ON THE ERGODIC THEORY OF DISCRETE
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ABSTRACT. In this paper we study a class of measures, called harmonic mea-
sures, that one can associate to a dynamical system consisting og a space X
and a finitely generated group of transformations. If the group of transforma-
tions is infinite cyclic, then these measures are invariant. We show how the
theory of classical dynamical systems with invariant measure can be extended
to the case of harmonic measure. Other properties of harmonic measures are
best understood in the light of the harmonic analysis on a free group.
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1. INTRODUCTION

Ergodic theory deals with measurable actions of groups of transformations.
When the action is generated by a single measure preserving transformation then
the basic theory is well developed and understood. In this paper we explore the
situation of dynamical systems with more than one generator which do not nec-
essarily admit an invariant measure. The basic idea is to consider the concept of
harmonic measure, that is, a measure whose averages are invariant, and study its
basic properties by comparison with the ergodic theory of a single transformation.

The concept of harmonic measure studied here is the discrete version of the
harmonic measures for foliations introduced by L. Garnett [11]. In fact, one of the
motivations of this paper was to understand how to use harmonic measures for
foliations defined by actions of semisimple Lie groups.

We start by providing an existence theorem for harmonic measures on dynamical
systems constituted by a compact metric space and a finitely generated group of
transformations. This group can always be taken to be an abstract free group, and
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indeed a free group acting on its natural boundary provides the main model for an
action with ergodic harmonic measure.

The main tool for understanding a harmonic measure is the construction of the
path space of the action, similar in spirit to Wiener space of a manifold. The points
of this space are paths on the orbits of the original state space and carries with it
a shift transformation. This path space sits over the state space and the harmonic
measures lift to shift invariant measures on it, so that in a sense there is a classical
system overlying a non—classical one. This fact allows us to interpret properties of
our system in terms of those of the path space.

For example, ergodicity of a harmonic measure is equivalent to ergodicity of the
induced measure in path space. We study the related concept of mixing, which is
defined with respect to the invariant measures in the path space and then translated
back to the harmonic measures. It turns out that a harmonic measure which is not
invariant has stronger ergodicity properties than the classical invariant measures.
All these properties have also interpretations in terms of the unitary representation
associated to the action and the harmonic measure.

Another topic that we discuss is the ergodic decomposition of harmonic measures,
following the original work of Krilloff and Bogoliugoff [17]. This was a theory called
for in [22] and also [9]. Our solution involves certain probabilistic considerations,
and in particular shows that harmonic measures are the natural replacement for
invariant ones.

After this we discuss some properties of the jacobian cocycle of a harmonic mea-
sure, and some relations between ergodicity, mixing, and the unitary representation
to a group action.

The last part of the paper is devoted to entropy. The definition of topological
entropy that we consider is the natural extension of the entropy of a map, and it is
then a particular case of the notion of entropy of pseudogroups of homeomorphisms
studied in [13]. There is another definition of entropy that one can put together by
going to the path space. We will show that this entropies are unrelated.

What is done here admits, like any other thing, generalizations. Perhaps a
more proper context would have been pseudogroups of homeomorphisms or, even
better, countable equivalence relations. On the other hand one has more concrete
applications in the case of group actions. In any case, even when I confine the
discussion to this category, I have tried to present it in a way that extends with the
least number of changes to the other categories mentioned above. A reference for
countable equivalence relations is [7]. In particular, note that their first theorem
shows that this category is not more general that that of actions of countable groups
(but of course, what is done here depends in certain sense on the structure of the
orbits).

2. DISCRETE POTENTIAL THEORY

In this section we recall a few concepts pertaining to discrete potential theory
which will be used in the sequel.

Let K be a graph, that is, a one-dimensional connected complex. Let K and
K3 denote the set of vertices and the set of edges of K, respectively. We say that
two vertices x and y of K are neighbors, and write x ~ y, if there is an edge in K3
connecting them. We write xy for the directed edge connecting them.
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Assume that each directed edge zy has a number ¢(zy) > 0 associated to it,
in such a way that Zny q(xzy) = 1 for each vertex x. This system of weights
{q} in turn produces a diffusion (or averaging) operator D which acts on functions
f:Ko— Chby

Df(z) = q(zy)f(y).
y~zT
There is a second operator, called the Laplacian and denoted by A, which is defined
as Af =Df — f.

The standard Laplacian on a graph K is associated with the system of weights
given by ¢(zy) = Card{y | y ~ z}.

A (real valued) function f on the set of vertices Ky of K is called harmonic if
Af = 0 or, equivalently, if Df = f. The version of the weak maximum principle
for this operator is as follows:

Proposition 2.1. Let f : Ky — R, where Kq is the set of edges of a connected
locally finite graph K. If x is a point of Ko where f reaches a local mazimum
(respectively minimum,), then Af(z) <0 (respectively > 0).

Another useful fact is the discrete version of Harnack’s inequality:

Proposition 2.2. Let f be a positive function on Ko which satisfies Df < f. Then
there is a constant C, depending only on the system of weights, such that

Cf(z) < fly) < Cf(x)
for any two points at distance n in the path metric of K.

The graphs that we will consider in this paper are those associated with a group
G endowed with a finite symmetric system of generators G; in the following way.
If Gy = {sfl, oo, sF1Y (s; # 1), then a graph is constructed by taking as set of
vertices the elements of G and putting and edge from s to s?ﬂs. The function theory
pertaining to this example has been certainly well studied, specially in recent years
4], [26].

The systems of weights that we will consider are given by probability measures g
on GG whose support is a symmetric generating set for G. What we do can certainly
be extended to more general situations, but from the point of view of group actions
this framework is general enough to understand the basic features of the theory.

Thus the weight ¢ can be thought of as a function which assigns a positive
number ¢(s) > 0 to each element s of G and such that } , ¢(s) = 1. In the
graph of G relative to Gy this gives a system of weights by setting q(zy) = q(s) if
y = sz, s € G;. Other pieces of nomenclature are the following. If ¢ is a system of
weights for the pair (G, G1), then we will call the dual system to ¢ to be that which
assigns the weight ¢(s~1) to s. The system of weights ¢ is said to be symmetric if
q(s) = q(s71), and it is equidistributed if ¢(s) = 1/Card G;.

It will also be clear that, for actions, one needs only consider the free group gen-
erated by the symbols of G, a fact that simplifies all the discussions and which we
take from now on. Some possible amplifications are described in the introduction.

We will utilize two compact topological spaces which are naturally associated to
G. One of them is the path space of G, denoted by Q(G), and consisting of all
infinite sequences of elements of Gy, that is, Q(G) is the infinite product G§°. It
comes equipped with a measure P, which is the product measure determined by
the system of weights ¢, and with a shift transformation # which takes an infinite
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path (---,w(2),w(1)) to (--- ,w(2)) and preserves the measure P. (Note that we
write the paths from right to left).

Also associated to G there is a compact topological space called the boundary
of G, and denoted by OG. It can be described as the subset of the infinite product
space G° consisting of all sequences b = - - - 5159 of elements of G with the proviso
that s,41 # s, 1. There is a natural action of G on this space: an element s € G4
acts on b € G according to the rule

{- -s15057F  if sg # s,
sb=s(---s180) = .
-+ 8981 otherwise.

There is also a natural measure on OG, which will be denoted by A. Its con-
struction is as follows. Each element s of G determines a set in 0G comprised by
those words whose initial string is s. These sets form a base for a topology of 0G,
and the measure of the set determined by s is q(s) = q(sp) - q(s1), if s =85 -+ 51
is the shortest expression of s in the elements of GG;.

The relation between these two spaces associated to G is summarized in the
following:

Proposition 2.3. Suppose that G1 has more than two elements. Then almost
every path w in Q(G) hits a point limw in OG. The hitting distribution is given by
the measure \.

In other words, there is a map lim : Q(G) — 9G defined almost everywhere, and
which takes the measure on Q(G) to that of 9G.

This measure A is not invariant by G, but its transforms by G are all mutually
absolutely continuous. The Radon—-Nikodym derivative of this transformation is
denoted by K (s,b), that is

/ (0K (5, )A(b) = / S(B)A(sh).
oG

oG
Being the Radon-Nikodym derivative of a group action, this kernel K satisfies
the following cocycle identity:

K(sr,b) = K(s,rb)K(r,b).

The function K is analogous to the Poisson kernel for the action of PSI(2,R)
on the boundary of the unit disc in the complex plane. In the rest of this section
we collect some facts concerning harmonic functions on graphs and their boundary
behavior. Proofs can be found in [4]. For the graphs of a free group that we consider
here, the proofs can be carried out exactly like in the case of the unit disc.

Proposition 2.4. Let h be a positive harmonic function on G. Then there is a
positive measure m on G of total mass h(e) such that

h(s) = K(s,b)m(b).
oG

For instance, the measure A represents the constant function 1, and the point
mass measure at b represents the function K (-,b).

The space of positive harmonic functions on G will be denoted by H, and en-
dowed with the topology of pointwise convergence. As such it can be seen to be a
convex cone in the topological vector space H — H. This cone has a compact base,
namely the positive harmonic functions h on G such that h(e) = 1. This compact
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base is denoted by JHj, and it is a compact and metrizable convex set. Its boundary
is formed by the positive constant multiples of the minimal harmonic functions on
G. These ones are precisely the functions K (-, b); hence the boundary of H; is the
same as the boundary 0G of G, and thus H; can also be interpreted as the space
of probability measures on 0G.

The group G acts on H by right translation:

(Rsh)(r) = h(rs).

This action preserves the rays of H, so it induces an action on the quotient space
J/ ~. This quotient space is canonically identified with H; where the action of G
now reads:

(s, h)(r) = h(rs)/h(s).

This action of G on H; has a fixed point, namely the constant function 1 and,
because of the cocycle property of the kernels K, leaves invariant the boundary 0G
of G.

There is a similar integral representation theorem for bounded (not necessarily
positive) harmonic functions that reads as follows:

Proposition 2.5. Let h be a bounded harmonic function on G. Then there is a
function ¢ in L= (0G, \) such that

h(s) = o K (s,b)(b)A(D).

The function ¢ is non—positive if and only if h is non—positive.

Other fact that we need to know about positive harmonic functions is the fol-
lowing;:

Proposition 2.6. Let h be a positive harmonic function on G. Then the non
tangential limits exist almost everywhere on OG with respect to the measure .

The same type of result is available for bounded harmonic functions.

Proposition 2.7. Let h be a bounded harmonic function with integral representa-
tion h = [ KpX. Then h converges to ¢ non—tangentially almost everywhere.

If m is a probability measure on 0G, then Lebesgue decomposition theorem
guarantees the existence of a non-negative function ¢ in L'(dG, \) and a measure
o singular with respect to A, such that

m= p\+ 0.

In the theorem concerning non—tangential limits of a function h in H; (corre-
sponding to a probability measure m on 0G) one can furthermore prove that the
boundary values of h agree with the function ¢ almost everywhere. This brings us
another piece of notation: we say that the harmonic function h is singular if its
corresponding boundary measure m is singular with respect to A, i.e., its bound-
ary values are zero A-almost everywhere. Analogously, we say that h is absolutely
continuous if its boundary measure has no singular part.
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3. DISCRETE DYNAMICAL SYSTEMS

The dynamical systems that we will consider consist of a space X (usually a
compact metric space) and a finitely generated group G of transformations of X.
More important than the group G itself is a generating system for it. Therefore we
will denote by G a finite generating system for the group G. (The emphasis on the
generating system instead of on the group is already present in the classical theory
of dynamical systems as well.) The group G is the free group generated by Gj.

