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Abstract

We introduce inner amenability for discrete probability-measure-preserving (p.m.p.) groupoids and
investigate its basic properties, examples, and the connection with central sequences in the full group
of the groupoid or central sequences in the von Neumann algebra associated with the groupoid.
Among other things, we show that every free ergodic p.m.p. compact action of an inner amenable
group gives rise to an inner amenable orbit equivalence relation. We also obtain an analogous result
for compact extensions of equivalence relations that either are stable or have a nontrivial central
sequence in their full group.

2010 Mathematics Subject Classification: 37A20 (primary); 28D15, 46L10 (secondary)

1. Introduction

A discrete countable group G is said to be inner amenable if there exists a
sequence (&,) of nonnegative unit vectors in £'(G) such that || — &,]; — 0 and
&,(g) — Oforall g € G, where the function £f is defined by £f(h) = E,(ghg™)
for h € G. This notion was introduced by Effros [Ef], who first observed its
connection with property Gamma of the group von Neumann algebra. This
connection has since become a common theme: inner amenability of a group G
can often be deduced from the existence of a certain central sequence, either in
the von Neumann algebra associated with G or in the full group of a probability-
measure-preserving (p.m.p.) action of G (for example, [Ch, Ef] and [JS]).
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In this paper, we introduce inner amenability for discrete p.m.p. groupoids. We
investigate its basic properties and examine its connection with central sequences,
both in the full group of the groupoid and in the von Neumann algebra associated
with the groupoid, highlighting many examples along the way. We expect results
in this paper to accelerate the understanding of free ergodic p.m.p. actions of
inner amenable groups and their orbit equivalence relations. We refer the reader
to [DV, IS, Kil]-[Ki4], [M, PV, TD], and [V] for recent progress on related
topics.

We briefly outline the results of this paper. We refer the reader to Section 2
for notation and terminology on discrete p.m.p. groupoids. In Section 3,
inner amenability of a discrete p.m.p. groupoid G is defined (Definition 3.1),
generalizing the definition given above for groups; if the groupoid G is ergodic,
then its inner amenability is equivalent to the existence of a sequence (&,) of
nonnegative unit vectors in L'(G) that is asymptotically conjugation-invariant
and diffuse (see Theorem 3.6 for various equivalent characterizations).

We observe permanence of inner amenability under several groupoid
constructions. In Subsection 3.5, we prove the permanence under inflations,
restrictions, measure-preserving extensions, ergodic decompositions, and inverse
limits, and also prove that for every finite-index inclusion H < G of discrete
p.m.p. groupoids, inner amenability of H implies inner amenability of G.
The permanence under measure-preserving extensions is specialized into the
following assertion: for every p.m.p. action G ~ (X, u) of a countable group
G, inner amenability of the translation groupoid G X (X, u) implies inner
amenability of the group G (Proposition 3.22). Of particular interest is that we
establish permanence of inner amenability under compact extensions, which is
thoroughly discussed in Section 4. This implies that inner amenability passes to
finite-index Borel subgroupoids, and that every compact free p.m.p. action of an
inner amenable group gives rise to an inner amenable orbit equivalence relation
(Corollaries 4.6-4.8).

One motivating example of an inner amenable groupoid is an ergodic discrete
p.m.p. equivalence relation R that is Schmidt. Here we say that R is Schmidt if
there exists a nontrivial central sequence in its full group [R]. In Subsections 3.6
and 3.7, we discuss the relationship between inner amenability of R and the
existence of a nontrivial central sequence in [R] or in the von Neumann
algebra associated with R. Especially, generalizing [Ch, Theorem (ii)] for group-
measure-space II; factors, we prove that for a free, strongly ergodic, p.m.p. action
G ~ (X, ), if the associated von Neumann algebra G x L*°(X) has property
Gamma, then the orbit equivalence relation of the action is inner amenable
(Corollary 3.33). The converse does not hold. An example to indicate this is
constructed by using the Vaes group [V], which is known as a countable, ICC,
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inner amenable group such that the associated group von Neumann algebra does
not have property Gamma (Example 3.34).

In Section 5, we show that for discrete p.m.p. equivalence relations, being
Schmidt and being stable are both preserved under compact extensions. Here
we call a discrete p.m.p. equivalence relation stable if it absorbs the ergodic
hyperfinite p.m.p. equivalence relation on a nonatomic probability space, under
the direct product. Hence being Schmidt and being stable pass to finite-index
subrelations. However for a finite-index inclusion & < R of ergodic discrete
p.m.p. equivalence relations, while inner amenability passes from S to R, neither
being Schmidt nor being stable passes from S to R in general. In Section 7, we
show this by giving examples, and also give a sufficient condition for this passage
to hold, in terms of the algebra of asymptotically invariant sequences for S and
the action of F on it when R is written as the crossed product R = S % F for some
finite group F acting on S by automorphisms. These results should be compared
with the result of Pimsner—Popa on property Gamma and the McDuff stability for
inclusions of II; factors [PP, Proposition 1.11].

In [Sc3], Schmidt asked whether every countable, inner amenable group admits
a free ergodic p.m.p. action whose orbit equivalence relation is Schmidt. We say
that a countable group has the Schmidt property if it admits such an action.
Schmidt’s question remains open and is one of the questions motivating the
present work. We call a countable group orbitally inner amenable if it admits a
free ergodic p.m.p. action whose orbit equivalence relation is inner amenable. As
mentioned above, every countable group with the Schmidt property is orbitally
inner amenable, and every countable, orbitally inner amenable group is inner
amenable. While we do not know whether every inner amenable group is orbitally
inner amenable, it follows from our aforementioned result on compact actions that
this implication holds under the additional assumption that the group in question
is residually finite. It also follows from [TD, Theorem 15], using a different
method, that every inner amenable, linear group has the Schmidt property and is
hence orbitally inner amenable. We refer the reader to Subsection 3.6 for more
details.

We call a countable group stable if it admits a free ergodic p.m.p. action whose
orbit equivalence relation is stable. Since, as we mentioned above, stability passes
to finite-index subrelations, it follows that stability of a countable group passes to
finite-index subgroups as well. Combining this with a result of the first author
[Kid4], we obtain the corollary that stability of a countable group is invariant
under virtual isomorphism (Corollary 5.12). Although we can also ask the same
question for the Schmidt property and orbital inner amenability of a countable
group, it remains unsolved. More precisely, we do not know whether those two
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properties are invariant under central group extensions with finite central group
(Question 5.16).

In Section 6, we obtain examples of discrete p.m.p. equivalence relations R
that are either not inner amenable, or not Schmidt, by imposing spectral-gap
properties and mixing properties on p.m.p. actions that generate K. Among other
things, for every countable nonamenable group G, the Bernoulli shift of G gives
rise to an orbit equivalence relation that is not inner amenable (Corollary 6.3).
Moreover, the product of the Bernoulli shift of G with an arbitrary ergodic p.m.p.
action of G also gives rise to a non-inner-amenable orbit equivalence relation
(Proposition 6.7). There also exist inner amenable equivalence relations that are
not Schmidt. Such examples are found in Remarks 7.5, 8.3, and 8.5.

In Section 8, we collect miscellaneous examples of orbitally inner amenable
groups and free ergodic p.m.p. actions such that central sequences in the full group
are well controlled via spectral-gap properties and mixing properties.

In Section 9, for a discrete p.m.p. groupoid G, we discuss topologies of the full
group [G] and the automorphism group Aut(G) of G. We prove that there exists
a nontrivial central sequence in [G] if and only if the set of inner automorphisms
of G given by conjugation of an element of [G] is not closed in Aut(G), under the
assumption that the equivalence relation associated with G, {(r(g),s(g)) | g €
G}, is aperiodic (Proposition 9.8). Here r and s are the range and source maps
of G, respectively. This is already known for principal groupoids and proved in
[Ke2, Sections 6 and 7] (and we refer the reader to [Co, Theorem 3.1] for a von
Neumann algebraic counterpart). Our definition of the topology of Aut(G) for
general groupoids G follows [Ke2], and we will use some results in it.

Throughout the paper, unless otherwise mentioned, all relations among Borel
sets and maps are understood to hold up to sets of measure zero.

2. Groupoid preliminaries and notation

For a groupoid G, we denote the unit space of G by G° and denote the source and
range maps of G by s and r, respectively. For a subset D C G and x, y € G°, we
set D, == DNs~'(x), D¥ := DNr~'(y), and D? := D,N D", and we say that D is
bounded if there is some N € N with |D,| < N and |D*| < N forall x € G°. For
subsets A, B C G°, weset G4 :=r"'(A)Ns~'(A)and G4 :=r ' (A) Ns~(B).
Then G, is a groupoid with unit space A, with respect to the product inherited
from G. For x € G°, we call the group G* the isotropy group of G at x.

A discrete Borel groupoid is a groupoid G such that G is a standard Borel space,
G° is a Borel subset of G, the source and range maps s, 7: G — GO are Borel and
countable-to-one, and the multiplication map {(y, §) € GxG | s(y) =r(§)} = G,
(y, 8) = y8 and the inverse map y +— y ! are both Borel. A cocyclea: G — L
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into a standard Borel group L is a Borel groupoid homomorphism, that is, a Borel
map satisfying «(y§) = a(y)a(5) whenever s(y) = r(8).

A discrete p.m.p. groupoid is a pair (G, ) of a discrete Borel groupoid G and a
Borel probability measure u on G° satisfying [, ¢ du(x) = [go ¢} dju(x), where
c¢; and ¢!, are the counting measures on G, and G*, respectively. We will write u!
for this common measure: u' == [, ¢} dpu(x) = [ ¢} dp(x).

Let (G, n) be a discrete p.m.p. groupoid. We say that (G, ) is aperiodic if G,
is infinite for p-almost every x € G°. A Borel subset A C G° is called G-invariant
if (G,) C A for w-almost every x € A. We say that (G, u) is ergodic if for every
G-invariant Borel subset A C G°, we have u(A) = 0 or 1. A local section of
G is a Borel subset ¢ C G on which the source and range maps s, r are both
injective. We call s(¢) and r(¢) the domain and range of ¢, respectively. For a
local section ¢ of G and points x € s(¢), y € r(¢), we denote by ¢,, ¢> € ¢ the
unique elements such that s(¢,) = x and r(¢”) = y. Let ¢°: s(¢p) — r(¢) denote
the associated map given by x — r(¢,). For a Borel subset A C G°, we set

PA = ¢°(ANs(P) ={r(@.) | x € ANs(P)}.

We identify two local sections if they agree up to a u-null set. The composition
of two local sections ¢, v is the local section ¢y = {¢,y Y. | x € s(¥) N
(W)~ (s(¢))}. The inverse of a local section ¢ is the local section ¢! =
{(¢0)7! | x € s(¢p)}, whose domain is r(¢). Let [G] denote the group of all local
sections ¢ of G with s(¢) = G° (and hence r(¢) = G°), and call [G] the full
group of G. We have the uniform topology on [G] induced by the metric 8, (¢,
V) = u({x € G° | ¢ # ¥.}). This metric is complete and makes [G] a Polish
group (Lemma 9.1).
Let ¢ be a local section of G. For y € G, ), we set

y? =1¢""1"y¢'?” € Gyy).
For a subset D C G, we set
D? ={y’|y € DNG )

For a function f: G — C, we define f¢: G — C by

)= {f V) = F@ovdan]™) iy € G

0 otherwise.

If v is another local section of G, then (y?)¥ = y%¥ and (f?)¥ = f9V.
A discrete p.m.p. groupoid is said to be principal if the map y +— (r(y), s(y))
is injective. Let R be a p.m.p. countable Borel equivalence relation on a standard
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probability space (X, ). Then the pair (R, w) is naturally a principal discrete
p.m.p. groupoid with unit space R° := {(x, x) | x € X}, which is simply identified
with X itself when there is no cause for confusion. The source and range maps
are given by s(y,x) = x and r(y, x) = y, respectively, and the multiplication
and inverse operations are given by (z, ¥)(y, x) = (z, x) and (y,x)™' = (x, y),
respectively. We mean by a discrete p.m.p. equivalence relation on a standard
probability space (X, ) a p.m.p. countable Borel equivalence relation on (X, ()
equipped with this structure of a discrete p.m.p. groupoid. For such an equivalence
relation R, each local section ¢ of R is identified with the graph {(¢°(x), x) |
x € s(¢)} of the associated map ¢°. We will abuse notation and identify ¢ and ¢’
when there is no cause for confusion. Then for all (y, x) € R and ¢ € [R], we
have (y, x)? = (¢~ (y), ¢~ (x)).

The translation groupoid associated with a p.m.p. action G ~ (X, u) of a
countable group G is the groupoid G x (X, u) = (G, w) defined as follows. The
set of groupoid elements is G := G x X with unit space G° := {15} x X, which
is once again identified with X itself when there is no cause for confusion. The
source and range maps s, r: G — G° are given by s(g, x) = x and (g, x) = gx,
respectively, and the multiplication and inverse operations are given by (g, hx)(h,
x) = (gh,x) and (g, x)~! = (g7', gx), respectively. The group G embeds into
[G] via the map g — ¢, = {g} x X. Then for all (h,x) € G x X and g € G,
we have (h, x)? = (g 'hg, g7'x). If the action G ~ (X, u) is essentially free,
that is, the stabilizer of pu-almost every point of X is trivial, then the groupoid
G X (X, p) is naturally isomorphic to the orbit equivalence relation

R(G ~ (X, n) ={(gx,x) | g€ G, x € X}

of the action.

For a standard probability space (X, u), let Aut(X, i) be the group of Borel
automorphisms of X preserving u, where two such automorphisms are identified
if they agree p-almost everywhere. Unless otherwise stated, we endow Aut(X, u)
with the weak fopology, whose open basis is given by the sets

{SeAut(X, u) | u(S(A;) AT(A)) <eforalli =1,...,n}

for T € Aut(X, ), Borel subsets A, ..., A, C X, and ¢ > 0. We refer the reader
to [Ke2, Section 1] for details.

3. Inner amenable groupoids

3.1. Definition and equivalent conditions. We define inner amenability for
discrete p.m.p. groupoids and state several conditions equivalent to it. The
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proof of their equivalence is postponed to Subsection 3.4, following preliminary
Subsections 3.2 and 3.3.

DEFINITION 3.1. A discrete p.m.p. groupoid (G, w) is inner amenable if there
exists a sequence (&,),ey of nonnegative unit vectors in L'(G, u') such that

() |I1g,&.ll1 — w(A) for every Borel subset A C G°;

(i) 11§? — &.lli — O for every ¢ € [G];

(iii) |[1p&,|l; — O for every Borel subset D C G with u'(D) < oo; and

@iv) Zyegx E(y)=1= Zyegx £,(y) for p-almost every x € G° and every n €
N.

Such a sequence (£,),e is called an inner amenability sequence for (G, ().

REMARK 3.2. A discrete countable group G, being a discrete p.m.p. groupoid
on a singleton, is inner amenable in the above sense if there exists a sequence
(¢,) of nonnegative unit vectors in £'(G) such that for every g € G, we have
IEF — &,1li = O and &,(g) — 0, where the function £f on G is given by &8 (h) =
&,(ghg™").

REMARK 3.3. We will see in Lemma 3.13 that if (G, u) is ergodic and
nonamenable, then every sequence (£,) of nonnegative unit vectors in L'(G,
w') satisfying condition (ii) automatically satisfies condition (i). A sequence (&,)
satisfying condition (i) is said to be balanced.

DEFINITION 3.4. A mean on a discrete p.m.p. groupoid (G, n) is a finitely
additive, probability measure m on G that is defined on the algebra of all
w!'-measurable subsets of G and is absolutely continuous with respect to ju'.
Equivalently, a mean on G is a state on L>(G, u!). A mean m on (G, ) is said
to be

e balanced if m(G,) = n(A) for every Borel subset A C G°;

e conjugation-invariant if m(D?) = m(D) for every ¢ € [G] and every Borel
subset D C G;

o diffuse if m(D) = 0 for every Borel subset D C G with u'(D) < oo; and

o symmetric if m(D) = m(D~") for every Borel subset D C G.
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REMARK 3.5. Let m be a balanced mean on a discrete p.m.p. groupoid (G, u).
Then for every Borel subset A C G°, we have 1 = u(A) + w(G°\A) = m(G,) +
m(Ggo\4), and hence m(Ggo\a 4) = 0. Moreover, for every countable partition
g’ = ||, A« into Borel subsets, we have 1 = Y, (Ax) =Y, m(Ga,), and hence
given a Borel subset D, C G, for each k, we have m(|_|, D) = ), m(Dy).

THEOREM 3.6. Let (G, ) be a discrete p.m.p. groupoid. If (G, 1) is ergodic,
then the following conditions (1)—(6) are equivalent:

(1) The groupoid (G, 1) is inner amenable.

(2) There exists a net (&;) (as opposed to a sequence) of nonnegative unit vectors
in L'(G, n') satisfying conditions (i)—(iv) of Definition 3.1.

(3) There exists a net (&) of nonnegative unit vectors in L'(G, u') satisfying
conditions (ii) and (iii) of Definition 3.1.

(4) There exists a diffuse, conjugation-invariant mean on (G, ).

(5) There exists a diffuse, conjugation-invariant mean on (G, ) that is
symmetric and balanced.

(6) There exists a positive linear map P: L™(G, u') — L*(G°, u) such that

e P(lg,) = 1,4 for every Borel subset A C G°;

e P(F)= P(F"YYand P(F?) = P(F) o ¢° for every F € L>(G, u') and
every ¢ € [G], where the function F~" is defined by F~'(y) = F(y ") for
y € G, and

o P(F)=0forevery F € L'(G, u") N L>(G, uh).

In general, even without assuming that (G, ) is ergodic, conditions (1), (2), (5),
and (6) are all equivalent.

REMARK 3.7. In general, in the absence of ergodicity, condition (4) does not
imply condition (5) since any groupoid (G, ) = (GolUG1, o/2+u1/2), with (G,
Wo) ergodic and inner amenable, and (G, u;) ergodic and not inner amenable,
satisfies condition (4) but not condition (5).

REMARK 3.8. Condition (ii) of Definition 3.1 immediately implies its own
strengthening that [|£¢ — 1g,,,&nlli — O for all local sections ¢ of G since every
local section of G can be extended to a local section with conull domain. Likewise,
every conjugation-invariant mean m on (G, ) satisfies m(D?) = m(D) for all
local sections ¢ of G and all Borel subsets D C G, ). It follows that if a discrete
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p.m.p. groupoid (G, ) is inner amenable, then so is (G4, ws) for every Borel
subset A C G° with positive measure, where 1, is the normalized restriction of
u to A. For the converse, see Proposition 3.20.

REMARK 3.9. Let (G, 1) be a discrete p.m.p. groupoid and let G be a countable
subgroup of [G] that covers G, that is, G = | J ecG 8 (for example, this is realized
if (G, ) = G x (X, ) is the translation groupoid associated with a p.m.p. action
of a countable group G on a standard probability space (X, u), and each g € G
is identified with the section {g} x X of G). Let m be a balanced mean on (G, u)
that is invariant under conjugation by all elements of G, that is, m(D?%) = m(D)
for all Borel subsets D C G and all g € G. Then m is in fact invariant under
conjugation by all elements of [G], verified as follows. Pick ¢ € [G] and a Borel
subset D C G. Since G is covered by G, we have a decomposition G° = Lloco Ag
into Borel subsets A, suchthat A, C {x € G° | ¢* = g*}. Then G° =| |, ;87" A,
since ¢ 'A, = g7'A,. By Remark 3.5, we thus have

m(D?) = m(|_| DN gg-lAg> =Y m(D*NGeia) =) m((DNGa)*)

geG geG geG

=Y m(DNG,)=mD),

geG

which proves the desired conclusion.

To obtain this conclusion, the assumption of m being balanced is crucial. We
assume that the groupoid (G, u) = G x (X, w) is associated with a p.m.p. action
G ~ (X, u) of a countable group G. Given a conjugation-invariant mean m on G,
we have the mean m on (G, u) defined by m(D) = [, ' (DN ({g} x X)) dm(g)
for a Borel subset D C §. This mean m is invariant under conjugation by all
elements of G. However, m is not necessarily invariant under conjugation by
all elements of [G]. To see this, we assume that G is inner amenable and let m
be a diffuse, conjugation-invariant mean on G. Then m is also diffuse. Assume
also that G is nonamenable and the action G ~ (X, ) is given by a Bernoulli
shift. Then the groupoid G x (X, ) is not inner amenable by Corollary 6.3, and
therefore admits no diffuse, conjugation-invariant mean by Theorem 3.6. Thus m
is never a mean invariant under conjugation by all elements of [G].

3.2. Conjugation-invariant means. Before proving Theorem 3.6, we
prepare several lemmas saying that under mild assumption, every conjugation-
invariant mean is automatically balanced or diffuse. We will use the following
characterization of amenability of an ergodic discrete p.m.p. groupoid.
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LEMMA 3.10. An ergodic discrete p.m.p. groupoid (G, 1) is amenable if and
only if there exists a mean m on (G, 1) that is right-invariant, that is, satisfies
m(R, ) = m(f) forall ¢ € (Gl and f € L*(G, u'), where Ry: L™(G, n') —
L>(G, u') is the right translation map defined by (Ry f)(y) = f (¥ [$so)] ™).

Proof. For principal groupoids, this is proved in [KL, Remark 4.67], whose proof
involves the Connes—Feldman—Weiss theorem [CFW], however. The following
proof is more direct and applies to general groupoids.

If (G, i) is amenable, then by its definition [ADR, Definition 3.2.8], there
exists a unital positive linear map P: L®(G, u') — L*(G° w) that is right-
invariant, that is, satisfies P(R4 f) = P(f)o¢° forall ¢ € [G]and f € L™(G, u").
Then a right-invariant mean m on (G, w) is defined by m(f) = f g P(f)du.

Conversely, assume that there exists a right-invariant mean m on (G, ). We
identify each Borel subset of G with its indicator function that belongs to L*(G,
u"'). We prove that the equation m(s~'(A)) = (A) holds for all Borel subsets
A C GO Since (G, u) is ergodic, if A, B C G° are Borel subsets with (A) =
w(B), then we have some ¢ € [G] with A = B and hence m(s~'(A)) =
m(Ry[s~'(B)]) = m(s~'(B)). Therefore there is some function 6: [0, 1] — [0,
1] such that m(s~'(A)) = 6(u(A)) for every Borel subset A C G°. Givenn € N,
we can find a Borel partition Ay, ..., A, of G° with u(A) = --- = u(A,) = 1/n.
Then1 =" m(s'(A;)) = n6(1/n),sothat0(1/n) = 1/n and

k k
0(k/n) = m<s‘ <|_| A,»)) = m(s7'(A) =k0(1/n) = k/n
i=1 i=1

for every k € {1, ..., n}. Therefore 8(q) = g for all rational ¢ € [0, 1]. Since 6
is monotone increasing, this implies that 8(r) = r for all r € [0, 1], and hence
m(s~'(A)) = u(A) for all Borel subsets A C G°.

For each f € L>(G, u'), we define a (countably additive) finite, complex Borel
measure [y on G° by wr(A) :=m(1,-14) f), which is absolutely continuous with
respect to p. Countable additivity of u s follows from the equation proved in the
last paragraph. Then the map P: L>®(G, u') — L>®(G°, ) defined by P(f) =
duys/du is a unital positive linear map such that P(R, f) = P(f) o ¢° for all
¢ €[Gland f € L=(G, u"). O

LEMMA 3.11. Let (G, ) be an ergodic discrete p.m.p. groupoid that is
nonamenable, and let m be a conjugation-invariant mean on (G, w). If A C Glis

a Borel subset with positive measure, then m(Ggo\ 4 4) = 0.

Proof. Suppose toward a contradiction that m(Ggo\4 4) > 0, and let m, denote
the normalized restriction of m to Ggo\4 4. For ¢ € [Ga], let ¢~ € [G] denote the
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extension of ¢ defined by (¢~), = y for y € G°\A (and (¢™), = ¢, for x € A).
Then for every ¢ € [G4], both left and right translations by ¢~ fix the set Ggo\ 4 4,
and for every f € L™(G, u') supported on Ggo 4 4, we have f¢ = Ry f and
hence

my(Ry~ ) = mo(f). 3.1

Since (G, w) is ergodic, we can find a Borel map x — T (x) € G, withr(T (x)) €
A for almost every x € G°. For f € L™(Ga, ), we define Ly f € L™(G, u')
by

f(@ry)y) ify €Ggoaa,
0 otherwise.

(Lr H(y) = {

Then LRy f = Ry~Lr f forevery ¢ € [Ga] and every f € L®(Ga, )y). Define
amean m; on (G, wa) by m(f) := mo(Ly f). Then for every ¢ € [G4] and
every f € L™(Gq, 1)), by equation (3.1), we have

mi(Ryf) =mo(L7Ry f) =mo(Ry~L7 f) =mo(Lr f) =m(f).

