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Abstract. We study a measure entropy for finitely generated free group actions called
f-invariant entropy. The f-invariant entropy was developed by L. Bowen and is essentially
a special case of his measure entropy theory for actions of sofic groups. In this
paper we relate the f-invariant entropy of a finitely generated free group action to the
f-invariant entropy of the restricted action of a subgroup. We show that the ratio of these
entropies equals the index of the subgroup. This generalizes a well-known formula for the
Kolmogorov—Sinai entropy of amenable group actions. We then extend the definition of
f-invariant entropy to actions of finitely generated virtually free groups. We also obtain
a numerical virtual measure conjugacy invariant for actions of finitely generated virtually
free groups.

1. Introduction

Recently Bowen [2] defined a numerical measure conjugacy invariant for actions of finitely
generated free groups, called f-invariant entropy. The f-invariant entropy is relatively easy
to calculate, has strong similarities with the classical Kolmogorov—Sinai entropy of actions
of amenable groups, and in fact agrees with the classical Kolmogorov—Sinai entropy when
the finitely generated free group is just Z. Moreover, f-invariant entropy is essentially a
special, simpler case of the recently emerging entropy theory of sofic group actions being
developed by Bowen [3, 4, 7], Kerr and Li [16-18], Kerr [15], and others [9, 25, 26]. The
classical Kolmogorov—Sinai entropy has unquestionably been a fundamental and powerful
tool in the study of actions of amenable groups, and f-invariant entropy seems posed to
take a similar role in the study of actions of finitely generated free groups. Bowen has
already used f-invariant entropy to classify most Bernoulli shifts over finitely generated
free groups up to measure conjugacy [2], and the classical Abramov—Rohlin and (under a
few assumptions) Juzvinskii’s addition formulas have been extended to actions of finitely
generated free groups by Bowen [5] and Bowen and Gutman [8], respectively. However,
the theory surrounding f-invariant entropy is still quite young. The f-invariant entropy has
been computed for a few specific examples and for a few special types of actions, but a
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thorough understanding of the behavior of f-invariant entropy in general has yet to emerge.
Furthermore, there is a significant lack of intuition relating to f-invariant entropy. In some
cases f-invariant entropy behaves just like Kolmogorov—Sinai entropy, but in other cases it
behaves in ways that are completely unprecedented. There is therefore a significant need
to develop and understand the theory of f-invariant entropy. This paper serves as a piece of
this large programme. We focus here on the specific question as to what relationship there
is, if any, between the f-invariant entropy of a group action and the f-invariant entropy of
the restricted action of a subgroup.

Before stating the main theorem, we give a brief definition of f-invariant entropy. A
more detailed treatment of the definition will be given in §3. Let G be a finitely generated
free group, let S be a free generating set for G, and let G act on a standard probability
space (X, n) by measure-preserving bijections. If o is a measurable partition of X and
F C G is finite, then we define

F-oz:\/f-(x.

feF

Recall that the Shannon entropy of a countable measurable partition « of X is

H(w) =) —p(A) - log(u(A)).
Aca
Also recall that « is generating if the smallest G-invariant o -algebra containing o contains
all measurable sets up to sets of measure zero. If there exists a generating partition o
having finite Shannon entropy, then the f-invariant entropy of this action is defined to be

fo(X, )= lim (1 —2r)-H(B®) - a) + Z H(sB(n) - o Vv B(n) - a),

oo ses
where r = |§] is the rank of G and B(n) is the ball of radius n centered on 1 with respect
to the generating set S. Surprisingly, Bowen proved in [2, 4] that the value fg(X, ®)
depends neither on the choice of free generating set S nor on the choice of finite Shannon
entropy generating partition «. If there is no finite Shannon entropy generating partition
for this action, then the f-invariant entropy is undefined.

Our main theorem is the following.

THEOREM 1.1. Let G be a finitely generated free group, and let H < G be a subgroup of
finite index. Let G act on a standard probability space (X, 1) by measure-preserving
bijections, and let H act on (X, ) by restricting the action of G. Assume that the
[f-invariant entropy is defined for either the G action or the H action. Then the f-invariant
entropy is defined for both actions and

fuX, ) =G H|- fc(X, p).

We mention that the above theorem is a generalization of a well-known property of
Kolmogorov—Sinai entropy. Specifically, if G is a countable amenable group, H < G is a
subgroup of finite index, and G acts measure-preservingly on a standard probability space
(X, w) then hy (X, ) =|G : H| - hg(X, u), where hy and hg denote the Kolmogorov—
Sinai entropies of the H and G actions, respectively (see [10, Theorem 2.16] for a stronger
result).
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We give an example to show that fy (X, n) may not equal |G : H| - fg(X, u) if H is
not of finite index, even if both fy (X, ) and f (X, u) are defined. This is in contrast
to Kolmogorov—Sinai entropy where hy (X, u) = |G : H| - hg(X, w), regardless if H has
finite index or infinite index. If H has infinite index in G then we take this equation to mean
that hg (X, w) =0 if hy (X, w) is finite, and gy (X, n) = oo if hg(X, ) is non-zero. We
apply a similar logic to the equation fy(X, u) =|G : H| - fg(X, 1) when |G : H| = oo.
We do, however, obtain the following relationship.

COROLLARY 1.2. Let G be a finitely generated free group, let H < G be a non-trivial
finitely generated subgroup of infinite index, let G act on a standard probability space
(X, ) by measure-preserving bijections, and let H act on (X, ) by restricting the action
of G. If fu (X, ) is defined, then fg(X, n) is defined and fg(X, n) <O0.

The proof of the main theorem relies primarily on a study of Markov processes over free
groups. In fact we first obtain Theorem 1.1 for Markov processes and normal subgroups.
We then use various arguments to extend the result to general subgroups and general
actions. The definition of Markov processes is somewhat technical, so we postpone it
until §4.

The following result on Markov processes is a key ingredient for our arguments and
also seems to be of general interest.

THEOREM 1.3. Let G be a free group, and let H < G be a subgroup of finite index. Let
G act on a standard probability space (X, ) by measure-preserving bijections, and let H
act on (X, n) by restricting the action of G. If G ~ (X, ) is measurably conjugate to a
Markov process then H ~ (X, ) is measurably conjugate to a Markov process as well.

We show that in many circumstances the property of being a Markov process is
independent of the choice of a free generating set for G.

COROLLARY 1.4. Let G be a finitely generated free group acting measure-preservingly
on a standard probability space (X, ). Let S1 and Sy be two free generating sets for G.
Suppose that G ~ (X, i) is measurably conjugate to an S1-Markov process with finite
Shannon entropy Markov partition. Then G ~ (X, ) is measurably conjugate to an S-
Markov process as well.

Our main theorem also leads to the following interesting inequality involving f-invariant
entropy. Relevant definitions can be found in the next section.

COROLLARY 1.5. Let G be a finitely generated free group acting on a standard
probability space (X, ) by measure-preserving bijections. Suppose that this action admits
a generating partition o having finite Shannon entropy. Then for any free generating set S
for G and any finite right S-connected set A C G,
H(A - @)
fe(X, p) = ———— = H().
FAY

The rest of our corollaries deal with virtually free groups and the virtual measure
conjugacy relation. Recall that a group I' is virtually free if it contains a free subgroup
of finite index. Similarly, a group is virtually Z if it contains Z as a finite index subgroup.
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COROLLARY 1.6. Let I be a finitely generated virtually free group acting measure-
preservingly on a standard probability space (X, u). Let G, H <T be finite index free
subgroups, and let them act on (X, ;) by restricting the I" action. Assume that there
is a finite Shannon entropy generating partition for I' ~ (X, n). Then fg(X, n) and
fu (X, n) are defined and

1
L fo(X. )=
g feX W=

Sfr(X, W),

Furthermore, if T is itself free then the above common value is fr (X, u).

This corollary allows us to extend the definition of f-invariant entropy to actions of
finitely generated virtually free groups.

Definition 1.7. Let T be a finitely generated virtually free group acting measure-
preservingly on a standard probability space (X, w). If there is a generating partition
for this action having finite Shannon entropy, then we define the f-invariant entropy of
I' ~ (X, u) tobe

fF(Xv I‘L) =

1
: Xs )
el fo(X, )
where G < I is any free subgroup of finite index, and G acts on X by restricting the action
of I. If there is no generating partition for I' ~ (X, w) having finite Shannon entropy, then
the f-invariant entropy of this action is undefined.

The quantity fr(X, ) is a measure conjugacy invariant, and by the previous corollary
this value does not depend on the choice of free subgroup of finite index G.

Next we consider virtual measure conjugacy among actions of finitely generated
virtually free groups. Recall that two measure-preserving actions G ~ (X, u) and H
(Y, v) on standard probability spaces are virtually measurably conjugate if there are
subgroups of finite index G’ < G and H' < H such that the restricted actions G’ ~ (X, )
and H' ~ (Y, v) are measurably conjugate, meaning that there is a group isomorphism v :
G’ — H' and a measure space isomorphism ¢ : X — Y such that ¢ (g" - x) = ¥ (g') - ¢ (x)
for every g’ € G’ and p-almost every x € X.

COROLLARY 1.8. Fori =1, 2, let I'; be a finitely generated virtually free group which
is not virtually 7, and let T'; act measure-preservingly on a standard probability
space (X;, ;). Let G;i <T; be a free subgroup of finite index, and let G; act on
(Xi, ui) by restricting the T'; action. Assume that for each i there is a finite Shannon
entropy generating partition for I'; ~ (X;, wi). If T'1 ~ (X1, w1) is virtually measurably
conjugate to Ty ~ (X2, 12) then

_
r(Gi) -1

where r(G;) is the rank of G;.

1
fo (X1 ) = s fo, (X2, 1),

r(G2)

This corollary allows us to define a numerical invariant for virtual measure conjugacy
among actions of finitely generated virtually free groups which are not virtually Z.
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Definition 1.9. Let I be a finitely generated virtually free group which is not virtually Z,
and let I' act measure-preservingly on a standard probability space (X, u). If there is a
generating partition having finite Shannon entropy, then the virtual f-invariant entropy of
I' ~ (X, ) is defined as

frX, p) = - fo (X, ),

r(G) —1
where G is any free subgroup of finite index, r(G) is the rank of G, and G acts on (X, w)
by restricting the I" action. If there is no generating partition with finite Shannon entropy,
then the virtual f-invariant entropy of this action is undefined.

The previous corollary shows that the quantity fr (X, w) is a virtual measure conjugacy
invariant and does not depend on the choice of free subgroup of finite index G.

Furthermore, we show that virtual f-invariant entropy is a complete virtual measure
conjugacy invariant for those Bernoulli shifts on which it is defined.

PROPOSITION 1.10. For i =1, 2, let (Kl.ri, ulr") be a Bernoulli shift over a finitely
genemted virtually free group T'; with T'; not virtually Z. If the virtual f-invariant entropy
fr (Kl , /Ll ) is defined for each i, then (K 1 /,Ll DY is virtually measurably conjugate to

(K2 ’Mzz) lfandonlylffl"l([(l ,Ml )_fl"z(Kz ,,U«z ?).

