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ABSTRACT. We give various necessary and sufficient conditions for an AF-algebra to be
isomorphic to a graph C*-algebra, an Exel-Laca algebra, and an ultragraph C*-algebra.
We also explore consequences of these results. In particular, we show that all stable
AF-algebras are both graph C*-algebras and Exel-Laca algebras, and that all simple
AF-algebras are either graph C*-algebras or Exel-Laca algebras. In addition, we obtain
a characterization of AF-algebras that are isomorphic to the C*-algebra of a row-finite
graph with no sinks.
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1. INTRODUCTION

In 1980 Cuntz and Krieger introduced a class of C*-algebras constructed from finite
matrices with entries in {0, 1} [5]. These C*-algebras, now called Cuntz-Krieger algebras,
are intimately related to the dynamics of topological Markov chains, and appear frequently
in many diverse areas of C*-algebra theory. Cuntz-Krieger algebras have been generalized
in a number of ways, and two very natural generalizations are the graph C*-algebras and
the Fxel-Laca algebras.

For graph C*-algebras one views a {0, 1 }-matrix as an edge adjacency matrix of a graph,
and considers the Cuntz-Krieger algebras as C*-algebras of certain finite directed graphs.
For a (not necessarily finite) directed graph E, one then defines the graph C*-algebra
C*(F) as the C*-algebra generated by projections p, associated to the vertices v of E and
partial isometries s, associated to the edges e of F that satisfy relations determined by
the graph. Graph C*-algebras were first studied using groupoid methods [I8, [19]. Due to
technical constraints, the original theory was restricted to graphs that are row-finite and
have no sinks; that is, the set of edges emitted by each vertex is finite and nonempty.
In fact much of the early theory restricted to this case [2} [I8, [19], and it was not until
later [I, @, [13] that the theory was extended to infinite graphs that are not row-finite.
Interestingly, the non-row-finite setting is significantly more complicated than the row-
finite case, with both new isomorphism classes of C*-algebras and new kinds of C*-algebra
phenomena exhibited.

Another approach to generalizing the Cuntz-Krieger algebras was taken by Exel and
Laca, who defined what are now called the Exel-Laca algebras [I1]. In this definition
one allows a possibly infinite matrix with entries in {0, 1} and considers the C*-algebra
generated by a set of partial isometries indexed by the rows of the matrix and satisfying
certain relations determined by the matrix. The construction of the Exel-Laca algebras
contains the Cuntz-Krieger construction as a special case. Furthermore, for row-finite
matrices (i.e., matrices in which each row contains a finite number of nonzero entries)
with nonzero rows, the construction produces exactly the class of C*-algebras of row-
finite graphs with no sinks.

Despite the fact that the classes of graph C*-algebras and Exel-Laca algebras agree in
the row-finite case, they are quite different in the non-row-finite setting. In particular,
there are C*-algebras of non-row-finite graphs that are not isomorphic to any Exel-Laca
algebra, and there are Exel-Laca algebras of non-row-finite matrices that are not iso-
morphic to the C*-algebra of any graph [24]. In order to bring graph C*-algebras and
Exel-Laca algebras together under one theory, Tomforde introduced the notion of an ul-
tragraph and described how to associate a C*-algebra to such an object [23] 24]. These
ultragraph C*-algebras contain all graph C*-algebras and all Exel-Laca algebras, as well
as examples of C*-algebras that are in neither of these two classes. The relationship
among these classes in summarized in Figure [1}

Given the relationship among these classes of C*-algebras, it is natural to ask the
following question.
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F1GURE 1. The relationship among graph C*-algebras, Exel-Laca algebras,
and ultragraph C*-algebras

Question: “How different are the C*-algebras in the three classes of graph C*-algebras,
Exel-Laca algebras, and ultragraph C*-algebras?”

There are various ways to approach this question, and one such approach was taken in
[17], where it was shown that the classes of graph C*-algebras, Exel-Laca algebras, and
ultragraph C*-algebras agree up to Morita equivalence. More specifically, given a C*-
algebra A in any of these three classes, one can always find a row-finite graph E with no
sinks such that C*(E) is Morita equivalent to A.

Thus the three classes cannot be distinguished by Morita equivalence classes of C*-
algebras. The natural next question is to what extent they can be distinguished by
isomorphism classes of C*-algebras. A starting point for these investigations is to ask
about AF-algebras.

While no Cuntz-Krieger algebra is an AF-algebra, the classes of graph C*-algebras and
Exel-Laca algebras each include many AF-algebras. In fact, one of the early results in
the theory of graph C*-algebras shows that if A is any AF-algebra, then there is a row-
finite graph F with no sinks such that C*(F) is Morita equivalent to A [§]. From this
fact and the result in [I7] mentioned above, our three classes (graph C*-algebras, Exel-
Laca algebras, and ultragraph C*-algebras) each contain all AF-algebras up to Morita
equivalence.
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The purpose of this paper is to examine the three classes of graph C*-algebras, Exel-
Laca algebras, and ultragraph C*-algebras and determine which AF-algebras are con-
tained, up to isomorphism, in each class. This turns out to be a difficult task, and we
are unable to give a complete solution to the problem. Nonetheless, we are able to give
a number of sufficient conditions and a number of necessary conditions for a given AF-
algebra to belong to each of these three classes (see and . As special cases of

our sufficient conditions, we obtain the following.

e If A is a stable AF-algebra, then A is isomorphic to the C*-algebra of a row-finite
graph with no sinks.

o If Ais asimple AF-algebra, then A is isomorphic to either an Exel-Laca algebra or
a graph C* -algebra. In particular, if A is finite dimensional, then A is isomorphic
to a graph C*-algebra; and if A infinite dimensional, then A is isomorphic to an
Exel-Laca algebra.

o If A is an AF-algebra with no nonzero finite-dimensional quotients, then A is
isomorphic to an Exel-Laca algebra.

From our necessary conditions, we obtain the following.

e [f an ultragraph C*-algebra is a commutative AF-algebra then it is isomorphic to
co(X) for an at most countable discrete set X.

e No finite-dimensional algebra is isomorphic to an Exel-Laca algebra.

e No infinite-dimensional UHF' algebra is isomorphic to a graph C*-algebra.

Moreover, we are able to give a characterization of AF-algebras that are isomorphic to
C*-algebras of row-finite graphs with no sinks in Theorem [4.7]

Theorem. Let A be an AF-algebra. Then the following are equivalent:

(1) A has no unital quotients.
(2) A is isomorphic to the C*-algebra of a row-finite graph with no sinks.

Our results allow us to make a fairly detailed analysis of the AF-algebras in each of
our three classes, and in Figure [2| at the end of this paper we draw a Venn diagram
relating various classes of AF-algebras among the graph C*-algebras, Exel-Laca algebras,
and ultragraph C*-algebras. Our results are powerful enough that we are able to give
examples in each region of the Venn diagram, and also state definitively whether or not
there are unital and nonunital examples in each region.

Finally, we remark that a particularly useful aspect of our sufficiency results is their
constructive nature. When one first approaches the problem of identifying which AF-
algebra are in our three classes, one may be tempted to use the K-theory classification
of AF-algebras. There are, however, two problems with this approach: (1) Since any
AF-algebra is Morita equivalent to the C*-algebra of a row-finite graph with no sinks,
we know that all ordered Ky-groups are attained by the AF-algebras in each of our three
classes. Thus we need to identify which scaled ordered Ky-groups are attained by the
AF-algebras in each class. Unfortunately, however, little is currently known about the
scale for the Ky-groups of C*-algebras in these three classes. (2) More importantly, even
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if we could decide exactly which scaled ordered Ky-groups are attained by, for example,
graph AF-algebras, we would obtain at best an abstract characterization of which AF-
algebras are graph C*-algebras. Unless our understanding of the scaled ordered Ky-groups
achieved by AF graph C*-algebras extended to an algorithm for producing a graph whose
C*-algebra achieved a given scaled ordered Ky-group, we would be unable to take a given
AF-algebra A and view it as a graph C*-algebra. Most notably, we could not expect to
“see” the canonical generators of C*(E) in A.

With an awareness of the limitations of an abstract characterization, we instead present
constructive methods for realizing AF-algebras as C*-algebras in our three classes. Given
a certain type of AF-algebra A we show how to build an ultragraph G from a certain type
of Bratteli diagram for A so that C*(G) is isomorphic to A (see §4.1)). This ultragraph
is always an Exel-Laca algebra, and in special situations (see it is also a graph C*-
algebra. Furthermore, one can extract from G a {0, 1}-matrix for the Exel-Laca algebra
or a directed graph for the graph C*-algebra as appropriate.

This paper is organized as follows. In we establish definitions and notation for
graph C*-algebras, Exel-Laca algebras, ultragraph C*-algebras, and AF-algebras. In §3]
we establish some technical lemmas regarding Bratteli diagrams and inclusions of finite-
dimensional C*-algebras. In §4 we state the main results of this paper. Specifically, in
we describe how to take a Bratteli diagram for an AF-algebra A with no nonzero finite-
dimensional quotients and build an ultragraph G. In §4.2] we prove that the associated
ultragraph C*-algebra C*(G) is isomorphic to A. We also show that C*(G) is always
isomorphic to an Exel-Laca algebra, and describe conditions which imply C*(G) is also
a graph C*-algebra. These results give us a number of sufficient conditions for AF-
algebras to be contained in our three classes of graph C*-algebras, Exel-Laca algebras,
and ultragraph C*-algebras. We also present examples showing that none of our sufficient
conditions are necessary. In we give several necessary conditions for AF-algebras
to be in each of our three classes. These conditions allow us to identify a number of
obstructions to realizations of various AF-algebras in each class. We conclude in §5| by
summarizing our containments. First, we characterize precisely which simple AF-algebras
fall into each of our classes. Second, we summarize many of the relationships we have
derived, including containments for the finite-dimensional and stable AF-algebras, and
draw a Venn diagram to represent these containments. We are able to use our results
from §4] to exhibit examples in each region of the Venn diagram, thereby showing these
regions are nonempty. We are also able to describe precisely when unital and nonunital
examples occur in these regions.

