defined by
R(a,B,f) & f-a=0.
It is clearly closed and for each a, 3, its («, 3)-section R, g is a translate of
G, thus locally compact and so K. By the Arsenin-Kunugui Theorem (see
Kechris [Kec2], 35.46) its projection on Z'(a, G)?, which is the cohomology
relation ~, is Borel. O

We also have:

Proposition 25.3. Let G be a Polish abelian group. Let a € AT, X, ).
Then the cohomology relation on Z'(a, G) is Borel. Similarly for cohomology
of equivalence relations.

Proof. Note that G- 1 = B'(a,G) is a Borel subgroup of the Polish
group Z'(a,G), and ~ is induced by the cosets of B!(a,G), so is Borel. O
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It now follows from the two preceding results and 23.6 that if G is locally
compact admitting an invariant metric or if G is abelian, then the sets
SMOOTH(a,G), SMOOTH(E, G) are Borel.

One can actually obtain more precise information for G1. First notice
that if f € Gy, ie, f(y-z) = f(z), and a € ERG(I, X, ), then f is
constant. Thus a € ERG(T, X, n) = G1 = G (< G).

In the case that a is not ergodic, we can determine G as follows:

Consider the ergodic decomposition of a € A(I', X, u), which is given by
a Borel a-invariant surjection 7 : X — &, where £ is the standard Borel space
of ergodic invariant measures for a, such that for each e € &, 77 ({e}) = X,
is a-invariant, e(X,) = 1 (and e is the unique invariant measure for a|X.),
and if v = m.u, then = [ edv(e). Note now that the map

[ form,
(L(57V, G)adg,l/,G) - (L(X’,ua G)vdX,,u,G)v

is an isometric group embedding, as

ddefomgowr:/duwwm»mw@»wu@>
- / [ / A(f (n(x)), g(n(2)))de(z) | du(e)

- / A(f(e). g(e))dv(e)
=dg,c(f,9).

Thus L(&,v,G) can be identified, via f +— f o, with a closed subgroup of
L(X,u, Q).

Let now f € Gp. Then again f(y-x) = f(z), so for each e € &, f| X, is
constant, say f(x) = g(e), for x € X.. Then f = gom, thus f € L(&,v,G).
It follows that

G =L, v, Q).

In the special case where G is abelian, the map f € L(X,u,G) — f-1 €
Bl(a,G) is a continuous homomorphism of L(X,u,G) onto Bl(a,G), so
there is a continuous injective homomorphism of the Polish abelian group
L(X,p,G)/L(E,v,G) onto Bl(a,G) and thus the latter is a Polishable sub-
group of Z!(a,G).

The same results apply to Z'(E, G) by using the ergodic decomposition
of E.
~ We finally record the following simple facts concerning the stabilizers
Go.

Proposition 25.4. 1) Let G be countable, a € A(T', X, ) and o € ZYa, Q).
If f € Ga, then f : X — Cg(ER(«)) (where for H < G,Cq(H) = the
centralizer of H in G). Similarly for equivalence relations.
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ii) Let now G be countable and a € WMIX(I', X') (or just assume that
every subgroup of finite index in T' acts ergodically). Then for any homo-
morphism ¢ : T' — G (viewed as an element of Z'(a,R)), G, = Ca(p(I)).

Proof. i) Let f € Ga,9 € ER(a). If h € G is such that A = f~'({r})
has positive measure, then for some z,y € A,a(z,y) = g, so hgh™! = g,
thus h € Cg(FR()) and f: X — Cg(FR(«)).

ii) Assume f € éw- Then as in the proof of 20.1, f is constant, say
f(z) = fo a.e. Then clearly Vy(fop(7)fy ! = ¢(7)), ie., Gy < Ca(p(I))
and therefore G, = Cg(p(I)). O

We conclude with the following problem.

Problem 25.5. Let a € ERG(I', X, ) and let G be countable. Is the
cohomology relation ~ on Z'(a,G) F, (as a subset of Z'(a,G)*)? More
generally, for G locally compact admitting an invariant metric, what is the
Borel complezity of ~? Similarly for abelian G. Finally, for what a €
AT, X, 1) and Polish G is the cohomology relation ~ on Z'(a,G) Borel?
Similarly for cohomology of equivalence relations.

26. Cohomology II: The hyperfinite case
We start with the following simple proposition.

Proposition 26.1. Let E be a finite equivalence relation. Then for any
Polish group G, B'(E,G) = Z(E,G).

Proof. Let T be a Borel transversal for E. Let o, 8 € Z'(E,G) in order
to show that @ ~ 3. Define f : X — G as follows: For a given = € X, let
{zo} =[] NT. Then put

f(z) = B(wo, z)(x, 70).

(Thus f(z) =1,if x € T.) Then if xFy and {xo} =T N[z]g =T N[y]E, we
have

|

Proposition 26.2. Let £y C By C ..., E = |J,, En,G a Polish group.
If every cohomology class is dense in each Z'(E,,G), the same is true for
ZYE,G). Similarly, if every BY(E,, Q) is dense in Z'(E,,G), the same is
true for BY(E,G) and Z1(E,G).
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Proof. Let I'y < T's < ... be a sequence of countable subgroups of
Aut(X, ) such that T',, generates E,. Put I'), = {%'(n) .- Let ugn) be
the copy of u on graph(’yi(n)) via the map x — (x,’yl-(n)(x)). Let M be
the usual measure on E, M(A) = [card(A;)du(z), and M, the similar
measure for E,, so that M,, = M|E,,. Note that M|E,, ~ > 72, 27" (n) M ~

27, 1 E H_m).u(m)
Let now a,f € Zl(E G). Consider o|E,, B|E,. Since

S5 2 L,

m<n i=1

there is f, : X — G such that

Y o ) [ (g o™ < 3

m<n =1

3

where d < 1 is a compatible metric for G. Therefore

22 (”m/ (fo o B)dp™ < S 27 m(zg / . ﬁ)d#(m)

m<n

—m < - —m
cyemeliy
m>n m>n
asn — o0. So fp,-a— Bin ZYE,G).
For the case of BY(E,G),Z'(E,G) apply the preceding argument to
a=1. O

Corollary 26.3 (Parthasarathy-Schmidt [PS]). If E is hyperfinite and
G is Polish, then every cohomology class is dense in Z'(E,G).

Moreover we have the following result, certain cases of which were proved
in Hjorth [Hj1].

Theorem 26.4. Let E be ergodic, hyperfinite, and let G # {1} be a Polish
group. Then BY(E,G) # ZY(E,G). If moreover G admits an invariant
metric, then every cohomology class is dense and meager in Z'(E,G) and
so ROUGH(E, G) = Z'(E,G) = BI(EB, G).

Proof. For the first assertion, assume first that G is not compact. Then
by Solecki [So] there is a free continuous action of G on a Polish space Y
and a Borel reduction p : X — Y of E to Eg Let o : E — G be the
corresponding cocycle, a(z,y) - p(z) = p(y). Then « is not in BY(E,G),
since if a(z,y) = f(y)f(x)~!, then q(z) = f(x)~! - p(z) is E-invariant, so
q(xz) = yp €Y, a.e., i.e., p maps into a single orbit of G, a.e., a contradiction.

When G # {1} is compact, one can use for example the fact that there
is a cocycle o : E — G with ER(«) = G (see Zimmer [Zil]). Then it is easy
to see that a ¢ BY(E, G).
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For the second assertion, we have, by Section 23, that B'(FE,G) is in
ROUGH(E, G) and so all cohomology classes in B1(E,G) = Z'(E,G) are
dense and meager. O

In the next section, we will see more general facts that also imply that the
action of L(X, u,G) on Z'(E,G) is turbulent, when G admits an invariant
metric (see 27.4).

We will next prove a converse result.

Theorem 26.5 (Kechris). Let E be given by a free action of a countable
group. Then the following are equivalent:

(i) E is hyperfinite,

(ii) For every countable G, BY{(E,G) = Z'(E,G),

(iii) For every Polish G, BY(E,G) = Z1(E, G).

Proof. We have seen that (i) = (iii) = (ii). We will now prove that
(il) = (i).
Lemma 26.6. Let a € A(T, X, ) and let o : T' — G be a homomorphism,
where G is a countable group. Then if ¢ € Bl(a,G), (") is amenable.

Proof. Since ¢ € Bl(a,q), there is a sequence f, € L(X,u,G) such
that
VAVER(fuly - ) = o(7) fu(2)), ae.(@).
Then define @ : (*°(G) — C by

D(F) = / Sy({F(fo () }n)dp(z).

where @y : /*°(N) — C is a shift-invariant mean (i.e., satisfies Py({z,}) =
On({zn+1}) which is universally measurable, so that the above integral
makes sense. We are using here the theorem of Mokobodzki that asserts
the existence of such means under the Continuum Hypothesis (CH) (see,
e.g., Kechris [Kecl]). Since the statement of the result we want to prove is
sufficiently absolute, it is well-known that we can eliminate the use of CH
by the usual metamathematical methods. See, e.g., Adams-Lyons [AL] for
an exposition of this metamathematical technique.

It is not hard to see now that ® is ¢(I')-invariant under the translation
action of ¢(I') on G, thus ¢(I") is amenable. O

Solet E = EIZ{ , where I' is a countable group acting freely on X. Call
this action a. Let ¢ : ' — I be the identity. Then Z!(a,T') can be identified
with Z1(E,T) and similarly for B!(a,I') and B*(E,T), and we have that

¢ € Bl(a,T), so ¢(T') =T is amenable and thus F is hyperfinite. O

I do not know if the hypothesis that F is given by a free action is needed
in 26.5.

Before we proceed to the next result, it would be convenient to state
a characterization of the cocycles in BY(E,G) for an arbitrary equivalence
relation F and countable group G.
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For each countable group G, consider the equivalence relation on GN
given by
{9} Bo(G){hn} & Vn(gn = hn).
Clearly Ey(G) is Borel hyperfinite. Let

Xo(G) = G"/Ey(G).
The group G acts freely on Xo(G) by diagonal (left-) translation

g Hgn}] = [{ggn}]-

(@)

The equivalence relation Eéo , when lifted up to GV, becomes the equiv-

alence relation

{gn}Ft,O(G){hn} ~ Elgvoon(ggn = hn)'
Note that Fyo(G) is hyperfinite. Indeed F;o(G) = Us_; Fim, where

{gn}Fm{hn} And Elgvn > m(ggn = hn)
Let G act (diagonally) by translation on G

9-{gn} = {ggn}-
Denote by F}(G) the corresponding equivalence relation. It is clearly smooth
as {1} x G" is a Borel transversal. Now F}, is Borel reducible to F}(G),
so it is smooth as well. Since Fy C Fy C ..., F;o(G) is hyperfinite (see
Dougherty-Jackson-Kechris [DJK], 5.1).

Given now an equivalence relation E on (X, u) and a homomorphism
p: X — Xo(G) of E into EgO(G), a.e., with Borel lifting, we have an
associated cocycle a € Z1(E, G) given by a(z,y)-p(r) = p(y). Equivalently,
by lifting, for any Borel homomorphism ¢ of E into F;o(G), a.e., we have
an associated cocycle a € Z'(E, G) defined by a(z,y) = the unique g € G
such that V>*°n(gq(z)n = q(y)n), where ¢(z) = {q(x),}. We now have:

Proposition 26.7. Let E be an equivalence relation on (X,u) and G a
countable group. Then o € BY(E,G) iff a is associated to an a.e. Borel
homomorphism of E into Fyo(G).

Proof. =: If a € B (E,G), we can find Borel ¢, : X — G such that,

a.e.,
vBy = V(g (y) = oz, y)qn(2)).

Let g(2) = {gn(2)},q: X — GN. Then clearly ¢ is a Borel homomorphism
of E into F; o(G) with associated cocycle a.

«: Let ¢ : X — G be a Borel homomorphism of F into F;(G) with
associated cocycle o and let ¢ = {g,}. Then, a.e., zEy = V*°n(q,(y) =
a(x,y)qn(z)), so a € BYE,G). O

In the case of actions a € A(T,X,u), we say that a € Z(a,G) is
associated to a Borel homomorphism of a into F;o(G) if there is a Borel
map ¢ : X — G such that, a.e., ¢(y - 2)F,0(G)q(z) and a(y,z) = the
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unique g € G such that Y*°n(gq(z), = ¢(7 - )n). Then the analog of 26.7
goes through.
We now have the following consequence.

Proposition 26.8 (Kechris). Let E be Ey-ergodic and G be a countable
group. Then BY(E,G) is closed. Similarly for actions.

Proof. Let o € B(E,G). Then « is associated to a homomorphism ¢
of E into F;o(G). Since E is Ep-ergodic and F; o(G) is hyperfinite, ¢ = {¢, }
maps into a single I} o(G)—class, a.e., say that of {h2}. Thus

397°n(qn(2) = ghy), ae.(z),
so there is g : X — G such that
vn(ga(z) = g(x)hy), a.e.().

Thus we have, on a set of measure 1,

rEy = V> n(gn(y) = oz, y)qn(z)
g(y)hd

a(z,y)g(z)hd),

therefore
zBy = a(z,y) = g(y)g(z) ",
i.e.,, o € BY(E,G) and BY(E,G) is closed. O

Schmidt has proved 26.8 when G is an abelian locally compact Polish
group; see Schmidt [Sc5], 3.3.

We now have the following result that generalizes a theorem of Schmidt
(see Schmidt [Sc3], Remark (3.5)), who dealt with the case of abelian G.

Theorem 26.9 (Kechris). Let I' be a countable group. Then the following
are equivalent:
(i) I is amenable,

(i) Ya € FR(I', X, u)VPolish G,
Bl(a,G) = Z'(a,G),
(iii) Va € FR(T', X, u)Vcountable G,
B'(a,G) = Z'(a,G),
(iv) Ya € FRERG(T, X, u)VPolish G # {1},
B'(a,G) # B(a,G) = Z'(a, G),
(v) Ya € FRERG(T, X, p)Icountable G,
B'(a,G) # B(a,G).

Proof. (i) = (i) by 26.3. (i) = (iv) by 26.4. (ii) = (iii) and (iv) =
(v) are obvious. Finally, we prove —(i) = =(iii), —(v).
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Assume that I' is not amenable. Then the shift action s of I" on 21 is
free and Ep-ergodic (see, e.g. Hjorth-Kechris [HK3], A4.1). Then B(s,G)
is closed by 26.8, for any countable G, and B!(s,T') # Z'(s,T') by 26.6. O

Comments. There is an extensive literature on the structure of cocy-
cles of hyperfinite ergodic equivalence relations F, especially in the works of
Bezuglyi, Danilenko, Fedorov, Golodets, Schmidt, Sinelshchikov and Zim-
mer. For example, it is known that the Polish locally compact groups G
that are essential ranges of such cocycles are exactly the amenable ones.
Given such a G, the set of cocycles o € Z(E,G) such that ER(a) = G is
comeager in Z'(E, G). Every ergodic, quasi-invariant action of an amenable
locally compact Polish group is isomorphic to a Mackey action (in the sense
of Section 21, (C)). Every cocycle o € Z'(E, G), G Polish, is cohomologous
to a cocycle [ taking values in any given countable dense subgroup of G. Fi-
nally, extending Dye’s Theorem, for any Polish group G, if o, 3 € Z'(E, G)
have essential range G, then «, 8 are weakly equivalent, a ~* (3. Since we
are primarily interested here in non-hyperfinite equivalence relations, we will
not pursue the hyperfinite case any further. For a recent survey of results
in this case, see Bezuglyi [Be].

27. Cohomology III: The non Ey-ergodic case
(A) We start with the following result:

Proposition 27.1 (Kechris). Let E be ergodic but not Ey-ergodic and let
G be a Polish group admitting an invariant metric. If o € ZY(E,G) has
non-trivial stabilizer for the action of G on Z'(E,G), i.e., Go # {1}, then
a € ROUGH(E, G). Similarly for cocycles of actions.

Proof. Fix gg € éa,go # 1. Recall also from the proof of 25.1 that for
f,g € Ga, we have d(f(z), g(z)) = d(f,g), a.e., where d < 1 is an invariant
metric on G.

Fix also a countable group I' and a Borel action of I' on X with F =
E. Since E is not Egp-ergodic, there is a sequence {A,} of Borel sets with
(v - ApAA,) — 0¥y € T, and pu(A,) = 1/2. Let x, € G be defined by
Xn(7) = go(x), if ¥ € Ap, xn(z) =1, if v € Ay

Claim. y,  -a — «.

Granting this claim, if « € SMOOTH(E, G), towards a contradiction,
then the orbit G-a =[] is closed, so by Effros’ Theorem, writing H = G,
we have that x,H — H in G/H, thus we can find h,, € H with Ci(Xn, hn) =
J d(xn (@), hn(@))dpu(z) — 0. Clearly d(xn(2),hn(z)) = d(go(x), hn()), if
x € Ap; =d(1,hy(2)), if 2 € A,. But 1,90, hy, € H, so

d(QO, hn) = d(90($)7 hn(l‘)),

d(1, hy) = d(1, hy(z)),
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a.e., thus
d(go, hn), if z € Ay,

d(xn(2), hn(2)) = {J(l hy), if z ¢ A

a.e., and so

A ) = (A0, ) + (1, 1)) = 0,

i.e., hyy — go, hy, — 1, a contradiction.

Proof of the Claim. We need to show that for each =,

() [dbat ! Dats ™ () ate o))
converges to 0 as n — oo. But

_ L), ifxen-A,,
Xn (7 1-90)—{?(7 h Hoeq
) ifegry-A

-1 1

so d(xn(v b 2)a(z, v 2)xn(2) 7L oz, x ) <1, 1fx €v-A,AA,, and
otherwise it is equal to d(go(y™! - 7)a ( Lo2)go(x ) yalz,y~1x)) =0,
ifxE’y-AnﬂAn(asgo-a:a)andtod( ( v L), a(z,y 7t x)) =0, if
x&y-AyUAy,. Thus (*) < p(y- ApnQAA,) — 0. O

Corollary 27.2. For any E which is ergodic but not Ey-ergodic and any
Polish group G # {1} admitting an invariant metric,

BY(E,G) C ROUGH(E,G).
Similarly for actions.
Proof. G; = G # {1}. O

Thus for any ergodic, non Ey-ergodic £ and non-trivial G admitting an
invariant metric (in particular countable G), the rough part ROUGH(E, G)
of Z1(E,G) is non-empty. Of course SMOOTH(E, G) can be empty and
ROUGH(G) can contain a single cohomology class closure, as for example
when F is hyperfinite. We will discuss later in this section various examples
where ROUGH(E, G) contains many cohomology class closures and similarly
for SMOOTH(E, G).

We have seen in Section 23, that the action of G on each cohomology class
closure C' contained in ROUGH(E, G) is minimal and every cohomology
class in C' is meager in C. We actually have the following result.

Theorem 27.3 (Kechris). Suppose E is not Eg-ergodic and let G be a
Polish group admitting an invariant metric. Let « € ROUGH(E,G). Then
the action of G on the closure of [~ is turbulent. Similarly for actions.

Proof. The argument is reminiscent of that in the proofs of 5.2 and
13.3. We only need to verify that « is a turbulent point for this action. Fix
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a countable group I' = {7, }2°, and a Borel action of I on X with EX = E.
Consider the open nbhd

Une = (95 @) = 27" [ dtatw ). 5 0)dunte) < o),

where € > 0 and d < 1 is a compatible invariant metric for G. Let f € G
be such that 8 = f-a € Uye. It is enough to find a continuous path
A= fa, A €[0,1], from 1 to f in G with fy - a lying in Uy, V.

Let Ey = ,;»1 EnonY = 2N where each E,, is a finite Borel equivalence
relation and Fy C Ey C ... Since E is not Fg-ergodic, let 7 : X — Y be
a Borel homomorphism of E into Fy such that u(7=(C)) = 0 for every
Ey-class C.

Say d*(a, 3) = p < € and choose Ny large enough so that D kSN 27k <
(e

%p). Now for almost all x,
In > 1Vk < No(m(z)Epm (g - J:)Enﬂ(’yk_l - x)).
So if
Xn ={x:Vk < No(w(z)Epm(yi - @)},
then X7 C X3 C ... and pu(X,) — 1. So choose N > Ny large enough so

that
(e=p)

3
Then as in the proof of 5.2 we can find a continuous map A — X from [0,1]
to MALGu with Xy = @,Xl =X, A < N = Xy C Xy & M(X)\/ \X)\> <
N — ), and X, 7 !(Ey)-invariant, so that, in particular, if ¥ < Ny and
€ Xy, thenz € Xy & -z € X
Let fa(z) = f(z),if x € X); =1, if 2 € X. We claim that fy-a € Uy.
Since fo =1, f1 = f and A — f) is continuous, this will complete the proof.
Now dl(oz fa - @) is clearly bounded by

5" 27 [ dlate. ) Sow-adate e 2) e o)

k<Np

p(~ Xn) <

with an error at most (Z—p). We can break this sum into four parts, restrict-
ing the integral to the sets X N Xy, Xy \ Xn, Xn \ X, ~ XN ~ Xy, resp.
The first part is bounded by Jl(a,ﬁ) = p, since fy = f on X,. The second
is bounded by u(~ Xn) < (Egp), since d < 1. The third is 0 since fy =1 on
~ X. Finally the last one is again bounded by p(~ Xy). Thus d!(«, fy- )
is less than <=2 )—i-p-l-( )+0+(Egp):e. O

Remark. This argument actually shows that for any Polish group G
and any E which is not Ey-ergodic, every v € Z Y(E, @) is a turbulent point
for the action of G on the closure of the cohomology class of a.

