STATIONARY ACTIONS OF HIGHER RANK LATTICES
ON VON NEUMANN ALGEBRAS
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ABSTRACT. These are the notes of a lecture series given at the Workshop on Operator Al-
gebras held at RIMS, Kyoto University, during January 20-22, 2020. In this lecture series,
I discuss a recent joint work with Rémi Boutonnet [BH19] in which we show that for higher
rank lattices (e.g. SL3(Z)), the left regular representation A is weakly contained in any weakly
mixing unitary representation 7. This strengthens Margulis’ normal subgroup theorem [Ma91],
Stuck—Zimmer’s stabilizer rigidity result [SZ92] as well as Peterson’s character rigidity result
[Peld]. We also show that Uniformly Recurrent Subgroups (URS) of higher rank lattices are
finite, answering a question of Glasner—Weiss [GW14]. I will explain the main novelty of our
work that consists in proving a structure theorem for stationary actions of higher rank lattices
on von Neumann algebras.
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1. LECTURE 1: INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

Introduction. A major achievement in the theory of discrete subgroups of semisimple Lie
groups is Margulis’ superrigidity theorem. The statement is as follows: whenever G is a con-
nected semisimple Lie group with trivial center, no compact factor and real rank at least two,
I' < G is an irreducible lattice and H is a simple Lie group with trivial center, any homo-
morphism 7 : I' — H such that «(I") is Zariski dense in H and not relatively compact in H
extends to a continuous homomorphism 7 : G — H (see [Ma91, Chapter VII] for more general
statements). Connes suggested that there should be a rich analogy between the embedding
of a lattice in its ambient Lie group and the embedding of a lattice in its ambient group von
Neumann algebra (see [Jo00]).

The first operator algebraic superrigidity theorem was obtained by Bekka [Be06] who showed that
when I" = PSL,,(Z) with n > 3 and M is a type II; factor, any homomorphism 7 : I' — U(M)
such that 7(I')” = M extends to a normal unital x-isomorphism 7 : L(I') — M. Recently,
Peterson [Pel4] obtained a far-reaching generalization of Bekka’s result by showing that any
irreducible lattice I' < G in a property (T) connected semisimple Lie group with trivial center
and real rank at least two is operator algebraic superrigid in the above sense (see also [CP13]).
Operator algebraic superrigidity can be reformulated as a classification problem for characters
on the group.

Recall that a character on a countable discrete group A is a normalized positive definite function
that is conjugation invariant. Thanks to the GNS construction, any character on A gives
rise to a homomorphism of A into the unitary group of a tracial von Neumann algebra. For
example, the natural embedding of A in its group von Neumann algebra L(A) corresponds
to the Dirac character d.. A rich source of characters comes from ergodic theory of group
actions. Indeed, for any probability measure preserving (pmp) action A ~ (X,v), the map
¢: A —C:v—v({r € X |~yr=ux}) defines a character on A. Then ¢ = ¢, if and only
if the action A ~ (X,v) is essentially free. The set Char(A) of all characters on a countable
discrete group A is a compact convex set with respect to pointwise convergence. The group A is
operator algebraic superrigid in the above sense if and only if every extreme point ¢ € Char(A)
is either almost periodic (i.e. the corresponding GNS representation is finite dimensional) or
© = de. See [Bel9, PT13] for other character rigidity results.

Terminology. Before stating our main results, we introduce the following notation that we
will use throughout these lectures.

e Let GG be any connected simple Lie group with finite center and reak rank at least two.
Choose a maximal compact subgroup K < G and a minimal parabolic subgroup P < G,
so that G = KP. Let I' < G be any lattice. We then simply say that I' < G is a higher
rank lattice.

e We denote by vp € Prob(G/P) the unique K-invariant Borel probability measure on
the homogeneous space G/P. More generally, if P C Q C G is a parabolic subgroup, we
denote by vg € Prob(G/Q) the unique K-invariant Borel probability measure on the
homogeneous space G/@Q. Observe that for every parabolic subgroup P C @ C G, the
probability measure vg € Prob(G/Q) is G-quasi-invariant.

Example. For every n > 3, let G = SL,(R). Then we may choose K = SO,(R), P < G the
subgroup of upper triangular matrices and I" = SL,,(Z).

To simplify the exposition, we choose to state our main results in the setting of simple Lie
groups. We refer to [BH19] where results hold more generally for semisimple Lie groups.

Representation and URS rigidity for higher rank lattices. By [BCH94], when G is a
noncompact simple Lie group with trivial center, any lattice I' < G is C*-simple and has the
unique trace property, that is, the reduced C*-algebra C(I") is simple and has a unique tracial
state T (see also [BKKO14] for a new approach). Our first main result provides a far-reaching
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generalization of this phenomenon to arbitrary weakly mixing representations of higher rank
lattices. Recall that a unitary representation m is weakly mizing if m does not contain any
nonzero finite dimensional subrepresentation.

Theorem A (Representation rigidity [BH19]). Let G be as in the notation and assume moreover
that G has trivial center. Let I' < G be any lattice. Then for any weakly mizing representation
m: ' — U(Hy), the left regular representation X is weakly contained in w. Moreover, if we let
© : Cr(I') = CX(T') : w(7y) = A(v) be the corresponding surjective unital x-homomorphism, then

(i) 7 o © s the unique tracial state on Cy(I').
(ii) ker(©) is the unique proper maximal ideal of C.(T").

The next proposition explains why one may regard Theorem A as a strengthening of Margulis’
normal subgroup theorem ([Ma91, Chapter IV]), Stuck—Zimmer’s stabilizer rigidity result [SZ92]
and Peterson’s character rigidity result [Pel4].

Proposition 1.1. Let A be any infinite countable discrete group that satisfies the conclusion of
Theorem A. Then

(i) A is just infinite, that is, any nontrivial normal subgroup N < A has finite index.
(ii) A is stabilizer rigid, that is, any properly ergodic pmp action is essentially free.
(iii) A s character rigid, that is, any extreme character is either almost periodic or is de.

Proof. Let A be any infinite countable discrete group that satisfies the conclusion of Theorem A.

(i) Let N < A be any infinite index normal subgroup. Then the left quasi-regular representation
7 : A — U*(A/N)) is weakly mixing. Since A satisfies the conclusion of Theorem A, there
exists a surjective unital *-homomorphism © : C:(A) — C}(A) such that ©(m(v)) = A(y) for
every 7 € A. Since N < A is normal, for every v € N, we have n(y) = 1 and so A(y) =
O(m(vy)) = ©(1) = 1. Since A is faithful, it follows that N = 1.

(ii) Let A ~ (X,v) be any properly ergodic pmp action. Denote by R the corresponding
orbit equivalence relation and by 7 : A — U(L?*(R)) the unitary representation defined by
(r(Mn)(x,y) = n(y~'z,y) for v € A, n € L*(R), (z,y) € R. Denote by £ = 1a € L*(R)
the unit vector corresponding to the diagonal A C R and observe that 7 = (-¢£,&) is a tracial
state on CJ(A). Since R has infinite orbits almost everywhere, [PT13, Proposition 3.1] implies
that 7 is weakly mixing. Since A satisfies the conclusion of Theorem A, we have v(Fix(vy)) =
(m(7)€,€) = 6,,¢ for every v € A. This implies that A ~ (X, v) is essentially free.

