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Abstract

We present a recently developed theory by Pere Ara and Ruy Exel on universal algebras and dy-
namical systems associated with so-called separated graphs. To each such graph (E,C) and field K
with involution, we define the Leavitt path algebra Ly (F,C) and the graph C*-algebra C*(FE,C),
generalizing the definitions for ordinary graphs. We also define “abelianized” versions L‘}‘?(E ,C) and
O(E,C) of these algebras, which exhibit crossed product descriptions

L3(E,C) = Cr(QUE,C)) xg« F and O(E,C) = C(Q(E, C)) xg- F,

where §: F ~ Q(E,C) is a canonical partial action of the free group with generating set E' on a
zero-dimensional compact metrizable space Q(E, C'). The main construction associates a sequence of
finite bipartite separated graphs (E,, C™) to each finite bipartite graph (E,C), such that

LR(E,C) =lim Lk (E,, C") and  O(E,C) = lim C*(E,, C")

for appropriate transit maps. As a byproduct of this, we are able to construct global actions of finitely
generated free groups on Cantor spaces whose type semigroups lack almost unperforation. Finally,
we obtain an alternative description of the canonical partial action F ~ Q(E, C) that enables us to
characterize the graphs, for which this action is topologically free.

Resumé

Vi praesenterer en nyere teori om algebraer og dynamiske systemer hgrende til sakaldt separerede
grafer, der primeert er udviklet af Pere Ara og Ruy Exel. For enhver sadan graf (E,C) og for
ethvert legeme med involution K, definerer vi Leavitt path-algebraen Li (E,C') og graf-C*-algebraen
C*(E,C) hgrende til (E,C), som begge generaliserer de tilsvarende objekter for seedvanlige grafer.
Vi definerer ogsé kanoniske kvotienter L3*(E,C) og O(F, C) af disse algebraer og viser at

L®(E,C) = Ck(QUE,C)) x¢g« F samt O(E,C) = C(QE,C)) xg- F

for en kanonisk partiel virkning 8: F ~ Q(E,C) af den frie gruppe over E' pa et nuldimensionelt,
kompakt og metriserbart rum. For enhver endelig, todelt graf (E,C) giver hovedkonstruktionen en
folge af endelige, todelte grafer (E,,C"), sa

LR(E,C) = lim Lg(Ey, C") og O(E,C) = lim C*(E,, C")

for passende *-homomorfier. Som et biprodukt heraf er vi i stand til at vise, at der findes virkninger
af endeligt genererede frie grupper pa Cantorrum, hvis typesemigrupper ikke er naesten uperforerede.
Endeligt giver vi en alternativ beskrivelse af den kanoniske virkning F ~ Q(E, C'), som ggr os i stand
til at karakterisere de separerede grafer (F,C), for hvilken den kanoniske virkning er topologisk fri.
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Introduction

In order to comprehend this thesis, the reader really only needs a basic understanding of al-
gebra and topology, although knowledge of C*-algebras might also be beneficial. In case the
reader is not acquainted with C*-algebras, a minor appendix has been added to cover the
relevant definitions and results. In the following we will motivate and describe the contents of
the thesis.

Over the last two decades much progress has been made in the field of universal algebras
and C*-algebras associated to directed graphs. Not only do the graph C*-algebras provide a
fairly rich and diverse class, but at the same time they are very well understood in terms of
ideal structure and K-theory, which can be computed directly from the graph. As they are
always nuclear and separable, and the simple graph C*-algebras are either purely infinite or
AF, they can be classified using either Elliott’s classification theorem or the celebrated the-
orem by Eberhard Kirchberg and N. Christopher Phillips. These properties and many more
make the class of graph C*-algebras a natural test object for all sorts of conjectures, and in
some cases a place to look for counterexamples.

In a number of recent articles (see [3],[4],[6],[5]), a considerably larger class of algebras and
C*-algebras associated to so-called separated graphs have been studied by Pere Ara, Ruy Exel,
Ken R. Goodearl, and Takeshi Katsura. The hope is not at all that one can extend the results
that hold for ordinary graphs, but rather to obtain algebras that behave wildly different from
classical graph algebras. In this thesis we mainly present the results of [3].

Chapter 1 contains the relevant theory on partial actions and crossed products, including
a globalization result for partial actions on topological space. We also give concrete realiza-
tions of universal C*-algebras for partial representations of a group satisfying certain relations.
In Chapter 2, we introduce the category of finitely separated graphs and the various algebras
associated to such a graph. Specifically, we define Leavitt path algebras Lx(FE,C) and graph
C*-algebras C*(F,C) along with canonical quotients L3?(F,C) and O(FE,C) for each sep-
arated graph (F,C). We investigate the basic properties of these algebras and are able to
determine the monoid V(L (F,C)) of idempotents over Li(FE,C) in terms of graph-theoretic
data. We also produce a canonical partial action §: F ~ Q(FE,C) of the free group with the
edges of E as generators on a zero-dimensional compact metrizable space, such that

L(E,0) 2 Cx(QUE,C)) xg- F and O(E,C) = C(QUE,C)) xg- F,

where Ck(Q(E,C)) denotes the x-algebra of continuous function Q(E,C) — K, when K is
endowed with the discrete topology. The main point of the thesis is to gain an understand-
ing of these partial actions and their associated crossed products, and to a large extend, we
are able to carry out our investigations in both the purely algebraic and the analytic setting
at once. Surely, many questions about the C*-algebras C*(E,C) and O(FE,C) can only be
answered through an analytical investigation, but we shall not be bothered with such questions.

Chapter 3 contains the main construction. To every finite and bipartite graph (E,C), we
construct a sequence of finite bipartite graphs (£, C™) along with transit maps
Li(E,,C") = Lg(Eni, ™™ and C*(E,,C") — C*(E,41,C™™),

such that
LR (B, C) 2 lim Li(B,,C") and O(B,C) = liy C*(E,, C").



2 Introduction

This description of L2*(E, C) allows us to prove that the quotient map induces a refinement
V(Lg(E,C)) — V(L32(E,C)). We also apply this description of L3?(E,C) in Chapter 4 to
prove that the type semigroup S(Q(E,C),F,K) is canonically isomorphic to V(L32(E,C)).
Since we can realize arbitrary finitely generated conical monoids as V(Lk(FE,C)) for an ap-
propriate finite bipartite graph (£, C'), in particular any such monoid can be order embedded
into a type semigroup S(Q(E,C),F,K) for an appropriate graph. As a consequence, we are
able to produce global actions of finitely generated free groups on Cantor spaces whose type
semigroups lack almost unperforation.

In Chapter 5, we apply the techniques of Section 1.5 to obtain another description of the
action I ~ Q(E, C). Using the concept of so-called E-functions, we are able to characterize
the graphs for which the canonical partial action is topologically free. This is of particular
importance, since a reduced crossed product C(X) x, ¢« F is simple whenever the partial action
is minimal and topologically free. One might hope that topologically free minimal orbits with
respect to the canonical partial action F ~ Q(E,C) will produce simple C*-algebras with
exotic properties.

We end the main part of the thesis with a minor chapter of examples. Then follow appendices
that cover the relevant theory on abelian monoids, rings, algebras, and C*-algebras. Chapters
1 and 2 are based on various sources, while the results of Chapters 3—6 are almost exclusively

based on [3].

Notation and terminology

The following table illustrates the standard notation throughout the thesis:

Object type Objects Elements
Abelian monoids M or N aorb
Groups G sort
Algebras Aor B aorb
C*-algebras Aor B aorb
Topological spaces XorY x ory
Graphs E = (E E',r;s) Vertices: u, v or w

or F'=(F° F' rs) Edges: e or f
Separated graphs (E,C) or (F,D) Colors: X or Y

We always use Greek letters for homomorphisms, and if a, b are elements of a ring, we denote
their commutator by [a,b]. Whenever we place a hat on some object, i.e. if we write T, it
means that the reader should disregard that particular object. If, for instance, we are given
an n-tuple (z1,...,x,), we will write

(X1 ooy Thy oo @) = (1,0 oo Ty Tty e -+, Ty

Every abelian monoid M will be equipped with the algebraic preorder <, i.e. we will write
a < b for a,b € M if there is some ¢ € M, such that a + ¢ = b.
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Chapter 1

Partial actions and crossed products

This chapter establishes the basics of partial actions on algebras, topological spaces and C*-
algebras. Throughout the section, G' will denote an arbitrary discrete group with neutral
element 1. Roughly speaking, a partial action of G on some kind of object is an assignment
s — ag, where each ay is an isomorphism of sufficiently nice subobjects, such that ag o ay
equals ay on elements for which the composition is meaningful.

1.1 Partial actions on sets

While the definition of a partial action may vary greatly from category to category, the objects
in question always have underlying sets. Rather than proving the same thing within a number
of different categories, we shall therefore first prove what can be proved in the context of sets.

Definition 1.1.1. A partial action o: G ~ X on a set is a collection of subsets {X, | s € G}
and bijections ay: X,-1 — X, such that

(a) as(Xe-1NXy) C Xy
(b) asg(z) = as(ay(x)) for z € Xy-1 N X141
(C) X1 =X

for all s,t € G. Condition (a) might look slightly odd at first sight, but the point is just to
make sure that (b) makes sense, i.e. that ay maps Xy-1 N X;-1,-1 into X,—1. Given two partial
actions a: G~ X and o/: G ~ X', amap ¢: X — X’ will be called equivariant if

(a) (X,) C X
(b) ok op(x) =poas(x) forall z € X

for all s € G. If ¢ has an equivariant inverse, then the partial actions are called equivalent.
Finally, a subset Y C X is called a-invariant (or simply invariant) if o, (Y N X,-1) C Y for all
s € G. Note that « restricts to a partial action G ~ Y for such a subset Y.

From the above definition we immediately obtain a few basic properties:
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Proposition 1.1.2. If a: G ~ X 1is a partial action, then
(a) oy =Idx and ag-—1 = a;!
(b) as(Xe1 N Xe1y) = XN X,

for all s,t € G.

Proof. From a; o ay = a1 and a1(X) = X we get a; = Idy. We also note that

as(ag-1(z)) = a1(x) =z and ag1(as(y)) =aa(y) =y

forall z € X, N X o1 = X, and y € X, N X1, = X1, hence a1 = ot For (b) we use
the fact that
CYS(XS—l N Xs—lt) C X, NXge-1; =X, NX,

L and t replaced by s~'t to get

with s replaced by s~
CYS—1(XS N Xt) C X1 N X-1y
as well. We conclude that XN X; = as(Xe-1 N Xg-14). O

Definition 1.1.3. Given a set X, a partial bijection on X is a bijective map a: Y — Z with
Y, Z C X. Given two partial bijections a: Y] — Z; and : Y5 — Z5, we can define a partial
composition

a-fB: B7HY1N Zy) = (Y1 N Zy) given by a - B(x) = a(B(x)),
and clearly a - 8 is another partial bijection.
Lemma 1.1.4. The composition - is associative. In particular
Q- ifn>0
——

n . n times

a ool ifn<0
—_——

—n times

18 well-defined for a partial bijection .

Proof. Given partial bijections a: Yy, — Zy, f: Yo — Zy and v: Y3 — Z3, we simply need to
check that the domains of a- (6 -7) and (« - 3) - v agree. To that end, just note that

Dom (a - (8-9)) = (8:9) (i NAMY: N Zs) =7 (B (04 N BORN Z4)

=97 (871 (1N 22) N Z3) = Dom (- B) 7).

Now we can construct partial actions from partial bijections.

Lemma 1.1.5. If ay: Y — Z is a partial bijection on X, then a, := (ay)™ for n # 0 and
ag = Idx defines a partial action a: 7~ X.
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Proof. We should check that ay,(X_,, N X,,) C Xy4p for all m,n € Z, but it suffices to prove
this inclusion for only m > 0, as the case m < 0 then follows by the same argument applied
to the the partial bijection a;*. If m = 0 or n = 0 the claim is trivial, and if n > 0 we have

Xmin = Ran(apin) = Ran(ay, - @) = (Xm0 XG).

In case —m < n < 0 we have m+n > 0 and therefore a,,,(X_,, N X,,) C X,, C X;ipn. Finally,
if n < —m we have

X, = Ran(a,) = Ran(a_p, - aman) = @ (X N Xonin),

hence
(X N X,) = an(Xy) = X0 N X C Xoan

as requested. O

When given two actions on the same set, we can form a combined action of the free product
of the groups.

Lemma 1.1.6. Given two partial actions a: Gy ~ X and B: Go ~ X. Then

(04 * ﬁ)sltl---sntn = Qg - 6151 e, B,

for a reduced word sty --- spt, € G1 % Gy with s; € Gy and t; € Go, where we allow s;1 = 1
and t, = 1, defines a partial action G * Go ~ X.

Proof. In order to ease the notation, we will simply write v = a * 5. By construction we have

lewz = Yun (le_l N sz) and Ywiwa (x) = Yy © sz(x)

forx € X, -1 N Xw;1w;1 =X -1, whenever the last letter of w; and the first letter of wy

Wy W
belong to different groups. Therefore we shall assume that w; ends and wy starts with letters
from the same group, say GG;. Thus we can write w; = w}s; and wy = syws, and for now we

shall assume that s; # s, . In this case

0 (X1 1 Xo) = a, <0z8;1 (Xoy N Xyo1) Ny (X, N Xwé)>
C X, Na, (Xsfl Mg (X, N Xw§)>

C lel—l M Qg sy (X(SlSQ)—l N Xwé)
= Xw/1_1 N XslsQwé,

hence
Yy (le—l N Xw2> C Yt (Xw/l_l N Xslsgwé) = )(w’lslszw/2 = lewg-
Also
Y, (Xw2—1 N Xw2—1w1—1) C Yty (’y;s(Xwg N ngl)) - XS2—1,
SO

Yawrwy (T) = Yw) © Csysy © Yws (z) = Tw) © Csy © Qgy © Tapy (T) = Yy © Vu (7)
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for all x € Xw2_1 N Xw2_1w1_1. If, on the other hand, s; = s;', we may write w; = wsw and
wy = wlw, such that the last letter of ws is not the inverse of the first letter of w,. Then

Yws (wal A sz) = Yws © Yw <'7w*1(Xw N Xwgl) Y1 (Xw n Xw4)>
= Yws (Xw n Xwgl N Xw4) C Yws (Xwgl N Xw4)
C Xugws = Xwyws

where the last inclusion follows from the first case. Also

Xw2—1 N Xw2—1w;1 C Xw4—1 N Xwglw;1

and
7w4(Xw2_1 N Xw2—1w1—1) - 7w4(7w4_1<Xw4 N Xw)) C Xu,
hence
Ywiwa (I) = Ywsws (I) = Yws © %m(x) = Yws © Yw © Yw=1 © Yy (I) = Yy © ’sz(x)
for all x € Xw2_1 N Xw2_1w1—1. This completes the proof. ]

Combining the above observations, we obtain a way to produce partial actions of free groups.

Corollary 1.1.7. Given a set S and partial bijections as: Yy — Zs on X for s € S, we let F
denote the free group on the set S. Then

_n1 ng ng
( [ n pum— ( ‘{ . (.{ .« e e (l/
sTlsgz---skk s1 S9 Sk )

where s; # si11 for each i =1,....k —1 and n; € Z\ {0} fori =1,... k, defines a partial
action F ~ X

Proof. In case S is finite, the claim follows from Lemma 1.1.5 and Lemma 1.1.6 since
F,,=F,_1*Z.

In case S is infinite, we still only need to check the requirements of Definition 1.1.1 on finite
words s,t € I, hence the claim follows from the finite case. O
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1.2 Partial actions on algebras

In this section we introduce the crossed product of a partial action on an algebra and investigate
the basic relationship between partial representations and partial actions. The results are
mostly taken from [8].

Definition 1.2.1. A partial action o: G ~ A on an algebra is a set partial action
{as: Dy-1 — Dy},

where each D, is a two-sided ideal and «; is an isomorphism. If A is a x-algebra, we will also
assume that the ideals are self-adjoint. Finally, a will be called unital if each of the ideals D,
is unital.

Note that everything we proved in the context of partial actions on sets carries through to
partial actions on algebras.

Definition 1.2.2 (The crossed product A x, G). Given a partial action a: G ~ A, we let
A x4 G denote the set of formal sums ) . as0, on symbols {,}scq, such that a; € D, and
a, = 0 for all but finitely s € G. Then we equip A x, G with the obvious addition and scalar
multiplication, whereas the multiplication is given by

( > asfss) ( > btét) => ( > ag(o (as)bt)> Ot

seG teG seG ™ teG

We shall refer to A x, G as the crossed product of A and G by a. While one might expect
this to be an algebra in itself, this is not always the case, for there is nothing guaranteeing
associativity of the multiplication. Therefore our first challenge is to establish sufficient con-
ditions for the multiplication to be associative.

If the reader is not acquainted with double centralizers, see Definition A.2.8.

Lemma 1.2.3. Let a: G ~ A denote a partial action on an algebra, such that Dy is (L, R)-
associative for all s € G (see Definition A.2.9). Then the multiplication on A x, G is asso-
ciative.

Proof. We must show that

((ad,) - (86,)) - (c81) = (ad,) - ((88,) - (c80)) (L.1)

forall r,s,t € G,a € D,,be D, and ¢ € D,. The left-hand side equals
Oy <a5717«71 (o (a1 (a)b))c> Orst = Qlpg (asq (-1 (a)b)c> Opst-
Since a,-1(a)b € D,-1 N Ds we have a,-1(a,-1(a)b)c € Dy—1 N Dy—1,-1, hence
(m&»@anwdo:m(%cg4%1wmg)@%
The right-hand side of equation (1.1) equals

ar (s (@00, (b)) )3
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so the claim holds if and only if

Qg (asfl(oqu(a)b)c) = a,-1(a)as(as-1(b)c)

forall r,s,t € G,a € D,,be D, and c € D,. Equivalently, since a,-1 is an isomorphism, the
claim holds if and only if

Qg (asq(ab)c) = aas(ag-1(b)c)

for all r,s,t € G, a € D,-1, b € D, and ¢ € D,. Now, considering L, as a left multiplier on
D, and R, as a right multiplier on D -1, ag 0 R. o ag—1 is a right multiplier on Dy. Since Dy
is assumed to be (L, R)-associative it follows that

a, <a (ab)c) = (0t 0 Re 0 g1 0 L) (b) = (Ly 0 g 0 Ro 0 ctg-1)(b) = acus (a1 (b)c)

as desired. O

Corollary 1.2.4. Suppose that a: G ~ A is a partial action, where each Dy is non-degenerate
or idempotent (see Definition A.2.9). Then the multiplication on A X, G is associative.

Proof. This follows immediately from Proposition A.2.10 and Lemma 1.2.3. O
Throughout the rest of this section we shall assume that the crossed products are associative.
Proposition 1.2.5. If « is a partial action on a x-algebra A, then

(Las) =S adaz

seG seG

defines an involution on A x, G.

Proof. Clearly, * is a conjugate linear map of order two, so the only work lies in checking
antimultiplicativity. To this end, it suffices to consider elements of the form ad, and bd; with
a € Dy, b e D,;. The claim now follows from the computation

((a,) - (bét)>* = (a1 @0)5) " = e (sl (@) ) s

= O—1 (b*()ésfl(a*>)5tflsfl = Q-1 (Oét(Oétfl (b*))asq(a*))(ﬂqsd
= (-1(0")04-1) - (ag-1(a™)0s-1) = (bdy)* - (ads)™.

*

Let us consider a few examples.

Example 1.2.6. Given a field K, we claim that there is a decomposition M, (K) = K" x, Z.
Write oy for the partial isomorphism of ideals I = K" '@ 0 and J = 0@ K" ! given by
shifting a tuple one to the right. Applying the notation of Lemma 1.1.5, we have

Kmmao0a--- a0 if —n+1<m<0
Dp=< 0¢---a00K"™ if0<m<n-—1

0 if |m| >n
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Then we can define matrix units
€ij = €i0ij

for 1 <4,7 < n, where ¢; is the i’th element of the standard basis on K. Indeed, the e; ;s
form a basis of K™ x, Z and

€ijert = (€i0i—;) - (endr—1) = aij(cj—i(€i)er)dith—jt = qti—j(€jer)0ith—j—1i
=05k " ai—j(ej)5i—z = 5j,k €0 = 5j,k€i,l.
Thus K" X, Z is isomorphic to M, (K).

Example 1.2.7. Given partial actions a: G ~ A and 3: G ~ B, there is a combined action
a®f: G A® B given by (a® )s = as @ [s. Surely we have an isomorphism

(A® B) Xaap G = (Ax, G) & (B x3G),
and applying this observation to Example 1.2.6 we obtain a crossed product structure
My, (K) & My (K) & -+ & M, (K) 2 K" %, Z

with N = ni4+ne+...+n, and a = a1 ®. . .Da,, where q; is the partial action of Example 1.2.6
with n = n;.

Crossed products allow extensions of equivariant homomorphisms.

Proposition 1.2.8. Given partial actions a: G ~ A and B: G ~ B on *-algebras. If
p: A — B is equivariant, then it extends to a x-homomorphism ¢: A x, G — B x5 G given

by 3(as.) = p(a)d..

Proof. Using equivariance, we have

p((ads) - (b0r)) = Placs(b)ds) = p(a)p(as(b))dse = p(a)Bs(p(b))dst
= (p(a)ds) - (¢(b)d:) = p(ads)p(bdr)

and
P((ads)*) = Plag-1(a")ds-1) = plas-1(a"))ds-1 = Bs-1(p(a)*)ds1 = (p(a)ds)” = P(ads)”
for all s,t € G, a € Dy—1 and @’ € Dy-1. ]

Definition 1.2.9. A length function |- | on G is a map G — R, such that |[1| = 0 and
|st| < |s| + |t| for all s,t € G.

Example 1.2.10 (The free group F on a set). Given a set S, there is a canonical length
function on the free group F of reduced words in S: For a reduced word t = ity - -t, with
t; € SUS™!, we define |t] := n.

Definition 1.2.11. Let A denote a unital x-algebra. A partial representation of G on A is a
map o: G — A such that

(a) o(s)o(t)o(t™) = o(st)o(t™)
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for all s,t € G. If G is equipped with a length function, then o is called semi-saturated if
o(st) =o(s)o(t)

whenever |st| = |s| + |t|. Finally, whenever o: G — A is a partial representation, we define
£,(s) = a(s)o(s)* for s € G. Sometimes there will be multiple partial representations in play
at once, but otherwise we will usually skip the subscript and simply write € = ¢,,.

Here are some immediate observations:
Proposition 1.2.12. If 0: G — A is a partial representation, then the following holds:
(a) o(s Ha(s)o(t) = a(s )o(st) for all s,t € G.
(b) For every s € G, o(s) is a partial isometry.
(¢c) We have o(t)e(s) = e(ts)o(t) for all s,t € G.
(d) The final projections £(s) and (t) commute for all s,t € G.

Proof. For (a) we simply note that

o(sNo(s)o(t) = (a(t—l)a(s-l)a(s))* - (a(t—ls—l)a(s))* = o(5Y)o(st).

(b) is seen by
o(s)a(s)*a(s) = a(s)a(sa(s) = a(s)o(s's) = o(s),

and (c) follows from
o(t)e(s) = a(t)o(s)o(s7Y) = o(ts)o(s™h) = a(ts)o ((ts)_1> o(t) = e(ts)o(t).
As a consequence, we have

e(s)e(t) = o(s)a(s He(t) = o(s)e(s 't)a(t™!) = e(ss 't)o(s)o(s™h) = e(t)e(s).

We shall shortly consider the case, where G is a free group.

Proposition 1.2.13. Suppose that A is a unital x-algebra. For a set S, denote by F the free
group on S and consider a set of partial isometries X = {xs| s € S} in A. Then the following
are equivalent:

(a) There exists a semi-saturated partial representation o: F — A such that o(s) = x4

foralls e S.
(b) There exists a partial representation o: F — A such that o(s) = x5 for all s € S.
(¢c) X is tame (see Definition A.2.2).

(d) For any x,y € (X UX*) we have [zz*,yy*] = 0.
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Proof. (a) = (b): This is trivial.

(b) = (c¢): We first show that any element in the multiplicative semigroup generated by
X U X* is a partial isometry, and writing * = x129---x, for x; € X U X*, we proceed by
induction over n. The case n = 1 is vacuously true. Assuming the claim holds for n — 1
and taking s; € S U S™! such that o(s;) = z;, we have z = o(s1)o(sq)---0(s,). Now by
Proposition 1.2.12¢ and the induction hypothesis, we obtain

xx*r =o0(s1) - 0(sp_1)e(sn)o(sy_1)---0o(s1)
e(s1-+-8n)0(81) - 0(Sp—1)0(Sp—1)"--0(s1)"0(s1) - - 0(Sp—1)"0(n)
e(s1-

Sp)o(s1) - 0(sp) = .

We move on to proving that the final projections zx* and yy* commute for z,y € U. Writing
Y = Y1Y2 - Ym With y; = o(t;) and t; € SU S~ we proceed by induction over max{m,n}.
In case m = 0 or n = 0 the claim is trivial, and if m = n = 1 it follows from Proposi-
tion 1.2.12d. Thus we may assume that m,n > 1 and that the claim holds for products of at
most max{m,n} — 1 generators. Writing Z = o(s1)---0(s,_1) and § = o(t1) -+ - o (tm_1), We
now deduce that

using Proposition 1.2.12¢,d multiple times.
(¢) = (d): Trivial

(d) = (a): Define o(s) = z, and o(s™!) = a* for s € S along with (1) = 1. For gen-
eral reduced s = 5159 ---5, with s, € SUS™!, we let

o(s) =oc(s1)o(sg) - a(sp)-

Taking another reduced word t = t; - - - t,,,, we have |st| = |s| + |¢| if and only if st has reduced
form st = sy« - sty - - - £y, in which case o(s)o(t) = o(st). It remains to show that o is indeed a
partial representation, i.e. that o(s)o(t)o(t™1) = o(st)o(t™1) for all s,t € F. We shall proceed

by induction over max{|s|,|t|}, noting that the claim is trivial in case |s| = 0 or |t| = 0.
Therefore we may write s = 59 and t = tot with sg,tg € SUS™!, |s| = |3| +1 and |¢]| = || + 1.
In case sy # t; ' we have |st| = |s| + |t|, so in particular o(s)o(t)o(t™!) = o(st)o(t™1). Finally

in case sy = to !, we obtain

by the induction hypothesis. O]
Partial actions give rise to partial representations.

Lemma 1.2.14. Given a partial action a: G ~ A on a x-algebra such that each Dy is unital
with unity 15. Then o4 G — A X, G given by o,(s) = 1505 defines a partial representation.
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Proof. Obviously, o, maps the neutral element to the unit and
0o(8)" = (1465)" = g 1(13)0,1 = 04(s7).

Noting that
(1555) ’ (1t51”) = O'/S(ls*llt)ésr = 115057,

where we have applied Proposition 1.1.2b, the multiplicativity condition follows from

Oa(8)Ta(t)oa(t™) = (1,0,) - (1,6) - (1-16,-1) = (1,8,) - (1:61)
= 11405 = (140) - (Li-164-1) = ao(st)oa(t™).

On the other hand, partial representations also give rise to partial actions.

