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Abstract

In 1992 Alexandru Nica published a highly influential paper examining the
C*-algebras generated by a semigroup he calls a quasi-lattice ordered group. Of
particular interest to Nica were the C*-algebra generated by the Toeplitz repre-
sentation of a quasi-lattice order, and a universally defined C*-algebra he calls
C*(G, P). Due to the concreteness of the first C*-algebra and the universal prop-
erties of the second, Nica was interested in finding sufficient conditions to deter-
mine when these two algebras were isomorphic. He called quasi-lattice orders
that satisfied this isomorphism condition amenable. Finding techniques that es-
tablish amenability is now a topic at the cutting edge of research in the study of
C*-algebras of semigroups. In this dissertation, we follow the outline set out by
Nica’s paper to study the C*-algebras generated by weakly quasi-lattice ordered
groups. Most of the proofs throughout this dissertation required a substantial
amount of original work to fill in details omitted by Nica, as he often only of-
fered a proof outline.
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Chapter 1

Introduction

There is an extensive literature studying C*-algebras generated by semigroups of isometries.
Recent examples include Xin Li’s 2013 paper Nuclearity of semigroup C*-algebras and the con-
nection to amenability [7], Brownlowe, Larsen and Stammeier’s 2018 paper C*-algebras of alge-
braic dynamical systems and right LCM semigroups [4], and an Huef, Nucinkis, Sehnhem and
Yang’s 2021 paper Nuclearity of semigroup C*-algebras [1]. In 1992, Alexandru Nica published
an influential paper titled C*-algebras generated by isometries and Wiener-Hopf operators [8].
In this paper, Nica examines C*-algebras generated by a class of partially ordered discrete
groups which he calls the quasi-lattice ordered groups. Two C*-algebras of particular inter-
est to Nica were the C*-algebra generated by the Toeplitz (or left regular) representation of a
quasi-lattice ordered group 7 (G, P), and a universally defined C*-algebra C*(G, P). For a
discrete group G, the reduced and full C*-algebras coincide if and only if G is amenable. In
analogy, Nica calls a quasi-lattice ordered group (G, P) amenable when C*(G, P) is isomor-
phic to 7 (G, P). Throughout the remaining sections of Nica’s paper, he examines a range
of techniques for proving that a given quasi-lattice ordered group is amenable.

This dissertation will examine the C*-algebras generated by weakly quasi-lattice ordered
groups. We closely follow the outline of Nica’s original paper. Although we often go into
much more detail than Nica does, and fill in many of the details that he omitted. In Chapter
2, we explicitly construct the Toeplitz algebra 7 (G, P) associated to any weak quasi-lattice
(G, P) by proving the existence of the Toeplitz representation T : P — B(¢?(P)). We then
turn to the task of constructing the universally defined algebra C*(G, P) in Chapter 3. The
proofs in the chapter represent a significant amount of original work, filling in the details
briefly outlined by Nica. Then in Chapter 4, we study a technique for proving that a weak
quasi-lattice is amenable which uses a conditional expectation map. Many of the proofs in
Chapter 4 also contain substantial original work as Nica often only gave proof outlines. In
particular, our proofs of Proposition 4.1.3 and Lemma 4.2.4 fill in many details omitted by
Nica. Finally, we conclude with an example of an amenable weakly quasi-lattice ordered
group using the non-amenable free group on n generators.

In the final chapter of this dissertation, we prove a theorem which establishes amenabil-
ity for a weakly quasi-lattice ordered group. Finding techniques that establish amenability is
an active area of research in the field of operator algebras and is a topic which is at the cutting
edge of research in the study of C*-algebras of semigroups. Currently, there are theorems
which give sufficient conditions for a quasi-lattice to be amenable (e.g. Laca-Raeburn [6]).
These theorems use 'controlled maps” and finding necessary conditions using controlled
maps is an interesting problem. Possible direction of future research would be to extend the
constructions and results presented in this dissertation to study C*-algebras generated by
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right LCM monoids, a class of algebraic structures that generalise weak quasi-lattice orders.



Chapter 2

The Toeplitz Algebra 7 (G, P)

2.1 Weakly Quasi-Lattice Ordered Groups

Consider the usual ordering on the integers Z under addition. One can completely charac-
terise the ordering on Z as follows: for any integers n, m we have that n < m if and only if
m —n € IN. Thus the usual ordering on Z is completely determined by the group operations
of Z and containment in its submonoid IN. A natural question to consider is how and when
one can generalise this characterisation of the ordering on Z to define a partial ordering on
an arbitrary group G with submonoid P.

2.1.1 Quasi-lattice Ordered Groups

Let G be a group endowed with the discrete topology and suppose that P is a submonoid of
G such that PN P~ = {¢} where we define P~! := {4 € G:q~! € P}.

Proposition 2.1.1. One may define a partial ordering < on G by ¢ < hifand only if g~'h € P.

Proof. Tt suffices to prove that the binary partial ordering < is reflexive, antisymmetric and
transitive. For reflexivity, note that since e € PN P! c P, for any ¢ € G, we have that
¢ l¢g = e € Psothat ¢ < g. Towards proving antisymmetry, suppose that for some g,/ € G,
we have that ¢ < hand h < g. Then ¢~ ' and h~!g are both elements of P, so that

hlg=(¢'m)tepPnpP

It follows that ¢ = h, which proves that for any ¢ # h € G such that ¢ < &, it is not the case
that 1 < g. Finally, < is transitive since for any elements g,h,k € G such that g < h and
h < k, we have that g~'k = (¢~ 'h)(h~'k) € P so that g < k as required. O

Such a pair (G, P) is called a partially ordered group with positive cone P.

Definition 2.1.2. Let (G, P) be a partially ordered group. In [8], Nica defined (G, P) to be a quasi-
lattice ordered group if the following condition is satisfied:

(QL)  For any finite collection F C G such that F is bounded above by elements in P, F has
a least upper bound in P.

Note that in any partially ordered group (G, P), the set P is just the set {g € G:e < g}
and, similarly, the set P! is the set {g € G : ¢ < e}.



In [8], Nica asserted that the following are examples of quasi-lattice ordered groups.
Here we prove each of Nica’s examples are indeed quasi-lattice orders.

2.1.2 Examples

Example 2.1 Any totally ordered group (G, P) is a quasi-lattice ordered group since any
finite collection F C G must have a maximum element m which is comparable to e.
Thus, either m < e so that e is the least upper bound in P of F, or e < m so that m € P
and m is the least upper bound in P of F. In particular, any subgroup G of R under
addition is a quasi-lattice ordered group with P taken to be G N [0, ).

Example 2.2 Direct Products. Let (G;, P;)"_; be a sequence of quasi-lattice ordered
groups. Since the finite product of a sequence of discrete topological spaces is a dis-

-1
crete topological space and []i_; P; N ( " Pi) =1 BNTI Pt =TT BN

Pt = {(eg,)",}, it follows that (TT/_; G;, [T/, P;) is a partially ordered group. Note
that for any (gi)iLy, (hi)izy € (ITiza Gi, ITiza P2),

(8i)i1 < (hi)itq
= (g h)iy = [(8)ima] M (h)iy € Hpi

= Vie{l,...n}:g h €D
<:>Vi€{1,...,l’l}2gi§hi.

2.1)

Suppose that F is a finite subset of ([Ti.; G;, [T/_; Pi) such that F has upper bounds
in [T_; Pi. Then there exists some (p;)’_; in [TiL; P; such that for each (g;)?_, in F,
(i) < (pi)i,. Foreachiin {1,...,n}, define F; := 7;(F). Each F; is a finite subset
of G; bounded above by p; € P;. Since (G;, P;) is quasi-lattice ordered, F; has a least
upper bound, p; € P;. Two applications of (2.1) verify that (p;)" is the least upper
bound for F in [T} ; P;, proving that ([Ti_; G;, [Ti-; P;) is quasi-lattice ordered.

Example 2.3 Outer Semidirect Products. Let (G, P) and (H, R) be quasi-lattice ordered
groups and suppose that ¢ : H — Aut(G) is a group homomorphism such that for any
h € H, ¢;,(P) C P. The outer semidirect product of G by H with respect to ¢, denoted
G x4 H, is defined to be the group with underlying set G X H whose binary operation
is defined by (g1,/1) ® ($2,12) = (8194,(82), h1h2). Note that the identity of G x, H
is just (e, ey) and the inverse of any element (g, 1) is (¢,-1(¢~!),h~1). By the above
proof that direct products of of quasi-lattice ordered groups are quasi-lattice ordered,
to prove that (G x4, H, P x R) is a quasi-lattice ordered group, it suffices to show that
(G x4 H, P x R) has the product order given by (2.1). Because (g1, 1) < (g2, h2) holds
if and only if ((ph;1 (g7"'92), iy 'hy) is an element of P x R, it suffices to prove that for
any pair (g, 1) in G x H, ¢;(g) € P if and only if ¢ € P. One direction is simply the
assumption that ¢ is P-invariant so it only remains to prove that if, for some ¢ € G and
h € H, ¢,(g) is an element of P then g € P. To thatend, fix ¢ € G and h € H such that
¢n(g) € P and note that ¢ = ¢;,-1,() = ¢,-1(¢x(g)) € P. Hence, (G x4 H, P x R) is
a quasi-lattice ordered group.



2.1.3 Generalising to Weak Quasi-Lattices

Definition 2.1.3. Let (G, P) be a partially ordered group. Call (G, P) a weakly quasi-lattice ordered
group or simply a weak quasi-lattice if the following condition is satisfied:

(WQL) Anyp,q € P with a common upper bound have a least common upper bound.

As one would expect, the notion of a weakly quasi-lattice ordered group generalises
condition (QL) in the definition of a quasi-lattice ordered group.

Proposition 2.1.4. Let (G, P) be a quasi-lattice ordered group. Then (G, P) is a weak quasi-lattice.

Proof. Let (G, P) be a quasi-lattice ordered group and suppose p,q € P have a common
upper bound. Let b € G be any common upper bound of p and g. Since p~'b € P, there
exists an element ¢ € P such that g = p~!b. It follows that b = pg € P so that every
common upper bound of p, g is an element of P. By condition (QL), the elements p, g have a
least common upper bound s in P. Because all of the common upper bounds of p, g lie in P,
s is a least common upper bound for p, g in G. O

2.2 Defining the Toeplitz Algebra

In this section, we construct the Toeplitz algebra 7 (G, P) of a weakly quasi-lattice ordered
group (G, P). The construction is generated by an isometric representation T : P — B(¢?(P)),
called the Toeplitz representation of the positive cone P.

2.2.1 The Toeplitz Representation

Often in mathematics, one seeks to find a realisation of a particular mathematical structure
- such as a group or a partially ordered set - within another mathematical structure. Such
realisations allow one to use the tools of the second mathematical structure when study-
ing the first. For example, because the theory of linear transformations is well-understood,
representation theorists study realisations of algebraic structures as a set of linear trans-
formations of vector spaces. Such representations often simplify calculations and help to
highlight certain properties of the original structure that were not immediately apparent.

Definition 2.2.1. Let P be a monoid. A representation of P is a monoid homomorphism 7t : P —
B(H) for some Hilbert space H.

Note that because every C*-algebra is isometrically isomorphic to a subspace of B(H) for
some Hilbert space H, one could equivalently define a representation of P to be a monoid
homomorphism 7 : P — B for some C*-algebra, B. Working with representations of P into a
general C*-algebra is often useful and so we will freely switch between these two equivalent
definitions throughout the remainder of this text.