Corollary 27.4. Suppose E is ergodic but not Ey-ergodic and let G 7{{1}
be a Polish group admitting an invariant metric. Then the action of G on
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BY(E,G) is turbulent. In particular, the cohomology relation on Bl (E,G)
(and thus also on Z'(E, G)) does not admit classification by countable struc-
tures. Similarly for actions.

We should point out here that Hjorth [Hjl] has proved certain cases of
27.4 by different methods for hyperfinite E.

(B) We will now discuss some implications of the results in (A) to
cocycle superrigidity.

Let a € AT, X, ) and let G be a class of groups. Then a is called
G-cocycle superrigid if every o € Z'(a,G), where G € G, is cohomologous
to a homomorphism ¢ : I' — G. This concept arose in recent work of
Popa, where many important examples of actions that are G.,uni-cocycle
superrigid were discovered, where G.,,n: = the class of all countable groups.
For instance, Popa [Po2]| shows (among other things) that the shift action
of T on [0, 1]F , for various kinds of groups I', is Geount-superrigid. When
G = {G} we say that a is G-cocycle superrigid.

We now have the following result which shows that superrigidity entails
FEp-ergodicity.

Corollary 27.5. Let a € WMIX(T", X, ) (in fact it is enough to assume
that every finite index subgroup I' acts ergodically) and a ¢ EoRG(T, X, p).
Then for any countable group G # {1},a is not G-cocycle superrigid. In
fact, for every a« € ROUGH(a, G), the generic cocycle in the closure of the
cohomology class of « is not cohomologous to a homomorphism.

Proof. Let @« € ROUGH(a,G),C = [a]~. Then the action of G on C
is turbulent. Let A = {f € C : 3 is cohomologous to a homomorphism}.
Since the action of G on C' is minimal, A is either meager or comeager in
C. Assume towards a contradiction that A is comeager. Then by going
if necessary to comeager subset of A, we can assume that there is a Borel
function ® : A — Hom(I',G) (viewed as a Polish space with the product
topology) such that o ~ ®(«). But then, by 20.1, a ~ f < ®(a) ~ ¢(f) &
®(a), ®(B) are conjugate. Clearly conjugacy in Hom(T", G) is induced by a
countable group action, so ~ on A is classifiable by countable structures,
contradicting turbulence. O

We also have the following consequence concerning generic actions.

Corollary 27.6. Suppose the group T' does not have property (T). Then
the generic action of I' is not G-cocycle superrigid, for any countable group

G # {1}.
Proof. The generic action of I' is weak mixing and non Ejy-ergodic (by
12.3 and 12.9). O

We will next see some characterizations of the class of property (T)
groups, related to superrigidity.

Hjorth-Kechris [HK2], B.4 and (independently) Jolissaint [Jo2] proved
that if T' has property (T), and G is a Polish locally compact group with
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HAP, then for every a € ERG(T, X, ), every cocycle a € Z'(a,G) is co-
homologous to a cocycle 3 which takes values in a compact subgroup of G.
(See also Connes-Jones [CJ2] for earlier related results in the context of op-
erator algebras.) In particular, if G contains no non-trivial such subgroups
(e.g., G countable, torsion free), then o € B'(a, ), so a is also G-cocycle
superrigid. We note the following converse.

Corollary 27.7. Let I" be a countable group. Then the following are equiv-
alent:

(i) T' does not have property (T).

(ii) For every countable group G # {1}, the generic ergodic action of T’
is not G-cocycle superrigid.

(iii) There is a countable, torsion-free group G with HAP and an ergodic
action of I which is not G-cocycle superrigid.

Proof. (i) = (ii) by 27.6. (ii) = (iii) is obvious. Finally —(i) = —(iii)
by the preceding paragraph. O

Call now a countable group I' somewhere cocycle superrigid if every
ergodic action of I' is G-superrigid for some countable G # {1}, perhaps
depending on the action. Denote by Q% ap the class of Polish locally com-
pact groups that have HAP and contain no non-trivial compact subgroups.
Finally we say that I' is G-cocycle superrigid if every ergodic action of I' is
G-cocycle superrigid.

Corollary 27.8. Let F be a class of countable groups. Then the following
are equivalent:

(i) F is contained in the class of property (T) groups,

(i) VI € F(I" is somewhere cocycle superrigid),

(i4i) VT € F(T is G yp-cocycle superrigid).

Proof. (i) = (iii) has been already discussed and (iii) = (ii) is obvious.
Assume now (i) fails and let I' € F fail to have property (T). Then by
27.6, the generic action a of I' is not G-cocycle superrigid, for any countable
G # {1}, so (ii) fails. O

Thus the class of property (T) groups is the largest class of countable
groups all of whose ergodic actions have some non-trivial cocycle superrigid-
ity.

(C) As in Section 15, the turbulence results 27.3, 27.4 above have also
consequences concerning path connectedness in the space of cocycles.

Theorem 27.9 (Kechris). Suppose E is not Ey-ergodic and let G be a
Polish group admitting an invariant metric. Then for any o € Z*(E, G) the
closure of the cohomology class of a is path connected. Similarly for actions.

Proof. If a € SMOOTH(E, G), this is clear as [a]~ = G - « and G is
path connected. If « € ROUGH(E, G), then this follows from the proof of
27.3 and the proof of 15.2. O
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We also have the following.

Theorem 27.10 (Kechris). For any equivalence relation E on (X, 1) and
countable G, BL(E,G) is path connected. Similarly for actions.

Proof. If E is not Ep-ergodic, this follows from 27.9. If £ is Ey-ergodic,
then by 26.8, B1(E,G) = BY(E,G) = G - 1, and we are done. O

Corollary 27.11. For any I' and countable group G,
{(a,a) € AZYT, X, 11,G) : o« € Bl(a,G)}
s path connected.

Proof. Fix (a,«) in this set. Then « is path connected to 1 with a path

in Bl(a,G). So it is enough to show that A(T, X, ) x {1} is path connected,
which follows from 15.11. O

Corollary 27.12. IfT is amenable, then AZ*(T, X, u, G) is path connected,
for any countable group G.

(D) We have already seen that when E is ergodic but not Ep-ergodic
and G # {1} is countable, ROUGH(E, G) is always non-empty, while if F
is moreover hyperfinite, then ROUGH(FE, G) = Z'(E,G). We also have:

Proposition 27.13. Let I' be a countable group. Then for any action
a € ERG(T, X, ) \ Eo)RG(T, X, 1) and any weakly commutative, nontrivial,
countable group G, ROUGH(a, G) = Z'(a, Q).

Proof. Let a € Z'(a,G), where a € ERG(T, X, i) \ EoRG(T, X, ).
We want to show that « € ROUGH(a,G). By 27.1, we can assume that
the stabilizer Gy is trivial. Thus by Effros’ Theorem it is enough to find
gn € G such that g, - a — a but g, /4 1. Let {g,} C G witness the weak
commutativity of G, i.e., g, # 1 and Vg € GY*°n(99n, = gng). Then clearly
gn - & — a. On the other hand g, 4 1 in G. O

This should be contrasted with the following result.

Proposition 27.14 (Kechris). Assume that T' is a group that is not inner
amenable and let a € ERG(T, X, p). Let ag(7y, ) = v, so that ag € Z(a,T).
Then ag € SMOOTH(a,T), thus ROUGH(a,T') # Z'(a,T).

Proof. First note that Ty, = {1}. Indeed, if f-ap = ag, then f(y-z) =
vf(z)y~!, so f : X — T is a homomorphism of the I'-action on X to the
conjugacy action on I'. Thus f.u is an ergodic, invariant measure for this
last action, so, since I' is not inner amenable, it concentrates on {1}, i.e.,
f=1

Thus, by Effros’ Theorem and 23.5, it is enough to show that if f, € T
and f, - g — ag, then f, — 1. Equivalently, it is enough to show that if
VAV (fuly - 2)vfn(x) ™! =7), a.e.(z), then f, — 1. So assume that

(*) YV (fal(y - ) = Y ula)y ™), ae. (@),
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but f, / 1, towards a contradiction. Then the set A = {x : 3°n(f,(x) #
1)} has positive measure, but it is also I-invariant by (*), thus, by ergodicity,

(*%) () £ 1), ane.(x).
Put
p(@) = {fn(x) :n € N}.
Claim. ¢(z) is finite, a.e.(x).

We assume this claim and complete the proof. Let

U(z) ={g € p(@):g#1&In(fu(z) =9g)}
Thus by (**),1 & ¥(x) # 0. Next we check that

U(y-z) =y¥(z)y"
Indeed fix v,z and by (*) let N be such that Vn > N(f.(y-2) = vfa(z)y7h).
If g € ¥(x), let N < ny < ny < ... be such that f,,(z) = g. Then
97 = @)y = fa (v ), s0 vgy T € Uy - ).

Thus in particular z — card(¥(x)) is I'-invariant, so constant a.e., say
equal to K > 1. Then ¥(z) is a homomorphism of the I-action on X into
the conjugacy action of I' on the set P (I") of subsets of I of cardinality K.
Thus ¥,p is an invariant, ergodic measure for this action, so concentrates
on a single finite orbit, thus

{yU(z)y~! : v € '} is finite, a.e.(x).

Now fix z and go € ¥(x). Then Cy = {ygoy~! : v € I'} is infinite (as T is

ICC), but Co € U, er W (x)y~! which is finite, a contradiction.

Proof of the Claim. Let E(x) be the equivalence relation on N given
by
Then, by (*), VyANYm,n > N[mE(z)n < mE(y - x)n], a.e.(x). In partic-
ular, p(z) is finite iff p(y - x) is finite, so, towards a contradiction, we can
assume that ¢(x) is infinite, a.e.(x). Let then ni(z) < n2(x) < ... enu-
merate in increasing order the least elements of the E(x)-classes at which
fn(z) # 1. Again we must have VAV*i(n;(z) = n;(y - x)).

Now define a mean ® : ¢*°(T") — C by

mmzjmuHﬂnmwmwm,

where @ : *°(N) — C is a shift invariant mean as in the proof of 26.6.
We will verify that ® is conjugacy invariant. Denote by - F' the conjugacy
action of I on () : v+ F(§) = F(y™14v). So ®(v1 - F) = [Py(i —
F(Vfri(e) (x)y~1))du(z). For each «,x, if i is sufficiently large,

’anl(x) (x)’)/il = fnl(m) (’7 ) IL’) = fnl('ym) (’7 ) m)a

thus
ON(i = F(V () ()77 ) = @n(i = F(fayra) (7 2))),s
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and so

o(yL F) = / Buy(i o F(foy(ry (7 2)))dpi(z)

- / B(i — F(fi o) (2)))ds(x)
— o(F).

Since I' is not inner amenable, ® must concentrate on {1}, i.e., ®(xp\1}) =
0, so

[ Bl x0y 1y oo @)() = 0.
But for each i,z, f,,(2)() # 1, s0

[ 566 Xy o )l) = 1,
which is a contradiction. O

Remark. The previous proof also shows that if § : I' — G is a ho-

momorphism from I' to a countable group G and G is not inner amenable
relative to (") (i.e., every finitely additive probability measure on G, which
is invariant under conjugation by elements of §(T"), concentrates on 1), then
6 € SMOOTH(a, G), for any a € ERG(T", X, p).
Corollary 27.15. Let I',G be countable groups, a € FRERG(T', X, u),b €
FRERG(G,Y,v) and let o, € Z'(a,G) be an orbit equivalence cocycle aris-
ing from an orbit equivalence 7 : X — Y of a and b (i.e., az(v,z) - 7(x) =
w(y-x)). If G is not inner amenable, then o € SMOOTH(a, G).

Proof. We can identify Z'(a,G) with Z'(E,,G) and Z'(b,G) with
ZY(Ey,G). Since 7 is an isomorphism of E, with Fj it induces a homeo-
morphism 7* between Z'(E,,G) and Z'(E}y, G), preserving the G-actions,

defined by

™ (a)(2,y) = a(r™ (2), 77 (y))-
Then 7*(ar) = g, where ag € Z1(b,G) is given by ag(g,r) = g. Since
ap € SMOOTH(b, G), clearly o € SMOOTH(a, G). O

(E) We will next discuss some other examples of behavior of the di-
chotomy ROUGH/SMOOTH.

First let G be a Polish group, E, F' be equivalence relations on the spaces
(X, ), (Y,v), resp., and consider the product £ x F on (X XY, uxv). Then
we have a canonical lift map

ac ZYE,G)— ac ZYE x F,G),
given by a((z1,y1)(z2,y2)) = a(z1,22). Clearly it is continuous. Also if
gn € L(X, 1, G) is such that g, -a — 3, then, letting g, € L(X XY, uxv, Q)
be defined by §n(2,y) = gn(z), we obviously have g, - @ — (. Conversely,
if f, € L(X xY,uxv,G) and f, - & — B pointwise a.e., then, letting
fa(x) = fu(z,y), we have f - o — (3 pointwise a.e., v-a.e.(y).
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Indeed, dropping null sets, we can assume that «, 8 are strict cocycles
and f, is defined everywhere. Let then A C X X Y be Borel (E x F)-
invariant with p x v(A) = 1, and such that for (z;,y;) € A, x1FEx9,y1 Fya,
we have

ful@a, yo) (@, w2) o, y1) ™" — B, 22).

Then, by Fubini, for almost all y we have that (z,y) € A, a.e.(z). For
such y we will show that f - o — (3 pointwise, a.e. Indeed, fix a Borel
E-invariant set B C X with u(B) = 1 such that Vo € B(x,y) € A. Then
if x1Ex9, 1,22 € B, we have (x1,y), (v2,y) € A and (z1,y)E X F(x2,y), so
fu(z2, y)a(zr, x2) fu(zy,y) ™! — B(a1, x2), e, f - a — [ pointwise on B.

It follows that:

(i) a~ B e an~p,

_— ~

(i) a € (@~ < a € [Bl-,

(i) L(X, 1, G)a = {1}  L(X X Y, x ,G)a = {1},

(iv) L(X, p, G)o = {1} & a € SMOOTH(E,G) & L(X xY, uxv,G)s =
{1} & @ € SMOOTH(FE x F,Q)

(For (iv), < follows from (i), (iii) and the continuity of a — &; = follows
from (iii), Effros’ Theorem and Fubini.)

The following fact will be a consequence of results in Section 29:

There is an ergodic equivalence relation E on (X, u) and a countable
group G such that SMOOTH(E, G) = Z'(E, G), and there are 2% many a €
ZY(E, Q) pairwise not cohomologous such that L(X, u, G), = {1} and also
2% many 3 € Z(F, G) pairwise not cohomologous such that L(X, s, G)g #
{1}.

(The equivalence relation E is induced by the shift action of the free
group with Ry generators Fi, on 27>, It will be shown in 29.8 that

SMOOTH(E, F.) = ZY(E, Fx).

Now there are 2%° many pairwise non-conjugate homomorphisms ¢ : F,, —
Fy with ¢(Fs) = Fy and thus by 25.4, (ii) the stabilizer of p € Z1(E, F,,)
is equal to {1}. Also there are 2%° many pairwise non-conjugate homomor-
phisms ¢ : Fpe — Foo and h # 1 in F, such that ¢¥(Fx) C {h" : n € Z}.
Then h € L(X, 1, F)y # {1},

Let now F = E x F , F' ergodic, hyperfinite, which is clearly not FEjy-
ergodic. Then, by (iii) above and 27.1, for every 3 € Z'(E,G) for which
L(X,1,G)p # {1}, € ROUGH(E,G) and if 81 # fa, then by (i) above
[B1]~ # [Ba]~, while if € ZY(E,G) is such that L(X, s, G)q = {1}, then
(iv) above shows that & € SMOOTH(E, G). It follows that for E there are
2% many distinct closures of cohomology classes in ROUGH(E ,G) and 20
many distinct (of course closed) cohomology classes in SMOOTH(E, G).

(F) We next consider another example in which the rough part contains
2% many closures of cohomology classes.
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Let ag,aq,... be free generators of F,, and let £ = E%(OO be given
by a free, weakly mixing but non Ep-ergodic action of Fi, on (X, pu). Let
G = Fy X Zo. Let F C p(N) be a family of 2% many almost disjoint infinite
subsets of N (i.e., X #Y € F = X NY is finite). For X € F define the
homomorphism ¢x : Fow — G by px(an) = (an,0), if n € X;= (1,0), if
n ¢ X. First we claim that px € ROUGH(E, G). Indeed, this follows from
25.4, (ii), and 27.1 as Ca(ox (Fx)) 2 Zo # {1}.

Finally, we claim that if X # Y, ox & [py]~. Assume not, towards a
contradiction, and find f, € L(X,u, G) with f, - ¢y — ¢x pointwise a.e.
Thus

(*) YV (fa(y - @)y (N fal2) ™! = 0x (7)), ae.(@).
Define then a mean @ : ¢*°(G) — C by

B(F) = / Ou({F(fo())})dp(z),

where we use the notation and conventions of the proof of 26.6. If Fi
acts on G by: v-g = ox(7)gpy(y)~!, and thus on £*(G) via v - F(g) =
F(y~' . g), it is easy to check, using (*), that ® is invariant under this
action. If p(A) = ®(x4), is the associated finitely additive probability
measure on the power set of GG, then p is invariant under the map A —

x(V)Apy (7)1, ¥y €T. Ifnown € X\Y, then px(a,) = (an,0), oy (ay) =
(1,0), s0 px (an)Apy (an) ™' = (an,0)A. Thenif H = (a, :n € X\Y) < Fx,
so that H x {0} < G, then clearly p is H x {0}-invariant under left-
translation, so H is amenable, a contradiction.

(G) We will conclude this section with some open problems. Below we
will assume that the equivalence relation E or the action a € AT, X, u) is
ergodic but not Eg-ergodic and G is a non-trivial countable group.

We have seen in Section 25 that ROUGH(E, G) and SMOOTH(E, G)
are Borel sets. What can be said about their Borel complexity?

We note here that by 27.1, « € SMOOTH(FE, G) iff G, = {1} and G - «
is Gy iff (by Effros’ Theorem) G, = {1} and Ve30Vn(d'(f, - a,a) < § =
d(fn,1) < €), where {fn} is dense in G, d is the discrete metric on G and €, §
vary over positive rationals. Therefore SMOOTH(E G) is the intersection
of the Borel set {a € Z1(E,G) : G, = {1}} and a IIJ set.

Next we have questions concerning category. Can SMOOTH(E,G) b
non-meager? Can there be a cohomology class in SMOOTH(E, G) WhICh is
non-meager and thus clopen? Can the set of cocycles in Z!(a,G) that are
cohomologous to homomorphisms be non-meager? Can the set of reduction
cocycles in a given [a]. € ROUGH(E,G) be non-meager in [a].? Can the
set of reduction cocycles be non-meager in Z'(E, G)?

Concerning the size of ROUGH(FE, G),SMOOTH(E, G), let r, resp., s,
be the cardinality of the set of cohomology class closures contained in the set
ROUGH(E, G), resp., SMOOTH(FE, G). Thus always r > 1. We have seen
examples, where r = 1,s = 0;r = 280 s = 2%, What possible pairs (r,s)
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are realized by appropriately choosing E, G? For instance, is it possible for
r,s to be finite or countable and r > 17

We have seen that every cohomology class closure contained in the set
ROUGH(E, G) is path connected. How about ROUGH(E, G) and Z*(E, G)?
Note here that if 1 < r < Wp, then ROUGH(E, G) cannot be path con-
nected, since by Sierpinski’s Theorem (see van Mill [V], Ex. §4.6, 1) one
cannot write the interval [0,1] as a non-trivial disjoint union of countably
many closed sets.

Finally, what can be said about the class of groups I' without property
(T) such that for every a € ERG(T", X, 1) \ EQRG(T', X, ) and countable,
non-trivial G, we have Z!(a,G) = ROUGH(a,G)? By 26.4 it contains all
amenable groups and by 27.14 it is contained in the class of inner amenable
groups.

28. The minimal condition on centralizers

(A) We discuss here a class of groups that will play an important role
in the next section.

Let G be a group. For any A C G we denote by Cz(A) ={g € G : Va €
A(ga = ag)} the centralizer of A in G. A centralizer in G is a subgroup of
the form Cg(A) for some A C G, which we can clearly always take to be a
subgroup of G.

A group G satisfies the minimal condition on centralizers if there is
no strict infinite descending chain Cy > C; > ... of centralizers (under
inclusion). The class of these groups is denoted by Mc.

The following fact gives some equivalent reformulations of this notion.

