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Abstract

The main interest of this thesis is the study of the Poisson boundary of a
group G and its applications. The concept, originally introduced by Furstenberg
in 1963, is based on the idea of extending the boundary representation of har-
monic functions from the classical Dirichlet problem to a general group-theoretic
setting. The Poisson boundary itself is an abstractly defined probability space,
on which any harmonic function on G can be represented (using the Poisson
transform, appropriately defined) by a boundary function on it. The Poisson
boundary is associated to a random walk on the group, and the construction is
done both in a topological and a measurable setting, where in the latter case
two explicit realisations are provided.

We then investigate conditions ensuring triviality of the Poisson boundary
and show that this can, in many cases, be characterised by means of vanishing
of the Shannon entropy, a criteria due to Kaimanovich and Vershik. Further,
we study applications of the Poisson boundary to analytic properties of the
group, such as amenability, and discuss a related conjecture by Furstenberg.
Finally, we tie in the notion of amenable actions, as defined by Zimmer. While
an amenable group always acts amenably on any G-space, it is an important
feature that any group acts amenably on its Poisson boundary. This is a result
of Zimmer, which we discuss.

As an additional treat, we mention very recent surprising applications of the
Furstenberg boundary (which we also introduce) to the settling of a number of
long-standing open problems regarding group C*-algebras.
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1 INTRODUCTION

1 Introduction

In 1963 Harry Furstenberg published his paper [10], wherein he introduced the Pois-
son boundary for semi-simple Lie groups. The purpose of doing so was to extend the
boundary representation of harmonic functions known from the Dirichlet problem to
a more general setup. In order to do so he also defined both harmonic functions on a
group and the Poisson transform, the latter which serves as the group theoretic ana-
logue of the Poisson integral from the classical case. In the years following [10], all
of the above ideas was extended to locally compact groups, and in 1973 Furstenberg
published [11], wherein he defined the so-called p-boundaries of a group G, a class of
G-spaces extending the ideas behind the Poisson boundary. The p-boundaries can
be obtained as quotients of the Poisson boundary, and will also allow a boundary
representation of some of the harmonic functions on the group, whereas only the
Poisson boundary allows a boundary representation of all harmonic functions on G.

The Poisson boundary itself is a compact G-space equipped associated to a ran-
dom walk on the group, a random walk which also serves as a crucial component in
the construction of the Poisson boundary. Here, the random walk is used to equip
the space of bounded, left uniformly continuous, harmonic functions on the group
with the structure of a commutative, unital C*-algebra, and the Poisson boundary
is defined to be the spectrum of this C*-algebra. This gives an isomorphism between
the harmonic functions on the group and the continuous functions on the Poisson
boundary, an isomorphism which can be realised as a Poisson transform for a appro-
priately defined probability measure on the Poisson boundary. The construction can
also be carried out for measurable harmonic functions on the group, where the mea-
surable setup also allows some more explicit constructions of the Poisson boundary.
We will in this thesis present the constructions of the so-called Stationary boundary
and Ezit boundary.

An important question in the context of p-boundaries is whether the Poisson
boundary is trivial or not. If G is an abelian group the Poisson boundary is trivial,
whenever the semigroup generated by the support of p is all of G, as any p-harmonic
function in this cases is constant due to the Choquet-Deny theorem [5]. This result
was later extended to the class of nilpotent groups as seen in [22|. For general groups,
the question of triviality of the Poisson boundaries is more difficult to answer, but in
1983 (see [16]) Vadim Kaimanovich and Anatoly Vershik provided a characterisation
of boundary triviality for a big class of measures, using the information theoretic
concept of entropy, originally introduced by Claude Shannon [26]. Indeed, they
proved that under the assumption of p having finite entropy, then boundary triviality
is equivalent to entropy of the pair (G, u) being zero. This is called the entropy
criteria for triviality of the Poisson boundary. In order to determine whether this
entropy is zero or not, we apply the group theoretic concept of growth to characterise
a class of groups G and Borel probability measures p on G, for which the pair (G, u)
has zero entropy. In particular, any group with subexponential growth and measure
with either finite support or finite first moment, will give zero entropy of the pair
(G, ). An examination of the above results can be found in Section 4. The main
results therein are found in the above mentioned paper of Kaimanovich and Vershik,
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but for auxiliary results and additional details the Master’s thesis of Cagri Sert [25]
has been of much use for the author.

Another application of the Poisson boundary arises in the theory of amenable
groups and amenable actions. The first of these relates to a conjecture by Harry
Furstenberg from his 1973 paper [11]. In here, he proved that any non-amenable
group admits a probability measure with full support and non-trivial Poisson bound-
ary. He then conjectured that the converse implication was true, as well, or in other
words that G possesses a measure p whose support is all of G and for which no
nontrivial p-boundaries exists if and only if G is amenable. The second implication
was later proved independently by Joseph Rosenblatt in [23] and Kaimanovich and
Vershik [16], and we will in Section 5 provide a short survey of the proof provided
by Rosenblatt. A more detailed examination can be found in the author’s Master’s
project [21]. The second major result is that a group G acts amenably on its Poisson
boundary whenever the corresponding measure is absolutely continuous with respect
to the Haar measure on the group. Amenable actions have been defined in two differ-
ent ways, but we will rely on the concept introduced by Robert Zimmer in [28], the
paper in which he also proved the above statement in the case of a discrete group.
The general result was proved in [1]. However, in this thesis, we will present the
proof from Chapter 7 in [2].

Finally, we take a quick look at another type of boundary of a group, the so-called
G-boundaries, which was also introduced by Furstenberg. The G-boundary is defined
in a way that somewhat resembles the u-boundaries, but without the probabilistic
nature of the p-boundary. The class of G-boundaries also admits a universal object,
in the sense of before, an object which is called the Furstenberg boundary. Very
recently history, the Furstenberg boundary has found surprising applications in the
theory of group C*-algebras, where it has been used by Matthew Kennedy and
Mehrdad Kalantar first in [19], and later in collaboration with Emmanuel Breuillard
and Narutaka Ozawa in [18]. The Furstenberg boundary was used to provide new
characterisations of several classes of groups, most importantly the C*-simple groups
and the groups with the unique trace property. This characterisations also led to
the proof that any C*-simple group has the unique trace property, an open question
for many years. We will not provide any details regarding the Furstenberg boundary
and its applications, but Section 6 will include a list of important definitions and
results. The sections is only meant as an appetiser for the reader with an interest
in the theory of C*-algebras and thus, the reader will need deeper knowledge of
C*-algebras to understand the statements provided therein.

Notation used in the thesis
o Ny : the positive integers 0,1,2,....
e B(z,r) : the open ball around x with radius r > 0.
e 0B(xz,r) : the boundary of B(z, ).

e C™(Q) : complex-valued functions on 2, which are n times continuously dif-
ferentiable.
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C™(92,R) : real-valued functions on (2, which are n times continuously differ-
entiable.

