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ABSTRACT. Smale spaces were defined by D. Ruelle to describe
the properties of the basic sets of an Axiom A system for topologi-
cal dynamics. One motivation for this was that the basic sets of an
Axiom A system are merely topological spaces and not submani-
folds. One of the most important classes of Smale spaces is shifts of
finite type. For such systems, W. Krieger introduced a pair of in-
variants, the past and future dimension groups. These are abelian
groups, but are also with an order which is an important part of
their structure. The second author showed that Krieger’s invari-
ants could be extended to a homology theory for Smale spaces. In
this paper, we show that the homology groups on Smale spaces (in
degree zero) have a canonical order structure. This extends that
of Krieger’s groups for shifts of finite type.

1. INTRODUCTION

The original notion of a Smale space is due to David Ruelle, based
on the observation that the basic sets of Smale’s Axiom A systems do
not form submanifolds of the ambient manifold [16, 17, 2, 9, &]. In
fact, Smale spaces are the topological dynamical systems that admit
a hyperbolic structure in terms of canonical coordinates of contracting
and expanding (or stable and unstable) directions. Hyperbolic toral
automorphisms, one-dimensional generalized solenoids as described by
R.F. Williams and shifts of finite type are all examples of Smale spaces.
In fact, any totally disconnected (irreducible) Smale space is conjugate
to a shift of finite type. In [11], W. Krieger defined two abelian groups
for shift of finite type called the past and future dimension groups in
terms of clopen sets of the stable and unstable sets. One of their most
important features is a natural order structure.

In [11], the second author defined a homology for Smale spaces which
extends the dimension groups for shifts of finite type. However, the
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homology groups as defined in [11] are not given any order structure.
In this paper, we prove that the homology groups of Smale spaces in
degree zero have a canonical order structure.

The paper is organized as follows. In the second section, we introduce
the basic concepts and notations (based on [11]) and state the main
results of this paper, which are proved in Sections 4 and 5. The shifts
of finite type which play an important role in the homology of Smale
spaces are reviewed in the third section and their dimension groups are
discussed as ordered groups.

2. PRELIMINARIES

2.1. Smale spaces. A pair (X, p) is called a dynamical system if X
is a topological space and ¢ is a homeomorphism of X. A dynamical
system (X, ) is called irreducible if for every ordered pair of non-
empty open sets, U, V in X, there is a non-negative integer n such
that ¢"(U) NV is non-empty. It is called mixing if for every ordered
pair of non-empty open sets, U, V in X, there is a non-negative integer
N such that ¢"(U) NV is non-empty for any n > N [2, 11].

Definition 2.1. ([10], 2.1.6 of [11]) For a compact metric space X, the
dynamical system (X, @) is called a Smale space if there exist constants
ex and 0 < A < 1 and a continuous map from

Doy ={(z,y) € X x X [ d(2,y) < ex}

to X (denoted by [-,+]) such that, for every z,y,z € X,
B1 |[z,z] ==,
B2 [zly,z] = [z 2],
B3 [[x,y],z]:[m,z],
B4 p(x), o)) = »([z,9]),
whenever both sides of the above equations are defined, and
C1l de(x),p(y)) < Ad(z,y), whenever [z,y] = v,
C2 d(e Y (z), o7 (y) < Xd(z,y), whenever [z,y] = .

In a Smale space (X, ), the local stable and unstable sets are de-
fined, for x in X and ex > € > 0, by

X(z,e) = {ye X |d(x,y) <e¢[z,y] =y},

Xz e) = {ye X |d(z,y) <ely ] =y}
It is a simple matter to show that, for any e sufficiently small, [-,] :
X*%(z,€) x X*(x,e) — X is a homeomorphism to its image, which is
a neighbourhood of x in X. The inverse is obtained by mapping y to
([z, 9], [y, 2])-



ORDER ON THE HOMOLOGY GROUPS 3

Let (X, ¢) be a Smale space. Two points =,y € X are stable (resp,
unstable) equivalent if
lim d(¢"(x),¢"(y)) =0

n——+o0o

(resp, lim, 400 (™ "(x), o "(y)) = 0). We denote the stable (unsta-
ble) equivalence class of z by X*(z) (resp, X“(x))) [14].

Examples of Smale spaces include Anosov diffeomorphisms, the basic
sets from Smale’s Axiom A systems, various solenoids and certain sub-
stitution tiling spaces [10, 17, 1, 20, 21, 22]. Key examples are the shifts
of finite type, namely the doubly infinite path space of a finite directed
graph. We provide a more complete description in the next section. In
this case, the underlying space is totally disconnected [12, 11]. Con-
versely, any irreducible Smale space which is totally disconnected is
topologically conjugate to a shift of finite type.

A factor map m between dynamical systems (Y, ) and (X, ) is a
continuous, surjective map 7 : Y — X satisfying pom = wot). A factor
map 7 is finite-to-one if there is an upper bound on the cardinality of
the sets m7~'{x}, as = runs over X [I4]. It is almost one-to-one if
#m~ Y} =1, for each x in some dense G5 subset of X.

A map 7 : (Y,9) = (X, ¢) between Smale spaces is called s-bijective
(resp, u-bijective) if the restriction of m to Y*(y) (resp, Y*(y)) is a
bijection to X*(w(y)) (resp. X“(w(y))), for any y € Y. Every s-
bijective (or u-bijective) map is finite-to-one |
Definition 2.2. (2.6.2 of [14]) Let (X, ) be a Smale space. Then

= (Y7 w? Trs? Z7 C? 7T'U,)
is an s/u-bijective pair for (X, p) if
e (Y,4) and (Z,() are Smale spaces,
o 7w : (Y 9) — (X, p) is s-bijective and X"(y) is totally discon-
nected, for every y € Y,

o m, : (Z,0) = (X, ) is u-bijective and X*(y) is totally discon-
nected, for every z € Z.

Theorem 2.3. (2.6.3 of [11]) Every irreducible Smale space (X, )
admits an s/u-bijective pair.

This result plays a crucial role in [I1]. The homology is defined and
computed from such an object. While there may be many such s/u-
bijective pairs for a given (X, ¢), it is shown in 5.5.1 of [14] that the
homology is independent of the choice.

Our first contribution here is to improve this situation by proving
the existence of s/u-bijective pairs with certain advantageous extra
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features. These will be important for our proofs later, but presumably,
will have many other applications.

Theorem 2.4. Every irreducible Smale space (X, @) admits an s/u-
bijective pair m = (Y, v, s, Z,(,m,) such that the Smale spaces (Y, 1)),
(Z,C) are irreducible and both maps 75 and w, are almost one-to-one.

The proof is based on [15] and will be given in the subsection 4.1.

Definition 2.5. For any Smale space (X, ), we say that an s/u-
bijective pair (Y, ¢, 75, Z,(, m,) is irreducible if both (Y,4) and (Z, ()

are irreducible and both maps 7, and 7, are almost one-to-one.

For a Smale space (X, ) and s/u-bijective pair
m= (Y, 7, Z,(,m,), for each L, M > 0, we define

EL,M(W> = {(907917 - YL, 20,21, - - '7ZM) € YL+1 X ZM+1 |
Ts(y) = Tu(2m), for all 0 <1< L,0 <m < M}.

If we let o be the obvious map on Xy (7) induced by ¢ and ¢,
(Xpm(m),0) is a dynamical system. Indeed, it is also a Smale space
with totally disconnected stable and unstable sets, and so is a shift of fi-
nite type. In the special case that L = M = 0, this is usually called the
fibred product of (Y,%) and (Z,(). On the other hand, (X, y(7),0)
has an obvious action of the group Sp1 X Shr11, where Sy denotes
the permutation group of {0,1,..., N} [11].

If the s/u-bijective pair is irreducible in the sense above, then the
fibred product is irreducible. By this we mean the shift of finite type
Yo,0(m), o) is irreducible. The other ¥y, 5/(7), o) will not be, in general.
The proof of this result is long and will be given in subsection 4.2.

Theorem 2.6. Suppose (X, @), (Y,¥) and (Z,() are irreducible Smale
spaces,

T (Yo4) = (X, ¢)
1s an almost one-to-one, s-bijective factor map and
Ty (Z,6) = (X, )
is an almost one-to-one, u-bijective factor map. Then the fibred product
Yixx Z={(y,2) €Y x Z | m(y) = mu(2)}

of maps s and m, with ¥ x C is an irreducible Smale space.
In addition, if (X, ) is mizing then so is (Y Xx Z,1 x ().