Proposition 28.1. Let G be a countable group. Then the following are
equivalent:

(i) G satisfies the minimal condition on centralizers,

(ii) For every increasing sequence Go < G1 < ... of subgroups of G,

Ca(Go) > Cq(Gy) > ...

eventually stabilizes, i.e., InVi > n(Cq(G;) = Ca(Gy)),

(iii) Same as (ii) with each G; finitely generated,

(iv) The partial order Hy < Ha of strict inclusion on the set of central-
izers is well founded, i.e., for every nonempty set C of centralizers there is
a minimal element Hy € C, i.e., Hy is such that for no Hy € C we have
H, < Hy,

(v) G satisfies the mazimal condition on centralizers, i.e., there is no
strict infinite ascending chain Cy < C1 < ... of centralizers,

(vi) For any decreasing sequence Gy > Gy > ... of subgroups of G,

Ca(Go) < Ce(Gr) < ...
eventually stabilizes,

(vit) For every subset A C G, there is finite B C A with Cg(A) =
Ca(B).
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Proof. The equivalence of (i), (ii) is clear since if Cp > C; > ... is a
decreasing sequence of centralizers, then C; = Cg(H;) for some subgroup
H; < G and by letting G; = (Hop,...,H;) we have G; < Gy < ... and
Ca(Gi) = C.

Clearly (i) < (iv). We next verify that (iv) = (vii). Given A C G, let
C ={Cqg(B) : B C A, B finite} and let C(By) be a minimal element of C.
We claim that Cq(By) = Cg(A). Otherwise there is g € Cq(Bp) \ Ca(A),
so that for some ag € A, gag # apg. Then g € Cq(By) \ Cq(Bo U {ap}),
so Ca(Bo U{ap}) < Cg(By), a contradiction. To see that (vii) = (ii), let
Go < Gy < ... and put G = |J,, Gn. Then Cg(Go) = Cg(A) for some
finite A C G and thus A C G, for some n and Cg(Gs) = Ca(Gr) =
Cc(G;),Vi > n. Obviously (i) = (iii). Assume now (iii). This implies that
the strict inclusion order Hy < Hs is well founded on the set of centralizers
of finite subsets of G. Since this is all we used in the proof of (iv) = (vii),
it follows that (iii) = (vii). Thus we have proved the equivalence of (i), (ii),
(iif), (iv), (viii).

Below write C(A) = Cg(A) for simplicity. Then note that A C B =
C(A) D C(B) and A C CC(A),so C(A) D CCC(A). If g € C(A), then g
commutes with CC(A), so g € CCC(A), therefore C(A) C CCC(A), and
thus C(A) = CCC(A), i.e., if B = C(A) is a centralizer, then B = CC(B).
So the map B +— C(B) is an inclusion reversing involution on the set of
centralizers, which proves the equivalence of (i) with (v) and (v) with (vi),
and the proof is complete. O

The class of groups M is quite extensive. It contains all abelian, linear,
finitely generated abelian-by-nilpotent groups and is closed under subgroups,
finite products and finite extensions; see, e.g., Bryant [Br]. In particular the
free groups F), (1 <n < oo) are in M.

Perhaps the easiest examples of groups that fail to satisfy the minimal
condition on centralizers are infinite direct sums Hy ® H1 @ ... of centerless
groups H,.

(B) We will next establish a dynamical characterization of these groups
that will be the key to our application of this concept in the next section.
Let G be a countable group and consider the (diagonal) action of G on
GN by conjugation
9-{on} = {9gn9™"}-
Denote by F.(G) the corresponding equivalence relation

{90} Fe(G){ha} & 3gn(g9ng™" = hn).
Then we have the following result.

Theorem 28.2 (Kechris). Let G be a countable group. Then the following
are equivalent:

(i) G satisfies the minimal condition on centralizers.

(ii) The equivalence relation F.(G) is smooth.
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Proof. By 22.3, the equivalence relation F,(G) is not smooth iff there
is {h%} € GN and {g;} € G" such that g; - {h2} — {h2} (in GV with the
product topology, G being discrete) but g; - {h9} # {hO}, Vi.

So assume F.(G) is not smooth and let {g;}, {h{} be as above. Then
VnY>i(g:hd gt = 1) but Vidn(g;ihlg; "t # hY). Let A, = {h3,nY,...,h0}.
Then Cg(Ag) > Cq(A1) > ... does not stabilize, since VnV*i(g; € Cq(Ay))
but Vi(gi & CalU, An)).

Conversely, assume G ¢ M and let Gy < G < ... be finitely generated
subgroups of G with Ca(Go) > Cg(G1) > ---. Say G; = (h),...,hJ),
with ng < n1 < ny < ... Consider then the sequence {h0} € GN and let
9i € Ca(Gi) \ Ca(Giga)- Then g - {hy}ni = {hy}ni, so g; - {hy} — {h}}.
Also Vidj < n¢+1(gih?gi_1 # h?), thus Vi(g; - {h2} # {h0}), so F.(G) is not
smooth. O

29. Cohomology IV: The Ey-ergodic case
(A) First let us recall Proposition 26.8:

Proposition 29.1. Let E be an FEy-ergodic equivalence relation and G a
countable group. Then BY(E,G) C SMOOTH(E, G). Similarly for actions.

Combining this and 27.2 we have the following characterization.

Theorem 29.2. Let E be an ergodic equivalence relation. Then the follow-
ing are equivalent:

(i) E is Ey-ergodic.

(ii) For all countable groups G, BY(E,G) C SMOOTH(E, G).

(iii) For some countable group G # {1}, B}(E,G) C SMOOTH(E, G).
Similarly for actions.

Schmidt [Sc5], 3.3 has proved a similar result for abelian, locally compact
Polish groups G.

(B) When G is abelian, B1(E,G) is a subgroup of the abelian Polish
group Z1(E,G), so if BY(E, Q) is closed, the equivalence relation ~ is closed
and so SMOOTH(E, G) = Z'(E,G). As we will see later in this section this
is not always true if G is not abelian, so we will next investigate under what
circumstances one can still derive that SMOOTH(E,G) = Z1(E, G).

Since G can be viewed as a closed subgroup of L(X,u,G) = G, by
identifying ¢ € G with the constant function z — ¢, the action of G on
ZY(E, G) restricts to the action of G on Z!'(E,G) given by

g-a(z,y) = go(z,y)g ",

i.e., conjugation. We will denote by F.(F, G) the corresponding equivalence
relation, which is a subequivalence relation of ~. Similarly we define F.(a, G)
for a € AT, X,u). Recall from Section 28, (B) that F.(G) denotes the
equivalence relation of conjugacy on GY and that for equivalence relations
E,Fon X,Y, resp., we let

E SB F7
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if £ can be Borel reduced to F, i.e., if there is Borel f : X — Y with
By < f(z)Ff(y).

Proposition 29.3. For any ergodic equivalence relation E on (X, u) and
countable group G,

F.(G) <p F.(E,G)|B"(E,G).
Similarly for actions.

Proof. Fix a partition X = ||, X,,n > 0, where u(X,) = 27"°L.
Given {gn} € GY, let fz.1 : X — G be defined by

f{gn}(x) = {

Put agg 1 (2,9) = fig.3 (W) fig.1(x)"! € BY(E,G). We claim that
{gn} Fe(G){hn} & g Fe(E,G)ag,y-
=: Fix g such that gg,g~" = hy, Vn. Then gaggn (T, y)g = an, 3 (T, ).
<: Let g be such that gcvz‘&]n],(alﬁ,(74)g*1 = a1 (2,9), e,
9F oy W) Froar (@) 7 = Frny W) Frny ()7

for zEy. By ergodicity X,, meets (almost) every E-class, so there are xEy
such that z € Xo,y € X,11. Then gg,g~' = hy,. o

I do not know if, conversely, F.(E,G)|BY(E,G) <p F.(G). However we
have the following.

1, if x € X,
gn—1, ifx € X,,n > 0.

Proposition 29.4. For any ergodic equivalence relation E on (X, ) and
countable group G, if Fo(G) is smooth, then F.(E,G) is smooth. Similarly
for actions.

Proof. Let I' = {7}, be a countable group acting in a Borel way on
X so that ' = Eﬁf
Assume that F.(G) is smooth. By 22.3 it is enough to show that if
{gn} € GN a € ZY(E,G) and g, - a — «, then for some n, g, -« = a. By
going to a subsequence, we can assume that
VAV n(gaa(z,y - 2)g, " = alz,y - x)), ae(z).
Define ¢ : X — GN by
p(x) = {a(@, 7 - ) }ilo-
Then for the conjugacy action of G on GY we have
gn - () = p(2), a.e.(x).

Since F.(G) is smooth, by 22.3 again, we have that Y>*n(gy,, - p(z) = ¢(z)),
ie.,
INYn > NYy(gna(z,y - 2)g, ' = a(z,y- 1)), a.e.(z).
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Thus there exists Ny and a set of positive measure Ay C X (which is there-
fore an a.e. complete section of E) such that

z € Ag = Vn > NoVy(gnalz, v - 2)g," = a(z,7 - )).
We now claim that
Vn > NoVy(gna(z,y - 2)g, ' = a(z,y - z)), a.e.(z),

therefore V°n(g, - « = a). Indeed, by discarding a null set, we can assume
that for any x there is 6 € " such that =! -z € Ag. So fix z,v,n > Ny and
let 67! -2 =y € Ag. Then letting a*(y,z) = a(z, v - =), we have

(7,6 - y) = a*(v8,y)a*(6,y) .
But gna* (79, y)gg1 = a*(vd,y) and gna*(é,y)ggl = a*(d,y), so

920 (7, 2) 9" = (g™ (76, y) 90 1) (gn™ (8, y) 1 gn )

= a’(v8,y)a"(8,y)7 = a* (7,6 - y) = o’ (v, 2).
O

Corollary 29.5. For any countable group G, the following are equivalent:

(i) G satisfies the minimal condition on centralizers.

(ii) F.(G) is smooth.

(iii) For every ergodic equivalence relation E, F.(E,G) is smooth.

(iv) For some ergodic equivalence relation E, F.(E,G) is smooth.

We now have:

Theorem 29.6 (Kechris). Let E be an Ey-ergodic equivalence relation and
assume G is countable and satisfies the minimal condition on centralizers.

Then SMOOTH(E, G) = ZY(E,G). Similarly for actions.

Proof. Fix o € Z'(E,G) and consider its stabilizer G, for the action
of L(X,u,G) = G on Z'(E,G). By Effros’ Theorem it is enough to show
that if g, € G and g, - @ — «, then g,Go — Gq (in G/G4). By passing to
subsequences we can assume that on a measure 1 set in X we have

(*) e By = Vn(gn(y)a(z,y)ga(2) "' = a(z,y)).
Define the equivalence relation F,.o(G) on GN by
{fa}Feo(G){hn} & 39¥°n(gfug ™" = ).
Let also Fj, on GY be defined by
{fu}Fr{hn} & 39¥n > k(gfug™" = hn).

Then Fy C Fy C ..., F.o(G) = U, Fi and clearly F}, is Borel reducible to
F.(G), which is smooth, thus Fj, is smooth and F o(G) is hyperfinite.
Now we have by (*)

zEy = {gn(x) } Fe0(G){gn(v)}
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so, since E is Eg-ergodic, there is {h0} € GN such that

{9n(2)} Feo(G){hy}, ae.(x),
i.e. Igv>n(gn(z) = ghlg~1), a.e.(z). So there is g € G such that

(**) vn(gn(z) = g(2)hpg(x) ™), ae.().

Put ¢g7!-a = B, ie., B(z,y) = g(y) ta(z,y)g(x). Then from (*),(**) we
have, a.e.,

2By = V¥n(hyB(z,y)(hy) ™" = B(x,y)),
so h? -3 — B. Since, by 29.4, F.(E, Q) is smooth, by 22.3 we have V>®°n(hY -
B =) or ¥°n(ghlg~! e Go). Let h, = ghlg=! € Go. Then by (**)

Vn(gn(x) = hp(x)), a.e.(z),

80 d(gn(x), hn(z)) — 0, where d is the discrete metric on G, and then by
Lebesgue Dominated Convergence d(gn,hn) — 0, i.e., d(gn,Ga) — 0, so
gnGo — Gy in G/G O

Combining 27.2 and 29.6 we see that if E is an ergodic equivalence
relation and G is a countable group, then we have:

(i) If E is not Ep-ergodic, then SMOOTH(E, G) # Z(E,G) and ~ on
ZY(E,G) is not smooth.

(ii) If E is Eg-ergodic and G € M, then SMOOTH(E, G) = Z1(E, G)
and ~ is smooth.

Thus in particular we have:

Corollary 29.7. Let G be a countable group satisfying the minimal condi-
tion on centralizers. Then for any ergodic E the following are equivalent:
(i) E is Ey-ergodic.
(ii) SMOOTH(E, G) = ZY(E, G).
Similarly for actions.

There are examples of Fyp-ergodic E in which BY(E,G) = ZY(E,Q),
so obviously SMOOTH(E,G) = ZY(E,G), but G ¢ M¢. For example,
let E be given by a free ergodic action of a property (T) group and let
G =Gy® Gy @ ..., where G; are centerless, torsion free and amenable.
However in certain situations the smoothness of ~ on Z!(E, G) implies that

G e Mc.

Theorem 29.8 (Kechris). Let a be an Ey-ergodic, weak mizing action of
Fo. Then for any countable G the following are equivalent:
(i) G satisfies the minimal condition on centralizers.

(ii)) SMOOTH(a, G) = Z'(a, G).

Proof. We have already seen that (i) = (ii). Assume now that (i) fails.
Then F(G) is not smooth. But notice that F.(G) is really the same as the
conjugacy relation on Hom(F,, G), which by 20.1 can be Borel reduced to ~
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on Z'(a,G). It follows that the latter is not smooth, i.e., SMOOTH(a, G) #
Z'(a,G). O

I do not know if 29.8 holds as well for F},,2 < n < oco. It is also unclear
what is the possible complexity of the equivalence relation ~ on Z'(E,G),
when FE is Ey-ergodic and G & M.

(C) We will now see some implications of the previous results to the
general problem discussed in Jones-Schmidt [JS] of understanding when for
an action a € FRERG(T', X, 1) the outer automorphism group Out(E,) is
Polish or equivalently [E,] is closed in N[E,]. We have already seen various
results in that direction, e.g., this holds for any a € FR(T', X, ) if T is not
inner amenable (see 9.1). It also holds if « € ERG(T', X, 1) and C,(E,) > 1,
even if the action is not free (see 8.1). Jones-Schmidt [JS], 4.5 raise the
question of whether there is a dynamical characterization of the closedness of
[E,] in N[E,]. They point out that there appears to be no direct connection
between the Ep-ergodicity of a and the closedness of [E,] in N[E,]. It is
easy to see that [E,] being closed in N[E,] does not imply FEy-ergodicity.
(For example, take I" to be a group that is not inner amenable and does not
have property (T) and take a € FRERG(T', X, 1) \ EoRG(T", X, it).) Then
they refer to the paper Connes-Jones [CJ1] for an example of a group I" and
a free action a € EgRG(T', X, 1) such that [E,] is not closed in N[E,]. We
present below a variation of this example.

Example (Connes-Jones [CJ1]). Let I'g be a weakly commutative
ICC group and fix {v,} C T'g\ {1} such that Vy € ToV®n(vy, = wy)-
Consider an ergodic, free action b of I'g on (X, u) which is such that 72 = 1,
and [Ep] is not closed in N[Ep]. For example, we can take this action to be
the conjugacy shift action of I'g on X = 210 (see the proof of 9.5). Let Ag
be a non-amenable group and let T' = Ty x Ag act on Y = X2, by letting
Ag acting by shift and I'y acting coordinatewise via b. Call this action a.
Since the Ag-action is Fy-ergodic, the (I'g x Ag)-action is Ey-ergodic. One
can also easily see that it is free: If (79, d0) - p = p, for a positive measure set
of p € X290 then V5 € Ag(7o - p(dy 10) = p(6)). If &y # 1, this clearly holds
on a null set of p € X2, So assume 5y = 1. Thus V6 € Ag(70-p(8) = p(6)).
But if v9 # 1,{z : 7 - * = z} is null, so again this only holds on a null set.
Thus v = 1.

We will finally show that [E,] is not closed in N[E,], by showing that
Y4 — 1 in N[E,] but clearly 7% 4 1 uniformly. Since {,} witnesses the
weak commutativity of I'g and thus of I' it is enough, by 6.2, to show that
72 % 1. Again for that it is enough to show that if Ay,..., A, C X are
Borel sets and p* is the product measure on X%, then

PE((rm(AL) X - X (AR)A (AL X -+ X Ag)) — 0.

As u(v2(A))AA;) — 0,Vi < k, this is clear.
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This example shows that there is a weakly commutative ICC group I
and a free, Ep-ergodic action a of I' on (X, 1) with [E,] not closed in N[E,].
Note that centerless weakly commutative groups do not have the minimal
condition on centralizers. Because if {~,} witnesses the weak commutativity
of I'and I' is in M¢, then I' = |, Ca({w}32,)) and so, by 28.1, T =
Co({m}il,,), for some ng, ie., v, € Z(I), if & > ng, a contradiction.
We will now show that for ICC groups I' with the minimal condition on
centralizers, Ep-ergodicity of an action a implies the closedness of [F,] in
N[E,]. Thus for “nice” groups I, there is indeed a direct implication from
Ep-ergodicity to the closedness of [E,] in N[E,].

For any countable group I' and action a € A(T', X, i), we denote by «g
the cocycle in Z!(a,T) given by

ao(y,z) =17-

We now have the following result. Keep in mind that an action has no non-
trivial finite factors (i.e., homomorphisms into actions on non-trivial finite
probability spaces) iff every finite index subgroup acts ergodically.

Proposition 29.9. Let T' be a countable group and a € FRERG(T', X, ).
Assume that either I' is ICC or else I' is centerless and every finite in-
dex subgroup of T' acts ergodically (e.g., a is weak mizing). Then if oy €
SMOOTH(a,T'), the group [E,] is closed in N[E,].

Proof. Let E = E, and let T,, € [E] be such that 7,, — 1 in N[E]
in order to show that T}, = 1. Put f,(z) = ag(z, T, (x)), so that Ty,(z) =
fn(x) - z. We have, identifying v with ~¢,

Vy € T(T Tt 5 ),

ie., if A} = {z : T,7T, Y (x) # vz}, then u(A7) — 0. Now {x : f,(v-
v fu(@)™ # v} C {z s Ta(VL, H(Tn() # v Tal@)} = T, (A7), so
Vy(u{@ : faly - 2)vfu(z) ™" #7}) — 0), thus f,, - ag — ao.

Next we note that I'y, (= L(X, 1, I')a,) = {1}. Indeed if f-ag = ay,
ie., f(v-z)yf(z)™' = 4, then f(y-z) = vf(x)y ', s0 f: X — T'is a
homomorphism of the I'-action on X and the conjugacy action on I'. Thus
f«pt concentrates on a finite conjugacy class of I'.  Our hypothesis then
implies that f.u concentrates on {1}, i.e., f = 1.

So, by Effros’ Theorem, since oy € SMOOTH(a,I"), we have f,, — 1 in

D, ten p({e: fule) # 1)) = n({a: T(@) # 2}) = 6,(Tn,1) — L. :

Theorem 29.10 (Kechris). Let I' be a countable group satisfying the
minimal condition on centralizers and let a € A(T, X, u) be a free, Ey-
ergodic action of I'. Assume that either I' is ICC or else I' is centerless and
every finite index subgroup of T' acts ergodically (e.g., a is weak mixing).
Then [E,] is closed in N[E,].

Proof. By 29.6 and 29.9. O
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Recall from Section 9 that it is still an open problem to characterize
the ICC groups I' such that for every a € FRERG(I', X, p1), [Eq] is closed
in N[E,]. One can ask the “dual” question of characterizing the groups I
such that for every a € FRERG(I', X, p1), [Eq] is not closed in N[E,]. We
have already seen in 7.2 that every amenable group I satisfies this property,
in fact [E,] is dense in N[E,] in this case. The next result provides the
converse, for centerless I' € M.

Theorem 29.11 (Kechris). Let I' be a centerless countable group with the
minimal condition on centralizers. Then the following are equivalent:
(i) T' is amenable,
(ii) Ya € FRERG(T', X, u)([E4] is not closed in N[E,]),
(iii) If s is the shift action of T' on 2V, then [Ej] is not closed in N[Ej],
(iv) Ya € FRERG(T', X, p)([Eq] is dense in N[E,]),
(v) [Es] is dense in N|Ej].

Proof. (i) = (ii) - (v) follows from 7.2. If I" is not amenable, then s is
Ey-ergodic and mixing, so, by 29.10, [E] is closed in N[E;], i.e., iii) fails. So
(i) - (iii) are equivalent. Moreover, in this case, [Es] is not dense in N[Ej],
else [Fs] = N[FE,], which is absurd as the map = € 2' — T € 2U' (where
T(y) =1 —x(v)) is in N[E;] \ [Es]. Thus (i), (iv), (v) are equivalent. O

Remark. It should be pointed out here that if ¥ = R x F' is the product
of two equivalence relations on (X, ), (Y, v), resp., and [F] is not closed in
N|[F], then [E] is not closed in N[E]. This is clear since if T, € [F|,T,, — 1
in N[F] but T,, /4 1 uniformly and we define 7} (z,y) = (z,T,(y)), then
T! € [E],T, — 1 in N[E] but T/, / 1 uniformly. It follows that if a group
I" has a free ergodic action a with [F,] not closed in N[E,], so does any
product I' x A, A a countable group.

There is a somewhat different version of 29.10 that may be worth stating
as it seems to provide some insight concerning the role of weak commutativ-
ity in the Connes-Jones counterexample. We use below the following variant
of a terminology from Jackson-Kechris-Louveau [JKL]: If E is a countable
Borel equivalence relation on a standard Borel space X, we call E measure-
hyperfinite if for every measure p on X, F is hyperfinite except perhaps on
a p-null set.

