NUCLEARITY OF SEMIGROUP C*-ALGEBRAS
ASTRID AN HUEF, BRITA NUCINKIS, CAMILA F. SEHNEM, AND DILIAN YANG

ABSTRACT. We study the semigroup C*-algebra of a positive cone P of a weakly
quasi-lattice ordered group. That is, P is a subsemigroup of a discrete group G
with PN P~ = {e} and such that any two elements of P with a common upper
bound in P also have a least upper bound. We find sufficient conditions for the
semigroup C*-algebra of P to be nuclear. These conditions involve the idea of a
generalised length function, called a “controlled map”, into an amenable group.
Here we give a new definition of a controlled map and discuss examples from
different sources. We apply our main result to establish nuclearity for semigroup
C*-algebras of a class of one-relator semigroups, motivated by a recent work of
Li, Omland and Spielberg. This includes all the Baumslag—Solitar semigroups.
We also analyse semidirect products of weakly quasi-lattice ordered groups and
use our theorem in examples to prove nuclearity of the semigroup C*-algebra.
Moreover, we prove that the graph product of weak quasi-lattices is again a weak
quasi-lattice, and show that the corresponding semigroup C*-algebra is nuclear
when the underlying groups are amenable.

1. INTRODUCTION

C*-algebras associated to semigroups provide a rich class of examples of C*-alge-
bras. There are interesting connections of these algebras with number theory [11,
18, 21] that were sparked by Cuntz’s study of the C*-algebra of an az + b-semigroup
over the natural numbers [10]. See also [6] for recent developments in this subject.
Further interesting examples include C*-algebras of positive cones of right-angled
Artin groups [8, 9, 12] and of Baumslag—Solitar groups [7, 33|, C*-algebras of self-
similar actions [4, 19] and least common multiple (LCM) semigroups [3, 5, 32].

In [20], Li introduced semigroup C*-algebras that generalise the ones of Nica
attached to quasi-lattice ordered groups. Li’s construction takes into account the
structure of constructible right ideals of the underlying semigroup. These are all
the principal ideals together with the emptyset if P is a left-cancellative and right
LCM semigroup. In this case, the full semigroup C*-algebra C*(P) is universal
for a class of isometric representations of P satisfying a relation called Nica covari-
ance. The reduced semigroup C*-algebra C’(P) is then generated by the left-regular
representation of P on ¢2(P).

In this paper, we study the C*-algebras of semigroups that are positive cones of
weakly quasi-lattice ordered groups. These sit between quasi-lattice ordered groups
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and right LCM semigroups. Following Nica, we carry the group in our notation,
and write C*(G, P) for the semigroup C*-algebra associated to the positive cone P
of the weak quasi-lattice order (G, P). The group is crucial in our proofs and this
notation helps to make our assumptions clear throughout the text, but we observe
that C*(G, P) depends only on P.

As in [27], we say that (G, P) is amenable if the left-regular representation in-
duces an isomorphism between the full and reduced semigroup C*-algebras. If G is
amenable as a group, then (G, P) is amenable. In fact, C*(G, P) is nuclear in this
case [24, Corollary 6.45]. In general, it is not known whether amenability of the
(weak) quasi-lattice order (G, P) implies nuclearity of its C*-algebra. In addition,
nuclearity of C*(G, P) implies that of its boundary quotient semigroup C*-algebra.
Since this latter is quite often purely infinite and simple [9, 25], nuclearity results
for semigroup C*-algebras combined with [36] may give new examples of C*-algebras
that are classifiable by K-theory. Our main purpose in this article is to analyse nu-
clearity of C*(G, P) and to contribute to the existing literature with new examples.

A sufficient condition for amenability of quasi-lattice orders was established by
Laca and Raeburn in [17, Proposition 6.6]. This condition involves the existence
of a generalised length function, now called a “controlled map”, from G into an
amenable group. The controlled maps from [17] have proved very useful. They were
used in [8] to show that any graph product of a family of quasi-lattice orders in which
the underlying groups are amenable is again an amenable quasi-lattice order. The
existence of a controlled map into an amenable group implies that the partial action
of G on any closed invariant subset of the Nica spectrum is amenable [9, Theorem 4.7]
and that C*(G, P) is nuclear [23, Corollary 8.3]. Spielberg used ideas of a similar
flavour to give sufficient conditions for nuclearity of the C*-algebra associated to a
finitely aligned category of paths (see [34, Definition 9.5 and Theorem 9.8]).

A controlled map as originally introduced by Laca and Raeburn in [17] is an
order-preserving group homomorphism ¢ between quasi-lattice ordered groups that
preserves the least upper bound of any two elements of P when it exists, and such
that ker ¢ N P is trivial. In [15], an Huef, Raeburn and Tolich introduced a version
of a controlled map whose restriction to the positive cone allows a nontrivial kernel,
and used it to prove an amenability result along the lines of [17]. A key example of a
controlled map in the sense of [15] comes from the height map on a Baumslag—Solitar
group. Recall that, for ¢,d > 1, the Baumslag—Solitar group BS(c, d) is defined by

BS(c,d) = (a,b : ab® = b%a).

Spielberg proved that (BS(c, d), BS(¢,d)™) is quasi-lattice ordered, where BS(c,d)™*
is the unital subsemigroup of BS(c, d) generated by a and b [33]. The “height map”
from BS(c,d) to Z is the group homomorphism that sends a to 1 and b to 0. Its
kernel when restricted to BS(c, d)* is nontrivial. It is the unital semigroup generated
by b. Nevertheless, the height map is controlled in the sense of [15]. Because the
kernel of the height map gives an amenable quasi-lattice order, it follows from [15]
that C*(BS(c, d), BS(¢,d)™) is amenable.

Here we present a more general definition of controlled maps. The main advantage
of this new definition is that it also allows us to treat examples of weak quasi-lattices
which have an infinite descending chain
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Our motivating example is the weak quasi-lattice order coming from the Baumslag—
Solitar semigroup

BS(c, —d)" = (a,b: b?ab® = a)*
and the corresponding Baumslag—Solitar group BS(c, —d) [33], where ¢,d > 1. The
height map from BS(c, —d) to Z is not controlled in the sense of an Huef, Raeburn
and Tolich because it is constant on the infinite descending chain

a> > > prtdg > oL

This sequence is not bounded below in BS(¢, —d)* by an element of height 1. How-
ever, the height map in this example is controlled in our new sense (see Defini-
tion 3.6). Our main theorem is:

Theorem 1.1. Let (G, P) and (K, Q) be weakly quasi-lattice ordered groups. Sup-
pose that p: (G, P) — (K, Q) is a controlled map in the sense of Definition 3.6, that
K is amenable and that C*(ker p, ker N P) is nuclear. Then C*(G, P) is nuclear.
In particular, (G, P) is amenable.

The proof involves a detailed analysis of the structure of a fixed-point algebra
associated to a coaction of K on C*(G, P), obtained from . This fixed-point algebra
is in general much larger than C*(ker p, ker N P), but we prove that it is also nuclear.
Then we apply [29, Corollary 2.17]: if a C*-algebra B carries a coaction of a discrete
amenable group for which the fixed-point algebra is nuclear, then B is nuclear, too.

Recently, Li, Omland and Spielberg studied semigroup C*-algebras and their
boundary quotients for right LCM one-relator semigroups. Their main result con-
cerning nuclearity is [25, Corollary 3.10]. Under certain assumptions on the defin-
ing relator, they provided a graph model for the boundary quotient semigroup
C*-algebra, and concluded that both the semigroup C*-algebra and its boundary
quotient are nuclear. Motivated by [25], we also look at one-relator semigroups. We
obtain nuclearity of the semigroup C*-algebras associated to a class of weakly quasi-
lattice ordered groups coming from HNN extensions, where the controlled maps
involved are also height maps. This contains all the Baumslag—Solitar semigroups
as particular cases. Our nuclearity results for one-relator semigroups have no over-
lap with those in [25], and may be used in combination with [25, Corollary 3.5] and
[36] to produce examples of C*-algebras that are classifiable by K-theory.

Weak quasi-lattice orders are in general not well-behaved under semidirect prod-
ucts. In other words, the semidirect product of two weakly quasi-lattice ordered
groups may not be weakly quasi-lattice ordered. We illustrate this with Exam-
ple 5.20. However, we show that particular examples of semidirect products are
naturally weakly quasi-lattice ordered. These mostly involve actions on free groups
F. We then use controlled maps and nuclearity of C*(IF,F*) to obtain nuclearity for
the corresponding semigroup C*-algebras.

We also include graph products of weak quasi-lattices among our examples. We
first show that the graph product of weakly quasi-lattice ordered groups is again
weakly quasi-lattice ordered, with a natural positive cone. To do so, we prove a
result along the same lines of [8, Proposition 13]. Our proof is a little different
though: that the graph product of quasi-lattice orders is again quasi-lattice ordered
was implicitly used in the proof of [8, Proposition 13| (see [8, Theorem 10]). When
the underlying groups are amenable, we apply our result to obtain nuclearity of the
semigroup C*-algebra associated to the graph product of weak quasi-lattices.

After we submitted this article for publication, we learned that Fountain and
Kambites prove that a graph product of left LCM monoids is again a left LCM
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monoid [14, Theorem 2.6]. Our Theorem 5.25 proves this result for the particular
case of weak quasi-lattice orders, and also gives an iterative procedure for computing
the least upper bound for elements in a graph product. This procedure is crucial for
finding a controlled map, and so we have retained Theorem 5.25 in order to prove
our nuclearity result in Corollary 5.27. We thank Nadia Larsen for bringing [14] to
our attention.

Outline. We start in §2 with some background material. In §3 we discuss the old
and new definitions of controlled maps, and illustrate the need for greater gener-
ality with examples. We also answer in the negative a question, by Marcelo Laca,
whether a positive cone of a weak quasi-lattice order can be embedded in group
such that this new pair is quasi-lattice ordered. This question was motivated by
Scarparo’s example (Example 3.3). In §4 we introduce the coaction built from a
controlled map, analyse the structure of the fixed-point algebra, and then prove
our main theorem (Theorem 4.3). In §5 we present our classes of examples. In §6,
we prove an amenability result which would be of interest when (ker u, ker N P)
is amenable but C*(ker u,ker p N P) is not known to be nuclear. We provide in
the appendix a characterisation of nuclearity for C*(G, P) through faithfulness of
conditional expectations.

2. BACKGROUND

Let G be a discrete group with a unital subsemigroup P such that PN P! = {e}.
There is a partial order on G defined by « < y if and only if 7'y € P. It is easy to
see that < is left-invariant. In [27], Nica defined the pair (G, P) to be quasi-lattice
ordered if the following is satisfied:

(QL) any n > 1 and z1,2s,...,2, € G which have common upper bounds in P
also have a least common upper bound in P.

We denote the least common upper bound of zq,...,x, by 1 V-V x, if it exists.
In this case, we sometimes write x1V---Vx, < co. We then write z;V---Vz, = 00
if x1,...,x, have no upper bound in P. As already observed by Nica, (G, P) is
quasi-lattice ordered if and only if

(QL1) any x € PP~! has a least upper bound in P; and
(QL2) any z,y € P with a common upper bound have a least common upper bound.

In fact, (QL) and (QL1) are equivalent. See [8, Lemma 7] for this and further
equivalent formulations of (QL). Only (QL2) is needed to define the C*-algebras
studied by Nica in [27].

In this paper, we will consider pairs (G, P) as above satisfying only (QL2). We
will use the terminology of Exel in [13, Definition 32.1(v)]:

Definition 2.1. Let GG be a discrete group with a unital subsemigroup P such that
PN P! = {e} and with the induced left-invariant order on G. If (G, P) satisfies
(QL2), then we say that (G, P) is a weakly quasi-lattice ordered group or that (G, P)
is a weak quasi-lattice.

To make clear the relationship to right LCM semigroups, we note that we can
rephrase (QL2) as follows:

(QL2) for any z,y € P with P NyP # () there exists a unique z € P such that
xPNyP = zP.
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In right LCM semigroups, the z may not be unique.

Consider ¢?(P) with orthonormal basis {e, : € P}. For each z € P, there is an
isometry T, on ¢*(P) such that T,e, = e,, for y € P. Because P is left-cancellative,
T : P — B({*(P)) is an isometric representation of P; it is called the Toeplitz
representation (and sometimes the left-regular representation). Nica observed that

Tovy T

wy LT Vy<oo

2.1 T, 17T, T =
(2.1) S {0 if xVy= 0.

The Toeplitz algebra is the C*-algebra T (G, P) generated by the Toeplitz represen-
tation, that is,
T(G,P) = C*({T, : = € P}) C B({*(P)).
An isometric representation of P satisfying (2.1) is called Nica covariant. There is a
C*-algebra, denoted C*(G, P), that is universal for Nica-covariant representations. It
follows from Nica covariance that if w is the universal Nica covariant representation
in C*(G, P), then
C*(G, P) = spanf{w,w, : z,y € P}.
Notice that both C*(G, P) and T (G, P) are defined using only (QL2).
The Toeplitz representation induces a surjection

nr: C*(G,P) = T(G, P).

Following Nica, we say that (G, P) is amenable if w7 is an isomorphism. The usual
approach to prove the amenability of (G, P) involves a conditional expectation.

Let B be a C*-subalgebra of a C*-algebra C'. Then FE: C — B is a conditional
expectation if E is linear, positive and contractive such that E(b) = b, E(bc) = bE(c)
and E(cb) = E(c)b for all b € B and ¢ € C. Equivalently, E: C' — B is a linear
contractive map with E(b) = b for all b € B by [35] (see also [1, Theorem 11.6.10.2]).
A conditional expectation is called faithful if E(c*c) = 0 implies ¢ = 0.

