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Abstract

We associate to each locally finite directed graph G two locally
compact groupoids G and G(x). The unit space of G is the space of
one-sided infinite paths in G, and G(x) is the reduction of G to the
space of paths emanating from a distinguished vertex x. We show that
under certain conditions their C*—algebras are Morita equivalent; the
groupoid C*—algebra C*(G) is the Cuntz—Krieger algebra of an infinite
{0, 1} matrix defined by G, and that the algebras C*(G(*)) contain the
C*—algebras used by Doplicher and Roberts in their duality theory for
compact groups. We then analyse the ideal structure of these groupoid
C*—algebras using the general theory of Renault, and calculate their
K-theory.



1 Introduction

Over the past fifteen years many C*-algebras and classes of C*-algebras have
been given groupoid models. Here we consider locally finite directed graphs,
which may have infinitely many vertices, but only finitely many edges in and
out of each vertex. We associate to each such graph G a locally compact
groupoid G, and show that its groupoid C*-algebra C*(G) is the universal
C*-algebra generated by (possibly infinite) families of partial isometries sat-
isfying Cuntz-Krieger relations determined by G. We then use Renault’s
structure theory for groupoid C*-algebras [16, 17] to analyse the ideal struc-
ture of these Cuntz-Krieger algebras, thereby extending important results of
Cuntz and Cuntz-Krieger [2, 3] to the case of infinite, locally finite {0,1}-
matrices.

Our original motivation was to understand the C*-algebras arising in the
duality theory for compact groups of Doplicher and Roberts [4, 5]. Renault’s
philosophy suggests that the algebra O, associated by Doplicher-Roberts
to a special unitary representation p : K — SU(n) should be realisable
as a groupoid C*-algebra, and the basic structural properties of O,, such
as simplicity, should follow from the general theory of groupoid algebras.
This program was begun in [10]. The algebra O, is constructed from the
intertwiners of tensor powers p" of p, which depend on the decompositions of
p" into irreducibles. The construction of the groupoid G, in [10] is based on a
directed graph G, with vertex set K and edges descrlbmg the decompositions
of {pm: 7€ K } as direct sums of representations in K; the unit space of g,
is the infinite path space of the graph, and the groupoid itself is given, loosely
speaking, by tail equivalence with lag. The algebra O, is shown in [10] to be
the enveloping algebra of a subalgebra °O, of C.(G,), but unfortunately it is
not clear how to prove that the enveloping norms on °0, and C.(G,) agree —
even though we know they must, because both enveloping algebras are known
to be simple. The situation described in [10], therefore, is unsatisfactory:
one has a groupoid model, but needs the established theory to complete the
identification. Although the ideas of [10] were subsequently adapted to give
a new algebraic approach to the Doplicher-Roberts theory [14], this approach
avoids the technical difficulty rather than solves it.

The present paper brings the program of [10] to a more satisfactory con-
clusion. We associate a groupoid G(x) to every pointed directed graph G,
using tail equivalence with lag on the infinite path space, so that applying



our construction to G, gives G,. We show that this groupoid is r-discrete
and amenable, and give conditions on G' which ensure that G(*) is essentially
principal, so that the structure theory of [16, §I1.4] and [17] applies. We
then prove directly that *-representations of °O, extend to *-representations
of C.(G,), and hence that the completions O, and C*(G,) coincide. We can
then deduce from [17] that O, is simple. But having done all this work, we
now believe the most interesting aspect of our results to be their applications
to the Cuntz-Krieger algebras of infinite {0, 1}-matrices.

Cuntz-Krieger algebras Q4 arise naturally when one tries to compute
the K-theory of the algebras O,. For finite groups, O, is a corner in an
appropriate O 4, and one can use the known computations of K,(O4) to find
K.(O,) [9]. For compact groups, the corresponding matrix A is an infinite,
locally finite {0, 1}-matrix, but not much is known about the corresponding
O4. So when we computed K,(O,) in [13], we first had to extend the basic
theorems of Cuntz and Krieger [3] to an appropriate class of infinite A, which
we did by approximating Q4 by the algebras Op of suitable finite B [13, §2].
In our present approach, groupoid models for O4 appear naturally alongside
those of the corresponding O,; indeed, because we are now working with
arbitrary directed graphs, we have models of O4 for every locally finite A.
Under an appropriate Condition (K) on A, which generalises the Condition
(IT) of [2], the theory of [17] applies, and the main theorem of [2] carries
over. It is interesting that Renault’s theory is deep enough to give the full
strength of [2, Theorem 2.5] in the case of finite A, though not the full
uniqueness theorem of [3]. We are not aware, incidentally, that this analysis
has previously been carried out even for finite A.

We begin by constructing the groupoid G of a directed graph G = (V, E).
We need to assume the graph is row-finite (that each vertex emits only finitely
many edges) to ensure that the one-sided path space P(G) is locally com-
pact. The groupoid G is then r-discrete, locally compact and Hausdorff, with
unit space P(G). We also introduce a pointed version G(x), by fixing a dis-
tinguished vertex x and restricting attention to paths starting at x. In §2,
we show that the groupoids G and G(*) are equivalent in the sense of [11],
so that their C*-algebras are Morita equivalent: indeed, C*(G (%)) embeds as
a corner in C*(G). Since G will model Cuntz-Krieger algebras, and suitable
G(x) = G, will model Doplicher-Roberts algebras, this will later embed O,
as a corner in a Cuntz-Krieger algebra.

In §3, we identify the groupoid algebra C*(G) as the universal C*-algebra



generated by families of partial isometries {S, : e € E'} parametrised by the
edge set E of GG which satisfy the Cuntz-Krieger relations

SiSe= > 8pS;=)>_ Ale, f)SsS;.
{feE:s(f)=r(e)} feE

It is quite easy to write down a Cuntz-Krieger family which generates C*(G)
(Proposition 4.1), but we have to work to show that every such family de-
termines a *-representation of C.(G). This difficulty is similar to that en-
countered in extending representations of °O, to G,, and we give a version
of our construction for pointed graphs which will be used in §6 to settle this
question.

A main technical hypothesis in Renault’s theory is amenability, and in §4
we check this for our groupoids. As suggested in [10], this can be done by
realising G and G(*) as reductions of a semidirect product R x Z, in which
R is an equivalence relation on a two-sided product space. Nevertheless, we
had to make substantial changes to the procedure outlined in [10], and had
to assume that the graph is locally finite to know that R is AF, and hence
amenable. In retrospect, our construction is similar to that carried out in [3,
p. 259].

Our main results are in §5, where we apply Renault’s theory to compute
the ideals of C*(G). We need to impose a structural condition on our graphs
G to ensure that the corresponding groupoids G are essentially principal. Our
Condition (K) is an analogue of the Condition (II) imposed by Cuntz in [2].
We discuss the relationship of (K) and (II) at the start of §5, and give some
examples of new phenomena which arise for infinite graphs, and which had to
be accommodated by (K). Our main Theorem 6.6 is a direct generalisation
of [2, Theorem 2.5]. We also give a version of the Cuntz-Krieger Uniqueness
Theorem which is not quite so satisfactory: we leave open the question of how
best to extend Condition (I) of [3] to the infinite case, and merely observe
that the present approach will not suffice, since the groupoids need not be
essentially principal.

In our final section, we show how the Doplicher-Roberts algebras O,
are naturally isomorphic to the groupoid algebra C*(G (%)) of the graph G,
pointed at the trivial representation .. As we mentioned earlier, the con-
structions in §3 effectively solve the main technical problem in the program
of [10]. Since we have already shown that C*(G(x)) is a corner in C*(G), the
results of the previous section give the simplicity and the K-theory of O,, by



methods which are independent of the previous results of Doplicher-Roberts
and Cuntz.
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2 Directed graphs and their groupoids.

A directed graph G = (V, E, r, s) consists of a countable set V' of vertices, a set
E of edges, and maps r, s : E — V describing the range and source of edges.
To avoid pathological cases, we assume that the map s : £ — V is onto, so
that every vertex emits at least one edge. A directed graph G = (V, E,r,s)
is row finite if s7'(v) C E is a finite set for all v € V, and locally finite if
both s7!(v) and r~!(v) are finite for all v € V. It is pointed if there is a
distinguished vertex x € V.

A finite path in a directed graph G is a sequence o = (ay, . . ., ) of edges
in G with s(aj41) = r(a;) for 1 < j < k —1; we write s(o) = s(aq) and
r(a) = r(ag), and |af := k for the length of a. We write F'(G) for the set of
all finite paths in G' (we denote by v the path of length 0 with s(v) = r(v) = v
), and F'(G,v) for the set of finite paths a € F(G) such that s(«) is a fixed
vertex v. We let P(G) and P(G,v) denote the corresponding sets of infinite
paths a = (a1, g, -+ ) in G.

For a, u € F(G) satisfying r(a) = s(u), we define a path ap € F(G) of
length |a] + |p| by ap = (a1, ..., 04q, fi1, - -, fyy). We can similarly define
ax € P(G) for a € F(G) and « € P(QG) satisfying s(x) = r(«).

The infinite path space P(G), being a subset of the product space [[{° E,
has a natural product topology, for which the cylinder sets

Z(a)={z € P(G) 121 = a1,...,%)a| = Qa|}

parametrised by o € F(G) form a basis of open sets. This is not immediately
obvious: one has to prove that finite intersections of Z(a)’s contain enough
Z(0)’s to separate points. The following straightforward Lemma guarantees
this:



2.1 Lemma: Fora,f( € F(G), we have

Z(a) ifa= pa for some o € F(G),
Za)NZ(B) =1 Z(B) ifB=apf for some (' € F(G),
0 otherwise.

When the graph G is row finite, only a finite set Fjx(v) of edges can
be reached by paths of length k starting at a given vertex v. Thus each
cylinder set Z(a) is (homeomorphic to) a subset of the compact product
space [ [, Ex(r(a)), and is itself compact. Hence:

2.2 Corollary: If G is a row-finite directed graph, the cylinder sets
{Z(a) : @« € F(G)} form a basis of compact open sets for a locally compact,
o-compact, totally disconnected, Hausdorff topology on P(G), which coin-
cides with the product topology obtained by viewing P(G) as a subset of

E.