Theorem 29.12 (Kechris). Let I' be a countable group and let a €
AT, X, 1) be a free, Ey-ergodic action, in which every finite index subgroup
acts ergodically (e.g., a is weak mizing). Assume that T is not weakly com-
mutative and F.o(I') is measure-hyperfinite. Then oy € SMOOTH(a,T")
and thus [E,] is closed in N[E,].

Proof. As in the proof of 29.9, I'y, = {1}. We next show that oy €

SMOOTH(a,I'). As in the proof of 29.6, we start with a sequence g, € I’

such that,

1

VAN (gn(y - 2)vgn(z) ™ =7), a.e.(z),
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in order to show that g, — 1. As in that proof, the assumption that
a € EgRG(I', X, ) and Fio(I") is measure-hyperfinite implies that there is
{h%} € TN and g € T such that

Vn(gn(2) = g(x)hpg(2) ™), ae.(z),

and so
VY n(gn(y - @) = g(v - 2)hpg(y - 2)7h), ace(x),
thus
Vv °n(g(y - £) " yg(x) commutes with hY), a.e.(x).
Put
H={yel :v°n(yh! = hly)} <T.

So

¥y(g(y - @) trg(x) € H), ae. (@),
ie.,

Vy(9(v - 2)H = vg(x)H), a.e.(z).
Put

p(x) = g(z)H,
so that ¢ : X — I'/H is a Borel homomorphism of the I'-action on X
into the I'-action on I'/H. Then @, u is a I-invariant measure on I'/H, so
[[': H] < co. Since the I'-action on X has no non-trivial finite factors, we
must have I' = H. Thus since I is not weakly commutative, V>°n(h? = 1),
and so V>°n(g,(x) = 1), a.e.(z), and therefore g, — 1. O

Of course if I' € M, then Fo(I') is hyperfinite but there are groups
I’ for which F,o(I") is measure-hyperfinite, which are not in M¢, e.g., any
amenable group not in M. Thus the extent of the class of groups I' for
which F,o(I') is measure-hyperfinite is not clear. Simon Thomas (private
communication) constructed examples of groups I' for which Fi o(I") is not
measure-hyperfinite. They also satisfy the following additional properties:
ICC, inner amenable, not weakly commutative and have cost 1 (and fixed
price).

(D) We will conclude this section with some further facts related to
the last remark in Section 7 and which also give an alternative proof of (a
somewhat weaker version of) 29.9.

Let a € FR(I', X, ), I infinite, and let T € N[E,]. Then as in Section
21, (C) we associate to each T' € N[E,] the cocycle ar € Z'(a,T) defined
by

T(y-2) = ar(y,2) - T(x).
Proposition 29.13. The map T — ar is continuous from (N[Eq], Tn[g,])
into Z'(a,T).

Proof. Put E = E,. Assume that 7,, — T in N[E] in order to show
that az, — ar in Z'(a,T'). Note that T}, — T in N[E] implies that T,, > T
and so T; ' % T~! and thus T, 'T % 1.
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Fix € > 0,v € I'. We will find N such that Vn > N,

p{z:an,(v,2) # ar(y,2)}) <e

Put As = {z : ar(y,z) = 0}, A} = {z : ag,(v,2) = 0}. Then there
is a finite F© C I' such that } s5.p u(As) < €/6. Now {z : ar,(y,z) #
ar(v,2)} = Us(As N Uszs A5/)- Choose M such that Vn > M,

Vo € F(u(AsAT, ' T(As)) < ).

_c

6| F|

This is possible, since 7;; T = 1. Then
{z:ar,(y,2) # ar(y,2)} = [ (45 n | 450

SZF 5148
U (A5 N U Ag’)7
S€F 8148

and

{z:an,(v,2) # ar(y, T~ ' Ty(x)} = U T, 'T(As5) N U Az )U

SR 5148
U 11—1 A5 U A(;/
ScF 5145

SO

ul{z = oz, (v, 2) # ar(v,2)}A{z a1, (v,2) # ar(y, T~ Ta(2))})

<e/6+€¢/6+ > p(AsAT, 'T(As)) < €/2
dEF

We also have T,,yT;* — T~T~! uniformly, so we can find N > M such
that for n > N,

p{a : TAT, N (z) # TATH(2)}) < €/2.

By the freeness of the action,
{e:ar,(v. T, (2)) # ar(y, T (x))}
C {z: Ty Ty () # THTH(2)},

p{z o, (v, T, (x)) # ar(v, T~ (2))}) < €/2.
Therefore
p{z: an, (v, T, (= ))#aT( T} (x))})
= p({z : an,(v,2) # ar(y, T™ Th(z))}) < €/2,
so we have

p{z oz, (v, 2) # ar(y,2)}) <e.
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Recall that for an action a € A(T', X, u), Cy = {T € Aut(X, u) : TaT ' =
a} is the stabilizer of the action (also denoted by Cr if the action is under-
stood). Then we have:

Proposition 29.14 (Furman [Fu]). For anya € FR(T', X, ), T € N[E,],
T e Ca[Ea] < a7 ~ Q.

Proof. =: If T = SU, where S € Co,U € [E,], and f : X — T'is
such that f(z) -z = U(x), then U(y - x) = f(y - z)vf(x)~t - U(x), so
T(y-2)=SU(y-2)) = S(f(y-a)vf(z)~" - Ulx)) = f(v-2)vf(x)~" T(z),
so ar(y,x) = f(y-2)yf(x)~", ie., ar ~ ap.

<: Suppose that ar(y,z) = f(v-z)yf(z)~!, for some f € L(X,u,T).
Then T(y-z) = f(v-z)yf(z)~! - T(z). Put S(z) = f(x)~! - T(x), so that
S(y-z)=~-S(x). We claim that S € Aut(X, u). First notice that S maps
any orbit I' - z in a 1-1 way onto the orbit I' - S(z) = I' - T'(x) and thus, in
particular, S is a Borel bijection of X. Next we will verify that .S preserves
u, and for that it is enough to show that for each § € T, if A5 = f~1({5}),
then S|A;s is measure preserving. But for z € As, S(z) = §~1 - T(x), so this
is clear.

Thus S € C,. Put U(z) = f(S7'(z))-2. Then US =T,s0U =TS~ ¢
Aut(X, ). Moreover U € [E,]. So T € [E,|Cy = Co|E,). m

From 29.13 and 29.14, it follows that if a« € FR(T', X, 1) and the cocycle
ap € SMOOTH(a,T'), then C,[E,] is closed in N[E,], so by the last remark
in Section 7, if moreover C, N [E,] = {1}, [E,] is closed in N[E,]. Recall
from 14.6 that if a« € FRERG(I', X, i), then C, N [E,] = {1} if either " is
ICC or else I' is centerless and every infinite subgroup of I' acts ergodically.
Compare this with 29.9.

30. Cohomology V: Actions of property (T) groups

(A) For actions of property (T) groups the structure of the cohomology
classes is much simpler in view of the following result.

Theorem 30.1 (Popa [Po3]). Let T be a countable group that has property
(T), let G be a countable group and let a € ERG(T', X, u). Then every
cohomology class in Z(a,G) is clopen (so H'(a,G) is countable).

Proof (Furman [Fu2]). We will find § > 0 such that if o, 3 € Z'(a, Q)
and Jl(oz,ﬂ) < §, then a ~ .

Since I' has property (T) there is a finite symmetric F¥ C I" and € > 0
such that for any unitary representation 7 : I' — U(H), which admits a unit
vector vy with Vy € F(|(m(v)(vo),v0)| > 1 — €), there is a I-invariant unit
vector v € H with [lv — v < .

Fix now «, 3 € Z'(a, G) and consider the following action of I on X x G:

v (xag) = (7 : ‘raa(’%x)gﬂ(f%x)il)'
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Clearly the o-finite measure p X ng, where n¢g is the counting measure on
G, is I'-invariant, and this gives rise to the unitary representation 7 : I' —
U(L*(X x G,p x 1ng)), given as usual by 7(y)(v)(z,9) = v(y~! - (z,9)).
Consider the vector vg = xxx{1}- Clearly [lvg|| = 1. Also for v € T,

(v 1) (vo), vo) = / iy (7 - @ )Xo 1y (@ )i x 1)
= p({z : aly,z) = B(y,2)}).

Choose now § > 0 such that

d'(a,8) < 6=y € Flp({z: a(v,2) # B(y,2)}) <o),
and thus for v € F,

d' (e, 3) < 6= 1> |[{m(y)(vg),v0)| > 1 —e.

It follows that if czl(a,ﬂ) < 0, there is a I'-invariant unit vector v with
v —wol| < 15. We will use this to find f : X — G such that f- 8 = «, thus
a~ 3.
1\?0W veE LA(X xG,uxng) and v(z, g) = v(y -z, aly, z)gB(y, ) 1), V.
Put
fa(g) = lo(z, ).
Then
fw-x(a(%ﬂ?)gﬁ(%ﬂ?)_l) = fac(g)

and g — a7y, z)gB(y,z)~! is a permutation of G, so the maps

V(l‘) = Z fx(g)a
geG
m(x) = maxgeq fz(9)
and
k(x) = card{g € G : f,(g9) = m(z)}
are I'-invariant. By the ergodicity of the I'-action on X, these functions are

constant, a.e. Note that, by Fubini, V(z) = V = 1. Also m(z) = m is
positive and oo > k(x) = k > 0. If we can show that k(z) = 1, then letting

f(x) = (the unique g such that f,(g) =m),
we have f(y-x) = a(y,2)f(2)B(y,2)" !, e, [- =0
But if k > 2, then |v(z,1)|? < 3, ae., so

o=l = [ lo(e.9) — en(e )P x 1)

> [ -1tz (1= 5) >

a contradiction. O

The preceding and earlier results lead to the following characterization
of property (T) groups.
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Theorem 30.2. Let I' be a countable group. Then the following are equiv-
alent:

(i) ' has property (T),

(ii) For every a € ERG(I', X, ) and any countable G, the cohomology
classes are clopen in Z'(a,G),

(i1i) For every a € ERG(T, X, i), there is some Polish G # {1} admit-
ting an invariant metric, such that SMOOTH(a, G) = Z'(a, G),

(iv) For every a € ERG(T, X, u) and any countable G, H(a, G) is count-
able,

(v) For every a € ERG(T', X, ), there is some Polish G # {1} admitting
an invariant metric with H'(a,G) countable.

Proof. (i) = (ii) is 30.1 and (ii) = (iii) is trivial. If (i) fails, then I" has
an ergodic but not Ep-ergodic action a and so, by 27.2, (iii) fails. Finally
(ii) = (iv) = (v) = (iii) are clear. O

A special case of this characterization, for abelian G, was proved in
Schmidt [Sc3], 3.4. Also note that, as we discussed earlier in Section 27,
(B), if T has property (T) and G is a torsion-free group with HAP, then
Bl(a,G) = Z'(a,G) for any a € ERG(T, X, ).

Remark. There is an analog of 30.1 valid for any countable group I,
brought to my attention by loana; see Ioana [I2]. It is reminiscent of the
last remark of Section 14, (A).

Let a € A(T', X, 1), G a countable group with discrete metric d, and put
on Z'(a,G) the complete metric

d' (a, B) = sup / d(a(y, ), B, x))du(z)

vyel

= sup u({x : Oé(’}’, x) 7é 5(77'%')})

yel

Then for a € ERG(T, X, 11), every cohomology class in Z'(a,G) is clopen
in the Jéo—topology. Indeed, following the proof of 30.1, we note that for
7 € T, 1 (m(3) (v0), v} < (e, B), 0 |w(3)(v0) —vol|? < 2L (@, B). Tfvy is
the unique element of least norm in the closed convex hull of the I'-invariant
set {m(y)(vo) : ¥ € T}, then vy is I-invariant and |[v; — vo|| < 2d(a, B).
Thus by choosing J})o (a, ) sufficiently small, we can find a I'-invariant unit
vector with ||[v — vg|| < 1/10 and repeating the rest of the proof of 30.1, we
conclude that a ~ (3.

We can also see that for I' with property (T), for a € ERG(I", X, ) and
G countable, the J})O—topology on Z'(a,G) is the same as the usual topology
on Z'(a,G). This follows from the proof of 30.1.
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First notice that if [[v — vo|[2 < p < 75, then
2> o —wl = / o2, 9) — X1y (@ ) (1 x 1)

= o(x, g)[*dpu(x) + | Jo(e,1) = 1[du(z)
-3/ )+ [

>N Lu({a o(@,g)? > 1) + tu({e oz, 1) =12 > 1))
g#1

4p* > p({z : 3g # Ujv(z, 9)I> = 3) or Ju(z,1) = 1] = 3}),
therefore

n({e: Vg # 1o, g)] < 3) and [o(a,1) — 1] < 1}) > 1 — 42,

thus p({z : f(z) = 1}) > 1 — 4p>. We also have f -3 = a, that is,
fOy-2)B(v,2) f(2) ™" = a(y,2), ¥y, so p({z : a(y,x) # B(y,2)}) < 8p%, V7,
ie., d(a,B) < 8p%

Now given %0 > p > 0 we can choose § > 0 such that if Jl(a,ﬂ) < 4,
then there is v with ||v — vgll2 < p, so dL(a, 3) < 8p%. This shows that the
above two topologies coincide.

It also follows from 30.2 and 27.2 that the following are equivalent:

(i) T has property (T),

(ii) For every a € ERG(T, X, ) and countable G, the CZ})o—topology on
Z%(a, @) coincides with the usual topology.

(iii) For every a € ERG(T, X, 1) and countable G, ciéo is separable.

(B) One can use 30.1 to derive superrigidity results. First we need the
following characterization.

Theorem 30.3 (Popa [Po3]). Suppose I is a countable group, G a Polish
group admitting an invariant metric and a € WMIX(T', X, u),a € Z(a, Q).
Consider the product action a x a € A(T', X2, u?) and let
a1 (7, (z1,72)) = a(y,r1),
a2 (7, (1, 22)) = oy, 22),
so that a; € Z'(a x a,G),i = 1,2. Then the following are equivalent:
(i) v is cohomologous to a group homomorphism ¢ : I’ — G,
(ll) a1 ~ Q9.
Proof (Furman [Fu2]). (i) = (ii): If @ ~ ¢, let f : X — G be such that

¢(v) = f(y-a)aly,)f(x)~". Thenif fi(z1,22) = f(z1) we have fi-a1 = ¢,
S0 a1 ~ . Similarly as ~ ¢, thus a3 ~ as.

(ii) = (i): Fix f: X? — G with
a(y,w2) = f(y-x1,7 - w2)aly,z1) f(z1,22) 7,
p-a.e.(x1, o). It follows that
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a(’% $2) = f(’y c L1, xQ)O‘(’% xl)f(xl’ x2)_1’
a(y,m2) = f(v-x3,7 - 22)a(y, 23) f (23, 22) ",
p-a.e.(x1, 22, 73). So
a(y, @) = f(y -z, m2) T f(y - w3,y - w2)aly, w3) f (w3, 22) " f (21, 22).
Put
gla1, wg,m3) = f(z1,22) " f (23, 2).
Then for the action a® = a x a x a € A(T', X3, u3), we have

g(’y : (331, Z2, 1'3)) = a(’%xl)g(xla Z2, J}g)OK(’Y,.ZEg)_l,

p-a.e.(r1, xo, 13).
Claim. g depends only on 1,3, i.e., there is G : X2 — G such that
g(x1, 72, 73) = g(1, 73)
pwi-a.e.(x1, x2, x3).
Granting this, we also have
9(7 c X1, T2, $3) = g(’y L1, x3)7
p-a.e. (r1,x2,13), S0
gy -z, - m3) = a(y, 21)g(z1, z3)o(y, 23) ",
p-a.e. (r1,x2,13), i€
gy - 21,7 - x3) = aly, 21)g(z1, 23)a(y, x3) ",
p-a.e., (x1,r3). Fix 29 such that
g(l‘la $(2)7 1"3) = f(xl’ xg)_lf(x& l'g) = §($1, $3)

,Uz'a-e- (l‘l,l’g), and thus §(7'$177'$3) :f(’y $17$2) 1f(’y .%'3,.%'2) :u‘ -a.e.

(z1,23). Put
h(z) = f(z,23).
Then

a(y,x1) = h(y - x1) " h(y - 23)al(y, z3)h(zs) " h(zy),

(
p2-a.e.(x1,x3), so

h(y - z)aly, z)h(z) ™" = h(y - @3)aly, z3)h(zs) ",
p-a.e.(z1,x3). It follows that

p(7) = h(y - z)aly,z)h(z) ™"
is constant p-a.e.(x). Clearly then ¢ is a homomorphism and « ~ ¢.

Proof of the claim. We have for an invariant metric d on G and every
s

d(g(y - (w1, 22, 23)), 9(7 - (21,24, 23))) = d(g(21, 22, 23), 9(x1, T4, 73))
pt-a.e.(x1,z2,13,24), SO

(1,22, 23, 24) — d(g(z1, 2, 3), g(21, 4, X3))
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is invariant for the action a* = a x a x a x a € A(T', X*, u*). Since a is weak
mixing, a* is ergodic, so the above function is constant, a.e., say with value

dy. We will show that dy = 0, i.e.,

g(xla z2, $3) = g(xl’ Iq, 563)
p*-a.e.(r1, z2, 73, 74). Then choose 29 so that g(x1, x9, x3) = g(w1, 23, x3), -
a.e.(r1, T2, r3), and put g(z1,rs3) = g(z1, 29, z3).
Assume dgy > 0, towards a contradiction, and fix {g0} dense in G. Then
we have that |J,, B(¢2,do/2) = G. Fix 29, 29 such that

d(g(x?,(]fQ?f]fg) g(x?7x47x3)) - d07
p2-a.e.(z2,24). Let g(x) = g(2,x,29). Then if B, = ¢ 1 (B(g2,do/2)), we
have that |J,, B, = X, so for some n, u(By) > 0. Thus p*( %) > 0, so fix
29,29 € B, such that

d(g(x(l)v xga 1‘%),9(1’(1), xga l’g)) = do,

therefore d(q(x9), ¢(z9)) = do, contradicting the fact that

d(q(23), %), d(q(23),4%)) < %.
O

Following Popa [Po3] we call a € A(T', X, u) malleable if for a? = a x
a € AT, X2, ?), there is a continuous path in C,2 = {T € Aut(X?, p?) :
Ta*>T~! = a?} from 1 to the flip (x,%) — (y,z). Note now the following
fact.

Proposition 30.4. Let I" be a countable group and let a € WMIX(T', X, )
be malleable. Let G be a Polish group with an invariant metric and con-
sider H'(a?,G) = Z'(a?,G)/~ with the quotient topology. If H'(a?,G) is
totally path disconnected (i.e., its path components are trivial), then a is
G-superrigid.

Proof. Fix a € Z'(a,G) and consider ay,as as in 30.3. Let t — T} €
C,2 connect 1 with the flip. Now C,2 acts continuously on Z!(a? G) (see
Section 24, (B)), so T; - a1 is a continuous path in Z!(a?, G) from a1 to ao.
Projecting to H'(a?, G), we conclude that a; ~ a9, so «a is cohomologous
to a homomorphism by 30.3. O

We thus have:

Theorem 30.5 (Popa [Po3]). Let I' have property (T) and let the ac-
tion a € WMIX(T, X, u) be malleable. Then for any countable G, a is
G-superrigid.

Proof. By 30.1, clearly H'(a?, G) is discrete. O

A canonical example of a malleable action of a group I' is its shift

s on [0, 1] , where [0,1] has Lebesgue measure \. If we identify 7' €
Aut([0,1]%,\2) with T* € Aut(([O 12T, (A1), given by T*(p) = (v —
T(p(7))), then the group Aut([0,1]%, A\?) becomes a closed subgroup of Ci.
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The flip on [0,1]! x [0, 1} = ([0,1]?)! is equal to T*, where T is the flip on
[0,1]2. Since Aut([0,1]?,A\?) is path connected, there is a continuous path
in Cg2 from 1 to the flip, so s is malleable.

The previous superrigidity result can be extended as follows.

Theorem 30.6 (Popa [Po3]). Let I' be a countable group containing a
normal subgroup A < T with relative property (T). Let a € Aut(T', X, p) be
malleable such that a]A € WMIX(A, X, u). Then a is G-superrigid for every
countable G.

Proof. First note that for any b € ERG(I', Y, v) the proof of 30.1 shows
that if o, 8 € Z1(b,G) and Jl(a,ﬂ) < 9, for an appropriate 0, then a|A ~
B|A. Then the proof of 30.3 shows that if « € Z'(a,G) and a;|A ~ az|A,
then a|A ~ ¢ for some ¢ € Hom(A,G). As before the malleability of
a implies that there is a path in Z'(a?,G) from a7 to as and thus by
applying the preceding observation to b = a? € ERG(T", X2, u?), we see (by
cutting this path into small pieces) that ai|A ~ ag|A, so a|A ~ ¢, for some
¢ € Hom(A,G). We will now use that A < T to find ¢ € Hom(T', G) such
that a ~ 9.