Nica proves that there is a conditional expectation

*
x

wew! ifr=y

E: C*(G, P) — span{w,w, : * € P} such that E(w,w,) = {0 olse
By [27, Proposition on page 34|, a quasi-lattice (G, P) is amenable if and only if
E is faithful. Again, Nica only needed (QL2) to define the amenability of (G, P)
and to characterise it with the conditional expectation E. Moreover, by Proposi-
tion A.1, nuclearity of C*(G, P) can also be characterised in terms of faithfulness of
the canonical conditional expectation

E g max: A Qmax C*(G, P) = A Quax Span{w,w} : © € P}
for all unital C*-algebras A.

3. CONTROLLED MAPS — THEN AND NOW

The first definition of a controlled map p: (G, P) — (K, Q) between quasi-lattice
ordered groups appeared in [17, Proposition 4.2]; the existence of such a map into
an amenable group K implies that (G, P) is amenable in the sense of Nica [27].
Because this first definition asked that ker uNP = {e}, it does not apply to the quasi-
lattices associated to the Baumslag-Solitar groups which were shown to be amenable
in [7]. The more general notion of controlled maps of [15, Definition 3.1] allows for a
nontrivial kernel, and applies to the “height map” of most, but not all, quasi-lattice
ordered groups associated to the Baumslag-Solitar groups (see Examples 3.4 and 3.5
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below). In Definition 3.6 below we give the most general definition of controlled
maps to date: in particular it allows the infinite descending chains appearing in
Example 3.5.

Here we start with Definition 3.1, a slight modification of [15, Definition 3.1]
which allows weak quasi-lattices ([15, Definition 3.1] could have been stated in this
generality).

Definition 3.1. Let (G, P) and (K, Q) be weak quasi-lattices. Suppose that u: G —
K is an order-preserving group homomorphism. Then pu is controlled, in the sense
of an Huef, Raeburn and Tolich, if it has the following properties:

(a) For z,y € P with z V y < oo, we have pu(z) V u(y) = p(z V y).

(b) Let ¢ € Q. Set ¥, = {0 € u'(¢) N P : o is minimal}.
(i) If z € p'(q) N P, then there exists o € 3, such that o < x.
(ii) f o, 7 € ¥y, then o VT <00 =0 =T.

Ezample 3.2. Let F be the free group on a countable set of generators and let F*
be the unital free semigroup, that is F* is the smallest subsemigroup containing
the identity e and the generators. Then (F,F*) is a quasi-lattice [27, §2.2]. Let
w: F — Z be the homomorphism that sends each generator to 1. To see that
p: (F,F*) — (Z,N) is a controlled map in the sense of Definition 3.1, we note that
if x € FT, then u(x) is precisely the length of xz. Suppose that z,y € F" with
x Vy < oo. Then either z = yp or y = xq for some p,q € F*. Say x = yp. Then
w(z) vV p(y) = p(z) = p(z Vy), giving (a). For (b) we observe that for each n € N
we have 3, = p~*(n) NF*, and that no two distinct elements of ¥, are comparable.
Thus p is controlled in the sense of Definition 3.1. Here ker uNF* = {e}, and hence
 is a controlled map in the sense of Laca and Raeburn [17, Proposition 4.2] as well.

Using Example 3.2 it is easy to construct an example of a weak quasi-lattice with
a controlled map. This example of a weak quasi-lattice which is not a quasi-lattice
was obtained by Scarparo in [31] and is discussed on page 249 of [13].

Ezample 3.3. Consider the free group F on 2 generators a and b and let P = {e, bw :
w € Ft}. Then (F,P) is a weak quasi-lattice. Again, let u: F — Z be the ho-
momorphism that sends each generator to 1. Then g is controlled in the sense of
Definition 3.1 with 3, = ' (n) NP. Again ker u NP = {e}.

Exel observed on page 249 of [13] that P = {e,bw : w € F*} is isomorphic to the
positive cone in the free group F, on infinitely many generators, and hence (Fu, P)
is a quasi-lattice ordered group. Prompted by a question by Marcelo Laca, we show
in Proposition 3.10 below that the positive cone P of the Baumslag-Solitar group
discussed in Example 3.9 cannot be embedded in a group G such that (G, P) is a
quasi-lattice ordered group.

Example 3.4. Let ¢,d > 1 and consider the Baumslag-Solitar group

G = (a,b: ab® = ba).
Let P be the unital subsemigroup generated by a and b. Then (G, P) is quasi-lattice
ordered by [33, Theorem 2.11]. Let pu: G — Z be the “height map”, that is, the
homomorphism such that p(a) = 1 and u(b) = 0. We will show that y is a controlled

map in the sense of Definition 3.1.
To see that p is order preserving, suppose that + <y € G. Then 7'y € P and

pu(y) — p(z) = p(z~y) € u(P) = N. Thus p(z) < p(y) in Z.
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Let z,y € P with 2 Vy < oco. Say u(y) > p(x). If p(y) > p(z), then by [7,
Lemma 3.4] there exists ¢t € N such that zVy = yb'. So pu(xVy) = u(y) = plx)Vu(y).
If u(y) = p(x), then by [7, Lemma 3.4] there exists ¢ € N such that either zVy = yb*
or zVy = zb'. This also implies u(z Vy) = p(x) V u(y).

For (b) we use the normal form for elements of P to see that

p(q) N P ={bab* - b rab* : 0 < sg,...,8,1 <d,s; € N} and
Y, ={b%ab™ ---bta: 0 <sg,...,5,1 <d}.

Looking at the two sets, (bi) clearly holds. Let =,y € £, with 2 Vy < co. Then, by
7, Lemma 3.4], either x V y = yb" or z V y = xb’ for some ¢, and since z,y € &, we
get that x = y. This gives (bii).

The next example, provided by Ilija Tolich, shows how (bi) in Definition 3.1 can
fail.

Example 3.5. Let d > 1 and consider the Baumslag-Solitar group
G = {a,b:ab=0b""a).

This fits into case (BS3) in [33] with ¢ = 1. Let P be the subsemigroup generated
by a and b. By [33, Lemma 2.12], PP~! = PUP~! and it follows easily that (G, P)
is a quasi-lattice®.

Let p: G — Z be the height map as in the previous example. Then p~'(1) N P
consists of elements of the form b‘al’ for some 4,7 € N, and using the relation
ab = b~%a we can write that as b™a for some m € Z. We have b™a < b"a if and only
if d divides m —n and n < m. So for 0 < k& < d we have the infinite chains

S b3d+k‘a S b2d+ka S bd-‘rk‘a/ S bk}a S b—ld-‘rk‘a S b—2d+k‘a S

partioning p~!(1) N P. Thus ¥; = (), and then (bi) in Definition 3.1 implies that u
is not a controlled map.

Definition 3.6. Let (G, P) and (K,(Q) be weakly quasi-lattice ordered groups.
Suppose that p: G — K is an order-preserving group homomorphism. We say that
W is controlled if it has the following properties:

(a) For z,y € P with z V y < oo, we have p(z) V u(y) = p(z V y).
(b) For all ¢ € @, there exist a set A, and a family of sets {S) : A € A,} such
that:
(i) u~'(g) N P is the disjoint union | |,, Sx; and
(ii) for each A € A, there is a decreasing sequence (s))nen in Sy such that

Si=Jlzen(@nP:z>s)}.

neN

Lemma 3.7. Suppose that p: G — K 1is a controlled map in the sense of Defini-
tion 3.6. Let g € Q and \y # Xo € Ay. Then py V py = oo for all p1 € Sy, and
%) € S,\Z.

LAt the end of the proof of [33, Lemma 2.12], it is stated that (G, P) is “totally ordered, hence
quasi-lattice ordered”, but (G, P) is not totally ordered. For example, b™a < b"a if and only if d
divides m — n and n < m. In particular, if d does not divide m — n, then b™a and b™a are not
comparable.
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Proof. Looking for a contradiction, we suppose that there exist x € Sy, and y € S},
such that z Vy < co. Then p(x Vy) = p(x) V uly) = q gives z Vy € p~(q) N P.
Also, there exist m,n € N such that z > sﬁnl and y > 522. But now xVy > x > S:‘nl
implies that z Vy € Sy,. Similarly, z Vy € S),. This contradicts that u=1(¢) N P is
the disjoint union [ |yc, S O

Lemma 3.8. Let (G, P) and (K, Q) be weakly quasi-lattice ordered groups. Suppose
that n: G — K is an order-preserving group homomorphism. If p is a controlled
map in the sense of Definition 3.1, then it is controlled in the sense of Definition 3.6.

Proof. Let pu be a controlled map in the sense of Definition 3.1. We need to verify
item (b) of Definition 3.6. Fix g € Q. Set A, = %,. For each X € A, set

Sx={recu(gNP:a>\}.

Suppose that Sy, NSy, # 0 and let x € S),;NS),. Then z > \; and hence A\ Vg < o0.
Since Aj, A2 € X, this implies \; = Ay by item (bii) of Definition 3.1. Together with
(bi) of Definition 3.1 we get that

pHgnP= || S

AEA,
which is item (bi) of Definition 3.6. For item (bii) of Definition 3.6 we just take the
sequence (s)),en to be the constant sequence (M) en. O

Ezxample 3.9. Let ¢,d > 1 and consider the Baumslag—Solitar group
G = (a,b: ab® = b"a).

Let P be the (unital) subsemigroup of G generated by a and b. Then (G, P) is a
weakly quasi-lattice ordered group by [33, Proposition 2.10] and it is a quasi-lattice
ordered group if and only if ¢ = 1 by [33, Lemma 2.12].

Let p: G — Z be the height map as in Examples 3.4 and 3.5. Since u(P) C N,
it follows that p is order-preserving. We will show that p is a controlled map from
(G, P) to (Z,N) in the sense of Definition 3.6.

To do this, we will use the fact that every # € P with height u(z) = ¢ has a
unique normal form

(3.1) x = bY0ab™ - b b

where 0 < sg,...,5,01 <d, s, € Z and p(x) =0 = s, > 0 (see [33, Proposition 2.1
and Remark 2.4]).

Let x,y € P with x Vy < oo. We claim that x and y are comparable. To see this,
we consider z,y in normal form (3.1), say

r = b%ab® ---b%1ab* and y = b"ab™ - - b tab’
Without loss of generality, suppose that u(z) < u(y) (otherwise switch them). Then
s; = t; by [33, Proposition 2.10] for i < g — 1, and hence
oty = bl Sighlatiq .. pir-tablr
If t, — s, > 0, then clearly 7'y € P and z < y. Suppose that ¢, — s, < 0. Choose
n € N such that dn > s, — t,. Then using the relation a = b%ab® repeatedly we get
that
Jf_ly — bnd+tq—sqabncbtq+1a . btrflabtr.
Since b"dtta=sagbhnc ¢ P and bla+ia---b*—tab' € P, sois 71y, and x < y as claimed.
Now pu(x Vy) = u(y) = p(z) V u(y) and p satisfies (a) of Definition 3.6.
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For (b), we start by observing that u~'(0)NP = {b": n € N}. Then set Ay == {e},
S. == p1(0)N P and s¢ := e for all n.

Let ¢ € N\ {0}. Using the normal form and the observation in [33, Lemma 2.6]
that © € P and p(z) > 0 implies 0™ € P for all m € Z, we deduce that

wt(g) NP = {b®ab™ - b tab™: 0 < 8¢,...,8,1 < d,m € ZL}.
Set A, =[0,d)? N N9. For each A\ = (sg, 51,...,5,-1) € Ay, set
Sy = {b%ab’ ---b*~'ab™: m € Z}.

Then SyN Sy = 0 if A # X by uniqueness of the normal form (3.1). This gives (bi).

For (bii), let A = (sq, s1,...,54-1) € Ay and n € N, and set

s = b%ab® - - b*tab "

If m < n, then (s))7!s) = "™ € P, and (s))nen is a decreasing sequence in Sy.

It remains to verify that
(3.2) Sy = U{:L'E,u_l(q)ﬂP: x> sh)
neN

Consider x = b%0ab®t ---b%-1gb™ € Sy where m € Z. Choose n € N such that
n+m > 0. Then (s})~ 'z = b"*™ € P. On the other hand, let x € p~!(¢) N P and
suppose that x > s} for some n € N. Then (s))~*x € P. Since u((s))™'z) = 0 we
get (s))7lx = b™ for some m € N. Thus z = s)b™ = b%ab - - - b%a-1ab™" € G,.
This proves (3.2). Thus p is controlled in the sense of Definition 3.6.

Prompted by the weak quasi-lattice of Example 3.3, Marcelo Laca asked the
following question: let (G, P) be a weakly quasi-lattice ordered group. Can P be
always embedded in a group H such that (H, P) is quasi-lattice ordered? Here we
show by example that the answer to this question is “no”.

Proposition 3.10. Let ¢ > 1 and d > 1 such that ¢ does not divide d. Consider
the Baumslag—Solitar group
G = (a,b: ab® = b"a).

Let P be the unital subsemigroup of G generated by a and b. Then there is no
embedding of P in a group H such that (H, P) is quasi-lattice ordered.

