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ABSTRACT. To a large class of graphs of groups we associate a C*-algebra universal
for generators and relations. We show that this C*-algebra is stably isomorphic to the
crossed product induced from the action of the fundamental group of the graph of groups
on the boundary of its Bass—Serre tree. We characterise when this action is minimal,
and find a sufficient condition under which it is locally contractive. In the case of
generalised Baumslag—Solitar graphs of groups (graphs of groups in which every group
is infinite cyclic) we also characterise topological freeness of this action. We are then
able to establish a dichotomy for simple C*-algebras associated to generalised Baumslag—
Solitar graphs of groups: they are either a Kirchberg algebra, or a stable Bunce-Deddens

algebra.
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1. INTRODUCTION

Actions of groups on trees, and the induced actions on tree boundaries, have given rise
to many interesting C*-algebras via the crossed product construction. Such examples
include certain Cuntz—Krieger algebras considered in [43] and [39], and the generalised
Bunce-Deddens algebras considered in [36] (see also Proposition 5.26 of this paper).

Actions of groups on trees of course play a fundamental role in many fields outside of
C*-algebras. A part of Serre’s extensive contribution to the theory was the introduction
of graphs of groups in [42]. The theory of graphs of groups was further developed by
Bass in [7], and is now known as Bass—Serre theory. Roughly speaking, a graph of groups
consists of a graph I together with a group for each vertex and edge of I', and monomor-
phisms from each edge group to the adjacent vertex groups. Any group action on a tree
(satisfying some mild hypotheses) induces a graph of groups, while any graph of groups
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has a canonical associated group, called the fundamental group, and a tree, called the
Bass—Serre tree, such that the fundamental group acts on the Bass—Serre tree. The so-
called Fundamental Theorem of Bass—Serre Theory says that these processes are mutually
inverse, so that graphs of groups “encode” group actions on trees; see Theorem 2.16 for
a more precise statement.

The original motivation for Bass—Serre theory was to study rank one reductive groups
over nonarchimedean local fields, such as SLy(Q),), by considering the action of such groups
on their associated Bruhat—Tits tree (see for instance Chapter II of [42]). Graphs of groups
are now fundamental tools in geometric group theory and low-dimensional topology. The
fundamental group of a graph of groups generalises two basic constructions in combinato-
rial group theory, namely free products with amalgamation and HNN extensions. These
constructions correspond in topology to taking a connected sum and adding a handle,
respectively. Classes of groups which are studied using Bass—Serre theory include lattices
in automorphism groups of trees (see [9] and its references), fundamental groups of 3-
manifolds (see, for instance, [21]) and generalised Baumslag—Solitar groups (see Section 7
below).

While the action of a group on the boundary of a tree is modelled C*-algebraically via
a crossed product, the data present in a graph of groups is more naturally modelled via
a combinatorial C*-algebra, which is a C*-algebra universal for generators and relations
encoding an underlying combinatorial object. Combinatorial C*-algebras are a fruitful
source of examples in C*-algebra theory. The starting point was Cuntz and Krieger’s work
in [19], and the theory has rapidly progressed in many directions, including a generalisation
to directed graphs (see [37] for an overview). Much of the work on combinatorial C*-
algebras has been concerned with more general oriented situations. Unoriented examples
have received relatively little attention. In [17] the authors treat the case of a finite
graph, giving a combinatorial analysis and relating the K-theory of the C*-algebra to the
first Betti number of the graph. Iyudu [26] and Ivankov-Iyudu [25] have extended this
to infinite graphs. Graphs of groups are a natural generalisation to a large class of new
examples. The first work to consciously apply Bass—Serre theory to the study of boundary
crossed product C*-algebras was done by Okayasu [35], who extended the results of [43]
and [39] to finite graphs of finite groups, explicitly working with the Bass—Serre tree and
the associated action on its boundary.

The main aim of this paper is to significantly extend the work of [35] to build a Bass—
Serre theory in the C*-algebraic setting. We give a different construction to that of [35]
that generalises to a much larger class of graphs of groups. We work with two C*-algebras:
we first construct our graph of groups C*-algebra, which is universal for generators and
relations, and then we construct a boundary action crossed product C*-algebra. This is
much like the approach of [35]; however that approach relies heavily on the choice of a
maximal tree for the graph of groups, which makes the universal C*-algebra description
somewhat complicated (see [35, Definition 3.1]). In the special case of a (finite) graph, the
paper [17] gives a very simple and natural presentation, which inspired that of this paper
(see Definition 3.1). Our methods apply to graphs of countable groups, in the sense that
all vertex groups are countable. We also assume that the underlying graph is locally finite
and that edge groups have finite index in their adjacent vertex groups; these assumptions
ensure that the Bass—Serre tree is locally finite. We note that we do allow graphs of
groups where the underlying graph is infinite and where the vertex groups are infinite
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groups. We also assume an extra condition (which we refer to as nonsingularity) on our
graph of groups which ensures that the Bass—Serre tree has no finite ends.

In general, the graph of groups algebra contains as a distinguished subalgebra a certain
directed graph C*-algebra (see Theorem 3.6). When the examples of [43] and [39] are
realised as graph of groups algebras, the subalgebra equals the whole algebra. We give
examples to show that in general the containment is proper. One of the advantages of
the graph of groups presentation is that it permits an easy description of a gauge action,
analogous to the situation for directed graph algebras. The gauge action is needed for the
existence of the directed graph subalgebra mentioned above.

Our main result, Theorem 4.1, shows that the C'*-algebras obtained by our two con-
structions are related by stable isomorphism. (Thus we find that in the case of a finite
graph of finite groups, Okayasu’s algebra from [35, Theorem 4.4] is isomorphic to a cer-
tain corner inside our graph of groups algebra.) For the proof of this theorem we realise
the graph of groups algebra as the C*-algebra of a certain étale groupoid obtained from
the fundamental groupoid of Higgins [24]. This groupoid could be taken as an alternate
point of departure for the results of the paper. We chose to emphasize the generators and
relations as a natural generalisation of the theory of directed graph C*-algebras, and the
boundary crossed product as a direct generalisation of previous work.

After proving our main theorem, we consider structural properties of these C*-algebras.
In line with the philosophy of the theory of directed graph C*-algebras, we characterise
various C*-properties by means of combinatorial properties of the underlying graph of
groups. It is proved in [6] (see also [28]) that for an action of a discrete group A on a
compact Hausdorff space Y, the reduced crossed product C(Y') x,. A is simple if and only
if the action of A on Y is minimal and topologically free. In this case, the reduced crossed
product is purely infinite if the action is locally contractive ([32, 3]). In addition, the
full and the reduced crossed products coincide if either one is nuclear, and this occurs if
and only if the action is amenable ([2]). Thus we investigate how minimality, topological
freeness, and local contractivity of the boundary action are reflected in the graph of groups
(amenability follows generally from known results). Since the associated C*-properties
are invariant under stable isomorphism, our main theorem establishes these for the graph
of groups algebra.

We are able to completely characterise minimality and local contractivity for locally
finite nonsingular graphs of countable groups. However we are able to characterise topo-
logical freeness only in two special cases: in the case of trivial groups, and generalised
Baumslag—Solitar graphs of groups (graphs of groups where all vertex and edge groups are
infinite cyclic). Our work on generalised Baumslag—Solitar graphs of groups culminates
in a dichotomy which has a striking similarity to one present in the theory of directed
graph C*-algebras: a simple generalised Baumslag—Solitar graph of groups C*-algebra is
either a Kirchberg algebra, or a stable Bunce-Deddens algebra.

In general, topological freeness seems to be a subtle property to characterise, and it has
been considered by other authors. Topological freeness appears as a crucial hypothesis in
the paper [21] of de la Harpe and Préaux, where it is referred to as slenderness. In con-
junction with some properties of the action on the tree, they use it to deduce minimality
of the boundary action. This contrasts with our methods, where we deduce minimality
from properties of the underlying graph of groups, and do not assume topological freeness.
We note that our Theorem 7.5 generalises their Lemma 20(iii) on topological freeness for
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Baumslag—Solitar groups. Topological freeness is also relevant in the paper [13] of Broise—
Alamichel and Paulin. Their Remarque 4.2 gives a proof of topological freeness under
several hypotheses. These include finiteness of all vertex groups, as well as existence of
a Patterson-Sullivan measure of positive finite dimension and a restriction on the elliptic
elements of the group. Our results on this topic intersect with theirs only for the case
of graphs of trivial groups where the underlying graph I' has finite Betti number greater
than one (see Remark 5.28 for more details).

Acknowledgements. The first author would like to thank the University of Glasgow
and Arizona State University for their hospitality during research visits while this paper
was written. The third author would like to thank Arizona State University for their
hospitality during his research visit while this paper was written. The fourth and fifth
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research visits while this paper was written. The fifth author would also like to thank
Stuart White for helpful conversations.

2. BACKGROUND

This section recalls background material and establishes our notation. In Section 2.1
we recall the necessary concepts from graph theory and then in Section 2.2 we recall the
main definitions and results of Bass—Serre Theory. In Section 2.3 we discuss boundaries
of trees. Section 2.4 then discusses the groupoid approach to graphs of groups and the
action on the relevant boundary of the fundamental groupoid and the fundamental group.
We finish by giving some background on C*-algebras in Section 2.5.

2.1. Graphs and trees. The notion of graph that we use comes from Serre [42].

Definition 2.1. A graph T is a quadruple (I'°, T, r, s), consisting of countable sets of
vertices T'° and edges I'', together with range and source maps r,s : I'' — I'°, and an
“edge-reversing” map e +— € from I'! to I'! so that for all e € T'!,

ete, e=e and s(e)=r(e).

Such a graph I' can be viewed as an undirected graph in which each geometric edge is
replaced by a pair of edges e and €. For a graph I' and an edge e € I'! we may draw the
edge € with a dashed line, as in the top row of the following figure, or we may omit the
edge e, as in the bottom row:

For x € T'° the valence of x is the cardinality of the set r~!(z) (equivalently, the
cardinality of the set s™'(x)). A graph T is locally finite if |r~1(x)| < oo for all x € TY,
that is, each vertex has finite valence. We only consider locally finite graphs in this paper.



C*-ALGEBRAS ASSOCIATED TO GRAPHS OF GROUPS 5

A path (of length n) in T is either a vertex z € T’ (when n = 0) or, if n > 0, a sequence
of edges ejes ... e, with s(e;) =r(e;yq) for 1 <i <n — 1. For example:

s(fN)

r(e1)

[ ] €1

€9 €n

Y I )

Note that we are using the “Australian” convention for paths in a graph, which is more
functorial and sits well with the operator-algebraic methods we will use in this paper; the
same reasoning applied in [37]. For a path p = ejeq - - - e, we define the reversal of u to
be i =¢,---exéer.

A path z of length 0 has range and source equal to the vertex x, and a path ejes...e,
with n > 1 has range r(e;) and source s(e,). A cycle is a path with range equal to its
source. A cycle ejes ... e, is minimal if n = 0, or the vertices r(e;) are pairwise distinct.
A path ejes . .. e, is reduced if either n = 0, or ;.1 # €; for 1 <i < n—1, that is, there is
no immediate back-tracking in the path. We write I'* (respectively, 2I'*, Iy and zI™y)
for the set of reduced paths in I' (respectively, the reduced paths in I' with range z, with
source y, and with range = and source y). A vertex of a graph is singular if it has valence
one; that is, it is the range (equivalently, source) of a unique edge. We say that a graph is
nonsingular if it has no singular vertices. A graph I' is connected if for every x # y € I'°
there is a path ejes . ..e, with range x and source y. We only consider connected graphs
in this paper.

A graph T is a tree if it is connected and for every vertex x € I'?, the only reduced path
which starts and ends at z is of length 0. Equivalently, I is a tree if for every x # y € I'°,
there is a unique reduced path eje, ... e, with range z and source y. If I' is a tree, x € I'°
and e € I'', then we say that e points towards  if the unique reduced path with range x
and source r(e) does not contain the edge e. In other words, z is closer in I' to r(e) than
to s(e).

Every graph I' has at least one maximal subtree T, for which 79 = I'° and T* C T'%,
For such a T', a path in T is a path in I" in which every edge belongs to 7. Note that
from Section 3 onwards we only consider nonsingular trees in this paper.

2.2. Bass—Serre Theory. In this section we recall the theory of graphs of groups, also
known as Bass—Serre Theory. We generally follow Bass’ work [7], although our notation
and terminology differ in places since we use directed graph C*-algebra conventions where
possible. We start with the definition of a graph of groups G. We then discuss the
fundamental group m;(G,v) and the Bass-Serre tree Xg, of a graph of groups G, and
describe the action of m;(G,v) on Xg,.

Definition 2.2. A graph of groups G = (I', G) consists of a connected graph I' together
with:

(1) a vertex group G, for each x € T

(2) an edge group G. for each e € I'!, such that G, = G¢ for all e € I'!; and

(3) a monomorphism a. : G — Gy), for each e € I'".

For each x € I’ we denote by 1, the identity element of the vertex group G, and we
write 1 for 1, if the vertex z is clear.

Ezxamples 2.3. The two basic examples of graphs of groups are edges of groups and loops
of groups, which we now define. We will follow these examples throughout this section.



6 BROWNLOWE, MUNDEY, PASK, SPIELBERG, AND THOMAS

(E1) Let I" be the graph
z )
[ ] [ ]

e
An edge of groups is a graph of groups G = (I', G), and can be depicted as
Gac Ge Gy

The monomorphisms are o, : Ge = G, and az : Gz = G, — G,
(E2) Let I" be the graph

A loop of groups is a graph of groups G = (I', G), and can be depicted as

G, e G.

The monomorphisms are o, : G, — G, and oz : Gz = G, = G

We say that a graph of groups G = (', G) is locally finite if

(a) the underlying graph I is locally finite; and
(b) [Gre) - @e(Ge)] < o0 for all e € T'.

Condition (b) here is saying that each edge group has finite index image in the adjacent
vertex groups (recall that az is a monomorphism from Gz = G. to G, = G()). A graph
of groups G = (T, G) is nonsingular if for all e € T'! such that r~*(r(e)) = {e}, we have
[Gre) + @e(Ge)] > 1. That is, if e is the unique edge with range r(e), then a.(G.) must be
a proper subgroup of G,). We only consider locally finite nonsingular graphs of groups

in this paper.

Throughout this work, we will need various kinds of words and paths associated to a

graph of groups G = (I', G).
Definition 2.4. For each e € ', fix a transversal X, for G, ()/a.(G.), with 1,() €
(i) A G-word (of length n) is a sequence of the form

g1 Or gi€1g2€2...Gn€n O  (G1€192€2...0n€EnGgn+1,

where s(e;) = r(eiy1) for 1 <i <n—1, g; € Gy, for 1 <j <n, and gny1 € Gye,)-
(In the case n = 0, g; is just required to be an element of some vertex group G,.)
For example, a G-word of the form gieygses ... gne,gn11 can be pictured as follows:

9N 92 3 In nt1

€1 €2 €n

[ ] [ ] @ «—— - -i-iiinan Py

If g1 € G, is a G-word of length 0 then we define this G-word to have range and
source the vertex x. For n > 0 the G-words gie1gq9€5 . . . gne, and gre1go€s . . . Gn€ngni1
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are both defined to have range r(e1) and source s(e,). We denote by |u| the length
of a G-word p.
(ii) A reduced G-word (of length n) is a G-word of the form

g1 Or gi1€192€2...Gn€n O  §1€1G2€2 ... nEnGn+1,

where if n > 0 we have g; € ¥, for 1 < j <n and ¢; = €1 = git1 # Li(esy,), and
Gn+1 is free to be any element of G(,). (In the case n = 0, g; is just required to be
an element of some vertex group G,; in contrast to [7, Section 1.7], we refer to the
trivial G-words 1, as reduced.)

(iii) A G-loop based at x € T? is a G-word of the form g, € G, or gie1ga€s ... Gn€nGni1
with r(e;) = s(e,) = . A G-loop is called reduced if it is also a reduced G-word.

(iv) A G-path is a reduced G-word of the form ¢g; = 1 or gie1gqes ... gpen; so we insist
that G-paths of length n > 0 must end in edges. We denote the collection of G-paths
of length n by G", and G* := U2 ,G". For x € I'Y we denote by xG™ the collection
of G-paths of length n with range x, and by xG* the collection of all G-paths with
range .

In order to define the fundamental group of a graph of groups G = (I', G), we will need
the following auxiliary group, which is defined via a presentation.

Definition 2.5. Let G = (I', G) be a graph of groups. The path group, denoted 7(G), has
generating set

(2.1) I <|_| Gx> ,

zel0

that is, the edge set of the graph I' together with the elements of the vertex groups of G,
and defining relations the relations in the vertex groups, together with:

(R1) e=e¢! for all e € I'*; and

(R2) eag(g)e = ac(g) for all e € T and all g € G, = Go.

The relation (R2) in the definition of the path group can be thought of as identifying the
“loop” a,(g) with the “loop” obtained (reading from right to left, as with composition of
morphisms) by following the edge € (from r(e) to s(e)), then az(g), and then “returning”
along e:

oe(9) az(9)
% . %
We now observe that (reduced) G-words, and consequently (reduced) G-loops and G-
paths, naturally map to elements of the path group m(G). More precisely, if the sequence

g1 Or gi€i1g2€2...0n€n O  (§1€192€2...Gn€EpGn+1

is a G-word, then by abuse of notation we associate to this G-word the element g; or
§1€1G2€2 . . . Gn€pn OT §1€1G2€3 . .. gn€ngni1, respectively, of the path group 7 (G).

Definition 2.6. For x,y € I, define 7[z,y] C 7(G) to be the set of images in the path
group 7(G) of the G-words which have range = and source y.
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Notice that, due to the relations (R1) and (R2), two different G-words can map to the
same element of 7[x,y]. For instance the G-words gie1g2 and gie1g2e21€5 have the same
image gie19» in w[x,y|, where g1 € G, and go € G,,. By Theorem 1.8 of [7], for any choice
of the transversals Y, the image of a nontrivial reduced G-word in 7(G) is nontrivial. Thus
by definition the image of a nontrivial G-path in 7(G) is nontrivial. By Corollary 1.13
of [7], for all x, y € 'Y, every element of 7[x, y] is represented by a unique reduced G-word
with range = and source y; again, this result holds for any choice of transversals ..

We now choose a base vertex v € I'” and consider the set 7[v, v], which by definition
is the set of images of G-loops based at v. By Theorem 1.8 and Corollary 1.13 of [7],
the image in 7[v,v] of a nontrivial reduced G-loop based at v is nontrivial, and every
nontrivial element of 7[v,v] is represented by a unique reduced G-loop based at v. Now
let v,7" € wlv,v]. Then v € 7wlv,v]. Also if

Y=9g1 Or 7Y =g1€192€2...dn€ngn+1,

1

then v~' in the group n(G) is given by

Y=g o v =g, iEat - G E1gr
respectively, and so y~! is also in the set w[v,v]. This allows us to make the following
definition.

Definition 2.7. Let G = (', G) be a graph of groups, and choose a base vertex v € I'°.
The fundamental group of G based at v, denoted m(G,v), is the subgroup m[v,v| of the
path group 7(G).

An alternative way of defining the fundamental group of a graph of groups is via a
presentation, as follows.

Definition 2.8. Let G = (I', G) be a graph of groups and choose a maximal subtree 7" of
the graph I'. The fundamental group of G relative to T, denoted m1(G,T'), has the same
generating set (2.1) as the path group 7(G), and defining relations the relations in the
vertex groups of G, the relations (R1) and (R2) above, and the additional relation:

(R3) e=1for all e € T

That is, the fundamental group 71 (G, T) is the quotient of the path group 7(G) obtained
by killing all of the edges in the chosen maximal subtree T" C T'.

For each choice of base vertex v and maximal subtree T' C IT', the induced projection
m(G) — (G, T) restricts to an isomorphism of fundamental groups 7 (G,v) — m(G,T)
(see [7, Proposition 1.20]). Thus in particular, up to isomorphism the fundamental group
of a graph of groups is independent of the choice of base vertex or of maximal subtree.
When the base vertex v is clear, we may drop it from the notation and write 7 (G) for the
fundamental group of G based at v. Notice that if all the vertex and edge groups in the
graph of groups G are trivial, then 71(G,T) = 71(G, v) is the usual fundamental group of
the (geometric realisation of the) graph I

Notation 2.9. We use € to denote the inverse isomorphism from (G, T") to m(G,v),
for T'C T' any maximal subtree and any v € I'°. In order to define this map ¢, for each
x #y € I'° we first define

(2.2) [z, ylr == ereqa... €,
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to be the unique reduced path in 7" such that r(e;) = = and s(e,) = y. Note that the path
[z, y]r = e1es ... €, has the same image in the path group 7(G) as the reduced G-path

(2.3) [z,y] == lejles. .. ley,.

Thus in particular, the image of [z, y]r in the path group is an element of 7[z,y]. We also
define [z, z] to be the trivial element of G, and so [z, z] has trivial image in (G, z).

Now the group 71 (G, T) is generated by the edge set T'! together with the vertex groups
of G, and so it suffices to specify € on these generators. For each e € I'! we define

(2.4) e(e) := [v,r(e)le[s(e),v] € m(G,v).

Note that e(e) is the identity element of (G, v) whenever e € T. Also, for each z € T'°
and g € G, we define

(2.5) e(g) := [v, x]glx,v] € m(G,v).

