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WIELER SOLENOIDS, CUNTZ-PIMSNER ALGEBRAS AND K-THEORY

ROBIN J. DEELEY, MAGNUS GOFFENG, BRAM MESLAND, AND MICHAEL F. WHITTAKER

ABSTRACT. We study irreducible Smale spaces with totally disconnected stable sets and
their associated K-theoretic invariants. Such Smale spaces arise as Wieler solenoids, and
we restrict to those arising from open surjections. The paper follows three converging
tracks: one dynamical, one operator algebraic and one K-theoretic. Using Wieler’s
Theorem, we characterize the unstable set of a finite set of periodic points as a locally
trivial fibre bundle with discrete fibres over a compact space. This characterization gives
us the tools to analyze an explicit groupoid Morita equivalence between the groupoids of
Deaconu-Renault and Putnam-Spielberg, extending results of Thomsen. The Deaconu-
Renault groupoid and the explicit Morita equivalence leads to a Cuntz-Pimsner model
for the stable Ruelle algebra. The K-theoretic invariants of Cuntz-Pimsner algebras are
then studied using the Cuntz-Pimsner extension, for which we construct an unbounded
representative. To elucidate the power of these constructions we characterize the KMS
weights on the stable Ruelle algebra of a Wieler solenoid. We conclude with several
examples of Wieler solenoids, their associated algebras and spectral triples.

INTRODUCTION

Inspired by Williams [53], Wieler [52] recently proved that irreducible Smale spaces with
totally disconnected stable sets always arise as solenoids — inverse limits associated with
continuous surjections. Due to Wieler’s characterization of such spaces we call them Wieler
solenoids. In view of [15], Wieler solenoids arising from an open surjection can be studied
by means of Cuntz-Pimsner algebras, a class of C*-algebras that provide a different picture
than the usual Smale space groupoid C*-algebras. The purpose of this paper is to study
the connection between Wieler solenoids defined from an open mapping and Cuntz-Pimsner
algebras. This connection allows us to improve our understanding of the K-theoretic invari-
ants of such Smale spaces. We do this by linking Putnam’s stable Ruelle algebra [39, 43|
with unbounded Kasparov theory on Cuntz-Pimsner algebras studied by Adam Rennie and
the second and third listed authors [19, 20].

Wieler’s classification result states that any irreducible Smale space with totally discon-
nected stable sets can be written in the form of an inverse limit X =V <~ V <~ ... where
g -V — V is a continuous finite-to-one surjection satisfying two additional axioms, which
are weakened versions of g being locally expanding and open. For our construction, g must
be an open map, rather than the weakened version appearing in Wieler’s second axiom.
When g is open and satisfies Wieler’s first axiom, we show ¢ is a local homeomorphism. We
discuss several different assumptions on g in Section 2 and show that they are all equivalent
to the condition that ¢ is an open map.

Our main results revolve around a systematic study of the C*-algebras associated with
Wieler solenoids arising from an open mapping. We arrive at our results through combining
dynamics, operator algebras, and K-theoretic invariants. In particular, we describe: i) the
global unstable set X“(P) as a locally trivial bundle over the base space V, ii) the stable
Ruelle algebra as a Cuntz-Pimsner algebra and iii) the K K-theory of the stable Ruelle
algebra. An immediate consequence of the Cuntz-Pimsner model for the stable Ruelle
algebra is the complete classification of KMS weights on the stable Ruelle algebra for the
natural gauge dynamics of the Cuntz-Pimsner algebra.
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The structure of a Smale space naturally occurs in hyperbolic and symbolic dynamics,
see [14, 39, 40, 41, 42, 43, 47, 48, 50, 52, 54]. The study of Smale spaces through invariants
of their C*-algebras has been central to the theory since its very beginning. In [48], Ruelle
introduced C*-algebra theory into the study of Smale spaces and studied their noncommu-
tative dynamics using equilibrium (KMS) states. Continuing Ruelle’s program, Putnam and
Spielberg [39, 43] showed that the stable and unstable Ruelle algebras are separable, simple,
stable, nuclear, purely infinite, and satisfy the Universal Coefficient Theorem (UCT). It fol-
lows that K-theory is a complete invariant for the stable and unstable Ruelle algebras using
the Kirchberg-Phillips classification theorem [37]. The computation of K-theory for these
algebras is therefore of fundamental importance. One of our main results provides a new
method of computing K-theory for the stable Ruelle algebra of a Wieler solenoid through a
six term exact sequence.

Invariants of the Smale spaces themselves led Putnam to define a homology theory for
Smale spaces [42]. Inspired by K K-theoretic correspondences, together with Brady Killough,
the first and fourth listed authors used Putnam’s homology theory to define dynamical
correspondences for Smale spaces [16]. This paper is a first step towards understanding
dynamical correspondences from the point of view of K K-theory [23, 24]. The reason for
taking this first step for Wieler solenoids is the presence of an explicit Morita equivalence
between the stable Ruelle algebra and a Cuntz-Pimsner algebra over C(V'). This allows us to
describe the noncommutative geometry (unbounded K K-theory, [6, 13] see also [30, 31]) and
noncommutative dynamics (KMS weights [27, 28]) of the stable Ruelle algebra in an explicit
way. Our motivation for doing so is to make the Smale space origin clear and susceptible to
generalization.

The dynamics of expanding continuous surjections g : V. — V is well studied in the
literature [1, 15, 18, 20, 28, 34, 50, 51, 53, 54]. This fact guarantees us that the tools we
need are available. For instance, [50, Chapter 4.4] treated Smale spaces constructed from
expansive mappings with a dense set of periodic points, see more details in Remark 2.13
below. Although the starting point for the paper is [52], the inspiration for several results
describing the dynamical structure of Smale spaces with totally disconnected stable sets
comes from work of Thomsen, see [50]. In particular, one of our aims is to make explicit
the Morita equivalence obtained from Remark 1.14, Lemma 4.16 and Theorem 4.19 in [50].
Such ideas first appeared in the context of subshifts of finite type in [14] and later in [10]
in the context of topologically mixing expanding maps. Since this paper is a first step
towards understanding the K K-theory of Smale spaces, we are careful to keep the paper
self-contained and all of our constructions in noncommutative geometry and dynamics are
explicit.

We now conclude the introduction with our main results and the organization of the
paper. In Section 1, we recall the relevant definitions of Smale spaces. Section 2 introduces
Wieler’s characterization of irreducible Smale spaces with totally disconnected stable sets.
In particular, Wieler shows that such Smale spaces (X, ) always arise from a continuous
surjection g : V' — V of a compact Hausdorff space V in the sense that X is the inverse limit
X=v&v<&. .. and ¢ : X — X the shift map. The following is the main dynamical
result of our paper, and appears as Theorem 2.12. This result should be compared to the
structural results of Hurder-Clark-Lukina on matchbox manifolds [11, 12].

Theorem 1. Suppose (X, ) is an irreducible Wieler solenoid arising from an open contin-
uwous surjection. Let P C X be a finite p-invariant set of periodic points and
X*(P):={x € X : there exists p € P such that lim dx(¢ "(z),¢ "(p)) = 0}.
n—oo

Then the projection map wo : X*“(P) =V, (zo, x1,z2,...) — xo defines a covering map. In
particular, 7o : X"(P) = V is a locally trivial bundle with discrete fibres.
In section 3, we discuss Cuntz-Pimsner algebras associated with a continuous surjec-

tive local homeomorphism, following [15]. This Cuntz-Pimsner algebra is isomorphic to a
Deaconu-Renault groupoid algebra. We conclude by relating our findings to Wieler solenoids.
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Pavlov-Troitsky’s results on branched coverings [36] show that, if g : V' — V satisfies Wieler’s
axioms, it is necessary that g is a local homeomorphism in order to have an associated Cuntz-
Pimsner algebra.

In Sections 4 and 5 we define an unbounded K-cycle representing the Cuntz-Pimsner
extension of O and show that it applies to the stable Ruelle algebra through an explicit
Morita equivalence. The following result combines Theorem 5.6 and Proposition 5.15 to
relate the stable Ruelle algebra C*(G*(P)) x Z with the Cuntz-Pimsner algebra O, here
G*(P) denotes the stable groupoid of the Smale space.

Theorem 2. Let (X, ) be an irreducible Wieler solenoid arising from an open mapping
g:V — V and suppose P C X 1is a finite p-invariant set of periodic points. The crossed
product groupoid G*(P) x Z is groupoid Morita equivalent to the Deaconu-Renault groupoid
Ry, which satisfies Op = C*(Ry).

Moreover, the stable Ruelle algebra C*(G*(P)) X Z is itself isomorphic to a Cuntz-Pimsner
algebra Op,, defined using the C(V)-Hilbert C*-module He vy := LQ(X“(P))C(V) and the
bi-Hilbertian Ko vy (Ho(vy)-bimodule E := He oy @ E @cvy H* .

To describe the K-theoretic invariants of C*(G*(P)) x Z we make use of the Cuntz-
Pimsner extension for Og. The Cuntz-Pimsner extension describes C*(G?(P)) x Z in the
triangulated category K K™ using C(V) (carrying the trivial action of the circle group T)
and [E] € KK (C(V),C(V)) defined by equipping E with the T-action z - £ := 2¢, for
z €T CC and £ € E. This allows us to compute K-theoretic invariants, T-equivariant
or not, from knowledge of E and C'(V') alone. The form of the Cuntz-Pimsner extension is
determined by a distinguished class 8 € KKT(C*(G*(P)) x Z,C(V)) that we now describe
by combining Theorem 4.10 and Theorem 5.21.

Theorem 3. Let (X, ) be an irreducible Wieler solenoid arising from an open mapping
g:V =V, PCX afinite set of periodic points and let C*(G*(P)) X Z be the stable Ruelle
algebra. Then there is a siz term exact sequence

Ko(C(V)  —"% Ko(C(V)) —2 Ko(C*(G*(P)) x Z)

aT la
Ki(C*(G*(P)) X Z) = Ky (C(V)) =2 Ki(C(V))

Moreover, each connecting map is represented by an explicit unbounded Kasparov module.

We note that the element 1x € KK{ (C(V),C*(G*(P)) x Z) is induced from a stable
inclusion (cf. Corollary 5.13), the *-homomorphism 0 : C(V) — C(V, My(C)) is defined
from a partition of unity as in (4.5) and € KK](C*(G*(P)) x Z,C(V)) is explicitly
represented by the unbounded Kasparov module appearing in Theorem 5.21.

In fact, a more general statement is true: The C*-algebra C*(G*(P)) x Z fits into an
exact triangle with C(V), as in Theorem 5.21. Using this description allows us to compute
K-theoretic invariants in the sense of Corollary 4.11. Since the K-theory computation is T-
equivariant one can also use it to compute the K-theory of the stable algebra C*(G*(P)), see
Remark 5.8. The fact that all K K-classes appearing in Theorem 3 are explicitly represented
by unbounded Kasparov modules makes the result suitable for computations.

The stable Ruelle algebra C*(G*(P)) xZ carries a dual T-action, so we can study the KMS
weights of the associated R-action. In Corollary 6.6, we combine a result of Laca-Neschveyev
[27] and the Morita equivalence of Theorem 2 to prove the following.

Theorem 4. Let (X, ) be an irreducible Wieler solenoid arising from an open mapping
g:V =V, P C X a finite set of periodic points and wy the map from Theorem 1. For
B > 0, there is a bijective correspondence between the measures j on 'V satisfying g*pu = e°p
and KMSg weights on C*(G*(P)) X Z via j — ¢, where the KMSg weight ¢,, is defined on
C.(G*(P) X Z) by

ol = [ S0 2w,
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The C*-algebra C*(G*(P)) x Z always admits at least one KMSg weight. If (V,g) is mizing,
there is a unique B > 0 for which there exists a KMSg weight and that KMSz weight is
unique.

Throughout the paper n-solenoids feature as our running example. In addition, we con-
sider two other examples in Section 7. These include subshifts of finite type, where the
results in the present paper, together with previous results of the second and third listed au-
thors [19] prove that the K-homology of the stable and unstable Ruelle algebra is exhausted
by explicit #-summable spectral triples whose phases are finitely summable Fredholm mod-
ules (see Theorem 7.1). We study self-similar groups in Subsection 7.2. The construction
of limit sets of regular self-similar groups provide a broad range of examples fitting into the
framework of the paper.

In Section 8, we study solenoids constructed from local diffeomorphisms g : M — M
acting conformally on a closed Riemannian manifold M. In this case, we can construct
explicit spectral triples on the stable Ruelle algebras that are not Kasparov products with the
class 0 in Theorem 3. These spectral triples are defined from an elliptic log-polyhomogeneous
pseudo-differential operator (in some cases acting on the GNS-space of the KMS-weight).
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1. SMALE SPACES AND THEIR C*-ALGEBRAS

In this section we will recall some well known facts about Smale spaces and their associated
C*-algebras, see [39, 40, 42, 43, 48, 50]. For a more detailed presentation we refer the reader
to [42].

1.1. Smale spaces. A dynamical system (X, ) consists of a compact metric space X and
a continuous map ¢ : X — X. A Smale space is a dynamical system in which ¢ is a
homeomorphism and the space can be locally decomposed into the product of a coordinate
whose points get closer together under the map ¢ and a coordinate whose points get farther
apart under the map ¢. Ruelle axiomatized the notion of a Smale space with the following
definition.

Definition 1.1 ([42, p.19], [47]). Suppose X is a compact metric space and ¢ : X — X is
a homeomorphism. Consider the data (X,dx, ¢, [, ], \,ex) where ex >0and 0 < A < 1
are constants and

["']:{(‘Tvy)EXXX:dX(x’y)SEX}_)X’ (x,y)»—)[m,y]

is a continuous mapping, called the bracket mapping. We say that (X,dx, e, [, ], A\, ex) is
a Smale space if the following axioms hold

Bl [z,2] =z,

B2 [z,[y, z]] = [z, 2] if both sides are defined,

B3 [[z,y], 2] = [z, 2] if both sides are defined,

B4 o[z, y] = [p(z), v(y)] if both sides are defined,

C1 For z,y € X such that [z,y] =y, we have dx(¢(x), ¢(y)) < Adx(z,y), and

C2 For z,y € X such that [z,y] = z, we have dx (¢~ (z), o7 (y)) < Adx(z,y).
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We denote a Smale space by (X, ¢), the other data is taken to be implicit.

To see that Ruelle’s axioms define a local product structure, for x € X and 0 < ¢ < ey,
define

X%(z,e) :={y € X :dx(z,y) <e,[y,z] =2} and

X%z,e) :={y € X : dx(z,y) <e¢,[z,y] = z}.
It follows that for y,y’ € X*(z,e) we have dx(o(y), o(¥')) < Adx(y,y’). We call X*(z,¢)
a local stable set of x. Similarly, for z,2/ € X“(x,¢) we have dx (o 1(2),p (7)) <
Adx(z,2"), and we call X¥(z,e) a local unstable set of x. The local product structure
on a Smale space arises in the following way. For 0 < ¢ < ex and « € X, the bracket
mapping defines a mapping

[,]: X°(z,e) x X¥(z,e) = X, (1.1)

which is a homeomorphism onto an open neighbourhood of = (see [42, Proposition 2.1.8]).

We also note that if z,y € X with dx(z,y) < ex/2, then [z,y] is the unique point
X*(zyex) N X%(y,ex) and [y, z] is the unique point X*(y,ex) N X“(z,ex), see Figure 1.
This fact implies that (X,dx, ¢, [, ], A\,ex) is uniquely determined by (X,dx,¢) (up to
changing ex and \).