Thus m, is a right-invariant mean on (G4, (4), and hence (G4, 1t4) is amenable
by Lemma 3.10. Since A has positive measure and (G, w) is ergodic, this implies
(G, n) is amenable, a contradiction. |

REMARK 3.12. In Lemma 3.11, nonamenability of (G, ) is necessary. Let the
group G = @ Z/27Z act on the compact group X := [[Z/27Z by translation,
and equip X with the normalized Haar measure 1. Let R be the associated orbit
equivalence relation. For n € N, define the subgroup F, = @,_, Z/27Z of G,
and let R, be the subrelation of R generated by F,. Define the nonnegative unit
vector &, == lg,/2" € L'(R, '), and let m be any weak*-cluster point of the
sequence (£,) in L*°(R, u')*. Then m is a mean on (R, w) that is left- and right-
invariant and hence conjugation-invariant. However, if A := {(x;) € X | x; =
0}, then [ &1, ., dn' = n(A)(2""'/2") = 1/4 for every n, and therefore
m(RA,X\A) =1/4#0.

LEMMA 3.13. Let (G, ) be an ergodic discrete p.m.p. groupoid that is
nonamenable. Then every conjugation-invariant mean on (G, ) is balanced.

It follows that if (&,) is any sequence of nonnegative unit vectors in L'(G, u')
satisfying |2 — &1l — O for all ¢ € [G], then (&,) is balanced.

Proof. Let m be a conjugation-invariant mean on (G, ). We follow the argument
in the proof of Lemma 3.10. Since (G, w) is ergodic, if A, B C G° are Borel
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subsets with (£t (A) = w(B), then we have some ¢ € [G] with A = B and hence
m(G,) = m((Gg)?) = m(Gg). Therefore there is some function 8 : [0, 1] — [0, 1]
such that m(G,) = 0(u(A)) for every Borel subset A C G°. Given n € N, we can

find a Borel partition Ay, ..., A, of G° with u(A,) = --- = u(A,) = 1/n, and
Lemma 3.11 implies that 1 = )"/, m(G,,) = n6(1/n), so that 6(1/n) = 1/n
and

k
Ok/m) =m(Gy 4) =Y m(Gs)=kO(1/n) =k/n

i=1

for every k € {1, ..., n}. Therefore 8(q) = ¢ for all rational ¢ € [0, 1]. Since 6
is monotone increasing, this implies that 8(r) = r for all r € [0, 1], and hence
m(G,) = u(A) for all Borel subsets A C G, that is, m is balanced. O

LEMMA 3.14. Let (G, ) be a discrete p.m.p. groupoid and let
G ={y € G |s(y) =r(¥)}

be the isotropy subgroupoid of G. Let m be a balanced mean on (G, w). Then
m(D) = 0 for all Borel subsets D C G\Gix with u'(D) < oo. If m further
satisfies m(E) = 0 for all bounded Borel subsets E C Gy, then m is diffuse.

It follows that if R is a discrete p.m.p. equivalence relation on (X, ), and if
m is a balanced mean on (R, ) satisfying m({(x, x) | x € X}) = 0, then m is
diffuse.

Proof. To prove the first assertion, we suppose toward a contradiction that there
is some Borel subset D C G\Gis With m(D) > 0 and p'(D) < oo. Since
w!(D) < oo, we have both | D*| < oo and |D,| < oo for p-almost every x € G°.
Then the sets

A, ={x€G"||D, =nand |D*| = m)

with nonnegative integers n, m partition GY. Since m is balanced, we have 0 <
m(D) =}, ,m(Gy,, N D). Thus, after replacing D by one of the sets G4,, N D
if necessary, we may assume without loss of generality that D is bounded.

Since D is bounded, it is covered by finitely many local sections of G, and
hence we can find a local section ¢ C D of G with m(¢) > 0. We set A = s(¢).
Since D N Gix = @, we have ¢°(x) # x for all x € A. We can partition A into
three Borel subsets Ay, A, and A, such that $A; N A; = ¥ (modulo w) for every
i € {0, 1, 2}. Indeed, take A, to be any maximal (modulo ) Borel subset of A
with Ao N Ag = 0, and set A := pAo N A and A, ;== A\(Ap U A;). This works
since we then have pA; N A} C ¢p(A\Ay) N PpAg = @, and u(pA, N Ay) =0
by maximality of Ay. We set ¢, = {¢, | x € A;} fori € {0, 1,2}. Then ¢; C
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Ggoa,.a,» and hence m(¢;) = 0 since m is balanced. It therefore follows that
m(¢p) = m(¢py) + m(¢,) + m(¢,) = 0, a contradiction.

For the second assertion, suppose that m satisfies m(E) = 0 for all bounded
Borel subsets E C Gi. Let D C G be a Borel subset with u!(D) < co. We
prove m(D) = 0. The argument in the first paragraph of the proof shows that we
may assume that D is bounded. Then m(D N Gi,) = 0 by the assumption on
m, and m(D\G,) = 0 by the first assertion of the lemma proved above. Thus
m(D) = 0, and m is diffuse. O]

3.3. Amenability and inner amenability. Every discrete, countably infinite,
amenable group is inner amenable. We extend this to a discrete p.m.p. groupoid.

PROPOSITION 3.15. Let (G, ) be a discrete p.m.p. groupoid. Let

G ={y €Gls(y) =r(y)} and Rg:={r),s(y) |y €g}

be the isotropy subgroupoid of G and the equivalence relation associated with G,
respectively. Suppose that (G, |0) is inner amenable and (Rg, 1) is hyperfinite.
Then (G, ) is inner amenable, and moreover there exists an inner amenability
sequence (&,) for (G, 1) such that each &, is supported on Gig.

We note that by Proposition 3.23, the groupoid (Gi, i) being inner amenable
is equivalent to the isotropy group G being inner amenable for p-almost every
x € Go.

Proof of Proposition 3.15. By hypothesis, we can write Rg = |J, R,, where
Ry C R, C --- is an increasing sequence of Borel equivalence relations on
G° that are bounded subsets of R¢g. We can also find a groupoid homomorphism
0: Rg — G that is a Borel section of the quotient map. For each n, let X,, C G°
be a Borel transversal for R,, that is, a Borel subset of G° that meets each
‘R,-equivalence class in exactly one point. We choose a countable dense subset
{$utnen C [G] such that (x, ¢?(x)) € R, for all i < n and all x € G°. Let
D, C D, C --- be an exhaustion of G, by its bounded Borel subsets.

For x € G, let [x]R, be the R,-equivalence class of x. For each n, we define
the set

D, ={o(x,y)yo(y,x) |x € X,, y €lx]lg, andy € D, N g;‘},

which is a bounded Borel subset of Gix. For n € N and x € X,,, we also define
the set

F={o(x, r((@#),)(@),0(y,x) | y € [x]g, andi < n},
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which is a finite subset of G;. Since (Giso, 1) is inner amenable, for every n € N,
we can find a Borel family (77} ).cx, of nonnegative unit vectors »;, € 2! (G}) such
that

1
/ ¥, | D m )y () dpx) <
Xn

yegy
and ||(17z)5 —nilli < 1/nforallx € X, and all § € F'. We define a nonnegative
unit vector &, € L'(G, u') by &,(y) = 0 for y € G\Gisoi, and
&.(y) =, (o (x, y)yo(y, x))

fory € (]3 with y € G°, where x is the unique point in [y]z, N X,. It is clear that
the sequence (&,) satisfies conditions (i) and (iv) of Definition 3.1. Condition (iii)
follows from

sl = [ 3 ¥ met nye0n e daw)
X

" yelxlr, yegy

é/ 0 > nie G »yo (v, ) (0 (x, y)yo(y. x)) du(x)

X, yE[xIR, yeg;
1
= f xIr, | Y ) Lo, () dpn(x) < —.
X yegy "

To verify condition (ii), it suffices to show that || —&,||; — 0 for all i € N. For
alli <n,x € X,,y € [x]g,,and y € Q; we have (¢;),y[(¢:),]7" € G:, where
z :=r((¢:),). Hence if we put § := o (x, z)(¢;),0(y, x) € F?, then
£V (y) = &((@)yv[(@)y]17) = m (0 (x, 2) (), 7 [(¢),] "o (z, x))
= (Uf{)a(a(h )’)VU(ya X)),

and thus
YIEF —EWI =D 1) () — i)l < 1/n.
y€Gy regy
It follows that || — &,]; < 1/n — 0. O]

REMARK 3.16. The referee pointed out to us another proof of Proposition 3.15
using the result of Giordano—Pestov [GP, Proposition 5.3]: the full group of
a hyperfinite discrete p.m.p. equivalence relation, endowed with the uniform
topology, is extremely amenable, that is, all its continuous actions on a compact
space have a fixed point.
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The proof is as follows. Let (G, ) be a discrete p.m.p. groupoid such that the
isotropy subgroupoid (G, () is inner amenable and the associated equivalence
relation (Rg, p) is hyperfinite. Let M be the space of balanced diffuse means on
(G, w), which is compact with respect to the weak*-topology in L*(G, wu)*. Then
the full group [G] acts on M by conjugation continuously (note that the balanced
property of means is used in deducing this continuity). Inner amenability of (G,
w) implies that there exists a balanced, diffuse, conjugation-invariant mean on
(Gisot» 1), Which is identified with a point of M fixed by the full group [Gis]. Let
M, be the space of points of M fixed by [Gisi], on which the full group [Rg] acts
naturally (note that [R¢] is identified with the quotient group of [G] divided by
[Gisor])- Now extreme amenability of [Rg] implies that it has a fixed point in M,.
That point is fixed by [G] and is thus a conjugation-invariant mean on (G, w).

PROPOSITION 3.17. Let (G, u) be an amenable discrete p.m.p. groupoid that is
aperiodic. Then (G, 1) is inner amenable.

Proof. By [ADR, Corollary 5.3.33], the groupoid (Giy, i) is amenable, and the
equivalence relation Rg = {(r(y),s(y)) | y € G} is amenable and is hence
hyperfinite by [CFW]. By restricting G to a G-invariant Borel subset of G°, we
may assume that there is some M € N U {oo} such that |G| = M for almost
every x € G° If M = oo, then we are done by Proposition 3.15 because infinite
amenable groups are inner amenable.

Suppose that M € N. Since G is aperiodic and almost every G is finite, the
equivalence relation R is aperiodic and hyperfinite. Hence [Rg] admits a central
sequence (7,),ey With T,x # x for all n € N and all x € G°. For each n € N,
let n, € L'(Rg, n') be the indicator function of the graph {(T,x, x) | x € G°}.
Then (1,) is an inner amenability sequence for (Rg, ). Define &,: G — [0, 1]
by &,(y) = n,(r(y),s(y))/M. Then (&,) is an inner amenability sequence for
G, . [

3.4. Proof of Theorem 3.6. The only place where we use ergodicity is in
the proof of the implication (4)=(5). Assume that (G, u) is ergodic and that
condition (4) holds, and let m be a diffuse, conjugation-invariant mean on (G, w).
Let ri be the mean defined by m(D) := m(D™"). After replacing m by (m +m) /2
if necessary, we may assume without loss of generality that m is symmetric. Since
m is diffuse, (G, 1) must be aperiodic. Thus if (G, u) is amenable, then condition
(1) holds by Proposition 3.17 and hence condition (5) holds, where the implication
(1)=(5) will be proved for a general (G, ) in the next paragraph. If (G, ) is
nonamenable, then m is balanced by Lemma 3.13, and hence condition (5) holds
in this case as well.
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For the rest of the proof, we no longer assume that (G, u) is ergodic. The
implications (1)=(2)=(3) are clear. The implication (2)=-(1) follows from
separability of [G] and of L'(G°, ). The implication (3)=(4) follows from
weak*-compactness of the set of means on (G, i), by identifying both L'(G, u')
and the set of means on (G, 1) with subsets of L>®(G, u")*: If (&;) is a net as
in condition (3), then any weak*-cluster point of (£;) in L>(G, u')* is a diffuse,
conjugation-invariant mean on (G, u). The implication (2)=(5) is analogous: If
(&) is a net as in condition (2), then after replacing &; by &/ == (§; + 5,») /2, where
éi (y) := & (y~"), we can assume that each & is symmetric, and hence any weak*-
cluster point of (§;) is a mean on (G, ) satisfying condition (5).

(5)<(6): If m is a mean on (G, w) as in condition (5), then for each F € L*(G,
u'), we can define a (countably additive!) finite, complex Borel measure up
on G° by ur(A) := [ 1g,F dm, which is absolutely continuous with respect
to . Countable additivity of pr follows from m being balanced. Then the map
P: L®(G,u") — L>®(G° w) defined by P(F) := dup/du verifies condition
(6). Conversely, if P is as in condition (6), then m(D) = f o P(1p) du defines a
mean on (G, 1) as in condition (5).

It remains to prove the implication (5)=>(2). For each n € L'(G, '), we define
17 by 1(y) = n(y '), and say that n is symmetric if 17 = 5. In what follows, we
denote by L'(G, u'),  the set of all nonnegative unit vectors in L'(G, u'). The
next lemma (with D = () will complete the proof.

LEMMA 3.18. Let (G, u) be a discrete p.m.p. groupoid and let m be a diffuse,
conjugation-invariant mean on (G, (1) that is symmetric and balanced. Let D C G
be a Borel subset with m(D) = 0. Then m is the weak*-limit of some net (§;) of
symmetric vectors in L'(G, u') ;| that vanish on D and satisfy conditions (i)—(iv)
of Definition 3.1.

Proof. Since m is symmetric, by replacing D by D U D~!, we may assume that
D is symmetric as well. For each n € L'(G, n'), define r,, s, € L'(G°, w) by
rp(x) =Y g n(y) and 5,(x) = Y 5 n(y). If nis a vector in L'(G, u') 4.1,
then r,, and s, are nonnegative unit vectors in L'(G°% w), and if n is symmetric,
thenr, =s,.

CLAIM 3.19. Let n € L' (G, u'),.\ be a symmetric vector that vanishes on D.
Then there exists a symmetric vector & € L' (G, u'), | that vanishes on D and

satisfies s = lgo and ||[n — &1, = |Is, — 1goll1.

Proof. Let ny = n. We proceed by transfinite induction on countable ordinals «
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to define a symmetric vector 7, € L'(G, u'),; vanishing on D and satisfying,
forall 8 < a:

@) lImg = nallt = sy, — Sp,ll1-
(ii) For almost every x € G°, if sps(x) < 1, then s, (x) <5y, (x) < 1.

(iii) For almost every x € G°,if s,,(x) > 1, thens,, (x) > s, (x) > 1.
ng ng Ul

o

(iv) If ||s,, — 1goll; > O, then ||s,, — Lgolly < |5y, — Lgoll1, and if 5,, = Igo, then
Noa = Ng-

Assume that {14} has already been defined, and we show how to define 1. If o
is a limit ordinal, say o = sup, .y B, Where 8; < B, < - - -, then, by the induction
hypothesis (namely, properties (ii) and (iii)), the sequence (s,, )nen 18 Cauchy
in L'(G°, w). Hence property (i) implies that the sequence (18, )nen 1s Cauchy in
LY(G, u"), so we define 5, to be its limitin L' (G, u'). If « is a successor, then we
define n, from n,_; as follows. If 5, , = 1go, then we put n, = n,_;. Otherwise,
that is, if s,,_, # 1go, then for some ¢ > 0, both the sets

Ag={xeG|s, (x)<l—¢} and A ={xeG s,  (x)>1+¢}

have positive measure. For each i € {0, 1}, we have m(G4,\D) = m(G,,) =
w(A;) > 0, and hence u'(Ga,\D) > 0. We may find symmetric Borel subsets
C; C G, \D with u'(Cp) = u'(Cy) > 0and |C; NG, | < 1 forall x € G° (indeed,
by restricting G to a G-invariant Borel subset of G°, we may assume without loss
of generality that (G°, ) either is atomless or consists of atoms with the same
measure, and in both cases, we can find such Cy and C,). Then the function 7, =
Ne—1 + €(1¢, — 1¢,) has the required properties, and the induction is complete.
By property (iv), there is some countable ordinal & such that s,, = lgo, so
letting & := n,,, works. O

Return to the proof of Lemma 3.18. By the Hahn-Banach theorem, the set
L' (G, u'),. is weak*-dense in the set of all means on (G, u). Since m is
symmetric and m(D) = 0, m belongs to the weak*-closure of the set of all
symmetric vectors in L'(G, u'),, that vanish on D. Let (n;) be a net weak*-
converging to m and consisting of symmetric vectors in L'(G, u'), | that vanish
on D. Then s, converges weakly to 1o in L'(G°, ), and n? — n; converges
weakly to 0 in L'(G°, ) for every ¢ € [G]. Thus, by the Hahn-Banach theorem,
after taking convex sums, we may assume without loss of generality that ||s,, —
lgo|ly — 0 and ||17fj — |l — O for every ¢ € [G]. Applying Claim 3.19 to each
n;, we obtain the required net (&;). O
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3.5. Permanence of inner amenability. We discuss permanence of inner
amenability under the following constructions: inflations, restrictions, finite-index
inclusions, measure-preserving extensions, ergodic decompositions, and inverse
limits.

3.5.1. Inflations and restrictions

PROPOSITION 3.20. Let (G, ) be an ergodic discrete p.m.p. groupoid and let
A C G° be a Borel subset with positive measure. Then (G, j1) is inner amenable
if and only if (G, |14) is inner amenable, where 14 is the normalized restriction
of uto A.

Proof. As seen in Remark 3.8, if (G, w) is inner amenable, then so is (Gy4, (4).
Conversely, assume (G4, jt4) is inner amenable and let m, be a mean on (G, ,
a) as in condition (5) of Theorem 3.6. After shrinking A, we may assume that
w(A) = 1/n for some n € N. Since (G, ) is ergodic, we can find some ¢ € [G]
with {¢’ A}, partitioning G° and (¢")°(x) = x for every x € G°, where ¢' € [G]
is the ith iterate of ¢. Let A; .= ¢'A fori € {0, 1,...,n — 1}. Define a mean m
on (G, ) by

n—1

1 i
mD)=—-Y m NnD)Y).
(D) n; A((Ga, N D))
Then it is clear that m is balanced and diffuse. Fix ¥ € [G] and a Borel subset
D C G toward verifying conjugation-invariance of m. Since m is balanced, we
have

n—1
m(D) = ) m(Gunys, N D) and

i.j=0
n—1 n—1

m(DV) = Z m(Gy-1a,04, N DY) = Z m((Ganpa; N D)),
i,j=0 i,j=0

so it suffices to show that if D C gAmwAj’ then m(D) = m(DV). Let x be the local
section of G given as the restriction of ¢ 'y ¢/ with domain ¢~/ (¥ ' A;NA;) C A.
Then the range of x is ¢ "(A; N Y A;) C A, so x is a local section of G,. Since
D C QA,.W,A],, we have D¢i C Qr(X) and

m(D) = m,(D*)/n = m,y(D**)/n = m,(D'*)/n = m(D").

Thus m is conjugation-invariant, and by Theorem 3.6, (G, 1) is inner amenable.
O

https://doi.org/10.1017/fms.2020.15 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2020.15

Inner amenable groupoids and central sequences 19

3.5.2.  Finite-index inclusions. Let (G, ) be a discrete p.m.p. groupoid and let
"H be a Borel subgroupoid of G. For each x € G°, we have the equivalence relation
on G* such that two elements y, § € G* are equivalent if and only if =!8 € H.
The function assigning to each x € G° the number of equivalence classes in G is
Borel and G-invariant, and hence constant on a conull set if (G, w) is ergodic. If
(G, w) is ergodic, this constant value is called the index of H in G. This definition
extends the index of a subrelation of a discrete p.m.p. equivalence relation given
in [FSZ, Section 1].

PROPOSITION 3.21. Let (G, ) be an ergodic discrete p.m.p. groupoid and let H
be a finite-index Borel subgroupoid of G. If (H, w) is inner amenable, then (G, i)
is inner amenable.

Proof. Assume first that (H, n) is ergodic. By assumption, we have a balanced,
diffuse, conjugation-invariant mean mg on (H, n). By setting mo(G\'H) = 0, we
regard m, as a mean on (G, u). Then m, is a balanced mean on (G, ), and is
conjugation-invariant under #, that is, we have m(D?) = m(D) for all Borel
subsets D C G and all ¢ € [H].

Fory € G,weset yH :={y8 € G| 8§ € H*™}. Let N be the index of H in G.
Since (H, w) is ergodic, we may choose ¥y, ..., ¥y € [G], as in [FSZ, Lemmas
1.1 and 1.3], such that for all x € G°, the sets (;)*H withi =1, ..., N partition
G*. We define a mean m on (G, ) by m(D) := N~! ZIN=1 my(DY). Pick a Borel
subset D C G and ¢ € [G]. Let A;; be the Borel subset of all x € G° such that
& (Y)*H = (Y;)*H with y := r(¢,). For almost every x € G°, for every i, there
exists a unique j such that ¢, (y;)*H = (¥;)*H, and moreover this assignment
i > j is bijective. Therefore G° = |_|1;j:1 Ai; =, A;; foralli and j. We define

6 = {o: (W) T (W) | x € Ayj, y = r(@0)},
which is a local section of H with s(6;;) = 1//;I¢A,«<,» and r(6;;) = wi’lA,»j. Then
we have
m(D%) = - Zijo(D”””f) _ L XNj mo(D* N H, 1, )
i=1 N Ve

ij=1

=|

I
z| -
IMz

N
1
1 ij=1

<
Il

my(D"') = m(D),

Il
=z~
,MZ

1

~.
I
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where the second and fifth equations hold because m, is balanced, and the
third equation holds because m is conjugation-invariant under 4. The mean m
is therefore conjugation-invariant under G. Since m is diffuse, (G, 1) is inner
amenable by Theorem 3.6.

In general, since (G, w) is ergodic and H has finite index in G, there is some
nonnull #H-invariant Borel subset A C G° such that (H,, j14) is ergodic, where
W4 is the normalized restriction of x to A (this follows from, for example, [Hm,
Lemma 2.1]). Since (#, n) is inner amenable, so is (H4, t4) by Remark 3.8.
Since H 4 has finite index in G4 (in fact, the index of H 4 in G4 is not larger than
the index of H in G), it follows from the ergodic case proved above that (G4, (44)
is inner amenable, and hence (G, w) is inner amenable by Proposition 3.20. [

The converse of Proposition 3.21 also holds (see Corollary 4.6).

3.5.3.  Measure-preserving extensions. Let (G, u) be a discrete p.m.p. groupoid.
Let (Z, ¢) be a standard probability space and let«: G — Aut(Z, ¢) be a cocycle.
The associated extension groupoid (G, W)X (Z,¢) = (d, i) is the discrete p.m.p.
groupoid defined as follows. The set of groupoid elements is G = G x Z, with unit
space G° := G° x Z and measure i := u x ¢ on G°. The source and range maps
are defined by s(y, z) = (s(y), z) and 7 (y, z) = (r(y), a(y)z), respectively, with
groupoid operations defined by (y1, @(10)2) (V0. 2) = (Y11, 2) and (y,z2)~! =
(y ' a()2).

PROPOSITION 3.22. Let (G, i) be a discrete p.m.p. groupoid, let (Z,¢) be a
standard probability space, and let a : G — Aut(Z, ¢) be a cocycle. Suppose that
the extension groupoid (G, ) X4 (Z, ¢) is inner amenable. Then (G, |1) is inner
amenable.

In particular, if a countable group G admits a p.m.p. action G ~ (Z, ¢) such
that the associated translation groupoid G X (Z, {) is inner amenable, then G is
inner amenable.

Proof. Suppose that the groupoid (Q , i) = (G, u) X4 (Z,¢) is inner amenable,
and let m be a mean on (G, ) as in condition (5) of Theorem 3.6. Then the
mean m on (G, u) defined by m(D) := m(D x Z) witnesses that (G, 1) is inner
amenable. O]

While the converse of Proposition 3.22 does not hold in general (for example,
Corollary 6.3), it does hold for compact extensions (Corollary 4.7) and, more
generally, for distal extensions (Corollary 4.8).

3.5.4. Ergodic decompositions. We refer the reader to [Hh] for the ergodic
decomposition of discrete p.m.p. groupoids.
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PROPOSITION 3.23. Let (G, iu) be a discrete p.m.p. groupoid with the ergodic
decomposition map 7: (G°, ) — (Z,¢) and disintegration (G, 1) = fz(gz,
w.)de(z). Then (G, w) is inner amenable if and only if (G., u.) is inner amenable
for ¢-almost every 7 € Z.