If we need to specify the vertex x we will write e(z, g) for £(g). Since € is an isomorphism
of groups, the elements c(e) and £(g) generate m(G,v). Note that as a straightforward
consequence of (R1) and (R2) we have

(2.6) e(ae(g))e(e) = e(e)e(ae(g)), foreachecI!, g€ G..

Remark 2.10. We reiterate that even though e(e) = [v,7(e)]e[s(e),v] is not a G-word
(because there is no group element between the last edge of [v,r(e)] and e), it is a funda-
mental group element. Indeed, inside the path group, the image of the G-loop based at
v given by [v,r(e)]le[s(e),v] is the fundamental group element represented by all of the
products

[v,r(e)]1e[s(e), v] = [v, r(e)le[s(e), v] = [v, r(e)lre[s(e), v]r = [v,r(e)]rle[s(e), v]r.

Notation 2.11. For each e € I'! with r(e) # v we denote by & the source-most edge in
[v.r(e)]r. That is, if [v,7(e)]lr = e1ez... e, then ¢ = e,. By definition, ¢ will always be
an edge of the tree T, and so if e € T then £ = e,e. In the following figure, we assume
all edges are in the tree T'. In the case shown on top, we have £ different from both e
and e, while on the bottom we have ¢ =e€. The case ¢ = e never occurs.

— —
v &
@ — @ —— s e ° — ° (& PY
\\ ’;v
_E-
(%
@ € @ €—— e Y PY (&
A e
e =¢
P

FExamples 2.12. We describe the fundamental groups of the graphs of groups from Exam-
ples 2.3, using the version 7;(G,T), since this is given by a presentation. In both cases,
the fundamental group obtained is a standard construction in combinatorial group theory.

(E1) The only maximal subtree T of the graph I"is T =T', and so in m1(G,T) we have
e=¢=1. Thus m(G,T) is generated by G, Ll G,, and has defining relations the
relations in G, and in Gy, together with az(g) = a.(g) for all g € G. Hence the



10 BROWNLOWE, MUNDEY, PASK, SPIELBERG, AND THOMAS

fundamental group of this edge of groups is isomorphic to the free product of G,
and G, amalgamated over G.. That is,

m(G9) = G, xq, Gy.

(E2) The only maximal subtree 7" of the graph I' is T = {z}, and so this time e is
nontrivial in 7 (G, T). The group m (G, T) is generated by {e,e} U G,, and has
defining relations the relations in G, together with e = e~! and eag(g)e™! = a.(g)
for all g € G.. Hence the fundamental group of this loop of groups is isomorphic
to the corresponding HNN extension of GG,. That is,

7Tl(g) = Gz *Ge .

In the next definition, we will give the vertex and edge sets of a certain graph. By
Theorem 1.17 of [7], this graph is actually a tree, so the following terminology is justified.

Definition 2.13. Let G = (T', G) be a graph of groups, and choose a base vertex v € I'°.
The Bass—Serre tree Xg,, of the graph of groups G, also known as its universal cover, has
vertex set
X&U = |_| nlv, 2] /Gy = {VG, | v € 7v,x],x € T°}.
zel0
For v € nwfv,z] and v € =[v,2'], there is an edge f € Xg, with r(f) = 7G, and
s(f) =+'Gy if and only if vy € G,eG,s, where e € T'! with r(e) = x and s(e) = 2.

As discussed in Remark 1.18 of [7], the Bass—Serre tree Xg, is the tree associated to
the inverse system

(2.7) 0G0 Gt L B gt g B

where for each n > 0 the function g, : vG" — vG"! is given by q,(gi€192€2 . .. gn€y) =
g1€1G2€2 . . . gn—16n—1. In the identification of this inverse system with the tree Xg ,, the set
vG" corresponds to the base vertex 1G,, of Xg,, and for n > 0 the set vG" corresponds to
the vertices of Xg, at distance n from 1G,. Thus each vertex at distance n > 0 from 1G,
has a unique representative G-path of the form gieigqes ... gne, where r(e;) = v. With
this description, it is easy to verify that the graph of groups G is locally finite (respec-
tively, nonsingular) if and only if the Bass—Serre tree Xg,, is locally finite (respectively,
nonsingular).

Examples 2.14. We describe the Bass—Serre trees of the graphs of groups from Exam-
ples 2.3, using the inverse system (2.7).

(E1) Choose v = x. Let n, = [G, : a.(Ge)] and n, = [G, : az(G.)], so that the
transversals X, and ¥z have respectively n, and n, elements. Since G is locally
finite and nonsingular, we have 1 < n,,n, < co. We have [vG'| = [{ge : g €
Ye}| = ns, and so the base vertex 1G, of Xg, has valence n,. For gegses € 2G*
we must have e; = € and g, # 1,, and so there are n, — 1 choices for g,. Thus each
vertex in vG' is the range of one edge with source 1G,, and n, — 1 other edges,
and so each vertex in vG' has valence n,. Continuing in this way, we see that the
vertices in vG* have valence n, or n, as k is odd or even, respectively, and so the
vertices in the tree Xg , alternate between having valence n, and valence n,. That
is, Xg,, is the (n,,n,)-biregular tree.
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(E2) The only possible base vertex is v = z. Let m, = [G, : ae(G.)] and mz = [G, :
az(Ge)], so that the transversals ¥, and >z have respectively m, and mz elements.
Since G is locally finite, we have 1 < m,, me < co. We have [vG!| = |[{ge : g €
Yt U{ge: g € Xz} = me + me, and so the base vertex 1G, of Xg, has valence
m := m. +mg. For gegses € vG?, there are m, choices for g, when ey, = e, and mg
choices for g, when e; = €. So each vertex of the form ge € vG! is the range of one
edge with source 1G,, and m, + (mg — 1) other edges; that is, it has valence m.
A similar argument shows that every vertex of the form ge € vG? also has valence
m. Continuing with the same reasoning, we see that every vertex in the tree Xg ,
has valence m, and so Xg, is the m-regular tree.

The fundamental group (G, v) acts on the Bass—Serre tree Xg, as follows. Let v €
m1(G,v) = w[v,v]. Then for all 4/ € 7[v, z], we have vy € 7[v, z]. Hence there is a natural
left action of m1(G,v) on the vertex set of Xg,. Explicitly, v-+v'G, = 7y'G,. It can be
verified that this action extends to an action on the edges of the tree Xg,.

Remark 2.15. In terms of the inverse system (2.7), the action of m (G, v) on Xg, is more
difficult to describe explicitly. Let v € m1(G, v) be nontrivial. Then 7 is represented by a
unique reduced G-loop ¢; or gie1gses ... gmemgm+1 based at v.

We first consider the action on vG", which we identify with the base vertex 1G,, of Xg,.
If 7 is represented by ¢; € G, then v - 1G, = ¢1G, = 1G,, so 7 fixes 1G,. Otherwise,

v-1G, = gie192€2 - - . gmemGm+1Gy = g1€192€2 . . . gmem Gy

since g,41 € G, and so 7y takes the base vertex 1G,, to the vertex gie1gses . .. gmenm € vG™.
For n > 0, let ¢giejghel, ... g e, € vG™. The concatenation

SN SN SN | ! ! SN SN N | /AN
9191€192€5 - - - 9p€, O G1€1G2€2 - .. Im€mGm+191€192€3 - - - €y

will not in general be a G-path, but by repeated application of relations in the vertex
groups of G together with relations (R1) and (R2), it can be transformed into a reduced
G-word of the form

gl or giei...giey or giel ... giegy

with range v. For the case of a single group element ¢/, we take the G-path 1, € vG°. A
word of the form gje/ ... g/e} is already a G-path and so is in vG*. In the remaining case,
we remove the final group element g, to obtain an element of vG*. Hence in all cases

the image can be determined.

If we change base vertex from v € T? to v/ € T, then there is a (7,(G,v), 71(G,v"))-
equivariant isomorphism of Bass—Serre trees Xg, — Xg., (see 1.22 of [7]). When the
base vertex v is clear, we may just write Xg for the Bass—Serre tree.

We conclude this section with a theorem sometimes known as the Fundamental Theorem
of Bass—Serre Theory. Roughly speaking, this states that graphs of groups encode group
actions on trees. This theorem is important for the later sections of this paper when
we wish to compare dynamical properties of the boundary action with combinatorial
properties of the corresponding graph of groups. We do not define all of the terms in this
result, and refer the reader to [7]. We do however explain how a group acting on a tree
induces a graph of groups. The action of a group G on a tree X is said to be without
inversions if ge # €, for all g € G and e € X'. (Note that this is a mild restriction, because
an action always induces an action without inversion on a tree obtained by subdividing
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edges of the original tree.) If G acts on X without inversions, then there is a well-defined
quotient graph I' := G\ X, and the G-action induces a graph of groups G = (G,I") as
follows. Let p : X — G\X be the natural projection. For each x € T choose an
element 2’/ € p~!(z), and for each e € T'! choose an element ¢ € p~'(e). Then define the
vertex group G, to be Stabg ('), the stabiliser in G of 2/, and the edge group G, to be
Stabg(¢’). For e € T, the monomorphism a, is defined as follows. Suppose r(e) = .
Then by definition of the quotient map, there is g = go »» € G so that g-r(e’) = 2/. Now
if a group element fixes the edge €’ it fixes the vertex r(e’), so

gGeg" = gStabg(e')g™' < gStabg(r(e'))g ™" = Stabg(2') = G, = Gr(e),
and we may define a, : Ge — G by h — ghg™'.

Theorem 2.16. Let G = (I, G) be a graph of groups, and choose a base vertex v € T'°.
Then the action of the fundamental group m1(G,v) on the Bass—Serre tree Xg,, induces a
graph of groups isomorphic to G. Conwversely, if G is a group acting without inversions
on a tree X with quotient graph T'= G\X, and G = (I, G) is a graph of groups induced
by this action, then for allv € T there is an isomorphism of groups 71(G,v) = G and an
equivariant isomorphism of trees Xg, = X.

Remark 2.17. As mentioned in the introduction, one key application of graphs of groups
is to the study of lattices in automorphism groups of trees (a reference for this theory
is [9]). Recall that if G is a locally compact group, a lattice in G is a discrete subgroup
A < G so that G/A admits a G-invariant measure of finite volume. A lattice A < G is
uniform if G/A is compact, and otherwise is nonuniform.

Now let T be a locally finite tree. Then its automorphism group Aut(7’) is naturally a
locally compact group, when equipped with the compact-open topology. In this topology,
if A is a subgroup of Aut(T") then A is discrete if and only if A acts on 7" with finite vertex
stabilisers, A is a uniform lattice in Aut(7") if and only if A is discrete and the quotient
graph A\T is finite, and A is a nonuniform lattice in Aut(7’) if and only if A is discrete,

the quotient graph A\T is infinite, and the series EU\%I converges, where this sum is taken

over a set, of representatives of the A-orbits on T° (see Chapter 1 of [9]). Converting these
to statements about a graph of groups, say Gy = (I',G), induced by the A-action, we
see that A is discrete exactly when G, is a graph of finite groups, A is a uniform lattice
exactly when G, is a finite graph of finite groups, and A is a nonuniform lattice exactly
when G, is an infinite graph of finite groups such that the series Eﬁ converges, where x

now runs over all vertices of I' = A\T. The tree T is said to be a uniform tree if Aut(T)
admits at least one uniform lattice, which is equivalent to 7" being the Bass—Serre tree for
some finite graph of finite groups.

2.3. Boundaries of trees. We first give general definitions concerning boundaries of
trees, then discuss in Section 2.3.1 the situation where the tree X is the Bass—Serre tree
for a graph of groups G.

Let X be a locally finite, nonsingular tree, and choose a base vertex z € X°. We now
allow infinite paths, and so a path in X is either a finite path of length n > 0 as defined
in Section 2.1, or an infinite sequence of edges ejes ... such that s(e;) = r(e;41) for i > 1;
this path is reduced if e;,1 # €; for all i > 1, and it has range r(e1). We let || denote the
length of a finite reduced path «, and for n > 0 write X" for the set of reduced paths of
length n with range x (thus zX° = {z}). Since X is locally finite, the set xX" is finite



C*-ALGEBRAS ASSOCIATED TO GRAPHS OF GROUPS 13

for each n. We denote by zX* the set of all finite reduced paths in X with range x, that
is, 2 X* = Up2 o X",

Definition 2.18. The boundary (from x) of X is the set of infinite reduced paths with
range x, and is denoted z0X.

For a finite reduced path p € xX*, we define the cylinder set Z () to be the elements
of 0X that extend p. Since X is nonsingular, the set Z(u) is nonempty for all such p.
The collection {Z(u) : u € xX*} is a base for a totally disconnected compact Hausdorff
topology on z0X, coinciding with the cone topology as described below.

Remark 2.19. As we now explain, Definition 2.18 of the boundary of the tree X is con-
sistent with the definition of the visual boundary of a tree in geometric group theory.
We follow Chapter I1.8 of the reference [12], which considers the more general setting of
CAT(0) spaces. Equip the tree X with its usual metric d, in which each edge has length
one. A geodesic ray is then a map c : [0,00) — X such that for all 0 < ¢, < 0o, we have
|t —t'| = d(c(t),c(t')). Two geodesic rays ¢, ¢ are said to be equivalent if the function
t — d(c(t),d(t)) is bounded. Note that since X is a tree, geodesic rays ¢ and ¢ are
equivalent if and only if their images eventually coincide.

The wvisual boundary of X, often denoted d,,X or just 0.X, is the set of equivalence
classes of geodesic rays. The visual boundary is sometimes also called the ideal boundary
or Gromov boundary, and it coincides with the set of ends of the tree. If ¢ is a geodesic
ray we write ¢(oo) for the boundary point that it represents. It is a basic result that
given any ¢ € 0,,X, and any base vertex x € X, there is a unique geodesic ray ¢ such
that ¢(0) = x and c¢(o0) = €. That is, for all x € X°, every point on the boundary is
represented by a unique geodesic ray from .

The visual boundary 0,,X can be equipped with the cone topology. In this topology, if
€ € 0,,X is represented by the geodesic ray ¢ with ¢(0) = z, a basic neighbourhood of &
has the form:

U(&,n) :={& € 0X | & = (00) for a geodesic ray ¢ such that c|j,) = |0}
where n € N.

2.3.1. The boundary of the Bass—Serre tree. We now consider the special case that the tree
X is the Bass—Serre tree Xg , for a locally finite, nonsingular graph of groups G = (', G).
For each n, the set of reduced paths (1G,)Xg,, of length n which have range its base
vertex 1G, can be identified with the set of G-paths vG". We can then further identify
the boundary (1G,)0Xg, with the set of infinite reduced G-words with range v, which is
the set of all infinite sequences ge;gq€5 ... such that each initial finite subsequence of the
form gie; ... gne, is an element of vG™. (More generally, an infinite reduced G-word is an
infinite sequence gie1gses . .. such that each initial finite subsequence gie; ... g, e, isin G*.
The range map r extends to infinite reduced words in the obvious way: r(gie1gq2€5...) 1=
r(e1).)

The action of the fundamental group (G, v) on the tree Xg, can be described via the
sets vG" (see Remark 2.15). Note that this action does not in general fix the base vertex
vX"Y, since the stabiliser of 1G,, is the vertex group G, of the graph of groups G, and G,
is in general a proper subgroup of 71(G,v). Hence this action does not in general take an
element of vG" to an element of vG"™. However, as we now describe, there is an induced
action of (G, v) on the boundary (1G,)0Xg,,.
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Let 7 be a nontrivial element of m;(G,v) and let £ € (1G,)0Xg,. Then 7 is represented
by a unique reduced G-loop based at v, and & corresponds to a unique infinite reduced
G-path with range v. The infinite G-word consisting of the concatenation of the reduced
G-loop v with the reduced G-path ¢ will still have range v, but will not in general be
reduced. However by possibly infinitely many applications of the relations in the vertex
groups of G and relations (R1) and (R2), this concatenation can be transformed into
an infinite reduced G-path with range v, say £'. It can be verified that this procedure
of concatenation and then reduction taking & to £ does indeed define an action of the
group m(G,v) on the set (1G,)0Xg,. Moreover, the image of a cylinder set Z(u) under
this action is a union of cylinder sets, and so the fundamental group (G, v) acts on the
boundary (1G,)0Xg, by homeomorphisms.

Standing Notation. From here on we denote the boundary of the Bass—Serre tree dis-
cussed above by v9Xg. In most cases we do not use any special notation to denote the
action of fundamental group elements on boundary points or cylinder sets; for instance,
the action of v € m(G,v) on £ € v0Xg is denoted ¢, and the action of v on a cylinder
set Z(u) is denoted vZ ().

2.4. The fundamental groupoid. It will be very useful to extend the notions described
above by considering the fundamental groupoid of G, which we denote F(G). The groupoid
approach will simplify calculations involving the action of m(G) on v0Xg. (See [24] for
the fundamental groupoid of a graph of groups, and also [38] for the general theory of
groupoids).

The fundamental groupoid F/(G) is given by generators and relations as follows. The
generating set is the same as for the path group 7(G) of Definition 2.5. The relations
are the same as for 7(G) except that relation (R1) is omitted. The objects are identified
with T? as F(G)? = {1, : * € T°}. For # € I'° the range and source maps on G, are
given by r(G,) = z = s(G,). It follows from (R2) that ee = 1,(,), so that e and € are
inverse elements in the sense of groupoids. The theorem of [24] implies that F'(G) may
be identified with the set of all reduced G-words; in fact a reduced G-word is precisely
what is termed the normal form of an element of the fundamental groupoid in [24]. The
isotropy at x € T'Y is m,(G, ), that is, the group of all reduced G-words with source and
range equal to z.

For 2,y € T, the collection of cosets xF(G)y/G, may be identified with the set of all
G-paths having range x and source y. We define the set Wy and its subset Wy as follows:

Wg = |_| zF(G)y/G, and zWg= |_| 2F(G)y/G,.

x,yelr? yero

Then Wz may be identified with the set of all G-paths with range x, and so xWg may
be identified with the Bass—Serre tree based at x, as given in Definition 2.13. The set Wy
is then a bundle of trees, i.e. a forest, fibred over I'°.

The boundary of the tree zWg will be denoted z0Wj, and it may be identified with the
set of all infinite reduced G-paths having range . We let 0Wg denote the disjoint union
of the boundaries of the trees in the forest Wy, that is, OWg = | |, .o 20Wg. Then 0Wy
is a locally compact Hausdorff space, and is compact if and only if I'? is finite.

Now the fundamental groupoid F(G) acts on the bundle of trees Wy, and hence also acts
on OWg (cf. [30], p. 912). The action is written the same as just before Remark 2.15, that
is, v-v'G, = vy G,, but v and +" are now any reduced G-words such that s(y) = r(v/).
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Since the range map r : OWg — F(G)? is continuous and open, the fibred product
groupoid F(G) * 0Wg (see [33] for details) is again a Hausdorff étale groupoid, with unit
space OWg.
We use the following lemma concerning the action of F'(G) on 0Wy.

Lemma 2.20. Let e, f € T* with s(f) = r(e) and let g € X,y and h € E,(py. Let p be
any G-path with range s(e).

(1) If ge # 1f, then hfZ(gep) = Z(hfgep).

(2) If || > 1, then 1eZ(lep) = Z(p).

(3) leZ(1e) = r(e)0OWg \ Z(1e).

(4) If f # €, then hfleZ(1e) = r(f)0Wg \ Z(hfle).
Proof. Parts (1) and (2) are clear. For part (3), note that an infinite G-path in Z(1e)
has the form £ = 1ég’¢’ ... with the only restriction being ¢'¢’ # le. Thus removing the
initial 1€ from such & leaves all infinite G-paths in s(€)0Wg not beginning with le, i.e.

the paths in r(e)OWg \ Z(1e). Part (4) follows from (3) and the fact that pre-appending
hf to reduced infinite G-paths in s(f)0Wg is a bijection. O

We now prove a lemma making explicit how the generators of 7 (G, v) act on certain
cylinder sets in v0Xg. Note that v0Xg and vOWg denote the same space. The generators
e(z, g) and e(e) in the following result are as defined in Notation 2.9 above, using a (fixed)
choice of a maximal tree 7" in I'.

Lemma 2.21. Let v,z € I°, g€ G, and e € T'".
(1) If w is a G-path with r(u) = x and |p| > 1, then
e(x, 9)Z([v, elp) = Z([v, z]gp).

(2) If x # v let f be the rangemost edge of [, v]. (Thus f is the unique edge in T'!
such that r(f) =z and i = f.) Then

Z([v,z]gf)¢  ifx#v and g & ar(Gy)
e(z,9)Z([v,z]) = € Z([v, 2]) if x # v and g € ay(Gy)
vOWg, if v =w.
(3) If i is a G-path with r(u) = s(e), |pu| > 1 and p # 1€, then
e(e)Z([v, s(e)]u) = Z([v, s(e)]1ep).
(4) If e € T" then
e(e)Z([v, s(e)]1e) = Z([v, s(e)]1e) = Z([v, r(e)].
Ife @& T then
e(e)Z([v, s(e)]le) = Z([v,r(e)]1le)C.
(5) If e € T* or s(e) = v then
e(e)Z([v, s(e)]) = Z([v, s(e)]).
Ife @& T' and s(e) # v then
e(e)Z([v, s(e)]) = Z([v, r(e)]1el f)",
where f € T is defined by f = @.
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Proof. Part (1) follows from Lemma 2.20(1). For part (2), first suppose that z # v, and
let f be as in the statement. In the fundamental groupoid we compute

v, 2lgf[s(f), v]Z([v, s(/)]L])

[v,2]gfZ(1f), by Lemma 2.20(1),
[v,2]g (r(f)OWg \ Z(1f)), by Lemma 2.20(3).