Xu(yaEX)
Xu(l‘,z’:‘x)

X (ya €X)
[y, «] y

XS(:E,a’-:X)

x [, ]

FIGURE 1. The local coordinates of x,y € X and their bracket maps

Given a Smale space (X, ) and x,y € X. We define equivalence relations by
x ~g y whenever dx(¢"(x),¢"(y)) — 0 as n — oo and
x ~q y whenever dx (o~ "(z), " "(y)) — 0 as n — oo.

We denote the stable equivalence class of x € X by X*®(x) and note that X*(z,e) C X*(z).
Similarly we denote the unstable equivalence class of z € X by X*(z). A locally compact
Hausdorff topology on X*(z) is generated by the open sets

{X*(y,e):ye X%(x),0<e<ex}

A similar topology is defined in the unstable case. The reader should note that the topologies
of X*®(x) and X“(x) are in general different from the subspace topologies coming from the
inclusions into X.

Lastly, we are interested in dynamical systems with topological recurrence conditions. In
the following definition, we do not assume that (X, ) is a Smale space.

Definition 1.2. Suppose (X, ¢) is a dynamical system. We say (X, p) is
(1) non-wandering if, for all x € X and all open sets U containing z there exists an
N € N such that N (U)NU # 2;
(2) irreducible if, for all non-empty open sets U,V C X, there exists N € N such that
PNU)NV # o
(3) mizing if, for all non-empty open sets U,V C X, there exists N € N such that
e"(U)NV #£ @ for all n > N.
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In the previous definition it is clear that (3) = (2) == (1). In general, none of the
reverse directions hold.

1.2. C*-algebras of Smale spaces. The first C*-algebras associated to Smale spaces were
defined by Ruelle in [48]; Ruelle considered the homoclinic algebra. The C*-algebras of
interest in this paper are associated with the stable and unstable equivalence relation. They
are now called the stable and unstable algebras of a Smale space. Putnam [39] showed that
there are natural crossed product C*-algebras of the stable and unstable algebras, he called
them the stable and unstable Ruelle algebras. These algebras generalize Cuntz-Krieger
algebras in the sense that if the Smale space is a sub-shift of finite type, then the stable
Ruelle algebra is Morita equivalent to the Cuntz-Krieger algebra O4 where A is the 0 — 1
matrix defining the sub-shift (see more in Example 3.1 and Subsection 7.1 below). All of
these algebras are defined using groupoids. However, in [39] the groupoids were not étale.
Putnam and Spielberg [43] showed that up to Morita equivalence, one can take the groupoids
to be étale by restricting to an abstract transversal. We will use the construction from [43].

Suppose (X, ) is a Smale space. It is well known that the set of p-periodic points in X
is nonempty. This follows from the following two facts: the set of non-wandering points in
X is nonempty [47, Appendix A.2] and is equal to the closure of the set of periodic points
(see [47, Section 7.3] and [7, Lemma 3.8]). For a comprehensive treatment of these results,
see [40, Proposition 1.1.3, Theorem 4.4.1]. In particular, if (X, ¢) is non-wandering then the
periodic points are dense in X.

We choose a non-empty finite set of p-invariant periodic points P. We define X" (P) =
UpepX“(p) and endow this set with the locally compact and Hausdorff topology generated
by the set {X“(z,¢) : x € X¥(P), € € (0,ex]}. The stable groupoid is defined by

G*(P) ={(v,w) e X x X : v ~; w and v,w € X*(P)} (1.2)

and has unit space X*(P). For the groupoid G*(P), the partial product operation is given
by (v,w)(w, z) := (v,2) and inversion is given by (v,w)™! := (w,v). We construct a basis
for an étale topology on G*(P) as follows.

Suppose v ~; w and choose N € N such that ¢V (v) € X*(¢"(w),ex/2). There is a
relatively open neighbourhood U of w such that o (U) C X“(o" (w),ex/2). This means
that [ (x), oV (v)] € X%(¢™ (v),ex/2) is defined for all x € U. The map

hy U= X, x5 0 V[N (@), oV ()],

is a local homeomorphism with A%, (w) = v. More precisely, if we take § > 0 small enough and
U = X"(w,?), then h3; : X“(w,d) = X“(v,ex/2) is a homeomorphism onto its image. The
mapping h}; depends on the choice of v and w which we suppress from the notation as they
will be clear from the context. Using this, a base of local neighbourhoods of (v, w) € G*(P)
is given by the sets

Ve(v,w,N,U) = {(h{(x),2): 2 € U C X" (w,ex/2)}, (1.3)

where N € N is such that ¢V (v) € X*(o" (w),ex/2) and the set U is relatively open with
N (U) c X¥(p™N (w),ex/2). With this topology, G*(P) is an étale groupoid.

We define the stable algebra C*(G*(P)) as the reduced groupoid C*-algebra associated
with G*(P). In the case that (X, ) is irreducible, it is shown in [43] that C*(G*(P)) is
strongly Morita equivalent to C*(G*(Q)) for any other finite p-invariant set of periodic
points (). The same is true in the non-wandering case provided both P and @ intersect
every irreducible component that arises in Smale’s Decomposition Theorem [42, Theorem
2.1.13]. That is, for P large enough and X non-wandering, C*(G*(P)) is independent of P
up to stable isomorphism.

The map a := ¢ X ¢ induces an automorphism of the C*-algebra C*(G*(P)). The
stable Ruelle algebra is the crossed product C*(G*(P)) X4 Z. The stable Ruelle algebra,
as defined here, is strongly Morita equivalent to the stable Ruelle algebra originally defined
by Putnam in [39]. In [43], the Ruelle algebras were shown to be separable, stable, nuclear,
purely infinite, and satisfy the UCT when (X, ¢) is irreducible and simple when (X, ¢) is
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mixing. The discussion above carries over to the unstable algebra using the Smale space
(X,¢™1) equipped with the opposite bracket [z,y]op := [y, z]. The unstable groupoid with
unit space X*(P) is denoted by G*(P).

2. WIELER SOLENOIDS

Irreducible Smale spaces with totally disconnected stable sets were recently characterized
by Wieler [52]. We outline the main results [52, Theorem A and B] in Wieler’s paper that
every continuous surjection g : V' — V satisfying Wieler’s axioms defines a Smale space with
totally disconnected stable sets, and that all such irreducible Smale spaces arise in this way.
Assuming g is open, we define a fibre bundle structure that will be used later in the paper.
The bundle structure is similar to a construction in [53] and related ideas appear implicitly
in [50].

Definition 2.1. Suppose f is a map on a compact metric space Y. We say that f is
locally expanding if there exists constants 6 > 0 and A > 1 such that dy (x,y) < § implies
dy (f(x), f(y)) > Ady(x,y). We say that f is locally expanding for A > 1 within distance 4.

Definition 2.2 ([52, p.2068]). Suppose V is a compact metric space and g : V — V is
a continuous surjection. We say (V,g) satisfies Wieler’s azioms if there exists constants
8 >0, Ke Ny, and v € (0,1) such that the following hold:

Axiom 1: If v,w € V satisfy dy (v, w) < f3, then

dv (9" (v), 9™ (w)) <7 dv (g*" (v), g (w)).
Axiom 2: For allv € V and ¢ € (0, 5]

9" (B(g" (v),€)) € g*" (B(v,7¢)).-

Remark 2.3. As discussed in [52], Wieler’s axioms are weakenings of g being locally expand-
ing and open, respectively. Furthermore, note that [52, Lemma 3.4] shows that Wieler’s
Axiom 1 implies that g is finite-to-one. In fact, if g satisfies Wieler’s axioms then combining
[62, Lemma 3.4] with [36, Theorem 2.9] it follows that the map ¢ is a branched covering if
and only if g is open (see Subsection 3.3 below).

Suppose V is a compact metric space and g : V — V is a continuous surjection. We
define

Xv = {(vi)ien € VY1 v; = g(vis1)} (2.1)
along with a map ¢4 : Xy — Xy given by

Pg(v0,v1, ) = (g(v0), v0,v1, - ) = (9(v0), g(v1), g(v2), - ). (2.2)

Definition 2.4. A Wieler solenoid is a dynamical system of the form (Xy,¢,) defined as
above from a pair (V, g) satisfying Wieler’s axioms (see Definition 2.2).

We often use juxtaposition to write (vp,v1,v2...) = vovive---. Note that Xy is a
compact metric space when equipped with the following metric (see [52, page 2071] for
details):

K
dx, (z,y) = Zv_k sup;en Y’ dv (it Yi+x), for z,y € Xy. (2.3)
k=0

Theorem 2.5 (Wieler [52, Theorem A and BJ).

(A) Suppose (V,g) satisfies Wieler’s axioms. The associated Wieler solenoid (Xv,¢g)
is a Smale space with totally disconnected stable sets. If (V,g) is irreducible, then
(Xv,pg) is as well.

(B) Suppose (X, ) is an irreducible Smale space with totally disconnected stable sets.
There exists an irreducible dynamical system (V,g) satisfying Wieler’s azioms such
that (X, p) is conjugate to the Wieler solenoid (Xv, pg).
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Remark 2.6. Suppose (V, g) satisfies Wieler’s axioms. It is unclear to the authors if applying
the construction in the proof of [52, Theorem 2.5 (B)] to the irreducible Smale space (Xv, ¢4)
reproduces (V, g) up to some suitable equivalence relation.

Suppose (Xv, ¢g4) is a Wieler solenoid. The projection maps 7 : X — V are defined by
7k (Vo, V1, . . .) i= vk. We note that

TLO@Yg =gom,, and mo 90;1 = Tj+t1- (2.4)

It natural to consider stronger conditions than Wieler’s Axiom 1 and 2. For example,
one could assume g satisfies Axiom 1 and is open, one could assume ¢ is locally expanding
and satisfies Axiom 2, or one could assume g is locally expanding and open. The next two
results show that each of these strengthenings of Wieler’s axioms are equivalent to g being
a local homeomorphism with g% locally expanding.

Lemma 2.7. Suppose V is a compact metric space and g : V — V is an open surjection
satisfying Wieler’s Aziom 1. Then g is a local homeomorphism and g% : V. — V is locally
expanding for v, where v € (0,1) and K € N, appear in Wieler’s axioms.

Proof. Let § > 0, K € Ny, and v € (0,1) be the fixed constants from Wieler’s axioms.
Suppose that ¢¥ is not locally expanding for y~%. For any n € N, there exists v, w, € V
such that

(1) dy (v, wy) < % and

(2) dv(vn,wn) > 7K dV(gK(Un)79K(wn))-
By compactness, {v,}nen has a limit point, which we denote by z. Also let 2’ denote a
preimage of x under g¥.

Take 0 <7 < g The mapping g is open, so g¥ (B,.(2')) is an open set. We can therefore
choose N € N such that vy and wy are in g (B,(z')). Since vy, wy € g% (B, (")), there
are pre-images v’ and w’ in B,.(2’) such that ¢® (v') = vx and g¥ (w') = wy. By the triangle
inequality, dy (v, w") < 2r < 8. Applying Wieler’s first axiom to v" and w’ gives

dv (vn, wy) = dy (g™ (), g% (@) <45 dv (g*F (v"), % (') = 7" dv (9" (), g™ (wn)).

This is a contradiction to (2) above, so g* is locally expanding. If g¥ is locally expanding
then g% is locally injective, so g is locally injective. Since g is open and V is compact, it
follows that ¢ is a local homeomorphism. O

Lemma 2.8. Suppose V is a compact metric space and g : V — V satisfies Wieler’s Axiom
2 and g¥ is locally expanding. Then g is a local homeomorphism.

Proof. Since g¥ is locally expanding, it is locally injective. Thus, we need only show that it
is open. Standard results imply that we need only show that for each v € V and € > 0, there
exists § > 0 such that B(g* (v),8) C g% (B(v,¢)). We can assume ¢ < 3 and gK|B(gK(U)7%)
is injective. By Axiom 2,

g~ (B (gK<v>, 7)) C ¢*K(B(v,e)).

Since gK|B(gK(,,)7%) is injective, we have

B (0. 2) € (B0,
v
It follows that ¢g¥ is open and hence that g is also open. (]

Remark 2.9. By combining Lemma 2.7 with [36, Theorem 2.9] we can conclude that if
g :V — V is a branched covering satisfying Wieler’s axioms then ¢ is open and, by Lemma
2.7, a finite sheeted covering (i.e. a surjective local homeomorphism), cf. Remark 2.3 and
Subsection 3.3.
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Lemma 2.10. Suppose V is a compact metric space and g : V — V s a locally expanding
continuous surjection satisfying Wieler’s axioms. Let K € Ny be the constant in Wieler’s
axioms and let 6 > 0 be such that (V, g’) is locally expanding within distance 25. Suppose
M is a multiple of K and x = xpx1--+ ,y = yoy1--- € Xy satisfy

(1) dx(z,y) <ex and
(2) for each m < M, dy(zm,ym) < 9.

Then, for each m < M, [z, y]m = Tm.

Proof. By assumption (1), [x,y] is defined. We use induction on m < M. For m = 0, the
result follows from the definition of the bracket, see [52, Lemma 3.3] and the discussion fol-
lowing its proof. Thus, we need to show that [z, y]n = @, assuming that [z, y],—1 = Tm_1.
The construction of the bracket in [52, proof of Lemma 3.3] implies that dy ([, Y]m, Ym) < 9.
Moreover, by assumption, dy (2, ¥m) < ¢ so the triangle inequality implies

dy ([, Yms Tm) < 26. (2.5)
Using the induction hypothesis, we have
B ([, 9lm-1) = 95 7 (@m-1) = g% (@m). (2.6)
Thus, combining (2.5) and (2.6) with g being locally expanding implies that
Ay ([2, Ylms 2m) < dv (g™ ([2,y)m), g™ (2n)) = 0.

We conclude that [z, y]m = Tm. O

g5 [z, ylm) =g

Suppose V is a compact metric space and g : V' — V' is a map. Define
V(N,g) := {(vo,v1,...,un) € VN 2 g(v;) =v;_1 forall 1 <i < N}.
Let 7’ denote the projection map (v, v1,...,VN) — vo.

Lemma 2.11. Suppose g:V — V is an onto mapping. Then, g is a local homeomorphism
if and only if for each N > 0, the projection map 7 : V(N,g) — V is a finite-to-one
Covering map.

Proof. Take N > 0. The map g is a local homeomorphism if and only if gV is. The
space V (N, g) is homeomorphic to the graph of g%V in a way that is compatible with 7} .
In particular, 7} : V(N,g) — V is a local homeomorphism if and only if gV is a local
homeomorphism. O

Theorem 2.12. Let (X, ¢) be an irreducible Wieler solenoid defined from an open surjection
g :V — V. For any finite set of @-invariant periodic points P C X, the mapping mg :
X*(P) =V is a covering map.

Remark 2.13. A mapping g : V — V is called expanding in [50] if it is open, surjective and
there exists 0 > 0 such that dy (¢"(z), ¢g"(y)) < ¢ for all n implies that © = y. In the proof of
[50, Theorem 4.19], Thomsen gives the proof of a statement similar to Theorem 2.12 under
the assumption that g is expanding and the set of periodic points in X is dense.

Proof of Theorem 2.12. We first show that 7y, : X*(P) — V is surjective for any k. Using
(2.4), it suffices to prove that mp : X*(P) — V is surjective. Let v € V, since g is surjective,
pick x € X such that zp = v. Since X¥(P) C X is dense, there exists y € X*(P) such that
dx(z,y) < ex. Then [z,y] € X*(P) and [z,y]o = zo = v by Lemma 2.10, so [z, y] € 75 (v).

