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ABSTRACT. We study strong compactly aligned product systems of Zf over a C*-
algebra A. We provide a description of their Cuntz-Nica-Pimsner algebra in terms
of tractable relations coming from ideals of A. This approach encompasses product
systems where the left action is given by compacts, as well as a wide class of higher
rank graphs (beyond row-finite).

Moreover we analyze higher rank factorial languages and their C*-algebras. Many
of the rank one results in the literature find here their higher rank analogues. In
particular, we show that the Cuntz-Nica-Pimsner algebra of a sofic language coincides
with the Cuntz-Krieger algebra of its unlabeled follower set graph. However there
are also differences. For example, the Cuntz-Nica-Pimsner can lie in-between the first
quantization and its quotient by the compactly supported operators.

1. INTRODUCTION

1.1. Rank one initiative. A major trend in Operator Theory is the examination of
geometric structures through Hilbertian operators. The aim is to achieve a rigid rep-
resentation so that properties of the underlying structure have equivalent C*-algebraic
formulations. This idea goes back to the work of Murray and von Neumann. Since
then, a rich theory has been developed for group actions on C*-algebras. Furthermore,
in the past 20 years there has been a growing interest in understanding semigroup
actions, taking motivation from the well known Cuntz algebras.

It is instructive to highlight the directed graphs case in this endeavour. Every vertex
in a directed graph has a set of edges that it receives. The Toeplitz-Cuntz-Krieger
algebra generated by the Fock operators provides an effective model to encode this
behaviour. However the set of received edges should also relate to some vertex and the
Fock operators do not reflect this additional information. One can always quotient out
the corresponding relations. But the aim is to find an appropriate quotient that still
preserves a faithful copy of the vertices, and thus the relationships between vertices and
edges are not lost. Cuntz and Krieger [9] achieved this initially for 0-1 matrices with no
non-zero rows or columns. Their seminal work was pushed forward in a series of papers
by the Australian School and graph C*-algebras reached their final form in [4, 49].
This representation is quite rigid. For example Bates-Hong-Raeburn-Szymanski [4]
established a correspondence between the gauge-invariant ideals of the Cuntz-Krieger
algebra and the hereditary and saturated vertex sets.

2010 Mathematics Subject Classification. 46L08, 46155, 46L05.

Keywords and phrases: C*-correspondences, product systems, Nica-Pimsner algebras, higher rank
graphs, C*-dynamical systems, factorial languages.

The first author was partially supported by an Azrieli international postdoctoral fellowship, and
an Ontario trillium scholarship. This work was supported by EPSRC grant no EP/K032208/1. Work
on this project has been undertaken during a visit of the first author at Newcastle University, funded
by the School of Mathematics and Statistics.

1



2 A. DOR-ON AND E.T.A. KAKARIADIS

Graph C*-algebras fall in the general class of Pimsner algebras coming from a C*-
correspondence, introduced by Pimsner [44]. By now there is a well developed theory
that unifies effectively Cuntz-type C*-algebras arising from many examples of trans-
formations in discrete time. One of the main tools for verifying faithfulness of their
representations is the Gauge Invariant Uniqueness Theorems (GIUT). This type of re-
sult is motivated by GIUT for C*-crossed products of abelian groups and was pioneered
by an Huef and Raeburn [2] for Z,. Essentially, it shows faithfulness of representations
of the Cuntz-type C*-algebra from faithfulness of the coefficients, as long as they ad-
mit a gauge action. Pimsner [44] assumptions were subsequently removed by Fowler,
Muhly and Raeburn [20, 21], and finally Katsura [30] proved a GIUT in full gener-
ality. The key idea in [30] is to realize the ideals of solutions for certain polynomial
equations, as exhibited in [23].

1.2. Higher rank impetus. In the meantime, Fowler [19] pushed further the theory
of Pimsner to encounter semigroups of C*-correspondences. In a loose sense a product
system X over a semigroup P is a family of C*-correspondences {X,, | p € P} over the
same C*-algebra A such that an associative multiplication identifies X, with X, ®4 X,
(and hence takes into consideration the semigroup structure). C*-correspondences and
product systems over Z, are essentially the same; but product systems are not just an
artifact for generalizations. Earlier versions had been examined by Robertson-Steger
[50, 51] for operator algebras related to buildings. They are the higher rank analogues
of Cuntz-Krieger algebras and form the cornerstone of the higher rank analysis. Two
necessary restrictions are identified by Fowler [19] to get a tractable model. First
there must be an alignment of compacts that re-captures the semigroup quasi-lattice
order structure. Secondly this has to be reflected through Nica’s representations [43]
so as to induce universality of the Fock representation. For example, Nica-covariant
representations of ZY are by doubly commuting isometries instead of just commuting.

Kumjian-Pask [33, 34] extended the theory of Cuntz-Kreiger algebras to row-finite
sourceless higher rank graphs. In their breakthrough work, Raeburn, Sims and Yeend
[46, 47, 48] established the theory for the entire class of finitely aligned higher rank
graphs. Higher rank operator algebras have been henceforth studied in depth by
various authors, e.g. Davidson-Yang [11], Deaconu-Kumjian-Pask-Sims [12], Evans
[16], Farthing-Muhly-Yeend, [18], Hopenwasser [22], Kribs-Power [32] and Popescu-
Zacharias [45]. In particular, Yeend [54] established the GIUT for higher rank topo-
logical graphs, a class that includes both higher rank graphs and Z% -actions on commu-
tative C*-algebras, and Davidson-Fuller-Kakariadis [10, Section 4] proved the GIUT
for any C*-dynamical system using a tail-adding technique.

Sims-Yeend [53] initiated the study of Cuntz-Nica-Pimsner relations with the aim
of producing a higher rank analogue of Pimsner algebras and covers very general semi-
groups (and all Z%-product systems). Later Carlsen-Larsen-Sims-Vittadello [7] estab-
lished an effective theory that produces co-universal Cuntz-Nica-Pimsner algebras. In
contrast to the Z, -case, the description of the covariant representations is tied to the
specific representation on the augmented Fock space. These covariant representations
are characterized by equalities on finite subsets of the semigroup rather than just on A.
This is not a surprise since in general a semigroup can be too pathological compared
to Z,. The problem is that, not just A, but also the compacts KX, act on each X,.
One then has to deal with the combinatorics involved with their injective part, and the
augmented Fock representation accounts for all possible mixings.
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A second point of comparison is that Katsura’s approach [30] allowed for the further
exploitation of C*-correspondences. This includes the C*-envelope, adding tails, min-
imal extensions and stability of shift relations studied respectively by Katsoulis-Kribs
[28], Muhly-Tomforde [42], Muhly-Solel [40, 41] and Muhly-Pask-Tomforde [39], and
by the second author with Katsoulis [25, 26]. Katsura’s ideal and the simple algebraic
formulation of covariant representations in terms of A has been proven essential to get
these results. Compared to the Z, -case, there is a lack of similar higher rank develop-
ments. The necessary, yet complex, augmented Fock space formulation seems to be an
obstruction to this end.

At this point the theory seems to be amenable when focusing on specific sub-classes.
Sims-Yeend [53] have provided a characterization of the Cuntz-Nica-Pimsner algebra in
terms of A when X is a reqular product system. The covariant representations just need
to be Katsura-covariant fiber-wise in this case. Likewise a description of the covariant
representations is achieved for Cuntz-Nica-Pimsner algebras of C*-dynamical systems
in [10] without a reference to the augmented Fock space. In both [53, 10] the action
of A is by compacts and the question is whether a handy description can be achieved
at least at that level.

1.3. Main goal. In the current paper we do more than that. We consider the class of
strong compactly aligned product systems over ZY, i.e., X = {Xg}@ezf is a compactly
aligned product system over A such that

(1.1) KX, ®idx, € (X, ®4 X;) whenever n L i,

(see Definition 2.2). No other conditions are imposed on the left actions of A. This
class includes examples where all actions of A are by compacts, e.g. regular product
systems, C*-dynamical systems and row-finite graphs, but goes well beyond that point.
For example, the product system of a higher rank graph is strongly compactly aligned
if and only if for every edge there are finitely many edges of perpendicular colour
with non-void minimal common extension set (Section 8). Mainly we undertake the
following task:

Task. Describe the Cuntz-Nica-Pimsner relations in terms of ideals in A when
condition (1.1) is satisfied.

Our motivation is to unlock the algebraic aspects of the GIUT for this class and pave
the way for subsequent developments, in parallel to the rank one achievements. We
outline a series of questions in Section 10 to be pursued in the future.

1.4. Structure of the paper. Apart from Section 2 on preliminaries and Section 10
on future directions, the paper is split in three parts. In Sections 3-5 we give the
description of the CNP-relations. Sections 6—8 concern connections with the literature.
In Section 9 we apply our results to a new class of C*-algebras arising from factorial
languages. We proceed to the discussion of our results. The reader is addressed to
Section 2.1 for notation on ZJI that we will be using.

1.5. Cuntz-Nica-Pimsner-relations. Henceforth let X = {X, | n € ZY} be a
strong compactly aligned product system over A. The ideals we use are parametrized
over subsets {1,..., N}. For every such F' C {1,..., N} first set

(1.2) Tr=(Nkerd)" N ( () oulKX)™),

ieF n<(1,e1)
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and then isolate the maximal F*-invariant sub-ideals therein, i.e.,
(1.3) Ir ={a € Jr | (Xpn,aX,) € Jp for all m with m L F}.

To fix notation, if (m,¢) is a Nica-covariant representation of X then (m,t,) is the
representation for each component X,, where ¢, := 7, and we write v,, for the induced
representation on KX,. We define the Cuntz-Nica-Pimsner representations (CNP)
through the alternating sums condition

(1.4) Z{ ‘”'wn (pn(a)) | n<1p} =0forall a€Zp,

where [n| = >, n; and 1, = >, i It is instructive to compare this with the aug-
mented Fock space description of Sims-Yeend [53], and we do this in Section 5.1. Recall
that a representation (m,t) of X admits a gauge action if there is a strongly continuous
group action 3: TV — Aut(C*(m,t)) such that 3,(t,(£)) = 22t,(€) for all £ € X,, and
n e Zf. The GIUT then reads as follows.

Theorem 4.1. (ZY-GIUT) Let (m,t) be a CNP-representation of a strong compactly
aligned ZY -product system X. Then it defines a faithful representation on NO(X) if
and only if 7 is injective and (mw,t) admits a gauge action.

Our approach is independent from [7]; in fact this form of the GIUT is required
to identify the the Cuntz-Nica-Pimsner algebra here with that of [7, 53] through
co-universality. For the proof of Theorem 4.1 we follow a Gauge-Invariant-Uniqueness-
Principle. First set

(1.5)  Bp :=span{t¢,(k,) | kn € KX,,,0 #suppn C F} for 0 # F C{1,...,N},

and follow the steps:

(i) Solve the polynomial equations 7(a) € By for injective 7;

(ii) Define Zr as the ideal of their solutions;
(iii) Define NO(X) with respect to the (7,¢t) for which 7(a) € By when a € Zr;
(iv) Establish such a (m,¢) that is faithful on A and admits a gauge action.

Then a standard argument using the conditional expectation should yield a GIUT.
This scheme may be transferable to other settings that satisfy the higher rank axioms,
without necessarily using the product systems language. e.g., as in [10].

Step (i) for strong compactly aligned product systems is tackled in Section 3. The
GIUT follows in Section 4 by a technique introduced in [23], modulo the faithful
embedding A < NO(X). The latter is given in Section 5 where we verify that the
CNP-representations of Sims-Yeend [53] initially form a subclass of representations of
NO(X). Then the GIUT for NO(X) gives that the Sims—Yeend CNP-representations
of [53] actually coincide with the ones herein (see Theorem 5.2). We note that we use
the augmented Fock representation only for step (ii), and that all of our arguments are
independent from [7].

Our approach gives the ideal of CNP-relations as an algebraic sum of ideals indexed
by the subsets F' (see Proposition 5.5). As NO(X) is the quotient of the Fock space
representation by this ideal, we henceforth free the CNP-representations from the aug-
mented Fock space description. This description triggers a second point of interaction
with [7]. In this impressive work the authors first explore a C*-algebra N O% that
is co-universal with respect to the GIUT. To do so the authors use the theory of Fell
bundles of Exel [17] and co-actions, and identify NO(X)" with NO(X) in many cases,
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including Zf . Here we can avoid the machinery of [7, 17] and instead rely on the alge-
braic formulation of the CNP-relations to obtain co-universality of NO(X) for strong
compactly aligned product systems (see Corollary 5.6).

1.6. Connections with literature. We already commented on that NO(X) coin-
cides with NOx of [7, 53]. As further applications, we use three motivating ex-
amples to showcase our approach: regular product systems, higher rank graphs and
C*-dynamical systems. In Section 6 we show that NO(X) coincides with Ox of [19]
when X is regular, and that it suffices to check the covariance relations just on the
generating fibers. In Section 7 we present the connection with NO(A, a) of a C*-
dynamical system «o: ZY — End(A) studied in [10, 24]. In this case all left actions
are by compacts and fall automatically in our setting so that NO(X) fits in NO(A, «).
As shown in [10], if a is by injective endomorphisms then NO(A, ) coincides with the
C*-crossed product of the minimal automorphic extension of . In particular, in this
case NO(A,a) is NOyx, and recaptures the surjective *-commuting maps considered
by Afsar-an Huef-Raeburn [1]. In Section 8 we characterize strong compact alignment
for product systems arising from higher rank graphs. To allow comparisons, in Example
8.3 we give a finitely aligned graph that does not fit in this class. The F*-invariance
of Zr is translated to F-tracing vertices and we verify that the CNP-representations
coincide with the Cuntz-Krieger A-families of [48].

1.7. Applications to Factorial Languages. In Section 9 we introduce product sys-
tems of higher rank factorial languages (FL) to which we apply our results. An FL may
be seen as the language of parallel performing automata; so apart from forbidden words
within each automaton we may have forbidden entangled operations. C*-algebras of
rank one factorial languages had been introduced by Matsumoto [37]. Recently the
second author with Shalit [27] and with Barrett [3] studied their Pimsner algebras.
Let us review some of the related results, to allow comparisons. A rank one factorial
language A* is a subset of the free semigroup F i on d generators such that if a word
1 € A* then every subword of p is also in A*. The basic example is the language of a
subshift. In [27, 3] it has been shown that there is a dynamical system, namely the
quantized dynamics, which coincides with the follower set graph when A* is sofic. In
addition, the Cuntz-Pimsner algebra O(A*) is either Matsumoto’s first quantization
C*(T) or the quotient by the compacts. This dichotomy depends on whether for every
generator k € [d] there is a word gy such that pik ¢ A*.