Throughout this section, fix a weakly quasi-lattice ordered group (G, P). In defining a
representation of P, we must first choose a suitable Hilbert space. It is well known that every
Hilbert space H with orthonormal basis {, }4¢ 4 is isometrically isomorphic to the Hilbert

space,
A ={f: A= C: %yf(a)y2 < oo},

with inner product,

(f,8) =Y fla)g(a)  (f.g € *(A)).
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Hence, a natural Hilbert space to consider when defining a representation of P is ¢*(P),
1, ifp=g

which has as an orthonormal basis the set {J; : g € P}, where 6,(p) = o
0, otherwise

Define B8 := span({d, : ¢ € P}) and note that B is a dense subspace of £?(P).

Lemma 2.2.2. For any nonzero vector a € B, there exists a unique finite set F C P and a unique
tuple (cq)qer C C with the property that c; # 0 for all q € F such that a = Y, cp ¢40y.

Proof. Fix a nonzero vector a € B = span({J, : ¢ € P}). By definition, there exists a finite
set Fp C P and a tuple (cq)qer, such thata = Y cpcydq. Let F:= {q € Fy : ¢; # 0} and note
thata = Y cp c0¢. Suppose that F' C P is another finite set and (c});epr C C another tuple
with the property that c; # 0 for all g € F’ such thata = ¥,cp c;dy. Then forany p € P, it
follows that p € F if and only if

0#cp= <Zcq5€l)(p): ) cydq(p) = {Cp' tper

qeF qeF’ 0, otherwise.
Thus, F = F/ and (Cq)qu = (C{//]>q€F/‘ 0

Throughout the remainder of this section, when writing } |, ¢;0; we refer either to the
zero vector or to some nonzero vector a € I3, where it is understood that F C P is the unique
finite set and (c;)ser C C the unique tuple with the property that c; # 0 for all g € F such
thata =) cr c0;.

Theorem 2.2.3. Fix an element p € P and define Ty, : B — B by Ty(Lyer c405) = Lyger Co0pg-
The function T, extends uniquely to an isometric linear operator T, € B(£?(P)).

Proof. Note that T}, is well defined by Lemma 2.2.2 and is clearly a linear operator on B.
Further, T, is isometric since for any Yger Cq0q € B,

(Sl = |Gl = Ser =

2

4

Z Cq9
qeF

where the second and third equality are just applications of the Pythagorean theorem.

Define Tj : £2(P) — (*(P) as follows: Fix a € ¢*(P). Since B is dense in the metric space
(%(P), there exists a sequence (a,),en C B such that a, — a as n — co. Because (a,)neN
is a Cauchy sequence and Tp is a linear isometric mapping, the sequence (Tp(an))ne]N is
Cauchy and therefore converges to a unique point, lim, e Ip(a,) € ¢*(P). Define T,(a) =
lim,—e0 Tp(a,) and note that T), is well defined since, for any a € ¢*(P) and for any pair of
sequences (a,)neN, (bn)nenw C B that converge to 4,

| Jim T, (an) — lim T, (b)| = lim [T, (ay — )| = lim [lan — byl =0.

To see that T, is indeed an extension of T, to £2(P), note that because for any a € B the con-
stant sequence (a),ecn converges to itself, we must have that T, (a) = lim, e Tp(a) = Tp(a).

Towards proving that T, is linear, fix vectors a,b € 72 (P), scalars z, w € C and sequences
(an)nen, (bn)nenw C B that converge to a and b, respectively. By the continuity of addition
and scalar multiplication in ¢2(P),

Ty(za+wb) = lim Ty(za, + wb,) = z lim Ty(a,) + w lim T, (b,) = zT,(a) + wT,(b).

n—oo n—oo n—oo
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Furthermore, by the continuity of the norm on ¢?(P) and the fact the T, is an isometric map-
ping on B, || Ty(a)|| = || limy—se0 Tp(an)[| = limu—eo || Tp(an)|| = limy—seo [|an | = ||a]|. Hence,
T, is an isometric linear operator. To see that T}, is the unique extension of T, to B(¢*(P)),
observe that any other extension S € B(¢2(P)) is continuous and necessarily agrees with T},
on B, which is dense in B(#?(P)). O

To summarise, we have shown that for every element p € P, there exists a unique
isometric linear operator T, € B(¢*(P)) with the property that for any YyerCsdq € B,
Tp(Xqger €40q) = Yger Cq0pg- For any p € P, we shall refer to the operator T, as the Toeplitz
operator associated to p.

Definition 2.2.4. Let T : P — B((?*(P)) be the map which sends an element p € P to the Toeplitz
operator T}, associated to p. This map is called the Toeplitz representation or sometimes the left-
regular representation of P.

Proposition 2.2.5. The Toeplitz representation of P is a monoid homomorphism of P into B(¢*(P))
and, therefore, is a representation of P in the sense of Definition 2.2.1.

Proof. Let T : P — B({*(P)) be the Toeplitz representation of P. To see that T(e) = I where
I is the identity of B(¢*(P)), note that for any &, € B, T(e)(6;) = deg = 6, = I(6,). Because
T(e) and I are linear, they must agree over the dense set, 5. Hence, since both operators are
continuous, T(e) = I. Now fix p,t € P and note that for any 6, € B, T(pt)(d;) = dptg =
T(p)(dyy) = T(p) o T(t)(9,). Again by the linearity of these operators, they must agree over
the dense set B. Since both operators are continuous, they agree over all of B(¢%(P)). O

We are now ready to define the Toeplitz algebra of the weakly quasi-lattice ordered
group (G, P)

Definition 2.2.6. Let T : P — B(¢2(P)) be the Toeplitz representation of P. The Toeplitz algebra
T (G, P) is defined to be the smallest C*-subalgebra of B(¢*(P)) that includes the image of the
Toeplitz representation. That is,

T (G, P) := C*({T, : p € P}) C B(¢*(P)).

2.2.2 Nica Covariance

Till this point, the Toeplitz algebra and Toeplitz representation that generates it could have
been defined for any monoid P without reference to the fact that P is the positive cone of
the weakly quasi-lattice ordered group (G, P). In this subsection, we examine an important
identity that the algebra 7 (G, P) inherits from the weak quasi-lattice order condition on
(G, P).

Definition 2.2.7. Suppose that elements p1, ..., pn € G have a least common upper bound b € P.
Then we write py \V - - -V pp < 00 and we let py V - - -V p,, denote the element b. When the collection
of elements py, . .., pn have no least common upper bound in P we write p1 \V -+ -V p, = 0.

Proposition 2.2.8. Fix elements p € P and } ,cpcsdq € B, and let T : P — B(¢?(P)) be the
Toeplitz representation of P. Then,

T (X cidy) = X codpig 2.2)
qeF qe<F
p=q



Proof. First observe that because T, € B(¢*(P)), the adjoint T exists. Fix elements ), cr, ¢4,
Yoter, 2t0t € B. We have that:

<TP( )y Cq&q) ) Zt5t> = < Y adpas ) Zt5t>

qgeh teF, qgeh teF,
YT m
qul ter
g=p 't
=) ) (cgdq, 2101y
qeF, teh,
p<t
= < Z Cqéq, Z Zt5p71t>
qEFz tEFz
p<t

Hence, because B is dense in ¢?(P), it follows that the adjoint of T, is uniquely defined to be
the bounded linear operator that sends an element Y ger Cq0q € B to the element } ;cF ¢;6
p=q

p—lq.
Proposition 2.2.9. As Nica observed in [8], for any x, y € P, the following identity holds in
T(G, P):

nﬁ@q:{o (2.3)

ifxVy=oco.

Proof. Fix elements x,y € P. Because B is dense in ¢2(P) and all operators being considered
are linear and continuous, it suffices to prove that the identity holds for a basis element
by To that end, fix 6, € {4, : ¢ € P}. Suppose first that x Vy < co. If either ¢ # x or
q 7 y then either T;(d;) = 0 or T;(d;) = 0. In either case, T, T; T, T, (;) = 0. Furthermore,
it must be the case that ¢ # x V y so that Ty, (6;) = 0. Hence, the identity holds when
x Vy < oo and either ¢ 7 x or g # y. Now consider the case where ¢ > x and q > y. Since
q € P we must have that ¢ > x Vy. Thus, TxTyTyT;(65) = drx1yy—1 = S(xvy)(xvy)1g =
TxvyTyyy(64). Finally, if x Vy = oo then since x and y are both elements of P, the condition
(WQL) implies that x and y share no common upper bounds. Hence, either g #? xorq ? y
so that T, T Ty T, (64) = 0 = 0(y). O

Definition 2.2.10. An isometric representation of P is called Nica-covariant or simply covariant
if it satisfies equation (2.3).

Just as we constructed the Toeplitz algebra 7 (G, P) by considering the smallest C*-
subalgebra of B(¢?(P)) containing the image space of the Toeplitz representation, we may
associate to any Nica-covariant representation S : P — B(#) the C*-algebra C*({S, : p €
P}), the smallest C*-subalgebra of B(H) containing the image space of S.

The following lemma will be used to construct a useful characterisation of the C*-algebra
C*({Sp : p € P}) associated to a Nica-covariant representation S : P — B(H).

Lemma 2.2.11. The completion of a normed x-algebra satisfying the Banach and C*-identities is a
C*-algebra.

Proof. Suppose that A is a normed x-algebra satisfying the Banach and C*-identities:
labl] < [lallllb] (a6 € A)
la*all = [la]l* (a € A).

8



Let ] : A — A be the completion of A. That is, ] is an isometric embedding of A into the
complete space A such that J(A) is dense in A. Define a x-algebra structure on the image
space J(.A) as follows: For any J(x), J(y) € J(A), define addition on J(A) by J(x) + J(y) :=
J(x + y), multiplication by J(x)](y) := J(xy), and involution by J(x)* := J(x*). Note that
the continuity of the operations on J(.A) directly follows from the continuity of | and the
operations on A. Checking that J(.A) satisfies the x-algebra axioms is simply a matter of
repeatedly applying the definition of each operation and then referencing the fact that the
operations on A satisfy the x-algebra axioms. Hence, J(A) is a normed *-algebra, whose
norm is defined by restricting the metric on A to the image space of J.

Towards extending the operations of addition, multiplication and involution to A4, note
that because the operations on J(A) are continuous and J(.A) is dense in A, it suffices to
prove that a continuous operator f on a dense subset S of a complete space C extends to a
continuous operator f on C. To this end, fix an element x of C and define f(x) : C — C as
follows: pick a sequence (x,) C S converging to x in C and define f(x) := lim, o f(xy)-
The existence of lim,_,« f(x,) follows by observing that, because f is a continuous function
and (x,) is a Cauchy sequence in §, it follows that {f(x,)} is a Cauchy sequence in the
complete space C. To see that f is well-defined, suppose that (y,) is another sequence in S
converging to x. Then,

| lim f(x,) — lim £(y)]
< Tim () — F)l+ 1 Gew) = Fm)ll + 1F(yn) — Tim £l

for all natural numbers N € IN. Fixing ¢ > 0, we may choose N € IN large enough such that
f(xn), f(yn) are within €/3 of lim,,_, f(x,) and lim, e« f(yx), respectively. Moreover, for
any N € IN, we may pick a 6 > 0 such that || f(xn) — f(y)|| < €/3 whenever ||xy —y|| < 6.
By requiring N large enough so that in addition to the above inequalities holding, we also
have that ||[xy — x|| < §/2 and |lyny — x|| < 6/2, it follows that || f(xn) — f(yn)|| < €/3.
Hence, for every ¢ > 0, || limy—e0 f(Xn) — limy—eo f(yn)]| < € proving that these limits
coincide. It follows that f is well-defined. Note that f extends f since for any element x
in S, the constant sequence (x) converges to x in C so that f(x) = lim, e f(x) = f(x).
To show that the extension f is continuous over C, fix ¢ > 0, an element x in C and a
sequence (x,) C C converging to x. For each k € IN, there exist sequences (y,), (z&) C S
converging to x and xy, respectively. We may choose N, K(N) € IN large enough such that
1F(x) = Fyn)ll, I f(xn) — f(z1)|| < e/3foralln > N and k > K(N). Pick 6 > 0 such that
| f(yn) — f(y)|| < &/3 for any element y € S such that ||[yy —y|| < 6. Then by choosing
N,K(N) € N large enough so that in addition to the above inequalities holding, we also
have that ||lyy — x||, ||x — x|, ||xn — zIIg(N) | < 6/3,itfollows that || f(yn) —f(zﬁ](N))H < ¢e/3.
Hence,

1 Ge) = FGen)ll < 1FCe) = FQym) |+ £ (yn) = £+ 11 (20 — Flan)ll <,

for all n > N and k > K(N). It follows that f is continuous. Note that f is the unique
continuous function on C that extends f since any two continuous functions that agree on a
dense subset of their domain must agree over the entire domain.