(iii) Let ¢ € Char(A) be any extreme point. Denote by (m, H,{) the corresponding GNS
triple. Assume that ¢ is not almost periodic. By extremality, 7(I')” is a type II; factor and
so 7 is necessarily weakly mixing. Since A satisfies the conclusion of Theorem A, we have
o(v) = (m(7)&, &) = 0, for every v € A. This implies that ¢ = de. O

Denote by Sub(I') the compact metrizable space of all subgroups of I' endowed with the
Chabauty topology. Define the conjugation action I' ~ Sub(T') by v-A = yAy~! for y € T
and A € Sub(T"). In the measurable setting, following [AGV 12|, an invariant random subgroup
(IRS for short) is a conjugation invariant Borel probability measure v € Prob(Sub(I')). By
Stuck—Zimmer’s stabilizer rigidity result [SZ92, Corollary 4.4], any ergodic IRS of any lattice
I' < G, where G is as in the notation and with trivial center, is finite. In the topological setting,
following [GW14], a uniformly recurrent subgroup (URS for short) is a nonempty closed minimal
I-invariant subset X C Sub(I'). The study of URSs has received a lot of attention recently due
to its connections with IRSs ([7s12, Gel4]) and C*-simplicity ([Kel5, LBMB16]). Our second
main result provides a topological analogue of Stuck—Zimmer’s stabilizer rigidity result [SZ92]
and answers positively a question raised by Glasner—Weiss (see [GW14, Problem 5.4]).

Theorem B (URS rigidity [BH19]). Let G be as in the notation and assume moreover that G
has trivial center. Let I' < G be any lattice. For any minimal action I' ~ X on a compact
metrizable space, either X is finite or the action I' ~ X 1is topologically free. In particular, any

URS of T is finite.
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Classification of stationary characters of higher rank lattices. Let us introduce some
terminology regarding Poisson boundaries. Let H be any locally compact second countable
(Iesc) group and p € Prob(H) any admissible Borel probability measure, that is, u is equivalent
to the Haar measure. Let X be any standard Borel space, v € Prob(X) any Borel probability
measure and H ~ X any Borel action. We say that v is p-stationary if p* v = v. We then
say that (X,v) is a (H,u)-space. In that case, the measure v € Prob(X) is necessarily H-
quasi-invariant (see e.g. [NZ97, Lemma 1.1]). Following [FuGQaL BS04], we say that a bounded
function f : H — C is (right) p-harmonic if f(g) = [ f(gh)du(h) for every g € H. Any
bounded p-harmonic function is necessarily contmuous Denote by Har*(H, u) the (left) H-
space of all bounded p-harmonic functions on H. We denote by (B,vp) the (H, pu)-Poisson
boundary (see [Fu62b, Fu00]). The Poisson boundary (B,vg) is an ergodic (H, p)-space that
enjoys remarkable structural properties. The first result we need regarding Poisson boundaries
is the following fundamental fact.

Lemma 1.2 ([BS04, Theorem 2.11]). The linear mapping
T L®(B,vp) » Har™(H,p) : f — [

where f fB (gw) dvp(w) for every g € H, is H-equivariant, isometric and bijective.

The second result we need regarding Poisson boundaries ensures the existence and uniqueness
of boundary maps. Whenever A is unital H-C*-algebra and ¢ € S(A) is a state, we say that ¢
is p-stationary if p* ¢ = ¢. By Markov—Kalutani’s lemma, there always exists a u-stationary
state ¢ € S(A).

Lemma 1.3 ([BH19, Theorem 2.5]). Let A be any separable unital H-C*-algebra and ¢ €
S(A) any p-stationary state. Then there exists an essentially unique H -equivariant measurable
boundary map By : B — S(A) : w — ¢y that satisfies

b= /Bcbw dvp(w

The following concept is central in these lectures.

Definition 1.4 (Furstenberg measure). Let G be as in the notation and I' < G any lattice. We
say that a probability measure pg € Prob(I') is Furstenbery if the following three conditions are
satisfied:

(i) The support of pg is equal to T';
(ii) po * vp = vp, that is, vp is pg-stationary;
(iii) The space (G/P,vp) is the (I, up)-Poisson boundary.

By a result of Furstenberg [Fu67, Theorem 3] (see also [Fu00, Theorem 2.21]), there always exists
a Furstenberg measure pg € Prob(T"). Moreover, for every parabolic subgroup P C @ C G,
vg € Prob(G/Q) is the unique po-stationary Borel probability measure on the homogeneous
space G/Q (see [Ma91, Corollary VI.3.9]).

Let A be any countable discrete group and p € Prob(A) any probability measure. We say that a
normalized positive definite function ¢ : A — C is a p-characterif 3 -y pu(7) (v tgy) = v(g)
for all ¢ € A. Any character on A is obviously a pu-character. Conversely, our next result
shows that when I' is a higher rank lattice and py € Prob(I") is a Furstenberg measure, any
po-character is a genuine character. We moreover obtain a new proof of Peterson’s character
rigidity result [Peld].

Theorem C (Classification of pp-characters [BH19]). Let G be as in the notation and assume
moreover that G has trivial center. Let I’ < G be any lattice and pg € Prob(T") any Furstenberg
measure. The following assertions hold:

(i) Any po-character ¢ on I' is conjugation invariant, that is, ¢ is a genuine character.
(ii) Any extreme point ¢ € Char(I') is either almost periodic or ¢ = 6.
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Let us explain how we can deduce Theorem A from Theorem C.

Proof of Theorem A using Theorem C. Assume that G has trivial center. Let I' < G be any
lattice. Since I" has property (T), I' has only countably many finite dimensional unitary repre-
sentations up to unitary conjugacy, that we denote by m,, n > 1 (see [Wa74, Theorem 2.1(iv)]).
Denote by mp = A the left regular representation. Theorem C (ii) implies that I" has countably
many extreme points in the space of characters: those corresponding to the finite dimensional
unitary representations (m,, H,), denoted by 7,, n > 1; and the one corresponding to the left
regular representation mg = A, namely the Dirac map at the identity, denoted by 79 = Je.

Let 7 be any weakly mixing unitary representation. Set A = C(T") and denote by o : I' ~ A
the conjugation action defined by o, = Ad(n(y)) for every v € I'. By Markov-Kakutani’s
lemma, there exists a pp-stationary state ¢ € S(A). Since ¢ = ¢ o 7 is a pg-character, it is in
fact a genuine character by Theorem C (i). This means that ¢ is a tracial state. Thus, A has at
least one tracial state. We now prove that the left regular representation A is weakly contained
in 7 and that A has a unique tracial state.

Let ¢ € S(A) be any tracial state and denote by ¢ = ¢ o w the corresponding character on I'.
By the first paragraph, we may find a sequence (o, )nen of nonnegative real numbers such that

L=3 enonand ¢ =3 N Oy Ty

Claim 1.5. For every n € N such that «,, # 0, we have that =, is weakly contained in .