We will consider G acting on the left on X, so we have a map

GxX—-X

taking (s, ) to sz and satisfying (rs)x = r(sx) for any r, s € G. The qualities of
the action would be imposed by those of X, namely, it will be assumed continuous
if X is a topological space, measurable if X is a measure space, etc.

Assume that G has a system of weights g of the type described in the previous
section. Associated with it there are the diffusion and Laplacian operators acting
on continuous functions on X, called D and A, respectively, which are defined as
follows: if f is in C'(X) then

Df(x) = als)f(sx)

seGy

and
Af=Df—f.

The action of G on X induces an action of G on C(X) on the right, namely
Rsf(z) = f(sz). By duality, this in turn induces a left action of G on measures
on X, and we will denote by su the measure su(A) = p(s~1(A)). Thus, if 6, is
the point mass measure concentrated at x, then sd, = ds;. Also, by duality, the

diffusion operator D and Laplacian A act on measures on X: if p is a measure,
then Dy is defined by

| s@puta) = [ Dr@pn).

A measure p on X is called harmonic if Dy = p, equivalently, if

[ ar@ntaz) <o
X

for every continuous function f on X.
The existence of harmonic measures for a dynamical system is an easy conse-
quence of the maximum principle and the Hahn—Banach theorem:

Theorem 3.1. Let (X, G1) be a dynamical system, where X is a compact topological
space. Then there is a measure p on X which is harmonic.

Proof. If f is a continuous function on X, so is Af. Suppose that x( is a point
of X where f reaches a maximum, f(xo) > f(x) for all z € X. Then Af(xg) =
D f(zo) — f(z0) < 0.

It follows that the subspace Im(A) of C'(X) does not contain the constant func-
tion 1. The linear functional o defined on R -1+ Im(A) by A(t1 + Af) = ¢ has
norm ||[A]| = 1, vanishes on Im(A) and A(1) = 1. It therefore extends to a linear
functional on C'(X) with the same properties, by the Hahn—-Banach theorem. The
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Riesz representation theorem implies the existence of a probability measure p on
X such that

/X Af(x) pldz) =0
for all f in C(X). O

It is clear that this method of proof applies to more general types of actions:
all one needs is that the operator D takes continuous functions to continuous ones,
and that it satisfies some kind of weak maximum principle. Of course, the standard
proof using Cesaro averages of sequences D"§, also works.

It is curious that this simple argument gives a new proof of the famous theorem
of Kriloff and Bogoliougoff [17] to the effect that a homeomorphism of a compact
metric space has an invariant measure. For if T : X — X is the endomorphism,
then we consider the operator A : f — f — foT. At a maximum (respectively,
minimum) of f we have Af > 0 (respectively < 0), and the Hahn-Banach theorem
implies the existence of a measure p which is T-invariant. I have not been able to
locate such proof in the literature; but E. Ghys says it is known to him.

Proposition 3.2. Let (X,G1) be a dynamical system with harmonic measure p.
Then p is quasi—invariant. In particular, the support of p is a union of orbits of

G.

Proof. That p is harmonic means that

p=Dp= > q(s)sp.

s€Gy

If A is a Borel subset of X such that pu(A) = 0, then this equality says that
spu(A) = 0 for all s € Gy. By iteration, su is absolutely continuous with respect
to p for all s € G. Moreover, the relation sy < p implies 4 = (s~ ')sp < su. The
argument is finished by noticing that if u(A) = 0, then all iterates of A also have
measure 0, hence so does UgcgsA. O

4. MARKOV OPERATORS AND RANDOM WALKS

In this section we discuss in more detail the diffusion operator D and construct
the path space associated with the dynamical system. The operator D has a proba-
bilistic interpretation on this space, and we will analyze some of it aspects in order
to deal with the ergodic decomposition of harmonic measures.

The Laplacian A is the infinitesimal generator of the semi group of operators
D™ : C(X) — C(X) constructed by iteration of D. We have D"1 = 1, and
IDfII < ||f|l with respect to the supremum norm in C(X). Since D is also a
positive operator (Df > 0 if f > 0), the map f € C(X) — Df(z) corresponds to
a probability measure on X. We denote this probability measure by p(1;z,-), so
that we have

Df(x) = /X F)p(L; 2, dy).

Clearly, if 0, denotes the Dirac measure at the point z, then p(1;x,-) = Dd,. We
set p(0;z,-) = J, to maintain homogeneity in notation. If p(n;x,dy) = D"6, is
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associated to D", then there is a convolution formula, which is a reflection of the
Markov property, that says:

p(n—i—m;x,B):/ p(n; z, dy)p(m; y, B).
X

The measure p is easily described as follows

Proposition 4.1. Let ¢ : s € G — sz be the map of G onto the orbit of the point
x € X. Let q(n;s,-) be the probability distribution associated to the random walk
in G determined by the system of weights q. Then ¢q(n; s, ) = p(n; sz, -).

Proof. By definition, if f is a function on X,

D) = Y al)f(sa) = [ fplisa.dy)

s€Gy
But Df(x) = DF(e), where F' = ¢ o f, and

DF(s) = / F(r)p(1;s,dr)
G
and the claim follows. O

A path in (X,Gy) is amap w : N — X such that w(n + 1) € {sw(n) | s € G1}.
The path w is said to start at « if w(0) = z. The path space of (X, G1) is the set of
all such paths, and it will be denoted by A(X). It is topologized via the inclusion
in the infinite product space X*° = Maps(N, X). In what follows we describe a few
topological and measure theoretic aspects of A(X) that will be used in the sequel.

Proposition 4.2. The set A(X) is closed in X°°, and it is non—empty if X and
G1 are non—empty.

Proof. The set Q; consisting of all sequences (xg,x1,---) of points of X with the
requirement that xy = sxg for some s in G is easily seen to be a finite union of
closed sets, hence closed. Using a similar scheme, one constructs a nested sequence
Q1 DOy D Q3--- of closed sets such that A(X) = N5, Q.. O

The path space A(X) comes equipped with a family of projections m,, : A(X) —
X defined as the evaluation maps m,(w) = w(n), and with a semi group of
transformations generated by the shift map 6 : A(X) — A(X), which acts via
(Qw)(n) = w(n + 1). A given distance function dx on X induces a distance d on
A(X) by setting
— 1
d(w,w") = nz:% 2—ndx(7rnw, Taw').

The shift map 6 is actually Lipschitz, indeed:
d(fw, 0w') = 2d(w,w") — 2dx (w(0),w'(0)) < 2d(w,w’").

To see that this theory is a true generalization of the classical one concerning a
map T : X — X, note that in this case the path space A(X) is X itself, as one
point determines the full forward orbit.

For each z € X we want to construct a probability measure P, in the fiber
Uy 1(x), similar to Wiener measure. One can define a probability measure on X
by viewing it as the inverse limit of the finite products X¥', F C N a finite subset,
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and using Kolmogorov’s extension technique. Specifically, for a finite set F' =

{ny, -+ ,ni} (ordered), and Borel set B = By x --- x By in X', we set
P/ (B) = / P(nl;l”,dffl)/ p(n2 — ni;x1, das) - / p(nk — ng—1; Tp—1, da).
Bq Bs By

This is a consistent family of measures on the finite products X¥, so there is
a unique probability measure P, on X> whose marginals are the measures Pl
Clearly the measure P, gives total mass to the fiber 7, (z).

Our path space A(X) is a proper subset of X which is where the measures P,
are defined, and therefore we would like to show that it has total probability with
respect to P,.

Proposition 4.3. The space A(X) has total probability with respect to P,.

Proof. If w ¢ A(X), then there is an integer n > 0 such that sw(n) # w(n + 1) for
all s € G1. Therefore there are open neighborhoods V' of w(n) and W of w(n + 1)
in X such that W is disjoint from sV for all s € G;. Let U be the open set
T 'V N, {,W. This set U is clearly disjoint from A(X) and its probability under
P, is

Pp(U) = Prlw(n+1) € Wyw(n) € V]

z/p(n;af,dy)/ p(1;y,dz)
1% w
:0,

because the support of the measure p(1;y,-) is the set {sy | s € G1}, which in turn
is disjoint from W whenever y belongs to V. O

For future use we record the following:

Proposition 4.4. The map
P: XxF—-R

with the properties:
(1) For each fixed measurable subset A of A(X), the map

x — P[4]

s measurable.
(2) For each fized x in X, Py is a probability measure in A(X).

We also record the following relation between diffusion in X and expectation in
path space: if f is a Borel function on X, then

D%ﬂx)zﬂanwuzi/ f 0 () Py ().

A(X)

A consequence of this expression is that if p is a harmonic measure for the system
(X, Gy) then the measure i defined in A(X) by

mmz/&mww

is invariant under the shift 6, as one easily verifies.
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Let B denote the Borel algebra of X. Let F denote that of X*° generated by
cylinder sets. For n > 0, let &,, denote the sub—algebra of I generated by cylinders
sets in X *° of the form

{UJ | ’lU(TLl) € B17 T 7w(nk) € Bk}?
where n; <n (i=1,--- ,k) and B; € B. We have a filtration
FoCcFC---TF.

Analogously, let I denote the borel algebra of X°° generated by cylinder sets of
the form
{w ]| w(ny) € By, ,w(ng) € B},

where the steps n; > n. Finally, let 7> denote the algebra 3> = N5 ,3", also
known as the algebra of tail events.

Note that if C is a cylinder set in 37, then #~'C is a cylinder set that belongs
to 71, that is, 671F" = F**L. Therefore the map

0%+ (A(X),T™H) — (A(X),T7)

is measurable for n, k > 0.

The result that follows is called the Zero-One law of Kolmogorov [15], [5], and
is a ergodicity fact.
Proposition 4.5. If A € °°, then P,[A] =0 or 1. In particular, this holds if A
is a O—invariant set.

Proof. The reason is that a tail event is independent of itself. I include the proof of
[5] for convenience. Let A € F* be a tail event. Since F,, and F>° are independent
fields, A is independent of F,, for each n, that is P,(ANB) = P,(A)P,(B) for each
B € U2 J),. The probability

P.[AN B]
PsBl = ————
agrees with P, on U2 (F,, hence also in F. Taking B = A we see that P,[A] =
P,[A)2.

|

We need the stronger fact concerning shift invariant subsets of A(X).

Proposition 4.6. If A is a shift invariant subset of A(X), then P,[A] =0 or 1,
and the function © — P[A] is constant along the G—orbit of x.

Proof. 1f A is a shift invariant subset of A(X), then A € 3% = Fand A =07"A € I
for all n > 0, that is, A € F°° and moreover x4 = x4 © 0. Therefore, utilizing the
Markov property we obtain

Px[A] = EI[XA] = Em[XA o 9]
w[EI[XA © 9|3~1H

I
(]
=
=
~
8
=

which says that if P,[A] = 0 (respectively 1), then also Ps;[A] = 0 (respectively
1). O
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As a consequence we obtain the following corollary.