We have

ald,z) = f(6-z)p(d)f(z)"1, V6 € A,

for some f € L(X, u,G). Put 8= f~1-a, so that 3|A = . Put
Lo={yel: B(y,z) =
Clearly A C I'g. We will show that I'g = I, which will complete the proof.
Fix y€T,6 € A. Then v6y~ ' = ¢ € A, so
B(vd,x) = B(v,6 - x)B(6,2) = B(7,6 - 2)B(3)

= B(0"y,x) = (&', v - 2)B(y,x) = B(")B(v, ).
Thus 3(7,6 - 2)8(8) = By~ 1)B(v, ) and so

By, 8- x) = B0y ) B(v, 2)B(5) "

Therefore for each v € I', A, = {(z,y) € X? : B(v,z) = B(v,y)} is A-
invariant for the action a?, so since a|A is weak mixing, and thus a?|A is
ergodic, u?(A,) = 0 or 1. If for all v it has measure 1, we are done by
Fubini. Otherwise for some v, 3(v, x) # B3(7,y), p-a.e.(x,y), contradicting
the fact that for some go, B = {z : 3(y,x) = go} has positive measure, thus

p?(B) > 0. o

Here is a sample application of 30.5 to orbit equivalence.

B(7) is constant a.e.}.

Theorem 30.7 (Popa [Po3]). Let I' be a simple countable group with
property (T), and let s be the shift action of T on X = [0,1]'. Let A be a
countable group and a € FR(A,Y,v). If sOEa, then there is an isomorphism
¢ : I' = A and an isomorphism q : (X,u) — (Y,v) such that q(y - x) =
o(v) - q(z), i.e., the groups I'; A are isomorphic and identifying I, A via an
isomorphism the actions s,a are isomorphic.
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Proof. Fix an orbit equivalence p : X — Y, zFE;y < p(x)E.p(y), and
let o : I'x X — A be the corresponding cocycle: a(v,x)-p(z) = p(v-z). By
30.5 (and the paragraph following it), there is a homomorphism ¢ : I' — A
such that a ~ ¢, so fix Borel f: X — A such that

fOv-@)aly, o) f(2) " = (7).
Then if ¢(z) = f(z) - p(z), we have that zEsy < q(z)Eq.q(y) and q(y-z) =
©() - q(z). Since I is simple, ¢ is an injection and thus ¢ is an injection.
Let As = f~1({6}). Then {As}sca is a partition of X and q(x) = §-p(x) for
x € Ajs, so q|As is measure preserving and thus so is ¢. Thus ¢ : (X,p) —
(Y,v) is an isomorphism and the proof is complete. O

(C) We conclude with some remarks and questions concerning path
connectedness in H!'(a,G). In general it seems interesting to understand
under what conditions H!(a, Q) is totally path disconnected.

First, let us note that if I' is finitely generated, a € EqRG(T, X, u)
and G is a countable group in Mc, then if a is G-superrigid, H'(a, G) is
totally path disconnected. To see this notice that there are only countably
many homomorphisms from I' to G, thus H'(a,G) is countable, while by
29.6 every point in H'(a,G) is closed. Thus any path in H!(a, G) must be
constant by Sierpinski’s Theorem (see Section 27, (G)). I do not know if
finite generation of I' is necessary here.

Second, consider a strongly treeable countable group I', i.e., a group I
such that for every a € FR(I', X, ), E, is treeable (u-a.e.) (see Kechris-
Miller [KM], Section 30). There are many such groups, e.g., I' = Zg %
Zs3, which admit no non-trivial homomorphism into F5. Since for any a €
FR(T', X, pn), E, is treeable, it can be Borel reduced to the free part of
the equivalence relation induced by the shift of Fy on 22 (see Jackson-
Kechris-Louveau [JKL], 3.5), so the corresponding reduction cocycle is not
cohomologous to a homomorphism and thus a is not Fa-superrigid. It follows
from 30.4 that if I" is strongly treeable, with Hom(T", F3) trivial, and s is the
shift action of I' on [0, 1]'' (which is malleable and isomorphic to s x s), then
H'(s, F») is not totally path disconnected.

In fact the preceding arguments also show the following.

Proposition 30.8. Let I' be a non-amenable, finitely generated group, G a
countable group in Mc and let s be the shift action of T' on [0,1]". Then
the following are equivalent:

i) s is G-superrigid,

i) H'(s,G) is totally path disconnected.



APPENDIX A

Realifications and complexifications

We will consider below real and complex Hilbert spaces and some con-
nections between them. I would like to thank Scot Adams for a useful
conversation on these matters.

If H is a real Hilbert space, we define its complexification Hc as follows:
The elements of Hc are the formal sums z+i-y (so, as a set, Hc = H?) with
vector operations defined in the obvious way: (x1 +i-y1) + (x2 +i-y2) =
(x1 4+ 22)+i-(y1 +y2),(a+bi)(x+i-y) = (ax —by) +i- (bx + ay), for
a,b € R. The inner product is again defined by

(1 +i-y1,22+1-y2)He. = (@1, 22)m + (Y1, y2) 1 + (Y1, v2) g — (@1, Y2) H-

We will write Hc = H + i - H, and identify x € H with x + i -0. The
norm of z +4-yin Heis |z +i-yl3. = (@ +i -y, +i-y)u. = (&, )5 +
(y, vy +iy, )y —i{z,y)u = ||z||% + ||ly||%. It follows that Hc is a complex
Hilbert space. If {e,} is an orthonormal basis in H, then {e,} is also an
orthonormal basis for Hc.

If H is a complex Hilbert space, we define its realification Hg by restric-
tion of scalars. The elements of Hg are exactly those of H and the vector
operations are defined by restriction to R. The inner product is given by

<$7y>HR = Re <$7y>H

Thus HxH%IR = Re (z,2)g = (v,2)p = |z||%, so that the norms are the
same and Hp is a real Hilbert space. If {e,} is an orthonormal basis for H,
then {eq,ieq} is an orthonormal basis for Hg.

If H is areal Hilbert space, the identity map is a Hilbert space embedding
of H into (Hc)r (i.e., a real Hilbert space isomorphism of H with a closed
subspace on (Hg)r).-

If H is a complex Hilbert space, then we can define a canonical Hilbert
space embedding of H into (Hg)c as follows:

1 , )
p(r) = ﬁ(w +i-(—ix))

If H is a real Hilbert space we denote by O(H) the orthogonal group of
H, i.e., the group of Hilbert space isomorphisms of H. We equip O(H) with
the strong operator topology, i.e., the one induced by the maps T — T'(z)
from O(H) to H for all x € H. This is the same as the weak operator
topology, i.e., the one induced by the maps T +— (T(z),y) from O(H) to R
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for all x,y € H. If H is separable, with this topology, O(H) is a Polish
group.

If H is a complex Hilbert space, we similarly define the unitary group of
H,U(H).

If H is a real Hilbert space and T' € O(H), let Tc = T + i - T be the
element of U(Hc) given by

(T+i-T)x+i-y) =T(x)+i T(y).
Clearly Tt is the unique 77 € U(Hc) with Th|H = T and {I¢ : T €
OH)} = {T1 € UH) : T'\(H) = H}, so via T — Tg (which is easily
a topological group isomorphism) we can identify O(H) with the closed
subgroup of U(H¢) consisting of elements that leave H invariant, so O(H) C
U(Hg).

If H is a complex Hilbert space and T' € U(H), clearly T' € O(Hg) and
the identity map is a topological group isomorphism of U(H) onto a closed
subgroup of O(Hg), thus we have again U(H) C O(HR).

If H is a real Hilbert space and we view H, via the identity map, as a
closed subspace of (Hc)g, then, via T'— T +1i-T,O(H) is identified with a
closed subgroup of O((Hc)r), so O(H) C O((He)r)-

If H is a complex Hilbert space, T' € U(H) and we identify H with a
closed subspace H of (Hg)c via © — %(w—l—z -(—ix)), then every T € U(H)

gives rise to T € U(H) defined by T(%(w + i (—ix)) = %(T(x) +i-
(—iT'(x))). But also T gives rise to T'+ ¢ -T € U((Hgr)c). We note that
T +i-T extends T from H to (Hg)c. Thus if we identify T € U(H) with
T+i-T € U((Hg)c), then T+i-T leaves H invariant and (T +i-T)|H = T.

Thus we can view U(H) as either U(H) via the identification T+ T
or as a closed subgroup of U((Hr)c) via the identification 7" +— T + i - T.
The above shows that these identifications cohere, in the sense that H is
invariant under each T + ¢ - T’ and its restriction to H gives T.



APPENDIX B

Tensor products of Hilbert spaces

Below we consider either real or complex vector and Hilbert spaces.

If V1,...,V, are vector spaces, their (algebraic) tensor product is the
(unique up to isomorphism) vector space V) ® --- ® V, equipped with a
multilinear map V; X -+ XV, > V1 @ - Q@ Vyp, (V1,...,0p) = 01 @ -+ Q@ vy
such that for any vector space V and multilinear map 7 : V; X --- x V,, — V
there is unique linear map p : V1 ® - ® V,, — V with n(vq,...,v,) =
p(v1 ® -+ @ vy). Every element of V; ® --- ® V, is a linear combination of
vectors of the form vy ®---®u,. If By,..., B, are bases for Vi,...,V,, resp.,
then B1 ® - - @B, ={v1 ®--- @ vy, : v; € B;} is a basis for V1 ® -+ - ®@ V.

Now assume that Hy, ..., H, are Hilbert spaces. Then there is a unique
inner product on the algebraic tensor product H; ® - - - ® H,, such that

n

(V1@ @V, w1 @+ @ W) Hy @@ H, = H<vi7wi>Hi‘
i=1

Then we define the Hilbert space tensor product, also denoted by H; ®
-+ ® H,, as the completion of this inner product space. (We have used
H, ®---® H, to denote both the algebraic and the Hilbert space tensor
product. Since it is the latter we are interested in, we will use this notation
only for the latter in the sequel.) Note that the linear combinations of the
vectors v1 ® -+ ® vy, v; € H; are dense in H} ® -+ ® Hy. Also [[11 ® -+ ®

Unllm--om, = ||ville; - |vnllm,. Finally, if Bi,..., B, are orthonormal
bases for Hy,..., H,, resp., then By ® --- ® B,, is an orthonormal basis for
H®- - ® Hy.

IfH =---=H,=H, welet H" = H; ® --- ® H,. By convention

H®Y = the scalar field (viewed as a 1-dimensional Hilbert space) and H®! =
H.

We next define the symmetric tensor power of H. Note that for each
o € S, (= the permutation group of {1,...,n}) there is a unique operator
on H®" also denoted by o such that o(v1 ® -+ @ vy) = Vy1) ® - -+ ® Uy ().
Let H®™ be the (closed) subspace of all vectors in H®" invariant under all
o € S,. Also H®™ can be viewed as the range (or equivalently the set of fixed
points) of the operator 7 = % Y oves, 0- Let v1©---Ou, = \/% > ves, Vo(1)®

QU (n) = Vn!T(v1®- - -®wy). Then the linear combinations of the vectors
V1@ - -Oup, v; € H, are dense in H®™. Moreover (v1®- - Oy, w1 O+ - -Owy,) =
Y ves, 1Lim1(vi, wo(;)), so that if B is an orthonormal basis for H, then
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190 B. TENSOR PRODUCTS OF HILBERT SPACES

B®---®Bis an orthonormal basis for H®". We finally have H®° = scalars,
H®' = H.
The direct sum
H*=HoH" ¢ 0 H" ...
is called the symmetric Fock space or boson Fock space of H.

Any bounded linear map L : Hy — Hy between Hilbert spaces extends
to a unique bounded linear map L®" : HP™ — H", so that

L1 ® - @vp) = L(v1) @ -+ ® L(vy)
and similarly L®" : HP" — H$™ so that
L0y ® - ®vp) = L(v1) © -+ ® L(vy).
We have | L& = | Lo = ||L|[". Finally, if || L] < 1, let L&® = @, L™,
which is a bounded linear map from H{"*> to Hy™.
In particular, If T is an orthogonal (resp., unitary) operator on a real

(resp. complex) Hilbert space H, then 7" induces a unique orthogonal (resp.,
unitary) operator T®" on H®" so that

T (01 @ Qup) =T(v1) @+ @ T(vy),
and similarly T®" on H®" so that
T O @vy) =T(v1) ©-- ©T(vy).

Finally let 7% be the operator @, , 7" on H®>. The map T +— T is
an isomorphism of O(H) (resp., U(H)) with a closed subgroup of O(H®)
(resp., U(H®*)). Clearly T®>*|H =T.

Comments. We have followed here the exposition of tensor products
in Janson [Ja], Appendix E.



APPENDIX C

Gaussian probability spaces

Suppose F is a finite (non-@)) set and ¢ : F? — R a real positive-
definite function on F, i.e., a symmetric function (¢(i,7) = ©(j,7)), sat-
isfying Zz‘,jeF a;a;p(i,7) > 0 for all reals a;,% € F. Then a standard result
in probability theory asserts that there is a unique probability Borel measure
iy On R such that the sequence of projection functions pi(z) = z;, where
T = (7;)ier, from RF to R is a R%valued (where d = card(F)) Gaussian
random variable with mean 0 and covariance matrix . This means that the
following two conditions are satisfied:

(i) Every linear combination f = >, pa;p; : RF — R is a centered
Gaussian random variable, i.e., has centered Gaussian distribution N (0, 02),
for some o. Explicitly this means that f. s, is the centered Gaussian measure

2

1
V2ra
N(0,0) as the Dirac (point) measure at 0.

Note that the projection of i, to the ith coordinate is the centered
Gaussian measure N (0, ¢(,7)). The characteristic function of this measure,
which is defined by fi,(u) = fei(ZkeF“Wk)d,uw(az),ﬂw : RF — C, is given
by the following formula

X
e 20% (—oo < x < o0),0 > 0. When o = 0, we interpret

with density

1 ..
fip(u) = e~ 2 Zijer vitie(ig),

Recall that fi, uniquely determines p,. We call u, the Gaussian centered
measure associated to ¢. For example, if ¢(i,j) = d;; (= the Kronecker
delta), then p, is the product measure on R¥ | where in each coordinate we

have the standard Gaussian measure with distribution N (0, 1) (i.e., density

22

\/%e_ 2).

Now consider a countable set I. Using the preceding and the Kol-
mogorov Consistency Theorem, we see that for each real positive-definite
o I = R (ie., ¢(i,j) = ©(J, 1), D jer aiajp(i, j) > 0, for all finite
F C I and reals a;,i € F), there is a unique probability Borel measure
e on R such that for each finite (non-0)) F C I, if 7p : R — RF is
the canonical projection mp(z) = z|F (z € RY), then (mp)spp = pig|r-
Thus p, is uniquely determined by saying that each linear combination
[ =2 icripi R/ — R, where pi(z) = x4, is a centered Gaussian random

191



192 C. GAUSSIAN PROBABILITY SPACES

variable and Cor(p;p;) = E(z;z;) = [ xizjdu, = ¢(i,7). We call this the
Gaussian centered measure associated to . Again if (i, j) = d; j, p is the
product measure p!, where = N(0,1).

A special case arises as follows: Let I' be a countable group and ¢ :
I' — R a real positive-definite function on I, i.e.; one for which the function
¢' : T? — R given by

¢'(7,8) = p(v'0)

is positive definite. This means that ¢(v) = (1) and for any finite F C T’
and any reals a.,y € F, we have z’y,(SEF ayasp(y~8) > 0. Consider then

the measure p, on R" and the shift action of I" on R':

v F(8) = f(h14).

Using the characterization of p,s in terms of the properties of the projection
function p,(x) = x, it is easy to check that this action preserves ji,. For
simplicity we will write p1, instead of p,r when ¢ : I" — R is positive-definite.
We will call the shift action of I on (R', 11,,) the Gaussian shift (associated
with ).

Comments. Some references here are Jacod-Protter [JP], §16, Glasner
[G12], pp. 89-91, Khoshnevisan [Kh], §5.



APPENDIX D

Wiener chaos decomposition

(A) Let I be a countable set, ¢ a real positive-definite function ¢ :
I? — R and consider the Gaussian space (R, ). There is a canonical
decomposition of L?(R!, y1,, R) (the real Hilbert space of real-valued square
integrable functions on (R, u,)) called the Wiener chaos decomposition.

Let H = the closed linear span of the projection functions p;(x) =
xi,% € I. Then it is not hard to see that every f € H has centered Gaussian
distribution (i.e., fii, has distribution N(0,c?), for some o2). (Such closed
linear subspaces of L? are called (real) Gaussian Hilbert spaces.) Next for
each n > 0, let P,,(H) be the closure in L*(R’, y1,,,R) of the linear subspace
P, (H) consisting of all p(fi,..., fm),p areal polynomial of degree < n (in m
variables for some m), and f1,..., f;, € H. Then Py(H) = R (the constant
functions) C Py (H) C Py(H) C P3(H) C ... and we let (following standard
notation)

H:O: — R,
H™ = P,(H)© P, 1(H) = P,(H) N Py_1(H)*,n>1.

Then (noticing that H 1R as the projection functions have mean 0) we
have that H'l* = H, {H"™},>0 are pairwise orthogonal and (using that the

projection functions separate points, so they generate the Borel algebra of
R7) that |J,, P,(H) = P(H) is dense in LZ(RI,MWR). Therefore

L*(R', pp, R) = (D H™.

n>0

This is called the Wiener chaos decomposition of L>(R!, u,,R). H = H
is called the first chaos.

(B) This decomposition has an alternate description using symmetric
tensor products. There is a canonical Hilbert space isomorphism of H®"
with H™. This isomorphism sends f; ® --- ® f, (where f; € H) to the
so-called Wick product of fi,...,f, denoted by : fi...f, : which is by
definition the projection of the product fi... f, into the space H™. Thus
under this identification of H®" with H™, we can also write

f{@a)ZZGEBIIQn GE)IIn L2:RI,MQJR)
n>0 n>0

(C) Suppose now @, are real positive-definite functions and we de-
note by H,, Hy the corresponding first Wiener chaos for ¢,1), resp. Let
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T : H, — Hy be a Hilbert space isomorphism. Then, since T' extends canon-
ically to the symmetric Fock space of H,, (see Appendix B), there is a canon-
ical isomorphism T : HZ> = LA(R!, iy, R) — H&?"O = L3R, uy, R)
extending 7. We will actually see that there is a (unique) isomorphism
S (RE, ) — (RY, py) which gives T in the sense that the correspond-
ing isomorphism Og : LQ(RI,M@,R) — L2(RI,/J,¢,,R) induced by S, i.e.,
Os(f) = foS71, isequal to T, i.e., TO®(f) = foS~L, f € L*(R, iy, R).
To prove this, consider the projection functions p;(x) = x; on R! viewed as
elements of H, and let T(p;) = ¢; € Hy. Then let 6 : R — R’ be given by
0(x); = ¢i(x). We claim that 0 is 1-1 on a py-measure 1 set and yp1y = fg.
Thus 6 : (R, uy) — (RY,u,) is an isomorphism. Let S = 6~1. Then
Os(pi)(z) = pi(0(x)) = 0(x); = qi(x), i.e., Os(p;) = i, so Og|H, = T and,
since Og preserves multiplication, it follows that Og = T©.

To see that 0 is 1-1 on a py-measure 1 set, note that the closed linear
span of {¢;} contains each p;, thus the o-algebra generated by {¢;} is the
Borel o-algebra modulo pi,,-null sets, so there is a Borel ji-conull set A such
that {¢;|A} generates the Borel o-algebra of A and thus {g;|A} separates
points and therefore 0 is 1-1 on A.

We will finally verify that €., = p,. For this it is enough to check
that (R! ,0i1p) is the Gaussian centered measure space associated to .
Translated back to (R, fp) this means that every linear combination f =
Yoimi @ig; has centered Gaussian distribution, which is clear as f € Hy,
and that B, (giq;) = ¢(i,7), which is clear as E, (q:q;) = (¢, qj)n, =
<T(pi)7T(pj)>H¢ = <pi7pj>H<p = E.Ucp(pipj) - QIO(ZJ)

In particular, if H is the first chaos of L2(R!, ju,,R) and T € O(H) = the
orthogonal group of H, then 79 € O(H®>®) = O(L*(R!, u,,R)) extends
T canonically to L?(RZ, iy, R) and there is a unique S € Aut(R!, ) so
that if Og € O(L*(RZ, 1y, R)) is the associated orthogonal operator given
by Os(f) = foS™!, then Og|H = T and Og = T®>®. Thus identifying T
and S we can view O(H) as the closed subgroup of Aut(R, u,) (with the
weak topology) consisting of all S € Aut(R’, u,,) for which Og(H) = H.

Note that the complex Hilbert space L? (RI s e, C) is in the obvious sense
the complexification of L%(R’, 11, R)

L*(RY, p1p, C) = L*(R', i, R) +i - L*(R, 1, R).
Also we have the decomposition (under again some obvious identifications)
Hgoo = O +q- HO® — @nZO H(Cn — @nZO(HI:R{n: 1. HRTL)
LQ(Rlvﬂap’C)'

Moreover if we define P, c(H) by using complex polynomials of degree < n,
then we have

H(Cn = Pn,(C(H) S Pn—l,(C(H>7
where the closure is now in L?(R’, s1,,, C). (Note also that H¥* = C.)
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(D) Now consider the special case where I" is a countable group and ¢ :
I' — R is a real positive-definite function, and the corresponding shift action
of T on (R, yuy,). Let p1(z) = z1 be the projection to the identity element
of I' (p1 : R — R). Considering the orthogonal Koopman representation
of I on L*(RT, yu,,, R) associated to the shift (i.e., v- f(z) = f(v ! 2)), we
have v-p1(z) =p1(v 1 2) = (v 1 2)1 = 2y = py(2), ie., v-p1 = py. Thus

H = <p’Y>W€F = (v 'p1>7€F7

where (X) denotes the closed linear span of X. Moreover,

(v p1,p1) = Py, p1) = E(pap1) = o(771) = 0(7)
(as every real positive-definite function is symmetric).

