ON GRAPH AND CUNTZ-KRIEGER TYPE C*-ALGEBRAS

BERNHARD BURGSTALLER AND D. GWION EVANS

ABSTRACT. We clarify the relationship between the Cuntz-Krieger type C*-
algebras, introduced by the first named author in [4, 3], and C*-algebras as-
sociated with higher-rank graphs. In particular we derive the extent to which
the two classes of C*-algebras coincide, thereby enabling the independently
developed theories for both classes of C*-algebras to benefit from one another.

1. INTRODUCTION

In seminal work Cuntz, and subsequently Cuntz and Krieger, introduced the
Cuntz algebras, and Cuntz-Krieger algebras respectively, as C*-algebras generated
by a system of generators and relations [6, 7, 8]. An important characteristic of these
C*-algebras is that they are canonically unique, in the sense that given another set
of generators satisfying the same relations the resulting C*-algebras are canonically
*_isomorphic.

In [2] the first named author sought to prove an analogous uniqueness theorem in
a much more general setting. Based largely on the algebraic approach adopted by
Cuntz in [6] the uniqueness theorem is shown to hold for any C*-algebra generated
by a system of generators and relations that satisfies three conditions (A), (B) and
(C). Examples of such C*-algebras include not only the motivating Cuntz-Krieger
algebras but also to almost all of the C*-algebras associated to infinite matrices
constructed by Exel and Laca in [9] (the Exel-Laca algebras). Further work in this
direction was presented in [4] where condition (C) was replaced by a simplified and
weaker condition (C’), which enabled the enlarged class of so-called Cuntz-Krieger
type algebras to contain all Exel-Laca algebras.

Other examples of Cuntz-Krieger type algebras were introduced in [3], which can
be thought of as higher rank Cuntz-Krieger type algebras as their definition depends
not only on a single matrix, as is the case for the original Cuntz-Krieger algebras,
but on a (finite or infinite) family of matrices. Work had begun on these higher rank
Cuntz-Krieger type algebras before the first named author became aware of a similar
construction, namely Robertson and Steger’s higher rank Cuntz-Krieger algebras
[14]. In this paper we shall consider a larger class of C*-algebras than the class of
Robertson-Steger algebras®, namely the class of Sims’ relative Cuntz-Krieger alge-
bras of finitely aligned higher-rank graphs [15]. The relative Cuntz-Krieger algebras
of finitely aligned higher-rank graphs are a generalisation of Kumjian and Pask’s
higher-rank graph C*-algebras [11], which were constructed to provide a graphical
model for Robertson-Steger algebras in analogy with the model that graph C*-
algebras provide for Cuntz-Krieger algebras (see [12] for a comprehensive account
of the theory of graph C*-algebras).

The purpose of this paper is to clarify the relationship between these construc-
tions, which will enable the theories that have been independently developed for

Both authors were supported by the EU IHP Research Training Network - Quantum Spaces
and Noncommutative Geometry (HPRN-CT-2002-00280).
1We shall refer to the higher rank Cuntz-Krieger algebras constructed by Robertson and Steger
in [14] as Robertson-Steger algebras.
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both types of construction to benefit from each other. An immediate consequence is
that the uniqueness theorem for relative Cuntz-Krieger algebras of finitely aligned
higher-rank graphs [15] is proved for (potentially) more general k-graphs (see The-
orem 2.14). In a forthcoming paper [5] we shall exploit the relationships that we
will identify in this paper to investigate the implications for such aspects as the
purely infiniteness, ideal structure and K-theory.

The remainder of the paper is organised as follows. In §2 we represent the
relative Cuntz-Krieger algebra of a finitely aligned higher-rank graph that satisfies
an aperiodicity condition as a Cuntz-Krieger type algebra. In §3 we show that some
higher rank Cuntz-Krieger type algebras may be represented as higher-rank graph
C*-algebras when the defining family of matrices and all its constituent matrices
are finite.

We would like to express our gratitude for the support we received while working
on this project at the Universities of Miinster and Rome “Tor Vergata”; from the
Operator Algebras groups at the respective universities and the EU THP Research
Training Network - Quantum Spaces and Noncommutative Geometry.