Organization. In §2 we cover basic definitions and notation. Then in §3 we define and
discuss f-invariant entropy in detail. We discuss Markov processes in §4 and establish
some of their basic properties. In §5 we prove the main theorem and deduce some of
its corollaries. Finally in §6 we discuss applications to virtually free groups and virtual
measure conjugacy.

2. Definitions and notation

In this paper all groups are assumed to be countable. We will work almost entirely with
free groups, and thus there is an important distinction between multiplication on the left
and multiplication on the right. We will have to work with both left-sided and right-sided
notions simultaneously, and as we will point out later on, this seems to be absolutely
necessary. We therefore will always use very careful notation and will always explicitly
state whether we are working with multiplication on the right or with multiplication on the
left.

Let G be a finitely generated free group, and let S be a free generating set for G. The
rank of G is the minimum size of a generating set for G, which in this case would be
|S]. We denote the identity group element of G by 1g. For lg # g € G, the reduced
S-word representation of g is the unique tuple (sq, s2, ..., sx) with the properties that
s;eSU s—L Sit1 # si_l, and g = 5152 - - - sx. The S-word length of g € G is the length
of the reduced S-word representation of g. The identity 15 has S-word length 0. The
S-ball of radius n in G centered on 1g, denoted Bg(n), is the set of group elements
whose S-word length is less than or equal to n. If H < G is a subgroup, then the left H-
cosets are the sets g H for g € G. Similarly, the right H-cosets are the sets Hg for g € G.
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A set A is a transversal of the left (right) H-cosets if each left (right) H-coset meets A at
precisely one point.

The right S-Cayley graph of G is the graph with vertex set G and edge set {(g, gs) :
g€ G, seSUST!}. Since G is a free group and S is a free generating set for G, the right
S-Cayley graph of G is a tree. When working with a graph I", we let V(I") and E(I") denote
the vertex set and the edge set of I, respectively. A right S-path is a non-self-intersecting
path in the right S-Cayley graph of G. A set F' C G is right S-connected if for every two
elements fi, f> € F the unique right S-path from f] to f, traverses only vertices in F.
The right S-connected components of F C G are the maximal subsets of F which are right
S-connected. For three subsets U, V, W C G, we say that V right S-separates (U, W)
if for every u € U and w € W the unique right S-path from u to w traverses some vertex
in V. The right S-distance between two elements g, h € G is defined to be the number
of edges traversed by the unique right S-path from g to 4. We will also use the right S-
distance implicitly when we refer to points which are right S-furthest from one another
or right S-closest to one another. We say that g, h € G are right S-adjacent if there is
s € SUS~! with gs = h. Foru, v € G, we define the right S-past of u through v, denoted
RPastg (v, u), to be the set of g € G for which the unique right S-path from g to u traverses
v. If U, V C G, then we define

RPasts(V, U) = ﬂ U RPastg (v, u).

uel veV

The reader is encouraged to think carefully about the definition of RPasts(v, u). The
truth is that the word ‘past’ is somewhat misleading. As an example to consider, the
right S-past of 15 through s € S, RPastg(s, 1), is the set of all group elements whose
reduced S-word representations begin on the left with s. This can be misleading as some
may be inclined to think of this set as the future. The generating set S provides us with
2|S| directions of movement, and we can consider any such direction as the past. Also
notice that V right S-separates (U, W) if and only if W C RPastg(V, U) if and only if
U C RPastg(V, W).

The left S-Cayley graph of G, the left S-paths, the left S-connected sets, the left S-
distance between a pair of group elements, and so on are defined in a fashion similar to
their right counterparts. We call a set F € G bi-S-connected if it is both right S-connected
and left S-connected.

Unless stated otherwise, we will use the term group action and the notation G ~ (X, )
to mean a countable group G acting on a standard probability space (X, n) by measure-
preserving bijections. Our probability spaces will always be assumed to be standard
probability spaces. Also, if G acts on (X, u) and H < G is a subgroup, then we will always
implicitly let H act on (X, u) by restricting the G action. We will never consider any other
types of actions of subgroups. Two actions G ~ (X, u) and G ~ (Y, v) are measurably
conjugate if there exists an isomorphism of measure spaces ¢ : (X, u) — (Y, v) such
that ¢ (g - x) = g - ¢(x) for every g € G and p-almost every x € X. Similarly, if G acts
continuously on two topological spaces X and Y, then X and Y are topologically conjugate
if there is a homeomorphism ¢ : X — Y such that ¢ (g - x) = g - ¢ (x) forevery g € G and
every x € X.
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Let G acton (X, ). If o and B are measurable partitions of X, then f is coarser than «,
or « is a refinement of B, if every member of g is a union of members of «. If 8 is coarser
than o then we write 8 < a. For two partitions @ = {A; :i € I} and B ={B; : j € J} of X
we define their join to be the partition

aVvB={A;NBj:iel, jel}.

We similarly define the join \/;_, «; of a finite number of partitions {«; : 1 <i <n}. For
a countably infinite collection of partitions {«; : i € I} of X, we let

Ve

iel
denote the smallest o -algebra containing all of the members of all of the ;. If {F; :i € I}
is a collection of o-algebras on X, then we let \/i <7 Fi denote the smallest o-algebra
containing all of the sets of each of the F;. If « = {A; :i € I} is a partition of X then for
g € G we define

g-a={g-A;:iel}.

Similarly, for F € G we define

F-a:\/f-a.

feF

Notice that F - « is a o-algebra if F is infinite and that g - o« = {g} - « for every g € G.
A measurable countable partition « is generating if for every measurable set B C X there
isaset B € G-a with u(BAB’) =0. The Shannon entropy of a countable measurable
partition « is
H(e) =) —u(A) - log(u(A)).
Aca

If B is another countable measurable partition of X, then the conditional Shannon entropy
of « relative to 8 is

ANB ANB

Bep Aca

If F is a o-algebra on X consisting of measurable sets and f : X — R is a measurable
function, then we denote the conditional expectation of f relative to F by E(f/F). Recall
that £(f/F) is the unique F-measurable function, up to agreement p-almost everywhere,
with the property that for every F-measurable function 2 : X — R,

/h~fd,u:/ h-E(f/F)du.
X X

If « is a countable measurable partition, then we define £(f/a) = E(f/F) where F is
the o-algebra generated by «. We define the conditional Shannon entropy of a countable
measurable partition « relative to a sub-o -algebra F by

H(a/F) = /X S 0/ F) - og(E(xa ),

Aca
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where x4 is the characteristic function of A. It is well known that if 8 is a countable
measurable partition of X and F is the o -algebra generated by 8, then H(a/8) = H(a/F).

The following lemma lists some well-known properties of Shannon entropy which we
will need (see [11] for a proof).

LEMMA 2.1. Let (X, u) be a standard probability space, let « and B be countable
measurable partitions of X, and let F, F', and (F;);eN be o-algebras on X consisting
of measurable sets. Assume that F C F'. Then:

() H( v p)=H(a/p) +H(B);

(i) H(a/B v F) +H(B/F) =H Vv B/F) =H(Bja v F) + H(e/F);

(i) H(e/F') <H(a/F);

(iv) H(e/ \/ieN Fi) =limy_, o0 H(at/ \/?:1 Fi).

Furthermore, if E(xa/F)(x) = E(xa/F)(x) for every A € a and p-almost every x € X
then equality holds in (iii). Conversely, if H(a) < 0o and equality holds in (iii), then
Exa/FHYx)=E(xa/F)(x) for every A € a and p-almost every x € X.

3. f-invariant entropy
Let G be a finitely generated free group, let S be a free generating set for G, and let G act
on (X, ). For a countable measurable partition o with H(a) < oo we define

Fo(X, u,S,a)=(1—-2r)-H(ax) + Z H@s - vV a),
seS

where r = | S| is the rank of G. Notice that by Lemma 2.1(i) we can rewrite this expression
in two ways:

Fo(X,p, S,a)=(1—r) -H@) + Y _ H(s - a/a);

seS

Fe(X, u, S, ) =H(x) + Z(H(s -a/a) — H()).

seS

All three ways of expressing Fg (X, 1, S, o) will be useful to us. We define the f-invariant
entropy rate of (S, a) to be

foX, u, S, a)= lirrgO Fe(X, u, S, Bs(n) - o),
n—

where Bg(n) is the ball of radius n in G, with respect to the generating set S, centered on
the identity. Regarding the existence of this limit, Bowen proved the following.

LEMMA 3.1. (Bowen [2]) Let G be a finitely generated free group, let S be a free
generating set for G, and let G act on (X, u). If U CV C G are finite and every left
S-connected component of V meets U, then for every countable measurable partition o
with H(a) < oo,

Fe(X,u,S,V-a)<Fg(X,u, S,U -a).

In particular, the terms appearing in the limit defining fs(X, i, S, o) are non-
increasing and thus the limit exists, although it may be negative infinity. If there exists
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a generating partition « having finite Shannon entropy, then the f-invariant entropy of
G ~ (X, p) is defined to be

fe(X, W) = fe(X, i, S, a).

If there is no generating partition having finite Shannon entropy, then the f-invariant
entropy of the action is not defined. Amazingly, the value of the f-invariant entropy does
not depend on the choice of generating partition or on the choice of free generating set for
G, as the following theorem of Bowen states.

THEOREM 3.2. (Bowen [2,4]) Let G be a finitely generated free group acting on a
probability space (X, ). If S and T are free generating sets for G and o and B are
generating partitions with finite Shannon entropy, then

feX,u, S, ) = fo(X, ., T, B).

A simple computation shows that when G = Z the f-invariant entropy is identical to the
classical Kolmogorov—Sinai entropy. Furthermore, in [2] Bowen calculated the f-invariant
entropy of a Bernoulli shift (K€, 119) to be the same as in the setting of amenable groups:

fo(KC, nC) =" —p(k) - log(uu(k))

kekK

under the assumption that the support of @ is countable and this sum is finite. If the
support of 1 is not countable or the sum above is not finite, then the f-invariant entropy is
undefined (as Kerr and Li [18] proved there can be no finite Shannon entropy generating
partition). Bowen further proved that f-invariant entropy is a complete invariant for
measure conjugacy among the Bernoulli shifts on which it is defined. This generalizes
the famous theorems of Ornstein [23, 24] and Kolmogorov [19, 20].

We remark that f-invariant entropy involves taking some sort of ‘average’ over the balls
Bg(n), just as Kolmogorov—Sinai entropy involves averaging over Fglner sets. Since balls
in free groups have relatively large boundary, the ‘averaging’ happens by letting the interior
of the ball and the boundary of the ball nearly completely cancel one another, leaving an
‘average’ value behind. This intuitive viewpoint is based on the fact that if K € G is finite
and left S-connected then

I=(1-2r)|K|+)_ IsKUK],

seS

as the reader is invited to verify by induction (compare this with Fg (X, u, S, K - @)).

While f-invariant entropy does share some strong similarities with Kolmogorov—Sinai
entropy, it also possesses some properties which are somewhat baffling from the classical
entropy theory perspective. For example, a short computation shows that if G acts on a set
of n points equipped with the uniform probability measure then the f-invariant entropy of
this action is (1 — r) - log(n), where r is the rank of G. If n > 1 and G # Z then this value
is finite and negative! Another strange property is that the f-invariant entropy of a factor
can be larger than the f-invariant entropy of the original action [6].
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4.  Markov processes

Markov processes are somewhat similar to Bernoulli shifts as they are characterized by the
existence of a generating partition with strong independence properties. We point out that
when f-invariant entropy is not involved, we discuss Markov processes in the context of
free groups without any finite generation assumption. However, we do assume that all of
our free groups are countable.