Proof. Assume first that (G,, u.) admits an inner amenability sequence for ¢-
almost every z € Z. The groupoid (G,, u,), being inner amenable, is aperiodic
for ¢-almost every z € Z, and hence (G, w) is aperiodic as well. Let uy denote
the counting measure on N, the set of nonnegative integers. Since the source
map s: G — G is a countably infinite-to-one Borel map, by the Lusin—-Novikov
uniformization theorem [Kel, Theorem 18.10], we may find an isomorphism of
measure spaces

@: (Nx G% py x p) — (G, uh

satisfying (0, x) = x € G° and s(¢(i, x)) = x for every i € N and p-almost
every x € G°. We may therefore assume without loss of generality that there is
some standard probability space (X, px) such that as measure spaces, we have
(G, ") =N x X, uny x uy) and (G°, u) = ({0} x X, 8y x ), with the source
map s: G — G° given by s(i, x) = (0, x) for u'-almost every (i, x) € G.

Let Z, consist of all z € Z for which the measure @, on gg is atomless, and
for each integer n > 1, let Z, consist of all z € Z for which the measure p,
is uniformly distributed on n points. Then Zy, Z,, ... partition Z, and ' (Z,),
7-Y(Z,), ... partition G° into G-invariant sets, so it is enough to show that, for
each n with u(7~'(Z,)) > 0, the groupoid (G,-1(z,), Uz-1(z,) admits an inner
amenability sequence. We may therefore assume without loss of generality that
Z = Z, for some n, and hence (arguing as in the proof of [G, Theorem 3.18]) we
may also assume that (X, ux) = (¥ x Z, v x ¢) for some standard probability
space (Y, v), with 7 : G° — Z being the projection map to the Z-coordinate, 7 (0,
(¥, 2)) = z. Then for each z € Z, the measures x, on G? = {0} x ¥ x {z} and ! on
G. = N x Y x {z} are respectively given by u. = 8§y x v x §, and M; = Un XV X6,.

Fix ¢ > 0, along with a finite subset @ C [G], finite Borel partitions B and C of
Y and Z, respectively, and a Borel subset D C G with u'(D) < oo. It is enough
to find a symmetric, nonnegative unit vector § € L'(G,u') = L'(N x Y x Z,
Un X v X ¢) satisfying

(D) 1ggpcElll — (v X E)(B x C)| < ¢ forall B € Bandall C €C,
() 1€? — &l < eforallp € @,
(3) I1péll < &, and

4) > w3, (v, 2)) = 1 for (v x ¢)-almost every (y,z) € ¥ x Z.
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Forze Zand§ € L'N x Y, uy x v),let §@ € L'(G,, u!) = L'(N x Y x {z},
Uy X v X 8,) be the vector given by § (i, y, z) := &£(i, y). For almost every z € Z,
the groupoid (G., w.) is inner amenable and u;(D) < 00, so we may find some
& € L'(N x Y, uy x v) such that §© € L'(G,, u!) is a symmetric, nonnegative
unit vector satisfying

(1.2) 111ggppmcE@llLruy — v(B)1c(2)| < eforall B € Bandall C € C,
(2.2) 1(E)? —ED 1) < eforallp € @,

(3.2) I1pED N L1¢u, < &, and

(4.2) > ,.n&3, y) = 1for v-almost every y € Y.

Let £2 be the set of all such pairs (z, £), that is, all pairs (z,&) € Z x L'(N x Y,
pn x v) such that £¥ € L'(G., ul) is a symmetric, nonnegative unit vector
satisfying conditions (1.z)—(4.z). Then £2 is a Borel subset of Z x L'(N x Y,
U X V), where the reason (2.z) defines a Borel property is because all the groupoid
operations are by assumption Borel and each ¢ € @ is Borel. By applying
the Jankov—von Neumann uniformization theorem [Kel, Theorem 18.1] and
the Lusin theorem that analytic sets are universally measurable [Kel, Theorem
21.10], after discarding a ¢-null set from Z, we may find a Borel map Z —
L'(N x Y, uy X v), z > &, such that (z, £,) € £2 for almost every z € Z. Define
& € LG, u") by £(i, y, z) == £.(i, y). Then £ is a symmetric, nonnegative unit
vector in L' (G, u') satisfying conditions (1)—(4).

Conversely, assume that (£,),cy iS an inner amenability sequence for (G, w).
By properties (i) and (iv) of Definition 3.1, for every Borel subset B C G°, we

[(1- T ao)anw

have
d¢(z) = /
z y€(Gp)x

/
= f / (1— > sn(w)duz(x)dz(z):u(m— g du' — 0.
ZJB

y€(Gp)x s

d¢(2)

w.(B) — f & du!
(g:)B

Likewise, for every ¢ € [G], we have [}, [|E7 — &, |11 u1) d¢(z) — 0, and for every
bounded Borel subset D C G, we have fz I1p&nllLiuy dE(z) — 0. Therefore,
by separability of L'(G°, u) and of [G], we can find a single subsequence (£,,)
such that for ¢-almost every z € Z, (&,,) is an inner amenability sequence for
(G:, o). O

3.5.5. Inverse limits. Let (Gy, ;) be a discrete p.m.p. groupoid. A locally
bijective extension of (G, ;) is a measure-preserving groupoid homomorphism
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¢0: (G, ) — (G, 1), from a discrete p.m.p. groupoid (G, 1) to (Gy, 1), such
that for almost every x € G, its restriction ¢: G, — (G Do 18 bijective. Clearly,
compositions of locally bijective extensions are locally bijective.

Suppose that I is a countable directed set and we have a directed family
(@ij: (Gj, ;) = (Gi, i))ijeri<; of locally bijective extensions of groupoids,
thatis, ¢; ; is a measure-preserving groupoid homomorphism such that ¢; jo@; , =
@i x Wheneveri < j < k. Then the inverse limit of this family is the discrete p.m.p.
groupoid (G, u) defined by

G = :(Vi)iel € Hgi @i j(y;)) =y foralli < j

iel

and

g’ = {(xi)iel € l_[g? @ij(x;) =x; foralli < j ¢,

iel

with (G°, w) being the inverse limit of the measure spaces (G, 1?), and with
source and range maps defined by s((yi)ier) = (s(¥i))ier and r((yi)ics) =
(r(%))ie1, respectively. For each i € I, the projection map ¢;: (G, u) — (G;,
w;) is a locally bijective extension of groupoids, and if i < j, then ¢; ; 0 ¢; = ;.

PROPOSITION 3.24. Let (¢;;: (G;, ;) — (Gi, i))ijeri<; be a countable
directed family of locally bijective extensions of groupoids, and let (G, |1) be its
inverse limit. If each of the groupoids (G;, ;) is inner amenable, then (G, ) is
inner amenable.

Proof. Since (G;, u;) is inner amenable, we may find a positive linear map
P: L®(G;, ) — L>(G°, w;) as in condition (6) of Theorem 3.6, so that
the mean n; on (G;, u;) defined by n;(D) = fgg P;(1p)du; is a balanced,
diffuse, conjugation-invariant mean on (G;, u;). Let u© = fgp Wi dui(z) be the
disintegration of w via ¢;. For u/-almost every 8§ € G, there is the bijection
Vo5 O '(s(8)) — ®; '(8) that sends each x € gai_l(s((S)) to the unique element
Y = Vu.s(x) in G, with ¢;(y) = 8. We then obtain the conditional expectation
E;: L®(G, u') - L>(G;, n}) given by

E/(F)(6) = f F(Yr.5(x)) dil® (x)

07 (s())

for F € L>°(G, u') and § € G;. We define m; as the mean on (G, i) given by
m;(D) = fgo P;(E;(1p))du;, which projects via ¢; to n;. Any weak*-cluster
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point of the net (m;);, is then a balanced, diffuse, conjugation-invariant mean on
(G, u), and hence (G, w) is inner amenable by Theorem 3.6. O

3.6. Central sequences in the full group. Let R be an ergodic discrete p.m.p.
equivalence relation on a standard probability space (X, ). A sequence (7))
of elements of [R] is said to be central in [R] if it asymptotically commutes
with every element of [R], that is, for every S € [R], we have u({x € X |
ST,x # T,Sx}) — 0. A central sequence (7,) in [R] is said to be trivial if
ul{x € X | T,x = x}) — 1. A sequence (A,) of Borel subsets of X is said
to be asymptotically invariant for R if w(T A, A A,) — Oforevery T € [R].

REMARK 3.25. This remark is analogous to Remark 3.9. Let (7,,) be a sequence
in [R]. If (T,) is central in [R], then u(7T,A A A) — 0 for every Borel subset
A C X. Indeed for each Borel subset A C X, if we pick S € [R] such that S is
the identity on A and Sx # x for all x € X\ A, then the set Tn‘1 A A A is contained
in the set {x € X | ST,x # T,Sx}. Conversely, if (7,) satisfies u(7,A A A) — 0
for every Borel subset A C X, then for the sequence (7,,) to be central in [R], it
is sufficient that there is some countable subgroup G of [R] generating R, such
that u({x € X | ST, x # T,,Sx}) — Oforall S € G (see [JS, Remark 3.3] and see
also [Ke2, Proposition 6.2] for a more general statement).

LEMMA 3.26. Let (A,) be an asymptotically invariant sequence for R with
w(A,) — r for some number r. Then for every Borel subset B C X, we have
w(A, N B) — ru(B).

Proof. This is observed in the proof of [JS, Lemma 2.3]. Since it will frequently
be applied in the sequel, we give its proof here for the reader’s convenience. It
is enough to show that the convergence holds for some subsequence of (A,).
Passing to a subsequence, we may assume that 1,, converges to some f € L*(X,
) in the weak*-topology. Since (A,) is asymptotically invariant for R, f is
invariant under R. By ergodicity of R, f is constant, and since w(A,) — r, that
constant must be ». Thus for every Borel subset B C X, we have u(A4, N B) =
flAnleu—>fr13d,u:r/,L(B). ]
PROPOSITION 3.27. Let 'R be an ergodic discrete p.m.p. equivalence relation on
a standard probability space (X, u), and suppose that [R] admits a nontrivial

central sequence. Then 'R is inner amenable.

Proof. Let (T,),cn be a nontrivial central sequence in [R]. For each n, we set
A, = {x € X | T,x # x}. After passing to a subsequence, we may assume that

https://doi.org/10.1017/fms.2020.15 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2020.15

Inner amenable groupoids and central sequences 25

W(A,) converges to some r > 0. Since (7,),cy is central, the sequence (A,),cn is
asymptotically invariant for R. By Lemma 3.26, u(A, N A) — ru(A) for every
Borel subset A C X. Let w be a nonprincipal ultrafilter on N and define a mean

m on (R, u) by
€A, | (T,x,x)e D
m(D) = lim p({x | (Thx, x) D
n—o n(A,)
for a Borel subset D C R. Given a Borel subset A C X, since u(7,A A A) — 0,
we have

m(R4) = lim w(A,) ™' w(T,"ANANA,) =r"' w(A)r = n(A).

This shows that m is balanced. For S € [/R] and a Borel subset D C R, we have
Im(D®) —m(D)| < lim ju(A,) " (u(SA, A A,)
+u({x € X | ST,x #T,5x})) =0

since (T,),en is central in [R] and (A,),eny is asymptotically invariant with
lim, u(A,) = r > 0. Thus m is conjugation-invariant. By definition, we have
m({(x, x) | x € X}) =0, and hence m is diffuse by Lemma 3.14. By Theorem 3.6,
‘R is inner amenable. O

REMARK 3.28. In Lemma 5.5 (whose proof is based on Lemma 5.4), under the
assumption that there exists a nontrivial central sequence in [R], we construct
a nontrivial central sequence (7,) in [R] that further satisfies 7,x # x for all n
and all x € X. Once such (7,) is obtained, the indicator function of the graph
of T, forms an inner amenability sequence for (R, ) (and this gives another
proof of Proposition 3.27). Indeed, condition (i) of Definition 3.1 follows from
the condition @ (7,,A A A) — O for all Borel subsets A C X, condition (ii) follows
from the condition u({x € X | ST,x # T,,Sx}) — O for all § € [R], condition
(iii) follows from Lemma 5.6 together with the condition 7, x # x for all n and
all x € X, and condition (iv) holds since 7, is an automorphism of (X, u).

Schmidt raises the following problem, which remains open.
QUESTION 3.29 ([Sc3, Problem 4.6]). Does every countable inner amenable
group G admit a free ergodic p.m.p. action G ~ (X, ) such that the full group

[R(G ~ (X, n))] has a nontrivial central sequence?

We say that an ergodic discrete p.m.p. equivalence relation is Schmidt if its
full group has a nontrivial central sequence. We say that a free ergodic p.m.p.
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action of a countable group is Schmidt if the associated orbit equivalence relation
is Schmidt, and say that a countable group has the Schmidt property if it admits
a free ergodic p.m.p. action that is Schmidt. Question 3.29 turns out to have an
affirmative answer when G is linear [TD, Theorem 15]. In general though, there
is much more evidence for an affirmative answer to the following question.

QUESTION 3.30. Does every countable inner amenable group admit a free
ergodic p.m.p. action whose orbit equivalence relation is inner amenable?

We say that a countable group is orbitally inner amenable if it admits an
action as in Question 3.30. Observe that by Proposition 3.27, every group with
the Schmidt property is orbitally inner amenable, and by Proposition 3.22, every
orbitally inner amenable group is inner amenable. In Corollary 4.7, we will show
that every residually finite, inner amenable group is orbitally inner amenable. See
Propositions 8.1 and 8.2 for other examples of orbitally inner amenable groups.

3.7. Property Gamma. Let M be a II, factor with the faithful normal trace
7. Let L>*(M) be the Hilbert space obtained by completing M with respect to
the norm ||x||, = t(x*x)"/2. We say that M has property Gamma if there exists
a sequence (u,) of unitaries of M such that 7(u,) = 0 and ||[x, ©,]|l, — O for
every x € M. For a countable ICC group G, if the group factor LG has property
Gamma, then G is inner amenable [Ef], but the converse is not true [V].

Choda [Ch, Theorem (ii)] shows that for a free ergodic p.m.p. action G ~ (X,
) of a countable group G, if the associated factor G X L*°(X) has property
Gamma and the action G ~ (X, ) is further strongly ergodic, then G is inner
amenable. Under the same assumption, we prove the stronger assertion that the
translation groupoid G x (X, u) is inner amenable. Recall that a p.m.p. action
G ~ (X, ) is said to be strongly ergodic if every asymptotically invariant
sequence (A,) for the action (that is, sequence of Borel subsets A, C X with
w(gA, A A,) — Oforall g € G) satisfies u(A,)(1 — u(A,)) — 0. We note that
strong ergodicity is an invariant under orbit equivalence [Scl, Proposition 2.1].

PROPOSITION 3.31. Let R be an ergodic discrete p.m.p. equivalence relation on
a standard probability space (X, u). Suppose that the factor M associated with
‘R has property Gamma, and let (u,) be a sequence of unitaries of M such that
w(u,) = 0and ||[x, u,]ll, = Oforevery x € M. Choose a family {¢; }ren of local
sections of R such that

R = ]{(¢x). x) | x € dom(¢y)}

keN
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and ¢, = id with dom(¢,) = X, where dom(¢;) denotes the domain of ¢,. Expand
u, into u, =y , ug, fi' with f! € L>(X) supported on dom(¢y), where for a
local section ¢ of R, we let u, denote the associated partial isometry of M. Define
& € L'(R,u") by

£ (i (x), x) = | ffr ()
fork € Nand x € dom(¢y). Then

(i) each &, is a nonnegative unit vector of L'(R, '), we have €0 — &, lli — O

forevery ¢ € [R], andwe have }_ .\ &y, x)=1=3_ . &(x,y)for
w-almost every x € X, where [x] is the equivalence class of x in 'R.

(ii) If R is strongly ergodic, then (§,) is an inner amenability sequence for R.

Proof. Since u, is a unitary, we have Y, || f[|5 = 1 and hence &, is a nonnegative
unit vector of L' (R, u'). Pick ¢ € [R], and we verify ||£? — &,|l; — 0. For k,
[ eN,set

Dy = {x € X | ¢(x) € dom(¢y), x € dom(¢y) and ¢~ pp (x) = ¢y (x)}.

Then D} = X, and we have the Borel partitions ¢~'(dom(¢)) = ||, D; and
dom(¢y) = ||, Di. We also have

Uglylly = Zuwlqw((ls_l S = Z Z%Ilu,l((fp_l s
ko

k

where we set ¢~ - f{' = f o ¢, and thus

2
luyunieg — unll3 =

I

2
Yoy = f =Z/ /o — f'dp.
k 2 ol YD

For all x € D}, we have

EN (i (x), X) = £,(9pi(x), p(x)) = £, (B (x), 9 (X)) = | (P (x)) .

We therefore have

&) — &l = Z/ 1£2 (1 (x), x) — &, (i (x), x)| du(x)
el YDk

=3 1If ol —1f'11du
ol YD

12
<(X [ ameoi-imran)

ki Y Dk
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1/2
x (Z (£ o ¢l + |f,"|)2du)

!
ki Y Di

12
< Ny — unuz(Z f 20409l + |f,"|2>du>
ki YDk

= 2llugunuy — u,ll2 — 0.

We verify the equation in assertion (i). For a Borel subset A C X, let AA =
{(x, x) | x € A} be the diagonal set. Then its indicator function 1,4 is a vector in
L*(R, u"). Since u, is a unitary, we have |lu,1a45 = [|[1244]l3 = w(A). By the
definition of the operator u, on L*(R, wh) for a local section ¢ of R, we have
lunlaalls = [4 2 cirrn & (¥s X) dpe(x). This is equal to u(A) for every Borel
subset A C X, and therefore we obtain ZHX]R &,(y, x) = 1 for u-almost every
x € X. The other equation follows if u, is replaced by u}. Assertion (i) follows.

Suppose that R is strongly ergodic. The space (X, w) is atomless (since M
has property Gamma), so strong ergodicity implies that R is not amenable, and
hence (&,) is balanced by Lemma 3.13. Suppose toward a contradiction that (&,)
is not asymptotically diffuse, that is, there is some Borel subset D C ‘R such
that u!(D) < oo and ||[1p&,|l; # 0. Then by Lemma 3.14, after passing to a
subsequence of (&,), the &,-measure of the diagonal in R is uniformly positive,
and hence || f{'||, is uniformly positive. It follows from 7 (u,) = O that f|" belongs
to L2(X), the orthogonal complement of the constants in L?(X). The sequence
(f") in L3(X) is asymptotically invariant for R, and f]' further belongs to L>(X)
with || f{'llc < 1. As seen in Remark 3.32, the existence of such (f]') implies
that R is not strongly ergodic, a contradiction. Thus (§,) is an inner amenability
sequence for R. Assertion (ii) follows. I

REMARK 3.32. Atthe end of the proof of Proposition 3.31, we used the following
fact. Let R be an ergodic discrete p.m.p. equivalence relation on a standard
probability space (X, u). If R admits an asymptotically invariant sequence of
unit vectors in L3(X) that are also vectors in L>(X) with bounded L*-norm,
then one can find a sequence (g,) of projections in L*°(X) that is asymptotically
invariant as a sequence in L*(X) with |g,|l» uniformly positive, and hence R
is not strongly ergodic. This is proved by considering the ultrapower M® of
the factor M associated with R, where @ is a nonprincipal ultrafilter on N.
For the reader’s convenience, we give a proof of this fact since we could not
find a reference proving this statement explicitly (although it is probably well
known among experts). The following proof is based on the argument in [W,
Theorem 3.2].
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Let £>°(M) be the von Neumann algebra of bounded sequences of elements of
M. Let 7 be the two-sided ideal of £*°(M) consisting of sequences (x,),cn such
that lim,, 7(x}x,) = 0, where 7 is the faithful normal trace on M. We can make
the quotient algebra M® := £°°(M)/Z into a von Neumann algebra with the trace
7, defined by 7,((x,) + Z) = lim, 7(x,) (we refer the reader to [SS, Sections
A.4 and A.5] for basic facts on M“). The algebra M is embedded into M® via the
map x — (x,x,---)+Z. Weset A := L*(X). The algebra A® is then naturally
identified with the von Neumann subalgebra of M“. We will focus on the abelian
von Neumann subalgebra A® N M’ of M.

By the assumption that R admits an asymptotically invariant sequence of unit
vectors in LS(X ) that are also vectors in L°°(X) with bounded L°°-norm, the
algebra A“ N M’ is not isomorphic to C1, and therefore one can find a projection
p in A® N M’ such that p # 0, 1. Pick x,, € A with ||x,|| < 1 and (x,) +Z = p.
Since p is a projection, after replacing x, by x,x,, we may assume that0 < x,, < 1.
We set x == (x,) € £°(A). Then 0 < x < 1 and x> — x € Z. Let B be the
von Neumann subalgebra of ¢*°(A) generated by x. Then B is identified with
the algebra of continuous functions on its Gelfand spectrum, denoted by X'. Put
J = B NZ and let S be the closed subset of X' corresponding to the ideal J. In
other words, we identify J with the subalgebra of all continuous functions on ¥
that vanish on S.

Let g € B be the spectral projection of x corresponding to the interval [1/2, 1].
Then g = xu forsome u € B and || x(1—¢q)| < 1/2. Wehave xg =x’u=xu=gq
modulo J and therefore xg = g modulo J.

We claim that x — g € J. If this is proved, then p = ¢ + Z, and the sequence
q € £*(A) consists of projections of A. Since p commutes with every element
of M and hence of [R], the desired sequence is obtained as some subsequence of
q. We prove that x(s) = ¢(s) for each s € S, which implies x — g € J. Since
x*—x € J,wehave x(s) = 0or 1. If x(s) = 0, then g(s) = x(s)g(s) = 0. Next
suppose x(s) = 1. Since ¢ is a projection, we have g(s) = O or 1. If g(s) = 0,
then we would have 1 = |x(s)| = |x(s) — x(s)g(s)| < |x(1 —g)|| < 1/2,a
contradiction. Thus g (s) = 1. The claim follows.

We refer the reader to [SS, Theorem A.5.3] for other kinds of results on lifting
an element of M to a sequence of £°(M). We note that while the proof of [SS,
Theorem A.5.3] is based on the ingenious inequality in [SS, Lemma A.5.2], the
argument we presented above does not rely on that inequality.

The following is a simplification of Proposition 3.31 (ii).
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COROLLARY 3.33. Let R be a strongly ergodic, discrete p.m.p. equivalence
relation. If the von Neumann algebra associated with 'R has property Gamma,
then R is inner amenable.

EXAMPLE 3.34. The converse of Corollary 3.33 is not true. A counterexample
is obtained via the Vaes group [V], which is defined as follows. Let (p,)52, be a
sequence of mutually distinct prime numbers. We set

H, = (Z/p,Z)’, K =@DH, and A:=SLy(Z).

n=0

Let A act on H, by automorphisms and act on K diagonally. For a nonnegative
integer N, we define the subgroup Ky = @,ZN H,of K. Weset G .= A X K
and inductively define the amalgamated free product

Gnyi =Gy *¢, (Ky X Z).

Let Gy include in Gy, as the first factor subgroup, and let G be the union G :=
Uy Gn. The group G is called the Vaes group, and remarkably while it is ICC
and inner amenable, the group factor LG does not have property Gamma [V]. We
note that every g € Gy, normalizes each H, withn > N.

Let Z := [],-, H, be the compact group, equip Z with the normalized Haar
measure, and regard K as a subgroup of Z naturally. Let K act on Z by translation,
and co-induce the action G ~ X := [[; x Z. After fixing a sections: G/K — G
of the quotient map, this action G ~ X is defined by (gf)(b) = k~' f(g~'b)
for f € X, g € G and b € G/K, where the element k € K is determined by
s(g7'b)k = g~'s(b). We have the probability measure & on X given by the
product of the Haar measure on Z, and let R be the orbit equivalence relation
of the action G ~ (X, w).

We show that R is inner amenable. Define &, € L'(R, u') by &,(gx, x) =
1y, (g)/|H,| for g € G and x € X. We claim that (§,) is an inner amenability
sequence for R. For every g € G, if n is large enough, then g normalizes H, and
hence §¢ = &,. Therefore by Remark 3.9, it suffices to show that sup,, ., u(hA A
A) — 0 for all Borel subsets A C X.Forallh € H,, f € X,andb € G/K, ifn
is large enough, depending on b and being independent of f, then b = b and the
action of & is given by (hf)(b) = (s(b)"'hs(b)) f (b). The element s(b)~'hs(b)
belongs to H, and does not change the coordinates H; in Z = ]_[,fio H, withk < n.
Therefore sup,,.,;, n(hA A A) — 0if A is a cylindrical subset of X = ]_[G/K Z=
[16,x [TiZo H, and the claim follows.

