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ZAPPA-SZEP PRODUCTS OF SEMIGROUPS AND THEIR C*-ALGEBRAS
NATHAN BROWNLOWE, JACQUI RAMAGGE, DAVID ROBERTSON, AND MICHAEL F. WHITTAKER

ABSTRACT. Zappa-Szép products of semigroups provide a rich class of examples of semigroups
that include the self-similar group actions of Nekrashevych. We use Li’s construction of semigroup
C*-algebras to associate a C*-algebra to Zappa-Szép products and give an explicit presentation
of the algebra. We then define a quotient C*-algebra that generalises the Cuntz-Pimsner algebras
for self-similar actions. We indicate how known examples, previously viewed as distinct classes,
fit into our unifying framework. We specifically discuss the Baumslag-Solitar groups, the binary
adding machine, the semigroup N x N* and the ax + b-semigroup Z x Z*.

1. INTRODUCTION

Examples are crucial to progress in C*-algebras. Operator-algebraists are therefore enthusiastic
to have ways of generating and analysing rich classes of examples. Semigroups feature in a number
of families of interesting examples. In this article we describe a new class of semigroup C*-algebras.

The theory of C*-algebras associated to semigroups can be traced back to Coburn’s Theorem [3],
which says that any two C*-algebras generated by a non-unitary isometry are isomorphic. There
have been a number of generalisations of Coburn’s Theorem, including Douglas’s work [10] on
positive cones of ordered subgroups of R, and Murphy’s work [21] on positive cones in ordered
abelian groups. A major generalisation was developed by Nica [25] through his introduction of
quasi-lattice ordered groups (G, P).

A quasi-lattice ordered group (G, P) consists of a partially-ordered group G and a positive cone
P in G. Nica identified a class of covariant isometric representations of P, and introduced the
C*-algebra C*(G, P) universal for such representations. Quasi-lattice ordered groups are rigid
enough in their structure to produce a tractable class of C*-algebras C*(G, P), and yet they
include a wide range of interesting semigroups as examples. Indeed, quasi-lattice ordered groups
are still providing a rich source of interesting C*-algebras, as evidenced by the recent work on the
C*-algebras associated to N x N* [15], and the Baumslag-Solitar groups [29].

A broad generalisation of Nica’s C*-algebras associated to quasi-lattice ordered groups has
recently been introduced by Li [19]. He associates a number of C*-algebras to discrete left
cancellative semigroups. This generality is possible because of the importance of the right ideal
structure of the semigroup; the full C*-algebra C*(P) is generated by an isometric representation
of P and a family of projections associated to right ideals in P satisfying a set of relations. As
well as quasi-lattice ordered groups, Li’s construction caters for the ax + b-semigroups over the
rings of algebraic integers in number fields (see also [6]). We will examine the ax + b-semigroup
over Z, which is the ring of algebraic integers in Q.

2010 Mathematics Subject Classification. Primary: 461.05; Secondary: 20M30.
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A seemingly unrelated class of C*-algebras has recently been discovered by Nekrashevych
[22, 24], namely those associated with self-similar group actions. The first example of a self-
similar action was given by Grigorchuk [11]. As an infinite finitely-generated torsion group with
intermediate growth, Grigorchuk’s example solved a number of open problems, see [23, p.14].
Since then a large number of interesting group actions have been shown to be self-similar and we
refer the reader to Nekrashevych’s book [23] for further details.

A self-similar action (G, X) consists of a group G with a faithful action on the set X* of finite
words on a finite set X; the action is self-similar in the sense that for each ¢ € G and z € X
there exists a unique g|, € G such that ¢ - (xw) = (g - 2)(g|, - w) for all w € X*. Nekrashevych
associated a Cuntz-Pimsner C*-algebra to a self-similar action (G, X) via generators and relations.
The algebra is generated by a unitary representation of G and a collection of isometries associated
to X, with commutation relations modelled on the self-similarity relations. The Cuntz-Pimsner
algebra contains copies of the full group C*-algebra and the Cuntz algebra O)x|. Since then, a
universal Toeplitz-Cuntz-Pimsner algebra has been constructed that contains a generalised version
of Nekrashevych’s algebras as a quotient [16]. The self-similar commutation relations provide for
an extremely simple generating set in both cases, and make the algebras particularly tractable.
These commutation relations have been the inspiration for the results in this paper.

We identify a class of C*-algebras that includes both those associated to quasi-lattice ordered
groups and those associated to self-similar actions. We do this using a construction that was
developed by G. Zappa in [33] and J. Szép in [30, 31, 32]. Given two groups, one can potentially
impose a number of group-theoretic structures on their Cartesian product. In a direct product,
both groups embed in the product as normal subgroups. In a semidirect product only one of the
groups need be normal in the product. In a Zappa-Szép product of two groups neither group need
be normal in the product. Zappa-Szép products of semigroups were first described by Kunze in
[14], and more recently Brin [1] has described Zappa-Szép products in much broader generality.
We examine a class of Zappa-Szép products of semigroups, and we associate two C*-algebras to
these semigroups.

We start with the Zappa-Szép product of two left-cancellative semigroups with identities. Fol-
lowing Li’s construction from [19], we produce a full C*-algebra. We give a new presentation of
this full C*-algebra via generators and relations. We then introduce a boundary quotient C*-
algebra, also with a presentation in terms of generators and relations. In some cases our results
reduce to known results (see Remark 4.4 for the quasi-lattice ordered group case). In other cases
our results provide new, and more tractable, presentations of known algebras. Our construction
also applies to new examples not covered by previous frameworks. As well as the C*-algebras
associated to quasi-lattice ordered groups and self-similar actions, we describe an example of a
C*-algebra associated to a self-similar action of a semigroup (see Sections 3.5 and 6.5) and to
products of self-similar actions.

The paper is organised as follows. Section 2 contains background material on the classes of
semigroups we consider, and on Li’s construction of the full C*-algebra associated to discrete left-
cancellative semigroups. In Section 3 we recall the general Zappa-Szép product of semigroups, and
we examine the examples of interest to us. In Section 4 we give our alternative presentation of Li’s
full C*-algebra via generators and relations. In Section 5 we introduce the boundary quotient.
We finish in Section 6 with an examination of the C*-algebras associated to the examples of
Zappa-Szép products introduced in Sections 3.1-3.6.

We thank Marcelo Laca for several interesting and helpful conversations about this work.



ZAPPA-SZEP PRODUCTS OF SEMIGROUPS AND THEIR C*-ALGEBRAS 3

2. BACKGROUND

In this section we present background material on semigroups and their C*-algebras. Note that
we consider only discrete left-cancellative semigroups satisfying an additional property on right
common multiples as described in Definition 2.1. We also outline Li’s construction for associating
a C*-algebra to a left-cancellative semigroup from [19].

2.1. Semigroups. All semigroups considered in this paper will have an identity, and hence are
monoids. For a semigroup P, we write P* for the set of invertible elements. Recall that P is left
cancellative if pg = pr = q¢ = r for all p,q,r € P. We work with semigroups in which elements
have right least common multiples in the following sense.

Definition 2.1. Suppose P is a discrete left-cancellative semigroup. We say r € P is a right
multiple of p € P if there exists ¢ € P such that p¢g = r. An element r € P is a right least
common multiple (or right LCM) of p and ¢ in P if r is a right common multiple of p,q € P, and
any other right common multiple of p and ¢ is also a right multiple of r. We say P is a right LCM
semigroup if any two elements with a right common multiple have a right least common multiple.

Even if they exist, least common multiples need not be unique. The following result will be
obvious to experts but we couldn’t find a reference, so we include it for completeness.

Lemma 2.2. Suppose P is a discrete left-cancellative semigroup and that r € P is a right LCM
forp,q € P. Then s € P is a right LCM for p and q if and only if s = ru for some u € P*.

