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Abstract

This thesis gives a thorough introduction to the infinite graphs known as Bratteli
diagrams and their two most common uses — namely as a means of representing
AF-algebras in a combinatorial way and as a way of modeling Cantor minimal
systems. The thesis is therefore naturally divided into two parts.

In the first part, the machinery needed study AF-algebras is introduced, in
particular the structure theorem for finite-dimensional C*-algebras is proved from
first principles, and direct limits of finite-dimensional C*-algebras are constructed.
We show how an AF-algebra can be represented by a Bratteli diagram and how
information about the AF-algebra may be extracted from its Bratteli diagram. In
particular we demonstrate how the ideals of an AF-algebra may be read off its
Bratteli diagram and also how the Bratteli diagrams of isomorphic AF-algebras
are related. Some classic examples of AF-algebras are given, and their Bratteli
diagrams are computed and used to illustrate the general theory.

In the second part, ordered Bratteli diagrams are introduced and we construct
the associated Cantor minimal systems, known as Bratteli-Vershik systems. The
associated dimension groups are also briefly introduced. We give the full proof of
the model theorem for Cantor minimal systems.






Sammendrag

Denne avhandlingen gir en grundig innfgring i en type uendelige grafer som kalles
Brattelidiagrammer, og deres to vanligste bruksomrader — nemlig som en mate a
representere AF-algebraer pa en kombinatorisk mate og som en mate a modellere
Cantor minimale systemer. Avhandlingen er naturlig delt opp i to deler.

I den forste delen introduseres maskineriet som trengs for a studere AF-algebraer.
Blant annet bevises struktursatsen for endeligdimensjonale C*-algebraer kun ved
bruk av elementeer operatorteori, og direktegrenser av endeligdimensjonale C*-
algebraer konstrueres. Vi viser hvordan en AF-algebra kan representeres ved et
Brattelidiagram og hvordan egenskapene til en AF-algebra kan leses ut fra dens
tilhgrende Brattelidiagram. Spesielt demonstrerer vi hvordan idealstrukturen til
en AF-algebra kan leses av Brattelidiagrammet, og hvilken sammenheng det er
mellom Brattelidiagrammer som tilhgrer isomorfe AF-algebraer. Det gis eksemp-
ler pa klassiske AF-algebraer, og deres tilhgrende Brattelidiagrammer beregnes og
brukes til a illustrere den generelle teorien.

I den andre delen introduseres ordnede Brattelidiagrammer og det tilhgrende
Cantor minimale systemet, som kalles et Bratteli-Vershik system, konstrueres. Den
tilhgrende dimensjonsgruppen introduseres ogsa kort. Modellteoremet for Cantor
minimale systemer bevises i full detalj.
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Preface

This thesis was written during the academic year 2015-2016 (part-time during the
fall semester and full-time during the spring semester), and it marks the end of
my two-year international Master’s programme in Mathematical Sciences at the
Norwegian University of Science and Technology.

The original goal of the thesis was to prove the model theorem of Herman,
Putnam and Skau [7, Theorem 4.5] in all its detail. The main tool in the proof
of the model theorem is Bratteli diagrams. In fact, the statement of the theorem
is, loosely speaking, that any Cantor minimal system can be realized on a Bratteli
diagram. My supervisor suggested that I should introduce Bratteli diagrams in
their original context. Ola Bratteli introduced Bratteli diagrams and AF-algebras
(which are direct limits of finite-dimensional C*-algebras) in seminal paper from
1972 [1]. The AF-algebras are one of the most extensively studied classes of C*-
algebras. A reason for this is that they are quite accessible, yet highly nontrivial.

When I started to work on my thesis in the fall semester, I did not have much
knowledge of C*-algebras. I followed an introductory course on C*-algebras lec-
tured by Eduard Ortega and Franz Luef. But in order to gain some experience on
my own, me and my supervisor decided that I should include an elementary proof
of the structure theorem of finite-dimensional C*-algebras in the thesis.

As T continued studying AF-algebras I found them to be quite interesting and
fun to work with. The books I read sometimes had too big gaps in the proofs for
my taste, so I decided to fill them in with detail, for my own sake. I also thought
that the notation and definitions were a bit cumbersome at times so I have tried
to make it as “clean”, yet detailed, as possible. The proofs I will present are to my
liking and may not necessarily be the ones mostly found in the literature.

As I went on, the thesis became more centered around Bratteli diagrams, rather
than just Cantor minimal systems. Strictly speaking I ended up considering two
slightly different types of Bratteli diagrams in the two parts of the thesis (Chapter
1-3 and Chapter 4), but if one restricts to unital AF-algebras they coincide.

The model theorem for Cantor minimal systems (Theorem 4.6.2), which we
prove in the final Section of this thesis, is a fundamental result when it comes to
classifying Cantor minimal systems up to orbit equivalence. Since Bratteli diagrams
are very combinatorial and in a sense “very concrete”, they simplify many proofs
and allow the construction of computable invariants. The main idea in the proof
is the construction of so-called Kakutani-Rokhlin partitions, which we shall simply
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call towers, that give rise to a Bratteli diagram.

The thesis is pretty much self-contained. The only preliminaries needed to
understand most of the text are some general topology and elementary theory on
C*-algebras. This may be found in [10], and [11] and [12], respectively.

An overview of each chapter is given below.

Notation and conventions Some of the notation and conventions used in the
thesis, which is also used in other areas of mathematics, are spelled out, in order
to avoid any confusion.

Chapter 1 In the first chapter we classify the finite-dimensional C*-algebras.
Given a finite-dimensional C*-algebra, A, we construct several finite-dimensional
Hilbert spaces inside A and let the elements of A act as operators on these Hilbert
spaces. This yields an isomorphism onto a multimatrix algebra. We also make
some observations needed for later chapters.

Chapter 2 This chapter is devoted to the construction of direct limits of finite-
dimensional C*-algebras, in order to make sense of AF-algebras. We show that
any homomorphism between multimatrix algebras is inner equivalent to a canoni-
cal homomorphism. When we have a chain system of multimatrix algebras where
the connecting homomorphisms are canonical, the chain system gives rise to a
Bratteli diagram. We also make some remarks about unital and non-unital chain
systems.

Chapter 3 This is the main chapter in the first part of the thesis. AF-algebras
are defined, and several equivalent characterizations are given. We show how AF-
algebras correspond to Bratteli diagrams and vice versa. This correspondence
allows us to prove several theorems. We classify commutative AF-algebras, show
that there is a very strong uniqueness condition on a chain system defining an
AF-algebra, we classify the ideal structure of AF-algebras in terms of their Bratteli
diagrams and we give a criterion for when AF-algebras are simple. Several exam-
ples are also introduced, and analyzed, in order to illustrate the general results.

Chapter 4 In the fourth and final chapter we prove the model theorem for Can-
tor minimal systems. We also give some motivation for studying these kinds of
dynamical systems. Ordered Bratteli diagrams are introduced and the space of
infinite paths in the diagram is shown to be a Cantor space. Also, a naturally
defined homeomorphism on the path space yields a Cantor minimal system. Given
a Cantor minimal system (X, T'), we construct, using Kakutani-Rokhlin partitions,
an ordered Bratteli diagram whose associated dynamical system is conjugate (in
fact pointedly conjugate) to (X,T). We also include several figures to illustrate
and illuminate the properties of such diagrams. The associated dimension group,
which is an important invariant, is introduced, but not studied.
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Notation and conventions

We shall denote the positive integers by N, and the non-negative integers by Z* =
N U {0}. When a collection of objects is indexed by n, as in “A,”, then unless
otherwise stated, this means that n runs through N. We use C to indicate inclusion
of sets and C to indicate proper inclusion. To indicate that a union is disjoint we
will use U instead of U. The symbol = will be used to denote different types of
isomorphisms (which type will be clear from the context), except for topological
spaces, where ~ denotes homeomorphism. Unless otherwise stated, @& denotes
direct sum in the appropriate category. When ¢ and j are integers, then d;; denotes
the Kronecker delta.

If T is a linear map we use ker(T') to denote the kernel of T and Ran(T) to
denote the Range (i.e. image) of T'. Inner products in Hilbert spaces will be denoted
by (-,-). When H is a Hilbert space, B(H) denotes the bounded linear operators
on H and || - ||op denotes the operator norm. We let M,,(C) denote the C*-algebra
of n x n matrices with complex entries. If A is a C*-algebra, then A denotes the
minimal unitization of A. If A is unital we use 14 to denote the unit in A, or just 1
when no confusion arises. For a € A, spec(a) denotes the spectrum of a. If S C A
is a subset of a C*-algebra A, then C*(S) denotes the C*-subalgebra generated by
S. And if A is a pre-C*-algebra, then C*(A) denotes the C*-completion of A.

When X is a compact Hausdorff topological space, then C(X) denotes the
C*-algebra of continuous functions from X to C. More generally, if X is locally
compact and Hausdorff, then Cy(X) denotes the C*-algebra of continuous complex-
valued functions on X vanishing at infinity. Also, T denotes the unit circle in C as
a topological space.

If X is a topological space, then by “an open neighbourhood of a point x” we
shall mean an open set containing x. A clopen set is a set which is both open
and closed. And if X is a metric space, then B.(z) denotes the open ball of
radius e centered at x. We also use d(z,Y") to denote the distance from a point
x € X to asubset Y C X, that is d(z,Y) = inf,cy d(x,y). More generally,
d(Y1,Ys) = infy, ev; yoevs d(y1,y2)-



Chapter 1

Finite-dimensional
C*-algebras

1.1 The structure theorem

The main goal of this chapter is to prove the structure theorem for finite-dimensional
C*-algebras. In the course of the proof we will also gain insight into some prop-
erties of finite-dimensional C*-algebras needed for later chapters. The structure
theorem says that any finite-dimensional C*-algebra is isomorphic to a direct sum
of full matrix algebras, a so called multimatriz algebra. The precise statement is
as follows.

Theorem 1.1.1. Let A be a finite-dimensional C*-algebra. Then there exists
positive integers K and Ny, ..., Nk such that

A= My, (C)® Mpn,(C)®---® My, (C)

Furthermore, K is uniquely determined, and Ny, ..., Nk are unique up to permu-
tation.

We shall first prove Theorem 1.1.1 under the additional hypothesis that A is
unital. This is because having a unit will make our proof easier. The main idea
of the proof is to use certain “small” projections to construct finitely many finite-
dimensional Hilbert spaces inside A, and then let the elements of A act as operators
on these Hilbert spaces. When we have established the result for unital finite-
dimensional C*-algebras, we will extend it without much effort to not necessarily

unital C*-algebras by looking at the unitization, A. However, all finite-dimensional
C*-algebras are unital, as a consequence of Theorem 1.1.1.

1.2 Rank-one operators on Hilbert spaces

We begin by examining a class of rank-one operators on Hilbert spaces. Given two
vectors £ and 7 in a Hilbert space H we define an operator which maps vectors ¢



1.2. Rank-one operators on Hilbert spaces

along ¢ by multiplying with the scalar ({,n). Since (¢,n)n is a scalar multiple of
the orthogonal projection of ¢ onto 7, our operator ”projects” ¢ onto & as if it was
”projecting” onto 7.

Definition 1.2.1. Let H be a Hilbert space and let £ and 7 be vectors in H.
Define an operator £ ® n* on H by

§@n*(¢) = (¢;m)¢ for ¢ € H.

Let us pause for a moment and consider the special case when H = CV and we
view vectors as column vectors. Also, let ¢ denote the conjugate transpose of &.
Then ¢ - 7' is a N x N matrix and & -7 = (,€) is a 1 x 1 matrix, i.e. a scalar.
The formula in the definition above states associativity for matrix multiplication
because

o () =mE=m"-Q-¢=¢-("-O=E-n") ¢
So the matrix ¢ - ' (which corresponds to & ® n*) applied to ¢ equals ¢ scaled by
nt - ¢ (which corresponds to (¢,7)).

Lemma 1.2.2. Let H be a Hilbert space, let £,m,(,w be vectors in H and let
T € B(H) be a bounded linear operator on H. Then we have

(1) E@n™ e B(H) and [[€ @ 1" [lop = [I€]llIn]-

(2) Ran(é ® n*) = span{&} when n # 0. In particular, rank(§ ® n*) = 1 when
n,§ # 0.

(B) Eon) =na".

(4) E@n7)o((@w)={((nEOw).

(5) To(§®n™) = (T ®n"

(6) (@n*)oT =& (T™n)".

(7)

If H is finite-dimensional and &1,&s,...,&, is an orthonormal basis for H,
then B(H) = span{&; ® £|1 <i,j <n} and Y ;" & @& =1dy .

7

Proof. Parts (1) through (6) are routine calculations.

(1) Let z,y € H and \,u € C. Then £ @ n*(A\x + py) = v + py,n)é =
Mo, mE+u(y, mE = ME@n* () +u(€®n*(y)). By Cauchy-Schwarz || @n* (x)|| =
[[€z, m&ll = [z, mIIEN < NzlllnlllI€]l, so 11§ @ n*[lop < lI€][lIn]l. On the other hand,
1€ @n* ()l = Il{n,mEll = IInl*I€]l, hence [I€ @ n*[lop = IENlI7]l-

(2) Clearly £ ® n*(x) € span{¢}. And if n,& # 0, then we saw in part (1) that
E®@n*(n) # 0. Since span{{} is one-dimensional we have Ran(¢ ® n*) = span{¢}.

és)( <)€®77*(‘T)7y> = <<x77i>§:y> = <:E,’I7><§,y> = <£E, <§7y>77> = <:C’ <Z/:f>77> = <93,77®
* y .



Chapter 1. Finite-dimensional C*-algebras

(4) €@n7) e ((@w)(x) = (@n")({(z,w)¢) = (z,w)§ @1 (() = (z,w){(,ME =
(€, m¢©w(x).

(5) Let T € B(H). Then T({ @ n*(2)) = T({z,n)§) = (x,m)T(§) = (TE) @ n*(z).
6) E@n*(Ta) = (Tz,n)& = (x, T*n)¢ =@ (T"n)"(2).
(7) Suppose H is finite-dimensional and let &1,&s,...,&, be an orthonormal ba-

sis for H. Then for any x € H we have the Fourier expansion

n

z= (,6) = Z&®€

i=1

so we see that Y. | & ® & is the identity operator in B(H). Therefore, for any
T € B(H) we have

T=To() &®¢&) ZTOSJ(E@E Z(Tm@s;

Jj=1 Jj=1

Z(Z T£]7£1 1) ZZngagz €z®£]7

j=1 j=11i=1

which clearly lies in the linear span of {§; ® 7|1 < i,j < n}. The last equality
above follows from the following computation:

(Zm) ® & (x) = (2,¢)) (ZA &) = Z x,&5)€
i=1 i—1

=Y A& ® & (x). N
i=1

1.3 Elementary properties of finite-dimensional C*-
algebras

We now give a proof of the very simple fact that C is the only one-dimensional
C*-algebra, up to isomorphism. We shall need this at one point.

Lemma 1.3.1. Let A be a one-dimensional C*-algebra. Then A is unital and
A=2Cuvia N-14— A,

Proof. Our first observation is that if B is any (non-zero) unital C*-algebra, then
1% = 15 and |[15] = 1. Indeed, 1% = 151% = (15) 1% = (1p1%)* = (1%)* = 15,
and ||15]|2 = |[1515] = ||[1s1s]|| = ||15]| and since 15 # 0, |[15] = 1.



1.3. Elementary properties of finite-dimensional C*-algebras

Now assume that A is a one-dimensional C*-algebra. Then there is an a €
Aja # 0 such that A = {\-a|X € C}. Then a* = pa for some scalar u. p # 0,
because if p = 0, then ||a||?> = |a*a|]| = |(ca)a| = |Ja - 0| = 0, which is a
contradiction since a # 0. We claim that g~'a is the unit in A. Indeed, for any
b=Xa € A, b(upta) = A\u~ta? = Xa = b. Similarly, (u=ta)b=0. So p~ta =14.
By noting that A = {\- 14|\ € C}, since 14 # 0 and A is one-dimensional, it is
easy to verify that the map ¢: A — C defined by ¢(A-14) = A is a unital isometric
*-isomorphism. O

The next result shows that ©X_, C are the only unital commutative C*-algebras.

Lemma 1.3.2. Let X be a compact Hausdorff topological space. If C(X) is finite-
dimensional, then X is a finite set.

Proof. We prove the contrapositive. Assume that X is infinite. We will show that
C(X) is infinite-dimensional by finding n linearly independent functions in C(X)
for an arbitrary n € N.

Since X is an infinite set we can pick n distinct points in X, say x1,...,2,. As
X is Hausdorff we can, by induction, find open neighbourhoods A; of x; such that
A; and A; are disjoint whenever i # j.

Since X is compact Hausdorff, X is normal. For each 1 <4 < n, {z;} and X\ 4;
are disjoint closed sets. We now appeal to Urysohn’s Lemma for the existence of
Urysohn functions f; € C(X) such that fi(z;) = 1 and f; = 0 on X \ 4;. If
0=a;fi+ ...+ ayfn, then by evaluating the right hand side in z; we get that
a; = 0. Hence the set {f1,..., fn} are linearly independent in C'(X). O

Proposition 1.3.3. Let A be a unital finite-dimensional C*-algebra. Then
(1) Every normal element in A has finite spectrum, i.e. spec(a) is a finite set.
(2) Ewvery element in A can be written as a linear combination of projections.

Proof. Let a be a normal element in A. By the Gelfand transform we know that
C(spec(a)) =2 C*(a,14). The latter is a C*-subalgebra of A and is therefore finite-
dimensional. But then C(spec(a)) is also finite-dimensional, and it follows from
Lemma 1.3.2 that spec(a) is finite.

Since spec(a) is a finite subset of C, it carries the discrete topology. For each
A € spec(a), let X{r}: spec(a) — C denote the characteristic function of {A}.
Then X{x} € C(spec(a)). Since X{1\} is a projection in C(spec(a)), we have that
X{x}(a) is a projection in A, by the functional calculus. We also have that for every
z € spec(a)

Z AX{N\(z) = 2z

A€spec(a)

Now, for the function f(z) = z in C(spec(a)) we have that f(a) = a. So, again by
the functional calculus, we obtain

Z AX{2}(a) = a.

Aespec(a)
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So we can write any normal element as a linear combination of projections. If b is
any element in A, we can write b = ¢+ id where ¢ and d are self-adjoints. Then ¢
and d are linear combinations of projections, and therefore b is as well. O

This shows that in a unital finite-dimensional C*-algebra we have, in a sense,
lots of projections. For a general C'*-algebra it need not be so. The trivial projec-
tions are p = 0, and p = 1 (if the C*-algebra is unital). There are C*-algebras with
no nontrivial projections at all. An example of this is C'(X) where X is a compact,
Hausdorff and connected topological space, e.g. C(T).

1.4 Minimal projections

Definition 1.4.1. Let A be a C*-algebra. Define a relation on the projections in
Abyp=>qifpg=q.

Note that when p and ¢ are projections, then pg = ¢ if and only if gp = ¢, by
taking adjoints. Also, we write p > ¢ when p > ¢ and p # q.

Lemma 1.4.2. The relation > in Definition 1.4.1 is a partial ordering.

Proof. Let A be a C*-algebra, and let p, ¢ and r be projections in A. Since p? = p
we have p > p, so > is reflexive. If p > ¢ and ¢ > p, then ¢ = pg = gp = p, so > is
antisymmetric. And if p > ¢ and ¢ > r, then pr = p(qr) = (pq)r = gr = r which
means that p > r, so > is transitive. O

Lemma 1.4.3. Let A be a C*-algebra.

(1) If p and q are projections in A, then p > q if and only if pAp 2 qAq. In
particular pAp = qAq implies that p = q.

(2) pAp is a unital C*-subalgebra of A with 1,4, = p.

(3) If 1 < dim(pAp) < oo, then there exists a non-zero projection q € pAp such
that p > q.

(4) If A is unital and finite-dimensional, then A has minimal non-zero projections
with respect to the ordering >.

Proof. (1) If p > g, then pg = q¢ = ¢gp, which implies that gAq = p(qAq)p C pAp.
Conversely, if ¢Aq C pAp, then qqq € pAp, so ¢ = qqq = pap for some a € A. But
then pq = p(pap) = p*ap = pap = q, so p > q. The latter statement now follows
from the fact that > is a partial ordering.

(2) Counsider pAp = {papla € A}. We first show that pAp is closed under
addition, scalar multiplication, multiplication and adjoints. Let a,b € Aand A € C.
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Then,

pap + pbp = p(ap + bp) = p(a +b)p € ApA,
A(pap) = p(Aa)p € pAp,

(pap) (pbp) = pap®bp = p(apb)p € pAp,
(pap)™ = p*a*p* = pa™p € pAp.

So pAp is a *-subalgebra of A. Sub-multiplicativity, i.e. ||ab|| < ||a||||b]|, implies that
left and right multiplication by a fixed element is a continuous operation. There-
fore, if we have a sequence (pa,p)>2; in pAp such that pa,p — b for some b € A,
then p?a,p? = pa,p — pbp. By uniqueness of limits we get that b = pbp € pAp.
This shows that pAp is closed in A, which is complete, hence pAp is complete. So
pAp is a C*-subalgebra of A. Furthermore, we observe that p = ppp € pAp and

that p(pap) = p?ap = pap = (pap)p. So p is the unit in pAp.

(3) Consider the functions f(z) = z and g(z) = A, where A € C. Since f
and ¢ are polynomials in z (and Z) we know from the functional calculus that
f(a) = a and g(a) = A -1 for a normal element ¢ in a unital C*-algebra. We
claim that if a is a self-adjoint element in pAp whose spectrum consists of a single
point, then a is a multiple of p. Indeed, if a is a self-adjoint element in pAp
and spec(a) = {A}, then f = g as elements in C(spec(a)). And it follows that
a = f(a) = g(a) = A-1,4p = Ap. Since any C*-algebra is spanned by its self-
adjoint elements, it follows that if all the self-adjoint elements in pAp has one point
spectrum, then pAp is in fact one dimensional and spanned by p.

Now, assume 1 < dim(pAp) < oo. Since pAp is not one dimensional, there exists
a self-adjoint element a € pAp such that |spec(a)| > 2. Now let f: spec(a) — {0,1}
be any surjective function. By Proposition 1.3.3, spec(a) is finite, and therefore f
is continuous. Let ¢ = f(a). ¢ is a projection in pAp since f is a projection in
C(spec(a)). ¢ is also non-zero because f is non-zero. Since p is the unit in pAp
we get that pg = ¢, so p > ¢q. Lastly, to see that ¢ # p, define g: spec(a) — C by
g(z) = 1. Of course, g is continuous as well, and g(a) =1-1,4, = p. Since f # g
as functions on spec(a), we get that ¢ = f(a) # g(a) = p.

(4) Let A be a (non-zero) unital finite-dimensional C*-algebra. Then A contains
non-zero projections because the unit is a non-zero projection. Now let p be any
projection in A. Since p is non-zero and A is finite-dimensional, 1 < dim(pAp) < oco.
And if dim(pAp) > 1 we can use (3) to find a non-zero projection ¢ such that ¢ < p.
Since ¢ # p, but p > g we get that ¢Aq is a proper linear subspace of pAp, and
thus dim(gAq) < dim(pAp). By continuing this way, we will after a finite number
of steps end up with a non-zero projection ¢ such that dim(qAq) = 1. We claim
that ¢ is a minimal non-zero projection. Indeed, if r is a non-zero projection with
g > r, then qAq 2O rAr. Now, rAr is a linear subspace of ¢Aq and rAr # {0}
because r is non-zero. But gAgq is 1-dimensional, and therefore rAr = ¢Aq which
means that r = ¢ by part (1). O

Observe that when A is a unital finite-dimensional C*-algebra, then the minimal
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non-zero projections in A are exactly those that satisfy dim(pAp) = 1. Since p is
the unit in pAp, we have pAp = C-p = C by Lemma 1.3.1.

Lemma 1.4.4. Let A be a unital finite-dimensional C*-algebra. If p1,...,px are
minimal non-zero projections in A satisfying pprAp; = 0 whenever k # [, then
p1,-.-px are linearly independent.

Proof. Assume, for the sake of contradiction, that pi,ps,...,px are linearly de-
pendent. Then, by possibly reordering the py’s, we have p; = Zszz o;p;. But
then

K K
C=C-pr=pAp1 =piA (Z akpk) = Zak(PlApk) =0.
=2 =2

And we have arrived at a contradiction. O

Henceforth we shall abbreviate minimal non-zero projection as MNP.

Definition 1.4.5. A finite, non-empty, set of MNPs satisfying the hypothesis of
Lemma 1.4.4 is called independent.

Let us briefly summarize what we have learned from the last two results. As
per usual, A is a unital finite-dimensional C*-algebra. Lemma 1.4.3 guarantees
the existence of MNPs in A and Lemma 1.4.4 shows that an independent set of
MNPs cannot contain more elements than the dimension of A. The next results
tells us that there always exists a (finite) mazimal independent set of MNPs. By
maximal we mean an independent set which is not properly contained in any other
independent set.

Lemma 1.4.6. Let A be a unital finite-dimensional C*-algebra. Then there exists
MNPs p1,pa,...,pi in A such that {p1,ps,...,pK} is a mazimal independent set.

Proof. Consider all independent sets of MNP’s in A. Any such set has at least one
element and at most dim(A) elements. Since A is finite-dimensional, we can pick
an independent set, say {p1,..., Pk}, having largest cardinality. Clearly this set is
maximal, because there are no independent sets with more than K elements. [

When proving the existence of a maximal element, one usually resorts to Zorn’s
Lemma. We could have done this here as well, but that would be to crack a nut
with a sledgehammer (since we are in a finite-dimensional setting).

It will be apparent from the proof of Proposition 1.5.3 that K, the cardinality
of a maximal independent set, always will be equal to dim(Z(A)). It may very
well happen that a singleton set {p} is a maximal independent set, namely when
dim(Z(A)) = 1, where p is a MNP in A. Note that {p} will always be independent
because the condition pxAp; = 0 for & # [ is vacuously true. For example if
A = My(C), then the maximal independent sets consists of only one element. An
example of a MNP in M(C) is (§9)-
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1.5 The proof of the structure theorem

The next lemma is the key result in proving Theorem 1.1.1.

Lemma 1.5.1. Let A be a unital finite-dimensional C*-algebra and let
{p1,p2,...,px} be a maximal independent set of MNPs in A.

(1) For each 1 <k < K, Apy, is a finite-dimensional Hilbert space when equipped
with the inner product implicitly defined by {a,b)pr = b*a for a,b € Apy.
Furthermore, the induced inner product norm coincides with the norm on A.

(2) Foreachl <k <K, Ap;, A = span{aprad’|a,a’ € A} is a unital C*-subalgebra
of A.

(3) A=Y @K  Ap,A, by which we mean that the sum is direct.

(4) For each 1 < k < K, define m,: A — B(Api) by (m(a))(b) = ab fora € A
and b € Apy,. Then

(i) 7 is a unital x-homomorphism.
(ii) ﬂ—k:‘AplA =0 forl #k.

(iil) Trk‘ApkA is an (isometric) x-isomorphism.

Proof. (1) Fix some 1 < k < K. Clearly Apy, = {apgla € A} is a (finite-
dimensional) linear subspace of A. Let a,b € Apy. Observe that apy = a since
pi is idempotent. Using this we get b*a = (bpx)*(apr) = prb*apr = prb*apy €
prApr, = Cpy, since py, is a MNP. Hence there exists a unique scalar o, such that
aq ppr = b*a. We define (a, b) = aq 5. We now confirm that this is an inner product
on Apy.

Linearity: (\a,b)pr = b*(Aa) = A(b*a) = X a,b)py and (a + a’,b)py = b*(a +
a') =b*a+b*a’ = {(a,b)pr + (¢/, bypr, = ({a,b) + {(a’,b))ps.

Conjugate symmetry: (b,a)pr = a*b = (b*a)* = ({a,b)pr)* = (a,b)p; =
<a7 b>pk~ _

Positive definiteness: (a,a)pr = a*a = (a*a)* = (a,a)py, which implies that
(a,a) € R. Let @ = (a,a). Then a*a = apr and spec(a*a) = spec(apy) =
aspec(py) by the Spectral Mapping Theorem. Both a*a and py = p}px are positive
elements and thus spec(a*a), spec(pr) C [0,00). If o < 0, then the above implies
that spec(a*a) = spec(pr) = {0}, but py is non-zero so this is a contradiction,
hence o > 0. Lastly, (a,a) =0 = a*a =0-pp =0 = a = 0 by the
C*-identity.

Next, observe that

lall* = lla*all = [[{a, a)pkll = (@, a)ll|px]| = (a,a) -1 = (a,q).

