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Resumeé

Lad T veere enhedscirklen i det komplekse plan, og lad ¢ : T — T veere en afbildning som
er kontinuert, surjektiv og stykvist monoton. Vi tillader ¢ at have kritiske punkter. Ved at
generalisere de transformationsgrupoider for lokale homeomorfier, som ferst blev introduceret af
Renault i [30], konstruerer vi to étale grupoider, 'y, og F;f, fra en sadan afbildning. Afhandlingen
omhandler forholdet mellem de dynamiske egenskaber ved ¢, grupoid-egenskaberne ved T’
og 1"$, strukturteorien for disse grupoiders reducerede C*-algebraer, og — for visse klasser
af cirkelafbildninger — disse algebraers K-teori. Vi viser, at hvis afbildningen ¢ er transitiv,
er grupoid-C*-algebraerne rent uendelige og opfylder den universelle koefficient-seetning.
Ydermere finder vi nedvendige og tilstraekkelige betingelser for at disse C*-algebraer er simple,
og formulerer disse betingelser i termer af en bestemt type fixpunkter for ¢. I det tilfeelde,
hvor algebraerne ikke er simple, bestemmer vi det primitive ideal-spektrum. Vi viser, at enhver
irreducibel repraesentation faktoriserer gennem C*-algebraen for reduktionen af grupoiden til
banen af et punkt pa cirklen, og at de tilherende idealer falder i to typer, aftheengigt af isotropien
over det tilknyttede punkt pa cirklen. Herefter retter vi opmaerksomheden mod kritisk endelige
afbildninger — afbildninger hvor fremad-banen for ethvert kritisk punkt er endelig — og udleder
en algoritme, der gor det muligt med simple midler at bestemme K-teorien for de tilherende
C*-algebraer. Til slut gor vi det samme for cirkelafbildninger uden periodiske punkter ved at
kombinerere resultater fra tidligere kapitler med tidligere arbejde af Putnam, Schmidt og Skau
i [28]. For en mere detaljeret kapiteloversigt henvises til den engelske introduktion.






Introduction

The relationship between dynamical systems and operator algebras is by now at least half a
century old, and, as far as fifty-year relationships go, it seems to be a happy and fruitful one.
Many interesting C*-algebras can be realised as the C*-algebra of a dynamical system, and
knowledge of the dynamics often translate into results about the structure of the C*-algebra.
Conversely, the C*-algebras associated to a class of dynamical systems often provide strong,
computable invariants for these systems.

By now, there are many concrete ways of associating a C*-algebra to a dynamical system —
one, first suggested by Jean Renault in [30], involves creating a topological groupoid G from the
dynamical system, and then constructing a C*-algebra C; (G) from the groupoid by completing
the x-algebra of continuous, compactly supported functions C.(G) on G in a suitable norm. As
many mathematical constructs — e.g. equivalence relations, groups, and infinite paths on graphs
— can be formulated in terms of groupoids, Renault’s construction paved the way for associating
C*-algebras to these. In particular, in the case of an abelian group G acting by homeomorphisms
ag on a compact Hausdorff space X, the associated reduced transformation groupoid C*-algebra
C; (G, X, ) is isomorphic to the well-know reduced crossed product C(X) x, G. However, as
realised by Renault and many others (see e.g. [30], [2], [10]), the transformation groupoid
construction is flexible enough to work even when the dynamics are non-invertible, i.e. when
the map is not a homeomorphism. This has led to a wealth of C*-algebras constructed from
non-invertible dynamical systems. The goal of this dissertation is to take this construction one
step further, and construct topological groupoids (Hausdorff, locally compact, second countable
and étale) from dynamical systems that are not even locally invertible — more precisely, from
maps with critical points.

The dynamical systems we consider are all one-dimensional. More precisely, they are all con-
tinuous, surjective and piecewise monotone self-maps of the unit circle. While one-dimensional
dynamics only constitute a tiny corner in the wide world of dynamical systems, they often
serve as very interesting test cases: On one hand, they are tractable enough to admit a general
theory, while on the other, they are complicated enough to show chaotic, weird and wonderful
behaviour. The study of circle dynamics goes back at least to Poincaré, who classified circle
diffeomorphisms of to conjugacy in terms of their rotation number. Since then, the subject has
grown in a multitude of directions (see [37] for a recent survey), and many connections with the
field of C*-algebras have appeared. This thesis presents yet another.

Let’s give a brief overview of the contents of this dissertation:

Chapter 1 contains a number of preliminaries. We give a short overview of the theory
of topological groupoids and their C*-algebras, and prove a number of standard results.
This chapter can be skipped upon first reading — note, however, that the chapter concludes
with number of elementary examples of groupoids, and that these examples will feature
prominently through the rest of the thesis.

Chapter 2 is where the real work begins. We introduce a construction of locally compact,
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second countable, Hausdorff étale groupoids Ty and I'j; associated to a self-map ¢ of
the circle. Central to this construction is the idea of a local transfer: A locally defined
homeomorphism # of the circle satisfying ¢" = ¢ oy for some m,n € IN. Using these
local transfers in the construction of the groupoid reflects the fact that ¢ may have critical
points, and that these points are somehow "special’. In the construction of one groupoid, I,
we allow these transfers to revert the standard orientation of the circle, while for F$, only
orientation-preserving transfers make the cut. We then prove a number of structural results
about the C*-algebras of the gropoids, and show that transitivity of the map implies that the
algebras are purely infinite and satisfy the Universal Coefficient Theorem.

Chapter 3 focuses on core algebras C;(R,) and C}(Rj;), which arise as C*-algebras of

groupoids related to the equivalence relation on T given by x ~ y if ¢*(x) = ¢*(y). We
realise these algebras as direct limits of so-called building block-algebras (as in [44]). This
allows us to show that the algebras C;(T'y) and C;(T';;) are nuclear and satisfy the Universal
Coefficient Theorem.

Chapter 4 determines when C;(T'y) and C; (Fg) are simple, and characterise the primitive
ideal spectrum in the non-simple case. We show that one algebra is simple if and only if the
other is, and then that simplicity is equivalent to exactness of the map ¢ and non-existence
of exceptional fixed points; that is, fixed points ¢ whose pre-image is contained in the critical
points of ¢ (and {e} itself). When C;(I'y) and C;(T'y,) are non-simple, we investigate a close
connection between primitive ideals and reductions l"q,|m and F;ﬁ |m to the closure of the
groupoid orbit of a single point x. We show that the primitive ideals come in two distinct
families, depending on whether the set [x] contains an isolated pre-periodic or pre-critical
point or not. We end by finding the maximal ideals among the primitive ones.

Chapter 5 concerns the class of critically finite maps — maps with the property that the
forward orbit of every critical point is a finite set. We use some heavy machinery, not least the
theory of C*-correspondences, to connect C;(I'y,) and C;“(F$) to the building block algebras
of Chapter 3, and exploit these connections to develop a simple algorithm for calculating the
K-theory of C;(T) and C;(T})).

Chapter 6 concerns circle maps without periodic points. After a historical detour through
results of Poincaré and Denjoy on homeomorphisms with no periodic points, we show how
the so-called Denjoy homeomorphisms can be modified to obtain any piecewise monotone
circle map without periodic points. Using the results from Chapter 4, we then determine the
primitive ideals of the groupoid C*-algebras associated to such a map, and use results of
Putnam, Skau and Schmidt to determine the K-theory groups of these algebras.

Chapter 7 takes another look at the core algebras from Chapter 3, but with the added
assumption that the map in question is critically finite. The main result is that when the core
algebras C;(Ry) and C;(Rj) are simple, the first is an AF-algebra, while the second is not.

A note on being self-referential: The beginnings of this project can be traced back to the year

2012, shortly after I was admitted to the PhD programme at Aarhus University. Rather quickly,
the project converged to a joint paper with my supervisor Klaus Thomsen ([38]), published
in Ergodic Theory and Dynamical Systems. Since publication, I have generalised the many
results in [38] in a number of directions, and the contents of the paper have in many ways been
subsumed by later results. Hence, instead of attaching the paper as part of the dissertation, I
have opted to integrate its directly into the main body of the thesis. Some parts — especially
in Chapter 4 — have been copied more or less verbatim from this paper, while others, such as
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in Chapter 5, appear here in more general versions. The same is true for my (unpublished)
Qualification Exam report, which essentially contains all the material of Chapter 5. The rest of
the material is new, and some, especially most of Chapter 6, will hopefully appear in publication
at some point in the near future.
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CHAPTER 1

Preliminaries

This chapter contains a brief introduction to topological groupoids and their C*-algebras. We
fix some necessary notation, introduce some constructions which will be used extensively in
the chapters to come, and develop a catalogue of examples of groupoid C*-algebras which will
feature prominently later. For more on the theory of groupoids, see e.g. [30] or [21].

1.1 Groupoids

We begin with a definition:

Definition 1.1. A groupoid G is a small category in which every morphism is an isomorphism.

While this definition is an excellent one-liner, one could argue that it needs some unwrapping
to be useful in calculations. Starting from the definition of a category, a groupoid G consists of a
set of objects G, a set of morphisms G!, and range and source maps r,s : G — G9, satisfying a
number of category-theoretic axioms. One usually think of G! as the “elements’ of G, and refer
to G¥ as the "unit space’ of G. Expanding this point of view yields a more “algebraic’ definition
of a groupoid, which highlights how one may think of groupoids as ‘generalised groups’:

Definition 1.2. A groupoid is a set G with an inversion ~! : G — G, a set of composable elements
G® C G x G and a composition G2} — G satisfying the following axioms for all 1,2, 73 € G:

e (1) '=m

o If (71,72), (72,13) € G@, then (71,7273), (1172,73) € G? and (1172)73 = 11 (71273)-
o (71,71_1) € G, and if (71,72) € G@, then 'yl_l('yl'yz) = 7.

. ('yl_l,'yl) € G, and if (71, 72) € G?), then (7271)71_1 = 7.

Definition 1.3. Let G be a groupoid. Define range and source maps r,s : G — G by r(7y) = yy~!

and s(y) = 71y, and define the unit space G° of G as r(G).

Note that r(7~1) = s(7), so we could equally define G° as s(G). Going back and forth
between the categorical and the algebraic definitions of a groupoid is straightforward, as are
the next few lemmas. The first lemma explains the name unit space — a typical groupoid has no
neutral element (unless it is a group!), but the elements of the unit space act "locally” as units.

1
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Lemma 1.4. Let v € G. Then (r(7),7), (7,5(7)) € G® and r(7)y = vs(y) = 7.
Proof. I (,17) € G, the axioms in Definition 1.2 imply that

s(V) ="ty ="ty = =r(n).
On the other hand, if s(y) = v~y = 5y~ = r(y), it follows that (y~'v,7) is in G(?), and since

(7,7 1) € G®, we get that (7, 7) is in G?. O

Lemma 1.5. Let G be a groupoid with unit space G® and range and source maps r,s : G — G°. Then
(v,1) € G®) if and only if s(v) = r(n)- If (v,17) € G), we have r(yy) = r(7) and s(vi) = s(n).

Proof. This follows directly from the axioms in Definition 1.2. O

Subgroupoids are defined just as one would expect:

Definition 1.6. Let G be a groupoid, and H C G a subset. H is called a subgroupoid if it is closed
under inversion and composition — that is, if (7y,7) € (H x H) N G?), we have 97 € H.

A typical way of creating subgroupoids is by taking reductions to invariant subsets of the
unit space:

Definition 1.7. Let G be a groupoid with unit space G, range and source maps 7,5 : G — G°,
and let x € G°. Define [x]g, the G-orbit of x as r(s~!(x)). We say that a subset A C G is
G-invariant if x € A implies [x]g C A.

When the groupoid G is clear from the context, we will write [x] for [x]g. We remark that
the word ’"invariant’ will appear with any number of prefixes (G-, forward, backward, totally...)
in the chapters to come, and that a significant part of the thesis will be dedicated to untangling
the various relations between different types of invariance.

Definition 1.8. Let G be a groupoid and A C G° a G-invariant set. We define G| 4, the reduction
of G to A, as the set

Gla={reG|r(y) € A}

Using the definition of G-invariance and Lemma 1.5, it is easy to see that G| 4 is a subgroupoid
of G. Finally, we define isotropy groups:

Definition 1.9. Let G be a groupoid and x € G°. Define Iso(x), the isotropy group at x, as the set
Iso(x) = {7y € G[r(7) =s(7) = x}

It is easy to check that Iso(x) is indeed a group, with x as neutral element.

1.1.1 Topological groupoids
Having defined groupoids algebraically, we now add some topology:
Definition 1.10. Let G be a groupoid, give G x G the product topology and G(2) the induced

topology from G x G. We say that G is a topological groupoid if the inversion and composition
maps are continuous.
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To do any serious work — in particular, to make the construction of the reduced groupoid
C*-algebra work —, we need some assumptions on the topology of a given groupoid. In most
cases, we will require the topology to be Hausdorff, locally compact and second countable.
Furthermore, we would like the topology to be étale:

Definition 1.11. Let G be a topological groupoid. An open subset S C G is called a bisection
if the maps r|s : S — r(S) and s|s : S — s(S) are homeomorphisms onto their image. The
groupoid G is étale if the topology on G has a basis of bisections.

Lemma 1.12. Let G be an étale groupoid. Then the unit space G° is open in G.

Proof. Let x € G°, and choose a bisection U containing x. Since r(x) = x, we may choose an
open neighbourhood V of x such that V.C UNr~1(U). If thereisay € VN (G \ G°), we have
y,r(y) € U with y # r(y) (since y ¢ G°), but r(y) = r(r(y)), contradicting the injectivity of r
on U. 0

Renault ([30]) refers to étale groupoids as r-discrete, which is explained by the next lemma:

Lemma 1.13. Let G be an etale groupoid with range and source maps r,s : G — G°, and let x € G°.
Then the fibers r—'(x) and s~'(x) are discrete subspaces of G.

Proof. For v € r~!(x), simply choose a bisection U containing . Then r~}(x)NU = {7},
showing that r~1(x) is discrete. The same goes for s~!(x). O

To a certain extent, one may think of étale groupoids as an analouge of discrete groups. For
our purposes, the salient feature of étale groupoids is that we can forget about the technical
difficulties of working with a Haar system, and simply equip each fiber over GY with the
counting measure. As we shall see, this makes forming the convolution algebra — and hence, the
groupoid C*-algebra — over G much easier.

Lemma 1.14. Let G be an étale groupoid, and A an open (resp. closed) G-invariant subset of G°. Then
G| a is open (resp. closed) in G.

Proof. The range map is continuous, and r 1 (A) = G|4. O

1.2 The reduced C*-algebra of an étale groupoid

Given an second countable, locally compact Hausdorff étale groupoid G, we proceed to construct
its reduced C*-algebra C;(G). The process is similar to the construction of a group C*-algebra:
Define a convolution product on some suitable set of continuous functions on G, and complete
this *-algebra in an appropriate norm to get a C*-algebra. Denote by C.(G) the continuous,
compactly supported functions on G, and note that for any f € C.(G) and x € G, the set
supp(f) Nr~1(x) is finite by Lemma 1.13. Hence, we may define a convolution product * by

fg() =Y. fr)gr).,  f.g<€Cl(G). (1.1)

T172=Y

If we note that 719, = 7 is equivalent to 72 = 7, 1y and r(71) = r(7), we can rewrite
Equation 1.1 as

frgty)= Y flrgn'),  f,.g€C(G)

mer(r(7))
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It follows that f * g is again compactly supported and continuous. To define an involution,
define f* by

fr)=f(rh), feCl(G)
Checking that the product and involution turns C.(G) into a *-algebra is straightforward. To

obtain a C*-algebra, we represent C.(G) as multiplication operators — we just need to consider
many representations at the same time: For x € G’, define a representation 7ty : C.(G) —

B(1(s'(x))) by

(el = Yo f(n)g(2) (12)
T2=Y
and define a norm on C;(G) by
£l = Su(I;)()an(f)H (1.3)

Definition 1.15. Let G be an étale, locally compact, second countable Hausdorff groupoid. The
reduced groupoid C*-algebra C;(G) of G is the completion of the *-algebra C.(G) in the norm
given by Equation 1.3.

Checking that Equation (1.3) actually defines a C*-norm takes a bit of work — for a proof,
see e.g. Chapter II.1 of [30]. If H is an open subgroupoid — for instance, the reduction of G to
an open invariant set of the unit space —, there is an inclusion map iy : C.(H) — C.(G) simply
given by

fory € F, f € C.(H).

Lemma 1.16. Let G be a locally compact, second countable Hausdorff étale groupoid, and H an open
subgroupoid. Then the inclusion i : Cc.(H) — C¢(G) extends to an injective x-homomorphism iy :
Ci(H) — C}(G). If H = G|y for some open G-invariant set U, C}(H) is an ideal in C;}(G).

Proof. The first statement is Proposition 1.9 of [23]. For the second statement, let f € C.(G|y1)
and h € C.(G), and let v € G\ G|y. If we then write v = 712, we have r(y1) = r(y) ¢ U, so

11 € Gly. It follows that
fxh(y) =}, fly)h(r2) =0,
TYV2=7

so fxh € Cc(G|y). Then claim then follows by continuity. O
In a similar way, if F C GY is closed and invariant, there is a restriction map 7t : Cc(G) —

Cc(G|p) given by
' 7 (F) () = £(1),

for v € F, f € C.(G). This is surjective by Tietzes extension theorem. It is straightforward to
check that 7rr is also a x-homomorphism.

Lemma 1.17. Let G be a locally compact, second countable Hausdorff étale groupoid, and F a closed,
invariant subset of the unit space. Then the restriction map mp : Co(G) — Cc(G|p) extends to a
surjective x-homomorphism rtr : C;(G) — C;(G|g). In particular, C} (G|F) is a quotient of C;(G).

Proof. Let x € T, and let 71, be one of the representations from Equation 1.2. Then 7ty o tp = 71y
when x € F, and 7ty o tp = 0 otherwise — in particular, 7tr is a contraction, so it extends to a
s-homomorphism from C;(G) to C;(G|r). Surjectivity of 7r follows by continuity. The final
statement is the isomorphism theorem. O
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In the best of all possible worlds, one might concieve that the kernel of the map 7r is exactly
C7(Glgo\r)- This is not always the case — see [31] for an example. It is, however, true for the
groupoids we will focus on, and we prove this in Proposition 3.21.

Finally, a handy lemma:

Lemma 1.18. Let G be a locally compact, second countable Hausdorff étale groupoid, and f € C.(G).
Then f may be decomposed as a finite sum

n
f=) 1
i=1
where each f; is supported in a bisection.

Proof. Let K = supp(f). For each 7 € K, choose a bisection W, containing 7. Then the W,,’s
cover K, and we may exhaust to a finite cover {W,,,} ;. Choose a partition of unity {p;} with
respect to this cover, and put f; = pf.

1.3 Examples

In this section, we consider a number of elementary groupoids and calculate their C*-algebras.
These groupoids, or variations of them, will feature prominently in the chapters to come, usually
arising as subgroupoids of the groupoid of a circle map.

Definition 1.19. Let X be a set, and ~ an equivalence relation on X. Define G, the groupoid of
the equivalence relation, as
Gr={(x,y) e Xx X |x~y}

with composition (x,y)(y,z) = (x,z), inversion (x,y)~! = (y,x), and range and source maps
given by the first and second coordinate projection, respectively. Particular examples are the full
equivalence relation on X, where x ~ y for any x,y € X, and the trivial equivalence relation,
where x ~ y if and only if x = y.

Here’s a very specific example:

Example 1.20. Let X be a countable set, and Gx the groupoid of the full equivalence relation
on X, equipped with the discrete topology. We claim that

Cr(Gx) ~ K(I*(X)),

where K (I?(X)) denotes the compact operators on I?(X). For this, note that C}(Gx) contains a
set of matrix units, namely the characteristic functions {1y,|x,y € X}. Indeed, one checks easily
that

1x,y * 1z,w = 5y,zlx,w/ 1;,; = 1y,x
Since K (identified with IK(/?(X))) is the universal C*-algebra generated by such matrix units,

we obtain a surjective x-homomorphism from K(I?(X)) to C;(Gx). But the compact operators
is a simple C*-algebra, so this map is also injective. A

In particular, when X is a finite set, the groupoid C*-algebra of Gx is simply isomorphic to
M, (C) with n = |X|.
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Remark 1.21. The above example generalises easily to other equivalence relations — indeed,
let X be countable, ~ an equivalence relation on X and Gg the groupoid of the equivalence
relation. Assume that ~ has finitely many equivalence classes Xy, ..., X;. Then each set X, is
Gr-invariant and Gg = | JI_; Gg|x,. It follows that

n
C(Gr) ~ P Cr (Grlx,),
i=1

and each of the C;(Gr|x;) are determined by Example 1.20. .

Example 1.22. Consider the following situation: Let {X;};ca be a collection of metric spaces,
indexed by an at most countable set A, and let 6;; : X; — X be a collection of homeomorphisms

satisfying 6;; = idy,, 91.;1 = 0j; and 6; o 0 = 0;; for all i, j, k. Put X = U;cp X;, the disjoint union
of the sets {X;};ica, and define a groupoid Gy by

Go = {(x,y) € X x X |3i,j: x € Xy € X}, 0(x) =y}

Equip Gy with the topology generated by the sets {U x 0;;(U) }, with i, j ranging over A and U
over the open sets of X;. Essentially, this is example 1.20 with each element in X replaced with a
topological space. It is easy to see that C;(Gy) is Hausdorff, locally compact, second countable
and étale. Fix a A € A, and put Xy = X,. We claim that

Cr(Go) = Co(Xo) ® K(I*(A)).
To see this, let f € C.(Gy), and define f;; € Cc(Xp) by
fij(x) = f(Boi(x),60j(x)),  x€Xo
Since A is discrete, IK(I>(A)) is generated by matrix units eij, i,j € A. Consider the map
@ : Cc(Gg) — Ce(Xo) ® K(I2(A)) given by
f= ) fi®e

ijEN

O is evidently linear, multiplicative, isometric and *-preserving. That f is compactly supported
entails that only finitely many f;;’s are non-zero, so the image of C.(Gg) under © is exactly
Cc(Xo) tensored with the finite rank operators in IK(I?>(A)). Since © is an isometry, we get the
desired isomorphism

C;(Gg) = Co(Xo) ® K(I*(A)) A

A prominent feature of the groupoids in the example above — and indeed, of any groupoid
generated by an equivalence relation — is that the isotropy groups Iso(x) are all trivial. The next
proposition gives a tool for determining the C*-algebra of a groupoid where the isotropy groups
are identical over any element in the unit space.

Proposition 1.23. Let G be a discrete groupoid with unit space G°, and assume that there is a group H
such that Iso(x) ~ H for any x € G°. Then there is an isomorphism

Cr(G) = CI(H) ® K(I*(G”))

with C; (H) denoting the reduced group C*-algebra of H.
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Proof. See Lemma 4.11 of [47]. O

Example 1.24. An example that will occur a few times in the chapters to come is the following:
Let Gx be the groupoid from Example 1.20, with X either at most countable, let Z; be the group
with two elements, and let K be the groupoid

K=GxZy={(v.p)|vy€G,pcZ}

with unit space G? and range and source maps inherited from G. Then, K is discrete and
Iso(k) =~ Z, for any k € K. Since C*(Z,) ~ C?, Lemma 1.23 and 1.20 yields an isomorphism

CH(K) = C*(Z2) 9 K(I*(X)) ~ C*® G/ (G) ~ G (G) # C/(G) A

1.3.1 K-theory
For the basic K-theory of C*-algebras, we refer to [34].

Example 1.25. Let X be a countable set, and let Gx be the groupoid from Example 1.20. Since
C#(Gx) ~ K(I?(X)), it follows that Ky(C;(Gx)) =~ Z and K;(Gx) ~ 0. Any rank-one projection
in Cf(Gx) will do as generator of Ko(C;(Gx)); the natural choice is the characteristic function
1(x,x) for some x € X. A
Example 1.26. Continuing Example 1.24, let L = Gx x Z;. It follows immediately that Ko(L) ~
Z2. A situation that will occur often in the chapters to come is the following: Let A be
some C*-algebra and x : C;(L) — A a *-homomorphism, inducing a group homomorphism
X+ : Ko(C} (L)) — Ko(A). Describing x requires explicit generators of Ko(C; (L)). To find these,
write Z, = {4, —}, and let K(I?(X)) be generated by matrix units ex, with x,y € X. Define a
map ¥ : C(L) — My, (C) & M,,(C) by

(exyrexy)/ if p=-+
Y(1 = § g
( (x,y,P)) {(ex’y/ _ex,y)/ if p=—

It is straightforward to check that this map is a *-isomorphism. Now, fix an x € X and define
elements p, p— in C;(L) by

P+ = %(1(x,x,+) + 1(x,x,—))r P-= %(1(x,x,+) - 1(x,x,—))'

We note that

¥(ps) = (exx,0), ¥(p-) = (0 exx),
and that the elements p., p_ are projections in C; (L). The trace map Tr : M,,(C) & M, (C) — C?
induces an isomorphism Tr, : Ko(M;(C) @ M,(C)) — Z2. Tt follows that the composition
Tr. o¥. : Ko(C} (Gx x Z3)) — Z? is an isomorphism taking the Ky-classes of p+ and p_ to (1,0)
and (0,1), respectively. A

Finally, a general result: Let A and B be C*-algebras, and I, U : A — B *-homomorphisms.
Let Iy and Uj denote the induced maps between Ky(A) and Ko (B). Define D, the double mapping
cylinder of A and B, as the C*-algebra

D = {(a f) € A& C([0,1],B) [ I(a) = £(0),U(a) = f(1)}

Then the sequence
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L

0 SB D "5 A 0 (1.4)

is exact, where SB denotes the suspension
SB={f:[01] = B[f(0) = f(1) =0},

¢ the inclusion ((f) = (0, f), and 7t the projection onto the first coordinate. It follows that we
have a six-term exact sequence on K-theory:

Ko(SB) —2— Ko(ID) —2 Ky(A)

T 5{ (15)

K (A) + 22— Kq(D) +—— K;(SB)

Lemma 1.27. Let D be the double mapping cylinder of A and B via maps I and U as above. Let
B : Ko(B) — K1(SB) be the Bott map, and &, : Ko(A) — Ky (SB) the exponential map in (1.5). Then
51 = Bo(lp—Up).

Proof. Assume first that ID, and hence also A, are unital, with 1 denoting the unit of A, and
(1,1) the unit in D, 1 being the constant function 1. We use the setup from Proposition 12.2.2
in [34], and identify the unitisation SB with the set {f : [0,1] — B| f(0) = f(1) € C}. Writing
an element f € SB as (f — f(0)) + f(0) and noting that f — f(0) € SIB, we notice that the map
7:SB — DD is given by

i(f) = (f = £(0),0) + £(0)(1,1) = (f, £(0)).
Now, let g = [p]o € Ko(A) for some projection p € M, (A). Define h : [0,1] — M, (B) by

h(t) = tU(p) + (1= 1)I(p),

and note that 1(0) = I(p), h(1) = U(p) and h(t) is self-adjoint for any ¢ € [0,1]. With d = (h, p)
we certainly have d € D and 7r(d) = p. Next, note that exp(27ip) = 1 (by spectral calculus), so
exp(2mid) = (exp(2mih),1). If we define u : [0,1] — M, (B) by u(t) = exp(2tih(t)), we have

u € Uy, (SB) and
I(u) = (u,u(0)) = (exp(2mih), 1) = exp(27id)

By Proposition 12.2.2, this implies that dy(g) = —[u]1.
On the other hand, let B : Ko(B — K;(SB) be the Bott map given by

Blal) = fyl, fa(2) = 2+ (1n —q)
for a projection g in M,,(B). We then have the following calculation:

B((L = U)([plo)) = B(L([plo)) — B(Ux([plo)) = Ufip)h — fuh = Ui famh

To finish the proof, we need to show that [f[*(p)fU(p)]l = _[fl(p)ffl(p)]l = [u]; in K;1(SB). Now,
again by spectral calculus, we have

Fip Fuip (@) = (€77 1(p) + (L — 1(p))) (™ U(p) + (1n — U(p))) = e 7 P2,
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so the class of fl*(p) fu(p) in Ky is (by the Whitehead lemma) represented by the element

(ezm'tOU(p) e_zgu(p)> — exp <2m't <UE)P) 8)> exp <2ni(1 —t) (8 I((;?)>)

Similarly, the class of u is represented by

oxp (271D 4 (L= 0)

To establish a homotopy between these two maps, let Ry, for 6 € [0, 71/2], be the rotation matrix
( cos(6) sin(6) ), and put define G : [0, 7/2] x [0,1] — SB by

—sin(9) cos(8)
Gon = e (27 ("G 0) R0 (3 (1D Ri')

Then an easy computation shows that G(0, —) = ffk(p)fu(p)/ G(m/2,—) = u and that G(0,0) =
G(6,1) =1 for any fixed 6 (Note that Ry (8 18,) ) Ry ! is a projection). The existence of such a

homotopy implies that [fl*(p)fu(p)]l = [u]1, hence éy([p]o) = Ba((Lx — U)([plo))-
When D and A are not unital, the result follows from a diagram chase, using naturality of
the exponential map. O

Corollary 1.28. Let A and B be C*-algebras with Ky1(A) = K1(B) = 0. Let ID be a double mapping
cylinder of A and 1B via maps I, U : A — B as in Lemma 1.27. Then

Ko(DD) ~ ker(Iy — Up), K1(ID) =~ coker(Iy — Up)

Proof. Since K1(A) and Ko(SB) ~ K;(BB) are trivial, the six-term exact sequence 1.5 simiplifies
to

0 —— Ko(Dy) —=— Ko(Ay) —2— Ky(SBy) —— Ky(IDy) —— 0 (1.6)

Using Lemma 1.27, the map 4; is equal to Bg o (Ip — Up), and since the Bott map is an isomor-
phism, the result follows. O






CHAPTER 2

The C*-algebra of an amended
transformation groupoid

The idea of associating a topological groupoid Gy to a dynamical system ¢ : X — X has a
long history, beginning with the work of Renault in [30] and developed further by Deaconu,
Anatharaman-Delaroche and many others (see e.g. [10], [2]). The construction generalises the
well-known reduced crossed product-C*-algebra in the following way: Assume that ¢y : X — X
is a homeomorphism. Then ¢ induces an Z-action « : Z — Aut(C(X)) defined as

a(p)(f)(x) =f(p~F(x), peZ xeX, feC(X)

and we may construct the reduced crossed product C(X) Xy, Z (see e.g. [51]). On the other
hand, we may form the transformation groupoid Gy defined as the set

Gy = {(x,p,y) € XX Z x X | P (x) = y}

with composable elements

Gy = {(x P97 (), (1,9, 47(v)) € Gy |7 (x) =y}

and composition (x,p,z)(z,q,y) = (x,p +q,y) and inversion (x, p,y)~! = (y, —p, x). Connect-
ing the two constructions, there is a map ® : C.(Gy) — C(X) Xy, Z given by

() (p)(x) = flo F(x),px),  feC(Gy), peZ xcX

which extends to an isomorphism & : C;(Gy) — C(X) xy, Z (for a proof, see Proposition 1.8
of [23]). The groupoid construction, however, makes sense for a larger class of maps than
just homeomorphisms — see e.g. [10], which studies the transformation groupoid of a local
homeomorphism of a compact space, or [7] for the groupoid of a locally injective surjection on a
metric space.

We now aim to take the construction of transformation groupoids (and their C*-algebras)
even further, and adapt the construction to the case where the dynamics v is no longer locally
injective. To make things work — more precisely, to equip the groupoid with a sufficiently nice
topology —, we restrict to the situation where the underlying space is the unit circle T and the
map 1 has critical points. Before constructing the groupoids, we need some general results on
dynamical systems.

11
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2.1 Dynamical systems on the circle

This section contains a number of basic results on dynamical systems, starting in a very general
setup, and later specialising to the case where the underlying space is the unit circle T.

Definition 2.1. A dynamical system (X, ¢) is a metric space X with a continuous map ¢ : X — X.

As always, choices must be made: One could impose fewer restrictions on X (i.e. by letting
X be a topological space), require X to be compact, or put more restrictions on ¢ (bijectivity is
perhaps the most common). For now, we stick with this definition and specialise as necessary.

Definition 2.2. Let (X, ¢) be a dynamical system, and x € X. Define the forward orbit O (x),
the backward orbit O, (x) and the full orbit Oy (x) of x as follows:

Oqf(x) ={¢"(x)|n=0,1,2,...}
Op(x) = U o7"({x})

n=1
Op(x) = O5 (x) UO, (x)

Note that x is always an element of its own forward orbit, but not (necessarily) of its own
backward orbit.

Definition 2.3. Let (X, ¢) be a dynamical system. We say that x is (n-)periodic if there is an
n > 0 such that

¢"(x) = x 1)
The minimal period of x is the smallest n satisfying Equation 2.1. A point x is pre-periodic (or
eventually periodic) if there is an k > 0 such that ¢*(x) is periodic.

Note that a periodic point is pre-periodic by definition. We now specialise to the unit
circle T = {z € C| |z| = 1}, given the usual metric topology, and the usual (counter-clockwise)
orientation. We note that for any continuous map ¢ : T — T, there is a unique map f : [0,1] — R
satisfying

f(t) = g(™),  te01]
and f(0) € [0,1]. f is called a lift of ¢, and the integer f(1) — f(0) the degree of ¢.

Definition 2.4. Let ¢ : T — T be continuous with lift f. We say that ¢ is piecewise monotone if
there are points 0 = ¢y < ¢; < --- < ¢y = 1 such that f is strictly increasing or decreasing at
each interval |c; 1, ¢;[.

This condition is sometimes called piecewise strictly monotone, since we do not allow the map
to be locally constant.

Definition 2.5. Let [ : T — [0, 1] be the inverse of the map t +— ¢*™, let ¢ : T — T be piecewise
monotone, and let f be a lift of ¢ (i.e. f(I(z)) = ¢(z) for all z € T). We say that z € T is critical
for ¢ if I(z) is critical for f, and call z a maximum/minimum if /(z) is a maximum/minimum
for f. A point d € T is pre-critical if there is an n > 0 such that ¢"(d) is critical, and post-critical
if there is an n € IN and some element ¢ € ¢~ "(d) such that c is critical.

Note that the Definition 2.4 ensures that a piecewise monotone map has only finitely many
critical points, and that the pre-image ¢ ~!(x) of a point x is always finite. We can now define
the class of maps that will concern us for the next many pages:
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Definition 2.6. A circle map is a map ¢ : T — T which is continuous, surjective and piecewise
monotone.

When nothing else is specified, the term ’circle map’ will be used in the precise sense defined
above.

2.2 Local transfers

Traditionally, the construction of algebraic objects from a dynamical system (X, ¢) has been
based on studying points x,y € X such that

¢*(x) = ¢! (y) for some numbers k,I € N. (2.2)

This is also the approach taken here — but with an extra requirement stemming from the fact
that a circle map may have critical points. In short, we want to amend Equation 2.2 to remove
cases where ¥ is critical for ¢¥, while y is not critical for ¢'. Or put as a one-liner: ¢* around x
should look like’ ¢! around y. We encode this condition using local transfers, which we’ll turn to
now.

Definition 2.7. Let ¢ be a circle map, let U C T be open, and let # : U — 1 (U) be a homeomor-
phism onto its image. We say that # is a local transfer (of degree (n,m)) if ¢"(n(x)) = ¢p™(x) for
any x € U. We write 7 (m,n) for the local transfers of degree (n,m), and put

Tky= | T(nm)

n—m=k
for k € Z. Finally, define T = Uz T (k).

Remark 2.8. The set 7 of local transfers constitute a pseudogroup — it has an identity element
id, all elements have inverses, and given two transfers 7 : U — n(U) and p : V — p(V), we
may form the composition pon : UNy~ 1 (V) = pon(UNy~1(V)), provided n(U) NV # @.
Local transfers implements the idea that " at a point x € T "looks like’ ™ at a point y. Indeed,
assume that ™ has a critical point at y € T, and suppose there is a local transfer y € T (1, m)
such that 7(y) = x. Then ¢"(x) = " (y), and x must be a critical point for ¢" — indeed, if "
was monotone at x, " = ¢ o 7 would be monotone at 771 (x) = y. Furthermore, y is a local
minimum for ¢ if and only if x is a local minimum for ¢”, and similarly for local maxima. ¢

The next lemma adresses the following question: Given two points x,y € T and a k € N,
when does there exist a transfer 7 € 7 (k) with #(y) = x, and when is it unique?