Proof. Suppose that there were a group H and an embedding of P in H. We identify
P with its copy in H. To show that (H, P) is not quasi-lattice ordered, we will show
that
h=a(ab®)™t € PP
does not have a least upper bound in P.
For all n € N we have

A0 = ab(a'b™a) = ab® "¢ = ab b = b™ab’ € P.
Thus h < b™a for all n € N, and we have an infinite descending chain
(h <)--- gb(”“)dagb"dag e
We will show that no element x € P satisfies
h<xz<b“ forall n € N.

Assume, looking for a contradiction, that there exists € P such that h < z < b™q
for all n € N. Since e < x < b™¥q and the height map p: G — Z preserves the order,
we have either p(z) = 0 or 1. We will consider these two cases separately.
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First, suppose that u(x) = 0. Then 2 = b* for some k € N by the normal form for
elements of P. Since h < z, we have x = hp for some p € P. In particular, u(p) > 0.
We claim that p(p) = 0. Assume, looking for a contradiction, that p(p) > 0. Then

h=t =px=t=pb*,

and the normal form for elements of G with positive height implies that h=! € P.
Now
hl =pb~* < ab? = pb~*a,

and it makes sense to apply u to the elements ab?, pb=*a, pb=* and a of P. But
then 1 = p(ab?) = p(pb=*a) = p(pb=*) + u(a) > 1, a contradiction. It follows that
u(p) = 0, as claimed. Again, using the normal form, we have p = b for some [ € N.
Now ab? = b'b~*a = b'~*a, which implies that ab~? = b*~'a. But this is impossible
since ¢ 1 d.

Second, suppose that pu(x) = 1. Since z < b™a for each n € N, there exists
pn € P such that we have b"a = xp,. Then u(p,) = 0. By the normal form, one
has = b*°ab®* with 0 < sy < d and s, € Z and p,, = b’ for some /,, € N. Now

bnd

b"a = ap, <= "% = bPab b = ab™" = bPab™ .

This implies that s = 0 and —nc = s; + [, for all n € N by uniqueness of normal

forms. But now ¢,, = —nc — s; — —00 as n — oo, contradicting that ¢, € N.
We conclude that no z € P satisfies h < z < b~?q for all n € N. In particular, h
has no least upper bound in P. Thus (H, P) is not quasi-lattice ordered. 0

Lemma 3.11. Let (G, P) and (K, Q) be weakly quasi-lattice ordered groups. Suppose
that p: G — K s an order-preserving group homomorphism.

(a) If (G, P) is a quasi-lattice ordered group, then so is (ker y, ker p N P).
(b) Suppose that for x,y € P with x V y < oo, we have pu(z) V pu(y) = p(z V y).
Then (ker p, ker p N P) is a weakly quasi-lattice ordered group.

Proof. This is what was actually proved in [15, Lemma 3.3] though its statement
consists only of item (a). O

4. NUCLEARITY

Let (G, P) be a weakly quasi-lattice ordered group. Suppose that there are a
discrete group K and a group homomorphism pu: G — K. We write u for the
universal unitary representation generating C*(K). By Lemma 3.4 of [15] there is a
nondegenerate? injective coaction §,: C*(G, P) — C*(G, P) ®min C*(K) such that
(4.1) du(wp) = wp @ uy forp e P.

Let 7 be the trace on C*(K) such that 7(uy) is 1 if & = e and 0 otherwise. By
[15, Lemma 3.5],

(4.2) U, = (1d®T)o0d,
is a conditional expectation on C*(G, P) such that

¥, (wyw?) = {wpr if u(p) = u(q)

0 else,

2Full coactions of discrete groups may not be nondegenerate — see the Erratum [16]. While
nondegeneracy of d,, is not mentioned in the statement of [15, Lemma 3.4], it is in fact proved
there.
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and the range of ¥, is

span{w,w, : p,q € P, ju(p) = p(q)}-
Moreover, if K is amenable, then W, is faithful.

Proposition 4.1. Let (G, P) be a weak quasi-lattice. Suppose that there exist an
amenable group K and a homomorphism : G — K. Then C*(G, P) is nuclear if
and only if span{w,w; : p,q € P and p(p) = pu(q)} is nuclear.

Proof. Let 6, be the coaction defined by (4.1). The proposition follows from [29,
Corollory 2.17] after observing that span{w,w; : p,q € P, ju(p) = p(q)} is the fixed-
point algebra C*(G, P)% of the cosystem (C*(G, P), K,d,). (The amenability of K
is only needed for the direction C*(G, P)% nuclear implies C*(G, P) nuclear.)

For the observation, we recall from [29, Lemma 1.3] that the fixed-point algebra

C*(G, P)% of (C*(G, P), K,¢,) is
C*(G, P)’* = {a € C*(G,P) : d,(a) = a ®u.}.
Let p,q € P such that p(p) = p(g). Then 6, (wywy) = wpw @uup)u,) = Wpwg e,
and it follows that span{w,w; : p,q € P, u(p) = u(q)} € C*(G, P)’.
For the other inclusion, let a € C*(G, P)%. Let ¥, be the conditional expectation
at (4.2). Then
U,(a) = (1d®7) 0 d,(a) =id®@71(a @ u.) = a,
and so a is in the range span{w,w; : p,q € P, ju(p) = p(q)} of ¥,,. Thus

span{w,w; : p,q € P, pu(p) = p(q)} = C*(G, P)™
as needed. O

Lemma 4.2. Let (G, P) be a weak quasi-lattice. Suppose that there exist a group K
and a homomorphism j: G — K such that (ker p, ker p N P) is weakly quasi-lattice
ordered.

(a) If (ker p,ker p N P) is amenable, then C*(ker u,ker u M P) is isomorphic to
the C*-subalgebra

B, = span{w,wj : a, € P, pu(a) = e = p(B)}
of C*(G, P); the isomorphism is induced by the restriction of the universal
representation w : P — C*(G, P) to ker p N P.

(b) If B. is nuclear, then C*(ker u,ker p N P) is nuclear. In particular, B, and
C*(ker i, ker p N P) are isomorphic and (ker u, ker ;1 N P) is amenable.

Proof. The restriction w| of w : P — C*(G, P) to keru N P is a Nica covariant
representation of ker uN P, and hence induces a representation 7, : C*(ker p, ker 1N
P) — B, which is surjective. Let T" and S be the Toeplitz representations of P and
ker u N P on (?(P) and ¢*(ker u N P), respectively. We view ¢*(kerp N P) as a
closed subspace of ¢?(P). Since ¢*(ker u N P) is invariant under B., we obtain a
representation 7} of B, on ¢*(ker N P) by restriction. Then 7% o m, = 7.

For (a), suppose that (ker u, ker pN P) is amenable. Then 7g is injective and then
Ty is the required isomorphism.

For (b), suppose that B, is nuclear. Since 7} is surjective, T (ker p, ker p N P)
is a quotient of B, and hence is nuclear as well. We claim that ker 4 N P satisfies
the independence condition of [24, Definition 6.30]. It then follows from [24, Theo-
rem 6.44] that C*(ker p, ker N P) is nuclear and that (ker p, ker N P) is amenable.
Then item (a) completes the proof of (b).
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To see that ker u N P satisfies the independence condition and that [24, Theo-
rem 6.44] applies we need to do some reconciling. In [24], the full C*-algebra C*(Q)
of a left-cancellative semigroup @ is defined as a full inverse semigroup C*-algebra
(see also [28]). It is pointed out at the end of §6.6 of [24] that this is the same as
the C*-algebra C%(Q) introduced in [20]. This C%(Q) is a quotient of a C*-algebra
C*(Q) defined in [20, Definition 3.2]. If (K, Q) is a weak quasi-lattice, then the latter
C*(Q) is the C*-algebra C*(K, Q) universal for Nica-covariant representations that
we are studying in this paper (see [20, p. 4313]). Further, on page 4327 of [20], Li
shows that if (K, Q) is a weak quasi-lattice, then C*(Q) and C%(Q) are isomorphic.
If (K,Q) is a weak quasi-lattice, then @) satisfies the independence condition (see
Definition 6.20 and Lemmas 6.31 and 6.32 of [24]). Thus [24, Theorem 6.4] applies
as claimed. O

It follows from Lemma 4.2(b) that we can restate Theorem 1.1 as:

Theorem 4.3. Let (G, P) and (K, Q) be weakly quasi-lattice ordered groups. Sup-
pose that p: (G, P) — (K, Q) is a controlled map in the sense of Definition 3.6, that
K is amenable and that the C*-subalgebra

B, = span{w,wp : a, € P, pu(a) = e = p(B)}
of C*(G, P) is nuclear. Then C*(G, P) is nuclear. In particular, (G, P) is amenable.

Theorem 4.3 extends [23, Corollary 8.3] in two ways: our notion of controlled maps
is weaker and we only assume that (G, P) and (K, Q) are weak quasi-lattices. Before
we prove the theorem, we observe that the hypothesis that the C*-subalgebra B, is
nuclear is often easily seen to hold. It is equivalent to nuclearity of C*(ker u, ker uNP)
by Lemma 4.2 since this has B, as a quotient.

Corollary 4.4. Let (G, P) and (K, Q) be weakly quasi-lattice ordered groups. Sup-
pose that u: (G, P) — (K, Q) is a controlled map in the sense of Definition 3.6. If
the group generated by ker p N P is amenable, then C*(ker p, ker p N P) is nuclear.

Proof. Let G’ be the subgroup of G generated by P’ := ker N P. Then the identity
map on (G', P’) is a controlled map. Here C = C*(keridNP’) = B.(G', P') is
nuclear. If G’ is amenable, Theorem 4.3 implies that C*(ker u, ker N P) is nuclear.

U

In view of the new definition of controlled maps, to prove Theorem 4.3 we need
to re-analyse the structure of the fixed-point algebra

C*(G, P)’ = span{w,w, : p,q € P and p(p) = u(q)}-
For this, we start with the analogues of [15, Lemmas 3.6 and 3.9].

Proposition 4.5. Let (G, P) and (K,Q) be weakly quasi-lattice ordered groups.
Suppose that p: (G, P) — (K, Q) is a controlled map in the sense of Definition 3.6.

(a) Let k € Q, let F' be a finite subset of Ay, and let n € N. Set
By = span{w,w; : p,q € P,u(p) =k = pu(q)},
By = span{wapdwy, : A, p € Ay and d € B},
Binr = span{wsﬁdw:ﬁ: A\ p€ F andde€ B.}.
Then

(i) B, Bgn and By, r are C*-subalgebras of C*(G, P)%;
(ii) Bgnr is isomorphic to Mp(C) ® Be;
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(ili) By, = lim By, is isomorphic to K(*(Ar)) ® Be;
(IV) Bk,n g Bk,n—H and Bk = thk,n
(b) Let I be the set of all finite sets I C @ that are closed under \V in the sense
that s,t € I and sVt < oo implies that sVt € l. Let I € Z and set

Cp = span{wywy : u(p) = p(q) € I}.
Then
(i) Cr is a C*-subalgebra of C*(G, P)%;
(ii) Cr = Y4 Bi®; and
(iii) C*(G, P)* =lim,_ Ci.
Proof. To see that By, is a C*-subalgebra, take spanning elements w,w; and w,wy €
By. Then, using Nica covariance, we deduce that

wqul(q\/r)w:rfl(q\/r) if gVvir<oo

* *
wyw w,wt =
p T
e s {0 else.

Suppose that ¢ V7 < oo. Then wyw;w,w; # 0. Since p is a V-preserving homomor-
phism we have

upa (g Vr)) = ulp)ule) ™ (u(a) v ul(r)) = kk™'k = k
and p(sr~'(q vV r)) = k similarly. Thus wyw}w,w; € By, and it follows that By is a
C*-subalgebra of C*(G, P)%. Similarly, using Nica covariance and Lemma 3.7, we

have

(W wawiwie) (W wgwiw:%/ )

WA Wap=1(8vo) Wyt (ayey Wy if p=XNand fVo <o
o else.
Since u(af~H(BV o)) =e= pu(ro (B V o)) it follows that By, is a C*-subalgebra
of C*(G, P)%».
Next we show that By, r is isomorphic to Mp(C) ® B.. This will complete the
proof of (ai) as well as giving (aii). Let A\, X', p,p’ € F. Then
§ . wapw*, if p=N
WA W p WA Wy = "osn
ot s 0 else
using Lemma 3.7. Thus {waw?, : A\, p € F} is a set of matrix units in By,. This

gives an injective homomorphism 6: Mp(C) — By, r that maps the matrix units
{Exp: A p€ F}yin Mp(C) to {wpw?: A\, p € F}in By, . It is easy to check that
the formula

P(d) =) wydu],

AEF
gives an injective homomorphism ¢ : B, — By, r such that
Q(E&p)qu)(d) = wsfgdw:g = ¢(d)9(EA,p)
It follows that the ranges of # and 1 commute. Now the universal property of the

maximal tensor product gives a homomorphism 6 ® ¢ of Mp(C) ® B, into By, .

3That C; = > _rer Br was also asserted in [15, Lemma 3.9], but the proof given there is not
correct; the mistake is in the statement that “the finite span of closed subalgebras is closed”.
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By [30, Theorem B.18]
Mp(C)® B, =span{E,,®d: \,p € F and d € B.},

with no closure. So the range of § ® v is spanned by §(E) ;) (d) = wgydwy,, and
hence the range is By, p. (In particular, By, g is closed.) Thus By, g is isomorphic
to MF(C) ® Be-

Now direct the finite subsets of Ay by inclusion. Consider a spanning element
wsﬁdw:ﬁ € By,. Take ' = {\, p}. Then wsﬁdwjﬁ € By r. Thus By, = hgqF By p
It follows that By, is isomorphic to (¢*(Ay)) ® B, giving (aiii).