Thus, all of the operations on J(.A) must extend uniquely to continuous operations on
A. Checking that the continuous extensions of the operations on J(.A) satisfy the x-algebra
axioms is a trivial but tedious exercise. To complete the proof that A is a C*-algebra, it only
remains to prove that A satisfies the Banach and C* identities. To this end, fix elements x, yE
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A and sequences {](xx)}, {J(yx)} C J(A) converging to the elements x and y, respectively.
By the continuity of multiplication in .4, the sequence {](x,)](y.)} converges to xy. Hence,
for any e > 0, we may pick N € IN large enough such that,

eyl < [7Gen)Jun) I+ = 1T Cenyn) [ + e
= [lxnynll + & < [lanllllyn]l +& = [TCn) [HIT (ya) || + €
< (Il + &) (llyll +¢) +e.
By taking the limit as e goes to zero, it follows that ||xy|| < [|x||||y||, proving the Banach
identity. Moreover, by the continuity of multiplication and involution in A, the sequence

{J(xn)*J(xn)} converges to x*x. Hence, for any ¢ > 0, we may also pick N € N large
enough such that,

x| < [IJ(xn)" T (xn) || + & = [ (xnan) || + €
= [xjan] +e = [lxn]? +e
= )P+ < ([lx]l +2)* +e.

By taking the limit as e approaches zero, the inequality |x*x|| < | x||? holds in A. For the
inequality in the other direction, we may choose N € IN large enough such that,

Il < (TCen) |+ )% = [T (eI + o(e)
= [lxn[l* +o(e) = [lxkxn +o(e)
= [ (en) T (xn)ll +o(e) < [lx"x][ +o(e)-
Thus, the C*-identity holds in A, completing the proof that A is a C*-algebra. O

Theorem 2.2.12. Let S : P — B(H) be a Nica-covariant representation of (G, P) and define
D := span({S,S; : p,q € P}). Then D is a dense unital *-subalgebra of the C*-algebra C*({S,
p € P}).

Proof. Towards proving that D is a unital *-subalgebra of the C*-algebra B(#), first note
that 1(3) € D because, by definition, S is a monoid homomorphism so that 1 = S(e) = S,.
It follows that 1 = 101" = S,S; € D. Hence, D is indeed unital. It remains to prove that
D is closed under involution and multiplication. By the standard properties of the adjoints,
forany } i ;S p;Sq; € D, we have that,

( Y. a;Sp,S;. ) Z %S4, (2.4)

proving that D is closed under involution. To show that D is closed under multiplication, it
suffices to prove that for any elements p, q,t,v € P, there exist elements u,v € P such that
SpSZI‘ 5:S; = SuS;. To that end, fix p,q,t,r € P and observe that, because Nica-covariant
representations are by definition isometric, S : P — B() is an isometric representation so
that S* Sq 5;S: = 1. Hence,

SpS:SiSt = Sy(S:S4)S:St(S1St)S;

pS SqueSqeStSy, i gVt < oo
0, ifgVt=oo
Spa-1qvt(SrSiSqve)*, if gVt < oo (2.5)
0, ifgVt=oc0
th rt lgve/ ifgVvi<oo
O, ifgVvt=oco
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Because the final expression is an element of D, the set is closed under multiplication and is
therefore a unital *-subalgebra of B(H).

To complete the proof, it remains to show that D is a dense *-subalgebra of C*({S, : p €
P}). By definition, C*({S, : p € P}) is the smallest C*-subalgebra of B(H) that includes
both 1 and the set {S, : p € P} and so clearly D C C*({S, : p € P}). It follows that
D is a x-subalgebra of C*({S, : p € P}). Moreover, because D is a *-subalgebra of the
bounded operators on H, D must satisfy the Banach and C*-identities. By lemma 2.2.11,
the closure of D is a C*-algebra. Because C*({S, : p € P}) is closed and includes D, it
follows that D C C*({S, : p € P}). On the other hand, if p is an element of P, then
Sy = S,S; € D C D so that D is a C*-algebra which includes both 1 and the set {S, : p € P}.
It follows that C*({S, : p € P}) C D, proving that D is a dense unital *-subalgebra of
C*({Sp:p € P}). O

The following lemma will be used in Corollary 2.2.14 to prove that the image space of
the Toeplitz representation is linearly independent in B(¢%(P)).

Lemma 2.2.13. Every non-empty finite subset F of P must contain an element q such that for all
elements p € F,if p < qthen p = q.

Proof. Towards a contradiction, suppose that for some non-empty finite set F C P, there
exists no element p € F with the property that every other element in F is not strictly less
than p. Fix an element p; € F. Suppose that for some integer 7, there exists distinct elements
p1,.--,Pn € Fsuchthatp, <--- < py. By assumption, there must exist an element p,,;1 € F
distinct from p, such that p,41 < p,. Note that if p,,1 were equal to p; for some k €
{1,...,n—1}, then p,11 < py < px = pPn+1 would contradict p,, 1 being distinct from p,,.
Hence, p,4+1 must be distinct from the elements py, ..., p,. By induction, F must contain

an infinite sequence of distinct elements (py,)nen such that p1 > p, > ---. However, this
contradicts F being a finite set. Hence, by contradiction, every finite set F must contain an
element p such that no other element of F is strictly less than p. ]

Corollary 2.2.14. Let T : P — B({?*(P)) be the Toeplitz representation of (G, P). Then {T,T;
p,q € P} is a linearly independent set whose span is a dense unital x-subalgebra of the Toeplitz
algebra T (G, P).

Proof. Note that by Theorem 2.2.12, span{T,T; : p,q € P} is a dense x-subalgebra of
C*({Tp : p € P} = T(G, P). Hence, it only remains to prove that {T,T; : p,q € P} is
a linearly independent set. Towards a contradiction, suppose that there exist a finite set of
nonzero scalars {«; : j € {1,...,n}} C C and distinct pairs of elements (p1,q1), ..., (Pn, qn)
such that Y3 1 a;T, T; = 0. Note that by Lemma 2.2.13, the set of elements {q; : j €
{1,...,n}} must contain at least one element g, such that for any j € {1,...,n}, if 7 < m
then q; = g,u. Moreover because T}, Ty (,,) = Jp,, it follows that,

Xmbp,, + 'Z aj(squj_lqm =0
j#m
qqum

Since a;,8,,, # 0and {J; : q € P} is a basis of ?(P), there must exist at least one j # m such
thatg; < g, and quj_lqm = pm- Note that, g; < g, implies that q; = g,,, and so p]-qj_lqm = Pm
implies that p; = p,;. However, this contradicts the fact that the pairs (p1,41), ..., (Pn, qn)
are distinct. Therefore {T,,T; : p,q € P} must be a linearly independent set. O
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Chapter 3

The Universal Algebra C*(G, P)

3.1 Constructing the Universal Nica-Covariant Representation

After defining the Toeplitz algebra 7 (G, P) in [8], Nica defines a second C*-algebra C*(G, P)
associated to a quasi-lattice ordered group (G, P). He claims that this algebra is univer-
sal with respect to Nica-covariant representations. In this chapter, we explicitly construct
C*(G, P) and prove Nica’s claim that this algebra is universal for Nica-covariant represen-
tations.

3.1.1 Defining the *-Algebra A

Throughout the remainder of this chapter, fix a weakly quasi-lattice ordered group (G, P).
The goal for this section is to construct a C*-algebra C*(G, P) and an associated Nica-
covariant representation U : P — C*(G, P) that have the following universal property:
for any Nica-covariant representation 71y : P — B(H), there exists a unique unital *-
representation 77y : C*(G, P) — B(H ) such that 7T, o U = 714. We then prove that C*(G, P)
and its associated Nica-covariant representation U are unique up to isomorphism with re-
spect to these properties.

Definition 3.1.1. Define C.(P x P) to be the set of continuous compactly supported functions f :
P x P — C. Forany (p,q) € P x P, let xp,4 be the characteristic function on {(p,q)}.

We aim to define a *-algebra A by defining a product and involution on C.(P x P).
Note that C.(P x P) is already a complex vector space under point-wise addition and scalar
multiplication. Because the positive cone P inherits the discrete topology from G, every
function f : P x P — C is continuous. Furthermore, because only finite sets are compact
in the discrete topology, the set C.(P x P) may be characterised as the set of all functions
f : Px P — C such that f is nonzero for finitely many (p,q) € P x P. It follows that
C(P x P) = span({)xpq : (p,q9) € P x P}). Hence, to define the x-algebra A, it suffices
to define the product and involution for basis elements x, ;. In defining the multiplication
and involution operations on the basis elements X, we are guided by the multiplication
and involution for an arbitrary Nica-covariant representation S : P — B(#) determined in
equations (2.4) and (2.5) above.

Definition 3.1.2. For any basis elements x4, X1, in A, we define the product and involution oper-
ations as follows:

S Xpgr ey miquny GV E< 0
XP/q?Ct,r . {0 . i

* [y—
Xpg = Xap
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Proposition 3.1.3. By extending the product and involution operations defined above to any element
in the vector space A = span{x,q : (p,q) € P x P} in the obvious way, A becomes a unital -
algebra.