Lemma 2.9. Let x,y € T, and let k € IN. Assume that there exist numbers n, m with n —m = k such
that Y"(x) = " (y). Then:

o If both x and y are local maxima (or both local minima) for some iterate of ¢, there are two (germs
of) local transfers 111,172 € T (k) with 1;(y) = x.

e If neither x nor y are pre-critical, there is exactly one (germ of a) local transfer y € T (k) with

n(y) = x.

Proof. Assume first that x is not precritical for any n € IN. In particular, for any #, there is
an interval around x where ¢" is monotone. Hence, for any #n, we may consider the inverse
map 1~ " around some small neighbourhood of ¢"(x). Now, if 5 satisfies " o = ™ for
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some 1, m with n —m = k, it follows that 7 = =" o " locally (and indeed, this choice of 7 is
a homeomorphism on a suitably small open set). Had we chosen other numbers n’, m" with
n' —m' =k, we would have had =" o ™ = ="' o ", which shows uniqueness.

Note next that if # is a transfer taking y to x, and " oy = ¢™, " can have a mininum (resp.
maximum) at x if and only if ¢ has a minimum (resp. maximum) at y. Now, assume that
n € T (n,m) for some n, m with n —m = k, and that 57(y) = x. Also, assume that x and y are
minima for ¢" and ™, respectively. Choose small intervals I; and I, to the left and right of x
such that ¢"(I;) = ¢"(I;), and let ¥, " and ¢, be inverses to ¢" (such that " o ;" = idj, and
YP" o, " = id}.. Then two choices of 7 are

P oy (), t<y P oy(t), t<y
Ul(t) = X, f:]// UZ(t) = X, t:y
P Moy (t), t>y P toy™(t), t>y

As before, these two choices of 7 are the only ones possible, independently of choice of n
and m. O

Another way of interpreting the above lemma is by introducing the notion of valency of a
map:

Definition 2.10. Let ¢ : T — T be continuous and piecewise strictly monotone. The valency
val(y, x) of ¥ at a point x € T is an element of the set V = {(—,+), (+,—), (+,+), (=, —)}
defined as follows:

e val(¢,x) = (—,+) if x is a local minimum of .
e val(yp, x) = (4, —) if x is a local maximum of ¢.
e val(y,x) = (4, +) if x is increasing at x.
e val(y,x) = (—,—) if x is decreasing at x.

Using the following composition table, we may turn V into a semigroup with (+,+) as
neutral element:

xey |y=(++) y=(-) y=(+) y=(--)
x=(++)| (++) (+,-) (= +) (= -)
x=(+-) | (+-) (+,-) (+ ) (+,-)
s s N
X = (—r—) (_1_) (—r+) (+1_) (+,+)

Table 2.1: The composition table for e.

This composition respects composition of maps:
Lemma 2.11. Let ¢, ¢ be continuous, piecewise strictly monotone circle maps, and x € T. Then
val(g o, x) = val(e, P(x)) e val(y, x)
Proof. Straightforward. 0
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We note that x is critical for 9" if val(¢",x) € {(+,—),(—,+)}. In particular, the above
lemma implies that

val(y", x) = val(yp, tp”_l(x)) o --eval(y, (x)) eval(y,x)

a formula that will become useful time and time again. Together with Table 2.2, it im-
plies for instance that if val(¢",x) € {(+,—),(—,+)}, it is also the case that val(y" "k, x) €
{(+,—), (=, +)} forall k > 0.

Using this idea, we may reformulate Lemma 2.9:

Lemma 2.12. Let x,y € T, and let k € IN. Assume that there exist numbers n, m with n — m = k such
that 9" (x) = ¢ (y). Then:

o Ifval(yp",x) = val(y™,y) € {(+, =), (=, +)} for some n',m’ with n' —m' = k, there are two
germs 11,12 € Tr(P) such that n;(y) = x.

o Ifval(y", x),val(y™ ,y) € {(+,+), (=, =)} for all ', m’, there is a unique germ 1y € Tr(1p)
with n(y) = x.

Proof. Immediate from Lemma 2.9 and the definition of valency. See also figure 2.4 at the end of
this chapter. 0

Remark 2.13. For future reference, we note a simple fact regarding the orientation of the local
transfers in Lemma 2.12: In the first case, with two possible germs #; and 7, taking y to x,
observe that one germ preserves the standard orientation on T, while the other reverses it. In
the other case, the unique germ preserves orientation if and only if val(¢", x) = val(¢™,y),
and reverses orientation if this is not the case. Thus, the lemmas become simpler if we restrict
ourselves to only orientation-preserving local transfers: Such (germs of) transfers exist if only if
val(¢", x) = val(¢™,y), and if they exist, they are also unique. s

2.3 The amended transformation groupoid of a circle map

Consider a circle map ¢ with an associated set of local transfers 7. Let X be a sub-pseudogroup
of T —i.e. a set containing the identity morphisms and closed under inversion and compositions.
We will refer to X as a pseudogroup of local transfers. The aim of this section is to take this data
and construct a topological groupoid G,(X) that somehow encodes the dynamics of ¢.

Remark 2.14. All these pseudogroups and sub-pseudogroups might seem rather abstract — to
simplify matters, lets note that there are really only four particular psedogroups that we care
about. The first is 7 itself, the set of all local transfers for ¢. The next, which we will denote
by 77, is the subset consisting of all local transfers that preserve orientation, i.e. x < y implies
17(x) < 17(y). The final two are the sets 7(0) and 7(0) N7, that is, the elements 7 satisfying
¢* on = ¢~ for some k —i.e. 7 has to intertwine some iterate of ¢ with itself, and not just another
iterate. The groupoids associated to the final two pseudogroups will be the focus of Chapter 3.4

We define the groupoids in a number of steps:

Definition 2.15. Let ¢ be a circle map, and X a pseudogroup of local transfers. Put

Gp(Z) = {(x,kny) €ETXxZxExT|y e Te(k),n(x) =y}
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One may turn G = Gy(X) into a groupoid with unit space T and rules for composition
and inversion inspired by those for regular transformation groupoids. However, G is not quite
the groupoid we're looking for — if (x,k,7,y) is an element of G, we can restrict 7 to any
subset of its domain (containing x), obtain a new local transfer 7 and hence another element
(x,k,7,y) € Gy, a priori different from (x,k,7,y). We want such two elements to be identified,
so we need to ‘'mod out’ by an appropriate equivalence relation.

Definition 2.16. Let U,V C T be open sets, x € U, and # : U — V a map. Define [y], the
germ of 7 at x, as the set of all homeomorphisms p : U’ — V' such that p is equal to 77 on a
sufficiently small neighbourhood of x.

Define an equivalence relation ~ on Gy by (x,k,17,y) ~ (X', K, 7', y') if (X',K,y') = (x,k, y)
and [7]x = [']x.
Definition 2.17. Let ¢ be a circle map, ¥ a pseudogroup of local transfers on T, and Gy(X) the

set from Definition 2.15. We define the amended transformation groupoid Gy(X) of ¢ and X as the
set Gy(X)/ ~. The unit space of Gy(X) is T, with range and source maps given by projection

onto first and last component. The composable elements G(Z)Z)¢ are given by

GA(R)y = {0k [ y), (X K, [1'] ) € Gy |y = x'}

and composition and inversion given by

(x5 ke )W K, 0y = Gk + K, I onle v, (xk Il y) ™ = (v, =k [17 "]y, )

If ¢ is a circle map, we will write T’y as a short-hand for Gy (7) and T for Go(7 ). Briefly put,
the remainder of this dissertation studies the structure of F(p, I't and their C *-algebras, as well
as the relationship and the differences between these two algebras. Many theorems will be of
the type "Let G be either I'y, or I'/; ...". In some cases, we might be able to prove some result
about both groupoids in one fell swoop; in other cases, we treat the two groupoids separately,
or prove the result first for one groupoid and then use it to prove it for the other. As a useful
intuition T'j can tell the valencies (+,+) and (—, —) apart, while I'y, cannot.

Remark 2.18. Dealing with the local transfers directly is troublesome. Here’s another "picture’ of
the two grupoids I', and Fg, using Lemma 2.12. First, by this lemma and the subsequent remark,
we have (x,k, [1],y) € T if and only if there are n,m € N with n —m =k, ¢"(x) = ¢"(y)
and val(¢", x) = val(¢™,y). On the other hand, if there are there are n,m € N with n —m =k,
¢"(x) = ¢"(y) and val(¢", x) = val(¢™,y), there is a unique local transfer # with n(x) = y. It
follows that we can forget about the local transfers and write

1"; ={(x,ky)eTXxZxT|In,m:k=n—m,¢"(x) =¢"(y),val(¢", x) =val(¢",y)}

For Iy, the situation is a bit more murky: Write the group Z; as {+, —} with the obvious
composition, and define a map V : P — Z; by V() = + if 1 preserves orientation and
V(n) = — if i reverses orientation. V respects the composition in P, and by Lemma 2.12, we
have

Ty = {(x,k,p,y) e TXZ XxZyxTIn,me N,y € Ty(k) :n—m = k,¢"(x) = ¢™(y),
n(x) =y, V() =p}

Essentially, for each triple (x,k,y), there are at most two transfers such that (x,k, [1]x,y) is in Ty,
and the transfer is determined uniquely by its orientation, represented as an element of Z,. ¢

(2.3)
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We proceed to equip G,(X) with a topology, and show that this topology is sufficiently nice.

Definition 2.19. Let ¢ be a circle map, X a pseudogroup of local transfers, U C T,k € Z and
n € (k) with U inside the domain of 7. Put

U(y) =A{lzkn,n(2)] |z € U} € Gy(2)

Let Oy, denote the collection of sets {U(#)} with U ranging over the open subsets of T, k over
Z and 1 over ¥.. We equip G,(X) with the topology generated by these sets.

Proposition 2.20. In the topology defined above, the groupoids Ty and Ty are locally compact, second
countable, Hausdorff and étale.

Proof. Let G denote either of the groupoids I'y, and 1"$, and let U(7) be an open set in G. Both
range and source maps restrict to local homeomorphisms on U(7), so G is étale and locally
compact. To show that G is Hausdorff, let v = [x,k,,y] and v =[x/, K, %, y'] € G with v # /.
If x # x', y #y or k # K, it is straightforward to choose disjoint neighbourhoods of v and 7.
If [7]x # [1']x, it follows from Lemma 2.9 that that there is a neighbourhood U of x such that
17(z) = 17'(z) implies z = x for all y € U. Hence, [5]; # [f]; for all z € U, so U(y) and U(7’)
are disjoint neighbourhoods of y and 7/’.

To show that G is second countable, we need to work a bit more. The approach is completely
similar to that of Proposition 4.3 in [43]: Fix m and 1, and note that the set of points critical for
either ¢" or ¢ is finite. Choose a countable basis {U;}?°, for the topology of T such that each
U; is connected and contains at most one critical of ¢" or ¢™, and such that ¢™ is injective on
the U;’s not containing critical points of ¢™. Let i,j € IN. If U; and U; contains no critical points
of ¢" and ¢", respectively, there is only one transfer # with domain U; such that

n(U;) € Ujand ¢"(z) = ¢™(57(z)) for all z € U; (2.4)

If U; contains a critical point of ¢" and U; a critical point of ¢™, there can be at most two
transfers satisfying Equation 2.4 (the exact number depends on the given valencies of ¢" and
¢™ and on the groupoid). In either case, the collection A(n,m,i,j) of local transfers satisfying
Equation 2.4 is finite for all n,m,i,j. Now, if # is a local transfer of order k and U C T is open,
U(n) is a countable union of sets

{[lz.k uu(z)] |z € U}

for some (n,m,i,j) with n —m = k and u € A(n,m,i,j). It follows that these sets form a
countable basis for the topology on G. O

2.4 On the structure of C*(T'y) and C;(T)

Having equipped I'p and 1"; with sufficiently nice topologies, we can form their groupoid
C*-algebras C;(I'y) and C;(T')). We now take the approach laid out in the introduction -
assume some dynamical property of ¢, and see how it reflects on the C*-algebraic properties of
the corresponding C*-algebras. Or the other way around: Require C;(T) or C;(T}) to have a
certain property, and investigate how that affects the dynamics.

Definition 2.21. Let ¢ : T — T be a continuous map. We say that ¢ is transitive if for any pair
of open subsets U and V of T, there is an n € IN such that ¢"(U) NV # @.



18 Chapter 2 - The C*-algebra of an amended transformation groupoid

Proposition 2.22. Assume that ¢ is transitive circle map and not locally injective. It follows that there
is an orientation-preserving homeomorphism h : T — T such that ho ¢ o h™! is uniformly piecewise
linear with slope s > 1.

Proof. We will show how the theorem follows from the work of Shultz in [39] on discontinuous
piecewise monotone maps of the interval.

After conjugation by a rotation of the circle we can assume that ¢(1) # 1 and 1 ¢ ¢(Cy).
(Indeed, since ¢ is piecewise monotone and transitive there are A’s in T arbitrary close to 1 such
that ¢(A) # A. Choose one of them such that A  ¢(C;). Then ¢y (t) = A~1p(At) is conjugate to
¢, does not fix 1 and all its critical values are different from 1.) Let ¢z : T — [0, 1] be the inverse
map of [0,1[> t + e*™*. Then

T(t) = po p(e¥™)
is piecewise monotone in the sense of Shultz [39]. Since ¢ is surjective and 1 ¢ ¢ (C; U {1}),
it follows that 7 is discontinuous at a point in |0,1[ and 7 ([0,1]) = [0,1]. We claim that 7 is
transitive in the sense of Definition 2.6 in [39]; that is, we claim that for every open non-empty
subset U C [0,1] there is an n € IN such that

LHJ Ku) = [0,1] (2.5)
i=0

Here 7 is the possibly multivalued map on [0, 1] which associates to each x € [0, 1] the left and
right hand limits of T at x. By construction this union is either {7(x)} or {1,0}. In the latter
case 0 = 7(x). It follows therefore that T(A)\{1} = 7(A) for every subset A C [0,1]. Thus

) o M)

for all k. The strong transitivity of ¢ implies that U?Z_Ol 8(U) = [0,1[ for some n € N. As
observed above T is discontinuous at a point in ]0, 1[. It follows therefore that 1 € 7T ([0,1]) and
hence that (2.5) holds since

U 2 %(U #()) ?(nol w(U)) = 2([0,1]) = [0.1].
i=0 i=0 i=0

It follows now from Propositions 4.3 and 3.6 in [39] that there is a homeomorphism # :
[0,1] — [0,1] such that f = hoToh™! is uniformly piecewise linear. From the proof of
Proposition 3.6 in [39] we see that & is increasing. Since ¢ is not locally injective there are
non-empty open intervals I, I’ C T\{1} such that INI' = @ and ¢(I) = ¢(I'). Then | = u(I)
and J' = u(I') are non-empty open intervals in [0, 1] such that JNJ' = @ and ©(]) = 7(J'), i.e.
T is not essentially injective in the sense of Definition 4.1 of [39]. Hence the slope s of the linear
pieces of f is > 1 by Proposition 4.3 of [39].

Since h(0) = 0,h(1) = 1 and 7(0) = 7(1) we find that f(0) = f(1) and we can therefore
define ¢ : T — T such that ¢ (&™) = ¢?™/(),t € [0,1]. Then ¢ = gogog ! where
g =p lohopu. Then g(1) = 1 = lim,_,; g(A). Hence g is continuous and an orientation
preserving homeomorphism on T. It follows that ¢ is a continuous map on T and conjugate
to ¢. By construction ¢ is uniformly piecewise linear with slope s > 1.

Remark 2.23. Let ¢ be transitive, and choose an orientation preserving homeomorphisms
h:T — T such that ¢ = ho ¢ o h~! is uniformly piecewise linear with slope s > 1. Then the
map H : T, — Ty given by

H(x,k,p,y) = (h ' (x),k,p, i (y))
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is an isomorphism of groupoids. Hence, whenever it is convenient, we may assume without loss
of generality that our map is uniformly piecewise linear (assuming it is transitive). ¢

We say that a p-periodic point x € T is repelling when there is an open interval I in T and a
r > 1suchthatx € I and |¢f(y) — x| > r|y— x| forally € L.

Lemma 2.24. Assume that ¢ is transitive and uniformly piecewise linear with slope s > 1. Then the
periodic points of ¢ are dense in T and they are all repelling.

Proof. Since ¢ is transitive there is a point in T with dense forward orbit, cf. Theorem 5.9 in [50].
It follows therefore from Corollary 2 in [4] that ¢ has periodic points, and then by Corollary 3.4
in [9] that the periodic points are dense. For each n € IN the map ¢" is uniformly piecewise
linear with slope s” > 1. Therefore all periodic points of ¢ are repelling. O

Lemma 2.25. Assume that ¢ is transitive. Then I, and Fj,j are locally contractive; that is, for every open
set U C T, there is an open set V. C U and an open bisection S such that V C s(S) and s(V'S -1 ;Cé V.

Proof. Let U C T be open. By Lemma 2.24, there is a periodic and repelling point in U. Since
there are only finitely many critical points, the union of orbits of periodic points which contain
a critical point is a finite set — hence we may choose a zp € U that is periodic (of period n),
repelling, and whose orbit contains no critical points. Now, val(¢?",z) = (+,+), so there is a
neighbourhood W C U of zg and a x > 1 such that |¢?"(y) — z| > «|y — z| for all y € W. From
here, one may follow the proof of Proposition 4.1 in [46], replacing the set J(f) \ £(f) by T. O

Lemma 2.26. Assume that ¢ is transitive. Then I'y and F;g are topologically principal, i.e. the set of
points with trivial isotropy is dense in T.

Proof. We first consider I'y: Let x € T, and note that the isotropy group Isy is given by

Isy ={yely|r(y) =s(y) =x} ={(x,kpx) €Ty}

Assume that x has non-trivial isotropy. Then x is either pre-periodic (so (x,k, p, x) € T', for some
k > 0) or pre-critical (so (x,0,—,x) € I'p). The set Ujen ¢ /(C) is countable, so it has empty
interior. We claim that the same is true for the set of pre-periodic points. Since ¢ is transitive,
Lemma 2.22 implies that there is a homeomorphism /2 : T — T and a map g : T — T which is
uniformly piecewise linear with slope s > 1 such that ¢ = h o ¢ o k1. The set of periodic points
for g is clearly a countable set, so the same is true for the set of pre-periodic points. Since h
maps the pre-periodic points of g bijectively to the pre-periodic points of ¢, this set is countable,
too; in particular, it has empty interior.

The same proof works for Iy, just delete the part about pre-critical points. 0

For the statement of the next theorem, recall that a C*-algebra is purely infinite if all proper
hereditary subalgebras contain an infinite projection, see [2].

Theorem 2.27. Assume that ¢ is transitive. Then C;(Ty) and C*(I'y) are purely infinite.

Proof. The Lemmas 2.26 and 2.25, combined with Proposition 2.4 of [2], yields the desired
conclusion immediately. O
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In the next chapter, we shall see that transitivity of ¢ also has a great deal to say in deciding
simplicity of C;(I'y) and C(T'f).

Finally, let us establish a connection between the algebras C;(T'y) and C;(T'}): First, note
that by Remark 2.18, there is an inclusion i : l"j‘g — Iy given by

i((xky) = (xk+y), (hky) e,

It follows that I'}; sits inside I, as a subgroupoid, and by comparing the topologies, we see
immediately that this subgroupoid is clopen. This yields an inclusion of C*-algebras: For
f €Cc(Ty), put

- _ ) flxky) ifp=+
i(f)(xkpy) = {0 itp— (2.6)

The map i : Co(T'5) — Cc(T')) is isometric, injective and respects composition and inversion,
and therefore extends to a C*-embedding i : C; (I';) — C;(I'), realising C;(T') as a subalgebra
of C}(I'y). It turns out that something stronger holds: C;(I'y) is the fixed point-algebra of an
order-two automorphism A of C;(Ty). To see this, let f € C.(I'y), and define

Aok py) = (CDPfok py), (xkpy) €Ty 2.7)
with the convention that (—1)" =1and (-1)” = —1.

Proposition 2.28. The map A from Equation 2.7 extends to an order-two *-automorphism of C;(T'y),
with fixed-point algebra C; (T )™ isomorphic to C; (T5)-

Proof. Most of this is completely straightforward — for instance, multiplicativity amounts to
seeing that

A(fxg)(x,k py) = (1P (f*8)(x.k py)
= (_1)P Z f(x/kll plrz)g(zlkZ/ ery)
z,k1+ko=k,p1pa=p
Y. (=D)P f(x, k1, p1,2)(=1)P2g(z, k2, p2,y)
z,k1+ka=k,p1p2=p

= Z A(f)(xlkl/ Pl/Z)A(g>(Z/k2/ PZ/y)
z,kq +k2:k,p1 p2=p

= A(f) = Ag)(x,k, p,y)

for f,g € Cc(Ty). Similarly, A> = id follows from the fact that (—1)P(—1)? = 1. Since
IA(f)(v)| = |f(7)| for any f € Cc(I'y) and v € Ty, A extends to an isometry A : C/(I'y) —
C;(Ty), and since A? = id on the dense subset Cc(T'), this also holds on C;(T'y). Finally,

(=VFf(x,k py) = f(x,k p,y)

for f € Cc(Tp) and all (x,k,p,y) € supp(f) if and only if f € Cc(I'y). Hence, Cc(I'y) C
C;(Ty)?, so by continuity C; (T5) € Cf (Ty)™. On the other hand, if a € C;(Ty)", we can
approximate a with elements {a,} C Cc(T'y). But then a;, = 1/2(a, + A(a,)) is an element of
Ce(Ty)™ = Cc(Ty) for all n, and a;, converges to a. It follows that a is in C;'(T}). O

The map A is sometimes known as the flip automorphism. We shall use it several times in the
following chapters.
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Figure 2.1: This figure shows various combinations of valencies. The graphs
on the left shows the graph of some iterate ¢' around some point x, and the
graphs on the right show an iterate ¢f around y. In the first three cases, we
have val(@¥, x) = val(¢¥,y), so there is at least one local transfer intertwining
¢* and ¢' around x and y. In the fourth case, val(¢*,x) is (+, ), while
val(¢!,y) = (—, —) — so there is a local transfer intertwining ¢* and ¢', but it
reverses orientation. In the fifth and sixth case, no transfers exist..






CHAPTER 3

The core algebras

Let ¢ be a circle map (continuous, surjective and piecewise strictly monotone), and consider the
groupoids I'y, and F$ introduced in Chapter 2. Each of these have a distinguished subgroupoid:

Definition 3.1. Let ¢ : T — T be a circle map, and let ', and F;ﬁ the amended transformation
groupoids associated to ¢ as defined in Definition 2.17. Define groupoids R, and R by

Ry ={(x,k []x,y) € Tolk =0}, Ry = {(x,k [1]x,y) € Ty|k =0}
Give Ry and Ry the topology inherited from T'y and ', respectively.

It is immediate that R, (resp. R$) is clopen in T, (resp. T’ $). It follows that these groupoids
are locally compact, second countable, Hausdorff étale groupoids in their own right. To ease
notation, we will drop the k when writing elements of the groupoids — combining this with
Remark 2.18, we have

Ry, ={(x,y) € TxT|3n € N:g¢"(x) = ¢"(y),val(¢",x) = val(¢", y)}

and

Ry ={(x,py) € TxZyxT|3n e N, €T(0):9"(x) =¢"(y),n(y) = x, V() = p}

The C*-algebras of these two groupoids are sometimes referred to as the 'core algebras’ of ¢.
In many ways, these algebras are more tractable — not least due to the fact that the groupoids
have very little isotropy (R$ is the groupoid of an equivalence relation, while R, has Z5-
isotropy over the countable set of pre-critical points). Apart from being interesting in themselves,
studying these algebras serve a twofold purpose: First, it paves the way for calculating the
K-theory of the algebras C;(T'y) and C;(T'}) and obtaining some crucial structural results about
these. Second, in some cases, it gives a naturally occuring example of an AF-algebra with an
order-two-automorphism whose fixed-point algebra is not AF.
We note that each core algebra arise as the fixed-point algebra of a gauge action:

Definition 3.2. Let u € T, and f € C.(Ty). Define ,(f) € Cc(Ty) by

BulH)(x b py) =1 f(x,kpy),  (xkpy) €T,

The map f +— B,(f) is isometric, so B, extends to a *-automorphism of C;(I'y). The p — B,
from T to Aut(C;(Ty)) called the gauge action.

23
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It is easy to check that B, 0 B, = By, and /5;,1 = By for p,p € T. It follows that B is a group
homomorphism.

Proposition 3.3. Let B be the gauge action on C;(T'y), and
Ci(Ty)P ={aeCi(Ty)|Bula) =aforal pecT}
the fixed-point algebra of B. Then C; (T )P is isomorphic to C; (Ry).
Proof. Asin [47], Lemma 3.1. O

In a completely similar way, there is a gauge action  on C:(F$), given by

Bu(f)(x,ky) = ]/tkf(x, k,y)

for f € Cc(T')), and the fixed point algebra of this action is C; (RJ)).
To understand the algebras C;(Ry) and C;(R}) better, we begin by realising them as
inductive limits of well-understood algebras.

3.1 The finite-dimensional building blocks

Fix a k € N, and put
Ro(k) = {(x,p,y) € Ry | ¢(x) = " (1)}
and

R (k) = {(x,y) € RS ‘ PF(x) = ka(y)}

These groupoids can almost be visualised — one simply has do draw the graph of ¢ and keep
track of points with same image under ¢, subject to the appropriate valency condition. The
ultimate goal of the section is the following result:

Theorem 3.4. Let k € IN and let R be either Ry (k) or Ry (k). Then there are finite-dimensional algebras
Ay and By, and x-homomorphisms I, Uy : Ay — By such that

G (R) ~{(a, f) € Ar® C([0,1], By) | It(a) = £(0), U(a) = f(1)}

Combined with Lemma 1.27, this determines the K-theory of the algebras. The strategy of
the proof is roughly the same for C; (R, (k)) and C;(Rg (k)), with a few crucial differences —
we give all details for the case C;(R,(k)) and then outline the differences when considering
Cy (R} (k) instead.

Let Cy denote the critical points of ¢, and fix D be a finite set with ¢*(C;) C D. The set
£ = ¢ K(D) is finite, Ry (k)-invariant and contains all the critical points of @ Tt follows that we

have reductions
Ro(K)le = {(x,p,y) € Ry(k) | ¢*(x), 9" (y) € D}

and
Ro(K)me = {(x,p,y) € Ry(k) | " (x), ¢*(y) 2 D}

The philosophy is now as follows: Given a function f € C.(R,(k)), we get, by restriction,
functions on the two reductions above. On the other hand, given maps on the two reductions
above, we may — given that the maps satisfy certain compatibility relations — piece them together
and get an element of C.(R(k)). Giving a precise description of these compatibility relations
will occupy us for much of this section.



3.1 The finite-dimensional building blocks 25

N‘

)

Ll}[l' Al

Figure 3.1: A picture of the sets 7 and Z; and the maps 1y,
Ar and A;. The leftmost circle is divided into intervals Z by
the points of D, while the rightmost circle is subdivided into
intervals 7 by the set £. Each interval I of Z; is mapped
to some interval in Z by ¢F, with inverse A;. The map Py,
parametrises the interval I; along the unit interval (0,1)..

Remark 3.5. Note that the obvious choice of D would simply be ¢*(Cy). However, we will later
need the extra flexibility of being able to choose any finite set containing ¢*(Cy). )

Write D = {c1,¢c2,...,cn}, and put cg = cn. Let Z = {3, I, ..., Iy} denote the set of connected
components of T \ D such that ¢, 1 < I; < ¢;, and let Z; be the connected components of
T\ €. Note that by construction, ¢* maps each element of 7 bijectively onto an element of
Z — hence for each I € 7, cpk has an inverse A;. Furthermore, for each I; € Z, we can define
an orientation-preserving homeomorphism ¢, : (0,1) — I; such that lim; o ¢y, (t) = ¢;—; and
lim; 1 91, (t) = c; (see Figure 3.1).

Lemma 3.6. Fori=1,...,N, let m; = #{I € T;|¢*(I) = I;}. Put
N
By = P My, (C)
i=1

Then there is an isomorphism
Cr (Rp(K)|\e) ~ SBx
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where SBy denotes the suspension of By.

Proof. This is mainly an application of Example 1.22: Fix an I; € Z, and consider the set
A; = {I €Iy ’ QDk(I) = Iz'}-

ForI,] € A;, themap Ajo ¢ is a homeomorphism from I to J. Since ¢ is monotone on each I in
Aj, we have (x,p,y) € Ry(k)|p\¢ if and only if ¢*(x) = ¢*(y), or, equivalently, if y = A;(¢*(x))
for an appropriate I. It follows from Example 1.22 that

Cr (Ro(K)|4;) = Co((0,1)) ® My (C).

This works for each I; € Z, and the result follows. O

Put
P = {(L) e T x T | ¢ (1) = ¢ (1)}

We recall from Example 1.22 that the algebra By is generated by matrix units ey j, (I,]) € I,Ez) .

Let f € Cc(Ry(k)), (L)) € Ilgz), with ¢*(I) = ¢*(J) = I;, and consider the map f;; € C((0,1))
given by
frp(t) = f(Aroyy(8), pApoyr(t),  t€(0,1)

where p = py; is + if val(¢F, I) = val(¢F,]), and — otherwise. This map has a continuous
extension to a map — also denoted f;; —in C([0,1]). Indeed, let

Ar(ci-1) = lim Aj(x), Ar(e;) = lim Aj(x)

X—Ci_1 X—C;

If ()\[(Cl’,l)), pI’],)\](Cifl)) S R‘P(k)’ then

1}ﬁ)1f(/\1 oY (t), pry, Aoy (t)) = f(Ar(ci-1)), pry, Ay(ciz1))

On the other hand, if (A;(cj—1)), pr,j,Aj(ci—1)) & Ry(k), we must have that

lim f(Ar o 1, (8), pry, Ay o 9 (1) = 0

since f is compactly supported. In either case, we define f;;(0) to be this limit. The same
considerations hold for the limit ¢ 1 1, and we thus get a map f;; : [0,1] — C. Doing this for

each pair of intervals (I,]) € 1152) yields a *-homomorphism b : Cc(Ry(k)) — C([0,1],By) given

by
b(f)= Y, fieny

(L)ez?

which extends to a x-homomorphism b : C; (R, (k)) — C([0, 1], By).

Next, we do a similar analysis for the reduction Ry(k)|s. Unlike the reduction to the
complement, £ contains critical points, so we have to deal with non-trivial isotropy groups.
However, Example 1.24 has paved the way:
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Lemma 3.7. Put Ay = C}(Ry(k)|¢). Fori=1,...,N, let n; = | *({c;})|. Write n; = n™in 4
ni® 4 ni with

nin = |{x € g7 ({ei}) | val(gh,x) = (= +) }|
npe = |{x € g7 ({ei}) | val(g",x) = (+,-) |
nf = {x e g7 ({e}) |val(g¥x) € {(+,+), (=)} }|
Then N

Ay = @ (Myin (€)@ Myps (€)@ My (€) )

1

Proof. Fixac; € D, and let A = {x e& ‘ ¢k (x) = ¢;, val(¢k, x) = (—,—l—)}. The set A is Ry (k)-
invariant and has n™" elements. If x,y € A, both points are critical for ¢k, and it follows that
there are two (germs of) local transfers in 7 (k, k) taking x to y. Hence,

Rq)(k)|A ~AXxA XZZ
Appealing to Examples 1.20 and 1.24, we get

Putting

B= {x eé& ‘ ¢*(x) = ¢j,val(¢F, x) = (+,—)}, C= {x €€ ‘ ¢*(x) = ¢j,val(¢F,x) € {(-l-,—)/(—,—i-)}
we get by analogous calculations that
C! (Ry(K)[5) = Mymx(C) @ Mymox (C)
and
Cr (Rp(k)|c) =~ My (C)

since the isotropy over C is trivial. Doing this for each i = 1,..., N yields the result. O

Note that since the set £ is finite, the groupoid R (k)|s is discrete. It follows that the
algebra Ay is generated by the characteristic functions 1, ,,), (x,p,y) € Ry (k)|¢. For brevity,
we will sometimes write these characteristic functions as ‘matrix units’ ey, for (x,p,y) €
Ry (k)|e. However, while they obey the same composition rules as regular matrix units — i.e.

€(x,py)€(yaz) = €(xpqz) it is important to note that the elements e(, _ ) are not projections

(indeed, e%xﬁx) = e(x,Jr,x)).

As above, we get a *-homomorphism a : C;(Ry(k)) — Ay by setting

a(f) = 2 flx, Pr!/)ex,p,y-

(x,py)ER(K)|e

We have now seen how elements in C.(Ry(k)) give rise to elements in the algebras Aj and
C([0,1], B). Now, we go the other way and analyse when an a € Ay and an f € C([0,1], By)
match up to form a function ¢ € C:(Ry(k)). We encode these compatibility relations in two
x-homomorphisms I, Uy : Ay — By. Define the maps I and Uy first on the generating matrix
units ey, € Ay: For each x € £, let [ and If be the intervals of Z; immediately to the left and

right of x. Abbreviate val(¢¥, x) by vy, and define maps I; and Uy by the following table:
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¢k (x) ¥ (y)

Figure 3.2: The intervals I and I¥ to the left and right of x, and I,y and I}
to the left and right and y..

ex,py Ik(ex,p,y) Uk(ex,p,y)

Uy = Uy = (—,+),p=+ Ele,Ily tep 0
vx =0y = (=) p=— | epyy tep 0
=0y =(+-)p=+ 0 e,y tep
=0y =(+-),p=— 0 e,y e

vy =0y = (+,+) erx ¥ e 1t

vx =0y = (=,-) €1 1y
Ox = (+,4),0y = (=, —) Crx 1Y €1
or = (= =)oy = (++) Cr, 1Y e 1Y

Checking that [y and U} respect multiplication and involution is now a straightforward,
albeit tedious, task. The following lemma is crucial:

Lemma 3.8. Let f € Cc(Ry(k)), and a : Cc(Ry(k)) — Ay, b : Cc(Ry(k)) — C([0,1],By) and
Iy, Uy : Ay — By be as above. Then

Ii(a(f)) = b(f)(0), Ux(a(f)) = b(f)(1).

Proof. Let f € Cc(T'y). It is enough to consider the case where f is a bump function around a
point (x, p,y) € Ry(k)|c. Assume, for instance, that (x, +,y) is the only element in supp(f) N
T'yle, and that vy = vy = (—,+). Then a(f) = f((x,+,y))ex,+y, hence

L(@(F) = F((e ) e+ e ), Upla(f) =0
by Table 3.1. Meanwhile, b(f) is given by
b(f) = fI]",I,yeIf,I]y + fr e v
Since val(¢*, x) = (—, +), there is an I € Z such that
g (1) = ¢H(1)) = o) = " (1)) = L.

Then flf‘, B is given by

f[f,lly(t) =f (/\If o ¢I(t)/+//\zly o ¢I(t)> = f(x,+y)
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since
imApeogy(t) = x, HmAw oyr(t) =y.

The same thing holds for the map f. ;v (t), which shows that b(f)(0) = Ix(a(f)). Similarly, we
have Uy (a(f)) =0, and

b(f)(0) =limb(f)(t) = }ifl‘fg,ﬁ(f)e[f,lly + fr (e p =0

t—1

by assumption on f. The other cases follow using analogous arguments. O

Put
Dy = {(a, f) € Ax® C([0,1],By) | I(a) = f(0), Ux(a) = f(1)}.
The lemma above then gives a map py : Cc(Ry(k)) — Dy given by ui(f) = (a(f), b(f)).