2. PRELIMINARIES

In the following four subsections we establish definitions and notation for graph C*-
algebras, Exel-Laca algebras, ultragraph C*-algebras, and AF-algebras. Since the litera-
ture for each of these classes of C*-algebras is large and well developed, we present only
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the definitions and notation required in this paper. However, for each class we provide
introductory references where more detailed information may be found.

2.1. Graph C*-algebras. Introductory references include [21, 206 2].

Definition 2.1. A graph E = (E°, E',r, s) consists of a countable set E° of vertices, a
countable set E' of edges, and maps r: E! — E° and s: E' — E° identifying the range
and source of each edge.

A path in a graph E = (E°, E',r, s) is a sequence of edges o :=e; ... e, with s(e; 1) =
r(e;) for 1 <i <n—1. We say that a has length n. We regard vertices as paths of length
0 and edges as paths of length 1, and we then extend our notation for the vertex set and
the edge set by writing E™ for the set of paths of length n for all n > 0. We write E* for
the set | |7, E™ of paths of finite length, and extend the maps r and s to E* by setting
r(v) = s(v) =v for v € E° and r(ay ... a,) = 7(ay,) and s(a; ... a,) = s(ay).

If « and [ are elements of E* such that r(a) = s(3), then af is the path of length
|a| + | 3] obtained by concatenating the two. Given «, f € E*, and a subset X of E*, we
let

aXp:={y € FE" :vy=ay for some € X}

So when v and w are vertices, we have

vX ={y€X:s(y) =0},
Xw={ye X :r(y)=w}, and
vXw={y€ X :s5(y) =vand r(y) = w}.

In particular, vE'w denotes the set of edges from v to w and |vE'w| denotes the number
of edges from v to w.

We say a vertex v is a sink if vE! = () and an infinite emitter if vE! is infinite. A graph
is called row-finite if it has no infinite emitters.

Definition 2.2 (Graph C*-algebras). If E = (E°, E',r, s) is a graph, then the graph C*-
algebra C*(E) is the universal C*-algebra generated by mutually orthogonal projections
{p, : v € E°} and partial isometries {s. : e € E'} with mutually orthogonal ranges
satisfying

(1) sise =ppe forallee E

(2) py = Z sest for all v € EY such that 0 < [vE!| < oo

ecvE!
(3) Sest < pyey forall e € E*.

We write v > w to mean that there is a path a € E* such that s(a) = v and r(a) = w. A
cycle in a graph E'is a path @ € E* of nonzero length with r(«) = s(«). [I8, Theorem 2.4]
says that C*(F) is an AF-algebra if and only if £ has no cycles.
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2.2. Exel-Laca algebras. Introductory references include [111, 12| 22], [13].

Definition 2.3 (Exel-Laca algebras). Let I be a finite or countably infinite set, and let
A = {A(i,7)}ijer be a {0, 1}-matrix over I with no identically zero rows. The Ezel-
Laca algebra Oy4 is the universal C*-algebra generated by partial isometries {s; : ¢ € I}
with commuting initial projections and mutually orthogonal range projections satistying

* * < *
s;si8585 = A(i, j)s;s; and

(2.1) H St Sy H(l — 5,5,) = ZA(X, Y, j)s;s]

zeX yey jel
whenever X and Y are finite subsets of I such that X # () and the function

jET— AXY,j) =[] A5 [](1 - Aly.5))

zeX yey

is finitely supported. (We interpret the unit in (2.1]) as the unit in the multiplier algebra
of O A-)

We will see in Remark that for a {0, 1}-matrix A with no identically zero rows, the
canonical ultragraph G4 of A satisfies C*(G4) = O4. With this notation, [24, Theorem 4.1]
implies that the Exel-Laca algebra O, is an AF-algebra if and only if G4 has no cycle.
The latter condition can be restated as there does not exist a finite set {i1,...,i,} C I
with A(ig,ix1) = 1 forall 1 <k <n—1and A(i,, i) = 1.

It is well known that the class of graph C*-algebras of row-finite graphs with no sinks
and the class of Exel-Laca algebras of row-finite matrices coincide. However, we have
been unable to find a reference, so we give a proof here.

Lemma 2.4. The class of graph C*-algebras of row-finite graphs with no sinks and the
class of Ezel-Laca algebras of row-finite matrices coincide. In particular,
(1) If E = (E°, E',r,s) is a row-finite graph with no sinks, and if we define a {0,1}-
matriz Ag over E' by

Anfe, ) = {1 if r(e) = s(f)

0 otherwise,

then Ag is a row-finite matriz with no identically zero rows and C*(E) = Oy,,.
(2) If A is a row-finite {0,1}-matriz over I with no identically zero rows, and if
we define a graph E4 by setting ES := I and drawing an edge from v € I to
w € I if and only if A(v,w) =1, then E4 is a row-finite graph with no sinks and
Oy = C*(Ey).
Proof. For (1) let E = (E°, E',r,s) be a row-finite graph with no sinks, and define the
matrix Ag as above. Since E is row-finite, Ag is also row-finite. Let {S. : e € E'} be a
generating Exel-Laca Ag-family in O4,.. For v € E° we define P, := D (e)=o 955 i Oy
(Note that this sum is always finite since Ag is row-finite.) We now show that {S., P, : e
E',v € E} is a Cuntz-Krieger E-family in O4,. The S.’s have mutually orthogonal range
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projections by the Exel-Laca relations, and hence the P,’s are also mutually orthogonal
projections. In addition, Condition (2) and Condition (3) in the definition of graph C*-
algebras obviously hold from our definition of P,. It remains to show Condition (1) holds.
Ife € ', let X := {e} and Y := (). Then for j € E', we have Ag(X,Y,j) := 1 if and only
if s(j) = r(e). Since E is row-finite, the function j — Ag(X,Y, j) is finitely supported,
and ( . gives S;S. = > A(X, Y,j)S S5 =2 i)=r(e) SiS; = Pr(e), so Condition (1)
holds. Thus {S., P, : e € E',v € E°} is a Cuntz-Krieger E- famlly, and by the universal
property of C*(E) we obtain a x-homomorphism ¢: C*(E) — O4, with ¢(s.) = S, and
&(py) = P, where {s., p,} is a generating Cuntz-Krieger E-family for C*(E). By checking
on generators, one can see that ¢ is equivariant with respect to the gauge actions on
C*(F) and Oy, and thus the Gauge-Invariant Uniqueness Theorem [2, Theorem 2.1]
implies that ¢ is injective. Since the image of ¢ contains the generators {S, : ¢ € E'} of
Oa,, ¢ is also surjective. Thus C*(E) = Oy,

For (2) let A be a row-finite {0, 1}-matrix with no identically zero rows. Let G4 be the
canonical ultragraph of A (see Remark [2.10)). Then the source map of G4 is bijective and
C*(Ga) = O4. Since A is a row-finite matrix, the range of each edge in G4 is a finite set.
Thus C*(G,) is isomorphic to the C*-algebra of the graph formed by replacing each edge
in G4 with a set of edges from s(e) to w for all w € r(e) [I7, Remark 2.5]. But this is
precisely the graph E4 described in the statement above. 0

2.3. Ultragraph C*-algebras. Introductory references include [23, 24, [16, [I7]. For a
set X, let P(X) denote the collection of all subsets of X.

Definition 2.5. ([23 Definition 2.1]) An ultragraph G = (G°,G',r, s) consists of a count-
able set of vertices G°, a countable set of ultraedges G!, and functions s: G! — G° and

r: Gt — P(G%) \ {0}.

Note that in the literature, ultraedges are typically just referred to as edges. However,
since we will frequently be passing back and forth between graphs and ultragraphs in this
paper, we feel that using the term ultraedge will serve as a helpful reminder that edges
in ultragraphs behave differently than in graphs.

Definition 2.6. For a set X, a subcollection C of P(X) is called an algebra if

(i) 0 ecC,
(i) AnBeCand AUB e C for all A,B € C, and
(iii) A\ BeC forall A,B €.

Definition 2.7. For an ultragraph G = (G°, G', r, s), we let G° denote the smallest algebra
in P(G°) containing the singleton sets and the sets {r(e) : e € G'}.

Definition 2.8. A representation of an algebra C is a collection of projections {pa}acc in
a C*-algebra satisfying pp = 0, paps = pans, and paup = pa+pr—pans for all A, B € C.

Observe that a representation of an algebra automatically satisfies pa\p = pa — papB.
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Definition 2.9. For an ultragraph G = (G°, G',r,s), the ultragraph C*-algebra C*(G) is
the universal C*-algebra generated by a representation {pa}scgo of G° and a collection of
partial isometries {s,}ecgt With mutually orthogonal ranges that satisfy

(1) sESe = py(e for all e € G,

(2) sesi < py(ey for all e € G,

(3) Po = Y cepgr Sesi Whenever 0 < [vG'| < oo,

where we write p, in place of pg, for v e G°.

As with graphs, we call a vertex v € G° a sink if vG' = () and an infinite emitter if
vG! is infinite. A path in an ultragraph G is a sequence of ultraedges o = ejes . . . €, with
s(eir1) € r(e;) for 1 <i<mn—1. A cycle is a path a = e; ...e, with s(e;) € r(e,). [24]
Theorem 4.1] implies that C*(G) is an AF-algebra if and only if G has no cycles.