G is always a group and the identity will be denoted by e.

e C(X) : the continuous functions from a Hausdorff topological space X to C.

C¢(X) : the compactly supported, continuous functions from a locally compact,
Hausdorff topological space X to C.

LP(X, ) : the p-integrable functions from a measure space (X, u) to C.

e P(X) : the set of Borel probability measures on a measurable space X.

1.1 The classical setup

Before delving into the main topics of the thesis and the world of groups, we start
out with a short survey on classical harmonic analysis. Herein we prove a couple of
results that will act as a motivation for constructions and terminology in the abstract
case. Given a simply connected domain Q C R” and u € C?(f2), we say that u is

harmonic on 2 if
82 2

=——su+- -+ z=5u=0.
Ox? Ox2

Here A is the usual Laplace operator, so in other words u € C?(f2) is harmonic if
and only if it belongs to the kernel of A. We will now turn our attention to the
two-dimensional case, i.e., Q C R? where we identify R? with C, whenever beneficial.
In this context, it is worth noticing that the Cauchy-Riemann equations ensure that
all holomorphic functions are harmonic, but also that the class of harmonic functions
exceeds the one of holomorphic functions. The latter statement follows from the fact
that both the real and imaginary part of a holomorphic function is harmonic, but it
is holomorphic only in the case where the original function is constant.

This latter connection between real-valued harmonic functions and holomorphic
functions turns out to be rather strong, as seen in the following proposition:

Au

Proposition 1.1. Any real-valued harmonic function u on § is the real part of some
holomorphic function F on 2.

Proof. It is well-known fact from classical two-dimensional analysis that the identity
fod 92

ozl = — gy gives rise to a function v: {2 — R such that

gv = —gu and ﬁv = gu

or Oy dy  Ox
From here we can consider the function F': @ — C given by F' = w + 4v, which is
holomorphic due to the above identities, and clearly Re(F') = u. O

Such harmonic functions have a variety of interesting properties, but there are two
properties of certain appeal for our journey onwards. We start out by considering a
real-valued harmonic functions f on B(0, 1) and later extend the results to complex-
valued case.



1.1 The classical setup 1 INTRODUCTION

1. The mean value property: For any x € B(0,1) and » > 0 such that
B(z,r) C B(0,1), the following holds

fa) = /8 o F402)

Here o, is the normalised Lebesgue measure on 0B(z, ).

2. Boundary representation: There exists a unique f € C(8B(0,1)), such
that

f(re) = / P(r,0 — £)f(t) do(t),
9B(0,1)

forall 7 € [0,1) and 0 € [—m, x|, where o is the Lebesgue measure on 0B(0, 1).
Here P is the Poisson kernel, which we will describe in detail later.

The above properties will be our motivation for the group theoretic approach to
harmonic functions. The mean value property will give rise to the very definition
of harmonic functions, while the boundary representation will inspire the study of
boundaries for probability measures on a group. The concrete translations will be
saved for the introductory parts of Section 2 and 3, respectively.

Finally, we finish this section by going through the proofs of the above claims.
Let us start out with the mean value property, which also holds true in more general
cases, i.e., when the domain need not be the unit disc.

Theorem 1.2 (The mean-value property). Let f be a real-valued harmonic function
on a simply connected domain Q C R%. For any open ball B(z,r) such that B(z,r)
1s contained in €2, we have the integral representation

f(x) = /a o F)401(2) = /8 oy S0 0)

Proof. The equality between the integrals is due to translation invariance of the
Lebesgue measure, so let us focus on the equality between f(z) and the latter integral.
For this, let R = sup{r > 0 | B(z,r) C Q} and consider the map ¢: [0,00) — R,
defined by

o(r) = / @+ ry)do(y), >0,
9B(0,1)

where o denotes the Lebesgue measure on 0B(0,1). Then ¢ is continuous on [0, R]
and differentiable in (0, R) with

¢'(r) = / Vi +ry) - -ydo(y), 0<r<R.
9B(0,1)

From here on, we can apply Green’s formula to obtain the equality

'(r) = v cydo(y) = Af(z)dz =0
©'(r) /83(0’1) f(x+ry)-ydo(y) /B(M) f(z)dz =0,
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for all r € (0, R), since Af = 0 by assumption. With a derivative equal to zero, we
conclude that ¢ is constant, so by continuity of f we obtain

F() = 9(0) = (1) = /8 o, JE DA,

which was the desired result. O

With the mean value property settled, we turn to the boundary representation,
for which we start out by considering harmonic functions on an area strictly larger
than B(0,1). Let u: B(0, R) — R be a harmonic function, for some R > 1, and let
F: B(0,R) — C be the associated holomorphic function, in the sense of Proposition
1.1. This allows us to express F' in terms of its Taylor series, i.e.,

F(z) =) cn", 2] < R. (1)
n=0

As u = Re(F), we know that u = (F + F)/2 and hence

o

. 1/ 4 s . ,
u(mw) _ 5 ZCkaesz + chrke ik0 | _ Z akr|k|e’k9,
k=0

n=0 k=—o00

whenever r < R and —7 < 6 < 7. Taking a closer look at the coefficients above we
notice that ag = Re(cp), ap = cx/2 for k > 0 and ap, = c_/2 for k < 0. In particular,

and so the a;’s must be the Fourier coefficients for the map 0 — u(ew), ie.,
1 ™

A = —
2 J_,

u(e)e *t dt.
As the convergence in (1) is uniform on compact subsets of B(0, R), we can inter-
change the sum and the integral to obtain

o0

u(re®) = - / u<e“>( > r"“'e“““’) dt, fe[-mn,0<r<R

™ J_
™ n=-—o0

The infinite series appearing in this latter integral will be uniformly convergent for
r € [0,1), with limit

i R ik (0—1) _ 1—r? _ 1
1+7r2—2rcos(f —t) |1 —rei@-1)2

n=-—oo
To ease notation further on, we define P: [0,1) x [-7, 7] = R by

1—r2

P<T7t) = ‘1 _ reit|27

5
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such that the harmonic function u can be expressed as

u(re'?) = % /7r P(r,0 —t) - u(e™) dt, (2)

—T

for r € [0,1) and 6 € [—7, 7|, a formula that will serve as inspiration for the general
group theoretic definition. Note by the way that the above integral can be viewed as
the convolution of ¢ — u(e') and P(r,-), when considered as integrable functions on
[—7, w] equipped with the normalised Lebesgue measure. If we let f denote the map
t > u(e™), we say that u is the Poisson integral of f and denote it by u = P(f).
Notice finally that even though we only considered real-valued functions so far, the
results also apply to complex-valued harmonic functions through linearity of the
integral. From here on the harmonic functions will be complex-valued.

In order to recognise the Fourier series above, the construction of this Poisson
integral relies heavily on R being strictly greater than 1, but we can use this idea to
obtain a similar result in the case, when R = 1. This is the solution of the Dirichlet
problem for the unit disc in R2.