Proposition 4.7. Let p be a harmonic measure on X and let i be the induced
measure on A(X). Then i is ergodic for the shift 0 if and only if u is ergodic for
the system G1.

Proof. If A is G-invariant, then 7y ! A is shift invariant. Moreover,

u(A) = fi(mg ' A),
and so p is ergodic if i is. Conversely, if A is a shift invariant set and p is ergodic,
then the G-invariant function x — P,[A] must be essentially constant, so we must
have P,[A] =0 or P,[A] = 1 for almost all z. Hence either A or its complement in
A(X) is a null set with respect to f. O

5. THE ERGODIC THEOREM

In this section we will recall the statement of the ergodic theorem for Markov
operators and then use it to study our dynamical system. After some preparatory
facts, we will develop the Krillof~-Bogoliougoff theory.

Let (X, G1) be a dynamical system and let

D:C(X) — O(X)

be its associated diffusion operator. Given a harmonic probability measure p on X,
the operator D extends to L'(p). Indeed, if f is continuous in X, then |Df| < D|f],
and so

IDfl = /X IDfl(x)ulz) < /X @) = 1]

by the D-invariance of u. Therefore D is bounded in the dense subspace of L' (1)
constituted by the continuous functions, and thus it extends to L'(u). The same
applies to the other LP spaces (p # o0); it also extends to L (u), the space of
essentially bounded functions, because p is a probability measure, and satisfies
1D]s < 1.

The ergodic theorem relates the time averages of a function to the space averages.
The proof of the following operator version of the ergodic theorem can be found in
[6].

Theorem 5.1. Let D : L'(u) — L'(u) be a linear operator with |D|; < 1 and
ID|loc < 1. If f is a p—integrable function, then there exists a p—integrable D—
invariant function f* such that the sequence

1 n—1
k
22 D
k=0
converges to f* almost everywhere.

It is at this point where the importance of harmonic measures reveals itself, being
able to pass from D-invariant functions to G—invariant ones. This is the reflection
of the well known geometrical fact that a harmonic function on a compact manifold
must be constant. For the continuous version see [11].

Proposition 5.2. If f is a D—invariant and p—integrable function, then the class
of f in L*(u) contains a G—invariant function.
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Proof. For a function f as in the statement and a rational number r, let f, =
min{ f,r}. We have Df, = min{Df,r} < min{f,r} = f.. Since f is integrable and
|fr] < |f], both f,. and Df, are integrable. Moreover,

/XDf,.(x)u(x)Z/Xfr(l")ﬂ(x)y

because of the invariance of y. Therefore the set of points z of X where Df,(z) <
fr(x) has measure 0. If we let A denote this set, then the quasi-invariance of
1 implies that A, = UgegsA also has py—measure 0. Hence the G—invariant set
B, = X \ A, has probability one, and in it the equality D f,.(z) = f.(z) holds.

If « is a point of B,, then Df(x) > r if f(sx) > r for some s in G;. On
these points, we have f. = r. Since Df, = f, on B,., starting with = we see that
fr(sx) = r for all s in G;. By iteration, we must have f, = r on the whole orbit
of x. Therefore, the set of points  in B, where f(x) > r is also invariant. The
set B = N;~oB; has full measure and is invariant, and f is constant on each orbit
contained in B. O

The proof actually gives something slightly more general:

Proposition 5.3. If f is a positive excessive integrable function, i.e., 0 < Df < f,
then f is constant almost everywhere.

We now proceed to develop the theory Krillof and Bogoliugoff [17] of ergodic sets.
It is true that the ergodic decomposition of measures could be carried out using the
concepts of integral boundary representation introduced by Choquet [23], but the
work of [17] provides a deeper analysis of the ergodic components of a harmonic
measure. The presentation that follows has been influenced by those of [22] and
[21].

Let S denote the set of points w in A(X) such that

n—1

lim 1 Z(f om0 0%)(w)
[
exits for every continuous function f on X. Since the subspace of C(A(X)) gener-
ated by the functions f o, where f € C'(X) and n € N is dense in C(A(X)), the
set S coincides with the set of points of A(X) where the limit
lim ! ’S(F 0 6%)(w)
exists for each continuous function F' on A(X).

By its very definition, this set S is a shift invariant subset of A(X). Therefore,
by our previous discussion, the function z € X +— P,(S) takes on the values 0 and
1 only, and it is constant along the orbits of G. Hence the subset @ of X consisting
of those points z in X for which P,(S) = 1 is invariant under G, and it is called
the set of quasi-regular points of the system (X, Gy).

Moreover, by the ergodic theorem applied to the classical dynamical system
(A(X),0), the set S is of invariant measure 1, i.e., v(S) = 1 for every shift invariant
probability measure v on A(X). We say that a subset B of X has harmonic measure
1if u(B) =1 for every harmonic probability measure for (X, Gy).

Proposition 5.4. The set Q of quasi—reqular points is measurable and of harmonic
measure one.
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Proof. As X is a compact metrizable space, so is A(X). It then has a countable
base, equivalently, C'(A(X)) has a countably dense subset. Thus S can be described
as a countable intersection of sets, each determined as the set where a sequence of
functions has limit. Therefore S is measurable.

That @ is measurable follows from the fact that the family of measures P = {P, }
in path space has the property that for fixed measurable set S C A(X) the map

x € X — P[S]

is measurable.
Finally, if g is a harmonic probability measure on X, then g = P,(w)u(x) is
shift invariant, and we have

O

Proposition 5.5. For each x in QQ and each continuous function f on X, the limit

n—1

1
lim — Z D f(x)
exists.

Proof. Recall that the diffusion of f at  can be computed as

Df(z) = Ey[f om].
The functions of paths

1n—1
LS fomtm
k=0
are integrable and, for w € S, they converge pointwise to an integrable function.

Hence, if x is such that P,;[S] = 1, the dominated convergence theorem ensures the
existence of the limit

n—1 n—1
1 1
nlLII;O - ’;)Dkf(m) =E, nhlr;o - kz_%(foﬂo 0 0*)(w)|,

the interchange of limits being justified because of Fubini’s theorem, as f is bounded
and P, is a probability measure. O

If x € Q a quasi-regular point, then the assignment

. 1n—1 .
feCX)— nh_)rrgoﬁkg)D f(z)

is a continuous linear functional on C(X) of norm 1 taking the constant function 1
to 1. Therefore there is a probability measure p,, on X such that

) 1n—1
[ @) = tim 5" D*f(a).
X n—oo N
k=0
Proposition 5.6. The measure p, defined by a quasi—regular point in the above

manner is harmonic. Furthermore, all the measures ps,, s € G, are mutually
absolutely continuous.
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Proof. 1t is plain, from its definition, that u, is D-invariant. To prove the last
statement, we observe that

n—1 n—1
3 als) (nlgrolo % ZDkf(m)) = lim_ % > als)D*f(sz)
k=0

seGy k=0 seG;
—1
1% X
= lim — Y D*f(x)

from what it follows that
Mz = Z q(8) sz
seGy
This relation implies the mutual absolute continuity of the measures g, 0

To obtain the ergodic decomposition of an arbitrary harmonic measure u, we
use the fact that @ has harmonic measure one, hence we can write

e

/. o) = 3 | Dt ranta)
n—1

— [ 23 P r@uto)
Q" k=0

:/Q/Xf(y)uz(y)u(x)

for every continuous function. Hence it holds for all functions because, for a fixed
borel set B, the assignment @ — p,(B) is a measurable function on X.

Two classes of quasi-regular points are introduced according to properties of
the measure. A point x is said to be a point of density if u,(U) > 0 for every
neighborhood U of x. It is said to be transitive if the measure p, is ergodic. These
sets are denoted by the symbols @Qp and @7, respectively, and the intersection
R = Qp NQr is called the set of regular points.

Proposition 5.7. Let f be a nonnegative integrable function on X, and let f*
denote the function

n—1
1
*=lim— Yy DF 0.
f7=lm ]; flz) >
Let v be a harmonic measure for (X,G1). Then for almost all points x in X, either
f(z) =0 or f*(z) > 0.

Proof. This is a consequence of the ergodic theorem. Let B denote the set of points
x of X where f*(z) = 0 or undefined. This is a G—invariant set, up to measure
0. Applying the ergodic theorem to xpf we have that the Cesaro averages of the
sequence DFyp f converge to xpf*, which is equal to 0 almost everywhere. Hence

[ xs@)s@nt) o
Thus f =0on B and f* > 0on X \ B. (]
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Proposition 5.8. The set Qp is a borel measurable G—-invariant subset of X of
harmonic measure one.

Proof. The set of points of density is invariant because, as it was proved above, the
measures [is, are mutually absolutely continuous.

Let U; be a countable base of open sets for the topology of X. For each i, let f;
be a continuous function on X such that f; > 0on U; and f; =0 on X \ U;. The
set B; on which f; =0 or f; > 0 has harmonic measure one. Moreover,

Qp=QnN[()E:

i=1

If x is a quasi-regular point in NE;, then for every i, either f;(x) = 0or f(x) > 0
By definition of p,, it must be that u,(U;) > 0 whenever z € Us.
Conversely, if x is such that f;(z) > 0 and f;(z) = 0, then the neighborhood U;
of = has measure p,(U;) = 0.
(Il

Proposition 5.9. The set Qr of transitive points is invariant and of harmonic
measure one.

Proof. This set is invariant because of the mutual absolute continuity of the mea-
sures lsgz, S € G.
As in [21], one shows that the set of points x € @ for which

/W@%f@ﬁm@=0
Q

holds for any continuous function is measurable and of harmonic measure one.
By the ergodic theorem, a point x € @ is transitive if and only if

nh_glogZDf /f 2 (2

for all f in some countable dense subset of C'(X) and p,—almost all y € X. Together
with the previous paragraph, we obtain the desired result.
O

If u be an ergodic harmonic measure for (X,G1), then the ergodic theorem
implies that there is an invariant measurable subset E of @ with u(E) = 1 and
such that p = p, for all x € E. This set E is called the quasi—ergodic set of y. The
ergodic set of y is the intersection £ N R.

IfT:Y — Y is a map of a space and y and E are a point and a subset of Y
respectively, we let

nl

Te(y,n ZXE Tk

Let (X, G1) be a dynamical system. For a point  in X and a borel subset B of X,
let

i (e,n) = Pyl ()]
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Using the correspondence between diffusion on X and the shift on A(X), it is clear
that

1 n—1
T(x,n) = - ZDkXB(x),
k=0

and this would be used to close up the discussion of the Krilloff-Bogoliugoff theory.
‘We need one more piece of terminology: say that a closed subset F' of X is a center
of attraction if

Tv(x) = nh_{%o Tv(xz,n) =1

for every x € F and every neighborhood U of F'. Then we have the following result,
the proof of which is exactly as in [17] [21].

Proposition 5.10. The closure F of the set R of regular points of (X,G1) is a
minimal center of attraction.

Further applications of the theory of Kryloff and Bogoliouboff can be found in
[22]. All of them have an adequate translation to the case of harmonic measures
considered here, but we leave that to the interested reader.