Most of the structural data pass to the higher rank context naturally, along the
same lines of [36, 27, 3]. For example there is an analogue of a subshift construction
and follower set graphs, and soficity amounts to the follower set graph having finitely
many vertices. As in [27], one can naturally associate a product system and similar
algebras to a higher-rank FL. In Theorem 9.23 we prove that NO(A*) coincides with
the Cuntz-Krieger algebra of the ambient unlabeled follower set (higher rank) graph.
This result is in analogy with that of Carlsen [6] and [27] in the single variable case.
However, there are several important differences:

(a) With respect to [6] we do not use the Krieger cover on truncated points of a
subshift or impose any condition on the subshifts. Our approach follows [27, 52]
where we work directly with the factorial language.

(b) Instead of cutting with compacts [27], here we have to consider the quotient by
operators that are “compactly supported” on one or more directions.
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(c) The ideals are no longer characterized in terms of forbidden words, so that a
dichotomy as in [27] fails in general for Zp, unless F' = [N] (see Example 9.18 and
Proposition 9.17).

In Corollaries 9.19 and 9.20 we show exactly when NO(A*) can be one of the extreme
cases, i.e., when it coincides with the first quantization or with the quotient by the
compactly supported operators. But it can also be many quotients “in-between”. In
Corollary 9.21 we show that a factorial language is a product of rank one languages
if and only if there is a canonical *-isomorphism identifying N/O(A*) with the tensor
product of Cuntz-Pimsner algebras of its rank one languages. This scheme can provide
examples that are “in-between” quotients.

2. PRELIMINARIES

2.1. Notation. We use the notation [N] := {1,2,..., N} and Z, = {0,1,...}. The
free generators of Zf for N < oo will be denoted by 1,...,N. We write

nl =S {nilie [N} =3 n,
]

€[N

for the length of n. For ) # F C [N] :={1,..., N} we write

lp=Y {ili€F} and 1=lp=(L....1)
We consider the lattice structure in Z% given by
nVm = (max{n;,m; )Y, and nAm:= (min{n;,m;})N,.
We denote the support of n by suppn = {i € [N] | n; # 0} and we write
n L m if and only if supp@ﬂsuppm = 0.

Thus n L F means that suppn()F = (. We will be making use of the alternating
sums, i.e.,

Z{(—l)lm |n<1lp}=0forall ) #F C[N].

2.2. C*-correspondences. The reader should be well acquainted with the general
theory of Hilbert modules and C*-correspondences. For example, one may consult
[30] and [35] which we follow for terminology. Here we just wish to fix notation.

A C*-correspondence X over A is a right Hilbert module over A with a left action
given by a x-homomorphism ¢x: A — LX. We write LX and KX for the adjointable
operators and the compact operators of X, respectively. It is accustomed to denote
the “rank one compact operators” ¢ — & (n,¢) by 62, We will write a§ for ¢x(a)§
when it is clear from the context which left action we use.

The C*-correspondence X is called non-degenerate/injective if ¢x is non-degenera-
te/injective. If ¢x is injective and ¢x(A) C KX then we say that X is regular. For two
C*-correspondences X,Y over the same A we write X ® 4 Y for the stabilized tensor
product over A. Moreover we say that X is unitarily equivalent to Y if there is a
surjective adjointable U € L(X,Y) such that (U, Un) = (£,n) and U(a&b) = aU(&)b
for all £,7 € X and a,b € A; in this case we write X ~ Y.

There are two key results for C*-correspondences that we will be using throughout
the paper. First for every £ € X there exists an n € X such that

(2.1) E=mna fora= (8"
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For a reference see [35, Lemma 4.4]. Secondly for an ideal I C A and a k € KX we
have the equivalence:

(2.2) (€ kn) € I for all &, n € X if and only if k € K(XI).

For a reference see [21, Lemma 2.6] or [30, Lemma 1.6].

A representation (m,t) of a C*-correspondence is a left module map that preserves
the inner product. Then (7, t) is automatically a bimodule map. Moreover there exists
a *-homomorphism ¢ on KX such that

w(ﬁgn) = t(&)t(n)* for all 92(77 € KX.

If 7 is injective then so is ©. A representation (7,t) is said to admit a gauge action
B: T — Aut(C*(m,t)) if {B.}.er is pointwise continuous and

B.(m(a)) =m(a) foralla € A and B.(t(€)) = 2t(€) for all £ € X.

The Toeplitz-Pimsner algebra Tx is the universal C*-algebra with respect to the
representations of X. The Cuntz-Pimsner algebra Ox is the universal C*-algebra with
respect to the covariant representations of X. More precisely, we say that (m,t) is
covariant if

7(a) = Y(dx(a)) for all a € Jx,
where the ideal Jy := ker ¢x N ¢~ 1(KX) is the largest ideal on which the restriction
of ¢x is injective with image into the compacts.

The Gauge Invariant Uniqueness Theorem (GIUT) was initiated by an Huef and
Raeburn for Cuntz-Krieger algebras [2]. Various generalizations were given by Do-
plicher, Pinzari and Zuccante [13], Fowler, Muhly and Raeburn [21], and Fowler and
Raeburn [20]. A fully general version for the GIUT of Ox was eventually proven by
Katsura [30]. In fact, in [23] it is shown that Ox is co-universal in the sense that
any gauge invariant quotient of Tx surjects to Ox as long as it is injective on the
coefficients.

Theorem 2.1 (Z,.-GIUT). Let X be a C*-correspondence over A. Then a pair (m,t)
defines a faithful representation of the Cuntz-Pimsner algebra Ox if and only if (7, t)
admits a gauge action and 7 is injective.

2.3. Product systems. Fix a set {X; | i € [N]} of C*-correspondences over A, one
for each generator of Z%. A product system X is a family {X,, : n € Zf} of C*-
correspondences over A such that

Xo=A4 and X" ®7-- @4 Xi%"’“ ~ X,, whenever n = anij and ny # 0.

We require n; # 0 so that these equivalences do not force non-degeneracy of the
fibers. Consequently X comes with a family of associative rules in the form of unitary
equivalences

U Xp @4 Xn = Xnim-
We will suppress the use of the w,,,, as much as possible by writing £,&,, € X4, for
the element u,, ,, (&, ® &,,). Along with the system we have some canonical operations
that respect these equivalences. To this end we define the maps

z'g“m: LX, - LX,m such that zg*m(s ) = Upm (S ® ide)uZ’m.

It is clear that iy, © 2™ = 2™+ and thus 2"(¢,(a)) = ¢pim(a). Following

Fowler’s work [19], a product system is called compactly aligned if it has the property:
i) M(T) € KX,vm whenever S € KX,,, T € KX,,.

n m
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For convenience we shall write

SVT i=iy™(S)im/™T) forS e LXyTeLXy.

m

2.4. Strong compactly aligned product systems. In the current paper we consider
product systems that satisfy a stronger property.

Definition 2.2. A compactly aligned product system X is called strong compactly
aligned if i2*(KX,) € KXp1; whenever n L i.

Example 2.3. If ¢;(A) C KX; for all i € [N], then k ® idx, € KXjy; for all k € K£X;
and j € [N] by [35, Proposition 4.7]. Inductively, all actions ¢, are by compacts
and [35, Proposition 4.7] yields that the product system is strong compactly aligned.
We will later establish through Proposition 8.1 that many higher rank graphs can be
constructed so that their associated product system is strong compactly aligned without
satisfying ¢;(A) C KX; for all i € [N]. However there are limitations and Example 8.3
refers to a compactly aligned product systems that is not strong compactly aligned.

Every KX; admits a contractive approximate identity (c.a.i.) (kia,)ren,- We con-
sider the directed set Ay x --- x An with the product order and set k; y, = k; ,. Then
(ki) is a subnet of (k;,). Henceforth we omit the vector form for the indices and fix
the systems of nets

(kix)aea over the directed set A = Aq X -+ X An.

Fix a subset F' C [N]. By applying on elementary tensors we can verify that if i € F

then Z%F (kix) converges to the identity of £X _in the strict topology. Therefore so
does the net

(23) EF\ ‘= H{Z%F(kl’)\) | 1€ F}
Consequently, if n € Zﬂf with suppn O F' then we have
(2.4) Il —li}\n ifF(ep,A) -k, =k, for all k, € KX,,.

The product defining eg is taken in the order inherited by 1 < 2 < --- < N. How-
ever by considering different decompositions for the elementary tensors, it follows that
equation (2.4) holds for any order.

Proposition 2.4. Let X be a strong compactly aligned product system. Fiz F C [N]
and 0 # n € ZY, and set m =n\ 1. Then for the ep of equation (2.3) we have that

-] -li)r\nii(epy)\) ipt(ky) = ip(ky) for all ky € KX

In particular, it follows that ig'(k,) € KXy, for all k, € KX,
Proof. Without loss of generality assume that F'={1,...,¢} andset z =1+---+q.
Then

ery = t1(k1n) - ig(kan)

for the approximate identities (k; ) in KX;. Suppose that suppn = {r,..., s} and fix
k, € KX,. If ¢ € suppn then the comments preceding the statement show that

-1l - h)I\n iﬂ(kqQ\)k@ = kn

q
and therefore applying it for m = n V 15 yields

{1t g (k)7 (k) = i (Ken)-
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If ¢ ¢ suppn then ip"9(k,) is in £X,,,q as X is strong compactly aligned. Thus by

the comments preceding the statement we have that
11 - N g™ (g2 )iy (K) = 2337 (k)
and therefore applying 4, , yields
I lgn 2k )2 k) = 7
Proceeding inductively we conclude that
- (a2 ) = - B ) - 2 )i ) = i22(K)
which completes the proof of the first part. For the second part we have that

m:ﬂ—i-Z{i | 1 <i<min{g,r}}.

As X is strong compactly aligned, we get
2 (kn) € KX,u44 for all 1 <4 < min{g,r},
and inductively it follows that i7:(k,) € KXy, n

e

(Fn)-

2.5. Representations. Let us set the terminology for Nica-Pimsner algebras of prod-
uct systems, and define the ideals that give rise to our Cuntz-Nica-Pimsner relations.

Definition 2.5. A Nica-covariant representation (m,t) of a product system X = {X,, |
n € ZY} consists of a family of representations (,t,) of X,, that satisfy the associative
rule:

tﬂ+m(€ﬂ£m) = tﬂ(gﬂ)tm@m)

and the Nica-covariance:
U (S) i (T) = Ypym (S V T) whenever S € KX, T € KX,,,.

The Toeplitz-Nica-Pimsner algebra N'T(X) is the universal C*-algebra generated by
A and X with respect to the representations of X. We write m x t for the induced
representation of a Nica-covariant pair (7, 1).

Remark 2.6. The Fock space provides an essential example of a Nica-covariant rep-
resentation. In short let F(X) = S2%{X,, | m € ZY}. Fora € A and &, € X,
define

0(a)ém = Pm(a)ém and  $(&u)ém = um
for all &,, € X,,,. Then (o, s) is Nica-covariant and it is called the Fock representation
of X [19]. By taking the compression at the (0, 0)-entry we see that o, and thus each
Sy, 1s injective.

Now we want to explore a specific subclass of representations. For a finite ) # F C
[N] we form the ideal

Tr = ([keré)" N (o, (KXa) | n <13}

ieF

with the understanding that ¢y = id4. In particular when X is strong compactly
aligned, we have that

({en' (KX [0 <1} = ({6 '(KX) | i € [N]}.

Furthermore we define the ideal
Ir ={a € Jr | (Xpn,aXy,) C Jp forallm L F}.
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The next proposition shows that Zp is the biggest ideal in Jr that remains invariant
under the “action” of F'*.

Proposition 2.7. Let X be a product system. If a € T then (X, aX,,) C Zp for all
m 1L F.

Proof. Let b = (¢, an,,) for a € Zr and m L F. Then b € Jr as a € Zp. Now let
n L F. Then for §,,n, € X,, we compute

(€ U11) = (€ (€ W) M) = (Ui (§n @ Em) s Unm (AN @ M) = (Emns AN -

Since m +n L F and a € Zr we also get that (&,,bn,) € Jr, which completes the
proof. ]

Definition 2.8. Let X be a strong compactly aligned product system. A representa-
tion (7,t) of X is called Cuntz-Nica-Pimsner (or a CNP-representation) if it satisfies

> A1)y (9n(a) | n < 1p} =0 for all a € Zp,

where ¢g(¢o(a)) = m(a). The Cuntz-Nica-Pimsner algebra NO(X) is the universal
C*-algebra with respect to the CNP-representations.

In the following sections we will make precise that the CNP-representations above
coincide with the ones introduced by Sims-Yeend [53] when X is strong compactly
aligned. As a consequence the universal Cuntz-Nica-Pimsner algebra will coincide
with that considered in [7, 53].

Examples 2.9. We use the following three motivating examples of strong compactly
aligned product systems:

(i) If every Xj is regular then each X, is so. In this case we have that Jp =
A and therefore trivially Zp = A. In Section 6 we will show that the CNP-
representations are in bijection with (m,¢) such that each (m,t,) is covariant for
X, in the sense of Katsura. Thus NO(X) coincides with Ox defined in [19].

(ii) Regular product systems encode a number of constructions such as the higher
rank row-finite graphs without sources of [47]. In Section 8 we give a full descrip-
tion of the higher rank graphs that produce strong compactly aligned product
systems (that may or may not have sources). Moreover we show in this case what
is the form of the Jr and the Zr.

(iii) In Section 7 we show how we can associate a product system to a semigroup
action a: ZY — End(A). The ideals Zr are then given by

Ir = ﬂ a;(( ﬂ kerai)L>.

Nica-Pimsner algebras related to this object were considered in [10, Section 4]
and we will show later how they connect with the work herein.