Theorem 1.3. Let u be a harmonic function on B(0,1) satisfying

™
sup / lu(re™)[P dt < oo,
0<r<1J-—nm

for some p > 1. Then there is a function f € LP([—m,]) such that
. 1 ™
u(ret?) = 2/ P(r,0 —t)f(t)dt, r<1,0¢€[—m, .
™ —T

In other words, w = P(f).

Proof. In order to use the original construction in this case of R =1, let (r,) be an
increasing sequence in [0, 1) converging to 1. Let furthermore (f,) be a sequence in
LP([—m, m]) given by

fu(t) = u(r,e), te[—m,

By hypothesis on u, the sequence (fy,)n>1 is bounded in LP([—m, 7]), which we iden-
tify with Li([—m, 7])*, where ¢ is the dual exponent of p. As the closed balls
in this dual space are weak*-compact, there is a subnet (f,, )aca converging to
f € Li(]—n,n])* in the weak*-topology, that is

/ 9(t) f ()t — / g(t) £ (1) dt,

for all g € L9([—m,n]), and in particular for ¢ — P(r,0 —t), which is a continuous
map on a compact interval, whenever r < 1.

Next up, we notice that for each n > 1, the map z — wu(r,z) is harmonic on
B(0,7,1). By our choice of (r,,)5>1, the numbers 7, ! are all strictly greater than 1,
so by the previous discussion

w(rnre®) = L / " P 0 — 1) (1) dt,

2 J_,

6
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for r <1 and 6 € [—m, w]. Combining this with the weak*-convergence, we get

u(re) = 1 /TF P(r,0—t)f(t)dt, r<1,0¢€[—mmn],

27 J_,

as we had set out to prove. ]

This result can also be extended to the case p = oo, or, in other words, where
sup.ep(o,1) [u(2)] < oo. To see this, we identify L°([—,n]) with the dual of
LY([~m,7]) and repeat the proof above. The case when r = 1 does cause some
problems though, since L!([—,7]) can not be identified with the dual of any such
LP-space. However, we can embed L!([—m,7]) into the regular bounded Borel mea-
sures on [—m, 7|, which can be identified with the dual of C(|—m,7]). Repeating the
previous proof once more in this new setup, will then give us the following corollary:

Corollary 1.4. Let u be a harmonic function on B(0,1) such that
™ .
sup / lu(re™)| dt < oo.
0<r<1J-—x
Then there is a bounded regular Borel measure on p on [—m, | such that,

u(re®y = 2 7 Pl o — 1) du(e).

We will let P(u) denote this function and call it the Poisson integral of p.

Through these results we have seen that for most harmonic functions on B(0,1),
we can associate either some LP-function or a Borel measure via the Poisson integral.
What we will see now is that this association also works the other way around.

Theorem 1.5. Let f € LP([—m,«]) for 1 < p < o0, and let u be the Poisson integral
of f, i.e.,
1

ur (0) = u(re??) = /7r P(r,0 —t)f(t)dt, r<l1l,—m<6<m.

27 J_ .

Then u is harmonic on B(0,1), and supy<,<1 [[urllp < || f]]p-

Proof. Assume first that f is real-valued and let f(t) = S 5° __ ape™ t € [—m, 7],
be the Fourier series of f. By arguments seen earlier, we have

[o@)
u(reie) = Z akr‘k‘eike, r<l,—-m<6<m.

k=—o00

By the assumption of f being real-valued, we get a_; = ag, for all k£ € Z, and hence

e} e}
u(re) = Z apr®let*? = g + Z ¥ (are™® + a_je*?)
k=1

k=—o00

=ap+ Zrk Re(akeike) = Re (CLO + Z ak(reie)k>.

k=1 k=1
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This is the real part of a holomorphic function on B(0, 1), so u is harmonic on B(0, 1).
To obtain the inequality of the norms, one should notice that for » < 1, the integral

1 [ 1 (7 > 1 (7 .
— Pr—t)|dt=— [ P60 —t)dt= ’“/ ikt gt
27 ,,r| (r, ) 27 /,r (r, ) kz—:oor 27 ,,re ’

equals 1, using classical theory of Fourier series to see that the one, nonzero term in
the series corresponds to k = 0. To finish this part, we notice that u, can be written
as the convolution of P(r,-) and f, and thus

[urlly < 120 - [1f 1l = 171

for 1 < p < oco. This latter fact can be found in Appendix A, and is generally
known as Young’s inequality for convolutions. For the general case, where f is
complex-valued, we can handle the real and imaginary parts individually and reach
the conclusion by linearity. O

This result can also be extended to Borel measures on [—7, 7], i.e., the Poisson
integral of such a measure is a harmonic function on B(0,1). By identifying the
unit sphere 9B(0, 1) as a quotient of [—7, 7], we obtain a one-to-one correspondence
between bounded harmonic functions on B(0, 1) and bounded functions on 0B(0, 1).
With f € L*°(0B(0,1)) and u = P(f), we will in some sense view f as a boundary
description of the behaviour of u. This connection becomes even more clear, as

u(re®) — f(t), as r — oo,

for almost every ¢ € [—m,m]. This result can be found as Theorem 11.23 in [24].
With this in mind, we can turn our attention back to Theorem 1.5 in the case of
p = oo and realise that || f||cc = [[P(f)]|co, thus giving us an isometric identification.
For a final remark of this section, let us view a harmonic function f and its boundary
description as one function f, i.e., given f € L>°(9B(0,1)), we define f : D — C by

Sty f(re”) r=1
f(ret)—{ P(f)(re?), r<1

The integral representation from before can then be rewritten as

fret = 5 [ Pea—ofoas= [ o000

Note finally that since P(0,t) = 1, for all t € [—m, 7], it is clear that these two
integral representations coincide, whenever f is a harmonic function on a simply
connected domain €2 which contains the closed unit ball.



2 HARMONIC FUNCTIONS

2 Harmonic functions

The purpose of this first section is to define the group theoretic notion of a harmonic
function, and also develop a series of tools needed in the construction of the bound-
aries to come. We will follow the first chapter of [2], and all results will be found in
there unless otherwise mentioned.

Let G be a locally compact group with countable basis. The group G will be
equipped with a right Haar measure A. We will also let A denote the modular
function corresponding to A, i.e., A(zA) = A(xz)A(A), for all Borel sets A C G and
x € G. For more details on the Haar measure and the modular function, the reader
is referred to the first part of Appendix A. We will also use the notion of convolutions
from time to time, for which the reader may read the second part of Appendix A.

Definition 2.1. Let u be a Borel probability measure on G be given. A py-harmonic
function on G is a function f: G — C such that

flg) = /Gf(gx) dp(z), forall g € G. (3)

The space of bounded p-harmonic functions on G will be denoted by H*(G, i). In
order for (3) to make sense, we implicitly require each translate ,-1 f, z € G, given
by g — f(zg), to be an element of L*(G, ).