I will conclude this section with a problem on recurrence motivated by a reading
of [9]. Recall that a subset A of N is said to have positive density if the limit

1
limsup —Card(A N [0,n —1]) > 0.
n—oo N
Analogously, we say that a subset A of the group G (or semi group) has positive
density if
n—1

1
li =N DF 0
imsup > DFxale) >0,

which clearly agrees with the previous definition for G = N.
On the space X = {0,1}% of subsets of G' (with the product topology) there is
an action of G defined by
(s,z)(r) = x(rs).
Let p € X be a point such that the set S = {s | p(s) = 1} has positive upper
density in G. The sequence L,, of linear functionals on C'(X), defined by

1 n—1 N
Lnf = ;}D /()

has a subsequence which converges to a harmonic measure u, on X. Let A be the
subset of X consisting of all points « for which z(e) = 1. Its characteristic function
X4 is continuous, x4 (z) = z(e), and

D™xa(p) = D"xs(e)

where the left hand side D is the operator in X and the right on G. Hence if S has
positive density, then p,(A) > 0.
Conversely, by the ergodic theorem,

n—1

= _
Jim — kZ_OD xa(z) = Xa(@)
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exists for almost all x € X, and

H(A) = /X xa(@)(de) = /X Sa(@)u(dz).

Thus if u(A) > 0, there is p € A such that Xa(p) > 0; in other words, the set
{s | p(s) = 1} has positive upper density.

These types of construction of measures have been exploited by Furstenberg [10]
in his dynamical systems approach to the Szemeradi theorem, which says that a
subset of the integers of positive upper density contains arbitrarily large arithmetic
progressions. We can formulate a similar type of problem when replacing the group
of integers Z by a finitely generated group as follows. If S is a subset of G of
positive upper density, then there is a subgroup H of G of finite index, a positive
integer 7 > 0 and s € G such that S contains the translate H,.s of the set H, of
elements of H of length less that r in the generators of H. Apparently this does not
follow by applying Furstenberg’s techniques to the shift transformation in the path
space. One certainly obtains a finite index subgroup of G with certain recurrence
property, but not as strong as the one just mentioned.

6. THE JACOBIAN COCYCLE AND THE TAUTOLOGICAL ACTION

In this section we will discuss some properties of harmonic measures for a dy-
namical system (X, G1) suggested by the harmonic analysis on the group G. To
this end, we introduce another space associated to the dynamical system (X, G1)
called the greater path space Q(X) = Q(G) x X. It comes equipped with a shift
transformation, usually denoted by 0, defined by 0(w, x) = (Qw,w(1)z). This trans-
formation 6 inherits all properties of the action of G on X, because the coordinate
functions w(n) are locally constant on Q(G).

If 1 is a harmonic measure for (X, G1), then the product measure m = P x pu
is shift invariant; in fact, for a measurable subset W x A of Q(X) we have that
O~1(W x A) can be written as the disjoint union

U Wsx s LA.

s€eGy

Therefore:

m(0~ (W x A)) = Y P(Ws)u(s~'A) = P(W)Dpu(A).
s€eGy

As it was the case with A(X) and the measure i, if p is ergodic, then the measure
m = P x p is ergodic for the shift § on Q(X).

The first consequence of the harmonic analysis on G consists on applying the
the solution of the Dirichlet problem on dG to prove the ergodicity of the measure
A

Proposition 6.1. Let G be a free group with symmetric generating set G1. Then
the measure X on its boundary OG is harmonic and ergodic.

Proof. We have already mentioned that the measure A is harmonic. Actually the
action is ergodic when restricted to a finite index subgroup G’ of G (but note that
A may not be harmonic for G'). Indeed, let G’ be such subgroup and let A be a
G’-invariant measurable subset of G with measure A\(A) > 0. We will show that
A has full measure.
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If we denote by xa the characteristic function of A, then the function

h(s) = o K (s,0)xa(b)A(b)

is harmonic on G. Moreover, it satisfies 0 < h(s) < 1, and it is G’~invariant because
A has such property.

Since A(A) > 0, there are points x in A for which h(s) — 1 as s approaches
b radially, i.e., while remaining at bounded distance from the geodesic ray which
starts at s and limits at b.

Since G’ is of finite index in G, it has a finite fundamental domain F', and so we
can find a sequence {s;} of elements of G and s in F such that s;s approaches b,
o h(s;s) — 1. By the G’-invariance of h and the finiteness of F', we conclude that
h(s) = 1. The maximum principle then implies that h is constant equal to 1. Thus

L= = [ KA = A(A)

O

One can furthermore prove that A is the only harmonic measure on G which
is ergodic. This can be done by utilizing the theory of integral representation on
convex sets [23], or via the ergodic theorem as it is done in [11] for foliations arising
from PS1(2,R). I will briefly sketch how this works because the context of [11] is
slightly different.

Proposition 6.2. The measure A on OG is the only ergodic harmonic measure for
the system (0G, G1)

Proof. We may view the path space of the system (0G, G1) as the equivariant image
of the product Q(G) x OG, where the action is (w,z) — (fw,w(1)x). The key is
to note that if z and y are two distinct points in dG, then almost all paths in G
will hit G at some other point distinct from x or y, and if w is one of those paths,
then

nlin;o d(w(n) - w()z,wn)---w(l)y) =0.

If f is a continuous function on 9G, then applying the ergodic theorem to A we
have that

n—1
.1
lim =Y f(0*w) = [ f(B)A(D)
for almost all paths starting at x. By the geometric property above, this then
holds for almost all paths starting at any other point of OG. Therefore the limit is

independent of the measure, i.e., the system (0G, G1) is uniquely ergodic. O

Continuing with the discussion of the dynamical system (X, G7) with harmonic
measure p, we recall that each transformed measure sy is absolutely continuous
with respect to p. If the transformation s of G is invertible, then, by the Radon—
Nikodym theorem, we can find a positive integrable function j(s,-) in L*(X, ) such
that

2)s  u(z) = x)7(s, x)u(x).
/Xf() u(z) /Xﬂ)y(,)u()

When G is the group generated by (G, this allows us to define the jacobian
cocycle
j:Gx X —(0,00).
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It is defined for almost all z € X and all s € G, and satisfies the chain rule relation
j(rs,x) = j(r, sz)j(s, x)

for all 7, s in G and almost all z in X.

Proposition 6.3. If v € X is fized, then the map
s€G — j(s,z) € (0,00)

is harmonic on G for the dual system of weights ¢ *.

Proof. This follows by simply taking the Radon-Nikodym derivative of the identity
w = Du. Specifically,

dDu dsp
1=——(rz) = —(rx
0 (rz) g(;l du< )

> a(s)i(s™" ra)
s€Gy

= > a(s™Y)jsr2)j(r,2) "

s€Gy

Hence
j(rax> = Z q(sil)j(srv l‘),
s€Gy
as desired. O

In fact, not only j(s, -) belongs to L*(X, i) for each s € G, but also to L™= (X, u),
because by Harnack’s inequality we have

7" < j(s,x) < C7,

for each  in X, where n is the length of s as a word in Gj.

More generally, the Radon-Nikodym derivative defines a positive harmonic func-
tion on the group G which is invariant by the stabilizer of the corresponding point.
If we agree to call a subgroup G’ of G martinian if the only G'-invariant positive
harmonic functions on G are the constants, then we also have:

Proposition 6.4. If the orbit of almost every point in the support of u is martinian,
then p is equivalent to an invariant probability measure.

Let R denote the quotient of H by the equivalence relation v ~ v if v = av
for some positive real number a. The map X — X taking x to the function
Jz(+) = j(-,x) is a Borel function on X. Replacing x by another point on its orbit
y = sz has the following effect:

j('a Sx) = Réj(7 x)j(s, m)il'
This relation implies that the quotient map
J: X —-R

is G—equivariant, that is J(sx) = sJ(x), where the left action of G on R is induced
by that on H which consists of precomposition with right translation. Since there
is a canonical identification of H; with R, we will denote by J : X — H; the map
just constructed.
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Note that the action of G on H; has a tautological harmonic cocycle, namely

the map

¥ : G xHy — (0,00)
defined by (s, h) = h(s) satisfies ¥ (sr, h) = 1(r, sh)(s, h), and evidently it is a
harmonic function of s for fixed h.

If the measure p on X is invariant under the action of G, then the map J
is essentially constant equal to 1, and the push forward measure Ju is the point
measure at the constant function 1 on G. In general, there is a kind of centralization
about this constant function. This can be seen by observing that the measure Ju
is a probability measure on the compact convex set H; and therefore it has a
barycenter, that is, there is a point § in H; such that

F(B) = /% F(h) - Tu(h)

for every linear functional F' on H. In particular, for the functional Fy given by
evaluation at s € G we obtain

B(s) = /:H h(s)Tu(h)

/X j(s.2) - pla)
1

where the second identity follows by virtue of the change of variables formula, and
the last because j(s,-)u = s~ is also a probability measure. Summarizing:

Proposition 6.5. The barycenter of Ju is the constant function 1. The jacobian
cocycle of Ju agrees with the tautological cocycle for the action of G on Hy, almost
everywhere with respect to Ju.

We may decompose the measure p with respect to the projected measure Jyu.
That is, there is a measurable assignment of a probability measure vy on the fiber

J~Y(h) such that
J s = [ ( I f(x)uh(x)> Tulh).

From this expression, we see that the jacobian cocyle of Jyu is
dJu(sh) / )
7 N j(S,.’E)l/h(.’I]),
du(h) J=1(h)
but if J(z) = h, then j(s,x) = h(s), so we obtain the claim.
Applying the boundary limit theorems to the functions in the jacobian cocycle
j we obtain a measurable map

0 :0G x X — (0,00)

Since it is positive and has integrable marginals, Fubini—Tonelli theorem implies
that this function ¢ belongs to L'(dG x X, A x p).
If A is a function on H;, then we can write

h(s) = o K(s,b)my(b)
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for some probability measure m; on 9G. This measure my admits a unique
Lebesgue decomposition my = @A + o, where ¢ € L'(dG,)\) and ¢ L \. Un-
der the action of s € G on Hj, the function h goes to hs(r) = h(rs)/h(s), whose
corresponding measure is easily computed to be

[(r) K (r =, )]~ .

Since any two measures rA are mutually absolutely continuous, the decomposition
of the measure of h, takes the form
h(r)Tre(r™ A+ [ K (e~ )] o

We therefore see that G acting on JH; leaves invariant the subspace of singular
harmonic functions. This subspace contains all harmonic functions K(-,b), b € B;
it is a subspace which forms the set of extreme points of the convex set H;, and
remains itself invariant (the action there is the action of G on 9G).

A calculation like the one already done shows that the function ¢ satisfies the
following identity almost everywhere:

j(s, x)@sm(Sb) = ‘Pm(b)-

For a measurable subset A of X, let

i(s,A) = /A §(5,2)pu(de).