Indeed, we view m, and 7 as representations of the full C*-algebra C*(I"). Regard ¢ = ¢pom
as a state on C*(I"). We denote by ¢,, the canonical faithful normal tracial state on the finite
factor 7, (I")” so that ¢, om, = 7,,. Note that ¢,, is implemented by a cyclic vector &, € H,. By
uniqueness of the GNS representation, we have that (m,, H,,§,) is the GNS triple associated
with 7,,. For all a,b € C*(T"), we have

Hﬂn(b) 7Tn<a)§nH = Hba 1

Van

If m(b) = 0, then m,(b) = 0. This proves our claim.

||ba

[ @[] - I (a)]]-
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1
or < —F/—
2,(;5#_\/@

Using Claim 1.5, we obtain that «,, = 0 for every n > 1. Then ¢ = 79 and Claim 1.5 implies that
A = mp is weakly contained in w. Denote by © : A — C}(I') : m(y) — A(y) the corresponding
surjective unital x-homomorphism. Then we have ¢ = 79 0 ©. This shows that A = CL(I") has
a unique tracial state.

Finally, we show that ker(©) is the unique proper maximal ideal of A = C(I"). Assume that
I C A is a proper ideal and consider the quotient map o : A — A/I. Then the unitary
representation p : I' - U(A/I) : v — «a(n(y)) is weakly contained in 7 and hence is weakly
mixing (because 7 is weakly mixing and I" has property (T)). By the first part of the proof, we
know that A is weakly contained in p, which in turn implies that the map 5 : A/I — C}(T') :
a(m(y)) — A(7y) is a well-defined surjective unital *-homomorphism. By construction, we have
© = B o a. This shows that I = ker(a) C ker(O). O

Our main rigidity results apply to C*-algebras, unitary representations and topological dynamics
associated with higher rank lattices. As we will explain in the next lecture, all these rigidity
results are deduced from a general structure theorem for stationary actions of higher rank
lattices on von Neumann algebras.
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2. LECTURE 2: THE STRUCTURE THEOREM AND ITS CONSEQUENCES

The structure theorem for stationary actions of higher rank lattices. Let H be any
lesc group and p € Prob(H) any admissible Borel probability measure. Let M be any H-von
Neumann algebra and ¢ € M, any normal state. We say that the action ¢ : H ~ M is ergodic
if the fixed-point subalgebra M = {z € M | 04(z) = x,Vg € H} satisfies M = C1. As in
the previous lecture, we say that the state ¢ € M, is u-stationary if pu * ¢ = ¢. If the action
o : H ~ M is ergodic and the state ¢ € M, is p-stationary, we say that (M, ) is an ergodic
(H, p)-von Neumann algebra.

The main novelty of our work is the following structure theorem for stationary actions of higher
rank lattices on von Neumann algebras.

Theorem D (Structure of pp-stationary actions [BH19]). Let G be as in the notation. Let
I' < G be any lattice and py € Prob(T') any Furstenberg measure. Let (M, @) be any ergodic
(T, up)-von Neumann algebra. Then the following dichotomy holds:

e Fither ¢ is I'-invariant.
o Or there exist a proper parabolic subgroup P C Q) C G and a I'-equivariant normal unital
x-embedding 0 : L°(G/Q,vg) — M such that o0 = vg.

We point out that this result is even new in the case when M is abelian. Let us first explain
how we can deduce Theorem B from Theorem D.

Proof of Theorem B using Theorem D. Assume that G has trivial center. Let I' < G be any
lattice. Choose a Furstenberg measure p9 € Prob(I'). Let I' ~ X be any minimal action.
Choose an extreme point v in the compact convex set of all ug-stationary Borel probability
measures on the compact metrizable space X. Then the action I' ~ (X, v) is ergodic. Moreover,
since the action I' ~ X is minimal, we have supp(v) = X. Assume that X is not finite. By
minimality and pg-stationary, the probability space (X, v) is necessarily diffuse. Moreover, since
I' ~ X is minimal, in order to show that I' ~ X is topologically free, it suffices to show that
I' ~ (X, v) is essentially free. There are two cases to consider:

e Assume that v is I-invariant. Then the action I' ~ (X, v) is essentially free by Stuck—
Zimmer’s stabilizer rigidity result [SZ92, Corollary 4.4].

e Assume that v is not I'-invariant. By Theorem D, there exist a proper parabolic sub-
group P C Q € G and a I'-equivariant measurable factor map (X,v) — (G/Q,vq).
Since I' ~ (G/Q, vq) is essentially free by Lemma 2.1 below, it follows that I' ~ (X, v)
is essentially free.

Let now X C Sub(I') be any URS. By definition of the URS and since I' # {e}, for every
x = A € X, we have Stabr(z) = Np(A) # {e}. This implies that I' ~ X is not topologically
free. Therefore, X is finite. U

Classification of stationary characters using the structure theorem. The goal of this
lecture is to prove Theorem C using Theorem D. We first need to prove a few preliminary
results. The following result is essentially contained in [Oz16, Remark 13].

Lemma 2.1 ([BH19, Lemma 6.2]). Let G be as in the notation and assume moreover that G
has trivial center. Let I' < G be any lattice and H < G any proper closed subgroup. Denote by
vg/u € Prob(G/H) a G-quasi-invariant Borel probability measure. Then I' ~ (G/H,vq ) is
essentially free.

Proof. Set N = gec 91 ¢~ ! and note that N is proper closed normal subgroup of G. Since G
is a simple Lie group with trivial center, it follows that N = 1.
Let v € I' be any element such that vg/g({gH € G/H | vgH = gH}) > 0. Let d = dim(G). By

[0z16, Remark 13], for almost every (gi,...,g4+1) € GT1, we have ﬂ;iill gng;1 = N. This
implies that vy € I'N N and so v = e. O
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The next lemma is inspired by Hartman—Kalantar [HK17, Example 4.11] and Haagerup [Hal5,
Lemma 3.1].

Lemma 2.2 ([BH19, Lemma 6.3]). Let G be as in the notation and assume moreover that G has
trivial center. Let I' < G be any lattice and py € Prob(I") any Furstenberg measure. Let B be
any unital C*-algebra and w: T' — U(B) any unitary representation. Consider the conjugation
action o : I' ~ B defined by 0, = Ad(n(7y)) for every v € T.

Assume that there exist a proper parabolic subgroup P C Q € G and a I'-equivariant unital
x-homomorphism 6 : C(G/Q) — B. Let ¢ € S(B) be any po-stationary state. Then we have
o = 0.

Proof. Let ¢ € S(B) be any pp-stationary state. Denote by A C B the separable unital C*-
subalgebra generated by 7(I') and §(C(G/Q)) and observe that A C B is globally I'-invariant
under the action o. Since A is separable and since ¢|4 € S(A) is pp-stationary, Lemma 1.3 shows
that there exists an essentially unique I'-equivariant measurable boundary map Sy : G/P —
S(A) : w — ¢y, that satisfies ¢ = fG/P ¢w dvp(w). Denote by pg : G/P — G/Q the factor map
that moreover satisfies (pg)«vp = vg. Since the state ¢ o 0 is pp-stationary on C(G/Q) and
since v is the only po-stationary state on C(G/Q) (see [Ma91, Corollary VI.3.9]), we infer that

¢w o fdvp(w) = o =vg :/ Ope (w) AP (W).
G/P G/P

By Lemma 1.3, the I'-equivariant measurable maps G/P — S(C(G/Q)) : w +— ¢y 0 0 and
G/P — S(C(G/Q)) : w + dy,(w) coincide almost everywhere. Thus there exists a conull
measurable subset 7 C G/P such that ¢, 00 = Opo(w) for every w € Q4. Since ;) €
S(C(G/Q)) is multiplicative, we infer that (C(G/Q)) lies in the multiplicative domaln of ¢y
for every w € Q.