We will also let Hp> (G, (1) denote the space of left uniformly continuous functions
in H*(G, i), where left uniform continuity of a function f: G — C is defined as
follows. For every € > 0, there exists an open neighbourhood U of the identity in G,
such that for all u € U,

sup [ f(ug) — f(g)] <e.
geG

Note that left uniformly continuity in particular implies continuity.
In order to describe p-harmonic functions in a different way, we introduce the
following notation.

Definition 2.2. For a Borel measure y on G and f: G — C for which the integral
below makes sense, we define f x u € L*°(G) by

(F*n)l9) = [ Fgo)du(a),  forallg < G.

In this way f * u = f * i, where i denotes the Borel probability measure on
G, defined as ji(A) = u(A~!) for A C G Borel, and furthermore, f: G — C is
p-harmonic if and only if f = f * u. It is also not difficult to see that || f * e <
22l - /1|0, and similarly, if f is in L'(G,X), then || f* g1 < [lull - | |1

2.1 Motivation

In order to understand the group theoretic description of harmonic functions, let us

consider the group
_i(a B
-1 %)

@B €C, |af® - |5 = 1}-

9
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In resemblance with the usual Mobius transformations on the Riemann sphere, we
will identify each g € G with a holomorphic bijection of the complex plane onto
itself. The identification goes as follows. The matrix

(5 e

is identified with holomorphic map ¢(z) = (az + 8)/(Bz + @),z € C. This gives
rise to an action of G on C, which furthermore preserves both B(0,1) and 0B(0,1)
individually. We now investigate how this group action can be used to describe the
mean value property from the classical setup. Let f: B(0,1) — C be a harmonic
function and r < 1 be given. The first thing to notice is that every z € B(0,1) can
be written as g(0), for some g € G. For example, one could pick = Az and oo = A,
with A = (/1 — [2]?) L.

Through this identification, we define f: G — C by f(g9) = f(g(0)) for g € G.
From here on, we will once more let o, denote the normalised Lebesgue measure on
0B(0,r) and @, denote the lift of o, to G using the identification above. In other
words

ar(B) = o-({9(0) € 9B(0,7) | g € B})

for any measurable B C (G. The mean-value property of f applied at zero can then
be expressed as follows

£(0) = /a oy [0 / F(h) dar(h

This is not the exact description we are looking for, but let us look at the composition
fog, for some g € G. As the composition of holomorphic functions is holomorphic
itself, we can apply Proposition 1.1 to conclude that fog is also harmonic on B(0,1).
As this holds true for all g € G, we obtain

7o) = o) = [ flo)dot) = [ Flgn)do(n
0B(0,r)
and thus, f is &,-harmonic, whenever f is harmonic on B(0, 1).

2.2 Basic properties

In the classical case we assumed the harmonic functions to be C? and thus in par-
ticular, continuous. We did not make any such assumptions in the group theoretic
definition, but as the following two propositions show, continuity occurs rather often.

Proposition 2.3. Let u be a Borel probability measure on G. If u is absolutely
continuous with respect to A, then f x p is right uniformly continuous (and hence
continuous), whenever f is bounded.

Proof. By analogy with the definition of left uniform continuity, we say that a func-
tion ¢: G — C is right uniformly continuous, if for every € > 0 there exists an open
neighbourhood U of the identity e of GG, such that

Sup lp(gt) —plg)l <e,  tel.
geqG

10



2.2 Basic properties 2 HARMONIC FUNCTIONS

Let ¢ € L'(G, \) be the density of 4 with respect to A, let K be a compact neigh-
bourhood of the identity and let € > 0 be given. Then for g € G,t € K,

(F > 10)(gt) = (F % 1) (9)] = 1 / o arm - [ fgholn) dwo'

‘/fgh (t1h)A /fgh ()‘
ngHOO/Gr (EIR)AE) ™ = p(R)] dA(R).

These calculations show that it suffices to prove that the final integral above can be
made arbitrarily small. For this, pick ¥ € C.(G) such that

lp =l <e/@Bllflloo)-

By double use of the triangle inequality, we obtain

/ ot R)A() ™ — ()| dA(h) < 2 +/ [t h)A) ™ = (h)|[dA(h).
c o Ja

The latter integrand will, for all ¢ € K, vanish outside some compact set, and hence
it suffices to make the integrand small in a uniform manner on this compact set.
First of, we insert yet another auxiliary term, and estimate for t € K, h € G,

Wt TR)AR) T = ()] < [w(E ) AR) T = p(R)AR)| + [P (R)AR) L = p(h))
< AT (7 ) — ()] + [l - |AEG) T =11,

Looking at the first term in the sum above, we notice that continuity of A gives
us an upper bound for A(#)~!. Furthermore any compactly supported continuous
function is uniformly continuous, so we can make this term arbitrarily small. For
the second term, we recall that A(e) = 1 and hence |A(t)~' — 1| = 0, as ¢ tends to
e € (G. Combining these considerations, we can pick an open neighbourhood U of
e € (G, such that

sup [(f*u)(gt) = (fxp)(9)l <&,  teU,

and thus conclude that f % u is right uniformly continuous. O

We should note that if f: G — C is p-harmonic for some absolutely continuous
measure u, then f must be right uniformly continuous by the above proposition, as
f = f*u. It turns out that this fact holds true more generally, where we can weaken
the assumption on pu, to the so-called spread-out measures. A Borel probability
measure u on G is said to be spread-out if there exists some positive integer p such
that the measures p*P and A are not mutually singular.

Proposition 2.4. Let p be a spread-out Borel probability measure on G. Then
any bounded p-harmonic function on G is right uniformly continuous (and hence
continuous).

11
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Proof. Let p > 1 be such that y*P and A are not mutually singular. For any n > 1,
we let 1*™ = ;- A + By, with a,, € L'(G, )\), be the Lebesgue decomposition. The
choice of p ensures that none of the a,,’s are constantly zero. By properties of the
convolution of measures, the total variation of 5, tends to zero as n goes to infinity.
Thus, for any bounded p-harmonic function f, we have

1f = f* (an - A)lloo = 1f * Bulloo < [ lloollBnll

As the latter term above tends to zero, when n tends to infinitity we conclude that the
same is true for the first term above, and since uniform limits of continuous functions
are continuous, the above estimates conclude the proof. The uniform convergence
also implies that f is right uniformly continuous. O

2.3 Random walks

One of the main tools used in this thesis is that of a random walk on a group G.
The reader may be familiar with this concept from classical probability theory, and
will meet no surprises in the translation into the group theoretic version. Given a
Borel probability measure p on G, we consider the probability space (2, F,P), where
Q = GNo and F,P are the product o-algebra and product measure corresponding
to the Borel sets in G and pu, respectively. If we let (X,,),>0 denote the coordinate
projections from €2 to GG, we obtain a sequence of independent random variables
with common distribution p. With these projections we define the right random walk
corresponding to u as the sequence (Ry,)n>0, where Ry = e and R, = Xo X1 --- X1,
for n > 1.