Definition 4.1. (Bowen [5]) Let G be a free group, let S be a free generating set for G,
let G act on (X, i), and let @ be a countable measurable partition of X. We call X an
(S, a)-Markov process if « is a generating partition and for every A € a, s € SU S~!, and
u-almost every x € X,

E(Xxs.a/RPasts(1G, 5) - ) (x) = E(xs.a/) (%),

where x;.4 is the characteristic function of the set s - A. We say that X is an «-Markov
process if it is an (S, «)-Markov process for some S, and we similarly say that X is an S-
Markov process if it is an (S, o)-Markov process for some «. If X is an e-Markov process,
then we call o a Markov partition. Finally, we say that X is a Markov process if it is an
(S, a)-Markov process for some S and some «.

In the next section we will show that under a mild assumption the property of being a
Markov process does not depend on the free generating set S chosen for G (the Markov
partition, however, will depend on the free generating set chosen).

Our interest in Markov processes comes from the fact that the formulas for both
Shannon entropy and f-invariant entropy simplify. The occurrence of this simplification
is due to Lemma 2.1. That lemma immediately leads to an alternative characterization of
Markov processes which is substantially easier to work with.

LEMMA 4.2. (Bowen [5]) Let G be a free group, let S be a free generating set for G, let
G acton (X, ), and let a be a countable measurable partition of X with H(a) < oo. Then
X is an (S, a)-Markov process if and only if « is generating and

H(s - a/RPastg(1g, s) - o) =H(s - a/)
foreverys e SUS™L.
As a convenience to the reader, we include the proof below.

Proof. First suppose that X is an (S, «)-Markov process. Then « is a generating partition
and it immediately follows from the definition of conditional Shannon entropy that

H(s - «/RPasts(1g, s) - @) =H(s - a/).
Now suppose that « is a generating partition and
H(s - a/RPastg(1g, s) - o) =H(s - a/)

for every s € SU S™!'. As H(a) < oo, it immediately follows from Lemma 2.1 that X is
an (S, a)-Markov process. O
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Thus various conditional Shannon entropies can simplify substantially when working
with Markov processes. This fact is also evident in the next lemma.

Definition 4.3. Let G be a free group, and let S be a free generating set for G. If F € G
is finite and right S-connected, then we define an element Rg(F) in the additive abelian

group P, ¢ Z - s by setting
Rs(F)=)_ay-s.

seS

where a; is the number of pairs (g, gs) with g, gs € F.

LEMMA 4.4. Let G be a free group acting on a probability space (X, ). Suppose that
X is an (S, a)-Markov process with H(a) < oco. If F C G is finite and right S-connected
then

H(F - o) =H() + {(Rs(F)),

where ¢ : (P,cg Z - s) — R is the linear extension of the map s — H(s - o /).

Proof. We first point out that by Lemma 2.1(i),
HGs ' a/a)=HGs'-aVva)—H(@) =H(a Vs -a) — H@) = H(s - /o),

where the second equality is due to the action of G being measure-preserving.
Now we proceed to prove the lemma. We use induction on the cardinality of F. If
|F|=1and F = {f}, then Rg(F) =0 and since G ~ (X, p) is measure-preserving,

H(F - ) =H(f - @) = H(er) = H(e) + ¢ (Rs(F)).

Now suppose that this property holds whenever |F| <g. Let F be a finite right S-
connected set with |[F| =¢q + 1. Let f € F be an element with maximum S-word length,
and set F' = F\{f}. Then F’ is right S-connected. Let 1€ SUS™! be such that
f € F't. Set fo = ft~!'. Then by our choice of f we have that F’ C RPastg(fy, f) and
hence fo_lF’ C RPastg(1g, fo_lf) = RPastg(1g, t). So it follows from Lemma 4.2 and
Lemma 2.1(iii) that

H(t - o/a) = H(t - «/RPasts(1g, 1) - )
<H(-o/fy'F -a) <H(t-a/a).

Thus equality holds throughout. It follows that
H(f-a/F -a)=H(fot -@/F -a) =H(t -a/fy 'F -a) =H(t - a/a).

Leti € {—1, 1} be such that ¢ € S. So Rg(F) = Rg(F’) + t'. By Lemma 2.1(i) and the
inductive hypothesis,

H(F o) =H(F -aV f-o)=H(F o) + H(f - «/F - a)
= H(@) + {(Rs(F")) + H(t - a/a) = H(e) + £ (Rs(F)) + H(t' - /)
= H(a) + {(Rs(F") + ¢ (t') =H(a) + ¢ (Rs(F)).

Induction now completes the proof. O
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Just as Shannon entropies simplify for Markov processes, so does the formula for
f-invariant entropy. In fact within the context of finitely generated free groups and
generating partitions with finite Shannon entropy, this provides yet another characterization
of Markov processes.

THEOREM 4.5. (Bowen [S]) Let G be a finitely generated free group, let S be a free
generating set for G, let G act on (X, ), and let a be a countable measurable partition
of X. Assume that o is generating and has finite Shannon entropy. Then X is an (S, «)-
Markov process if and only if

fo(X, w) =Fo(X, u, S, ) = (1 = 2r)H(er) + ZH(S oV oa),

seS

where r is the rank of G.

We now prove an important lemma which will significantly simplify some of our later
proofs. The lemma below is also quite pleasing as it affirms the truth of something which
one would intuitively expect. The usefulness of this lemma should extend beyond our work
here.

LEMMA 4.6. Let G be a free group acting on a probability space (X, u). Assume that X
is an (S, a)-Markov process where H(a) < oco. Let U, V, W C G with U finite. If V right
S-separates (U, W) then

HWU -a/(WUV)-0)=HWU -a/V - ).

Proof. First suppose that U = {u} is a singleton and that V is finite. Partially order
V so that vy < vy if and only if the unique right S-path from v; to u traverses vy, or
equivalently v; < vj if and only if RPastg(vy, u) € RPastg(vz, u). Since V is finite, there
are a finite number of <-maximal elements of V. Suppose that the <-maximal elements
are vy, v, ..., Uy. Set Vo = {vy, va, ..., v,}. Then

V C RPastg(V, u) = RPastg(Vy, u).

We claim that if W C RPastg(Vp, u) is finite and for each 1 <i <n the set WnN
RPastg(v;, u) is right S-connected and contains v; then

Hu -o/(WU V) -a) =H(u-a/Vy - a).

We prove this claim by induction on the cardinality of W. Notice that these conditions
imply that Vo € W. If |W| = |Vp| then W = V{y and the claim is clear. Now suppose that the
claim holds whenever |Vy| < |W| < g¢q. Let Vo € W C RPastg(Vp, u) be such that |W| =
g + 1 and and such that for each 1 <i < n the set W N RPastg(v;, u) is right S-connected
and contains v;. Pick 1 <i <n with |W N RPastg(v;, u)| > 2. Let w € W N RPastg(v;, u)
be right S-furthest from v;. Set W' = W\{w}. Since w, v; € W N RPastg(v;, u) and
W N RPastg(v;, u) is right S-connected, there must be z € W’ which is right S-adjacent
to w. Since we chose w to be right S-furthest from v;,

ze WUV C{u}UW UVyC RPastg(z, w).
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Therefore
a<z'WUV) -a<zlu-avz (W UV - a<RPasts(1g, 2 'w) - a.
Asz'we SUS™!and X is an (S, «)-Markov process, we have by Lemma 2.1(iii) that

Hz 'w-a/a) = Hz 'w - a/RPasts(1g, 2 'w) - «)
<HCz 'w-a/z7'u-avz i WUV -a)
<HG 'w-a/z7' (W UV o)

<HGEz 'w-a/a).
So equality holds throughout. It follows that

H(w - a/(W U V) -a) =HE 'w-a/z7' (W U V) - )
=HEz 'w- a/z_lu cavzZ ' WUV - a)
=Hw- -a/u-av WUV -a).

By Lemma 2.1(ii) and the inductive hypothesis,

Hu -a/WUVy) -a) =Hu-a/w-aVv (W UV - o
=Hw -a/u-av(WUuUVy -a)+Hu- -a/(W UV -a)
—Hw - -a/(W UV -a)
=Hu -a/(WUVy) - -a)=H@u-a/Vy o).
So by induction,
Hu -o/(WUVy) -a) =H(u-a/Vy-a)

whenever W is finite, V{ right S-separates (u, W), and for each 1 <i <n the set
W N RPastg (v;, u) is right S-connected and contains v;.

Now suppose that W is finite and that V right S-separates (#, W), where V and u are
the same as in the previous paragraph. Then there is a finite set W’ such that W UV C W/,
Vo right S-separates (u, W'), and for each 1 <i <n the set W’ N RPastg(v;, u) is right
S-connected and contains v;. It follows from the previous paragraph that

Hu o/Vo-a) =Hu -a/(W UV -a)<Hu-a/(WUV) - a)
<Hu -o/V-a)<Hu-a/Vy- o).
So equality holds throughout and
Hu -a/(WUV) - 0)=Hu-o/V -a).

We conclude that for any u € G and any two finite sets V, W € G with V right §-
separating (u, W),
Hu -o/(WUV) - 0)=Hu-a/V -a).

Now let u € G and V, W € G be such that V right S-separates (u, W). We allow
V and W to be infinite. Let (W,),en be an increasing sequence of finite subsets of W
with UneN W, = W. For each n let V;, C V be a finite set such that V,, right S-separates
(u, Wy,). By enlarging the V), if necessary, we may suppose that they are increasing and
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union to V. So by Lemma 2.1(iv),
Hu -o/WUV) - o) = lim Hu -«/(W, UV,) ) = lim Hu-a/V, - o)
n—00 n—o0o
=H@u-a/V - a).

Now let U, V, W € G be such that U is finite and V right S-separates (U, W).
Enumerate U as U = {uy, us, ..., u,}. Notice that V; = V U {uy, us, ..., u;j—1} right S-
separates (u;, W) for each 1 <i <n. Lemma 2.1(ii), together with the previous paragraph,
gives

n n
HWU - a/(WUV) @)= H-a/(WUVi)-a)=) Hui-a/V;-a)
i=l i=l1
=HWU -a/V -a).
This completes the proof. a

In order to prove that fy (X, u)=1G: H|- fc(X, n) for Markov processes G ~
(X, n), we will find it convenient to work with a single partition 8 which is generating
for both G ~ (X, ) and H ~ (X, n). We will also want 8 to be a Markov partition for
G ~ (X, ). We therefore need to know how much flexibility there is in choosing Markov
partitions. This is addressed by the following lemma due to Bowen.

LEMMA 4.7. (Bowen [5]) Let G be a free group acting on a probability space (X, |).
Suppose that X is an (S, a)-Markov process with H(a) < oo. Then X is an (S, A - «)-
Markov process for every finite left S-connected set A C G containing the identity.