We aim to define a groupoid with unit space P(G), associated to an
equivalence relation on P(G): two paths z,y € P(G) are shift equivalent
with lag k € Z (written x ~y, y) if there exists NV € N such that z; = y; 4 for
all i« > N. It is easy to check that shift equivalence is an equivalence relation:
Ty =Y~ T,and & ~p Yy, Y~y 2= T ~opag 2
2.3 Definition: Let G = {(z,k,y) € P(G) x Z x P(G) : x ~ y}. For
pairs in

G* ={((2,k.y),(y,1.2)) : (x,k.y). (y.1,2) € G},

we define
(@, k) (y. 1, 2) = (@, k + 1, 2), (1)
and for arbitrary (z, k,y), we define
(kaay)_l = (y7_kax) (2)

2.4 Lemma: With the operations (1) and (2), and range, source maps
r,s: G — P(QG) given by r(x,k,y) = x, s(x,k,y) =y, G is a groupoid with
unit space P(G).

We want to make G into a locally compact groupoid with (topological)
unit space P(G). The idea is to use the sets

Z(O_@ﬁ) = {(l’,k’,y) MRS Z(O[),y € Z(ﬁ)7k: |ﬂ| - |OZ|,?L’Z‘ = Yit+k for i > |O[|},

where o and § are paths in F(G) with r(a) = r(8), as a neighbourhood
base. We allow « or 3 = (). To see that this is possible requires some work.
The first Lemma is straightforward.



2.5 Lemma: For a,f3,7,6 € F(G) with r(a) = r(8),r(vy) = r(5), we
have

(

Z(av, B) if there exists € € F(G) such that o = ve, f = e,
Zlo, NZ(r,0) = { 2
0

a?
v,0) if there exists € € F(G) such that v = «e, § = e,
otherwise.

2.6 Proposition: Let G be a row-finite directed graph. The sets

{Z(a, B) - o, f € F(G), r(e) = 7(B)}

form a basis for a locally compact Hausdorff topology on G. With this topol-
ogy, G is a second countable, r-discrete locally compact groupoid in which
each Z(a, ) is a compact open G-set. The product topology on the unit
space P(G) agrees with the topology it inherits by viewing it as the subset
GY = {(x,0,2) : x € P(G)} of G. The counting measures form a left Haar
system for G.

Proof:  Lemma 2.5 implies that each finite intersection of Z(a,3)’s is
another Z(«, 3), and hence the sets Z(«, ) form a (countable) basis for
a topology on G. Since two distinct points differ in lag or in some initial
segment of range or source, this is a Hausdorff topology. For each fixed
a,f € F(G), themap hy 5 2 — (az,|5|—|al, Bz) is a bijection of P(G,r(x))
onto Z(«, ), which is continuous because the basic open sets intersecting
Z(cv, 8) have the form Z(ae, fe), and h_ }y(Z(ae, Be)) = Z(e) is open in P(G).
Because G is row finite, P(G,r(«)) is compact, and the continuous bijection
he s is automatically a homeomorphism. Thus the sets Z(a, ) are compact
as well as open, and the topology is locally compact.

Inversion is continuous, because it maps Z(«, ) onto Z(f,a). To see
that the product is continuous, suppose (z,k,y) - (y,1,2) = (z,k +{,2) is in
Z(a, ). There exists N € N such that x; = y, 44 for ¢ > N and y; = 2,4, for
j > N+ k; we may as well suppose N > |a| and N > || — 1 — k. Let

o = (xh”'va) - (al)"'7a|a\7‘r|a|+17”'7'7;]\[)7
v = (1, " ynsk), and
B o= (21, anh) = (Bus Bl 2081415 s EN+ht)-

Then (z,k,y) € Z(, ), (y,1,2) € Z(v, '), and the product maps the open
set G2 N (Z(d/,v) x Z(v,3)) into Z(a, B).
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Next note that r is a homeomorphism of Z(a, ) onto Z(«) (it is the
composition of ha_,lﬁ with the homeomorphism z — az of P(G,r(«)) onto
Z(«)), which shows both that G is r-discrete with the counting measures as
a Haar system [16, p.18], and that Z(«,3) is a G-set. For the statement
about the topology on P(G), observe that Z(a, 3) meets G° only if a = 3,
and thus the map z +— (2,0, ) is a homeomorphism of P(G) onto G°. O

Remark. When the graph G is pointed, there is another locally compact
groupoid G(*) naturally associated to G, which is based on the space P(G, x)
of infinite paths starting at the distinguished vertex x rather than P(G). To
avoid repeating the construction above (we shall be forced to do that quite
enough as it is), we just define G(*) to be the reduction of the groupoid G to
the compact subset P(G, ) of its unit space.

3 Equivalence of the full and pointed groupoids.

We say that a vertex v in a directed graph G is cofinal if, for every infinite
path x € P(G), there is a finite path a € F(G) such that s(a) = v and
r(a) = r(x,) for some n.

3.1 Theorem: Let (G,*) be a pointed directed graph with associated
groupoid G; suppose that G is row-finite and that the distinguished vertex
* is cofinal. Let N = P(G,) be the (compact-open) subset of P(G) con-
sisting of the paths starting at the distinguished vertex x, so that G(x) is by
definition the reduction G¥. Then the characteristic function 1y € C.(G) is
a full projection in C*(G), and the inclusion of C.(G¥) in C.(G) induces an
isomorphism of C*(G(x)) onto the full corner 15C*(G)1y.

3.2 Remarks: (1) Since r,s: G — P(G) are continuous, and N is open
and closed in P(G), G(x) = GN = r~1(N)Ns~}(N) is both open and closed in
G. Thus we can view functions in C,(G¥) as continuous functions of compact
support on G. Similarly, if Gy = s7}(NV), we can view C.(Gy) as a subset
of C.(G). We shall do this without comment, but we shall only write (e.g.)
[ *c,(g) g if we are viewing f, g € C.(GY) as functions in C.(G).

(2) Since the product topology on P(G) agrees with the topology it in-
herits as an (open and closed) subset of G, the characteristic function 1y can
indeed be viewed as a continuous function of compact support on G¥, Gy

and G.



3.3 Lemma: The characteristic function 1y satisfies 1y *c,g) In = 1y =
1%, and the inclusion of C.(GY) in C.(G) is a *-homomorphism of C.(GY)
onto 1y x C.(G) * 1y.

Proof: If g € C.(G) and (z,k,y) € G, then

gxcao W@ ky) = D glaLu)ly(v,k—Ly).
{(lw):(z,l,0)EG}

The only non-zero summand occurs when (v,k — ¢,y) = (y,0,y) and y €
N = P(G, ), 80 g*c,(g) L is the restriction of g to the subset Gy = s7'(N).
Similarly, 1y *c,(g) ¢ is the restriction of g to G~ := r~}(N); in particular,
In *c,(g) In = 1y. Since we trivially have 13 = 1y, it follows immediately
that inclusion maps C.(G¥) onto 1y x C.(G) * 1. It is easy to verify that
f € C.(GX) has the same adjoint in C.(GY) and C.(G), and by looking at
the formula for ¢, (g) we can see that f *c.g) g = f *c gy 9 Whenever 1,9,
and hence f *0,(GN) 95 have support in G¥. Thus the inclusion is actually a
*“homomorphism of C.(GY) onto 1y * Ce(G) x 1. O

By cofinality of %, the set N is an abstract transversal for G in the sense
of [11]: indeed, if x € P(G), there is a finite path « from % to some s(x,,11) =
r(z,), and if we write 2’ for the path z, 12,12, then (aa’,n — |a|,z) € G
has range az’ in N and source x, so N meets the orbit of z. (That r and s
are open on Gy is automatic because N is open and closed, and r, s are local
homeomorphisms.) It therefore follows from [11, Example 2.7] that Gy =
s7I(N) is a (G, GY)-equivalence. We can now deduce from [11, Theorem
2.8] that C.(Gy) can be naturally made into a C.(G)-C.(GY) imprimitivity
bimodule. (The formulas for the module actions are given on [11, p. 11],
and those for the inner products at the top of [11, p. 12]. We shall write
c.(¢)(, ) for the C¢(G)-valued inner product to stress that it is C.(G) which
acts on the left.)

3.4 Lemma: The inner products on C.(Gy) in [11, p. 12] are given by

(.9 cugr) = " *cug 9 and c.g)(f,9) = f*c.) 9"

(We are asserting, inter alia, that f* xc, ) g has support in Gy .)



Proof: The formula for (f, g)c,gn(z, k,y) in [11, p. 12] requires a choice
of z € Gy with s(z) = r(z, k,y) = = (but is then independent of the choice):
we choose z = (z,0,z). Then

(f,Dewom @ ky) = D flo,=Lx)gl,k—Ly) = o9, k,y).
{(tw):(z,l,v)€G}

Since f, g have support in Gy, f* *c.(g) 9(x, k,y) is zero unless z,y € N,
which forces f* xc,g) g € C.(GN).