Proof. Suppose s € P is a right LCM for both p and ¢ in P. Since both r, s are right least
common multiples for p,q € P, there exist ', s’ € P such that s = 7’ and r = ss’. Suppose
e € P is the identity in P. Then se = s = r1’ = (ss')r’ = s(s'r’). Since P is left cancellative, we
conclude s'r’ = e. Similarly, r’s’ = e. Hence " € P* and s = ru for some u € P* as required.
Now suppose that s = ru for some u € P*. Since r is a right LCM for p, ¢, there exist p', ¢ € P
such that pp’ = r = ¢q¢’. Thus pp'u = s = gq¢'u, and hence s is a right common multiple for p, g.
To see that s is a right LCM for p, ¢, suppose t € P is a right common multiple of p,q. So there
exist p”, ¢ € P such that pp”’ =t = qq¢”. Since r is a right LCM, there exist r” such that ¢ = rr”.
Then t = ruu='r" = st’ for ' = w~'r" € P, and hence t is a right multiple of s. Since ¢ was an
arbitrary right common multiple of p, ¢, we conclude that s is a right LCM for p and ¢ in P. [

Example 2.3. An example of a right LCM semigroup comes from the quasi-lattice ordered groups
introduced by Nica in [25]. Let G be a discrete group and P a subsemigroup of G with P* = {e}.
Then P induces a partial order on G via < y <= x~ 'y € P. The pair (G, P) is a quasi-lattice
ordered group if any x,y € G which have a common upper bound in P have a least upper bound
xVy € P. That is, if (G, P) is quasi-lattice ordered, then P is a right LCM semigroup with
unique right LCMs.

2.2. Semigroup C*-algebras. Let P be a discrete left cancellative semigroup. We recall Li’s
construction of the C*-algebra C*(P) from [19]. Given X C P and p € P define

pX ={pr:ze€ X} and p'X={yeP:pyc X}

A set X C P is called a right ideal if it is closed under right multiplication with any element of
P. If X is a right ideal, then so are pX and p~1X.

Definition 2.4 ([19, p.4]). Let J(P) be the smallest family of right ideals of P satisfying
(1) P,@ € J(P);
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(2) X € J(P) and p € P implies pX and p~'X € J(P); and
(3) X,Y € J(P) implies X NY € J(P).
The elements of J(P) are called constructible right ideals.

Remark 2.5. The general form of a constructible right ideal is given in [19, Equation (5)]. However,
the semigroups of interest to us are all right LCM semigroups, and in this case the constructible
right ideals are precisely the principal right ideals; that is, J(P) = {pP : p € P}. Notice that if
P is an arbitrary right LCM semigroup, then principal right ideals associated to distinct p,q € P
are not necessarily distinct, as is the case in the example discussed in Section 3.4. If (G, P) is a
quasi-lattice ordered group, then p # ¢ = pP # qP.

We can now give Li’s definition of the full semigroup C*-algebra for P.

Definition 2.6 ([19, Definition 2.2]). Suppose P is a discrete left-cancellative semigroup. Let
C*(P) be the universal C*-algebra generated by isometries {v, : p € P} and projections {ex :
X € J(P)} satisfying

(1) vpvg = Vpg;

(2) vpexvy, = epx;

(3) ep =1 and ey = 0; and

(4) exey = exny,
for all p,g € P and X,Y € J(P).

Ezample 2.7. When (G, P) is quasi-lattice ordered, Nica [25] constructed a C*-algebra C*(G, P)
which is universal for isometric representations V' of P satisfying

(1) VY — V;?*l(p\/q)‘/:;il(qu) if pVqg<oo
0 if pVg=o0
Li showed in [19, Section 2.4] that C*(P) = C*(G, P).

3. ZAPPA-SZEP PRODUCTS

The Zappa-Szép product of two groups was developed by G. Zappa in [33] and J. Szép in
[30, 31, 32]. Brin [1] described Zappa-Szép products in a much broader generality, including
Zappa-Szép products of semigroups. The following definition is given in [1, Lemma 3.13(xv)].

Definition 3.1. Suppose A and U are semigroups with identities e 4 and ey, respectively. Assume
the existence of maps A x U — U given by (a,u) +— a-u, and A x U — A given by (a,u) — al,
satisfying

(Bl) ea-u=u; (B5) a- (uwv) = (a-u)(al, - v);
(B2) (ab) -u=a-(b-u); (B6) aluw = (afu)lo;

(B3) a- ey = ey; (B7) ealu = €4; and

(B4) ale, = a; (B8) (ab)|, = alpubly-

The external Zappa-Szép product U <1 A is the cartesian product U x A with multiplication given
by

(2) (u,a)(v,b) = (u(a - v), (al,)b)

For each a € A and u € U we call al, the restriction of a to u, and a - u the action of a on w.

The following result [1, Lemma 3.9] describes the internal Zappa-Szép product.
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Proposition 3.2. Suppose P is a semigroup with identity. Suppose that U, A C P are subsemi-
groups of P with UN A = {e} and such that for all p € P there exists unique (u,a) € U X A such
that p = va. Fora € A and uw € U define a-vw € U and a|, € A by au = (a - u)al,. The action
and restriction maps so defined satisfy conditions (B1)-(B8) and P = U < A.

The following result gives sufficient conditions for U 1 A to be a right LCM semigroup.

Lemma 3.3. Suppose U and A are left cancellative semigroups with maps (a,u) — a - u and
(a,u) — al, satisfying (B1)-(B8) of Definition 3.1. Moreover, suppose U is a right LCM semi-
group, J(A) is totally ordered by inclusion, and u — a-u is a bijective map from U to U for each
a € A. Then U< A is a right LCM semigroup.

Proof. We first show that U 1 A is left cancellative. Suppose (u,a)(v,b) = (u,a)(w,c). Then
u(a - v) = u(a-w) and al,b = al,c. Since U is left cancellative, we have a - v = a - w. Since the
action of a is injective, we have v = w. Then a|, = a|,, and because A is left cancellative we
have b = ¢. So (v,b) = (w, c).

Now suppose (u,a),(v,b) € U b A have a right common multiple; so there exists elements
(u',a’), (v',b') € U< Asuch that (u,a)(u,a’) = (v,b)(v', V). In particular, u(a-u’") = v(b-v") € U.
Since U is a right LCM semigroup, u and v have a right LCM w € U. Fix u” and v” such that
uu” = w = vv”. Since we have assumed (u, a) — a-u is surjective for fixed a, there exists x,y € U
such that a -z =" and b-y = v". Since J(A) is totally ordered, we can assume without loss of
generality that a|,ANb|,A =b|,A. Fix a” such that a|,a” = b|,. Then

(u, a)(z, a") = (u(a - ), alxa”) = (uu”v bly) = (w, by),
and
(v,0)(y, €) = (v(b-y),bly) = (vv",b]y) = (w, bl,).
So (w, bl,) is a right common multiple of (u,a) and (v, b).
To see that (w,b|,) is a right LCM, suppose (u, a)(s,c) = (v,b)(¢,d). Then u(a-s) =v(b-t) =

ww' for some w' € U. Since (u,a) — u - a is surjective, there exists ¢ € U such that w' = b|, - t".
Then

v(b-t) =ww =vv"w =v(b-y)b], - t") =vb- (yt))
sob-t=0b-(yt'). Since (a,u) — a - u is injective for fixed a, this implies that ¢t = yt’. Hence
(v,b)(t,d) = (w,b],)(t',d) = (u,a)(s,c), and so (w, b|,) is a right LCM. O
Remark 3.4. Calculations in the above proof produce some useful observations about semi-
groups U and A satisfying the hypothesis of Lemma 3.3. Firstly,

(u,a)U <t AN (v,0)U <A =@ <= ulU NolU = 2.
Secondly, a right LCM can be rapidly identified in the following cases.

(a) If u,v € U have right LCM z € U, then (z,e4) is a right LCM of (u,e4) and (v,e4).
(b) For a € A and u € U a right LCM of (ey,a) and (u,ey) is

(U’va|2) = (6U7a)(27614) = (u’ eA)(eUaa|2)v

where z is the unique element in U such that a - z = .