Lemma 3.9. The map py : Cc(Ry(k)) — Dy is injective, isometric, and extends to an isomorphism
between C; (R (k)) and Dy.

Proof. Showing that yy is an isometry is a little tricky: Recall that
IfII = supllmx(A)llpaas1(x))  f € Ce(Ro(k))
xeT

with

m(fg(r) = Y F(r)g(12).

T172=Y

Assume first that x € ¢ %(D) with val(¢*, x) = (—, +) and ¢*(x) = ¢; for some ¢; € D. Write

Sil (X) = {(]/1/ 0/ +/ x)/ (]/2/ 0/ +/ x)/ sy (]/n,(), +/ x)/ (]/1/0/ _1x>/' Ry (]/11/ 0/ — x)}

with n = n™". We identify I?(s~!(x)) with C?". Now, one calculates that

HX(f)l(y,-,o,+,x) = Z f(yjr 0,7,Yi)1y,0,p,xs 7T:f(f)l(y,-,(),—,x) = Z f(yj,O, P Yi)ly,0,p,x

j=1,...n i=j,..,n
p=+,— p=+,—

with p denoting the opposite element of p of Z,. Hence, a matrix representation of 7ty (f) in

M3y, (C) has the form
e(f) = (;‘ i)

with A = (f(y;,0,+,i))};=; and B = (f(y;,0, —,¥i))};_;- We now compare this with

a(f) € Ax =D (Mypin(C)? & Myrax(C)? & My (C)).

i

By definition,
a(f) = Z f(x,0, P/y)ex,p,y-

(X,O,P,y) eRq) (k) ‘q)*k(D)

Under the isomorphism from Lemma 3.7, the component of a(f) in M, mn(C)? is represented
by (A+ B,A—B) € M,(C) ® M,(C), with A and B as above. The unitary map ¥ : C"  C" —
C"@ C" given by ¥(a,b) = %(a +b,a — b) implements a unitary equivalence between 77 (f)
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and a(f)|p . (cy2- Doing this for all x € ¢ K (D) yields |7ty (f)|| = ||a(f)||. When x ¢ ¢~*(D)

a similar arglument yields that ||t (f)|| = ||b(f)||, which proves that yy is an isometry. Hence, it
extends to an injective map piy : C;'(Ry(k)) — Dy.
To prove surjectivity, let (a,b) € Dy. Write

a= Z Axpyexpy
(x,py)ER(K)|e

with each Ay, € C. Since Ry (k)|¢ is finite, there is a function g € Cc(Ry(k)) with g(x, p,y) =
Ax,py- It follows that i (g) = (a,b") for some b’ € C.(Ry(k)), hence

(a,b) = ux(g) + (0,0 =)
Since b(0) = b’(0) and b(1) = b'(1), it follows that f = b —b" € Cy((0,1), By). Write
f= X fuey

(L)ez?
with each f;; € C((0,1)). Fix a pair (I, ]) and put
U={(Aroyr(t),p, Ao pr(t)]t € (0,1)}
U is open in Ry (k), and we can define a map h € Co(Uf) such that
h(Apo (), p,Ap oy (t) = fiy(t).

Choose a sequence h,, € Cc(U) such that h, converges uniformly to i. Then py(h,) converges to
(0, f1ser,r), and by extending linearly, we are done. O

As an immediate corollary, we get:
Corollary 3.10. The sequence
0 —— C/(Ry(K)lme) —— Ci(Ry(k) —— Ci(Ry(k)|s) —— 0 (B
is exact, and we have
Ko(C7 (Ry(K))) =~ ker((Ic)o — (Uk)o),  Ki(C(Ry(k))) ~ coker((Ix)o — (Ux)o)
where (Ii)o and (Uy)o denote the induced maps between Ko(Ay) and Ko(By).

Proof. The first statement follows from the isomorphisms of Lemmas 3.6, 3.7 and 3.9, and the
fact that the sequence

i a

0 —— SBy Dy Ay 0 (3.2)

is exact. The second statement follows from Corollary 1.28. O

Remark 3.11. So far, we have dealt only with the groupoids R, (k) and the algebras C;(Ry(k)).
With only minor modifications, we can decompose C; (R (k)) in the same way — and some
definitions become simpler, due to the absence of Z;-isotropy. We have

Ry ()]s = {(x,y) € € x €] ¢*(x) = ¢*(y), val(¢*, %) = val(g¥, ) },
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so, writing A" for C (RS (k)|g), we get
(+-) C)eM (C)eM (=-) (©) (3.3)
with
n=|{xee ] 9" (x) = ci,val(gF,x) = 0},

for v € V. We also have C;(Ry (k)| g) = Co((0,1),B;"), with

N

Bf =DM, (Q)eM, (C), (3.4)
i=1

and m? = |{I S ‘ k(1) = I;,val(¢, 1) = ZJ}| forv € {(+,+),(—,—)}. The maps I and U;"
are given by

exy I (exy) Ut (exy)
Uy =0y = (—,+) elf'lzy +el;’(,lf’ 0
vy = vy = (+,—) 0 ey ep gy
vy =0y = (+,+) e e 1t
vy = vy = (+,+) ep iy epe v

As above, there are *-homomorphisms a : Cj (R} (k)) — A; and b : C;(R} (k) —
C([0,1],B{") such that
G/ (Ry (k) = {(a, f) € A @ C([0,1], Bf) | [/ (a) = £(0), Uy (a) = f(1)}.
This yields a short exact sequence like (5.10), and shows that

Ko(Cr (R (k))) ~ ker((L")o — (U o), Ki(Cr(Ry (k))) = coker((L7)o — (U )o)- ¢

3.1.1 Calculations

Let’s provide some more details on how to determine the K-theory of these algebras. We begin
with Cf(Rg (k)), as this is a bit simpler. It follows from Equation 3.3 that Ko(A;) is a free
abelian group with one summand for each element in the set

D(+) = {[d,v] €D xV|Ire ¢ *(d) : val(gh, x) = v}.

For each such pair [d, v], the corresponding summand in Ko(A;") is generated by the Ko-class of
the matrix unit ey , for any x € ¢p~*(d) with val(¢*, x) = v.

Similarly, from Equation 3.4 it follows that Ko (IB;") is a free abelian group, with one summand
for each element in the set

Z() = {[l;0] € T {(,4), (=, )} |3 € Tz gH(1) = I val(gh, 1) = 0}

For each such pair [I;,v], any interval I with ¢*(I) = I; and val(¢*,I) = v gives rise to a
rank-one projection ¢; ; generating the corresponding summand of Ko(]B,j).
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This gives the recipe for determining the induced map (I,")o — (U;")o: Take an element
[d,0] € D(=), choose a corresponding x with x € ¢~¥(d) with val(¢F, x) = v, write L (exx)
and U," (ey,x) as a sum of matrix units ¢;;, and determine, for each term in this sum, the
corresponding element in Z(+). We illustrate with an example:

Example 3.12. Let 7: [0,1] — R denote map given by 7(t) = 4t fort € [0,1/2] and 7(t) = 4 — 4t
for t € [1/2,1]. 7 induces a map (which we will also refer to as 7) of the unit circle onto
itself. This map is continuous, surjective, piecewise linear and non-injective. Iterating T is
straightforward, as this picture of the graphs of 7, 7> and T3 shows:

2 . . . . 2
15 1 15
1F 11
05 1 o5l
0 . : : : 0 . S : : . S : :
0 02 04 06 08 10 02 04 06 08 10 02 04 06 08 1

To simplify matters, let us consider the case k = 2. The critical points C, are {O, 1/8,1/4,...,7/ 8},
so we may put D = 72(C;) = {0}. Then

D(+) = [0, (= )L [0, (+ =)L [0, (+, )], [0, (=, =)I}

so Ko(AY) ~ Z*, with the elements above (in that order) as a basis. Since T \ D has only one
connected component I, the set Z(+) is just {[I, (+,+)], [I, (—, —)]}. It follows that Ko(BB; ) =~
Z*. To calculate (L )o and (U)o, we proceed as sketched above: Consider, for instance,
[0,(+,—)] € D(&£). Since T2(1/8) = 0 and val(7%,1/8) = (+,—), we should determine
L (e1/81/8) and U, (e1/81/s)- We observe that

72(0) = {0,1/16,1/8,3/16,1/4,...,7/8,15/16},

so the connected components of T \ T7~2(D) immediately to the left and right of 1/8 is | =
(1/16,1/8) and K = (1/8,3/16). Using Table 3.11, we get

I (e1781/8) =0, Uy (e1/s1/8) = ey +exk

Since t%(]) = t*(K) = I, val(7?%,]) = (+,+) and val(7% K) = (—, —), the Ky-classes of ¢ ; and
ex x correspond to [I, (+,+)] and [I, (—, —)], respectively. It follows that

(Lo = (Uz)o) ([0, (+, =)]) = =[(L (+, +))] = [(L, (=, )]

Doing similar calculations for the other elements of D(=+) yields a matrix representation of
((I7)o — (U5 )o) as a map from Z* to Z2, ordering the bases of Ko(A5 ) and Ky(B;) as above:

ho-wo= (1 73 5 0)

KolC}(RE () = ker((I o — (Uf Jo) = Z°
and

K (C}(RF()) ~ coker(I o - (Uf Jo = Z
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Considering other iterates of T and not just 7> yield the same results: For any k, the only critical
value of 7¢ is 0, so we choose D = {0} and get Ko(A;") ~ Z* and Ko(B}") = Z2, with the
induced map (I )o — (U;")o given as above. Hence, the K-theory groups of C;(R{ (k)) are Z°
and Z for any k. A

Example 3.13. We now turn to the other family of groupoids, R;(k). The presence of Z;-
isotropy makes the calculations slightly more complicated. By Lemma 3.6, By has a full matrix
summand for each element of Z — in comparison to ]Bk+, By has fewer summands, but these

summands typically have higher dimension. More precisely, Ko(By) ~ ZN, where N is the
number of elements in Z. Ay, on the other hand, tends to have more summands: Given a
deD,ave {(—+),(+ —)} and an x € ¢~ (d) with val(¢*,x) = v, we obtain two elements
(x,+,x) and (x, —, x) in Ry (k)|g, each yielding the two linearly independent functions 1, , )
and 1(, _ y) in Cf (Ry(k)|g) = Ag. As in Example 1.26, one checks that

Ptx = %(1<x,+,x) F 1), P = %(1(x,+,x) — 1)

are projections in Ay, each generating a summand of Ko(Ay). On the other hand, if ¢*(x) = d
with val(¢f,x) € {(+,+),(—,—)}, the element L(x+,) is @ projection in Ay, generating a
summand of Ko(Ayg).

Again, as an example, we consider the map 7 and start by looking at 72. Using Lemmas 3.6
and 3.7, it follows that Ko(Aj) ~ Z° and Ko(By) ~ Z. It is still the case that 7>(1/8) = 0
and val(7?,1/8) = (+,—) - but we now have two elements (1/8,+,1/8) and (1/8,—,1/8)
in R¢(2)|¢, each giving rise to characteristic functions 1(;/3 4 1/8) and 1(1/g_ 1/8). Following
Example 1.26, the Ky-classes of each of the projections

pe=3assas8 +1ass-1s8) P—=3((Lass+,1/8 — a/s-1/8))

generate a summand in Ko(A;). Appealing to Table 3.1, we see that

L(p+) =L(p-)=0

and
WUa(p+) = 4 () +exx +epx+exy)

Since 72(]) = t2(K) = I, it follows that

((I2)o — (U2)o) ([p+]) = ((12)o — (U2)o([p-])) = —[I]

Doing similar calculations for the other generators of Ky(Ajz) shows that (I;)g — (U)o as a map
from Z5 to Z is given by the 1-by-5-matrix (11(—1)(—1)0), in particular

Ko(C;(R+(2))) = ker((I2)o — (Uz)o) =~ Z*
and
K1(Cr (RE(2))) = coker((Iy )o — (U )o) ~ 0

Again, one may check that these K-theory groups are independent of k. A

We note that K;(C; (R (k))) is trivial. This turns out to be a general fact:

Lemma 3.14. For k € N, the induced map (I;)o — (Uy)o : Ko(Ax) — Ko(By) is surjective. In
particular, K1 (C; (Ry(k))) = 0.
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Proof. Letk € N, let D = ¢¥(Ci) and £ = ¢~ (D). Assume that D has N elements, and write
T\D ={L,...,In}. By Lemma 3.6, we have

N
By = € My, (C)
i=1
with the i"th summand generated by matrix units e;; where I and | are intervals such that
¢*(I) = ¢*(J) = I,. Hence
Ko(By) ~ZN =Z[L] &...Z[Iy].
Fix an I;, and let d,d’ € D such that d < I; < d’. We divide into three cases:
e Assume that there is an x € ¢~ *(d) such that val(¢¥, x) = (—, +). x gives rise to elements
ex+,x and ey — y in Ag. Let I and | be the intervals of T \ £ immediately to the left and

right of x. One then checks that p = 1/2(ey 1 x + €x,—x) is a projection in Ay, and by using
Table 3.1, we see that

L(p) =3 (eri+ey+ey+enr), Ulp)=0
Since ¢*(I) = ¢*(J) = I, it follows that
((I)o = (Uk)o)([p]) = [L]-
o If there is an x € ¢*(d’) with val(¢*, x) = (4, —), we may define p as above and get that
I(p) =0, Ui(p) =3 (eri+ep+e+ep).

Hence, ((Ix)o — (Ux)o)(—[p]) = [Li]-

e Finally, assume that neither of the above cases occur. Then there is a x such that qo K(x) =4,
Val((p x) = (+,—). Since ¢* is surjective, there is also a point y € T such that ¢*(y) = d,
val(¢f,y) = v € {(+,+),(—, —)}. Then the element

p= % (ex,+,x + ex,f,x) — €y +y
is a projection, and one checks that ((I)o — (Uk)o)(p) = [Li].
This shows surjectivity of (Ix)o — (Uy)o- O

This, on the other hand, is not the case for C; (R$(k)):

Lemma 3.15. Let k € N. The map (L) — (U)o = Ko(A;) — Ko(B)") is not surjective. In
particular, Ky (Cf (R (k))) is non-trivial.

Proof. We have Ky(B;") ~ ZX(F) with a basis given by elements {[I, (+,+)],[I, (=, —)]}rez. We
show that (Ix)o — (Ug)o maps A;" into the subspace V of Z given by

{ZC1+ —Q—CI,

IeT

ZC1+_CI_O}

IeT
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To do this, letd € D, v € V, and let [d, v] be a basis element of Kj (AZF) Assume, for instance,
that v = (—, +), and let | € 7 be the element of Z immediately above d. Then

(5o = (U)o, o)) = [, (+, )]+ [, (= —) € V.
Similarly, if v = (4, +), let I and ] be intervals of Z such that ] < d < I. Then
(5o = W o([d, o)) = [I (+, H)] = [, (+,+H)] € V.

The other two cases are similar. It follows that Im((I,")o — (U, )o) € V, and V is a subspace

of codimension 1 in ZZ(+). In particular, (") — (U,")o is not surjective, so the cokernel is

non-zero. From this it follows that
Ki (3 (R (K))) 2= coker (1 )o — (U} )o)

is non-trivial. O

3.2 On the structure of C;(T,) and C;(T')

We observe that for each k, the groupoid R, (k) is an open subgroupoid of Ry (k + 1), and that
Ry = Uken Ry (k). It follows that

Cr(Rg) = U Cr(Ry(K)),
kelN

and in similar fashion that Cf(R}) = Uken C; (Ry (K)).

We will need a short discussion on amenability of groupoids: For groupoids, the word
‘amenable’ can have any number of prefixes ('strongly’, ‘topological’, ‘measure-wise’, etc.) In our
discussion, we will only need amenability as a tool to prove other properties, so we forego any
discussion of how the various definitions of amenability are related. For a thorough discussion,
see [3], in which it is proved (see Remark 3.3.9) that for étale groupoids, topological and
measure-wise amenability coincide, and that is all we will need.

Proposition 3.16. Let G be a locally compact, étale groupoid and assume that Iso(x) is discrete for all
x € GO. Then G is (measure-wise) amenable if and only if C; (G) is nuclear.

Proof. This is Corollary 6.2.14 in [3]. O

For the definition of nuclearity, and a number of results about nuclear C*-algebras, see [35].
In particular, we note that quotients of nuclear C*-algebras are nuclear (see [6], Corollary 9.4.4).

Secondly, we need a brief discussion of the full C*-algebra of a (locally compact, Hausdorff
étale) groupoid G. Recall that to define C;(G), we put a norm on C.(G) given by

1Al = Slelgllﬂx(f)lll feC(G)

with 7, the left-regular representation on 2(s~!(x)). C;(G) was then the completion of C.(G)
in this norm. Had we instead defined

£l = supl(H)Il,  f € Ce(G)

with 7 ranging over all representations of C.(G), and completed C.(G) in this norm, we
would have gotten the full groupoid C*-algebra C*(G). When the groupoid is amenable, these
constructions coincide:
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Proposition 3.17. Let G be locally compact groupoid which is measure-wise amenable. Then C;(G) is
isomorphic to C*(G).

Proof. This is Proposition 6.1.8 of [3]. O

Proposition 3.18. The algebra C; (R;g) is nuclear and satisfies the Universal Coefficient Theorem.

Proof. Fix a k and consider the groupoid R (k). The C*-algebra C; (R} (k)) is nuclear, as it is
the extension of the nuclear C*-algebras A;” and SB;" by Equation 5.10 and Remark 3.11. Since
C;(Ry) is an inductive limit of nuclear C*-algebras, it is also nuclear (see e.g. Proposition 2.1.2
of [35]). It follows by Proposition 3.16 that R;f is amenable. By a result of Tu in [49], it follows
then that C; (R}) satisfies the UCT. O

To obtain similar results about C; (F;;), recall the gauge action from Definition 3.2, given by

Bu(F)(xky) = W' f(x k)
forp € T, (x,k,y) €T and f € Cc(T)).

Proposition 3.19. 'S is amenable, and the algebra C; (T'J) is nuclear and satisfies the UCT.

Proof. Let B be the gauge action. Let ¢ : T; — Z be the map given by c((x,k,y)) = k. This
is a continuous homomorphism, and ¢~1(0) = R$. By (the proof of) Proposition 3.18, R:g is
amenable, so by Proposition 9.3 of [41], I'j is amenable, and C;(I'j) ~ C*(T}) is nuclear. By
the previously mentioned result of Tu, C; (1’;;) satisfies the UCT. O

To obtain the same results for C;(T'y) and C/(Ry), defined : Ty — Z = {+, —} by

d((x,k,p,y)) = p-

Thend'(+) =T ;"j, which is amenable, and now another application of the result of Spielberg
in [41] shows that T, is amenable and that C;(T'y) is nuclear and satisfies the UCT. Restricting d
to R, shows that the same holds for C;(Ry).

Remark 3.20. From the Remarks to Theorem 1.12 in [30], it follows that C;(G) is separable
when the groupoid G is second countable. It follows that when ¢ is transitive, the C*-algebras
C;(T'y) and C;(I'y) are unital, separable, purely infinite (by Theorem 2.27), nuclear and satisfies
the UCT. Hence, whenever the algebras are simple, the Kirchberg-Phillips Classification Theorem
(see [26]) implies that the algebras are classified by their K-theory. )

One consequence of the lemmas above is the following result, which determines the kernel
of a restriction map 7r:

Proposition 3.21. Let G be an amenable locally compact second countable Hausdorff étale groupoid with
unit space G°, and assume that G has discrete isotropy groups. Let F be a closed invariant subset of G°,
and put U = G\ F. Let i : C*(G|y) — C*(G), and mg : C*(G) — C*(G|f) be the inclusion and
restriction maps defined in 1.16 and 1.17, respectively. Then the sequence

0 —— Ci(Glu) —— C}(G) —== C}(G|r) —— 0 (3.5)

is exact.
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Proof. The statement for the full groupoid C*-algebra is true by Lemma 2.10 of [19]. Since G is
amenable, C*(G) ~ C;(G) by Proposition 3.17, and this algebra is nuclear by Proposition 3.16.
We then know that C*(G|) is a quotient of C*(G), so C;(G|f) is nuclear and C; (G|r) ~ C*(G|F).
In then follows (from e.g. the five-lemma) that C;(G|y;) is isomorphic to C*(G|y;), and we have
our result. O

We can generalise this lemma slightly: If A is closed in T and B C A is closed in A and
G-invariant, we have a surjective restriction map 714 5 : C;(G|4) — C;(G|p). Arguing exactly as
above, it follows that ker(74 p) ~ C;(G|4\p). Finally, if both B and C are closed and invariant
in T, the same is true for BUC, and there is a restriction map 7p,¢c from C;(G) to C}(G|puc)-
The next lemma compares the kernel of this map with the kernels of 77p and 7¢:

Lemma 3.22. Let G be an amenable locally compact second countable Hausdorff étale groupoid with unit
space G, and assume that G has discrete isotropy groups. Let B and C be closed, G-invariant subsets
of G°. Then

ker(7mguc) = ker(mtg) Nker(7c).

Proof. Since C;(G|pc) is a subalgebra of C;(G), the map 7i¢c : C;(G) — C;(G|c) restricts to a
map 7ic|pe : G (Glpe) = CF(G|c). mc|pe is equal to the map 7pe penc @ Ci (G|pe) — CF(Glpenc),
since they agree on the dense subset C.(G|pc). Combining this with the above lemma yields
ker(mg) Nker(me) = C; (G|pe) Nker(rmc) = ker(mc|pe) = ker(7tpe penc).
Using the lemma on 7tpc penc thus shows that
ker(7tge penc) = C7 (Glpe\(enc)) = Cr (Gl (pucye) = ker(mpuc),

which is the desired conclusion. O






CHAPTER 1

Simplicity and primitive ideals

4.1 Orbits and invariant sets

This section contains a number of general results. We determine the possible isotropy groups of
I'y and 1"; and investigate the topology of orbits [x] under I', and F$.

4.1.1 Prime subsets
We begin with some general results on topological groupoids.

Definition 4.1. Let G be a topological groupoid, and A a closed and G-invariant subset of the
unit space. Assume that A C A; U A; for some other closed G-invariant subsets A; and A,. If
either A C Aj or A C Aj; for any such decomposition, we say that A is prime.

In the following, we determine the prime subsets of the unit space of a second countable,
locally compact Hausdorff étale groupoid. The discussion follows [13] and [40] closely, but we
include full proofs here for completeness. Note that the results hold for a rather large class of
groupoids, and not just the particular ones under scrutiny in this paper.

We need some terminology from general topology: Let X be a topological space. A subset
A C X is locally closed if A is the intersection of an open and a closed set. X is a Baire space if the
intersection of a countable collection of open dense sets is again dense, and X is totally Baire if
any locally closed subset of X is a Baire space. A closed set F C X is irreducible if it is not the
union of two closed proper subsets.

Lemma 4.2. Let X and Y be topological spaces with X second countable and totally Baire, and let
P : X — Y be an open, continuous surjection. Then Y is also second countable and totally Baire.

Proof. Let {U;};en be a countable basis for the topology on X, and put V; = ¢(U;). Then each
V; is open. We claim that {V;};cn is a countable basis for the topology on Y: If A C Y is
open, P~ 1(A) is open in X, so 1 (A) = U,U;, for some sequence of indices ;. But since ¢ is
surjective,

A= lP(lPil(A)) = IP(U uik) = Ulp(uik) = U Vi
k k k
and the claim follows.
Next, let F be locally closed in Y, and let {D;} be a countable collection of dense sets that
are open in F. Write F = V N C with V open and C closed. Then ¢! (F) = ¢~ 1(V) Ny ~1(C),

39
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so ~1(F) is locally closed in X, hence a Baire space. The sets y~!(D;) are open in ¥~ 1(F),
and since ¢ is open and surjective, each set is also dense in ¢~ (F). By the Baire property of
¢~1(F), the intersection N;p 1 (D;) is dense in ~!(F). By continuity and surjectivity of ¢, the
intersection of the D;’s is then dense in F. (|

Lemma 4.3. Let X be a topological space which is second countable and totally Baire, and let F C X be
non-empty and closed. Then F is irreducible if and only if it is the closure of a single point.

Proof. Asumme that F is irreducible, and note that F is second countable and totally Baire since
X is. Any open non-empty set U C F must be dense — indeed, writing F = U U (F \ U), we get
by irreducibility that F = U. Let {U; };cy be a countable base for the topology of F. Since each
U; is dense, the Baire property implies that N;U; is dense as well. In particular, it is non-empty,
so we may pick an x € N;U;. If y € F, and V is an open neighbourhood of y, there is an i such
that y € U; C V. Since x € U;, it follows that y € {x}, hence F = {x}. For the other direction, it
is immediate that any set which is the closure of a single point is irreducible. O

To apply the above lemma to our situation, assume that G is locally compact, second
countable, Hausdorff and étale. Define an equivalence relation ~ on G(%) by x ~ y if [x]¢ = [y]c.
The orbit space G(0) /G is the quotient space of G(*) under this equivalence relation, equipped
with the quotient topology. The quotient map g : G() — G /G is continuous and surjective by
definition, and also open: We have g~ 1(g(A)) = s(r~1(A)) for any A C G(9), and if A is open,
s(r~1(A)) is open since G is étale. By Lemma 4.2, the properties of being second countable
and totally Baire is preserved under continuous, open surjective maps, so since G() is second
countable and totally Baire, the same holds for the orbit space G(*) /G.

Lemma 4.4. Let F C G be closed and G-invariant, and let § : F — q(F) be the restriction of the
quotient map q : G0 — G /G to F. Equip F and q(F) with the induced topologies. Then § is an open
map.

Proof. Let U C F be open, and choose V C G(©) open such that U = FN V. The inclusion
g(FNV) C q(F)ng(V) is clearly true. On the other hand, let x € q(F) Ng(V) and choose
f € Fand v € V such that x = g(f) = q(v). By G-invariance of F, we see that v € F, hence
x = q(v) € g(FN V). It follows that g(U) = q(F) N q(V), and since q(V) is open in G(0) /G, we
conclude that q(U) is open in g(F). O

For the next lemma, we note that any locally compact Hausdorff space is totally Baire (since
locally compact spaces are totally Baire, and locally closed subsets of locally compact spaces
again are locally compact). Hence, if G is a topological groupoid which is second countable,
locally compact and Hausdorff, the unit space G(*) C G has the same properties, and is in
particular totally Baire.

Proposition 4.5. (Cf. Lemma 2.1 of [40]) Let G be a second countable, locally compact Hausdorff étale
groupoid, and let F C GO be closed and G-invariant. Then F is prime if and only if there is an x € G(©)
such that F = [x].

Proof. Let F C GO be prime. Note that g(F) is closed, and that the assumptions on G and GO

imply that G(?) /G is second countable and totally Baire. Now, if (F) = F; UF, with F; and F,
closed, we have F C g~ !(F;) Ug~!(F,), so since F is prime, we may assume that F C g~ !(F;).
It follows that q(F) = Fy, so q(F) is irreducible. But then Lemma 4.3 implies that q(F) is the



4.1 Orbits and invariant sets 41

closure of a single point, say q(F) = {¢} for some § € G0 /G. Choose x € F such that g(x) = ¢.
Assume towards a contradiction that H = F \ [x] is non-empty. Then H is open in F, so q(H) is
open in ¢(F) by Lemma 4.4. Since {¢} is dense in g(F), we have ¢ € q(H), so we may choose a

y € Hwith q(y) = ¢ = g(x). But then y is both in [x] and in F \ [x], which is absurd. It follows
that F = [x]. o
For the other direction, simply observe that if [x] =hRUR for some closed invariant sets F;

and F,, there is an i = 1,2 such that x € F;. But then [x] C F, so [x] is irreducible. O

4.1.2 Orbit closures and isotropy

Recall that a primitive ideal of a C*-algebra A is the kernel of an irreducible representation of .A.
We note the following result, which is a special case of Lemma 2.4 of [40]:

Lemma 4.6. Let G be an amenable second countable, locally compact Hausdorff étale groupoid, and 7
an irreducible representation of C;(G). Then 7 factors through C;*(Gm) for some x € G0,

Proof. This is Lemma 2.4 of [40], with amenability ensuring that C*(G) ~ C;(G). O

Lemma 4.6 implies that reductions G|m hold the key to determining the irreducible repre-

sentations of C;(G). In this section, we investigate to topology of the sets [x] with respect to the
groupoids 'y, and T $ Along the way, we calculate the possible isotropy groups for each of the
groupoids. Recall that a point x € T is periodic (for ¢) if there is an n € IN such that ¢"(x) = x,
and that the minimal period of x is the smallest n satisfying this. We denote by Per,, the set of
points with minimal period n. Furthermore, x is preperiodic if there is a k € IN such that ¢ (x) is
periodic. Similarly, we say that x € T is pre-critical if there is a k € IN such that ¢*(x) is critical
for ¢ (in particular, critical points are precritical). Finally, x is G-isotropic if the isotropy group
Iso(x) (with respect to G) is non-trivial.

Proposition 4.7. Let G =T $ and x € T. Then x is G-isotropic if and only if it is preperiodic, in which
case Iso(x) = Z.

Proof. 1t is clear from the definition that it is necessary for x to be preperiodic for Iso(x) to
be non-trivial. To show that it is also sufficient, assume that x is preperiodic, that is, gof (x) is
periodic with period p, and both numbers are chosen minimal. Let O denote the periodic orbit
{¢/(x), 1 (x),...,¢TP~1(x)}. There are now two cases: If O contains no critical points of ¢,
we have ‘ ' , ‘

val(¢/ TP, x) = val(@”, ¢/(x)) e val(¢?, ¢/ (x)) e val(¢/, x),
using that ¢/*7(x) = ¢/(x). Since val(¢?, ¢/(x)) € {(+,+), (=, —)}, we get

val(gF, ¢/ (x)) e val(¢?, ¢/ (x)) = (+,+)

and it follows that val(¢/™27, x) = val(¢/, x), so (x,2p,x) € I, and the isotropy at x is non-
trivial. '
If there are critical points in O, we have val(¢*, ¢/(x)) € {(+,—),(—,+)}, so

val(¢/ 7, x) = val(¢”, ¢/ (x)) e val(¢/, x) = val(g, ¢/ (x)),

which means that (x, p, x) € I'J, and the isotropy at x is non-trivial.
In both cases, there is a j € IN such that

Iso(x) = {(x,kj,x) |ke Z} ~Z O
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Proposition 4.8. Let x € T. Then x is isotropic for Iy, if and only if
e X is pre-periodic but not pre-critical, in which case Iso(x) ~ Z, or
e X is pre-critical but not pre-periodic, in which case Iso(x) ~ Zj, or

e x is pre-critical and pre-periodic, in which case Iso(x) ~ Z & Z,.

Proof. Assume that x is isotropic. Then there is a k € Z or a local transfer # such that
[x,k,11,x] € Ty, and k # 0 or [n]x # [id]x. Note that 77(x) = x. If k # 0, there are n,m € IN with
n—m=kand ¢"(x) = ¢"(y(x)) = ¢"(x), hence x is pre-periodic. If k = 0, there isan n € N
with ¢" oy = ¢" around x. Since 1 reverses orientation, x must be critical for ¢", and hence x is
pre-critical.

Assume now that x is pre-critical for ¢, i.e. that ¢"(x) € C for some n € N, and that x is
not pre-periodic. Then x is critical for ¢"*!, so there is a unique (germ of) 5 with 7(x) = x,
"oy = " and [y]x # [id]x. Then [x,0,7,x] € Iso(x). Note that this 7 is unique (up to
germ-wise identification) and satisfies 1 o 7]x = [id]y. If furthermore x is not preperiodic, we
have

Iso(x) = {[x,0,id, x], [x,0,7, x] } ~ Z,.

If x is pre-periodic, but not pre-critical, we get in a similar way that Iso(x) ~ Z. If finally x
is both pre-periodic and pre-critical, choose n such that ¢"(x) is critical, and k, p € N such
that "7 (x) = ¢*(x), with p the minimal period of ¢*(x). We may assume without loss of
generality that k > n. There is a unique (germ of a) local transfer # such that ¢" o = ¢",
7(x) = x and [5]y # [id]x. It follows that the elements (x, jp, [17]x, x) (for j € Z) are all in Iso(x),
as are the elements (x, jp, [id]y, x). Then

Iso(x) = {[x, jp,id, x], [v,jp, 1, 3]l € 2} ~ Z® 2,
as we wanted. O

The key result in this section is the following:

Lemma 4.9. Let G = F$ or Ty, and x € T. Then either [x] contains an isolated, isotropic point, or

the non-isotropic points are dense in [x| .

The proof comes in two parts, depending on what groupoid we consider:

Proof (if G = 1"$:). Assume first that there is an open set V C T such that ¢" |y = idy for some
n, and that [x] NV is not empty. We show that [x] NV is finite. If y € [x] NV, there are k and [
such that ¢*(x) = ¢!(y). Since y is n-periodic, we may assume that ¢'(y) = x and 0 < I < n.
But then y € Up<i<y ¢~!(x), which is a finite set. In particular, y is isolated and isotropic in [x].

Assume, on the other hand, that no iterate ¢" restricts to the identity on any open subset

of T. If the non-preperiodic points are not dense in [x], there is an open set U of [x] such that

ucly ¢~ (Pery)
nj
By the Baire category theorem, there are then numbers 7 and j and an open set W of [x] such
that ‘
W C ¢~/ (Pery)
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Let y € W, and choose ¢ > 0 such that B(y,¢) N [x] C ¢~/ (Pery,). The set V = B(y,e) N [x] is
non-empty. We claim that it is also finite. Indeed, pick a z € V, and note that ¢/(z) = ¢"/(z).
Since z € [x], there is a k such that ¢*(x) = ¢/(z), so the forward orbit of x is finite. For any
z' € V, the forward orbit of z’ meets the forward orbit of x after at most j + n iterations. Hence,
@t (V) is finite, which implies that V is finite since ¢ is piecewise monotone. Finiteness of V

in turn means that any element of V is isolated in [x], and the inclusion V C ¢~/(Per,) shows
that V consists of isotropic points. g

Proof (Proof if G = T'y). If there is a n € IN and an open set V such that ¢"|y is the identity,
the argument from the proof above works. Assume not, and assume again that the set of

non-isotropic points is 7ot dense in [x]. Bear in mind that isotropic points in I'J can be either

preperiodic or precritical, so we know that there is a set U, open in [x] such that

ucly ¢~ (Per, UC)
n,j

The Baire category theorem yields numbers # and j and an open set W of [x] such that
W C ¢~/ (Per, UC).
Let y € W and choose £ > 0 such that
V =B(y,e) N [x] C ¢/ (Per, UC) = ¢/ (Per,) U 7(C)

Write V; = VN ¢~/ (Per,) and Vo =V N gp*f (C). Now, Vj is finite by the same argument as in
the proof above, and V; is finite since ¢ /(C) is finite. It follows that V is finite, so any element

of V is isolated in [x] and isotropic. O

4.2 Simplicity

Let G denote either ', or I'J. The goal of this section is to obtain a ‘dynamical’ criterion for
simplicity of the algebras C;(G) The strategy consists of three steps: First, we show that C;(G)
is simple if and only if [x]¢ is dense in T for all x (this is easy). Then, we establish necessary
and sufficient conditions for this to be true for I';, expressed in terms of transitivity of ¢ and the
existence of a certain class of fixed points. This part is subdivided into several cases depending
on the degree of ¢. Finally, we exploit a connection between C;(I'y) and C;(I'y) and show that
one algebra is simple if and only if the other is.

As we have seen in Lemma 3.21, open (or closed) invariant subsets of T give rise to ideals

in C;(G). In particular, given an x € T such that x| is not dense, we can put A = [x]g and
obtain an ideal C; (T'y| oc) = ker(7r4). We now aim to show a converse result — if [x|¢ is dense
forall x € T, C;(G) is simple.

Lemma 4.10. C;(G) is simple if and only if [x]¢ is dense for all x € T.