Lemma 2.7 implies the map g is a local homeomorphism. By Lemma 2.11, it suffices to
prove that there exists an M € N such that 7p; : X%(P) — V is a covering map. We take
M and § > 0 as in the hypotheses of Lemma 2.10, such that § is also sufficiently small so
that if z,y € X satisfy dy (@, ym) < d for all m < M, then dx(z,y) < ex/4. Note that
we can take M and & such that M is a multiple of the constant K appearing in Wieler’s
axioms and that (V, g) is locally expanding for 24.
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Using the fact that ¢ is continuous and a short induction argument, we have that for
fixed v € V, there exists an open set U C V such that v € U and

dy (g% (wy), gF(ws)) < 6 for any wy,wy € U and each 0 < k < M. (2.7)

In particular, for such an open set U we have 71';/[1(U) C X*(zyex) X X"(x,ex) for z €
7y (v), where we identify X°(z,ex) x X"(z,ex) with an open neighbourhood of z in X
using the bracket mapping as in Equation (1.1). Suppose v € V and let U C V be an open
set satisfying (2.7). For any = € 7, (v) define

U, 7y (U) = U x (X3(z,ex) NX“(P)), V,(z) = (mm(2), [z,2]).

We first claim that ¥, is well-defined. By the choice of U and M, the bracket [z, z]
is defined, and is an element of X*(z,ex) since [[z,2],2] = « by Bl and B3. Similarly,
[,2] € X"(z,ex) C X"(P). Thus, ¥,(2) € U x (X*(z,ex) N X*(P)).

Next we show that ¥, is independent of the choice of = € 73 (v) in its definition.
Suppose x’' € 77541 (v). Then, by the choice of M, dx(z,2') < £¢. Since x ~, 2/, we have
[x,2] € X°(2',ex). Using B2 we have the identity

[Iv Z] = [ZL‘/, [l’, ZH = [xlv Z]
The mapping ¥, is therefore independent of the choice of = € 7, (v).

That W, is continuous follows immediately since the projection and bracket maps are
continuous. We now show that ¥, is one-to-one. Suppose that ¥, (z) = ¥, (z') for 2,2’ €
7yt (U). Then, since mpr(2) = mar(2') and 2z € X3(2',ex), using B2 and B1 we have

2 =[z2,2"] = [zz,72]] = [z, %, 2]] = [2,2] = 2,

Thus W, is one-to-one. The set

F,:={y : y=[x,2] for some z € 7}/ (U)} C X*(z,ex) N X“(P),
has the discrete topology because X*®(x,ex)NX"(P) is discrete. We will show that the map
v, : w&l(U) — U X F, is a homeomorphism. We have shown that U, is one-to-one, onto,
and continuous. In fact, we have an explicit inverse. Let v, : U x F,, — 77;41(U ) be defined
by ¥, ((w,y)) = [2/,y] where 2’ satisfies mp(2') = w € U and dy (2}, yn) < § < ex for each
n < M. The existence of 2’ is guaranteed by (2.7).

We note that the bracket [2’,y] is well-defined by the properties of U. Furthermore, if
both 2" and 2" satisfy mps(2") = w = mar(2”), then 2" € X°(2',ex). Using B3 we compute

[Z,7 y] = [[zﬂa Z/], y] = [Zﬂv y]'
Hence 1, is well-defined.
We show ), is continuous. Since F), has the discrete topology and the topology of local
unstable sets coincides with the subspace topology, we need only show that given e, > 0,
there exists d, > 0 such that if (w,y) and (w0,y) are in U x F, with dy (w, W) < &y, then

dx (¥(w,y), ¥(w,y)) = dx ([, 4], [£',y]) <ey
where 2z’ satisfies the following: 7 (2") = w € U and dy (2], yn) < § < ex for each n < M
and 2’ satisfies the analogous condition.

Based on the definition of the metric on X, we need only show that there exists 3¢ >0
such that, for each n, dv ([, yln, [2/,y]n) < €y whenever dy (w,w) < 51/,. We have that
[2/,y] and [Z',y] are both in the local unstable set of y. It follows that there exists L > 0
such that for any n > L, dy (2}, 2},) < &y. For small n, since g is a local homeomorphism,
ma(2') = w, and 7 (2') = 1, there exists d, > 0 such that

dv(Z,;L, 2,;) <&y
for 0 <mn < L. This completes the proof that 1, is continuous.

To see that 1, is the inverse of U,,, we first check that 7/ ([2’,y]) = w. By construction,
dv (2], yn) <6 for 0 <n < M and dx(2/,y) < £x, so by Lemma 2.10 we have that

[Z/7y]M = Z;\/[ =w,
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as desired. Furthermore, using B2 and B1 we compute

(hy 0 U,)(2) = [2, [z, 2]] = [2, 2] = =.

Using B2 we deduce

(Wy 0 o) (w,y) = (mar([2,9]), [z, [, y]]) = (w, [z, 9]) = (w,y).

Here we have used the fact that y € X*(z,ex) to conclude that [z,y] = y. O

Example 2.14. There are several examples of open maps satisfying Wieler’s axioms. In
this example we will introduce a particularly simple class, the n-solenoids. We take n €
Z\ {-1,0,1} and consider V = S! := R/Z with the mapping g(z) = nz (mod 1). We set
the global Smale space constants to be ex = 1/2 and A = |n|~!. For the remainder of this
example we will abuse notation and write nz for na (mod 1). The space

Xsl = {($07$1,$2,...) LT € [0,1)7‘T1 —Nx;41 € Z}

is a compact metric space with respect to the product metric

oo
dXsl ((.1?0,1'1,312, .. ')) (y07y15y27' . )) = Z’I’L_Zlnfﬂxl —Yi + kl k € Z}
=0

We remark that this metric differs from that used in Wieler’s construction, see Equation
(2.3) on page 7. The dynamics ¢, from (2.2) is given by

©wq(x0, 21,22, ...) = (NX0, X0, T1, T2, . .. ) = (NTo, NT1, NT2, ... ).

Suppose z,y are in Xg1 with dx_, (x,y) < ex. Let t = xg — yo, then the bracket map is
defined by

[z,y] := (yo + t,y1 +n 'ty + 072, ).

With these definitions in hand it is routine to verify the Smale space axioms. These details
can also be found in Putnam’s Smale space notes [40, Section 3.4].

More generally, any matrix A € My(Z) induces a mapping ga : (S1)¢ — (S1)% The
mapping g4 is a local homeomorphism exactly when det(A) # 0 and g4 is a homeomorphism
when |det(A)] = 1. Moreover, if det(A) # 0, ga satisfies Wieler’s axioms if and only if
|A=ar, r) < 1. By [28, Section 2.2], the action of g4 on (S')? is an example of the shift
mapping acting on the limit space of a self-similar group. This construction is discussed
further in Subsection 7.2.

There are also examples that satisfy Wieler’s axioms where the relevant map is not open,
so our constructions do not apply to these examples. Examples 1 and 3 in [52] are two
such examples. An additional example is the Smale space associated with an aperiodic
substitution tiling, the details are in [3]. A Cuntz-Pimsner model for the stable Ruelle
algebra of an aperiodic substitution tiling is constructed in forthcoming work by Peter
Williamson. In the next section we construct a Cuntz-Pimsner model over C(V') for the
stable Ruelle algebra of a Wieler solenoid defined from an open surjection g : V. — V. It
is an interesting challenge to find K-theoretically relevant Cuntz-Pimsner models for Ruelle
algebras of more general Wieler solenoids, or even more general Smale spaces.

3. CUNTZ-PIMSNER ALGEBRAS AND TOPOLOGICAL DYNAMICS

In this section, we recall a construction from [15] of Cuntz-Pimsner models describing the
dynamics of a surjective local homeomorphism g : V' — V. We discuss the limitations of
this assumption on g in Subsection 3.3, but emphasize that the results in this section do not
need g to satisfy Wieler’s axioms. For the general construction of Cuntz-Pimsner algebras,
see [38].
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3.1. The Cuntz-Pimsner algebra of a local homeomorphism. Consider a compact
space V and a surjective local homeomorphism g : V- — V. A map g* : C(V) — C(V) is
defined by ¢g*(a) := a o g. We consider F := C(V) as a right Hilbert module over itself via
the action g* and the inner product

(€ me = L(En), where £(E)(y) = Y &(2). (3.1)
9(z)=y
We equip E with the left action defined from the pointwise action. To emphasize this
dependence, we write E; = ;qC(V)g+. For k > 0, there is a unitary isomorphism
k
v : Egak =E,0E,® @ E, — idC(V)g*k7 M- QN — Hg*(j_l)(fij)-
j=1

Here ;qC(V),-x is equipped with the inner product (§,1),c(v) ., = £(&n). We define
E®0 :=4C(V)iq. An element ¢ € E induces a Toeplitz operator
Te: E®F 5 B @ @ EQm® -+ Q.

The following computation is immediate:

g*

<§a7]1>E772®"‘®77ka k>17
T5*771®®77k: <£77’1>Ea kil,
0, k=0

Under the collection of isomorphisms v, we have
TE = Vk_,_ngVk_l : jdc(v)g*k — idC(V)g*(k+l), n fg*(n),
and for 1 € qC(V)g«x we have

T £(g77) k> Oa
Tin =
¢ {07 k=0.
The Fock module of E is the C(V)-Hilbert module Fg := @, ;iaC(V) . The Toeplitz
algebra Tg C Endg(yy(Fr) is the C*-algebra generated by the Toeplitz operators (Te: €<
E} and the compact operators Koy (Fg). The Cuntz-Pimsner algebra of E is

OE = TE/KC(V)(FE)-
If we equip E with the T-action z - £ := 2¢&, there is an induced T-action on Fr making
Fg into a T-equivariant C(V)-Hilbert module for the trivial action on C (V). Then Tg and
Kevy(Fg) are invariant under the adjoint action. We equip these C*-algebras and the
Cuntz-Pimsner algebra Og with the T-action induced from the adjoint action.

Ezample 3.1. In the special case of a subshift of finite type, the construction above repro-
duces the associated Cuntz-Krieger algebra. Let A be a N x N-matrix consisting of zeros
and ones. We consider the compact space
Q4 = {(si)ien € {1, .. N}V 1 Ay, o, = 1Vi},

which is equipped with the topology induced from the product topology. If A is irreducible,
then 4 is a Cantor set. The mapping o(s;)ien := (Si+1):en 18 a surjective local homeomor-
phism. If we construct the C'(£24)-module E from (24, 0) we obtain the Cuntz-Krieger alge-
bra defined from the matrix A. To prove this, consider the elements S; := Ty, mod Keay,)
where C; := {(s;)ieny € Qa : so = i} is the clopen cylinder set on words starting with . A
direct computation gives

N

S;‘Sk = 6ik£(XCi) = 6ik ZAinC]. and SJ‘S; = ch.

j=1
Hence {S;} , satisfies the Cuntz-Krieger relations defined from A. This defines the isomor-
phism O4 — Og.
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3.2. The Cuntz-Pimsner algebra of a topological graph. In this section we consider
the Cuntz-Pimsner algebras of topological graphs, and make use of an étale groupoid pre-
viously considered in [15, 44, 45]. Suppose V is a compact topological space and consider a
closed subset G CV x V. We set t(z,y) =y and o(z,y) = z for (x,y) € G. This situation
is a special case of the notion of a topological graph (see [15, Definition 1.1]). Consider the
one-sided sequence space

X (9) = {(:Ei)ieN € HV (xg,mip1) €G Vi€ N}.

ieN
There is a shift mapping og : X1 (G) — X1 (G), 04 (x;)ien := (xi11)ien. We define the set
Rg = {(z,n,y) € X41(G) x Z x X,(G) : Ik with US*k(x) = Ué(y)}
We can make Rg into a groupoid by defining
r(z,n,y) =z, d(z,n,y):=y and (x,n,y)(y,m,z):=(x,n+m,z). (3.2)

With the additional assumption that ¢,0 : G — V are surjective local homeomorphisms,
the groupoid Rg is topologized by the following basis. For k,I € N and open subsets
U1, Us C X1 (G) such that o |, and o', |y, are homeomorphisms with the same open range,
we declare the following set open

U, k1L Ts) = {(z,k —1,y) € U1 x Zx Uy : 0% (z) = o' ()} (3.3)

This construction makes R¢ into an étale groupoid. Henceforth we will always assume that
both t and o are surjective local homeomorphisms.

Consider the C(V)-bimodule C(G) with left and right action defined by o* and t*, re-
spectively. There is a transfer operator £ : C(G) — C(V) defined by

L&) = Y &zy).
(z,y)€9

We equip C(G) with the inner product (£,7)c(g) = £5(€n). Then [15, Proposition 3.3
proves that

Oc(g) = C*(Rg),

whenever ¢ and o are surjective local homeomorphisms. This isomorphism is T-equivariant
for the T-action on C*(R¢) induced from the groupoid cocycle cg(z,n,y) := n.
The situation from [15] fits into the theme of this paper through the graph

Gy ={(z,9(x) e VxV:xeV} (3.4)

for the surjective local homeomorphism g : V' — V considered in the previous subsection.
This satisfies all the conditions above and it is routine to shown that E = C(G) as Hilbert
bimodules using the pullback along o : G — V. It is immediate from the definition that
there is a conjugacy between (X, (G,),0g,) and (V,g), and that

Rg, 2Ry :={(z,n,y) €V x Z x V : Ik with ¢"*(z) = ¢"(y)}. (3.5)
We summarize the discussion above into the following result.
Theorem 3.2. Suppose g : V. — V is a surjective local homeomorphism defining a *-
monomorphism g* on C(V'). Let Eg = igC(V)g+, and let Ry be as in Equation (3.5). The
s-homomorphism C(V) — C*(Ry) defined from the diagonal inclusion and the mapping
£@), gl@)=y,n=1
0, otherwise

t:E—C*"(Ry), t&)(z,ny) = {

define a covariant representation that induces a T-equivariant isomorphism

TE OE — C*(Rg)
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Remark 3.3. The graph GP = {(g(z),r) € V xV : x € V} gives rise to a dynamics
very different from that of G,. Using (2.1), we have that X, (G)?) = Xy. The C(V)-
Hilbert C*-module C(GgP) is unitarily equivalent to E°P := ,C(V)iq with the inner product

(§,m) mor = &n. Moreover, the identification X (GgP) = Xy induces a conjugacy

(X4(GgP), 0g30) = (Xv, 05 1)
That is, oger s a homeomorphism. Hence, Rggp = Xy X, Z as groupoids, and by [15,
Proposition 3.3] there is a T-equivariant isomorphism Ogor = C(Xy ) X, Z when equipping
C(Xv) %y Z with the dual T-action.

3.3. Wieler’s axioms and Cuntz-Pimsner algebras. Let us discuss the assumption
of g being a local homeomorphism. For the purposes of the present paper, the minimal
assumptions on g should not only ensure that Xy is a Smale space but also that there is
an associated Cuntz-Pimsner algebra. In view of Theorem 3.2, to use E := C(V)4+ it is
necessary that E admits a right Hilbert C*-module structure. That is, the existence of a
right inner product with values in C (V') that is compatible with g. The question of existence
of such inner products was considered in detail by Pavlov-Troitsky [36] as follows.

Corollary 3.4 ([36, Theorem 1.1 and 2.9]). Let g : V — V be a finite-to-one surjection.
Then, the following are equivalent:

(1) E=C(V)y admits a right C(V')-Hilbert C*-module structure,

(2) g is a branched covering in the sense of [36, Definition 2.4], and

(3) g is open.