We next show that the von Neumann algebra M associated with R does not
have property Gamma. Suppose toward a contradiction that M has property
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Gamma, and let (u#,) be a sequence of unitaries of M such that t(u,) = 0
and ||[x, u,]ll, — O for every x € M. The action G ~ (X, ) has stable
spectral gap (see the beginning of Subsection 6.1 for the definition) because its
restriction to A = SL3(Z) is mixing. Therefore if P: L>(M) — ¢*(G) ® Cl
denotes the orthogonal projection, where L?(M) is naturally identified with
£2(G) ® L*(X), then ||P(u,) — u,|l» = O and hence ||P(u,)|, — 1. Since
P is G-equivariant, where G acts on M by conjugation, the sequence (P (u,))
asymptotically commutes with every element of G. The restriction of P to M is
the conditional expectation onto the factor LG, and hence the operator norm of
P(u,) is at most 1. We also have t(P(u,)) = t(u,) = 0, and it turns out from
[Co, Corollary 3.8] (or [SS, Lemma A.7.3]) that LG has property Gamma. This
contradicts the result of Vaes [V].

4. Compact extensions and inner amenability

As observed by Giordano—de la Harpe [GdIH], if a countable group G is inner
amenable, then every finite-index subgroup H of G is inner amenable as well. We
can rephrase their argument as follows. Let m be a diffuse, conjugation-invariant
mean on G. We define a mean m on G by m(D) := m(D~") for a subset D C G.
Let m * m be the convolution defined by (m * m)(D) = fG m(g~' D) dm(g) for
asubset D C G, which is a diffuse, conjugation-invariant mean on G. Since H is
of finite index in G, we have m(goH) > 0 for some gy, € G. Then

(% m)(H) 2/

m(gH)dm(g) > / m(gH) dm(g) = m(goH) > 0.
G

goH
Thus the normalized restriction of m * m to H is a diffuse, conjugation-invariant
mean on H, and H is inner amenable.

In this section, we generalize a version of this convolution argument to show
that inner amenability is preserved under compact extensions of ergodic discrete
p.m.p. groupoids.

Let (G, w) be a discrete p.m.p. groupoid. Let n, & € L'(G, u'). The convolution
of n and &, denoted 7 * £, is defined by

&)=Y nyOHEGH = D n@®EGE " Y) = Y n(6EG0).
8eGs») 8eGr) 81.60€G
8180=y
For £ € L'(G, u", we deﬁne:é e L'(G, uh) by E(y) == £(y"). We then have
1€l = &1y and (n % £)" = & % 7.

LEMMA 4.1. Letn, & € L'Y(G, u"). Then, we have the following:
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(1) If n is nonnegative and there is some ¢ > 0 such that Zyegx n(y) < c and
> g N1(y) < ¢ for almost every x € G, then ||nx £l = 1§ *nll; < clnlh.

(ii) For every ¢ € [G], we have (n x £)? = n? x &%,

Proof. Assertion (i) follows from

I * &l </QOZ D ny8)IEE ™ dpix) =/g02 D nIEGE T dp(x)

yeG, 8eG* 3eG* yeGses)

< "/go 3 lEG ) dp@) = cl& ],

8eG~

and [|& % nll; = 1€ * mVIl, = |17 % &ll; < c||€],. Putting ¢ = ¢~', we obtain
assertion (ii) from

M+ =@ = > ny'HEET

§eG9° ()

= Y aOHNEEGTH)

5e(GP° )¢

D e = (0 % EN) ().

8eGs»

where we use (y8)¥ = y¥8Y and (6 1)¥ = (§¥)~! in the third equation. O

LEMMA 4.2. Let (n,)nen and (§,)nen be inner amenability sequences for (G, ).
Then there exists a sequence m; < m, < --- of positive integers such that (n, *
&n nen is also an inner amenability sequence for (G, w).

Proof. We first show that all sequences of the form (n, *émn )nen satisfy conditions
(1), (ii), and (iv) of Definition 3.1. Condition (iv) follows from direct computation.
Condition (ii) follows from

”(nn * gmn)¢ — Np * Smnnl g ”nf - ﬂn||1 + ”%}ﬁn - gm,, ”l’

where Lemma 4.1 applies. To check condition (i), we set 4 == 1g,n forn € L'(G,
') and a Borel subset A C G°. We also set A° := G°\ A. For ¢ > 0 and a Borel
subset A C G, let E, 4 be the set of nonnegative unit vectors n € L'(G, u') such

that )" o n(y)=1=)" g n(y)foralmostevery x € G° | |nali—p(A) | <e,
and | [naclli — n(A9) | < e.
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Let n, & € E. 4. We show that | |[1g,(7 * )|, — n(A) | < 5¢ + 5¢'/%. This is
enough to imply condition (i) for all sequences of the form (7, * ém,,),,eN. Since
n, & € E. 4, we have || — na — naclli < 2¢ and the similar inequality for &.
Therefore

n*& Xy Na+nac) % (Es +Eac) =naxEx +nac % &y,

where f ~. g means || f — g|l; < c for f, g € L'(G, u'). Then 1g,(n * &) ~,,
na x E4. We also have ||n4]l; = fA ZyegmgA n(y)du(x), and since this is more
than ;1 (A) — ¢ and the integrand in the right-hand side is nonnegative and at most
1 almost everywhere, there exists a Borel subset B C A such that £(A\B) < &!/?
and )" g, N(y) > 1—¢'*forall x € B. Then [|E,—&5l, <2u(A\B) < 2¢'?,
and

Ima *Ealli o2 |Ina * &gl = /go Z na(¥)Ep(3™") dp(x)

7,8€Gy

= / Do) Y EEHdpx) Fan f > EEHdux)
B

B yeG.nGa 5€G.N G 5€G.NGs
= 1&gl A2 IEalli = L(A),

where a &, b means |[a —b| < cfora, b € R. Thus ||[1g,(n*&)|l1 Fsersec12 L(A).

For condition (iii), we will need to choose m, more carefully. Let D, C D, C
-+ be a sequence of bounded Borel subsets of G with G = Un D,. For each
n, let F,: G — R be defined by F,(8) := ZyeDnﬂQr@) N, (y$8). Then ||1p, (1, *

Elli = IIFu&all, and condition (iv) of (n,) implies that ||, [l; = u'(D,) < oc.
Therefore, condition (iii) of (£,) implies that for all large enough m, we have

I1p, (0, * ém) li = | F.&x1l1 < 1/n. Thus, by choosing a sufficiently fast growing
sequence of positive integers, m; < m, < -- -, we can ensure that for every Borel
subset D C G with u'(D) < oo, we have ||1p(n, * &,,) 1 — O. [

LEMMA 4.3. Let (X, u) be a standard probability space, and let (C,) be a
sequence of Borel subsets of X having uniformly positive measure. Then after
passing to a subsequence, there is some r > 0 with u(C, N C,) > r for all n
and m.

Proof. By assumption, there is ¢ > 0 such that ©(C,) > ¢ for all n. After passing
to a subsequence, we may assume that 1., converges to some f € L*(X, u) in
the weak*-topology. Then f > 0, and f fdu = ¢ > 0, so we may find some
r > O0with [ f2dp > r.Since [ 1¢, fdu — [ f*dpu > r, we may assume after
passing to a subsequence that f Ic, f dp > r for all n. It follows that for all n, as
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m — oo, we have [ 1¢,1¢, du — [1¢, fdp > r, and hence u(C, N C,,) > r
for all large enough m. We may therefore inductively find n; < n, < --- with
u(Cp, NCy,) > rforalli < j. L]

THEOREM 4.4. Let (G, t) be an ergodic discrete p.m.p. groupoid that is inner
amenable. Let (Z, {) be a standard probability space, leta: G — Aut(Z, ¢) be a
cocycle, and assume that the image a(G) is contained in a compact subgroup K of
Aut(Z, ¢). Then for every decreasing sequence Vi O V, D --- of neighborhoods
of the identity in K, there exists an inner amenability sequence (§,) for (G, )
such that for every n, the function &, is supported on o= (V,,).

Proof. Fix a bi-invariant metric on K. For each ¢ > 0, let V, denote the open
e-ball about the identity in K. By Lemma 3.18, it is enough to show that for all
¢ > 0, we can find a mean m on (G, u) as in condition (5) of Theorem 3.6 such
that m(a~'(V,)) = 1.

Toward this goal, fix ¢ > 0 and pick 0 < &, < & < ¢ such that sz C V,,. Since
K is compact, we may find ¢y, ..., cy € K suchthat K = U,N:1 Ve,Ci- Let (0,)nen
be an inner amenability sequence for (G, ). For each nonnegative unit vector n €
L'(G, 1), let v, be the probability measure on K given by v,(B) = fa‘l(B) ndu'
for a Borel subset B C K. After passing to a subsequence of (7,), we may assume
that for some i € {1,..., N} and r > 0, we have inf,ey v, (V,c;) > r. We put
¢ = ¢; and define a function f, on G° by

L) = ) ).
Bea‘](VSZC)X
Then fgo fadu =v,,(Ve,c) >rand0 < f, <1, and hence the sets C, forn € N
defined by C, := {x € G° | f,(x) > r*} have uniformly positive measure. By
Lemma 4.3, after passing to a subsequence of (7,), we may assume without loss
of generality that the sets C, N C,, for n, m € N have uniformly positive measure,
and inf, e |, g0 Ju S dp > 1o for some ry > 0. Therefore

v’ln*ﬁm(vsl) = /;0 Z 7111(31)77m(30) d,LL()C)

81,80€Gx
a(818,)eVe,
> / DT omG) Y naG)dux) = / F2 () fu () dp(x) > ro.
9 srea (Viyors Socar (Vi g°

Thus, by Lemma 4.2, by choosing an appropriate subsequence m; < mp < ---,
we obtain an inner amenability sequence &, := 1, %1, satisfying inf,cy ve, (Vi) >
ro > 0.
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We may therefore assume without loss of generality that our original sequence
(n,) already satisfies inf,en vy, (Ve,) > 1o > 0. Since V,, is symmetric, after
replacing n, by (1, + 17,)/2, we may assume that each 7, is symmetric as
well. We may also assume, after passing to a subsequence, that the sequence
(v,,) converges to some probability measure v, in the compact space of Borel
probability measures on K. Then for all ¢ with &; < gy < &, we have v (V,,) =
limsup, v, (V) = ro > 0. Since, as g, varies, the boundaries dV;, are pairwise
disjoint, we may find some &, with &; < &y < ¢ such that v,(dV,,) = 0. Let
U:=V,,sothat U C V,, v(U) > 0and v, (0U) = 0.

Since v, (0U) = 0, it follows that v, (U) — v, (U). Let @ be a nonprincipal
ultrafilter on N and let m; be the weak*-limit m; = lim,_, 1, in L*(G, u")*,
so that m; is a mean on (G, u) satisfying condition (5) of Theorem 3.6 with
m (e '(U)) =lim,_, v, (U) = v (U) > 0.

CLAIM 4.5. Let ¢ € [G]. Then m, (o~ (U)\a~'(U)?) = 0.

Proof. Let W be an open neighborhood of the identity in K. Let W; be a
symmetric open neighborhood of the identity in K with W2 C W, and let b,
...,by € K be such that K = Ul”il W.b;. For each i € {1,..., M}, we set
Y, = {x € G° | a(¢y) € Wb}, so that G° = (U, Y;. Then m, (", Gy,) = 1.
Ify € (Uf‘il Gy) N (@ " (U)\a7'(U)?), then there is some i € {1, ..., M} such
that a(¢,(,)), @(Ps)) € Wib;, and hence
o'y — -1

a(y? ) = aldrp)a(y)o(dsq))

= () (@s0) " (D)) (V) (Ps) " € Wibib ' WU C WU,

and so y® 'l € = '(WU\U). This shows that
M
(U gyi) N 'O\ (U)) Ca (WU,
i=1
and therefore

mi @ (U)\a™ (U)?) < mi(@” (WO\U)) = lim v, (WO\U) < vee(WO\U).

Since v, (0U) = 0, we can make v, (WU\U) as small as we like by choosing an
appropriate neighborhood W of the identity in K. This proves the claim. O

Consider now the (countably additive, finite Borel) measure wy on G° given
by uy(A) = m (G, Na ' (U)). The measure uy is absolutely continuous with

https://doi.org/10.1017/fms.2020.15 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2020.15

Y. Kida and R. Tucker-Drob 36

respect to u, and for every ¢ € [G] and every Borel subset A C G°, by Claim 4.5,
we have

1y @A) =mi(Gy1aNa” ' (U) =m(GaNa™ (U)?) =mi(Ga N (U))
= pu(A).

Therefore, the Radon—Nikodym derivative duy/dpu must be constant by the
ergodicity of (G, ), and hence m, (G4 Na~'(U)) = u(A)m,(a~'(U)) for every
Borel subset A C G°. Define the mean m on (G, u) by m(D) = m;(D N
a '(U))/m ("' (U)). It is now clear that m is a mean on (G, u) satisfying
condition (5) of Theorem 3.6, and moreover m(a~'(V,)) > m(e~'(U)) =1. O

COROLLARY 4.6. Let (G, ) be an ergodic discrete p.m.p. groupoid, and let H
be a finite-index Borel subgroupoid of G. If (G, w) is inner amenable, then (H, )
is inner amenable.

Proof. Let N be the index of H in G and let t: G — X be the index cocycle,
where X is the symmetric group of N letters. This cocycle is constructed in [FSZ,
Section 1] when G is principal, and it is similarly defined for general G as follows.
We choose Borel maps ¥, ..., ¥y: G° — G such that for almost every x € Ggo,
Y (x) = x, ¥;(x) € G*, and the sets {¢;(x)h | h € H Vi) withi =1,..., N
partition G*. For y € G with x := s(y) and y := r(y), we define the permutation
T(y) € X sothat y¥;(x) = ¥ (y)h for some h € H. Then H is equal to the
inverse image under t of the subgroup {o € ¥ | o(1) = 1}. The corollary thus
follows from Theorem 4.4. O

COROLLARY 4.7. Let (G, ) be an ergodic discrete p.m.p. groupoid that is inner
amenable. Let (Z, ¢) be a standard probability space, let «: G — Aut(Z, ) be
a cocycle, and assume that the image «(G) is contained in a compact subgroup
of Aut(Z, ¢). Then the extension groupoid (G, 1) X, (Z, ¢) is inner amenable.

In particular, if G is a countable inner amenable group that is a subgroup of a
compact group K, L is a closed subgroup of K, and we let G act on (K /L, ) by
left multiplication, where w is the K -invariant probability measure on K /L, then
the associated translation groupoid G x (K /L, jv) is inner amenable.

Proof. Let K be a compact subgroup of Aut(Z, ¢) such that «(G) C K, and let
Vi D Vo D --- be a decreasing sequence of neighborhoods of the identity in K
with (), V,, = {e}. By Theorem 4.4, we have an inner amenability sequence (&,)
for (G, w) such that for all n, &, is supported on &' (V,)). We show that its lift (17,,)
defined by T (v, z) = &,(y) is an inner amenability sequence for the extension

groupoid (G, i) := (G, ) X4 (Z, 7). For each ¢ € [G], its lift ¢ € [G] is defined
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by Yo = (¢s, 2), and then |nY — n,ll1 = |E? — &l — 0. By Remark 3.9,
once (1,) is shown to be balanced, it satisfies |7 — n,[l; — O for all ¢ € [G].
Conditions (iii) and (iv) of Definition 3.1 for (7,) follow from those for (&,), and
thus the conclusion follows.

To see that (17,,) is balanced, it suffices to verify that for all Borel subsets A C G°
and B C Z, we have |15,  m.lli = n(A)¢(B). Setb, = inf{¢(BN T7'B)|T e
V,}. Then b, /' ¢(B) since the function T — ¢(B N T~'B) is continuous on
Aut(Z, ¢). We have

g, , 1l =/ > my. 2 dix, 2)
AxB

Y €GxNGa
a(y)zeB

=/ Y cBnay) ' BYE () dulx),

A yeG.nGa

and thus b,[|1g,8.lli < Illg, ,mlli < $(B)lI1g,&lli. Since |1g,&lli — wn(A),
the desired convergence follows. O

By Corollary 4.7, if G is a countable, residually finite, inner amenable group,
then the translation groupoid associated with any profinite free action of G is
inner amenable, and therefore G is orbitally inner amenable.

COROLLARY 4.8. Let G be a countable inner amenable group. Let G ~ (X,
W) be an ergodic p.m.p. action of G that is measure distal. Then the translation
groupoid G X (X, ) is inner amenable.

Proof. We proceed by transfinite induction on the length of the distal tower
associated with the action G ~ (X, u). At successor stages, we apply
Corollary 4.7, and at limit stages, the translation groupoid G X (X, @) is
the inverse limit of the translation groupoids of the tower, so Proposition 3.24
applies. O

5. Compact extensions and central sequences

Following the previous section, we investigate the existence of a central
sequence in the full group and the existence of a stability sequence under compact
extensions. The main results of this section are collected in Subsections 5.3
and 5.4. Throughout this section, let (X, ;) be a standard probability space and
let B be the measure algebra of .
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5.1. Stability sequences. Let R be an ergodic discrete p.m.p. equivalence
relation on (X, ). Let (T,,, A,).en be a sequence of pairs of T, € [R]and A, € B.
We call (T, A,)qen a stability sequence for R if the following three conditions
hold:

(1) Forall B € B, we have u(T,B A B) — 0.
(2) Forall g € [R], we have u({gT, # T,g}) — O.

(3) The sequence (A,) is asymptotically invariant for R, Tn2 =idand T, A, A
A, =X foralln € N, and 7,7,, = T,,T, and T,A,, = A,, for all distinct
n,m e N.

We say that R is stable if R is isomorphic to the direct product R x Ry, where R,
is the ergodic p.m.p. aperiodic hyperfinite equivalence relation. By [JS, Theorem
3.4], R is stable if and only if it admits a stability sequence. The theorem also
says that R is stable if it admits a sequence (7,,, A,,) satisfying conditions (1) and
(2) and the following condition weaker than condition (3):

(4) The sequence (A,) is asymptotically invariant for R, and u(7,4,\A,) is
uniformly positive.

We call a sequence (7,,, A,) satisfying conditions (1), (2), and (4) a pre-stability
sequence for R.

5.2. Preliminary lemmas. Throughout this subsection, let R be an ergodic
discrete p.m.p. equivalence relation on (X, w).

LEMMA 5.1. If (D,) is an asymptotically invariant sequence for R such that
w(D,) is uniformly positive, then | J, D, = X.

Proof. Passing to a subsequence, we may assume that w(D,) — d for somed > 0
and also u(D,) > d/2 for all n. By Lemma 3.26, passing to a subsequence further,
we may assume that for all n, the two values w((),_, D) and (DY) - - - u(DS)
are close. The latter value is less than (1 — d/2)" and hence u((), D) =0. O
LEMMA 5.2. Forall A, A’, B, B' € B, the following inequality holds:

J(A\B) < 2u(A A A) + (B A B') + u(A\B').

Proof. Let | - ||; denote the norm on L'(X, w). The inequality follows from
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W(A\B) = |14 — 14153];
S<la—1alli + 11y = 10lpli + Qe — 1)1l +11a(lp — 1)1
< (AL A) + w(A\B) + w(A A A + u(B A BY).

O

LEMMA 5.3. Let (T,, D,),en be a sequence of a pair of T, € [R] and D, € B
such that

e (T,) is a central sequence in [R] and Tn2 = id for every n,

e (D,) is an asymptotically invariant sequence for R such that w(D,) is
uniformly positive, and

e T,D, = D, for every n.

Then for every ¢ > 0 and every finite subset Q C [R], we can find an S € [R]
such that

(1) the map S is obtained by patching together pieces of the restrictions T,|p,,
n € N, along with a piece of the identity map such that the latter piece is
small. More precisely: for all x € X outside a subset of measure less than e,
there exists an n € N with x € D, and Sx = T,x, and for every point y in
the excluded subset, we have Sy = y;

(i) n({gS # Sg}) < e for every g € Q.

If (A,) is further an asymptotically invariant sequence for R with u(T,A,AA,) =
1 for every n, then after replacing A, by X\ A, if necessary, we may assume that
w(A, N D,) = u(D,)/2 for every n, and we can find a Z € B such that

(i) u(SZ\Z2) > 1/10, and
(iv) u(gZ A Z) < € forevery g € Q.

As a result of the former assertion of the lemma, varying ¢ and Q, we obtain
a central sequence (S,,) in [R] such that for each m, the map S,, is obtained
by patching together pieces of the maps 7,|p,, n € N, along with a piece of the
identity map such that the latter piece is small. The central sequence (S,,) is hence
nontrivial as long as 7,,x # x for all n and all x € X. Under the assumption in the
latter assertion of the lemma, we further obtain a pre-stability sequence (S, Z,,)
for R with u(S,,Z,,\Z,,) > 1/10 for all m. In the proof of Theorem 5.7, it will be
significant that this lower bound ‘1/10’ can be taken independently of the uniform
lower bound of w(D,).
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Proof of Lemma 5.3. Passing to a subsequence of (7, D,), we may assume that
the following three conditions hold:

(1) >, n(gD, A D,) <eforevery g € Q.
() >, n({gT, # T,8}) < eforevery g € Q.
(3) Zn Zk<n I’L(T"Dk A Dk) <é&.

These conditions follow from the sequence (D,) being asymptotically invariant
for R, and the sequence (7)) being central in [R]. Under the assumption in the
latter assertion of the lemma, we may further assume that £ (D,) — d; and w(A,N
D,) — d, for some d; > 0 and d, > 0 and that the following three conditions
hold:

(4) Forevery n, setting C,, == J, _, Dy, we have u(D,)u(CS) = (2/3)u(D,\C,).

(5) For every n, setting E, = (A, N D,)\C,, we have w(E,) = (2/3)u(A, N
D,)u(Cy).

6) >, n(gE, AE,) <¢forevery g € Q.

Indeed, condition (4) is obtained as follows. If Dy, ..., D,_; are chosen, then
by Lemma 3.26, we have u(D,, N CS) — d;u(CS) as m — oo. For all large m,
n(D,,) and d, are close and hence u(D,,NC;) = u(D,\C,) and u(D,,) i (CY) are
close. Condition (4) therefore holds after relabeling D,, for a sufficiently large m
as D,. Condition (5) is similarly obtained from Lemma 3.26 and the convergence
w(A, N D,) — d,. Condition (6) is obtained from asymptotic invariance of the
sequences (D,) and (A,).
We set

o0
Y) =Dy, ¥, = D\(C,UT,'C,) forn >2, and ¥ = J¥,.

n=1

Note that the last union is a disjoint union. For each n, we have 7,,Y, = Y,
because 7, is an involution and 7, D, = D,,. The inclusion Y, C D,\C, holds. By
condition (3), we have ) u(T,C,AC,) < ¢. Therefore, ), u((D,\C,)\Y,) <e¢
and (|, (D,\C,)\Y) < &. By the definition of C,, the equation | J,(D,\C,) =
(U, D, holds, and this is equal to X by Lemma 5.1. It follows that

(1) n(X\Y) <e.

We pick g € Q and estimate Y, u(g¥, AY,).Picky € ¥,\gY,. Since g™y ¢
Y,, either g™'y & D, or g7'y € C, U T, 'C,. In the former case, we have y €
D, \gD,. In the latter case, we have
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y € (g(C,UT,'CH\(C, UT,'C,))NY,

C (U(ng\Du N Yn) u (U(gT;‘Dk\T;IDw N Y,,>.

k<n k<n

Let N be a positive integer. We have

N N
D u\gY,) <Y (D \gD,)
n=1

n=

s

N n—1 N n-1
+ ) > T u@DAD) NY,) + DY u((gT, ' DAT, ' Dy N Y,).
n=1 k=1 n=1 k=1

By condition (1), in the right-hand side, the first term is less than &, and the second
term is at most

N-1

=

—1

D u((@DA\D) NY,) < Y n(gD\Dy) < &.

1 k=1 1

M=

n

~
Il

The third term is

n—

N
DO u@T, DN Y NI, DN Y,))

n=1

=~

M- !

—_

n—

< (L (gD NY)\(Dx N Y,)) + 3u(T, ' Dy A Dy))

3
I
—_
SRS
Il
- -

WE

w((gD\Dy) NY,) + 3¢ < 4e,

1 k=1

=~

n

where Lemma 5.2 and condition (3) apply in the first and second inequalities,
respectively. It follows that Z:’:] w(Y,\gY,) < 6¢ and therefore

8) Y, m(gY, AY,) < 12¢ forevery g € Q.

