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8 CHAPTER 1. DYNAMICAL PRELIMINARIES

1.1 Preliminaries on dynamical systems

In this section, we will introduce some simple notions in the study of topo-
logical dynamical systems: periodic points, non-wandering, irreducibilty and
mixing. Each can be regarded as a type of recurrence property.

For much of the time, we will work with a compact metric space (X, d)
together with a homeomorphism f of X. For the moment, however, we will
give our definitions in somewhat greater generality.

For a metric space (X, d) we employ the following notation for an open
ball

X(z,6) = {y € X | d(z,y) < e},

for all z in X, e > 0.

Definition 1.1.1. Let X be a set and f : X — X be a bijection. We say
that = in X is a fixed-point of f if f(z) = x. If n is a positive integer and
is in X, we say that x is a periodic point of period n if f*(z) = x. The least
such positive integer n is called the period of x. For any positive integer m,
we let Pery, (X, f) denote the set of all periodic points of period m. We also
let

Per(X, f) = Up>1Pern, (X, f)

denote the set of all periodic points.

Next, we consider the notion of non-wandering which requires some topol-
ogy on X. As we mentioned above, this is a kind of recurrence condition on
the points of X. There are a number of these available, but this is the most
natural for the systems which we will consider later.

Definition 1.1.2. Let X be a topological space and let f : X — X be a
homeomorphism. Let x be in X. We say that x is non-wandering if, for
every non-empty open set, U, containing x, there is a positive integer n such
that f"(U)NU is non-empty. Any point which is not non-wandering is called
wandering.

We let NW (X, f) denote the set of non-wandering points of X. We say
that (X, f) is non-wandering if every point of X is non-wandering.

Let us make a few simple remarks about the definition. A point is non-
wandering if and only if, for every non-empty set U containing the point,
there is a z in U and positive integer n with f"(z) also in U. (If y is in
fMuynU, let z= f"(y).)
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We observe that every periodic point is clearly non-wandering. Moreover,
if the periodic points of X are dense, then every point is non-wandering.

Proposition 1.1.3. Let X be a topological space and let f be a homeomor-
phism of X.

1. The set of non-wandering points is f-invariant: that is, x is non-
wandering if and only if f(x) is also.

2. The set of non-wandering points is closed.
3. If X is compact, then the set of non-wandering points is non-empty.
Next, we turn to the definition of irreducibility.

Definition 1.1.4. Let X be a topological space and let f be a homeomorphism
of X. We say the system (X, f) is irreducible if, for every (ordered) pair of
non-empty open sets, U,V , there is a positive integer n such that f*(U)NV
18 non-empty.

It is clear that every irreducible system is non-wandering. The converse
is false; for example the identity map on a set X (having at least two points)
is non-wandering but not irreducible.

This condition is often referred to as one-sided topological transitivity
and is equivalent (in our context) to the existence of a dense forward orbit
(see Theorem 5.9 of [?]). We have decided on the term irreducibility for
two reasons. There is a difference between the notions of one and two-sided
topological transitivity (again see section 5.4 of [?]) and this can cause some
confusion, especially as our systems are all 2-sided. Secondly, the term is
standard in the theory of subshifts, and shifts of finite type are very important
examples of the types of systems which we will study later.

Finally, we turn to the definition of mixing.

Definition 1.1.5. Let X be a topological space and let f be a homeomorphism
of X. We say the system (X, f) is mixing if, for every (ordered) pair of non-
empty open sets, U, V', there is a positive integer N such that f*(U) NV is
non-empty for alln > N.

We observe that every mixing system is also irreducible and hence non-
wandering as well. The converse is false. Consider the case that X consists of
two points which the map f exchanges. This is irreducible, but not mixing.
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2.1 The heuristic definition of a Smale space

In this section, we will provide a heuristic discussion of Smale spaces. This
is intended as motivation and will be rather short on rigour. It is important
to proceed in this way because the rigourous definition - which we will see in
the next section - is really quite opaque without a preliminary discussion to
provide some kind of insight.

We will consider a compact metric space (X,d) and a homeomorphism
f X — X. We will require some extra structure. This will take quite some
time to describe.

First, for every point z in X, we will have two closed sets E, and F},
having a number of special properties. We require

P1
E.NF, ={x}

P2 The cartesian product E, X F, is homeomorphic to a neighbourhood of
rin X.

This second item is really too vague. The proper definition in the next
section will actually specify this homeomorphism and a number of its prop-
erties. But for the moment, this will be enough. That is, locally, X is the
product of E, and F,.

It is worth noting at this point that the sets E, and F} are not unique.
For example, if we make both smaller, so long as x is still in the interior of
the cartesian product, the result would also satisfy our conditions. They are
unique in the sense that any two such choices for E, will be equal in some
neighbourhood of z.

Next, we want to require that these sets be invariant under f. This
is a little too much to ask, especially in view of the comments of the last
paragraph. Instead, we only require invariance in a local sense.

P3 For all x in X,

f(Em)ﬂV = Ef(x)ﬂv
f(Fx)ﬂV = Ff(x)ﬂv

for some neighbourhood, V', of f(x).
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Finally, we come to the crucial conditions: f is contracting on the sets
E, while it is expanding on F,. For various technical reasons, it is much
better to say that f~! is contracting on F,. Specifically, there is a constant
0 < A < 1 such that

P4 for all y, z in F,, we have
d(f(y), f(2)) < Ad(y, 2)
P5 and for all y, z in F,, we have

d(f 7 (y), [71(2)) < Ad(y, 2).

This condition also re-inforces our earlier statement that exact invariance
of E, is not reasonable. We expect that f(FE,) will be smaller than Ey(,).

The next section will provide the rigourous definition of Smale space.
Alternately, the reader can pass on to the examples in the subsequent section.
Most of these should be understandable with the vague notion of Smale space
which we have now.
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2.2 The rigorous definition of a Smale space

We are now ready to give a precise definition of a Smale space in this sec-
tion. The definition is rather long. As we go, we will try to provide some
comparison with the heuristic version given in the last section.

We begin with a compact metric space (X,d). We let f: X — X be a
homeomorphism of X.

We assume that there is a constant ex and a map defined on

Ay = {(w,y) | d(z,y) < ex}

taking values in X. The map should be continuous in the natural product
topology. The image of (z,y) is denoted [z,y]. We assume that this satisfies
certain axioms.

Before beginning the axioms, let us mention that if one has the heuristic
description of Smale space in the last section, then [z, y] should be thought
of as the intersection of the sets E, and Fj,. Already we can see that this new
version is more rigorous; there is no particularly reason in the last section
that the sets E, and [}, should intersect in a single point, provided z and y
are within ey.

We require [,] to satisfy the following

B1 [z,2] =z,
B2 [z, [y, z]] = [z, 2], whenever both sides are defined,
B3 [[z,vy], z] = [z, z], whenever both sides are defined,

B4 [f(z), f(y)] = f(|z,y]), whenever both sides are defined.

In terms of the description of the last section and the idea that [z,y] is
the intersection of £, and F),, Bl is equivalent to P1 of the last section.

Moreover, B4 is analogous to P3, although it is a little stronger because
P3 only holds for some set V.

The axioms B2 and B3 should be regarded as implying a kind of com-
patibility between the local product structures of X at nearby points. This
is completely missing from our heuristic definition. Let us take a moment to
explain it in those terms. We know from P2 that we have some homeomor-
phism between a neighbourhood of x and E, x F,. If y is some point in that
neighbourhood, the expectation is that, if we apply this map to the set £,
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or at least the part that also lies in the neighbourhood of x, the result should
be of the form A x {y'}, for some ' in F,. Similarly, the image of F}, should
be of the form {y”} x B. This is a consequence of B2 and B3 given here.

Finally, we require that there is a constant 0 < A < 1 such that, for all =
in X, we have the following two conditions.

C1 For y, z such that d(z,y),d(x, z) < ex and [y, z] = x = [z, z], we have
d(f(y), f(2)) < Ad(y, 2).
C2 For y, z such that d(z,y),d(x, z) < ex and [z,y] = x = [z, z], we have

d(f 7 (y), [71(2)) < Ad(y, 2).

Notice that if [y, z] is the intersection of E, and F,, saying that it is equal
to « simply says that x is in F,. Although it is not stated in the heuristic
definition, this should also mean that y is in E,. So the hypothesis of C1
above is really that y and z are both in E,. With this in mind, these last
two axioms are obviously analogous to P4 and P5 of the last section.

Definition 2.2.1. A Smale space is any quadruple (X, d, f,[,]) satisfying the
axioms B1, B2, B3, B4, C1 and C2.

A word of warning is in order. The most annoying thing in dealing with
Smale spaces is that the bracket map is only defined on points which are
close. It is very important to check this at all times, because it is quite
easy to be lead to false conclusions if this is ignored. As an example, it
is tempting to say that, if z,y are in X and n is a positive integer and
d(z,y),d(f"(x), f*(y)) are both less than ey, then

" (), [ ()] = ([, y])-

In fact, this may be false, unless d(f*(z), f¥(y)) is less than ey for every
1<k <n.

Having just made this remark, it is a good time to note the following
simple result.

Theorem 2.2.2. Let (X,d, f,[,]) be a Smale space and let N be a positive
integer. There exists eg?[) such that if x,y are in X with d(z,y) < egév), then
d(fi(z), fi(y)) < ex, for all 0 < i < N. Defining [z,y|™) = [z,y], for all

(z,y) in A o, (X, d, f, [,]™)Y is also a Smale space.
X
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Following up on this, it is worth noticing the following result also.

Theorem 2.2.3. Let (X,d, f,[,]) be a Smale space. Defining [z,y]™! = [y, z],
for all (x,y) in Ao, (X,d, f71[,]71) is also a Smale space.

Put into words which makes the result seem pretty clear, the local stable
sets of X (X, f) are the local unstable sets of X, f1) and vice verse.

We conclude with one other fairly obvious result: that the product of two
Smale spaces is another Smale space.

Theorem 2.2.4. Let (X1, dy, f1) and (X, ds, fo) be Smale spaces. Then with
the metric

d((w1,22), (y1,92)) = d(z1,y1) + d(22),Y2),

x1,y1 € X1, T9,y2 € Xo, € = min{ex,, €x,} and bracket

[(Ilv x2>7 (y17y2)] - ([Ila yl]? [x2)7 y2]) )

(X1 x Xo,d, f1 X fo) is a Smale space.
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3.1 Shifts of finite type

In this section we will introduce an important class of examples of Smale
spaces, called the shifts of finite type. These are, in a certain sense, the most
important. An excellent reference for a complete treatment is [?].

Let A denote a finite non-empty set, sometimes called the alphabet. We
consider the space

A% = {(ap)nez | an € A, for all n € Z}.
It is given the metric as follows.

Definition 3.1.1. Let A be a finite, non-empty set. We define
da(a,b) =inf{27" | n. > 0,a; = b;, for all |i| < n}.
where a = (ay)nez, b = (bp)nez are in AZ.

Observe that, d4(a,b) = 27", if n > 0 is the least non-negative integer
such that (a_,,a,) # (b_n,b,). In yet other words, for any n > 0, d(a,b) <
27" if and only if a; = b;, for [i] < n.

We leave it as an easy exercise that this is indeed a metric. When no con-
fusion will arise, we will often drop the subscript A, but the reader should
keep in mind that a specific function is being used. In fact, it is an ultramet-
ric: it satisfies the stronger condition

da(a,b) < max{da(a,c),da(c,b)},

for any a,b,c in A%. Such spaces have many nice features. We summarize
these as follows.

Theorem 3.1.2. Let A be a finite, non-empty set. The pair (A%, dy4) is an
ultrametric space. It is compact and the set of clopen (i.e. closed and open)
subsets forms a base for its topology.

Definition 3.1.3. We define a shift map o4 : A% — A% by

(0a(a))n = anp

for any a in A% and n in Z.
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Usually no confusion will arise if we drop the subscript A. If one writes
out the elements of A% as an infinite string, it is a little hard to make sense
of the map; it looks like nothing is happening. The point is that one must
keep track of the 0 entry of the sequence. We can do this by inserting a dot
between the entries -1 and 0. Then our map looks like

0'(. ..a_2a_10p.0102 . . ) = ( ..a_10ap0ay.a2a3 . . )

so that every entry is moved one place to the left. Sometimes for emphasis,
we call o4 the left shift.

Theorem 3.1.4. If A is a finite set, then o4 is a homeomorphism of AZ.

Proof. Tt is a trivial matter to see that o4 is a bijection: its inverse is given
by shifting the other direction. It is also easy to see from the definition of
d_4 that, for every a, b in A%, we have

2_1dA<a7 b) < dA(UA(a)’ JA(b)) < QdA(CL, b)
The conclusion follows at once. O

Definition 3.1.5. If w = (wy,...,w,) is a finite sequence in elements of A,
we say that w is a word in A and that n is the length of the word. Given
an element, a, in A”, we say that w appears in a if, for some k € 7Z,

kst - ) = (w1, 103).
If F is a finite (possibly empty) collection of words in A. We define
Xr={a€ A”| no word in F appears in a}.

Theorem 3.1.6. If F be a finite (possibly empty) collection of words in A,
then Xz is a closed subset of A”. Moreover, it is invariant under o 4; a is
in Xz if and only if o.4(a) is.

Definition 3.1.7. Let F be a finite collection of words in A. The restriction
of o4 to Xz is denoted by ox. Any non-empty system obtained as (Xr,ox)
is called a shift of finite type.

Definition 3.1.8. Let F be a finite collection of words in A. Let N be the
maximum length of the words in F (or N =1 if F is empty). For a,b in Xr
with d(a,b) < 27N, define [a,b] in AZ by

b, n<0
(ot ={ 0 "2
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Theorem 3.1.9. If F be a finite collection of words in A, then (Xx,07,d4,|,|7)
is a Smale space.

Now that we have given the abstract definition, we will not use it again.
We will instead produce two classes of examples of shifts of finite type. How-
ever, our classes are exhaustive in the sense that every shift of finite type is
topologically conjugate to one in each class.

Let G be a (finite) directed graph. That is, G consists of a vertex set,
G°, an edge set, G, and two maps i,t : G* — GY. This can be viewed
geometrically as follows: each vertex is a point and each edge, e, is drawn as
an arrow from i(e) (1" for ”initial”) to t(e) ("t” for ”terminal”).

Definition 3.1.10. Let G be a finite directed graph. We define
Xg = {(en)° | e, € G t(ey) = i(eng1), for alln € Z} C (G2,

The pair (Xg,0c1) is called the edge shift of the graph.

The space X can be viewed as the space of doubly infinite paths in the
graph.

Exercise 3.1.11. Let G be a finite graph. Prove that Xg is non-empty if
and only if G has a cycle.

Exercise 3.1.12. Let G be a finite graph.

1. A wvertex v in G° is a source if t=*{v} is empty. Let H be the graph
obtained from G by deleting all sources and all edges e with i(e) a
source. Prove that Xqg = Xy.

2. A wvertex v in G° is a sink if i~*{v} is empty. Let K be the graph
obtained from G by deleting all sources and all edges e with t(e) a sink.
Prove that Xg = Xg.

3. Given any G (with Xg non-empty), prove that there is a subgraph H
with no sources or sinks such that Xg = Xy.

Remark 3.1.13. In view of the last part of Ezercise 3.1.12, we will often
assume a graph G has no sources or sinks.

To see this is a shift of finite type, we use G as our alphabet A and set
F=A{(e, f) | tle) #i(f)}. It is easy to see that Xr = X¢.

In this case, we can give a slightly different definition of the metric and
also the bracket.
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Theorem 3.1.14. Let G be a finite directed graph with at least one cycle.
The function defined by

_J 2 t(eo) # i(eq)
dole, /) = { L2 | (€1 s n) = (fromeeo s )} He0) = £0f0)

is an ultrametric metric on Xq. For any e, f in Xg with dg(e, f) < 1, the
sequence

fn n<0

e, n>1

(e b = {

forn in Z, is in Xg and (Xg,dgr,0a1,|,]a) is a Smale space.

While the definition looks exactly the same as before, the point of the
theorem is that the bracket now has a larger domain.

We now define another class of shifts of finite type and, again, we begin
with a finite directed graph, G. We add the hypothesis that G has no multiple
edges. That is, if e and f are in G' with i(e) = i(f) and t(e) = t(f), then
e=f.

Definition 3.1.15. Let G be a finite directed graph with no multiple edges.
The vertex shift of G is the shift of finite type with alphabet G° and

Fo={(v,w) | i Hv}ntH{w} = 0}.

This means that the vertex shift of G is the set of all (v,),ez in (G°)%
such that, for every n in Z, there is an edge e, in G with i(e,) = v, and

t(en) = Vpi1-

Theorem 3.1.16. Let G be a finite directed graph with no multiple edges.
The map io : X — Xz, defined by

ioo((€n)nez) = ((i(en))nez)
for ((en)nez) in X¢ is a homeomorphism and satisfies 15, © 0gr = 0Go 0 lso.

We will not give a proof of theorem. It is quite simple. The point can be
made quite simply by observing that, if the graph has no multiple edges then
an infinite sequence of edges is uniquely determined by the vertices through
which it passes.
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Definition 3.1.17. Let G be a finite directed graph. For simplicity, assume
G = {1,2,..., N}, for some positive integer N. The adjacency matrix of
G, Ag is the N x N matriz with m,n entry equal to the number of edges
from m ton, for1 <m,n < N. That is, we have

Ag(m,n) = #(i~{m} Nt~ {n}).

The first remark is that the adjacency matrix is always square and has
non-negative integer entries. More importantly, it is easy to see that any such
matrix arises from a graph. Said differently, there is an obvious construction
of a finite directed graph from a square matrix with non-negative integer
entries.

It is also easy to observe that the graph has no multiple edges if and only
if the matrix takes only 0 and 1 as values.

It follows then that for any square matrix with non-negative integer en-
tries, one can construct an associated edge shift and, if the matrix has 0,1
entries, an associated vertex shift as well.

Our final result shows the importance of vertex and edge shifts among
shifts of finite type: up to conjugacy, there are all of them.

Theorem 3.1.18. Let F be a finite collection of words over the alphabet A.
Then there exists a finite directed graph G and a homeomorphism h : X5 —
Xg such that h o or = og1 o h. In particular, every shift of finite type is
topologically conjugate to an edge shift.

Proof. Let L be a positive integer which exceeds the length of every word in
F. We define G by

G® = {(z1,2,...,21) | v € X5}

and
G' = {(z1,22,...,2041) | 2 € X5}
with
i(xl,Ig,...,ZEL+1) = (1'1,1‘2,...,1'[,)
t($1,$2,...,l’L+1) = (I2,$3,...,IL+1),

for any (z1,79,...,2141) in G
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We also define h : X — Xg by

h(l’)n = (fL’n, Tptly--- 7xn+L)7

for z in F and n in Z. It is easy to check that h maps into X, that it
is continuous, injective and satisfies h o 0 = g1 o h. The only non-trivial
item is that h is surjective. To see this, let (y,)nez be a sequence in Xg.
this means that, for each n, y, is a word of length N + 1 in A. We let
Yn = (YUn.1, Yn2s - - - s Yn.L+1). Define x,, = y,, 1, for all n in Z.

We first claim that for any 0 <! < L, we have x,,4; = Yn 41, for all n.
This is true for [ = 0 (and all n) by definition. Assuming it holds for [ < L,
we verify it for [ + 1 as follows. Since y, is a path in G, we know that

(yn,27 R 7yn,L+1) - t(yn> = Z<yn+1) - (yn—i-l,h B 7yn+1,L)‘

Simply comparing entry 1 < [ 4+ 1 < L from both, we see that y, ;12 =
Yn+1,+1. By induction hypothesis, the latter equals z,,4;4;. This completes
the induction step.

Now we can check that the sequence z,, is actually in Xr. We must see
that no word in x lies in F, but to do this is suffices to check words of length
less than or equal to L. If [ < L, we have x,,x,11,..., %, 1 is equal to
Yn,1,Yn,2, - - - » Yo,y Which is contained in y, which in turn is contained in an
element of X and hence is not in F.

Finally, we check that

h(x)n == (xnu Tp+41s--- 7xn+L) = (yn,lp Yn,2y - -+ Yn,L + Yn-
]

Exercise 3.1.19. Let G be a finite graph (without sources or sinks). prove
that the following are equivalent.

1. (Xg,0) is irreducible ?7.

2. For every ordered pair vy, vy in G°, there is a path p with i(p) = v1 and
t(p) = va.
3. For every pair 1 < m,n < N, there exists k > 1 such that A%(m,n) >

0. (Such a matriz is called irreducible.)

Exercise 3.1.20. Let G be a finite graph (without sources or sinks). prove
that the following are equivalent.
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1. (Xg,0) is mizing ?7.

2. There is k > 1 such that, for every ordered pair vi,vy in G°, there is a
path p of length k with i(p) = vy and t(p) = vs.

3. There exists k > 1 such that Af(m,n) > 0, for every pair 1 < m,n <
N. (Such a matriz is called primitive.)
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3.2 Hyperbolic toral automorphisms

We will begin with a very specific example and then discuss some general-
izations. Consider the matrix
21
A= { 2 ] |

Observe that det(A) = 1. We first regard A as a linear map of R%. As
det(A) = 1, AZ?* = Z? and so A induces a map, f, of the quotient T? =
R?/Z?, which is the 2-torus. Let ¢ denote the quotient map from R? to T2
The metric we put on T? is the quotient one. This means that for points
z,y in R? which are sufficiently close, d(¢(x), ¢(y)) = |z — y|. We claim that
(T2, f) is a Smale space. (Actually, (R?, A) would have been a Smale space,
except for the fact that R? is not compact; this is a crucial axiom.)

To see the local product structure, we need a description of the eigenvalues
and eigenvectors of A. Let v = (1 + +/5)/2, which satisfies 42 = v + 1 and
v > 1. The eigenvalues of A are 42 and v~2. The associated eigenvectors are
vy = (7,1) and vy = (—1,7). For any point z in R? we define

Eyey = {q(x+tvy) | [t] <€}
Fuoy = {a(z+tvy) | |t] < €}

where ¢ > 0 is some sufficiently small fixed parameter. If y = x + tvy, 2 =
x + svq, for |s|, [t| < €, then we have

d(f(q(y)), f(a(2))) = d(q(Ay),q(Az))
= [Ay — Az|
= |A(z + tvy) — A(x + svy)|
= |(t — s)Auvy|
= [(t = 5)7 vy
= 77|t = s)vy
= v %d(q(y), q(2))

This shows the contracting nature of f on Ey), since v~2 < 1. The con-
tracting nature of f~!' on Fy,) is done in a similar way. The fact that
the vectors vy, vy form a basis for R? means that the map sending the pair
(q(x+1tve), (x4 sv1)) in By X Fyg) to q(x+tve+ sv1) is a homeomorphism
to a neighbourhood of ¢(z) in T2
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To see the bracket operation in this example, we can do no better than our
original discussion. The point [¢(x), ¢(y)] is the unique point in Ey,) N Fyy).