Proposition 1.2.15. Given a partial representation o: G — A, let B denote the commutative
subalgebra of A generated by the £(s)’s and set Dy = e(s)B. Then aZ: Dy — Dy given by

a?(a) = o(s)ac(s™)

defines a partial action a®: G ~ B. Moreover, if o is semi-saturated, then

for all s,t € G with |st| = |s| + [t|.

Proof. In order to ease the notation (and the TeX’ing) we write @« = a“. Note that by
commutativity of B, D is indeed a two-sided, self-adjoint ideal of B and clearly D; = B.
We first check that the map a +— o(s)ac(s™!) is in fact invariant on B. Clearly, it suffices to
consider elements of the form a = e(s1) - - - e(s) € B, and then we even have

o(s)ac(s™h) = o(s)e(s1) - -e(sp)o(s™h) = e(s)e(ss1)e(s82) - -e(ss) € Dy C A

from Proposition 1.2.12¢. Obviously «y is linear and involutive, and for multiplicativity we
note that

as(a)a,(b) = a(s)ac(s o (s)bo(s ™) = o(s)ac(s Hbo(s™!) = o(s)abo(s™) = a,(ab)

for all a,b € Dy—1. Also, a1 is clearly an inverse of ay, hence each ay is an isomorphism of
ideals. Noting that

as(e(s7he(t) = a(s)e(s™He(t)o(s™h) = e(s)e(st),
it follows that ag(D,-1 N Dy) C Dy and, since
o(s)o(t)ac(t No(s™h) = a(st)ac(tts™)

for all @ € D;-1, we have as(ay(a)) = ag(a) for all a € Dy-1 N Dy-14-1. We conclude that o
is indeed a partial action. Now, assuming that o is semi-saturated and picking s, € G with
|st| = |s| + ||, we have

Dom(a? - af) = af s (DyN Dy1) = Dyi N Dyrg1 = et He(ts™)B
= €(t_18_1)B = Do)-1,

g

g __ g
hence a?, = a? - of . ]
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Lemma 1.2.16. Consider a partial action a: G ~ A, where each ideal D, has unity 15, and
write B for the commutative x-subalgebra of A generated by 1,’s. Then

as(b)o; = aZ>(bdy)
for each b € 1,-1B.
Proof. Simply note that
a7 (bo1) = 0a(s) - (b01) - 0a(s)” = (105) - (b61) - (Ls-105-1) = (1s05) - (bds-1) = as(b)d1.
O
We end this section with a universal property for crossed products of unital partial actions.

Proposition 1.2.17. Given a partial action o: G ~ A on a *-algebra, a *-homomorphism
¢: A — B and a partial representation o: G — B. If the image of ¢ commutes with £(s) for

all s € G, and
plas(a)) = a(s)p(a)o(s™)

foralla € Dy—1 and s € G, then there is a unique x-homomorphism ¢ X o: Ax,G — B given

by
P X U(Zasés) = pla)o(s).

seG

Proof. Clearly, p x o is a well-defined linear map. Multiplicativity follows from the computa-
tion

o o ((ad) - (08)) = ¢ x o (s (@)B)da ) = plas(a 1 (@)b))(st)
=£(s)p(a)a(s)p(b)a(s™ )a(st) = e(s)p(a)o(s)p(b)e(s)o(t)
= p(a)a(s)p(b)a(t) = (¢ x a)(ads) - (¢ x 7)(bd),

and it is involutive by
(¢ x 0)(ad)" = o(s p(a’) = o(s Me(s)p(a’) = o(s p(@)o(s)o(s )
= @(as-1(a))o(s™) = ¢ x oas-1(a")d-1) = ¢ x o ((ad)") .

Corollary 1.2.18. Given a partial representation o: G — A, define B C A and o° as
in Proposition 1.2.15, and let v denote the inclusion B — A. Then there is a unique *-
homomorphism 1 X 0: B Xoo G — A such that

(L X 0) (Z 6555) = Z bso(s).
seG seG
Moreover we have (1 X 0) 0 040 = 0.

Proof. The first part of the claim follows immediately from Proposition 1.2.17. For the second
part, we simply note that

(L X ) 0040(s) =1 x a(e(8)ds) = e(s)a(s) = a(s).
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1.3 Partial actions on topological spaces
The proper definition in the topological case is the following:

Definition 1.3.1. A partial action 6: G ~ X on a topological space X is a set partial action
{0s: Xs-1 — X}, where each 6 is a homeomorphism of open subsets of X. If all the sets X
are also closed or compact, we shall simply refer to 6 as a closed or compact partial action,
respectively. Also, 6 is called minimal if there are no non-trivial #-invariant open subsets of
X, and it is called topologically free if the set

Fy,={x € X1 | bs(x) =2}
has empty interior for all 1 # s € G.

Definition 1.3.2. For a topological partial action 6: G ~ X, we can define an induced partial
action on the x-algebra C. x(X) (denoted Ck(X) if X is compact) of compactly supported
continuous function X — K, when K is endowed with the discrete topology. Specifically, we
set

Di={feC.x(X)| f(z)=0forall z ¢ X}

and define ag: Dy-1 — D by as(f) = f o 0s-1. Usually we will write a = 6*.

Example 1.3.3. Given a global action f: G ~ Y and an open subset X C Y, we can define
a partial action 0: G ~ X by Xy = X N Bs(X) and 0s(z) = fs(x) for all z € X,-1 and s € G.
Indeed X1 =XnN 61(X) = X,

Os(Xs-1 N Xy) = 05(Bs-1(X) N Be(X) N X) = Bs(Bs-1(X) N B(X) N X)
C X N 5st(X) = Xst

and 6,5(0:(z)) = Bs(Be(x)) = Bst(x) = Os(x) for all z € Xy-1 N Xj-14-1. We shall refer to 6 as
the restriction of 5 to X and write 8 = 5|x. We are led to the following definition.

Definition 1.3.4. Suppose that 0: G ~ X is a partial action. A globalization of 6 is a
global action 5: G ~ Y along with an equivariant injective open map ¢: X — Y, such that
Y = U e Bs(¢(X)) and 0 is equivalent to f3],x) via ¢. A globalization will be called universal,
if for any global action G ~ Z and any equivariant map ¢: X — Z, there is a unique
equivariant map ¢ : Y — Z such that ¢ ot = 1.

Remark 1.3.5. If §: G ~ Y is a globalization of §: G ~ X, then Y has the same lo-
cal properties as X, since Y = (J . Bs(¢(X)) and ¢ is an open map. For instance, locally
compactness and totally disconnectivity both pass to the globalization, but in general the
Hausdorff property does not.

Globalizations have been studied by Fernando Abadie in [1], and the following results are due
to him.

Theorem 1.3.6. Suppose that 0: G ~ X s a partial action of a discrete group on a topological
space. Then 0 has a (up to canonical equivariant isomorphism) unique universal globalization

t: X = X°® and 6°: G~ X°.
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Proof. Define a global action v: G ~ G x X by 74(t,x) = (st,z), and note that it respects
the equivalence relation

(s,z) ~ (t,y) & v e X, and O-14(x) = y.

G

Letting X© denote the quotient “*% with quotient map q: G x X — X°, v drops to an action

6°: G ~ X° satisfying 6¢(q(t,x)) = q(st,x). Now define ¢(z) = ¢(1, x) and note that

u(0s(x)) = q(1,05(x)) = q(s,2) = 05 (u(x))

for all € X -1, thereby verifying equivariance of ¢. Also ¢(s,z) = 6¢(.(z)) holds for any
x € X, hence X*¢ is indeed the #°-orbit of +(X). Injectivity of ¢ is trivial since

q(1,z) = u(z) = 1(y) = q(1,y)

holds exactly if (1,2) ~ (1,y), and this precisely means that x = y. It is also clear that 0 is
equivalent to 0°|x via ¢. For 6° to be a globalization, it now only remains to check openness.
To this end, assume that U C X is open — then by definition of the quotient topology, we
should show that ¢~!(:(U)) is open in G x X. But since

¢ (U)) ={(s,2) € G x X | (s,2) ~ (1,y) for some y € U} = U{s} X 0,-1(U N X5),

this is clearly the case. We move on to proving universality of (0°,¢), so let 5: G ~ Y denote
a global action and assume that ¢»: X — Y is equivariant. Then we define ¢': G x X = Y
by ¢'(s,z) = Bs(1(x)) and note that

U (s(t, 2)) = ' (st, ) = Ba(h(x)) = Bs(Be(v(2))) = Bs(d'(t, ),

i.e. ¢ is equivariant. If (s,z) ~ (¢,y) we have

Be1 (¢ (s, 2)) = Bi-15(1h(2)) = ¥ (0=15(x)) = (),

hence ¢'(s,z) = Bi(¥(y)) = ¥'(t,y). Thus ¢’ drops to an equivariant map ¢°: X¢ — Y
satisfying ¥°(q(s, z)) = Bs(¥(x)), so in particular

U (u(x) = ¢ (qle, 2)) = Br(y(x)) = ¥ (x).

Uniqueness of ¢° is immediate from equivariance, ¥° o ¢ = 1 and the identity

X =8 (ux)),

seG
while uniqueness of (6°,¢) up to canonical equivariant isomorphism follows as usual. O

Having proved the existence and uniqueness of universal globalizations, we turn to the question
of when the Hausdorff property is preserved.

Proposition 1.3.7. Given a partial action 0: G ~ X on a Hausdorff space. Then X°¢
1s Hausdorff if the graph of 0, is closed in X x X for all s € T'. Moreover, the converse
implication holds as well if 6 is closed.
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Proof. Regard X as an open subspace of X°¢, such that 6 is the restriction of #° to X. Suppose
that the graph of each 6, is closed and take z°,y° € X°. We shall prove that if any pair of
open neighbourhoods of these two points intersect, then in fact 2° = y°. Since each af is a
homeomorphism of X and X° = J,. 05 (X), we may assume that 2° =z € X. Take y € X
and s € G such that a¢(y) = y°. Now, for any pair of open neighbourhoods (U, V) of z and y
respectively, by assumption there is some zyy € U Nag(V), and we write zy v = of (yy,v) for
yuv € V. Then the net (yyv,xy,v) converges to (y,z), so by closedness of the graph Gr(f)

we have y® = a4(y) = = as promised.

Assuming that 6 is closed and X¢ is Hausdorff, the graph Gr(6;) is clearly closed for all
seG. [

We end this investigation of globalizations with a crucial observation. It turns out that for
sufficiently nice partial actions, on the level of algebras, the universal globalization does not
affect the Morita equivalence class.

Proposition 1.3.8. Given a closed partial action 6: G ~ X on a compact Hausdorff space.
Then the crossed products

CK(X) X g G and CCJ((XG) X (e )+ G
are Morita equivalent (see Definition A.2.3).

Proof. Regard X as a subset of X®. Since X is assumed to be compact, so is Gr(f;) inside
X x X for all s € G, and from the Hausdorff assumption on X, we deduce that Gr(6,) is closed
in X x X. It now follows from Proposition 1.3.7 that X° is Hausdorff as well. In particular X
is clopen in X, hence so is 6¢(X) for any s € G. We claim that p = 1x4; is a full projection
in C.x(X®) xge G. To see this, assume that [ is an ideal in C. x(X*®) X G containing p
— then we must prove that fd§; € I for all t € G and f € C,x(X*®). Since f is compactly
supported and X°¢ = (J, ., 05 (X) is an open covering, there is some finite subset F' C G such
that supp(f) C Z := U,cp 05 (X). Now observe that for all s € G we have

193(){)51 = (193(){)58) . (1X51) : (1)(5571) el
from which it easily follows that 1,0, € I as well. Thus we may conclude that
(1z(51) . (f5t) — f(St E [,

which proves that I = C; x(X®) X(ge)- G. Since 0 is the restriction of °, we have an inclusion
Cr(X) xg- G = Cp g (X®) X(gey» G and we claim that

p<CC,K(Xe) N(ee)* G)p = CK(X) A = G.
This simply follows from the observation that
p(fo)p = (1x01) - (for) - (1x1) = flxres(x)0r = flx, 0 € Ck(X) %o+ G.

We conclude that Cx(X) xg- G sits as a full corner inside C, x(X®) X ge)« G, hence they are
Morita equivalent. O
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1.4 Partial actions on C*-algebras

Definition 1.4.1. A partial action a: G ~ A on a C*-algebra A is an algebraic partial action,
such that each ideal D, is closed.

Note that this definition coincides with the topological one for locally compact Hausdorff
spaces. Indeed, if 6: G ~ X is such an action, then one can define a C*-algebraic partial
action on Cy(X) exactly as in the purely algebraic case.

Crossed products by partial actions of arbitrary discrete groups were first studied by K. Mec-
Clanahan in [12], and most of the constructions in this section are due to him. As for tensor
products, we can equip the algebraic crossed product A X, G with both a minimal and
maximal norm — and possibly even some intermediate norm. As is the standard for group
C*-algebras and classical crossed products, we refer to the minimal, respectively, maximal
crossed product as the reduced, respectively, the universal crossed product. First, we shall
define with the universal one.

Definition 1.4.2. Consider a partial action a.: G ~ A on a C*-algebra. The crossed product
A %, G is the universal enveloping C*-algebra of the algebraic crossed product A X, G,
which is easily seen to exist.

Strictly speaking, we shall never need any properties of the C*-algebraic crossed product that
cannot be derived in the purely algebraic setting, but for the sake of overview we include
some basic results on representations of C*-crossed products and crossed products coming
from topologically free actions. As for proper actions we have the concept of a covariant
representation.

Definition 1.4.3. A covariant representation of (A, G, a) is a pair (7, ) consisting of a non-
degenerate representation 7: A — B(H) and a partial representation o: G — B(H), such
that e,(s) is the projection onto span(m(D,)H) and

o(s)m(a)o(s)" = m(as(a))
forall s e G and a € D,-1.

It is not hard to see that any covariant representation satisfies the conditions of Proposi-
tion 1.2.17 and induces a non-degenerate representation m x o: A X, G — B(H). In fact, any
non-degenerate representation is of this form.

Proposition 1.4.4. The map (7,0) — m X o defines a bijective correspondence between the
covariant representations of (A, G, «) and the non-degenerate representations of A x, G.

Proof. See [9, Theorem 1.4]. O

As for crossed products of global actions, there is a canonical way of constructing represen-
tations of A Xae G from representations of A. Given a representation m: A — B(H) one
defines a twisted representation 7s: Dy — B(H) by ms = 7 o ag-1. Then there is a unique
extension 7.: A — B(H) which annihilates (7,(D,)H)*, and one defines 7#: A — B({*(G, H))

by

(a)(§)(s) = 7, (a)(&(s))-
Now let P, € B((*(G, H)) denote the projection onto span{7w(D,)((*(G,H))} and define a
partial representation \: G — B((*(G, H)) by As = AsPs—1, where X\ denotes the left regular
representation. Then (7, 5\) is a covariant representation, and one can prove the following
rather difficult proposition.
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Proposition 1.4.5. If 7: A — B(H) is faithful, then so is T X \. Thus the expression
lall, = sup{||# x Ma)| | =:.A— B(H) is a representation}
defines a norm on A X444 G.
Proof. See [12, Proposition 3.4]. O
This allows the following unambiguous definition of the reduced crossed product.

Definition 1.4.6. Given a partial action a: G ~ A. The reduced crossed product A x,, G
is the completion of A X o G With respect to || - ||,..

In the last chapter of this thesis, we will pay a particular interest to topologically free actions.
The following theorem provides the motivation for this endeavour.

Theorem 1.4.7. Suppose that 0: G ~ X is a topologically free partial action of a discrete
group on a locally compact Hausdorff space. If T is an ideal in Co(X) X, 9« G and

N G(X) = {0},

then T = {0}. In particular, a representation of Co(X) X, 9+ G is faithful if and only if, it is
faithful on Cy(X).

Proof. See [9, Theorem 2.6]. O
Assuming minimality, one obtains simplicity of the reduced crossed product.

Corollary 1.4.8. Suppose that 0: G ~ X s a topologically free and minimal partial action
on a locally compact Hausdorff space. Then the crossed product Co(X) X, g+ G is simple.

Proof. See [9, Corollary 2.9]. O
Finally, one can often expect the reduced crossed product to be exact.

Theorem 1.4.9. If a: G ~ A is a partial action of an ezxact discrete group on an eract
C*-algebra, then the reduced crossed product A i, G is exact.

Proof. See [4, Corollary 5.3]. ]
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1.5 Universal C*-algebras for partial representations

In this section, we shall construct concrete realizations of universal C*-algebras for partial
representations of G subject to relations R. Later on, this will allow us to obtain a rather nice
description of the partial action F ~ Q(FE,C), which we will associate to the graph (E,C).
The results here are taken from [9].

Definition 1.5.1. The universal C*-algebra for partial representations of G is a C*-algebra
C;(G) and a partial representation o: G — C}(G), such that for every partial representation
7: G = Ainto a C*-algebra, there exists a unique *-homomorphism ¢: C3(G) — A making
the diagram

G%A

E
-
.
-
g .7
- SO
-
.
-

Cp(@)

commute. It is easily seen that this characterizes Cj(G) up to canonical isomorphism.

In order to construct a realization of C;(G), we shall consider the space
Xe={wePG)]|1lecw}

given the topology that identifies it with a subspace of {0,1}¢. Define clopen subsets of Xg
by
Xs={we Xg|sew}

and equip Xg with a partial action 6" given by 6%(w) = sw. For s € G, we let 1, denote the
characteristic function on X, and for any finite H C G \ {1} we define

1y =[] 1.

seH
Letting o = (6")*, we note that a¥(1gls-1) = 1y 1s.
Proposition 1.5.2. C(Xg) Xau G is universal for partial representations of G.

Proof. Due to Lemma 1.2.14, there is a canonical partial representation
o: G— C(X(;) X gu* G

given by o(s) = 1405. Considering any partial representation 7: G — A, one easily checks
that p,(15) = e,(s) defines a *-homomorphism p,: C(Xg) — A. Then

r($)pr (Lo - 1n)r(s) = 7(s) - ([T er®)) - 7()" = erls) - [] = (st

teH teH
= pT(lslsH) = pT(Oég'(ls*l 1H))7

for any finite H C G \ {1}, hence 7(s)p-(9)7(s)* = p-(a¥(g)) for all ¢ € C(X¢g). From
Proposition 1.2.17 we deduce that there is an induced *-homomorphism

pr X T: C(Xg) Xou G — A.
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Observe that
pr X T(0(8)) = pr X T(1s05) = -(s)7(s) = 7(s)

for all s € G, and since the o(s)’s generate all of C(Xg) Xou G as a C*-algebra, p, x 7T is the
unique *-homomorphism with this property. O]

Now we shall start invoking relations:

Definition 1.5.3. A set of relations on C(X¢) is a subset of R C C(Xg). A partial repre-
sentation 7: G — A is said to satisfy R, if p,(R) = {0}. A universal C*-algebra for partial
relations satisfying R is a C*-algebra C5(G; R) and a partial representation o: G — C>(G;R)
satisfying R, such that for every partial representation 7: G — A satisfying R, there is a
unique *-homomorphism ¢: C;(G; R) — A making the diagram

G%A

7
-
.
-
o e
A
-
-
-

(G R)

commute.

Proposition 1.5.4. Let R be a set of relations. Then the smallest o*-invariant ideal of
C(Xq) containing R, denoted I, is generated by the set

{a¥(gls-1) |s€ G, g e R}
as an ideal. Moreover,
Or ={we Xg|g(s'w)=0 forall s € w,g € R}

is a compact invariant subset of Xq, such that I = Co(Xg \ Qr), and the quotient C(Xg)/I
is canonically isomorphic to C(Q2g) by restriction.

Proof. Temporalily denote the ideal generated by the a¥(gls-1)’s by J. First we shall see that
J is truly invariant. By definition, J is the closure of linear combinations of elements of the
form a¥(gls-1)h for s € G, g € R and h € C(X¢), so it suffices to show that

af(ag(g15_1)h1t_1) eJ
for any ¢ € G. This follows from the calculation
af(at(gle-1)hli—1) = af (Oég(g@g_1(h1t71 15))) = ay, (gozfj_l(hltqls))
= Oé?s(gl(ts)fl)h/ eJ

with ' = o}'(hl;-115). Now, note that I C J simply because o (1;-1g) = ¢g. On the other
hand J C I, for we must certainly have a¥(gl,-1) € I for any s € G and g € R.

Being an invariant ideal, there is some open #“-invariant U C X, such that I = Cy(U) and
C(Xq)/I = C(Xg\U) canonically — so we need only show that X\ U = Qx. But by duality
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and the above observations, X \ U is the set of w € X such that a¥(gls-1)(w) = 0 for all
g € R and s € GG, and since

L) iftew

0 ift%w7

ar(gly )w) = 4 7°

it follows that X \ U = Qg. Being the complement of an invariant open subspace, Q0% is a
compact invariant subspace. O

Definition 1.5.5. For s € GG we define Q, = Qr N X, and let 1, denote the characteristic
function on Q. We will say that w € X satisfies R, if g(s™'w) =0 for all s € w and g € R.

Since 2% is invariant, " drops to a partial action G ~ 2z, which we shall also just denote by
6". Likewise, we shall not distinguish notationally between o and its restriction to C'(Qg).
Now we can we give a concrete realization of C*(G;R).

Proposition 1.5.6. The crossed product C(r) Xou G is the universal C*-algebra for partial
representations satisfying R.

Proof. By Lemma 1.2.14, there is a partial representation o: G — C(Qg) Xou G given by
o(s) = 1405. The induced *-homomorphism p,: C(Xg) = C(Qr) Xau G is simply the compo-
sition of the restriction map with the inclusion C(Qg) < C(z) X4u G, hence it vanishes on
I. In particular p,(R) = {0}. Now let 7: G — A denote any partial representation satisfying
R. Then p, vanishes on I, hence it drops to a x-homomorphism 7,: C(2z) — A. The pair
(7,, T) satisfies the requirements of Proposition 1.2.17, because (p,, 7) does so, hence there is
an induced *-homomorphism 7, X 7: C(Qg) Xau G — A. We note that

(mr X T)oo(s) =m-(15)7(s) = 7(s)

for all s € G, and since the o(s)’s generate C'(2g) X« G as a C*-algebra, 7, x 7 is the unique
x-homomorphism with this property. O






Chapter 2

Finitely separated graphs and graph
algebras

In this chapter we introduce the the category of finitely separated graphs along with the
algebras associated to such graphs. Sections 2.1-2.3 are based on both [5] and [3], while the
results of Section 2.4 are exclusively based on [3].

2.1 Finitely separated graphs

A directed graph E is a tuple (E°, E',r,s) consisting of two sets E° # () and E' along with
functions r,s: E' — E°. The elements of E° are called vertices and will usually be denoted
by v, while the elements of E' are called edges and are most commonly denoted by e or
f. For e € E' we call r(e) the range of e and s(e) the source of e. A vertex v is called a
source if r=*(v) = 0. If both E° and E' are finite, we shall refer to F as a finite graph. A
homomorphism of graphs ¢: E — F' is a pair of maps ¢": E° — FO and ¢': E' — F! such
that 7r(o'(e)) = ¢(re(e)) and sp(p(e)) = ¢Y(sp(e)). Here, we have added subscripts to
indicate, in which graph we are applying the range/source map, but usually this will not be
the case, and we will simply write r or s. A finitely separated graph is a pair (E,C') consisting
of a graph F and a collection
c=1]ac,

vEEO

where each C, is a partition of r~1(v) into non-empty finite subsets. However, we will usually
just write separated when we really mean finitely separated. We shall refer to X € C' as a
color, and for an edge e we denote by [e] its color, i.e. the set X € C such that e € X. Finally,
if C, = {r~1(v)} for each v, then we will call (E,C) trivially separated.

We shall be working inside the following category:

Definition 2.1.1 (The category FSGr). The objects of FSGr are the finitely separated
graphs, and a morphism ¢: (FE,C) — (F, D) is a graph homomorphism E — F such that

(a) ©°: EY — FO is injective.

(b) for each v € E° and each X € C, there is Y € Dyo(,) such that ¢! restricts to a
bijection X — Y. The associated map X + Y will be denoted .
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A complete subobject of (F,C) is an object (F, D), where F is a subgraph of E and
D={XeC|XnF"#0}.

That is, a complete subobject is precisely the kind of subgraph for which the inclusion is a
morphism in FSGr. Finally, an object (E,C) is finite if E is finite.

Proposition 2.1.2. Direct limits always exist in FSGr. Moreover, the underlying graph of
a direct limit of finitely separated graphs is just the limit in the category of directed graphs.

Proof. Given a directed system {<p” (E;, C;) = (E;,C))}ijer in FSGr, we define
=lim ) and E':=lig B}
as direct limits in the category of sets. From the diagrams

1 AL

El —— B E} RGN

Tz'l 37” Sil 33

£ £ B0 B0
Al Al

we obtain range and source maps, and we can define E = (E°, E',r, s). By definition of r and
s, the A\;’s become graph homomorphisms. Before making E into a separated graph, let us
see that F is a direct limit of the E;’s in the category of graphs and graph homomorphisms.
Taking graph homomorphisms v;: E; — F such that 1; = 1; o ¢; ; for each i < j (and briefly
assuming that the transit morphisms are regular graph homomorphisms), we have limit maps
Y0 E° — F% and ¢': E' — F' such that ¥° o \) = ¢? and ¢! o A} = ¢! for all i. For e € E°
we pick ¢’ € E? such that A\?(e’) = e and note that

r(@l(e)) = r(W' (A (€) = r(@i(e") = ¥} (ri(e) = ¢ (N (ri(¢)))
= (r(XN (€))) = ¥’ (r(e)).
Similarly we of course have s(¢!(e)) = ¢¥°(r(e)), hence 1 = (¢°,1!) defines a graph homo-

morphism such that ¢ o \; = 4; for all 7, and clearly it is unique with this property. Now we
shall separate E as follows: For every ¢ < j we have a diagram of the form

1 (pz]
C; ——— C}
907/]

Y

where the vertical maps are simply the quotient maps. Letting C' := hg C; by the above maps,
we gain an induced surjective map E' — C' as in

1 1
AN A

1
l £
C; C;

Pij A

&l

Q«-----
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and separate E by this map. Taking e, f € E' such that r(e) # r(f), we should have [e] # [f].
This holds if and only if [¢/] # [f'] for all ¢/, f € E} and all i € I such that [¢] = [A}(¢/)] and
[f] = [M(f)]. And for such €', f we would indeed have

N (r(e) =r(Ai(e) =r(e) # r(f) = (N (f) = X (r (),

hence r(e') # r(f') and thus [¢'] # [f’]. Note that the A\;(X) = hﬂj ©;.;(X), since the fiber
of a map of direct limits is the limit of the fibers. In particular each X € C' is finite. We
conclude that C' is a separation of FE, and we need to check that the \;’s are morphisms in
FSGr. Injectivity of \? is immediate by injectivity of the transit maps (and was already used
above), and for every X € C;, A! restricts to a map X — A;(X) in view of the above diagram.
Since every transit map ;, restricts to a bijection ¢; ;(X) — ¢; x(X), so does the limit maps,
hence ); is indeed a morphism. We move on to proving that ¢ is a morphism in FSGr, if
the 1);’s are morphisms of FSGr. Injectivity of ¢° is immediate from injectivity of the v)’s.
Furthermore, for any i € I we have the commutative diagram

which gives the commutative diagram

of limits. We conclude that for any X € C, there is J(X ) € Dyoy such that 1! restricts to

a map X — ¢(X). However, we should also prove that this restriction is a bijection. Taking

Xi € Cy such that \y(Xy) = X and letting X; = ¢ ;(Xg) for i > k, the directed system
{¢i; X; = X;} for i,j > k has limit (X, {)\;}i>;). From the diagram

1 1

Pij Aj

X X, X

¢1

»(X)

it then follows that ! is a bijection X — @Z(X ), since all the ;’s restrict to bijections. O

We shall study a number of functors out of FSGr, and as they will all be continuous, the
following observation essentially allows us to consider only finite graphs.