The lemma states that it is sufficient for A to be left S-connected. We remark that in
general it is necessary that A be left S-connected. Consider a Bernoulli shift (K¢, 1) and
let « be the canonical partition. Then K G isan (S, o)-Markov process. If A € G is not left
S-connected, then one can use Theorem 4.5 to show that K¢ is not an (S, A - «)-Markov
process.

This lemma plays a crucial role in our main theorem, and so as a convenience to the
reader we include a proof below. We remark that this proof is simpler and more intuitive
than the proof in [5] as here we rely on Lemma 4.6.

Proof. Set B = A - «. By Lemma 4.2 it suffices to show that

H(s - B/RPasts(lg, s) - ) =H(s - B/B)

forevery s e SUS™1.

Fix se SUS™L. Let g € RPastg(1g, s) and let § € A. Notice that for f € G, f €
RPastg(1¢g, s) if and only if the reduced S-word representation of f does not begin on
the left with s. So if g§ & RPastg(1g, s), then the reduced S-word representation of
8 must begin with the reduced S-word representation of g~!. So the reduced S-word
representation of gé is obtained from the reduced S-word representation of § by removing
an initial segment. Since 1g € A and A is left S-connected, it follows that g € A.
Therefore

RPasts(1g, s) - A C RPastg(1g, s) U A.
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A similar argument shows that
sA C RPastg(s, 1) U A.

Therefore A right S-separates (sA, RPastg(1g, s)A). Since A € RPasts(1g, s) - A, we
have by Lemma 4.6 that

H(s - B/RPasts(1g, s) - B) = H(sA - a/RPasts(1g, $)A - )
=H(GA -a/A-a)=H(s - B/8). O
In the next section, after we prove that fg(X, u) =|G: H| - fc(X, n) for Markov

processes G ™ (X, ), we will extend this relation to general actions by approximating by
Markov processes. The precise tool we will need is described in the following definition.

Definition 4.8. Let G be a finitely generated free group acting on a probability space
(X, n), let S be a free generating set for G, and let o be a generating partition. A Borel
probability measure ' on X is called an (S, o)-Markov approximation to w if @' is G-
invariant, (X, u') is an (S, o)-Markov process, and

for all s € SUS_I, forall Aj, Ay o, W (A1 Ns-Ar)=u(A1 Ns - Ap).

Markov approximations can be used to approximate f-invariant entropy, as the following
simple lemma shows.

LEMMA 4.9. Let G be a finitely generated free group acting on a probability space
(X, ). Let S be a free generating set for G and let a be a countable measurable partition
of X with H(a) < oo. If 1’ is an (S, a)-Markov approximation to p then

Fo(X, ', S, a)=Fg(X, u, S, ).
Proof. Since /(A1 Ns - Ay) = u(Ay1Ns - Ap) forevery Ay, A, e ands € SU s-1,
H, (@) =H,(@) and forallse SUS™!, Hy(s-aVva)=H,(s -aVa).
So the lemma now immediately follows from the definition of Fg (X, -, S, o). O

In general Markov approximations do not always exist. However, if one is willing
to replace G ~ (X, ) with a measurably conjugate action G ~ (Y, v), then one can
arrange for Markov approximations to exist. When a Markov approximation does exist,
it is unique [5]. In order for Markov approximations to exist, it is sufficient to work within
the setting of symbolic actions and canonical partitions.

Definition 4.10. Let G be a countable group, and let K be a countable set with the discrete
topology. Let K¢ denote the set of all functions from G to K endowed with the product
topology, and let G act on K ¢ by permuting coordinates:

forallx € KC, forall g, h € G, (g-x)(h) =x(g~ ' h).

We call the action of G on K© a symbolic action. The canonical partition of K¢ is
a={Ar:ke K}, where Ay ={x e K¢ :x(1g) = k.
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There is no loss in generality in working with symbolic actions, as the following lemma
shows.

LEMMA 4.11. Let G be a countable group acting on a probability space (X, n), and
let o be a generating partition. Then there exists a measurable map ¢ : X — a© such
that ¢ : (X, ) — (@9, ¢«(1)) is a measure conjugacy and o« = ¢~ (B), where B is the
canonical partition of o©.

Proof. Since « is generating, by definition we have that « is countable. Thus G ~ ¥ is
a symbolic action. Define ¢ : X — « by letting ¢ (x) be the unique A € @ with x € A. We

define amap ¢ : X — a© by
P =" ).

The function ¢ is G-equivariant since

¢h-x)(@) =2 h-x) =)' ) =[h-$(x)](Q).

Let v be the pushforward measure, v = ¢, (u). Then ¢ is an isomorphism between (X, )
and (a¥, v) since « is generating and both of these probability spaces are standard Borel
probability spaces. Let B be the canonical partition of a®. Write f ={B4: A €}
where By ={y €a®:y(lg) = A}. Clearly ¢(A) C B, for every A €a. Therefore
A C ¢~ 1(By) for each A € a. Since both « and ¢~ (B) are partitions of X, it follows
that ¢~ 1(B) = c. ]

THEOREM 4.12. (Bowen [5]) Let G be a finitely generated free group, and let S be a free
generating set for G. If G ~ K is a symbolic action, ju is a G-invariant Borel probability
measure, and o is the canonical partition of K©, then there exists a unique G-invariant
Borel probability measure ' on K€ which is an (S, «)-Markov approximation to pu.

In [8, Appendix A], Bowen and Gutman show that a stronger property holds. With
the same notation and assumptions as in the previous theorem, they showed that if
Bg(n) denotes the S-ball of radius n centered on the identity, then there exists a unique
G-invariant Borel probability measure ' on K¢ which is an (S, Bs(n) - o)-Markov
approximation to w. Their result is sufficient for our needs in the next section; however,
we will obtain tighter bounds in our corollaries by proving the following.

LEMMA 4.13. Let G be a finitely generated free group, and let S be a free generating
set for G. Let G ~ KS be a symbolic action, let i be a G-invariant Borel probability
measure, and let o be the canonical partition of K©. If U C G is finite, left S-connected,
and contains the identity, then there exists a unique G-invariant Borel probability measure
w' on KG which is an (S, U - a)-Markov approximation to .

Proof. Write o = {Ay : k € K} where
Av={xe K% :x(1g) =k)}.

Set B =U - o and write 8 = {B, : z € KV}, where for z € KY,

B, = ﬂ u-Azw.
uel
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Consider the set Y C (KY)¢ defined by
yeY «forallse SUS™! forall g € G, By(g) N's - By(gs) # 9.

Notice that Y is G-invariant and closed. We claim that G ~ K ¢ is topologically conjugate
to G ~ Y, where ¥ C (KY)Y has the subspace topology. Define ¢ : K& — (KY)% by

¢ (x)(g) () = x(gu).

Since U is finite and the map x — x(gu) is continuous, ¢ is also continuous. If x; # x; €

K G, then there is g € G with x1(g) # x2(g). Hence ¢(x1)(g)(1g) # ¢(x2)(g)(1g), so
¢ (x1) # ¢ (x2), and therefore ¢ is injective. We have that ¢ is G-equivariant since

¢(h-x)(Q)w) =[h - x1(gu) =x(h ™ gu) = p(x) (™" g)(w) = [ - $(x)1(g) (w).
Also,ifge Gands e SU S~ then for everyu e U,

1

g XxX€u-Aygy and g !

X €su - Ax(gsu)-
Therefore

g_l -X € m u- Ax(gu) = Bd)(x)(g) and g_l X E ﬂ su - Ax(gxu) =s- B(/)(x)(gs)-
uel uel
So
-1
Bpy(g) N8 - Bpygs) 218 - X} #D

and thus ¢ maps K¢ into Y.

It remains to show that ¢ maps K¢ onto Y and ¢! is continuous. Fix y € Y. Define
x € K% by x(g) =y(g)(1g). We claim that ¢(x) =y. If so then ¢ will map onto ¥
and ¢~ will be continuous, completing the proof that ¢ is a topological conjugacy. By
the definition of ¢ and of x we have ¢ (x)(g)(u) = x(gu) = y(gu)(1g). So y(g)(u) =
¢ (x)(g)(u) if and only if y(g)(u) = y(gu)(1g). Thus it suffices to show that y(gu)(1g) =
v(g)(u) for every g € G and u € U. First, we claim that if u e U, s SU S~1, and
s -u € U, then y(g)(su) = y(gs)(u). By the definition of Y,

D 7# Byg) N5 - Bygs) S su - Ay(g)suy N SU - Ay(gs)u)-

Since a = {A : k € K} is a partition, it immediately follows that Ay g)su) = Ay (gs)) and
hence y(g)(su) = y(gs)(u). Now fix u € U and let u = 5157 - - - s, be the reduced S-word
representation of u, where each s; € SU S —1 Since U is left S-connected and contains
the identity, we have that s;s;11 - - - s, € U for every 1 <i <n. Furthermore, 1 € U by
assumption. By the previous claim,

y(@)(u) = y(g)(s152 -+ - 5n) = y(gs1)(s2 - - - $n)
=---=y(gs1---sp)lg) =y(guw)g).
Thus ¢ (x) =y, so ¢ maps K¢ onto Y and ¢! is continuous. We conclude that K© and
Y are topologically conjugate via ¢.
Now we prove the lemma. Since ¢: K% - Y c(KY)Y is a topological
conjugacy, it induces a measure conjugacy between G ~ (K¢, ) and G ~ (KY)C, v),
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where v = ¢, (1) is the pushforward measure (so v is supported on Y). Let § ={C;:
z € KV} be the canonical partition of (KY)¢, where C, ={y e (KY)C : y(1g) =z}. If
z€ KV and
XGBzzﬂu-AZ(u)
uel

then ¢ (x)(1g)(u) = x(u) = z(u) for every u € U. Thus ¢ (B;) € C;. Since ¢ is injective
it follows that 8 = ¢~'(£). By Theorem 4.12, there is a G-invariant Borel probability
measure A on (KY) which is an (S, &)-Markov approximation to v.

We claim that the support of A is contained within Y. Fix w e (KY)¢\Y. By the
definition of Y, there are g € G and s € S U S~ with

Bug) s - Bues) = 9.
Consider the open set
V=1{ze®")9:2(e) = w(g), 2(g5) = w(gs)}.

Then w e V and VNY = @&. It suffices to show that A(V) = 0. We have that g_1 -Ve
Evs-£&, s0

AV =2g V)=vEg™ V)= ()e - V)= (gt V).

However, since ¢ maps K¢ into Y, we have ¢~ !(g™'- V) =@. Thus A(V)=0 as
claimed.

Since the support of A is contained within the image of the topological conjugacy ¢,
we have that ¢ induces a measure conjugacy between ((K UyG 1) and (K9, o L(0)). Set
W=, '(1). Then p’ is a G-invariant Borel probability measure on K. Since A is an
(S, &)-Markov approximation to v, by applying ¢~! we get that 11/ is an (S, 8)-Markov
approximation to u. The measure p’ is unique by [5, Theorem 7.1]. This completes the
proofas B =U - «. a

5. Subgroups and f-invariant entropy

In this section we prove the main theorem and deduce some of its corollaries. Our goal
is to first establish the main theorem in the context of Markov processes and then use
Markov approximations to extend the result to general actions. Our first step is to show
that if G ~ (X, u) is a Markov process and H < G is a subgroup of finite index, then
H ~ (X, ) is a Markov process as well. The difficulty in showing this is that the
characterization of Markov processes delicately depends on both the choice of a free
generating set for the group and on the choice of a generating partition for the action.