Fix v € T'\ {e}. Since vo({y € G/Q | vy = y}) = 0 by Lemma 2.1, we may find a conull
measurable subset Q2 C G/P such that ypg(w) # po(w) for all w € Qy. Fix w € Q1 N Qy,
set y = po(w) € G/Q and choose a continuous function f € C(G/Q) such that f(y) = 1 and
f(yy) = 0. We compute

Su(m(7) = F(y) du((7)) = ¢u(O(f) 7(7)) = ¢u(n(7)0(05 () = du(n (7)) f(yy) = 0.

By integrating with respect to w € Q1 N Q9, we obtain ¢(7(y)) = 0. O
We are now ready to prove Theorem C using Theorem D.

Proof of Theorem C using Theorem D. Let G be as in the notation and assume moreover that
G has trivial center. Let I' < G be any lattice and py € Prob(I") any Furstenberg measure.

(i) Observe that the set Char,,, (") of all yp-characters on I is a nonempty compact convex subset
of the space ¢>°(I") endowed with the weak* topology. Using Krein—-Milman’s theorem, in order
to prove Theorem C, it suffices to show that any extreme point in Char,,(I") is conjugation
invariant.

Let ¢ € Char,,(I') be any extreme point. Denote by (7, H,{) the GNS triple corresponding
to ¢ and set M = ©(T')"”. Recall that ¢(y) = (7(7)&, &) for every v € I'. We denote by ¢ the
normal state (-&,&) on M and observe that ¢ = ¢ o w. Denote by o : I' ~ M the conjugation
action defined by 0, = Ad(n (7)) for every v € I'. Then ¢ € M, is a normal pg-stationary state.
Observe that ¢ € Char,,(I") is conjugation invariant if and only if ¢ € M, is I'-invariant.

First, we prove that ¢ € M, is faithful. Indeed, let x € M be any element such that ¢(z*x) = 0.
Since o * ¢ = ¢, we obtain

> o) e w(ENP = mo(v) ) arz (7)) = (po * ¢)(z" ) = $(z*z) = 0.
el ~yel

This implies that z 7(v){ = 0 for all v € supp(uo) = I'. Since ¢ is 7(I')-cyclic, we conclude that
xn =0 for all n € H and so x = 0. Thus, ¢ € M, is a faithful normal state.
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Next, we prove that the action I' ~ M is ergodic. We prove the contrapositive statement.
Assume that M' = Z(M) is nontrivial. Then there is a nontrivial projection p € Z(M)\ {0, 1}.

Since ¢ is faithful, ¢(p) ¢ {0,1}. Define the po-stationary normal states ¢; = ﬁqﬁ( -p) € M,

and ¢3 = 5i50(- (1 = p)) € M. We have ¢ = ¢(p) ¢1 + ¢(1 — p) 2. We have ¢1(p) = 1
and ¢2(p) = 0 so that ¢1 # ¢2. Define the po-characters ¢1 = ¢ om € Chary,(I') and
2 = ¢ppom € Chary, (I'). We have ¢ = ¢(p) o1+ ¢(1 —p) 2. Since ¢1 and ¢ are normal, since
¢1 # ¢2 and since the linear span of 7(I") is ultraweakly dense in M, there exists v € I" such

that ©1(v) = é1(m (7)) # d2(7(y)) = w2(7v). This implies that @1 # w2 and hence ¢ is not an
extreme point in Char,,(I"). This shows that the action I' ~ M is ergodic.

Then the action I' ~ M is ergodic and ¢ € M, is a pg-stationary faithful normal state. Assume
by contradiction that ¢ is not I'-invariant. By Theorem D, there exist a proper parabolic
subgroup P C @ € G and a I'-equivariant unital *-homomorphism 6 : C(G/Q) — M. By
Lemma 2.2, we obtain that ¢ = ¢ o = §, is conjugation invariant. This further implies that ¢
is I'-invariant, contradicting our assumption.

(ii) Let ¢ € Char(I') be any extreme point. Denote by (7, H, {) the GNS triple corresponding to
¢. The von Neumann algebra M = 7(I")” is a finite factor and the vector state ¢ = (-&, &) € M.,
is the canonical faithful normal trace. Denote by J : H — H : x€ — z*£ the canonical anti-
unitary. We have JMJ = M’ N B(H). The Hilbert space H is naturally endowed with an
M-M-bimodule structure given by zny = xJy*Jn for all x,y € M and all n € H.

Following [Pe14], define B = (L>°(G/P) @ B(H))" the fixed-point von Neumann algebra with
respect to the I'-action a : I' ~ L*(G/ P, vp) @B(H) defined by oy = 0,®Ad(J7()J) for every
v €. Here, o : I' ~ L°°(G/P,vp) is the natural translation action. Alternatively, we can view
B as the von Neumann algebra of all essentially bounded measurable functions f : G/P — B(H),
modulo equality vp-almost everywhere, that satisty f(yw) = Ad(Jn(y)J)(f(w)) for every v € T'
and vp-almost every w € G/P. Note that C1 ® M C B corresponds to the von Neumann
subalgebra of all essentially constant measurable functions f : G/P — M. Since P is amenable
since L°°(G/I") @ B(H) is amenable and since B = (L*°(G/T) ® B(H))", it follows that B is
amenable (see [CP13, Section 2]).

Define the conjugation action 3 : I' ~ L*(G/P)®@B(H) by 8y = Ad(1®@7 (7)) for every v € I.
Then  commutes with o and so B is globally I'-invariant under the action .

Claim 2.3 ([BH19, Lemma 6.4]). The following assertions hold true:

(i) The action 5 : ' ~ B is ergodic.
(ii) The normal state ®: B — C: f fG/P<f(w)§,£> dvp(w) is po-stationary.

Proof of Claim 2.3. (i) Denote by B = {f € B | 8,(f) = f,Vy € '} the fixed-point von
Neumann subalgebra of B with respect to the action 3. Since JMJ = M’ N B(H), by con-
struction, B°I) is the von Neumann algebra of all essentially bounded measurable functions f :
G/P — JMJ, modulo equality vp-almost everywhere, that satisfy f(yw) = Ad(Jw(7)J)(f(w))
for every v € T' and vp-almost every w € G/P. Since JM.J is a finite von Neumann algebra
with separable predual, we may view it as a separable metric space with respect to the distance
d: JMJ x JMJ — Rsq defined by d(JaJ, JyJ) = é((y — x)*(y — z))Y/? for all z,y € M.
Moreover, the action Ad(Jw(-)J) : I' ~ (JMJ,d) is isometric since ¢ is a (faithful normal)
trace on M. Then [BF14, Theorem 2.5] implies that BT ¢ C1 (we also used that M is a
factor).