Proposition 2.1.3. Every object (E,C) of FSGr admits arbitrarily large finite complete
subobjects (F, D). In particular, the finite complete subobjects form a directed system with
(E,C) as direct limit.
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Proof. Take any finite A C E°U E'; then we will construct a finite complete subobject (F, D)
such that A € F°U F!. To this end, let E; be the subgraph of E generated by A, i.e set
Ei =ANE"and EY = (AN E°) Us(E})Ur(E}). For v € E? we then define

F,=rg(v)U U X,
XeCy,XNAHAD

and let F be the subgraph of E generated by EY U UUEE? F,. Since Fj is finite and X N A # ()
for only finitely many X € C, we observe that F), is finite, and thus so is F'. By construction
we have 7' (v) = F, for v € EY and rz'(v) = () for v € F*\ EY. For any v € F° we put

D,={YNF'|YeC,YNF'#0}

as required. Setting D = UyepoD,, (F, D) is clearly a finite complete subobject of (E, C') with
A C FOU F!. Thus the finite complete subgraphs with morphisms induced by inclusion form
a directed system, and in view of Proposition 2.1.2, (E, (') is the limit. ]

Definition 2.1.4 (The functor M). For each finitely separated graph (F,C), we define an
abelian monoid M (E,C) as the free abelian monoid on E° modulo the relations

eeX

for all v € E° and X € C,. Given a morphism ¢: (E,C) — (F, D) we can define a monoid
homomorphism M(¢): M(E,C) — M(F, D) by M(p)(v) = ¢°(v). This is well defined since

M(p)(s(X)) =Y ¢ (s(e)) = Y _s(e'(e) = Y sle) =s(p(X)),

eeX eeX ecp(X)

which is equivalent to ©°(v). Obviously, M now defines a functor from the category of finitely
separated graphs to the category of abelian monoids, and it is easily seen to be continuous.
Observe that M (F, C) is always non-zero and conical, i.e. a+b =0 implies a = b = 0. As for
any other monoid throughout this thesis, M (FE, C) is equipped with the algebraic preorder.
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2.2 Leavitt path algebras

Throughout this section K will denote an arbitrary field with involution, possibly the trivial
involution.

Definition 2.2.1. The Leavitt path algebra of the separated graph (E,C') with coefficients in
K is the x-algebra Ly (F,C) with generators {v,e: v € E° ¢ € E'} subject to relations

(V) vv' =6, v and v =v* for all v,v' € E°
(E) r(e)e =es(e) =e for all e € E?
(SCK1) e*¢’ = d.es(e) for all e,e’ € X and X € C
(SCK2) v =3 .y ee* for every X € C,.

Thus, we do not distinguish notationally between the edges or vertices of the graph and the
corresponding elements in the Leavitt path algebra. In case K = C is equipped with the usual
involution, we shall just write Lx(F,C) = L(E,C), and we use the notation Lk (F) if E is
trivially separated.

For clarity we explicitly mention the basic algebraic consequences that can be derived from
these axioms.

Proposition 2.2.2. If (E,C) is a separated graph, then
(a) e, € are partial isometries, while ee*, e*e and v are projections
(b) ve =e*v =0 if v # r(e)
(c) ev =wve* =0 if v # s(e)
(d) ef =0 and f*e* =0 if r(f) # s(e)
(e) ef* =0 if s(e) # (/)
(f) ee* <wvifr(e)=v
for allv e E° and e, f € EL.

Proof. For (a) we note that e = es(e) = ee*e, hence e is a partial isometry and thus ee* and
e*e are projections. v is clearly a projection, being both idempotent and self adjoint by (V).
(b) and (c) follows from

ve =vr(e)e =0 for v #r(e) and ev=es(e)v =0 for v # s(e),

while (d) is seen by
ef =es(e)r(f)f =0
if r(f) # s(e). (e) is due to

and (f) follows from vee* = r(e)ee* = ee*. O
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Proposition 2.2.3. The assignment (E,C) — Lg(E,C) extends to a continuous functor
FSGr — K-alg, such that

Li(p)(v) = ¢"(v) and Li(p)(e) = ¢'(e)

for all morphisms ¢: (E,C) — (F,D), v € E° and e € E*. In particular, Lx(E,C) is the
direct limit of Li(F, D) over all finite complete subobjects (F, D).

Proof. First, we need check that Lx(p) is well defined — also this will bring meaning to the
definition of FSGr. Formally one first defines Lk () to be the *-homomorphism on the free
x-algebra generated by E° U E' acting as specified above, and then we must check that it
respects the defining relations of Ly (E,C'). For (V) we note that

LK(QO)(UU/> = WO(U)WO(U/) = 5¢0(v),¢0(u')800(v) = 5%,,/@0(@) = Lk (#)(0vv)

by injectivity of . Lx(p) respects (E) simply because ¢ is a graph homomorphism, and for
(SCK1) we take e,¢’ € X € C, for some v € E°. Then

Li(p)(e'e’) = ' (e)"¢'(€) = dp1(0) 01 (e 5(¢'(€)) = derp’(5(€)) = Lic()(de.er5(e)),

where we have used injectivity of ¢! on X. Finally for (SCK2) we have

Lilp) (D ee’) = 3¢l e)e'(e) = D ee” ="(v)

eeX ecX e€@(X)

for each X € C,, since ¢' is a bijection X — @¢(X) and P(X) € Dyo(,y. Having checked
that Ly (p) respects all the defining relations of Ly (E,C), it drops to a *-homomorphism
Lx(E,C) — Lg(F,D). Functoriality is now perfectly clear, and it remains only to check
continuity.

Given a directed system
Pij: (EHCZ) — (Ej,Cj) , 1 S] with ’L,j el

in FSGr with limit (£, C) and limit morphisms \;: (F;, C;) — (E,C), we shall prove that
Lk (FE,C) has the universal property of the limit of the directed system

LK(()O%]) LK(EzaCZ) — LK(EJ,C]) s 7 S] with Z,] e l.

So forany i € I, let y;: Li(E;,C*) — A denote x-homomorphism such that p; = p;0¢; ; for all
i < j. Then for any v € E°, there is some ¢ € [ and v' € EY such that Li(\;)(v") = A (v') = v.
Then we simply define p(v) = u;(A;(v')) — clearly this is independent by the choice of i and
v'. We define p similarly on element e, e* for e € E', and it straightforward to verify that p
satisfies the defining relations of Li (F,C). Thus p defines a x-homomorphism Lk (E,C) — A
such that po\; = p; for all ¢ € I, and clearly p is unique with this property. This finishes the
proof. ]

It turns out that the monoid V of idempotents over a Leavitt path algebra is very well under-
stood in terms of graph-theoretic data.

Theorem 2.2.4. There is a natural isomorphism of functors I': M = Vo L.
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Proof. Given a finitely separated graph (F,C), we define I'(E,C): M(E,C) — V(Lg(F,C))

in the slightly ambiguous way I'(E, C')(v) = [v] for v € E°. This is well defined since
[l =) lee’) =) leel = [s(e)] = [s(X)]
eeX eeX eeX

for any X € C,. T is clearly a natural transformation, and since V is continuous, so is
V o L. Furthermore, since any object (E,C) of FSGr is a direct limit of its finite complete
subobjects, it suffices to prove that I'(E,C) is an isomorphism for finite objects, and we
shall do this by induction over |C|. If |C| = 0 then E' = @, and so M(E,C) = Z(E").
On the other hand, Ly (E,C) = K*" and V(K*") = Z_(E°) by the isomorphism [v] — v,
hence I'(E, C) is indeed an isomorphism in this case. For the induction step, assume that
(E,C) is finite, take any X € C, for some v € EY and define F° = E°, F! = F'\ X,
rp =7r|p, sSp = s|p and D = C'\ {X}. Then (F, D) is a complete subobject of (E,C') with
|D| = |C] — 1, so by the induction hypothesis I'(F, D) is an isomorphism. By definition of

M we have M(E,C) = M(i%, which is mapped isomorphically onto w by I'(F, D).

Thus it remains only to prove that V(Lk(E,C)) = W Letting A = Lk (F, D),

P=Av and @ = B.exAs(e)

are finitely generated projective left A-modules, and we claim that the Bergman algebra of A
with an isomorphism adjoint between P and @) is simply B = L (FE, C) (see Definition A.2.6).
In that case, the proof is complete by Theorem A.2.7. Surely B has an A-module structure
coming from the inclusion A — B, and we have canonical isomorphisms

B@aP=Bv and B®aQ =D Bs(e)

eeX

We can define an isomorphism of B-modules p1: Bv — @,y Bs(e) by u(b) = (be)eex, indeed
the homomorphism (be)eex + Y .oy be€” defines an inverse. Suppose that C'is a unital K-
algebra with an A-module structure coming from a unital K-algebra homomorphism ¢: A —
C, and note that we have canonical isomorphisms of C-modules

CRsP=C®y Av=CP(v) and C®AQ:C®A(@AS(6)) ’%’@Cq)(s(e))

eeX eeX

So rather than assuming we have an isomorphism of C-modules C® 4 P — C'®4(Q), we consider
an isomorphism of C-modules p: C®(v) = @, . CP(s(e)). Our job is therefore to construct
a unital K-algebra homomorphism ¥: B — C' giving C' a B-module structure, such that the
diagram

Ide ®
C ®p Bv M C ®p <@86X Bs(e))

gl lg

Co(v) Decx CP(s(e))

commutes. Since C' is not involutive, we need to define elements ¥(v), ¥(e) and ¥(e*) for all
v € E% and e € E'. Write ¢ = (¢.)eex and

ot OB (s(e) = @ Cv(s(f)) Lo CD(v).
fex
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Then we set

d(e e X d(e* e X
(o) = d(v), Ule) = ©) ¢ and W(e)={ () FX
Pe(®(v)) e€X 01 (D(s(e))) ee X

We must check that these elements satisfy the defining relations of Li(E,C'). (V) is trivial,
and so is (E) for element e and e* with e ¢ X. When e € X we have

W(r(e))¥(e) = @(r(e))pe(®(v)) = @e(®(v)) = ¥(e),
and U(e)W(s(e)) = W(e) is trivial. Likewise we have
U(s(e)W(e") = 0(s(e))p. (R(s(e)) = o. (D(s(e))) = U(e),
and U(e*)¥(r(e)) = W(e*) is trivial. (SCK1) and (SCK2) are trivial for Y € C with Y # X,
and in case e, f € X we have
W(e)U(f) = o7 ((s(0))) er(@(0)) = s (w2 (@(s(e)0(v))
= s ($7(@(5()))) = B B(s(e)) = b U(s(e)).
thereby verifying (SCK1). Finally

ST U(EU(E) = 3 e @(0))gr (@(s(e) = 3 ot (e (B(0)2(s(e)) )

= 7! (@eex £.(8(0))) = 2(v) = U(v),

which verifies (SCK2). Thus U defines a K-algebra homomorphism, and it remains only to
check that the above diagram commutes. Take ¢ € C' and b € Bv. Going around the above
diagram clockwise, ¢ ® b is mapped to (c¥(b)¥(e))cex, and going around counter-clockwise,
c¢® b is mapped to cp(¥(b)). Thus we should verify that ¢.(¥ (b)) = U (b)¥(e) for e € X. But
this is clearly the case as W(b) = W(bv) = ¥(b)¥(v) and @ .(V(v)) = V(e). O

Excluding graphs with isolated vertices, we can translate the defining relations of the Leavitt
path algebra into relations only imposed on the final projections. In the following we use the
notation p(s) = ss*.

Proposition 2.2.5. Given a finitely separated graph (E,C) without isolated vertices. Then
Ly (E,C) is the universal x-algebra generated by a set of partial isometries e € E' satisfying
the following:

(P11) p(e)p(f) = bogple) for all e, f € X € C.
(PI2) p(e*) = p(f*) for alle, f € E' such that s(e) = s(f).
(PI3) 3 .cxple) = .oy ple) for all X, Y € C, and v € E°.

(PL}) Identify each vertex v € E° with a projection in Lx(E,C) by the formulas
s(e) =p(e") and r(e):=Y_ p(f)
fele]

for e € E', and note that this is well-defined by (PI1)-(PI3). Then vw = 0 for
distinct v,w € E°.
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Proof. One simply applies universality to obtain mutually inverse s-homomorphisms. The
assumption on isolated vertices is necessary, as such a vertex is not generated by any set of
edges. O]

It is not hard to see that E' C Li(F,C) is not a tame set of partial isometries in general (see
for instance Example 6.1.4). So rather than attacking the full Leavitt path algebra, we will
actually be studying a certain quotient in which we force E'! to be tame.

Definition 2.2.6. Denote by U = U(F, C') the multiplicative semigroup of Lx(E,C') gener-
ated by E' U (E')* and write p(s) = ss* for s € U. Then the abelianized Leavitt path algebra
associated with a separated graph (E, (') is the quotient

Li(E,C) = Li(E,C)/
where J = J(E,C) is the ideal generated by all the commutators [p(s), p(t)] for s,¢t € U. For
an element a € Lx(F,C) we denote by a the associated element in the quotient, and in case

K = C with the usual involution, we just write L3*(E,C) = L*(E,C).

Proposition 2.2.7. The assignment (E,C) w L%(E,C) extends to a continuous functor
FSGr — K-alg such that

LR(p)(w) =" (v) and Li(p)(e) = ¢'(e)

for all morphisms p: (E,C) — (F,D), v € E° and e € E'. In particular, L(E,C) is the
direct limit of L%(F, D) over all finite complete subobjects (F, D).

well-defined. Note that for s,t € U(E, C') we have

Proof. We start by checking that L3?(¢) is
=1 € U(F, D), hence

Lic(@)(s) = 5 € U(F. D) and Lyc(p)(t)

Thus Lx(¢) drops to a *-homomorphism L3?(E,C) — L3>(F, D) acting as specified above.
It is clear from the definition, that the assignment is functorial. For continuity we consider a
directed system

in FSGr with limit (£, C) and limit morphisms A;: (E;, C;) — (E,C). Suppose that for any
i € I we have a x-homomorphism p;: Li(E;,C*) — A such that u; = u; o ¢, for all ¢ < j.
Then from continuity of Ly, there is a unique *-homomorphism p': L (E,C) — A making
the diagram
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commute for each ¢ € I, and we should simply check that it vanishes on the ideal J. Taking
s,t € U(E,C) there are §,t € U(E;,C;) such that Lyg()\;)(3) = s and Lg(\)(f) = t for
sufficiently large i, and

1 ([p(s), p(t)]) = 1" o L (N:)([p(3), p(t)]) = wi([p(8), p(t)]) = 0.

Thus we obtain a unique *-homomorphism ju: L3 (E,C) — A such that po L3()\;) = p; for
all i € 1. O

Definition 2.2.8. Denote by F the free group on E!. A partial representation o: F — A on
a unital *-algebra is said to satisfy (PI1)-(PI4), if the partial isometries o(e), e € E', satisfy
(PT1)-(PI4).

For finite graphs (E, C), we can give an alternative definition of L3?(F, C') in terms of universal
properties concerning partial representations satisfying certain relations.

Proposition 2.2.9. If (E,C) is a finite graph without isolated vertices, then L (E,C) is the
universal x-algebra for semi-saturated partial representations of F satisfying (PI1)-(P1}). That
is, there is a semi-saturated partial representation 7: F — L%(E,C) satisfying (PI1)-(Pl4),
and for any other semi-saturated partial representation o: F — A satisfying (PI1)-(PL}), there
is a unique x-homomorphism ¢: L%(E,C) — A such that poT = 0.

Proof. By construction, [p(s),p(t)] = 0 for all s,t € (E' U E*"), so from Proposition 1.2.13
we obtain a semi-saturated partial representation 7: F — L2(E, () satisfying 7(e) = e for
all e € E'. Now, given a semi-saturated partial representation 7: F — A satisfying (PI1)-
(PI4), we obtain a *-homomorphism ¢: Li(E,C) — A with p(e) = o(e) for all e € E' by
Proposition 2.2.5. Using Proposition 1.2.13, we observe that

o([p(s),p(t)]) =0

for all s, € (E' U (E')*), hence ¢ drops to a *-homomorphism L3?(E,C) — A satisfying
o(1(e)) = p(e) = o(e) for all e € E'. Since the 7(e)’s generate L2 (E, C), ¢ is unique with
this property. Moreover, since both ¢ o 7 and o are semi-saturated, and they agree on E', we
must in fact have ¢ o 7 = ¢. This finishes the proof. O
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2.3 Graph (*-algebras

Definition 2.3.1. The graph C*-algebra C*(E,C') associated with a separated graph (E,C)
is the universal C*-algebra generated by elements {v,e | v € E° e € E'} satisfying (V),(E),
(SCK1) and (SCK2). That is, C*(E, C) is the universal enveloping C*-algebra of L(E, ('), so
for any x-homomorphism L(FE,C) — A into a C*-algebra A, there is a unique *-homomorphism
C*(E,C) — A making the diagram

L(E,C) — C*(E,C)

N

In particular, we obtain the following corollaries from the prior results on Leavitt path algebras.

A

commute.

Corollary 2.3.2. The assignment (E,C) — C*(E,C) extends to a continuous functor
C*: FSGr — C*-alg.

In particular, C*(E, C) is the direct limit of C*(F, D) over all finite complete subobjects (F, D)
of (E,C).

Proof. This is immediate by Proposition 2.2.3 with K = C and universality of C*(E,C). O

Corollary 2.3.3. Given a finitely separated graph without isolated vertices. Then C*(E,C) is
the universal C*-algebra generated by a set of partial isometries e € E' satisfying (PI1)-(PI4).

Proof. This is immediate by Proposition 2.2.5 with K = C and universality of C*(E,C). O

The following theorem provides deep information about the involved algebras and should be
mentioned, even though we will never make any real use of it. Indeed, we shall only apply it
once in the main construction, and in that case a much weaker result would also do the trick.
The proof is fairly comprehensive and is skipped in order to maintain focus.

Theorem 2.3.4. Suppose that (E,C) is a finitely separated graph. Then the canonical *-
homomorphism L(E,C) — C*(E,C) is injective.

Proof. See [6, Theorem 3.8(1)]. O

As for the purely algebraic case, our primary interest is not the full graph C*-algebra, but
rather the quotient where all the commutators [p(s), p(t)] have been annihilated.

Definition 2.3.5. Denote by U = U(E, C) the semigroup in C*(E, C') generated by E*U(E")*.
Then the abelianized graph C*-algebra O(E, C') associated with the separated graph (E,C) is
the quotient

O(E,C)=C"(E,C)/JT,

where J is the ideal generated by all the commutators [p(s), p(t)] for s,t € U. Clearly, O(E, C)
is the universal enveloping C*-algebra of L2(E,C), and for a € C*(E,C) we denote by a the
associated element in O(E, C).
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Applying universality, we obtain the following corollaries from the results about L*(E,C).
Corollary 2.3.6. The assignment (E,C) — O(E,C) extends to a continuous functor

O: FSGr — C"-alg.
In particular, O(E,C) is the direct limit of O(F, D) over all finite complete subobjects (F, D).
Proof. This is immediate by Proposition 2.2.7 with K = C and universality of O(E,C). O

Corollary 2.3.7. If (E,C) is a finite graph without isolated vertices, then O(E,C) is the
universal C*-algebra for semi-saturated partial representations satisfying (PI1)-(P14). That
18, there is a semi-saturated partial representation

T F— O(F,C)

satisfying (PI1)-(P14), such that for any semi-saturated partial representation o: F — A into
a C*-algebra A satisfying (PI1)-(P14), there is a unique x-homomorphism ¢: O(E,C) — A
such that 0 = porT.

Proof. This is immediate by Proposition 2.2.9 with K = C and universality of O(E,C). O
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for all s,t € G

2.4 A dynamical interpretation

In this section we shall obtain a description of L3?(E,C) and O(E, C) as crossed products of
commutative algebras with the free group F on E*.

Definition 2.4.1. A partial (F,C)-preaction a on a commutative, unital x-algebra A is a
set of projections {p,(s) | s € E' U (E')™'} satisfying (PI1)-(PI4) when p,(€e*) := pa(e™1),
along with isomorphisms a.: p,(e ')A — p,(e)A for e € E'. Given partial (F, C)-preactions
a and S on unital, commutative x-algebras A and B, a x-homomorphism ¢: A — B is called
equivariant if p(pa(s)) = pg(s) for all s € E* U (E')™!, and the diagram

pa(e)A —— ps(e)B

| k

pale)A ——— ps()B

commutes for all e € E'. A commutative, unital *-algebra A with a partial (F, C)-preaction
is called universal for partial (E,C)-preactions, if given any partial (F,C)-preaction on a
unital, commutative x-algebra B, there is a unique equivariant x-homomorphism ¢: A — B.
Finally, a partial (E,C)-action is the canonical extension of a partial (F, C)-preaction a on
A to a partial action F ~ A given by Lemma 1.1.7. Notationally, we shall not distinguish
between the partial preactions and their induced partial actions, and replacing "x-algebra”
with "C*-algebra” in the above definition, one obtains the C*-algebraic analogue.

While the above definition might seem slightly artificial, the lemma below provides us with
some well known examples.

Lemma 2.4.2. Ifo: F — A is a semi-saturated partial representation satisfying (PI1)-(P14),
then o is a partial (E,C)-action.

Proof. Clearly, o restricts to a partial (E, C')-preaction, and by Proposition 1.2.15 we observe
that a” is the canonical extension to a partial (£, C')-action. O

Definition 2.4.3 (The canonical partial (£, C)-action). Denote by 7 the canonical semi-
saturated partial representation

F— L3(E,C) or F— O(E,C).

From Stone duality there is a zero-dimensional compact metrizable space Q(E, C'), such that
the x-algebra, respectively, C*-algebra generated by the final projections &,(s) = 7(s)7(s)* is
isomorphic to Cx(Q(E, C)), respectively, C(Q2(E,C)). Thus o = o7 defines partial (E,C)-
actions

F A Cr(QE,C)) and F A C(QE,C)).

Each of these will be referred to as the canonical partial (E, C)-action.
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Lemma 2.4.4. Let o denote a partial (E,C)-action on a commutative, unital *-algebra A.
Then there are projections p,(s) in A such that Dy = po(s)A for every s € F, and the canonical
partial representation o: F — Ax,F given by 0(s) = pa(s)ds is semi-saturated. Moreover, if /3
is a partial (E,C)-action on B and ¢: A — B is equivariant in the sense of Definition 2.4.1,
then ¢(pa(s)) = pa(s) for all s € F, and ¢ is equivariant in the usual sense. In particular, a
partial (E,C)-preaction is universal for partial (E,C)-preactions if and only if its extension
is universal for partial (E,C)-actions.

Proof. Tt is clear from the construction of « that each ideal Dy is unital. If |st| = |s| + |¢],
then obviously Dy C Dy, hence p,(st) < pa(s). We deduce that

(5)0(t) = (Pa(5)0s) - (Pa(t)0r) = Pa(5)Pa(51)dst = Pa(st)0s = o (st),

so ¢ is indeed semi-saturated. Now let

p: (A ) = (B, )

denote an equivariant x-homomorphism in the sense of Definition 2.4.1. Then we shall prove
that p,(s) = ps(s) for any s € I, and we proceed by induction over the length of s. The
induction start holds by assumption, so assume that the claim holds for words of length n.
Assuming that |s| = n + 1, we write s = s15,, with |s;| =1 and |s,| = n. Then

2(pa(5)) = @ (0, (pals7)Pa(52)) ) = Bur ((Pals7pals0)))
= 581(p6(51_1)p/3(3n)) = pg(s18n) = pPs(s).
Equivariance is now completely trivial. O

Theorem 2.4.5. Given a finitely separated graph (E,C), denote by F the free group on E*.
If o: F — A is universal for semi-saturated partial representations satisfying (PI1)-(P14),
then a®: F ~ B is a universal partial (E,C)-action on the commutative, unital *-algebra B
generated by the £,(s)’s, and A = B X, F. Conversely, if A= B X, F where « is a universal
partial (E,C)-action on a commutative, unital x-algebra, then o,: F — A is universal for
semi-saturated partial representations satisfying (PI1)-(PL}).

Proof. Assume first that (A, o) is universal with respect to semi-saturated partial representa-
tions satisfying (PI1)-(PI4), and let B denote the x-subalgebra generated by all the final pro-
jections £(s) = o(s)o(s)*. From Lemma 2.4.2 we obtain the partial (£, C')-action a”: F ~ B,
and we claim that in fact A = B x,- F. First of all, by Lemma 1.2.14 there is a partial
representation 7 = 0,0 F — B X0 F, given by 7(s) = ¢(s)d; for each s € F. Obviously, 7 is
semi-saturated and satisfies (PI1)-(PI4), because o have these properties. From universality
of (A, o), we obtain a *-homomorphism ¢: A — B X, F satisfying ¢(o(s)) = 7(s) = &(s)ds.
On the other hand, from Corollary 1.2.18 we have a s-homomorphism ©: B X, F — A sat-
isfying ¥ (e(s)ds) = e(s)a(s) = o(s). Now 1) o ¢(o(s)) = o(s), so ¥ o ¢ = Id by uniqueness.
Likewise, po1(e(s)ds) = €(s)ds, and since the £(s)ds’s generate B X0 F, po1p = Id as well. It
remains to prove that o is universal for partial (£, C')-actions, so let 8 denote another partial
(E,C)-action on a commutative, unital #-algebra B’. The canonical partial representation
p: F — B’ x3 F is semi-saturated due to Lemma 2.4.4, so by the first part of the proof there
is a unique *-homomorphism ¢: B X,c F — B’ x5 F such that ¢(7(s)) = ¢(c(5)ds) = pg(s)ds.
We observe that

p(e(s)01) = @(7(s))p(7(5))" = (ps(5)ds) - (ps(5)0s)" = ps(5)01
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for all s € F, so in particular it restricts to a *-homomorphism B — B’. Equivariance follows
from the calculation

0(aZ(b)1) = @(o(s)bo(s)*61) = @(7(s) - (b6) - 7(s)")
= p(s)(bd1)p(s)" = oz’ (@(b))dr = Bs(i0(b))dy

for all s € F and b € puo(s7!)B, where we have made use of Lemma 1.2.16. Clearly, ¢ is
unique with these properties.

Now assume that A = B x, F for a universal partial (¥, C)-action « on a unital, commutative
x-algebra B and let 0 = 0,: F — B x, F denote the canonical partial representation, which
is semi-saturated due to Lemma 2.4.4. Obviously, o satisfies (PI1)-(PI4) since « is a partial
(E, C)-action. Letting p: F — A’ be a semi-saturated partial representation satisfying (PI1)-
(PI4), denote by B’ the commutative, unital x-algebra generated by all the final projections
£,(s) and write § = a” for the induced partial (£, C)-action on B’. Then by assumption, there
is a unique equivariant x-homomorphism ¢: B — B’ and it extends to a *-homomorphism
¢: B x,F — B’ xgF by Proposition 1.2.8. Composing this with the *-homomorphism
tx p: B"xgF — A’ of Corollary 1.2.18, we obtain a *-homomorphism ¢: B x,F — A’ acting
by ¥(ads) = p(a)p(s) for a € Dy-1. In particular we have ¥ (o(s)) = p(s) for all s € F, and as
the o(s)’s generate A, 1 is unique with this property. ]

In a completely similar manner, we obtain the C*-analogue.