In the formula for ¢ (g)(f,9)(x,k,y), we need to choose z € Gy with
r(z) = s(z,k,y) = y: this time we use cofinality to choose a € F(G) such
that s(a) = *, r(«) is the source of some end segment y' := Y1 1Ypi2 -« of
y, and take z := (y, || — n,ay’). Then

cc(g)<f,g>($,k‘,y)= Z f(a:,k;+\oz|—n+€,v)g(g,£+\oz\—n,v).
{(tv):(ay/ Lw)eGN Y

Since supp g C Gy, g(y, ¢+ |a| —n,v) = 0 unless v € N, and this sum equals

Z f(x,k:+|0z|—n+€,v)g(y,€+|a|—n,v)
{(w):(ay' tv)€G}

Since (ay’,¢,v) belongs to G iff (y,¢ + |a| — n,v) belongs to G, this sum
reduces to the formula for f xc () g* (@, k, y). 0

3.5 Lemma: For f € C.(GY), we have || f|

ey = I fllexg)-

Proof: We have

/]

?)*(gﬁ) = |f *Ce(GN) fHC*(gJJ\\;) by definition
= [|f" *c.q) [

(£, Heaap)

= |leuo)(f, F)lle=gy Dby [18, Proposition 3.1]

= ||f xc.6) f7]

= |/l

as required. O

c(gN) because *C.(GN) and x¢,(g) agree on C.(GN)

c+(gy) by Lemma 3.4

c+g) by Lemma 3.4

2
()
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Lemmas 3.3 and 3.5 imply that the inclusion is a *-homomorphism of
C.(G¥) onto 1y * C.(G) * 1y which is isometric for the enveloping C*-norms,
and hence extends to an isomorphism of C*(G¥) onto the closure 15yC*(G)1x
of 1xy x C.(G) x 1y in C*(G). Finally, we recall from the proof of Lemma 3.3
that 1y *c,g) g* = g* when g € C.(Gn), and hence for any f,g € C.(Gn),
the function

c ), 9) = f*c.9) 9" = [ *c.0) In *c.0) 9"

belongs to the ideal generated by 1y. Since we know from [11] that the inner
products span a dense ideal of C*(G), it follows that 1, is full. Thus we have
completed the proof of Theorem 3.1.

3.6 Remark: We can replace the distinguished vertex * by a finite subset
F of V, and P(G,*) by the space P(G, F) of paths starting in F'. Provided
the set F' is cofinal, the above proof carries over to show that C*(G(F))
embeds as the corner 1p(g 7 C*(G)1p(q,r). Similar arguments probably work
even for infinite cofinal subsets S of V', except that the characteristic function
1p(a,s) would no longer have compact support, and hence would not belong
to C*(G). So one would first have to show that the pair (p/,p”) of maps
P g glgras), P g = dlopes on Ce(G) extends to a multiplier of
C*(G). We shall not follow this up since we do not need it here, but we
remark that the techniques of [13, §3] will very likely suffice.

4 Cuntz-Krieger algebras.

Associated to a directed graph G = (V| E,r, s) are two integer matrices: the
edge matric A = Ag is the ' X E matrix defined by

Agle, f) = { 1 ifr(e) = s(f)

0 otherwise,
and the vertex matriz Bg is the V' x V matrix defined by
Bg(v,w) :=#{e € E : s(e) =v,r(e) = w}.

Every n x n matrix B with entries B(i,j) in N U {co} is the vertex matrix
of a graph G: just take n points vy, ve,- - -, v, as vertices, and draw B(i, j)
edges from v; to v; to obtain a graph G'z. One trivially checks that B = Bg,

11



and Gp, = G. On the other hand, not all {0,1} matrices arise as Ag: for
example, one can have Ag = ( bl ) or ( 01 ), but there is no graph

11 10

4.1 Proposition: Let G be a row-finite directed graph with edge matrix A
and vertex matrix B. Then C*(G) is generated by a Cuntz-Krieger A-family
— that is, by a family {S. : e € E} of partial isometries with orthogonal
ranges satisfying
S5 = S Ale, £)8553:
feE

indeed, we can take S, to be the characteristic function 1z () of the basic
open set

Z(e,r(e)) = {(z, —L,y) : w0 = e, m; = y;—1 fori > 1}.
If B is a {0, 1} matrix, C*(G) is also generated by a Cuntz-Krieger B-family.

Remark In the finite case, we insist also that ) . S.S; = 1. In the infinite
case, this does not make sense in the C*-algebra C*(G), and the assumed
orthogonality of the range projections is a substitute for this condition (it is

implied by Y .5 597 = 1).
Proof: Because the Haar system is counting measure, we have
S:Si(x, k,y) = Z Se(z, =, 2)Sp(z, k — L, y);
{l,2:(x,0,2)€G}
and since (z, —0,x) € Z(e,r(e)), (z,k — L, y) € Z(f,r(f)) force e = f, | =1,

k =0,y =z and z = ex, the sum collapses to at most one term. We deduce
that S;S; = 0 unless e = f, and then is the characteristic function 1p, of
the subset D, := {(z,0,z) : s(x) = r(e)} of the unit space G° (viewed as a
subset of G). Since 1p, = (1p,)? = 1},_, this proves in particular that S, is a
partial isometry. Similarly, one can verify that S.S; = 1), and hence the
ranges of the S, are orthogonal. Since

D.={(z,0,2) : s(x) =r(e)} = U{Z(f, f): [ € E satisfies s(f) =r(e)},
it follows that

SiSe=1p, = Y. ldgzgp=3 Ale [)S;S;,
{f:s(f)=r(e)} f

12



so that {5, : e € E'} is a Cuntz-Krieger A-family.
More calculations like the one above show that the product

S0 = S - S Sy, - Sy

is zero unless o, f € F(G) satisfy r(«) = r(8) (which happens iff there exists
f € E such that A(aa), f) =1 = A(Bjg, f) ), and then is the characteristic
function 1z, ). It is a standard observation in Cuntz-Krieger theory that
the C*-algebra generated by a Cuntz-Krieger family {S.} is the closed span
of the elements S, S%, so to prove {S.} generates C*(G) we just need to prove
that sp{1lz@pg) : @, 8 € F(G)} is dense in C*(G). Since C.(G) is dense in
C*(G), and the C*-norm is dominated by Renault’s I-norm, it is enough
to show that sp{lz(,p} is || - |[;-dense in C,(G). The support of any fixed
f € C.(G) is a disjoint union of compact subsets of the form Z(v,d), and
by Lemma 2.5 we may assume these compact open sets are disjoint. Thus
f is a finite sum of functions with support in some Z(v,d), and it is enough
to approximate f € C(Z(v,6)) by something in sp{1z..g)}. Because each
Z(7,0) is a G-set (i.e. r and s are one-one on Z(7,d)), the uniform norm on
C(Z(v,0)) dominates the || - ||-norm, and it is enough to approximate f in
the uniform norm. But now we can use the Stone-Weierstrass Theorem to
see that the *-subalgebra

sp{lza} m C(Z(7,9)) = sp{1z(yom

is uniformly dense in C(Z(,d)), which is a C*-algebra with pointwise oper-
ations.

We have now proved that C*(G) is generated by the Cuntz-Krieger Ag-
family {S.}. If the vertex matrix B has entries in {0, 1}, then the argument
of [9, Proposition 4.1(1)] shows that

T, = Z S.
{e:s(e)=v}

is a Cuntz-Krieger B-family generating C*(G): indeed, we can recover S, as
Ts(e)Tr(e)T;‘(e) (this is not immediately obvious, and requires that the entries
of B are in {0, 1}, so that s(e) = s(f) and r(e) = r(f) imply e = f). This
completes the proof of the Proposition. O
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4.2 Theorem: Let G be a row-finite directed graph with edge matrix A
and groupoid G, and suppose that {S, : e € E} is a Cuntz-Krieger A-family
of partial isometries on a Hilbert space H. Then there is a representation m
of C*(G) on H such that 7(1;(cr())) = Se for every e € E.

To prove this Theorem, we shall construct a representation of C.(G), and
then use the general theory of [16] to extend this to C*(G). Since the sup-
port of any f € C.(G) is the disjoint union of basic open sets Z(a, 3), and
f =2 flz(a,3), we shall always be able to reduce to the case where supp f C
Z(a, 3). Thus we start by constructing representations of C'(Z(«, (3)). Since
Z(a, B) is a compact space, C(Z(«, 3)) is a commutative C*-algebra under
pointwise operations, and we shall be exploiting this; however, it is impor-
tant to remember that these pointwise operations are not those obtained by
viewing C(Z(«, 3)) as a subspace of the convolution algebra C.(G) unless
a = f3, in which case C(Z(a, 3)) C C.(G°).

Recall that, for fixed o, € F(G) with r(a) = r(5), the map hap :
x — (ax,|B] — |al, Bz) is a homeomorphism of P(G,r(a)) onto Z(a, ).
This homeomorphism induces an isomorphism ¢, 3 of C(P(G,r(«))) onto

C(Z(e, 9))-

4.3 Lemma: For each vertex v of GG, there is a representation m, of
C(P(G,v)) on H such that 7,(17(,)) = S,S} for each v € F(G,v).

Proof: For each k € N, we let
Cr :=sp{lz(y) : v € F(G,v) has length |y| = k},

which because G is row-finite is a finite-dimensional C*-subalgebra of C'(P(G, v))
spanned by the mutually orthogonal projections 1;(,). The cylinder set Z(~)
is the disjoint union of the sets

{Z(ve,ve) e € E,s(e) =r(7)},

which implies that 17y = Zs(e):T(v) 1Z(vee)s and Cy, C Ciqq. Since the sets
Z(7) are a basis for the topology on P(G,v), the Stone-Weierstrass Theorem
implies that C(P(G,v)) = UCy. For a fixed k, the projections {8,87 :
|7| = k} are mutually orthogonal, and hence there is a *-homomorphism
¢ : Cp — B(H) such that ¢y (1z(,)) = 5,57 Because

575;:57<25653)5;: Soossssi= Y 8.,
ecE {e:s(e)=r(y)} {e:s(e)=r(7)}
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we have ¢p11|c, = ¢k, and together the ¢, give a *~homomorphism ¢ of UC},
into B(H). Since the Cy’s are C*-subalgebras of C'(P(G,v)), the homomor-
phisms ¢, are automatically norm-decreasing, and hence so is ¢. Thus ¢
extends to a representation m, of the closure C'(P(G,v)) of UC, with the
required property. O

The representations m, immediately give representations m,(4) © gb;lﬂ of
each C'(Z(«a, 3)). However, there is more than one way of writing a compact
set as the union of Z(«, 3)’s, and we have to check that the representations
Tr(a) © gb g are consistent.