We define S € [R] as follows. For each n, we set S = T, on Y, and define S
on X\Y to be the identity map. This map § is an automorphism of X because 7,
preserves Y,, and by condition (7), it satisfies condition (i). To check condition
(ii), pick g € Q. We have the inclusions

{gS # Sg} c | JdeS # Sghny)u(x\Y),
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{gS # Sg}NY, C ({gS#SgtN(¥,Ng 'Y,))U (¥, \g 'Y, and
{8S# Sgin(Y,Ng™'Y,) C{gT, # T,g}N (Y, Ng 'Y,).

It follows from conditions (2), (8), and (7) that

n({gS # Sg) < Y _(u((gT, # Tgh) + n(¥,\g™'Y,) + u(X\Y) < e +6¢+e.

Condition (ii) follows after scaling ¢ appropriately. This completes the proof of
the former assertion of the lemma.

We prove the latter assertion of the lemma. By conditions (4) and (5) and the
inequality u(A, N D,) = u(D,)/2, for all n, we have

9) u(E,) =2 2/9)u(D\C,).
We set
Z = U (A, NY,).

We check condition (iii). Since the set E, is defined as E, = (A, N D,)\C,, we
have the inclusions A, NY, C E, and E,\(A,NY,) C Tn_lCn\C,l. It follows that

0< Y u(E) —w(Z) =) ENANY)) <D Y u(l, ' DADY) <,

n  k<n

where the last inequality follows from condition (3). On the other hand, by
condition (9), we have Y w(E,) > (2/9) Y, u(D,\C,), and by condition (7),

Do uDAC) =Y ¥ = p¥) > 1 —e.

It follows that ) w(E,) >2/9—2¢/9and u(Z) > Y n(E,)—e >2/9—11¢/9.
The sets SZ and Z are disjoint because 7, A, and A, are disjoint and S is equal to
T, on Y,. We therefore have u(SZ\Z) = u(SZ) = n(Z) > 1/10, where the last
inequality holds if ¢ is taken to be small enough. Condition (iii) follows.

Finally we check condition (iv). Pick g € Q. By Lemma 5.2,

Summing over n, we obtain

w(EQZ\Z) <) i(g(A, NY)\(A, NY,))

<Y Gu(E, A (A, NY) + 1(2E,N\E,))

n
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< 3e + ¢,

where the last inequality follows from the inclusion A, N'Y, C E,, the inequality
shown in the previous paragraph, and condition (6). Condition (iv) follows. [

Without assuming that 7, is an involution and that D, is invariant under 7,,, we
prove the following lemma in which conclusion (i) is slightly milder than that in
Lemma 5.3. This will be used in the proof of Lemma 5.5 and Theorem 5.13.

LEMMA 5.4. Let (T, D,)en be a sequence of a pair of T, € [R] and D, € B
such that

e (T,) is a central sequence in [R],

e (D,) is an asymptotically invariant sequence for R such that p(D,) is
uniformly positive, and

o u(T,D, A D,) — Oasn — oc.

Then for every ¢ > 0 and every finite subset Q C [R], we can find an S € [R]
such that

(1) a large piece of the map S is obtained by patching together pieces of the
restrictions T,|p,, n € N. More precisely, for every x € X outside a subset of
measure less than &, there exists an n € N with x € D, and Sx = T,x, and

(i) u({gS # Sg}) < ¢ forevery g € Q.

Proof. As in the proof of Lemma 5.3, after passing to a subsequence of (7, D,),
we may assume that conditions (1)—(3) in that proof hold. By the third assumption
in the present lemma, we may further assume that

(10) >, w(T, D, A D,) < e.

We set C, == ,_, Dr. Y1 :== Dy, Y, .= D,\(C, UT,'C,) forn > 2,and Y :=
;2 Y, in the same way. As in the proof of Lemma 5.3, condition (3) implies
w(X\Y) < &, and conditions (1) and (3) imply > (gY, A Y,) < 12¢ for every
g € Q. We set

Y :=D,NT'Dy, Y :=(D,NT'D)\(C,UT,'C,) forn >2, and

Y = D Y.
n=1
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For all n, the inclusions Y/ C ¥, and ¥,\Y, C D,\T,"' D, hold, and hence
Y uA\Y) <Y uw(DNT,'D,) < &/2

by condition (10). Hence u(Y\Y’) < ¢/2 and u(X\Y’') < 2¢.Forall g € Q, we
have

D @Y AY) <Y (u(gY, AgY)+ (@Y, AY,) +u(Y, AY))) < £+ 126 +e.

We define S € [R] as follows. We first define it on Y’ so that S = 7, on Y,
for every n. This map S: Y’ — X is injective. Indeed, if k < n and T)x = T,y
with x € Y/ and y € Y, then it follows from 7Y, C Dy that T,x € D and thus
y € T,'D, C T, 'C,. This contradicts y € Y. It turns out that the measures of the
sets Y’ and SY’ are equal. Pick a Borel isomorphism between X\Y’ and X\SY’
that is a local section of R. We define the map S on X\Y’ to be that isomorphism.
The obtained map S: X — X is then an automorphism of X and belongs to [R].
Condition (i) then follows. Along the proof in Lemma 5.3, condition (ii) also
follows from the estimates for ¥, and Y’ obtained in the previous paragraph, after
scaling & appropriately. O

As a simple application of the last lemma, we obtain the following.

LEMMA 5.5. If R is Schmidt, then there exists a central sequence (T,) in [R]
such that T,x # x foralln and all x € X.

Proof. Let (T,) be a nontrivial central sequence in [R]. Set D, = {x € X |
T,x # x}. The measure p(D,) is uniformly positive, and 7, D, = D, for all n.
We claim that (D,) is an asymptotically invariant sequence for R. Indeed, for
every g € [R], if n is large, then for all x € X outside a subset of small measure,
we have g7,x = T,gx, and if furthermore x € X\D,, then gx = T,gx, that is,
gx € X\D,. The sequence (X\D,) is therefore asymptotically invariant for R,
and the claim follows.

Pick ¢ > 0 and a finite subset Q C [R]. By Lemma 5.4, we can find an S € [R]
with u({gS # Sg}) <eforall g € Q and Sx # x forall x € Y, where Y is a
Borel subset of X with u(X\Y) < . There exists an isomorphism from X\Y
onto S(X\Y) that fixes no point and is a local section of R. We define R € [R]
as the map equal to S on Y and equal to that isomorphism on X\Y. It turns out
that u({gR # Rg}) < 3eforall g € Q and Rx # x for all x € X. O

The next lemma will be used in the proof of Theorem 5.13.
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LEMMA 5.6. Let (T,) be a sequence in [R] such that u(T,A A A) — 0O for all
Borel subsets A C X. Then u({x € X | T,x = Sx # x}) = Oforall S € [R].

Proof. Suppose that the conclusion fails for some S € [R]. Set Y = {x € X |
Sx # x}. Passing to a subsequence, we may assume that u({x € Y | T,x =
Sx}) — s for some s > 0. Fix a nonprincipal ultrafilter v on N and let m be the
mean on R defined by

m(D) = liin u({x € X | (T,x, x) € D}).

The mean m is balanced since m(R ,) = lim,_,, /,L(Tn_l ANA) = u(A). Therefore,
by Lemma 3.14, we have m({(Sx, x) | x € Y}) = 0. Hence

O=m{Sx,x) |xeY)=limu({xeY | T,x =Sx}) =s,

a contradiction. O

5.3. Stability under compact extensions.

THEOREM 5.7. Let R be an ergodic discrete p.m.p. equivalence relation on (X,
w) and let a: R — K be a cocycle into a compact group K. If R is stable,
then for every decreasing sequence Vi D V, D --- of open neighborhoods of
the identity in K, there exists a pre-stability sequence (T,, A,) for R such that
a(T,x, x) € V, for every n and almost every x € X.

Proof. Throughout this proof, for T € [R] and x € X, we denote « (7T x, x) by
(T, x) for the ease of notation. Fix a bi-invariant metric on K. For ¢ > 0, let
V. denote the open e-ball about the identity in K. Pick ¢ > 0. We will find a
pre-stability sequence (7,, A,) for R such that «(7,,, x) € V. for all n and all

x € X.
Let (T, A,).en be a stability sequence for R. Choose 0 < &, < &; < ¢ with
sz C V,,. Since K is compact, there are finitely many c;,...,cy € K with

K = U,N:1 Ve,c;. Passing to a subsequence of (7, A,).en, We can find i € {1,
..., N} such that the set

C,={xeX|a,, x) e V,c}

has uniformly positive measure. We put ¢ = ¢;. By Lemma 4.3, passing to a
subsequence, we may assume that the sets C, N C,, with n, m € N have uniformly
positive measure. If x € C, N C,,, then

(T, T, Tox) = a(T,, x)a(T,, x) ' € Voye(Vyo) ' = V2 C Vs,
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and hence

T,(C,NC,) Cf{x e X |a(T, T ", x) € V., }.
It follows that the set in the right-hand side has uniformly positive measure.
Therefore, after replacing the pair (7,, A,) into the pair (T2,1+1T2;1, Ayi1), We
may assume that the stability sequence (7}, A,),cn 1S such that the set

E, ={xeX|a,, x) e Vsl}

has uniformly positive measure. We should note that for all distinct n,m € N,
T, T is involutive and satisfies (7,,T,')A,, A A,, = X thanks to the condition,
1,17, = T,T, and T,A,, = A,,, which is required for a stability sequence while
not being required for a pre-stability sequence.

Let v, be the probability measure on K given by the image of & under the map
X — K, x — «o(T,, x). Let v, be any weak*-cluster point of v,. We may assume
that v, converges to V., in the weak*-topology. Since u(E,) is uniformly positive,
we have vy, (V_el) > 0. For every ¢p with & < gy < €, we have v, (V,,) > 0. Since,
as g varies, the boundaries 9V, are mutually disjoint, we may find some ¢, with
€1 < & < ¢ such that v, (9V,,) = 0. We set U := V,, and set

D, ={xeX |, x)eU}.

Since E, C D,, the set D, has uniformly positive measure. The equation 7,,D,, =
D, follows from T, being involutive and U~! = U: for all x € D,,

(T, T,x) =a(T, ", T,x) =a(T,,x) ' e U =U

and hence T,x € D,. Using v,,(dU) = 0, we verify the following.
CLAIM 5.8. The sequence (D,) is asymptotically invariant for R.

Proof. Pick g € [R] and ¢ > 0. Since v,,(dU) = 0, there exists an open ball W
in K about the identity with v,(WU\U) < ¢. We claim that for all sufficiently
large n,
p(x € X |a(g, T,x)a(g,x)"' € W}) <e.
Indeed, choosing an open ball W; in K centered at the identity with W2 C W and
finitely many elements by, ..., by € K with K = Uf‘il W.b;, we set
Yi={x € X |a(g,x) € Wb}

fori € {1,..., M}. The set X is covered by the sets Y1, ..., Yy,. If n is sufficiently
large, then for all i, we have u(7,Y; A Y;) < ¢/M and for all x € Tn‘lYi nY;,

alg, T,x)a(g, x)™' € Wib(Wib) ™" = le cW.
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The claim follows.
If n is sufficiently large, then for all x € D, outside a subset of small measure,
we have ¢gT,x = T, gx and a(g, T,x)a(g, x)~' € W, and therefore

(T, gx) = a(T,g, x)a(g, x)"" = a(gT,, x)a(g, x)™'
= a(g, T,x)a(T,, x)a(g, x)~
= a(g, Tix)a(g, x)'a(g, X)a(T,, X)a(g, x)~!
e Wa(g, x\)Ua(g, x)™' = WU.

Since lim sup,, v, (W\U ) < Voo (W\U ) and the measure v, (W\U ) is small,
for all x € D, outside a subset of small measure, we have «(7,, gx) € U, that is,
gx € D,. It turns out that the measure of D,\g~'D, is small if n is sufficiently
large. O

By Lemma 5.3, there exists a pre-stability sequence (S,,, Z,,) for R such that
for every m, the map S,, is obtained by patching together pieces of the restrictions
T.|g,, n € N, along with a piece of the identity map, and u(S,,Z,,\Z,,) > 1/10.
The former condition implies that for all x € X, @(S,,, x) belongs to U and hence
to V.. This proves the claim in the beginning of the proof of Theorem 5.7.

To obtain the conclusion of Theorem 5.7, we vary €. Let V{ D V, D --- be
a decreasing sequence of open balls in K about the identity. We then obtain a
pre-stability sequence (R,, Y,) for R such that «(R,, x) € V, for all n and all
x € X. We note that w(R,Y,\Y,) is uniformly positive because w(S,,Z,,\Z)
is uniformly positive independently of V,. This completes the proof of
Theorem 5.7. O

We recall fundamental facts on compact extensions of equivalence relations.
Let R be an ergodic discrete p.m.p. equivalence relation on (X, n). Leta: R—K
be a cocycle into a compact group K, and let L be a closed subgroup of K. We
equip the space X x K /L with the product measure of p and the K-invariant
probability measure on K /L. We define the equivalence relation R, ; on X x K /L
so that for all (y,x) € R and k € K, (x,kL) and (y, a(y, x)kL) are equivalent.
Then R, ; is a discrete p.m.p. equivalence relation. We call the equivalence
relation R, ; obtained through this procedure a compact extension of R. When L
is trivial, the extension R, ; is simply denoted by R,.

For every cocycle «: R — K into a compact group K, there exist a closed
subgroup K, of K and a cocycle ap: R — K equivalent to « such that values
of o are in K and there is no cocycle equivalent to « with values in a proper
closed subgroup of K,. The subgroup K| is uniquely determined up to conjugacy
in K, and it is called the Mackey range of the cocycle «. The extension R, is
then ergodic. We refer the reader to [Z, Corollary 3.8] for details.
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COROLLARY 5.9. Let R be an ergodic discrete p.m.p. equivalence relation on
(X, ). Let «: R — K be a cocycle into a compact group K such that there is
no cocycle equivalent to a with values in a proper closed subgroup of K. Let L
be a closed subgroup of K. If R is stable, then the extension R, ; is stable.

Proof. Pick a decreasing sequence V; O V, D --- of open neighborhoods of the
identity in K with (), V, = {e}. By Theorem 5.7, we may find a pre-stability
sequence (7, A,) for R such that «(7,,x) € V, for all n and all x € X. For
each T € [R),its lift T € [R...] is associated by the formula T(x,kL) = (Tx,
a(T,x)kL) for x € X and k € K. Then Tn asymptotically commutes with all
elements of [R,, ;] that are the lift of an element of [R]. Since V, approaches the
identity, the sequence (Tn) satisfies /I(THA A A) — 0 for every Borel subset
A C X x K/L, where i is the measure on X x K/L. By Remark 3.25,
(T,) asymptotically commutes with all elements of [R,;]. Thus the sequence
(T,, A, x K/L) is a pre-stability sequence for R, ;. O

REMARK 5.10. Let R be an ergodic discrete p.m.p. equivalence relation on
(X, n) and let o: R — K be a cocycle into a compact group K. Even if o does
not satisfy the assumption in Corollary 5.9, we can show that if R is stable, then
almost every ergodic component of R, ; is stable. Indeed, take a closed subgroup
Ky and a cocycle B equivalent to « such that there is no cocycle equivalent to 8
with values in a proper closed subgroup of K. Since « and § are equivalent, we
have an isomorphism between R, ; and Rz . Let fo: R — K, be the cocycle
obtained by simply replacing the range of the cocycle 8: R — K into K. Let
0: X x K/L — Ko\K/L be the projection of the second coordinate. Then the
map 6 gives rise to the decomposition into ergodic components of R4 ;. For
almost every ¢ € K, we have an isomorphism between the ergodic component
(Rg.1)lo-1() and the extension Ry, k,ncre-1- If R is stable, then Ry, x,nere-! 18
stable by Corollary 5.9, and therefore almost every ergodic component of R, ; is
stable.

COROLLARY 5.11. Let R be an ergodic discrete p.m.p. equivalence relation on
(X, ). Let S be a finite-index subrelation of R. If R is stable, then every ergodic
component of S is stable.

Proof. Let N be the index of S in R and let 7: R — X be the index cocycle
defined in the proof of Corollary 4.6, where X' is the symmetric group of N letters.

Then S is equal to the inverse image under t of the subgroup ¥ := {0 € X |
o (1) = 1}, and the restriction of R, to X x X is identified with S. The corollary
now follows from Remark 5.10. (|
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We say that a free ergodic p.m.p. action of a countable group is stable if the
associated orbit equivalence relation is stable and say that a countable group is
stable if it admits a free ergodic p.m.p. action that is stable. Combining a result
from [Ki4], we obtain the following.

COROLLARY 5.12. Let G be a countable group. Then, we have the following:
(1) For every finite-index subgroup H of G, H is stable if and only if G is stable.

(ii) For every finite normal subgroup N of G, G/N is stable if and only if G is
stable.

Proof. Let H be a finite-index subgroup of G. If H has a free ergodic p.m.p.
action that is stable, then the action of G induced from it is stable. Conversely, if
G is stable, then H is stable by Corollary 5.11. Assertion (i) follows.

To prove assertion (ii), let N be a finite normal subgroup of G. If G has a free
ergodic p.m.p. action G ~ (X, w) that is stable, then the action of the quotient,
G/N ~ X/N,is also stable and hence G/N is stable.

Conversely, suppose that G/N is stable. Let H be the centralizer of N in G,
which is of finite index in G since N is finite. The quotient H/(H N N) is a
finite-index subgroup of G/N and is hence stable by assertion (i). Since H N N
is central in H, by [Ki4, Corollary 1.2], H is stable. By assertion (i) again, G is
stable. O

5.4. Being Schmidt under compact extensions. Following Theorem 5.7, we
obtain a similar result for the existence of a nontrivial central sequence in the full
group, in place of a pre-stability sequence, while the conclusion of the following
theorem is slightly weaker than that of Theorem 5.7.

THEOREM 5.13. Let R be an ergodic discrete p.m.p. equivalence relation on (X,
w) and let a: R — K be a cocycle into a compact group K. If R is Schmidt,
then for every decreasing sequence Vi D V, D --- of open neighborhoods of
the identity in K, there exists a nontrivial central sequence (T,) in [R] such that
u({x € X | a(T,, x) ¢ V,}) — 0.

Proof. We basically follow the proof of Theorem 5.7, while not a few
modifications will be performed. Fix a bi-invariant metric on K. For ¢ > 0,
let V, denote the open e-ball about the identity in K. Pick ¢ > 0 and a finite
subset Q C [R]. To prove the theorem, it suffices to find an S € [R] such that
u{x e X | Sx=x}) <e,u{gS # Sg}) <eforallg € Q,and u({x € X | a(S,
x) g Ve}) <e.
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Let (7,,),en be a nontrivial central sequence in [R]. Choose 0 < &, < &g < ¢
with ngz C V,,. Since K is compact, there are finitely many ¢, ..., cy € K with
K = UlN:l Ve, c;. Passing to a subsequence of (7,,), wecanfindani € {1, ..., N}
such that the set

C,={xeX|Tx#x, a(T,, x) € Vs,c;}

has uniformly positive measure. We put ¢ = ¢;. By Lemma 4.3, passing to a
subsequence, we may assume that for some r > 0, we have u(C, N C,,) > r for
all n, m € N. We have the inclusion

T.(C,NCy) Clx e X | T, 'x #x, «(T, T, ", x) € V. },

as shown in the proof of Theorem 5.7, and hence the set in the right-hand side
has measure more than r. By Lemma 5.6, if we fix n and let m be large, then the
measure of the set {x € X | 7,;'x = T, 'x # x} converges to 0. Therefore for
every n, for all sufficiently large m > n, the set

x e X | T, T, 'x #x, «(T,,T, ", x) € V., }

has measure more than r/2. As a result, relabeling 7,, Tn’1 as §,, we obtain a
central sequence (S, ),en in [R] such that the set

E, ={xeX|Sx#x, a(S,,x) eV}

has uniformly positive measure.

For each n, let u,, be the restriction of u to the set {x € X | S,x # x}, whose
total measure is uniformly positive. Let v, be the measure on K given by the
image of w, under the map x — «(S,, x). Let v, be any weak*-cluster point of
v,. We may assume that v, converges to v, in the weak*-topology. Since w(E,)
is uniformly positive, we have v, (V_gl) > 0. For every g, with ¢ < gy < &, we
have v (V,,) > 0. Since, as g, varies, the boundaries 0V,, are mutually disjoint,
we may find some gy with &; < gy < ¢ and v (0V,,) = 0. We set U := V,, and
set

D, ={xeX|Sx#£x, a(S,,x) e U}.

Since E, C D,, the set D, has uniformly positive measure. Using the sequence
of the sets {x € X | S,x # x} being asymptotically invariant for R and following
the proof of Claim 5.8, we can verify that the sequence (D,) is asymptotically
invariant for R. If u(S,D, A D,) # 0, then we obtain a pre-stability sequence
for R as some subsequence of (S,, D,). The proof then reduces to Theorem 5.7.
Otherwise, that is, if u(S,D, A D,) — 0, then by Lemma 5.4, we can find an
S € [R] such that a large part of the map S is obtained by patching together
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pieces of the restrictions S, |p,, n € N, and u({g$S # Sg}) < eforall g € Q. The
former condition says that for all x € X outside a subset of measure less than ¢,
there is an n such that x € D, and Sx = S,x. For all such x € X, we have Sx # x
and a(S,x) e U C V.. ]

COROLLARY 5.14. Let R be an ergodic discrete p.m.p. equivalence relation on
(X, ). Let a: R — K be a cocycle into a compact group K such that there is
no cocycle equivalent to o with values in a proper closed subgroup of K. Let L
be a closed subgroup of K. If R is Schmidt, then the extension R, 1 is Schmidt.

Proof. Pick a decreasing sequence V; D V, D --- of open neighborhoods of
the identity in K with (), V,, = {e}. By Theorem 5.13, we may find a nontrivial
central sequence (7,) in [R] such that u({x € X | a(T,,,x) € V,}) — 0. As
shown in the proof of Corollary 5.9, to each T, the lift T,, € [R,..] is associated,
and the sequence (Tn) is then a nontrivial central sequence in [R, . ]. O

The proof of Corollary 5.11 also works to obtain the following.

COROLLARY 5.15. Let R be an ergodic discrete p.m.p. equivalence relation on
(X, w) and let S be a finite-index subrelation of R. If R is Schmidt, then every
ergodic component of S is Schmidt.

We may ask whether the same result as Corollary 5.12 holds for the Schmidt
property of groups in place of stability. Corollary 5.15 immediately implies that
the Schmidt property passes from a group to each of its finite-index subgroups.
However the following remains unsolved.

QUESTION 5.16. Let G be a countable group with a finite central subgroup C. If
G/ C has the Schmidt property, then does G have the Schmidt property as well?

We note that if C is an infinite central subgroup of G, then G has the Schmidt
property regardless of whether G/C has the Schmidt property (see Example 8.8).

6. Results under spectral-gap assumptions

6.1. Stable spectral gap. Recall that a unitary representation of a countable
group G has spectral gap if it does not contain the trivial representation of G
weakly. We say that a p.m.p. action G ~ (X, w) has spectral gap if the Koopman
representation G ~ L}(X) has spectral gap and say that a p.m.p. action G ~ (X,
w) has stable spectral gap if for every unitary representation G ~ H, the product
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representation G ~ L(X) ® H has spectral gap. If a free p.m.p. action G ~ (X,
W) has stable spectral gap and the associated orbit equivalence relation is inner
amenable, then we can find the following remarkable Fglner sequence for the
conjugating action of G.

PROPOSITION 6.1. Let G ~ (X, ) be a free p.m.p. action with stable spectral
gap, and let ‘R be the associated orbit equivalence relation. If R is inner
amenable, then there exists a sequence (F),),cn of finite subsets of G such that

(1) |1F¢ A F,|/|F,| — Oforevery g € G,
(i) 15,(g) — Oforevery g € G, and
(iii) sup,., u(gA A A) — 0 for every Borel subset A C X.

Thus, if (g1)nen is a sequence in G with g, € F, for alln € N, then g, converges
to the identity in Aut(X, u). In particular, the image of G in Aut(X, u) is not
discrete.

Before the proof, we prepare the following.

LEMMA 6.2. Let G ~ (X, i) be a p.m.p. action with stable spectral gap. We
identify each g € G with the element of [G X (X, n)] given by the section
{g} x X. Then for every ¢ > 0, there exist a finite subset S C G and
8§ > 0 such that if ¢ € L'(G x X) is any nonnegative unit vector satisfying
Sup,.s 168 — &l < 6, then || — P&, < &, where P: L'(G x X) — L'(G x X)
is the projection defined by integrating functions along X :

(PE)(g. x) == / E(g. 1) du(r)
X

forE e L"(G x X), g€ Gandx € X.

Proof. Let G acton G x X by g(h,x) = (h,x)¢" = (ghg™', gx). This action
gives rise to the unitary representation 7: G ~ L*(G x X) identified with the
tensor product of the conjugation representation G ~ ¢?(G) and the Koopman
representation G ~ L?(X). The projection P is also defined on L*(G x X) by
the same formula, and it is exactly the orthogonal projection onto the subspace
*(G) ® Cl.