Theorem 2.4.6. Given a finitely separated graph (E,C), denote by F the free group on E*.
If o: F — A is universal for partial representations satisfying (PI1)-(Pl}), then a”: F ~ B
is a universal partial (E,C)-action on the commutative, unital C*-algebra B generated by the
£,(8)’s, and A = B X0 F. Conversely, if A = B x, F where o is a universal partial (E,C)-
action on a commutative, unital C*-algebra, then o,: F — A is universal for semi-saturated
partial representations satisfying (PI1)-(P14).

From the above general facts, we now obtain the main results of this section:

Corollary 2.4.7. Assume that (E,C) is a finite graph without isolated vertices. Then the
canonical partial (E,C)-action a: F ~ Cx(QUE, C)) is universal and

LE(E,C) = Cx(QE,C)) x4 F.
Proof. This is immediate from Proposition 2.2.9 and Theorem 2.4.5. O

Corollary 2.4.8. Assume that (E,C) is a finite graph without isolated vertices. Then the
canonical partial (E,C)-action a: F ~ C(Q(E,C)) is universal and

OE,C)=ZC(QE,C)) x, F.
Proof. This is immediate from Corollary 2.3.7 and Theorem 2.4.6. [
In the C*-case we can apply duality to obtain another description of a partial (£, C')-action.

Definition 2.4.9. A partial (E, C)-preaction # on a compact Hausdorff space 2 is a family
of clopen subsets {Q, | v € E°} such that

Q=] .

veED
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and a family of clopen subsets {Q. | e € r~!(v)} for all v € E°, such that

m:Um

ecX

for all X € C,, together with homeomorphisms 6, : Q) — Q. for all e € E'. If (V,¢') is
another such pair, a continuous map f: ' — Q is called equivariant if f(2)) C Q, for all
ve B f(Q)CQ forallee E' and f(0,(v)) = 0.(f(x)) for all z € Q. Also, 0 is called
universal if, given another partial (E, C)-preaction ¢’ on €', there is a unique equivariant map
(V,0") — (2,0). Finally, a partial (£, C)-action is the canonical extension of the 6.’s to a
partial action F ~ ©, and we shall refer to the pair (£2,6) as an (F, C')-dynamical system.

It is easily seen that the above definitions correspond to the one for C*-algebras under the con-
travariant equivalence of unital commutative C*-algebras and compact Hausdorff spaces. In
particular, there is a canonical partial (£, C')-action 6: F ~ Q(E, C). We obtain the following
corollaries.

Corollary 2.4.10. A continuous map of (E, C)-dynamical systems is equivariant in the sense
of Definition 2.4.9, if and only if it is equivariant in the usual sense.

Proof. This is immediate by Lemma 2.4.4. ]

Corollary 2.4.11. Assume that (E,C) is a finite graph without isolated vertices. Then the
canonical partial (E,C)-action on Q(E,C) is universal.

Proof. This is immediate by Corollary 2.4.8. ]



Chapter 3

The main construction

In this chapter we shall introduce a sequence of finite bipartite graphs (FE,,C") to every
finite bipartite graph (E,C). On the level of algebras and C*-algebras, they will provide an
important approximation result (Theorem 3.3.11 and Theorem 3.3.12) from which it will follow
that V(Lx(E,C)) — V(L32(FE,C)) is a refinement. We also produce an explicit description of
the space Q(F, C) associated to (E, C'), which will be vital to us in Chapter 4.

3.1 Multiresolutions

In order to define the graphs (F,,C™), we first need to define and investigate the properties
of a graph-theoretic construction, which we will call a multiresolution.

Definition 3.1.1. Define a relation ~»; on the free abelian monoid Z, (E") as follows: a ~; b
if there are vy, ..., v, € E°\ Source(E) and vgy1,...,v, € E° such that

k

k n n
a:ZUH— Z v; and szs(X,-)%— Z V;
i=1

i=k+1 i=1 i=k+1

for some X; € C,,, where s(X) = 3" __ s(e). Repetitions of the same vertices in the above
sums are of course allowed. Taking k& = 0 it follows that a ~»; a, and we obviously have

a; ~1 by and  ag ~»q1 by = a; + as ~»q by + bo.
However, besides these properties, ~»; does not behave particularly well.

Definition 3.1.2 (Assumption (x)). A separated graph (F,C) is said to satisfy Assumption
(x) at v € E° if for any X,Y € C, there is some v € Z,(E°) such that s(X) ~; v
and s(Y) ~»; v. Note that if |C,| < 1, then the assumption is vacuously satisfied at v.
Finally, if (E, C') satisfies Assumption (%) at every vertex, then (£, C') is simply said to satisfy
Assumption (x).

The importance of this property is witnessed by the lemma just below, which will provide the
main motivation for the multiresolution construction. However, we skip the fairly comprehen-
sive proof (see Remark 4.1.12 for a reason why).

Lemma 3.1.3. Let (E,C) be a finitely separated graph. If (E,C) satisfies Assumption (x),
then M(E,C) is a refinement monoid (see Definition A.1.15).
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Proof. See [5, Theorem 5.15]. O

Definition 3.1.4. Given a separated graph (E,C) and a vertex v such that |r~!(v)| < oo,
write C, = {X1,..., Xx}. Then the multiresolution (E,,C") of (E,C) at v is the separated
graph defined as follows: Set

E? = E°UA? with A := {v(zy,...,21) | 2 € Xsyi=1,...,k}
and
E! = E'UA] with A} == {e"(z1,...,Ti,...,21) |2, € Xj,i =1,... k}.
Now extend 7, s to E} by

r(e"“(ml,...,:@,...,xk)) = s(x;) and 3<exi(:1:1,...,a?i,...,xk)>:v(:cl,...,xk),

and note that this makes the new vertices into sources. Finally, given any w € E° we extend
the separation by letting

X(z;) ={e"(x1,....Z5,...,2x) | x; € X;,5 #i}
for x; € X; and
(C") = Cp U{X () | 5 € Xy, 8(x;) =w,i=1,...,k}.
Example 3.1.5. Given the graph

O
we can consider the multiresolution at the right vertex. Since the separation consists of two
subsets with 2 and 1 edges, we should add n = 2-1 = 2 vertices. Furthermore, for each of the

red edges we should add n/2 = 1 edge, and for the blue we should add n/1 = 2 edges. The
result is as follows

Definition 3.1.6. Given a separated graph (F, C) and a set of vertices V such that |r~!(v)| <
oo for all v € V', we can form a simultaneous multiresolution at all v € V. To be more precise,
we set By, = E°U| |,y AY and B}, := E'U| | .\, A} and extend r and s to Ey just as above.
As for the multiresolution at a single vertex, all the new vertices are sources. Finally, we
separate Ey by letting

(CV)w =CoU| {X () |2} € X} s(af) =w,i=1,... k}
veV

for each w € E, thereby defining another separated graph (Ey, C") known as the multires-
olution at V. We shall only use the v-superscripts, when several vertices are in play at once.
Finally, note that the inclusion £ — FEy, gives a morphism in FSGr.
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The multiresolution is constructed precisely such that the following proposition holds. The
reader should note that while the requirement s(r~*(V)) NV = @ was not included in [3], it
certainly is necessary.

Proposition 3.1.7. Let V be a set of vertices such that s(r="(V))NV =0 and |r~'(v)| < oo
for allv € V. Then the multiresolution (Ey,CV) satisfies Assumption () at allv € V.

Proof. Note that the assumption s(r~'(V)) NV = @ implies that (CV), = C, for every v € V.
Now let v € V' and write C, = {X1,..., Xg, }. Then we have

s(ai) ~1 8(X(2;) = > v(zy,...,zp,)
zjEX;
i
for any x; € X;, hence

S(X)) 1 Y s(X(@) = Y v(@n,...,am,) =17

r;€X; z

for any i = 1,..., k,. We thus obtain Assumption (x) at v € V. H
Finally, we prove that multiresolutions act nicely on the level of monoids.

Lemma 3.1.8. Let (E,C) be a separated graph with a set of vertices V such that |r~(v)| < oo
for allv €V, and let v denote the inclusion (E,C) — (Ey,CV). Then

M(t): M(E,C) — M(Ey,C")
is a unitary embedding (see Definition A.1.10).

Proof. For v € V we write C, = {X7{,..., X} } and let M denote the quotient of the free
abelian monoid on generators

|_| X? by relations Z T = Z j

v v v v
'_ueV z7eX] z] EX].

for every v € V and 1 < 14,5 < k,. Note that M is canonically isomorphic to @UEV M, where
M, is the monoid on generators

|_| X, by relations Z T = Z Tj

ver z7eX) ac;-’EX;’

for 1 <4,5 <k, and a particular v € V. Letting S* = f;lX;J, S = Xfx...x)/(?x...xX};U
and S = | |, SY, there is a canonical isomorphism of monoids Z(S) = @, .\, Z+(S"). Now

it follows by Lemma A.1.13 that there are unitary embeddings v, : M, — Z(S") given by

for all zj € X7. Thus €, ¥, defines a unitary embedding @,.,, M, = @,y Z+(S,), and
under the canonical isomorphisms, this corresponds to a unitary embedding ¢ : M — Z(5)
acting on z} as specified above. Also consider the homomorphisms

n: M — M(E,C) and v:Z,.(S)— M(Ey,C")
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acting by

n(zy) = s(x;) and wv(z},...,zp ) =v(zy,..., 2z} ),

and note that 7 is well defined by definition of M (FE,C). It is straightforward to verify that
the diagram
(G

M 7.(8)

d I

M(E,C) T M(Ey,CV)

commutes — in fact, we claim that it is a pushout diagram in the category of abelian monoids.
To see this, assume that o and § are homomorphisms making the diagram

V

M Z(5)

nl l ;

M(E,C) STy M(Ey,CV)

N
Q
commute, and define a homomorphism p: M(Ey,C") — N by
a(v) if veE°
p(v) = ,
pay,... zp, ) if v=ov(z},... 2f)

Since the vertices in EY. \ E° are all sources, we only need to check that p is well defined on
v € EY. But for any X € C,, we simply have a(v) = a(s(X)) by definition of M(E,C).
Evidently po M(1) = a as well as po v = (3, and clearly p is the unique homomorphism with
this property. It finally follows from Lemma A.1.14 that M(:) is a unitary embedding. O]

We shall record a consequence of the above proof for future references:

Corollary 3.1.9. Let (E,C) be a separated graph with a set of vertices V', such that |r='(v)| <
oo for allv € V. If op: M(E,C) — N is a homomorphism, and for all u € V there is a
refinement {a(zy, ..., o} ) |z} € X{'} of the equation system (see Definition A.1.15)

dooelslat) =) els@) == Y ls(,)),

rleXi rye Xy :c};u EX]:U
then there is a unique homomorphism @: M(Ey,CY) — N such that

(v) = (v) forve E° and @(v(zyf,...,2})) =alzl, ...,z ).

In particular, g o M (1) = .
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Proof. Apply the same notation as in the proof of Lemma 3.1.8, and define a homomorphism
B: Z(S) — N by

B(xy, ..., xp ) = a(xy,...,xp)

for all w € V and 2z} € X;*. Then by the refinement property we have

¥ o 77(3??) = (10(5(55?)) = Z Z a(lﬁt? S »xﬁu) = ow(x?),

y y u u
jF#i z} GXj

hence there is a unique homomorphism @: M (Ey, C?) — N satisfying p(v) = ¢(v) for v € E°
and
o(v(ay,... o)) = pw(ay,... o)) = Baf, ... xp,) = alx},... z7).
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3.2 Bipartite graphs

Definition 3.2.1. A separated graph (E,C) is called bipartite if E° = E%° U E®! with
s(E') ¢ E% and r(E') C E®°. However, in order to avoid trivialities we shall always assume
that s(E') = E% and r(E') = E%°, i.e. that E does not have any isolated vertices.

The following two propositions show that bipartiteness is not a very restrictive assumption.

Proposition 3.2.2. Let (E,C) denote a separated graph. Then there is a bipartite separated
graph (E,C') such that

(E é) = M2<LK(E7 C)) ) C*(Ea C) = M2<0*<E,C))

and

LR(E,C) = My(LR(E,C)) , O(E,C) = My(O(E, C)).
Moreover, if (E,C) is finite, then so is (E,C).

Proof. We start by proving the claim for Lg(E,C). The graph (E,C) will be obtained by
doubling up the vertices of £ and adding some appropriate new edges. Specifically, define
E° = E%0 1 E% where

00 — fyy | v € E°} and E% = {v |v e E%},
and set
={fo|lveE}U{e e € E'}

with
7(fo) =vo,  3(fo) =vi, T(eo) =7r(e)o and 3(ep) = s(e)r.
For X € C, we define Xy = {ey | ¢ € X} and then separate £ by

CN’vo = {XOa {fv} | X € Cv}'

Note that for a finite complete subobject(F, D) of (E, C), (F', D) is a finite complete subobject
of (FE,C'). Moreover, we can obtain arbitrarily big finite complete subobjects in this way. Thus,

assuming the claim holds for finite graphs (and the appropriate diagram commutes), for any
graph (E,C') we have

My (Li(E,C)) = My(lim Ly (F, D)) = lim My (Lg (F, D)) = @LK(ﬁD) ~ Ly (E,0),

where the direct limit is taken over all finite complete subobject (F, D) of (E,C). We may
therefore assume that (£, C) is finite. Now write e; ; with 1 <4, j < 2 for the (i, j)'th standard
matrix unit in My(K) and define ¢: Lg(E,C) — My(Lg(F,C)) by

pv)) =v@eirir1, @(fo) =v®ez and pleg) =e®erg

for v e E° e € E' and i = 0,1. It is straightforward to check that ¢ respects the defining
relations of L (F,C). In order to construct an inverse, we define ¢, : My(K) — Lk (E,C) by

612 Zf’va iﬂl 621 vaa wl 611 ZUO and z/J€22 Zvl

veED veE" veEQ veED
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It is clear that these elements form matrix units, hence 1), is a well defined *-homomorphism.
Now define ¢5: Lg(E,C) — Li(E,C) by

Ya(v) =vg+v1 and  a(e) = eofie) + frie)Co-

It is not hard to check that 15 respects the defining relations of L (F, C), and that the images
of ¥; and 15 commute. Now we obtain a x-homomorphism

b =11 X Yo My(Li(E,C)) = Lg(E,C)

given by 1(a ® b) = 11(a)9(b). Surely, ¥ provides us with an inverse of ¢, thereby finishing
the proof for Li(F,C). For finite (E, C'), universality now proves the claim for C*(E, C'), and
the general case follows by taking limits.

In order to prove the claim for Li?(E,C), we may once again assume that (E,C) is finite.
Define U and J as in Definition 2.2.6, and also write U = U(FE,C) and J = J(E,C). Then

we need to show that ¢(J) = My(J). Surely ¢(p(8)) is of the form

p(s) 0O 0 0
0 0 0 p(s)

for some s € U, hence ¢(J) C Ms(J). On the other hand, since ¢(e ® e1,1) = eof}, for every

e € E', we see that ¢([p(s), p(t)] ®e1,1) € J for each s,t € U. We deduce that 1)(My(.J)) C J,
hence Ms(J) = ¢(J) and therefore

L2(E,C) = Lg(E,C)/J = My(Li(E,0))/My(J) = Mo(L32(E, C)).
The claim finally follows for O(E,C) as well by universality. O

Proposition 3.2.3. If M is any finitely generated, conical abelian monoid, then there is a
finite bipartite separated graph (E,C), such that M = M(E,C).

Proof. By Corollary A.1.9 we have a finite presentation (X | {r;};c;) with

jZ E me‘ZL‘: E nw«x,

zeX zeX

r

such that > v ma;, > cxNay; > 0 forall j € J and ZjeJ My j + ng; > 0 for all z € X.
Now, define a finite bipartite graph (F,C') by

o E°= E% | E% with E® = {u;};c; and E%! = {v, },ex,

[ El = leEX,jEJ{egmj | 1= 1, ey My 4 + nw},

o r(e, ;) =ujand s(el ;) = v, forallz € X, j€ Jandi=1,...,mu; + ney,

i
z,j
o Cy, = {l_lgceX Zﬁij{eiﬂ'}, Lex u;’iﬂcﬂijﬁf{e;]}} for all j € J.

Then M = M(E, C) is immediate from the assumption that > mg;, > oy ng; > 0 for all
j € J. Finally, note that the condition > ", my ; +n,,; > 0 precisely implies r(E') = E®°
and s(E') = E%L. O
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Construction 3.2.4. Given a finite bipartite separated graph (F, ), we shall construct an
increasing sequence of finite separated graphs (F;, D) by first setting (Fy, D°) = (E,C) and
then defining the others inductively. Assume that

(Fy,D°) Cc (Fy, DY) C ... C (F,,D")
is an increasing sequence of finite bipartite graphs such that
o [V = UEJ;EFOJ for all 0 <i < n,

o Fl = |_|j.:0 F% forall 0 <i <n,

r(FY) = F% and s(F') = F%*! for all 0 < j < n,
e (F;, D) satisfies Assumption (x) at all v € |_|§;B FO9.

Then we define V,, = F%" and let (F,, 1, D"™) be the multiresolution of (F,,, D") at V,,. Denote
by F%"*2 and F'"*! the added vertices and the added edges, respectively. By definition of
the multiresolution we have r(F'" 1) = s(r=1(V},)) = FO"* and s(F'") = FO"2. Since
no edges into |_|?;01 F% have been added, (F,,;1, D""1) still satisfies Assumption (*) at these
vertices. Finally, since s(r=1(V},))NV,, = 0, it follows from Proposition 3.1.7 that (F,,,;, D)
also satisfies Assumption (%) at V,,. This finishes the inductive construction. We can visualize
the construction as below

Fl,O Fl,l F1,2
FO,I FO,Q

F0,0

Finally, define finite bipartite separated graphs (£,,C™) by
o £ = E% 1 E% with EX0 = FO" and E% = O+l
o B! = Fln
e range and source maps are restrictions of the range and source maps of F,
o C" = D" for all v € EXV.

The graph E,, can be depicted as

Fl,n

FO,n FO,n-i—l

and we shall refer to {(E,,, C™)}, as the canonical sequence of finite bipartite graphs associated
o(E,C).

Corollary 3.2.5. Consider the separated graph (Fy, D) := lim (F,,D") =
and let v: (E,C) — (Fyx, D) denote the inclusion. Then M(1): M( ,C) = M(Fy, D) is
a refinement (see Definition A.1.19).
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Proof. 1t is clear from Construction 3.2.4 that (F°°, D) satisfies Assumption () at all ver-
tices, hence M (F.,, D*) is a refinement monoid by Lemma 3.1.3. Moreover,

M (Fs, D) 2 lig M (F,, D")

by continuity of M, and each of the homomorphisms M (F,, D") — M (F, 1, D"™) is uni-
tary by Lemma 3.1.8, so M(¢) is unitary as well by Lemma A.1.11. Finally, given a re-
finement monoid P and a homomorphism ¢: M(E,C) — P, it follows from Corollary 3.1.9
and Lemma A.1.18 that there are homomorphisms ¢, : M(F,, D) — P making each of the
diagrams

M(FE,, D") ——— M (F, 4+, D"™)

©n+1
Pn

P
commute. We thus obtain a homomorphism of the limit ¢: M(F,, D>®) — P such that
@ o M(t) = . This concludes the proof. ]

Lemma 3.2.6. Given a finite bipartite separated graph (E,C), define (E,,C"), V,, and
(Foo, D) as in Construction 3.2.4. Then

(a) The inclusion i,: (E,1, C"™) — ((E,)v,, (C™)"") induces an isomorphism

M(in): M(E,41,C"™) — M((E,)v,, (C™)'™).

(b) There is a canonical unitary embedding t,,: M (E,,C™) — M(E, 1, C™"1).
(¢) The inclusion j,: (E,,C") — (F,, D™) induces an isomorphism
M(j,): M(E,,C") — M(F,, D").
(d) There is an isomorphism of abelian monoids M(Fy, D) = lig(M(En,C’"),Ln).
Consequently, the limit homomorphism M(E,C) — hgl M(E,,C") is a refinement.

Proof. (a): For simplicity we write Ey;, = (E,)y, and CV» = (C™)"». We can depict Ey, as
follows:

Fl,n Fl,n+1
FO,nJrl

Fon FOn+2

In order to construct an inverse of M (i), define ¥, : Z (EY, ) = M(E,41,C"*") by

v if veEY, = Fontly pont?

Yn(v) =
s(X) for some X € (C™), if ve B = For

It is not a priori clear that 1, is well defined at vertices v € E%?, i.e. that s(X) is independent
of the choice of X € (C™),. However, writing (C™), = {X, ..., X§, } we have

s(X;) = Z s(z;) = Z Z v(xy, ..., TE,) = Z v(xy, ..., Tk,)

T, €X; z,€X; x;é;(j (@1, )ETT2 X
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in M(E,1,C™™), hence s(X) does not depend on the choice of X. Now, we claim that 1,
respects the relations in M (Ey,,C"") and thus drops to a homomorphism

M(Ey,,C") = M(E,,C™™).

For v € Egil, there is nothing to check, as these v are sources in Ey,, and for v € Eg;?l
it simply follows from (C"*1), = (C""),. Finally, taking v € E%° we should check that
Un(v) = ¥, (s(X)) for any X € (C'),, and by definition

Un(v) = s(X) = ¢n(s(X)).
Clearly, v, is an inverse of M(i,), so M(i,) is indeed an isomorphism.
(b): Let vy, denote the inclusion (E,,C") < (Ey,,C"") and define ¢, as the composition

) M(Lvn)

in) 71
M(E,,C" M(Ey,, 0% M hi(B, ., Y.

By Lemma 3.1.8, M (vy,) is a unitary embedding, hence so is ¢,.

(c): We shall argue by induction over n. In case n = 0 the claim is trivial, since (Fy, C?) =
(Fy,C"). Now, assuming the claim holds for some n, we recall that

(Fat1, C") = (Fo)vi,, (CM)17).
From the inclusion (£, C") < (F),, D™) inducing an isomorphism, it follows that the inclusion
(Ev,,C*") = (Fo)v,, (C)"7) = (Fopa, D™

induces an isomorphism as well: Surjectivity is trivial and injectivity is ensured from the fact
that all the new vertices are sources and thus have no relations. Now consider the diagram

M) M) 1
M(En,C”) %M(EVH,C ”) — (En+1,Cn+ )

M(jn)l %l lMOn—H)

M (Fy, D") = M(Fyy, D) s M(Fypa, D)

bl

where all the homomorphisms are induced from inclusions, hence it commutes by functoriality
of M. By (a) and the above argument, every homomorphism except M (j,4+1) in the right
square is an isomorphism, hence so is M (j11).

(d): From the outer rectangle in the above diagram, we get the commutative diagram
M (Ep, C™) —2s M (Epy1, C™)
M (jn)l lM (Jn+1)
M(F,,D") —— M(F,,, D"™)

with vertical isomorphisms for every n. Thus there is an induced isomorphism of limits
th(En,C”) — M(Fy, D>). In particular, the limit map M(E,C) — ligM(En,C”) is
a refinement by Corollary 3.2.5. ]
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3.3 Algebras of bipartite graphs

In this highly technical section, we shall relate the algebras associated to the canonical sequence
of bipartite graphs (E,, C™) with each other. As one might expect, this requires a fair amount
of bookkeeping.

Theorem 3.3.1. Given a finite bipartite separated graph (E,C), we let B, denote the finite
dimensional commutative x-algebra of L (E,,C™) generated by EO. Then there is a surjective
x-homomorphism

Gn: Lg(En, C") — Lg(E,41,C™)

such that

(a) ker(¢y) is the ideal I, of L(E,,C™) generated by all the commutators [ee*, f f*] with
e, f € EY. In particular L(E,,,C"™") = L(E,,C")/I,.

(b) ¢n restricts to an injection B, — Byy1.

(¢c) The diagram

M<Em Cn) L% M(EnH, Cn+1)

gl lg

V(Lk(E,, C")) W V(Lg(Ens1, C"1)

where the vertical isomorphisms are due to Theorem 2.2.4, commutes.

Proof. Taking u € E? with (C™), = {Xy,..., X}, } we define

Z(xl .... or )ETTE X v(zy, ..., 7E,) if ue€ E%O
(bn(u) = “ =t
U it ue Eg’l

along with

ZZ WXy, oo Ty ey g, )" = Z e

Jj#t x;€X; e€X (z;)

for z; € X;. We should check that it respects the defining relations of L (F,,C™). While (V)
is trivially satisfied, for (E) we pick T; € X;. Then

O (1) (T7) = < > v(x1, ..., T, )(Z d e xlazxk))

(xl ..... :Bku)enfﬁl X,L -]#Z 2? EX
o T = * S
= E g e Xy, Ty Tgy,) " = On(T),
JFi zjeX;

since

J— ~

s(e"(z1, .., Ty Tk,)) = 0(@1, - Ty Tk,



52 CHAPTER 3. THE MAIN CONSTRUCTION

and

gbn(xz gbn Z Z xl,...,%i,...,dfku)*S(l'_i)

J#i z;€X;

_ZZ xl,“.712‘i,...,l'ku)*:¢n(l‘_i)

J#i z;€X;

since r (eﬂ(ml, T ,xku)> = s(7;). Moving on to (SCK1), we take 7;, z; € X; and note
that

(s o)) (P T o) =0

unless (1, ..., %5, Tp,) = (Y1, -+, Tiy- -+, Yg, ). In particular
Ou(T5) Bu(F7) = (Z Y o %)(Z 3 o y~y>)—o
J#l x;€X; Jj#i y;€X;

if 7; # x;. On the other hand, if T; = z;, then

On(T7) " On(77) —(ZZ xl,...,ﬁ,...,mku><zz yl,...,xz,...,yku)*)

Jj#i z;€X; J#i y; €X;
:ZZ xl,...,xgi,...,xku)eﬁ(:pl,...,xgi,...,a:ku)*
J#i z;€X;
= Zee = 5(T;) = Pn(s(T7))
e€ X (T7)

It remains only to check (SCK2), so take u € E%° and note that

> Gula)bnlz) = ( > e(:cla?xk))( > e(mlfa:k))

z, €X; T, €X; j#i j#i
x]'EXj ijXj
2 —~
= E E 8(6Z(xl,...,xi,...,xk“))
i€ X; jA
$J€Xj

_ Z v(z,. .., 2h,) = On(u).

We finally conclude that ¢,, drops to a well defined *-homomorphism
LK(En7 Cn) — LK(ETL+17 Cn+l).

In order to prove surjectivity of ¢,,, we need only check that it hits every canonical generator
of L (E,11,C™"), and this is trivially true for all u € ngl As in the above calculation we

have
On(ix)) = Z v(xy,. .., Tk, ) (3.1)
i#i
:EjGX'
for any 2; € X, so given v(xy,...,24,) € Eyl, we note that
ky ku
¢n(szxf) H Z Yty Yimts Ty Yitds - - > Yky) = 0(T1, .., Ty ). (3.2)
=1 =1 Ve

y; €X;
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Finally e (x1,...,Z;, ..., Tk,) € On(Lk(E,, C™)) since
e (T, Ty Thy) = 0(T, e Tk ) On () € Gn(Lr(En, C™)) (3.3)
for all (xy,...,zx,). This finishes the proof of surjectivity.