2. A REPRESENTATION OF HIGHER-RANK GRAPH C*-ALGEBRAS AS
CUNTZ-KRIEGER TYPE ALGEBRAS

Let (A, d) be a finitely aligned k-graph [13].2 Let ¥ := Ule A¢ where {e;}%_;
are the canonical generators of N* as a semi-group.

We state the following definition from [15] (referring the reader to [15, 16] for
notation).

Definition 2.1 ([15, Definition 3.2]). Let (A, d) be a finitely aligned k-graph, and
let £ be a subset of FE(A). A relative Cuntz-Krieger (A\; E)-family is a collection
{tx | A € A} of partial isometries® in a *-algebra satisfying:
(TCK1) {t, | v € A%} is a collection of mutually orthogonal projections;
(TCK2) t>\t = t), whenever s(\) = s(u);
(TCK3) tit, = Z(a ByeAmin(x ) tath for all A\, u € A; and
(CK) HAGE(T’(E) taty) =0forall E € €.

Remark 2.2. (1) We note that the original definition of a relative Cuntz-
Krieger (A; &)-family required the partial isometries to lie in a C*-algebra
rather than a *-algebra. We allow for this more general scenario since we
will be considering *-algebras with no pre-equipped norms.

(2) For each finitely aligned k-graph A, and each subset € of FE(A) there exists
a C*-algebra C*(A; &) generated by a relative Cuntz-Krieger (A; £)-family
{se(A) | A € A} which is universal in the sense that if {tx | € A} is a
relative Cuntz-Krieger (A; £)-family in a C*-algebra B, then there exists a
unique homomorphism 7 : C*(A;E) — B such that w(sg(\)) = ¢, for all
A €A

Recall the following key definitions from [15] (again we follow the notation used

n [15)).

2We regard a small countable category C as a sextuple (Obj(C), Mor(C),r, s, 0, Morg(C)) where
Obj(C),Mor(C) are countable sets, 7 and s are the codomain, domain maps respectively, o is
an associative (partial) composition on Mor(C) (compatible with r,s) and Morg(C) is a dis-
tinguished subset of Mor(C) called the set of unit morphisms of C. In this notation we have
A := (A% A, r, s,0). From this point on we shall follow the usual convention of letting A denote
both the category and the set of morphisms.

3We call an element z in a *-algebra a partial isometry if x = zx*z.
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Definition 2.3 ([15, Definition 6.2]). Let (A, d) be a k-graph, and let  : Qj 45y —
A and y : Q40 — A be graph morphisms. We say that a graph morphism
21 Q. a(z) — A is a minimal common extension of x and y if it satisfies

(1) d(2); = max{d(z);,d(y);} for 1 < j < k; and

(2) Z|Qk,d(m) =z and Z|Qk‘d(y) =Y.
We write MCE(z, y) for the collection of minimal common extensions of z and y.

Definition 2.4. Let (A,d) be a k-graph and let £ be a subset of FE(A). We say
that A satisfies property

(AP) if for all v € AY there exists x € vA* satisfying
(1) for distinct A\, 4 € Ar(z), we have MCE(\x, ux) = 0;

(B) if for all v € AY there exists € vA=> satisfying (1); and
(CO) if for all v € A® there exists z € vO(A; €) satisfying (1).
We say that (A,€) satisfies (C) if A satisfies (C0O) and for all v € A, F ¢
vFE(A)\E there exists z € vO(A; E)\FO(A; £) satisfying (1).
Remark 2.5.
(1) Property (B) was defined in an equivalent way in [13, Definition 2.8] (see
[16, Remark 4.6.7]). Property (C) was defined in [15, Theorem 6.3] and
[16, Theorem 4.5.2].
(2) In general we have

(B) = (AP) < (C0) < (C).
We also have A= C 9(A;FE(A)) € A*. Therefore, when & = FE(A) we
have
(B) = (C0) < (C) = (AP).

Fix a finitely aligned k-graph A and a subset £ of FE(A). Let A := {f) | A €
Y} U {t, | v € A%}, i.e. an alphabet of symbols indexed ¥ U A®. Let F be the free
*_algebra generated by A. Let I := ker 7, a self-adjoint, two-sided ideal in F, where
7 F — C*(A; &) is the unique *-homomorphism satisfying 7 (£,) = sg()\) for all
A € X UA’. To avoid confusion, let ty =ty +1 € F/I for all A € X U A°. There
is, of course, a *-monomorphism ¥ : F/T — C*(A; &) sending ¢y to sg(A) for all
AEXUAY

Let 6 : TF — T be defined by

o AN = e,
0(2)i, = { 1 ifd(A) =0,

for all A € X U A%, Tt is straightforward to show that 6 is a topological group
isomorphism of T* onto H := (T*) and thus in particular H is a closed subgroup
of TA.