Let ¢ > 0 and choose g, > 0 so that 25(;/ 4 &9 < €. Since the representation
7: GG ® L%(X ) has spectral gap, there exist a finite subset S C G and
8 > O such that if n € L?>(G x X) is any unit vector satisfying Sup,cs 17 (8)n —
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nl3 < 8, then ||n — Pnll3 < &. Let & € L'(G x X) be any nonnegative unit
vector satisfying sup,.g [|¢ — &, < &, and let ) := &'/>. Then 7 is a unit vector
in L*(G x X), and

sup [|7(g)n — nll; < sup ||§¢ — &y <6,
ges ges

where the first inequality follows from the inequality |a — b|* < |a® — b?| for
all a, b > 0. By our choice of §, we then have |[n — Pnl||3 < &. It follows that
| Pnll3 > 1 — & and hence

2
IPE — (Pn)*[ly = Z( / £(g, x)dp(x) — ( / s(g,x>“2du(x>) )
X X

geG

=1~ [Pyl < &,

where we use the Jensen inequality in the first equation. By the Cauchy—Schwarz
inequality, we have

IE — (P2l = 17+ P — Pl < ln+ Prllalin — Pl < 2&,°,

and therefore ||§ — P& < 28(])/2 + & < &. ]

Proof of Proposition 6.1. Let a: R — G be the cocycle defined by the equation
a(y,x)x = y. Let (§,),eny be an inner amenability sequence for R. For each
n € N, we define a function p, € £'(G) by p,(g) = [, &:(gx, x) du(x). Then p,
is a probability measure on G, and by Lemma 6.2, we have ||, — p, o ¢||; — O.
Therefore, for every g € G, we have ||p¢ — p,|l; — 0, and p,(g) — 0. For every
Borel subset A C X, we have

>t A0A) = [ ety did 5.0

geG Ra

= Sn d:ul + (pn o — Sn)dﬂl - [/L(A),
RA 7?rA

where the last convergence follows because (,) is balanced. Therefore, for every
¢ > 0, we have p,(Da ) — 1, where we set

Dy, ={g€G|luAALA) <e}

Let {A;}icy be a countable collection of sets that are dense in the measure
algebra of p. After passing to a subsequence of (p,),en, W& may assume without
loss of generality that p,([),_, Da;1i/2) > 1 — 1/n for every n € N. Let Q; C

i<n
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Q, C - - - be an increasing exhaustion of G by finite subsets. Since p, (g) — 0 for
every g € G, after passing to a further subsequence, we can assume without loss of
generality that p,(Q,) < 1/n forevery n € N. Let g, be the normalized restriction
of p, tothe set ((),_, Da, 1/2)\ Q. Then |lg, — p,lli = 0, s0 [lg8 — gyl — O for
every g € G. Therefore, by the Namioka trick, we may find a sequence of finite
subsets F, C (();_, Da;,1/»)\ Q» such that condition (i) of the proposition holds.
Condition (ii) holds since F,, N Q, = @. Given any Borel subset A C X and ¢ > 0,
we can find some i € Nwith u(AAA;) <¢/3.Thenforalln > i with 1/n < ¢/3,
forall g € F,, C Dy, 1/n, we have u(gA A A) < n(gAi AA)+2u(AAA) <&
This shows that condition (iii) holds. I

COROLLARY 6.3. Every Bernoulli shift of a countable nonamenable group gives
rise to an orbit equivalence relation that is not inner amenable.

Proof. Let G ~ (X, n) be any Bernoulli shift of a nonamenable group G. This
action is mixing, so the image of G in Aut(X, u) is discrete. The action has stable
spectral gap since G is nonamenable (see Remark 6.4). Thus the corollary follows
from Proposition 6.1. O

REMARK 6.4. It is widely known that the Bernoulli shift G ~ (X, u) of a
nonamenable group G has stable spectral gap. We give a proof of this fact for the
reader’s convenience, as follows. By [J, Lemma 1], the Koopman representation
G ~ L}(X) is a direct sum of subrepresentations of the left regular representation
A: G ~ £*(G). Take an arbitrary unitary representation G ~ H. By Fell’s
absorption principle [F, Corollary 1 to Lemma 4.2] (see [CH, Lemma 2.1] for
a direct proof), the product representation G ~ L2(X) ® H is equivalent to a
subrepresentation of the direct sum of countably many copies of A. Thus it does
not contain the trivial representation of G weakly since G is nonamenable.

We will use the following lemma and corollary, which impose constraints
on central sequences in a full group, in constructing interesting examples in
Sections 7 and 8.

LEMMA 6.5. Let G ~ (X, ) and G ~ (Y, v) be p.m.p. actions and suppose that
the action G ~ (X, ) has stable spectral gap. We set (Z,¢) = (X x Y, u x v)
and let G act on (Z, ¢) diagonally. For each g € G, let ¢, € [G X (Z, ¢)] denote
the section {g} x Z. Then for every ¢ > 0, there exist a finite subset S C G and
8 > 0 such that if ¢ is any element of [G X (Z, ¢)] satisfying

infe((z € Z | (@) = @ep))) > 1 =3, (6.1)
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then there exist a Borel subset Y' C Y, its partition Y' = | ||, Y; into finitely
many Borel subsets, and g1, ..., gn € G such that v(Y') > 1 — ¢ and for every
y € Y;, we have

n({x e X | Oy = (&, (x, ) >1-—e.

Proof. We may assume ¢ < 1/2. Let w: G ~ £*(G) ® L3(X) ® L*(Y) be the
subrepresentation of the tensor product of the conjugation representation G
£2(G) with the Koopman representation G ~ L*(Z). Let P: L*(G x Z) —
£?(G) ® C1 ® L*(Y) be the orthogonal projection. Since 7 has spectral gap, there
exist a finite subset S C G and § > 0 such thatif n € L?(G x Z) is any unit vector
satisfying inf,cs Re(m(g)n, n) > 1 —§, then ||n — Pnll3 < &2

Assume that ¢ € [G x (Z, ¢)] satisfies condition (6.1). Then the indicator
function 14 of ¢ C G X Z is a unit vector in L?*(G x Z), and for every g € S, we
have

(m(&)g, 1) =C({z € Z | (). = (P):}) > 1 — .

By our choice of S and 8, we have |1, — P(1,)]|3 < &* and hence || P(1,)[3 >
l—¢* . ForgeGandyeY,wesetA,, ={x € X |¢u, = (g, (x, )}, so that
P(4)(g, (x,y)) = n(A,y) for every g € G and almost every (x,y) € X x Y.
Then

1—¢e? <Pyl = f D Ay dv(y)

Y geG

< /(sup,u(Ag,y)> ZM(Ag,y) dv(y)
Y

geG ¢€G

_ / Sup 1L (Ag.,) dv(y).
Y

geG
and therefore there exists a Borel subset Y’ C Y such that v(Y’) > 1 — ¢ and
for almost every y € Y’, we have sup,.; u(A,y) > 1 — . Since ¢ < 1/2, for
almost every y € Y’, there exists a unique g € G such that (A, ,) > 1 —e. If Y’
is replaced with its slightly smaller subset, then there exist finitely many g, .. .,

gn € G and a Borel partition Y' = | |, ¥; such that for almost every y € ¥;, we
have (Ag ) > 1 —¢. O

COROLLARY 6.6. Let G ~ (X, ) be a p.m.p. action with stable spectral gap.
Then for every ¢ > 0 and every finite subset F C G, there exist a finite subset
S C G and § > 0 such that if ¢ is any element of [G X (X, w)] satisfying

irelgu({x € X | (99o)x = (9gP)}) > 1 -3,
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then there exists an element gy € G that commutes with all elements of F and
satisfies u({x € X | ¢, = (g9, x)}) > 1 —&.

Proof. Pick 0 < ¢ < 1/2 and a finite subset F C G. In the proof of Lemma 6.5,
suppose that Y is a singleton. We may assume that § < 1/4 for the number §
obtained from the assumption that the action G ~ (X, ) has stable spectral gap.
We may also assume that the obtained finite subset S C G contains F. Following
the proof of Lemma 6.5, we obtain 1 — &> < | P(14)]13 < sup,.; (A), where
A, = {x € X | ¢ = (g,x)} for g € G. Hence there is some g, € G with
w(Ag) > 1— 2. It remains to show that g, commutes with all elements of S (and
hence of F). Fix g € §. Since u(A,) > 1 — g2 >3/4and u({x € X | (PPe)x =
(¢e®)<}) > 1 =8 > 3/4, the set

g Ay N AL N{x € X | (Pde): = ().}

is nonnull, so fix some element x of this set. Then (gog, x) = (¢Py)x = (P0) =
(ggo, x), and thus gy commutes with g. O

6.2. Product actions. In this subsection, we show that if a free p.m.p. action
G ~ (X, u) satisfies a certain spectral-gap property and a mixing property, then
its product with an arbitrary ergodic p.m.p. action G ~ (Y, v) gives rise to an
orbit equivalence relation that is not inner amenable, and moreover the associated
von Neumann algebra does not have property Gamma if the action G ~ (Y,
v) is strongly ergodic. For the Bernoulli shift of a nonamenable group, Ioana
proves that the associated von Neumann algebra does not have property Gamma
[I, Lemma 2.3].

PROPOSITION 6.7. Let G ~ (X, w) be a free, p.m.p., mildly mixing action of an
infinite countable group G. Suppose that either

(1) the action G ~ (X, ) has stable spectral gap, or

(2) there is an infinite subgroup H of G such that the pair (G, H) has property
(T).

Let G ~ (Y, V) be an ergodic p.m.p. action and let G act on (X X Y, 4 X v)
diagonally. Then the translation groupoid G x (X x Y, u X v) is not inner
amenable.

If the action G ~ (Y, v) is further strongly ergodic, then the von Neumann
algebra associated with the action G ~ (X X Y, ;u X v) does not have property
Gamma.
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Recall that a p.m.p. action G ~ (X, w) is said to be mildly mixing if for every
Borel subset A C X with 0 < w(A) < 1, we have liminf, o, u(gA A A) > 0
[Sc2]. Every mildly mixing action is weakly mixing, and hence the diagonal
action G »~ (X x Y, u x v) in Proposition 6.7 is ergodic. Without assuming
the mildly mixing condition, the conclusion of the proposition may fail (see
Remark 8.6).

We will actually prove Proposition 6.7 in a slightly more general setting.

ASSUMPTION 6.8. Let G ~ (X, u) be a free p.m.p. action of an infinite
countable group G satisfying the following condition:

(A) There exist a finite subset K C G and a Borel subset D C X such that
g;g{K u(gD A D) > 0.

Let G ~ (Y,v) be a p.m.p. action and set (Z,¢) = (X x Y, u x v). Let G
act on (Z, ¢) diagonally and suppose that the action G ~ (Z, ¢) is ergodic. Let
G act on G x Z by the formula g(h, z) = (ghg™"', gz). We have the Koopman
representation 7 : G ~ L?(G x Z) and suppose the following condition:

(B) The representation G ~ (*(G) ® LX) ® L*(Y) given as the
subrepresentation of 7 has spectral gap.

We fix notation. Let M be the von Neumann algebra associated with the action
G ~ (Z,¢), with the faithful normal trace 7. Let L?(M) be the completion of
M with respect to the norm ||x||, = 7(x*x)!/?, which is naturally identified with
C(G)QL*(X)QL*(Y).Let Q: L*(M) — £*({e}) @C1® L>(Y) be the orthogonal
projection.

REMARK 6.9. The diagonal action G ~ (X XY, ;X v) in Proposition 6.7 satisfies
conditions (A) and (B) in Assumption 6.8. Indeed, condition (A) holds since
the action G ~ (X, ) is mildly mixing. If condition (1) holds, then condition
(B) obviously follows. If condition (2) holds, then the restriction H ~ (X,
) is mildly mixing and hence weakly mixing [Sc2, Section 2]. Since the
representation H ~ L2(X) is weakly mixing, there is no H-invariant unit vector
in £(G) ® L3(X) ® L*(Y), and condition (B) follows from property (T) of the
pair (G, H).

The following is a remark due to Adrian loana on the first author’s earlier note.
LEMMA 6.10 (A. Ioana). Under Assumption 6.8, if (n,) is a sequence of unit

vectors in L>(M) such that ||t (g)n, — n.ll» — O for every g € G and ||n,1, —
1an, |l = O for every Borel subset A C Z, then ||n, — On,|l» — O.
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Note that 1,1, is the vector in L>(M) obtained by multiplying 1, by 1, € M
from the right, and is identified with the pointwise product 1g, ,7, of the two
functions 1g,, and n, on G x Z, where (G,¢) = G x (Z,¢). Similarly, the
vector 1,4, € L*(M) is identified with the pointwise product 1g, ,7,.

Proof of Lemma 6.10. We first find a Borel subset £ C X such that

gel(l;l\f{e]u(gE AE)>0.

Let Ky be the subgroup of all g € G with gD = D, which is contained in K and
hence finite. By condition (A), ¢ := infyec\x, #(gD A D) is positive. Since the
action G ~ X is free, there exists a Borel subset D; C X\ D such that u(D) <
c/3and w(gD,AD,) > Oforall g € Ko\{e}. The set E := DUD; is a desired one.
Indeed, for every g € G\ Ky, we have u(gEAE) > u(gD AD)—2u(Dy) = ¢/3,
and for every g € Ko\{e}, we have u(gE A E) = u(gD, A D) > 0. We set
d = inf,cc\jey L(GE A E) > 0.

For g € G, let u, be the unitary of M associated with g. The representation 7
is given by 7 (g)x = ugxu} forx € M. Let P: L*(M) — £*(G) @ C1 ® L*(Y)
be the orthogonal projection. By condition (B), we have

72 — P1ullz = 0. (6.2)

For each n, write Pn, = deG u,(1®b,,), where b, , € L*(Y).Let F =ExY
and let 1 be the indicator function of F. We have ||n,1r — 1rn,]l» — 0, and
hence condition (6.2) implies that || P(n,)1r — 1z P(n,)|l» — 0. We also have

1P — 1 POIE =Y WE A By i =d Y lbagll.

geG geG\{e}

By the definition of P and Q, it follows that Y~ ;. ) 16asll3 = IP7, — Onall3
and hence |Pn, — On,]l» — 0. By condition (6.2) again, ||, — On,|l» > 0. O

COROLLARY 6.11. Under Assumption 6.8, the following two assertions hold:
(1) The translation groupoid G x (Z, £) is not inner amenable.

(i1) (A. loana) If the action G ~ (Y, v) is strongly ergodic, then M does not have
property Gamma.

Proof. To prove assertion (i), suppose toward a contradiction that there exists

an inner amenability sequence (&,) for the groupoid G x (Z, ¢). Let n,, == 5,}/2.
Then 7, is a unit vector in L*>(G x Z) and satisfies the assumption in Lemma 6.10.
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Indeed, for every g € G, we have |7 (g)n, — n.l13 < ||(§,,)g7l — &It = 0. Set
(G, ¢) =G x (Z, ). Forevery Borel subset A C Z, we have [|n,14 — 14,3 <
g, & — 1g, ,&:ll1 = O since (&,) is balanced. By Lemma 6.10, we have |7, —
On,ll2 — 0. The projection Q is also defined on L'(G x Z): For & € L'(G x Z),
geG,xeX,andy €Y, we set

/g(e foy)du() ifg = e,
if g #e.

(Q8)(g, x,y) =

As in the proof of Lemma 6.2, by the Jensen inequality, we have

106 — @)l = [ &eox.n) dudvn — 10m I
XxY
< lmali2 = I1Qm I — o.

By the Cauchy—Schwarz inequality, we have

1€, = (@01l < I+ Onallallng — @nalla < 200 — Onalla = 0.

Thus ||&,— Q&,|l1 — 0, and &, will concentrate on the set {e} x Z. This contradicts
(&,) being diffuse. Assertion (i) follows.

Suppose that the action G ~ (Y, v) is strongly ergodic. If M had property
Gamma, then we would have a sequence (u,) of unitaries of M such that
t(u,) = 0 and ||[x, u,]|l, — O for all x € M. Since Q is G-equivariant, (Q(u,))
is asymptotically G-invariant. By strong ergodicity of the action G ~ (Y, v), we
have ||Q(u)|> = 11Q(u,) — t(Q(u,))|l» — 0. This contradicts Lemma 6.10, and
assertion (ii) follows. O

Proposition 6.7 follows from Corollary 6.11 and Remark 6.9.

7. Finite-index inclusions and central sequences

For a finite-index inclusion & < R of ergodic discrete p.m.p. equivalence
relations, in Corollaries 5.11 and 5.15, we proved that if R is stable or Schmidt,
then so is S. In this section, we discuss the converse. In Subsection 7.1, we give
a sufficient condition for the converse to hold. In Subsections 7.2 and 7.3, we
construct examples for which the converse does not hold. Throughout this section,
let (X, ) be a standard probability space and let B be the measure algebra of L.
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7.1. The action on the algebra of asymptotically invariant sequences. Let
S < R be a finite-index inclusion of ergodic discrete p.m.p. equivalence relations
on (X, w). By [Hm, Theorem 2.11] or [Su, Theorem 2], we have an ergodic finite-
index subrelation Sy < S and a finite group F acting on Sy by automorphisms
such that R = &y x F. Under the assumption that S is stable or Schmidt,
since these properties pass to Sy, we may therefore assume that R is written as
R =& x F for some finite group F acting on S.

Fix a nonprincipal ultrafilter @ on N and form the ultraproduct (8, u®) of the
measure algebra (B, w). The full group [S] naturally acts on 3%, preserving u®.
Let A denote the fixed point algebra of this action. The group F also acts on 3
and on A.

PROPOSITION 7.1. Suppose that F acts on A faithfully. Then, we have the
following:

(1) If S is stable, then R is stable.
(i) If S is Schmidt, then R is Schmidt.

Proof. We first find a nonzero B € A such that «(B) N B = 0 for all nontrivial
o € F. Such a B is obtained by applying the following repeatedly. For every
nontrivial @ € F, if C € A is nonzero, then there exists a nonzero B € A such
that B C C and a(B) N B = 0. Although this is proved in [CK, Lemma 2.3],
we give a proof for completeness: Otherwise we would have a(B) = B for all
B € A with B C C, and since « acts on A nontrivially, there exists a nonzero
D C 1 — C such that «(D) N D = 0. Let (Cp)nen and (D,)nen be sequences
that represent C and D, respectively. By Lemma 3.26, there is a subsequence
(Dy,) of (D,) such that w(D)) is uniformly positive, where D, := C, N Dy,. Let
D' € Abe  represented by the sequence (D)) en. Then D' is nonzero, but we have
a(D') = D’ since D' C C, and we have «(D') N D' = 0 since x(D)ND =0, a
contradiction.

Let (B,).en be a sequence representing B such that «(B,) N B, = @ for all
n € N and all nontrivial @ € F. Take a decreasing sequence &, N\, 0 of positive
numbers, a sequence (Ey)ien of elements of B that is dense in B, and a sequence
(gx)ren Of elements of [S] that is dense in [S]. Passing to a subsequence of (B,),
we may assume that

(1) p(gra(B,) A a(B,)) < &,/|F| forevery k < n and every o € F.

To prove assertion (i), assume that S is stable, and let (7},, A,),en be a stability
sequence for S. Passing to a subsequence of (7,, A,), we may assume that for
every n, forall k < nand all « € F, we have
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(2) u(T,B, A B,) < &,/|F],
(3) (A, N By) — 1(By) /2] < &y,
@) (T (e " (ExNa(B,)) & a ' (ExNa(B,))) < &,/|F|, and

G) ulla™'gal, # Ta 'ga)) < &/|F|.

We define S, € [S] so that for every @ € F, we have S, = aT,a”' on a(B,)
outside the set oz(Bn\Tn‘1 B,), which has measure less than ¢, /(2| F|) by condition
(2), and also have S, (x¢(B,)) = «(B,), and moreover S, is the identity outside
U,cr @(B,). By condition (4), we have

(S (Ex Na(By)) A (Ex Na(By))) < 2e,/|F| and (S, Ex A Ey) < 2e,

for every k < n. Therefore u(S,E A E) — 0 for all E € B. By construction, we
also have u({aS, # S,a}) < ¢, foreverya € F.

Fix k < n. We claim that w({g,S, # S.g«}) < 5¢,. This claim together with
the facts proved in the last paragraph implies that the sequence (S,) is central
in [R]. By the definition of S, for every o € F, we have g5, = gwaT,a"! on
«(B,) outside a subset of measure less than ¢,/|F|. By condition (5), outside a
subset of measure less than &,/|F|, we have graT,oa™ ! = a(a 'ga)T,a™' =
aT,o"'g;, and the right-hand side is equal to S,g; on a(B,) outside a subset of
measure less than 2¢,/|F| by condition (1) and the definition of S,. As a result,
w{geS, # S.g) Na(B,)) < 4e,/|F| for every « € F. Our claim then follows
from condition (1).

We set C,, .= F (A, N B,). The sequence (A, N B,) is asymptotically invariant
for S, and the sequence (C,) is thus asymptotically invariant for R. Since S,
preserves «(B,) for each @ € F, we have S,(A, N B,)\(A, N B,) C S,C,\C,.
Up to a subset of measure less than ¢, /| F|, the left-hand side is equal to 7,,(A, N
B.)\(A, N B,), which is equal to 7,,(A, N B,) because T, A, is disjoint from A,.
By condition (3), the measure of the set 7,,(A, N B,) is equal to u(B,)/2 up to
&,. Therefore p(S,C,\C,) is uniformly positive, and (S,, C,) is a pre-stability
sequence for R. Assertion (i) follows.

We prove assertion (ii) and assume that S is Schmidt. In the beginning of
the proof of this proposition, we found a sequence (B,),en Of elements of 3
representing a nonzero element of 4 and satisfying «(B,) N B, = @ for all n
and all nontrivial « € F. Let (T},) be a central sequence in [S] such that T,x # x
for all n and all x € X. Such a sequence exists by Lemma 5.5. Take a sequence
(Ep)ien of elements of 3 that is dense in 3. Passing to a subsequence of (T},), we
may assume that for every n, 7, almost fixes the set B,, and that for all k < n
and all @ € F, T, almost fixes the set «~'(E; N «(B,)). Define S, € [S] so
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that S, = a7, on the set a(B,) outside its some subset of small measure,
S, preserves «(B,) for each ¢ € F, and S, is the identity outside UO[E ro(B,).
In the same manner as in the proof of assertion (i), we can show that (S,) is
central in [R]. Since S, is equal to T, on a large part of B,, the measure of the set
{x € X | S,x # x}is uniformly positive. Assertion (ii) follows. ]

7.2. Being Schmidt is not preserved. The following proposition is a slight
refinement of [Ke2, Theorem 29.10].

PROPOSITION 7.2. Let G be a countably infinite, discrete group with property
(T) and let G ~ (X, 1) be a free ergodic p.m.p. action. Suppose the following
two conditions:

e For every nontrivial element of G, its conjugacy class in G consists of at least
two elements.

e For every g € G whose conjugacy class in G is finite, the centralizer of g in G
acts on (X, u) ergodically.

Then the action G ™~ (X, ) is not Schmidzt.

Proof. Let R := R(G ~ (X, u)). Suppose toward a contradiction that there
exists a nontrivial central sequence (7,) in [R]. By Lemma 5.5, we may assume
that 7,x # x for all n and all x € X. We set G* := G\{e}. Let G act on the
space G* x X by g(h, x) = (ghg™!, gx) forg € G, h € G*, and x € X. We then
have the unitary representation of G on the Hilbert space H = ¢*(G*) ® L*(X).
Let P: H — H be the orthogonal projection onto the subspace of G-invariant
vectors. Let §2 denote the set of finite conjugacy classes in G*. Each vector & € ‘H
is uniquely writtenas § = > .. 8, ® &, where §, is the Dirac function on g and
& € L*(X). For w € £2, we set ¢, (§) = |w|™' Y, ., (&) and identify it with
the constant function on X of that value. By our second assumption, the equation
PE =D caD sends ®C,(£) holds.

CLAIM 7.3. Every element T € [R] with Tx # x for all x € X gives rise to the
unit vector of H, &7 = dec* 8, ® &r o, Where &7 , is the indicator function of the
set {T = g}, and this vector satisfies the inequality ||&; — P&r||* > || P&r|>.