Proof. One direction is clear already. For the other direction, assume that [x]g is dense in T
for all x € G. Then certainly no [x]g contains an isolated, isotropic point, so by Lemma 4.9,
the non-isotropic points are dense in T. But then Corollary 2.18 of [45] gives the desired
conclusion. g

As a standing assumption for the remainder of this chapter, we will assume that ¢ is not
locally injective, i.e. has at least one critical point. However, if ¢ is locally injective, it is a local
homeomorphism, and by Proposition 4.3 of [11], simplicity of the algebra is then equivalent to ¢
being strongly transitive (since T is an infinite set).
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4.2.1 Exceptional fixed points

In this section, we focus only on I') — meaning, in particular, that we will write [x] for [x]r;;.
First, we expand on the definition of transitivity from 2.21:

Definition 4.11. Let ¢ : T — T be a map. We say that
o totally transitive if " : T — T is transitive for all n,
e strongly transitive if for any open set U C T there is an N such that Y ; ¢/(U) =T,

e exact if for any open set U C T, there is an N such that o™ (U) = T.

Remark 4.12. It is clear that a totally (or strongly) transitive map is transitive, and that an
exact map is strongly transitive. Furthermore, by Corollary 4.2 of [52], a transitive, piecewise
monotone circle map is strongly transitive. Furthermore, ¢ has a periodic point by Lemma 2.24,
and then Theorem C of [9] shows that exactness and total transitivity are equivalent conditions.4

Finally, given an e € T, we say that e an exceptional fixed point if p~'(e) \ C = {e}. The main
theorem, which will take several pages to prove, is the following:

Theorem 4.13. Let ¢ be a circle map. The following are equivalent:
1. G} (T}) is simple.
2. @ is totally transitive and has no exceptional fixed points.

3. @ is exact and has no exceptional fixed points.

The proof requires a deep plunge into the dynamics of circle maps. We begin by showing
that transitivity of ¢ is a necessary condition for simplicity:

Lemma 4.14. Assume that C;(T'j)) is simple. Then ¢ is transitive.

Proof. Let E C T be closed with non-empty interior and ¢-invariant in the sense that ¢(E) C E.
By Theorem 5.9 of [50] it suffices to show that E = T. For each n,m > 1 set

Upm ={x€T|¢"(x)=¢"(y),val(¢",x) = val(¢",y) for some y € IntE}

where IntE is the interior of E. Note that Uy, is open and non-empty and that U, ,, Uy,m is
F$-invariant. It follows therefore from Lemma 1.16 that U, ,, Uy,m = T. By compactness there is

an N € N such that T = UnN,m:1 Uy,m. Since Uy, C ¢~ "(E) we find then that

N

T = N(T) C o™ (|J ¢7"(E)) CE.
n=1 O

The converse of Lemma 4.14 is not true in general; transitivity of ¢ does not imply that
Cr(I'y) is simple.

For the next lemma, let C denote the critical points of ¢, recall that the critical values of ¢ is
the set ¢(C), and that the post-critical points is the set > ¢*(C). Note that critical points are
pre-critical, but not post-critical.

Lemma 4.15. Assume that ¢ is transitive. Let A C T be a non-empty F$—invariant subset which is not
dense in T. Then A is finite and consists of points that are post-critical and not pre-critical.
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Proof. By assumption there is an open non-empty interval | C T such that
ANJ=0. (4.1)

By Remark 4.12, ¢ is not only transitive, but also strongly transitive. There is therefore an
N € N such that

N .
Ue'()=T. 4.2)
i=0

If x € A and val(¢/,x) € {(+,—),(—,+)} for some j > 1 we can choose y € ] such that
¢*(y) = x for some k € {1,2,...,N}. It follows from the composition table for  that

val(¢"*7,y) = val(¢/, x) e val(¢*,y) = val(¢/, x).

Hence y € [x] C A, contradicting (4.1). It follows that val(¢/, x) € {(+,+),(—,—)} forall j € N
when x € A;i.e A consists of points that are not pre-critical.

Since ¢ is not locally injective there is a z € T such that val(¢,z) € {(+,—),(— +)}.
Choose zy € J and k € {1,2,...,N} such that ¢*(zg) = z and note that Val((pk 1z9) €
{(+,—),(—=,+)}. There are therefore subintervals |, ]J_ of | such that val( k+1,y (+,+)
when y € ], val(¢**1,y) = (=, —) wheny € ]_ and ¢**1(J;) = (pk“(]_) =: I. Since ¢ is
strongly transitive there is a K € IN such that UX ; ¢/(I) = T. Set M; = INC;. Leta € Tbe a
non-critical element, i.e. val(¢,a) € {(+,+), (—, —)} Assume that a ¢ JX 19 i(M;). We claim
that [a] N ] # @. To see this note that there is an i € {1,2,...,K} and a y’ € I\M,; such that
¢'(y') = a. Then val(¢',y') € {(+,+),(—, —)} and there is also an element y € J+ UJ_ such
that ¢**1(y) =y’ and

i+k+2 i+1 k+1

val(¢' ™, y) = val(¢',y') eval(¢* ', y) = val(¢,a)

It follows that y € [a] N ], proving the claim.
The last two paragraphs show that A C UK, ¢/(M;). This completes the proof because
UK., ¢/(M;) is finite and consists of post-critical points. O

We will refer to points x with [x] finite as exposed points. By the lemma above, exposed
points are the only obstruction for simplicity of C; (F$) To figure out when a map has exposed
points, we divide into cases depending on the degree of the map:

4.2.2 |deg(g)| >2

Lemma 4.16. Assume that ¢ is transitive and that |deg ¢| > 2. It follows that [x] is dense in T for all
xeT.

Proof. Let n € IN. By looking at the graph of a lift f : [0,1] — R of ¢*" one sees that for any
x € T, the set

An={y e T| ™) = xval(g?,y) = (+,+)}

contains at least deg ¢*" elements. Since A, C [x] we conclude that [x] is infinite for all x € T.
It follows then from Lemma 4.15 that [x] is dense for all x. O

Corollary 4.17. Assume that ¢ is transitive and that |deg ¢| > 2. Then C;(T)) is simple.



46 Chapter 4 - Simplicity and primitive ideals

4.23 |degop| =1

We next assume that the degree of ¢ is 1 or —1. If ¢ is not totally transitive, we have the
following decomposition theorem:

Lemma 4.18. Assume that ¢ is transitive, but not totally transitive. It follows that thereis a p > 1 and
closed intervals 1;,i = 0,1,2,...,p — 1, such that

1. ¢(I;) = I;11 (addition mod p),

2. I; ﬂInth =0Q,i#]j
p=1, _
3 U_y =T,
4. @P|y, is totally transitive for each i.

Proof. This is a special case of Corollary 2.7 in [1]. O

Note that the number p and the collection {Iy, I, ..., Ip_l} of intervals in Lemma 4.18 are
unique. We will refer to p as the global period of ¢, and say that it is 1 when ¢ is totally transitive.
In the following we denote the set of endpoints of the intervals I; from Lemma 4.18 by £.

Lemma 4.19. Assume that ¢ is transitive but not totally transitive. Then
pH(E)\C=E. (4.3)

Proof. Assume for a contradiction that e € £, but ¢(e) ¢ £. There are then intervals I, I, Ij as
in Lemma 4.18 such that i # 7/, e € ;[ NIy and ¢(e) € Int I;. By continuity of ¢ and condition 1)
from Lemma 4.18 it follows that [;; 1 NInt[; # @ and Iy, NIntI; # @. Since i + 1 # i’ + 1 this
violates condition 2). Thus

p(&) CéE. (4.4)

If e € £ is a critical point the images I; ;1 = ¢ (I;) and ;1 = ¢ (Iy) of the two intervals I;, Iy
containing e will both have non-trivial intersection with the same interval I; containing ¢(e);
contradicting 2) again. Hence

ENC=0. (4.5)

Consider then an element x € ¢~!(£) and assume that x ¢ C;. Let I; and Iy be the two
intervals among the intervals from Lemma 4.18 which contain ¢(x). If x ¢ £ there is a third
interval I; which contains x in its interior. Since x is not critical it follows that ¢(I;) = I;;1 has
non-trivial intersection with both Int I; and Int I;7, contradicting 2) once more. Hence

)\ CE. (4.6)
0

This completes the proof since (4.3) is equivalent to (4.4), (4.5) and (4.6).

Lemma 4.20. Assume that @ is transitive but not totally transitive. When deg ¢ = 1 the set £ is
a p-periodic orbit where p is the global period of ¢, and val (¢,x) = (+,+) for all x € £. When
deg ¢ = —1 the global period of ¢ is 2 and & consists of two distinct fixed points of valency (—, —).
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Proof. Let I;,i =0,1,---,p—1, be the intervals from Lemma 4.18, and let e, , be the left endpoint
of I;, defined using the orientation of T. When deg ¢ = 1 we see by looking at the graph of a lift
of ¢ that val(g,e; ) = (+,+) and ¢(e; ) = ¢;;; (addition mod p). It follows that £ = [¢; |, and
that this is also the (forward) orbit of e, . When deg ¢ = —1 observe first ¢ has a fixed point x.
This fixed point lies in one of the intervals I;. Since x also lies in [; 1 and I, it follows that two
of the intervals [;, I;; 1 and I;;, must be the same, i.e. p = 2. By looking at the graph of a lift of
¢ we see that & consists of two fixed points of valency (—, —). O

Lemma 4.21. Ifdeg ¢ = 1 there is for all x € T an element y € ¢~ (x) such that val(g,y) = (+,+).
If deg ¢ = —1 there is for all x € T an element y € ¢~ (x) such that val(g,y) = (—, —).

Proof. Look at the graph of a lift of ¢. O

Lemma 4.22. Assume that deg ¢ € {1, —1}. Then [x] is infinite for all x € T that are not periodic
under ¢.

Proof. Let x € T. It follows from Lemma 4.21 that there are sequences {#;} in N and {x;} in T
such that ¢ (x1) = x, ¢"i(x;) = x;_1, i > 2, and val (¢",x;) = (+,+) for all i. Then x; € [x]
for all i. The set {x; : i € N} is infinite when x is not periodic. O

Lemma 4.23. Assume that deg ¢ € {—1,1} and ¢ is transitive but not totally transitive. Then € is
the set of exposed points for ¢.

Proof. Lete € £ and y € [e]. There are natural numbers i,j € IN such that ¢’(e) = ¢/(y) and
val(¢',e) = val(¢/,y). It follows from (4.3) that ¢/ (y) = ¢/(x) € £ and that val(¢',e) € (£, +)
since e € £. This implies first that val(g, ¢*(y)) € (&,=+) for all k < j —1 and then that
¢ y) € p71(E)\C1 = £. But then ¢/ 2(y) € ¢~ 1(£)\C1 = &, and so on. After j steps we
conclude that y € £. This shows that £ is I’:g—invariant.

It remains to show that £ contains all exposed points. Assume therefore that v is an exposed
point. It follows from Lemma 4.22 that all exposed points are periodic. Since they are also
post-critical by Lemma 4.15 and there are only finitely many critical points it follows that
there are only finitely many exposed points. Let m € IN be an even number divisible by the
global period p and by all the periods of exposed points. Then ¢ (yy) = yo. Furthermore, if
z € 9" "(yp) and val(¢™,z) = (4, +) we see that z € [yy] and hence z is exposed. By definition
of m this implies that ¢"(z) = z, i.e. z = yp. To see that there can not be any z € ¢~ (y() with
val(¢™,z) = (—, —) observe by looking at the graph of the lift of ¢™, that since deg ¢ = 1 the
existence of such a z would imply the existence of az’ € ¢~ (yo)\{yo} with val(¢™,2') = (+,+)
which is impossible as we have just seen. Now assume for a contradiction that yy ¢ £. Then yg
lies in the interior of one of the intervals from Lemma 4.18, say I;. We can then write I; as the
union I; = J; U ], of two closed non-degenerate intervals such that J; N [, = {yo}. As we have
just seen an element of I; N (¢~ " (yo)\{yo}) must be critical for ¢™ and it follows therefore that
@"(J1) = J1. This contradicts the total transitivity of ¢”|;. O

Lemma 4.24. Assume that ¢ is totally transitive and that deg ¢ € {—1,1}. It follows that there is at
most a single exposed point, and it must be a fixed point e such that ' (e)\C; = {e}.

Proof. Let m be the same number as in the proof of Lemma 4.23. In that proof it was shown that

o " ()\{y} € Cn 4.7)

for every exposed point y. It follows that if there are two exposed points, say e; and e, we could
write T = J; U J, where J; and ], are non-degenerate closed intervals such that J; N [, = {e,e2}
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and (sz( Ji) = Ji,i = 1,2. This contradicts the assumed total transitivity of ¢. Therefore there
is at most at single exposed point ¢, and it is fixed by ¢”". When deg ¢ = 1 it follows from
Lemma 4.21 that there is an element z € ¢~ !(e) such that val(¢,z) = (+, +). Then z is exposed
(since z € [e]) and the uniqueness of e implies that z = e, proving that e is a fixed point for ¢.
To reach the same conclusion when deg ¢ = —1 it suffices to consider the case where
val(¢,e) = (—,—). By Lemma 4.21 there are elements z1,z € T such that ¢(z1) =z, ¢(z) =e¢
and val(¢,z1) = val(¢,z) = (—,—). Then z; € [e¢] and hence z; = e because ¢ is the only
exposed point. It follows that z = ¢(e), i.e. p?(e) = e. Note that val(¢, ¢(e)) = (—,—). We
claim that
07 (e, p@D\C1 = {e9(0)). @8
O

To show this let x € ¢~ 1(e)\Cy. If val(@,x) = (+,+) we find that x = e since e is the only
exposed point. If val(¢,x) = (—,—) an application of Lemma 4.21 shows that x = ¢(e).
Consider then an element y € ¢~ (¢(e))\Cy. If val(@,y) = (—, —) it follows that y € [e] and
hence y = e by uniqueness of e. If instead val(¢,y) = (+, +) an application of Lemma 4.21
shows that that y = ¢(e). Having established (4.8) note that it implies that ¢(e) is exposed,
whence equal to e.

To show that ¢~1(e)\C; = {e} we may assume that deg ¢ = 1, since the other case follows
from (4.8). Furthermore, it suffices to show that ¢~1(e)\C; C {e} since exposed points are not
critical by Lemma 4.15. Consider therefore an element x € ¢~ 1(e)\Cy. If val(¢, x) = (+, +) it
follows that x € [e] and hence x is exposed. Since e is the only exposed points this shows that
x = e. Assume then that val(¢p,x) = (—, —). If x # e a look at the graph for a lift of ¢ shows
that there is then also a point y € ¢~!(e)\{e} with val(g,y) = (+, +) which we have just seen
is not possible. Hence x = e.

Proposition 4.25. Assume that ¢ is transitive and that deg ¢ € {—1,1}. Then C;(T) is simple
unless either

1. @ is not totally transitive, or
2. ¢ is totally transitive and there is an exceptional fixed point.

In case 2) there is an extension

0— sB—Cr (r;) C(T) 0 (4.9)

where B is simple and purely infinite. When ¢ is not totally transitive and deg ¢ = 1 there is an
extension

0— +B—C} (r;) —— C(T) ® M,(C) ——0, (4.10)

where p is the global period of ¢ and B is simple and purely infinite. When ¢ is not totally transitive and
deg ¢ = —1 there is an extension

0— +B—Ct (r;) — 4 C(T) ®C(T) —— 0, (4.11)

where B is simple and purely infinite.
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0.5

Figure 4.1: Graphs of (lifts of) the maps ¢1, ¢2 and ¢3..

Proof. Assume that none of the two cases 1) or 2) occur. It follows from Lemma 4.24 that there
are no exposed points, and then from Corollary 4.15 that C; (F;ﬁ) is simple.

In case 2) it follows from Lemma 4.24 that there is exactly one exposed point, e, which is a
fixed point. From Lemma 3.21 we get then the extension

0——B——C (Tg) —C (Tglgy) —0 (4.12)

where B = C; (T |r\(}). By Proposition 1.23, we see that C; (T} [) ~ C*(Z) ~ C(T).
Furthermore, B is purely infinite because B is an ideal in C; (F$) which is purely infinite by
Theorem 2.27. To conclude that B is simple we argue as in the proof of Proposition 4.10 in [47]:
The elements of T\ {e} with non-trivial isotropy in C;(I'J |1\ (c}) are pre-periodic. It follows
from Lemma 2.26 that the pre-periodic points are countable, whence T\ {e} must contain a point
with trivial isotropy. By Corollary 2.18 of [45] it suffices therefore to show that T\ {e} does not
contain any non-trivial (relatively) closed F;ﬁ—invariant subsets. Let therefore L be such a set.
Then L U {e} is closed and F;f—invariant in T and hence either equal to T or contained in {e} by
Lemma 4.15 and Lemma 4.24. It follows that L = @ or L = T\ {e}. This completes the proof in
case 2).

In case 1) we argue as above, except that we use Lemma 4.23 to replace Lemma 4.24, and
Lemma 4.20 to determine C; (T’ [¢). O

Example 4.26. Let’s give examples of the various cases in the Proposition above. Consider the
three maps below. The first map ¢; is exact, with 0 as an exceptional fixed point, so we obtain
an extension of the form in (4.9). The second map ¢ is of degree 1 and transitive but not totally
transitive (to see this, observe that ¢3 leaves the intervals (0,1/2) and (1/2,1) invariant). It
follows that we obtain an extension like the one in (4.10), with p = 2. The third map ¢3 shows a
map of degree -1 which is not totally transitive, giving rise to an extension like (4.11).

424 degp =0

A point z € T will be called an exceptional critical value when ¢~1(z) C C.

Lemma 4.27. Assume that deg ¢ = 0 and that ¢ is surjective. There is at most one exceptional critical
value, and for all other elements x € T there are points y. € ¢~ (x) such that val(p,y+) = (&, £).

Proof. Look at the graph of a lift of ¢. O
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Lemma 4.28. Assume that ¢ is transitive and that deg ¢ = 0. If y € T is an exposed point there is
an exceptional critical value e € T such that ¢*(e) = ¢(e) # e, [y] = {e, p(e)} and ¢~ (¢p(e)) \C =

{e;p(e)}-

Proof. The main part of the proof will be to show that there is an exceptional critical value e
such that one of the following holds:

1. ¢*(e) = ¢(e) # e, val(g,e) = (—,—) and [y] = {@(e)},
2. ¢g*(e) = g(e) # e, val(g,¢(e)) = (+,+) and [y] = {e},
3. ¢*(e) = qle) #e [yl = {e,p(e)}.

Assume first that [y] does not contain an exceptional critical value. Let z € [y]. By using Lemma
4.27 we can construct yi, k = 0,1,2,3,... such that yo = z, ¢(yx) = yx_1 and val (¢, yx) =
(+,4), k > 1. Then y; € [y] for all k so there are k # k" such that y; = yp. It follows that
z is periodic and that val(¢,u) = (+,+) for all u in the orbit O(z) of z. Hence O(z) C [y].
Since this conclusion holds for all z € [y] and since the forward orbits of elements from [y]
must intersect we conclude that [y] = O(y) and val(¢, ¢*(y)) = (+,+) for all k € N. Let
z € [y]. Using Lemma 4.27 again we find u1,v; € ¢~ 1(z) such that val(¢,u;)) = (+,+) and
val(¢,v1) = (—, —). Then u;y € [y] and u; is therefore an element of the orbit of y. Since v1 # 1
(or since val(¢@,v1) = (—, —)), it follows that v is not in the orbit of y. If v; is not an exceptional
critical value we can find v, € ¢~ !(vy) such that val(g,v;) = (—, —). It follows that v, € [y]
and v, must therefore be an element of O(y). This contradicts that v; is not, and we conclude
that v; must be an exceptional critical value e, which by Lemma 4.27 is unique. This shows that
z = ¢(e) and we conclude therefore that case 1 occurs.

We consider then the case where [y]| contains an exceptional critical value e. By looking at
the graph of a lift of ¢ we see that a non-critical exceptional critical value e can not be fixed
since the degree is 0. Thus ¢(e) # e since exposed points are not critical. To see that ¢(e)
is a fixed point assume that it is not. Consider first the case where ¢(e) is periodic, say of
period p > 1. Since ¢(e) # e it follows from Lemma 4.27 that there is a point b; € ¢~ !(¢(e))
such that val(¢,b;) # val(¢,e). Then by ¢ {e, ¢(e)} and we use Lemma 4.27 again to find
by € ¢~ 1(by) such that val(g@,by) # val(g, ¢(e)). It follows that by ¢ {e, ¢(e), by }. By requiring
in each step that val(¢, b;) # val(¢, ¢(e)) we obtain through repeated application of Lemma 4.27
elements b;,i =1,2,...,p+ 1, such that ¢(bx,1) = by and by, 1 & {e, @(e),b1,by, ..., bx} for all
k=1,2,...,p. Then, for j > p + 1 we require in each step instead that val(¢/,b;) = val(g,e). It
is then still automatic that b1 & {e,b1,ba, ..., bi} for all k, while the fact that b; # ¢(e) follows
for j > p + 1 because j is larger than the period of ¢(e). Since b; € [e] = [y] when j > p+1,
we have contradicted the assume finiteness of [y|. To get the same contradiction when ¢(e)
is not assumed to be periodic we proceed in the same way, except that the steps between by
and by 1 can be bypassed. In any case we conclude that ¢*(e) = ¢(e). We next argue, in a
similar way, that ¢~ (¢(e))\C1 C {e, ¢(e)}. Indeed, if by € ¢~ (p(e))\({e, p(e)} UCy1) we use
Lemma 4.27 to get a sequence b; such that ¢(b; 1) = b;,i > 1, and val(¢,b;) = (—,—),i > 2.
Then i # i’ = b; # by, and b; € [e] for infinitely many i; again contradicting the infiniteness of
[e]. Since e is not pre-critical by Lemma 4.15 we have shown that ¢! (¢(e))\C; = {e, ¢(e)}. If
val(¢,e) = (—,—) and val(¢, ¢(e)) = (+, +) we find now easily that [y] = [¢e] = {e}, which is
case ii), and in all other cases that [y] = [e] = {e, ¢(e) }, which is case 3.

Finally we argue that the cases 1 and 2 are impossible. Indeed, in both cases we must
have that val(¢,e) = (—, —) and val(¢, ¢(e)) = (4, +) since otherwise e € [¢(e)]. But then the
two closed intervals J; and J, defined such that J; N J, = {e, ¢(e)} and J; U], = T are both
@-invariant, which contradicts the transitivity of ¢. It follows that only case 3 can occur. O
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Figure 4.2: Two circle maps — the C*-algebra of the first map
is simple, while the second is not..

Lemma 4.29. Assume that ¢ is transitive and deg ¢ = 0. Then there are exposed points if and only if ¢
is not totally transitive.

Proof. If ¢ is not totally transitive there are exposed points by (the proof of) Lemma 4.23.
Conversely, if there are exposed points it follows from Lemma 4.28 that there is an exceptional
critical value e such that e # ¢(e) = ¢?(e) and {e, ¢(e)} is the set of exposed points. Furthermore,
¢ H(@(e))\C1 = {e,p(e)}. The points e and ¢(e) define closed intervals J; and ], such that
T=1UJ 1iNh=/{e¢l)}and ¢(J;) =J;, i = 1,2, or ¢(J1) = J» and ¢(J2) = Ji. The first

case is ruled out by transitivity, and the second implies that ¢ is not totally transitive. 0

Proposition 4.30. Assume that ¢ is transitive and that deg ¢ = 0. Then C; (Ty) is simple if and only
if @ is totally transitive. When ¢ is not totally transitive there is an extension

0——B——C; (r;)) — 5 C(T) ® Ma(C) ——0 (4.13)

where B is simple and purely infinite.

Proof. With Lemma 4.29 and Lemma 4.28 at hand all the necessary arguments can be found in
the proof of Proposition 4.25. O

Example 4.31. The picture below shows two degree-zero circle maps. The first map is the tent
map from Example 3.12, which is totally transitive. From the theorem above, it follows that
the corresponding C*-algebra is simple. The second map is transitive, but not totally transitive
(again, the second iterate of the map leaves (0,1/2) and (1/2,1) invariant). It follows that the
set {0,1/2} is invariant, and that the C*-algebra of the map sits in a extension like 5.5.

We are ready to give the

Proof. (Of Theorem 4.13) Note first that by Remark 4.12, exactness and total transitivity are
equivalent, which shows that 2) and 3) are equivalent. If C;(I'y) is simple, it follows by
Lemma 4.14 that ¢ is transitive. But then ¢ is also totally transitive — otherwise the set £ of
Lemma 4.18 would be non-empty, finite, and I'y-invariant (by the proof of Lemma 4.22). ¢ has
no exceptional fixed points, since an exceptional fixed point is its own T(T,—orbit. Assume, on the
other hand that ¢ is totally transitive and without exceptional fixed points. Simplicity of C; (F;;)
then follows from Propositions 4.30, 4.25 and 4.17. O
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4.2.5 An order two-automorphism

We’re now ready to deal with simplicity of C;(I'y). Our main result is the following:

Theorem 4.32. Let ¢ be a circle map. Then C}(T) is simple if and only if C; (T ) is.

There is at least two ways to show this. One involves jumping through the same hoops
as in the previous section — showing that non-dense I'j-orbits are finite, and then considering
several cases depending on the degree of ¢, ending up with a copy of Theorem 4.13 for I',. This
gets a little repetitive, however, so we take a shortcut and exploit the relationship between the
groupoids T', and 1"$ instead. Recall the flip automorphism from Proposition 2.28 given by

AF)xkpy) = (0P f(xk py)
for f € Cc(T'y), and that the fixed-point algebra of A is equal to C;(T'y).

Lemma 4.33. The automorphism A : C;(Ty) — C;(Ty) is not implemented by conjugation with a
unitary element of C;(T'y).

The proof of this is surpringsingly convoluted. Here’s the main idea: Take an x € T
critical for ¢, and consider the characteristic function f =1, _ ,). An easy calculation shows
that A(f)(x,0,—,x) = —1, while (u*fu)(x,0,—,x) = Y |u(x,k,p,x)[*> > 0 for any unitary
u € Cc(I'y). Of course, f is not an element of C;(I'y), and we cannot be sure that a conjugating
unitary is in C(T'y) — so to make the approach work, we need to do our calculations in the space
I2(s71(x)) and do a number of approximations.

Proof. Fix an x critical for ¢, and note that (y,k, +,x) is in T if and only if (y,k, —, x) is. As
a shorthand, write 14 and 1_ for the characteristic functions of the elements (x,0,+, x) and
(x,0, —, x), respectively. Choose a sequence g, in Cc(T'y) converging pointwise to 1_. Using the
representation 71y : Cf (T'p) — B(I*(s71(x))), we observe that

<7Tx(gn)17/17’>: Z (NX(gn)lv)(P)lw’(P)

pesi(x)
= (7t (gn)19)(7")
= Y &uln)ly(r)

T72=Y
=&Y 2nme 1-(Yr )
for v, € s71(x). Writing v = (y1,k1, p1,x) and 9/ = (y2,ka, p2, x) (and using that p = p~! in
Z,), we have o'y~ = (y2, k2 — k1, pap1,y1)- Hence, 1o o (Yr ™) =1if i =2 = x, k1 = k2
and p; # p, and 0 otherwise. Define an operator P on I2(s~!(x)) by

vk px) ifx=y 21
P Lk, p,x) = , el
(P) sk, p,) {0 B2V L ferew)
where § denotes ‘flipping’ the sign in Z,, i.e. + = — and — = +. One checks that P is a

partial isometry, and that the sequence 7, (g,) converges weakly to P in B(I?(s~1(x))). If we
furthermore define an operator V on I?(s~(x)) by

(VA kpy) = (=1)Ff(x,k py),
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calculations similar to those above show V implements A on [?(s1(x)), i.e. that 7t (A(f)) =
V*mte(f)V for any f € I>(s7!(x)). Hence,

(70 (A(n)) 14, 1) = (e (gn) V14, V1)
(
—— PV1;, V1)
= —PV1,:((x,0,—,x))
= —V1+(x,0, +,x) =-1.

Now, assume that A is implemented by a unitary u € C/(I'y), i.e. that there is a unitary in
C/(T'y) such that A(f) = u*fu for any f in C;(I'y). Then

—1 =lim(m(A(gn))14,1-) = lirrln<7rx(u*gnu)1+,1_> (4.14)

n

= li£n<7'fx(gn)7'fx(”)1+r e (u)1-) = (Proy(u)1y, w(u)l-). (4.15)

Choose a sequence {u, } € Cc(I'y) converging to u in C;(T'y). Then, by definition of the norm
on Cf(Ty), 7y (1) converges to 71, (1) in norm on B(I*(s~1(x))), so

lim (Prry ()14, 7ty (1y)1-) = —1.

n—o0

Observe that 7y (1)1, (72) = un('yz'yfl), and

Puyly (712) = unly, (T2) = “n(’fﬂfl>

when 7(7,) = x, with 7, denoting 7, with the sign “flipped’. Hence

(Prex(un)1y, 70x (un)1-) = 2 Prey (1) 14 (1) 0 (1) 1 (71)
mEsHx)

= Y (X0, 4, x0))un(1(x,0,—, %))
nes 1 (x),r(m)=x

= Z ‘”n(’Yl)F > 0.

mesTH(x)r(1)=x

This contradicts equation 4.14, so A is not implemented by a unitary. g

Proof. (Of Theorem 4.32): Assume first that C;(T';)) is simple. Then MW is dense in T for all
x € T by Lemma 4.10. But [x]rg is a subset of [x]r,, so [x]r, is dense for any x € T, and the

other direction in Lemma 4.10 then shows that C/(I'y) is simple.

Assume on the other hand that C;(T'y) is simple. Then, by Theorem 3.1 in [16], the crossed
product C;(T'y) A Z; is also simple. But then, by the Corollary in [36], the fixed point algebra
C;(Ty)™ = C;(T§) is simple, too. O

4.3 Primitive ideals

Section 4.2 gave a criterion for simplicity of C;(Ty) and C;(T';): The algebra is simple if and
only if ¢ is totally transitive and without exceptional fixed points. In this chapter, we investigate
what happens when this is not the case. By digging deep into the connections between primitive
ideals, isotropy groups and invariant subsets of the unit space, we obtain a fairly concrete
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description of the primitive ideals of the two algebras. As a corollary, we also determine the
maximal ideals. The approach is similar to that of [47].

Throughout this section, G denotes either of the groupoids I'y, or F$. Let I be an ideal in
C;(G) (I is, by definition, closed and two-sided). We say that I is prime if it has the property
that I1Ip C I implies Iy C I or Iy C I for any pair of ideals I, I. We note that for any seperable
C*-algebra — in particular, for C;(G) — an ideal is primitive if and only if it is prime (see e.g.
Theorem 4.3.6 of [22]).

Definition 4.34. Let I be an ideal of C;(G). The co-support p(I) of I is the set
p(I) ={yeT|f(y)=0forall fc C(T)NI}

We note that p reverses inclusions: If I C J, it follows that p(J) C p(I).

Lemma 4.35. For any ideal I, p(I) is a closed, G-invariant subset of T.

Proof. 1f {y,} is a sequence in p(I) converging to y € T, and f € C(T) NI, we have f(y,) =0
for all n, hence f(y) = 0 by continuity. This shows that p(I) is closed. For G-invariance, we
show that the set T \ p(I) is G-invariant. Let v = [x,k,7,y] € G with x € T \ p(I). Choose
f € C(T)N I with f(x) # 0 and an open bisection W around y. Choose a map 1 € C.(G) with
h(y) = 1 and supp(h) C W. It is straightforward to check that h*fh is in C(T) NI and that
(h*fh)(y) = f(x) #0,s0y € TNp(I) and p(I) is G-invariant. O

Lemma 4.36. Let I be an ideal in C}(G), and A a closed, G-invariant set with p(I) C A. Then
ker(rty) C I.

Proof. Let S = Co(T \ A) N I. Then S separates points in T \ A: Let x and y be different
points of T \ A, and choose a function f € C(T) NI with f(x) # 0 (this is possible since
T\ A CT\p(I)). Let U be a small neighbourhood of x not containing y, and h € C(T \ A) a
function with /(x) = 1 and vanishing outside U. Then fh is in S with fh(x) # 0 and fh(y) = 0.
Furthermore, S vanishes nowhere on T \ A: Given x € T \ A, the map fh constructed above
satisfies fh(x) # 0. From the Stone-Weierstrass theorem, we get that S is dense in Cy(T \ A),
from which it follows that Cy(T \ A) is a subset of C(T) N I. Take an approximate unit {i, } in
Co(T \ A). We claim that this is also an approximate unit in ker(74): By Lemma 3.21, we have
ker(ma) ~ C(Tglp\a)- Let f € Ce(Tglr\a)- Then r(supp(f)) is a compact subset of T \ 4,
so we may choose a h € Co(T \ A) such that hf = f. Then i, f = i hf converges to hf = f,
so iy is an approximate unit in Cc(G|y\ 4), and by continuity also in ker(74). It follows that
ker(mq) C I O

The next lemma gives a crucial connection between primitive ideals of C;(G) and prime
subsets of G(?).

Lemma 4.37. Let I C C;(G) be a primitive ideal. Then p(I) is prime.
Proof. First, note that for any G-invariant closed set A, we have
ker(ms) NC(T) = Co(T \ A).

From this, it follows that p(ker(7t4)) = A. Now, let B and C be closed and G-invariant with
p(I) € BUC. By Lemma 4.36 and 3.22 and we have

ker(7tg) Nker(mt¢) = ker(mpyc) C I
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Since I is primitive, and therefore a prime ideal, we must have ker(7tg) C I or ker(7t¢) C I. In
the first case, we have

B = p(ker(rp)) > p(I).
and in the other case, we have p(I) C C. This shows that p(I) is prime. O

Define the quasi-orbit space Q(G) of G as the set
Q(G) = {m]x € T}.

By the lemma above and Proposition 4.5, we have a map p : Prim(C;(G)) — Q(G) taking a
primitive ideal I to the co-support p(I). Our next step is to determine, for each x € T, the set

{I € Prim(C;(G)) ‘ p(I) = [x] } We split our analysis into two cases according to the dichotomy
of Proposition 4.9. Put

Q(G)ex = {A € Q(G) | A contains an isolated isotropic point}.
and Q(G)s = Q(G) \ Q(G)ex (ex and fr for exceptional and free, respectively).

Lemma 4.38. Let A € Q(G)s,. Then ker(rma) is a primitive ideal, and the unique ideal with
olker(4)) = A.

Proof. To show that ker(7r4) is primitive, we show that C;(G)/ ker(7r4) ~ C:(G|4) is a prime
C*-algebra. Let I; and I, be ideals in C;(G|4) with 1[I, = {0}, and let y € A. Write A as
A = A1 UA; with

Ai={yeAlf(y)=0forall f € [ NC(A)}, i=1,2.

We can do this — otherwise, we would have a f; € [} NC(A) with fi(y) #0and a f, € LNC(A)
with fo(y) # 0, so fif2 would be a non-zero element in I;I;. Now, choose x € T such that
[x] = A. Assume without loss of generality that x € A;. Arguing as in Lemma 4.35, we see that
A is closed and F¢| a-invariant, so A = A7. This means that ; NC(A) = 0, and as above, we
conclude that I} = 0, so C; (G| ) is prime. From this, it follows that p(ker(7r4)) is a prime subset
of T, and since A is invariant and A C p(ker(7r4)), Lemma 4.37 shows that A = p(ker(74)).
For uniqueness, let I be an ideal with p(I) = A. Then ker(7r4) C I by Lemma 4.36. We
must show that I C ker(7,4), or, equivalently, that 774 (f) = 0 for any f € I. Begin by letting
f e ma(I)NC(A). Choose a function h € C(T) with k|4 = f and an a € [ with 7t4(a) = f.
Then ma(a—h) =0,s0a—h € ker(rty) CI. Thenh =a— (a—h) € INC(T), hence h(x) =0
for all x € p(I) = A. This means that f = h|4 = 0, so 4(I) NC(A) = 0. Now, we use that
points with trivial isotropy group are dense in A. Let P : C;(G) — C(T) denote the conditional
expectation, and apply Lemma 2.15 of [45] to show that P(f)(x) = 0 for all f € ms(I) and
x € A. Faithfulness of P then implies that 74 (I) = 0, as we wanted. O

Next, we look at primitive ideals I with p(I) € Q(G)ex. Given a set A € Q(G)ex, we know
by Proposition 4.5 that A = [x] for some x € T, and that A contains an isolated, isotropic

point y. Note that [y] C A since A is G-invariant. On the other hand, since y is isolated in

A = [x], we must have y € [x], so x € [y], and it follows that A = [x] C [y]. Now, for such

A = [y] € O(G).x with y isolated and isotropic, let v € Iso(y). Then vy is isolated in G| 4, so the

characteristic function 1, is in C;(G|4). Let Iso(y) denote the Pontryagin dual group of Iso(y),
and let w € Iso(y). Denote by Iy(y, w) the ideal of C;(G|4) generated by the elements

{loian — @1y | 7 € so(y) |
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Finally note that given two such isolated isotropic points x,y € A with [x] = [y], the groups
Iso(x) and Iso(y), as well as their dual groups, are isomorphic, and will be identified from here
on.