Perhaps surprisingly, a number of interesting examples are Zappa-Szép products of the form
U 1 A where U and A satisfy the hypotheses of Lemma 3.3. We now examine some of them.
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3.1. Baumslag-Solitar groups. Let ¢ and d be positive integers. The Baumslag-Solitar group
BS(c,d) is the group with presentation (a,b : ab® = b%a). We denote by BS(c,d)* the subsemi-
group of BS(c,d) generated by a and b.
By [20, Chapter IV, Theorem 2.1], every element p € BS(c,d)* admits a unique normal form
p=b"ab®a... b ab’,
where each a; € {0,...,d — 1} and § € N. Consider the following subsemigroups of BS(c,d)™:
U:= (e a,ba,... 0b"""a) and A:=(eb).

We have U N A = {e}. We can also see from the normal form that each p = b*ab*2a - - - ab’ €
BS(c,d)* can be written uniquely in UA as the product of b*ab*2a---*a € U and b° € A. So
Proposition 3.2 implies that BS(c,d)t = U 1 A. On generators, the action and restriction maps
satisfy

) b b — Vil ifk<d—1
" a ifk=d—1
and
n b, — 1€ ifk<d—1
Yo T Ve ifk=d—1.

The subsemigroup U is the free semigroup on d generators, and hence is right LCM. The sub-
semigroup A is left cancellative, and for each a, 8 € N we have pm@{ft 4 C pmirfeB 4 and so
J(A) is totally ordered by inclusion. It follows from (3) that the action of each b® € A on U is
bijective. So the hypotheses of Lemma 3.3 are satisfied.

3.2. The semigroup N x N*. Consider the semigroups N = {n € Z : n > 0} under addition,
N* = {n € Z : n > 1} under multiplication, and Q% = {¢ € Q : ¢ > 0} under multiplication.
Consider the semidirect product Q x Q7 , where

(r,a)(q,b) = (r +aq,ab) for r,q € Q and a,b € Q7.

The semidirect product N x N* is a subsemigroup of Q »x Q% , and the pair (Q x Q% ,N »x N*) is
quasi-lattice ordered [15, Proposition 2.1]. We will now describe N x N* as a Zappa-Szép product.
Consider the following subsemigroups of N x N*:

U=={(rz):ze N 0<r<z-—1} and A:={(m,1): me N}

We have U N A = {(0,1)}, which is the identity of N x N*. We can write each (m,a) € N x N*
uniquely as a product in U A via

(m,a) = (m (mod a), a) <m — (mc(bmod a))’ 1).

So the hypotheses of Proposition 3.2 are satisfied, and hence N x N* = U 1 A. The action and
restriction maps are given by

(5) (m,1)- (r,2) = (m+7) (mod ), ) md(mmmm:(m+“*mt”““ﬂwlg.

Both U and A are subsemigroups of a left cancellative semigroup N x N*, and hence are both
left cancellative. For each m,n € N we have (max{m,n},1)A C (min{m,n},1)A, and so J(A)
is totally ordered by inclusion. The next result shows that U is right LCM.
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Lemma 3.5. Consider the subsemigroup U of N x N* described above. Let (r,x),(s,y) € U. If
(r+aN)N (s +yN) # &, then the right LCM of (r,x) and (s,y) is (I,1lem(z,y)), where | is the
least element of (r + axN) N (s +yN). If (r + 2N) N (s + yN) = &, then (r,z) and (s,y) have no
common multiple.

Proof. Let (r,x),(s,y) € U. We know from [15, Remark 2.3| that

(I,lem(z,y)) if (r+2N)N(s+yN) # @
00 if (r+2N)N(s+yN) =g,

(r,z) V (s,9) :{

where [ is the least element of (r + 2N) N (s + yN). Suppose (r + zN) N (s + yN) # @, and
let j,k € Nwithl =r+xj = s+ yk. Also let 2/,y € N* with lem(z,y) = x2’ = yy'. Then
(I,lem(z,y)) = (r,z)(j,2") = (s,y)(k,y’). For (I,lem(z,y)) to be an element of U, it suffices to
show that 7 < 2/, which would also imply k < y'. Suppose for contradiction that 7 > z’. Then
we must also have k > 3/. Write j = 2’ 4+ 7/ and k = v/ + £’ for some j', k' € N. Then

r+aej=s+yk<—=r+ar +zj =s+yy +yk <= r+axj =s+yk,

which contradicts that [ is the least element of (r + 2N) N (s + yN). Hence we must have j < 2/,
and the result follows. O

To check that U and A satisfy all the hypotheses of Lemma 3.3, it remains to check that for
each (m,1) € A, the map u+ (m,1) - u is a bijection on U. Fix (m,1) € A. We have

(m,1) - (r,x) = (m, 1) - (s,y) <= ((m +7) (mod z),z) = ((m + s) (mod y),y)
< r=yandr=s
= (rz) = (s,9).

So the action of (m, 1) is injective. To see that the action of (m, 1) is surjective, fix (r,z) € U.
Let

a:= {T — (m (mod z)) if 7 > m (mod x)
x — (m(mod z) —r) if r < m(mod z).

Then (a,z) € U and (m,1) - (a,z) = (r,z). So the action of (m,1) is surjective. We can now
apply Lemma 3.3 to see that N x N* = U < A is a right LCM semigroup. Of course, we know
from [15] that N x N* is quasi-lattice ordered, which is stronger than right LCM. But we need
to know each pair (U, A) in our examples satisfy the hypotheses of Lemma 3.3 so we can apply
our later results, as noted in the following remark.

Remark 3.6. In general there is no unique way of decomposing a semigroup into a Zappa-Szép
product, as can be illustrated with the semigroup N x N*. In addition to the decomposition
N x N* = U 1 A described above, we have N x N* = N 1 N*| where a - m = am and al,, = a.
Also note that even though U <1 A satisfies the hypotheses of Lemma 3.3, the Zappa-Szép product
N 1 N* does not. So while the C*-algebras C*(U 1 A) and C*(N pa N*) as described in Section 4
are isomorphic, the presentation given in Theorem 4.3 only applies to C*(U 1 A).

3.3. The semigroup 7Z x Z*. Denote Z* := Z \ {0}. The azx + b-semigroup over Z is the
semidirect product Z x Z*, where (m,a)(n,b) = (m + an, ab). Define subsemigroups

U={(r,z):x>1,0<r<z} and A=7Zx{l,—1}.
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So U is the same as the semigroup appearing in Section 3.2, and A is a group. We have UN A =
{(0,1)}, which is the identity of Z x Z*. For each (m,a) € Z x Z* we can uniquely write
— d
(m,a) = (m (mod a]), |al ) (** (m (mod |a)) Z)eva

lal "al

So we can apply Proposition 3.2 to see that Z x Z* = U <1 A. The action and restriction maps
are given by

_ 4 , m+ jr — ((m 4+ jr) (mod x)) .
(m.3) - (r,2) = ((m+ jr) (mod @), 7) and(m, )|y = ( m £y od 2) j)
for j € {1, —1}.

Both U and A are left cancellative. Since A is a group, J(A) = {A} is trivially totally ordered.
In Lemma 3.5 we proved that U is right LCM. To show that U and A satisfy the hypotheses of
Lemma 3.3, we just need to check that the action of each fixed (m,j) is bijective.

Fix (m,j) € A. We have

(maj) ’ (T‘,I) = (mv.]) ’ (Say) — ((m +jr) (mOd I’),ZE) = ((m +]S) (mOd y)ay)
< r=yand (m+jr) — (m+js) € 2Z
< r=yand j(r —s) € zZ
< zr=yandr=s

= (r2) = (s,9)

So the action of (m,j) is injective. To see that the action of (m, j) is surjective, fix (r,z) € U.
Let

j(r = (m (mod a:)))) (mod z) if 7 > m (mod x)

j(z — (m(mod z) — T)))(mod z) if r < m(mod x).

Then (s,z) € U and (m, j) - (s,x) = (r,x). So the action of (m, j) is surjective.

3.4. Self-similar actions. Let X be a finite alphabet. We write X™ for the set of words of
length n in X and X* := |J,~, X". The set X* has a geometric realisation as a homogenous
rooted tree with root &; that is, vertices in the tree are associated with words in X™* and for each
w € X* there is an edge from w to wx for all x € X. We will be considering subgroups of the
automorphism group on the rooted tree X*.