Of course, one application of the theorem is to an irreducible s/u-
bijective pair for (X, ), but the result is more general, since it makes
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no assumptions that the local stable sets of Z or the local unstable sets
of Y are totally disconnected.

For a shift of finite type, (X, 0), Krieger introduced the dimension
group invariants, denoted here by D*(X,0) and D*(X,0). These are
countable abelian groups and, if the shift of finite type is presented
as the edge shift of a finite directed graph G, they may be computed
directly as inductive limits from the adjacency matrix of G. We discuss
this more thoroughly in the next section.

The second author developed a homology theory for Smale spaces in
[11]. Let us briefly review the construction here. First, one considers
the dimension groups D*(X, y(7), o) of the system, over all L, M > 0.
At each index, a quotient of a certain subgroup is taken, denoted by
Dg 4(Xr,m(7),0), which takes into account the action of the permu-
tation groups (section 5.1 of [11]). These groups are assembled into
a double complex, C§ 4(7)m = Dy 4(ELm(m),0), L, M > 0, whose
homology is denoted by H?(w). There is an analogous construction of
HY(m), using the unstable dimension groups D". In [I4], it is shown
that the result is independent of the choice of 7, and so is written as
H:(X,p)or HY(X, ) (Theorem 5.5.1 of [11]).

For the remainder of this paper, we will concentrate on H*(X, ¢).
Analogous results hold for H*(X, ¢).

The above construction is analogous to computing the Cech coho-
mology of a compact manifold by considering a 'nice’, finite, open cover
and the homology of its nerve. Here, the s/u-bijective pair replaces the
open cover. The shifts (X y(7), o) evidently play the role of the nerve
of the cover, keeping track of the multiplicities of the cover. Finally,
Krieger’s dimension group invariant replaces the homology of the open
balls in the 'nice’ cover.

One of the most important features of Krieger’s invariant for a shift
of finite type is that it also carries a natural order structure. Moreover,
this is also easily computed from the corresponding directed graph. The
aim of this paper is to define a natural and canonical order structure
on the homology groups H§ (X, ¢) and H{ (X, p).

Let us begin with the definition of an ordered abelian group.

Definition 2.7. [3] A pair (G,G™") is called an ordered abelian group
if G is an abelian group with a positive cone G, which is a subset of
G satisfying the following conditions:

(1) G+ + G+ C G+,

(2) G+ — G =G,
(3) G* N —G* = {o}.
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The elements of GT are called positive elements of G and, for g, ¢
in G, we write g; > g (or go < g1) when g; — g2 € G™.

A homomorphism I' : G — H of ordered groups is called positive
if [(G*) € H*. An isomorphism I' : G — H of ordered groups, is
an order isomorphism if both I' and I'"! are positive homomorphisms
(equivalently, if T'(GT) = H*). We remark that the inverse of a posi-
tive isomorphism is not positive in general. For example, consider the
ordered group Z? with the positive cone {(m,n)|m,n > 0}. The map
a(m,n) = (m + n,n) is a positive automorphism of Z* whose inverse
is not positive.

The groups D*(Xp a (7)), L, M > 0, all carry canonical orders. Un-
fortunately, these do not induce orders on the groups D 4(¥r (7))
in our double complex, except in the special case when L = M = 0,
where Dg 4(3o,0(m)) and D*(3¥go(7)) are equal. We intend to lift
this order to the degree zero group in our double complex, namely
on @L_M:()CSQ’A(W)L,M, by setting the positive cone to be those ele-
ments whose entries in the summand L = M = 0 are strictly positive,
together with the zero element. In particular, the entries in the posi-
tion L = M > 0 do not effect positivity. The positive cone Hg(m)"
in H{(m) is then defined as those elements which are represented by a
positive cocycle in @r_y=0C 4(7)ra- The difficulty is to show that
this gives a well-defined and well-behaved order on the homology.

Definition 2.8. Let 7 = (Y, ¢, 75, Z,(, m,) be an s/u-bijective pair for
the Smale space (X, p). Let (C§ 4(7),dg 4()) be the double complex
associated with m and H?(7) be the homology of this double complex.
We define the corresponding cones as follows:

(P Coam i)™ ={0}U{a |0+ ano € ChAlm)do}

L—M=0
and
H(m* = {a+Im( € dha(m)u) |
L—M=1
a€Ker( P dya(m)a)N( @ Coum L)t}
L—M=0 L—M=0

Of course, both definitions are the obvious ones. The issue is now to
show that this provides good order structures, at least for irreducible
Smale spaces. The strategy is a simple one: we first assume that our
s/u-bijective pair is irreducible. We reduce to the case that the shift of
finite type, (X0,0(7), o), is mixing. It follows that the order structure on
its dimension group is completely determined by the state which arises
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from its unique measure of maximal entropy, or the Parry measure -
see Theorem 3.4.

To take homology, we first pass to a subgroup (the cocycles) and then
take a quotient (by the coboundaries). The following rather elementary
result summarizes our task.

Theorem 2.9. [3] Let (G,G) be an ordered abelian group and let
H C G be a subgroup.

(i) If Gt N H = {0}, then with
(G/H)" ={a+H|aec G},
(G/H,(G/H)") is an ordered abelian group.

(ii) If G* N H generates H, that is, (GT N H) — (GTNH) = H,
then (H,G* N H) is an ordered abelian group.

The conditions for the subgroup and quotient in the above theorem
are complementary and could not hold at the same time (except for
trivial cases), but one should note that these conditions are going to
be applied to two separate cases with distinct subgroups (the subgroup
condition is applied to a "kernel” in the complex, whereas the quotient
condition is used for the preceding ”image”).

Our first task is to show that G = Ker(®,_,,_d5 4(7)r.n) and
H =Tm(@P,_,—, d5 (7). ar) satisfy the hypotheses of the first part
of 2.9.

Theorem 2.10. Let m = (Y, ¢, 75, Z,(,m,) be an irreducible
s/u-bijective pair for the irreducible Smale space (X, ). We have

(P Coulma)™ nim( P do a(m)ru) = {0}.

L—-M=0 L—-M=1

Our second task is to show that G =@, _),_oC 4(7)rm and
H = Ker(@,_—0d5.4(m)r,n) satisfy the hypotheses of the second
part of 2.9.

Theorem 2.11. Let 7 = (Y, ¢, ws, Z,(, m,) be an irreducible
s/u-bijective pair for the irreducible Smale space (X, ¢). The subgroup

generated by
(P coumrm) nKer( @ dpalm)n)
L—M=0 L—M=0

is Ker(D,_ -0 dSQ,A(W)L,M)-

As an immediate consequence of Theorems 2.9, 2.11 and 2.10, we
get our main result as follows.
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Theorem 2.12. Let (X,p) be an irreducible Smale space and m =
(Y, ¢, ms, Z,(,my) be an irreducible s/u-bijective pair for (X, ). Then
H§(m) is an ordered abelian group with the positive cone defined in 2.8.

The next issue is to see that the resulting order is independent of
the choice of 7, in a suitable sense.

Theorem 2.13. Suppose (X, ¢) is an irreducible Smale space, and
™= (Y7¢77TS7Z7<77TU)7 7’:‘;: (‘3771/’;7%5727577}114)
are s/u-bijective pairs for (X, ). Assume that 7 is irreducible. Then

(1) H{(7) is an ordered abelian group with the positive cone defined
m 2.8,
(2) There is an order isomorphism H from H(m) to HF(7).

We also want to show that our order structure behaves well as a func-
tor. Already in [11], the functoriality for the groups alone is somewhat
subtle; H*® is covariant for s-bijective factor maps and contravariant for
u-bijective factor maps. We will show that the maps induced at the
level of groups from s-bijective factor maps and u-bijective factor maps
between the dynamical systems are positive group homomorphisms.

Theorem 2.14. Suppose (X, ) and (X', @) are irreducible Smale
spaces.

(1) If p: (X, ) = (X', ¢') is an s-bijective factor map. Then the
group homomorphism p§ : HS(X,p) — HS(X',¢") of [11] is
positive; that is, we have

Po(Ho (X, 9)7) € Hy(X', )"

(2) If p: (X, p) = (X', ¢) is a u-bijective factor map. Then the
group homomorphism pg* : HS(X',¢') — HF(X,p) of [11] is
positive; that is, we have

py (Hy(X',¢")") € Hy(X, ¢)".

A couple of remarks are in order. All of our results are stated for
irreducible Smale spaces. They extend easily to Smale spaces in which
every point is non-wandering, since any such Smale space is the disjoint
union of a finite number of irreducible subsystems.

