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Abstract

In this dissertation, we study boundary actions, equivariant injective envelopes, as well as the
ideal structure of reduced crossed products. These topics have recently been linked to the
study of C*-simple groups, that is, groups with simple reduced group C*-algebras.

In joint work with Matthew Kennedy, we consider reduced twisted crossed products over
C*-simple groups. For any twisted C*-dynamical system over a C*-simple group, we prove
that there is a one-to-one correspondence between maximal invariant ideals in the underlying
C*-algebra and maximal ideals in the reduced crossed product. When the amenable radical of
the underlying group is trivial, we verify a one-to-one correspondence between invariant tracial
states on the underlying C*-algebra and tracial states on the reduced crossed product.

In subsequent joint work with Tron Omland, we give criteria ensuring C*-simplicity and the
unique trace property for a non-ascending countable HNN extension. This is done by both
purely algebraic and dynamical methods. Moreover, we also characterize C*-simplicity of an
HNN extension in terms of its boundary action on its Bass-Serre tree.

We finally consider equivariant injective envelopes of unital C*-algebras, and relate the inter-
section property for group actions on unital C*-algebras to the intersection property for the
equivariant injective envelope. Moreover, we also prove that the equivariant injective envelope
of the centre of the injective envelope of a unital C*-algebra can be regarded as a C*-subalgebra
of the centre of the equivariant injective envelope of the original C*-algebra.

Resumé

Denne afthandling omhandler randvirkninger, sekvivariante injektive hylstre, samt idealstruk-
turen af reducerede krydsprodukter. Disse emner er for nylig blevet knyttet til studiet af
C*-simple grupper, dvs. grupper hvis reducerede C*-algebra er simpel.

I samarbejde med Matthew Kennedy betragter vi reducerede snoede krydsprodukter over
C*-simple grupper. For alle snoede C*-dynamiske systemer over C*-simple grupper viser
vi, at der er en bijektiv korrespondence mellem maksimale invariante idealer i den under-
liggende C*-algebra og maksimalidealer i det reducerede krydsprodukt. Under antagelse af at
det amenable radikal af den underliggende gruppe er trivielt, paviser vi endvidere en bijektiv
korrespondence mellem invariante sportilstande pa den underliggende C*-algebra og sportil-
stande pa det reducerede krydsprodukt.

I efterfplgende samarbejde med Tron Omland giver vi kriterier for C*-simplicitet og entydighed
af spor for en ikke-opadgéaende teellelig HNN-udvidelse. Dette ggres bade ved rent algebraiske
og ved dynamiske metoder. Endvidere karakteriserer vi ogsa C*-simplicitet af HNN-udvidelser
ved randvirkningen péa deres Bass-Serre-traeer.

Til sidst undersgger vi sekvivariante injektive hylstre af C*-algebraer. Vi viser, at en virkning
af en diskret gruppe pa en C*-algebra med enhed har skeeringsegenskaben, hvis og kun hvis
virkningen pa dens aekvivariante injektive hylster har skeeringsegenskaben. Ydermere viser vi,
at det sekvivariante injektive hylster af centret af det injektive hylster af en C*-algebra kan ses
som en C*-delalgebra af centret af det sckvivariante injektive hylster af den givne C*-algebra.
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Chapter 1

Introduction

7

“Uber die Grenzen des All blicktest du sinnend hinaus;’

Richard Englinder (1859-1919), as Peter Altenberg

A discrete group is said to be C*-simple when the C*-algebra associated to its left regular
representation is simple. This property for discrete groups found its primus motor in a
paper by Powers, who proved in 1975 that the non-abelian free group on two generators
is C*-simple. Since then, many other examples of C*-simple groups of all sizes and
shapes have been found, one of the chief C*-simple group detectives being de la Harpe.

A common denominator for all C*-simple groups is that they are always highly non-a-
menable, in the sense that they have trivial amenable radical, i.e., they admit no normal
non-trivial amenable subgroups. Another property related to simplicity of the reduced
group C*-algebra is the unique trace property, i.e., that the reduced group C*-algebra
admits a unique tracial state. The unique trace property also implies triviality of the
amenable radical. An early question of de la Harpe [41} p. 239] was whether there was
any connection between the aforementioned properties. Until recently, no characteriza-
tions of C*-simplicity nor the unique trace property were known, nor did there exist
examples of groups that only satisfied one of these two properties. Only in 2014 did
Kalantar and Kennedy obtain the first known characterization of C*-simplicity [go], and
later that year, Breuillard, Kalantar, Kennedy and Ozawa gave a characterization of
the unique trace property in terms of its amenable radical [23]. By means of the re-
sult of Kalantar and Kennedy, de la Harpe’s question was finally completely settled in
2015, when Le Boudec found examples of non-C*-simple groups with the unique trace
property, by examining actions of countable groups on trees [gg].

The results of Kalantar and Kennedy were achieved by comparing two constructions
with completely different backgrounds, namely the equivariant injective envelope of a
C*-algebra and the Furstenberg boundary of a discrete group. In 1979, Hamana proved
that any unital C*-algebra is contained in an injective C'*-algebra that is minimal with
respect to this containment, called the injective envelope of the original C*-algebra
[73]. Six years later, Hamana generalized the result to G-C*-algebras, meaning unital
C*-algebras with an action of a discrete group G by automorphisms. By requiring that
the maps determining the injectivity of a G-C*-algebra should also be G-equivariant, or
that the G-C*-algebra is G-injective, Hamana obtained the existence of a G-C*-algebra,
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containing the original G-C*-algebra as an invariant C*-subalgebra, which is G-injective
and minimal in the same sense as above [7g]. The second type of construction originated
with Furstenberg in the 1960’s. He considered what came to be known as boundary
actions, in order to investigate the irreducible unitary representations of a group. A
boundary action is a minimal action of a group on a compact Hausdorff space that
is strongly proximal, i.e., each orbit in the space of probability measures on the space
contains a point mass. Furstenberg proved that any locally compact group G always
admits a universal boundary action [58], meaning a compact Hausdorff space G that
maps uniquely G-equivariantly onto any other compact Hausdorff space with a boundary
action of the group G.

The realization of Kalantar and Kennedy was that the G-injective envelope of the
smallest possible G-C*-algebra C, or equivalently, the smallest G-injective G-C*-algebra,
was in fact isomorphic to the commutative C*-algebra C'(0rG) for any discrete group
(. By means of Hamana’s results on G-injective envelopes as well as a result due to
Archbold and Spielberg [5], they were able to show that a group G is C*-simple if and
only if the action of G on the Furstenberg boundary OrG is topologically free. Later that
year, Breuillard, Kalantar, Kennedy and Ozawa used the relationship between equivari-
ant injective envelopes and the Furstenberg boundary to show that the unique trace
property of a group is equivalent to the group having trivial amenable radical. Because
of the above characterizations, as well as their close affiliation with non-amenability,
C*-simplicity and the unique trace property have since witnessed a spike in interest.

The aim of the present thesis is to widen the understanding of boundary actions,
C*-simplicity and injective envelopes, as well as to indicate that the connection between
these topics, at the base of the Kalantar-Kennedy theorem, perhaps goes much deeper.
In an effort to increase the readability and comprehensilibity of our results, as well as
inspire future research, we have elected to give a full treatment of all the theory needed in
the original 2014 proof, as well as a parade of examples of varying degrees of generality.

Let us now give a brief review of our main results.

e In Sections [3.5] and [3.6] we consider non-ascending countable HNN extensions and
give criteria for these to be C*-simple and have trivial amenable radical (Theorem
and Proposition . These criteria improve upon previously known ones
given by de la Harpe and Préaux [43]. Furthermore, we prove that a non-ascending
countable HNN extension I' is C*-simple if and only if the subgroup of elements
g € I" whose fixed point sets have non-empty interior is C*-simple (Theorem.
This is joint work with Tron Omland.

e In Sections [4-3] and [4.4] we investigate twisted C*-dynamical systems over
C*-simple groups and generalize results of Bédos and Conti [12] on the ideal struc-
ture of reduced twisted crossed products. More precisely, we prove that any re-
duced twisted crossed product of a unital C*-algebra A over a C*-simple group
G admits a one-to-one correspondence from its set of maximal ideals to the set of
maximal G-invariant ideals of A (Theorem . Furthermore, if we only assume
that G has trivial amenable radical, there is a one-to-one correspondence between
tracial states on the reduced twisted crossed product and G-invariant tracial states
on A (Corollary . Therefore reduced twisted group C*-algebras of C*-simple
groups are simple and have a unique tracial state. This is joint work with Matthew
Kennedy [27].



e In Section[s.4 we prove that the action of a discrete group G on a unital C*-algebra
A has the intersection property if and only if the G-action on the G-injective enve-
lope I (A) has the intersection property (Theorem. This generalizes a recent
result by Kawabe [g2, Theorem 3.4]. We also prove for all unital C-C*-algebras A
that there exists a G-equivariant injective *-homomorphism from I (Z(1(A))), the
G-injective envelope of the centre of the injective envelope I(A), into Z(Ig(A)),

the centre of Ig(A) (Theorem [5.4.8)) [26].

We finally give an overview of what is contained in the present thesis.

Chapter [2] Here, we give an introduction to proximal actions and boundary actions,
both notions due to Furstenberg [58], and we give proofs of the existence and uniqueness
of the universal minimal compact space of a group, as well as for the universal mini-
mal compact proximal space and the Furstenberg boundary. We then give examples
of boundary actions; this includes detailed introductions to the Gromov boundary of a
hyperbolic metric space, as well as boundary actions on countable trees. We explain the
relation between amenability and boundary actions, by means of a thorough discussion
of group actions on compact convex spaces, as well as an important theorem of Fur-
man [56]. Almost every result in this chapter is stated in the fullest possible generality,
meaning that the groups considered need not be discrete.

In Section we consider the question of whether the action of a discrete group G
on its universal minimal compact space is proximal or strongly proximal. Our conjecture
is that proximality and strongly proximality only holds if G = {1}, though we have not
been able to prove why that is. Nonetheless, we give a strategy of how an eventual proof
might proceed, along with many examples of groups for which the answer to the question
is negative, by means of known properties of proximal and strongly proximal spaces.

Chapter [3} This chapter contains an introduction to and a brief history of C*-sim-
plicity and the unique trace property for discrete groups, as well as a proof of Kalantar
and Kennedy’s theorem by means of the theory established in the previous chapter. We
also give half a proof of the equivalence of the unique trace property and having trivial
amenable radical, due to Breuillard, Kalantar, Kennedy and Ozawa. Finally, we give an
account of the stability properties of C*-simplicity and having trivial amenable radical,
as well as a selection of examples of C*-simple discrete groups. The chapter is concluded
by our study of when HNN extensions are C*-simple, in which we take both a purely
algebraic point of view, and a geometric point of view, the latter made possible by every
HNN extension admitting an action on its Bass-Serre tree.

Chapter [4l In this chapter, we give a thorough introduction to the notion of a
twisted C*-dynamical system and its crossed products. We apply another characteriza-
tion of C*-simplicity (due to Breuillard, Kalantar, Kennedy and Ozawa [23}, Section 3|)
to obtain approximation and ideal structure results for reduced twisted crossed products
over C*-simple groups. Aside from our main results mentioned above, we are also able
to determine the ideals of certain reduced group C*-algebras that are close to being
C*-simple, by means of a structure theorem due to Bédos [g], as well as select properties
of reduced crossed products in terms of properties of the reduced crossed product by a
normal icc subgroup.

Chapter [5] In this chapter, we give an introduction to the G-equivariant injective
envelope of a G-C*-algebra for a discrete group G, a construction due to Hamana. We
give a self-contained proof of its existence and uniqueness, as well as an account of some
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its most basic properties. Furthermore, we explain in detail Hamana’s results on the
relation between the injective envelope of a reduced crossed product of a C*-algebra A
by G and the reduced crossed product of the G-injective envelope of A by G. In our own
work (Section , we consider the relation between ideals in reduced crossed products
and ideals in reduced crossed products over the G-injective envelope. Furthermore, in an
attempt to generalize techniques of Breuillard, Kalantar, Kennedy and Ozawa from [23],
we obtain the inclusion of centres of equivariant injective envelopes mentioned above,
and derive some notable applications from relating this inclusion to our ideal structure
results.

1.1 Notation

Before delving into the main part of the thesis at hand, we take the opportunity to
introduce some notation and terminology.

All topological groups considered throughout are assumed to be Hausdorff, but will be
discrete from Chapter [3] onward. All compact spaces are also assumed to be Hausdorff,
unless otherwise stated. The complex numbers, real numbers, integers and positive
integers (with 0) are denoted by C, R, Z and Z., respectively.

For any subset S of a set X, yg: X — {0,1} denotes the characteristic function
mapping each z € S to 1 and each € X \ S to 0. For any « € X, the point mass §, is
the function x(;): X — {0,1}. The set X will always be clear from the context. The
identity map on X is denoted by idx.

A group will usually be denoted by GG, H or N, and elements in groups are typically
denoted by g, h, s, or t. The identity element of a group is always denoted by 1. Now
let G be a group. For any g € G, the subgroup generated by ¢ is denoted by (g). The
automorphism group of a group G is denoted by Aut(G), and the inner automorphism
G — G given by s+ gsg™ 1, is denoted by Ad(g) € Aut(G). The centralizer Cg(S) of a
subset S of a group G is the subset of all elements of G commuting with every element
of S. If every non-trivial conjugacy class in a group is infinite, we say that the group is
1cc.

If a group G acts on a set X, we will usually suppress the symbol of the map from
G into the symmetric group of X. Thus the image of (g,x) will usually be written gx
for all g € G and z € X.

C*-algebras are usually named A and B, or .# and .4 if they are von Neumann
algebras, and operator subsystems of a C*-algebra will often be denoted by E or S. The
identity element of a unital C*-algebra A is denoted by 14, or 1, if A is clear from the
context. A general operator in a C*-algebra is usually denoted by a, b, x, or y. The
centre of a C*-algebra A is written Z(A). The automorphism group of a C*-algebra A
is denoted by Aut(A). The unitary group of a unital C*-algebra A is denoted by U(A),
and if u € U(A) is a unitary operator, the inner automorphism z — uxu* is denoted by
Ad(u) € Aut(A). Every closed ideal in a C*-algebra is assumed to be two-sided.

For any Hilbert space H, the C*-algebra of bounded linear operators on H is denoted
by B(H), and the unitary group of B(H) is denoted by U(H ). The identity operator on
H is denoted by 1p, or 1 if H is clear from the context.

The dual space of complex-valued continuous linear functionals on a topological
vector space X is denoted by X*. The convex hull of a subset X of a linear space is
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denoted by convX, and if a topology is specified, the closure of the convex hull of X is
denoted by convX. If A is a C*-algebra, the state space on A is denoted by S(A).

The minimal tensor product of two C*-algebras A and B is denoted by A ® B |25,
Section 3.3]. The C*-algebra of n-by-n complex matrices is denoted by M, (C), and
the n-by-n matrix algebra over an operator system is either denoted by M, (A), or
A® M,(C) or Ais a C*-algebra. The n-fold amplification of a linear map : A — B to
the n-by-n matrix algebras is analoguously denoted by either (™) : M, (A) — M, (B),
or by means of the tensor product map ¢ ® id,: A ® M,(C) — B ® M,(C), where
idy,: M, (C) — My(C) is the identity map.

Finally, we will often consider completely positive maps between operator systems;
to save space, we write c.p. whenever we mean completely positive. A c.c.p. map is a
contractive c.p. map, and a wu.c.p. map of operator systems is a c.p. map that is also
unital or identity-preserving, meaning that it preserves identity elements.



Chapter 2

Topological dynamics

Consider for a moment the extended real line R*. Applying a fixed non-trivial translation
of R to any bounded subset repeatedly, be it a point or a compact interval, this subset
is moved closer to one of the two “end points” in the boundary of R in R*, namely —oo
and 4+o0o0. The concept of a boundary action was originally introduced by Furstenberg in
1970, the basic idea being to describe to what degree a fixed group of homeomorphisms
of a space can treat any (or at least some) point in the space as if it were “infinity” in
the sense of the above example.

The aim of this chapter is twofold: to give a thorough introduction to Furstenberg’s
[58] and Glasner’s [63] notion of a boundary action, as well as to argue why the defini-
tions are suitable by providing both concrete and general examples. In describing these
dynamical phenomena, we will draw connections to objects associated to the space — in
our case, the natural object to consider is the C*-algebra of continuous complex-valued
functions on the space. We also consider what properties a space or group must have in
order to admit a boundary action.

2.1 Boundary actions

In this section we give the definition of a proximal and a strongly proximal action, as
well as Furstenberg’s proof that any Hausdorff topological group possesses a universal
boundary.

Definition 2.1.1. Let X be alocally compact Hausdorff space and let G be a topological
group. If X is equipped with a continuous action G x X — X, we say that X is a G-space.

A continuous map f: X — Y between G-spaces X and Y is said to be G-equivariant
if f(gx) =gf(x) forall g € G and x € X.

Definition 2.1.2. Let G be a topological group and let X be a G-space. If every G-orbit
is dense in X, we say that the action of G on X is minimal. If the action is understood,
we say that X is a minimal G-space.

A minimal subset of a G-space X is a non-empty closed G-invariant subset M of X
for which the action of G on M is minimal.

Remark 2.1.3. As in the above definition of minimality, if G is a topological group, X
is a G-space and the action of G on X has some property, we will allow ourselves to say
that X has the same property as a G-space if the action is understood.

6
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If a G-space is compact (so that the collection of closed subsets has the finite in-
tersection property), the following well-known result is an easy consequence of Zorn’s
lemma.

Proposition 2.1.4. Let G be a topological group and let X be a compact G-space. Then
X has a minimal subset.

The first item on our agenda is to realize the following result, which constitutes one
half of a 1960 theorem (Theorem due to Ellis |50].

Theorem 2.1.5. Every Hausdorff topological group G has a universal minimal com-
pact G-space Mg, i.e., for every minimal compact G-space X there exists a continuous
G-equivariant surjection Mg — X.

In Section we will give the rest of Ellis’ result, namely that a universal mini-
mal compact G-space is unique up to G-equivariant homeomorphism, and give a more
detailed account of the properties of this space (or, what properties it may not have).

The proof of Theorem [2.1.5| requires our allowing C*-algebras into the frame; let us
first comment on the relationship between actions on compact spaces X and actions on
the C*-algebra C'(X) by automorphisms. For any compact Hausdorff space X, we let
P(X) denote the space of all Radon probability measures on X. By means of the Riesz
representation theorem we identify P(X) with the state space of the unital C*-algebra
C(X), equipped with the weak® topology.

For any compact G-space X, we may define an action of G by automorphisms on
the C*-algebra C'(X), by

gf ==fog™', g€G, feC(X).

We observe for any f € C(X) that the map G — C(X) given by g — ¢f is norm-con-
tinuous. Defining the dual action of G by surjective isometries on the dual space C'(X)*
by gp = pog ! for g € G and ¢ € C(X)*, then P(X) is a G-invariant, weak*-compact
and convex subset of C(X)*, making it a compact G-space.

In general, for any continuous linear map ¢: A — B of normed spaces, the dual map
is the map ¢*: B* — A* given by ¢*(¢)(x) = ¥(¢(x)) for v € B* and = € A; thus
Y+ g1 for ¢p € C(X)* is the dual map of the automorphism f + g~ ' f of C(X).

The map X — P(X) given by z — ¢,, where §, denotes the point mass at z, is
continuous and G-equivariant, and we denote its image by dx.

If A is a unital commutative C*-algebra, then A is *-isomorphic to the C*-algebra of
continuous complex-valued functions on the compact Hausdorff space of characters A.
In this case, A can be identified with the mazimal ideal space of A, which is the nom
de guerre we will employ for this space. If G is a Hausdorff topological group and A is
equipped with a continuous G-action by automorphisms, A is a weak*-closed subset of
the weak*-compact unit ball of A* and it is G-invariant with respect to the dual action
of G on C’(/Al) > A defined above, thus making it a compact G-space.

For any Hausdorff topological group G, we denote by C,(G) the unital C*-algebra of
continuous, bounded complex-valued functions G — C equipped with the uniform norm.
An action of G on Cy,(G) is then given by the action of G on itself by left translation,
ie.,

(9f)(s) = f(g7's), g,5€G, feCL(G).
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Let Ci%(G) C Cy(G) denote the unital translation-invariant C*-subalgebra of all boun-
ded left uniformly continuous complex-valued functions on G, so that

CMG) = {f € CL(G) | g —~ gf, is a norm-continuous map G — Cy(G)}.

In other words, a function f: G — C is left uniformly continuous if for all € > 0 there
exists a neighbourhood U of 1 such that ||gf — f|| < e for all g € U.

The following is based on the construction given in [138]. Let Sg be the maximal
ideal space of CI'(G). The action of G on C{%(G) by left translation then passes to a
continuous G-action on Sg, so that Sg is a compact G-space. The map G — Sg given
by g — &4, 04 denoting the evaluation map at g, defines an open embedding of G into
Sa, as G is completely regular and points of G are separated by bounded left uniformly
continuous functions [85, Theorem I.13]. Moreover, since S is the space of extreme
points of the weak*-compact, convex space P(Sg) = S(C{*(G)) and the convex hull of
6 = {649 € G} is weak*-dense in S(C{“(G)), Milman’s converse to the Krein-Milman
theorem implies that dg is weak*-dense in Sg.

Definition 2.1.6. The compact G-space S constructed above is called the greatest
ambit of G.

We note that the same considerations as above, but for Cy,(G), defines the well-known
Stone-Cech compactification BG of G, and that if G is discrete, then the greatest ambit
and Stone-Cech compactification are identical.

The greatest ambit Sg of G has the following universal property: for any compact
G-space X and any point g € X, there exists a unique continuous G-equivariant map
w: Sg — X satisfying w(1) = x¢. Indeed, if F': C(X) — C*(G) is the *-homomorphism
given by F(f)(g) = f(gxo), let w be the restriction of the dual map of F' to Sg. Unique-
ness follows from density of G in Sg.

Proof of Theorem[z.1.5 If M is a minimal subset of Si; (Proposition [2.1.4), suppose
that X is a minimal G-space and let xg € X. The universal property of Sg yields
the existence of a continuous G-equivariant map f: S¢ — X such that f(1) = xo.
Restricting f to Mg finishes the proof. O

In the above discussion we used the important property that a group action on a com-
pact Hausdorff space can be seen as a group action on a C*-algebra by automorphisms;
let us quickly remind ourselves what we require of such an action.

Definition 2.1.7. Let G be a topological group and let A be a C*-algebra. An action
of G on A by automorphisms is a group homomorphism «: G — Aut(A) such that,
writing oy = a(g) for g € G, the map G — A given by g — ay4(a) is continuous for all
a € A. We say that A is a G-C*-algebra, that « is the G-action on A and that the triple
(A,G,a) is a C*-dynamical system. If the action is understood, we will often suppress
the name of the action and simply write (A, G) instead of (A, G, «a), and ga instead of
ag(a) for all g € G and a € A.

If A and B are G-C*-algebras, a linear map ¢: A — B is said to be G-equivariant if
o(ga) = gp(a) for all g € G and a € A.
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In the following we will restrict our attention to compact minimal G-spaces. The
following notions are due to Furstenberg [58] and were later elaborated upon by Glasner
in [63].

Definition 2.1.8. The action of a topological group G on a compact G-space X is said
to be

e proximal if for any two points x,y € X there exists a net (g;) in G such that
lim; g;z = lim; g;y;

o strongly prozimal if the weak* closure of every G-orbit in P(X) intersects dx.

A G-boundary is a compact G-space X on which the G-action is minimal and strongly
proximal. In this case, we say that the action of G on X is a boundary action.

Notice that strong proximality combined with minimality yields that in a G-boundary
X, dx is contained in the weak* closure of the G-orbit of any u € P(X).

The next couple of observations are mainly due to Glasner [62, [63] (see also 58]
Lemma 4.1]).

Lemma 2.1.9. Let G be a Hausdorff topological group and let X be a compact G-space.
Then P(X) is a proximal G-space if and only if X is a strongly prozimal G-space. In
particular, strong proximality implies proximality.

Proof. If X is strongly proximal, then for u, v € P(X) there is a net (g;) in G such that
%(gm + giv) — 0, for some x € X in the weak™ topology. By compactness, we may
assume that (g;u) and (g;v) both converge in P(X), in which case their limit is ¢, since
d; is an extreme point of P(X). This proves that P(X) is a proximal G-space. Since dx
is G-invariant and weak*-closed, we see that X is a proximal G-space whenever P(X)
is. Finally, if P(X) is proximal, then for p € P(X) and x € X there is a net (g;) such
that lim g; 4 = lim g;0, € dx, meaning that X is strongly proximal. O

Remark 2.1.10. Let G be a Hausdorff topological group and let X be a proximal
compact G-space. Then X has a unique minimal subset. Indeed, suppose that M; and
My are minimal subsets of X. Then for x; € M;, i = 1,2, there is a net (g,) in G such

that lim; g;jz; = y for some y € X, meaning that y € M; N My and My = Gy = Mo.

The following proposition and its proof are extremely basic, but its descriptory value
should definitely not be underestimated.

Proposition 2.1.11. Let G be a Hausdorff topological group and let X be a minimal,
proximal compact G-space. If X has an isolated point, then X is a one-point space.

Proof. 1f {x} were open for some = € X, then for any y € X \ {z} there would exist a
net (g;) in G such that lim g;x = = = lim ¢g;y. It follows that g;x = g;y for some i, a
contradiction. O

The above proposition has some interesting consequences. Suppose, for instance,
that X is a minimal proximal compact G-space, and that X is disconnected. Then X
has uncountably many connected components.

To see why, recall that the quasi-component of X containing z € X is the inter-
section of all clopen sets containing x. Since X is disconnected, X has at least two
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quasi-components. Defining an equivalence relation by saying that two points in X are
equivalent if they belong to the same quasi-component, we obtain a quotient space Xg
of quasi-components, and the G-action on X passes to a continuous G-action on Xj.
Moreover, Xy is a compact Hausdorff G-space: to verify that Xy is Hausdorff, simply
observe for quasi-components A # B that there are disjoint clopen sets U and V = X \U
containing A and B, and that any quasi-component of X is either contained in U or V/,
so that their images in X, are disjoint and open. Via the quotient map from X, X
now has the structure of a minimal, proximal compact G-space, so it has no isolated
points. Hence it is uncountable, and since any connected component is contained in a
unique quasi-component, the claim follows. In fact, the quasi-components and connected
components coincide, since X is a compact Hausdorff space (cf. [51, Theorem 6.1.23]).
It is possible that any disconnected minimal proximal compact G-space X is totally
disconnected, though we have not been able to prove this.

Both of the following lemmata are due to Glasner [62]:

Lemma 2.1.12. Let X be a compact G-space.

(i) The action of G on X is prozimal if and only if any minimal subset M C X x X
is contained in the diagonal, when X x X is equipped with the diagonal G-action.

(ii) The action of G on X is strongly proxzimal if and only if any minimal subset M C
P(X) is contained in dx.

Proof. (i) The action of G on X is proximal if and only if the closure of any G-orbit in
X x X intersects the diagonal A. The latter property implies that any minimal subset
M C X x X contains (x,z) for some z € X, so that M = G(z,z) C A. Conversely, if
x,y € X, then G(z,y) € X x X contains a minimal subset M, so that G(z,y) N A is
non-empty if M N A is.

(ii) If the action of G on X is strongly proximal and M C P(X) is minimal, then
0, € M for some x € X. Since G§, is weak*-dense in M, every element in M is a point

mass. The converse is similar to what we saw in the proof of (i). Ul

One of the most important consequences of how we define a proximal action is that
there is no room for equivariant homogeneity. We formulate this property as follows.

Lemma 2.1.13. Let X be a minimal compact G-space. If the action of G on X is
proximal, then the only G-equivariant continuous map X — X 1is the identity map.

Proof. Let ¢: X — X be a G-equivariant and continuous map. For x € X, take a net
(¢i) in G such that z = lim; g;x = lim g;(z). Then

¢(z) = lim ¢(g;r) = lim gip(z) = =. O

To get to the main result of this section, we now consider the question of whe-
ther proximality and strong proximality are preserved when forming products. For a
continuous map p: X — Y between compact Hausdorff spaces, we define the pushforward
map p«: P(X) = P(Y) to be the dual map of the induced *-homomorphism p: C(Y) —
C(X), ie.,

p(p)(f) = w(p(f)), weP(X), feCY).

Moreover, p, is surjective (resp. injective) if and only if p is surjective (resp. injective).
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Lemma 2.1.14. Let (X;)icr be a family of compact Hausdorff spaces, let F be the
collection of finite subsets of I, let X = [[;c; Xi and for each F' € F, let np: X —
[Licr Xi be the projection onto the coordinates determined by F'. If two subsets A, B C
P(X) satisfy (mp)«(A) C (wp)«(B) for all F € F and B is weak”-closed, then A C B.

Proof. Let € be the *-subalgebra of C'(X) consisting of functions f € C(X) of the form
f =1lier fi o m for F € F and functions f; € C(X;), i € F. Then ¢ is norm-dense
in C(X) by the Stone-Weierstrass theorem. If 4 € A and F' € F, let vp € B such
that (7p)«(p) = (7p)«(vp). Since B is weak*-compact, we may let h: A — F be
a monotone, final function such that (vj(y))aea converges to some v € B. For any
F € F and functions f; € C(X;) for i € F, let f = [[;cp fiom. Forany A € A
such that ' C h(A), define fy € C([Licnn) Xi) by fa((@i)ienn)) = llicp fi(z:). Since
= fxomp), we see that

/fdu = /fAd(ﬂh(A))*(M) = /fA d(mpn)«(Van)) = /deh(A)-
Hence [ fdu = [ fdv, so p = v since € is dense in C(X). O

Lemma 2.1.15. Let G be a topological group, let (X;)icr be a family of compact G-spaces
and let X = [[;c; Xi be the product space equipped with the diagonal G-action. Then the
action of G on X s proxzimal (resp. strongly prozimal) if and only if the action of G on
X is proximal (resp. strongly prozimal) for all i € I.

Proof. Since each X; is a G-equivariant quotient of X, “only if” is easy in both the
proximal and strongly proximal case. If the action of G on each X; is proximal, then let
M C X x X be a minimal subset with respect to the diagonal G-action. If m;: X — X;
is the canonical projection, then since m; x m;: X x X — X; x X; is G-equivariant, it
follows that (m; x 7;)(M) is a minimal subset of X; x X;. Thus (m; x m;)(M) is contained
in the diagonal of X; x X;, so M is contained in the diagonal of X x X.

For the strongly proximal case, first assume that [ is finite, in which case it suffices to
prove the case |I| = 2. Therefore let X and Y be strongly proximal compact G-spaces
and let p € P(X xY). If m: X xY — X is the projection onto X, then because
Grmi(p) = m(Gp), there exist x € X and ' € Gu such that (m)«(p') = 6. As p is
concentrated on 7, ' ({z}), there exists v € P(Y) such that y/ = §, ® v. By hypothesis
there exist a net (gx) in G and y € Y such that gy — 6,. By compactness we may
assume that gy — 2’ for some 2’ € X, in turn implying 8¢, ) = limy, gppt” € G

If I is infinite, let F be the collection of finite subsets of I, let FF € F and let
mrp: X — [l;erp Xi be the projection of Lemma If M is a minimal subset of
P(X), then for all F' € F we see that (77).(M) is minimal in P(Xp). By Lemma[2.1.12]
it follows that (7p)«(M) C 0r,.(x) = (7F)«(dx), so since F' was arbitrary, M C dx by
Lemma [2:1.14] Hence the action of G on X is strongly proximal. O

Our first application of the above result, and an observation due to Rgrdam, states
that proximal actions on compact spaces are in fact much more flexible than the defini-
tions immediately suggest. The proof essentially follows from the Alaoglu theorem.

Proposition 2.1.16. Let G be a topological group, let X be a minimal compact G-space
and let Y C P(X) be a weak*-closed G-invariant subset such that Y N{d, |z € X} # 0
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and the G-action on'Y is prozimal. Then for all x € X, there exists a net (g;) in G
such that g — 0z for all p €Y.

Proof. For all p €Y, let Y, =Y and consider the compact space

7 =1 Y
ney

with the diagonal G-action. For any x € X such that é, € Y, we will let 2’ denote the
point (0;)uey of #. Define { = (§,) ey € ¥ by &, = p for p € Y. Picking z € X
such that §, € Y, then since Y is proximal, % is too, by Proposition Therefore
there is a net (¢;) in G such that lim ;£ = lim ¢;2/. In particular, (¢;z) converges in X,
so there is y € X such that 3y’ € # belongs to the weak*-closure of the G-orbit G&.
By minimality, we may take a net (s;) in G such that sjy — x. Then s;y’ — 2/, so 2
belongs to the weak* closure of G¢ as well. Hence there is a net (gy,) such that g,,& — '
in the weak™ topology which in turn implies g, u — 6, for all p € Y. O

Corollary 2.1.17. If X is a minimal proximal compact G-space (resp. a G-boundary),
then for all x € X there exists a net (g;) in G such that g;y — x for ally € X (resp.
gitt — 0y for all p € P(X)).

We finally arrive at the pivotal result(s) of this section, due to Furstenberg.

Theorem 2.1.18. For any Hausdorff topological group G, there exists a universal min-
imal proximal compact G-space II(G), and a universal G-boundary OpG, universality
meaning that for any minimal proximal compact G-space (resp. G-boundary X ), there
exists a G-equivariant continuous surjection II(G) — X (resp. OrG — X ). Both spaces
are unique up to G-equivariant homeomorphism.

Proof. If X7 and X5 are universal minimal proximal compact G-spaces or boundaries of
G, there exist continuous surjective G-equivariant maps 1 : X7 — X2 and p2: Xo — Xj.
Composing these maps, it follows from Proposition that 1 and ¢y are inverses
of one another, so X; and X5 are G-equivariantly homeomorphic.

We will only prove existence and uniqueness in the proximal case — the other case
adapts mutatis mutandis. Let Mg be a universal minimal compact G-space. Then any
minimal compact G-space X is the surjective image of a G-equivariant continuous map
from Mg, so that

1X| < |Mg| < 22

We may therefore index all minimal proximal G-spaces up to G-equivariant homeomor-
phism classes. Forming their product Z, it is a proximal, compact G-space by Lemma
Now let II(G) be the unique minimal subset of Z (Remark [2.1.10). As any min-
imal proximal compact G-space is an image of Z, we conclude that II(G) is a universal
minimal proximal compact G-space. O

The uniqueness part of the above theorem ensures that we may speak of the universal
minimal proximal G-space II(G) and the universal G-boundary drG. We will add one
caveat here: the word “universality” as used in this chapter for the spaces Mg, II(G)
and JrG need not imply in itself that the G-equivariant surjections onto other G-spaces
of the same kind are uniquely determined. Indeed, Mg may possess more than one
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G-equivariant continuous self-map — we discuss this matter in more detail in Section
However, in Section we shall see that for any G-boundary X, there is one and only
one GG-equivariant continuous surjection 0pG — X. We are not sure whether a similar
result holds for II(G).

Definition 2.1.19. The universal G-boundary 0rG of a topological group G is called
the Furstenberg boundary.

A different approach to constructing the Furstenberg boundary, observed by Hamana
[72], as well as Kalantar and Kennedy [go], that is more operator-algebraic in nature,
will be described in Section

We finally discuss another way of constructing the universal minimal proximal com-
pact G-space for a Hausdorff topological group, first devised by Melleray, Nguyen van
Thé and Tsankov [103, Theorem 4.1].

Remark 2.1.20. If G is a Hausdorff topological group, let Mg be a universal minimal
G-space and let ' be the group of G-equivariant homeomorphisms of Mg. Let A C
C(Mg) be the unital C*-subalgebra of I'-invariant functions on Mg, and let P denote
the maximal ideal space of A. Since A is G-invariant, P is a compact G-space equipped
with a continuous G-equivariant map o: Mg — P such that o(y(z)) = o(z) for all
x € Mg and v € I'. Notice also that minimality of M implies that of P. In fact, P is
the universal minimal proximal G-space.

To verify that P is proximal, let z,y € Mg and let X be a minimal subset of
G(z,y) C Mg x Mg with respect to the diagonal G-action. Letting 71, m2: X — Mg be
the projections onto the first and second factors, then 7 and w9 are both G-equivariant,
and if p: Mg — X is a G-equivariant surjection, then m; o ¢ is a homeomorphism for
i = 1,2 by Theorem (allowing ourselves to run ahead just a bit). Hence m and
7y are homeomorphisms, so v = mn; ' € T. For (2/,y') € X, we now let (g;) be a
net in G such that g;(x,y) — (2/,9). As mr'(2') = ma(2,y') = ¢/, it follows that
lim; g;o(y) = lim; g;o(z). Hence P is proximal.

Finally, if X is a minimal proximal compact G-space, let p: Mg — X be a G-equi-
variant surjection. For all z € Mg and v € I, there is a net (g;) in G and w € X
such that w = lim; p(g;x) = lim; p(g;v(z)). Passing to a subnet, we may assume that
gix — ' for some 2’ € Mg. Then p(z') = w = p(y(2’)). Now let (h;) be a net in G such
that hjz’ — x, so that p(y(hjz’)) = hjp(z’) — p(x) and p(z) = p(7y(z)). Therefore the
image of the injective *~homomorphism p: C(X) — C(Mg) induced by p is contained
in A, meaning that p factors through P.

2.2 Examples of boundary actions

This section contains exactly what the title hints at. We first give some concrete ex-

amples of boundary actions and non-boundary actions, and then proceed to give more

general constructions (organized in subsections) that provide larger classes of examples.
We first give criteria ensuring strong proximality, due to Ozawa [111, Example 2].

Lemma 2.2.1. Let X be a compact G-space and assume that (gn)n>1 and (hp)n>1
are sequences of G and that xg4,ys,xn,yn € X are points such that g,x — y4 for all
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z € X\ {zg}, hnx — yp, for all z € X \ {xp} and gnxy = x4 and hpxp = xp, for all
n>1. If xp & {xg4,y4}, then the action of G on X is strongly prozimal.

Proof. Let p € P(X) and write 1 = Mg, +(1—A)n where n € P(X) satisfies n({z,}) = 0.
By Lebesgue’s dominated convergence theorem, then for all f € C(X),

[ Flgun) = 27 g) + (1= [ o) dule) = Afag) + (1 = N (yg):

Thus Aoy, +(1—=A)dy, = lim, gnpr € Gp, 80 6y, = limy o0 b (Ay, +(1=N)dy, ) € Gu. O

Evidently one can allow for more than two sets of “attractors and repellers” in order for
the proof above still to hold (see also the subsection on weakly hyperbolic actions), but
we will stick with this set-up for now.

This first example of a boundary action motivates the subsections on boundaries
arising from hyperbolic metric spaces and countable trees; we will realize it by more
general means shortly.

I. The canonical boundary of a non-abelian free group (Furstenberg |58, Exam-
ple 4.B]). Let I be a non-abelian free group of finite rank, with A C I a free generating
set. Let Y = (ALA™1)N be the compact space of one-sided infinite words with alphabet
AU A™L In order to obtain a well-defined action of F on a set of one-sided infinite
words, let Y, be the clopen subset {z € Y |xpzp41 = 1inF} for n > 1 and define
X =Y\ Uy~ Y,. Representing each sequence x = (z,)n>1 € X by the infinite word
T = xixox3---, we say that x € Y is reduced if x € X. Therefore X is a compact
Hausdorff space, consisting of all infinite one-sided reduced words in Y. For all n > 1,

define
PN r; ifi<n _ T ifx ¢y,
()i = { Tivo if1>n, and 7, () = { m(x) ifzeY,,

Then 7, is a map cancelling the n’th and n + 1’st letter in a word in X if said letters
can be cancelled, and it is continuous. For any reduced word w € F, let =, be the
concatenation of w and x without reduction. If n is the length of w, we define wx =
(mr o -+ o7])(xy,). This yields a continuous action of F on X which is then given by
concatenation of words in F and X with subsequent cancelling, should need be.

We claim that X is an F-boundary. For x,y € X and n > 1 there exists w € F such
that wx and y have the same first n letters, so that X is a minimal F-space. Indeed, if
y starts with the word w’ of length n, let f € AU A~! be the last letter of «’. Taking
g€ AUATU{1} such that fgx; is a reduced word, we define w = w'g.

For strong proximality, take a € A and let ¢® and a~°° denote the words aaa - - -
and a~ta"ta=!--- respectively. For any z € X \ {a=>}, let k > 1 be the smallest
integer such that z3,1 # a1, so that the first n — k letters of a"x all equal a. Hence
a"x — a®>. If welet b € A\ {a} and construct b>° and b~ as above, then similarly
we have b"x — b for all z € X \ {b7°}. Since a"a™>® = a=>°, b"b~>*° = b~ and

b= ¢ {a=>°,a*>}, Lemma applies.

IT. Actions on the circle (Glasner [63, Example III.7.2]). Let T denote the unit circle
in the complex plane. If g is an irrational rotation, i.e., if we define g(e?0) = ¢2mi(0+7)
forr € R\ Q and 0 € R, then the orbit of any € T under ¢ is dense in T. If we let h be
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the homeomorphism of T given by h(e?™?) = ¢27i%* for § € [0,1], then lim, o0 A"z = 1
for all x € T. Applying the Lebesgue dominated convergence theorem as in the proof of
Lemma [2.2.1] it follows that A"y — &; for all g € P(T), so if we let G denote the group
of homeomorphisms generated by ¢g and h, it follows that T is a G-boundary. (Actually,
G is the free group on two generators in disguise.)