Proof. For simplicity, we set § := &7 and &, := &7 ,. For every w € §2, we have
0 < ¢, (§) < |w|™' < 1/2 by the first assumption in Proposition 7.2. The desired
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inequality is obtained as follows:

18 = PEIP 2D D g — co®IP = DD (&) — 2co(E)lEe)+cu(§))

we2 gew weR gew
=Y lolco@® 1 = cu(8) = Y |ole, (&) = || PE|. O
wes2 weS2

Let &, denote the unit vector to which the automorphism 7, gives rise as
in Claim 7.3. Since (7)) is a central sequence in [R], the sequence (&,) is
asymptotically G-invariant, that is, for every g € G, we have ||g&, — &,|| — O as
n — oo. It follows from property (T) of G that ||, — P&, || — 0. This contradicts
the inequality in Claim 7.3. O

PROPOSITION 7.4. Let G be a countable discrete group with property (T), and
let H be a finite-index subgroup of G. Let C be an infinite central subgroup of H
that is normal in G. Suppose that for every nontrivial element of G, its conjugacy
class in G either contains an element of C and at least two elements or is infinite.
Then there exists a free ergodic p.m.p. action G ~ (X, ) that is not Schmidt and
such that the restriction H ~ (X, ) is ergodic and Schmidt.

Proof. We embed C into an abelian compact group K, equip K with the
normalized Haar measure, and let C act on K by translation. Pick a section
so: H/C — H of the quotient map. Pick also representatives g, ..., gy of left
cosets of H in G, where N is the index of H in G. We then have the section
s: G/C — G defined by s(g;b) = g;iso(b) fori € {1,...,N}and b € H/C.
Let G acton X =[], K by the action co-induced from the action C ~ K. 1t
is defined by (gf)(b) = ¢ ' f(g7'b) for g € G, f € X, and b € G/C, where
the element ¢ € C is determined by the equation s(g~'b)c = g~ 's(b). Let u be
the probability measure on X given by the product of the Haar measure on K.
Since H/C is infinite, the restriction H ~ (X, u) is ergodic. Choose a sequence
(cn)nen of nontrivial elements of C such that for alli € {1, ..., N}, the sequence
(g '¢,81)nen converges to the identity in K. Then (c,) is central as a sequence in
the full group [R(H ~ (X, wu))]. Indeed, forallb € H/C,c € C,and i € {l,
..., N}, we have

¢ 's(gib) = c ' giso(b) = gig ¢ giso(b) = giso(b)g; ¢ g = s(gib)g ¢ g,

where the third equation holds since C is normal in G and thus g; lelg; e C.
This implies that ¢ acts on the coordinate of X whose index is g;b by adding
gi_lcgi. Thus by Remark 3.25, (c,) is central in the full group [R(H ~ (X, w))].
However, by Proposition 7.2, the action G ~ (X, w) is not Schmidt. O
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REMARK 7.5. With the notation of Proposition 7.4, we set R = R(G ~ (X,
W), and set M = () cec 8H g~!, which is a finite-index normal subgroup of G.
Let : R — G/M be the cocycle defined by a(gx, x) = gM for g € G and
x € X. Then the compact extension R, y,u (reviewed right before Corollary 5.9)
is an equivalence relation on X x G/H, and its restriction to the set X x {eH}
is identified with R(H ~ (X, n)). Proposition 7.4 says that R, p,y is Schmidt,
while R is not. Thus, the converse of Corollary 5.14 does not hold (modulo the
existence of groups satisfying the assumption in Proposition 7.4, which we will
give in Example 7.6).

Since R(H ~~ (X, u)) is Schmidt and hence inner amenable, it follows from
Proposition 3.21 that R is inner amenable. Nevertheless, we can directly find an
inner amenability sequence for R from the proof of Proposition 7.4 as follows.
Choose the sequence (c,),en in the proof so that the sequence (g, ! 8iCn gj_' 8i)neN
also converges to the identity in K for all i, j € {l,..., N}. We set F, =
{g_,»c,,gj_1 |j=1,..., N}anddefine f, € L'(Gx X, u") by f, (g, x) :== 1, (g)/N.
Then f$ = f, for all g € G, and by the required convergence property of (c,),
the sequence (f,) is balanced. By Remark 3.9, (f,) satisfies condition (ii) of
Definition 3.1. Condition (iii) holds since the set F, diverges to infinity in G.
Condition (iv) follows from the definition of f;,.

EXAMPLE 7.6. We give an example of groups G, H satisfying the assumption in
Proposition 7.4. We define H as the subgroup of SLs(Z) consisting of matrices of
the form

1 % %

Oh=x],

001

where /1 runs through all elements of SL;(Z). This kind of group appears in [dC],
and as mentioned in [dC, Proposition 2.7], the group H has property (T). The
center of H, denoted by C, consists of matrices whose diagonal entries are one
and (1, 5)-entry is the only off-diagonal entry that is possibly nonzero. We set

—-100
u = 01}0 s
0 01

where 5 is the 3-by-3 identity matrix, and define G as the subgroup of GLs(Z)
generated by H and u. Then u normalizes H, and the index of H in G is 2.

We claim that these groups G, H satisfy the assumption of Proposition 7.4, that
is, for every nontrivial element of G, its conjugacy class in G either contains an
element of C and at least two elements or is infinite. For each nontrivial ¢ € C, we
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!'= ¢7!, and the conjugacy class of ¢ in G consists of the two distinct

have ucu™
elements, ¢ and ¢,
We show that the other conjugacy classes except for {e} are infinite. Pick g,

h € H and write them as

1 812 813 1hphis
g8=10g2ngs3), h=|0hyhy
00 1 00 1

We verify that the centralizer of gu in H is of infinite index in H. This implies
that the conjugacy class of gu in G is infinite. Suppose toward a contradiction
that the centralizer of gu in H is of finite index in H. Then for every matrix &
such that £,, belongs to some finite-index subgroup of SL;(Z) and the other A;;
are zero, gu and A commute. Since

—1 g2 g3 100 —1 ginha gi3
guh=1| 0 g2 gn 0hnp 0] =1 0 gnhxn g and
0 0 1 001 0 0 1
100 -1 g2 813 -1 gn 813
hgu=|0hy»0 0 gngn)= 0 hongrn hngxs |,

001 0 0 1 0 0 1

we have g, = I3, g1 = 0, and g,3 = 0. For every & in some finite-index subgroup
of C, gu and h also commute. The (1, 5)-entries of guh and hgu are g;3 — hy3
and g3 + hy3, respectively. This is impossible. It turns out that the centralizer of
gu in H is of infinite index in H.

Similarly, comparing gh and hg for the matrix A such that /,, belongs to some
finite-index subgroup of SL;(Z) and the other h;; are zero, we can verify that if
the centralizer of g in H is of finite index in H, then g belongs to C. Therefore the
conjugacy class of every noncentral element of H in G is infinite. This completes
the proof of G and H satisfying the assumption of Proposition 7.4.

7.3. Stability is not preserved. We construct an ergodic p.m.p. equivalence
relation R and its ergodic finite-index subrelation S such that S is stable, but
R is not stable. Let X, := [[Z/27Z be the compact group equipped with the
normalized Haar measure 1. Let Hy := €y Z/2Z be the subgroup of X, let
Hy act on X, by translation, and set Rg = R(Hy ~ (Xo, to)). Choose a
nonamenable group I" arbitrarily. We set ¥ := [[, X, and equip Y with the
product measure of p, denoted by v. Let H; := I’ x Hj act on Y so that
I" x {e} acts on Y by the Bernoulli shift and {e} x H, acts on Y diagonally. We set
R, =R(H; ~ (Y,v)),and set S := Ry x R, which is an equivalence relation
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on the product space (Z, ¢) := (Xo X Y, iy X v) and is also the orbit equivalence
relation of the coordinatewise action G := Hy x Hy ~ (Z, ¢).
We define an automorphism o of (Z, ¢) by

o(x, (yy)yel“) = (x, (xyy)yel")

for x € Xy and (y,), € Y. This o is involutive since every nontrivial element
of X, has order 2. We claim that o is also an automorphism of S. We first
show that o is equivariant under the action of H;, where H, is identified with
the subgroup {e} x H; of G. Indeed, for all (x, (y,),) € Z and (8,h) € H; =
I' x H,, we have (8, h)(y,), = (hys-1,),. We also have o ((8, h)(x, (y,),)) =
(x, (xhys—1,),) = (8, h)o (x, (y,),), where the last equation holds since the group
X, is commutative. We therefore obtain the desired equivariance of o and hence
0@y x R1) = Iy x Ry, where Z, denotes the trivial equivalence relation on
(X0, o). We next show that o(Ry x Z;) C S, where Z; denotes the trivial
equivalence relation on (Y, v). For all (x, (y,),) € Z and h € H,, we have o (x,
(yy)y) = (x, (xy,),), which is S-equivalent to (hx, (hxy,),) = o(hx, (y,),).
The claim follows.

Let R .= S % (o) be the equivalence relation generated by S and o, which
contains S as a subrelation of index 2. The equivalence relation S = Ry x R,
is clearly stable. We show that R is not stable. Otherwise, by Theorem 5.7, there
would exist a pre-stability sequence (7, A,) for R with 7,, € [S]. Since the action
G ~ (Y, v) has stable spectral gap, the unitary representation G ~ L*(X,) ®
L2(Y) has spectral gap. We may therefore assume that A, is of the form A, =
A, x Y for some Borel subset A, C X,. Furthermore, by Lemma 6.5, passing to a
subsequence of (7,,, A,), we may assume that for every n, there exist finitely many
g1, ..., 8 € G, a Borel subset X' C X, and its Borel partition X' = | |, X;
such that po(X') > 1 —1/nand v(A, ) > 1 —1/nforallx € X; and all i € {1,
...,m}, where A, , ={y €Y | T,(x,y) = g(x,y)} for g € G and x € X,.
Passing to a subsequence of (7,, A,), we may assume that (W) > 1 — 1/n,
where

W:i={zeZ]|(0coT)(z) =(T,00)(2)}

Weset A, :={z€ Z|T,(z) =gz} for g € G. Then foreveryi € {1, ..., m}, we
have A, N(X; xY) = |_|X€X[{x} x A, and hence £ (A, No A, N(X; xY)) >
(1 —=2/n)uo(X;) since o preserves the set {x} x Y for every x € X,. Let I be the
setofalli € {1, ..., m} such that the set WN A, No A, N(X; x Y) has positive
measure. Then

(i, (Ag No A, N (X; x Y))) > 1—4/n.

If i € I, then g; belongs to {e} x H;. Indeed, if we put g; = (h;, (yi, h})) €
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Hy x H, and pick a point (x, (y,),) from the set WN A, No A, N(X; x Y), then

(0 0 T)(x. (v,),) = o (hyx, (13, 1,),) = (hix, (hixh}y,1,),)

and
(T, 0 0)(x, (3)y) = Tu(x, (xyy),) = (hix, (hixy,-1,),).

These two are equal, and therefore h; = e.

Since {e} x H; acts on the first factor X, of Z = Xy x Y trivially and the set
A, is of the form A, = A, x Y, the map T, sends A, N A, into A, for every
i € 1. Hence we have A,\T,'A, C Z\| ], (A, N (X; x Y)). The measure of
the set in the right-hand side is less than 4/n, and this contradicts (7,,, A,) being
a pre-stability sequence.

REMARK 7.7. We note that G and o generate the semidirect product group
G x (o) such that o acts on G by o (h, (v, h')) = (h, (y, hh')) for h € H, and
(y, W) € H =T x Hy. Then R is the orbit equivalence relation generated by the
action of G x (o). We also note that R is not stable, but is Schmidt because the
subgroup {e} x ({e} x Hy) of G is central in G x (o), and therefore the elements
h, € Hy = @y Z/27Z whose coordinate indexed by n is 1 and other coordinates
are 0 form a central sequence in [R] by Remark 3.25.

8. Miscellaneous examples

8.1. Orbitally inner amenable groups. Recall that a countable group is said
to be orbitally inner amenable if it admits a free ergodic p.m.p. action whose
orbit equivalence relation is inner amenable (Subsection 3.6). We provide several
examples of such groups and free ergodic p.m.p. actions whose orbit equivalence
relations are inner amenable, but not Schmidt (see also Remark 7.5 for such an
example). In Corollary 4.7, we showed that every countable, residually finite,
inner amenable group is orbitally inner amenable. More generally, we obtain the
following.

PROPOSITION 8.1. Let G be a countable group with a normal subgroup N.
Assume that there exists a chain N = Ny > Ny > --- of finite-index subgroups
of N with (), N; = {e}, and with each N; normal in G. Assume furthermore that
there exists a diffuse, conjugation-invariant mean m on G with m(N) = 1. Then
G is orbitally inner amenable.

Proof. Let m be the mean on G defined by m(D) = m(D™') for D C G.
Then the convolution ny := m * m is also diffuse and conjugation-invariant with
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ny(N) = 1. For every finite-index subgroup L of N, by finite additivity, we have
> hrenyM(AL) = 1 and hence

no(L):/m(le)drh(k): Z / m(kL) dm (k) = Z m(hL)? > 0.
N hL

hLeN/L hLeN/L

For every i, since N; is normal in G, the normalized restriction of ny to N;,
denoted by n;, is a diffuse, conjugation-invariant mean on G with n;(N;) = 1.
Let n be any weak*-cluster point of (n;) in the space of means on G. Then n is a
diffuse, conjugation-invariant mean on G with n(N;) = 1 forall i. Let N ~ (K,
k) be the profinite action associated with the chain (N;), that is, the inverse limit
of the finite actions N ~ (N/N;, iy,n,) with each py,n, being the normalized
counting measure on N /N;. We naturally view N as a subgroup of the profinite
group K. Observe that for every open neighborhood U of the identity of K, we
have n(N N U) = 1. Therefore, for every Borel subset B C K, we have

/ wx(hB A B)dn(h) = 0. 8.1
N

Let G ~ (X, ) be the action co-induced from the action N ~ (K, ug). This
is a free ergodic p.m.p. action of G. We set R := R(G ~ (X, n)). Since N is
normal in G, the action N ~ (X, ) is isomorphic to the product of countably
many copies of the action N ~ (K, ug). Therefore, equation (8.1) implies that
for every Borel subset A C X, we have

/ w(hA A A)dn(h) =0. 8.2)
N

Define a mean ni on (R, i) by
nr(D) = / u({x € X | (hx,x) € DY) dn(h)
N

for a Borel subset D C R. The mean nx is diffuse since n is diffuse, and ny is
balanced by equation (8.2). Since n is invariant under conjugation by G, and u
is G-invariant, we have n (D?®) = nr (D) for all Borel subsets D C R and all
g € G. By Remark 3.9, ny is a mean witnessing that R is inner amenable. O

PROPOSITION 8.2. Let H be a nontrivial countable group, let K be a countable
group acting on a countable set V, and assume that there exists a diffuse K-
invariant mean on V. Then the generalized wreath product G == H v K is
orbitally inner amenable.
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Proof. By assumption, there exists a sequence (Q,),cy of finite subsets of V such
that

) k-0, A Q,/10,] — Oforall k € K, and
(ii) 1g,(v) — Oforallv e V.

We set N := @@, H and view each element of N as a function z: V — H whose
support supp (z) := {v € V | z(v) # ey} is finite. Let K acton N by (k - z)(v) =
z(k~' - v), and identify N and K with subgroups of G, so that G = NK is the
internal semidirect product of N with K and kzk™! =k -z fork € K and z € Z.

Let H n* (Y, vy) be a free ergodic p.m.p. action. We set (Y, v) = (¥), vy)
and let N n* (Y, v) be the componentwise action given by (z*y)(v) = z(v)*y(v)
forz € N,y € Y and v € V. The action N ~* (¥, v) is free and ergodic, and
naturally extends to an action of G, but this extension may not be free in general.
Instead, we set (X, ) := (Y5, v&) and let G ~# (X, ) be the action co-induced
from the action N ~* (Y, v). Explicitly,

(k) x) (ko) = (kg - ) x (k™ "ko)

fork, ko € K,z € N,and x € X. This is a free ergodic p.m.p. action of G. Since N
is normal in G, the action N ~# (X, u) is isomorphic to the product of countably
many copies of the action N ~* (Y, v).

Forve Vandh € H, letz,, € N be the element determined by supp (z,.,) =
{v} and z, ,(v) = h. Fix any nontrivial #y € H, and for each n € N, set F,, =
{zon, | v € Q,}. Conditions (i) and (ii) imply that |F# A F,|/|F,| — 0 and
1£,(g) — Ofor all g € G. Moreover, condition (ii) implies that if C is any Borel
subset of ¥ = ¥, that depends on only finitely many V-coordinates, then for all
large enough n, C is independent of the coordinates in Q,, and hence for every
z € F,, we have zC = C. It follows that for all Borel subsets B C Y, we have
lim,, o sup,.. v(z*B A B) = 0. Since the action N ~# (X, w) is isomorphic to
the product of countably many copies of the action N ~* (Y, v), it follows that
for all Borel subsets A C X, we have

lim sup u(zPA A A) = 0. (8.3)

n—>o00 e p

We set R := R(G ~*# (X, n)). For each n € N, define &, € L'(R, u') by
£,(gPx,x) = 15,(g)/|F,| for g € G and x € X. Then the sequence (&,) is
balanced by equation (8.3). Moreover, (§,) inherits from (F,) the properties of
being asymptotically diffuse and asymptotically invariant under conjugation by
all elements of G. Therefore, by Remark 3.9, any weak*-cluster point of (§,) will
be a mean witnessing that R is inner amenable. O
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REMARK 8.3. In the proof of Proposition 8.2, observe that, since K ~* (X, i)
is a Bernoulli shift, if K is nonamenable, then the action G ~# (X, w) has stable
spectral gap. Thus, if in addition K is finitely generated and centerless, and K
acts on V with infinite orbits, then the centralizer of K in G is trivial, and hence
Corollary 6.6 shows that the equivalence relation R(G ~* (X, u)) is not Schmidt.
Examples of K and V satisfying those conditions are found in [GM], and for such
K and V, R(G ~* (X, )) is inner amenable, but not Schmidt.

8.2. Product groups. Let L be a nonamenable group and let H be a countable
group. We set G := L x H and identify L and H with their respective images,
L x {e} and {e} x H,in G. Let H ~ (Xy, (o) be a free ergodic p.m.p. action, and
let G ~ (X, p) == (X§, n§) be the action such that H acts diagonally and L acts
by Bernoulli shift. Explicitly, the action G ~ X is given by (Ih-x)(k) = h-x(I"'k)
forl,k € L,h € H,and x € X. This is a free ergodic action. Set R := R(G ~ (X,
1)). We discuss whether ‘R is inner amenable or Schmidt. This kind of action is
considered in [C]J] in another context.

PROPOSITION 8.4. With the above notation, we have the following:

(1) If H is inner amenable and the action H ~ (X, l4o) is profinite, then R is
inner amenable.

(1) If H is finitely generated and the center of H is trivial, then the action G
(X, w) is not Schmidt.

(i) If the action H ~ (Xo, o) is mildly mixing, then for every ergodic p.m.p.
action G ~ (Y, v), the diagonal action G ~ (X X Y, u X v) is not inner
amenable.

REMARK 8.5. In particular, if we let the group H and the action H ~ (Xy, (o)
satisfy the assumptions in assertions (i) and (ii) simultaneously, then the action
G ~ (X, ) is inner amenable, but not Schmidt. For example, let H be the
lamplighter group H = (Z/27Z) : Z. Then H is a finitely generated, residually
finite, inner amenable group whose center is trivial.

Proof of Proposition 8.4. The action G ~ (X, ) is isomorphic to the action
co-induced from the action H ~ (Xy, to). The proof of Proposition 8.1 (with
H playing the role of N) therefore shows that R is inner amenable under the
assumption in assertion (i).

We prove assertion (ii). The action L ~ (X, @) is isomorphic to a Bernoulli
shift. Since L is nonamenable, the equivalence relation R; = R(L ~ (X,
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W)) is not inner amenable, and the action L ~ (X, p) has stable spectral gap.
Therefore, the action G ~ (X, i) has stable spectral gap as well. Since H is
finitely generated and the center of H is trivial, Corollary 6.6 shows that if (7},)
is any central sequence in [R], then there exists a sequence (/,) in L such that
uw({x € X | T,(x) = L,x}) — 1. Since [R.] has no nontrivial central sequence,
we must have [, = e for all large enough n, and hence (7,) is asymptotically
trivial.

Assertion (iii) directly follows from Proposition 6.7. O]

REMARK 8.6. In Proposition 8.4 (ii), if the center of H is nontrivial, then the
action G ~ (X, u) may be Schmidt. Indeed, let H := Z and let X, := Z, be
the group of 2-adic integers equipped with the normalized Haar measure . Let
H ~ (Xy, o) be the action given by translation. Then the action G ~ (X, ) is
not stable (since it has stable spectral gap), but is Schmidt since the element 2"
of H = Z for n € N forms a central sequence in [R] (see also [Ke2, Section 29
©D.

In Proposition 8.4 (iii), without the action H ~ (X, o) being mildly mixing,
the conclusion may fail. Indeed, keeping the notation in the last paragraph, we
set (Y, v) := (Xo, o) and let G act on (Y, v) via the projection G — H = Z
and the translation on Z, by Z. Then the diagonal action G ~* (X X Y, u X v)
is stable, seen as follows. Let R, be the orbit equivalence relation of this action.
Forn € N, let T, € [R,] be the element 2" of H = Z, and let A,, be the set of
all (x,y) € X x Y with y, = 0 when y is written as y = Y ., 2"y, € Z, with
v € {0, 1}. Then (T, A,) is a pre-stability sequence for R,.

We construct the following interesting examples via actions of product groups.

PROPOSITION 8.7. There exists an ergodic discrete p.m.p. equivalence relation
whose full group admits a nontrivial central sequence, but admits no nontrivial
central sequence consisting of periodic transformations with uniformly bounded
periods.

Furthermore, there exists an ergodic discrete p.m.p. equivalence relation whose
full group admits a nontrivial central sequence, but admits no nontrivial central
sequence consisting of aperiodic transformations.

Proof. In what follows, for a group G, its center is denoted by Z(G). Let L
and L, be finitely generated, nonamenable groups with trivial center. Let H,
and H; be finitely generated groups, and suppose that Z(H,) is torsion-free
and infinite (for example, take Hy = Z) and that Z(H,) is isomorphic to the
direct sum of infinitely many copies of Z/2Z (for example, by [HI, Theorem 6],
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every countable abelian group is isomorphic to the center of some 2-generated
central-by-metabelian group). For each i = 0, 1, we set G; = L; x H;, so that
Z(G;) = {e} x Z(H;). Since Z(H;) is infinite, we have a free ergodic p.m.p. action
H; ~ (Y;, v;) such that the image of Z(H;) in Aut(Y;, v;) is precompact (see the
proof of [TD, Theorem 15] or Example 8.8). Set (X;, u;) = (Y,.L", vl.L") and let G;
acton (X;, ;) via (I, h) - x)(k) =h-x({"'k) forl,k € L;,h € H; and x € X;.
Let R, denote the orbit equivalence relation of this action G; ~ (X, i;).

The image of Z(G;) = {e} x Z(H;) in Aut(X;, ;) is precompact, so the full
group [R¢,] admits a nontrivial central sequence consisting of nontrivial elements
of Z(G;) that converge to the identity transformation in Aut(X;, u;). The action
G; ~ (X;, u;) is free and has stable spectral gap since L; is nonamenable and
L; x {e} acts by Bernoulli shift on (X;, u;). If (7,,;),, is any central sequence of
elements in [Rg, ], then, since G; is finitely generated, Corollary 6.6 shows that
there exists a sequence (c,;), of nontrivial elements of Z(G;) such that u,;({x €
X | T,;(x) = cnix}) — 1. Therefore, since Z(G) is torsion-free, the sequence
(T,.0) cannot consist of periodic transformations with uniformly bounded periods.
Likewise, since every nontrivial element of Z(G) has order 2, the sequence (7, )
cannot consist of aperiodic transformations. O

8.3. Groups with Schmidt or stable actions. We deal with inner amenable
groups that appear in certain contexts.

EXAMPLE 8.8. Let G be a countable group with an infinite central subgroup
C. A Schmidt action of G is constructed in the proof of [TD, Theorem 15] and
Proposition 7.4, obtained as follows. Embed C into a compact abelian group K,
equip K with the normalized Haar measure, and let C act on K by translation. Let
G ~ X = []g,¢ K be the action co-induced from the action C ~ K. Then C
acts on the product X =[], ,c K diagonally since C is central. Therefore if (c,)
is any sequence of nontrivial elements of C converging to the identity in K, we
have p(c,A A A) — O for all Borel subsets A C X, where u is the probability
measure on X given by the product of the Haar measure on K. Thus (c,) is a
nontrivial central sequence in the full group [G ~ (X, )] by Remark 3.25.

EXAMPLE 8.9. Let H be a countable group with property (T) and suppose that H
has a central element a of infinite order. For nonzero integers p, g with |p| # |q|,
define G to be the HNN extension G := (H,t | ta’t~' = a?). The group G is
ICC, inner amenable, and not stable [Kil].