2.6. The cores of the representations. Given a Nica-covariant representation (m,t)
and m,m’ € ZY we write

B[m,erm/] = span{yp(kn) | kn € KXp,m <n <m + m’}

and
Bnmtm = span{ty(kn) | kn € KXp,m <n <m+m'}.
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It is not hard to see that these x-algebras are closed in C*(7,t), e.g. [7, Lemma 36].
Moreover we write

B[maw] 1= span{ Y (ky) | kp € KXp,m < n}
and
Bm,oc) = span{yn(kn) | kn € KX, m < n}.
We refer to these sets as the cores of the representation (m,t). It follows from the work

of Fowler [19, Proposition 5.10] that if (7, ¢) is a Nica-covariant representation of a
compactly aligned product system X then

(2-5) tm(Xm)*tﬂ(Xn) C 2% (X@’)tm’(Xm’)*

forn” = —n+nVmand m'" = —m + n VvV m. This imposes that the cores are stable
under multiplying by elements on orthogonal support, i.e.,

(2.6) tn(Xn)" - Bimm+m - tn(Xn) C Bimm) for all o L m + m'.

A Nica-covariant representation (m,t) admits a gauge action if there is a point-norm
continuous family of *-automorphisms {3, },cr~ such that
B.(tn(€n)) = 2%t (&) for all §, € X,, and [.(7(a)) = 7(a) for all a € A.

In this case By is the fixed point algebra of C*(m,t). By universality both N7 (X)
and NO(X) admit a gauge action.

3. SOLVING POLYNOMIAL EQUATIONS

In this section we show how the ideals Zr arise as solutions of polynomial equations.
Given a Nica-covariant representation (m,t) of X, we use the system of c.a.i. (ki) for
K X; to define the projections

(31) pi,)\ = wi(ki,)\) and pi = W*- liillpi,)\.
The next remark is an immediate consequence of Proposition 2.4.

Proposition 3.1. Let X be a strong compactly aligned product system over A. Suppose
that (m,t) is a Nica-covariant representation of X. Let p; x and p; as defined in equation

(3.1) and fiz ) # F C [N]. Then
-l 'hin U (k) Hpi,A = U (kn) Hpi for all k,, € KX,,.

ieF ieF
Proof. Recall the definition of the ep) from equation (2.3). By Nica covariance we
have that ¥, (ky) [[;cp Pin = Ym(kn V ery) for m = nV 1. But Proposition 2.4 yields
that

1= Tim Ky Ve = (|- - lim dgt(kn) - i1 (em) = i (Fn).

Therefore the net (n(kn) [[;cppin)a converges in norm to ¢, (ipt(ky,)). This means
that its w*-limit ¢, (kn) [ [;cp pi is also the norm limit. N

From now on we fix a Nica-covariant representation (m,¢) so that 7 is injective. In
order to obtain the GIUT we will have to solve equations of the form

(3.2) m(a) € Bom1,) for FF C [N],m € Z,.

Due to the cores structure, an element 7(a) satisfies equation (3.2) if and only if there
are k, € KX, such that

(3-3) m(a) + Y {Yulka) [0#n<m-1p} =0.
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Our strategy is to show that equation (3.3) implies both that

(3.4) on(a) € KX, for all n <1,

and that

(3.5) w(@) [JU =) =0,
i€F

under the assumption that X is strong compactly aligned. Notice here that when
equation (3.4) is satisfied and [r, s is any interval inside F' then we get

m(a)py - ps = Yn(pn(a)) forn=r+--- +s.

Hence equation (3.5) is rewritten as

(3.6) (@) + > (=) (¢n(a)) |0 £ n < 1p} =0

which gives back (3.3). As the latter is independent of the order we multiplied, the
product in equation (3.5) is the same for any order within F'. This line of reasoning
gives that equations (3.4) and (3.5), together, imply equation (3.2).

Proposition 3.2. Let X be a strong compactly aligned product system over A. Suppose
that (m,t) is a Nica-covariant representation of X such that w is injective. If w(a)
satisfies

(3.3) (@) + > {tn(kn) [0 #n <m} =0
for some m € Zf then it satisfies
(3.4) on(a) € KX, forall 0#n < 1.

Proof. By introducing zeros, without loss of generality we may assume that m =
m-1=(m,...,m). It suffices to show that ¢;(a) € KX; for all i € [N]. By Proposition
3.1 we derive

l-limw(@)pin = = > {Il|-lim ¢ (ko)pin | 0 # 0 < m- 1}
:_Z{d}nk p1|07£77’<m 1}

Thus the w*-limit 7(a)p; of the net (7(a)p;ix)a coincides with its norm-limit. However
the net (m(a)pix)x is in ¢(KX;) and thus 7(a)p; € ¥3(KX;). Let ki € KX; such that
m(a)p; = ¥i(k;i). Then for every & € KX; we have

ti(¢i(a)&) = m(a)ti(&) = m(a)(piti(&i) = Vi(k)t(&) = ti(ki&s)-

As 7, and thus ¢;, are faithful we have that ¢;(a) = k;. The discussion preceding
Proposition 2.7 finishes the proof. n

Proposition 3.3. Let X be a strong compactly aligned product system over A. Suppose
that (mw,t) is a Nica-covariant representation of X. If w(a) satisfies

(3.3) (@) + > {tn(kn) |0 #n <m} =0
for some m € ZY, then it satisfies
(3.5) 7(a) H(I —pi) =0 for F =suppm.

i€l
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Proof. Without loss of generality assume that F' = {1,...,7}. It suffices to show that

r

(3.7) Uu (ko) [T = p1) =0

=1

for every 0 # n < m. Once this is shown then we can directly verify that

T

(a) H(I —pi) == {Unlk) [J —p1) [0# n <m} =0.

i=1
In order to show equation (3.7), set

T

pi= H([ — i)

=1

and fix a non-zero n < m. By Proposition 2.4, if 1 € suppn then ¢, (k,)({ —p1) =0
and thus v, (k,)p = 0. Otherwise

Vn(kn) (I = p1) = Yn(kn) — ¥n(kn)p1

and the second summand is in 9,11 (KX,+1) by Proposition 3.1. Likewise in the second
step, if 2 € suppn then 2 € supp(n + 1). Hence

Un(kn)({ —p2) =0 and  ty(kn)p1(I —p2) =0

and so ¥, (k,)p = 0. Otherwise we move on to consider

Yu(kn) (I —p1)(I — p2)(I — p3) = Yu(kn)(I — p3) + Yu(kn)prp2(I — p3)—
- %(/fg)pl (I - p3) - wﬂ(kjﬁ)pl (I - p3).

Eventually there will be an s € suppn N F' that must also be in the support of every
n+ Zizli for [ < s, giving

wﬁ(kﬂ>(] —p1)--(I—ps) =0
which completes the proof of the claim. .

Proposition 3.4. Let X be a strong compactly aligned product system over A. Suppose
that (m,t) is a Nica-covariant representation of X such that 7 is injective. If m(a) €
Bo,m) then a € Iy for F' = supp m.

Proof. By adding zeros we may assume that m = m - 1, for
m := max{|m;| | i € F}.
By Propositions 3.2 and 3.3 we have that ¢,(a) € KX, for all n < 1 and
(o) [ - m) =0.
icF

Moreover notice that w(b)p; = 0 whenever b € ker ¢;, so that 7(b)(I — pi) = 7(b).
Indeed, this is because

m(b)ps = w*- hin m(b)Yi(kiy) = w*- h{H Vi(9i(b)k;x) = 0.
Therefore if b € (), ker ¢; then

0 =n(b)m(a) [ [(I - p) = w(ba).

icF
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As T is injective we obtain that ba = 0 which implies that a L ;.5 ker ¢;. This shows
that a € Jp. It remains to show that (X,,aX,) C Jp for every x L F. Recall that
equation (3.5) can now be written as

(a) + D _{(=1)"u(ka) |0 # 1 < 15} =0
for k, = ¢n(a), so that w(a) € B,1,). However, as n < 1, then n L x, and equation
(2.6) yields
b (Xa) " on (KX )le (X)) C Un(KXa).
Therefore, for &;,n, € X,, we get that

T({Sas anz)) = to(&) m(a)te(n) € Blo,)-
Then the first part of the proof gives that (£,, an,) € Jr, which completes the proof. u
Remark 3.5. The essential part for Proposition 3.4 is to argue that, for appropriate
f € C*(m,t), the w*-limit of nets (fp; ) is in fact a norm-limit. Solving polynomial

equations becomes easier if the (p; )\ already converges in norm to p;. This is the case
for a large number of higher rank examples; in particular when every K.X; has a unit.

4. THE GAUGE INVARIANT UNIQUENESS THEOREM

The Gauge Invariant Uniqueness Theorem (GIUT) requires that A embeds isomet-
rically in NO(X). We defer this for Section 5 and proceed now to the proof of the
GIUT, in order to emphasize the value of the solution ideals Zp.

Theorem 4.1 (ZY-GIUT). Let (w,t) be a CNP-representation of a strongly compactly
aligned product system X. Then w x t defines a faithful representation on NO(X) if
and only if w is injective and (7,t) admits a gauge action.

Proof. The forward implication is derived by universality of NO(X) and Section 5.
For the converse let ®, be the universal representation of NO(X) and set m, = ®,|4
and t,, = ®,|x. Since A embeds in NO(X) the pair (m,,t,) is isometric. Suppose that
m X t satisfies the hypothesis but it is not faithful. To make a distinction we use B
for the cores of (m,,t,) and B for the cores of (7,t). By using the gauge action, the
intersection of ker(m x ¢) with the fixed point algebra is not trivial. As the fixed point
algebra B ) is an inductive limit, there is an m € Z, and F C [N] such that

ker(m x t) mB[Q,mlF] # (0).
Therefore there are a € A and k,, € £X,, such that

is a non-zero element in ker(7r x t). Then 7r(a) € B(gml ], and Proposition 3.4 yields
that a € Zr. Thus

Consequently we may rewrite

> {vnky) |0#£n<m-1,} =0

for

y_{M+ewwwmw when 0# 1 < L.

" Ky, otherwise.



OPERATOR ALGEBRAS FOR HIGHER RANK ANALYSIS 15

Now suppose we write f in an irreducible form, meaning that

(@) + D> {tu(kn) [0#n <m-1p} =0

where some of the a, k, are zero and if a k, # 0 then 9, (k) is not in B m.1,). Choose
a minimal x € (0,m - 1] so that k, # 0 and (k) is not in B(gm.1,]. Then for every
Exs M € X, we still have that

tug(€e) flug (1) € ker(m X 1)

and therefore
m(a) + ) {n(ky) [0F#n <m-1p—z} = t,(&) (7 x )(f)tz(ng) =0

where now a’ = (&, k.7,) and likewise for the appropriate k;. Following the previous
arguments we see that a’ € Zr and therefore

to(&e) e (ke )te(ne) = m(a') € B(Qmip—&]‘

Consequently we obtain that

w&(’CXg)wz(kg) wg(lcxz) € B(z,mlF] :

By choosing an approximate identity in v, (KX,) we reach the contradiction that k, is
in Bz mi1,)- Hence k; = 0. Inductively we eliminate all entries and arrive at the point

where f = )y .1, (k) for some k € KX,,.1,.. However as 7 is injective and thus so is
Ym1,, we derive that k = 0, and the proof is complete. ]

5. CNP-REPRESENTATIONS

5.1. CNP-representations of Sims-Yeend. The last element of the GIUT is to
provide a CNP-representation (7, t) that admits a gauge action and 7 is injective. Sims
and Yeend [53] established the embedding of A in the Cuntz-Nica-Pimsner algebras
by using the augmented Fock space representation. They achieve this in much greater
generality, i.e., for product systems over a quasi-lattice ordered semigroup, but their
CNP relations involve infinitely many fibers. We will compare our CNP-relations with
those of Sims-Yeend, and use their result to show that A always embeds into NO(X).
The main point is that they coincide for strong compactly aligned product systems.
First we recall the terminology from [53]. Let

Zp:=A and Iﬂzﬂ{ker¢m\g7fém<n} for n € ZY,

all of which are ideals in A. For £ € ZY, let
Xy =PIXnTr | m < 1}

and write ggﬁ for the left action on X, ¢. Consequently, for n < £ we obtain a *-homomor-
phism

A Nica-covariant representation (m,t) of X will be called Sims—Yeend CNP if:

SAtou(kn) | n € F} = 0 for any finite set F C ZY, and every choice {k, €
K(X,) | n e F} such that Y {i&(k,) | n€ F} =0 for large L.

Since Z% is an Ore semigroup, the phrase “for large ¢’ means that there exists an
re Zf such that the above property holds for all £ > r.
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Proposition 5.1. Let X be a strong compactly aligned product system, and let (m,t)
be a Nica-covariant representation of X. If (w,t) is a Sims-Yeend CNP-representation,
then it is a CNP-representation.

Proof. Fix () # F C [N]. By definition, every a € Zp satisifies ¢,(a) € K(X,) for all
n < 1. Hence, in order to show that

S {(~1)"py(da(a) | n < 1y} =0

from the Sims—Yeend CNP relations, it suffices to show that
S (=1 (¢n(a)) [ < 1p} =0 for all £ > 1.

To this end we fix m < £ and we show that this holds on each summand X,,Zy_,, of
X,. Notice that each i acts on X, Zy_p, via ¢2, and that

(—)"i(¢n(a) = (=1)"gp(a).

Hence we need only show that

(5.1) > A=) pm(a) [n<1p Am} =0.
Let F':= FNsuppm. If F/ # (), then 1, A m # 0 in which case

DAY [ n<1pAm} =0

and equation (5.1) is satisfied. On the other hand if F” = () then equation (5.1) has
only one summand, and we are left with showing that ¢,,(a) = 0 on X,,,Z;_,,, when
m L F. In this case let &,,,n, € X,, and ¢,d € Z,_,,,. Since £ > 1 and m L F', we see
that Zy_, C [);,ep ker ¢;5. Since (Sm,anm> cJr L ﬂleF ker ¢; we have for ¢,d € Z,_,,
that

(€mC, anmd) = " (§m, anm) d = 0.
Therefore ¢,,(a) vanishes on X,,,Zy—,,, and the proof is complete. n

To make a distinction, we denote the universal Sims-Yeend CNP algebra by NOx.
By Proposition 5.1 and universality of the C*-algebras, we have a canonical surjective
s-homomorphism ®: NO(X) — NOx that fixes generators of the same index.

Theorem 5.2. Let X be a strong compactly aligned product system over A. Then:

(i) The quotient map N'T(X) = NO(X) is isometric on A and every X,,.
(ii) The natural map ®: NO(X) = NOx is a x-isomorphism.
(i) A pair (m,t) is a CNP-representation if and only if it is a Sims-Yeend CNP-
representation.