ITI. Boundaries of connected Lie groups (Furstenberg-Moore [57]). Let G be a
connected, semisimple Lie group with finite centre. Then there exist a maximal compact
subgroup K, a simply connected abelian subgroup A and a simply connected, normal,
nilpotent subgroup IV of GG, such that every g € G has a unique factorization g = kan
for k€ K,a € Aand n € N; the identity G = K AN is called an [wasawa decomposition
of G. If M is the centralizer of A in K, then P = M AN is the normalizer of N in G
and is called the minimal parabolic subgroup (see also [63), Section IV.3].

If H denotes the normalizer of AN in G, then G/H is a compact homogeneous
G-space. What’s more is that H actually equals P, and that the following holds ([58],
Theorem 1.4, [10%]).

Theorem 2.2.2. For G and P as above, G/P is the Furstenberg boundary of G.
Moreover, P is a maximal amenable subgroup of G and any boundary of G is of the
form G/H where H is a closed subgroup containing a conjugate of P.

In fact, Furstenberg devised the concept of a boundary action as a means to study
harmonic functions on Lie groups. We refer to [63, Chapter IV] for a more thorough
discussion of boundaries of Lie groups, but will briefly mention that a parabolic subgroup
of G is defined to be a closed subgroup H of G such that G/H is a G-boundary.

IV. Projective special linear groups acting on projective space (Furstenberg
[58, Example 4.A]). In the following, let n > 2 and define (R™), = R™\ {(0,...,0)}.
Recall that real projective n-space P*~1(R) is the space of equivalence classes of (R"),
where z,y € (R™), are equivalent if there exists A € R such that x = Ay. When equipped
with the quotient topology P"~!(R) becomes a compact Hausdorff space. Let 7 denote
the quotient map (R"), — P*~}(R).

The projective special linear group PSL(n,R) is the quotient group of the special
linear group SL(n,R) by its center, consisting of the real scalar multiples of the identity
with determinant 1. For any subring R of R containing Z, let SL(n, R) be the subgroup
of SL(n,R) of R-valued matrices with determinant 1, and let PSL(n, R) be the image of
SL(n,R) under the quotient map SL(n,R) — PSL(n,R).

There is a natural continuous action of PSL(n,R) on Q = P*~1(R). We will give
an elementary proof (of our own design) that the action of any subgroup G containing
PSL(n,Z) on § is in fact strongly proximal. For minimality, we offer the following short
explanation: it is easy to show that € is a homogeneous space of H = SL(n,R), and the
proof below yields that € is then a H-boundary. Using the classical result that SL(n, Z)
is a lattice in H, it acts minimally on H/P for any parabolic subgroup P of H [106],
Lemma 8.5] and thus on any boundary of H (see III).

If n is even, write n = 2m and define P, (x) = [[I"; (2% — (i + 2)z + 1). If n is odd,
then for n = 2m + 1 we define P, (z) = (x — 1) Py, (). Let A be the companion matrix
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of P,, that is, if we write P,(z) = 2" + ¢,_12" ' + ... + cg, then

0 0 0 —co
1 0 0 —C1
A= Oo1 --- 0 —C2
00 -+ 1 —cp
Then A is integer-valued with determinant 1, since the roots of 22 — (i + 2)z + 1 have
product 1, and it has n distinct positive eigenvalues Ay > ... > A, > 0. Moreover, no
eigenvector of A has 0 in the n’th coordinate.
Let x1,...,x2, € R™ be a basis of eigenvectors for A, with each x; contained in the

eigenline of \;. For x = Y | ayw; € (R™),, then for the smallest 1 < j < n such that
a; # 0 we see that

W(AkCC) =7 (Z ai)\fsci> =7 (ajq:l + Z al(i‘\;)kxz) — m(ojzy) = m(xj)
i=1

i=j+1

for k — oo. Let a be the image of A in PSL(n,Z) C G. Now define Borel sets

UZ' = {W(l’)

Then U;NU; =0 for 1 <i<j<n, UL Ui=Q, and akr — 7(x;) whenever x € U;
for 1 < i < n. For any p € P(Q), write up = >, u(U;)p; for p; € P(2), so that
w(Ui)pi(E) = p(E NU;) for all Borel sets E C Q and 1 < i <n. Now, for all f € C(Q),

n
:r:Zajxje(R”)Oforai,---,oanR, ozi;é()} cQ, 1<i<n.
j=i

n

[ £t = o pwn) [ sl ante) - 3 pw (),

i i=1

meaning that

ak:U’ — Z,"L(Ul)(sﬂ'(ajl) € Gu
i=1

in the weak™ topology. Write z; = > 1" Bgei € R™ where ey, ..., e, is the standard basis
and for m € Z, let B,, be the matrix in SL(n,Z) with ones in the diagonal, m in the
(1,n) entry and zeros everywhere else. Since 3/ # 0 for all 1 < j < n, it follows that
7(Bmxj) = m(e1) for m — oo. Consequently, if we let b, € G be the image of By,, we
conclude that the action of G on 2 is strongly proximal, since

On(er) = ,,lgnoo meM<Uz‘)5w(xi) € Gpu.
i=1

V. A proximal action which is not strongly proximal (Glasner [62, p. 162]). First
let T' be a discrete group, I' # {1}, and let X = {0,1}'. For each g € T, define a
homeomorphism g on X by (g§)s = {,~15. This defines an injective homomorphism of
I" into the homeomorphism group of X.



2.2. FExamples of boundary actions 17

Additionally, let go € T'\ {1} and define homeomorphisms

_ 1_50 ifS:g07 _ 5 1f€1:07 _ g lfglzla
(c€)s = { &s ’ otherwise, hot = { £ if& =1, g = { & if& =0

for £ € X. We immediately observe that hZ = h% = ¢ =idx and hgh; = h1hy = ¢ since
(cE)h =&

Ifm= %(50—1—51), let pu be the product measure given by (my)ier on X where m;y = m
for all g € I". For every finite subset F* C I', we let mp: X — Xp = [[;cr{0, 1} be the
projection with respect to the coordinates determined by F'. Now p is the unique Radon
probability measure on X satisfying u(rp' ({z})) = 271/ for all finite subsets F/ C T
and ¢ € X, and one may check that y is invariant under T'; hg and h;.

A. Let G be the group of homeomorphisms of X generated by I' and ¢. Then the
action of G on X is minimal, but not strongly proximal. Indeed, for £ € X we may
shift by any g € I' and apply ¢, to change any coordinate of £&. Hence the G-orbit of &
is dense in X. However, since the measure p € P(X) constructed above is G-invariant,
the action of G on X is not strongly proximal.

B. We next consider the case when I' = Z, and let gg be the integer 1 in the above
definition of ¢. Note that 1 € T" translates to 0 € Z in the definitions of hy and hq. Let
G be the group of homeomorphisms generated by g, hg and h; where g is the shift given
by (g€)i; = &i—1 (so that g generates all of Z). Then the action of G on X is minimal, but
not strongly proximal, by the same argument as above. However, the action is proximal.

To see this, let A C Z be a finite subinterval, meaning that A contains all numbers
in between its smallest and largest element. We need to prove for all £,n,a € X that
there exists s € G such that (s€); = (sn); = a; for all i € A. Due to G containing the
shift g, we may assume that min A = 1.

We now proceed by induction on |A|. Assume that ny # &. If ng # &, then
(hj&)1 = (hjn)1 for some j € {0,1}, and if o = & then (gn)1 = (g€)1. Applying c if
necessary, we obtain the case |A| = 1.

Now assume for all £,,a € X we can find s € G such that (s§); = (sn); = «; for
i=1,...,n. Let {,m,a € X and take s € G such that (s£); = (sn); = (¢”'a); for all
i =1,...,n. Defining t = gs € G, then (t§); = (tn); = o; for all i = 2,...,;n+ 1. If
(t€)1 = (tn)1, then we are done, as we may then apply c if need be. Therefore, suppose
that (t§)1 # (t5)1.

If (t€)o # (tn)o then we may apply hg or h; as in the case |A| = 1 to get equality in
the first coordinate. If not, let N = max{k|k <0, (t{)r # (tn)x}, so that (t{)r = (tn)k
for all N < k < 0. Observe that (g7Vt&)g # (97 Vtn)o and (g7 Nté)1 = (¢~ Ntn)1; thus
there is j € {0,1} such that (h;g=Vt&)o # (hjg~Ntn)o and (hjg=Nt&)1 # (hjgNtn)1,
so that for ry = gNhjg_N we have

(rnt&)n # (rntn)n,  (PNt§) N1 # (Pntn) N1
Furthermore, for 2 <i <n+ 1, then i — N # 1 so that
(rnt€)i = (hjg Nt€)in = (g7 V)i v = ()

and (rytn); = (tn);. We may now repeat this process to produce r = r_j---ry € G
such that (rt&)r # (rtn), for all N <k <0 and (rt&); = (rtn); forall 2 <i<n+1. In
particular, since (rt€)o # (rtn)o we can apply either hg or hq, followed by ¢ if necessary,
to find 7’ € G such that (r't€); = (r'n); = a; for all 1 < i < n+ 1. This ends the proof.
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Weakly hyperbolic actions.

In discussing the above examples, then with the exception of example II we do not really
have a indication at the outset that the boundaries uncovered should actually be bound-
aries for the group — we just show that they are (in example II, we are deliberately forcing
the circle to be a boundary by constructing an appropriate group of homeomorphisms).
We will now discuss a property for homeomorphisms that often produces a boundary
action from a given group of homeomorphisms of a compact Hausdorff space.

Recalling the discussion of the extended real line R from the introduction to this
chapter, observe that repeated applications of any non-trivial translation of R with
positive derivative moves any point in R U {oo} closer to +oo, and that {£oo} are the
only fixed points. This picture should, hopefully, motivate the following definition.

Definition 2.2.3. Let X be a Hausdorff space and let v be a homeomorphism of X with
two fixed points z7, w,j € X. We say that v is weakly hyperbolic if lim,, oo 7" (x) = a:,t
for all z € X\ {z7 } and lim,, 0o 7" (z) = 27, for all z € X \ {zF}. The points = and
z, are called the attracting point and repelling point of -y, respectively.

If for any neighbourhoods U of z7 and V' of ﬂ:;r there exists NV > 1 such that
Y X \U) CV for all n > N, we say that v is hyperbolic.

If X is a G-space, the weakly hyperbolic limit set of G in X is given by

Lg = {acf]E | g € G weakly hyperbolic}.

If v and ' are weakly hyperbolic homeomorphisms of X, they are said to be transverse
if their fixed point sets are disjoint. If |Lg| < 2, the action of G on X is said to be
elementary.

Notice that a homeomorphism 7 is (weakly) hyperbolic if and only if y~! is, and that
the attracting point of ~ is the repelling point of v~!

Actions that are non-elementary are also called “strongly hyperbolic” [39, @3]. Many
of the actions we will consider in this section are defined by means of weakly hyper-
bolic homeomorphisms. We include the stronger (or rather, non-weak) notion of hy-
perbolicity mainly for historical purposes: in perhaps the first comprehensive survey
on C*-simplicity (to be discussed in the next chapter), courtesy of de la Harpe, an
abundance of C*-simple groups were given by means of group actions by hyperbolic
homeomorphisms on Hausdorff spaces [3g9]. We shall soon review a few of these, but not
before we provide a picture of how we may ensure that the two notions actually coincide
(even though the weak version of hyperbolicity does seem much weaker at the outset).

The following result is an adaptation of [57, Lemma 2.2]; recall that a subset of a
topological space is precompact if it has compact closure.

and vice versa.

Lemma 2.2.4. Let X be a locally compact Hausdorff space, let xg € X be a fixed
point for a homeomorphism v of X and assume that X, = {z € X |y"(z) — xo} is a
netghbourhood of xy. Then the following are equivalent:

(i) There exists a compact neighbourhood W of x¢ such that (o1 " (W) = {zo} and
y(W)CW.

(i) For any compact subset C' of X, and any open neighbourhood V' of xo, there exists
N > 1 such that v"(C) CV for allm > N.
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Proof. (ii) = (i): Let V. C X, be a compact neighbourhood of zy. Taking N > 1
such that v*(V) C V for all n > N, then W = UN_,4™(V) satisfies v(W) C W and
Nez1 7" (W) = {zo}-

(i) = (ii): Let W be a compact neighbourhood of xy such that (72, v"(W) = {zo}
and (W) C W. Then (7"(W))nez is decreasing. Taking complements and applying
compactness, we see that for all neighbourhoods U of xg there exists NV > 1 such that
Y (W) C U for n > N. In particular, W C X,.

Assume that C C X, is a compact subset. As X, = U2, v *(int(W)), there is
K > 1 such that C € UK, v *(int(W)) € 4 "(int(W)) for all n > K. Hence for
n > N + K we find that 4*(C) C 4V (int(W")) C V. O

In particular, if a homeomorphism ~ of a compact Hausdorff space X is weakly
hyperbolic and there exists a closed neighbourhood W of a:f; such that Mo, y"(W) =
{a:;"} and v(W) C W, then ~ is hyperbolic.

The following result, relating weak hyperbolicity to boundary actions, was observed
by Ozawa in [111]. We consider two large-scale applications in the next two subsections.

Proposition 2.2.5. Let G be a Hausdorff topological group, and let X be a non-elemen-
tary compact G-space. Then Lq is the unique minimal subset of X. In fact, Lg is a
G-boundary.

Proof. Let M be a minimal subset of X, and let ¢ € G be weakly hyperbolic. Let
h € G be a weakly hyperbolic homeomorphism such that x;, ¢ {x;t} and let © € M.
It  # x;, then z = lim, o0 g"x € M. Otherwise, xz = lim, o A"z € M and
a:; = lim,— oo g”xE M. Hence Lg C M, so that Lg = M by Lg being G-invariant.
To verify that Lg is a G-boundary, notice for weakly hyperbolic homeomorphisms
g,h € G with z, ¢ {x;t} that the sequences (¢") and (h™) and the attractors and
repellers xgi, xf € Lg together satisfy the conditions of Lemma . O

Let us finally show that any non-elementary action admits a large amount of trans-
verse weakly hyperbolic homeomorphisms. The result generalizes [43, Lemma 6] in the
weakly hyperbolic case. We quickly observe that any conjugate of a weakly hyperbolic
homeomorphism is also weakly hyperbolic.

Lemma 2.2.6. Let G be a topological group and let X be a non-elementary compact
G-space. Then for each fixed weakly hyperbolic automorphism gy € G, there exists a
sequence (gn)n>1 of pairwise transverse conjugates of go.

Proof. We first show that G contains at least two transverse weakly hyperbolic homeo-
morphisms of X. Since L is a non-trivial G-boundary, Lg is infinite by Proposition
Supposing that any two weakly hyperbolic g,h € G have at least one common
fixed point, let Ghyp € G be the subset of all weakly hyperbolic homeomorphisms of
X in G, and let X9 be the fixed points of each g € Ghyp,. For g1,92,93 € Ghyp, take
re X9 NX% If XN X9%2NX% =0, then z ¢ X%, so that X9 = {z,z},} and
X92 = {z,r,,}, say. Since Lg is infinite, we may take a weakly hyperbolic h € G such
that 2} ¢ {z,z%}, but then z;, € X9 N X% N X% = (). Hence x € X%.

For n > 3 assume that g1, ..., g, € Ghuyp satisfy (L X9 = {z} for some z € X and
let h € G be weakly hyperbolic. After removing equal fixed point sets, we may assume
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that X9 N X9% = {2} for all i # j. By what we saw above, X9 N X9 N X" £ (), so
that x € X". Thus Nger X9 # () for all finite F' C Ghyp, so by compactness there exists
T € ﬂgeGhyp X9 C Lg. Now, for any g € Gyyp and h € G, h~lgh is weakly hyperbolic.
Therefore ghax = hax, so g fixes all of Lg by minimality. In particular, g fixes more than
2 points, which is clearly a contradiction.

Now let g, h € Ghyp be transverse. Let N > 1 such that h”({x;t}) C X\ {x;t} for
all n > N, note that h”:cj are the attracting points of h"gh~". If (ny) is any sequence
of positive integers such that ng4q > ng + N for all k& > 1, then for £k > j we have
{hmexE}y N {hmzE} = b ({aF}) N {aF} = 0 since ny —nj > N. Hence (h"gh™™) is
a sequence of pairwise transverse weakly hyperbolic homeomorphisms.

Finally, for any go € Ghyp, then by replacing h with g"hg™" for some n we may

assume that gy and h are transverse. We may then repeat the above procedure for gg
and h. O

We finally mention that the boundaries considered in the remainder of this section,
which are all constructed by means of weakly hyperbolic limit sets, will actually consist
of fixed points of not just weakly hyperbolic, but full-on hyperbolic homeomorphisms
(see [59, Lemme 8.18] and [43} Section 3]).

The Gromov boundary.

Our first general example of a boundary action comes from the Gromov boundary of a
hyperbolic metric space. For a general hyperbolic metric space, we will only construct
the boundary and draw conclusions relating to boundary actions in the case of the space
being proper, meaning that closed bounded sets are compact. Except for the last two
propositions (and their proofs), this subsection is a summary of the introduction to
hyperbolicity given in [35]; we suggest [59] for another approach.

Let (X, d, xo) be a pointed metric space X with metric d and base point xy. We then
define the Gromov product

(0:9)20 1= 5(d(r,70) + d(y,70) — d(w,9), @y € X.
It is possible to realize (z.y);, geometrically as follows. Let {z{,’,y'} be the corners
of a triangle A in the plane such that d(xp,2") = d(xo,z), d(z(,y") = d(xo,y) and
d(2',y’) = d(z,y). If we let ¢ be the intersection between the inscribed circle in A (to
which the three sides are tangents) and the line between xj, and 2’ (or z;, and ), then
(2.y) s, 1s the distance between zf, and c.
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For § > 0, we say that a pointed metric space (X,d, xg) is 0-hyperbolic if

(x'y)xo 2 min{(m'z)wov (y'z)xo} -0

for all z,y, z € X. If (X, zg) is -hyperbolic, then (X, z1) is 26-hyperbolic for all 1 € X.
This inspires the following notion.

Definition 2.2.7. A metric space X is said to be d-hyperbolic if (X, z¢) is 6-hyperbolic
for all zp € X. We say that X is hyperbolic if there exists § > 0 such that X is
d-hyperbolic.

If X is a metric space with base point zp, we say that a sequence (xy)n,>1 in X
converges to infinity if (Tpm.Tn)g, — 00 for m,n — oco. Convergence to infinity of a
sequence does not depend on the base point xg, and so we may unambiguously define
the set Soo(X) of sequences in X converging to infinity. We then define a relation R on
Soo(X) by writing (z,,) R (yn) if (zn.yn) — oo for n — oo. Clearly, R is reflexive and
symmetric, and if X is hyperbolic, R is transitive as well.

Definition 2.2.8. If X is a hyperbolic metric space, we define the hyperbolic boundary
or Gromov boundary 0X of X to be the set of equivalence classes in So(X) under the
relation Y. Moreover, we say that the sequence (z,)n,>1 in X converges to the point
x € 0X if (zy,)n>1 converges to infinity and z is the equivalence class of (zy)n>1.

The following definition can easily be generalized to arbitrary ordered abelian groups
(see [30]), but we restrict ourselves to considering closed subgroups of R.

Definition 2.2.9. Let X be a metric space and let A be a closed additive subgroup of
R. We say that X is a A-metric space if its metric takes values in A. A closed interval
in A is the intersection of A with a closed interval in R and we say that Ay, Ay are the
endpoints of [\, A\2]. We allow A\ = —o0 and A9 = 0.

If I is a closed interval in A with endpoints Ay < Ag and v: I — X is an isometry, we
say that v is a geodesic. Additionally, if —co < A} < Ay < 00, y(I) is a geodesic segment
in X with endpoints x = (A1) and y = v(\2), and we write v(I) = [v(A1),v(A\2)].
Notice that a geodesic segment connecting two points need not be unique.

If any two points in X are endpoints of a geodesic segment, we say that X is a geodesic
space, and if it also holds that any geodesic segment in X is uniquely determined by its
endpoints, X is said to be uniquely geodesic.

Definition 2.2.10. Let A be either Z or R with AL = ANR,, let X be a geodesic
A-metric space and fix p € X.

(i) A ray emanating from a point p € X is a geodesic r: Ay — X such that r(0) = p.
Let R = R(X) be the set of rays r: Ay — X and for p € X, let R, C R be the subset
of rays emanating from p. We say that ri,72 € R, are asymptotic if the map A, — X
given by t +— d(r1(t),r2(t)) is bounded. This defines an equivalence relation on R, and
we let 0,X be the space of equivalence classes of R, with respect to being asymptotic,
called the visual boundary of X at p. For any r € R, we let [r] € 0,X denote the
asymptotic equivalence class containing it.

(i) Let X, be the set of maps f: Ay — X such that f(0) = p and there exists
A € Ay \ {0} such that f is a geodesic on [0, A] and f(t) = f(A) for t > X\. We say that
f,g9 € X, are equivalent if lim;_,o f(t) = limy_,o0 g(t) (the limits taken relative to Ay).



22 Chapter 2. Topological dynamics

(iii) We define the strong topology ([107, 4.1], [35, Chapitre 2|) on X U0, X as follows.
Define m,: X, U R, = X U0,X by m,(f) = lim;_o f(t) for f € X, and mp(r) = [r] for
r € R,. We equip X U d,X with the quotient topology induced by 7,, when X, U R,
is viewed as a closed subspace of C'(A4, X), the latter equipped with the topology of
compact convergence.

With the respect to the strong topology, one may check that X is an open dense
subset of X UJ,X, and that it coincides with the original topology on X.

Recall that a metric space X is proper if closed bounded subsets of X are compact.
If X is a proper, geodesic hyperbolic metric space, we may endow 0X with a compact
Hausdorff topology as follows. Note that X}, U R, is compact (due to Ascoli’s theorem
[t13, Theorem 1.4.9]) and that the map m, is perfect, i.e., pre-images of singletons are
compact, implying that X U 0,X is a Hausdorff space. If X is separable, then X, U Rz,
is second-countable, and X U 0,X is metrizable. For fixed p € X and r € R, let
r(c0) € 0X be the equivalence class of (r(),)) for any sequence (\,,) such that A\, — oo.
Then the map 0,X — 0X given by [r] — 7(00) is a bijection due to X being proper,
geodesic and hyperbolic. Thus we obtain a compact topology on X U 0X, and it does
not depend on the choice of p. In this way, the Gromov boundary 0X of X becomes a
compact Hausdorff space.

If (X,dx) and (Y, dy) are metric spaces, A > 0 and ¢ > 0, an (\, ¢)-quasi-isometric
embedding is a map f: X — Y such that that

M ldx(z,2') — c < dy(f(z), f(2)) < Mx(z,2') + ¢

for all z,2’ € X. I Y is hyperbolic and f: X — Y is a (), ¢)-quasi-isometric embedding
for some A > 0 and ¢ > 0, then X is hyperbolic as well, and f induces a continuous
injection f: 0X — 9Y, given by mapping the equivalence class of a sequence (z,,)
in Se(X) to the equivalence class of (f(z,)) in Se(Y). If the image of f is also
co-bounded in Y, i.e., if the function x — dist(x, f(X)) is bounded on Y, we say that f
is a quasi-isometry and that X and Y are quasi-isometric. In this case, f: 0X — 9Y is
also surjective and thus a homeomorphism.

Theorem 2.2.11. Let X be a proper, geodesic, hyperbolic A-metric space. Then a
surjective isometry o: X — X satisfies one and only one of the following conditions:

(1) o is elliptic: there is a point x € X for which the sequence (¢ (x))n>1 is bounded.
(ii) o is parabolic: there is a point x € X for which the sequence (o™ (x))p>1 has
exactly one accumulation point in 0X.
(iii) o is hyperbolic: there is a point x € X such that the map Z — X given by
n — o™(x) is a quasi-isometric embedding.

If o is a hyperbolic isometry of a proper, geodesic and hyperbolic A-metric space
X, then o has exactly two fixed points z},z, € X which satisfy ¢"(z) — x} for all
re (XUdX)\{z;}, and 07" (z) — x, for all z € (X UIX) \ {z}}.

Combining the above discussion with Proposition [2.2.5] we obtain the following result:

Proposition 2.2.12. Let G be a group acting by isometries on a proper, geodesic, hy-
perbolic A-metric space X. If the action of G on 0X is non-elementary, L C 0X is a
G-boundary.
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We next consider the case of a finitely generated discrete group G acting on itself
by left translation. Letting S C G be a finite generating set, then we associate to S the
word metric

ds(g,h) =min{n|g 'h=s1---s, for s1,...,5, € SUS™'},

so that G becomes a proper, geodesic Z-metric space. Notice that dg is invariant under
the action of G on itself by left translation. Moreover, for any two finite generating sets
S, T of G, the metric spaces (G,dg) and (G,dr) are quasi-isometric.

We say that a finitely generated group G is hyperbolic if (G, dg) is hyperbolic for some
finite generating set S C G (so that all (G, dg) is hyperbolic for all generating sets S C G)
If G is hyperbolic, the boundary dG is unique up to G-equivariant homeomorphism. As
G acts on itself by isometries, the type of an element ¢ in a hyperbolic group G is the type
of the isometry h — gh. One can show that a hyperbolic group contains no parabolic
elements, and that a group element is elliptic if and only if it has finite order.

A hyperbolic group is non-elementary if the action of G on 9G is non-elementary.
One can show that a hyperbolic group is elementary if and only if it is either finite or
has an infinite cyclic subgroup of finite index.

Proposition 2.2.13. Let G be a non-elementary hyperbolic group. Then the action of
G on itself by left translation induces a boundary action of G on 0G.

Proof. Any element ¢ of infinite order is hyperbolic, so we may let g+ = lim,,_,o, ¢g" €
0G. We will give a proof of a important result of Gromov [65) 8.2.D| that

{g+ | g € G has infinite order}

is dense in 0G. We follow [22], but we will translate their proof to a setting that does not
require knowledge of automata. For details on automata, as well as the proof technique
used, we refer to |52, Chapter 3].

Choose some finite generating set S C G and let d = dg be the corresponding
word metric. Since (G, d) is hyperbolic, there exists g > 0 such that for any geodesic
triangle A in G (i.e., A is the union of three geodesic segments [z,y], [z, 2] and [y, z]
in ), any of the segments in A is contained in the dp-neighbourhood of the two other
segments (indeed, this is a property equivalent to hyperbolicity [35, Proposition 1.3.6]).
Let 6 = 09 + 1 and assume that d(y,z) < 1 for y,z € G. Then for any z € G and
x1 € [z,y] there exists &’ € [x,z] U [y, 2] such that d(z1,2') < 6. If 2/ € [y, 2], then
d(z1,2) < d(z1,2") +d(2’,z) < do+ 1=, so [z,y] is contained in the d-neighbourhood
of [z, z].

Let S* be the collection of finite strings of letters in S U S~! including the empty
string . The length of a string w = s1 - - - 5, € S* is |w| = n, and the length of ¢ is defined
to be 0. Next define a map S* - G, w—wbyw =518, € G for w=w; - wy and
g = 1. For w as above, let us say that w is geodesic if the map f,: {0,...,|w|} = G
given by f,(0) = 1 and f,(n) = [[.5; for all n = 1,..., |w| defines a geodesic in G.
We then define f,(n) =@ for all n > |w|. Out of pity, we will allow ¢ to be a geodesic
string. For any w € S* define the cone type C,, = {v € S*|w~y geodesic} of w where
w7y € S* is the concatenation of w and . Note that w € S* satisfies C,, = ) if and only
if w is not geodesic.
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Note that the above map S* — G maps the set of geodesic strings onto G. If w,w’
are geodesic strings and d(w,w’) < 1, then for 0 < n < |w|, take 0 < m < |w'| such
that d(f,(n), fir(m)) < d. As |n—m| = |d(f,(n),1) — d(f.r(m),1)] < §, we find that
d(fu(n), fur(n)) < 24, since w' is geodesic.

For all g € G, let By = {h € G|ds(1,h) <25 +1, d(gh,1) < d(g,1)}. Suppose for
two geodesic strings w,w’ € G that By = Bg. We claim that C,, = C,/ (a result of
Cannon [52, Lemma 3.2.4]), which we will prove by induction on the length of strings in
S*. Since {By| g € G} is finite, this proves that there are only finitely many cone types
of strings in S*.

Evidently, ¢ € C, N C,,. If o' = ¢, then By = () and @ = 1, meaning that w = ¢
since w is geodesic. Therefore we assume |w'| > 1. Now let v € S* be a string such
that w7y, w'y and that wys are geodesic strings, where s € S U S~!. If there were a
geodesic string v € S* with length less than that of w’ys such that ¥ = w’vs, notice
that d(7,w'y) = d(5,1) < 1. Write v = ajag for geodesic strings aj,as € S* where
o] = /|~ 1. As [v] < Jo'|+ ], we see that |as| = [v]—|aq] < |u/] ~[a1] +|y] = | +1.
Now,

A1) < dfury (D) 1)) + LoD, Fuloa])) < 25+ 1,
sow @y € B—; = Bg. Therefore d(wﬁfloﬁ, 1) < d(w,1) = |wl|, yielding

d(@7s,1) — |w| < d(@7s, 1) — d@o ‘ar, 1)

(
< d(w7s, e’ 'ax)
(

= d(@,ar) = |ag| < |y| + 1.

We conclude that d(@7vs, 1) < |w|+ |y|+ 1, but wys was assumed to be geodesic. Hence
w'vys is geodesic, so C,, = C,,.

If r: Z, — G is a ray with r(0) = 1, choose a sequence (s,),>1 in S U S~! such
that w, = s1---s, € S* is geodesic and @, = r(n) for all n > 1. There now exists
a cone type C such that C,, = C for infinitely many n > 1. Let M > 0 be the
smallest integer such that C' = C,,,. If n > 0 is fixed, there exists N > n such that

Cuypny = C. Then for all p > 0, the string wyr(sar41---spn)P € S* is geodesic.
Indeed, since sprq1---sp4N € Cuy, = Cuyyyy it follows that war(sarq1 - csyan)? s

geodesic. Thus (SM+1'-‘SM+N)2 € Cuy = Cupyns 50 by continuing inductively it
follows that (sps41 - sypen)P € C for all p > 0.

It follows from the above observation (proving a variant of the “pumping lemma’)
that there is a strictly increasing sequence (N (7))i>1 such that war(sar+1- - Sprn@))”
is geodesic for all 7,p > 0. Define w = war, vi = sSp+1 - Syyn() and g; = i (@) for
i > 1. Then g; has infinite order, and the sequence (wy?),>1 in S* defines a ray r; in G
with 7;(0) = 1 and 7;(c0) = g;7, since d(Wy;?, gf') = M for all p > 1.

Finally, notice that r;(n) = r(n) for all 0 < n < M + N(i). Therefore r; — r in
C(Z+,G) with respect to the topology of compact convergence, so that r;(c0) — r(c0)
in 0G. As r was arbitrary, the proof is complete. O

We finally remark that example I of a boundary in this section (see p. is actually
the Gromov boundary OF of a non-abelian free group F of finite rank; the Cayley graph of
F with respect to any free generating set is a regular Z-tree, and any Z-tree is 0-hyperbolic
[35, Proposition 1.2.2].
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Countable trees.

In the following, we will consider a boundary action obtained by means of an action of
a group on a countable tree. First and foremost, a graph Y = (V| E) consists of a vertex
set V and a set F of edges, respectively. All graphs will be unoriented, meaning that we
employ the convention of Serre [129] that Y is also equipped with origin and terminus
maps o,t: E — V and an inversion map E — E, e — €, such that € = e and o(€) = t(e)
for any edge e € E. The degree of a vertex v € V is the cardinality of o=!(v) or t~!(v)
(the numbers coincide), and a vertex is a leaf if it has degree 1. We say that Y is locally
finite if every vertex in V has finite degree.

A path p in a graph Y = (V| E) is a finite sequence vy, e1,v1, ..., €y, vy of vertices
Vo, ..., € Vand eq,..., e, € V,such that o(e;) = v;—1 and t(e;) = v; forall 1 < i < n.
The length of the path p is the number of edges in the path, and the endpoints of p are
the initial and terminal vertices of the path. If the endpoints of p are equal, p is called
a circuit.

A graph Y = (V, E) is connected if any two vertices are endpoints of a path in the
graph, and a tree is a connected graph without circuits. If Y = (V| E) is connected,
we define the path metric d on V by letting d(v,w) be the length of the shortest path
between v and w for v,w € V. We take the liberty of viewing d as a metric on T that
only measures distances between vertices.

In the following, let T' = (V, E) be a countable tree (i.e., V and E are countable).
Letting d be the path metric on V, then (7, d) is a uniquely geodesic Z-metric space. In
fact, (T, d) is also 0-hyperbolic [35, Proposition 1.2.2].

A morphism o of two trees 71 = (V1,E1) and Ty = (Va, Ey) is a tuple of maps
oy: Vi — Vo and og: E1 — Es such that o(og(e)) = oy (o(e)) and og(e) = og(e) for
all e € Ey. If oy and op are bijections, o is called an isomorphism, and if T} = Ty
we say that o is an automorphism. All automorphisms of trees will be assumed here
to act without inversion, meaning that no e € E satisfies og(e) = €, and the group of
automorphisms of 7" acting without inversion is denoted by Aut(7"). This ensures that
Aut(T) contains no automorphisms that fix an edge set {e,e}, but not the endpoints.
Notice that Aut(7) is just the isometry group of 7" with respect to the path metric, so
that we may easily extend o € Aut(7") to T U T by defining o([r]) = [0 or] for any ray
rin T.

We say that an automorphism o € Aut(7T) is hyperbolic if it has no fixed points in
T. If T is locally finite, so that (7, d) is proper, this coincides with the definition given
in Theorem [2.2.11]

For any automorphism o € Aut(T"), the amplitude of o is ¢(c) = min,ecy d(v, o (v)).
The characteristic set of o is the o-invariant set

T° ={veV]dv,o)) =4L0o)}

A bi-infinite path in a graph is a subgraph isomorphic to the graph with vertex set Z and
edge set {e, |n € Z} U{e, |n € Z}, with o(e,) = t(e,) = n and t(e,) = o(e,) =n+1
for all n € Z.

A fundamental result of J. Tits states that for a hyperbolic automorphism o €
Aut(T), T is always the vertex set of a bi-infinite path L in T, called the azis of o, and
any non-empty subtree of 7" which is invariant under o and o~! always contains L. We
refer to [12g, Proposition 6.4.24] for details.
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To build a “compactification” of T, fix a base vertex v in T. We consider the strong
topology on the closed subspace T, U R, of C'(Z4,T) in the topology of compact conver-
gence. Two rays ri,re: Zy — T are said to be cofinal if there exist integers k,m > 0
such that r1(n +m) = ra(n + k) for all n > 0, we let 9T be the space of equivalence
classes of rays in T with respect to being cofinal. Let 9,7 be the visual boundary of T
at v (cf. Definition [2.2.10).

As two rays in T emanating from the same vertex v are asymptotic if and only if
they are cofinal, we have a natural map 0,17 — 0T for all v, and it is a bijection. Due
to T being uniquely geodesic, the map w,: T, U R, — T'U0,T is also a bijection. Hence
the strong topology on T'U 0, T translates to a topology on T'UJT, also called the strong
topology, and it is independent of the choice of base vertex v 24, I11.8]. Now, in order to
eventually obtain a boundary from T"U 9T, we need this space to be compact. This is
hindered if T" has a vertex of infinite degree.

The solution is to define a weaker topology. For each edge e € E, we define its
shadow

Se = {v e V]d(i(e),v) < d(o(e),v)},

i.e., the set of vertices closer to the terminus of e than to the origin. One may also
describe S, as the component containing ¢(e) of the graph obtained by removing e from
T, and appropriately, S, is also called a half-tree of T'. We let T be the shadow topology
on T U OT generated by the extended shadows S, C T U T for e € E. Then 7 is
weaker than the strong topology on T'U 9T indeed, for each e € E the shadow S, C V
corresponds to the subset {f € Ty |d(f(1),0(e)) > 1} of Ty(ey) U Ry(e). Hence

Se ={f € Ti(e) U Ry(e) | d(f(1),0(e)) = 1}

is clopen in the strong topology. A theorem due to Monod and Shalom [107, 4.1] states
that 7 is a compact metrizable, totally disconnected Hausdorff topology on T'U 9T, and
that 7 and the strong topology coincide on 9dT. However, T need not be closed —
indeed, 0T is closed (and hence compact) if and only if T is locally finite. To remedy
this, instead we will consider the compact closure 9T in (T'U 9T, 7).

In the same 2004 paper [104], Monod and Shalom prove that OT is the union of
OT and all vertices in T of infinite degree, as long as T has no leaves. The proof
goes as follows. Notice that the set F' C T of vertices of finite degree contains only
isolated points, meaning in particular that F' is open in 7. Moreover, if we index the
edges {e, }n>1 for which o(e;) = v, where v is a vertex of infinite degree, then each S,
contains some point z,, € 0T (because T" has no leaves, so that there is a ray contained
with image in S.,). By the compactness of (T'U 0T, 7), the sequence (xy)n>1 has an
accumulation point. As the sets S, \ {v} constitute a partition of (T'U T \ {v}, this
accumulation point is seen to be our good old friend v, proving that v € 0T .

Next observe that the extension of an automorphism o € Aut(7T') to T U 9T is a
homeomorphism in both the strong topology and the shadow topology 7. Moreover, if
o is a hyperbolic automorphism of T, then the axis of ¢ admits two fixed points xF
of the extension o: T UJT — T UJT in 9T, such that lim, o o™(z) = z for all
x € (TUAT) \ {x,} and lim, 0o 0~ "(z) = x, for all z € (TUIT) \ {z}}. Hence
o is weakly hyperbolic as a homeomorphism of T"U 0T in both of the aforementioned
topologies.
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For any automorphism o € Aut(7T'), we have 0(0T) = OT. Saying that the action of
a discrete group G on a countable tree 1" is minimal if T contains no proper G-invariant
subtrees, our desire is now to explain why certain actions of discrete groups on trees
are in fact boundary actions. The proposition below, due to Le Boudec [gg}, Proposition
3.1], appears in a much stronger version in [100, Proposition 4.26].

Proposition 2.2.14. Let T be a countable, leafless tree and let G be a discrete group
acting minimally on T by automorphisms without inversion. If the action of G on T
is non-elementary, then 0T is a G-boundary in the shadow topology.

Proof. The subset OT is closed and G-invariant, and by hypothesis the action of G' on
T UOT is non-elementary, so that the closure of the weakly hyperbolic limit set Lg of G
in (TTUOT, T) is a G-boundary by Proposition Our aim is to prove that 0T C L,
which will complete the proof.

We require the “bridge lemma” 129, Lemma 6.4.9], formulated as follows. If 7} and
Ty are subtrees of a tree T', with vertex sets V4 and Vb, respectively, and V3 N V5 contains
at most one vertex, there are unique vertices v; € Vi, vy € Vo with d(vy,vs) = d(11,T3).
Moreover, we have d(wi,ws) = d(wy,v1) + d(vy,v2) + d(ve,ws) for all wy € V; and
wy € V.

Let Ghyp be the subset of hyperbolic automorphisms of 7" in G' and for each g € Gy,
let Ly C T be the axis of g. Let Ty C T be the union of all L, for g € Ghyp. Then Ty
is a subtree of T'. Supposing that g, h € G have disjoint characteristic sets, then gh is
hyperbolic and its axis intersects Ly and Ly, [2, Proposition 8.1| — in fact, if 1 € L, and
x9 € Ly, are the unique vertices such that d(x1,x2) = d(Lg, Lp,), then

l(gh) = d(z1,ghz1) = €(g) + £(h) + 2d(x1, z2).

Hence Tj is connected and therefore a subtree. Moreover, if g € G is hyperbolic and
z € T9, then hgh™! is hyperbolic and hx € T""" " for all h € G. By minimality, it
follows that Tp = T'.

Letting e1, ..., e, be edges of T, assume that (_; Se, N T # 0 and let

r = 2max{d(o(e;),0(e;)) 3,5 =1,...,n}.
If S=iL;Se, €T contains the axis of a hyperbolic automorphism in G, we are done,
so assume that this is not the case. Let g € Ghyp such that Ly NS # (. Since Ly is not
contained in S, L, must intersect 7"\ Se,, for some 1 <ip < n and so o(e;, ), t(ei,) € Lg
for that 7o, since L, also intersects Seio and is the image of a geodesic.

If Ly NS is finite, then L, is not contained in S, for all j # ig, as that would imply
that Ly N S’% =LyNS —but LyN Seio is either empty or infinite! Hence pick jg # i
such that o(ej,),t(ej,) € Ly by the same argument as above. Now, any € Ly NS is
necessarily contained in the unique geodesic segment connecting o(ej,) and o(e;,). For
i ¢ {jo,i0}, let p € [o(ej,), 0(ei,)] such that d(o(e;),p) = d(o(e;), [o(ej,), o(es,)]) by the
bridge lemma. Then

d(o(ei), x) = d(o(e;), p) + d(p, ) < d(o(ei), olei)) + d(o(ejy ) olei)) <7

Therefore d(o(e;),z) < r for all z € Ly N S. It follows that there exists g € Gpyp such
that L, N S is infinite; otherwise any vertex in

U @yns)=Tns=s

9€Ghyp
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would have distance at most r to any o(e;), but S is unbounded by assumption. Hence
S contains a fixed point of some g € Ghyp. This proves that 9T C Lg, so 0T = Lg. [

2.3 Amenability

In this section we give an introduction to the concept of amenability of a group which
we shall soon see is closely related to boundary actions. The notion of amenability
harks back to von Neumann, who in 1929 devised the concept motivated by the then
recent proof of the Banach-Tarski paradox, and essentially describes groups who do not
allow for analoguously paradoxical anomalies. We will mainly follow the exposition on
amenability given in [64].