(ii) For every f € B, we have

> m) 86 () = S o) [ () n()€ m(0)6) dvp(w)

~yel ~yel G/pP
= po(y) /G ) I I I aE) dvp(w)
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= ZMO(’Y)/

(f(yw)€, &) dvp(w)  (since f € B)
/P

el G
= / (f(w)€, &) dvp(w) (since vp is po-stationary)
G/P
= (/).
Thus, ¢ is a pg-stationary state. (]

By Claim 2.3 and Theorem D, the following dichotomy holds:

(1) Either & is I'-invariant with respect to 5.
(2) Or there exist a proper parabolic subgroup P C @ C G and a I'-equivariant map
0:C(G/Q) — B.

If (2) holds, Lemma 2.2 shows that ®o (1®7) = d. and so pom = .. If (1) holds, we show that
that M is a finite dimensional factor and hence ¢ is almost periodic. Since I' has property (T),
M has property (T) in the sense of [CJ83] so it suffices to prove that M is amenable. Indeed,
any tracial factor that simultaneously has property (T) and that is amenable is necessarily finite
dimensional. As we saw, B is amenable, so we only need to verify that C1 ® M = B.

For every f € B and every v € I', we have

B(5;1(f)) = /G L) )6 T8 dv(w)
= [ (fw) In() I I7(3) I dwpw)
G/P

- / ()€, € dvp(w).
G/P

Since this quantity does not depend on v € I', the bounded pp-harmonic function I' - C : v —
fG/P<f(7w)§,£> dvp(w) is constant. Since (G/P,vp) is the (I, up)-Poisson boundary, Lemma
1.2 shows that the bounded measurable function G/P — C : w — (f(w),&) is vp-almost
everywhere constant. Since C1 ® M C B, we deduce that for all f € B and all a,b € M,
(1®b*)f(1®a) € B and so the measurable function G/P — C : w — (f(w) a&, b) is essentially
constant. By separability of H and density of M in H, we conclude that f is essentially
constant. Since f(yw) = Ad(Jn(y)J)(f(w)) for every v € T and vp-almost every w € G/P,
we conclude that the unique essential value of f commutes with JMJ and so lies in M. This
shows that f € C1 ® M. Thus, we have C1®@ M = B. O

Stationary induction. Let G be as in the notation and I' < G any lattice. Let M be any
I-von Neumann algebra. Define the induced von Neumann algebra Ind$ (M) = (L®(G) & M)"
where the action T' ~ L®(G) ® M is given by p, ® o, for v € T'. We endow Ind{f (M) with
the induced G-action given by (A, @ idys) for g € G. Then M = Ind{ (M) is naturally a G-von
Neumann algebra.

Denote by mgr € Prob(G/I') the unique G-invariant Borel probability measure. If ¢ € M.,
is a [-invariant normal state on M, then ¢ = mg;r ® ¢ € M, is a G-invariant normal state
on M. Our next result shows that under particular assumptions, starting from a stationary
normal state on the I'-von Neumann algebra M, one can naturally define a stationary normal
state on the induced G-von Neumann algebra M.

Theorem 2.4 (Stationary induction [BH19]). Let G be as in the notation and i € Prob(G) any
K -invariant admissible Borel probability measure. Let T' < G be any lattice and po € Prob(I")
any Furstenberg measure.

Let (M, ¢) be any ergodic (T, po)-von Neumann algebra. Set M = Ind$(M). Then there exists
a p-stationary normal state ¢ € M, so that (M, p) is an ergodic (G, u)-von Neumann algebra.
Moreover, ¢ is I'-invariant if and only if ¢ is G-invariant.
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Proof. The following approach was suggested to us by Stefaan Vaes. His argument is shorter
than our original proof (see [BH19, Section 4]). Thanks to Lemma 1.2, we may identify
L>®(G/P,vp) and Har>™(T', ) in a I-equivariant way. Define the normal ucp I'-map 6 :
M — Har®([,po) : z — (v = ¢(05'(x))). We may then regard # as a normal ucp I'-
map 6 : M — L°(G/P,vp). Inducing from I' to G, we define the normal ucp G-map
O : (L*(G)® M)'' — (L*(G) ® L>(G/P))" by restricting idje~ (g ®0 to (L*(G) ® M)T.
Since (G/P,vp) is a G-space, it is easy to see that we can identify the G-von Neumann algebra
(L>®(G) ® L®(G/P))' with the G-von Neumann algebra L>°(G/T') ® L*°(G/P) endowed with
the diagonal action G ~ G/T x G/P.

Since vp and p * vp are K-invariant Borel probability measures on G/ P, it follows that vp =
p*vp and so vp is p-stationary. Define ¢ = (mg/r @ vp) 0 © € M.. Since mgr is G-invariant
and vp is p-stationary, ¢ is p-stationary.

If ¢ is I-invariant, then 0(z) = ¢(z)1 for every € M. This implies that ¢ = mg;r®@¢ and so ¢
is G-invariant. Conversely, assume that ¢ is G-invariant. Let € M. For every g € G, we have
gvp(0(z)) = vp(O(x)). By [Fu62a, Theorem 5.3], since (G/ P, vp) is the (G, u)-Poisson boundary
and since the bounded p-harmonic function G — C : g — gvp(6(x)) is constant, Lemma 1.2
implies that §(z) € L>(G/P,vp) is an essentially constant function. By construction and since
(G/P,vp) is the (T, uo)-Poisson boundary, Lemma 1.2 further implies that §(z) = ¢(x)1. This
finally shows that ¢ is I-invariant. O

Theorem 2.4 shows that in order to prove the structure theorem for stationary actions of higher
rank lattices, we need to prove the structure theorem for stationary actions of the ambient
Lie group. The structure theorem for stationary actions of higher rank simple Lie groups on
arbitrary von Neumann algebras is a noncommutative analogue of Nevo—Zimmer’s celebrated
structure theorem [NZ00, Theorem 1]|. This is the main topic of the next lecture.
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3. LECTURE 3: THE NONCOMMUTATIVE NEVO—ZIMMER THEOREM

The main technical result of our work is the following noncommutative analogue of Nevo—
Zimmer’s celebrated structure theorem [NZ00, Theorem 1].

Theorem E (Noncommutative Nevo—Zimmer theorem [BH19]). Let G be as in the notation.
Let p € Prob(G) be any K-invariant admissible Borel probability measure. Let (M, ) be any
ergodic (G, p)-von Neumann algebra. Then the following dichotomy holds:

o Fither ¢ is G-invariant.
o Or there exist a proper parabolic subgroup P C Q C G and a G-equivariant normal

x-embedding © : L°(G/Q,vg) — M such that p 0 © = vg.
To simplify the exposition, we present the proof of Theorem E in the particular case when
G = SL3(R). We refer the reader to [BH19, Section 5] for the proof in the general case.