So the induced inner product norm on Apy coincides with the norm induced from
A. Also, Apy, is finite-dimensional, and therefore complete, hence Apy is a finite-
dimensional Hilbert space.
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(2) Apr A = span{apya’|a,a’ € A} is by definition a linear subspace of A. Api A
is also closed under multiplication and adjoints. Indeed, (apra’)* = (a')*pra*,
hence the adjoint of a linear combination of such elements is again in ApiA. Sim-
ilarly, (apra’)(bprb’) = api(a’bpid’), hence the product of linear combinations of
such elements is again in ApiA. Thus Api A is a x-subalgebra of A. Since A is
finite-dimensional, ApgA is closed and hence a C*-subalgebra.

We proceed to construct the unit in AppA. To this end, let By, be an orthonor-
mal basis for Apg. Then we have that

a= Z (a,b)b = Z (a, bybpy, = Z b({a,b)pr) = Z bb*a = (Z bb*) a

be By, be By be By, be By be By
for any a € Apy. Therefore it is natural to define

qe= )bb' =) bppb* € ApiA.

beBy, be By,

By the above calculation we have qra = a for any a € Apy. Let a,a’ € A. We
compute
ar(apra’) = (qrapy)a’ = apya’.

Observe that g is self-adjoint since it is a sum of self-adjoint elements. This gives
(apea’)ar = a(prd’qr) = ((prd'qr)"a”)" = ((gx(a’) "pi)a”)”
= ((ak(a')"pr)a”)" = ((a')"pra™)" = apya’.

Since App A is spanned by elements of the form appa’ we see that gy is the unit in
Api A. In particular, pp € Api A, so we have qppx = pk, i-€. @k > Dk-

(3) Since the g’s are units in C*-subalgebras of A, they are projections. Let
k # . Since the py’s are independent we have ppAp; = 0. Then (apga’)(bpd’) =
a(px(a’b)p;)b’ = 0, and this extends to products of such linear combinations. Thus
(AprA)(ApiA) = 0 as well. As g € AppA, we get qi(ApA) = 0. In particular
qrq = 0, i.e. the ¢;’s are pairwise orthogonal projections. Define ¢ := 1A—Z§:1 qk-

Then ¢* = 1% — Zszl g =14 — Zszl qr = ¢, and
K 2 K K K
7= (u - zqk> _ (u - zqk) S (u - qu>
k=1 k=1 k=1 =1
K K K K K
= (1,4 - Z%) - Z <Qk - Z%m) = <1A - Z%) - Z(Qk — ar)
k=1 k=1 =1 k=1 k=1

K

:1,4*2(11«:!]-

k=1

So ¢ is a projection. Additionally, qqx = 0 for all k. We want to show that ¢ = 0.
Assume for the sake of contradiction that ¢ # 0. By Lemma 1.4.3, ¢ > p for

10
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some MNP p. But then pap, = (pq)apr = (pq)(grapr) = plqqr)apy = 0V k,
i.e. pApr = 0. Similarly prap = (pa*pr)* = 0* = 0. So prAp = 0 as well. But

this contradicts the maximality of {p1,...,px}. Thus we must have ¢ = 0, which
means that

K

Z Qe = 1a.

k=1

At this point, we should also note that qxA = AppA. Since qx € AppA, we have
qra € AppA. Hence gy A C AppA. On the other hand, gi(apra’) = apra’ and the
same holds for linear combinations. Hence Apiy A C qxA.

For any a € A, we have that a = 140 = (22{:1 qk) a = Zle qra. So A =

Zszl grA. This sum is in fact direct. To see this, suppose 0 = Zszl qrax, then
multiplying by ¢; on the left yields gja; = 0 for each I. Thus we have

A= Z o (grA = Z o ApA.

(4) Let a,a’ € A and b,c € Apy. We first verify that m;(a) € B(Apy). Since
b € Apy, so is mi(a)b = ab. And 7 (a) is linear because of distributivity. Finally,
Ik (a)b]| = ||ab|| < ||a||||b]|- Hence mg(a) is bounded.

Next we show that 7 is a unital sx-homomorphism. mj is clearly linear, and
mr(ad )b = aa’b = a(a'b) = a(mi(a’)b) = (mi(a) o mp(a’)b). As for the adjoint,
(rp(a)b,c)pr = (ab,c)pr = c*ab = (a*¢)*d = (b,a*c)pr = (b,mx(a*)c)pr. So
m(a*) = m(a)*. And m(1a)b=14b=b = m,(1a) = Idap,.

We saw in part (3) that Ap; A acts trivially on ApxA O Apy, for k # [. Hence
Tkl ApA = 0. Finally, we must show that mj restricts to an isomorphism on Apy A.
Recall that By is our chosen orthonormal basis for Ap,. We have py A = (Apg)* C
span Bj,. Since aprpa’ = (api)(pra’) we must have AppA C span{bc*|b,c € By}.
Let bg, co € By, and let oy . be any scalars. Then

* * k7 ok
(T E ap,cbe” | co, bo)pr = E ap,{bc*co, bo)pr, = E ap,cbobc™ co.
b,ceBy, b,ce By, b,ce By

By orthonormality of By we have that bib = (b, bo)pr. = 0, unless b = by, in which
case it equals py. Similarly for c¢*cg. From this we get

*
(T E ap,be™ | co,bo)Pr = Qg coPk-
b,cEBy.

Now if a € ApyA, then we can write a = >, . ap,.cbc” for a suitable choice of
scalars ap .. And if m,(a) = 0, then the above calculation yields g . = 0 for each
b and c¢. Which means that a = 0. Hence 7y ap,4 is injective. (And since 7y is
unital, it is also isometric).

Now let a,b,¢c € Apg. Then ab* € AprA. And 7p(ab*)c = ab*c = a(b*c) =
alc,bypr, = (¢,b)apr = (¢, bya = a @ b*(c). Hence mi(ab*) = a ® b*. In particular
b® c* € m(AprA) V b,c € Bg. By part (7) of Lemma 1.2.2, these rank-one
operators span B(Apy), hence 745, 4 is surjective. O

11
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Lemma 1.5.2. The center of Mn(C) is the scalar multiples of the identity, i.e.
Z(Mpn(C)) = {\n|X € C}. The center of ®F_, My, (C) is isomorphic to CX and
1s spanned by the identity elements of the summands.

Proof. For N = 1 we have Z(M;(C) = Z(C) = C. So assume N > 2. We identify
My (C) with B(CY) via a +— a(-). Suppose a € Z(B(CY)), i.e. ab=ba V b €
B(CY). Let £ € CN. Then by Lemma 1.2.2

(@) @& =a(f®) =(E@)a=E® (a"8)"
= (§,§)al = (a§) ® 7 (§) = @ (a§)"(§) = (§,a"E)¢
(€,a%€)

(£,€)

So for every & € CV there exists a scalar r € C such that a& = r¢. Now if £,n € CV
are linearly independent. Then 3 r, s,t € C such that r{+sn = a+an = a(é+ n) =
t(§ +n) = t€ + tn. But by linear independence, r = s = t. So actually, a = r¢,
and the scalar r does not depend on &. Hence a = r - Id, and Z(My(C)) = C.

Now consider & | My, (C). It’s clear that (a1,...,ax) lies in the center of the
direct sum if and only if a, € Z(My, (C)) for all 1 <k < K. Hence

= af = & whenever £ # 0.

Z(@szlMNk((C)) = {()\1[]\[1,.. .,)\KINK)l/\l,...,AK - (C} = (CK O

We now have everything we need in order to prove the structure theorem under
the unital assumption.

Proposition 1.5.3. Let A be a unital finite-dimensional C*-algebra. Then there
exists positive integers K and Ny, ..., Nk such that

A= My, (C)® My, (C)@®--- @ My, (C)

Furthermore, K is uniquely determined, and N1, ..., Ng are unique up to permu-
tation.
Proof. By Lemma 1.4.6 there exists a maximal independent set {p1,...,px} of

MNPs. Let 7y, denote the maps defined in part (4) of Lemma 1.5.1. Define

T A= 0K AprA — oF  B(Ap)
by 7(a) = (m1(a),...,m(a)). Then 7 is a unital *-homomorphism because each 7,
is.

Suppose 7(a) = 0. We know that a = Zszl ar where ai € AprA. Since 7y is
identically zero on Ap;A when k # [ we get that

0=m(a) = (m(a),...,mk(a)) = (m (Zak> yen ey Tk (Zak>)
k=1 k=1

= (m(a1),...,7x(aK)).

12
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But the 7;’s are injective when restricted to Apg A and therefore a; = 0 for each
k, hence a = 0. So = is injective.

Let (T3,...,Tx) € ®X_ B(Apy). Since TklApy A 1S an isomorphism there exists
ai € AppA such that mi(ar) = Ty for each k. Then, by a similar computation as
above, W(Zle ar) = (T1,...,Tk). Thus 7 is an isomorphism.

By part (1) of Lemma 1.5.1, for each 1 < k < K Apy, is a finite-dimensional
Hilbert space. Therefore B(Apy) = B(CH™APL)Y o My 4,0 (C). Thus A =
®§:1MN1¢ (©).

It remains to show the uniqueness of K and {Ny,..., Ng}. Since an isomor-
phism preserves the center we get that Z(A) & Z(&&_ My, (C)) = CKX. Hence
K = dim(Z(A)).

Now suppose that & My, (C) 2 A= ek M, (C). Let

I, = (0,...,0,1In,,0,...,0) € ®r_, My, (C),

where I, occurs in the k’th coordinate. Define J; in X My (C) similarly. Note
that the I)’s are exactly the MNPs in the C*-algebra Z(®X_, My, (C)), and sim-
ilarly for the J;’s. Therefore, if ¢ is an isomorphism between @,IleM ~, (C) and
®& My, (C), we must have ¢({I1,...,Ix}) = {Ji,...,Jk}, since the MNPs are
preserved under isomorphism. If now ¢(Iy,) = J;,, then we can chop down on each
side by these projections to get

MNkD ((C) = Iko (@§:1MNIC ((C)) =J; (@iK:IMLi ((C)) = MLiO (C)v

which implies that Ny, = L;,. Doing this for each k we get {I1,...,Ix} =
{J1,...,Ji}. This finishes the proof. O

We move straight on to the proof of the general case.

Proof of Theorem 1.1.1. Let A be a (not necessarily unital) finite-dimensional
C*-algebra. Let A denote the unitization of A. Since A = A & C as vector
spaces, dim(A) = dim(A4) + 1. In particular A is unital and finite-dimensional,
so by Proposition 1.5.3 there exists a unique positive integer K and a unique set
of positive integers {Ny,..., Nx} such that = @leMNk (C). We know that
A= A C A, where A’ is a closed two-sided ideal in A such that A/A’ = C.
It follows that A = A" C EBszlM N, (C) where A” is a closed two-sided ideal
of codimension 1. However, we know from ring theory, that My (C) is simple.
Therefore, the only two-sided ideals in &5 My, (C) is ideals of the form &£ Ay
where each Ay is either 0 or My, (C). Since A” has codimension 1 we must have
that dim (MNkO (C)) = 1 for some ko, ie., the ko’th summand is C, and that
A" = oK Aj, where Ay, = 0 and Ay, = My, (C) for k # ko.

Thus A = A” which is a multimatrix algebra and the number of summands of
A" is K —1 = dim(Z(A)) — 1, and since A is unique, the number of summands is
unique. Furthermore, the summands of A” are unique up to permutation because
these coincide with the ones of A, except that one (of possibly several) of the
one-dimensional summands, C, is removed. O

The following are a few simple consequences of Theorem 1.1.1.

13
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Corollary 1.5.4. Every finite-dimensional C*-algebra is unital.

Corollary 1.5.5. Two multimatriz algebras are isomorphic if and only if one is a
“permutation” of the other, that is,

By My, (C) 2@ ML, (C) <= K =1 and {Ny}j_, = {Li}|_,.

Corollary 1.5.6. There are only countably many finite-dimensional C*-algebras,
up to isomorphism.

Proof. Let Sk be the set of all multimatrix algebras with K summands, i.e. S =
{®EK My, (C)|Ny,..., Nk € N}. Clearly |Sk| = |[N¥|. The set U¥_, Sk contains
every finite-dimensional C*-algebra, up to isomorphism. It is also a countable set
since it is a countable union of countable sets. O

14



Chapter 2

Direct limits and labeled
Bratteli diagrams

In the previous chapter we saw that all finite-dimensional C'*-algebras are iso-
morphic to multimatrix algebras. Direct limits is a standard way to create new
objects from old ones. We will be interested in the “simplest” of these, namely
direct limits of finite-dimensional C*-algebras. We begin by looking at sets, then
we move on to x-algebras, and we end with defining the C*-algebraic direct limit
of finite-dimensional C*-algebras. This leads us to the class of C*-algebras called
AF-algebras, and they will be properly introduced in the next chapter. Labeled
Bratteli diagrams will emerge naturally as a convenient way to represent certain
“canonical” types of direct limits.

2.1 Direct limits of sets

We begin by considering directed sequences of sets. Suppose we have a sequence
of sets X, and maps ¢,: X,, = X,p1. We shall call (X, ¢),cn @ chain system
and represent it as a diagram in the following way:

1 ¢2

X, X, Xy 2y (2.1)

The maps ¢,, is referred to as the connecting homomorphisms in the chain system.
Our first goal is to define the set-theoretic direct limit of such a chain system. For
m < n we define the maps ¢, : X, — X5 by Gmn = dp_10@¢p_20---0 ¢, and
we define ¢ = Idx,, . So ¢y takes us from X, to X,, by sequentially applying
the maps in the diagram (2.1). Now let

|_| X, = U {(z,n)|z € X,}
n=1 n=1

be the “labeled” disjoint union of the sets X,. Next, we define R to be the
smallest equivalence relation on | [>° | X,, such that (z,n)R(¢,(z),n + 1) for all

15
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(z,n) € |02, Xn, ie. each z € X,, is related to its image by ¢, in X,,41. To get
a firm grip of the equivalence relation R we will prove that R can be explicitly
characterized as follows; If 2 € X, and 2’ € X,,, then (z,n)R(2’,m) if and only if
x and 2’ eventually coincide by following the diagram in (2.1). More precisely, we
have the following lemma, which will turn out to be very useful in proofs.

Lemma 2.1.1. Let (X,,¢n),cy be a chain system and let R be the equivalence
relation on ||~ X,, defined above. If x € X,, and 2’ € X, then (z,n)R(z',m) if
and only if there exists an integer k > max{m,n} such that ¢,i(z) = dmi(x’).

Proof. Define another relation, ~, on | |>2, X,, by (z,n) ~ (2, m) if there exists an
integer k > max{m,n} such that ¢,i(x) = ¢mr(z’). By definition, ~ is reflexive
and symmetric. To show transitivity, suppose that (z,n) ~ (y,m) and (y,m) ~
(2,1). Then there exists k1, ko such that ¢k, () = Gk, (v) and Gk, (v) = dik, (2).
If k4 = ko, then z ~ z and we are done. So assume, without loss of generality, that
ko < k1. We wish to have x and z “coinciding” in Xj,, see the following diagram:

Gy
bm .
YE Xm —2 Xp, —20 Xy,
/lkz 41
z € X re X,

We have ¢nk1 (x) = ¢mk1 (y) = ¢k2k1 ° (bmkz (y) = qj)kzkl © ¢lk2 (Z) = ¢lk1 (2)7 which
means that x ~ z. Thus ~ is an equivalence relation.

Clearly (z,n) ~ (¢n(x),n+ 1), and since R is the smallest equivalence relation
satisfying this, we get R C ~. On the other hand, if (z,n) ~ (z’,m), then there is
a k > max{m,n} such that ¢,x(z) = dmr(z’). But we also have that

(Gme—1) (@), k — )R- R(m ('), m + 1)R(a’,m)

And then (z,n)R(z’,m) since R is an equivalence relation. Hence we get ~ C R,
so ~ =TR. O

We define lim X,, = (>, X,) /R to be the set of equivalence classes and
denote the equivalence class of (x,n) under R by [x,n]. We say that lingn is the
direct limit of the chain system (2.1). To get more compact notation we often write
lim X,, = Xo. If we wish to emphasize the maps ¢,,, we shall write lim(X,,, ¢r)
for the direct limit. For each n € N, define the map ¢noo: Xpn = Xoo Y Pnoo () =
[x,n] for x € X,,. Le. ¢noo maps x to its equivalence class in X,.

A chain system map from a chain system (X, ¢,) to another chain system
(Yo, %y) is a sequence of maps 6,: X,, — Y, such that the following diagram
commutes:

X, 1 X, P2 X, ¢3
Bk b
Y P Y, P2 Ya p3
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Given such a chain system map, we get an induced map 0., : Xoo — Yoo on the
direct limits defined by 0. ([x,n]) = [0.(x),n]. The well-definedness of 6, follow
from the commutativity of the diagram above.

Suppose we have a chain system (X, ¢,) and subsets W,, C X,, such that
¢n(Wy,) C Wiy for each n € N. Then we can identify (o, ¢noo(W;) with
lim (W5, ¢ w,, ) in a natural way, because the equivalence classes in either setting
will be exactly the same.

It should also be noted that telescoping, i.e. passing to a subsequence, produces
bijective limits. Namely, given positive numbers n; < no < ns < ..., we telescope
the diagram (2.1) by “collapsing” the sets and maps between X,,, and X,,, . . This
is illustrated in the following diagram:

X, $nyng X, Fnzng X, nang

There is a natural correspondence between lim X,,, and lim X,, because each equiv-
alence class in X, correspond to the same one in thnk, where the elements not
coming from the X, ’s are removed.

To simplify our notation we shall write z +— y if y = ¢y (), and z — y if y =
®moo (), where it is understood that x € X,,,,y € X,,,n >mand z € X,,,y € X
respectively.

2.2 Direct limits of x-algebras

Throughout the rest of this chapter an algebra will mean a complex x-algebra,
a subalgebra will mean a x-subalgebra, and by a homomorphism will mean a *-
homomorphism, i.e. a homomorphism which preserves the x-operation. If A is a
unital algebra, then each unitary v € A defines an automorphism, Adu: A — A
by Adu(a) = wau*. If v is an automorphism of A, then < is called an inner
automorphism if v = Ad u for some unitary u € A.

For matrix algebras, we will often use M,, as shorthand for M, (C). More
generally for multimatrix algebras, if p'= (p1,p2, ..., p.) € N”, then we let M (p) =
M, © Mp, ®--- & M, . We say that an algebra is semisimple if it is isomorphic
to M (p) for some p'e N”.

We make a small remark on this choice of terminology. A ring is usually called
semisimple if it is semisimple as a module over itself. And the Artin-Wedderburn
Theorem implies that any finite-dimensional algebra (over C) which is semisimple as
a ring is isomorphic to M (p) for some p' € N”. Since we are ultimately interested in
direct limits of finite-dimensonal C*-algebras, which are isomorphic to multimatrix
algebras by Theorem 1.1.1, these two notions of semisimplicity coincide for our
purposes.

Consider a chain system (A,,, ¢,,) of algebras and homomorphisms:

Al 1 A2 $2 A3 3 . (22)

We wish to turn A, = lim A,, into an algebra. The operations in A, are defined
on the equivalence classes as follows. Let a = [a,,n] and b = [b,,,, m]| be elements
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in A and let A € C. We define Aa by Aa, — Aa, i.e. A\a = ¢poo(Aay,). Similarly
a¥ — a*. If m > n, let a, — a,, € A,,. Define a+b by al, + b, = a+ b and
define ab by al,,b,, — ab. And if m < n, do the same with b,, — b/, € A,,.

Lemma 2.2.1. The operations defined above are well defined and they turn Ao
into an algebra.

Proof. First of all, it suffices to show that the operations are well defined. Once
this is established the algebra axioms follow automatically because all operations
are actually done in the A,’s, which are algebras. We show that the adjoint and
multiplication are well defined. Scalar multiplication and addition are treated in
exactly the same way.

Suppose a = [an, n] = [am, m] € As. Then ¢ni(an) = dmi(am) for some k € N
by Lemma 2.1.1. We compute:

(ZSHOO(G‘;) = [a;’n] = [ank(a:;)vk] = [d)nk(an)*vk} = [Qbmk(am)*vk]
= [pmr(ap,), k] = [ag,, m] = dmoo(az,)-
Hence a* is well defined. Now let b = [b;,1] € As. Assume first that I > max{m,n}.

k can be chosen larger than [, because if it isn’t we just compose ¢, with ¢x; and
use [ as our new k. Let a,, — a; € A; and a,, — a] € A;. Then

Gioo(arby) = [arby, ] = [Pu(aiby), k] = [du(ar)dur(br), K]
= [ (ar) ik (br), k] = [Qu(ajbr), k] = [ajby, 1]
= ¢l00(a;bl)-

If I < max{m,n}, then we use b, — by, for a large enough L and the conclusion
remains the same. Next, if we pick two different representatives for b, then we
still get the same result by a computation similar to the above. Hence ab is well
defined. O

The proof above is somewhat messy, as is usual when one deals with equivalence
classes. The idea however, is clear. Namely, “to do an operation in A.,, pick
representative(s), do the operation on the representative(s) and then the result is
the resulting equivalence class”. We say that A, = lig(An, ¢n), when equipped
with the operations above, is the algebraic direct limit of the chain system (2.2).
We now define the algebraic precursor to the C*-algebraic direct limits we are
interested in.

Definition 2.2.2. An algebra A is called locally semisimple if it is isomorphic to a
direct limit of semisimple algebras, i.e. A = hﬂ A,, where the A,’s are semisimple.

We shall see in Section 2.5 that each element in a locally semisimple algebra
is contained in a semisimple subalgegra. We say that two algebraic chain systems
(An, ¢n) and (B,,1,) are isomorphic (as chain systems) if there exists isomor-
phisms v, : A, — B, such that the following diagram commutes:

A, 1 A, P2 As o3
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2.2. Direct limits of x-algebras

Note that (v5)nen is then a chain system map consisting of isomorphisms. It is
readily checked that isomorphic chain systems have isomorphic direct limits, and
that the induced map Yoo : Aoo = Boo is an isomorphism.

Nevertheless, one must be careful. Even if (A, ¢,) and (A,,,) are two alge-
braic chain systems such that, for each n, ¢,, and ,, are automorphically equivalent,
i.e. there exists automorphisms «,, and 3, of A, and A, 1 respectively, such that
the following diagram commutes:

Pn
An —_— An+1

e ]

Yn
An —_— An+1

it does not necessarily follow that lig(An, D) = @(Anﬂ/)n)- We shall soon see
that if the automorphisms are inner, then we do actually get isomorphic direct
limits.

Definition 2.2.3. Let A and B be unital algebras. We say that two homomor-
phisms ¢,9: A — B are inner equivalent if there exists inner automorphisms -y
and ¢ such that the following diagram commutes:

ALB
¥ 5
P
A——B

Note that inner equivalence is an equivalence relation on the set of homomor-
phisms between two algebras.

Lemma 2.2.4. Let A and B be unital algebras and let ¢v: A — B be a homomor-
phism. Then any inner automorphism v of A can be “extended” to B in the sense
that there exists an inner automorphism &' of B such that the following diagram
commutes:

A-Y,B
b
AV, B
Proof. As « is inner we have v = Adwu for some unitary u € A. Let e =
¥(14). Then e is a projection and e acts like the identity on ¢ (A). We also
have ¥ (u)y(u)* = e = ¥(u)*(u). Now let v = (u) + 15 — e. Then v is a unitary
in B since
oo = (¥(u) + (1 —€))(¥(u)" + (15 —€))
= Y(uw)y(u)* + () (1p —e) + (1p — ) (w)* + (1p — €)?
=c+9P(u) —Yp(ue+ )" —ep(u)" +1p—e

:1B7
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Chapter 2. Direct limits and labeled Bratteli diagrams

and a similar computation shows that v*v = 1g. Define §' = Adwv. For a € A we
have

" 01p(a) = Adv(¥(a)) = vip(a)o™ = (Y(u) + (1p — €))P(a)(¥(u") + (15 —¢€))
= Y(uw)y(a)(u’) + (w)v(a)(1p —€) + (15 — e)v(a)(u”)
+(1p —e)(a)(1s —e)
=Y(uau*)+0+0+0 =1 o Adu(a)
=1 o(a). O

The following lemma gives an alternative definition for inner equivalence, and
is referred to as unitary equivalence in the general theory.

Lemma 2.2.5. Let A and B be unital algebras. If ¢, : A — B are inner equivalent
homomorphisms, then there exists an inner automorphism 0 of B such that o ¢ =
¥, i.e. the following diagram commutes:

ALB

N

B

>

Proof. Lety: A— Aandé: B — B be inner automorphisms such that oy = §o¢.
By Lemma 2.2.4 there is an inner automorphism ¢’ of B such that ¢ o~y = ¢’ o 9.
Let § = 6! 0§. Then @ is inner and we have

90¢=5/_1O5O¢=(5’_1o¢07:5'_105/01p:¢, 0
It is worth emphasizing that in the following proposition, the connecting ho-
momorphisms ¢,, and v, are not assumed to be unital.

Proposition 2.2.6. Let (A, ¢n) and (An, ) be algebraic chain systems where
the Ay’s are unital. If, for each n € N, ¢, and 1, are inner equivalent, then

lin( A, én) 2 limy(Ap, ).

Proof. We will construct a chain system isomorphism (6, ),en between the two
chain systems as in the following diagram:

A P oa, 2 A~ Aps
J,Ql le J{9n, J{Qn,#»l
A o4, 2 A, =0 A

by using Lemma 2.2.5 inductively. First, let 8 = Id4,. Since ¢; and ; are
inner equivalent there is an inner automorphism 6, of Ay such that ¥, = 65 o ¢,
by Lemma 2.2.5. Then the first square in the diagram above commutes since
Proby =Y olda, =91 =020¢1.

Now assume that we have found inner automorphisms 64, ..., #, such that the
first n — 1 squares in the diagram above commutes. Since ¢, and 1, are inner
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2.3. Canonical homomorphisms

equivalent, we have that ,, oy, = d, o ¢, for inner automorphisms ~,,: 4, — A,
and d,: Ap41 — Ans1. And then we have

O0n 0 =thp oy, = (wn o en) o (0;1 O'Yn)a
which means that the following diagram commutes:

Pn
A, —= Anq
0." Ovnl lén

robn
A, — Ap

Since 6, 0+, is an inner automorphism we see that ¢,, and v, 0, are inner equiv-
alent. We appeal to Lemma 2.2.5 again for the existence of an inner automorphism
On+1: Apy1 — Apgq such that 9, 06, = 0,41 0 ¢,. Hence the first n squares in
the diagram commutes.

By induction we get a chain system isomorphism (6,,)nen between (A, ¢,,) and

(A'm ¢n)7 hence 1ién(Anv ¢n) = ligﬂ1(14n7 ¢n)~ O

2.3 Canonical homomorphisms

Our next goal is to classify homomorphisms of multimatrix algebras, up to inner
equivalence. It turns out that if we are allowed to “twist” by a unitary element (as
in inner equivalence), then all homomorphisms are of a canonical type.

Let ¢,p € N and k € Z™1 be such that xq < p. Then the triple (g, p, k) gives rise
to a homomorphism p: M, — M, as follows:

A:0:10:0:0
0340100

p(A)Z 0%0%%0%0 fOI‘AEMq,
000 TATO
0700100,

where there are k copies of A along the diagonal and the last block of zeros has
size h = p — kq. This is clearly a homomorphism since doing an operation on p(A)
in M), corresponds to doing the operation on A in each block on the diagonal. The
condition kg < p ensures that there is enough space to place x copies of ¢ X ¢
matrices on the diagonal.

Example 2.3.1. Let g =2, p =6 and x = 2. Then h = 2 and the corresponding
homomorphism p: My — Mg is given by

A0 0
p(A) = ,,Q,j,’flﬂiﬁqﬂ for A € M,
01010
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Chapter 2. Direct limits and labeled Bratteli diagrams

This quickly becomes quite cumbersome to write. Therefore we introduce the
following notation. Given (g,p,x) we write the corresponding homomorphism
p: My — M, as

K

—
A ADAD - AD 0.

This notation is sensible because having block matrices on the diagonal in a larger
matrix correspond to direct sums, since each computation is done within each block
on the diagonal. It is worth noting that if ¢ > p, then there are no nonzero homo-
morphisms from M, to M,,. This is because M, is simple, so such a homomorphism
is either injective or identically zero. And when ¢ > p the former cannot occur.