If G is a locally compact group, we consider the unital C*-algebra L*>°(G) of mea-
surable, complex-valued functions on G that are essentially bounded with respect to a
left Haar measure on G. There is a well-defined action of G on L*°(G) given by left
translation:

(9f)(s) = f(g7's), g,s€G, feL™G).

If A is a G-invariant unital C*-subalgebra of L*°(G), a mean on A is a state of A as a
C*-algebra. If a mean m: A — C satisfies

m(gf) =m(f), g€G, €A,

the mean is said to be (left- Jinvariant.

Definition 2.3.1. A locally compact group G is said to be amenable if L*°(G) admits
an invariant mean.

Examples of amenable groups include the class of compact groups (indeed, the nor-
malized left Haar measure immediately defines an invariant mean on Cy(G) which suf-
fices by the next theorem), as well as abelian groups. The most well-known example of
a non-amenable group is a non-abelian free group — we will establish this fact, once we
start looking into C*-simple groups in Chapter [3|

The C*-algebra C,(G) of continuous bounded functions on G naturally embeds
into L*°(G) as a G-invariant unital C*-subalgebra. If A C Cy(G) is a G-invariant
C*-subalgebra, then for any g € G, the point mass d4: A — C defines a mean on A.
A mean m on A is finite if it belongs to the convex hull of the set of point masses
dc = {04]9 € G}. Letting A(A) be the subset of finite means in the space S(A) of
means on A, a standard Hahn-Banach separation argument shows that A(A) is in fact
weak*-dense in the weak*-compact state space S(A) of A.

There is a smorgasbord of alternate characterizations of amenability, and needless
to say, we will not cover all of them. The following ones, of a more dynamical vari-
ety, are due to Hulanicki [84], Day [37] and Rickert [127]. We give references to other
characterizations in what follows, when needed.

Theorem 2.3.2. Let G be a locally compact group. Then the following are equivalent:

(i) G is amenable.
(ii) Cv(G) admits an invariant mean.

(iii) CI%(G) admits an invariant mean.
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(iv) If G acts continuously on a compact convex subset Y of a locally convex space by
affine homeomorphisms, then Y contains a point fixed by all g € G.

(v) Ewvery compact G-space carries a G-invariant Radon probability measure.

Proof. The implications (i) = (ii) = (iii) are trivial. If m: C}*(G) — C is an invariant
mean, then let h € L'(G) be a positive function of norm 1 such that h(g~!) = h(g)
for all g € G. Then the convolution (f x h)(s) = [ f(t)h(t~1s)dt is bounded and left
uniformly continuous for all f € L*°(G) [81, Theorem 20.16]. Therefore we may define
an invariant mean p: L>°(G) — C by ¢(f) = m(f=*h), so (i), (ii) and (iii) are equivalent.

If (ii) holds, let Y be a compact convex subset of a locally convex space E, equipped
with a continuous affine G-action. For fixed y € Y, define f: G — Y by f(g9) = gy. Then
for any ¢ € E*, pof is continuous and bounded, since Y is compact. If m: C(G) — Cis
an invariant mean, let m; be a net in A(Cp(G)) such that m; — m in the weak™ topology.
Fixing i € I, write m; = 22:1 Ajds; for s1,..., sy € G and define x; = Z?ZI Ajs;y. Then

e(gz;) =mi(g ' (po f), g€G, p€E"

Since Y is compact, we may assume that (x;) converges in Y to some x € X, which now
satisfies p(gz) = m(g (¢ o f)) for all g € G and ¢ € E*. Since m is invariant and ¢
was arbitrary, it follows that gz = x for all ¢ € G. Thus (iii) implies (iv).

Finally, (iv) implies (v) since P(X) is a weak*-compact convex G-space for any
G-space X, and if (v) holds, then in particular, Sg admits a G-invariant Radon proba-
bility measure. Since P(Sg) is the state space of C{*(G), C*(G) has an invariant mean,
meaning that (v) implies (iii). O

We remark that the class of amenable groups possesses good stability properties:
indeed, amenability is preserved under taking subgroups, quotients, extensions or direct
limits, to name the ones usually coveted, as long as the subgroups considered are closed.
Therefore solvable groups are also amenable. Moreover, since non-abelian free groups are
non-amenable, we see that a discrete group is non-amenable if it contains a non-abelian
free subgroup. The so-called von Neumann conjecture, arising from von Neumann’s
defining work on amenable groups, asked whether a group was amenable if and only if
it did not contain a free subgroup of rank 2; the conjecture turned out to be false, when
Ol'sanskil proved in 1980 that the so-called Tarski monster groups, whose only proper
subgroups are finite and of prime order p, exist for all primes p larger than 107 and are
non-amenable [109].

Let us end the section by stating a result due to Day [30, Lemma 4.1].

Lemma 2.3.3. Every locally compact group G has a largest closed, normal, amenable
subgroup N, i.e., all closed, normal, amenable subgroups of G are contained in N.

Definition 2.3.4. The largest closed, normal, amenable subgroup of a locally compact
group G is called the amenable radical of G and is denoted by R(G).

The amenable radical of a group has proven to be an essential constituent in the
study of C*-simple groups and the unique trace property, and we shall return to it
repeatedly.



30 Chapter 2. Topological dynamics

2.4 Boundaries in compact convex spaces

In this section we resume providing important facts about boundary actions, the main
point of focus being their relationship with actions on compact convex subsets of locally
convex spaces, as well as amenability of the group in consideration. Along the way, we
will relate a result of Glasner concerning the ubiquity of boundaries to injectivity for
C*-algebras. We will also briefly consider the notion of strong amenability, which arises
from reformulating the relation between boundary actions and amenability in terms of
minimal, proximal actions.
The first three results are due to Furstenberg [58].

Proposition 2.4.1. Let G be a Hausdorff topological group. If X' is a compact minimal
G-space and X is a G-boundary, then any continuous G-equivariant map ¢: X' — P(X)
has image dx. It follows that there is at most one continuous G-equivariant map X' —
X, and it is surjective.

) is closed and contains a G-orbit, so it contains a
@ so Gz C ¢ 1(dx) for some x € X’. Since dx is
1(6x) = X', and thus p(X') = dx.

Proof. Since X' is compact, o(X’
point mass. Therefore p=1(5x) #
weak™*-closed, minimality yields ¢~

If ¢1,¢2: X’ = X are continuous G-equivariant maps, then a(z) = 1 (8,,(2) + Oy (z)) 18
a continuous G-equivariant map X’ — P(X). Therefore a(X') = dx and it follows that
1 = . Since X is a minimal G-space, ¢ is surjective. O

The above result has the interpretation that a G-boundary resembles a one-point
space in the category of minimal compact G-spaces and G-equivariant continuous maps,
strengthening the rigidity result for minimal proximal actions given in Lemma

We translate the above result to a C*-algebra setting as follows. Recall for compact
Hausdorff spaces X and X’ that there is a duality between continuous maps a: X' —
P(X) and u.c.p. maps a*: C(X) — C(X') given by

a*(f)(a") = a(a)(f), feC(X), 2" €X' (2.4.1)
If X and X' are G-spaces, then « is G-equivariant if and only if a* is G-equivariant.

Corollary 2.4.2. Let G be a Hausdorff topological group. If X' is a compact minimal
G-space and X is a G-boundary, then there is at most one G-equivariant u.c.p. map
C(X) — C(X') and it is an injective *-homomorphism.

Proof. If ¢: C(X) — C(X’) is a G-equivariant u.c.p. map, the map a: X’ — P(X)
given by a(x) = d, o ¢ is G-equivariant and continuous, so it has image dx. Hence we
obtain a surjective G-equivariant continuous map p: X’ — X such that a(z) = 0,0
As o(f)(z) = a(z)(f) = f(p(x)), ¢ is a *~homomorphism and it is injective because p
is surjective. Finally, since p is the unique G-equivariant continuous map X’ — X, ¢ is
also unique. O

We shall now consider how these uniqueness results translate to the setting of state
spaces of C*-algebras. For any compact convex subset Y of a locally convex space E,
there exists a unique weak*-continuous, affine barycenter map 3: P(Y) — Y such that

Z/deu
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for all continuous functions f: Y — R. In other words, any probability measure on Y
is represented by a unique point in Y. This result, known as the Choquet-Bishop-de
Leeuw theorem, is an immense asset to the study of compact convex spaces, and notably
provides an alternative proof of the Krein-Milman theorem. We refer to [r17, Chapter
1| for details.

Remark 2.4.3. With Y as above, then the barycenter map clearly satisfies 5(d,) =y
for all y € Y. Conversely, if y € Y is an extreme point and 5(u) = y for some pu €
P(Y), then p = &,. Indeed, suppose that (14 + 1) = pu for vi,v5 € P(Y). Then
f(3(B(r1) + B(v2))) = f(y) for any continuous real-valued linear functional f € E*. By
the Hahn-Banach theorem and the assumption that y is an extreme point, S(v;) = y
and [y fdp = [, fdy; for i = 1,2 and all continuous functions f: Y — R, so that y is

an extreme point. Therefore p € dy, implying p = d,,.

Definition 2.4.4. Let E be a locally convex space. If Y is a compact, convex subset of
E, equipped with an action of a topological group G by affine homeomorphisms, we say
that Y is a compact convexr G-space. If Y contains no non-empty, proper, convex and
closed G-invariant subsets, the action of G on Y is irreducible.

Similar to Proposition an application of Zorn’s lemma yields that any compact
convex G-space contains an irreducible subset, i.e., a minimal non-empty, convex, closed
and G-invariant subset. Note, moreover, that if Y is a compact convex G-space and
B: P(Y) — Y is the barycenter map, then S satisfies f(g8(n)) = f(B(gp)) for f € C(Y),
g € G and p € C(Y)*, and is therefore G-equivariant.

The next result is due to Furstenberg, but first appeared in a seminal paper by
Glasner on proximal actions [62].

Theorem 2.4.5. Let E be a locally conver space and let Y C E be a compact convex
G-space. Then'Y contains a G-boundary. In fact, if Y is irreducible, the closure of the
set K of extreme points of Y is the unique minimal subset of Y, and it is a G-boundary.
Conversely, if Y is the closed convez hull of a G-boundary inside E, then Y is irreducible.

Proof. Any compact convex G-space contains an irreducible subset, so we may assume
first that Y is irreducible. If X C Y is a minimal subset, then Y is the closed convex
hull of X. By Milman’s converse to the Krein-Milman theorem, K C X. Thus K C X,
and since K is G-invariant we have equality. Therefore, if we prove that X = K is a
strongly proximal G-space, then the first two assertions follow.

Let M C P(X) be a minimal subset, and let ¢: X — Y be the inclusion map
with pushforward map ¢,.: P(X) — P(Y). If 5: P(Y) — Y is the G-equivariant affine
barycenter map, then conv(t.(M)) = Y since Y is irreducible. Therefore K C §(t.(M))
by Milman’s converse, so that dx C t.(M) by the above remark. Therefore 65 C M
and M = dx = dx by minimality, so the claim follows from Lemma (ii).

Finally, if X C F is a G-boundary and Y is the closed convex hull of X, then the
continuous G-equivariant map dpG — X C Y extends to an affine weak*-continuous
map P(OrG) — P(Y). Composing this map with the barycenter map 5: P(Y) — Y
yields an affine, continuous and G-equivariant map ®: P(9rpG) — Y. It is surjective
since X C ®(dp,c) by construction. Finally, since dpG is a G-boundary, P(0rG) is
evidently irreducible, and therefore Y is also irreducible. O
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The above theorem has the effect that the Furstenberg boundary dpG admits an
equivariant continuous map into any compact convex G-space, which we will immedi-
ately take advantage of to the fullest. The following proposition was first proved by
Kalantar and Kennedy [go] and describes the so-called G-injectivity trait of the unital
G-C*-algebra C(0rpG). One should regard it as a G-equivariant Hahn-Banach theorem:
seeing as one may freely extend the domain of a C-valued positive map from a C*-algebra
and retain the positivity, swapping C for C(0rG) allows us to retain G-equivariance
of the map as well. We shall give a more detailed explanation of this aspect of the
Furstenberg boundary in Section The following proof, written in the language of
compact convex G-spaces, is in the vein of [23, Proposition 2.5]. Notice that we require
the C*-algebras to be unital, as weak*-compactness of the state spaces cannot be done
without.

Proposition 2.4.6. Let G be a Hausdorff topological group and let A be a unital
G-invariant C*-subalgebra of a unital G-C*-algebra B. Then any G-equivariant u.c.p.
map A — C(0pG) extends to a G-equivariant u.c.p. map B — C(0rG).

Proof. Let r: S(B) — S(A) be the G-equivariant, continuous and affine restriction map.
If ®: A — C(9rG) is G-equivariant and u.c.p., then we consider the G-equivariant
continuous dual map ¢: OpG — S(A) given by ¢(z)(a) = ®(a)(z). Y C S(A4) is
the closed convex hull of the G-boundary X = ¢(0rG) by Theorem then Y is
irreducible and X is the unique minimal subset of Y.

Since r~1(Y) C S(B) is a compact convex G-space, there exists a G-boundary Y’ C
r~1(Y) by Theorem . Therefore, universality yields a G-equivariant continuous map
é: 0pG — Y, so that we obtain a G-equivariant continuous map 7o ¢: dpG — Y. As
(r0¢)(drG) is a minimal subset of Y, we have (T%@FG) = X. By uniqueness of the

2.4.1

G-equivariant surjection OpG — X (Proposition [2.4.1)), 7 0 ¢ = ¢, so we may define
d(b)(x) = ¢(z)(b), be B, x € drG.

It is now easy to see that ® extends ® and is G-equivariant, unital and positive; by [117,
Theorem 3.9] it is then completely positive. O

Lemma 2.4.7. For any Hausdorff topological group G, there exists an embedding of
C(0rG) into CIY(G) as a G-invariant unital C*-subalgebra. With respect to this embed-
ding, there exists a G-equivariant conditional expectation p: CiN(G) — C(OpG).

Proof. For x € OpG, define a G-equivariant *-homomorphism P: C(9rG) — CI*(G) by
P(f)(g) = f(g9z). By Propositionthere is a G-equivariant u.c.p. map p: C*(G) —
C(0rG) extending the inclusion C1 C CI'(G). Corollary now yields that po P is
the identity map on C(9rG), so that P is injective and Pop is a conditional expectation
of CIY(G) onto P(C(0rQG)). O

Remark 2.4.8. A C*-algebra A is said to be monotone complete if every increasing
net of self-adjoint operators in A that is norm-bounded has a least upper bound in A.
It is well-known that a commutative unital C*-algebra C'(X) is monotone complete if
and only if X is extremally disconnected, meaning that closures of open subsets of X are
open [134, Proposition IIl.1.7]. A compact Hausdorff space that is extremally connected
is also called a Stonean space.
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For any non-empty set X, the C*-algebra ¢>°(X) is evidently monotone complete. If
G is a discrete group, then the existence of a conditional expectation (*°(G) — C(9rG),
as verified above, now implies that C'(0rG) is monotone complete. One may see this
by means of an argument used in [33, Theorem 3.1, due to Tomiyama and Fakhoury.
Indeed, if (fi)ier is a bounded increasing net of real-valued functions in C(0rG) C
(*(G), then (f;)ier has a least upper bound f in £*°(G). Then p(f) > p(f;) = fi for
all i, and if g € C(0pG) is real-valued and satisfies g > f; for all 4, then g > f and
g =p(g) > p(f), so that p(f) € C(OrG) is a least upper bound for (f;)cr.

We note that this argument applies equally well to show that monotone completeness
is preserved by positive projections; we will return to the topic of monotone complete
C*-algebras in Chapter [5}

Recalling our discussion of amenability in the previous section, we will now give a
characterization of amenability in terms of boundary actions.

Proposition 2.4.9. Let N be a closed, normal, amenable subgroup of a locally compact
group G and let X be a G-boundary. Then N acts trivially on X.

Proof. By Theorem X has an N-invariant probability measure y. Now let n € N.
We then have n(gu) = g(g~*ngu) = gu for all g € G, so because dy is contained in the
weak™ closure of Gy it follows that n fixes every point in X. O

The corollary below is due to Furstenberg [58, Proposition 4.3] and Glasner [62]
Theorem 7.1].

Corollary 2.4.10. Let G be a locally compact group. Then OpG is a one-point space if
and only if G is amenable.

Proof. If G is amenable, then G acts trivially on the minimal G-space dpG by the
previous proposition, so that 0rpG is a one-point space. Conversely, if X is a compact
convex (G-space, then let Y be an irreducible subset of X and let x € Y. As the unique
minimal subset of Y is a G-boundary by Theorem it is trivial if OpG is a one-point
space, so gxr = x for all g € G. By Theorem G is amenable. O

A generalization of the above corollary due to Furman [50], Proposition 7|, which we
will now prove (Theorem , has turned out to be an essential component of the
study of C*-simplicity and the unique trace property for discrete groups — in particular it
links the latter property to the amenable radical, as seen in the paper [23] by Breuillard,
Kalantar, Kennedy and Ozawa. We provide further details in the next chapter.

Definition 2.4.11. Let GG be a group acting on a set X. For any « € X, the stabilizer
subgroup G is the subgroup {g € G |gx = z} of G.

Notice that if G is a topological group acting continuously on a Hausdorff space X,
then for each x € X the stabilizer subgroup G, is closed.

Theorem 2.4.12. Let G be a locally compact group. Then R(G) = Nyeppc Gz In
particular, R(G) = {1} if and only if G admits a faithful boundary action. Moreover,
OrG is G-equivariantly homeomorphic to 0p(G/R(QG)).
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Contemplating why this is true, notice that Lemmal|2.4.7]yields a G-equivariant u.c.p.
extension p: Ci%(G) — C(0pG) of the inclusion C C Ci%(G). Then for any = € JrG,
the linear functional §,0p: C{%(G) — C defines a mean on C{*(G) which is G-invariant.
If it were possible to define a G,-equivariant embedding Ci%(G,) — C*(G), then G,
would be amenable, so that (1,cs,. ¢ Gz would be a closed, normal, amenable subgroup
of G. However, it is not clear why this would hold for any locally compact group G.

To remedy this, we require a notion first defined by Caprace and Monod in [2g].

Definition 2.4.13. A subgroup H of a locally compact group G is said to be relatively
amenable in G if there exists an H-invariant mean on Ci%(G).

It is evident that an amenable subgroup of a locally compact group is relatively
amenable, but it is still unknown whether the converse is true. In [2g], Caprace and
Monod prove that the class of locally compact groups such that each relatively amenable
subgroup is in fact amenable is very large and has a wealth of stability properties. For
instance, if G is a discrete group, then as C["(H) = ¢>°(H) is contained in C*(G) =
(@) as an H-invariant C*-subalgebra for every subgroup H C G. This inclusion is
obtained by identifying f € £°°(H) with the function f € ¢>°(G) given by f(hr) = f(h),
for h € H and r belonging to a subset of right coset representatives of H in G. Therefore
any H-invariant mean on ¢*°(G) restricts to an invariant mean on ¢*°(H), so that any
discrete group is contained in the aforementioned class. This proves Furman’s result
(Theorem in the discrete case, as well as the following important observation.

Lemma 2.4.14. For any discrete group G and any x € OpG, the stabilizer G, is an
amenable subgroup of G.

We will need one of the stability properties of relative amenability to complete the
proof of Theorem The result itself follows from combining an observation of
Derighetti [g5] with a result of Caprace and Monod [2g, Proposition 3|: if N is a closed,
normal and relatively amenable subgroup of a locally compact group G, then N is
amenable. A more self-contained proof of this fact is given in |11, Theorem 11].

Proof of Theorem[2.4.12, By Proposition m R(G) € Nyeopa G- Since Nyeopc Ga
is closed, normal and relatively amenable, it is amenable, so the reverse inclusion holds.
Thus R(G) = {1} if and only if the action of G on JrG is faithful, and if G admits a
faithful boundary action, then universality of the Furstenberg boundary implies that the
action of G on 9pG is faithful too.

Now let N = R(G). The surjective product map G x 9pG — G/N x OpG is open
and thus a quotient map. Since the G-action G x 0pG — OrG is constant on sets
of the form gN x {z} for g € G and = € JpG, it passes to a continuous G/N-action
G/N x 0pG — 0@, with respect to which 0rpG is a G/N-boundary. Hence there exists
a G /N-equivariant continuous surjection p: Op(G/N) — OpG. Defining a G-action
on Op(G/N) by means of the quotient map G — G/N, p is G-equivariant, and since
Or(G/N) is a G-boundary, there is a G-equivariant continuous surjection ¢: dpG —
Or(G/N). Due to Lemma p o o is the identity map, so that ¢ is injective. O

We will finally discuss the notion of strong amenability. Since a group is amenable
if and only if it has trivial Furstenberg boundary, it is natural to ask when its universal
minimal proximal compact space is trivial.
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Definition 2.4.15. A Hausdorff topological group G is said to be strongly amenable if
II(G) is a one-point space.

The class of strongly amenable groups contains many well-known classes of groups.
To name one, if G is abelian and X is a minimal proximal G-space, then any g € G
defines a G-equivariant continuous map x + gz, meaning that it must be the identity
map by Lemma [2.1.13] By minimality X is a one-point space, so that all abelian groups
are strongly amenable. In fact, Glasner proved that any compact extension of a nilpotent
group is strongly amenable [62, Theorem 7.5]. Since there is a G-equivariant continuous
surjection II(G) — OpG for any locally compact group G, strong amenability implies
amenability, but the converse is not true: indeed, there exists a solvable, non-strongly
amenable group, in an example due to Furstenberg [63, Example 5.5]. Recently, it has
been shown by Hartman, Juschenko, Tamuz and Vahidi Ferdowsi [80] that the Thompson
group F' is not strongly amenable.

In the discrete case at the very least, we suspect that an analogue of the amenability
of stabilizer subgroups for the action of a group G on drG holds for strong amenability,
i.e., that the stabilizer subgroups of a discrete group G acting on II(G) are strongly
amenable.

2.5 The universal minimal compact G-space

In this section, we take a closer look at the properties of the universal minimal compact
space of a discrete group, and we consider whether this space may be universal in other
respects than minimality. At the end, we include some original observations to shed
some light on this matter.

We gave a proof of the first half of this theorem, due to Ellis [19], in Section

Theorem 2.5.1. Let G be a Hausdorff topological group. There exists a universal mini-
mal compact G-space Mg, i.e., for every minimal G-space X there exists a G-equivariant
continuous surjection Mg — X. Moreover, Mg is unique up to G-equivariant homeo-
morphism.

A proof of the second half will, as we shall now see, give a good look into what
additional structure one may find in Mg.

First, we observe that by using the universal property of the greatest ambit S¢g, we
may extend the action of G on Sg to a product Sg x Sg — Sg, (x,y) — xy, that extends
the topological group structure of G to a right-topological semigroup structure on Sg,
i.e., the binary operation Sg X Sg — S¢g is continuous in the first variable. Indeed, for
fixed y € Sg there exists a unique G-equivariant continuous map R,: Sg — Sg such
that R,(1) = y. Defining zy := R, (z) for z,y € Sg, it is easy to see that this binary
operation is associative and continuous in the first variable, its restriction to G x G is
the original binary operation on G and its restriction to G x Sg is the G-action on Sg.
Moreover, 1 € G is the identity element of S¢ and if g € G is fixed, then the self-map
x — gx of Sg is continuous by construction.

We will now take a closer look at the right-topological semigroup structure of Sg.
A non-empty subset I of a semigroup F is called a left ideal of F if EI C I. Since G
is dense in Sg, a subset Z C Sg is then closed and G-invariant if and only if it is a
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closed left ideal in Sg. Moreover, if Z C Sg is minimal among left ideals of Sg, then
Z = Sqz = Gz for all z € Z, so that Z is closed. It follows that Z C S¢ is a minimal
left ideal if and only if Z is a minimal subset with respect to the G-action on Sg.

To make the semigroup structure of Sg a bit more tangible, we need the following
lemma which, in the formulation below, is also due to Ellis [48, Lemma 1]. It requires
only one-sided continuity, as opposed to earlier versions by Numakura and Wallace.

Lemma 2.5.2. Let E be a compact right-topological semigroup.

(i) E contains an idempotent element.

(ii) If S C E is a closed subset and x € E satisfies x € Sz, then there is an idempotent
e € S such that ex = x.

Proof. (i) Consider the collection of closed non-empty subsets S of E satisfying S? C S.
This collection is non-empty, as £E? C E, and by the finite intersection property and
Zorn’s lemma, this collection has a minimal element S. Now, for any x € S, Sz is closed
and non-empty, and since (Sz)(Sx) C S3z C Sz and Sz C S it follows from minimality
that Sx = S. Therefore H = {y € S|yz = x} is non-empty as well as closed, and since
H2C HC S we have H=S. Hence 22 =z € E.

(ii) Define H = {y € S|yx = x}. Then H is closed and non-empty since z € Sxz.
Moreover, H> C H so that H is a compact right-topological subsemigroup of E. We
then apply (i). O

The above result, in particular (ii), now helps establish an array of algebraic proper-
ties for a minimal left ideal of the greatest ambit. The following two results are also due
to Ellis [79].

Proposition 2.5.3. Let Z be a minimal left ideal of a compact right-topological semi-
group E and let x € Z.

(i) Z contains an idempotent.

(i) Zz =

(iii) For all zdempotents e€Z, xe=ux.
)
)

(iv) There is z € Z and an idempotent e € Z such that ez = z and vz = zx = e.

(v) Ifa € E and z € Z satisfy xa = za, then x = z.

Proof. (i) follows from Lemma [2.5.2] Moreover, Zz is a left ideal with Zz C Z, so
Zr = Z by minimality, yielding (ii). For (iii), let e € Z be an idempotent element.
Then by (ii) there is y € Z with ye = x, so that ze = ye? = ye = z.
For (iv), note that by Lemma there is an idempotent e with ez = x since
r € Z = Zx. Since e € Z = Zx, let z € Z with e = zx, and then take y € Z with
e = yz. We now have
T =er =yzx =ye =y,

so that e = xz = zx, proving (iv). Finally, for (v) let y = ax € Z, so that zy = zax =
zazx = zy. Due to (iv) there is 7 € Z and an idempotent element e € Z such that yr = e,
yielding x = xe = zyr = zyr = ze = 2. O
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Theorem 2.5.4. If Z C Sg is a minimal left ideal and n: Z — Z is a continuous
G-equivariant map, then there exists x € Z such that n(z) = zx for all z € Z. Moreover,
1 1is a homeomorphism.

Proof. Let e € Z be an idempotent. Then v(z) = n(ze), x € Sg, defines a G-equivariant
continuous map Sg — Sg. As v(g) = gv(1) = R,)(g) for all g € G, it follows that
v = R,q). For z € Z, n(z) = n(ze) = v(z) = zv(1) = zn(e) by Proposition m (iii).
Since Zn(e) = Z, n is surjective, and if n(z1) = n(z2) for z1, 29 € Z, then z1n(e) = zan(e).
Therefore 21 = 23 by Proposition [2.5.3] (v). O

We can now prove the second half of Theorem Indeed, let Mg be a minimal
subset of Sq, i.e., Mg is a minimal left ideal of Sg. If Z is another universal minimal
compact G-space, then there exist continuous G-equivariant surjections ¢1: Mg — Z
and @o: Z — Mg. Composing the two yields a continuous G-equivariant surjection
w0 w1 Mg — Mg which is a bijection due to Theorem [2.5.4] Thus ¢; is injective,
which completes the proof. We can therefore speak of the unique universal minimal
G-space:

Definition 2.5.5. For any Hausdorff topological group G, let M denote the universal
minimal compact G-space.

In view of the types of group actions considered in Section it is natural to ask
the following: for a group G, what separates the universal minimal compact G-space
Mg from the other universal compact G-spaces constructed, namely II(G) and 0pG? It
turns out that this is a very hard question to answer in full generality. We suspect, at
least for discrete groups G, that M is only a proximal G-space when G = {1}, although
we have not been able to verify why this should be so.

Of course there are simple ways of finding counterexamples to the statement that
Mg is always homeomorphic to II(G), as indicated by the following remark.

Remark 2.5.6. Let G be a Hausdorff topological group containing a proper, closed
subgroup H of finite index. Then G/H is a compact Hausdorff G-space on which the
action is transitive. Since Mg surjects G-equivariantly onto G/H, proximality of Mg
would imply proximality of G/H, but this contradicts (ii) of Proposition Hence

Mgy is not a proximal G-space.

We can give a more complete description of what is required in order for Mg to be
a proximal G-space.

Proposition 2.5.7. Let G be a Hausdorff topological group and let Mg C Sg be the
universal minimal compact G-space. Then the following are equivalent:

(i) Mg is a proximal G-space.

(ii) Ewvery G-equivariant continuous surjection Mg — II(G) is a homeomorphism.

)
)
(iii) Every compact minimal G-space is prozimal.
(iv) Every element in Mg C S is idempotent.

)

(v) Ewvery element in any minimal left ideal of S is idempotent.
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Proof. The implications (i) < (ii) < (iii) and (v) = (iv) are clear. If Mg contains z for
which 22 # z, then the map  — xz defines a G-equivariant continuous map Z — Z
(by Lemma (i1)) which is not the identity map. Therefore by Lemma Mg
is not proximal, proving (i) = (iv). Conversely, if every element in M is idempotent,
then the only G-equivariant homeomorphism of Mg is the identity map due to Theorem
and Lemma (iii). By Remark Mg is G-equivariantly homeomorphic
to II(G). That (iv) implies (v) follows from the fact that any two minimal left ideals in
S¢ are isomorphic [83, Theorem 2.11]. O

One tactic for trying to prove that Mg is not proximal is thus to find a non-idempo-
tent element in a minimal left ideal. We only give an idea of how this could be done in
the case when G is a discrete group.

For a discrete group G, we identify S¢ with the Stone-Cech compactification SG. Tt
is well-known that SG can be identified with the space of ultrafilters on G. To give a
short explanation of why this is so, we first recall that any subset of G is open in GG,
that G is dense in SG and that G has the following universal property: for any compact
Hausdorff space X, any map G — X extends to a unique continuous map G — X.
Using this property, one can then show that SG is an extremally disconnected topological
space, i.e., every open set in G has open closure. To see this, one may first note that
any open set S C BG satisfies S = SN G since G is dense in SG, so that it suffices
to show that S is open for S C G. It follows that 3G \ S C G\ S, and that S and
G\ S are disjoint by extending the characteristic function of S on G to a continuous
map G — {0, 1}.

Recall that a filter on G is a collection U of subsets of G that does not contain the
empty set and is stable under taking intersections and supersets. An wultrafilter on G
is a filter & on G such that any subset S C G satisfying G \ S ¢ U is contained in
U. Equivalently formulated, ultrafilters are maximal filters on G. Finally, an ultrafilter
U is principal if Ngey S # 0 — in which case (g, S consists of one point — and free
otherwise. We refer to [83] for more information on filters and ultrafilters.

One may now show for any x € SG that the collection U of subsets G N U, where
U C BG is an open neighbourhood of x, is an ultrafilter on G, and that it is principal
if and only if x € G. We identify any © € G with the corresponding ultrafilter U
on GG, and the G-action on G is given by left translation of the sets contained in the
ultrafilter.

If we are to explain how to interpret an idempotent element in Mg in the language
of ultrafilters, let us first see what a product of two ultrafilters in SG looks like. The
following result can be found in [83, Theorem 4.12].

Theorem 2.5.8. For all z,y € G and F C G, the following are equivalent:

(i) F € xy.
(ii) There exists P € x such that for all s € P there is some Q € y such that sQ C F.

Proof. (i) = (ii): Let U be an open neighbourhood of xy € SG such that F' = UNG € xy.
By continuity there is an open neighbourhood V of x € G such that Vy C U. Let
P=GNnV exandlet se P. As sy € Vy C U, we can find an open neighbourhood
W of y € G such that sW C U by continuity of the G-action. In particular, by letting
Q=WnNG €y we see that sQ C sW NG CF.
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(ii) = (i): Let P € z as in (ii) and for all s € P, let Qs € y with sQs C F. Let Vj
be an open neighbourhood of y such that Qs = G N V5. Then

sy € sVs=5Qs=5Qs CF

for all s € P, so that Py C F. Letting U be an open neighbourhood of x such that
P=GNU, we have 2y € Uy = Py = Py C F. Thus F € xy. O

Let us now show that SG \ G contains a non-idempotent ultrafilter whenever G is
an infinite discrete group. Suppose that e € SG \ G is an idempotent element. By the
above result, for all ' € e there exists P € e such that for all s € P there is a set Qs € e
satisfying sQQs C F. Fixing some s € F'N P, then @ = Qs N F N (G \ {s}) satisfies
Q C F\ {s} and sQ C F. Therefore, to find non-idempotent elements in G \ G for
infinite G it suffices to find a countably infinite subset F' such that

{g9slg,s € F, g# s} NF =0,

i.e., an infinite “product-free” subset. This can be done as follows — we thank André
Henriques (of Utrecht University) for providing us with an idea for the following proof.
Let g1 be a non-identity element in G, and let go € G\ {1, 1,97 '}. Then no product of
g1 and g9 equals g1, g2 or 1. Let Fy = {g1, 92}, define

Gy ={gs|g,s € {1} UFRUF; '},

and take g3 € G \ G2. Then no two-factor product of g1, g2 and g3 equals either g,
g2 or g3. Letting F3 = {g1, 92,93}, we define G3 by replacing Fy by F3, and proceed
inductively. The set F' = {g, }n>1 then has the desired properties.

The question is now whether one can ensure that a product-free subset F' belongs
to an ultrafilter x contained in a minimal left ideal of G, and it is possible to give a
precise formulation of what is needed. We refer to [83, Theorem 4.40| for a proof of the
following result.

Theorem 2.5.9. Let A be a non-empty subset of a discrete group G. Then the following
are equivalent:

(i) A € x for some ultrafilter x inside a minimal left ideal of BG.

(ii) There exists a finite subset F' C G such that the family {U,cp gtA | g € G} has the
finite intersection property.

We say that a subset A C G is piecewise syndetic if it satisfies condition (ii). In a
sense, a piecewise syndetic subset of a group is a subset to which all elements in the
group have “short distance”. A good visual to keep in mind here is the odd integers in Z
— incidentally, it is clearly also product-free (the existence of a non-idempotent ultrafilter
in Mz can also be concluded by Proposition since Z is strongly amenable).

Our conclusion is therefore that if a discrete group G contains a piecewise syndetic,
product-free subset, then Mg is not a proximal G-space. However, we have not verified
whether every non-trivial discrete group has this property (it may be easy!).

For the rest of this section, we will concentrate solely on finding criteria for a discrete
group G not to satisfy Mg Z II(G) or Mg = 0rG.
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Definition 2.5.10. Let G be a group acting on a set X. The action of G on X is said
to be free if G, = {1} for all x € X, and faithful if N,cx G» = {1}.

Using the structure of SG as the space of ultrafilters on G, we have the following
theorem, due to Ellis [50]. Veech gave a proof of the locally compact case in [139].

Theorem 2.5.11. The action of a discrete group G on BG is free. In particular, the
action of G on the universal minimal compact G-space Mg is free.

Proof. Let ¢ € G\ {1}. Then F = {F|F C G and gF N F = (} is a non-empty
collection of subsets of G, partially ordered by inclusion. If (F});c; is an increasing chain
of subsets of F, then for any distinct ¢, € I we may assume ¢ < j and note that
gF; N F; C gF; N F; = 0, implying that (J;c; F; is an upper bound. Hence F has a
maximal subset F' by Zorn’s lemma. If s € G\ (¢F U F'), then by maximality we have
FU{s} ¢ F, so that (¢F U {gs}) N (F U {s}) # 0. Therefore gs € F and s € g7'F, so
that G = FUgF Ug 'F.

1

Assuming now that x € G satisfies gr = x, then g~ 'x = x too, and

r={gS|Scx}={g'9|S ca}.

As x contains at least one of the sets F, gF, g~ F, it must contain all of them, but then
) = FNgF € x, a contradiction. Hence G acts freely on SG. O

Remark 2.5.12. Let G be a discrete group with universal minimal compact G-space
Mg and suppose that Mg is G-equivariantly homeomorphic to II(G). If N is a normal
subgroup of G, then the quotient map G — G/N defines a minimal G-action on the
universal compact minimal G/N-space Mg/ y. By assumption, this action is now proxi-
mal, but due to how we defined the G-action on G/N it follows that the G/N-action on
Mg/ is also proximal. In particular the action of G/N on II(G/N) is free by the above
theorem.

We do not know whether freeness of the action of a discrete group G on II(G) can be
characterized in terms of the algebraic structure of the group. What we can say is that
G is icc whenever G acts faithfully on a minimal proximal compact G-space X. Indeed,
if g € G has finite conjugacy class, then the centralizer H of g € G has finite index in G.
The action of H on X is minimal and proximal [63, Lemma III.3.2], so since the map
X — X given by z — gx is H-equivariant and continuous, Lemma yields gx = =
for all x € X. By faithfulness, g = 1.

Remark 2.5.13. Remark still holds if we replace II(G) with the Furstenberg
boundary 0rG. In this case we can say a bit more, thanks to a theorem by Breuillard,
Kalantar, Kennedy and Ozawa to be elaborated upon in the next chapter (Theorem
: the action of a discrete group G on JrG is free if and only if G is C*-simple.
Hence if G has a non-C*-simple quotient, the universal minimal compact G-space is not
strongly proximal.

We conclude the chapter in humble fashion by combining the pieces of information
from the above discussion. Note that the existence of a finite index subgroup implies the
existence of a finite index normal subgroup and thus a finite quotient (see Proposition

3.3.1)), so that Remark is also covered.
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Proposition 2.5.14. Let G be a discrete group and let Mg be the universal minimal
compact G-space.

(i) If G has a non-icc quotient or contains a piecewise syndetic, product-free subset,
then Mg is not a prorimal G-space, nor a strongly proximal G-space.

(ii) If G has a non-C*-simple quotient, then Mg is not a strongly proximal G-space.

In particular, if a discrete group G has non-trivial abelianization, then Mg is not
proximal. Since the abelianization of any non-abelian free group F is the free abelian
group of the same set of generators, Mp is not a proximal F-space. Many other examples
can be found this way.



Chapter 3

C*-simple discrete groups

In this chapter, we discuss important applications of the theory of boundary actions to
reduced group C*-algebras, the chief situation of interest being when the reduced group
C*-algebra is simple and/or has a unique tracial state. We give a runthrough of the
recent characterizations of these two situations made by Kalantar and Kennedy, and
Breuillard, Kalantar, Kennedy and Ozawa, and finally we give examples of groups with
these properties. The last two sections of this chapter constitutes our own work with
Tron Omland on the topic of C*-simplicity of non-ascending HNN extensions.

3.1 Prologue

In this section, we give definitions of the two properties for discrete groups to be in-
vestigated in this chapter, and we use the opportunity to give some historical remarks,
explaining how these properties came to be considered important, in order to set the
stage properly for the next section. We follow [25] and [140].

For a discrete group G, consider the group algebra £!(G) equipped with the following
product and involution:

(zy)(s) = >_x(9)ylg™"'s), z(s)==(s7), z,yel(G), seq.
geG

The product is also known as the convolution of two functions z,y: G — C. With
respect to these operations and the usual 1-norm, ¢!(G) is a Banach *-algebra with
identity ;. The characteristic functions 6, € ¢1(G) satisfy g0y = 0504 = 01, and the
self-adjoint subalgebra C.(G) of finitely supported functions on G constitute a dense
subset of /1(Q).

Recalling that any *-homomorphism from a Banach *-algebra to a C*-algebra is
contractive [46, Proposition 1.3.7], we define a norm || - ||, on £}(G) by setting ||z||., =
sup ||7(x)| for # € ¢(G), where m runs through all non-degenerate representations
of /1(G) on a Hilbert space. Completing ¢!(G) with respect to || - ||l,, we obtain the
unital C*-algebra known as the full group C*-algebra, and it is denoted by C*(G). By
definition, any non-degenerate representation of £!(G) on a Hilbert space H extends to a
non-degenerate representation of C*(G) on H, and this correspondence of representations
is one-to-one.

42
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A wunitary representation of G is a group homomorphism of G into the group U(H)
of unitary operators on some Hilbert space H. There is a one-to-one correspondence be-
tween unitary representations of G' and non-degenerate representations of /1(G), given
by mapping f = > e f(9)dg € ?1(@) to the operator > gec f(g)mg in B(H), where
m: g — T, is a unitary representation of G' on the Hilbert space H. In particular,
any unitary representation of G can be used to construct a C*-algebra. Indeed, if
m: C*(G) — B(H) is the non-degenerate representation induced by a unitary represen-
tation m: G — U(H), then the C*-algebra associated to 7 is given by C(G) = n(C*(G)).