Thus, we obtain a Cuntz-Pimsner model for C*(R,) using E only when g : V — V is
an open map. Since g also satisfies Wieler’s axioms, we obtain the following result using
Remark 2.9.

Proposition 3.5. Let g : V. — V be a surjection satisfying Wieler’s axioms. Then, the
following are equivalent:

(1) E=C(V)y admits a right C(V')-Hilbert C*-module structure,

(2) g is a local homeomorphism, and

(3) g is open.

Thus, the assumption that ¢ is a local homeomorphism covers the study of Wieler
solenoids that admit a Cuntz-Pimsner model of the kind described in Theorem 3.2 (cf.
Subsection 5.3 on page 24 below).

4. THE CUNTZ-PIMSNER EXTENSION AS AN UNBOUNDED KASPAROV MODULE

As in Section 3, we consider a surjective local homeomorphism g : V' — V. Again, the
results in this section do not assume that g satisfies Wieler’s axioms. In this section we
study an explicit unbounded representative for the boundary mapping in K K7 (Og,C(V))
coming from the T-equivariant short exact sequence

0—Kewy—Te — O — 0. (4.1)
The consequences in K-theory and K-homology will be studied in Subsection 4.3.

4.1. The k-function. For a subshift of finite type, the groupoid R, encodes the relation
of shift-tail equivalence. The continuous cocycle ¢(x,n,y) := n allows for a decomposition
of Ry into clopen subsets. In [19, Lemma 5.1.1] it was observed that this decomposition
can be further refined using the natural number & arising in the analogue of (3.5). We now
show that a decomposition of the groupoid R, as described in [19], exists for a general local
homeomorphism g : V — V.

Definition 4.1. For a surjective local homeomorphism g : V' — V, we define s : Ry — Z
by
w(x,n,y) = min{k € N: g""*(2) = gF(y)}.
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We also define cg, : Ry — Z by
cr,(z,n,y) == n.
It is implicitly understood in the definition of k that & 4+ n > 0 so that both sides of the
equation ¢"t*(z) = ¢g¥(y) are well defined.

Proposition 4.2. The functions k and cr, from Definition 4.1 are locally constant and
continuous.

Proof. 1t suffices to prove that cg, and s are locally constant, then continuity follows au-
tomatically. On an open set of the form U(Uy, k,1,Us) C Ry from the basis of the topology
in (3.3), we have that

Kluw, kavy) =1 and  cr luw, kivy) =k — 1
Thus £ and cr, are locally constant. O

We often suppress the index from cr . Since  is locally constant, we can decompose R,
into a disjoint union of clopen sets:

Ry = UnezUr>—nRy%,  where RP":=c '({n})nr~'({k}). (4.2)

Define the C(V)-Hilbert C*-modules E,, 5 := C(Rp*) C Ce(Ry). We equip Z,,;, with the
T-action defined from c; that is, z - £ := 2"¢ for £ € 5, 1. Also let LQ(RQ)C(V) denote the
completion of C.(R,) as a C(V)-Hilbert C*-module in the inner product defined from the
expectation

0:Ce(Ry) = C(V),  eo(f)(x) := f(x,0,). (4.3)
We then equip L?*(Rg)c(v) with the T-action defined from ¢; that is, (z - f)(z,n,y) =
2 f(x,m,y).
Remark 4.3. The notation Z,, 5, aligns with the notation used in [20] for the decomposition
of a Cuntz-Pimsner algebra.

Proposition 4.4. The modules =, , are finitely generated projective C(V')-modules. More-
over, the identification

E®" >~ OV XgV Xgoxg V)= CC(RZ’O) =Z50
defines a T-equivariant unitary isomorphism u, : E®™ — &, o.
Proof. 1t follows from Lemma 2.11 that Rgvk — V' is a finite-to-one covering map, so =, i

is a finitely generated projective C'(V)-module. That w,, is a unitary operator follows from
a short computation. O

Proposition 4.5. There is an orthogonal direct sum decomposition of T-equivariant C(V')-

Hilbert C*-modules
LRycovy =P B Ens
nezZ k>—n

Proof. 1t is immediate from Equation (4.2) that L?(R,)c(v) coincides with the closed linear
span of =, ;, as n and k varies. The construction of the inner product shows that elements
of C.(Rg4) with disjoint supports are orthogonal, hence =, L Z, prif n #n’ or k£ k. O

4.2. The unbounded representative. The functions ¢ and x combine into an unbounded
K K-cycle in the same way as in [19]. Let T := {(n,k) € Zx N: k> —n}. We consider the
function

n, k=0,

—In| =k, k>0.

Proposition 4.6. The closure of the operator Dy := ¢(c,k) : Cc(Ry) — Cc(Ry) defines
a T-equivariant self-adjoint regular operator D : Dom(D) — LQ(Rg)C(V) with compact
resolvent and spectrum Z. The positive spectral projection of D coincides with the projection
onto @, 4 En,0-

YT —=7Z, ¥(nk) ::{
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Proof. The operator (i = D)™t : Co.(Ry) — Ce(Ry) is bijective and Dy is symmetric for
the inner product induced by the expectation (4.3), hence its closure D is regular and self-
adjoint. Moreover, we can write

(D) => (i ¢(n k) P,
n,k
where p,, 1, denotes the projection onto the finitely generated projective module Z,, ;. Since
Y(n,k) — oo as (n,k) — oo in T, it follows that (i & D)~ ! is the norm limit of finite
rank operators. Moreover, 1(n, k) > 0 if and only if K = 0 and the last statement in the
proposition follows. O

Recall the notation 7 : O — C*(R,) for the isomorphism from Theorem 3.2. Let
Br : Op — Q(Fg) := Endg ) (Fr)/Keov)(FE) denote the T-equivariant Busby invariant
of the extension (4.1). For a Hilbert C*-module E, we let

q: Endg ) (E) = Q(E) == Endoyy (E) /Ko (E)
denote the quotient mapping. Recall the definition of u, : E®™ — =, ; from Proposition
4.4.
Proposition 4.7. The T-equivariant inner product preserving adjointable mapping u :=
Bnentin : Fg — @ g Eno < LQ(Rg)C(V) satisfies
ﬂE :qOAd(U) oOTE : OE — Q(FE)
Proof. Tt suffices to prove fg(a) = qo Ad(u) o ng(a) for a € C(V)U{Tz mod K: ¢ € E}
because this set generates O g- The equation is trivially satisfied for a € C(V). For £ € E,
Theorem 3.2 shows that 7g(T¢) = te. The element n € E®™ = C(V x,--- X, V) is mapped
by u, to the element
un(z,n,y) = n(z, g(x),....g" " (2),y).
It holds that
teun(z,n+1,y) = E(@)n(g(x), ¢* (@), .., g"(2),y) = [u(€ @crv) M](z,n + 1,y).
Therefore u*teu = Ty and g (T¢) = q o Ad(u) o g (Te) O
Theorem 4.8. Let g: V — V be a surjective local homeomorphism on a compact space V.
The T-equivariant unbounded KKi-cycle (L*(Rg)c(vy, D) for (C*(Ry),C(V)) represents
the extension (4.1) in KK{(Og,C(V)) under the isomorphism 7.
Proof. By Proposition 4.6, (L? (Rg)c(v), D) is a T-equivariant unbounded Kasparov module

if D has bounded commutators with a dense subalgebra of C*(R4). We proceed to show
that for f € C(R}") the commutator

[D7f] : CC(RQ) — Cc(Rg)v

extends to a bounded operator on LQ(RQ)C(V). Since C.(R,) is a core for D and C’(’R;O)
generates C.(R,) as a *-algebra this suffices.
We compute

= Z [1/1(1’,77,, y)f(xama Z)h(Z,’n,*ﬂLy)
(x,m,z)€supp f
- f(xa m, Z)Q/J(Zvn —m, y)h(zvn - m?Z/)}
= (’(/J(x7 n7y) - 1/’(9(55)7” - l,y))f(:m 1,g($))h(g(£[:), n-—= 1,@/)
= (w(x’ n,y) - ¢(9($)7” - 1?y))(f * h)(.]?, nvy)'

A standard computation shows that pointwise multiplication by a bounded function in
Cy(Rgy) defines an adjointable operator on Lz(Rg)C(V). Thus it suffices to establish that

(x,n,y) '—>¢(3«”a”=y) _w(g(x)vn_ 1,y) (44)
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is a bounded function. This follows from distinguishing the following four cases:

(1) &(z,n,y) = k(g(z),n — 1,y) = 0: In this case YP(z,n,y) — Y(g(x),n — 1,y) =
n—(n—1)=1;

(2) 0 = k(x,n,y) < k(g(x),n —1,y): k(x,n,y) = 0 gives that n > 0 and ¢"(z) = vy,
whereas k := r(g(z),n — 1,y) > 0 means that g*(y) = g 1**(g(z)) = g""* ().
This contradicts the minimality of x(z,n,y) unless n = 0, in which case it must
hold that k(g(xz),n — 1,y) = 1. Then

Y(x,n,y) —¥(9(x),n—1,y) =n+n—1[+r(g(z),n —1,y) = 2.

(3) 0 = k(g(z),n — 1,y) < k(z,n,y): This case is void because k(g(z),n —1,y) =0
gives that n — 1 > 0 and ¢"(z) = y, whereas k := k(z,n,y) > 0 means that
g" % (x) = g¥(y), which contradicts the minimality of x(x,n,y).

(4) min{k(z,n,y),x(g(x),n —1,y)} > 0: In this case we compute

|¢($anvy) - ¢(g($)7n - 173/)‘ = | - |TL| - Ii({L‘ﬂ’L,y) + |n - 1| + n(g(x),n - 173/)‘
<1+ |I<J(.’L‘,n, y) - /@(g(a:),n - Ly)' <2

The last inequality follow from the observation that n + x(x,n,y) > 0 and if n +
k(z,n,y) > 0 then k(z,n,y) = k(g(z),n — 1,y) by minimality considerations. If
n+r(x,n,y) = 0, then n < 0 and it must hold that x(g(z),n—1,y) = k(z,n,y)+1.

Therefore, |1(x,n,y) — P(g(x),n — 1,y)| < 2 for all (z,n,y), and (4.4) defines a bounded
function.
One observes that Proposition 4.7 implies that the T-equivariant Busby invariant of

the extension (4.1) is unitarily equivalent to the Busby invariant associated with the T-
equivariant unbounded K K'-cycle (L?(Rg)c(vy, D) to Og. O

Remark 4.9. In the case that (V,g) is a subshift of finite type associated to a matrix A and
A is a finite A-admissible word, a family of unbounded cycles (C*(Ry), L*(Rg)c(vy, D) was
constructed in [19, Theorem 5.1.7]. The cycle in Theorem 4.8 recovers this construction for
A = o, the empty word. The proof that [D, f] is bounded is verbatim the same as the proof
of [19, Lemma 5.1.6] for A = o. Moreover, Theorem 4.8 can also be obtained as a special
case of [20, Theorem 2.19]. This is done by adapting the discussion in [20, Example 1.7 and
2.6, Section 2.3 and 2.5.2] to the case of a general surjective local homeomorphism.

4.3. The Pimsner sequence and its consequences. The extension (4.1) plays an im-
portant role in the computation of the K-theory and K-homology of Cuntz-Pimsner algebras
(see [20, 38]). The next theorem follows from Theorem 4.8 and results in [38, Section 4]. The
results in [38] are formulated in the non-equivariant setting, but the proofs extend mutatis
mutandis to the T-equivariant setting.

Theorem 4.10. Let g : V — V be a surjective local homeomorphism on a compact space
V. There is an exact triangle in the triangulated category KK™:

1—[Eq] o)

cv)
L2 (Ro)ey D] N\ /
C*(Ry).

Here 1 € KK} (C(V),C*(Ry)) is induced from the inclusion C(V) < C*(R,) and [E,] €
KKF(C(V),C(V)) from the bimodule E, equipped with the T-action z - & := 2€.

In practice, the theorem above is most useful to deduce six term exact sequences in
K K-theory.
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Corollary 4.11. For any separable C*-algebra B, we have the following two siz-term exact
sequences:

KEo(B,C(V)) 4 KEKo(B,C(V)) —“— KKo(B,C*(R,))

f®[L2<Rg)C<V),D]T f@[wny)m),m

1-[E,]

KK,(B,C*(R,)) +~— KK(B,C(V)) KK, (B,C(V))

1—[£]

KKy(C*(Ry),B) . KKy(C(V),B) KKy(C(V),B)

[L2<Rg>c<v>,D1®ﬂ lmmcm,mm

KK.(C(V),B) < ki (0(vV),B) «“— KK(C*(R,),B)

The same statement holds in T-equivariant K K-theory if B is a separable T — C*-algebra.

The next proposition is useful for computations with the sequences in Corollary 4.11; it
is inspired by [18, Section 3]. We first introduce some notations. We choose a cover (Uj;) é‘V=1
of V such that g|y, is injective for any j. Choose a subordinate partition of unity (X?)évzl
It is well-known that x; is a frame for E; and the right module mapping

viEy = CV)Y, a= (6, 2)p)ie

is inner product preserving, i.e. v*v = idg,. More generally, whenever (ej)j-\]:1 is a frame
for E; we can define v as above. We denote the associated left representation by

0:C(V)—= C(V,Myn(C)), ar vav*. (4.5)

Proposition 4.12. Let [0] € KK (C(V),C(V)) denote the class associated with the equi-
variant x-homomorphism 0 and t € KK (C,C) = R(T) 2 Z[t,t~1] the class associated with
the representation given by the inclusion T C C. Then

[B] = t@c 0] € KK (C(V),C(V).

Define 4E, as the bimodule 4« C(V)g+, or equivalently the trivial bimodule structure associ-
ated with the right module structure on E4. Then

[Egl @cwv) [97] = [4By]  in KKg(C(V),C(V)).
In particular, if Ey is free of rank r as a right module, then [Ey] ®c vy [g%] = 7t @c [1ovy]-

Proof. Let E;- denote the right module (1 —vv*)C(V)¥ equipped with the trivial left action
of C(V) and the trivial T-action. Let ¢C (V)" denote the right Hilbert module C'(V)
equipped with the left action defined from 6 and the trivial T-action. The isometry v and
the inclusion E; C C(V)N implements an equivariant unitary equivalence of bimodules
(t7'® E,) ® E;- =~ 4,C(V)N. The second statement follows immediately from the first
statement since v is C(V)-linear, so 6(g*(a)) = vg*(a)v* = g(a)vv*. O

Remark 4.13. The applicable aspect of Corollary 4.11 is the computation of K-theoretic
invariants from the knowledge of the action of F;, on K K-theory. The non-equivariant
version gives K-theoretic information about C*(R4). The equivariant version produces
information about the fixed point algebra C*(R,)T. This is of interest below for the stable
and unstable algebras of Smale spaces, see the discussion in Remark 5.8. The K-theory of
C*(R,)" is computed using the Green-Julg theorem and the Morita equivalence C*(R,) x
T ~n C*(R,)T induces an isomorphism K (C*(R,)) = K.(C*(R4)T). Moreover, if C*(R,)
is T-equivariantly Poincaré dual to a T — C*-algebra D, then K,(D x T) K{H(C’*(Rg))
where j is the dimension of the Poincaré duality.

Ezample 4.14. Let us do some computations on the equivariant K-theory and K-homology
of the solenoid associated with an expanding matrix A € My(Z) from Example 2.14. This
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computation extends [18, Theorem 4.9]. We let ga : (S1)? — (S')¢ denote the mapping
associated with the expanding integer matrix A.