More generally, given ¢ € N*, p€ N” and an r x s matrix k = [k;;], kij € Z
such that k¢ < p. Then this gives rise to a homomorphism p: M(q) — M(p) as
follows:

p(A):p(Al@--‘EDAS)

1 K12 Ris

—_—~—
= Al@"'@Al@AQ@"'@Az@"'@As@"'@As@Ohl

Krl K2 Rrs

——
A1® - 0ABAD BAd DA D - BA S O,

for A=A - EPA e M) =M, PP M,,,

where K7+ h = p and h = (h1,...,hy). In the above equation @ separates each
summand (or coordinate) and @ separates blocks on the diagonal. It is clear that
p is a homomorphism. In words, p can be described as follows. The first summand
of p(A) consists of a p; x p; matrix which has %11 copies of A; along the diagonal,
followed by k12 copies of Ay along the diagonal, all the way down to k15 copies of
A, and then the rest are zeros. The last diagonal block (which is zero) has size
hi =p1 — Z‘;:l k1;¢;j. The remaining summands of p(A) are similar. Again, the
notation is a little cumbersome, but the concept is quite clear. The nonnegative
integer k;; denotes how many copies of A; which are placed along the diagonal in
M,,. The condition k¢ < p, which really means that 25:1 kijq; < p; for each 1,
ensures that there is enough space in M (p) to place the matrices on the diagonals.
It’s time to consider some examples.

Example 2.3.2. Let ¢ = (2,3,7), p = (5,11), and £ = (1} 9), then the corre-
sponding homomorphism p: Ms & M3 & M7 — M5 @ My, is given by

A ' O ,,1,4', i,,o,j,,q,,
A®B®C—s {O*B} ©| 0:A0
| 0707
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2.3. Canonical homomorphisms

Example 2.3.3. Let ¢=(1,2,3), = (13), and k = (13 1), then the correspond-
ing homomorphism p: C & My & M3 — M3 is given by

A10:0:0:00°
0:4:0:0:0:0
0:0:A:0:0:0
NEASET o AT o
0:0:0:0:B:0
0:0:0:0:0:0s

S o

Definition 2.3.4. A homomorphism p: M(q) = M (p
bras is called canonical if p is defined by a matrix [k;;

between multimatrix alge-
as above.

As a slight abuse of notation we will often write p = [k;;] when p is canonical,
but whether we mean the matrix itself or the homomorphism will always be clear
from the context. The whole point of introducing these canonical homomorphisms
is because of the fact that all homomorphisms are “essentially” canonical as the
following theorem shows.

Theorem 2.3.5. Let ¢: M(q) — M(p) be a homomorphism, where ¢ € N* and
p € N". Then there exists a unique canonical homomorphism, p, which is inner
equivalent to ¢.

Proof. We first consider the simplified case ¢: M(q) — M,, i.e. a single summand
in the codomain. Let EZ’“J for 1 <k <sand 1 <1i,j < g denote the standard
matrix units in M(q). E.g. B3 = 0® (99) & 03 in Example 2.3.3. The matrix
units satisfy the relation

ENEY., = 880 B

The projections EF = "% EF are mutually orthogonal in M(q), hence the same
is true for ¢(E¥) in M,. From now on we will regard M, as linear operators on C?.
For each & = 1,...,7 let % (v = 1,...,k;) be an orthonormal basis for

B(EY,)CP, where ky, is the dimension of ¢(EF,)CP. Later we will see that ry, is the
number of copies of Ay, placed in M, by the canonical homomorphism inner equiv-
alent to ¢. We claim that, for each k, 2%, == ¢(Ef )l (1 <j < qr,1 <v < k) is
an orthonormal basis for ¢(E¥)CP. Indeed, if j # j, then
(@5, 25,) = (S(Ef)xy, §(Efn)xy) = ((Efn)* o(Efy )y, x)

= <¢(Efj’)¢(Ejkl)xly€a$];’> = <¢(Efj’E]k1)‘rlljax];’>

= (¢(0)ay, z3) =0
since the Ef] are matrix units. And if j = j/, then

(@, 25,0) = (DB ER )xy, xy0) = (6(Ef)ay,ap) = (25, 25,) = dur.

The second to last equality follows because z¥ € ¢(EF,)CP and ¢(E¥,) is a projec-
tion. Because the Efj’s are matrix units, we have EF E¥, E¥, = EX and vice versa.
It follows that

dim(¢(EE)CP) = dim(¢(EF,)CP) = &y, for each i.
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Chapter 2. Direct limits and labeled Bratteli diagrams

And since ¢(E®)CP = @, ¢(EL)CP we get that dim(¢(E*)CP) = qprp. As we
have found gk linearly independent vectors, z¥ , in ¢(E¥)CP, these must span
#(EF)CP. This proves the claim.

Since the ¢(E¥)’s are mutually orthogonal projections, the subspaces ¢(E*)CP
are orthogonal. This implies that the set {x 1<k <s, 1<v<hk, 1<5<
qr} is an orthonormal basis for ¢(M(q))CP = &5_,¢(EF)CP. If this is a proper
subspace of CP, i.e. the xk ’s do not already span CP, then we complete it to an

jl/?

orthonormal basis for CP by adding vectors x1,...,x,. Let B denote the ordered
basis
1,1 1 1 1 1 1
D15 Toqs ey Ty 15 T1 20+ Tgyas ey Tlpgys -3 Ly
2 2 2 3 s
Ty To1s ey T L1100+ s Ty, s Tls + - - Th

In other words, B is the basis described above, ordered by first ascending on 7,
then v, then k, then h.

Let A € M(q). Using the matrix units we can write A =37, ., af; Ef;, where
the afj’s are scalars. As ¢(A) € M,, it may be viewed as a linear operator on C?.

In order to find ¢(A) relative to the basis B we compute

oA, = | S abo(el) | (etEialr) = 3~ abo(B Bl el
0.3,k i3k
kg
= ZCLZOO(]S Ezklo Zaljo Liy - (23)
As for the last basis vectors, z;, we have ¢(A)z; = 0. This is because z; €

(6(M())CP)" D (Ran(¢p(A*)))* = ker(¢(A)). We claim that ¢(A) has the follow-

ing representation with the respect to the basis B:
K1 K2 Ks

—_—~
[pA))g=A1@ DA GAd  ©Ad  DAD - DAD 0, (24)

To see that this is indeed the case we consider the columns of [¢(A)]z. As for the

first column we have ¢(A)zi; = > % afyzi; by (2.3), hence the first column of
[0(A)] is (a1y,aby,...,ah,,0...,0)", which is just the first column of A, and

the rest are zeros. Similarly, the second column equals the second column of A;
followed by zeros. This pattern repeats for each value of v, and the matrix is moved
one block down the diagonal, hence we get k1 copies of A; along the diagonal. The
same happens for Ay up to A as well. Finally, since ¢(A)z; =0 for j =1,...,h,
the last block on the diagonal in [¢(A)]z is a h x h block of zeros.

Let e1,...,e, denote the standard basis for CP and let U be the change of
basis matrix from the basis B to the basis e;, i.e. Uz}, = e1, Uz}, = es etc. Then
Up(A)U* has the form (2.4) relative to the standard basis. Also, U is unitary since
the bases are orthonormal. By considering the following commutative diagram we
see that ¢ is inner equivalent to the canonical homomorphism p defined by the

triple ((T, D, [Kzla cee KSD:
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2.3. Canonical homomorphisms

¢
M(q) —— M,

[P

M(q) —— M,

As for the general case ¢: M(q) — M(p), let m; denote the projection on the
ith summand in M (p), i.e.

m(B)=B;for B=B1®---®B, e M(p) =My, &--- & M,,.

Then we can write ¢(A) = ¢1(A) D -+ B ¢-(A), where ¢; = m; 0 ¢: M(§) — My,
is a homomorphism. By the above we get, for each i, a canonical homomorphism
pi determined by the triple (¢, pi, [Ki1,---,~is]) and a unitary U; such that p; =
AdU; o ¢;. And if we let U = AdU, @ --- ® U, and p = [k;5], then p = AdU o ¢.
Thus existence is established.

It remains to prove uniqueness. To this end, we first observe that inner auto-
morphisms preserve trace. Indeed, if V' is a unitary then by the trace property we
get Tr(V(AV*)) = Tr((AV*)V) = Tr(A).

Suppose p = [k4j] and p’ = [/@;j] define inner equivalent canonical homomor-
phisms from M(q) to M(p). We need to show that r;; = xj; for all 4,j. By
Lemma 2.2.5 there exists a unitary V € M(p) such that p/ = po AdV, ie.
p'(A) = Vp(A)V* for A € M(7). Note that V = V; @ --- & V. where each V;
is a unitary matrix in M),. Using this we see that

K11 Ris

—_—~ —_—~
VoAV =Vi Ao dAdo - A A ® 0 | V7P

1 Rrs

/—Hj‘— —N—
@Vr Al@"'@Al@"'@As@"'@As@Oh,,. VT*

’ ’
K11 Kis

—_—~ —_—~
=4 0o A0 DA 0 | D (2.5)

’ /
Tl Koy

—_— —_—
@ Al@"'@Al@"'@As@"'@As@Oh’r

K

= p'(4).

Consider the multimatrix A = 0@ --- @0 I, ®0@ ---© 0 € M(q), where the
identity matrix I, occurs in the j’th summand. Then the i’th summand in (2.5)
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Chapter 2. Direct limits and labeled Bratteli diagrams

reduces to
Iiij

—_——
Vilo®- 000, ® - @l,e06 a0 |V

’
K

—~

And since inner automorphisms preserve trace, we can take the trace (in M,,) on

both sides to get % =

i

, which implies that #;; = xj;. Thus p = p'. O

Now we are in good shape. For by combining Proposition 2.2.6 and Theo-
rem 2.3.5 we see that any locally semisimple algebra can be obtained from a canon-
ical chain system, i.e. a chain system where the algebras are multimatrix algebras
and the connecting homomorphisms are canonical.

Proposition 2.3.6. Let A be a locally semisimple algebra. Then A is isomorphic
to the direct limit of a canonical chain system.

Proof. As A is locally semisimple we have that A = lig(Amwn) where each A,
is semisimple. So there exists isomorphisms v,,: 4, — M (p(n)). Defining ¢, =

Y410 07, t turns (v, )nen into a chain system isomorphism, hence lig(An, Up) =
hﬂ(M(ﬁ(n))7 ¢n). See the following diagram:

A, Y1 A, P2 As P3

%lﬁ %\bz %J/’YS

M(p(1) =2 M(F2)) —2 M(F(3) —2 -

M(p(1)) -2 M(5(2)) 2 M(F(3)) 2 -

By Theorem 2.3.5 each ¢,, is inner equivalent to a canonical homomorphism p,, =

[kij(n)]. And so, im (M (p(n)), ¢n) = hg(M(ﬁ(n)), pn) by Proposition 2.2.6. Hence
s o7

A= Tim(M(p(n)), pn). O

2.4 Labeled Bratteli diagrams

Labeled Bratteli diagrams is a convenient way to represent canonical chain systems,
and in turn AF-algebras (see Section 3.2). Let p = [k;;]: M(q) — M(p) be a
canonical homomorphism. To p we associate a (directed) graph whose “initial”
vertices are {¢i,...,¢s} and whose “final” vertices are {p1,...,p,}. There are x;;
edges between ¢; and p;, and all these edges are directed from g¢; to p;. We draw
such a graph as a bipartite graph as in Figure 2.1. When drawing the graph, we do
not mark the direction of the edges because these are always directed downward.
We call this graph simply the graph of p. The graph tells us how many copies of
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2.4. Labeled Bratteli diagrams

of My, which maps inside M,,, under p. For example, in Figure 2.1 there are two
edges from ¢; to p1, hence k17 = 2. This means that p places two copies of the first
summand, M,,, of M(q) along the diagonal in the first summand, M, , of M (p).

1 " \ q
P P2 p

Figure 2.1: The graph of a canonical homomorphism.

S

T

Example 2.4.1. The graphs of the canonical homomorphisms in Example 2.3.2
and in Example 2.3.3 are depicted in Figure 2.2 and Figure 2.3, respectively.

S/

Figure 2.2: The graph of the canonical homomorphism in Example 2.3.2.

1 2 3
12
Figure 2.3: The graph of the canonical homomorphism in Example 2.3.3.

Given a canonical chain system (M (p(n)), p,) we obtain an infinite graph by
joining together the graphs associated to the p,’s. This infinite graph is the labeled
Bratteli diagram of the canonical chain system. Notice that the graph has no
sinks if and only if each connecting homomorphism in the canonical chain system
is injective. The following two examples illustrate the concept. These examples
will turn up again in the next chapter as labeled Bratteli diagrams representing
classical examples of AF-algebras.

Example 2.4.2. Consider the following canonical chain system:

@LHM@ 1)@1\4(1 2)ﬂ>M(1 3)ﬂ>... (2.6)

The labeled Bratteli diagram of this canonical chain system is depicted in Fig-
ure 2.4.

Example 2.4.3. Another canonical chain system is the following:
[11] [11] (11
M(1,1) 5% M(2,2) 5 M(4,4) 2 - (2.7)

And its labeled Bratteli diagram is depicted in Figure 2.5.
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Chapter 2. Direct limits and labeled Bratteli diagrams

Figure 2.5: The labeled Bratteli diagram of the canonical chain system (2.7).

Bratteli diagrams will play a prominent role in this text. We will see how they
can be used to represent both AF-algebras and certain dynamical systems on a
Cantor space. Therefore we now define labeled Bratteli diagrams abstractly.

Definition 2.4.4. A labeled Bratteli diagram is a quintuple (V, E, r, s, d) satisfying
the following properties:

(1) V, the vertex set, and F, the edge set, are both countable disjoint unions of
non-empty finite sets; V = | |2V, and E = | |7, E,.

(2) r, the range map, is a map r: E — V such that r(E,) C V,,. s, the source
map, is a map s: E — V such that s(E,) C V,,_1. Moreover, s~ (v) # () for
all v € V, i.e. the underlying graph has no sinks.

(3) d, the labeling of the Bratteli diagram, is a map d: V' — N such that d(v) >
2or(e)=y A(s(e)) for all v € V'\ V4.

Clearly, the diagram obtained from an injective canonical chain system is a
labeled Bratteli diagram, and any labeled Bratteli diagram gives rise to an injective
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2.4. Labeled Bratteli diagrams

canonical chain system - more on this in Section 3.2 We will also see that there is
no loss of generality by working with injective chain systems.

When drawing a labeled Bratteli diagram, V,, are the vertices of level n, and
these are drawn on the same horizontal line. F,, are the edges between level n —
1 and n, i.e. between V,,_1; and V,,. The edges are drawn without orientation
because they are all directed downwards, i.e. from V,,_; to V,,. Also, a vertex
v € V is drawn as the positive integer d(v). The level of v is the unique n such
that v € V,,. One should think of the label d(v) as the matrix size in the vth
summand of a multimatrix algebra, and the sum on the right hand side in part (3)
of Definition 2.4.4 as the sum of matrix sizes mapping into the vth summand. The
maps r and s are the obvious range and source maps giving the range and source
of an edge, respectively. We shall often write just (V, E) for a labeled Bratteli
diagram, and supress r, s and d from our notation. These maps are easily deduced
from a given diagram. In Chapter 4 we will drop the labeling, but for now it is
needed to be able to represent non-unital embeddings and non-unital AF-algebras.

There is an obvious notion of isomorphism between two labeled Bratteli dia-
grams (V, E) and (V’, E’); namely, there exists a pair of bijections between V' and
V' and between F and E’ preserving the gradings and the labeling, and intertwin-
ing the respective source and range maps. One should think of isomorphism of
labeled Bratteli diagrams as permuting the vertices within each level while keeping
their labels and edges attached.

Example 2.4.5. The two labeled Bratteli diagrams depicted in Figure 2.6 are
isomorphic. The correspondence of the vertices (i.e. the “permutations”) within
each level is indicated with colors.

///\ /%
\//// \\\/

N X
7 21 7 21

Figure 2.6: Two isomorphic labeled Bratteli diagrams.

The next result shows that a labeled Bratteli diagram uniquely determines a
locally semisimple algebra.

Lemma 2.4.6. Suppose (M(q(n)), k,) and (M (p(n)), pn) are two canonical chain
systems whose labeled Bratteli diagrams are isomorphic. Then li 13( (@n)), kn) =

lim (M (5(n)), p.).
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Chapter 2. Direct limits and labeled Bratteli diagrams

Proof. Since the labeled Bratteli diagrams are isomorphic, ¢(n) is a permutation of
p(n) for each n. Thus there are isomorphisms ¢,,: M(q(n)) — M (p(n)). However,
the following diagram need not commute:

M((1)) —2 M((2)) —2 M(g(3)) —=s -

%lm %l@ %\Lqﬁs

M(p(1)) —2 M(5(2)) 2= M(F(3)) 2 -

But since the labeled Bratteli diagrams are isomorphic, we do have that ¢,1 0 Ky,
and p,o¢,, are inner equivalent to the same canonical homomorphism for each n. In
particular ¢, 11 0k, and p, o ¢, are inner equivalent. We will use this to construct
a chain system isomorphism (¢, )nen. Let ¥1 = ¢1. By Lemma 2.2.5 there is an
inner automorphism o = Ad us of M (p(2)) such that p; o 1 = 30 (¢ 0 k). Let
o = Y2 0 2. Then py oYy = P9 0 K.

To get to the next step, consider ps o 15. Note that 1o = Adus o do = ¢ 0
Ad ¢y 1(uQ). Now observe that ps o 1) is inner equivalent to ps o ¢o since

(p2 01b2) 0o Ad ¢y (u3) = pao gy o (Ad gy (uz) 0 Ad gy ' (uh)) = pa o ¢a.

Thus p2 o ¥ is inner equivalent to ¢3 o K. Again by Lemma 2.2.5 there is an
inner automorphism 3 = Ad ug of M (p(3)) such that ps o 1hy = 3 0 (¢3 0 ka). Let
1Z}3 =730 ¢3. Then P2 OwQ = wg O Ko.

Continuing in this fashion we obtain a chain system isomorphism (¢,,)nen, thus

lim (M (q(n)). ) 2= ling(M(5(n)), py). O

When (V,E) is a labeled Bratteli diagram and k,l € Z* with k& < [, we let
Eyxi10FEpyo0---0 E; denote the set of all paths from Vj to V;. That is,

Ek+1 o Ek+2 o---o b = {(€k+1, €hd2y.- s el)|ei € Ei,r(ei) = S(€¢+1) \ Z}

We also define r((eg+1,...,e)) = r(e;) and s((ex+t1,-..,e1)) = s(ex+1) in this case.

Definition 2.4.7. Let (V, E,r,s,d) be a labeled Bratteli diagram and let mg <
mp; < mg < ... be a sequence of non-negative integers. The telescoping of
(V, E,r,s,d) with the respect to the sequence m,, is the labeled Bratteli diagram

oo o g ’ ' '
(V' E ', s d), where V) = Vi, B} = B, 110 B, 420 0Ey,, ,d :an

and r’ and s are the extensions of 7 and s respectively, restricted to the paths E/,
as above.

It is easy to see that a telescoping of any labeled Bratteli diagram is again a
labeled Bratteli diagram. Note that telescoping a labeled Bratteli diagram corre-
sponds to telescoping the canonical chain system (as mentioned near the end of
Section 2.1) it represents. The notion of telescoping is illustrated in Figure 2.7.

The inverse operation of telescoping is called microscoping. Microscoping is
to fill in new levels and edges so that by telescoping to the old levels one gets
the original diagram back again. We say that two labeled Bratteli diagrams are
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2.4. Labeled Bratteli diagrams

level n 2 : 9
level n + 1 3 2 2 telescoping,
6

level n + 2 8 5

Figure 2.7: On the left, the levels n, n+ 1 and n + 2 of a labeled Bratteli diagram,
and on the right, the resulting telescoped diagram obtained by telescoping to levels
n and n + 2.

telescope equivalent if one diagram can be obtained from the other by a finite
sequence of telescopings, microscopings and isomorphisms.

Sometimes it will be useful to describe the position of a vertex relative to another
vertex in a labeled Bratteli diagram. In order to do this in a concise way we intro-
duce a coordinate system of sorts for labeled Bratteli diagrams. When (V, E,r, s, d)
is a labeled Bratteli diagram, we write V,, = {(n,1), (n,2),...,(n,|Va|)} where we
have associated each vertex, v, with a pair (n,p) where n is the level of v and p
is an integer between 1 and |V,,| such that each vertex in V,, is assigned a unique
number, not to be confused with the label of the vertex. When drawing the labeled
Bratteli diagram (V, E,r, s,d) we always draw the vertices on level n from left to
right beginning with (n, 1), then (n,2), and so forth. In this way, (n,p) refers to
the pth vertex (from the left) on the nth level, and d((n,p)) is its label.

Example 2.4.8. Consider the labeled Bratteli diagram in Figure 2.8. The coloring
in this example is only present to ease the reading, it carries no mathematical
meaning. Here, (0,1) refers to the vertex labeled 1 at the top (0Oth) level. (1,1)
refers to the first vertex on the first level and refers to the second vertex on
the first level, both wich are labeled 3. And refers to the second vertex on
the second level, which is labeled 2.

3/1\2
N

Figure 2.8: A labeled Bratteli diagram with colored vertices to ease the reading.

If (V, E,r,s,d) is a labeled Bratteli diagram and (n,p) and (n+1, q) are vertices
in V,, and V,, 11 respectively, then we write (n,p) — (n + 1,q) if there is an edge
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Chapter 2. Direct limits and labeled Bratteli diagrams

between them, i.e. if there exists an e € E,41 with s(e) = (n,p) and r(e) =
(n+1,¢q). More generally, when n < m, we write (n,p) = (m, q) if there is a path
from (n,p) to (m,q), i.e. if there exists an a € E,41 0 --- o E,,, with s(a) = (n,p)
and r(a) = (m,q).

For instance, in the diagram in Figure 2.8, (0,1) — (1,1) and (0,1) — (2, 1),
while (1,1) = since there is no (downwards directed) path from the vertex
(1,1) to the vertex

Next we consider subdiagrams generated by subsets of vertices. Let (V, E, r, s,d)
be a labeled Bratteli diagram and let W C V be a non-empty subset of vertices.
Let m be the smallest integer such that W NV,, # 0. Then the subdiagram cor-
responding to W is (VW) EM)) where v = Vingn NW for n € Z*, and
EW) = {e € Eptnls(e) € W Ar(e) € W} for n € N. The subdiagram corre-
sponding to a subset of vertices will not always be a labeled Bratteli diagram, but
for the cases we shall consider (e.g. ideals in Section 3.5), it will be. To obtain
the subdiagram associated to W from (V, E) when W C V', simply remove every
vertex not in W and remove every edge whose source or range does not belong to

w.
Example 2.4.9. Let (V, E) be the labeled Bratteli diagram in Figure 2.8 and let
W ={(0,1), (1,1), (2,1), ,...} C W

Then the subdiagram corresponding to W is depicted in Figure 2.9.

1

/

3

N\

8

Figure 2.9: The subdiagram corresponding to W in Example 2.4.9.

2.5 Direct limits of finite-dimensional C'*-algebras

Having defined locally semisimple algebras, the next step is to equip these with
a norm turning them into C*-algebras, and thus obtaining direct limits of finite-
dimensional C*-algebras. Consider a finite-dimensional chain system, i.e. the A,,’s
are finite dimensional C'*-algebras and the ¢,’s are homomorphisms:

A1 1 A2 P2 A3 3 . (2.8)

By the structure theorem for finite-dimensional C*-algebras (Theorem 1.1.1),
each A,, is semisimple as an algebra. Let A, denote the algebraic direct limit of this
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2.5. Direct limits of finite-dimensional C*-algebras

chain system. Then A, is locally semisimple. Recall the maps ¢po0: An — Ao
which maps an element to its equivalence class in Ao,. Define B,, == ¢noo(An) C
Aso. AS ¢poo is a homomorphism we have that B, 2 A,/ ker(dnoo). And since A,
is semisimple, B,, is a direct summand of A,,, hence B,, is semisimple as well.

This can also be seen directly as follows. For a fixed n, A,, = M, ®---®M,,_ .
Each summand of A,, is simple, so each summand is either embedded into A,, or
collapsed to 0 by each ¢,,,,. As there are finitely many summands, this process will
eventually stabilize, i.e. for some N, ¢ n(An) = édn . ny1(Ap) = ---. At this point,
a certain number of the summands of A, may have been collapsed to 0, but the
remaining summands which are then embedded ad infinitum are isomorphic, as a
direct sum, to B,,.

Observe that By C By, C B3 C --- and that U;,o:1 B,, = As. From this we see
that each element in A, is contained in a semisimple subalgebra, hence the name
locally semisimple. We know that each multimatrix algebra M (p) has a unique
norm which turns it into a C*-algebra. Each B,, is isomorphic to some multima-
trix algebra M (p(n)), so we endow B, with the norm from the latter (which is
then the unique norm turning B, into a C*-algebra). As B,, C B,4+1 the norm
on B, coincide with the norm on B, ;. In this way we obtain a norm on A
which satisfies all the axioms of a C*-algebra, except possibly completeness. (Fol-
lowing the ideas in the previous paragraph one can see that ||[a, n]|| = ||¢neo(a)| =
limy, o0 ||Pnm(a)]] 4,,-) We may then form the C*-completion of As.

Definition 2.5.1. Let (A,, ¢,) be a finite-dimensional (C*-algebraic) chain sys-
tem, and let A,, denote the algebraic direct limit of the chain system. The C*-
algebraic direct limit of the chain system (A,,¢,), denoted 2, is the closure
C*(As) with respect to the norm described in the preceding paragraph.

An important remark is that 2., depends only on the limit algebra A, and
not on the particular approximating chain system. This is a trivial observation,
but it will be used several times in the next chapter.

Lemma 2.5.2. If (A, ¢n) and (A, ¢l,) are finite-dimensional chain systems such
that As = Al as algebras, then Ao = A o as C*-algebras.

Proof. Let || - || 4., denote the norm on A, induced by the semisimple subalgebras
By, = ¢noo(An), and similarly for || - |4, . Let ¢: Ax — AL, be an isomorphism.
Then U2 4(B,) = AL, = US2,B,,. Since the unions are increasing and the
algebras are semisimple, we have that for each n, ¥(B,) C By, . This means
that the ¢ (B,,)’s and the B]’s define the same norm on A/ (since C*-norms are
unique). And since v restricts to an isomorphism between the C*-algebras B,
and ¢ (B,,), we get that ||[¢)(a)||a,, = |lalla,.. Hence Ay and A, are isometrically
isomorphic as normed algebras, and it follows that their completions are isomorphic
as C'*-algebras. O

General direct limits exists in the category of C*-algebras and one can show
that 2, is (isomorphic to) the categorical direct limit of the chain system in Equa-
tion (2.8) (see Section 6.1 in [11]). In a general direct limit one may use a directed
set, instead of a directed sequence which we have used. General direct limits of
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Chapter 2. Direct limits and labeled Bratteli diagrams

finite-dimensional C*-algebras exhibit certain pathological behaviour which the di-
rect limits of directed sequences do not (see [8]). Such as inseparability and not
being determined by a labeled Bratteli diagram (specifically Lemma 3.2.4 ceases
to hold). AF-algebras are defined in terms of directed sequences, so therefore by a
direct limit we shall always mean the direct limit of a directed sequence, and not
a general directed set.

2.6 Unital homomorphisms and unital chain sys-
tems

In the preceding sections we have not assumed that all our algebras and/or ho-
momorphisms are unital. We will now investigate when this happens and how to
“unitize” a chain system.

For an algebra A, we let A! denote it’s algebraic unitization, that is, the vector
space {(a,\)|a € A, X\ € C} with adjoint (a, \)* = (a*, \) and product

(@, A)(b, ) = (ab+ ap +bA, Ap).

The unit in A is 14, = (0,1). If A is a C*-algebra then the C*-algebraic
unitization, ;1, is A! equipped with the unitization norm. If A is already uni-
tal, then A! =2 A @ C, where the latter is the algebraic direct sum, i.e. coordi-
natewise multiplication and unit (14,1). The map ¥4: A — A @ C given by
Ya(a,\) = (a+ A 4) ® X is a unital isomorphism. Note that 14: A — A ® C also
defines a unital isomorphism if A is a unital C*-algebra.

Let A and B be algebras. Then any homomorphism ¢: A — B extends uniquely
to a unital homomorphism ¢': A' — B! by defining ¢'(a,\) = (¢(a), ). If
A and B are both unital, then we shall instead consider the unique extension
$: A® C — B & C defined by

H(a® ) = (6(a) + M1p — 6(14))) @ A

Note that ¢ = 4 o ¢ 09"

We now consider canonical homomorphisms p = [k;;]: M(§) — M(p). It’s
easily seen that p is unital precisely when p¢ = p, i.e. when p “fills up” every
summand of M (p). For instance, the canonical homomorphism in Example 2.3.2 is
unital while the one in Example 2.3.3 is not. The multimatrix algebras are unital
and the unital extension of p, p: M(q) ® C — M (p) @ C, is given by the following
matrix:

K11 Kis | h1
I
ﬁ — . ! .
R S Fors | Tor
0 b1

where h; = p; — Zj‘:1 gjkij. This is indeed p since it is unital and extends p. We
see that p simply puts enough copies of C into each summand of M (p) to fill it up.