We next consider the (left) regqular representation X in the unitary group of £2(G),
given by left translation:

Mél(s) = E(g7"s), g.5€ G, £€(G).
With respect to the canonical orthonormal basis {Js | s € G} of £2(G), X uniquely satisfies
)\gés = 5957 g,s €G.

The reduced group C*-algebra C:(G) is the C*-algebra C5(G) associated to A, and C(G)
is therefore the norm-closure in B(¢2(G)) of the set of operators of the form 2_gec NgAgs
where 7, € C is non-zero for at most finitely many g € G. Moreover, C;(G) is equipped
with a faithful tracial state T, given by 7(x) = (xd1,1). We refer to 7 as the canonical
tracial state on C}(G).

Definition 3.1.1. A discrete group G is said to be C*-simple if C}(G) is a simple
C*-algebra, and it is said to have the unique trace property if C¥(G) admits a unique
tracial state.

We briefly remark that Bédos was the first to use the word “C*-simple” in an article
[g]; nonetheless, this name did not gain ground until de la Harpe’s 2007 survey [71].

In the seminal four-paper series On rings of operators (1936—43) by Murray and
von Neumann, laying the foundation for the topic of classification for von Neumann
algebras, group von Neumann algebras were among the first concrete examples given
[107, §5.3]. In their study, they gave a sufficient and necessary criterion for a discrete
group G to generate a factor (that is, a von Neumann algebra with trivial center) from
its left regular representation: G had to be icc.

With the advent of C*-algebras in the 1940’s came a desire to translate the classifi-
cation results of Murray and von Neumann into C*-algebraic versions. The observation
that the kernel of a *~homomorphism between two von Neumann algebras that also re-
spects the topologies (nowadays known as a normal *~homomorphism), always has a max-
imal projection which is central in the domain, implies that a normal *-homomorphism
from a factor will necessarily be one-to-one. As a consequence, simplicity of a C*-algebra
naturally arose as the C*-analogue of being a factor.

In a 1958 survey on problems and results in functional analysis [g1], Kaplansky posed
the question whether a simple C*-algebra always contained a non-trivial projection; he
had first discussed the question with Kadison nine years earlier. At a conference in Baton
Rouge in 1967, Dixmier again raised the question. Kadison suggested to Robert T.
Powers, a then newly-hatched PhD student from Princeton University, that the reduced
group C*-algebra of the free group Fy of rank two might provide a counterexample.
Within a week, Powers had proved that this C*-algebra was in fact simple [41, p. 13|,
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finally publishing the result in 1975 [120]. In 1982, Pimsner and Voiculescu gave a proof
that this C*-algebra did indeed contain only trivial projections.

After the result of Powers, the question of when the reduced group C*-algebra of
a discrete group is simple slowly gained interest. Powers had also proved that the
aforementioned reduced group C*-algebra had a unique tracial state. Generalizing both
the result of Powers and an analoguous result due to Choi for the free product Zs * Zs
[32], Paschke and Salinas proved in 1979 that simplicity and uniqueness of the tracial
state held equally true for the reduced C*-algebra of a non-degenerate free product, using
the techniques of Powers developed in his proof. Moreover, they also proved that any
group satisfying either of these two properties must also have trivial amenable radical
frgl.

In 1985, Pierre de la Harpe published a survey [39] on groups with simple reduced
group C*-algebras admitting a unique tracial state, asking several questions some of
which would continue to be open problems until 2015. Among these were the question
whether simplicity of the reduced group C*-algebra would imply uniqueness of the tra-
cial state, or vice versa. Harpe also coined the notion of a Powers group, meaning a
group that had combinatorial traits similar to those of Fo that yielded Powers’ 1975
result, and he found many new examples of Powers groups, most of which were obtained
from investigating hyperbolic actions. Most importantly, Powers groups were shown
to be C*-simple and have the unique trace property. The year after, de la Harpe and
Skandalis proved that Powers groups had the remarkable property that reduced crossed
products over Powers groups were simple if and only if the trivial ideals in the underlying
C*-algebra were the only ones to be invariant under the group action [77].

Following the work of de la Harpe, C*-simplicity has really become a topic in its
own right, especially when viewed as a sort of polar opposite to amenability. Whereas
amenable groups are quite “benevolent” in their behaviour towards dynamical systems in
particular (as already evidenced in Section , C*-simple groups constitute a class of
very non-amenable groups that nonetheless behave quite nicely, especially with respect
to reduced crossed products.

3.2 ("-simplicity and boundary actions

In this section, we present some of the recent advances in C*-simplicity and the unique
trace property, including both the dynamical characterization of C*-simplicity in terms
of boundary actions, due to Kalantar and Kennedy [go], and the fact that C*-simple
groups always have the unique trace property, due to Breuillard, Kalantar, Kennedy and
Ozawa [23]. To obtain the most efficient proofs, we combine arguments from the original
paper [23] with techniques found in [27], [68] and [g2]. We also briefly mention other
recent results on the same topic.

For an action a of a discrete group G on a C*-algebra A, let us first recall the
definition and properties of the reduced crossed product A x, G (cf. |25, Chapter 4.1]).
We will define the more general case of a reduced twisted crossed product in Chapter [4]
but it is worth treating this simpler set-up first. We keep in mind that the properties to
ensure for this C*-algebra is that its multiplier algebra contains a copy of the group G
as a subgroup of unitary operators, and a copy of A in such a way that the action of G
on A is implemented by the unitary multipliers of G.
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Let ¢'(G, A) denote the space of functions z: G — A satisfying 3 ¢ [|z(g)]] < oc.
We will often use the notation x = > c; 240, for a function z € Y(G, A), where
zy = z(g) € A for g € G. We next equip ¢!(G, A) with a product and involution by
defining

(xy)(s) =D x(g)(gy(g™'s)), a*(s) = sx(s™ 1),
geqG
so that £1(G, A) becomes a Banach *-algebra in the 1-norm. We identify A with the
image of A under the *~homomorphism a +— ad;. Notice also that the subset C.(G, A)
of finitely supported functions G — A is a dense *-subalgebra of ¢1(G, A), and that an
approximate identity (e;) in A yields an approximate identity (e;61) in £1(G, A).

A covariant representation of the C*-dynamical system (A, G, «) is a triple (7, u, H),
where H is a Hilbert space, m: A — B(H) is a non-degenerate representation and
u: G — U(H) is a unitary representation, such that m(ga) = ugau; for g € G and
a € A. We often suppress the Hilbert space H from the notation if it is clear from the
context. The associated integrated form of a covariant representation (7, u) is the map
7 x u: 1(G,A) — B(H) defined by

(m x u)(x) = Z m(zg)uy, x € LHG,A).

geG

The full crossed product of (A, G, a), denoted by A x, G = A x G, is the completion of
(G, A) or C.(G, A) with respect to the norm

lzllu = sup [|(w x w)(2)[, =€ £(G,A),

the supremum taken over all (cyclic) covariant representations (7, u, H) of (4, G, a).

To define the reduced crossed product, we assume that A C B(H) is faithfully
represented and define a faithful representation 7: A — B(H ® (*>(G)) and a unitary
representation \: G — B(H ® (*(Q)) by

m(a)(§ ® d0s) = (S_la)f ®0s, A(E®0s) =E®0ys, a€ A E€H, g,se.

It is easily verified that (7, A\, H ® £2(G)) is a covariant representation of (A,G, ),
and we call it a reqular representation of this C*-dynamical system. Notice also that
A is actually an amplification of the left regular representation of G' on ¢?(G). The
associated form 7 x \: (1(G, A) — B(H ® ¢*(Q)) is faithful, and the reduced crossed
product A Xo, G = A %, G is the completion of £1(G, A) or C.(G, A) in the reduced
norm

lolle = (7 x V@)l pree@), = € G, A).

Equivalently, A x,, G can be taken to be the norm closure of the image of m x A or
7 X Me.(a,4)- It is well-known that A x, G does not depend on the choice of faithful
representation A C B(H) (see, e.g., [25, Proposition 4.1.5]). We define a G-action
on A x, G by means of the inner automorphisms g — Ad()g), so that the inclusion
A C A x, G is G-equivariant.

Identifying A via its image under 7, then the reduced crossed product also has the
nifty property of admitting a faithful conditional expectation F4: A X, G — A that is
G-equivariant and uniquely satisfies Ex(z) = zq for all z = }° g x40y € NG, A) C
A X, G. This will be referred to as the canonical conditional expectation, and we will
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write F instead of E 4, if the dynamical system is clear from the context. The existence
of a faithful conditional expectation of A x, G onto A also characterizes the reduced
crossed product among all C*-algebras generated by the image of (the integrated form
of) a covariant representation of (A4, G, «) [140, Théoréme 4.22|.

In fact, something more general holds. If H C G is a subgroup, then there exists an
injective *-homomorphism A x, H — A x, G that extends the inclusion C.(H,A) —
C.(G, A), and if we identify A x, H with its image under this *-homomorphism, there
exists a faithful conditional expectation Ep: A %, G — A X, H that uniquely satisfies
En(Ag) =0 for all g ¢ H. We give a proof in the more general case of reduced twisted
crossed products in Proposition |4.1.2]

Finally we mention that if A, B are G-C*-algebras and ¢: A — B is a G-equivariant
c.c.p. map, then the map @: ¢}(G, A) — ¢1(G, B) given by

Sp(x)g = (10('159)? T € gl(Ga A)a g € Ga

extends to a c.c.p. map ¢: Ax, G — B X, G [130, Lemma 1.2.1]. Notice that ¢ uniquely
satisfies

Qb(a)‘g) = SO(G)Ag, a€ A, geqG.

More often than not, it happens that a property of ¢ is inherited by ¢. It is easy to
show that this includes faithfulness, surjectivity and being a *-homomorphism.

In order to state the results of Kalantar and Kennedy, we need first to introduce the
notion of a topologically free action.

Definition 3.2.1. For an action of a discrete group G on a topological space X, define
X={zeX|gz=2x}, geq.

We say that the action of G on X is topologically free if X9 has empty interior for all
ge G\ {1}

There is another way of describing topological freeness, in terms of subgroups of the
group G. If we define G5 = {g € G | g2’ = 2’ for all 2’ in a neighbourhood of x} for
all z € X, then it is easy to see that the action of G on X is topologically free if and
only if G = {1} for all z € X. Notice also that G is always a normal subgroup of the
stabilizer G, and that the action of G on X is free if X9 is empty for all g € G \ {1}.

Another notion that will be most helpful in our own results is the following.

Definition 3.2.2. Let A and B be C*-algebras and let ¢ be a c.c.p. map p: A — B.
The multiplicative domain mult(p) of ¢ is the subset of A given by

*

mult(¢) = {a € A| ¢(a*a) = p(a)*p(a), p(aa®) = p(a)p(a)’}.

A result of Choi [31, Theorem 3.1| (and indeed, the reason for naming the above
subset so0) is that for ¢ as above,

mult(p) = {a € A | p(ax) = p(a)p(z), p(za) = p(z)p(a) for all z € A}.
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In particular, if B C A is a C*-subalgebra and ¢: A — B is a c.c.p. map that restricts
to the identity map on B, then ¢ is in fact a conditional expectation of A onto B.

We now prove a commutative version of a theorem of Archbold and Spielberg |5, Theo-
rem 1.

Proposition 3.2.3. Let X be a compact G-space on which the action of G is topologically
free. If I C C(X) %, G is a closed ideal such that I N C(X) = {0}, then I = {0}.

Proof. Let E: C(X) %, G — C(X) be the canonical conditional expectation. Since E
is faithful, it is enough to show that E(I) = {0}. Assume for a contradiction that
there exists @ € I with E(a) # 0. Then there exists b € C.(G,C(X)) such that
2lla —b|| < ||E(a)||. Letting S = {g € G\ {1} | by # 0}, then X \ X9 is open and
dense in X for all g € S by hypothesis, so that Y = ﬂges\{l}(X\Xg) is open and dense
in X as well.
Now fix y € Y. Since I N C(X) = {0}, we obtain a *-homomorphism
po: C(X)+1— (C(X)+D/I=0(X) % C

satisfying ¢o|c(x) = dy and @o|; = 0. Letting ¢: C(X) %, G — C be a Hahn-Banach
extension of g, then ¢ is a state. For g € S\ {1} there exists f € C(X) with f(y) #
flg7ly). As C(X) + I C mult(pp) C mult(yp), we now see that

(M) f () = o) (f) = (Agf) = @(9fAg) = 2(9)p(Ag) = (g7 1)p(Ng)-
Therefore ¢(A\g) = 0, so that
p(b) = 0lbghg) = D p(bg)(Ag) = @(b1) = bi(y) = E(b)(y)-
geSs geSs

Since a € I we have p(a) = 0, so that |E(b)(y)| = |¢(b)| = |p(b —a)| < ||b — al| for all
y € Y. Therefore ||[E(b)|| < ||b — al| since Y is dense in X, but then

IE@)] < [E(a =)l + [EQ)]| < 2[la =0l < [[E()],
a contradiction. Hence E(I) = {0}. O

The above result also holds true for topologically free actions on C*-algebras that are
possibly non-unital and non-commutative; we refer to the original article [5] for details.

If X is a compact G-space and = € X, then by composing the faithful conditional
expectation Ego: C(X) x, G — C(X) %, G and the *-homomorphism C(X) x, G5 —
C;(G3) extending the Gj-equivariant *-homomorphism 6,: C(X) — C, we obtain a
u.c.p. map E,;: C(X) x, G — CX(GY), satisfying

Eu(fg) = f(@)Ecs(Ny).  f€C(X), g€G.

The next result is a reformulation of [g2, Lemma 2.4], the chief inspiration for our proof
being a result by Kawamura and Tomiyama [g3, Theorem 4.1].

Proposition 3.2.4. Let X be a compact G-space for which {x € X |G is amenable} is
dense in X. If the action of G on X is not topologically free, then there exists a non-zero

closed ideal I C C(X) %, G for which I N C(X) = {0}.
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Proof. Let Xom = {x € X|GY is amenable}. For every z € X,n there exists a
*-homomorphism 7: C(G5) — C such that 7(\;) = 1 for all ¢ € G} [25, Theorem
2.6.8]. We then define ¢, = 7 0 E,. Notice that C(X) C mult(y,) by construction.

If the action of G on X is not topologically free, then there exists ¢ € G\ {1}
and a non-zero function £ € C'(X) with support contained in the interior of X9. Then
& — &Ny # 0, so the closed ideal I C C(X) %, G generated by § — &Ny € C.(G,C(X))
is non-zero. We now claim that C(X) NI = {0}. To see this, we first observe that for
x € Xam, f1,fo € C(X) and h,s € G,

(Pac(fl)\h(g - 5)‘9)/\5.]02) = fl(x)gpa:<)\hf)\s - Ahf/\gs).f?(x)
= f1(@)E(h @) (Pr(Ans) = 0u(Angs)) folz) = 0.

Indeed, if £(h~'2) # 0, then A~z is contained in the interior U of X9, so that hg~'h~!
acts as the identity on hU. In particular, (hs)(hgs)™' = hg='h=! € G2, so that hs € G
if and only if hgs € G35, so that ¢, (Ans) = @z(Angs). Since the linear span of all elements
of the form fiAp(§—&Ng)As f2 is dense in I, we have ¢, (1) = {0} for all z € X, Finally,
if f e C(X)NI then f(z) = ¢z(f) =0 for all z € Xap, so f =0 by Xam being dense
in X. O

For later reference we include a theorem of Frolik on homeomorphisms of Stonean
spaces |55, Theorem 3.1]. A more self-contained proof is given in [118, Proposition 2.7|.

Theorem 3.2.5. Let X be a Stonean space (see Remark . Iff: X - Xisa
homeomorphism, then the fived point set of f is clopen. In particular, a group action on
X is topologically free if and only if it is free.

We are now ready to prove the theorem of Kalantar and Kennedy [go, Theorem
6.2] that characterizes C*-simplicity in terms of boundary actions. The equivalence of
topological freeness and freeness of the action in (vi) was first observed by Kalantar,
Kennedy, Breuillard and Ozawa [23, Theorem 3.1].

Theorem 3.2.6. Let G be a discrete group. Then the following are equivalent:

(i) G is C*-simple.
(ii) C(X) %, G is simple for some G-boundary X .
C(X) x, G is simple for all G-boundaries X .
o

OrG) %, G is simple.

)
)
(iif)
(iv)
(v)

)

(vi

The action of G on some G-boundary is topologically free.
The action of G on OrG is free, or equivalently, topologically free.

Proof. The implications (iii) = (ii), (iii) = (iv) and (vi) = (v) are trivial. Moreover, by
the Frolik theorem, the action of G on 0rG is topologically free if and only if it is free,
since G is Stonean (Remark [2.4.8). (v) = (ii) and (vi) = (iv) follow from Theorem
If C(0pG) x, G is simple, then since all stabilizer subgroups for the G-action on
OrG are amenable by Lemma the action of G on OpG is topologically free by
Proposition [3.2.4] proving (iv) = (vi).

We next prove (i) = (iii). Let X be a G-boundary. By Corollary we may
assume that there is a G-equivariant unital C*-subalgebra inclusion C'(X) C C(9rG).
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Let m: C(X) %, G — B be a unital *-homomorphism. We define an action of G on B by
means of the inner automorphisms Ad(w(Ay)) of B, so that m becomes G-equivariant.
Via the inclusion C C C(X), we view CJ(G) as a unital G-invariant C*-subalgebra
of C(X) x, G. If CF(G) is simple, then m|cs(g) is injective, so the canonical tra-
cial state 7: CX(G) — C C C(0rG) extends to a G-equivariant u.c.p. map 7: B —
C(9rG) such that 7o 7|cx(q) = 7 by Proposition . By Corollary the map
7omlox)y: O(X) — C(9rG) is the inclusion map C(X) < C(JrG). In particular,
C(X) Cmult(Fom). If E: C(X) %, G — C(X) is the canonical faithful conditional
expectation, then 7(mw(fAg)) = f1(A\g) = E(fAg) in C(OpG) for all f € C(X) and g € G.
Hence 7 o m = E, meaning that 7 is faithful and therefore injective, so C'(X) x, G is
simple.

To complete the proof, we need to prove (ii) = (i). If C(X) %, G is simple for some
G-boundary X, let I C C}(G) be a proper closed ideal. If ¢: C}(G) — C is a state
such that ¢(I) = {0}, extend ¢ to a state on C(X) X, G and let (g;) be a net in G
such that g;u — 6, for some x € X where u = ¢|¢(x). By weak*-compactness we may
assume that (¢ o Ad(\g,)) converges to some state ¢ on C(X) x, G, so that ¥[c(x) = 0z
and 1|r = 0. In particular, C'(X) € mult(y). Now for any b € I, fi, fo € C(0rG) and
91,92 € G,

B )b(FAg)) = (216 00gubAg) falga) = 0,

since A, bAg, € I. Hence the ideal generated by I is proper, so I = {0} because
C(0rG) %, G was assumed to simple. Therefore C;f(G) is simple. O

Remark 3.2.7. From the above theorem, it follows that any C*-simple discrete group
G has trivial amenable radical. Indeed, if the action of G on 9pG is free, then R(G) =

Necopc Gz = {1} by Theorem

Remark 3.2.8. Since the result of Kalantar and Kennedy, other characterizations of
C*-simplicity have been obtained, a few of which we will list here.

A. Simplicity of reduced crossed products. Breuillard, Kalantar, Kennedy and
Ozawa proved that C*-simple discrete groups have the property that a reduced
crossed product A %, G of a unital G-C*-algebra by G is simple if and only if
A is G-simple, meaning that A has no non-trivial G-invariant closed ideals [23,
Theorem 7.1]. This settled a question of de la Harpe and Skandalis [4] in the
affirmative; we will generalize this result in Chapter [4

B. An averaging property. Independently of one another, Haagerup [68] and
Kennedy [94] proved that a discrete group G is C*-simple if and only if for all
t1,t2, ..., tm € G\ {1} and € > 0 there exist s1,...,s, € G such that

1 n

— E A -1
Sktjsk
k=1

<e.

This characterization was significant, because many previously studied classes of
C*-simple groups were always shown to satisfy an at most minor variant of the
latter property — in fact, it was part of the original proof of Powers that [y
is C*-simple. We will prove in Chapter [f] that reduced crossed products over
C*-simple groups satisfy a similar property.
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We also record that the above property is a group C*-algebra variant of the Dixmier
property. A unital C*-algebra A is said to satisfy the Dizmier property if the closed
convex hull of {uau* | u € U(A)} intersects the centre of A for all a € A. Haagerup
and Zsido proved that a unital, simple C*-algebra A always satisfies the Dixmier
property, and that the intersection of the aforementioned closed convex hull and
the centre always reduces to a point, if the C*-algebra has a unique tracial state

[69].

C. Recurrent subgroups. In [97], Kennedy obtained an algebraic characterization
of C*-simplicity by means of the notion of recurrence for subgroups. Recurrence
is a group-theoretical version of the topological-dynamical notion of a uniformly
recurrent subgroup. If we say that a subgroup H of a group G is recurrent if there
exists a finite subset ' C G'\ {1} such that FNgHg~! # () for all g € G, a discrete
group is C*-simple if and only if it has no amenable, recurrent subgroups.

We finally state the infamous result by Breuillard, Kalantar, Kennedy and Ozawa
[23, Corollary 4.3| that settles one half of the question of de la Harpe: whether there
exist C*-simple groups without the unique trace property.

Theorem 3.2.9. Let G be a discrete group with amenable radical R(G). Then g € G
satisfies T(Ag) = 0 for all tracial states T on C)(G) if and only if g ¢ R(G). In particular,
G has the unique trace property if and only if R(G) = {1}.

Proof. We will generalize “if” in Chapter l4] (specifically, Theorem , so we omit the
proof of that implication for now. For the converse, we may compose the conditional
expectation C(G) — C¥(R(G)) with the trivial representation C(R(G)) — C (the
existence of which follows from amenability of R(G) |25, Theorem 2.6.8]), yielding a state
7: C}(G) — C such that 7(\y) =1 for all g € R(G). As R(G) is normal, then for any
two g, h € G we have gh € R(G) if and only if hg € R(G), implying 7(AgAp) = T(AnAg).
Hence 7 is a tracial state on C(R(G)). O

The original proof makes use of Furman’s theorem (Theorem [2.4.12) as well as the
fact that C(0pG) is G-injective, as formulated in Proposition A later proof due
to Haagerup, which will serve as the main inspiration for our generalization in Chapter
[4], also makes use of Furman’s result, but reduces the ingredients of the proof to the fact
that OpG is a G-boundary [68, Theorem 3.3]|.

Let us end the section by mentioning that Kennedy and Raum have recently gener-
alized the above theorem to the setting of locally compact groups [g5], their main result
being the reduced group C*-algebra of a locally compact group G admits a non-zero
tracial positive linear functional 7 if and only if the amenable radical R(G) is an open
subgroup. In this case, every such 7 is concentrated on R(G).

3.3 Stability properties
In this section, we give some examples of what stability properties that the classes of

C*-simple groups and groups with trivial amenable radical satisfy. In all known cases
these properties overlap, and we will use them in the next section to give additional
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examples of C*-simple groups other than using the criteria for C*-simplicity in the
previous section.

We first establish stability criteria to ensure that a lot of other stability properties
are automatically satisfied for any class of groups.

Proposition 3.3.1. Let P be a property for discrete groups such that

(a) the trivial group {1} has property P;

(b) if G has property P, then G is icc;

(¢) if N is a normal subgroup of G, then G has property P if and only if N and Cg(N)
have property P.

Then the following hold:

(i) A direct product G1 x Gy has property P if and only if G1 and Gy have property
P.

(ii) G has property P if and only if Aut(G) has property P.

(i) If N is a normal subgroup of G such that N and G/N have property P, then G
has property P.

(iv) If H is a finite index subgroup of G, then G has property P if and only if G is icc
and H has property P.

Proof. (i) is clear from (c). For (ii), we can identify G with the normal subgroup of
Aut(G) of inner automorphisms, since G can be assumed to be icc by (b) and (c). As
Caut(e)(G) = {1}, (ii) is immediate.

For (iii), we need to show that Cg(N) has property P. Since NCg(NV) is normal in
G, NCg(N)/N is normal in G/N and therefore has property P. Because N is centerless
(being icc due to (b)), NCg(N)/N is isomorphic to Cg(N)/(NNCg(N)) = Ca(N).

Finally, for (iv) we can assume as before that G is icc, and let N = (¢ gHg™ .
Then N is the kernel of the canonical action of G on the finite coset space G/H
(commonly called the normal core of H in G), so it is a normal finite-index sub-
group of G. It follows that any element in Cg(N) has finite conjugacy class in G,
so Cg(N) = {1} by hypothesis. As N has property P if either H or G has property P,
and Cg(N) C C(N) = {1}, the proof is complete. O

Notice that a discrete group G containing a C*-simple finite-index subgroup H is
not necessarily icc, as G could be isomorphic to the direct product of H and a finite,
cyclic group.

We now show that the classes of C*-simple groups and of groups with trivial amenable
radical satisfy the properties (a), (b) and (c) of the above proposition. One would expect
that (c) is the harder of the three to obtain, and one would be right: (a) is immediate,
and if a group G has trivial amenable radical, then G admits a faithful boundary action
by Theorem so that G is icc by the discussion after Remark

The following proof is due to Tucker-Drob [137, Lemma B.6].

Proposition 3.3.2. Let G be a discrete group with a normal subgroup N. Then G has
trivial amenable radical if and only if N and Cg(N) have trivial amenable radical.
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Proof. First observe that the amenable radical R(H) of a group H is characteristic, i.e.,
a(H) = H for any automorphism o € Aut(H). If H C G is a normal subgroup, then
conjugation by g € G is an automorphism of H, implying gR(H)g~! = R(H). Therefore
R(H) is normal in G and amenable, so that R(H) C R(G) N H. Since R(G) N H is
amenable and also normal in H, R(H) = R(G) N H.

Now we prove the claim. Since both N and Cg(N) are normal, R(G) = {1} implies
R(N) = R(Cg(N)) = {1} by the above observation. Conversely, assume that R(N) =
R(Cq(N)) = {1}. Then R(G) NN = R(N) = {1}, so normality of R(G) and N implies
g(ng™n71) = (gng~Y)nt € R(G) N N = {1} for all g € R(G) and n € N. Therefore
R(G) and N commute, meaning that

R(G) = R(G)NCa(N) = R(Ca(N)) = {1}. =

That C*-simplicity propagates to direct products may have been known since the
proof of Takesaki [133] that the minimal tensor product of two simple C*-algebras is
simple, as C}(G1 x G2) = C(G1) ® C;(G2) for discrete groups G and G3. The more
general question of whether (c) was satisfied for C*-simple groups was finally settled
in 2014 by Breuillard, Kalantar, Kennedy and Ozawa [23, Theorem 1.4|. This finally
yielded a proof that C*-simplicity is also stable under extensions. We give their proof
here, and we give a partial generalization of their result in Chapter |4| (Theorem .

It merits mention that several permanence properties for C*-simplicity and the
unique trace property were known before the aforementioned 2014 result. Bekka and de
la Harpe gave the first proof that C*-simplicity and the unique trace property passes to
subgroups and supergroups of finite index [16]; one year later, Popa’s work on conditional
expectations of C*-algebras satisfying a finite index condition yielded another proof of
these results as a corollary [119, Remark 4.7.1]. In line with the stability under direct
products, one can show that C*-simplicity and the uniqueness trace property are stable
under direct limits, by means of more general results about direct limits of C*-algebras:
this was first observed by Bekka and de la Harpe in [16, Corollary 11|, but may have
been known before then.

The extension and centralizer problems were far more delicate matters. Inspired by
the 1985 exposition of de la Harpe, Boca and Niticd modified the definition of de la
Harpe’s Powers groups, giving name to the so-called weak Powers groups that were also
shown to be C*-simple with the unique trace property. This way, they gave the first
positive result on stability of C*-simplicity under group extensions [20]: if the normal
subgroup was a Powers group, and the quotient group was a weak Powers group, the
group itself would be a weak Powers group.

Bédos was the first to achieve positive results in the case when at least one of the
groups was assumed to “just” be C*-simple. By means of a structure theorem for reduced
twisted crossed products (Theorem he proved in 1990 [g] that whenever a group
G contains a normal C*-simple subgroup N, then G is C*-simple itself, if N has trivial
centralizer in G. Defining ultraweak Powers groups to be groups containing a normal
weak Powers subgroup with trivial centralizer, Bédos also proved that an extension G
of a C*-simple group N by an ultraweak Powers group is C*-simple. He later proved
under the same hypotheses that if IV satisfies the unique trace property instead of being
C*-simple, so does G |10, 1].

To prove the theorem of Breuillard, Kalantar, Kennedy and Ozawa, we will need a re-
sult of Furstenberg that first appeared in a monograph by Glasner [63, Theorems 4.3-4.4].
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Observe that the results hold equally true if we replace the Furstenberg boundary 0pG
by the universal minimal proximal compact G-space II(G).

Proposition 3.3.3. Let G be a discrete group. Then there exists a group homomorphism
Aut(G) — Homeo(9rG), o + oy, such that the inner automorphism o,: t v gtg=*
satisfies (o4)«(x) = gz for all g € G and x € X.

In particular, if H C Aut(G) contains all o4 for g € G, then the G-action on OpG
extends to an H-action, with respect to which OpG is an H-boundary.

Proof. For a € Aut(G), define a new G-action on OrG by

g*x = a(g)r.

This action is clearly minimal and strongly proximal. By universality, there exists a
continuous surjection ay: dpG — JrpG such that

ay(gz) = g* () = a(g)aw(x), g€ G, z € IrG.
In the same way, we obtain a continuous surjection (ofl)*: OrG — OpG such that
(@ N)ulgr) = a7 (g)(a u(z), g€ G, xedrG.

Thus (a1, 0 ay: OpG — OpG is continuous and G-equivariant with respect to the
original action, so (o™ 1), 00, = idg,.c by Lemma Hence ay is a homeomorphism,
and (ay)”! = (a1),. Similarly, for o, 8 € Aut(G), one can easily show that that
ay 0 B, o ((awo B)~1), is continuous and G-equivariant, so that the map o + ay is a
homomorphism, and that z — (0y).(g~'z) is G-equivariant for all g € G, so that oy is
mapped to z — gz. The last assertion follows immediately. 0

The lemma below first appeared in the article by Breuillard, Kalantar, Kennedy and
Ozawa [23, Lemma 5.1|, and it is more or less an extension of the fact that a minimal,
proximal space has no isolated points.

Lemma 3.3.4. Let G be a discrete group, let X be a minimal and proximal compact
G-space and let U C X be a non-empty open subset. Then the set

G ={teGItUNU #0}
generates G.

Proof. Let H be the subgroup of G generated by the set G'. Then HU = U,y tU is
non-empty and open. For t € G\ H and r,s € H, we have s~ 'tr € G\ H, so that
(s7'r)UNU = 0 and trU N sU = (. Hence tHU N HU = () for all t € G\ H. Now
consider the family (tHU);pcq /i of non-empty open subsets of X. This is clearly an
open cover of X. Furthermore, if tH # sH then st ¢ H and tHU NsHU = (), so that
(tHU)igeq/m is in fact a partition of X. Since X is compact, the family is finite. Now
define a map X — G/H by mapping = € X to the unique element tH € G/H such that
x € tHU. This map is a continuous, G-equivariant surjection, so because X is proximal,
then G/H is proximal and finite, meaning that it is a one-point space by Proposition

111l O
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It might be possible for the above result to uncover easily interpretable criteria for
the universal minimal compact G-space not to be proximal.

We end this section with the devilishly ingenious proof that property (c) of Proposi-
tion holds for the class of C*-simple groups.

Theorem 3.3.5. Let N be a normal subgroup of a discrete group G. Then G is
C*-simple if and only if both N and Cg(N) are C*-simple.

Proof. Let C = Cg(N) and D = NC in the following. By Proposition the
N-action on 9 N (resp. the C-action on 9pC') extends to a G-boundary action on dp N
(resp. OpC'). Further, by means of the quotient homomorphism G — G/D we obtain
a G-action on Jp(G/D). With respect to these actions, N acts trivially on dpC and
Or(G/D), since conjugation by n on C' is the identity map for all n € N, and C acts
trivially on Op N and dr(G/D) by the same argument.

We now equip

X =0rN x 0pC x 8F(G/D).

with the diagonal G-action. By Lemmal[2.1.15] this action is strongly proximal, and it is
also minimal: for (z,y,2z) € X and non-empty open subsets Uy, Uy and Us of Op N, 0pC
and Or(G/D) respectively, let g € G such that gz € Us, and let n € N and ¢ € C such
that nz € g~ 'U; and ¢y € g~ 'Us. Then gne(z,y, 2) = (gnz, gcy, gz) € Uy x U x Uz, so
that X is a G-boundary.

We next show that every point in X has an amenable stabilizer in G. For (z,y,2) € X
the stabilizer G, , .y satisfies G, ,, ) N D = N,Cy. Since N, and C, are amenable by
Proposition N,C, is amenable since it is a quotient of the group N, x Cy. As
we may view G, .)/(Gzy,.) N D) as a subgroup of the amenable group (G/D)., it
is amenable itself. Due to amenability being stable under group extensions, G( is
amenable.

Suppose that N and C are both C*-simple. If g € G satisfies X9 # (), then U =
(OpN)I # (. Let N ={n € N|nUNU #(}. Foralln € N’, let € UNn"'U. Then
gng~'z = gnx = nx. Since the N-action on drN is free by Theorem we have
gng~' = n so that g commutes with n. Since N is generated by N’, g commutes with
all of N, meaning that g € C. As (0pC)9 # () and the action of C' on 9pC is free, g = 1.
Therefore G acts freely on X, so G is C*-simple by Theorem [3.2.6]

If G is C*-simple, then C(X) %, G is simple by Theorem . Therefore, since the
stabilizers of G on X are amenable, it follows from Proposition that the G-action
on X is topologically free. Since

x,y,2)

(OpN)" x OpC x Op(G/D) C X", 0pN x (0pC)¢ x 0p(G/D) C X°¢
for all n € N and ¢ € C, the N-action on 0N and the C-action on drpC are both
topologically free, so N and C are C*-simple. O
3.4 Examples of C"*-simple discrete groups

We next give some examples of C*-simple groups, mainly using the characterization of
C*-simplicity obtained by Kalantar and Kennedy (Theorem [3.2.6). As we will only be
discussing discrete groups in the following, let us briefly mention that Raum [126] has
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recently given the first examples of non-discrete locally compact groups G such that the
reduced group C*-algebra C¥(G) C B(L?*(G)) is simple. This answered a question of
de la Harpe [41, Question 5|. Furthermore, Raum proved that any C*-simple locally
compact group is totally disconnected.

In all of the following examples, we consider boundaries X that are not one-point
spaces, so that X has no isolated points by Proposition [2:1.11] In particular, finite
subsets of X have empty interior.

Having given examples of boundary actions in Section we will first consider three
of these and argue why these yield C*-simple groups.

Example 3.4.1 (I). Non-abelian free groups of finite rank. For n > 2, the action of the
non-abelian free group F,, on its boundary OF,, of one-sided reduced infinite words is
topologically free, meaning that F,, is C*-simple (a result due to Powers [120]). Indeed,
if A is a free generating set for Fy,, let w = g1 -+ - g, € F,, \ {1} be a word in reduced form,
where g1,--- ,gn € AU A™L. We claim that X¥ is finite, so that it has empty interior.
Performing conjugations if necessary, we may assume that g1g, # 1 since w # 1 and

1

gX“ = X9 gel,,

so that X“ has empty interior if and only if X 999" has empty interior.

If wx = x for some z € JF,,, assume first that the concatenation wx is reduced. Then
the first n letters of o are the n letters of w. Since g1g, # 1, w?x is also reduced, so the
next n letters of x are those of w, and by iterating this process, we see that z = www - - -.
If wx is not reduced, then let 1 < k < n be largest such that the first k letters of x are
gt -g;ik_i_l. Since the first letter of x is g, ! and the first letter of wz is g if k < n,
we must have k = n. Thus the first n letters of x are the n letters of w™!, so as above,
we conclude that z = w™lw™lw™!-... All in all, X¥ consists of two points, so F,, is

C*-simple.

Example 3.4.2. Torsion-free hyperbolic groups [0, Proposition|. We generalize Exam-
ple immediately, in this result due to de la Harpe. Indeed, the Gromov boundary
JG of a non-elementary hyperbolic group G is a G-boundary by Proposition [2.2.13] If
G is torsion-free, any non-identity element in G is hyperbolic and therefore has exactly
two fixed points, so the action of G on JG is topologically free.

Example 3.4.3 (IV). Projective special linear groups. For m > 2, the action of G =
PSL(n,R) on real projective n — l1-space Q = P"1(R) is topologically free. To realize
this, let w: (R™), — Q be the quotient map and assume that g € SL(n,R) fixes a
non-empty open subset U C P 1(R) pointwise. Let V C 7~!(U) be a non-empty open
ball in R™. For v,w € V such that 7(v) # m(w) and A\, \ € R such that gv = \v and
gw = Nw, then by convexity there exists \” € R such that

N'(v+w)=gv+w)= v+ Nw.

Since v ¢ Ruw, it follows that A = X' = X”. Therefore g = A1 on V U{0}. Letting z € V,
then for all y € R™ there exists ¢ # 0 such that cy + x € V. By linearity, it follows that
gy = Ay. Since g factors to the identity element in G, we see that any discrete subgroup
I' C G for which 2 is a I-boundary is C*-simple; in particular, PSL(n,Z) is C*-simple,
which was originally shown by Bekka, Cowling and de la Harpe [17].
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In 1994, Bekka, Cowling and de la Harpe proved the following more general result: if
I' is a Zariski-dense subgroup of a connected semi-simple Lie group G without compact
factors, and T' has trivial centre, then T' is C*-simple |15, Theorem 2|. They did so
by proving that the action of I' on the Furstenberg boundary 0rG of G satisfies a
hyperbolicity property (Pgeo) which, on closer inspection, in fact implies that the action
is topologically free. We suspect that 0rpG is also a ['-boundary.

In line with this result, Poznansky extended it considerably in 2009, proving that a
discrete linear group is C*-simple if and only if it has trivial amenable radical ([121], see
also [23, Section 6.2]).

We follow up on the above verifications of C*-simplicity by listing a few more general
examples of groups that are also C*-simple with unique trace, without proofs. A wealth
of other examples can be found in de la Harpe’s 2007 survey on C*-simplicity [11] (see
also [23, Section 6]).

Example 3.4.4. Free products with amalgamation. For two groups G1 and Ga, we
consider words of the form s = sy - - - s, where each s; belongs either to Gy or Go. After
removing occurrences of the identity element in s, we say that s is reduced if s; € G;
implies s;11 € Ga—j forall 1 <i <n—1and j € {1,2}. The free product Gy * G is
the group of all reduced words s with letters in G; and Go, with the composition given
by concatenation and subsequent reduction. Paschke and Salinas proved in 1979 that
G1 * Go is C*-simple whenever (|G1| — 1)(|Ga| — 1) > 2 [114].

For groups G1, G2 and H, for which there exists an injective homomorphism f;: H —
G; for ¢ = 1,2, let N be the normal subgroup of G; * Gy generated by the elements
fi(n)f2(n)~t. Then Gy *g Go = (G1 * G2)/N is the free product of G1 and Go with
amalgamated subgroup H. Bédos was the first to find C*-simplicity criteria for non-de-
generate free amalgamated products (i.e., both f; are not isomorphisms) [8]; they were
also considered in de la Harpe’s 1985 survey [39, Proposition 10].

In recent developments, Ivanov and Omland [87] have improved upon previously
known criteria ensuring C*-simplicity for a non-degenerate free amalgamated product.
Moreover, they have characterized C*-simplicity of a non-degenerate free amalgamated
product by means of the action on its Bass-Serre tree. We will do the same for HNN

extensions in Sections [3.5] and

Example 3.4.5. Burnside groups and Tarski monster groups. The free Burnside group
B(m,n) of rank m and exponent n is the quotient of F,, by the normal subgroup gen-
erated by {¢" | g € F,,}. In 1982, Adyan gave a proof that B(m,n) is non-amenable for
m > 2 and odd n > 665, which was notable as B(m, n) does not contain non-abelian free
subgroups, thus yielding one of the earliest known counterexamples to von Neumann’s
conjecture. Olshanskii and Osin gave a proof in 2014 that under the above hypotheses,
B(m,n) is in fact also C*-simple [108, Theorem 1.2|, thus answering a question of de la
Harpe [41, Question 15| whether there exist C*-simple groups without free subgroups.

As mentioned at the end of Section the first known examples of non-amenable
groups without non-abelian free subgroups were the Tarski monster groups. By means
of their dynamical characterization of C*-simplicity, Kalantar and Kennedy showed in
[90, Theorem 6.5] that every Tarski monster group is C*-simple.
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Example 3.4.6. Braid groups. For 2 < n < oo, the Artin braid group B, is the group
with presentation

Bn = <817"'78n—1

87;8]'81' = SjSiSj if ’Z —j’ =1
5i8j = S;jS; if ’Z—]| >1

Roughly speaking, the braid group B, is the group of configurations of two copies of
the set {1,...,n} where strands are drawn between items in each copy in a one-to-one
correspondence. Fach configuration thus determines a permutation in the symmetric
group Sy, and the pure braid group P, is the kernel of the homomorphism B,, — S,.
For n > 3, let C,, denote the centre of B,,. Then C}, coincides with the centre of P,
[60, Lemme 5]. Letting %4,, = B, /C,, and &, = P,,/C,, for 3 < n < oo, Giordano and
de la Harpe proved in 1989 that &7, is C*-simple [6o, Proposition 12| (see also Example
4.3.13). Bédos proved in 1991 [9}, p. 536] that £, is C*-simple for 3 < n < oo, by means
of an observation by Dyer and Grossmann that %, contains [F,,_; as a normal subgroup
with trivial centralizer (so that we may apply Theorem . Recently, Omland has
shown that Py = P and B = P are in fact also C*-simple [110, Proposition 7.2|.