Recall that given a real positive-definite function ¢ on I there is a unique
(up to the obvious notion of isomorphism) triple (Hy,, 7, €,) consisting of
a real Hilbert space H,,, an orthogonal representation 7, of I' on H,, and
a cyclic vector e, € H, (i.e., (my(7)(ey))yer = Hy) such that ¢(y) =
(mp(7)(eyp), ep). This is the well-known GNS construction. It follows that
the first Wiener chaos H with the restriction of the orthogonal representation
induced by the shift action and p; is the GNS representation associated to
©.

(E) Suppose now that ¢; is the characteristic function of {1} C T
Clearly this is positive-definite. The corresponding ., is simply the product
ul, where = normalized Gaussian measure on R = N (0,1), so we are
looking at the shift action of T' on (R, u'). Then {p,},er clearly is an
orthonormal basis for H on which I' acts transitively: v - ps = p,s. So the
orthogonal representation of I' on H is simply (isomorphic to) the (left-)
regular representation of ' on ¢?(T, R).

For each finite multiset F' C I of size n > 2, i.e., an object of the form
F = {nimv,...,ngy}, where n; > 1,2?21 ng = N,v1,...,v € ' distinct,
let p©F = Pyy © - O Py @ - O Py © -+ O py,, Where v; is repeated n;
times. Then for each n > 2, {p® : size of ' = n} is an orthonormal basis
for H®™. Denote by (I')™ the set of all multisets of size n. Then I' acts on

(D)™ by v - {1y, -, et = {niyy, -, ey et Let (’)gn), Ogn), ... be
the orbits of this action. Choose Fi(n) € Oz(n) and let I‘E") ={y:v- Fi(n) =
Fi(n)}, which is a finite subgroup of I'. Then clearly (p®¥ : F ¢ (’)Z(n)> =
Hi(n) is a closed subspace of H®" invariant under the orthogonal Koopman
representation and the representation of I' on HZ-(n) is isomorphic to the
quasi-regular representation of I' on KZ(F/FEn),R) (given by = - f(éfgn)) =
f(v_léfgn))). Thus the orthogonal representation of I' on L2(RY, u!', R)

associated to the shift action is isomorphic to Irr @ Arr @ @m )\F/F<.") R
where 1p R is the trivial 1-dimensional orthogonal representation, A\r g is the
regular orthogonal representation on ¢2(I", R) and Ap /AR 18 the quasi-regular

orthogonal representation on £2(I'/A,R). Complexifying we have that if & is
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the unitary Koopman representation (on L?(R', u', C)) of the shift action
of I', then

K= 1r ©Ar @ @)\F/F(")’
n,t !
where we are now referring to unitary representations (on the spaces C,
(T, C), EQ(F/FZ(”), C), resp.). If T is torsion-free, so that an) = {1}, then
K= 1p @ oo- Ar.
(where oo - p means the sum of 8y many copies of p). In general, if kg =
k| LE(RY, i, C)), so that k = 11 @ ko, it can be shown that ko < oo Ar (see
Bekka-de la Harpe-Valette [BAIHV], E.4.5).

Comments. For the Wiener chaos decomposition and Gaussian Hilbert
spaces, see Janson [Ja].



APPENDIX E

Extending representations to actions

Let H be a separable real Hilbert space of dimension 1 < N < oo.
Consider the product space (RY, "), where u is the standard Gaussian
measure with distribution N (0, 1). Then if {p;} are the projection functions,
pi(z) = x4, the first Wiener chaos H'!* = (p;) has dimension N, as {p;} is an
orthonormal basis for it. Fix an isomorphism 6 : H = H'*. Consider now
T € O(H) and 0T9~! € O(HY"). Then there is unique S € Aut(RY, uV)
such that Og|H' = T0~!. We can identify T with S and simply view
O(H) as a closed subgroup of Aut(RY, ). (This identification of course
depends on 6.) It follows that an orthogonal representation 7 of a countable
group I' on H gives rise to an action a, € A(T',RY, uN). Identifying H and
HY via 6, it is clear that 7 is the restriction of the orthogonal Koopman
representation associated with a, to the space H:!.

Fix now a separable complex Hilbert space H. Let Hg be its realification
and let N be the dimension of Hy (as a real Hilbert space). Consider again
the product space (RY,u?"). Fix an isomorphism 6 : Hg = H'. Then 6
extends to an isomorphism, ¢ : (Hg)c = Hi of the complexifications of
Hg, HY:. Consider now T' € U(H). Then T € O(Hg) and 0T0~* € O(H%).
Thus there is unique S € Aut(RY, V) such that Og|H" = T6~'. We
can identify again T with S and simply view U(H) as a closed subgroup
of Aut(RY, ™). It follows that a unitary representation 7 € Rep(I', H)
of a countable group I" on H gives rise to an action a, € A(I',RY, u™). It
clearly has the property that if 7’ is the orthogonal Koopman representation
on L2(RY, N, R) induced by a,,n’ leaves H'' invariant and 7/|H'" is (via
the identification via @) the orthogonal representation induced by 7 on Hp.
Clearly if ™ = p (as unitary representations), then a, = a, (as actions).

Next consider the unitary Koopman representation k%" induced by a,
on L2(RY N C) (thus k% = 7/ +i-7'). Let also k{™ be its restriction to
LERY, puN C). We claim that 7 < kJ", i.e., 7 is isomorphic to a subrepre-
sentation of k§™. To see this, recall from Appendix A that there is a copy
H of H in (Hg)c, so that the copy T of any T € U(H) is the restriction of
T+i-T to H. Tt follows that Oc(H) C Hi C LZ(RN, Y, C) is invariant
under k3™ and that x§"|0c(H) = 7, so m < Ko™

The discussion in this appendix provides a proof of the following result
stated in Zimmer [Zil], 5.2.13.
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Theorem E.1. Let I' be a countable group and m a unitary representation
of I' on a (complex) Hilbert space H. Then one can explicitly construct a
measure preserving action ar of I' on (X, p) such that m = p = ar = a, and
if K™ is the unitary Koopman representation of T' on LE(X, 1) associated to
ar, then m < K.

If 7 has no non-0 finite-dimensional subrepresentations, i.e., it is weak
mixing, then a, is weak mixing. This is proved by an argument as in the
proof of 11.2. See also Glasner [Gl2], 3.59.



APPENDIX F
Unitary representations of abelian groups

(A) Let A be a countable abelian group and denote by A its dual group
(where A is viewed as discrete). So Aisa compact Polish group. Denote
by (8,6) the duality between A and A, so that 6(6) = 6(6) = (6, 4), where
we view § € A as a character of A and & € A as a character of A. Let
© : A — C be a positive-definite function, i.e., for any finite F C A and
ay € C,v € F, we have Z%%Favagcp(fy_%) > 0. Then, by Bochner’s
Theorem (see, e.g., Rudin [Ru2]), there is a unique finite (positive) Borel
measure g on A such that for any 0 € A, if we put

i(6) = [ 3a

then
= .
Conversely, for each such p, i is positive definite.

Let now m € Rep(A, H) be a unitary representation of A on a separable
Hilbert space H. For each h € H, let

pr.n(0) = n(0) = (w(6)(h), h).

Then ¢y, is positive-definite, so let pir ;, = pp, be the corresponding measure
on A:

fir n(0) = fn(0) = (m(8)(R), h).
A vector hg € H is called a cyclic vector for w if H is the closed linear span
of {m(8)(ho) : § € A}. If w admits a cyclic vector hg, then (H,m, ho) is the
GNS representation associated with ¢p,. For each finite Borel measure p
on A consider also the representation m, of A on L*(A, u) given by:

T (6)(f) = of.

Then (LQ(A, ,u,ho),’ﬂ'#hﬂ, 1) is also the GNS representation corresponding to
©h, SO there is an isomorphism of 7 with m,, = sending kg to 1.

Now recall that a projection valued measure (into H) on a standard Borel
space X is a map F : Bor(X) — Pr(H) from the class of Borel subsets of X
into the set of projections on H such that E(0) =0, E(X)=I1,E(ANB) =
E(A)E(B) and E(U;2, Ai) = Y2 E(4A;), if {A;} are pairwise disjoint.
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We now claim that there is a projection valued measure E : Bor(A) —
Pr(H) such that for any h € H and Borel set A C A,

pn(A) = (E(A)(h), h) = | E(A)(h)]]*.

Such an FE is called a spectral measure for the representation 7. Since we can
decompose H into a direct sum of cyclic subrepresentations (i.e., subrepre-
sentations admitting a cyclic vector), we can assume that 7 admits a cyclic
vector hg and therefore we can assume that H = LQ(A,,u), ho =1,m=m,,
where y1 = pu5,. So we need to define E : Bor(A) — Pr(L?(A, 1)) such that
pr(A) = (BE(A)(f), f), for each f € L*(A, p). Indeed, let

E(A) = xaLl*(A, n)

be the projection to the subspace of all f € L2(A, ) supported by A. Then
we need to check that pr(A) = [xadus = (xaf.f) = [ xalfl?du. Now
for 6 € A, [ddus = (mu(8)(f), f) = [ d|f[*du, so, using the fact that linear
combinations of characters of A are uniformly dense in C(A) (by Stone-
Weierstrass) and using the Lebesgue Dominated Convergence Theorem, we
see that for any bounded Borel g : A — C we have [ gdus = [ g|f|dp, so
we are done putting g = x 4.

(B) The mazimal spectral type for m is a finite Borel measure o on A
such that for any Borel set A C A:

0(A)=0 < E(A) =0
& Vh e H(up(A) =0).

This is uniquely determined up to measure equivalence. Fix an orthonormal
basis {e, }5°; for H and put
21
Opr — Z 27/116,“
n=1
Then clearly o, is the maximal spectral type of m and the map m — o is

continuous from Rep(A, H) (see Section 13) into P(A), the space of prob-
ability Borel measures on A with the weak*-topology. Note that if hg is
a cyclic vector for m, then pp, is the maximal spectral type for m. To
see this, it is enough to consider the representation m = m, on LQ(A, 1)
and the cyclic vector 1, whose associated measure is u. If f € LQ(A,M),
then f(8) = [(6f)fdu = [6|f|*du = ©(5), where dv = |f|*du. Thus
pr = v < p. It follows that for any 7 there is h € H with pj the maximal
spectral type of 7.

(C) Now let A be infinite and consider the Gaussian shift s on R
corresponding to ¢; = the characteristic function of {1} C A. The cor-
responding Gaussian measure is the product measure u®, where y is the
normalized Gaussian measure on R. Thus s is free and ergodic. We will
next calculate that the maximal spectral type for x§ is ny = Haar measure
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on A (see Section 10, (C) for the definition of the Koopman representation
k{ corresponding to s). Using Appendix D, (E) and noticing the obvious
fact that n; is the maximal spectral type of Ax = the left-regular repre-
sentation of A, we see that it is enough to show that if F© < A is a finite
subgroup and Aa/r is the quasi-regular representation given by the action
of A on 2(A/F), then the maximal spectral type for Aa/r is < nx. In-

deed, let A < A be the intersection of the kernels of all § € F. As F is

finite, any such § € F satisfies 6" = 1, for some n, and therefore §(A) is
finite, so ker(d) has finite index and thus is clopen. So A is clopen and its

. A A . .
Haar measure is np = nné(l NE The measure o associated to the cyclic vector
A

X{F} € ?2(A/F) of the representation Aa,/F is the maximal spectral type of
Aa/r and satisfies 6(6) = 1, if 6 € F,6(5) =0, if 6 ¢ F. Clearly 75 () = 1,
if § € F. If § ¢ F, then by Rudin [Ru2], proof of 2.1.3, there is 6 € A such

that §(6) # 1. So J|A is a non-trivial character of A, thus 74(d) = 0. So
G(0) = 7a(9), for all 4, and thus o = nx < n4.






APPENDIX G

Induced representations and actions

We will review here some facts about induced representations and ac-
tions. Our general reference is Bekka-de la Harpe-Valette [BAIHV], Part
II.

(A) Let I' < A be countable groups. Fix a transversal T for the left
cosets of " in A containing 1 € I'. Then A acts on T by

0 -t = the unique element of T in the coset 0tI,

and we also define the following cocycle for this action, p: A x T — T,
p(6,t) =, where §t = (0 - t).

Let now 7 € Rep(I', H) be a unitary representation of I' on H. Consider
the direct sum @, H of card(T) = |T| copies of H. Define then the
induced representation

Ind2 () € Rep(A, EBH)
teT

5 (EBh) =Ep(a 1) hsry

teT teT

by

It is easy to check, using the cocycle property for p, that this is indeed a
unitary representation.

Let now a € A(T", X, uu), and assume that [A : '] < oo, i.e., T is finite.
Denote the normalized counting measure on T' by vp. Consider the space
X x T with measure u x vy and define the induced action

Ind& (a) € A(A, X x T, pu x vr)
by

It is easy to check that this is indeed measure preserving. If a is free (resp.,
ergodic), then Ind& (a) is free (resp., ergodic).
We next verify that for [A : T'] < co and a € A(T', X, u),

RN (@) = Tnd A (49),

i.e., induction commutes with the Koopman representation. To see this let
A
f e L3(X x T, x vp) = the Hilbert space of £ () and define U(f) €
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@D, L*(X, p) = the Hilbert space of Int& (k®), by

\/ﬁ@ft’

teT

where fi(z) = f(x,t). Then it can be easily checked that U is an isomor-
phism of the Hilbert spaces L*(X x T, ux vr) and @, L*(X, p1). We finally

verify that it preserves the A-actions (corresponding to ﬁlnd?(a),lndlé(/@“),
resp.). Indeed, we have

UG-f) = U
U

= i ®ule = flp(67h 1) 67t 1)).
On the other hand,
§-U(f) = 0=, fi

7|
= @07 oy
= @ falp(70) )
= = @u(a fp(07L 1) 2,071 1),

soU(-f)=0-U(f).

It follows that if a € A(T', X, u),b € A(T',Y,v) are unitarily equivalent,
i.e., k% = kb, then so are Ind& (a), Ind2 (b).

(B) Now assume that A is abelian with dual group A. We use below
the notation of Appendlx F.If 0 is an automorphlsm of A, then we define
the automorphism of 8 of A by (8,0(5)) = (6(5),6).

For each representation m € Rep(A, H) and automorphism 6 of A, we
have the corresponding representation

O(m) =mob € Rep(A, H).
For each 0 € A,h € H,figix)n(6) = (0(m)(0)(h),h) = (x(6(0))(h),h) =
Orn(0(9)) = fix 1 (0(3)), 80 Ho(m),n = (8)sfix, and therefore if ¢ is the maxi-
mal spectral type for m, (A),0 is the maximal spectral type for 6().
Let now A < T with [I' : A] < oo, and consider 7 € Rep(A, H) and the
induced representation Ind} (7) € Rep(I', @7 H). Let 7 = Indj (7)|A €
Rep(A, @, H). Then for the representation 7 we have

d- (@teT hi) = @teT p((silat)il “hs-14
= @teT(fl(st) < ht,
= Dier 0:(6) - he,

where 0;(9) = t~16t. Thus

7= o)

teT
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It follows that if o is the maximal spectral type for m, then
S G000
teT

is the maximal spectral type for @ = Ind (7)|A.
(I would like to thank Dinakar Ramakrishnan for a useful discussion
here.)






APPENDIX H

The space of unitary representations

(A) We use here Bekka-de la Harpe-Valette [BAIHV] as a general refer-
ence for unitary representations.

Let H be a separable complex Hilbert space. We endow U(H), the
unitary group of H, with the strong topology, i.e., the one generated by the
family of maps T' € U(H) — T(z) € H,x € H. This is the same as the
weak topology, generated by the maps T' € U(H) — (T'(z),y) € C,x,y € H.
Then U(H) is a Polish group.

If now I' is a countable group, we let Rep(I', H) be the set of all homo-
morphisms for I" into U(H), i.e., the set of unitary representations of I" on
H. We also write H = H,; if 7 € Rep(T', H). If we give U(H)" the product
topology, so it becomes a Polish space, then Rep(T', H) is a closed subspace
of U(H)", thus it is Polish too. If {e,,} is an orthonormal basis for H, then
an open nbhd basis for 7 € Rep(I", H) consists of the sets of the form

{o € Rep(I', H) : Vi, j < k¥y € F([(o(7)(€:), €5) — (w(7)(ei), €5)| <€)},
where k = 1,2,...,F C I is finite and € > 0.

The group U(H) acts continuously on Rep(I', H) by conjugation, i.e.,
T-m=TrT",

where
TrT ™ (y) = Tr(y)T .

Let us note here that if Fiy is the free group with N generators, N &
{1,2,...,N} and a1, a9, ... are free generators, the map m € Rep(Fn, H) —
(m(a), m(ag),...) € U(H)Y is a homeomorphism of Rep(Fy, H) with the
space U(H)N preserving conjugation. Thus we can identify Rep(Fy, H)
with U(H)". In particular, Rep(Z, H) can be identified with U(H).

The representations 7 € Rep(I', H), p € Rep(I', H,) are isomorphic, in
symbols

T=p,

if there is an isomorphism T of Hy, H, with Tn(y)T~! = p(v),Vy € . If
we consider the conjugacy action of U(H) on Rep(I', H), then clearly for
m,p € Rep(I', H), m = p iff 7, p are conjugate.

We have the following easy fact.

Proposition H.1. Let I' be a countable group. If H is infinite-dimensional,
there is a dense congugacy class in Rep(I', H).
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Proof. Let {m,} be dense in Rep(I', H). Then it is easy to check that
{m € Rep(I', H) : m = @, m,} is dense in Rep(I', H). Indeed fix a nbhd

Vi={o:Vi,j <kVy e F([(a(v)(€i), €5) — (mng (7)(€i), €j)| <€)}

of mp,, where {ey} is an orthonormal basis for H,k = 1,2,...,F C T' is
finite and € > 0. Now @, m, € Rep(I', K), where K = @,, Hy, with H,

isomorphic to H. Fix an orthonormal basis {eﬁ,’f)} for each H, so that

T(e,(ﬁo)) = e, is an isomorphism of H,, with H that sends @, mn|Hny, to
Tno- Consider then an isomorphism S : K — H such that S (egno)) = ¢; for
i <k, and let 0 € Rep(I", H) be the image of @,, 7, under S. Then clearly

oceV. O

(B) If 7 is contained in p, i.e., w is isomorphic to a subrepresentation
(i.e., restriction to a closed invariant subspace) of p, we write

T < p.
We say that 7 is weakly contained in p, in symbols
T <P,

if every positive-definite function realized in 7 is the pointwise limit of a
sequence of finite sums of positive definite functions realized in p. Recalling
that a positive-definite function realized in a representation o € Rep(T', H)
is a function f : T' — C given by f(v) = (o(v)(v),v), for some v € H, this
means that for any v € Hr,e > 0,F C I finite, there are vq,...,v; € H,
k

such that |(r(7)(v), v) — S5 {p(y)(vi), v)| < &, ¥y € F.

Clearly < is transitive. We say that m, p are weakly equivalent, in sym-
bols,

T~ p,
ifr<pand p<m Clearly m < p=7 < p,m= p= 7~ p. Note that
T~

for any n = 1,2,...,00, where n - 7 is the direct sum of n copies of 7 (and
oo represents Np). One can then show (see, e.g., Kechris [Kec4], 2.2) that
T < p is equivalent to any of the following:

(i) Every positive definite function realized in 7 is the pointwise limit of
a sequence of positive definite functions realized in oo - p.

(ii) For every vy,...,vx € Hyp,e > 0, F C T finite, there are wy, ..., wi €
Hoo.p such that [(m(7y)(vi), v;) — (00 - p(7)(ws), w;)| < €,Vy € Fyi,j < k.
(iii) Same as (ii) for vy, ..., vy orthonormal and requiring that wy, ..., wg

are also orthonormal.
We can use (ii), (iii) to show the following fact.

Proposition H.2. Let 7 € Rep(I', Hx),p € Rep(I', H,), where Hr, H, are
infinite-dimensional. Then

n<pemne{oeRep(l,Hy) 0 =00 p}.
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Proof. =: Fix an orthonormal basis {e,} for H;, and a basic nbhd

V ={o:Vi,j <kVy e Fl{o(y)(e:),ej) — (m(7)(ei), e5)| < €},
(k=1,2,...,F CT finite, e > 0) of m. If 7 < p, then there is an orthonor-
mal set wi,...,wy in Hy., such that [(7(y)(es), e5) — (00 - p(v)(ws), w;)| <
€,Vi,j < k,Vy € F. Fix then an isomorphism T' : H; — Hy., with
T(e;) = w;,Vi < k, and let o be the copy of oo - p in H, induced by
Tt Then (o(y)(ei),e;) = (00 p(7)(w;),wj), so o € V, thus VN {o €
Rep(T',Hy) : 0 2 o0 - p} # 0.