Proof. Let (m,t) be a universal CNP-representation for NO(X) and (7', t’) be a univer-
sal Sims-Yeend CNP-representation for NOx. Since (ZV,ZY) satisfies [53, Equation

(3.5)], we see that each ¢y is injective. Hence, by [53, Theorem 4.4] 7’ is isometric
on A. Since &1 = 7/, we see that the quotient map NT(X) — NO(X) is isometric
on A, and thus on every X,. For item (ii), notice that (7',t') is injective on A, and
inherits a gauge action as a quotient of N'T(X). Hence by Theorem 4.1 we get that
® is injective, and therefore a x-isomorphism. Universality of the C*-algebras implies
item (iii). N
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5.2. The CNP-ideal. Next we describe the ideal of the CNP-relations. To this end
let (m,t) be a Nica-covariant representation. For () # F' C [N] set

(5.2) qr = H([ —pi)

where the product initially is taken in the usual order of [N]. When a € Zp then
¢n(a) € KX, for all n < 1 and thus

m(a)gr = m(a) + > {(=1)"¢u(¢n(a) |0 #n < 1},

Hence the product in m(a)gr is independent of the order in F. At the same time
pim(a) = w(a) — Yi(¢i(a)) = w(a)p; for i € F. Hence, we also get that gp € w(A)".

Proposition 5.3. Let (m,t) be a Nica-covariant representation of a strong compactly
aligned product system X. Then

tm(&Em)q ifm L F,
Grt(En) = § )
0 if m L F,
for all &, € X,,,. Consequently, for all m € Z% we have that
T(Zr)qrtm(Xm) C T(Zr)tm(Xm)qr
where the product defining qr can be taken in any order in these relations.

Proof. Suppose that F' = {1,...,r} and fix §,, € X,,. First consider the case where
m L F and let i € F. Equation (2.5) and X,,, ® X; ~ X; ® X, imply

tin (§m) i (KXs) C 4( X)) (X)) * 4 (X5)* = 6(X5) 8 (X5)* L (Xm)*
so that t,,(§,)*piH C piH. Moreover we have that
b (En) Vi (KX5) C (X))t (X))t (X5)* = s (KX (X5) b (X )1 (X5)*

so that t,,(§,)piH C piH. Thus p; is reducing for ¢,,(X,,).
Now suppose that suppm (| F' # () and let i € suppm () F. Then pit,(Em) = tm(Em)
as p; is a left unit for t,,(X,,) = ti(Xi)tm—i(Xp—i). Therefore

(I - pi>tm(§m) = 0.

Likewise we have that
(5.3) (I — pi) (KX )t (&m) = 0 for all n € ZY.
Indeed if 7 € suppn then

Un (KX )lin (Xin) = 6:(Xi)tn—i (KX 1)t (X5) " (

Xom),
and we proceed as before, whereas if i ¢ suppn then equation (2.5) gives
i)

wQUCXﬁ)tm(Xm) C ti(Xi)wﬂfi(’Cani)tm 1(

In both cases we have (I —p; )1, (KX,)tm (&) = 0. Now we can show that ¢pt,, (&) = 0.
By the above comments, it suffices to show that ggt;(&) = 0 for i € F. There are two
cases. If 1 = r then we get

arti(&) = ([ (T =m)- (I =po)te(&) =0

r#ieR
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If i < r then let H be the Hilbert space that (,t) acts on. For j =i+ 1 < r we obtain

(I =py) - (I = pe)ts(&)H € t:(X)H V (\/{vn(KX0)t:(X0) H | suppn C [f,7]}).
Therefore by equation (5.3) we still get
(I =p)(I = p3) -+ (I = pe)ts(&) H = {0}

which implies that ¢rt;(&) = 0. The arguments above can be applied when considering
any order in the product defining ¢ in the relations, and the proof is complete. ]

Definition 5.4. Let (m,¢) be a Nica-covariant representation of a strong compactly
aligned product system X. For () # F' C [N] we define the subspace

Jp = span{t, (&) m(a)qrtm(m)” | @ € Ip,n,m € Zf}
The ideal of the CNP-relations (CNP-ideal) is defined as the algebraic sum

K(r,t):=) {Jr|0+#FCIN]}.
The next proposition justifies this terminology.

Proposition 5.5. Let X be a strong compactly aligned product system over A. Suppose
that (m,t) is a Nica-covariant representation of X. If ) # F C [N] then the subspace
Jr is the ideal generated by {m(a)qr | a € Zr} in C*(m,t). In particular, K(m,t) is a
norm-closed ideal in C*(m,t).

Proof. Fix an () # F C [N]. First we show that
(@)t (Xpm) € t(Xpm)7(Zp) for all a € Tp,m L F.
Indeed if @ € Zr then a*a € Zr and thus
tm(Xm) (@) (@)t (X)) C 7(( X, a*aXpm)) € 7(Zp).

By applying equation (2.1) for the Hilbert module X,,, we get that for any &, € X,,
there exists an 7,, € X,, such that

(@)t (Em) = t(1)7(b)  for b = [ (§m, a’a&m) ’1/2-

As b> > 0 is in Zp then so is b.

Next we show that Jp is an ideal of C*(m,t). It is clear that Jp is selfadjoint and
that Jpm(A) C Jp. Recall that ¢p is in the commutant of 7(Zr). Hence Proposition
5.3 gives

T(a)qrtm(&n) m(0)gr = m(a)qrtm(§m) " qrm(D)

_ m(a)qrtn(bén)”  ifm L F,
0 ifm f F,

for a,b € Jp. It is also clear that multiplying an element in Jx on the right by ¢,(&,)*
gives an element in Jp. For arbitrary n and m we have that

T(a)qrtim (&m) tn(€n) € m(a)qrty (Xu )t (X )*

for

n=-n+nVvVm and m' =-m+nVm.

However in view of Proposition 5.3 if n’ ¥ F' then

m(a)qrty (Xw) = {0},



OPERATOR ALGEBRAS FOR HIGHER RANK ANALYSIS 19

whereas if n’ 1. F' then by the comments above we get that
m(a)qrty (Xw) € T(Zp)tw (Xw)ar € tw (X )7 (Zr)qr-
In every case we have that
() qrtm(§m) tn(En) € tw (Xo )™ (Zr)qrtm (Xmw)*

which completes the first part of the statement, since Jr is self-adjoint.
For the second part, we remark that if ' D F’ then

m(a)qpoptm(b€y)* it m L F',

m(0)art () (B = {O "

) m(a)grtm(bém)* it m L F,
o if m £ F',
for a € Zr and b € Zr/. Since Zrp O Ir we obtain

T(a)qrtm(§m)” - tn(§n)m(b)gr € T

for every n. Hence we derive that Jp - I € Jp. Thus Jpn; is a norm-closed ideal of
Jr + Jn) whenever |F| = N — 1. Therefore

Jr+ ’J[N} =Jr+ j[N].

Likewise if |Fy| = - -+ = |F}| = N — 1 for some k then
k k
ZJF" + Jpny is an ideal of {Z Jr, + J[N]}i
n=2 n=1
and therefore 22:1 JF, + I is closed. Induction then completes the proof. ]

We are now in position of recovering the co-universal property of NO(X) established
in [7, Theorem 4.1]. Our approach is different and emphasizes the explicit form of the
CNP-relations.

Corollary 5.6. [7, Theorem 4.1] Let X be a strong compactly aligned product system
over A. If (m,t) is a Nica-covariant representation that admits a gauge action and
7 18 injective then there is a canonical *-epimorphism C*(mw,t) — NO(X) that fizes
the generators of the same index. Consequently C*(m,t)/K(m,t) is x-isomorphic to

NO(X).

Proof. Let (w,t) be a Nica-covariant representation that admits a gauge action and
7 is injective. To allow comparisons we denote the Fock representation by (o, s) and
write 1" and ¢* for the induced representations on the compacts KX,. Denote also
g:=7mxtand ¢ := Vo (o xs)where ¥: NT(X)—= NO(X) is the natural quotient
map by the CNP ideal.

It will suffice to show that kerq C kerq¢’ = K(o,s). This way, the map ¢ factors
through C*(m,t) to a TV-equivariant map C*(r,¢) — NO(X) which is still injective
on A, and the GIUT finishes the proof. As (7,t) admits a TV-gauge action 3 and
C*(o,s)” is the inductive limit of the Bjg .1 with m € Z, it suffices to show that

(ker q)? ﬂ Big,m1) € K(o,s) for all m € Z,.
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We will do this inductively. As 7 is injective there is nothing to show for m = 0. So
take m =1 and fix

kerqg > f = o(ap) +Z{¢ )| 0#n <1}
By solving the equation ¢(f) = 0 as in Section 3 we derive that

w(ao) [] (1 = alm)) =0,
1€[N]

where p; are the projections associated to (o, s). This gives that o(ao) [ [;e(n(I —pi) €
ker ¢ and also that ay € Znj. Hence

o(ao) [ (I =pi) = o(ao)ppy € (kerg)? () K(o,5).
1€[N]
For convenience set
fo=0clag) [] (I —m).
1E€[N]
Then f — fy € (kerq)? and we can group compacts of the same index to have an
equation of the form

gi=1f—fo=> {sk,) | 0#n <1}

for appropriate k/, € K(X,,). That is, the element g € (ker ¢)? can be written as having
its O-summand equal to zero. Suppose now that m < 1 is a minimal position such that
Uy, (k) # 0. For &, mm € X, we then obtain

sm(Em) g5m(Mm) = o(bo) + Y _{¥5(ky) [n <1—m} € (kerg)’

where by = <fm, k’mnj>. Proceeding as before we have

7(bo) H (L —q(p)) = 0.

i€[N]\suppm

Once more this gives that

albe) [ (T—m) € (kerg)’()K(o,s).

1€[N]\suppm

At the same time, for & € X,,, denote k; ,, = 05 & and ko, = 0™ so that

m7nm Nm. 17/ ’

0=tn() <7r(bo) I «¢- q(m)))rfm(nin)*

B i€[N]\suppm

= tm(élm)tm(fm)*¢tm(km)tm(nm)tm(n/m)* H (I —q(ps))

i€[N]\suppm

= qptm(klm ki - k2m) H (L —q(p))

i€[N]\suppm

where we used Proposition 5.3 to commute ¢m(n,) With J[;cinpeuppm (L — @(p1)). As
this holds for elementary compacts, it still holds when replacing ki ,,, and ks, with a
c.a.i. in K£X,,. Taking limits yields

fo=Unkn) I T —m) € (kerq)’[)K(o,s).

i€[N]\suppm
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Hence, we get that
f = (fo+ fm) € (ker)? with fo, fu € (kerq)’[K(o, s).

Now we see that this element does not contain a summand on 0 and m. We proceed
inductively along the minimal remaining positions each time to find

fn € (kerq)ﬁﬂlC(a, s)forall0<n<1
such that
gi= =Y {fal0<n<1} € (kerg)’.

However g, € ¢}(KX1) and o] = q¢f is injective as 7 is injective. Therefore g, = 0
and we get that

f=> {fal0<n <1} €K(o,s).
We conclude that
(ker )’ N By € K(a, ).
We use this to show that
(ker ¢)” N Big,m1) € K(a, s) for all m € N.

We will proceed by adding one generator each time. That is, assuming (kerq)® N
Bjo,m1) € K(o, s) for a given m, we will prove inductively the inclusions

(kerq¢)° N Biomi+1+..+x € K(o,s) fork=1,...,N,

so that for k = N we will obtain (ker )’ N Bjg (m+1)1) € K(0,s). To this end suppose
that (ker ¢)’ N B C K(o,s), for some k > 1 and let j € [N]; we will show that

(ker )7 N Bo g4z € K(o,5).
Let f € (kerq)® N Bjg -y and fix the set
F:={n<k|]j¢suppn}.

By moving along minimal elements as before, we derive that there are f,, for n € F,
such that

gizf—Z{fﬁ\QEf}E(kerq)'B and fﬁe(kerq)ﬁﬂlC(a,s)forallﬂe}".

By construction we have that g is in Byj 5. Therefore the c.a.i. of ¢7(KX;) defines
an approximate identity for g. Moreover we have that

5(X3)"953(X5) € 55(X)" ((ker @) () Bosess)) 55(X3) € (er @)” () B
Consequently we get that
U (KX)guf (KX;) € (ker )’ (VKo ).
By applying a c.a.i. of ¢{(KX;) (which is a c.a.i. for g) we obtain that

g € (kerg)’ (\K(o, 9),
and therefore
f=9+> {falneF}e (kerg)’()K(o,s).
Hence, proceeding inductively we have that (ker ¢)°NBjg .1 € K(o, s) for every m € N,
so that (ker q)? C K(o, s), as required. N
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6. REGULAR PRODUCT SYSTEMS

Recall that a product system is called regular if every X,, is regular, and that ev-
ery regular product system is automatically strong compactly aligned. Fowler [19]
introduced Ox as the universal C*-algebra for the representations (m,t) such that
m(a) = Yu(pn(a)) for every a € A and n € Z%. It is shown in [53, Proposition 5.1]
that NOx coincides with Ox when X is regular, and thus so does NO(X) by Theorem
5.2. Let us provide a direct proof that NO(X) ~ Ox by using the alternating sums
machinery. En passant, we show that covariance needs to be checked only for n < 1.

Corollary 6.1. Let X be a regular product system over Zf. Then NO(X) is *-
isomorphic to Ox. In particular, a representation (m,t) is covariant in the sense of
[19] if and only if each (m,t,) is covariant for all n < 1.

Proof. Suppose that (m,t) is a representation such that (m,t,) is covariant for every

n € ZY. By [19, Proposition 5.4] we have that (7, ¢) is automatically Nica-covariant.
Then for any () # F C [N] and a € A we check that

Z{(_1>|E|¢ﬂ(¢ﬂ( ) In<1lp}= Z{ |n| |n <

1p} =
Since X is regular we have that Zp = A for all F C [N] and so (m,t) is a CNP-
representation.
Conversely let (7, t) be a CNP-representation. First we show that (7,¢,) is covariant
for every n < 1. For F' = {i} regularity implies that Zr = A and thus (7, t;) is covariant
for X;. Now for F' = {i, j} we have that the CNP representation satisfies

m(a) = Yi(¢i(a)) — ¥5(d5(a)) + tiys(digs(a)) = 0.
As (m, ;) and (m,t;) are covariant for all a« € A we get that
0 =7(a) = ¥i(¢i(a)) — ¥5(d5(a)) + tirs(dirs(a)) = w(a) — 7(a) — 7(a) + Yiy(a)

and therefore m(a) = 1;1j(a). For the inductive step suppose that (m,t,) is covariant
for all |n| < k and let I be of cardinality k& + 1. We have to show that (7,t;,) is
covariant for X; . Fix 2 = 1 —i for ¢« € F' and compute

0= Z{ '"‘@/)n n( ) In< 1F}
= (—1)!y(¢a(a) + (=1) M, (01, (a) + D {(=D)"7(a) | Lz #n < 1}
= (—=1)*u(d(a)) + (= 1)k+1¢;(¢1F(@))~

Thus we derive

0.