Let us first introduce some notation and terminology. Define the following subgroups of G =
SL3(R):

* % % * 0 0 1 x % 1 0 0
P=|0 % x P=1[x % 0 V=10 1 =« V=|x 10
0 0 =« * % % 0 0 1 x % 1

Let (M, ¢) be any ergodic (G, u)-von Neumann algebra with separable predual and denote by
o : G ~ M the corresponding continuous action. Note that ¢ € M, is a faithful normal state
(see [BH19, Lemma 2.1]). If we denote by (7, Hy,&,) the GNS triple associated with (M, ¢),
we may and will assume that 7,(z) = z for every x € M. Choose a globally G-invariant
ultraweakly dense separable unital C*-subalgebra A C M such that the action G ~ A is norm
continuous (see the proof of [Ta03, Proposition XIII.1.2]). Since (G/P, vp) is the (G, p)-Poisson
boundary, we may define 1) € S(A) as the unique P-invariant state corresponding to ¢|4 so
that ¢|4 = fG/Pw oo, dvp(gP) (see Lemma 1.3 and [BH19, Theorem 2.6 and Example 2.7]).

Let (my, Hy, &) be the GNS triple associated with (A, ) and set N' = m,(A)”. We also denote
by 1 the normal state (-&y,&y) on N. By definition, we have ¥ (my(a)) = (my(a)éy, &) = ¥(a)
for every a € A. Since the action P ~ A is i-preserving, it extends to a continuous action
oV . P ~ N such that Jé\/(ww(a)) = my(og(a)), for all g € P, a € A (see [Ta02, Exercice
1.10.7]). Denote by ¢ € N the support projection of ¢ € N,. Recall that ¢ is the orthogonal
projection of Hy, onto the closure of N"€,. Since 0¥ : P ~ N is ¢)-preserving, we have ¢ € N7
We point out that the action ¢V : P ~ N need not be ergodic and so ¢ need not be equal to 1.
However, to simplify the exposition, we will assume that ¢ = 1, that is, 1) is faithful on N'. We
refer the reader to [BH19, Section 5] for the more general proof.

Our first task will be to embed G-equivariantly M into the induced von Neumann algebra of
the action P ~ N. Before doing so, let us give some concrete facts on this action, as in [NZ00,
Section 7]. Following [Ma91, Lemma IV.2.2], the product map V x P — G : (v,p) — vp is
a homeomorphism onto its image V P which is open and conull in G. As explained in [Ma91,
IV.2.6], the restriction of the quotient map G — G/P : g v gP to V gives a measure space
isomorphism (V,vy) — (G/P,vp) : © — ©P, whose inverse is denoted by 7. Observe that
the Borel probability measure vy € Prob(V) is in the same class as the Haar measure M7
Modifying 7 on a set of measure 0, we can ensure that 7 : G/P — G is a measurable section to
the quotient map G' — G/P such that 7(vP) = 7, for all ¥ € V. We may identify the induced

action G ~ Ind%(N) with the continuous G-action & : G ~ L®(G/P)®&N given by the formula
Gy(F)(w) = o F(g~'w)), for all F € L®°(G/P)@N,g € G,we G/P,

cf(g7g‘1w)(
where ¢, : G x G/P — P is the measurable 1-cocycle associated with 7. By definition, we
have ¢, (g, w) = 7(gw) g7 (w) for all g € G, w € G/P. Furthermore, using our measure space
identification, we have a von Neumann algebra isomorphism

L¥(G/P)BN = L=(V) T N.
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The induced G-action may then be transported to a G-action on the right hand side von
Neumann algebra. We can moreover obtain a very concrete formula when restricting the action
to P. Indeed, observe that

P — (gv)P € VP forallge V,o eV
= (gug )P VP forallge S,veV.

The above observation gives the corresponding 1-cocycle computation and we obtain that the
P-action 7 : P ~ L®(V)® N is given by:

—1—=

~ . JF(g ) ifgeV e — . —
(04(F))(0) = {aé\/(F(g_lfug)) o forall Fe L*(V)®N,v€ V.

Consider the map ¢ : A — L*(G/P) @ N defined by the formula ¢(a)(w) = my(o ;(L)( a)), for

all a € A, w € G/P. Under the identification L*°(G/P) ®N = L>®(V) ® N, the mapping
: A — L®(V) ® N is given by the formula ¢(a)(v) = my(0;  (a)), for alla € A, 7€ V.

Lemma 3.1. The map ¢ extends to a well-defined G-equivariant normal unital *-embedding

L: M —=L®(G/P)®@N such that (vp @1)) o1 = ¢.

Proof. First, observe that for every a € A, g € G and w € G/P, we have

(g @))(w) = my (o7 L (04 a)))

= Ty (Or(w)~1gr(g-1w)r(g—1w)~1 (@)

N gt T(0 7 1) (@) = 5y (u(0)) (w).

=0

Therefore t(og4(a)) = d4(e(a)). Since ¢ € N is P-invariant, the bounded continuous map
G/P — C: gP — (0, (a)) is well-defined and we have

(vp @) ((a)) = w(a;(ij)(a)) dvp(w) = w(ag_l(a)) dvp(gP) = ¢(a), for all a € A.

G/P G/P

Thus, once we proved that ¢ : M — Ind%(N) extends to a normal unital *-embedding, we will
necessarily have that ¢ is G-equivariant and (vp ® ¥) ot = .

Set H = L2(G/P,vp) ® Hy and § = 1g/p ® & € H. Denote by p € t(A) N B(H) the
orthogonal projection onto the closed linear span K = 1(A)¢. We identify B(K) = pB(H)p.
Observe that £ is a ¢(A)-cyclic vector in K that implements the state ¢ on A. Thus, by
uniqueness of the GNS representation, the unitary representation A — B(K) : a — t(a)p is
unitarily conjugate to m, = id. In particular, it indeed extends to a normal unital *-isomorphism
M = (A)"p : a — (a)p. We are left to check that the normal unital *-homomorphism
t(A)" = (A)"p: f+— fpis injective. Let f € ¢(A)” be such that fp = 0. For every a € A, we
have fi(a)¢ = 0. Regarding f €L>®(G/P,N), for every a € A and almost every w € G/P, we
have f(w) (0 ( a))&y = 0. Since A is separable, this implies that for almost every w € G/P

and every a € A, we have f(w)my(o T(w)( a))&y = 0. Since & is my(A)-cyclic, we conclude that
f(w) =0 for almost every w € G/P. This finally shows that f = 0. O

,7_

From now on, we will equally use the letter o to denote any of the actions involved.

Proof of Theorem E. We assume that ¢ is not G-invariant and we will show that there exist
a proper parabolic subgroup P C @ € G and a G-equivariant normal unital x-embedding
© : L*(G/Q,vg) — M such that ¢ 0 © = v. In order to do this, we will construct an abelian
G-invariant von Neumann subalgebra Z, C M for which ¢|z, is not G-invariant. Then we will
apply Nevo—Zimmer’s result [NZ00, Theorem 1] to conclude.
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Since ¢ is not G-invariant and since ¢ € M., ¢|4 is not G-invariant either. Recall that
ola = fG /P Yo ag_l dvp(gP). This implies that ¢ is not G-invariant. Define the elementary
subgroups

0
0
1

Observe that V = (F9;, F31, E32) and that G = (P, V). Since ¢ is P-invariant but not G-

invariant, ¢ is not V-invariant. To fix the notation, we may and will assume that ¢ is not
Ess-invariant (the reasoning is analogous with Fs; and Es;). Set

Eo = B3 =

S ¥ =
O = O
_— o O
* O =
¥ = O

0
1
0

= o O

1
E3 =10
0

1o x\ 10 0y 100 100
Vo=10 1 0] Vo={|x 1 0] Te=([0 10| s=[0 20
001 x« 01 0 * 1 00 2

Then Uy = E33, V = Vg x Uy = V- Uy. Observe that s acts by conjugation on Vj as a
contracting automorphism. Likewise, s~ acts by conjugation on V as a contracting automor-
phism. Note also that s commutes with Ujy. We identify L®(V) = L®(V) ® L= (Uy). The
actions sZ A L®(V)@N and Vy ~ L®(V) ® N are given by

(31) O’S(F)(@()?UO) = U?/(F(S_lﬁosaﬂ(])) and O-!](F)(E(MHO) = F(g_lﬁ(]:ﬂ(]%

for all F' € LOO(VO X U()) @N, g € Vo, Vo € Vo, ug € U().