4.4 Lemma: Suppose «, € F(G) satisfy r(a) = r(f), and [ €
C(Z(a, ). Then for any k > 1 we have

Tr(a) (¢;15(f)) = Z SWTT(W)(¢;y1,,@‘y(f|Z(a%ﬁv)>)S§ (3>
{ve€F(G.r(a)):|v|=k}

Proof: Both sides of (3) are continuous and linear in f € C(Z(«, 3)). Hence
we may suppose that f = ¢a3(12() = 1z(ay,sy) for some x € F(G,r(a)).
The left-hand side of (3) is then

Tr(a) (gb;,lﬁ(lz(axﬂx))) = 7T?”(t)c)(lZ ) S S*

If k& < |x|, then the only non-zero summand on the right of (3) occurs when
~v is the initial segment of x; then, with x = v/, the right-hand side becomes

S YT (y (¢ay57(1Z(a7x Bvx)))s S 7T 7)(12 )S - S Sy SySy = SXS;'

XX Py

If £ > |x|, the non-zero summands occur when v has the form xv' for some
v € F(G,r(x)), and the right-hand side of (3) is

—1 *
Z S ( axw’,ﬁxv’(1Z(ax7’ﬂxv’))) Syt
(v eF(Gr(x)):Iv[=k—|x|}

which reduces to

Z SX’Y'WT(W/)(1P(Ga7’(7')))5;’y’ = Z SX'Y’S;7' = SXS;
,.yl

,.yl

as required. O
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Now we aim to define 7 : C.(G) — B(H) as follows. For f € C.(G), write
supp f as the disjoint union U;Z (", 3°) of basic open sets, and take

=S (ot (0 (1 20003)) ) S (4)

It is true, but not immediately obvious, that this process is independent of
the description of supp f:

4.5 Lemma: There is a well-defined linear map = : C.(G) — B(H),
continuous in the inductive limit topology, such that (4) holds whenever
supp f C UZ (!, %) and Z(a', 3) are disjoint.

Proof: Since the isomorphisms ¢, g are homeomorphisms for the uniform
topology on C(P(G,r(«))) and the inductive limit topology, and the m, g
are uniformly continuous, the only issue is whether 7(f) is well-defined by
(4). Suppose we had an alternative description of supp f as UZ(~,d). Since
Z(a, ) N Z(v,0) # 0 only when one set is contained in the other, each
Z (o', 3%) is contained in a disjoint union of Z(v,d)’s, or vice-versa. Suppose
without loss of generality that

ﬂZ=U

(We now drop the superscript 4.) Then each (77, 67) has the form (au’, Su’).
If k := max |z/|, then the paths « arising in the decomposition

Z(a, B) = U Z(a, 37) (5)

{reF(Gor(a)):lvl=k}

must group together in subsets F; := {y/v : |v| = k — |17|} to form decom-
positions of Z(47,47), and (5) can be rewritten

Z(a,ﬁ)zU( U Z(oz,ujy,ﬁujl/)>:U( U Z(fyjl/,éjy)>.

i WveEF; J WVEF;

Several applications of the previous lemma give

Sa (Tr(a)(Sas(flz(am) S5 = > Sory (Tr) (D, (F2007,81)))) S5s

{reF(Gor(a)):lvl=k}
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= Z Z SVjV <7TT(V)<¢;jly75jy(f|Z('ij75jl/)))) S:;jy

J pIVEF;

- ZS’W < ’Y]) N3, 5](f|Z (19,69 ))) ng.

Repeated applications of this process, to decompositions of Z(a’, 4) in terms
of Z(~,9)’s or vice-versa, show that (4) is independent of the choice of cover
of supp f. O

We now want to prove that the linear map 7 is a *-homomorphism on
C.(G). That it is adjoint-preserving is straightforward: if supp f C Z(«, ),

then f* = ¢g, 0 gb;lﬁ(f), and hence

T(f)" = (SaTr(a)(bap(£))S5)" = Semr()(¢n 5(f)) S
= SpTr(a)(P5.0(f")Se = T(f*).
This extends to arbitrary f € C.(G) by linearity.
Next, let f,g € C.(G). Again, linearity allows us to reduce to the case
where supp f C Z(«,3) and suppg C Z(v,0). If Z(B) N Z(vy) = (), then
f*g=0and S35, = 0, which forces 7(f)r(g) = 0. So we may suppose

Z(B)NZ(y) # 0. Then either 3 = v or v = 37/; suppose for the sake of
argument that § = v/4’. We can use the alternative decomposition

g= > 9126w

{ver(Gr():vI=I81=h}

and by our earlier reasoning discard all but the term g|z(,g 53). So we may
as well assume that supp f C Z(«, ) and suppg C Z(f3,6). But then
supp f *x g C Z(«a, 6), so

T(f)7(9) = Samr(s)(0a5(f))S5Ssmr5)(56(f))S;.

We can remove the term S3S5 = S:(B)Sf(ﬁ)’ because S:(ﬁ)ST(/g)S,Y = S, when-
ever () = r(f). Thus we only have to check that

O 5(Ns5(9) = o, 5(f * 9), (6)

and by linearity and sup-norm continuity it is enough to do this when f =
1Z(ax,8x) and g = 1z(gus,)- But then the left-hand side of (6) is 17¢)1z(y),
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which is 0, 1z(,) or 1z, depending on whether Z(x) N Z(u) is empty, Z(x)
or Z(u), and

0 if Z(x) N Z(p) =0
frg=14 lz@py  HZ00)CZ(p

1Z(a,u,ﬂ,u) if Z(X) ) Z(HJ

S —

from which (6) follows.

We have now shown that there is a well-defined representation 7 of C.(G)
on H characterised by Equation (4). Since G is r-discrete, this representation
is automatically || - ||;-bounded by [16, Corollary I1.1.22], and hence extends
to the C*-enveloping algebra C*(G).

Since (4) implies that 7(1z(r())) = Se, this completes the proof of The-
orem 4.2.

4.6 Theorem: Let G be a row-finite pointed directed graph, and suppose
we have a *-representation 7 of the *-subalgebra

C .= Sp{lz(a,ﬁ) :s(a) = s(f) =% and r(a) = r(0)}

of C.(G(x)) on a Hilbert space H. Then m extends to a representation of
C.(G (%)) which is continuous for the inductive limit topology, and hence also
to a representation of C*(G(x)) on H.

This pointed analogue of Theorem 4.2 will require slightly different argu-
ments, since the generating partial isometries S, do not belong to C.(G(*))
unless s(e) = . In fact, there may not even be such partial isometries
acting on H: for if C.(G) acts on K, the subalgebra C.(G(x)) acts on
H := 1p.(K), and the partial isometries Se = 1z(c(e)) do not. (In [9],
we got round this in the case of finite graphs by enlarging the Hilbert space
of the representation.) The problem starts when we try to construct the
representations m,: we have no analogue of S, unless s(7y) = *.

However, for each a € F(G,*), the procedure of Lemma 4.4 still gives
a representation m, of C(P(G,r(a))) such that 74(1z¢y)) = T(1zay,ay))- If
r(a) = r(f), the corresponding representations of C(P(G,r(«))) are related
by

Tl f) = 7(Lz(a,0))ms( /)T (L2(8.0)); (7)

this can be checked by a routine calculation on f of the form 14, and
extended to arbitrary f € C(P(G,r(«))) by linearity and continuity. We
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now aim to define 7 on C(Z(«, 3)) b

7(f) = 7(1z(0,8)73(00 5(f)) = Taldy 5(F))T(1z(0s);

but, as before, we have to check that the result does not change if we subdi-
vide Z(a, 3).

4.7 Lemma: For o, € F(G,*) with r(a) = r(8), and f € C(Z(«, 3)),

we have

T(12(0,8)78(¢0 5(f)) = > (120,07 757 (P g (f 1 2C0,)))-
{:yI=k.s(3)=r(a)}

Proof: Both sides are linear and uniformly continuous in f € C(Z(«, 3)),
so we may assume f = 1z(ay,gy) for some x € F(G) with s(x) = r(«). There
are two cases for which the right-hand side is non-zero: y = ~x’ for just one
v with |y| =k, or |x| < k, in which case

= Z Lz(axy v -

{1y |=k=Ixl,s(v)=r(x)}

In either case, because 7 is a representation on C', the left-hand side is

T(12(0,8)™5(12(x) = T(12(0,8) 1 2(5x.8x)) = T(12(ax.8x))-

If x = X/, the right-hand side is

7T<1Z(a%ﬂv)1Z(ﬁ7x’,ﬁvx’)) = 7T(1Z(owf><’,ﬁwx’)) = 7"(1Z(cv><,ﬁ’x))-
If |x| < k, the right-hand side is
Z (1Z(axv Bxr) 1 zBxy ﬁxv) ZW Lz(axy' 8x7") ) = W(lZ(axﬁx))»
,Y/ ,Y/
and the result follows. O

We now define 7(f) for f € C.(G(*)) by writing supp f as the disjoint
union of basic sets Z(«, (3), and setting

7(f) =Y 7(12(0,9)7(0a (1 2(05)-

a?ﬁ
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The argument of Lemma 4.5, using Lemma 4.7 in place of Lemma 4.4, shows
that the operator 7(f) does not depend on the decomposition of supp f, and
hence we have a well-defined linear map 7 : C.(G(x)) — B(H) which is
continuous for the inductive limit topology.

That 7(f*) = w(f)* follows from (7). As for the previous Theorem, it is
enough to check multiplicativity on f € C(Z(«,3)) and g € C(Z(8,9)), for
which f* g € C(Z(a,d)). But then we can use (6) and (7) to see that

m(Nmlg) = (®(1z(0,6)76(00s(f))(ms(¢55(9))m(12(5.5))
= 7(1z(0,8)78(05 5(NO55())T(Lz5.5)
(12(a,8)75(00s(f * 9)T(12(.6))
(Do s(f * 9))m(1z(0,12(5.)
(s (f * g))(

= n(f*g),

= T

3

|
3

17(a,6))

as required.
This completes the proof of Theorem 4.6.

4.8 Corollary: Let G be a row-finite directed graph with associated
groupoid G. There is a continuous gauge action o of T on C*(G) such that
a:(1z(a,p) = z‘a|_|ﬂ‘1z(a,5). If G is pointed, there is a similar gauge action

on C*(G(%)).