Proof. To prove that A is an algebra under the product defined above, we only need to check
that the product is associative. It clearly suffices to prove that the product is associative on
basis elements. To this end, fix basis elements x4, Xt,r, Xs0 € A. We have that:

XpaXtr-1rvs,vs—1rvs T Vs < oo

Xprq(Xt,rXs,v) = {0 Vs — oo

_ J Xpg1(qv(tr=1rvs)), ostrvs(tr-1rvs) -1 (qVv(tr-1rvs)) 4 v (trilr v S) <ooandrVs < o
0 otherwise

On the other hand,

_ ) Xpgiqvt,rt1quitXso 4 Vi <oo
(XpaXtr)Xso {0 v

_ qu*lqvt(rtflqvt)*l((rt*lqvt)\/s),vs*l((rtflq\/t)\/s) (Tt_lq \% t) Vs < coand qVv t<oo
0 otherwise

Thus, to prove associativity of the product, we must show that the following relations in P
hold:

(@ gV (tr-lrvs) <oandrVs < owifand onlyif (rt 1gVt) Vs < coand gVt < oo;
(b) WhenrVs < ooand gV (tr~1rVs) < oo,

pg gV (trlrvs)) =pg lqgvi(rt gV )" ((rt gV t) Vs); and

vs irvs(trlrvs) gV (trtrvs)) = vs H((rtTlg v t) Vs) G.1)

(a) Suppose that g V (tr71r Vs) < oo and r Vs < oco. By definition, g < gV (tr~1rVs)
and, because r V s < oo, it follows that r~1r \V s is an element of P. Hence, t < tr lrVvs <
gV (tr~'r Vs), proving that g and t share a common upper bound in P. By the weak quasi-
lattice condition (WQL), gV t < oo. Now, towards proving that (rt"'q V) Vs < oo, note
that because tr 17 Vs < gV (tr~1r V 5), it follows that

s<rvs<rt gV (trlrvs)). (3.2)
Moreover, because t < gV tand gVt < gV (tr~1r Vs), we also have that
rtlgvit <rt gV (trlrvs)). (3.3)
Inequalities (3.2) and (3.3), together with the weak quasi-lattice condition (WQL), imply
(rt lgvit)yvs <rt 1 (qgV (tr~'rvs)) < oo, (3:4)

Towards proving the ”only if” direction, suppose that gVt < co and (rt"!qVt) Vs < co.
By definition we have thats < (rt'q V t) Vs. Because t!q V t is an element of P, it follows
thatr < rt7 gVt < (rt gV t) Vs. Piecing the above two sentences together and applying
(WQL) gives r Vs < (rt gV t) Vs < co. Now, towards showing that g V (tr~1r Vs) < oo,
note that because rt~1q V t < (rt 1V t) Vs, it follows that

g<gvt<tri(rt gV t)Vs). (3.5)

14



Moreover, because we showed above thatr Vs < (rt_lq V t) Vs, we have that
trrirvs <tr Y (rtlg Vi) Vs). (3.6)
Inequalities (3.5) and (3.6), together with (WQL) imply
gV (tr-lrvs) <tr ((rt7lqgVvi) Vs) < 0. (3.7)

(b) Suppose that r Vs < oo and gV (tr~!r Vs) < co. By (a), it follows that g \V t < oo and
(rt71gVt) Vs < . By rearranging inequality (3.4) above we have that, tr=((rt " 1g VvV t) Vv
s) < gV (tr~1r Vs), and by inequality (3.7), we actually have equality. That is,

tr 1 ((rt gV it)Vs) =qV (tr rvs).

Hence,
pq’l (qgV (tr’lr Vs) = pq’ltr’l((rt’lq VE)Vs)
= pq_lq v t(rt_lq V t)_l((rt_lq VE)Vs)
and
vs 1 ((rtlgVvit)vs) =ovs it gV (trigVvs))
=vs rVs(trirvs) gV (trlgVs)).

It follows that the product operation on A is associative, which proves that A4 is an algebra.

We claim that x.. is the identity element of .A. To this end, fix a basis element Xpq In A.
Note that for any t € P, we have thate < tand t < tsothateVt =tV e exists and is at most
t. Because t must also be bounded above by e V ¢, it follows thate Vt =t V e = t. Hence, we

have that XeeXpg = Xee-levp,qp-levp — Xpa and XpgXee = Xpg—1qve,ee—1qve = Xp.as proving Xe.
is indeed the identity of A.

Finally, to prove that A is a *-algebra under the involution defined above, it suffices to
prove that x;, = Xe. and for any basis elements xp,q, Xt in A, (XpgXtr)" = Xi,X},q- Note
that the former relation simply holds by the definition of *. Fix basis elements x4, Xt € ‘A.
We have that,

X**lw t=1gvt qVit<oo
XpaXt, * = pq qvt,rt g
(Xpaxer) {0 Vo

_ Xrt=1qvt,pg—tgvt 49 Vit <oo
0 gVt=oo

_ _ * *

— Xi’,th,P - Xt,rXp,q

Thus, A is indeed a unital *-algebra under the product and involution operations defined
in Definition 3.1.2. O

The following proposition proves that the algebraic structure of the unital *-algebra A
internalises the necessary underlying algebraic structure of all Nica-covariant representa-
tions of P.

Proposition 3.1.4. For any Nica-covariant representation S : P — B(#H.) on some Hilbert space H,
there exists a unique unital x-homomorphism 7ts : A — B(H) such that 7ts(xp,q) = SpS; for all
basis elements xp,q € A.
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Proof. Define ms : A — B(H) as follows: For any finite subset F C P x P and element
Z(p,q)eF Z(p,)Xpy in A, define

s ( Z Z(p)Xpa) = Z Z(p,0)5pSy-
(pa)€F (pq)€F

Clearly 7tg is a linear map. Note that 775(x,.) = SeSi = 1 where 1 is the identity operator in
B(# ), which proves that 715 is unital. Moreover, for any basis elements x4, X1, € A,

s - - Vi< oo
s (XpaXtr) = { (Xpg-1qve,rt-1qve) 4

75(0) gVt=oo
_ S SprquiSiig gViE<e (3.8)
0 gqVt=oco

= SPS;;StS:( = 7T5(Xp,q) o NS(XL‘J‘)/

where the third equality follows from equation (2.5). By the linearity of 7rs and (3.8), it
follows that 7ts preserves the product structure of A. Finally, observe that 7s(x},) =
7ts(Xqp) = SqSp = 7s(Xpq)*, which proves by the linearity of 75 that 75 preserves the
involution operation. It follows that 75 is indeed a unital x-representation of .4 such that
7ts(Xpq) = SpS; for all basis elements x,, € A. Note that by the linearity of unital -
homomorphism of A into B(#), 7ts is the unique such unital *-representation of .4 which
sends basis elements x4 to the operator S,S; € B(H). O

3.1.2 The Universal Nica-Covariant Representation

Now that we have successfully defined a *-algebra A that captures the underlying alge-
braic structure of all Nica-covariant representations, we seek to extend A to a C*-algebra by
defining an appropriate norm on A and then taking the completion.

Definition 3.1.5. Define || - || 4 : A — [0, 00) as follows:
| fll4 :=sup{||7(f)]| : 7 is a unital x-homomorphism of A on some Hilbert space H }.

Theorem 3.1.6. The mapping || - || 4 : A — [0, ) is well-defined and, in particular, defines a norm
on A that satisfies both the Banach and C*-identities.

Proof. Towards proving that || - || 4 is well-defined, fix an element f € A. Note that although
the class of all unital x-homomorphisms of A may not be a set, the norm defined in definition
3.1.5 takes a supremum over a subset of real numbers. Hence, to prove that || - || 4 is well-
defined, it suffices to prove that the set

ITf := {||7(f)] : 7t is a unital *-homomorphism of .A on some Hilbert space # }

is non-empty and bounded above. Since the Toeplitz representation is Nica-covariant, by
Proposition 3.1.4 there exists a unique unital *-homomorphism 7 : A — B(¢?(P)) such that
7t(Xpq) = TpT; forall p,q € P. Hence, ||7t(f)|| € I which proves that Il is non-empty.
To show that Tlf is bounded above, fix a unital *-homomorphism 7 : A — B(H) on
some Hilbert space H. Observe that because A = span{yx,, : (p,q) € P x P}, there must
exist a finite subset F C P x P and a set {2(,,0)}(pq)er C Csuchthat f = Y, 0 cr Z(p,g) Xpog-
In fact, we can further simplify this expression by noting that because each basis element
Xp,q is the characteristic function on {(p,q)}, it follows that f = Y, ycr f(P,9)Xpq- Thus,
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7t(f) = Lpa)er f(P,a)71(Xp,q)- We claim that for any basis element x4 € A, [|7(xpq)ll = 1
which would prove that || 77(f)|| < Xp,q)er |f(p,q)|. To this end, fix a basis element x4 € A
and note that,

TT(Xpg)" © T (Xpq) = N(X;,q?(p,q) = T (Xq,pXpq) = n(%qpflp\/p,qpflpv;;) = 71(Xq,9)-

Hence, HTC(Xp,q) |2 = Hn(Xp,q)*n(Xp,q)H = HTC(XW)H- Because N(Xq,q)* = N(Xq,q) and
T(Xq.0)7T(Xgq) = T™(Xq9Xqq) = T(Xq4q), it follows that 7(x,,4) is a projection in B(H).

Therefore, [|7T(xpq)| = \/I7(xgq)ll = 1, proving that [|7e(f)|| < Tpger |f(p,q)I. Be-

cause 7 : A — B(H) was any unital x*-homomorphism of A, the set 1 is bounded above
by Y(pa)er |f(p,q)| and so || - || 4 is indeed well-defined.

It remains to prove that || - || 4 defines a norm on A satisfying the Banach and C*-identities.
Towards proving that || - || 4 is subadditive, fix f,g € A and note that, for any unital *-
homomorphism 7t of A on some Hilbert space H, ||7t(f + g)|| = ||77(f) + ()| < ||7(f)] +
I7e(@)ll < [Ifll.a +[Igl[.a- It follows that [|f + g4 < [|f][.4 + [|g][.4, proving subadditivity.
Note that || - || 4 is also absolutely homogeneous because forany A € Cand f € A,

[Aflla = supTlyf = sup |A[TTf = |A[sup ITf = |A[[|f]| 4.

Towards proving positive definiteness, fix an element f in A. Note that by the absolute
homogeneity of || - || 4, it suffices to prove thatif || f|| 4 = 0, then f = 0. To that end, suppose
that ||f||4 = 0. Then for all unital x-homomorphisms 77 : A — B(#H), it must be the case
that ||7r(f)|| = 0 which further implies that 77(f) = 0. By Proposition 3.1.4, there exists a
(unique) unital *-homomorphism 7r7 : A — B({?*(P)) such that for any basis element x4
of A, r(xpq) = TpT;, where T : P — B(¢*(P)) is the Toeplitz representation of (G, P). Let
F C P x P be a finite support for f so that f =} (, oyer f(P,9)Xp,g- Then,

0=nr(f)= Y, f(pa)T,T,.
(pa)eF

By Corollary 2.2.14, the set {T,T; : p,q € P} is linearly independent. It follows that
f(p,q) =0forall (p,q) € F. Because F is a support for f, it follows that forall (p,q) € P x P,
it must be the case that f(p,q) = 0. Hence, f = 0, proving that || - || 4 is positive definite and
therefore a norm on A.

Finally, with the goal of proving that || - || 4 satisfies the Banach and C*-identities, fix
elements f, ¢ of A and a unital *-homomorphism v : A — B(?) on some Hilbert space H.
Observe that,

e (£ = [I7e(f) o (@)l < [N M) < NI fll.allglla

Because the final inequality is independent of the choice of unital *-homomorphism, it fol-
lows that ||fglla < ||fllallglla for all f,g € A, proving that || - || 4 satisfies the Banach
identity. Moreover, because B(H) is a C*-algebra for any Hilbert space H,

| f*fll.a = sup{||7z(f*f)]| : 7t is a unital x-homomorphism of .4 on some Hilbert space H }
= sup{||7t(f)*7(f)|| : 7t is a unital x-homomorphism of .4 on some Hilbert space H }
= sup{||7t(f)|* : 7t is a unital *-homomorphism of .A on some Hilbert space # }
= sup{||7t(f)|| : 7 is a unital *-homomorphism of .A on some Hilbert space  }*

= 11l

Hence, || - || 4 also satisfies the C*-identity. O
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Above we proved that there exists a unique unital *-homomorphism of A into B(H)
associated to any Nica-covariant representation S : P — B(#) on some Hilbert space H.
Next, we prove that the unique unital *-homomorphism associated to any Nica-covariant
representation is continuous and, therefore, a unital *-representation of A.

Corollary 3.1.7. For any Nica-covariant representation S : P — B(#H) on some Hilbert space H,
there exists a unique unital x-representation 7ts : A — B(H) such that 7ts(xp,q) = SpS; for all
basis elements xp,q € A.

Proof. Fix a Nica-covariant representation S : P — B(?) on some Hilbert space . By
Proposition 3.1.4, there exists a unique unital *-homomorphism 7ts : A — B(H) such that
7ts(Xpq) = SpS; for all basis elements xp,¢ € A. Thus, to prove existence, it suffices to prove
that 7t is bounded. To this end, fix an element f € A and note that,

|7ts(f)|| < sup{||7z(f)| : 7r is a unital *-homomorphism of .A on some Hilbert space H }

= [Ifll.a.

