Bull. Aust. Math. Soc. 82 (2010), 120-138
doi:10.1017/S0004972709001269

PERIODIC 2-GRAPHS ARISING FROM SUBSHIFTS

DAVID PASK, IAIN RAEBURN™ and NATASHA A. WEAVER

(Received 28 October 2009)

Abstract

Higher-rank graphs were introduced by Kumjian and Pask to provide models for higher-rank Cuntz—
Krieger algebras. In a previous paper, we constructed 2-graphs whose path spaces are rank-
two subshifts of finite type, and showed that this construction yields aperiodic 2-graphs whose
C*-algebras are simple and are not ordinary graph algebras. Here we show that the construction also gives
a family of periodic 2-graphs which we call domino graphs. We investigate the combinatorial structure of
domino graphs, finding interesting points of contact with the existing combinatorial literature, and prove
a structure theorem for the C*-algebras of domino graphs.

2000 Mathematics subject classification: primary 46L55; secondary 05C20, 22D25.
Keywords and phrases: 2-graph, subshift, graph algebra, crossed product, induced C*-algebra.

1. Introduction

Higher-rank graphs (or k-graphs) are combinatorial objects which are higher-
dimensional analogues of directed graphs. They were invented by Kumjian and
Pask [13] to provide combinatorial models for a family of higher-rank Cuntz—Krieger
algebras studied by Robertson and Steger [26]. We now know that many important
C*-algebras can be realized as the C*-algebras of higher-rank graphs, and there is a
good deal of interest in understanding different classes of higher-rank graphs (see, for
example, [3, 17, 31]).

Here we are interested primarily in 2-graphs. Intuitively, a 2-graph is a directed
graph A := (A?, A, r, 5) in which the set A! is partitioned into a set A°' of blue
edges and set A2 of red edges, together with a set C of commuting squares

el h (1.1)
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in which every blue-red path gh and every red-blue path ef occur exactly once. We
view C as defining an equivalence relation on the path space A* which allows each
path with i blue edges and j red edges to be rewritten in any chosen order of blue and
red edges. If the square (1.1) belongs to C, for example, then ef = gh as paths in A.

In [18], we constructed a family of 2-graphs whose infinite path spaces are rank-
two subshifts of finite type, as studied by Schmidt [30]. We found conditions which
ensure that the C*-algebras of these 2-graphs are simple and purely infinite, and used
results of Evans [6] to compute their K-theory in a wide range of examples. Here
we consider a family of 2-graphs which we call domino graphs. They are also built
using the construction in [18], but their C*-algebras are definitely not simple. We
find interesting connections with known combinatorial objects, such as necklaces and
Lyndon words, and we analyse the structure of their C*-algebras.

Our analysis uses two main operator-algebraic tools. We realize domino graphs
as crossed products of an ordinary directed graph (or more strictly speaking, of the
1-graph it defines) by an action of Z, as studied in recent work of Farthing et al. [7];
the results in [7] then imply that the C*-algebra of a domino graph is the crossed
product of an ordinary graph algebra by an action of Z. Next, we observe that this
action of Z on the graph algebra has large isotropy, and use a theorem of Olesen and
Pedersen [16] to realize the crossed product as an induced C*-algebra associated with a
simple crossed product. This part of the analysis may be of some independent interest:
we provide a new version of the Olesen—Pedersen theorem which gives a very specific
isomorphism and which is easier to apply.

We begin in Section 2 with a quick review of k-graphs, emphasizing the connection
to the intuitive description of 2-graphs given above. Then in Section 3 we discuss
the general facts about crossed-product C*-algebras which we need, and describe
how they apply to the crossed-product graphs of [7]. In Section 4 we review the
construction of [18], as it applies to dominos, and then analyse the structure of
the resulting domino graphs using ideas from combinatorics which we discuss in
Appendix A. The main result, Proposition 4.6, says that most domino graphs are
crossed product 2-graphs of the sort studied in [7]. In Section 5 we combine the
results of the preceding two sections to prove our structure theorem for the C*-algebras
of domino graphs, Theorem 5.1. In the final section we compute the K-theory of
domino-graph algebras.

2. k-graphs and their C*-algebras

A k-graph is a pair (A, d) consisting of a countable category A and a functor
d: A — NF, called the degree map, satisfying the factorization property: for every
A € A and m, n € NF with d(1) = m + n, there exist unique elements @, v € A such
that d(u) =m, d(v) =n and A is the composition pv. We write A for the set of
objects, A for the set of morphisms, and s, 7 : A — A9 for the domain and codomain
maps, so that A and p are composable exactly when s(A) = r(u). The factorization
property implies that for every v € A, there is a unique morphism s such that
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s(u) =r(n) and d(u) =0, namely the identity morphism ¢, at v. We use v >
to identify A® with a subset of A. For n € N¥, we define A” :={A € A :d(A) =n},
and refer to an element A of A" as a path of degree n from s()) to r()).

In this paper we are concerned primarily with 2-graphs, and not much will be
missed by a reader who assumes k = 2 throughout. We visualize a 2-graph A using
its skeleton, which is the directed bicoloured graph with vertex set A? and edge set
A1 U A°, where the elements 8 of A°! are blue edges from s(8) € A% tor(B) € A°,
and the elements of A2 are red edges. (In print, solid curves represent blue edges
and dashed curves represent red edges.) The skeleton thus consists of two directed
graphs BA := (AO, A, r,s)and RA = (AO, A, r, s) with the same vertex set and
different coloured edges.