34



2.6. Unital homomorphisms and unital chain systems

By looking at the graph of a canonical homomorphism p: M(§) — M (p), like
in Figure 2.1, one sees that p is unital exactly if, for each i, the integers leading
into p;, by counting multiplicities, add up to p;. Also, the graph of g is obtained by
adding one vertex labeled 1 in the upper row, and one vertex labeled 1 in the lower
row, each corresponding to the one-dimensional direct summand in the unitization.
We also add h; edges from the upper 1 to p; for each i, and we add a single edge
from the upper 1 to the lower 1. The additional edges introduced are depicted in

Figure 2.10.
q1 g2 e qs 1
hq ‘
ha hy
1

p1 b2 T br

Figure 2.10: The additional edges added to the graph of p to obtain p.

The following results are some useful facts.

Lemma 2.6.1. Let (A, ¢,) be an algebraic chain system. If the A, ’s and ¢, ’s
are all unital, then the limit algebra Ay is unital. Consequently, if Ao is the
C*-algebraic direct limit of a finite-dimensional chain system where the connecting
homomorphisms are unital, then A is unital.

Proof. As the connecting homomorphisms are unital, we have [14,,1] = [14,,n] =
Pnoo(la, ) for each n. And then [a,n][l4,,1] = [a,n][1a,,n] = [ala,,n] = [a,n],
and similarly the other way around. Hence [14,,1] is the unit in A,,. And if the
A,’s are finite-dimensional C*-algebras, then [14,, 1] is the unit in C*(Aw) = oo
as well. O

The following proposition shows that the unitization of a direct limit of a chain
system is the direct limit of the unitized chain system.

Proposition 2.6.2. Let (A, ¢n)nen be an algebraic chain system. Then
. 1 . 1 1
(1) (tm(An, 60)) = lim (A}, 6}).
1 .
(2) Moreover, if each A, is unital, then (lig(Am qﬁ,L)) = hg(An @ C, dp).
Proof. Let By, = @(A;, #L). Note that By, is unital by Lemma 2.6.1. Define a

map ¢: Al — By, by
(lan,n], A) — [(an, A), n].

To see that ¢ is well defined suppose [a,,n] = [am, m] in As. Then there is a k
such that ¢ni(an) = Gmi(am). Which implies that

[(a’m /\)v n] = [¢711k (a’m /\)a k] = [(¢nk (an)7 /\)7 k] = [(¢mk (arn)v >‘)7 k] = [(am’ )‘)7 m]

in By,. Clearly, 1 is a bijection and a homomorphism, thus Al = B..
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Chapter 2. Direct limits and labeled Bratteli diagrams

If each A, is unital, then (¢4, )nen defines a chain system isomorphism from
(A%, ) to (An & C, ) because ¢ = ¢, 0 ¢y 0¥y . Thus AL = By =

lim(A, @ C, 6,). O

An immediate consequence of this result is that the unitization of a locally
semisimple algebra is also locally semisimple (since the unitization of a semisimple
algebra is also semisimple). This extends to C*-algebraic direct limits as follows.

Proposition 2.6.3. If Ao is the C*-algebraic direct limit of a finite-dimensional
chain system (An, ¢n), then the unitization A, is isomorphic to the C*-algebraic
direct limit of the corresponding unitized chain system (An, ®L).

Proof. Let By, denote the algebraic direct limit of (AL, #L) and B, the C*-

algebraic limit. Then AL 2 B., by the previous proposition. Therefore C*(AL ) =
B, as C*-algebras by Lemma 2.5.2. Since A, is dense in 2, it follows that AL

is dense in 2A,,. Hence A, = C*(AL)) =2 B, as C*-algebras. O
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Chapter 3

AF-algebras

It is time to utilize our constructions from the previous chapter. We start by defin-
ing AF-algebras and prove some of the basic properties of this class of C*-algebras.
Then we describe the correspondence between AF-algebras and labeled Bratteli di-
agrams. We will also look at some examples which illustrate various properties of
AF-algebras before we move on to a local characterization and an investigation of
the ideal structure of AF-algebras. We also prove that any separable commutative
C*-algebra can be embedded into a certain fixed AF-algebra.

3.1 Basic properties of AF-algebras

Definition 3.1.1. A C*-algebra is called an AF-algebra, or simply AF, if it is
isomorphic to the direct limit of (a directed sequence of) finite-dimensional C*-
algebras.

AF is an abbreviation for “approximately finite-dimensional”. This name comes
from the fact that in an AF-algebra one can make “finite-dimensional approxima-
tions” - more on this later. When we defined the direct limit of a finite-dimensional
chain system in the previous chapter, we positively used the fact that the underly-
ing locally semisimple algebra (which is dense by definition) could be written as an
increasing union of finite-dimensional subalgebras. It is therefore not so surprising
that we have the following characterization of AF-algebras.

Proposition 3.1.2. Let A be a C*-algebra. Then A is an AF-algebra if and only
if there exists a sequence of finite-dimensional C*-subalgebras Ay C Ay C ... C A
such that US>, A, is dense in A.

Before moving on to the proof we make the following nice observation.

Lemma 3.1.3. Suppose A is a C*-algebra which contains a sequence of finite-
dimensional C*-subalgebras, A,,, such that A1 C Ay C ... and U521 A, = A. Let
i, denote the inclusion map i,: A, — Apy1. Then A is isomorphic to the direct
limit, Ao, of the chain system (An,in)nen.
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Chapter 3. AF-algebras

Proof. Let A, be the x-algebraic limit of the following chain system:

A i Ay ia As i
As the connecting homomorphisms i,, are inclusions we have that for each n € N,
[a,n] =[a,n+1]=[a,n+2]=... € Ay

for any a € A,,. Therefore US2 A, = A, as x-algebras. They are also isomorphic
as normed x-algebras because

lanlllan = lim finn(@la, = lim_fala= |ala.
Thus A = 2, as C*-algebras. O

Proof of Proposition 3.1.2. Since A is AF, A = 2, where 2, is the direct
limit of a finite-dimensional chain system. By definition 2(,, contains an increasing
sequence of finite-dimensional C*-subalgebras whose union is dense. Hence so does
A.

Conversely, if A contains a sequence of finite-dimensional C*-subalgebras such
that Ay C Ay C ... and UX A, = A, then A is AF by Lemma 3.1.3. O

Taking direct limits of canonical chain systems is a nice way to construct AF-
algebras, while Proposition 3.1.2 is a nice way to check whether a given C*-algebra
is AF. It is also often easier, and less notation-heavy, to work with an increasing
union of subalgebras, since one does not have to deal with equivalence classes. The
following results are some useful observations.

Proposition 3.1.4. Every AF algebra is separable.

Proof. Let A be an AF-algebra. Then A = U, A, for some increasing union
of finite-dimensional C*-subalgebras A,,. In partlcular each A, is separable, so
there is a countable dense subset D,, C A, for each n. We claim that U, D,, is
a countable dense subset of A. Indeed for any a € A, given ¢ > 0, we can find
an € A, for some n such that |la — a,|| < €. We can also find d,, € D,, with

2
|dn — an|| < 5. And then |la — d,|| <e. O

Proposition 3.1.5. If A is an AF-algebra, then the unitization A is also AF.

Proof. This is immediate from Proposition 2.6.3. We also give a proof using Propo-

sition 3.1.2 to demonstrate the usefulness of this result in a theoretical context.
Since A is AF, A = U2, A,, for some increasing union of finite-dimensional C*-

subalgebras A,,. Then A1 C Ay C _ ... is an increasing family of finite-dimensional

C*-subalgebras of A, and clearly use A = A. Thus A is AF. O

Lemma 3.1.6. Let A be a ring with unit 1. Assume that B is a subring of A with
(local) unit e. If B contains an element which is invertible in A, then e = 1.
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Proof. Suppose b € B is invertible in A. Then 3 a € A with ab = 1. As e is the
unit in B we have be = b. This gives 1 = ab = abe = le = e. O

Lemma 3.1.7. If A=U2 | A, is a unital AF-algebra, then there exists an N € N
such that 14 € Ay C Any1 C ...

Proof. As U521 A, is dense in A, there is an N € N and an element a € Ay such
that |ja — 14|| < 1. Then a is invertible in A, and since Ay is finite-dimensional,
it has a local unit. By the previous lemma, 14 € Ay. O

It is also worth noting that there is no loss of generality by assuming that the
connecting homomorphisms in a chain system are injective.

Lemma 3.1.8. Suppose (A, dn)nen s a finite-dimensional chain system. Let
Al = A,/ ker(énoo). The induced homomorphisms ¢, : A, — A; | are given by
an + ker(Pnoo) = Pn(an) + ker(dmi1)ec). Then ¢, is injective for each n and
liLn(An, Pn) = hgl(A;” @) as algebras.

Consequently, if (A, dn) is a finite-dimensional chain system, then the C*-
algebraic direct limit Ay, is isomorphic to the C*-algebraic direct limit of the in-
jective chain system (AL, o).

Proof. We start by noting that ¢/, is injective. Indeed, if ¢/ (a, + ker(¢noo)) = 0,
then ¢n(an) € ker(¢(n+1)oo)a but then ¢(n+l)oo(¢n(a7L)) = ¢noo(an) =0,s0a, €

ker(¢noo). Let By = ¢noo(Arn) € Ay and let 4, denoted the inclusion of B,, into
B, y1. Let ¢l : A, — B, denote the induced isomorphism. Then the following
diagram commutes for each n:

Y
n An+1

’
gldlm gj/(bzn-%—l)oo

B, SN Bhi1

Thus the family (¢!, )nen is a chain system isomorphism from (A7, ¢,) to (Bp,in).

Hence lig(A;l, o) = liéﬂ(Bm in) = ligl(An, ¢n), where the last isomorphism follows
from Lemma 3.1.3. The last statement follows from Lemma 2.5.2. O

3.2 The labeled Bratteli diagram of an AF-algebra

To a given labeled Bratteli diagram (V, E, r, s,d), there corresponds a unique AF-
algebra (up to isomorphism). Namely the direct limit of any canonical chain sys-
tem whose labeled Bratteli diagram is (V, E,r,s,d). That is, the direct limit of
the canonical chain system (A, pn)pez+ Where A, = ©vev, M) and p, is the
canonical homomorphism whose graph is (V,, U V41, Ept1). By Lemma 2.4.6 the
order in which the vertices are listed does not matter, hence a labeled Bratteli
diagram determines a unique AF-algebra.
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AN,
b
6// 6/ \6

Figure 3.1: The labeled Bratteli diagram considered in Example 3.2.1.

Example 3.2.1. Let (V, E) be the labeled Bratteli diagram in Figure 3.1. Then
the AF-algebra corresponding to (V, E) is the direct limit of the following chain

system:
[é] [119] [é?]
=32 M(1,2,3) 15 M(3,6) =215 M(6,6,6) — s -

C
Associating a labeled Bratteli diagram to a given AF-algebra is a bit more tricky.
This is because many different labeled Bratteli diagrams yield the same AF-algebra.
In particular, telescope-equivalent labeled Bratteli diagrams yield isomorphic AF-
algebras. As this is an important fact on its own, we list it as a proposition. The
proof consists mostly of “notation juggling”.

Proposition 3.2.2. If (V, E) and (V',E’) are labeled Bratteli diagrams such that
(V',E') is a telescoping of (V, E), then the AF-algebras corresponding to the two
diagrams are isomorphic.

Proof. Let (V, E) be a labeled Bratteli diagram and suppose (V'/, E’) is the labeled
Bratteli diagram obtained when telescoping (V, E) with respect to a sequence mg <
my < ...of positive integers. Let (A, ¢n)nez+ be a canonical chain system coming
from (V, E). As usual let A, and . denote the x-algebraic and C*-algebraic di-
rect limits. Alsolet A}, = Ay, and @), = Gmpmnpr = Pmnsr—1°Pmpsy—20°00m,, -
Then ¢/, is inner equivalent to the canonical homomorphism determined by E,.
Therefore A/ is the locally semisimple *-algebra corresponding to (V', E’), and
A/ is the AF-algebra corresponding to (V/, E’). Now define the homomorphisms
0n: A — Al by 0, = ¢pm, . Then the following diagram commutes:

Ao o A 1 A, 2

J(00:¢0m,0 J{91i¢>1m1 J{‘92:¢2m2

/ ¢():¢7n0ml / ¢’1:¢m1m2 / ¢/2:¢'77127n3
Ay=A4,, —> A=A, —> A, =4, — "
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3.2. The labeled Bratteli diagram of an AF-algebra

Denote the equivalence classes in A’ by [an,, ,n] for a,,, € A,,. We claim that
the induced map 0 : Aso — AL, i.€. Oo([an,n]) = [0, (an),n]’, is an isomorphism.
By construction, 0 is a homomorphlsm.

For any a,,, € A} we have

[am, 0] = [Om,, (am,), mn]" = Ooo([am,,, mn])

since
Om., (Am,,) = ¢mnmmn (am,) = ¢;L7nn (am,, )

S0 0 is surjective.
And if a,, € 4,, and a; € A; with 0 ([an,n]) = O ([ar,1]), then

[Brm,, (an), n)" = [bim, (@), 1],

which means that there is a k such that

¢Ink(¢nmn (an)) = ¢2k (¢lmz (ar))-

But then [a,,n] = [a;, ], hence 6, is injective.

We have shown that A, = Al as x-algebras, and it follows that the C*-
algebraic limits 2, and 2. are isomorphic by Lemma 2.5.2. Thus (V| E) and
(V', E') determine isomorphic AF-algebras. O

Let A be an AF-algebra. We would like to associate a labeled Bratteli diagram
(V, E) to A such that the AF-algebra corresponding to (V, E) is (isomorphic to) A.
Proposition 2.3.6 suggests how we might go at it.

Suppose (Ap, ¢n)nen is a finite-dimensional chain system with 2o, = A. As
the A,’s are finite-dimensional, A,, 2 M (p(n)) for each n. Note that here we have
made a choice regarding the order of the coordinates in p(n). Next we can choose
isomorphisms 1, : A, — M(p(n)) for each n. Defining 6,, = ¥, 110 ¢, 01, 1 turns
(1) into a chain system isomorphism, hence hﬂ( ns On) = lg( (p(n)),0,). By
Theorem 2.3.5 each 6,, is inner equivalent to a unique canonical homomorphism
pn = [kij(n)]. And so hm(M(ﬁ(n)),@n) = hm(M(p( )), pn) by Proposition 2.2.6.
Thus the C*-algebraic dlrect limits of the followmg chain systems are all isomorphic:

P1 b2 3

Ay
G e e

M(p(1) == M(p(2)) 2 M(p(3) — -

M(p(1)) —2 M(5(2)) 2= M(F(3)) 2 -

In particular A = C* (h_n}(M (p(n)), pn)) and since this chain system is canonical,

we obtain a labeled Bratteli diagram as in Section 2.4. By construction, A is the
AF-algebra corresponding to this diagram.
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Note that this also includes the case when A is given as A = U2 ; A,, for some
increasing union of finite dimensional C*-subalgebras A,,. For then (An, in)nen is
a finite-dimensional chain system whose limit is A.

In the construction above, one has to make some choices. First one must decide
on a permutation of the coordinates of the vector p(n) for each n. Then one must
choose isomorphisms 1, : A, — M (p(n)) for each n. However, different choices
only lead to a permutation of the vertices V,, at each level of the labeled Bratteli
diagram with an associated permutation of the edges F,. Hence the resulting
labeled Bratteli diagrams are all isomorphic.

Definition 3.2.3. Given a finite-dimensional chain system (A,,, ¢, )nen, then any
labeled Bratteli diagram coming from the construction above will be called a labeled
Bratteli diagram associated to (A, ¢n).

The next result encapsulates what we mean when we say that an AF-algebra
is determined by its labeled Bratteli diagram. The “practical use” of the result
is that if one has two AF-algebras, and manages to write down labeled Bratteli
diagrams associated to each of them, and the labeled Bratteli diagrams turn out
to be the same (i.e. isomorphic), then one can conclude that the AF-algebras are
isomorphic.

Lemma 3.2.4. If A=UX | A, and B = U B,, are AF-algebras having isomor-
phic labeled Bratteli dzagmms (associated to the two chain systems of inclusions),

then A = B.
Proof. Immediate from Definition 3.2.3, Lemma 2.4.6 and Lemma 2.5.2. O

Before moving on to some concrete examples of AF-algebras we are going to
make some general assumptions for what follows. We would like the labeled Bratteli
diagram to be “the same” whether we give an AF-algebra as a chain system of
finite-dimensional C*-algebras or as an increasing sequence of finite-dimensional
C*-subalgebras. The chain system associated to the latter is always injective,
since the connecting homomorphisms are inclusions, while the former need not be
injective. Thanks to Lemma 3.1.8 we can assume that any chain system is injective.
And in that case we get the following result.

Lemma 3.2.5. Let (An, ¢n)nen be a finite-dimensional chain system. Let B, =
Onoo(An) C As and let iy, denote the inclusion of B, into Bpy1. If each ¢y,
is injective, then any labeled Bratteli diagram associated to (An, dn)nen is also
associated to (B, in)nen and vice versa.

Proof. By our hypothesis

Bn = (ybnoo(An) = ¢ n+1) (¢n( n)) g ¢(n+1)oo(An+1) = Bn+17 (31)

and ¢neo and ¢(,41)cc are isomorphisms onto B, and B, respectively. Consider
the diagram in Figure 3.2. Equation (3.1) states that the middle square commutes.
The other two squares correspond to induced canonical homomorphisms p, p’ which
come from isomorphisms onto M (p(n)) and M (p(n + 1)) respectively, as in the
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o ~_ o
Proo J/T i u¢(n,+l)(x>
B, = By

Figure 3.2: The commutative diagram in the proof of Lemma 3.2.5.

construction preceding Definition 3.2.3. By the commutativity of the diagram, the
two blue paths both equal p’. Thus p and p’ are both canonical homomorphisms
induced by ¢,,. Since i,, induces p’, the graphs of ¢,, and 7,, are isomorphic. O

General assumptions: Together with Lemma 3.1.3 the preceding lemma
shows that for a given AF-algebra, an injective chain system of finite-dimen-
sional C*-algebras defining the AF-algebra corresponds to a dense increasing union
of finite-dimensional C*-subalgebras and vice versa. Therefore we shall always as-
sume that the connecting homomorphisms in our chain systems are injective. This
means that the associated labeled Bratteli diagrams will have no sinks. When
we say that “A = US2 A, is an AF-algebra” we shall always assume that Ay C
A; C Ay C ... and that these are finite-dimensional C*-subalgebras of A. Fur-
thermore, if A is unital, we shall assume that any such sequence Ag, A1,... C A of
C*-subalgebras begins with Ay = {\-14|A € C}. This can be assumed without loss
of generality because of Lemma 3.1.7. Finally, when we say that “A = U2 A,, is
an AF-algebra with an associated labeled Bratteli diagram (V, E)” we assume that
(V, E) is associated to the chain system (A,,%,) where i, denotes the inclusion
map.

3.3 Examples of AF-algebras

Now it is about time we consider some concrete examples. We shall show that two
familiar C*-algebras are AF, and find their associated labeled Bratteli diagrams.
We shall also consider an AF-algebra defined by a direct limit.

The construction preceding Definition 3.2.3 can always be done in theory. In
practice however, i.e. for a given AF-algebra, it is not necessarily easy to write
down an associated labeled Bratteli diagram. In the examples that follows it can
be done very explicitly, but it still requires some thought and work.

Example 3.3.1. Let A = CI + K. Here K denotes the C*-algebra of compact
operators on some separable infinite-dimensional Hilbert space H, and [ is the
identity operator on H, so that A C B(H). (For instance H = L?([0,1]).) Let
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£1,&,... be an orthonormal basis for H. Let P, be the orthogonal projection
onto the span of &;,...,&,. Also let P denote the orthogonal projection onto
Span{glv s afn}l = Span{€n+1a €n+2> o }

We wish to show that A is AF. To this end, define A,, = (CPTf‘ + P, KP, for
n=0,1,2,... . By interpreting P as the zero-operator we get Ag = C-I. To see
that A,, € A note that P, + P,ﬂ- = I, and then

APt + P,KP, = AP+ + AP, — AP, + P,KP,
=\ + (P,KP, — \P,) e CI+ K

for A € C and K € K. We also have that
P,KP, = Pn-‘rl(PnK:Pn)Pn-i-l C Pn+IICPn+1-

Let E, . denote the orthogonal projection onto &, ;. Then P = Pf;_H + Eni
which implies that

AP+ P,KP, = AP}, + (P,KP, + AEp41) € CPLy + Pyy1KPyyr. (3.2)
From this we see that A,, C A,,+1. Next, observe that

P,KP, = {K € K|Ran(K) C Ran(P,) Aker(K) C ker(P,)}
=~ B(span{&y,...,&n}) & M,.

Hence A,, 2 C&M,,, and A, is in particular finite-dimensional. To see that U2 A,
is dense in A we first observe that P, — I pointwise. It follows that P, K P, — K
in the operator norm when K is compact. Therefore

APt 4+ P (K +AP,)P, =\ +P,KP, > \[+ K

in the operator norm. Since the former operator is in A,,, the union is dense. Thus
Ais AF.

The computation in (3.2) shows that the canonical homomorphism correspond-
ing to the inclusion C® M,, = A,, C A, 11 = C® M,, 1 embeds M, into M,, 1 and
C into each of C and M,, 11, respectively. Hence the graph of this canonical homo-
morphism is the graph depicted in Figure 3.3. By joining together these graphs we
obtain a labeled Bratteli diagram associated to CI + K = A = U2 A, and this
labeled Bratteli diagram is depicted in Figure 3.4.

1 n
1 n+1

Figure 3.3: The graph of the canonical homomorphism corresponding to the inclu-
sion A, C Aj41.
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Figure 3.4: A labeled Bratteli diagram associated to the AF-algebra A = CI + K.

Figure 3.5: A labeled Bratteli diagram associated to K.
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One last thing to notice is that K is a (closed two-sided) ideal in A and K =
U, K, where K,, = P,KP, = KN A,. Moreover, the subdiagram of the labeled
Bratteli diagram of A (Figure 3.4) depicted in Figure 3.5 represents the ideal K =
U2, Ky,. This is no coincidence. We shall see in Section 3.5 that ideals in AF-
algebras are always coming from ideals of the defining sequence A,,, and that they
can be read straight off a labeled Bratteli Diagram.

Example 3.3.2. Our next example is an AF-algebra defined (a priori) by a canon-
ical chain system. Consider the following chain system:

(2] (2] (2] (2] (2]

C

M, My Mg M (3.3)

Here the canonical homomorphisms p,: Mon — Moynt1 are given by

The C*-algebraic direct limit of this system is called the CAR algebra. CAR is
an abbreviation for “Canonical Anticommutation Relations”. We observe that the
labeled Bratteli diagram corresponding to the canonical chain system (3.3) is the
diagram depicted in Figure 3.6.

16

Figure 3.6: The labeled Bratteli diagram corresponding to the canonical chain
system (3.3).

We shall now show that the CAR algebra is also the AF-algebra associated to
the labeled Bratteli diagram in Figure 2.5. To this end, let

i 2

Al,AQ S Mgn} = Mon @ Mon.
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Then p,(Man) C B,, € Myn+1. This implies that

Proo(Man) € p(ni1)oo(Bn) € Pn+1)o0 (Man+1).
Thus the algebraic limit of the chain system is

Ase = U2 prase(Man) = U2 pns )00 (Bn).

Hence the CAR algebra is also the C*-algebraic direct limit of the chain system
(Bn, pn+1)- To find a labeled Bratteli diagram associated to this system we consider
the embedding p,41: By, — Bpy1, which is given by

A 010 0
A 017 | 0 A1 0 0
0 010 A

By identifying B,, with Ms» @& M we see that the canonical homomorphism from
Man @ Man t0 Man+1 @ Mayn+1 corresponding to pp41 is given by the matrix [1 1].
The corresponding labeled Bratteli diagram is therefore the diagram depicted in

Figure 3.7.

Figure 3.7: A labeled Bratteli diagram associated to the chain system (B, pn+1)-

Finally, consider the labeled Bratteli diagram in Figure 3.8. The thing to notice
about this diagram is that telescoping to even levels (recall that the top level is level
0) gives the diagram of (Man,[2]) and telescoping to odd levels gives the diagram of
(Bn, pn+1)- This means that the two first diagrams are telescope equivalent. As we
shall see in the next section, this is always the case when two diagrams represent
the same AF-algebra.

Before we move on to the next example we shall make a few quick observations.
By Proposition 1.3.3 every element in a finite-dimensional C'*-algebra can be writ-
ten as a linear combination of projections. Therefore any AF-algebra is spanned
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1/1\1
\,/
2/ \2
N/
4/ \4
N/
/N

Figure 3.8: A third labeled Bratteli diagram representing the CAR algebra.

by its projections. By which we mean that the C*-algebra equals the closed linear
span of its projections.

Let X be a locally compact Hausdorff space. The projections in Cy(X) are
characteristic functions xz where Z is a clopen compact subset of X. Cy(X) is
spanned by its projections precisely when X is totally disconnected and Cp(X)
is separable precisely when X is second countable. In toto, we get the following
characterization of commutative AF-algebras.

Theorem 3.3.3. A separable commutative C*-algebra is AF if and only if it is
spanned by its projections. Consequently, a commutative C*-algebra Cy(X) is AF
if and only if X is a locally compact Hausdorff second countable and totally discon-
nected space.

On the other hand, if A is an AF-algebra with an associated labeled Bratteli
diagram (V, E,r,s,d), then A is commutative if and only if d(v) =1 for allv € V.

Proof. We have already argued for the “only if” direction of the first part. To prove
the “if” direction, suppose A is a separable and commutative C*-algebra which is
spanned by its projections. This means that A = span{p € A| p projection}. By
separability, we can find a countable set of projections {p1, p2, ps, ...} whose linear
span is dense in A. Let A, be the linear span of all finite products of p1,...,pn,

48



3.3. Examples of AF-algebras

An = Span{p17'~'7 Pn, P1P2,---5 P1Pn, P2P3,---,P2Pn, -+,
Pn—1Pns- -y P1P2° " DPn—1,---s P2P3 " P, P1P2" " DPn}-

Clearly A,, € A, 4+1. Since A is commutative, and the py’s are projections, A,
is closed under multiplication and adjoints, hence A,, is a finite-dimensional C*-
subalgebra of A. As span{pi, p2,...} C U2 A,, we have U A, = A. Thus A
is AF.

For the second part, assume that A is an AF-algebra with labeled Bratteli
diagram (V, E,r,s,d). If d(v) =1 for all v € V, then each multimatrix algebra in
the associated canonical chain system is commutative, hence so is the direct limit
A. Conversely, if d(w) > 2 for some w € V, then A contains a noncommutative
C*-subalgebra, hence A is noncommutative. O

Example 3.3.4. We now look at such an example of a commutative AF-algebra.
Let X be the classical Cantor ternary set. Then X = N5 ,X, where X,, is the
disjoint union of 2™ closed intervals of length 37" contained in [0, 1] which are left
after deleting the “middle thirds” n times. More explicitly,

Juls,

For n € Z*, let A, C C(X) be the C*-subalgebra of functions that are constant on

each of the intervals of X,,. By letting IT(Lk) for 1 < k < 2™ denote the 2™ disjoint
intervals which make up X,,, we get an explicit characterization of A,, as

Xo=[01), %= [0.3]U[31]. Xo = [0.5] U]

RelbN|

] U [%, 1] etc.

Rell V)
W=

)

Ay, = span{Xxnr®, Xxnr®, ..., Xxnrem} = C*.

As each interval of X, contains exactly two disjoint intervals of X,, 11 we get that
1
1

Figure 3.9: A labeled Bratteli diagram associated to C(X), where X is the Cantor
set.
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A, C A,4+1 and the inclusion is given explicitly as
MXxar) + -+ AanXxar2™ = A (Xxmﬂl + XXmIﬁl) + -
n nt1_ n+1 .
(X + X ) € A

So the canonical homomorphism corresponding to the inclusion A, C A, 1 is the
embedding of C2" into cz'" given by splitting each copy of C into two copies.
This yields the labeled Bratteli diagram in Figure 3.9. As U2 A, is a unital
x-subalgebra of C(X) which separates points in X, an appropriate version of the
Stone-Weierstrass Theorem implies that US2 (A, is dense.