It follows that 7rs is bounded with operator norm ||7rs|| < 1 and, therefore, that 75 is a
unital *-representation of .A. Moreover, because any unital *-representation 77’ : P — B(H)
is also a unital *-homomorphism, by Proposition 3.1.4, 7rs must be the unique unital *-
representation of A that sends basis elements x4 € A to 5,57. O

Theorem 3.1.8. There exists a unique unital C*-algebra C generated by a Nica-covariant repre-
sentation U : P — C such that whenever B is a C*-algebra and S : P — B is a Nica-covariant
representation, there exists a unique unital x-representation g : C — B such that tgo U = S.
Furthermore, the C*-algebra C is unique up to isomorphism with respect to this property.

Proof. Let C be the completion of the normed *-algebra .A. By Theorem 3.1.6, the norm on
A satisfies the Banach and C*-identities. Hence, by Lemma 2.2.11, C is a C*-algebra. Now
defineamap U : P — C by,

U:p—= Xpe-

We claim that U defines a Nica-covariant representation of P. Note that U preserves multi-
plication since for any elements p,q € P,

U(p)U(q) = XpeXge = Xpe—1(evq),eq—'(evq) — Xpge = U(pq)

Moreover, as x.. = U(e) is the multiplicative identity in C, it follows that U : P — C is
monoid homomorphism and, thus, a representation of P. Finally, towards proving that U is
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a Nica-covariant representation, fix p,q € P and note that,

U(p)U(p) U(@U(9)" = XpeXpeXaeXqe

= XpeXepXqeXeq

= Xpe(eve), pe~'(eve) Xge1 (eve) ,ge~! (eve)

= XprXaq

— {prl(qu)/qql(pvq) pvg<o
0 pVg=oo

_ JXva), (pvg) PV G <00
0 pVg=oo

_ X(p\/q),exa;\/q),g pVvg<o
0 pVg=oo

_ JUlpvau(pvye)” pvg<oo
0 pVgq=oo.

It follows that U satisfies equation (2.3), proving that U is indeed a Nica-covariant represen-
tation.

Towards proving that C is equal to the C*-algebra C*(U) := C*({U(p) : p € P}) gener-
ated by U, note that any basis element ), , of C is equal to xp.xeq = U(p)U(q)*, which is an
element C*(U). It follows that C*(U) must include all linear combinations and finite prod-
ucts of basis elements of C. Thatis, C*(U) must include .A. Because C*(U) is a closed subset
of C, the set must also include the closure A = C. Thus, the C*-algebra C*(U) generated by
U is equal to C.

It remains to prove that whenever B is a C*-algebra and S : P — B is a Nica-covariant
representation, there exists a unital x-representation 7tg : C — B such that rsoU = S. To
this end, fix a C*-algebra B and Nica-covariant representation S : P — 5. By Corollary 3.1.7,
there exists a unique unital x-representation 7 : A — B such that 7(x4) = SpS; for all
basis elements x,,; € A. Because 77 is bounded and A is dense in C, 7t extends uniquely to a
continuous function 7t : C — A. Towards proving that 7tg is a unital *-representation, note
that it suffices to prove that 7tg is a unital homomorphism. Because 7ts(Xee) = 7(Xee) = €5,
s is unital. Fix elements x,y € C and a,b € C. Because A is dense in C, there must exist
sequences (x,), (y») C A such that x, — x and y, — y as n — co. Then by the continuity of
the operations in C, ax, + by, — ax + by, x,y, — xy, and x;, — x*. Hence, by the continuity
of 7tg, it follows that,

ro(ax 4 by) = Tim s, + byn) = lim 7e(ax, + by,) = lim (a7ts () + bres ()
= ams(x) + brs(y),
ms(xy) = nlgr.}o 75 (XnYn) = nlg{}o TT(XnYn) = nlg{}o 705 (xn) 705 (Yn) = 7s(x) 715 (y), and

ms(x') = lim ms(x;) = lim m(x}) = lim w(x,) = lim ms(x)" = 7s(2)",

proving that 775 is a homomorphism and, thus, a unital x-representation. Note that for any
p € P, tsoU(p) = ms(Xpe) = m(Xpe) = SpSy = Sp. It follows that mso U = S. To
see that 775 is the unique unital *-representation of P such that 7g o U = S, suppose that
¢s : C — B is another *-representation such that ¢s o U = S. Then for any basis element
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Xpq of C, 9s(Xpg) = @s(XpeXye) = @s o U(p)(psoU(q))" = SpS; = U(Xpq)- Hence, ¢s
must agree with 7t over the dense subset A. Because ¢s and 7tg are continuous and agree

on a dense subset of C, they must agree over all of C, proving the uniqueness of 7.

To show that C is the unique (up to isomorphism) C*-algebra generated by a Nica-
covariant representation satisfying the conditions of Theorem 3.1.8, suppose that C’ is an-
other C*-algebra generated by a Nica-covariant representation U’ : P — C’ that satisfies
the conditions of Theorem 3.1.8. Then there must exist unique unital *-representations
ter : C — C'and e : €' — C such that mgroU = U and e o U’ = U. It follows
that 7t¢ o 7t¢r is a unital *-representation such that (77¢ o 77¢r) o U = 7r¢ o U’ = U. Because
the identity Id; on C is the unique unital *-representation such that Id; o U = U, it must
be the case that 77¢ o t¢r = Ide. Moreover, 7i¢ o 7¢ is a unital *-representation such that
(rtermte) o U’ = 1o U = U'. But the identity Ide on C’ is the unique unital *-representation
such that Ider o U’ = U’ and so it follows that 7tor o 7t = Ider. Thatis, e : C — C'is a
bounded unital *-isomorphism. Because continuous *-isomorphisms between C*-algebras
are automatically isometric, it follows that C is isometrically isomorphic to C’, which proves
the uniqueness of C. O

Definition 3.1.9. Let (G, P) be a weakly quasi-lattice ordered group. The Universal algebra
C*(G, P) and Universal Nica-covariant representation U : P — C*(G, P) are defined to be
the unique (up to isomorphism) C*-algebra and Nica-covariant representation that satisfy the condi-
tions of Theorem 3.1.8.

Corollary 3.1.10. Every C*-algebra generated by a Nica-covariant representation of a weakly quasi-
lattice ordered group (G, P) is isomorphic to a quotient of the universal algebra C*(G, P).

Proof. Fix a weak quasi-lattice (G, P) and let S : P — B(#) be a Nica-covariant represen-
tation of (G, P) on some Hilbert space 7. By Theorem 3.1.8, there exists a unique unital *-
representation 7tg : C*(G, P) — B(H) such that rg o U = S where 715 sends a basis element
Xpaq t0 7ts(Xpq) = SpSj;- Note that to prove that the C*-algebra C*({S, : p € P}) generated
by S is a quotient of C*(G, P), it suffices to prove that C*({S, : p € P}) = C*(G, P)/ ker 7.
By Theorem 2.2.12, the set span({S,S; : p,q € P}) is a dense unital x-subalgebra of the
C*-algebra C*({S, : p € P}) generated by S. Because the image of 775 is a C*-algebra with
dense *-subalgebra span({S,S; : p,q € P}), it follows that the image of 75 is equal to
span{S,S; : p,q € P} = C*({Sp : p € P}). The first isomorphism theorem for C*-algebras
implies that C*(G, P)/ ker tg = C*({S, : p € P}), proving that the C*-algebra generated
by S is a quotient of C*(G, P). O

3.2 Amenable Weakly Quasi-Lattice Ordered Groups

Because every Nica-covariant representation of a weakly quasi-lattice ordered group (G, P)
generates a C*-algebra that is isomorphic to a quotient of the universal algebra C*(G, P),
studying the quotient spaces of C*(G, P) provides a systematic method for studying the
Nica-covariant representations of (G, P). Of particular importance is the case when C*(G, P)
is isomorphic to the Toeplitz algebra 7 (G, P). Due to the fact that computation is relatively
simple in the algebra 7 (G, P), studying the quotient spaces of 7 (G, P) is, in general, an
easier task than studying the quotient spaces of C*(G, P). Hence, studying the class of Nica-
covariant representations of (G, P) is simplified in the case when C*(G, P) is isomorphic to

T(G, P).
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Definition 3.2.1. Let U : P — C*(G, P) be the universal representation of a weak quasi-lattice
(G, P)and T : P — T (G, P) its Toeplitz representation. By Theorem 3.1.8, there exists a unique
unital x-representation vy : C*(G, P) — T (G, P) such that wr(xpq) = TpT; for all basis
elements x4 of C*(G, P). For convenience we define 7ty to be the Toeplitz extension of (G, P).

Definition 3.2.2. A weakly quasi-lattice ordered group (G, P) is called amenable if and only if
the Toeplitz extension is injective. As the Toeplitz extension is surjective, amenability of (G, P) is
equivalent to the condition that,

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

Because the universal algebra C*(G, P) is uniquely determined up to isomorphism by
the condition that every Nica-covariant representation S : P — B(7{) extends uniquely to a
unital *-representation 7t : C*(G, P) — B(H), it follows that the following is an equivalent
formulation of amenability.

Proposition 3.2.3. A weak quasi-lattice (G, P) is amenable if and only if for any Nica-covariant
representation S : P — B(H) on some Hilbert space H, there exists a unique unital x-representation
ns : T(G, P) — B(H) such that tgo T = S.
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Chapter 4

The Conditional Expectation Ey;

In this chapter we consider distinguished Abelian sub-C*-algebras Dy of C*(G, P) and D
of T(G, P). We then show that there exists a conditional expectation E : 7 (G, P) — D.
After proving that D and Dy are isomorphic, we then obtain a conditional expectation Ej; :
C*(G, P) — Dy by composing with the Toeplitz representation. We then prove that Ey;
provides a convenient way of checking whether a given weak quasi-lattice is amenable.
Finally, we provide an example of an amenable weak quasi-lattice.

Definition 4.0.1. Let A be a C*-algebra and let B be a C*-subalgebra of A. A linear map 6 : A — B
is defined to be a B-linear mapping if 0|3 = Idg and foralla € Aand b € B:

6(ba) = bO(a), and

6(ab) = 6(a)b.

Definition 4.0.2. Let A be a C*-algebra. A linear map ¢ : A — A is defined to be completely
positive if the maps o™ : M, (A) — M, (.A) preserve positivity for any natural number n, where

" ((Aij)i) = (9(Ay))ij-
Definition 4.0.3. Let B C A be C*-algebras. A B-linear mapping E : A — B that is a completely
positive contraction is defined to be a conditional expectation of A onto 3.

As one might expect, conditional expectation operators generalize the notion of a condi-
tional expectation on a probability space. When B C C are both spaces of random variables
on some probability space, definition 4.0.1 specialises to the standard definition of a condi-
tional expectation in classical probability.

The following theorem, proven by Tomiyama in [9], provides a convenient way to check
whether a linear mapping is a conditional expectation.

Theorem 4.0.4. Let B be a C*-subalgebra of the C*-algebra A, and let E : A — B be an idempotent
linear mapping such that ||E|| = 1. Then E is a conditional expectation from A onto B.

In Corollary 11.6.10.3 of [3], Blackadar proved that Theorem 4.0.4 implies the following.

Corollary 4.0.5. Let B C A be C*-algebras and suppose that E : A — B is an idempotent postive
B-linear mapping. Then E is a conditional expectation from A onto B.