Example 3.4.7. Outer automorphism groups of non-abelian free groups. For 3 < n <
oo, the outer automorphism group

Out(F,) = Aut(F,,)/Inn(F,)

is C*-simple [g2, Theorem 2.6| (here Inn(F,,) denotes the normal subgroup of inner
automorphisms of [F,,).

We now explain how one may search for non-C*-simple groups with trivial amenable
radical, as done in the first examples of such groups given by Adrien Le Boudec [gg]. If
(G is a discrete group and X is a G-boundary such that G5, is amenable for some z € X,
then the action of G on X is topologically free if G is C*-simple. Indeed, C(X) %, G is
simple by Theorem so that we may then apply Proposition

In [gg, Theorem A], Le Boudec outlines a general strategy to find such groups, by
means of minimal actions of discrete groups on trees. Suppose that T is a leafless tree
and that G C Aut(7) is a subgroup, such that the action of G on 7' is minimal and
the action of G on 0T is non-elementary. If G} is non-trivial and amenable for some
x € 0T, then G has trivial amenable radical, but is not C*-simple. We have already
seen that T is a G-boundary in the shadow topology (Proposition , so that the
above remark implies that G is not C*-simple.

We will not delve into the particular examples that Le Boudec gives of groups and
actions with the above properties. Nonetheless, let us quickly argue why R(G) = {1}.
Notice that N = R(G) acts trivially on 0T by Proposition . Therefore N contains
no hyperbolic automorphisms of T', since 9T is infinite and every element of N fixes
more than two points. Now let d be the path metric on T', let v be a vertex in T and let
g € N. For any p fixed by g, let f: Z; — T be a ray such that f(0) =p and f(m)=v
for some m > 0 (using that 7T is leafless). Since g fixes all x € 9T, go f and f are cofinal,
meaning that there exist j,k > m such that gf(j) = f(k). Because f is a geodesic and
g9f(0) = f(0), we see that j = k; therefore, v is fixed by g, since T' is uniquely geodesic.
We conclude that N = {1}.
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We finally give de la Harpe’s original definition of a Powers group [39, [41], originally
devised to ensure C*-simplicity and the unique trace property of a group.

Definition 3.4.8. A group G is called a Powers group if for any finite subset F' C G\ {1}
and n > 1 there is a partition G = CU D and g¢1,..., g, € G such that

(i) fCNnC =0 forall f € F, and
(i) ¢sDNg;D="0foralli,je{l,...,n},i#j.

Many known examples of C*-simple groups are Powers groups, including many
non-degenerate free amalgamated products, non-solvable subgroups of PSL(2,R) and
also all torsion-free non-elementary hyperbolic groups. In fact, if a group G admits a
non-elementary action on a locally compact Hausdorff space X such that for any finite
subset F' C G there is z in the weakly hyperbolic limit set for which = ¢ Fz, then G is
a Powers group [41, Proposition 11].

3.5 Graphs of groups and HNN extensions
Joint work with Tron Omland (University of Oslo)

In this section we give some of the preliminaries for the branch of geometric group theory
now known as Bass-Serre theory. The basic premise for this theory is that one can build
a group action on a tree from a connected graph of groups. We then zoom in on the
case when the acting group is an HNN extension, for which we provide some structure
results and we define subgroups that we shall interpret geometrically in the next section.
Much of our exposition is based on the original source [12g] §1] for this topic, but is also
inspired by the approach taken in [73].

A graph of groups (G,Y) consists of a non-empty connected graph Y = (V, E, o,1t),
families of groups (Gy)yey and (Ge)ecr such that Gg = G, for all e € E, and a family
of injective group homomorphisms @.: Ge — Gy), € € E. We pick an orientation
E; C E of Y, meaning that F; N{e, €} contains only one edge for all e € E, and define
E_=E\E,.

Now, let (G,Y) be a graph of groups as above and let M = (V(M), E(M)) be a
maximal subtree of Y. We define the fundamental group T' = m(G,Y, M) of (G,Y) by

Toe=1, 1 foralle € E,
= <{GU}U€V, {Te}eer | Tewe(9)Tot = @e(g) forallec E, g€ G, >
Te=1 for all e € E(M)

We have natural group homomorphisms G, — I for all y € V', and they are all injective.
Moreover, 7. € I" has infinite order for all e € E'\ E(M).

We next define a graph T'= (V(T'), E(T), o, t) as follows. For any edge e € E, let |e|
be the unique edge in {e,e} N E* and define I'c = ¢|(Ge). We define V(T') and E(T)
by means of left coset spaces in the following way:

V(I)= | |T/Gy, E(T)=|]|T/I..

veV eclF
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The origin, terminus and inversion maps are given by

g7eGyey forec ET
th(e) foree £,

Gole forec ET
o(gTe) { T oke)

gTe_lGO(e) foree E7,

t(gre) = {

EZQFE

for all g € I' and e € E. One would not immediately deduce the following pivotal result
[120, §1.5], due to Bass and Serre, from the set-up.

Theorem 3.5.1. For (G,Y), M and E* as above, the graph T constructed above is a
tree. Up to isomorphisms, I' and T are independent of the choice of mazximal subtree M
and orientation E7T.

The tree T is the so-called Bass-Serre tree of the graph of groups (G, Y'); we will also
say that T" is the Bass-Serre tree of the fundamental group I' of (G, Y).

The definition of T incites us to define an action of I' on T by left translation of
cosets, and I' acts on T' by automorphisms without inversions, i.e., ge #¢€ for all g € T’
and e € E(T) (cf. Section [2.2)).

Suppose now that (F,Y) is a graph of groups, where Y is a loop with one vertex
v and one pair of edges {e,€}. We let {e} be the orientation of Y and G = F,. As
the homomorphisms ¢.: F, — G and @g: F, — G of F, are both injective, we may
define H = @.(F.) and a injective group homomorphism 6 = gz, ': H — G. Defining
the stable letter T = 7¢, the fundamental group I' is the well-known HNN extension
HNN(G, H, 0):

I' = HNN(G, H,0) = (G, 7 | 77 'hT = (h) for all h € H).

The HNN extensions were devised in 1949 by Higman, Neumann and Neumann — after
whom they are named — as a means of establishing embedding results for (mainly)
countable, torsion-free groups [82].

For the remainder of this section, let G, H, # and I" be as above. Let S’ ; and S}
be systems of representatives for the right cosets of H and #(H) in G, respectively, such
that 1 € S, N S]. Therefore G = HS| = 6(H)S”;. In most literature about HNN
extensions (e.g., [21, Theorem 2.14.3|) one encounters the fact that any g € T" has a
unique normal form, meaning that we may uniquely decompose g as the product

g=90T g1 T gn,

where go € G, g; € {£1}, g; € SL, for all 1 <i <n, and that &; = €;41 whenever g; =1
for 1 <4 <mn—1. This also entails that the natural map G — T is actually an injection.
Taking the inverse of the above expression of g, we obtain a unique normal form
with respect to left cosets, and it is this approach (and normal form) that we will use.
Therefore, if we let S_; and S; be systems of representatives for the left cosets of H and
f(H) in G such that 1 € S_; NSy, the unique normal form of g € I' can be written

£ £ £
9=g1T " goT% - GnT "Gnt1,

where
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(1) gnt+1 € G and g; € {1} for 1 <i <n,
(i) gi € S_¢, for all 1 <i < n, and
(iii) g; = 1 implies g;_1 = ¢; for 2 <i < n.

With g as above, n = |g| is the length of g, and if n > 1, we say that €1 and &, is the
type and direction of g, respectively. The wnitial letter of g is g1 € S_., and the end
letter of g is gn+1 € G. For g € G, we define the length of g to be 0, and the initial
letter and end letter of g as an element in I" are given by 1 and g, respectively.

Remark 3.5.2. Forn > 1, g1,...,9n+1 € G and €1,...,&, € {£1}, the word

917_81 T gnT€”9n+1
is said to be reduced (in T') if for all 1 <i <mn — 1 we have

(a) giv1 ¢ H whenever ¢; = —1 and g;41 = 1, and
(b) gi+1 ¢ O(H) whenever ¢; =1 and €;41 = —1.

If we define
H ,=H, HIZG(H)a

the conditions (a) and (b) can be rephrased as follows: for all 1 <i <n—1, g;+1 ¢ H,
whenever €;11 = —¢;. Notice that

T °H_.m° = H,. (3.5.1)

We say that g1 € G is reduced if g1 # 1. A fundamental result for HNN extensions, also
known as Britton’s lemma, is that reduced words always define non-identity elements.
The result itself can be derived from the uniqueness of the normal form. Indeed, if for
n > 1 the word g = g17°' - - - g 7" gn41 € I is reduced, let s1 € S_., and hy € H_,
such that g1 = s1h; and rewrite

g =17 (T T haT)gaT - g T Gt

The remainder of the proof divides into two possible situations, depending on whether
consecutive powers of 7 in the word coincide. Indeed, define gj = (77 hy7)go. If
g9 = £1, then write gf, = soho for so € S_., and hy € H_., as above, and write

1> ! __& (3 3 15 —& & &
9=817goT T gnT g1 = S177 897 (T haT) g3+ gnT " G

If g = —¢&1, then g0 ¢ H_., = H., by assumption, so that due to , g5 =
(T7%1hy7%1)gy € Hc g2 and gh ¢ H., = H_.,. We then proceed as for g1, noting that
the coset representative of g, with respect to H_., is not 1. Iterating the process yields
the normal form of g, which contains at least 2n — 1 terms. If n > 2 then g # 1 due to
uniqueness of the normal form, and if n = 1, then g = g17%1gs = 1 would imply 7 € G,
a contradiction.

The above proof of Britton’s lemma also proves the following lemma.

Lemma 3.5.3. Letn > 1 and let g = g17% -+ - gnT*"gny1 € I' be a reduced word. Then
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(i) 9 ¢ G and |g| =n;

(ii) the type of g is €1;

(iii) the direction of g is ep;
)
)

(iv) the initial letter of g is 1 if and only if g1 € H_.,;

(V) if gn+1 € He,, the end letter of the normal form is contained in H., as well.

The kernel of the HNN extension I' is the normal subgroup

kerI' = ﬂ rHr 1
rel’

For e € {£1}, let T, be the collection of elements g € T" of length n > 1 and type e.
Let T;f be the subset of g € T, of length n > 1 with initial letter 1. We then define the
quasi-kernel
K. = ﬂ rHr L.
rer\7J

Notice that (T'\ 77,) U (I'\ T}) =T, so that kerI' = K_; N K.

We will consider criteria for HNN extensions to be C*-simple and to have the unique
trace property in the following. In order to make the most of Britton’s lemma, we will
mostly consider non-ascending HNN extensions, which luckily is not too restrictive of a

property.

Definition 3.5.4. An HNN extension I' = HNN(G, H, 0) is ascending if either H = G
or0(H) =G.

We next use the opportunity offered by having recently discussed Britton’s lemma
to prove this next lemma, essential for the proof of Theorem in the next section.
Recall that the normal closure in T of a subset S C I' is the smallest normal subgroup
of I' containing S.

Lemma 3.5.5. Let I' = HNN(G, H,0) be a non-ascending HNN extension. Then for
g €'\ H and € € {£1} there exists s € I' such that

(i) sgs™ ¢ G
(ii) sgs™! has type —e and direction €;

1 1

(iii) the initial letter of sgs™ is 1, and the end letter of sgs™" is contained in H..

Moreover, if s € T' satisfies the above conditions, sgs~'r € T'\ T; for allr € F\TL. In
particular, the normal closures of K1 and K_1 in I' coincide.

Proof. Once we have found s € T" satisfying (i), (ii) and (iii), write
sgs t = hT hot®? - - hpThpi

in the normal form. Then for any r € T"\ Ti with normal form rq7/1 .- TmTfme_H,

we have

€

sgs ' = (M7 hoT - Ry TRy ) (T I ).
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If fi = e, the word is reduced; if fi = —¢, then ry ¢ H_y = H. = h;}rlHe, so that the
above word is still reduced. Here we use that I" is non-ascending. Hence sgs™'r € F\TET

forallr e T\ Tia. In particular, there exists ¢ € T" such that ¢(T"\ Tia) C '\ TI, so that

Hence (K.) € (K_.).

It remains to prove that there exists an s € I satisfying (i), (ii) and (iii). Let
g= g1 - g7 g,41 in the normal form, and first assume that r > 1. Let ¢ > r. For
g1 # 1, define my = —d1; if g1 = 1, define my = §;. Since I' is non-ascending, we may
choose an element s € I' \ G of length ¢ and with normal form s = 7755972 - .. g7
such that m; = —my_,. Then

sgs ™t = (T 59 ™2 - 7™ (g1 70 - - -ng‘S"ng)(T_mts;l e T_m282_17'8).

If this word is not reduced, let 0 < j < r — 1 be largest with the property that
h = (gr*der_j e 'ngdrngrl)(T_mtSt_l eI st_—lj) €qG.

If j <r—1, then

sgs~l = (T 8s9™2 - - 5,7 (g1 701 - -gr,j,lT‘S*‘j‘l)h(T_mt—j—lst__lj_l cerTm2g ey,
As 19-1hr~"™-r—i € G would contradict maximality of j, the above word is reduced. If
j =1 —1, then sgs™! = (77 s97™2 - - - 57 VW (7 s, L - 77255 178) which s also
reduced since m; = —my_, by assumption.

If » = 0, then g € G\ H by hypothesis. We then see that 7= 1grr € T'\ TlT for all

re F\TL, and for all s € S1\ {1} and r € F\TlT,
(rstNg(rs 7N e T\ T1,.
In either of the cases 7 = 0 and r > 1, (i), (ii) and (iii) now follow from Lemma|3.5.3. [

In some cases when working with large subsets of an HNN extension, it will prove
helpful to be able to uncover properties of elements in these subsets without having to
reduce. We introduce a simple lemma to remedy this situation, the proof modeled after
the proof of the preceding lemma.

Lemma 3.5.6. For an HNN extension I' = HNN(G, H,0), n > 1, g1,...,gn+1 € G and
El,...,en € {£1}, define
g=q17" - guT " gpr1 €T

If nis odd, then g & G, and if €1 = ... = g for some k > 5, the type of g is €1.

Proof. Notice that the above expression of g is reduced if and only if 757 g; 175+ ¢ G
forall 1 < j <n—1. We may therefore assume that there is 1 < j < n — 1 such that
799917+ € G. Let 1 <4 < min{j,n — j} be largest such that

h=g;_(i—)yT7 "V g;_(i—i)y41 " Gj+iT T gjrit1 € G.
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We may now write g = ¢17°' -+ gj_;7-thTStitt .. g, 7 g, . If this word is not
reduced, we can continue this process for this new expression of g. After a finite number
of iterations, the word must be reduced, so because this process always removes an even
number of powers of 7 from the preceding expression of g, n being odd implies that

g ¢ G by Lemma (i). If e; = ... = g for some k > %, then reduction removes
at most n — k < k of the identical first k powers of 7 in the original expression of g.
Therefore the type of ¢ is €1 by Lemma (ii). O

The following theorem (and the main result of this section) is motivated by condition
(SE’) in [39, Proposition 11| and [87, Theorem 3.2].

Theorem 3.5.7. Let I' = HNN(G, H,0) be a non-ascending HNN extension. The fol-

lowing are equivalent:

(i
(ii

(iii

the quasi-kernel K. is trivial for some or both €;

for every finite subset F C T\ {1}, there exists g € T such that gFg~' N H = {);
for every finite subset F C G\ {1}, there exists g € T such that gFg~' N H = ();
for every finite subset F' C H \ {1}, there exists g € T' such that gFg~' N H = {).

~— ~— ~— —

(iv
Moreover, if any of these equivalent conditions holds, then I' is a Powers group.

Proof. (ii) = (iii) = (iv) is obvious.

(iv) = (i): If K. is trivial for some € € {£1}, then K_. is trivial by Lemma [3.5.5!
Therefore suppose that K_1 and K; are both non-trivial. First, if kerI' = K_1 N K3
is non-trivial, we pick f € kerI' \ {1}. Set F' = {f}. Clearly F' C H since kerI' C H.
Then gfg ' €ker' C H for all g € T.

If kerI' is trivial, pick f. € K.\ {1} for ¢ € {£1} and set F' = {f_1, fi}. For an
arbitrary g € T, then g € I'\ T} for some e. Then gf.g~' € H, i.e., gf-g~ ' € gFg 'NH.

(i) = (ii): Choose a finite F' C I"\ {1}. Assume first there is an element f; € FNH
(otherwise, there is nothing to show). Since f; # 1, we may pick g; € '\ TIJr such that
gl_lflgl ¢ H. We may now assume that gl_lflgl ¢ G; if gl_lflgl € G, we can freely
replace g1 by g17. In particular, g; ¢ G, and so we may let €1 be the direction of g;. We
then see that the type and direction of g;° Lf1g1 are —eq and e, respectively, since we
can write g; ! f1g1 as a reduced word by means of the normal form of g; and then apply
Lemma @ In this way, we also see that replacing g; by gih~! where h is the end
letter of g1 does not change this conclusion, so we may assume that g;° ! £1g1 has initial
letter 1 and end letter contained in H,.

We now assume that there is an element fa € F' such that g Lfogr e H (otherwise,
we are done). Pick go € T'\ Tisl such that gglgl_lfgglgg ¢ H. In the same manner as
above, we may assume that gy ! 91 L fag199 ¢ G, g2 ¢ G and g2 has end letter 1, and if &9
is the direction of go, then gy ! g1 ! f29192 has type —eo and direction £9. We now claim
that g5 ! 97 L 9199 ¢ G as well. Indeed, since g7 i ¢ @G has type —e1 and direction &1
with initial letter 1 and end letter in H,,, then g5 ! g1 ! f1g192 has type —e5 and direction
€9, with initial letter 1 and end letter contained in H,,. To realize this, we consider the
normal forms of gl_lflgl and of go, say, go = h17° - hy,7°2. Then

€2

95 (g1 fig)ge = 7Rt TR (g fig ) T T
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Hence reduction is only possible if e = —e1, but hy ¢ H_. = H., by assumption since
g2 €\ Tiel. Therefore the above word is always reduced, so Lemma applies.

It should be clear how this process continues, choosing g; from the set I'\ TET , de-
pending on the direction of g;_1, and since F is finite, we take g to be the product of
the g;’s, and then g~ fg ¢ H for every f € F.

We refer to [3g, Proposition 11] for a proof that any of the four conditions implies
that I' is a Powers group, if I" is non-ascending. O

In the next section, we will give another proof (Proposition [3.6.4)) that a non-ascend-
ing, countable HNN extension is C*-simple if it has trivial quasi-kernels.

Remark 3.5.8. In the 2011 article [73, Theorem 2 (ii)], a sufficient criterion to ensure
C*-simplicity of a non-ascending, countable HNN extension was given by de la Harpe and
Préaux, formulated as follows. For I' = HNN(G, H, #) non-ascending and G countable,
define Hy = H, and recursively define a descending sequence of subgroups (Hy)g>1 of
Hy=H by Hj, = H, N7 'Hy7 and

H = (ﬂ gH,ég_l) nrt (ﬂ gH,i;g—1> L
geqG geG

The criterion ensuring C*-simplicity of I was that Hy = {1} for some k > 0 (in fact, I'

is a Powers group).

We claim that Theorem [3.5.7] is a stronger result. Indeed, for k& > 1, let Cj be the
set of elements in T' of length < k + 1. Then Hj = {1} implies N,ec, 7Hr™ ' = {1},
since each Hj, is obtained by taking intersections of sets of the form rHr~!, r running
through a subset of Cy. For e € {#1} and s € S_. \ {1}, then st**2=C), C T'\ T} due

to Lemma Therefore

K. = ﬂ rHr' C s7(k+2)e ( ﬂ rHr1> (ke g1 {1}.
ren\7J reCy

The following corollary is a rather simple criterion for when a quasi-kernel coincides
with the kernel of an HNN extension.

Corollary 3.5.9. Let I' = HNN(G, H,0) be a non-ascending HNN extension. If there
exists ge € G\ H_. such that g.K.g-* = K. for e € {£1}, then K. = ker('). If T also
satisfies ker I' = {1}, T is a Powers group.

Proof. For e € {£1} and all g. € G\ H_. we have
PATE € (P\TH Ug(P\ T,

Indeed, if x € T\ TL is of length > 1 and has initial letter distinct from 1, this is clear;
if not, then x has type € and initial letter 1, in which case g-'x has type ¢ and initial
letter different from 1. Therefore I' = (I'\ TJ) U g-(T" \ 7J), so that
kerI' = ﬂ rHr ' n ﬂ gerHr gl = K.ng.K.g- '
rem\TJ rem\TJ
If g. K.g-' = K., then kerI' = K_. If kerT" = {1}, it then follows from Theorem m
that I' is a Powers group. O
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We next discuss the amenable radical R(I") of a non-ascending HNN extension T
Let FC(I') denote the normal subgroup of elements in I' of finite conjugacy class and let
NF(T') denote the largest normal subgroup of I" that does not contain any non-abelian
free subgroup. By [38, Proposition 8], these groups generally fit into a sequence of
subgroups:

FCT)CRI)CNF{I) CkerI' CHNO(H).

Notice that I' always contains a non-abelian free subgroup. In fact, there is an even
longer sequence

FCI) C FC(kerT') C R(kerI') = R(I') C NF(I') = NF(kerI') C kerI". (3.5.2)

The first containment is clear, the second holds since F'C(kerT') is an amenable nor-
mal subgroup of kerI', and the two equalities follow from [87, Examples 6.4, 6.6, and
Lemma 6.7].

In particular, since R(kerI') = R(I"), the following is immediate:

Proposition 3.5.10. Let I" be a non-ascending HNN extension. Then I' has the unique
trace property if and only if ker I' has the unique trace property.

Moreover, if H N@(H) is finite, then FC(I") = kerT", and the sequence col-
lapses. To see why, note that for h € kerT', then h € g(H NO(H))g~! for all g € T' by
definition, so g~'hg € H NO(H) for all g € T. Therefore the conjugacy class of h is
contained in H N @(H), which is finite, so h € FC(I").

The following result, similar to [87, Theorem 3.7], now holds.

Proposition 3.5.11. Let I' = HNN(G, H,0) be a non-ascending HNN extension such
that H N O(H) is finite. Then the following are equivalent:

(i) T is ice;
(i) kerI' = {1};
(iil) K1 =Ky ={1};
(iv) T' is a Powers group;
(v) T is C*-simple;
)

(vi) T' has the unique trace property.

Proof. Tt is clear that (iii) = (iv) = (v) = (vi) = (i) = (ii) from the above discussion and
what we have seen in Sections and so only (ii) = (iii) remains. Suppose that
kerI' = {1}. Note that kerI' coincides with the intersection of the decreasing sequence

of Remark For k > 1, Hy, is a subgroup of HNO(H ) and therefore finite, meaning
that Hj;, must be trivial for some £ > 1. As in Remark we conclude that K, is
trivial for € € {£1}. O

The above result indicates that in order to search for examples of non-ascending
HNN extensions HNN(G, H, 6) that are not C*-simple but do satisfy the unique trace
property, we have to ensure that the image of # inside G is not too far away from H.



66 Chapter 3. C*-simple discrete groups

3.6 Boundary actions of non-ascending HNN extensions
Joint work with Tron Omland (University of Oslo)

In this section, we investigate the action of a non-ascending HNN extension I' on its
Bass-Serre tree and give a characterization of C*-simplicity of I' in terms of this ac-
tion. Our work should be compared with similar results by Ivanov and Omland for free
products with amalgamation [87] — whereas HNN extensions are fundamental groups of
loops, free amalgamated products are fundamental groups of a segment of length 1.

Let I' = HNN(G, H, 0) be an HNN extension and let T" be the Bass-Serre tree of I'.
The vertices in T are left cosets of I'/G and the edge set of T' consists of two disjoint
copies of I'/H, say, I'/H UT/H, where the inversion map sends gH to gH and vice
versa. The origin and terminus maps satisfy

o(gH) = gG =t(gH), t(gH)=gr 'G=o0(gH), geT.

The action of I' on T by left translation is transitive. Moreover, T is regular, i.e., all
vertices have the same degree [G : H] + [G : §(H)], so that in particular, T is leafless,
and T is countable if and only if G/H and G/0(H) are of at most countably infinite
cardinality.

The picture below illustrates part of the Bass-Serre tree of the HNN extension of a
group G, and subgroups H = §(H) such that [G : H| = 2 and [G : §(H)] = 3. We let
S_1 ={1,s} and S1 = {1,t1,t2} be sets of left coset representatives for H and 6(H),
respectively. Observe that for g € 51, if we want to add g7—! to the right in one of
the vertex cosets mG (e.g., going from mG to mgr—'G), we traverse an edge emanating
from mG, and when adding g7 to the right for ¢ € S_1, one traverses an edge ending in
mG@G.

T~ lst71@ TG st MarG st ist7 1@
[ ] [ ] [ ] [ ]
AN ‘ \ 7

-1 -1
NT UsH | | st 'sH .-
~ T Mo H st o H -
~ \i \ ~
Ve
T2 Sl sT1@ sT2G
e < — —— o e —— —> o
T~ 1H = ~ st lH
e ~N
-~ rTlarH st TH ~
G H sH st it 7G
G
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Let g € I' be an element with normal form g = g1 7°1g27%2 - - - g, 7. Defining sg = 1
and

k .
; sgTH = sp_1g.H if e = —1,
S = nge , e = { Sl oy =1 (3.6.1)
i=1

for 1 < k < n, the unique path from G to gG is given by

€1 €2 €n

G

81G gG
Indeed, if ¢, = —1, then o(sy_19xH) = sp_1G and t(sp_19xH) = sp_19x7 ‘G = 5G,
and if e = 1 we notice that o(spH) = 5,7 'G = 551G and t(sp H) = s3,G.

We now recall the discussion of the shadow topology on the space T'U 9T, in Section
We first note that even though all results in this section are stated for countable
HNN extensions I', they in fact hold under the weaker assumption that the Bass-Serre
tree of I' is countable, as we only need to be able to apply Proposition

It was remarked previously in this section that the action of I' on T is transitive, so
it is minimal. Moreover, we either have 0T = 9T or 0T = T U 0T in T U OT in the
shadow topology, since T is regular. If |0T| < 2, every vertex in T has degree 2, so that
H =0(H) =G and I" = G %y Z. Furthermore, we have the following fact, due to de la
Harpe and Préaux [43, Proposition 19.

Proposition 3.6.1. Let I' = HNN(G, H, 0) be a countable HNN extension, and let T be
the Bass-Serre tree of I'. If |0T'| > 3, then the following are equivalent:

(i) The weakly hyperbolic limit set of T' in OT contains at least three points.

(ii) T is non-ascending.
If any of these two conditions is satisfied, OT is a I'-boundary in the shadow topology.

Proof. We will only prove that (ii) implies (i); the other implication is proved in [73].
Taking s € G\ H and t € G\ O(H), then s7 and t7~! define hyperbolic automorphisms
of T' due to Lemma [3.5.6] since they fix no vertices in 7. Moreover, the intersection of
their axes is {G}, as one may easily see that (t771)"™(s7)" € G for m,n € Z implies
m =n = 0. Hence s7 and t7~! are transverse. Finally, since the action of G on T is
minimal, it follows from (i) and Proposition that 9T is indeed a I-boundary. [J

A basis of clopen sets for the shadow topology on T'U 0T is defined as follows. If g
has normal form g = g17°1go7%2 - - - g, 75" gp+1, we let U(g) be the subset of all elements
hG where the normal form of h begins with 99;+11 = 17 go7%2 - - - g, 7", as well as all
equivalence classes of rays identifiable with a ray beginning with g;7°1go7%2 - - - g, 7°".
Under the identification T'U 0T = T U R (cf. the subsection on countable trees in
Section , U(g) is therefore the sets of maps Z; — T whose images of 0 < i < n are
determined by the path described in (3.6.1)). The collection of all U(g), g € T, is the
desired basis of clopen sets. For any g € I', let K(g) be the subgroup of G of elements
fixing every vertex in U(g).

To specify the properties of the subgroups K(g), we require two technical lemmata.
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Lemma 3.6.2. Let I' = HNN(G, H,0) be a non-ascending countable HNN extension
with Bass-Serre tree T. For any g € T'\ G with direction ¢, K(g) = gK_.g~'. Moreover,
g €T fixes all x € T if and only if g € ker .

Proof. Suppose that ¢’ € T is a fixator of all elements in U(g) where

g= 917—51927-52 T 9n75"9n+1 el

in the normal form, and let € be the direction of g. Then ¢’ fixes all edges in the subtree
spanned by U(g), i.e., ¢(mH) = mH for all m € T' with normal form beginning with
g171ga72 - - - g, 7. Therefore ¢’ € K(g) if and only if ¢'(grH) = grH for all r € T with
the normal form r = ry7f1ryr/2 .. -rmTfmrmH where either

(1) m=0,or
(2) m > 1 and either (2a) f; = ¢, or (2b) fi = —¢ and 1 ¢ H.,.

In case (2b), the fact r1 € S_y = S. implies that 71 # 1. Therefore the r € I' of the
above form constitute the set I' \ T’ 15, SO

geg|l () rHr ' |g ' =gK_cg "
rem\T'

Hence K(g) = gK_.g~ % O

Lemma 3.6.3. Let I' be a non-ascending countable HNN extension with Bass-Serre tree
T. Forall g,s €T, g € K(s) whenever U(s) N 90T C (9T)9.

Proof. Let g € '\ {1} and assume that g fixes all x € U(s) N OT. Let € € {£1} be the
type of s, if |s| > 1, and arbitrary otherwise. If g ¢ sGs~! write

-1 £ €
ST gs=q1T " GnT "gnt1

in the normal form for n > 1. Let us also assume, without loss of generality, that ¢y = 1.
For all j,m > 0, consider the word

—me,,—1

M (s gs)rriE = 7T mEr T

GIT  GnT " Gng )TT,
where 7 € G. Then this word is reduced whenever (1) ¢ = ¢, = —1; (2) e = ¢, = 1
and r € G satisfies r~lg; ¢ H; (3) e = -1, &, = 1 and r € G satisfies g, 17 ¢ 0(H).
This is always possible, since I' is non-ascending. In these cases, g cannot fix the point
x € U(s) N OT determined by the ray passing through the vertices (sr77);>0.

We now assume that ¢ =1 and €, = —1, so that n > 2. If r can be chosen such that
gni1ir ¢ H and r—'g; ¢ H, we are done. Otherwise, we have g, 1g1H U H = G. Let
p € G such that p~lgo ¢ H. For all j,m >0,

1 1

Ty e g N s gs)girpr? = 7 (0 e g T ge) T2 9T - gu T L g giTRT?

=7 Mur2 gt - - g tuTpT?

for u,v € G\ H, and this word is reduced. Hence g does not fix the point z € U(s)N T
determined by the sequence of vertices given by (sg17p77) j>0. Therefore g € sGs™ L.
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We next assume that s ¢ G and let ¢ € {£1} be the direction of s. For any
rel\ Tis,
sequence of edges in T constituting a ray, where ey, ..., e, describes the unique path
in T from G to srG. By hypothesis, g fixes all points x € 9T arising from rays of the
above form. Let m = |s|. For any sequence (e;);>1 as above, there exist positive integers
4,k > m + n such that ge; = ej. Since o(e,,) = sG = s(s71gs)G = o(gen), we have

write r = r7/1 -+ r,7/7r, 1 in the normal form. Then let (e;)i>1 be a

J—m=d(t(ej),o(em)) = d(t(ge;), o(gem)) = d(t(ex), 0(em)) =k —m,

so j = k. As (e;)i>1 defines a geodesic, gemint1 = €min+1 as well. Now the fact
€1,-..,emtn uniquely connects G and srG implies that gf = f for any edge f in T
with o(f) = srG and t(f) # (sr)(r,;lrlT_f”)G, since x was arbitrary. Due to g being a
non-inversion and necessarily also fixing the remaining edge set, that is, the set of edges
joining srG and (ST)(T;ilT_f")G, g must fix any edge f in T with o(f) = srG. In
particular we have gsrH = srH, so that s 'gs € rHr=!. AsrcT'\ TLS was arbitrary,
sTlgse K_..

If s =1, then g € G and all of 9T is fixed by g, which implies ¢ € kerI'. Indeed,
the above argument applies verbatim if r ¢ G, and if r € G, we still see that g fixes all
edges f in T with o(f) = G, so that grH = rH in any case. O

In short, whenever a group element ¢ in a non-ascending HNN extension I' acts as
the identity on some open subset of the boundary of the Bass-Serre tree 0T, then g fixes
a large chunk of any ray whose image is eventually in the open subset.

For a continuous action of a group GG on a topological space X, define
ker(G X)={ge G| X=X}
and
int(G ~ X) = {g € G| XY has non-empty interior}.

If D is a G-invariant subset of X, then so is D, and we have
ker(G ~ D) = ker(G ~ D), int(G ~ D) = int(G ~ D).

Here the first equality follows from continuity of the action. If D9 has non-empty interior
for some g € G, there is a non-empty open subset V of D such that V N D C DY which
ensures that V C VN D C D9 C DY. Conversely, if DY has non-empty interior, then
there is a non-empty open subset V of D such that V C D?, meaning that VN D C D9Y.
As V is non-empty, so is V N D.

Proposition 3.6.4. Let ' be a non-ascending countable HNN extension with Bass-Serre
tree T', and consider T U JT equipped with the shadow topology. The action of I' on T
satisfies

kerI' = ker(I' ~ T') = ker(I' ~ 9T) = ker(I' ~ 9T)

and

<<K_1>> = <<K1>> = <<K_1 U K1>> = int(F n 8T) = int(F m@T),

where (S) denotes the normal closure in T' of a subset S CT.
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Proof. By definition we have kerI" = ker(I' ~ T'), and ker(I' ~ T') C ker(I' ~ 9T') by
continuity. Moreover, ker(I' ~ 0T) C kerI' by Lemma [3.6.3|

Any g € K_1 is contained in K (7). Indeed, if r—tgr € H for all 7 € T"\ TL, then all
rays emanating in G and passing through 7G are fixed by ¢g. Hence K1 C int(G ~ 9T)
and (K_1) C int(G ~ 9T) by normality of the latter. Conversely, suppose that (9T")9
has non-empty interior for g € T'\ {1} in the shadow topology. Then (97)Y contains
U(s) N AT for some s € T, so that g belongs to K(s) = sK_.s~! for some € € {41} by

Lemmas and depending on the direction of s. Thus g € (K_; U K1)). The
remaining identities follow from Lemma [3.5.5] O

Remark 3.6.5. In [23, p. 11|, de la Harpe and Préaux call the action of an HNN
extension I' on its Bass-Serre tree T' slender if 9T # () and the action of G on 9T is
topologically free. They prove that this implies that the action of I" on 97T is strongly
faithful |g3, Corollary 10|, i.e., for all finite subsets F' C T"\ {1} there is € 9T such
that fx # x for all f € F.

Our results show that the converse also holds for non-ascending HNN extensions:
indeed, if FF C T"\ {1} is a finite subset and x € OT satisfies fo # x for all f € F,
let s € G such that fU(s) NU(s) = 0 for all f € F (and z € U(s)). In particular,
no vertex gG in U(s) satisfies gG € fU(s) for any f € F, so there is an edge gH for
which fgH # gH for all f € F. Therefore g-'FgN H = (), so by Theorem @ and
Proposition the action of G on 0T is topologically free.

Let us now give another example — a known one — of a collection of C*-simple groups.

Example 3.6.6. Let G = Z and let g € G be a generator of G. For m,n € Z\{0}, define
H = (¢™) (thus corresponding to mZ) and an injective homomorphism §: H — G by
0(g*™) = g* for k € Z. Then the HNN extension HNN(G, H, §) = HNN(Z, mZ, km +
kn) is the Baumslag-Solitar group

' =BS(m,n) = (g, 7| T_lng =g").

A 2007 result due to Ivanov [86, Theorem 4.9| states that BS(m,n) is C*-simple if and
only if min{|m/|, |n|} > 2 and |m| # |n|.

We give a new proof using the C*-simplicity criterion for HNN extensions given
above. Notice first that if |m| = |n|, then H = (¢") is a normal abelian subgroup of
I'. Furthermore, BS(£+1,n) and BS(m,+1) are solvable. Indeed, in the case m = 1,
N = ({r*g77%|k € Z}) is a normal abelian subgroup of T', with the corresponding
quotient group being infinite and cyclic.

If min{|m|, |n|} > 2 and |m| # |n|, let us assume that m and n are coprime for the
sake of keeping the proof on the elegant side. Now 7-'H7 = (¢g"). For k € 7Z, write
kn=gm+rforgeZ and 0 <r <m. If

1k -1
G717 ¢g"Mr =g "¢g"T,

then r = 0, so m divides kn and hence also k. In turn n divides g, so 7~ 1g*"r € <g”2>.
Hence 7~ 1{g")7NG = (g”2>. Continuing this way, one may show that 7' H7NG = (g"')
for i > 1, meaning that K7 = {1}. By Lemma[3.5.5, K_1 = {1} as well, so that I is
C*-simple by Theorem [3.5.7] or Proposition
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We next investigate what properties are forced onto the action of a non-ascending
HNN extension I' on its Bass-Serre tree when I' is C*-simple.

Lemma 3.6.7. Let I' = HNN(G, H,0) be an HNN eztension, and let K be a normal
subgroup of I' contained in H. Then

I'/K = HNN(G/K, H/K,6),

if we define §: H/IK — G/K by O(hK) = 0(h)K for h € H. The quotient map
7: G — G/K extends to a surjective homomorphism 7: T' — HNN(G/K, H/ K, 0) with
kernel K such that Tl = m and T maps the stable letter of T' to the stable letter of
HNN(G/K,H/K,#9).

Proof. Let I" = HNN(G/K, H/K,#) and let 7/ be the stable letter of IV, If p: G (1) —
I' and ¢': G/K * (1) — TI” are the natural quotient maps, then there exists a group
homomorphism 7: I' — I such that the diagram

Gx(r) ——T

J/ﬂ'*id lﬁ’
/

G/K * (1) —— T’

commutes, since mof = Ao, and it is evident that 7 satisfies all of the desired properties
bar having kernel K. If H_1 = H and H; = §(H), then if g € T'\ K has normal form
g=q17" - gnT"gnt1 and 1 < i < n — 1, we observe that m(g;1+1) ¢ H.,/K whenever
giy1 = —&;, since K C H NG(H) by assumption. Hence 7(g) # 1 by Britton’s lemma,
so that ker # C K. The reverse inclusion is clear. O

Theorem 3.6.8. Let I' be a non-ascending countable HNN extension with Bass-Serre
tree T. Then T is C*-simple if and only if int(G ~ OT') is C*-simple.

Proof. Since int(I" ~ 9T) is a normal subgroup of T, “only if” follows from Theorem
Therefore suppose that I = int(I' ~ 9T') is C*-simple, and define K = kerI.

We first let K. (I') and K (I'/K) denote the K.’s of the HNN extensions I and I'/ K,
respectively. Let 7 be the surjective homomorphism of I’ onto HNN(G /K, H/K, ) as
described in the above lemma. Choosing the left coset representatives w(S_1) and 7(S1)
of H/K and (H/K) in G/K, then for g = ¢17°' - -- g, 7°"gn1 € T written in normal
form, we see that 7(g) has initial letter 1 = K and type ¢ in the normal form in I'/ K,
if and only if ¢ has initial letter 1 and type e. Therefore 7 maps K.(I') onto K.(I'/K),
and since ker 7 = K it follows that K.(I')/K is isomorphic to K.(I'/K) for e € {£1}.

If K =1, then K. (I') = K for ¢ € {£1}. Hence K.(I'/K) = {1} for ¢ € {£1}, so
that the action of I'/K on 9T’ is topologically free, T’ denoting the Bass-Serre tree of
I'/K. We conclude that I'/T =T'/K is C*-simple, so I is C*-simple by Proposition 3.3.1]
and Theorem [3.3.5

Let C be the centralizer of I in I". Suppose first that C'\ H is non-empty and let
g€ C\H. Forall s €T and € € {£1}, s 'K.s C I, so that sgs ' K.(sgs™!)"! = K.
for all € € {1} and s € I'. For € € {1}, then by Lemma [3.5.5| there exists s € I such
that sgs~'r € I'\ TJ whenever r € T"\ TL:. Hence t € K. implies

r_l(sgs_l)_lt(sgs_l)r = (sgs_lr)_lt(sgs_lr) eH
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for all r € 1“\TiE and (sgs™1)7(sgs™!) € K_.. Therefore t € (sgs 1)K _.(sgs™!)71 =
K_.. This proves that K_; = K; and I = K, so that I' is C*-simple due to the
discussion above.

If C C H, then normality of C'in I" implies that C' C ,.r rHr—' = K C I. Hence C
is the centre of I, so by C*-simplicity of I it follows that C C R(I) = {1}. In particular,
C is C*-simple, so that T" is C*-simple by Theorem [3.3.5] O

The above result therefore states that C*-simplicity of an HNN extension imposes
some stern demands on the quasi-kernels, also exemplified by the next result.