A faithful action of a group G on X* is self-similar if for every g € G and x € X, there exist
unique ¢, € G such that

(6) g (zw) = (g-2)(gls - w).
The group element g|, is called the restriction of g to x. Notice that restriction extends to words
of finite length by iteration. When there is a self-similar action of G on X*, the pair (G, X) is
called a self-similar action.
Lemma 3.7 (]23, §1.3]). Suppose (G, X) is a self-similar action.

(1) For g,h € G and v,w € X*, we have

g‘vw = (g‘v)’un gh’v = g’h-vh‘va and 9‘;1 = gil‘g-v-
(2) For every g € G, the map g : X" — X™ given by w +— g - w is bijective.
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We now recall Lawson’s [18] description of self-similar actions as Zappa-Szép product semi-
groups. The tree X* is naturally a semigroup with concatenation of words as the operation and
identity @. Restriction gives a map G' x X* — G by (g, w) = g|,, and the group action defines
amap G x X* — X* by (g,w) = ¢g-w. We need to show that these maps satisfy (B1)-(B8)
in Definition 3.1. Since the map (g, w) = g - w is a group action (B1)—(B3) are automatic. The
relation (B4) follows from the fact that g - (Gu) = g - u. Equation (B5) is the self-similar action
condition (6). Lemma 3.7 (1) gives (B6) and (B8). That the group action is faithful implies (B7).
Therefore, X* > G is an external Zappa-Szép product with multiplication given by

(7) (x,9)(y,h) = (x(g-y),gl,h) € X* x G.
We note that Lemma 3.7 (2) implies that for every g € G, the map w +— ¢-w is bijective. Lawson
[18] goes on to prove the following.

Theorem 3.8 ([18, Propositions 3.5 and 3.6]). Let (G, X) be a self-similar action. With the
above product, X* > G is a right LCM semigroup with identity (&,e) and the pair X* and G
satisfy the hypotheses of Lemma 3.3. Moreover, the poset of principal right ideals of X* 1 G is
order isomorphic to the poset of principal right ideals of X*.

Remark 3.9. A semigroup S is called a left Rees monoid if S is left cancellative, each principal right
ideal 55 is properly contained in only a finite number of principal right ideals, and sSNtS # &
implies either sS C ¢S or tS C sS. In [18], Lawson showed that a semigroup is a left Rees
semigroup if and only if it is a Zappa-Szép product of a free semigroup by a group acting self-
similarly.

3.5. The adding machine. Consider the alphabet X = {0,1,...,n—1} for some n € N. There
is a self-similar action of Z = (e,7) on the tree X*, where the action and restriction of v on a
letter k € X is given by

v-k=(k+1)(modn)

o = e ifk<n-—1
k= v ifk=n—-1

The self-similar action (Z, X) is commonly known as the adding machine, or odometer. Since
the subsemigroup N C Z is invariant under the restriction map, we may form the Zappa-Szép
product X* > N. Looking at the action and restriction described above, and the action (3) and
restriction (4) for BS(¢,d)™ with ¢ = 1 and d = n, we see that X* b1 N is isomorphic to BS(1,7n)*.

We can also describe BS(1,n)" as a subsemigroup of the Zappa-Szép product U 1 A isomorphic
to N x N* from Section 3.2. Consider the free subsemigroup of N »x N*

U, =1{0,1),(0,n),(1,n),...,(n—1,n))

and A = {(m,1) : m € N}. We see from the action formula given in (5) that U, is invariant
under the action of A, and the Zappa-Szép product U, > A is isomorphic to BS(1,n)*.

and

3.6. Products of self-similar actions. Suppose X and Y are finite alphabets, and G is a
group which acts self-similarly on both X and Y. Assume the existence of a bijective map
0:Y xX — X xY. Foreach (y,z) € Y x X we denote by 0x(y,z) € X and by (z,y) € Y the
unique elements satisfying 0(y, z) = (6x(y, x), 0y (y,z)). Let F) denote the semigroup generated
by X UY U {e} with relations yx = Ox(y,x)fy (y,z) for all z € X and y € Y. Note that these
semigroups are the 2-graphs with a single vertex studied in [8, 9].
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Repeated applications of the bijection @ implies that every element z € F,) admits a normal
form z = vw where v € X* and w € Y*. The self-similar actions of G on X and Y induce maps
G xF} = F; and G x Ff — G given by

(8) (9,2) =g 2:=(g-v)(glo-w) and (g,2) — gl. = (glv)|w,

respectively. The following result gives necessary and sufficient conditions for the maps in (8) to
give a Zappa-Szép product F, 1 G.

Proposition 3.10. The maps given in (8) induce a Zappa-Szép product semigroup Fy < G if
and only if for all g € G, x € X and y € Y we have

Ox(y,z) =9~ - Ox(g -y, 9ly-2) and Oy(y,x) = glg) . Ov(g-v.gly- @)

Proof. For the forward direction, suppose F, > G is a Zappa-Szép product, and fix g € G, x € X
and y € Y. Then

Ox(y,2)0y (y,x) = g - (g - (0x(y, )0y (y, x)))
=g (g9 (yr))
=g ((g-v)(gly - 1))
=g (Ox(g- vy, 9ly - 2)0v (g -y, 9l - )
(9) = (97" 0x(9- 9, 9ly - )9 oxtglya) - Ov(9- Y, gy - 2)).

In particular, we see that
QX(yaw) = g_l : QX(g ) y7g|y ’ ZL‘),

and g-0x(y,x) = 0x(9-y, 9|, - x) so that g|9_;(y,z) = g ox(g-v.gl,-) DY the third identity in Lemma
3.7 (1). From (9), we also see that

Oy (y:2) = glg (g - Ov (9 Y gly - )

as required.

Conversely, suppose 6 satisfies the above relations. We must show that conditions (B1) — (BS)
of Definition 3.1 are satisfied. We check (B5) and leave the remaining computations to the reader.
It is enough to verify (B5) on elements yz € Fy where y € Y and 2 € X. We compute

g9 (yx) =g (Ox(y,2)0v(y, 7))

= (9-0x(y,2))(9loxwa) - Ov (y, 7))

=0x(9-y.9ly 2)0v(g-y,9ly )

= (g-y)(gly - ),
as required. O
Remark 3.11. The semigroup Fj is left cancellative by the unique factorisation property of -
graphs, but it is not right LCM in general. However, there are interesting examples, such as
Example 3.12 below, for which F, is right LCM. Since G is a group, the other hypotheses of

Lemma 3.3 are automatically satisfied. So if Fy is right LCM, then Fy < G is a right LCM
semigroup.
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Example 3.12. In this example we use adding machine actions on two alphabets to induce a self-
similar action of Z on a 2-graph with one vertex. Fix m,n > 2 and let X := {xg, 21, , 21}
and Y := {yo,¥1, - - Yn—1}. We can write the set {0,1,...,mn — 1} as

{i+jm:0<i<m-1,0<j<n—-1} and {j+in:0<i<m-1,0<j<n-—1}

It follows that there is a bijection {0,1,...,n — 1} x {0,1,...,m — 1} — {0,1,...,m — 1} X
{0,1,...,n—1} sending (7,4) to the pair (¢, j’) satisfying j+in = ¢’ + j’m. This bijection induces
a bijection 0 : Y x X — X x Y given by 0(y;, ;) = (s,y;). The group of integers Z = (e, )
acts self-similarly on both X* and Y* by the adding machine action. Recall from Section 3.5 that
the action is given by

rigp fi<m—1 yi+1 ifj<n—1
X ifir=m-—1 Yo ifj=n-—1,

and the restriction is given by

e ifi<m-—1 e ifj<n—1
Ve = o and 7], = o
v ifi=m-—1 v ifj=n-1

We leave it to the reader to show that the identities in (8) hold in this example, and so we can
apply Proposition 3.10 to get an integer action on a 2-graph.

We claim that the semigroup Fj is right LCM if and only if m and n are coprime. For the
reverse implication note that Fj is isomorphic to the subsemigroup of N x N* generated by
{(0,m),...,(m—1,m),(0,n),...,(n—1,n)}, and the arguments in the proof of Lemma 3.5 show
that this subsemigroup is right LCM. For the forward implication, suppose m = pa and n = pb
for p > 1. Then

p+(0xpb)=p+(0xpa) and p+ (axpb)=p+ (bxpa),

and hence the elements y,z¢ = z,y0 and y,z, = 7,y are incomparable right common multiples
which cannot be larger than any other common multiple.