The ordered groups introduced by Krieger have a number of special
features. They are unperforated: if, for any element a, na is positive,
for some n > 1, then a itself is positive. They also satisfy the Riesz
interploation property (see [7] for details). At this point, it is not clear
exactly which nice properties our ordered groups H(X, ¢) may have.
However, one may observe, using [1], that they may have elements of
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finite order, which means that they are not unperforated in general.
It may be reasonable to expect them to be weakly unperforated: if
na > 0, for some n > 1, then a > 0.

3. DIMENSION GROUPS AND THE PERRON-FROBENIUS THEOREM

3.1. Shifts of finite type. Shifts of finite type are usually defined
in terms of the alphabets and (forbidden) words, but here we use an
equivalent formulation in terms of graphs, which is more suitable for
our purposes.

A graph G consists of finite sets G° and G, consisting of vertices
and edges, respectively, and maps i,t : G! — G°, marking the initial
and terminal points. The graph is drawn by depicting each vertex as
a dot and each edge e as an arrow from i(e) to t(e).

A path of length k in G is a sequence (ey, ..., e), with e; € G, for
1 < i < k, such that t(e;) = i(e;1), for 1 <4 < k. Let G* denote the
set of all paths of the length k. For each k, G* is a graph with vertices
G*! and edges G*, and the initial and terminal maps

i(er,...,ex) = (€1, .., ek-1), t(er,...,ex) = (€2, ..., €x),
for (eq,...,ex) in G*. To any graph G, a pair (Xg,0) is associated,
where
Yg = {(en)pey len € Gh t(e,) =i(eny1),n € Z},
og:X¢—=%¢ ; o(e), =ent1.

This is a dynamical system with the following metric

d(e, f) =inf{1, 27"V | K >0, ep_r.r] = fu-r.x}
on the X, where ejx 1) = (ex, €x41,--.,er), for K < L, and ejx41, 5] =

t(eK) = i(6K+1).
It is easy to see that (3¢, o) is an Smale space with constants ey =

/\:%and
S e kEZ0
e

The system (3¢, o) is called the shift of finite type associated to the
graph G.

3.2. Dimension groups. In [ 1], Krieger defines two ordered groups
in terms of the clopen sets, for the shift of finite type, called the past
and future dimension groups.

Suppose (X, o) is a shift of finite type and 3°(e) is the stable equiva-
lence class of e € ¥. By Proposition 2.1.12 in [11], the set ¥°(e) admits
a topology that is second countable and locally compact. This may be
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different from the relative topology of ¥. Let CO(3, o) be the set of
non-empty, open and compact subsets of 3°(¢e), over all e in ¥, and ~
be the smallest equivalence relation on CO(X, o) such that E ~ F if
[E,F| = E and [F,E] = F and E ~ F if and only if o(F) ~ o(F),
and let [E] denote the equivalence class of E.

Let D*(X,0) be the free abelian group on ~-equivalence classes of
CO?(%,0) and and H be the subgroup generated by [EUF|—[E]|—[F],
where F, F'and EUF are in CO*(X,0) and E and F are disjoint. The
group D*(X, 0) is defined to be D*(X,0)/H.

The order is obtained by defining

D*(%,0)t ={[E]| E € CO*(%,0)},

and then

D*(3,0)"={a+H|aeD(Z,0)"}.
The ordered abelian group D"(X, o) is defined in a similar way, by
replacing the unstable equivalence classes ¥%(e) by ¥°(e).

Krieger showed how this ordered group could be computed from the
underlying graph of the shift of finite type.

Before going into more details, we need some notation. Let A is a
finite set, then the free abelian group generated by A, ZA, is an ordered
abelian group with the positive cone {z1a; + ... + zpap, | 21,...,2, €
ZtU{0},ay,...,a, € A;n € N}. In our notation, A is considered as a
subset of ZA.

If A, B are finite sets and 7 : A — B is any function, then there is
a unique positive homomorphism I' : ZA — ZB extending 7.

For the finite set A, the integer-valued bilinear form (,) is defined
on ZA x ZA which is additive in each variable, and for each a,b € A,

] 1 if a=0b,
<a’b>—{o if atb
For two finite sets A, B, and homomorphism h : ZA — ZB, there is
a unique homomorphism h* : ZB — ZA such that

<h(a)7 b> = <CL, h*(b»’
for all @ in ZA and b in ZB.

Let A = {a1,...,an} and B = {by,...,b,}. We associate a matrix
[Rijlnxm to the homomorphism A such that the entry h;; is equal with
the coefficient b; in h(a;) when h(a;) is written in terms of the gener-
ating set B. We have

(h(a),b) = (a, " (b)),

for a in ZA and b in ZB, that is, [h;]mxn = ([Pijlnxm)”, Where M7
denotes the transpose of a matrix M.



ORDER ON THE HOMOLOGY GROUPS 11

Now we compute the dimension group in terms of the underlying
graph of the shift of finite type.

Let (G° G',i,t) be a graph and (g, o) be the associated shift of
finite type. Suppose ZGP is the free abelian group on the generating
set G° and consider the homomorphism

V8 1 LG - TG Ag(v) = ) i(v) (veG).

t(e)=v

The past dimension group D*(G) is defined as the inductive limit of

the system

7GY 2% 760 25

Since ZG° is an ordered group and 7 is a positive homomorphism,
D?(G) inherits an order structure in a natural way. Let us give a
brief and simple description of the elements of D*(G). Two points
(a,m) and (b,n) in ZG° x N are equivalent, denoted (a,m) ~; (b,n),
if there exists [ € N U {0} such that (7%)""(a) = (7&)""(b). The
equivalence class of (a,m) is denoted by [a,m]s and D*(G) is the set
of all equivalence classes. The positive cone in this group consists of
those elements [a, m], with (v5)'(a) € (ZG°)™, for some [ in N,

The future dimension group for the graph (G°, G*,i,t) is defined in
a similar way, by replacing the homomorphism 7% : ZG° — ZG" by
V&, where

v6(v) = Ez’(e)zvt(v)a
for all v in G°. Note that v¢& = (7&)*.

It is worth noting that in some places in the computation of the
homology, it is necessary to use the graph G* instead of G, which does
not effect the answer. This can be viewed as a consequence of the next
theorem. The next two result appear as Theorems 3.3.3 and 3.5.5 in
[14], but without the order structure.

Theorem 3.1. Suppose G is a graph, (Xg,0) is the associated shift
of finite type and k > 1. The homomorphism ¥ from D*(Xq,0)
to D*(G*), defined on the generating elements by W([X%(e,277)]) =
[elt=0k==1 5 — kK +1], e € Xq, j >k, is an order isomorphism.

We recall some notation from section 3.1 of [I1], that if B is any
subset of A, Sum(B) =) ,.5b € ZA.

Theorem 3.2. Let G and H be graphs with a graph homomorphism
7w : H — G and suppose that the associated map 7 : (Xy,0) = (Xg,0)
1s s-bijective, k > 1, and K satisfies the conclusion of Lemma 2.7.1
in [14] for m. The induced map 7°[a, j] = [7>%(a), j] from D*(H*) to
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D3(G*E) s a positive homomorphism, where a € ZH*', j > 1 and
7 (q) = Sum{n(q) | ¢ € H"* t%(¢) = q}.

3.3. The Perron-Frobenius Theorem. Let G be a finite directed
graph. The adjacency matrix, Ag, is #G° x #G° whose entries are the
number of edges between the different vertices of G. The shift of finite
type (Xq, o) is irreducible if and only if the graph G is irreducible, in
the sense that, for each ordered pair of vertices v and v in G, there
exists a path p in G starting at « and terminating at v. This is also
equivalent to the adjacency matrix being irreducible, in the sense that,
for each ordered pair of indices 7, j, there is some non-negative integer
n such that (Ag)7; > 0.

The shift of finite type (X¢g,0) is mixing if and only if there is a
positive integer n such that, for every ordered pair of vertices u and v
in G, there exists a path of length n in G starting at v and terminating
at v. This is also equivalent to the adjacency matrix being primitive;
that is, there is some positive integer n such that (Ag)7; > 0, for all
1 <1,7 < m. If this holds for some fixed n, it also holds for all higher
values of n [12].