The factorization property in a 2-graph A is completely determined by the
factorizations of paths of degree (1, 1): writing (1, 1) =e; +e2 and (1, 1) = ez + €]
gives a bijection between the blue-red paths of length 2 and the red—blue paths of
length 2. We visualize a path of degree (1, 1) as a commuting square

el h 2.1

in which the bijection matches up the blue-red path gh with the red-blue path ef,
so that gh = ef are the two factorizations of the path of degree (1, 1). Then the
factorization property is determined by a family C of commuting squares in which
each red-blue and each blue-red path occurs exactly once (see [13, Section 6]). We
then view paths of degree (3, 2) from w to v, for example, as copies of the rectangle

° ° ° q
| | I |
| | I I
\i A \ N
° ° ° °
I I I I
| I I I
v Y v Y
P ° ° °

pasted round the blue-red graph, in such a way that ¢ lands on w, p lands on v, and
each constituent square belongs to C. Composing two paths involves adding squares
from C to fill out a larger rectangle, and [13, Section 6] says that there is only one way
to do this.

Suppose that A is a k-graph in which every vertex receives paths of all degrees. The
C*-algebra of A is the universal C*-algebra C*(A) generated by partial isometries
{s; : & € A} satisfying the following requirements:

(@) {sy:veA%are mutually orthogonal projections;
(b)  sus, = sy, whenever s(A) =7 (u);
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(c) s}sy=ss forevery A € A; and
() 5=, ()=v.d()=n 255 for every v € A and n € N¥,

For information about higher-rank graphs and their C*-algebras, see [13] or [22].

3. Crossed products of graph algebras

In [7], Farthing er al. consider actions o : Z' — Aut A of Z! on a k-graph A and the
induced actions & of Z' on C*(A) [7, Proposition 3.1]. In this section, we establish
some general properties of crossed products of the form C*(A) x4 Z'.

If « : G — Aut A is an action of a group on a C*-algebra, then the crossed product
A x4 G is generated by a universal covariant representation (i, ig) in M(A x4 G).
We write w x U for the representation of A x4 G corresponding to a covariant
representation (i, U) of (A, G, o). Here we are only interested in actions of discrete
groups, and then the map i4 takes values in A x4 G, and the elements of the form
is(a)ig(s) span a dense subspace of A x, G. When G is abelian, the crossed product
carries a canonical dual action & of the dual group G, which is characterized' by
ag(ia(a)ig(s)) =E&(s)ia(a)ig(s).

To state our result about crossed products of the form C*(A) x4 7!, we need one
further concept. Suppose that L is a closed subgroup of a compact group K, and
o 1 L — Aut A is a continuous action. Then

Indf(A,a)z{fEC(K, A):f(gh):a,:l(f(g)) forge K,hel}.

is a C*-subalgebra of C(K, A), called an induced C*-algebra. (The extra assumption
in [23, Section 6.3] that the function s L > || f(s)|| vanishes at co on K /L is automatic
here because K is compact.)

THEOREM 3.1. Suppose that o is an action of 7! on a finite k-graph A. Then
there are a cofinite subgroup N of 7! and an injective homomorphism B : 7' /N —

Aut A such that oy, = Bmin. Let ®:C*(A) x5 Z' — C*(A) X5 (Z/N) be the
homomorphism such that ® o icxa)y =icxa) and ®(iz(m)) =iz ;y(m + N). Then
there is an isomorphism ¥ of C*(A) x5 Z! onto Ind}{,[L(C*(A) X (Z'/N), B) such
that W (b)(z) = ®(@; ' (b)).

Once we have shown the existence of N and §, we will apply the following general
result of Olesen and Pedersen [16].

THEOREM 3.2. Suppose that H is a subgroup of a discrete abelian group G, and y
is an action of G/H on a C*-algebra A. Let q: G — G/H be the quotient map,
let B:=yogq, and define ®:A xgG— Ax, (G/H) by ®:=is x (ig/u o q).
Then the formula V(b)(§) = dD(;ég 1(b)) defines an isomorphism Wof A xg G onto

md% , (A x, (G/H), ).

! There is disagreement in the literature about the definition of the dual action: in [32], for example,
i (s) would be multiplied by &(s) = £(s~1). It does not make a big difference, since s 51
automorphism of the abelian group G, and induces an isomorphism of the two crossed products.

is an
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With some effort, Theorem 3.2 can be deduced from [16, Corollary 2.5], which in
turn is deduced from a chain of results involving both the ‘restricted crossed products’
of Dang Ngoc [2] and the ‘twisted crossed products’ of Green [9]. Since we are only
interested in ordinary crossed products, we give a short direct proof, which is similar
to that of [1, Theorem 2.1].

PROOF. When we view & € H' as a character of G/H, we have ® o 35 =ye 0D,
and an easy calculation using this shows that W (b) belongs to the induced algebra.
Next we show that W is surjective. Since each generator is(a)ig (s + H) is
just ®(ig(a)ig(s)), @ is surjective. Thus, for each &, the elements W(b)(§) =
CIJ(ﬁg I(Bg (b)) fill out A x, (G/H). Next, we observe that the integrated form
iglg:H— UM(A x,, G) maps C*(H) into the centre Z(M (A x, G)), and hence
by Fourier transformation gives a central action of C (FAI )y=C (G /H L) on A xy G.
The algebra C (H)=C(G/H*) c C(G) acts by pointwise multiplication on the
induced algebra, and we claim that W is then C (I:I )-linear. To see this, consider a
generator §;, for C*(H): since the Fourier transform of §;, is the function €;-1 : § >

&(h), we need to check that W (ig (h)b)(§) = E(W)W (D) (). Forb =ia(a)ig(s),

W(iG(hb) (&) = ®(B; (ic(Mia(@)iG(s))) = P(B; (ia@ich +5)))
=®Eh+s)ia(@)ich+s5)) =&M)E(s)ia(@)ic/u(s + H)
=EM@ (B (b)) =EMW (B)(&),

as required. Thus WV is C (FI )-linear, as claimed. Now a partition-of-unity argument
(as in [5, Lemma, p. 704], for example) shows that W is surjective.