The module E,, is free of rank |det(A4)| as a right C((S1)¢)-module (see [18, Lemma
2.6]). By Proposition 4.12,

[Eg,] ®@c(snya) [94] = [det(A)|t @c [Losnye] in KKT(C((S1)4), C((S1)).
We emphasize that the T-action on C((S1)?) is trivial and ¢ is the generator of the rep-
resentation ring R(T). The equivariant K-theory group KL (C((S')4)) = A*Z4¢ @ Z[t, 71
can be computed as a module over R(T) = Z[t,t71]. One easily verifies that [¢%] acts as
N*A @ idgs ;-1) under this isomorphism, so [E,,] acts as B ® t where

d d
B =P B; € @ End(NZ%),
j=0 =0

satisfies B; A A = Nidp,ze. The matrix B is computed in [18, Proposition 4.6]. From these
considerations and Corollary 4.11, we then have
K} (Og,,)= @D coker (1 —Bjt: NZ¢ @ Z]t,t '] - NZ* @ Z[t, 1)) . (4.6)
jEI+2Z

This gives a new proof of the computation of K.(Opg,,) in [18, Theorem 4.9] using the
Pimsner-Voiculescu sequence, i.e. a localization in the trivial T-representation. For instance,
ifd=1and A =ne€Z\{-1,0,1}, then Kar(OEgA) =7 [%] and K}T(OEQA) = 7 with ¢t
acting as ﬁ in degree 0 and as sign(n) in degree 1.

Similarly, using the fact that 1 — BjT is injective for 0 < j < d (see [18, Proposition 4.6])
and Corollary 4.11, we compute that
Z® @,y oaacoker(l — BY), for i even and det(A) > 1,
Z® @,y evencoker(1 —B),  foriodd and det(A) > 1,
D, <. oaa coker(l — B]T), for i even and det(A4) < —1,
D, <, even coker(l — BT), for ¢ odd and det(A) < —1.

Corollary 4.15. Suppose that x € KK,.(C*(Ry), B). The equation
z = [L*(Rg)ow), D] @cwvyy, y€ KK.1(C(V),B),

admits a solution y if and only if *(x) = 0 holds in KK.(C(V),B). The analogous T-
equivariant statement holds as well.

I7¢

K'(Og, )

5. THE MORITA EQUIVALENCE WITH THE STABLE RUELLE ALGEBRA

The standing assumption in this section is that (V, g) is a pair satisfying Wieler’s axioms
such that the associated Smale space (X, ¢) is irreducible. Suppose P is a finite ¢-invariant
set of periodic points of (X, ). Recall from Section 1.2 the stable groupoid G*(P), the
stable algebra C*(G*(P)) and the stable Ruelle algebra C*(G*(P)) x Z constructed from
(X, ). We will define a groupoid Morita equivalence G*(P) x Z ~ R, that will give rise
to a Morita equivalence C*(G*(P)) X Z ~p; Op using Theorem 3.2. We then proceed to
compute the product of the cycle in Theorem 4.8 with the Morita equivalence, using a k-type
function as in Section 4.

5.1. The topological space Z*(P). The étale groupoid G*(P) carries a continuous action
of the integers Z defined by o™ : (z,y) — (™ (z), ¢"(y)) (the map « was defined in Section
1.2). Recall the construction of crossed products of a groupoid with a group action. Assume
that G is an étale groupoid with a right action of a discrete group I'. We can form the crossed
product groupoid G x T with unit space G(©) by setting G x I' := G x I with domain, range
and inverse mappings

deoxr(9,7) =da(gy),  raxr(g,7) =rc(g) and (9,77 " = (97,77 ").
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The composition is defined whenever d(g1v1) = r(g2) and is given by

(91,71) - (92,72) = (91(g277 ) 1172)-

Notation 5.1. For notational convenience and compatibility with R, (cf. (3.2)), we identify
the groupoid G*(P) x Z with the set of triples (z, n,y) with (z, 9™ "(y)) € G*(P) and n € Z.
The range and domain maps in this model of G*(P) x Z are given by r(z,n,y) := x and
d(x,n,y) :=y, respectively. The composition is defined by (z,n,y)(y,m,z) = (z,n +m, 2).

Definition 5.2. Similarly to Definition 4.1, we define the groupoid cocycle
CGs(p)NziGs(P) NZ—)Z, ch(p)xZ(%n,y) =n.

The Z-grading on C*(G*(P)xZ) defined from cgs(p)xz coincides with the grading coming
from the crossed product structure C*(G*(P) x Z) = C*(G*(P)) » Z.
We define the space

Z :={(x,j,v) € X x Z x V : 3k such that ¢"¥™(m(z)) = ¢*(v)},
and consider the subspace
ZY(P) ={(z,j,v) e Z: x € X*(P)} C Z. (5.1)
We will provide a locally compact Hausdorff topology on Z*(P) below.
Lemma 5.3. If (z,j,v) € Z*(P) and y € X is such that mo(y) = v, then y ~s @’ (x).

Proof. Write z = (xo,xl, -) and observe that by definition of Z*(P) there exists k € N
such that g’“'“(xo) = gF(v). For yy,y2,--- € V such that y := (v,y1,---) € X, we have

)-
( ) (gk( ) ( )7"'7U7y13"'):(gk+j(x0)7"')'
(z

Therefore, ¢*(y)o = ¢**7(x)y. Using [52, Observation preceding Lemma 3.1] and a short
induction argument we find that dx ("7 (2), ¢"(y)) = v* *dx (¢* 1 (x), ©*(y)) for n > k.
In particular, we deduce

lim dx (" (z),¢"(y)) =0,

n—oo

so that ¢/ (z) ~ y. O

To define a topology on Z“(P) we construct a neighbourhood basis of (x, j,v) € Z%(P)
as follows. By Lemma 5.3, (¢’(z),y) € G*(P) for any y € X*(P) with my(y) = v. Such a y
always exists by Theorem 2.12. Take a local neighbourhood V*(’(z),y, N,U) C G*(P) of
(p%(x),y) as in Equation (1.3), with the following additional requirements:

(1) mo : U = mo(U) is a homeomorphism;
(2) gV is injective on 7o (U);
(3) mo: o (h(U)) = mo(e 7 (h3(U))) is a homeomorphism;
(4) g™ is injective on mo(p = h3 (U)).
Existence of sufficiently many such sets U also follows from Theorem 2.12. We declare the
following set to be an element in the basis of the topology of Z"(P):

W*((z,4,0), N,U) = {(¢77 (&), 4, m0(y)) € Z"(P) : (2',y) € V(¢ (2), 9, N, U)}. (5.2)
Note that (p=7(2'), j, m0(y')) € Z%(P) for all (z',y") € V(¢ (x),y, N,U) by the following
argument. We have [¢™ (v'), o™V (z)] € X*(¢™ (v'),ex/2). By Lemma 2.10, it follows that

mo([™ ("), o™ (2)]) = mo (0™ (¥))-
Then, g"* (mo(0™7 (b3 (y"))) = mo([¢™ ('), ™ (2)]) = (™ (1) = g™ (7o (y'))-

Proposition 5.4. The maps pr : Z“(P) — X“(P), (z,j,v) — =z, pr : Z“(P) — V,
(x,4,v) = v, and mo : Z%(P) = Ry, (x,j,v) — (mo(x), j,v) are surjective local homeomor-
phisms.
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Proof. The statement for py, follows directly from the definition of the local neighbourhoods
of Z*(P). For pr we know by Theorem 2.12 that my : X*(P) — V is a covering map. Thus
for v € V there exists x € X*(P) with mo(z) = v and (z,0,v) € Z“(P). Then v = pg(x,0,v)
so pg is surjective too. For a local neighbourhood W*((z, j,v), N,U) with U sufficiently
small, we have that the open set pr(W?*((x,7,v), N,U)) = mp(U) is homeomorphic to U
because of Theorem 2.12. For the map 7, the local neighbourhoods in Z*(P) are defined
in such a way that W*((z,j,v), N,U) is homeomorphic to mo(W?*((x, j,v), N,U)), which
proves the statement. O

We now establish that the groupoids G*(P) x Z and R, are Morita equivalent in the
sense of [32]. This implies that the groupoid C*-algebras C*(R,) and C*(G*(P) x Z) are
strongly Morita equivalent. An equivalence of groupoids is implemented by a topological
space carrying appropriate left and right actions. We now show that the space Z*(P)
constructed above implements the desired Morita equivalence.

Proposition 5.5. The map
C:ZYP) = X“(P)ry %r Rg :={(z,9) € XY(P) X Ry : mo(x) =1(9)}

given by (z,j,v) — (x,(mo(x),j,v)) is a homeomorphism, where the right hand side is
equipped with the topology from the inclusion X*(P)q, X, Ry € X"“(P) x Ry. In particular,
the actions

(G*(P) X Z)q %p, Z“(P) = Z*(P), (%,n,y) (y,4,v) = (x,] + n,v),
ZU(P)pp Xr Rg = Z(P), (z,4,v)- (v,n,w) = (x,j +n,w),
are well defined, free and proper.

The topology of Z%“(P) is constructed in such a way that ¢ is a homeomorphism; the
inverse of ¢ is the continuous mapping ¢~ !(z, (mo(%),4,v)) = (x,4,v). That the actions
are free and proper follows from a lengthier computation which we omit. We deduce the
following theorem from Proposition 5.5.

Theorem 5.6. Let (X, ) be an irreducible Wieler solenoid arising from an open surjection
g :V — V and suppose P C X is a finite p-invariant set of periodic points. The space
ZY(P) defines an étale groupoid Morita equivalence

GS(P) X 7 ~ M Rg,

that respects the cocycles cgs(pyuz (see Definition 5.2) and cr, (see Definition 4.1). In
particular, there is a T-equivariant Morita equivalence C*(G*(P)) X Z ~ Og.

Remark 5.7. The (C*(G*(P))xZ, C*(R,)) Morita equivalence bimodule L*(Z"(P))c+(r,) is
defined from the étale Morita equivalence Z*(P) through the C*(R) -valued inner product
(see [32, Page 12]):

(fl,f2>(v,n,w) = Z fl(x,j,v)fz(z,j+n,w), (53)

(z,4,v)€Z™(P)

and gives a representation of C*(G*(P))xZ on the space L*(Z"(P))c+(r ) @c+(r,) L*(Rg) c(v)-
The latter space can be identified with the completion of C.(Z"(P)) in the C(V)-valued in-
ner product

<f17f2>(v) = Z f1($,j,1})f2(1'7j,v)~ (54)

(z,j,v)€Z*(P)

For fi1, fa € C.(Z*(P)) the sums on the right hand side are finite. The C(V)-valued in-
ner product (5.4) on C.(Z*(P)) can be realized by a convolution product C.(Z*(P)°P) x
C.(Z%(P)) — C.(R,) composed with the conditional expectation ¢ on C.(R,). We use the
notation L*(Z*(P))c vy := L*(Z*(P))c+(r,) @c+(r,) L*(Rg)c(v). To avoid notational con-
fusion, we remark that L?(Z“(P))c(vy and L*(Z"(P))c+(r,) are different as vector spaces
in general.
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Remark 5.8. As a consequence of Theorem 5.6, there are isomorphisms K, (C*(G*(P))) =
KX (Og) and K.(C*(G*(P)) x Z) = K.(Og). Both these groups can be computed using
Corollary 4.11. It was proven in [22] that C*(G*(P)) x Z and C*(G"*(P)) x Z are Poincaré
dual (with dimension shift 1). In particular, K,(C*(G*(P)) x Z) = K*TY(C*(G*(P)) x Z)
can also be computed using Corollary 4.11, cf. Remark 4.13. If the Poincaré duality of [22]
holds T-equivariantly, then K,(C*(G*(P))) = K ,,(C*(G*(P)) x Z) which could also be
computed using Corollary 4.11.

5.2. A closer look at the bimodule C.(Z*(P)). We wish to compute the Kasparov
product of the bimodule induced by Z*(P) (see Theorem 5.6) with the T-equivariant un-
bounded (O, C(V))-cycle constructed in Theorem 4.8. To do so we describe the module
L*(Z*(P))c+(r,) obtained by completing the space C.(Z“(P)) in the inner product (5.3).
The module has a fairly simple structure. This is due to the fibre product structure of the
space Z"(P) = X"(P)x, Xr Rq from Proposition 5.5. We also provide a Cuntz-Pimsner
model of C*(G?(P)) x Z along the way.

Lemma 5.9. Assume that f € C.(Z%(P)) decomposes as a pointwise product f(z) =
f1(2) f2(2) with f; € C.(Z*(P)) and supp f; C W*(z0, N,W), for some zy, N and W
(¢f. Equation (5.2)). Then there exist u € Co(X"(P)) and v € C.(Ry) such that f(z) =
u(pr(2))v(mo(2)).
Proof. For W small enough, W*#(zo, N, W) is homeomorphic to
U= pr(W?*(20, N,W)) = (p_jh?\’(W)?

and to

Vi=mo(W?(20, N, W)) =U(mo(U), N, j, W).
For a reminder on the notation U, see Equation 3.3. Let pg : U — W*(z, N,W) and

pY V. — W?(z, N,W) denote the inverse mappings. Define u := f; 0 p¥ and v := fa 0 p},
and extend to X*“(P) and R, respectively, by declaring

suppu C U, suppv C V. (5.5)
In particular, both u and v have compact support. The identity
W*(z0, N, W) = pp'(U) Ny H(V), (5.6)
holds because if (z,j,v) € p;' (V) then x € V; = ¢ 7h3,(W) and if (z,j5,v) € w5 (V)
then (mo(x),j,v) € U, so v € mo(W). This means that (z,j,v) € W*(zo, N,U). The other
inclusion is obvious. Thus we have that u(pr(z))v(mo(z)) # 0 implies
z€pp (U) Ny H(V) = W*(20, N, W)
by (5.5) and (5.6). Then
ulpr(2))o(mo(2)) = f1(pL pr(2)) f2(mg mo(2)) = fi(2) fa(2) = f(2),
as desired. 0
Remark 5.10. Note that because Z*(P) is locally compact and Hausdorff, the decomposition

f = fife assumed in Lemma 5.9 can always be achieved if f is supported in a set of the
form W*(zg, N,W). For our purposes the above formulation of the lemma suffices.

Lemma 5.11. For f € C.(Z"(P)) there exists n € N and functions u; € C.(X"(P)) and
fi € Ce(Ry) such that f(2) = 32 wi(pr(2)) fi(mo(2)).