Let us recall the Perron-Frobenius Theorem (Theorem 4.2.3 of [12]).
If A is a non-negative irreducible square matrix, then it has a positive
eigenvalue A4 and a right positive eigenvector v, associated to Mg,
called the Perron eigenvalue and the Perron eigenvector, respectively,
such that |u| < A4, for every eigenvalue u of A, and the corresponding
eigenspace of A4 is both geometrically and algebraically simple.

Given our presentation using homomorphisms rather than matrices,
we state this in the following fashion. We apply this to both the adja-
cency matrix for the graph and its transpose, but these share the same
Perron eigenvalue. Assuming that the graph G is irreducible, there is
A > 0 and vectors v, v in RTGY such that

Ye(vg) = Aavg, 76(vE) = Aavg.

We have extended the definition of ¢, ¢ in the obvious way. We
remark that if we replace G by G*, for some k > 1, we obtain a higher
block presentation of the shift (see Definition 1.4.1 of [12]). The Perron
eigenvectors are changed, but not the eigenvalue: A\gr = Ag.

The Perron eigenvalue in the above result is related to the notion of
entropy as the below result shows. This could be defined for a general
dynamical system, but here we only deal with the shifts of finite type.
Let G be a graph and (Xg, o) be the corresponding shift of finite type.
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The entropy of (X¢, o) is defined (4.4.1 of [12]) by
1
h(Xg,0) = lim —log #G"
n—,oo M
where #G" is the number of paths of length n in G.

Theorem 3.3 (Theorem 4.4.4 [12]). If G is a graph, then we have
h(Xa, 0) = log(Ac).

The Perron-Frobenius Theorem also has a nice application for the
computation of the order structure of D*(Xq,0), particularly in the
mixing case. This follows from Corollary 4.2 and Theorem 6.1 of [7].

Theorem 3.4. Let G be a finite directed graph whose associated shift
of finite type is mizing. For anyn > 1 and a in ZG°, the element [a, n]
is in D*(G)T — {0} if and only if < a,vg > is positive.

We end this section with a result which gives a sufficient condition
for the surjectivity of maps between shifts of finite type.

Theorem 3.5 (Corollary 4.4.9 [12]). Suppose G and H are graphs
and 7 : (Xg,0) — (Xu,0) is a finite-to-one map. If the graph H is
irreducible and h(Xq,0) = h(Xy,0), then 7 is onto.

4. IRREDUCIBLE S/U—BIJECTIVE PAIRS AND FIBRED PRODUCTS

4.1. Irreducible bijective pairs. The proof of the existence of s/u-
bijective pairs comes from [15]. Our proof of the existence of irreducible
ones must go back to the same starting point to see how the results of
[15] can be improved.

Suppose (X, ) and (Y,¢) are irreducible Smale spaces and 7 :
(X,p) = (Y;) is an almost one-to-one map. In [I5], it is shown
that that there exist irreducible Smale spaces (X, @), (Y,4)) and factor
maps «, 3, 7 such that the following diagram is commutative.

(X.¢) — (YV.9)
al LB (4.1)
(X,p) — (V.¥)

Moreover, the maps «, 8 are u-bijective and the map 7 is s-bijective.
Regretably, it is not shown that «, 3, 7 are almost one-to-one, which is
what we undertake now. In fact, it will be enough to consider 5. (The
space (X, ¢) is appearing in a somewhat unfortunate position as the
domain, but we follow [15] for the moment.)

The proof involves finding a periodic point yo in Y with 7 {yo} =
{z0}, a single point in X. Then W is the unstable set of the orbit
of zp and it is shown that (W) is the unstable set of the orbit of
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Yo. Let dx,dy be the metrics on X and Y, respectively. We view X
and Y as the completions of the space (W, dx) an d (7(W),dy). The
proof of [15] involves introduing new metrics on W and 7(W), dx and
Sy, respectively so that X and Y are their completions. As these new
metrics are greater than or equal to the old ones, the factor maps «, 3
appear automatically.

Here, we claim that 37 {yo} = {zo}. (The references here will all be
to [15].) To see this, it suffices to consider a sequence y,, in 7(W) which
is Cauchy is 0y and converges to yg in dy and prove that it converges
to yo in dy. For n sufficiently large, [yo, y,] is defined and using part 4
of 2.18, we have

Oy (Yo, Yn) < Oy (Yo, Mo, Un)) + Oy ([Y0: Ynl, Un)
< 5Y(y07 [y(byn]) + (1 - 7n)‘)ildY([yOa yn]>yn)'

It suffices for us to show that [y, y,] converges to yo in dy. By replacing
Yn by [Y0,Yyn], Wwe may assume that y, is in V*(yo, €y). By part 2 of
2.12, we may assume that y, and y, are p-compatible and then by
2.10, for all k > 0, there is N;, > 1, such that g=*(yo) and g *(y,) are
p-compatible for n > Nj.

Let € > 0 be given. From the definition of 6 in 2.14, it is bounded
by D. We may find K > 1 such that Y, 7D < ¢/2. Find N >
max{N; | 1 <k < K} so that, for n > N and 0 < k < K, we have

€
2(K +1)
It follows from 2.17 and part 4 of 2.15 that for such n,

dy (97" (o), g " (yn) <

Oy (Yo, yn) = Y% (g " (v0), g " ()

[e.9]

> dy(gF o) g () + D r*D

k=0 k=K+1

IN

€ +€
2K +1) 2

M)~

<
0

[
ol

Exactly as in [15], we apply this result as follows. We begin with our
irreducible Smale space (X, ¢) and find an irreducible shift of finite type
(¥,0) and an almost one-to-one factor map 7 : (£,0) — (X, ¢). The
system which is called (Y, §) above, we denote by (Z,¢) and the map
8 by m,. The fact that Z has totally disconnected stable sets follows
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from the facts that ¥ is also a shift of finite type and 7 is s-bijective.
Now, we also know that there is zo in X with #m, {z¢} = 1.

We next want to show that if there is a single point x with #r 1 {z} =
1, this will also hold for all points with dense forward or backward orbit
if we also assume that 7 is s-bijective or u-bijective. Recall that the
forward orbit of a point « is {¢™(x) | n > 0}, while the backward orbit

is {"(x) | n < 0}.
Lemma 4.1. Let (Y,v) and (X, ) be Smale spaces and 7 : (Y1) —
(X, ) be an s-bijective (or u-bijective) factor map. Assume there is g

in X such that 7={xo} = 1. Then for any point x in X with a dense
forward (backward) orbit, we have #n 1 {x} = 1.

Proof. We prove result in the case that 7 is s-bijective. List 7~ 1{z} =
{y1,...,yr}. Since the orbit of x is dense, we may find an increas-
ing sequence of positive integers n; such that ¢ (x) converges to z.
Passing to a subsequence, we may assume that for each 1 < ¢ < [,
the sequence 1" (y;) converges to some point of Y, and by continuity,
these points must all lie in 771(x¢). It remains to show that no such
two sequences can have the same limit. If there is 1 <i # 7 < I, then
d(™ (y;),¥™ (y;)) tends to zero, as k goes to infinity. Then we have

T (yi)) = " (7w (yi)) = ™ (2) = @™ (m(y;)) = m (V" ().
Using the fact that 7 is s-bijective, Proposition 2.5.2 in [I4] implies
that, for k sufficiently large,

V" (i) € YU (" (), €x),
which implies that
yi € Y'(y;, \"e€r).
Since this is true for all k£, we conclude y; = y;, and we are done. [

The set of points with a dense forward orbit is rather large in an
irreducible system. The following result is standard; see, for example,
Theorem 5.9 of [18].

Proposition 4.2. Let (X, ) be a dynamical system, with X a compact
metric space. If (X, @) is irreducible, then the set of all points x with
dense forward orbit is a dense Gs subset of X.

It is probabaly worth noting that Lemma 4.1 and Proposition 4.2
together prove the following.

Corollary 4.3. Let (Y, 1) and (X, ¢) be Smale spaces and 7 : (Y, ) —
(X, ) be an s-bijective (or u-bijective) factor map. Then m is almost
one-to-one if and only if there is a point o in X such that #7x 1 {xe} =
1.
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We have also now proved Theorem 2.3, that every irreducible Smale
space has an irreducible s/u-bijective pair.

4.2. The fibred product of maps. Let m : (Y,9) — (X,¢) and
7o (Z,() = (X, ¢) be maps between Smale spaces and

Y xx Z={(y,2) €Y x Z | m(y) =ma(2)}

be the fibred product of 7y, 79, with the relative topology of Y x Z. By
Theorem 2.4.2 in [11], Y X x Z is an Smale space, with ¢ x ((y, z) =
(¥(y),¢(2)), for (y,2) € Y xx Z. We also note that there are natural
maps pe : (Y xXx Z,¢ x () — (Z,() defined by ps(y,2) = z and
p1: (Y xXx Z,4 x () — (Y1) defined by pi(y, z) = y. We note that if
71 is s-bijective (or u-bijective), then so is ps.