Proposition 3.6.9. Let I' be a non-ascending countable HNN extension, with quasi-k-
ernels K_1 and K. If either K_1 or Ky is amenable, then I' is C*-simple if and only
if K_1 and K1 are trivial.

Proof. Suppose that I" is C*-simple and let 7" be the Bass-Serre tree of I". Let ¢ € {£1}
such that K_. is amenable and let z = limy_,o, 7°*G € OT. We observe that T’ o is the
direct limit of the increasing sequence (K (7°¥))x>1 of subgroups of T, since if g € T is
the identity on a neighbourhood of z, then g is the identity on U(7%*) for some k > 1,
so that g € K(7°%). As K(7°F) = ¥ K__77°F is amenable for all £ > 1 and amenability
is preserved under direct limits, I', is amenable.

As T is C*-simple and 9T is a I'-boundary, C(9T) x,. I is simple by Theorem
Minimality of the I-action on T implies that {x € T |T'S is amenable} is dense in 9T,
so the action of I' on 9T is topologically free due to Proposition Therefore K_1 =

K; = {1}, and the converse follows from Theorem and Proposition [3.6.4] O
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The relation between boundary actions and reduced group C*-algebras, as reviewed
in the preceding chapter, has inarguably clarified how strong of a property C*-simplicity
really is. In this chapter, we show that C*-simplicity of a group G is in fact so strong
that it can shed light on the ideal structure of a reduced crossed product over G. We can
even go as far as to not require that the action yielding the crossed product is genuine,
meaning that the map of G into the automorphism group of the C*-algebra need not
be a homomorphism, as long as we can measure the non-genuineness of the action by a
unitary-valued 2-cocycle.

The above type of action is known as a twisted action, and the greater generality in
this construction has some great benefits, many of which have previously been considered
with respect to C*-simple groups by Bédos and Conti [g, @0, 12]. The equivalence of
a group being C*-simple and admitting a free boundary action allows us to generalize
many of their results.

4.1 Reduced twisted crossed products

In this section, we generalize the notion of a C*-dynamical system, the resultant notion
being that of a twisted C*-dynamical system.

Recall first that the multiplier algebra M (A) of a C*-algebra A is the set of operators
T € B(A) for which there is a map T%: A — A such that T'(x)*y = «*T*(y) for all
x,y € A. With the operator norm, the usual product on B(A) by composition and the
involution T' — T, M(A) is a unital C*-algebra, and it is the largest unital C*-algebra
containing A as an essential ideal, i.e., any C*-algebra B containing A as an essential
ideal admits a unique embedding into M(A) that maps the inclusion A C B to the
inclusion A C M(A). We embed A into M(A) as a C*-subalgebra by identifying a € A
with the left multiplication map A — A by a, and

ra=2x(a) €A, ar=2az"(a")" €A

for a € A and x € M(A), whenever z is viewed as a map A — A. Moreover, it is easy
to see that A is unital if and only if M (A) = A. For more on multiplier algebras, we
refer to [125, Section 2.3].

Definition 4.1.1. A (Busby-Smith) twisted C*-dynamical system [28] is a quadruple
(A,G,a,0), where A is a C*-algebra, G is a discrete group and a: G — Aut(A) and
0: GxG—U(M(A)) are maps satisfying the identities

ag ooy, = Ad(a(g, h)) o agn,
o(g,h)o(gh,s) = ag(o(h,s))o(g,hs),
o(g,1)=0o(1,9) =1,

for all g,h,s € G. Here oy = a(g) € Aut(A) for all g € G. The tuple (o, o) is referred
to as a twisted action of G on A, and o is called the normalized 2-cocycle (or just the
cocycle) of the twisted action.

If A is unital, we say that (A,G,a,0) is unital. Whenever A = C (so that « is
trivial), we say that o: G x G — T is a multiplier.
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Notice that if o is trivial, ie., o(g,h) = 1 for all g,h € G, then « is a group
homomorphism and (A, G, «) is a C*-dynamical system in the usual sense.

Twisted C*-dynamical systems generalize genuine C*-dynamical systems in the same
way group extensions generalize semidirect products. First, recall that the semidirect
product of a group N by another group H is a group G for which there exists a short
exact sequence

1 N G ——H 1

and a map k: H — G such that m o k = idy that is also a group homomorphism, i.e.,
the short exact sequence splits. A good question is now what it takes for the above
exact sequence even to exist, and a twist quickly enters the picture. If G is a group
fitting into the sequence, let k: H — G be a cross-section, i.e., k satisfies m o k = idy,
such that k(1) = 1. For all s,t € H, we observe that 7(k(gh)) = n(k(g9)k(h)) and
k(g9)k(h)k(gh)~! € N, if we regard N as a normal subgroup of G. Letting o(g,h) € N
such that k(g)k(h) = o(g, h)k(gh), we obtain a map o: H x H — N that satisfies the
cocycle identity

o(g,)o(gh, s) = k(g)o(h, s)k(g) " o(g,hs), g,h.s € H,
since (k(g)k(h))k(s) = k(g)(k(h)k(s)). If we define a: H — Aut(N) by oy = Ad(k(g))

and assume that k(1) = 1, then (a,0) can be regarded as a twisted action of G on N,
in the sense that it satisfies the axioms of Definition We refer to [127] for a very
detailed discussion of how twisted actions arise in various guises, both in group theory
and operator algebras.

Let (A,G,a,0) be a twisted C*-dynamical system; the following exposition on twisted
C*-algebraic crossed products is based on [112), 123, [140]. Just like what we saw for
genuine C*-dynamical systems (Section , the Banach space ¢1(G, A) is equipped
with the structure of a Banach *-algebra with an approximate identity, if one defines a
product and involution by

(zy)(s) = 2(9)ag(y(g 's))alg,g7"s), a*(s) = o(s,s as(x(s™ )"

geG

For any = € (1(G, A), we will often write = > ogeG Tglg, Where x4 = z(g) for g € G,
and we identify any a € A with ad; € C.(G, A).

A covariant representation of (A,G,a,0) is a triple (m,u, H) where H is a Hilbert
space, m: A — B(H) is a non-degenerate representation and u: G — U(H) is a map
such that

ugm(a)uy = m(ag(a)), ugup =m(o(g,h))ugn, ¢g,h€G, ac A,

where 7 also denotes the extension of m to M (A) [170, p. 135]. The associated integrated
form of a covariant representation and the full reduced crossed product A x9 G of
(A, G, a,0) are defined in exactly the same way as in Section

For the remainder of this chapter, we will only concern ourselves with the reduced
crossed product of a twisted C*-dynamical system, which is defined as follows. Assuming
once again that A is faithfully represented on some Hilbert space H, we define a faithful
representation 7,: A — B(H ® (*(G)) by

Ta(a)(ER6) =a-1(a)§ R, a€ A £€H, ted.
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For each g € G, we define a unitary operator A\, (g) € U(H ® ¢*(G)) by
Ao(9)(E@6) =o(t g 9) @b, tEG, (€H.

Then (7a, Ao, H ® £?(G)) defines a regular covariant representation of (4, G, a, o). One
can show that the integrated form 7, x A, : £}(G, A) — B(H ® (?(Q)) is faithful [170,
Théoréme 4.11].

The reduced twisted crossed product A x§, . G of (A,G,a,0) is the completion of
¢Y(G, A) (or the dense *-subalgebra C.(G, A)) in the reduced norm x +— ||(7a X As)(2)]|.
However, it will often be convenient to view AxZ,, G as a C*-subalgebra of B(H®0*(G)),
which is achieved by (equivalently) defining A %, . G to be the norm-closure of the image
of o X Ay in B(H ®(*(G)). As one would hope, A %7, G does not depend on the choice
of faithful representation A C B(H) [123, p. 552|. We identify A with its image under
To. If A = C, the reduced twisted crossed product C x7 G is the twisted reduced group
C*-algebra C} (G, 0).

The conjugation map o (s) = Ad(A,(s)) € Aut(B(H ® (*(G))) maps A %7 . G onto
itself for all s € G. Viewing o(g,h) as a unitary multiplier of A x§ . G for r,5 € G by
extending 7, to M(A), we see that (Axg .G, G,d/,0) is a twisted C*-dynamical system
such that the inclusion A — A %7 ;. G is G-equivariant, i.e., o/g\A =aqg4 forall g € G.

As in the non-twisted case, there exists a faithful conditional expectation E4 of
A X7, G onto A, uniquely satisfying Ea(z) = 21 for all z € £*(G, A). Equivalently, E4
satisfies E4(As(g)) =0 for all g € G\ {1}. We refer to E4 as the canonical conditional
ezpectation of A g . G onto A. As noted in Section the existence of this particular
conditional expectation can be deduced from the existence of a conditional expectation
of A %7 . G onto the reduced crossed product with respect to a subgroup. We have
not been able to locate a proof of the twisted case, so we include one for completeness,
inspired by [g, Theorem 2.2].

Proposition 4.1.2. Let (A,G,«a,0) be a twisted C*-dynamical system and let H be
a subgroup of G. Denote by (A, H,«a,0) the twisted C*-dynamical system obtained by
restricting « and o to H. There exists an injective *-homomorphism J: A xg . H —
Axg .G such that J(a);(h)) = als(h) for alla € A and h € H and a faithful conditional
expectation E: A %3, G — J(A %, H) satisfying E(\;(g)) =0 for g€ G\ H.

Proof. Since the reduced crossed product Axg .G is independent of the choice of faithful
representation of A, we may identify A with its image under 7, and then repeat the
construction of the reduced twisted crossed product, allowing us to assume that A is
faithfully represented on some Hilbert space K admitting unitary operators uy € U(K)
satistying ugauy = ag(a) for all g € G and a € A.

Let @ be a system of representatives of the right cosets of H in G. We may then

define unitary operators U: (2(H) ® £2(Q) — (*(G) and V € U(K ® (*(H) ® £*(Q)) by
U(0h ®84) = 0ngy V(ERI®) =0a(g" ,h ) ug16 @60, ® 6,
for £ € K, h € H and q € Q. Define J: B(K ® (*(H)) — B(K ® ¢*(G)) by

J($) = (1K ® U)V(.%' & 152(Q))V*(1K ® U*)
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Then J(aA;(h)) = aX;(h) for a € Aand h € H, so that J(Axg , H) C Ax7, G. If we
now define E: B(K ® (?(G)) — B(K ® (?(G)) by

E(x) = Z Pry2 Py,
qeQ

where Pp, is the projection onto K ® ¢(?(Hgq) for all ¢ € Q, then E is a contractive,
faithful, idempotent linear map. As E(a)\,(g)) = xm(g9)ars(g) for a € A and g € G, we
have E(A %7, G) C J(A xg . H) since E is contractive. Furthermore, as the image of
E is closed, it coincides with the image of J. Hence J and E are the desired maps. [

If (A,G,a,0) and (B, G, 3, 7) are twisted C*-dynamical systems and ¢: A — B is
a *-homomorphism satisfying

poag=PBgop, ¢la(g,h))=1(9,h), g,heQq,

then ¢ extends to a *-homomorphism ¢: A %7, G — B xj, G [140, Théoréme 4.22|
that uniquely satisfies

P(ars(9)) = p(a)Ar(g9), ac A, geG.

Moreover, ¢ is injective (resp. surjective) if and only if ¢ is injective (resp. surjective).

We will finally mention one of the premier reasons for working with twisted C*-dynamical
systems: their crossed products can be realized as iterated crossed products with respect
to a normal subgroup and the corresponding quotient group. We refer to [g, Theorem
2.1] for a proof of the following result, due to Bédos. A similar statement holds for full
twisted crossed products (see [112, Theorem 4.1]).

Theorem 4.1.3. Let (A,G,a,0) be a twisted C*-dynamical system, let N be a normal
subgroup of G, and let j: G — @ = G/N be the quotient map. Denoting the restriction of
the twisted action (a,0) to N also by (o, o), then for all g € G there is an automorphism
vy € Aut(A %7, N) satisfying

19(ade(n)) = ag(a)o(g,n)a(gng™", g)" Aa(gng ™)
= ag(a)As(9)Ae(n)As(9)",
foralln € N and a € A, the latter identity holding in A x¢, . G (see Proposition .
If k: Q — G is a cross-section for which k(1) = 1, and we let
B=vok:Q— Aut(A xg . N),

then there exists a normalized 2-cocycle v: Q x Q — U(M(A %7, N)) such that (3,v)
is a twisted action of Q on A xg N, and

AnZ, G (AxZ, N) 5, Q.

In particular, the reduced group C*-algebra of a group extension can be expressed
as a reduced twisted crossed product, in the same way the reduced group C*-algebra of
a semidirect product group can be expressed as a reduced crossed product of a genuine
C*-dynamical system.
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4.2 Powers’ averaging property

In this section we devise a stratagem for the possible boundary actions of a group to
reveal information about the reduced twisted crossed products that it admits, and prove
that C*-simplicity of a group forces a powerful approximation property on all reduced
twisted crossed products over this group. All twisted C*-dynamical systems in this
section are assumed to be unital.

Let G be a discrete group and let X be a G-boundary. If (A,G,a,0) is a unital
twisted C*-dynamical system over GG, we will frequently consider the twisted C*-dyna-
mical system (A ® C(X),G, 3, 7) obtained by defining f: G — Aut(A ® C(X)) and
T:GxG—-UA®C(X)) by

Byla® f) = ag(a) ® (gf), 7(g,h)=0(g,h)®1

for g,h € G, a € A and f € C(X). Identifying A x7 , G with the image of the injective
*-homomorphism A xg . G — (A® C(X)) xj,. G induced by the map a — a ® 1, the
unitaries A\,(g) and A-(g) are identified in (A ® C(X)) 3, G for all g € G.

Definition 4.2.1. For (A,G,a,0) as above and a G-boundary X, then we refer to
the twisted C*-dynamical system (A ® C(X),G, 3, 7) constructed above as a natural
extension of (A, G, a, o).

The inclusion of a boundary in a natural extension allows us to conjugate states by
inner automorphisms to achieve some degree of multiplicativity in the limit, as conveyed
by the following lemma which will be useful throughout this chapter.

Lemma 4.2.2. Let (A,G,a,0) be a unital twisted C*-dynamical system and let X be
a G-boundary. The natural extension (A ® C(X),G,B,7) has the following property.
For any point x € X, there exists a net (g;) in G such that for any state ¢ on the
reduced crossed product A xg, . G, there is a state 1 on the reduced crossed product

(A® C(X)) xj,. G for which
Vlaxg,c =limgoAd(As(gi) and Ylocx) = da,

the limit being taken in the weak™ topology.

Proof. By Corollary there exists a net (g;) in G such that g;u — 9, for all
p € P(X) in the weak*-topology. If ¢ is a state on A x7, . G, extend ¢ to a state ¢ on
(A® C(X)) xj, G and define p = €£|C(X)~ The twisted action (3, ) restricted to C'(X)
is simply the G-action on C(X), so giu — 0, in the weak*-topology. Compactness of

the state space of (A ® C(X)) xj . G then allows us to assume that (¢ o Ad(A;(g:)))
converges to a state 1) on (A ® C(X)) xj . G in the weak" topology. By construction,

¢‘C(X) = 5x and

Vlang ¢ = lim(¢ o Ad(Ar(9:))]axg ,¢ = lim¢ o Ad(As(g:))- O

The following definition can be seen as a generalization of [g4, Definition 5.2] (see

also B in Remark [3.2.8)).
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Definition 4.2.3. A unital twisted C*-dynamical system (A,G,«, o) is said to have
Powers’ averaging property if for every element b in the reduced twisted crossed product
A %7, G satisfying E(b) = 0 and every € > 0, there are g1,...,gn € G such that

< €.

Hjb S A (9000 (91)°

=1

Here E: A %7 . G — A is the canonical conditional expectation of A x7 . G onto A.

A key result of Bédos and Conti |12, Theorem 3.8| is that reduced crossed products
of twisted C*-dynamical systems over (Pcom) and PH groups, which are subclasses of
the class of C*-simple groups, respectively, satisfy an averaging property that is similar
to Definition Groups with the (Pcom) and PH properties were first analyzed in
[15] and [122], respectively.

We will now prove that twisted C*-dynamical systems over C*-simple groups always
satisfy Powers’ averaging property. With the initial requirement that we consider only
C*-simple groups, we will first prove some preliminary results on linear functionals of
reduced twisted crossed products, by means of natural extensions.

Lemma 4.2.4. Let (A, G,a,0) be a unital twisted C*-dynamical system where G is
C*-simple, and let ¢ be a bounded linear functional on A %7 . G. If E denotes the
canonical conditional expectation of A X2 . G onto A, then there exists ¥ in the weak*

closure of {¢p o Ad(A\s(9)) | g € G} such that Y=1okE.

Proof. By the Hahn-Jordan decomposition for bounded linear functionals on C*-alge-
bras, we can write ¢ = c1¢1 — cado + i(c3¢3 — ca4) for real numbers cq,...,¢q4 > 0 and
states ¢1,...,¢4 on A X7, G.

Consider the natural extension (A®C(0rG), G, 5,7) of (A, G, a,0) and fix z € OrG.
By Lemma we can find states ¥1, 12, 13,1%4 on (A ® C(OrQ)) x% . G and a net
(gj) in G such that

Vilaxz ¢ = 11?1 ¢i o Ad(N\s(g5)) and  Vilo@pq) =0z, i=1,2,3,4.

In particular, C(0rpG) C mult(t);) for each i. Due to Theorem the G-action on
OrG is free, so for any g € G\ {1} there exists f € C(9rG) such that f(z) = 1 and
f(g~tz) = 0. It follows that for each i and every a € A,

(aAr(9))f (x)
i((a®1)A(g)(1® £))
i((e@1)(1® (9f)A(9))
(1@ (gf))(a®1)A(9))
(97 2)vi((a ® 1)A(9))

Yi

bilaxg ,c(ars(9))

T

@
Y
¢
f
0.

It follows from continuity that 1| Axg G = Uil Axg qoF for each i. Hence the restriction
of 1 = c191 — catha + i(c3th3 — catds) to A x§, . G satisfies the desired property. O
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Theorem 4.2.5. If (A,G,«,0) is a unital twisted C*-dynamical system where G is
C*-simple, and E denotes the canonical conditional expectation of A g, G onto A,
then

0 € conv{As (9)zAs(9)" | g € G}

for all z € A %7, G satisfying E(x) = 0, the closure being in the norm. In particular,
(A, G, a,0) has Powers’ averaging property.

Proof. Fix x € A 7, G satisfying E(x) = 0, and suppose for the sake of contradiction
that the claim does not hold for this z. Let

K =conv{A;(9)zAs(9)" | g € G}

By the Hahn-Banach theorem, there exists a bounded linear functional ¢ on A %7, G
such that inf,cx Re(¢(y)) > 0. In particular, this implies that

inf |¢ 0 Ad(Aq(9))(2)[ > 0.
g€

By Lemma there exists a state 1) in the weak® closure of {¢ o Ad(\;(9)) | g € G}
such that i) = ¢ o E, but then v satisfies [¢(E(z))| = [¢(x)| > 0, a contradiction. [

4.3 The ideal structure of reduced crossed products

In this section, we consider the ideal structure of reduced crossed products of unital
twisted C*-dynamical systems, with particular focus on when a reduced twisted crossed
product is simple. In general, it is not possible to relate the ideal structure of a re-
duced crossed product to the ideal structure of its underlying C*-algebra, even when
the group is C*-simple. Indeed, de la Harpe and Skandalis [14] constructed examples of
C*-dynamical systems over Powers groups (which are C*-simple) with the property that
the reduced crossed product has many non-trivial ideals, but the underlying C*-algebra
has only a single non-trivial invariant ideal. These examples will be elaborated upon in

Remark [4.3.7] as well as in Section [5.4]

Let (A,G,a,0) be a twisted C*-dynamical system, and let I be a G-invariant ideal of
A. Then (a,0) restricts to a twisted action of G on I, and the image of the injective
*-homomorphism I xg, G — A xg . G is the ideal in A xg . G generated by I. If
m: A — A/I denotes the quotient map, the twisted action (a, o) also induces a twisted
action (¢, ) of G on A/I such that adgom = moqy for all g € G and 6 = moo. Therefore
7 induces a surjective *-homomorphism 7: Axg G — A/l xg,r G at the level of crossed
products, giving rise to the following commutative diagram:

0——Ixg,G—— Ax%, G —"= A/I =, G——0

lEI lEA lEA/I (4.31)
0 1 A u A/l 0

Here Er, E4 and E4/; denote the canonical conditional expectations. In the following,
we will use the notation
Ix;,,G = ker.
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Now observe that the upper sequence in is exact precisely when < .G =1 %gmG .
It is clear that the inclusion I %7, G C [ NZ,T’G always holds, but equality does not
necessarily hold in general (see, e.g., [131, Remark 1.17|). If equality does hold for
every G-invariant ideal [ in A, then the C*-dynamical system (A, G, a, o) is said to be
eract. If G is an exact group (i.e., the reduced group C*-algebra C}(G) is exact), then
a result of Exel [53] implies that every twisted C*-dynamical system over G is exact;
this generalizes a deep theorem, due to Kirchberg and Wassermann, that this holds for
genuine C*-dynamical systems [g6].

Bédos and Conti showed that for exact unital twisted C*-dynamical systems over
the aforementioned (Pcom) and PH groups, there is a bijective correspondence between
maximal ideals of the reduced crossed product and maximal invariant ideals of the under-
lying C*-algebra [12]. We will show that this bijective correspondence between maximal
ideals in fact holds for all unital twisted C*-dynamical systems over C*-simple groups.
In particular, we will not require the system to be exact.

The first lemma of this section generalizes [23, Lemma 7.2].

Lemma 4.3.1. Let (A, G,a,0) be a unital twisted C*-dynamical system, let X be a
G-boundary and let (A ® C(X), G, B,7) denote the associated natural extension. Let I
be a proper ideal in A %7, G and let J denote the ideal in (A® C(X)) xj . G generated
by I. Then J is proper.

Proof. Let ¢ be a state on Axg, .G such that ¢(I) = 0. By Lemmathere is a state ¥
on (A®C(X))xj .G, anet (g;) in G and x € X such that Y[axg ¢ = lim; poAd(As(g;))

and Y|c(x) = 0z
Note that 1|axr  ¢(I) = 0 and that C(X) is contained in the multiplicative domain
of ¥. Hence for b € I, aj,a9 € A, fi1, fo € C(X) and s1, 2 € G we have

P((a1 @ f1)Ar(s1)b(az @ f2)Ar(s2))
= fi(z)(a1As(s1)bagAs (s2)) f2(s2)
= 0.
It follows that ¢(J) = 0. Hence J is proper. O

The next lemma is a special case of |5, Theorem 1|, also proved for transformation
groups in Proposition but we state it for twisted C*-dynamical systems. We will
need it in this form in the next chapter as well.

Lemma 4.3.2. Let (A,G,a,0) be a unital twisted C*-dynamical system and let X be
the maximal ideal space of the centre Z(A) of A. Assume that the action of G on X is
free. If J is a closed ideal in A X¢,, G, then for Ja = J N A we have

Ja Ng,r GCJC JA;GZ’TG.

Observe that the above formulation makes sense also in the twisted case, since the
twisted action of G on A restricts to a genuine action of G on the centre of A.

Proof. Let In = 1IN A and let m: A — A/I4 be the quotient map. Now let v: A/I4 —
B(H) be an irreducible representation of A/I4 and consider the representation

A+T— (A+1)/1=A/I, - B(H).
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By Arveson’s extension theorem, this map extends to a u.c.p. map ¢: Axg , G — B(H)

such that ¢(I) = 0 and A C mult(yp), since ¢|4 = yom. By irreducibility, the restriction
of p to Z(A) = C(X) is a point mass on X, i.e., ¢|z4) = 0 for some z € X. Letting
g € G\ {1}, then there exists f € C(X) such that f(g~'x) # f(x), implying

(A () (f(@)1r) = e(Ae(9)f) = e(9fAs(9)) = flg™ 2)0(As(g))-

Therefore ¢(A;(g)) = 0. Letting E4: A %7, G — A be the canonical conditional
expectation, it follows that ¢ = p o F4. Hence

V(m(Ea(l))) = ¢(Ea(l)) = ¢(I) = {0}

Since v was arbitrary, m(E4(I)) = {0}, so that E5(I) C I.

For any positive element = € I, let y be the image of z under 7: A %7, G —
(A/1y) Nng, andlet Ey,r: (A/14) %5, G — A/I be the canonical faithful conditional
expectation. Since E, ;o7 = mo Ey, it follows that E4,;(y) = 0 since Ea(z) € I N A.
As E 4y is faithful, y = 0 and = € Ixxg,,.G. O

For any twisted C*-dynamical system (A, G, «, o) and any G-invariant, closed ideal
I'in Axg, .G, the commutative diagram (4.3.1) yields the identity

(Ixg,G)NA=1 (4.3.2)

Moreover, let X be a G-boundary. If A is unital, then for the natural extension (A ®
C(X),G, B,7) we observe that if K C (A® C(X)) xj,. G is a closed ideal and K4 =
KN (A®C(X)), then there is a commutative diagram of *-homomorphisms

AxG, G ————— (A®C(X)) %}, G

| |

A/(KNA) %5, G —— (A0 C(X))/Ka xg’r G

where the horizontal arrows are injective. It follows that
(Kaxj, G)N(AxZ, G)=(KNA)x,G. (4-3:3)

Definition 4.3.3. Let (A, G,a,0) be a twisted C*-dynamical system. A closed ideal
I of A is said to be mazimal G-invariant if it is a proper, G-invariant ideal, which is
maximal among proper G-invariant ideals in A.

We say that A is G-simple if the only maximal G-invariant closed ideal in A is {0},
or equivalently, that the only G-invariant closed ideals of A are {0} and A.

Note for (A, G, o, 0) as above that a maximal G-invariant ideal of A need not be a
maximal ideal; for instance, for non-trivial G one may consider A = C(X) where X is a
minimal compact G-space with more than one point.

Theorem 4.3.4. Let (A, G,a,0) be a unital twisted C*-dynamical system where G is
C*-simple. For a mazimal ideal I of A g, G, I N A is a mazimal G-invariant ideal of
A. Conversely, for a mazimal G-invariant ideal Y of A, the ideal Y x7,,.G of AxZ,. G
18 maximal. Moreover, this correspondence is bijective.
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Proof. Let Y be a maximal G-invariant ideal in A. We claim that the ideal Y%7, .G in
A%, G is maximal; suppose that J is a proper ideal in A %7, .G such that Y7, .G C J.

Consider the natural extension (A ® C(0rG), G, 3,7) of (A,G,a,0). Let K denote
the ideal in (A ® C(9rG)) xj, G generated by J. By Lemma K C Kax5,G,
where K4 = KN (A® C(0rG)). By (4.3.3),

JCKN(Ax, Q) C (Kax5,G)N(Ax%, G) = (KnA)x,q,

a,r

and applying (4.3.2) to Y and K N A gives
YCJNACKNA.

Since J is proper, Lemma[4.3.1] implies that K is proper, so the maximality of ¥ implies
that Y = K N A since K N A is G-invariant. From above, J C Y %, .G, and it follows
that Y, .G is maximal.

Now let I be a maximal ideal in A %7 . G. We must show that the ideal I N A is
maximal among proper G-invariant ideals in A.

Let J denote the ideal in (A ® C(9rpG)) X}, G generated by I. By Lemma m
J C Jaxp,G, where Jy = J N (A® C(0rG)). Hence by

ICIN(AX, G)C (Jaxh,G)N(AxT, G)=(JNA)xI,G.

Since I is proper, Lemma implies that J N A is proper in A, so the maximality of
I implies that I = (J N A)xg, .G. Hence INA=JNAby (4.3.2), and it follows that

I=(INA)xg,G. (4-3-4)

Now suppose that Z is a proper G-invariant ideal in A such that TN A C Z. Then
Z x5, G is a proper ideal in A % . G and

[=(INA)%,GcC Z%7,G,
so the maximality of I implies that I = Zxg, ,G. Hence
INA=(Zx;,G)NA=Z,

and it follows that I N A is maximal. Finally it follows from the identities (4.3.2) and
(4.3.4) that the correspondence is bijective. O

As a corollary we obtain the following generalization of [23, Theorem 7.1] (see also

Remark A).

Corollary 4.3.5. Let (A,G,a,0) be a unital twisted C*-dynamical system where G is
C*-simple. Then A x¢, , G is simple if and only if A is G-simple.

Corollary 4.3.6. If G is C*-simple, then the reduced twisted group C*-algebra C} (G, o)
s simple for every multiplier o: G x G — T.
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Remark 4.3.7. A small modification of an example constructed by de la Harpe and
Skandalis [44] shows that Theorem does not generalize to prime ideals. This par-
ticular counterexample is immensely useful, and we will return to it in Chapter [5

Let G # {1} be a C*-simple discrete group. We say that an ideal I C A in a
G-C*-algebra is G-prime if it is G-invariant and J N J’ C I for G-invariant ideals J and
J" implies J C I or J' C I. If H is a non-trivial amenable subgroup of G, let X = G/H
be the left coset space. Then X is an infinite discrete space, since a group is amenable
if it contains an amenable finite-index subgroup. We consider the unitization A of the
non-unital commutative C*-algebra co(X ). Then A becomes a unital G-C*-algebra with
exactly two proper G-invariant ideals, namely {0} and cy(X ), both of which are G-prime.

By Green’s imprimitivity theorem, the ideal J = ¢o(X) %, G of A x, G is Morita
equivalent to C(H) = C*(H) (see, e.g., [47, Theorem 6.4]), so the prime ideals of J
are in one-to-one correspondence with the prime ideals of C*(H). If H is cyclic, then
C*(H) has at least two prime ideals. Since A = C1 + ¢o(X), it is easy to see that J is
maximal in A %, G and therefore prime. Furthermore, it is easily checked that every
prime ideal of J is a prime ideal of A x,, G. We may then ensure that A x, G has at
least three prime ideals if H is cyclic.

Notice also that the conclusion of Theorem [4.3.4]is not true if we allow the underlying
C*-algebra to be non-unital. Indeed, co(X) is always G-simple, even though co(X) %, G
may contain many ideals.

By appealing to the previously mentioned structure theorem for twisted reduced
crossed products (Theorem , it is possible to say something about twisted C*-dy-
namical systems whenever the underlying group has a C*-simple quotient. This also
gives another proof that C*-simplicity is stable under extensions (see Section .

Corollary 4.3.8. Let (A, G,«a,0) be a unital twisted C*-dynamical system and let N be
a normal subgroup of G. Continue to write (a, o) for the restriction of (a, o) to N. If
G/N is C*-simple, then A x¢, . G is simple whenever A x§ . N is simple.

Proof. By Theorem there exists a twisted action (v,v) of G/N on A xg . N such
that
Axg, G=(Ax], N)xz, (G/N).

The desired conclusion now follows from Corollary [4.3.5] O

We now give a generalization of [12, Proposition 3.13] of Bédos and Conti, to describe
the situation where the action « is trivial; the proof is just the same as theirs.

Proposition 4.3.9. Let (A,G,a,0) be an exact, unital twisted C*-dynamical system,
where o is trivial (that is, g = ida for all g € G). If (A, G, o, 0) has Powers’ averaging
property, then there is a bijective correspondence between the set of closed ideals in A
and the set of closed ideals in A x% G given by Y — Y x79 G =Y x,G.

Proof. We already know that the map Y — Y %7 G is injective due to (4.3.2)), so let I
be a closed ideal in A X7 G. For any x € I and € > 0 there exist ¢1,...,9n, € G such
that

<e,

% S Aolg) (@ — E(2))Ao(g:)"
=1
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where E: A x7 G — A is the canonical conditional expectation.

Since a is trivial, 2 Y1) Ao (g:) E(2) Ao (g:)* = E(z), so that | E(z) —y|| < € for some
y € I. Thus E(x) € T = I, meaning that E(I) C I. As in the proof of Lemma it
follows that I C (INA)x; G. By exactness of (A, G,a,0) we have I = (INA)xZG. O

The above result has a very neat application if we restrict our attention to extensions
of abelian groups.

Corollary 4.3.10. Let (A, G, a,0) be an ezxact, unital twisted C*-dynamical system and
let Z be the centre of G. If « is trivial, G/Z is C*-simple and o(g,z) = o(z,q) for all
z € Z and g € G, then there is a bijective correspondence between closed ideals of AX7 Z

and closed ideals of A %7 G.

Indeed, under the above hypotheses, the structure theorem ensures that we can define
a twisted action (3,v) of G/Z on A x7 Z such that

Ax] G=(AxN] Z) x5, (G/2Z),

and fy = idaxez for all g € G/Z. Since (A x7 Z,G/Z,[3,v) has Powers’ averaging
property by Theorem Proposition [4.3.9] applies.

In particular, to count the ideals of certain group C*-algebras, one may “disregard
the C*-simple part” of the group in question.

Corollary 4.3.11. Let G be a discrete group with centre Z such that G/Z is exact and
C*-simple. Then the ideals of C}(G) are in one-to-one correspondence with the open (or
closed) subsets of the dual group Z of Z.

In the next example, we will consider some applications of the above results, adapted
from [12, Example 4.4].

Example 4.3.12. Let n > 2, let G, = GL(n,Z) C GL(n,R) be the group of inte-
ger-valued matrices with determinant +1. The centre of GL(n,R) is the subgroup of
real-valued non-zero scalar matrices, and Z, = {1} is the center of G,.

If n is odd, then PSL(n,Z) = SL(n, Z) is C*-simple (Example 3.4.3) and exact (by a
theorem of Guentner, Higson and Weinberger [67]). Since G,, decomposes as the product
SL(n,Z)Z, and C}(Z,) = C & C, it follows from Corollary that C}(G,) has two
non-trivial closed ideals.

If n is even, then PSL(n,Z) is C*-simple still. Furthermore, G, /Z, (also known
as the projective general linear group PGL(n,Z)) is C*-simple by Theorem since
it contains PSL(n,Z) as an index two (hence normal) subgroup with trivial centralizer.
Moreover, it is exact, since G, is exact [67], Z,, is amenable, and quotients of exact groups
by amenable normal subgroups are exact. Therefore C(G,,) also has two non-trivial
closed ideals in this case. An similar argument shows that C}(SL(n,Z)) also has two
non-trivial closed ideals.

Example 4.3.13. For n > 3, the braid group B,, with n generators has centre Z, = 7Z,
and Bédos proved in [g, p. 536] that B,/Z, is C*-simple (see also Example |3.4.6].
Further, we have short exact sequences
1—=F, 11— P/Zy — Po1/Zp—1— 1,
1— P,/Zy, — Bn/Zp — Sy, — 1
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where F,,_1 is the free non-abelian group of n — 1 generators, P, is the pure braid group
on n strands and S, is the finite symmetric group on n generators [6a, Proposition 6]. We
recall that free groups and finite groups are exact, and that extensions of exact groups
are exact [25, Proposition 5.1.11]. As P, = Z5, we may thus conclude by induction that
P, /Z, is exact, so that B, /Z, is exact. By Corollary the ideals of C}(B,,) are
in one-to-one correspondence with the open (or closed) subsets of T.

Theorem [4.3.4] has other interesting applications. As mentioned in Section 3.3 Bédos
proved in 199o that a discrete group is C*-simple if it contains a normal, C*-simple
subgroup with trivial centralizer. This stability result was a consequence of the following
theorem [g, Theorem 3.5].

Theorem 4.3.14. Let (A,G,a,0) be a unital twisted C*-dynamical system, and assume
that A admits a faithful G-invariant state. If N is a normal icc subgroup of G with trivial
centralizer and A xg, . N is simple, then A X7, . G is simple.

Let us quickly sketch Bédos’ proof. By first observing that conjugation by g € G\ N
defines an outer isomorphism of N due to N having trivial centralizer, Bédos proved
that any automorphism o of N is outer if and only if {o(n)pn~!|n € N} is infinite,
due to N being icc. This latter condition forces the automorphism 7, € Aut(A4 g, N)
defined in Theorem to be outer whenever g € G\ N if A has a faithful G-invariant
state. Therefore the twisted action of G/N on A %7, N is by outer automorphisms,
and an adaptation of a simplicity criterion of Kishimoto to the twisted case (cf. [g7,
Theorem 3.1]) then yielded the above theorem.

With this in mind, we bring this section to a close by proving a partial generalization

of Theorem [3.3.5}

Theorem 4.3.15. Let (A, G, a, 0) be a unital twisted C*-dynamical system, and assume
that A admits a faithful G-invariant state. If N is a normal icc subgroup of G with
C*-simple centralizer and A g, . N is simple, then A xg . G is simple.

Proof. Let Cg(N) be the centralizer of N in G and let H = NCg(N). Then H is a
normal subgroup of G, and it is isomorphic to N x Cg(N) since N N Cq(N) = {1} by
N being icc. Since Cg(N) is C*-simple, it is also icc, so H is icc, and

Co(H) = Cg(N)NCs(Ca(N)) = {1}.

As H/N = Cg(N) is C*-simple and A x§, . N is simple, A g, H is simple by Corollary
Applying Theorem to H, it follows that A 7 . G is simple. O

4.4 Tracial states on reduced twisted crossed products

In this section we will relate tracial states on reduced crossed products of twisted
C*-dynamical systems to tracial states on the underlying C*-algebra, inspired by the
characterization of the unique trace property due to Breuillard, Kalantar, Kennedy and

Ozawa (Theorem [3.2.9)).

Lemma 4.4.1. Let (A, G, a,0) be a twisted C*-dynamical system and let E denote the
canonical conditional expectation of A g . G onto A. If T is a G-invariant tracial stale
on A, then 7o E is a tracial state on A X7, . G.
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Proof. For z,y € (1(G, A) we have

T((zy)(1) = Y m(x(9)ag(y(g™"))o(g.971)

= Q:Z:(T o ag-1)(x(g)ag(y(g™)o(g,97"))
- gecf(ag_l(w(g)) (a7 9)yg (g™, 9)"| agr(o(g,971))
- geGT(y(g Dag-1(z(9))o(g™", 9))
- : GT(y(g)ag(x(g Nolg,971)
= je((yfc)(l)),
since o(g71, g) = a,-1(a(g,g7")) for all g € G. =

The above lemma, gives a means of translating tracial states on a C*-algebra to tracial
states on the reduced crossed product. We now add the missing ingredient in the proof
of Theorem — the theorem of Furman (Theorem — to a generalization for
reduced twisted crossed products.

Theorem 4.4.2. Let (A,G,«,0) be a unital twisted C*-dynamical system over a dis-
crete group G with amenable radical R(G). For every tracial state T on the reduced
crossed product A Xg,, G, T =7 o Ep(q), where Eg() denotes the canonical conditional
expectation from A xg, . G to A xg . R(G).

Proof. We must show that for any tracial state 7 on A %7 . G and any a € A, we
have 7(aXs(g)) = 0 for all a € A and g ¢ R(G). We consider the natural extension
(A® C(0rG),G, B, p). By Lemma and the G-invariance of 7, there is a state 1) on
(A® C(0rQ@)) Ng,r G, anet (g;) in G and = € JpG such that

Ulang, = im0 Ad(A, (g))) = 7

and Y|c(opc) = 0a-

For g ¢ R(G), then by Theorem there exists y € OpG such that g~y # v.
By minimality of the G-action on 9rG, there is a net (h;) in G such that h;z — y. Due
to weak*-compactness, we may assume that (¢ o AdA,(h;)) converges to a state 7 on
(A® C(0rQ)) NZ,T G which, by the G-invariance of 7, then satisfies

Naxg,c =7, nlcera) = oy

As C(0pG) is contained in the multiplicative domain of 7, taking a function f € C(9pG)
such that f(g~'y) = 0 and f(y) = 1 now yields 7(aX,(g)) = 0 for any a € A, just as in
the proof of Lemma O

The next result was previously shown in [12, Corollary 3.9] for the case when G is a
(Pcom) or PH group.
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Corollary 4.4.3. Let (A,G,a,0) be a twisted C*-dynamical system over a discrete
group G. Suppose that G is C*-simple or, more generally, that the amenable radical
of G is trivial. For every G-invariant tracial state 7 on A, 7 o E is a tracial state on
the reduced twisted crossed product A xg, . G, where E denotes the canonical conditional
expectation of Axg, , G onto A. Conversely, every tracial state on Axg, , G arises in this
way from a G-invariant tracial state on A. Moreover, this correspondence is bijective.
Thus Axg .G has a unique tracial state if and only if A has a unique G-invariant tracial
state.

Proof. By Theorem it follows that 7 = 7 o E for any tracial state 7 on A %3, . G.
Any tracial state 7 on A %7, G is therefore uniquely determined by its restriction to A.
The claim now follows. O

We finally state an analogue of Theorem for the unique trace property. In
1993, Bédos proved |11, Proposition 15| that if the unital twisted C*-dynamical system
(A, G, a,0) and the normal subgroup N are as in Theorem but one assumes that
the C*-algebra A has a faithful G-invariant tracial state, then A xg , G has a unique
tracial state whenever A %7 . N has a unique tracial state. If we replace the reference to
Corollary [4.3.8 by one to the above corollary, the proof of Theorem applies almost
word for word to yield the following partial generalization of Proposition

Theorem 4.4.4. Let (A, G, a,0) be a unital twisted C*-dynamical system, and assume
that A admits a faithful G-invariant tracial state. If N is a normal icc subgroup of G
such that the centralizer of N in G has trivial amenable radical, then A %7 . G has a
unique tracial state whenever A X7 . N has a unique tracial state.