To see that W is injective, it suffices to show that every irreducible representation
7 X U of A xg G factors through W. Since G is abelian, the operators U, for h € H
commute with every Uy, and since fy, is the identity on A, Uy commutes with every
7(a) too. So U maps H into the commutant (r x U)(A x G)’, which is C1 because
7w x U is irreducible, and there is a character 6 of H such that U, =60 (h)1 for h € H.
By Pontryagin duality, there is a character x € G such that x|y =60. Now x~'U
factors through a unitary representation V of G/H, and (;r, V) is covariant because
(m, U) is. Since (r x U)(b) = (m x V)(W(b)(x)), the result follows. O

PROOF OF THEOREM 3.1. We begin by showing that Aut A is finite. Aut A consists
of bijective functors @ : A — A which preserve the degree map: d(«x (X)) =d()) for
A € A. In particular, for each n € N¥, « is a bijection of A" onto A”. Then define
¢:Aut A — @f: | Perm A* by taking ¢ (@) to be the tuple (x|« )f: |- Then we have
(aB)|aci = a|pci © Blpeis SO ¢ is a homomorphism. If ¢ (o) = ¢ (B), then a(e) = B(e)
for all edges e € Uf'{:] A, and it follows from the factorization property that
a(A) =pB(A) for all A; thus ¢ is one-to-one. Since A is a finite k-graph,
@le Perm A% is a finite group, and the injectivity of ¢ implies |Aut A| < co. Let
N :=kera, and let ¢ : Z' — Z!'/N be the quotient map. Then there is a unique
monomorphism g : Z!/N — Aut A such that « = f o g. Since Aut A is finite, this
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implies in particular that Z!/N is finite. The corresponding actions on C*(A) satisfy
o = B o g, so the result follows from Theorem 3.2. O

COROLLARY 3.3. Ifa is an automorphism of a k-graph A such that o is the identity,
then C*(A) % Z is isomorphic to the mapping cylinder

M(y) :={f:[0, 1] = C*(A) xg (Z/nZ) : f is continuous and f(1) =y (f(0)}

associated with the generator y := 0 2xi/n of the dual action.

PROOF. The subgroup N in Theorem 3.1 is N = nZ, so N+ is the group C, of nth
roots of unity. But if 6 : C,, — Aut B is an action on a C*-algebra B, then the map
¢ :Ind(. (B, 6) — C([0, 1], B) defined by ¢(f)(1) = f(e~*""*/") is an isomorphism
onto the mapping cylinder M (6,2xi/n). o

The description of C*(A) xg Z' tells us that its primitive ideal space is the
quotient of T' x Prim(C*(A) x5 (Z'/N)) by the diagonal action of N* (see [23,
Proposition 6.16]). This is particularly interesting if C*(A) is simple, for then
Prim C*(A) = {0}, and Prim(C*(A) x4 Z') is homeomorphic to T//N+ =N =T
(because N, being a subgroup of a free abelian group, is itself free abelian). So we
would like to know when C*(A) x (Z/nZ) is simple. For k = 1, A is the path space
of a directed graph E and C*(A) = C*(E), and this question has an elegant answer.

We say that a directed graph E is n-connected if for every pair of vertices v, w € E°,
there is a path of length n with source v and range w. The following result is basically
due to Katayama and Takehana [10].

PROPOSITION 3.4. Suppose that E is a finite directed graph which is n-connected for
some n > 1. If a is an automorphism of E which is not the identity, then & € C*(E) is
outer.

PROOF. We consider the Hilbert bimodule X (E) over ¢(E®) constructed in [8]
and [21, Section 8]: X (E) is the completion of the bimodule X¢ = C(E 1) with actions
and inner products

@-f by =ar@)febs@) and (f,g)aw)= Y  Ffle)ge.

ecEl s(e)=v

Indeed, since the graph can have no sources or sinks, the module Xy will already
be complete and is full. Then {kx(g)(Sc), ka(6y)} is a Cuntz—Krieger E family
in O(X(E)), and the corresponding homomorphism of C*(E) into O(X(E)) is an
isomorphism (see [21, Example 8.13], for example). The elements Is~H(s(e))|~1/2%8,
form a Parseval frame for X (E), so X (E) is ‘of finite type’ as required in [10]. The
E° x E° matrix M constructed in [10, p. 497] is the vertex matrix of E, and the
hypothesis of n-connectedness says precisely that M" (v, w) > 0 for every v, w € E°.
So [10, Proposition 2.3] says that C(EY) is X (E)-aperiodic.

We define 6 : C(E®) — C(E®) by 6(f):= foa;' and U: X(E) — X(E) by
Ux):=xo0 al_l, and then (0, U) satisfy the hypotheses (3.1) used in [10]. Since «
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is not the identity, the bijection «; of E! is not the identity, and since automorphisms
of X(E) of the form x — uxu* are C(E")-linear, U cannot have this form. So [10,
Proposition 3.8] implies that oy is outer. Since oy (8¢) = o, (e) and 6(8y) = Sy (v), the
isomorphism of C*(E) onto O(X (E)) carries & into ay, and & is outer too. O

REMARK 3.5. Since [10, Theorem 2.4] says that X-aperiodicity is equivalent to
simplicity of the core O(X)?, we should reconcile Proposition 3.4 with the results
of Pask and Rho on simplicity of C*(E)Y for finite E [19]. (Examples in [19] show
that the results do not extend to infinite E.) Pask and Rho define the period per(v) of a
vertex to be the greatest common divisor of S(v) := {|u|:s(w) =r(w) =v, |u| > 1};
if E is strongly connected, then all vertices have the same period, called the period
of E. They prove in [19, Theorem 6.2] that C*(E)? is simple if and only if E is
strongly connected with period 1. This and Proposition 3.4 imply that a graph E is
strongly connected with period 1 if and only if E is n-connected for some n. We
should, of course, be able to see this directly.