THEOREM 5.1. Let G be a free group, let G act on (X, ), and let H < G be a subgroup
of finite index. If G ~ (X, ) is a Markov process with a Markov partition having finite
Shannon entropy, then H ~ (X, ) is also a Markov process. In fact, if G ~ (X, ) is an
(S, a)-Markov process with H(a) < oo and A C G is any right S-connected transversal
of the right H-cosets {Hg : g € G} with 1g € A, then there exists a free generating set T
for H such that H ~ (X, p) is a (T, A - a)-Markov process.
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Proof. Assume that G ~ (X, ) is an (S, o)-Markov process. Following a construction
of Schreier [22, Theorem 2.9], we will pick a free generating set for H. Let A be a right
S-connected transversal of the right H-cosets in G with 15 € A. Define r : G — A by
letting r(g) = 4 if and only if Hg = H§. Define the cocycle c : A x G — H by

c(8,8)=38g-r@g .

Set T =c(A x S)\{lg}. We claim that T is a free generating set for H.

Consider the directed and S-edge-labeled Schreier graph, I', of the right H-cosets in G.
Specifically, the vertex set of I" is {Hg : g € G}, and for every g € G and s € S there is an
edge directed from Hg to Hgs labeled s. The right S-connected transversal A naturally
gives rise to a spanning tree A of I'. Specifically, A contains all of the vertices of I and
has an edge directed from H§ to H§s labeled s whenever 8, §s € A and s € S. Clearly the
fundamental group of I, 1 (I"), is naturally group isomorphicto H. Let¢ : 71 (I") — H be
this group isomorphism. For each edge e € E(I')\E(A), let £, be the simple loop in A U {e}
which begins and ends at the vertex H and which traverses e with positive orientation. By
the van Kampen theorem, (") is freely generated by the set {€, : e € E(I')\E(A)}. If
e € E(IN\E(A) is labeled by s € S and directed from H§; to H§,, with 61, 82 € A, then

(L) =81s52_1 =418 - r((Sls)71 =c(b1,5)€eT.

So ¢p({,:e e E(M\E(A)}) CT. Now fix t =38s - r(8s)~' € T. Since 1 # 1, we have
that §s & A. Therefore the edge e directed from H§ to Hds and labeled s is in E(I") but
not in E(A). Thus £, is defined and clearly ¢ (¢,) = t. Thus ¢ ({€, : e e E(T)\E(A)}) =T.
We conclude that T freely generates H.

We claim that for a #£ b € H, a and b are right T-adjacent if and only if aA UbA is
right S-connected. First suppose that a and b are right T-adjacent. Then we can swap
a and b if necessary to find t € T with b =atr. Since A is right S-connected, so are
both aA and bA. So we only need to find a point in aA which is right S-adjacent to a
point in bA. Let s € S and &1, 82 € A be such that t = 81s8;1. Then ad; € aA is right S-
adjacentto adys = atdy = bdy € bA. Thus aA U bA isright S-connected as claimed. Now
suppose that a A U bA is right S-connected. Then by swapping a and b if necessary we
can find s € S and 81, > € A with ad;s = bd,. Notice that Hd1s = HS, since a, b € H,
and therefore r(§1s) = 8>. We have

lg#a 'b=25158" =815 -rd15)" =c(81,5) €T.

So fort = 81s8;1 we have at = b. Thus a and b are right T-adjacent as claimed.

It immediately follows from the previous paragraph that for F € H, F is right T-
connected if and only if FA is right S-connected. We claim that for U, V, W C H, V
right T'-separates (U, W) if and only if V A right S-separates (UA, W A). First suppose
that VA right S-separates (UA, WA). Let F € H be a right T-connected set with
UNF#@and WNF #@. Then FA is right S-connected and UA N FA # & and
WA N FA # @. So we must have that VA N FA # @. However, V, F C H and since A
is a transversal of the right H-cosets we have that 11 A N hy A # & if and only if h1 = h;.
So we must have F' NV # @. Therefore V right T'-separates (U, W). Now suppose that V
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right T-separates (U, W). Let F C G be a right S-connected set with UA N F # & and
WA N F # &. We must show that VA N F # &. Define F’ C H by the rule

feF & fANF+#o.

Wehave F C F'A,soUANF'A#Jand WAN F'A # &. Again, sinceU, W, F' C H
we have that U N F' # @ and W N F’ # &. Furthermore, F’A is right S-connected since
F C F'A is right S-connected and for every f € F’ the set fA is right S-connected and
meets F. This implies that F’ is right 7T-connected. Therefore V N F' # &. By the
definition of F’, there is v € V with v € F’ and hence vANF #%. So VANF # &
and we conclude that V A right S-separates (UA, WA).

Now we show that H ~ (X, w) is a (T, A - «)-Markov process. We point out that
A -« is a generating partition for H ~ (X, n) since G = HA and « is generating for
G (X, p).SetB=A-a. FixteT UT™!. By Lemma 4.2 it suffices to show that

H(z - /RPasty (1, 1) - B) =H( - B/B).

We clearly have that 1g right T-separates (RPastr(ly, t), t), and so by the previous
paragraph A right S-separates (RPastr (1, t)A, t A). Therefore by Lemma 4.6,

H(t - B/RPastr (1, 1) - ) = HA - o/RPastr (1, DA - @)
=H@{A -a/A-a)=H( - B/B).

This completes the proof. o

The following lemma is well known, but it also follows directly from the construction
in the proof of the previous theorem.

LEMMA 5.2. [21, Proposition 1.3.9] Let G be a finitely generated free group and let rg
be the rank of G. If H < G is of finite index, then the rank, ry, of H and index of H are
related by

rg=|G:H|(rg — 1)+ 1.

The following lemma deals with the function Ry introduced in Definition 4.3.

LEMMA 5.3. Let G be a finitely generated free group, let S be a free generating set for G,
let H < G be a subgroup of finite index, and let A be a right S-connected transversal of
the right H-cosets {Hg : g € G} with 1g € A. If T is the generating set for H constructed
in the proof of Theorem 5.1, then

Y (Rs(tAUA) — Rs(A)) =T Rs(A) + Y (Rs(As U A) — Rs(A)).

teT seS
Proof. Let the functions r : G — A and c: A x G — H be as defined in the proof of
Theorem 5.1. Consider the set A x S. We associate (8, s) € A x § with the edge (8, 6 - 5)
in the right S-Cayley graph of G. Call (8, s) € A x S internal if §s € A, and call it external
otherwise. Let Int(A x §) and Ext(A x §) denote the internal and external elements of
A x S, respectively. The set Int(A x §) naturally produces a graph structure on A. Since
A is right S-connected, this graph is connected, and it is a tree since it is a subgraph of
the right S-Cayley graph of G. It is well known that in any finite tree the number of edges
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is one less than the number of vertices [1, 1.2 Corollary 8]. So |Int(A x S)|=|A| —1
and |Ext(A x S)| =|A| - |S| — |A| + 1. From the definition of c it is readily observed that
c(8, s) = 1¢ if and only if (8, s) € Int(A x §). So by definition T = c(Ext(A x §)). By
the previous lemma,

IT| = |A|(S| = 1) 4+ 1= |A[|S| — |A] + 1 = [Ext(A x S)].

Therefore c is a bijection between Ext(A x S) and 7.

Fort e T, let (6, s;) € Ext(A x S) be such that ¢(é;, s;) = ¢. Recall from the proof of
Theorem 5.1 that A U A is right S-connected, but A and A are disjoint. The unique right
S-edge joining A to tA is (&, &s;). Therefore

Rs(tAUA)=2Rg(A) + s;.
‘We have

D (Rs(tAUA) = Rs(A)) = ) (Rs(A) +3) =IT| - Rs(A) + ) _ sr.

teT teT teT
Fix s € S. Since ¢ : Ext(A x §) — T is a bijection,

HteT:s;=s}-5s= {6, s5)eExt(AxS):s' =5} s
— {8 e A:8s A} -5 =Rs(AsUA) — Rs(A).

Therefore
Y osi=) HreTis=s}l-s=) (Rs(AsUA) — Rs(A)),
teT ses ses
completing the proof. O

It is somewhat surprising that left S-connected sets appear in Lemmas 3.1, 4.7, and 4.13,
while right S-connected sets appear in Lemma 4.4 and Theorem 5.1. In order to make
use of these results simultaneously, we will need to work with bi-S-connected sets. The
next lemma is tailored to this case. Later, in Lemma 5.5, we will see that bi-S-connected
transversals to cosets of normal finite index subgroups always exist.

The following lemma is unique in that it requires bi-S-connected sets. This lemma
appears to be false if bi-S-connected is replaced by left S-connected or right S-connected.
This lemma is somewhat technical, but it is key to the proof of the main theorem. For
notational simplicity, in the proof and statement of the lemma below we write Rg(F)
simply as R(F'), where Rg(F) is as in Definition 4.3.

LEMMA 5.4. Let G be a finitely generated free group, let S be a free generating set for
G, and let r = |S| be the rank of G. If A C G is finite, bi-S-connected, and contains the
identity then

ALY (RGAUA) = R(A) = Y (R(As U A) = R(A) + (A — 1) + 1) - R(A).

seS seS
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Proof. We first claim that every finite bi-S-connected A C G containing the identity
satisfies the two equations

[A| - (Zs) =Z(R(AsUA)—R(A))+R(A), (5.1)
seS seS

D (RGsAUA) = R(A)) = <Z s> +(r — DR(A). (5.2)

ses seS

Before proving this claim, we show how it implies the statement of the lemma. By using
first equation (5.2) and then equation (5.1) we have

IAl- ) (RSAUA) — R(A)) = |A] - <Z s> +|Al(r — DR(A)

seS ses
= Y (R(AsUA) = R(A) + (JAI( — 1) + DR(A),
ses

as in the statement of the lemma. Thus it suffices to prove that equations (5.1) and (5.2)
hold.

Consider the set | J;.¢(As U A). Since the right S-Cayley graph of G is a tree and A
is right S-connected, the collection of right S-edges of this set is precisely {(§, §s) : § €
A, s € S} (in other words, every edge must have an endpoint in A). Therefore

R(U(As U A)) = |A|<Z s).
seS seS

Since S is a free generating set and A is right S-connected, we have that for any s #¢ € §
the sets As\ A and Ar\A are disjoint. Therefore

R<U(As U A)) =R(A) + ) (R(AsUA) — R(A)).
seS seS
So equation (5.1) follows.

To establish equation (5.2), we use induction on the number of elements of A.
Equation (5.2) holds if A is a singleton since then R(sA U A) =s and R(A) =0. Now
suppose that equation (5.2) holds whenever |A| < k. Consider a bi-S-connected set A
with 16 € A and |A| =k + 1. Pick § € A of maximal S-word length. Since A is bi-S-
connected, there must be g, h € A and u, ve SU S~! with § = uh = gv. Since § is of
maximal S-word length, & and g must be of smaller S-word length. So the set K = A\ {6}
is bi-S-connected, contains the identity, and has k elements. If s € S and s # u, u~!, then
sA U A is the disjoint union of sK U K with {uh, suh}. Since s # u, u~l, uh and suh
cannot be right S-adjacent (we cannot have uht = suh fort € S U S~! since suh has longer
S-word length than uh and s # u). However, there are right edges (g, gv) = (g, uh) and
(sg, sgv) = (sg, suh). Therefore for s € S with s £ u, u~!,

R(SAUA)=R(sK UK) + 2v.