In the above construction we defined Ry to be constantly equal to e, but this
concept can easily be generalised. If now 7 € P(G) is some Borel probability measure
on (G, we could consider Ry as a random variable independent of each X,, and with
distribution =, i.e., Ro(P) = w. This would allow us to construct the right random
walk associated to pn with initial distribution m denoted by (R} )n>0, given as

g:Ro, Rn:RoX()Xl"-Xn_l, nz 1.

In this way the original random walk (R,,)n>0 was simply the random walk with
initial distribution J.. Note also that the random walk with initial law d4, g € G
can be described as (Rf{’)nzo = (gRn)n>0. We now turn to the connection between
random walks and harmonic functions, where the theory of martingales plays a crucial
role. For more information on martingales, see Chapter 7 in [17].

Proposition 2.5. Let f be a bounded p-harmonic function on G and (R])n>0 be
the right random walk associated to p with initial law 7, for some m € P(G). Then
(f(RT))n>0 is a bounded martingale with respect to the filtration (Fy)n>0, where
.7:0 = O'(Ro) and ]:n = O'(Ro,Xo, e ,anl), n>1.

Proof. That the process (f(R]))n>0 is bounded follows from the boundedness of f,
so let us focus on showing that it is indeed a martingale. For this, let n > 1 be given

12
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along with Y € {Ry, Xo, ..., X,,—1} and a Borel subset of B C C. We need to show
that

[ 1B AP = [ 1 (1) (R €

For this, we apply the abstract change of variable formula along with the indepen-
dence of X,, from R} and Y, respectively. Then

L1 EX) P = [ 1m0 [ 9 X000 a7
:/Q1f_1(3)(y)/ef(RZ§-g)du(g)d]?
= [ 1m0 ED AP,

which is the desired result. O

By the martingale convergence theorem and the above proposition, we obtain an
almost sure limit of the process (f(R]))n>0, regardless of the initial distribution. We
will use these limits to define a map Zy: G — L>(Q,P) by

Z¢(g) = lim f(gR,), g€G,

n—o0

which also gives us f(g9) = E(Zf(g)). Here E(Z(g)) denotes the expectation of
Z¢(g) with respect to P, i.e., E(Zf(9)) = [o Z¢(g)(w) dP(w).

If we let T denote the shift on Q, i.e., T(wp,wi,wo,...) = (w1,w2,ws,...), Or
equivalently, T'(w) = (X1, X2,...)(w), w € Q, then for g € G,

Zf(g9)(w) = lim f(gRn)(w) = lim f(gXo(w)Rn(T(w))),
and hence Z¢(g) = Z(9Xo) o T P-almost surely. Now, this type of invariance will
be central in the following, so we let

I°={Z:G— L®(Q,P) | Z is bounded and Z(g) = Z(gXo) o T P-a.s.}

Combining the fact that f(g) = E(Zf(g)) for g € G, with the definition of Z¢, we
see that the map f +— Z is an isometry from H*(G, u) to 1°°, when both spaces
are equipped with the supremum norm. The relation between H*(G, u) and I*°
becomes even more clear with the following result.

Proposition 2.6. For any Z € I, we obtain a bounded p-harmonic function f on
G by setting f(g) = E(Z(g)), forg € G.

Proof. The proof relies on the i.i.d. nature of the sequence of projections (X, )n>0,
which tells us that (X7, Xs,...) has distribution P as well. From here on it is once
again a matter of applying the abstract change of variable formula along with certain

13
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independence properties. Namely, for any g € G,

f(g) = /Q Z(g)(w) dP(w) = /Q Z(9X0(w))(T(w)) dP(w)

/ Z(g2)(@) d(X1, Xa, ... )(P) (w) dXo(P)(2)

= [ ] 2t0)) () auta)
—/GE(Z /fgﬂ:du

In other words, the function f is py-harmonic. O

If we, in addition, assume left uniformly continuity of f, then Z is left uniformly
continuous, as well, and this also holds true the other way around. Here left uniform
continuity of a map Z: G — L*(Q,P) is to be interpreted naturally as follows.
Given € > 0 there exists an open neighbourhood U of the identity in G, such that

sup || Z(ug) — Z(9)]lec <€

geG
for any v € U. In other words H{C (G, p) can be identified with the left uniformly con-
tinuous maps in I°°, which we will denote by I This identification of y-harmonic
functions will become important later on, when we introduce the boundary the-
ory. Another application of this approach by random walks arises when we consider
abelian or to a greater extend, nilpotent groups. We will only prove the proposition
below for abelian groups, while a proof for the nilpotent case can be found in [22].

Proposition 2.7 ([27]). Let G be an abelian group, and let p be a Borel probability
measure on G. If the semigroup generated by the support of u is all of G, then every
function f € H (G, p) is constant.

Proof. With the notation introduced above, we have Z¢(g) = lim, o f(g+ Ry), for
g € G. With the filtration (F,,),>0 as earlier, we obtain

E(Zf(g) | fn) :n%gnooE(f(g"f'Rm) "Fn) :f<g+Rn)

for all m > 1. Since G is abelian, we can permute the ordering of the terms in R,,, and
thus Z¢(g) is invariant under finite permutation of (X,,)n>0. By the Hewitt-Savage
0-1 law (see Theorem B.3), we conclude that Z¢(g) is constant P-a.s. and hence for
all g € G,

Zi(g) = E(E(Zf(9) | Fn)) = E(f(g+ Rn)) = f(g) P-as,

where the last equality follows from p-harmonicity of f. From here on, we conclude
that for all g € G,

flg+Xo)=flg+ 1) =FE(Zs(g9) | F1) = Zs(g) = f(g) P-a.s.

As X has distribution u, we have f(g+ h) = f(g) for y-a.e h € G and g € G. By
continuity of f, we also have f(g + h) = f(g) for all h € supp(p) and g € G, so by
assumption on u, the function f is constant. O

14
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The assumption on u in the above proposition will appear many times later in
the thesis, and the strengt of this property in combination with harmonic functions
can be seen in this above proof.

2.4 Different degrees of harmonicity

In the study of measurable functions on measure spaces it is common not to distin-
guish between functions that only differ on a null-set, and for this reason we would
like to extend our definition of harmonicity to equivalence classes of functions. To
do this, we introduce the Poisson transform P, associated to some Borel probability
measure g on the group G. The basic version of the Poisson transform is a map

P, Lo(G, A) — L®(G, \), defined by

Bu(f)(g) = /G f(9) du(z).

This map is well-defined, i.e., if f = f’ A-a.s. then P,(f) = P,(f’) M-a.s. This holds
true since the Haar measure A is equivalent to any translate of itself.

A natural generalisation is to consider the map P,: L>*(G,v) — L>®(G, u), for
three Borel probability measures p, v and o on G. This map need not be well-defined,
but there are certain assumptions on the measures which will make it all work. A
sufficient condition for P, to preserve equivalence classes is that for all Borel sets A
in G and p-a.e. g € G, we have a(gA) = 0, whenever v(A) = 0. This is equivalent to
the fact that p* « is absolutely continuous with respect v. To prove this, we observe
that

s a(A) = /G /G 14(gh) da(h) du(g) = /G a(gLA) du(g),

which proves the statement.