To see that By, C DBjn+1, consider a spanning element ws%wawgw;‘ﬁ € By,.
We have s),; < s}, that is, there exists o € P such that s, = s} ;0. Notice that
p(o) = e because pu(s)) = k = p(s),,). Similarly, there exists 7 € ker NP such that
sk =sp 7. Now WAWaWHWSp = wsﬁﬂrlwm711%111:;?1+1 € Bint1. Thus By, € Bintt

Now take a spanning element w,w; € By. By item (bii) of Definition 3.6 there
exist A\, p € Ay and m,n € N such that s) < p and s < ¢q. Say m < n. Then
sh < ) < p. So there exist «, 3 € ker u N P such that p = s}« and g = s”3. Now
WpWy = WAWoWEWSp € By Thus B, = ligB;m, giving (aiv).

To see that C} is a C*-subalgebra, let p, ¢, 7, s € P such that u(p) = pu(q) € I and
wu(r) = p(s) € I. Then

. .
Wy, = Wpg=1 (qvr)Wer—1 () ifqgVr<oo
0 else.

Suppose that w,w;w,w; # 0. Then qVr < co. Since y is a controlled map we have

p(pg (g V) = pup)ula) " (g Vv r) = p(g) vV u(r) = p(sr= (g Vv r)).
Since I is closed under V we have pu(q) V u(r) € I, and hence
WpWa Wy Wy = Wpg—1(qvr)Wer—1(qvr) € CI-
It follows that C7 is a C*-subalgebra. This gives (bi).
Let I € Z. We prove item (bii) by induction on |I|. If |I| = 1, then I = {k} for

some k € ) and C; = By. Now let n > 1 and assume: if J € Z and |J| = n, then

Cy = ZkeJ By
Suppose that |I| =n + 1. Let m be a minimal element of I and let J =1\ {m}.
Then J € Z and |J| = n. By the induction hypothesis,

Cy=> B
keJ
Let k € J. We claim that ByB,, C C;. To see the claim, let p,q € u~'(k) N P and
r,s € u~t(m) N P. Then the product of the spanning elements is

wpq_l(qu)w:r—l(qu) if qVvr<oo

*
WyW W Wy =
D rWs .
1 {0 otherwise.

If gVr = oo, then wywyw,ws = 0 € Bg. So suppose that ¢ Vr < oo. Then
kvm = p(q)Vu(r) < oo. Since m is minimal in I and k # m, we have m < kvm € I.
Thus kVm € J. Now

1(pg gV r)) = pp)ulq) " (ulg) vV u(r)) = plg) vV p(r) =k vVme J.



NUCLEARITY OF SEMIGROUP C*-ALGEBRAS 15

Similarly, u(sr~*(q Vv r)) € J. Thus Wpg=1(qvr)Wer—1(gvyy € C, and the claim follows.
The claim implies that

C,B,, — <ZBk>Bm =Y BB, CCy.

keJ keJ

Similarly, B,,C; C Cj,. It follows that C; is a closed two-sided ideal in the
C*-algebra C;. Clearly C} is generated by C; and the C*-subalgebra B,, of C.
By [26, Theorem 3.1.7] we get that C; = C; + B,,, which proves item (bii).

Finally, for item (biii), we note that Z is partially ordered by inclusion and is
directed: if Iy, I; € Z, then they are both contained in I; U I, U (I; V I3) € Z. Take
a spanning element wyw; € C*(G, P)*. Then u(p) = p(q), and w,w} € C; where
I ={u(p)}. Thus C*(G, P)’» = lim, __ Cr. O

The next step is to prove the following lemma from which we can then deduce
that the C;’s are nuclear provided that the Bj’s are nuclear for all k € Q).

Lemma 4.6. Suppose that B is a nuclear C*-subalgebra of a C*-algebra C' and
I C C s a nuclear ideal. Then B + I is a nuclear C*-algebra.

Proof. Notice that B + I is a C*-subalgebra of C' by [26, Theorem 3.1.7]. The
canonical inclusion I C B + [ together with the quotient map B+ 1 — (B +1)/1
produce a short exact sequence

0—-I1I—-B+I1—(B+1I1)/I—0.

Now (B+1)/1 is nuclear because it is isomorphic to B/(BNI) and nuclearity passes
to quotients. Since I is nuclear as well and an extension of a nuclear C*-algebra by
a nuclear ideal is again nuclear, we conclude that B + I is also nuclear. 0

Proof of Theorem 4.3. By Proposition 4.1, it suffices to show that the fixed-point
algebra

C*(G, P)* = span{w,w; : p,q € P and u(p) = p(q)}

is nuclear. To do this, we go back to the analysis of the structure of C*(G, P)% in
Proposition 4.5. Direct limits of nuclear C*-algebras are nuclear. Since C*(G, P)% =
%ﬂ et C7, it suffices to show that each C7 is nuclear. We will prove this by induction
on |I|. For |I| = 1, we have C; = By, for some k € I. Because By, is a direct limit
liglneN B, it suffices to show that each By, is nuclear. But B, is isomorphic to

K(¢*(Ay)) ® B.. Since B, is nuclear by assumption, each By, is nuclear. Thus By,
is nuclear, as needed.

Now fix n € N, n > 1 and suppose that C; is nuclear for all I € Z with |I| = n.
Let I € Z with |I| = n+1. Take a minimal element m € I and consider J = I'\ {m}.
Then |J| = n and so C} is nuclear by the induction hypothesis. As in the proof of
Proposition 4.5, C'; is an ideal in C'; and C; = B,,, + C;. Since B,, is also nuclear,
Lemma 4.6 implies that C is nuclear as desired.

It follows that C*(G, P)% = lim, _ Cj is nuclear as well. Thus C*(@G, P) is nuclear.

It follows from the nuclearity of C*(G, P) that (G, P) is amenable [24, Theo-
rem 6.42]. (That [24, Theorem 6.42] applies was discussed in the proof of Lemma 4.2.)

O
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5. EXAMPLES
5.1. Examples from §3.

Ezxample 5.1. Let F be the free group on a countable set of generators and let F*
be the unital free semigroup. Also let u: F — Z be the homomorphism that sends
each generator to 1. We observed in Example 3.2 that p is a controlled map into
an abelian group with ker p NF+ = {e}. Since C*(ker p, ker u NF*) = C is nuclear,
Theorem 1.1 implies that C*(F,F*) is nuclear. (Nica already observed that (F,F™)
is amenable.)

FEzample 5.2. Consider the subsemigroup P = {1,bw : w € F™} of F from Exam-
ple 3.3, and let pu: F — Z be the homomorphism that sends each generator to 1.
Then p is a controlled map into an abelian group with keruy NP = {e}. Thus
C*(F,P) is nuclear and (F,P) is amenable by Theorem 1.1.

We already know from [7, Corollary A.7] that the quasi-lattice ordered group
(G, P) associated to the Baumslag-Solitar group of Example 3.4 is amenable. We can
now use Theorem 1.1 to see that C*(G, P) is nuclear for all Baumslag-Solitar groups.
Together with Proposition 3.10, this shows that Theorem 1.1 gives new examples of
nuclear semigroup C*-algebras that do not come from quasi-lattice orders.

Ezample 5.3. Consider the Baumslag-Solitar groups G = (a,b : ab® = b%a) where
either 1) ¢,d > 1 or 2) ¢ > 1 and d < —1. Let P be the semigroup generated by
a and b. We showed in Examples 3.4 and 3.9 that the height map p: G — Z such
that pu(a) = 1 and p(b) = 0 is a controlled map into an abelian group. Here

ker u N P = {b': t € N}

is isomorphic to N. It follows that the subgroup of G generated by keru N P is
isomorphic to Z and hence amenable. Thus C*(ker p, ker pN P) is nuclear by Corol-
lary 4.4. Now Theorem 1.1 implies that C*(G, P) is nuclear and that (G, P) is
amenable.

5.2. HNN extensions, controlled maps and one-relator groups. Here we
consider certain weak quasi-lattice orders arising from HNN extensions of free groups.
We were particularly inspired by the analysis of one-relator groups with positive pre-
sentation due to Li-Omland—Spielberg [25] and the work of an Huef-Raeburn—Tolich
on HNN extensions [15] of quasi-lattice orders. Recall that a one-relator group is
a group G = (X;r) with generating set ¥ and a single defining relator r. We say
that the presentation (3;7) is positive if r is a relation of the form u = v, where u
and v are nonempty words in 3. In [25], Li, Omland and Spielberg analysed when
the semigroup P = (X;u = v)™ defined by the same presentation is right LCM and
provided sufficient conditions on the presentation (¥;u = v) for the pair (G, P) to
be a weak quasi-lattice. Under some conditions on the words u and v, they found
a graph model for the boundary quotient 0C*(G, P) if |¥| > 3 and concluded, in
particular, that C*(G, P) and 0C*(G, P) are nuclear [25, Corollary 3.10]. Here we
treat two different classes of presentations (X;u = v), which are not covered by the
results of [25]. If |¥| = 2, we obtain nuclearity of the semigroup C*-algebras of
Baumslag—Solitar semigroups as a particular case. More precisely, we will prove the
following;:

Corollary 5.4. Let S be a nonempty set and let ¥ = S U {c}. Let u and w be
nonempty words in S and let G = (L;uoc = ow). Let P = (X;uc = ow)™ be the
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semigroup defined by the same relation. Then (G, P) is an amenable quasi-lattice
ordered group and C*(G, P) is nuclear.

Corollary 5.5. Let S be a nonempty set and let ¥ = S U {c}. Let u and w be
nonempty words in S and let G = (S;uow = o). Let P = (3;uow = o)™ be
the semigroup defined by the same relation. Then (G, P) is an amenable weakly
quasi-lattice ordered group and C*(G, P) is nuclear.

We should observe that the proof of Corollary 5.4 is essentially done in [15].
However, we will include it here since our ideas to prove Corollary 5.5 are also based
on HNN extensions.

We briefly introduce the definition of a Higman-Neumann-Neumann extension
(HNN extension, for short). Let H be a group, and let A and B be sugroups of H
with an isomorphism ¢: A — B. The HNN extension of H relative to A, B and ¢
is the group

H* = (H,t:t 'at = ¢(a),a € A).
The group H is the base of H* and t is the stable letter. We refer the reader to
[22] for further details on this construction. Following [15], we let §: H* — Z be
the height map. That is, 0 is the group homomorphism that vanishes on H and
maps t to 1. We let X and Y be complete sets of left coset representatives for H/A
and H/B, respectively. Every element h* € H* has a unique representation of the
form

(5.1) h* = hot“ hyt® -« hy_1t%h, (k> 0),

where ¢, = +1, h;_1 € X if ¢ =1 and h;_; € Y if ¢, = —1, and h, € H. The
representation (5.1) is the (right) normal form of h* relative to X and Y (see [22,
Theorem 2.1]).

Let F be the free group on a set of generators S and let v and w be nonempty
words in S. We consider the subgroups of F given by A = (u) and B = (w).
Our goal is to analyse the HNN extensions determined by the group isomorphisms
¢t, 071 A — B given by u +— w and u — w™!, respectively. We begin with an
appropriate choice of left coset representatives for F/A and F/B.

Lemma 5.6. Let F be the free group on a set of generators S and let A = (u) be
the subgroup of F generated by a nonempty word u in S. Define

Q, ={a eF":a=c¢c oraisamnontrivial right divisor of u}.

(a) For a € Q, \ {e}, let X, be the set of words h in F for which the largest
common suffix with uw in their reduced form is « so that, in particular, h - u
inwvolves no cancellation. Also, let X, be the set of words h € F for which the
products h - u and h - u~"' involve no cancellation. Then

X:zl_lXa
€y,

is a complete set of left coset representatives for F/A.
(b) Suppose that h € X satisfies hANTFT £ (. Then h € FT and h <g+ ¢ for
allg € hRANTFT.

Proof. We first establish (a). Let o, 5 € Q,. Clearly X, N Xz = 0 if a # 5. Now
take h € X, and h' € X3 and suppose that hA = I/A. Then h™'h’ € A and we may
assume, without loss of generality, that

h = h'u™, m > 0.
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We claim that m = 0. This follows because h'u is in reduced form, and hence there
are no cancellations. This implies that h has u as a suffix, contradicting that h € X,,.
Hence we must have m = 0, which gives h = I'.

Now let h' € F be arbitrary. We will prove that h’A = hA for some h € X. We
can write h' = hou™, where m € Z, hg does not end in a nontrivial power of u and
the product hg - u™ is in reduced form. So W’ A = hoA. If the product hg-u~! is not
reduced, then hy € X, C X for some nontrivial proper right divisor « of u. Suppose
that hg - u=! is reduced. If hg - u is also reduced, then hg € X, C X. Otherwise,
i.e. if hou is not reduced, there is a largest proper nontrivial prefix § of u such
that 87! is a suffix of hg in its reduced form. Set o = 37 'u. Let hy € F be such
that hg = h187!, where the product involves no cancellation. Then hg = hy(au™!)
and hgA = hiaA. Since the product hy - 87! involves no cancellation, « is indeed
the largest common suffix of u and h;a. Thus hia € X, and A’ A = hgA = hiaA as
desired.