The drawback is that the fibred product of maps on irreducible Smale
spaces is not irreducible in general. In this section, we prove the irre-
ducibility of the fibred product (Y x x Z,% x () under certain natural
conditions.

Proposition 4.4. Let m : (Y,¢) — (X, ¢) and my : (Z,() — (X, @) be
either s-bijective or u-bijective, almost one-to-one factor maps between
irreducible Smale spaces. Then the natural maps p; and py be from the
fibred product to'Y and Z, respectively, are also almost one-to-one.

Proof. The set of x in X with #7; '{z} = 1is a dense Gj, as is the set
of x with #m, '{x} = 1. It follows that their intersection is non-empty.
If x is in this intersection and m(y) = x,m(z) = =z, it is a simple
matter to see that

py =} ={(y,2)} = pr {y}.

Noting that p; and p, are also either s-bijective or w-bijective and
Corollary 4.3, this completes the proof. O

We will need two technical results for the proof of Theorem 2.6. The
first is a characterization of irreducibility.

Lemma 4.5. Let (X, ) be a Smale space. If there exists a point x
i X whose forward orbit clusters on every periodic point of X, then
(X, p) is irreducible.

Proof. Let y be an accumulation point of the backward orbit of z.
It is clearly non-wandering and so it is in the closure of the periodic
points. 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 x to itself and conclude that z is in the non-wandering



ORDER ON THE HOMOLOGY GROUPS 17

set. The orbit of z will remain in the same irreducible component
of the non-wandering set. Hence all periodic points are in the same
irreducible component. This implies that there is only one irreducible
component. If X contained a wandering point, its forward orbit and
backward orbits would limit on two distinct irreducible components.
As this is not possible, X has no wandering points. O

Lemma 4.6. Let 7t; = (Y,9) — (X, ) be an s-bijective almost one-
to-one factor map between irreducible Smale spaces and (X, p) and
(Y,4). Let xq be a periodic point of X with 7~ xo} = {y1, Y2, ..., Y1}
For d,e > 0, put U = [X"(x0,0), X*(x0,0)] and, for 1 <i <1, let

Vi={zeU|n [z, 2]} SY(yi 6)},

where Y (y;, €) denotes the open ball at y; of radius €. Then there ezist
arbitrarily small positive pairs J, € such that
(i) V; is open,
(ii) V; is non-empty,
(iii) [V;, U] C V;.

Proof. First choose € to be smaller than €, and also smaller than half
of the distance between y; and y;, over all 1 <7 # j < I. Then choose
d > 0 so that Lemma 2.5.11 of [I1] holds. It follows easily from the
continuity of the bracket and Lemma 2.5.9 of [11] that V; is open for all
1. Let us next fix ¢ and prove that V; is non-empty. By hypothesis, there
exists a point 2/ with dense forward orbit and #7'{2’} = 1. Notice
that any point in the orbit of 2’ also has these properties, as does any
point stably equivalent to a point in the orbit of /. Let 3/ in Y be
the unique point with 7(y’) = 2’. Since (Y, ) is irreducible, the stable
equivalence class of the orbit of ' is dense. So there exists y” stably
equivalent to some point in the orbit of 3 in Y"(y;,€). Let us check
that w(y”) isin V;. As € < e, we know [7(y"), zo] = 7([y", vi]) = 7(v")
and hence 7 H{[7(y"), xo] = {y"}} is in Y (y;, €). Finally, we verify that
last condition. Suppose that x is in V; and z; is in X%(x¢,d) and x5 in
X*(xg,0). Since [z, [z1,x2]] = [z, 29] is in V}, [[x, x2], x0] = [z, z0] and
the conclusion follows. O

We have most of the ingredients for the proof of Theorem 2.6, but
for the last statement, we need some convenient characterizations of
mixing.

Lemma 4.7. Suppose (X, ) is an irreducible Smale space. The fol-
lowing are equivalent.

(1) (X, ) is mizing
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(2) For any periodic point x in X, we have X*(x) N X" (p(x)) # 0
and X" (x) N X*(p(x)) # 0.

(3) For some periodic point x in X, we have X*(x) N X"(p(x)) # 0
and X*(z) N X5(p(x)) # 0.

Proof. This is a consequence of the Smale’s spectral decomposition. Let
~ be the equivalence relation on the periodic points of (X, ¢) in the
Smale’s spectral decomposition, that is, for two periodic points x,y €
X, x ~ y, if and only if X*(z) N X“(y) # 0 and X“(x) N X*(y) # 0.
Then there are pairwise disjoint clopen sets Xy, ..., Xy whose union
is X, p(X;) = o(Xiy1) for 1 <i < N —1, p(Xy) = X7 and (X, V)
is a mixing Smale space, for every 1 < i < N. Moreover each X; is
the closure of an equivalence class of ~ and these sets are unique up
to relabeling.

If we assume that (X, ) is mixing, then N above must equal 1 and
the second condition holds. The second part obviously implies the
third. Finally, if = is periodic point, so is ¢(x). Suppose z € X;, for
some 1 <i<N-—1, X¥(x)NX"(p(x)) # 0 and X" (z)NX>3(p(z)) # 0.
Then z ~ p(z), thus p(z) € X;NX, 1. Since X;’s are pairwise disjoint,

X; = X;11. The same argument shows that X; = X;,; = ... = Xy.
Similarly, if x € Xy, then Xy = X; = ... = Xn_1. Therefore, N =1,
hence X = X; and (X, p) is a mixing space. O

Proposition 4.8. If7: (Y,¢) — (X, ¢) is an almost one-to-one factor
map between Smale space, (Y1) is irreducible and (X, @) is mizing,
then (Y, 1) is mizing also.

Proof. We will verify the condition of the last Lemma. Suppose y is
in Y and x is in X such that 7~ '{z} = {y}. Since (X, ) is mix-
ing, it is irreducible and hence by Proposition 2.3 in [15], we can find
a periodic point g € X with #7'{xo} = 1. Let yo € Y with
m(yo) = xo. Since x( is periodic and 7 is finite-to-one, yg is a pe-
riodic point. By the argument of the proof of Lemma 2.4 in [15],
T (X5 (@) = Yo (o), 7 H(X*(@(x0))) = V*((po)), 71 (X"(20)) =
Y(yo) and 71 (X*(p(x0))) = Y*(¢(yo)). Since (X, ¢) is a mixing
Smale space, we have

X*(xo) N X" (p(w0)) #0,  X"(w0) N X*(p(w0)) # 0
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that implies

Yo (yo) N Y (¢h(yo)) = 7"

Y*(yo) NY*(¢(v0)) =

Therefore, by the Lemma 4.7, (Y1) is mixing. O

Proof. (Theorem 2.6) The sets of points of X with dense forward and
backward orbits are both dense Gs’s and so their intersection is non-
empty. Let x be a point in X with a dense forward orbit and a dense
backward orbit. Let y and z be its unique pre-images under m, and 7,
respectively. By Lemma 4.5, it suffices to prove that the forward orbit
of (y,z) clusters on every periodic point. Let (y;,2;) be a periodic
point in the fibred product. Let z1 = 7s(y1) = mu(21). Enumerate
7,z } = {y1,...,yr} and 7, Yz} = {z1, ..., 25 -

For small d,¢, let V;, 1 <¢ < T and W;, 1 <j < J be the result of
applying Lemma 4.6 to the maps 7 and 7, respectively. Observe that
since m, is u-bijective, the last condition on W is [U,W;] € W, . We
have

‘/1 le 2 [‘/vl:U] N [Ua Wl] 2 [‘/ivwl]?

which is clearly non-empty. Also V3 N W is open. It follows that there
is n > 1 with ¢"(z) € V; N W;. This implies that ¢¥"™(y) € Y (y1, €) and
("(z) € Z(z1,€). Since € was arbitrary, this completes the proof of the
first part. The mixing case follows from two applications of Proposition
4.8. U

5. HoMoOLOGY

In this section, we prove the main results on the homology of Smale
spaces, stated in the first section. Suppose (X, ¢) is a Smale space, then
so is (X, "), for any positive integer n, and if 7 = (Y, 9, 7s, Z, (, my)
is an s/u-bijective pair for (X, ¢), then m, = (Y, ", 75, Z,(", 7,) is an
s/u-bijective pair for (X, ™). The results in chapters 4 and 5 of [11]
show that (Cou(X(m)), do.a(X(m))) and (Coa(X(my)), do.a(E(m)))
admit the same cocycle and coboundaries. On the other hand, by
Smale’s spectral decomposition, for every irreducible Smale space,

(X, ), X can be written as a union of pairwise disjoint clopen subsets
X1, ..., Xy such that X (X;) = X;, for each 1 < i < L, and (X;, pl)’s
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are mixing Smale spaces [17]. Hence

L
HY (X, ) = Hy (X, ") = @D Hy(Xi, "),
=1

for any positive integer N, and this along with Theorem 2.13 allows us
to replace an irreducible Smale space by a mixing one.