Proof. Let K := supp f and choose a finite open cover of K sets of the form W, :=
W (zi, Ny W;) for ¢ = 1,--- | N. Adding Wy := Z%(P) \ K gives a finite open cover of
Z“(P). Let (x?)™_, be a partition of unity subordinate to (W;)™_,, so

fz) = Z Xi(2)f(2) = Z Xi(2)xi(2) f(2).
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The functions x; and x;f are supported in W;. By Lemma 5.9 there exists functions u; €
C.(X“(P)) and f; € C.(R,) such that x?(2)f(z) = uipr(2) fi(7o(2)). Thus we have f(z) =
> im wilpL(2)) fi(mo(2)). O

By Theorem 2.12, the map 7o : X“(P) — V is a covering map. As such, 7y induces a
conditional expectation

0w : Ce(X"(P)) = C(V), mouf(v):= Y f(a).
zemg ' (v)
We denote the C(V)-Hilbert C*-module completion of Co(X*“(P)) by L*(X*“(P))c(v)-
Proposition 5.12. Let (X, ) be an irreducible Wieler solenoid arising from an open sur-
jection g : V. — V and suppose P C X 1is a finite p-invariant set of periodic points. The
mapping
pL @75 : Co(X*(P)) @c(v) Ce(Rg) = Ce(Z*(P)),  f@hw pLf -7oh,  (5.7)

is a T-equivariant inner product preserving surjection. The mapping (5.7) induces a T-
equivariant unitary isomorphism of C*-modules

L*(X"“(P))cv) ®cvy C*(Rg) = L*(Z*(P))c+(r,)-

Moreover, there exists a T-equivariant isomorphism of C*(Rg)-Hilbert C*-modules

H©C*(Ry) = LH(Z(P))c+(R,), (5.8)
for a separable Hilbert space H with a trivial T-action.
Proof. To see that the map p} ® 7 is well-defined, we first assume that f ® h is such that
h is supported in a basic open neighbourhood U(Ui, k, N,Us) in R4 which lifts to a basic
open neighbourhood W#(z, N, V3) and f is supported in V; := pp(W?*(z, N, V3)). For such
f ® h we have that

supp p (f) - 3 (h) C p (Vi) Ny (V) = W*(=, N, Va).

Therefore, the support of (p} @ n§)(f ® h) is compact. Using the balancing relation, a
partition of unity argument and Proposition 5.4 we have that arbitrary tensors f ® h can be
written as a sum f®@h =Y. | fi ® h; for which each f; and h; satisfy the above support
requirements. Thus the map pj ® 7 is well-defined. Surjectivity follows from Lemma 5.11.
We prove preservation of the inner products:

<f1 & hla f2 ® h2>(U7naw) = hT * <fla f2>h2(v,n,w)
= > > =g 0)fi@)fa(@)ha(u,n — j,w)

(v,4,w) zewgl(v)
= Z Z PZfl'Wahl(l‘,_jaU)P*Lh'73h2($an_jvw)
(v.d,w) zemy * (v)
= > S mh (@ v)pfa - moha(e,n + jow)
(z,4,v)€Z¥(P)
= {(p} f1-7gh1, p} fo - Tyh2) Dby Equation (5.3).
The second statement of the proposition follows immediately. The locally trivial bundle
X" (P) gives rise to a Hilbert space bundle on V' which by Kuiper’s theorem is trivial. The

third statement of the theorem is similar, so that L*(X“(P))cn) = H® C(V) as C(V)-
Hilbert C*-modules. 0

Corollary 5.13. Let (X, ) be an irreducible Wieler solenoid arising from an open sur-
jection g : V. — V and suppose P C X is a finite p-invariant set of periodic points. The
isomorphisms of Theorem 3.2 and (5.8) give rise to a T-equivariant x-isomorphism

C*(G*(P))  Z = O ® K,
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where K denotes the C*-algebra of compact operators on a separable Hilbert space with a
trivial T-action.

Remark 5.14. A result similar to Corollary 5.13 was proven in [50, Theorem 4.19] for the
fixed point algebra of the T-action assuming that g is expansive and the periodic points are
dense in V. An equivariant version of [50, Theorem 4.19] implies Corollary 5.13 under these
slightly stronger assumptions on g.

5.3. A Cuntz-Pimsner model for the stable Ruelle algebra. It is possible to construct
C*(G*(P)) x Z as a Cuntz-Pimnser algebra defined from a non-unital coefficient algebra.
We follow the terminology of [5]. For notational purposes, we write

Ky (P) := Koy (L (X“(P)cw))-

Based on Proposition 5.12, we define E := L*(X“(P))c(v) ® E ®c(vy L*(X*(P))* which
is a Ky (P)-bi-Hilbertian bimodule with finite Jones-Watatani index. The Cuntz-Pimsner
algebra O over the coefficient algebra Ky (P) is therefore well defined. By Theorem 3.2,
Theorem 5.6 and Theorem 5.12 there are isomorphisms

C*(G*(P)) x Z = Kex(r,) (L*(X“(P))cv) @ C*(Ry))
=~ L*(X"“(P))ow) ® Op ®cvy L*(X*(P))*.

Under these isomorphisms, the obvious linear mapping E — L*(X“(P))c(vy ® Op @c(vy
L*(X*“(P))* induces a linear mapping E — C*(G*(P)) x Z. It is readily verified that
this is a covariant representation as in [38, Theorem 3.12] producing a *-homomorphism
7:0p — C*(G*(P)) x Z. The mapping 7 is bijective and we deduce the following result.

Proposition 5.15. Let (X, p) be an irreducible Wieler solenoid arising from an open sur-
jection g : V. — V and suppose P C X is a finite p-invariant set of periodic points.
The mapping ©@ : Op — C*(G*(P)) % Z is a *-isomorphism. In particular, E provides
a Cuntz-Pimsner model for the stable Ruelle algebra with coefficient algebra Ky (P) :=
Kew) (LHX“(P))ew))-

Remark 5.16. Theorem 5.6 and Proposition 5.15 are in a sense complementary. The algebra
Op is defined using a unital coefficient algebra, making it easier to work with, but it is
only related to C*(G*(P)) x Z via a Morita equivalence. The algebra O is defined using
a non-unital coefficient algebra (isomorphic to C(V,K)), but is explicitly isomorphic to

C*(G*(P)) % Z.

5.4. The s-function on Z*(P). To compute the Kasparov product of the cycle in Theorem
4.8 with the Morita equivalence from Theorem 5.6 as an explicit unbounded (C*(G*(P)) x
Z,C(V))-cycle we make use of a natural x-function defined on Z*(P). To construct a
self-adjoint regular operator on the module L2(Z“(P))C(V) we look at the pullback of the
function x : Ry — N through the map my. Consider the functions

kz(x,7,v) == min{k > max{0, —j} : ¢ (mo(x)) = ¢*(v)}, cz(x,j,v) =j.
Lemma 5.17. The functions kz and cz are locally constant and hence continuous.
Proof. For cy this is an obvious fact. For kz this follows from the observation that Kz =
Kk o my, where mg : Z¥(P) — Ry. O

The operator
Dz :=9(c,kz) : Ce(Z2(P)) = Ce(Z2%(P)),

defines a self-adjoint regular operator on LQ(Z“(P))C(V). The tensor product module
LZ(ZH(P))C*(RQ) ®C*(Rg) L2(Rg)C(V) can be identified with the module LQ(ZU(P))C(V)
studied in Proposition 5.12. On the dense subspace C.(Z*(P)) @¢,(r,) Cc(Ry) this identi-
fication is realized by the convolution product. We use the standard notation

T, : CulR,) = CZ"(P) @0, r,) Ce(Ry) = CulZV(P)), [z f=axf,
defined for elements = € C.(Z*(P)).
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Lemma 5.18. For xz € C.(Z"(P)), the commutator
D;T, —T,D : Ci(Ry) — Co(Z%(P)),
extends to a bounded operator L*(Rg)c vy — L*(Z"(P))cv)-

Proof. By Lemma 5.11 and Proposition 5.12, it suffices to prove the statement for elements
z = pj (u) - 7§ (v), with u € Co(X*(P)) and v € C.(R,4). Moreover, since

pr(u) -7 (v) = pL(u) - w5 (Lv * v) = pL,(u) - 75 (1v) * v,
and for any = € C.(Z%“(P))
DZTx*v - Tx*vD - (DZT:c - T:ED) * U +Tm[D7vL

we can further reduce the proof to the case where x = p} (u) - 7§(1ly). For such = and
f € Ce(Ry) we have

(DZTI - TfD)f(t’Jﬂw) = (1/)(37 HZ(tajv U))) - 1/1(]7 K(,]TO(t)vj’w))u(t)f(ﬂ()(t)vja w) = 07
as desired. 0

Remark 5.19. The operator Dz can be constructed from D in other ways. One other way
is to choose a cover (U;)}.; of V such that each 7 : 7o H(U;) € X%(P) — V is trivialis-
able, via a trivialisation 1, say. Pick a partition of unity (ij)é\r:l subordinate to (Uj)év:l.
Associated with the data (Uj,;, Xj)é-vzl there is an adjointable inner product preserving
C*(Rg)-linear mapping v : L*(Z*(P))c+(r,) — (*(N) ® C*(R,). A short computation
shows that Dz = v*(1 ® D)v on the dense submodule Co(Z%(P)) C L*(Z“(P))c(v). This
is the usual connection construction [31], which implies Lemma 5.18.

Yet another way uses Proposition 5.15 and the unbounded representative of the Cuntz-
Pimsner extension in the non-unital case from [5]. The argument in [20, Subsection 2.3 and
2.5.2] easily generalizes to show that Dy is the operator constructed in [5, Theorem 3.7].

We wish to show that (L*(Z“(P)c(v), Dz) is a KK{-cycle for (C*(G*(P)) x Z,C(V))
and that it represents the Kasparov product of the Morita equivalence L?(Z%(P) - (R,) With
the cycle (L*(Ry)c(v), D) constructed in Theorem 4.8. We begin with a useful observation
concerning the unbounded Kasparov product with a Morita equivalence bimodule.

Proposition 5.20. Let E be a T-equivariant (A, B)-Morita equivalence bimodule and (F, D)
an odd T-equivariant unbounded Kasparov module for (B,C). Suppose that D is a T-
equivariant selfadjoint reqular operator on E @p F and that X C E is a set that generates
FE as a B-module, such that for all x € X the operators T,, : [ — = ® f satisfy

T, :Dom D — Dom D, and DT, —T,D :DomD — E ®g F, (5.9)

extend to adjointable operators F — E®p F. Then (E ®p F, D) is a T-equivariant (A, B)-
unbounded Kasparov module that represents the Kasparov product [(E,0)] ®p [(F,D)] in
KKI(A,O).

Proof. Since E is a Morita equivalence, A = K(F) and (F,0) is an unbounded (A4, B)-
Kasparov module. The argument in [31, Lemma 4.3] and (5.9) imply that (¢ ® 1)(D +i)~*
is compact in E ®p F for all a € A. The operators T,T;, with z,y € X, generate a dense
subalgebra of K(E) ® 1 = A® 1. Since

[D,T,T;] = (DT, — T,D)T; + T,(DT; — T; D),

is a bounded operator, (E ®p F, D) is an (A, C) unbounded Kasparov module. To prove
that this cycle represents the Kasparov product, we need to verify conditions (1) — (3) as
given in [25, Theorem 13]. Condition (1) is the statement of Equation (5.9). Conditions (2)
and (3) are trivially satisfied for the product with the unbounded Kasparov module (E,0)
from the left. ]

The following result is an immediate consequence of Lemma 5.18 and Proposition 5.20.
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Theorem 5.21. Assume that (X, ) is an irreducible Wieler solenoid defined from an open

®)
surjection g : V. — V. The pair (LQ(Z“(P))C(V),DZ) is a T-equivariant unbounded Kas-
parov module for the pair (C*(G*(P)) x Z,C(V)), that represents the Kasparov product
[

[(LX(Z(P))c=(=,), 0)] ®c=(=,) [(L*(Rg)c(v), D)] € KK} (C*(G*(P)) x Z,C(V)).

In particular, there is an exact triangle in the triangulated category KK™ of the form

1-[Eg]
C(V) [B]
[L2(Z*(P)ow), Dz\ R
C*(G*(P

where 1g € KK (C(V),C*(G*(P)) x Z) is defined from the inclusion C(V) — C*(R,) and
Corollary 5.13.

Remark 5.22. From the computations in Example 4.14, using Remark 4.13, we can compute
the K-theory group K,(C*(G*(P))) for an expanding dilation matrix on (S')? to be the
expression of Equation (4.6) (see page 19).

6. KMS WEIGHTS ON THE STABLE RUELLE ALGEBRA

Cuntz-Pimsner algebras come equipped with a natural gauge action that extends to an
action of the real numbers. The analysis of equilibrium states (or KMS states) is then of
particular interest for these algebras. Such equilibrium states were first studied by Kubo,
Martin and Schwinger and a comprehensive study of KMS states is provided by Bratteli and
Robinson in [§].

Suppose B is a C*-algebra and that o : R — Aut B is a strongly continuous action. An
element a € B is said to be o-analytic if the function ¢ — o4(a) extends to an entire function
on C. For 8 € (0,], a state ¢ on B is called a KMSg state if it satisfies

¢(ab) = d(boig(a)), (6.1)
for all analytic elements a,b € B. For 8 = 0, the KMSg states are the o-invariant traces on
B. We often call (6.1) the KMSg condition.

Olesen and Pedersen [35] first studied KMS states for the periodic gauge action on the
Cuntz algebras Oy where they discovered that there is a unique KMS state at inverse
temperature § = log N. Enomoto, Fujii and Watatani [17] generalized this result to the
Cuntz-Krieger algebras O4 of an irreducible N x N matrix A. In this case, the unique KMS
state occurred at 8 = log p(A), where p(A) is the spectral radius of the matrix A, i.e. its
Perron-Frobenius eigenvalue. More recently, Laca and Neshveyev [27] studied KMS states
of Cuntz-Pimsner algebras and proved that KMS states arise as traces on the coefficient
algebra of the underlying Hilbert module. In so doing, [27] initialized a program that is
directly related to our work in several situations, most notably for local homeomorphisms
n [1] and for self-similar groups in [28]. Similar results for expansive maps are also found in
Thomsen’s work [49] and in Kumjian and Renault’s work [26]. Note that a locally expanding
local homeomorphism is automatically expansive; compare Definition 2.1 with the definition
of expansive on [26, page 2069].

In this section we first consider the Cuntz-Pimsner algebra Op associated with a local
homeomorphism g : V' — V satisfying Wieler’s axioms making the associated Wieler solenoid
irreducible, as described in Section 3. Recall that the Toeplitz algebra Tg is generated by
the Toeplitz operators {Tg 1§ € E}. Let S¢ be the image of Tg in the Cuntz-Pimsner algebra
Ogp, which is then generated by {S¢ : £ € E}. We show that every KMS state for the natural
gauge action on Of gives rise to a KMS weight on the stable Ruelle algebra C*(G*(P)) X Z
through the isomorphism described in Proposition 5.15.

We let v : T — Aut O denote the strongly continuous gauge action defined in Subsection
3.1. The gauge action extends to a periodic action of the real line through the equation
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0t = Yeit. Thus, there is an action o : R — Aut O defined on the generating set by
01(S¢) = eS¢ for £ € E.

Theorem 6.1. Suppose g : V. — V is an open surjection satisfying Wieler’s axioms and
Og 1s the associated Cuntz-Pimsner algebra generated by {Se : £ € E}. Let o : R — Aut O
denote the strongly continuous action defined by o(S¢) = €*S¢ for € € E. Then

(1) There is a bijective correspondence between tracial states T on C(V) satisfying
7(L(a)) = e’1(a) (6.2)

and KMSg states on (Og, ). Through the T-equivariant isomorphism O = C*(Ry),
the bijection is given by T — w, where wy is defined on C.(Ry) by

wr(f) = /V F(0,0,0)dp, (6.3)

such that p is the probability measure that T defines on V. There is always at least
one B > 0 and one tracial state T such that (6.2) holds.

(2) If (V,g) is mizing (Definition 1.2.3), then there is a unique pair (1,[) satisfying
(6.2). That is, there is a unique (3 for which there exists a KMSg state of (Og,0)
and the KMSgs state is unique. Moreover, forv eV,

5= hig) = Jim tog (52 0)) (6.9

n— 00 Ln]
where h(g) is the topological entropy of (V,g).
Remark 6.2. Part (2) of Theorem 6.1 contains the statement that

n+11
v lim log (E (v))

is a constant function on V' that equals 3.