[0, 2]glz, ] Z([v, z])

If g & ay(Gy), then this equals Z([v,z|gf)¢, by Lemma 2.20(4), while if g € a;(Gy) we
have

[0, 2](r(f)OWg \ Z(1f)) = [v, s(NLF(r(f)OWg \ Z(Lf))

( f), by Lemma 2.20(3),
=Z( Lf)
= Z([ )-
If x = v then Z([v,z]) = Z([v,v]) = vOWg. Since (v, g) is a homeomorphism of vOWj,
we have that (v, g)Z([v,v]) = vOWg. For part (3), we have

[v,r(e)]tels(e), v]Z([v, s(e)lp) = [v,r(e)]1eZ(p) = Z([v,r(e)]len)

by Lemma 2.20(2) then 2.20(1).
For part (4), if e € T" then e(e) is trivial, and

e(e)Z([v, s(e)]1e) = Z([v, s(e)]1e) = Z([v, (e)])

as required. If e &€ T, then

[v,7(e)]1es(e), v]Z([v, s(e)]1e) = [v,r(e)]1eZ (1)
= [v,7(e)](r(e)oWeG \ Z(1e)), by Lemma 2.20(3),
= Z([v,r(e)]le)’, by Lemma 2.20(1).
For part (5), the result is immediate if e € T". Now assume that e ¢ T". If s(e) = v,

then [v,s(e)] = v and so Z([v, s(e)]) = vOWg. Since e(e) € m (G, v) acts homeomorphi-
cally on this space, we get

[v,r(e)]1e[s(e), v]Z([v, s(e)]) = vIWg = Z([v, 5(e)])-
If s(e) # v, then defining f by f = @, we have [v, s(e)] = [v, s(f)]1f. Then

[v,r(e)]1e[s(e), v]Z([v, s(e)])

[v.7(e)]Le1f[s(f), v] Z([v, s()]LF)
[v,7(e)[1e(s(e)0Wg \ Z(1f))
Z([v,r(e)|1el f) . O

2.5. (C*-algebra background. We present some facts from C*-algebra theory that are
essential for the results in the paper. We mention references for more details.
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2.5.1. Bounded linear operators on Hilbert space. C*-algebras are the abstract character-
isation of norm-closed self-adjoint subalgebras of B(H), the algebra of all bounded linear
operators on a complex Hilbert space H. Here “self-adjoint” means “closed under the
operator adjoint 1" — T*”. Thus a C*-algebra is a complete normed algebra equipped
with an involution, whose norm satisfies ||z*z| = ||z||>. The beginning of the subject
is the proof that this identity does in fact characterise closed self-adjoint subalgebras of
B(H). A homomorphism in the category of C*-algebras is an algebra homomorphism
that preserves the involution. It is a fact that a nonzero homomorphism is a bounded
map of norm one.

Certain types of operators in B(H) can be characterised generally in C*-algebras. A
unitary element satisfies u*u = uu* = 1 and an isometry satisfies s*s = 1 (only possible in
unital C*-algebras). A projection satisfies p?> = p = p*. A partial isometry is an element
s such that s*s is a projection. If s is a partial isometry then so is s*. The projections
s*s and ss* are called the initial and final projections of s. A partial unitary is a partial
isometry whose initial and final projections are equal; thus a partial unitary u in a C*-
algebra A is a unitary in the corner algebra pAp, where p := u*u. Details about such
elements can be read in [37].

2.5.2. Fundamental examples. Two fundamental examples of C*-algebras are the algebra
KC(H) of compact operators on a Hilbert space H, and the algebra Cy(X) of continuous
complex-valued functions vanishing at infinity on a locally compact Hausdorff space X.
We briefly discuss these examples.

The algebra of compact operators may be defined as the norm closure of the algebra of
finite-rank operators on H. It is a simple C*-algebra, in that it has no nontrivial closed 2-
sided ideals. The algebra IC(H) is determined up to isomorphism solely by the dimension
of H, i.e. the cardinality of an orthonormal basis. In this paper we will consider only
(topologically) separable C*-algebras. The algebra IC(H) is separable if and only if H is
separable, i.e. if and only if H has a countable orthonormal basis. We will write IC for
the algebra of compact operators on a separable infinite dimensional Hilbert space.

It is useful to realise K as the inductive limit of finite-dimensional matrix algebras
M, (C). For any C*-algebra A, the tensor product A ® K is then the inductive limit of
matrix algebras M, (A) over A. The algebra A ® K is called the stabilisation of A. Two
C*-algebras are called stably isomorphic if their stabilisations are isomorphic. Stably
isomorphic C*-algebras have many properties in common (some to be described below),
such as simplicity, nuclearity, pure infiniteness, and isomorphic K-theory. We will use
these facts freely throughout the paper.

The algebra Cy(X) is a C*-algebra when equipped with the supremum norm, and with
involution given by pointwise complex conjugation. These are precisely the commutative
C*-algebras. The algebra Cy(X) is a unital algebra if and only if X is compact.

2.5.3. Crossed products. Let A be a discrete group, A a unital C*-algebra, and o : A —
Aut(A) a group homomorphism; that is, an action of A on A. The triple (A, A, «) is
referred to as a C*-dynamical system. A covariant representation of a C*-dynamical
system (A, A, &) in a unital C*-algebra B consists of a unital *-homomorphism j4 : A — B
and a group homomorphism j, : A — U(B) such that

Ja()ja(x)jat™) = ja(ae(z)), forallte Aandz € A
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(Here, U(B) is the group of unitary elements of B.) A covariant representation (i4,i,) in
a C*-algebra C' is universal if for every covariant representation (j4,jx) in a C*-algebra
B, there is a unique homomorphism 7 : C' — B such that moig = jp and moiy = jy. It is
a fundamental result that a universal covariant representation exists, and is unique. We
denote this unique covariant representation by (i4,i). The C*-algebra C is generated as
a C*-algebra by i4(A) Uix(A), is denoted A x, A, and is called the (full) crossed product
of A by (the action a of) A.

There is a related construction called the reduced crossed product, which is denoted
A Xo,r A Let mp : A — B(H,) be an injective unital homomorphism, for some Hilbert
space Hy. Let H = (*(A) ® Hy, and define a covariant pair j4, ja in B(H) by

ja(@) (6 ®@n) = 0r @ mo(ay-1(w))n  and  ja(s)(6; @ m) = dst @ 7,

where {0; : t € A} is the standard orthonormal basis for £2(A). It is easily checked that
this is a covariant pair. The reduced crossed product is defined to be the C*-subalgebra of
B(H) generated by ja(A) U ja(A); it is independent of the choice of my. By the universal
property, there is a surjective homomorphism 7 : A x, A = A x4, A. It is known that if
A is an amenable group then 7 is an isomorphism. There is a notion of amenability for
actions of groups on C*-algebras; amenable groups always act amenably, but nonamenable
groups may have some amenable actions. It is a theorem that if the action is amenable
then 7 is an isomorphism (see [2]).

Examples of crossed products come from actions on compact Hausdorff spaces X. Ac-
tions on C'(X) correspond to actions on X: if ¢ : A — Homeo(X) is a homomorphism,
then there is an action « : A — Aut(A) given by ay(f) = f o ¢y-1. It is known that if X
is second countable and A is countable, then the crossed product C'(X) x,, A is separable.

2.5.4. Other important properties. There are several other properties that a C*-algebra
might have that are important for our results, but are more subtle. We refer to [14],
[11], and [41] for details. Nuclearity is the analogue of amenability for C*-algebras. We
will not define it here, but we mention that the class of nuclear C*-algebras contains
all commutative C*-algebras and finite dimensional C*-algebras, and is closed under the
formation of ideals, quotients, extensions, tensor products, inductive limits, and crossed
products by amenable actions. Pure infiniteness is an example of the high degree of
infiniteness possible in C*-algebras. We give one of many equivalent formulations for the
case of simple algebras. A simple C*-algebra is purely infinite if for any nonzero elements
a, b there are elements z, y such that b = zay. A more esoteric property is referred to
as UCT, for Universal Coefficient Theorem. It is an open question whether all nuclear
C*-algebras satisfy the UCT. It is known that if a countable group acts amenably on a
commutative C*-algebra then the crossed product algebra satisfies the UCT (see [45]).

The combination of these properties has a striking consequence, the Kirchberg—Phillips
classification theorem. A simple separable nuclear purely infinite C*-algebra is called a
Kirchberg algebra. The theorem states that Kirchberg algebras satisfying the UCT are
classifed up to stable isomorphism by their K-theory (see [41]).

3. THE GRAPH OF GROUPS C*-ALGEBRA

We now introduce our main object of study, the graph of groups C*-algebra C*(G). In
Section 3.1, we define a family of partial isometries and partial unitaries called a G-family,
and use this family to define C*(G). Then in Section 3.2 we identify a natural directed
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graph whose associated directed graph C*-algebra sits faithfully inside C*(G). We show
that when the edge groups are trivial these algebras are equal, and use this result to
see that C*(G) recovers some known classes of C*-algebras. We conclude with examples
where C*(G) is strictly larger than the associated directed graph algebra.

3.1. G-families and the graph of groups C*-algebra. We begin with the definition
of a G-family, then define the graph of groups C*-algebra C*(G). In Remark 3.2 we build
a concrete G-family.

Standing Assumption. Throughout the rest of this paper we will consider locally finite
nonsingular graphs of groups G = (I', @) in which G, is countable for each z € T°. We
refer to a graph of groups with countable vertex groups as a graph of countable groups.

Definition 3.1. For each e € I'!, choose a transversal X, for G, (.)/a.(G.) so that 1 € %..
A (G, X)-family is a collection of partial isometries S, for each e € T'! and representations
g+ U,y of G, by partial unitaries for each z € I'? satisfying the relations:

(G1) U,1U,1 = 0 for each z,y € T'° with x # y;

(GQ) Ur(eme(g)Se = SeUs(e),ag(g) for each e € T't and g c Ge;
(G3) Us(eyq = SiSe + SzS5% for each e € I'; and
(G4)
SiSe= Y. UsonSrSiUson
r(f)=s(e),h€Xy
hf#le

for each e € T'L.

Relation (G1) ensures that the representations of the vertex groups are mutually or-
thogonal. Relation (G2) is an analogue of the path group relation (R2). Relations (G3)
and (G4) ensure that each collection {U, ;S : hf € xG'} consists of partial isometries
with mutually orthogonal range projections. We also emphasise that (G3) implies that
S.Se = 0 for all edges e € T'!. This comes despite s(e) = r(e), which will feel foreign to
those used to Cuntz—Krieger families of directed graphs.

Remark 3.2. Relation (G4) is independent of the choice of transversals. Given a second
choice of transversals {¥] : e € '}, edges e, f € T with r(f) = s(e), and h' € ¥}, we
write b’ = has(g) for some h € ¥ and g € G¢. Then (G2) gives

Us(e):h'SfS;U*(e),h’ = Us(e),hUs(e),af(g)SfS?U:(e%af(g)U:(e),h

= Uste) 55 Us(e),a7(9)Us(e),ag(0) St Uste)
- U8(6)7thS;U*(e)7h

S

We see that (G4) is satisfied for one choice of transversals exactly when it is satisfied for
all choices.

Given Remark 3.2, from now on we call a family of partial isometries and partial
unitaries as in Definition 3.1 a G-family. We can now define the graph of groups algebra.

Definition 3.3. Let G = (G,T") be a locally finite nonsingular graph of countable groups.
The graph of groups algebra C*(G) is the universal C*-algebra generated by a G-family,
in the sense that C*(G) is generated by a G-family {u,,s. : € ['’;e € T''} such that if
B is a C*-algebra, and if {U,,S. : z € T, e € T''} is a G-family in B, there is a unique
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s-homomorphism from C*(G) to B such that u, — U, and s, — S.. (We refer to [10] for
the existence and uniqueness of C*(G).)

Remark 3.4. We can use the regular representations of the fundamental transformation
groupoid F(G) x OWg as discussed in Section 2.4 to build a concrete G-family. Let v € T'°
and let & € vOWg. Put He = (2(F(G)¢) and for v € F(G) let d.¢ be the point-mass
function. We define a G-family in B(H¢) by, for each v € F(G), e € T'!, z € T? and
g € G, defining

S1eve  if ¥ € s(e)0Wg \ Z(1€)
Sedre =

0 otherwise,

J ifr(y) ==z
Uy o6 = 97§
978 {O otherwise.

We verify that this is indeed a G-family. First, it follows immediately from the above
formula for U, , that (G1) holds. Next note that

G5 = 0 if v&€ = leg’ for some & € s(e)0Wg \ Z(1e)
DT o if r(vy) # r(e), or v¢ € Z(1e).

It follows easily that S.S¥ is the projection onto Span{d.¢ : 7§ € Z(le)}. Observe that
U, is the projection onto span{d.¢ : 7(y) = x}, and hence S!S, = U, 1 — SzS%. Therefore
(G3) holds.

Next we note that Uy (e)a,(g)5e0¢ 7 0 if and only if 7§ € s(e)0Wg \ Z(1€), and in this
case,

Ur(e),ae(9)Se0re = Oac(g)ens = Oteac(g)e-

We also note that Us(e) az(g)0v¢ = Oaz(g)ye if and only if r(y) = s(e). Since az(g)v¢ € Z(1€)
if and only if 7§ € Z(1€), it follows that S.Us(e) az(g)0+¢ = 0 if and only if Uy(e).a.(g)Sedre =
0, and if nonzero, they are equal. Therefore (G2) holds. Finally, we see from the above
that (Ure)nSt)(Urie)nSy)* is the projection onto span{d,e : 7§ € Z(hf)}. Now (G4)
follows from this observation, together with (G3).

3.2. Relationship with directed graph C*-algebras. The main result of this section
is Theorem 3.6 below, which identifies a natural directed graph built from G-paths, and
whose associated directed graph C*-algebra sits faithfully inside C*(G). We also provide
a class of graphs of groups for which this directed graph C*-algebra is all of C*(G), use
this result to see that C*(G) recovers some previously-studied algebras, and discuss two
examples where C*(G) is strictly larger than the associated directed graph algebra. We
refer the reader to [37, Page 6] for the Cuntz—Krieger relations (CK1) and (CK2) for a
directed graph, and to [37, Proposition 1.21] for the notion of a directed graph C*-algebra.
We start with some notation.

Notation 3.5. Let {U,,S. : * € % e € I''} be a G-family. For each G-path u =
gi€1 - .. gne, we define

S,u = Ur(el)ylsﬁ te UT(en),gnSen'

Each S, is a partial isometry, because for each 1 < ¢ < n, the final projection of Uy, g, 5,
is a subprojection of the initial projection of Ui, )4, ,Se,_,, by (G4).
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Theorem 3.6. Let G = (I', G) be a locally finite nonsingular graph of countable groups.
Then

Eg = (Eg = Ql,Eé = gQ,’I"E,SE)

where sp : G — G' is given by sp(gieigaes) = goea and v : G2 — G is given by
re(gie192€2) = gie1, is a row-finite directed graph with no sources.

Now let {p, : v € EJ} and {t, : p € E}} be the Cuntz—Krieger Eg-family generating
C*(Eg). There is an embedding

¢ C"(Eg) — C7(G)
satisfying
P(py) = sus, and  G(t,) = sus3,
forallv € EY, i€ E}. Moreover, if G, = {1} for each e € T, then ¢ maps onto C*(G).

To prove the injectivity of ¢ we will use the gauge-invariant uniqueness theorem for
directed graph C*-algebras [37, Proposition 2.1]. To do this we need a gauge action on
C*(G), by which we mean a strongly continuous action by automorphisms of C*(G) of the
one-dimensional torus T = {z € C: |z| = 1}, regarded as a multiplicative locally compact
group. That there is such an action is a direct consequence of the universal definition of
C*(G). We state this result without proof as Proposition 3.7, as it is by now a standard
argument (see the proof of [37, Proposition 2.1], for instance).

Proposition 3.7. Let G = (G,T") be a locally finite nonsingular graph of countable groups
and {ug,s. : v € T% e € T'} be the universal G-family generating C*(G). There is a
strongly continuous action v : T — Aut C*(G) such that

YVo(ug) =u, and 7.(s.) = zs. forallz €T’ ecT! 2z€T.

Remark 3.8. Given a strongly continuous action o, of T by automorphisms of a C*-algebra
A there is an associated conditional expectation c;S A — A° where A is the algebra of
fixed-points of the action, defined by ¢(a fT 0.(a)dz. The key properties of ¢ are that

it is a positive norm-one linear 1demp0tent with range A% and that it is faithful, in that
if p(a*a) =0 then a = 0. See [14] for details.

Proof of Theorem 3.6. The directed graph Eg is row-finite because G is locally finite, and
has no sources because G is nonsingular.
We now claim that the elements

B, :=s,s, and T}, = s,5;, ),
for v € E}, p € Ej, satisfy relations (CK1) and (CK2) from [37, Page €]; that is, they

form a Cuntz—Krieger Eg-family in C*(G). For each p = gie1g2€2 € Ef an application of
(G4) shows that sy s, = s},5c,. It follows that

T,T, = SSE(“)S;S'“S:E(#) = Ssp(u)SeySe S:E(u) - SSE(M)S:E(N) = Psp(u);
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and so (CK1) holds. For each v = gie; € G we use (G4) to get

Z 1T, = Z SpSsp() 55 (1)S Z SuS), Z SySy | S5,
re(p)=v

re(p)=v v'€s(er)Gl
v'#ler

*
= 5,55 Se, Sy
= 5,5
= PI/7

v

and so (CK2) holds. By the universal property of C*(Eg), the claim holds and hence we
get a homomorphism ¢ : C*(Eg) — C*(G) satisfying ¢(p,) = s,s;; for each v € Eg, and
O(tu) = 5.5, for each pi € Eg.

To show that ¢ is an embedding, we use the gauge-invariant uniqueness theorem for
directed graph C*-algebras (see [37, Theorem 2.2]). We know from Proposition 3.7 that
there is a gauge action v of C*(G), and it satisfies 7.(P,) = P, for each v € EY, and
v.(T,) = 2T, for each p € E}. We have discussed a concrete G-family in Remark 3.4;
since in this family each projection S,S; is nonzero, it follows that each P, = s,s} is
nonzero. So we can apply the gauge-invariant uniqueness theorem to see that ¢ is an
embedding.

For the last assertion we assume each edge group G, is trivial, and we claim that each
se and each u, 4 is in the image of ¢. Let e € I'and g € Gr(e), and we observe that for
all edges f € T the transversal ¥, is just the vertex group G,(s). We then use (G4) to
get

Sge = SgeScSe = Z SgeShfShy = Z Tyens = ¢ Z Lgeny

T(f):S(e)zhEGs(e) T(f):S(e)zhEGs(e) T(f):S(e)’heGs(e)
hf#le hf#le hf#le

Taking g = 1 shows that each s, is in the image of ¢. For each z € I'Y and g € G, we use
(G3) and (G4) to get

Ug,g = Uz,g Z ShfShy Z S(gh)f Shy-

r(f)=z
heGy heGy

Since each s(gp)f, spy is in the image of ¢, it follows that w, g is in the image of ¢. The
claim holds, and hence ¢ is an isomorphism onto C*(G). O

Remark 3.9. From this point we identify C*(Eg) with the C*-subalgebra of C*(G) gener-
ated by {s,s; :v € G'}U {susi ) 1 1 € Eg}-

Remark 3.10. We can use Theorem 3.6 to see that our graph of groups C*-algebras recover
some known classes of C*-algebras.

(1) When all the vertex groups are trivial, and I" is a finite graph, the C*-algebra
C*(Eg), and hence by Theorem 3.6 the C*-algebra C*(G), is the Cuntz—Krieger
algebra associated to I' by Cornelissen, Lorscheid and Marcolli in [17].
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(2) Suppose that a group G is the free product of finitely many finite groups Gy, ..., G,.
Then G is naturally the fundamental group of a locally finite nonsingular graph
of groups with trivial edge groups, as follows. Let I' be the star graph with n + 1
vertices x, 1, ..., x,, and edge set {ey,...,e,, €1,...,6,} such that r(e;) = z; and
s(e;) = x for 1 < i < n. Let G, and all edge groups be trivial and let G,, = G;.
Then 7(G,x) = G. This construction is a special case of the graphs of groups
considered in, for example, [5]. The C*-algebra construction is a special case of
results of [40, 43, 35].

In order to describe further examples, we will need the following lemma.

Lemma 3.11. Let G be a nonsingular locally finite graph of countable groups, and let Eg
be the associated directed graph defined in the statement of Theorem 3.6. We have

C*(Eg) = span{s,s : p,v € G*, s(u) = s(v)}

and
C*(G) = span{s,ts(u) g5, : 1,V € G*, s(i) = s(v), g € Gy}

Proof. To prove the first assertion, first let u = ge € G'. Then

Sy = Up(e),gSe = Z Ur(e) gSeUr(f)hS S FUp(f)h = Z SuSsp(w) € C*(Eg).
r(f)=s(e), heS; veB)
hf#le sg(v)=ge

Now let ge, hf € G' with r(e) = r(f). By (G4) we have that sg.s} snrs;,; = 0 if ge # hf,
and hence also s;.spy = 0 if ge # hf. Then by (G4) again we have s7 sgcSny = Sny-
Iterating these identities proves that for u, v € G*,

Sy if v = p/ for some v/ € G*

. St if p = vy for some y' € G*
(3.1) 5,50 = 4 |, . _
sise it p=vand p=ps.