If ueS then uAU A is the disjoint union of uK U K with {u?h}. If u~' €S then
u= 1A UA is the disjoint union of u— K U K with {uh)}. In either case,

RuT'AUA)=RuT'K UK) + v,
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where u*! is chosen to be in S. Clearly R(A) = R(K) + v. So by the inductive hypothesis,

D (RGSAUA) = R(A) = (RSKUK)—R(K))+(r—1)-v

seS seS

= <Zs> +—DREK)+ @ —1)-v= (Zs) + (r — DR(A).

seS seS

By induction we conclude that equation (5.2) holds for every finite bi-S-connected set
A C G containing the identity. This completes the proof. O

If G ~ (X, ) is a Markov process and H < G is of finite index, then we would like to
find a single partition which is a Markov partition for both G ~ (X, ) and H ~ (X, ).
To apply Lemma 4.7 and Theorem 5.1, we need to find a bi-S-connected transversal of
the right H-cosets in G. Such a transversal exists at least when H is normal in G, as the
following lemma shows.

LEMMA 5.5. Let G be a finitely generated free group and let S be a free generating set
for G. If K <1 G is a normal subgroup then there exists a bi-S-connected transversal A of
the cosets of K in G with 1g € A.

Proof. Fix a total ordering < on S U S™!. We extend < lexicographically to an ordering
<jex On (S U S™H-words of the same length. Specifically, if x =x1x2---x, and y =
Y1y2 - - -y, are two (SU S~1)-words of common length n, then x <jex y if and only if
x =y or x; < y; for the first i where x; # y;. For g € G, let Wg(g) denote the reduced
S-word representation of g. We define a well ordering, <, on G as follows. For g, h € G
we define g < A if and only if the following two conditions hold:

(1) the S-word length of g is less than or equal to the S-word length of &;

(2) if g and & have the same S-word-length, then Wg(g) <jex Ws(h).

The ordering < of G has the following properties:

(i) < is awell ordering, that is, every non-empty subset of G has a <-least element;
(ii) if Ws(g) ends with s then g <h => gs~' <hs™!;

(iii) if Wg(h) does not begin with s~! then g<h=—sg <sh.

We leave verification of these three properties to the reader. Next we define A.

For a K-coset gK, define r(gK) to be the <-least element of gK. Such an element
exists by (i). Set A = {r(gK) : g € G}. Clearly A is a transversal of the K -cosets in G and
16 € A. We claim that A is bi-S-connected.

Right S-connected. Fix s € S U S™! and g € G which does not end with s~!. Assume
that gs =8 € A. We must show that g € A. Set ¢ =r(Kg). Note that < g. We have
Kvys = Kgs = K4, so by definition of A we have § < vs. Since § ends with s we have

g=8"<@s)s =y <g

by property (ii). Therefore g = ¢ € A.

Left S-connected. Fix s € S U S~! and g € G which does not begin with s~!. Assume
that sg =8 € A. We must show that g € A. Set v =r(gK) and notice that { < g. We
have sy K = sgK = 8K, so by definition of A we have § < siy. Since g does not begin
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with s~! we have
S<sy¥y<sg=94
by property (iii). Therefore g = ¢ € A. O

We are now ready to fit the individual pieces together and prove the main theorem within
the context of Markov processes and normal subgroups.

PROPOSITION 5.6. Let G be a finitely generated free group acting on a probability space
(X, w). Assume that (X, u) is an (S, a)-Markov process where H(a) < oco. If K < G is
of finite index then fx (X, 1) is defined and

fek(X, w) =1G : K| fo(X, ).
Proof. Apply Lemma 5.5 to get a bi-S-connected set A which contains the identity and is
a transversal of the K-cosetsin G. Set 8 = A - «. Since A is left S-connected and contains
the identity, G ~ (X, u) is an (S, B)-Markov process. Since A is right S-connected and
contains the identity, K ~ (X, ) is a (T, B)-Markov process, where T is as constructed
in the proof of Theorem 5.1. Notice that H(8) < |A| - H(«) < oo and therefore fg (X, u)
is defined.
From Lemmas 5.2-5.4 we obtain

Y (Rs(tAUA) — Rs(A) =|T| - Rs(A) + Y_(Rs(As U A) — Rs(A)

teT sES
=(G:K|(rg — 1)+ 1) - Rs(A) + X;(RS(AS UA) — Rs(A))
sE
=(Al-(r¢ = 1)+ 1)- Rs(A) + X;(st UA) — Rs(A))
=|A|- X;(RS(SA UA) — Rs(A))
NS
=|G:K]|- ZS(RmA UA) — Rs(A)),

where r¢ is the rank of G. From Lemma 4.4 it follows that

D H@-BVB) —HP)=IG: K|y (H(s- BV B) —H(p)).

teT ses
So applying Theorem 4.5 to both G ~ (X, ) and K ~ (X, ) gives

IG: K| fo(X, 1) =G : K|(1 = 2rg)H(B) + |G : K|- Y "H(s- BV B)

ses
=1G: K|(I —rg)H(PB) + |G : K] - ZS:(H(S BV B)—H(B))
= —-r)H@P) +16: K] - Z;(H(s BV B)—H(B))
NS
= (1 —rHB) + XT:(H(t BV B) —H(B)
re
= (1=2rx)H(B) + Y _H(t- BV B)
= fx (X, w), <
where rg is the rank of K. This completes the proof. a
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COROLLARY 5.7. Let G be a finitely generated free group acting on a probability space
(X, p). Assume that (X, p) is an (S, @)-Markov process where H(a) < oo. If H < G is
of finite index then fy (X, u) is defined and

Ju(X, ) =G : H| - f(X, n).

Proof. We claim that H contains a subgroup of finite index which is normal in G. To see
this, consider the left H-cosets {gH : g € G}. Clearly G acts on these cosets on the left,
and this induces a homomorphism from G into the finite symmetric group Sym(|G : H}).
Let K be the kernel of this homomorphism. Then K is normal in G and is of finite
index. Furthermore, K H = H and thus K < H. Since G ~ (X, ) is a Markov process,
by Theorem 5.1 we have that H ~ (X, u) is a Markov process as well. Furthermore,
the Markov partition for H ~ (X, ) is of the form A -« where A is finite and hence
H(A - @) < co. So now the assumptions of the previous proposition are satisfied for both
K <Gand K < H, so

G K
- fr (X, w) | |

Fu X = T H K|

fe(X, W) =1G:H|- fe(X,pn). O

We now use Markov approximations to obtain the main theorem. We remark that the
use of Markov approximations is not as direct as one might expect. We can approximate
the action of G by Markov processes to obtain an inequality. However, we cannot
approximate the action of H by Markov processes in order to obtain the reverse inequality
because in general G does not act measure-preservingly on Markov approximations to the
H action.

THEOREM 5.8. Let G be a finitely generated free group acting on a probability space
(X, ). Let H <G be a subgroup of finite index, and let H act on X by restricting the
action of G. If the f-invariant entropy is defined for either the G action or the H action,
then it is defined for both actions and

fu(X, w) =G : H| - f(X, p).

Proof. If « is a finite Shannon entropy generating partition for G ~ (X, ), then A - o is a
finite Shannon entropy generating partition for H ~ (X, @), where A is any transversal of
the right H-cosets in G. Conversely, if « is a finite Shannon entropy generating partition for
H ~ (X, ), then it is also a finite Shannon entropy generating partition for G ~ (X, ).
Thus fG (X, w) is defined if and only if 7 (X, n) is defined.

Assume that both fg (X, w) and fy (X, n) are defined. So there is a generating partition
o for G ~ (X, p) with H(e) < oo. Fix a free generating set S for G.

We first show that |G : H| - fg(X, n) < fu(X, n). Let T be any free generating set
for H, let V C G be any finite set satisfying HV = G, and let W be any finite left
S-connected set containing 7V U {1g}. Using Lemma 4.11, fix a measure conjugacy
¢ (X, n)— (@9, v). Let & be the canonical partition of oY and recall that ¢_1($) =
«. By Lemma 4.13, there is a G-invariant probability measure v on «® which is
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an (S, W - &£)-Markov approximation to v. Then

|G:H| - Fo(X,u, S, W-a)
=|G:H| Fg@®,v, S, W- &)  since ¢ is a measure conjugacy
=|G:H| FGg%,v',S, W-£) byLemma4.9

=|G:H|- fg@, ) by Theorem 4.5

= fu@%,v) by Corollary 5.7

<Fy (aG, VI, T,V -§) since V - £ is a generating partition

= FH(aG, v, T,V .§&) since TV C W and v’ and v agreeon W - &
=FgX,u, T,V - -a) since ¢ is a measure conjugacy.

So|G:H| -Fc(X, u, S, W-a)<Fy(X, u, T,V -a)whenever T is any free generating
set for H, V is any finite set satisfying HV = G, and W is any left S-connected set
containing TV U {1g}. Now for each n € N, let W, be a left S-connected finite set
containing 7 Br(n)A U {lg}, where T is a free generating set for H, By (n) is the T-
ball of radius n in H centered on the identity, and A is a transversal of the right H-cosets.
Then

fH(Xv /’L) = nli)ngo FH(Xs M, Ts BT(”)A 'a)
n—

This gives us one inequality. The reverse inequality will require more effort.

Let B be any generating partition for G ~ (X, n) with H(8) < co. Apply Lemma 4.11
to get a measure conjugacy ¢ : (X, u) — (8%, v). Let £ be the canonical partition of
BC and recall that ¢~ (&) = B. By Theorem 4.12, we can let v* be the (S, &)-Markov
approximation to v. Let A be a right S-connected transversal of the right H-cosets in
G with 1g € A, and let T be the free generating set for H constructed in the proof of
Theorem 5.1. We claim that

Fy(B9, v, T, A-&) = Fy(B v, T, A-&). (5.3)
We have
FyBY v, T, A-&) — Fy(B% v, T, A-£)
=Hy(A-£)+ Y (Hyp(tA-§/A &) —Hy (A §))

teT

—Hy(A &) = ) (H,(A-§/A-£) —Hy(A-£))

teT
= (Hy*(A-§) —Hy(A- )
+ ) (Hy(A-E/A-5) —Hp(A- &) —H,(tA - §/A &) + Hy(A - ©)).

teT

It will suffice to show that H,«(A - £) — H, (A - &) > 0 and that forevery t € T,
Xt =Hp»(@A-§/A-§) —Hyx(A-§) —H,(tA-§/A-§) +Hy(A-§)>0.