Under the assumption that (X, ¢) is mixing, we find 7, an irreducible
s/u-bijective pair for (X, ). It follows at once from Propositions 4.8,
4.4 and Theorem 2.6, that (Xgo(7),0) = (Y Xx Z, ¢ x () is mixing and
ps and p, are almost one-to-one.

We start with two lemmas that are simpler versions of Theorems 2.11,
2.10. Both of these consider the following situation: a shift of finite type
(33, 0), a Smale space (Y, 1) and a factor map p : (£,0) — (Y, ) which
is either s-bijective or u-bijective. In Chapter 4 of [I1], a complex is
formed from such a map. It is a simpler object than the double complex
associated to an s/u-bijective pair, but its importance lies in the fact
that the individual rows and columns of the double complex all arise in
this fashion. Applying this to our map p, : (Xoo(7),0) — (Y, ) yields
the bottom row of our double complex. Similarly, applying this to our
map p, : (Xoo(m),0) — (Z,() yields the left column of our double
complex.

To a factor map p as above, we let

Sn(p) = {(zo, .., 2x) € E¥ | p((w0) = ... = p(an)},

for all N > 0. There are obvious maps 6, : Xny(p) — Xn-1(p), for
0<n<Nand N >1.

Lemma 5.1. Let (3,0) be a mizing shift of finite type, (Y,v) be a
mixing Smale space and ps : (X,0) — (Y,¥) be an s-bijective, almost
one-to-one factor map. Then Im(55 — 65) N D*(Xo(ps))T = {0}.

Proof. We begin by finding a graph G whose associated shift (X¢, o)
is conjugate to (X,0). (We suppress the conjugacy in our notation.)
From Theorem 4.2.8 in [14], this G may be chosen so that the map pj
is regular. (The definition of regular is given in 2.3.3 of [11]. We will
not really need it here, but we will indicate where it is used shortly.)

If (zg,21) is in Xy (ps), then xy and x; are bi-infinite paths in G and
if we take their 0-th entries we obtain a pair in G! x G*. We let G} be
the set of all such pairs over all (zg, ;1) in 31(ps) and GY be the image
of this set under ¢ x t. Then (G is a graph with obvious ¢, ¢ maps. The
significance of our choice that p; is regular is that

201 =2 (pS)'
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(The elements of the set on the left are infinite sequences of pairs of
edges of G, while those on the right are pairs of infinite sequences of
edges of G, but we feel no confusion will arise from equating the two.)

It is clear from letting zy = z; that G contains all pairs (a, a) where
a is in G'. We denote this subgraph by G. As p, is s-bijective, any
edge in G which terminates in G must actually be in G%.

Let G, consist of those vertices not in G and all edges whose initial
vertex is not in G{. This is a graph and its infinite path space Yy
maps to Y by dg. If this map is surjective, then every point of Y has
at least two distinct pre-images under p,, contrary to our hypothesis.
Using Theorem 3.5, we conclude that

log(Aar) = h(Ser,0)) = h(6o(Sar, 0)) < h(Se, o) = log(Aq)-

It follows that there is a constant C' such that #(G")’ < C(Ag)?, for
all j > 1.

Following the discussion prior to Theorem 4.2.13 of [11], for k > 0,
we choose BY to be a subset of of GF which contains no paths of the
form (po,p1) if po = p1 and for py # py, it contains exactly one of
(po,p1) and (p1,po). Following Theorem 4.2.13 of [11], for any k > 0,
j>1,pin BF, we let

ta(p, ) = {(g,@) € G x S5 | #(q) = p,#(q) - o € Bi}.
The point here is that any path ¢ with i/(q) = p € BF C (G})* must lie
entirely in G. It is then clear that #t%(p, j) < C(Ag)***. The map
Vi @ ZBY — ZBf is defined just before 4.2.13 of [11]. We conclude

from the first part of 4.2.13 of [14] that if n : ZB¥' — R is any
group homomorphism and a is in ZB}!, then there is a constant D
(depending on a) such that
1((73,Y (@) < DAy ), for all j = 1

Consider the following diagram

S

Tgk

7By — ' 7Bk

o |o
'YSGk

Q(G’f7 SQ) —1> Q(Glf7 82)

s, K ¢5,K s, K ¢5,K
5K 58 l lao —5°
s
’YGkFFK

ZGkJrK ey ZGk+K.

The second part of 4.2.13 of [11] tells us that the top square com-
mutes and that the vertical maps are isomorphisms. The bottom square
commutes by Theorem 4.2.3, Definition 4.2.4 and Theorem 4.2.5 of [11].
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We consider 7(-) =< (65" —67%)0Q("), Vgner >, Where v, is the
Perron eigenvector for v, x. It follows that, for any a in Z.B%, there
is D such that

D(Ae;) = n((vi) (a))
(66" = 07™) 0 QU(vE ) (@), viwsne >
(V) (657 = 877 0 Qa)), viwrxc >
= < (6" = 8" 0 Q(a), (Ywrxc ) (vewsxc) >
= X < (65" = 67") 0 Q(a)), ik > .
As 0 < Ag; < Ag, the conclusion we draw from this is that
< (657 = 69%) 0 Q(a)), Vgiex > is ot positive. This implies that
(657 = 69%) 0 Q(a) is not in D*(G*)* — {0}. This holds for every a in
ZBY, but as Q is an isomorphism, we also see that Im(55" — 65%) N

D*(G*)T = {0}. The conclusion follows. O

Lemma 5.2. Let (X,0) be a mizing shift of finite type, (Z,¢) be a
mizing Smale space and p, : (X,0) — (Z,() be a u-bijective, almost
one-to-one factor map. Then the subgroup generated by Ker(d65* —65*)N
D*(Zo(pu))™ is Ker(og* — 95%).

<
= <
<

Proof. First, suppose that we have a strictly positive element a in
(ZG* )" such that (55 —5:")(a) = 0. Then [a, j] € Ker(05*—65),
for every j in N. It follows that every [b, j] in Ker(d§* — §5*) can be
written as the difference elements

b, j] = [b+ na, j] — [na, j],
in which n € N. It is a simple consequence of Theorem 3.4 that we
may chose n large enough such that b + na € (ZG&J{)K )+. This means
Ker(o5* — 05*) N D*(Xo(pu)) T generates Ker(d5* — 65%).
In order to obtain the element a as above, let us return to the proof

of Lemma 5.1, using p, and replacing s with v throughout. We now
consider the diagram

u

Yrk

7B 7B
Jl jJ
'ng
A(Glfv 52) _1> A(G’f7 52)

as“af“l jzsg“a;‘“

,yu
ZGHHE ST g GRtK
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The third part of 4.2.13 of [11] tells us that the top square commutes
and that the vertical maps are isomorphisms. The bottom square com-
mutes by Theorem 4.2.3, Definition 4.2.4 and Theorem 4.2.5 of [1].

The same argument as given earlier shows that
< (605 — 69" (a), Vx> s not positive, for every a in
A(G%,S,). But this also applies to —a and it follows that

0=< ((Sg’K — 5?’1()(&), Ué«k+K >

for every a. Then by Lemma 3.5.6 of [I1] (where there is a typo,
switching s and ux), we get

0=< a, (58*7K - 6f*’K)<'UZwk+K) >

for every a. It follows that (35"" — 67"™)(viux) = 0. If v3.x had
integer entries, we would be done.