<: Given vy,...,vp € Hy,e >0, F CT finite,

{o € Rep(', Hy) : Vi, j < kVy € Fl(a(v)(vi), v5) = (m(v)(vi), v5)| < e}

is an open nbhd of 7, so it contains ¢ = 0o - p. It is clear then that there are
Wi, ..., W € Hoo.p with [(m(7)(vs), vj) — (00 p(7)(ws), wj)| < €, s0m < 00-p.
O

Thus m < p on Rep(T', H), H infinite-dimensional, is, except for replac-
ing p by oo - p, the partial preordering associated with the conjugacy action
of U(H) on Rep(I', H) (see the paragraph preceding 10.3).

Remark. Using the terminology of Bekka-de la Harpe-Valette [BAIHV],
F.1.2, one says that 7 is weakly contained in the sense of Zimmer in p, in
symbols © <z p, if for every vy,...,v, € Hp,e > 0,F C T finite, there
are wi,...,w, € H, such that [(7(y)(vi),v;) — (p(7)(ws),w;)| < €,y €
F,i,j < n. This means that (ii) above holds for p instead of co- p. It is easy
to show (see, e.g., Kechris [Kec4], 2.2) that this is equivalent again to this
condition for vi,...,v, orthonormal and requiring that wy,...,w, are also
orthonormal. It follows, as in proposition H.2, that for 7 € Rep(I', Hy), p €
Rep(I', H,), where Hy, H, are infinite-dimensional,

m<zpeme{oeRep(l',Hy): 0 =p}.

Thus <z corresponds exactly to the partial preordering associated with the
conjugacy action of U(H) on Rep(I', H). We also have that 7 <z p= 1 < p
and m < p < m <z 00 p. As Bekka-de la Harpe-Valette [BAIHV], F.1.2
point out, if 7 is irreducible, then w < p < 7 <z p. In particular, 1p < 7 <
1r <z m < 7 admits non-0 almost invariant vectors.

Corollary H.3. For H infinite-dimensional, the relation T < p on the space
Rep(T', H) is a Gs subset of Rep(T', H)?. Every section <,= {m: 7 < p} is
closed in Rep(I', H).

Proof. The first assertion follows from the following easy lemma.

Lemma H.4. Let 7 € Rep(I', Hx) and p € Rep(I', H,). Fiz a countable
dense set D C Hy. Then 7 < p iff any positive-definite function of the form
v = (m(y)(v),v), for v € D, is the pointwise limit of a sequence of finite
sums of positive-definite functions realized in p.

The second assertion follows from Proposition H.2. O
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(C) A representation m € Rep(I', H) is irreducible if it admits no non-
trivial subrepresentation, i.e., the only invariant closed subspaces are {0}, H.
We denote by

Irr(T', H)
the set of irreducible representations in Rep(I', H).

Proposition H.5. Irr(T', H) is Gs in Rep(I', H) (and thus a Polish space
in the relative topology).

Proof. Let m € Rep(I', H). Fix a unit vector h € H and let ¢ (7)) =
on(y) = (m(7v)(h), h) be the corresponding positive-definite function. Then
(see Bekka-de la Harpe-Valette [BAIHV], C.5.2) 7 is irreducible iff & is a
cyclic vector for m and ¢y, is an extreme point in the compact convex set
P1(T) of all positive-definite functions ¢ : I' — C with ¢(1) = 1. Recall
that h € H is cyclic if the closed linear span of {m(y)(h) : v € I'} is equal
to H. We view here P;(I') as a compact convex subset of the unit ball
of >°(I") = ¢>(T",C) with the weak*-topology (i.e., pointwise convergence
topology). It is clear that the set ext(P1(T")) of extreme points of P () is
G5 in P1(I') and that m +— ¢, 5 is continuous from Rep(I', H) into Py (T").
Thus

e Irr(I', H) < h is cyclic for m and ¢ 5, € ext(Pi(I"))

is Gs in Rep(T', H). O

The following result is well-known (see, for example, [Ef2], IIT or [Hj3]).
Theorem H.6. Isomorphism on Irx(T', H) is an Fy equivalence relation (as
a subset of Irr(T, H)?).

Proof. We use Schur’s Lemma (see Folland [Fo], 3.5 (b)), which asserts
that 71, m € Irr(T', H) are isomorphic iff there is a non-0 bounded linear
operator S in H such that Vy € I'(Swi(y) = m2(7)S) (such a S is called
an intertwining operator for 7y, me). Denote by Bi(H) the set of bounded
linear operators on H of norm < 1 with the weak operator topology, i.e.,
the one induced by the maps T +— (T'z,y),for z,y € H. Then B(H) is
compact metrizable, by Alaoglu’s Theorem and Sunder [Sun], 0.3.1 (b), and
U(H) is a G subset of B1(H). So we have for m,m € Irr(T', H),

T =y <3S € Bi(H)[S # 0 and Vy € I'(S7i(7y) = ma(7)9)].

Claim. There is compact K C B1(H)? such that KN(U(H)*x By (H)) =
{(T1,T3,5) : ST, =T»5}.

Granting this, we have for 71,y € Irr(T", H),
m =7y < 35 € Bi(H)[S # 0 and Vy € I'(m1(7), m2(7), 5) € K)].

Now the topology on Irr(I', H) C Rep(T', H) C U(H)" C By(H)" is the
relative topology from By (H)', which is a compact metrizable space, and

R={(m,m,8) € (By(H)")* x By(H) : Vy(m(7), m2(7),5) € K}
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is compact, so

Q = {(m1,m) € (Bl(H)F)Q 23S € By(H)[S # 0 and (71,72, S) € R]}
is K, in (By(H)")?, an

QNIrr(T, H)? = (= |Irr(T, H)?)

is F, in Irr(T', H)?.

Proof of the claim. We need to check that

{(Th,T»,S) : STy = T»S}

is closed in U(H)? x By(H). Notice that

STy =TS « Vr,y € H{(ST1(x),y) = (z,5T3(y))]

(
and, as U +— U* is continuous in Bj(H) (see Sunder [Sun], 0.3.2 (a)), it
is enough to check that (S,7) — (ST(x),y) is continuous in By(H) x
U(H),Vz,y € H. Assume then that S, — 5,7, — T weakly, where
Sn,S € B1(H),T,, T € U(H). Since the weak and strong operator topolo-
gies agree on U(H),T,, — T strongly as well, so

[(SnTn(),y) — (ST(2),y)| < [(SnTn(z),y) — (SnT(2),y)|
+ (ST (2), y) — (ST (2), )|
= [(Sn(Tn(z) = T(2)), )|
+1(Sn(2),y) = (5(2), v)1,

where z = T'(x), and this is less than or equal to

1Sl - 1T () = T (@) - lyll + [{Sn(2), y) = (S(2),9)]

which converges to 0 as n — oo, since T,, — T strongly and S,, — .S weakly.
O

Remark. Concerning the descriptive complexity of the relation of iso-
morphism on Rep(T', H), it is clearly Borel if I" is abelian by the Spectral
Theorem, but I do not know what is the situation for arbitrary T

There are cases where Irr(I', H) is a dense Gj.

Proposition H.7 (Hjorth [Hj2], 5.6, for N = c0). For each N > 2, the
set Irr(F, H) is dense G in Rep(Fy, H).

Proof. By Section 4, (D), the set of (g1,...,95) € U(H)Y such
that (g1,...,gn) is a dense subgroup of U(H) is dense G5 in U(H)N
As Rep(Fy, H) can be identified with U(H)Y, it follows that D = {7 €
Rep(Fn,H) : w(F,) is dense in U(H)} is dense G5 in Rep(Fy, H), and
clearly D C Irr(F, H). O

On the other hand we will see below, in H.13, that if I" is infinite and
has property (T) and H is infinite-dimensional, then Irr(I', H) is nowhere
dense.
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Thoma [Th] has shown that if I is not abelian-by-finite and H is infinite-
dimensional, then = |Irr(I', H) is not smooth, and Hjorth [Hj3] extended
this by showing that it cannot be classified by countable structures. The
arguments in Hjorth [Hj2] in fact show that the action of U(H) on the
space Irr(Fyn, H), N > 2, is generically turbulent. (Thoma [Th] has also
shown that when I' is abelian-by-finite and H is infinite-dimensional, then
(T, H) = 0.)

We will now give a more detailed version of Hjorth’s result. First let us
note the following general fact. Recall that a subset A C X of a topological
space X is called locally closed if it is open in its closure.

Proposition H.8. Let a Polish group G act continuously on a Polish space
X and assume the equivalence relation Eé( induced by the action is F, (as
a subset of X2). Then the set

LC={x € X :G-x is locally closed}
1s Fy.
Proof. Fix an open basis {V,,} for X. Let EX =, Fi, F,, closed in
X2 For FC X%z € X, let F(z)={y: (z,y) € F}. Then
reLCe G- -zisopenin G-z

& UFn(x) is not meager in G - x
n

< InIm(V,NG -2 #0 &V, NGz C Fp(x))
< Indm(ze G-V, &VgeG(g-z eV, = (z,9-2) € Fy))
which clearly shows that LC is F. O

Consider now the conjugacy action of U(H ), H an infinite-dimensional,
separable Hilbert space, on Irr(I', H). The corresponding equivalence re-
lation is = on Irr(I', H), which, by H.6, is F,. Thus the set LC(I", H) of
irreducible representations with locally closed conjugacy class in Irr(I', H)
is Fy in Irr(I", H). Effros’ theorem implies that = |Irr(I', H) is smooth iff
LC(T, H) = Inrr(T', H), thus, by Thoma [Th], if I" is not abelian-by-finite the
set

NLC(T, H) = Irr(T, H) \ LC(T, H)
of irreducible representations with non-locally closed conjugacy class in the
space Irr(T', H) is a non-empty G5 set and = [NLC(T', H) is also non-smooth
(since = |[LC(T', H) is easily smooth). I do not know if NLC(T", H) is dense
in Irr(T, H).
Finally for each m € Irr(I", H), let

S(r)={celn(lH):0c <n}={oechr(l',H):0 € U(H) - 7},

the latter equality following from the Remark after H.2. Clearly S(7) is
a conjugacy invariant closed subset of Irr(I', H). The following is a more
detailed version of the main result in Hjorth [Hj3].
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Theorem H.9 (Hjorth [Hj3]). Let I' be a countable group and assume H
is infinite-dimensional. For each m € NLC(T', H), the conjugacy action of
U(H) on S(m) is generically turbulent. In particular, if I' is not abelian-by-
finite, then = |Irr(I", H) is not classifiable by countable structures.

Proof. We will make use of the following standard lemma.

Lemma H.10. Let p,o € Irr(T', H). Then the following are equivalent:
(i) p=o,
(ii) There is a sequence {T},} in U(H) such that Ty, - p = TppT,, !
and no subsequence of {T,} converges in the weak topology of B1(H) to 0.

Proof. (i) = (ii) is clear, as we can take {7},} to be a constant sequence.

(i) = (1): As U(H) C Bji(H) and the weak topology on Bj(H) is
compact metrizable, by going to a subsequence, we can assume that T,, —"
T € Bi(H), where T # 0. We claim now that 7" is an intertwining operator
for p,o and so, by Schur’s Lemma, p = ¢. Since T — T™* is continuous in
the weak topology, note that we also have T7* = T,; ! —v T,

We need to show that

Tp(y ) = ol Ty €T
or equivalently

p(NT* =T o(y),
o (P(NT*(@),y) = (T"0(7)(x), ),

forye ' x,y € H.
Now as T,,p(y)T,; 1 — o(7) in the topology of U(H), clearly

ITop(N T, (@) = o (3)(2)]] — 0,
so [lp() T (@) — T o (y)(@)]| — 0, thus
[T (@), y) — (T o () (), y)| — 0.

But
(T, (@), y) = (T (@), p(1) () —
(T"(@), p(v) " (W) = (p(NT"(2),y)
and (T 'o(y)(x),y) — (T*o(y)(x),y), so we are done. O
We thus have that if o € S(p) (i.e., 0 € U(H) - p) and p % o, then there

is {T,,} in U(H) with T}, - ,0—>0andT —" 0.

We proceed to verify that the conjugacy action of U(H) on S(m) is
generically turbulent for the given # € NLC(I', H). First it is clear that
the conjugacy class of 7 is dense and meager in S(m) (else it would be
open in S(m) contradicting that 7 € NLC(I', H)). If p € S(m)\U(H) - =
then again U(H) - p is meager in S(m) else it would have to be open and
therefore intersect U(H )-m. Thus we only need to verify that 7 is a turbulent
point for the conjugacy action of U(H) on S(w). Keep in mind below that
S(m)\U(H) - m is dense in S(7).
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Claim. For any non-empty open set W in S(m) and any orthonormal set
€1,...,ep in H, there is an orthonormal set e1,. .., ep, ept1,. .., eq extending
el,....ep, and T € U(H) such that

(a’) T(e’l) 1 ejv\v/ivj <4q,

(b) T?(e;) = —e;, Vi < q,

(¢) T =id on (Ho ® T(Hp))*, where Hy = {e1, ..., e,),

(d)T-meW.

Assume this and proceed to show that 7 is turbulent. Fix a basic nbhd

of min S(7):
W =Wrere={p:Vy e FVi<k[{p(y)(ei), ) = (m(7)(ei), e5)] < e},

where e = e1,..., e is orthonormal, F' € I is finite symmetric, and € > 0.
Let e1,..., ek, €x41,-..,¢€p be an orthonormal basis for the span of

61,...,€k,7r(’7)(€i),1 <i<k,yeF,
and let e1,...,ep,€pt1,...,€4, T be as in the claim (so that in particular
T-m € W). It is clearly enough to find a continuous path {Tp}o<g<r/2
in U(H) with To = 1,T;/o = T and Tp - 7 € W, V6 (which clearly implies
turbulence as in the proof of 5.1). Put

Ty(e;) = (cosB)e; + (sinf)T(e;),

Ty(T(e;)) = (—sinf)e; + (cos0)T'(e;),
fori =1,...,q, and Tp = id on (Ho @® T'(Hp))*, where Hy = (e1,...,eq).
Thus Tp = 1,15/, =T and we will verify that Tp -7 € W.

Indeed for i,5 < k,y € F,
(Ty - m(7)(er), e5) = (VT (ed)), Ty ' (e5))
= (m(7)((cosO)e; — (Slne) (€:)), (cos B)ej — (sin )T (e;))
= (cos?0)(m(7)(es), e5) + (sin? O)(m(v)(T(e:)), T(e;)),
since 7(y)(T'(e;)) L ej and 7(y)(e;) L T'(e;) (note that 7(y)(T'(e;)) L e; iff
T(e:) L ()7 (ej) = m(v"")(ej), and y~1 € F). So if
)

A= (Tp-7(es)ses) — (m)(er) e5),
then
A= —sin0((w(y)(e), e5) — (w(3) (T(e:)), T(e;)))
= —sin® 0((m(7)(ei), e5) — (TN (=T (ea)), =T~ (e;)))
= —sin® 0((m(7)(ei), e5) — ((N(T " (ei), T~ (e5)))
= —sin?0((m(7)(e:), ;) — (Tm(7)T " (e:), ),
therefore

soTp-meW.
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Proof of the Claim. Without loss of generality we can assume that

W has the form
W= Wa,e,F,e

(where Wy e e is defined as above) for some e = eq,...,ep, ept1,...,€q,
and some o € S(m) \U(H) -7 (as S(m) \U(H) - 7 is dense in S(m)).
Thus there is T,, € U(H) with T, - ®# — o and T,, —" 0, thus also
T, —% 0. Note that since (T}, '(ei),e;) — 0,Vi,j < g, for all large
enough n, ey, ..., eq, Ty (—e1),..., T, (—e,) are linearly independent. Ap-

ply Gram-Schmid to ey, ..., eq, T, (—e1),..., T, ' (—e4) to get an orthonor-

mal set 61,...,eq,fl(n),...,fq(n). Since (T, (—e;),ej) — 0,Vi,5 < g, it fol-
lows that || T,;1(—e;) — fi(n)H —0,Vi < q Define S,, € U(H) by

Sn(e )=
( ) ) = —6,
Vi < g, and
S, =id on (eq, ... ,eq,fl(n), .. .,fq(”)>L.

Then Sy (e;) = £ L ej, 52(e;) = Su(f™) = —e;, Vi, j < q and || S5 (e;) —
T (en)l| = 1T (—ei) — S (—ea) | = 1T (—es) — £ = 0,¥i < q.

Thus for all large enough n, ||S;; *(e;) — T, 1 (es)|| < €/4,Vi < ¢, and
Tn ST E Wa’,e,F,e/Qa i.e.,

(Tum (T, (e), e5) — (o () (ed), e5)] < €/2,
Vi, j < q,Vv € F, or equivalently

(V)T (ed)), Ty M (eg)) = (o (v)(ea), )] < e/2.
Thus
(T (7)(S, H(ed)), Sp (€)= (a () (ei)s e5)] < e,
Vi,j < q,Vy € F,ie.,
Sp-meW,
so S, = T works. O

It follows that for infinite-dimensional H the conjugacy action of U(H)
on Irr(T', H) is generically turbulent iff there is m# € NLC(T', H) with S(7) =
Irr(T', H), i.e., there is 1 € NLC(T', H) with dense conjugacy class in Irr(I", H)
or equivalently Vp € Irr(I', H)(p < ).

There are countable groups I' for which there is no dense conjugacy class
in Irr(T', H), e.g., products I' = G x A, where A is non-trivial abelian and
G is not abelian-by-finite.

Indeed for such aI" and 7 € Irr(G, H), H infinite-dimensional, and x € A
(i.e., x a character on A), define 7, € Irr(I", H), by

Ty (g,0)(h) = x()m(g)(h).
Clearly the map
®:Irr(G,H) x A = Ire(T', H)
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is 1-1 and its range is conjugacy invariant, as 7' - m, = (T - m), for m €
Irr(G, H),T € U(H). Moreover it is well known (since an abelian group is
of type I) that every p € Irr(I', H) is isomorphic to some m, (see Folland
[Fo], 7.25), so ® is a bijection and it is easy to check that it is actually a
homeomorphism of Irr(G, H) X A with Irr(T, H) which preserves conjugacy.
So identifying 7, with (m, x), we can identify Trr(T', H) with Irr(G, H)x A (on
which U(H) acts by conjugacy on the first coordinate). Clearly S(m,x) =
S(m) x {x}, so no conjugacy class is dense.

In the opposite direction, if Irr(I', H) is dense in Rep(I', H), then there is
7 € Irr(I', H) with dense conjugacy class in Rep(I', H) and thus in Irr(T', H).
(This is because both Irr(I', H) and

{m € Rep(I', H) : 7 has a dense conjugacy class}

are dense Gs in Rep(I', H).) So if moreover every conjugacy class in the
space Rep(I', H) is meager, the conjugacy action of U(H) in Irr(T", H) is
generically turbulent. This is for example the case when I' = Fy, N >
2, by H.7. (Note that Rep(Fy, H) can be identified with U(H)" and so
the conjugacy classes in Rep(F, H) are meager, by the remark following
2.5.) The fact that when I' = Fy, N > 2, there is 7 € Irr(I', H) with
dense conjugacy class in Rep(I', H), means that there is 7 € Irr(I', H) so
that p <z m,Vp € Rep(I', H), and in particular implies that there is an
irreducible representation weakly containing any representation of I'; a result
first proved by Yoshizawa [Y].

More generally, call a countable group I' densely representable (DR) if
the set of all @ € Rep(I', H) with range n(I') = {n(y) : v € T'} C U(H)
dense in U(H) is dense (and thus dense Gg) in Rep(I', H). Since every
m € Rep(T', H) with dense range is clearly irreducible, it follows that if T" is
DR, then Irr(T", H) is dense G in Rep(T', H). All free groups F, N > 2, are
DR (see the second paragraph after 4.12). However, as we have seen earlier,
no product group G X A, with A non-trivial abelian and G not abelian-by-
finite, is DR. I do not know if, for example, F» x Fy is DR, in fact, apart
from some small variations of free non-abelian groups, I do not know any
other examples of DR groups.

In conclusion it is unclear what groups I' admit a dense conjugacy class in
Irr(T, H), what groups are DR and finally what groups I" have the property
that conjugacy classes in Rep(I', H) are meager.

Remark. Let I' be a non-amenable group and denote by Ar its left-
regular representation on ¢2(T"). Note that (in fact for any non-trivial T')
Ar is not irreducible; see de la Harpe [dIH|, Appendix II. We consider the
space S(Ar) of all irreducible representations (on an infinite-dimensional H)
weakly contained in Ar. Clearly this is a closed subspace of Irr(I', H). There
is a dense conjugacy class in S(Ar) iff Ar is weakly equivalent to an irre-
ducible representation. It is known, see de la Harpe [dIH], 21. Proposition,
that if T' is ICC (i.e., T" has infinite conjugacy classes), then Ar is weakly
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equivalent to an irreducible representation and therefore S(Ar) has a dense
conjugacy class.

If = |S(Ar) is not smooth, then NLC(T', H) N S(Ar) # 0, and thus, by
H.9, S(Ar) is not classifiable by countable structures.