We prove these two inequalities in the following two paragraphs.
We will argue that Hy«(A - §) > H, (A - §). Enumerate A as A ={aj, aa, ..., a,} so
that a; = 1g and for each 1 <i <n the set K; ={ay, a2, ..., a;} is right S-connected.
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For each 2<i<n, let b€ K;_1 and s; € SU S~1 be such that a;i =b;s;. By
Lemma 2.1(1)—(i1),

Hy«(A-§) —H,(A-§)
=Hy+(§) —H,(§) + Z(Hv*(ai &/Ki—1-8) —Hy(ai -§/Ki—1-§))

i=2

=0+ Y (Hys(bisi -&/Ki—1 - £) —Hy(bisi - £/Ki—1 - §))
i=2
= (Hy(si - £/b; 'Ky &) — Hy(si - /b; 'Ki_1 - £))
i=2
= (Hy(s; - £/&) —Hy(si - &/b] ' Ki1 - §))
i=2

(Hy (s - £/8) —Hy(s; - £/b7 K1 -£)) > 0,

n

i=2
where for the penultimate equality we use Lemma 4.6 and the fact that b; right S-separates
(ai, Ki—1) and hence 15 right S-separates (s;, b;ll( i—1), and for the final inequality we
use Lemma 2.1(iii).

Fixt € T. We must show that X; > 0. Let §;, 6, € A ands € S be such that r = 81s8;1.
Recall that # A and A are disjoint but A U A is right S-connected. The unique right S-edge
joining A to tA is (61, 815) = (61, t82). Let ¢ : (@ses Z - s) — R be the linear extension
of the map s — Hy«(s - £/&). By Lemmas 2.1 and 4.4,

Hy«(tA-§/A-§) —H=(A-§)
=Hx(tA-EVA-&E)—2-Hx(A &)
=Hp(§) + {(Rs(tAUA)) —2-Hp(§) —2- $(Rs(A))
=¢(s) —Hy(§) =Hy«(s - §/§) —H\«(§) =Hy (s - §/8) — Hy(§).
Also, by Lemma 2.1,
—H,(tA-§/A-8) +Hy(A-§)
=—-H,(t5-§/A-8) —H,(tA-§/157-§VA-§) +Hy(82-§) +Hy(A-§/5-8).
Therefore
Xi=Hy(tA-§/A-8) —Hp(A-§) —H,(tA-§/A-§) + Hy(A-§)
=H,(s-§/§) —Hy(§) —H,(182-§/A - §)
—Hy(tA-§/t62- 5§V A-§)+H,(02-8) +H(A-§/52-8)
=Hy(s-§/6) —Hy(162-§/A-§) + Hy(A-§/82-§) —H,(tA-§/182-E V A - §)
=Hy(s-§/6) —Hy(G15-§/A-&) +Hy(A-§/8-§) —H, (1A - §/182-§V A - §)
=Hy(s-§/5) —Hy(s - §/8, 1A -5) + Hu(A - §/82 - §)
—Hy(A-§/8-5ViT'A-E).
This is non-negative by Lemma 2.1(iii), justifying the claim. Thus we conclude that
inequality (5.3) holds.
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From the claim above it follows that

|GH| FG(le’Lv S?ﬂ)
=|G:H|-Fg (ﬁG, v, S, &) since ¢ is a measure conjugacy
=|G:H| - Fg(B%, v*, S, &) byLemma4.9

=|G:H|- fg(BY, v by Theorem 4.5

= fu (B, v%) by Corollary 5.7

=Fy(BC, v, T, A &) by Theorems 5.1 and 4.5
>Fy(BC, v, T, A-£) by inequality (5.3) above
=FyX,un, T, A-B) since ¢ is a measure conjugacy.

Thus, if U C G is finite and non-empty, then by setting § = U - « we obtain

IG:H| - Fe(X,u,S,U-a)> Fy(X, n, T, AU - a).

Therefore
|G:H|- fc(X, n) = nli)rgo |G:H| - Fc(X, u, S, Bs(n) - o)
> lim Fg(X, u, T, ABs(n) -a) > fu(X, u).
n—>oo
Thus fy (X, u) =1G: H| - fc(X, w). o

We now give an example to show that Theorem 5.8 is no longer true if one allows
H to have infinite index in G. When |G : H| = oo, we take the equation fy (X, pn) =
|G : H|- f6(X, n) to mean that fg(X, u) =0 if fy(X, w) is finite, fy(X, u) = —00
if fo(X, n) <0, and fg(X, n) is undefined if fg(X, n) > 0 (since f-invariant entropy
cannot attain the value +00). The counter-example provided by the proposition below
marks a difference between f-invariant entropy and Kolmogorov—Sinai entropy. For
Kolmogorov—Sinai entropy, h g (X, u) = |G : H| - hg(X, n) whenever H < G, regardless
if the index of H in G is finite or infinite.

PROPOSITION 5.9. There exist a finitely generated free group G, a subgroup of infinite
index H < G, and an action of G on a probability space (X, ) such that both fg(X, u)
and fr (X, ) are defined but fr(X, u) # |G : H| - fo(X, ).

Proof. Let (X, u) be a standard probability space with p supported on a countable
set. Let o be a countable measurable partition of X such that each atom of u is a
member of o. Assume that 0 < H(a) < co. This can easily be arranged by having
u be the uniform probability measure on n points, in which case H(«) = log(n). We
claim that for any finitely generated free group G acting trivially on X (fixing every
point) we have fg(X, u) = (1 —r(G)) - H(w), where r(G) is the rank of G. In fact,
this follows immediately from the definition of f-invariant entropy. The partition « is
trivially generating and F - o = o for every non-empty F € G. So Fg(X, u, S, F -a) =
(1 —r(G)) - H(a) for every non-empty F C G.

Now to prove the proposition, simply pick any non-cyclic finitely generated free group
G and any finitely generated free subgroup H < G of infinite index. Then —oo <
foX, n)=(01—-r(G)) -H(a) <0and —oo < fg (X, u) =1 —r(H)) -H(z) <0. Thus
fu(X, ) #1G : H| - f(X, w). 0
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It is unknown to the author if a less trivial counter-example exists. However, we observe
the following constraint.

COROLLARY 5.10. Let G be a finitely generated free group, let H < G be a non-trivial
finitely generated subgroup of infinite index, and let G act on a probability space (X, |).
If fu(X, ) is defined, then fg(X, ) is defined and fg(X, n) <0.

Proof. Assume that fg (X, u) is defined. This assumption is equivalent to the existence
of a countable partition o which is generating for H ~ (X, n) and satisfies H(«) < oo.
Clearly « is generating for G ~ (X, @) and thus fg (X, u) is defined. Fix € > 0. Let
N € N be such that (1/N) - H(x) <€. By a theorem of Hall [12], finitely generated
subgroups of free groups are separable, meaning that they can be expressed as an
intersection of a decreasing sequence of finite index subgroups. So in our case we have
H = (,ey I'n for some decreasing sequence (I',) of finite index subgroups of G. H has
infinite index in G, so |G : [',;| must tend to infinity. Thus thereisn € N with |G : T';,| > N.
Clearly « is a generating partition for I, ~ (X, ) since H < I';,. Therefore fr, (X, u) is
defined and satisfies fr, (X, n) < H(cr). By Theorem 5.8,

1
fo(X, p) = I, (X ) = - Hie) <e.

1
|G : T,
Letting € tend to 0, we obtain fg (X, ) <0. O

In the corollary below we clarify and isolate the two inequalities obtained within the
proof of Theorem 5.8. This corollary can be thought of as a finitary version of the main
theorem.

COROLLARY 5.11. Let G be a finitely generated free group acting on a probability space

(X, ). Let H < G be a subgroup of finite index, let S be a free generating set for G, and

let o be a generating partition for G ~ (X, u) with H(a) < oo.

(1) If T is any free generating set for H, V. C G is any finite, non-empty set satisfying
HV = G, and W is any finite left S-connected set containing TV U {15}, then

Fp(X, u, T,V -a) 2 |G H|- F6(X, n, S, W - ).

(i) If A is a right S-connected transversal of the right H-cosets in G and contains the
identity, T is the free generating set for H constructed in the proof of Theorem 5.1,
and U C G is finite and non-empty, then

FauX,u, T, AU -a) <|G:H|- Fg(X, i, S, U - ).

This finitary version of the main theorem provides us with new insight into Markov
processes. It implies that in many circumstances the property of being a Markov process
is independent of the choice of a free generating set for G.

COROLLARY 5.12. Let G be a finitely generated free group acting on a probability space
(X, ). Let Sy and S> be two free generating sets for G. If (X, n) is an (S1, a1)-Markov
process with H(a1) < 00, then there exists a partition oy with H(ap) < oo such that (X, ()
is an (S, ag)-Markov process.
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Proof. The key observation for this proof is that Corollary 5.11 does not require H to be
a proper subgroup of G. Let W be any finite left S>-connected set containing S U {15}.

Then
fo(X, )
=Fg(X, u, S1, ay) by Theorem 4.5
> Fo(X, u, S2, W-«aj) by Corollary 5.11(i)
> fo(X, w) since W - a1 is generating.

Therefore equality holds throughout. So it then follows from Theorem 4.5 that G ~
(X, w) is an (S2, W - a1)-Markov process. Setting oy = W - a1 completes the proof since
H(az) < W] - H(er). |

The following corollary exhibits an interesting inequality involving f-invariant entropy.
The author does not know how to obtain this inequality without applying Theorem 5.8.

COROLLARY 5.13. Let G be a finitely generated free group acting on a probability space
(X, w), and let @ be a generating partition having finite Shannon entropy. Then for any
free generating set S for G and any finite right S-connected set A C G,
H(A - o)
fo(X, p) < ——— < H(a).
FAY

Proof. Fix a finite right S-connected A € G. Since the action of G is measure-preserving,
we can replace A with 7' A if necessary in order to have 15 € A. We will define a right
action, *, of G on A as follows. Since G is freely generated by S, it suffices to define how
eachs € Sactson A. Sofix s € Sand § € A. If §s € A, then define § x s = 8s. If s & A,
then let k > 0 be maximal with 8s—% € A and then define § * s = 8s—*. This defines the
right action of G on A. Since A is right S-connected and we defined § * s = §s whenever
ds € A, it follows that the action of G on A is transitive. Let H ={g e G : 1g * g = 15}
be the stabilizer of 16 € A. Then H is a finite index subgroup of G since A is finite.
Furthermore, if 7 € H and g € G then

lgxhg=Og*xh)xg=1¢g *g.

Thus each point of A corresponds to a right H-coset. If § € A then 1g % § =& since A
is right S-connected. Hence A is a right S-connected transversal of the right H-cosets in
G. If « is a finite Shannon entropy generating partition for G ~ (X, @) then A -« is a
generating partition for H ~ (X, ). So for any free generating set 7 for H,

Al- fo(X, w) =|G:H|- fa(X, W)= fa(X, ) <Fg(X, un, T, A )
=H(A @)+ Y (H(A - o/A-a) —H(A - @) <H(A ).
teT

This establishes the first inequality. For the second inequality, it is easy to see that
H(A - a) <|A| - H(®). |

6. Virtually free groups and virtual measure conjugacy
Our main theorem allows us to define f-invariant entropy for actions of finitely generated
virtually free groups and also allows us to define a numerical invariant for virtual measure
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conjugacy. Recall that a group is virtually free if it contains a free subgroup of finite index.
Similarly, a group is virtually 7 if it contains Z as a subgroup of finite index. To simplify
discussion within this section, we will use the term ‘virtually free’ to always mean virtually
free but not virtually Z.