If A=UX | A, and B = U2, B,, are AF-algebras such that A, = B,, for each n,
then at first glance it may seem hke A and B should be isomorphic. After all, we are
taking the closure of an increasing union of isomorphic C*-subalgebras. However,
this is far from true in general. And the next example is a nice illustration of this.
The fact to remember is that for an AF-algebra, the nature of the embeddings of
the defining sequence is crucial.

Example 3.3.5. Let X be the Cantor ternary set and let A,, C C(X) be as in
Example 3.3.4. Let Y = {0,1,3,%,%,...} € [0,1] and let B, C C(Y) be the
C*-subalgebra of functions that are constant on [0, 5] N'Y. Then

B,, = span{X{1}, X{1}, ..., X{5x51}, X[0,55]nv } € C(Y).

It is clear that B, C Bj4+1, and US2 (B, is dense in C(Y) by Stone-Weierstrass.
So we have C(X) = U (A, C(Y) = U B, and 4, = C*" = B, for each n.
Nevertheless, C(X) 22 C(Y) because X # Y as topological spaces. In particular,
Y is countable while X is not.

\\

Figure 3.10: A labeled Bratteli diagram associated to C(Y') from Example 3.3.5.

R e

If we consider the inclusion i,,: B, < B,41, then we see that
X{iy— X{iy}for 1 <m<2" -1,
X[0, 510y — X{z} + X{mtq} + -+ X{ } + X0, 524Ny

2n+1 1
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in terms of the generators. Hence the last summand, C, of B, maps into 2" +
1 copies of C in B;,41. This yields the labeled Bratteli diagram in Figure 3.10
representing C(Y'). Comparing with the labeled Bratteli diagram in Figure 3.9
from Example 3.3.4 we see that they are quite different.

3.4 The local characterization of AF-algebras

In this section we shall prove the local characterization of AF-algebras, originally
due to Bratteli [1]. We will also prove that there is a strong uniqueness condition on
a chain of subalgebras defining an AF-algebra. In fact, any such dense increasing
union is unique up to isomorphism.

We begin by stating a technical lemma due to Glimm which show how finite-
dimensional C*-subalgebras can be moved inside other subalgebras. A proof of the
following result may be found in Section III.3 of [2].

Lemma 3.4.1. Let D be a unital C*-algebra and suppose A and B are C*-
subalgebras of D. Given € > 0 and n € N, there exists a 6 = 0(e,n) > 0 such that
whenever A is finite-dimensional with dim(A) < n and A has a system of matriz
units {efj} satisfying d(efj7 B) < 6, then there exists a unitary u € C*(A,B) C D
with ||u — 1p|| < € such that uAu* C B.

Furthermore, the unitary u can be chosen so that it commutes with AN B.

This lemma shows that if a finite-dimensional C*-algebra is “almost contained”
in another C*-algebra, then it can be moved inside by twisting with a unitary
close to the identity. By using this result inductively we shall prove the following
theorem, which classifies AF-algebras by a local property.

Theorem 3.4.2. Let A be a C*-algebra. Then A is an AF-algebra if and only if
A is separable and has the following property:

e For every finite subset {a1,...,a,} C A and for every e > 0, there exists a
finite-dimensional C*-subalgebra B C A such that d(a;, B) < € for 1 <i <n.

Moreover, if Ag is any finite-dimensional C*-subalgebra of A, then B can be chosen
such that Ay C B.

Proof. We prove the easy direction first. Assume that A is an AF-algebra. Then
A is separable by Proposition 3.1.4. By Proposition 3.1.2 there is an increasing
union US°_; A, of finite-dimensional C*-subalgebras of A which is dense. Given
a,...,a, € A and € > 0, pick m; such that d(a;, A,,,) < €. Then B = Ay, where
M = max{my,...,my,} does the trick.

If we are also given a finite-dimensional C*-subalgebra Ay C A, choose 6 =
0(e,dim(Ap)) as in Lemma 3.4.1. Then we can find an N such that Ay is d-close
to the matrix units in Ag. In this case, let B = Apax{a,ny- By Lemma 3.4.1 there
is a unitary u € A with ||u — 1|| < € such that uAou* C B. Then Ay C u*Bu C A,
where the latter inclusion follows since A sits inside A as an ideal. Also, since u is
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within € of the unit and B is e-close to {a1, ..., a,} it follows that «* Bu is Ke-close
to {a1,...,a,} for some constant K > 0 depending on the norms of ay, ..., a,.

Conversely, assume that A is separable and satisfies the property in the theorem.
Let {a1,as9,...} be a countable dense subset of the unit ball in A and let 1 >
€1 > €3 > ... > 0 be a sequence of numbers such that ¢, — 0. We claim that
there are finite-dimensional C*-subalgebras A,, of A such that A; C A, C ... and
d(a;, Ap) < €, for 1 <i <n.

By the property in the theorem, there is a finite-dimensional C*-subalgebra
Ay C A such that d(ai, A1) < €. Suppose we have found finite-dimensional
subalgebras Ay C Ay C ... C Ag of A such that d(a;, A,) < €, for 1 < i < n,
for each n < k. Choose § = (%, dim(Ay)) as in Lemma 3.4.1. Let {eﬁj} be a
system of matrix units for Ay. Using € = min{d, &=} there is, by the property
in the theorem, a finite-dimensional subalgebra B C A such that d(eéj,B) <90
for the matrix units and such that d(a;, B) < E’jT“ for 1 <i < k+ 1. Again by
Lemma 3.4.1 there is a unitary u € A with [[u — 1|| < <= such that uAzu* C B.
Now let Ag4+1 = u*Bu C A. Then A4 is finite-dimensional and contains A, since
u*Bu 2 u*(uAgu*)u = Ag. For any b € B and any a;, where 1 < i < k+ 1, we
have

Juazu® = b = [[((w — 1) + Day((u* — 1)+ 1) ~ b]
= Dl + fas(u® = D]l + (= Das(u* ~ 1) + [la - b

€k+1 €41 (€k+1)2
—b
<ttt tla-bl

3e
< 2L 4 e =),

IA

It follows that d(a;, Ax+1) = d(ua;u*, uAgpi1u*) = d(ua;u*, B) < €41 for 1 < i <
k + 1. This proves the claim.
All that remains is to note that US2 ; A,, is dense in A. Tothatend,let0#x € A

be arbitrary and let € > 0 be given. Choose a; such that ||a; — ﬁ” < gy~ Next,
choose @’ € Ay with ||a’ — a;| < 577~ Lhen lz]la’ € Ay and ||z — ||z||¢'|| < e.
Thus US2, A, is dense, so A is AF. O

n=1

Before continuing we make a quick remark. At first glance it might seem like the
property stated in Theorem 3.4.2 will always hold. One’s first impulse is perhaps
to let B = span{ay,...,a,}. While this will be a closed subspace, it will generally
not be closed under multiplication and hence not a subalgebra. A finite number
of elements in a C*-algebra need not be contained in a finite-dimensional C*-
subalgebra in general. As a case in point, the single element f(z) = z generate the
infinite-dimensional C*-algebra C(T).

Lemma 2.5.2 together with Lemma 3.1.3 implies that if A = U2, A, and
B = U2 B, are two AF-algebras such that U2, A4, = US2,B, as x-algebras,
then A = B as (C'"-algebras. We will now prove that the converse is also true,
namely that if A = B, then we have US2, A, = USL;B,. This is a remarkable
result which is far from trivial! It means that the union of C*-subalgebras which
define an AF-algebra is actually unique up to isomorphism. This is remarkable,
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because in general one does not have such uniqueness results for objects one takes
the C*-completion of. We shall accomplish this by finding a unitary which “twists”
one union into the other.

Proposition 3.4.3. Let A be an AF-algebra. Suppose Up? 1A = A = U;2 By,.
Then for any € > 0, there exists a unitary w € A with ||w —14|| < € such that
> A, = w(USe, By)w*. In fact, there are subsequences m; and n; of N such

that Ay, C wBp,w* C Ay, for each i.

Proof. Let € > 0 be given. First, pick positive numbers ¢; > 0 such that 237 ¢; <
€. Let my =1 and §; = d(e1,dim(Ay)) as in Lemma 3.4.1. As U2, B, is dense in
A there is an ny such that B,,, is within §; of the matrix units of A;. Hence there
exists a unitary u; € A such that

uiAjuj C By, and |Ju; — 1| < €1,

where 1 denotes the unit in A. Next, let ; = &(e1,dim(B,,)). As above, there
is an mgo > 1 such that A,,, is within distance p; of the matrix units of uiB,, us.
We also have that A; C A,,, Nuj By, u1, so by Lemma 3.4.1 there exists a unitary
v € A which commutes with A; such that

viu] Bp,u1v] C A, and |Jvg — 1] < €.

Since v; commutes with Ay we get A; = v1 4107 C viu] By, u1vf C A,

We now argue inductively. Assume that we have found integers 1 =my < -+ <
mpy1 and ny < -+ < ng, and unitaries u; and v; for ¢ = 1,..., k satisfying the
following properties for each i:

(1) |lu; — 1] < € and ||v; — 1| < €.

*

(2) Am, € B;,, C Ap,,,, where By, = viuj - - - v1u] By, uivf - - - uv;].

(3) v; commutes with A,,, and u;y; commutes with B;, .

To get to the (k + 1)th step we proceed as follows. As U2, B, is dense in A, so is
U (vkuy - - - viuf Bpug v - - - ugvy). So there is an ngy4q > ny such that

vpuy, - - v1u] By, uivl - ugvy is close enough to the matrix units of Amk+1 to
guarantee by Lemma 3.4.1 the existence of a unitary ug41 within distance €11 of
1 and

UVT + - - UV

* * *
uk+1Amk+1uk+1 C vpuy, - 'Uluank+1

Also, since B;,, C A, , N (vpuy - - v1u] By, u1v] - - - uxvy), we may assume by
Lemma 3.4.1 that ug4+1 commutes with B:lk. Next, we choose mg42 > Mgy SO

that A,,,,, is close enough to the matrix units of

* * * * *
Up Uk, + - V1U] Bry 107+ Uk Up g1

to guarantee, again by Lemma 3.4.1, the existence of a unitary v; within distance
€x+1 of 1 and

* * * * * * /
V1 Uy VU - 01U By ua v - wpvpuavg . = By, 0 C Ay
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Then Ay, © Amyyo N (U vrug - v1u] By, u1vf - - - ugviug 1), so therefore
we may assume by Lemma 3.4.1 that vg4; commutes with A,,, . It follows that
A C B! We have now established the (k + 1)th step.

Me4+1 = “ngir”
Using the recursion steps above, we form the sequence wy, = vpuj - - -viuj. We

claim that ||wy — 1| < 22?21 €;. For any ¢ € N we have
[viui =1 = [Joi(ui = 1) + v = 1| < fJlui = 1| + [Joi = 1| < 2€;.

When i = 1, this is the formula above for £ = 1. Assuming the formula holds for
k, we have

lwpr1 — 1| = [[verrujyq (w — 1) + vpgprujyy — 1
k+1

k
< Hwe = 1| 4 [Jopgrupe — 1 < 2Zei + 2€541 = 2261.
i=1 i=1

Thus the formula is valid for all k. Had we done the exact same computation for
vp Uy - vy, where n > m, would we have gotten

n
lopwy, - - vpuy, — 1| < 2 Z €;.

i=m

From this we can deduce that wy is Cauchy. Indeed, if n > m then

[wn = winll = [[(vnug, - Vigrug, 1 — 1w ||
n
< Jvpuy, - Vg, — 1] < 2 Z € — 0 as m,n — oo
1=m-+1

since this is the tail of a convergent series. Let w = limg_, o wg. Since w is a
limit of unitaries it is itself unitary. It follows from our computations above that
lw—1|| <e.

If we now let w®) = lim;_,o viug - Vgpiug, . Then w = w®w,, and B;lk =
wiBp, wi. From property (1) and (2) in the induction part above, we see that
vy vk+1uz+1 commutes with B;Lk for each i > k. Hence w®) commutes with
By, . Using this, we compute

wBp,w* = wMwy By, wiw®* = w® B, wh* = Bl W™ =B .
Now we are done, since this means that

A, CwBp,w* C A for each 3.

Mi41

In particular,

I
n=1 i

8

A, = [ijnw* =w (G Bn> w* =w <[j Bn> w*. O
1 i=1 i=1

n=1
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3.4. The local characterization of AF-algebras

Theorem 3.4.4. Let A =UX | A, and B = U | B, be AF-algebras. Then A~ B
as C*-algebras if and only zf Un: A, =2 U By, as complex *-algebras.

Similarly, if Ao and B, are C*-algebraic direct limits of finite-dimen-
sional C*-algebras, then A = B, if and only if the underlying *-algebraic direct
limits Aso and Bo, are isomorphic.

Proof. We have already argued for the “if” direction in the paragraph preceding
Proposition 3.4.3. For the converse, let ¢: A — B be an isomorphism. Then
U ,¢(An) = B =U,B,. So by the Proposition 3.4.3 there is a unitary w € B
such that

U = U w(U B,)w* = U B,.
n=1 n=1 n=1 n=1

For the second part, apply the preceding argument to the union of the images of
the finite-dimensional C*-algebras in the chain system. O

We are now able to prove the converse of Proposition 3.2.2 and thereby es-
tablishing the fact that isomorphic AF-algebras have telescope equivalent labeled
Bratteli diagrams.

Theorem 3.4.5. Let A and B be AF-algebras with associated labeled Bratteli di-
agrams (V, E) and (W, F), respectively. Then A is isomorphic to B if and only if
(V,E) is telescope equivalent to (W, F').

Proof. The “if” direction follows from Proposition 3.2.2, so assume that A is iso-
morphic to B and let ¢: A — B be an isomorphism. Let A1 C A C ... be
finite-dimensional C*-subalgebras of A whose union is dense, and such that (V, E)
is associated to the chain system (A,,, i, ), where i,,: A,, < A,,4+1 denotes the inclu-
sion map. Let By, Bs, ... be similar for B such that (W, F) is associated to (By, jn)-
Then U, ¢(A,) = B = U | B, so by Proposition 3.4.3 there is a unitary w and
bubbequenceb mp, ng of N buch that

d(Am,) CwBy,w* C ¢(Am,) CwBp,w* C ¢(Am,) CwBp,w* C ...

Consider the following chains of subalgebras and their associated labeled Bratteli
diagrams:

1) A; C Ay C A5 C ... inducing (V, E).
2) ¢(A1) C ¢(As) C ¢(A3) C ... inducing (V' E’).
D(Am,) € d(Am,) € d(Am,) C ... inducing (V" E").

Bl C BQ C B3 PN inducing (VV, F)

3

5) wBiw* C wBw* C wBsw* C ... inducing (W', F”).

6) wB,,w* C wBp,w* CwB,,w* C ... inducing (W", F").

(

2)
3)
(4)
()
(6)
(7)

7) ¢(Am,) CwBp,w* C ¢p(Ap,) CwBy,w* C ... inducing (U, G).
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Chapter 3. AF-algebras

Since ¢ and Ad w are isomorphisms, (V, E) is isomorphic to (V/, E') and (W, F) is
isomorphic to (W', F'). We also have that (V, E”) is the telescoping of (V’, E’)
with respect to the sequence my, and similarly (W, F”) is the telescoping of
(W', F") with respect to the sequence n. Finally, telescoping (U, G) to even levels
yields (V" E") and telescoping (U, G) to odd levels yields (W, F"). This shows
that (V, E) and (W, F) are telescope equivalent. O

The following criterion for telescope equivalence can be extracted from the
proof of the previous theorem; Two labeled Bratteli diagrams (V, E) and (W, F)
are telescope equivalent if and only if there exists a third labeled Bratteli diagram
(U, G) such that the telescoping of (U, G) to even levels is isomorphic to (V, E)
and the telescoping of (U, G) to odd levels is isomorphic to (W, F'). A very basic
illustration of this criterion and Theorem 3.4.5 is the three labeled Bratteli diagrams
representing the CAR~algebra in Example 3.3.2.

3.5 Ideals of AF-algebras

In this section we will see that ideals and quotients of AF-algebras are also AF.
The main result shows how the ideal structure of an AF-algebra can be read off
its labeled Bratteli diagram. Using this we shall comment on the ideal structure of
the examples introduced thus far.

By an ideal we shall mean a closed two-sided ideal. We denote by I << A when

I is an ideal of A. We begin by noting that ideals in an AF algebra A = U2, A,
are inductive, i.e. that they stem from ideals of the defining sequence A,,.

Lemma 3.5.1. Let A = U A, be an AF-algebra. If I <1 A is an ideal, then

n=1

I=U%,INA, and (INA,)<A,.
Proof. The Second isomorphism theorem, to wit,

Ay An+T
In4, I

is obtained via the map a, + INA,, — a, + I for a,, € A,,. As this is in particular
an isometry, we obtain

d(an, 1N Ap) = ||C‘71||I;‘77AL = HanH% = d(an, 1)

by considering the quotient norms. Our aim is to show that U2 ;1 N A, is dense
in I. To this end let 2 € I and € > 0 be given. Choose a,, € A,, with [|a,, —z| < §.
This means that d(an,I) < §, so by the equation above there exists a;, € I N A,
with |la, —a,|| < §. But then [la;, — 2| <e. Hence I = U2 1N A,.

Since I <« A and A,, is a C*-subalgebra of A, it follows that TN A, <A4,. O

Proposition 3.5.2. Let A be an AF-algebra. If I < A is an ideal, then I and A/I
are both AF-algebras.

56



3.5. Ideals of AF-algebras

Proof. Let A =U22 ; A,. By the preceding lemma, [ = U2 ;INA,. AsINA; C
IN Ay C... are finite-dimensional C*-subalgebras of I we see that I is AF.
As for the quotient, we have A/ = #. Therefore

A1+ICA2—|-ICA3+I

...... CA/I
I - 1 - I <4/
By the Second isomorphism theorem,
An+1 Ay
I  ~InA,

and it follows that A"[” is finite-dimensional. It remains to show that U;l”ﬂ%

is dense in A/I. To this end, let a + I € A/I and € > 0 be given. Choose a,, € A,
with |la — ap|| < €. Then

l(a+1) = (an + D)la1 = (@ = an) + Illajr < lla—an|l <e
It follows that the increasing union is dense, hence A/I is AF. O

It can be shown that the converse of Proposition 3.5.2 is also true. Namely that
if A is a C*-algebra which has an ideal I such that both I and A/I are AF, then A
is AF [3, Theorem 9.9]. In other words, extensions of AF-algebras by AF-algebras
are also AF.

Being an AF-algebra can at first seem like being a “size restriction” and there-
fore it might be tempting to think that all C*-subalgebras (and not just ideals) of
AF-algebras are also AF. This fails miserably in general. Consider the following
example.

Example 3.5.3. Let X be the Cantor ternary set as in Example 3.3.4. We will
show that C([0,1]) can be embedded into C'(X). Let ¢ denote the Cantor function
: X — [0,1]. Since % is continuous, the map ¢: C([0,1]) — C(X) defined by
fr foyfor feC(]0,1]) is a well defined x-homomorphism. 1) is also surjective
and therefore ¢ is injective. And then ¢(C([0,1])) is a C*-subalgebra of C(X) iso-
momorphic to C([0, 1]). As [0, 1] is connected, C([0, 1]) is not AF by Theorem 3.3.3.
Consequently, C*-subalgebras of AF-algebras need not be AF.

It turns out that the previous example can be generalized vastly. A well known
result due to Alexandroff and Urysohn states that any compact metric space is a
continuous image of the Cantor ternary set, see e.g. [13, Theorem 30.7]. We will
use this to prove the following remarkable result.

Theorem 3.5.4. Let X be the Cantor ternary set. Every separable commutative
C*-algebra can be embedded into C(X).

Proof. Let A be a separable commutative C*-algebra. Then A = Cy(Y') for some
locally compact second countable Hausdorff space Y. First consider the case where
Y is compact. Then Y is metrizable and compact, and therefore there exists
a continuous surjective function F: X — Y. By doing exactly the same as in
Example 3.5.3 we obtain an injective *-homomorphism ¢: Co(Y) = C(Y) — C(X).
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—~

Now, if Y is not necessarily compact, then let Cy(Y") denote the unitization of
Y. Since Cy(Y") is commutative, so is Cp(Y"). The latter is also unital, and therefore
Co(Y) =2 C(Z) for some compact Hausdorff space Z. Since Cy(Y') is separable, so
is the unitization, and therefore Z is also second countable. In fact, it is not hard
to show that Cy(Y) = C(YT), where YT denotes the one-point compactification
of Y (Y1 is Hausdorff since Y is Hausdorff and locally compact). An explicit
isomorphism is given by f +— (f(c0), fly — f(00)) for f € C(Y'1) where 0o denotes
the “point at infinity” in Y. From the first part of the proof, we get an isometry
#: C(YT) — C(X). But then A embeds into C'(X) since

A= C(Y) = Co(Y) = oY) & o(X). O

The previous result demonstrates one of the ways in which the AF-algebras are
a “rich class”. Namely that they contain a lot of interesting non-AF-algebras as
subalgebras.

Our next objective is to use Lemma 3.5.1 to describe the ideals of an AF-algebra
in terms of its labeled Bratteli diagram. At this point it might be useful for the
reader to brush up on the terminology introduced in Section 2.4.

Definition 3.5.5. Let (V, E,r,s,d) be a labeled Bratteli diagram and let W C V
be a subset of vertices. W is called directed if whenever (n,p) € W and (n,p) —
(n+1,q), then (n+1,q) € W also.

W is called hereditary if whenever (n,p) = v € V and r(s~1(v)) € W, then
v € W also.

In words, a subset W of vertices of a labeled Bratteli diagram (V, E) is directed
if every vertex pointed to by a vertex belonging to W also belongs to W. And
W is hereditary if every vertex which points only to vertices in W is itself in W.
Note that if W is directed and hereditary, then a vertex (n,p) belongs to W if and
only if all vertices on level n+ 1 connected to (n,p) by an edge lies in W. Another
important observation is that if W is directed hereditary and contains every vertex
on some level, then W = V.

Example 3.5.6. Let (V| E) be the labeled Bratteli diagram in Figure 3.11.

(1) The subset Wy = { , (2,2), , (3,2), ,. ..} is directed, but not
hereditary.

(2) The subset Wy = {(1,2), (1.3), (2,2), (3,2), ,...} is hereditary, but
not directed.

(3) The subset W3 = {(1.3), (2,2), (3,2), , ...} is both directed and hered-
itary.

We are going to show that the directed hereditary subsets of a labeled Bratteli
diagram correspond exactly to the ideals of the associated AF-algebra in a natural
way. The proof will be broken down into several lemmas. The first lemma is a
technical one.
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3.5. Ideals of AF-algebras

1 /:\%
DA /
/ /A

Figure 3.11: The labeled Bratteli diagram considered in Example 3.5.6.

Lemma 3.5.7. Let A = U;2 A, be an AF-algebra. Suppose J and K are not
necessarily closed ideals in | J;— | An. If J = K (where the closure is taken in A),
then J = K.

Proof. Assume that J # K. This means that there is an n € N with J N A,, #
K N A,. Assume, without loss of generality, that J N A,, € K N A,. As these are
both ideals in the semisimple algebra A,, there is a matrix algebra

0p--- 0 M,®0---d0=2MC A,

such that M C JN A, and MN(KNA,)=0. From our work in Chapter 1 we know
that M = eA,, where e is a central projection in A,,. Then e? =e € M C JN A,,
so e € J. On the other hand, e ¢ K N A, for every m. To see this, assume to the
contrary that e € K N A, for some m > n. Then eM = M C K since K is an
ideal, but then M C K N A,, which is a contradiction.

Consider the quotient maps

Tt A — for m > n.

_m
KnA,
Since e ¢ K N A,,, mm(e) is a nonzero projection and consequently has norm 1.
Thus

d(e, KN Ap) = |lmm(e)]| = 1.

We also have that K = (J;,_;(K N A,,) and it follows that d(e, K) = 1, hence
e¢ K. Asee JC J, we have J # K. O

Now we describe how an ideal determines a directed hereditary subset of vertices
and vice versa. Let A = U2 A, be an AF-algebra with an associated labeled
Bratteli diagram (V, E). Then A, = Mgy, 1) © -+ © Mg ). So if J <1 A,, we
have J = My m,) @ -+ © Maen,m,), where {my,ma,...m;} is a subsequence of
{1,2,...,k} since A, is semisimple. We will identify A,, with M, 1)@ - -© Mg k),
and we will identify My, py with 0@ 0D My, ) 0@ - D0 when 1 <p < k.
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Chapter 3. AF-algebras

If I < Ais an ideal, let I, := IN A, for n € ZT. Then I, < A,, so by the
argument above, I,, corresponds to a subset of vertices in V,,, denote these by W,,.
Define

WI = UZO:OWn

If W C V is a directed hereditary subset, then let J, <1 A,, be the ideal corre-
sponding to the vertices in W NV, i.e. Jn = O n pyewnv, Man,p)- Define

Lemma 3.5.8. Let A = U2 A, be an AF-algebra with an associated labeled
Bratteli diagram (V, E).

(1) If I < A is an ideal, then the subset W C 'V associated to I, as described in
the preceding paragraph, is directed and hereditary.

(2) If W CV is a directed hereditary subset, then Jy C A, as described in the
preceding paragraph, is an ideal in A.

Proof. Let I QA. Let i,,: A, < A,41 denote the inclusion maps. Suppose (n,p) €
Wr and (n,p) = (n + 1,q). This means that Mg, ) € In and in(Mgg, ) €
Mimi1,q9)- Thus INMg(nq1,9) 2 in(Md(n,p))de(n+1,q) # {0}, so then Mims1,9 C
I,,+1 which means that (n + 1,¢) € W;. Thus W7 is directed.

Now suppose (n,p) € V and (s~ (n,p)) C W;. Let T' = {q|(n,p) — (n+1,9)}.
Then in(Maen,p)) € ©gerMam+1,q) S I, hence My, ,y € I, ie. (n,p) € Wy. This
shows that W7y is hereditary.

Let W be a directed hereditary subset of V. W being directed implies that
Jo € Jp C Jy C .... Therefore U2 J, is a (not necessarily closed) ideal in
U2 oAy It follows that Jy = U J,, is an ideal in A. O

Lemma 3.5.9. Let A = U2 A, be an AF-algebra with an associated labeled
Bratteli diagram (V,E). The mappings I — Wi and W — Jy between ideals and
directed hereditary subsets are inverses of one another.

Proof. Let I <1A be an ideal and let W7 be its associated directed hereditary subset.
Then

Jw, =02 Jr = U TNA, =1,

where the last equality follows from Lemma 3.5.1.

Next, let W be a directed hereditary subset of V' and let Jy = U5y J, be its
associated ideal. Let i,: A, < A,;1 denote the inclusion map. We claim that
Jn = Ap N Jpyy for every n. To see this, suppose My, py € Ay N Jpy1. Then
in(Man,p)) € Jnt1, which means that (n+1,q) € W whenever (n,p) — (n+1,q),
but then (n,p) € W since W is hereditary. Hence My, ) € Jn, which means that
Ap N Jpy1 C Jp. Since J, C A, N J,41 trivially, the claim is proved. Using this,
we see that

Jn = An N Jn+1 = An N (An+1 N Jn+2) = An N Jn+2.

By induction we obtain J, = A, N J,, for every m > n.
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3.5. Ideals of AF-algebras

Observe that U2 J,, and US2 (A, NJw ) are both (not necessarily closed) ideals
in US2gA,. Moreover, U J, = Jw = USL(A, N Jw), again by Lemma 3.5.1.
Appealing to Lemma 3.5.7 yields U2 o J, = USL A, N Jw. For every m, J,, and
A,, N Jy are finite-dimensional ideals in A,,. Therefore, for every n € Z* there
is an m > n such that A, N Jw C J,,. And then A, NJw = 4, N (A, NJw) C
A, Ndp = J,. As J, C A, N Jw trivially, we get that J, = A, N Jw. This means
that Wy, =W. O

By putting together the preceding results we obtain the following characteriza-
tion of ideals in AF-algebras in terms of their labeled Bratteli diagrams.

Theorem 3.5.10. Let A = U2 (A, be an AF-algebra with an associated labeled
Bratteli diagram (V, E). The ideals in A are in one-to-one correspondence with the
directed hereditary subsets of V.. The correspondence is given by the maps I — Wy
and W — Jw described in the paragraph preceding Lemma 3.5.8.

Note that V and @) are always directed hereditary subsets of V', and they cor-
respond to the ideals A and {0} respectively. We make the following observation.