4. THE C*-ALGEBRA C*(U < A)

In this section we will assume that U and A are semigroups satisfying the hypotheses of
Lemma 3.3; so U 1 A is a right LCM semigroup. Consider the C*-algebra C*(U 1 A) obtained
by applying Li’s construction as described in Section 2.2 to U < A. In this case C*(U 1 A)
is the universal C*-algebra generated by isometries {v(q) : (u,a) € U > A} and projections
{e(a) == €ua)usa : (u,a) € U A} U {ey} satisfying

) V(u,a)V(w,) = Vua)(wb);

) V(w,a)€(w,b)V{ua) = E(wa)(w,b)}
) €(ev,eq) = 1 and ez = 0; and
)

0 if (u,a)Ux AN (w,b)U xA=0.
Notice that (L2) and (L3) imply that

eze) if (u, @)U AN (w,b)U < A= (2,c)U A
€(u,a)C(w,b) =

(10) V(u,a)V(ua) = €(ua) for all (u,a) € U pa A
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The main result of this section is to give an alternative presentation of C*(U a1 A) in terms of
isometric representations of the individual semigroups U and A. First we need the notion of a
covariant representation of a right LCM semigroup.

Definition 4.1. Let P be a right LCM semigroup. A covariant representation of P in a C*-
algebra B is an isometric representation ¢ satisfying

oy Joty ifpPNgP =rPand pp =qq =r
P if pP NP = @.

Since the right LCM of two elements is not in general unique, we need to check that the expression
on the right-hand side is well defined.

Lemma 4.2. Let P be a right LCM semigroup, p,q € P with pP N qP # &, and t an isometric
representation of P. Suppose p',q',r € P with pPNqP =rP and pp' =qq¢ =7, andp”,q",s € P
with pP N qP = sP and pp" = qq" = s. Then tyty, =yt

Proof. If r = s, then left cancellativity gives p’ = p” and ¢ = ¢”, and the result follows. So suppose
r # s. Since rP = sP, there must be v € P* with u # e and r = su. Since t,-1 = t;t,t,—1 =1t
(so t, is a unitary), we have

byt = Utptytitity = Ulyytioty = Uttty = Uttt ty = ttstity = Uyttt = tytly. O

We now state the main result.

Theorem 4.3. Suppose U and A are semigroups with maps (a,u) — a-u and (a,u) — al,
satisfying (B1)-(B8) of Definition 3.1. Moreover, suppose U is a right LCM semigroup, A is left
cancellative with J(A) totally ordered by inclusion, and for each a € A, the map u — a - u is
bijective. Let A be the universal C*-algebra generated by an isometric representation s of A and
a covariant representation t of U satisfying

(K1) sqty = tauSal,; and
(K2) sit, = tz52|z7 where z € U 1s the unique element satisfying a - z = u.

Then there exists an isomorphism m : C*(U b1 A) = A such that T(vV(uqe)) = tuSe and w(eq,q)) =
tuSaSyty,-
Proof. Lemma 3.3 implies that U > A is right LCM. We first find a family of isometries and
projections in A satisfying (L1)—(L4). Define Ey := 0, and for each (u,a) € U 1 A define
Via) = tuse and  E(,q) = V(u,a)‘/(;a) = tuSaSpty.
Then we use (K1) to get (L1):
‘/(u7a)‘/(w,b) = lySalwSe = tutwwsa\wsb = tu(a~w)8a|wb = ‘/Eu(a~w),a|wb) = ‘/(u,a)(w,b)~
It follows that
Vv(u,a)E(w,b)‘/(Z,a) = ‘/(u,a) ‘/(w,b) ‘/(2;717) ‘/(Za) = ‘/(u,a)(w,b) V—(z@)(ﬂ]ﬁ) = E(u,a)(w,b):

which is (L2). We have E(, ¢,) = tey Se, = 1, and Ey = 0 by definition. So (L3) holds.
To prove (L4) first note that

Ea)Ewp) = tusasylytwsssytey.

Suppose (u,a)U <t AN (w, b)U < A = &. We know from Remark 3.4 that this means uU NwU =
@. Since t is covariant, we have tt,, = 0, and hence E(y ) Ew5 = 0.
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Now suppose that (u,a)U > AN (w,b)U > A = (2,¢)U px A. Then uU NwU # @. Let
u',w' € U satisfy uU NwU = uu/'U = ww'U and uu' = ww'. Let 2,y € U be the unique elements
satisfying a - © = v’ and b -y = w’. Using the covariance of ¢ and condition (K2) we have

Ea)Ewp) = tusasatytwsesyty, = tuSaSytuty spsyty,
= tusatx32|25b|yt?j$ztz-
If a|, = b, for some b’ € A, then (z,¢) = (uv’, a|,). We can use (K1) to continue the calculation
to get

EagEawp) = tuta.x8a|zsz,sz|yt;ytfu = tu(a~x)3a|z=9:|zt2(a.x) =t.8¢5,t, = Ez0)-

A similar argument gives E(, o) Ewp) = E(.¢ when b, = al,a’ for some o’ € A. So (L4) holds.
It now follows from the universal property of C*(U 1 A) that there exists a homomorphism
m: C*(Ura A) = A such that 7(v(y.q)) = tuse and m(€,q)) = tusaSits.

To prove that m is an isomorphism, we will find its inverse by constructing an isometric repre-
sentation S of A in C*(U 1 A) and a covariant representation 7' of U in C*(U < A) satisfying
(K1) and (K2). For each v € U and a € A let

Ty = Ve, and Su =i, q).-
The fact that T': u — T, and S : a — S, are representations follows from the calculations

TuTw = V(uea)V(wen) = Viuleaw)ealwer) = Vuw,es) = Luw
and
SaSb = V(ey,a)V(ey,b) — U(eU(a~eU),a|eUb) = VU(ey,ab) — Sab-

We also know that T" and S are isometric because v is isometric. To see that T is covariant, first
observe that (10) implies that

*

ToTw = V{uen)Vwea) = Vfue) Vluea) Vuen) Vwea) Vwen)) Vwen) = Viuen)Eluea)E(wea)V(wes)-

Now suppose z is a right LCM of v and w and write v’ and w’ for elements of U such that
wu' = ww' = z. We know from Remark 3.4(a) that (z,e4) is a right LCM of (u,e4) and (w,ey).
Then (L4) gives
T - Vigen)Elzen)Vweq) I uU Nwl = 2U,
ur 0 if uU NwU = &
Uzku,eA)U(zveA)UEkz,eA)U(w,eA) if uU NwU = 2U,
0 it uU NwlU =@

* * *

) Vuen) Ve a) Ve a) Ul e 4) Ul 4) Vi) if uU NwU = 2U and v’ = ww' = z,
0 ifuU NwlU =9

VeVt o) if uU NwU = 2U and wu’ = ww' = z,

0 if U NwU = @

)T ifuUnwU = 2U and v’ = ww' = z,

o if U NwlU = @.

Hence T is covariant.
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We need to show that (K1) and (K2) are satisfied. We have

SaTu = VU(ey,a)V(u,ea) = V(au,aly) = VY(au,eqs)Vey,aly) = Ta-uSa\ua
which is (K1). For (K2) first recall from Remark 3.4(b) that (a - z,al,) is a right LCM of (ey, a)
and (u,e4), where z is the unique element of U with a - 2 = u. Condition (L4) applied to these
elements then becomes €(c;; 0)€(u,es) = €(a-2,al,)- Hence
S;Tu = UEkeU,a)U(uveA)

- UZ;U7a)U(eU,a)U€eU7a)U(u,eA)U?u7eA)U(u,eA)

- UEKGU,a)e(er“)e(UveA)U(u,eA)
= Uley )@zl Vlue)
UzkeU,a)U(a~z,a|z)Ua.zmz)v(u@f‘)
UEKCU,G)U(GU»G)U(Z:GA)Uz(eU@\z)Uz(u,eA)U(u,eA)
V(z,e4)Y(ey alz)
=T.5,.,
which is (K2).