We aim to show that conditions (A),(B),(C’) from [2] hold for the system (F, I, H).
For convenience we restate each property using slightly different notation. We shall
follow [2] for the remaining notation.

Recall the following distinguished subsets of F/I:

W o= {ar-apn|n>1, € AUA for 1 <i<n}+I,
Wy = {weW\{0}| bal(w) =0},

A = {ww" |weW},

A = Alg"(Wo) CF/L

Ao = Alg'(A) CF/I,

P = {peAlp=p =p*#0},

Py = {peAy|p=p*=p°#0},
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(see later for definition of bal). There is, of course, a natural partial order on P,
which we denote by <, given by

p<q < pqg=pforallpqgel.

Moreover, for p,q € P we write p =< ¢ in A when there exists an element s € A such
that ss*s = s, s*s = p and ss* <gq.

Definition 2.6. We say that the system (F, I, H) satisfies property

(A) if T,(I) C I for all z € H, where I', : F — F is the *-automorphism
satisfying T',(a) = zqa for all z € H;

(B) if for all » > 1 and z1,...,2, € A there exists a finite dimensional C*-
algebra B C A such that zq,...,2, € B;

(C) if for all w € W\W,, e € P there exists p € P such that p < e and pwp = 0;
and

(C*) if there exists a subset Py C P such that for each ¢ € P there exists a p € Py

such that p < ¢ in A and for all w € W\Wj, e € Py there exists p € Py such
that p < e and pwp = 0.

Lemma 2.7. The system (F,I, H) as defined above satisfies property (A).

Proof. Let z € H and x € I. Then, it is easy to see that 7', = vy5-1(;)7 for all
z € TA. Thus n(T.(x)) = vg-1(z) (7(x)) = 0 so that I'.(z) € L. O

Since (F,I, H) satisfies (A), by [2, Lemma 3.1] there exists a balance function
bal : W\{0} — H satisfying

bal(zy) = bal(z) bal(y), and bal(z*) = bal(z)~*

for all z,y,z € W such that xy jé 0 and z # 0. It is easy to see that under the
canonical identification of H 2 T* with Z* we have bal(ty) = d()).*
For A € A define ¢ := ¥~ !(sg(\)) and note that this definition agrees with the

original definition of £y when A € X UA°. By construction {t) | A € A} is a relative
Cuntz-Krieger (A; £)-family in F/T.

Lemma 2.8 (Definition). Let (A,d) be a finitely aligned k-graph. Suppose that
{Ta | A € A} is a family of partial isometries satisfying (TCK1)-(TCK3) in a *-
algebra B. Given a finite subset £ C A, there exists a finite subset IIE such that
FE CIIFE and

Mg = span{m\7; | \, u € IIE, s(\) = s(p), d(A) = d(u)}
is a finite dimensional *-subalgebra of B. Moreover, if E and F are finite subsets
of A then IIE C IIF so that M, C M{p.

Proof. The assertions are essentially collected from [16, Lemma 3.4.2, Lemma 3.4.7].
O

Lemma 2.9. Let (A,d) and (F, I, H) be as above. Then
A = span{tatl | Ap €A, s(N) = s(0), d(N) = d(u)}
= U MI%E'

ECA
finite

Hence (F, I, H) satisfies property (B).

4In more detail we have ¢z, ©6 = xq4(x) where ¢z, is the character of I defined in [4] and for
each n € Z*, x,, is the character z — 2" for all z € Tk,
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Proof. The first equality follows from the identification bal(¢y) = d(\) for all A €
YUA? and the relations (TCK1)—(TCK3). The second equality follows from Lemma
2.8 and the final assertion is obvious. O

Lemma 2.10 ([16, Proposition 3.5.3]). Let (A,d) be a finitely-aligned k-graph,
let {7x | A € A} be a family of partial isometries satisfying (TCK1)-(TCK3) in a
*_algebra B, and let E C A be finite. Define

@K”j(r) = TATy | I (TATY — TawTay)-
AveEIlE
d(v)>0

Then {@1;5(7) | A €A, s(A) =s(u), d(A) =d(p)} is a collection of matrix units
for M{g-

Lemma 2.11. If A satisfies (AP), then the system (F,I, H) as defined above
satisfies condition (C*).