Remark 6.3. In part (1) of Theorem 6.1, we are only using that g is a local homeomorphism.
In part (2) we are only using that g is a mixing and locally expanding local homeomorphism.
We assume Wieler’s axioms at this point since the applications we have in mind are to Smale
spaces.

Remark 6.4. The proof of [20, Lemma 1.9] extends to local homeomorphisms. This fact
shows that the conditional expectation ®, : Op, — C(V), constructed for a large class
of Cuntz-Pimsner algebras in [46], satisfies ®o(f)(z) := f(z,0,2) for f € C.(R,). The
correspondence in Theorem 6.1 part (1) between tracial states 7 satisfying £*7 = ¢’ and
KMSg states on O, is then implemented by 7 — 7o ®. In [46, Section 4], a related
correspondence was considered for a larger class of modules using an R-action defined from
the Jones-Watatani index. In the case under consideration in this paper, the Jones-Watatani
indices are 1 (cf. [20, Example 1.7]) and the R-action considered in [46, Section 4] is trivial.

Proof of Theorem 6.1. We will apply [27, Theorems 2.1 and 2.5] and start by verifying the
hypothesis of said theorems. Since the gauge dynamics on E corresponds to the action of
scalars on C(V), the ‘positive energy’ hypothesis of [27, Theorem 2.1] holds; the Arveson
spectrum Spy;(a) is equal to 1 for all ¢ € E. Thus, in our situation, combining [27, Theorems
2.1 and 2.5] implies that 1 is a KMSg state on O if and only if there is a tracial state 7
on C(V) such that 7(£(a)) = €’7(a) and for £ € E®™ and n € E®"

efﬁm,]_(<n’ £>E®m)7 ifn=m

V(5eSy) = {0, ifn#m’

From this identity and the fact 7(£(a)) = e’7(a), we deduce that

e Pmr(em(me)), ifn=m {T(ng), ifn=m

w(S@g;) - { - 0, if n#m’

0, ifn#m (6.5)
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where we use the identification E®™ = C(V) as linear spaces. Since V is a compact
Hausdorfl space, every tracial state 7 on C'(V) is given by integrating against a probability
measure. From Equation (6.5) we deduce that 1 is a KMSg state on Op if and only if there
is a probability measure 1 on V such that

Lo =e"p, (6.6)

and ¥ = w,, where w; is defined in Equation (6.3).

The existence of probability measures p on V satisfying (6.6) was taken up by Walters
in [51]. If g : V = V is expansive (locally expanding), [51, Corollary 2.3] implies that there
is at least one pair (u, 5) satisfying (6.6). Since g is assumed to be a local homeomorphism,
it follows that (V, g) is locally expanding (see Remark 2.13), and therefore (1) holds.

In the case that g : V' — V is a locally expanding local homeomorphism satisfying the
weak specification condition, [51, Theorem 2.16(i)] implies that there is a unique pair (u, 8)
on (V, g) such that (6.6) holds. In [26, Proposition 2.1], Kumjian and Renault show that the
weak specification property is equivalent to the condition that (V,g) is mixing. Moreover,
[61, Theorem 2.16(iv)] shows that the unique value j satisfies (6.4). Therefore (2) holds as
well. O

Before turning to the C*-algebra C*(G*(P)) x Z, we note the following result which
follows from a short algebraic manipulation with matrix units.

Proposition 6.5. Let K denote the C*-algebra of compact operators on a separable Hilbert
space with trivial R-action and tr the operator trace on K. If B is a unital R — C*-algebra,
then the mapping w — w @ tr defines a bijection between the KMSg states on B and the
KMSg weights on B ® K.

Corollary 6.6. Let (X, ) be an irreducible Wieler solenoid arising from an open surjection
g:V = V and suppose P C X is a finite p-invariant set of periodic points. There is a
bijective correspondence between measures p on V' satisfying (6.6) and KMSg weights on
C*(G*(P)) X Z via p+— ¢, where the KMSg weight ¢, is defined on C.(G*(P) X Z) via

o= [ 10

In particular, C*(G*(P)) x Z always admits a KMSg weight and if (X, ) is mizing, then
there is a unique B > 0 for which there exists a KMSg weight and that KMSz weight is
unique.

Proof. Since mp : X*(P) — V is a covering (see Theorem 2.12), the measure m§u is well-
defined on X*(P). We choose a T-equivariant *-isomorphism

p:C*(G*(P)NZ = 0p®K

as in Corollary 5.13. By Proposition 6.5, there is a bijective correspondence between KMSg
states w on O and KMSg weights on C*(G*(P)) x Z given by w — (w®tr)op. By Theorem
6.1 implies that any KMSg state on O takes the form w, where 7 € C(V)* is defined from
a probability measure p on V satisfying Equation (6.6). Since tr is invariant under unitary
transformations and p is C(V)-bilinear, it follows from an argument in local trivializations

of mp : X*(P) — V that for f € C.(G*(P) x Z) we have
wowopn= [ [ ¥ seosa= [ o

waJl(v) X(P)

From Theorem 6.1 we deduce that C*(G*(P)) x Z always admits a KMSg weight and if
(V,g) is mixing the KMSg weight is unique. The corollary now follows from [4, Theorem
3.5.3], which says that if g : V' — V is a continuous surjection, then g : V' — V' is mixing if
and only if ¢ : X — X is mixing. O

Remark 6.7. If V is an oriented manifold and 7(a) = [, a Aw for a differential form w, the
condition £*7 = €7 is equivalent to g*w = e’w.
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7. EXAMPLES

In this section, we will consider examples of irreducible Wieler solenoids arising from
an open surjection g : V' — V. In these examples, Theorem 5.21 enables computations of
explicit K-theoretic invariants and construction of concrete spectral triples.

7.1. Subshifts of finite type. The Smale spaces where both the stable and unstable sets
are totally disconnected are the subshifts of finite type. They were discussed in Example 3.1.
In this case, the stable and unstable Ruelle algebra can be treated on an equal footing. Con-
sider an N x N-matrix A consisting of zeros and ones, and assume that A is irreducible. The
compact space 24 is defined in Example 3.1 and the associated Wieler solenoid (Xq,,¢4)
is conjugate to the two sided sided shift

ZA = {(xj)jGZ € {17 . '7N}Z : ACEj,Ij-H = 1}7 QDA(wj)jGZ = (xj+1)j€Z~
As above, we chose a finite p4-invariant set P C ¥4 of periodic points. We write
Z3(P) :={(z,j,v) e Z4(P) X Z x Qg : Ik, x14; = v, VI > k}.

It follows from Theorem 5.6 that C*(G%(P)) X Z ~pn O4 via the T-equivariant Morita
equivalence Z%(P). The K-theory and K-homology groups of the Cuntz-Krieger algebra
04 are well-known, and given by

ker(1 — A) * =0
K*(Op) 2 K, 1(O = ’
(©a) +1(0a7) {coker(l —A), = 1.
Since Q4 is totally disconnected, K'(C(Q4)) = 0 and the exact K-homology sequence in
Corollary 4.11 reduces to

5 KO(C(@a) B KNCHGHP) % 2) 0,

0 — K%(C*(G*(P) x Z)) — K°(C(Q4))
In particular the boundary map 0 is surjective, and the description of explicit representatives
of KY(Oa) = ZN /(1 — A)ZY in [19] shows that 0 is surjective already when restricted to
classes in K°(C(24)) given by point evaluations of C(€4): each class in K*(O4) is given
by a spectral triple obtained by localizing the unbounded Kasparov module from Theorem
4.8 in a character of C'(24). We see that the same statement is true for the stable Ruelle
algebra of the two-sided shift. Let (e;))¥; denote the standard basis of Z". We deduce the
following result from [19, Theorem 5.2.3].

Theorem 7.1. Let v € Q4 be a one-sided sequence starting in the letter i € {1,...,N}.
Define the Hilbert space

H, = 2 (pgr' (v), where pg'(v) = {(z,n) € SY(P) x Z: (z,n,v) € Z4(P)}.

We let C*(G*(P)) x Z act on M, via identifying H,, with the localisation of L*(Z"(P))c (v
inv € Qy. Consider the self-adjoint operator D, defined by

va(mvn) = ¢(n7 nz(x,n,v))f(m,n).

Then (Ce(G*(P)) Xaig Z, Ho, Dy) is a 0-summable spectral triple representing the equivalence
class e; mod (1 — A)ZN under the isomorphism K'(Oa) = ZN /(1 — A)ZN. The bounded
Fredholm module (C.(G*(P)) Xalg Z, Hy, Dy|Dy| 1) is finitely summable.

This provides an exhaustive explicit description of the odd K-homology of the stable
Ruelle algebra of a subshift of finite type. The group K°(C*(G*(P) x Z)) stands in stark
contrast; a description of even spectral triples on the stable Ruelle algebra is at this point
in time still elusive.
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7.2. Self-similar groups. Self-similar groups are a relatively new area of group theory.
They were discovered by Grigorchuk through his construction of a group with intermediate
growth that is amenable but not elementary amenable. Since then much of the abstract
theory has been developed by Nekrashevych [33].

In [34], Nekrashevych constructs a Smale space from a contracting and regular self-similar
group. In this section we recast Nekrashevych’s result by showing that the limit space of a
contracting, regular self-similar group satisfies Wieler’s axioms and the shift map is a local
homeomorphism. The shift on the limit space of a self-similar group gives rise to another
Cuntz-Pimsner model for self-similar groups that generalizes the Cuntz-Pimsner algebra Oy
constructed by Nekrashevych in [34, Section 6.3]. We note that the results of Section 4, 5
and 6 apply to this example. We obtain a plethora of Kasparov cycles, KMS states on the
Cuntz-Pimsner algebra O and KMS weights on the stable Ruelle algebra. We also remark
that all of these results generalize to Exel and Pardo’s self-similar groups on graphs through
the forthcoming paper [9].

A self-similar group (G, X) consists of a group G, a finite set X, and a faithful action of
G on the set X™ of finite words in X such that, for each g € G and = € X, there exists y € X
and h € G satisfying ¢ - zw = y(h - w) for all w € X*. Faithfulness of the action implies the
group element h is unique, so there is a map (g, x) — h and we call h the restriction of g to
x and denote it by g|,. Thus the defining relation for a self-similar group can be written

g-2zv=_(9-2)(g|s - w) for all w € X™. (7.1)

A self-similar group is said to be contracting if there is a finite subset S C G such that for
every g € G, there exists n € N such that {g|, : |[v]| > n} C S. The (unique) smallest such
set is called the nucleus as is denoted by N.

We now briefly construct the limit space Jg in the case that (G, X) is contracting, for
further details see [33, Section 3.6]. The space of left infinite words with letters in X
is denoted X ~°°. Two sequences ...x3x2x1 and ...ysysy; are said to be asymptotically
equivalent if there exists a sequence {g, 52 ; of nucleus elements such that g, - @, ... 21 =
Yn - - - x1. The limit space Jg is the quotient of X ~°° by the asymptotic equivalence relation,
and we let ¢ : X™°° — J& denote the quotient map. The asymptotic equivalence relation
is invariant under the shift map o : X=°° — X~ given by o(...x3w221) = ...x323, SO
o : Jo — Jg is a continuous surjection. That Jg is a compact metric space is proved in
[33, Theorem 3.6.3], and in a more general framework in [9)].

In [9], it is proved that (Jg, o) satisfies Wieler’s axioms in the generality of Exel and
Pardo’s self-similar graphs. The proofs require an additional assumption: a self-similar
group is said to be regular if for every g € G and z € X*°, either g - x # x or g fixes x as
well as all points in a clopen neighbourhood of . In [34, Proposition 6.1}, Nekrashevych
shows that (G, X) is regular if and only if o : Jg — J¢ is a covering. We now summarize
the results of [9].

Proposition 7.2 ([9]). Suppose (G, X) is a contracting and regular self-similar group with
limit space Jg. Then o : Jg — Jg is a local homeomorphism that satisfies Wieler’s axioms
and the dynamical system (Jg, o) is mizing.

Let (X, ) be the mixing Wieler solenoid associated with (Jg,0). Since o : Jo — Ja
is a continuous open surjection satisfying Wieler’s axioms, there is a Cuntz-Pimsner model
for the stable Ruelle algebra of (X, ¢) by Proposition 5.15. Moreover, Corollary 6.6 implies
that there is a unique KMS weight on the stable Ruelle algebra of a contracting and regular
self-similar group.

8. SOLENOIDS CONSTRUCTED FROM COVERING MAPS ON MANIFOLDS

In this section we will consider the solenoid construction on a smooth closed manifold
M. The outcome will be a procedure to lift certain K-homology classes on M to the Cuntz-
Pimsner algebra constructed from M. The results are complementary to the constructions
in Section 4 and 5 as it produces K-homology classes that are not factorizable over the
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Cuntz-Pimsner extension in the sense of Corollary 4.15. In certain special cases, the Hilbert
space appearing in the spectral triple is the GNS space of the KMS weight. To elucidate
our results we will run the details of M = S' in Example 2.14 in parallel to the general
construction. We show that for M = S', the K-homology classes we construct along with
the products with the Cuntz-Pimsner extension exhaust the K-homology of the stable Ruelle
algebra C*(G*(P)) x Z.

We consider a closed manifold M and an n-fold smooth covering map g : M — M
acting conformally on a Riemannian metric hy; on M. That is, g*hy; = Nhyy for N €
C>®(M,Rsg). The function g satisfies Wieler’s axioms if N > 1 on M. We follow the
notation from the previous sections and write £(£)(z) = 3_,(, =, €(y) for £ € C(M).

Remark 8.1. Tt follows from Remark 6.7 that the volume measure dV}, satisfies Equation (6.6)
with 8 = %log(N ) if N is constant. Specifically, if N is constant, then the volume measure
defines a KMSj state on O, (as in Theorem 6.1) and a KMSg weight on C*(G*(P)) x Z
(as in Corollary 6.6).

Definition 8.2. Let S — M denote a hermitian vector bundle with hermitian metric
hs such that g lifts to S (in the sense that there is a unitary vector bundle isomorphism
gs : g*S — S giving rise to a unitary isomorphism gg,, : Sy, — S, for any y € M). We
define the transfer operator

£5:CO(M,5) = C(M,S), Ls(€)ai= Y. 9516,
9(y)==

The operator £g is C(M)-linear in the sense that £5(¢-g*a) = £5(£)a for any a € C(M)
and ¢ € C(M, S). Define the mapping Vg : L2(M, S) — L?(M, S) as the composition of the
pullback g* : L2(M, S) — L*(M, g*S) and the fibrewise action of gg.

Proposition 8.3. Assume that M is a closed d-dimensional manifold with the data specified
above. The operator V := N¥*n=12Vy is an isometry on L?(M,S) such that

1
V*=gsN~Yn7V2 0 VeV = g*aVV*  and V*aV = —£(a).
n

Proof. We first prove that V is an isometry. Let dV}, denote the volume density constructed
from hys. Note that g*dVj, = N%2dV;,. We have for fi, fo € C(M, S) that

1
VL, V) eas) = ﬁ/ (9" f1, 9" f) sN¥/2aV,
M

= l/ g* ((f1, f2)sdVi) = (f1, fa) 2 (a,5)-
M

n

Next, we prove the identity V*aV = %S(a). For fi1,fo € C(M,S), a similar computation
as above gives

(V*aV f1, f2) L2,y = (@V 1,V fa) L2,y = %/M ag™ ((f1, f2)sdVh)

== | st msavi - <;£(“)f otk 2>

n L2(M,S)

The identity VaV* = g*aVV™* follows from the simple computation V(af) = g*a-V f which
holds for a € C(M), f € C(M,S).
Finally, we compute V*. For f1, fo € C(M,S),

(Vhi, f2)raaas) = / (g fr, N4 =2 £) s NY2aV,
M

- (s (-t v, .
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Ezample 8.4. The prototypical example is the n-solenoid on M = S! from Example 2.14.
We return to this example throughout the section. In this example, M = S!' = R/Z and
g(z) := nz (mod 1). We can take S to be the trivial line bundle on S! and hg: to be the
flat metric on S! so N =n? and V f(z) = f(nz). An orthonormal basis for L?(S?) is given
by ex(x) := exp(2mwikx) for k € Z. In this case, the identity Ve = eg, show straight away
that V is an isometry. In this case, the transfer operator £ takes the form

£(a)(2) :nz_la<xzj>.