(a): It follows from equation 3.1 that ¢, (ee*) and ¢, (f f*) are commuting projections for e, f €
E!. so we indeed have I,, C ker(¢,). For the converse inclusion we define a *-homomorphism
Yo: Lg(Epy1, C"™Y) — L (E,,C™)/I, by

[v] if ve LBy,
(V) = k )
[Hzl1 lefﬂ if v :U(l’l,...,xku)

and

ko,
Yo (€7 (@1y oo Ty py)) = [xf-H:cj:cﬂ.
j=1

Using commutativity of the [x;2}]’s, it is straightforward to verify that -, respects the defining
relations of Ly (FE, .1, C™™). Furthermore, it follows immediately from the above proof of
surjectivity of ¢,, that 7, is an inverse of the induced map

On: Lg(Ey, C™) /I, = L (Enyr, C"),
so we may conclude that ker(¢,) = I,,.
(b): This is immediate by definition of ¢,,.

(c): Recall that ¢, = 1, o M(ty,) with the notation as in the proof of Lemma 3.2.6. Now,
commutativity is clear on vertices v € E%!, as they are simply mapped as illustrated in the
following diagram of elements

Ln
V——

I'(E,, O”)l lF(En—i-la ¢

T o) [v]

Moving on to the case of v € E!, write (C"), = {X},..., X} } and take X € (C"),. Then
the situation is as follows

ln

| s(X)
D(E,, O”)l lF(EnH, -
['U] V(¢n) Z(:m ..... wry )E[TRY, XP [v(xh L :mkv)]

since we even have

s(X) = Z v(xy, ..., ok,)

k
(15000, wku)El_Lil X7

in M(E,,1,C"""). This concludes the proof. O
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The C*-algebra case now follows easily:

Corollary 3.3.2. Given a finite bipartite separated graph (E,C'), we let B,, denote the finite
dimensional commutative C*-algebra of C*(E,,,C™) generated by E°. Then there is a surjective
x-homomorphism

bn: C*(E,,C") — C*(E, 41, C")

such that

1. ker(¢n) is the ideal Z,, of C*(E,,C™) generated by all the commutators [ee*, f f*]
with e, f € EX. In particular C*(E,,,,C"") = C*(E,,,C")/Z,.

2. ¢ restricts to an injection B, — Bp11.

Proof. Applying Theorem 3.3.1 in the case K = C, ¢,, extends to a x-homomorphism of C*-
algebras by universality. Surjectivity is preserved due to the closedness of the image.

(a): We obtain an induced *-homomorphism @, : C*(E,, C")/Z, — C*(E,.1,C™"), and the
extension to C*-algebras 7, : C*(E,1,C"™) — C*(E,,C")/Z, is an inverse on the dense
x-subalgebras, hence it is a global inverse. We conclude that ker(¢,,) = Z,.

(b): As each B, is finite dimensional, this follows from Theorem 3.3.1 and Theorem 2.3.4. O

Definition 3.3.3. Recall that V;, = F%". For n > 2 and u € V,,, write C, = {X1,..., X}, }.
Then we can define a map r,: V,, — V,,_9 by rp(v(z1,...,2x,)) = u. In particular, for each
n > 1 we gain maps ty,: Vo, — Vp and ty,11 — Vi given by

Top = T2, 072,20 ...079 and Topyq1 = 241 O T2p—1 0 ... 073,

Assembling all of these into a single map, we simply write v for | |7, ¢,: | |72, V;, = Vo U Vi
We will refer to t(v) as the root of v.

Lemma 3.3.4. Forn > 2 and v € V,,, there are canonical bijections
Dg,) < 571 (v) < D,

Proof. 1t suffices to prove that there are canonical bijections D2 ) <> s71(v) for each n > 2
and a canonical bijection s7'(v) <» D°. For the first part let u = r,(v), write

Dy ={Xy,..., X}

and v = v(xy,...,7k,). Then we can define a map by
Xi— e (xy, .. Ty, Ty,
and as s~'(v) = {e%(z1,...,T5,...,2,) | 1 <@ < k,}, this is indeed a bijection. For the

second part we simply note that
DY ={X(e)|e€ s (v)},

so the bijection is plainly given by e — X (e). ]
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Definition 3.3.5 (The canonical enumeration). Fix an enumeration
Co={X{,.... X}, }

for all w € Vj = E%°. Then by the above lemma, there is a canonical enumeration of the
elements of D for all v € t~!(u) by simply making the canonical bijections order preserv-
ing (considering the enumeration as an ordering). We shall refer to this as the canonical
enumeration.

Definition 3.3.6. In both the purely algebraic and in the C*-algebra context, we define

q)n:¢n—lo¢n—2o---o¢0-
Thus ®,, is a surjective x-homomorphism Ly (E,C) — Lg(E,,C") or C*(E,C) — C*(E,,C").
The next few technical lemmas will provide a better understanding of the structural maps ®,,.

Lemma 3.3.7. Fiz u € E°° = V; and an enumeration C, = {X{,..., X} }. Given v €
(1), we equip D with the canonical enumeration and write D3° = {XV,..., X} }. Then
for every 1 <1 < k, there is a partition

t2n |_| ZQn xz

a:leX“
such that
Po(m)= D, D@
VEZop (z;) TEXY
for x; € X}

Proof. We argue by induction over n. For n = 1, we define

Zy(wi) = {s(y) |y € X(2:)} = s(X (i)

for every x; € X and i = 1,... k,. Clearly t;'(u) = |l,,cxu Za(z;) for every i, and we note
that s(y) # s(v') for y,y' € X (x;) with y # ¢/. It follows that

De)= D o= D> D a= ) 2. @

yeX (z5) yEX (z;) z€X(y) #)1( TEX (€% (L1, sTiyeesThy, )
=2 ) w= ) )
i (@15, ) vE€Zo(x;) TEXY

zjEX zeX;
as desired. For the induction step, let n > 1 and assume that the claim holds for n. Setting
Zonya(2:) = 19 49(Zon (1))

for z; € X" we indeed have

Tomia(U) = 1o (o) (W) = | | Zontalw:)
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for each i =1,..., k,. Furthermore,

Tonra(V |_| {s(y) |y € X(2})}

zeXy

and s(y) # s(v/) for y,y' € X(x}) with y # v/, hence

(I)2n+2($z) ¢2n+1(¢2n(q)2n xz Z Z ¢2n+1 ¢2n )

VEZan () € XY

P IRDUIDIEDDELED DD D DRD DL

VE€Zon (2;) TLEXY yEX (2)) TEX (y) V€ Zan (1;) T, EXY wes(X (a)) 2EXY
> 2 2T= > 2w
vEZan (T4) w6r573+2(y) LEEX;” WEZan42(;) xEX;”
thereby finishing the proof. ]

Lemma 3.3.8. Forx € E', n >0, and b € B,, we have

n+1( )(bn( ) n+1(37>* € Bny1 and q)n+1(x)*¢n(b)q)n+l(x) € Bny1.
Moreover, if b is a projection, then so are both of the above products.

Proof. Note that for the first part of the claim, it suffices to consider the case b = v for v € EY.
We shall argue separately for n =0, n =1, even n > 2 and odd n > 2. In case n = 0 we have

¢o(zixl) = Z#i ijeX;, v(xy, ... xE,) if s(x;)
0 it s(z;) #v

v

Dy (7)o (v) Py (2]) =

and
Oy (7)o (v)P1 (1) = Po(ziva;) = ¢o(xfx;) = s(z;) if v=u |

so in either case the result is a projection in Bj, and by the above identities the second part
of the claim is trivial. In case n = 1 we have

do(zix}) if v=s(z;)
0 if v # s(x;)

Dy ()P (x;)* = Polx;)voo(x;)* =

and
Dy () 0Py (15) = Po(s) vo(4)

N (T, Ty ey Ty )€V (X1, o Ty xy,)t v =0(2y, . Ty)

0 otherwise

for some x; € X} for j # i. Due to equation (3.1), we conclude that

Do (1)1 (v) Po(w5)" = P1(Pur(w)v®(2:)")  and  Po(w;)"d1(v)Po (i) = P1(Pu(w:) 0P (1))
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are both projections in B,. Varying v € EY results in mutually orthogonal projections, which
verifies the second part of the claim. Now we shall assume that n = 2m for some m > 1, so
from Lemma 3.3.7 we obtain

Do (1) v Pom () —( Z Z )( Z Z )

’wEZQm i) QTGXw wEZQm QTGXw

Note that s(z) # s(y) for different z,y € U,ez,, ()
vanishes or reduces to a single zz* for some z such that s(z) = v. Either way

X}’. Therefore the above term either

D1 (20) O (V) Prg1 (20)" = D1 (Pam () vPam (1))

is a projection in B,y by equation (3.2), and the second part of the claim follows as above.

Similarly
%mmwz_( Y Y. )( S Zx)

WE Zom (x;) TEX WEZom (x;) TEXY

vanishes unless v € Zy,,(7;), and in that case

Do (1) VP (2;) = ( > x) ( > x) =) s(x) (3.4)

zeX? zeX?

is a projection in B,. As we noted earlier in this proof, s(z) # s(y) for different z,y €
Uwe Lo (1) X}", hence the second part of the claim is verified in this case as well. Finally, we
consider the case n = 2m+1 for some m > 1. The part about ®o 41y (i)  P2m41(V) Po(mt1) (74)
follows immediately from the observations right above, since ¢op,41(v) € Bagni1) is a projec-
tion. For the part about o1y (i) P2mt1(V) Po(ma1)(@:)* we have

LRSS U oD o) DU L (D Wi D) OF)

WEZam (x;) Tie X yeX (x wEZam (x;) T, XY ye X (x})

due to Lemma 3.3.7. Since r(y) = s(z}) for y € X(«}), the above term will either vanish

entirely or reduce to
( > y)( > y)z > sly)

yeX () yex (x)) yex («))

for some particular w € Zy,(x;) and x} € X such that s(x}) = v. Either way the result is
once again a projection in By, hence ®o(m 1) (i) Pam+1(0)Pogmi1)(2)* is a projection in B, 4.
Once more varying v obviously gives mutually orthogonal projections, so the second claim also
follows in this last case. O

Definition 3.3.9. Recall that U denotes the multiplicative semigroup of Ly (E, C') generated
by {e,e* | e € E'} and write U, for the subset of U consisting of products of less than n
generators. Also recall that p(s) = ss* for s € U and let J,, respectively, 7, be the ideal of
Lk (E,C), respectively, C*(E, C') generated by the commutators [p(s), p(t)] for s,t € U,.
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Lemma 3.3.10. The following holds:
(a) ©,(p(s)) is a projection in B, for all s € U,, and n > 1.
(b) If n >0 and e € EJ,, then there exist f € E* and sy,. .., s, € Uy, such that
e = Pon(p(s1)p(s2) - pse)f)-
(¢) If n >0 and e € E}, ., then there exist f € E* and s1, ..., 8, € Usny1 such that

e = Pop1(p(s1)p(s2) - - - p(se) fF).

Proof. (a): We shall argue by induction. The case n = 1 follows directly from Lemma 3.3.8
since ®1(p(s)) = P1(s)po(1)P1(s*). For the induction step, assume that the claim holds for
some n > 1 and take s € U, ;. Then writing s = s1s,, with s; € U; and s,, € U,,

Qi 1(8)Pry1(8)" = Prya(51)Pn(Pr(snsy,)) Pryi(s1)”

is a projection in B, ; by Lemma 3.3.8.
(b) and (c): First observe that by part (a) we have

(I)n(slp(sn)) = (I)n(slsislp(sn)) = (I)n(slp(sn)S’{Sl) = (I)n(p<515n)51>

for all s; € U,, s, € U, and n > 1. For the problem at hand, we argue by induction once
more: To be more precise, we shall show that (b) holds when n = 0 and that, for a given n,
(b) implies (c), while (c) implies (b) for n 4+ 1. Note that (b) holds trivially in case n = 0 by
simply taking f = e. Now assume that (b) holds for some n > 0 and take e € Ej3, ,,. We may

write e = €% (x1,...,Z;,..., Tk, ) for some u € Va,, hence

e = gon(z))v(21, ..., T8,)
by equation (3.3). From the inductive assumption there are f; € E' and s{, ey sf;j € Us,
such that

;= Con(p(s])p(s]) - - p(st,) 1)
forall j =1,...,k,. In particular

Gon(2527) = Popya (p(s]) - - st )p(f5))

J

forall j =1,...,k,, hence

ofers o vtn) =[] o (p(sh) -+ pls], ) 5)

by equation (3.2). Finally, letting f = f; and applying the above observation, we get

. I CIRRTERIR § (IR e

= Ponii (p(f*é”i) (78, - (Ep(f*é’{) : -p(f*Sij)p(f*fj)) f*) :

thereby proving (c) for n. A completely similar argument shows that if (c¢) holds for n, then
(b) holds for n + 1, completing the induction step. ]
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We are finally able to prove the main theorem of this chapter in the algebraic setting.

Theorem 3.3.11. Suppose that (E,C') is a finite bipartite separated graph and define
(I)ni LK<E, C) — LK<EH, Cm)

as in Definition 3.3.6 for all n > 1. Then ker(®,) = J,, with J, as in Definition 3.3.9. In
particular, L%(E,C) is the direct limit of the Lx(E,,C")’s.

Proof. The case n = 1 is precisely the content of Theorem 3.3.1a. For general n > 1, the
inclusion J,, C ker(®,,) follows immediately from Lemma 3.3.10a. Indeed ®,([p(s),p(t)]) =0
for every s,t € U, since B,, is commutative, hence J,, C ker(®,,). We argue by induction over
n for the reverse inclusion, so assume that ker(®,,) = J, for some n. Note that by surjectivity
of ®,,, it drops to an isomorphism

ker(®,41)  ker(®,41)
In ~ ker(®,)

— ker(¢y),

and since J,, C Ju11 C ker(®,,1), it suffices to prove that ®,(J,+1) = ker(¢,). By Theo-
rem 3.3.1a, ker(¢,) is the ideal in Lk (E,, C™) generated by the commutators [eje}, exed] for
e1,69 € E’}L, and since J,, 11 is an ideal of ker(®,,1), it is enough to check that

[eleikv 6263] € (I)n<Jn+1)

for all e;,e5 € E!. Assuming first that n = 2m, we can apply Lemma 3.3.10b to obtain
fi, fo € EY and sq,...,5;,t1,...,1; € Uspyy such that

er = Pop(p(s1) -+ p(sk)f1) and ey = Do (p(ts) -+ - p(t1) £3)-
Then

lexel, exel] = oy ([p(s1) - - - p(s)p(f1)p(sk) - - p(s1), p(tr) - - p(t)p(f3)p(t) - - - p(s1)])

so the claim follows from Lemma A.2.11. A completely similar argument using Lemma 3.3.10c
does the job for odd n. This finishes the proof of the first statement.

For the second statement, we note note that L3?(E,C) = @L(E C)/J, with respect to
the quotient maps. Then, from the above proof, we have isomorphisms on each level of the
sequences below, thereby inducing an isomorphism of the direct limits

«(E,C) ALK(EDC n _o Li(E %, ling Ly (E,,C")
E O — LK(E O)/Jl — LK /JQ L%)(E,C)

Theorem 3.3.12. Suppose that (E,C') is a finite bipartite separated graph and define
o,: C*(E,C) — C*(E,,C")

as in Definition 3.3.6 for allm > 1. Then ker(®,) = J, with J, as in Definition 3.3.9. In
particular, O(E,C) is the direct limit of the C*(E,,C")’s.
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Proof. Referring to Corollary 3.3.2 rather than Theorem 3.3.1, the proof of the first statement
is identical to that of Theorem 3.3.11. For the second statement, we note that

O(E,C) = h_l’l;lo*(E, )/ T
with respect to the quotient maps due to Lemma A.3.5. Arguing as above, we then obtain an
isomorphism liﬂC*(En, c") = 0O(E, Q). O
We obtain some immediate corollaries.
Corollary 3.3.13. The canonical x-homomorphism L*(E,C) — O(E,C) is injective.

Proof. The canonical x-homomorphism L(E,,C") — C*(E,, C") is injective for all n by The-
orem 2.3.4. In particular, the induced *-homomorphism of the limits is injective — but this
is simply the canonical *-homomorphism L**(E,C) — O(FE,C). O

Corollary 3.3.14. The quotient map Lx(E,C) — L%(E,C) induces a refinement
V(LK(Ea C)) - V(L%)(Ea C))
Proof. This follows directly from Lemma 3.2.6d and Theorem 3.3.1c. [

Definition 3.3.15. Define a *-subalgebra of Li?(E,C) by By, = lim B,,. In case K = C, By
embeds into O(E, C) by the above corollary, and we define By to be the completion of By
inside O(E, C).

While it might not be apparent at first, B, and By are well known algebras.
Proposition 3.3.16. Denote by 7 the canonical semi-saturated partial representation
F— LY(E,C) or F— O(E,CQC),
and write (s) = 7(s)7(s)* = p(s) for s € F. Then By, is the x-subalgebra of L%(E,C)
generated by the £(s)’s, and By is the C*-subalgebra of O(E,C) generated by the €(s)’s.

Proof. Note that (s) is indeed an element of B, by Lemma 3.3.10a. We should to check that
each v € V,, is a sum of products of elements of the form ®,,(p(s)) for s € U. In case n = 0
this is clear by (SCK2), and for n = 1 it follows from (SCK1). Taking v € V,, for n > 2, we
have v = v(zq,...,xx,) for some u € V,,_5. Arguing as in the proof of Lemma 3.3.10b,c, the
claim follows for v by an analogue of equation (3.5). O

This gives a description of the space Q(F,C') in terms of graph-theoretic data.
Proposition 3.3.17. Defining maps
vy =1dUr,: EX =V, UV, =V, UV, 1 =E°_|,

there is a homeomorphism Q(FE,C) = @(Eg,yn). In particular, there is a basis of clopen
subsets {Q(E,C), | v € FL}, such that any clopen subset of Q(E,C) is a finite disjoint union
of such basis elements.

Proof. Taking K = C, we may regard B, as the C*-algebra C'(E?) of continuous functions on
the finite set E?, equipped with the discrete topology. Then by Proposition 3.3.16, we have

C(QUE, C)) = lim(C(ED), 6,),

and since ¢, is induced from v,,1, Q(F,C) is homeomorphic to T&H(Eg,yn). By definition
of the limit topology, any vertex v € F2 corresponds in a canonical way to a clopen set
QE,C), C QF,C), and {Q(E,C), | v € F2} forms a basis of the topology. Furthermore,
by compactness any clopen subset of Q(F, ) is a finite union of basis elements, and clearly
they can be chosen as disjoint. [



Chapter 4

The type semigroup

In this chapter we shall apply the previous results in a somewhat surprising way, enabling us
to answer a question raised by several authors. Fix a set X and a collection ID of subsets of X,
which contains the empty set and is closed under finite unions and finite intersections. The
elements of D will be referred to as admissible. Then we shall consider an admissible partial
action #: G ~ X, i.e. a partial action with X, € D and 05(A) € Dfor all s € G and A C X,
such that A € D.

Definition 4.1.1. Two subsets A, B C X are called equidecomposable, if there are disjoint
admissible unions

i=1 i=1

along with group elements sy,...,s, € G, such that A; C X 1 and B; = 0,,(A;) for each
1. That is, if A can be made into B by decomposing it into admissible pieces and applying
the partial action on these pieces. A subset & C X is then called paradoxical, if it has
disjoint admissible subsets A, B C E that are both equidecomposable with E, i.e. if E can
be decomposed into admissible pieces from which one can obtain two copies of E by applying
the partial action.

We can investigate these concepts in a systematic way by forming the so-called type semigroup.

Definition 4.1.2. We define the (relative) type semigroup S(X, G, D) as the set

{UAix{i}|A,-€D,nEZ+}
=1

modulo the following equivalence relation: We write A ~g B if there are | € Z,, C} € D,
s € G and (not necessarily distinct) ng, my € N such that Cy C X8;1 forallk=1,...,1, and

A=||Cix{n}, B=|]0.,(Cr)x {ms}.

k=1
Before we move on, we should check that ~g is indeed an equivalence relation.

Lemma 4.1.3. The relation ~g is indeed an equivalence relation, and S(X,G,D) forms an
abelian conical refinement monoid with neutral element [0], when equipped with the binary
relation

[UA <40} + [OB <) - KUA <Gi) U (OB <fu+3y)]
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Proof. Reflexivity and symmetry of ~g are trivial. For transitivity we assume that A ~g B
and B ~g C| i.e.

l q
A=||Cx{n}y , C=|]6,(Dy) x {m}
k=1 p=1
and
l q
B=| |0,(Cx) x {mi} = | | D, x {n}}
k=1 p=1
forl,peZ,, C, C ngl, D, C Xt;1 and ng, my, n,, m;, € Z,. Define
Eyp = 0,1(05,(Ck) N D,) €D

fork=1,...,land p=1,...,q. Then we have

q q
| | By = 0, ( | ]6..(Co)n Dp) =Ch

p=1 p=1
and
! !
)0 = 0, ( L]0l D, ) =,
k=1 k=1
hence

I q Il q
A= |—| |_| Ek,p X {nk} and C = |_| |_| etpsk (Ek,p) X {m/p}a

k=1p=1 k=1p=1

from which we conclude that A ~g C. The addition is easily seen to be well-defined, abelian
with [()] as a neutral element, and it is evident that this makes S(X, G, D) into a conical abelian
monoid. The refinement property is less obvious, so take A = (J_, Aix{i}, B = Uj~, B;x{j},

A= UZL Al x {i} and B' = U;nzll Bj x {j}, and assume that

KQAZ X {i}) U (jOlBj X {n—i—j})} = K;UIA; X {z'}) U (:OIB;. X {n'—l—j})].

Then there are |l € Z, C}, € D, s, € G and ni, m;, € N such that C), C Xs’:1 forallk=1,...,1,

(QAi X {i}) U (QBj X {n+j}> =k|;|lok x {ng}

and

n’ m’ l

(UA; X {2’}) U (UB; X {n’—l—j}) = | [6,,(Cr) x {ms}.

i=1 j=1 k=1

Now define
l !
Al = |_| Ck X {nk} and A2 = U Ck X {nk}
1<9mkn 1<k

1<mp<n’ n'+1<mp<n’+m/’
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along with
l l
B' = |_| Cr x {ni} and  B*= |_| Cr x {ni}.
k=1 k=1
n+1<n<n+m n+1<n<n+m
1<mp<n’ n'+1<mp<m’+n’

Then clearly [A] = [A'] + [A?], [B] = [B'] + [B?], [A'] = [A'] + [B!] and [B'] = [A?] + [B?],
hence S(X,G,D) is indeed a refinement monoid. O

We are now able to restate the definition of paradoxicality.

Definition 4.1.4. For an admissible subset F C X, we write [E] := [E x {1}]. Then FE is
called paradozical if [E] is properly infinite in S(X, G, D), i.e. if 2[E] < [E] with respect to
the algebraic preorder.

Remark 4.1.5. Note that if the collection D is in fact an algebra, i.e. if X € D and D is
closed under complements, then the monoid homomorphisms p: S(X, G, D) — [0, oo] exactly
correspond to the finitely additive #-invariant measures D — [0, oo].

Several authors (see for instance [13, Theorem 5.4 and page 13] and [11, Question 3.10]) have
raised a particular question regarding the type semigroup.

Question 4.1.6. Suppose that 8: G ~ X is a global action on a Cantor space and denote
by K the collection of compact-open subsets of X. Is the type semigroup S(X,G,K) almost
unperforated, i.e. does it satisfy

<E|n€N:(n—|—1)-a§n-b> = a<b

for any a,b € S(X,G,K) with respect to the algebraic preorder?

Example 4.1.7. There are two canonical classes of examples of abelian monoids lacking almost
unperforation with respect to the algebraic preorder. First, let 2 < m < n and consider the
monoid

M={(a|m-a=n-a).
Then M = {0,a,...,(n —1)-a}, so we clearly have 2a £ a. On the other hand, it is easily

seen that (m + 1) - (2a) < m - a, hence M does indeed not have almost unperforation.

Secondly, consider positive integers m < n such that m { n, and let M denote the submonoid
of Z, generated by m and n. Clearly m £ n in M for otherwise n —m € M, and then n —m
would be a multiple of m, hence so would n. Nonetheless we have (m+1)-m < m-n, so once
again M is not almost unperforated.

While almost unperforation may seem like a fairly peculiar property at first sight, it has some
important consequences. Here follows one of them.

Theorem 4.1.8. Suppose that M is an almost unperforated abelian monoid, or that it satisfies
the following two conditions:

o Antisymmetry: If a < b and b < a, then a = b.

e n-cancellation: If na = nb, then a = b for all n > 2.
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Then the following are equivalent for all a € M :
e a is not properly infinite, i.e. 2a £ a.
e There is a monoid homomorphism u: M — [0, 00| satisfying p(a) = 1.
Proof. See [13, Theorem 5.4 (v) = (i)] and [14, Theorem 9.1] O

For global actions 6: G ~ X on a set with D = P(X), it turns out that the type semigroup
S(X,G,P(X)) has antisymmetry and n-cancellation. From Remark 4.1.5 and Theorem 4.1.8
we thus obtain the famous result known as Tarski’s theorem

Theorem 4.1.9. Given a global action 6: G ~ X on a set X. A subset E C X is non-
paradozical (with respect to P(X)) if and only if there exists a finitely additive 0-invariant
measure ji: P(X) — [0,00] such that p(E) = 1.

Proof. For the proofs of antisymmetry and n-cancellation, see [14, Theorem 3.5, Theorem
8.7]. O]

Hopefully the above discussion has motivated the study of cancellation and order-cancellation
properties of the type semigroup. In the following we will basically show that arbitrary can-
cellation properties can fail in S(X, G, D), using the machinery we have developed over the
past chapters. We shall also consider a particular partial action 6: F ~ Q(E, C) for which the
analogue of Tarski’s theorem fails.

The first step is to establish a homomorphism between the type semigroup for an action and
the associated crossed product.

Lemma 4.1.10. Given a compact partial action 0: G ~ X on a locally compact Hausdorff
space, let K(X) denote the algebra of compact-open subsets of X. Then there is a canonical
monoid homomorphism ®: S(X,G, K(X)) = V(Cek(X) xp« G) given by

O ([A]) = [1a64]
for every A € K(X).
Proof. We only need to check that ® is indeed well-defined, i.e. we should check that
1401 = 1g,(a)01
whenever A € K(X) with A C X 1. To this end, let z = 1465-1. Then
xrt =1401 and 2'w = 1y, (a)0;
as promised. O

In our particular case, we can actually prove that the above map is an isomorphism.