U1,.(¢1,.(a)) = Vu(9s(a)) = m(a).
This finishes the part that (r,t,) is covariant for n < 1. Now let m € Z such that
m £ 1 and suppose we have shown that (m,t,) is covariant for all x < m. Set n =
Y {i|i € suppm} and fix a c.a.i. (ay), for A. By applying on the elementary tensors
in X, ~ X,, ® X,,—n, and using the Nica-covariance we get that ¢,(a)) V ¢n-_n(a) =
¢m(ara) and hence limy ¢, (ax) V ¢pmn(a) = ¢p(a). Therefore we obtain

m(a) = limm(ax)m(a) = im ¢ (n(ar))m-—n(Pm-n(a))
= li/{n Ui (Pn(ar) V ¢om—n(a)) = Y (dm(a))

which finishes the proof. ]
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7. C*-DYNAMICAL SYSTEMS

The second author with Davidson and Fuller considered C*-dynamical systems over
Z% in [10, Section 4]. We will show how the Cuntz-Nica-Pimsner algebra of [10]
relates to one coming from a product system. To this end let a: ZY — End(A) be a
semigroup action. For n € ZY let X,, be the closed linear subspace of A generated by
a,(A)A. It becomes a C*-correspondence over A when endowed with

(Em)=¢&n and a-£-b=ay(a)éd

for £,n € X,, and a,b € A. The unitary equivalence X,, ® X,, ~ X, 1., is induced by
the A-balanced bilinear map (&, 1) — a,,(§)n. The induced operator is surjective since

(o (A)A) - i (A)A = iy (A)am(A)A C i (A)A

and, if (ay) is an approximate identity in A, then

Uy m(a)b = h/I\n (o (@)t (ax)b € Qi (A) i (A)A.
Commutativity shows that the family {X,, | n € Z¥} forms a product system X. In
particular the left action on every Xj is by compacts and thus X is strong compactly
aligned. Then the ideals Zr coincide with those given in [10] by

Ir = ﬂ a;(( ﬂ kerozi)L).

nlF el

The representations in [10] are given by (m, V') where V' is an isometric Nica-covariant
representation of Z%, w(a)V, = V,may(a). The CNP-representations are defined in
[10] as those pairs (7, V') that in addition satisfy

n(a) [[{ -ViVi" | i € F} =0 for all a € Z.

Therefore the representations of a: Z% — End(A) are representations of the induced
product system. From this point on there is a small subtlety between the Nica-Pimsner
alebras of X and those in [10]. To keep comparisons, the universal objects are denoted
by NT(A,a) and NO(A,a) in [10], and it is shown that they satisfy the GIUT.
However N'T(A,«a) is defined to be generated by V,7m(a) for a € A rather than for
a € a,(A)A. Hence in general we have

NT(X) CNT(A,a) and NO(X) C NO(A,a).

Although the representations in [10] may not be all the Nica-covariant representations
of X, they are enough to norm N7 (X) and NO(X). This is just an application of
the GIUT. Of course when the «,, are non-degenerate in the sense that o, (A)A = A,
then X,, = A and the C*-algebras coincide.

If, in addition, every qj is injective then X is regular and NO(A, a) ~ Ox. In fact,
the latter is a C*-crossed product over the minimal automorphic extension of o given
by the direct limit process
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Example 7.1. One-dimensional dynamical systems over commutative C*-algebras
Co(X) are topological graphs in the sense of Katsura [29]. More generally, a product
system that arises from a: ZY — End(Cy(X)) coincides with the topological higher
graph of Yeend [54]. The reader is addressed to [7, Section 5.3] for an excellent expo-
sition that connects topological graphs with their product systems.

By duality a transforms to a ZY-action on X by proper continuous maps. Afsar,
an Huef and Raeburn [1] considered product systems arising from surjective local
homeomorphisms that *-commute. In this case the induced O(X) of [1] coincides with
Ox of [19] and NO(A, «) of [10, 24] as the induced «; are injective. In fact they

coincide with the C*-crossed product of the minimal automorphic extension.

8. HIGHER RANK GRAPHS

We will require some terminology on higher rank graphs and their associated product
systems. For more details the reader is addressed to [46, 47, 48].

Let G = (V, E,r, s) be a directed graph, and partition the edge set £ = F1U---UEy
such that each edge carries a unique colour from a selection of N colours. Denote
by E* the collection of all paths in G. We may then define a multi-degree function
d: E* = Z% by d(\) = (n1,...,ny), where n; is the number of edges in A from E;.

A higher rank N -structure on G is an equivalence relation ~ on E*® such that for all
A € E* and m,n € ZY with d()\) = m+n, there exist unique p, v € E® with s(\) = s(v)
and 7(\) = (), such that d(u) = n and d(v) = m and A ~ pv. It is important to
note that paths are read from right to left to comply with operator multiplication. We
denote A := E*/ ~ and keep denoting by d the induced multi-degree map on A. It
is usual to still denote by A, pu etc. the elements of A. In this way the pair (A,d) is a
higher rank graph as in [47, Definition 2.1].

For each n € ZY we write A% := {A € A | d(\) =n}. For A € A and S C A, we
define AS := {\u | p € S} and SA := {u\ | p € S}. For A\, u € A let

AP ) = {(a, B) | Aa = pB,d(da) = d(N) V d(p) = d(nB)}

be the set of minimal common extensions of A and p. The higher rank graph (A, d)
is called finitely aligned if |A™"(\, )| < oo for any A,y € A. Given a vertex v € A2,
a subset S C vA is called ezhaustive if for every A € vA there is p € S such that
AN, ) # 0.

A set of partial isometries {T)}rea for a finitely aligned higher rank graph (A, d) is
called a Toeplitz-Cuntz-Krieger A-family if

(P) {T,}.enc is a collection of pairwise orthogonal projections;
(HR) T)\T}, = 05(x),r )Ty for all A, o € A; and
(NC) T;:T,LL - Z(a,ﬂ)GAmm(A,u) TQTB* fOl" all )\,/1/ E A

It is called a Cuntz-Krieger A-family if it additionally satisfies

(CK) Tl es(To — ThTy) = 0 for every v € AY and all non-empty finite exhaustive
sets S C vA.

The C*-algebra C*(A) is the universal one with respect to the Cuntz-Krieger A-families.
In [48, Theorem 4.2] it was proven that C*(A) satisfies the GIUT theorem.

Every higher rank graph (A, d) has a natural product system X (A) associated to it.
In short for each n € ZY we put a pre-Hilbert ¢o(A%)-module structure on ¢o(A%) via
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the formulas

(Em) ()= Y €N and  (a-&-0)(N) = a(r(N)EN)b(s(N))

s(A)=wv

The completion X,,(A) of these pre-Hilbert modules then gives a product system where
the identification X, (A) ® X, (A) = X,in(A) is given by

) 0w when s(u) =1r(v),
0 0 = {0 if s(p) # r(v).

It is shown in [47, Theorem 5.4] that X (A) is compactly aligned if and only if A is
finitely aligned. In this case, the Nica-covariant representations (m,t) of X(A) are in
bijection with the Toeplitz-Cuntz-Krieger A-families. The correspondence is given by

Ty =t,(0)).

Proposition 8.1. Let (A,d) be a finitely aligned higher N-rank graph. Then X (A) is
strong compactly aligned if and only if for every A € A and every i L d(\) there are
finitely many edges e € d~(i) such that A™"(\, e) # ().

Proof. We identify each ¢, with v € A. Since X (A) is compactly aligned, for A\, u € A
we have that

0/\,)\ \ gu,u = Z{Q)\Oé,uﬁ | (aaﬁ) € Amln()\”u)}

is a finite sum. On the other hand we have Irx, = s> v 0,
taken in the s*-topology. Therefore, if d(\) = n and i ¢ suppn then

B0 =55 0V O =55 Y {braus | (0. 5) € AN )},

HEX; HEX;

where the sum is

If the latter is in K(X,,+i(A)) then the sum has to be finite.
Conversely, if A\, € A" and the sum for i*(6) ») is finite, then each 2t (6, ) =
z'g“(eM)z’g“(ew) is given by a finite sum. Since elements of the form 6, , span a

dense set in K(X,(A)) we get that 2+ (k) € K(X,1i(A)) for every k € K(X,(A)) and
i ¢ suppn. Hence X (A) is strong compactly aligned. "

We use the following terminology for the higher rank graphs that produce strong
compactly aligned product systems.

Definition 8.2. A finitely aligned higher N-rank graph (A, d) is called strong finitely

aligned if for every A € A and every i L d(\) there are finitely many edges e € d'(i)
such that A™™(\, e) # 0.

Example 8.3. Proposition 8.1 allows us to build examples of compactly aligned prod-
uct systems that are not strong compactly aligned. Figure 1 yields such an example.
Here we let {g,, | n € N} be the edges with range w whose sources are all distinct, by
{h, | n € N} the edges whose range is v with sources all distinct, and by {f, | n € N}
the edges such that s(f,) = s(gn) and r(f,) = s(h,). If we make the identification
€gn = h,f, we would obtain a higher 2-rank graph. Since A is finitely aligned then
X (A) is compactly aligned. However, by Proposition 8.1, it is not strong compactly
aligned as |[A™"(e, h,,)| = 1 for all n € N.
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. < .............................................................................................................................................. .
. < .................................................................................. .
hs f2 g3
h @ oo [ ] g2
2 f1 \
% h1 91 N V¥
. .................................................................................... .
v € w

Figure 1. A finitely aligned higher rank graph whose product system is not strong
compactly aligned.

Example 8.4. On the other hand, Proposition 8.1 also allows us to build examples
of strong finitely aligned higher rank graphs that are not row-finite. First of all, it is
clear that all rank one directed graphs are strong finitely aligned.

If we want a non-trivial rank two example, the only thing we need to pay attention
to is not to have edges e that interact with infinitely many other edges f that have
different colours from e. In Figure 2 we have such an example.

fo
. < ............................................................................ .
“(oo) €0
Vv
. <[[:ii[[:ii[[:ii[[:ii[[:11:[::1:[::1:[::1:[[:1:[[:11[[:ii[[:ii[[:11:[:11:[::1: .
v (o0)

Figure 2. A higher rank graph that is not row-finite but whose product system
is strong compactly aligned.

More precisely, let {e;} be infinitely many bold edges received by v and {f;} be
infinitely many dotted edges received by v. Set the higher rank structure e; fy = f;eo.
Then for a fixed i the set A™"(e;, f;) is empty unless j = i, for which it is of size one.
Thus, the graph must be strong finitely aligned.

Our next goal is to show that the relation (CK) simplifies for strong finitely aligned
higher rank graphs. To this end notice that the ideals Jr and Zr of ¢o(A2) are generated
by vertex projections d,. By definition d, € Jr if and only if vA! # () for at least one
i € F, and |vA'| < oo for all i € [N]. On the other hand the requirement that
(Xm(A), 0, X, (A)) € Jp for m L F is equivalent to requiring that any path A € A
with d(A) L F' and r()\) = v satisfies d;n) € Jr. Note that the former is automatic
given the latter, when A\ = v is a vertex. We gather this information in the following
definition.

Definition 8.5. Let (A, d) be a strong finitely aligned N-rank graph. A vertex v € A2
is called F'-tracing if for every path A € A with d(A\) L F and r(\) = v we have
s(A\)A! £ () for at least one i € F, and |s(A\)Al] < oo for all i € [N].

By definition, the F-tracing vertices span a dense subset of Zp. Thus by Proposition
2.7, if A € A satisfies d(A\) L F and r(\) is F-tracing, then s()) is also F-tracing.
We give an alternative of the (CK)-condition for strong finitely aligned higher N-rank
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graphs, which we call (CK’). It appears that (CK’) is simpler than (CK) as, essentially,
it depends only on vertices. We note that the proof of the following does not depend
on the GIUT from [48].

Theorem 8.6. Let (A, d) be a strong finitely aligned higher N -rank graph. Suppose that
(m,t) is a Nica-covariant representation of X(A) corresponding to a Toeplitz-Cuntz-
Krieger A-family {T\}aen- Then the following are equivalent:

(i) (m,t) is a CNP-representation;
(ii) {Ta}rea satisfies the (CK’)-condition: [[{T, —T,T; | p € vA',i € F} =0 for
every F-tracing vertex v and every non-empty F C [N].
(iii) {Tx}ren is a Cuntz-Krieger A-family.
Consequently, if {Th}rena satisfies (CK’), admits a gauge action and T, # 0 forv € A°,
then it defines a faithful representation of C*(A).

Proof. [(i) & (ii)]: Fix ) # F C [N] and let v be a vertex such that d, € Zp. Then,
for any n < 1, we have

Un(Pn(d0)) = Z{TAT: | A € vA™}

As the F-tracing vertices span a dense subset of Zp it suffices to show the second
equality in

D> {0, (6u(6)) I n < 1ph = {(=D)*NITATy | X € vAlr}

= {7 - 7.7 | pe vA' i € F}.

To this end we shall use that T, — T, T;; = T,(I — T,T};) if r(p) = v and that
{7, - 1,75 | pevnic Fy=T[{T. - Y T,T; |.ic F}.

pnevAl
Let 1 € vAlr and v € vAlw for H # H’ subsets of F. By [48, Lemma 2.7] we see that
(8.1) TITT; = Y Tl

(a,B)€A™IR (p,v)
Due to the unique factorization property, no element on the right hand side of equation
(8.1) will appear for distinct pairs (u,v), (u/,v') € vAtn x vAl#’. Hence a repeated
application of equation (8.1) yields

[T - > 1.7 ie Fy =D {(-1)*™ITT5 | A € vAlr},
pnevAl

[(ii) < (iii)]: Let § # F C [N] and let v be an F-tracing vertex. First we show that
the finite set {u € vA' | i € F} is exhaustive. To this end let A\ € vA be some path.
If d(\) N F # (), then by unique factorization we may write A = pur where p € vA! for
some i € F. Trivially (v,v) is a common extension of X\ and u so that A™™(\, p) # 0.
Otherwise, if d(A\) N F = (), as v is F-tracing, there exists some ¢ € F such that
s(A)AI # (. Hence we may find e € A! for which e is a path in vA. Notice that
d(\e) = d()\) + i. By unique factorization we can find a u € A such that Ae = p\ for
some X € A. Therefore there is a 1 € vAl such that A™(\, u) # 0.