Proof. We claim that {txtx | A € A} is a valid candidate for Py. Indeed, if ¢ € P
then ¢ € M{; for some finite subset £ C A by Lemma 2.9. By [16, Lemma 3.6.2]
there exists a non-zero projection ¢’ such that ¢’ < ¢ and ¢’ € M}, (n,v) for some
v € s(IIE) and some n € d(IIEv), where M} (n,v) is a simple finite dimensional
*-algebra spanned by the family of (non-zero) matrix units {@Eﬁ(t) | A\, peIlEvN
A™}. Therefore, there exists a partial isometry s € M}, (n,v) such that s*s = ¢’
and ss* = 3, p OVX(t) for some finite subset F C ITEvNA™. Now txt5 < ©YK (1)
for all A € A therefore, choose any Ao € F' and set p := t,¢} . Then p € Py and
o = s*p implements the relation p <X ¢ in A as required.

If w € W then a simple inductive argument using (TCK1)—(TCK3) shows that
w =3, yer tat), for some finite subset F' C {({,n) € A x A[d(§) =m, d(n) =
n, s(&) = s(n)} for some m,n € N¥. Furthermore, if w ¢ Wy then we must have
m # n. We shall prove that given any w = E(g,n)eF tety € W\Wp and any e € Py
there exists p € Py such that pwp = 0 by induction on the cardinality of F'.

Suppose that |F| = 1, then w = t¢t; for some &, € A with s(§) = s(n) and
d(§) # d(n). We also have e = t,t3  for some A\g € A. Set N := d(§)Vd(n)Vd(\o).
There are two cases to consider.

Case 1. Suppose that MCE({)\o,&,1}) = 0 and let A € \gpASN =40 If d()\) =
N then either A\(0,d(§)) # & or A(0,d(n)) # 7. In either case we have

Ittt Aty = ExEl(age), M) A0, Eetnta.d(m) Ea(d(n),N)
= 0.

On the other hand, if d(A\) < N, then there exists 1 < ¢ < k such that d()\); <
d(&); or d(\); < d(n);. Without loss of generality, suppose d(A); < d(§);. Then
AR\ €) = ), otherwise there exists u € MCE(), ) so that u(d(\),d()\) + ¢;) €
s(A)A% contradicting the fact that A% = (). Therefore,

txtitetitats = 0.

Case 2. Suppose that MCE({ o, &,7}) # 0. Then choose any A € MCE({\o, £, 71})
and set p := A(d(€),N), v := Ad(n),N) and v := s(\). Since A satisfies (AP)
there exists ¢ € vA* satisfying (1) in Definition 2.4. By [16, Lemma 4.5.3], there ex-
ists an n € N* such that n < d(x) and A™"(ux(0,n),v2(0,n)) = 0. Set L := N+n.
Now L < N + d(x), therefore we may define p := txt5 € Py where A := (Az)(0, L).
We have A(0,d(Ao)) = Ao, A(0,d(§)) =& and A(0,d(n)) = n, so that p <ty 13 =e
and

pwp = Wt(ae),)tadm),n)A
=0
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since A(d(§),L) = pz(0,n), A(d(n), L) = va(0,n) and A™"(ux(0,n),ve(0,n)) = (.
We have now proved the first step of the induction process.

For the induction hypothesis, assume that given any w € W that can be ex-
pressed as w =}~ ¢ o p tety for some subset F' C A™ x A™ (n # m) of cardinality
7, and given any e € Py, there exists p € Py such that pwp = 0.