Theorem 4.1.11. Let (E,C') denote a finite bipartite finitely separated graph, denote by 0 the
canonical partial (E,C)-action on Q(E,C) and set K = K(Q(E,C)). Then the map

®: S(UE,C),F,K) = V(Cx(QE, C)) x4- F)

s an isomorphism.
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Proof. We have a series of isomorphisms
V(Ck(QUE, C)) xp- F) 2 V(LR (E, C)) = lim V(L (E,,C"))

> liny M(E,, C") = M(F*, D,.),

and composing ¢ with the above composition, we obtain a monoid homomorphism
o' S(QUE,C),F,K) = M(F,, D>)

given by @' ([Q(E, C),]) = v for v € F2. Since any clopen subset of Q(E, C) is a finite disjoint
union of basis elements Q(F, C'),, this completely describes ®’. Rather than directly proving
that ® is an isomorphism, we shall prove that ®’ is an isomorphism, and we do this by building
an inverse. To this end, define a monoid homomorphism

U: M(Fy, D®) = S(Q(B,C),F,K)

by ¥(v) = [Q2(E,C),]. In order for ¥ to be well-defined, we should check that it respects the
relation v = s(X) for each X € C, and v € Vj,, i.e. that [Q(E,C),] = > x[QUE, C)se))-
Assuming n is even, for each e € X there are s1,...,s, € U, and f € E' such that

e=d,(p(s1) - plsk)f)

due to Lemma 3.3.10b. Then

ee” = O, (p(f)p(s1) - - p(sk))

since ®,(p(s)) € B, for all s € U, and

e'e = @ (f)" (Pu(p(f)p(s1) - P(sk))) Pul(f) = Pu(f)"(ee”)Pu(f),

hence

= [ree” [ =api(ee’) € LR(E,C).

We conclude that [Q(E,C)ye] = [Q(E,C).], where Q(F,C). denotes the clopen subset of
Q(E,C) corresponding to ple ) Now, since v = ) .y ee” in Lg(E,,C") we have

[Q<E7 C)U] = Z[Q(E7 C)e] = Z[Q(Ev C)s(e)]

eeX eeX

as desired. Clearly, one can argue completely similarly in the odd case using Lemma 3.3.10c.
Since V¥ is an inverse of ®’, it follows that ® is an isomorphism. O]

Remark 4.1.12. Note that Theorem 4.1.11 provides another proof of the fact that the
monoids

M(F, D%) 2 lim M(E,, C") 2 V(LR (E, 0)) 2 V(Ck (UE, C)) xq- F)
have refinement, since the type semigroup always has refinement. As this has been our only
application of Lemma 3.1.3, it doesn’t really matter that we skipped the proof of it.

Now we have all the ingredients needed to prove the main theorem in the case of a partial
action.
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Theorem 4.1.13. Let M denote any finitely generated, conical abelian monoid. Then there
exists a partial action F ~ X of a finitely generated free group on a zero-dimensional, metriz-
able compact space and a refinement

L M — S(X,F,K(X)).

Proof. By Proposition 3.2.3, there is a finite bipartite graph (£, C') such that M = M(FE,C),
and the limit morphism M(E,C) — limg M(E,,C") is a refinement by Lemma 3.2.6. The
result then follows, since we have isomorphisms

limy M (E,,C") = V(LR(E,0)) 2 V(Cx(QUE,0)) 1o F) =2 S(QE,C),F,K(QE, C))).

In particular we obtain a (strong) falsification of Tarski’s theorem for partial actions.

Corollary 4.1.14. There exists a partial action 0: F ~ Z of a finitely generated free group
on a Cantor space and a non-paradozical (w.r.t. K) clopen subset A C Z, such that u(A) = oo
for every finitely additive, 6-invariant and non-zero measure p: K — [0, oo].

Proof. Let 2 < m < n and consider the graph (E,C) := (E(m,n),C(m,n)) defined as follows:
Set

E°={u,v}, E'={e,fij|1<i<m,1<j<n}, r(e)=v, and s(e)=u

for all ¢ € E' along with C, = {X,Y}, where X = {ey,...,ep,} and Y = {f1,..., fu}. Or
represented graphically, (£, C') is the following graph

o
Then define Z = Q(F, C') and let 6 denote the canonical action F ~ Z. From Theorem 4.1.13
we have a unitary embedding

t: M(E,C)=(u|m-u=n-u) = S(Z,F,K),

and we define A := Q(F,C),. Then 2u £ u and ¢(u) = [A], hence A is not paradoxical. Note
that [A] is an order unit of S(Z,F,K), meaning that for any a € S(Z,F,K) there is some
k € N such that a < k- [4], since [Q(E,C),] = m[A]. Thus, if u is a non-zero measure we
must have y1(A) > 0. On the other hand, since m - [A] = n - [A] we also have

m - p(A) =n- pu(A),

and so we conclude that p(A) = oco. It will follow from Proposition 5.3.6 that Q(E,C) is a
Cantor space. O

In the following we shall extend the above results to the case of a global action. Suppose that
0: G ~ X is a partial action on a set X and that 8: G ~ Y is a globalization, i.e. # is the
restriction of 3 to X and Y = (J,. Bs(X). Consider an algebra D of admissible subsets of Y,
such that 8 is an admissible action and X is an admissible subset. Then we define an algebra
of admissible subsets of X by
Dix ={ANnX | AeD}.

Note that 6 becomes admissible, so we can consider the relationship between the associated
type semigroups S(X,G,D|x) and S(Y,G,D). In general, the former embeds into the latter:
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Proposition 4.1.15. The canonical homomorphism S(X,G,D|x) — S(Y,G,D) given by

{UAZ‘ X {z}] > {UAZ X {z}]

i=1 X i=1 Y

18 1njective.

Proof. The map is clearly well-defined since 6 is the restriction of 5, and any admissible subset
of X is admissible in Y as well. For injectivity assume that

{Q&xmhz[g&xuﬂ

By definition there is | € Z,, Cy € D, s € G and ni,m; € N for all £ =1,...,[ such that

Y

UAi x {i} = |_| Cr x {nx} and U By x {j} = |_| Bs.(Cr) x {my}.

Since A; C X for each i, we must have Cy, C X for all k, hence C} € D|x. Likewise we have
ﬁsk(ck) C Bmk A /85k<X) cX ﬂﬁsk(X> = XSk’
hence C), C ngl. It follows that

m l
U By x (i} =[] 0s.(Ci) x {my},
Jj=1 k=1

and so
n

{g&xmhe{g&xﬁﬂx

as required. O

With very mild additional assumptions we also gain surjectivity in the case D = K.

Proposition 4.1.16. Assume that Y is a Hausdorff space, and X is a compact-open sub-
set. Then K(Y)|x = K(X), and the canonical map S(X,G,K(X)) — S(Y,G,K(Y)) is an
isomorphism.

Proof. Since Y is assumed to be Hausdorff, the intersection of two compact subspaces is com-
pact, and therefore K(X) = K(Y')|x. We have already seen that the canonical homomorphism

is injective, so we must only check surjectivity. Now, the classes [B]y for B € K(Y') generate
S(Y,G,K(Y)), so it suffices to prove that there are A;,..., A, € K(X) such that

n

> Ay = [Bly.

i=1
By assumption Y = J, s 8s(X), so there are s1,...,s, € G such that B C |J!_, f,,(X) due
to compactness of B. Now define admissible subsets

By = BN j,,(X)

By = (BN s, (X)) \ B

Bs = (BN s (X))\ (B1 U By)

B, : (BN B, (X)) \(B1U...UB,_1)
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of Y such that B = | |, B;. By construction B; C [, (X), hence A; = §,-1(B;) defines an
admissible subset of X. Moreover, the canonical homomorphism maps [4;]x to [B;ly, so it
maps y ., [A;]x to [Bly. O

Now we only need a minor ingredient in order to obtain our main result on the type semigroup
for global actions.

Lemma 4.1.17. If0: G ~ X is a global action on a locally compact Hausdorff space, then it
extends to a global action 6°: G ~ X*® on the one-point compactification X*® of X. Moreover,
there 1s a canonical order embedding

S(X, G K(X)) — S(X*, G, K(X*)).

Proof. Write X* = X U {e} and extend each 65 by 62(e) = e. Then 6, is a homeomor-
phism of X°®, and clearly the assignment s — 62 is an action. Arguing as in the proof of
Proposition 4.1.15, there is a canonical injective homomorphism

S(X,G,K(X)) = S(X*,G,K(X*)),
and it is straightforward to verify that it is an order embedding. ]

Theorem 4.1.18. Let M denote any finitely generated, conical abelian monoid. Then there
exists a global action T ~ X of a finitely generated free group on a zero-dimensional, metrizable
compact space along with an order embedding M — S(X,F,K(X)).

Proof. From Theorem 4.1.13 there is a finite bipartite separated graph (£, C') and a unitary
embedding M — S(Q(E,C),F,K). Then Q(E,C)® is a zero-dimensional locally compact
Hausdorff space due to Remark 1.3.5 and Proposition 1.3.7, and by Proposition 4.1.16 there
is an isomorphism

S(QE,C),F,K)— SQE,C),F,K).
Finally S(Q(E,C)¢,F,K) order embeds into S((Q(E,C)¢)*,F,K) by Lemma 4.1.17, and
X = (Q(Ev O>e)'

is a zero-dimensional compact Hausdorff space. Such a space is always metrizable due to the
Urysohn Metrization Lemma. O]

We can almost extend Corollary 4.1.14 to the case of a global action:

Corollary 4.1.19. There exists a global action 0: F ~ Z of a finitely generated free group on
a Cantor space Z and a non-paradozical (w.r.t. K) clopen subset A C Z, such that u(A) = oo
for every finitely additive 6-invariant measure p: K — [0, 00| satisfying pu(A) > 0.

Proof. Let 2 < m < n and consider the graph (E,C) := (E(m,n),C(m,n)) as defined in
Corollary 4.1.14. Then the statement holds for the action

0°):F (QUE,C))®

with A = Q(F, (), precisely as in the proof of Corollary 4.1.9. Note that Q(E,C)° contains
no isolated points, since this is the case for Q(E, C), and hence neither does (Q(E,C)¢)*. O

Note that the above proof establishes a definite negative answer to Question 4.1.6. Before we
close this chapter we also extend Theorem 4.1.11 to the global setting.
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Corollary 4.1.20. Denote by (E,C') a finite bipartite separated graph. Then the map
P S(Q(E, C)e,F, K) — V(CC,K(Q(E, C)e) X (e )+ IF)
s an isomorphism.

Proof. Write X = Q(E,C) and Y = Q(F,C)°. We observed in Proposition 1.3.8 that the
inclusion
CK<X) Xg« F — CQK(Y) X (e )= F

maps onto a full corner of the codomain, hence the induced homomorphism of V-monoids is
an isomorphism. Noting that the diagram

S(X,F,K(X)) BE S, V(Cx(X) xg- F)

| -

S(Y,F,K(Y)) T V(Co,x (Y) X gey F)

commutes, that the left map is an isomorphism by Theorem 4.1.16 and the upper map is an
isomorphism by Proposition 4.1.11, it follows that ®y is an isomorphism as well. O






Chapter 5

Descriptions of F ~ Q(FE, C)

In this chapter, we will provide descriptions of the canonical partial (F, C')-action in terms of
data from the graph (£, C'). This will allow us to characterize the graphs, for which the action
is topologically free. We shall continue to work under the assumption that (F,C) is a finite
bipartite graph.

5.1 Q(E,C) as a subspace of 2

As we have seen, O(F, C) is the universal C*-algebra for semi-saturated partial representations
satisfying the relations (PI1)-(PI4), see Proposition 2.2.9 and Corollary 2.3.7. These relations
are expressed solely by the final projections of the partial representation, hence they can be
translated into relations R on C(Xp) using the machinery of Section 1.5. For this, we need
the following minor lemma:

Lemma 5.1.1. Assume that G has a length function | - |, let 0: G — A denote a partial
representation and write €(s) = o(s)o(s)*. Then o is semi-saturated if and only if (st) < e(s)
for every s, t € G such that |st| = |s| + |t].

Proof. 1f |st| = |s| + [t|, then by the identity ||zz*|| = ||z||* and Proposition 1.2.12
lo(s)a(t) —a(st)|* = lle(st) — o(s)e(t)o (s~ )l = lle(st) — (st)e(s)]l

hence o is semi-saturated if and only if e(st) = e(st)e(s) for all such s,¢. But this exactly
means that e(st) < e(s). O

Apply the notation of Section 1.5. With the above lemma in mind, we can translate the
defining relations of O(E, C) into the following set of relations on C'(X):

(F1) gl;=1ldy—bdeplo foralle, f e X € C.

(F2) gif = 1.1 — 1, for all e, f € E' such that s(e) = s(f).
(F3) g%y = Yeex Le = Doeey Le for all X,Y € C, and v € E*°.
(F4)

9t = =143 oo Deex, Le + D pepor 1.1 for a choice X, € C,, for each v € E*,
and a choice e, € s~!(v) for v € E%!.

(SS) g2, = 141 — 14 for all s,¢ € F such that [st| = |s| + [t].



72 CHAPTER 5. DESCRIPTIONS OF F ~ Q(FE,C)

Denote by R the above set of functions and write 2 = 2z. Then by Proposition 1.5.6 and
Proposition 2.3.7, we have an isomorphism

U: C(Q) Xgu F = C(QE, C)) %, F

satisfying ¥ (7(s)) = o(s) for all s € F, with 7 and ¢ being the canonical partial representa-
tions. Since C(£2) is generated by the €.(s)’s and C(Q2(E, C)) is generated by the ,(s)’s, ¥
restricts to an isomorphism C(Q2) — C(Q2(E,C)). Moreover

V(ag(g)or) = W(r(s) - (901) - 7(s)) = 0 (s)W(gd1)o(s)" = os(¥(gd1))

for all s € F, so ¥ is an equivalence of the partial actions.

For the rest of this chapter, we will simply regard the partial action F ~ Q(E,C) as the
one defined just above. In the following we shall give an explicit description of the points of
Q(E,C) in this picture. We will need the following definitions.

Definition 5.1.2. A subset w C F is called convex if
[t™ts| = [t r| 4 |r s

for s,t € w implies r € w. Intuitively, this means that w contains the shortest path in the
Cayley graph of F connecting any two points s,t € w.

Definition 5.1.3. For w C F and s € w, the local configuration w, of w at s is the set of
elements t € E* U (E')™!, such that st € w.

Lemma 5.1.4. w € P(F) is convex if and only if it satisfies (SS).
Proof. Let r,s € F and assume that |sr| = |s| 4+ |r|. Then for ¢ € w we have
gg”r(t_lw) =[srettw][s et tw] —[sr € t7lw] = [tsr € w]([ts € w] — 1)
=1l—-Jtsrew|(l-[tscw|—1)=[tsr cw=tscw|—1,

hence w satisfies (SS), if and only if tsr € w implies ts € w for all t € w and all s, with
|sr| = |s| + |r|. We claim that this is equivalent to being convex. Assuming first that w is
convex, take t € w and s,r € F such that |sr| = |s| + |r| and tsr € w. Now put ' = ts,
s’ =tsr and t' =t. Then s',t' € w and

0151 = fsr| = lsl +Irl = [£79') + s,
hence ts = 1’ € w as required. For the converse implication, assume that s, € w and
[t7ts| = [ttr| + |r~'s| for some r € F. Then put v’ = r~'s, s =t~ 'r and ¢’ = t and note that
|| = [t™"s] = [t + [ s = ||+ ).

Furthermore, s’ = s € w and ¢ € w, hence r = t's’ € w. O
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Now we have the following description of the configurations.
Proposition 5.1.5. An element w € P(F) belongs to Q(E,C) if and only if
(a) 1€ w.
(b) w is conver.
(c) For every s € w, there is some v € E° such that one of the following holds:
(c1) Ifv € E%', then ws = s~ (v)~h.
(c2) If v € E®C, there is a unique element ex € X for each X € C,, such that

ws ={ex | X € C,}.

Proof. In view of Lemma 5.1.4, it suffices to prove that w € P(F) satisfies (c) if and only if it
satisfies (F1)-(F4). Due to Proposition 1.5.4, (F1)-(F4) amounts precisely to the following for
each s € w:

o [ X Nuws <1forall XeC.

e s (o) T Nwy,=s1(v) P orsH(v) ' Nw, =0 for all v € E%L.

o [ X Nws|=|YNuw,foralve E* and X,Y € C,.

e For some choice X, € C, with v € E°? and e, € s7(v) with v € E%', we have

w5ﬂ<{e;1|v€E0’l}U |_| XU)‘:L

ve R0

For instance, w € P(IF) satisfies (F1) if and only if
[se € W] [sf € w] = 1.(s7'w)1;(s7 W) = S ple(s7 W) = 6y - [s€ € W]

for all X € C, e,f € X and s € w, which holds if and only if | X Nw,| < 1 for all s € w.
Clearly the above conditions correspond to (c). O

Remark 5.1.6. Note that w € Q(FE, C), with v € E*?_ if and only if w satisfies (c2) at s = 1,
and w € Q(F, (), with v € E%'| if and only if w satisfies (c1) at s = 1.
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5.2 F-functions

While the results of the previous section simplifies the description of the partial action greatly,
it does involve a rather intricate presentation of the configurations. In this section, we will
give a description of the configurations of type (c1) at 1 in terms of so-called E-functions that
provide a better understanding of the zig-zag nature. As we have disjoint unions

AUE,C)y = | | UE,C).

eeX

for all v € E*? and X € C, along with homeomorphisms 6.: Q(E, C)4.) — QE, C), for all
e € B, this provides a description of the entire space. We shall work under the following
assumption in order to avoid all sorts of trivialities.

Assumption 5.2.1. (E,C) is a finite bipartite separated graph satisfying |C,| > 2 for each
v e E%0,

This is justified by the following observation.

Proposition 5.2.2. If (E,C) is_a finite bipartite graph, then there is a finite bipartite graph
(E,C) with |C,| > 2 for allv € E* and a number n > 0 such that

o Li(E,C) is Morita equivalent to L (E,C) & K™,
o L%(E,C) is Morita equivalent to L2 (E,C) & K™,
o C*(E,C) is Morita equivalent to C*(E,C) & C",
o O(E,C) is Morita equivalent to O(E,C) & C".
Proof. Let V = {v € E° | |C,| = 1} and define a complete subobject of (E,C) with
E°=E°\V and E'=E'\r}(V).
Then we obtain the requested graph as a complete subobject of (E,C) by setting
B0 B00 O _ (BY) and B' = B

Note that ¢ = ) _zo v defines a full projection in Lx(E,C). Indeed, if I < Lg (£, C) contains
q, then e = eq € I for all e € E' and thus v = >, _yee* € I forall v € V and X € C,.
Finally we note that

qLx(E,C)q = Lg(E,C) = Lg(E,C)® (v|ve E°\ s(E")) = Lg(E,C) @ K"

withn = |[E°|—|s(E")|. Denoting the J-ideals of (E, C') and (E, C) by J and J, we clearly have
J = J since E* = E', and the deleted vertices of E° are isolated. It is also straightforward to
verify that J = ¢Jgq, hence

qL(E,C)qg= L (E,C) = Li(E,C) @ (v | v e E°\ s(E")) = L (E,C) & K"

as desired, and ¢ is full in L3(E,C). The very same arguments apply to C*(E,C) and
O(E,C). 0



5.2. E-FUNCTIONS 75

We shall give the rather technical definition of an E-function just below, but first we should
understand the motivation for this concept. Assume that w € Q(F, C), for some v € E%', and
regard w as a subset of the Cayley graph of F. Recall that w; = s7!(v)~! by Remark 5.1.6,
and since the local configuration w.-1 contains e for all e € s7!(v), it must be of type (c2).
Thus w.-1 involves a choice ex € X for each [e] # X € C,, and different choices would have
determined another configuration. Now, the local configuration w.-1., contains e}l, hence it
must be of type (cl), i.e. we-1., = s *(s(ex)). Continuing this way, we can build up w by
making “the right choices”, and the point of E-functions is precisely to formalize this descrip-
tion of the configurations in terms of choices.

For X € C, we define Zy = HYECWY#X Y, and for a particular Y € C, such that Y # X
we denote by 7y the projection Zxy — Y.

Definition 5.2.3. A partial E-function for (E,C') is a finite sequence

(1, 91), (Q2,92), - -, (Qn, gn),
where each g; is a function Q; — (J vec Zx satistying
(a) Q1 =s'(v) CF for some v € E%!, and gi(e) € Zjq for all e € s71(v).
(b) For each i > 2, €; C F is the set of elements
€oi 1€ 9€oi_3 " - €365 €1,
such that

—1
® ey 3 -e3ey €1 €8y,

e assuming g;_;(eai_3---ese;'e;) € Zx with X € C,, there is some X # Y € C, such
that

egi—o = (my 0 gi—1)(e2i—3 - 6365161)7
b S(eQi—l) = S(€2i—2) and eg; 1 7’é €2;—2.
(c) The functions g; satisfy g;(esi—1€5; o€0i—3 - €365 €1) € Zjey, ,]-

Finally, an E-function is an infinite sequence {(€2;, g;) }i>1 such that

(Qb gl), (QQJ 92)7 SR (QTH gn)

is a partial F-function for each n > 1. Note that a partial F-function can always be extended
to a proper E-function.

The following proposition will hopefully shed light upon the meaning of this definition.

Proposition 5.2.4. Let v € E%'. Then the points of Q(E,C), are in one-to-one corre-
spondence with the set of E-functions {(,g;)}i>1 such that Q; = s7'(v). If w € Q(E,C),
corresponds to {(§2, g;) }i>1, then the partial E-function

(Qlagl)a sy (Qnagn)

corresponds to a clopen neighbourhood i, of w, and if V' is any open neighbourhood of w, then
L, C V for somen € N. Moreover, ifw' € Q(E,C), corresponds to {(§2, g) }i>1, then w' € 4L,
if and only if QU = 2 and g; = ¢ for all 1 < i <n.
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Proof. Given a point w € Q(E,C),, w satisfies (cl) at 1 by Remark 5.1.6. Hence, for any
e € s H(v) we have e™! € w, and w satisfies (c2) at e~'. Therefore there is a unique element
g1(e) € Z such that e 'wy(gi(e)) € w for all X € Cp) with X # [e], and in particular
(Q1,91) is a partial E-function. Now assume that we have extended this to a partial E-
function (Q4,¢91), ..., (2, gn) such that

1

- -1 -1 -1 -1
€1 €265+ €223, 1Tx(gn(€2n-1€0, " - €365 €1)) E W

for each t := eg,_1€5, o+ €365 '€ € Q, and X € Cp(e,, ;) With X # [es,_1]. Then the local
configuration of w at t~'mx(g,(t)) contains mx(g,(t))~!, hence it satisfies (c1) and
Wity (gu(t)) = 5 (5(e20)) 7"
Defining €2, 1 to be the set of elements €2n+1€27.}t such that
ot =gy 16y 5 -eyte; € Qy,

o ¢y, = mx(gn(t)) for some X € C, y with X # [ean—1],

(6271— 1

® o1 € 871(5(62n)) \ {6271}7

it therefore satisfies the conditions of Definition 5.2.3. Finally, the local configuration of w
at r =t leges,; ., satisfies (c2), hence there is a unique element g,,41(r) € Z,,,,] such that
r 7 x (gna (1)) € w for all X € Cy y with X # [eg,41]. We conclude that

€2n+1

(Qla 91)7 ey (Qn—‘rh gn+1)

is a partial E-function, hence w determines a unique E-function.

Conversely, given an E-function {(€;,g:;)}i>1 such that Q; = s7(v), we can define an ele-
ment w € Q(F,C), by

w={1}U |_| G U{t mx (i) [t = exiaeqly - eyter € Dy [eaia] # X € Crey, )}
i>1

Surely these two constructions are mutual inverses. Now if w corresponds to {(€2;, g;) }i>1, to
every partial E-function (1, ¢1),..., (2, g,) we associate the set

U, = N N QE, C)t-trx (gi(1))-

i=1,...,n e2i—1|#XEC, (o .
t=eg;_1--€1 GQi [ ' } rlezi-1)

Surely 4, is a clopen neighbourhood of w. If V' is any open neighbourhood of w, then by
definition of the topology on Q(E, ('), there are finitely many sy, ..., sy € w such that

k
we[UE,C), CV.

=1

But clearly 4, € N5, Q(E, C),, for sufficiently large n, hence w € 8, C V. If ' € Q(E, C),
corresponds to {(2, ¢i)}i>1, then surely w’' € 4, if and only if Q; = Q) and g; = ¢, for
1=1,...,n. 0]

Finally we give an explicit description of the action on E-functions.
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Lemma 5.2.5. Given a reduced word s € F, we have Dom(6s) = 0 unless

s=fu'enfiien1 o filer €F,
with r(e;) = r(fi), lei] # [fi] foralli=1,...,n and s(f;) = s(e;41) foralli=1,...,n—1. In
that case, regard 04 as a map of E-functions. Then the domain of 0 consists of the E-functions

g = {(%, i) }is1 such that Q; = s7(s(ey)) and

fi=ma(gilef e+ filer))

for alli = 1,...,n. Likewise, the range of 65 consists of the E-functions g = {(€2, g}) }i>1
such that Q) = s~ (s(f,)) and

e; = e, (g (fier s firn - e f)

foralli=1,....n. For g € Dom(b;), write g = 0,(g). If xoj_125; 5 w325 w1 € Q; and
1 # ey, then

Gy j(T2j 1T g -~ X3y wrey fr- et fo) = gn (Wi 125; o - - X325 1),

Proof. The claims concerning the domain and range of 6, follow directly from Proposition 5.1.5
and Proposition 5.2.4. Consider the other claims and write

w € Q(E, C)s(el) and ' € Q(E,C)s(fn)
for the elements corresponding to g and g’, respectively. Also write
b — -1 —1
= 5132]'_1.%'2‘772 cr o T3Ty .

From t~! € w and W' = sw we get st~! € ', and since e; # x; we must have ts~! € ., We
deduce that

{mx(g5(1) | X € Crian;_1), X # [12j1]} = w1 = Wiy
= {77-X<gn+j(t3_1) | X € CT(I2J'71)>X 7é [x2j—1]}a

hence g;(t) = gnij(ts™1). O
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5.3 Topologically free actions

In the following we shall give a characterization of the graphs (E, C') (still satisfying Assump-
tion 5.2.1) for which the canonical partial action is topologically free (see Definition 1.3.1).
As we noted in Section 1.4, this is of particular importance when investigating the reduced
crossed products. We will be working with paths in the so-called double E of E, defined by
E° = EY and E' = F' U (E')* with extended range and source maps such that r(e*) = s(e)
and s(e*) = r(e). First, we need a couple of definitions.

Definition 5.3.1. A path ~ in E is called admissible, if for any subpath e* f we have le] # [f],
and for any subpath ef* we have e # f, with e, f € E*. A closed path in (E,C) is a non-trivial
admissible path v = €5 es,_1 - esese; in E, such that s(e1) = s(ean), and a cycle in (E,C)
is a closed path v, such that e; # ey, and s(eq—1) # s(ey;) for all 1 <i < j < n. An entry
based at w € E%! is a non-trivial admissible path fo,, 1f5., 5" f3f5 f1, such that s(f;) = w
and there is some X € C(s,,, ,) with X # [fon—1] and |X| > 2. Finally, given a closed path
v in (E,C) with notation as above, an entry of v is an entry based at s(ey).

Definition 5.3.2. The graph (F, C) is said to satisfy condition (L), if any cycle in (E, C) has
an entry.

Before we can examine topological freeness of the canonical partial action, we need a couple
of purely graph-theoretic lemmas.

Lemma 5.3.3. Denote by v = e}, 0,1 - - esese1 a closed path in (E,C'), and assume that for
some 1 < i < n there exists an admissible path

v= f2m—1f2*m—2 T f3f2*f1’

such that s(fi) = s(ey) and | X| > 2 for some X € Cyy,,,_,) with X # [fom-1]. Then v has
an entry.