To prove (b), let h € X with hANFt # (. Take ¢ € hANTFT. We will
show that ¢ < h < ¢ in (F,FT). Let m € Z be such that h~'¢ = u™. We must
have m > 0 because the product ¢ -« involves no cancellation and h does not end in
a nontrivial power of u in its reduced form. So ¢ = hu™ with m > 0. Since h € X,
the product h - «™ involves no cancellation. Therefore, h € F™ and h <g+ ¢ as
asserted. O

5.2.1. Case uo = ow. We analyse the HNN extension of [ relative to A = (u),
B = (w) and the isomorphism ¢*: A — B that sends u to w. We begin by showing
that (F*, F**) is quasi-lattice ordered by applying Lemma 5.6 and [15, Theorem 4.1],
which gives the following three sufficient conditions for and HNN-extension (H*, P*)
as above to be quasi-lattice ordered:

(1) p(ANP)=BnNP.

(2) Every left coset hA € H/A such that hA N P # () has a minimal coset
representative p € P.

(3) for every z,y € B such that =V y < oo, we have z Vy € B.

Proposition 5.7. Let F be the free group on a set of generators S. Let A and B be
the subgroups of F generated by the nonempty words u and w in S, respectively. Let
¢t A — B be the isomorphism that sends u to w. Then (F*,F™*) is quasi-lattice

ordered, where F* is the HNN extension of F relative to A, B and ¢*, and F*™*
denotes the subsemigroup of F* generated by S U {t}.

Proof. In order to prove that (F* ™) is quasi-lattice ordered, we will apply [15,
Theorem 4.1]. Let X and Y be the complete sets of left coset representatives for [F/A
and IF/ B, respectively, as in Lemma 5.6. Clearly, o7 (A NF*) = BNF*, which is
condition (1) of [15, Theorem 4.1]. Condition (3) of [15, Theorem 4.1] is trivially
true in our setting. Now suppose that h € X satisfies hA NFT # (). It follows from
Lemma 5.6 that h € F* and h <p+ ¢ whenever ¢ € hANTF*. This gives precisely
condition (2) of [15, Theorem 4.1]. Therefore, (F*,F™) is quasi-lattice ordered by
[15, Theorem 4.1]. O

Before proving the next proposition, we introduce some notation. Let H* be the
HNN extension of H relative to A, B and ¢: A — B. Let h* € H* with normal
form

h* = hot hat® . hp_it%hy (k> 0).
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The stem of h*, denoted by stem(h*), is the element hot“*hit ... hy_1t%*. As in [15,
Theorem 5.1], we will use that the height map #: F* — Z is controlled to deduce
nuclearity of C*(F* F**).

Proposition 5.8. Let (F*,F**) be as in Proposition 5.7. Then the height map
0: F* — Z is controlled and, in particular, C*(F*,F**) is nuclear.

Proof. That the height map is controlled is already established in [15, Theorem 5.1]
and so we will only indicate here how the proof goes.

Let z,y € F™ be such that z Vy < oco. By [15, Lemma 5.5], if 6(z) < 0(y),
there is r € F* with = V y = stem(y)r, and so 8(z V y) = 0(y) = max{6(z),0(y)}.
If O(x) = 0(y), then stem(x) = stem(y) and, in this case,

x Vy = stem(y)(p Vr+ q),

where x = stem(x)p and y = stem(y)q. Hence 0(z VvV y) = 0(x) V §(y). Given k € N,
the set of minimal elements ¥, C F** is then given by

{r €0 (k) NF™ : 2 = stem(z)}.
It is then easy to see that 6 is controlled. Since ker§ NF™* = F* and C*(F,F") is

nuclear (see Example 5.1), Theorem 1.1 implies that C*(F*,F™*) is nuclear. This
completes the proof of the statement. O

Remark 5.9. Although here we are only considering HNN extensions of free groups, a
version of [15, Theorem 5.1] in which the hypothesis “(G, P) is amenable” is replaced
by “C*(G, P) is nuclear” also follows using that the height map is controlled.

Rewriting Proposition 5.8 in terms of one-relator groups with positive presentation
gives Corollary 5.4:

Proof of Corollary 5.4. Let (F*, F™) be the quasi-lattice ordered group constructed
as in Proposition 5.7. We obtain an isomorphism F* = G by identifying generators
t + o, s — s. In particular, this restricts to an isomorphism F™™ = P. So (G, P) is
quasi-lattice ordered. That C*(G, P) is nuclear then follows from Proposition 5.8.

O

5.2.2. Case uow = 0. We consider the HNN extension of I relative to A, B and the
group isomorphism ¢~ : A — B which sends u to w™!. In this case, we cannot apply
[15, Theorem 4.1] because ¢~ (ANF') € BNF*. However, we can directly prove
that (F*, F™*) is weakly quasi-lattice ordered. We will need the following technical
lemma.

Lemma 5.10. Let F be the free group on S. Let A and B be the subgroups of F
generated by the nonempty words u and w, respectively, and let ¢~ : A — B be the
isomorphism that sends u to w='. Let F* be the corresponding HNN extension and
let h* € F* with normal form

h* = hot hyt® ... hp_1t%hy

relative to the complete set of representatives X and Y for F/A and F/B as in
Lemma 5.6. Then h* € F™ if and only if

(a) ¢ =1 for all i, hg € F™ and hy = w™q for some m € Z and q € F;
(b) for 2 <i <k, the double coset

Bh; 1A ={w"h;_u" : m,n € Z}

has a representative in FT.



20 ASTRID AN HUEF, BRITA NUCINKIS, CAMILA F. SEHNEM, AND DILIAN YANG

Proof. Suppose that h* € F*. Then there exist [ > 0 and pg, p1,...,p; € F' such
that

h* = potpit -+ pi_itpr.
We can compute the normal form of h* by working from left to right using its
representation potpit - - - pi_1tp; and the relation ut = tw~!. No factor t~! appears
in the normal form of potpit - - - p;_1tp;, from where we deduce that [ = k and ¢; = 1
forall 1 <i<k.

The representative of the left coset poA is hg € X. Since py € hgANTFT, it follows
from item (b) of Lemma 5.6 that hg € F' and hy <g+ py. We write pg = hou™®,
where mg > 0. Next, h; € X is the representative of the left coset w™"™°p;. So there
exists ny € Z such that hy = w™™pu™. Then

wmohlu*m =p € BhlA N F+.

Thus the double coset Bh;A has representative p; in Ft. Similarly, we conclude
that the double coset Bh;_1 A has a representative in F* for all 2 < i < k. That h;
has the form w™*p,, for some my € Z follows because u~ " tp, = tw™* py.

Conversely, let h* = hot hqt® - - - t%-1h;_4t*h; and suppose that conditions (a)
and (b) in the statement hold. Let 6: F* — Z be the height map. Our proof will be
by induction on §(h*) = k.

If k=0, then h* = hg e FT CF™. If k =1, let p; € F' and m; € Z be such
that hy = w™'p;. If my > 0, we clearly have

h* = hothl = hotwmlpl S F+*.

In case m; < 0, the relation ut = tw=! tells us that h* € F*.

Fix k > 2 and suppose that h’* € F™* whenever its normal form satisfies (a) and
(b), and O(h'*) < k — 1. Let my, € Z and p;, € F™ be such that hy = w™pj. Using
that the double coset Bh;,_1 A has a representative pp_; € F™, we can find my_q,ny €
7, with

Pr—1 = W hy qu
By the induction hypothesis, we conclude that
hothlt s tw*m’“*lpk,l

lies in F™*. We claim that u~"™-1{w™* belongs to F* as well. Indeed, if —nj_,my >
0 we are done. Otherwise, we use the relations u='t = tw and ut = tw™! to
write u~ " -1tw™* as a product of ¢ and a nonnegative power of u or w. Thus one
has u~"™1tw™ € F™™* and so

h* = hothlt tee thk_lthk = hothlt R tw‘mk—lpk_lu_"’f‘ltwm’“pk
lies in F**, as desired. O

Next we will prove that (F*,F™) is weakly quasi-lattice ordered.

Proposition 5.11. Let F* be the HNN extension of F relative to A, B and ¢~ as
in Lemma 5.10. Then (F*,F™*) is weakly quasi-lattice ordered. Let 0: F* — 7Z be
the height map. If v,y € F™ and x V y < oo, then x and y are comparable and

O(x Vy) =max{0(z),0(y)}.

Proof. Let x,y € F** and suppose that there is a common upper bound in F** for z
and y.

Case 1. Suppose that 0(z) = 0(y) =: k. Let X and Y be the usual sets of left
coset representatives for F/A and F/B obtained from Lemma 5.6, respectively. By



NUCLEARITY OF SEMIGROUP C*-ALGEBRAS 21

Lemma 5.10, we can write x = stem(x)w™p and y = stem(y)w"q, where m,n € Z
and p,q € F*. Without loss of generality, assume n > m. Since x and y have an
upper bound in F™*, there are r, s € Ft* with xr = ys. When putting xr and ys into
normal form using the procedure as in Lemma 5.10, we work from left to right, and
hence do not change stem(x) or stem(y). Thus stem(z) = stem(y) by uniqueness of
the normal form. Applying Lemma 5.10 (b) to the normal forms of zr and ys, we
also deduce that there are rg, so € F* with

wmproA = w"gsgA.
In particular, p and w" ™q have an upper bound in F*. This implies that p and

w" g are comparable in Ft. If w" ™q <g+ p, we have

m, n—m

y = stem(y)w"q = stem(x)w™w" Mg < x.
If p <w" ™q, then
x = stem(z)w™p = stem(y)w™p < y.

So z and y are comparable and hence Vy = max{z,y}. Thus8(zVy) = 0(x) = 0(y).
Case 2. Suppose that 6(z) # 0(y). Without loss of generality, we assume that
0(z) < O(y). We shall prove that z < y. Let

Yy = hot .. 'th'ﬁ(x)t' . 'the(y)

be the normal form of y relative to the complete sets of left coset representatives X
and Y. Since there exists an upper bound in F™* for # and v, it follows that

y = stem(x)hg)t . . . they)-

Let m € Z and p € F' be such that z = stem(z)w™p. Since there exist r, s € F*
such that zr = ys, we can find ro € F™ N X with w™prgA = ho(z)A. Then there
is n € Z with w™pry = hg(u". Thus

1:713/ = Tou*”hei(;)Stem(m)fly = rotw" hoz)+1t - - - theg).

If 0(y) = 6(x) + 1, we have 'y = rotw"hgy)+1 € FT* by Lemma 5.10, because
y € F**. Suppose (z) + 1 < 6(y). Observe that the double coset Bw"hg(y)+1 A4
coincides with Bhg(y)41A. On the other hand, Bw"hg)11A equals the double coset
of the representative of the left coset w"hg(y)4+1A. It follows that this latter double
coset has a representative in F™ because Bhg(z)41A does so. Proceeding with this
argument for all 0(z) +1 < i < 0(y) and using Lemma 5.10 again, we deduce that
rly e F™. Sox <y. Thusy=2zVyand 0(zVy)=0(y) =max{f(z),0(y)}. O

Proposition 5.12. Let (F*,F™*) be as in Proposition 5.11. Then the height map
0: F* — Z is controlled and, in particular, C*(F*,F**) is nuclear.

Proof. By Proposition 5.11, we have 8(xVy) = 0(x) V6(y) whenever x,y € F™™ have
an upper bound in F™*. We will show that 6 also satisfies item (b) of Definition 3.6.
Let ¢ € N. If ¢ = 0, we take Ay = {e}. So

S. =0 (O)NF™*={z e (0)NF* 2 >e} =F"

and the required sequence (s¢)n,en € Se is just the constant sequence si = e for

all n € N.
Assume ¢ > 1. Set

wX ={h € X : BhA = BpA for some p € F}.
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Put A, = (X NFT) x (,X)? ! (in case ¢ = 1, we naturally identify (,,X)?! with the
unit set). For A = (hg, hy, ..., h4—1) € Ay, we let

Sy = {r € 07 (q) NF™™ : stem(x) = hothit - - thy 1t}

Then
0 (q)nF = | | S
AeA,
The required decreasing sequence associated to A = (hg, hy, ..., hy—1) is the sequence

whose n-th term is
sh = hot -+ - thy_1tw™".
We claim that
S\ = U{x cO g NF™ 2> s}
neN
Indeed, given z € S), there are m € Z and p € F™ with z = stem(z)w™p by
Lemma 5.10. Take n = |m|. Then

(s)7tr = wmwmp € BT C FH.

n

This proves our claim. We conclude that 6 is controlled in the sense of Definition 3.6.
Because ker § NFt* = F* and C*(F,F") is nuclear, we deduce from Theorem 1.1
that C*(F*,F™*) is also nuclear. O

Remark 5.13. Observe that the height map 0: F* — 7Z above is not controlled in
the sense of Definition 3.1. Indeed, the infinite descending sequence
<t ) < <
is not bounded below by any element z € 6~1(1) NF™.
The proof of Corollary 5.5 now follows as in Corollary 5.4.

5.3. Semidirect products of weakly quasi-lattice ordered groups. In this
subsection, we analyse the semidirect product of weak quasi-lattice orders. We pro-
vide examples in which the semidirect product is again weakly quasi-lattice ordered
with a natural positive cone, and study nuclearity of the corresponding semigroup
C*-algebra using controlled maps. Most of our examples involve free groups.

Let (N, L) and (H, @) be weak quasi-lattice orders. Suppose that ¢: H < Aut(N)
is a subgroup of automorphisms of N, so that we can form the semidirect product

G=N %, H,

where ¢: H — Aut(N), h — ¢y, is the corresponding action of H on N. Recall
how the semidirect product is defined: the underlying set is the Cartesian product
N x H of N and H, and multiplication is given by

(n,h)(n', 1) == (npn(n'), hi).