Now given any w € W with w = 3 e ptety with 2 C A" x A™, |F| =j +1
and any e € Py, choose any (g, 19) € F and set w’ = Z(E,n)GF\{(Eomo)} tety. Then
there exists a pg € Py such that py < e and pow'py = 0. Moreover, by the above,
there exists p € P> such that p < po and ptg,ty p = 0. Therefore p < e and
pwp = ppow’ pop + pleyty,p = 0, as required. O

Proposition 2.12 (cf. [16, Proposition 3.5.8]). Let (A, d) be a finitely aligned
k-graph and let {75 | A € A}, {7{ | A € A} be two families of partial isometries
in *-algebras A, B respectively, satisfying (TCK1)—(TCK3). Furthermore, suppose
that 7, # 0 and 7 # 0 for all v € AY. Then there exists a *-isomorphism

Tr . span{Ta7,; | d(A) = d(u)} — span{m37’,, | d(X) = d(p)}
if and only if for all E € FE(A) we have

H (Tr(p) —TaTx) =0 <= H (Thmy —Ta7'\) = 0.
AeE AEE

Proof. This is proved in the proof of [16, Proposition 3.5.8], the only difference
being that we are content with considering *-algebras rather than C*-algebras. [

Lemma 2.13 ([16, Corollary 4.3.10]). Let (A, d) be a finitely aligned k-graph and
let £ C FE(A). Let {sg(A\) | A € A} be the universal generating Cuntz-Krieger
(A; &)-family in C*(A;E). Then

(1) sg(v) # 0 for all v € A% and

(2) if E € FE(A) then J],cp(se(r(E)) — se(M)se(N)*) = 0 if and only if £

belongs to £.

Theorem 2.14. Let (A, d) be a finitely aligned k-graph and let £ C FE(A). Sup-
pose that A satisfies (AP). Let {7\ | A € A} be a Cuntz-Krieger (A; £)-family in a
C*-algebra B such that

(i) 7, #0 for all v € A°, and B

(i) TIaep(mrm) — a7x) # 0 for all ' € FE(A)\E.
Then the *-homomorphism 7¢ : C*(A; ) — B satisfying 7 (sg(\)) = 7y for all
A € A is faithful.

Proof. Define p := 7€¥. Now ¢ is injective on W(A) by Lemma 2.8, Lemma
2.13 and Proposition 2.12. Moreover, ¥ is injective on A since ¥ is known to be
injective, thus p is also injective on A. By Lemmas 2.7 and 2.9 (F,I, H) satisfies
(A) and (B). Furthermore, as (F,I, H) satisfies property (C’*), by Lemma 2.11, it
must also satisfy property (C’), by [4, Lemma 2.4]. We may now apply [4, Theorem
2.3] to conclude that 7¢ is injective O

Remark 2.15. It seems that we have proved an uniqueness theorem for a wider
class of relative higher-rank graph C*-algebras than has been done previously. In-
deed, by Remark 2.5 we may deduce [16, Theorem 4.5.2],[16, Theorem 4.6.5], [13,
Theorem 4.5] from Theorem 2.14. Compare also with [10, Theorem 7.1], [10, Re-
marks 7.3], [16, Remark 4.6.7] and [2, Proposition 4.3].

Remark 2.16. It is likely that Theorem 2.14 also holds for uncountable finitely
aligned higher-rank graphs.
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3. A REPRESENTATION OF HIGHER RANK CUNTZ-KRIEGER TYPE C*-ALGEBRAS
AS HIGHER RANK GRAPH C*-ALGEBRAS

In [3] the first named author introduced a class of higher rank Cuntz-Krieger
type C*-algebras, which were shown to be of Cuntz-Krieger type. A higher rank
Cuntz-Krieger type C*-algebra is given by a set A (the alphabet), which is endowed
with a fixed partition V := {V; |;i € I}, a self-adjoint, two-sided idea I in the free
*_algebra F generetated by A, which satisfies certain properties described below,
and a family of matrices {4; | i € I} with A; € {0,1}V*Vi. We shall only be
concerned with the case when I and V;, (i € I) are finite.

For each subset X of F we let X* := {z* | # € X} and put X® := X U X*. For
ease of notation we define two relations on A®:

a~b <= 3Jielsuchthata,becV;orabeV®,
allb <= 3Ji,j €I suchthati#jandacV®, andbEVj@.

For each element x € F we let & be the image of z in F/I under the natural *-
homomorphism. Similarly we let X be the image of a subset X. For each a € A
let Q. :=a*a, P, := aa*, ¢, := Q, and p, := P,. As stated above, we assume the
ideal T satisfies some properties, which are (cf. [3, Definition 2.1]):°

Cuntz-Krieger relations. For each ¢ € I and a € V; the following relations hold in
F/I:

a=aa"a, 4ads = Qvqa; PaPb = SabPa; qaPb = Ai(a, b)py.
Permutation rules. For all a,b € A® such that a||b we have ab = 0 or there exist
A,B € A® such that A ~a, B ~ b and

ab = BA and Ab* = B*a.