Proof: For z € T, the functions Se := zlz(cr(e)) form a Cuntz-Krieger
A-family, which also generates C*(G). Thus by representing C*(G) faithfully
on H, and applying Theorem 4.2, we obtain a homomorphism «, of C*(G)
onto C*(G) such that o, (1z(cr(e))) = 21z(er(e))- It is an isomorphism because
a,-1 is an inverse, and it is easy to check that a.(1z(,s)) is as described.
For the last part it is quickest to recall from Theorem 3.1 that C*(G(x)) is
isomorphic to the corner 1xyC*(G)1y. Since

Iy = Z 1z(c.e),

{e:s(e)=x}

we trivially have o, (1y) = 1y, so « induces an action on the corner, and this
has the required property. [l
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5 Amenability.

We need to know that the groupoids G and G(x) of a locally finite graph are
amenable in the sense of [16, p.92]. Following the treatment of the Cuntz
groupoids in [16, §I11.2], we aim to realise them as reductions of the semidi-
rect product of an obviously amenable groupoid by a shift automorphism.
Straightforward variations of the approach in [16, §III.2] do not appear to
work: without making assumptions on the underlying graph G, it is not
clear how to embed P(G) in the two-sided infinite path space P> (G) so
that one-sided tail equivalence on P(G) is compatible with the two-sided tail
equivalence for which P> _(G) is an AF-groupoid. To get round this problem,
we use a much smaller space Y of two-sided paths, which is just large enough
to contain P(G) and admit a shift automorphism, but small enough to give
an amenable groupoid with respect to one-sided tail equivalence. We assume
throughout that the graph G is row-finite. To begin with, we assume also
that r : E — V is onto, so that every vertex receives an edge, and remove
this assumption at the end.

In this section, we shall have to keep careful track of indices. We therefore
write, for m > n € Z,

F'G) = {a € ﬁE cr(o) = s(iqq) form <i <m — 1},

and, for n € ZU {—o0},m € Z U {oo} satisfying m > n,
P"(G) = {x € HE cr() = s(wiqq) forn—1 <i < m} .

(If m = oo, we sometimes leave it out of the notation.) If n # —oo, the
cylinder sets

Z(a)={x € P,(G) : x; = a; for n <i < m},

parametrised by o € Up,>, F"(G), are a basis of compact open sets for the
product topology on P,(G). If n = —o0, the sets

Wi(a):={z € P (G):x;=q; for —n <i<n},

parametrised by a € U,>oF", (G), are a basis of open sets for the product
topology, but are not compact unless the graph is locally finite.
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For each v € V, we choose once and for all an edge e(v) with range
r(e(v)) = v. Then for each v € V| putting these edges together gives a path
v(v) € P’ (G) ending at v: formally, we define (v) inductively by

V(v)o = e(v), V() = e(s(7(V)-nt1)) forn > 1.

Premultiplying by the appropriate v(v) gives embeddings k, of P_,(G) in
P_o(G): kn(z) := v(s(x))x (where, as in the previous section, we fix the
starting point of the right-hand path x, and move the left-hand path to fit,
so that, e.g., (7(s(x))x)_n_1 = Y(s(x))o = e(s(x))). Since the e(v)’s give a
unique left-infinite path ending at each vertex (formally: v(s((y(v))-n))_,, =
Y(V)—(n+m)), these embeddings satisfy k,(P_,(G)) C kni1(P-n-1(G)).

We write Y, for the image k,(P_,(G)), so that the previous comment
says Y, C Y,11. The image of each basic open set Z(a) C P_,(G) in Y,
is either a set of the form W(3) NY,, or a union of such sets; conversely,
each k' (W(3) NY,) is a union of Z(a)’s. Thus k, is a homeomorphism of
P_,,(G) onto Y,. Since specifying the initial segment of a path gives open
sets in any of the path spaces, each Y, is open in Y,,.;. We let Y := U, Y,
so that Y is by definition a subset of P_,,(G), but give Y the inductive limit
topology in which a subset V is open iff V NY,, is open in Y,, for all n. In
particular, each Y,, is open in Y since Y, is homeomorphic to the totally
disconnected, locally compact Hausdorff path space P_,(G), YV is itself a
totally disconnected, locally compact Hausdorff space.

Remark: This inductive limit topology is not necessarily the subspace topol-
ogy on Y inherited from the product topology on P>_(G). To see this, fix a
vertex v and consider

Z(y(v)) =A{y(v)x : x € Py(G), s(x) = v}.

Then for any n > 0, Z(y(v)) NY, = {k.(y) : y € Z(a), where a € F_}(G)
is the restriction of v(v): a; = v(v); for —n < i < 0. Thus Z(v(v)) is open
in the inductive limit topology. But it is not necessarily open in the product
topology. Indeed, if all the vertices along (v) receive two distinct left-infinite
paths, then any W(/3) which meets Z(y(v)) will contain points of Y which
do not agree with (v) somewhere out towards —oo, and hence no basic open
set W(5)NY is contained in Z(v(v)).

Our next goal is to turn the one-sided tail equivalence relation R on Y
into a locally compact amenable groupoid. For each n > 0, we define

Ry, ={(z,y) €Y, xY, :x; =y fori>n}.
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Then R, € Ry+1, and R = U,>oR,. For each n > 0 and each pair o, 5 €
Fm (G) with r(a) = r(f), we define

Y(a,B) i ={(u,v) € Y, x Y, :ueW(a),ve W(B) and u; = v; for i > n}.
5.1 Lemma: IfG is a row-finite directed graph,

{Y(a,B) : 0, B € F",(G) satisfy r(a) = r(5)}

is a basis of compact open sets for a locally compact topology on R, in
which each R,, is an open set. With R? := {((x,y), (y,2))}, (z,9).(y,2) =
(z,2), (x,y)"" = (y,x), r(z,y) == z, and s(x,y) := y, the space R is a
locally compact r-discrete groupoid with unit space Y, such that the counting
measures form a left Haar system.

Proof: Asin Lemma 2.5, Y (o, ) NY (7, 9) is either Y(a, ) or Y (7,4), so
the family {Y («, 5)} does form a basis of open sets for a topology on R, and
the map x — (vy(s(a))az,v(s(B))fz) is a homeomorphism of the compact
path space P,(G,r(«)) onto Y(«,3). One verifies almost exactly as in §1
that R is an r-discrete groupoid with left Haar system as claimed. ([l

5.2 Lemma: Forn >0, let S, denote the reduction of R to the (locally
compact) subset Y,, of its unit space Y. If the graph G is locally finite, then
each S, is an AF-groupoid in the sense of [16, p.123].

Proof: Forn >0,k >0 and = € Py1(G), let
Sk(x) = {(u,v) €S, : r(ug) = r(vy) = s(x), and u; = v; = x; for i > k}.
Thus S¥(x) is the reduction of S, with unit space
{v(s(a))azr : o € F* (G) and r(a) = s(z)},
which is finite because G is locally finite. If E* (v) denotes the transitive
and principal groupoid on the finite set {a € F* (G) : r(a) = v}, then

(o, B) = (v(s())ax,v(s(B))Bx) is an isomorphism of E* (s(z)) onto S¥(x).
Thus for any fixed vertex v,

Sk(v) = U{Sﬁ(aj) :x € Py (G) satisfies s(z) = v}
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is isomorphic to the product E* (v) x Py1(G,v) of E¥ (v) and the trivial
equivalence relation on the totally disconnected path space Pyy1(G,v). In
other words, S¥(v) is an elementary groupoid of type #({a € F* (G) :
r(a) =wv}), as in [16, p.123].

It now follows that S* := U{S*(v) : v € V'} is an elementary groupoid,
as in [16, p.123]. The original reduction S, := Ry, is the increasing union
of the family {S* : k € N}, and each S* is open in S, being a union of
basic open sets Y (a, 3). Thus S, is the inductive limit of the sequence S* as
in [16, p.122], and hence is approximately elementary. Finally, since its unit
space Y, is totally disconnected, we deduce that S, is an AF-groupoid. [

5.3 Corollary:  If the graph G is locally finite, the groupoid R is
amenable.

Proof: Since every AF-groupoid is amenable, R = U{S,, : n € N} is the
increasing union of amenable groupoids §,,. Although R is not the inductive
limit of {S,, : » € N} in the strict sense of [16, p.122] (the unit spaces vary),
the argument at the top of [16, p.123] carries over, and allows us to deduce
that R is amenable. 0

Any two of our left-hand tails v(v) or their translates which pass through
the same vertex agree to the left of that vertex. Thus the shift 2 on P_.(G)
defined by h(z); := x;1; maps the subset Y onto itself: since it maps Y,
homeomorphically onto Y,, ;1 for every n > 0, h restricts to a homeomorphism
of the inductive limit Y. Since h preserves right-tail equivalence, it induces
a groupoid homomorphism o : (u,v) — (h(u),h(v)) of R onto itself. This
bijection ¢ is a homeomorphism for the topology with basis {Y (a, 3)}, and
hence is an automorphism of the locally compact r-discrete groupoid R. It
leaves the left Haar system of counting measures invariant. Thus the semi-
direct product R X, Z is a locally compact amenable r-discrete groupoid [16,
p.96].

Recall for convenience that R x, Z has unit space Y, range and source
maps given by 7,((u,v), k) = u, s,((u,v),k) = h~*(v), inverse given by
(u,v), k)™t = (c7%(v,u),—k) = ((h™*(v),h"*(u)), —k), and multiplication
defined by

((u, ), k)((p, ), €) = ((u,h*(q)), k + €) provided v = h*(p).
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5.4 Proposition: Let G be a row-finite directed graph such that every
vertex receives an edge. Then the map ¢ : G — R X, Z defined by

(2, k,y)) = (((ko(), B (ko(y))), )

is an isomorphism of G onto the reduction of R X, Z to the closed subset
Yy & P(G) of its unit space Y. Further, 1) restricts to an isomorphism of
G(*) onto the reduction of R X, Z to the closed subset Yy(*) := ko(P(G,*))

of its unit space.