If E is n-connected, then we can get from a vertex v to each of its neighbours by a
path of length n, and hence back to v by one of length n + 1. Hence v admits return
paths of length n + k for every k € N, and per(v) = 1. If E is strongly connected with
period 1, then there exists m such that the subsemigroup S(v) of N contains m + N.
If r is the diameter of E, then we can get from any vertex to any other by a path of
length m + 2r: choose a path through v of length s < 2r, and insert a return path at v
of length m 4+ (2r — s).

COROLLARY 3.6. Suppose that o is an action of Z! on an n-connected directed graph
E which does not consist of a single loop, and B is the injection B : 7! /N — Aut E of
a finite quotient of 7' such that « = B o q. Then C*(E) X5 (Z'/N) is simple, and the

primitive ideal space of C*(E) x5 Z' is homeomorphic to T'.

PROOF. Theorem 3.1 tells us that there is an action 8 of a finite quotient Z! /N such
that B,,,+n is nontrivial whenever m + N # N. So Proposition 3.4 imples that Eer N
is outer for every nonzero m + N. The n-connectedness hypothesis implies that E
cannot consist of single cycle of length greater than 1, so the simplicity theorem for
graph algebras (or the original theorem of Cuntz and Krieger) tells us that C*(E) is
simple. Thus Kishimoto’s [11] Theorem 3.1 implies that C*(E) x g (z! /N) is simple.
Now the result follows from the isomorphism of our Theorem 3.1 and the description
of the primitive ideal space of induced algebras in [23, Proposition 6.61]. O

Although they are not needed here, we ask whether there are similar criteria for
the simplicity of C*(A) x i (Z! /N) when A has rank greater than one. Robertson
and Sims have given us good criteria for the simplicity of C*(A) [25], and of course
Kishimoto’s theorem is still valid, so what is missing is a version of the Katayama—
Takehana theorem (that is, Proposition 3.4) for k-graphs. It is not obvious, though,
that the methods used in [10] will carry over.
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4. Domino graphs

The 2-graphs in [18] are associated with basic data (T, q, t, w) consisting of:

e atile T, which is a hereditary (j € T and 0 <i < j imply i € T) subset of N2 with
finite cardinality |T|;
e an alphabet {0, 1, ..., g — 1}, where g > 2 is an integer; we view the alphabet as

a commutative ring by identifying it with Z/qZ in the obvious way;

e an element ¢ of the alphabet, called the trace; and

e afunctionw:T — {0, 1, ..., g — 1}, called the rule.

Provided certain values of w are invertible elements of Z/qZ, Theorem 3.4 of [18]
tells us how to construct a 2-graph A = A(T, g, t, w) from this data.

A dominois atile of the form 7' = {0, e{, 2eq, ..., (n — 1)e1}, which is determined
by |T'| := n. In this paper we write (n, g, t) for the basic data consisting of the domino
of cardinality n, alphabet Z /g7 and trace ¢, and we always take the rule w to be the
constant function 1. Then every value of w is invertible, and [18, Theorem 3.4] gives
a2-graph A = A(n, q, t), which we call a domino graph.

Each 2-graph A of [18] is finite, has no sources [18, Proposition 3.2], is strongly
connected in the sense that u Av is nonempty for all u, v € A? [18, Proposition 5.3],
and has at most one edge of each colour between any pair of vertices [I18,
Proposition 3.5(b)]. So domino graphs have all these properties.

We now briefly recall the construction of [18, Section 2] as it applies to domino
graphs. We picture the domino 7 with |T| = n as a row of n boxes; for example, we
draw the domino with n = 6 as ‘ ‘ ‘ ‘ ’ ’ , and we picture a vertex in A as
a copy of T in which each box is filled with an element of the alphabet so that the sum
of the entries is  mod g. Formally,

An, g, 1) = {v:T—> Z/qZ:Zv(i):tmodq},
ieT

and in A (6, 2, 0), for example, the function v : T — Z/27 with

v(0) =vBe1) =0, vier) =v2e1) =v(de1) =v(5e1) =1

gives a vertex pictured as| 0 | 1 | 1 ] 0 ] 1 | 1 ‘

To describe the paths we need some notation. For S C Z? and m € Z?, we define
S+m:={i+m:ieSyand T(m):=Jyeje,, T + 1. If f: S — Z/qZ is a function
defined on a subset S of N? containing T + /, then we define f|7,;: T — Z/qZ by

flru@) = fG+1) forieT.
A path of degree m is a function A : T (m) — Z/qZ such that A|r4; is a vertex for

every 0 <[ <m; then A has source s(A) = A|74+,m and range r(X) = A|r. Then A™
denotes the set of paths of degree m and A* =(J,,»o A™. In pictures, paths in A*
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are block diagrams covered by translates of 7, filled in so that each translate is a valid
vertex. For example, in A (6, 2, 0), the diagram

olo[of[ofofo]o]o]o
olo[1][1]olo]o]o0 @.1)
tlt]of1ft]o]1]1

M:

0
0

represents a path u of degree (3, 2) from s () =’ 0 ’ 0 ’ 0 | 0 [ 0 I 0 |(the upper right-
hand translate of T) to r(;) =| 0| 1] 1]0/] 1] 1 |(the lower left-hand translate).

The paths A* form a category with the composition defined in [ 18, Proposition 3.2]:
we say that u € A™ and v € AP are composable if s(u) = r(v) and then there exists a
unique path A € A" "7 satisfying A|7(n) = 1 and A|T (n) — m = v. So if u is the path
in (4.1) and v is the path of degree (2, 1) with diagram

L1111 j1j1
0/0{0{0(0]0]|0O]O0O

YV =

then s(u) = r(v), and pv is found by filling in the empty squares in the diagram

oo [l
ololof[o]ololo]o]olo]o
“=1010(0|1(1]0[O0]|O|O]| +
o t[ifolt[ifolt]i] 7

The proof of [ 18, Proposition 3.2] shows that we can do this in such a way that the entry
for each empty box is completely determined by previous steps. With d : A — N?
defined by d(A) =m for A € A", A = A(n, q, t) is a 2-graph [18, Theorem 3.4].