For fixed A, this is a harmonic function on G as one sees differentiating under the
integral sign. It satisfies the inequality 0 < j(s, A) < 1, the second one because
Jj(s,A) = p(sA) < p(X) = 1. Also, as one easily verifies, if r, s € G, then
j(s,rA) = j(sr,A). Therefore the harmonic function j(s, A) is bounded, hence
absolutely continuous, with boundary measure 4\, where w4 € L*(9G, ), and
it satisfies
Psa(b) = @a(sh).
It follows that the measure u can also be defined as

u(A) = /3 _ealbA).

Define a new measure u, by setting
po ) = [ [ a®xa@ntzno).
oG Jx

By Fatou’s lemma, we have @ (b) > [, ¢z (b)p(x), so this measure pi, is absolutely
continuous with respect to u. We compute, using the property of ¢, listed above,
that

a(5A) = /3 ) /X XA (@) (B)K (5, 5)u(x)A(B),

which means that p, is also a harmonic measure for (X, Gy).
Similarly, we can define a measure p, absolutely continuous with respect to p,
by integrating the singular component of the boundary functions. Namely

ja(4) = /a ) [ xat@e @)

A calculation like the one above, using the transformation formula for the boundary
measures of harmonic functions, shows that this measure is harmonic for the system
(X, Gy), and absolutely continuous with respect to p.
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Consequently, we have

Proposition 6.6. A harmonic measure p can be decomposed as pp = g+ 1, where
e 18 a harmomnic measure of continuous type, and . is harmonic of singular type,
and pg L p.

The last step of our analysis will consist of making this decomposition more
explicit, which will be achieved by analyzing the boundary values of the jacobian
cocycle j. Associated to the jacobian cocycle of the harmonic measure y, there is
a measurable function £ on Q(X) defined by

Lw,z) = —log j(w(l),x).

Because j is a cocycle, we immediately note that

n—1

D U8 (w,x)) = —log j(w(n) - w(l),x),

k=0

and hence the partial sums converge almost everywhere to the value of boundary
function —log ¢, at the point limw = lim, o w(n)---w(1) of OG.

To study the asymptotic behavior of the partial sums of £ along the orbits of
we consider the associated transformation

T:QX)xR—-QX)xR

defined by T'(y,t) = (8y,t + £(y)).

This transformation T of Q(X ) xR preserves the measure mxdt, where dt denotes
Lebesgue measure on R. As such, the map T is either dissipative or conservative,
that is, either it admits a wandering set or it does not admit one. Recall that a wan-
dering set for T is a set F' of positive measure such that the sets F, T~ F, T—2F, ...
are pairwise disjoint.

This dichotomy for the transformation 7" translates into the following one for an
ergodic harmonic measure u: either p is invariant or singular. Equivalently, for an
ergodic harmonic measure p we have

n—1
: k
nlin;o];)f(ﬁ (w,x)) =0

or
n—1

nlLII;O Z (0% (w,z)) = 00

k=0

for almost all points (w,z) of Q(X).
We first examine the case in which T is conservative. For this we do not need
ergodicity.

Proposition 6.7. The transformation T is conservative if and only if

n—1
lim Y " £(6%(w,x)) =0
k=0

almost everywhere on Q(X), equivalently, if and only if the measure p is invariant.
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Proof. If T is conservative, then for € > 0 we have

oo
D oxv.oT" =00
n=1

almost everywhere on Y, = Q(X) x [—¢, €], according to the recurrence theorem of
Halmos [14]. Therefore, since T"(y,t) = (0"y,t + >__, £(0*y)), we have that

D oxv(t+ Y U(6Fy) = oo
n=1 k=1

for almost all y = (w,z) € Q(X) and t € [—¢, €]. This implies that
[log j(limw, x)| < 2¢

for almost all (w,x) € Q(X).
Conversely, if

n—1
lim Zf(Gk(w,x)) =0
k=0

then ¢, (b) = 1 for almost all b € OG and almost all z € X. In view of the
relation j(s,x)ps:(sh) = . (b) we then have that j(s,2) = 1 almost everywhere,
hence that p is invariant. But then the transformation 7" of Q(X) x R is essentially
T(y,t) = (0(y),t), which is obviously conservative.

O

Before considering the case in which T is dissipative, we first we note that the
set Z of points (w, z) € Q(X) where

n—1
lim Zf(&k(w,x)) =00
k=0

is shift invariant. Indeed, using the cocycle property of j, we have that

n—1 n
Z 008 (Qw, wy ) + L(wy, x) = Z 00% (w, x)
k=0 k=0

so the last term converges to oo if §(w, x) € Z, and vice versa; that is 07127 = Z.
Hence, in case that the measure u is ergodic, which we assume for the rest of
this discussion, either Z or its complement has m—measure 0. If it is of full measure
then the harmonic measure is of singular type and 7T is dissipative.
If Z has measure zero, then let

L(w,x) = nh_}n;o z_: (0% (w, z))
k=0

This function is finite almost everywhere and equal to — log ¢, (limw). Moreover,
the action of T on 2(X) x R has the property that

T(w, 2, L(w, ) + 1) = (6(w, 2), L(0(w,2)) + 1)

i.e., it leaves the graph of L and of its vertical translates invariant. Therefore, any
subset B of Q(X) x R of the form

B ={(w,z,t) | L(w,z) +a <t < L(w,z)+ b}
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(with @ < b real numbers) is invariant under T and of finite measure. Hence such
set B cannot meet any wandering set for 7.

To complete the proof we have to show that such wandering set F' exists. As
T is dissipative, the union W of all wandering sets of T is a positive measure
subset of Q(X) x R. Moreover, if F is wandering, then also T~ !F is wandering;
therefore W is invariant under T'. Furthermore, if F;. denotes the set of points (y, )
such that (y,s +r) € F, we have that T~'F, = (T"'F),. Thus W is invariant
under the translations (y,s) — (y,s +r), r € R. If ¢ denotes the transformation
defined by ¢(y,s) = (0y,s), then ¢T = T¢, from what it follows that W is also
invariant under ¢. Therefore W is invariant under the action of N x R defined by
(n,7)(y,s) = (™y,s + r). The action of R on itself by translations is ergodic, and
since we are assuming that 6 is ergodic, Fubini’s theorem implies that this action
on (X) x R is also ergodic. Therefore, W = Q(X) x R (up to a null set), and the
existence of the appropriate wandering set F' is assured. In fact, in this situation,
one can express 2(X) x R as a countable union of wandering sets. Hence, if T is
dissipative and B C £2(X) x R has positive measure, then B contains a wandering
set.

In conclusion,

Proposition 6.8. The transformation T is dissipative if and only if the harmonic
measure p is of singular type (hence non—invariant).

Since the decomposition p = p. + p, of a harmonic measure is preserved under
its ergodic decomposition (i.e., the ergodic components of a harmonic measure
of singular type are almost all of singular type, and analogously for absolutely
continuous type), we in fact have the following:

Proposition 6.9. A harmonic measure u for the system (X,G1) can be written
uniquely as @ = g + po, where pg is invariant, and p, is harmonic of singular
type. Moreover, u, and p, are mutually singular.

The property of the jacobian cocycle described here should be contrasted with
those properties of the jacobian cocycle of a quasi-invariant measure of an action
of the integers, as studied in [19], [24] and [16].

A corollary to this discussion is that a system (X,G1) with singular ergodic
harmonic measure is of type III. More precisely:

Proposition 6.10. Let (X,G1) be a dynamical system and let p be an ergodic
probability measure which is not invariant. Then p is not equivalent to a o—finite
mvariant measure.

Proof. If such o—finite measure v existed, then we can write p = fr, for some
positive measurable function f on X, integrable with respect to v. This function f
satisfies the functional equation

f(sx) = j(s,2) f(x)
almost everywhere on X.

Let A be a subset of X with 0 < v(A4) < co. We may assume that A is such that
1/C < f < C for some constant C' > 0. By recurrence with respect to the measure
1, and a fortiori with respect to the measure v, almost all paths starting at points
in A return to A. Since the measure p is of singular type, we also have that j(s, z)
approaches 0 along almost all paths staring in A.
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In view of the functional equation, these two facts are contradictory. Therefore
no such function f could exist.
O

In terms of the tautological action, this property says that the support of an
ergodic harmonic measure on H; for the action of G is either the constant function
1 or else almost every function in its support is singular. I do not know whether
a more precise description of the minimal center of attraction of the dynamical
system (31, G1) can be obtained. Certainly the topological structure is of no much
help because the singular harmonic functions are dense in Hj; on the other hand,
there is some regularity implicit in those harmonic functions arising from harmonic
measures, i.e., the cocycle property.

Note also that it is not difficult to construct ergodic systems whose jacobian
cocycle does not have image contained in 0G. A simple example consists on taking
the action of G on 9G generated by GG; and then adding some new elements to G
which act trivially on OG. The measure ) is also harmonic for this enlarged system,
but now there are points in the boundary of the new group where the harmonic
functions in the cocycle take on the value one.

From a different point of view, this property of the jacobian of a non invariant
harmonic measure is in some sense a weak form of the vanishing of coeflicients for
unitary representation of semisimple Lie groups. Such vanishing of coefficients is of
course false for unitary representations of a free group.

7. ERCODICITY AND MIXING

We have seen that the concept of ergodicity for a harmonic measure on a dynam-
ical system can be successfully interpreted in terms of the corresponding measure
in path space. In this section we explore this and other ergodic properties of har-
monic measures, specially in connection with the induced action of G and of D in
the hilbert space of square integrable functions on the underlying space.

Associated to the action of G on X having quasi-invariant measure p there is
a unitary representation of G on L?(X,pu), called the Koopman representation,
defined by

k(s f(a) = f(s2)j(s,2)"?,
where j is the jacobian cocycle.

By analogy with representations of S1(2,R), one has a family of unitary repre-
sentations obtained by replacing the multiplicative factor j(s, z)"/? by j(s,z)"/?>+%,
where t is a real number. In general, these representations are not equivalent.

In the ergodic theory of a single measure preserving transformation of a prob-
ability space there is an interpretation of the ergodicity of the measure as being
equivalent to the constants being the only invariant square integrable functions. In
the case of singular harmonic measures (i.e., non invariant) the situation is essen-
tially more complicated.

We need some preliminary facts. The first one is from classical dynamical systems
(a very elegant proof, due to M. Sion, can be found in [23]), and reads as follows:

Proposition 7.1. Let g be an invariant measure for a dynamical system (Y, T)
and let v = fu be absolutely continuous with respect to p. Then v is invariant if
and only if foT = f.

The second is essentially the harmonic measure version of the first one:
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Proposition 7.2. Suppose that p is a harmonic measure for (X,G1) and v is
absolutely continuous with respect to p, with Radon-Nikodym derivative f = dv/du.
Then v is harmonic if and only if f is G—invariant.

Proof. If f is G—invariant, then not only Df = f, but also D(fg) = fDg for every
function g on X. Therefore we have

/)(ng/:/XD(fg)u=/ngu-

Suppose that v is harmonic. Both measures 1 and 7 are shift invariant, and
from the definition of v it follows that it is absolutely continuous with respect to
1, with corresponding Radon—Nikodym derivative f o my. Indeed,

F@(de) = [ 1) [ Fu)P(dw)n(da)

A(X) X

and since fomg is constant equal to f(z) with respect to P,, this last integral equals
/ / £ o mo(w) F(w) Py (dw)p(de) = / F(w)f o mo(w)ji(dw).
x JAax) A(X)

In view of the previous statement, this implies that the composite function f o g
is shift invariant, which in turn means that f is invariant under the action of G on
X.