Remark 2.10. A graph may be regarded as an ultragraph in which the range of each
ultraedge is a singleton set. The constructions of the two C*-algebras then coincide: the
graph C*-algebra of a graph is the same as the ultragraph C*-algebra of that graph when
regarded as an ultragraph (see [23, §3] for more details).

For a {0, 1}-matrix A over I with nonzero rows, the canonical associated ultragraph
Ga = (GY,GY,r,s) is defined by G4 = G4 = I, r(i) = {j € I : A(i,j) = 1} and
s(i) = i for i € G} (see [23, Definition 2.5]). It follows from [23, Theorem 4.5] that
C*(Ga) = O4. The ultragraph G4 has the property that s is bijective. Conversely an
ultragraph G = (GY, G, r, s) with bijective s is isomorphic to G4 where A is the edge
matrix of G. Thus one can say that an Exel-Laca algebra is a C*-algebra of a ultragraph
with bijective source map.

From these observations, one can see that the class of ultragraph C*-algebras contains
both the class of graph C*-algebras and the class of Exel-Laca algebras.

2.4. AF-algebras. Introductory references include [3| 10, [14] as well as [0, Chapter 6]
and 20} §6.1, §6.2, and §7.2].

Definition 2.11. An AF-algebra is a C*-algebra that is the direct limit of a sequence of
finite-dimensional C*-algebras. Equivalently, a C*-algebra A is an AF-algebra if and only

if A=J~, A, for a sequence of finite-dimensional C*-subalgebras A; C Ay C --- C A.
To discuss AF-algebras, we need first to briefly discuss inclusions of finite-dimensional
C*-algebras. Fix finite-dimensional C*-algebras A = ", M,,(C) and B = P]_, My,(C).

Let M = (m,;);; be an m X n nonnegative integer matrix with no zero rows such that

(2.2) Zmi’jaj <b; forallj.

i=1
There exists an inclusion ¢p;: A — B with the following property. For an element
v = (z;)2; € A, the image ¢y (x) of x has the form (y;)7_, € B where for each j < n,
the matrix y; is block-diagonal with m; ; copies of each x; along the diagonal and 0’s
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elsewhere. (Equation ensures that this is possible.) The map ¢, is not uniquely
determined by this property, but its unitary equivalence class is.

Every inclusion ¢ of A into B is unitarily equivalent to ¢, for some matrix M. Specif-
ically, M = (m;;);; is the matrix such that m;; is equal to the rank of 1p,¢(p;) where
1p, is the unit for the 7 summand of B, and where p; is any rank-1 projection in the ;*®
summand of A. We refer to M as the multiplicity matriz of the inclusion ¢.

Definition 2.12. A Bratteli diagram (E, d) consists of a directed graph E = (E°, E',r, s)
together with a collection d = {d, : v € E°} of positive integers satisfying the following
conditions.

(1) E has no sinks;

(2) EY is partltloned as a disjoint union E° = | |7, V,, where each V,, is a finite set,
(3) for each e € E! there exists n € N such that s(e) € V,, and r(e) € V,,11; and
(4) for each vertex v € E® we have d, > > g1, ds(e) for all v € E°.

If (E,d) is a Bratteli diagram, then E is a row-finite graph with no sinks. We regard
d as a labeling of the vertices by positive integers, so to draw a Bratteli diagram we
sometimes just draw the directed graph, replacing each vertex v by its label d,.

Remark 2.13. Those experienced with Bratteli diagrams will notice that our definition of
a Bratteli diagram is slightly nonstandard. Specifically, a Bratteli diagram is traditionally
specified as undirected graph in which each edge connects vertices in consecutive levels.
Of course, an orientation of the edges is then implicitly chosen by the decomposition
E° = | |V, so it makes no difference if we instead draw a directed edge pointing from the
vertex in level n to the vertex in level n + 1.

Example 2.14. The following is an example of a Bratteli diagram:

Ammmm

16 32 64

D
s

Given a Bratteli diagram (F,d), we construct an AF-algebra A as follows. For each
v € E° let A, be an isomorphic copy of My, (C), and for each n € N, let A,, := Do, A
For each n let ¢,: A, — A,y1 be the homomorphism whose multiplicity matrix is
([vE'w|)vev, wev,,,- We then define A to be the direct limit lim(A,, ¢,). Since the
¢n, are determined up to unitary equivalence by (E, d), the isomorphism class of A is also
uniquely determined by (F,d).
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Example 2.15. In Example [2.14] we see that

000
4= oo = (Fi81) oxeo
0000
Ay =M,C)aCaC Go(r,y,2) = (52) @ (§2) @2
As = My(C) ® My(C) ® C ds(w,y,2) = (§0) @ (42) @2
A, = Myn(C) @ M,_,(C) & C On(r,y,2) = () @ (§2) @2

The following telescoping operation on a Bratteli diagram preserves the associated AF-
algebra. Given (F,d), we choose an increasing subsequence {n,, }>°_; of N. The set of the
vertices of the new Bratteli diagram is | J°_, V;,,., the set of the edges of the new Bratteli
diagram is | J,-_,(Va,. E*V,,..,), and the new function d is the restriction of the old d to
U>_; Vi, For example, if we have the portion of a Bratteli diagram shown below on
the left and remove the middle column of vertices, we obtain the portion of the Bratteli
diagram shown below on the right.

l—1——4

X\

l——4——10

We say that two Bratteli diagrams (F,d) and (E’,d’) are equivalent if there is a finite
sequence (Ey,dy), ..., (E,,d,) such that (Ey,d;) = (F,d), (E,,d,) = (E',d') and for each
1<i<n-—1,oneof (F;,d;) and (E;1,d;+1) is a telescope of the other. Bratteli proved
n [3] that two Bratteli diagrams give rise to isomorphic AF-algebras if and only if the
diagrams are equivalent (see [3, §1.8] and [3, Theorem 2.7] for details).

The class of AF-algebras is closed under forming ideals and quotients. On the other
hand, the three classes of graph C*-algebras, Exel-Laca algebras, and ultragraph C*-
algebras are not closed under forming ideals nor quotients. However we can show the
following.

Lemma 2.16. The class of graph AF-algebras is closed under forming ideals and quo-
tients.

Proof. It E is a graph and the graph C*-algebra C*(F) is an AF-algebra, then E has no
cycles by [I8, Theorem 2.4]. Thus F vacuously satisfies Condition (K), and it follows that
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every ideal of C*(FE) is gauge-invariant by [I, Corollary 3.8]. Thus every ideal of C*(E)
as well as its quotient is a graph C*-algebra by [7, Lemma 1.6] and [I, Theorem 3.6]. O

Remark 2.17. A quotient of an Exel-Laca AF-algebra need not be an Exel-Laca algebra.
For example, if ICT is the minimal unitization of the compact operators K on a separable
infinite-dimensional Hilbert space, then M,(K™) is an Exel-Laca AF-algebra that has
a quotient, Ms(C), that is not an Exel-Laca algebra — for details see Example
and Corollary [£.19, Whether ideals of Exel-Laca AF-algebras are necessarily Exel-Laca
algebras is an open question. We also do not know whether ideals and quotients of
ultragraph AF-algebras are necessarily ultragraph C*-algebras. As we shall see later, this
uncertainty causes problems in the analyses of Exel-Laca AF-algebras and ultragraph
AF-algebras.

Lemma 2.18. The three classes of graph AF-algebras, Exel-Laca AF-algebras, and ultra-
graph AF-algebras are closed under taking direct sums.

Proof. Each of the four classes of AF-algebras, graph C*-algebras, Exel-Laca algebras,
and ultragraph C'*-algebras is closed under forming direct sums. The result follows. [

3. SOME TECHNICAL LEMMAS

In this section we establish some technical results for Bratteli diagrams and inclusions
of finite-dimensional C*-algebras. We will use these technical results to prove many of
our realization results in §4]

Lemma 3.1. Suppose A is an AF-algebra that has no quotients isomorphic to C, and
suppose that (E,d) is a Bratteli diagram for A. Let H = {v € E° : d, = 1}, and let
F be the subgraph of E such that F° := E°\ H and F' := {e € E' : s(e) & H} with
r,s: F1' — FY inherited from E. Let d: F* — N be the restriction of d: E° — N. Then
(F,d) is a Bratteli diagram for A.

Proof. First note that if e € E' with r(e) € H, then d,) = 1 and hence dy.) = 1 and
s(e) € H. Hence F is in fact a subgraph of E.

We claim that for any n € N and v € V,,, there exists m € N such that whenever
w € Vyim and v > w, we have d,, > 2. We fix n € N and v € V,,, suppose that there is
no such m, and seek a contradiction. Let vy := v. Inductively choose e; € E! such that
s(e;) = v;_1 and such that for each m € N there exists w € V,4; 1., with r(e;) > w and
d, = 1, setting v; := r(e;). Then the infinite path eje, ... satisfies dy,) = 1 for all n.
Hence {z € E° : © # s(e,) for any n} is a saturated hereditary subset and the quotient
of A by the corresponding ideal is an AF-algebra with Bratteli diagram

ds(an) > ds(an) = san) = ds(ay) = ds(ay) — « -

Hence this quotient is isomorphic to C, which contradicts our hypothesis on A. This
establishes the claim.
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Let B be the AF-algebra associated to the Bratteli diagram F, and let ¢,: B, — A,
denote obvious inclusion of the n'® approximating subalgebra of B determined by F into
the n'" approximating subalgebra of A determined by E. Let ¢£m: A, — A,, be the
connecting maps in the directed system associated to E, and let gbﬁ w - Ap — A be the
inclusion of A, into the direct limit algebra A. Likewise, let gbi ' Bn — B, be the
connecting maps in the directed system associated to F', and let <bioo: B, — B be the
inclusion of B,, into the direct limit algebra B.