There are many generalizations of this example possible. First, let A be
any N x N matrix with integer entries and determinant either 1 or -1. In
exactly the same fashion as above, we can construct a map f of the N-torus,
TN. If we assume that the matrix has no eigenvalues of absolute value 1,
then we construct L) as before, using all eigenvectors whose associated
(complex) eigenvalues have absolute value less than 1. Similarly, Fy) is
constructed from all eigenvectors whose eigenvalues are greater than 1 in
absolute value. Obviously, some care must be taken in the case of complex
eigenvalues and eigenvectors, but we leave this to the reader to sort out.

These are all examples of Anosov diffeomorphisms. Let M be a compact
Riemannian manifold and let f be a diffeomorphism of M. We say that
(M, f) is an Anosov diffeomorphism if we may find constants C' > 0 and
0 < A <1 and a splitting of the tangent space of M

TM = E* & EY
into T f-invariant sub-bundles such that, for all n > 1, we have

ITE I <CXt[[&]l forall € € E?,
1Tl <CN[[n | forallpe EY.

The equations above look reminiscent of the definition of Smale space,
but slightly different. This can be improved. In Exercises 6.4.1 and 6.4.2 of
[?], it is shown that the definition given above is equivalent to requiring the
existence is a Riemannian metric in which we have

ITHEN <Al forall & € E,
I nll <Allnll forallne B

which looks considerably more like the condition we want.
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3.3 Basic sets of Axiom A Systems

We will now spend a short time discussing Smale’s Axiom A systems. In a
certain sense this doesn’t belong in a section on examples; particularly since
we won’t present any explicit ones. However, this class of dynamical systems
has been of great interest and, in a certain sense, be regarded as the raison
d’etre for Smale spaces. Our treatment will also be quite brief. We refer the
reader to [?] for more extensive discussions.

Smale’s program for differential dynamics begins with a compact mani-
fold, M, with a diffeomorphism f : M — M. We consider the set of non-
wandering points, NW(f). The key ingredient in the definition of Axiom A
is to suppose that the tangent bundle of M, when restricted to NW(f) has
a global splitting

TNW(f)M =FEp R

and the same conditions hold on these spaces as for Anosov diffeomorphisms:
for all n > 1, we have

ITUME N <CAt &l forall € € E?,
1Tl <CA*[[n ] forallne EY.

To say this another way, an Anosov diffeomorphism is an Axiom A system
in which every point is non-wandering.

The other requirement for Axiom A systems is that the periodic points
are dense in the non-wandering set. From our point of view here, this is
needed to prove that the non-wandering set is actually a Smale space.

Theorem 3.3.1. If (M, f) is an Aziom A system, then (NW (f), f | NW(f))

and all the basic sets are Smale spaces.

We will not give a proof. The essential features of a proof may be found
in section 6.4 of [?]. (See especially 6.4.9 and 6.4.13.)

Smale proposed the class of Axiom A systems for study for several reasons.
First, he believed that they should be generic in a certain sense. Second, they
should display structural stability: any sufficiently small perubation of such a
map should actually be topologically conjugate to the original map. It seems
that they may actually coincide with the class of structurally stable maps.
Finally, Smale hoped that they could be classified by relatively simple com-
binatorial data in the same sort of fashion that Morse-Smale systems could
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be described. We will not concern ourselves here with all the developments
of this program, but [| is an excellent reference.

One of Smale’s great insights was that, even though one began with a sys-
tem which was smooth, the non-wandering set itself would not usually be a
sub-manifold. The first example of this was the horse-shoe. It is a diffeomor-
phism of the two-sphere where the non-wandering set consists of a repelling
fix-point, an attracting fix-point and an invariant Cantor set where stable
and unstable sub-bundles of the tangent bundle are both one-dimensional.
This phenomenon has now become very well known and the non-wandering
set is very typically some sort of fractal object. This is our motivation for
moving from the smooth category to the topological one.
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3.4 n-solenoids

In this section, we will produce on of the simplest examples which goes
beyond the cases of shifts of finite type and Anosov diffeomorphisms. These
are a certain kind of hybrid between the two; the stable sets are totally
disconnected (like a shift of finite type) while the unstable sets are one-
dimensional euclidean spaces.

We will also give two descriptions of them, one is rather topological and
the other is algebraic. Later we will see generalizations if both of these
directions.

Let us start with the topological version. We let S! denote the circle,
which we regard as R/Z, both as a group and a topological space. That is,
we will write the elements as real numbers » € R, with the understanding
that r = s if and only if » — s is an integer.

Fix a positive integer n > 2 and let

X ={(xp,z1,...) | zx € R/Z,nxps1 = 21, k > 1}.
It is a compact metric space in the metric
d((zo, x1,...), (Yo, y1, ) = > _n Finf{|ay — s + 1] | 1 € Z}.
k=0
and we define a homeomorphism f of X by
f(xo,z1,...) = (nxo,nx1,...).
Observe that it is invertible with
f71($0, L1,y .. ) = (33'1, T, .. )

Now we turn to the issue of the bracket. We let ex = .5. If d(z,y) < ex,
it follows that we may assume xy and ¥y, are chosen so that |zo —yo| < .5 For
convenience, let t = xy — y9. We define

[z,y] = (Yo +t,ys +n o + 072,

or [z, y|r = yr + n ",k > 0. Observe that [x,y]o = yo +t = 0.
First, we should observe that n|x, y|x+1 = [z, Y]k, so that [z,y] is indeed
in X.
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We will only check the final properties, leaving the others as an exercise
for the reader.

Let us suppose that [z,y] = y. Simply comparing the first entries we see
that xo = [z, y]o = yo. It follows that

f(y) - (n907 nyi, nys, . . ) = (nyOa Yo, Y1, - - ) = (nan To, Y1, - - )

and from this we see that

d(f(2), f(y) = Do *inf{lzpy —yer +1| |1 € Z}

k=2
= 27 nFinf{la, -y +1] |1 € Z}
k=1
= ntd(z,y).
On the other hand, suppose that [x,y] = x. This means that
(yo +t,y0 +n 'tys +n 72, .) = (20,21, ..)
It is then a direct computation that

d(f (), ) = D nFinf{|zen — g + 1] |1 € Z}

k=0
_ Zn—k—ln—k—lm
k=0
= n ld(z,y).
Notice that we have also shown that, for any = in X and K > 0,
Xz, 2 )Y ={ye X |mp =y, 0 < k < K}
In addition, we have also shown that, for any z in X and € > 0,
Xtx,e) ={y € X |yp = ap + 17", Jt] < €},

Now we take the other approach which is more algebraic.
We begin with some very basic material on the p-adic numbers. We in-
clude it for completeness and refer the reader to [?] for a complete treatment.
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Let p be any prime. We define a kind of absolute value function on the

set of rational numbers, Q, by |0|, = 0 and

r
Pl =p7",

where k is any integer and r, s are non-zero integers relatively prime to p.
The formula |a — b, then defines a metric on Q and we let Q, denote its com-
pletion. (In fact, this is actually an ultrametric; that is, it satisfies a stronger
condition than the usual triangle inequality where the sum is replaced by the
maximum.) It is a field called the p-adic numbers. Topologically, Q, is a lo-
cally compact and totally disconnected ultrametric space. We let Z, denote
the closure of the usual integers, which is a compact, open subset called the
p-adic integers. It is a subring and any non-zero integer relatively prime to
p has an inverse in Z,. The most interesting dynamical feature of Q, is that
multiplication by p is a contraction (by the factor p~1). Multiplication by
any non-zero integer relatively prime to p is an isometry.

The constructions above can be extended, replacing the prime p with any
positive integer n greater than 2. We first define |al, = >_,, |al,, where
a is a rational number. We let QQ, and Z, be the completions of @@ and
Z respectively in the associated metric. It is a consequence of the Chinese
Remainder Theorem that

Qn = Hp|n@p7

with the rational numbers embedded diagonally on the right. Both Q,, and
Z,, are rings and, while the former is not a field, the latter contains an inverse
for every non-zero integer relatively prime to m. Again in the natural metric,
multiplication by n on Q,, contracts; specifically, we have

Ina — nb|, <27 'a —bl,,

for all a,b in Q,,. Multiplication by any non-zero integer relatively prime to
n is an isometry.
We give the space Q,, X R the metric

d((a,r), (b;5)) = |a = bl + [r = 5],

for all a,b in Q,, and r, s in R. It is clearly translation invariant.
We leave it as an exercise to show that the subgroup

{(n"j,n7"j) |i €N,j € Z}
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is a discrete subgroup and is invariant under multiplication by (n,n). For
simplicity, we denote this by Z[1/n] (which suppresses the diagonal embed-
ding into Q,, x R). We also leave it as an exercise to check that the quotient
group Q, x R/Z[1/n] is compact and that

d((a,r) + Z[1/n], (b, s) + Z[1/n])
= inf{d((a,r) + (¢,c), (b;s) + (¢, ) | (¢, c) € Z[1/n]}

defines a metric on this quotient space, which we denote X. We let < a,b >
denote the equivalence class of (a,b) in the quotient. We define

f<ab>=<na,nb>acQ,,bcR.

This expands in the first factor and contracts in the second.
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3.5 Williams’ one-dimensional solenoids

We begin this section with a simple class of examples. Let K be a finite
directed graph. We regard this as a topological space, with a metric d. Let
f K — K be a map satisfying the following conditions.

1. f maps vertices to vertices.
2. f is continuous.
3. f is surjective.

4. the restriction of f to each edge is locally expanding; that is, there are
constants 6 > 0, A > 1 such that, if z,y are on the same edge and

d(z,y) < 6, then d(f(z), f()) = Ad(x,y).

5. f is ‘flattening’ at the vertices; that is, there is a constant & > 1
such that each vertex, v, has a neighbourhood V such that f*(V) is
homeomorphic to an open interval with f*(v) in its interior.

Let us consider an explicit example: suppose K has one vertex v, and
two edges a and b. We describe f as a — aab and b — ab. By this, we mean
that a is divided into three equal length subintervals. The first is mapped
homeomorphically onto a (and is uniformly stretched by 3), the second is
mapped to a also and the third to b. The interval b is divided into two equal
subintervals. The first is mapped to a (uniformly stretched by 2) and the
second to b.

For the locally expanding axiom, the constant 6 = % (notice that there
are two distinct points in the interior of the a edge both mapped to v) and
A = 2. In the flattening axiom, we may use k£ = 1. Notice that the image
of a small open ball around v (which looks like a point with four ‘legs’ is an
interval containing the start of the a edge and the end of the b edge.

Now we let X be the inverse limit of the system

Kdrdrd. ...
More explicitly, we write

X ={(zo,x1,22,...) | 2y € K, f(2py1) = xn, for all n > 0}.
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We define a metric d on X by

d<<x0; X1,T2,. . ‘)7 (yOa Y1, Y2, - - )) = Z 2_nd($n7 yn)7

n>0

for all (zg,x1, 9, ...), (Yo, Y1, Y2,...) in X. The map on X, also denoted by
f, is defined as

f(il?o, T1,Tg, .. ) = (f(.il?o), f(xl), f(.CEQ), .. .),

for all (zq,z1,x2,...) in X. Notice that the inverse is given by

f_l(xg,.l?l,.l"g, .. ) = (.Tl,ﬂfg,.flfg, .. )

In this example, the local contracting sets are totally disconnected, while
the local expanding sets are homeomorphic to intervals in the real line.

This example (or a small variation of it) is due to R.F. Williams. He also
gave a more general construction where the space K is a branched manifold,
of arbitrary dimension. In these examples, the local contracting set is totally
disconnected, while the local expanding set is homeomorphic to an open ball
in Euclidean space.
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3.6 Substitution tiling systems

We work in Euclidean space R%, d > 1. In fact, all our examples with be
with d = 1,2. For z in R? and r > 0, we let B(z,r) denote the open ball of
radius r centred at x.

We assume to have a finite number of subsets pq,...,pny of R% These
should be homeomorphic to a closed ball, but in fact, we may even assume
for the moment that each is a polyhedron. We may also allow that two of
them are the same subset, but carry different labels. We call these sets the
proto-tiles.

We also have a constant A > 1 and, for each i = 1,..., N, w(p;), which
is a collection of subsets, each of which is a translate of one of the originals,
whose interiors are pairwise disjoint and whose union is the set Ap;.

We define a tile to be any translate of of one of the proto-tiles. We extend
our definition of w by setting w(p; + ) = w(p;) + Az, for any i and z in R?.

A partial tiling T is a collection of tiles whose interiors are pairwise dis-
joint. A tiling is a partial tiling whose union is R¢. We may extend our
definition of w to collections of tiles by w(T") = Uierw(t). Note that this is
again a partial tiling. This now also allows us to iterate w; w¥(p;) makes
sense for any k£ > 1.

If T is a partial tiling, z in is R and » > 0, we use a slight abuse of
notation by setting

T'NnB(x,r)={teT|tC B(x,1)}.

We define € to be the set of tilings T" such that, for any r > 0, there is k > 1,
1 <i< N and z in R? such that

TN B(0,r) C w*(pi) + 2.
The first basic facts are summarized as follows.
Lemma 3.6.1. 1. Q is non-empty.
2. w(2) =Q.

The next step is to introduce a metric on ). The idea is that two elements,
T, T are close if, after a small translation, they agree on a large ball around
the origin. More precisely, d(7,7") is the infimum of all ¢ > 0 such that,
there exist z, 2" in B(0, €) such that

(T — 2) N B(0,eY) = (T — 2') N B(0,eY).
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(If no such € > 0 exists, we set d(7,7") = 1.)

We say that Q has finite local complexity or FLC if, for every r > 0,
modulo translation, there are only finitely many collections T'N B(z,r), T
in 2, z in RY. In the case that our proto-tiles are polyhedra and in the
substitution w, tiles meet full face to full face, this is automatic.

The remaining important properties are summarized below.

Lemma 3.6.2. 1. w is continuous.
2. Q) is compact if and only if it has finite local complezity.

3. w: Q — Q is injective if and only if 2 contains no periodic tilings.
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3.7 %-solenoids

We begin with some very basic material on the p-adic numbers. We include
it for completeness and refer the reader to [?] for a complete treatment.

Let p be any prime. We define a kind of absolute value function on the
set of rational numbers, Q, by [0|, = 0 and

r
Pl =p7",

where k is any integer and 7, s are non-zero integers relatively prime to p.
The formula |a — b, then defines a metric on Q and we let Q, denote its com-
pletion. (In fact, this is actually an ultrametric; that is, it satisfies a stronger
comdition than the usual triangle inequality where the sum is replaced by
the maximum.) It is a field called the p-adic numbers. Topologically, Q,
is a locally compact and totally disconnected ultrametric space. We let Z,
denote the closure of the usual integers, which is a compact, open subset. It
is also a subring and any non-zero integer relatively prime to p has an inverse
in Z,. The most interesting dynamical feature of Q,, is that multiplication by
p is a contraction (by the factor p~1). Multiplication by any non-zero integer
relatively prime to p is an isometry.

If p < q are prime numbers, we consider Z[(pg)~'], the subgroup of the
rationals generated by all numbers of the form (pg)~* k > 1. The map
sending r in Z[(pg)~'] to (r,r,r) in Q, x R x Q, embeds the former as a
lattice: its image is discrete and the quotient by this image is compact. We
let X denote this quotient and p denote the quotient map.

We also define ¢ : X — X by

popla,r,b)=p(p~'qa,p " qr,p " qb)

for a in Q,, r in R and b in Q,. Locally, our space X looks like @, x R x Q,
and multiplication by p~'q expands in the first two factors and contracts in
the third. Without giving a precise definition, this means that (X, ¢) is a
Smale space with local unstable sets that are homeomorphic to opens subsets
of @, x R and local stable sets that are homeomorphic to open sets in Q.

We can extend the construction above to the case where 2 < m < n
are relatively prime integers. We first define |al,, = >_ ), |aly, where a is
a rational number. We let Q,, and Z,, be the completions of Q and Z
respectively in the associated metric. It is a consequence of the Chinese
Remainder Theorem that

Qm = lem@pa
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with the rational numbers embedded diagonally on the right. Both Q,, and
Zy, are rings and, while the former is not a field, the latter contains an inverse
for every non-zero integer relatively prime to m. Again in the natural metric,
multiplication by m on Q,, contracts; specifically, we have

|ma — mb|, < 27Ya — bly,

for all a,b in Q,,. Multiplication by any non-zero integer relatively prime to
m is an isometry.

We define X to be the quotient of Q,, x R x Q,, by the lattice Z[(mn)™!]
and define ¢ with the same formula as earlier, replacing p~tq by m~!n. The
same comments we made in the p, g-case on the stable and unstable sets are
valid here. We refer to (X, ¢) as the *-solenoid.
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3.8 Wieler’s solenoids

In [|, Wieler gave a very general construction for Smale spaces. The story
begins with Williams’ one-dimensional solenoids which we saw in 7?7 and
their generalizations to higher dimensions which we discussed without going
into detail.

Basically, by starting with a branched manifold and finite-to-one self-map
of this space, Williams showed how to obtain a Smale space by taking an
inverse limit. This involved some very subtle properties on the map, even in
the one-dimensional case. The resulting Smale space had stable sets which
were totally disconnected and unstable sets which were Euclidean. These
were for different reasons. The unstable sets being Euclidean was because
the starting space was a branched manifold. The stable sets being totally
disconnected was due to the inverse limit construction.

Wieler’s starting point was to drop the hypothesis that the initial space
was a branched manifold. In fact, she gave no real conditions on that space
at all. The resulting inverse limit space has stable sets that are totally
disconnected, but no restrictions on the unstable sets.

A nice idea, but the immediate problem in doing this is that Williams’
subtle conditions are heavily dependent on having a tangent space to the
branched manifold and a derivative for the map. So the subtle conditions of
77?7 needed to be generalized to the setting of metric spaces.

Recall that for a metric space (Y, d), a function g : Y — Y is open if, for
every z in Y and € > 0, there is a ¢ > 0 such that Y (g(z),d) C g(Y(z,¢€)).
In addition, such a map is locally expanding if thereisa f > 0and 0 <y < 1
such that, for all z,y with d(x,y) < 3, we have d(z,y) < vd(g(zx), g(y)).

We encourage the reader to check that the maps on the wedge of circles
from ?7? fail to satisfy either of these conditions. The open condition fails
because no image of a neighbourhood of the vertex is open and the locally
expansive condition fails because g(z) = ¢(y) will occur for two distinct
points near the vertex, x and y, which are arbitrarily close.

Wieler introduced two weaker versions that we will call eventually open,
or EO, and eventually locally expanding or ELE.

Let (Y,d) be a compact metric space and g : Y — Y be a continuous
surjection. For 5> 0,0 <y < 1, K > 1, we say that (Y, d, g) satisfies

1. EO if, for all 0 < e < f and = in Y, we have

g" (Y (9" (2),€)) C g** (Y (2, 7€))-
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2. ELE if, for every z,y in Y with d(z,y) < 3, we have
d(g" (x), 9" (y)) < +"d(g*" (2). g*" (v)).

We encourage the reader to try the following exercise: remove copies of
g from these two conditions to end up with the statements that ¢* is open
and locally expansive (or at least something close to that).

Back in section 77, we defined non-wandering for homeomorphisms, but
the same definition is valid for continuous maps: a point x is non-wandering
if, for every open set x € U, there a positive integer n such that f*(U)NU
is non-empty.

Wieler proved two main theorems. The first is the 'construction theorem’
which shows that with these conditions, the inverse limit construction leads
to a Smale space. The second is a 'realization theorem’ that all irreducible
Smale spaces with totally disconnected stable sets may be produced in this
way.

Theorem 3.8.1 (Wieler). Let (Y, d) be a compact metric space and g : Y —
Y be a continuous surjection which satisfies EO and ELE for the constants
B>0,0<y<1,K>1. LetY be the inverse limit of the system

yeiyedy& ...
and § be the homeomorphism of Y defined by
g(y(b Yi, - ) = (g(y())?g(yl)a .- ‘)7

for (yo,1,...) in Y.
1. (Y, §) is a Smale space (with suitable metric).

The local stable sets of (Y, §) are totally disconnected.

If (Y, g) is non-wandering, then so is (Y, ).

If (Y,g) is non-wandering and has a dense forward orbit, then (Y ,§)
is irreducible.

Theorem 3.8.2 (Wieler). Let (X, f) be an irreducible Smale space with
X?(x,€) totally disconnected for every x in X and 0 < € < ex. Then there
exists (Y, g) satisfying EO, ELE, every point is non-wandering and with a
dense forward orbit such that (?,Q) is topologically conjugate to (X, f).
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Example 3.8.3. Let G be a finite directed graph and let Y be the one-sided
shift space
Yo = {e € (GY)" | t(en) = i(ens1),n > 0}

with the left shift map
o(€)n =éent1,e € Yg,n > 0.

If we assume for simplicity that #i~'{v} > 1, for every verter v in G°,
then (Y, o) satisfies EO and ELE with K =1, which is always a convenient
simplification. The system (Y ,5) is the shift of finite type (Xq, o).
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4.1 Local stable and unstable sets

This section is devoted to the definition and study of the local stable and
unstable sets in a Smale space. In our informal definition of section 7?7, these
are the sets F, and F,, but here we begin from the rigorous definition of the
following section.

Recall then that in a Smale space, we have a compact metric space, (X, d),
and a homeomorphism f: X — X.

We also have a constant ex and a map defined on

ex — {<I7y) | d(l’,y) S 6X}

taking values in X and satisfying certain axioms. One of these axioms is the
existence of a constant 0 < A < 1 such that

A

C1 for y, z such that d(z,y),d(z,2) < ex and [y, z] = x = [z, x], we have
d(f(y), f(2)) < Adly, 2),
C2 for y, z such that d(z,y),d(z,2) < ex and [z,y] = x = [z, 2], we have

d(f (), f7(2)) < My, 2).

We are now ready to give the definition of the local stable and unstable
sets.

Definition 4.1.1. For each x in X and 0 < € < ex, we define

X(w,e) = {yldr,y) <elya] =} (4.1)
Xz, e) = {yld(z,y) <elr,y] =} (4.2)

The former will be referred to as the local stable sets and the latter as the
local unstable sets at x.