Proof. It f1 # eq;, then surely vej,eq; 1 - - - esese; is an admissible path and thus an entry of
v, so we shall assume that f; = ey;. We will divide the problem into a number of cases. If
m >1+ 1 and

fi=ea, fo=e2i1,..., for = e,

then fo,—1fom_o+ " [5i4 0 2i41 1 an entry for v. If m <4 and

f1 = €924, f2 = €2—15--- ,f2m—1 = €2;—2m+2,

then there is X € Cy(f,,,_1) = Creni_smis) = Cr(eas_smiy) Such that [X| > 2 and eg;_opmi0 & X,
hence €2;_94+2€5;_9my3 " " €5,_1€2n 1S an entry for . Also, if

f1 = €2i,f2 = €21y ,f% = €2;—2k+1
for some k < i but for1 # e, then

Jom—1Som—o " Jorrofors1€3; _or€oiok—1- - €365€1

is an entry for . Finally, we consider the case where

f1 = €2z‘,f2 = €2—15--- 7f2k:+1 = €2;—2k
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for some k < i, but foio # egi—op—1. Write v = V' f5 5 for1 -+ f3fs fi with v/ a non-
trivial admissible path. If [fogio] = [e2i—ox—1], then |[ea;_ok_1]| > 2 since e9;_op_1 # fort2 by
assumption, hence in that case eg;_sre3; oy, - - €5, 1€2, is an entry for v. If, on the other

hand, [f2k+2] # [621'—%—1], then
V/f§k+2@2i—2k—16§z'—2k—2 S 36561
is an entry for ~. This finishes the proof. O]

Lemma 5.3.4. Assume that (E,C) satisfies condition (L). Then every closed path in (E,C)
has an entry.

Proof. Given a closed path v = e} ea,_1 - - €5e1, we can assume that s(eq;_1) # s(eq;) for all
1 <i < j < n. Indeed, if there are 1 < i < j < n such that s(ez_1) = s(ez;), then choosing
(7,7) with j — i minimal, we have s(egx—1) # s(ey) for all ¢ < k <[ < j. We have thus
obtained a closed path ej;ez; 1 - - - €5,€9;—1 with the required property, and by Lemma 5.3.3, it
suffices to prove that this path has an entry.

Now if e; # eg,, then v is a cycle and therefore has an entry by assumption. Assuming
e1 = eg,, we must have n > 2 and we claim that ey # €5, 1. For n = 2 this is trivial, and if
n > 3, then

s(e2) = s(ez) # s(ean-1)) = s(€2n-1),

so in particular ey # ey, 1. We have r(es,—1) = r(ea2,) = r(e1) = r(ez), and we shall divide
the problem into the two cases [ea,_1] = [e2] and [eq,,—1] # [e2]. Assuming the former, we must
have |[es]] > 2, and so e; is an entry for «. If, on the other hand, [es,_1] # [es], then

* * *
626271*1627172 cee 656463

is a cycle, hence it has an entry by condition (L). It follows from Lemma 5.3.3 that v has an
entry as well. O]

Theorem 5.3.5. Suppose that (E,C) satisfies Assumption 5.2.1. Then the canonical partial
action is topologically free if and only if (E,C) satisfies condition (L).

Proof. First, assume that (£, C') does not satisfy condition (L) and denote by
V= €5, €m—1 " - €3€5€1

a cycle in (E,C) with no entries. Also write s = ey €9, 1---e3e;'e; € F. Then one can
easily see, proceeding inductively, that there is a unique E-function {(£2;,¢;)}i>1 such that
Q= s7'(s(e1)). Denote by w the point in Q(E,C)ye,) corresponding to the unique E-
function. Then Q(E,C),-1 and Q(E, C), are both non-empty subsets of Q(E, C')4,) since v is
a cycle, hence they both equal {w}. In particular {w} is a s-invariant subset with non-empty
interior, so the action is not topologically free.

Now assume that (E,C') does in fact satisfy condition (L). Given any s € F, we shall prove
that the set of fixed points of #; has empty interior. From Proposition 5.1.5 it follows that
that we need only consider words s € F, where the letters oscillate between belonging to E!
and (E')~'. We may also assume that the first and last letter in s do not both belong to E*
or (EY)~! for then 6, will have no fixed points at all. Indeed, if w is a fixed point of §, with s
of this form, then both s € w and s™! € w, so by convexity of w, the local configuration of w
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at 1 will contain both an element of E' and (E')™!, which is a contradiction. First, we shall
consider a non-trivial reduced word of the form

S = fn_len .. fl_leh

and we may assume that Dom(6;) # (), for else the claim is trivial. From Lemma 5.2.5 it follows
that r(e;) = r(f;) with [e;] # [fi] for all t = 1,...,n and s(f;) = s(e;1) fori =1,...,n—1,
le.
Y= fatn - fier

is an admissible path. Surely we can also assume that there actually is some fixed point w
of 0, and we denote by g = {(, g;) }i>1 the corresponding E-function with Q; = s7!(s(ey)).
On the other hand, since 0s(w) = w it follows from Lemma 5.2.5 that Q; = s7!(s(f,)), so
s(e1) = s(fn). We conclude that ~ is a closed path in (£, C).

In the following we shall suppose that e; # f, and let V' denote an open neighbourhood of
w. Then by Proposition 5.2.4 there is an clopen neighbourhood 4l of w corresponding to each
partial E-function (Q1,¢1),..., (%, gx), and choosing k& > n to be sufficiently large we will
have i, C V. We shall construct a point w’ € 4 such that 0,(w') # w'. It follows from
Lemma 5.3.4 that v has an entry

* *
n = .172]‘_1[E2j_2 crT3ToT.

Being an entry, 7 is an admissible path with s(z1) = s(e1), having [x9;_1] # X € Cray,_)
with | X| > 2. Assuming that j is minimal with this property, we must have

,_ -1 -1
t.= .’132]',117%72 T3 Ty T € Qj.

Indeed x; € s7!(s(e1)) = Q1, and assuming that zy;_ 125", - - - w375 21 € ; for some i < j we
should prove the identity

T2i = Tz, (9i(T2i-1%2i—2 - - - w3z T)).

From 7 being admissible we have r(x9;_1) = r(xg;) but [xe;_1] # [xe;], and by minimality of j
it follows that |[zo;]| = 1. Thus xy; is the only possible choice in [x9;], and the identity holds.
Picking a positive integer m with mn + j > k, we shall divide the argument into two cases.

Suppose first that e; # z1. Let o’ denote the element corresponding to the E-function defined
as follows: For 1 <[ < mn + j — 1 define ) = €, g = g and take X € Ci,, ;) with
X # [x9j-1] and |X| > 2. Then there is some = € X with = # 7x(g;(t)), and we define

Tx (G (B™™)) = .

Apart from this, we define g, ; arbitrarily and also extend the partial E-function

(Qllv gi)v (9/27 g;)v ) (Q;nn—l—j’ g;rm—i—j)

arbitrarily to an E-function {(€2, ¢})};>1. Since k < mn + j — 1 we have (€, g;) = (2, g}) for
all 1 <7 < k, hence ' € V. Finally we need to check that w’ is not fixed by 6,. We have
ts™™ € Qi since e; # 1 by assumption, and in order to reach a contradiction we suppose
that w’ is actually a fixed point. Then by Lemma 5.2.5 we have

T = Tx (G5 (ts™™)) = mx (g5(1)) = 7x(9; (1),
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contradicting the fact that wx(g;(t)) # .

Now assuming that e; = x; we have x; # f,, since we are also assuming that e; # f,.
Proceeding as above with the element ts™™ replaced by ts™, we obtain a non-fixed point
wel.

We shall use what we have just proved to cover the rest of the cases. First suppose that s is
of the form

-1 - -1
s = enfn—l ce f1 161f0

with e, # fo and n > 1, and assume that V is a non-empty open set of fixed points of 6.
From Dom(f;) # () we deduce that f* je, 1--- ffe; is an admissible path, s(fy) = s(e1) with
fo # e1, and s(e,) = s(fn_1) with e, # f,_1. Moreover, since 6, has a fixed point w, we must
have both s € w and s™! € w, hence e,, fy € w;. Since we have assumed that e, # fo, we get
[en] # [fo]. Now define t = fy e, f. ' en1--- fi 'er and note that surely fol(V) C Dom(#;).
Since ’

9,5((9 —1((.0)) = 9 —1((4.)) = Qfo—ls(w> = €f0_1(w)

for any w € V, we conclude that 6 —1(V) is a non-empty open set of fixed points of 6;,
contradicting the first part of the proof

To deal with the remaining two cases, we consider the statements

(a) the set of fixed points for §; has empty interior if s is of the form
s=eenfylien 1 filen,
(b) the set of fixed points for 65 has empty interior if s is of the form
s = fOfn_len T fl_lelf()_17
for n > 1. We shall prove that

(a) holds for n = (b) holds for n = (a) holds for n + 1,

so first we assume that (a) holds for n. Consider an element s of the form

s= fofy ten fileify !

and define t = f'e, --- f;{ 'e;. Once again, let V denote a non-empty open set of fixed points
of 5. Then surely 9f51(V) C Dom(6;) and

Gt(Gfo_l(w)) = etfo_ls*1 (w) = Qfo_l(w)

for all w € V', hence 0 _1(V) is a non-empty open set of fixed points for #;. However, this
contradicts either the ﬁrst part of the proof or the 1nduct1ve assumption. Now suppose that
(b) holds for some n > 1. Given s = e} *e,41f; ‘e, -+ f; ‘€1, we assume that V' is a non-empty
set of fixed points of #, and define t = e, 11f; e, - -eaf;'. Then surely 6., (V) C Dom(6,)
and

01(0c,0) = 0:(0ey (051 (W) = Ore, 1110, (W) = bey (W)

for all w € V, so 6,,(V) is a non-empty open set of fixed points of #;. But depending on
whether e, 1 = f; or e,y1 # fi1, this contradicts the induction assumption or what we have
just shown above. As (a) trivially holds for n = 1, this finishes the proof. O
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Recall that a compact zero-dimensional and metrizable space is a Cantor space (of which there
is only one up to homeomorphism), if it contains no isolated points. We are also able to give
sufficient conditions for Q(E, C) to be a Cantor space.

Proposition 5.3.6. Assume that for each w € E%! there are entries

€an1€5, 5" - €363e1 and  fon 1fo, o fsfo fi
of w with ey # f1. Then Q(E,C) is a Cantor space.

Proof. We first note that Q(E, C') is a Cantor space, if and only if Q(F, C'),, is a Cantor space
for all w € E%' — this is a direct consequence of Definition 2.4.9. Therefore we consider some
w € Q(E,C), with w € E% and denote by {(, g:;)}i>1 the E-function corresponding to w.
Then given any n € N, we should construct another E-function {(§2,¢;)}i>1 with Q; =
and g; = ¢. for all i < n. We of course define the partial E-function (€},¢1),..., (2, 4.)
accordingly, and we will automatically have €/, = Q,, as well. Now take any

-1 -1 !
€2n+1€9, E2n—1 " " €3€C9 €1 € Qn—l—l'
Then by assumption, there is an entry

me—lf;m—Q s f3f2*f1

at s(es,) with fi # eg,, and we can assume that m is chosen minimally. Setting 2, = €2; and
gi=g;forn+1<i<m+n—1as well, we have

f2m—1f2_77}0—2 ce f3f2_1f1€2_nl€2n—1 s 6362_161 S Q/m+n-

Then there is some color [fon,—1] # X € Cr(s,,,_,) With | X| > 2, and we simply define

X (gvl’n+n(f2mflf2;r172 o fafs t freg, ean1 - - esey e € Q;nJrn))
to be different from
X (gm+n(f2m—lf2_m1—2 T f3f2_1f162_7362n—1 T 6362_161 € le-l—n)) .

Finishing off the definition of g, ., arbitrarily and extending (91, 91),..., (2,10, Grpin) aI-
bitrarily to an E-function {(€2,¢})}i>1, we have obtained an FE-function with the desired
properties. O]

Likewise, we can give sufficient conditions for the existence of isolated points.

Proposition 5.3.7. Assume that there are no entries based at w € E*'. Then Q(FE,C),, is a
one-point space. In particular, Q(FE,C) contains an isolated point.

Proof. Simply note that there is only one E-function {(€, g;)}i>1 with Q; = s71(w). O

We continue the investigation of isolated points with a few examples in the final chapter.



Chapter 6

Examples and discussion

We close this thesis with a minor chapter of examples and discussions. The most obvious
example is that of a trivially separated graph.

Example 6.1.1. If E is a trivially separated finite graph, we have Lx(F) = L3?(E) and
C*(E) = O(FE). In particular, we obtain a description of Lk (E) and C*(E) as crossed products

Li(E) = Cx(QUE)) xg- F and  C*(E) 2 C(Q(E)) xg- F

with a partial action. Changing (F1)-(F4) slightly to take into account the fact that F need
not be bipartite, one can obtain a description of the partial action similar to that of Proposi-
tion 5.1.5. However, it is clear that our theory does not offer a lot of new insights into classical
graph algebras.

Proposition 6.1.2. Given a separated graph (E,C) and any X € C, we write Ex for the
trivially separated graph given by

ES =E" and E} =X.
Then there are isomorphisms

Lx(E,C)= X Lg(Ex) and C*(E,C)= XK C*(Ey),

where the amalgamated free products run over all colors X € C.
Proof. Note that a x-homomorphism Lk (Ex) — A is the same thing as a set
{p,sc|vEeE ec X} C A
satisfying
® DDy = Opypy for all v,0" € EY,
® Dr(e)Se = SeDs(e) = Se for all e € X,
® 515 = OcerPs(e) for all e e’ € X,

e p, = ZeEX sesy it X € C,.
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From the universal property of the amalgamated free product, a x-homomorphism
X Lx(Ex)— A
FO
is the same thing as *-homomorphisms Ly (Ex) — A for each X € C that agree on E°, i.e. a
set {py, se | v € E% e € E'} C A satisfying
® PPy = 0y.p, for all v,0" € EY,
® Dre)Se = SeDs(e) = Se for all e € E*,
® 5150 = Oceps(e) for all e, e’ € X € C,
® Py = .cxSes: forall X € C,, v € E°.

But this is the same thing as a *-homomorphism Ly (E,C) — A. One argues similarly for
C*(E,C). O

Example 6.1.3. Note that in case (E,C) only has one vertex, the amalgamation is trivial.
For instance, we can consider the graph

Y

for which the graph C*-algebra is simply the universal unital free product O,, * O, of the
Cuntz-algebras.

Example 6.1.4. Consider the bipartite graph

€1 fi
€2 f2

Then it is easily seen that the full corner vLg(F,C)v is generated by the set of distinct
projections

{p<el)ap(e2>7p(fl)7p(f2)}
with the relation
pler) +ple2) = p(f1) +p(f2).

This is the universal unital free product K? x K2. However, the corresponding full corner
vL3(E, C)v of the abelianized Leavitt path algebra is generated by four distinct and com-

mUting projections {p(61>7p<€2)7p(fl)vp(fQ)} such that

pler) + ple2) = p(f1) + p(f2),

and this is simply isomorphic to K*. Passing from Lg(E,C) to L3 (E, C) thus gives a drastic
change in complexity.
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The following example, which we have already encountered, is really the motivational example
of the entire theory.

Example 6.1.5. Let 1 < m < n and consider the graph (F,C) := (E(m,n),C(m,n)) of

Corollary 4.1.14
m
@<n>@‘

Note that if m = 1, then (E,C) = (F, D) as in Proposition 3.2.2, where F is the trivially
separated graph

I

hence the algebras associated to (E(1,n),C(1,n)) are simply the two-by-two matrices over
the Cuntz algebra O,, and its algebraic counterpart. The C*-algebras

Omn=0(E,C)

for m > 2 were studied in detail in [4], and as one might expect, the behavior is very different
from the case m = 1. Indeed, it is proven that O,,,, is not even exact (see [4, Theorem 7.2]),
while the reduced crossed product

Opimn = C(QUE,C)) X9« F

is exact from Theorem 1.4.9. However, Oy, ,, is still not nuclear, because then we would in fact
have O,,,, = O . (see [4, Theorem 6.4]). In the purely algebraic context we have

V(Lg(E,C))=(u|m-u=mn-u),
hence k - u is a finite if and only if £ < m, and k - u is properly infinite if and only if £ > m.
Since V(Lk(E,C)) — V(L32(E,C)) is a refinement, the same holds in L3*(E, C).

The Leavitt path algebra Ly (E,C) is closely related to the classical Leavitt algebra Ly (m,n),
which is the x-algebra generated by elements a;; for 1 < ¢ < m and 1 < j < n such that
the matrix a = [a; ;] is unitary, i.e. aa* = 1,, and a*a = 1,,. In fact, we claim that there are
isomorphisms

() Lic(E, C) = My (Lic(m, m)) = My (Lic(m, )
(b) vL(E,C)v = My (L (m,n)) = My(Li(m,n))
(¢) uLg(E,CYu = Lg(m,n).
Proof. Let e; ; denote the (7, j)'th standard matrix unit in M,,+;(K) and define a projection

p= Z I®e;;
i=1
in My,11(Lg(m,n)). Then we can define a *-homomorphism
V: Lg(E,C) — My 1(Lg(m,n))
by
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L w<u) =1® €m+1,m+1 and ¢(U) =D,
[ 1/1(61) =1 & €im+1 for all 1 S 7 S m,
o Y(fi) =" a1 Qepmer forall <j<n.

Indeed it is straightforward to verify that 1 respects the defining relations of Ly (E,C). In
order to build an inverse of 1, we define

P1: LK(man) - LK<E7 C) and P2 Mm+1(K) - LK(E7 C)
by
pi(aij) =€ fj+ Zeleffjeik

=1

and
® vo(e;;) = eiej for 1 <, j <m,
® po(€imy1) =6 for 1 <i<m,

I (;02(€m+1,m+1) = u.

It is straightforward to check that the ps(e;;)’s form a set of matrix units, hence ¢y is well
defined. For ¢; to be well-defined, we need the matrix [¢;(a; ;)] to be unitary, and we will
simply verify that [¢1(a;;)][¥1(ai;)]* = L, as the other identity can be checked in a similar
fashion. For this we simply observe that the (i, 7)’th entry of the above product equals

n

PRI ENCIO NS ) (effkf;fej +> ezeffkfé‘@j@f) = 0iju + 0;0 = 0; 5.
k=1 =1

k=1

Finally, one checks that the images of ¢y and 5 commute, hence there is a product homomor-
phism ¢ = 1 X @9, and this is an inverse of ¥. The other isomorphism is essentially obtained
by interchanging the roles of the e;’s and f;’s.

For (b) and (c), we simply note that the isomorphisms restrict to isomorphisms
vLg(FE,C)v = pMyiq(Lg(m,n))p = My, (Lg(m,n))

and
vLg(E,C)v = pM 1 (Lx(m,n))p = M, (Lg(m,n)),

as well as
uLg(E,C)u 2 (1@ emp1me1) M1 (L (m,n))(1 @ emy1mi1) = Li(m,n).

O

Using universality, we of course have similar results in the C*-algebraic context. Note that
uLg(E,C)u is a full corner of L (E,C), so in particular V(Lg(m,n)) = V(Lg(F,C)). We
conclude that Ly (m,n) is a finite x-algebra (i.e. the identity is a finite projection), such that
M, (Lg(m,n)) = M,(Lx(m,n)) is properly infinite (i.e. the identities in these x-algebras are
properly infinite projections).
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Now we shall consider two examples of graphs that neither satisfy the requirements of Propo-
sition 5.3.6 nor those of Proposition 5.3.7. They show that vertices v € E%' with [s7!(v)] =1
may produce isolated points, but need not do so.

Example 6.1.6. Note that even though all three vertices of £%! in the graph

have entries, the associated space contains a lot of isolated points. On the other hand, the
space associated to the graph

is indeed a Cantor space, even though |s™(v)| = 1.

One might think that the requirements of Proposition 5.3.6 could be relaxed to just demanding
that v has an entry and |s~!(v)| > 2 for every v € E%!, but as the following example shows,
this is not the case.

Example 6.1.7. Consider the graph

2 2
®
Clearly every w € E%!' has an entry and satisfies [s7!(w)| = 2. However, it is easily seen

Q(E,C), contains infinitely many isolated points.

Finally we shall see that the cardinality of the isolated points versus the cardinality of non-
isolated points of Q(F, C') may vary greatly, although there is at most countably infinite many
isolated points.

Example 6.1.8. If Q(E,C) contains isolated points and is infinite, usually there will be
infinitely many isolated points. However, it is fairly easy to see that the space associated to
the graph
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is uncountable and has precisely 3 isolated points. In a completely different direction, the
space associated to the graph

decomposes as Q(E,C) = X UY, where X = Y are both homeomorphic to the one point
compactification N°®. In particular, the space is countably infinite and has only two non-isolated
points.

We finally give a few remarks on the future of the subject.

Remark 6.1.9. It was conjectured in [2] that the canonical homomorphism
V(L(E,C)) = V(C(E, C))

is in fact an isomorphism, and this is surely the most important open problem in the theory
at the moment. If the conjecture holds, then many of the results in the purely algebraic
context presented in this thesis will hold in the C*-context as well. First of all, the canonical
homomorphism V(L**(E, C')) — V(O(E, C)) will be an isomorphism as well by Theorem 3.3.11
and Theorem 3.3.12, and for any finitely generated conical abelian monoid M, there will exist
a graph (F,C) along with a refinement

M —V(O(E,C)).

Thus the abelianized graph C*-algebras O(FE,C) will form a fairly accessible class of C*-
algebras, considering the description as a crossed product, with wild V-monoids. The conjec-
ture is known to be true for trivially separated graphs.



Appendices

As we are working quite intensively with all sorts of algebraic objects, the relevant general
facts needed have been compiled in the following three appendices. Hopefully, this will allow
some focus on the things that really matter in the rest of the thesis.

A.1 Abelian Monoids

Definition A.1.1. An abelian monoid is a set M with an abelian and associative binary
relation, usually denoted 4+, with neutral element 0. Note that 0 is necessarily unique. A
homomorphism of abelian monoids ¢: M — N is simply an additive map satisfying ¢(0) = 0.

Definition A.1.2. M is called cancellative if a + b = a + ¢ implies b = ¢, and it is called
conical if a + b= 0 implies a = b = 0.

Definition A.1.3 (The algebraic preorder). Any abelian monoid can be equipped with a
relation < defined as follows: We write a < b if and only if there is some ¢ € M such that
a + ¢ = b. All preorderings of monoids will be of this type.

Obviously, < is reflexive and transitive, but in general it is not antisymmetric. However, if M
is both conical and cancellative, then < will be antisymmetric. Obviously any homomorphism
preserves the algebraic preorder. Finally, an element satisfying 2a < a will be called properly
infinite.

Example A.1.4 (The free abelian monoid on a set). Given a set X, the free abelian monoid
on X is the set Z,(X) of formal sums ) _, n,x, where the n,’s are non-negative integers
with n, = 0 for all but finitely many = € X. Equipped with the obvious addition, Z, (X)
becomes a cancellative and conical abelian monoid.

Example A.1.5 (The monoid (X | R)). Given a set X and a relation R on Z, (X) we can
form an abelian monoid (X | R) "generated by X with relations R” as follows: Let ~ denote
the smallest equivalence relation on Z (X) containing R such that a; ~ b; and as ~ by implies
aj + ag ~ by + by. Then the addition on Z, (X) drops to an addition on the set of equivalence
classes (X | R) := Z+T(X), hence the quotient defines a monoid. Clearly, this monoid enjoys the
following universal property: Given a homomorphism ¢: Z, (X ) — N such that p(a) = ¢(a’)
for all (a,a’) € R, there is a unique homomorphism @: (X | R) — N such that @([a]) = ¢(a)
for all @ € Z,(X). Usually, we will omit the brackets when denoting elements of (X | R),
and shall simply write a = a’ whenever a ~ a’. Abusing the notation in an obvious way, any
such relation ~ is generated by a collection of relations R = {r;};c;, where each r; is simply

a relation of the form
r;: E My ;T = E UZNE

reX zeX

89
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Note that any abelian monoid M can be presented as a monoid of the form (X | R), but in
general one desires that both X and R are as small as possible.

Definition A.1.6. An abelian monoid M is called finitely presented, if it is isomorphic to
(X | R) for finite X and R = {r;};c; with finite J.

Lemma A.1.7. Every conical abelian monoid M has a presentation (X | {r;}jcs) with
T meﬂ = Z”W‘x’
zeX zeX

such that 3 cx My j, D pex Ny > 0 for all j € J and 35 ;myj +mngy > 0 for allz € X.
Furthermore, if M is finitely presented, then this can be accomplished by a finite presentation.

Proof. As noted above, any abelian monoid has a presentation (X | {r;};cs). Now if
> ;=0
reX

(or analogously > __y n,; = 0) for some j, then r; reduces to

0= Z Ng .

zeX

zeX

If ny; > 0 for some z € X, we can conclude that x = 0 since our monoid is assumed to be
conical. Discarding all such z’s along with the entire relation r;, we obtain the same monoid.
Doing this for every j, our monoid will satisfy the first of the above inequalities. For the other
one, assume that 3 ;m, j + n,; = 0 for some . Then we may simply add the relation

r,: x==1x.

Doing this for every such x, we obtain the same monoid but with a presentation satisfying
both the first and second of the above inequalities. Finally, note that if our initial presentation
is finite, then so is the one we have produced. [

The following proposition is known as Redei’s Theorem, but the very elegant proof was given
by Peter Freyd in [10].

Proposition A.1.8. Every finitely generated abelian monoid is finitely presented.

Proof. Assume in order to reach a contradiction that M is not finitely presented. Then there
is a free abelian monoid F' on finitely many generators and a chain of abelian monoids M;
with non-injective, surjective homomorphisms

F—M — My — Mg —....

Denoting by Z(N) the monoid ring on N, this gives a chain of non-injective, surjective ring
homomorphisms

L[F| — Z|M] — Z[Ms] — Z[M3] — . ..,
so the kernels /; of the compositions Z[F| — Z[M;] form a strictly increasing chain of ideals

LCLCLC...CZF).

Recall that a ring is called Noetherian, if it has no infinite strictly increasing chains of ideals.
But Z[F] is a commutative polynomial ring over Z, and since Z is clearly Noetherian, so is
Z[F) by Hilbert’s Basis Theorem. We have thus reached a contradiction. O
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Corollary A.1.9. Fvery finitely generated, conical abelian monoid has a finite presentation

(X [{rj}jes) with
;. Z My ;T = Z Ng 5T,

rzeX reX

such that 3 cx Maj, D pex Ny > 0 forall j € J and 35 ;myj +ngj >0 for allz € X.

Proof. This is immediate by Lemma A.1.7 and Proposition A.1.8. O

Unitary embeddings

Now we shall prove a few lemmas that allow us to construct so-called unitary embeddings.
This will be very handy in Chapter 3.

Definition A.1.10. A homomorphism of abelian monoids ¢: M — N is called a unitary
embedding if the following holds:

(a) ¢ is injective.
(b) @(M) is cofinal in N: For any b € N there is some a € A such that b < ¢(a).
(¢c) Whenever p(a) +b € p(M) we have b € o(M).

Note that a unitary embedding is an order embedding.