Our first goal is to find sufficient conditions for the semidirect product G = N x,H
to be weakly quasi-lattice ordered as well, with positive cone P = L x, Q.

Lemma 5.14. Let (N, L) and (H,Q) be as above and suppose that for all g € Q
pq(L) C L.

Then
P=1Lx,Q
is a generating subsemigroup of G' such that PN P! = {e}.
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In this case we have a partial order on G given by g; <p g if and only if g; *g» € P,
and we write:

(G, P) = (N, L) % (H,Q).

Proof. That P generates G follows directly from the construction. Now suppose
(I,q) € PN P~ Since (I,q) ' = (g1 (I71),¢71) and QNQ~* = {e,}, we must have
q=eq. Hence p,1(I"")=1""e LN L andsol =ey. O

We will invoke the following fact several times in this subsection.

Lemma 5.15. Let (N, L) and (H, Q) be weak quasi-lattices with H < Aut(N) such
that @,(L) C L for all ¢ € Q, and let (G,P) = (N, L) x, (H,Q) be the semidirect
product. If (I,q) <p (m,r) with [,m € L and q,r € Q, then | <, m and g <g .

Proof. Assume that (I,q) <p (m,r). This entails

(1)~ (m,) = (pg1 (17 g1 (m), ¢ 'r) € (L, Q).

Hence q SQ T. A1807 @q*l(lil)gqul(m) = qufl(lflm> c L7 which lmphes that lflm c
¢,(L) C L. Hence | < m. -

Lemma 5.16. Let (N, L) and (H,Q) be weak quasi-lattices with H < Aut(N).
Suppose that ¢,(L) = L for all ¢ € Q. Then the semidirect product

(va) = (N7L) NSO (HaQ)
18 weakly quasi-lattice ordered. In this case,
(la Q> Vp (m7 T) = (l Vi m,q \/Q T)'

Proof. Suppose that (I, q), (m,r) € P have a common upper bound. By Lemma 5.15
and the fact that (N, L) and (H, Q) are weak quasi-lattices, we have [V, m < oo
and ¢ Vo r < oo. We claim that (I V, m,q Vg r) € P is the least upper bound of
(I,q) and (m, 7). Indeed, we have that

<l7 Q)_1<l Vi m,q \/Q ’f‘) = ((iqul(l_l)v q_l)(l Vi m,q \/Q T)
= (o (MU vem)), q (g Vo).

This belongs to L because | <, IVym, ¢ <g qVgr and ¢,~1(L) = p,1(p,(L)) = L.
Similarly, (m,r) <p (IVm,qVqoT).

Now let (n,s) € P be a common upper bound for (I, ¢) and (m, ). All we have to
show is that (I Vpm,qVgr) <p (n,s). By Lemma 5.15, we must have [V, m <; n
and q Vo r <q s. Using that gy ,mn-1(L) = L, we obtain (I VL m,qVqr) <p (n,s).
So (I VL m,qVgr) is the least upper bound of (I, q) and (m,r) as claimed. O

The assumption ¢ (L) = L for all ¢ € @ is fairly strong, as we will see later in
examples. However, in the situation of the previous lemma, we may use a natural
controlled map to deduce nuclearity of C*(N x, H, L %, Q).

Proposition 5.17. Let (N, L) and (H, Q) be weak quasi-lattices with H < Aut(N).
Let
p: Nx,H — H
(n,h) +— h
be the natural surjection. Suppose that x,y € P = L X, Q have a least upper bound
xVpy in P. Then pu(zVpy) = pu(x) Vo i(y). If o4(L) = L for all ¢ € Q, then p is
controlled in the sense of Definition 3.1.
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Proof. Let (G, P) = (N, L)x(H,Q). Let (., q), (m,r) € P besuch that (I,q)Vp(m,r)
exists. Write (I, q)Vp(m,r) = (n,s). In order to prove the first part of the statement,
it suffices to show that s = ¢Vgr. We have that ¢Vor exists and ¢, <g qVgr <g s.
Also, both ¢ ,-1(I"'n) and ¢,-1(m~*n) belong to L. Hence (n,q Vg r) is a common
upper bound for (I, ¢) and (m, r), which gives (n,s) <p (n,qVqor). Thus s <g qVgr
and so s = q Vg r as desired.

Suppose that ¢,(L) = L for all ¢ € Q. So (G, P) is weakly quasi-lattice ordered
by Lemma 5.16. We have proven that p satisfies item (a) of Definition 3.1. In order
to show that u also satisfies (b), we observe that for all ¢ € @,

p NP ={(lq:leL}
So the required set of minimal elements is ¥, = {(e, q)}, where e denotes the unit
element of N. This verifies item (b) of Definition 3.1. O

We now consider examples (and non-examples) coming from free-by-cyclic groups
F % Z.

Example 5.18. Let F = (a, b) be the free group on two generators. We let Z act on
F via the automorphism ¢: F — F given by ¢(a) = b and ¢(b) = a. In this case
we have p(F*) = F* and so (F,F*) %, (Z,N) is a weak quasi-lattice. By Propo-
sition 5.17, the canonical projection p: F x, Z — Z is controlled. Since (ker pz) N
(F* %, N) = F*, Theorem 4.3 tells us that C*(F x,, Z,F* x, N) is nuclear.

Example 5.19. More generally, if F is the free group on n generators and ¢ acts by
permuting generators, then (F™) = F* and (F,F*) x,(Z, N) is weakly quasi-lattice
ordered. By the same reasoning as above we conclude that C*(F x, Z,F* x, N) is
nuclear.

Next, we give an example of a free-by-cyclic group F %, Z with ¢(F*) C F* and
such that (F,F*) %, (Z,N) is not a weak quasi-lattice order.

Ezample 5.20. Let F be freely generated by a and b, and let ¢ be defined by ¢(a) =
ba, ¢(b) = b*a. Then (F,F") x, (Z,N) is not weakly quasi-lattice ordered. To see
this, notice that ¢? is the automorphism of F given by

©*(a) = b*aba, ©*(b) = b*ab®aba.

Take p = (a,2) and ¢ = (ab,1). Thus p,q € P = (F™,N) have n; = (ab*aba, 2)
and ny = (ab?ab®aba,2) as common upper bounds in P. To see that p and ¢ have
no least upper bound, suppose that (s,m) is less than n; and ny in P and greater
than p,q. Then m = 2 and ab <p+ s <p+ ab’ab by Lemma 5.15. In particular,
s71(ab%aba) € ©?*(F1), contradicting the assumption that (s,m) <p n;.

In view of Example 5.20, we now present some sufficient conditions for a semidirect
product (F,F*) x, (H, Q) to be weakly quasi-lattice ordered.

Proposition 5.21. Let F be a free group on the set of generators S and let (F,FT) be
the quasi-lattice ordered group obtained from the free semigroup F* on S. Let (H, Q)
be a weak quasi-lattice with H < Aut(F) such that if g,r € Q and ¢Vgr < 0o, then
q and r are comparable. Suppose further that, for all ¢ € Q, we have @, (FT) C F*
and that w,(x) and ¢,(y) have no common divisors whenever x,y € S are different
generators of F. Then

(FF") %, (H,Q)

15 a weak quasi-lattice.
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Proof. Let I,m € F*, q,r € @ be such that (I,¢) and (m,r) have a common upper
bound in (F*,Q). In particular, ¢ Vo r < oo and I Vp+ m < co. We may suppose,
without loss of generality, that [ is a prefix of m. Say ((,q), (m,r) <p (n,s). Then

(QOq*1 (l_ln)a q_18)7 (@r*l(m_ln),r_ls) e P

Thus there exist v,v’ € F* such that

S%(U) = l_ln, @rr(”/) = m_lna

which gives ly,(v) = mp,(v'). It follows that the set
W= {a € ¢, (F") : " 'ma € p,(F)}

is nonempty and bounded below by e. We claim that W has a unique minimal
element. Indeed, if ["'m € ¢, (F"), then e is the unique minimal element of . Now
suppose that [7'm & ¢, (F") and let w, w’ be minimal elements of W. Let p,p’ € F*
with ¢,(p) = I"'mw and ¢,(p') = I7'mw’. Since [7'm is a prefix of both ¢,(p)
and ¢,(p’), our assumption that different generators have relatively prime images
under ¢, implies that the first letters of p and p’ coincide. Suppose that s; is the
first letter of p and p'. If @,(s1) <g+ [~'m, then the first letters of s;'p and s;'p’
must coincide. Proceeding with this argument, we can find a largest prefix u of p
and p' so that p,(u) <p+ ["'m. Again the first letter of u™'p, say ¢, must coincide
with the first letter of u~'p’ because p,(u"'){"'m is a nontrivial prefix of both
0 (u"tp) and @, (u~'p’). We also have [~'m <p+ ¢,(ut) because of our assumption
that {7'm & o, (F). Now (I7'm) 1y, (ut) is a prefix of both w and w’. Using that
different elements of S have relatively prime images under ¢,., we deduce that there
are t;,v,0" € F with w = ¢.(t1v), W' = @ (t0'). If p.(t1) = ([7r'm) Ly, (ut),
then v = v/ = e and w = w'. Otherwise, we have either o, (t;) <p+ (I"'m) o, (ut)
or (I7'm) Y, (ut) <g+ @,(t1). The latter inequality requires the first letter of v be
equal to the first letter of v/, while the former inequality implies that the first letters
of (ut)™'p and (ut)~'p’ coincide. Employing this argument finitely many times, we
will arrive at p = p’ or v = v'. Therefore w = w’ and this proves our claim that W
has a unique minimal element.

Finally, we prove that (mw,q V r) is the least upper bound of (I,¢) and (m,r).
Let (n,s) be an upper bound for (I,q) and (m,r). Then s > g V r. Moreover,
[T'n=1"'mm™'n € ¢, (F") and m™'n € ¢, (F"). Hence m~'n € W and it follows
that w™'(m~!n) € F*. Let p’ € F™ be such that m™'n = ¢,(p’). Thus ¢, (p~'p') €
F*. However, using our hypothesis again we deduce that o,.(p~1p') € FT if and
only if p~!p’ € F*. So (mw)™'n = w'm™n € ¢, (F"). By a similar argument,
(mw)~'n € p,(F"). Here we invoke the fact that if ¢ Vr < oo then ¢V r = ¢ or
q V r =1 to guarantee that (mw,qVr) < (n,s)in (F,F*) x, (H,Q). O

We will now illustrate how Proposition 5.21 can be used to produce examples of
weak quasi-lattices as well as controlled maps.

Ezxample 5.22. Let ¢: F — T be given by ¢(a) = ab and ¢(b) = b. Here a ¢ o(F"),
and so Lemma 5.16 does not apply to this case. Nevertheless, (F,F*) %, (Z,N) is
still a weak quasi-lattice by Proposition 5.21, because ¢(a) = ab and p(b) = b are
relatively prime.

We will prove that C*(F* x, N) is nuclear using Theorem 4.3. To do so, consider
the homomorphism o, : F — Z that sends a to 1 and b to 0. Since ¢ does not change
the exponent sum of @ in a word, this induces a homomorphism p: F x, Z — Z?
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defined by p(w,n) = (o4,(w),n). We will see that
p: (F x, Z,F %, N) — (Z* N?)
is controlled.

We begin by showing that p(z Vpy) = pu(z) vV u(y) when it exists. Let © = (p, m)
and y = (¢,n) with a common bound (s,l) in P = F* x, N. In particular, p
and ¢ have a common upper bound in F* and we may suppose, without loss of
generality, that p <p+ ¢. That is, p is a prefix of ¢q. Since ¢ <p+ s we have

pls=ptqqg s € v, (F"). Thus p~'q has reduced form

boab"a - - - ab™, (k> 0)

where 4,4, € N and ¢; > m for all j # 0,k. It follows that the least upper bound
for (p,m) and (g, n) is given by

q,mVyn), ifk=0ori>m

(

(p.m) Ve (g,m) = {(qu_ik, mVyn) else.
From this we deduce that p(zVpy) = pu(z)Vu(y), which is item (a) of Definition 3.1.

To see that u satisfies item (b) of Definition 3.1, take (m,n) € N2. Observe
that o,(p) is precisely the exponent sum of a in p € F. Then g~ (m,n) N P consists
of all elements of the form (p,n) € F* x, N for which the exponent sum o,(p) is m.
Set

Smm) = {(p,n) € F* x,N: 0,(p) = m and b is not a suffix of p}.

Since b = ¢, 1(b) € ¢, (FT), every (¢,n) € u~*(m,n) N P can be written as the
product (p,n) - (b%,0) for some (p,n) € Lpnn and k € N . So (p,n) <p (g,n).
Moreover, if (p,n), (¢,n) € Egnn) and p # g, then p Vp+ ¢ = 0o, because o,(p'q) =
0 and both p and ¢ end in a and so cannot be prefixes of one another. Hence
(p,n) Vp (g,n) = oo and we conclude that y is controlled.

Since (ker p1) N (F* x, N) = (b) x {0}, it follows from Theorem 4.3 that C*(FF x,,
Z,F* %, N) is nuclear.

Example 5.23. Let ¢,d > 1 such that ¢ + d is even. We will construct an action of
the Baumslag—Solitar group BS(c, —d) = (a, b: ab® = b~%a) on the free group I with
generators {x,y, z}.