Lemma 4.39. Let A € Q(G),x, and let x,y € A be isolated, isotropic points with [x] = [y] = A. For

—

any w € Iso(y) = Iso(x), we have Iy(y, w) = Ip(x, w).

Proof. It suffices to show that Iy(y, w) C Ip(x,w). As in the discussion above, since y is isolated
in [x], we must have y € [x], and hence there are i € Z and a local transfer 1 such that
v = [x,i,1,y] € G|a. Since both x and y are isolated in A, 1, is an element of C;(G|4). One
checks easily that

1 ; 1 [x,0,id,x] 1 Y= 1 [y,0,id,y]

Similarly, let [y,1, 0,y] € Iso(y). Then A = [x,],0poy~1,x] € Iso(x), and

Ly =10

It follows that In(y, w) C Ip(x, w). O

The above lemma shows that the ideal I(x, w) is independent of our choice of isotropic point
x € A, so we may as well denote it by Iy(A, w). Similarly, we let Iso(A) denote the group Iso(x)

for some arbitrary isotropic isolated x € A. Let I(A, w) denote its preimage ngl (In(A,w)) in
Cr(G).

Proposition 4.40. Let A € Q(G)ex. The map w — I(A, w) is a bijection from I@) to {I € Prim(C;(G)) | p(I) = A}

Proof. First, note that the map 74 gives a bijection between the sets

Prim,

{I € Prim(C;(G)) | ker(ma) C I} —> (Cr(Gla))

This follows from Theorem 4.1.11 (ii) of [22]. If I € Prim(C;(G)) with p(I) = A, it follows
from Lemma 4.36 that ker(7r4) C I, so w4 (I) is a primitive ideal in C}(G|4). Furthermore, one
checks that I — 74 (I) maps primitive ideals I in C;(G) with p(I) = A bijectively to ideals
a(I) in CF(G|a) with p(m4(])) = A. Now, let Q, denote the ideal in C/(G|4) generated by
Py = 1jy,0id,) Since

py(py —w(7)ly) = py — w(v) )1y

we have Iy(y,w) € Qy. Another application of Theorem 4.1.11 (ii) of [22] gives a bijection

{I € Prim(C; (Gl|a) | Qy £ I} 1209, Prim(Qy)

Let ] be an ideal in C;(G|4). We claim that Q, ¢ J if and only if p(]) = A. If p, € ], we have
y & p(J), sop(]) # A. On the other hand, if p(J) # A, we have y ¢ p(]) since p(]) is closed and
G-invariant with A = [y]. It follows that there is an f € JNC(A) with f(y) # 0,s0 py = fpy € J.
Hence, there is a bijection between primitive ideals in Q, and primitive ideals ] in C;'(G,) with
p(J) = A. Now, observe that p,C/(G|) is a p,C; (G| a)py — Qy-imprimitivity bimodule, so the
map | — pyJpy takes primitive ideals in Q, bijectively to primitive ideals in p,C;(G|4)py. Since

{reGlalr(y) =s(r) =y} =Iso(y),
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we obtain an isomorphism

—

pyCr (Gla)py =~ C*(Iso(y)) ~ C(Iso(y)).

—

It follows that the primitive ideals of Qy are in one-to-one-correspondence with Iso(y), and we
are done. O

Combining Lemmas 4.40 and 4.38, we get the following classification of the primitive ideal
spectrum of C; (G):

Theorem 4.41. The set of primitive ideals in C;(G) is the disjoint union of the sets

{Kker(ra) ) A€ 0(G)s b u{1(A,w) | A€ QG)er,w e 15(7)}

4.3.1 The maximal ideals

The next step is to determine the maximal ideals among the primitive ones.

Lemma 4.42. Let F C T, assume that not all points of F are pre-periodic, and that C;(G|f) contains a
non-trivial ideal. Then it contains a non-trivial, gauge-invariant ideal | with ] N C(F) # {0}.

Proof. Asin [7], Lemma 4.17. O

We say that a closed, G-invariant set F C T is minimal if it does not contain any proper,
closed G-invariant subset.

Lemma 4.43. Assume that F C T is closed, G-invariant, minimal and non-empty. Then one of the
following two cases hold:

o F € Q(G)y, and ker(rr) is a maximal ideal.

e F is finite, and there is an isotropic point x € T such that F = [x].

Proof. Note first that minimality ensures that F = [x] for any x € F — otherwise, [x] would be a
proper, closed G-invariant subset of F. Assume first that the non-isotropic points are dense in F,
and that there is a proper ideal I containing ker(7tr). Then 7t (I) is a proper ideal in C; (G|F),
so we may appeal to Lemma 4.42 and pick a proper gauge-invariant ideal | in C;(G|g). Then
ntr ' (J) is a proper gauge-invariant ideal in C;(G). Since ker(7r) C 77 (J), we have

F = p(ker(7g)) D P(”El(n)

contradicting the minimality of F. It follows that ker(7tr) is maximal. Assume on the other
hand, that F contains an isolated, isotropic point x. It follows that x is isolated in F, and hence

that F = [x] — otherwise, there would be a y € F\ [x], but then x ¢ [y] = F, which is absurd.
Since F is compact, [x] must be finite. O

Proposition 4.44. Let I be a maximal ideal in C;(G). Then either I = ker(7tg) for some minimal,

—_

closed, G-invariant set F € Q(G),, or I = I([x], w) with [x] a finite set and w € Iso(x).



58 Chapter 4 - Simplicity and primitive ideals

Proof. Since I is maximal, it is also primitive, so Proposition 4.41 yields that either I = ker(7r)

for some closed invariant set F € Q(G)y, or I = I(A,w), where A = [x] with x isolated and

isotropic in A and w € Iso(x). In the first case, maximality of I implies minimality of F. In the
second case, recall from the proof of Lemma 4.40 that Ij(A,w) C Q. The inclusion is strict,
since Qy is gauge-invariant while Iy(A, w) is not. Since Ip(A, w) is maximal in C;(G4), we
conclude that Qy = C;(G4). Since any point of [x] is isolated, [x] is an open G-invariant subset
of A, and since px € C}(Gly)), it follows that C(G[,)) = C}(Ga). From this it follows that

Co([x]) = C(A) NG/ (Gpy) = C(A),
so A = [x]. Since A is compact, [x] is finite. O

Having determined the maximal ideals of C;(G), we proceed to determine the simple
quotients. Like the maximal ideals, these come in two flavours:

Lemma 4.45. Let I be a maximal ideal in C;(G) such that I = ker(7tg) for some minimal, closed,
G-invariant set F € Q(G) \ Q(G)ex. Then the quotient C;f(G)/ I is isomorphic to C*(G|g).

Proof. This is a direct consequence of Lemma 3.21. O

o —

Lemma 4.46. Let I be a maximal ideal in C*(G) such that I = I([x], w) for [x] finite and w € Iso(x).
Then the quotient C;(G)/ I is finite dimensional.

Proof. First, note that ker(7t,)) C I by Lemma 4.36. It follows that the quotient map q; :
Ci(G) — CF(G)/1 factors through C;(Gyy)) as in the following diagram:

* Tl *
G(G)—C (G[x])

R

Ci(G)/1

Since [x] is finite, Lemma 4.11 of [47] implies that

o —

7 (Gpy) = C*(Iso(x)) @ K(I*([x])) = C(Iso(x)) ® Myu(C)

where n = |[x]|. It follows that C;(G)/I is a simple quotient of C(Iso(x)) ® M, (C), hence finite
dimensional. O

Proposition 4.47. Let Q be a simple quotient of C;(G). Then either Q is either finite-dimensional or
isomorphic to C;f(Gg) for some F C T such that F is minimal, closed and G-invariant.

Proof. Combine Lemmas 4.45 and 4.46. O

Example 4.48. We give a few examples of non-transitive circle maps and the primitive ideals of
their groupoid C*-algebras. The first map, 11, is the piecewise linear function through the points
(0,0),(1/3,2/3),(2/3,1/3) and (1,1). This map is not transitive — in particular, the interval
(1/3,2/3) is forward invariant. The figure below shows ¢y and the first few iterates. From these
pictures, determining the set Q(Ty, ), is straightforward: Any point z € T \ {0} is eventually
mapped to a point in the interval [1/3,1/2], and two points have the same groupoid orbit if and
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only if they map to the same element of [1/3,1/2]. Finally, 0 is a fixed point, and the groupoid
orbit of 0 is just {0}. It follows that there is bijection from Q(I'y, ) to the set {0} LI [1/3,1/2]. In
particular, any point in T is pre-periodic and has an isolated, isotropic point in its groupoid-orbit.
It follows that there are many primitive ideals in C;(I'y, ): For each point in x € {0} U [1/3,1/2],

Theorem 4.41 give uncountable many primitive ideals I(x, w), parametrised by the group Iso(x).
The isotropy groups are

Tso(x) = Z®7Z, whenz=1/3s0 zis critical,
|z when z # 1/3,

so the dual groups are either T or T @ Z;.

0.2 0.4 06 0.8

0.2 0.4 0.6 0.8 1

To distinguish the maximal ideals among the primitive ones, note that for any z € T, 0 is
a limit point for O~ (z), so 0 € [z] for any z € T. It follows that {0} is the only I'y, -minimal

subset of T, so the maximal ideals are I(0, w) with w € Is/O@ ~ T. Note that
Ty, loy = {(0,k,+,0)[k € Z},

so I'y, |foy is discrete and Cy(I'y, [10y) ~ C(T) via the isomorphism taking a characteristic
function 1y 4 o) to the map ¢ € C(T) given by ex(z) = z¥. The isomorphism Z ~ T is
implemented by the map z — w;, where w;(n) = z". It follows that the ideal I(0, w), as an

ideal in C(T), is generated by the functions u,, = 1 — w,(k)ex for k € Z. But

uzr(z) =1- Zkk =,
so Ip(0, w;) is simply the maximal ideal of C(T) given by

(0, wz) = {f € C(T) | f(2) = 0}

1

o8l 08 /
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a DINVANV RN /
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Now consider the map ¢, which can be obtained by modifying i; very slightly: Instead of
mapping 1/3 to 2/3 and 2/3 to 1/3, ¢, maps 1/3 to 2/3 + e and 2/3 to 1/3 — ¢ for some small
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€ > 0. As the figure shows, this indicates the structure of the groupoid orbits significantly: For
any x € T\ {0,1/2}, the orbit [x] is now dense in T. 1/2 is still a fixed point which is isolated
in its T'y,-orbit, giving rise to uncountably many primitive ideals I(1/2, w;) parametrised by
z € T. Similarly, 0 is a fixed point whose TI'y,-orbit is just 0 itself, giving rise to another family of
primitive ideals parametrised by T. The picture reveals that 0 is a limit point for any backward
orbit O~ (z), so as before, {0} is the only I'y,-minimal subset, and the corresponding ideals
1(0, w) the only maximal ideals.

Remark 4.49. It is easy to continue experimenting with various classes of circle maps — any
piece of mathematics software makes it possible to visualise iterates of a given circle map and
the structure of the corresponding groupoid orbits. There seem to be a general pattern — if
the map has a periodic point x, it attracts either the forward or backward orbit of any point
in some neighbourhood of x. In particular, the minimal sets are orbits of periodic points, and
the maximal ideals sit above the algebra of the reduction to these points. In Chapter 6, we will
investigate a wholly different situation, namely the one where the map has no periodic points at
all. ¢



CHAPTER 5

Critically finite maps

Since the algebras C;(I'y) and C;(I'j) are classfied by their K-theory, it seems reasonable to
develop a method of determining these groups. This seems unreasonably hard for general circle
maps — the crucial requirement for getting anywhere seems to be some degree of control over
the orbits of the critical points of the map. In this chapter, we focus on critically finite maps,
i.e. maps where the forward orbit of any critical point is finite. For such maps, we develop an
algorithm to determine the K-theory of the corresponding algebras. The road to this algorithm
is long and winding, and we will need to overcome a great deal of technicalities along the
way. Let’s give a rough sketch of our approach: In Chapter 3, we considered the building
block algebras C;(Ry(k)) for some number k. In Theorem 5.17 below, we show that C;(T')
arises as the C*-algebra of a C*-correspondence over C;(Ry(k)) for some k. Using results of
Katsura, this yields a six-term exact sequence connecting the K-theory groups of C;(I',) and
C/(Rp(k)). Then, in section 5.3, we use the machinery of linking algebras to reduce the problem
to determining a certain map between the building block-algebras at level k and level k + 1.
Finally, we reduce the problem even further, showing that all we need to do is to determine the
induced inclusion map between level k and k + 1 on K-theory, and connect it with the K-theory
calculations from Chapter 3. We end up with an algorithm that involves nothing more than
looking at the graph of ¢* and doing some linear algebra.

5.1 C*-correspondences

We will need some results from the theory of C*-correspondences. For a detailed introduction
to C*-correspondences, see [15] — here, we will just mention some key definitions and results.
We recall that a (right) Hilbert A-module over a C*-algebra A is a Banach space X with a (right)
action of A and a A-valued inner product (, ) 4 satisfying certain conditions (see e.g. [17]). We
denote by L(X) the adjointable operators on X, and by K(X) the compact operators, i.e. the
closed span of the 'rank-one projections’ 0y, x,y € X defined by 6, ,(z) = x(y, z) a.

Definition 5.1. Let A be a C*-algebra and X a (right) Hilbert A-module. If px : A — L(X) is a
k-homomorphism, we say that (X, ¢x) is a C*-correspondence over A.

We call ¢x the action of the C*-correspondence.

Definition 5.2. Let (X, ¢x) be a C*-correspondence over A, and B a C*-algebra. A representation
of the correspondence is a *-homomorphism 77 : A — B and a linear map t : X — B satisfying

61
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o t(x)*t(y) = t({(x,y)a) for x,y € X.
o 7t(a)t(x) =t(px(a)x) fora e A, x € X.
The representation is injective if 7 is injective.

The images of 7 and t form a sub-C*-algebra C*(7,t) of B. Furthermore, we may define a
s-homomorphism ¢; : K(X) — B given by

Pi(Bxy) = H(x)E(y)"

on rank-one projections. We say that a representation (7, t) of (X, ¢x) on B is covariant if
7(a) = 1(gx(a)) for any a € g3 (K(X)) N (ker(gx))".

While the theory of C*-correspondences is applicable in a variety of circumstances, we will
only need it in a very particular case:

Example 5.3. Let B be a C*-algebra, A a sub-C*-algebra, and E C B a closed subspace such that
EA CE, AECE,and E*E C A. If we let A act on E by multiplication, E is a Hilbert A-module
with inner product (x,y)4 = x*y. Furthermore, defining ¢r(a)x = ax for x € Eand a € A,
(E, 9£) becomes a C*-correspondence over A. Let 7: A — B and t : E — B be the inclusions of
A and E into B. Then (7, t) is a injective representation of (E, ¢g). If we assume that the closed
span of E*E is equal to A (i.e. that E is a full module), then ¢f is an isomorphism from A to
K(E), so we have ¢ (K(E)) N (ker(¢r))* = A. We also see that 7(a) = y;(pg(a)) — indeed, if
we write an a € A as x*y for x,y € E, we have

@e(a)b =ab = x"yb = x*(y*,b) 4 = Qx*,y*(b),
so @g(a) = Oy, hence

Yi(9e(a)) = Pr(Or ) = HE)HY")" = x"y = a = n(a).

For general 4, the same claim follows by linearity and continuity. In short, fullness of E implies
that the representation is covariant. A

Definition 5.4. Let (X, ¢x) be a C*-correspondence over A, and (7,t) a representation on B.
We say that the representation admits a gauge action if, for any z € T, there is a *-homomorphism
Bz : C*(mt,t) — C*(m,t) such that B,(7t(a)) = m(a) and B.(t(x)) = zt(x) for any a € A and
x e X.

For a general C*-correspondence (X, ¢x), denote by (7, tx) the universal covariant represen-
tation, and let Ox = C*(7tx, tx). By universality, the is a canonical surjection s : Ox — C*(71,t)
onto the C*-algebra of any other covariant representation. Now, one may ask when this surjection
is an isomorphism. This is answered by Theorem 6.4 in [15].

Theorem 5.5. Let (71,t) be a representation of (X, ¢x). The surjection s : Ox — C*(m,t) is an
isomorphism if and only if (71, t) is covariant and admits a gauge action.

If the conditions of the theorem above are fulfilled, we get a six-term exact sequence on
K-theory relating Ox and A, cf. Theorem 8.6 in [15]. In the context of our example, it might be
possible to prove that the hypotheses of the theorem are fulfilled, and that C*(r,t) = B. Then,
the six-term sequence yields a connection between the K-theory of B and the K-theory of the
subalgebra A, which we may exploit for various purposes.
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5.2 The groupoid of a critically finite map

Let ¢ : T — T be a circle map satisfying our standard assumptions, i.e. ¢ is continuous,
surjective and piecewise monotone. Assume furthermore that ¢ is critically finite. This entails
that

Do = J O (c), (5.1)

ceC

is a finite set. For each critical point ¢, define the number k. = min{k eN ‘ Jp € N: ¢ P(c) = ¢*(c) }
Define k; as the maximum of the k.’s. Finally, we need to assume that the algebras C;(T'y) and

C; (F:g) are simple — by Theorems 4.13 and 4.32, this is equivalent to assuming that ¢ is exact

and without exceptional fixed points. Finally, we assume that ¢ has at least one critical point —

if not, ¢ is conjugate to an irrational rotation, and this case is well studied already. We need

some notation:

Definition 5.6. Let k € Z, n € IN, and assume that n + k > 1. Define subsets

To(km) = {(x k p,y) €Ty | ¢*"(x) = 9" (v) |

and
T§(kn) = {(x, ky)eT) \ P (x) = qo”(y)}

of 'y and I'J, respectively. For | € Z, put

o) = U Tpi),  TH0) = U TH(0i)

iEN i€eIN

We note that I'y = U; Ty (1) and Tj = U; T (1). The following lemmas analyze the structure
of the sets defined above — in particular, we ask the question: Givena y € I”qg (k,n), how can v
be written as a product of elements from other sets F$ (k',n’)? We prove the lemmas first for
1“;;, and then use these results as shortcuts to prove the same statements for I'y. The statements

might seem technical, and the proofs are often case-by-case-arguments — the reader short on
time can skip to Remark 5.14 for the conclusion.

Lemma 5.7. Assume that ¢ is exact. Then there is a number ky such that for any x € T and for any
j > ko, there are points z and z_— in ¢~/ (x) such that either val(¢/,z) = (+,+) and val(¢/,z_) =
(—,—) or z4 and z_ are critical for ¢’.

Proof. Choose intervals I,I- and I with ¢(I;) = ¢(I-) = I and val(¢,I+) = (%,%+). By
exactness of ¢, there is an k; such that (pk2_1(1 ) = T. Note that for any j > ky, thereisaz € I
with ¢/~1(z) = x. Choose points z1 € I with ¢(z4+) = z, and note that z;,z_ € ¢/ (x) and
that one z is critical for ¢/ only if the other one is. Assume that neither z nor z_ is critical for
@/. Then val(¢/,z. ) is either (+,+) or (—, —), and val(¢/,z_) is the opposite. If necessary, we
interchange z4 and z_, and we are done. O

Note that the choice of the number k; depends on the interval I chosen in the proof above.
Other choices of intervals would lead to other values of k; — the important thing is that such a
number exists. Put k = 2kj + ky. This number is fixed for the rest of the chapter.

Lemma 5.8. Assume that ¢ is exact and has no exceptional fixed points. Let | € Z, n € N, and assume
that1+n >k+1. Let (x,1,y) € T (1, n). Then there exists a z € T such that (x,1,z) € T'5(1,k) and

(zl-Ly) el (l~1,n).
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Proof. To prove the lemma, we need to find a z € T such that
¢ (x) = ¢"(2) val(gft, x) = val(gF, 2),
9"(y) =" (2) val(g",y) = val(¢"*'™, 2).

Choose elements z and z_ as in the lemma above, i.e. such that ¢*2(z+) = ¢*2%1(x). Consider

the sets } '
{(x)|i=0,... .k} and {¢(z2) | j=0,... .k —1}.

We divide the proof into four cases:

Case 1: Assume that neither of the sets above contain a critical point. Then there is a
z € {z4,z_} such that ¢*2(z) = ¢*2*1(x) and such that val(¢2,z) = val(¢/2*!,x). Then
¢*(z) = ¢"*1(x) and (using that ky +1 =k + 1 — 2k;)

val(¢",z) = val(¢™, ¢2(2)) e val(¢'2,2)
— Val(q)Zkl, q)k+172k1 (x)) ° Val(q)k+172k1/ x) _ Val(q)kﬂ, x)/
so (x,1,z) € TS (1 k). Similarly we get (z,/ —1,y) € ['J (I —1,n) since

val(¢",y) = val(¢"*!, x) = val(¢"""1, x) e val(p*,

n+l—k—1
7

x)
=val(¢ x) eval(¢gf,z) = val(¢"t'~1,2)
when ! +n > k+ 2 and

val(¢"171, 2) = val(¢F, z) = val(¢!, x) = val(¢*", x) = val(¢", y)

when!+n=k+1. '
Case 2: Assume next that ¢/(x) is critical for some j between 1 and k. Put z = ¢(x). By the
composition table for valency, we get
val(¢**1, x) = val(¢*~7, o/t (x)) e val(g, ¢/(x)) @ val(¢/, x)
= val(¢, ¢l (2)) eval(g, ¢ "1 (z)) e val(¢/ !, z) = val(¢F, z)

so (x,1,z) € TS (1, k). Next, one observes that

val(¢",y) = val(¢" !, x) = val(¢" ' =F1, "1 (x)) e val(¢F, x)
= val(¢" 1751, ok (2)) eval(¢F, z) = val(¢" 1, 2),

so (z,1—=1y) € T4 (l—1,n).

Case 3: Assume that x is critical for ¢, but that ¢/(x) is non-critical for any j between 1
and k. By choice of k, we know that ¢*(x) is a periodic point with some period p, and that
@2 (x) = ¢F(x). Choose a z € T such that ¢*’71(z) = x, and note that this entails that
¢**1(x) = ¢*(z). Using that x is critical for ¢**! yields

¢, x) eval(¢?71,2)

(
al(¢f*!, 9?1 (2)) e val(¢? ", z) = val(¢*¥, 2)
= val(¢?, 9" (z)) e val(¢?, 9" (z)) e val(¢™, 2)

= (val(¢", 9" (2)))* e val(g", 2)
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Now, ¢f(z) = ¢*1(x) is not critical for any ¢/, hence val(¢”, ¢¥(z)) is either (+,+) or
(—, —). The composition table then gives that (val(¢”, ¢*(z)))? = (+,+), hence val(¢**1, x) =
val(¢X,z),s0 (x,1,2) € 1"$(1, k). Calculations as in case 1 shows that (z,/ —1,y) € F$(l —1,n).

Case 4: Finally, assume that {¢/(x)|j = 0,...,k} contains no critical points, but that the
set {¢/(z4)|j =0,...,k; — 1} does. Then ¢*2(x) = ¢*271(z1) is in Dy, so {¢/(x)|j = 0,...,k}
contains a periodic orbit O consisting only of non-critical points. By simplicity of I';;, [¢* 1 (x)]w
is infinite, so we may choose a z( in [(pk_l(x)]w N (T \ Dy), and even arrange it such that

¢*1(z9) = ¢*~1(x). Finally choose a z in ¢ *2(zy) such that

val(¢F,z) = val(¢*1,20) e val(¢*?,z) = val(¢*~1, x).

Calculations similar to those above show that (z,/ —1,y) € T'J(I —1,n), which proves the
lemma. O

Corollary 5.9. Assume that n > k+1, and let (x,0,y) € F$(O, n). Then there are elements z1,zp € T
such that (z1,0,27) € F;ﬁ(O,n —1)and (x,1,21), (y,1,22) € Fzg(l,k).

Proof. Use Lemma 5.8 to get a z; € T such that (x,1,z1) € I[J(1,k) and (z1, -1,y) € T3 (=1,n).
Then (y,1,z1) € T'j(1,n — 1), and a second application of Lemma 5.8 gives a zo € T such that
(y,1,22) € T§(1,k) and (z1,0,2) € T (0,n — 1). We note that

(x/ O/y) = (x/ 1121)(21/ 0122)(22/ _1/y) O

Lemma 5.10. Assume that C; (T }) is simple, let j > k, and let (x,0,y) € R} (j). Then thereisaz € T
such that
(z1,x),(z,Ly) € T5(L))

and (x,0,y) = (x,—1,z)(z,1,y) €.

Proof. Choose points z; and z_ in ¢~ %2(¢*271(x)) as in Lemma 5.7. Now, there are several
cases:

Case 1: If neither of the sets {¢'(x)|i =0,...,kp —2} and {¢'(z4)|i =0,..., ko — 1} contain a
critical point, let z € {z;,z_} be such that val(¢*2,z) = val(¢*271, x). One now easily sees that
(z,1,x) and (z,1,y) is in I'j (1, ).

Case 2: If the set {¢'(x)|i = 0,...,j — 1} contains a critical point, any z in ¢~ (x) will do,
since the composition table for e gives

val(¢/*,z) = val(¢/, x) e val(g,z) = val(¢/, x)

whenever val(¢/,x) € {(+,—), (=, +)}. Hence, for this z we have (z,1,x), (z,1,y) € r(Lj).
Case 3: Assume finally that there is a critical point in the set {¢/(z+)|j =0,...,k, — 1}, but
none in {¢’(x)|i = 0,...,j — 1}. Then, by choice of j > k, the set {¢/(x)|l =0,...,} contains a
periodic orbit O without any critical points. Since [¢/ (x)]w is infinite and contains no critical
points, we may choose a zg € [goj(x)]w N (T\ Dp) and a I < 2k; such that ¢!(z9) = ¢/ (x).

Finally, note that j — I 4+ 1 > ky, so we may choose a z € T such that (pf*l*1(2) = zp and such
that
val(¢!,zo) eval(¢p/ 1, 2) = val(¢/*1,2z) = val(¢/, x)

Hence (z,1,x), and also (z,1,y), are in F:g(l,j). O



66 Chapter 5 - Critically finite maps

The lemmas above also holds if we replace '}, with T, but the proofs require a little notation:
Define an equivalence relation = on V), the set of valencies, by putting (+,+) = (—, —) and
(+,—) and (—, +) only equivalent to themselves. Then, if ¢'(x) = ¢/(y) and val(¢',x) =
val(¢/,y), there is a p — maybe two - such that (x,i —j,p,y) € .

Lemma 5.11. Assume that ¢ is exact. Let | € Z, n € N, and assume that | +n > k+ 1. Let
(x,1,p,y) € Ty(l,n). Then there exists a z € T and p1,pa € Zy such that (x,1,p1,z) € Ty(1,k),
(z,1=1,p2,y) €Ty(l =1, n)and (x,1,p,y) = (x,1,p1,2)(z,1 =1, p2,y).

Proof. Consider first the case where val(g,x) = (4,4). Put z = ¢(x), and note that ¢*(z) =
¢**1(x) and by the composition table for e,

k+1/ x)

val(g = val(qok, ¢(x))eval(ep,x) = Val((pk,z) eval(g,x) = Val(q)k,z).

Hence, there is an 17; € P with p; = V(1) (x,1,p1,2) € T'y(1, k). Next, note that

l+n—1,z) I+n—1—k

, 95 (z)) e val(gF, z)
= val(¢'t" 17K, f 1 (x)) e val(¢*H!, x)

= val(¢/*", x) = val(¢", y)

val(¢ =val(¢

and that ¢"(y) = ¢' "~ 1(z), so there is an p, with (z,] — 1, ps,y) € Ty(I — 1,n). Now

(x/ ]-/ pll Z) (le - ]-/ p2/ ]/) = (x/ 1/ prl/ ]/)/

so we just need to check that pop; = p. If ¢"* is monotone at x, the choice of local transfer is
unique, and we’re done. If x is critical for (p”H , we must have that y is critical for ¢", and there
are two possible choices of p,. In this case, we simply choose the one making p,p; equal to p.

Next, assume that x is critical for ¢. Then it is also critical for ¢"*/, so we must have
val(¢"*!, x) = val(¢",y). Note next that either ¢/(x) ¢ C for any j = 1,...,k (corresponding to
case 2 of the lemma above), or there is a j between 1 and k with ¢/(x) € C (corresponding to case 3
above). In both cases, we found a z € T with val(¢¥,z) = val(¢**1,x) and ¢*1(x) = ¢*(x)
as well as val(¢!™"1,z) = val(¢",y) and ¢'*"~1(z) = ¢"(y). This implies first that there is
an p; such that (x,1,p1,z) € I'y(1,k), and secondly that there are two possible p,’s such that
(z,1 =1,p2,y) € Tp(I —1,n). Choosing the p, such that pop; = p yields the desired result. [

Corollary 5.12. Assume that n > k+1, and let (x,0,p,y) € T5(0,n). Then there are elements

21,29 € T and py, p2,q € Zy such that (z1,0,9,22) € T;(O,n —1)and (x,1,p1,21),(y,1,p2,22) €
I (1,k) and

(x,0,p,y) = (x,1,p1,21)(21,0,9,22) (22, =1, p2,y)-
Proof. Exactly as the proof of Corollary 5.9. O
Lemma 5.13. Let (x,0,p,y) € Ry(k). Then thereis a z € T and py, py € Z; such that
(21, p1,%), (21, p2,y) € To(LK)

and (x,0,p,y) = (x,—1,p1,2)(z,1,p2,y) €Ty.
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Proof. Assume first that x is critical for ¢¥. Then val(¢*, x) = val(¢F,y). By Lemma 5.10, there
isaz € T with ¢"*1(z) = ¢F(x) = ¢*(y) and val(¢**1,z) = val(¢, x) = val(¢¥,y). This means
that

(z,—1,+,x),(z,—1,—,%x),(z1,+v),(z1,—y) € Tp(1,k)

Choosing the right p; and p; yields the desired result.

Next, assume that x is not critical for g¥. Then the sign p in (x,0, p,y) is uniquely determined.
We may use Lemma 5.10 to find a z € T with ¢*(x) = ¢**1(z) and val(¢F, x) = val(p**1,z).
Choose the unique p; such that (z,1, p1, x) € T'y(1,k). Since ¢**1(z) = ¢*(y) and y is not critical
for ¢*, there is a unique p such that (z,1, p2,y) € Ty(1,k), and we get (x, —1,p1,2)(z, 1, p2,y) =
(x,0,p,y)- m

Remark 5.14. Here’s the short version of the results of this section: Let G be either of the
groupoids I'y or 1";, and G(n,m) the corresponding subsets introduced in Definition 5.6.
Corollaries 5.9 and 5.12 shows that given a v € G(0,n), for n > k+ 1, there are elements
71 € G(1,k), 72 € G(0,n—1) and 3 € G(—1,k + 1) such that v = 71927Y3. The Lemmas 5.10
and 5.13, on the other hand, shows that any v € G(0,k) may be written as v = 77y, with
11 € G(—=1,k+1) and 7, € G(1,k).

Many results in the next sections depend not on the particular groupoid, but only on the
factorisation results that we proved above. Hence, in what’s to come we will let G denote either
groupoid 'y or T';. Similarly, we will let R denote either R, or R}, and R(k) the sub-groupoids

Ry (k) or RJ (k). .

We can now take the first step of the program laid out in the introduction to this chapter
and realise C;(G) as the algebra of a C*-correspondence over C;(R(k)). Let E be the closure of
Cc(G(1,k)) inside C;(G). It is straightforward to check that

E*E C C*(R(k)), C*(R(k+1))E C E, EC*(R(k)) C E (5.2)

It follows that we are in the situation from Example 5.3 (here, A = C;(R(k)) and B =
C;(R(k+1))) where E is a C*-correspondence over C;(R(k)). We now aim to show that
the associated C*-algebra Of is isomorphic to C;(G). We need some properties of E:

Lemma 5.15. The following holds:
1. Span EE* = C}(R(k + 1))
2. Cf(R(n)) CECy(R(n+1))E* forn > k+ 1.
3. CS(G) is generated by E.

Proof. The inclusion EE* C C;(R(k+ 1)) is straightforward, so Span EE* C C/(R(k+ 1)) by
continuity. For the other inclusion, takea h € C.(R(k+1)), and assume without loss of generality
that & is supported in a bisection U. Put K = r(supph). If x € K, there is a unique v € U
such that 7(y) = x. From Lemma 5.11 (or 5.8) we get elements y; € G(1,k), 72 € G(—1,k+1)
such that ¥ = y17,. Let Wy C G(1,k) and W, C G(—1,k + 1) be open bisections containing 7y,
and 7, respectively, chosen such that Wy W, C U. For each p in a neighbourhood of v; in Wy,
there is a unique p’ in U with r(p) = r(p’), so we can define an f € C.(W;) by f(p) = h(p’).
Defining ¢ = 1 in a neighbourhood of 7,, we get a neighbourhood Vy of x such that fg = h on
r~1(V). The sets {Vy} cover K, so by compactness, we may exhaust to a finite cover {Vy }7 ;.
Let {¢;}; = 1" C C(T) be a partition of unity with respect to this cover, and f;, g; € C.(G(1,k))
maps defined from the x;’s as above. Then h = }; ¢;f;¢7. Since ¢;f;, g; € E, it follows that
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h is in the span of EE*. The second claim follows by very similar arguments. Finally, since
Ce(Rp(l)) € Ce(Ry(I+1)) for all I € N, it follows from 1) and 2) that C;(R) is contained in
the C*-algebra generated by E. But with arguments similar to those above, it follows from
Lemmas 5.11 (or 5.8) that C.(G(1)) is contained in Span EC.(R), and then that C.(G(2)) is in the
span of EC.(G(1)), and so on. Since G(—I) = G(I)*, it follows that all C.(G(!)) are contained in
the C*-algebra generated by E. Since |J; Cc(G(])) is dense in C;(G), we are done. O

From Equation 5.2, it follows that C;(R(k + 1)) acts on E by right multiplication, so there is
amap 71: Cf(R(k+1)) — LL(E) given by 7t(a)b = ab.

Lemma 5.16. The map 7t : C;(R(k + 1)) — IL(E) is injective, and the image of 7t is equal to K(E).
Proof. This follows immediately from the equality Span EE* = C; (R(k +1)). O

Theorem 5.17. Let ¢ be critically finite of order k, and let E be the closure of Cc(G(1,k)). Then
Cf(G) ~ Ok, and there is a six-terms exact sequence

Ko (€2 (R(6))) 8 Ko (C7 (R(K))) —— Ko (C? (G)) (5.3)

T |

Ki(G(G) «—— K (G (R(0))) =7 Ka (CF (R(K)))

where 1 : C; (R(k)) — C; (G) is the inclusion map and [E] is the KK-theory element defined from
mt: Cf(R(k)) — K(E).