Jj=0

Here we identify functions on S* with periodic functions on R. On L?(S') we have V* =
n-tg.

Ezxample 8.5. We consider a higher dimensional example mentioned towards the end of
Example 2.14. Consider a matrix A € My(Z) with non-zero determinant and let g :
(SH)4 — (S1)? denote the associated smooth local homeomorphism. If ATA = N for some
N > 0, then g4 act conformally on the flat metric on (S')¢ = R?/Z?. Let us give some
non-trivial examples of such matrices. For d = 2, such a matrix takes the general form

T =ty 2 2
, x°+y" = N.
(y m) Y

Asymptotically, the number of local homeomorphisms acting conformally on (S')? with
N < 72 is determined by Gauss’ circle problem and behaves like 2712 as r — oco. The
equation 2% + y?> = N admits solutions if and only if the prime factors p|N with p = 3
(mod 4) occur with even multiplicity in N. In dimension d = 3, the general form is

zoy = 224y + 22 =N, for j=1,2,3
T2 Y2 22|, where .
T3 Y3 23 Ty + Yy + 220 = 0, for j # k.

By Legendre’s three square theorem, such a matrix exists only if NV is not of the form
4%(8b + 7) for natural numbers a, b.

In this case, the Lebesgue measure m on (S1)¢ satisfies g%m = N%?m. Theorem 6.1
shows that the Lebesgue measure induces the unique KMS state on OE.‘?A and by Corol-
lary 6.6 the unique KMS weight on C*(G*(P)) x Z, both having inverse temperature

= §log(N).

Proposition 8.6. Let M be a d-dimensional manifold, g : M — M an n-fold smooth
covering map acting conformally on a metric hyy that lifts to the hermitian bundle S — M,
and V the isometry on L*(M,S) constructed as in Proposition 8.3. Write Ey := ;qC(M) 4+
as in Subsection 3.1. The pointwise action of C(M) on L*(M,S) and the linear mapping
ty : Eg — B(L*(M,S)) given by a — +/naV, defines a *-representation my : Op, —
B(L?(M,S)).

Proof. Tt is an immediate consequence of Proposition 8.3 that ty defines a Toeplitz repre-
sentation of E,; that is, conditions (1)—(3) of [38, Theorem 3.12] are satisfied. It remains
to prove that the Cuntz-Pimsner covariance condition (4) of [38, Theorem 3.12] is satis-
fied. Thus, we need to show the following: after writing the action of a € C'(M) on E; as
aé = Z;nzl (&5, &) c(ar), for some n;,&; € E,, we require that a = Z;"Zl ty(n;)tv (&) as
operators on L%(M, S).

As in the discussion preceding (4.5), consider a cover (U;)7L; C M of balls such that gy,
is injective. Take a partition of unity (Xf);”:l subordinate to (U;)7L;, so that x; is a frame
for Eg; that is, for any & € E, = C(M) we have { = Z;":l X;i{Xj:&)cr). So we can write
al = Z;n:l ni(&;,€) ey where 1; = ax; and §; = x;. We fix this decomposition for the
remainder of the proof.
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We now verify the Cuntz-Pimsner covariance condition. Consider an f € C(M, S). Using
Proposition 8.3, we write

{Z fV(Uj)fV(fj)*f] (x) =n [Z nVV*f

(z) = [Z N VoLs N £ ()

j=1

where the second last identity used the fact that g|y; is injective, so that

{y € supp(x;) : 9(x) = 9(v)} = {=},
for & € supp(x;)- a

Definition 8.7. Define the function signlog : R — R by

0, z =0,

. 1 =
signlog(z) {Sign(x) log ||, z70.

We set D)o, := signlog(})). For any £ > 0, there is a function [. € C*°(R) such that
[ = signlog on R\ ((—&,0) U (0,¢)). We remark that for any ¢ > 0 and m > 0, the
function [ is a Hormander symbol of order m on R. In fact, for any k& € N5 there is a
Cy, > 0 (possibly depending on & > 0) such that |9FI.(z)| < Ci(1 + |2|)~*. We note that
Dyog — (D) € ¥=(M, S) for all € > 0. For e small enough, 1), = (D) if I.(0) = 0.

Proposition 8.8. Let M be a closed Riemannian manifold, S — M a Clifford bundle and
D a Dirac operator acting on S. Then Iﬁlog is a self-adjoint operator and the inclusion

H*(M,S) C Dom(,) is compact for any s > 0, and e tPios is in the operator ideal
LA/t (1L2(M, S)) for any t > 0.

Proposition 8.8 follows from functional calculus for self-adjoint operators. To study lﬁlog
further, we will make use of log-polyhomogeneous pseudo-differential operators. Such op-
erators are studied in detail in [29, Section 3]. In short, the log-polyhomogeneous pseudo-
differential operators form a bi-filtered algebra W™k (M, S) C Ng~o¥™**(M, S) where m €
R and k € N. A full symbol ol#(A4) of an operator A € U™*(M, S) in a local coordinate
chart U admits an asymptotic expansion

k

o (A) (2, ) ~ Y a;(w,€)log’ [¢],
j=0
where the elements a; are classical symbols of order m.

Proposition 8.9. The operator lDlog s a log-polyhomogeneous pseudo-differential operator
of order (0,1) with leading order symbol cs(€)|€|;, " log |¢|n where cs denotes the Clifford
multiplication on S. In particular, for any s > 0 and a € C*°(M), the commutator [Elog, a)
s a pseudo-differential operator of order —1 + s.

Proof. By [29, Proposition 3.4.(2)] the log-polyhomogeneous pseudo-differential operators
form a bi-filtered algebra. Since P|P|~! € W9 (M,S) = ¥%0(M, S) has principal symbol
cs(&)[€], " we have that [Py, € W01 (M, S) provided log | )| € ¥1(M, S) with leading order
symbol log|¢|,. Tt suffices to prove that log A € WO1(M,S) with leading order symbol
log [£|2 for any Laplacian type operator A on S — M. This fact follows from [21, Equation
(6), Page 121].

It follows from the composition formulas for log-polyhomogeneous pseudo-differential op-
erators (see [29, Proposition 3.4.(2)]) that the leading order term in the symbol of [, a]
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is the Poisson bracket {cs(£)|£‘;1 log |€|n, a}r=pr which is of order (—1,1). Thus, []Z)log, al €
U-bL(M,S) C U—5(M, S) for all s > 0. 0

Corollary 8.10. The spectral triple (C°° (M), L*(M, S>7¢10g) satisfies
(1) the class [C>(M),L*(M, S), D1os] coincides with [C>(M), L*(M, S), p] in K.(M);
(2) (C>(M),L*(M,S), Do) is 0-summable;
(3) for a € C®(M), [Prog,a] € LI(L*(M,S)) for any s > 0, where d = dim(M).

Thus, [lDlog,a] is not only bounded but even Schatten class and in particular it is a
compact operator.

Ezample 8.11. We return to the circle, with an eye towards solenoids (cf. Example 8.4). We
let 1) := 5= -4 on L?(S') (with periodic boundary conditions). Then Pej = key so

2mi dox
0, k=0,
Droger = {Sign(k) log |k|ex, k #0.

In particular, with z € C°°(S!) denoting the complex coordinate function x — exp(2miz),

[m ] 10g(2)€0, k= —1,
ogr %1€k = .
log k sign(k) log (1 + Q,Lﬁ'jll) €11, k# —1.

Since log(1 +t) = — > 72, (=t)*/k for [t| < 1, [P, 2] € ¥T(S?) (see [2]). This gives
us a proof of a refinement of the commutator property in Proposition 8.9.(3) for S*. Any
a € C*(S') admits an expansion a = Y okez apz® for a rapidly decreasing sequence (ay)rez
50 [Dog,a] € ¥71(SY). We remark that if dim(M) > 1, the property [D)oq,a] € ¥™(M)
for all a € C°° (M) fails.

Proposition 8.12. Let M be a d-dimensional manifold, g : M — M an n-fold smooth
covering map acting conformally on a metric hyy that lifts to a Clifford bundle S — M, and
V the isometry on L2(M,S) constructed as in Proposition 8.3. Assume that gs : g*S — S
is Clifford linear. If ID is a Dirac operator on S, the operator [lDlog,V] admits a bounded
extension to L*(M, S).

Proof. By Proposition 8.9, [ID,, V] is bounded if and only if [I),, Vo] is bounded. It in fact
suffices to prove that x[1og, Volx' is bounded for any x,x’ € C°°(M) that are supported
in balls U,U" C M and such that g|y- is injective and g(U’) C U. Since 12>10g is a log-
polyhomogeneous pseudo-differential operator by Proposition 8.9, the change of coordinates
formula for such (see [29, Proposition 3.5]) implies that x[/D)og, Vo]x’ is a Fourier integral
operator with log-polyhomogeneous symbol of order (0, —1). In fact, the leading order term
in the symbol of x[Pog, Vo]X' is of order (0,0) since

1
cs(Dg'€)Dg'¢l;, log |Dg"&ln — es(€)[€],, og [¢|n = Ses(€)Ig], * log N.

In this identity we use that cg(£)|¢|! is invariant under conformal changes of metric and
that |Dg'¢|, = N1/2|¢|,. This computation shows that x[D).g, Vo]x' is a Fourier integral
operator of order 0, hence is bounded. ]

Ezample 8.13. We return to the example of solenoids on S* from the Examples 8.4 and 8.11.
In this case, we have
0, k= 0,

Vler =
Prog, Viex {sign(k)logmenk, k #0.

So [[Prog, VliB(L2(51)) = log |n|.
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Theorem 8.14. Let M be a d-dimensional manifold, g : M — M an n-fold smooth cov-
ering map acting conformally on a metric hyy that lifts to a Clifford bundle S — M, ID a
Dirac operator on S and wy : Og, — B(L*(M, S)) the representation from Proposition 8.6.
Assume that gs : g*S — S is Clifford linear. We let A C Op, denote the dense pre-image
of the *-algebra generated by C°°(M) and V under my. The data (A, L*(M, S),]ﬁlog) s a
spectral triple for Op, such that, under the inclusion v : C(M) — Og,,

L*[A7 L2(M7 S)vmlog] = [COO(M)aLz(Ma S)7¢] € K*(M)
The following corollary is immediate from Theorem 8.14 and Corollary 4.15.

Corollary 8.15. The class [A,L*(M,S), Dy,,] € K*(Og,) is in the image of the Cuntz-
Pimsner mapping K**'(C(M)) — K*(Og,) if and only if [S] = 0 in the K-theory group of
(graded) Clifford bundles.

Ezample 8.16. Let us consider the K-homological consequences of the constructions in the
solenoid example (see Examples 8.4, 8.11 and 8.13). We assume n > 1 to ensure that g is
oriented and lifts to the spinor bundle. By combining the K-theory computations in [54,
Proposition 4.3] with the duality results of Jerry Kaminker, Ian Putnam and the fourth
listed author [22] (see [54, Page 293]) one computes that K°(Op,) = Z and K*(Op,) =
Z®Z/(n—1)Z. Another approach relating these K-homology groups with the K-homology
of S1 is to use Corollary 4.11 giving rise to the six term exact sequences

K9Op,) —— K°(C(8") 2 KO(C(s")
(2 (Ry) e Da- | | ®)ew D= (81)
KN O(sY) 2L k1e(sY) «“— K'Y(Og,)
Some short computations show that the diagrams
KO(C(8") 22 KO(C(sY) Kl (C(s") 2 K(C(sh)
| [ I
Z =, Z Z 2 Z
commute. Using these diagrams, the diagram (8.1) collapses to
K°Op,) —— 7 —" z
(L2 (Ro)ew Dl | | ®o)cw Dle-
Z ¢ 7 «“— K'Y (Og,)

The generator of the upper right corner is a character evy : C(S') — C for a § € R/Z.
It follows that K 1(0Eg) is generated by any pre-image x of the fundamental class [S!] =
[L2(SY), ] € KY(C(SY)) and the product [L2(Rg)c(v), D] ®@c(s1y [evg]. Clearly, such an
a is of infinite order and [L*(Ry)c(v), D] ®c(s1) leve] is of order n — 1. By Theorem 8.14,
x can be taken to be represented by the spectral triple (A, LQ(Sl)JDIOg) for Og,. The
(n— 1)-torsion class given by the product [L*(Rgy)c(vy, D] ®c sty [eve] is represented by the
spectral triple (A, L?(R,) ®evy C, D ®ev, 1). Note that L2(R,) ®ev, C = £2(Vy) where the
discrete set Vy is given by

Vo ={(x,j) € S* X Z: (x,],0) ERG}=Z Lﬂ /7.

For f € c.(Vp), the operator D ®ey, 1 can be described by

(D ®evy 1) f(2,7) = ¢(n, £(z, 4,0)) f(x, ).
It is an interesting problem to compute the product [Lz(Rg)C(Sl)7 D] ®¢(s1) [S1] in order
to find the generator of K°(Opg, ).
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We now turn to describing a representative of the Kasparov product of the class in
Theorem 8.14 with the Morita equivalence in Theorem 5.6. Our geometric setup presents us
with a natural candidate for this product, for which we can check the sufficient conditions
in Kucerovsky’s theorem [25, Theorem 13].

As above, we define X := Xy and let P C X be a finite p-invariant set of periodic points.
Since mp : X*(P) — M is a local homeomorphism, we can equip X"(P), G*(P) and Z*(P)
with smooth structures compatible with the groupoid operations. Since g lifts to a unitary
action on S, we can integrate the action of the groupoid G*(P) on X“(P) to an action of
C*(G*(P)) x Z on L*(X*“(P),73(S)), where X“(P) is equipped with the measure defined
from the metric h xu(p) ‘= Tphy . The isomorphism

L*(X"(P),m5(S)) = LX(Z"(P))c+(r,) ®c+(r,) L* (M, S),

induced from Proposition 5.12 is compatible with the left C*(G*(P)) x Z-action. We have
that gp*iLXu(p) =g (N)BXU(P). Let ) denote the lift of ) to X“(P); it is a Dirac operator
on m3(S) — X“(P). Using the proof of Proposition 8.9 and the fact that X“(P) is a

complete manifold of bounded geometry, we can deduce that fpmg is a self-adjoint log-
polyhomogeneous pseudo-differential operator on X“(P).

Proposition 8.17. Let M, g, hyy, S and I be as in Theorem 8.14. Assume thatg:V —V
is an irreducible open surjection satisfying Wieler’s axioms. The data (C°(G*(P)) Xalg

Z,L*(X"“(P),75(5)), Prog) is a spectral triple for C*(G*(P)) x Z representing the product
of the class in Theorem 8.14 with the Morita equivalence in Theorem 5.6.
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