We see that gbg n1 ©ln = lpg1 © gzﬁi ng1 for all n, and thus by the universal property of
the direct limit B = liLn(Bn, #), there is a x*-homomorphism ¢y, : B — A with qbf 0 Oln =
Lo © gbff ~- Since each ¢, is injective, it follows that ¢, is injective. We shall also show that
Lso 18 also surjective and hence an isomorphism. It suffices to show that for any v € V,, and
for any a in the direct summand A, of A, corresponding to v, we have ,}f wla) € 1imto.
By the previous paragraph we may choose m so that whenever w € V., and v > w,
then d,, > 2. It follows that

so that ¢Z . (a) = 1,1 m(b) for some b € B, ,,. Thus

n,n+m

E E E E F .
gbn,w(a) = ¢n+m,oo © gbn,n—&-m(a) = ¢n+m,oo © Ln+m(b) = loo © ¢n+m,oo(b) € 1m loo
and (4, is surjective. Hence ¢4, is an isomorphism as required. 0

Lemma 3.2. Suppose A is an AF-algebra with no nonzero finite-dimensional quotients.
Then any Bratteli diagram for A can be telescoped to obtain a second Bratteli diagram
(E,d) for A such that for all n € N and for each v € V,1q either dy > > g1, dse) o
there exists w € V,, with lwE'v| > 2.

Proof. Let (F,d) be a Bratteli diagram for A with F° partitioned into levels as F° =
LI>", W,. It suffices to show that for every m there exists n > m such that for every
v € W, satisfying d, = > iy e, ds(a), there exists w € Wy, with [wF*v| > 2. We
suppose not, and seek a contradiction. That is, we suppose that there exists m such that
for every n > m the set

X, = {x eW,:d, = Z ds() and |wFz| <1 for all w € Wm}

aeEW, F*x
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is nonempty. By telescoping (F,d) to | |>2 =W, we may assume m = 1. We claim that if
n<p,z¢c X, and v € W, with v > z, then v € X,,. Indeed,

dm = Z ds(cx)

acWi F*x

(3.1) = > ( > ds(w)

BeWnFrz  ~yeW1F*s(B)

(3.2) < D d

BEW, F*x
<d,.

Thus we have equality throughout, and the equality of (3.1)) and (3.2)) implies dyg =
Z'yEWlF*s(,B) ds(y) for each 8 € W,F*z. In particular, since v > x, we have that d, =

e Fro ds(). Moreover for each w € Wy,
1> |wF*z| > |wF*v| [vF x|,

so v > x implies that [wF*v| < 1, and v € X,, as required.

We shall now construct an infinite path A = AjAg... in F' such that s(\,) € X, for
all n. If x € X,,, then since d, is nonzero and d, = ZaerF*a: ds(a), there exists w € W
such that w > x. Since W is finite, there exists wy € Wj such that for infinitely many n
there exists € X,, with w; > x. Since wy F! is finite, there exists A\; € w; F* such that
for infinitely many n, we have r(A;) > x for some x € X,,. We set wy := r(\;) which is in
X5 by the claim above. Proceeding in this way, we produce an infinite path A = A Ao . ..
in F' such that s(\,) € X,, for all n.

For each w € W such that w > s()\,) for some n, we define n,, ;== min{n : w > s(\,)}.
Let N := max{n, : w € W; and w > s(\,) for some n}. We claim that F'r()\,) = {\,}
for all n > N. Fix n > N, and e € F'r()\,). Since r(\,) = s(Apy1) € X,11, we have
s(e) € X,,. Hence W F*s(e) is nonempty, so we may fix § € WiF*s(e). Now e is the
unique path in s(3)F*r(\,) by definition of X, ;. Let o be the unique path from s(53)
t0 $(An, ). Since nyg < N < n, we have aX,, , An, 541+ An in 8(B)F*r(),), and the
uniqueness of this path then forces Se = aX, , An, 5 +1- - An, and in particular e = A,
Thus F'r(\,) = {\.} as required.

Since Flr(\,) = {\.}, we have Wi F*r()\,) = WiEF*\, = {B\, : B € Wi F*s(\,)}.
Hence that r(\,) € X,11 and that s(\,) € X,, imply that

o= D>, dim= Y,  dyp=di
a€EW1F*r(Ay,) BEW1F*s(Ap)

for all n > N. This implies dy,) = dsny) for all n > N. Moreover, {y € F° :
y 2 s(A,) for all n} is a saturated hereditary subset, and the quotient of A by the ideal
corresponding to this set is an AF-algebra with a Bratteli diagram of the form

ds(ry) ~ds(ay) ~ds(ay) »ds(ay) »ds(ay) -
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Hence this quotient is isomorphic to Mds@m (C), which contradicts the hypothesis that A
has no finite-dimensional quotients. U

Lemma 3.3. Let A be an AF-algebra. Then A has no nonzero finite-dimensional quo-
tients if and only if there exists a Bratteli diagram (E,d) for A satisfying the following
two properties:
(1) d, > 2 for allv € E°; and
(2) for alln € N and for each v € V1 either d, > ) 1, dse) o there exists w € V,,
with lwEv| > 2.

Proof. If A has no nonzero finite-dimensional quotients, then by Lemma [3.1] there exists a
Bratteli diagram for A satisfying (1). Lemma[3.2)shows that this Bratteli diagram may be
telescoped to obtain a Bratteli diagram for A satisfying (2). The vertices of the telescoped
diagram are a subset of those of the original diagram, and the values of d, are the same
for those vertices v common to both. In particular, telescoping preserves property (1), so
the telescoped Bratteli diagram will then satisfy both (1) and (2).

Conversely, suppose that there exists a Bratteli diagram (E, d) for A satisfying (1) and
(2). If I is a proper ideal of A, then I corresponds to a saturated hereditary subset H,
and the complement (E'\ H,d) of H in (F,d) is a Bratteli diagram for A/I. Fix a vertex
v in this complement. Since H is saturated hereditary, there exists an edge e; € E' with
s(e1) = v and r(ep) in the complement also. Inductively, we may produce an infinite path
eijéz ... in the complement. It follows from property (2) that dge,) < dye,,,) for all i,
which implies that the function d: (E\ H)? — N is unbounded. Hence A/I is infinite
dimensional. 0

Lemma 3.4. Suppose A is an AF-algebra with no unital quotients. Then any Bratteli
diagram for A can be telescoped to obtain a second Bratteli diagram (E,d) for A such that
for allv € E° we have d, > 3" g1, ds(e)-

Proof. Let (F,d) be a Bratteli diagram for A with F° partitioned into levels as F° =
Lo, W,. It suffices to show that for every m there exists n > m such that for every
v € W, we have d, > Zaewn ey ds(a)- Suppose not, and seek a contradiction. That is,
we suppose that there exists m such that for every n > m the set

Yn = {ZL’ € Wn : dag = Z ds(a)}
aeW,, F*x

is nonempty. By telescoping (F,d) to | |>2, =W, we may assume m = 1. If we let
T := {w € F" : for infinitely many n there exists x € Y, with w > z},

then the complement of T" is a saturated hereditary subset, and the quotient of A by the
ideal corresponding to this complement has a Bratteli diagram obtained by restricting to
the vertices in T'. Along similar lines to Lemma one can show that if n <p, x € Y,
and v € W,, with v > x, then v € Y,,. Hence each v € T"NW,, is in Y,,. This implies
that each v € T has the property that d, = Y.z, ds(e), and hence all the inclusions in
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the corresponding directed system are unital. Thus the quotient of A considered above is
unital. This contradicts the hypothesis that A has no unital quotients. ([l

Lemma 3.5. Let A be an AF-algebra. Then A has no unital quotients if and only if
A has a Bratteli diagram (E,d) such that for all v € E° we have both d, > 2 and

dU > ZeEElv ds(e)'

Proof. If A has no unital quotients, then the existence of such a Bratteli diagram follows
from Lemma 3.3]and Lemma[3.4] Conversely, suppose that A has such a Bratteli diagram
(E,d), and fix a nonzero quotient A/I of A. There is a subdiagram (F,d) of (E,d) which
is a Bratteli diagram for A/I. In particular d, > >z, ds(e) for all v € FO. It follows
that the inclusions in the direct limit decomposition of A corresponding to (F,d) are all
nonunital. Hence A/I is nonunital. 0

Lemma 3.6. Let A be a C*-algebra which is generated by finite-dimensional subalgebras
B and C. Suppose that B = @, ,, B" where each B* = M, (C) and that C = @,y C*
where each C* = M, (C). For each v € V suppose that ¢ is a minimal projection in BY
such that ¢* € C and (1gv —q")C = {0}. For each v, w, let m,,, denote the rank of ¢"1cw
i CV, and let

(y = Cy + Z(bv — 1)my .

veV

Then A = @, oy A where each AY = M, (C). Moreover, the inclusion C* — A" has
multiplicity 1 for w € W, and the inclusion B — A has multiplicity matriz (my ) vevwew -
Finally, the unit 14 of A is equal to (13 — D vev q”) + 1c.

Proof. The assumptions on the ¢” imply that (13 — D eV q”) + 1¢ is the unit of A. To
obtain the desired decomposition of A, we construct a family of matrix units for A. We
begin by fixing convenient systems of matrix units for the B* and the C*.