If we view (65" — 675 as a linear map, the condition above means
that it has a non-trivial kernel. That kernel has a basis and since the
transformation has matrix with integer entries, we can obtain a basis
for the kernel consisting of rational vectors. We know that v}, x is a
positive vector and it also must be a linear combination of the rational
basis for the kernel. If we carefully choose rational scalars, we may
find a rational vector, also in the kernel, and sufficiently close to (e
so that all its entries are positive. If we then multiply by a suitable
integer, we find a positive integer vector a € ZG*TX in the kernel of
(655 — 575, This completes the proof. O

Proof. (Theorems 2.11 and 2.10) Consider the fibred product X o(7)
of maps 7 and m,, and let G be a presentation of m. Since (X, ) is
mixing, so is 3o o(7), by 2.6. From Theorem 5.1.4 of [11], the bottom
row in our double complex is the same as the complex for the map p;
while the first column is the same as the complex for the map p,. Now
the two theorems follow from Lemmas 5.1 and 5.2, respectively. 0

Suppose m and 7 are the s/u-bijective pairs given in Theorem 2.13.
It is shown in [11] that the homology of Smale spaces is independent
of the corresponding s/u-bijective pair. This is done in Section 4.5 of
[14], where an isomorphism is found between the homology of the rows
of the complexes

(©L-m=N(CEA(T) .01, Pr—ni=n(dg 4(T)L,01)
and

(©L-m=N(CEAT) L0t Br—nmr=n(dg 4 (T)L,01),
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and then using Theorem 3.9 of [13], it is extended to an isomorphism
between the homologies of the complexes

(D1-m=N(CE A(T) .21, BL—r1=n(dg 4(T)L,M1)
and
(©L-m=N(CEAT) L2t Br—ni=n(dg a4 (T)L,01)-

We use these isomorphisms to show that H§(7) is an ordered group
with the positive cone defined in 2.8, and that, these are indeed ordered

isomorphisms.
Let us first remind the reader that there is a minor mistake in the
statement of Theorem 3.5.11 in [14] used to prove the independence and

functorial properties of the homology for Smale spaces (see Sections
5.4 and 5.5 in [11]). Deeley and co-authors proved that the surjectivity
condition in this theorem must be replaced by the conjugacy condition
[6]. It follows that we also need the conjugacy condition in Theorem
5.4.1 in [I4]. Here we state the correct versions of these results from

[6].

Theorem 5.3. Suppose that

(3, 0) AN (34,0)
2 lm
(EQ,O’) £> (20,0')

1s a commutative diagram of non-wandering shifts of finite type, in
which ny and me are s-bijective factor maps, and ns and w are u-
bijective factor maps. If ng X m : (X,0) = (22,0) n Xy, (31,0) is a
conjugacy, then

nony =a omy: D(Xy,0) = D¥(%,0). (5.1)

Theorem 5.4. Let m = (Y, ¢, 75, Z,(,m,) and

= Y 7, 2", (', 7)) be s/u-bijective pairs for the Smale spaces
(X, ) and (X', ¢'), respectively, and n = (ny,nx,nz) be a triple of
factor maps such that the following diagram commutes:

Vo) = (X,9) <= (2,

S L

7.rl

) I (X)) S (2,0,
(i) If n is a triple of s-bijective maps and

Ty X Nz - (Z7 C) — (X7 90) nx Xl (Z,7</>
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1 a conjugacy, then for L >0, M > 1,

(Zra(m)) (Zra (7))

5@ 5jml
(Srar—i(m) "5 (S (),
and for L > 1,M > 0,

nL,Mm
—

Cru(m) = (Spu(r))
o | |
(Spam(m) "= (Sroam()
are commutative diagrams and
Nes X O s (Bpm (7)) = (Bra(m) o, Xpar (Zrar—1(m))

15 a conjugacy. Moreover, n induces chain maps between the
compleves C§ 4(m) and Cy 4(7'), and hence group homomor-
phisms n®™ : HY,(w) — H3} ('), for every integer N.

(ii) If n is a triple of u-bijective maps and

s Xy (Y, 0) = (X, @) ne Xm (Y, 0)
s a conjugacy, then for L >0, M > 1,

nL,Mm

(Bra(m)) (Zra (7))
5@ 5jml
(Sraa(m) "5 (Spa-a(r),

and for L > 1, M > 0,

Cru(m) = (Spu(r))
o | |
(Cram(m) "= (Seoam()
are commutative diagrams and
Mo X 0,2 (B () = (B (7)) o Xy (Bro1,0(7))

15 a conjugacy. Moreover, n induces chain maps between the
complexes Oy 4(') and Cy 4(7), and hence group homomor-
phisms 0™ : H3,(7') — H3 (), for every integer N.
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We remark that the results obtained in [11] (the independence and
functorial properties) are all correct, because the diagrams constructed
there satisfy the conjugacy condition.

By Theorem 3.2, both maps nj o n3* and 77" o 75 in 5.1 are positive
homomorphisms.

Theorem 5.5. For graphs G, H, suppose 0 : H — G is a left-covering
graph homomorphism, (X, @) is a Smale space and p : (Xq,0) = (X, @)
15 a reqular s-bijective factor map. The map 6 induces an isomorphism
between the homologies of the chain complexes (D*(X.(po@)),d*(pof))
and (D*(S.(p), d*(p)).

In fact, the map 6 induces homomorphisms 67 at all levels of the
complexes with the following commutative diagram:

Do(Hg) TR D)
O + Loy
Di(Gk) " DGR),
for each N > 1 and k > 0, where K > 1 satisfies the conclusion of
Lemma 2.7.2 in [14], for the map p.

To show that the induced homomorphism on the homology of the
above complexes by 62, is an isomorphism, one could choose a lifting
map A : G° — HY with §# o A = Idg,. Then Lemma 4.5.4 in [14] shows
that, for each N > 0,

AT (pob)yol=Aod* (p)n. (5.2)

We claim that

0°(Ker(d*(6 o p)) N (D*(Hy))") = Ker(d*(p)n) N (D*(GR)) ™,
0*(Im(d*(0 0 p)1) N (D*(HE))*) = Im(d*(p)vs1) N (D*(G))*
By Theorem 3.2,

6°(Ker(d*(8 0 p)n) N (D*(Hy))*) € Ker(d*(p)x) N (D*(GX))*
and
0°(Im(d*(0 0 p)n+1) N (D*(HR))T) € Im(d*(p)w+1) N (D*(GRT) T

Suppose that b € ZG%,, and j > 0, with d*(p)n11([b, j]) in
D*(G5H5)*. By Theorem 4.2.3 in [14],

d(p)n+1([b, 5]) = [ (p)n41(b), ] € D*(GR)T,

which implies that, for some j" > 0,

(3 ) (@ (p)n4a (b)) € (ZGRT)™.
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By Theorem 4.2.3 in [11],
(Ve (@5 (P11 (B) = X (p)n11((v8, ) () € (ZGRT)T.
Let by = (7, )7 (b) and j; = j'+ j. Then
[ (p)v11(b), 4] = [dF (p) n1(b1), 4],
and since A\((ZG%,,)") C (ZHY, )", it follows from 5.2 that,
(90 O)ws1 0 A(br) = Ao dK (o)1 (br) € (ZHE)*,

Let a; = A(by). Applying 659 = 0 to both sides of the above equality,

0> (d*  (p o O)na(ar)) = 0> (No d*F (p)n1a(b1)) = &> (p) N1 (D),
hence

[0°°(d>" (p 0 O)n11(a1)), 5a] = [ (p)w41(br), ] = [ (p) w1 (D), 7],

and so

0°(d*(p)n+1lar, j1]) = &°(p) w+1([b, j]).
Since b is an arbitrary element in ZG%, with
&*(p)n+1([b, j]) € D3 (GR)T,
the last equality implies
Im(d*(p)n+1) N (D*(GEH)T € 0°(Im(d*(0 0 p)n+1) N (D*(HM))™).
A similar argument shows that
Ker(d*(p)n) N (D*(G*))" € 6°(Kex(d*(6) o p)y N (D*(H"))").

Combining Theorems 3.1, 5.5, with Theorem 4.5.3 in [11], we get the
following result.

Theorem 5.6. Suppose (X, p) is a Smale space and (X,0), (¥',0)
are shifts of finite type with s-bijective maps p : (X,0) — (X, ¢) and
o (X, 0) = (X,p). Let (Y, 4") be the fibred product of maps p :
(3,0) = (X,p) and p' : (X, 0) = (X, ), and n, ' be the natural s-
bijective maps from (Y" ") to (Y,v) and (Y1), respectively. Then
(i) There is a chain map n° from (D*(Xnx(pon)),d*(pon)n) to
(D*(En(p)),d*(p)n) such that
0" (Ker(d*(pon)n) N D*(En(pon))™) = Ker(d*(p)n N D*(En(p))"),
n*(Im(d*(p o n)y) N D*(En(pon))™) =Im(d(p)y N D*(En(p))").
(i) There is a chain map C from (D*(Sy(p on')),d*(p on')n) to
(D*(Xn(p)), d5(p))N) such that
o (Kex(d*(s/ o))" D" (S (ol o1))*) = Ker(d* (o) 1 D' (S ()",
" (Im(d*(p' o' )v) N D*(Ew(p" 0 n)) ") = Im(d*(p')v N D*(En(p)) 7).
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(iii) n® and n'° induce isomorphisms at the level of the associated
homologies of the chain complezes.