REMARK 4.1. Theorem 4.1 of [18] says that the two-sided infinite path space
A(n, g, 0)* is conjugate to the two-dimensional shift of finite type with underlying
space

Q= {f 1 2% —> Z/qZ: Y flr41(i) =0mod g for all GZZ}.
ieT
The shift € corresponds to the model Rg /(g) of [12, Section 3] in which g is the

cyclotomic polynomial g7 (uy, uz) =14u;+---+ u’l’_l. Theorem 6.5(2) of [30]
implies that Q is a nonmixing shift, whereas the shifts associated with the graphs
in [18, Sections 5 and 6] are mixing.

We can explicitly describe the skeletons of domino graphs as follows.
PROPOSITION 4.2. Suppose that A = A(n, q, t) is a domino 2-graph. Then:
(1) the red graph RA is the complete directed graph K -1, so that [lvA©u| =1 for
allu, v e AO;

(2) A can be identified with the set Al of words of length n with trace t mod q over
the alphabet A =7./q7.;
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(3) the blue graph BA consists of disjoint cycles whose lengths divide n, and
correspond to the necklaces of A} discussed in Appendix A. For each divisor
d of n, the number hg of blue cycles of length d in A is

ha= ), Lgd,s),
SEL/qZ,
d~'sn=tmodgq

where Ly (d, s) is the number of Lyndon words ofAf described in (A.2).

PROOF. Proposition 3.5 of [18] says that |A?] = ¢"~! and |vA®2| = |A®2v| =¢" !
for all v e A°. Since [vA®u| <1 for all u, v e A, this forces |[vA©2u| =1 for all
u,ve A’ For (2), we identify each vertex v € A with its image written as the
concatenation v(0)v(e1)v(2ey) - - - v((n — 1)ey), which is an element of the set A}.
For (3), BA must consist of disjoint cycles since [vA¢l| = |[A°v| =1 forall v € A
by [18, Proposition 3.5]. The equivalence classes of A} under the rotation p defined
in Appendix A are called necklaces. Under the identification A® = A", the cycles in
B A correspond to the necklaces of A”, and the length of each cycle equals the period
of the corresponding necklace which must divide n. Suppose [a] is a necklace with
period d and let b be its Lyndon subword. Then since ¢ = trace(a) = trace(b"/?), we
have n/d x trace(b) =t. So the number of d-cycles in BA equals the number of
Lyndon words of length d whose trace s € Z/qZ satisfies d ~'sn = t mod q. O

EXAMPLE 4.3. Suppose A = A(6, 2, 0). Thedivisorsof 6ared; = 1,d, =2,d3 =3,
ds = 6. The constants of Proposition 4.2(3) are h; =2, hp =0, h3 =2, hy =4, and
so BA consists of two 1-cycles, two 3-cycles and four 6-cycles. Identifying the vertex
set of A(6, 2, 0) with the set Ag of words of length 6 over A = {0, 1} with trace
0 mod 2, the cycles in BA correspond to the necklaces of Ag which are listed in the
first column of Table Al in Appendix A. For example, the 3-cycle in the diagram
below corresponds to the necklace [011011] with period 3 of (A.1).

[ ToliT o]
/ N

4

Loftrfof1]r] [tfofr[t]of1]
\\—M‘/
LEMMA 4.4. Suppose that A = A(n, q, t) is a domino 2-graph. Define o : A — A°
by
o(v) =s(e) whereecvA®. 4.2)

Then o is a bijection. Further, o is the identity if n =1 or (n, q,t) = (2, 2, 0), and
otherwise o has order n.

PROOF. Under the identification A = A? of Proposition 4.2(2), o corresponds to p
defined in Appendix A. There is a unique blue edge entering and leaving each vertex
by Proposition 4.2(3), and so ¢ is a bijection.
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The order of a vertex v € A under o is the length of the cycle on which v lies. The

blue graph of A(1, ¢, t) has only one vertex and one blue edge , which is a
1-cycle, so o =1id. The blue graph of A(2, 2, 0) has two VCI’tiCCS‘ 0 ‘ 0 ‘and’ 1 [ 1 [
and the only blue edges| 0 | 0 | 0 |and| 1 | 1 | 1 |are 1-cycles, so o =id.

Otherwise, note that o has order n if and only if BA contains an n-cycle. If t £ 0,
then the vertex v with v(0) =¢ and v(ie;) =0 for 1 <i <n — 1 lies on an n-cycle. If
t =0, then the vertex u with u(0) =u(e;) =1, and u(ie;) =0 for2 <i <n — 1 lies
on an n-cycle. O

The permutation o satisfies o (r(e)) = s(e), and hence moves against the direction of
the edges. For example, in A (6, 2, O),a(‘ 0 [ 1 [ 1 |O| 1 | 1 |)=| 1 | 1 |O| 1 | 1 ] 0 1

Let E and F be 1-graphs. The product graph (E x F, d) is the 2-graph consisting
of the product category E x F with the degree map d(A1, A2) = (d(A1), d(A2)). The
following lemma says that the domino graphs for which o is the identity are the only
ones which are product graphs.

LEMMA 4.5. The domino graph A(n, q, t) is a product graph if and only if n = 1, in
which case A = K| x Ky, or (n, q,t) = (2, 2, 0), in which case A = K| x K.