4.1 The Toeplitz Conditional Expectation

We start by defining the diagonal subalgebra D C 7T (G, P) of the Toeplitz algebra and the
Toeplitz conditional expectation E : 7 (G, P) — D. The Toeplitz conditional expectation

23



will be used to prove an equivalent formulation of amenability for a weak quasi-lattice in
terms of the universal conditional expectation.

Definition 4.1.1. Let (G, P) be a weak quasi-lattice and T : P — B(¢?(P)) its Toeplitz representa-
tion. Define,
D :=span{T,T, : p € P} C T(G, P).

D is called the diagonal subalgebra.
Proposition 4.1.2. The diagonal subalgebra D is a unital Abelian C*-subalgebra of T (G, P).

Proof. By Lemma 2.2.11, to prove that D is a unital C*-subalgebra of 7 (G, P), it suffices to
prove that span{T,T, : p € P} is a unital *-subalgebra of 7(G, P). By linearity, the set
span{T, T, : p € P} is a unital *-subalgebra of 7 (G, P) if and only if the set B := {T, T} :
p € P} U {0} contains the identity element of 7 (G, P) and is closed under multiplication
and involution. Because for all p € P, the inequality p > e holds, it follows that for all basis
elements &, of (2(P),

T.T; (6)) = See1y = O

proving that the identity I = T, T, is contained in B. Moreover, B is closed under involution
since 0 = 0 and (T,T;)* = T,T, for all elements T,T, of B. Towards proving that B is
closed under multiplication, fix non-zero elements Ty T;, T, Tq* € B and note that,

T*

Vg P\/q<°°

€ B. (4.1)

T,
T,T;T,T; =< "1
0 pVvVg=oo

Thus, span{T,T; : p € P} is a unital x-subalgebra of 7 (G, P), which proves that the di-
agonal subalgebra D is a C*-subalgebra of the Toeplitz algebra. Moreover, because for any
p,q € Pwehave that p Vg = gV p, Equation 4.1 implies that multiplication is commutative
in D, proving that D is an Abelian C*-subalgebra of 7 (G, P). O

Proposition 4.1.3. For each p € P, write Q, : (*(P) — (*(P) for the orthogonal projection
with range span{d,}. For each S € B({*(P)) there is an element Y ,cp QpSQp of B(£*(P)). The
function A : B(¢>(P)) — B(¢%(P)) defined by,

A(S) ==Y Q,5Q,, S € B(*(P)),

peP
is a well-defined bounded linear map. Moreover, for all x,y € P,
T, ifx=y
0 ifx#y,

where T : P — T (G, P) is the Toeplitz representation of P.

an):{

The following proof of Proposition 4.1.3 fills in details omitted by Nica in his proof found
in [8].

Proof. Towards proving that A is well-defined, fix some S € B(¢?>(P)) and suppose that
{Fi}nen is an increasing sequence of finite subsets of P such that for each p € P, there
exists some integer N such that p € F, for all n > N. For each n € NN, define Sg, :=
Yper, QpSQp. To prove that for each S € B(¢?(P)) there exists an element Ypep QpSQp in
B(¢?(P)), we need to prove that limy, ;e || Sk, — Sk, ||op converges to zero. Clearly if S = 0
then A(S) = ¥,ep Qp0Q, = 0, so we may suppose without loss of generality that S is a
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non-zero element. Fix ¢ > 0 and, using the supremum definition of the operator norm,
pick some i € ¢2(P) with norm ||h|| < 1 such that ||Sg, — Sk, || — ||(Sk, — S,k < /2.
Then ||Sg, — Sk,|l < €/2+ (S, — Sk,)k|. By Parseval’s identity the sum Y ,cp | (I, 6,)|?
converges to ||| <1 so that there must exist some finite set F C P such that,

Yl )< —5
, < —F.
R

Moreover, for any p € P,

(S(6p), 0p)I* < ZI)) (S(5p) . d9)
q€

= 1S(6,) 11> < IISP?,
so that
e

> 1, 8)(S60), 8P < ISIP Y G, )P < 5

pEP—F peP—F
There must exist some N € IN such that F C F, for all n > N. Then for all m,n > N,

Y. (QSQuHIP =11 Y (QpS){h, dp)opll?

pGFm—Fn PeFm_Fn

=1 Y Qi 6,)S(6p)l7
pEFy—Fy

= H Z (h, 5p><5(‘5p)/ 5p>5p‘|2
pEF,—F,

= ). h,8,)(S(5), &)
pEF—Fy

< Z (R, 6,)(S(8p), 6p)
peP—F,

82

<Z.

It follows that for all n,m > N,

&
ISk, — Sk, |l < 5 + [[(SE, — SE )|

2
S
=+l X Qs
pEFu—Fy
< E.

Because the sequence {Sr, },en C B(¢?(P)) is Cauchy, it must converge uniquely to
a bounded linear operator }_,cp Q,SQ, € B (¢2(P)). This gives a well-defined map A :
B(¢?(P)) — B(£?>(P)) defined as in the statement of Proposition 4.1.3.

Towards proving that A is a bounded linear operator, fix elements Sy, S, in B(¢*(P)) and
scalars c1, c; € C. Then by the algebra of limits,

A(Clsl + CzSz) = Z Qp(clsl + CzSQ)Qp
peP

=0 Z stlQp +c2 2 QpSZQp

peP peP
= ClA(Sl) + CZA(SZ),
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proving that A is linear. Now fix a sequence {S, },en C B(¢%(P)) that converges to some
element S € B(¢2(P)). Fix e > 0. Because composition and addition are continuous, for
any finite set F C P, the sequence {Zpe F QpSnQp }nen converges to Zpe F QpSQp. Construct
an increasing sequence of finite sets {F, },en such that for all n € N, || 2,06 F, QpSnQp —
Zpep QPSnQPH < ¢/3, and for all p € P, there exists some n € IN such that p € F,. Then
pick N € N large enough such that for all n > N, [| £,cp QpSQp — Lper, QpSQypll < €/3,
and || Xper, QpSQp — Lpery QpSnQpll < €/3. We have that foralln > N,

1A(S) = ASwII = Il X2 QpSQp — ) QpSuQyl

peP peP

<Y QuSQp— Y QpSQull +11 Y. QpSQp— Y. QpSnQyll
peP pEFN pEFN pEFN

+11 Y QpSnQp — Y QpSuQyll
pEFN peP

< E&.

Hence, A is a continuous linear operator and is therefore a bounded linear operator.
It remains to show that for any elements x,y € P, the following identity holds:

I.T, ifx=y

MITy) = {0 if x #y.

To this end, fix elements x,y € P and note that for any basis element &, of ¢*(P),

A(TxTy*)(éq) = Zp<5qz 5p><TxT;(5p)r 5P>‘SP
pe

)4, ify<pandx=y
10 otherwise

_ JTLTy(6) ifx=y
~10(4) ifx#y

Hence, for the case where x = y, the above equation along with the linearity of A(TyT)
imply that A(T\T;) must agree with T, T; on the dense subspace span{d, : p € P}. By the
continuity of these two linear operators, they agree over all of ¢*(P). For the case where
x # y, because A(T,T;) is a continuous linear operator that sends all basis elements of 2(P)
to zero, it must be the case that A(T,T;) maps all elements of ?2(P) to zero. O

Proposition 4.1.4. There exists a unique bounded linear map E : T (G, P) — D such that for any
p,q € P:

. T,T; ifp=q
E(T,,Tq):{o q A

Moreover, E is a conditional expectation which we define to be the Toeplitz conditional expecta-
tion.

Proof. Let A be as defined in Proposition 4.1.3 and let E := A|(¢, p). To see that the range of
E is indeed contained in D, note that 7 (G, P) = span{T,T; : p,q € P}. Since A(T,T;) =
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T,T; ifp=
{ Ple TP Gtis clear that rangeE = D.

0 itp#q
By Corollary 4.0.5, to prove that E is a conditional expectation, it suffices to prove that E

is an idempotent positive D-linear mapping. Towards proving that E is a D-linear map, fix
elements basis elements T, T; € D, T, T} € T (G, P) and §, € ¢*(P), then

E(TeTiT,T2)(5y) = Y. (85, 6,0 (TeTET, T2 (6,) , 6,)6,.
peP

= Ty Ty T, T (84) , 04)04

_ 6; ifg>y>xandy =z
0 otherwise

_ T,T;(6;) ifg>xandy =1z
0 otherwise

) E(TyT)(04) ifg>x
o otherwise

= T, T, E(T, T} )(d4)

Because E(T,T; T, T;) and T, T; E(T,T; ) are both bounded linear operators, the above work-
ing implies that these operators must agree over all elements in the span of the basis for
(2(P). Because this spanning set is dense in ¢*(P) and E(TxT;T,T;) and T, T;E(T,T;) are
both bounded, and therefore continuous, linear operators, it must be the case that these op-
erators agree over all of /2(P). Moreover, because E = A|r g, p) is a bounded linear map,
by Proposition 4.1.3, it follows that E(Ty T ¥, q)er CpaTpTy) = T TYE(Z (pg)er cpaTp Ty ) for
any linear combination } ., ;e ¢pqTp T, of basis elements of T (G, P). Because the span of
basis elements of 7 (G, P) is dense in 7 (G, P) and E and T,T;E are both bounded, and
therefore continuous, maps that agree over this dense set, it follows that these maps agree
over all of 7 (G, P). Hence, we have that forall S € T (G, P), E(TyT;S) = T:TLE(S).

Now fix S € T (G, P). Since Ty T; was an arbitrary basis element of D, the above equal-
ity holds for any basis element T, T; € D. Then applying the linearity of E we have that
E(dS) = dE(S) for any element d in the span of the basis of D. Because this set is dense in
D, the continuity of the maps E(— o S) and — o E(S) implies that this maps agree over all
elements d € D.

Observe also that for any basis elements T, T; € D, T,T; € T (G, P) and §, € (*(P),

E(T, T:TTE)(8,) = Y. (8, S,)(T, T2 TeTE(5,), 5,6,

peP
_ (T T (6q), 69)04 ifg=>x
0 otherwise

= <TxT;(5q) ’ 5q><TyT;(‘5q) ’ 5q>5q

= Z (TxT:(84) , 6p)(Ty T (0p) , 0p)dp = E(TyT7) o Tu Ty (dy).
peP

Analogous reasoning as above then proves that foralld € Dand all S € T(G, P), E(Sd) =
E(S) od. It follows that E is a D-linear mapping.
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Towards proving that E is idempotent, note that by the continuity and linearity of E and
E?, and the density of span{T;T; : x,y € P} in T(G, P) (Corollary 2.2.13), it suffices to
prove that E2(T, T;) = E(TxT;) forall x,y € P. To this end, fix some basis elements x,y € P.
Then by applying Proposition 4.1.3 three times, we have that,

2 o JE(ITy) ifx=y
E(n@)—{Em)” ifx £y

_ T, ifx=y
0 ifx#y
= E(TxTy),

which proves that E is indeed idempotent.

To prove that E is a conditional expectation, it only remains to prove that E is positive. To
this end, fix some positive element S € 7 (G, P) and note that for any p € P and h € ¢%(P),

(QpSQp(), ) = ({h, 6,)(S(8y), 0,00y, )
= |(h, 5,)17(S(6p), &) > 0.

It follows that for all p € P, the operator Q,SQ), is a positive operator. Note that because
sums and limits of positive operators are again positive, the operator E(S) = }.,cp QpSQ),
being the limit of a sequence of finite sums of positive operators, is a positive operator. It
follows that E maps positive elements of 7 (G, P) to positive elements of D, proving that E
is a positive and completing the proof that E is a conditional expectation.