0 otherwise.

It follows that span{s,s} : p,v € G*, s(u) = s(v)} is a *-subalgebra of C*(Eg). Since the
generators of C*(Eg) are in {s,s} : u,v € G*, s(u) = s(v)}, the first assertion holds.

For the second assertion, we first use Equation (3.1) to see that for pq, o, 11,9 € G*,
91 € Gyu1), 92 € Gyup) We have

* : _ / / *
Sy Us (1), 915, Us(piz) g2 Sy 1E fl2 = Va1 for some piy € G
E3 * * : _ ! / *
81 Us(ur),91 50y SpaWs(p2).02 50, = Sy Us(yur) g1 S0 Us(u). 25y, 1 V1 = pipvy for some v] € G
0 otherwise.

By (G2) we have w6 Su, = SuyUs(uy),g for some py € G* and g7 € Gy Then

* _ *
Spr Ws(p1),91 Spaly Ws(p2),92 S = Spip Us(uh), g} g2 Sva

€ {sptsu g5, - 1,V € G", s(pu) = s(v), g € Gy}
A similar calculation shows that s, ws(u,).g S0, Us(us) 925y, 18 0 this set. It follows that
span{ s, ts(.)gSy : t v € G, s(u) = s(v), g € Gy} is a x-subalgebra of C*(G). Since the
generators of C*(G) are in {s,us ¢85 : 1,V € G*, s(u) = s(v), g € Gy}, the second
assertion holds. 0
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In the remainder of this section we describe two examples of graphs of groups G so that
C*(G) is strictly larger than the associated directed graph algebra C*(Eg). Example 3.12
is a loop of finite groups, and Example 3.13 is a loop of groups whose fundamental group
is a Baumslag—Solitar group. See Examples 2.3(2) above for the definition of a loop of
groups; we continue notation from this example.

Ezxample 3.12. Let n > 2 be an integer, and G the loop of groups

ZInZ ®ZLInZ =: G, e Ge :==7Z/nZ

where (1) = (1,0) and az(1) = (0,1). (Thus in 7(G) we have (1,0)e = e(0,1).) We let
Ye={(0,i): 0 <i<n}and ¥z ={(4,0): 0 <i<n}.

Define u := uy,10) € C*(G) and v := uy,01) € C*(G). Then by Lemma 3.11, C*(Eg)
is generated by the partial isometries {u'sz : 0 < i < n} U {v's. : 0 < i < n}. We
claim that C*(Eg) # C*(G). We prove this by showing that dist(v, C*(Eg)) = 1 (and a
similar proof works for u). For this we show that ||[v — ) ¢;s,,s; || > 1 for every finite
sum » | ¢;s,,s,, € C*(Eg), ¢; € C.

Note that since v is fixed by the gauge action of C*(G), it is fixed by the associated
conditional expectation on C*(G) (see Remark 3.8). Since s,s; is in the kernel of the
expectation whenever |u| # |v|, we may assume that |u;| = |v;| for all i. Now fix a finite
sum as above with |u;| = |y for all i. Let m be an even integer with m > |u;|, |v;| for
all i. We will use the fact that if 5 is a G-path with |3] < m, then sz = > {sgs,s’ : v €
G181 By is reduced}. To see this, note that (G4) implies that sz = > Aspunsysiuj,
hf # 1€}, where e is the sourcemost edge of 3. This proves the fact if m — || = 1, and
the general case follows by induction.

Now if |u| = |v| < m and s(u) = s(v), we have

5,8, = Z S156,55,56:55,5, = Z SuBSy5
B1,B2€s(u)Gm=1vl Bes(u)gm=Ivl
since sj 85, = 0 if 81 # Bo. (This follows since (G4) also implies that (usss)*(upsg) =0
if (h, f) # (B, f").) Applying this to all yx; and v;, we may assume that |u;| = |v;| = m
for all i.
Let £ € Z(((1,0)2(0,1)e)™2(0,0)e), He = (2(F(G)£), and U, V, S., Sz be the G-family
in B(H¢) defined in Remark 3.4. Since |[v — > ¢;su,s5 || > [|[V — > ¢SS, ||, it suffices

il

to estimate the difference with this G-family. Note that

(0,1) - (1,0)2(0, 1)e = (1,0)(0, 1)2(0, 1)e
= (1,0)e(1,0)(0, 1)e
= (1,0)e(0,1)(1,0)e
= (1,0)e(0,1)e(0,1).

Therefore (0,1)¢ € Z(((1,0)2(0,1)e)™?2(0,1)e). We also have

S* § = S if v, = ((1,0)e(0, 1)e)™/?
v %€ 0 if v; 7é ((1, O)E(O, 1)6)771/2’
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for some & € Z((0,0)e). Therefore

6er i v = ((1,0)€(0,1)e)™? and the sourcemost edge of p; is @
0 otherwise,

S5, 0 =

Hi~y;

for some &"” € Z(f1le), where 8 € G" with sourcemost edge not equal to €. In all cases we
have that (Vé, Sy, S;,.0¢) = 0 for all 4, and hence

V=3 es,Sil = (v - Zcszsi Vel > V|| = 1.

Example 3.13. Let m and n be positive integers, and G the loop of groups

where o, and ag send the generator of G, to a™ and a™, respectively. The fundamental
group of G is the Baumslag-Solitar group BS(m,n) = {(a,e | ea™e ! = a™). We choose
Ye={a":0<i<n}and 3z = {a":0<i<m}.

In C*(G), write u for u,,. The relation (G2) then becomes u"s. = s.u™. The directed
graph C*-algebra of Theorem 3.6 is generated by {u’s. : 0 <i < n}U{u'sg: 0 <i<m},
by Lemma 3.11. We show that C*(Eg) # C*(G).

First, consider the case that m # n, say for definiteness n > m. Let £ = a" 'e(a"™e)>
be in 0Xg. Then a& = (le)>*. We use the regular representation m¢ of C*(G) on He =
(2(F(G)E), described in Remark 3.4. Thus m¢(s.)0ye = O1ee if v§ € Z(1€), and is zero
otherwise, and m¢(u)dye = dyqe. We obtain a vector functional f € C*(G)* by f(b) =
(me(D)0g, me(u)de). Then f(u) = 1. We claim that C*(Eg) is contained in the kernel of
f, which will show that u ¢ C*(Eg). It follows from Lemma 3.11 that the set {s,s]
w, v € G* |ul,|v| > 1} spans a dense subset of C*(FEg). Thus it suffices to show that
f(sus;) =0 for all G-paths p and v.

We have that f(s,s;) = (me(s;)de, me(s),)me(u)de). We may describe s, and s, as
follows. Let w; = s, and w_y = sz. Then we may let s, = u"wg, ... uwg, and s, =
u'w,, ... ww,,, where f3;, ¢; € {+1,—1}, and 5, = 1 forces 0 < i, < m, f;, = —1 forces
0 <4y < n (and similarly for v). Now

* —ip * —1i1 * ﬂ-f (U)(Sf lf = ep
Wg(suu)ég = 7T§(U )Wg(wﬁp) e 7T§(U )Wf(w,&)(s(le)oo - {O otherwise.
o otherwise.

Similarly,

0 otherwise.

. S(gn-meyeo  if v =a""te(a"me)?!
me(s;)0¢ = { e

Since n > m = (0(1e)>, O(an-me)) = 0, we have f(s,s;) = 0 in all cases. The claim
follows.

If m =n > 1, then u™ is a central element of C*(G). It is easily seen that the directed
graph Ejg is strongly connected, and hence C*(Eg) has trivial centre. However it follows
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from considering the regular representations of Remark 3.4 that ™ is not a scalar multiple
of the identity. Thus again we have u & C*(Eg).

4. A C*-ALGEBRAIC BASS-SERRE THEOREM

The action of the fundamental group m (G, v) of a graph of groups G on the boundary
v0Xg of the Bass—Serre tree Xg , induces a full crossed product C*-algebra, in the sense
of Section 2.5.3. We denote this action by 7. In this section we prove our main theorem,
which says that the graph of groups C*-algebra C*(G) is stably isomorphic to the crossed
product C'(v0Xg)x,m (G, v). Before stating the theorem, we remind the reader that much
of the notation appearing below is defined in Notation 2.9 and 2.11. We do introduce some
more notation here: for every x,y € I'” we denote by 6, , the rank-one operator on ¢*(I"°)
given by 0, ,(f) = (f, 0,)0, where d,, §, are point-mass functions. We denote the compact
operators on ¢*(I') by IC(¢*(T")), and we note that K(¢*(I'°)) = span{f,, : =,y € I'°}.
We denote the universal covariant representation of (C(v0Xg), m(G,v),7) by (ia,ir).
For a G-path i € G* we denote by xz(, the function that is 1 on Z(;) and is 0 on the
complement Z(u)°.

Theorem 4.1. Let G = (I, G) be a locally finite nonsingular graph of countable groups.
There is an isomorphism

D : C*(G) = K((I'Y) ® (C(vdXg) . m1(G,v)),
satisfying ®(uy y) = 02 ® ix(c(g)) for each x €T°, g € G, and

B(s,) = 4 Irers©) @ ialxzurone)in(£(e)) i g #2
Or(e).5(e) @ ia(Xz(pr(e))) if g =e
for each e € T,

The proof follows a standard approach—we use universal properties to construct mu-
tually inverse homomorphisms between C*(G) and K(£*(I'?)) @ (C(v0Xg) %, m1(G,v))—
although it is long and heavy on calculations. We start by proving the existence of ¢ by
building a G-family in K(¢*(I')) ® (C(vdXg) %, (G, v)), in Proposition 4.2. Next, in
Proposition 4.6, we construct a homomorphism ¥ : K(¢*(I'°)) @ (C(v0Xg) x, (G, v)) —
C*(G). We show in Lemma 4.8 that U is surjective, and then complete the proof of
Theorem 4.1 by proving that ® o ¥ = id.

Proposition 4.2. Let G = (I, G) be a locally finite nonsingular graph of countable groups.
For each x € T° and g € G, define

Usy = bep ®ir((g)),
and for each e € T'! define

o . )0 ®ialzureme)in(e(e) o g #©
Or(e).5(0) ® ia(Xz(wr(e)) if g =e
Then the collection {U,, S, : x € I, e € T'} is a G-family in K((*(I'°)) @ (C(v0Xg) X,
7T1(g, U)) .

We start the proof of this Proposition by explicitly calculating the initial and final
projections of each S.. (Since S, is the tensor product of two partial isometries; it is clear
that it is also a partial isometry.)



C*"-ALGEBRAS ASSOCIATED TO GRAPHS OF GROUPS 27
Lemma 4.3. Let e € "', and let S, be defined as in Proposition 4.2. Then

S*S = 05(6)78(6) ® ZA(XZ([zus(e)]lE)C) Zfe Q/ T or <£ =c
Os(e),se) ® 1A(X2Z([v,s(e)]) ife € T' and £ £ e,

g gt ) Ot ®ialXz(rtene) e T', orecT' and ¢ #%
HT(e),r(e) ® iA(XZ([v,r(e)})C) zf (g =e.

Proof. First suppose that e & T". We have Se = 0,(¢) s(e) ® 1a(Xz([v.r(e)1e))in((€)). Thus

S;Se = es(e),s(e) & iﬂ(g(e))*iA(XZ([v,r(e)]le))iﬂ<5(e))
= Os(e),5(e) ® 14(Te(@ (X Z(fo,r(e))1e)))
= O5(c),5e) ® ta(Xe(@) 2 (v, (e)]1¢))-

Moreover, Lemma 2.21(4) implies

e@Z([v,r(e)]te) = Z([v, s(e)]1e)",

so that S¥S. is as required. It is easy to see that in this case,

SeS; = Or(e)r(e) @ 14X 2 ([o,r(e)]1e))-
Now suppose that e € T' and £ # € Then [v,s(e)] = [v,r(e)]le, and £(e) is trivial.
Then we have
SeSe = bs(e)se) ® ta(Xz((wr(e)]1e)) = Os(e),s(e) ® La(XZ(w,s(e))))
and
SeSe = Or(e)r(e) @ 1a(X2(loir()]1e))-
Finally, suppose that £ =€ Then S. = O,(¢),5(e) @ 1a(XZ(w,r(e))))- The verification of

the lemma in this case is similar to the previous case. 0

Proof of Proposition 4.2. For z,y € T° with x # y we have U, 1U,; = 0 since 6, .0, , = 0,
o (G1) holds.
Next, note that for v € m(G,v) and p € vG*, since To(1)(Xz(u)) = Xe(1)2(n)> COVariance
gives
ir(e(7))ia(Xz(w) = ta(Te) (X2(0))ix (€(7)) = ta(Xetn () )ix (€(7))-
Now, for (G2) we first fix e € I'! with g #eand g € Ge. We have

Ur(e),ae(g)se = t9r(e),s( ®Zﬂ<5<ae(9>>)iA(XZ([v r(e)]le))' (e(e))

= Or(e)s(e) ® 1a(Xe(ae(g) z(r(e)1e) Jin (€(e(g)€))

= 0r(e),se) ® ia(Xz(p, r(e)}ae@)e) (e(eaz(g)))  (by Lemma 2.21(1) and (2.6))
(Xz(r(e)1e))ix(2(€))in(e(az(g)))

If ¢ =, the same calculation, but without the final factor ix(c(e)), gives the result.

Lemma 4.3 implies (G3) directly. We need a number of cases to check (G4). First
consider the case that e € I'" with s(e) = v. In this case, it is not possible that e € T
and £ # €. Thus by Lemma 4.3 we have that

S*S = Qs(e ),s( ® ZA(XZ(le) ) and S S* = 0 ® ZA(XZ(le))
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We can use the covariance of (i4,1,) and Lemma 2.21 to see that for each h € ¥z we have
Us(e) 1S5Sz U ey = Os(e),s(e) @ 1a(Xz(he))-

For edges f so that r(f) = s(e) and f =+ €, we have
Us@)mSSUs ey = Os(e)ste) @ 1a(Xz(np)),

for each h € Xf. Since

Z(ler = |J 2,
r(f)=s(e),heXy
hf#le

it follows that (G4) holds in this case.
For edges e with s(e) # v we have three cases, two of which may be treated together.
If either e € T or e € T" with £ = € then we have
S:Se = Oy(e),s(e) @ 1a(X2Z([w,s(e)19)¢)-

If we denote by fy the unique edge in T such that r(fy) = s(e) and @ = fo, then

{hf:r(f)=s(e), h € Xf, hf # le}
={hfo:h€Xpt U{hf :r(f)=s(e), [ # fo, h € Xy, hf # 1€}
Since @ = fy and fy € T", Lemma 4.3 gives

S10SFs = bste),ste) @ 1a(Xz(,s(e)))e)-
Lemma 2.21(2) now gives
Us(e)nS 1057, Useyn = Os(e),ste) ® ta(Xe(my z([w,s(e)e) = Os(e),s(e) @ ta(Xz((ws()nfo))s
for each h € Xy,. For f # fo with r(f) = s(e), we have
SfS]t = 98(6),8(6) ® iA(XZ([v,s(e)]lf))a

and so
Use)nS157Us(eyn = Os(e),s(e) @ ialXz(w,s(0)n)
for each h € Xf. Since
Z([v,s(e)]1e)” = Z([v, s(e)])* U U Z([v,s(e)hf),

r(f)=s(e),heXy
hf;é1€7 1f0

it follows that (G4) holds in these cases.
The final case is when e € T' with £ 7# € Then [v,r(e)]le = [v, s(e)] and

S7Se = Os(e).s( ®2A(XZ([v s(e)]))-
The edge € is the unique edge with range s(e) and S— = e. We have
{hf:r(f)=s(e), he Xy, hf # 1€}
={he:he Xz h# 1} U{hf :r(f)=s(e), f#¢€ he Xy, hf # 1e}.
From Lemma 4.3 we get

SeSz = Os(e),5(e) @ 1a(XzZ(w,s(e))e):
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and hence Lemma 2.21(2) gives

Us(e)nSeSzUsieyn = Os(e),ste) @ 1a(Xemyz(o,s(e))e) = Os(e),ste) @ 1a(Xe z([o,s(e)h)):
for each 1 # h € X¢. For r(f) = s(e), f # €, and h € ¥y, we have

Use)1nS1S5Us ey n = Os(e),s(e) @ ta(Xem) z(wir(0115)) = Oste),se) @ ta(Xz(wir(nns))-

Since

Zpse)= U Zs@u | Zes@hh)
h€Xz, h#1 r(f)=s(e), heXy
f#e
it follows that (G4) holds in this case. This completes the proof of Proposition 4.2. [

To prove that ® is an isomorphism, we construct in Proposition 4.6 a homomorphism
¥ from K(2(I°) @ (C(vdXg) - m(G,v)) to C*(G), which we will prove is the inverse
of ®. Before doing this we give a technical lemma.

Lemma 4.4. Let X be a locally finite nonsingular tree, and let v € X°. Then C(v0X)
is the universal C*-algebra generated by a family {p, : p € vX*} subject to the following
relations:

(1) the p, are commuting projections; and

(2) for all p € vX* we have p, = Z Puf-

r(f)=s(u)
wf reduced

Proof. Let A denote the universal C*-algebra in the statement. We first observe that the
characteristic functions {xz( : 4 € vX*} satisfy the relations in the statement. Thus
there is a *-homomorphism A — C(v0X) such that p, — xz(. Let V be the complex
vector space with basis vX*. Let {w, : p € vX*} be the basis elements. Define a linear
map L : V — C(v0X) by L(w,) = xz(- Then the range of L is a dense *-subalgebra in
C(v0X). Let

E={w, - Z{w“f  f€s(u)X', pfis reduced} : p € vX*}

and let M = span E. Then M is contained in the kernel of L. We claim that in fact,
M = ker L. For the proof, let z = Z#GUX* c,w, € ker L, where only finitely many c,, are
nonzero. Let n = max{|u|: ¢, # 0}. Let p € vX* with |p| < n. Then we have

Z w,r + (w Z wuf)€< Z wuf>—|—M.

fes(ux?! fes(u)Xx?t fes(u)Xx?!
wf reduced wf reduced pf reduced

Applying this inductively, we find that for a path p with |u| < n, we have that

wue< Z w5>+M.

pepnX*
1B]=n

Then we have

z:;cuwue<Zc#Zw5)+M:<Z< Z CN>Wg>+M

n o BepX* BevXn  {uBeuX*}
|Bl=n
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In particular, since L(z) = 0, we have that
(X a)ue=o
pevXn  {upepuX*}

Since the sets Z(3) for € v.X™ are pairwise disjoint, it follows that for each § € v X" we
have (uBepx+} Cn = 0. Now the previous calculation shows that z € M, finishing the
proof that M = ker L.

It follows now that L descends to a (linear) isomorphism

Lo : V/M — span{xz) : p € vX*}.

By the universal property of V, there is a linear map K : V/M — A defined by K(w, +
M) = p,. Then K o Ly : span{xzq : 4 € vX*} — A is a linear map. It is a *-
homomorphism since these characteristic functions have the same multiplication relations
as the corresponding generators of A. Since span{xz,) : 4 € vX*} is an increasing union
of finite dimensional C*-algebras, this extends to a *-homomorphism of C(v0X) onto A,
inverse to the canonical map of A onto C'(v0X). O

For the remainder of the proof of Theorem 4.1, we use the following notation.
Notation 4.5. Let {U,,S. : x € I e € "'} be a G-family. For each e € T'' we define
T, :=S. + 5.
For each G-path u = gie; ... gne, we define
Ty = Urenyg Lo - Uren)gn Ten

and we let T, = U, for each x € T". Each T}, is also a partial isometry, and we have
15T, = Uy, and T, T = Up,1- For the universal G-family {u,,s. : = € Ieell},
each . and ¢, is defined analogously.

Proposition 4.6. Let G = (I, G) be a locally finite nonsingular graph of countable groups.
Then there is a homomorphism

U K(A(T0) @ (C(vdXg) X, m(G,v)) — C*(G)
satisfying

V(b ®
W (0y,0 @ 1a(X2(0))
U(Oy0 @ ix(e(g, )
U (0yy @ ix(e(e))

for each z,y € T°, p € vG*, g € G, and e € T'.

:ch]a

SuS s
tvmumg [z,v] and
Llor(

1)
)
)
) r(e)bel[s(e)v]s

We will use the following lemma in the proof of this result.
Lemma 4.7. Let e, f € I with s(f) =r(e), g € X, h € Xy and p € r(e)G*.