Invariance under the gauge actions. The ideal I is invariant under the *-automorphisms
¢, : F— F given by ¢,(a) = z,a for all a € A and z = {z,}aca € H, where

H:={{zs aca € TA|Va,be A a~b = 2z, =2}

Projections property. For all x = x1 - - - x,, such that z; € A with zz* # 0, and se-
quences {a, }n>1 C V; (i € I), there exists N > 1 such that za*a; - --analy - --af #
xz*.

Saturating Ago-faithful representation. There exists a representation 7 : F/I —
B(H) (H a Hilbert space) such that for all ¢ € I the strong operator sum U; :=
> vey, T(po) satisfies U;m(a) = m(a)U; = 7(a) for all a € V;. Such a representation
is called saturating. Moreover we assume that this 7 is faithful on the *-subalgebra
Ago in F/T generated by {aa* € F/I | a € A}.

Let W := W(A) be the image in F/T of the set of all words in F consisting of
letters in A. The existence of a balance function bal : W\{0} — ,.; Z, which
has the form bal(a) = &; for a € V; is shown in [3, §3].

We can now recall the definition of a higher rank Cuntz-Krieger algebra (in the
case when V is a finite partition consisting of finite sets).

Definition 3.1 ([3, Definition 2.2]). Let (A,V,{A4; | i € I},I) be as above. Let
m : F/T — A; be a *-homomorphism into a C*-algebra A; such that m; has
dense image and is faithful on Agy. Then we call the C*-algebra A; a higher rank
Cuntz-Krieger type algebra and denote it by O .

5As we are assuming that A has a finite partition consisting of finite sets, the finiteness property
in [3, Definition 2.1] is satisfied automatically (see [3, Remark 2.5]).
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Remark 3.2. The definition of Orj does not depend on the representation 7; up
to *-isomorphism due to the uniqueness theorem [3, Theorem 2.3].

Let Obj(A) :={(a1,...,ax) € Vi x--- x Vi | a1a] - - - apaj # 0}. For a € Obj(A)
let s = a1a} - - - agaj. We define

Mor(A) := {sqwsp | a,b € Obj(A),w € W sqwsp # 0} U {s, | a € Obj(A)}.
We define the range and source map as follows:
r(sqwsy) = 1(84) = Sa s(sqwsp) = s(sp) = sp,
for each a,b € Obj(A) and w € W. Composition in A is given by multiplication in
F/I. The following lemma shows that the composition is well-defined. Furthermore

it is clear that the set of identity morphisms is {s, | @ € Obj(A)} and that the
composition is associative.

Lemma 3.3. If a,b € Obj(A) and w € W such that s,ws, # 0 then s,ws, = wsp
and a is uniquely determined by wsy.

Proof. Let a = (a1,...,ar),b = (by,...,bx) € Obj(A) and w € W such that
sqwsy # 0. We shall prove the Lemma by induction on the length® of the word w So
let w be of length 1, i.e. w € A, and without loss of generality, suppose that w € Vj,.
By [3, Lemma 4.3] we have b;b;b;b; = b;bib;b; for all i,j € {1,...,k}, therefore
wb; # 0 for all j = 1,...,k. Thus by multiple applications of [3, Lemma 4.1]
there exist (c1,...,¢c,—1) € Vi % -+ x Vi_1 such that ws;, = C1C] * + * Cl—1Cl—1CLCLWS
where ¢, = w € Vk. Therefore we have shown that ws;, = s.ws, where ¢ =
(c1,...,ck) € Obj(A) and it remains to show that ¢ = a. To this end, note that for
all z,y € Obj(A) we have s;8; = 05 45, by [3, Lemma 4.3] and the Cuntz-Krieger
relations py,py, = 0z, 4, Pe; foralli =1,... k. Therefore since 0 # s ws, = s45.wsy
we have s, = s.. O

The degree functor d : A — NF is given by the balance function, i.e. d(\) =
bal()\) for all A € A.

Lemma 3.4. Let A be the category with degree functor d : A — NF as defined
above. Then d satisfies the factorisation property.