Finally, to see that E is the unique bounded linear map such that for any elements p,q €
P,
srmy = {07 ip=
0 iftp #q,

note that, by the continuity of bounded linear maps and the density of span{T,T; : p,q € P}
in 7(G, P), any other bounded linear map that agrees with E over span{T,T; : p,q € P}
must agree with E over all of 7 (G, P). O

Definition 4.1.5. Let B C A be C*-algebras. A conditional expectation E : A — B is defined to be
faithful if for all positive elements a € A, E(a) = 0 implies that a = 0.

Proposition 4.1.6. The Toeplitz conditional expectation is faithful.

Proof. Fix some basis element 6; € (*(P). Note that for any spanning element T,T; of
T(G, P),
T,T:(d5), &) ifp=
<E<TpT;)((55),5S> - ( p q( s), 0s) : p=q
0 ifp#q
= 1 ifPanndszq
" ]0 otherwise.
= (T, T;(55), &)

Then by the linearity and continuity of both E and the first component of the inner product,
it must be the case that for all elements a € T (G, P), (E(a)(ds), ds) = (a(ds), ds). Now
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suppose that a € T (G, P) is a positive element such that E(a) = 0. Then by the functional
calculus on T (G, P), there must exist some positive element b € T (G, P) such that b* = a.
Because b is a positive element, there exists some ¢ € T (G, P) such that b = cc*. Then for
all basis elements &5 € ¢2(P),

It follows that b(ds) = 0 for all basis elements é; and, therefore, that b = 0. Hence, a = b? =
0. d

4.2 The Universal Conditional Expectation

We are now in position to be able to define the universal conditional expectation E;; from
the universal algebra C*(G, P) onto the universal diagonal subalgebra Dy; defined below.

Definition 4.2.1. Let (G, P) be a weakly quasi-lattice ordered group and C*(G, P) its universal
algebra. Define the universal diagonal subalgebra,

Dy :=span{xp,p : p € P}.

Proposition 4.2.2. The universal diagonal subalgebra Dy is a unital Abelian C*-subalgebra of
C*(G, P).

The proof of Proposition 4.2.2 is practically identical to the proof of Proposition 4.1.2 and
is therefore omitted.

The following lemmas will be used to prove the existence of the universal conditional
expectation Eyj.

Lemma 4.2.3. Fix some Hilbert space H with orthonormal basis {6, : a € A} and let {S;}! ; C
B(H) be a finite family of projections such that S;S; = 0 whenever i # j. Then,

n
1) ciSill = sup |cl, {eitii, C C.

i=1 1<j<n

Proof. Fix some element 1 € H and note that because for any 1 < i < j < n, the identity
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SiSih = 0 holds, it follows that forany 1 <i <j <mn, S;jh € Im(S;)*. Hence,

| chhu2 ZCSh ZC]Sh

n
chc] (Sih, S; h)
j=1

I
M:

Il
_

[cil?[1Sih|?

I
M=

Il
—

I
=

il ) K, 8a)P?

acA
(5,161111(51‘)

n
<Y sup loP X1, a)f
i=11<<n acA

(SaGIm(S,‘)

< sup |ej* ) [k, 60l

1<j<n acA

Il
A

where the second inequality follows since it must be the case that Im(S;) L Im(S;) for
alll < i < j < n. From the infimum formulation of the operator norm, it follows that
| Y ciSil] < SUP; <<y c;|. On the other hand, by fixing m € {1,...,n} such that |c,| =
Sup; <, |cj| and picking an orthonormal basis element &,,, € Im(Su), we have,

| Z ¢iSi0ay, | = llemda, | = sup |cjl.
i=1 1<j<n
By the supremum formulation of the operator norm, it follows that || iy ¢iSi|| > sup,;,, ljl,
completing the proof. O

Lemma 4.2.4. Let (G, P) be a weakly quasi-lattice ordered group and v : C*(G, P) — T (G, P)
be the Toeplitz representation of (G, P). Then rtr|p, is an isomorphism between the C*-algebras
Dy and D.

The following proof of Lemma 4.2.4 fills in some details omitted by Nica in his proof
found in [4].

Proof. Towards proving that 7t |p,, is a surjection onto D, note that for all basis elements
Xp,p of the universal diagonal subalgebra Dy, 77 (xp,p) = TpT,, which is an element of D.
By the linearity of 77, it follows that 777 (span{xp,, : p € P}) is a subset of D. Hence,

i (Dy) = ”T(Sp‘m{?(p,p :p € P})
= oy (span{xpp : p € P})

= span{rr(Xpp) : p € P}
=span{T,T, :p € P} =D

proving that 7t7|p, : Dy — D is a surjective unital *-homomorphism onto D. Towards
defining an inverse of 717|p,, we define a map,

p :span{T,T, :p € P} — Dy
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Y e TpTy = ) coXpps FCP,|F| <o, {cp}per CC.
peF peF

Clearly p is linear, unital and preserves that product and involution operations on D. Be-
cause span{T,T, : p € P} is dense is D, to prove that 0 extends uniquely to a bounded
unital x-homomorphism p : D — Dy, it suffices to show that p is bounded. To this end,
fix some element }_,cr cpTpT, € span{T,T; : p € P}, where F is a finite subset of P and

{cp}per C C. Note that because for any p € F and basis element é, € ¢?(P),

. s, ifg>
TPTP((Sq):{‘? 7="r

0 otherwise,

it follows that T}, T; is diagonal with respect to the canonical basis of (2(P). Because linear
combinations of diagonal operators are diagonal, the element }_,cr ¢, T, T} is diagonal rela-
tively to the canonical basis. The norm of }_,cf ¢, T, Ty, being diagonal with respect to the
canonical basis, is therefore equal to

sup |( Zcp 5q,5>|—sup| Zcpéq,éﬂ
qeP  peF qeP  peF
q=p

=sup| Z cpl.
qeP  peF
q=p

Towards computing the norm || ¥,cr cpxp,pll define,

. XVieatVieat if Vigat < o0
XVANVA ‘= )
0 otherwise,

and for each p € F write,

XPP_XPPHXIM (Xee — Xa.q))

qeF
qaFp
- E XVANA H (Xe,e_)(s,s)~
{AeP(F):peA} s€eF—A

Then the element },cr cpxp,» becomes,

Z CpXpp = Z CoXpp H(?Cq,q + (Xee — Xq,q))

peF peF qeF
q7p
= Z CP Z XVANVA ]_—I (Xe,e _Xs,s)
peEF  {AcP(F):pcA} seF—-A
= Z Z CP XVANVA H Xee — Xss
AeP(F)—o peA s€eF—A

Fix some A € P(F) — @ and s € F — A and note that the elements x4 va, Xss and, thus,
Xee — Xss = ldp, — Xss are all projections. Because multiplication in Dy; is commutative,
it follows that the element xvyavallscr—a(Xee — Xs,s) is @ projection. Moreover, for any
B € P(F) — & such that B # A, there must exist some g € (AN (F—B))U (BN (F— A)).
Because Xg,4(Xee — Xg.4) = Xqq — Xgq = 0, commutativity of multiplication in Dy implies
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that,
(XVA,\/A H (Xe,e - Xs,s))(X\/B,\/B H(Xe,e - Xt,t))

seF—A teB
= H Xp.p H (Xe,e - Xs,s) HXr,r H(Xe,e - Xt,t)
pEA seF-A reB teB
=0.

Fix some *-homomorphism 7 : C*(G, P) — B(*) on some Hilbert space H and, for each
A € P(F) — o, define g = m(xvavallser—a(Xee — Xs,s))- Then each 74 is a projection
such that for any B € P(F) — @ with A # B, we have that to7rp = 0. By Lemma 4.2.3,

|72 Z (Z Cp)X\/A,\/A H (Xee = xss)Il = |l Z (Z CP>7TAH

A€P(F)—-2 peA s€eF—A A€P(F)—o peA
71’A7é0

= sup | Z cpl.
AeP(F)—2 peA
7'(/\750

Because the x-homomorphism 7t : C*(G, P) — B() was arbitrary, it must therefore be the
case that,

I Z Cpo,pH = || Z (Z Cp)X\/A,\/A H (Xee = Xs,s) |l

peF AEP(F)—o peA seF—A
= sup {| Z CP| c XVAVA H (Xe,e - Xs,s) 7é 0}
AeP(F)-@ peA s€eF—A

Thus, comparing the norm above to the expression for the norm of } ,cp ¢, T, T, to show that
p is bounded, it suffices to take any subset A € P(F) — @ and find an element g € P such that
A={p€F:q>p} Tothisend, fix A € P(F) — & and note that if xyavaLer—a(Xee —
Xss) 7 0, then V,cap < co. That is, every element of A must share a common upper bound
Vpeap- Towards a contradiction, suppose that ¢ is an element of F — A such thatt < Vjeap.

Then,

XVANA H (Xe,e - Xs,s) = XVAVA (Xe,e - Xt,t) H (Xe,e - Xs,s)

s€F—A seF—A—{t}
= (Xvava — Xtv(vpgAp),tv(vpgAp) H (Xee — Xss)
seF—A—{t}
= (X\/A,VA - X\/A,VA) H (Xe,e - Xs,s)
seF—A—{t}
-0,

a contradiction. It follows that A = {r € F : (V,cap) > r}. Therefore g is a bounded unital
*-homomorphism, which proves that there exists a unique bounded unital x*-homomorphism
p + D — Dy such that p(T,T;) = xp,p for all basis elements T, T; of D. Because p o
71 |py (Xpp) = Idp,(Xpp) for all basis elements x,,, of Dy, by linearity p o 7r7|p, must
agree with Idp, over span{xp,, : p € P}. By the continuity of these operators and the den-
sity of span{xp, : p € P} in Dy, it must be the case that p o 77 |p, = Idp,. Essentially the
same argument shows that 77 |p, o p = Idp, which proves that w7 |p, is an isomorphism
between the C*-algebras Dy; and D. O

Proposition 4.2.5. There exists a unique bounded linear map Ey; : C*(G, P) — Dy such that for

any p,q € P:
_ Jxpa p=4
Eu(?(,)—{ :
0 £
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Moreover, Ey; is a conditional expectation which we call the universal conditional expectation.

Proof. By Lemma 4.2.4, 717|p, is an isomorphism between the C*-algebras Dy and D. Let
p : D — Dy be the bounded unital *-homomorphism that is the inverse of 777|p, and define
the map

Ey:=poEomy:C*(G, P) = Dy,

where E : T(G, P) — D is the Toeplitz conditional expectation. Then Ey;, being the compo-
sition of bounded linear maps is itself a bounded linear map. Moreover, for any elements
p.q€Pp,

Eu(Xp,q) =pokEo HT(XM)

:poE(TpT;)
_ {p(Tqu*) ifp=gq
0(0) ifp#q
_ Jxpa itp=gq
0 if p #q.

The uniqueness of E; follows from noting that {x,, : p,q € P} is a basis for C*(G, P) and
that any two bounded linear maps that agree over all basis elements must agree over their
entire domain.

It remains to prove that Ey; is a conditional expectation. Towards proving that E;; is Dy-
linear, fix elements a € C*(G, P) and b € Dy and note that because 7t (b) € D and E is
D-linear, it follows that,

Eu(ab) = p o E(rty(a)7r (b))
= p(E(rtr(a)) 77 (D))
= Ey(a)b,
and,
Eu(ba) = p o E(ry(b)7rr(a))
= p(m7(b)E(7rr(a)))
= bEy(a).

Hence, E; is indeed Dy;-linear.
Towards proving that E;; is completely positive, note that because p and 77 are *-

homomorphisms and E is a conditional expectation, the maps p, 777 and E are all completely
positive. Hence, Ey; = p o E o 717 must also be completely positive.