(1) If ge # 1f, then ur(f) Wl fUr(e),gSe = Un(f),hSfUr(e) gSe-

(2) trss = ur(p)a N1 — 8457

3) If n = gey for some p' and ge # 1f, then trszs, = s
fofou H
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Proof. For (1), we note that since ge # 1f, it follows from (G4) that (u(e) gS¢) (Ur(e) gSe)* <
s}sy, and hence is orthogonal to 7S Part (1) now follows from the fact that ty = s f—{—s%

For (2), we use that sys7 = 0 to get

tpsg=(sy + s})sf = S?S? = Up(f),1 — SfS}
For (3), first note that ge # 1f implies that s;s} and s,s}, are orthogonal. We can then
use (2) to get trs7s, = (Ur(r)1 — 5£57)Su = Sy O

Proof of Proposition 4.6. Straightforward calculations show that {t,, : 2,y € I’} is a
family of matrix units in C*(G); we check the case when [z,y] = lej...1ley, ... lep ik
and [y,z] = 1&mk... 18my1lf1...1f,, where e, # fi. Then observe that [z, 2]
ley...le,1f1...1f,, and we have

t[m,y]t[y,z] == tlel...
- tlel...
== t161...

= tlel...

Lem lemit . lemsnt1Emp.. emt1f1. 1 n
t ty t

lem lemt1--lemyk lemt1...lemyk 1f1..1fn

Lem Us(em) 101f1 . 110

lem1fi...1fn

= t[%z].

We denote by jk : K(¢2(I'?)) — C*(G) the homomorphism satisfying jx(6s4) =tz

We now want to build a covariant representation of (C(v0Xg),m(G,v),7) in C*(G),
which gives us a homomorphism j4 X j, : C(v0Xg) X, m(G,v) — C*(G) whose range
commutes with the range of jx. We do this by first building a covariant representation in
the corner u, 1C*(G)uy 1.

We claim that {susz : 1 € vG*} is a collection of projections satisfying the hypotheses
of Lemma 4.4. To see this, first note that it is observed in Notation 3.5 that the s, are
partial isometries, and hence that the s,s7 are projections. We next check Lemma 4.4(2).
For each p = gie; ... gnen, € vG* we use (G4) to get

* * * * *
81y = Un,gy Sey - - Un g, Sen S, U g+ -+ Sy Uy o0
o * * ok * %
= Up,g, Sey - - - Un,g, Se, (55 sen)senu%gn o SE Uy o
_ x, % x % R
= Uy g, Sey - - - Up,g, Sen E Us(en)hSFSfUs(en)h | SenWorgn -+ SerUi.g1
r(f)=s(en), h€Xy
hf#len

S *

r(f)=s(en), heXy
hf#1en

Note that it follows from this, and induction, that if ;1 and v are comparable, say if v = uv/,
then s,s; < s,s;, and hence s,s;, and s,s;, commute. On the other hand, if x and v are
not comparable, then we may write u = ngey’ and v = nhfv' with ge # hf. Then by
(G4)’
S50 = 8, (Ur(1) 0 1) SpSnttr(e) gSeSuw = 8y (Ur(p)nS5)" (Ur(e).g5e) s = 0,

and hence s, s;s,s;, = 0, and again 5,5, and s, s, commute. Thus the claim holds, and we
can apply Lemma 4.4 to get a homomorphism ja, : C(v0Xg) — u,1C*(G)u, ;1 satisfying
Jaw(Xz() = susy, for all p € vG*.
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For each x € IV, g € G, and e € I'' we now define
Ug,g = o) U, gtz 0] and U, = tiwr(e)telise) v]-
Note that @, , and . are elements of the corner u,;C*(G)u,;. Straightforward calcula-
tions show that:
(1) ﬂm gﬂxh = Uy gn, for all z € T? and g, h € G;
(2) u 1foradlﬂUGGOemdgEGw7
(3) u: ue = ueu = 1,1, for all e € T'!;
(4) iz =, for all e € T'!;
(5) Ge = Uy, for all e € T1 and
(6) Tr(e)ae(g)le = Uelis(e)an(g), for all e € T and g € G..
For example, to see that (6) holds, first note that (G2) gives

Up(e).ac(g)te = Un(e)ac(g) (Se + 52) = Un(e).ac(g)Se + (S2Us(@),ac(g1))"
= Sellr(e)az(g) T (Ur(@) az(g1)52)"

Then

Ur(e),ae(g)Ue = to,r(e)]Ur(e),ae(9)tr(e) o] fv.r(e) et s(e) o]
= (o)) Ur(e) o (9)tel [s(e) 0]

= to.r(e))tels(e).ae(g)[s(e) 0]

= lw.r(e)bel[s(e). 0]t v.s(e)] Us(e).an(g) L s(e) 0]
= Uels(e),az(g)

which is (6). It follows from (1)—(6) that the @, , and . define a unitary representation
of m(G,v) in u,1C*(G)u,1. We denote this unitary representation by jr ,.

We now claim that (ja,,, jrv) is a covariant representation of (C'(v0Xg),m(G,v),7) in
the corner u, 1C*(G)u, 1. It suffices to prove that

(4.1) Jrw(E(@, 9))Jaw(Xz()ro(E(@, 9))" = Jau(Te@g) (Xz())
forallz €'Y, g € G, and p € vG*, and
(4.2) Jrw (5(6))jA,v(XZ(M))jw,v(5(€>>* = JAw (T5(5)<XZ(M)>>

for all e € I'' and p € vG*. For this, we use Lemmas 2.20 and 4.7. Notice that the first
three parts of Lemma 2.20, and the three parts of Lemma 4.7, correspond to each other,
one treating the action of F(G) on Wy and the other treating calculations in C*(G)
involving the elements t., u,, and s.. We note that

Jrw(E(@, 9)Jaw(X2(u))dr0(E(T, 9))" = tpou)Ua,glz0) S (Lo, Us,gl(s,0) )
and
Ja0(Te(z0) (X2(w)) = a0 (X[p,algle.0)2())-
Let [v, z|g[x,v] = hifi ... hofn and p = gi€1 ... gmem. Then we must compare
Ur(fr)ha b Ur(f) b f Ur(er)gaSen -+« + Ur(em).gm Sem
(U bty - Un(f) b Ur(er),gr Ser - - Un(em) g Sem)
with

jAv'U(Xhlfl--~hnfnZ(glel--~gmem))'
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The result of applying Lemma 2.20 to h,, f,,Z (i) is to obtain either Z(u1), or the comple-
ment r(u1)OWg \ Z(11), where p; is a G-path. The result of applying Lemma 4.7 to the
element uy(f,) n,t s, Su(Ur(fo)hat s, 50)" 15 to obtain either s, 8} , Or Up,).1 — Sy, 5}, , Where vy
is a G-path. The parallel structures of these two lemmas ensures that uy = 14, and that
either both result in the difference, or neither results in the difference. We may repeat
this with Ay, fn—1Z(p1) or hy—1 foo1(r(p)OWg \ Z(11)), and with

uT(fn—l):hn—ltfn—l 8#1 s;.;l (ur(fn—l)vhn—ltfn—l )*
or

Ur(f 1)1t fo (Ur(un) = Sua S (Ur(f 1) hn 1t 1)

and so on. After n iterations, we have established (4.1). An analogous argument estab-
lishes (4.2). Hence (ja, jr) is & covariant representation of (C(v0Xg), m(G,v), ) in the
corner U, 1C*(G)u, 1.
We may now define homomorphisms® j4 : C(vdXg) — M(C*(G)) and j, : m(G,v) —
UM(C*(G)) by
]A(f) = Z t[x,v]jA,U(f)t[v,:L‘]
zel?
and
jW(’V) = Z t[:v,v}jW,v('V)t[v,wb
zel?

where f € C(v0Xg) and v € m(G,v). The sums we consider (here, and after) converge
in the strict topology of M(C*(G)), since the [, ,) are matrix units. We have

]A(]-) - Z t[z,v]jA,v(l)t[v,:L‘] = Z Ug1 = 1M(C’*(g))>

zel0 zel®

S0 ja is nondegenerate. For each f € C'(v0Xg) and v € m1(G,v) we have

]w('Y)]A(f)]w('Y)* = Z t[m,v]jw,v(’ij,v(f)jw,v(’7>*t[v,m]

zel0

=" toi (7 () o)

= ]A(T'y(f))

So (ja,jr) is a covariant representation.

The universal property thus gives a homomorphism j4 X j. from C(v0Xg) %, m(G,v)
to M(C*(G)). Since for all z,y € T'° we have ja(f)tpy = twuiae([tpy = tupyia(f),
and similarly jr (V)¢ = teyd=(7), it follows that the range of j4 x j, commutes with
the range of jrx. We thus get the desired homomorphism ¥ := jx ® (ja X j,) from
K(*(I) @ (C(vdXg) %, m(G,v)) to C*(G). O

Lemma 4.8. The homomorphism ¥ : K(£2(I?)) ® (C(v0Xg) %, m1(G,v)) = C*(G) from

Proposition 4.6 is surjective.

'Here, M(C*(G)) denotes the multiplier algebra of C*(G). Recall that that the multiplier algebra
M(A) of a C*-algebra A is the largest unital C*-algebra that contains A as an essential ideal. See [34]
for more details.
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Proof. Tt suffices to show that each u, , and s, lie in the image. For z € T and g € G,
we have

Ug g = t[x,v] (t[v@}ua:,gt[x,v})t[v,x] = le(‘gac,v)jw,v(5(9))jK<0v,m) - jIC(Qw,ft}).jﬂ(g(g))le(ev,x)a

so each u, 4 is in the image of W.
For e € T'! we claim that

5 — {le(gr(e),s(e) )jA(XZ([v,r(e)]le) )]7r (5(6)) 1

’—h

7&

<\>I

I Or(e),s(e)Ja(X 2w, (e))e) lf

First suppose that ¢ # €, so that [v,7(e)]le is a reduced G-path. Using the description
of the maps defined in Proposition 4.6, we compute

Tk (re),s))Ta(X 2 ([o.r(e)1e) ) I (E(€))

= t[r(e ),s( ( Z t[a: U]]A 'U(XZ([’U r(e)]le t[v x]) < Z t[x v].]7r v t[v a:])

QTGFO CEEFO
= tr(e),5(e)] (Ls(e),0] S[o,r(e)]) SeSeS (e tvss(e)]) (Lls(e) 1t v () Eel s(e) o] v, s(e)])
= (tpr(e),0)S[w,r(e)] Se) (r(e) 0] Slo,r(e)) Se) te-

Write [v,7(e)]r = fi ... fx. Repeated applications of Lemma 4.7(3) gives
Lir(e) 0] S[o,r(e)] Se = tﬁ' . -tfjthshsfz c . S8fSe = tﬁ' . .tgsfg c S Se = = Se.
Consequently, we have
Ik (Or(e),s(e))Ta(X 2w (e)1e) ) In(€(€)) = Sesite = se

and so in this case s, is in the image of .
We now consider the case where £ =€ soin particular @ # e. Since e € T, it

follows that £(2) = 1. The preceding calculations give
sz = Jk(Ose),r(e)) Ja(X2(w,s(e)12)) = Jic(Os(e)r(e))Ta(XZ([wr(e)))s
so that
se = te — se = Jx(Os(e)r(e) — J(Os(e)rie)Ja(Xz(wirie) = Jxc(Oste),r(e))Fa(Xz(w () )-
Hence, sc = jic(Or(e),s(e))Ja(X2(ju.r(e)))e); and so VU is surjective. O
We need one more result.

Lemma 4.9. Let {U,, S, :x €% ¢ce Fl} be the G-family from Proposition 4.2.

(1) For each e € 'Y we have T, = 0, 5(e) @ ix(e(€)). In particular, for e € T* we have
= 0r(e),s) @ 1.

(2) For each m y € I we have Tjyy) = 0, ® 1.

(8) For each p = gie1 ... gne, € vVG* we have

SM = ev,s(en) ® ZA(XZ(M))ZW([L[S(/‘O? U])
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Proof. For (1), first suppose that e ¢ T". Then e(e)Z([v, s(e)]1e) = Z([v,r(e)]le)¢, by
Lemma 2.21(4). Now covariance of (i4,4,) and the previous identity gives

=S+ 52
(ZA (XZ(r(e)1e) )in (€ (6))+iw(6(5))*1A(Xz<[v,r(e>11a)>
(zA Xa(r(o1e))in(E(6)) + in(£(0))ia(Xatuaen)

ta(Xz(wr(e)1e) i (e(€)) + Z'A(XZ([v,r(eme)c)iw(é?(e)))
= 0r(c),5(0) ® Zw( (€))-
Now suppose that e € T'. Then either £ =¢€ and SE) # e, or £ # ¢ and @ = e.
Suppose £ % €. Then

= Se+ 55 = Op(e)(0) ® (iA(quU,r(e)]le)) + iA(ch[v,r@)Dc))

= Or(e),se) @ <iA(Xz<[v,s<e>}>) + iA(XZ([v,s(emc))
= Or(e),se) ® 1.
A similar calculation gives T, = 0,()s) ® 1 in the case &= €.
For (2), if z,y € T? and [z,y] = le; ... le,, then
Tioy) = Ui Te, - Upge)aTe,
=(0,,® 1)(9%3(61) ®1)... (er(en),y ®1)
—0,,®1
So (2) holds.

We prove (3) by induction on the length of p. First consider u = ge € vG'. Then
£ =wvand [v,r(e)] = v. Covariance of (i, ir) gives ix(g9)ia(Xz(1e) = 1a(Xz(ge))in(9),
and hence

w = UpgSe = 0, 5e) @ ix(9)ia(X2z(10))ix(c(€))
= bus(e) © ta(Xz(ge) Jin (92(€))
= Oy.5(e) @ 1a(X2(ge))ix(ge[s(€), V]),
which is (3) for the path ge in this case.

Now suppose (3) holds for u = gie1...gn 16,1, and let gne, € s(u)G' with g,e, #

le,,—7. First suppose that Cn # €,. Then
Spgnen = OuUv,g,5e,

= Ov.s(en) ® ta(Xz(n) )ix (15 (1), 0])im (€(9n)ia (X 2(wr(en)iten) Jin (£(€n))
The product of p[s(u),v] and &(g,) in m(G,v) is

pls(p), v]le(gn) = pls(p), v1[v, s(@)lgnls(n), v} = pgnls(u), ).
We now have

pgnls(p),v1Z([v, r(en)]len) = Z(pgnen)
and

pgnls(1), vle(en) = pgnenls(en), vl.
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We use covariance of (i4,i,) and these identities to get
S;Lgnen - ev,s(en) ® iA(XZ(;L))iA<XZ(ugnen))iﬁ(Mgnen[S(en)7 U])
= Ou,5(cn) ® 14(XZ(ugnen) )in (1gnen(s(en), v]),

which is (3) for the path pgpe, in this case.
Now suppose Cn = Cn. Then [s(u),v] = [r(en), v] has e, as its rangemost edge. Hence

,Ugn[s(:u)v U]Z([U> r<€n)])c = Z(,Ugnen)7
by Lemma 2.20(3). So

(X2 Vix (1gnls(12), v])ia(X (o (e)))e)
= Ou,s(en) @ 1A(X2())1A(X Z(pgnen))Tx (1gn[s (1), V])
= Ou,s(en) @ 1A(XZ(ugnen))ix (gn[s(11), v])
= Ou,5(en) @ 14X Z(ugnen) )in (Gnen[s(en), v]),

S,ugnen = Us(e ) ® 'LA

which is (3) for the path pg,e, in this case. This completes the proof of (3) for all
e vG*. O

We can now finish the proof of our main theorem.

Proof of Theorem 4.1. We proved in Proposition 4.2 that the collections of
Ux,g = eaﬁ,w ® Zﬂ(g(g))

and

N
ol

ol

¢ . JOrerse) @ ialXz(uatene )in(e(e)) if £
Or(e),s(e) @ La(X2Z([o,re)e) if g =

are a G-family in K(£*(I')) ® (C(v0Xg) x, m(G,v)). The universal property of C*(G)
now gives a homomorphism ® : C*(G) — K(*(I'?)) ® (C(9(Xg,,) - m(G,v)) satisfying
P(uyy) = Uy y and P(s.) = S, for all z € I, g € G, and e € I''. We claim that @ is an
isomorphism, with inverse ¥ as given in Proposition 4.6.

We proved in Lemma 4.8 that U is surjective. Thus it suffices to prove that ® o ¥ = id,
and for this it suffices to prove that ® o W is the identity on the following elements: 0, ,®1
for all z,y € T 0,, ®ia(xz(w) for all p € vG*; 0, Vir(e(g)) for all z € I, g € G,; and
0y @ ir(e(e)) for all e € T, For this, we use the identities in Lemma 4.9.

Fix z,y € T° Then we know from Lemma 4.9(2) that

OV, 1)) = q)(t[x,y]) =Ty = 0py ® 1.
Next, fix 1 € vG*. Then we know from Lemma 4.9(3) that

C(W(0u0 @ia(xzm))) = P(sus7,)
= 5,5}

= O @ ia(Xz0))ix(115(10), v]) (14 (X 200 )ir (15 (1), )"
= 0u0 ®1a(Xz())-
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Now fix e € T'!. Then we know from Lemma 4.9(1) and (2) that
(Y (0n, @ix(e(e)))) = Thor@Ure1 TeTls(e), Vo
= (Our(e) © 1)(0r(e),s() @ ix((€))) (Bs(e)0 © 1)
=0,, ®ir(c(e)).
Finally, fix z € T and ¢ € G,. Then we know from Lemma 4.9(2) that
(¥ (0u0 @ ix(2(9)))) = Thoa)Uzg o) Unt = o @ i(2(9))-

Hence ® o ¥ = id, and ® is an isomorphism with inverse W. 0

Remark 4.10. Recall from Section 2.4 that the fibred product groupoid F(G) x Wy is
a Hausdorft étale groupoid, with unit space 0Wy. It is easily seen that vOWg = v0Xg
is a compact-open transversal in the sense of [33, Example 2.7]. By [33, Theorem 2.8],
it follows that the semidirect product groupoid m(G,v) x v0Xg and F(G) x OWg are
equivalent groupoids, and hence have stably isomorphic C*-algebras.

5. ON THE ACTION 71(G,v) ~ v0Xg

In this section we examine properties of the action of the fundamental group m (G, v)
on the boundary v0Xg. In Section 5.1 we characterise when the action is minimal,
and in Section 5.2 we give a sufficient condition under which it is locally contractive.
Characterising topological freeness turns out to be a harder problem, and in Section 5.3 we
discuss some specific examples. We finish in Section 5.4 with a short word on amenability
of the action. Recall that we assume all our graphs of groups have countable vertex
groups, and hence the fundamental group is countable (and will be equipped with the
discrete topology).

5.1. Minimality. Recall that the action of a discrete group A on a locally compact
Hausdorff space Y is minimal if every orbit of points of Y is dense in Y. A Hausdorff
étale groupoid G is minimal if every orbit in G° is dense in G°. We typically check
minimality by considering an arbitrary open set U C Y and point y € Y, and proving
that there is A € A such that \y € U.

In this section, we will first give a condition on the boundary Wy which is equivalent
to minimality of the action of m1(G, v) on v0Xg. Then we will give an explicit, checkable
condition on G which is equivalent to the negation of the first condition. We begin with
some definitions.

Definition 5.1. Let 1, ..., i be reduced G-words so that s(u;) = (1) for 1 <i < k.
We say that the concatenation py ... ux has no cancellation if after reduction, the length
of py ... pug is Ele |pt;]. In other words, the process of putting g . . . g into reduced form
does not result in any instance of the form ele for an edge e € I'!.

Definition 5.2. Let e € I'! and &€ € OWg, with € = hy fihofy.... We say that e lies on £
if e = f; for some .

Definition 5.3. Let e, f € I'. We say that f can flow to e if f lies on £ for some
¢ € Z(le), and f is not the rangemost edge of £. We say that & € OWg can flow to e € T
if f can flow to e for some f that lies on &.

The following lemma describes the situation of Definition 5.3 more precisely. The proof
is elementary, and is omitted.
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Lemma 5.4. Let e, f € T'Y. Then f can flow to e if and only if at least one of the
following conditions holds:

(1) there is a reduced G-word v with r(v) = s(e), s(v) = r(f), |v| > 1, and such that
levlf has no cancellation;
(2) s(e) =r(f) and [ # € or

(3) s(e) =r(f), f =€ and oz is not surjective.

We recall from Remark 4.10 that m(G,v) X v0Xg and F(G) x 0Wg are equivalent
groupoids. It follows that either both are minimal or neither is minimal. Thus both
groupoids are used in the statement of the next theorem, as the second will be used in
the course of the proof.

Theorem 5.5. The action of m1(G,v) on v0Xg is minimal if and only if £ can flow to e
for every £ € OWg and e € T .

Proof. We start with the “if” direction. Suppose p = gie1...g,6, € vG* and & =
hyfihafa- - € vOXg with & € Z(p). We need to find v € m(G,v) with v§ € Z(p).
In the case that e, = f; for some ¢, the fundamental group element

v =ge1 .. gneal fil; .. by fiby!

satisfies Y& = phit1fiv1 - € Z(u).

Now suppose e, does not lie on £&. We know by assumption that there is some f;
that can flow to e,. If Lemma 5.4(1) holds, then there is some reduced G-word v with
r(v) = s(en), s(v) =r(fi), |v| > 1, and such that le,vf; has no cancellation. Then

v = pvhi fior o byt byt
satisfies 7§ = pv fihii1fiv1 -+ € Z(p). If Lemma 5.4(2) holds, then

v=ph iy hy by

satisfies v¢ = pulfihip1fiv1--- € Z(p). If Lemma 5.4(3) holds, then we choose nontrivial
h € ¥y, Then

Y= ﬂhh;lfl;l Ce hglflhfl
satisfies v§ = phephip1 fizr- -+ € Z(w).