Corollary 3.5.11. Let A be an AF-algebra with an associated labeled Bratteli
diagram (V, E). The ideal lattice of A corresponds exactly to the lattice of directed
hereditary subsets of V', i.e. I C J <= W; C W, whenever I,J < A.

Our next proposition describes the labeled Bratteli diagrams of ideals and quo-
tients of AF-algebras.

Proposition 3.5.12. Let A be an AF-algebra with an associated labeled Bratteli
diagram (V, E). If I < A is a proper ideal then

(1) The subdiagram of (V, E) corresponding to Wt is a labeled Bratteli diagram
and its associated AF-algebra is I.

(2) The subdiagram of (V, E) corresponding to V\W7 is a labeled Bratteli diagram
and its associated AF-algebra is A/I.

Proof. Let Ag C Ay C ... be the finite-dimensional C*-subalgebras of A, whose
union is dense, associated to (V, E). The fact that § C W; C V and that Wy is
directed hereditary implies that the subdiagram corresponding W satisfies Defi-
nition 2.4.4. It also implies that V' \ W satisfies Definition 2.4.4. Lemma 3.5.1
and the proof of Lemma 3.5.9 implies that I is the AF-algebra associated to the
subdiagram of W7.

Let I, = IN A,. In the proof of Proposition 3.5.2 we saw that

and since

42 P My, In= B My
(n,i)eV, (n,i)EW NV,
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we get that
A, +1 A, -~
(n,i)¢Wr

which corresponds to the vertices on level n of the subdiagram of V' \ W;. Fur-
thermore, the partial embeddings of My, ;) into M, 41 ;) stays the same if (n,4)
and (n+ 1, j) both belong to V'\ Wj. Since these edges are exactly the ones in the
subdiagram corresponding to V' \ W;, we get that the AF-algebra associated to the
subdiagram is A/1. O

Now that we have established the connection between the ideals of an AF-
algebra and the structure of its labeled Bratteli diagram, we shall try to find some
criterion for determining whether an AF-algebra is simple. It turns out that this
may be characterized on the level of labeled Bratteli diagrams by looking at the
“asymptotic connectedness” of the diagram.

Definition 3.5.13. Let (V, E) be a labeled Bratteli diagram. We say that (V) E)
is eventually fully connected if, for every vertex (n,p) € V there exists an integer
m > n such that (n,p) — (m,j) for every (m,j) € Vi,. That is, there is a path
from (n,p) to every vertex on level m.

Eventually fully connectedness is sufficient for an AF-algebra to be simple, but
it is not quite necessary. The following example illustrates what we are missing for
necessity.

Example 3.5.14. Let (V, E) be the labeled Bratteli diagram in Figure 3.12. For
every v € V, the smallest directed hereditary subset of V' containing v is V" itself. So

Figure 3.12: A labeled Bratteli diagram which is not eventually fully connected,
yet its corresponding AF-algebra is simple.
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by Theorem 3.5.10 the AF-algebra associated to this diagram is simple. However,
(V, E) is not eventually fully connected since there is no path from the vertex (0, 2)
to any vertex (7, 1).

The reason why the diagram in Figure 3.12 is not eventually fully connected is
because there are lots of sources in the graph. We will obtain a necessary condition
by assuming that the underlying graph has no sources, except at level 0. This is
often the case, e.g. when the AF-algebra is unital, for then the embeddings are
unital homomorphisms.

Theorem 3.5.15. Let A be an AF-algebra with an associated labeled Bratteli dia-
gram (V, E).

(1) If (V, E) is eventually fully connected then A is simple.

(2) If (V,E) has no sources except on level 0, then (V,E) is eventually fully
connected if and only if A is simple.

Proof. Assume that (V, E) is eventually fully connected. Let I < A be a nonzero
ideal. Let Ag C A; C ... be finite-dimensional C*-subalgebras of A, whose union is
dense, associated to (V, E). Then I = U2 I N A, by Lemma 3.5.1. So for some ny,
INA,, #0,ie. (ng,p) € Wy for some p. Since (V, E) is eventually fully connected
there exists m > ng such that (ng,p) — (m,j) for all j. By Theorem 3.5.10, W7y is
directed, hence (m,j) € Wy for all j. As every vertex on level m belongs to Wy, it
follows that W; = V since W is directed hereditary. But then I = A.

Conversely, assume that (V, E) is not eventually fully connected. Also assume
that (V, E) has no sources except on level 0. Then there is a vertex (ng,po) € V
which does not satisfy the eventually fully connected property. Let W' denote the
directed subset of V' generated by (ng, pp). Then W’ consists of the vertices which
can be reached from (ng, pg) and W’ is a proper subset at each level above ng, i.e.
wW'nvV, €V, for n > ng. Now let W be the directed hereditary subset generated
by W’. W is obtained by adding to W’ any vertex which maps completely into W’
at some higher level. Suppose, for the sake of contradiction, that W = V. Then
(ng,p) € W for all p. By the construction of W and the fact that V,,, is finite,
there is some N > ng such that for every p, every path from (ng,p) to level N
terminates at a vertex in W’. Since (V, E) has no sources, except on level 0, every
vertex on level N can be reached by some vertex on level ng. Thus every vertex
on level ng belongs to W’. This is a contradiction since W’ is a proper subset at
every level. We conclude that ) C W C V', hence Jyy is a proper ideal in A. O

With the tools we have developed in this section we can analyze the ideal
structure of the examples introduced in Section 3.3 using only the combinatorial
data of their associated labeled Bratteli diagrams.

Example 3.5.16. Recall the AF-algebra CI + K of Example 3.3.1. Let (V| E)
be the associated labeled Bratteli diagram depicted in Figure 3.13. If v = (n, 1)
for n > 0, then the directed hereditary subset generated by v is all of V. And
if v = (n,2) for n > 1, then the directed hereditary subset generated by v is the
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Figure 3.13: The labeled Bratteli diagram associated to CI+K from Example 3.3.1.

subset {(1,2),(2,2),(3,2),...} whose corresponding subdiagram is the diagram in
Figure 3.5. This subset corresponds to the ideal K. As this exhausts our possibili-
ties we find that the ideal lattice of CI 4 K is given by

0 K< CI+ K.

Example 3.5.17. Next we consider the CAR algebra of Example 3.3.2. Since
the associated labeled Bratteli diagram in Figure 3.6 has only one vertex on every
level, the diagram is eventually fully connected, hence the CAR algebra is simple
by Theorem 3.5.15.

Example 3.5.18. Finally we take a look at the continuous complex-valued func-
tions on the Cantor set from Example 3.3.4. C(X), where X is the Cantor set, has
uncountably many ideals so we will not try to list them in any way. Instead we
will deduce this fact from the labeled Bratteli diagram of C(X), (V, E), depicted in
Figure 3.14. If v is any vertex in V, then the directed hereditary subset generated
by v is just the directed subset generated by v, and moreover, the subdiagram cor-
responding to this subset is isomorphic to (V, E). This is illustrated in Figure 3.14
with v = (1,1). The corresponding subdiagram is colored in red.
Now let
S={(n2"-1)|neN}CV.

The subset S is depicted in magenta in Figure 3.15. Since the directed subsets
generated by any two distinct vertices in S are disjoint, it follows that any two
distinct subsets of S generates distinct directed hereditary subsets. Hence the
power set of S defines uncountably many ideals in C'(X). Note that these are far
from all ideals in C'(X). In fact the ideals in C'(X) are in 1-1 correspondence with
the closed subsets of X.
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N
/\ /N
/\ /\ /\ /\

Figure 3.14: The directed hereditary subset generated by the vertex (1,1) marked
in red.

SN
VASEAN
AACA A

Figure 3.15: The subset S marked in magenta.
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Chapter 4

Bratteli diagrams and
dynamical systems

The goal of this chapter is to prove the Bratteli-Vershik model theorem of Herman,
Putnam and Skau [7, Theorem 4.5] for Cantor minimal systems. Namely, that any
Cantor minimal system is conjugate to a Bratteli-Vershik system. We will introduce
properly ordered Bratteli diagrams and show how they can be viewed as Cantor
minimal systems, when endowed with a particular action. These are the Bratteli-
Vershik systems. Since they are Bratteli diagrams, they are very combinatorial by
nature. In some sense, this makes them “easy to work with”. We are only going
to prove the model theorem itself (although in full detail), but there are a lot of
important dynamical consequences of the model theorem.

4.1 Cantor minimal systems

Let X be a topological space. Recall the following from general topology: X is
called perfect if X has no isolated points, totally disconnected if the connected
components of X are the singleton sets, and 0-dimensional if X admits a basis of
clopen sets. If X is O-dimensional and T3, then X is totally disconnected. Also,
if X is compact Hausdorff, then X is totally disconnected if and only if X is
0-dimensional.

Definition 4.1.1. A topological space X is called a Cantor space if X is non-
empty, totally disconnected, perfect, compact and metrizable.

The canonical example of a Cantor space is the Cantor ternary set (See Ex-
ample 3.3.4). Another example is 2V = [T, .{0,1} (see Example 4.1.8). In fact,
Definition 4.1.1 is a complete topological characterization of “being homeomorphic
to the Cantor ternary set”. Therefore we shall also refer to a Cantor space as
simply a Cantor set. For a proof of the following result see [13, Theorem 30.3].

Theorem 4.1.2. Any two Cantor spaces are homeomorphic.
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In the literature, a topological dynamical system can be quite general, like a
compact Hausdorff space together with a continuous map from the space to itself, or
more generally a semigroup of continuous maps. We are interested in the following
type of systems.

Definition 4.1.3. A topological dynamical system is a pair (X,T) where X is a
compact metrizable space and T: X — X is a homeomorphism.

As T is a homeomorphism, this is naturally a Z-action on X by defining kz =
T*(x) for k € Z and z € X. One can think of the powers of T as “observations”
of the space X at discrete time intervals. And you can move both forward and
backward in time. For a point © € X, the orbit of x is the subset orbity(z) =
{T*(z)|k € Z}, where T° = Idx. Also, the positive orbit of = is orbitr(z)* =
{T*(x)|k € ZF}.

The notion of “sameness” or isomorphism of topological dynamical systems is
that of conjugacy, which we now define.

Definition 4.1.4. Let (X1,71) and (X2,7%) be topological dynamical systems.
Then (X1, Ty) is conjugate to (Xa, T) if there exists a homeomorphism h: X; — X5
such that h o T} = T5 o h, i.e. the following diagram commutes:

XlLXl

T>
X2 —_— XQ
In that case we call h a conjugacy.

Note that conjugacy of topological dynamical systems is an equivalence relation.
And if h is a conjugacy between (X1,T}) and (X»,7%), then Ty = h™1 o T} o h,
which implies that T4 = h=! o TF o h. So h also conjugates the powers of T} and
Ts.

We shall also restrict to topological dynamical systems which have no (non-
trivial) closed subsystems, so that they are minimal in this sense. This concept is
made precise in the following definition.

Definition 4.1.5. A topological dynamical system (X, T) is minimal if X has no
nontrivial closed T-invariant subsets, i.e. T(F) C F = F =0 or F = X when F
is a closed subset of X. We then call T" a minimal homeomorphism.

When dealing with minimal topological dynamical systems it turns out that
connected spaces cause difficulties. This is because when the systems are minimal,
orbit equivalence implies conjugacy for connected spaces (This result, due to Sier-
pinski, may be found in §47.1IT of [9]). And classifying spaces up to conjugacy is
virtually beyond hope. Therefore it is not so unnatural to move on to the other
side of the spectrum, namely totally disconnected spaces. And by demanding min-
imality you wind up with the Cantor spaces. (We shall see shortly that minimality
imply perfectness, except in trivial cases.)

There are several equivalent characterizations of minimality. Some of them are
given in the following proposition.
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Proposition 4.1.6. Let (X,T) be a topological dynamical system. Then the fol-
lowing are equivalent:

(X,T) is minimal.
IfUC X is open and U CT(U), thenU =0 or U = X.
If F C X is closed and T(F) =F, then F =0 or F = X.

The orbit of every point is dense in X.

)
)
)
4) IfU C X is open and T(U) =U, then U =0 or U = X.
)
) The positive orbit of every point is dense in X.

)

If0 # U C X is open, then Jpo._ TF(U) = X.

Proof. Observe that (1) < (2) and (3) < (4) by taking complements. Also, (6) =
(5) trivially. We proceed to show the implications (1) = (6), (5) = (3), (4) = (7)
and (7) = (2).

If (1) holds and = € X, then T'(orbitr(x)™) C orbity(x)", which implies that

T (orbitT(;v)+> C T'(orbity(z)*) C orbity(x)*.

So orbity(z)t is a non-empty closed invariant subset of X, and must therefore
equal X.

Suppose (5) holds and assume that T(F) = F' where F is a non-empty closed
subset of X. Let x € F and note that T(F) = F = T1(F) implies that
orbitr(z) C F. Since the former is dense and F is closed, we must have F' = X.

Now suppose (4) holds and let U be a non-empty open subset of X. Let
O =Up2_ TFU). Then T(0O) = O and O # 0, hence O = X.

Finally, suppose (7) holds and assume that U is a non-empty open subset of X
such that U C T(U). Then ... CT-YU) CU C T(U) CT?(U) C ... and these
sets form an open covering of X. Since X is compact there is a K € N such that

oo K
x=|J = | W) =17%0).
k=— k=—K
By applying 7% to both sides we obtain U = X. O

Suppose (X,T) is a minimal topological dynamical system and that X has an
isolated point, say xzo. Then {z¢} is open, so by property (7) in the previous
proposition we have X = orbity(z¢). And since T is a homeomorphism, it follows
that all singleton sets are open in X. Thus X is discrete, and hence finite. This
shows that when X is an infinite set, minimality implies that X is perfect.

We now define the topological dynamical systems we are going to study.

Definition 4.1.7. A Cantor minimal system is a topological dynamical system
(X,T) where X is a Cantor space and T is minimal.
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At this point it is worth noting that even though all Cantor spaces are home-
omorphic, it does not by any means follow that all Cantor minimal systems are
conjugate. The Cantor minimal systems are a rich class of dynamical systems.

We end this section with a classic example of a Cantor minimal system - the
so called dyadic odometer. At the end of this chapter we will see how the proof of
the model theorem applies to this particular example.

Example 4.1.8. Let X = 2" =[[>_{0,1} equipped with the product topology,
where each {0, 1} is discrete. A compatible metric is d(x,y) = 1/n, where n is the
first index where z and y differ. As {0, 1} is totally disconnected and compact, so
is X. It is also easy to see that X has no isolated points since any point can be
approximated arbitrarily well by other points. Hence X is a Cantor space.

Informally, the transformation 7' of X is addition of (1,0,0,...) mod 2, with
carry over to the right. More formally, if (z1,22,23,...) # (1,1,1,...) let N =
max{n € N|z; = 1 for i <n}. Then we define

N

—N—
T($1,$2,$3, . ) = (0,0, “ee 70, 1,£N+2733N+37 . )

Also, we define
T(1,1,1,...) = (0,0,0,...).

For instance,

7T(1,1,1,0,0,1,...) = (0,0,0,1,0,1,...)
7(0,0,1,1,0,0,...) = (1,0,1,1,0,0,...).

Given (z1,x2,23,...) € X, let M = min{n € N|z,, = 1}. Then

M—-1

—N—
T(l,1,...,1,0,(EM+1,£EM+2,...) = ($1,$27$3,...),

hence T is surjective. Now let = (x1,x2,23,...),y = (y1,Y2,Y3,...) € X. Sup-
pose d(x,y) = 1/n. That is, ; = y; for 1 <i < n and x,, # y,. Assume without
loss of generality that z,, = 0. As above, let N 4+ 1 denote the first index in x
where a 0 appears. Then N+ 1 < n. If N+ 1 = n, then T(z); = T(y); = 0
for 1 <i<mnand T(z), =1# 0= T(y)n, hence d(T(z),T(y)) = 1/n. On the
other hand, if N +1 < n, then we still have T'(z); = T'(y); for 1 < i < n and
T(z)n = Tp # Yn = T(Y)n, so that d(T(x),T(y)) = 1/n. This shows that T is an
isometry. In particular then, T' is a homeomorphism.

To see that (X,T) is minimal, let z € X and let n € N. By looking at the
iterates x, T'(z), T?(x), . . . one observes that every possible sequence of 0’s and 1’s of
length n—1 appears in the n—1 first coordinates of the points x, T'(z), . . ., 72" (z).
This means that d(orbitr(z)",y) < 1/n for any y € X. Since this is true for every
n € N it follows that orbitr(z)" is dense in X. By Proposition 4.1.6, (X,T) is a
Cantor minimal system.
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4.2 Bratteli diagrams

We are now going to define (unlabeled) Bratteli diagrams, and we will in the sequel
denote these simply by the term Bratteli diagrams. Broadly speaking, we are
simply deleting the labeling we had when we introduced labeled Bratteli diagrams.
Bratteli diagrams with the associated dimension groups are on the one hand crucial
tools in determining the isomorphism type of AF-algebras, while on the other hand
they yield invariants for the orbit structure of Cantor minimal systems.

Definition 4.2.1. A Bratteli diagram is a quadruple (V, E,r,s) satisfying the
following properties:

(1) V, the vertex set, and E, the edge set, are both countable disjoint unions of
non-empty finite sets; V = | |V, and E = | |7, E,,.

(2) Vo = {vo} is a one point set.

(3) r, the range map, is a map r: E — V such that r(E,) C V,,. s, the source
map, is a map s: E — V such that s(E,) C V,,_1. Moreover, s~ (v) # () for
allv € V and r~1(v) # 0 for all v € V' \ {wp}, i.e. the graph has no sinks, and
no sources except for vg.

It might be useful for the reader to compare the preceding definition with Def-
inition 2.4.4. We shall often use just (V,E) to denote a Bratteli diagram. We
draw Bratteli diagrams in the same way as we draw labeled Bratteli diagrams.
The vertices in V,, are drawn on the same horizontal level and the edges in F,, are
represented by a line segment between the source in V,,_; and the range in V,,. The
maps r and s give the range vertex and source vertex of an edge, respectively. The
vertices are represented by dots, instead of integers as in the labeled case.

Vo Vo
1
=[] El
Wi
3 1
My= |2 1 Es
0 2
Va s(e)
1 4 1
M?’:{o 0 1} e Es

Vs r(e)

Figure 4.1: A diagrammatic presentation of a Bratteli diagram (V, E,r,s) with
some of the terminology illustrated.
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The notation introduced in Section 2.4 carries straight over to Bratteli diagrams.
When (V, E) is a Bratteli diagram the edges in E,, can be represented by a |V,,| x
|Vii—1] incidence matriz M, = (ml(-;-l)), where ml(-;-l) denotes the number of edges
from the vertex (n — 1,j) to the vertex (n,i). See Figure 4.1.

Just as for labeled Bratteli diagrams, there is an obvious notion of isomorphism
between Bratteli diagrams (V, E,r,s) and (V', E’' ', s"). Namely, a pair of bijec-
tions between V and V' and between E and E’ preserving the gradings (i.e. levels)
and intertwining the respective source and range maps.

We define paths and telescoping of Bratteli diagrams entirely analogues to Sec-
tion 2.4, but for clarity we include it here as well. Let (V) E,r,s) be a Bratteli
diagram. For k,l € ZT with k < I, let E 1 0 Exi90---0 E; denote the set of all
paths from Vi, to V;. That is,

Eyi10FEpi20---0F = {(ekxt1,€kt2,---,€1)|e; € By, r(e;) = s(ejy1) Vit

When [ = k+1 we identify the paths from Vj, to Vi41 with Ej1. We also extend the
range and source maps to paths in the following way. Define r(egt1,...,¢e) = r(e;)
and s(ex41,...,€;) = s(egy1) for (€g+1,...,€1) € Exp10---0Ep.

Definition 4.2.2. Let (V, E,r,s) be a Bratteli diagram and mg = 0 < my <
me < ... a sequence of integers. The telescoping of (V,E,r,s) with respect
to the sequence m,, is the Bratteli diagram (V’',FE’ v’ s"), where V! = V,, .
E =F, ,419Fn ,i20---0FE, ,and r’ and s are the extensions of r and s
respectively, restricted to the paths E!, as above.

We need mg = 0 to ensure that the telescoping of a Bratteli diagram is again a
Bratteli diagram. Note that in a telescoping as described in Definition 4.2.2 above,
the incidence matrix of E, = E,,,_,+19Epm, _, 4200 E,,  is simply the product
M) =My, My, _1--- My, ,+1 of the incidence matrices involved.

Example 4.2.3. Let (V, E) be the Bratteli diagram to the left in Figure 4.2. The
diagram to the right, (V’, E’), is obtained by telescoping to levels mg = 0,m; =
2,mo = 5,.... The edges in (V', E') correspond to paths in (V, E). For instance,
the red path in (V, E) from V; to V5 becomes an edge in (V/, E’) from V{ to V{.

We are now going to look at how a Bratteli diagram can represent a unital AF-
algebra, as a labeled Bratteli diagram. Let (V, E,r, s) be a Bratteli diagram. Then
(V,E,r,s,d) is a labeled Bratteli diagram where d: V' — N is defined recursively
as follows:

d(v) = Z d(s(e)) forv e V,, n>1.
r(e)=v
See Figure 4.3 for an example of this. This definition of the labeling ensures
equality in part 3 of Definition 2.4.4. Which in turn means that the connecting

homomorphisms in the associated canonical chain system are unital. We say that
the AF-algebra associated to (V, E,r, s,d) is also the AF-algebra associated to
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telescoping

Figure 4.2: Telescoping a Bratteli diagram.
1
/N
1 2
PX/\
5 4 4

Figure 4.3: The Bratteli diagram in Figure 4.1 as a labeled Bratteli diagram.
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(V,E,r,s) and we denote this AF-algebra by AF(V, E). The following proposition
shows that Bratteli diagrams are adequate to represent unital AF-algebras.

Proposition 4.2.4. If (V, E) is a Bratteli diagram, then AF(V, E) is unital. Con-
versely, if A is a unital AF-algebra, then there exists a Bratteli diagram (W, F)
with A= AF(W, F).

Proof. Let (V,E,r,s) be a Bratteli diagram, and let (V, E,r,s,d) be the corre-
sponding labeled Bratteli diagram. Since the connecting homomorphisms in the
associated canonical chain system are unital, it follows that the associated AF-
algebra AF(V, E) is unital by Lemma 2.6.1.

Conversely, let A = U2, A,, be a unital AF-algebra. As discussed near the end
of Section 3.2, we may assume that Ag = Cl4. Then the connecting homomor-
phisms in the chain system (A,,%n)nez+, Where 4, is the inclusion map, are all
unital. This implies that if (W, F,r,s,d) is a labeled Bratteli diagram associated
to this canonical chain system, then (W, F') has no sources except vy and the sum
of the labels leading into a vertex equals the label of that vertex. Hence (W, F, r, s)
is a Bratteli diagram and its associated AF-algebra is, by construction, A. O

Example 4.2.5. Let A = C(Y) be the unital AF-algebra in Example 3.3.5. By
simply removing the labels from the labeled Bratteli diagram in Figure 3.10 we ob-
tain a Bratteli diagram which represents A. This diagram is depicted in Figure 4.4.

4.3 Associated dimension groups

In this section we briefly introduce the dimension group Ky(V, E) associated to a
Bratteli diagram (V, E'). A lot more can be said about these.

Definition 4.3.1. By an ordered group we shall mean a pair (G, G") where G is
a countable abelian group and Gt C @ is a subset, which we will refer to as the
positive cone, satisfying the following properties:

(1) GT+Gt C Gt
(2 Gt -Gt =G
(3) GTn(=G*) ={0}

The morphisms in the category of ordered groups are the positive homomor-
phisms. As the name would suggest, a map ~: G; — G2 between two ordered
groups is a positive homomorphism if 7y is a group homomorphism and ’y(Gf) - G;r.

Let (G,G™) be an ordered group. We write a < b if b — a € GT, and we write
a <bif a <banda # b. Note that < is a translation invariant partial order on G.
We say that (G, GT) is unperforated if a € G and na € G* for some n € N implies
that a« € GT. In a sense this means that the positive cone G* has no “gaps”. Note
that unperforated implies torsion-free. An order unit for (G,GT) is an element
u € GT such that for every a € g, a < nu for some n € N.
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Figure 4.4: A Bratteli diagram representing the unital AF-algebra C(Y) in Exam-
ple 3.3.5.

An ordered group (G,G7) is said to satisfy the Riesz interpolation property
if whenever a1,as2,b1,b2 € G with a; < b; for 4,57 = 1,2 there exists a ¢ € G
with a; < ¢ < b; for 4,5 = 1,2. We say that (G,G™") satisfies the strict Riesz
interpolation property if < can be replaced with < in the above.

Definition 4.3.2. A dimension group is an ordered group (G,GT) which is un-
perforated and satisfies the Riesz interpolation property.

Example 4.3.3. One of the simplest examples of a dimension group is Z"™ with
the positive cone (Z")* = {(a1,...,a,) € Z"a; > 0for1 < i < n}. Then
(a1y...,an) < (b1,...,by) if and only if a; < b; for each 4. It is easily verified that
(Z™,(Z™)") is a dimension group. The “canonical” order umit is (1,1,...,1) €
(zr)*.

However, this dimension group does not satisfy the strict Riesz interpolation
property. To see this, let a; = ag = (1,1,...,1,0) and b = by = (1,1,...,1).
Then a; < b;, but clearly there is no ¢ € Z™ with a; < ¢ < b;.

If M is an m X n matrix with non-negative integer entries, then M: Z" —
Z™ given by matrix multiplication (on the left) of column vectors is a positive
homomorphism. In fact, it is not hard to show that every positive homomorphism
v: Z™ — 7™ is given by such a matrix.

Example 4.3.4. Let G be a countable subgroup of R. The induced (linear) order-
ing from R corresponds to G = GNRT, and (G,G™) is then a dimension group.
If G is dense in R, then (G, GT) will satisfy the strict Riesz interpolation property.
A basic concrete example is G = Q.

In fact, any countable, torsion-free abelian group is isomorphic to a subgroup
of R (see [6]), and can thus be equipped with a (linear) order turning it into a
dimension group.

We are now going to adress direct limits of ordered groups. Suppose we have a
chain system

Gl Y1 G2 Y2 G3 3 L. (41)
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of ordered groups (G, G;") and positive homomorphisms 7,. We construct the
group theoretic direct limit G, of the chain system (4.1) via equivalence classes
exactly as we did for x-algebras in Section 2.2. The positive cone of G, should come
from the positive cones of the G,,’s, so we let GI, = {[a,n] € G | a € G}, n € N}.
It is easy to check that (Goo, GL) is an ordered group, and it can also be verified
that this is indeed the direct limit of the chain system (4.1) in the categorical sense.
As we did in Section 2.2, we also denote the direct limit (G0, GL) by @(Gn,'yn).

Neither is it hard to show that unperforatedness and the Riesz interpolation
property are preserved under direct limits, hence a direct limit of dimension groups
is again a dimension group.

Example 4.3.5. Continuing Example 4.3.3 we may consider a chain system

My Mo M3

Z+ z> Zbs

where each M, is a k,4+1 X k, matrix with non-negative integer entries. Then
lién(Zk“, M,) is a dimension group. Furthermore, if no M,, has a row of zeroes,
then [(1,1,...,1),1], i.e. the equivalence class of (1,1,...,1) € Z*1, is an order unit
for lig(Zk", M,,). This is because (M, M,,_1---M;)(1,1,...,1)T is then a vector
with strictly positive entries for each n.

Dimension groups were originally introduced by Elliott [5] as direct limits of Z*»
as in Example 4.3.5. Effros, Handelman and Shen [4] gave the abstract definition
in Definition 4.3.1 and proved that any dimension group can be realized as a direct
limit as in Example 4.3.5. So that these are in fact all dimension groups.

We are now ready to define the dimension group associated to a Bratteli dia-
gram. Let (V) E) be a Bratteli diagram and let M,, denote the incidence matrix
representing E,, for n = 1,2,.... Since each M,, is a non-negative integer matrix
we may form the following chain system of ordered groups:

M, Mo Ms

7 7Vl 7IV2| Vsl _Ma

Since a Bratteli diagram has no sources, except for vy, none of the incidence matri-
ces M, has a row of zeroes. By Example 4.3.5 the equivalence class of 1 € Z = 7/l
is an order unit in liLn(ZW"-”,Mn).

Definition 4.3.6. Let (V, E') be a Bratteli diagram and let M,, for n € N denote the
incidence matrices. The dimension group associated to (V, E), denoted Ky(V, E),
is @(Z‘anll, M,).