We quickly observe the alternate characterization of these points.
Lemma 4.1.2. Suppose d(x,y) < ex.
1. [z,y] = x if and only if [y, x| = v.

2. [z,y] =y if and only if [y, x] = x.
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Proof. We prove only the ”only if” part of the first statement. The others
are similar. We calculate

ly.x] =T[y.[z,y]] Dy hypothesis,
= [y, by axiom B2,
=y by axiom B1.

]

The next result simply states that, under suitable conditions, [z,y| lies
in X¥(z,ex) and X“(y, ex).

Lemma 4.1.3. Suppose that © and y are in X and d(x,y),d(z, [z,y]) and
d(y, [z,y]) are all less than ex. Then we have

[[z,y],2] =[zr,z] by hypothesis B3,
=z by hypothesis B1.

For the second, we check

[y, [z,y]] =ly,y] by hypothesis B2,
=y by hypothesis Bl.

]

The sets X*(x,€) and X"(z,€) are exactly the sets E, and F, of the last
section, except that we have added a parameter € to allow us to control their
size. We have now set things up in such a way that our earlier hypothesis
P2 is now a consequence of the other axioms.

Theorem 4.1.4. There is 0 < €y < €x/2 such that, for every 0 < e < €y,
the map
[]: X%z, e) x X¥(x,e) > X

18 a homeomorphism to its image, which is an open set containing x.
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Proof. First we note that the map is well-defined, since if both y and z are
within € of z and € < ex/2, then d(y,z) < ex by the triangle inequality.
Moreover, since [,] is jointly continuous and [z,z] = 2z, we may find 0 <
d < ex such that, for all z,y with d(x,y) < ¢, we have d(z, [z,y]) < ex/2
and d(z, [y, z]) < ex/2. We choose 0 < €y < ex/2 so that for all y,z with
d(z,y) < €y and d(z, z) < €y, we have d(z, [y, z]) < . Then we can define
a map h on a neighbourhood of = by h(y) = ([y, z], [z,y]). By the choice of
¢y this map is defined on the range of [,]. It is also clearly continuous.

Next, we verify that h is the inverse of the map in the definition. For y
with d(z,y) < €Y, we have

[Johly) =

where we have used Axioms B3, B2 and B1.
Moreover, if we begin with y in X"“(x,€) and z in X*(z, €), then we have

Mly,zl) = (lly, 2], =], [z, [y, 2]])
= ([y, z], [z, 2]) by Axioms B2 and B3,
= (y, 2) by Lemma ?77.

Finally, we must check that the image of of our map is open. Let y be in
X*(z,€) and z be in X*(x,¢). From the continuity of the bracket, we may
choose ¢’ > 0 such that

h(X([y,2],0") C X(z,e —d(z,y)) x X(z,¢ —d(z, 2).

From this, it follows that h(X ([y, 2], ")) actually lies in the domain of [, ] and
so X ([y, z],d") lies in the range of [,]. The conclusion follows. O

The next important fact which we want to establish is that the choice
of the bracket map is unique (up to the choice of its domain). Once this is
established, then we can speak of (X, d, f) being a Smale space when such a
bracket exists. We begin with the following lemma.

Lemma 4.1.5. Suppose that (X,d, f,[,]) is a Smale space. Then there is a
constant 0 < €, satisfying the following, for all 0 < € < €.
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ES Forx andy in X, d(f™(x), f*(y)) <€, for alln >0, if and only if y is
in X*(z,€).

EU Forx andy in X, d(f"(x), f"(y)) <€, for alln <0, if and only if y is
in X%(x,€).

Proof. Choose 0 < € < ex so that, for all z,y with d(x,y) < €, we have
d([y, z], z) < ex. We will prove that conclusion ES holds, only.

First, suppose that y is in X*®(z,€). It follows from the definition of
X?(z,€) and hypothesis C1 that

d(f(z), fy)) < Md(z,y) < e.

Therefore, we have
), f(@)] = fly.2] = f(=)

or f(y) is in X*(f(x),€e). The same argument may be repeated inductively
to prove the conclusion.
Now suppose that the condition of ES holds. It follows then that [f"(y), f™(x)]
is defined for all n > 0. Moreover, by 2.2.3, [f"(y), [™(x)] is in X" (f"(z),ex),
for all n > 0. Now we apply hypothesis B4 to note that

), @] =1 ) S (@)
provided n is positive. Then we apply hypothesis C2 to assert
d(f" @), [f" ) @) = Al @) W) (@)
< Ad(f"(x), [f" (), " (@)]).

Then an easy induction shows that, for all n > 0, we have

d(z, [y, z]) < Ad(f"(x), [["(y), f"(2)])

< /\nEX.

Since A < 1, we conclude that = = [y, z]. O

Theorem 4.1.6. Let (X, d, f,[,]) be a Smale space and let €, be as in ??. If
x,y are in X with d(z,y) < ex and d(z,[z,y]),d(y, [z, y]) < €1, then we have
{['Tv y]} = X°(x, 61) N X“(y, 61)
= Mhez{z | d(f"(z), ["(2)) < e, d(f"(y), [T(2)) < e}
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Proof. 1t follows from Lemma 77 that

{z | d(f"(x), ["(2)) < e, d(f7"(y), f7"(2)) < ey, foralln >0}
= {z | d(f™(x), f*(2)) < €1, for alln > 0}
Nz | d(f"™(y), f™(2)) < €, foralln >0}
= X5(x,e1) N X%y, €1)

Now it follows from the hypotheses on x,y and Lemma 2.2.3 that [z, y] is in
the final set. If z is any point in this set, we have [z,z] = = and [y, z] = v.
By Lemma 2.2.2, these imply [z, z] = z and [z, y] = z. Thus we have

z=[x,2] = [z,[z,9] = [z, 9],
by condition B2. ]

We note that this theorem says, among other things, that the bracket
map is uniquely determined by (X, d, f), provided that it exists.

The last lemma has another immediate consequence: that is, the systems
we are considering are expansive. This means that there is a positive constant
(here, €;) so that any two distinct points, no matter how close, may be
separated by at least this constant, by applying the map f (or f~!) a number
of times to both.

Corollary 4.1.7. The map f is expansive for the constant €,; i.e. if x and
y are in X and d(f"(z), f"(y)) < €1, for all integers n, then x = y.

Proof. The condition clearly implies that both x and y are in

Mnez{z [ d(f"(x), ["(2)) < e, d(f7"(y), [7(2)) < ex}
and hence x = [z,y] = y. O

We note that the usual definition of expansive allows for equality in the
hypothesis. If one prefers to use that version, then ¢;/2 is an expansive
constant.

We noted earlier 77 that if (X, f, d) is a Smale space, then so is (X, f", d),
for any positive integer n, even using the same bracket, but with a smaller
domain of definition. The same is also true for n = —1 77, but that required
switching the variables in the definition of the bracket. From these observa-
tions, the following is an immediate consequence. We omit the proof. The
only troubling part is in the notation because X*(x, €) does not make explicit
reference to which map is being used. Usually, this is not an issue.
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Proposition 4.1.8. Let (X, f,d) be a Smale space.

1. Let n > 1 and eg?) > 0 be as in 7?7. For all 0 < € < eg?), the set
X?5(x,€) (respectively, X"(x,¢€)) is the same in the system (X, f*,d) as
for (X, f.d).

2. For 0 < € < ex, the set X*(x,¢) (respectively, X"(x,€)) in the sys-
tem (X, f71,d) is the same as X“(x,¢€) (respectively, X*(x,€)) for the
system (X, f,d).
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4.2 Global stable and unstable sets

In this section, we want to introduce and investigate the notions of global
stable and unstable sets for a Smale space. Obviously, there should be some
relation with the local stable and unstable sets. Without being very tech-
nical, there are two important distinctions. The first is that these sets are
actually equivalence classes for equivalence relations which we call stable and
unstable equivalence. The second feature is less good: they are much more
complicated than their local counterparts.

Before stating the definitions, we establish the following preliminary re-
sult.

Lemma 4.2.1. Let xz be in X and 0 < € < ex. Then we have

F(X2(x,€)) © X7(f(x), Ae) € X°(f(2), €).

Moreover, the set on the left is an open subset of that on the right. Also, we
have

FHX(,6)) € XP(f7H (@), he) © X3 (f7H (), €).
Moreover, the set on the left is an open subset of that on the right.

Proof. We will only consider the first statement, the other being similar. We
first note that the fact that the range is contained in the given set follows
from the definitions and the properties of the map f. We must show that
the range is open. Begin with y in X (z,¢). As f~! is continuous and hence
uniformly continuous, we may find ex > § > 0 such that d(z, 2’) < § implies
d(f~42), f1(2)) < ex — d(z,y). So if d(y,z) < ¢ and, in addition, z is in
X*(f(x),€), then using 2’ = f(y), we have

d(x, f7(2)) < d(w,y) +d(y, f71(2)) < eX.
In addition, we have
2, [ (2)] = T f(2), 2] = f7H(f () =,
from which we conclude f~1(z) is in X*(z, €). This completes the proof. [

Definition 4.2.2. Let (X,d, f) be a Smale space. We say two points x,y in
X are stably equivalent and write x ~ y if

lim d(f"(x), ["(y)) = 0.

n—-+0o0o
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We let X*(x) be the set of y with x X y. We say that z,y are unstably
equivalent and write x ~ y if

lim d(f"(x), f"(y)) =0

n——oo

We let X“(z) be the set of y with x ~ y.

It is immediate that each of these is an equivalence relation. It is also
fairly clear that # <~ y (or x ~ g) if and only if f(z) ~ f(y) (or f(z) ~ f(y),
respectively).

It should also be clear from last lemma that if y is in X*(z, ex), then one
can show inductively that, for every positive n, f"(y) is in X*(f"(z), ex) and
that

d(f"(y), f*(x)) < A"d(z,y)

and since A < 1, we have # < y. In short, X*(z,ex) € X*(z). One might
even have anticipated this result from the fact that we called X*(x,ex) the
local stable set of z. In a similar way, we have X*(z,ex) C X*(z).

We can take these last comments a step further by observing that if f"(y)
is in X*(f"(z), ex) for any positive integer n, then f™(x) <~ f(y) and hence,
z ~ y. We will show that this is a complete description.

Proposition 4.2.3. Let x be in X and 0 < e < ex. We have

=J X (@), e)

n>0

and

= U /e @), e,

n>0

Proof. We will show only the first statement. The second is obtained in the
same way. We have already argued that any point in the set on the left given
is in the stable equivalence class of z. Conversely, suppose that y ~ x. Then
we may choose N > 0 sufficiently large so that

d(f"(x), f*(y)) < € = min{e, &}

for all n > N, where €; is as given in Lemma ??7. By Lemma 7?7, we have
fN(y) is in X3(fN(x),€). This completes the proof. O



52 CHAPTER 4. THE BASIC STRUCTURE OF SMALE SPACES

Example 4.2.4. Let G be a graph and Xq be the associated shift of finite
type. Recall from the definitions that for any e and f in X¢q, we have f is
in X*(e,ex) if and only if e, = f,, for all n > 0. It follows that o™ (f)
is in X&(oN(e),ex) if and only if e, = fn, for alln > N. So we see that
e X f if and only if there is some N > 0 such that e, = f,, for alln > N.
This is usually referred to as right tail equivalence. Analogous statements are
available for unstable equivalence, including the notion of left tail equivalence.

Example 4.2.5. Let (T?, f) be the hyperbolic toral automorphism of section
??. If x is any point in R?, we have seen the local stable set

(T)*(g(x), €) = {q(a +tva) | [t| < e}
We leave it is an exercise to check (from Proposition ??) that
(T*)*(q(2)) = {g(z +tvs) | t € R}.

(It helps quite a bit to try x = (0,0) first.)
Observe that this set is dense in T2, justifying our earlier comment that
(T?)%(q(x)) is significantly more complicated than (T?)%(q(x),€).

We note the following fairly easy result for future reference.
Theorem 4.2.6. Let (X, f,d) be a Smale space.

1. The equivalence relations of stable and unstable equivalence are invari-
ant under f; that is, for any points x and y in X, x ~gy (orx ~, y)

if and only if f(x) ~s f(y) (f(x) ~u f(y), respectively).

2. The stable (or unstable) equivalence relation in the Smale space (X, f,d)
is the same as the stable (or unstable, respectively) equivalence relation
in the Smale space (X, fN,d), for any N > 1.

3. Stable (or unstable) equivalence in the Smale space (X, f,d) is the same
as unstable (or stable, respectively) equivalence equivalence in the Smale
space (X, f~1,d).

Proof. The first and thirds parts are obvious. For the second, stable equiv-
alence in (X, f, d) obviously implies stable equivalence in (X, fV, d), for any
N > 1. Conversely, by the uniform continuity of the maps f, f2,..., f¥ 1,
for any € > 0 , we may find § > 0 such that d(z,y) < ¢ implies that
d(fi(z), fi(y)) < ¢, for all 1 < i < N. Tt follows that if d(fN"(z), N (y))
tends to 0 as n tends to +oo, then so does d(f™(z), f"(y)). This means that
stable equivalence for fV implies stable equivalence for f. n
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The next result is an easy consequence of ?7. The point is that, now
having the notions of global stable and unstable sets, it can be stated in a
simpler form.

Proposition 4.2.7. Let (X, f,d) be a Smale space and x,y be in X with
d(z,y) < ex. Then we have [x,y] is in X*(x) N X"*(y).

Recall the phenomenon observed in the last examples, namely that the
global stable and unstable equivalence classes are dense. In fact, this is
always the case in mixing Smale spaces.

Theorem 4.2.8. Let (X,d, f) be a mizing Smale space and let x be in X.
Then X*(z) and X"(x) are dense in X. In fact, for any z,y in X, X*(z)N
X*(y) is dense in X.

Proof. Let 6 be positive and let y be in X. We will show that X*(z)
meets X (y,0). First, we choose ex > ¢ > 0 such that if d(2/,y") < ¢,
then d([2',y'],y’) < 0/2. Considering f™(x),n > 0, find a subsequence
f™(x) which converges to some point xy in X. Let U = X(y,d/2) and
V = X (z0,9'/2) and apply the definition of mixing to find a positive integer
N such that f*(U) NV is non-empty for all n > N. Then find n; > N
such that f™(x) is in X(x¢,0’/2). From the choice of N, there is z in U
with f™(z) in V. This means that f™(z) and f"(z) are in X (x,d'/2). It
follows that w = f~"™[f"(x), f(z)] is well-defined. More over, f™(w) is in
X*(f"(z),0/2). It follows that d(w, z) < A"§/2 and from this that w is in
X(y,6). On the other hand, f™(w) is in X*(f™(x),0/2) and from this it
follows that w is in X*(z).

For the last statement. Let U be any open set; we will prove that U
meets X*®(x) N X"(y). First, by continuity of the bracket, we may find an
open subset V' C U of diameter less than ex such that [V, V] C U. As X*(x)
and X"(y) are both dense in X, we may find 2’ in the former and ¥’ in the
latter such that both are in V. The point [2/, '] is well-defined, is in U and
is in X*(z) N X*(y). This completes the proof.

[

For a given z in X, the set X*(x) is a subset of X and has a relative
topology from X. This is terrible, in particular it is not locally compact.
However, there is another much more natural topology on it. To see this, we
will use the description of X*(x) given in Proposition ?7.
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Now each set, f~"(X*(f"(x),€)) is given the relative topology of X and
the set X*(x) is given the inductive limit topology. A subset, U, is open if
and only if its intersection with f~"(X*(f"(z),€)) is open, for all but finitely
many n. The unstable set is given a topology in a similar fashion.

In Example 7?7 above, we leave it as an exercise for the reader to verify
that (T?)%(q(z)), with this inductive limit topology, is homeomorphic to R.
The following will be useful in dealing with this new topology in many cases.
The fourth and fifth conditions are particularly helpful because they provide
a nice link between the local and global stable/unstable sets.

Theorem 4.2.9. Let x be a point in the Smale space (X, d, f).

1. The sets X*(x) and X"(x), endowed with the inductive limit topology
above, are locally compact and Hausdorff.

2. A sequence y, in X*°(x) converges to y in X°(x) if and only if it con-
verges in the usual topology of X and [y,,y] =y, for all n sufficiently
large.

3. A sequence y, in X“(z) converges to y in X“(z) if and only if it con-
verges in the usual topology of X and [y,y,] = vy, for all n sufficiently
large.

4. Sets of the form X*(y,€), where y is in X*(x) and 0 < € < ex, form a
neighbourhood base for the inductive limit topology on X*(x).

5. Sets of the form X"(y,€), where y is in X"(x) and 0 < € < ey, form a
neighbourhood base for the inductive limit topology on X*(x).

6. The map f : X*(x) — X°(f(x)) is a homeomorphism when these sets
are given the inductive limit topologies.

7. The map f: X"(z) — X"(f(x)) is a homeomorphism when these sets
are given the inductive limit topologies.

Proof. That X*(x) is Hausdorff follows from the fact that each set in the
inductive limit is Hausdorff. We consider the fact that it is locally compact.
Let y be a point of X*(z), which means that f¥(y) is in X*(fN(2),ex),
for some N > 0. By replacing N by N + 1 if necessary, we may assume
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that d(fN(y), f¥(x)) < ex. Choose 0 < § < ex — d(fN(y), fN¥(z)) and let
U= fN(X*(fN(x),0)). This set is equal to

PN (@), 0)) 0 f V(X (Y (), ex))

and, hence, open in the relative topology of f=N(X*(fN(z),ex)). We want
to show the same is true for each of the sets U C f~"(X*(f"(z),€ex)), for
every n > N. For each such n, f"(U) is open in the relative topology of
X*(f™"(z),ex), from Lemma ??. The desired conclusion follows since f is
a homeomorphism. So the set U is open in the inductive limit topology of
X#(z). Tts closure is compact in f~V(X*(f"(z),ex)) and hence in X*(z).
This completes the proof of the first part.

For the second statement, suppose that y, converges to y in the relative
topology. Repeating the argument in the first part, for some N > 0, y is in
FN(X3(fN(x),ex)) and for some 0 < &, the set

U= fX(f"(),9)

is a neighbourhood of y in X*(x). So for all n sufficiently large, v, is in
U. Also for all n sufficiently large, y, is sufficiently close to y so that
d(f~*(yn), f*(y)) < ex, for all 0 < k < N. Then we have

ooyl = SV (), Y ()]
= [N W)
=Y
because both f¥(y,) and fN(y) are in X*(fV(z), ex).

Now suppose that y, converges to y and [y,,y] = y, for all n sufficiently
large. Then for some N, f¥(y) is in X*(fY(z),ex) and, again replacing N
by N + 1 if necessary, we may assume that d(f™(y), f¥(x)) < ex. Then for
n sufficiently large, we have d(f™ (y,), f¥(z)) < ex and we can compute

N (), [N (2)] = [[fN(yanN(y)]?fN(fE)]
= [fN[y
[

This means that f™(y,) is converging to f™(y) in the relative topology of
Xs(fN(x),ex) and, hence, v, is converging to y in the relative topology
of f~N(X*(fN(x),ex)). Now we note that the inclusion of this set in the
inductive limit is continuous and the desired conclusion follows. ]
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There is one more equivalence relation on the points of X which is quite
important. It is just the intersection of stable and unstable equivalence, but
it has a number of very nice features which we will exploit.

Definition 4.2.10. Two points x and y in X are homoclinic if they are both
stably and unstably equivalent. That is, we have

lim d(f"(z), f"(y)) = 0.

[n]—o0

In this case, we write x 2 y. Here, we denote the equivalence class of x by
Xh(x).

It is worth considering an example at this point. If we once again think

about our shift of finite type X¢, we see that e L f if and only if e,, = f,, for
all but finitely many n.
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4.3 Shadowing

In this section we discuss a critical property of Smale spaces called shadowing.
The section will be somewhat technical and we will not use the results until
later sections, but the concept is crucial.

First of all, if @ is in Z U {—o0} and b is in Z U {oco}, then we say that
I =(a,b)={n€Z|a<n<b}isan interval in Z.

We begin with a pair of definitions.

Definition 4.3.1. Let (X,d) be a compact metric space and let f: X — X
be a homeomorphism. For any € > 0, an e-pseudo-orbit over a non-empty
interval, I, is a collection of points x,, for each n in I, such that

d(f (@), Tnt1) <€
provided n and n+ 1 are in I.

Observe first that if z is in X, then for any I, the points x, = f"(x) are
an e-pseudo-orbit, for any positive €. That is, orbits are pseudo-orbits.

Definition 4.3.2. Let ¢ > 0 and 6 > 0. If x,, and y, are e-pseudo-orbits
over the same interval I, then we say that one d-shadows the other if

d(Tn,yn) <0

for allm in I. If x is in X, we also say that x, is d-shadowed by (the orbit
of) x, if
d(zp, ["(2)) <0

for alln in I.

Our objective is to prove the following result.

Theorem 4.3.3. Let (X, d, f) be a Smale space. For any § > 0, there is an
€ > 0 such that every e-pseudo-orbit in X is d-shadowed by an orbit of X.

We will need the following result in the proof.

Lemma 4.3.4. Suppose that 0 < 61 < ex. Then there is € > 0 such that, if
d(f(z),2") <€, then for all z in X*(x,01), d(a’, f(2)) < ex and [2', f(2)] is
in X*(x',01).
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Proof. First, it is clear that [2/, f(z)] is well-defined and in the local stable
set of 2/. We must find € so that d(2’, [/, f(2)]) < d;.
Consider the set
A={(z,y,2) | dz,y).d(y, 2) < ex/2, [y, 2] = z}

which is compact in X x X x X. Consider also the function A defined on A
by

h(&?, Y, Z) - d(xa [.%', Z]) - d(ya Z)
which is clearly continuous and hence uniformly continuous. On the set,

B=A{(z,y,2) e Alv =y}

which is compact, we have

hz,y,z) = hy,y,z)
= d(y.ly,z]) —d(y, 2)
= d(y,z) —d(y,z)
= 0.
Therefore, there is € > 0 such that, if d(x,y) < € and (z,y, z) € A, then
|h(@,y, 2)| < (1= A).