O

With these preliminary facts out of the way, we state the first consequence of
ergodicity for harmonic measures.

Proposition 7.3. Let (X, G1) be a dynamical system with harmonic singular mea-
sure p. Then the representation k has no finite dimensional invariant subspace.

Proof. Arguing for a contradiction, suppose that V' is an invariant subspace of
finite, but positive, dimension. Let fi,---, f, be an orthonormal basis of V', and
let f denote the function in L*(X, i) defined by

f@) =" Ifi@)P.
i=1
To each s € G there corresponds a unitary matrix (a;;(s)) determined by
fi(sx)j(Sam)l/Z = Zaij(s)fj(z)'
j=1

This implies that the function g satisfies the equation

f(sz)j(s,z) = f(x).

Since by construction f is also positive, the measure fy is invariant and absolutely
continuous with respect to pu. By the above, it then follows that f is constant along
the orbits of G. But then the functional equation f(sx)j(s,x) = f(x) says that the
jacobian cocycle is essentially constant equal to 1 as a function of s € G, which we
know to be false for singular harmonic measures. (I
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This property of the Koopman representation is reminiscent of the weakly mixing
property. The weakly mixing property for unitary representations of semisimple Lie
groups is related to the vanishing of the coefficients at infinity. A coefficient of « is
a function ¢,, on G which one associates to a pair of elements u, v of H by setting

‘puv(s) = <I£(S)u,’U>.
The coefficients of « are said to vanish at infinity if ©,,(s) — 0 as s — oo in G, for
all u,v € H. For the relevance of the vanishing of coefficients property to ergodic
theory, see [27].
We will briefly discuss this property for the Koopman representation attached
to a dynamical system (X, G1) with ergodic non invariant measure p.
A coefficient of x is a function ¢ on G of the form

o(s) = /X F(s™ ) g@yi(s ™ ) (),

where f,g € L*(X,p). In order to show that ¢ vanishes at infinity on G, it is
enough to show it for the case f = g = xx, for then it would follow for simple
functions in L?(X, u1), hence for all square integrable functions.

We then have only to consider the function

o(s) = /X i(s,2) Y2 p(x).

If we assume that no element s # e of G preserves pu, then we have, by Schwarz’s
inequality

() < /X J(s,2)(z) = 1.

Moreover, using the concavity of the square root function,

1/2
j(s,x)'? = (Z Q(rl)j(rsvx)> > > q(rj(rs, x)'?,

reGy reGy

for almost all x € X. Upon integration,

0< De(s) = 3 alr)elrs) < p(s),
reGy

that is, ¢ is excessive (superharmonic and non negative) on G. By iteration of this
inequality we have D"l < D", hence the limit h = lim,,_,o, D"y exists and it
is a nonnegative harmonic function on G. We have then a Riesz decomposition

p=h+k

where k is a potential. The boundary limit of a potential such as k is zero almost
everywhere on (9G, \) [4]; thus ¢ and h have the same boundary values. However,
the vanishing of coefficients is apparently a stronger condition that the vanishing
of the jacobian cocycle; one needs some regular contraction of the measure p under
the action of G. For instance, under the assumption that for no element s # e
of G the measure p has no nontrivial subordinate s—invariant measure, one can
prove that ¢ vanishes on a dense subset of OG. But, in contrast with semisimple
lie groups, the action of G on its boundary is not transitive.

Next we turn to the action of the diffusion operator on L?(X, 11). Ergodicity can
be characterized in terms of the operator D as follows:
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Proposition 7.4. The system (X, G1) is ergodic if and only if

n—oo n

i =3 [ (D) = nAu(B)
k=0

for all measurable subsets A, B of X.

Proof. If p is ergodic so is pi. Therefore the ergodic theorem applied to the shift ¢
implies that for any measurable subset A of X
n—1
o1 k o~ =14y
Jim ];)(XA om0 0%)(w) = fi(my " A) = p(A).
But

/ (xa © 0 0 6%)(w)fi(dw) = / Dxa.
A(X) X

Therefore, after multiplication by xp and integration, the dominated convergence
theorem gives the first statement. The rest is proved in a similar fashion. (I

As for the eigenvalues of the operator D acting on L?(X, 1) we have the following:

Proposition 7.5. Let (X,G1) be a dynamical system with harmonic measure p
which is ergodic. If f is an eigenfunction of D in L?(X, 1) then either f? is constant
(and the eigenvalue is £1) or else D™ f converges to 0 as n — oo.

Proof. If f is an eigenfunction of D, i.e., Df = Af and A # 1, then from the
inequality |Df| < D|f| and the invariance of y we obtain [ fu =0 and |A| < 1.

In case |\| < 1, we have |D™f| = |\|"|f], so D" f converges to 0 in L?(X, u).
On the other hand, if |A\| = 1 then |f| < D|f|. If u is ergodic, being D-invariant
in turn implies that the functions |f| and D|f| must be equal almost everywhere,
hence that | f| is essentially constant. Therefore we may assume that f takes values
in the unit circle in the complex plane. But then the identity

Df@) = 3 a(s)f(s2) = M (@)
s€Gy
says that the circle number Af(z) is in the convex hull of the circle numbers f(sz),
s € Gy. This can only happen if f(sz) = Af(x) for all s € G;. Tteration of this
identity shows that A = 4+1. This in turn implies that such function f satisfies
D(f?) = f2, and so, by the ergodicity of u, f? is constant almost everywhere. [

This property of the diffusion operator suggests it has stronger spectral properties
than those of the unitary operator associated to a measure preserving transforma-
tion of a probability space. In fact, in the case of invariant measure, the operator
D satisfies a strong form of weak mixing as we will show next.

We need to introduce one more piece of notation. For a function f on X, let 0f
denote the function on X with values on C¢* given by

Of(x)(s) = q(s)(f(sz) — f(x)).
Then we have the following identities, reminiscent of familiar ones in differential
geometry:
Af =tr df,

(where tr operates on a vector v = (v1,--- ,v,) by tr (v) = > v;), and

A(fg) = fAg+gAf+(0f,09)
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for functions f and g on X, where the product (u(s),v(s)) =Y, q(s)u(s)v(s).
Let (, ) denote the inner product in C&* and let ( | ) denote the inner product
in L?(X, p1). For every function f in L?(X, u) we have:

||Dn+1f||2 . ||an||2 _ <Dn+1f ‘ Dn+1f> — <D7lf | D”f>
= (AD"f | AD"f) +(D"f | AD" ) + (AD"f | D" [)

—|aD"f| - [ @D"s.00" Py
X
where we have used the fact that p is harmonic. Since we always have

(tr (OD" f))* < (0D"f,0D"f),

it follows that the sequence || D" f||? is non-increasing, hence that it has a limit as
n — 0o.

Note that in general the diffusion operator D is not unitary in L?(X,pu), its
adjoint D* being given by

D*f(z) =Y a(s™")f(s2)j(s, ).
seGy
Therefore, D is a symmetric operator if the measure p is invariant and the system
of weights is symmetric. Hence, assuming that y is invariant and q(s) = q(s™1), we
have:
| D20 f — D2 f2 || D2 |12 4 | D2 £ — 2 D7 2,

and similarly for the odd indexed sequence. Therefore both sequences {D?*" f} and
{D?"+1 f} are Cauchy in L?(X, ), and so they converge there to functions f. and
fo, respectively.

In general, both limits could be distinct: for instance, let X = {41, —1} and let
G consist of the map s(z) = —z and its inverse. The function f(z) = x provides
an ergodic example where the even and odd limits are distinct. In any case, we
have the following;:

Proposition 7.6. Let (X,G1) be a dynamical system with invariant measure p
and suppose that q(s) is symmetric. If D acting on L?>(X,u) does not have —1
as an eigenvalue, then D" f converges to a D—invariant function in L*(X,p). In
particular, if p is ergodic, D™ f converges to fX fu.

Proof. With the notation introduced above, it is clear that D f, = f, and D f, = f..
Thus if they are not equal, f. — f, is an eigenfunction of D corresponding to the
eigenvalue —1. In the ergodic case, the identification of the limit is obtained via
the ergodic theorem. O

All the concepts used in the study of a single transformation can be extended to
multidimensional systems by formulating the corresponding concept in path space
(A(X),0). We have done that for the ergodicity property, and next look at the
weakly mixing property.

A dynamical system T : X — X with invariant measure v is said to be weakly
mixing if the system 7' : X x X — X x X is ergodic with respect to the product
measure v X v. When trying to extend this concept to a dynamical system (X, G1)
with harmonic measure p we face some difficulties. First of all, and even in the case
of a symmetric equidistributed system of weights on G, the product p x p is not
harmonic, unless p is invariant. Second, the path space of (X x X, G1) is not the
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product of the path space of (X, G1) with itself. These difficulties are eliminated
once we define correctly what the product action should be.

Given a dynamical system (X, G1), we consider the dynamical system on X x X
generated by the set of maps G; x G1. It acts on X X X in the obvious way, namely
by (s1,82)(z,y) = (512, s2y). We denote this product system by (X x X, G?), and
note that the path spaces are related by

(QUX x X,G%),0) ~ (A(X) x A(X),0).

If q is a system of weights on G, then the product G? has the system of weights
¢*(sr) = q(s)q(r). With this notion of product action the concept of product of
harmonic measures is well behaved, that is:

Proposition 7.7. If u is a harmonic measure for (X, G1) then the product measure
WX is harmonic for (X x X,G?).

Proof. The operator D on X x X for the system generated by G? is defined by
Df(z,y)= Y q(s)q(r)f(sz,ry).

r,s€Gq

In particular, for a function f on X x X of the form f(z,y) = fi(x)f2(y) we have
that Df(x,y) = Df1(x)Dfa(y). The statement follows from this fact. O

We say the the dynamical system (X, G1) is weakly mixing if the associated path
space system (A(X),0) is weakly mixing. Since this one is a classical system, and
the product (A(X) x A(X),6 x 6) is the path space of the system (X x X,G?),
weak-mixing means that this last system is ergodic with respect to the product
measure.

There is a characterization of the weak mixing property in terms of the operator
D analogous to the ergodicity property. It reads

Proposition 7.8. The system (X, G1) is weakly mizing if and only if

n—1

1

Jim =37 /X(DkXA)XBM*N(A)H(B) =0
k=0

for all measurable subset A, B of X.
Proof. It (A(X), ) is weakly mixing, then for every pair A, B of subsets of X,

n—1

.1 S
Jim =3[0 AN B) - p(A)u(B)| =0.
k=0

Using the Markov property, i.e., the definition of the measures P, and i, one checks
that

P[07"AN B] = Pw(k) € A;w(0) € Bl = D*xa(z)x5(x),
and the rest follows. ([l

To conclude this section, note that if (X,G1) has harmonic measure p, while
(Y, G1) has invariant measure v, then the product measure p X v is harmonic for
the diagonal system (X x Y,G;). It would be interesting to know whether this
system is ergodic when p is weakly mixing and v is ergodic.
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8. TOPOLOGICAL ENTROPY

In these section, we collect some observation on the topological entropy of a
dynamical system (X,G1). They were motivated as complementing some aspects
of [13], and as a search for a variational principle for the entropy.