Lemma A.1.11. If {y;;: M; — M; | i,5 € 1,i < j} is a directed system of unitary embed-
dings, then the limit homomorphisms M; — @Mj are unitary embeddings as well.

Proof. Abusing the notation in the usual way, recall that the direct limit of a directed system

of modules may be constructed as M := EB*T’M where ~ is the equivalence relation generated

by a ~ ¢; j(a) for all a € M;, and 7,5 € I with ¢ < j, and the limit maps A\;: M; — M are
simply the inclusions into the sum followed by the quotient map associated to the equivalence
relation. Thus injectivity of the limit maps follows as usual by injectivity of the ¢; ;’s. To see
that each \;(M;) is cofinal in M, pick b € M. Then b = \;(a’) for some j € I and o’ € M;.
Picking k > 4, j we define V/ = ¢;(a’). Then since ¢; ;(M;) is cofinal in My, there is some
a € M; such that b' < ¢, (a). We conclude that

b=Ai(d) = M(pin(a) = Ae(t) < Aelpin(a)) = Ai(a).
It remains only to check the third condition, so take a,a’ € M; and assume that
Ai(a) +b=X\(a)
for some b € M. Then there is some ¢ < j and ¢ € M; such that \;(0’) = b, hence
Aj(pig(a)) + X5 () = (i i ().

By injectivity of \;, we infer that ¢, ;(a)+b0 = ¢; ;(a’), so from ¢, ; being a unitary embedding
we deduce that b € ¢; ;(M;). In particular

b= X)) € N(pi;(M)) = N(M;).
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The following lemma may come across as slightly odd, but it will be a crucial ingredient in
the proof of Lemma A.1.13

Lemma A.1.12. Given finite sets X1, ..., Xy and a function pu: |_|i.€:1 X; — Z such that

k

> ula) >0

i=1
for all (zq,...,z) € Xy X ... X Xy. Then there is a function v: |_|f:1 Xy — Zy such that

k k

Z v(z;) = Z pu(i)

=1 =1
for all (xq,...,25) € X1 X ... X Xp.

Proof. We argue by induction over k. In case k = 1 the claim is vacuously satisfied, so let & > 2
by arbitrary and assume it holds for & — 1. Clearly, there is some j such that >, u(z;) > 0

for all (zq,...,Zj,...,2) € Xy X.. 5(\] X ...X X} — we shall assume without loss of generality
that j = k. By the induction hypothesis there is some y’: |_|i.:11 X; — 7Z, such that

> pe) =Y pr)

for all (zq,...,25-1) € X1 X ... X Xy, If p(zg) > 0 for all z, € Xy, then p/ U p|x, satisfies
the required properties, so we shall assume that p/(z;) < 0 for some z;, € X;. Fix T), € Xi
such that p(Ty) < p(xy) for all x, € Xy and take (Zy,...,Tx—1) € X3 X ... X X} such that

> H(E) <Y )

for all (xy,...,25-1) € X5 X ... X Xj_1. We have

k-1 k
ZM'(@) + (@) = ZN(TD >0,
i=1

i=1

allowing us to define v inductively in the following way: For any x; € X7, set

() + () i —p(@e) < /' (21)
pwy) = p' (@) i —p(@e) > p'(21)
and assuming that v(x) has been defined for x € |_|;:11 X; with n < k, we set
i @) + @) + 500 W (@) i ST (@) < (@) < XL H(T)

v(x,) = W (xy,) — p' (%) if — (@) > D00 1 (T)
W () if Sy (@) = — ()
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Finally, for z; € X we define v(xy) = u(xg) — u(Tg). It is clear that v maps into Z,, so it
remains only to check the summing up condition. By definition there is some 1 <n < k — 1
such that

Y () < —n(m) < 3K

i=1
so for arbitrary (z1,...,x;) we have
(
wi(z;) — 1'(z;) if i<n-1
() + p(T) + I @) i i=n
v(x;) = < :
w () if n<i<k
() — (@) it i=k
\
We deduce that
k n—1 n—1
> v(w) = p(as) — (@) | + () + (@) + | )i (7))
i=1 i=1 Jj=1
k-1 k
+ () |+ ) = p(@) = pla).
i=n+1 i=1

Lemma A.1.13. Given finite sets Xy, ..., Xy, write T = |_|f:1 X;, S= Hle X; and

—

Si=Xix ... xX;x...xX,.
Define M = (T | {r;;}) with

i E T = E Xz

reX; J,‘EX]'

forall1 <i4,5 <k, and consider any function f: S — N. Then there is a well defined unitary
embedding : M — Z.(S) given by

w<£€1): Z f(xl,...,xk)-(xl,...,xk)
(.’El ,,,,, Tiyenrs :Ek)ESi
for x; € X;.

Proof. First of all, let us see that v is in fact well-defined. Formally, we first define ¢ on
Z.+(T) as above. Then

VD x| =D flwy

reX; yes

for any 1 < i < k, so ¢ drops to a homomorphism M — Z,(S). Note (M) is cofinal in
Z.(S) for the simple reason that (z1,...,x;) < ¥(x;) for every ¢ = 1,...,k. Now, assume
that ¥(a) + b =(d’) for a,a’ € M. Writing

k k

a= Z Z Ae;¥; and d = Z Z A, T,

=1 z;€X; =1 x;,€X;
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we have

P(a) = Z Z)\x floy, . oo xg) - (21, .., xp)

k
)= 3 (| S m) - @)

hence Z 1 A < SOk i Ay, forall (zy,...,2;) € S. Defining a function p: T — Z by
M( ) - A/ >\ T

for z; € X;, we have S5 u(z;) > 0 for all (zy,..., ;). Then by Lemma A.1.12, there is a
function v: T — Z such that 2%  v(z;) = Zf L /,L(SCZ) for all (x1,...,zg). This allows us to

set i
ZZI/LL’ZZ'ZGM

1=1 x;€X;

and then ¢(a) + ¢¥(a”) = ¥(a’), hence b = ¥(a”). Now it remains only to prove that v is
injective. Writing a,a’ € M as above, we can assume that for each 2 < ¢ < k there are
Ti,x; € X; such that Az, = A1 = 0, by simply imposing the relation in M. Assuming
YP(a) = 1(a’) exactly means that 1

k k
D A =D N,
=1 =1

for all (x1,..., 7). We claim that A} = Agt = 0 for all 2 <i < k. Indeed taking any 7; € X,
we have

k k k
=) s = N Z +ZX —)\x1+2)\’ + A
=1 =1 =1

=2

It follows that i
Ao, _>\11+Z>\7 =N, ) N =X
=2

for all z; € X;. Similarly we deduce that A\, = A for all x € T'. This finishes the proof. [

Lemma A.1.14. If

is a pushout in the category of abelian monoids and v is a unitary embedding, then ¥ is a
unitary embedding as well.
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Proof. Given a diagram

as above, we define a relation — on N & P by (n + ¢¥(m),p) — (n,p + p(m)) for all m €
M,n € N and p € P. We note that — respects the addition on N & P, hence so does the
smallest equivalence relation ~ containing —. Now define Q = Y& and write [n, p] for the

equivalence class of (n,p). Setting ¢ (p) = [0, p] and fi(n) = [n,0], it is easily seen that

is a pushout diagram. By uniqueness of pushouts, it suffices to prove the claim for a pushout
of this form. We start by proving that ¢(P) is cofinal in @Q: Given [n,p|] € @ we can take
m € M such that n < (m). Then

[n,p] < [(m),p] = [0,p + p(m)] = &(p + p(m))

as required. For the other parts, we need the following claim.
Claim: Assume that [)(m), p] = [n,p’]. Then there is some m’ € M such that n = ¢(m’) and
p(m) +p = p(m') +p'.

Proof of claim: Since — is both reflexive and transitive, we either have

(¥(m),p) = (n,p") or (n,p') = (¥(m),p).
In the former case there is some m” € M such that ¢)(m) = n + (m”), hence n = ¥(m’) for
some m’ € M since v is a unitary embedding — by injectivity we even have m = m’ +m”.
Now we get

P+ p(m) =p+ p(m”) + p(m’) = p+ p(m)
as promised. In the latter case n = ¥(m)+ u(m”) for some m” € M, and we set m' = m+m/”.
Then n = ¢(m’) and

"

p+ p(m) =p' + p(m”) + p(m) = p’ + p(m’),
finishing the proof of the claim.

Now assuming that [0, p] = 1 (p) = »(p') = [0,p'], the claim immediately implies p = p’, hence
¥ in injective. Finally, assuming that

[0+ "] = ¥ (p) + [0, 0" = (') = [0,p],
there is some m € M such that n = ¢(m). But then
[, p"] = [ (m), "] = [0,p" + p(m)] = & (p" + p(m)) € P(P),
hence 1 is indeed a unitary embedding. O
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Refinement monoids

In the following we shall prove a multidimensional Soduko-like result on refinement properties
in abelian monoids.

Definition A.1.15. M is said to be a refinement monoid if whenever a +b = ¢+ d, there are
x,y, 2z, w € M such that

a=x+y,b=z+w,c=x+2z and d=y+ w.

This is most easily understood visually as the ability to fill out a diagram as follows

+ ‘ c d
al =z Y
b z

Definition A.1.16. Consider an abelian monoid M and finite subsets Xy, ..., X, of M such

that
in: ij forall 1 <i,5 <k. (A.1)

z; €X; z;€X;

Then a refinement of the system of equations (A.1) is a set of elements

{a(zq,...,2p) | € Xiyi=1,...,k}

xizz Z a(xy, ..., Tg)

JjFi x;€X;

such that

for all z; € X; and i = 1,..., k. Assuming that (and otherwise reordering such that)
1 Xq] < .. <X,

we shall call (A.1) a (|X4],...,|Xk|)-equation system and refer to it as having dimension k.
With this terminology, a refinement monoid always has refinements of (2, 2)-equation systems.
However, as one might expect from the name, this property allows refinements of arbitrary
equation systems.

Example A.1.17. Before we present the proof of the below lemma formally, it might be
useful to get a visual presentation of what is going on. Let us assume that M is a refinement
monoid, i.e. that we can always fill out a 2 x 2-diagram as above. Then we claim that we can
always fill out a 2 x 3-diagram as well. Indeed, given a diagram

‘ c d e

- of +

we can fill out the 2 x 2 diagram
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In particular we have d + e = y + w, so we can fill out the diagram

+ ‘ d €
y| oy
w| 2 w’
Combining these, we obtain the diagram
+ ‘ c e
a T / yl
b| =z 2! !

thereby proving the claim. Essentially, we just apply this trick over and over again in the
below proof.

Lemma A.1.18. Assume that M is a refinement monoid. Then M has refinements of any
equation system.

Proof. We argue by induction over the dimension of the equation system as follows:

(a) If M is a refinement monoid, then it possesses refinements of all 2-dimensional
equation systems.

(b) If M is an abelian monoid with refinements of all 2- and k-dimensional equation
systems, then it possesses refinements of all (k + 1)-dimensional equation systems
as well.

Proof of (1): For the proof of this claim, we shall also proceed by induction, in this case
over the first coordinate of the type of the system. However, then we will first need to prove
that every (2, m)-equation system has a refinement, and (surprise, surprise) we shall do this
by induction. The induction start is trivial, so assume that every (2, m)-equation system has
a refinement, and consider a (2, m + 1)-equation system

m+1

2
xl - x2-
i=1 i=1
m—1

We can regard this as the (2, m)-equation system S22 ah = (00 ah) 4 (@ + 23, hence
by assumption there is a set {a(z%,23) |1 <7< 2,1 <j < m} such that

i Za(m’i,xé) for i =1,2
. 2 .
) :Za(x’i,aj%) forj=1,...,m—1

2
ap +aytt =) (e, ay).
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Note that the last equation is a (2, 2)-equation system, hence there is a set

{b(zt,23) |i=1,2 and j = m,m + 1}

such that
m+1 ) . 2 .
a(wh,af) = 3 blayah) fori= 12 and 2= b(aia}) for j =m.m+ 1

Finally, define

D a(zi,z)) if j<m—1
oz, xy) =

bzt z) if j=m,m+1

and note that the set {c(z%,23) |1 <i < 2,1 <j <m+ 1} is a refinement of the (2,m + 1)-
equation system. This finishes the proof of the induction start — the proof of the induction
step will follow the same pattern. Let m; > 2, assume that all (m;, ms)-equation systems
have refinements and consider any (m; + 1, mg)-equation system

mi1+1 mo
xl —_— x2-
=1 =1

Regarding it as the (mj,ms)-equation system (Z?ill_l xﬁ) + (2 4 2P = Y A, by
assumption there is a set {a(z,23) | 1 <i < my,1 < j < my} such that

ma

xr] = E a(zl,xy) fori=1,...,m; —1

J=1

<.

— i -
xy = E a(x},x}) for j=1,...,my
mi mi1+1 mi1 J
S = E Ja(a", xp).

Since the latter of the above equations is a (2, ms)-equation system, there is a set

{b(xh,ad) [my < i <y +1,1< 5 <my}

such that
mo .
i =Y a(z},x}) for i =my,m; +1
j=1
and
mi1+1
a(z, xl) = Z b(zy,xd) for j=1,... ms.
1=m1
Finally, we define
a(zh,xd) if i<my—1

oy, o)) = . L
b(xl,x}) if i=my,m;+1
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and note that {c(a:ﬁ,a:%) |1 <i<m;+1,1<j<my} is arefinement of the (m; + 1, ms)-
equation system. This finishes the proof of the induction step.

Proof of (2): Given a (k + 1)-dimensional equation system

Som= Y w= Y m

z1€X1 rREeXy Tpt1€X k41

consider the k-dimensional equation system obtained by discarding the latter equality. By

assumption there is a set {a(z1,...,xx) | z; € X;} such that
x; = Z Z a’(xlw"wrk)
i 2 €X;

for all z; € X; and ¢ = 1,..., k. In particular

ka: ZZZa(xl,...,xk):Z a(xy,...,xk)

rrEX} rr€Xy j#k .IjEXj =1 z;,€X;

providing us with the 2-dimensional equation system

k
Z Z a(xy,...,zx) = Z Thyq.

i=1 x;€X; Trt1€Xkt1
Thus there is a set {b(z1,...,2k1) | ; € X;} such that

a(xy,...,xx) = Z b(xy,...,xp1) for (z1,...,2,) € X5 X ... x X

Tr41€Xk11

Tpy1 = Z Z b(lCl, . ,$k+1) for Tp41 € Xk+1.

i#k+1 xz;€X;
Hence for i < k and z; € X; we also have

xi:ZZa(:cl,...,xk):ZZ Z b(x1,. .., Tpe1)

Jj=1 x]EXj JF#i IjEXj Tpr1€EXp41

J#
= Z Z b(21, .-y Thy1),

j#i z;EX;

proving that {b(xy,..., 2541 | @ € X;} is indeed a refinement of the (k + 1)-dimensional
equation system. O

Definition A.1.19. Let M denote a conical abelian monoid. A refinement of M is another
conical abelian monoid N together with a homomorphism ¢: M — N such that

(a) ¢ is a unitary embedding;
(b) N is a refinement monoid;

(c) Given a homomorphism ¢: M — P with P a refinement monoid, there is a homo-
morphism ¢: N — P such that g ot = ¢.
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A.2 Rings, algebras and the functor V

This appendix contains the ring-theoretic results and constructions that will be of use to us
at some point. First however, we shall review some definitions to make sure that we are on
the same page. Rings are in general not assumed to be unital, and homomorphisms of unital
rings need not preserve the unit. If they do so, they will be referred to as unital.

Definition A.2.1. Let K denote an arbitrary field. A K-algebra is a ring A together with
a scalar multiplication K x A — A such that 15 -a = a for all a € A. A x-algebra over an
involutive field K is a K-algebra A equipped with an involution, that is a conjugate linear
map A — A, denoted a — a*, of order two such that (ab)* = b*a* for all a,b € A. Of
course, a K-algebra homomorphism ¢: A — B is nothing but a ring homomorphism satisfying
o(ka) = ko(a) for all a € A, k € K. Also, a *-homomorphism ¢: A — B of *-algebras is an
algebra homomorphism such that ¢(a*) = ¢(a)* for all a € A.

Definition A.2.2. Given a *-algebra A. An element p € A is called a projection if
p=p"=p,

and x € A is called a partial isometry if xx*x = x. Note that for a partial isometry z, the

elements p(r) = zz* and p(z*) = x*x are projections, referred to as the final and the initial

projection of x, respectively. Finally, a set of partial isometries X is called tame, if every

element of the multiplicative semigroup U generated by X U X* is a partial isometry as well
and the final projections p(s), p(t) commute for any s,t € U.

Definition A.2.3 (Morita equivalence). Two rings A and B are said to be Morita equivalent,
if there is an equivalence of the categories of left A-modules and the category of left B-modules.
Morita equivalent rings share many properties, for instance they have equivalent categories of
finitely generated projective left modules and have isomorphic ideal lattices. An idempotent
p € A is called full if the corner pAp is not contained in any proper ideal of A, and in that
case pAp is called a full corner. If a ring A is isomorphic to a full corner pM,,(B)p for some n,
then A and B are Morita-equivalent. In fact, for unital rings A and B, this is also a necessary
condition. It is worth noting that Morita equivalence is in fact an equivalence relation.

Recall the following fact.

Lemma A.2.4. A left A-module P s finitely generated and projective if and only if there is
another left A-module () such that P ® QQ = A" for some n.

Definition A.2.5 (The functor V). In the following we shall give a description and mention
the very basic properties of the covariant functor V: Rings — AbMon. Now, one can define
V in two naturally isomorphic ways, and both will be of use to us at some point. The first is
as follows: For a ring A, let V(A) denote the set of isomorphism classes of finitely generated
projective left A-modules. Then we can define an addition by [P] 4+ [@Q] := [P @ @], making
V(A) into an abelian monoid. Functoriality is achieved by defining V(¢): V(A) — V(B) by
V()([P]) = [B ®4 P], where B is made into a right A-module via the ring homomorphism
p: A — B. Note that B®4 P is a finitely generated projective B-module by Lemma A.2.4.

The other definition is as follows: Let Py (A) denote the set of idempotents of M (A), My (A)
being the ring of infinite matrices with entries in A of which only finitely many are non-zero.
Define an equivalence relation on Py (A) by

p ~ q < there exist a,b € M, (A) such that p = ab and ¢ = ba.
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Then we define V(A) = P, (A)/ ~ and equip V(A) with an addition defined as follows: Given
idempotents p,q € My (A), we may regard each of them as lying in finite matrix rings, i.e.
p € My(A) and g € M,,(A). Then we can form the diagonal sum

p@a=(87) € Munsa(4)

and set [p]+[q] = [p®q|. This is easily seen to be independent of the choice of m and n. Finally,
given a ring homomorphism ¢: A — B, we define V(¢)([p]) = [¢(p)], where ¢(p) is the matrix
obtained by applying ¢ to every entry in p. We can translate between these two descriptions
as follows: Given a finitely generated projective left A-module P, by possible changing P
to an isomorphic module we have P & () = A™ for some A-module ). Thus the projection
P ® @ — P is an idempotent linear map A™ — A", so it corresponds to right multiplication
by an idempotent element of M, (A). Conversely, given an idempotent p € M, (A), the left
A-module A"p is a finitely generated projective left A-module, and one can check that these
maps give mutually inverse natural isomorphisms of the associated monoids. It is fairly easy
to check that V' is continuous, i.e. that V(lim A;) = lim V(A;) for any directed system of
rings. If A and B are Morita equivalent then (A) = V(%, and referring to K-theory, K(A)
is exactly the Groethendieck group of V(A) in case A is unital.

Definition A.2.6 (The Bergman algebra). Given a unital K-algebra A and finitely generated
projective left A-modules P and @), George M. Bergman constructed in [7] a unital K-algebra B
together with a unital K-algebra homomorphism ¢: A — B (making B into an A-module) and
a left B-module isomorphism p: B®4 P — B® 4@, satisfying the following universal property:
For any unital K-algebra homomorphism A — C' and any left C-module isomorphism

0: C R4 P — C®40Q,

there is a unique K-algebra homomorphism v¢: B — C (giving C' a B-module structure) such
that the diagram

Ide ®
Cop(BoaP) 1 0oy (BoaQ)

gl lg

C®sP " C®aQ

commutes. We shall refer to B as the Bergman algebra obtained from adjoining an isomorphism
between P and (). This construction is important to us because of the following deep result:

Theorem A.2.7. Assume that A is a unital K-algebra with finitely generated projective left A-
modules P and Q, and denote by (B,.: A — B) the Bergman algebra obtained from adjoining
an isomorphism between P and Q) along with the universal algebra homomorphism. Then V(i)
drops to an isomorphism

Proof. See [7, Theorem 5.2]. O

We shall also need the concept of a double centralizer.
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Definition A.2.8. Let A denote a K-algebra. A double centralizer is an ordered pair (L, R)
of K-linear maps A — A such that

(a) L(ab) = L(a)b
(b) R(ab) = aR(b)
(¢) R(a)b=aL(b)

for all a,b € A. For such a pair, we shall refer to L as a left multiplier and R as a right
multiplier. Note that for any a € A, we can define a double centralizer (L,, R,) by

L,(b) =ab and R,(b) = ba.
Definition A.2.9. An algebra A is called
e non-degenerate if for any non-zero a € A, there is some b € A such that ab # 0 or ba # 0.
o idempotent if A2 = A.
e (L, R)-associative if
RoL=LoR
for all double centralizers (L, R), (L', R') of A.

Proposition A.2.10. Assume that A is non-degenerate or idempotent. Then it is (L, R)-
associative as well.

Proof. Assume first that A is non-degenerate and take double centralizers (L, R), (L', R') of A
along with a € A. Then

R'(L(a))b = L(a)L'(b) = L(aL'(b)) = L(R/(a)b) = L(R/(a))b
and
bR'(L(a)) = R'(bL(a)) = R'(R(b)a) = R(b)R'(a) = bL(R'(a))
for any b € A, hence Lo R'(a) = R o L(a).
Now assume that A is idempotent and take a € A. By assumption we may write a = bc
for b,c € A, hence
R(L(a)) = R(L(bc)) = R(L(B)e) = LR (c) = LOR/(€)) = LR (be)) = L(R(a))
as desired. [

Later on we shall also need the following minor lemma.

Lemma A.2.11. Given a ring A and elements aq,...,a,,by,..., b € A. Then
[(Il s A, bl s bl] I~ ZA[CZZ', b]]A
2%

Proof. We proceed by induction over k+1[. If k41 = 2 the claim is trivial, so we shall assume
that the claim holds for all £, [ such that k41 < n for some n > 2. Taking k,[ with k+] =n+1
and elements ay,...,ax, by,...,b € A, we can assume without loss of generality that k& > 2.
Writing a = ay -+ - ag_1 and b = by - - - b we then have
[ay -+ ag, by -+ - b] = aarb — baay = aarb — abay, + abay, — baay,
= alag, b] + |a, blay,

and we can apply the inductive assumption to obtain the claim. [
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A.3 (*-algebras

Although C*-algebras play a crucial role in this thesis, strictly speaking the reader need not
have any prior knowledge of C*-algebras. Therefore, we will provide some basic definitions
and results in this minor appendix.

Definition A.3.1. A C*-algebra A is a complex *-algebra equipped with a Banach space
norm satisfying ||ab|| < ||a]| - ||b]] and ||a*a|| = ||a||* for all a,b € A. A *-homomorphism of
C*-algebras is just an algebraic x-homomorphism, since they are automatically contractive,
and a x-homomorphism .4 — B(H) for some Hilbert space H is called a representation of A.
Finally, an ideal Z of A is a two-sided closed ideal — it will then automatically be self-adjoint
— and the quotient A4/7 is again a C*-algebra.

Remark A.3.2 (Commutative C*-algebras). It is a basic fact that any unital commutative
C*-algebra A is canonically isomorphic to the C*-algebra C'(X) of continuous functions X — C
on a uniquely determined compact Hausdorff space X. The assignment X — C(X) can be
made into a contravariant functor in the obvious way, i.e. for any continuous map 6: X — Y,
we define 0*: C(Y) — C(X) by 0*(f) = f o6. Then the correspondence X <« C(X) is in
fact a contravariant equivalence between the category of compact Hausdorff spaces and the
category of unital commutative C*-algebras. Finally, the reader should note that an ideal Z
in the C*-algebra C'(X) is necessarily of the form

{feCX)|f(x)=0forx ¢ U}
for some open subspace U C X.

Definition A.3.3 (Morita equivalence). Morita equivalence can be defined for arbitrary C*-
algebras in terms of so-called imprimitivity bimodules, but for C*-algebras with countable
approximate identities (which include all unital and separable C*-algebras), there is an equiv-
alent and more accessible definition. Indeed, two such C*-algebras A and B are called Morita
equivalent if A ® K= B ® K, where K denotes the C*-algebra of compact operators on some
separable Hilbert space. As for rings, Morita equivalence preserves many properties, including
the K-theory and the ideal lattice, and if p € A is a full projection of A, then the full corner
pAp is Morita-equivalent to A.

Remark A.3.4 (The universal enveloping C*-algebra). Given a %-algebra A, one can define
the (possibly infinite) number

|la|| = sup{||7(a)| | 7 : A — B(H) is a representation}
for a € A. In case ||a|| < oo for all a € A, || - || defines a semi-norm on A, hence
I'={ae Alla] =0}

is a two-sided ideal in A. The norm induced on the quotient A/I satisfies all the C*-axioms,
however A/I need not be complete. The completion C(A) of A/I is called the universal en-
veloping C*-algebra of A. Tt enjoys the following universal property: For any x-homomorphism
¢: A — Binto a C*-algebra B, there is a *-homomorphism C(A) — B such that the diagram

¥

A———B

Ik
.
.
.
.
.
.
.
.

Ca(A)



104 APPENDICES .

commutes. It is a general fact that any Banach x-algebra with an approximate unit has a
universal enveloping C*-algebra, so in particular this holds for unital Banach x-algebras.

Limits always exist in the category of C*-algebras. At one point we shall need the following
result on inductive limits, which can easily be generalized to arbitrary inductive sequences if
one desires so.

Lemma A.3.5. Given an inductive sequence of C*-algebras
Ap B Ay 5 Ay 25 L
with surjective transit maps and inductive limit (A, {p,}). Then
ker(p) = U ker(41,)
n>2

where Y1, = @p_10...001: A1 = A,.

Proof. Define an ideal of A, by T = J,,, ker(¢1,,) and write 1, for the induced isomorphism
A/ ker(¢1,) — A,. Since all the transit maps are surjections, we can define x-homomorphisms

e A A

T Ay 22y L2t

ker(y1.,) T
for all n > 1 — note that m; is just the quotient map. We claim that the diagram

A =2 AL

\ l'ﬂ—n—&-l
Tn

AT

commutes for all n. To see this, we note that both the upper and lower triangle of the diagram

-1
©n P1,n+1
A, ————— Ap1 — Ay / ker(¢1,n41)

Ay / ker(p1,0) A /T

Y

where all the non-labeled arrows are the obvious quotient maps, commutes. In particular
the outer diagram commutes, i.e. m,4+1 © ¢, = m,. Thus we obtain a *-homomorphism
m: A— A;/T as in the diagram

A4

RN

AT

By definition Z C ker(), and p; clearly drops to an inverse of 7, hence 7 is an isomorphism.
In particular we have

ker(uy) = ker(m) = 7.
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