For the “only if” direction we suppose that & = hyfihaofy--- € OWg and e € Tt
have the property that e does not lie on &, and no f; flows to e € I''. We claim that
F(G)-£nZ(1e) = (), and hence that the action is not minimal. Suppose for contradiction
that F(G)-£NZ(1le) # 0, and v € F(G) with v§ € Z(1e). We know that, after reduction,
~v€ has the form £ f;h; 11 fir1 ... for some reduced G-word S and some i. We claim that the
length of 3 is at least one. For if not, then v¢ € Z(1e) forces e to lie on &, contradicting
our assumption. So |#| > 1, and hence § = lefd’ for some reduced G-word (' for which
lef’ has no cancellation. If |5'| > 1, then f; flows to e, contradicting our assumption. On
the other hand, if |8'| = 0, then 8" € Gy, and s(e) = r(f;). Now our assumptions imply
that f; = € and that az is onto. Write 5" = ag(h) for some h € Ge. Then

vE = Bfihizifivr - = 1ef'ehiyr fir1 - = leeae(h)hiy1 fiz1 - = ae(h)hix1 fiz1 - -,

which we know is not in Z(le) because e # f;11. So we get a contradiction, and hence
we must have F(G) - £ N Z(le) = (). This means the action is not minimal, and we are
done. OJ
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We now aim to give a characterisation of when the action is not minimal in terms of
readily checkable conditions on the underlying graph of groups G. For this, we begin by
defining a number of subgraphs of I'. In each case, we give the edge and vertex sets, and
the range and source maps are then the restriction of the range and source maps for I'.

Definition 5.6. We define the graphs F; . and E,,, f; as follows.

(1) Suppose e € I'! satisfies s(e) # 7(e). We define EY, to be {s(e)} together with the
set of vertices z € T'” such that there exists a reduced path ey ... e, € s(e)[*z with
e; # €. We define Esl’e to be the set of edges appearing on these paths, together
with their reversals.

(2) Suppose e € T'" satisfies s(e) = r(e). We define EY, to be {s(e)} together with
the set of vertices € I'? such that there exists a reduced path e; ...e, € s(e)[*z
with e; & {e,é}. We define E;e to be the set of edges appearing on these paths,
together with their reversals.

(3) Suppose n = fifa... fm is a minimal cycle with m > 2. We define EY, s, to be
{s(f;)} together with the set of vertices € I'” such that there exists a reduced
path e; ...e, € s(f;)*z with e; & {f;11, f;} (Where we index mod m). We define
Esl’m 5, to be the set of edges appearing on these paths, together with their reversals.

The graph E, . might be termed the graph upstream from e.

Definition 5.7. We say that G is treelike at the edge e if the subgraph Es. of I' is a
tree, and if for each edge f of E;. that points towards s(e), we have that ag is onto. If
N = eies...e, is a minimal cycle of length greater than one, we say that G is treelike at
n if for each 1 < i < n, the graph F,, ., is a tree, and if for each edge f of E, ., that
points towards s(e;) we have that a7 is onto.

We note that if E. (or Es,.,) is larger than a single vertex, then it must be infinite, by
nonsingularity of G.

Definition 5.8. Let G be a locally finite nonsingular graph of groups, and let e € T'!.
We say that G has a constant tree at e if G is treelike at e, E. is nontrivial, and if for
all f € E}, we have that a; is onto. (We say that a tree is trivial if it consists of just a
single vertex; the tree ;. might be trivial, in which case it consists of only the vertex

s(e).)
We are now ready to state our characterisation of non-minimality.

Theorem 5.9. The action of m(G,v) on vO0Xg is not minimal if and only if there exists
an edge e € T'! such that ag is surjective, and one of the following holds:
(a) e is a loop i.e. r(e) = s(e), and G is treelike at e;
(b) e lies on a minimal cycle n of length greater than one, o is surjective for each
edge f that lies on n, and G s treelike at n; or
(c) e does not lie on any minimal cycle of T', G is treelike at e, and there exists
¢ € r(e)0Wg such that e does not lie on .

The proof of this result is fairly technical. The basic idea is to describe how non-
minimality can occur. In cases (a) and (b) of the theorem, it is €, respectively 7>,
whose orbit does not intersect Z(1e). In case (c) it is the postulated path £ that has this

property.
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Proof. We show that there is £ € OW; and e € I'! such that ¢ cannot flow to e if and
only if ag is surjective and either (a), (b) or (c) holds. The result will then follow from
Theorem 5.5.

We start with the “if” direction. Suppose that there exists an edge e € I'' such that
az is surjective. Assume first that (a) holds, so e is a loop and G is treelike at e. We
claim that 1ele--- € r(e)0Wg cannot flow to e; i.e. that € cannot flow to e. If it did,
then as ag is surjective it must be Lemma 5.4(1) that holds. Let v be a reduced G-word
with r(v) = s(e) = r(e), s(v) = r(e) = r(e), |v| > 1 and such that levle is reduced.
Then v = 1v1govs . . . GmVimGmy1 With m > 1, and vy # €. If v; = e we can delete 11, and
the resulting shortened G-word still works. Thus we may assume that vy # e, €. Then
Vi...Vp is a path in E} . Since G is treelike at e, it must be the case that s(v,,,) # r(e),
a contradiction.

Now assume that (b) holds, with e lying on a minimal cycle n =e;...¢e,. Say e = e;.
We claim that €, ...e1¢,...¢1 - € r(e)0Wg cannot flow to e; i.e. that & cannot flow to
e for all 7. Suppose for contradiction that there is ¢ such that €; can flow to e. Since n
is minimal, it is possible that s(e) = r(e;) if and only if i« = 1. Then Lemma 5.4(2) does
not hold, and since az is surjective we know that Lemma 5.4(3) does not hold. Therefore
it must be Lemma 5.4(1) that holds. Let v € s(e)G*s(e;) be a reduced G-word such
that levle; is reduced. Then v = g1y ... ¢mVmGms1 with m > 1 and v; # €. Write
Vi...V;m =nPer...e;P for some path 8 € I'*, where the rangemost edge of 3 is not e;4;.
Then |3| > 0 since e;e; cannot be reduced. Since ag; is surjective, the rangemost edge of
B is not €;. Therefore 3 is a path in the tree F, ... Since G is treelike at 7, all edges of
 must point towards s(e;). But then s(v) does not lie on 7, a contradiction.

We now assume that (c) holds. We first claim that if 5 = §;...05; € r(e)I™ (e) is a
reduced path, then 3, = e. Suppose not for contradiction; say Bi...5 € r(e)I™s(e) is
a reduced path with f; # e. Then each f; is an edge in Es . because Br...B1 € s(e)I*
with B # €. Now B ... B1e is a cycle in E, ., which contradicts that E, . is a tree. So the
claim holds.

We now claim that £ € r(e)0Wg from (c) cannot flow to e, which we prove by con-
tradiction. Let & = hyfihofs.... First suppose that £ can flow to e in the sense of
Lemma 5.4(1): there are ¢ and a reduced G-word v = g1 ... gnVngnt1 with r(v) = s(e),
s(v) =r(fi), [v| > 1, and such that ler1f; has no cancellation. Since «g is surjective we
know that vy # €. Consider f ... fi_17,...71 € r(e)[*s(e). Since e does not lie on &, the
reduction of this path is a reduced path in r(e)['*s(e) whose sourcemost edge is not e.
But this contradicts the previous claim, so we must have that £ cannot flow to e in the
sense of Lemma 5.4(1).

Now suppose that £ can flow to e in the sense of Lemma 5.4(2); say, r(f;) = s(e)
and f; # €. Then the reduction of f; ... fi_1 € r(e)[*s(e) is a reduced path in r(e)™*s(e)
whose sourcemost edge is not e. But this again contradicts the previous claim, so we must
have that £ cannot flow to e in the sense of Lemma 5.4(2). Finally, we know that £ cannot
flow to e in the sense of Lemma 5.4(3), because az is surjective. Hence & € r(e)vdXg
cannot flow to e. This completes the proof of the “if” direction.

We now prove the “only if” direction. Suppose & € OWg, e € I't and ¢ cannot flow to e.
Let 71 ...7 be a path in I'* with r(v1) = s(e) and s(yx) = r(£). Let & be the reduction
of 171 ... 1€ to an infinite G-path. Then r(£’) = s(e). Moreover, since £ cannot flow to
e, it follows that & cannot flow to e. It then follows that e does not lie on &', and that
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¢ € Z(1e). Therefore, replacing & with £ if necessary, we may assume in addition that
6 € Z(]_E) We let 5 = h1f1h2f2 ..., 80 that hlfl = le.

It now follows that as is surjective. Suppose for contradiction that there is 1 # g € X-.
Then v = g satisfies Lemma 5.4(1) for e and &, a contradiction.

Now we must prove that (a), (b) or (c) holds. We will treat (a) and (b) together.
Suppose that e lies on a minimal cycle n = e;...e, € I'*; say e = e;. We will interpret
the indices on the edges of n modulo n. We first show that e; does not lie on £ for all i. We
already know this for i = 1. If e;, lies on § with £ > 1, say e, = f;, then v = ley ... leyhj
satisfies Lemma 5.4(1) for e and f;41, a contradiction.

We next show that ag; is surjective for all 7. Suppose for contradiction that there is
1 # g € %, for some j. Then j > 1. Now v = ley ... le;ge; . .. 1e; satisfies Lemma 5.4(1)
for e and &, a contradiction.

Next, we claim that the only reduced paths in r(e)[*r(e) are multiplies of  and 7.
Suppose for contradiction that this is not the case. Then there are 1 <1 < j with j—i < n,
and a reduced path Sy ...5 € s(e;)["r(e;) with 81 # €, e;y1 and Sy # e;_1, €. Then
v=1ley...le;1051 ... 15,1€;77 ... 1&; satisfies Lemma 5.4(1) for e and &, a contradiction.
This establishes the claim. It follows that each Ej, ., (or E;. if  is a loop) is a tree. For
convenience, we let E , .. denote I, in the case that 7 is a loop. For vertices  and y in
Eg,n,ei we will let [x,y] = 171 ... 17,, where 7 ..., is the unique reduced path in ES .
with (1) = z and s(v,) = y.

To complete the proof of (a) or (b) we must show that for each i, and for every edge
fin Es,., that points towards s(e;), we have that ag is surjective. Suppose for con-

tradiction that f € E! points towards s(e;) and that there is 1 # g € Y7 Then

ER/ N
v=1ley...les[s(e;), r(f)]1faflr(f),s(e;)]1& 71 ... 1&; satisfies Lemma 5.4(1) for e and &,
a contradiction.

Now suppose that e does not lie on any minimal cycle in ['*. In this case e is not an edge
of Es .. We show that E; . is a tree. Suppose for contradiction that . contains a reduced
cycle By ... B Let 01 ...6, be a reduced path in £, with r(01) = s(e), s(d,) = r(8) for
some k, and such that §; # §; for all 7 and j. Relabeling, we may assume k = 1. Then
v=10...10,15 ... 15m1@. .. 16, satisfies Lemma 5.4(1) for e and &, a contradiction.

Finally, let f be an edge of E;. pointing towards s(e). We use the same notation as
in cases (a) and (b) for paths in the tree E .. We show that ag is surjective. Suppose

for contradiction that there is 1 # g € X7. Then v = [s(e), 7 ()1 fgf[r(f), s(e)] satisfies
Lemma 5.4(1) for e and &, a contradiction. O

Remark 5.10. The last condition (c) in the statement of Theorem 5.9 can be expressed
without mentioning infinite paths. Namely, there exists £ € r(e)0Wg not containing e if
and only if E,z either is infinite, contains a cycle, or contains a path v such that o, and
az are both not surjective (where a., = a, with e the rangemost edge of 7).

The characterisation of nonminimality in Theorem 5.9 can be simplified.

Theorem 5.11. The action of (G, v) on v0Xg is not minimal if and only if one of the
following holds:

(¢’) There is an edge e € T’ such that oz is surjective, e does not lie on any minimal
cycle of T', G is treelike at e, and there exists § € r(e)OWg such that e does not lie
on &; or

(d) T is a minimal cycle eyes - - - €, such that ag is surjective for alli.
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Proof. We show that the hypotheses of the theorem are equivalent to those of Theorem
5.9. If (¢’) holds, then az is surjective and (c) holds. If (d) holds then either (a) or (b)
holds (and az is surjective, in case (a)).

Conversely, if either (a) or (b) holds, and either E;., or Ej, ., for some ¢, is nontrivial,
then any edge in Ej ., respectively Ej, .., satisfies (¢’). If E; ., respectively Ej, ., for all
i, is trivial, then we are in case (d). If (c) holds, then since az is assumed surjective we
have that (c’) holds. O

If the action is minimal, then we can say more about G in the presence of nontrivial
treelike behaviour.

Proposition 5.12. Suppose that the action of m(G,v) on v0Xg is minimal, there is
e € T such that G is treelike at e, and FEs. is nontrivial. Then T is an infinite ray
eres -+, and og s surjective for all i.

To prove this result we use the following lemma.

Lemma 5.13. Suppose that the action of m(G,v) on vOXg is minimal, there is e € T'!
such that G is treelike at e, and E, . 1is nontrivial. Then the following hold.

(1) e does not lie on any cycle of T'.

(2) az is surjective.

(3) ()] < 2

(4) If Tlr(e) = {e,e'} with ¢’ #€, then G is treelike at €.

Proof. Let f € s(e)E,,.

For (1), note that if e lies on a cycle v, then £ = > and any edge of E;e pointing
towards s(e) satisfies Theorem 5.11(c’), contradicting minimality.

For (2), suppose for contradiction that e is not surjective. Let 1 # g € ¥z. We
claim that . is surjective. For suppose not. Let 1 # h € .. Put £ = 1é(hege)™® €
r(e)0Wg. Then £ and f satisfy Theorem 5.11(c’), contradicting minimality. Therefore
a, is surjective. Now, nonsingularity of G implies that there is eo € I''r(e) with ey # €.
We claim that ., is surjective. For if not, let 1 # h € ¥.,. Let & = 1e(lesheslege)™
Then & and f satisfy Theorem 5.11(c’), contradicting minimality. Repeat this process to
obtain es, ey, ..., and put &, = lelesles--- € r(e)0Wg. Then £, and f satisfy Theorem
5.11(¢’), contradicting minimality. Hence we must have az surjective.

For (3), suppose for contradiction that [T''r(e)| > 2. Then there are f; # fo €

Ir(e) \ {€}. If either f, or f, is the rangemost edge of an infinite reduced path in
I, say fididy--- € '™, then ¢ = 1€1fi1d;1dy--- and f satisfy Theorem 5.11(c’), contra-
dicting minimality. Therefore neither f; nor f, has this property. It follows that E, 7 and
E, 7, are finite trees. We will write [z, y] for the unique reduced path between vertices z
and y in one of these trees. For i = 1, 2 choose w; € Eof such that [w;E | = 1. Let
f! be the sourcemost edge of [r(e), w;]. By nonsmgularlty of G we must have that ag is
not surjective. Let 1 # g; € Y. Put ¢ =1e([r(e ),wl]gl[wl,r(e)][r(e),wg]gQ[wQ,r(e)]ioo.
Then ¢ and f satisfy Theorem 5.11(c’), contradicting minimality. So |T'r(e)| < 2.

Finally, for (4), let T''r(e) = {€,¢'} with € # €. By (3), and the definition of E ./, we
have that E} . = E}_ U {e,e}. Then by (2) we have that G is treelike at ¢'. O

Proof of Proposition 5.12. If |T''r(e)| = 2, let € # f; € I''r(e). By Lemma 5.13 it follows
that f; also satisfies the hypotheses of Lemma 5.13. Repeating this argument with f,
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we have either that I''r(f1) = {fi}, or that I''r(f) = {f1, fo} with fo # fi, and that
fo satisfies the hypotheses of Lemma 5.13. If this process repeats indefinitely, let & =
1elfi1f,---, and let f be as in the proof of Lemma 5.13. Then ¢ and f satisfy Theorem
5.11(c’), contradicting minimality. Therefore there is n > 0 such that I''r(f,) = {f.}.
By Lemma 5.13 we know that G is treelike at f,,. To finish the proof, we show that I"
is an infinite ray f,f,_1--- fie---. For this, it suffices to show that I" has no branching.
Suppose to the contrary that dy, dy € TI'" both point toward r(f,), and satisfy r(d;) =
r(dy). Let £ € Z(1f,1fn—1---1d;y). Then £ and dy satisfy Theorem 5.9(c’), contradicting
minimality. U

5.2. Local contractivity. Recall that the action of a discrete group A on a locally
compact Hausdorff space Y is locally contractive (called locally contracting in [3], and
local boundary action in [32]) if for every nonempty open set U C Y there is an open set
V C U and A € A such that \V C V. In this section, we give a sufficient condition for
the action of m (G, v) on v0Xg to be locally contractive. We begin with some definitions.

Definition 5.14. We say a G-path gye; ... gye, is repeatable if r(e;) = s(e,) and gie; #
le,.

So a repeatable G-path is a reduced G-loop which ends with an edge and is such that
concatenation with itself has no cancellation.

Definition 5.15. We say that a reduced G-loop of the form n = g1 fi...gnfm has an
entrance at s(f;) if
> 1=

r(f)=s(f:)

Note that this means that there exists f € T'' with 7(f) = s(f;) and h € 3, such that
hf # Gi+1fiv1, 113

Theorem 5.16. The action of m1(G,v) on v0Xg is locally contractive if for every edge
e € It there is a repeatable G-path n with an entrance, so that n contains an edge that
can flow to e.

The idea of the proof is as follows. A repeatable G-path 7 defines both an element of
7m1(G,v) and a cylinder set Z(n). Moreover, it is clear that nZ(n) C Z(n). If in addition
7 has an entrance, then it can be shown that the containment is proper. The trick in the
proof is to access this phenomenon inside an arbitrary cylinder set. (This technique is
fairly standard in C*-theory; see, for example, [31], although that paper was written with
the pre-Australian convention on paths in a graph.)

Proof. Let U be a nonempty open subset of v0Xg. Let u be a G-path such that Z(u) C U,
and let e be the source-most edge of u. Let n = g1 f1 ... g fm be a repeatable G-path as in
the statement. Without loss of generality assume that f; can flow to e, and that n has an
entrance at s(f;). Let f € 't with r(f) = s(f;) and h € ¥ be such that hf # giy1fit1,

Suppose first that (1) of Lemma 5.4 holds. Then there is a reduced G-word v such
that r(v) = s(e), s(v) = r(f1), |v| > 1, and the concatenation ler1f; has no cancella-
tion. Upon replacing v by vg for an appropriate choice of g, we may assume that the
concatenation pvn has no cancellation. Let v = uvnr—tu=t € m(G). Let V = Z(uvn),
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where by puvn we mean the reduced form of the concatenation of y, v and 7, and with
the last group element removed. Then V' is a compact-open subset of U. We have that
vV = Z(uvnn) C V. We show that the containment is proper. Let ny = g1.f1 ... gi—1fi—1,
N2 = gifi-. grfr (and if i = 1 we set 0, = 1y and n, = n). Then Z(pvnmhf) C V,
since the concatenation nnhf has no cancellation. Moreover, since puvnm hf and pvnn
differ, vV N Z(pwvnmhf) = 0. Hence vV #£ V.

If fi can flow to e in the sense of Lemma 5.4(2), then we apply the argument above to
v = lye). If fi can flow to e in the sense of Lemma 5.4(3), then we choose 1 # g € Xy,
and we apply the argument above to v = g. 0

There is a strong connection between minimality and local contractivity.

Proposition 5.17. Let G = (G,T") be a locally finite nonsingular graph of countable
groups. If the action of m(G) on v0Xg is minimal, then exactly one of the following
holds:

(1) the action is locally contractive;
(2) T is an infinite ray ejeses ... and each o is surjective; or
(3) T is a finite ray e1es . .. en, |Se,| = |Ze| =2 and |Sf| =1 for all f € T'\{e1,e,}.

We already know from Proposition 5.12 that if the action is minimal and there is an
edge e such that G is treelike at e with E;. a nontrivial tree, then G must be the infinite
ray from (2) above. To prove Proposition 5.17 we separate out the graphs of groups with
no nontrivial treelike behaviour at any edge. (Note that minimality is not assumed in the
next result.)

Lemma 5.18. Let G = (G,T') be a locally finite nonsingular graph of countable groups.
If there is no edge e € T' with G treelike at e and Es . a nontrivial tree, then exactly one
of the following holds:

(1) the action is locally contractive;

(2°) T is a minimal cycle and o, is surjective for all edges e; or
(3) T is a finite ray e1es . .. en, |Se | = |Xex| =2 and |Sf| =1 for all f € T'\{e1,e,}.

Proof. We first note that the boundary in both cases (2’) and (3) only consists of two
points, and hence the action is not locally contractive. So (1), (2’) and (3) are mutually
exclusive.