Almost sure harmonicity

The first basic case above, i.e., the case where u and v are both equal to the Haar
measure A is particularly simple as we do not need any assumptions on the last
measure. This allows us to define the map

Py: L®(G,\) — L™(G, \)

for any Borel probability measure p on G, and inspired by the similarity of P,(f)
and f % u, we introduce the following definition.

Definition 2.8. We say that an equivalence class [f] € L*°(G, A) is an almost-sure
bounded p-harmonic function if [P,(f)] = [f]. The space of such equivalence classes
of functions will be denoted HZS (G, ).

As the choice of representative in an equivalence class of HS (G, 1) does not
matter, we will henceforth view elements of HS (G, u) as functions, just as we
usually do for measurable functions.

15
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Proposition 2.9. Any function f € H (G, ) is the almost sure limit of a sequence
(fa)n>0 in Hﬁ%(GaM)-

Proof. Let f € H3 (G, ) be given. Let (ay)n>0 be a sequnce of positive functions
in C.(G), such that a,, - A converges to J. as n — oo. To see that such a sequence
exists, we can use the countable basis of G to pick a sequence of open sets (A )n>0,
satisfying the following conditions:

e Ay C K, for some compact set K C G,
e 0 < \(Ay,) < oo, forall n e N,

e Ay DA D ...,
o Nnzo An = {e}.

From here we define a sequence (o, )n>0 of positive functions in C.(G) by

/
o, =14, x14,.

Each such map is continuous, has support in A, A,, and hence is integrable with
respect to A. Finally, we define
L,
= Q@
logfla ™

where the 1-norm is calculated with respect to the Haar measure A. For each n > 0,
define f,: G — C by

(679

fulz) = / on(9)f(g2) dNg), € G

Then each f, is continuous, and the sequence is converging to f almost surely. It
remains to show that each f, is in H° (G, p). Harmonicity of f, follows, as any
x € G yields

fulz) = /G an(9) F(g2) dA(g) = / an(9)Pu(f) (g2) ()

G

_ / an(9) £ (gh) dp(h) dA(g)
- / an(9) f(gzh) dX(g) du(h) = /G fn(zh) dp(h).

GJG
To see that each f,, is left uniformly continuous, consider for u, x € G the estimates,

) = 5u@)| =| [ ant)staus) axto) - [ an<g>f<gx>dA<g>\

- \ [ antoustg2) a9 [ antor(an) dA<g>\
G G
< flle /G lan(gu) — an(g)| dA(g).

As ay, is compactly supported, it is also right uniformly continuous and thus, the
above integral can be made arbitrarily small. This tells us that f,, is left uniformly
continuous, thus completing the proof. ]
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Weak harmonicity

Another case of interest is the one where all three Borel probability measures are
equal to the same measure p. In order for the Poisson transform to be well-defined,
we would need z*2 to be absolutely continuous with respect to p. In general this is
not true, but let us look at an interesting construction. Given a Borel probability
measure u, we define a new probability measure [i by

o
[= Z 9 (nt1) wn
n=0

Here, the zeroth power of u is the Dirac measure at the identity e. The construction
of this new measure i may potentially give us an entirely new class of harmonic
functions, but as the following proposition shows, this is not the case.

Proposition 2.10. Let u be a Borel probability measure on G, and let fi be defined
as above. Then a function f: G — C is p-harmonic if and only if f is ji-harmonic.

Proof. Assume first that f is gy-harmonic. By applying harmonicity twice we obtain

/Gf(:ry)d/f2 //fxgh du(h) dp(g /fxg dulg) = f(x),

for any z € G and hence f is p*2-harmonic. Similarly f is p*"-harmonic, for any
n > 1, and thus, for any x € G.

/fxy du 22 (n+1) /f:cy du*n _ 22 (n+1) x)

In conclusion f is fi-harmonic. For the other implication assume that f is fi-harmonic
and note that for any =z € G,

—222 ”+1/f:cy ) A (y) = +Z2 ”/fwy ) dp™" (y).-

For this latter infinite series, we can apply linearity of the convolution along with a
reindexing of the terms, and we end up with

22 ”/fxy ) dp™ (y =/ <Z2 (1) /fﬂsgh ) dp™( ))du(g)

//f:cghdu ) du(g /fxgdu

The combination of these calculations yields the desired p-harmonicity of f. O

Note that the measure fi constructed above has the important property that ji*2
is absolutely continuous with respect to fi, so we may consider the Poisson transform

Py L®(G, i) — L=(G, ).

We will use this map to define a new class of py-harmonic functions, whose rele-
vance will become apparent, when we start the explicit constructions of the Poisson
boundary.
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Definition 2.11. We say that [f] € L>(G, 1) is weakly p-harmonic if

1= [Pa()]-

The space of these functions will be denoted by HX (G, p).

2.5 Topological G-spaces

For yet another generalisation of the Poisson transform, we add an action of G to the
mix. A topological G-space is a topological space B along with a continuous action
of G on B. Recall that an action of G on B is a map from G x B into B denoted by
(g,b) — g.b, such that e.b = b and for all g,h € G and b € B,

g.(h.b) = (gh).b.

Given a compact G-space B, we have a natural way of extending the action of G on
B to C(B) and P(B). For f € C(B) and g,z € G, we set g.f(x) = f(g~'x), and
for v € P(B) we set g.v(f) =v(g~L.f).

Given a Borel probability measure 1 on G and a Borel probability measure v on
B, we define the convolution of  and v to be the Borel probability measure p * v
on B, given by

p v(p) = /G /B o(gb) dv(b) dulg), @ € C(B).

Note that this definition coincides with the usual convolutions of measures, when G
itself is viewed as a G-space by left multiplication.

Definition 2.12. Let u be a Borel probability measure on G and let B be a G-space.
A Borel probability measure v on B is said to be u-stationary if uxv = v. A G-space
B equipped with a p-stationary measure v will be called a (G, u)-space.

Remark 2.13. If B is a compact space, then the set of Borel probability measures
on B will be a compact, convex subset of C'(B)*. By the Markov-Kakutani fixed
point theorem, the linear map v — p * v will have a fixed point, i.e., a py-stationary
measure on B. In other words, any compact G-space can be viewed as a (G, u)-space.

In the following, we fix a Borel probability measure p on G. Now, consider a
p-stationary measure v on a G-space B. We define the Poisson transform P, from
the bounded functions B to the bounded functions on G, by

B (f)(g) = /B Hob)dv(b). geG.