Proof. We must show that given any A € A such that d(A\) = m + n then there
exist unique £, € A such that A = £n. The existence of such a decomposition
follows from an inductive argument on the length of the word w, which uses the
permutation rules in F/T (it is trivial if d(A) = 0).

The uniqueness of the decomposition follows from [3, Lemma 4.4]. O

Theorem 3.5. Let A and d : A — N* be the category and functor respectively
defined above. Then A is a row-finite k-graph with no sources.

Proof. Lemma 3.4 shows that (A, d) is a k-graph. That A is row-finite follows from
the facts that each morphism of A is uniquely determined by its range, source
and degree (by Lemma 3.3), and that Obj(A) is finite. That A has no sources
follows from the existence of a Agg-faithful saturating representation: given any
a=(a1,...,a;) € Obj(A) and i = 1,..., k, we have

* * * * * * * *
0# ajay ---agaga; = a4 ---apapa;biby ---b;_1b;_ b 107, bpby
= E a1ay - - agagpa;br by - - - brby,
bieV;

6Suppose that 0 # w = wy---wn = 1+ T, for some m,n > 1 and w;,z; € A for i =
1,...,n, j = 1,...,m. Then an application of the balance function to w shows that m = n.
Therefore the concept of a word consisting of letters in .4 having a (unique) length is well-defined.
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for some (b1, ...,0i—1,bit1,...,bk) € Vix--- Vi1 xXV;41 - - Vi (uniquely determined
by a and a;). Thus, there exists a b; € V; such that ajaf - - - agaja;b1bj - - - bpbi # 0
therefore aA® # (). O

Lemma 3.6. Let A be the k-graph defined above. For each A € A let t) = m(\) €
Or 1, where m is the representation in Definition 3.1 . Then the set {t) | A € A} is
*-representation of A in Op in the sense of [11, Definitions 1.5].

Proof. First note that it is clear that {t) | A € A} is a set of partial isometries. The
set {t, | v € A} is clearly a set of projections, which are are mutually orthogonal by
the Cuntz-Krieger relations and commutativity of the range projections [3, Lemma
4.3]. Thus we have shown that [11, Definitions 1.5, (i)] holds. Lemma 3.3 ensures
that [11, Definitions 1.5, (ii)] holds. An application of [3, Lemma 4.3] and the
Cuntz-Krieger relations shows that [11, Definitions 1.5, (iii)] holds. To prove that
[11, Definitions 1.5, (iv)] holds, i.e that t, = Y ., x. tat} for all n € N¥ we make
use of the fact that we need only prove that the relation holds for n = e; for all
i=1,...,k (cf. [11, Remarks 1.6, (iii)]). To this end we note that the existence of
a saturating Ago-faithful representation ensures that u; := 71 () ,cy. Pa) is @ unit
for m1 () for all b € V;, thus for v = (vy,...,v,) € Obj(A) we have

vA% = {s,v;isp | b€ Obj(A), A;(v;,b;) =1 and for j # i,
b; is uniquely determined by v; and v;},

and

g taty 7T1<§ visbvf>
AEvA©i b, eV;

= m() D m(Pe)m1(Poy - Do Pit1 Py, V)
b, €V;
= m(viPb, Doy Pig1 - P V7))

= 7T1(Sv) :tv.

We now state and prove the main result of this section.

Theorem 3.7. Let (A, V,{A; | i € I},I) and A be as described in this section.
Then

(1) C*(A) is canonically *-isomorphic to a *-subalgebra of Op ; and

(2) if we make the further assumption that the following holds in Op

> m(badie-biby) =1,

by €‘71 ..... kaVk
then Op 1 = C*(A).

Proof. To prove (1), note that we have already shown in Lemma 3.6 that {t) | A €
A} is a *-representation of A in Op, therefore by universality of the k-graph C*-
algebras there exists a *-homomorphism p : C*(A) — Opp. Now ¢, # 0 for
all v € Obj(A) by definition and the invariance under the gauge automorphisms
property ensures the existence of a gauge action on Op that intertwines p and the
canonical gauge action on C*(A). Thus by gauge invariant uniqueness theorem [11,
Theorem 3.4] p is injective.
To prove (2), note that in addition we have for all i =1,...,k and a € Vi

m(a) = Z 1 (asp).

beODbj(A)
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Therefore {ty | A € A} generates Oy and p is surjective. O
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