In order to define the topological entropy of a dynamical system (X, G1) using
open covers, we recall a few standard facts about open covers of a space. The
collection of open covers of a space X is partially ordered by refinement. If U and
V are open covers, we write U < V if every element of U is contained in some element
of V. Every pair of covers has a greatest lower bound which is denoted by U V 'V,
and consists of the sets of the form AN B with A € U and B € V. Analogously,

if Uy, -+, U, is a finite collection of open covers of X, the greatest lower bound
is denoted by VI ;U;, its elements being the sets of the form A4; N---N A, with
Aj c Uj.

The entropy of a finite open cover U of X is the number log N(U), where N(U)
denotes the minimum cardinality of a finite sub-cover of U.

Let G,, denote the set of elements of G of length at most n with respect to the
path distance defined via G;. If U is a finite cover of X, then the entropy of (X, G)
with respect to U is

1
h(X7G17u) = lim 710gN(\/seGn713u)v

n—oo n

and the topological entropy of the system (X, Gy) is
h(X7 Gl) = Suph(X7 Glya)'
u

As in the case of single transformations, the entropy can also be defined in terms
of a distance function, which gives the version of entropy of pseudogroups utilized
in [13]. To do so, denote by dx a distance function on the compact metric space
X, and declare two points  and y in X to be (n, €)-separated if there is s in G,,—1
such that

d(sz,sy) > e.

Let S(n,¢) denote the maximum cardinality of an (n, €)-separated subset of X.
Then we set
h(X,G1,€) = limsup S(n, €)

and the entropy of the dynamical system is defined as
h(X, G1> = llH(l) h(X, G17 6).

Analogously, say that a set F' of X is (n,e)-spanning if for any y € X there
exists € F such that

d(sz,sy) < e

for all s in G,—1. Lets R(n,e) denote the minimum cardinality of the (n,e€)-
spanning sets. Proceeding as in the previous paragraph, one obtains yet another
possible definition of entropy. As in [25], one can prove that the entropy of (X, G1)
can be computed with respect to open covers, separated sets or spanning ones,
giving the same result, which is denoted by h(X, G1).

We note another useful fact concerning the entropy of a system (X,G) on a
compact metric space.



32 A. CANDEL

Proposition 8.1. The entropy of a system (X,G1) on a compact metric space
depends only on the uniform structure of X, that is, the number h(X,G1) is in-
dependent of the distance on X wused in the sequence of calculations leading to its
definition.

For instance, using the definition of entropy with coverings, we can compute the
topological entropy of (0G,G1). We can cover 0G with Card(G) mutually disjoint
discs, namely those determined by the initial symbol of the corresponding element of
O0G. If U denotes this open cover of G, then the elements of the cover Vg, sU are the
discs determined by the first n — 1 symbols, a total of Card(G1)(Card(Gy) —1)"2.
Hence

h(0G, Gy) = log(Card(Gy) — 1)

(One has equality by the standard properties of generators.) Curiously, the haus-
dorff dimension of OG, with respect to the obvious non—archimedian distance, is
one.
As noted in [25], the concept of entropy is closely related to the notion of Kol-
mogorov dimension of a metric space. Let (Y,d) be a complete metric space. A
subset F of Y is said to be e-separated if d(z,y) > € for every pair of distinct points
x and y of Y. The Kolmogorov dimension of (Y, d) is

 logS(Y,d,e)
limsup ————
e—0 log(1/e¢)

where S(Y,d, €) denotes the maximum cardinality of an e-separated subset of Y.
Unlike entropy, the Kolmogorov dimension is not an invariant of the uniform
structure of the metric space. It is mentioned here because of the following:

Proposition 8.2. Let (X,G1) be a dynamical system on compact metric space X
of finite Kolmogorov dimension. If all elements of Gy are Lipschitz with constant
K > 1, then

h(G,G1) < ClogK.

A property of the dynamical system (X, G1) guaranteeing that the entropy is
positive involves the notion of resilient point. This is noted in [13] in the case of
codimension one foliations. Here we simply generalize the definition.

A point x of X is resilient if there are elements s and r in the group G with the
following properties:

(1) = is a contracting fixed point of s; that is, s(z) = z and there is a
neighborhood U of x such that the closure of sU is contained in U and
N ,s"U = {x}.
(2) There is a neighborhood V of = such that rV C U \ {z}.
The proof of the following statement is exactly the same as that presented in
[13] for pseudogroups arising from codimension one foliations. Note that their proof
actually gives an explicit lower bound on the entropy.

Proposition 8.3. If the system (X,G1) has a resilient point then the entropy
h(X) > log2.

We have mentioned the concept of resilient point because many of the familiar
examples of dynamical systems have them. On one hand, it is clear from the
definition that an action of the group of the integers Z cannot have a resilient point.
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Also note that the orbit of a resilient point has exponential growth; therefore many
other groups cannot have actions with this kind of points.

On the other hand, a cocompact Fuchsian group acting on the boundary of the
unit disc, and more generally a negatively curved group acting on its boundary, has
resilient points. Abstracting such situation we have the concept of quasi—conformal
action of a group G on a metric space X. We recall the definition and refer to [12]
for a detailed discussion of this concept.

Let ¢ : Y — Y be a homeomorphism of a metric space Y with distance d. The
conformal distortion of ¢ at a point y of Y is defined by

5(60) — limsup SPLLOW) 0 [d(y.v) =
o inf{d(e(y),o(y")) | d(y,y') = €}
Thus 1 < §(¢,y) < oo. If §(¢,y) is bounded on Y, then ¢ is said to be quasi-
conformal.
We say that G is a group of quasi—conformal homeomorphisms of X if there is a
constant C' such that §(s,z) < C for every element s of G and every z in X.

Proposition 8.4. Let (X,G1) be a dynamical system on a metric space X and
suppose that G is a group of quasi conformal maps of X. If X has a harmonic
measure which is not invariant, then there is a resilient point.

Proof. Using the ergodic decomposition, we may assume that there is a harmonic
measure y which is not invariant and which is defined by a regular point x. We
then know that there is a set of positive measure such that the boundary limits of
the jacobian maps j(s,y) are zero almost everywhere for almost all points y in such
set. (Ergodicity and the cocycle property then imply that this is true for almost
every point of X with respect to such measure.)

Recalling that the Radon-Nikodym derivative can be computed as

, — 1 usD

o) = fim O
that j(s,y) is a singular harmonic function, together with the fact that y is a point
of density, means that there is an open disc D around y such that the measure
w1(sD) tends to 0 along almost all paths in G, and that almost every path starting
at y passes near y at some later time. Quasi—conformality of the action together
with density of the measure implies that there is an element s in G such that the
closure of sD is contained in D. Since p(s™D) — 0, s must have a contracting fixed
point z in D. The other element r needed to fit the requirement that z be resilient
is easily found. Indeed, since the measure is non invariant, G is a free group in more
that one generator. Moreover, using once more the density and non—invariance of
the measure pu, there must be other points in the orbit of z which pass arbitrarily
close to it and are different from it. O

The next proposition is a classical one. I mention it because it would be inter-
esting to know whether it also holds true for distal actions.

Proposition 8.5. If G is an equicontinuous group of transformations of X then
the entropy h(X,G1) = 0.

Proof. 1t is evident from the definition that if G is a group of isometries of X, then
the entropy h(X,G1) = 0. Conversely, as in [1], let dx be a distance function on
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X and define
d(x,y) = supdx(sz, sy).
G

Then d is also a distance function on X compatible with its topology and invariant
under the action of G. O

The concept of entropy can be generalized to deal with potentials which affect
the system under consideration. One instance of this is the notion of pressure that
is used in classical dynamics [25]. We will consider a slightly more general version
of it, because it has two interesting applications in our context.

Let o : XxN — (0, 00) be a map, and consider the following quantities associated
to it and the system (X, G1)

S(n, e, p) = sup {Z o(z,n) | E is (n, e)-separated } .

zeE

Note that since the function ¢ is positive, it suffices to take the supremum over
maximal (n, €)-separated sets. Let

1
5(e, ¢) = limsup —log S(n, €, ¢),

and observe that S(e, ¢) is a non—increasing function of €, so that the following
limit exists:

hs(X,¢) = EI_I%S(G,QS)

There is also a related definition involving spanning sets. Let

R(n,e, ) = inf { Z o(x,n) | E is (n, €)-spanning } )

zeE

and R(e, p) = limsup,,_,..(1/n)log R(n,€,¢), and then define
hr(X, @) = lim R(e, ¢).

It always happens that hr(X,p) < hg(X,¢) because a maximal separated set
is also spanning of the same order (n,€), hence R(n, ¢, ) < S(n, ¢, ¢). We will not
be concerned about whether these two quantities are equal.

The first application of the concept of entropy of a potential concerns the con-
structions of measures on X with given jacobian cocycle.

Let a be a continuous cocycle for the action of G on X, that is, a map « :
G x X — (0,00) which satisfies

a(rs,z) = a(r, sx)a(s, x)

for all r, s in G. The potential associated to the cocycle « is the function ¢ defined
by
oo, @) = sup a(s,z)”".

seGp
We set )
h(a, €) = limsup - log S(a,n,¢€)
and

hia) = liH(l) h(a,€).
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This number h(X,«) is called the entropy of the cocycle a with respect to the
generating set G;. Clearly the value of the entropy depends on the generating set
G4, but if h(a,G1) = 0 for one choice of generating set, it is also 0 for any other
choice.

The entropy of the potential associated to a cocycle a over (X, G1) is finite if
that of (X,G1) is finite. Indeed, since « is continuous, there exists a constant
C = C(G41,a) such that if s is an element of Gy, then a(s,z) < C™. Hence
hMX,G1) < h(a) <h(X,G1)+C.

As we mentioned, the first application of entropy is to the construction of mea-
sures with given jacobian cocycle. The technique of construction of the measure
follows the pattern of constructions of invariant measures utilized in [13].

Theorem 8.6. Let « be a cocycle for the dynamical system (X, G1) and suppose
that the entropy h(X,a) = 0. Then there is a measure p on X whose jacobian
cocycle under the action of G agrees with a (almost everywhere with respect to ).

For the proof, one constructs a family of operators A, . on C(X) which are
defined as follows: if f is a continuous and non—negative function on X,

An,e(f) = a n, 6 Supi a n,x),

zeEE

where the supremum is taken over all (n,e)-separated sets E. The proof of the
following fact is as in [13].

Proposition 8.7. The operators A, . satisfy the following properties:
(1) ifa >0, then Ay c(af) = alp.(f),
fol < fa, then Ay, e(fl) <A, e(f2)

(2)

(3) Ane(1) =1 and Ay, o(f) < sup,ex f(2),

(4) A, 6(f1 + f2) < Ay e(f1) + A c(f2), with equality if the distance between the
supports of fi and fo is greater than e.