Also choose € sufficiently small so that e < (1 — \)d;.
Now consider z,z’, z as in the statement. First we have d(z,z) < € and
hence

d(@', f(2)) < d(a', f(z)) +d(f(z), f(2))
€+ Md(z, 2)
(1= X))oy + A&y
01
€x
Also, we have (2/, f(x), f(2)) is in the set A and d(2’, f(z)) < € and so
we conclude that

ININ A A CIA

d(a',[f(z), f(2)]) < A’ f(2), f(2)) +d(f(2), f(2))
< 61 =X+ Md(z, 2)
< 5(1—=X)+ Ay
Y

This completes the proof. n
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Proof of Theorem 4.3.3. First we choose 0 < §; < ex/2 such that
[X“(xz,01), X°(x,01)] C X(x,0),

for all x in X. Next, we choose € > 0 as in Lemma 7?7 which holds for both
(X,d, f) and (X,d, f1).

We will first show the conclusion holds in the case where I = (a,b) is
finite and @ < 0 and b > 0. For each a < i < b — 1, we define a map
gi © X(w3,01) = X*(@it1,01) by gi(2) = [wi4a, f(2)]. The fact that g; is
well-defined follows from the conclusions of the last Lemma.

In an analogous fashion, we may define a map h; : X“(z;, 1) — X*“(x;_1,01)
by hi(z) = [f71(2),x;_1], for a +1 < i < b. We let g and h be the union of
the functions ¢;, a < < b—1, and h;, a + 1 < i < b, respectively.

We define sets

Si - [hb_1+i(Xu($b_1, 51), gl_a+i(XS($a+1, 5)] 5

for every a < ¢ < b, and we claim that any point x in Sy will shadow the
pseudo-orbit. It is clear that

hb_H_i(Xu(l‘b_l, (51) C Xu(l’z, 51)
glia+i<XS (maJrla 51) C Xs(x’h (51)

and then from the choice of d;, we have S; C X (x;,0). Then it suffices for us
to show that f(S;) = Sii1.

Choose y in X*(x,11,61) and z in X%(zy_1,61). Let ¥/ = ¢ 1(y) and
Z' = hi7(z) so that we have [h(z'),y'] € S; and [, 9(¢/)] € Siz1. Any
element of S; can be obtained in this way. We will show that f carries the
former to the latter. In the following computation, one must verify that all
bracket operations are defined. We leave this tedious aspect of the proof to
the reader. We have

f(h(),y]) = S
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This completes the proof.
We now address the problem when the interval is infinite. In fact, we
consider the case only for I = Z and leave the half-open cases for the reader.
We begin by considering I,, = (—n,n), for any positive integer n. Notice
that the choice of §; is independent of n. This also means that every point
of
S = [ (X (o1 00)). 4" (X (@, )]

will §-shadow the pseudo-orbit over the interval I,,. The same is true of the
closure of S™ = SM)_ It follows directly from the definitions that S D
S®+1) for all n. The intersection of all S is non-empty and any point in
this intersection will d-shadow the pseudo-orbit over all of Z. This completes
the proof. n

As we indicated earlier, most important applications of this result will be
seen later.
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4.4 Periodic points in Smale spaces

As our first important application of shadowing, we prove the following result:
the set of non-wandering points in a Smale space is the closure of the set of
periodic points. One containment is quite obvious; every periodic point is
non-wandering and the set of non-wandering points is closed, so the closure
of the periodic points is contained in the non-wandering set.

Theorem 4.4.1. Let (X,d, f) be a Smale space. Then the set of periodic
points for f, Per(X, f), is dense in NW (X, f). In particular, if X is non-
wandering, then Per(X, f) is dense in X.

Proof. Let xy be a non-wandering point of X and let ¢y be positive. Let
d = €1/2, where ¢; is the expansiveness constant for (X,d, f) ??. Choose
€2 > 0 so that every ey-pseudo-orbit is d-shadowed by an orbit. Let € be the
minimum of €y, and ey and let V' = X(xg,€) Since xy is non-wandering,
there is a positive integer n and a point z in V, with f"(x) also in V. Now
we define x;,4; = f7(x), for any i in Z and 0 < j < n. It is easy to verify
that this is a e-pseudo-orbit over Z. Then we may find a point y whose orbit
d-shadows x,,. In particular, y is in X (z,0) and hence in X (x¢, ¢y). We claim
that y is periodic. To see this we note that, for any integer ¢, x,; = z; and
so we have

d(f'(y), i) + d(@in, 17 ()
5+4

€1.

d(f (y), [ ()

IA A A

Applying the expansiveness condition ?? to the points y and f"(y), we see
that are equal and hence, y is periodic. O

This last result has a nice consequence which is the converse of 4.2.8. In
fact, we need only

Theorem 4.4.2. Let (X, f) be a non-wandering Smale space. If (X, f) is
mizing, then X*(x) and X“(z) are dense in X, for any x in X. Conversely,
if X®(x) and X"(x) are dense in X, for any periodic point,x in X, then
(X, f) is mizing.

Proof. We have already shown the only if direction in 4.2.8. As for the
converse, let U and V' be non-empty open sets. As (X, f) is non-wandering,



62 CHAPTER 4. THE BASIC STRUCTURE OF SMALE SPACES

we may apply Theorem 4.4.1 to find a periodic point x in U. Let p be its
period.

Find € > 0 such that X"“(x,¢€) is contained in U. It follows from ?? that
the sets f™P(X"(x,€)),m > 1 are increasing and their union is dense in X.
The same is true of we replace x with f*(z),1 < i < p. So we may find
M > 1 such that

X (), )NV #D
for all m > M and 0 < i < p. Let N = Mp. We claim that f*(U)NV # 0
forallm > N. For n > N, write n = mp+1, for some m > M and 0 <17 < p.
Then we have

ruoynv. 2o fM(XYz,e)NV
= Mo f{(X"(x,6))NV
2 fMP(X(f(x),€)) NV
# 0.
This completes the proof. O]

There is a natural question: if (X, f) is a Smale space, then is NW (X f)
also? Of course, NW (X, f) is closed and invariant under f, but we need to
see it is closed under the bracket operation as well.

Lemma 4.4.3. Let (X,d, f) be a Smale space. If x and y are periodic and
d(x,y) < ex, then [x,y] is non-wandering.

Proof. Let p and ¢ be the respective periods of x and y. Let U be any open
set containing [z, y| and choose § > 0 such that X ([z,y],20) C U.

By the shadowing property of 7?7, we may find € > 0 such that every e-
pseudo-orbit is d-shadowed by an orbit. Since [z, y]isin X*(z) and fP(x) = z,
we may find i > 0 with d(f([x,y]),x) < /2. In a similar way, we may find
g, k,1 >0 with

d(f " (ly,x]), z), d(f*([y, 2]), ), d(f " ([z, 9]),y) < €/2.

It is then a simple matter to see that the sequence

[z,y], f(y)), o S ([ y))
F2(y,2]), - f Wy, 2)), [y, 2]
f(ly, ), ..., fH [y, z])
f ), () [,y
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is an e-pseudo-orbit. Approximating this by a §-orbit proves that f®+iPtkatla({)n
U is non-empty. This completes the proof. O

Theorem 4.4.4. Let (X, d, f) be a Smale space. If x andy are non-wandering
and d(z,y) < e€x, then [x,y] is also non-wandering. In particular, (NW (X, f),d, f)
is also a Smale space.

Proof. We know from Theorem 4.4.1 that there exist sequences of periodic
points x,,y,,n > 1 converging to x,y, respectively. For sufficiently large
n, we also have d(z,,y,) < ex and so by Lemma 4.4.3, [z,,y,] is non-
wandering. Since the bracket is continuous, this sequence converges to [z, y]
and since the set of non-wandering points is closed, we conclude that [z, ]
is non-wandering.

It follows at once that (NW (X, f),d, f) is also a Smale space, although
one needs to reduce the constant ex to something strictly smaller. [
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4.5 Decomposition of Smale spaces

We have introduced the notions of non-wandering, irreducibility and mixing
and we have noticed that mixing implies irreducibity, which implies non-
wandering. These implications hold in generality and the converses do not.
We now want to restrict our consideration to the case of Smale spaces.

The converse directions are still false. For example, the finite disjoint
union of at least two irreducible Smale spaces is still non-wandering but no
longer irreducible. The remarkable fact which we will prove is that every
non-wandering Smale space arises in exactly this way; that is, it may be
decomposed into a finite number of irreducible components. The precise
statement is given in Corollary 4.5.6

There is a similar situation for mixing. If (X, f) is a mixing Smale space
and we let Y = X x {0,1,...,n— 1} with g(z,7) = (f(x),i+ 1), where i + 1
is understood modulo n, then (Y] ¢g) is also a Smale space (one needs to set
the metric and bracket so that [(z,1), (y,j)] is only defined when i = j). It
is a fairly simple matter to see that (Y] ¢g) is still irreducible, but not mixing.
For example, if U is a non-empty subset of X x {0}, then f*(U)NU is empty
unless k is a multiple of n. Again, it turns out that any irreducible Smale
space looks something like this. The precise statement is given in Corollary
4.5.7.

The two results we have mentioned above are the main points of this
section. It is possible to simply read and understand them and then go on
without looking at the rest of the section. The techniques used in proving
them are rather interesting and we do obtain some other interesting results
along the way.

Our analysis of this part of the structure of Smale spaces requires the
following definition of a relation on the set of periodic points.

Definition 4.5.1. Let (X, f) be a Smale space.

If x and y are periodic points, we define v <y if X“(x)NX*(y) is non-empty.
The next result establishes some basic properties of this relation.

Proposition 4.5.2. Let (X, f) be a Smale space.

1. The relation = on Per(X, f) is reflexive and transitive.

2. For periodic points x and y, v <y if and only if f'(x) < fi(y), for all
mtegers 1.
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3. If x and y are periodic points with d(z,y) < ex, then © < y (and
y=2w).

4. For a periodic point x and integer i, if x < f'(x) then fi(x) < x also.

Proof. For the first part,  is in X*(z) N X*(z), so the relation is reflexive.

We suppose that z < y and y < z. We will prove that X" (z) N X*(z)
is non-empty. Let p be the product of the periods of z,y and z. Let u be
any point in X“(z) N X*(y) and let w be any point of X*(y) N X*(z). Then
as n tends to plus infinity, the sequences f"(u) and f~"P(w) both tend to
y. Choose n sufficiently large so that d(f™(u), f~"P(w)) is less than ex. Let
v =[f"""(w), f™(u)]. Now the point v is stably equivalent to f~""(w) which
is stably equivalent to f~"P(z) which is just z, by the choice of p. Similarly,
v is unstably equivalent to x and this completes the proof.

The second part follows at once from the observation that

XU(f1(2) N X2 (f'(y) = f{(X"(@) N X () = fUX" () N X (y).
The third statement follows from the simple observation 7?7 that when
d(z,y) < ex, we have [y, x] is in X*(z) N X*(y).

For the fourth part, we let p be the period of x and simply make repeated
use of the second part :

fi@) 2 @) 2 2 P (@) =
]

The first part of the next definition is a standard one for any relation
that is reflexive and transitive.

Definition 4.5.3. Let (X,d, f) be a Smale space and let x,y be periodic
points of X.

1. Wedefinex ~yife <y andy = x.
2. We define x =~y if fi(x) ~ fi(y), for some integers i, j.
We observe the following easy result.

Proposition 4.5.4. 1. On Per(X, f), ~ is an equivalence relation.
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2. On Per(X, f), = is an equivalence relation. Moreover, < induces a
partial order of the ~-equivalence classes by defining one class to be
less than another if they have respective elements x and y with x < y.

3. If x,y are periodic points with d(z,y) < ex, then x ~ y.

Proof. All items here are quite trivial, except the assertion about the partial
order on the ~-classes. For this, we must check anti-symmetry and transi-
tivity. Suppose we can find periodic points z, 2", y,y with x =~ 2/, y =~ ¢/, x <
v,y =< 2'. Then we may find integers i, j, 7', j' with fi(z) ~ f¥(a'), f/(y) ~
f7'(y/). Then using part 2 of Proposition 4.5.2, we have

z 2y S FY) 2 ) T ).

Now we can apply part 4 of 4.5.2 to add to the end < z. Hence each < may
be replaced by ~. In particular, z ~ y and we are done.

For transitivity, we begin with periodic points z,y,v’, z with =z < y,y =
v,y =< z. We find integers 4, j with f'(y) ~ f7(y'). Then we have

wr fx) Ty 2y 22
and we are done. O
Theorem 4.5.5. Let (X, f) be a Smale space.

1. There are a finite number of ~-equivalence classes in Per(X, f), their
closures are pairwise disjoint and clopen in NW (X, f) and the union
of their closures is NW (X, f).

2. The are a finite number of ~-equivalence classes in Per(X, ), their
closures are pairwise disjoint, clopen, f-invariant and each is an irre-
ducible Smale space. Their union is NW (X, f).

3. If Y C NW(X, f) is an f-invariant, clopen subset and (Y, f) is irre-
ducible, then Y N Per(X, f) = Per(Y, f) is exactly one ~-equivalence
class in Per(X, f). That is, the decomposition of NW (X, f) into sets
satisfying these conditions is unique. These subsets are called the irre-
ducible components of (X, f).

4. There is a natural order on the irreducible components of (X, f) induced
by <. More specifically, if Y and Y’ are irreducible components of X,
we say that' Y XY if for any periodic points y in'Y and iy’ in'Y', we
have y < y'.
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Proof. We know that Per(X, f) is contained in NW (X, f) and is dense
by Theorem 4.4.1. If z is in NW(X, f), the open set X(z,€ex/2) meets
Per(X, f), but by part 3 of Proposition 4.5.4, it meets only one ~-equivalence
class in Per(X, f). This shows at once that x lies in the closure of exactly one
~-equivalence class. It also follows that for any y in X (z,ex/4), X(y,ex/4)
also meets only the same ~-equivalence class. It follows then that the closure
of a ~-equivalence class is open, as well as closed, and their union is all of
NW (X, f). The fact there are only a finite number follows from compactness
of NW(X, f).

Since each ~-equivalence class is contained in a single ~-equivalence class,
it follows at once that there are only finitely many ~-equivalence class and
the closure of each is clopen in NW(X, f) and their union is NW (X, f).
The fact that these closures are f-invariant follows from the simple fact
that x &~ f(z), for any periodic point, so the ~-equivalence classes are also
f-invariant. Finally, we must prove that if Y is the closure of a single ~-
equivalence class then (Y, f) is irreducible. Let U,V be non-empty open sets
in Y. Let z be a periodic point in U and let y be a periodic point in V.
Let p be the product of their periods. Since x ~ y, we may find integers ¢
and j such that there is z in X“(f*(x)) N X*(f/(y)). Then as m,n tends to
infinity, the sequence f~""™P(z) converges to x and f77"?(z) converges to
y. Thus we can find m, n such that the former is in U and the latter is in V'
and —i —mp < —j + np. It follows that fi=ITm="P(I/) NV is non-empty.

Suppose Y, Z are both clopen, f-invariant subsets of NW (X, f) and (Y, f)
and (Z, f) are irreducible. Thesets U = YNZ,V =Y —Z are clopen, disjoint
f-invariants of Y. If both are non-empty, these sets would contradict the fact
that (Y, f) is irreducible. Hence, either Y and Z are disjoint or Y C Z. The
same argument applied to U =Y NZ,V = Z — Y shows that either Y and
Z are disjoint or equal. Thus the Y of the hypothesis must be exactly one
of the irreducible components found in part 2.

The statement is clear.

We restate part of the last result in a simple form.

Corollary 4.5.6. Let (X, d, f) be a non-wandering Smale space. Then there
are open, closed, pairwise disjoint, f-invariant subsets Xi,...,X, of X,
whose union is X, and so that (X, d, f|X;) is irreducible, for each 1 < i < n.
Moreover, these sets are unique up to relabelling.
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Corollary 4.5.7. Let (X, d, f) be an irreducible Smale space. Then there are
open, closed, pairwise disjoint sets Xy, Xa, ..., Xn whose union 1s X. These
sets are cyclicly permuted by f and fN|X; is mizving for every 1 < i < N.
Moreover, N is the number of ~-equivalence classes in Per(X, f).

Proof. As (X, f) is irreducible, Per(X, f) has a single ~-equivalence class
and this in turns means that the ~-equivalence classes must be cyclicly per-
muted by f. So letting X; be the closures of the ~-equivalence classes yields
the decomposition as claimed. It remains for us to show that fV|X; is mixing
for every 1 <7 < N. Since stable and unstable equivalence classes in X are
the same for f" as for f (?7), the relation ~ is the same for f™ as for f.
Therefore, it suffices for us to prove that if (X, f) is a non-wandering Smale
space with a single ~ equivalence class in Per(X, f), then (X, f) is mixing.
We will do so by appealing to Theorem 4.4.2; that is, it suffices to prove that
for any periodic point z in X, X*(x) and X"(x) are dense in X. We will
show only the former.

Let x be periodic and let U be open. As (X, f) is non-wandering, we may
find a periodic point y in U. Let p be the products of their periods. Our
hypothesis is that  ~ y, so we may find z in X“(y) N X*(x). The sequence
f7"(2),n > 1, remains in X*(z) and converges to y which lies in the open
set U. So for some n we have f~"P(z) is in X*(z) N U and we are done. [

There is another nice interpretation of the number of ~-equivalence classes
in an irreducible Smale space, as follows. Observe that the greatest common
divisor of a subset of the naturals exists for infinite sets as well.

Theorem 4.5.8.

If (X, f) is an irreducible Smale space, then the number of ~-equivalence
class in Per(X, f) is equal to

ged{n € N | Per, (X, f) # 0}.

Proof. Let N be the number of ~-equivalence class in Per(X, f). It is im-
mediate from Corollary 4.5.7 that Per, (X, f) is empty if n is not a multiple
of N.

Conversely, suppose that x is a periodic point of period p. As remarked
above, this must be a multiple of N, say p = mN. If p= N, then N appears
in the set on the right and the greatest common divisor is NV as desired. We
now assume m > 1.
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As z and f¥(x) lie in the same ~-equivalence class, we may find y in
X*(z)NX*(fN(x)). This means that the sequence f~7P(y),j > 1, converges
to x while f77(y),j > 1, converges to f(x).

Let €1 be the expansiveness constant for (X, f). Let § = ¢;/2 and choose
€2 > 0 so that every ey-pseudo-orbit is d-shadowed by an orbit.

Find j, k such that

d(z, f77(2)), d(f" (2), f**(2)) < €.

Consider the following sequence

FH@ P P ) - P ) Y ) Y () - ()

repeated cyclicly. This is a es-pseudo-orbit and so it may be d-shadowed by
the orbit of a point z. Also observe that the pseudo-orbit above is periodic
of period (j +k + 1)p — N. It follows then that the orbit of fU+k+bDr=N(z)
26-shadows that of z and hence by expansiveness they are equal. Thus, we
have a point of period (j + &k + 1)p — N and the greatest common divisor of
this and p is evidently N, as desired. O

Proposition 4.5.9. Let x be a point in a Smale space (X, f,d).

1. The accumulation points of the sequence f"(x),n > 0 all lie in a single
irreducible component of (X, f,d), which we denote by Irr™(x). Simi-
larly, the accumulation points of the sequence f~™(z),n > 0 all lie in a
single irreducible component if (X, f,d), which we denote by Irr—(z).

2. We have Irr~(x) =< Irrt(z).
3. The point = is non-wandering if and only if Irr™(z) = Irr—(z).

Proof. First, we show that the accumulation points of f"(z),n > 1 are non-
wandering. If y is such a point, then there is an increasing sequence ng, k > 1
such that limy, f™(z) = y. If U is any neighbourhood of y, we may find k
such that f™(z) and f"+!(z) are both in U. This completes the proof.

If y, z are periodic points which are both accumulation points of f"(x),n >
1, then we can find m > 1 such that d(f™(x),y) < ex and also so that
d([f™(x),y], [™) < ex. Then we can find n > m such that d(f"(z),y) <
ex/2 and A" < 1/2. It follows then that d(f"[f"(x),y]), f"(z)) < ex/2
and [z, f*™[f™(x),y]] is defined. This point is clearly stably equivalent to z
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and unstably equivalent to f™~™[f™(x),y], which in turn is unstably equiv-
alent to f™(y). We conclude that f™(y) < z. It follows that the irreducible
component containing y is less than that containing z. Interchanging the
roles of y and z, we obtain the reverse inequality and so by 77, the two
irreducible classes are equal.

The second statement is proved in much the same way. Let y be an
accumulation point of f~"(z),n > 1 and z be an accumulation point of
f™(z),n > 1. We proceed as above, except with m < 0 and n > 0. We
cannot reverse the role of y and z, but we don’t need to to arrive at the
desired conclusion.

We sketch a proof of the last statement only. First, let y be an accumula-
tion point of f~"(z),n > 1 and z be an accumulation point of f"(z),n > 1.
Find periodic points 3’ close to y and 2’ close to z. As these lie in the same
irreducible component, we know that 2z’ < f!(y'), for some {. We may find w
in the unstable set of 2’ and in the stable set of f!(y’). We then construct an
e-pseudo-orbit as follows. The first part is simply x, f(z),..., f"(z), where
f™(z) is close to 2. The next part is f~"(w),..., f/(w), where f~"(w) is
close to 2" and f7(w) is close to f'(3') The final part is f~"(z),..., f (), x,
Approximating this periodic pseudo-orbit by a periodic point shows that x
can be approximated by periodic points and hence is non-wandering. O
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5.1 Preliminaries on maps

In this section, we give some basic definitions of maps and factor maps be-
tween dynamical systems and establish basic properties of them in the case
that both domain and range are Smale spaces.

Definition 5.1.1. Let (X, f) and (Y, g) be dynamical systems. A map 7 :
(Y,9) = (X, f), is a continuous function w:Y — X such that trog = fom.
A factor map from (Y, g) to (X, f) is a map for which 7 1 Y — X is also
surjective.

Definition 5.1.2. A map 7 : (Y,g) — (X, f) is finite-to-one if there is a
constant M > 1 such that #7{z} < M, for all z in X.

A very easy observation for finite-to-one maps is that they preserve peri-
odic points in a strong sense.

Proposition 5.1.3. Let 7 : (Y, g) — (X, f) be a finite-to-one map. For any
y in'Y, y is periodic if and only if w(y) is.

Proof. Notice that y is periodic if and only if {¢"(y) | n € Z} is finite. An
analogous statement holds for 7(y). It follows easily from the definition that

9" () [ n € Z} = {f"(n(x)) | n € Z}.

As 7 is finite-to-one, {¢"(y) | n € Z} is finite if and only if its image under
T is. ]

Now we consider the situation where one or both of our dynamical systems
are Smale spaces. The first important result is basically that a map between
two Smale spaces is necessarily compatible with the two bracket operations.