Proof. The isomorphism O ~ C;(G) follows from point 3 of Lemma 5.15, Example 5.3 and
Theorem 5.5. The six-terms exact sequence is then a consequence of the lemma above and
Theorem 8.6 of [15]. O

Corollary 5.18. Let E be as above. Then there are extensions
0 —— coker(id — [E]g) —— Ko(C/(G)) — ker(id — [E];) —— O (5.4)
and

0 —— coker(id — [E]y) —— K;1(Cf(G)) —— ker(id — [E]g) —— 0. (5.5)

5.3 The linking algebra

From Corollary 5.18, it follows that computing the maps [E]y and [E]; is the next step towards
computing the K-theory of C;(G). To do that, we need some bits and pieces from the theory of
groupoid equivalences. This was introduced by Muhly, Renault and Williams in [18]. Here, we
follow the approach taken in [40].

Definition 5.19. Let G be a locally compact groupoid with unit space G(©) and source map
sg, and Z a locally compact space. Z is a (left) G-space if there is a continuous, open map
ry: Z — GO (the structure map) and a continuous action

{(7,2) €eGxZ|sg(y)=rz(2)} ==G*Z> (v,z)—>v-z€Z

such that rz(z) -z = z for all z € Z and (7172)z = 71(722) for all (71,72) € G® with
sg(72) = rz(z). The action is free if v - z = z implies y = rz(z) and proper if (v,z) — (7 -z,z) is
a proper map from G*xZ — Z x Z.
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Right G-spaces are defined analogously, except that the structure map is denoted s.
Definition 5.20. Let G and H be locally compact groupoids. Z is a (G, H)-equivalence if

e Z is a free and proper left G-space.

e Z is a free and proper right H-space.

o The actions of G and H on Z commute.

e rz and sz induces homeomorphisms Z/H ~ G and G\Z ~ HO).

Lemma 5.21. G(1,k) is a (R(k + 1), R(k))-equivalence, with multiplication inherited from G and ryz
and sy the range- and source maps on G.

Proof. Checking that G(1,k) is a free and proper left R(k + 1)-space and right R(k)-space is
straightforward, as is commutativity of the right and left actions. The set G(1,k)/R(k) consists
of equivalence classes of elements v € G(1,k), where v ~ p if r(y) = r(p). To show that the
induced structure map rz : G(1,k)/R(k) — T is injective, let v, p € G(1,k) with r(7y) = r(p).
Then p~!y € R(k), and v = p(p~17), so v ~ p. For surjectivity, let x € T, and think of x
as an element of R(k + 1). Using Corollaries 5.9 and 5.12 yields an element v € G(1,k) such
that () = x, which gives surjectivity. The proof that R(k+ 1)\G(1,k) ~ T is similar, using
Lemmas 5.10 and 5.13 instead. g

Using the lemma above, Theorem 13 of [40] now yields the following conclusion:

Lemma 5.22. The completion E of Cc(G(1,k)) is a C;f(R(k + 1)) — C; (R(k))-imprimitivity bimodule.
Hence, C;(R(k)) and C;(R(k + 1)) are Morita equivalent.

To get any further, we need a description of the linking groupoid £ of R(k) and R(k +1).
Following the description in [40], £ as a topological space is the disjoint union

L£=R(k+1)URK UGk UG(-1k+1)

with each of the four sets clopen in £. We may regard £ as a groupoid with unit space TUT,
and range and source maps inherited from G, but with target spaces as in the picture below:

RN

Rk + Lk+1 (5.6)
S
T T
Similarly, £2) = {(7,7) € £*|s(7) = r(7')} with multiplication inherited from G. One checks

that £ is a second countable étale locally compact Hausdorff groupoid. The reduction of £
to the first (resp. second) copy of T is naturally identified with R(k + 1) (resp. R(k)), giving
embeddings

a:C/(R(k+1)) = C/ (L), b:C/(R(k)) = C (L)

Given a function f € C.(£), write f = f11 + fi2 + fo1 + fa2 with fi1 € Cc(R(k+ 1)), fi2 €
Ce(G(1,k)), f21 € Co(G(=1,k+1)) and fo € Cc(R(k)). Define ¥(f) € IL(E® R(k)) by

Y(f)(e 8) = (fuie + f128 fare + f228)-
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Theorem 13 in [40] and Corollary 3.21 in [29] implies that ¥ extends to a *-isomorphism
Y:C/ (L) - K(E®C/(R(k))).
There are canonical embeddings K(E) — K(E & C;(R(k))) and
Cr (R(k)) ~ K(C; (R(k))) = K(Ee C; (R(k)))

making the diagram

Cr(R(K)) — CF(R(k + 1)) ——— G} (L)

\ Jn fy x (57)

K(E) ——— K(E® C}(R(K))) «—— C; (R(K))

commute. Here, 7t is the isomorphism from Lemma 5.16, and p : C;(R(k)) — CS(R(k+ 1))
the inclusion. On K-theory, the map going diagonally down from C; (R(k)) to K(E) and then
horizontally to C;(R(k)) is — cf. [15], Theorem 8.3 and Appendix B — equal to the map [E],, i.e.

[E], = byt oasop. (5.8)

where the * denotes the induced maps on either Ky or K;. The path forward is now clear: We
need to determine the three maps in the equation above. The strategies for the two groupoids T',
and 1"$ are roughly the same — however, there are enough differences in the proofs to justify first

going through the results in great detail for I’gg, and then doing the same for Iy, highlighting
the places where the proofs are different.

5.4 On K.(C}(T}))

We begin by recalling the setup of Chapter 3: Fix a k € IN, and consider the groupoid R;g(k)
from Remark 3.11. Let C denote the critical points of ¢, and put

Do = | ot(0).
k=0

Put D = ¢(Dy). Then & = ¢~ *(D) is finite and Ry (k)-invariant, and we obtain from Lemma
3.21 a short exact sequence

0 —— CHRI(K)lmg) —— CHRE(K) —— Ci(R5(K)]g,) — O (5.9)

of C*-algebras. It also follows from Section 3.1 that there are finite dimensional C*-algebras A"
and B/ such that
G Ry (M) me) ~ SBY,  Cr(Ry(K)g) ~ AL

Briefly put, B} is generated by matrix units e;j, where I and ] are connected components
of T\ & satisfying ¢*(I) = ¢*(J) and val(¢*, I) = val(¢¥,]), and A} is generated by matrix
units ey, with x,y € & satisfying ¢*(x) = ¢*(y) and val(g¥, x) = val(¢F, y). Now, we may do
the exact same thing for RJ (k + 1), using &1 = ¢ ¥=1(D) as invariant set. We obtain two
extensions

0 —— SBf —— C/(Ry (k) — Af 0 (5.10)
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for j = k, k 4 1. Finally, we have seen that the summands in A;’ is in one-to-one-correspondence
with the set

Dj(+) = {(d,v) eDxVY ‘ 3x € & : ¢l(x) =d,val(¢/,x) = v}
and the summands in B; is in one-to-one-correspondence with the set

Tj(&) = {(5,0) € Tx {(+,+), (=, )} | B € T;: ¢/ (1) = L val(g), 1) = 0}

where 7 denotes the connected components of T \ D and Z; the connected components of T \ &;.

Lemma 5.23. For j > k, there are isomorphisms KO(A].*) ~ KO(A;Srl) and Ko(]B;r) ~ KO(]B;Srl),

Proof. By the discussion above, this amounts to showing that there is a k such that

T

j(£) = Zjpa (%), Dj(+) = Dja(£)

for j > k. We choose k to be the order of the map as defined in Section 5.2. We begin with ]B;”:

Let k be the order of the map, and letj > k. Let [; € Z, v € {(+,+), (—, —)}, and assume that
there is an interval I € Z; such that ¢/(I) = I; with val(¢¥, I) = v. We must show that there is
an interval | € Z;,1 with the same properties. Choose an x € I; such that ¢ 71(x) contains
points non-critical for ¢/*1. Then Lemma 5.7 implies that ¢/ (x) contains a point z such that
val(¢/*!,z) = v. We may then choose | to be the connected component of z in Z;11. This shows
that 7;(+) C Z;1(+), and the other way is completely similar.

For A;r, let (d,v) € Dj(+) and choose x € ¢~/(d) with val(¢/, x) = v. Then (x,0,x) € Ry(j),
so by Lemma 5.10, there is a y in T such that (y,1,x) € Ty(1,j) - that is, ¢/*1(y) = d
and val(¢/*!,y) = v. On the other hand, if ¢/T!(y) = d with val(¢/*!,y) = v, we use
Lemma 5.11 (with [ = 0,n = j 4 1) instead to get an x such that (x, —1,y) € T'y(—1,j +1); that
is, ¢/ (x) = ¢/T1(y) = d and val(¢/, x) = v. O

Remark 5.24. Note that the number k might be fairly large, and it might very well be the cases
that the K-theory groups above stabilise at an earlier level — for instance, for the tent map of
Example 3.12, we saw that D(+) and Z(=+) were independent of the number k. It is also worth
noting that the induced maps (I;)o and (U)o between Ko(A )y and Ko (IBy) are independent of k
— once the K-theory groups stabilise, so do the induced maps. )

From this point onwards, we fix the number k from the Lemma above. Finally, we can reveal
what all this has to do with the linking groupoud L. Consider the set & LI & as a subset of
T UT, the unit space of £. Then &1 U & is finite and L-invariant, and yields an extension

0 —— G (Llrum\(&,,0s)) —— CH(L) —— Ci(Llg,ug) —— 0 (G11)

Write A, for C;(Llg, ,,ug,)- Then, like the algebras A} and A;ﬁrl, A is generated by matrix

units exy, X,y € ¢ *"1(D) U ¢~*(D) subject to relations similar to those above:
e ¢F1(x) = ¢*1(y) and val(¢*1, x) = val(¢*1,y) when x,y € =% 1(D).

e ¢f(x) = ¢*(y) and val(¢*, x) = val(¢*,y) when x,y € ¢~ (D).
e ¢1(x) = ¢*(y) and val(¢**1, x) = val(¢¥,y) when x € ¢~ ¥~ 1(D),y € ¢~ ¥(D).
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° gok(x) = gok+1(y) and Val((pk,x) = Val(fpk“,y) when x € (p_k(D),y € go‘k_l(D).

In particular, A is finite-dimensional with summands in one-to-on-correspondence with the set
Dy (=) The inclusions from C; (R} (j)) — C; (L) (for j = k, k + 1) restrict to maps A;r —Ar,

realising A;" and A]j—‘rl as orthogonal subalgebras of A, as in this picture:

A *
— k
a0l 512

Similarly, we have C;F(£|(Tu1r)\(£k+1u£k) =~ SB/, where B is a finite-dimensional C*-algebra
generated by matrix units ey j, I, ] € Zy1 1 U Z, subject to relations

o ¢"1(I) = ¢*1(]) and val(¢**1,T) = val(¢**1,]) when I, ] € T ;.
.« oI J
k+1

= (pk( ) and Val(q)k, I) = Val((pk, J)when I, ] € Z,.
o ¢ I)= (pk(]) and Val(q)kH,I) = Val(q)k,]) when I € I; ., ] € I4.
e ¢f(I) = ¢**1(]) and val(¢*, I) = val(¢**1,]) when I € Ty, ] € T 4.

)
(

As above, any matrix unit ej, J in ]B;r or ]Bk++1 gives rise to a matrix unit in B, and the full matrix
summands in B;", B, ; and By are all indexed by the set Z; (+). Pictorially, we can think of the

inclusions of ]B;“ and IB;+1 into B, as
B; *
B, — [ . } (5.13)
* By
It is straightforward to see that we get a commutative diagram of extensions:
0—— SBy, ——Cf (R (k+1)) A}, 0
| P

0 SB. Cr (L) Ar 0 (5.14)
0 SB; c: (R;;(k)) A} 0.

where every square commutes. By Lemma 3.10 there are isomorphisms

Ko(CH (R} (1)) = ker((I/ )o — (U} o), Ki(Ci (R (7)) = coker((L+)o — (U )o)

for j = k,k + 1. From the diagram above, it follows that b, Loag and by 16 a; are realised as
homomorphisms

byt o ag : ker((LF 4 )o — (U 1)o) = ker((L7)o — (U o)
and
by ! oay : coker((LF 1)1 — (Ujf,1)1) — coker((IF)1 — (U )1)

From the discussion above the diagram, it follows that

Ko(By) = Ko(Bis1) = Ko(B,) ~ 275
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and
Ko(Ak) ~ KO(Ak+1) ~ KO(AL) ~ ZD(i)

and that under these isomorphisms, the maps b, Loagand by 1o a1 becomes identities. Recalling
Formula 5.8, the final task in determining the maps [E]. is then to give a description of the
induced inclusion maps ps : K« (Cf (R (k))) — Ki(Cy (RS (k +1))).

Recall Lemma 3.9 from Chapter 3: For any j, the algebra C; (R (j)) is isomorphic to the
algebra D; given as

D; = {(a,f) € A;&C([0,1],B;) [ I (a) = f(0), U} (a) = f(1)}

via an isomorphism y; : C; (R (j)) — D;. It follows that there is a unique *-homomorphism
@ : Dy — Dy, making the diagram

Cx (RS (k)) —2— Dy (5.15)

<+

% )

Hi+1

Ci(Ry(k+1)) —— Dy

—

commute. Write ® = ($1,D;) with &; : Dy — Ay, and &, : Dy — C([0,1], Byq). We can

write

®1(a, f) = x(a) + u(f)
where x : Ay — Ay, and p: C([0,1],Bx) — Ag,q are x-homomorphisms. Let’s describe these
maps: Let f € C¢(R} (k)), and let a; : Cf (R (j)) — Aj and b; : C; (RS () — C([0,1],B;) (for
j =k, k + 1) be the maps introduced in Chapter 3. For Diagram (5.15) to be commutative, we

must have
a1(0(f)) = P1((ax (), e (f)) = x(ar(f)) + u(bx(f))
We know that
a1 (p(f)) = Z f(xr]/)ex,y

(xy)eA

with A = {(x,y) € ¢ ¥(D)|¢* 1 (x) = ¢*T1(y)}. There are two types of matrix units in the sum
above: those arising from pairs (x,y) where ¢*(x) = ¢*(y) € D, and those arising from pairs
where ¢*(x) = ¢*(y) ¢ D. The first kind can be obtained as the image of matrix units in Ay,
while the second kind comes from evaluating an element of C([0,1],By) at the right places.
More precisely: First, define

X(exry> = Cyy

whenever x,y € ¢ 5(D) with ¢*(x) = ¢*(y). Second, let (I,]) € I]Ei)

Ny ={(x,y) € g " 1(D)?|x € Ly € ], ¢"(x) = ¢"(y) ¢ D}

1 and let

Put

gee) = L g (¥l (0" ) exy (5.16)
(xy)ENLy

for ¢ € C([0,1]). Then
x(ar(f)) +u(be(f)) = ) floyexy+ Y, u(fiy®ery)

Pk (x)=¢k(y)eD (L)ez?
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= flxy)exy + 2 (( Z fI,](lP(Pkl(I)(90k<x))>ex,y>

Pk (x)=¢k(y)eD (Ln)ez® \(xy)eNy

= flx,y)exy + Z ( Z f(x/]/)ex,y)
oF(x)=¢k(y)eD (L])EIIEZ) (x,y)ENL;

= a1 (p(f))

as we wanted. We note a special case of the formula 5.16: When I = ] and g = 1, we have
Nir={(xx)|lx € Ing~* 1 (D)}.
since ¢* is one-to-one on I. Then

.u(el,l) = Z €x,x- (5.17)

(x,x)ENL;

We also note that the ranges of x and p are orthogonal. Next, let /i : C([0,1],Bx) — C([0,1], By)
be the family of maps given by hs(f)(t) = h(st) for s € [0,1], and define H, : Dy — Ay, by

Hs((a, f)) = x(a) + u(hs(f))-

Then
Ho((a, £)) = x(a) +p(f(0)) = (x + no k) (a)
and
Hi((a, f)) = x(a) + p(f) = @1 ((a, f))
which shows that the diagram
Dy L)Ak

<I>J }HHOII{ (5.18)

Pk+1
Djy1 —— Aga

commutes op to homotopy. It follows that

po = Xo + oo (Ix)o (5.19)

on Ko(IDy) ~ ker((Ix)o — (Ug)o)- This map has a very concrete description, which we proceed
to give here. Recall that Ko(Ay) ~ ZP*), so a basis of Ky(Ay) is given by elements [d, v] for
(d,v) € D(+£). For each basis element, we should do the following: Choose an x € ¢~ ¥(d)
with val(¢F, x) = v, calculate ()x + # o I;)(ex,x), and express the Ko-class of this element in terms
of the basis elements. Consider, for instance, a d € D and the corresponding basis element
[d,(—,+)]. Let x € T with ¢*(x) = d and val(¢*,x) = (—, +). Let I and ] denote the elements
of 7, immediately to the left and right of x, and note that ¢*(I) = ¢*(]) = I, where I, is the
element of 7 above d. Then

(X+uol)(exx) =exx+ ). eyy+ Y, eyy
(yy)ENLT (yy)eNyy



54 On K.(Ci(T)) 75

Each of the matrix units in the sum above determines a basis element [d/,7] in ZP(+),
determined by d' = ¢**1(y) and v/ = val(¢**1,y). Since ¢* is injective on I and ] and
@*(I) = ¢*(J) = I; there is a bijection between the sets Nj ;, N ; and the set

[N YD) = {z €| ¢f(z) e D}.

Hence, if z = ¢*(y), we have val(¢**1,y) = val(g,z) e val(¢*,y), and val(¢¥,y) is (—, —) when
y € Iand (+,+) when y € J. It follows that we have
(X0 + po © (I)o) ([d, (=, +)]) =[e(d), val(g,d)]+

Y. (p(2),val(g,z) o (+,+)] + [¢(2), val(g,2) ® (—,—)])
zel;Ne~1(D)

For brevity, denote the map (xo + po © (Ix)o) by A. Then, by arguments analogous to those
above, we see that A is given as follows:

Ald,v] = [¢(d), val (¢, d)]
when v = (4, —),
Ald,v] = [p(d), val (¢,d)] +

Y, lp(z)val(g,z) e (+,4)] + [(z), val(g,z) o (—,—)])
zelfNng~1(D)

when v = (—,+),
Ald, o] =[g(d),val (¢,d)] +
Y. lo(z)val(gz) e (++)]
zeling~1(D)
when v = (4, +) and finally

Ald, o] =[g(d),val (¢,d)] +

[p(2), val (¢,2) & (—, )]
zeling=1(D)

when v = (—,—). Let A denote the restriction of A to ker((Ix)g — (Ux)o) — and don’t worry,
we’ll do an example shortly. First, we need to determine the map p; : Ki(C} (R (k))) —

Ki(Cf (RS (k+1))). Here's the general idea: Let i; : SB; — C;(RJ(j)) be the inclusion (for
j =k k +1) from Extension . The induced maps (i) : K1(SB;) — K1(C; (R} (j)) are surjective
since K1 (A;) = 0, and the groups K;(SB;) are free, so there is a homomorphism B : K; (SBy) —
K1 (5B, 1) making the diagram

Ky (SBy) — s Ky (Co (R (K)))

BJ lpl (5.20)
(

i1

Ky (SBgy1) —— Ki(Cr (R (k+1)))

commute. One way to describe B is as follows: We have K; (SBy) ~ Ko(BBy) ~ ZZ(+), and the
basis elements of K; (SBy) are in one-to-one-correspondence with the set Z(+). Let ] € Z and
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v € {(+,+),(—,—)}. Choose a I € Z; with ¢*(I) = J and val(¢*,I) =v,and letu: I — T —1
be a continuous path of winding number 1. Then

(uoAroyy)®er;

is an element of SIBy representing (—1)°[J,v] in K;(SBy). Choose a subinterval I; of I such that
Iy € Zjy1. Deform u to a map u' : I — T — 1 which wraps once round T — 1 while traversing I3,
and is zero elsewhere. Then

(1/[, o )L[ ) l/]]) X 81]1

represents the same element (—1)?[],v] in K;(SBy) (by homotopy invariance). Let J; =
¢**1(I;) € D. Using the inclusion p : C;(Ry(k)) — C;(Rg(k+1)) on u, we obtain an ele-
ment

(' oAy otpy,) ®ey i € SBiiy

representing (—1)?(—=1)%[¢(]1),v e w] in K;(SByy1) (Where w = val(g,])). This yields an
algorithm for determining B: For each ] € Z and v € {(+,+),(—, —)} choose a subinterval
J' C J such that " is a connected component of ¢~ (D) N J. Then ¢(J) € Z and

B[], v] = (1)@ [p(]'),val(p,]') e v] (5.21)

Then B is a homomorphism between Ky (By) and Ky(By, 1), descending to a homomorphism
B between coker((I;)o — (Ux)o) and coker((Ix;1)o — (Ugy1)o) which is equal to the induced
inclusion map pj.

It’s time to put all the pieces together: We have obtained two endomorphisms

A s ker((I)o — (Ux)o) — ker((Irs1)o — (Uis1)o)
B : coker((I;)o — (Ug)o) — coker((Ir11)o — (Urs1)o0)

determining the K-theory of C; (F;ﬁ) in the sense that there are extensions
0 —— coker (1 — A) —— Ko(C}(T'})) —— ker (1 - B) ——0 (5.22)

and

0 —— coker (1 — B) —— K{(C;(I'})) —— ker (1 — A) —— 0. (5.23)
Note that the last extension is always split and hence
Ki(CF(T)) = coker (1 — B) @ ker (1 - A).

To identify the C*-algebra from its K-theory groups it is important to know which element of
Ko(C}(T))) represents the unit 1 of C;(T'}). Note therefore that [1] € Ko(C;(I'y)) is the image

of [1] € Ko(C; (R (k))) under the map 1 in (5.3). Under the identification Ko (Ag) = ZPE) we

have that
1= )Y mdo)do0
(dv)eD(%)

in Ko (Ag), where m(d,v) = {x € ¢~ k(d) ‘ val(gF, x) = v}. Since Iy and Uy are unital -

homomorphisms this element is always in ker ((Ix)y — (Ux)o) and gives therefore rise to an
element of coker (1 — A) which under the embedding coker (1 — A) C Ko(C; (T}))) from (5.22)

gives us the element representing [1] € Ko(C; (T’ ;j))
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Example 5.25. We illustrate the algorithm above with a simple example. Let ¢ be the tent map
introduced in Example , i.e. the map with lift ¢ : [0,1] — R given by

olt) = {Zt fort € [0,1/2], 524)

2—2tforte [1/2,1]

This map is critically finite, with critical points C = {0,1/2}. We may put D = {0} and
Z ={(0,1)}. Since

S
=
H_
N~—
I
—
=
=

|
+
SN—

110, (+ =) [0, (+ )L [0, (= =)}
and
Zi(£) =A{[L (+ )L [L (= )]}

the groups Ko(A[) ~ Z* and Ky(B; ) = Z? stabilise from the first step. The maps I and U are
given by the table

[d,9] | [0, (= +)] [0, (+, —)] 0, (4, )] [0, (=, ~)]
Id, o] | L (+ H)]+[L (= )] 0 L () L (= )]
Uld, ] 0 L (DL (=) L) L ()]
from which it follows that the map I — U : Z* — Z? has the matrix representation
U= G j 8 8) (5.25)

In particular,

Ko(C; (Ry(1))) ~ ker(I — U) ~ {(x,x,y,z) c 7zt

XY,z € Z} ~ 73

and
Ki(C/(Ry(1))) ~ coker(I —U) ~ Z.

The map A : ZP™H) — ZP() is easy to calculate: There is only one interval I = (0,1) in
Z, INn¢ YD) = {1/4,1/2,3/4}, and these points have valency (+,+),(+,—) and (—, —)
respectively. Finally, we note that ¢(0) = 0 and val(¢,0) = (—,+). It follows that, for instance,

A[O/ (+/ +)} = [O’ (—/ +)} + [Or ("’/ +)] + [O/ (+; _)] + [0, (_r_)]‘

Doing the same computations on the other basis elements yields a matrix representation of A
and its restriction A to ker(I — U):

;éi} 2 1 1 11 1

A= , A=1(2 1 1], A-1=(2 0 1]. (5.26)
20 11 2 1 1 210
2 01 1

A few row and column operations show that ker(A — 1) is trivial and that coker(A — 1) =~
Z3. Next, we determine the map B : ZZ(*) — ZZ(¥)_ Following the description above,
consider for instance the interval | = (0,1/4). We have ¢(J) = I and val(¢,J) = (+,+). The
subinterval (0,1/16) of ] is in Z, (since ?((0,1/16) = I) and val(¢, (0,1/16)) = (+,+). Hence
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B[L, (+,+)] = [, (+,+)]. Similarly, B[I, (—, —)] = B[I, (—, —)]. It follows that B, hence also the
quotient map B, is the identity, so 5 — 1 as a map from Z to Z is the zero map. In particular

ker(1 — B) = coker(1 — B) ~ Z.

From 5.22 and 5.23, there are extensions

00— Zs— Ky (C;‘ (r;)) w70, (5.27)
and
0——Z K (c;* (r;)) L 0——0. (5.28)
We conclude that
Ko(CH(Ty)) =~ Z @ Zs, Ki(C/(T])) ~Z. A

In the appendix, we calculate the K-theory of a larger class of critically finite maps.

5.5 On K.(C/(T,))

The previous section gave an algorithm for calculating the K-theory of C; (F;f) by looking at a
graph of ¢ and doing some linear algebra. We can do the same for C;(I'y), with a completely
similar approach. Some aspects are easier — due to the fact that K;(C/(Ry(j))) = 0 — while
others are more technical (as always, due to the presence of Z-isotropy in I'y).

As above, we put

()

Dy = |J ¢¥(C), D= ¢(Dy)
k=0

and &; = ¢~ /(D). Then &; is Ry (j)-invariant (for j = k, k + 1). Furthermore, if £ is the linking
groupoid of Ry(k+1) and R/ (k), the set &1 LI & is a L-invariant subset of T L/ T. As in the
previous section, we obtain an extension

0 —— G (Llaum\(gue) —— CG(L) —— Ci(Llg,us) — 0. (529

Let 7 be the connected components of T \ D, and Z; the connected components of T \ &;.
We let B, be the C*-algebra generated by matrix units e;; with I,] € Z; U Z4, subject to

the conditions that ¢/(I) = ¢/ (]) for j,j/ € {k,k+1}. Then B is finite-dimensional with
summands in one-to-one-correspondence with set Z, and there is an isomorphism
5Bz = C (Ll rum) (p+-1(D)ug—+(D))

There are embeddings By — B, and By 1 — B/ into orthogonal corners:

o ]Bk *
B, = L ]BHJ . (5.30)

Next, since L|g,, g, is finite, the algebra Ay = C;(L]g,,,ug,) is finite-dimensional, and the
summands are in one-to-one-correspondence with those of Ay and Ay 1. These algebras embed
as orthogonal corners in A, and we have

Ko(Ag) >~ Ko(Agy1) = Ko(Ar)
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We obtain a commutative diagram of extensions identical to (5.14), from which we see that the
map

by ' oag : ker((I1)o — (Ukga)o) — ker((Ie)o — (Uk)o)
is an identity. Furthermore, we recall from Lemma 3.14 that K;(C;(Ry(j))) is zero, which in
particular means that the map

b;l oag: COker((Ik+1)0 - (leH)O) — COkeI‘((Ik)o - (uk)o)
is zero. From Corollary 5.18, it follows that
Ko(Cy(Ty)) ~ coker(1 —pg), Ki(C;(T'y)) ~ ker(1 —po).
It follows that we need to determine the map
o0+ Ko(C} (Rg(K))) — Ko(CF (Ry(k +1))

induced by the inclusion p : C}(Ry(k)) — C;(Ry(k +1)). The setup is essentially the same
as in the case of C; (R (k)): Since the maps uj, j = k,k + 1 are isomorphisms, there is a
x-homomorphism @ : Dy, — Dy 1 making the diagram

(R (k) —— Dy

Y Jcb (5.31)
Hk+1

C
GRS (k+1) 25 Dy

commute. Writing ® = (®1,P;) with @1 : Dy — Ayyq and ®, = Dy — C([0,1],Biyq), we
need to describe ®; and ®,. And this is where things get nasty: In the previous section, we
had a bijection between summands of A;" and elements of the set Dy(+), which in turn gave
an isomorphism Ko(A;") ~ ZP®) making it fairly straightforward to describe the induced
map of a x-homomorphism from A} on K-theory. For C; (R, (k)) and Ay, things are less clear.
Now, we may write ®; : Dy — Aj; may be written as x + y, with x : Ay = Ag;q and
u: C([0,1], By) — Agyq. To define x, let (x, p,y) € Ry(k), and put

X(l(x,p,y)) = 1(X/P/y)

This makes sense, since (x, p,y) € Ry(k+1). Next, let (I,]) € I,EZ)/ and put p = p(I,]) = + if
val(¢k, I) = val(¢¥,]) and p(I,]) = — otherwise. Define

Ny ={(py)|xeLy el ¢x) = ¢") ¢ D,¢"* () € D}

and

‘Z/l(f ® el,]) = Z f(¢;k1(1) (qok(x)))l(x,p,y)
(xpy)ENL
X and u are seen to have orthogonal ranges. We won’t write down an explicit description of ®; -
as we shall see, we will not need it. Indeed, we note that diagram

DkLAk

q{ Jxﬂmlk (5.32)
Pk+1

D1 —— Ak
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commutes op to homotopy, hence pg = xo + to © (Ix)o on Ko(C;(Ry(k))) =~ ker((Ix)o — (Ux)o)-
To give an explicit formula for pg, we begin by giving a "canonical” basis of Ay:

Lemma 5.26. Let ¢; € D. As far as such elements exist, choose x™", x™ and x! € T such that
§E() = g () = gh(a]) = ¢ and

val(g¥, 21" = (—,+), val(gh, ™) = (+,-), val(¢F,x]) = (&%)

Define projections in Ay by

(=+) _ 1 (=+) _1
Gt = 7 (Gamin g pmin - €xmin _ min ), B¢, T = 3 ( €ymin 4 ymin = €xmin _ min
(+-) _ 1 (+-) _1

Eci,Jr = bl Exgnaan,xlimax + Exlmax,f,x?nax , Eci,* = bl Exfnax,Jr,x;nax — (i’xlmax,flx’max

ro_
Ee, = exryar

Then Ko(Ag) C ZM for some M < 5|D|, and the K-theory classes of the E,’s correspond to the standard
basis of ZM.

Proof. This is an immediate consequence of Examples 1.24 and 1.26. O
Note the identities

(=) (=4 _ (=+) (=+) _
EC[/+ + E — — ex§nin/+,x;'r\ir\, ECZ.,+ - E — ex?in

. min
Ci Cis s

and similarly for exmax, 4 ymax. To describe the action of py on these basis elements, we introduce
the following notation: For ¢; € D, let IZ«Jr denote the interval in 7 such that ¢; < IiJr , and
I the interval in Z such that ¢; > 7. Assume now, for instance, that ¢*(x) = ¢; and
Val((pk,x) = (—,+). Then both Ly and Ry, the intervals in Z to the right and left of x, are
mapped homeomorphically to I;". Hence, the projections e; 1, eg, g, € By represent the
element [I;] € Ko(BBy). Similarly, if val(¢*,x) = (+,—), er,1, and eg, g, are represented by
[I7]. Now, recall that Lemma 5.26 gave basis elements for Ko(A). Combining this with the
Table 5.5 for the map I show that

(_r+) _1
Ik(ECi,-‘,- ) -2 (eLxmax,Lxmax + eRxmax ymax + eLXmax,RYmax + eRXmax,Lxmax)
i i i i i “i i i

and that )
—+t)\ 1
Ik(Ecl-,f ) - j(eLx’max,Lxlmax + eRxImax,eanax - eLxlmax,Rxlmax - eRxlmax,Lx’max)

Both these elements correspond to [I;] in Ko(By). Now,
W(EG)) =0

¥ . . . k . . r . k . . . ¥ .
and Ik(Ec,-) is either eLx;fo; (if ¢" is decreasing at x}) or eRx;fo,r (if ¢" is increasing at x7). This,

too, represents the same K-theory element as Ik(Eg;jj) ). Carrying out the same considerations
about Uy yields the following table:
Next, we describe how jig : Ko(By) — Ko(Ay1) works on K-theory. For each I; € Z, choose an

I € T; with ¢*(I) = I;. Then,

wol[]) = [n(er)] = X lensal, Nig={x € 1] ¢¥(x) € 97'(D)\ D}

XEN]/]
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(Ix)o
(Uk)o

Table 5.1: Table of (Ik)()/ (uk)o : KQ(Ak) — K()(]Bk)

Note that ¢* yields a bijection between the set Ny and the set {z € I;| ¢(z) € D}, and that
val(¢"*1, x) = val(g, ¢*(x)) val(¢F, x) = val(g, ¢*(x)). Taking all this into account gives the
following formula:

-, val(e, val(g, r
Goto(EG) = & (D14 )+ B (B
zeldne zeliNg~ (D)\C

By the considerations above, this is also the value of (y o I;)g on [Eg;f)} and [E;], and the

value on [Eﬁjﬁ} and [Ec(rf)] is just 0. Recall that py was equal to xo + (p o Iy)o and that

X(ex0y) = exoy € Agy1. Note, however, that — unless ¢ is Markov — a ¢; € D is not necessarily
critical for ¢. Hence, a “critical” basis element can be mapped to a 'non-critical” basis element,
and vice versa. Phrasing this in terms of basis elements, we get

val(,c;) . val(g,c;) val(¢,c;) .
E ifc;eC E " + [E 50 ifc; e C
Ko([EE, 1) = {[ oty ] xo[EL)) = {% e 1 T [Ege,~ )

Ci

Epe)] ifc; ¢ C’ Ele)] ifc; ¢ C
(5.33)
forve {(+, —), (= +)}, p € {+, —}. Combining all of this yields a formula for p:
-, -, val(o, val(¢,
o[BS D) =BG+ 8 (B 1+Epar™) + X B
?(2) ¢(2) — ®
zelinC zeline~Y(D)\C
po([ES ) = wo(E D+ 8 (B 1+Epa™) + X B
zelj;ﬂC zeIg’;ﬁq)*l(D)\C
po([EST]) = xo(ES) (5.34)

r r Vi / val(g, r
oo([E) = o(ED+ ¥ (En 1+ Ep?) + © [Eh)
zel;nC zelng=H(D)\C

While this formula looks frightening, apperances are decieving — calculating the Z-matrix given
by p« is possible simply by considering the graph of ¢, and is, at least for fairly simple maps,
doable by hand. We illustrate with an example:

Example 5.27. Let ¢ be the tent map from Example and Example 5.25. We may then choose
D = {0} and Z = {I} with I = (0,1). In the notation of Lemma 5.26, we have

Ko(Ap) ~ Z[ES M@ z[ES Do z[El, e ZIES | @ Z[E) ~ Z°

We have ¢~ 1(0) NI = {1/4,1/2,3/4} with val(¢,1/4) = (+,+), val(p,1/2) = (+,—) and
val(¢,3/4) = (=, —). In particular, 1/2 is in C N ¢~ (D while 1/4 and 3/4 are in ¢~ (D) \ C.
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We may then use the formula for pg developed above — for instance,

-, val(o, -,
xo(lEs ) = Egigly = By

SO
oo([ES 7)) = ES 0 4 B B 28y

Doing these calculations for all basis elements yields a matrix representation of pg:

101 01
01011
11001
2 200 2

By using Table 5.5, we observe that (I;)g — (Uj)o as a map from Z° to Z is given by the
1-by-5-matrix (1,1, —1,—1,0), so

ker((I)o — (Uy)o) =~ {(x,v,z,0,w) € Z|v =x +y —z} ~ Z*

and the restriction of pg to ker((I;)o — (Uy)o) is represented by the matrix

10 1 1
P 1 2 -1 1
A= 11 0 1
22 0 2

We conclude that

Ko(C/(Ty)) ~ coker(1 — A) ~ Z & Z3
and
Kqi(Cf(Ty)) ~ ker(1 — A) ~ Z. A

See the Appendix for a more involved calculation of the K-theory of some of these algebras.