COROLLARY 6.1. Let T be a finitely generated virtually free group acting on a probability
space (X, n). Assume that there is a generating partition for this action having finite
Shannon entropy. If G, H <T are finite index free subgroups, then fg(X, ) and
fu (X, ) are defined and

g e XM=

- fr(X, 1.

Furthermore, if U is itself free then the above common value is fr (X, ).

Proof. Since I is finitely generated and G and H are of finite index in I', we have that G
and H are also finitely generated [13, Corollary IV.B.24]. Also, since they have finite index
in I and ' ~ (X, i) admits a finite Shannon entropy generating partition, the actions
G ~ (X, p) and H ~ (X, p) also admit finite Shannon entropy generating partitions (by
the same argument appearing in the first paragraph of the proof of Theorem 5.8). Thus
fo (X, n) and fy(X, n) are defined.

Consider the subgroup K = G N H. Clearly K is a finite index subgroup of both G and
H. It follows from Theorem 5.8 that

| |
(X)) =
el G kKX W=

1 I
e —— X’ =
TaLE K KW= o

foX, w) =

TGl - fr (X, )

If T is itself free then one can take H =TI" to obtain

fe (X, ) =

This completes the proof. O

The previous corollary now allows us to extend the definition of f-invariant entropy to
actions of finitely generated virtually free groups.

Definition 6.2. Let T be a finitely generated virtually free group, and let I act on a
probability space (X, u). If there is a generating partition for this action with finite
Shannon entropy, then we define the f-invariant entropy of I' ~ (X, 1) to be

fl"(X, M): fG(X7 M)’

IT: G|

where G is any free subgroup of I" of finite index, and the action of G on X is the restriction
of the I' action. If there is no generating partition for this action with finite Shannon
entropy, then the f-invariant entropy of I' ~ (X, w) is undefined.

We point out that since f-invariant entropy is a measure conjugacy invariant for actions
of finitely generated free groups, it is also a measure conjugacy invariant for actions
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of finitely generated virtually free groups. Also notice that by the previous corollary,
Jr(X, n) does not depend on the free subgroup of finite index chosen.

If (KT, u7) is a Bernoulli shift over a finitely generated virtually free group I', then the
f-invariant entropy of I' ~ (KT, ul) is

Y —uk) - log(u(k)),

keK
provided that the support of u is countable and the above sum is finite (this follows easily
from the validity of this formula when I is in fact free, as discussed by Bowen in [2]). If
the support of w is not countable or the sum above is not finite, then the f-invariant entropy
of this action is undefined (since in this case there is no generating partition having finite
Shannon entropy, as proved by Kerr and Li in [18]). Moreover, it follows from [3, 18] that
if (KT, uT) and (M", A1) are two Bernoulli shifts over a finitely generated virtually free
group T, then they are measurably conjugate if and only if

H(w) =H®),

where H(u) is defined tobe ), cx —M(k) - log(u(k)) if the support of u is countable, and
is defined to be co otherwise, and H(}) is defined similarly. So it immediately follows
that for Bernoulli shifts over finitely generated virtually free groups for which f-invariant
entropy is defined, the f-invariant entropy is a complete invariant for measure conjugacy.
We also mention that many properties of the original f-invariant entropy immediately carry
over to this new f-invariant entropy, such as the Abramov—Rohlin formula and (under a few
assumptions) Juzvinskii’s addition formula (see [5, 8]).

Problem 6.3. Let G be a locally compact group and let m be a Haar measure on G.
Suppose that I'; and I'; are finitely generated free groups and are lattices in G. Let G act
measure-preservingly on a standard probability space (X, w). Is fr, (X, ) defined if and
only if fr, (X, ) is defined? Are these f-invariant entropies related by their covolumes:

'fl“l(X, M) 'frz(X’ ,LL)?

m(T1\G) ~ m(T2\G)

The above questions may only have positive answers under additional assumptions on
G, such as G being unimodular or a Lie group. An affirmative answer to these questions
would allow f-invariant entropy to be extended to actions of locally compact groups which
contain a free group lattice.

Now we turn to defining a numerical invariant for virtual measure conjugacy of
actions of finitely generated virtually free groups. Recall that two actions G ~ (X, )
and H ~ (Y, v) preserving probability measure are virtually measurably conjugate if
there are subgroups of finite index G’ < G and H' < H such that the restricted actions
G' '~ (X, n) and H' ~ (Y, v) are measurably conjugate, meaning that there exist a
group isomorphism ¢ : G’ — H’ and a measure space isomorphism ¢ : X — Y such that
¢(g - x)=v(g) - ¢(x) forevery g’ € G’ and p-almost every x € X.

COROLLARY 6.4. Fori =1, 2, let I'; be a finitely generated virtually free group acting
on a probability space (X;, uij). Assume that for each i there is a finite Shannon
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entropy generating partition for U'; ~ (X;, u;). If 't ~ (X1, @) is virtually measurably
conjugate to T'y ™~ (X2, (2), then for any free subgroups of finite index G1 <I'1 and
Gy =Ty,

1
G —1 fG6,(X2, u2),

- fe, (X1, 1) = (G

r(Gy —1
where r(G;) is the rank of G;.

Proof. Since the actions are virtually measurably conjugate, there exist subgroups of finite
index Hy <T'1 and H, <T', a group isomorphism ¢ : Hy — H», and a measure space
isomorphism ¢ : (X1, u1) — (X2, up) with ¢(h - x) =¥ (h) - ¢ (x) for every h € Hy and
ui-almost every x € X1. Since H; is a finite index subgroup of I';, H; is finitely generated
and virtually free [13, Corollary IV.B.24]. Let K be a free subgroup of H; of finite index,
and set K» = ¥ (K1). Then K3 is a free subgroup of H» of finite index and K1 ~ (X1, ©1)
is measurably conjugate to Ko ~ (X2, u2). Now K;, G; <T; each have finite index, so
N; = G; N K; is of finite index in I['; as well. By Theorem 5.8 and Lemma 5.2,

ﬁ-ﬁ;l(?ﬁ,uo = 7 G = i)|G1 N - v (X1, )
= ﬁ fn (X, ) = J(I{I\;]% i, (X1, 1)
= ﬁ Sk (X1, ) = ﬁ - fk, (X2, 102)
= % - fr, (X2, u2) = ﬁ - fny (X2, p12)
= TGy - i)leiNzl (X2, 02)
= ﬁ'fez(xz,uz)- m

The previous corollary allows us to define a numerical invariant for virtual measure
conjugacy among actions of finitely generated virtually free groups.

Definition 6.5. Let T be a finitely generated virtually free group acting measure-
preservingly on a standard probability space (X, n). If there is a generating partition
having finite Shannon entropy, then the virtual f-invariant entropy of ' ~ (X, ) is defined
as

1
"G =1 fo(X, w),

where G is any free subgroup of finite index, »(G) is the rank of G, and G acts on (X, )

by restricting the I" action. If there is no generating partition with finite Shannon entropy,
then the virtual f-invariant entropy of this action is undefined.

frX, p) =
.

The corollary above shows that fr (X, ) does not depend on the free subgroup of
finite index chosen (use I'1 = I'; in that corollary) and is an invariant for virtual measure
conjugacy.

We remark that fr (X, u) can be computed from fr(X, ) without choosing a free
subgroup of finite index. In [14], Karrass, Pietrowski, and Solitar prove that any finitely
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generated virtually free group I' can be represented as the fundamental group of a finite
graph of groups in which all vertex groups are finite. Furthermore, they showed that if
G <T is afree subgroup of finite index then the rank of G, r(G), is given by

1 1 1 1 1 1
rG=1+I":6|-[—+—++ +———— ——... — -,
e1 %)) ex V1 125] Un
where eq, ..., e, and vy, ..., v, are the orders of the edge groups and vertex groups,

respectively, corresponding to the representation of I" as the fundamental group of a finite
graph of finite groups. Therefore

. 1 II': G|
frX,m) = ——— fo(X, W)= ———

G =1 :r(G)—l'fF(X’M)
1 11 1\!
=(—+---+— ——————— —) o (X, ).
e €k V] Un

However, it is unclear if there is a formula for fr(X, ) which avoids choosing a free
subgroup of finite index.

Problem 6.6. For finitely generated virtually free groups I', find a formula for fr(X, n)
which avoids choosing a free subgroup of finite index.

We point out that for amenable groups H < G and Kolmogorov—Sinai entropy, it is
true that hg (X, ) =|G: H| - hg(X, n) (here hy and hg are the Kolmogorov—Sinai
entropies of the H and G actions); however, this fact does not allow one to define a
numerical invariant for virtual measure conjugacy among actions of amenable groups.
In proving Corollary 6.4 we relied on a property which is possibly unique to finitely
generated virtually free groups. The property we used is that if I is finitely generated and
virtually free, and G and H are free subgroups of I" of finite index, then |I" : G|/|I" : H| =
(r(G) — 1)/(r(H) — 1). So the ratio of the indices of G and H in I' can be determined
from the internal structure of G and H alone; no knowledge of I" is required.

We now show that fr(X , ) is a complete invariant for virtual measure conjugacy
among the Bernoulli shifts on which it is defined.

PROPOSITION 6.7. For i =1, 2, let (Kl.r’, M;’) be a Bernoulli shift over a finitely
generated virtually free group T;. If the virtual f-invariant entropy fr,- (K iri , ulr") is defined
for each i, then (Klrl, ;Ll;‘) is virtually measurably conjugate to (ng, ,ugz) if and only if
fro (R 1) = fry (K32, 1),

Proof. By Corollary 6.4, it is necessary that the virtual f-invariant entropies of these actions
agree. So suppose that they have the same virtual f-invariant entropy. We must show that
the actions are virtually measurably conjugate.

For each i, pick a free subgroup G; <T'; of finite index. Let H; be a subgroup of G
with |G : Hi| =r(G2) — 1, and let H, be a subgroup of G, with |G, : Hy| =r(G1) — 1.
Such subgroups exist since G; and G, are finitely generated free groups. Then by
Lemma 5.2,

r(Hy) —1 =G : Hi|(r(G1) = 1) = (r(G2) — D(r (G — 1)
= (r(G2) = DI|G2: Ho| =r(H2) — 1.
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Thus Hj is group isomorphic to H».
If A; is a transversal of the right H;-cosets in I';, then H; ~ (K il"; , ;L? ) is measurably
conjugate to the Bernoulli shift H; ~ ((KiA’)H", (MiAi)Hf). So

S (KO (O = f (KLY wl) = ¢ (Hy) = 1) - fry (KL )
= (r(H2) = 1) - fry (K32, 152) = fu, (K32, p15?)
= fu, (K3, (u32) ).

Since H; is group isomorphic to H, and f-invariant entropy is a complete invariant for
measure conjugacy among the Bernoulli shifts on which it is defined,

Hi (KT py ) = Hy o (KED™ (uph™)
= Hy ~ (Ky)™, (u5)™) = Hy ~ (K52, 1),

where = denotes the measure conjugacy equivalence relation. Thus the actions of I'; and
', are virtually measurably conjugate as claimed. O
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