Theorem 5.1.4. Let (Y, g) and (X, f) be Smale spaces and let
m:(Y,g9) = (X, f)

be a map. There exists € > 0 such that, for all yy,ys in'Y with d(y1,y2) < €,
then both [y, yal, [m(v1), 7(y2)] are defined and

T([y1, 2]) = [7(y1), 7(y2)]-
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Proof. Let ex, €y be the Smale space constants for X and Y, respectively. As
Y is compact and 7 is continuous, we may find a constant ¢ > 0 such that,
for all y1,yo is in Y with d(y1,y2) < €, we have d(7(y1), 7(y2)) < €x/2. From
the continuity of the bracket map, we may choose €, such that 0 < e, < ey
and for all y1,y, in X with d(y1,y2) < €, we have

d(y1, [y1, 12]), d(y2, [y1, 92]) < e

Now assume ¥,y are in Y with d(y1,y2) < €,. It follows that, [yi, 9] is
defined and we have the estimates above. Then, inductively for all n > 0,
we have

d(g"(y1), 9" [yr, y2]) < N'd(y1, [y1, 1)) < €

and also
d(g™™"(y2), 9 "Y1, v2]) < N*d(ya, [y1,y2]) < €

It follows from the choice of € that, for all n > 0, we have

d(m(9" (1)), 7(9" Y1, 92))) < ex/2
d(fn(m(yr)), fM(7lyr,12]) < ex/2

and similarly
d(f " (mw(y2)), [ (w1, 92])) < ex /2.

On the other hand, these two estimates are also satisfied replacing
f™(mlyr,y2]) by f*[m(y1), 7(y2)] and so, by expansiveness of (X, f), we have
the desired conclusion. ]

In the case where the domain is a shift of finite type with a specific
presentation, we introduce the notion of a map being regular. It is really
just an analogue of the conclusion of the last Theorem appropriate for shifts
of finite type.

Definition 5.1.5. Let G be a graph, (X, o) be the associated shift of finite
type and (X, f) be a Smale space. We say that a map 7 : (Xg,0) — (X, f) is
regular if, for all z,y in Xg with t(z°) = t(y°), we have d(n(z),7(y)) < ex
and

wl, y] = [r(x), 7(y)].

In fact, after replacing the domain by a higher block presentation, we
may assume any map from a shift of finite type is regular.
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Theorem 5.1.6. Let (Y, 1) be a shift of finite type, (X, p) be a Smale space
and © = (Y,;v) — (X, f) be a map. Then there exists a graph G and a
conjugacy h : (Xg,0) — (Y,v) such that 7o h is regular.

When G satisfies the conclusion of this Theorem, we will say (rather
imprecisely) that G is a presentation of 7.

One thing which has been missing from our discussion so far is any kind
of example of a map. We correct that now, showing a very simple way to
obtain maps between shifts of finite type; if the shifts are given by finite
graphs, then maps arise naturally from from graph homomorphisms. We
define these, although the definition must be fairly obvious.

Definition 5.1.7. Let G and H be finite graphs. A graph homomorphism
0: H — G is a pair of maps (both denoted 0) 6 : H* — G° and 6 : H' — G*
such that @ oipg =igo 0 and oty =tgo0.

The following is an easy consequence of the definitions and we omit the
proof.

Proposition 5.1.8. Let G and H be finite directed graphs and letd : H — G
be a graph homomorphism. The associated map 0 : (Xg,0) — (Xg,0)
defined by 0(y)n = 0(yn),n € Z,y € Xy is reqular.

We will often be concerned with factor maps, that is maps which are
surjective, so we would like to have a simple criterion which implies this for
maps arising from graph homomorphisms.

Proposition 5.1.9. Let G and H be finite directed graphs and let 0 : H — G
be a graph homomorphism. Suppose that

1. 0: H° — GY is surjective and,
2. for every vertex v in H°, the map
0:t o} =t H{o(v)}
18 surjective.

Then the associated map 0 : (Xy,0) — (Xg,0) is a factor map. The same
conclusion holds replacing t by i.
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Proof. We know that the map 6 is continuous and so §(X ) is a closed subset
of Y. It suffices then for us to prove that it is dense. To do so, it suffices
to consider x in X and n > 1. Using the first hypothesis, we may find
v in HY such that 6(v) = t(z,). The second hypothesis implies that we
may find y, in H' with ty,) = v and 0(y,) = z,. It follows then that
0(i(yn)) = i(z,) = t(x,—1) . Continuing in this way we may construct a path
Yony -+, Yn in H such that t(y;) = x;,—n < i < n. Now extend this finite
path to any element of ¥y which we call y and we see that d(0(y),z) <271
As x and n were arbitrary, §(Xy) is dense in Xg. O

The following result is also rather technical, but it is somewhat interesting
on its own and will be useful later.

Proposition 5.1.10. Let G be a finite directed graph such that (Xg, o) is
irreducible, (X, f) be a Smale space and 7 : (X¢g,0) — (X, f) be a regular,
finite-to-one map. If y,y' are in Xg such that n(y) = 7(y') and y, =y, for
all but finitely many integers n, then y =1y’ .

Proof. First, we can replace y and 3 by ¢*(y) and ¢*(y/), for any integer
k. So let us assume that y, =y, for all n < 0 and n > ny, for some fixed
positive ng.

Since X¢ is irreducible, there is a path from t(y,,) = t(y,,,) to i(y) =
i(yg)- Let xo, ..., z, be the sequence yo, . .. , yn, concatenated with this path.
That is, this is a cycle of length p > ny and which agrees with y on its first
ng entries.

Let x in X4 be the unique periodic point of period p which extends this
path.

Define w = [y, z] and w’ = [y, z]. These are clearly well-defined and sat-
isfy the same two hypotheses are the pair y, ¢'. In addition, w, = w), = z,, for
all n < 0. Then let z = 07 [0"™(z), 0™ (w)] and 2’ = o~ "™ [c"™(z), o™ (w')].
Again, these are clearly well-defined and satisfy the same two hypotheses as
the pair y, 1. In addition, for n < 0, we have

2 = [07(2), 0™ (W Yy = 0" (W )sy =l =

Similarly, z, = z,, for n <0.
For n > ngy, we have

2 = [07(2), 0™ (W)]nng = 0" (T)n—ny = Tn.
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and also z, = z,.
Finally, if 0 < n < ng, we have

2 = (0" (2), " (W)]nny = 0" (W)nny = Wn = [y, T]n = Yo = Tn.

and if 0 < n < ng, we have

z, = [0"(2), 0™ (W)]n—ny = 0" (W )y = wy, = [y, 7|0 = Y-

We conclude that z = x and is periodic. As 7(2') = m(z) and 7 is finite-
to-one, by 5.1.3, Z’ is also periodic. If the period is ¢, then o?(z') = 2’ and
it follows that y/, = 2, = 2z, =y, for 1 <n < ny and hence 3/ = y. ]

We return to the general situation of maps between Smale spaces. The
next three lemmas are rather technical and will not be used until later, but
we find it convenient to note them here.

Lemma 5.1.11. Let 7 : Y — X be a continuous map and let xq be in X
with ™Yo} = {y1,y2, ..., yn} finite. For any e > 0, there exists § > 0 such
that 7= (X (29,8)) C UN_ Y (Y, €).

Proof. If there is no such 6, we may construct a sequence z*. & > 1 in X
converging to zo and a sequence y* k > 1 with 7(y*) = 2% and ¢* not in
UN_Y (yn,€). Passing to a convergent subsequence of the y*, let y be the
limit point. Then y is not in UY_, Y (y,,€), since that set is open, while
7(y) = limy 7w(y*) = limg2® = 2. This is a contradiction to 7 1{x¢} =
v, y2, - un - o

Lemma 5.1.12. 1. Let (Y,g) and (X, f) be Smale spaces and let 7 :
(Y,g9) — (X, f) be a finite-to-one factor map. If y,y are periodic
points in'Y with d(y,y') < e and w(y) = 7(y’), theny =y .

2. Let G be finite directed graph, , (X, f) be a Smale space and w :
(Xg,0) — (X, f) be a reqular, finite-to-one factor map. If y,y" is
are periodic points in Xg with t(yo) = t(y,) and w(y) = 7(y’), then
y=y.

Proof. From either hypothesis, we know that [y, /] is defined and 7[y, /] =
[7(y), 7(y)] = n(y) = 7(y’). By Proposition 5.1.3, [y, /] is periodic. As it is
stably equivalent to y which is also periodic, they are equal. Similarly, [y, v/
is equal to ¥’ and we are done. ]
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Lemma 5.1.13. Let 7 : (Y, g) — (X, f) be a finite-to-one factor map between
Smale spaces and suppose that (X, f) is non-wandering. If xo is any point in
X, then there exists § > 0 such that, for every periodic point z in X (z,J),

#r o} < #rH{wo}

Proof. Let 7= {0} = {v1,...,yn}. Choose ¢, > € > 0 so that the sets
Y (Yn,€),1 <n < N are pairwise disjoint. Apply the Lemma 5.1.11 to find o
satisfying the conclusion there for this e.

Choose a periodic point z in X (,§). It follows that 7= {x} C UYN_, Y (y,, €).
It follows from Lemma 5.1.12 that, for any 1 < n < N, the set 7= {z} N
Y (yn, €) contains at most one point. It follows at once that #7 {z} < N =
#r Yo} as desired. O

For the last part of this section, we turn to a fairly basic construction,
which is usually called either the pullback of the fibred product.

Definition 5.1.14. Suppose that (X, f), (Y1,v1) and (Y2,102) are dynamical
systems and that m : (Y1,91) — (X, f) and w2 : (Ya,92) — (X, f) are maps.
Their fibred product is the space

Z = {(yh?h) | y1 €Y1, y2 € Y277T1(yl) = 7T2(?J2)}

equipped with the relative topology from Y, X Ys, together with the map h =
g1 X go, which is clearly a homeomorphism of this space. There are canonical
maps from this system to (Y1, g1) and (Ya, go) defined by pi(y1,y2) = y1 and
p2(y1,y2) = yo which satisfy m o py = 3 0 .

One of the most basic features of the fibred product is that properties of
the map m; (or my) tend to be inherited by py (or p;, respectively). Here is a
useful example.

Theorem 5.1.15. Suppose that (X, f),(Y1,q1) and (Ya, g2) are dynamical
systems and that m : (Y1,91) — (X, f) and w2 : (Ya,92) — (X, f) are maps.
Let (Z,h) be their fibred product with maps py and ps as above. If my (or my)
is a factor map, then so is py (or py, respectively).

Proof. Let y5 be in Y;. Since 7 is surjective, we may find y; in Y; such that
m1(y1) = ma(y2). Thus (y1,y2) is in Z and pa(y1,92) = ¥2. O

We finish by observing that the fibred product of two Smale spaces is
again a Smale space.
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Theorem 5.1.16. Suppose that (X, f), (Y1, 91) and (Ya, g2) are Smale spaces
and that m : (Y1,91) — (X, f) and 7y : (Ya,92) — (X, f) are maps. The
fibred product is also a Smale space with the metric

d((y1,92), (91, ) = max{d(ys, v1), d(y2, v5)},
constant €z = min{e,,, €., } and bracket
(Y1, 92), (41, 92)] = (w1, 91]; [y2, 92,

provided d(yy,y}), d(y2, y3) < €z.
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5.2 s/u-resolving and s/u-bijective maps

In this section, we discuss special classes of maps called s-resolving, wu-
resolving, s-bijective and wu-bijective maps. These maps possess many nice
properties but the most important is that our invariants will behave in a
functorial way with respect to them.

It is an easy consequence of the definitions that if (Y, v) and (X, ) are
Smale spaces and

m: (Y, 9) = (X, )
is a map, then 7(Y*(y)) C X*(n(y)) and 7(Y*(y)) C X*“(7(y)). We recall
the following definition due to David Fried [?].

Definition 5.2.1. Let (X, ¢) and (Y,1) be Smale spaces and let
m:(Yy) = (X, 9)

be a map. We say that 7 is s-resolving (or u-resolving) if, for any y in Y,
its restriction to Y*(y) (or Y"(y), respectively) is injective.

It is probably nice to give a simple example of such a map. It is interesting
to compare this result (especially the hypotheses) with Proposition 5.1.9.

Proposition 5.2.2. Let G and H be finite graphs and let  : H — G be a
graph homomorphism. Suppose that, for every v in H, 0]t=*{v} is injective.
Then the map 0 : (Xy,0) = (Xq,0) is s-resolving. Similarly, if for every v
in HY, 0li"*{v} is injective, then 6 is u-resolving.

The proof is quite trivial and we omit it.
The following is a useful technical preliminary result.

Proposition 5.2.3. Let (X, f) and (Y, g) be Smale spaces and let
m:(Y,9) = (X, f)

be an s-resolving (or u-resolving) map. With €, as in Theorem 77, if y1,yo
are in' Y with w(yy) in X*(7(y2),ex) (orm(y1) in X" (7w (y2), €x), respectively)
and d(y1,y2) < €x, then yo € Y"(y1,€x) (y2 € Y*(y1, €x), respectively).

Proof. 1t follows at once the from hypotheses that
Tly1, yo] = [m(y1), 7(y2)] = 7(y1)-

On the other hand [y;, y2] is stably equivalent to y; and, since 7 is s-resolving,
[y1,y2) = v1. [
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Resolving maps have many nice properties, the first being that they are
finite-to-one. We establish this, and a slight variant of it, as follows.

Theorem 5.2.4. Let (X, f) and (Y, g) be Smale spaces and let
m:(Y,g9) = (X, f)

be an s-resolving map. There is a constant M > 1 such that

1. for any x in X, there exist y1,...,yx in Y with K < M such that

(X (@) = Ui, Y (o),
and

2. for any x in X, we have #n 1 {x} < M.

In particular, 7 is finite-to-one.

Proof. Cover Y with balls of radius €,/2, then extract a finite subcover,
whose elements we list as B,,,1 < m < M. We claim this M satisfies the
desired conclusions.

For the first statement, given x in X and y in 7 }(X%(z)), it is clear
that Y"(y) € X"(z). We must show that there exist at most M unstable
equivalence classes in 77 }(X%(z)). For this, it suffices to show that if y;, 1 <
i < M+1,arein Y with w(y;) and 7(y;) unstably equivalent, for all 4, j, then
y; and y; are unstably equivalent for some ¢ # j. Choose n < 0 such that
fH(m(y;)) is in X" (f™(7(y;)), ex), for all 1 <4, j < M + 1. From the pigeon
hole principle, there exists distinct ¢ and j such that ¢™(y;) and ¢"(y;) lie in
the same B,,, for some 1 < m < M. These points satisfy the hypotheses of
77 and it follows that they are unstably equivalent. Then y; are y; are also
unstably equivalent.

For the second statement, suppose 7 '{z} contains distinct points
Y1,---,Ym+1. Let 6 denote the minimum distance, d(y;,y;), over all i # j.
Choose n > 1 such that A"e,; < . Consider the points ¢"(y;),1 <i < M +1.
By the pigeon-hole principle, there exists gi # j with ¢"(y;) and ¢"(y;) in
the same set B,,. We have

(9" (i) = [ (7 (yi)) = f"(x) = f"(7(y;)) = 7(9" (y5))-

From Proposition ??, ¢"(y;) is in Y*(¢™(y;),€x). This implies that y; is in
Y (y;, \"€x). As N'e, < 9, this is a contradiction. ]
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Although the definition of s-resolving is given purely at the level of the
stable sets as sets, various nice continuity properties follow.

Theorem 5.2.5. Let (X, f) and (Y, g) be Smale spaces and let
m: (Y,g) = (X, f)
be either an s-resolving or a u-resolving map. For each y in'Y, the maps

T Y (y) = Xo(w(y)), m: Y(y) = X (7(y))

are continuous and proper, where the sets above are given the topologies of
Proposition ?7.

Proof. From the symmetry of the statement, it suffices to consider the case
that 7 is s-resolving.

We use the characterization of limits in Y*(y) and X*(w(y)) given in
Proposition ??7. From this, and Theorem 7?77, it is easy to see that 7 is
continuous on Y*(y). The same argument covers the case of 7 on Y*(y).

To see the map 7 on Y*(y) is proper, it suffices to consider a sequence y,,
in Y*(y) such that 7(y,) is convergent in the topology of X*(7(y)), say with
limit z, and show that it has a convergent subsequence. As Y is compact
in its usual topology, we may find ¢ which is a limit point of a convergent
subsequence y,, ,k > 1. It follows that

m(y') = m(limyn,) = limm(yy,) = limm(y,) = z.
We also have, for k sufficiently large,

W[ynmy/] = [W(ynk>7ﬂ(y/)] = [W(ynk>7x] =,

since 7(yy, ) is converging to « in the topology on X*(7(y)) and using Propo-
sition ??. We know that 7—'{x} is finite and contains y' and [y,,,y'], for
all k sufficiently large. Moreover, y' is the limit of the sequence [y,,,v']. It
follows that there is K such that [y, ,v'] = ¢/, for all £ > K. From this, we
see that ¥/ is in Y*(y,,) = Y*(y) and that the subsequence y,, converges to
y in Y*(y).

To see the map 7 on Y"(y) is proper, we begin in the same way with a
sequence Y, such that 7(y, ) has limit z in the topology of X*“(7(y)). Again we
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obtain a subsequence y,, with limit ¢’ in Y. Then we have, for k sufficiently
large,
T '] = [T (Yne), 7@ = [T (), 2] = 7 (Y, ),

since 7(yy, ) is converging to x in the topology on X*(n(y)) and using Propo-
sition ??. On the other hand, [y,,,y'] and y,, are stably equivalent and
since 7 is s-resolving, this implies they are equal. It follows that ¢/ is in
Y*(Yn, ) = Y*(y) and y,,, is converging to 3’ in the topology of Y*(y). O

There has been extensive interest in s/u-resolving maps. We will need a
slightly stronger condition, which we refer to as s/u-bijective maps.

Definition 5.2.6. Let (X, f) and (Y, g) be Smale spaces and let
m:(Y,g9) = (X, f)

be a map. We say that m is s-bijective (or w-bijective) if, for any y in 'Y,
its restriction to Y*(y) (or Y"(y), respectively) is a bijection to X*(m(y)) (or
X*(m(y)), respectively).

It is relatively easy to find an example of a map which is s-resolving, but
not s-bijective and we will give one in a moment. However, one important
distinction between the two cases should be pointed out at once. The image
of a Smale space under an s-resolving map is not necessarily a Smale space.
The most prominent case is where the domain and range are both shifts of
finite type and the image is a sofic shift, which is a much broader class of
systems. (See [?].) This is not the case for s-bijective maps (or u-bijective
maps).

Theorem 5.2.7. Let (Y, g) and (X, f) be Smale spaces and let
m:(Y,9) = (X, )

be either an s-bijective map or a u-bijective map. Then (7(Y), flxv)) is a
Smale space.

Proof. The only property which is not clear is the existence of the bracket: if
y1 and yo are in Y and d(7w(y1), m(y2)) < €x, then it is clear that [7(y1), 7(y2)]
is defined, but we must see that it is in 7(Y). If 7 is s-bijective, then
[7(y1), m(y2)] is stably equivalent to m(y;) and hence in the set 7(Y*(y;)) and
hence in 7(Y'). A similar argument deals with the case 7 is u-bijective. [J
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If #:(Y,9) — (X,f) is a factor map and every point in the system
(Y, g) is non-wandering (including the case that (Y, g) is irreducible), then it
follows that the same is true of (X, f) and in this case, any s-resolving factor
map is also s-bijective, as we will show. The distinction is important for
us; although we are mainly interested in our homology theory for irreducible
systems, the various self-products we constructed earlier, and which will be
used in the later definitions, will almost never be irreducible.

Example 5.2.8. Consider (Y, g) to be the shift of finite type associated with
the following graph:
Q)l — V2

»

3 ——= U4

Q)
and (X, f) to be the shift of finite type associated with the following graph:

CZYUAUJQ

1

It is clear that there is a factor map from (Y, g) to (X, f) obtained by mapping
the loops in the first graph to those in the second 2-to-1, while mapping the
other two edges injectively. The resulting factor map is s-resolving and u-
resolving but not s-bijective or u-bijective.

Theorem 5.2.9. Let (X, f) and (Y, g) be Smale spaces and let
m:(Y,9) = (X, f)

be an s-resolving factor map. Suppose that each point of (Y,g) is non-
wandering. Then 7 1s s-bijective.

We now prove a version of Lemma 7?7 for local stable sets.

Lemma 5.2.10. Let 7w : (Y,9) — (X, ) be a factor map between Smale
spaces and suppose xqy in X is periodic and 7 {xo} = {y1, v, ..., yn}. Given
€ > 0, there exist eg > ¢ >0 and > 0 such that

7 (X5 (20,0)) CUN_ Y (y, €).

Proof. First, since xy is periodic, so is each y,. Choose p > 1 such that
YP(Yn) = Yn, for all 1 < n < N, and hence ¢P(zg) = xo. The system (Y, ¢?)
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is also a Smale space. Choose €5 > € > 0 to be less than the Smale space con-
stant for this. Also, choose € sufficiently small so that the sets Y (y,,€),1 <
n < N are pairwise disjoint and so that ¢Y?(Y (y,,€)) N B(ym,€) = 0, for
m # n. Use the Lemma ?7? to find § such that 771(X (x,d)) € UN_,Y (y,,, €).

Now suppose that x is in X*(zo,0) and 7(y) = x. It follows that y is
in Y (ym, €), for some m. Now consider k > 1. We have 7(1)*?(y)) = ©*?(x)
which is in X*(xg, \*?6) C X (z,0). It follows that ¥*?(y) is in UN_,Y*(y,, €)
for all £ > 1. It then follows from the choice of ¢ and induction that ¥**(y)
is in Y¥(y, €) for all £ > 1. This means that y is in Y*(y,,, €). O

We are now prepared to give a proof of Theorem 5.2.9.