CHAPTER 6

Circle maps with no periodic points

In this chapter, we consider a rather special class of circle maps — in addition to our stading
assumptions (continuous, surjective, piecewise strictly monotone with finitely many critical
points), we also assume that our maps have no periodic points. This puts severe limitations on
the possible isotropy groups of the corresponding groupoid, which in turn allows us to apply
the general theory of Chapter 4 to determine the ideal structure of the groupoid C*-algebras.

One can say quite a lot about continuous maps of the circle without periodic points — the
theory goes back to Poincaré’s work on circle homeomorphisms and Denjoy and Arnold’s
examples of circle homeomorphisms not conjugate to an irrational rotation. For the case where
the map is not necessarily a homeomorphism, the paper [4] is the definitive reference. This
chapter begins with a sketch of the classical theory, goes on to describe some of the main results
of [4], and finally develops the theory of the groupoid C*-algebras arising from these maps.

6.1 Denjoy homeomorphisms — the classical theory

Let ¢ : T — T be a orientation-preserving homeomorphism of the circle, and let y : R — R be a
lift of 1 to a map of the real line. The starting point for studying circle homeomorphisms is the
following classical theorem:

Theorem 6.1. Define the rotation number of ¢ as

p(y) = lim 9 —x %, x€eR (6.1)

n—soo n

Then p(y) exists and is, as an element of T, independent both of the choice of lift { and of the point
x € R. Furthermore p() is rational if and only if 1 has a periodic point.

For a proof, se e.g. [8], Chapter 3.3, Theorem 1. From this point on, we'll focus only on maps
with irrational rotation number. We start by analysing the limit sets of forward orbits under :

Lemma 6.2. Let i : T — T be an orientation-preserving homeomorphism with irrational rotation
number, let x € T and let m,n € Z with m # n. Let A and A" be the two arcs of T connecting ™ (x)
and Y™ (x). Then for any y € T, each of these arcs has non-empty intersection with O (y) as well as

O~ ().

83
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Proof. Assume without loss of generality that m > n. Note first that all the arcs A, " "(A),
1/)2('”’”) (A) are adjacent to each other. Furthermore, for some k large enough we have

k
Uy @) =T
j=1

Indeed, if this was not the case, the sequence /(" ") (x), where ¢ is a lift of ¢, would be
monotonic and bounded, and hence converge to some limit xy. But then xy would be a periodic
point of period k, contradicting our assumption. Now let y € T. Then y € ¢/ (m=n)(A) for some j,
which means that ¢~/("=") (y) € A. Tt follows that O~ (y) N A # @. Interchanging m and n
shows that O (y) N A # @. O

Corollary 6.3. Let x € T, and P be the set of limit points of O (x). Then P is independent of the point
x, and P is also the set of limit points of O~ (x).

Proof. Lety € T, and z € P. For the first claim, it suffices to show that z is a limit point of
O™ (y). By assumption, there is a sequence {1} of positive integers such that ¢" (x) converges
to z. For each I, the lemma above yields a number k; such that ¢ (y) € [lkp”’ (x), p"+1(x)] (ie.
the shortest of the two arcs joining ¢ (x) and ™+1(x)). It follows that ¢ () converges to z.
For the second statement, the lemma above yields a sequence {m;} of positive integers such that
P (x) € [P (x), P+ (x)], so =™ (x) converges to z. By symmetry, we see that a limit point
of the forward orbit is also a limit point of the backward orbit. O

The next theorem is also classical - for the proof, see e.g. [28]:

Proposition 6.4. Let 1 be an orientation preserving homeomorphism of the circle with irrational rotation
number «. Then 1 is semi-conjugate to the irrational rotation R, i.e. there is a continuous, surjective,
orientation-preserving map h : T — T such that

hop =Ryoh.

If the map h in the proposition above is invertible, ¥ is conjugate to an irrational rotation — in
particular, any forward orbit under ¢ is dense and the map is transitive. There are some rigidity
results stating sufficient conditions for & to be invertible, see e.g. Theorem 1, Chapter 3.4 of [8].
We, however, are interested in the opposite case:

Definition 6.5. Let i and & be as in (6.4). If I is not invertible,  is called a Denjoy homeomorphism.

The following result, cf. Proposition 3.4 of [28], describes some properties of these maps. We
say that a set A is totally invariant (under ) if $(A) = p~1(A) = A:

Theorem 6.6. Let i be a Denjoy homeomorphism. Then ¢ has a unique minimal closed totally invariant
set ¥ C T. X is a Cantor set (totally disconnected, compact and without isolated points), and for any
x € T, X is the set of limit points of O(x).

Let ¢ be a Denjoy homeomorphism with invariant Cantor set X.. The complement Y = T \ &
is open, hence a countable union of disjoint open intervals Y = U,z Y. Since i has no periodic
points, it follows that the intervals Y; are permuted acyclically by ¥, i.e. ¢*(Y,,) UY;, = @ for
any n,k € Z. The action of ¢ on these intervals may have one, several, or even countably infinite
many orbits.
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It is straightforward to modify a Denjoy homeomorphism ¢ to a map with a critical point
without altering the structural properties listed above: Let Y,, be a component of T \ £, and
note that ¢ maps Y,, homeomorphically to another interval Y,, C T \ . Now define ¢ as the
map obtained from i by adding critical points in Y, in a way such that ¢(Y;) = ¢(Y,) =Y,/ It
is evident that ¢ is continuous, surjective, piecewise strictly monotone and without periodic
points. One might add several critical points in other intervals in the same way. Since we only
modify ¢ away from X, and only on finitely many intervals, it is still the case that X is the set of
limit points for any (forward or backward) orbit under ¢. We will refer to these maps as modified
Denjoy maps or just Denjoy maps.

6.2 Circle maps without periodic points

The previous section gave a construction of circle maps — i.e. piecewise linear, continuous,
surjective maps with critical points — without periodic points, starting from a Denjoy homeo-
morphism and modifying it suitably on the complement of the invariant Cantor set. In this
section we shall see that essentially all circle maps without periodic points arise in this way. The
discussion follows [4] closely. We let ¢ : T — T be continuous and without periodic points.
This implies surjectivity of ¢. For each x € T, and let ], be the largest interval containing x such
that [, N O (x) is empty. The intervals ], have a number of interesting properties, cf. Theorem
1 of [4]:

Lemma 6.7. Let @, x and ] be as above. Then the following hold:

1. If & and &' are the endpoints of Jy, then (&) and ¢ (&) are the endpoints of ¢(Jy).
- 9" (Jx) = Jgn(x) for any n € N.

N

3. The sets {]Jyn(x) ne are pairwise disjoint.
4. The sets |y form a decomposition of T (i.e. for x,y € T, either Jx = ]y, or Jx N ], = D).

5. At most countably many of the sets [y are non-degenerate (i.e. Jx # {x}).
6. If g(x) = ¢(y), then J = Jy.

Recall that a subset Y of a dynamical system (X, ¢) is minimal if the forward orbit of any
point of Y is dense in Y. Let X be the set of endpoints of the intervals { ]y} yer. Theorem 2 of [4]
states some properties of X:

Lemma 6.8. The set ¥ is the unique minimal subset of T, and if ¢ is not a homeomorphism, . is nowhere
dense in T. For x € ¥, |¢ 1 (x) NX| is 1 or 2, and there are at most countably many x € L with
lp 1 (x)NZ[ =2
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Lemma 6.9. X is a Cantor set, i.e. compact, totally disconnected and perfect.

Proof. Since ¥ is closed in T, it is compact, and since it is nowhere dense, it is totally disconnected.
Given x € ¥, we have by minimality that Ot (¢(x)) = %, and x ¢ O"(¢(x)) since ¢ has no
periodic points. It follows that X is perfect. O

Putting these lemmas together gives a fairly clear picture of the dynamics of ¢: T has a
unique minimal set X, which is a Cantor set, and whose complement is a countable union of
open intervals. Given an x € T such that |, is non-degenerate, it follows from Lemma (6.7) that
@(Jx) = Jo(x) is either another open interval or collapses to a single point {f(x)}.

Proposition 6.10. Assume that ¢, in addition to the other hypotheses in this section, is also piecewise
strictly monotone — in particular, not locally constant anywhere. Then X is totally invariant, and ¢
restricted to X is a homeomorphism.

Proof. We show first that X is backwards invariant: Let x € X, and assume that y € T \
with ¢(y) = x. Then ] = {x}, and ], is a non-degenerate interval. But since ¢(Jy) = J,(,) =
Jx = {x}, ¢ is locally constant on the open set J,. This is against our assumptions, hence
¢ 1(Z) = = and ¢ restricted to ¥ is surjective. Finally, if y;,y2 € £ with ¢(y1) = ¢(y2), we
have {y1} = J,, = J;, = {y2} by Lemma 6.7, so ¢ restricted to X is injective, and hence a
homeomorphism. m

Theorem 6.11. Let ¢ : T — T be a continuous, surjective, piecewise monotone map with no periodic
points, and assume that ¢ is not a homeomorphism. Then ¢ is a modified Denjoy map.

Proof. From Lemma 6.9 and Proposition 6.10, it follows that there is a Cantor set ¥ which is
totally invariant, and such that ¢|y is a homeomorphism. The complement Y = T \ X is an at
most countable collection of intervals Y = LY, and each interval Y}, contains at most finitely
many critical points. Since X is totally invariant, the complement Y is also totally invariant —
hence, by continuity, each interval Y, is mapped to some other interval Y,, with n # n’. Since
¢ has no periodic points, ¢*(Y,) N'Y, = @ for all k and n. Each restriction ¢|y, : Y, — Y,/ can
thus be homotoped to a homeomorphism ¥y, : Y;; — Y,. Doing this on each interval containing
critical points yields a map ¢ : T — T such that |z = ¢|x and ¢(Yy,) = @(Y,) for each n. It
follows that ¢ is a Denjoy homeomorphism, and that ¢ can be obtained from 1 be reverting the
homotopies.

6.3 The groupoid C*-algebra of a Denjoy map

Having obtained a fairly complete description of circle maps without critical points, we now turn
to their associated groupoids and groupoid C*-algebras. Let ¢ be a map like those described
above, with minimal Cantor set X, and let I'y, be its amended transformation groupoid introduced
in Chapter 2. We restrict our attention to Iy, in this chapter, but the case of '} should not be
significantly different. Denote by C the critical points of ¢. First, we apply the theory developed
in Chapter 4 to determine the primitive ideal space of C/(I'y). Recall that we write [x] for the
I,-orbit of x € T, i.e. the set r(s~!(x)), that a set A is T'y-invariant if x € A implies [x] C A,
and that A is I'p-minimal if it contains no proper closed I'y-invariant subsets.



6.3 The groupoid C*-algebra of a Denjoy map 87

6.3.1 The primitive ideals

We begin by determining the primitive and maximal ideals of C; (I'y).

Proposition 6.12. The set L. is I y-invariant and ¥ C [x] for any x € T. In particular, it is the only
non-trivial T p-minimal set.

Proof. If x € X, we have Ot (x) C X by forward invariance, and then [x] C X since X is
backwards invariant and closed. On the other hand, ¢ is increasing at any point x of X, so

we have O(x) C [x], so £ C O(x) C [x]. This shows that [x] = X for any x € X and that X is
' p-minimal.
Next, assume that x € T \ X. If the forward orbit of x intersects C trivially, ¢ is monotone at

¢"(x) for all n, and we have O (x) C [x]. Hence, & C [x]. If, on the other hand, there is an n
such that ¢"(x) € C, we must have O~ (x) C [x]: if ¢*(y) = x, we have

k+n+1

val(g"" 1 y) = val(g, 9" (x)) e val(¢" ", y) = val(g, ¢" (x)) = val(¢" !, x).

Since ¥ is also the set of limit points of O~ (x), it follows that £ C [x]. In particular, X is the
only I'p-minimal set. O

Theorem 6.13. Let ¢ : T — T be a continuous, surjective, piecewise monotone map with no periodic
points. Then C;(T'y) has a unique maximal ideal 1, and the corresponding simple quotient is isomorphic
to the crossed product of a minimal homeomorphism on a Cantor set.

Proof. Let X. be the minimal Cantor set of ¢. By combining Proposition 6.12 and Lemma 4.45,
we see that the only maximal ideal in C;(T'y) is ker(7ty), and that C;(I'y) /I is isomorphic to
C/(Ty|x). Since X is totally invariant and ¢|5, is a minimal homeomorphism, it follows from
Proposition 1.8 of [23] that C; (Ty|x) is isomorphic to the reduced crossed product C*-algebra
C(X) Xy, Z. O

To determine the primitive ideals, recall from Theorem 4.41 that these come in two types:

Either the primitive ideal [ is isomorphic to ker(rrg) with F = [x] for some x € T and the
non-isotropic points dense in F, or I = I([x], w) where x is isotropic and and isolated in [x], and
w is a character on Iso(x).

Lemma 6.14. Let x € T and assume that x is not pre-critical. Put F = [x]. Then ker(7tg) is a primitive
ideal, and ker(rtrp) C ker(7ts).

Proof. If x is not precritical, the orbit closure [x] contains no isotropic points, so ker(7r) is a
primitive ideal by Theorem 4.41. Since ¥ C F, we have ker(7p) C ker(7my,). O

Next, assume that x is precritical. It follows that x is isolated in F = [x], and by Lemma 4.8,
we have
Iso(x) = {(x,0,+,x),(x,0,—,x)} ~ Zy.

—

The dual group Iso(x) has two elements x+ and x_, where x4 = 1, and x_ is given by
X-((x,0,+,x)) =1and x((x,0,—,x)) = —1. In C;(Ty|F), there are two ideals Iy(F, x+) and
Ip(F, x—), generated by the elements

ay = 1(x,0,+,x) - X+((xr 0,—, x))l(x,O,—,x) = 1(x,0,+,x) - 1(x,O,—,x)
and

a— = 1(x,0,+,x) - )(_((x, 0,—, x))l(x,O,—,x) = 1(x,0,+,x) + 1(x,O,—,x)
respectively.
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Lemma 6.15. Let x € T such that x is isotropic and isolated in [x], and let F = [x]. Let 7tg : C; (Ty) —
C;(Tylp), and let Io(F, x+) and Io(F, x ) be as above. Then the ideals

I(F,+) = ' (Io(F,x+)), I(F,=) =" (Io(F, x-))
are primitive ideals in C; (T ), with
I(F,+)NI(F,—) =ker(mg) and I(F,+) + I(F,—) = ker(7tg).

Proof. 1t follows directly from Lemma 4.40 that I(F,+) and I(F,—) are primitive ideals in
C/(T'y). To show that I(F,+) N I(F, —) = ker(7tp), we show that

(Io(F, x+)) N (Io(F, x-)) = {0}.

This, in turn, follows from showing that a, C;/(T'y|r)a— = {0}, which again by continuity
amounts to showing that a, C(Ty|r)a— = {0}. So, let f € Cc(T'y|r) and v = (x,k, p,y) € Ty|F.
Since a4 and a_ are supported on Iso(x) = {(x,0,+,x), (x,0, —, x) }, the same holds for a, fa_.
Now we calculate:

(ayfa_)(x,0,+,x) =a4(x,0,4+,x)f(x,0,+,x)a_(x,0,+,x) + a(x,0,—,x)f
+a4(x,0,+,x)f(x,0,—, x)a_(x,0,—,x) + ay(x,0,—,x)f
= f(x,0,+,x) = f(x,0,+,x) + f(x,0,—,x) — f(x,0,—,x) =

(x 0,+,x)a_(x,0,—,x)
(x, ,X)a—(x,0,+,x)

Similarly, (a4 fa—) (x,0, —,x) = 0, which shows what we want.
To conclude the final statement, we note a few things: First, the characteristic function
L(x0,4,x) 18 in Io(F, x+) @ Io(F, x-). Second, F decomposes as the disjoint union F = [x] U X.

Hence, if v € Ty |F thereis a p € T'p|r such that y = p(x,0,+,x)p ! if and only if y € To|p\x- For
such a v we have 1, = 11, 1 11,1, and since each element of [x] is isolated in [x], it follows
that Cc(I'g|p\x) € Io(F, x+) ® Io(F,x-). By continuity, we have C;(Ip|px) C Io(F, x+) @
Ip(F, x—). But, in the notation of Lemma 3.21, 7y, = 7r 3, o g, so if a € ker(7rs) we have
ntp(a) € ker(ntpy) = G/ (Tplpg) € Io(F, x+) @ Io(F, x-),
and hence a € I(F,+) + I(F, —). It follows that
ker(my) C I(F,+) + I(F, —).

The other inclusion follows from the fact that 1(, o, ,) and 1(,¢ _ ,) are in ker 7ty since x ¢ X.[]

Theorem 6.16. Let 1 be a Denjoy map. Then any primitive ideal I of C;:(Ty) is either
o [ = ker(7tp), where F = [x] and x is not pre-critical, or
o I =I(F, =), where F = [x] and x is a pre-critical point.

Proof. This is immediate from Theorem 4.41. O
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6.3.2 Two fundamental extensions

By Theorem 6.13, C;(I'y) has a unique maximal ideal ker(7ry). Putting Y = T \ X, we have (by
Lemma 3.21) ker(7rg) ~ C/(I'y|y), and an extension

0—— C/(Iyly) —— Ci(Ty) —— C; (Tylg) ——0. (6.2)

Since Y is open in T, we may write Y = Ll;cyY; as a countable disjoint union of open intervals.
After relabeling, we may assume that ¢ maps Y; homeomorphically onto Y; ;. The set of critical
points C is finite and contained in Y. Since we require ¢ to have only finitely many critical
points, there is a number N € IN such C C I_Iil\i _NYi

Remark 6.17. Note that for a general Denjoy map ¢, the action of ¢ on the intervals {Y;} might
have not just one, but several orbits — that is, we may partion Y into (finitely or infinitely many)
disjoint subsets YL, Y2, ... with each Y' left totally invariant by ¢, and hence also by ¢. Since
each Y’ is I'p-invariant and clopen in Y, we get a direct sum decomposition

Ci(Tyly) = B C Ty,

Hence, in analysing C;(I'y|y), we lose no generality assuming that the action of ¢ on the
intervals Y; has only one orbit. )

To understand C; (T'y|y), we construct another extension like (6.2), but now with C;(T'y|y)
in the middle: For a point x € Y, put

D(x)={yeY|ImneN:¢"(x)=¢"(y)} = U O (¢"(x)),
nelN

and put
D= D(c) (6.3)
ceC
The set D is illustrated in the first figure of 6.3.2, in the case where ¢ has two critical points ¢
and d.

Lemma 6.18. The set D is closed in Y, totally g-invariant and T |y-invariant.

Proof. Since D is the finite union of the sets D(c), it suffices to show that each of these has the
desired properties. So, fix a ¢ € C. Note that for n > N, ¢|y, : Y, — Y41 is one-to-one, in
particular, 91 (¢"*1(c)) = {¢"(c)}. It follows that

D(c) = OF (" () UO (9™ ()

Now, if {x;} is a sequence in D(c) which is convergent in Y, it must have a subsequence x;_in
either O (¢N(c)) or O~ (¢N(c)). But if {x;} is not eventually constant, it follows from 6.3 that
the limit of {x; }, and hence of {x;} is in X, which is against our assumption. It follows that
D(c) is closed in Y. Total invariance is immediate from the definition, and since [c] C D(c), it
follows that D(c) is T'y|y-invariant. O

One way to think of the set D is as the smallest totally @-invariant set that containts all critical
points. Let Z = Y \ D. Observe that each Z NY; is a finite union of open intervals, and that each
connected component of Z NY; is mapped homeomorphically onto some connected component
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Figure 6.1: The first picture shows the set D in the case where
@ has two critical points c and d, as in Figure 6.1. The red,
marked points are the set D. After removing D from Y, we
obtain the set Z, which consists of a finite number of intervals
at each level, each mapped homeomorphically onto an interval
one level above..

of Z N Y;,1 — this is basically the situation in the second picture in 6.3.2. Furthermore, since we
have removed the total orbits of all critical points from Y, we have val(¢",z) € {(+,+),(—, —)}
for any z € Z and n € IN. Since Z is also I'y|y-invariant, we have by Lemma 3.21 an extension

0——= G (Tylz) — G (Tyly) — G (Tylp) ——0 (6.4)

We now have the ingredients for determining the K-theory of C;(T): First, we analyse
extension 6.4, obtain concrete descriptions of C/(I'y|z) and C;(T'y|p) and realise C}(I'y|y) as a
double mapping cylinder of these two algebras. We then plug this information into Extension 6.2
and combine this with results from [25] to determine the K-theory of C(I'y).

6.3.3 OnT,ly

In this section, we describe the structure of C*(I'y|y). It is worth stressing that the situation in
this section is very similar to the one in Section 3.1 of Chapter 3, in particular the extension in
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Equation 5.10. Indeed, Equation 6.4 shows that C;(T'y) is the extension of a C*-algebra of the
principal groupoid I'y|z by the C*-algebra of the discrete groupoid I'y|p.

We start, as before, with a Denjoy homeomorphism 3 : T — T with associated Cantor set %,
and put Y = T \ X. Write Y = L;eNY; as a countable disjoint union of open intervals. After
relabeling, we may assume that ¢ maps Y; homeomorphically onto Y; 1. We now modify ¢ to
get a map with critical points: At each interval Y;, twist ¢ to add a (finite) number of critical
points {c;1,¢;2,.--,¢i;}, and denote the resulting map by ¢. As long as ¢(Y;) = Y1 and ¢
is piecewise strictly monotone, we make no particular demands on how we obtain ¢ from .
In particular, the forward orbits of critical points are allowed to meet. Let C denote the set of
critical points. Note that we require ¢ to have a finite number of critical points, hence there is a
number N € IN such C C ulN}NYi.

The structure of Y as a disjoint union of intervals has great influence on the structure of I'y|y:

Lemma 6.19. Let ¢ and Y be as above, and assume that (x,k,p,y) € I’q,|y. Then the number k is
uniquely determined by x and y.

Proof. Choose numbers i,j € Z such that x € Y; and y € Y}, and m,n € N such that ¢"(x) =
¢"(y). It follows that ¢"(x) € Yiy, and that ¢"(y) € Y}, so we have i +n = j+ m. This
means thatk=n—m =j—1i. g

Lemma 6.20. Let x € Y. The sequence val(¢", x) is eventually constant.

Proof. Choose N such that C C uiN: _nYu. If x is in Yj for some k € Z, we note that goj(x)

is non-critical for any j > |k| + N, indeed, val(¢, ¢/(x)) = (+,+). Since (+,+) is a neutral
element in the semigroup V, it follows that

val (@M +N* x) = val(¢', TN (x)) e val(@K*N x) = val(p/KI*N, x)
as we wanted. O

We denote this ‘eventual valency’ at x by vy. Put an equivalence relation = on V by putting
(+,+) = (—,—) and (+, —) and (—, +) only equivalent to itself. As we have seen, for points
x,y € T with ¢"(x) = ¢™(y), there is a local transfer  with #(x) = y and ¢" = ¢" oy if
and only if val(¢",x) = val(¢™,y). If this valency is critical (i.e. (+,—) or (—,+)) there are
two choices of (germ of) local transfer, one reversing orientation and one preserving it. If the
valencies at x and y are non-critical, there is one unique choice of (germ of) local transfers.

Lemma 6.21. Let x,y € Y and assume that there are n,m € IN such that ¢"(x) = ¢™(y). Put
k = n — m. Then there is a local transfer n such that (x,k, [17]x,y) € Tyly if and only if v, = v,,.

Proof. If there is a transfer 7 such that (x,k, [11]x,y) € Tyly, there are n/,m’ with ¢ (x) = ¢™ (),
7(y) = x and ¢" (x) = ¢" (y). Then val(¢", x) = val(¢™,y), s0 vy = vy. On the other hand, if
vy = vy, there is an [ such that val(¢"*, x) = val(¢™*!,y). Since ¢"(x) = ¢"*!(y), there is a
transfer # such that (x,k, [17]x,y) € Tply.

Putting all these lemmas together, we obtain a description of the groupoid I'y|y as

Tyly = {(x,p,y) EYXZyxY | In,m: " (x) = " (y),vx = vy}

with these possible choices of p determined by vy and vy as discussed above.
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Lemma 6.22. Let F be a topological space, assume that F is a countably infinite union of disjoint
clopen sets {F;}icz, and that each F; is a finite disjoint union of I; sets {Fi,l};le such that each F; is
homeomorphic to an open interval. Let 6 : F — F be a continuous, surjective map such that each set F;;
at level i is mapped homeomorphically onto some F;q y at level i + 1. Then 6 is a local homeomorphism,
the sequence {1;} is convergent to some number L, and we have an isomorphism of C*-algebras

CF (Te) = (Co((0,1)) ®K)* = Co((0,1), K")

Proof. Since 6 is one-to-one on each interval F;, it is immediate that 6 is a local homeomorphism.
Since 6 is surjective and each interval at level F; is mapped homeomorphically onto some interval
at level F; 1, we must have I; > ;1 for all i € Z. It follows that {/;} converges to some integer
L>1

The next part is an application of Example 1.22: Choose a number N such that F; is a disjoint
union of L sets for all i > N. Write Fy = Fy,1 U - - - U Fy 5. Define an equivalence relation ~ on
F by putting F;; ~ Fj if ¢"(F;;) = ¢ (Fjx) for some numbers 1, m. Then ~ partitions F into L
equivalence classes. Furthermore, if ¢"(F;;) = ¢" (F;x), the map

(p_m o (pn : Fi,l — Fj,k
is a homeomorphism. By Example 1.22, we have

Cr(Tg) ~ Co((0,1)) ® K" O

Corollary 6.23. The algebra C;'(Ty|7) is isomorphic to (Co((0,1)) ® K)* for some L € IN.
Proof. This is an immediate consequence of Lemma 6.22. O

Note that Example 1.22 gives a little more info: Let Z denote the set of connected components
of Z. Then the relation ~ from the proof of Lemma 6.22 partitions Z into L equivalence classes.
Let B be the algebra generated by matrix units ¢j  for I, ] € Z with I ~ J. Then B ~ K., and
Cr (Tylz) = Co((0,1), KF).

We now turn to the algebra arising from the reduction of T'y|y to the set D. Since D contains
critical points, the F(P—orbit structure of points in D is somewhat more complicated.

Lemma 6.24. Let D be as in Equation 6.3. Then there is a finite set of points {x1,...,xn} C D such
that D decomposes as the disjoint union of the Iy |y-orbits of these points, i.e.

D= [x1] UL [xpm).
Furthermore, we have C; (Ty|p) ~ KM for some M € IN.

Proof. As above, we may choose a number N such that C C UY _Y;. Let K be the number
of elements in D N Yy (note that with L as in Corollary 6.23, we have K = L —1). Write
DN Ynt1 = {y1,-..,yx}, and note that we may write D as the disjoint union of the sets D(y;).
It suffices to show that each D(y;) may be written as a finite union of T, |y-orbits. We notice that
each D(y;) looks like an upside-down tree — the set ¢! (y;) is finite, and for each z € ¢~ (y;),
the set ¢~ 1(z) is finite, etc. Finally, if z € ¢~ 2(N*1)(y;), we have z € Y_y_1, so z is not critical
and ¢~!(z) contains exactly one element. Now, observe the following:

e If z € O (y;), we have [z] = [yi].
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o Ifz € g 2Nt (y)), and x € O~ (z), we have [z] = [«].
e The set D(y;) N (LY. _Y;) is finite.

Taken together, these three facts imply that D(y;) is the union of at most finitely many T'|y-
orbits, and this shows the first part of the lemma.

For the second part, let x € D. Now one of two things happen: Either there is an n such that
x is critical for ¢", in which case the isotropy group Iso(x) at x is isomorphic to Zj, or no such
n exists, in which case Iso(x) is trivial. In either case, the set [x] is infinite: if x is pre-critical, any
point in O~ (x) is contained in [x], and if it isn’t, we have O (x) C [x]. We may now appeal to
Examples 1.20 and 1.24 to conclude that

K2, if Iso(x) ~ Z2.

K, if Iso(x) ~ {e}. (65)

Cr (Tylpy) = C*(Iso(x)) ® K(P([x])) =~ {

Since C; (Ty|p) is the finite direct sum of the C*-algebras of the I'y-orbits contained in D, the
result follows. 0

Proposition 6.25. Let ¢ : T — T be a twisted Denjoy map with invariant Cantor set X, and put
Y = T\ X. Then there are extensions

0——C/(Tyly) —— C}(I'y) —— C(X) X9, Z ——0 (6.6)

and
0—— (Co((0,1)) ® K)' —— C#(Ty|y) —— KM ——0 (6.7)

for some natural numbers L and M.

Proof. Since ¢ is a homeomorphism on X, it follows from Proposition 1.8 of [23] C;(Ty|x) ~
C(X) x¢y Z. The second extension is a direct consequence of Lemmas 6.23 and 6.24. O

Remark 6.26. The numbers L and M can be determined directly from ¢. L is given as in
Lemma 6.22 and is simply the eventual number of connected components in Yy \ D. The
number M is slightly more tricky — from Lemma 6.24 we may choose x1,...,x,; € D such
that D = [x1]U--- U [xy]. Partition them according to their eventual valency, such that
vy, € {(+, =), (= +)} fori =1,...,m and vy, € {(+,+),(—, —)} fori = my +1,...m.

From the lemma, it follows that each C;(I'|(,) =~ K2 fori=1,...,m" and G (Tglfx,)) ~ K for
i=m'+1,...m. If we put my = m — my, it follows that we have M = 2my + mj. ¢

6.3.4 K-theory

Lemma 6.25 gives a fairly clear picture of the C*-algebra C;(T'y) when ¢ is a modified Denjoy
map. To calculate its K-theory, we use the same strategy as in Section 3.1 for determining
the K-theory of C;(Ty|y), and then combine these results with those of [28] to get hold of the
K-theory of C;(T'y). Start by taking the extension (6.7) and its associated six-term exact sequence
on K-theory:

Ko((Co((0,1)) ® K)") —— Ko(C; (Tgly)) ————— Ko(KM)

| G

Ki(KM) e————Ki(C} (Ty|y)) «—— Ki((Co((0,1)) ® K)")
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The K-theory of K and Cy((0,1)) ® K is well-known from e.g. [34]. Plugging this into (6.8)
yields

0—— Ko(Cr (Tyly)) —— ZM
% (6.9)
04— Ky(G} (Tgly)) e 2"
which in turn implies that
Ko(Cr(Tply)) = ker(do),  Ki(Cr(Tgly)) = coker(dp).

Write A for the algebra C;(I'y|p), and B for the algebra of the equivalence relation on 7 as in
the proof of Lemma 6.22. The extension in Lemma 6.7 then takes the form

0 —— Co((0,1), B) —— C}(Ty|y) —— A ——0. (6.10)

We now aim to construct *-homomorphisms I, U : A — B such that

Cr(Tyly) ~{(a,f) € Aa C([0,1],B) | I(a) = f(0),U(a) = f(1)}

since this by Lemma 1.27 would mean that the map Jy in (6.9) is equal to I, — U, the difference
of the two induced maps I, U, : Ko(A) — Ko(B). We define the maps on matrix units, extend
them linearly, and then check that they give rise to honest *-homomorphisms. First, for a point
x € D, choose i such that x € Y;, and denote by [ and [} the connected component of Z;
immediately to the left and right of x. Then, if (x,p,y) € F(P\D, define I and U on the matrix
unit ey ;4 by the following — horrible — table:

Cx,py I(expy) Ulex,py)

oy =vy=(—+),p=+ ep e 0
Uy =0y = (=, +), p=-— ele’I;/ +615’Ii1/ 0
vy =0y = (+,—), p=+ 0 ey e
vy =0y = (+,—), p=— 0 ey ey

vy = vy = (+,+) Cpx ¥ e 1

ox =0y = (=, ~) 1 i1
vy = (+,+), vy = (=, —) oty € 1
vy =(—,—), vy = (+,+) e g e 1

Now extend I and U linearly to maps defined on all of A. Checking that these maps respect the
x-operation is a simple case by case-argument. So is checking multiplicativity, albeit with a lot
more cases. For instance, let (x, +,v), (y, —, z) € Ty|p with vy = v, = (=, —) and v; = (+, +).
Then

I(ex,+,y)l(ey,—,2) = 31;(,1;/ 'elly,I,z = e = I(ex,—z) = I(ex,+,y : ey,—,2)~

The other cases are similar. It follows that I and U are *-homomorphisms. Finally, construct
maps a : C;(Tyly) — A and b : C;(I'y|ly) — C((0,1),B) as follows: for f € Cc(Tyly), let
A = supp(f) NTy|p, and put

a(f) = Z f(X,P,y)Ex,p,y

(xpy)eA
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and

b(f) =Y fiery
(L])

again with f;; defined as in Lemma 6.22. It is straightforward to check that 2 and b extend to
*-homomorphisms from C;(Ty|y) into A and C([0,1],B).

Lemma 6.27. Let f € C/(T'y|y). Then I(a(f)) = b(f)(0) and U(a(f)) = b(f)(1).
Proof. As the proof of Lemma 3.8. O

Consider the the C*-algebra ID given by

D = {(a, f) € A& C([0,1],B) | I(a) = £(0),U(a) = f(1)}.

By Lemma 6.27, we have a map yu : C/(T'y|y) — ID given by u(f) = (a(f),b(f)), which is seen
to be injective and isometric.

Lemma 6.28. The map y : C;(Ty|y) — D is a *-isomorphism.

Proof. The proof goes as the proof of Lemma 3.9, with an approximation argument towards
the end as an added bonus. First, let (4, f) € ID and assume that the rank of a (as a compact
operator) is finite. It follows from the definition of I that I(a) is finite-rank in C([0, 1], B), and
since f(0) = I(a) and the rank of f(t) is locally constant in ¢, we have that f(t) € B is finite
rank for any t. Proceeding as in the proof of Lemma 3.9, we may find a g € C/(I'y|y) such
that y1(g) = (a, f). Next, for arbitrary (a, f) € D, let n € IN and define (ay, f,;) by restricting
a and f to points in the set U Y}. Then a, and f, are of finite rank, and (an, fn) € D with
(an, fn) — (a,f) as n — co. Choosing elemens g, € C/(I'y|y) with p(gn) = (au, fn) gives a
sequence {g,} which is Cauchy (since y is an isometry), hence the limit point g is mapped to

(a, f) by p.

Corollary 6.29. With I, U : C;(Ty|p) — C;(L'y|z) defined as above, and I, U, denoting the induced
maps on Ko, we have Ko(C; (Tyly)) = ker(I. — Us) and Ko(C; (Ty|y)) = coker(L. — Us).

Proof. Immediate from Lemmas 3.9 and 1.27. O

These computations can be done for more complicated maps, but determining a matrix
representation of I, — U, quickly becomes rather involved. However, as we only need to
determine the kernel and the cokernel of the map, the next lemma is all we need:

Proposition 6.30. The map I, — U, : Ko(C; (Ty|p)) — Ko(C;(Tyl|z)) is surjective.

Proof. First, we choose a basis for Ko(C; (I'y|7)): Choose N € N such that C C UY _Y;, and
let Iy, ..., I} be the connected components of Yy \ D. Each of these intervals Z; yield a matrix
unit ez, 7, € C;(T'y|z), and with slight abuse of notation, we have Z = [I;] U - - - LI [I;] — more
precisely, each connected component of Z lies in exactly one of the sets U, ,, " (¢" (I;)), and
these total orbits are disjoint sets. It follows that the Ko-classes of the matrix units ey, 1, ..., ey, 1,
generate ZL = K((C}(Ty|z)). Now, fix an i between 1 and L, and denote by x and y the
endpoints of I;. Assume first that i % L, i.e. that I; is not the rightmost interval of Yy and y is
not the right endpoint of Yy. Since y € D N Yy, thereis ay’ € CN ¢~/ (y) for some j. Let | be
the connected component of Z with i’ as the right endpoint, and ]’ the connected component
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of Z with i’ as left endpoint. Since y' is critical, we have that the eventual valency v, is either
(+, =) or (=, +). If v,y = (+,—), we have I(e, /) = I(ey /) = 0and

1 _ 1
u (2 (ey/,Jr/y/ + eyllily/)) =5 (6],] + ey y + ey + €]/J)

Since both ] and ]’ are mapped to I; by ¢/, it follows that the projection % (e; ; + ep ey +ep)
is Murray-von Neumann equivalent to e;, ;. via the partial isometry

U= i (6]1. +6]/1_).
v2 o
It follows that on Ky, we have
I — u*([%(6y1,+/y/ + ey/ﬁ,y/]) = [%(Ul}“r ey y+epp+ 6]/,])] = [61,.,11.]