PROOF. Suppose that A is a product graph £ x F. Then
A2 =(Ex F)?={(v, f):veE’, feFY

with s(v, f) = (v, s(f)) and r (v, f) = (v, r(f)). Since Proposition 4.2 implies that
RA is connected, we must have |E®| = 1. Then |F°| = g" ! since

|E®| x |FO| = |E® x FOl=|(E x F)°| = A =¢"7",

and so BA has ¢"~! copies of (the underlying directed graph of) E.

Recall from [18, Proposition 3.5(b)] that there is at most one edge of each colour
between any pair of vertices in the skeleton of A. So since E has only one vertex,
there is either no edge or exactly one edge, which has to be a loop. If E had no edge,
then BA would have no edges, so E must be E = K. Since BA has ¢"~! copies of
E = K|, there is a blue loop at each vertex. Thus o = id and Lemma 4.4 implies that
eithern=1or (n, q, t) = (2, 2, 0). If n = 1, then Proposition 4.2 implies that 7} = 1
and F = Ky;if (n, g, 1) =(2,2,0),then hy =2 and F = K>. O

Suppose that « is an action of Z! on a k-graph A. Farthing er al. [7] constructed
a crossed product (k +1)-graph A xq Z', whose underlying set is the cartesian
product A x N, and which has degree mapl defined by d (A, m) := (m, d())), range
and source maps defined by r(x, m) := (r(A), 0) and s(A, m) := (¢7"(s(1)), 0), and
composition defined by (u, m)(v, n) = (ua™(v), m +n) when s(u, m) =r(v, n).
! This is slightly different from the definition in [7], where the degree map is defined by d (%, m) :=

(d(r), m). The change has the effect of repainting the red edges blue and vice versa; we have made the
change to ensure that the isomorphism of Proposition 4.6 matches red edges with red edges.
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One of the main theorems in [7] says that the graph algebra C*(A x, Z') is isomorphic
(in a very concrete way) to the C*-algebraic crossed product C*(A) x4 Z! which we
considered in Section 3 [7, Theorem 3.5]. In our application of these ideas, we go the
other way: we recognize that our domino graphs are crossed products of the form
RA x Z, and then we use properties of crossed product C*-algebras to study the
C*-algebras of domino graphs. The action « is defined using the permutation o
introduced in Lemma 4.4.

PROPOSITION 4.6. Suppose that A = A(n, q, t) is the domino graph associated with
basic data (n, q, t) with n > 2. For each e € A, there is a unique edge o (e) in A®?
from o (s(e)) to o(r(e)), and then o1 : A2 — A is a bijection. The pair (o, 01) is
an automorphism of RA. Let a be the action of 7. on RA generated by (o~ !, o, h.
Then A is isomorphic to the crossed product RA Xy 7.

PROOF. Since RA is complete (by Proposition 4.2), there is exactly one red edge
between every pair of vertices in A°, so oy is well defined. To see that oy is
surjective, let f € A®2. Then there exist unique blue edges f1, f> with s(f1) =r(f)
and s(f2) =s(f); take e to be the unique edge from r(f2) to r(f1), and then we
have o (r(e)) =s(f1) =r(f), o(s(e)) =s(f2) =s(f) and o1(e) = f. To see that o}
is injective, suppose that o1(e) = o1(h). Then

s(e) =o (s(a1(e))) = N(s(o1(h))) =s(h) and r(e) =r(h),

and since there is exactly one red edge between two given vertices, we must have
e = h. The pair (o, 01) is an automorphism of RA since o and o] are bijections and
we have s(o1(e)) = o (s(e)) and r(o1(e)) = o (r(e)) by definition.

We build a coloured graph isomorphism ¢ from the skeleton of A to the skeleton
of RA X4 Z and prove that it preserves commuting squares. Then by [13, Section 6],
¢ extends uniquely to a 2-graph isomorphism, and the result follows.

We define
$0: A" — (RA x4 Z)° by ¢o(v) = (v, 0) for v e A0,
¢1: A —> (RA xq Z)*' by ¢1(B)=(r(B), 1) for B e A, (4.3)

$2: A? — (RA X Z) by ¢2(p) = (p, 0) for p € A®2.

Then ¢ and ¢, are bijections because (RA Xy 7)0 = A0 x {0} and (RA x4 Z)°2 =
A°? x {0}. To see that ¢ is a bijection, note that

(RA xo Z)*' ={(r(B), 1) : Be A} ={(v, 1) :v e AY}

since [uA°!| =1 forall v € A, and let B € A°'. Then ¢1(B) = (r(B), 1) is the unique
edge with range r(r(8), 1) = (r(B), 0) and source s(r(B), 1) = (= '(r(p)), 0) =
(s(B), 0). Hence ¢ is a bijection. So ¢ = (¢g, ¢1, ¢2) is an isomorphism and it
remains to show that it preserves commuting squares.

Every commuting square A € A’V is uniquely determined by the red edge
A0, e2) = A|T(e,). To see this, let p € A°2. There are unique blue edges f; and S
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with 7(B1) =r(p) and s(B2) =s(p), and we then have s(B1) =a~'(r(B1)) and
s(B2) =a‘1(r(,32)). There is a unique red edge from s(B2) to s(B1), and it must
be oz_l(,o) since

ri@l(p) =a ' r(p) = a7 (r(B1) = s(B1),

and
s@ () =a"(s(p) =a 1 (r (B2) = s(B2).

So each p e A determines a commuting square pBr = Bia”'(p) and every
commuting square A in A has this form with p := A|7 ().

Every commuting square in (RA Xg Z)-D has the form (p, 1) for some p € A“2
and has factorizations

(0, 0)(s(p), 1) = (r(p), D@ (p), 0).