Proof. In view of the structure Theorem ?7?, it suffices for us to consider the
case that (X, ¢) is irreducible. First, choose a periodic point zy satisfying
the conclusion of Lemma ??. Let 7~ {zo} = {vy1,...,yn}. We will first show
that, for each 1 <n < N, 7 : Y*(y,) = X*®(x¢) is open and onto. We choose
€0 > 0 so that the sets Y (y,,€),1 < n < N, are pairwise disjoint. We then
choose ¢p > € > 0 and 0 > 0 as in Lemma ??. Let x be any point in B(z,d).
We know that 7—!'({x}) is contained in UY_ Y*(y,,¢€). As the map 7 is
s-resolving, it is injective when restricted to each of the sets Y*(y,,€). This
means that 7~ '{z} contains at most one point in each of these sets. On the
other hand, it follows from our choice of xy that 7—!'{z} contains at least N
points. We conclude that, for each n, 7='{z}NY*(y,, €) contains exactly one
point. Let W,, = 7= 4(X(z,0)) N Y*(yn, €). The argument above shows that
7 is a bijection from W,, to X*(xo,d), for each n. It is clearly continuous
and we claim that is actually a homeomorphism. To see this, it suffices to
show that, for any sequence y* in W, such that 7(y*) converges to some x
in X*(zo,6), it follows that y* converges to some y in W,. As € < ¢, the
closure of W, is a compact subset of Y*(y,, €5). So the sequence y* has limit
points; let y be one of them. By continuity, 7(y) = x. On the other hand,
there is a unique point ¢’ in W,, such that m(y’) = z. Thus, y and ¢’ are both
in Y*(yn, €0) and have image = under 7. As 7 is s-resolving, y = ¢/ and so y
is in W,,. So the only limit point of the sequence y* is ¢/ and this completes
the proof that 7 is a homeomorphism.
Since W, is an open subset of Y*(y,, €), we know that

Yo(y,) = U0t ' (W,,) and the topology is the inductive limit topology.
Similarly, X*(zg) = Usop '(X*(x0,0)) and the topology is the inductive
limit topology. It follows at once that 7 is a homeomorphism from the former
to the latter.
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Now we turn to arbitrary point y in Y and = 7(y) in X and show
that = : Y*(y) — X*(x) is onto. We choose xy and {yi,...,yn} to be
periodic points as above so that 7 : Y*(y,) — X*®(z¢) are homeomorphisms.
By replacing xy by another point in its orbit (which will satisfy the same
condition), we may assume that x is in the closure of X*®(xy). Then, we
may choose y,, such that y is in the closure of Y*(y,). There exists a point
Y is Y*(y,) in Y"(y,€y/2) and so that 2/ = 7(y') is in X*(z,ex/2). The
map m may be written as the composition of three maps. The first from
Y*(y,ey/2) to Y¥(y/,ey) sends z to [y, z]. The second from Y*(y/, ey) to
X?®(z') is simply w. The third is the map from X°(z',ex/2) to X*(x,€ex)
sends z to [z,z]. Each is defined on an open set containing y,y" and 2/,
respectively and is an open map. The conclusion is that there exists some
¢ > 0 such that 7(Y*(y,€’)) = U is an open set in X*(x) containing z. It
then follows that

X* (@) = Uizop™ (U) = Usom (v~ (Y (y, €))) € n(Y*(y)).
]

Now we want to observe that although the property of a map being s-
bijective is defined purely at the level of stable sets, continuity properties
follow as a consequence.

Theorem 5.2.11. Let (X, ¢) and (Y,v) be Smale spaces and let

T (Y 9) = (X, )

be an s-bijective (or u-bijective) map. Then for each y in Y, the map
m:Y*(y) = X3(n(y)) (or m:Y*(y) — X“(7(y)), respectively) is a homeo-
morphism.

Proof. The proof is the general fact that if A, B are locally compact Haus-
dorff spaces and f : A — B is a continuous, proper bijection, then f is a
homeomorphism. This can be seen as as follows. Let AT and Bt denote
the one-point compactifications of A and B, respectively. That the obvious
extension of f to a map between these spaces is continuous follows from the
fact that f is proper. Since this extension is a continuous bijection between
compact Hausdorff spaces, it is a homeomorphism. The result follows from
this argument and Theorem ?77. O
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We have established a number of properties of s/u-bijective maps. We
now want to consider the constructions from the last section of fibred prod-
ucts and self-products as they pertain to s/u-resolving maps and s/u-bijective
maps. The first basic result is the following.

Let us consider for a moment the special case of maps between two shifts
of finite type. We begin with the following easy result. We describe a simple
condition on the underlying graphs which is related.

Definition 5.2.12. Let G and H be graphs. A graph homomorphism 6 :
H — G is left-covering if it is surjective and, for every v in H°, the map
0 : t7 o} — t7{0(v)} is a bijection. Similarly, 7 is right-covering if it
is surjective and, for every v in H°, the map 0 : i~ "{v} — i7H{O(v)} is a
bijection.

The following result is obvious and we omit the proof.

Theorem 5.2.13. If G and H are graphs and 60 : H — G is a left-covering
(or right-covering) graph homomorphism, then the associated map

0: (Zy,0) = (Xg,0) is an s-bijective (or u-bijective, respectively) factor
map.

The following is a result due to Kitchens - see Proposition 1 of [?] and
the discussion just preceding it.

Theorem 5.2.14. Let 7 : (X,0) — (X, 0) be an s-bijective (or u-bijective)
factor map. There exists a graph H, a left-covering graph homomorphism
(or right-covering graph homomorphism, respectively) 0 : H — G and a
conjugacy h : (Xpg,0) = (X,0) such that mo h = 6.

We close with a result which is analogous to Theorem ?7?.

Theorem 5.2.15. Suppose that (X, ), (Y1,11) and (Ya,12) are dynamical
systems and that w1 = (Y1,¢1) = (X, @) and my : (Yo, 19) — (X, ) are maps.
Let (Z,C) be their fibred product with maps py and ps as in Definition 5.1.11.
If w1 (or my) is s-bijective, then so is ps (or p1, respectively). If w1 (or my) is
u-bijective, then so is py (or p1, respectively).
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5.3 The degree of a factor map

The main topic of this section is the notion of the degree of a factor map.
We will start in quite a general setting and later go on to investigate the
situation for s-bijective and u-bijective factor maps.

Definition 5.3.1. Let (Y, g) and (X, f) be irreducible Smale spaces and let
m:(Y,g9) = (X, f) be a finite-to-one factor map. We define the degree of ®
as

deg(m) = inf{#r Yz} | r € X}.

The following result is an immediate consequence of Lemma 5.1.13. We
omit the proof.

Theorem 5.3.2. Let (Y, g) and (X, f) be irreducible Smale spaces and let
m:(Y,9) = (X, f) be a finite-to-one factor map. We have

deg(m) = inf{#7 {z} | x € Per(X, f)}.

Theorem 5.3.3. Let (Y, g) and (X, f) be irreducible Smale spaces and let
m:(Y,9) = (X, f) be a finite-to-one factor map. The set of all points x in
X such that there exists § > 0 with #7 {2’} = deg(r) for every periodic
point z' in X (x,0) is open and dense.

Proof. The fact that the set is open is clear. Let us now show it is dense.
Let x be in X and § > 0. First, choose zy so that #7 '{x¢} = deg(rw). By
Lemma 5.1.13, there is 0y such that every periodic point in X (z,dy) has
exactly deg(m) pre-images under 7. By the irreducibility of (X, f), there are
positive integers m, n such that

f_m(X(Io, 50)) N X(.’L’, (5), f_n<X(l’, 5)) N X(Io, 50)

are both non-empty. In fact, we may construct an e-pseudo-orbit which is
periodic and meets both X (zg,dp) and X (z,0). Then by shadowing, we may
find a periodic point y whose orbit meets the same two sets. Of course, the
value of #7 H{f*(y)} is constant in k. It follows that there is a periodic
point z in X(z,6) with #7 1{z} = deg(m) and the conclusion follows from
Lemma 5.1.13. [

Our next goal is to get some more precise information on the size of a
pre-image of a point, especially under s-bijective or u-bijective maps.
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Basically, a Smale space (or any topological dynamical system) is irre-
ducible if and only if it has a point with a dense forward orbit.

But we can do a little better than that; the first result below is stronger
than the ’only if” part and the second is stronger than the ’if” part.

The first result is quite standard and proof can be found in many dynam-
ical systems texts. We will provide a sketch for completeness.

Proposition 5.3.4. Let (X, f) be a dynamical system with X compact, met-
ric. If it is irreducible, then the set of all points with dense forward orbit
is a dense Gg subset of X. Also, the set of points whose forward orbit and
backward orbit are both dense is a dense G in X.

Proof. Fix n > 1 and cover X with all n~!-balls, then extract a finite sub-
cover, which we denote {By, By, ..., By}. Define Y,, be the set of all points
x such that, for 1 < m < M, there is k > 1 with f*(z) € B,,. It is easy
to check that Y, is open. Next, we claim that Y,, is dense. Let x be any
point in X and let ¢ > 0. By irreducibility, we may find k; > 1 such that
¥ (B(z,€))N By is non-empty. Again by irreducibility, find ky > 1 such that
f¥2(B(z,e) N f~%(B;)) N By is non-empty. Continuing in this way, we find
positive integers kq, ..., kj; such that

B(z,e) N fM(B))n...n f7(By))

is non-empty and this set is clearly in Y;,.

It follows from the Baire category theorem that N92,Y,, is dense in X and
we claim that any point in this intersection has a dense forward orbit. Let
y be in N°,Y,,, x be in X and € > 0. Find n with 2n™! < € and the B in
the selected collection of n~!-balls which contains z. So B C B(z,¢). We
have y € N9_,Y,, C Y, and by definition, there is a positive integer k£ with
f*(y) € B C B(z,e).

The same argument also shows that the set of points whose backward
orbit is dense is also a dense (G5 and the final statement follows since the
intersection of two dense Gy’s is also a dense Gj. O

Now we turn to the converse.

Proposition 5.3.5. Let (X, f) be a Smale space. If there is a point whose
forward orbit (or backward orbit) limits on every periodic point of X, then

(X, f) is irreducible.
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Proof. Let x be the point described by the hypothesis. Let y be an accu-
mulation point of the backward orbit of x. It is clearly non-wandering and
so there are periodic points arbitrarily close. It follows that y is also a limit
point of the forward orbit of x. By patching the forward orbit of x that
gets close to y with part of the backward orbit of x that begins close to y
we can form pseudo-orbits from z to itself. It follows then that x is in the
non-wandering set and lies in one irreducible component. The orbit of x
will remain in the same irreducible component of the non-wandering set and
for this forward orbit to limit on every periodic point, X has only a single
irreducible component. [

We now bring factor maps into the picture. This is analogous to results
in section 9.1 of Lind and Marcus [].

Lemma 5.3.6. Let (Y,g) and (X, f) be Smale spaces and let w: (Y, g) —
(X, f) be an s-bijective factor map. Assume that x,x' are in X and x has a
dense forward orbit. Then we have

#r Y} < #x a2’}

The same conclusion holds if 7 is u-bijective and x has a dense backward
orbit.

Proof. List #7 '{z} = {y1,...,yr}. Since the orbit of z is dense, we may
find an increasing sequence of positive integers ny such that f™ (z) converges
to x. Passing to a subsequence, we may assume that for each 1 <7 < I, the
sequence g™ (y;) converges to some point of y and by continuity these points
must all lie in 77'{z’}. We claim that no two sequences can have the same
limit. This will complete the proof. If they do, then for some i, j we have
d(g™ (yi), 9™ (y;)) tends to zero as k goes to infinity. Notice that

(9" (yi) = [ (m(yi) = [ (x) = [ (7 (y;) = 7(9" (y:))-
By ?7?, for k sufficiently large, we have
9" (yi) € Y(9" (y;), €x)-

and this implies that
yi € Y(yj, A" exr).

Since this is true for all &, y; = y; and we are done. ]
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The following result is in exact analogy with 9.1.2 []:

Theorem 5.3.7. Let (X, ) be an irreducible Smale space. Let 7 : (Y, g) —
(X, f) be either an s-bijective or a u-bijective factor map. If x is any point
of X with a dense forward orbit and a dense backward orbit then

deg(m) = 4~ {x}.

In fact, this and 5.3.4, actually give us four different definitions of the
degree for s-bijective or u-bijective factor maps:

1. the minimum number of points in a pre-image under T,

2. the number of pre-images under 7 of a point with dense forward orbit
and backward orbit,

3. the minimum number of points in a pre-image under 7 of a periodic
point,

4. the ’typical’ number of points in a pre-image under 7.
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6.1 Maps and partitions

The last Chapter discussed properties of maps between Smale spaces and
some of the consequences of these properties. Here, we turn to a different
problem: the existence of such maps. There are some special situations,
especially for shifts of finite type, when it is rather easy to construct maps
between systems. In general, it is not. The first really deep examples were
given by Adler and Weiss and their construction was both elegant and sur-
prising.

Before we get into the technical details, we will discuss some of the ideas
rather informally. To do so, let us look at a very simple and familiar no-
tion: decimal expansion. Here we will see all the principles which are used
throughout the rest of this section. (This approach is similar to that given
by Adler in [].)

The real numbers are defined by various axioms. On the other hand,
we are all used to writing real numbers in decimal form, but the two are
really distinct. For a moment, let us be really pedantic and ask whether %
is the same as .57 Of course, they are equal, but are they the same? The
first is the real number obtained as the multiplicative inverse of 1 + 1, the
addition of the multiplicative identity to itself. The second is defined to be
14+141+4+1+1, divided by 10, where 10 is the number of fingers possessed
by the average person. (Already there is something a little artificial about
the latter.) Let us ask the same question about % and .3333---. Now the
latter involves summing an infinite series.

Let us repeat the question one more time with 1, 1.0000 - - - and .99999 - - - .
The first is a real number (the multiplicative identity), the second is the sum
of a rather trivial infinite series and the third is more complicated. Here
we are getting into deeper waters: the decimal expansion is not unique. Of
course, we are all used to this and have stopped worrying about it, but we
would like to put this idea in a more rigorous way.

To simplify things, let us just work with real numbers between 0 and 1.
With all of our discussion of shifts of finite type, we hope the reader will
be happy to define the decimal expansion as a (one-sided) infinite sequence
of digits 0,1,2...,9, or an element of {0,1,2,...,9}\. To every decimal
expansion i = (ig)32,, we can assign a real number

p(i) =Y ixl0",
k=1
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This p is a continuous function from {0,1,2,...,9}" to [0,1]. Moreover, if
i,j arein {0,1,2,...,9} and p(i) = p(j), then either i = j or i, = 9, jx = 0,
for all k sufficiently large (or the other way around). In short, p is very close
to being a bijection. But let us consider its domain and range as topological
spaces. In the former, the only connected subsets are the points, while the
latter is connected. If we were just given those two topological space to begin,
it might be rather surprising that there is a continuous function between them
with this property.

Next, we want to look a little closer at the definition of our function p. It
is clear that it depends of the additive structure of the real numbers and we
would like a different definition which is more purely topological. Consider
that if r is a real number in [0, 1], then the first digit of its decimal expansion
simply tells us which of the intervals [%, %], 0 <7 <9 contains . To get the
second digit of the decimal expansion, we consider 10z, remove the integer
part and ask the same question. Already, this is looking more dynamical:
the map * — 10z is doing something important. The key feature of the
intervals is that f maps them bijectively onto the whole space. The part
about ignoring the integer part of 10z can be achieved by simply replacing
[0,1] by R/Z. So define f : R/Z — R/Z by f(z) = 10z. To get the
decimal expansion for z, we simply look at its trajectory: z, f(z), f(z), ...
and observe in which interval as above each point lies.

Of course, this approach does not quite work, because a point such as
.1 does not lie in a unique interval. But this is exactly what our function p
does: rather than having a function which takes a real number to its decimal
expansion, it goes the other way and we can say p(iy, io,...) = x if f*1(x)
lies in [, %t1] for every k > 1. Or equivalently, z lies in f17F[% t1] for
every k > 1. Written yet one more way, we have

107 10
, e e+ 1
=, R = :
o0} = s 15,50

About the only part of this which is not quite suitable for Smale spaces
is the fact that the dynamical system (R/Z, f) is not invertible. But let us
summarize what we have seen: if we have a dynamical system (X, f) we can
use partitions of X to try to construct factor maps from symbolic systems,
such as shifts of finite type, onto X. The remainder of this section is devoted
to making these ideas rigorous.

One of the first ambiguities is whether it is easier to use open sets or
closed sets in our partitions. In either case, let us set out the notion of
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regular open and regular closed sets. We will not use it extensively, but it
does appear.

Definition 6.1.1. In a topological space, a regular closed set is a set which is

the closure of its interior. A a regular open set is a set which is the interior
of its closure.

Our first definition is quite a general one.

Definition 6.1.2. Let X be a topological space and f be a homeomorphism
of X. An open generating partition for (X, f) is a finite collection of open,
non-empty sets, P, satisfying the following.

1. The sets are pairwise disjoint; that is, PN P is empty if P # P" in P.
2. Their union is dense: UpepP = UpepP = X.

3. If P:7Z — P is any function, then

ﬂ?(oﬂmi(:—Kf*k(P(k))
18 either empty or a single point.

Example 6.1.3. Let us consider the n-solenoid of 3.4 withn = 5. We use the
topological notation from 3.4: points in X are infinite sequences (xq, 1, . ..)
where each xq is a real number, but represents a class in R/Z. These satisfy
b5x; = xi_1, for all i > 0. Our map is

f(l’(),ﬂ?l, .. ) = (5%0,51’1, .. .),

o, 21,...) = (21,29,...).

For1 <k <5, define

k—1 k
Pk:{ZL‘EX|JZ1E(T,g)}

It is clear that L1k
P = X LR Y

{:L‘G |$1€{ 5 ,5}}

The first two properties for an open generating partitions are clear. The third
is also satisfied, but we will not prove this for the moment.
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The one remark we would ltke to make at this point is just to compare

ﬂj’é’:lﬂszfo—k(P(k))

with the simpler expression

N Nk TP = o f ™ (P(R))

We will show later in this section that the former is always exactly one point.
But if we let P be the function that is constantly one, it is a simple matter
to check that the second intersection contains at least two points:

(0,0,0,...),(0,571, 572 572 ).

That is, if we had used the simpler condition above in the last part of the
definition, this particular example would not be a generating partition. This
justifies our choice of the more subtle formulation.

In view of the final condition in this definition, let us observe the following
definition and easy topological fact.

Definition 6.1.4. Let X be a compact metric space and A be any subset of
X. We define the diameter of A, denoted diam(A), to be

diam(A) = sup{d(z,y) | z,y € A}.

Lemma 6.1.5. Let X be a compact metric space and C; O Cy DO --- be a
decreasing sequence of closed, non-empty subsets. The we have N%_,Ck 1s a
single point if and only if

lim diam(Ck) = 0.

K—o0
Proof. First, notice that the containment of the sets easily implies that the
sequence is decreasing and non-negative, so it has a limit. Secondly, as the
sets are closed and X is compact, the intersection is always non-empty. In
view of these facts, the statement is equivalent to showing that N%_,Ck
contains at least two points if and only if limy . diam(Ck) > 0.

First suppose N¥_,Ck contains at least two points, say x # y. As

x,y are in Cg for every K, diam(Ck) > d(z,y) > 0. Hence, we have
limg oo diam(Ck) > d(x,y) > 0.
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Next suppose that limg_,o diam(Ck) = d > 0. Then for every K > 1,
we have diam(Cr) = d/2 and so we may find zy, yx in Cx with d(x g, yx) >
d/2. As X is compact, we may pass to subsequences which are converging
to x and y respectively. Fix K and we claim that = is in Cx. For k > K, x4
is in C, C Ck as desired. As Cf is closed, = is in Cx. The same argument
shows that y is in C'x and so both x and y are in N%_,Cx. On the other hand
d(x,y) is the limit of a subsequence of d(zk, yx) which is bounded below by
d/2 and we conclude that = # y. O

Theorem 6.1.6. Let X be a compact metric space and f be a homeomor-
phism of X. Let P be an open generating partition for (X, f). Define

Xp ={P e P’ |nz_,nE _ fHPk)) #0}.

For any P in Xp, define wp(P) to be the unique point in

ﬂ?zlka:—Kf_k(P(k))-

1. Xp is a closed subset of P% and is invariant under o.

2. The map
p . (XP,O') — (X7 f)

s a factor map.

3. The set
(v e X | #npt{z} =1}

15 a dense Gg.

Proof. We have already observed that, for any P in PZ%, the sequence of sets
NE__ . f*(P(k)), K > 1is decreasing and each is closed. By hypothesis, the
intersection is either a single point or is empty. In the latter case, there must
exist a K > 1 such that N&__ . f~%(P(k)) is empty. This set is open and
entirely contained in the complement of Xp. Hence, Xp is closed.

If P isin Xp, then it is clear that for any K > 1, we have

f (M PR P)) = N f i (PH)
= Mt fTUP(L+1)
= N (e (P)D)
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and also that

M=tk f e (P)(1) € M S (e (P)(D) € NETesy [ (@ (P) (D)

It follows easily that Nx>1NE . f~(o(P)(1)) is also a single point, so o(P)
is in Xp and that mp(o(P)) = f(7p(P)).

Next, we check that mp is surjective. Let z be in X. Fix K > 1. We
claim that there is at least one P : {—K,..., K} — P such that z is in the
closure of NE__ .- f~*(P(k)). We know that UpcpP is open and dense in X.
It follows that

N f " (UpepP)

is also open and dense. Moreover, as the elements of P are pairwise disjoint,
we also have

The claim follows from this.

We can then define a graph whose vertices at level K > 1 are those P
where the closure of the intersection contains x. We obtain an edge from P
at level K to P|{—K+1,..., K —1}. This is an infinite tree with non-empty
vertex sets at each level and hence contains an infinite path. This path then
determines P in Xp with mp(P) = .

Let us prove the last statement using the same framework. Consider

A = Niezf " (UpepP) .

This is a countable intersection of open dense sets in X, hence it is a dense G.
If z is any point in A, then for each K > 1, the function P : {-K,..., K} —

P with  in NE__ . f~*(P(k)) is unique. It follows that 75'{z} is a single
point. O

Remark 6.1.7. One important thing to note in this last result is that the
system (X, f) is not assumed to be a Smale space, nor does the conclusion
assert that (Xp, o) is necessarily a shift of finite type, even if we assume
(X, f) is a Smale space.

In the case that our system (X, f) is a Smale space, we would like to
do somewhat better with our partitions. The first reasonable requirement is
that the elements should be nice in the local product structure.
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Definition 6.1.8. Let (X,d, f) be Smale space. A subset R of X is a rect-
angle if

1. diam(R) < ex, and

2. [R,R] = R.

Let us note the following simple properties of rectangles.

Lemma 6.1.9. Let (X,d, f) be a Smale space.

1. Let R be a subset of X with diam(R) < ex. R is a rectangle if and
only if [R,R] C R.

2. If R and R’ are rectangles, then so is RN R'.

3. If R is a rectangle and diam(f~'(R)) < ex (or diam(f(R)) < ex) ,
then f~Y(R) ( f(R), respectively) is also a rectangle.

Proof. Notice that [z,z] = x implies that R C [R, R| always holds and the
first statement follows from this.
For the second statement, we have

[RNR,RNR]C[R,R]=R.