Let @4, 0p: F — F be given by

pa(z) = 1Y, Pa(y) =y, va(2) = 2y;

op(T) = 2, eu(y) =y, pp(z) =
Then (,, ¢ are commuting automorphisms of F, and ¢ = idp. Since ¢+ d is even,
@it = idp. Thus @,, ¢, induce an action

¢: BS(c,—d) — Aut(F)
satisfying ¢,(F*) C F* for all p € BS(¢, —d)™. Notice that ¢,(z), ¢,(y) and ¢,(z)
are relatively prime. Hence
(F,F) x, (BS(c, —d), BS(c, —d)*)

is weakly quasi-lattice ordered by Proposition 5.21.

We will now show that C*(F* x, BS(¢, —d)™) is nuclear. Consider the homomor-
phism o: F — Z that sends both x and z to 1 and y to 0. Let 6: BS(¢, —d) — Z be
the height map. Set p(u,w) = (o(u),f(w)). Then

p: Fx, BS(c, —d) — 72
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is a group homomorphism because ¢ does not change the exponent sum o(u) =
0.(u) + 0,(u) in a word u. We claim that u is controlled. Let (r,p), (s,q) € P =
F* %, BS(¢, —d)* with a common upper bound in P. We must have r Vp+ s <
oo. Without loss of generality, assume that r is a prefix of s. If #(p) = 0, then

(r,p) Vp (s,q) = (s,pV q) and so
u((r,p) Ve (5,q)) = pu(r, p) Vzz (s, q).-

In case 6(p) > 0, the same reasoning as in Example 5.22 gives a least m € N so that
r~tsy™ € p,(F*). Then (r,p) Vp (s,q) = (sy™,pV q) and so

u((r,p) Ve (8,9)) = pu(r, p) Vzz (s, q).-

It remains to show that p satisfies item (b) of Definition 3.6. First, for m € N,
we set

Y = {r € F* : o(r) = m and y is not a suffix of r}.

Then r Vp+ s = oo whenever r;s € 3, and r # s. Second, because the height map
0: BS(¢, —d) — Z is controlled, for all k& € N, there exist a set Ay and a decreasing
sequence (s))pen C (k) N BS(c, —d)" associated to each A € A so that the
conditions of Definition 3.6 hold. Finally, for each (m, k) € N* we set

A(m,k) = Em X Ak

Thus 71,72 € Agnir) and 1 # 2 entails v, Vp 72 = oo. The decreasing sequence
associated to (r, \) € X, X Ay, has n-th term (r, s}). Given (s,p) € P with u(s, p) =
(m, k), write s = ry', where r € F* ends in x or z and [ € N. Because y = ¢,(y) €
0 (F*) for all ¢ € BS(c, —d)™, it follows that there are n € N and A € Ay such
that (r,s)) <p (s,p). This completes the proof that u also satisfies item (b) of
Definition 3.6 and, therefore, is a controlled map.

Now (ker 1) N (F* x, BS(¢, —d)*) = (y) x (b). Hence C*(F x, BS(c, —d),F* %,
BS(¢, —d)*) is nuclear by Theorem 1.1.

We finish this section by presenting an example with a slightly different flavour.
In particular, Lemma 5.16 and Proposition 5.21 do not apply in this case and we
have to show the existence of least upper bounds directly.

Example 5.24. Let F = (a,b) be the free group on two generators and let ¢ be
the automorphism given by ¢(a) = ba and ¢(b) = b. Then the semidirect product
(F,F*) %, (Z,N) is weakly quasi-lattice ordered. To see this, let (p,m), (¢,n) € P =
F* %, N with an upper bound in P. This implies p Vp+ ¢ < 0o and we can assume,
say, p < q. Also, there is r € FT such that p~'r = p~lqq'r € ¢,,(F). Hence p~lq
must have reduced form

boab"a - - - ab™, (k> 0)

where i, € N and i; > m for all 0 < j <k — 1. From this we deduce that p~lq itself
lies in ¢, (F*). Thus (p, m)Vp(g,n) = (¢, mVn) and this shows that (F, F*)x,(Z, N)
is weakly quasi-lattice ordered as claimed.

We will now see that the canonical surjection

p:Fx,Z —» 7

is controlled. By Proposition 5.17, u(z Vp y) = u(x) Vz u(y) holds for all z,y € P
such that = Vp y < co. So we need to establish condition (b) of Definition 3.1. Let
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n € N. If n =0, then p1(0) N P =TF" x {0} and we set 2o := {(ep+,0)}. That is,
¥ is the unit set given by the identity of F* x, N. Suppose n > 0. We let

S, ={(o,n) ep ' (n)NP:o=r1a,7 €F" and b" is not a suffix of 7}.

We prove that o1 = g9 whenever (o1,n), (09,n) € X, and (o1,n) Vp (02,n) < 00.
Indeed, (01,n) Vp (02,n) < 0o entails o7 Vp+ 09 < 00. So we may assume that oy
is a prefix of g5. Also, there exists r € F* such that o} 'y is a prefix of ¢,(r). In
particular, o; 'oy # ep+ would imply that o] o, ends in b"a because a is a suffix
of o9. Since o] Loy € Ft is also a suffix of oy, we must have oy = 09, as desired.

Now let (x,n) € P. Write x = ou, where (o,n) € X, and u € ¢,(F"). More
precisely, u is the tail of z in o, (F"). Thus (z,n) >p (0,n) and this completes the
proof that u is controlled.

Finally, because ker uNP = F™ x {0}, Theorem 1.1 tells us that C*(Fx,Z, F* x,N)
is also nuclear.

5.4. Graph products. Here we briefly introduce notation from [8] that we need.
Let ' denote a graph with vertex set A and edge set E(I') = {{I,J}:I,J € A, I #
J}y. If {I,J} € E(I'), we say that I and J are adjacent. Let {G}ca be a family of
groups. Then the graph product

G =T1eaGr

is the quotient of the free product %, G by the smallest normal subgroup containing
xlxgxf1x52 for all pairs 1 € G; and xo € G; where I and J are adjacent. A
generating set for G is UreaGr \ {e}. Given a generator x, we write I(x) for the
unique vertex I such that z € G;.

An expression for an element of x € G is a word x175...7; in the generators
which equals x. The graph product relations allow modification of an expression
by replacing a subexpression x;z;1 with x;2; if I(x;) is adjacent to I(z;y1); this
replacement is called a shuffle. If an expression contains a subexpression x;r; 1
with I(x;) = I(z;41), then we obtain a shorter expression for x by amalgamating
the subexpression x;x; 1 of length two into the subexpression z; = x;x; 1 of length
one. An expression is called reduced if its length cannot be reduced by finitely
many shuffles and amalgamation. The length I(z) of x is the length of any reduced
expression equal to x. An initial verter on x is a vertex I € A such that z; € Gy is
a generator in a reduced expression @ ... ,) for  and I(x;) is adjacent to I(x;)
for < 4. If I is an initial vertex on = corresponding to the generator x;, we write
x for x;; if I is not an initial vertex on x we set x; = e.

Now suppose that each G is partially ordered with positive cone P;. A reduced
expression 1%y ...y for x is positive if x; € Py, for 1 < i < I. We say that
x is positive if it has a reduced expression which is positive (and then all reduced
expressions of z are positive). We let P denote the subsemigroup of G consisting of
positive elements of G. Then (G, P) is a partially ordered group.

Theorem 10 of [8] says that a graph product of quasi-lattice ordered groups is a
quasi-lattice ordered group, and then [8, Proposition 13] finds an effective algorithm
to compute a least upper bound when it exists. We now prove similar results for
weakly quasi-lattice ordered groups. Our proof is very different to those in [8]. The
proof of [8, Theorem 10] used the characterisation of quasi-lattice ordered group
from item (iv) of [8, Lemma 7] which does not apply to a weak quasi-lattice. The
algorithm of [8, Proposition 13] is based on the equality (5.2) below, and to prove
it [8, Theorem 10] is used.
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Theorem 5.25. A graph product (G, P) = Tea(Gyr, Pr) of weakly quasi-lattice or-
dered groups is a weakly quasi-lattice ordered group. In particular, if x,y € P have a
common upper bound in P and I is any vertex in A, then with x = x;2’ and y = yry/’
we have

(5.2) xVy=(x;Vy) (' Vy),
and the vertices on x' V y' are vertices on x’ and 3.

Proof. We start by proving that (G, P) is weakly quasi-lattice ordered. For n € N
we set

P, ={(z,y) € P x P:l(z) +l(y) = n and z,y have a common upper bound}.

Notice that if (z,y) € Py, then z = y = e and x V y = e; trivially, all the vertices
on z V y are vertices on z and y. We will prove the result by induction on n. For
n > 0, assume that if (z,y) € P,, then x V y exists and the vertices on = V y are the
vertices on z and y.

Let (x,y) € Poy1. Then there exists a common upper bound z € P for z and y.
Let I € A be an initial vertex on x or y. We write z = z;2’, y = y;9/' and z = z;2’.
[8, Lemma 11] applies to a graph product of partially ordered groups; applying it to
r < z gives

(i) 7 < 27, and

(ii) either z; = z; or the vertices on z’ are adjacent to I.
It follows that z; < z; and y; < z;. Since (G, Py) is a weakly quasi-lattice ordered
group we have z; V y; < z7.

We claim that 2’ is a common upper bound for 2" and y'. If x; = z;, then

<= a0 <z =2 <7

using left invariance.

Next suppose that ;7 < z;. Then the vertices on 2’ are adjacent to I. In particular,
I is not a vertex on z’/, as otherwise we could amalgamate and thus shorten the
expression. Since xz < z we have

vtz = (o) e e = ar g (2) Y e P
There exists v; € P; and v’ in P such that v := 7'z = v;v'. Let w; .. W) be a
reduced expression for (z')~'2’. We now want to compare the two expressions

-1 !
Xy Zrwy ... wl(w) = UV

for x712. For 1 <4 < I(w), if I(w;) = I, then w; is in P because I is not a vertex
on (2')7'. Equating (z7'2); in both expressions, we see that x;'2; < v;. Now
Wy ... Wy = (v7'z7) "o’ € P. Thus (2/)712 € P and 2’ < 2/, as claimed.

It follows from a similar argument that also iy’ < 2’.

Since I is an initial vertex on x or y we have I(2') + I(y/) < l(z) + I(y). By the
induction hypothesis, 2’ V ' exists and the vertices on 2’ V ¢ are the vertices on 2’
and 7/.

We claim that the right-hand-side

(xr Vuyn) (' Vy)
of (5.2) is a least upper bound for x and y. We first show that =,y < (z;Vyr)(2'Vy').

We again consider the two cases arising from [8, Lemma 11]: firstly, if ; = z;, then
xrVyr = zr = x7. Secondly, if x; < z7 then I is adjacent to the vertices of /. Thus

v o Vy) (@' V) = (@) e @ V) (@ VYY)
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@)@ vy if vy = 21
n .Tl_l(l'] Vy) (@) N vy) if zp < zp,

which in both cases is in P. Thus z < (z; V y7)(2’ V ¢/), and similarly y < (x; V
yr) (@' Vy'). Thus (z;Vyr)(2'Vy') is a common upper bound for x and y, as claimed.
Next, suppose that w € P is a common upper bound for x and y. We need to
show that w > (z; Vyr)(z' V). Write w = wrw'. Since z < w, by [8, Lemma 11],
either x; = wy or I is adjacent to every vertex on 2/, and similarly for y. As above,
we have 2/, 9y < w'.
First, suppose that x; = w; or y; = w;. Then

(zrVy)(@ Vvy)) w=(2'"Vy) " (zr Vy)  ww'
= (@' Vi) witwpw’ = (' vy) ' € P
Thus (z; Vyr)(z' V') < w as needed.

Second, suppose that x; < wr and y; < w;. Recall that the vertices on 2’ and 3/
are adjacent to I, and hence so are the vertices on 2’ V ¢ and (2’ V 3/)~!. Thus

(21 V) (@' Vo)) " w= @ v y) (@ Vyn) e’
= ((wr V) ™) (@ V) e');

this is in P because both (x; V y7)~w; and (2’ V /)" are in P. Thus (z; V
yr)(2’' Vy') < w and hence is a least upper bound for z and y, as claimed. We have
proved that (G, P) is a weak quasi-lattice, and that if [ is an initial vertex on z or
y, then (5.2) holds. On the other hand, if [ is not an initial vertex of x or y, then
xr = e =yr, and (5.2) holds trivially. O

Let T';ea(Gr, Pr) be a graph product of partially ordered groups (Gp, Pr). By
the universal property of the free product there is a unique group homomorphism
¢ : %7G1 — B1eaGr extending the inclusion of G in x,G;. Since ¢(Gy) and ¢(G)
commute if I # J, it follows that ¢ factors through the quotient I'jepG;. Thus we
have a homomorphism

(5.3) ¢ : T1ea(Gr, Pr) = @(G1, Py),
IeA
also denoted by ¢, which extends the inclusion of G in I'jepGy.

Let I € A and for x € P write © = z;2'. Then ¢(z) = ¢(z)p(2’) = z;¢0(x’) and
o(x)r = z16(2')1.

Now suppose that (G, P) = T';ea(G, Pr) is a graph product of partially ordered
groups (Gy, Pr). It is proved in [8, Proposition 19] that if (G, P) is a quasi-lattice
ordered group, then ¢ is a controlled map with ker ¢ N P = {e}. We now prove the
analogous result when (G, P) is only a weakly quasi-lattice ordered group.