When f is a bounded function on B, then P,(f) is a bounded p-harmonic function
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on G, as seen by the following calculations, where g € G,
= [ Hemaw) = [ ranau )

_ / / f(g-(h.)) du(h) dw(b)
//f (gh).x)dv(b) du(h)

- / ,(£)(gh) du(h).
G

Our interest concerning bounded harmonic functions will shortly turn to the subspace
HX (G, 1), and for this reason we could ask ourselves when P, (f) € H2 (G, i) This
boils down to studying the behaviour of sup,cp |f(g.b) — f(b)], for every g € G, as

sup |P,(f)(gh) — Po(f)(R)| = sup / F(g-(hb)) — F(hB) dw(b)
heG heG

< SUP\f (g-0) = f(0)I.

Thus, if the latter term tends to zero as g approaches the identity e € G, then
P,(f) € H2.(G,pn). If B is a compact space, then any f € C(B) will have this
property and thus P,: C(B) — H* (G, ). In general this need not be the case, so
we are forced to look at the subspace

Cu(B) = {f e C(B)

sup |f(g.b) — f(b)]| — 0, as g — e}.
beB

Then P,: Cy(B) — H%. (G, ). Fortunately, most of the spaces we will encounter
are compact and hence, this latter complication is not that important. Extending
the Poisson transform to equivalence classes of functions, we recall the discussion in
Section 2.4, which allows us to define P,: L>(B,v) — L>(G, ). The stationarity
of v ensures that P, only takes values in HS° (G, u), giving us a new meaning to the

notion of weak harmonicity.

2.6 Measurable G-spaces

A natural generalisation of a topological G-space is to loosen the restriction on
the action of G. Instead of requiring continuity of the action, we will only require
measurability. This leads to the following definition.

Definition 2.14. A measurable G-space B is a topological space on which G acts
in a measurable way. Here, both B and G are equipped with their standard Borel
structure. Let p be a Borel probability measure on G. If v is a u-stationary Borel
probability measure on B, we say that (B, v) is a weak measurable (G, u)-space.

Sacrificing continuity of the action on a weak measurable G-space (B, v) does not
alter any of the algebraic, nor measure theoretic considerations in Section 2.5, and
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hence most of the results can be applied to this case, as well. For instance, we are
able to define the Poisson transform P, from L*>°(B,v) to H(G, p). However, it
is not the case that the Poisson transform automatically maps into HS (G, ). For
this, we need some additional restrictions.

Now, instead of finding an answer to this very specific problem, we will first
broaden the problem a bit. Recall that HSS (G, 1) denotes the subspace of L (G, A),
where each equivalence class satisfies [f] = [P,(f)]. This equality is well-defined due
to our opening discussion of Section 2.4. We also saw that this equality could make
sense in more general cases, e.g., if p is a Borel probability measure on G such that
p * 1 is absolutely continuous with respect to p. In such case, we let

Hp2 (G, p) = {[f] € L=(G, p) | [f] = [Pu()]}-

By combining the discussion above with the opening discussion of Section 2.4, we
obtain the following lemma as an immediate consequence.

Lemma 2.15. Let (B,v) be a weak measurable (G, p)-space. For any Borel proba-
bility measure p on G such that p x p is absolutely continuous with respect to p, the
Poisson transform P, extends to a map from L*(B,p*v) into H*(G, ). If p is
equivalent to A, then P, extends to a map from L*°(B, p*v) into HSS (G, ).

Another setup we consider in this measurable setting is that of a strong mea-
surable space. Before doing so, we say that a Borel probability measure « on B is
G-quasi invariant, if « is equivalent to g.a, for all g € G.

Definition 2.16. Let (B,v) be a weak measurable (G, u)-space. If a is a G-quasi-
invariant Borel probability measure on B such that v is absolutely continuous with
respect to «, then (B, v, «) is said to be a strong measurable (G, p)-space.

The importance of strong measurable spaces may seem unclear at this point, but
they will reappear once we turn to the discussion of measurable boundaries in Section
3. For this reason, we will introduce a way of constructing a strong measurable
(G, p)-space from a weak measurable (G, u)-space under certain assumptions.

Proposition 2.17. Let pu be a spread-out Borel probability measure on G and (B, v)
be a weak measurable (G, p)-space. If p is Borel probability measure on G and p is
equivalent to A, then (B,v,p*v) is a strong measurable (G, p)-space.

Proof. Notice that if p is equivalent to A, then p is also equivalent to g.p for any
g € G. To see that p x v is G-quasi-invariant, a simple calculation shows that
g.(p*xv) = (g.p) x v, for all g € G, and hence the G-quasi-invariance of p % v is
inherited from that of p. What remains to show is that v is absolutely continuous
with respect to p* v.

As v is spread-out there exists p > 0, such that p*? and A\ are not mutually
singular. From here we consider the Lebesgue decomposition of each ©*™ as au, + G,
where «,, is absolutely continuous with respect to A\, while 3, and A are mutually
singular. An immediate consequence hereof is that |3, — 0, as n — oco. By
u-stationarity of v, we now see that for n > 1,

lv —an s vl = [0 s v —an s vl = B v < [|Bnll;
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and hence o, * v converges to v in total variation. By the assumption on p, the
measures «, will also be absolutely continuous with respect to p, and hence oy, * v is
absolutely continuous with respect to p x v, for all n > 1. By the above established
convergence, we conclude that v is absolutely continuous with respect to p * v, thus
concluding the proof. O
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3 Boundaries

The next important topic of this thesis is that of boundaries associated to a group
G. In the classical setup we saw that there is a one-to-one correspondence be-
tween harmonic functions on B(0,1) and continuous functions on 0B(0,1). This
correspondence is defined through the boundary representation, which we call the
Poisson integral. In Section 2.5, we defined the Poisson transform in relation to a
topological (G, u)-space and saw how the Poisson transform gives rise to p-harmonic
functions. Let us try to make a parallel between these ideas, as we did with harmonic
functions.

We let G be the group defined in Section 2.1 along with the associated action of
G on C. Let once more o denote the Lebesgue measure on 0B(0,1), and consider
for o € L1(0B(0,1)) and g € G, the integral

/ o(g(8)) do(8) = / 2(0)|(g~1) (6)] do(6)
8B(0,1) 0B(0,1)
- / H(0)P(r,t — 0)do (),
8B(0,1)

where g(0) = re®’. This gives a connection between the natural action of G on C

and the classical Poisson integral. For r € (0,1), we equip G with the measure 7, as
defined in Section 2.1, and let f be a harmonic function on B(0,1). Then f: G — C,
defined by f(g) = f(g(0)) is oy-harmonic. If we let f: B(0,1) — C denote the
continuous extension of f as defined in the very end of Section 1.1, then for g € G
with g(0) = re®t,

(6) do ()
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- / F(a(0)) do(0) = Po(f).
9B(0,1)

By the bijective correspondence between harmonic functions on B(0,1) and conti-
nuous functions on dB(0, 1), we see that P, defines a map from C(0B(0, 1)) into the
or-harmonic functions on G.