We construct a Schmidt action of G. Let C be the group generated by a. Embed
C into a compact abelian group K and co-induce the action G ~ X = []; c K
as in Example 8.8. Let & be the probability measure on X. Let N be the kernel
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of the homomorphism G — Z sending each element of H to O and 7 to 1. We
set a, = a”'?". The sequence (a,),cy is asymptotically central in N, that is, for
every g € N, for all sufficiently large n, we have a,g = ga,. Hence the sequence
of elements a,a, ' running through some m > n converges to the identity in K
and is central in the full group [N ~ (X, u)]. Take a free ergodic p.m.p. action
G/N ~ (Y, v) and let G acton X x Y diagonally. As noted in [TD, Remark 7.4],
using this nontrivial central sequence in [N ~ (X, @)] and the hyperfiniteness of
the equivalence relation R(G/N ~ (Y, v)), we can construct a nontrivial central
sequence in [G ~ (X X Y, u x v)].

EXAMPLE 8.10. For a group G, its FC-center R is defined as the set of elements
of G whose centralizer in G is of finite index in G, or equivalently, whose
conjugacy class in G is finite. Then R is a normal subgroup of G. Popa—Vaes
[PV, Theorem 6.4] show that if a countable group G is residually finite and its FC-
center is not virtually abelian, then G is McDuff, that is, G admits a free ergodic
p-m.p. action such that the associated von Neumann algebra tensorially absorbs
the hyperfinite II; factor. A property (T) group satisfying that assumption does
exist [Er], and it provides an example of a nonstable, McDuff group. Based on
this group, Deprez—Vaes [DV, Section 3] constructed an ICC, nonstable, McDuff
group.

The Popa—Vaes construction applies to show that every countable, residually
finite group G with infinite FC-center has the Schmidt property. In fact, in their
proof, it is shown that the sequence (v;,);, in the symbol of that proof, where % runs
through some elements of G, is a nontrivial central sequence in the full group. We
note that in [PV, Theorem 6.4], while the FC-center of G is assumed to be not
virtually abelian, this condition is required for the action to be McDuff. For the
action to admit a nontrivial central sequence in its full group, it suffices to assume
that the FC-center of G is infinite.

Similarly the group G of Deprez—Vaes [DV, Section 3] also has the Schmidt
property. In fact, the action of G they constructed admits the central sequence
(vp)p, in the symbol of their proof.

EXAMPLE 8.11. Let A be a countably infinite, amenable group. Let H be a
countable group acting on A by automorphisms and suppose that all H-orbits
in A are finite. This condition holds, for example, if A is an increasing union of
its finite subgroups invariant under the action of H (and this holds, for example,
for the action SL,(Z) ~ (Z[1/2]/7Z)" induced from the linear action on R"). Let
G := H x A be the semidirect product. Then the FC-center of G contains A
and is hence infinite. We present below two constructions of a free ergodic p.m.p.
action of G that is stable. It is remarkable that for the first stable action of G,
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its restriction to A is ergodic (or rather mixing), while it is not ergodic for the
second one.

The first construction. We set X := [0, 1]* and let u be the probability measure
on X given by the product of the Lebesgue measure on [0, 1]. The group G acts
on A by affine transformations: (h,a) - b = h(ab) for h € H and a,b € A.
This action induces the action G ~ (X, ), which is p.m.p. and ergodic, but is
not necessarily free (for example, if the action of H on A is not faithful). We
show that the groupoid G x (X, w) is stable, that is, it absorbs the ergodic p.m.p.
aperiodic hyperfinite equivalence relation, under the direct product of groupoids.
This is enough for G to admit a free ergodic p.m.p. action that is stable by [Ki3,
Theorem 1.4].

Let K be the closure of the image of H in Aut(A), the automorphism group of
A endowed with the pointwise convergence topology. By the assumption that all
H-orbits in A are finite, the group K is compact. We also have the p.m.p. action
K x A ~ (X, n) induced by the affine action K x A "~ A.

LEMMA 8.12. The action K x A ~ (X, ) is essentially free.

Proof. Let X’ be the set of all x € X such that x(b;) # x(b,) for all distinct
b1, b, € A. Then X' is conull and (K x A)-invariant. We verify that the action
K x A ~ X'is free. Suppose that x € X, k € K, and a € A satisfy (k, a)x = x.
Then x((k,a)"'b) = x(b) for all b € A. Letting b = e, we have x(a™') = x(e)
and hence a = e. Then x(k~'b) = x(b) for all b € A and hence k~'b = b, and
k=e. O

Let R be the orbit equivalence relation of the action K x A ~ (X, u). Let
Y := X/K be the quotient space by the action K ~ X, which is a standard Borel
space since K is compact. Let p: X — Y be the projection. Then the discrete
p-m.p. equivalence relation S on (Y, v), where v := p,pu, is induced as follows.
The set S is given by the quotient of the coordinatewise action K x K ~ R.
We have the induced map p: R — S, and set R; := R(A ~ (X, w)). Then the
restriction p: Ry — S induces a bijection from (R ), onto S, for almost every
x € X.Indeed, itis injective by Lemma 8.12, and is surjective since K normalizes
A. Since A is amenable, R is amenable. Hence S is amenable (this follows from,
for example, the characterization of amenability as the existence of an invariant
state, given in [ADR, Definition 3.2.8] or [KL, Definition 4.57 (i)]).

We have an action of S on the fibered space X with respect to p: For (y»,
y1) € S and x € X with p(x) = y;, we define a point (y,, y;) - x as the unique
point of p~'(y,) that is R-equivalent to x. Then this action of S and the action
of K commute in the sense that for all (y,, y;) € S, k € K and x € X, we have
k((y2, ¥1) - x) = (2, ¥1) - (kx). This holds because K normalizes A.
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We construct a cocycle «: S — K. Choose a Borel section g: ¥ — X of the
quotient map p: X — Y [Kel, Theorem 12.16]. For (y,, y;) € S, with x; = (y,,
y1) - q(y1), we define an element «(y,, y;) of K by the equation a(y,, y;)x, =
g (y2). Then the map « is a cocycle. Indeed, for (ys, y2), (72, y1) € S, with x3 ==
(3, y1) - g(y1) = (3, y2) - xo, we have

a(ys, y)a(y2, y)xs = a(ys, y2)(¥3, y2) - (@(y2, y1)x2)
= a(y3, y2) (3, y2) - q(32) = q(y3).

By the definition of «, this implies that «(y3, y2)a(y2, y1) = a(y3, y1)-

Since S is amenable and hence stable, by Theorem 5.7, after choosing a
decreasing sequence V; D V, D --- of open neighborhoods of the identity in K
with (), V, = {e}, we may find a pre-stability sequence (7, B,) for S such that
a(T,y, y) € V, for every n and almost every y € Y. We define the lift Tn € [Ri]
of T, by T,x = (T, p(x), p(x))-x for x € X. Then T, commutes with all elements
of K, asymptotically commutes with the lifts of all elements of [S], and satisfies
w(T, BAB) — 0 for all Borel subsets B C X. We identify R | with the translation
groupoid A X (X, u), and regard Tn as an element of [A x (X, u)]. Then f,,
commutes with all elements of [H X (X, i)]. Since H X (X, i) and the lifts of
elements of [S] generate G x (X, w), (Tn) is a central sequence in [G X (X, )] by
Remark 3.25. Therefore (Tn, p~'(B,)) is a pre-stability sequence for G x (X, 1),
and G X (X, ) is stable by [Ki3, Theorem 3.1].

The second construction. Let K be the closure of the image of H in Aut(A)
again. We set D := H x A and let K act on D by automorphisms such that
K acts on H x {e} trivially and acts on {e} x A as elements of Aut(A) under
the identification of {e} x A with A. Then L := K x D is a locally compact
second countable group, and clearly D is a lattice in L. Furthermore, we have the
embedding i : G — L defined by i(h, a) = (j(h), (h,a)) forh € H anda € A,
where j: H — Aut(A) is the homomorphism arising from the action of H on
A. The image of i is then a lattice in L. Therefore L is a measure-equivalence
coupling of D and G with respect to the left and right multiplications.

We have the p.m.p. action D ~ L/i(G), and its restriction to {e} x A is trivial.
Indeed, forall a,a’ € A,k € K,and h’' € H, we have

(ex, (en, )k, (W', a")) = (k, (W', (k™" - a)a"))
= (k, (', a))(ex, (en, (@) (k™" - a)a)) € (k, (W', @))i(G).

Choose a free ergodic p.m.p. action A ~ (X, ) arbitrarily. Let D x G act on
L x X by

((h, @), &)U, x) = ((h, a)li(g)™", ax)
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forhe Hiae A,g € G,l € L,and x € X. Then L x X is a measure-equivalence
coupling of D and G such that the groupoid D x ((L x X)/i(G)) is stable.
Therefore the groupoid G x ((L x X)/D) is also stable, and G is stable by [Ki3,
Theorem 1.4].

9. Topologies of the full group

Let (G, ) be a discrete p.m.p. groupoid. Extending the definition in
Subsection 3.6, we say that a sequence (¢,) of elements of [G] is central in

[Glif u({x € G° | (W) # (@) }) — Oforall ¥ € [G] and say that a central
sequence (¢,) in [G] is trivial if

w({x € G°| (¢n); is a central element of the group gh— L

In this section, we show that there exists a nontrivial central sequence in [G] if and
only if the set of inner automorphisms of G given by conjugation of an element of
[G] is not closed in Aut(G), the automorphism group of G, under the assumption
that the associated equivalence relation Rg = {(r(g), s(g)) | g € G} is aperiodic.

Let us discuss the topologies of [G] and Aut(G). We endow the full group [G]
with the uniform topology induced by the metric 8, (¢, ¥) = u({x € G° | ¢, #
¥, }). This metric is bi-invariant, that is, §, (¥ @1, v ¢») = 8,(¢1, ¢2) = S. (1Y,
dy) for all ¢y, ¢, ¥ € [G].

LEMMA 9.1. With respect to the uniform topology, [G] is a Polish group.

Proof. We first prove that [G] is a topological group. For all ¢, ¥ € [G], we have
8.(¢p, ¥) = 8,(¢", ¥~ "), and therefore the map ¢ > ¢! is continuous. For all
b1, 2, Y1, Y2 € [G], we have 8, (11, $a2r2) < 8u(Pi, ¢2) + 8, (Y1, ¥2). Indeed
if x € G° satisfies (1), # (p2¥2),, then either (¥)), # (Yn), or (Y)), =
(¥2)x and (1), y1)o) # (@2)r(y1))» and this implies the inequality. Thus the map
(¢, ¥) — ¢ is continuous.

We prove that the topology is Polish. This is proved by embedding [G] into
L'(G, u') by identifying each element of [G] with its indicator function. For all
¢, ¥ € [G], we then have §,(¢p, ¥) = ||¢ — V|l 1(.1)/2. Thus the uniform topology
on [G] coincides with the relative topology induced by the norm of L'(G, u').
The set [G] is norm-closed in L'(G, u'). This is because a function f € L'(G,
') belongs to [G] if and only if it satisfies the following three conditions, each
of which defines a norm-closed subset of L'(G, u!): f takes only value O or
1, the function x +— c}(f|g,) on GO is equal to 1 almost everywhere, and the
function x > ¢’ (f|gr) on G° is also equal to 1 almost everywhere, where ¢ and
¢’ are the counting measures on the fibers G, and G*, respectively. The second
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condition defines a norm-closed subset since the linear map L' (G, u') — L'(G°,
w) sending f to the function in the condition is contractive. Similarly the third
condition defines a norm-closed subset. [

We define Aut(G) as the group of Borel groupoid automorphisms of G, where
two such automorphisms are identified if they agree pu'-almost everywhere. We
will endow Aut(G) with a topology by embedding it into a larger Polish group.
Let Iso([G], 8,) be the group of isometries of the metric space ([G],5,). We
endow the group Iso([G], 8,) with the pointwise convergence topology, which
makes it a Polish group [Kel, 9.B, 9)]. For F € Aut(G) and ¢ € [G], we define
the section F(¢) € [G] by F(¢), = F(¢r-1() for x € G° Then we obtain
the homomorphism i : Aut(G) — Iso([G], §,) defined by i(F)(¢) = F(¢) for
F € Aut(G) and ¢ € [G].

PROPOSITION 9.2. Suppose that the associated equivalence relation

R=Rg=1{r(g).s(g)|ged)

is aperiodic, that is, almost every equivalence class of R is infinite. Then, we have
the following:

(1) The homomorphism i : Aut(G) — Iso([G], 8,) is injective.
(i1) The image i (Aut(G)) is closed in the Polish group Iso([G], 8,).

Proof. For a principal G, assertion (i) is proved in [Ke2, Corollary 4.11]. We
reduce the proof for a general G to that for a principal one. Pick F € Aut(G) such
that i (F) is the identity. The map F induces the automorphism F € Aut(R). Fix
a Borel section o of the quotient map G — R. For ¢ € [R], its lift ¢~ € [F]
is defined by (¢~), = o(¢(x), x) for x € G°. Since i(F) is the identity, for
every ¢ € [R], we have F(¢~) = ¢~ and thus F(¢) = ¢. By [Ke2, Corollary
4.11] (that is, assertion (i) for a principal G), F is the identity. Hence F' induces
the group automorphism of the isotropy group G* at every x € G°. The isotropy
subgroupoid Gisy ‘= Uxego G is covered by countably many sections in [Gis],
and each of those sections is fixed by F. It thus follows that F is the identity on
G for almost every x € G°. Assertion (i) follows.

We prove assertion (ii). Assertion (ii) is also proved for a principal G in [Ke2,
p.41], and we will use it in the proof. Pick a sequence (F,) in Aut(G) such
that the sequence (i(F,)) converges in Iso([G], 8,). Then for all ¢ € [G], the
sequence (F,(¢)) converges in [G]. We have to find an F € Aut(G) such that
i(F,) converges to i (F) in Iso([G], §,). For each ¢ € [G], since F,(¢) converges
to some ¥ € [G], it is natural to define the automorphism F: G — G so that
F(¢) = . To realize this idea, we need the following claim.
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CLAIM 9.3. Let ¢y, ¢ € [G] and assume that for some nonnull Borel subset
A C G°, we have (¢,), = (¢), forall x € A. Let Yy, v, € [G] be the limits of the
sequences (F,(¢y)), (F,(¢,)) in the metric §,, respectively. Then (Y1), = (V1)
for almost every x € A.

Proof. We put ¢ = (¢) ¢, and ¥ = (,) "'4;. Then F,(¢) converges to v in
the metric §,, and it suffices to show that i, = x for all x € A. Since ¢, = x for
all x € A, we have F,(¢), = x forall x € A and

nlx € Al #x}) < u({x € A Fu(d)r # ¥i}) < 8u(Fu(9), ) — 0

as n — oo. Thus i, = x for almost every x € A. O

Prior to defining the desired automorphism F: G — G, we need to construct
the automorphism F?: G° — GO that F will extend. In fact, we will define the
map F so that for each ¢ € [G], letting ¥ € [G] be the limit of F,(¢), we have
F(¢.) = Vroy) for p-almost every x € G°. In the definition of the homomorphism
i: Aut(G) — Iso([G], 8,), replacing G into R, we obtain the homomorphism
Aut(R) — Iso(['R], 8,). We use the same symbol i to denote this homomorphism
if there is no cause for confusion. Let F, € Aut(R) denote the automorphism
induced by F, € Aut(G).

CLAIM 9.4. The sequence (i(F))) converges in Iso([R], 8,).

If this is shown, then since the image z(Aut(R)) is closed in Iso([R] 8.) [Ke2,
p.41], we obtain F e Aut(R) such that i (F,) converges to i(F) in Iso([R], 8.).
that is, F, (¢) converges to F(¢) in the metric 8, for all ¢ € [R]. We then obtain
the automorphism F° € Aut(G°) that restricts F .

Proof of Claim 9.4. Choosing a countable dense subset {6, } of [R], we obtain the
compatible metric 6 on the group Iso([R], é,) defined by

S(e, B) =Y 27 (Bu(@(Br), BB)) + 8u(e™" (B1), B~ (61)))

k=1

fora, B € Iso([R], 8,). By [BK, Corollary 1.2.2], this metric § is complete. Hence
it suffices to show that (i(F,)) is a Cauchy sequence with respect to this metric
8, and to show it, it suffices to show that for every ¢ € [R], (F,(¢)) is a Cauchy
sequence with respect to the metric §,. We note that if F, and ¢ are _regarded
as a map from G° into itself, then F, (¢) is by definition the section ((F, (p(x)),

F,(x)) | x € G°}, and is identified with the automorphism F,o¢o F;': G* — G°.
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Pick ¢ € [R]. We then have the lift ¢~ € [G] defined by (¢™), = o (¢ (x), x)
as before, where o is a fixed Borel section of the quotient map G — K. Since the
sequence (i (F,)) converges in Iso([G], 8,), the sequence (F,(¢~)) converges in
[G] in the metric §,. Thus

8u(Fu($), Fu(9)) = n({x € G° | (Fu())(x) # (Fu($) (X))
S n(x € G° | By @)y # Fu(@7))) = 8u(Fu(@7), Fu(@™) = 0

as n,m — oo, where the inequality holds since (F,(¢))(x) is the range of
Fo(@7)x. 0

We now define amap F: G — G. First write G as the union of countably many
sections in [G], G = (J, .y ¢« (Where those sections may not be mutually disjoint).
For each k € N, let ¢, € [G] be the limit of the sequence (F,(¢y)), in [G], and
set F((r)x) = (Y1) ro(y) for x € G°. By Claim 9.3, this map F: G — G is well
defined (after discarding a null set), and does not depend on the choice of the
sections ¢ covering G. To show that F belongs to Aut(G), we first observe the
following.

CLAIM 9.5. For u'-almost every g € G, we have s(F(g)) = F°(s(g)) and
r(F(g)) = F°(r(g)).

Proof. The first equation follows from the definition of F'. We prove the second
equation. For ¢ € [G], let ¢~ € [R] be the induced element given by the map
x — r(¢y). Pick ¢ € [G] and let ¢ € [G] be the limit of F,(¢). Since i (F,) —
i(F) in Iso([R], 8.), we have F,(¢~) — F(¢~) in [R]. We also have F,(¢~) =
F,(¢)~ — ¥ in [R]. Therefore F(¢~) = ¥ . This means that for x'-almost
every x € G° we have F(q&’(x),x) = (Y~ (F°(x)), F°(x)), and the range of
the left-hand side is F°(¢~(x)). Thus F°(r(¢,)) = F°(¢~(x)) = v~ (F°(x)) =
r (Y o)), and this proves the second equation in the claim. O

By the definition of F, for every ¢ € [G], letting ¥ € [G] be the limit of
F,(¢), we have {F(¢,) | x € G°} = . Let us denote this ¥ by F(¢). Note that
F,(¢) — F(¢)in[G].

CLAIM 9.6. The map F: G — G belongs to Aut(G).
Proof. We first verify that the map F: G — G is a groupoid homomorphism,

that is, for u'-almost every h € G, the equation F(gh) = F(g)F(h) holds for
all g € G,. Claim 9.5 ensures that the product F(g) F(h) is defined. It suffices
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to show that for all ¢, ¢ € [G], we have F (¢, V) = F($, ) F(Y,) for p-
almost every x € G°. Since F, € Aut(G), we have F,(¢v) = F,(¢)F,({), and
as n — oo, we have F(¢y) = F(¢)F (). We then obtain the desired equation
by comparing F($y) po( and (F($)F () roce.

We verify that F has an inverse. The map F is constructed from the sequence
(F,) in Aut(G) such that (i(F),)) converges in Iso([G], §,). Similarly, from the
sequence (F, '), we can construct the map G : G — G such that for each ¢ € [G],
the set {G(¢,) | x € G°} is an element of [G], denoted by G(¢), and it is the limit
of F,'(¢). Pick ¢ € [G]. Then for every n, by the triangle inequality,

8.(G(F(#)), $) < 8.(G(F(9)), F (F (@) + 8.(F, (F(#)), $).

In the right-hand side, the first term converges to 0 as n — 00, and the second term
is equal to 6, (F (¢), F,(¢)), which also converges to 0. Therefore G(F (¢)) = ¢
for all ¢ € [G], and this implies that G o F is the identity u'-almost everywhere.
Similarly, F o G is also the identity u'-almost everywhere. O

Now our remaining task is to prove that i (F,) converges to i (F) in Iso([G], 3,),
that is, for all ¢ € [G], F,(¢) converges to F(¢) in [G]. However, this follows
from the definition of F', as noted before Claim 9.6. O

Recall that the group Iso([G], 8,) is endowed with the pointwise convergence
topology. Therefore, the following § defines a compatible metric on Iso([G], &,):

5@, B) =D 278, (@(60). BO)) + 8, 6. B~ 6)))
k=1

for «, B € Iso([G], 3.), where {6} is a countable dense subset of [G]. By [BK,
Corollary 1.2.2], this metric § is complete. In the rest of this section, we suppose
that the associated equivalence relation Rg is aperiodic. We define the topology
7 on Aut(G) as the topology induced by the relative topology of the image
i(Aut(GQ)) in Iso([G], 8,), via the embedding i. By Proposition 9.2 (ii), we obtain
the following.

PROPOSITION 9.7. Suppose that the associated equivalence relation Rg is
aperiodic. With respect to the topology t, Aut(G) is a Polish group, and the
following 8. defines a compatible complete metric on Aut(G):

8:(F, G) = Z 27584 (F (61), G(00) + 8.(F ' (6), G™'(60)))

k=1

for F, G € Aut(G), where {0,} is a countable dense subset of [G].
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We define the homomorphism j: [G] — Aut(G) by conjugation. That is,
for each ¢ € [G], we define the automorphism j(¢): G — G by j(¢)(g) =
br)8(bs(e)) " for g € G. If G is principal, then j is injective [Ke2, Corollary
4.11]. In general, j may not be injective. In fact, ker j precisely consists of all
¢ € [G] such that for u-almost every x € G°, ¢, belongs to the isotropy group G*
and is central in G¥. The homomorphism i o j: [G] — Iso([G], §,) is continuous
since for ¢ € [G], the isometry (i o j)(¢) is given by the map ¥ — ¢y¢~'. Thus
J is also continuous, and ker j is a closed subgroup of [G]. We now arrive at the
goal of this section.

PROPOSITION 9.8. Suppose that the associated equivalence relation Rg is
aperiodic. Then there exists a nontrivial central sequence in [G] if and only if
J([G)) is not closed in Aut(G) with respect to the fopology .

Proof. Let[G], := [G]/ ker j be the quotient group and endow it with the quotient
topology. Since ker j is closed in [G], the group [G], is Polish [BK, Proposition
1.2.3]. We have the compatible metric d on [G], defined by

d([¢], [¥]) = inf{8,(d1, Y1) | 1 € [@], Y1 € [Y]}

for ¢, ¥ € [G], where [¢] € [G], denotes the projection of ¢. The homomorphism
Jj induces the injective continuous homomorphism j,: [G], — Aut(G).

CLAIM 9.9. The image j([G]) = j.([G].) is closed in Aut(G) if and only if j, is
a homeomorphism onto its image.

Proof. If j,([G],) is closed in Aut(G), then it is Polish with respect to the
relative topology, and the map j,: [G], — Jj.([G].) is a continuous bijective
homomorphism between Polish groups. Such a homomorphism is a Borel
isomorphism by [Kel, Corollary 15.2], and is a homeomorphism by [Kel,
Theorem 9.10].

If j, is a homeomorphism onto its image, then the relative topology on j,([G],)
induced from Aut(G) is Polish, and by [BK, Proposition 1.2.1] (together with
[Kel, Theorem 3.11] for supplementing the proof in [BK]), j, ([G],) is closed in
Aut(G). O

Suppose that j, is a homeomorphism onto its image. Let (¢,) be a central
sequence in [G]. Then §.(j(¢,),id) — 0. By assumption, d([¢,], [1]) — O,
where 1 € [G] denotes the trivial element. Since d([¢,], [1]) is equal to the
infimum of §,(¢,, ¥) among ¢ € ker j, the central sequence (¢, ) is trivial. Thus
we proved the ‘only if” part of the proposition.
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Suppose that j, is not a homeomorphism onto its image. Since j, is continuous,
the map j': j,([Gl.) — [G]. is not continuous, that is, there exist ¢,, ¢ € [G]
such that j(¢,) — j(¢) in Aut(G) and [¢,] /> [¢] in [G].. Then for ¥, = ¢, ¢,
we have j(¢,) — id in Aut(G) and [¥,,] 4 [1]in [G],. Thus (v, is a nontrivial
central sequence in [G], and this proves the ‘if” part of the proposition. O
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