An analogous argument shows [R N R/, RN R'] C R’ and we are done.
The third statement follows from the invariance of the bracket under

f. 0

Now we come to one of the key definitions in the subject, that of Markov
partition.

Definition 6.1.10. Let (X, d, f) be Smale space. An open Markov partition
for (X,d, f) is a finite collection of open, non-empty sets R satisfying the
following.

1. For each R in R, R and f~*(R) are rectangles.

2. The sets are pairwise disjoint; that is, RN R’ is empty if R # R’ are
n R.

3. Their union is dense: Uper R = Uper R = X.
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4. If for any R, R' in R with RN f~*(R') non-empty, then for all x in R
and y in f~H(R'), [y, z] is defined and we have
[fH(R), Rl = RN f7Y(R).
(This is usually called the Markov property.)

Remark 6.1.11. Usually the elements of a Markov partition are defined to
be reqular closed sets. This is why we have chosen the term open Markov
partition. In the usual definition, the third condition and fifth conditions
must use the interiors of the sets.

Let us also note that one containment in condition 4 is trivial:

[fHR),R2RNfYR),RNfHR)2RNfHR).

It is a good idea to give an example at this point. The following is more
than an example, it is one of the prime motivations for this definition.

Proposition 6.1.12. Let G be a finite directed graph and (Xg,o) be the
associated shift of finite type. For each edge e in G, define

C.={y € X¢g |y =e}.

1. For each e in G, C, is open and closed and both C, and o=1(C.,) are
rectangles.

2. The sets C,,e € G, are pairwise disjoint and union to Xg.
3. Fore,e in G', C.No Y (C.) is non-empty if and only t(e) = i(€).
4. C.,e € G* is an open Markov partition for (Xg,o).

Proof. Tt is an easy matter to check that, for any e in G*,

o N C.) ={y € X¢ | y1 = e}
The rest of the proof is an easy consequence and we omit the details. O

We use the notation C, as a reference to cylinder sets.
As we indicated just before this result, it is important, not because it is
hard, obviously, but because it provides motivation for the concept.
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In some sense, the Markov partition is capturing all of the data that is
in the graph. More precisely, if we define a graph whose vertices are the
elements of the Markov partition and with an edge from C, to C./ precisely
when CeNo~!(Cy) is non-empty, then the graph we construct is exactly G*.

If our original graph had no multiple edges, then one could define a par-
tition parameterized by the vertices of G and this would recover G in the
same way. There are simply some problems here with multiple edges.

We have stated the result above mostly for motivational purposes, but it
has a vast generalization which we now consider.

Lemma 6.1.13. Let (X,d, f) be a Smale space and G be a finite directed
graph with (X¢q, o) irreducible. Let w: (Xg,0) — (X, f) be a regular, finite-
to-one factor map of degree one. For each e in G' and using C. C X¢ as in
6.1.12, let

R.={re X |z} CC.}.

The following hold.
1. The sets R.,e € G* are pairwise disjoint.
R, is open, for e in G*.
Uecat Re 15 dense in X.
7(C.) is the closure of R., for e in G*.

R, is the interior of w(C.), for e in G'.

S G e e

R, is non-empty, for e in G'.

Proof. The first statement follows immediately from the definition and the
fact that the sets C.,e € G, are pairwise disjoint.

Next, we show that R, is open. Let x be in R,, so 7=z} C C,. As C, is
open, we may find a positive € such that Y (y,¢) C C,, for every y in 7~ {z}.
It then follows from ?? that there is a § > 0 such that 7=*(X(z,4)) C C,
and hence X (z,9) is contained in R..

Since the map 7 is surjective, 7~'{z} is non-empty, for every x in X, and
it follows that R, C 7(C.) for every e in G*.

If z is in X with a unique y with 7(y) = 2, then x is in R,,. It follows
that {z | #7 {2z} = 1} C Ueeq R.. The former is dense in X since 7 is
degree one and by ?7?, hence the latter is as well.
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Next, we prove that, for any e in G*, R, is dense in m(C,). Let y be in C,
and let € > 0. We will find a point in R, N X (7(y),€). First, find J > 1 such
that if y; = y;, —J < j < J, then 7(y) is in X(7(y),€). Let x be any point
in X with a unique z in Xg with 7(2) = z. As noted above, z is in R,,,
which is an open set. We can find K > 1 such that any point 2’ in Xg with
2, =z, —K < k < K, then m(Z) also lies in R.,. We use the fact that X¢
is irreducible along with ?? to find a path wy, us, ..., ur, from t(zx to i(y_,)
and a second path vy, v, ..., vy from t(yy) to i(z_g). Let w be the periodic
point in X obtained by repeating the sequence

B_Kyer s RK, U1, U2, - oo, UL, Y—gy - - -5 Y, V1,02, ..o, UN-

First, observe that w(w) is in R,,. Since it periodic Lemma ?7 implies that
it has a unique pre-image under 7. The same holds for any point in its orbit
under f. In addition, o/*5FLF1(w) clearly lies in C, and 7(o/TE L+ (w)) =
fIHEFLFL (7 (w)) lies in X (7(y),€). It follows that w(o/tEFLF(w)) is in
R. N X(7(y),e).

We know know that R, is a dense open subset of 7(C,). We claim next
that it is actually the interior of 7(C.). The containment of R, in the interior
of m(C,) is clear. Now let x be in X¢, € > 0 with X (x,¢) C n(C.). We claim
that x is in R.. If not, then there is y in X¢ with 7(y) = z and y not
in C.. Then, y is in 7(Cy,) where yo # e. We know that R,, is dense in
7(C,,) and so we may find z in Ry, N X (z,€). This means 7 '{z} C C,,
contradicting our assumption that X (x,¢) C 7(C,). Hence, we have shown
that X(x,¢) C R..

As we assume our graphs have no sources or sinks, C, is non-empty, for
every e. The same holds for R, from the second condition. O

Theorem 6.1.14. Let (X, d, f) be a Smale space and G be a finite directed
graph with (Xg, o) irreducible. Let w: (Xg,0) — (X, f) be a regular, finite-
to-one factor map of degree one. The sets R.,e € G, of 6.1.13 form an open
Markov partition for (X, f).

Proof. Some of the properties have already been established in 6.1.13. It
remains to see that our sets are rectangles and that they satisfy the Markov
property.

First we observe that, for e in G', the set m(C,) is a rectangle. We know
that for every z,y in C,, d(z,y) < ex, and as 7 is regular, d(7(z), 7(y)) < ex
and [7(x),7(y)|] = 7[z,y], and [z,ylo = y, = €, so [z,y] is in C..
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If, in addition, m(x) and 7(y) are both in the interior of 7(C.), then we
may find open sets U, U’ around them also contained in 7(C,). But from
the basic properties of the bracket [U, U’] is then also an open set in 7(C)
containing [7(z), 7(y)]. It follows that R, is a rectangle.

Exactly the same argument can be used to show that f~!(R,) is a rect-
angle and also the fourth property in the definition of an open Markov par-
tition. [l

Notice that Proposition 6.1.12 is simply 6.1.14 in the special case that 7
is the identity map.

This result is really the second in a chain: in 6.1.6 we showed how to get
from an open generating partition to a factor map from a subshift. Here,
with the additional hypothesis of having Smale spaces, we see how to get
from a factor map to an open Markov partition. Our next step will be to
close up this chain by showing that an open Markov partition is also an open
generating partition. Most of the work is contained in the following.

Lemma 6.1.15. Let R be an open Markov partition for the Smale space
(X, f). Suppose 0 < K, L and let R : {—-K,—-K +1,...,L} — R be any

function.

1 If RN f~YR(+ 1)) is non-empty, for all 0 <1 < L, then
[Nz (RWM), R(0)] = N f(R(D)).

2. If RINFYR(I+1)) is non-empty, for all0 < 1 < L, then "=, f7H(R(1))
18 also non-empty.

3. If xis in R(I) N fH(R(I+1)), for all0 <1< L, then
diam[NEo fH(R(1)), z] < Adiam(X).
4. If R(k) O f7Y(R(k + 1)) is non-empty, for all —K < k < 0, then
[R(0), Ml fTH(R(K))] = Mie_ g [ (R(K)).-

5. If R(k) N f~YR(k + 1)) is non-empty, for all —K < k < 0, then
NO__ SR (R(k)) is also non-empty.
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6. If v is in R(k)N f~Y(R(k + 1)), for all - K < k <0, then
diam|z, No__ . [F(R(K))] < X¥diam(X).

7. The intersection
Mi—_x S (R(k))

is non-empty if and only if R(j) N f~YR(j + 1)) is non-empty, for all
—-K<j<L.

8. Ifx isin R(k)N f~Y(R(k+ 1)), for all - K < k < L, then we have
lim diam (N, " (R(k)) = 0.
K—oo

Proof. For the first statement, one containment is relatively easy:

(N T (RD), RO 2 [Mize/ T (R(D), Nizof ™ (R(D))]
2 Nz (R(D).

We will prove the reverse inclusion by induction on L, with the case L = 1 be-
ing trivially true from the definition of a Markov partition. Assume that the
statement is true for L. Consider x in /7' f~/(R(l)) and y in R(0). In partic-
ular, z isin f~1(R(1)) and so [z, y] isin [f 1 (R(1)), R(0)] = f~*(R(1))NR(0).
We also have [z,y] = f~[f(x), fx,y]]. Here, f[z,y] is in R(1) while f(z) is
in NE f7H(R(1+1)). Tt follows from the induction hypothesis for the function
R'(l) = R(L+1) that [f(x), flx,y]] is in NEf~'(R(l + 1)) and hence [z, y] is
in N F7Y(R(1)). This completes the proof of the first part.

The second part follows from a simple induction argument using the first
part.

The third part is also by induction on L, with the case L = 0 being
obvious. Let us assume this holds for L (and all R, z) and consider the case
L+ 1. We write

(N SR ] = ([ T (R(), R(0)], 2]
= [ fT(RD), 2]
= SN/ TR+ D), f ()]

The set [N, f 7 (R(I+1)), f(z)] has diameter less than or equal to A“diam(X),
by induction. In addition, we have

[Mizo /T R+ 1)), f(@)], f(@)] = [Mizof (R + 1)), f(2)]
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and it follows from Axiom C2 for Smale spaces that
diam(f N fTH(R(+1)), f(2)]) < Adiam([NiZof ' (R(+ 1)), f(x))
< MFdiam(X).
Parts 4, 5 and 6 are proved in an analogous way to parts 1, 2 and 3.For
part 7, the 'only if” part is clear and for the ’if” part we use parts 1, 2, 3 and
4.

M xS (R(R) = (Mhe ST (R(K) N (Mizof T (R(K)))
= [R(0), M=/ " (R(K))] N [Miof " (R(K)), R(0)]
2 Mo/ T (R(K)), Mim i f T (R(E))]

which is clearly non-empty.

For the last statement we know from ?? that, for any z in NE__ . f~*(R(k)),
the map sending y in Ni__, f~*(R(k)) to the pair ([z,y],[y,z]) in X x X
is continuous and injective. It follows from parts 3 and 6 that the diame-
ter of the range of this function tends to zero as K, L tend to infinity. The
conclusion follows. O

With these technical results established, the following theorem is more or
less immediate and we omit the details for the proof.

Theorem 6.1.16. Let (X, f) be a Smale space and suppose that R is an open
Markov partition for (X, f). Let G be the graph whose vertex set is R, edge
set is all ordered pairs (R, R') where R, R' are in R and satisfy RN f~Y(R)
is non-empty with i(R, R') = R and t(R,R') = R'.

1. R is also an open generating partition for (X, f).

2. Xr = X¢. In particular, (Xg,0) is a shift of finite type.

Remark 6.1.17. In practical terms, the usefulness is in finding Markov
partitions and then obtaining a factor map. Intrinsically, the conditions for
a Markov partition are simpler to verify than those for a generating partition
because it suffices to consider only intersections between f~*(P) when k =0
and k = 1. This will be illustrated in the next example. In addition, the
Markov partition yields the extra conclusion that the domain of the factor
map 1s a shift of finite type.
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One slightly annoying condition on the elements of a Markov partition
1s that on their diameter. We will see in a moment an example where we
essentially have a Markov partition except that the sets are too big. We
present the following result to help deal with this situation.

Theorem 6.1.18. Let (X, f) be a Smale space and suppose that R is a finite
collection of open, non-empty sets that are pairwise disjoint and whose union
s dense in X.

Let G be the graph whose vertex set is R, edge set is all ordered pairs
(R, R") where R,R' are in R and satisfy RN f~Y(R') is non-empty with
i(R,R) = R and t(R,R') = R'. For K > 1, we identify the functions
R:{0,...,K} = R with G¥.

Suppose that there is K > 1 satisfying the following.

1. For Rin GX,if R(k)N f~Y(R(k+1)) is non-empty for 0 < k < K +1,
then Nf fR(R(k)) ids also non-empty.

2. The collection of sets
{MiZof M (R(K)) | R € G*}
is a Markov partition for (X, f).
The the following hold.

1. R is also an open generating partition for (X, f).
2. Xr = X¢. In particular, (Xr,o0) is a shift of finite type.

Proof. Let R be in GX. The first hypothesis is that the sets N&_ f=*(R(k))
is non empty. If R’ is also in G¥, then as the elements of the partition are
pairwise disjoint

(MEof ~H(R(K))) N 71 (Mo f (R (K)))
= R(0) N (M (R(k) N R (k= 1)) N+ 1(R(K))

is empty unless R(k) = R'(k — 1) for all 1 < k < K. In the case that
R(k) = R'(k—1) for all 1 < k < K, the intersection above is non-empty by
the hypothesis.

This proves that the graph associated with the Markov partition {N_,f~*(R(k)) |
R € GX} is precisely GE. Tt is a trivial matter to check that R is a generating
partition and that Xox = X¢g. The conclusion follows from 6.1.16. O
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Example 6.1.19. Let us return to the example we considered in 6.1.3. We
will show that the partition given there is actually an open Markov partition.
It is a simple matter to check that for 1 <i <5, we have

o
- feesine (520
. 1
— X 4 L (2 T30
frexineutts (450 2))

It follows immediately that, for all 1 < 1,5,k <5, we have

~ k—1 [(j—1 j
Pkmfl(P]):{$€X|.fC1€ 5 +( 95 ,g)}

and

rnren={eexiael 2 (L)

We leave it for the reader to check that both sets have diameter less than .5.
Let us take z in f~H(P;N f~Y(P)) and y in PyN f~1(P;) and we compute,
from the formula given in 77,

_ T m
[xay]_<x07y1+ 5 57)
It follows from the first entry xo that this is in f~(P; N f~Y(P)). On the
other hand, from the first entry, since 5y1 = yo, we have y; — % = % It
follows that
o y1 k-1 J—1 7
Nty TE T +( 25 ’25>

and so [x,y] is in Py N f7H(F;).
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7.1 The Parry measure
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8.1 (*-algebras from equivalence relations
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8.2 Ktale equivalence relations

As we indicated in the last section our general goal is to create a C*-algebra
from an equivalence relation on a topological space. The space itself must
be compact and Hausdorff but the more subtle technical point here is that
the equivalence relation must also be endowed with a topology which is com-
patible in some precise sense with that of X. The prime examples for Smale
spaces will be stable and unstable equivalence.

We begin with a a fairly standard notion.

Definition 8.2.1. Let X be a topological space. A local homeomorphism of
X is a pair of open subsets U,V C X and a homeomorhism h : U — V.

Now we test our readers’ memories with a basic question: what is a
function? If you will remember, a function from a set X to a set Y is a
subset of the cartesian product X x Y satisfying certain conditions, which
we will not recall. For example, the function f(x) = 23 on R is really

{(z,2) | z € R}.

While this is something mathematicians all agree upon, it is almost never
how we think about functions. We are going to do so now, however, and the
reason is fairly simple. An equivalence relation on the set X is commonly
thought of as a set of ordered pairs, satisfying some rather different conditions
from functions. The key idea is that we want to see our equivalence relations
as made up of functions, or more precisely, local homeomorphisms of the
space X.

We let r,;s : X x X be the two canonical projection maps: s(z,y) =
z,r(z,y) = y. (Caution: this choice is not uniform.) In this way, a local
homeomorphism of X, h: U — V is then a subset h C U x V. But as both
are subsets of X, we will regard h as a subset of X x X. Its domain is s(h)
and its range is 7(h), so in the definition above, U = s(h),V = r(h) can
actually be recovered from h.

Regarding local homeomorphisms as subsets of X x X, we define compo-
sition by

goh={(z,2) | there exists y, (z,y) € g, (y, 2) € h}.

Unfortunately, this definition does not quite agree with the usual notion.
Instead, we have g o h(x) = h(g(x)), with our definition on the left and the
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usual one on the right. One learns to live with this. (The correct solution to
this problem would have been to write (z)f = z* for the cubing function on
R, but it is too late to implement that.)

Also note in our definition that we do not assume the range of one function
coincides with the domain of the other. Composition is simply defined where
it makes sense. Fortunately, the inverse of a functions is nicer:

ht ={(z,y) | (y,7) € h}.

Definition 8.2.2. Let X be a topological space. Suppose that I is a collection
of subsets of X x X such that

1. Each element of T is a local homeomorphism of X.

2. The collection of sets U C X such that idy = {(xz,x) | © € U} is a
basis for the topology on X.

3. If vy is in T, then so is vy~ 1.

4. If y1,7v9 are in T and (x,y) € v N y,, then there is a v in I such that
(z,y) €7 S 711N

5 If 1,7 are in I and (x,y) € 11, (y, 2) € Y2, then there is a vy in ' such
that

(z,2) €7 Cy107.
We call T a local action on X.

Remark 8.2.3. A stronger version of the definition is to require v, N Yo to
be in I in the third condition and v, oys to be in I' in the fourth. That works
in a number of cases, but is not quite general enough for what we want to do
with Smale spaces in the next section.

Theorem 8.2.4. Let I be a local action on the space X. Then the union of
the elements of I’
Rr = U Y CXxX

vyel

is an equivalence relation on X and I is a basis for a topology on Rr.
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Proof. This sounds impressive, but is more or less a tautology. The fact that
Rr is reflexive follows from condition 2 of the definition of a local action.
That it is symmetric follows from condition 3 and that is it transitive follows
from condition 5.

It is obvious the elements of I" cover Rr and condition 4 is the only other
property needed to have a basis for a topology. O

Theorem 8.2.5. Let I" be a local action on the space X and let Ry be the
associated étale equivalence relation.

1. If U is any element of T, then r(U) and s(U) are open sets in X and
the maps r,s are homeomorphisms (with U given the relative topology
from T to r(U) and s(U), respectively.

2. If X 1is locally compact and Hausdorff, then so is Rr.

3. If K C Rr is compact, then for every x in X, r""{z}NK and s~ *{z}N
K are finite.

Lemma 8.2.6. Let I' be a local action on the space X and let Ry be the
associated étale equivalence relation. Any continuous function of compact
support on Rr, may be written as a finite sum of functions, each supported
on a single element of T".
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8.3 Ktale equivalence relations for Smale spaces

Having given some motivation in the first section and supplied some rigour
with the definition of an étale equivalence relation in the second, we are now
ready to put these ideas to work on Smale spaces. More specifically, we want
to define étale equivalence relations from stable and unstable equivalence.

Let us remark at the beginning that we make no assumptions here about
non-wandering, irreducibility or maxing.

Definition 8.3.1. Let (X,d, f) be a Smale space. Suppose that P is a finite
subset of X with f(P) = P.

1. We define
X3(P) = UpepX®(x), X“(P) = UpepX“(2).

Moreover, each set in the union is given the topology of 77 while the
union is given the disjoint union topology.

2. We define

RAX, f, P) = A{(z,y) | v,y € X*(P),y € X*(x)},
RYX, f,P) = {(z,y) |2,y € X*(P),y € X"(x)}

Caution is needed: in the definition of R*(X, f, P), the important con-
dition is that x and y are stably equivalent (which is the reason for the
notation). The dependence on P is that these points are required to come
from X"(P).

The most obvious problem with the definition we have just given is that
the first part contains a nice definition for a topology on X*(P) and X*(P)
(in fact, we had this topology some time ago), while the sets in the second
part are just that, sets. No topology is given. The reason is that this is a
subtle point and we need to work to provide one.

Definition 8.3.2. Let (X,d, f) be a Smale space and P be a finite subset of
X with f(P)=P.

1. We let N3(X, f,P) (or simply N*) denote the set of all (x,y,n,U)
satisfying the following conditions.
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(a) (x,y) is in R*(X, f, P),

(b) n >0 is such that f*(y) is in X°(f"(x),ex/2) (see ??),

(c) UC X"(x,ex/2) is relatively open and
such that f(11) € X*(f"(x) ex /2)

(d) for all z in U, we have [f™(z), f"(y)] (which we note is well-
defined) lies in X" (f™(y),ex/2),

(e) for all z in U, we have f~"[f"(2), f"(vy)] lies in X*“(y,ex/2),

2. For (z,y,n,U) in N*, we define

W (@, y,n,U) ={(z f"[f"(2), ["W)]) | = € U} € B*(X, f, P).

It is often observed that a picture is worth a thousand words and that is
certainly true of this definition, which is fairly opaque in symbols. But let
us take a look at the following picture.
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ey W) ™ (2), f(y)]
() ()
X*(f(x), ex)
f f
.- W)y

The idea is simply this: as z and y are stably equivalent, we can get one
into the local stable set of the other, by finding a suitable n > 0 and applying
f™ to both. Next, we can choose an open subset of X“(x,ex) containing z
such that f"(U) lies within X*(f"(x),€ex/2). This set U will need to be
very small since f" will expand the set X"(x, ex), but it exists by continuity.
Finally, the map [-, f"(y)] moves points in X"(f"(x),ex/2) into the local
unstable set of f™(y) and takes f™(z) to f™(y). Again by continuity, we may
choose U sufficiently small so that the image of f™(U) under this bracket
operation is contained in X"(f"(y),ex/2). Our h®(z,y,n,U) is simply the
composition of f" with [-, f*(y)], with f~".
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We have now given a proof of the first two part of the following technical
result.

Lemma 8.3.3. 1. For any (z,y) in R*(X, f, P), there is n and U such
that (z,y,n,U) is in N*.