Proposition 5.26. Let (G, P) = I'1ea(Gr, Pr) be a graph product of weakly quasi-
lattice ordered groups. Let ¢ : T'1en(Gr, Pr) — @,;cx(Gr, Pr) be the homomorphism
defined at (5.3). Let x,y € P such that 'V y < oo. Then

(a) o(z) Vo(y) = oz Vy), and

(b) ¢(z) =o(y) = v =y.
In particular, ¢ is a controlled map.

Proof. We first observe that ¢ is order-preserving. Suppose that g, h € G with g < h.
Then h=lg € P and ¢(h)té(g) = ¢(h~tg) C ¢(P) = ®P;. Thus ¢(g) < ¢(h).
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For (a) we induct on I(z) + I(y). When [(z) + [(y) = 0 we have x = y = e and
o(z)Voly) =e = ¢le) = p(x Vy). Let n > 0 and assume that if v,w € P with
vVw < oo and [(v) + l[(w) < n, then ¢(v) V ¢p(w) = dp(v V w).

Suppose that z,y € P with x Vy < oo and I(z) +I(y) =n+ 1. Let I € A be an
initial vertex on x. Write z = xy2’ and y = y;y/, and notice that I(2") < I(z). We
again consider the cases arising from [8, Lemma 11]. First, suppose that ; < z;Vy;
and that y; < x7 V y;. Then the vertices on 2’ and 3’ are adjacent to I. We have

oz Vy)=¢((xr Vyr)(@' Vy)) (by Theorem 5.25)
= ¢(xr Vo' Vy')
= ¢(z1 Vyr)(o(z') vV é(y)) (by the induction hypothesis)
= (6(zr) V o (yn)) (&) V 8(/))-

Since the vertices on ¢(z’) and ¢(y') are the vertices on 2’ and ¢/, and I is adjacent
to these, we get

Second, suppose that x; = x; V y; or that y; = x7 V y;. We assume, without loss
of generality, that x; = x; V yr. If yr # e, then I(y/) < I(y) and
o(xVy) = d(rrr’Vyry')

= ¢(yr(y; 'z2’ Vy'))  (by left invariance)
Synelyr e’ Vy)

gb(yl)( (y;'zra’) vV é(y'))  (by the induction hypothesis)

= ¢(zra’) vV d(yry)

= ¢(x) V o(y).

If yr = e, then y = ¢/. It follows from [8, Lemma 11] applied to y < z V y that I is
adjacent to the vertices of y. Now

¢z Vy) = o((ar Vyr)(«' Vy))

( 501)(1‘/ v y))

(:U[)( y)) (by the induction hypothesis, since I(z') < I(x))
(zr)g(x )V o(xr)e(y)
(2) V o(zr) V 9(y)

= ¢(z) V é(y)

since ¢(z;) < ¢(x). We have now proved (a).
For (b), suppose that ¢(z) = ¢(y). Write 2V y = xu = yv where u,v € P. By (a)
we have

(
=o((
=¢
=¢
=¢

p(x) = o(x) V o(y) = d(x Vy) = d(x)9(u).
Thus ¢(u) = e. But uy < ¢(u); for all I € A. So ¢(u) = e implies u = e. Similarly,
v = e and hence x = y. This gives (b), and it follows that ¢ is a controlled map. [
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Corollary 5.27. Let (G, P) = Tea(Gy, Pr) be a graph product of weakly quasi-
lattice ordered groups. Suppose that Gy is an amenable group for every I € A. Then
(G, P) is amenable as a weakly quasi-lattice ordered group and C*(G, P) is nuclear.

Proof. Since each G is amenable, so is the direct sum @G;. Now by Proposi-
tion 5.26, ¢ is a controlled map into an amenable group. Since ker¢ N P = {e},
C*(G, P) is nuclear and (G, P) is amenable by Theorem 1.1. O

6. AMENABILITY

Recall from §2 that (G, P) is amenable in the sense of Nica if the Toeplitz repre-
sentation T': P — B(¢*(P)) induces an isomorphism 7 : C*(G, P) — T (G, P). We
can now extend the amenability theorem of [15] to weak quasi-lattices admitting a
controlled map in the sense of Definition 3.6. The proof ideas are the ones from [15,
Theorem 3.2] adjusted to the new definition. Since nuclearity of C*(G, P) implies
that (G, P) is amenable by [24, Theorem 6.42], Theorem 6.1 is of interest only when
we don’t already know that C*(G, P) is nuclear.

Theorem 6.1. Let (G, P) and (K, Q) be weakly quasi-lattice ordered groups. Sup-
pose that p: (G, P) — (K, Q) is a controlled map in the sense of Definition 3.6, that
K is amenable and that (ker u, ker u N P) is amenable. Then (G, P) is amenable.

For k € ) we consider the subspaces
Hj, =5span{en,: A € Ap,n € N,a € ker N P}.
Notice that Hy, = ¢*(u~'(k) N P), and in particular, that H, = ¢*(ker u N P).
Lemma 6.2. Let (G, P) and (K, Q) be weakly quasi-lattice ordered groups. Suppose

that 12 (G, P) — (K, Q) is a controlled map in the sense of Definition 3.6. Suppose
that (ker u, ker N P) is amenable. Then wr(-)|m, is isometric on By for all k € Q.

Proof. We start with k = e. Let o, 3 € keru N P. Then u(af) = e = u(a™'p).
Thus T, | : He — H. with Thyep = €0 = Sacp and Treg = Skeg. Thus
()|, Be = T (ker p, ker 1N P)

is well-defined. We write S for the Toeplitz representation of kerp N P on H, =
¢*(ker 4 N P). Since (ker w, ker N P) is amenable, 7g is faithful, and the restric-
tion of w to ker u N P induces an isomorphism m, : C*(ker u, ker 4 N P) — B, by
Lemma 4.2(a). We have mg = 7p(-)|s. © Tw|. Now 7p(+)|m, has to be faithful on B,
as well.

Next we consider k£ # e. By Proposition 4.5, By = @Bk,n and By, = thknF
Thus it suffices to show that 7r(-)|p, is isometric on By, r for n € N and finite
subsets I of Ay.

We start by showing that Hy is invariant for 7p(Bg, r) so that mp(-)|g, makes
sense. We have
(6.1) By nr = span{wgp Dwgp : A, p € Fand D € B.}

= Span{wa,Wie st A, p € Fand o, B € ker pN P}

. . .
For a spanning element WspraW g of By, r and a spanning element e, , of Hj we
have

Csha(shB)-1s7, i SpB < 87,7 (and then p = o)

*
T (WA oW 5)€s0 o =
T an T Em 0 else.
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Since p(a(st8)'s7,7) = e we see that Tr(Wpa Wy g)€sgy € Hy. 1t follows that Hy,
is invariant for 7p(+).

Now suppose that a € By, r and 7r(a)|g, = 0. Then a = Z/\’pep waray ,Wse for
some ay, € B.. (Here we use the property that there is no closure at (6.1).) Fix
1n,& € F. Then

Tihmr(a)Te = nr(wiawe) = mr(ane).

Since T¢ is an isometry from H. to Hy and nr(a)|m, = 0, it follows that 77(a)T ¢ |, =
0. Thus mp(ay,¢)|n, = 0. But we proved that 77 (-)|y, is faithful on B, above. Thus
ane = 0. It follows that a = 0. Thus 7y (:)|g, is faithful on By, r, and hence is
isometric on By, . O

Proposition 6.3. Let (G, P) and (K,Q) be weakly quasi-lattice ordered groups.
Suppose that p: (G, P) — (K, Q) is a controlled map in the sense of Definition 3.6.
If (ker p, ker pp N P) is amenable, then wr is faithful on C*(G, P)%.

Proof. By Proposition 4.5, C*(G, P)% = liglez C7. So it suffices to show that 7 is
isometric on each C7. Let a € C; such that m7(a) = 0. Since C; = ), ., By, there
exist ay € By such that a = Y, ., ar. Then 0= %", _, 7mp(ag).

We claim that k& £ [ implies that 7mp(By)H; = {0}. We prove the contrapositive.
Suppose that m(By)H; # {0}. Then there exists ¢ € pu~'(k) N P and a spanning
vector e, € H; such that mp(w})ean, 7# 0. We have

(W

. A

“ Jegiaa ifg<sja

q es;\La -
0 else.

Here s} € p~'(I) N P and a € keru N P. So 77(By)H; # {0} implies k = u(q) <
p(sha) = p(s)) = 1. This proves the claim.

Now let [; be a minimal element in /. Then

0= (ZWT(ak))Hll = FT(all)Hll.
kel
Since (ker i, ker 4 N P) is amenable, Lemma 6.2 implies that mr(-)|g, is isometric
on Bj,. Thus @;;, = 0. Now let [y be a minimal element of I\ {l;}. Repeat the
above argument to get a;, = 0. Since I is finite, we conclude that a = 0. Thus mp

is faithful on C}, and hence is isometric on Cy. It follows that 7p is isometric on
C*(G, P)ox. O

Proof of Theorem 6.1. We need to show that the conditional expectation
B CY(G, P) — span{wyw,: p € P}

is faithful. Since K is amenable, the conditional expectation ¥,: C*(G,P) —
C*(G, P)% is faithful by [15, Lemma 3.5]. We claim that it suffices to show that E is
faithful on C*(G, P)%. To see this, let a € C*(G, P) and suppose that E(a*a) = 0.
We observe that £ = F o ¥,. Since ¥, is positive, there exists b € C*(G, P)% such
that ¥,(a*a) = b*b. Then 0 = E(a*a) = E o ¥, (a*a) = E(b*b). If E is faithful on
C*(G, P)%, we get b = 0. Then ¥,(a*a) = 0 implies a = 0 because ¥, is faithful.
This proves the claim.

Let P, be the orthogonal projection onto the subspace span{e,}. There is a
conditional expectation A on B((*(P)) such that A(T) = 3 ., B, TP, It is easy
to see that A is faithful and, by computing on generators, that

Aomp=mrokE.
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Now suppose that b € C*(G, P)% such that E(b*b) = 0. Then 0 = 7p(E(b*b)) =
A(mp(b*b)). Since A is faithful, 77(b*b) = 0. By Proposition 6.3 the Toeplitz
representation is faithful on C*(G, P)%, and hence b*b = 0. Thus b = 0, and E is
faithful on C*(G, P)%. As mentioned above, this implies that E is faithful. O

APPENDIX A. CHARACTERISING NUCLEARITY USING THE CONDITIONAL
EXPECTATION

Proposition A.1. Let (G, P) be a weakly quasi-lattice ordered group. Then C*(G, P)
1s nuclear if and only if, for every unital C*-algebra A, the conditional expectation
EAmax : A @max C*(G, P) — A@span{wywy : p € P} is faithful.

For the proof of Proposition A.1 we need the following lemma.

Lemma A.2. Let A and C be C*-algebras, and let B be a C*-subalgebra of C.
Suppose that E : C' — B is a conditional expectation. Thenid®OF : A©C — A®B
extends to conditional expectations

EA,min t A Qmin C—A Qmin B and EA,max t A Qmax C—A Qmax B.
If E is faithful, then so is E g min.

Proof. Since E is a conditional expectation, it is a completely positive contractive
map by [2, Theorem 1.5.10]. Now both id and E are completely positive maps, and
so by [2, Theorem 3.5.3], id ®F extends to completely positive maps E4 i and
E A max of norm 1. Then E4 min and E4 max are linear idempotents of norm 1 that
act as the identity map on A Qi B and A ®n. B, respectively, and hence are
conditional expectations.

Now suppose that E is faithful. We will show that E4 i, is faithful. Let X be
the standard A-A imprimitivity bimodule. Let Y := C' be the right B-module with
action y - b :=yb for all y € Y and b € B. Since F is faithful, (y;, y2) = E(yjy2) is
a B-valued inner product and turns Y into a right Hilbert B-module. View Y as a
K(Y)-B imprimitivity bimodule. By [30, Proposition 3.36] X ®Y completes to give
an ARK(Y)-A®min B imprimitivity bimodule with right inner product characterised
by (z1Qy1 , T2®y2) = (1, T2)®(y1, yo) for x1, 29 € A and y1,y, € C. In particular,

(T1 @Y1, T2 @ Y2) = T2 ® E(Y1y2) = id QE (7722 ® y1Y2)
- EA,min<xTx2 &® yiy2)
It follows that for z € A ®ui, C we have (z, 2) = Eamin(2"2). Thus Eg min(2*2) =0
implies z = 0, and E4 min is faithful. ]

Proof of Proposition A.1. Let A be a unital C*-algebra and write g4 @ A ®upax
C*(P) — A ®min C*(P) for the quotient map. By Lemma A.2, id ®F extends
to conditional expectations

E g max © A @max C°(G, P) — A®@span{w,w, : p € P}
E g min : A @min C*(G, P) = A®@span{wyw;, : p € P},
and E 4 iy is faithful if £ is. We have E4 max = A min © 4.
First, suppose that C*(G, P) is nuclear and fix a unital C*-algebra A. Since (G, P)
is a weak quasi-lattice, it follows from [24, Theorem 6.44] that (G, P) is amenable.

Thus F is faithful, and then so is F4 min by Lemma A.2. Since C*(G, P) is nuclear,
qa is injective. Thus E4 max = Ea min © 4 is faithful.
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Second, suppose that, for every unital C*-algebra A, the expectation FE4 ax

is faithful. Since Fgmax = Eamin © g4 we must have that g4 injective. Thus
A ®max C*(G, P) is isomorphic to A @y, C*(G, P), and C*(G, P) is nuclear by
[30, Lemma B.42]. O
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