For v € V, let {3}, :0 <1,5 <b, — 1} be a family of matrix units for B such that
Boo = ¢ Similarly, for w € W let {7, : 0 < k,I < ¢, — 1} be a family of matrix units
for C* such that for each v € V there exists a subset &, C {0,1,..., ¢, — 1} satisfying
q"low = Y pen, ., Ver- Note that the subsets {yw}vey of {0,1,..., ¢, — 1} are mutually
disjoint and safisfy |Kpw| = My -

We are now ready to define the desired matrix units for A; these matrix units will be
indexed by the set

L= ({0,1,... e = 1} x {0}) U | | (Ko x {1,2,...,b, — 1})

veV
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for w € W. We have |I,| = c,, + >,y [Fow| X (by —1) = ay. Define elements {a”z‘l’w)’(l,s) :
we W, (k,r),(l,s) € Ly} by

f)/]?jl lf r=8= 0
w 7}5’;588 ifT:O,leliv,wandSZI
AUk,r),(Ls) "=\ g’ ow :
0 Vk 1 itk €Ky, r>1and s=0

ﬁ%v};ﬁﬂ&s itk €Ky, 7>1,1€ Ky, and s > 1.

Ty

We first claim that for each w,w’ € W, each (k,7), (I, s) € I, and each (K',7"), (I',s") € Ly,

/ aw y lf w = w/ and (l S) = (kz/ ,r,/)
33 O[w Oéw/ / ;oo = (k7r)’(l )S ) ? Y
o BT {0 otherwise.

To verify (3.3]), we consider four cases.
CASE 1: s = 7" = 0. Since v}/, are matrix units and since the C* are orthogonal, we have

— v, fw=w andl=F
Ve Ve i = ’ .
0 otherwise.

This implies in the case s =1’ = 0.

CASE 2: s > 1 and ' = 0. Then ﬁg’sv}jil, = 055 ;},s%?fl,z' = 0 because ¢, < Zg’gl v, =
1pv — ¢¥ which is orthogonal to C' by assumption. This shows Oé%;f,r),(l,s)&%’,r’),(l’,s’) =0.
CASE 3: s =0 and ' > 1. This case follows from Case 2 by taking adjoints.

CASE 4: s >1and " > 1. Then

! .
w Qv Qv w ’Ylgj,lﬁ(q)),of)/lqﬁ,l’ if v=12"and s =1
%,zﬁo,s 0 k1 T .
0 otherwise.

Since vy,685 0 = Vi We have

w o w w v, Hw=w andl=F
%,zﬁo,o%/,y = Ve Ve —

0 otherwise.
These show in case 4, completing the proof of the claim.

For each w € W, let A* := span{a(} ) . : (k.7),(l;s) € I,} C A. From (3-3), we see
that A" is isomorphic to M,, (C) for each w € W, and that {A*},cw are orthogonal to
each others. We next show that A =" .,  A". To see this, it suffices to show that all
the matrix units 3, and v, for B and C belong to } .y AY. If | € Ky, then

Wibse = iitenda =t 3 ate) =t
U Ekp,w
Similarly, we get ﬁg:ofy}c‘jl = Yy if k € Ky . We may deduce from these two equalities

that N(ls) = ﬁ”’ofyi”’lﬁg’s for all k € Ky 4, all 7 >0, all | € K,,, and all s > 0. For each

Ty
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v €V, we have
oo=d"= D dlew =2 D
weW weEW K€Ky w
It follows that

s = Brolo0bo,s = Z Z BroVinlo,s0 = Z Z Vo (kys) € Z AY

WEW k€Ry,w wWEW k€Ky,w weWw

forallv € Vand all 0 < r,s < b, — 1. We also have Ver = a&70)7(l70) for w € W and
0<k,l<c,—1. Thus we get A = ZweWAw.

It is clear that the inclusion C" «— A" has multiplicity 1 for w € W. To see that the
inclusion B < A has multiplicity matrix (my . )vevwew, it suffices to see that for each
v € V and w € W, the product of the minimal projection ¢ € BY and the unit 14w of
A" has rank m,,, in A¥ = M, (C). Since ¢" € C, we have

qv]_Aw - qvlc’“f - Z ’}/Zk = Z O{El;f»o)7(k’0)'

ke’f’u,w kfefiv,w

This shows that the rank of ¢"14w € A" iS |Ky | = My - O

4. REALIZATIONS OF AF-ALGEBRAS

4.1. A construction of an ultragraph from a certain type of Bratteli diagram. In
this section we show how to construct ultragraphs from certain Bratteli diagrams and use
these ultragraphs to realize particular classes of AF-algebras as ultragraph C*-algebras,
Exel-Laca algebras, and graph C*-algebras.

Definition 4.1. Let A be an AF-algebra with no nonzero finite-dimensional quotients.
By Lemma there exists a Bratteli diagram (E,d) for A satisfying the following two
properties:

(1) d, > 2 for all v € E% and

(2) for all n € N and for each v € V4, either d, > > _p1, ds(e) Or there exists w € V,

with |wE'v| > 2.
We define
Ayi=dy— Y (dye) = 1).
ecElv
The symbol A has been chosen to connote “difference”. Note that from the property (1),
A, = d, if and only if v is a source. In addition, it follows from the properties of our
Bratteli diagram that A, > 2 for all v € E°.
We claim that for each v € E° there exists an injection k,: E'v — {0,1,..., A, — 1}

such that there exists e € E'v with k,(e) = 0 if and only if d, = Y ecriy s(e), and in this
case e is not the only element of s(e)E'v. To justify this claim, first observe that

Ay=dy— Y (dyoy—1)=dy— > dyy+ > 1=(dy— > dye) +|E"|

ecEv ecElv ecEw ecElv
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Hence if d, > Y, 1, ds(e) We may always choose an injection k,: E'v — {0,1,...,A,—1}
so that its image does not contain 0. On the other hand if d, = Zee g1y As(e), then by
hypothesis on the Bratteli diagram there exists w € E° with |[wE| > 2 so we may
choose a bijection k,: E'v — {0,1,..., A, — 1} such that e € E'v with k,(e) = 0 satisfies
s(e) = w. This establishes the claim.
We now define an ultragraph G = (G°, G, rg, sg) by
G':={v;:veFE and1<i<A, -1} and G' = {e,, : v; € G°}
with
sg(ey,) :=v; for all v; € G, rg(ey,) :={vi1} for2<i<A, -1

and

rg(ev,) == {wy : there exists a path A = AjAy... A, such that s(\) = v, r(\) = w,
Eroo(Ni) =0fori=1,2,...,n—1, and ky,(A\,) =k > 1}.

To check that G is an ultragraph, we only need to see that rg(e,,) # 0.

Lemma 4.2. For alln and v € V,, the set rg(ey,) is nonempty and satisfies

rg(en) = {Wry(e) : W € Vg1, e € vE'w, ky(e) > 1} U U rg(€w, )-

WEVn41,e€vELw,ky (€)=0

Proof. The latter equality follows from the definition of rg(e,,). For each v € V,,, there
exists w € V11 such that vE'w # (). By the assumption on k,, there exists e € vE w
such that ky(e) > 1. Thus wy, () € rg(€y, ). This shows that rg(e,, ) is nonempty. O

Remark 4.3. By definition, rg(e,,) C Upe,1q Vi for v € V. One can show that this
property together with the equality in Lemma uniquely determines {rg(ey,)}vero.

Example 4.4. An example of the ultragraph construction: Consider a Bratteli
diagram (F,d) satisfying Conditions (1) and (2) of Lemma and whose first three
levels are as illustrated below. In the diagram, each vertex is labeled with its name, and
above the label a appears the integer d,.
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The values of A for the vertices visible in the diagram are
Ay =2 A, =5 A, =2
At == 2 Aw - 3 Ay == 3
A, =3 A, =3

So the corresponding section of the resulting ultragraph G will have vertices
0 _
G - {517 t17 Uy, U2, V1, V2, V3, U4, W1, W2, L1, Y1, Y2, 21, 22, - - '}7

and each of these vertices a; will emit exactly one ultraedge e,,. For ¢ # 1, we have
rg(eq,) = {a;_1}. To determine the ranges of the e,,, we must choose injections k,: Fla —
{0,1,...,A, — 1} for a € E° with the properties described above; in particular, this
necessitates that 0 is in the image of k, only when a = w or a = y, and also that

kw(f") # 0 and ky(h) # 0.

One possible set of choices of injections k, is
k,(e) =1, ky(e)=3, ky()=4, +(9)

k(g
kuo(f) =0, ku(f) =2, ku(f") =1, ky(h)
k. (k)

:1’
=1, k() =0, k") =2,
=2k =1.

z Y

We can calculate
rg(eﬁ) = {Ul}v Tg(etl) = {213,04,w2,y2,21} U Tg(eyl), ’I“g(@ul) = {wl}’
7”(61,1) = {xhyl? 22}, and T(ewl) - {Zl7 y2} U Tg<ey1)-

We may now draw the fragment of the ultragraph G corresponding to the given fragment
of the Bratteli diagram (F, d).

V4 T
}
S1 U3
|
V2 Y2

/ !
t1 U1 1

U w2 z2
| } |
U1 > W1 =21

Note that by definition of the ultragraph G, each vertex emits exactly one ultraedge, so
in the picture any multiple arrows leaving the same vertex actually have the same label
and constitute a single ultraedge of G.
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4.2. Sufficient conditions for realizations.

Theorem 4.5. Let A be an AF-algebra with a Bratteli diagram satisfying the conditions
of Lemma([3.3. If G is an ultragraph constructed from this Bratteli diagram as in Defini-
tion[f.1, then A= C*(G). In addition, C*(G) is an Ezel-Laca algebra.

Proof. Let (E,d) be a Bratteli diagram for A with the vertices partitioned into levels as

O = | |°7,V, and satisfying the conditions of Lemma , and let G be an ultragraph
constructed from (E,d) as in Definition [1.1] Our strategy is to find a direct limit decom-
position of C*(G) so that at each level we may apply Lemma to see that the inclusion
of finite-dimensional algebras is the same as the corresponding inclusion in the direct limit
decomposition of A determined by (£, d).