The associated dimension group, Ko(V, E), of a Bratteli diagram (V, E) turns
out to be a crucial link between the following three mathematical structures:

e The C*-algebraic structure of AF(V, E).
e The combinatorial structure of (V, E).
e The dynamical structure of (X(v,gy, T(v,r)) (see Section 4.5).

Among other things, it allows the construction of several highly computable alge-
braic invariants for unital AF-algebras and Cantor minimal systems, as opposed to
general C*-algebraic or dynamical invariants, respectively.
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4.4 Bratteli diagrams as Cantor spaces

We are now going to change focus and instead think of Bratteli diagrams as topo-
logical spaces. The underlying set will be the set of infinite paths which begin at
the top vertex, vg.

Definition 4.4.1. Let (V, E,r,s) be a Bratteli diagram. The infinite path space
of (V,E,r,s) is the set

Xw,p)y = {(e1,e2,...)|en € By Ar(en) = s(enq1) for n > 1}.

By Definition 4.2.1 we have Xy, gy # 0. We are now going to topologize X (v, g)
so that it becomes a Cantor space (under some mild assumptions). A natural
approach is to note that Xy gy C [[02, E,. As each E, is finite, we regard it
as a discrete space. It’s not hard to show that Xy gy is a closed subset in the
product topology, and from this most properties of Definition 4.1.1 follow. This
is indeed the topology we desire, but in order to get some “hands on experience”
with Bratteli diagrams in this new context we are going to prove those properties
more directly, rather than only appealing to abstract theorems of general topology.

Let o = (e1,...,en) € By 0---0 E, be a finite path (starting at vg) in (V, E).
We define the cylinder set of « to be

Ula) =A{(f1, fo,...) e Xvp)lfi = es,i =1,2,...n}.

That is, all infinite paths in Xy, ) which “starts with” a. Let B, = {U(a)la €
Eyo---0E,} for n € N, and let B = U2, B,,. Since each E, is discrete, and since
the product [[,2; E, is countable, a basis for the product topology on [ | E,, is

B/:{{fl} X e X{fn} XEn+1 XEn+2 X ‘fZEEZ,l SZSH,’RGN}
Since B = B' N X (v, ), B is a basis for the subspace topology on Xy, ).

Lemma 4.4.2. Let (V, E) be a Bratteli diagram. Then X (v, gy when endowed with
the topology generated by B, the basis of cylinder sets, is a totally disconnected,
compact metrizable space.

Proof. Our first observation is that for every n € N, the set B, = {U(a)|a €
Eyo---0E,} forms a (finite) partition of Xy g). Hence, for any o € Eyo---0 E,

Ula) = Xv,p) \ U U(B)

BEE 0-0B,\{a}

So U(a) is closed. As each cylinder set is clopen, X(v,g) is O-dimensional.

Next we are going to define a compatible metric. For x = (z1,22,...), y =
(Y1,92,...) € Xv,p) define d(z,y) = 0 if v = y, and d(z,y) = 1/nif z # y,
where n = min{m € Nlz,,, # ym}. Clearly, d is non-negative, symmetric and
non-degenerate. To see that d satisfies the triangle inequality, let x,y,2 € X(v,g)-
If x = z there is nothing to prove. So suppose d(z,z) = 1/n. Then x; = z; for
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1<i<n-1and x, # z,. Therefore we must have y; # x; or y; # z; for some
j < n. Consequently, d(z,y) > 1/n or d(y, z) > 1/n which gives

d(z,2z) =1/n < d(z,y) + d(y, 2).

So d is a metric. Now let * € X(y,g) and let 0 < e < 1. Pick n € N such that
Lo <ce< % Then

n+1
Be(x) = {y € X(V,E)|d(xvy) < 6}
= {(y1,y2, .. ) € X(V,E)|yi =ux;,1=1,2,. TL}
= U((Z‘l, s ’xn))

Since the open balls with respect to d coincide with the cylinder sets, d generates
the same topology. Then Xy gy is Hausdorff and 0-dimensional, hence Xy g is
totally disconnected.

As Xy ) is metric, it suffices to prove sequential compactness. Let z@) =

(a:gj), xéj), ...) be a sequence in X(y,g). Since E is finite there is an e; € E; such

that ng) = e; for infinitely many j. Let j; be one of these j’s. Since FEs is finite,

and xgj) = ey for infinitely many j, there is an ey € E5 such that r(e1) = s(es)

and xgj) = el,xéj) = ey for infinitely many j. Let jo > j; be one of these j’s.
Continuing in this manner we obtain an infinite path e = (e1, eq,...) € Xwv,g) and
a subsequence 20U of 2(9) such that xz(-”“) = ¢; for 1 < ¢ < k. This means that

d(xU%) e) < 1/k, hence x\%) converges to e as k — co. O

Since telescoping essentially groups finite paths into single “edges”, it is not
very surprising that the infinite path space is preserved under telescoping. This is
the content of the next result.

Lemma 4.4.3. Let (V,E) be a Bratteli diagram and (V', E') the telescoping of
(V, E) with respect to a sequence 0 < my < mg < .... Then Xy gy ~ X/ pgry.

Proof. Let F': X(v,g) — X(v+ gy denote the natural map defined by

(e1,€2,...) = ((e1,---semy)s (Emyt1s- -5 €my),---) for (e1,e2,...) € Xev ).

It is clear that F' is a bijection. Now suppose z,y € X(v,g) with d(z,y) = 1/N.
Choose n so that m,_1 < N < m,,. Then F(z) and F(y) will agree up to level
n — 1, since x and y agree up to level m,,_1, but differ in the path from level
mp—1 to level m,. Thus d(F(z), F(y)) = 1/n. And since n < m,_1 + 1 we have
1/N < 1/n, ie. d(x,y) < d(F(z), F(y)). This shows that F~! is Lipschitz, and in
particular continuous. As the infinite path spaces are compact Hausdorff, F~! is
a homeomorphism, and consequently so is F'. O

In what follows, we want to avoid the trivial cases, that is we want Xy g) to
be infinite. Therefore we make the following definition.

Definition 4.4.4. A Bratteli diagram (V| E) is called nontrivial if |E,| > 2 for
infinitely many n € N.
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Clearly, X (v, is infinite if and only if (V, E) is nontrivial. In order for Xy, g
to be a perfect space we need the following property.

Definition 4.4.5. A Bratteli diagram (V, E) is called simple if
(1) (V, E) is nontrivial.

(2) There is a telescoping (V/, E') of (V, E) such that (V’, E’) has full connectivity
between any two consecutive levels. Le. if v € V,, and w € V|, then v — w.

Example 4.4.6. Consider the Bratteli diagram depicted on the left in Figure 4.5.
This diagram is simple since it is nontrivial and by telescoping to even levels we
obtain the telescoped diagram on the right, which has full connectivity between
consecutive levels.

Telescoping to
levels 0, 2, 4, ...

Figure 4.5: On the left, a simple Bratteli diagram, and on the right, a telescoping
of this diagram with full connectivity between consecutive levels.

The following proposition illustrates why “simple” is a reasonable name for this
property.

78
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Proposition 4.4.7. Let (V, E) be a nontrivial Bratteli diagram. Then the following
are equivalent:

(1) (V,E) is simple.
(2) AF(V,E) is simple.
(3) (V, E) is eventually fully connected.

Proof. Since (V, E) has no sources except for vy by definition, it suffices to show
that (1) < (3), by Theorem 3.5.15. Assume that (V| E) is simple. Let mg =0 <
my < mg < ... be a sequence such that the telescoping (V', E’) with respect to
my, has full connectivity. Let v € V,,. Choose my > nandleta € E,110---0Ey,,
be a path with s(a) = v. Let w = r(«) € V,,,,. Since (V', E’) is fully connected we
have that for every u € V,,, , there exists a path 3, € Ep, 41 0---0 By, | with
$(Bu) = w and r(B,) = u, see Figure 4.6. The concatenation of o and f3,, is then a
path from v to u. This shows that (V, E) is eventually fully connected.

Vi

Mk+1

Figure 4.6: Constructing a path from v € V,, to every vertex u on level my.1.

Conversely, assume that (V) E) is eventually fully connected. Let mg = 0 and
let m; be such that vg — w for all w € V,,,,. For each v € V,,,; choose k, such
that v — w for all w € Vi, . Let mo = max{k,|v € V;,,, }. Then there is path from
every v € Vi, to every w € V,,,,. Continuing in this manner we obtain a sequence
mo =0 < my < mg < ...such that the telescoping of (V, E) with respect to this
sequence has full connectivity between consecutive levels. O

It should be noted that when (V, E) is simple, then the associated dimension
group Ky(V, E) is also simple. A simple dimension group is one that has no non-
trivial order ideals, but we shall not delve any further into this. The following
criterion will simplify some proofs.

Lemma 4.4.8. Let (V, E) be a Braiteli diagram. Then (V, E) is simple if and only
if there exists a telescoping (V', E') of (V, E) such that there are at least two edges
between any two vertices on consecutive levels in (V', E’).
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Proof. One direction is trivial. Assume that (V, E) is simple. Let (V/, E’) be the
telescoping of (V, E) with respect to a sequence m,, having full connectivity between
consecutive levels. Since (V, E) is nontrivial, so is (V/, E’). Therefore there is a
sequence ny < ng < ... such that [E], | > 2. Let (V”,E") be the telescoping
of (V',E") with respect to the sequence 0 < ny < ny <ng < .... lfv eV, |
then since there are at least two edges in Ej,,  and (V', E) has full connectivity
between consecutive levels, there are at least two paths from v to any vertex in
Vé2k+2~ This means that there are at least two edges between any two vertices on
consecutive levels in (V" E”). Now we are done since (V”, E") is (isomorphic to)

the telescoping of (V, E') with respect to the sequence m,,, . O

We are now in a position to prove that, under suitable conditions on (V, E),
X(v,k) is a Cantor space.

Proposition 4.4.9. If (V, E) is a simple Bratteli diagram, then X (v,g) is a Cantor
space.

Proof. By Lemma 4.4.2 it suffices to show that when (V, E) is simple, then Xy, g
has no isolated points. To this end let x = (z1,22,...) € X(y,g) and let € > 0 be
given. We need to find a point y # x within distance € of x. Pick n € N such
that % < e. By Lemma 4.4.8 there is a sequence 0 < m; < mg < ... such that
the telescoping with respect to this sequence has at least two edges between any
two vertices on consecutive levels. Now pick k& such that mg > n. By virtue of
this telescoping there are at least two distinct paths from r(z,,, ) to 7(2m,,,), so
let (fmu+1s---5fm...) be a path different from the subpath of x between these
vertices. If we set y = (21,..., Ty, frnpt1s - s frngsrs Tmpa 41, ---), then y # x
and d(z,y) < % < e. Hence {z} is not open. Thus Xy, ) is perfect. O

4.5 Ordered Bratteli diagrams

In this section we are going to introduce ordered Bratteli diagrams. Under suitable
conditions, the ordering will induce a minimal homeomorphism on the infinite path
space X (v, g) and yield a Cantor minimal system.

Definition 4.5.1. An ordered Bratteli diagram is a quintuple (V, E,r, s, <) where
(V,E,r,s) is a Bratteli diagram and < is a partial ordering on E such that two
edges e, e’ € E are comparable if and only if 7(e) = r(¢’). In other words, we have
a linear ordering on r~1(v) for every v € V' \ {vg}.

Since each set r~1(v) is finite (see Figure 4.7), each edge in r~!(v) can be
uniquely assigned a natural number denoting its place in the linear ordering on
r~!(v). When drawing ordered Bratteli diagrams we represent the ordering on
each set r~!(v) by putting the ordinal number of an edge next to it. If all edges in
r~!(v) have the same source we usually omit drawing the ordering.

Example 4.5.2. An example of an ordered Bratteli diagram is depicted in Fig-
ure 4.8. The underlying Bratteli diagram is the one from Figure 4.1.
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Figure 4.8: An ordered Bratteli diagram.

If (V, E, <) is an ordered Bratteli diagram we get an induced “backwards lex-
icographic” ordering on the set of finite paths as follows. Just as with edges, two
paths are comparable if and only if they are paths between the same levels and
have the same range. If o = (eg41,...,€1),8 = (fet1,---,f1) € Exy10---0 E; are
paths from level & to level [ with r(a) = r(8) (i.e. r(e;) = r(f)), then a < B if and
only if there is an i € Nsuch that k+1<i <l,e; = f; fori < j<lande; < fi.
It is easy to see that this is a partial order on the set of finite paths. Moreover, the
paths from a certain level to certain vertex are linearly ordered.

If (V') E’) is a telescoping of an ordered Bratteli diagram (V) E, <) then it is
easy to see that (V' E’, <’) is again an ordered Bratteli diagram when <’ is the
induced partial order on E’ described above.

It is clear that a path a = (eg41,...,€;) is maximal, respectively minimal,
(among the paths) if and only if e; is maximal, respectively minimal, for each j.
Note that for any vertex v € V, there is a unique maximal, respectively minimal,
path from vy to v. Motivated by this, if 2 = (e1,e2,...) € X(v,p) is an infinite
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path we say that x is mazimal, respectively minimal, if e; is maximal, respectively
minimal, for all j > 1. When (V, E, <) is an ordered Bratteli diagram we denote
the set of maximal infinite paths in X(y, gy by Xmax and the set of minimal infinite
paths by Xin-

Example 4.5.3. Consider the Bratteli diagram in Figure 4.9. This is the Bratteli
diagram from Figure 4.5 with an ordering such that there are two minimal infinite
paths and one maximal infinite path. The two minimal paths are colored green
and the maximal path is colored red.

Figure 4.9: An ordered Bratteli diagram with two infinite minimal paths.

As the following proposition shows, there always exists a maximal and a minimal
infinite path, but as we just saw, these need not be unique.

Proposition 4.5.4. Let (V,E,<) be an ordered Bratteli diagram. Then Xiax
and Xumin are closed, non-empty subsets of Xy, g). And if (V, E) is simple, then
Xrnax n Xmin = (Z)

Proof. For each n € N, let K,, = {(e1,e2,...) € Xv,g)l(e1,...,e,) maximal}.
For each v € V,, let «, denote the unique maximal path from vy to v. Then
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K, = Uyev, U(a,) which is a finite union of clopen sets, hence K, is clopen.
Moreover, K1 O Ky D ... and Xpax = NS, K,,. Since X(v,g) is compact and
Xmax 18 a decreasing intersection of non-empty closed sets, we have that X, is
non-empty and closed itself. The same argument applies to Xyin-

If (V, E) is simple, then by Lemma 4.4.8 there is a sequence my = 0 < my <
mg < ... such that the telescoping (V’, E’) with respect to m,, has at least two
edges between any two vertices on consecutive levels. In particular, this means
that for any vertex v € V,,, there are at least two distinct paths from vy to v.
And since the paths from vg to v are linearly ordered, the maximal path and the
minimal path from vy to v are distinct. It follows that an infinite path cannot be
both maximal and minimal. O

Example 4.5.5. This next example is a bit more extreme than the previous one.
The ordered simple Bratteli diagram depicted in Figure 4.10 has infinitely many
minimal and maximal infinite paths. The “diagonal” minimal and maximal paths
are colored green and red, respectively.

Figure 4.10: An ordered Bratteli diagram with infinitely many infinite minimal
paths and infinitely many infinite maximal paths.

In order to get a homeomorphism of Xy, ) we will assume that we have exactly
one minimal and one maximal path in Xy ). We therefore make the following
definition.

Definition 4.5.6. A properly ordered Bratteli diagram is an ordered Bratteli dia-
gram (V, E, <) so that:

(1) (V, E) is simple.

(2) | Xmax| = [Xmin] = 1. Le. we have a unique maximal infinite path zp.x €
X(v,p) and a unique minimal infinite path zni € X(v, g).
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We are now going to introduce the homeomorphism Ty gy on Xy, g), where
(V,E,<) is a properly ordered Bratteli diagram. If z = (ey,e2,...) € X(v,p) and
T # Tmax, then let k be the smallest integer such that ej is not maximal. Let f
be the successor of e, (in particular r(ex) = r(fx)) and let (fi,..., fr—1) be the
unique minimal path from vy to s(fx). Define

Tw,ey(®) = (fi, s fe—1, frr €rs1s Chp2, - - )

Also, define Ty, g)(Tmax) = Zmin- The map T(v,py: X(v,p) = X(v,p) is called the
Vershik map. Note that the Vershik map simply gives the successor in the ordering
of finite paths in (V, E, <) if you disregard the tail of the infinite path.

When z,y € X (v g) we say that z and y are cofinal if there is an N € N such
that xz,, = y, for all n > N, in other words the tails agree from a certain point on.
Observe that if © # Tmax, then 2 and Ty, g)(z) are cofinal (see Figure 4.11).

Example 4.5.7. In Figure 4.11 is a properly ordered Bratteli diagram with the
action of the Vershik map 7(y g) applied to the minimal infinite path = Tpi,.
The iterates are depicted in blue.

We now prove that (X (v, gy, T(v,g)) is indeed a Cantor minimal system. We call
this system the Bratteli- Vershik system associated to the properly ordered Bratteli
diagram (V, E, <).

Proposition 4.5.8. If (V, E,<) is a properly ordered Bratteli diagram, then the
associated Bratteli- Vershik system (X(v,gy, T(v,g)) is a Cantor minimal system.

Proof. We need to prove that the Vershik map Ty, g) is a minimal homeomorphism.
We proceed to construct the inverse of T(y, gy. Define 7" on X(v,g) as follows. For
z = (x1,22,...) € X(v,g) with 2% Tmin let [ be the smallest integer such that z;
is not minimal. Let y; be the predecessor of z; and let (y1,...,y—1) be the unique
maximal path from vy to s(y;). Define T"(x) = (Y1, -, Yi—1,Yl, Tit1s Ti42y- - -)-
Also, define T"(Zmin) = Tmax- It is easily verified that 7" and T{y,g) are inverses
of one another. Thus T(y, g is a bijection. By reversing the order <, we obtain
another properly ordered Bratteli diagram (V, E, >). Observe that T” is the Vershik
map on (V, E,>).

Recall the compatible metric d from Lemma 4.4.2. Let z = (e1,€2,...) # Tmax
be an infinite path and let € > 0 be given. Let k£ be the smallest index such that ey
is not maximal. Pick N € N such that N > k and N > 1/e. If now d(z,y) < 1/N,
then y agree with = up to level N, which means that the k first initial edges in
Tiv,p)(z) and T(y, g (y) agree. And since the tails from level k£ remain unchanged,
we have that Ty g)(z) and T(y,g)(y) agree up to level N. And this in turn implies
that d (T(v,r)(2), T(v,r)(y)) < 1/N <e. Thus T(y p) is continuous at .

It remains to verify continuity at zpax. Let N € N be such that N > 1/e. Let
w € Vi be the vertex on level N which x;, passes through. For n > N, let

K, ={(e1,e2,...) € X(v,m| (e1,...,e,) minimal Ar(en)# w}.
Then Ky O K41 2 ... are closed (finite unions of cylinder sets) and N2\ K, = 0,

since Ty, is the only minimal infinite path. By the finite intersection property we
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q
1 2 1 2
1 2 1 2
T = Tmin T (V,E) ()
1|2 N 2 1|2 ENE
1 2 1 2
1 2 1 2
J
5 . 3 .
T(V. B) () T(v, E) (z)
1 2 1 2 1 2 1 2
)

Figure 4.11: The Vershik map applied to xmyin.
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have Kj; = () for some M > N. This means that any minimal path from vg to
level M must agree with 2y, up to level N. So if d(zmax,y) < 1/M, then the
first M edges in Ty p)(y) is a minimal path from vg to level M, and therefore
d(mmin,T(VﬁE) (y)) < 1/N < e. Since Tiy,g)(Tmax) = Tmin We see that Ty g is
continuous at Tpya.x. As noted above, the inverse T” is also a Vershik map, and is
therefore continuous as well. Hence Ty, g is a homeomorphism.

Figure 4.12: Ty, gy (U(a)) = U(T(v,p)(a)) when o is not maximal.

Let o € Eyo---0 E, be a path which is not maximal. Let T(y,g(c) denote
the successor of «a (in the ordering of finite paths from vy to r(a)). Note that this
is consistent with viewing « as the beginning of an infinite path. Now observe
that T(y,g)(U(a)) = U(T(v,g)()), see Figure 4.12. Similarly, if o is a non-minimal
path, then T(;/TE)(U(Q)) = U(T&TE) (cr)), where T(}%E)(a) denotes the predecessor
of a. Using this observation we shall show that the orbit of every cylinder set is all
of X(v,p). Let a € Eyo---0kE, be any finite path and let z = (e1,e2,...) € Xy g)
be any infinite path. Since (V| E) is simple there is a sequence 0 < m; < ma < ...
such that the telescoping to these levels has full connectivity between consecutive
levels. Pick k so that my > n. Let ¢1 = (e1,...,em, ,). Let g2 be a superpath
of a from vy to r(g1). Such a path exists because of the full connectivity. Since
q1 and g2 are finite paths between the same vertices there is a j € Z such that
T(JV’E) (q2) = q1 (i-e. q1 is the jth successor or predecessor of ¢3). We therefore have

v € Ua) = U(Thy 5y (@) = Ty 5y (U(a2)) € Ty (U ().

Hence [J;2 T(iVE)(U(oz)) = X(v,). Since every non-empty open set contains a
cylinder set, it follows by Proposition 4.1.6 that T{y, ) is minimal. O

The model theorem states that every Cantor minimal system is conjugate to
a Bratteli-Vershik system. In the next example we demonstrate how the dyadic
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odometer of Example 4.1.8 is realized as a Bratteli-Vershik system. The Bratteli
diagram in question has a very basic structure.

Example 4.5.9. Let (X,T) be the dyadic odometer of Example 4.1.8 and let
(V, E, <) be the properly ordered Bratteli diagram in Figure 4.13. Define the map
0: E — {0,1} by d(e) = 0 if e is a minimal edge and d(e) = 1 if e is a maximal
edge. It is clear that the mapping h: Xy gy — X defined by

h((@l, €9, .. )) = (6(61), 5(62), .. )

is a conjugacy.

1 2
1 2
1 2

Figure 4.13: The dyadic odometer as a Bratteli-Vershik system.

We saw in Section 3.2 that the AF-algebra associated to a labeled Bratteli
diagram is unchanged by telescoping. The next result shows that the same is true
for the associated Bratteli-Vershik system. And just as it was in the AF case, the
proof is mostly “notation juggling”.

Proposition 4.5.10. Let (V,E,<) be a properly ordered Bratteli diagram. If
(V' E', <) is the telescoping of (V, E, <) with respect to a sequence 0 < my < mg <
... Then the Bratteli-Vershik systems (X v,py, T(v,p)) and (X gy, (v gry) are
conjugate.

Proof. Note that being properly ordered is preserved by telescoping. We will
show that the natural homeomorphism F': Xy gy — Xy gy from the proof of
Lemma 4.4.3 is a conjugacy. Let Zyax and 2/ . denote the unique maximal paths
in (V,E,<) and (V', E’, <), respectively. Similarly, let i, and 2/ ;. denote the
unique minimal paths. Since F(Zmax) = @5,y and F(2min) = ., we obtain

min

F(T(V,E) (Tmax)) = F(Zmin) = ‘r;nin = T(V’,E')(x;nax) = T(V’,E’)(F(xmaX))~
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Now suppose z = (e1,e2,...) € X,y with # Tmax- Let k be the smallest
integer such that e is not maximal. Then

Tw,ey(x) = (fi,- s fo—1, frs €rg1s Chp2, - - ),

where f, is the successor of e and (f1,..., fr—1) is the minimal path from vy to
s(fx). Now choose j so that m; < k < mj41. By definition of F' we have

F(T(V,E)(x)) :((fl,...,fml),...,(fmj_,_l,...,fk,ek+1,...,emj+1),
(em].+1+1,...,emj+2)7...).
On the other hand, we have that
F(x) :((el,...,eml),...,(emj_H,...,ek,ek+1,...,emj+1),
(EmygidlsesCmypn)se- )

Since the edges e; are all maximal for ¢ < k, so are the paths in F(x) up to level

m;. The first non-maximal path in F(z) is (€m,; 41, €k, €x41s-- -, €m,,,) and its
successor in the ordering of paths is (f;+1,- -+, fk, €41, -+ €m, ;). Therefore we
have

T(V’,E')(F(x)) :((f17""fml)""7(fmj"rl?"'7fk’7ek+1?"'7emg‘+1)5
(emj+1+17 o "emj+2)7 .. ) = F(T(V,E) (.’13))

This shows that F' is a conjugacy. U

We end this section with a combinatorial description of the orbits in a Bratteli-
Vershik system. The orbit of an infinite path consists of all cofinal infinite paths,
with a slight exception for those paths which have maximal or minimal tails.

Proposition 4.5.11. Let (V, E, <) be a properly ordered Bratteli diagram and let
x € Xv,p)- Then

(1) orbitr, . () = {y € X(v,p)| ¥, cofinal} when x is not cofinal with Tyax or

Lmin -

(2) orbitr, . () = {y € X(v,p)| ¥ Tmax cofinal V y,Tmin cofinal} when x is
cofinal with Tmax OT Tmin-

Proof. Suppose z is not cofinal with x5 Or Tpin. Then x and T(JV ) (z) are cofinal
for each j € Z (since y and T(y,g)(y) are cofinal when y # Tmax). And if y is cofinal
with z, then for some N € N we have z,, = y,, for n > N. Then (z1,...,2n-1)
and (y1,...,yn—1) are finite paths between the same vertices. As we observed in
the proof of Proposition 4.5.8 we have T(wa)((a:l, ey xn-1)) = (Y1, .., yn—1) for
some j € Z. And then T(JVE)(z) =uy.

The second statement follows from the previous argument together with the
fact that T(v,g)(Tmax) = Tmin- O
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4.6 The Bratteli-Vershik model theorem

Having introduced the Bratteli-Vershik systems, we are now ready to prove the
model theorem for Cantor minimal systems. The main ingredient in the proof is a
sequence of “tower constructions” which are partitions of the space X that behave
nicely under the action of T'. These “towers” will allow us to construct a properly
ordered Bratteli diagram. The full proof becomes quite long since there are many
details to check. Before we state the model theorem we introduce some relevant
terminology.

Definition 4.6.1. A pointed topological dynamical system is a triple (X, T, zq)
where (X, T) is a topological dynamical system and z is a point in X. We call xq
the base point. Two pointed topological dynamical systems (X, T, zg) and (Y, .5, yo)
are pointedly conjugate if there exists a conjugacy h between (X, T) and (Y, .S) such
that h(mo) = Yo-

An example of a pointed conjugacy is the map F from Proposition 4.5.10, when
the base points are the respective minimal infinite paths. The exact statement of
the model theorem is as follows.

Theorem 4.6.2 (Herman, Putnam, Skau). Let (X,T) be a Cantor minimal system
and let xo € X. Then there exists a properly ordered Bratteli diagram (V, E, <)
such that (X, T, xq) is pointedly conjugate to (X (v,g), T(v,E), Tmin)-

Note that this theorem is actually a bit stronger that what have been claiming
so far. Not only is every Cantor minimal system conjugate to a Bratteli-Vershik
system, but for any point o € X there is a conjugate Bratteli-Vershik system in
which the unique minimal path x,,;, corresponds to zg.

For the remainder of this section (X,T) is a Cantor minimal system. Sup-
pose Y is a clopen and non-empty subset of X. Since all positive T-orbits are
dense (Proposition 4.1.6) and Y is open, the iterated images of every y € Y must
eventually return to Y. Therefore we may define a map A: Y — N by

A(y) == min{n € N|T"(y) € Y'}.

We call this map the first return map of Y. The positive integer A(y) is how many
times we must apply T to y before we wind up back in Y. Henceforth we assume
that Y is non-empty.

Lemma 4.6.3. Let Y C X be clopen. Then the first return map A\:' Y — N is
continuous (when N carries the discrete topology).

Proof. For n € N, let 6,, = {1,2,...,n} and A, = {n+1,n+2,n+3,...}. It
suffices to show that A=1(8,) and A"1(A,) are open in X for all n € N, since
{n} =0, NA,_1.

Suppose y € A"1(6,,). This means that T%(y) € Y for some 1 < k < n. Since
Y is open and T* is continuous, there exists an open neighbourhood U of y such
that T*(U) C Y. And then U C A=1(§,). This shows that A=%(6,,) is open.
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Showing that A~1(A,,) is open is equivalent to showing that A=1(d,,) is closed.
To this end, assume that y1, s, ... is a sequence in A~!(4,,) which converges to y
in Y. Then T*"(y,,) € Y where 1 < k,, < n. Clearly, there is a 1 < k < n such
that T*(y,,) € Y for infinitely many m. Denote this subsequence by Ym,- Then
Ym, — y as well and therefore T (y,,) = T*(y). As T*(y,) € Y for each j and
Y is closed we have T*(y) € Y. In other words y € A=%(5,). Thus A=%(6,) is
closed. O

Corollary 4.6.4. Let Y C X be clopen and let \:' Y — N be the first return map.
Then A(Y) is a finite subset of N; AM(Y') = {my, ma,...,mi} where my < myp41.
Moreover, {\"t(m1), A\~ (ms),..., X\~ (mg)} is a clopen partition of Y.