The universal property of A gives a homomorphism ¢ : A — C*(U 1 A) with ¢(t,) = V(ues)
and ¢(S,) = V(ey,a)- We now check that 7 and ¢ are inverses of each other using the generators:

70 O(ty) = T(V(ues)) = tuSe, = tu and 7o (4(Sq)) = T(V(ey,a)) = teySa = Sa;

and
¢ o ﬂ—(v(u,a)) = ¢(tu3a) = U(u,eA)U(eU,a) = U(u,a) and ¢ o W(e(u,a)) = ¢ o W(U(u,a)vzku@))
= ,U(u,a)vikuja)
= €(u7a).
Som: C*(Ur<x A) — A is the desired isomorphism. O

Remark 4.4. The C*-algebras associated with Zappa-Szép products generalise Nica’s C*-algebras
of quasi-lattice ordered groups (G, P). Recall from Section 2.2 that C*(G, P) is universal for
representations V' of P satisfying Equation (1). Consider the Zappa-Szép product P i {e}, where
e-p = p and e|, = e. The semigroups P and {e} satisfy the hypotheses of Lemma 3.3. Conditions
(K1) and (K2) from Theorem 4.3 are satisfied by definition, and so C*(P < {e}) is the universal
C*-algebra generated by a covariant representation of P. Covariance, as in Definition 4.1, is
precisely Equation (1) when (G, P) is quasi-lattice ordered. So C*(P < {e}) = C*(G, P).

5. THE BOUNDARY QUOTIENT

In this section we introduce a quotient Q(P) of Li’s C*(P) for a right LCM semigroup P.
Following the terminology of [28], we say a subset F' C P is a foundation set if it is finite and
for each p € P there exists ¢ € F with pP N ¢P # @. When (G, P) is quasi-lattice ordered, the
collection of foundation sets in P is described by Crisp and Laca in [4, Definition 3.4].

Definition 5.1. Let Q(P) be the universal C*-algebra generated by isometries {v, : p € P} and
projections {e,p : p € P} satisfying relations (1)-(4) of Definition 2.6, and

H(l —e,p) =0 for all foundation sets F' C P.

peF
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We call Q(P) the boundary quotient of C*(P).
We now give an alternative presentation for the boundary quotient Q(U pa A).

Theorem 5.2. Suppose U and A are semigroups with maps (a,u) — a-u and (a,u) — al,
satisfying (B1)-(B8) of Definition 3.1. Moreover, suppose U is a right LCM semigroup, A is left
cancellative with J(A) totally ordered by inclusion, and for each a € A, the map u +— a - u is
bijective. Then Q(U <1 A) is the universal C*-algebra generated by an isometric representation s
of A and a covariant representation t of U satisfying (K1), (K2) and

(QL) syt =1 foralla € A; and

(Q2) H(l — tyty) = 0 for all foundation sets F C U.

ueF

To prove this result we need the following lemma about foundation sets.

Lemma 5.3. Suppose U and A are semigroups with maps (a,u) — a-u and (a,u) — al, satisfying
(B1)-(B8) of Definition 3.1. Moreover, suppose U is a right LCM semigroup, A is left cancellative
with J(A) totally ordered by inclusion, and for each a € A, the map u v a - u is bijective.
(a) For every a € A the singleton set {(ey,a)} is a foundation set in U 1 A.
(b) For every foundation set F' C U the set {(u,ea) : u € F'} is a foundation set in U > A.
(c) For every foundation set G in U <1 A the set {u € U : (u,a) € G for some a € A} is a
foundation set in U.

Proof. To prove (a), fix a € A and consider an arbitrary (u,b) € U <1 A. Let z be the unique
element of U with a - z = u. Let a/,0' € A with a|,a’ = bl =: ¢. (Since J(A) is totally ordered
we know that at least one of a’ or b’ is e4.) Then

(u,¢) = (ey,a)(z,d’) and (u,c) = (u,b)(ey,b).
Hence (ey,a)U <x AN (u,b)U <1 A # &, and so (a) holds.

For (b), let F' be a foundation set in U and let (v,b) € U 1 A. Then there exists u € F' with
uU NoU # @. Let u/,v',w € U with w = uu’ = vv’. Let x be the unique element of U with
b-x =1v". Then

(w, b)) = (u,eq)(u',b],) and (w,bl,) = (v,b)(z,ea).
Hence (u,e4)U <t AN (v,b)U <t A # @, and so {(u,e4) : u € F} is a foundation set in U 1 A.

For (c), let G be a foundation set in U 1 A and let v € U. Then there exists (u,a) € G with

(u,a)U <t AN (v,e4)U <1 A # @. But this means there exists v/, v" with uu’ = v/, and hence
uUNoU # &. So{u e U: (u,a) € G for some a € A} is a foundation set in U. O

Proof of Theorem 5.2. Under the presentation of C*(U < A) established in Theorem 4.3, prod-
ucts [[, aeq(l — €wa)) over foundation sets G C U > A correspond to [], ,eq(1 — tusasyty).
So it suffices to show that conditions (Q1) and (Q2) are equivalent to the condition
I] (= tusasits) =0
(u,0)€G

for all foundation sets G C U 1 A. To see this, first suppose that (Q1) and (Q2) hold and fix a
foundation set G C U 1 A. Then s,s% = 1 for each a € A by (Q1), and hence

I] @—tusesity) = J] (1—tuty).

(u,0)€G (u,a)€G
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Since {u € U : (u,a) € G for some a € A} is a foundation set by Lemma 5.3, we know from (Q2)
that the above product is zero. Conversely, suppose

H (1 —tysasitr) =0
(u,0)eG
for all foundation sets G C U <t A. Fix F' C U a foundation set. Then by Lemma 5.3, the set
F'={(u,es) :u € F} C U A is a foundation set, and hence

[T —tuty) = ] (0 = tuse,s:, ) = 0.
uel uek’
Likewise, for any a € A Lemma 5.3 implies the singleton set {(ey,a)} C U > A is a foundation
set. So
1= 548, = 1 —tey8a8,ts, =0,

and hence s,s; = 1 as required. U

Remark 5.4. We can see from the presentation of Q(U 1 A) that we potentially have two other
quotients of C*(U 1 A). We denote by C% (U < A) the quotient obtained from adding relation
(Q1) to the relations of C*(P), and by C};(U < A) the quotient obtained from adding relation
(Q2). These quotients are interesting in their own right (in the case of N x N* these quotients
have been studied in [2]), and we will discuss them further throughout the next section.

Remark 5.5. The definition of the boundary quotient from Definition 5.1 has a natural general-
isation to arbitrary discrete left cancellative semigroups. For such a P we say F' C J(P) is a
foundation set if F is finite, and for each Y € J(P) there exists X € F with X NY # @. We
define Q(P) to be the universal C*-algebra generated by isometries {v, : p € P} and projections
{ex : X € J(P)} satistying relations (1)—(4) of Definition 2.6, and

H (1 —ex)=0 for all foundation sets F' C P.
XeF

6. EXAMPLES

6.1. Baumslag-Solitar groups. Consider the Baumslag-Solitar group BS(c,d), for positive
integers ¢ and d. Recall from Section 3.1 that BS(c,d)™ = U 1 A, where U 2 F, A =2 N, and
the action and restriction maps are given in (3) and (4).

Proposition 6.1. The boundary quotient Q(BS(c,d)™) is the universal C*-algebra generated by
a unitary s and isometries ty, ...ty satisfying

() XL titf = 1;

(2) st; =tipq for 1 <i<d; and

(3) stq =tys°.
Moreover, Q(BS(c,d)") is isomorphic to the category of paths algebra C*(A) from [29].

Proof. First note that U and A satisfy the hypotheses of Theorem 5.2, so we can use the given
presentation of Q(BS(c,d)"). That s is unitary follows from (Q1). Since U is F}, it suffices
to only consider the foundation set consisting of generators of F} in (Q2). Hence we have (1).
Relations (2) and (3) are (K1). Relation (K2) follows from (2) and (3) and that s is unitary.
It follows immediately from the generators and relations presented in [29, Theorem 3.23| that
Q(BS(¢,d)™) is isomorphic to C*(A). O
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We are now able to use [29, Remark 3.25] to link Q(BS(c, d)™) with topological graph algebras.