For each v € E° let

C"=C"({se,, 1 1 <i <A, —1}).

We have Sey; Se,. = Du; forl<i<A,—1 and s; _sevi = po,_, for 2 <i < A, —1. We define
a projection q = Drg(ew,) = szvl Se,, € Cv, Wthh is orthogonal to p,, for 1 <i¢ <A, — 1.
These computations shows that there exist matrix units {77, :0 < k,I <A, — 1} in C”
such that 7§y = ¢", 7}, = py, and 7, = s, for 1 <i <A, — 1. Exphcltly, Yy € CY s
given by

7119),l "= Seyy Sey_y 7 Seyy quzm :vz o Szvz
for 0 < k1 < A, This shows that CV is isomorphic to Ma,(C) with minimal

projection ¢V and the unit Z "pu. +¢". For each n € N
Cpi=C"({5c,, rv€Vyand 1 <i <A, —1})

is equal to P C". Moreover, for n € N, define

vEV,

B, = C*(U;.L:1 Cj) = C’*({sevi TV E U?:l Viand 1 <i <A, — 1})

Claim: For each n € N, the unit 15, of B, is given by ZUeU?:1 v, ZiA:vfl Poi T2 per, 4%
and there exists a decomposition B, = €,y B’ such that each BY = M, (C) with
minimal projection ¢"; and for each n € N, the inclusion B, — B, has multiplicity
matrix (|VE'w|)vev,, wevi, ;-

We proceed by induction on n. When n =1, let BY := C" for v € V;. Then By = (C}
has the decomposition By = @vevl B". For each v € V;, we have A, = d, because v is
a source. Hence BY = C" is isomorphic to M, (C) with minimal projection ¢” and the
unit Zf:”fl Dy; + q°. This shows the claim in the case n = 1. For the inductive step,
assume that B,, has the desired decomposition. To apply Lemma to the C*-algebra
B, 11 which is generated by B, and C, i, we check that for each v € V,, the minimal
projection ¢ € BY is in C,1; and satisfies (150 — ¢")Cpy1 = {0}. We see that

s —q)=1p—-> ¢ = Y, ipvi

veEV, vEV, UGU;L:1 V; =1
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which is orthogonal to C,41. This proves (1pv — ¢")Cprq1 = {0} for all v € V,,. For each
v € V,, Lemma 4.2 implies

(41) " = Prgle) = Y ( D Puot D Pra(ew1>> = 2 2 s

wEVn41  ecvE'w ecvElw WEVp41 e€vElw
kw(e)>1 kw(e)=0

Hence ¢ € C,, 1. Thus we can apply Lemma to obtain the decomposition B, ; =
@wevn+1 B™. Since the inclusion C" <— B" has multiplicity 1 for w € W, the projection
¢* is minimal in BY. From , ¢"lcw has rank |[vE'w| in C for w € V1. The
definition of A, implies that

dy =0y + Y (dy—1)oE"w.
wEVn+1

Hence B" is isomorphic to My, (C) for w € V,4;. The conclusion of Lemma 3.6|also shows
that the inclusion B,, < B, has multiplicity matrix (|[vE'w|)yev, wev,,,, and that the

. . Ap—1 . .
unit of B,,;; is equal to queuyj v, Yo Put+ Zwevnﬂ q". This proves the claim.

We see that [ J 2, B" contains {s. : e € G'}. Since each vertex v in G emits exactly one
ultraedge e, p, = s.s; is contained in | J -, B". Thus |J,_, B" contains all the generators

of C*(G). Hence C*(G) = |J,—, B™ is an AF-algebra, and the preceding paragraphs show
that (E,d) is a Bratteli diagram for C*(G), giving A = C*(G). Since every vertex of G
emits exactly one ultraedge, C*(G) is an Exel-Laca algebra (see Remark [2.10)). O

Corollary 4.6. If A is an AF-algebra with no nonzero finite-dimensional quotients, then
A is isomorphic to an Exel-Laca algebra.

Proof. Since A has no nonzero finite-dimensional quotients, Lemma |3.3| implies that A
has a Bratteli diagram satisfying the conditions stated. It follows from Theorem that
A is isomorphic to an Exel-Laca algebra. OJ

The following result is important in that it is one of the few instances where we can
give a complete characterization of AF-algebras in a certain graph C*-algebra class. In
particular, we give necessary and sufficient conditions for an AF-algebra to be the C*-
algebra of a row-finite graph with no sinks.

Theorem 4.7. Let A be an AF-algebra. Then the following are equivalent:

(1) A has no (nonzero) unital quotients.
(2) A is isomorphic to the C*-algebra of a row-finite graph with no sinks.

Proof. We shall first prove that (1) implies (2). Suppose that A has no unital quotients.
By Corollary there is a Bratteli diagram (E,d) for A such that for all v € E° we
have both d, > 2 and d, > ZeeElv dsey)- Let G be an ultragraph constructed from
(E,d) as in Definition 4.1 Theorem [4.5] implies that A = C*(G). Furthermore, since
dy > Y o1y ds(e), we have ky(e) > 1 for all v € E® and e € E'v. For v € E°, Lemma [4.2)
implies rg(ey, ) = {Wk,(¢) : W € Voy1, e € vE'w, ky(€) > 1}. Thus, rg(e) is finite for every



REALIZATIONS OF AF-ALGEBRAS 23

e € G'. Hence C*(G) is isomorphic to a graph C*-algebra of a row-finite graph with no
sinks (see [17, Remark 5.25]).

We next prove that (2) implies (1). Suppose that A = C*(F), where E is a row-finite
graph with no sinks. Since C*(F) is an AF-algebra, it follows from [18, Theorem 2.4] that
E has no cycles. Thus E satisfies Condition (K), and [2, Theorem 4.4] implies that every
ideal of C*(F) is gauge invariant. Suppose [ is a proper ideal of C*(E). Then I = Iy
for some saturated hereditary proper subset H C E°, and C*(E)/Iy = C*(Ey), where
Ey is the nonempty subgraph of F with EY := E°\ H and E, .= {e € E' : r(e) ¢ H}
(see [2, Theorem 4.1]). Since H is saturated hereditary, that F has no sinks implies
that E'y has no sinks. Since E has no cycles, Fy also has no cycles. Because Ey is a
nonempty graph with no cycles and no sinks, EY is infinite. Thus C*(Fg) is nonunital
[18, Proposition 1.4]. O

Corollary 4.8. Let A be a stable AF-algebra. Then there is a row-finite graph E with no
sinks such that A = C*(E). In particular, A is isomorphic to a graph C*-algebra, to an
Exel-Laca algebra, and to an ultragraph C*-algebra.

Proof. Since any nonzero quotient of a stable C*-algebra is stable, every quotient of A is
stable, and in particular nonunital. The result then follows from Theorem [4.7] O

Lemma 4.9. Let G = (G, Gt r,s) be an ultragraph. Let G = (éo,gl,f, §) be the ultra-
graph defined by G* := G U {vy} and G' := G' U {ep} with

Slg1 = s, 5(ep) = o, Tlgr =, and 7(ep) = GO,

Then C* (é) >~ My (C*(G)Y), where C*(G)" is the minimal unitization of C*(G).

Proof. We first notice that the algebra G0 is generated by the algebra GY C P(G°) and
the two elements Gg, {vo} € P(GO) The universal property of C*(G) implies that there
is a *-homomorphism ¢: C*(G) — My(C*(G)") satisfying

d(pa) = (%) forall Ae g’ and P(se) = (% 9) forallee G

and

¢(peo) = (60),  dpw) = (51), and @(se,) = (15)-
The Gauge-Invariant Uniqueness Theorem [23, Theorem 6.8] shows that ¢ is injective.
Standard calculations show that the image under ¢ of the generating Cuntz-Krieger G-
family in C*(G) generates M,(C*(G)"). Hence ¢ is an isomorphism. O

Corollary 4.10. Let A be a C*-algebra, and let At denote the minimal unitization of A.
If A is isomorphic to an Ezxel-Laca algebra, then My(A™) is isomorphic to an Exel-Laca
algebra.

Proof. If A is isomorphic to an Exel-Laca algebra, then by Remark [2.10] - 0| A = C*(G) where
g is an ultragraph with bijective source map. By Lemma 9 C*(G) = My(A™), and since
G is an ultragraph with bijective source map, C’*(g) is an Exel- Laca algebra. 0J
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The following example shows that the converse of Corollary [4.6] does not hold.

Example 4.11. Let A be a nonunital, simple AF-algebra (such as ). By Corollary
A is isomorphic to an Exel-Laca algebra, and by Corollary My(A™) is an Exel-Laca
algebra. However, My(A™) has a quotient isomorphic to the finite-dimensional C*-algebra
M,(C). Thus the converse of Corollary [4.6| does not hold. (It is also worth mentioning
that My(C) is a quotient of an Exel-Laca algebra, but My(C) is not itself an Exel-Laca

algebra; cf. Corollary 4.19})

The following elementary example shows that the C*-algebra of a row-finite graph with
sinks may admit unital quotients (cf. Theorem [4.7)).

Example 4.12. The AF-algebra M,(C) & My(C) is isomorphic to the C*-algebra of the
graph ¢ «—— e — e by [I8, Corollary 2.3]. However, this C*-algebra has M,(C) as a
unital quotient. Thus graphs with sinks can have associated C*-algebras that are AF-
algebras with proper unital quotients.

The next example is more intriguing. Before considering this example, one is tempted
to believe that if E is a row-finite graph, then C*(FE) is isomorphic to a direct sum of
a countable collection of algebras of compact operators on (finite or countably infinite
dimensional) Hilbert spaces and the C*-algebra of a row-finite graph with no sinks (see
Proposition . This would give a characterization of AF-algebras associated to row-
finite graphs along similar lines to Theorem However, the example shows that this is
not the case in general.