We will show that ¢ maps the commuting square A € A1V to the commuting
square (A|7(e,), 1) in RA X4 Z. Let p := A|7(,). In pictures,

B2 5(0), 1)
o ——<— o o ——<— o
| | | I
Il forly %5 0) @ .0
| | | |
e ——<— 0 o ——<— O
A N

We have ¢2(p)=(p,0) and ¢(a"'(p)) =(a"'(p),0) by definition, and
$1(B2) = (r(B2), 1) = (s(p), 1) and ¢1(B1) = (r(B1), 1) = (r(p), 1). So ¢(2) has
factorizations (p, 0)(s(p), 1) = (r(p), 1)(@~'(p), 0) which gives p(A) = (p, 1) =
(A7 (ez)s D- 0

5. The C*-algebras of domino graphs

We now use what we know about the combinatorics of dominoes to describe the C*-
algebra of a domino graph A(n, g, t). fn=1o0r (n, q, t) = (2, 2, 0), then A(n, q, t)
is a product 2-graph E x F, and C*(A(n, ¢, t)) is isomorphic to C*(E) ® C*(F).
For n =1, both E and F consist of a single loop, both C*(E) and C*(F) are
isomorphic to C(T), and C*(A(1, g, t)) is isomorphic to C(T) ® C(T) = C(T?).
For (n, ¢, t) = (2, 2, 0), E is isomorphic to K| and F to K3, and C*(A(2, 2, 0)) is
isomorphic to C(T) ® C*(K3) = C(T) ® Os.

The remaining cases are handled by the following theorem.

THEOREM 5.1. Suppose that (n, q, t) is a set of basic data withn > 2 and (n, q, t) #
(2,2,0), and let a be the action of Z on RA described in Proposition 4.6. Let
Opo:=C*(ty:v e A% be the Cuntz algebra of the finite set A° = A%(n, g, 1), and
let y be the automorphism of Opo such that y(ty) =ty,(v). Then y has order n,
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hence induces an action y of Z/nZ on O o, and there is an isomorphism © of
C*(A(n, g, t)) onto the mapping cylinder

M (Yernisn) ={f € C((0, 11, Opo xy (Z/nZ)) : f(1) = Pprnisn (f(0))}

such that
O(sv)(1) =0, (tty) forveA° (5.1)
O(so) (1) = e Mipy  (tre)t}ip)izmz(1 +nZ)  fore e A, (5.2)
O(sp) (1) =i, trnHits(nts ) for f e A2 (5.3)

The crossed product Oyo x,, (Z/nZ) is simple and the primitive ideal space of
C*(A(n, q, t)) is homeomorphic to T.

PROOF. Lemma 4.4 implies that the permutation o ~! = | A0 has order n, and hence

so does the induced automorphism y of O,o0. In Proposition 4.6 (and specifically
in equation (4.3)) we constructed an isomorphism ¢ of A(n, g, t) onto the crossed
product RA X Z, and this induces an isomorphism

01 : C*(A) > C*(RA x4 Z). 54)

Proposition 3.1 of [7] implies that the action « of Z on RA induces an action & of Z
on the C*-algebra C*(RA) such that &, (s)) = Sq,, ) for A € A and m € Z, and [7,
Theorem 3.5] gives us an isomorphism

0, : C*(RA x4 Z) — C*(RA) x4 Z, (5.5)

which is characterized by 62 (s(,m)) =14 (s, )iz(m). Since the generator is induced
by a permutation of order n, & factors through an an action 8 of Z/nZ such that
Bm+nz(Se) = Sa,,(¢)» and the Olesen—Pedersen theorem in the form of Corollary 3.3
gives us an isomorphism

63 : C*(RA) xg Z— M(B,onim), (5.6)

where ,3 is the dual action of C,, on the crossed product C*(RA) xg (Z/nZ).

Next we recall from Proposition 4.2 that RA is the complete directed graph K yo
with vertex set A?, which is the dual of the graph E A0 with one vertex and the
edges parameterized by A?. Write {z, : v € A%} for a universal Cuntz—Krieger family
which generates O o0 := C*(E 40). Then we can deduce from [21, Corollary 2.6],
for example, that there is an isomorphism ¥ of C*(RA) onto O o0 which carries the
projections p, into ¢ and the partial isometries s, into tr(e)ts(e)ts*( o) The inverse w_l
takes r, to Ty := ) s¢, and hence we have

r(e)=v
BT )= D B6d= Y Sar= D S5=Tme=v""F¥0).
r(e)=v r(e)=v r(f)=ai(v)
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Therefore  induces an isomorphism ¢ xid of C*(RA) xg (Z/nZ) onto
Opo Xy (Z/nZ), and composing functions with v x id gives an isomorphism 64 of
M (3ezm/n) onto M (y,2xi/x). Since B is induced by a transitive permutation of the
edges of E ,0, we know from Corollary 3.6 that O y0 X g (Z/nZ) is simple and that the
primitive ideal space is T.

At this stage, we have an isomorphism ® :=64 063060, 00; of C*(A) onto
M (P ,2xi/n), and we need to check that ® does the right thing on generators. For v € A?,

O(sy) =04 003 0 02(5v,0)) = 04 0 O3(icrA) (Pv)),
and hence for ¢t € [0, 1], we have
O(sy) (1) = ¢ x 1d(O3(ic*rA)(Pv)))(F)

= ¥ x (¥ (icrra)(pu) (e 271/™) (5.7)
= ¥ xid((ic*ra) X (iz © q))(B2rit/n (ic*(RA)(PV)))s

where § := B o q is the action of Z inflated from g : Z/nZ — Aut C*(RA). Since the
dual action fixes the range of icx(ra), we have

O(pu) (1) =¥ x id((icx(ra) X (iz. 0 @) (ic*rRa) (Pv))) = i0,, (tuty),

which is (5.1). For f € A®2, we have O (s ) = 04 0 03(ic+(rA)(Sr)), and a calculation
just like (5.7) gives (5.3). Finally, for e € A°!, we have

O(se) =04 003 0 02(5(r(e),1) = 04 0 O3(ic*(RA) (Prie))iz(1)),

and hence for ¢ € [0, 1], we have

O(se) = ¥ x 1d((icr(ra) X (iz © Q))(Sezmr/n (icxrRA) (Prie))iz(1))))
=¥ x id((icxra) X (iz 0 @))ic*rRa) (Pre))e™ iz (1))
= x id(icr(ra) (Pree))e”™ iz z (1 + nZ))
=e""Mio (Uriot)i)izmz (1 + nZ). O

REMARK 5.2. It is intriguing that the other family of periodic 2-graphs whose
algebras have been analysed also have C*-algebras with primitive ideal space T (see [4,
Section 5]). The graphs in [4] have just one vertex, and the skeleton admits many
possible families C of commuting squares; for domino graphs, the skeleton admits a
unique family C of commuting squares.