Proof:  That v is an algebraic isomorphism of groupoids follows from
elementary calculations using the above formulas for R x, Z and the ones
in §1 for G. The subset Y} is closed because it is the disjoint union of the
compact open subsets ko(Z(e)) parametrised by the edges e € E. To see
that 1 is a homeomorphism, one just has to verify that it carries basic open
sets into unions of basic open sets, and this is routine (but messy). The last
observation is straightforward. O

5.5 Corollary: If G is a locally finite, directed and pointed graph, both
G and G(x) are amenable.

Proof: First suppose that r=(v) # (0 for all v € V. Then we have already
observed that the semi-direct product R X, Z is amenable, and hence so are
its reductions to Yy and Yy(x) [16, p.92]. For the general case, construct a
larger graph H with r—!(v) # @ for all v by adding an infinite tail to each
v € V(G) with r~1(v) = 0:

e

Then the path spaces P(G) and P(G, x) are closed subsets of the path space
P(H), and the groupoids G and G(*) are reductions of the groupoid for H.
Hence they are also amenable. 0

6 Ideal theory.

Let G be a directed graph. We denote by V5 the set of vertices v for which
there are two distinct finite loops o, 3 € F(G) based at v; that is, r(«a) =
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r(B) = s(a) = s(f) = v, r(ey) # v for 1 < i < |a|, and r(f3;) # v for
1 < j < |fB]. We similarly denote by Vi the set of vertices v for which there
is precisely one loop based at v, and by Vj the set of vertices v for which
there is no finite path starting and finishing at v. We say that G satisfies
condition (K) if V1 =0, i.e, if V =V, U V.

Condition (K) will be our analogue of Cuntz’s Condition (II), which is
not appropriate for infinite graphs. (In the notation of [2], the set 'y of
“equivalence classes” could easily be empty.) We shall show below that (K)
is equivalent to (II) for finite graphs (Lemma 6.1), and that the weaker
condition (I) of [3] is not enough to make the theory of [16, 17] apply, even
in the finite case (see Remark 6.4). Condition (K) is logically independent
of the analogue (J) of (I) used in [13].

In comparing our results with those of [3] and [2], we shall use the notation
v > w of 2] to mean that the vertex w can be reached from wv.

6.1 Lemma: A finite directed graph G satisfies (K) if and only if the
associated edge matrix A satisfies (II).

Proof: The key observation is that when V is finite, each infinite path must
pass through at least one vertex more than once, so there are always loops
in GG. Thus there is always at least one v such that the equivalence class

v ={weV:iv>w>uv} (8)

is nonempty. Then by definition we have [v] C V; U V5, and to prove the
result we just have to observe that [v] C V5 if and only if the block Ay, is
not a permutation matrix. 0]

6.2 Lemma: Suppose G is a directed graph which is irreducible in the
sense that there is a finite path joining any two given vertices. Then G
satisfies (K) if and only if some vertex emits more than one edge.

Proof: Because G is irreducible, Vi = ), and G satisfies (K) iff V' = V5.
In fact V5 # () is enough to imply that some vertex emits two edges, since
distinct loops based at the same point must diverge somewhere. On the other
hand, if s(e) = v = s(f), the irreducibility of G gives paths from r(e) to v
and 7(f) to v, and hence distinct loops based at v. The irreducibility also

allows us to transport these distinct loops to any other vertex, and hence V;
is all of V. ([l
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6.3 Proposition: If a row-finite directed graph G satisfies (K), then the
corresponding groupoids G and G(x) are essentially principal.

Proof: Let F be a nonempty closed invariant subset of P(G) = G": we
have to show that the set of points with trivial isotropy is dense in F'. So fix
x € F, and a basic open neighbourhood Z(a) N F of z; note that x must have
the form «z. Because G satisfies (K), if z never passes through V5, it lies
entirely within Vj, and hence passes through each vertex exactly once. Thus
(avz, k,az) can belong to G only if £ = 0, and x itself has trivial isotropy.
So we may suppose that z passes through some v € V5: say z = [fw with
r(8) = v. Let p, v be distinct loops based at v, and define paths y, € P(G)
by

- A
yn '_aﬁ/[byulj/yy...u...uy--.yw'
Each y, is equivalent to z = afw (with a substantial lag), and hence lies in

the invariant set F'. The sequence y, converges in the product topology to
the aperiodic path

A
y = aBuvpppy -G R D
which has trivial isotropy (i.e., there is no point of the form (y, k,y) with
k # 0in G). Since F is closed, y € Z(a) N F, and we have approximated
x by a point of trivial isotropy. Thus G is essentially principal, and so is its
reduction G(x). O

6.4 Remark: It is important here that we are using an analogue of Con-
dition (II): even if G is finite, Condition (I) is not enough to ensure that the
groupoid is essentially principal. For example, consider the graph G with
verter matrix

o O = O
o O O
_ o O =
__= 0 O

so that

f

o
O
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Then the infinite path x := efefef - - - has isotropy group Gf = {(z,2k,z)}
isomorphic to 2Z, and together with the path fefefe--- forms a closed in-
variant subset of the unit space P(G). Thus the groupoid G is not essentially
principal. The {0, 1}-edge matrix A = Ag satisfies (I) but not (II): {e, f} is
an equivalence class such that Ay, ) is a permutation matrix.

That Renault’s theory does not apply in this case is not surprising, since
we know that the ideal theory of Cuntz-Krieger algebras O, is more compli-
cated when A satisfies (I) but not (II): permutation blocks on the diagonal
of A give copies of T in the primitive ideal space [1]. From our point of view,

the copy of T comes from the representation theory of the isotropy group
gr=17.

For each open invariant subspace U of the unit space P(G), the space

C.(GY) == {f € C.(G) : supp f C GJ}

is a self-adjoint two-sided ideal in C.(G), and hence its closure is an ideal
I(U) in C*(G). When G satisfies (K), Proposition 6.3 allows us to apply
[17, Corollary 4.9] to see that U +— I(U) is an isomorphism of the lattice of
open invariant subsets of P(G) onto the lattice of (closed two-sided) ideals
of C*(G). If G is in addition locally finite, the groupoid G is amenable (see
§4), and all representations of G are obtained by integration [16, I1I1.1.21],
so C*(G) = C¥(G), and we have a description of the ideals of C*(G). To
make this description useful, we need to describe the open invariant subsets
of P(G) in terms of the graph G. Naturally our description is similar to that
of Cuntz in the finite case, though we have to make some changes because
the set V4 could be empty in the infinite case (see Remark 6.7 below).

We call a subset H of V' hereditary if v € H and v > w imply w € H,
and saturated if

[r(e) € H for all e € E with s(e) =v] = v € H.
For each nonempty open subset U of P(G) let
H{U):={v eV :3ae€ F(G) such that r(a) = v and Z(«a) C U}
(note that U open implies H(U) nonempty), and for each subset H of V' let

U(H) :={x € P(G) : r(z,) € H for some n}.
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6.5 Lemma: For any directed graph, H — U(H) is an isomorphism
between the lattices of saturated hereditary subsets of V' and open invariant
subsets of P(G), with inverse given by U — H(U).

Proof: We begin by verifying that each H(U) is hereditary and saturated.
The first follows easily from the observation that Z(«) D Z(af) for any
B € F(G) with s(8) = r(a). To see that H(U) is saturated, suppose all
the edges {e'} starting at v end in H(U), so that there are o' € F(G) such
that r(a') = r(e') and Z(a') C U. Because U is invariant, and e’z is lag
equivalent to o'z, we have Z(e') C U for all i. Thus every path starting at
vis in U, so that Z(8) C U whenever r(5) = v, and v € H(U).

Since
reUH)=r(z,) € H= Z(zr122---x,) CU(H),

U(H) is certainly open, and it is easy to verify that U(H) is invariant when-
ever H is hereditary. So it remains to prove that H(U(H)) = H whenever
H is saturated and hereditary, and U(H (U)) = U whenever U is open and
invariant.

We trivially have H C H(U(H)), so we suppose v € H(U(H)) and aim
to prove v € H. We know there exists « € F(G) such that r(a) = v
and Z(a) C U(H); thus for every ay € Z(a), there is some n such that
r((ay),) € H. If v ¢ H, then because H is saturated there would be an
infinite path y € P(G) with s(y) = v but r(y;) ¢ H for all k. But then ay
would be an element of Z(a) which did not pass through H, and we have a
contradiction. Thus we must have v € H, as required.

We also trivially have U C U(H(U)), so we suppose x € U(H(U)), say
r(x,) € H(U). Then there exits a € F(G) with r(«) = r(z,,) and Z(«) C U.
But then z = xq---z,2’ is lag equivalent to ax’ € U, and the invariance of
U implies z € U.

It remains to show that H +— U(H) preserves the lattice operations,
which are given by intersection and union of open sets, and intersection and
union-followed-by-saturation of hereditary subsets. Of these, the only tricky
one is U(H, V Hy) C U(H;) UU(H>), and this follows from the observation
that if r(zg) ¢ Hy U Hy for all kK > n, then r(x,) is not in the saturation
H, V Hy of H; U Hy (for then V' \ {r(zy) : K > n} would be a saturated set
containing H; U Hy, and hence also Hy V H,). O
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6.6 Theorem: Let G be a locally finite directed graph with associated
locally compact groupoid G, and suppose that G satisfies Condition (K). For
HCV, let

I(H) :=5p{1z(ap) : o, f € F(Q) satisfy r(oa) =7(08) € H}.

Then H — I(H) is an isomorphism of the lattice of saturated hereditary
subsets of V' onto the lattice of ideals in C*(G). The quotient C*(G)/I(H)
is naturally isomorphic to the groupoid algebra C*(F) of the directed graph
F:= (V\H/A{e:r(e) ¢ H}). The ideal I1(H) is Morita equivalent to the
groupoid algebra C*(&) of the directed graph E := (H,{e: s(e) € H}).