We first assume that G contains a repeatable G-path n = hy f1 ... h, f, with an entrance.
Fix an edge e € I'l. We claim that there is a repeatable G-path with an entrance that flows
to e. It is obvious that 1 flows to e in the case that s(e) = s(f;) for some j, and e # fj 1.
Now suppose e = f; for some j. Consider the path n' := h, f,h! _, f._1...H\ fi, where

R, := hiy1 (index mod n) if fiy; = fi, or b} := 1 otherwise. Then 7/ is a repeatable G-path
with an entrance which obviously flows to e = E The last case to consider on e is when
s(e) is not a vertex on 7. Choose j and a reduced G-word v = gie; ... gmem € s(e)G*r(f;)
such that v1f; has no cancellation. If gie; # 1€, then n flows to e via v. If g1e; = 1€ and
|Xe| > 2, then choose 1 # g € ¥z and use gv to see that n flows to e. If |3z = 1, then the
nonsingularity of G means that there is an edge f € I'' \ {€} with r(f) = s(e). Since G is
not treelike at f with E; y nontrivial, we can choose a reduced G-word 3 with range and
source s(f). (Note that 8 can be chosen to be a nontrivial element in 5 if G is treelike

at f and E,; = {s(f)}.) We see that n flows to e via 1f31fv. This completes the proof
of the claim. We can now use Theorem 5.16 to see that the action is locally contractive.
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Now suppose that G does not contain a repeatable G-path with an entrance. We first
suppose I' contains a minimal cycle e;...e,. Then le;...1le, is a repeatable G-path.
Since this G-path cannot have an entrance, we must have I'! = {ei;,€ : 1 <i<mn}, and
each a,, and ag surjective. So we are in case (2"). Now suppose that I" does not contain
any minimal cycles; that is, I' is a tree. Because of the assumptions on G, there must
exist a ray fi...fy in I' with [Sp |, [X5-| > 2. With 1 # g € Xp and 1 # h € Y5,

the G-path gfilfo... 1fmhfml frmi. ._.IE is repeatable. Since this G-path cannot have
an entrance, we must have I'' = {f;, fi : 1 < i <m}, [8p|,[E5] = 2, and o surjective
for all f € T'\ {e1,€,}. So we are in case (3). O

Proof of Proposition 5.17. We know from the proof of Lemma 5.18 that the finite ray in
(3) is not locally contractive. In the case of (2) we take v to be the range of the infinite
ray, and then since each ag; is surjective, the fundamental group can be identified with
the vertex group G,. The action of this vertex group does not map cylinder sets properly
inside themselves, and hence the action is not locally contractive. So (1), (2) and (3) are
mutually exclusive.

We assume that the action is minimal. We know immediately from Theorem 5.11 that
case (2’) of Lemma 5.18 cannot hold. We know from Proposition 5.12 that if G is treelike
at an edge e with E; . nontrivial, then (2) holds. We know from Lemma 5.18 that if there
is no such edge, then (1) or (3) must hold. O

5.3. Topological freeness. We recall the following definition from [6].

Definition 5.19. The action of a discrete group A on a compact Hausdorff space Y is
topologically free if for each t € A\ {1} we have that {y € Y : ty # y} is dense in Y.

The importance of topological freeness can be seen from the Corollary to Theorem 2
in [6]: the reduced C*-algebra C(Y') x, A is simple if and only if the action of A on Y is
minimal and topologically free.

It follows that if A is countable then the action is topologically free if the set of points in
Y having trivial isotropy is dense in Y. It seems to be a difficult problem to characterise
graphs of groups whose fundamental group acts topologically freely on the boundary of
the Bass—Serre tree. We are able to give definitive results in two special cases, that of
graphs of groups with trivial vertex groups (Section 6) and generalised Baumslag—Solitar
groups (Section 7).

We now describe a family of actions called odometers; these actions are free, in the
sense that every point has trivial isotropy. After our discussion on odometers, we present
an example to illustrate that topological freeness is independent of minimality.

FExample 5.20. Let Gy be a discrete group, and let Gy O G; D Gy O --- be a decreasing
sequence of subgroups of finite index. We insist that [Gy : G1] > 1, but allow [G;_; : G;] =
1 for 7 > 1. We consider the graph I' that is an infinite ray: T'' = {e;,&; : 1 > 1} with
s(e;) = r(eiy1) for all i, and r(e;) # r(e;) when i # j. For i > 1 we set Gy(¢,) = Ge, := G,
and G,y = Go. We let a., be the inclusion of G; into G;_;, and ag; be the identity
map. The boundary v0Xg can then be realised as the inverse limit

1.£1 Go/Gz = {(l’ZGz)in X € GQ,ZEZ-_I.%‘Z'_H S GZ,Z Z 0}

Let v = r(e;1). Since ag is surjective for all i, the only reduced G-words based at v
are those of length zero. Thus 7(G,v) = Go. The action of Gy on vdXg is given by
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t-(2;Gy)2y = (tx;G;)2,. Actions of this type are called subodometers (see [18]). We
will refer to such graphs of groups as subodometer graphs of groups. There is a map of
Gy — v0Xg having dense range, given by t € Gy — (tG;)2,. Thus the action of G is
effective if (2, G; = {1} (i.e. if Gy is residually finite; see [18] Definition 1). We give a
simple characterisation of effective subodometer graphs of groups.

Proposition 5.21. Let Gy 2 G| D - - define a subodometer graph of groups G. Let H =
Nizo Gi- Then G is effective if and only if (,cq, *Hx™" = {1}. (This last intersection is
called the normal core of H.)

Proof. We first prove the if direction. Let t € G\{1}. If t € H thent-(G;)2, = (tG;)2, #
(G;)2,. Hence t does not act as the identity. If ¢ € H then by hypothesis there is € Gy
such that 'tz ¢ H. Then there is j such that 'tz € G, i.e. such that tzG; # xG;.
Then t - (xG;)2, # (2G;)2,, and hence ¢t does not act as the identity. For the only if
direction, suppose that the normal core of H is nontrivial. Let 1 # t € ﬂxeGO rxHx™ L.
Then tx € xH C zG,; for all x € GGy and all 7. But then txG; = xG; for all x and i. It
follows that ¢ acts trivially on v0Xg. OJ

Remark 5.22. We also note that by Theorem 5.11 the action of Gy on v0Xg is minimal
(see also [18] section 3.1). If the G; are normal subgroups of Gy, the dynamical system
(v0Xg, Gy) is called an odometer (and G is an odometer graph of groups). In this case,
the map Gy — v0Xg from Example 5.20 is a homomorphism. It follows that if the G;
are normal subgroups then the action is topologically free if and only if the action is free,
if and only if Gy — v0Xg is injective, if and only if 2, G; = {1}.

Proposition 5.23. Let G be a subodometer graph of groups. Then C(v0Xg) X, m1(G,v)
has a faithful tracial state.

Proof. For each i we denote normalised counting measure on Go/G; by p;. The quotient
maps ¢; : Go/Giy1 — Go/G; satisfy ¢;,(pir1) = pi (where ¢, is the push-forward map
on measures: ¢;,(v) = vogq;'). Then u = lim y; is a probability measure on v0Xg
with full support and invariant for the action of GGy, and hence integration against u
is a faithful state on C'(v0Xg). We compose with the faithful conditional expectation
E: C(v0Xg) »n, Gy — C(vdXg) to obtain a faithful tracial state 7 = [ E(-) dp. O

Corollary 5.24. Let G be a subodometer graph of groups. Then Gg acts amenably on
v0Xg if and only if Gy is amenable.

Proof. If Gy is amenable then any action of Gy is amenable ([38], I1.3.10). Conversely,
suppose that the action is amenable. Since the action admits a finite invariant measure,
by the proof of Proposition 5.23, Proposition 4.3.3 of [46] implies that G is amenable. [

Corollary 5.25. Let G be a subodometer graph of groups with m(G,v) (= Go) amenable.
Then C*(G) is stably finite.

Finally, we consider the special case of odometers where Gy = Z (and hence G; = Z for
all 7); these are the classic odometers (see [20], VIII.4, although we allow [G; : G;11] = 1).
It is clear that (2, G; is trivial if and only if [G; : G;41] > 1 for infinitely many 4, and
in this case the action is free (and minimal). Moreover since Z is an amenable group, the
action on the boundary is amenable. In fact, the C*-algebras obtained from such graphs
of groups are well-known.
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Proposition 5.26. Let G be an odometer graph of groups with G; = 7Z for all v and
|Gi : Giya] > 1 for infinitely many i. Then C(v0Xg) % m(G,v) is a Bunce-Deddens
algebra.

Proof. This follows from [20], section VIL.4, after we observe that the C*-algebras are
unchanged if we delete edges e; of I' for which «, is surjective. O

We remark also that the Bunce-Deddens algebras are simple, nuclear, stably finite,
tracial C*-algebras.

Example 5.27. We give an example of an effective graph of groups whose associated action
on the boundary of its Bass—Serre tree is minimal, but not topologically free. We first
present the tree, X, and an action of a group, A. Let
X0 = {0} U{aim:i€Z/2Z, me|]z/27Z}
n>0
X' ={eim:i € L/2Z, m € | JZ/2"" L}
n>0
S(ei,m) = Tim
imaonz, ifm e Z/2"Z
T(eim): Tim+2Z 1 " /
’ v, if m = 7.

The portion of the tree with n < 2 is pictured here:

T1,47. L0,47
\61;42 60,;12/
e X127 20,27 e
1,2+%7 ‘.\072+4Z
e e
T1,2447 \QZ % T0,2447
X1,7 1z, v Loz X0,z
T1,1+47 1oz %HQZ 60,1_:% o 1esz Z0,14+47
\ b ) /
T1,14-27 L0,14-27
61,3+4Z/, ,\60,3+4z
T1,34+47 L0,34-47

Define automorphisms a and b of X by av = v, az;,;» = Tit1.m, bv = v, bz m = Tom1,
and bxy ,, = 1, We let A be the subgroup of Aut(X) generated by a and b. Let X;, i €
Z/2Z be the subtree with vertices {x;,, : m arbitrary}. It is clear that 0X = 0X,U0X,
that b acts trivially on X, that a interchanges Xy and X, and that aba acts trivially
on X,. We may identify a finite path egz€gm,€0m, - -+ in Xy with the nested sequence
Z O mq 2D mgy D --- of cosets. Then 0Xj is identified with the 2-adic integers Z,. It is
clear that b acts on 90X as - + 1; this is an example of an odometer as in Proposition
5.26. Thus the C*-crossed product C(Zs) X Z is isomorphic to the Bunce-Deddens algebra
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denoted BD(2%), a simple C*-algebra ([20]). Similarly, aba acts as - + 1 on 0X; = Zo.
Thus we may write 0X = Z /27 X Zo, and then b- (i,£) = (i, +1) if i =0, b-(4,€) = (4, &)
ifi=1,and a- (i,§) = (i + 1,£). Since the element b acts freely and minimally on 90X,
the element aba acts freely and minimally on 0X;, and the element a interchanges the
two parts of the boundary, it is immediate that A acts minimally and effectively on 0.X.
However, each point of 0.X is fixed by aba, and each point of 0.X; is fixed by b. Thus the
action is not topologically free.

Now we identify the graph of groups corresponding to this action. It is easily seen that
the stabiliser groups of the vertices are given as follows. The group A, . is free abelian
on generators aba and b*", if m € Z/2"Z, while A, ,, is free abelian on generators b and
(aba)?", if m € Z)2"Z, and A, = A = 7Z? x Z/2Z (since v is a global fixed point of A).
We describe the quotient graph by letting e, = A - €;,, for any ¢ and any m € Z/2"Z,
u, = s(en), v=A-v=r(e), and r(e,) = u,11. The vertex groups are given by G, = A
and G,, = Z*. The edge groups are given by G., = Z?, with edge maps «., = inclusion,
ae = identity for n > 0, o, = (39) for n > 0. Here is a sketch of the graph of groups
(it is an odometer in the sense of Example 5.20):

2 2 2
ZQN% :.Z 72 < Z 72 (:%?Z g2 e

) (o1)

We note that the effectiveness of G can be easily seen using Propositon 5.21. Finally, we
identify the C*-algebra

C(0X) x A =C(0X) x (Z* X Z)2Z) = (C(0X) X Z(}) x Z(9)) x Z/2Z.

We have already observed that C(Zy) x Z = BD(2*). On the other hand, for any
C*-algebra A, if 7Z acts trivially on A then AxZ = A® C*(Z) = A® C(T). Then

COX) X Z(5) = (C(Z2) & C(Zs)) x Z(5) = BD(2%) & (C(Z:2) ® C(T)).
Similarly,
C(OX) % Z(5) ¥ Z(Y)

12

(BD(2) & (C(Z2) ® C(T))) x Z(Y)
= (BD(2*)® C(T)) @ (BD(2%) @ C(T)).
Since Z /27 acts by interchanging the two summands, we have
C(0X) x A= M, ® BD(2*) ® C(T).

Remark 5.28. In Section 4 of [13], Broise-Alamichel and Paulin fix a locally finite tree T'
and a discrete subgroup A of Aut(7") which admits a Patterson—Sullivan measure (p,),ero
of positive finite dimension, so that the fixed point sets of nontrivial elliptic elements of
A in the boundary of T have p,-measure zero. In Remarque 4.1, they prove that this
zero measure condition is true when 7" is a uniform tree, A is a (uniform or nonuniform)
lattice in Aut(7'), and an additional hypothesis on the elliptic elements of A holds. (See
Remark 2.17 for the characterisation of lattices in Aut(T)).

Let G = (I', G) be a locally finite graph of groups with fundamental group A := m1(G, v)
and Bass—Serre tree T. We suppose G is a graph of trivial groups. Then A is a free
subgroup of Aut(7"), of rank equal to the first Betti number of the graph I'. Now a
necessary condition for the existence of Patterson—Sullivan measure on A is that the
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critical exponent of A is finite and positive (see [13]); under our assumption that G is a
graph of trivial groups, this condition holds if and only if the first Betti number of I is finite
and greater than one. Free groups have no nontrivial elliptic elements, hence if A admits
a Patterson—Sullivan measure then the zero measure condition of [13] is vacuously true.
Note that A will be a lattice in Aut(7’) if and only if the underlying graph I is finite, in
which case A is a uniform lattice. On the other hand, a GBS graph of groups (see Section 7)
has infinite vertex groups, so its fundamental group is not discrete in Aut(7"). Since [13]
establishes topological freeness for certain discrete subgroups of Aut(7'), including certain
lattices containing torsion, the overlap of our topological freeness results with theirs is
the case of graphs of trivial groups where the underlying graph I' has finite Betti number
greater than one. (Recall that the Betti number of I' is the cardinality of the set of edges
in the complement of any maximal subtree in I'.) Such a I" could be a finite or an infinite
graph.

5.4. Amenability. For minimality, topological freeness and local contractivity of an ac-
tion to be useful properties for the corresponding full crossed product, we need the action
to be amenable, and hence the crossed product nuclear. In our setting we can use results
of [14] to find a large class of graphs of groups whose fundamental group acts amenably
on the boundary.

Theorem 5.29. Let G = (I',G) be a locally finite nonsingular graph of countable groups.
If each vertex group G, is amenable, then the action of the fundamental group m(G,v)
on the boundary vOXg is amenable, and hence C*(G) is nuclear.

Proof. The result follows directly from Theorem 4.1, [14, Proposition 5.2.1] and [14,
Lemma 5.2.6]. m

In fact, the locally finite and nonsingular assumptions are not needed to apply the
results of [14] to see that the action is amenable (although the definition of v0Xg must
be adjusted for the non-locally finite case).

6. GRAPHS OF TRIVIAL GROUPS

In this section we consider graphs of trivial groups, and the action of their fundamental
group, which will always be a free group, on the boundary of the Bass—Serre tree. For
G = (G,I') a graph of trivial groups, we use I' in place of G in our notation; so the
fundamental group, boundary and graph of groups algebra are denoted m(I',v), vOXr
and C*(I"), respectively. We start by characterising when the action of 7 (I", v) on v0Xr
is topologically free. We then prove that all simple C*(I") are necessarily UCT Kirchberg
algebras.

6.1. Topological freeness for graphs. We have the following characterisation of topo-
logical freeness:

Theorem 6.1. Let I' be a nonsingular locally finite graph, and let v € T'°. The action of
m1 (L, v) on vOXr is topologically free if and only if I' is not a minimal cycle.

To prove this result we need a lemma, whose proof is omitted, since it follows from the
definition of the fundamental group in the case of a graph of trivial groups together with a
basic result in algebraic topology (see, for instance, Proposition 1A.2 of the reference [23]).
First recall that if T is a maximal subtree of the graph T', and e € T, then e(e) =
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[v,r(e)]e[s(e),v]. (Since all vertex groups are trivial, there can be no confusion from our
use of a path in T' to denote an element of the fundamental group.) If ey, ..., ¢, € T'!
then

eer) - -elex) = [v,r(en)]er[s(er), r(ea)les - - [r(en—), s(ex)]ex[s(er), vl.

Also recall from, say, [42], that an orientation of a graph T' is a set I'; C I'* such that for
each e € I'! exactly one of e and € belongs to I',.

Lemma 6.2. Let ' be a graph, T a mazimal subtree, B =T\ T, and T\ an orientation
forT. Fizv € T°. Let G = m(T,v) = vI™*v. Then G is freely generated by {e(e) : e € B}.

Proof of Theorem 6.1. If I' is a minimal cycle, v, then v0Xp = {y*°, 7>}, and m (I", v) =
Z acts trivially. Conversely, suppose that I' is not a minimal cycle. The proof de-
pends on the fundamental group of I'. Let T" and B be as in Lemma 6.2. If m(T",v)
is trivial, then all points of vOXt have trivial isotropy. Suppose next that (T, v)
is nonabelian. Then there exist ey, e € B with es # ey, e7. Let u € vI'™*. Write
= [o,r(fOlAls(A) r(f))f2 - [s(fe=), 7 (fi) [ fils(fr), s(u)], with f; € B and fiq # fi.
Let d be the sourcemost edge of pu. If ' is treelike at d, choose &, € s(d)E;’fji, and set
€ = p&o. Then £ € Z(p). Since & is an infinite path in a tree, its edges are all distinct,
hence the sequence of edges is aperiodic. (Recall that a sequence y1ys ... is aperiodic
if YuYms1 " = YnYns1... —> m = n.) Therefore { has trivial isotropy. If T' is not
treelike at d, then E; 4 contains a cycle, hence an edge f € B. Let 3 € s(d)E} r(f) be

a shortest path. Choose an aperiodic sequence (iy,4s,...) € {1,2}> such that e; # f.
Put & = uBfe(e;,)e(es,) --. Then & € Z(u), and again, since the sequence of edges in &
is eventually aperiodic, the isotropy at £ is trivial.

Finally we suppose that m;(T',v) is infinite cyclic. Then there is e € T'' such that
B = {e,e}. Choose v = r(e). Since £(e) is a minimal cycle there must be an edge f not
lying on e(e) or £(€). Note that if f can flow to e, then also f can flow to € (if n is a
minimal path from r(f) to a vertex in €(e), then e[s(e), r(n)|nf and €[v, r(n)|nf are both
reduced paths).

We claim that f and f cannot both flow to e. For if they do, we see from Lemma 5.4
that there are vy, v, € I'* such that er; f75 € has no cancellation. Choosing 14 and v, as
short as possible, we may assume that e does not lie on vy or on 5. If € lies on vy, we
may write vy = viev], where € does not lie on v{. Then 1/ is a cycle, hence must contain
an edge from B different from e and e, a contradiction. Similarly, € does not lie on vs.
Then vy fs is a cycle, hence contains an edge from B different from e and €, again a
contradiction. This establishes the claim. For definiteness suppose that f cannot flow to
e (and hence, nor to €). Then I' is treelike at f, since a cycle in E; s would contain an
element of B different from e and e.

Now we prove that the action is topologically free. Let y = e;---e, € vI'*. First
suppose that e, does not lie on €(e) or (). Since r(u) = v, it is clear that e, can flow
to e. Therefore €, cannot flow to e, hence I' is treelike at e,. Let & € s(en)nge”, and
set & = pu&. Then £ € Z(u), and since the edges of &, are all distinct, the isotropy at
¢ is trivial. Next suppose that e, lies on £(e) (for definiteness). Let f be an edge not
lying on e(e) or £(€) such that f cannot flow to e. Then f flows to e. Choose a shortest
path 8 with s(8) = r(f) and r(5) on €(e). We may write e(e) = 717273, where e, is the
sourcemost edge of 71, and s(y2) = 7(8). Let § € s(f)ES and put £ = pyeBf&. Then
¢ € Z(p) and the isotropy at ¢ is trivial. O
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Corollary 6.3. Let I' be a nonsingular locally finite graph. If the action of m(I',v) on
vOXr is minimal, then it is also topologically free.

Proof. This follows from Theorem 5.11(d) and Theorem 6.1. O

6.2. C*-algebras associated to graphs. Let I' be a nonsingular locally finite graph.
As observed in Section 5.3, C*(I") is simple if and only if the action of m(I',v) on vOXp
is minimal and topologically free. It follows from Corollary 6.3 that C*(I") is simple
if and only if the action is minimal. For a nonsingular graph, conditions (2) and (3) of
Proposition 5.17 cannot occur, so if the action is minimal, then it is also locally contractive.
By Theorem 5.29 we know that C*(I") is nuclear. Moreover, since C*(I") is the C*-algebra
of an étale groupoid, it satisfies the UCT ([45]). We have established the following.

Theorem 6.4. Let I' be a nonsingular locally finite graph. If C*(I") is simple it is a UCT
Kirchberg algebra.

Recall, as we did in Section 5.3, that the first Betti number of I' is the cardinality of
the set of edges (not including reverse edges) in the complement of any maximal subtree
in I'; alternatively, the cardinality of any free basis of the fundamental group.