As in [13], the fact that the entropy of « is zero allows us to find a sequence
n(k,p) such that limy_, n(k, p) = oo and for which the limit

iy S(kp) +1,1/p)
P k—o00 (a7n(k‘,p),1/p)

exists and the iterated limit satisfies lim, .o 7p = 1.
Moreover, the sequence n(k,p) can be chosen so that the limits

AO,l/p(f) = kli{go An(k,p),l/p(f)
and
Al,l/p(f) = klingo An(k,p)Jrl,l/p(f)
both exist, and a subsequence p(I) can also be found so that

Ao(f) = Jim Ao ) (f)

A (f) = lli{go Ay (f)

both exist.
The reasoning of [13] shows that these operators Ay and A; define measures fi
and p1 on X, and that the choices of sequences made above imply that pg = p1.
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We call this common measure p, and next verify that its jacobian cocycle agrees
with the initial cocycle «, almost everywhere with respect to pu.
To begin with, we note that if s € Gy, then

o(a,n,sz) = sup afr,sz)!
reGn,

= sup a(rs,z) ‘a(s, )
reG,
<a(s,z)p(a,n+1,x).

It follows that

S(a,n+1,€) 4

7‘/\“ € 7. b
St el )

because if E is an (n,€)-separated set, then sE is (n + 1,¢)-separated. Taking
appropriate limits we have that

ST x xasilx x).
/Xf( )u()S/Xf()( o))

Applying the same reasoning to the function z — fos(x)a(s,2)~! and the element
571, and noticing that a(s,s™'z) = a(s™1,2)7!, we obtain the reverse inequality:

/X f@als™auta) < [ sl

Consequently the jacobian cocycle of the measure p is

dis™)'p,
T(z) = afs, z).

Our second application of this concept just introduced will be to the study
of the relation between the topological entropy of (X,G1) and that of (A(X),0).
To this end, we consider the following potential on X. For a point z in X and
a non-negative integer n, let ¢(x,n) denote the number of paths of length 2n
which start at z, where by a path of length 2n which starts at x we mean a map
c:{0,1,---,2n} — X such that ¢(0) = x and c(i) € {sc(i — 1) | s € G1} for
i=1,---,2n.

Before continuing, we state a useful trick:

Ane(fos) <

Proposition 8.8. Let (X,G1) be a system on a compact metric space X with
distance dx . Then there exists a uniformly equivalent distance d on X under which
all elements of G1 are lipschitz maps of constant not larger than 2.

Proof. Actually, what we will use is the explicit form of the distance function d. It
is defined by

— 1
ZQ— aXdX (sz, sy).

This new distance on X is easily seen to be equivalent to the original one dx,
because the compactness of X implies that a finite collection of maps from X to
itself is equicontinuous.

Incidentally, this observation can be used to exhibit Lipschitz maps of compact
metric spaces with infinite entropy. (I
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Proposition 8.9. The entropy of (A(X),0) is the entropy of the potential ¢, that

18

Moreover, the entropies of X and of A(X) are simultaneously finite, in fact
h(A(X),0) < h(X,Gy) + log Card(Gy).

Proof. Using the fact that the entropy of a system depends only on the uniform
structure of the metrizable space X, and not on the particular distance used in the
sequence of calculations leading to the final result (see [25] for a proof), we start
with a distance dx in X, which we assume to be of diameter one, and define the
distance dp(x) in A(X) and d on X as above.

The calculation of the entropy involves fixing € and computing the limit superior
of a sequence of numbers. Therefore, we may look at those terms S(n,e) of the
sequence with 1/2™ < e/2. Also, for fixed e, the quantities R(n, €) and R(n+1/e,€)
behave asymptotically the same as n — oo in the pertinent calculation.

Suppose that F' is an (n, ¢/2)-spanning set for (X, G1). For each  in F' we can
choose ¢(x,n) paths which start at = and whose initial 2n—strings represent each
of the ¢(x,n) paths of length 2n which start at . We do this for each point of F’
and denote the resulting set of paths by F. We claim that F is an (n, €)-spanning
set for (A(X), ). Indeed, if w is a path of the form w = (2,512, - -), then there is
x in F such that d(sz,sz) < e for every s € G,.

Now we write, for 0 < j < n,

dpcoy (0w, 0Fw,) =
k=0

<3 gedx k4 ),k +9) + /2,

S (Wl 4 3),wa e + )

By construction, we know that if k¥ < 2n and w(k) = sz, then also w, (k) = sx.
This implies, because the (n, €/2) separation of F', that for j < n and some s € G,,,
we have

n 1 o0
Z 2—kdx(w(k +7),wa(k+ 7)) Z % ade rsz,rsz) < d(sz, sz) < €/2.
k=0 k=0
This shows that

R(n,€) < inf { Z w(x,n) | Fis (n,€/2)-spanning for (X, Gy) } ,

zeF

and the conclusion follows from this inequality. ([l

9. ON THE VARIATIONAL PRINCIPLE

In this section we make a few observation on the variational principle for the
entropy of a system (X,G1). If one attempts to build a category including the
classical dynamical systems as well as the systems with harmonic measure that we
have been studying, then there should be some variational principle which links
the entropy of a system (X, G1) with some of the other systems associated to it.
We have seen such partial relation between the topological entropy of (X, G1) and
that of its associated path space (A(X),#) in the previous section. In order to have
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a better understanding of this, it is best to place our discussion in terms of the
greater path space Q(X) and its shift transformation 6. Each harmonic measure
for (X, G1) induces the shift invariant measure m = P x p on Q(X).

We fix a distance dx on X, the obvious one in Q(G), and consider the product
distance on Q(X). Then the projection ¢ : Q(X) — Q(G) satisfies 0¢ = ¢f, and a
theorem of Bowen [3] gives the following string of inequalities:

Proposition 9.1. The following relation between topological entropies holds:

B(X,G1) < h(Q(X),8) < h(QAG),0) + sup_h(w) < h(AG),0) + h(X,G1).
weQ(G)
Note that h(Q2(G),8) = log Card(G;). The number h(w) associated to the path
w € Q(Q) is the topological entropy of the map 6 relative to the fiber ¢~1(w). We
make a few remarks on its calculation, as they will be needed later in the discussion.
If w is a path in G and U an open covering of X, let N(w,U,n) denote the
minimum cardinality of a subcovering of UVw(1) 71UV - (w(n—1)"1- - w(1)"HU,
and let )
h(w,U,n) = —log N(w,U,n).
n

We note that N(w,U,n +m) < N(w,U,n) + N(w,U, m), for reasons similar to
those used in the calculation of the entropy of a map. Therefore the limit
h(w,U) = lim h(w,U,n)

n—oo

exists for each w € Q(G). Finally, let
h(w) = sup h(w, U).
U

One can equally define the entropy along a path in terms of spanning sets, or in
terms of separated sets, and prove that the three functions constructed are the same
on Q(G).

The facts concerning this function hA(w) that we need are as follows. First, for
n and U fixed, h(w,U,n) depends only on the initial n—symbols of w. That is,
h(w,U,n) is a locally constant function on Q(G), hence continuous. Moreover,
the convexity property of log N(w,U, n) as a function of n implies that h(w,U) is
actually equal to inf,, h(w, U, n). Therefore, the function h(w, W) is upper semicon-
tinuous on Q(G) (and hence measurable).

The second observation concerns the relation between h(w,U) and h(6w,U).
Directly from the definitions we have that

log N (w, U, n) <log N(U) + log N (fw,w(1) " U, n — 1)
=log N(U) + log N (0w, U,n — 1),

where the last equality holds because w(1) is a homeomorphism. It follows that
h(w,U) < h(fw,U) is a shift super invariant function on Q(G). It is therefore
constant almost everywhere with respect to P (any P induced by a system of
weights on G) because this measure is ergodic for the shift. Since a set of total
measure with respect to some P is dense in Q(G), the upper semicontinuity of
h(w,U) implies that this constant is independent of P. Summarizing

Proposition 9.2. The function h(w,U) is upper semicontinuous and constant al-
most everywhere on Q(G) (with respect to P). This constant is in fact independent
of the measure P on Q(G). Moreover, h(w) < h(X).
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Next we will find a formula for the entropy of the measure m = P x p on Q(X).
A path of length n in G is a sequence o = a(n — 1) --- (1) with a(k) € G;. Let
P, denote the paths of length n in G. For a finite measurable partition £ of X and
a path a of length n, let a denote the partition £V a(1)71EV -+ Va~l¢ of X. Let
€ denote the partition of ©(X) with atoms Q(G)s x A, where s € Gy and A € ¢.
To compute the entropy of (2(X),0) it is enough to consider partitions of Q(X) of
the form §~ Moreover, an element B of g\/ 9‘1€~V SV 9_"5 has the form

B=0Q(G)ax A

where A € a€. Therefore, for a partition £ we let

WX GrEm = Y a(e) [ logulag(@)ulz)
aeP, X
where ¢(«) is the weight of @ and a&(x) denotes the atom of the partition o€ which
contains the point x.
Then define

H,(X,G1,§) = lim lH#(X,Gl,n),

n—oo N
and
Hu(Xa Gl) = SngM(Xa lef)'

Therefore, we have

Hu(X,G1) = Hn(QX),0) = > q(s)logq(s).
s€Gy
One may expect that it could be possible to obtain a variational principle for
the entropy using this calculation. The number H, (X, G ) is the P-average of the
metric entropy along paths in G.
As I realized when this paper was being written, there is a relative variational
principle which when applied to our situation gives the following:

Proposition 9.3. Let (X,G1) be a dynamical system and P a measure on Q(Q)
associated to a system of weights. Then

sup H,(QX).0) = 3 a()loga(s) + [ hw)Pw),
vipv=P s€Gy Q(G)

This is proven in [18] (see also [20]). Note that in [18] there is the implicit
assumption of invertibility of the transformations involved. This assumption is
removed in [2].

Since not every invariant measure for (Q2(X),0) is of the form P x pu with
harmonic for (X, G1), we only obtain the inequality

H,(X,Gy) < /h(w)P(w).

I do not know whether this is actually an equality. Perhaps it is in case that the
shift map is expansive, but I will not attempt to discuss it now. My contribution
here would be to show that this notion of metric entropy is not related to the topo-
logical entropy discussed in the previous section, apart from the obvious inequality.
That is, we exhibit an example of a dynamical system (X, G;1) which has positive
topological entropy, but the entropy along every path in G is zero.
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Let X be a compact metric space and G be a group of homeomorphisms of X
with the property that the topological entropy of each element of G is zero. For
example, X could be the unit circle, or it could be the boundary 0G of G with the
canonical action.

In such a situation, it is easy to see that the entropy along every path in G is
zero. Indeed, that the entropy of every element of G is zero implies that the entropy
along every periodic path in G is zero. Therefore h(w,U) = 0 for every covering
U of X and every periodic path w. If h(w) were positive on a subset of Q(G) of
total P—measure, then we could find a covering U for which A(w,U) on a set of
positive measure, hence almost everywhere. But using the previously proven fact
that this function h(w,U) is upper semicontinuous on (G), it would be positive
everywhere. This contradicts that it is zero on the periodic paths.

Finally, if we take X to be the circle, and G; to consist of two elements s and
r. One of then, say r is a rotation. The other is a hyperbolic element of PS(2,R)
acting on the circle. This system has a resilient point, hence its topological entropy
is positive. Similar considerations apply to the system (0G, G1).
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