Proof: From Lemma 6.5, the amenability of G, and [17, Corollary 4.9],
we deduce that H — I(U(H)) is a lattice isomorphism, so we only have to
identify I(U(H)) with I(H). Since supp 1z(a,5) = Z(c, 3), and

Z(a,B) C G <= Z(a) Cc U and Z(3) C U, 9)

it follows immediately from the definition of U(H) that I(H) C I(U(H)). So
it is enough to show that an arbitrary f € C’C(gg((g)) ) can be approximated by
elements of I(H). Since supp f is a disjoint union of (compact open) sets of
the form Z(«, 3), and supp f C gg((g)), it follows from (9) that each of these
Z(a, B)’s satisfies r(a) = r(3) € H(U(H)) = H. Since f is the (finite) sum of
the functions f1z(,, € C(Z(a, 3)), it is enough to consider f € C(Z(«, 3))
where r(a) = () € H. But as in the proof of Proposition 4.1, we can
approximate such an f uniformly, and hence in ||- ||, by a linear combination
of functions of the form 1z(4,3,). The hereditary property of H implies that
r(v) € H whenever Z(avy,y) # 0, so that each 1544, € I(H). Thus
I(H) is dense in the closure I(U(H)) of CC(Qg((g)) ), and we have proved that
I(H)=I1(U(H)).

To identify the quotient, we apply [16, Proposition 11.4.5], which says
that I(U(H)) and C’*( )/I(U(H)) are isomorphic to the groupoid algebras
C*( U((H))) and C’*(QP )\U(( ))) respectively. Since H is saturated and hered-
itary, P(G) \ U(H) = P(F'), and the groupoid F can be naturally identified
with the reduction of G to P(G)\ U(H). The space U(H) is generally larger
than the space P(F) of paths in E: paths in U(H) can have initial segments
lying outside H. But the closed subset P(F) is an abstract transversal for

U(H), and hence the groupoid QIU]((IZI)) is equivalent to Qlf((g)) = £ [11, Example
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2.7]. Tt therefore follows from [11, Theorem 2.8] that I(U(H)) = C*(GL")

U(H)
is Morita equivalent to C*(&). O

6.7 Remark: When the graph G is finite, Condition (K) coincides with
Condition (II) of [2], and our Theorem reduces to that of [2]. For if G is
finite, every saturated hereditary subset of V' contains equivalence classes
[v] as in (8). The relation > on vertices induces a partial order on I'g :=
{[v] : v € V,[v] # 0}, and saturated hereditary subsets of V are determined
by their intersections with ', which are hereditary with respect to this
partial order. Thus for finite G, our Theorem gives a bijection between the
hereditary subsets of I'¢ and the ideals in C*(G(G)), as in [2, Theorem 2.5].
This description does not carry over to the infinite case, because I'¢ could
be empty: there need not be any loops in G. For example, consider

G:: Y ° Y Y .-

6.8 Corollary: Suppose G is a locally finite directed graph which satisfies
(K). Then C*(G(G)) is simple if and only if G is cofinal, in the sense that
for every v € V and x € P(QG), there exist o € F(G) and n € N such that
s(a) = v and r(a) = r(x,).

Proof: Suppose first that GG is cofinal. Then it is enough by Theorem 6.6 to
show that there are no non-trivial saturated hereditary subsets of V. Suppose
H is such a subset, and H # (). Fix v € H, and let w be an arbitrary vertex
of G. If w ¢ H, the saturation of H implies that there is an edge starting at
w which does not end in H, and by induction there is an infinite path x such
that s(x) = w and r(x,) ¢ H for all n. But cofinality implies that there is
a path f € F(G) with s() = v and r(8) = r(x,) for some n. Because H
is hereditary, v € H implies r(8) € H, which forces r(z,,) € H. This is a
contradiction, and hence w must be in H. Thus H is all of V, there is no
proper saturated hereditary subset of V', and C*(G) is simple.

If C*(G) is not simple, there is a proper saturated hereditary subset H of
V. Suppose v ¢ H. Then because H is saturated, there has to be an infinite
path z such that s(z) = v and r(x,) ¢ H for all n. Because H is hereditary,
no vertex in H can connect to x, and G is not cofinal. [
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6.9 Remark: When G is finite, this Corollary reduces to the simplicity
theorem of Cuntz and Krieger: if G satisfies (K) and is cofinal, then the
edge matrix Ag is irreducible and is not a permutation matrix. To prove
this we have to prove that the graph is transitive, i.e., that there is a path
joining any two vertices. Then Condition (K) will rule out the possibility of
a permutation matrix.

First note that every infinite path ends up in V5: it must pass through at
least one vertex v twice, so there are loops in G, and since V; = (), v must be
in V5. On the other hand, we claim that every vertex v can be reached from a
vertex in V5. To see this, consider an infinite path going backwards out of v.
It too must loop at some vertex w, and again V; = () implies w € V5. Since
we are considering a backwards path, we trivially have w > v, justifying the
claim. It is therefore enough for us to prove that v > w for any two vertices
v,w € V,. But if « is a loop based at w, then the cofinality implies that v is
connected to the path aaa - - -, and hence to w.

6.10 Corollary: Suppose B is a locally finite {0, 1}-matrix such that
the directed graph G with vertex matrix B satisfies (K). If {S;} and {T;} are
families of non-zero partial isometries satisfying

SrS; = B(i,§)S;S;, T;Ti =Y B(i,))T;T},
- .

J

then there is an isomorphism of C*(S;) onto C*(T;) which takes S; to T;.

Proof: It is enough to prove that the representation 7 of C*(G(G)) corre-
sponding to such a Cuntz-Krieger family {5;} is faithful. Every ideal of C*(G)
has the form /(H) for some saturated hereditary subset H of V', so any non-
trivial ideal must contain some 1z ). Since each 7(1z(c)) = Ss(e)ST(e)S:(e)
(see the end of the proof of Proposition 4.1) is non-zero, ker 7 must be {0},
and 7 is faithful. O

6.11 Remark: This Corollary allows us to define the Cuntz-Krieger al-
gebra Op for any locally finite 0, 1-matrix (with graph Gp) satisfying (K),
as the unique C*-algebra generated by a Cuntz-Krieger B-family of non-zero
partial isometries. If H is a saturated hereditary subset of V(Gp), then both
subgraphs F := (V' \ H,{e:r(e) ¢ H}) and E := (H,{e : s(e) € H}) also
satisfy (K). Thus our main theorem asserts that every ideal in Op is Morita
equivalent to some Opg/, and that every quotient is isomorphic to some Opgn.
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Since for finite matrices (K) is equivalent to (II), this is a direct generalisation
of [2, Theorem 2.5].

6.12 Corollary: let G be a row-finite directed graph with associated
groupoid G and edge-matrix A. Then K,(C*(G)) = ZIP!/(1 — AYZI®! and
K (C*(G)) & ker{1 — At : ZIFl — ZIEI} If G is pointed, we can replace G by
G(x).

Proof:  This will follow by applying the construction of [13, §4] to the
gauge action a of T on C*(G), provided we verify that « has large spectral
subspaces. But if k£ € Z, then

C*(G)(k) D sp{lzp) : |6] — o] = Kk}

If |6] — |v| = |8] — ||, then the usual arguments involving the cases v = ay/
and a = ya’ show that 1*2(7 5)1Z(a75) has the form 1z, for some p, v with
lu| = |v|. Thus

C*(G)* (k)" C*(G)*(k) D sp{lzquw : |1l = |v],|n| > max (0,k)}
= sp{lzu) : lp| = |v]}.

On the other hand, because C*(G) = 5p{1z(..)}, and the expectation f —
[ a.(f)dz is bounded, the elements 14,y with |u| = |v| span a dense sub-
space of C*(G)*. Thus «a does indeed have large spectral subspaces, as re-
quired. The last statement follows from Theorem 3.1. 0

6.13 Remark: In view of the realisation of the Doplicher-Roberts algebras
O, as C*(G(x)) (to be proved in the next section), this Corollary generalises
[13, Corollary 5.1.1] as well as [2, Proposition 3.1].

7 Doplicher-Roberts algebras.

Suppose K is a compact group and p is a fixed finite-dimensional unitary
representation of K on a Hilbert space H,. We define a pointed directed
graph G, by taking V' to be the set K of equivalence classes of irreducible
unitary representations of K, taking the number of edges from v to w to be
the multiplicity of w in v ® p, and taking for x the trivial one-dimensional
representation ¢. (We confuse an irreducible representation v of K with its
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equivalence class v € K .) Asin [9], let p™ denote the nth tensor power of
p, acting in Hp, and let (p™, p") denote the space of intertwining operators
T : Hp — Hp'. If we identify T € (p™, p") with T ® 1 € (p™**, p"**), then
we can compose arbitrary pairs of elements of °O, := U,, ,(p™, p"); with the
natural involution 7' +— T*, °O, becomes a *-algebra, and the Doplicher-
Roberts algebra O, is its C*-enveloping algebra.

It is shown in [9, Theorem 2.1} that, if A, is the edge matrix of G,, and
{S. : e € E} is a Cuntz-Krieger A,-family, then there is a *-homomorphism ¢
of °O, onto a corner in the *-algebra generated by {S.}. (The idea is, loosely
speaking, that pairs of paths (a, ) in F(G,,¢) with r(a) = r(5) and |a| =
m, | 5| = n determine a basis {T, g} for (p™, p™), and the *~homomorphism ¢
takes Tt 5 to S,S5.) This result applies in particular to the partial isometries
Se = 1z¢0 in C.(G(G,)), and we obtain a *-homomorphism ¢ of °O, onto
the *-subalgebra

C .= Sp{lz(aﬁ) ca,B € F(Gy,1) and r(a) = r(5)}

of Ce(G(G))), which is the corner in sp{1(.,p) : 7(a) = 7(3)} corresponding
to the projection P := ) {1, : s(e) = ¢}.