Chapter 5

Equivariant injective envelopes

In this chapter, we consider the G-injective envelopes of unital C*-algebras equipped
with an action by a discrete group G, and how these objects may uncover a lot of infor-
mation not just about the original C*-algebras, but also about the associated reduced
crossed products. Injective envelopes have recently experienced a resurgence in interest,
instigated by the 2014 paper by Kalantar and Kennedy [g0], in which C*-simplicity of a
discrete group G was described by means of the action of G on the G-injective envelope
of the complex numbers C.

For C*-algebras the topic of injectivity harks back to 1969, the year of Arveson’s
extension theorem. The theorem states for any Hilbert space H that the space B(H) of
bounded operators on H has the following Hahn-Banach-like property: for any inclusion
S C A of an operator system in a unital C*-algebra such that S contains the identity
of A, then any u.c.p. map S — B(H) extends to a u.c.p. map A — B(H) |7, Theorem
1.2.3]. Due to a theorem of Loebl [to1] applying the famous 1959 result of Tomiyama
that norm-one projections of C*-algebras onto C*-subalgebras are always completely
positive [135) [136], studies of von Neumann algebras .# C B(H) admitting a norm-one
projection B(H) — .# (i.e., von Neumann algebras having “the extension property”, see
[71]) consequently uncovered a wealth of injective von Neumann algebras.

The idea that any C*-algebra might be embedded in a smallest possible injective
C*-algebra was due to Hamana, who was inspired by a 1964 theorem of Cohen [37],
stated as follows. Saying that a Banach space X is injective if for any isometric, linear
inclusion of Banach spaces £ C F, any linear contraction £ — X extends to a linear
contraction F' — X, then any Banach space E embeds isometrically into a injective
Banach space X such that the only injective closed subspace of X containing E is X
itself, and X is unique up to isometric isomorphism. Cohen then called the Banach space
X the injective envelope of E. Replacing Banach spaces by unital C'*-algebras and linear
contractions by u.c.p. maps, Hamana proved in 1979 that analogue statements held true
for C*-algebras [73] and operator systems [74], and finally for discrete C*-dynamical
systems in 1985 [79].

The first three sections constitute an exposition of Hamana’s original results: we
construct the equivariant injective envelope and relate properties of injective envelopes
to notions considered in the previous chapters. Finally, the last section lines up our
own original results on equivariant injective envelopes. Throughout the chapter, G will
always denote a discrete group.

89
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5.1 Extensions of operator systems

In this section, based on [73} [74} [79], we consider equivariant embeddings of operator
systems into injective C*-algebras, and we define all notions required in order to perceive
an injective C*-algebra containing a given operator system as “minimal” with respect to
this containment.

Definition 5.1.1. Let S and T be operator systems, i.e., S and T are self-adjoint sub-
spaces of unital C*-algebras, containing the identity elements of the latter. A complete
order isomorphism of S onto T is a u.c.p. linear isomorphism S — T with completely
positive inverse. A complete order isomorphism of S onto itself is called an automorphism
of S, and the group of automorphisms of S is denoted by Aut(S).

If G is a discrete group, we say that the operator system S is a G-operator system
if there is an action of G on S by automorphisms. A linear map ¢: S — T between
G-operator systems is G-equivariant if p(gz) = gp(x) for all g € G and = € S.

Remark 5.1.2. A complete order isomorphism is automatically completely isometric
[t175, Proposition 3.2]. Furthermore, for unital C*-algebras, the above definition of an
automorphism coincides with the usual notion of an automorphism of a C*-algebra.
Indeed, if ¢: A — B is a complete order isomorphism of unital C*-algebras, then by the
Schwarz inequality for 2-positive maps we have

a*a =~ (p(a))" ¢ (p(a) < 97 (p(a) ¢(a) < ¢ (p(a"a)) = a’a
for all a € A, so that a € mult(y). Hence ¢ is a *-isomorphism.

Definition 5.1.3. Let G be a discrete group and let S be a G-operator system. We
say that S is G-injective if the following holds. Given two G-operator systems E and
F, a G-equivariant unital, complete isometry «: F — F and a G-equivariant u.c.p. map
p: B — S, there exists a G-equivariant u.c.p. map @¢: F — S such that p ok = ¢, i.e.,
the following diagram commutes:

E

SN
X

Stated differently, a G-injective G-operator system is therefore an injective object in
the category of G-operator systems and G-equivariant u.c.p. maps. For G = {1} we get
the well-studied notion of an injective operator system (cf. [33]).

We finally introduce three properties of embeddings of operator systems, the study
of which will provide the bulk of the next section. Recall that a unital contraction of
operator systems is completely positive if it is completely isometric [115, Proposition

3.2].

-

Definition 5.1.4. Let S be a G-operator system. An extension of S is a pair (W, k)
consisting of a G-operator system W and a G-equivariant complete isometry x: S — W.
Furthermore, the extension (W, k) is said to be

o G-injective if W is G-injective;
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e G-essential if it holds for any G-equivariant u.c.p. map ¢: W — Z that ¢ is
completely isometric whenever ¢ o k is;

e G-rigid if it holds for any G-equivariant u.c.p. map ¢: W — W that ¢ = idw
whenever p o Kk = K.

A G-injective and G-essential extension of S is called a G-injective envelope.

If G = {1} in the preceding two definitions, we obtain the notion of an injective (resp.
essential, Tigid) extension of an operator system.

For any extension (M, k) of a G-operator system S, we will often suppress the com-
plete isometry k and simply assume that S is a G-invariant operator subsystem of M.
Further, an extension (M, k) of a unital C*-algebra S is said to be a C*-algebra exten-
sion if M is a unital G-C*-algebra and x: S — M is a G-equivariant, unital, injective
*-homomorphism.

For any operator subsystem S C B(H) for some Hilbert space H, we will consider the
space (*(G, S) of bounded maps G — S. Then ¢>°(G, S) is an operator subsystem of
B(H ® 2(Q@)), if we let £*°(G, S) act on H ® £*(G) by defining

f(E®og) =f(9)6®dy, geG, (el fel™(G,D59).

Moreover, £*°(G, S) may be given a natural G-action by
(s/)(t) = f(s7't), s,ted, fel>(G,S),

making it a G-operator system.

In the proof of the following lemma, recall for any unital C*-algebra A and n > 1
that the map M, ({>*(G,A)) — (*°(G, M,(A)) given by [z;;] — (9 — [zi;(g)]) is a
*-isomorphism. Hence its restriction to an operator subsystem S C A is a u.c.p. map.
Lemma 5.1.5. If the operator system S is injective, then (*(G,S) is a G-injective
G-operator system.

Proof. Assume that S C B(H) for some Hilbert space H. Let k: E — F and ¢: E —
(G, S) be G-equivariant u.c.p. maps, and assume that x is completely isometric. The
map given 7m: {*°(G, B(H)) — B(H) given by 7(f) = f(1) for f € {>°(G, B(H)) is then
a unital *~homomorphism, so its restriction m: ¢*°(G,S) — S is a u.c.p. map. Hence
Y =mop: E — S is also a u.c.p. map. Since S is injective, there exists a u.c.p. map
¢: F — S such that ¢ o k = 1.

We now define ¢: F' — (*°(G, S) by
p(x)(9) =d(g 'z), zeF seq.

Then ||@(z)|| < ||@]l|z]], so that ¢ is well-defined, and it is clearly linear and unital.
Moreover, under the identification M, ({*°(G,S)) = (>°(G, M,(S)), the image of g € G
under the amplification ¢ is just multiplication by ¢! and ¥ both of which are
positive. Hence ¢ is a G-equivariant u.c.p. map. Since

G(r(2))(9) = b9~ w(x)) = P(rg™"2)) = (g~ 2)(1) = (9~ p(2))(1) = p(=)(9)
for all z € E and g € G, it follows that ¢ o k = ¢, and thus ¢>°(G, S) is G-injective. [
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Lemma 5.1.6. Let S be a G-operator subsystem of an injective C*-algebra A and let
k: S — M =17(G,A) be the map given by

K(@)(g) =g 'z, z€8, geq.

Then (A , k) is a G-injective extension of S and k is a complete order isomorphism onto
1ts 1mage.

Moreover, S is G-injective if and only if S is injective as an operator system and
there exists a G-equivariant u.c.p. map w: £°(G,S) — S such that w o k = idg.

Proof. Evidently x is completely isometric, unital and G-equivariant, so the first asser-
tion follows from Lemma . Note that .#Z = @ e A is injective, since injectivity of
C*-algebras is preserved under direct sums. Assuming that S is G-injective, then there
exists a G-equivariant u.c.p. map w: .# — S such that wox =idg. If p: F — Fis a
unital complete isometry and ¢: F — S is a u.c.p. map, then injectivity of .# yields
a u.c.p. map @: F' — 4 such that ¢ o p = ko . Hence wo ¢p: FF — S is the map
desired in order to obtain injectivity of S. The converse follows from noting that if S is
injective, then £*°(@G, S) is G-injective, so if there also exists a G-equivariant u.c.p. map
w: £*(G,S) — S such that w o k = idg, then S is G-injective as well. O]

First and foremost, the above lemma states that the category of G-operator systems
and G-equivariant u.c.p. map contains sufficiently many injectives, and it also provides
the background scenery for the construction of the injective envelope, since any operator
system embeds into the injective C*-algebra B(H) for some Hilbert space H. Indeed,
the way we embed a G-operator system into a G-injective G-C*-algebra as done above
provides perhaps the most easily understandable G-injective extension available to us.

Definition 5.1.7. For any G-operator subsystem S of an injective C*-algebra A, the
map k: S — (*(G,A) defined in Lemma will be referred to as the canonical
inclusion map.

Finally, we address the case of what it takes to be a G-essential extension of the
simplest possible G-operator system, C. Notice first that since C is an injective operator
system by the Hahn-Banach theorem, then C is G-injective if and only if there exists a
G-equivariant u.c.p. map (*°(G) — C by Lemma Therefore C is G-injective if and
only if G is amenable, and this motivates a translation of statements in Chapter 2| about
the Furstenberg boundary 0rpG into statements about equivariant injective envelopes.

In order to do so, we first show that C'(OrG) is in fact G-injective, and this requires
a translation of Proposition to an analoguous statement for G-operator systems.

Proposition 5.1.8. Let A be a unital G-C*-algebra. If A is injective in the category of
unital G-C*-algebras and G-equivariant u.c.p. maps, then A is G-injective (in the sense

of Definition .

Proof. Assuming that A is faithfully represented on a Hilbert space H, then consider
the canonical inclusion map x: A — (*°(G, B(H)). By hypothesis, there exists a G-equi-
variant u.c.p. map ¢: {*°(G, B(H)) — A such that ¢ ok = id4. Since (*°(G, B(H)) is
G-injective, so is A. O
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We end this section with the following result, due to Kalantar and Kennedy [go,
Section 3.2|, which provides the first step toward a description of C*-simplicity via
equivariant injective envelopes. We note that Hamana himself was in fact the first to
observe the next result [72, Remark 4], albeit without proof.

Proposition 5.1.9. Let X be a compact G-space. Then C(X) is a G-essential extension
of C if and only if X is a G-boundary. Consequently, C(0rQ) is a G-injective envelope
of C.

Proof. If X is a G-boundary, let ¢: C(X) — B be a G-equivariant u.c.p. map into a
G-operator system B. Since C(9rG) is G-injective by Propositions[2.4.6/and [5.1.8] there
exists a G-equivariant u.c.p. map ¢: B — C(JdrG). By Corollary [2.4.2, o p: C(X) —
C(0rQ@) is an injective *~homomorphism, and thus completely isometric. In particular,
 is also completely isometric.

Next we assume that C'(X) is a G-essential extension of C and let u € P(X). Defining
a G-equivariant u.c.p. map P: C(X) — (>*(G) by P(f)(g) = (gn)(f), then P is a
complete isometry by hypothesis, so all real-valued f € C(X) satisfy

1 £1l = sup [(gp) (f)]-

geCG

From a standard Hahn-Banach separation argument (cf. [8g, Theorem 4.3.9]) it now
follows that the convex hull of Gpu is weak*-dense in P(X). By Milman’s converse
applied to P(X) and Gpu, we see that dx is contained in the weak* closure of Gy; in
particular, by letting u € dx we see that the action of G on X is minimal. O

We will see in the next section (as its title indicates) that the G-injective envelope
of a G-operator system is unique up to G-equivariant complete order isomorphism, and
therefore C(OrG) is the G-injective envelope of C.

The above observation that Ig(C) = C = I(C) if and only if G is amenable, has
a generalization to von Neumann algebras, which was also remarked by Hamana [79,
Remark 3.8]. We give an argument due to Anantharaman-Delaroche [3]. Since the space
of normal states on £*°(G) is weak*-dense in the state space of £>°(G) (seen by means
of the Hahn-Banach separation theorem), amenability of G translates to the existence
of a net of normal states (p;) on £>°(G) converging to a G-invariant state (an invariant
mean) in the weak* topology. For any injective von Neumann algebra .# equipped with
a G-action, let A = (G, . #) and k: M4 — A be the canonical inclusion map. We
may then extend the action on .# to a G-action on the von Neumann algebra tensor
product £*°(G) ® .4 by defining

g.(f@x)=gf®@gx, g€qG, fel®(q), xe€ . (5.1.1)

This yields a net of normal u.c.p. maps ¢; ®id: *°(G) ® .4 — .# that has a convergent
subnet in the point-ultraweak topology (see the discussion before Theorem below),
and the limit ¢: (°°(G) ® A4 — # of this subnet is u.c.p. and G-equivariant with respect
to the action . Finally, for f € .4, one may check that (g.f)(h) = gf(g~'h) when
A and (°(G)® # are naturally identified. Defining an automorphism 5 of .4~ by
B(f)(h) = h=1f(h), then B(g.f) = gB(f) for all f € A4 and g € G, so that composing ¢
with 3 defines a G-equivariant u.c.p. map ®: A" — # such that Pox = id . Therefore
A is G-injective by Lemma[5.1.6]



94 Chapter 5. Equivariant injective envelopes

We are unsure whether any injective, unital G-C*-algebra is G-injective whenever GG
is amenable, but have been unable to find a counterexample.

5.2 Existence and uniqueness of the injective envelope

In this section, we give a self-contained explanation of how the G-injective envelope
of a G-operator system comes about, and we give an account of its basic properties.
The idea of the construction is to apply Zorn’s lemma to a collection of projections on
the canonical G-injective G-operator system, ¢*°(G, B(H)), which also fix the original
operator system, and then show that a minimal projection must necessarily have a
G-injective envelope of the latter as its image.

Definition 5.2.1. Let (S,¢) be an extension of a G-operator system E.

An E-projection on S is an idempotent G-equivariant u.c.p. map ¢: .S — S such
that por =1.

An E-seminorm on S is a seminorm p: S — R such that p(z) = ||p(z)| for some
G-equivariant u.c.p. map ¢: S — S with por=1¢.

With E and (S, ¢) as above, we now define a partial ordering < on the set of E-projections
on S by writing ¢ < ¢ if

poth=1op=ep.

Moreover, we define a partial ordering < on the set of E-seminorms on S by writing
p <qif p(z) <q(x) for all z € S.

The proof below is due to Hamana (cf. |77, §3]). Before we set sail, we record the
following facts. If .# C B(H) is a von Neumann algebra and z; — x in .# with respect
to the weak operator topology, then

[ {2, m)| = lim (€, n)| < lim sup ||

for all £&,m € H of norm less than or equal to 1, proving that ||z| < limsup, ||z

Moreover, the Banach space B(S,.#') of bounded operators S — .# can equipped
with a locally convex Hausdorff topology as follows. It is easy to show that B(S, .#)
can be identified with the dual space of the closed subspace X of B(S, .#)*, generated
by the linear functionals x @ w for x € S and w € #,, where x ® w is defined by

(r@w)(T)=w(Tx), T e B(S, #).

The identification is via evaluation, i.e., the map ¢: B(S, #) — X* given by ¢(f)(¢)) =
W(f) for f € B(S, #) and ¢ € X. The weak® topology on X* induces the point-ultra-
weak topology on B(S,.#), and a bounded net (T;) in B(S,.#') converges to T in this
topology if and only if T;x — Tz in .# ultraweakly for all z € S.

Theorem 5.2.2. For any G-injective extension (S, 1) of a G-operator system E, there is
an E-projection p: S — S such that (¢(95),¢) is a G-injective, G-essential and G-rigid
extension of E.
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Proof. We may assume that S C B(H) for a Hilbert space H. Let .# = (>°(G, B(H))
and k: S — .# be the canonical inclusion map. Since S is G-injective, there exists a
G-equivariant u.c.p. map ¥: .# — S such that ¢ o k = idg.

We first prove that any chain (p;);er of E-seminorms on S has a lower bound, so
that there exists a minimal E-seminorm on S by Zorn’s lemma. For each i € I, let
p;: S — S be a G-morphism with ¢; o ¢ = ¢ such that

pi(x) = l[pi(@)ll, = €S,

and define ¢; = ko ;: S — .#. Then each ¢; is in the unit ball of B(S,.#). We have
the following diagram of the maps:

S L S
\*g 511’
Pi
M

By compactness of the unit ball of B(S,.#) in the point-ultraweak topology (due to
the Banach-Alaoglu theorem), there is a subnet (@;)jes of (@;)ier and an operator
¢ € B(S,.#) such that $; — ¢ in the point-ultraweak topology. Since the G-action on
A is ultraweakly continuous, it is easily verified that the point-ultraweak limit of any
net of G-equivariant u.c.p. maps in B(S,.#) in the point-ultraweak topology is itself a
G-equivariant u.c.p. map. Clearly )o@ ot =1, so z +— ||1(¢(z))] is an E-seminorm on
S. Moreover, for any i € I we can take jg € J with jg > ¢, so that for all x € S,
140 @(2)|| < [|@(2)]] < Timsup [|@;(x)[| = lim sup p;(x) < sup p;(z) < pi(z).
jed JedJ J=jo

Hence we have found a lower bound for (p;)ies.

We now fix a G-equivariant u.c.p. map ¢: S — S such that ¢ ot = ¢+ and p(x) =
|lo(z)|| is @ minimal E-seminorm on S. We claim that ¢ = po oy for any G-equivariant
u.c.p. map B: S — S such that 5ot = ¢. Once this has been shown, we obtain the
desired properties of (¢(95),t¢) as follows:

(a) (p(S),t) is G-injective. By letting f = idg we see that ¢ is an E-projection on S.

(b) (¢(S),t) is G-essential. If w: p(S) — F is a G-equivariant u.c.p. map such that
w o ¢ is completely isometric, then by G-injectivity there is a G-equivariant u.c.p.
map &: F — ¢(S) such that owor=1. Now Lowop =po(fowop)oy =, so
§ow =1id,(s). Hence w is completely isometric.

() (p(S),¢) is G-rigid. If a: (S) — ¢(S) is a G-equivariant u.c.p. map such that
aor =1, then aop =po(aop)op=y,sothat a=id,g).

We finally prove the claim. For g as above, define @« = o ¢: S — S and a bounded
sequence (¢,) in B(S,.#) by ¢, = 13  koal: § — 4 where o' is the i-fold
composite of Sop with itself for all 1 < i < n. Take a subnet (@, ) in B(S, .#') converging
point-ultraweakly to some G-equivariant u.c.p. map ¢: S — #. Now Y o@p: S — S'is
a G-equivariant u.c.p. map such that ¥ o por =, and

[¥(@(@) < [|¢(2)]| < limsup ||@n, ()]

(2

<timsup - Y- wo (300 (@) < llo(e)] = o)

ti=1
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for all z € S. Since p is minimal, it follows that lim sup; ||&n, (2)|| = ||¢(x)|| and

le(a(r) —z)|| = limsup ||@n, (a(z) — )| = 1im,sup%||f<(0é”i+1(w)) — r(a(@))]

7 7 K3

2
< limsup —a(z)] = 0

(2 (2
forallz € S,s0 p=poa=pofoyp. O

We next note how this leads to the main result of this section, first proved by Hamana
in 1979 for C*-algebras [73, Theorem 4.1], then later in 1979 for operator systems |72,
Theorem 4.1] and finally in 1985 for G-operator systems [7g, Theorem 2.5].

Theorem 5.2.3. Any G-operator system S has a G-injective envelope (Ig(S), k). It
is unique in the sense that for any G-injective envelope (W,i) of S, there ezists a
G-equivariant complete order isomorphism «: Ig(S) — W with a o k = .

Proof. By Lemma S has a G-injective extension (4, k). By Theorem there
is an S-projection ¢: .# — .# for which the extension (¢(.#), k) is a G-injective,
G-essential and G-rigid extension of S. We then let 1¢(S) = ¢(.#), yielding a G-injec-
tive envelope (I(S), k) of S.

If (W, ) is another G-injective envelope of S, there exist G-equivariant u.c.p. maps
a: Ig(S) - W and ¢¥: W — Ig(S) such that ok = ¢ and ¥ or = k. By G-essentiality,
% is completely isometric. Since 1 o a = idj,(s) by G-rigidity, 9 is also surjective and
™! = a. Hence « is a complete order isomorphism. O

The above theorem then allows us to make the following definition.

Definition 5.2.4. For any G-operator system .S, we denote its G-injective envelope by
(Ig(S),ks). If G = {1}, then I(S) = I5(S) is the injective envelope.

As explained after Definition we will often suppress the inclusion and assume
that S is a G-invariant operator subsystem of its G-injective envelope I(.S).

Remark 5.2.5. (i) If (W, p) had been assumed to be a G-injective and G-rigid extension
of S in the above proof, we would also get a complete order isomorphism v: I (S) — W
such that Yok = p. Hence (Ig(95), ) is also the unique G-rigid and G-injective extension
of S (“unique” in the sense of Theorem [5.2.3).

(ii) In the proof of Theorem we established that the G-injective envelope I (E)
satisfies a stronger property: for any G-injective G-operator system S containing E, then
we may embed the G-injective envelope I(FE) in S in such a way that if : S — S is an
E-projection onto Ig(E), then ¢ = po o for any G-equivariant u.c.p. map 3: S — S
satisfying f|p = idp.

We next make a minor observation that essentially follows from the uniqueness of
the G-injective envelope.

Lemma 5.2.6. Let S be a G-operator system and let M be a G-injective G-operator
system such that S C M. If o: M — M 1is an S-projection, there exists an S-projection
Y: M — M such that ¢ < ¢ and (M) = Ig(S).
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Proof. Since p(M) is a G-injective G-operator system containing S = ¢(.5), we may let
U: (M) — ¢(M) be an S-projection such that U(p(M)) is the G-injective envelope of
S, due to Theorems and [5.2.3 Define ¢ = ¥ o ¢. O

By the existence alone of the G-injective envelope, a lot of information can be un-
covered on the properties of extensions we have considered, G-essentiality in particular.
One example is the following result.

Corollary 5.2.7. If E C S is a G-essential extension, then E C S is G-rigid.

Proof. Let ¢: S — S be a G-equivariant u.c.p. map such that p|p = idg. If (Ig(F), kE)
is the G-injective envelope of E, there is a G-equivariant complete isometry 3: S —
I¢(F) such that ¢|g = k. There is now a G-equivariant u.c.p. map &: Ig(E) — Ig(E)
such that £ o ¢ =1 o ¢, but then { o Kk = & so that § = idj,(g). Thus ¢y = ¢ o ¢ and
p =idg, due to 1 being an isometry. O

The following lemma is a G-equivariant version of [73, Lemma 4.6].

Lemma 5.2.8. Let (M, 1) be an extension of a G-operator system S and let (Ig(S), k)
be the G-injective envelope of S. Then (M, 1) is G-essential if and only if there exists
a unital G-equivariant complete isometry ¢: M — 1(S) such that ¢ o1 = k. In this
case, there is a G-equivariant complete order isomorphism ¢: I(S) — Ig(M) such that
PYOK=L.

Proof. If (M,.) is a G-essential extension of S, then G-injectivity of I5(S) yields a
G-equivariant u.c.p. map ¢: M — Ig(S) satisfying ¢ ot = k. Since k is a complete
isometry, so is .

If there exists a completely isometric G-equivariant map ¢: M — [(S) with por =
K, assume that ¢: M — N is a G-equivariant u.c.p. map such that ¢po¢: S — N is
completely isometric. By G-injectivity we obtain G-equivariant u.c.p. maps a: N —
Ig(S) and ¢': I(S) — I5(S) such that the following diagram commutes:

s M N -2 I(S)
Ig(S)

Since ¢’ ok = Kk, G-rigidity yields ¢’ = id 16(s) and ao = ¢, so because ¢ is completely
isometric, ¥ must be as well.

Whenever p: M — I5(S) is a G-equivariant complete isometry such that ¢ o = &,
the inclusions k: S — Ig(S) and £': M — Ig(M) allow us to construct G-equivariant
u.c.p. maps @: Ig(M) — Ig(S) and ¢: I(S) — Ig(M) such that ¢ o ' = ¢ and
Yo = k'. By G-rigidity, v is then a G-equivariant complete order isomorphism with
inverse @. O

One of the most important facts about injective operator systems is a 1977 result
by Choi and Effros [33, Theorem 3.1]: every injective operator system can be given the
structure of a unital, monotone complete C*-algebra (cf. Remark [2.4.8)) to which it is
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completely order isomorphic. We give a proof here, by combining parts of the original
argument with observations of Hamana.
Consider first the following lemma [73, Lemma 2.4].

Lemma 5.2.9. Let A be a unital C*-algebra and let o: A — A be an idempotent, unital
contraction. If ¢ satisfies the Schwarz inequality, i.e.,

ple) p(z) < p(z'z), xeA,

then
p(e(@)ey)) = plap(y)) = plp(x)y), =,y € A.

Proof. Fixing a state 1 on A, ¥ = 1) o ¢ is also a state on A. Letting (my, Hy,{y) be
the GNS triple associated to ¥, we can define an operator Py € B(Hy) by

Py(my(z)éy) = mo(p(2))éw, =€ A

For any x € A,

Imw (o(2)€w | = Tlp() o(2)) < ¥(p(a'e)) = U(z"z) = |ry(z)ée

due to the Schwarz inequality, so Py is well-defined and bounded. Clearly P\%, = Py, as
 is idempotent, and Py is also a contraction. Therefore Py is a projection. If z,y € A,
then

Y(p(e(@)e(y))) = (mu(e(@))me(e(y))éw, o)
= (Py(mw(y)&w), Po(me(z")Ew))
= (Py(mu(y)§w), mu(z")&w) = Y(p(zp(y))),

and similarly, ¥ (¢o(p(2)p(y))) = Y(p(e(x)y)). As ) was arbitrary, the claim follows. [

The next result is due to Hamana in its form below [73, Theorem 2.3, but is more
or less a restatement of the theorem of Choi and Effros.

Theorem §5.2.10. If ¢o: A — A is an idempotent, unital contraction satisfying the
Schwarz inequality, define

roy=p(xy), x,ycpA).

Then o defines a product on A, and with respect to the norm and involution of A,
(p(A),0) is in fact a unital C*-algebra.

If ¢ is completely positive, then idyay: p(A) — (¢(A),0) is a complete order iso-
morphism of operator systems, and the C*-algebra structure on @(A) is unique.

Proof. It follows from Lemma that o defines an associative binary operation on
B =p(A), as

ro(yoz)=pxp(yz)) = ele(x)yz) = p(ryz) = p(rye(z)) = e(p(ry)z) = (xoy) oz

for all z,y, z € B. Moreover, we see that the C*-axiom is satisfied for this product, since
¥x = p(x)*p(z) < p(x*r) = 2* ox for all z € B, so that

] = [lz*z]| < [lz* o z]| = [lo(a2)l| < l|lz*|| = [|=]|*.
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The rest of the axioms are easy to verify.

We next assume that ¢ is completely positive. Uniqueness of the C*-algebra structure
on (B, o) then follows from Remark once we prove that the identity map from the
operator system B and the new C*-algebra (B, o) is a complete order isomorphism. We
follow the original argument of [33, Theorem 3.1|. Observe that

= " ([rij][s]) (5-2.1)

[riz] o [sij] = [Z Tik © Skj
k

for all elements [r;;], [si;] € M, (B). Since M, (B) is also a unital C*-algebra with respect
to the product o, defined by means of the completely positive projection (™ : M,(A) —
M, (A), it follows from the above identity that M, (B, o) and (M, (B),o,) are *-isomor-
phic, and thus M, (B, o) has the subspace norm relative to M, (A). Evidently, if z €
M, (S, o) is positive, then z is positive in M, (A) by ; for the converse, if x € M,,(B)
is positive in M,,(A), then z is self-adjoint in M, (B, o) and ||||z||1 —z| < ||z| in M, (A).
By the above observation and [8g, Lemma 4.2.1], this implies that x is positive in the
C*-algebra M, (B, o). O

We are not sure whether complete positivity of ¢ is necessary in order to prove the
second half of the above theorem.

Definition 5.2.11. If p: A — Ais an idempotent, unital and positive map satisfying the
identities of Lemma the product o on ¢(A) given by zoy = p(zy) for x,y € p(A)
is known as the Choi-Effros product.

We can now prove the result of Choi and Effros in the equivariant case very easily:

Corollary 5.2.12. Let S be a G-injective operator system. Then S is completely order
isomorphic to a unital, monotone complete G-C*-algebra, unique up to *-isomorphism.

Proof. By Lemma S is an injective operator system. Assuming that S C B(H),
then the existence of a u.c.p. projection B(H) — S yields a C*-algebra structure on S
by Theorem with respect to which the complete order isomorphisms of G can be
regarded as C*-algebra automorphisms (due to Remark . Moreover, the argument
given in Remark yields that S is monotone complete, since B(H) is monotone
complete [8g, Lemma 5.1.4]. O

We remark that a monotone complete C*-algebra is an example of an AW ™*-algebra,
i.e., a C*-algebra A in which every maximal commutative C*-subalgebra is generated
by projections, and the projections of A form a complete lattice. These were originally
devised by Kaplansky as a attempt to give an abstract, algebraic description of the
C*-algebras that were isomorphic to von Neumann algebras, i.e., W*-algebras. Dixmier
gave an example in 1951 of a commutative AW *-algebra that is not W* (see [18] I11.1.8]);
nonetheless, many structure results that hold for von Neumann algebras also hold for
AW*-algebras. As of now, however, it is still unknown whether AW *-algebras are always
monotone complete.

A noteworthy characterization of AW *-algebras was given by Kaplansky in 1951: a
C*-algebra is an AW *-algebra if and only the right annihilator

{r e A|lsz=0forall s € S}
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of any non-empty subset S C A is of the form pA for some projection p € A. We refer
to [17] and [128, Chapter 8] for more information on AW *-algebras and their relation to
monotone complete C*-algebras.

As the G-injective envelope Ig(S) of a G-operator system S admits a C*-algebra
structure, we may say a bit more about the inclusion S — I5(S). The following propo-
sition is an adaptation of [115, Proposition 15.10] to the equivariant case.

Proposition 5.2.13. Let S C B(H) be a G-operator system containing an operator sub-
system A which is a unital C*-subalgebra of B(H). Then the restriction of the inclusion
S — Ig(S) to A is an injective *-homomorphism.

Proof. Let # = (>*°(G,B(H)), let k: S — . be the canonical inclusion map and let
p: M — M be a projection such that p ok = Kk and (#) = Ig(S). Then k|4 is a
*-homomorphism, and due to the multiplication on I(S) being given by z oy = ¢(xy)
for z,y € I(S), we have k(z) o k(y) = p(k(zy)) = k(zy) for all z,y € A, meaning that
pok: S — Ig(S) restricts to a *~homomorphism on A. O

Remark 5.2.14. In the case when S is a unital G-C*-algebra, the above lemma allows
us to regard S as a G-invariant unital C*-subalgebra of its G-injective envelope I(S).

Moreover, if M is a G-essential C*-algebra extension of S, then the G-equivariant
complete isometry ¢: M — Iz(S) of Lemma can be chosen to be a *-homomor-
phism, since M is a G-invariant C*-subalgebra of I(M) (which is completely order
isomorphic and hence *-isomorphic to I5(.5)).

Remark 5.2.15. (i) For any unital C*-algebra A, viewed as a C*-subalgebra of I(A),
we have Z(I(A)) = A’ N1I(A) |73, Corollary 4.3]. Indeed, one inclusion is obvious, and
if u € I(A) is a unitary operator that commutes with all elements in A, then x — uzu*,
x € I(A), defines an automorphism of I(A) that fixes all of A. Hence it fixes all of I(A)
by rigidity, so that u € Z(I(A)). Since any unital C*-algebra is the linear span of its
unitary operators, the other inclusion follows.

(ii) Let A be a unital commutative G-C*-algebra. Then the G-injective envelope
I (A) is also commutative. We present a slightly different argument than the one given
in f70, Theorem 4.2]. Since A C A’ NI(A) = Z(I(A)), then uzu* = z for all z € A
and all unitaries u € I(A), so that u commutes with all of I(A) by rigidity. Therefore
I(A) is commutative. If ¢: (°(G,I(A)) — ¢>°(G,1(A)) is a minimal x(A)-projection,
where £ is the canonical inclusion map, then I (A) is the image of ¢ and the Choi-Effros
product on Ig(A) is evidently commutative.

In the case when we just consider the injective envelope I(A) of a given C*-algebra
A, it will prove helpful in our own work to determine when an ideal of I(A) is actually
the zero ideal. The proof of the following lemma is due to Hamana [76, Lemma 1.2].

Lemma 5.2.16. If A is a unital C*-algebra, regarded as a C*-subalgebra of I(A), and
B is a C*-subalgebra of I(A) such that xB + By C B for all z,y € A and AN B = {0},
then B = {0}.

Proof. Note that A + B is a C*-subalgebra of I(A) with a closed two-sided ideal B.
As An B = {0}, the quotient homomorphism A + B — (A + B)/B is injective when
restricted to A. As A + B is an essential extension of A by Lemma [5.2.8 the quotient
homomorphism must be injective, so that B = {0}. O
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Remark 5.2.17. If A is a unital, prime C*-algebra, then I(A) has trivial centre [75,
Theorem 7.1]. Indeed, any non-zero central projection p € I(A) defines closed ideals
ANpAand AN(1—p)A of A, one of which must be zero, say, p. It then follows from
Lemma that pA = {0}. Since the map a — (1 — p)a is the identity map on A,
(1 —p)x =z for all x € I(A) by rigidity, i.e., p = 1. In fact, the converse also holds; we
omit the proof.

We end this section by relating the injective envelope and the G-injective envelope of a
G-operator system to one another, an observation from [79, Remark 2.6].

Proposition 5.2.18. For any G-operator system S, let (1(S), k) be the injective envelope
of S. Then there is a unique unital G-C*-algebra structure on I(S) such that k is
G-equivariant, and I(S) is a G-essential extension of S.

Proof. By Theorem we can endow I(S) with the structure of a unital C*-algebra.
For each ¢ € G, the map x +— gx of S extends to a unital, completely positive map
ag: 1(S) — I(S) such that ay(k(z)) = k(gx) for all x € S. By rigidity of the extension
S C I(5), each ay4 is a complete order isomorphism and thus an automorphism of the
C*-algebra I(S), so that g — a4 defines an action of G' on I(S) by automorphisms for
which k is G-equivariant.

By G-injectivity of I¢(.S), there exists a G-equivariant u.c.p. map ¢: I(S) — Ig(S)
such that ¢|g is the inclusion map S — I5(.S), so by essentiality of I(.S), ¢ is a complete
isometry. Due to Lemma the inclusion S C I(S) is G-essential. O

5.3 Reduced crossed products of injective envelopes

Let GG be a discrete group. In the previous section, we saw that the G-injective envelope
of a unital G-C*-algebra contains a copy of the original C*-algebra as a G-invariant
G-C*-subalgebra. We now review Hamana’s original results (|78, §3] and [7g, Section 3|)
on the connection between the G-injective envelope of a G-C*-algebra and the injective
envelope of the reduced crossed product of the associated C*-dynamical systems; this
may have been the incitement for even constructing the G-injective envelope in the first
place.

Indeed, the main result (Theorem of this section can be motivated as follows.
Suppose that A is a unital G-C*-algebra and let A x,.G be the associated reduced crossed
product. Even though the injective envelope I(A X, G) may have a lot of the properties
of the original crossed product and possibly nicer algebraic properties (we have seen that
it is monotone complete), it is nonetheless a rather intangible structure. The question
is thus whether there is a more easily understood C*-algebra, with injectivity features,
that carries the same amount of information that I(A x, G) does about A %, G. This
is where the G-injective envelope comes into play: Ig(A) is the largest G-C*-algebra B
containing a G-invariant copy of A such that the inclusion A x, G — I(A x, G) extends
to an injective *-homomorphism B x, G — I(A %, G). Put differently, I¢(A) %, G is the
largest essential extension of A X, G that takes the form of a reduced crossed product.

We first argue how rigidity of an C*-algebra extension passes to a larger C*-algebra
when the latter admits a faithful conditional expectation [7g, Lemma 3.3].
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Lemma 5.3.1. Let B be a G-C*-algebra, let A1 be a unital G-C*-algebra and let Ay be
a G-rigid C*-algebra extension of Ay. Let v: As — B be a G-equivariant u.c.p. map,
and assume that there is a faithful idempotent G-equivariant u.c.p. map p: B — Ao such
that po v = ida,. If ¢: A2 — B is a G-equivariant u.c.p. map such that pla, = t|a,,
then ¢ = t.

Proof. By G-rigidity, we have po ¢ =ida,. For x € Ay, the Schwarz inequality yields

wtw = p(p(x)) plp(x)) < ple(x) o(@)) < plp(z’e)) = 2"z,
so that p(¢(z)*¢p(z)) = x*z. Hence p(Az) and ¢(Az) are contained in the multiplicative
domain of p, so for x € As,

p(((x) = ()" ((x) = p(2))) = p(e(x) = ()" p(e(z) — ¢()) = 0.
Due to p being faithful, p(z) = x, as wanted. O

Now we review the theory of reduced crossed products, with one specific motive: we
want to be able to deduce G-injectivity of a C*-algebra from injectivity of a crossed
product and vice versa. It turns out that our usual reduced crossed product does not
suffice for this objective, as the reduced crossed product may not be monotone complete.
To remedy this, we instead use the model of the crossed product that one normally uses
for von Neumann algebras.

If A is a unital G-C*-algebra represented on some Hilbert space H, then for all g € G
we may define maps ¢,: H — H ® ¢*(G) and 7,: H ® (*(G) — H by

Lg(g):§®5g> 7Tg(§®5h) = g,h§7 geH? her

where d, ), denotes the Kronecker delta function. For an operator x € B(H ® (?(G)),
we consider the matrix representation [z4]sneq of @ given by zg) = mgre, € B(H)
for all g,h € G. Notice that the maps = + x,; are bounded. We now consider the
norm-closed operator system

A® B(*(G)) = {z € B(H ® {*(GQ)) | wyp, € A for all g,h € G}.

If .# C B(H) is a von Neumann algebra, then .# @ B(¢?(G)) coincides with the von
Neumann algebra tensor product of . and B((*(GQ)) in B(H ® £2(G)). In fact, if A is a
monotone complete C*-algebra, then A® B(¢*(G)) also has the structure of a monotone
complete C*-algebra [77, Theorem 3.12|, but we will not need this fact. Define

M(A,G) = {z € ABB({*(Q)) | s 'wyp = 2gs ps for all g, h, s € G}.

Letting m: A — B(H ® 2(G)) and \: G — U(H ® £*(G)) be a regular representation
(see Section , then for a € A and g € G,

h=la hs™l=g
(adg)n.s = { 0  otherwise (5-3-1)

for all h,s € G, whenever we identify A with its image under m. Therefore a), €
M(A,G), so since M(A,G) is norm-closed, it follows that A x, G C M(A,G). If 4 is
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a von Neumann algebra with a G-action by automorphisms, then M (.#,G) coincides
with the usual von Neumann algebra crossed product of .#Z by G (cf., e.g., [132, V.7]).
In the case of A being monotone complete, M(A,G) can be given the structure of a
monotone complete C*-algebra as well [78, §3]. Both A® B(¢*(G)) and M(A,G) are
independent of the choice of faithful representation A C B(H), up to complete order
isomorphism [77, Lemma 3.5].

We define a G-action on the operator system A® B((*(G)) by

gr = AgzXy, g€G, x€MAQG).

It is easy to check that M(A,G) is a G-invariant operator subsystem of A® B(¢?*(Q))
and that the embedding A C M (A, G) is G-equivariant.

Furthermore, we define a G-equivariant u.c.p. map E: M(A,G) — A given by
E(z) = x1,1. Then E satisfies E|4 = id4 and it is faithful: indeed, if E(z) = 0 for
a positive element x € M(A,G), then myxiy = 24, = g '211 = 0 for all g € G, so that
zl/ 2Lg = 0for all g € G. In fact, F extends the canonical faithful conditional expectation
Ax,G— Ato M(A,G).

The following technical lemma comes from [7g, Lemma 3.1].

Lemma 5.3.2. Let A and B be unital G-C*-algebras and let p: A — B be a u.c.p.
map. Then there exists a G-equivariant u.c.p. map ¢: A® B(f*(G)) — B® B(f2(Q))
such that

o(x)gn = p(xgn), € A®B(F*(@)), g,h € G.