Since {y € vA' | i € F} is finite and exhaustive, if {T\}rea is a Cuntz-Krieger
A-family then

{7 - 1.7 | pewAic F} =0,
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so that (m,t) is a CNP-representation by the first part of the proof. This shows that
there exists a canonical x-epimorphism NO(X) — C*(A) that maps generators to
generators, admits a gauge action and is injective on cy(AY). Since NO(X) satisfies a
GIUT, this *-epimorphism must be injective. Universality of the C*-algebras completes
the proof. ]

9. A CASE STUDY: HIGHER RANK FACTORIAL LANGUAGES

In this section we examine C*-algebras arising from factorial languages. Several
elements pass through from the rank one case studied in [3, 27, 36] and we will omit
their proofs. We require some notation. The free semigroup Fi on d symbols admits
the partial order

. . d
p>v if and only if p = vw for some w € FY.

Consider the cartesian product (F4)" of N free semigroups for fixed N € Z,. We shall
denote elements in (F%)Y by p, v etc., and we fix @ := (0,...,0). In particular we shall
write &;(k) for the generator with the letter & at the i-th coordinate. The multilength
of u = (p1,...,pn) is given by |p| := (Jpl, ..., |pun|). We use x for the coordinate-wise
multiplication operation in (F%)V i.e.

pxV = (#1V1, e ,MNVN)-
The semigroup (F? )Y inherits a partial ordering, given by
p>v if and only if p; > v; for all 4 € [N].

We write ¢V v as the least upper bound for p and v, when it exists. We extend the

definition of the support for elements in (F%)" in the sense that
supp p := {i € [N] | p; # 0}

and we write p L v if and only ifsuppﬁﬂsuppz: (. We write v € pif p=wxv*q
for some w, ¢ € (F%)".

Definition 9.1. A factorial language (FL) A* is a subset of (F%)" such that:

(i) for every i € [N] there exists at least one k € [d] such that 6;(k) € A*;
(ii) if p € A* and v € p then v € A*.

Remark 9.2. We allow cases where some 0;(k) are not in A*. This is convenient for
including cases of A* C Fil X oo X FiN , for different d;’s, under the one umbrella of

(FL)N for d = max;{d;}.

Just as in the rank one case [27], a higher N-rank language A* can be characterized
by forbidden words. Indeed, when A* is an FL, the whole set of forbidden words
(F%)N \ A* becomes a monoid in (F%)Y. On the other hand, let (F) be the monoid in
(F%)N generated by a subset F C (F%)Y. Then the set

Ay = (FDY\ (F)
is a higher N-rank language. If F is finite then we say that A% is of finite type.
Products of rank one FL’s form higher rank FL’s. In fact it is not hard to see that
A* is a product of one dimensional languages if and only if whenever u, v € A* are such
that p L v, then pu* v € A*. This follows by the fact that coordinate projections of

FL’s are rank one FL’s. Hence, if we forbid words i = (p, ..., ) that are supported
on more than one coordinates, while allowing words of the form 6;(y;), we obtain FL’s
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that are not products of lower dimensional languages. It is now clear that many such
examples can be constructed.

Example 9.3. Let A* := {(0",0™), (0*10",0™), (0, 0¥10") | n,m,k,l € Z,}. Then
A" = A% for

F = {(1,1), (10", 0), (0,10"1) | n > 0 }.
If A* were a product of two rank one languages, then by projecting to each coordinate
and multiplying we would have that (0¥10%,0'10") € A*. This is a contradiction as
the word contains (1,1) € F.

For n € ZY we define the equivalence relation ~, on A* such that p ~, v if and
only if
{wlwxpeA, |uw <|nl}={w|wxve A |wl <|nl}.
We set Q,, := A*/ ~,, which is finite. Using the connecting maps

Vniman® Qnim = Qn [ lntm — [/_dﬂ
we define the projective limit
Q= hm(Qn, 7.9n+m’n)
M3 on, Vntm,n

which is a totally disconnected space. In fact 2 ~ A*/ ~ for the equivalence ~ given
by
p~v ifandonlyif {w|wxpe A} ={w|wxreA}

We denote by [u] the equivalence class of p under ~.

Definition 9.4. An FL A* is called sofic if and only if there exists an m € ZY such
that ~,, is equal to ~ for all n > m. Equivalently, if €2 is finite.

This terminology is in accordance with the rank one case [36]. Moreover we have
the following proposition.

Proposition 9.5. Every FL of finite type is sofic. More precisely, if A* = A% for some
finite set F, then Q = Q, for all n > max{|u| | p € F}.

Proof. Set m = max{ |u| | © € F }. Let u € A* such that |u| £ m. Without loss
of generality we may assume that g = (u1, ..., fig, ftos, - - -+ jn) With |p;] > m; for
i€ {1,....0} and |u;| < my for j € {£+1,...,N}. Write u = g/ % u” such that
;] = m; for i € {1,... ¢} and p; = p; for j € {¢+1,...,N},ie.

W=, g gty ) and = (p, oy, 0, 0).
Then |p'| <m, and for every w € A* we claim that
Q*EIEA* if and only if wx*p € A”

This shows that Q = €, as it suffices to identify just the classes [p] with |u| < m;
consequently Q=Q, for any n > m. To prove the claim, if w * p € - A* then trivially
wx '€ A Conversely suppose that w * p' € A* but w * p ¢ A*. Then there is a
forbidden word v in w * p with |[v| < m. We write v = x * y so that w = 2’  z and
p = yx*y'. Hence |y,| < || and |y;| < |vi| < my for all i € [N]. Since v cannot
be a subword of w * p' € A* there exists an 4 € {1,...,£} such that y; contains s as
a subword. Then we would have that |y;| > |u;| = m;, so we have a contradiction.
Therefore w * pp € A [
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There is a way of constructing a sofic FL from a finite labeled higher rank graph
(A, £). Suppose we have partitioned its edge set £ = FE; U--- U Ey, and we have a
labeling map £: E — (FL)" such that £(e;) € {6;(k) | k € [d]}. We extend £ to a
labeling from E* to finite multi-words in (F% )Y, which we still denote by £. Clearly £
respects the commutation imposed by A as a quotient of E*, and we get that £ is well-
defined on A. This way, £(E*®) naturally becomes an FL and satisfies |£(u)| = d(u)
for every path p € A. It goes without saying that different edges may carry the same
label and colour.

We next construct a finite labeled higher rank graph (A, £) from a sofic FL A*
in (F4)N. We know that (2 is finite, and we may consider the finite colored graph
A whose vertices are €, and edges E where e is an edge with color ¢ and labeled
L(e) := 6;(k) € (FL)N from [1] to [6;(k) * ] if and only if 6;(k) * p € A*. We denote
~ the equivalence relation generated by ef ~ f'e’ if £(e) x £(f) = £(f’) * £(¢’). Then
A = E*/ ~ is a higher rank graph and £ extends to a well-defined labeling on A.

Indeed if ef is a path with source [u] with colors i # j and labels £(e) := §;(k)

and £(f) := 6;(£), then its range is [6;(k) * 0;(¢) * ] = [6;(€) * 6;(k) * p]. Therefore

0;(£)*0;(k)*puis alsoin A*, and as i # j there exists a path f'e’ from [u] to [0;(£)*d; (k)]

through [0;(k) * ] so that £(f") = d;(¢) and £(e’) = 6;(k). a
Definition 9.6. Let A* be an FL in (F%)". Then the labeled higher rank graph (A, £)
constructed above is called the follower set graph of A*.

An important property of the follower set graph is that it is source-resolving. More
precisely, if A\, u € A are paths emanating from the same source [u], then £(\) = £(u)
implies that A = p. Indeed, we may write A = A\i...Ay and pu = py...un, where A,
are comprised only of edges of color 7. So in order to show that \ = p, it will suffice to
show that \; = y; for each i € [N] when £()\;) = £(;). This can then be verified by
induction on length, where we use the fact that for two edges e, f of the same color ¢
and source [u], we have that £(e) = £(f) implies e = f.

Proposition 9.7. Let A* be an FL in (FL)N. If A* is sofic then it coincides with the
labeled path space of its follower set graph (A, £). Conversely if A* coincides with the
labeled path space of a finite labeled higher rank graph then it is sofic.

Proof. First suppose that A* is sofic and let (A, £) be its follower set graph of A*.
We need to show that A* coincides with the labeled path space £(A). It is clear that
if u € A* then it defines a path x from [()] to [u] so that £(x) = p. For the other
inclusion, let z € A. If s(x) = [v] then by construction we get that r(z) = [£(z) * v].
Hence £(z) *x v € A* and so we obtain £(z) € A*.

Suppose now that A* comes from a labeled higher N-rank graph (A, £) with finite
vertices. We show that Q = A*/ ~ is finite. To this end let u € A* = £(E*®) and take
all paths representing ;. Each one can be uniquely written as z = x; --- 2y with z;
composed only of edges from E;. Let

Cp = {r(z) | £(x) = p}.
Then {w | w* g € A"} contains all the labeled paths starting at some vertex in C,,.
Therefore if [1] # [v] then C, # C,. Thus the cardinality of 2 is at most 2!Vl and

hence finite. m

Example 9.8. Referring to the FL A* in Example 9.3 given by
A* = {(07,0™), (0F10%,0™), (0™, 0%10") | n, m, k,1 € Z, },
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the follower set graph is given in Figure 3.

(0,0) (0,0) (0,9)
N (0,1) N N
([(\@ ] e ([(\@,@)] _ ([(\1 )]
Ao T WA (1,0) 7 A
(0,0) (0,0) (0,0)

Figure 3. Follower set graph for Example 9.3.

9.1. Higher rank subshifts. Next, we describe FL’s that come from subshifts. This
follows similarly to the rank one case [36], and we omit the details. In short, fix the
symbol set ¥ = {1,...,d} and create the full N-rank shift

AN;: HZZ:EZX---XEZ
le[N]

as the product of the full rank one shifts. For z € Ay we write z; € X% for the i-th
coordinate and define the higher rank block

Zinn] = (T1 il - TN i) € (F)"
whenever n < m. A word w € (Fi)N appears in x € Ay if w; appears in x; for every
i € [N].
Definition 9.9. Let F be a set of words in (F1)". The subshift X is defined by
Xr:={z € Ay | now € F appears in z}.
We write
B(Xr) ={we (Fi)N | 32 € X & such that w appears in w}
for the language of a subshift Xp.

When X7 # (0 it is clear that B(Xz) is an FL that satisfies the property: for all
i € [N]and p € B(X#) there are ;(k), 0;(¢) € B(Xr) such that 6;(k)xpuxd;(¢) € B(XF).
Conversely, every F C (]Fi)N defines an FL A%. Then A% is the language of X if and
only if A% satisfies the aforementioned property.

Example 9.10. Example 9.3 is an FL of a higher rank subshift. Indeed, we may
always append (0, () or ((,0) on either side of a word.

As in the rank one case, there exists an equivalent characterization of higher rank
subshifts. Recall that X% is a compact metrizable space and thus so is Ay. We use the
left shift o on X% to define shifts on Ay along any of the directions, i.e.

oz ifj =1,
(0i()); : {371 if .
We will call the collection o := {oy,...,on} the full multi-shift on Ay. It can be
shown that X C Ay is a subshift if and only if X is compact and X = o;(X) for
all i € [N]. The proof follows the same lines as in [36, Theorem 6.1.21]. Hence, we
will often just write X for a subshift without always specifying the underlying set of
forbidden words F.



32 A. DOR-ON AND E.T.A. KAKARIADIS

9.2. Encoding languages. Our next goal is to prescribe operators that encode an
FL, given by appending words. This is the multivariable analogue of what is done in
[37, 52]. For p € (F9)" let the operator T, € B(£*(A*)) be given by

Cusw  Af pxw € A*,
T,ey = e # -
- 0 otherwise.

The mapping T: (F4)N — B((*(A*)) defines a semigroup homomorphism such that
T, = 0 if and only if p ¢ A*. In particular every T}, is a partial isometry with

T,1, =span{ey | pxw € A"} and T,T; =span{ey | p < w,w € A"}

Consequently every 7T, commutes with every 7T, and every T, T;. In fact T': A* —
B((?(A*)) is Nica-covariant in the sense that

T, T if uVvuveh
T, Ty = e TEYE
- = 0 otherwise.
Although A* is not a semigroup, the relation above resembles the Nica-covariance of
[43], whenever multiplication is still within A*. Tt is clear that the partial isometries
Ts,ky and Tj,() may fail to have orthogonal ranges when i # j, as 0;(k) V 0;(f) =
0;(k) % 9;(¢) may be in A*.
Definition 9.11. Let A* be an FL. Then its C*-algebra of checkers A is the unital
commutative AF-algebra generated by the projections 7;T, with pu € A", ie., A =
U,, An for

A, = C*(TE*TE | |pl < n).

Since every Ty, i) T, ) commutes with A we can define the (non-unital) x-endomor-
phisms of A
Qs (k) A=A a— T({.(k)aT(Si(k)
By iterating we obtain a partial anti-homomorphism a: A* — End(A), so that the
identity a7, = T,a,(a) is satisfied for all a € A and p € A*. We call this partial
anti-homomorphism «: A* — End(A) the quantized dynamics of A*.