As in Section 5.5 of [11], we prove Theorem 2.13 in the case Z = Z,
(¢ = Q: and 7, = 7,. The cases Y =Y, ¢ = 1;, and m, = 7, is proved
in a similar way, and the general result follows from these two special
cases.

Let (Y’,4') denote the fibred product of the maps m, : (Y;9) —
(X, ), T : (17,1/;) — (X, ), and 7/, i/ denote the the natural s-
bijective maps from (Y’,4) to (Y,4) and (Y, ), respectively. Then
=Y mson, Z, (,m,) is an s/u-bijective pair for the Smale space
(X, ), and the following diagram is commutative:

(Y,¢) =2 (Xop) &= (Z,0)
al 1dy | | 1z (5.3)
Y,¢) == (X,9) <= (£,

This diagram satisfies the conditions of the first part of Theorem 5.4,
and the triple of s-bijective n = (1, Idx,Idz) induces a chain map
on the double complexes used to define H (7') and H}(7), N € Z.
Since Dy o(S(r), @) — D*(S(n),0), Dy (S(T),0) = D(S(x),0)
and nj s, m77y are positive homomorphisms, by Theorem 3.2, we have

ngvo(Ker(ds(W)o,o) N D*(2(xw),0)") C Ker(d*(7)oo) N D*(X(7'), o)

Mo,0(Im(d*(m)1,0) N D*(X()) ™) € Im(d*(7")1,0) N D*(E(n'),0)"
(5.4)

Let Hy(n) be the induced homomorphism by the chain map 7; , at
the level of homologies from Hy(7") to H} (7). This is known to be an
isomorphism. We claim that this is ordered isomorphism after proving
that Hy(7') is an ordered group. To prove that Hy(n') is an ordered
group, it suffice to show that inclusions in 5.4 are indeed equalities.

To prove that Hy(n) is an isomorphism, for N € Z, one need to con-
sider the filterations FPCg (7') and FPCP () for the differential graded
abelian groups (H*(7'),dg 4(7')) and (H*(7), dg 4(7)), respectively, as
in Section 5.5 of [11]. These filterations satisfy the conditions of Theo-
rem 3.9 in [13]. According to this theorem, every isomorphism ®; be-
tween E}"" terms of the associated spectral sequences (of these filtration
differential graded modules) induces an isomorphism @, between F.,
terms of the associated spectral sequences (roughly, ®,.(a) = ®4(a),
when we regard a as an element of the associated E™ term). The iso-
morphisms Hy(n) is then constructed using the isomorphisms between
the E, terms, for N € N. The E}"™ terms, for each of these filterations,
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are the homologies of the rows of the corresponding complexes, that is,
EP(m) = Ker(d*(p ) ) /Tm(d*(p ar) 1),

and the same for 7/, where

ds(p,M)L = ds(p,M)L I@L22p+q,lvfzp Cg,(m)
and

~

d(par)rer = AP0 141 @ a1y O, (1) -

Since the maps 6 and p, in X(7’) BN () 24 (Z,¢) are s-bijective,
where 0((y,9), z) = (v, 2), by Theorem 5.6, we have a chain map 6° from
(C*(%)ert. d*((pu 0 8) a1)2) 10 (C*(F)ear, d*((pu) 1)), that induuces an
isomorphism Hy at the level of homologies of the complexes, for fixed
M > 0, so that

0° (Ker(d*(par)z) N (C* (") par) ™) = Ker(d*(par)r) N (C(m) )™
and
0°(Im(d*(p.ar) £41) N (C* (7)) ) = Tm(d*(p,ar) 41) N (C () ar) ™,

for each L > 0, and fixed M > 0.
If one lifts Hy at the level of homologies of the complexes

(Co()ear, do ((pu 0 0),a0)x), (CQ,(T)enr, d, ((pu) ar))
by the first part of Theorem 4.3.1 in [14], for fixed M > 0, since
Co, (oo = C*()o0 = D*(Eoo(7'), o),

and
Ca.(m0)o0 = C*(m)o = D*(Xo,0(7), 0),
for
K*(m) := Ker(d*(p0)o) N (D*(Xo0(7"),0))7),
and
I*(m) := Im(d*(p,0)o) N (D*(Xoo(7), 0))"),
we have

Co(K*(n')) = K*(m), Cyp(I°(r)) = I*(x").
In fact, Hy is an isomorphism between the terms £} (7’) and E}™ (7).
Therefore, Theorem 3.9 in [I3] implies that there is an isomorphism
Hp at the level of homologies of the complexes (Cg (7'),dg (7)) and
(Cg,(m),dg (7)), that is constructed by the induced isomorphism He,
on EX* terms with Hy (roughly, Hw(a) = Hy(a) when we regard a €
E** as an element of E"). Since the isomorphism Hy is directly
defined by H, (or Hy), it is the same as the induced homomorphism
by the chain map ng , where n = (1, Idx, Idy) is the triple s-bijective
in the diagram 5.3 and 73, exactly behaves like 6°, when 6° is considered
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as a map on the domain of g . On the other hand, since the maps u and
@ in the proof of Theorem 3.9 in [13], are natural and Dg (Xo0,0) =
DS(ZQO, 0'), for

K§, (m) := Ker(dg, (7")0.0) N (D*(Zgpo(r"), o))",

and
Iy, () »=Im(dg (7')1,0) N (D*(Zoo(n'), o))"
we have
o, (Kg, (1) = K3, (7), ng (15, (7)) = Ig, (7). (5:5)
Let J(n") and J(7) be the isomorphisms induced by the chain maps
Jo(n') and Jgo(m), as in Theorem 5.3.2 in [11], respectively. Then

Ho(n) = J(m)oHeo J(7')~! and it is an isomorphism from H% (1) to
Hy (), and since Dg 4(X0,0,0) = D*(20,0), for

K a(m) := Ker(dg 4(m)o0) N (D*(Zoo(7),0)) ",
and
I3 4(m) == Im(dg 4(7m)1,0) N (D*(Xo,0(7), o)t

we have

Jo(m)(Kg (™)) = Kg (7)., Jo(m)(Iga(n)) = I3 (7). (5.6)

The equalities 5.5, 5.6 show that Ker(dg 4(7')o0) contains positive
elements if and only if Ker(dg 4(7)o0) does so (and the same holds
for Im(dg 4(7')1,0) and Im(dg 4(7)1,0)). Since Im(dg _4(7)1,0) does not
contain any positive element, and Ker(dg 4(7)o,0) contains at least one
positive element, Im(dg _4(7')1,0) could not contain any positive element
and Ker(dg 4(7")0,00 contains at least one positive element, and these
imply that H§(7') is an ordered group with the positive cone defined as
above. Also by 5.5 and 5.6, H(n) is an order isomorphism. Replacing
(Y, %) by (Y, 1) in 5.3, we get that Hg(7) is an ordered group with the
positive cone defined as in Definition 2.8 and H (7)) = H} (7') — HR (7)
is an order isomorphism. Finally, Hy(77) o Hy(n)™! is an order isomor-
phism from H{(m) to Hi(7).

Proof. (Theorem 2.14) We only prove the first part. The other is proved
in a similar way. By Theorem 4.2 in [(], we can find s/u-bijective pairs
= Y, ¢, 7, Z,(,m,) and ' = (Y, o' 7l Z', (', 7)) for Smale spaces

(X, ) and (X', ¢'), respectively, and s-bijective maps 1y and 1z, such
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that the following diagram commutes:
Y,o) == (X,9) <= (Z,()
UYl Pl Uzl

Y0) = (X)) &= (Z.0),
and m, X 1z : (Z,() = (X,¢) , Xx (Z',{’) is a conjugacy. Therefore,
p induces a positive homomorphism pf : Hj(X,p) — H{ (X', ¢'), by
Theorems 5.4, 3.2 and 2.13 and the order structure is independent of
the s/u-bijective pair. O
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