If, on the other hand, vy = (—,+), it follows that (pj maps J and |’ not to I;, but I; 1, and hence
by the same calculations as above, we have

1 1
I — U*([z(ey/,Jr,y, + 6yr,7,y/]) = |:§ (6]/] +epytepp+ 6]/’])} = [eliﬂ,[iﬂ]
However, we note that v, = (+,4), so

I(e%y) = iyl U(ey,y) = L

and hence
I, — u*([ey,y]) = [eli+1r1i+1] - [eIi/Ii]

Applying I, — U, to the difference between [} (ey, 1 +ey,— )] and [ey,] thus yields the element
le,1]. As noted, this argument works for all intervals I;, except for the rightmost interval I; .
But here, applying the same argument to the left endpoint, with the roles of (+, —) and (—, +)
interchanged, yields the desired result. O

This lemma allows to calculate the K-theory of C;(I'y|y):
Proposition 6.31. Let L and M be as in Remark 6.26. Then

Ko(Cr (Tyly)) = ZM7F,  Ki(G/(Tyly)) =0.

Proof. Recall that I, — UL is a linear map between Ko(C; (Ty|p)) =~ ZM and Ko(C; (Tp|7)) ~ ZL.
By Proposition 6.30, it is surjective, so Im(I, — U,) ~ Z! and hence

Ky (C; (Tgly)) ~ coker (I, — Us) = 0.
Furthermore, the rank-nullity theorem tells us that
dim(ker (I, — Uy)) + dim(Im (L, — U,)) = M,

s0 Ko(C; (Tyly)) ~ ZM-L. O
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Using Bott periodicity on Equation (6.6) gives a six-term exact sequence on K-theory:
Ko(Ci(Tply)) —— Ko(C7 (Ty)) —— Ko(C(X) %gr Z)
] l (6.11)
Ki(C(2) Mg Z) «—— K1 (C}(Ty)) «—— K1 (C7 (T ly))

The K-theory of C(X) x4, Z is calculated in Theorem 5.3 of [28], and we have, under the
assumption of Remark 6.17, that

Ko(C(Z) xgy Z) = 2%, K1(C(Z) X, Z) = Z.

Using this and Proposition 6.31 on (6.11), we get the following sequence:

ZM-L — 5 Ko (Ch (Ty)) —— Z2

wg l (6.12)

Z— K (CF(Ty)) +——0

where 7 is the induced map from the restriction r : C;(T'p) — C;(I'y|x), and £5 the index map.

We observe that the map 7. from K;(C/(I'y)) to Ki(C; (Ty|s)) ~ Z is injective, so K (C;(Ty)) is
either Z or 0. We claim the following:

Proposition 6.32. Themapro : K1(C;(Ty)) — K1 (C; (Ty|x)) is surjective. In particular, Ky (C;(T'y))

We write [a]p and [a]; for the Kj- and Kj-classes of elements a of a C*-algebra. Since

Ci(Tplz) ~ C(X) %, Z, its Ky-group is generated by the unitary element u = 1y, ;, p(x)|xex}-

Showmg that ry is surjective is equivalent to showing that the index map ¢ is zero, which in
turn follows if §([u];) = 0.

Proof. Note that C;(T'y) is unital. We use the picture of the index map given in Theorem 9.2.3 of
[34]: Let Cf(Ty|y) be the unitization of C;(I'y|y) and 7 : C;(Ty|y) — C; () the map induced
by the inclusion. Let s : C;(Ty|y) — C;(Ty|y) be the scalar mapping (i.e. s(x 4 al) = al for
x € C;(Tyly)). The map 4 is then defined as follows: Given a unitary lift V € M,(C;(T'y)) of

diag(u,u*) and a projection p € My (C;(I'y|y) with i(p) = V diag(1,0)V*, we have
5([ul1) = [plo = [s(p)]o-

To construct V, let v € C.(I'y) be a real-valued function such that

supp(v) C {(x,k,py) €Typlk=1,p=+},

such that v(x, 1,4, ¢(x)) = 1, such that v(x,k, p,y) = 0 for (x,k,p,y) € I'y|p, and finallysuch
that ¢ is one -to-one at x if (x,1,+, ¢(x)) € supp(v). Essentially, v is a bump function for the set
{(x,1,¢(x))|x € Z}. It follows that r(v) = u, and that

oo (x,ky) = 0(y,0,)”

if x = y and k = 0, and zero elsewhere. Define V € M,(C;(T'y)) by

v — v (1—v*0)1/2
T (1 —0v0)l/? o*
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Then V is unitary in M>(C;(T'y)) and a lift of diag(u, u*). It follows that

1 0 _ vo* _(1 —U*Z))l/zv*
V[O O}V _[—(1—0*0)1/20 1—v0*v
_ vot —1 —(1 —v*0)1/ 20" 1 0] . .
- { —(1-v"0)"2 1_ v Tlo o= V' + diag(1,0).

The matrix V' isin M (C;(Tyly)), so p = V' +diag(1,0) € C;(Tyly)) and i(p) = V diag(1,0)V*.
We see that s(p) = diag(1,0). As stated above, we want to show that [p]o = [s(p)]o- To do this,
recall that we have another restriction map in play — namely the map 7\p : C; (T'p|y) — C;(Ip|p).

By looking at Equation (6.9), we see that the induced map (rp)o on K is injective, so it suffices

to show that
(rp)o([plo) = (rp)ol[s(p)]o)

in Ko(C}(Ty|p)). By construction, we have rp(v) = 0, so since D is totally invariant, we also
have

rp(vo*) =rp((1— v*v)l/zv) =rp(v*(1— 0*0)1/2) =0
It follows that
=] o 5|~ |0 o ]=rotst)

with ~ denoting Murray-von Neumann equivalence in M, (C;(I'y|p)). This is what we wanted,
so we conclude that §([u]1) = 0. O

Theorem 6.33. Let ¢ be a Denjoy map with constants L and M as in Remark 6.26. Then Ko(C;(T'p)) ~
ZMI2 gnd Ky (CF (Ty)) ~ Z.

Proof. We know already that K1 (C;(T'y)) ~ Z and that the index map ¢ in Equation 6.12 is zero.
It follows then that the sequence

0——2ZML — 5 Ko(Ci(Ty) —— 2> ——0 (6.13)

is exact, hence Ko(C;(Ty)) ~ FM-L+2 -
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Return of the core algebras

In this chapter, we return to the core algebras C;(R,) and C; (R$) from Chapter 3. The ultimate
goal of this chapter is to show that in a number of situations, the algebra C;(R,) is an AF-algebra,
while the algebra C; (R:g) is not. We do this by proving a number of structural results about
the algebras, and then appealing to some deep classificiation results. These results typically
assume simplicity of the algebras, so we begin by obtaining some dynamical consequences
of this assumption. I would like to stress that everything in this chapter is joint work with
Benjamin Johannesen, and some of the results (Lemmas 7.1, 7.6, 7.7 and 7.9) appeared first in
his Qualification Exam report [14].

Proposition 7.1. Let ¢ be a circle map, and assume that C;(Ry) is simple. Then ¢ is critically finite
and transitive.

Proof. Let C}(Ry) be simple. This means that the orbit [x] = [x]g, of any point x € T is dense
in T — otherwise, the reduction R‘P‘T\m would give rise to an ideal C; (R¢|T\m) of C}(Ry) by
Lemma 1.16. Now, assume towards a contradiction that ¢ has a critical point c whose forward
orbit O™ (c) is infinite. O (c) may contain other critical points, but since the number of critical
points of ¢ is finite, there is a number j € IN such that d = ¢/(c) is critical for ¢, and such that
O™ (d) contains no critical points. Note that val(¢",d) € {(+,—),(—,+)} for all n € N. We
have

(dlr, = {x € T|3n: ¢"(x) = ¢"(d), val(g", x) = val(¢",d)}
Let {eq,...,ex} be the set of critical points of ¢ whose forward orbit meets the forward orbit of d.
For each ¢;, we may choose n; € N minimal such that ¢"i(e;) = ¢"i(d) for some m; € N. The
number m; is unique - otherwise, d would be pre-periodic. If x € [d]g,, x has to be pre-critical,

and it then follows that x € ¢™i~"i(e;) for some i. Hence

N
R, € U @™ (ei)
i=1
which is a finite set. But this is a contradiction, so ¢ must be critically finite.
For the second statement, note that simpicity of C;(Ry) entails that [x]g, is dense for any
x € T by Lemma 1.16. But [x|g, C [x]r,, so any ['p-orbit is dense. But then C;(I'y) is simple
Lemma 4.10, and then ¢ is transitive by Lemma 4.14. O

Note that the same proof works for C; (R:g) For the rest of this chapter, we assume that the
map ¢ is critically finite.

99
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7.1 Recursive subhomogeneous algebras

We begin by showing that C; (Ry) and C; (R ) are inductive limits of recursive subhomogeneous
algebras, as defined by Phillips in [25]:

Definition 7.2. Let M, denote the complex n-by-n-matrices. The class R of recursive subhomoge-
neous C*-algebras (or RSH-algebras) is the smallest class of C*-algebras such that

e If X is a compact Hausdorff space and n > 1, then C(X, M,) € R, and

o If A € R, Xisacompact Hausdorff space, X(©) C X is closed, p:A— C(X(O),MH) isa
unital x-homomorphism and p : C(X, M,) — C (X(O), M,,) is the restriction map, then the
pullback

A®cixom,) CX,My) = {(a,f) € A®C(X, M) | 9(a) = p(f)}
isin R.
Note that X(*) = @ is allowed, in which case the pullback above is simply a direct sum.

Lemma 7.3. Let k € IN. Then the algebras C;(Ry(k)) and C; (Rg (k)) are RSH-algebras.

Proof. Recall from Lemma 3.9 that the algebra C;(R,(k)) is isomorphic to the algebra ID; given
by

Dy = {Ar & C([0,1], By) | It(a) = f(0), Ux(a) = f(1)}
for some unital *-homomormphisms I, Uy : Ay — By with Ay and By finite dimensional. Now,
Ay is an RSH-algebra, and, writing By = @' ; My, each algebra C([0,1], My, ) is RSH. Let I; and
Ul denote the partial maps between Ay and M,,, and put X = [0,1] and X () = {0,1}. Then
(I]%, UI}) A — C(X(O),Mnl) is a unital *-homomorphism, so

D} = {(a.f) € Ac® C([0,1], Muy) | It (a) = £(0), U} (@) = (1)}
is an RSH-algebra. But then

D} = {(a,f,f) € D}&C([0,1], My,

R(a) = £/(0), UR(a) = /(1) }

is also an RSH-algebra, and, inductively, we get that Dy is RSH. The same proof goes for
CH(Ry)- O

As in Chapter 5, we put

p=o(UU¢©)

ceCi=0
When ¢ is critically finite, D is a finite set. As we have seen, for any k € IN, the number of
summands in Ay, A,{*, By, ]B;r are all bounded by some constant times the number of elements
of D. In the language of RSH-algebras (see definition 1.2 in [25]), this means that the length of
the decompositions of Dy and D" given above is uniformly bounded. Furthermore, the base

space for both Dy and ID is a finite disjoint union of spaces homeomorphic to the unit interval

[0,1]; in particular, the dimension functions for all the algebras Dy and ID;" are bounded by the
constant 1. It follows that the inductive systems

{CF(Ry(K)), prtren, {C7 (R (K)), oy Fren
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where pj and p; are the inclusion maps, have no dimension growth. The limits of both systems,
C;(Ry) and Cf(R), are infinite-dimensional (since they each contain a copy of C(T)). It follows
from Corollary 1.9 of [24] that both systems have strict slow dimension growth. We will need this
fact in a bit.

7.2 Traces on C;(R,) and C;(RY)

To understand the core algebras better, we now determine their tracial states. As we shall see,
simplicity of the algebras implies that they each have a unique tracial state. We prove this first for
C; (Ry), and then use results of Nesvehyev to conclude the same for C;(R,). The lemma below
reveals a close connection between tracial states on the core algebras and invariant measures
on the circle. Generally, given a groupoid G with unit space G° and range and source maps
r,8: G — G, a measure y on G is G-invariant if y(r(W)) = u(s(W)) for any bisection W C G.

Lemma 7.4. If y is a reqular R:g—invariant Borel probability measure on T, the state given by

w(f) = [ flxmldx), f € C(RY)

is a tracial state on C;(R(). Conversely, given a tracial state on C}(R()), it is given by integration
against a regular Ry-invariant Borel probability measure as above.

Proof. Since Ry is principal, this result follows from Lemmas 3.4.4 and 3.4.5 of [27]. O

Lemma 7.5. Let ¢ : T — T be a uniformly piecewise linear transitive circle map. Then there exists a
R;-invariant Borel probability measure on T.

Proof. Let A be the normalised Lebesgue measure on T. Let W be a bisection. Then we may
assume that W has the form

W={(xy) eTxT|xeLye]¢kx) = ¢ y),vallgh,x) = vallgh,y)}

where I and | are open intervals. By the assumption on ¢, it follows that

It follows that A is R;;-invariant. O

Lemma 7.6. Let y be a Borel probability measure on T that is R$—invar1’ant, and assume that C; (Ry)
is simple. Then y is non-atomic.

Proof. Assume towards a contradiction that there is an xy € T such that u({xo}) > 0. Since
C; (Ry) is simple, the orbit [xo]R$ of xg is infinite. Clearly, we are done if we can show that

u({x}) = u({xo}) for any x € [xo]th, so choose such an x and a v € R with r(y) = x and
s(y) = xo. Choose a decreasing sequence of open bisections W, with N, W,, = {7}. Then

p({x}) = p((r(Wa)) = Hm pu(r(Wy)) = lim pu(s(Wu)) = p((s(Wa)) = u({x0})-

n— n
n * n |:|

Lemma 7.7. Assume that C{(RJ) is simple. Then there is a unique tracial state on C; (RY).
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Proof. Since C; (R;g) is simple, ¢ is transitive, hence conjugate to a uniformly piecewise monotone
map . Since I'}, ~ 1"$ by Remark 2.23, their groupoid C*-algebras are isomorphic, so we lose no

generality assuming that our map is uniformly piecewise monotone. Then existence follows from
the existence of a R/ -invariant measure in Lemma 7.5. For uniqueness, note that Lemma 3.2 of

[42] says that C; (R?g) has at most one non-atomic tracial state, and Lemmas 7.4 7.6 says that
any tracial state is non-atomic. O

Proposition 7.8. Any trace on C;(Ry) factors through C;(R). In particular, C; (Ry) has a unique
tracial state.

Proof. Let Q : Cf(Ry) — Cf(RJ) denote the restriction map, let f € Cc(Ry), and write
f=f++f-, with fi € C(R) and f- € C({(x,p,y) € Ry|p = —}. Since f = Q(f), we are
done if we can show that 7(f_) = 0. Choose a probability measure y on T and a field of states
{@x }x representing 7, cf. [20], i.e. such that

wh) = [ L Me)elus)dn()

g€Iso(x

for any h € Cc(Ry). Consider the function F given by

Fix)= Y f(9)ex(ug), xeT.
g€lso(x)

Given x € T such that x is non-critical for any ¢F, the isotropy group Iso(x) consists of the single
element (x, +,x). Since f_(x, +,x) = 0, we have F(x) = 0. The set of x € T critical for some ¢*
is countable, so the function P is zero p-almost everywhere. By Lemma 7.6, i is non-atomic, so
we have T(f_) = [1 F( =0. O

Lemma 7.9. Let ¢ be uniformly piecewise linear, and let T be the unique tracial state on Cf(R$) Then
for any € > 0, there is a projection p in C}(RJ) with T(p) < e.

Proof. Recall that C;'(R;;) is the infinite-dimensional limit of the inductive system {C; (R} (k)), ok},
that all the inclusion maps py are unital and injective, and that each C; (R$ (k)) is isomorphic to

the algebra IDy, as discussed in Lemma 7.3. Since C; (R}) is the infinite-dimensional inductive
limit of a system of recursive subhomogeneous algebras with unital and injective inclusion maps,
Lemma 1.8 of [25] shows the following: Let p;; be the composition p;_10---0p;110p; : ID; = D;.
Then, given an n € N, for any non-zero d € ID; (for any i), there is a jy such that for j > jo,

rank(evy(p;i(d))) > n

which in our notation simply boils down to the fact the the matrix dimension of any summand
of By goes to infinity as k goes to infinity. In particular it follows that there is a k and a pair

of intervals (I,]) € I,Ez) such that the set v(I, J), consisting of I, | and the shortest of the two
arcs on T between [ and J, has length strictly less than e. To prove the lemma, we proceed to
construct a projection p € C¢(R) such that p restricted to T is supported in v(I, J), and such

that [p(x,y)| < 1forall (x,y) € Ry. If we can do this, it follows

= [ pdt <
Jppie <
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Figure 7.1: The map g defined on the set o(I, )..

and we are done. p is essentially constructed as a Rieffel projection, introduced in [32]. Write
I =(a,b)and | = (c,d), and assume that v(I, ]) is the set (a,d). Let g1 € C(I) be any function
such that 0 < ¢;(f) < 1, such that

lim ¢;(t) =0, lim ¢ (f) = 1.

t—at t—b—

Lety : I — ] be the map A; o ¢*, which is a homeomorphism with inverse 7! = A o ¢¥. Define
82 € C(J) by g2(t) =1 —g1(7(#))- Then

lim g(t) =1 lim g (t) =0
t—c™

t—dt

Finally, define g on v(I, J) by putting g =g1onl,g =g onJand g =1on (b,c). Put

<(z) ifz=weo(,]))CT
p(z,w) = g(z) —g(z)? ifzeLwe], (z,w) € RS (k) (7.1)
g(w) —g(w)? ifzeJwel (z,w) € RS (k)

and 0 elsewhere. Checking that p* = p is straightforward, and checking that p?> = p is a simple
calculation: Then, if x € I, we have s(r~!(x) Nsupp(p)) = {x,7(x)}, so

p*(x,x) = p(x,7(x))p(v(x),x) + p(x,x)* = g(x) — g(x)* + g(x)* = g(x) = p(x, x).

The same calculation shows that p?(x, x) = p(x,x) when x € ], and when x € v(I, ]), but not in
I or ], have s(r~! Nsupp(p)) = {x}, so

p?(x,x) = p(x,x)p(x,x) = 1 = p(x,x).

Likewise, the calculation

P (x,7(x) = ple,2)p(x,7(x)) + p (e, v (2) p(r(2), 7 (x))

= g(x)y/5(x) — (0 + g(1(x))/8(x) — g(x)? = \/5(x) — §(x)% = p(x, 7(x))

(7.2)
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shows that p?(x,v(x)) = p(x,(x)) when x € I, and a similar calculation does the trick when
x € J. In all other cases, p?(x,y) = 0 = p(x,y), which shows that p is a projection. O

The use of the Rieffel projection in the proof above was communicated to me by Benjamin
Johannesen, who in turn got the idea from conversations with Ian Putnam.

Corollary 7.10. Let T be the unique tracial state on C;(R)), and 7, : Ko(C}(R})) — R the induced
map. Then the image T.(Ko(C; (R))) is dense in R.

Since the unique tracial state on C; (Ry) factors through C; (RY), the result above also holds
for C;(Ry).

7.3 A classification result

Let us recapitulate what we have shown so far: Assuming that the algebras C(Ry) and C;(R})
are simple, they each have a unique tracial state whose image in R is dense. Furthermore,
K;(Cf(Ryp)) = 0 by Lemma 3.14 and continuity of K;. Finally, C; (R}) is the fixed point-algebra
of the order-two automorphism A restricted to C;(R,). We now boldy claim the following:

Theorem 7.11. Assume that C;(Ry) is simple. Then it is an AF-algebra.

Proving this will occupy the rest of the section, and requires some deep results. The proof
relies heavily on the K-theory of AF-algebras, which we outline briefly (for more, see e.g. [34]):
Assume that A is AF. Then (Ko(.A), Ko(.A)T) is a dimension group, i.e. the limit of a system of
ordered, free abelian groups:

1 X2 ZVI3 . (73)

Zm 7

with each Z" given the usual ordering and the a’s being positive group homomorphisms.
Conversely, given a dimension group, there is an AF-algebra with Ky isomorphic to this group.
The Effros-Handelman-Shen Theorem (see [12]) characterises dimension groups intrinsically:

Theorem 7.12. An ordered Abelian group (G, G") is a dimension group if and only if it is
e unperforated: For any x € G, nx > 0 for some n € N implies x > 0, and

e satisfies the Riesz interpolation property: if x1,x2,y1,y2 € G with x; <y for i,j = 1,2, there
isaz € Gwithx; <z <yjfori,j=1,2

Finally, any AF-algebra has trivial K;-group. The general strategy for proving Theorem 7.11
is then as follows: First, we prove that C;'(R,), when simple, has the K-theory of an AF-algebra.
Then we appeal to some general classification results for limits of RSH-algebras to show that if
it quacks like an AF-algebra and walks like an AF-algebra, then...

We need a general result. We say that a C*-algebra A satisfies Blackadars Second Comparability
Condition if the partial order on projections in M« (.A) is determined by traces: If p,§ € Mo (A)
with 7(p) < t(g) for all normalised traces on A, we have p < g.

Lemma 7.13. Let A be a simple C*-algebra satisfying Blackadars Second Comparability Condition, and
assume that A has a unique tracial state T such that T(Pe(A)) is dense in R. Then Ko(.A) has the
Riesz interpolation property.
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Proof. Let x1,x2,y1,¥2 € Ko(A)T with x; < y; for i = 1,2, and choose projections X;,Y; €
Moo (A) representing these. By assumption, T(X;) < 7(Y;) for i,j = 1,2. Assume first that the
traces of the X;’s are strictly less than those of the Y;’s, say 7(X1) < 7(X2) < (Y1) < 7(Y2).
Since the image of 7 is dense in R, there is a projection Z in some M, (A) with 7(Xp) <
7(Z) < 1(Y1). By the Comparability Condition, the Ky-class of Z is an interpolating element
between the x;’s and y;’s. On the other hand, assume that we have equality of some of the
traces, say 7(X») = 7(Y7). Since xp < yj, there are projections Z, R in some M, (.A) such that
Y1 &R ~ X, ® Z ® R. We get that T(R) = 0, and since the set {A € M,,(A)|t(A*A) =0} is an
ideal (and hence equal to {0}), we must have R = 0. Thus, X, ~ Y7, so xp = y; works as an
interpolating element. g

With these lemmas in place, we can show that C;(R,) has the K-theory of an AF-algebra:
Proposition 7.14. Assume that C}(Ry) is simple. Then Ko(C;(Ry)) is a dimension group.

Proof. We know that C;(R,) is the unital direct limit of the system (C;(Ry(k)), i) of recursive
subhomogeneous algebras. Since the system has slow dimension growth, it follows from
Theorem 0.1 of [24] that Ko(C;(Ry)) is unperforated and that C;(R,) satisfies Blackadars Second
Comparability Condition. By Lemmas 7.9 and 7.13, Ko(C/(Ry)) has the Riesz interpolation
property. By the Effros-Handelman-Shen Theorem, it is a dimension group. g

Proof (Of Theorem 7.11). By Proposition 7.14, we know that Ko(C;(Ry)) is a dimension group.
Since C;(Ry) is assumed simple and admits a trace by 7.8, it is stably finite by Theorem 2.2 of
[33]. But then Ko(C/(Ry)) is a simple ordered group by Theorem 6.3.5 of [5]. It follows that
there is an AF-algebra A whose K-theory is isomorphic to the K-theory of C;(R,), and then that
A is simple since Ky (.A) is. But by [48], Corollary 1.4, ordered K-theory is a complete invariant
in the class of unital simple separable limits of recursive subhomogeneous C*-algebras with slow
dimension growth whose projections separate traces (phew!), in particular for those algebras
with a unique tracial state. It follows that C;(R,) ~ A. O

To finish the programme laid out in the beginning of this chapter, we need to show that
C;(Ryp) has non-trivial K; whenever it is simple. Recall that the Ky-groups of the building blocks
Cr (R$ (k)) all were non-trivial — if we were able to show the same for C;' (R$), we would have an
example of an AF-algebra (i.e. C/(Ry) whenever it is simple) with an order two-automorphism
whose fixed-point algebra is not AF. We know, by continuity of Ky, that

Ky (G} (Ry)) = lim(K1 (CF (R (K))), (px)1)

where p; is the inclusion from C;(RJ (k)) to C; (R (k+1)). But in the critically finite case,
Equation 5.21 gives a formula for this map. Let’s put that to use:

Proposition 7.15. Let ¢ be a transitive, critically finite circle map. Then K1(C; (Rg)) is non-trivial.

Proof. Let’s recall the setup from Lemma 3.15: For each k, there is a map (Ix)o — (Uk)o :
Ko(Ag) — Ko(Bg) such that

Ki(CF (R (k))) ~ coker((Ix)o — (Ux)o)-

As we saw in Lemma 3.15, this map is not surjective, and its image is contained in the subspace
V of Ky(BBy) defined by

v {2 11, (+,)] + ¢1, 11, (=, )

IeT

2 Ci+ —C[— = 0}

IeT
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Recall furthermore that C;(Ry) is the limit of the building block algebras C;(R¢ (k)), so by
continuity of Kj, it follows that

Ki(C}(Ry)) = lim (K1 (C7 (Ry (K))), (px)1) (7.4)
k

with pj denoting the inclusion from C;(Ry(k)) to C;(Ry(k +1)). In Equation 5.21, we found a
formula for a map B : Ko(By) — Ko(Bj1) making the diagram

Ko(By) ——— Ki1(C; (R} (K)))

BJ Jpl (7.5)

Ko(Bs1) —— K1(C; (R (k+1)))

commute, with 77 denoting the quotient map. To prove the proposition, we find an element v in
the complement of V such that B"(v) ¢ V for all n. It then follows that v gives rise to a non-zero
element in the inductive limit liglk(Kl (Cr(Ry(k))), (px)1)- First, lets describe the map B in some
detail: Let J € Z, v € {(+,+),(—, —)}, and let [], v] denote the corresponding basis element of
Ko(By). By Equation 5.21, we have

B[], v] = (1)@ [p(]'),v e val(g, ]')]

where |’ C ] is an interval such that ¢(J') € Z and J' N C = @. (Recall that for each | € Z, there
might be many subintervals |’ satisfying the conditions above, giving rise to many possible maps
B — we just fix some particular choice of intervals). It follows that B is completely determined
by the map ¥ : Z — 7 taking an interval ] to ¢(J') along with the set of valencies val(g, J').
Fix an I € Z, and note that v = [I, (+, +)] — [, (—, —)] is in the complement of V, so 7t(v) is a
non-zero element of K1 (C; (R (1))). Now, we calculate that

Y(I), (+,4)]  if val(g, I') = (+,+)

B[L (+,+)] = {[\II(I),(,)] if val(g,I') = (-, —)

and

[¥(D), (=, —)]  if val(e,I')
—[¥(I), (+,+)] if val(e,I')

(++)
(=—)

B[I, (*r*)] = {
In both cases, it follows that

B([L (+, ) = [L, (= =)]) = [¥(I), (+, )] = [¥ (D), (=, =),

so B(v) is also in the complement of V. But this calculation can be repeated to show that
B%(v), and, in general, B"(v) is in the complement of V. It follows 71(B(v)) is non-trivial in
K1 (C; (R (k))) for any k, and that

p1(7t(B(v)) = (B! (v)).

But then the direct limit

is non-zero, as we wanted. O



APPENDIX A

Computations

This appendix contains a number of K-theory computations for critically finite maps. The setup
is the following: Let ¢ : T — T be a circle map, satisfying the following assumptions: 0 is a
critical point of valency (—, +), and for any ¢ € C, we have ¢(c) = 0. This ensures that the map
is critically finite — indeed, the map is a Markov map, i.e. all critical points are mapped to critical
points. In the notation of Chapter 3, we may choose D = {0} and Z = {I}, with I = (0,1).

Example A.1. We begin by considering C;(T). Put

m =#ze g 1 (0)N(0,1)|val(g,z) = (+,-)}, m=#{z€ ¢ 1(0)N(0,1)|val(g,2) = (£,%)},

and note that it is possible to construct a Markov map ¢ with arbitrary values of n; and n,.
Note first that #{z € ¢~1(0) N (0,1)|val(¢,z) = (-, +)} = n; — 1. Using 5.34, we calculate:

poES ) =Y ¢ ¥ (Eg,aimz) +ng‘1(4"2)) N

zep~1(0)NC
=)

= mE T + (= DES + mESY ) 4 mE

Similar computations reveal that the matrix A is given by

ny ny — 1
ny — 1 n
A= ny n
ny 1y
na na

1
0
0
0
0

0
1
0
0
0

np
ni
np
nq
np

)

zep~1(0)\C
+r7)

’

Eg

+ anS.

Using 6.3.4 shows that (I)o — (Uy) as a map from Z° to Z is given by (1,1, —1,—1,0). Hence,

ker((I)o — (Un)o) = {(x,y,zx +y —zw) |x,y,z,w e Z} ~ Z*.

A simple calculation shows that

ny — 1 ny — 1 1 ny
A 1= ny ny -1 ny
n n -1 ny

ny 7120 ny — 1

107

[N e}

[N e e}

SO O

n

1’12—1



108 Appendix A - Computations

from which it is easily seen that K;(C;(Iy)) = ker(A — 1) ~ Z if n, # 1, and K1 (C}(Ty)) =
ker(A — 1) ~ Z2 if np = 1. Similarly, some coloumn operations transforms A — 1 into the matrix

1 0 0 0
0 1 0 0
0 0 2ny—14mnp, O
0 0 0 0

Putting N = 2n; + ny — 1, we get that the Smith normal normal form of A — 1 is the diagonal
matrix (1,1, N,0), hence Ko(C/(Ty)) = coker(A —1) ~ Z & Zy. In other words, the possible
K-theory groups for C;(T'y), where |D| =1, is

(Ko(Ci(Ty)), K1(Ci(Ty)) = (Z®ZN, Z)

with N arbitrary, and
(Ko(CF (Ty)), Ki(C} (Ty)) = (Z & Zn, Z?) A

for N even (since choosing 1, = 1 forces N to be even).

051 i

0 I I I I 0 I I I I
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure A.1: Here are two examples of maps in the class
we considered. For the first map ¢, we have n; =
ny = 4,so0 N = 2ny +np, —1 = 11, and it follows that
(Ko(Ci(Tyy)), Ki(Ci(Ty,)) ~ (Z @ Z11,Z). The second map
@2 is supposed to have 17 local maxima (for some arbitrary
ny € IN). It then follows that n, = 217, so N = 3n; — 1, so
KO(C;(F¢2))I Ky (C;K (rlpz)) = (Z D Z3n1—1r = Z)

Example A.2. We now consider Cf(l’$). This is a bit more complicated: We are now able to
distinguish between (+, +) and (—, —), so we need a parameter more compared to the sitation
above. We also need to determine the map B between Ky(By) and Ko(By, ). First, note that
the assumptions on ¢ implies that D(£) = {0} x V, so Ko(A) ~ Z*, and Ky(By) ~ Z? since
Z(+) = (0,1) x {(+,+), (=, —)}. By the same arguments as in 5.25, (Iy)o — (Uy)o : Z* — Z? is

given by the matrix
1 =100
1 -1 0 0)°

ker(I)o = (Uxo) = { (x,y,2,w) € Z* | x =y} = Z°, coker((I)o — (Uk)o) = Z

In particular, we have
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Next, note that since ¢ is assumed surjective, and since any critical point maps to 0, there is a
subinterval | of (0,1) such that ¢(]) = (0,1), ] contains no critical points, and val(¢, J) = (+,+).

It follows that the map B given in Equation 5.21, and hence also the restriction B, is simply the
identity. Hence ~
ker(1— B) ~ coker(1—B) ~ Z

Define numbers 11, 1, and 13 as follows:
m=#{z€¢7(0)N(0,1) |val(p,2) = (+,-)}
1y = #{z € ¢~1(0) N (0,1) )val(cp,z) - (+,+)}
ns =#{z €971 (0)N (0,1) ’Val(go,z) = (=)}

Observe that #{z € ¢~1(0) N (0,1)| val(g,z) = (—,+)} = n; — 1. Using the formula for A given
above shows that

27’11 -1 ny np
2711 ny m
ny + ns ny ns

1

0

0
ny+n3 0 nz mnp

0,1

Since Using the vectors (1,1,0,0), (0,0,1,0), (0,0,
tion reveals that

) as a basis for ker((Ix)o — (Uk)o), a calcula-

21’11—1 ni ny
A-1=|n+ny np—1 ns
nyp + ns ns np —1

which, after some invertible row and coloumn operations, turn out to be equivalent to
3 1 0 0
A-—1=10 ni+ny—1 nq + ns
0 ny +n3 ny+ny—1
from which we see that ker(A — 1) = 0 if
det(A—1) = (m +ny —1)2 — (n +n3)> = n%+n§ —2nqnp — 211 —2np +1#0

and ker(A — 1) = Z otherwise. It follows from 5.23 that K1 (C; (T'y)) ~ Z in the first case, and
K1(C;(Ty)) = Z? in the second. Putting u = ny 4+ n, — 1 and v = n7 + n3, a calculation shows
that the Smith normal form of A — 1 is

1 0 0
0 ged(u,v) 0
22
0 0 gZd(uzfv)
Hence coker(A —1) = Zycq(,0) © Z 22 , 5O
ged (u,0)
KO(C:(F;;)) ~7Z& chd(u,v) ®Z [u2—22| (A1)

ged(u,0)

by 5.22. For any triple (ny,ny,n3) with ny > 0 and ny,n3 > 0, we can find a critically finite
map having the given constants. Indeed, fixing ¥ > 0 and v > 1, and choosing a map
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o withny =1, n3 =v—-—1and u = ny, we get ny+np,—1 = uw and n; +n3 = v. To
determine the possible K-theory groups, we simply need to calculate the range of the map
£(u,0) = (ged(u,0), [u2 — 02|/ ged(u, v)).

To do this, note first that gcd (1, v) divides |u? — v?|/ gcd(u, v), and that

(cu)? — (cv)? u? — v?

ged(cu,co)  ged(u,v)

In other words, if f(u,v) = (1, p), then f(cu,cv) = (c,cp), so we may reduce to the case where
ged(u,v) = 1. Since ged(u,u +1) = 1 and [u? — (u+1)?| = 2u + 1, any pair (1,2u + 1) is in
the range of f. Furthermore, with u = 2k + 1 odd and v = 2k + 3, we have gcd(u,v) = 1 and
u? — v?> = 8k + 8, so any pair (1,8k) is in the range. Conversely, if u> —v?> = (u —v)(u + )
is even with u, v coprime, both # and v are necessarily odd, so both u 4+ v and u — v are even.
Furthermore, 4 divides at least one of them (if, say u —v =4k +2, thenu+v=u—v+2v =
4k +2+2(2j+1) = 4(k+j+1)), so u? — v? is divisible by eight. Combining everything and
using 5.22, we get that the possible groups are

Ko(Ci(Ty)) = Z®Zy ® Zyg,
where d € IN and e is either odd or a multiple of 8, ord = 1 and e = 0 (if u = v). A

We return to the concrete maps ¢ and ¢, given in the figure above. For the first map ¢,
we have n; = ny = 4 and n3 = 0. This means that u = 7 and n = 4, so ged(u,v) = 1 and
|u? — v?|/ ged(u, v) = 33. It follows that

Ko(Ci(Ty)) ~Z & Zss, K(Ci(TS)) ~Z.
The second map ¢, has 17 local maxima in (0,1), and n; = np, = n3. In the notation of the

example, u = 2n; — 1 and v = 2ny, so ged(u,v) = 1 and |u? — v?| = 2n; — 1. It follows that the
K-theory groups are (Z ® Zy,,—1,Z).
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