Corollary 6.2. The C*-algebra Q(BS(c,d)") is isomorphic to the topological graph algebra O(Eq,.)
from [12].

From the discussion in [12, Example A.6], we have the following corollary.
Corollary 6.3. If ¢ € dZ, then Q(BS(c,d)") is a Kirchberg algebra.

6.2. The semigroup NxN*. Recall from [15, Theorem 4.1] that the Toeplitz algebra 7 (N xN*)
is the universal C*-algebra generated by an isometry s and isometries v, for each prime p satisfying
(T1) vys = sPuy;
(T2) vpvg = vavy;
(T3) vyvg = vqvy, for p # q;
(T4) s*v, = sP"'u,s*; and
(T5) viskv, =0 for all 1 <k < p.

The boundary quotient (in the sense of [4]) of T (N x N*) is Cuntz’s Qy from [5], and corresponds
to adding the following relations:

(Q5) Zk o(s*,)(s%v,)* = 1 for all primes p; and
(Q6) ss* = 1.

We saw in Section 3.2 that N x N* is the internal Zappa-Szép product U < A, where
U={(rz):2 €N, 0<r<z—1} and A= {(m,1):m¢eN}.

Moreover, U and A satisfy the hypotheses of Theorem 4.3 and Theorem 5.2, so we can apply
these theorems to C*(N x N*) and Q(N x N*), respectively.

Proposition 6.4. There is an isomorphism ¢ : T(NxN*) — C*(N x N*) satisfying ¢(s) = sq 1)
and ¢(vp) = twyp) for all primes p. The isomorphism ¢ descends to an isomorphism of Qn onto
Q(N x N¥).

Proof. The Toeplitz algebra 7 (N x N*) can be viewed as the universal C*-algebra generated by
a Nica covariant representation V' of N x N*. This description coincides with the presentation
(T1)-(T5) via s — V{1,1) and each v, — V{o,) [15, Page 652]. The isomorphism 7 (N »x N*) —
C*(N »x N*) from Li’s argument in [19, Section 2.4] sends V(1 1y — v(,1) and each V(g ) — v(o,p)-
The isomorphism of Theorem 4.3 sends v(11) = s@,1) and each vy — t@,). We define ¢ :
T(N x N*) — C*(N x N*) to be the composition of these isomorphisms.

We now claim that if s(11) and {t(,) : p prime} satisfy (Q1) and (Q2) of Theorem 5.2, then
they satisfy (Q5) and (Q6).

For p a prime and 0 < k < p — 1 we have (k,1) - (0,p) = (k,p) and (k,1)|0p) = (0,1). Using
(K1) of Theorem 4.3 we then get

(11) Stk ) = tkp):
Since the sets {(k p)N x N*:0 <k <p— 1} are mutually disjoint and ¢ is covariant, we have
o) ) L) L) = O for 0 < j,k <p—1with j # k. Hence

p—1 p—1

LTI = toentin) = 1= tenti:

k=0 k=0
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Since {(0,p),...,(p —1,p)} is a foundation set in U, it follows from (Q2) that

p—1
(12) D twatig =1
k=0
It now follows from Equations (11) and (12) that
p—1 p—1 p—1
> stunton (st nten)” = D (Senton) SEnton)” = teptiy = 1
k=0 k=0 k=0

and hence (Qb) is satisfied. We know from (Q2) that s(1,1)s{, ;) = 1, and hence (Q0) is satisfied.

So ¢ descends to a homomorphism ¢ : Oy — Q(N x N*), which is injective because Qy is simple
[5, Theorem 3.4]. For each (r,x) € U and (m, 1) € A we have

P(s™) = S,y and  @(s"vy) = t(ra,

and so each generator of Q(N x N*) is in the range of ¢. Hence ¢ : Oy — Q(N x N*) is surjective,
and so is an isomorphism. 0

Remark 6.5. The multiplicative and boundary quotients of T (N x N*) are studied in [2]. The
multiplicative boundary quotient Ty (N x N*) corresponds to adding relation (Q5) to the
presentation of 7 (N x N*), and the additive boundary quotient T,qq(N x N*) corresponds to
adding relation (Q6). It follows from Proposition 6.4 that T (N x N*) = CfH(U > A) and
Edd(N X NX) = CZ(U > A)

6.3. The semigroup Z x Z*. In [5] Cuntz also introduced the C*-algebra Qy, which instigated
work on the C*-algebras of more general integral domains [7]. Recall that Qz can be viewed as
the universal C*-algebra generated by a unitary s and isometries {v, : a € Z*} satisfying
(1) vavp = vy for all a,b € Z%;
(il) ves = s"v, and v,s* = s*%, for all a € Z*; and
(iii) Z'J‘lzgl sTv,vis*) =1 for all a € Z*.
Recall from Section 3.2 that Z x Z* is the internal Zappa-Szép product U > A, where

U={(rz):x>0,0<r<z—1} and A=7Zx{l,-1}.

Moreover, U and A satisfy the hypotheses of Theorem 5.2, so we can use the presentation of
Q(Z x Z*) from Theorem 5.2.

Proposition 6.6. There is an isomorphism ¢ : Qz — Q(Z x Z*) satisfying ¢(s) = sq,1y and
gb(l}a) = 8(07a/|a|)t(0,|a‘) fOT all a € 7°.

Proof. Let S denote the unitary s(; 1) and let V, denote the isometry s(o,4/|a))t(0,a)) for each a € Z*.
We claim that (i)—(iii) are satisfied. First note that for each j € {1,—1} and a € Z* we have
(0,7) - (0,]al) = (0, |a|) and (0, j)|0,a) = (0,7). (Of course, (0,1) is the identity in Z x Z*, so
these identities trivially hold when j = 1.) Hence by (K1) we have

$0.0)10Jal) = 10.5)-(0.Jah) SO0 0,10y = LO.JaD)$(0.4)>

for all a € Z*. Now

VoV = S(0,a/1a)t(0,1a))S0,6/16) L (0,16]) = S(0,a/lal)S(0,6/18))E(0,]al)E(0,[b]) = S(0,ab/lab])t(0,jab]) = Vab,
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which is (i). For the first part of (ii), first note that (|a|,1) - (0, |a|) = (0, |a|) and (|a|, 1)|,ja) =
(1,1) for all a € Z*. Hence by (K1) we have

VaS = 5(0,a/la)t(0al)5(1,1) = S(0.a/lal)t(al,1)-(0,la)S(al,1)0,jal)
= 5(0,a/|al)(lal.1)t(0,la])
= S(a,a/la)t(0,|al)
= 5(1,1)5(0.0/la) (0,Jal)
= S,
Similarly we have (—l|a|,1) - (0,|al) = (0, |a]) (—=|a|,1)|o,ap = (—=1,1) for all @ € Z*, and hence

VaS™ = 5(0,a/1a))t(0,Ja)) S(=1,1) = S(0,0/lal)t(~[al,1)-(0,Ja) S(~lal, Dl o,ja)
= 5(0,a/lal)S(~|al,1)t(0,]al)
= S(—a,a/lal)t(0,)al)

= 5(_1,1)5(0,a/|a])t(0,]al)

— S*a‘/a.
So (ii) holds. For (iii), we first calculate
la]—1 ‘ 4 la]—1 ' 4
D SVaVaST =Y s 1) Sa/iantola)tio e So.a/1en S0
=0 =0
la]—1

= Z S(a/la)t©.1al)¥(0al) S (j.a/lal)-
j=0

Now, (K1) gives
S(j,a/lal)t(0,]al) = t(j,a/lal)-(0,lal)S(.a/lal) 0, ja) = L(iilal)S(0,a/lal)-

Hence
al-1 k- -1
D SVAVEST =t janS0a/iahStoasiah el = D Hlabtiijal:
=0 =0 =0
where the last equality holds because s(q/jq)) is a unitary. Since {(0,a),...,(a — 1,a)} is a

foundation set, and the corresponding principal ideals are mutually disjoint, condition (Q2) gives

jal -1 lal=}
D SVVIST =) tGantii = 1
j=0 7=0

So (iii) holds. We then get a homomorphism ¢ : Qz — Q(Z x Z*) satisfying ¢(s) = su,1) and
d(v,) = 5(0,a/|a))t(0,ja)) for all a € Z*. Since Qy is simple, we know that ¢ is injective. For each
(r,z) € U and (m,j) € A (j € {1,—1}), we have

P(s"vy) = trey and  G(s™) = S 1)

Since each generator is in the range of ¢, it follows that ¢ is the desired isomorphism. 0
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6.4. Self-similar actions. Let (G, X) be a self-similar action as described in Section 3.4. Recall
from [16, Proposition 3.2] that the Toeplitz algebra 7 (G, X) is the universal C*-algebra generated
by a Toeplitz-Cuntz family of isometries {v, : * € X} and a unitary representation u of G
satisfying

(13) Ugly = Vg.pllg|,, forall ge G and z e X.