Proposition 9.12. Let A* be an FL, and let Q@ = A*/ ~ and Q, = A*/ ~, forn € ZY.
Then A, ~ C(S,) for every n € ZY, so that A ~ C(2). Consequently, we have that
(1) A* is sofic if and only if there is an m € ZY such that A = A, for alln > m.
(ii) FEwvery ay, € End(A) induces a partially defined map ¢, on Q@ by vu([u]) =
[w * p], with domain {[u] | w* p € A*}. B

Proof. Suppose that {Hv . ’HM} is the set of words in A* with length less than or
equal to n. Then A,, is the linear span of its minimal projections, given by

r M

| | T T, . | | I-77 T
Boiiy™ Baiy ( Lo (5) ng)

i=1 j=r+1

for permutations o € Sy and r € {1,...,M}. A partition of {Hr""ﬁM} into
two disjoint sets {Hau)’ . ’Ea(r)} and {Ea(r—&—l)""’/io(M)} defines a unique [v], =
{lo(1)s -+ Ho(ry }- Then the map ¢, sending a minimal projection to the characteristic
function on this [v], gives the required *-isomorphism from A, onto C'(€2,). For the



OPERATOR ALGEBRAS FOR HIGHER RANK ANALYSIS 33

second part, let vy, pim: C(2,) = C(Qyis) be the induced map from 9,40 Qi —

2,,. We have to show that the diagram

Aﬂ L Aﬂ+m
l%’n l‘?nﬂﬂ
Tn,n4+m
C () C(Qm)
is commutative. On the one hand notice that 7, nym maps X[y, to the characteristic
function on the set {[w|pim | [W]n = [¥]n}. Suppose without loss of generality that
o = id so that
M
V]" HT*l K, H ] T*JT73> = a
j=r+1

Then a as an element in A, ,, is written as a linear sum of minimal projections over
words of length n + m. Suppose that {u’l, e ,ugw,} is this set. Then the minimal
projections in this linear combination of a must satisty T, T,, < T;1T), for all i =

L...,rand T} T > T* T forall j=r+1,..., M. ThlS “shows that the element a

is written as the sum of the characterlstlc functions on |[w], 1, with [w], = [V].. N

Remark 9.13. In the sofic case, the duality between (€2, ) and (A, «) is given from
the follower set graph. First of all there is a bijection between the minimal projections
of A and the vertices of the follower set graph (A, £). Hence, if p, corresponds to a
vertex v in A and p € A is a path in (A, £), then

20 (p0) = D “Apa) | 7(v) = v and £(v) = L()}.
Moreover T;T), is the sum of all the minimal projections p, such that v = s(y) for any
1 sat1sfy1ng 2( ) = i

9.3. Product system construction. By using the Nica-covariance of T" and the al-
gebra of checkers A we can write

CY(T) =span{T,aT; |a € A, p,v € A"}

The use of A is necessary so as to obtain this special form of C*(7"). More precisely,
the linear span of the monomials 7,7 is not large enough to form an algebra that
densely spans C*(T"). Nevertheless this form of C*(7") allows us to identify a product
system related to A*. For every i € [N] we define concretely the C*-correspondence

Xi(A%) i= Span{ Ty ya | a € A, 0,(k) € A*, k € [d]}
with the inner product and bimobule structure given by

€& n)=¢n and ¢i(a)-b:=atb forall £, € X;(A*),a,b€ A.
Since all X;(A*) are concretely defined in B(¢*(A*)) we derive

Xi(A") @4 Xj(A") = [XG(A*) - X;(A*)].
However we have that

Ts,(yaTs; )b = Tis; oy T,y s, 1y (@)b € [X5(A*) - X5 (A*)].
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Since A is unital, and by symmetry, we get [X;(A*) - Xj(A*)] = [Xj(A*) - Xi(A*)], which
coincides with the closed linear span of {Tgi(k)*gj(l)a | a € A}. The latter follows from
the equality

Tswyes;00 = T T, Touwy T, 9@ = Too 1a T, e € Xa(A7) - X5(A7),

as A is unital and Ty, is a partial isometry. By iterating, it is easy to verify the
following proposition.

Proposition 9.14. Let A* be an FL in (FL)N. Then the family
Xy (A7) :=5pan{T,a | a € A, p € A, |p| = n}
defines a product system X (A*) with the unitary equivalences given by
Xn(A) @4 X (A7) = [Xn (M) - X (A7),

Moreover the Nica-covariant representations (m,t) of X (A*) are in bijection with pairs

(m, V) such that:

(i) V:A* — B(H) is a Nica-covariant representation for A*, in the sense that

Ve

j%

Vi f uV e,

V#V;VVVV* — JIA24 ZfH Z
- = - 0 otherwise,

(i) 7(a)Vs,e) = V)T, (@) for all (i,k) € [N] x [d] and a € A,

(il)) VgwVan = 5kl7r(T 5k )T5 y) for all i € [N] and k,l € [d].
The bzyectzon is given via the equation t(T,) =V,.

Henceforth we will write N7 (A*) and NO(A*) for the Nica-Toeplitz-Pimsner and

the Cuntz-Nica-Pimsner algebras of X (A*), respectively. It is clear that (id,T') is a

Nica-covariant representation for X (A*) such that C*(id,T") = C*(T"). However this
particular representation may not be faithful when induced on N'T(A*).

9.4. The Zp-ideals of X (A*). Now that we have constructed the algebras associated
to A*, we wish to understand the ideals of relations. Note first that the left action on
X (A*) is by compacts. Indeed a straightforward computation yields

Z Ocine  Tor & = Ts,ms, (@) and ng = T,

Hence, it is easy to Verlfy the following proposition for the ideals of solutions.

Proposition 9.15. Let A* be an FL in (FL)N and let § # F C [N]. Then we have
ﬂ ker ¢; = ﬂ{kera(;i(k) lie F keld} and Ip= ﬂ{oz (Jr) | suppp L F}.

i€k
Let (,t) be a Nica-covariant representation of X (A*) associated to a Nica-covariant

representation (m, V) of A*. Due to the product system construction and equation
(3.1), we get that

= Z Viito) Vorwy € m(A).
ke[d]
To make a distinction we write P; for the projections induced by (id, T"). Consequently

I-P=1-) TswTi
ke(d]



OPERATOR ALGEBRAS FOR HIGHER RANK ANALYSIS 35

is the projection on span{e, | p € A*, u; = 0}. Recall our notation in Subsection 5.2,
so that Qr = [[;,cp(I — B). It follows that Qr € A’ N C*(T) and that Qpy; is the
projection )y on ey. As the product system is built in a way that reflects the algebraic
relations in C*(7") there is a connection between Qp and (), ker ¢;.

Proposition 9.16. Let A* be an FL in (FL)Y and let F C [N]. Then
ﬂker@:{aeAla:aQF} and {a € A|aQr =0} C Zp.
i€F

Hence, Qr € A if and only if Tr = A(I — QF).

Proof. Let a € (,cpker¢; and @ € F. Then aTy,) = Ts,k 0,1 (a) = 0 for every
k € [d], and therefore

a(I = P)=a(I = TswTi) = a
ke(d]
As this holds for every i € F' we get that aQ r = a. Conversely if aQr = a then
as,wy(a) = Ty, 0 T5, ) = Ts 3y 0QrTs,0) = T, 1) 0Qr (I — Pi)Ts,) = 0
for all (i,k) € F x [d], which shows that a € [,.p ker ¢;. For the second inclusion let
a € A such that aQp = 0 and let b € (,.p ker ¢;. Then b = bQr and so
ab= abQr = aQrb =0,

which gives that a € Jr. Moreover, if  has support perpendicular to F' then it follows
that QrT), = T,Qr. Thus, if aQr =0, then

aﬁ(a)QF = TE*G/QFTE = 07

and as above we get o, (a) € Jp when supp i L F. Therefore we have that a € Zp.
For the last item, if Qp € A then Nicr ker ¢ = A - Qp. From this it follows that

Jr = A(I — Qp) which is o-invariant when p L F. Hence Zp = A(I — Qp). The

converse follows since A is unital. B |

When A* is rank one then there is a dichotomy on ker ¢: either ker¢p = CQy or
ker ¢ = (0) [27]. In fact it is shown in [27] that @y € A if and only if for every k € [d]
there is a py such that pik ¢ A*. However this dichotomy no longer holds in the higher
rank context. There may be elements in (), ker ¢; that are not scalar multiples of
the products of all

Toii ey Tui ey such that if (i, k) € F' x [d] then p(i, k) € A" while pu(i, k) + 0;(k) & A”,
even when such words exist. Moreover in Example 9.18 we will see that it is possible

to have (;cpker ¢; # (0) for F' % [N] but (7, yker ¢; = (0). On the positive side we
have the following proposition. It shows that a dichotomy holds for F' = [N].

Proposition 9.17. Let A* be an FL in (FL)N and fix ) # F C [N]. Then the following
are equivalent:

(i) There exists an a € (,cp ker ¢; such that aQpe # 0.
(ii) There exists an a € A such that aQpe = Qy.
(iii) For every &;(k) € A* with (i,k) € I x [d] there exists p € A* such that
ok 0 (k) ¢ A*.
If F = [N] then item (iii) above is equivalent to:
(iv)  Mieqw ker i = CQyp.
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(V) Miepn ker gi 7 (0).
(vi) Qg € A.
Proof. [(i) = (ii)]: Without loss of generality we may assume that there exists an

n € Zy such that a € (,cpker ¢; N A,.;. Write {Qy, }r, for the minimal projections of
Apq given by products of T)T, and I —T;T, for |u|,[v| < n-1. We reserve Qo for
the product of all the T,;T,, with |u| <n-1. Thus we can write a = > A,,Qp,. Since
Qo < T;7T, for all v € A* then QpQ,,, = 0 for all m # 0, and QyQo = Qp. Proposition
9.16 gives that a = a@Qr and so

0 7£ CLQFC = CLQFQFC = CLQQ = Z )\QOQ@ = )\OQQ

Hence A # 0 and Qp = (\;'a)Qpe.

[(ii) = (iii)]: Suppose there exists an a € A with Qy = aQpe. Then aQp = aQp-Qp =
Qp. Let a, € A, converge to a, and so lim, a,Qp = aQy = Qp. By using a decom-
position of each a, with respect to the minimal projections in A,.;, we find that the
O-coefficients \,()p tend in norm to ()y. Consequently we have that

1= [[Qoegll = Tim [|AQoep|| = Tim [Ay].

If there were a 0;(k) € A* such that px&;(k) € A* for all u € A, then Qoes, k) = €5,(x)-
Hence we would derive the contradiction

0 = [[Quesi (x| = lim [[AxQoes, [| = lim [A].
[(iii) = (i)]: For (4,k) € F' x [d], let pu(i, k) € A* such that u(i, k) x d;(k) ¢ A*. Then

the element
(9.1) a = H Tﬁ*(i,k)TH(ivk)

(i,k)eF x[d]
satisfies item (i). Indeed notice that aQpe = Qy, since aes,y = 0 for all (i, k) € F x [d].
[(iii) < (iv) < (v) < (vi)]: These equivalences follow by applying the same arguments
with the identity I in the place of Qe to show that @)y € A, so that Proposition 9.16
finishes the proof. ]

Example 9.18. Let A* C F3 x F3 on three symbols {0, 1,2} defined by the forbidden
words

F={(1,1),(2,2),(0,2),(0,02)}.
We claim that the element
a =TT - ToyTe - (I —TpeTeo)
is a non-trivial element in ker ¢»;. First notice that
TonTenews = Tpo T = (I = TpoToo)ews = eo2)
and thus a # 0. Since (1,1) ¢ A* we have that
T(%,l)T(@,l)T(17@)e(u,V) =0 for all (u, I/) e A”.

Therefore T(B,I)T(@J) is in ker o, (1). Similarly we obtain that T(BQ)T(@,Q) is in ker ag, (2).

By construction of the forbidden set we also have that (Ou,v) € A* if and only if
(Op, Ov) € A*. Indeed if (Op,v) € A* then 2 ¢ v. If (Ou,0v) ¢ A* then there should
be a forbidden word (0x/,0v') in (Op, Ov); this can only happen if 2 € v/ giving the
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contradiction 2 € v. Conversely if (0u, 0v) € A* then its subword (Oy, v) is also in A*.
Therefore we have that

. eopr) if (Op, 0v) € A* and (Op,v) € A*,
T 0 T10.0 Ti00) Cur) =
(0,0)* (0,0)+(0,0) € (,v) {0 otherwise,

_ Jeouwy 1 (Op,v) € A%
0 otherwise,

= T(0,0)€(u)

which shows that I — T (B’O)T(@,O) € ker as, (). Thus, we have that a € ﬂ?:g ker a5, ;) =
ker ¢1. Note here that aQ2y = 0. Indeed, since

2
CLQ{Q} = CL(I - P2) — Cl(] - ZT52(])T;2(J))
7=0

we see that Qqay€(,,,) # 0 forces v = (). Then I — .0 Tw0ye(uo =0 for every p € F3,
so that aQqsy = 0 (Compare this with item (i) of Proposition 9.17).

At the same time we have Zj5 = A since ker ¢; Nker ¢ = (0). Indeed, by Proposition
9.17 it will suffice to show there’s no word (u,r) € A* such that (u,v) * (0,0) ¢ A*.
However, it is clear from the definition of forbidden words that (u, v0) ¢ A* if and only
if (p,v) ¢ A*, and we are done.

9.5. Consequences of the GIUT. In the rank one case, the Cuntz-Pimsner algebra
O(A*) is only one of the extremes of C*(T") and C*(7)/K. However this is no longer
true in more directions. In fact we have to consider a larger ideal than the compacts.
To this end let Jg be the ideal in C*(T) generated by the Qp, i.e.

Jo=(Qr|0#FCIN]).
Proposition 5.5 implies that J¢g contains K(id, T'), as well as the compacts K = <QQ>.

For the latter notice that 7,(QyT); is the rank one operator e, — e,. Thus there is

a canonical *-epimorphism NO(A*) — C*(T)/Jg. On the other hand Corollary 5.6
asserts that C*(T') lies above NO(A*) (as trivially A — C*(T")). Consequently we have
the following canonical *-epimorphisms

NT(A*) = CH(T) = NO(A*) — C*(T) /0.

First we ask when is it possible for NO(A*) to coincide with C*(T') or with C*(T) /T,
and secondly if NO(A*) can take values “in-between”. We answer these questions in
the following three applications of the GIUT.

Corollary 9.19. Let A* be an FL in (FL)N. Then the following are equivalent:

(i) the canonical x-epimorphism NO(A*) — C*(T) /3¢ is injective;

(i) Zp = A for all ) # F C [N].
Proof. Fix ¢q: C*(T') — C*(T")/Jq. If item (i) holds then ¢4 is injective as it factors
through A — NO(A*). Moreover ¢(a)q(Qr) = 0 for all a € A since ¢(Qr) = 0. It
then follows from Proposition 3.4 that A C Zp. Conversely if item (ii) holds then
Jo = K(id, T') so that if a € K(id,T") N A, we would have that a = 0 by Corollary 5.6.
Thus, A embeds in C*(T")/Jg, and the GIUT yields NO(A*) ~ C*(T) /3. "
Corollary 9.20. Let A* be an FL in (Fi)N. Then the following are equivalent:

(i) the canonical x-epimorphism C*(T) — N O(A*) is injective;
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(i) Zr={a € A|aQr =0} for all) # F C [N].