The strategy of the first part of the proof of Theorem E is strongly inspired by the techniques
developed by Nevo—Zimmer in [NZ00] (most notably the proofs of [NZ00, Theorem 1] and
[NZ00, Proposition 10.1]). Since the action o : P ~ N is t¢-preserving and since ¢ is assumed
to be faithful, we may consider the unique y-preserving faithful normal conditional expectation
Es: N — N5,

Claim 3.2. Let a € A C M. For every n € N, define a,, = n%rl Sk o0¥(a) € A. The following
assertions hold:

e For every (Do, ) € V, t(an)(Vo, o) — Es(t(a)(e, o)) strongly in N.

e Define the bounded measurable function f : V — N : (99, 7o) — Es(t(a)(€,up)). Then
f € t«(M). Thus, there exists a unique element ao, € M such that t(ar) = f and
an — Ao strongly in M.

Proof of Claim 3.2. The proof follows the same strategy as the one of [NZ00, Proposition 7.1].
Let (Tg, ) € V = VgxUg. Let € > 0. Since a € A, since the action G ~ A is norm continuous
and since s *7ys¥ — e in V as k — oo, there exists kg = ko(vo,uwg) € N such that for every
k > ko, we have ||o 1(a) —al| <e. For all k > ko, we have

s~huy
le(f (@) (@0, W) — e(0 () (€, To)l| = |y (05, (05, (05 (a)))) — my(og, (o5(a))]
< log-rpr15e(a) —af
<e.
Since € > 0 was arbitrary, we deduce that

(3-2) lim [|¢(an) (vo, W) — ¢(an)(€; @o)|| = 0.

Since s commutes with g, we have o¥(1(a)(€, %)) = (0¥ (a))(€, ) for every k € N. Since the

action o : sZ ~ N is 9-preserving, von Neumann’s ergodic theorem implies that

> ok (u(a) @ 0) — Ex(e(a) (@ 1)
k=0

= 0.
n+1

P
This further implies that lim, ||c(an)(€, %) — Es(¢(a)(€,))|ly = 0. Combining this with (3.2),
we obtain that

(3.3) lim [[¢(an) (vo, o) — Es(e(a)(e,U0)) [l = 0.

lim
n—oo
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This proves the first item. Define the bounded measurable function f : V — N*: (g, 1) —
Es(¢(a)(€,1p)). Observe that we may regard f € L*(Up,N*). Lebesgue’s dominated con-

vergence theorem implies that t(a,) — f strongly in L°°(V) ® N. This further implies that
f€uM). Set as =17 (f) € M. Then a,, — as strongly in M. O

Define the following subgroups of G = SL3(R)):

%n a B x k%
Wo,s = 0 2" 0] |ne€eZ,a,BeR and Pp=10 = =
0o o 27 0 =

It follows from the above decomposition of Fy that Wy, is a normal subgroup of Fy. Since
Wos C P C Py, it follows that Wy is a normal subgroup of P. We have the following
inclusions of fixed-point von Neumann subalgebras:

NP c NWos « N c .

Observe that N0 is a P-von Neumann algebra since Wo,s is a normal subgroup of P. Maut-
ner’s phenomenon implies that NWo.s = /S, Indeed, since the action o : P ~ A is 1)-preserving,
for every b € N'* and every vy € Vp, we have

1709 (0) = bllyy = [|oghugs—r (D) = Dlly = 0 as &k — o0

This implies that o, (b) = b. Therefore, N& = /L/' Wo.s is a P-von Neumann algebra. Denote by
mg, (resp. my; ) a Haar measure on Uy (resp. Vo).

Define My = "HL*(G/P) ® N®). Since N* C N is globally P-invariant and since ¢ is a
G-equivariant normal unital x-embedding, it follows that Mo C M is a globally G-invariant
von Neumann subalgebra. Since the action G ~ M is ergodic, the action G ~ My is ergodic.

Claim 3.3. The action G ~ M is not g-preserving. In particular, we have My # C1.

Proof of Claim 3.3. By contradiction, assume that the action G ~ M is ¢-preserving. Since ¢
is a G-equivariant normal unital x-embedding such that (vp®1)or = ¢ and since the continuous
P-action o : P ~ N is 1)-preserving, for every € My, the following quantity does not depend
on g € G:

(o (x)) = / (o () (w)) dup(w)
G/P

- (UCT(gfl,gw)(L(x)(gw)» dVP(w)
a/p

= (t(z)(gw)) dvp(w).
G/P

Therefore, the bounded p-harmonic function G - C : g — fG/Pq/)(L(x)(gw))dyp(w) is con-

stant. Since (G/P,vp) is the (G, p)-Poisson boundary, Theorem 1.2 implies that the bounded
measurable function G/P — C: w — ¢(¢(z)(w)) is vp-almost everywhere constant.

Let a € A be any element. Regarding L®(G/P,vp) = L®(V, 1), since ass € My and since
t(as) € L°(Up) ® N by Claim 3.2, this implies that the bounded measurable function Uy —
C : U — Y(t(aco)(Uo)) is my -almost everywhere constant. By Claim 3.2, for my -almost

every Ug € Ug, t(ay)(€,Uy) — t(as)(to) strongly in . Since the action o : sZ ~ N is -
preserving and since s commutes with Ug, we have ¥(i(a,)(€,%o)) = ¥((a)(€, o)) = w(agol(a))
for every n € N and every %y € Ug. Then ¥(i(as)(Tp)) = limy, ¥(c(ay) (€, o)) = 1/1(0501 (a)) for
mg,-almost every U € Up. Since the function Uy — C : Ty — w(aﬂ_ol(a)) is continuous and
constant myg -almost everywhere, it is constant everywhere. This shows that for every up € Uy
and every a € A, w(oﬂ_ol(a)) = 1)(a). This contradicts the fact that ¢ is not Up-preserving. [
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The strategy of the second part of the proof of Theorem E is new compared to the proof
of [NZ00, Theorem 1]. We make use of various von Neumann algebraic techniques involving
essential values into noncommutative algebras, disintegration theory and the slice mapping
theorem of Ge-Kadison [GK95] and its generalization by Stratila-Zsidé [SZ98]. We will show
that the continuous G-action G ~ Z(My) (which is ergodic and p-stationary) does not preserve
. We will then apply [NZ00, Theorem 1] to obtain the second item stated in Theorem E.
Recall that V = V x Uy so that L®(V) = L>(V) ® L>°(Uy). Choose a Borel probability
measure vy € Prob(Vy) that is in the same class as the Haar measure my,. Put Q@ =
L>®(Up) ® N* and regard

LO(V) BN = L®(V0) @ (L®(T0) 8N®) = L®(V) ® Q = L™(V,, Q).