Recall from [24, Definition 3.1] (see also [16, Corollary 3.5]) that the Cuntz-Pimsner algebra
O(G, X) is the quotient of 7(G, X) by the ideal I generated by 1 — >\ v,v5.

In Section 3.4 we saw that each self-similar action (G, X) gives rise to a Zappa-Szép product
X* >a G. We now show that C*(X* b1 G) is isomorphic to T(G, X), and that the boundary
quotient Q(X* < () is isomorphic to O(G, X).

Theorem 6.7. Let (G, X) be a self-similar group. There is an isomorphism ¢ : T (G, X) —
C*(X* > G) such that ¢(uy) = s, and ¢(vy) = t,. Moreover, ¢ descends to an isomorphism of
O(G, X) onto Q(X* <1 G).

Proof. We know that s is a unitary representation of G in C*(X* b G). The covariance of ¢ is
equivalent to insisting that ¢'t, = ¢, ,; that is, {¢, : * € X} is a Toeplitz-Cuntz family. Condition
(K1) is equivalent to insisting that syt, = t4..5., for all g € G and letters € X; to replace z in
this equation with a word w € X* we use (B5) and (B6) of Definition 3.1. Condition (K2) comes
for free from (K1): for w,z € X* and g € G with g -z = w we have syt. = t,..55, = tu5,)., and
then

*
gl=

*

_ * * % * _
twSg|, = Syt <= sgtwsg|zsg‘z = sgsgtzs <~ sgtw = tzsg|z.

The above arguments imply that C*(X* 1 ) is the universal C*-algebra generated by a Toeplitz-
Cuntz family {t, : + € X} and a unitary representation s of G satisfying syt, = t4..54, for all
g € Gand z € X. It is now evident that we have the desired isomorphism ¢ : T (G, X) —
C*(X* > Q).

It remains to show that ¢ descends to an isomorphism ¢ : O(G,X) — Q(X* > GG). Denote
by I the ideal in T (G, X) generated by 1 — > _yvyv}, and by J the ideal in C*(X* > G)
generated by the set {]],.p(1 —tut;,) : I is a foundation set in X*}. So O(G, X) is T (G, X)/1
and Q(X* <1 G) is C*(X* <1 G)/J. We need to show that ¢(7), which is the ideal in C*(X* 1 G)
generated by 1 — 3" _ 1,7, is equal to J.

Since X is a foundation set in X*, we have ¢(I) C J. To get the reverse containment we fix a
foundation set F; it suffices to prove that [], (1 —t,t;) € ¢(I). Denote

N :=max{|w| :w € F} and F':= U {ww :w' € XN,

weF

We now claim that I/ = X¥. For the sake of contradiction, suppose I’ # X~ and let z €
XN\ F'. By definition of F’, it follows that there is no w € F such that z = ww’. This means
wX*NzX* = @ for all w € F, which contradicts that F' is a foundation set. So we must have
F'= XN For each w € F and ww' € XV we have 1 — t,,t <1 — 5. Since the projections
{1 —t.t::2€ XN} commute, we then have

[T =tuty) =TT =tuty) T = tt2).

weF weF zeXN
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The result will now follow if [],oyn(1 —£.85) =1 = > ynt:ti € ¢(I). We show by induction
that 1 — " . t.t; € ¢(I) for all n > 1. The result is true for n = 1. Assume true for n. Then

L= > bty =1-) > tat,

weXn+1 zeX zeX"

=1-) t( )ttt

zeX zeX™

=14+ (1= ttr) -1t

zeX zeX™
= (1= "tt) +> (1=t
zeX zeX zeX™
€ o(1)
So [[er(l = tuty) € ¢(I), and we have J C ¢(I). Hence ¢(/) = J, and ¢ descends to an
isomorphism of O(G, X) onto Q(X* > G). O

6.5. The binary adding machine. The 2-adic ring C*-algebra of the integers O, was intro-
duced and studied in [17]. Recall that Q, is simple and purely infinite, and is the universal
C*-algebra generated by a unitary v and an isometry s, satisfying

(I) syu = u?sy; and

(I) s285 4+ usgsiu* = 1.

Consider the Zappa-Szép product X* 01 N described in Section 3.5, where X is the alphabet
{0,1}, and N = (e, 7). It follows from our identification of X* > N as BS(1,2)* that C*(X* < N)
is isomorphic to Nica’s C*(BS(1,2),BS(1,2)"). The quotient C{(X* > N) (in the sense of
Remark 5.4) is isomorphic to the Cuntz-Pimsner algebra O(Z, X)) described in Section 6.4. We
also have the following description of the boundary quotient:

Proposition 6.8. There is an isomorphism ¢ : Qy — Q(X* 1 N) such that ¢(u) = s, and
@(s2) = to.
Proof. We claim that

U:=5,€ QX ">=N) and Sy:=t;€ QX" =N)

satisfy relations (I) and (II). First note that U is unitary because of (Q1l). Recall from the
formulae in Section 3.5 that v-0 =1, v|o =€, v-1 =0 and v|; = 7. It then follows from (K1)
that
USQ = S»Yt() = t,y.()S,ﬂO = tlse = tl.

Hence

UQSQ = U(USQ) = S»ytl = t’y-ls'yh = toSFY = SQU,
and so (I) is satisfied. For (II) first note that, since {0,1} C X* is a foundation set, we have from
(Q2) that (1 —tot§)(1 — t1t]) = 0. Since tot§ and 1t} are orthogonal, their sum is one. Hence

$5S3 + USeS3U* = toth + it = 1.

So (II) is satisfied. The universal property of Qy gives a homomorphism ¢ : Qs — Q(X* 1 N)
such that ¢(u) = s, and ¢(s2) = to. We know ¢ is injective because Qs is simple. Since the
generators of Q(X* 1 N) are all in the range of ¢, we know ¢ is surjective, and hence an
isomorphism. 0
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6.6. Products of self-similar actions. Consider a Zappa-Szép product Fj <1 G coming from
a product of two self-similar actions as constructed in Section 3.6, where Fj is right LCM. In
general, the C*-algebra C*(Fy 1 G) is the universal C*-algebra generated by a Toeplitz-Cuntz-
Krieger family {sy : A € F } and a unitary representation u of G satisfying

(14) UgSx = Sg.alyg|, -

forall g € G and A € F,. Likewise, the quotient Q(F, < ) is the universal C*-algebra generated
by a Cuntz-Krieger family {s, : A € FJ } and a unitary representation u of G satisfying (14).

Recall from Section 3.12 the semigroup F, > Z constructed from the product of two adding
machines (Z,{0,...,m —1}) and (Z,{0,...,n —1}). If m and n are coprime, F, is right LCM,
and we can apply our theorems to Fy > Z. The C*-algebra C*(Fy ) has been studied extensively
in [9]; Corollary 3.2 of [9] implies that the 2-graph F is aperiodic, and hence C*(F;) is simple
by [26, Theorem 3.1]. It would be interesting, albeit outside the scope of this paper, to further
understand C*(F > Z) from the point of view of these existing constructions.
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