2. For any (z,y,n,U) in N5, (z,y) is in h*(x,y,n,U).

3. IfU C X"(x,ex/2) is open, then (z,z,0,U) is in N*° and h*(z,z,0,U)
is the identity map on U.

4. Forany (x,y,n,U) in N5, the setsr(h*(z,y,n,U)) and U = s(h*(x,y,n,U))
are open is X“(P).

5. Forany (z,y,n,U) in N*, if we let V = r(h*(z,y,n,U)), then (y, z,n, V)
is also in N* and h*(y,z,n,V) = h*(z,y,n,U)"L.

Proof. As we mentioned above, we have already proved the first two state-
ments. The third follows at once from the definition. For the fourth, the
statement U = s(h*(z,y,n,U)) is obvious. Also, we observe that the map
sending w in X“(f™(z), ex/2) to [w, f*(y)] has an inverse on the intersection
of its range with X"(f"(y),ex/2) and both are continuous. It follows that
this is an open map. Then h*(z,y,n,U) is a composition of open maps. The
last part follows from the fact that V' is open, given in part four. O]

Of course, we have verified most of the conditions for an étale topology
as in 77. The last one is slightly more technical.

Lemma 8.3.4. 1. Let (z,y,n,U) be in N* and let n’ > n. Then there
exists U' C U such that (xz,y,n',U") is in N* and

R (x,y,n',U") C h¥(z,y,n,U).

2. Let (x,y,m,U) and (y,z,n,V) be in N*°. There exist | > 0, W C U
such that (x,z,1,W) is in N and

R (x, z, I, W) C h®*(x,y,m,U) o h*(y, z,n, V).

Proof. Let us consider the first part. Let V = r(h®*(x,y,n,U)). Let Uy
{z e Ul (2 e X0(f"(x),ex/2)} and Vo = {w € V [ f"(w)

m |l
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XU(f"(y),ex/2)}. Clearly, Uy € U and Vy C V are open in the relative
topology of X*“(P). Finally, define U" = s(Uy x Vo N h*(z,y,n,U).

We must show that h*(x,y,n’,U") C h*(z,y,n,U)). Let (z,w) be in
the former. This means that f™(2) is in X*(f"(2),ex/2), f*(w) is in
XU(f"(y),ex/2) and w = f~"[f"(2), f* (y)]. We know from the choice of
n that f™(y) is in X°(f"(x),ex/2). It follows that for every n < k <n', we
have f*(2) € X“(f*(x),ex/2) and f*(y) is in X*(f*(x),ex/2). We conclude
that for all £ in this range f=*[f*(2), f*(y)] is defined and is independent of
k. We conclude that w = f~"[f"(z), f"(y)] and so (z,w) is in h*(z,y,n,U).

We now consider the second part. First, choose [ > m,n such that f!(y)
is in X°(f'(z),ex/4) and fY(z) is in X*(f'(y),ex/4). Next, from the first
part of the Lemma, we know we can find U’ C U and V' C V such that

he(z,y,1,U")
R (y, 2,1, V')

he(x,y,m,U)

C
C Rr(y,z,n,V)

We define
W= s(h*(z,y,,UYN (U x V') CU,
W' = r(h*(z,y,,U)) NV’ cv.

We claim that
he(z,y, 1, W) o h®(y, 2,1, W') = h®(z, 2,1, W).

Let (2,y') € h*(x,y,1, W), (v, ") € h*(y, 2,1, W'). This means that f!(y') =
[fY(2"), fY(y)] and that (") = [f'(v'), f(2)]. Then, observing that all brack-
ets are well-defined, we have

FE) =11 L= 1), LWl F ()] = @), (2],

which means that (z/, 2) is in h*(x, 2,1, W). For the reverse inclusion (which
is the only one we will actually need), let (2/, 2') be in h*(z, 2,1, W). As 2’ is
in W, there exists ¢/ with (2, ') in h*(z,y,l,U") N (U" x V'). In particular,
y' is in V' and also in r(h*(z,y,l,U’)). Hence y' is in W’. Thus there is a
2" with (', 2") in h*(y, 2,1, W’). That is, we have f'(z") = [f'(¢), f'(2)]. Tt
follows that

P = 1), 11C)) = 176, WL £ = (6, 1)) = 1),

and hence z” = 2/. This completes the proof of the reverse inclusion.
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To complete the proof we observe

he(z, 2,1, W) = h*(x,y, [, W)oh(y,z,1,W)
C h¥(z,l,m,U)oh’(y,z,n,V).

The last two Lemmas together provide a proof of the following.

Theorem 8.3.5. Let (X,d, f) be a Smale space and let P be a finite f-
invariant subset of X.

1. The collection of sets {h*(z,y,n,U) | (z,y,n,U) € N5(X, f,P)} is a
basis for an étale topology on the equivalence relation R*(X, f, P).

2. The collection of sets {h*(x,y,n,U) | (z,y,n,U) € N*(X, f,P)} is a
basis for an étale topology on the equivalence relation R*(X, f, P).

Definition 8.3.6. Let (X,d, f) be a Smale space and let P be a finite f-
nvariant subset of X.

1. We define S(X, f, P) to be the reduced C*-algebra of the étale equiva-
lence relation R*(X, f, P); that is,

S(X, [, P) = CHR (X, f, P)).

2. We define U(X, f, P) to be the reduced C*-algebra of the étale equiva-
lence relation R*(X, f, P); that is,

U(X, f, P) = C/(R*(X, [, P)).
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8.4 Ideals in the (C*-algebras

In this section, we want to study the ideal structure in our C*-algebras
S(X, f,P) and U(X, f, P) associated to a Smale space (X, f). One impor-
tant consequence is that we will see exactly how these C*-algebras depend
on the choice of set of periodic points P.

8.4.1 General results

The fundamental results underlying all of this section are the following. The
first is very classical and we provide the statement here for readers with
little background in C*-algebra theory, since it provides a nice context for
the second result. (In fact, it can be seen as a special case.) We will not give
proofs, but refer interested readers to [].

Theorem 8.4.1. Let X be a locally compact Hausdorff space. Suppose that
U is an open subset of X and let Z be its closed complement. Define

Iy ={f € C(X) | f|Z = 0}.

1. Iy is a closed, x-closed, two-sided ideal in Cy(X) and the restriction of
functions to U is an isomorphism from Iy to Co(U).

2. The quotient of Co(X) by Iy is x-isomorphic to Cy(Z).

3. Every closed, x-closed, two-sided ideal in Co(X) is of the form Iy, for
some open subset U of X.

Definition 8.4.2. Let R be an equivalence relation on the set X. We say
that a subset Z C X is R-invariant if, for any x in Z and (z,y) in R, we
have y is in Z. In this case, we define Ry = RN (Z x Z).

Theorem 8.4.3. Let R be an étale equivalence relation on the locally compact
space X . Suppose that U is an open, R-invariant subset of X and let Z be
its closed complement, which is also R-invariant. We let Ry = RNU x U
and Rz = RNZ x Z.

1. Then Ry is an étale equivalence relation on U (using the relative topolo-
gies for each).

2. By extending functions to be zero, C.(Ry) is a *-closed, two-sided ideal
in Co(R).
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3. The inclusion of C.(Ry) as a x-closed, two-sided ideal in C.(R) extends
to an isometric inclusion of C*(Ry) in CF(R)) and the image is a
closed, x-closed, two sided ideal.

4. Rz is an étale equivalence relation on Z (using the relative topologies
for each). Moreover, the quotient C*-algebra C¥(R))/C*(Ry) is iso-
morphic to C¥(Rz).

5. Every closed, x-closed, two-sided ideal in C}(R) is of the form C*(Ry),
for some open R-invariant subset U of X.

8.4.2 Irreducible and mixing cases

Theorem 8.4.4. If (X, f) is a mizing Smale space and P is a finite, non-
empty f-invariant set, then S(X, f, P) and U(X, f, P) are both simple. That
is, neither has a closed, two-sided ideal other than 0 and the entire C*-algebra.

Proof. We consider the Case of S(X, f,P) only. Let U be a non-empty
open X°*-invariant subset of X“(P). We will show that U = X"*(P) and the
conclusion follows from part 5 of Theorem 8.4.3. Let y be any point in U. As
U is open in X“(P), we may find § > 0 such that X*“(y,d) C U. Then, there
is an open set y € V C X (y,ex) such that [V y] € X*(y,d). Let x be any
point in X*(P). It follows from Theorem 4.2.8 that X*(x) NV is non-empty.
Let z be any point in the intersection. It follows that [z, y] is still in X*(x)
and also in U. As U was assumed to be X*®-invariant, x is also in U. This

completes the proof. ]
Theorem 8.4.5. Let (X, f) be an irreducible Smale space and P be a finite,
non-empty f-invariant set. Let Xy,..., Xy be as given in Corollary 4.5.7.

Then we have

S(vaup) = EBnNzls(Xn7fN7Pan>7
U(X,f,P) = @gle(XN7fN7Pan)

FEach summand is simple. Moreover, the summands are cyclicly permuted by
the automorphisms as and .

Proof. 1t follows from Corollary 4.5.7 that each (X, f|x,, d) is invariant under
fN. Moreover, f and fV¥ have the same stable and unstable equivalence
relations by Theorem 4.2.6. The conclusions follows easily from these facts
and we omit the details. [
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8.4.3 General case

In this last subsection, we will consider the ideal structure of S(X, f, P)
for an arbitrary Smale space (X, f,d). On the other hand, we will restrict
our attention to S(X, f, P) and leave the reader to work out the obvious
analogous statements for U(X, f, P).

We have seen in section ?? that in a general Smale space (X, d, f), the set
of irreducible components, which we now denote by Irr(X,d, f), is finite and
partially ordered by <. We say a subset Z of Irr(X,d, f) is up-hereditary if
whenever Y isin Z and Y < Y’, then Y’ is also Z.

Definition 8.4.6. Let (X, d, f) be a Smale space and let P be a finite, f-
invariant subset of X. We define

Irr(P)t ={Y e Irr(X,d, f) | p =Y, for some p € P}.

Lemma 8.4.7. LetY be an irreducible component of the Smale space (X, d, f).
We have

{Yelrr(X,d, f)|Y XY} ={Irr(2) | d(z,Y) < ex}.

Proof. We begin with the containment C: let Y’ be an irreducible component
with ¥ < Y’. This means that there is a point z in X with Irrt(z) =Y’
and Irr~(z) = Y. For some integer n, we have d(f"(x),Y) < ex, while
Irr*(f™(z)) = Irrt(z) =Y.

Conversely, if d(z,Y) < ex, then we may find y in Y with d(z,y) < ex. It
then follows that Irr~([z,y]) = Irr~(y) = Y, while Irr*([z,y]) = IrrT(z) =
Y andsoY <XY". O

Lemma 8.4.8. Let (X,d, f) be a Smale space and let P be a finite, f-
mwvariant subset of X.

1. If A be an up-hereditary subset of Irr(P)", then
Ug={z € X“P)| Irr"(z) € A}
is an open subset of X*(P) which is invariant under R*(X, f, P).

2. If U is an open subset of X" (P) which is invariant under R*(X, f, P),
then
Ay = {Irrt(x) |z € U}

is an up-hereditary subset of Irr(P)*.
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3. The maps above are a containment-preserving bijection between the up-
hereditary subset of Irr(P)", and the R*(X, f, P)-invariant, open sub-
sets of X“(P).

Proof. First, we show that Uy is open: if x is in Uy, so Irrt(z) is in A.
Then we may find a positive integer n such that d(f"(x), Irr™(z)) < ex. By
continuity, we may find an open set V' in X such that d(f"(y), [rr*(z)) < ex.
It follows from Lemma 8.4.7 that Irr™(z) < Irr*t(f™(y)) = Irr(y). As A
is up-hereditary, we see that Irr*(y) is in A, for every y in V.

Next, we observe that if x and y are stably equivalent, we have Irr*(x) =
Irr*(y) and it follows at once that U, is invariant under stable equivalence.

If A and A" are both up-hereditary and A C A’, then it is clear that
UsCUp.

Now we consider U, an R*(X, f, P)-invariant, open subsets of X*“(P).
First, we show that Ay is contained in [rr(P)*. Let z be in X*(P). This
means that w™(x) contains some point, p, of P. Tt follows that p < Irr™(z),
so Irrt(z) is in Irr(P)™.

Next, we show that Ay is up-hereditary. Let x be in U and Irrt(z) XY,
for some Y in Irr(X, f,d).

We may find a positive integer n and point y in Irr*(z) such that
d(f™(x),y) < ex/3. Observe that z = [f™(x),y] has Irr™(z) = Irrt(x)
and Irr=(z) = Irr—(y) = Irr™(x) and so belongs to Irr*(z). Next, find
an open set © € V C X"(x,ex) N U such that f*(V) C X“(f"(z),ex/3).
As the periodic points in Irr*(x) are dense, we may find one, say p, suf-
ficiently close to z such that [p, f"(z)] is sufficiently close to [z, f™*(z)] =
[[F" (), yl, f*(2)] = f*(2) so it Lies in f*(V).

As Irrt(z) Y, we may find a point w with p in w™ (w) and Irrt(w) =
Y. Then we may choose a negative integer m so that u = [f™(w), f"(x)] is
also in f*(V'). Hence f~™(u) isin V C U and

Irrt(f~(u)) = Irrt(u) = Irrt (f™(w)) = Irr(w) =Y.

This proves that Y is also in A as desired.
It is clear that the two constructions are inverse to each other. This
completes the proof. O

Theorem 8.4.9. Let (X,d, f) be a Smale space and let P be a finite, f-
invariant subset of X. If A be an up-hereditary subset of Irr(P)* then Uy
gives rise to a closed two-sided ideal in S(X, f, P), which we denote by 4.
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The correspondence sending A of Irr(P)" to 14 in S(X, f, P) is a containment-
preserving bijection between the up-hereditary subsets of Irr(P)T and the
closed, two-sided ideals of S(X, f, P).

Proof. This is an immediate consequence of the last Lemma and Theorem
8.4.3. O

Th next result allows us to compare C*-algebras S(X, f, P) and S(X, f, Q),
at least in the special case that P is a subset of ). Recall that if A is a C*-
subalgebra of a C*-algebra B if whenever a is in A an d b is in B with
0 < b < a, then b is also in A. The simplest example is to consider A = hBh,
where h is any positive element of B. Also recall that the C*-subalgebra A
is called full if the closed two-sided ideal it generates is all of B.

Theorem 8.4.10. Let (X,d, f) be a Smale space and let P C Q be finite,
f-invariant subsets of X.

1. The characteristic function of X"(P), which we denote by xp for sim-
plicity, is a continuous, bounded on X*(Q) and hence lies in the mul-
tiplier algebra of S(X, f,Q). Moreover, we have

XPS(X7f7Q)XP = S(X7f7P>
In particular, S(X, f, P) is an hereditary C*-subalgebra of S(X, f, Q).

2. The closed two-sided ideal in S(X, f,Q) generated by S(X, f, P) cor-
responds to the up-hereditary set Irr(P)T C Irr(Q)" under Theorem
8.4.9.

3. S(X, f, P) is a full hereditary C*-subalgebra of S(X, f, Q) if and only
if Irr(P)t = Irr(Q)". Equivalently, for every q in Q, there exists p in
P with p < q.

Proof. That xp is continuous follows from the definition of the topology on
X*(P) as the disjoint union topologies on the subsets X“(p),p € P. The
rest is a simple consequence.

The second and third parts are immediate consequences and we omit the
details. O

If A is a full, hereditary C*-subalgebra of B, then A and B are strongly
Morita equivalent. Indeed, the set AB is a left-A, right- B equivalence bimod-
ule. We refer the reader to [] for more information on Morita equivalence.
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The following result allows us to describe our C*-algebras up to Morita
equivalence.

Corollary 8.4.11. Let (X,d, f) be a Smale space and let P and Q) be fi-
nite, f-invariant subsets of X. If Irr(P)* = Irr(Q)*, then the C*-algebras
S(X, f,P) and S(X, f,Q) are strongly Morita equivalent.

Proof. We apply Theorem 8.4.10 to P C PUQ and ) C PUQ. It is immedi-
ate from the definition that the hypothesis Irr(P)" = Irr(Q)" implies that
Irr(P)" = Irr(PUQ)". Therefore, S(X, f, P) is a full hereditary subalgebra
of S(X, f, PUQ) and hence they are Morita equivalent. Similarly, S(X, f, Q)
and S(X, f, PU Q) are Morita equivalent. The conclusion follows. [

The following is an obvious consequence, but since it is perhaps the most
useful one, we state it for completeness.

Corollary 8.4.12. If (X, f,d) is an irreducible Smale space and P and Q
are any finite, f-invariant subsets of X, then S(X, f, P) and S(X, f,Q) are

strongly Morita equivalent.
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8.5 (*-algebras associated with shifts of finite
type

In this section, we give quite a concrete description of the C*-algebras which
arise from a shift of finite type.

Let (X, d, f) be a shift of finite type and suppose that P C X is a finite,
f-invariant set. We note the following fact.

Proposition 8.5.1. Let (X, f) be a shift of finite type and let P C X be
a finite, f-invariant set. Then there exists a finite directed graph G and a
conjugacy g : (X, f) = (Xg,0) such that the map from P to G° defined by

p—= t(Q(p)O)ap € P,
1S injective.

Proof. By definition (X, f) = (X, oz), for some finite alphabet A and some
finite set of words F. Let N be any positive integer which is longer than
the lengths of all words in F and so that the least period of any element
of P divides N. Notice that this means that, for any x in P, x is uniquely
determined by x1,xs,...,xy. Define

Goz{(azl,:cg,...,xN)]a;EX}

and
G' = {(z1,22,...,xn41) | v € X}
with
i(.%'l,xz,...,.fL'N+1) = (Il,xg,...,SCN)
t(l’l,l‘g,...,l’N+1) = (1‘2,1'3,...,1‘]\[_,_1),
for any (z1,7s,...,oN41) in GL.

We claim that (Xz,07) is conjugate to (Xg,0). In fact the proof is
exactly the same as was done in 7?7 and we omit the details. The fact that
this conjugacy satisfies the desired condition is immediate from that proof
and our choice for N. O

In fact, the statement of the last result is slightly misleading. It gives
the impression that one would typically start with a shift of finite type and
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a finite set of periodic points P and then go about finding a presentation of
the shift by a finite directed graph.

In fact, the choice of P is not terribly important for the construction of
the C*-algebras. In practice, one would typically begin with a finite directed
graph GG, and want to consider the shift (Xg, o) and its C*-algebra. Then
one would look for a P satisfying the conclusion of the Proposition. This is
not so difficult: find a cycle in G of minimum length. This cycle, repeated
over and over, would then form a periodic point or even a finite collection of
periodic points, which could be used for P. This would satisfy the conclusion
of the last Proposition. As we will see if the next section, it is possible that
we would have more requirements from P.

Let us begin then with a finite directed graph G and finite set of periodic
points P in X and assume that the conclusion of Proposition 8.5.1 holds.

We make a number of definitions beginning with

P™ = {("'ap—27p—1ap0) |p € P}a

and for a sequence (...,p_o,p_1,p0) in P~, we define t(p) = t(py). Notice
that our condition from 8.5.1 on P means that p is uniquely determined by
t(p). Also let P° =¢(P~) C G°.

For each n > 1, let G™ denote the paths in G of length n. The terminal
and initial maps extend to G™ in an obvious way:

181 &, &) = &),
i(él;&%”'?é”) - 2(51)7

for £ in G™.
We define

R, ={(&n) | &n € G™.i(€),i(n) € P°,t(&) = t(n)}.
For ({,n) in R,, we define
E(éun) = {(S(I,y) | ( .- ,I_n_1,$_n), ( . 7y—n—17y—n) S Piv

($17n7 o 75Un) = 67 (ylfny o 7yn) =1,
T = Ym, for all m > n}.

Lemma 8.5.2. 1. For each n > 1 and (§,n) in R,, the set E(&,n) is a
compact, open subset of R°(X¢q, o, P).



134CHAPTER 8. CONSTRUCTING C*-ALGEBRAS FROM SMALE SPACES

2. For eachn > 1 and (§,n) in R,, the maps r and s are local homeomor-
phisms to X" (P) and

s(E@€mn) ={z| (...2-p-1,2-0) € P,
Tlpy ey T =&}

r(BEn) ={yl (. Y-n-1,9-0) € P,
Yins - Yn =10}

3. The collection of all sets E(&,n), withn > 1, (§,n) € R, are a basis
for the topology on R*(Xq, o, P).

In view of the first part of this last Lemma, for any n > 1 and (&, ) in R,
we define e(&,n) to be the characteristic function of E(&,n) C R*(Xg, 0, P)
so that it lies in our *-algebra C.(R*(Xg, o, P)).

Lemma 8.5.3. Let n > 1 be fized and (£,7), (€', 7) be in R,.
1. If (&) # t(&'), then e(§,n)e(¢',n') =0
2. If n # ¢, then e(§,n)e(&,n') = 0.
3. If n=¢ and t(§) # t(£'), then e(§, n)e(&,n') = e(&, 7).
4. We have e(§,n)* = e(n,£).

Proposition 8.5.4. Let n > 1 be fived.

1. For v a vertex of G°, the set

S’VZ<XG7 0) P’ U) = spcm{e(ﬁ, T/) | (ga 77) E R7Ht<§) = U}

is a finite-dimensional C*-subalgebra of C.(R*(X¢g,0)) and is isomor-
phic to My(py.v), where k(P,n,v) is the number of paths & in G*" with
i(€) € P° and t(€) = v.

2. The set
Sn(Xa, 0, P) = spanfe(&,n) | (€;n) € Rn}
is a finite-dimensional C*-subalgebra of C.(R*(Xq,0)) and

Sn(XG707 P) = EB'UGGOS’VL(XG7O-7 P,U).
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Lemma 8.5.5. Let n > 1 and (§,n) be in R,. Let p and q be the unique
elements of P~ with t(p) = i(§),t(q) = ( ).

We have
6(57 77) = e(pgée, QO776>,
ecGli(e)=t(¢)

where pofe = (Po, 1-ns - - - &ns €) and gone = (qo, M—n; - - -, M, €) are paths of
length 2n + 2.

In particular, we have
Sn(XG7 g, P) - Sn—i—l(XGa g, P)
Proof. 1t suffices for us to prove that

E(gv 77) = Ue€G1 Ji(e)=t(¢ (pﬂge 610776)

and that the sets in the union are pairwise disjoint.
O

Theorem 8.5.6. Let (Xq,0) be the edge shift on the graph G and assume
that P is a finite set of periodic points satisfying the conclusion of 8.5.1.
Then we have

Unzlsn(XG,O', P) Q S(Xg,O', P)

is dense. In particular, S(Xg, o, P) is an approximately finite-dimensional
C*-algebra, or an AF-algebra.
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8.6 Properties of the (*-algebras
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8.7 Maps and homomorphisms