REMARK 5.3. Since the group Z/nZ is finite, Theorem 4.1 of [15] implies that the
action y of Z/nZ on O o in Theorem 5.1 is proper in the sense of Rieffel [24]; then,
since O o Xy, (Z/nZ) is simple, [24, Corollary 1.7] implies that O o0 X, (Z/nZ) is
Morita equivalent to the fixed-point algebra OKO. However, the underlying action on
RA is not free on any RA”, so the discussion in [15, Section 4] suggests that it may
be hard to get useful information about this fixed-point algebra (examples there show
that it need not be the C*-algebra of the quotient graph, for example).
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6. K-theory

In [18, Section 7] we conjectured, based on the numerical evidence in [18, Table 1],
that Ko(C*(A)) and K1(C*(A)) are cyclic groups of the same order. In this section we
verify this for domino graphs using the identification of C*(A) as a crossed product.

PROPOSITION 6.1. If (n, g, t) is basic data, then fori =0 andi = 1,

7? ifn=1
Ki(C*(A(n, q,1)) =10 if(n,g,1)=2,2,0)
Z)(q""' = DZ otherwise.

PROOF. In the first case C*(A) = C(T) ® C(T) by Theorem 5.1. As K;(C(T)) =%
[27, p. 234], the K -groups of C(T) are torsion-free and the Kiinneth formula [28] gives

Ko(C(T) ® C(T)) = Ko(C(T)) ® Ko(C(T)) & K1 (C(T)) @ Ki(C(T))
—7QRZDLRL =72,

K1(C(T) ® C(T)) = Ko(C(T)) ® K1(C(T)) & K1(C(T)) ® Ko(C(T))
=ZQLDLZRL =17

In the second case C*(A) =C(T) ® O, by Theorem 5.1, and since K;(O;) =0
[27, p. 234] the Kiinneth formula gives K;(C(T) ® O,) =0. Otherwise, we have
C*(A) = 0,0 xg Z. Since O, is a Cuntz algebra with g"~! generators, we deduce
from [27, p. 234], for example, that

Ki(Op0)=0 and Ko(Opr0)=7/@q" ' = 1DZ,

where Ko(Opo) is generated by the class [1] of the identity. Thus the Pimsner—
Voiculescu sequence [20] for this crossed product reduces to

0—> K1(Opo xa Z) — Ko(Op0) ~%%5 Ko(Ox0) —> Ko(Opo x5 Z) —> 0,

and we have id — @, = 0 because &, (1) = 1. So both Ko(C*(A)) = Ko(Opo x4 Z)
and K1(C*(A)) = K1(Opo0 x4 Z) are isomorphic to Z)(q" ' = DZ. O

Appendix A. Necklaces and Lyndon words

A word is a finite or infinite sequence of symbols from a finite set A called the
alphabet. Subsets of the set A* of all finite words are called languages and we write
A" for the words of length n. The product of two words u and v is their concatenation
uv, and for k € N the kth power of u is u*.

Consider the alphabet A={0,1,...,9 — 1}, and define p:A" — A" by
play---ay)=ay---aya;. Then the permutation group (p) acts on A", and the

equivalence classes under rotation are known as necklaces of length n, so called
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because a necklace of length n can be visualized as a regular n-gon where the corners
represent the ‘beads’, each designated one of ¢ colours. For example, if ¢ =2 and
n = 6, the class of 011011 is the necklace [011011] ={011011, 101101, 110110} and

is drawn as
(D—1)
@ @ (A.1)
O—D

The period of a necklace [a] is the smallest d € N such that p?(a) = a, and it
must divide the length of the necklace. A necklace with period equal to its length is
called aperiodic and its lexicographic least representative is known as a Lyndon word
(originally called standard lexicographic sequences in [14]). For example, 000011 and
000001 are Lyndon words of length 6. For every necklace [a] of length n and period
d there is a unique subword b of length d such that ["/4] = [a]; we call b the Lyndon
subword of [a]. For example, the necklace [011011] in (A.1) has period 3 and Lyndon
subword 011.

We identify the alphabet A ={0, 1, ..., g — 1} with the commutative ring Z/qZ,
and let the trace of a word be the sum of its symbols mod g. We will often consider
the collection A} of words with length n and trace t mod g. See Table Al for the
period, trace and Lyndon subword of each binary necklace of length 6.

By [29, Theorem 1.2] the number of Lyndon words of length n with trace ¢t mod ¢

over the alphabet {0, 1, ..., g — 1} is given by
1
Lo =— Y gedd, u(d)g", (A2)
d|n
ged(d,q)|t

where p is the Mobius function.

TABLE Al. The binary necklaces of length 6.

Necklaces of Ag Period Lyndon subword Necklaces of A? Period Lyndon subword

[000000] 1 0 [000001] 6 000001
[000011] 6 000011 [000111] 6 000111
[000101] 6 000101 [001011] 6 001011
[001001] 3 001 [001101] 6 001101
[001111] 6 001111 [010101] 2 01
[010111] 6 010111 [011111] 6 011111
[011011] 3 011

[111111] 1 1
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