Proof. Suppose that item (i) holds and fix F* C [N]. Then (id,T") is a CNP-repre-
sentation and so aQr = 0 for all a € Zp. Proposition 9.16 implies that Zp = {a € A |
aQr = 0}. Conversely, if item (ii) holds then (id,T") defines a CNP-representation for
A*. Since A C C*(T), then the GIUT implies that C*(T') ~ NO(A*). u

Next we determine the form of NO(A*) when A* is a product of rank one languages,
as the tensor product of Cuntz-Pimsner algebras. Recall that the Pimsner algebras of
rank one languages are nuclear [30, 27] and so all tensor products can be taken to be
minimal. For an FL A* in (F2)", denote by A its projection at the i-th coordinate, so
that A* C Af x---xA%. To make a distinction suppose that C*(A}) = C*(t;x | k € [d])
and define

=10 0I® ti @ --2IcCA)®- - aC(Ay).
—~—
i-th position

Then we may define the correspondence

NO(NY) 2 Vsgy = tin €C*(tig |k €[d)) @ --- @ C*(tny | k € [d]).
Moreover there is a canonical *-epimorphism

O:C*(t1y |ke[d)®@---@C (tng | k€ [d]) > OA]) @ --- @ O(AY)
implementing the correspondence

(9.2) NOM) 3 Vi = B(F4) € O(A]) @ -+ @ O(A}).

Corollary 9.21. Let A* be an FL in (FL)N and let Aj,..., Ay be its projections.
Then the bijection in equation (9.2) induces a *x-isomorphism between NO(A*) and
O(A}) @ - @ O(AY) if and only if A* = A} x -+ X AY.

Proof. First suppose that A* = A% x -+ x A%, so that C*(T) = C*(t1) ® - - - ® C*(ty).
To fix notation write {o;}reiq for the quantized dynamics on A; and note that A =
A ®---® Ay. For i € [N] we then have

agi(k):id®---®id® Q; ) ®id ® -+ - ®id.
~—
i-th position
Since the A; are commutative we get
keI'Oé(gi(k) = Al XX Ai*l X keroziyk X Ai+1 KX AN
Without loss of generality, up to rearranging terms, there’s an £ € [N] such that
ker ¢; = ﬂ kera;j, # (0) for t < ¢ and ker¢; = ﬂ ker a; , = (0) for i > £+ 1.
keld] keld]
Then by [27, Theorem 6.1] we derive that
(g | ke ld if 1 </,
o) =l red) Rs
C*(tix | k€ [d)/C ifi>l+1.
We also fix the notation

qp; = 1 — Z ti,ktZk € A; fori<V/.
keld]
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Then we have to show that

NO(A*) = C*(t1) @ C*(t;) @ C*(ty41) /K @ -+ - @ C*(tn) /K.
Take the quotient map

Q: C(T) = C*(t1) @ C*(ty) ® C*(te1) /K@ - @ C*(tn) /K.

As (id,T) forms a Nica-Pimsner representation that admits a gauge action then so
does (®|4,PT). In particular ®|4 is faithful as the tensor product of injective repre-
sentations. It suffices to show that ®(a)®(Qr) = 0 for all a € Zr, and then the GIUT
finishes the proof. First suppose that F' C {1,...,¢} and without loss of generality
assume that F' = {1,...,m} for m < ¢. Then by definition we have

Qr=q@1®  Q@pmI@ -1

and thus Qr € A. Hence Proposition 9.16 gives that Zp = A(I — Qp). Thusifa € Zp
then
®(a)®(Qr) = 2(a(l — Qr))2(Qr) = 0.

On the other hand suppose that F' contains an element from {¢+1, ..., N} and without
loss of generality suppose that N € F. It then follows that ﬂke[d] ker as, (1) = (0) and
so (Vepkerg; = (0). Hence Zrp = A. At the same time we have that ggn € K
and thus ®(/ — Py) = 0. Therefore ®(Qr) = ®(Qp)Pr( — Py) = 0, and trivially
O(a)®(Qp) =0forallac A=TIp.

Conversely, suppose that the correspondence of equation (9.2) extends to a *-isomor-
phism. Then for g = (p1,. .., un) € (FL)Y we have that:

pEN = ViV, #0 <= Oty t, @ @t 1) #0.

However @ is injective on A; ® --- ® Ay and thus the above is equivalent to ¢, ¢, # 0
for all i € [N], which holds if and only if u; € Af for all i € [N]. Thus A* coincides
with A7 x -+ x A} n

Now let us examine the sofic case further. Henceforth, let A* be a sofic FL and
denote by (A, £) its higher rank follower set graph as in Definition 9.6. That is, A is
the ambient higher rank graph and £ is the labeling. By Remark 9.13 there is a one-
to-one correspondence v — p, between the vertices of A and the minimal projections
in the algebra A of the checkers. We wish to connect NO(A*) with C*(A). To allow
comparisons we will denote by Zg(A*) the ideals of solutions for X (A*).

Proposition 9.22. Let A* be a sofic FL and let (A, £) be its higher rank follower
set graph. Let ) # F C [N]. If a vertex v of A is F-tracing then its corresponding
projection p, is in Tp(A*).

Proof. Since v is F-tracing then there is an i € F' and an edge (e, i, k) with r(e) = v.
By construction as, k) (py) > Ps(e) 7 0 showing that p, ¢ (1, ker ¢;. Since A is discrete
we get that p, € Jp(A*).

Now take A € A such that d(A\) L F and apply agny on p,. If ¢ = agpy(ps) # 0
then it corresponds to the sum of p,y for the paths v ending at v with £(v) = £(\).
For such a v we get that d(v) = d()\) and thus d(v) L F as well. As v is F-tracing,
the vertex s(v) must receive an edge (f,7,k) for some ¢ € F. The comments above
show that py,) € Jrp(A*). As this holds for all v we get that ¢ € Jp(A*) and thus
Dy € IF(A*) |



40 A. DOR-ON AND E.T.A. KAKARIADIS

We now arrive at the conclusion of this section which connects C*-algebras of higher
rank graphs with those of FL’s through the follower set graph construction. This result
is in analogy with [6] and [27] for the single variable case.

Theorem 9.23. Let A* be a sofic FL and let (A, £) be its follower set graph. Then
there is a canonical x-isomorphism between NO(A*) and C*(A).

Proof. Since the follower set graph is row-finite its Cuntz-Krieger A-families coin-
cide with the CNP-representations. Let (m, V') correspond to a CNP-representation of
X (A*). We define the family of operators {t, | A € A} by

b 7(py) if A = v is a vertex,

A Ve (psr))  otherwise.
Since A is generated by the minimal projections 7(p,) (and they add up to the identity)
we get that

C*(m, V) = C* (Vi m(py) | p € A0 € A%) = C*(ta | X € A).
It suffices to show that {t, | A € A} is a Cuntz-Krieger A-family. Then Theorem 8.6
applies to give the *-isomorphism between NO(A*) and C*(A).
It is clear that {t, | v € A%} is a set of pairwise disjoint projections. For (HR), let
A, o € A such that r(u) = s(\) and compute
Ent = Ve T (0so) Ve T(Ps) = Veoneen T (e (Ps0)Psu) = Ve T (Ps(wn) = taus
where we used that ag,) (pS 3) = Ds(uy and s(Ap) = s(u). For (NC), let A\, p € A and
consider two cases. If £(\)V S(u) = oo then A™" (X, ) = (. Therefore in this case we
get
3t = Pson Ve Ve Psw = 0.

Now suppose that £(\) V £(u) < oo and let paths z,y in A such that

200 * £(x) = L)V L) = L) * £(y).

At this point we do not claim that Az or uy exist. We can use Nica-covariance of V' to
deduce that

V)Z*(A)VS(N) = Vz*( Veia VS(A)VS V;:*(u Ve = Vs* VE(A)VE VL()\)\/E Ve(w
= 7T(Ts( Ton )Vs Vz* (Tg(#)Tg ) Ve(z) m(a )V,Q(y)
Where the last equality uses commutation up to applying «, for
a = aE(x)(T;(A)TE(A)) = TS(A)V)Z(M)TE()\)VE(N) = Qg(y) (Tg(u)Tﬁ(u))'
We thus get that
5ty = m(Ps0) Ve ™(@) Vi) T(Ps(u) = Ve T (@) (Psoy) - @ e (Pse)) Ve,
By construction we have
Qo) (Ps(n)) - @ - Qe(y) (Ps(n) =
= Z@{ps(ul)ps(l/)ps(w) | V1,9,V € A such that
r(1) = s(A),r(v) = s(p), and
L) = £(x), L(r2) = £(y), £(v) = £(A) V £(u)}

Clearly ps(,)Ps(v)Ps(vz) 18 non-zero exactly when s(v1) = s(v) = s(1»).
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Now there are two cases. First suppose that A™™(\ ) = 0. As (A, £) is source-
resolving, if s(v1) = s(v) = s(v») then we must have that v = Ay = pr, and hence
(v1,9) € A™"(X, i) which is a contradiction. Thus, all the summands above are zero
giving that ¢,t;, = 0 as required.

Now suppose that A™®(\, u) # (. Then there are vy, 5, v € A such that s(v;) =
s(v) = s(va). Again since (A, £) is source-resolving, we must have that v = vy = uwy
with (v, 5) € A™"(\, ). Indeed, we have that

L(A) * L£(v1) = L) * L(z) = LNV L£(pn) = £(v)

and likewise for £(u) * £(v2). As the degree of a path agrees with the multilength of
its labeling, we have that (v, 1,) € A™™(\, ). Therefore we obtain that

tﬁ\tu - Z{Vﬂ(z)ps(l/l)ps(l/z)vg(y) | S(7/1) = S(l’), 2(”2) - S(y)7 (Vb VQ) S Amin<>\’u>}

V1,v2

=3 {tt, | (1) € AR (0, )}

and thus (NC) is satisfied. Finally we show that the family satisfies (CK’) and then
Theorem 8.6 will conclude that {Vem(psn)) | A € A} is a Cuntz-Krieger A-family. To
this end, by Proposition 9.22 it suffices to show that

(9.3) [Tt = tut | € oAy = 7(po) [ [T — 1)
ieF
for any F-tracing vertex v. Notice that
[Tt = tuty | € oAy =1, = > {tut; | w € A},
Since p, commutes with p; we get
(o) [ [T =) = [[(=(20) = 7(p0)p1)-
i€F ieF
By construction we have that p; = ;i Vo) Vs, ) and so m(py)p; # 0 if and only if
vAl £ (). Thus, we need to verify that

S o {tatn | € oA} = 7(p) > Vi Vinew
keld)

for the i € F such that vAl # (), and then equation (9.3) will hold. However a
straightforward computation gives that

D Atuty [ vAY =30 {Vswm(pog) Vi | 1 € vA st £(u) = 6,(k)}

keld)
=) Vaaym(as, @) Vi = 7(00) Y Vi Vi)
keld] keld]
and the proof is complete. ]

10. FUTURE DIRECTIONS

A number of results in C*-correspondences rely on GIUT and now we have simpler
relations that we can use to pursue the higher rank analogues. Let us describe here
some problems that can follow in subsequent works.
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Question 10.1. Our setting has re-formulations in the context of other semigroups.
It is possible that an algebraic description of NO(X) for strong compactly product
systems may still be carried over by using a more general setting, such as in Sims—Yeend
[53]. The main difference with Z% is that for general P there may be no canonical
generators and thus no reduction to relations in terms of subsets of the 1-cube.

Question 10.2. In [31], Katsura uses his insight from [30] to characterize gauge in-
variant ideals of Tx from ideals of the coefficient algebra A (see also [23] for gauge
invariant ideals inside the ideal of Katsura’s relations). It is plausible that such tech-
niques can be carried over to our setting. An important technique to try to generalize is
the tail adding technique used in [28, 10]. It was first established by Muhly-Tomforde
[42] and later extended by Kakariadis-Katsoulis [25]. This technique is useful for es-
tablishing Morita equivalence with C*-algebras associated to an injective system, which
then gives a correspondence between ideal lattices.

Question 10.3. The tensor algebra of Muhly-Solel [40] is the non-involutive algebra
generated by a C*-correspondence inside its Toeplitz-Pimsner algebra. Muhly-Solel
[41] have imported the notion of strong Morita equivalence to the context of C*-
correspondences. Under injectivity of the action, they have shown that it implies
strong Morita equivalence of their Pimsner and tensor algebras (in the sense of Blecher-
Mubhly-Paulsen [5]) of the tensor algebras. The injectivity condition has been removed
by Eleftherakis-Kakariadis-Katsoulis [15] leading to strong Morita equivalence of the
tensor algebras in the stronger version of Eleftherakis [14]. These proofs depend on
the GIUT and may extend to the context of strong compactly aligned product systems.

Question 10.4. Taking motivation from Symbolic Dynamics, Muhly-Pask-Tomforde
[39] lift the notion of strong shift equivalence to the context of regular C*-correspon-
dences. By using the GIUT they show that SSE implies strong Morita equivalence
for the Cuntz-Pimsner algebras, but not for the Toeplitz-Pimsner algebras and tensor
algebras. Kakariadis-Katsoulis [26] extend this theory for shift equivalence. Tt is
natural to ask for the shift relations for product systems and then for the corresponding
results.

Question 10.5. A key point in [26] is the minimal extension of an injective C*-
correspondence to an essential imprimitivity bimodule. This was established in [25]
in a similar way as to how one gets the minimal automorphic extension of an injective
s-endomorphism. Then it is shown in [26] that the shift relations are stable under this
extension. The direct limit process for dynamical systems has been used effectively in
[10] for C*-dynamical systems and expanding the theory to product systems would be
desirable.

Question 10.6. Now that a theory of higher-rank factorial languages and their alge-
bras has been developed, it is natural to ask for analogous results to those of Matsumoto
[38, 37], Matsumoto-Carlsen [8], and Kakariadis-Shalit [27]. For instance, one may
ask for classification up to isometric/bounded isomorphism of various nonselfadjoint
operator algebras associated to higher-rank factorial languages, and their relationship
to subproduct systems in the sense of Shalit-Solel [52].
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