Finally, there are many groups I" for which the conjugacy action of U(H)
on S(Ar) is actually minimal (every orbit is dense). This means that any
m € S(Ar) is weakly equivalent to Ar. Such groups are called C*-simple
since this condition is equivalent to the simplicity of the reduced C*-algebra
of I'. See de la Harpe [dIH] for an extensive discussion of these concepts.
(See also the recent preprint Poznansky [Poz], where a characterization of
the linear C*-simple groups is obtained.) Among the C*-simple groups are
the free groups Fiy, N > 2. Now if I' is a C*-simple group, every conjugacy
class in S(Ar) is meager in S(Ar), otherwise it would have to be open in
S(Ar), so S(Ar) would consist of a single conjugacy class, a contradiction.
This means that the conjugacy action of U(H) on S(Ar) is turbulent (and
not just generically turbulent).

Remark. As in Section 15, we can also derive some consequences
concerning connectedness. Let I' be a countable group and H be infinite-
dimensional. Let 7 € NLC(T', H). Then if C' C S(7) contains the conjugacy
class of w, C is path connected and locally path connected. Thus if there
is m € NLC(T', H) with dense conjugacy class in Irr(T", H), as in the case
I' = Fy,N > 2, then Irr(T', H) is path connected and locally path con-
nected. On the other hand, if I' = G x A, A a non-trivial abelian group
with an element of finite order and G not abelian-by-finite, then A is not
connected (see Rudin [Ru2], 2.5.6), so Irr(T', H) = Irr(G, H) x A is not con-
nected. I do now know what groups I' have the property that Irr(T', H) is
(path) connected.

(D) A representation m € Rep(T', H), for infinite T, is called ergodic
if it has no non-0 invariant vectors, weak mizing if it contains no non-0
finite dimensional subrepresentation, mild mizing if for every h € H,h #
0,7y, — oo, we have 7(v,)(h) / h, and mizing if it is a co-representation,
ie., limy_oo(m(y)(h),h) = 0, for every h € H. Denote by ERG(T', H),
MMIX(T', H), WMIX(T", H), MIX(I', H) the corresponding classes of repre-
sentations. (We interpret these as being empty if I" is finite.) Clearly

ERG(T', H) D> WMIX(T', H) 2 MMIX(T, H) 2 MIX(T, H).

See Glasner [GI2], Ch. 3 and Bergelson-Rosenblatt [BR] for other charac-
terizations of these classes.

Using an argument similar to that of the (alternative) proof of 12.1, and
Glasner [G12] or Bergelson-Rosenblatt [BR], we have the following fact.

Proposition H.11. The sets ERG(I', H) and WMIX(T', H) are Gs in the
space Rep(I', H).
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Clearly MIX(T, H) is II3 and MMIX(T, H) is II}. However, by the
paragraph before the Remark in Section 10, (G), for infinite-dimensional
H, MMIX(T', H) is not Borel, if I' has an element of infinite order. Also
ERG(T', H) has no interior in Rep(I', H), if H is infinite-dimensional.

(E) We now note some analogs of the characterizations in Sections 11,
12. Below 1p is the trivial 1-dimensional representation of I'. The equiva-
lence of (a), (d), (e), (f), (g) in H.12 (i) below was also independently proved
in Kerr-Pichot [KP].

Theorem H.12. (i) The following are equivalent for any infinite countable
group I' and infinite-dimensional H :

(a) T' has property (T),

(b) ERG(I', H) = {m € Rep(I', H) : 1p A 7},

(¢) WMIX(I', H) C {m € Rep(I', H) : 1t A 7},

(d) ERG(T', H) is closed in Rep(I', H),

(e) ERG(T', H) is not dense in Rep(I', H),

(f) WMIX(T', H) is closed in Rep(I', H),

(9) WMIX(T', H) is not dense in Rep(I', H).

(i) The following are equivalent for any infinite countable group I' and
infinite-dimensional H :

(a) T' does not have (HAP).

(b) MIX(T', H) C {m € Rep(I', H) : 1r £ 7}.

(iii) (Bergelson-Rosenblatt [BR]) If an infinite countable group T
has (HAP), then the set MIX(T', H) is dense in Rep(T', H).

Proof. (i): (a) < (b) follows from the definition of property (T). (b)
= (c) is clear and for —(b) = —(c) see the remark following 11.2. So (a) <
(b) < (c).

(a) = (d) follows exactly as in the proof of 12.2, (i) and (d) = (e) = (g)
is clear. To prove that (d) = (f), recall that for any m € Rep(I', H),m €
Rep(T', Hs), the tensor product m; @ my € Rep(I', Hy ® Ha) is defined by

(m1 @ m2)(7)(v1 ® v2) = m1(7)(v1) ® m2(7)(v2)-

Then 7 € Rep(T, H) is weak mixing iff for every p € Rep(I', H') the tensor
product ™ ® p is ergodic (see Glasner [GI2], 3.5). Since (m,p) — TR p is
continuous, it is clear that (d) = (f). Again (f) = (g) is obvious.

Finally to prove (g) = (a), assume that I" does not have property (T) in
order to show that WMIX(T', H) = Rep(T', H). Fix 0 € Rep(I', H). By (a)
< (c) there is myp € Rep(T', H) with 1pr < mp and myp € WMIX(T', H). Then
T ® o is weak mixing.

Since 1p < mp, we have I ® 0 = 0 < 1y ® o (see Bekka-de la Harpe-
Valette [BAIHV], F.3.2), so, by H.2, o is in the closure of the set of isomorphic
copies of 0o - (mp ® o) in Rep(T', H). Since 7y ® o is weak mixing, it is clear
that oo - (mp ® o) is weak mixing, thus 0 € WMIX(T", H), i.e., Rep(I', H) =
WMIX(T', H).



H. THE SPACE OF UNITARY REPRESENTATIONS 219

(ii): (a) < (b) is one of the equivalent definitions of (HAP) (see Cherix
et al. [CCJJV]).

(iii): Assume now that I' has (HAP). Then by (ii), (b) there is mixing
m € Rep(T', H) with 1p < w. Then for any 0 € Rep(I', H),0 = 1r®0 < 71®@0
and T ® 0, 0o - (T ® o) are mixing, thus o € MIX(T', H). O

Corollary H.13. If an infinite countable group T' has property (T) and H
is infinite-dimensional, then Irr(T', H) is nowhere dense.

Proof. Clearly Irr(I', H) C ERG(T', H), as H is infinite-dimensional. O

Remark. Bekka [B] has introduced the concept of an amenable unitary
representation. One of its equivalent formulations is the following: 7 €
Rep(T', H) is amenable iff 1r < 7 @ 7. Here @ € Rep(T', H) is the conjugate
representation defined as follows: H is the conjugate space of H, which can
be viewed as H with the same addition but with scalar multiplication and
inner product defined by: (\,z) — Az, (z,y)5 = (y,2)u, VA € C,Va,y € H.
Finally T = 7 set theoretically.

Denote by AMEN(I', H) the set of amenable representations of I" on
H. Since 7 ¢ WMIX(I', H) iff Ir < 7 ® T (see, e.g., Bekka-de la Harpe-
Valette [BAIHV], A.1.11), it follows that if ~ AMEN(I', H) = Rep(I', H) \
AMEN(T', H), then ~ AMEN(T', H) C WMIX(T', H). Bekka [B], 5.9 shows
that if I" has property (T), then ~ AMEN(T', H) = WMIX(I", H) and Bekka-
Valette [BV] show that conversely ~ AMEN(T', H) = WMIX(T', H), implies
that I" has property (T). We note that this also follows immediately from
H.12. Indeed if " does not have property (T), then, by H.12, (i), there is
m € WMIX(T', H) with 1r < 7, so that 7 is amenable.

We have seen that I' has property (T) iff WMIX(T', H) is closed. I do
not know if it is true that I" has property (T) iff ~ AMEN(T", H) is closed.

Remark. A countable group T' is said to have property (FD) (see
Lubotzky-Shalom [LS]) if the unitary representations which factor through
a finite quotient of I' are dense in Rep(T', H). It was shown in Lubotzky-
Shalom [LS] that each free group F), has property (FD). We note that this
follows from the fact that Aut(X, p) is topologically locally finite together
with Appendix E (the latter being also used in [LS]).

Observe that the property (FD) for F, is equivalent to the following
property of U(H): The set of (g1,...,9n) € U(H)" such that (g1,...,gn) is
finite is dense in U(H)™. To prove this, fix g1,...,9, € U(H)", €1,...,em €
H and € > 0. We will find (hy,...,hy,) € U(H)™ with (hy,..., hy,) finite and
llgi(ej) — hi(ej)|| <e,i=1,...,n,5=1,...,m. By Appendix E, there is a
standard Borel space (X, u) such that H is a closed subspace of L3(X, i) =
Hp and g1, ..., gy extend to g1, ..., gn € Aut(X, u) C U(L3(X,pn)) = U(Hy).
Use now the topological local finiteness of Aut(X,u) to find gi,...,9, €
U(Hy) with [|gi(e;) — gi(e;)|| < €,Vi < n,¥j < m and (gi,...,dn) finite.
We can find an isomorphism « : Hy — H with w(e;) = ej,m(gi(e;)) =
gi(e;),Vi < n,¥j < m. Finally let h; € U(H) be the image of g; under .
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This clearly works as hi(e;) = m(gi(ej)), gi(e;) = m(gi(e;)) and so ||h;(e;) —
gi(ep)ll = Im(ai(e;)) — m(gilen) = 1g:(e) — giles)ll < .

In connection with this argument, I do not know if U(H) itself is topo-
logically locally finite.

(F) Concerning the connection between Rep(T', H) and A(T', X, ), let
us call 7 € Rep(T', H) (H infinite-dimensional) realizable by an action if
there is a € A(T', X, p) such that 7 = k§ (= the Koopman representation on
L3(X, ) associated with a).

Proposition H.14. Let I' be a countable group and assume that H is
infinite-dimensional. Then the realizable by an action representations are
dense in Rep(T', H).

Proof. Let I' = {v;}°,. Fix 7 € Rep(I', H) and an orthonormal basis
{ej}?L for H. Given € > 0,n > 1,m > 1, it is enough to find a realizable by
an action p € Rep(I', H) such that ||7(y;)(e;)—p(vi)(ej)|| < €,Vi <n,j <m.
By E.1 we can assume that H is a closed subspace of L3(X,p) and there
is a € AT, X,p) with k§ extending m. Let H; be a finite-dimensional
subspace of H which contains all ej, 7(v;)(ej),i < n,5 < m. Then find
an isomorphism T : LZ(X,u) — H such that T|H; = identity. Let p €
Rep(T', H) be the image of x§ under T, so that clearly p is realizable by an
action. We have for i < n,j <m,

p(vi)(ej) = T (kg (7i)(ej))

so we are done. O

Corollary H.15. Let I' be a countable group and H be infinite-dimensional.
Let P C Rep(I',H) be invariant under conjugacy and assume that {a €
AT, X, p) : 3m € P(m = k§)} is dense in (A(L, X, p), w). Then P is dense
in Rep(T', H).

Proof. We can assume that H = L3(X, 11), in which case (A(T, X, u), w)
is a closed subspace of Rep(I', H) (via the identification of a € A(T', X, u)
with x3). Then H.14 shows that the saturation of A(I', X, u) under the
conjugacy action of U(H) is dense in Rep(I', H). Our hypothesis implies
that P N A(T', X, ) is dense in (A(T', X, ), w) therefore, as the conjugacy
action is continuous, P is dense in Rep(T', H). O

Since the set of realizable by an action 7 € Rep(I', H) is invariant under
conjugacy, it is either meager or comeager in Rep(I', H). When T is torsion-
free abelian, it is not hard to see that it is meager. Indeed if 7 is realizable
by an action, then the maximal spectral type o of 7 (see Appendix F) is
symmetric up to measure equivalence, o ~ o1, where 07 }(A) = o(A™Y),
for A a Borel subset of T (see, e.g., Nadkarni [Na], p. 21 or Lemanczyk
[Le], pp. 83-84, for the I' = Z case). On the other hand, the set of = €
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Rep(I", H) whose maximal spectral type o satisfies 0 1 o~ ! is G, since there
is continuous 7 — o, with o, the maximal spectral type of 7 (see Appendix
F, (B)), and L on P(T") is a G5 relation (note that u L v iff u Av = 0 iff
inf{ [ fdu+ [(1— f)dv: f € C(I),0 < f <1} = 0). Now one can also see
that the set of all 7 € Rep(I', H) whose maximal spectral type o satisfies
o L 07! is dense in Rep(T, H), which completes the proof. To verify this,
for each p € P(f) consider the representation m, of I' on L2(f‘, ) defined
by 7,(v)(f) = 7f, where v € I' is viewed as a character of I (see Appendix
F). Clearly p is the maximal spectral type of 7,. Now any m € Rep(I', H) is
isomorphic to a direct sum &, 7., (see Appendix F'), and by approximating
probability measures on r by probability measures with finite support, we
see that for each p1,ps, - € P(f‘), there is v1,19,...,€ P(f) such that
each v, has finite support, 7, < m,, and Y. 27"y, L (3.27",)" !, Thus
=@, 7, < D,, T, Moreover the maximal spectral type of @, m,,, and
thus of oo - (D, m,) is 0 = >, 27"y, and, as 0 L o1, it follows from
H.2 that 7 is in the closure of the set of all p € Rep(I', H) whose maximal
spectral type o satisfies o L o1,

In the case I' = Z, one can also give a proof along the lines of the proof
of 2.5 and the remark following it. We take H = LZ(X, u) and we identify
Rep(Z, H) with U(L3(X,p)). Then the set of representable by an action
U € U(L3(X,p)) is the saturation under conjugacy of Aut(X, p1), which we
view as a closed subgroup of U(LZ(X, ut)). Assuming this set is comeager,
towards a contradiction, we can find a Borel function U — fy on U(H) such
that V*U (fuU f;;* € Aut(X, p)). Fix now a real-valued € H with ||¢| = 1
and {£,} € H dense. Then there is some n and open nonempty W C U(H)
such that, letting £ = &, we have

v ew (170 -l < 5).

so that, in particular, < ||| < §. Let now
Q- {U € U(H): [Im (U™ (€),€) > 1%] } .

This is clearly open and we claim that is also dense. Using the notation
of the Remark following 2.5, it is enough to show that it is dense in each
U(m) and this follows as in the argument in that remark by approximating
elements of U(m) by nth roots of the operator .

It follows that there is U € U(H) such that || f;'(¢) — &|| < 5,V =
fUUf(j1 € Aut(X, u) and Im (U™(£), &) > %, for some n. Thus we have

Im (V" (fu(€)), fu(€)) > 15
and, since || fu(§) — ¢| < &, it follows that

(V™ (fu(€)), fu(€)) — (V™M (o), o)l < 5 - lIEll+ 5 - llell < -2+ 35 <3
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therefore Im (V" (), ¢) > % —1 > 0, contradicting the fact that the number
(V™(p),p) is real, as @ is real and V' € Aut(X, p).

Problem H.16. Let I' be an infinite countable group and H be infinite-

dimensional. Is the set of realizable by an action m € Rep(I', H) meager in
Rep(T', H)?



APPENDIX I

Semidirect products of groups

(A) Let A, G be groups and let A act on G by automorphisms. Denote
the action by a-g. Then the semidirect product Ax G is the group defined as
follows: The space of A x GG is the product A x GG. Multiplication is defined
by

(1) (a1, g1)(az, g2) = (araz, g1(a1 - g2))

There is a canonical action of A by automorphisms on Ax G that extends
the action of A on G, namely

a-(b,g) = (aba',a-g)

An affine automorphism of GG is any map 1 of the form

Y(g) = he(g),

where h € G and ¢ is an automorphism of . Clearly any such v can
be identified with the pair (¢, h), ¢ being the automorphic part of 1) and
h = (1) the translation part. Note that if ¥1 = (¢1,h1),%2 = (p2, h2),
then

Y1(Y2(g)) = hip1(¥2(g))
= hip1(hayp2(g))
= hip1(h2)p1p2(9),

ie., Y12 = (w192, hipi(ha)), thus the group of affine automorphisms of G
can be identified with the semidirect product of the automorphism group of
G with G, where the automorphism group of G acts by evaluation on G.

If now A acts by automorphisms on GG, then A x G acts by affine auto-
morphisms on G via

(a’7g) ~h= g(a’ ' h)v
and if A acts on G faithfully (i.e., a-g = ¢g,Vg = a = 1), so that A can be

viewed as a group of automorphisms of G, then A x G acts faithfully on G,
so A x G can be viewed as a group of affine automorphisms of G.

Example. Let H be a separable real Hilbert space, viewed as an additive
group, A = O(H) its orthogonal group and consider the action of O(H) on H
by evaluation. Every isometry ¢ of H can be uniquely written as ¢ = T+ b,
where T' € O(H) and b = ¢(0) € H. Thus identifying ¢ with the pair (7',b),
we see that the isometry group of H is identified with O(H) x H.

223
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Example. Let G = (MALG,, A) and consider the metric d, (A4, B) =
#(AAB) on G. Then A = Aut(X, u) acts by isometric automorphisms on
G. Every isometry of (MALG,,,d,) can be uniquely written as ¢ = TAB,
where T' € Aut(X, ), B = ¢(0) € MALG,, (see Section 1, (B)). Thus the
isometry group of (MALG,,d,) is identified with A x G.

Denote now by Hom(T', K) the set of homomorphisms of a group I into
a group K. Any ¢ € Hom(I', A x G) can be viewed as a pair 1 = (¢, @),
where () = (p(7),a(7)). Then ¢ € Hom(T', A) and a: I' — G satisfies

a(y6) = a(y)(e(y) - a(d)).
Such an « is called a cocycle associated to the homomorphism . We denote
by Z1(y) the set of these cocycles. Thus
Hom(T', A x G) = {(p,a) : ¢ € Hom(T', A) & o € Z(p)}.

For each fixed ¢ € Hom(T', A), Z!(¢) gives all possible “extensions” of ¢ to a
homomorphism into A x G. We can view ¢ € Hom(T", A) as a representation
of I' as a group of automorphisms of G' and then Z!(i) gives representations
of I' as a group of affine automorphisms of G with automorphic part equal
to . If for instance A = Aut(G) is the automorphism group of G acting
by evaluation on G, then Z1(y) gives all possible representations of I' as a
group of affine automorphisms of G with automorphic part equal to .
A coboundary of ¢ € Hom(T", A) is a cocycle of the form

a(y) =97 (e(v) - 9),
for some g € G. Their set is denoted by B(y). The group G acts on Z1(yp)
by
(g-a)(7) = ga(M(e(y) -9~
Two cocycles a, 3 € Z'(p) are called cohomologous, in symbols

o~ f,

if 39 € G(g - @ = ). Thus the coboundaries are the cocycles cohomologous
to the trivial cocycle 1. The quotient space

H'(p) = Z'(p)/ ~
is called the (1st)-cohomology space of . When G is abelian, Z'(p) is
an abelian group under pointwise multiplication, B!(¢) is a subgroup and

Hl(cp) = Zl(go)/Bl(go) is the (1st)-cohomology group of .
Note here the following simple fact.

Proposition I.1. a € Z'(y) is a coboundary iff the affine representation
of T'in G, ¢ = (p, ), associated to p,, has a fized point.

Proof. If ¢ has a fixed point g~! € G, then for every v, ¥(7)(¢g71) = g7},
so a(y)(p(7)-g7') =g, thus
a(y) =
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so a € BY(p). Conversely, if a € B(y), then a(y) = g~ (¢(7) - g) for some
¢ and, reversing the above steps, ¢! is a fixed point of . O

Example. Let H be a separable real Hilbert space. Then O(H) x H
is its isometry group. A homomorphism 7 of I' into O(H) is an orthogonal
representation of I' in H. Then Z!(7) consists of all the cocycles b: ' — H
(i.e., maps satisfying b(yd) = b(y) +m(7)(b(d))) and the pairs (7, b) with b €
ZY(r) give all affine isometric representations of I in H with orthogonal part
7. Coboundaries are the cocycles of the form b(v) = 7(vy)(h)—h for some h €
H. Clearly Z!(r) is an abelian group (under pointwise addition), in fact a
real vector space, and B!(r) a subspace. Then H!(w) = Z!(r)/B!(n) is the
(1st-)cohomology group (or vector space) of the representation 7. It vanishes
(i.e., HY(m) = {0}) iff all isometric extensions of m admit fixed points. For
more on the cohomology of representations, especially in connection with
property (T), see Bekka-de la Harpe-Valette [BAIHV].

Remark. When A, G are Polish groups and A acts continuously on G,
then the semidirect product A x G with the product topology is clearly a
Polish group.

(B) Sometimes one uses a different rule of multiplication for the semidi-
rect product A X G, namely

(2) (a1,91) (a2, g2) = (a1a2, (a3 " - g1)ga)-
It is easy to see however that
(avg) = (a’7 a_l : g)

is an isomorphism between A x G using the multiplication (1) with A x G
using the multiplication (2). It is more convenient to use the second form
in the context of the theory of cocycles for group actions.

When we use (2) as the multiplication in A x G, it is easy to see that the
canonical action of A on A x G is still defined by: a - (b, g) = (aba™',a - g).
The cocycles associated to a homomorphism ¢ € Hom(I', A) are now the
maps a : ' — G that satisfy

a(y8) = ((8) ™" - al7))au(d)
and the coboundaries are the cocycles of the form
a(y) = (e 99"
Finally G acts on Z!(y) by

(g-a)(7) = (e(y) " gal(y)g.
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