Example 4.13. Let E be the graph

U1 V2 (%] V4 ...

Ll

w1 Wo ws Wy

Then for each n € N the set H,, := {vp, V11, .. . JU{wp, wyy1, . . . } is a saturated hereditary
subset of E, and C*(E)/Iy, is a finite-dimensional C*-algebra. Thus C*(E) is an AF-
algebra with infinitely many finite-dimensional quotients. This shows that, unlike what
occurs for row-finite graphs with no sinks (cf. Theorem , the situation with sinks is
much more complicated. It also shows that C*(E) does not have a Bratteli diagram of the
types described in Lemma 3.4 or Lemma 3.5 Hence our construction of the ultragraph
described in cannot be applied.

By eliminating the bad behavior arising in the preceding example, we obtain a limited
extension of Theorem to graphs containing sinks.
Proposition 4.14. Let A be an AF algebra. Then the following are equivalent:

(1) A is isomorphic to the C*-algebra of a row-finite graph in which each vertex con-
nects to at most finitely many sinks; and
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2) A has the form M, (C)) & A" where X is an at most countably-infinite
rxeX x Yy
index set, each n, is a positive integer, and A’ is an AF algebra with no unital
quotients.

Proof. To see that implies , we let ¥ be a row-finite graph in which each vertex
connects to at most finitely many sinks and such that A = C*(FE). Since A is an AF-
algebra, £ has no cycles. Let sinks(FE) denote the collection {v € E° : vE' = @} of
sinks in E. Let H be the smallest saturated hereditary subset of E° containing sinks(F).
Since each vertex connects to at most finitely many sinks, H is equal to the set of v € E°
such that vE™ = ) for some n. Let F be the graph with vertices F? := E°\ H, edges
F''={e € F':r(e) € H} and range and source maps inherited from E. Note that the
description of H above implies that F' has no sinks; moreover F' is row-finite because E
is. We claim that

C*(E) = (@v&sinks(E) IC(€2(E*U))) D C*(F)
To prove this, we first define a Cuntz-Krieger E-family {g, : v € E'}, {t. : e € F'} in
(EBUESinkS( E) K(¢*(E*v))) @ C*(F). We will denote the universal Cuntz-Krieger F-family

by {pl' :v e F°}, {sI": e € F'}, and we will denote the matrix units in each K(¢*(E*v))
by {05 : a, 3 € E*v}. As a notational convenience, for v € E°\ F°, we write pJ = 0,
and similarly for e € E'\ F', we write s = 0. For v € E| let

qv = (@wESinks(E) ZaEvE*w @Z},a> D pf

and for e € B, let

te = (®w€sinks(E) Zaer(e)E*w @Zoz,a> ©® 85‘

Routine calculations show that {g, : v € E'}, {t. : e € E'} is a Cuntz-Krieger E-family.
This family clearly generates (@UEsinkS( B) K(¢3(E*v))) @ C*(F), and each g, is nonzero
because if pf” = 0 then v must connect to a sink w in which case g, dominates some O o
An application of the Gauge-Invariant Uniqueness Theorem [2, Theorem 2.1] implies that
there is an isomorphism

Tya: C*(B) =  Byesmaii) KIE(E™)) ) & C(F)

such that 7,.(p,) = ¢, and 7 4(se) = te.

To complete the proof of implies , let X C sinks(F) denote the subset {v €
sinks(E) : |E*v| < oo}, and for each v € X let n, := |E*v|. We have K(¢*(E*v)) =
M, (C) for each v € X. Recall that F' is row-finite and has no sinks, so Theorem
implies that C*(F') has no unital quotient. For each v € sinks(F) \ X, the C*-algebra
K(¢*(E*v)) is simple and nonunital. Thus

A= (B cqmeiyx KE(E))) @ C*(F)



26 TAKESHI KATSURA, AIDAN SIMS, AND MARK TOMFORDE

has no finite-dimensional quotients. We get

A= C(B) 2 (B eumio KIE(E0))) & C*(F) 2 (@,ex Ma, (C)) & A

as required.

To see that implies (1)), let A = (P,cx M. (C)) ® A as in . By Theorem ,
there is a row-finite graph £’ with no sinks such that C*(E’) = A’. For each x € X, let
E. be a copy of the graph

V——V2—— -+ ——Un,

A standard argument shows that C*(E,) = M, (C). Moreover E := (| |,.x E:) U E'
satisfies

C*(E) = (@,ex C7(Ea)) & C*(B) = A
as required. O

For completeness, we conclude the section with the following well-known result.

Lemma 4.15. A C*-algebra A is finite dimensional if and only if it is isomorphic to the
C*-algebra of a finite directed graph with no cycles.

Proof. If E is a finite directed graph with no cycles, then E* is finite, and hence C*(F) =
Span{s,s; : 1, € E*} is finite dimensional.

On the other hand, if A is finite-dimensional, then there exist an integer n > 1 and
nonnegative integers dy, ..., d, such that A = @, , My, (C), and [I8, Corollary 2.3] then
implies that A is isomorphic to the C*-algebra of a finite directed graph with no cycles.
(Moreover, we remark that the last part of the proof of Proposition actually shows
that every finite-dimensional C*-algebra is the C*-algebra of a finite graph with no cycles.)

O

4.3. Obstructions to realizations. Here we present a number of necessary conditions
for an AF algebra to be an ultragraph C*-algebra, an Exel-Laca algebra, or a graph C*-
algebra. Recall that an ultragraph C*-algebra C*(G) is an AF-algebra if and only if G
has no cycles by [24, Theorem 4.1].

Proposition 4.16. Let G be an ultragraph and suppose that C*(G) is an AF-algebra. If
C*(G) is commutative, then the ultragraph G has no ultraedges, and C*(G) = ¢o(GP).

Proof. 1t suffices to show that G has no ultraedges. Suppose that e is an ultraedge in G,
and let v = s(e). Since C*(G) is commutative, we have p,() = sis. = scs; < py(e), and
hence r(e) = {s(e)}. Thus e is a cycle. This contradicts the hypothesis that C*(G) is an
AF-algebra. 0

Proposition 4.17. Let A be an AF-algebra that is also an Fxel-Laca algebra. Then A
does not have a quotient isomorphic to C, and for each n € N there is a C*-subalgebra of
A isomorphic to M, (C).
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Proof. There exists an ultragraph G = (G°, G, r, s) with bijective s such that C*(G) = A
(see Remark . The ultragraph G has no cycles. Let {p,},eqo and {s.}ecg: be the
generator of C*(G) as in Definition [2.9|

Suppose, for the sake of contradiction, that there exists a nonzero x-homomorphism
x: C*(G) — C. Since x is nonzero, there exists v € G° with x(p,) # 0. Let e € G' be
the unique ultraedge with s(e) = v. Since G has no cycles, we have v ¢ r(e). Hence p, is
orthogonal to s’s.. Thus

X (se)*X(Po) = X(se)X(5¢) X (Po) = X(88eps) = 0,

and since x(p,) # 0, it follows that |x(s.)|*> = 0 and x(s.) = 0. But then x(p,) =
X(sest) = x(se)x(st) = 0, which is a contradiction. Hence C*(G) has no quotients
isomorphic to C.

Let n € N. We will construct a C*-subalgebra of C*(G) isomorphic to M, (C). Choose
v; € GY and let e; € G! be the unique ultraedge with s(e1) = v1. Then choose a vertex
vy € 7(eq). Since G has no cycles, we have vy # v;. Continuing in this manner, we can
find distinct vertices vy, vs,...,v, € G° such that vy, € r(eg) for k = 1,2,...,n — 1,
where e, € G! is the unique ultraedge with s(eg) = vg. For 1 <4, j < n, we define

Oij = Se;Seipy - Sen_1PonSe, 1 Sen o S:j.
One can check that {©;; : 1 < i,j < n} is a family of matrix units, and thus the
C*-subalgebra of C*(G) generated by {©;; : 1 <1i,j < n} is isomorphic to M, (C). O

Corollary 4.18. If A is an AF-algebra that is also an Fxel-Laca algebra, then A has a
Bratteli diagram (E,d) such that d, > 2 for all v € E°.

Proof. Since A has no quotient isomorphic to C, the result follows from Lemma O
Corollary 4.19. No finite-dimensional C*-algebra is isomorphic to an Ezxel-Laca algebra.

Definition 4.20. We recall that a C*-algebra A is said to be Type I if whenever 7: A —
B(H) is a nonzero irreducible representation, then K(H) C w(A). In the literature, the
terms postliminary, GCR, and smooth are all synonymous with Type I.

Proposition 4.21. Let C*(FE) be a graph C*-algebra that is also an AF-algebra. Then
every unital quotient of C*(E) is Type I and has finitely many ideals.

Proof. By Lemma m, it suffices to show that if a graph C*-algebra C*(FE) is a unital
AF-algebra then C*(E) is Type I and has finitely many ideals. Note that C*(E) is a
unital AF-algebra if and only if E has a finite number of vertices and no cycles.

We first show that C*(F) has finitely many ideals. Since E has no cycles, it satisfies
Condition (K). Hence any ideal of C*(E) is of the form I g gy for a saturated hereditary
subset H of E° and a subset S C E° of the set of breaking vertices for H [9, Theorem 3.5].
Since the set E° of vertices of E is finite, there are only a finite number of such pairs
(H,S). Thus C*(F) has finitely many ideals.
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To prove that C*(FE) is of Type I, first observe that any graph with finitely many vertices
and no cycles contains a sink v, and the ideal I, generated by p, is then a nontrivial gauge-
invariant ideal which is Morita equivalent to C and hence of Type I (see [15], Proposition 2]
and the subsequent remark in [15]).