Moreover, ¢ (resp. ¢|ax,.c) is completely isometric if and only if ¢ is. If ¢ is G-equi-
variant, then ¢(M(A,G)) C M(B,G) and ¢|ax,¢ is the u.c.p. map satisfying

Plarg) = p(a)Ag
foralla € A and g € G, so that p(A %, G) C B x, G.

Proof. Assuming that A C A* C B(H) and B C B** C B(K) where A*™ and B** are
the enveloping von Neumann algebras of A and B, respectively, we consider the bidual
map ¢**: A** — B** which is a normal u.c.p. map. Now let ¢: A @ B(*(G)) —
B**® B({*(G)) be the unique normal u.c.p. map satisfying p(z ® y) = p**(z) ® y for
all x € A** and y € B(f*(G)) [134, Proposition IV.5.13]. If » € A**® B({*(G)), then
consider the finite-rank operator P, 5, € B(£*(QR)) given by Py & = (€,6p,), for g, h € G.
As 1y =(1® Pyg)tg and (1 ® Py g)x(1 ® Pyp) = xgn @ Py for all g, h € G, then

@ (2g.n)n = mg(P(2gn © Pyn))inn) = 7g((1 © Py g)@(x)(1 & Php))enn = P(2)g -

Hence @(z)gn = ¢(x4p) forall g,h € G and x € A® B({?(G)). Forallz € A® B({*(Q))
and g, h, s € G,

@(gx)h,s = @((gx)h,s) = ‘p(nglh,gfls) = @(x)gflh,gfls = (995($))h,s,

so that ¢ is G-equivariant.

If  is G-equivariant, one shows easily that ¢(M (A, G)) C M(B,G) and $(Ax,G) C
B x, G. If ¢ is a *-homomorphism, then so are ¢**, @ and the restriction of ¢ to any
C*-subalgebra of B(H ® ¢*(G)) contained in the operator system A® B({*(Q)).
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If  is a complete isometry, then due to [8g, Proposition 2.6.13] any z € A® B(¢*(Q))
satisfies

[¢(2)| = sup{||(¢(zgn))gnerll | F' C G finite}
= Sup{”(xgh)g,heFH |F CG ﬁnite}

= [l
For any n > 1, we have isomorphisms
My (A™® B(*(G))) = Mp(A™) @ B(*(G)) = M (A)™ @ B(£*(G))),
and similar ones for B. Therefore $(™ can be identified with the u.c.p. map
M, (A)* @ B((*(G)) = M,(B)™ @ B(*(G))

induced by cp(”). The argument that ¢ is an isometry therefore applies to 95(”), S0 P is a
complete isometry. Since ||@(7(x))|| = ||¢(x)|| for all x € A, where 7: A — B(H®/?*(G))
is the regular representation, the converse is clear. O

We next give another characterization of G-injectivity for unital C*-algebras, due to
Hamana (|78, Lemma 3.1], [7g, Lemma 3.2]). We give a self-contained proof that only
requires the theorem of Choi and Effros (Corollary [5.2.12)).

Lemma 5.3.3. Let A be a unital G-C*-algebra. Then A is G-injective if and only if
M(A,G) is injective.

Proof. If A C B(H) is G-injective, then A is injective by Lemma Hence there exists
a conditional expectation B(H) — A that extends to a u.c.p. projection B(H®/0?(G)) —
A® B(f*(G)) due to Lemma Therefore @ = A® B({*(G)) is injective.

If ki A— A = (>°(G,B(H)) is the canonical inclusion map, let w: .#Z — A be a
G-equivariant u.c.p. map such that wox = ids. Let p;: G — U(H @ (*(G)) be the right
regular representation, i.e., py(§ ® §;) = £ ® ;51 for £ € H and g,t € G. We define a
u.c.p. map

7' o - 1°(G,B(H ® *(3))) C B((H @ 2(Q)) @ £2(Q))

by 7'(z)(g) = pgxp}, for g € G, and let U € U(H @ £*(G) ® £*(G)) be the unitary given
by U(€ ® 6q ® 0p) = £ ® 6 ® &4 for £ € H and g,h € G.

For all g, h, s € G, one may show that (U7'(x)U*)gn(E®0s) = Tgs ps& Q0 for £ € H,
meaning that (Ut (x)U*),p, € £°(G, A) and (Ut (2)U*)4n(s) = 245 s for all s € G. We
define 7(x) = U/ (2)U* € {*°(G, A)® B(£?(G)) for all x € & .

Letting @: .# @ B({*(G)) — «/ be the G-equivariant u.c.p. map induced by w, then
¥ =@orTisauc.p. map. Let g,h € G. Since

(SilT(x)g,h)(t) = 7(@)g,n(st) = Tgsthst = T(¥)gs,ns(t)
for all s,t € G, we have

sT(@)gn = 5T w(T(2)gn) = w(sTT(2)gn) = W(T(2)gs,hs) = V() gshs
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for all s € G. Hence ¢(x) € M(A,G). If x € M(A,G), then 7(x)yn(s) = Tgshs =
s agp = k(zgp)(s) for all s € G, so that

Y(@)gn = w(T(T)gn) = w(k(zgn)) = Ty -

Since g and h were arbitrary, )(x) = x. This means that M (A, G) is injective, since
V: of — M(A,G) is a u.c.p. projection.

If M(A,G) is injective, the existence of a conditional expectation E: M(A,G) —
A implies that A is injective. Hence &/ = A® B({*(G)) can be endowed with the
structure of a uniquely determined unital C*-algebra. We then claim that M (A, G)
is in fact a C*-subalgebra of /. Indeed, for any g € G, then by Lemma the
automorphism ¢g: A — A extends to a complete order isomorphism §: &/ — <, which
is a *-automorphism of & when the latter is viewed as a C*-algebra. Then one may
check that M (A, G) is the fixed point algebra of 7 with respect to the automorphisms
g o Ad(pg)a g€ G.

Now let U: o — M(A,G) be a u.c.p. projection. Then ¥ is a conditional expecta-
tion, so that Ay € M (A, G) C mult(¥) with respect to the C*-algebra structure on & for
g € G. In particular, ¥ is G-equivariant. Since (*°(G, A) is a G-invariant G-operator sub-
system of &7, we may define a G-equivariant u.c.p. map ¢: (>°(G,A) - Aby ) = Eo V.
The canonical inclusion map A — ¢°°(G, A) coincides with the inclusion A C M (A, G),
and so ¥ o Kk = id 4, implying that A is G-injective. O

We finally give a proof of Hamana’s characterization [7g, Theorem 3.4] of G-injective
envelopes via the injective envelope of a reduced crossed product.

Theorem 5.3.4. Let A and B be unital G-C*-algebras and suppose B contains A as a
unital G-invariant C*-subalgebra. Then the following are equivalent:

(i) There exists a unital complete isometry Bx,G — I(Ax,G) extending the canonical
inclusion map A x, G — I[(A %, G).

(ii) There exists a G-equivariant injective *-homomorphism B — Ig(A) extending the
canonical inclusion A — Ig(A).

Therefore B x,. G is an essential extension of A x,. G if and only if B is a G-essential
extension of A.

Proof. (i) = (ii): If :: A — B is the inclusion map, let i: A® B((*(G)) — B® B(f*(Q))
be the induced G-equivariant complete isometry of Lemma Lemma then
implies that (B X, G,7) is an essential extension of A x, G. Let .# = (*°(G,B(H))
for a Hilbert space H, and let ¢: B — .# be a G-equivariant u.c.p. map such that
¢ o1 is completely isometric. If $: B® B((*(G)) — .# @ B(£*(Q)) is the induced map
of Lemma then ¢ o 7]ax,q is completely isometric, so that @|px,q is completely
isometric. Thus ¢ is completely isometric, and (B,¢) is a G-essential extension of A.
(Note that any G-operator system embeds equivariantly into .# of the above form.)

(ii) = (i): We assume that A C I5(A) as a G-invariant C*-subalgebra. It suffices to
show that Ig(A) x, G is an essential extension of A x, G, as (ii) implies the existence
of an injective *-homomorphism B X, G — Ig(A) %, G that extends the inclusion
Ax,GClIg(A) %, G.
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Let k: A x, G — I(A %, G) be the canonical embedding. Since M (Ig(A4),G) is
injective by Lemma and contains Ig(A) %, G 2 A x, G, there is a complete
isometry 7: I(A %, G) — M(Ig(A),G) such that 7 o k is the inclusion A x, G C
M(Ig(A),G). Moreover, injectivity yields a u.c.p. map ¥: Ig(A) X, G — I(A %, G)
such that ¥|ax,¢ = k. Letting E: M(Ig(A),G) — Ig(A) be the canonical conditional
expectation, we consider the diagram

TOY

N

A——=1Ig(A)—_  MIg(A),Q).

<~
E

We note that M (Ig(A), G) is injective and thus has a C*-algebra structure, with respect
to which the inclusion I¢(A) € M(Ig(A),G) and E are still G-equivariant u.c.p. maps.
Since T o |4 is the inclusion A C I(A) C M(Ig(A),G), it follows from Lemma [5.3.1]
that 7 01 is the inclusion Ig(A) € M(Ig(A),G). As T(¢(Ng)) = Ay for all g € G as
well, 70 is the identity map on all of I¢(A) X, G since I(A) UC}(G) C mult(r o).
Therefore 1 is a complete isometry, so (i) holds. O

5.4 Injective envelopes and the intersection property

In this section, we present our results from [26] on equivariant injective envelopes in
view of wanting to uncover the ideal structure of a reduced crossed product. As noted in
the beginning of Section [4.3] there is no immediate way of discerning this structure by
means of information about the given C*-dynamical system in the general setting, and
most well-known ways of obtaining a clean picture of the ideals in the reduced crossed
product are criteria ensuring simplicity or primeness (such as Proposition .

The results of Kalantar and Kennedy on C*-simplicity were first realized by means
of the G-injective envelope. In fact, the result that I¢(C) x, G = C(0rG) %, G is simple
whenever G is C*-simple was simple was derivable from Hamana’s original results: as
I(C) %, G C I(C}(G)) by Theorem [5.3.4/and any proper ideal J of I;(C) x, G satisfies
JCHG) U CHG)J C J, simplicity of CX(G) will imply J = {0} by Lemma
This argument is remarkably easy (once the theory is understood), and we will therefore
discuss how injective envelopes may provide insight to the question of the ideal structure
of a reduced crossed product. Many of our results are generalizations of recent ones by
Kawabe [92] from the commutative to the non-commutative case.

In order to present our line of thinking as clearly as possible, we require the following
notion, coined by Svensson and Tomiyama in [132].

Definition 5.4.1. Let G be a discrete group and let A be a G-C*-algebra. We say that
the action of G on A has the intersection property if every non-zero ideal of the reduced
crossed product A %, G has non-zero intersection with A. The action of G on A is said
to have the residual intersection property if it holds for all G-invariant ideals I C A that
the induced action of G on A/I has the intersection property.

One of the first necessary and sufficient criteria for the intersection property to hold
was due to Kawamura and Tomiyama [g3], in the case of an amenable group acting on a
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unital commutative C*-algebra C'(X): the action on C'(X) has the intersection property
if and only if the action on X is topologically free.

The best possible situation for uncovering the ideal structure problem is when a
unital G-C*-algebra A separates the ideals of the reduced crossed product A %, G, i.e.,
when the map I — I %, G from the set of G-invariant ideals in A to the set of ideals in
A %, G is a bijection. A theorem of Sierakowski [131, Theorem 1.10] gives a picture of
exactly when this happens: A separates the ideals of A x,. G if and only if the action of
G on A is exact (see Section and has the residual intersection property.

The class of exact groups is comparatively large — indeed it was not known until
2003 whether non-exact groups did exist, when Gromov gave the first example of a
finitely generated, non-exact discrete group [66]. Due to Sierakowski’s theorem and the
abundance of exact groups (ensuring exactness of group actions), our aim will be to find
criteria for the group action to satisfy the (residual) intersection property. As noted
by Sierakowski, the action of G on A has the residual intersection property whenever
I C (INA)x,G for any ideal I C A x, G (equality holds when the action is also
exact). Recall from Section that for any G-invariant ideal Y C A, Yx,G C A x,. G
is the kernel of the *-homomorphism A x, G — (A/Y) %, G induced by the quotient
*-homomorphism A — A/Y.

The idée fize of our results was originally to consider what made the structure theo-
rem in the previous chapter for maximal ideals (Theorem possible. The strategy
there, based on the proof of [23, Theorem 7.1|, was to amplify a reduced crossed product
by means of a natural extension with respect to the Furstenberg boundary, the centre
of which a C*-simple group could act freely on. Since I5(C) = C(9rG), one could ask
whether I(C) would always be contained in the centre of the G-injective envelope of
any unital G-C*-algebra A (in the same way it is contained in the natural extension
A® C(0rQ)). If one could then find a connection between the intersection property on
A and I;(A), this might give another indication of why the aforementioned theorem is
true, and perhaps even generalize the theorem.

As we shall now see, realizing parts of this idea is possible, but not all of it. The
good news first, though: the following lemma is inspired by [23, Lemma 7.2]|.

Lemma 5.4.2. Let A be a unital G-C*-algebra and let B be a G-essential C*-algebra
extension of A. For any ideal I C A x,. G, let J be the ideal in B %, G generated by I.
Then IN A= {0} if and only if JN B = {0}.

Proof. The “if” part is trivial. For the converse, we may assume that B is a unital
G-invariant C*-subalgebra of I (A) containing A, by Remark . Let m: A%, G —
M be a G-equivariant unital *~-homomorphism with ker 7 = I, where .# is a G-injective
G-C*-algebra (for instance, we may take .#Z = (>°(G, B(H)), (A %, G)/I being repre-
sented faithfully on B(H)). By G-injectivity, we can extend 7 to a G-equivariant u.c.p.
map 7: B x, G — /.

Let J be the ideal in B x, G generated by I and assume that /N A = {0}. As I¢(A)
is G-injective and m is completely isometric on A, there is a G-equivariant u.c.p. map
o: M — Ig(A) such that ¢ o T|4 = @ o 7|4 is the inclusion of A into Ig(A). Now let
Y: Ig(A) X, G — A be a G-equivariant u.c.p. map such that ¥|g«,.¢ = 7, so that the
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following diagram commutes:

Since ¢ o0 1|4 is the inclusion map A — Ig(A), G-rigidity yields ¢ o ¥|7, 4y = idp,(a)-
In particular, ¢ o |z is the identity map on B. It follows that 7(B) C mult(y), so that
¢ is a *-homomorphism on C*(7(B)). Equipping C*(7(B)) with the G-action given
by conjugation by the unitaries m(\g), K = kerp N C*(7(B)) is a G-invariant ideal in
C*(7(B)). Now define

D = C*(7(B x, G)) = span(C*(7(B)) - 7(C(G)))

and

L = span(K - n(C;(G))).

Both D and L are G-invariant C*-subalgebras of .#. For any g,h € G and z,y €
C*(7(B)) we see that

am(Ag)ym(An) = z(m(Ag)ym(Ag)*)m(Agh)-

Hence if either = or y belongs to K, then xm(Ag)ym(Ay) € L, so L is a G-invariant ideal
of D.

Let ¢: D — D/L be the quotient map and let (e;);e; be an approximate unit for
K. Then (e;)ier is an approximate unit for L as well, and any d € D belongs to L if
and only if e;d — d. Therefore L N C*(7(B)) = K. Now ® = ¢o7: Bx, G — D/L
is multiplicative on C}(G), and since 7(z)*7(z) — 7(z*z) € kerp = K C L for all
x € B, it follows that ® is a *~homomorphism. Note furthermore that I C ker ®, so
J C ker @ as well, and that ® is G-equivariant. Finally, if ®(x) = 0 for x € B then
7(x) € LNC*(w(B)) = K. Thus z = ¢(7(z)) = 0 and ker ® N B = {0}. This completes
the proof. ]

Theorem 5.4.3. Let A be a G-C*-algebra and let B be a G-essential C*-algebra exten-
sion of A. Then the action of G on A has the intersection property if and only if the
action of G on B has the intersection property.

Proof. If I C A %, G is an ideal such that TN A = {0}, then let J C B X, G be the ideal
generated by I. Since Lemmayields that JN B = {0}, then if the action of G on B
has the intersection property, it follows that I C J = {0}. Conversely, if J C B x, G is
an ideal for which JN B = {0}, then JNA = {0}. Therefore, if the action of G on A has
the intersection property, we have JN (A x, G) = {0}. By Theorem we may embed
B %, G into I(A %, G) as a G-C*-subalgebra containing A x, G. Since zJ + Jz C J for
all z € A %, G, it follows from Lemma that J = {0}. O
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The above theorem generalizes part of a recent result due to Kawabe [g2, Theo-
rem 3.4]: for a compact G-space X, his result also equates the action of G on C(X)
having the intersection property to the action of G on the maximal ideal space Y of the
commutative C*-algebra I;(C(X)) being free (see Remark [5.2.15] (ii)). This can be seen
by first noting that the stabilizer subgroups in G of points in Y are amenable. Indeed,
an invariant mean on £°°(G,) for any y € Y is obtained by the composition

19(Gy) <5 12°(G) — (G, 0(Y) % o(v) & .

Here ¢: £°(G,) — £>°(G) denotes a G-equivariant inclusion (cf. p. [34), and the map
P: ALP(G,C(Y)) = Ig(C(X)) = C(Y) is G-equivariant, u.c.p., and satisfies ) o K =
ido(yy where k: C(Y) — £°°(G,C(Y)) is the canonical inclusion map (Lemma E[)
Since Y is Stonean, the equivalence now follows from the theorems of Archbold and
Spielberg (Propositions and . We suspect that there is an appropriate notion
of freeness of action that permits Kawabe’s result to generalize to the non-commutative
case as well, although we have not been able to realize which one.

We also note that Kawabe’s result is a generalization of the Kalantar-Kennedy the-
orem (Theorem [3.2.6).

We next consider the centre of a G-injective C*-algebra. Claim (i) in the following
lemma is inspired by [79, Lemma 6.2], and claim (ii) is probably known, but we have
been unable to find a reference for it. We first recall that the centre of a monotone
closed C*-algebra is monotone closed [128, Proposition 2.1.30|, and that a commutative
C*-algebra is an AW*-algebra if and only if it is injective (see, e.g., [70, Remark 2.5]).

Lemma 5.4.4. Let A be a unital G-C*-algebra. Then:

(i) There is a G-equivariant injective *-homomorphism Z(A) — Z(Ig(A)).
(ii) If A is G-injective, then so is Z(A).

Proof. Let # = (>*(G,1(A)), let k: A — A be a G-equivariant inclusion and let
p: M — M be a k(A)-projection so that I(A) can be taken to be the image ¢(.#)
with the Choi-Effros product. For z € Z(#) and y € (A ),

p(r) oy = p(p(x)y) = p(zy) = p(yz) = P(yp(x)) = y o p(z)

by Lemma and thus o(Z(#)) C Z(Ig(A)). To see that (i) holds, note that
Z(A) C AN 1I(A) = Z(I(A)) by Remark [5.2.15| (i), so that k(Z(A)) C Z(.#). Since
k: A — Ig(A) is a *-homomorphism and ¢ o k = &, (i) follows.

For (ii), note first that because A is monotone closed by Corollary Z =Z(A)
is commutative and monotone closed and is therefore injective. Hence by Lemma [5.1.6]
we only need to find a G-equivariant u.c.p. map ¢: (*°(G, Z) — Z satisfying por = idy
where « is the canonical inclusion map.

Consider instead the canonical inclusion map k: A — # = (>*(G, A) for A and let
w: M — A be a G-equivariant u.c.p. map such that pox =ida. Since K(A) C mult(y),
then for z € (G, Z) = Z(M) we have

p(2)r = p(2)p(k(x)) = p(zr()) = p(k(z)2) = P(K(2))P(2) = 20(2)

whenever x € A, so ¢(z) € Z. Thus ¢ maps {*°(G,Z) into Z and p o k|z =idz, so Z
is indeed G-injective. O
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For any G-operator system S, G-essentiality implies that there always exists a
G-equivariant complete isometry I¢(C) — S whenever S is G-injective. If we could
always embed I (C) = C(0rG) into any unital, commutative, G-injective G-C*-algebra
as a G-equivariant C*-subalgebra, then any C*-simple group G would act freely on the
centre of any G-injective unital G-C*-algebra by Theorem Therefore, by Lemma
the action of G on all unital G-injective G-C*-algebras would have the intersection
property, and so the action of G on all unital G-C*-algebras would have the intersection
property due to Theorem [5.4.3} This sounds too good to be the case, and indeed, it is
not — we have already seen an example.

Remark 5.4.5. Let A be the unital commutative G-C*-algebra from Remark [1.3.7
that is, the unitization of ¢o(G/H) for some amenable subgroup H # {1} of G. Then
the action of G on A does not have the intersection property, as any proper ideal I of
co(G/H) %, G satisfies IN A = {0}. Since co(G/H) %, G is Morita equivalent to C*(H)
and H # {1}, it always contains at least one proper closed ideal, which is also a proper
ideal of A x, G.

If A is as given in Remark C(0rG) is not a G-invariant C*-subalgebra of
the G-injective envelope I (A) due to the above discussion. To clarify why this is, we
observe that this G-injective envelope actually has a very concrete realization.

Proposition 5.4.6. Let X be a discrete G-space. If A is the unitization of co(X), then
I(A) =(>*(X). If X = G/H for an amenable subgroup H of G, then Ig(A) = {>*(G/H),
where (°(G/H) is equipped with the G-action by left translation.

Proof. We adapt an argument of Paulsen [116, Proposition 3.5| to prove the first claim.
If ¢p: £°(X) — £°°(X) is a unital and positive map such that ¢ fixes c¢o(X), then any
positive f € £>°(X) is the supremum of an increasing net of functions in ¢o(X). Thus
f < o(f). For ¢ > 0 such that r1 > f, then r1 — f < ¢(rl — f) = r1 — ¢(f), meaning
that f > ¢(f). Hence ¢(f) = f, so that A C £°°(X) is a rigid inclusion. Since £*°(X) is
injective, I(A) = (*°(X).

Identifying ¢*°(G/H) with a G-invariant C*-subalgebra of {*°(G), the second claim
follows from the fact that there exists a G-equivariant conditional expectation ¢*°(G) —
(>°(G/H) when H is amenable [2g, Theorem 6 (iv)]. O

If an amenable subgroup H of G admits a unital G-equivariant *-homomorphism
C(0rG) — Ig(A) = (>°(G/H), where A is the unitization of ¢o(G/H). Any such map
passes to a G-equivariant continuous surjection ¢: 5(G/H) — OrG. In particular, any
g € H fixes o(H) € 0rG, so H = {1} by freeness of the action. This explains why
C(0r@G) cannot be identified with a G-invariant C*-subalgebra of I (A).

Remark 5.4.7. Because (*°(G/H) is G-injective for all amenable subgroups H of G, we
observe that we can actually give a quick proof of one half of Kennedy’s characterization
of C*-simplicity (Remark C). Indeed, let H be an amenable subgroup of G and
define X = G/H. By G-injectivity and G-essentiality, there exists a G-equivariant u.c.p.
map C(9rG) — £*°(X), which passes to a G-equivariant continuous map X — P(9rG)
by duality.

Suppose that H is recurrent, so that there exists a finite subset F' C G \ {1} such
that FNgHg ! # 0 for all g € G. Then X C J,cp X*. Therefore X C U,ep X° =
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User(BX)?, because X is dense in fX. In particular, if M C X is a minimal subset,
then M C U,cp M®. By Proposition the map X — P(0rG) passes to a con-
tinuous G-equivariant surjection M — 0pG, meaning that 0pG C U,cp(0rG)®. Since
F C G\ {1}, the action of G on 9rG is not free, so that G is not C*-simple.

In light of the above discussion, we will now try to find a commutative G-injective
envelope that the centre of a given G-injective envelope always does contain. We recall
that if D is an AW*-algebra, then just as in the von Neumann algebra case, any element
x € D has a central support [17, 1.1.6], i.e., there exists a smallest central projection
C, € D such that Cpz = x. Further, if z € Z(D), then zx = 0 if and only if 2C, = 0.

Theorem 5.4.8. Let A be a unital G-C*-algebra. Then there is a G-essential C*-algebra
extension B of A such that Ig(Z(I(A)) embeds into Z(B) as a unital G-invariant
C*-subalgebra. In particular, Ig(Z(1(A))) embeds into Z(1g(A)) as a unital G-invariant
C*-subalgebra.

Proof. Since any G-essential extension of I(A) is also a G-essential extension of A by

Lemma, and Proposition we may assume that A is injective. Let
Z=ZA), # =07(G,A), Z=I®G,2)=7Z(HA),

and let k: A — . be the canonical inclusion map. Then k(Z) C Z. Let V: AQZ — A
be the *-homomorphism given by

V(z® f)=r(z)f, €A, feZ.

Let Az be the image of ¥. Then Az is a unital G-invariant C*-subalgebra of .#, and
we have the following commutative diagram:

Z Hlz z

@2

A®Z
ify &
A K

Let &: .# — M be a k(A)-projection so that &(.#) = I(A). Since k(A) C mult(P)
it is easy to see that ®(Z) C k(A)’ = Z, so by Lemma and Lemma we can
let x: Z — Z be a k(Z)-projection such that x(Z) = Ig(Z) and x < ®|z. Let BC . #
be the image of the G-equivariant u.c.p. map

Az

U=VUo(ids®x): AR Z — A.

Note that (idgy ® 1)(A) C mult(¥), since ¥ o (idy ® 1) = k. Further, x maps A into B
and

e(U(z® f)) = 2(r(@)x(f) = w@)x(f) =¥(z@ f), z€A feZz.

This proves that ®|p = idp, so B C ®(.#) = Ig(A) and therefore (B, k) is a G-essential
extension of A by Lemma[5.2.8
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We now claim that B has the structure of a unital G-C*-algebra. First endow the
G-injective envelope I (Z) with the Choi-Effros product of y, i.e., define z o y = x(zy)
for x,y € Ig(Z), so that Ig(Z) is a unital G-C*-algebra with the involution and norm
of Z and the product o.

Since A is injective, it is an AW*-algebra. By [17, Proposition 1.1.10.1] .#Z is an
AW*-algebra as well. Fix x € A and let C, € Z be the central support of x. Then
k(Cy) € Z is the central support of k(x) in .#. Indeed, if f € Z is a projection such that
fr(z) = k(x), then f(g) is a central projection in A and f(g)g 'z =g 'z forall g € G.
Thus g~ 1C, < f(g) for all g € G, so that x(C,) < f. Now, suppose that x(x)f = 0 for
some f € Z. Then k(Cy)f = 0. Since x o k|z = K|z, we have £(Z) C mult(y) and

K(Ce)X(f) = X ((C2))x(f) = x((Ca) f) = 0.
Hence x(x)x(f) = 0. Now, for n > 1, let
I ={y € A® 2@ M, (C)| (¥ ®id,)(y*y) = (¥ ®id,)(yy") = 0}.

Then I, is a closed ideal of A ® Z ® M,,(C). For instance, if y € I,,, x € A, f € Z and
b e My,(C), then

(¥ @idn)((z® f @ b)yy™(z ® f © b))

= (r(z) @ b)(¥ @idn)(y(1 @ f*f © y")(r(z) @ b)*

< £ (r(2) @ D)(¥ ©idn)(yy*) (k(z) @ b)*

=0,
and

(P @id,)(y" (z® f @b)*(x @ f@b)y) < [lz|*| FI*[61*(¥ ©idn)(y*y) =0,

meaning that (z ® f ® b)y € I,.

Ifz € Aand 2 € Z@M,(C) satisty (Y ®id,)(z®2) = 0, write 2%z = 37, ; fi;®e;; with
respect to the canonical basis (e;;) of matrix units in M, (C). Then >, ; s(z*2) fi; ®e;; =
0, so that k(z*x)f;; = 0 for all 4, j. By what we have seen above, x(z*z)x(fi;) = 0 for
all 4, j as well, so that

(¥ @id,)((z ®2)"(z © 2))) = (¥ @idy)((ida © x ®idn)((x ® 2)*(z ® 2))) = 0.

Therefore it follows that z ® z € I, whenever z ® z € ker(¥ ® id,) for x € A and
z € ZM,(C). Since Z® M, (C) is exact, any closed ideal in A® Z® M,,(C) is generated
by the elementary tensors it contains |19, Propositions 2.16-2.17], so ker(¥ ®id,,) C I,,.

The above discussion shows that we may define a unital G-equivariant map e: Az —
Az with image B by

e(T(y) =U(y) = ¥((ida®@X)(y), yeA®Z,

so that the following diagram commutes:

A Z — Y, Az YA

ao| SN

Az Y5 B I(A)
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For any two z,y € A® Z ® M, (C) such that (¥ ®id,)(x) = (¥ ®id,,)(y) we have seen
that 2 —y € I, so that (¥ ® id,)(z) = (¥ ® id,)(y). Since any positive element in
Az® M, (C) lifts via the *~homomorphism ¥ ®id,, to a positive element in A® Z® M,,(C)
for all n, £ is completely positive. Furthermore, if we let ¥ = id4 ® , then

e(e(P(y) = e(T(x(y))) = ¥(x(x() = ¥(x(y)) = e(¥(y)),

so ¢ is idempotent. By Theorem the image B of € is a unital C*-algebra when
endowed with the Choi-Effros product, i.e.,

xxy=c¢e(zy), xz,y€ B.

This proves the claim. Furthermore, B is completely order isomorphic to this unital
C*-algebra. Since k: A — B is a *~homomorphism with respect to the product on B,
this means that B is a genuine G-essential C*-algebra extension of A.

Define a map d: Ig(Z) — B given by §(z) = ¥(1 ® ). We claim that J is in fact
a unital G-equivariant injective *-homomorphism of (Iz(Z), o) into the centre of (B, ).
In fact, d is the inclusion map I5(Z) = x(2) C ¥(Az) = B; we elect to use the above
expression, as it makes calculations a bit neater. First, d o K|z = K|z so that § is a
complete isometry, since (Ig(Z), k|z) is a G-essential extension of Z. Next, for z,y € Z
we observe that

d(x(z) ox(y)) = ¥(1 @ x(x(x)x(v)))

=e(¥(1 @ x(z)x(¥)))
=e(V(1® x(2)¥(1®x(y))
= V(1 ®x(z)) (1 x(y))
=d(x(x)) *d(x(v))

Therefore § is a *-homomorphism of (Ig(Z),0) into (B,*). Finally, for z € Z and
y€ A® Z we have 1 ®@ x(z) € Z(A® Z), and therefore

Thus § is an injective G-equivariant *~-homomorphism into the centre of B.

Finally, since Ig(B) = Ig(A) by Lemma we see that Z(B) embeds into
Z(I1a(B)) = Z(1(A)) as a unital G-invariant C*-subalgebra due to Lemma [5.4.4] This
proves the second claim. ]

Remark 5.4.9. If a unital G-C*-algebra A is prime, then the G-C*-algebra B con-
structed in the proof of Theorem @ is easily seen to be isomorphic to A ® I5(C),
since I(A) has trivial centre (Remark [5.2.17). Therefore A ® I(C) is a G-essential
extension of A.
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Because of the above theorem, we obtain the following criterion for a group action
on a C*-algebra to have the intersection property:

Theorem 5.4.10. Let A be a unital G-C*-algebra and let I(A) denote the injective
envelope of A. Whenever the action of G on Z(1(A)) has the intersection property, then
so does the action of G on A and I(A).

Proof. Due to [92, Theorem 3.4] (see also the discussion after Theorem the action
of G on the maximal ideal space of the G-injective envelope I(Z(1(A))) is free, so by
Theorem|5.4.8] the action of G on the maximal ideal space of Z(I;(A)) is also free. There-
fore the action of G on I5(A) has the residual intersection property by Lemma
The conclusion then follows from Theorem [5.4.3] O

We have not been able to recognize whether the action of G on Ig(A) having the
residual intersection property implies something similar for the action of G on A in the
above proof, since it is not clear whether there is a correspondence between the closed
G-invariant ideals of A and the closed G-invariant ideals of I (A).

We finally present some applications for the case when the group G is C*-simple.

Corollary 5.4.11. Let G be a C*-simple group and let A be a unital G-C*-algebra. If
Z(1(A)) is G-simple, then the action of G on A has the intersection property.

Proof. By [23, Theorem 7.1] (or Corollary , the crossed product Z(I(A)) %, G
is simple, so the action of G on Z(I(A)) has the intersection property. Now apply
Theorem ]

Corollary 5.4.12. Let G be a C*-simple group and let A be a unital G-C*-algebra. If A
s prime, then the action of G on A has the intersection property. In particular, A X, G
18 prime.

Proof. Since A is prime, I(A) has trivial centre (Remark , so by Corollary

the action of G on A has the intersection property.
If J1nJy = {0} for ideals Jy,Jo C A x, G, then (J; N A) N (JoNA) = {0} so
JiNA={0} and J; = {0} for some i. Therefore A x, G is prime. O

In light of the above result we recall from Remark [4.3.7] that C*-simplicity in itself
need not transform G-primeness of a C'*-algebra to primeness of the reduced crossed
product. However, we are able to derive a weaker analogue of Theorem [4.3.4] for prime
ideals:

Corollary 5.4.13. Let G be a C*-simple group and let A be a unital G-C*-algebra.
Then there is an injective map of the set of prime and G-invariant ideals to the set of
prime ideals in A %, G, given by I — Ix,G.

Proof. If I C A is a prime, G-invariant ideal, then A/I is a prime C*-algebra and
(A/I) %, G is a prime C*-algebra by Corollary Thus Ix,G is a prime ideal of
A i, G, so the map I — Ix,G is well-defined, and it is injective since (Ix,G)NA =1
for each G-invariant ideal I C A. O



Subjects for further research

In this final part of the thesis, we give an overview of some questions that have piqued
our interest, some of which have been looked into in our research but that we have not
been able to answer.

We have already discussed the first question in detail in Section

Question 1. Does there exist a non-trivial discrete group G, such that its action on the
universal minimal compact G-space is proximal or strongly proximal?

A simple unital C*-algebra A, not isomorphic to the complex numbers, is said to
be purely infinite if every non-zero hereditary C*-subalgebra of A contains a projection
that is Murray-von Neumann equivalent to the identity 14.

Question 2. Let G be a discrete group and let X be a topologically free G-boundary (so
that G is C*-simple and C(X) x, G is simple by Theorem|[s.2.6). Is C(X) x, G purely
infinite?

The above question has an answer in the affirmative for some discrete groups G
and G-boundaries X. Indeed, some of the boundary actions considered in the present
thesis satisfy a considerably stronger property, known as extreme proximality (a notion
due to Glasner [61]). An action of G on a compact Hausdorff space X that contains
more than two points is extremely proximal if for any proper, compact subset K C X
and non-empty open subset U C X there exists g € G such that gK C U. Extremely
proximal actions are boundary actions [61], Theorem 3.3], and they include

e the action of a non-elementary hyperbolic group G on its Gromov boundary G
[08, Example 2.1], and

e any action G — 9T for a tree T satisfying the conditions of Proposition
[to0, Proposition 4.26].

An example of a boundary action that is not extremely proximal is the action of SL(3,R)
on real projective 2-space P?(R) [61) pp. 332-333]. Finally, Laca and Spielberg gave a
proof in 1996 that the reduced crossed product C'(X) x, G is simple and purely infinite
for any topologically free, extremely proximal compact G-space X [98, Theorem g5].

A 2000 result by Jolissaint and Robertson generalizes the above criterion of Laca
and Spielberg. An action of a group G on a unital C*-algebra A is n-filling if for any
positive x1,...,z, € A of norm 1 and ¢ > 0 there exist g1, ...,g, € G such that

n
Zgixi Z 1—e.
=1
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If the action of G on a unital C*-algebra A is properly outer and n-filling, and pAp
is infinite-dimensional for all non-zero projections p € A, the reduced crossed product
A x, G is simple and purely infinite [88, Theorem 1.2].

For a compact G-space X, the action of G on C(X) is n-filling if and only if for
all non-empty open subsets Uy, ..., U, C X there exist g1,...,9, € G such that X =
Ui g:U;. If we say that an action of G on X with this latter property is also n-filling,
the following holds:

e The action of PSL(n,Z) on P"~}(R) for n > 2 is n-filling, but not n — 1-filling [88,
Example 2.1].

e Suppose that a discrete group G acts non-elementarily on a compact Hausdorff
space X, such that X = L and G contains at least one hyperbolic homeomor-
phism of X. Then the action of G on X is n-filling for some n > 2 88|, Proposition

2.5

Note also that the G-action on a compact G-space X is 2-filling if and only if it is
extremely proximal.

The notion of a boundary action can be formulated so as to admit a non-commutative
analogue, by the following observation, inspired by a theorem of Glasner and Furstenberg
[61, Theorem 3.3], which might be of help in achieving a partial answer at the very least.
If a discrete group G acts on a compact Hausdorff space X by homeomorphisms, then
the following are equivalent:

(i) X is a G-boundary.

(ii) For all positive f € C(X) of norm 1 and € > 0, there exist g1,...,9, € G such
that

1 n
-y gif>1-e
n -

=1

Proof. (i) = (ii): Let f € C(X) be positive of norm 1, let € > 0 and let € X such that
f(z) = 1. Now let (g;) be a net in G such that g;u — 0, in the weak™ topology for all
u € P(X), by Corollary It follows that g;f — 1 in the weak topology on C'(X).
By the Hahn-Banach separation theorem, the identity 1 belongs to the norm-closed
convex hull of {¢gf|g € G}.

(ii) = (i): Let u € P(X), x € X and € > 0. It suffices to find g € G such for any
finite subset of functions {fi,..., fx} € C(X) where each f; is positive, has norm 1 and
equals 1 on a neighbourhood of z, then |u(g™1f;) — fi(x)| < e for all 1 < j < k. Indeed,
the linear span of the set of such f; is dense in C(X) by the Stone-Weierstrass theorem.

Let U be an open neighbourhood of = such that f;|y equals 1 for all j, and let
f € C(X) be a positive norm-one function such that supp (f) C U and f(x) = 1, so that
fj = fforall 1 <j <k. Now there exist gi,...,gn, € G such that % rigif>1—e
Hence there is 1 < ¢ < n such that

w(gifi) = pu(gif) > 1—e= fi(z)—¢

forall 1 <j<k. O
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A result of Malyutin [102, Proposition 6] states that every minimal, proximal action
of a discrete group G on the circle T is in fact automatically extremely proximal, so that
the reduced crossed product C(T) %, G is simple and purely infinite by the theorem of
Laca and Spielberg. It would be interesting to know whether similar results held true
for compact, connected manifolds of higher dimension.

In connection with our work on countable non-ascending HNN extensions in Sections
[3.5] and the following question is natural:

Question 3. Let I' = HNN(G, H, 0) be a countable, strictly ascending HNN extension,
i.e., one and only one of H and O(H) equals G. Find criteria for T’ to be C*-simple
and/or have unique trace.

This would be an especially interesting problem to attack because of the Thompson
group F', which is isomorphic to a strictly ascending HNN extension of itself.

In Sections [4.3land 4.4} we prove for any discrete group G and any multiplier o: GxG —
T that the twisted reduced group C*-algebra C(G, o) is simple (resp. has a unique
tracial state) whenever C(G) is simple (resp. has a unique tracial state). Moreover, all
C*-simple groups have the unique trace property, as witnessed in Remark and the
result of Breuillard, Kalantar, Kennedy and Ozawa (Theorem . An answer to the
following question would settle a “missing arrow™

Question 4. Let G be a discrete group and let o: GxG — T be a multiplier. If C} (G, o)
is simple, does C(G, o) have unique trace?

The converse has been shown to hold for any amenable group G, by Bédos and
Omland [13], who have also proved that the properties are equivalent whenever G is
FC-hypercentral. A vague idea for a solution would be to investigate if the behaviour
of (G, o) could be perhaps detected by the action of G on a Furstenberg boundary-like
space, that would coincide with the original Furstenberg boundary for trivial o.

Our final questions concern equivariant injective envelopes.

Question 5. Does there exist an amenable discrete group G and an injective unital
G-C*-algebra A such that A is not G-injective?

We gave an explanation at the end of Section of why any injective von Neumann
algebra A is G-injective whenever G is an amenable discrete group. Moreover, Argerami
and Farenick have given a proof in [6 Theorem 2.2| that the injective envelope of a
separable C*-algebra A is a von Neumann algebra if and only if A contains a minimal
essential ideal that is isomorphic to a direct sum of C*-algebras of the form K(H) (the
compact operators on a Hilbert space H).

One idea for a proof of the general C*-case could be to use the fact that any unital
injective C*-algebra is perfect [4, Theorem 2.1]. We briefly explain how to define the
notion of perfection for C*-algebras. The atomic representation of a unital C*-algebra
A is the direct sum 7w, = EB[W] cA T, where A denotes the set of equivalence classes of
irreducible representations of A. Let z € A** be the central support projection of the
representation 7, : A** — B(EB[ﬂeA H;). Now, A is said to be perfect if any b € zA**
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such that b, b*b and bb* define weak*-continuous maps P(A) — C, actually belongs to
zA. We refer to the memoir [1] of Akemann and Shultz for more information about
perfect C*-algebras.

Because of Theorem another question is natural:

Question 6. Let A be a unital G-C*-algebra. Give sufficient criteria for G and A for
the action of G on Z(I(A)) to have intersection property.

The final two results of Section [5.4] focus on one of the simplest possible instances
(when A is prime and G is C*-simple). It would be interesting to find weaker conditions
to ensure that Theorem can be applied.
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