As usual, we endow Q with the strong operator topology. Let f € L>(V, Q). Up to discarding
a null measurable subset in Vo, we may view f € L>(Vy,Ballg(0, ||f|l)). Denote by Fy C
Ballg(0, || f|loo) the essential range of f. Since Q has separable predual, Ballg(0, ||y|ls) C
Q is Polish with respect to the strong operator topology. Then the essential range Fy C
Ballg(0, || flleo) of f is strongly closed in Q and coincides with the set of essential values of f.
Moreover, up to discarding a null measurable subset of V¢, we may view f € L>(V, Fy).

Regard (M) C L°(Vy, Q). Choose a strongly dense countable subset {z,, | n € N} of M.
Define the von Neumann subalgebra Qg C Q by

Qo = \/{FL(mn) | ne N}
Claim 3.4. We have Cly;, ® Qp C ¢(Mo) C L=(Vy) @ Qo.

Proof of Claim 3.4. Up to discarding a null measurable subset of V(, we may assume that
v(xn) € L®(Vo, Fy(y,) for every n € N. This implies that ¢(xz,) € L>(Vg, Qo) for every n € N.
Since {x,, | n € N} is strongly dense in My and since Qp is a von Neumann algebra, this further
implies that (M) C L™= (V, Q) = L¥(V) ® Qp.

Choose a faithful state ¥ € (Qp)«. Let n € N and set f = «(z,) € t(Mp). Regard f €
L>®(Vy, Ff) with Fy C Ballg,(0,]f|loc). Let b € Fy be any essential value of f. For every
k € N, define

. 1
By, = {vo € Vo lllf(@wo) —blw < k:+1}

Since b € Fy, we have vy, (By) > 0. For every k € N, applying [Ma91, Lemma IV.2.5(a)] to
By, there exist hy € Vo and ny € N large enough so that limy, vy, (s™ hiBj s~ ™) = 1. For
every k € N, set g, = s"hy, € s% x V. We will show that o, (f) converges strongly to Iy, ®b
in Qo as k — co. This will clearly imply that 1z ® b€ t(My) and the claim will follow.

In view of formula (3.1) and since s acts trivially on N*, observe that
06 (f)(@0) = oy (f((hx) ™" s ™™ Tgs™)) = f((hi)~"s™ " Tps™), for all T € Vo.
For all k € N, set C, = s™ h;Bj, s~ ™ C V. By assumption, we have limy, V7, (Ck) =1 and

we may compute

log, (f) = 1y, ® bHZvOW = /V £ (k)™ s ™™ Tos™ ) — blF dv, (To)
0

=[;MRMMIS”WwW)—M%mWJm)
k
—%u/“ () s — bl dup (80)
Vo\Clk

< Gt P O + 21 v, (Vo \ o).
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This quantity converges to 0 as kK — oo. Since the sequence (o, (f))ren is uniformly bounded,
it follows that oy, (f) — 1y, ® b strongly as k — oo. O

Claim 3.4 implies that Cly, ® Z(Qo) C Z(1(Mo)) C L® (V) ® Z(Qo)-
Claim 3.5. We have that Cly, ® Z(Qo) # Z(1(Mo)).

Proof of Claim 3.5. The following approach was suggested to us by Narutaka Ozawa. While our
original proof relies on Ge-Kadison’s splitting theorem (see [GK95, Theorem Al), his argument
relies on Stratila-Zsidd’s generalization of Ge-Kadison’s result (see [SZ98, Theorem 4.1]). By
contradiction, assume that Cly; ® Z(Qo) = Z(¢«(Mp)). Since

L(Mo) N (L=(Vo) ® 2(Qo)) = Z(1(My)) = Cly, ® 2(0)

splits, [SZ98, Theorem 4.1] implies that ¢«(My) = Cly, ® Qo splits. Since s acts trivially on Qo,
(3.1) implies that s acts trivially on M. Since G is a connected simple Lie group with trivial
center, this implies that G acts trivially on M. This contradicts Claim 3.3. (]

Claim 3.6. The action G ~ Z(Mj) is not yp-preserving.

Proof of Claim 3.6. By contradiction, assume that the action G ~ Z(My) is p-preserving.
Regard +(Z(My)) C (M) € L>®(V) @ N®. The same argument as in the proof of Claim 3.3
shows that for every x € Z(M,), the bounded measurable function V' — C : 7 +— 9(c(x)(v)) is

vi-almost everywhere constant. Since (14 ® v) ot = ¢, this means that for every x € Z(My),
we have (idy; @) (v(x)) = () 13-

Recall that L>°(V) = LOOLVO) ® LOO(UO),EV = 1y, @ 1g,, idyy = idy;, ®idg,. Once again,
consider the splitting L>=(V) ® N = L™ (V) ® (L>(Up) ® N*¥). Choose a Borel probability
measure Vg, € Prob(U)) that is in the same class as the Haar measure mg,- Set o = vy, @Y €
(L*°(Ug)®@N*®), and observe that vy is a faithful normal state on L°°(Ug)®@N®. Then we obtain

Vo € Z(Mo),  (idg, ©10)(u(x)) = (idp, @vg, ©6)(:())
= (idy, @vg) ((idp, ®idg, @¥)(u(x)))

= (id, ®vg,) (¢(2) 1y)
= o(z) 1y, -

Observe that ((Z(Mo)) = Z(«(My)). Since Cly, ® Z(Qo) C 1(Z(My)), for every z €
Z(My) and every b € Z(Qp), we have 1(z)(1y, ®b) € 1(Z2(My)) and so (idy @byo)(c(z)) =
(idy, ®¥o)(e(z)(157, @ b)) € Clys,. Since Yo|z(q,) is faithful, Hahn-Banach theorem implies
that the linear subspace {biy | b€ Z(Qp)} is || - ||-dense in Z(Qp)«. This implies that for
every x € Z(My) and every p € Z(Qp)«, we have (idy, ®p)(i(x)) € Cly,. Moreover, for
every x € Z(My) and every p € L>®(Vy)., we have (p ® idz(g,))(v(x)) € Z(Qp). Then [GK95,
Theorem BJ implies that ((Z2(My)) = Cly, ® Z(Qo) and thus Z(¢(Mp)) = Cly, @ Z(Qo).
This contradicts Claim 3.5. g

By Claim 3.6, we have that (Z(M,), ¢) is an abelian ergodic (G, p)-von Neumann algebra for
which the action G ~ Z(My) is not ¢-preserving. We can now apply [NZ00, Theorem 1] to
obtain that there exist a proper parabolic subgroup P C @ € G and a G-equivariant normal
unital *-embedding © : L*(G/Q) — Z(My) C M such that ¢ 0 © = vg. This finishes the
proof of Theorem E. O

The proof of Theorem D is now a combination of Theorem E, Theorem 2.4 and a disintegration
argument for x-representations of separable unital C*-algebras. We refer the reader to [BH19,
Section 6] for the details.
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