Lemma 6.5. Let I' be a nonsingular locally finite graph. The following are equivalent.
(1) C*(I) is simple.
(2) The action of m(I',v) on vOXt is minimal.
(8) There are no edges at which G has a constant tree (in the sense of Definition 5.8),
and the fundamental group of I' is nonabelian.

In this case C*(I") is a Kirchberg algebra.

Proof. (1) <= (2) follows from [6] and Corollary 6.3. (2) == (3) follows from
Proposition 5.12 because if I has a constant tree, then I is a ray; but a ray is a singular
graph. For (3) = (2), suppose the action is not minimal. Theorem 5.11 gives two
alternatives. If (¢’) holds, then there is an edge e not lying on a cycle such that I' is
treelike at e. Then {e,e} UL, is a constant tree. If (d) holds then the first Betti number
of I' equals one.

The final statement follows from Theorem 6.4. OJ

Corollary 6.6. Let I" be a nonsingular locally finite graph with C*(T') a simple C*-algebra.
The first Betti number of ' is finite if and only if I" is finite.

The following theorem follows from calculations in [17] and [25].

Theorem 6.7. Let T' be a nonsingular locally finite graph with C*(T") a simple C*-algebra.
Let 2 < n < oo be the first Betti number of I'. Then C*(I") is the UCT Kirchberg algebra
with Ko =Z" ® Z/(n — 1)Z if n < oo, Ko = Z" if n = oo, and K' = Z". If T is finite,
then the class of the identity is the generator of the torsion subgroup of Ky, while if T' is
infinite, then C*(I") is stable.

We remark on the contrast with C*-algebras of directed graphs, that include all simple
AF algebras (up to stable isomorphism). It follows from the Kirchberg-Phillips classifica-
tion theorem ([11]) that C*(I") is characterised up to isomorphism by K-theory (and the
position of the class of the unit). It follows from Theorem 6.7 that there are relatively few
Kirchberg algebras obtained from undirected graphs. (Again, this is a sharp contrast to
the case of directed graphs. Any pair of abelian groups can be realised as the K-groups
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of a Kirchberg algebra. If the K group is free abelian, the pair can be realised as the
K-theory of a Kirchberg algebra obtained from a directed graph [44].)

7. GENERALISED BAUMSLAG—SOLITAR GRAPHS OF GROUPS

A generalised Baumslag—Solitar graph of groups, or GBS graph of groups, is a graph of
groups G = (G, T') in which all edge and vertex groups are infinite cyclic. In contrast with
some of the literature, we allow the graph I' to be infinite. In this section we characterise
the GBS graphs of groups for which the action of m; (G, v) on v9Xg is topologically free. A
precise statement is given in Theorem 7.5. We finish with some results on the C*-algebras
associated to GBS graphs of groups.

7.1. Topological freeness for GBS graph of groups. Note that a GBS graph of
groups G = (G,T) is locally finite if and only if the graph I is locally finite. Throughout
this section we assume that G is a locally finite nonsingular GBS graph of groups.

Notation 7.1. We use the following notation:

(1) We use additive notation for the vertex and edge groups.

(2) Suppose that a generator has been chosen in each vertex and edge group. For
e € I'! we let w, denote the nonzero integer such that a, is given by multiplication
with w,. Then |w,| is independent of the choices of generators.

(3) For each e € T'! we choose 3, = {0,1,..., |w.| — 1}.

(4) For ¢ € Q we let (g) denote the smallest positive denominator that can be used
to express ¢ as a fraction.

Remark 7.2. The positive integer |w.| is equal to the index [Gy ) : @.(Ge)], which is
denoted i(e) in some other works using graphs of groups, such as Bass—Kulkarni [8] (note
that in [8], a, maps G, into the initial vertex of the edge e).

We also need the following definition.

Definition 7.3. For a G-word v = gie1...gnengnr1, we define the signed index ratio
q(v) € Q" by

q(v) = 11 o
Note that ¢(y172) = ¢(71)q(72) when the G-paths 7, and 7, can be concatenated i.e. when
s(71) = r(72). In particular, ¢ restricts to a homomorphism (G, v) — Q*.

Remark 7.4. The signed index ratio ¢ is related to maps appearing in other works
on graphs of groups and (generalised) Baumslag—Solitar groups. In Definition 6.3 of
Forester [22] and Section 2.3 of Clay—Forester [16], the restriction of ¢ to the generalised
Baumslag—Solitar group (G, v) is termed the signed modular homomorphism. The anal-
ogous map on Baumslag—Solitar groups is denoted by ¢ in Kropholler [29]. In Section 1
of Bass—Kulkarni [8], which considers general locally finite graphs of groups, for e an edge
q(e) is defined to equal the positive rational i(e)/i(€). This map ¢ is then extended to
edge-paths and pre-composed with the projection from (G, v) to the fundamental group
of the graph I' to obtain a homomorphism (G, v) — QZ,.

We can now state our characterisation of topological freeness. Recall the notion that G
has a constant tree at an edge from Definition 5.8.
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Theorem 7.5. Let G be a locally finite nonsingular GBS graph of groups. The action of
m1(G,v) on vOXg is topologically free if and only if the following conditions hold:

(1) G has no constant trees; and
(2) there ezists & = gie1gaea--- € OWg such that limsup,,_, . (q(v,)) = oo, where
Yn = G1€1 - - - gn€n.

To prove Theorem 7.5 we need a series of results. We start with the effect of a group
element g “passing through” a G-word ~.

Lemma 7.6. Let v = gi€1 ... gnengnt1 be a G-word. Let g € Gy and g' € Gy be such
that gy = ~v¢'. Then ¢ = q(v)g, and hence {q(v)) divides g.

Proof. Let 0 € G, and 0 < 71 < |w,, | be such that g + g1 = 71 + we,0;. Then
(g + 91)61 = (7'1 + (07 (61))61 = Tlel()éa(el) = Tlel(waé’l).

Let 05 € G, and 0 < 75 < |w,,| be such that web; + g = T2 + We, 0. Then

(werf1 + g2)ea = (T2 + e, (02))e2 = Taeaiez(02) = Taea(wezba).
Inductively we find integers 0; € G, and 0 < 7; < |w,,| for 1 < i < n such that
we;0i + gir1 = Tig1 + We,,, 0ip1. Then

97 = (9 +g1)e1g262 - - - gnnGni1
= 1ie1(werth + g2)ea - ..

= T1€17'2€2<w502 + 93)63 Ce

= T1€1T2€s . . . Tnen(Weby + Gni1)-
It follows that 7; = g; for « < n. Therefore
g = we, 01
waﬁl = UJ6292

Wezly = we, 03

Cdmen_l = We,, Qn .

Thus we have

Wen Wew Wer—t We-
w?en = ﬁweien— - n nl Weien— = ... = €i = .
! Wen T W W, R g }_[1 We, 94(7)
We conclude that ¢' = gq(7). 0

In the next lemma we describe certain (rooted) subtrees that might be present in Xg,,.
These are instances where the boundary of the subtree can be identified with an odometer,
as in Proposition 5.26.

Lemma 7.7. Let fifs... be a sequence in T such that s(f;) = r(fiz1) and fi1 # fi for
all 7.

(1) There is a choice of generators of the Gy, and Gy, such that wy, and wy; are all
positive.
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Suppose further that wy =1 for all i, and that wy, > 1 for infinitely many i. Let S be

the set of all infinite G-paths with edge sequence fifa.... (Thus S is homeomorphic to

the Cantor set [ ], #Z_Z.)

(2) Let v = hyfy...hnfn be a G-path, and let g, ¢ € Z. Then gy = g’ if and only if
[T, wy, divides g, and in this case ¢ = g(I];, wy,) "

(3) Gy(p,) acts freely on S.

(4) If € = hafihofo--- € S is such that h; # 0 for infinitely many i, and h; # wy, — 1
for infinitely many i, then for any g, g€ and & differ in at most finitely many
coefficients.

Proof. For part (1), choose arbitrarily generators a; for G,y and b; for Gy,. Replacing b,
by —b; if necessary, we may assume that wy, > 0. Then replacing as by —as if necessary,
we may assume that wg- > 0. This process may be continued with b, then az, and so on.

Part (2) follows from Lemma 7.6.

For part (3), it was shown in Example 5.20 that S is a compact group (abelian in this
case), and that G,y C S acts by translation. This implies part (3).

For part (4), recall from Example 5.20 that when S is realised as an inverse limit of
finite cyclic groups, the generator of G, (s acts as +1. Then if h; = wy, — 1 for i < k,
and hp < wy, — 1, then adding 1 to & results in § = h|fihyfy---, where h] = 0 for
i <k, b, = hy + 1, and h; = h; for i > k. Similarly, if h; = 0 for i < k and hj, > 0, then
subtracting 1 from & results in £’ = A} fih, fo - - -, where b = wy, —1for i < k, h), = hy—1,
and h} = h; for i > k. Part (4) follows from these observations. O

In the next result, we give a sufficient condition for certain cylinder sets to contain a
point with trivial isotropy. Recall that for ¢ € Q we let (g) denote the smallest positive
denominator that can be used to express g as a fraction.

Lemma 7.8. Let £ = gie1gaes--- € OWg. Suppose that limsup,, . {(q(gi€1 ... gnen)) =
oo. Then for each €, Z(gie1 ... geeg) contains a point with trivial isotropy.

Proof. For each n we will let v, = giey...gne,. We consider first the case that the
sequence of edges appearing in ¢ is aperiodic. We claim that G, ) does not contain
nontrivial elements of the isotropy at £. For this, let 1 <n; <mny < ... with (¢(7s,)) > i
for all i. If g € G,y with g€ = &, then by Lemma 7.6 we must have that (g(v,,)) divides
g for all 7, and hence we must have g = 0.

Now suppose that 5§ = £ for some § € m(G,r(¢)) with || > 0. We may write
B = B, ! without cancellation, for some reduced G-word £;, where B gxi1€r1 also has
no cancellation (where these calculations are performed in the groupoid Wg). By the
assumed aperiodicity it must be the case that 3; = g, for some g € Gy(,). It follows
that g¢' = &', where £’ = gry1€r41.... Since & satisfies the same hypotheses as &, the
previous argument shows that g = 0, and hence that § = 0, a contradiction. We now
have that for each ¢, £ € Z(,) is a point with trivial isotropy.

Now we consider the case that the sequence of edges in £ is eventually periodic. Fix ¢,
and let m > ¢ and p > 0 be such that e, 11 ...e€,4, is a period of the edge sequence of
£ Put 0 = gmi1€mt1 - - - GmapCmip. For n > m write n = m + kp + r, where £ > 0 and
0 < r < p. Note that q(7,) = q(Vm)q(0)*q("), where &' = hiepmyy ... hrépmy, for some hy,
.., hy. The set of ¢(¢") for all such ¢’ is a finite set. Therefore if ¢(0) € Z then (g(~,)) is
bounded, in contradiction to the hypothesis of the lemma. Therefore (¢(d)) > 1.
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There are two subcases. First, suppose that |wz—r| = 1 for all 1 < ¢ < p. Since
(q(9)) > 1 there exists 1 < j < p such that |w,,, ;| > 1. Then we may use Lemma 7.7.
Let S be as in that lemma. Since G, acts freely on S, there is no isotropy in G, ,).
Choose ( = hjejhges--- € SN Z(7) such that the sequence (hy,1rptj)e; is aperiodic, is
nonzero infinitely often, and is not equal to |we,, ;| — 1 infinitely often. Suppose that /3
is a G-word such that ¢ = (. We may again write § = 5197;;1, where (3, is a G-path,
g € Gy, and B1ggr+1€r41 has no cancellation. By Lemma 7.7(4), the element g changes
at most finitely many coefficients in the tail of coefficients of (. Since the sequence of
those coefficients is aperiodic, we must have that $; = ~,. But then g must be trivial to
achieve 8¢ = (. Thus the isotropy at ¢ cannot contain an element of positive length, and
so the point ¢ € Z(7,) has trivial isotropy.

Finally, suppose that |ws=—| > 1 for some ¢, 1 < i < p. Replacing m by m + 4, if
necessary, we may assume that ¢ = p. Choose di, d}, ... dp, d, € Z such that d; # 0,
d, # 0, and

B = demip- - diemridiemii - dpemip
is a G-path. By Lemma 7.6 we know that if g, ¢ € Z are such that g8 = (B¢’ then
g = ¢'. We will construct a point n € Z(,) having trivial isotropy. Choose an aperiodic
sequence 0y, 0y, ... in the set {0, 8}. Since d, # 0 and gy 1€mi1 7 0€51p, We may define
the infinite G-path n = v,,0102- -+ € Z(7,). Note that the sequence of edges appearing
in n is aperiodic. This is because the sequence of edges in § is unchanged by reversal,
whereas this is not true for 0 since (¢(0)) > 1. As before, this forces the isotropy at 7 to
be a subgroup of G,(;). Since (q(§)*) — oo, Lemma 7.6 implies that the isotropy at 7 is
trivial. 0]

We need one more result to prove Theorem 7.5.

Lemma 7.9. Let G be a locally finite nonsingular GBS graph of groups. Suppose that G
has a constant tree at e € . Let f € E, with r(f) = s(e). Then every point in Z(0f)
has nontrivial isotropy.

Proof. Let & = 0fhafohsfs--- € Z(0f). Since ay, is onto for all ¢, we have that all h;
equal 0, and G,y fixes &. O

We can now prove our characterisation of topological freeness.

Proof of Theorem 7.5. For the “if” direction, we let u € G* define a cylinder set in 0Wg;
we show that Z(u) contains a point of trivial isotropy. Now let e denote the sourcemost
edge of p; so p = p'e (with no cancellation) for some G-word u/. Let £ = gieigaes....
Assume that £ can flow to e, and that £ is as in (2). There is n such that for some
G-word v € s(e)G*r(e,), the concatenation eve, has no cancellation. By (2) and Lemma
7.8 we know that there is n € Z(gi€1...gne,,) With trivial isotropy. Write nn = gie;...gne,7'.
(So 7' also has trivial isotropy.) Let v = Oeveng;,'...e1g;*. Then y/yn = pvny' (without
cancellation) also has trivial isotropy, and is in the cylinder set Z(u).

Suppose now that £ cannot flow to e. We claim that & can flow to €. To see this,
suppose first that there is a I'-path f; ... fi, kK > 1, which is of minimal length such that
r(f1) = s(e) and s(f) lies on &; say, s(fx) = r(es). Since fi ... fx is of minimal length, we
have fi # €. If fi # €, then the G-path 0e0f; ... 0f;0e, has no cancellation, contradicting
the assumption that £ cannot flow to e. Therefore f; = e. It follows that £ can flow to
€. On the other hand, suppose that no such minimal I'-path exists. Then it must be the
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case that s(e) lies on &; say, s(e) = r(ep). If ey # €, then £ can flow to e, a contradiction.
Therefore e, = €, and so again we have that £ can flow to e.

There are now two cases. First, suppose that G is not treelike at e. Then there is a
reduced G-loop 7 at s(e) such that Oevye is reduced. Since £ can flow to €, there is a reduced
G-word «/, and ¢ € N, such that 0év'e, is reduced. Then pyey'epgor1 for1--- € Z(p) has
trivial isotropy.

Second, suppose that G is treelike at e. Since G has no constant trees, there must exist
n € s(e)0E;, such that |ws| > 1 for infinitely many edges f lying on n. It follows that 7
satisfies the hypothesis of Lemma 7.8, and hence there is ' having the same edge sequence
as 1 and having trivial isotropy. Then un’ € Z(u) has trivial isotropy. Thus in all cases,
Z () contains a point with trivial isotropy, and hence the action is topologically free.

For the “only if” direction, suppose that the action is topologically free. Lemma 7.9
implies that (1) holds. We suppose that (2) is false, and derive a contradiction by showing
that every point of 0Wg has nontrivial isotropy. Let & = gie1g0es--- € OWg, and let
Yn = G1€1 - - . gnéyn. By assumption, {(¢(7,)) : m =1, 2, ...} is bounded. Let C be the least
common multiple of {(¢(y,)) : » =1, 2, ...}. Then for each n we have C-~,, = 7,,Cq(Vn),
by Lemma 7.6. It follows that C'- Z(v,,) C Z(v,) for all n. Since ()_, Z(yn) = {{}, we
have that C'¢ = €. U

Remark 7.10. One instance where condition (2) holds is when there is a G-loop ~ such
that |g(y)] # 1. The reason is that in this case, either [{q(7))| > 1 or |(g(v7!))| > 1.
Then the infinite iteration of 7, or of 7!, will give an infinite reduced path satisfying
(2). Of course, if G is finite, this is the only way that (2) can hold. We recall the notion
of a unimodular graph of groups from [8]. In the context of a locally finite GBS graph of
groups, this means that ¢(y) = £1 for every G-loop 7. In particular, if T" is finite then
G is unimodular if and only if (2) does not hold. We obtain the following corollary of
Theorem 7.5.

Corollary 7.11. Let G be a finite nonsingular GBS graph of groups. Then the action of
m1(G,v) on vO0Xg is topologically free if and only if G is not unimodular.

Proof. The finiteness of I', together with the nonsingularity of G, imply that G has no
constant trees. The corollary now follows from Theorem 7.5 and Remark 7.10. 0J

In fact, the proof of Theorem 7.5 can be used to get a bit more.

Proposition 7.12. Let G be a locally finite GBS graph of groups. Suppose that condition
(1) of Theorem 7.5 holds, but that condition (2) of Theorem 7.5 does not hold. Then
m1(G,v) does not act effectively on v0Xg (and hence the action is not topologically free).

Proof. The last part of the proof of Theorem 7.5 shows that for every & € Wy, there is
Ce € Gy, \ {0} = Z* such that Cef = €. Fix v € I'°. For n € Z% let

S, = {¢ € vOWg : n generates the isotropy at }.

Then v0Wg = | |, Sn. Since each S, is an open set, compactness of v0Wg implies that
only finitely many S,, are nonempty. Let C' be the least common multiple of {n : S,, # 0}.
Then C¢ = € for all £ € vOWg. Then CZ C G, C m(G,v) acts trivially on v0Xg. Thus
m1(G,v) does not act effectively on v0Xg. U

Remark 7.13. The assumption that Theorem 7.5(1) holds is necessary for the proof of
Proposition 7.12. Let T" be a tree with I = N x N. The edges I'! are {e, : n > 0} U{f;; :
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i,j > 0}. Let r(e,) = (n,0) and s(e,) = (n+1,0) for n > 0, and let r(f;;) = (4,7) and

s(fiy) = (i,5 + 1) for 4, j > 0. Let we, = wey = wy; = 1forall n, 4, j. Let wy,;, = 1if
Jj >0, and wy, =7+ 2 for « > 0. We show that the fundamental group acts effectively
on the boundary. Let v = (0,0). Note that there are no reduced G-loops at v of length
greater than zero; i.e. m(G,v) = G, = Z. Forn > 0 and m € Xy, = Z/(n + 2)Z, let
Enm € v0Xg be defined by &, = Oeg -+ - 0e,_1m f00 fn10fpn2 - --. Then it is easily seen
that 1 € m(G,v) acts on &, as 1+ &, = Eumt1. Thus no nonzero integer can fix all
&nm- Therefore m1(G,v) acts effectively on v0Xg, but Theorem 7.5(2) fails.

7.2. C*-algebras associated to GBS graphs of groups. Through our work in Sec-
tions 5 and 7 we have a characterisation of when the action of the fundamental group of
a GBS graph of groups on its boundary is minimal and topologically free. Since we know
from Theorem 5.29 that the action is amenable, this is equivalent to a characterisation of
when a GBS graph of groups C*-algebra is simple and nuclear. It further follows from our
results that we have the following dichotomy for simple GBS graph of groups C*-algebras:

Theorem 7.14. A simple GBS graph of groups C*-algebra is either a stable Bunce—
Deddens algebra, or a Kirchberg algebra.

Proof. Let G be the GBS graph of groups. We know from Theorem 5.29 that C*(G) is
nuclear. Since the action is minimal, we know that we either have (1), (2) or (3) from
Proposition 5.17. Since the action is topologically free, we know from Theorem 7.5 that G
is not the finite ray in (3). In case (1) we have the crossed product purely infinite. Since
v0Xg is second countable and 71(G,v) is countable, we know that the crossed product
is separable (see the discussion in Section 2.5.3). Hence in case (1) we have C*(G) a
Kirchberg algebra. We see from Example 5.20 and Remark 5.22 that the infinite ray in
case (2) is an example of an odometer of groups. We see from Remark 5.22 that topological
freeness forces M2, G,y = {0} which forces [G,(,) : Gr(e,_,)] > 1 for infinitely many 1.
So we can apply Proposition 5.26 to see that C*(G) in case (2) is a stable Bunce-Deddens
algebra. O

Corollary 7.15. Suppose G is a GBS loop of groups, whose two monomorphisms are
given by multiplication by integers m and n. Then C*(G) is a Kirchberg algebra if and
only if [m| # |n| and |ml, |n| > 2.

Proof. Theorem 7.14 says that it suffices to characterise when the action is minimal and
topologically free, for then, since G is obviously not an odometer of groups, we must
have C*(G) a Kirchberg algebra. We know from Theorem 5.11 that the action will be
minimal if and only if neither of the monomorphisms are surjective, which is exactly when
|m|, |n| > 2. Recall from Remark 7.10 that G is unimodular if ¢(v) = £1 for every G-loop

7. Since this happens precisely when |m| = |n|, we see from Corollary 7.11 that the action
is topologically free if and only if |m| # |n|. O
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