We shall show by induction on the number of nonzero ideals of C*(F) that C*(E) is
Type I. Our basis case is when has just one nontrivial ideal I. That is, C*(E) is simple,
and then the Type I ideal I, of the preceding paragraph is C*(F) itself, proving the result.
Now suppose as an inductive hypothesis that the result holds whenever C*(E) has at most
n distinct nonzero ideals, and suppose that C*(E) has n 4 1 such. Let v be a sink in F
and let I, be the corresponding nonzero Type I ideal as in the preceding paragraph. If
C*(E)/I, is trivial, then C*(E) = I, is of Type I, so we may assume that C*(E)/I, is
nonzero. Then Lemma implies that C*(E)/I, is a unital AF-algebra that is a graph
C*-algebra. Moreover, C*(F)/I, has strictly fewer ideals than C*(FE), so the inductive
hypothesis implies that C*(E)/I, is of Type 1. Since an extension of a Type I C*-algebra
by a Type I C*-algebra is Type I (see [20, Theorem 5.6.2]), it follows that C*(E) is of
Type 1. 0

Theorem 4.22. For a simple AF-algebra A we have the following.

(1) If A is finite dimensional then A is isomorphic to a graph C*-algebra but not
isomorphic to an Fxel-Laca algebra.

(2) If A is infinite dimensional and unital then A is isomorphic to an Ezel-Laca algebra
but not isomorphic to a graph C*-algebra.

(3) If A is infinite dimensional and nonunital then A is isomorphic to a C*-algebra of
a row-finite graph with no sinks (which is also isomorphic to the Exel-Laca algebra

of a row-finite matrixz by Lemma .

In particular, each simple AF-algebra A is isomorphic to either an Exel-Laca algebra or
a graph C*-algebra.

Proof. The statement in (1) follows from Lemma and Corollary [4.19]

For (2) we observe that if A is simple, infinite dimensional, and unital, then it follows
from Corollary that A is isomorphic to an Exel-Laca algebra. Since A is in particular
unital, to see that A is not a graph C*-algebra, it suffices by Proposition to show
that it is not of Type I. If we suppose for contradiction that A is of Type I, then as it
is simple, we must have A = IC(H) for some Hilbert space H. Since A is unital, H and
hence K(H) must be finite-dimensional, contradicting that A is infinite dimensional.

The statement in (3) follows from Theorem The final assertion follows from (1),
(2), and (3). O

Corollary 4.23. If A is an infinite-dimensional UHF algebra, then A is not isomorphic
to a graph C*-algebra.
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5. A SUMMARY OF KNOWN CONTAINMENTS

In this section we use our results to describe how various classes of AF-algebras are con-
tained in the classes of graph C*-algebras, Exel-Laca algebras, and ultragraph algebras.
We first examine the simple AF-algebras, where we have a complete description. More-
over, we see that the simple AF-algebras allow us to distinguish among the four classes of
C*-algebras of row-finite graphs with no sinks, graph C*-algebras, Exel-Laca algebras, and
ultragraph algebras. Second, we consider general AF-algebras, and while our description
in this case is not complete, we are able to describe how the finite-dimensional and stable
AF-algebras are contained in the classes of graph C*-algebras, Exel-Laca algebras, and
ultragraph algebras. Furthermore, we use our results to show that there are numerous
other AF-algebras in the various intersections of these classes.

5.1. Simple AF-algebras. Consider the following partition of the simple AF-algebras.

AFS™Pe . — finite-dimensional simple AF-algebras

finite
AFZ?E;?M := infinite-dimensional simple AF-algebras that are unital
AFS™Ple . — infinite-dimensional simple AF-algebras that are nonunital

Theorem and Theorem [4.7] imply that
AFsimple = simple AF-algebras that are C*-algebras of

oo,nonunital —

row-finite graphs with no sinks,

AF;iﬁfie U AFZ?%ZMMW = simple AF-algebras that are graph C*-algebras,
AFir?f:;tal U AFir?fifwmml = simple AF-algebras that are Exel-Laca algebras
and
AF;iigfie U AFZLI?EI;M U AFsoion’lfifwmml = simple AF-algebras that are ultragraph algebras.

Hence these three classes of simple AF-algebras allow us to distinguish among the four
classes of C*-algebras of row-finite graphs with no sinks, graph C*-algebras, Exel-Laca al-
gebras, and ultragraph algebras. However, they do not allow us to distinguish between the
classes of C*-algebras of row-finite graphs with no sinks and the intersection of graph C*-
algebras and Exel-Laca algebras. Nor do they allow us to distinguish between the classes
of ultragraph C*-algebras and the union of graph C*-algebras and Exel-Laca algebras. To
distinguish these classes we will need nonsimple examples.

5.2. More general AF-algebras. For nonsimple AF-algebras, we cannot give such an
explicit description. Nevertheless, in Figure[2] we present a Venn diagram summarizing the
relationships we have established for finite-dimensional and stable AF-algebras, and also
give various examples in the intersections of our classes of graph C*-algebras, Exel-Laca
algebras, and ultragraph C*-algebras.
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AF-ALGEBRAS (a)

ULTRAGRAPH AF-ALGEBRAS

EXEL-LAcA
AF-ALGCEBRAS

GRAPH
AF-ALGEBRAS

AF-algs
of row-finite
graphs with
no sinks

finite
dimensional
C*-algs

stable
AF-algs

FIGURE 2. A Venn diagram summarizing AF-algebra containments

Region | unital C*-algebra | nonunital C*-algebra
(a) Ce co D c.
(b) Kt Co
(c) My~ & C My @ CO K
(d) My (KT) My(KT) e K
(¢) — C*(F2)
(f) Maoo My~ & K

TABLE 1. Examples of C*-algebras lying in each region of Figure
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Table [1] presents, for each region of the Venn diagram of Figure [2] both a unital and a
nonunital example belonging to that region, with three exceptions: we give no examples
of finite-dimensional or stable AF algebras, nor any example of a unital AF algebra which
is the C*-algebra of a row-finite graph with no sinks. Our reasons for these omissions
are as follows: examples of finite-dimensional and stable AF algebras are obvious, and
necessarily unital and nonunital respectively; and no unital example exists in region (e)
by Theorem [£.7]

In Table [T, we use the following notation:

e M5 denotes the UHF algebra of type 2.
e K denotes the compact operators on a separable infinite-dimensional Hilbert space.

KT denotes the minimal unitization of the C*-algebra K.
¢o denotes the space {f : N — C | lim,_. f(n) = 0}.

¢. denotes the space {f : N — C | lim, . f(n) € C}.

F5 denotes the graph  vi———=2ve—v3——=v4... .

We now justify that the examples listed have the desired properties.

(a)

e The unital AF-algebra c. is not an ultragraph C*-algebra since it is commu-

tative and its spectrum is not discrete (see Proposition [4.16]).

e The nonunital AF-algebra ¢y @ c. is not an ultragraph algebra for precisely

the same reason that ¢, is not.
The minimal unitization Kt of the compact operators is isomorphic to the

C*-algebra of the graph v w with two vertices v, w and infinitely

many edges from v to w. Since, KT has a quotient isomorphic to C, it is not
an Exel-Laca algebra by Proposition [£.17]

The nonunital AF-algebra cq is the C*-algebra of the graph with infinitely
many vertices and no edges. It is not an Exel-Laca algebra by Proposi-
tion .17

Since My is an infinite-dimensional simple AF-algebra, Theorem implies
that My~ is an Exel-Laca algebra and hence also an ultragraph algebra. In
addition, C is a graph C*-algebra so also an ultragraph C*-algebra. Since
the class of ultragraph C*-algebras is closed under direct sums, My~ @ C is
a unital ultragraph C*-algebra. It is not an Exel-Laca algebra because it
has a quotient isomorphic to C (see Proposition , and it is not a graph
C*-algebra because it has a unital quotient My~ that is not Type I (see
Proposition [4.21)).

Since K and Ms @ C are both ultragraph C*-algebras, the direct sum My~ &
C @ K is a nonunital ultragraph C*-algebra. It is neither a graph C*-algebra
nor an Exel-Laca algebra as above.
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(d)
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e The unital AF-algebra M,(K™) is isomorphic to the C*-algebra of the follow-

ing graph
(0)
() ]
\1
and it is also isomorphic to the Exel-Laca algebra of the matrix
01111
00100
00010
00001

It is not isomorphic to the C*-algebra of a row-finite graph with no sinks by
Theorem 4.7

The nonunital AF-algebra M(K*) @ K is isomorphic to both a graph C*-
algebra and an Exel-Laca algebra because its two direct summands have this
property. It is not the C*-algebra of a row-finite graph with no sinks by
Theorem 4.7 because it admits the unital quotient My(K™T).

e There is no unital example in this region by Theorem .
e Let F, denote the graph vi——=vo——=3v3——=v4... . Then C*(F;) is a

graph C*-algebra, and since Fj is cofinal with no cycles and no sinks, C*(F3y)
is simple by [I8, Corollary 3.10]. In addition, C*(F3) is nonunital because Fy
has infinitely many vertices. Since C*(F3) is the C*-algebra of a row-finite
graph with no sinks, it is both a graph C*-algebra and an Exel-Laca algebra
(see Lemma [2.4). The function g : Fy — RT defined by g(v;) = 27" is a
graph trace with norm 1 (see |25, Definition 2.2]), and the existence of such a
function implies that C*(F3) is not stable by (a) == (c) of [25, Theorem 3.2].
As in example (c), the unital AF-algebra My~ is an Exel-Laca algebra but
not a graph C*-algebra.

e Asin example (c), the nonunital AF-algebra M~ @ K is an Exel-Laca algebra

but not a graph C*-algebra.
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