Finally, to see that Ey; is a contraction, note that because all bounded *-homomorphisms
between C*-algebras are contractions, p and 7t7 are both be contractions. Moreover, E, being

a conditional expectation, must be a contraction by definition. Thus, ||Ey|| = ||pc Eo rt|| <
llellE|lll7e7|] < 1, which proves that Ey; is a contraction and therefore a conditional expec-
tation. ]

Theorem 4.2.6. Let (G, P) be a weak quasi-lattice. Then (G, P) is amenable if and only if the
universal conditional expectation Ey; : C*(G, P) — Dy is faithful.

Proof. Suppose first that (G, P) is amenable. Then by definition the Toeplitz representation
ri7 is injective. Let a € C*(G, P) be a positive element such that Eyj(a) = 0. Then since
Ey = po Eomy and p is injective, it follows that E o 777-(a) = 0. Because 77 is positive,
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7t (a) is positive and so E being faithful implies that 777 (a) = 0. Since we have assumed
that 7r7 is injective, it must be the case that 2 = 0.

For the other direction, suppose that E; is faithful and let a € C*(G, P) be a positive
element such that 777 (a) = 0. Then,

Ey(a) =poEomy(a)=poE(0) =0.

Hence, it must be the case that 4 = 0, which proves that for all positive elements a €
C*(G, P),if mty(a) =0, thena = 0. Let b € C*(G, P) be any element such that 7t7(b) = 0.
Then 717 (bb*) = 0 and because bb* is a positive element, it follows that bb* = 0. Hence,
either b = 0 or b* = 0. In either case, b = 0 and so 7 is injective, proving that (G, P) is
amenable. O

4.3 An Example

Let F, be the free group on n letters and FM, the free monoid on 7 letters. In this section,
we show that (F,, FM,) is an amenable weakly quasi-lattice ordered group.

Proposition 4.3.1. Let F,, and FM,, be the free group and free monoid on n letters, respectively.Then
the pair (F,, FM,) is a weak quasi-lattice.

Proof. First note that the pair (F,, FM,) is a partially ordered group since the inverse of any
non-identity element in FM, is not also an element of FM,. That is, FM, N FM,, 1= {e}.
Now suppose that elements p,q € FM,, share a common upper bound, say t € FM,,. Note
that the set of all elements s € FM, such that s < t can be written as {e < a; < a;a;, <

- < aj e ag, = t} where ay,...,a, are the generators of FM,. Because the set of all
elements in FM,, that are bounded above by t is totally ordered, the elements p and g must be
comparable. Hence, either p < gand pV g =¢,0rg < pand pV g = p. This proves that any
two elements in FM,, that share a common upper bound must have a least common upper
bound and, thus, that the partially ordered group (F,, FM,) is a weak quasi-lattice. O

Note that in the above proof of Proposition 4.3.1, we proved the following:
Corollary 4.3.2. For any elements p,q € FM,,

1. pVg<oo <= p<gqorq<p <= p=qp orq=pq forsomeyp,q € FM,

2. ifpVg<ocothenpVg=porpVg=q.

We will use Corollary 4.3.2 to simplify our proof of Theorem 4.3.6 below.

Before continuing to our proof that the free group on n letters is amenable as a weak
quasi-lattice, we take a brief detour to introduce the notion of an amenable group. In
1924 Banach and Tarski [2] proved a result that was so counter-intuitive it is now known
as the Banach-Tarski Paradox. In plain English the result states that given a ball in three-
dimensional space, there is a way to decompose the ball into finitely many disjoint pieces
that can be rearranged to form two balls of the same size as the original. This counter-
intuitive result inspired mathematicians to search for all equivalent sets of necessary and
sufficient conditions that ensure a topological group will not have this pathological behav-
ior. Such groups are called amenable. The following is one of several equivalent definitions
of amenability for groups (see, for example, Theorem 1.15 of [5]).
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Definition 4.3.3. Let G be a discrete group. Then G is said to be amenable as a discrete group
if there exists a finitely additive probability measure yp on P(G) such that u(gA) = u(A) for all
g€ Gand A CG.

As a side note, the definition of an amenable weak quasi-lattice was born out of the defi-
nition of an amenable discrete group. In particular, it is well known that a discrete group G
is amenable if and only if the reduced and full C*-algebras of G are isomorphic. Hence, we
call (G, P) amenable if C*(G, P) = T (G, P).

Our proof of the following lemma follows the outline provided by Garrido in Proposi-
tion 2.3 of [5]. However, our proof below fills in a substantial amount of detail omitted by
Garrido.

Lemma 4.3.4. Z is amenable.

Proof. Fix an ¢ > 0. We begin by showing that there exists a finitely additive probability
measure y, on P(Z) such that,

lpe(A) —u:(1+A)| <e forall AC Z.
Pick some integer N such that 2/N < € and for each A € P(Z) define,

pol4) ::\{1,...,1\11\1}OA\'

Then for any two disjoint sets A,B C Z, the sets {1,...,N} N A and {1,...,N} N B are
disjoint and finite. Hence,

He(AUB) = ]{1,...,Nilm (AUB)|

J({1,...,N}nA)U({1,...,N}nB)|

N
~ H{1,...,N}nA| N I{1,...,N} N B|
N N N
= pe(A) + pe(B).
It follows that j, is finitely additive. Moreover, y. (@) = % =0and u(Z) = Hl"]'\']'N}' =1,

proving that y. is a finitely additive probability measure on P(Z).

Now to see that forall A C Z, |pe(A) — pe(1+ A)| < ¢, note thatifn € {1,...,N—1}N A4,
thenl+ne{l..., N}Nn(1+A)andifne {2,..., N}N(1+A)thenn—-1€{1,...,N} N
A. This shows that [{1,..., N} NA| < |{1,..., N}Nn(1+A)|+1<[{1,...,N}nA|+2. It
follows that,

[He(A) — pe(1+ A)| =

L N A {1 L N A (14 A))
N

2
<7 .

Thus we have proven that for any € > 0, the set S, is non-empty, where we define S; to be
the set consisting of all finitely additive probability measures v on P(Z) with the property
thatforall A C Z, [v(A) —v(1+ A)| < e. With the intention of eventually proving that the
set Me>0S, is non-empty, we claim that each S, is closed. To this end, suppose that {v;} C S,
is a sequence that converges to some measure v on P(Z). Then it is easily checked using
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epsilon arguments that v must also be a finitely additive probability measure. Fix A C Z
and ¢ > 0, and pick M € Z large enough such that |v,(B) — v(B)| < /2 for all B C Z and
for all n > M. Then,

v(A) —v(1+A)| < [v(A) —vm(A)| + [vm(A) —vm(1+ A)[ + [vm(1 + A) —v(1 + A)|
<o+ lvm(A) —vpm(14+ A)|.
Since this result holds for all § > 0, it follows that,
V(A) —v(14+ A) < |lvm(A) —vpm(1+ A)| < e

Thus, v € S¢ and we have proven that for all ¢ > 0, the set S, is closed.
Because for any n € Z and any ¢y, ...,¢&, > 0, we have that,

m Se; = rmn D) {1<i<n} € {S }s>01

it follows that the set {S,}.~( satisfies the finite intersection property. By Tychonoff’s the-
orem, the set [0,1]7(#) is compact and it follows that (- S is not equal to the empty set.
That is, there exists some finitely additive probability measure p on P(Z) such that for
any A C Z and for all ¢ > 0, [u(A) —u(1+ A)| < e It follows that for all A C Z,

=u(-1+A)=u(A)=u(l+A)=---=u(n+ A) = --- which proves the amenabil-
ity of Z as a discrete group. O

The following proposition, proven by Laca and Raeburn in Proposition 4.2 of [6], will be
used to prove the amenability of (F,, FM,) as a weakly quasi-lattice ordered group.

Proposition 4.3.5. Let (G, P) and (H, K) be two weakly quasi-lattice ordered groups. Suppose
there exists an order-preserving homomorphism y : G — H such that for all x,y € Pwith x Vy <
oo we have,

Lop(xVy) = p(x) vV ply)
2. p(x) = ply) = x=y.

If H is an amenable group, then (G, P) is an amenable weak quasi-lattice.
We call such a map yu defined in Proposition 4.3.5 a controlled map.

Theorem 4.3.6. Let F, and FM,, be the free group and free monoid on n letters, respectively. Then
the weak quasi-lattice (F,, FM,) is amenable.

Proof. Let {x1,...,x,} be the set of generators of F, and define a map y : F, — Z that
sends the empty word to 0 and any other reduced word x';} x -x';;'j to the sum ky + -+ - +

k. Towards proving that u is a homomorphism, fix two reduced words x’;} . -x';:l’ and
! Iy , . f K41y 1
Yp, -+ Yp,- Now let j be the greatest integer such that Y, # (xa,_j1,) " Then,
ki km—jrr+li i L . .
k1 km o J1 I, Xay ** Xay i yb]+1 Y, if Am—j+1 = b]
x X"y y . !
1 AmJ by by kq m—j+1 f b
Xay * " Xa,,_ ]+1y yb-,; 1 al’”—j-‘rl 7& j*
Moreover, for all natural numbers i < j, it must be the case that b; = a,,_;41 and [; =

—k;—i+1. Hence, in both of the above cases,
k1, x"’yb]yifv):kl‘F+km—]+1+l]++lv
=ki+---+ky_ ]'+1+(km_]'+2+l]'_1)+“'+(km+l1)+l]'—|—"‘—|—ly
l v
= (- xdmy ().

H(xg
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It follows that y is a homomorphism.

We now turn to the task of proving that y is order-preserving. Since y is a homo-
morphism it suffices to prove that p(FM,) C IN. To this end, fix some reduced word

xﬁ} e x’;;;; € FM,,. Then by definition k; > 0 forall 1 <i < m and it follows that,

0§K1—|—---+km:]/t(x];}---x’;;:).

Thus, p(xk! - - - x6) € N and so y is an order-preserving homomorphism.

Finally we prove that identities 1. and 2. of Proposition 4.3.5 hold. Suppose for elements
x,y € FM, we have that x Vy < co. Note that by Corollary 4.3.2, either there exists some
x" € FM,, such that x = yx/, or there exists some y' € FM, such that y = xy’. Without loss
of generality, we may assume that x = yx’ for some x’ € FM,. By Corollary 4.3.2, either
xVy=xorxVy=y. Because y~lx = x’ € FM,, implies that y < x, it must be the case that
x Vy = x. Moreover, because y is order-preserving, y < x implies that y(y) < u(x). Hence,
by the standard properties of the order on Z, u(x) V u(y) = p(x) so that

plxVy) = plx) = p(x) vV pu(y),
proving that u satisfies identity 1. of Proposition 4.3.5.
Now towards proving that y also satisfies identity 2. of Proposition 4.3.5, suppose that
#(x) = u(y). Then because x = yx’ for some x" € FM,, we have that
p(x) = p(yx') = u(y) + u(x') = p(x) + p(x).
This proves that y(x') = 0. Writing x’ as its unique reduced word x" = x' - - - " note that

because x’ € FM,, it must be the case that k; > 0 for alli € {1,...,m}. But then for all
ie{l,...,m},

ngzg k]-:y(x/)zo,

s

Il
—_

]

which implies that k; = 0. It follows that x” = e so that x = yx’ = y, proving thatif x Vy < oo
and p(x) = u(y), thenx = y.

We have shown that y : F;, — Z is an order-preserving homomorphism that satisfies
identities 1. and 2. of Proposition 4.3.5. Because, by Lemma 4.3.4, Z is amenable as a group,
by Proposition 4.3.5, it follows that the weak quasi-lattice (F,, FM,,) is amenable. ]

This result may be surprising to some readers who are familiar with group amenability,
as it is well known that the free group on two elements F, is not amenable as a group.
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