Proof. As X is compact and Y is closed, Y is also compact. Then A(Y) is a compact
subset of N, hence finite. Each subset A™'(my) of Y is clopen since {my} is clopen
in N. Also, these sets are disjoint since the integers my, are distinct. O

For a given clopen set Y C X, we are now going to use the partition from
Corollary 4.6.4 to “build finitely many towers” over Y. What this actually means
will soon be clear. Define

Y (k,j) = T2 (A" (my)

for k = 1,2,...,K, and j = 0,1,...,mp — 1. We refer to {Y(k,0),Y(k,1),
o Y(K,m — 1)} as a tower of height my. We also say that Y (k,7) is the j’th
floor of the k’th tower. Y (k,0) = A~!(my) is a ground floor and Y (k,my — 1) is a
top floor. The reason for this terminology is explained by Figure 4.14.

Tr

T
[vE3) | [Y@s) |

Tr Tr
[ve2 ] [Ye2 ] [Y@2 ]
Tr Tr Tr
[ven | [ven] [Yan ]

T T TT
Y { (v, ] [veo | [Yeo] [v@o ] }

Figure 4.14: The four towers built over Y when A\(Y) = {1, 3,4, 6}.

Figure 4.14 makes it clear how to draw the general case, that is, when A(Y') =
{mi,ma,...,mg}. By drawing the sets Y (k, j) in this manner 7" maps each floor
onto the floor above. Each top floor is mapped back into Y, i.e. the ground floors,
by T, but may be mapped into several ground floors. The K ground floors also
form a partition of Y. As the next lemma shows, the collection of all the tower
floors actually form a clopen partition of the whole space X. Such a partition is
referred to as a Kakutani-Rokhlin partition in the literature.
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4.6. The Bratteli-Vershik model theorem

Lemma 4.6.5. Let Y C X be clopen. Then the tower floors Y (k,j) satisfy the
following properties:

(1) Each Y (k,j) is clopen.

2) L, Y(k,0) =Y.

3) T(Y (k,5)) =Y (k,j+1) for 0 < j < my —2.
4) T(Y (k,yme —1)) C Y.

5) If (k,j) # (K',j'), then Y (k,j) N Y (K, j") = 0.

In particular, the collection {Y (k,j)|]1 < k < K, 0 < j < my — 1} is a clopen
partition of X.

~ o~ o~ o~

Proof. The first four properties are trivial consequences of the definition and Corol-
lary 4.6.4. We illustrate (4) for clarity. If x € Y (k,my — 1), then z = T™~1(y)
where y € A1 (my,), but then T'(z) = T™*(y) € Y.

To see that the different floors are disjoint, we first observe that Y (k,j) is
disjoint from Y when 1 < j < my, — 1. For if z € Y(k, j), then x = T7(y) where
y € A™1(my). This means that T (y) ¢ Y for 1 <i < my — 1. Sox ¢ Y. Now,
consider floors of the same height in different towers, that is j = j and k # k'.
Then

Y (k) NY (K, 5) = T9 (N (ma)) N T9 (A7 (mar))
=TI(A" (mg) N A" (mwr)) = T (0) = 0.
On the other hand, if the floors have different heights, i.e. j < j/, assume that
x € Y(k,j) and 2’ € Y(K',j'). Then T~/ (x) € Y, while T=7(2') € Y(K,5' — 5)

which is disjoint from Y, hence = # 2'.
Let

||
nc»

mE—
=0
Then F is closed by (1), and propertl s (2), (3) and (4) imply that T(F) C E.

Since Y is assumed non-empty, so is E. By minimality we have £ = X. This
completes the proof. O

Now that we have established the tower construction for clopen subsets the
strategy is as follows. Given a point xy € X, we will choose a sequence of clopen
sets shrinking to xp and build towers over each of them. Then we will observe how
the tower floors on a given level is contained in the floors of the previous level.
This will enable us to build an ordered Bratteli diagram encapsulating the action
of T'. By choosing the sequence of clopen sets in a a clever way, we will obtain a
conjugacy. We begin with some preliminary lemmas.

Lemma 4.6.6. Let X be a Cantor space and let xo € X. Then there exists a
decreasing sequence Yo = X DY7 D Yy D ... of clopen sets containing x¢ such that

ﬁfLO:OYn = {SU(]}
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Proof. For every n € N, By—n(x0) is an open set containing xo having diameter
less than (or equal to) 27"*1. Since X is O-dimensional, there is a clopen set
Y,! C By-n(x0) containing xg. By recursively defining Yo = X and Y,, =Y, NY,_;
for n>1,wegetV, D Y,1, 1o €Y, and diam(Y,,) < 27"F! for every n. It follows
that mnonn = {x0}. O

If Y,, are clopen sets satisfying the conclusion of Lemma 4.6.6, then we say that
Y,, shrink to xg. The following lemma shows what shrinking means in technical
terms.

Lemma 4.6.7. Let Y, be a sequence of clopen sets shrinking to xo € X. Then for
every open neighbourhood U of xq, there is an N € N such thatY,, CU forn > N.

Proof. Given the hypothesis we have that

oo

() (X\U)NY,)=(X\U)n (ﬂy) (X\U)N{zo} = 0.

n=0

Since (X\U)NY,, is a decreasing sequence of closed sets we must have (X \U)NYy =
() for some N by the finite intersection property for compact spaces. That is,
YN C U as desired. O

The next lemma shows that as the clopen sets gets “smaller”; the towers built
over them get taller.

Lemma 4.6.8. Let Y,, be a sequence of clopen sets shrinking to xqg € X. Let
At Yy = N be the first return map of Yy,. Then A\, (x0) = 00 as n — oo.

Proof. Fix L € N. A consequence of minimality (and X being perfect) is that 7" has
no periodic points. So zg, T(z0), ..., T*(xg) are distinct points. As X is Hausdorff
there are pairwise disjoint open neighbourhoods U; of T?(zg) for 0 < i < L. And
by continuity there are open neighbourhoods V; of zy such that T%(V;) C U; for
1<i<L. Let O; =V;NUy. Then 2o € O; C Uy and T*(0;) C U;. Now let
O = NL,0;. Then O is an open neighbourhood of zo with 7%(0) C U;. Also,
ONU; =0 for 1 <i < L. This means that T%(xzo) ¢ O for 1 < i < L. By
Lemma 4.6.7 there is an N € N such that Y,, C O for n > N. But then A\, (z¢) > L
for n > N. As L was arbitrary, we have lim,,_, o A, (2g) = 00. O

Suppose P and Q are partitions of X. We say that P is finer than Q if for
every A € P there is a B € Q such that A C B. We denote this by @ < P.

Lemma 4.6.9. Let X be a Cantor space. Then there exists a sequence P, of finite
clopen partitions of X getting increasingly fine, i.e. Po = {X} < Py < P2 < ...,
such that U2 yP,, is a basis for X.

Proof. Since X is O-dimensional there exists a clopen covering of X with sets of
diameter less than % By compactness, this covering can be chosen finite, say

X =C;UCyU...UCy, where each set is non-empty and neither is completely
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4.6. The Bratteli-Vershik model theorem

contained in any of the other. Then P; = {Cy,C2 \ C1,...,Cs\ (uj;fcj)} is a
finite clopen partition of X consisting of sets having diameter less than %

Assume that we have found finite clopen partitions P; < Py < ... < P,_1 such
that every set in P; has diameter less than 277. Exactly as we did above for % we
can find a finite clopen partition {Dy,..., D } of X where the sets have diameter
less than 27". By letting P, be the coarsest partition finer than both P, _; and
{D1,...,Dy;, } we have that P, is a finite clopen partition of X consisting of sets
of diameter less than 27" such that P,_; < P,.

By induction there exists a sequence of finite clopen partitions Py = {X} <
P1 < Py < ... of X such that every set in P, has diameter less than 27". To
see that U2 P, is a basis for X we simply note that for every open set U C X
and every x € U there is an € > 0 such that B.(z) C U. By choosing n such that
27" < ¢, and choosing V € P, with z € V, we get V C B.(z) C U. O

Lemma 4.6.10. Let Y C X be clopen. If P is a finite clopen partition of X, then
by wvertically subdividing each of the towers built over Y finitely many times, we
obtain a tower partition which is finer than P and still satisfies the properties in
Lemma 4.6.5 with the possible exception that there may be several towers of the
same height.

Proof. Suppose C € P and that § C CNY(k,j) C Y(k,j). Then Y (k,7) splits into
two non-empty clopen sets Y (k, j) NC and Y (k, ) N (X \ C), the former contained
in C' and the latter disjoint from C. Now form the sets

Y (ki) =T (Y (k,j)NC)
Y (k,0)" =T (Y (k,j) N (X \ C))

fori =0,1,...,mp—1. This is a splitting of the kth tower into two separate towers
(both of height my) such that the jth floor of the first tower is contained in C|
while the jth floor of the second is disjoint from C.

By iterating this procedure for every C' € P and for every tower floor in the
current partition which meets C, but is not completely contained in C, (which
will be a finite process) we obtain a new K’ > K and new sets Y'(k’,j') such
that possibly my = my 11 = my for some k’’s. Since this new partition is simply
the result of vertically subdividing each original tower finitely many times, it is
clear that the subdivided tower floors Y’ (k’, j') also satisfy the properties listed in
Lemma 4.6.5. O

Constructing a Bratteli-Vershik model: Given a Cantor minimal system
(X,T) and a base point zp € X, we use the preceding lemmas to construct a
sequence of towers built over clopen sets as follows. Let Yo =X DY, DY, D ...
be a sequence of clopen sets shrinking to {zo} (Lemma 4.6.6) and let Py = {X} <
P1 < Py < ... be finite clopen partitions of X such that U5 P, is a basis for X
(Lemma 4.6.9).

For n = 0 the towers built over Yy = X is just a single ground floor which
is all of X and the associated tower partition then coincides with Py = {X}.
Inductively construct towers over Y,, for each n € N such that the associated tower
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partition is finer than P, and finer than the tower partition associated to the
towers built over Y,,_; (Lemma 4.6.10). This implies that every tower floor over
Y,, is contained in some tower floor over Y,,_1. If now =z € Y,, C Y,,_1, then as the
iterates x, T'(x), T?(x),... traverse the tower over Y,, which has x in the ground
floor, the iterates also traverse some of the towers over Y,,_;. By looking at which
of the towers built over Y;,_; are traversed by =, T'(x), T?(x),...,T*®~1(z), and
in which order, we can construct an ordered Bratteli diagram as follows.

For each n € Z1 we associate each tower built over Y,, with a vertex in V,,, so
that |V,,| = K,,, where K, is the number of towers built over Y,,. See Figure 4.15.
If A is a tower built over Y,,, then A; refers to the jth floor of A. So that in
Figure 4.15 for instance, we have Ag Ll By LU Cy U Dy U Ey =Y,,.

Es

—| &=
NS

[ Ds | [ B |
Tr Tr
[ 4 | [ B | [ G | [ D | [ B |
Tr Tr Tr Tr Tr
(A J & J[a Db ][5 ]
T T T T T
{la] (B] 6] (o] (&)
A B C D E
Vn. L] o [ °
A B C D E

Figure 4.15: For each tower over Y,, we have a corresponding vertex in V,.

Suppose R is a tower over Y,, (n > 1) of height m. Since the tower partition of
Y, is finer the tower partition of Y,,_;, we must have that the first my, floors of R
is contained in a tower of height my, over Y,,_1, the next my, floors is contained in
a tower of height my, over Y,,_1, et cetera, and the last my, floors of R is contained
in a tower of height my, over ¥;,_1. (We then have m = ijl my;.) For each of
these towers over Y,,_; containing some floors of R we have an edge, in E,, between
the vertex corresponding to that tower on level n — 1 and the vertex corresponding
to R on level n. The ordering on the edges going into the vertex corresponding to
R is determined by the order in which the towers over Y,,_; are reached from the
ground floor of R. E.g. for the tower over Y,,_; containing the first my, floors of
R we get the minimal edge, and for the tower over Y,,_; containing the last my,
floors of R we get the maximal edge. The figures Figure 4.17, Figure 4.18 and
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Figure 4.19 illustrate this construction in a particular case.

Lemma 4.6.11. The diagram (V = ||;_ Vo, E = ||,—, En, <) obtained by the
construction above is an ordered Bratteli diagram.

Proof. Since there are finitely many towers built over each Y,,, and also a finite
number of tower floors, we have that V and E are disjoint unions of finite sets.
Also, the tower over Yy = X is just a single tower of height 1 and therefore |V| = 1,
see Figure 4.16.

Yo=x { (B Bl A [ B 4]}

Vo
T

T T Y/ N2

vi {[4] [B]} A B
A B

Figure 4.16: The towers over Yy = X and Y7, and the corresponding part of the
ordered Bratteli diagram having a single vertex on level 0.

To see that (V, F) has no sinks, and no sources except vy, it suffices to note that
every tower over Y,, contains some floors of at least one tower over Y;, ;1 (resulting
in an edge going out of the corresponding vertex), and every tower over Y, ;1 has
its ground floor contained in a tower over Y,, (resulting in an edge coming into the
corresponding vertex). Since the induced ordering on the edges is a linear ordering
on each set r~1(v), (V, E,<) is an ordered Bratteli diagram. O

An ordered Bratteli diagram obtained by the above procedure is called a Bratteli-
Vershik model for (X,T).

T

T
[Qi} S ] [Re Qi Rs|S5| [Ri]S | S|

, T 1T _IT
[ Q21 Rs| [Qo S| [Re Qs ! R Si| [Ro! So ! Ss]
A B C D

Figure 4.17: The towers built over Y,,_; and how they contain the floors of the
towers built over Y,, in Figure 4.18.
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Figure 4.18: The towers built over Y,, and which of the towers over Y,,_; in Fig-
ure 4.17 they are contained in. Also, z € Ry7.

Va

Figure 4.19: The edges between level n — 1 and level n, and their ordering when
Y,_1 and Y,, are as in Figure 4.17 and Figure 4.18, respectively. Also, the edge in
FE,, associated to x, when x € Ry, is marked in blue.
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Lemma 4.6.12. If (V, E, <) is a Bratteli-Vershik model for (X,T), then (V, E) is
a simple Bratteli diagram.

Proof. We first show that (V) E) is nontrivial and then that (V, E) is eventually
fully connected, which suffices by Proposition 4.4.7. Since X is perfect, no finite
set is open. So Y, is infinite for each n. Since Y;, shrink to xp, we have that
Y1 2 Y, for infinitely many n. We show that |E, | > 2 when this happens. If Y,
is properly contained in Y,,_1, then the ground floors over Y,, does not fill up all the
ground floors over Y,,_;. Consequently, there is a tower over Y,,_; whose ground
floor contains a floor R;, where j > 0 and R is a tower over Y;,. This means that
as you traverse R you traverse towers over Y, _; at least twice before returning to
Y,, and thus there are at least two edges going into the vertex corresponding to R.

Suppose A is a tower over Y;,. We need to find an NV > n such that every tower
over Yy has a floor contained in A. Since T is minimal there is an L € N such that
{T*(20)|0 < k < L} meets every floor of A. And by Lemma 4.6.8 there is an M so
that Aps(zo) > L. This means that T*(xq) does not return to Yy, before k > L. Let
R be the tower over Yy, with g € Rg. Then R has some floors contained in A. By
Lemma 4.6.7 there is an N with Yy C Ry. Then every tower over Yy has its first
couple of floors contained in R and consequently has some floors contained in A.
So if S is a tower over Yy, then S; C A for some j. And since the tower partitions

are increasingly fine we have S; C R(N . 2 C. R§n+11) C A, where R is a
tower over Y,,. Each inclusion corresponds to an edge in F and these edges form
a path from the vertex corresponding to A on level n to the vertex corresponding
to S on level N. This shows that (V, E) is eventually fully connected. O

Before we show that any Bratteli-Vershik model is properly ordered we are
going to introduce the identification between X and X (v, i), which is going to serve
as our conjugacy. For any x € X and n € N we associate an edge in E, to = as
follows. Let R be the tower over Y, containing z, say € R;. Then R; C A;
for some tower A over Y, ;. Then z shall be associated to an edge between the
vertices corresponding to A and R. Before reaching the (j —i)th floor of R, M —1
towers over Y,,_1 have already been traversed, and then x is associated to the Mth
edge in ordering of edges going into the vertex corresponding to R. And if S is
the tower over Y, ;1 containing x, then = shall be associated to an edge in E,+1
between the vertices corresponding R and S (since z € R). This shows that the
source of the next edge corresponding to x is the range of the previous one.

This correspondence is better explained by a concrete example. Consider Fig-
ure 4.18 and suppose ¢ € R7;. Since R; C C, x shall be associated to an edge
between the vertices corresponding to C' and R. Since Ry lies in the third traverse
of a tower over Y, _; (D and C have been traversed once each), x is associated to
the third edge going into R (see Figure 4.19).

Doing this for every n € N associates a (unique) infinite path in Xy, to each
z € X. We denote this mapping simply by h: X — Xy g).

Lemma 4.6.13. If (V, E, <) is a Bratteli- Vershik model for (X,T), then the in-
duced map h: X — Xv,g) is a homeomorphism.
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Proof. We begin by noting that for every n € N, the paths in (V, E, <) from
level 0 to level n, i.e. Ej o---0 E,, are in one-to-one correspondence with the
tower floors over Y,,. In fact, if R is a tower over Y,,, then the floors of R are
in one-to-one correspondence with the paths from vy to the vertex corresponding
to R. If R; is a floor of R, then the path in F; o--- o E, associated to R; is
the subpath of h(x) from vy to the vertex corresponding to R for any = € R;.
More explicitly, it is the path whose edges correspond to the sequence of inclusions
R; C A;:;l) c...C Ag) C X of tower floors, where A® is a tower over Yj.
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Figure 4.20: The towers A and B, C and D, F and F built over Y;, Y3, Y3
respectively, with the tower inclusions indicated. In particular F3 C C3 C Ag C X.
So Fj5 corresponds to the path « in Figure 4.21.

If « = (e1,...,e,) is a path from vy to the vertex corresponding to a tower
R over Y,,, then the tower floor of R associated to « is obtained inductively as
follows. ey is the mq’th edge going into r(ey), which corresponds to a tower AW
over Y;. This corresponds to the m;’th floor of A, So e; corresponds to AS%} ea
is the my’th edge going into r(ey), which corresponds to a tower A?) over Y5. Then
eo corresponds to the inclusions A;Q) - A(()l), Aﬁ}l C Agl), e A;i)Mf1 C Ag\if)il,
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where M is the height of AV, Since e; corresponds to the tower floor Aﬁ,ﬁ over

Y7, the path (eq, e2) is associated to the tower floor A§’i)m1 over Y5 (since Agi)ml C

A%i) By continuing in this fashion all the way down to level n we obtain the
tower floor over Y,, which is associated to «. Since this is just the “reverse” of
the preceding paragraph one easily sees that we have a one-to-one correspondence
between the tower floors of a tower R and the paths to the corresponding vertex.
This correspondence is better illustrated by a concrete example as in Figure 4.20
and Figure 4.21.

Figure 4.21: The first four levels of the Bratteli-Vershik model obtained from the
tower construction in Figure 4.20. The edges making up the path « (marked
red) correspond to the inclusions X D Ag O C5 2 F3 in Figure 4.20, hence «
corresponds to Fj.

The correspondence above allows us to construct the inverse of h. If e =
(e1,€2,...) € X(v,p) is an infinite path, then by the correspondence of finite paths

we have that (e, ..., e,) corresponds to a tower floor Ag.:) for each n. In addition,

these tower floors are nested, i.e. AEZ) 2 Aé:ill). We claim that ﬂj’LO:lA;:) = {z.}
for some point x. € X(v,g). The intersection is non-empty by compactness, and
since the partition of tower floors are finer at each step than P,, (which in particular
must have diameter shrinking to 0 as it constitutes a basis), the intersection can
contain at most one point. We define h=!(e) = .. Clearly this is the inverse of h.

The collection of all tower floors form a basis for X (since they are finer than
the P,’s) and the cylinder sets of finite paths form a basis for X(y g). Let a €
Eyo0---0E, be the path corresponding to the tower floor R; over Y,,. If z € R;
then, as we saw above, « is the initial subpath of h(x), i.e. h(z) € U(a). And if
h(z’) € U(a), then ' € R;, for otherwise the initial subpath of h(z") would not be
«. This shows that h='(U(«)) = Rj, thus h is continuous. And h(R;) = U(a), so
h~! is continuous. Hence h is a homeomorphism. O
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Lemma 4.6.14. If (V, E, <) is a Bratteli- Vershik model for (X,T,xo), then
(V, E, <) is properly ordered.

Proof. We show that h(zg) is the only minimal infinite path in (V, E, <) and that
h(T~*(xg)) is the only maximal path. Since 2o € Y,, for every n, x lies in a ground
floor of a tower over Y,, for every n. This means that xq is always in the the first
tower traversed on the next level, and therefore h(z) is minimal. Now suppose
h(z) = (e1,e2,...) € X(v,p) is minimal. Since e; is minimal,  lies in one of the
ground floors over Y7, say © € Ay where A is a tower over Y7 of height m. Now if
R is the tower over Y5 containing z, then A contains the first m floors of R, which
also contains z, since es is minimal. But then x € Ry since x € Ag and Ry is the
only floor contained in Ag of the first m floors. Continuing in this manner one sees
that = is contained in a ground floor at each step, i.e. x € Y}, for all n. But then
x = xg, so h(xp) is the only minimal infinite path.

Since zq lies in a ground floor for every n, T~!(z0) lies in a top floor for every n.
This means that T~ (z) is always in the last tower traversed on the next level, and
therefore h(T~*(20)) is maximal. And if h(z) = (e1,ez,...) € X(v,p) is maximal,
then by analogous reasoning as above, x lies in a top floor over each Y,,. But then
T(z) € Y, for each n. And then T(z) = g, so x = T~ (xq). Thus (T~ (z0)) is
the only maximal infinite path. O

Proof of Theorem 4.6.2. All that remains to prove Theorem 4.6.2 is to check
that the induced map h conjugates T" and the Vershik map T(y,g). We saw in the
proof of the previous lemma that h(xg) = Zmin and A(T " (zg)) = Tmax, Where
ZTmin and Tmax are the respective unique minimal and maximal paths in X (v, g). It
is therefore a trivial calculation to check that

Tev,y(MT(20))) = Tv,5) (Tmax) = Tmin = h(x0) = B(T(T ™" (20))).

Now consider z # T~ !(zo) in X. Then h(z) = (e1,ez,...) is not maximal. As
usual, let k& be the smallest index so that ey is not a maximal edge. Then z lies in
a top floor over each Y; for j < k, but z is not in a top floor over Yj. Since z is
in a top floor over Yj_; and not in a top floor over Yy, T'(z) lies in the next tower
traversed over Yj;_1 (See Figure 4.18, where T'(z) € Rgs C A). This means that
the k’th edge in h(T'(x)) is the successor, fi, of er. Also, T(x) lies in a ground
floor over Y; for j < k, which means that the k — 1 first edges of h(T'(z)) are all
minimal. So the first &k — 1 edges of h(T(x)) must be (f1,..., fk—1), which is the
unique minimal path from vy to s(fx). And since z was not in a top floor over Yy,
T(x) is still in the same tower over Yy, and therefore T'(z) is in the same traversal
over Y41 and so forth. Therefore h(T(x)) has the same tail as h(x) from level k
and onwards. In toto we get h(T(x)) = (f1,---, fe—1, [k» €k+1, €kt2, - - .) Where [ is
the successor of e and (f1,..., fr—1) is the unique minimal path from vy to s(f).
We recognize this as being the Vershik map on Xy g, i.e. h(T'(z)) = Tiv,g)(h(z)).
We also have h(zg) = Zmin S0 h is a pointed conjugacy. O

Now that we have proved the model theorem a few remarks are in order. First
of all, a Bratteli-Vershik model (V, E, <) for a given Cantor minimal system (X, T")
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obviously depends on the choice of base point zg € X, the choice of sets Y,, shrink-
ing to x¢ and also on the choice of the clopen partitions P,,. In our proof we proved
that such shrinking sets and clopen partitions exists, and then simply assumed that
such a choice had been made. And regardless of the choice made, one ends up with
a Bratteli-Vershik model whose Bratteli-Vershik system with base point x;, is
pointedly conjugate to (X, T, x¢). Making different choices will yield different or-
dered Bratteli diagrams. This is similar to the situation we had in Chapter 3 with
AF-algebras and their associated labeled Bratteli diagrams. In Theorem 3.4.5 we
saw that isomorphic AF-algebras have telescope equivalent labeled Bratteli dia-
grams. It turns out that the same is true for pointed Cantor minimal systems (i.e.
when fixing a base point). In [7] it is shown that two pointed Cantor minimal sys-
tems with associated Bratteli-Vershik models are pointedly conjugate if and only if
the Bratteli-Vershik models are telescope equivalent (as ordered Bratteli diagrams).

However, changing the base point will generally not yield telescope equivalent
ordered Bratteli diagrams. But the diagrams will be telescope equivalent as Bratteli
diagrams (i.e. by removing the ordering).

In the proof of the model theorem we constructed a conjugate Bratteli-Vershik
system for any Cantor minimal system. So if one started with a properly ordered
Bratteli diagram (V, E, <), what does a Bratteli-Vershik model for the Bratteli-
Vershik system (X(v,g), T(v,r)) look like? A priori, it seems like it should be
possible to get (V) E, <) back again when constructing a Bratteli-Vershik model
for (X(v.g), T(v,E), Tmin). This is indeed the case, and it is explained in more detail
in the following example.

Example 4.6.15. Let (V, E, <) be a properly ordered Bratteli diagram. We can
recover (V, E, <) from (X (v, gy, T(v,p)) as follows. First, let 20 = 2min € X(v,g) be
the base point. For n € N let

[Vl

Y, = |_| U (ozl(»n)>

i=1
where agn) is the unique minimal path from vy to the ¢’th vertex on level n. Let
Yo = X. Since Y, is a finite union of cylinder sets (which are clopen), Y,, is clopen.

A more explicit description of Y;, is
Y, = {(e1,e2,...) € X(v,p)| (e1,e€2,...,¢€,) is minimal}.
From this it is clear that Y;, D Y41 and NS Y, = {x0}. Let
Pn={U(a)la€ E10---0FE,}.

Then, by definition, P, is a sequence of increasingly fine, finite, clopen partitions
of X(v,z) whose union is a basis for Xy ). When building the towers over Y,, it
will be necessary to build |V,,| towers, where each ground floor is the cylinder set
of a minimal path between vy and level n. Then the tower partition will coincide
with P, (and will also be finer than the tower partition over Y,,_1). Let v € V,,
and let R, be the tower whose ground floor is the cylinder set of the minimal path
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from vy to v. Then the first few floors of R, are contained in the tower A,,, built
over Y,,_1, where w; is the source of the minimal edge coming into v. The next
few floors of R, are contained in the tower A,,, built over Y, _;, where ws is the
source of the second smallest edge coming into v, et cetera. From this we see that
the Bratteli-Vershik model obtained from this tower construction coincides with
(V, E,<).

We end this section with our favourite basic example. Namely the dyadic
odometer (see Example 4.1.8). We will see that the ordered Bratteli diagram
in Figure 4.13 is the Bratteli-Vershik model obtained from a very natural choice of
base point, shrinking sets and partitions.

Example 4.6.16. Let (X, T) be the dyadic odometer. Let 0 = (0,0,...) € X be
the base point. If we let

Yn = {(07 c. .,07$n+1,1’n+27. . )| xT; € {O’ 1}}7

then Y,, are clopen sets shrinking to 0. The partitions P,, are just the collection of
cylinder sets corresponding to binary sequences of length n. Observe that A, (Y;,) =
{2™} and by building a single tower over each Y, the tower partitions coincide with
P, see Figure 4.22. Since there is a single tower on each level, and two tower
inclusions on the previous level, it follows that the Bratteli-Vershik model obtained
is the ordered Bratteli diagram in Figure 4.13.

(1,1,...)

B2 TT

0,1,...)

T

AD{ (1,0T,...)

B> T

ax(@e) | |mes

A B C

Figure 4.22: The single towers A, B and C' built over X, Y7 and Y3, respectively,
for the dyadic odometer.
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