We claim that ¢ is an isomorphism of °O, onto C. To see this, we define
an inverse ¢ for ¢. Since the lag splits the pointed groupoid G(¢) into disjoint
open and closed subsets {Gg(¢) : k € Z}, and f € C.(G(¢)) can be uniquely
written as a sum f = Y fr with fr € C.(Gk(1)), it is enough to define
Y+ Ce(Gr(1)) — %O, such that 1y, o ¢(f) = f when supp f C Gi(:). But
now we can use the path length of (say) a to write Cy, := C' N C.(Gi(1)) as
the union of

Cn,k = Sp{lZ(a,ﬁ) : Oéaﬂ € F(Gpa L)>T(O‘) = T(ﬁ)? ’C(’ =n, ‘ﬁ‘ o |Od‘ = k} :

the embeddings C,, , — C,4+1 are given by

Las) = D, Lz
{e€E:s(e)=r(a)}

Since these tally exactly with the behaviour of the bases {7, 3} under the
embeddings of (p", p"*) in (p"*, p"T1H*) (see the calculation at the top
of p.230 of [9]), we can define ¥y, x(1z(a3)) = Ta,s, and the family {¢,,x}
extends to a linear map 1y, of Cj, = UC,, , into li_n)l(p”, p" k) with the required

property. We conclude that ¢ is an isomorphism of °O, onto C, as claimed.
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Any representation 7 of °O, on Hilbert space gives a representation 7 o
¢! of the corner C, and by Theorem 4.6 this extends to representations of

C.(G(1)) and C*(G(¢)). Thus:

7.1 Theorem: Let p: K — U(n) be a representation of a compact group
K, and let G(¢) be the associated pointed groupoid, as described above. Then
the isomorphism ¢ of °0O, into C.(G(1)) extends to an isomorphism of the
Doplicher-Roberts algebra O, onto C*(G(¢)).

7.2 Lemma: If p is a faithful representation of a compact group K and
p(K) C SU(H,), then the graph G, is irreducible and locally finite.

Proof: We first establish that every m € V' := K can be reached from L, by
showing that

R:={re€ K:ris equivalent to a summand of some power p"}

is all of K. Because p is faithful, this will follow from [7, 27.39] if we can
prove that R is closed under conjugation (closure under the other operation
x in [7, §27] is automatic for our R). For any matrix 7' € M, the nth
tensor power acts on the space sp{e; A --- A e,} of antisymmetric tensors
by multiplication by det T, and since det p, = 1 for all s € G, this implies
that the nth tensor power p” contains the trivial representation ¢. From the
orthogonality relations [7, 27.30] for the corresponding characters, we deduce
that (x,n,x,) > 1. But this implies

(Xpr-1,x5) = 0G5 X) = (X5, 1) = (s xa) > 1,

and the conjugate p is contained in p"~t. Thus p € R, all powers of p are

in R, and 7 € R implies 7 € R. This establishes the claim, i.e. that every
vertex 7 can be reached from ¢.

Since we can reach ¢ from any vertex m (7 C p" for some n, and ¢ is a
summand of T @ T C m ® p"), we can go from each vertex to any other one,
and the graph G, is irreducible. It is row-finite because each ™ ® p has only
finitely many irreducible summands. Reversing all the arrows in G, gives the
graph G of the conjugate, because, again by the orthogonality relations,
is a summand of m; ® p iff m; is a summand of m ® p. Since G is row-finite,
G, is column-finite. 0J

35



7.3 Corollary: ([4, Theorem 3.1)) If K is a compact group and p : K —
SU (n) is a faithful special unitary representation, then the Doplicher-Roberts
algebra O, is simple.

Proof: Since O, = C*(G(¢)) is a corner in C*(G) by Theorem 3.1, and the
graph G, is irreducible by the Lemma, the result follows from Corollary 6.8.
O

7.4 Remark: That p takes values in SU(n) was only used to ensure that
every m € K is a summand of some power of p. Thus the Lemma and the
Corollary apply whenever p has this property. This is automatic if p is a
representation of a finite group [9, Lemma 3.1], or even if det p takes values
in a finite subgroup of T (by adapting the argument of the Lemma); the
resulting generalisation of Corollary 7.3 is due to Pinzari [15, Theorem 2.2].

In principle, Theorem 7.1 and Corollary 6.12 give us the K-theory of the
Doplicher-Roberts algebras O,. As we pointed out in [13], one can interpret
the resulting description in terms of the representation ring of the group K;
indeed, this approach will show that K;(O,) = 0, and allow us to identify
generators of Ky(O,). Before we give the details, we recall that the repre-
sentation ring R(K) is by definition the set of formal differences of classes of
representations of K, under the operations @ and ®; additively, R(K) can
be identified with the free abelian group on K.

Our first lemma is well-known; it can, for example, be deduced from [12,
Proposition 1.2]. We give a short proof based on Exel’s elegant description
of Ky [6] (which, unlike that in [12], does not need separability hypotheses).

7.5 Lemma: Ifp is a full projection in a C*-algebra A, then the inclusion
map i : pAp — A induces an isomorphism of Ky(pAp) onto Ky(A).

Proof: Write B = pAp, and suppose that e € M,,(B) and f € M,(B)
are projections. In Exel’s picture, the element [e] — [f] of Ky(B) is repre-
sented as Ind 0, where 0 denotes the trivial homomorphism of the projective
(Hilbert) module eB™ into fB™. The isomorphism X, induced by the B-
A imprimitivity bimodule X := pA is given by X,(IndT) = Ind(T ® Ix)
[6, Theorem 5.1], and hence X.([e] — [f]) is represented by the difference
[eB™ ®@p pA] — [fB" ®p pA] of projective modules. Since

eB™ @5 pA = e((pAp)™ @pap PA) = e(pA)™ = (ep)A™ =i(e)A™,
the result follows. 0]
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We are now ready to formulate our description of K((O,). By Lemma 7.2,
each 7 € K embeds as a summand of p" for some n. If e, is the projection
of the tensor power H} onto a summand where p" acts as 7, then e, is a
projection in (p”, p™) C °O, C O,

7.6  Proposition: The map o : [7] — [e4] is a well-defined map of K
into Ko(O,), and Ky(O,) is generated as an abelian group by the elements
{lex] : m € K} subject to the relations

d d
lex] = Z ler,] where m @ p = EB . (10)
=1 =1
Proof: To see that [7] — [e,]| is well-defined, suppose that 7 is also a
summand of p™, yielding a projection f, in (p™, p™). If we choose the basis
{T, T} for (p™, p") described in [9, Proposition 1.1], then e is the projection
T, T, where x is the unique path of length n in the graph G, starting at the
trivial representation ¢ and finishing at the summand 7; the partial isometry
T, : ' H,; — Hy by definition embeds 7 as a summand of p". Similarly, f; has
the form T, Tx € (p™, p™) for some path y in G,(¢) of length m and range 7.
But then 7,7 € (p™, p") C °O, intertwines the two copies of 7, and hence
satisfies

(TyT;) (TyT;>* = TyT; = fr and (TyT;)* (TyT;) =T.T; = er;

thus [ex] = [f=] in Ko(O,).
In the same notation, the irreducible summands 7; of 7 ® p are embedded
in (p"*!, p"*t) via the partial isometries T : Hj ™ — Hy,; thus we have

= Z [eﬂ'i] )

d

@ TxiT;i

=1

[e”] - [e” ® 1HP] -

so the classes [e,] satisfy the relations (10).

Because the matrix A, is irreducible and not a permutation matrix, the
isomorphism ¢ of Theorem 7.1 is an isomorphism of O, onto a full corner
in Oy4,. Thus by Lemma 7.5, it will be enough to prove that the images
S5 = ¢(ex) generate Ky(O,,) subject only to the relations (10). However,
we know from [13, Corollary 4.2.5] that O,, is generated by the projections
P, = 5,5} subject only to the relations

[P]=) Alx,y)[P)]. (11)

yer
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Since the value of A,(z, z) depends only on r(z), the projections S%.S, depend
only on r(z); hence if r(z) = r(y), we have

ZA szS*]

zeE

[P] = [5:57]

z€E

= [S;Sy] = [SyS*} = [P].

We deduce that there is one generator [g.] € K¢(O4,) for each 7 = r(z) in
K. The relations (11) become

where B, (7, 7) is the multiplicity of 7 in 7 ® p. Since [S,;S%] = ¢([ex]), the
result follows. O

7.7 Corollary: Let R(K) be the representation ring of an infinite compact
Lie group K, and p a faithful representation of K in SU(H,) with 1 <
dimH, < oo. Let 8, be the endomorphism [r] — [ ® p| of R(K). Then
Ko(O,) = R(K)/Im (id — 3,) and K;(O,) = 0.

Proof: The map 1 extends to an additive homomorphism of R(K’) onto
Ko(O,). If 7@ p =@ m;, then from (10) we have

¥ (B, [m]) =¥ ([ ® p]) = [engy] = [@ em] = Z lex:] = lex] = ¢ ([7])

=1

in Ky(O,), and hence the Theorem identifies the kernel of ¢ with the image
of (id — 3,). Thus K(O,) is the cokernel of (id — 3,), as claimed.

Since K is a compact Lie group, the embedding of a maximal torus 7" in
K induces am embedding of R(K) in R(T) (see [8, p.172] ); thus R(K) is
a subring of a Laurent polynomial ring. Since multiplication by a Laurent
polynomial p has no fixed elements unless p = 1, and since p does not restrict
to the trivial character on 7', we deduce that 3, has no fixed points, and hence

Ker (id — 8,) = {[¢]}
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If we identify R(K) with ZX  then B, is given by the matrix B}, and hence
Ker(id — B}) = {0}. Since we know from [9, Lemma 4.2] that Ker(id — A}) =
Ker(id — B!), we deduce that

Ki(0,) = Ki1(0y4,) = Ker(id — Atp) = Ker(id — Bf)) = {0},
which completes the proof. O

7.8 Remark: Example 4.4 of [9], in which K is the alternating group As,
shows that this result does not hold for finite groups, even if p is irreducible.

7.9 Example:

Let K = SU(C™). Then by [8, p.179], the representation ring R(K) is
a polynomial ring in n — 1 generators Aq,...,\,_1, where A\; is the natural
action of SU(C™) on C™ and J); its ith exterior power. If p is the repre-
sentation A, then the cokernel of (id — 3,) is isomorphic to Z[Ag, ..., Ay_1].
Thus for n > 3, K¢(O,) is isomorphic to the free abelian group on infinitely
many generators. This example illustrates the value of the representation
ring approach: a direct calculation of coker(1 — BZ) would be a formidable
undertaking.
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