The motivating idea behind defining an appropriate notion of boundaries of a
group G is to find compact (G, p)-spaces for which the Poisson transform has certain
properties such as: being an isometric isomorphism, an isometry or being multi-
plicative. The remainder of this section will follow Chapter 2 and the beginning of
Chapter 3 in [2].

3.1 Poisson boundary

The idea behind the Poisson boundary is to create a topogical space B, such that
every function H{ (G, ;) can be uniquely represented by a continuous function on
B. This will mimic the integral representation from the classical case, with B repre-
senting the boundary of G, as seen in the example above. We will do this by equip-
ping H (G, 1) with a multiplication and involution, such that it becomes a unital
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commutative C*-algebra. Then the space of left uniformly continuous p-harmonic
functions on G will be isometrically isomorphic to the continuous functions on the
spectrum 11, of this C*-algebra.

The involution of choice is simply pointwise complex conjugation of the given
function f € H7 (G, p). The multiplication becomes a bit more tricky, as the
pointwise product of py-harmonic functions need not be p-harmonic itself. Instead,
we recall the isometric identification f — Zy of HY.(G, p) with IS, The product ©

luc*
is then be defined as follows

(f ©9)(x) = E(Zf(2)Zy(x)),  [,9 € Hige(G,p),w € G.

The fact that this product is even well-defined and actually gives rise to a unital
commutative C*-algebra is seen in the following proposition.

Proposition 3.1. Let p be a Borel probability measure on G. The operation ® set
forth above defines a multiplication on H.(G, 1), and pointwise complex conjugation
defines an involution on H: (G, ). Furthermore, the resulting x-algebra is a unital
commutative C*-algebra with respect to the supremum norm.

Proof. To see that this product is even well-defined it suffices by Proposition 2.6
to show that I7 is closed under pointwise products. The invariance property of
functions in I} is clearly inherited through products, and it is not difficult to see
that the product remains left uniformly continuous. For the latter statement, let
Z,Z" € IS be given. Then for u,g € G,

122" (ug) = ZZ'(9)|loo = 12 (ug) Z" (ug) — Z(9)Z'(9) |l
< Z(ug)Z' (ug) — Z(ug)Z'(9)|loc + 1Z(ug) Z'(9) — Z(9)Z' (9)]|0
<1Z|I1Z' (ug) = Z'(9) oo + 12" |11 Z (ug) — Z(9)]loo:

which can be made arbitrarily small by applying left uniform continuity of both Z and
Z'. That the product is distributive with respect to the pointwise addition follows
directly from the pointwise distributivity of summation. Hovewer, the associativity of
this product is non-trivial, but the above construction is a particularly nice version of
the Choi-Effros product, which is associative (see [4]). We are now left with showing
that £ © glloo < |flloc - l9lloc and 7@ fllow = If12, for any f,g € HES (G, ). The
first inequality is not a big problem, as

I1f © glls = sup |(f © g)(x)| = sup | B(Z¢ () Zy(x))]
zelG zeG
< sup ([ Z(2) ]l - 124 (@)l
zelG
< sup || Z5(2)loo - sup ([ Zg(2)loo = [[flloo - [l9lloo-
zelG zeqG
To see that the C*-identity is satisfied, we will introduce an alternative approach to

the product. Combining the convolution powers of 1 and the random walk (R%),>0
it is evident that

(fxp™)(g) = Ef(gRn),
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for all n € N and g € G. In this way, we can characterise the product f ® g as the
pointwise limit of (f - g) » u*™, as n — oco. With this in mind it suffices to show that
I1£1% % w™|| = ||f]|?, for all n € N. It is quite obvious that |f|? % *" is uniformly
bounded by || f]|?, but for the reverse inequality we consider the case n = 1. We have

2= [f 5 < (1F1%0)° <P *n

where the last bound is due to the Cauchy-Schwartz inequality. Applying supremum
on both sides gives us the desired inequality, and a standard induction argument
gives the general result.

Finally the commutativity of ® is inherited through pointwise multiplication of
complex-valued functions, which all in all yields the desired conclusion. O

Definition 3.2. Let p be a Borel probability measure on G. The spectrum II,, of
H (G, ) is called the Poisson boundary of the pair (G, p).

In the context of Section 2.5, we could ask ourselves if the above established
isomorphism could be realised as the Poisson transform of some Borel probability
measure on II,. This question leads to the following theorem.

Theorem 3.3. Let 1 be a Borel probability measure on G and let I1,, be the corre-
sponding Poisson boundary. Then there exists a stationary measure v on 11, such
that that P, is an isometric isomorphism from C(II,) to HO.(G, ). This measure
will henceforth be denoted by v.

Proof. Note first of all that the canonical *-isomorphism ®: C(II,) — H* (G, p) is

luc
a G-equivariant map, with the natural actions as described in Section 2.5. From here

on, let L be a linear functional on C(II,) defined by

L(p) = @(p)(e), » € C(IL).

By the Riesz Reprebentation Theorem there exists a probability measure v on II,,
such that L(p fH pdv, for all p € C(II,). Then v is p-stationary as

- //H (g:b) dw(b) dulg // L o(b) du(b) du(g)

- /G L(,-10) dulg) = / () (g) dulg) = B(p) () = /H v

for all ¢ € C(I1,,). Furthermore, the Poisson transform P, is equal to ®. To see this,
let ¢ € C(II,) be given. Then G-equivariance yields

PV(SO)(Q)Z/H w(g.b)dV(b)Z/H g1p(b) dv(b) = L(g-19) = () (9),

for all g € G. O

Proposition 3.4. Assume that the semigroup generated by supp(p) is all of G. Then
U has full support in IP,.
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Proof. Assume in order to reach a contradiction that supp(7) is a proper subset of
II,. Let f € C(II,) be given, with supp(f) C II,\ supp(7) and || f||oc = 1. Then

0= [ f(x)dn(x) = /G [ 1) (@) apto) = /G Po(£)(9) dpu(g),

I,

and hence Py(f)(g) = 0 for p-a.e. g € G. Applying p-stationarity of 7 multiple
times along with our assumptions on u, gives us Py(f) = 0 on a dense subset of G.
As 11, is compact, Py(f) is continuous and hence constantly equal to 0. But now Py
is no longer an isometry and hence we have reached a contradiction. In conclusion
7 must have full support. O

The assumption of supp(u) generating all of G as a semigroup is another way of
saying that the random walk (Rj,)n>0 will hit any element of G almost surely, and
will appear later as an assumption in many of the coming results. Another notable
consequence of this criteria is that, whenever G is abelian, then II, is a singleton by
Proposition 2.7.

3.2 An example

Let us as an example consider Fo, the free group of two generators a,b, and let
A C Fy denote the set {a,b,a=!,b~'}. As a probability measure on Fo, we let u
denote the equidistribution on A4, i.e.,

p="(0a+ 0 +08-1+81).

L

In this way, a bounded function f: Fy — C belongs to H{o (IF, 1) if and only if

F) = 3 (F3a) + FG68) + Fra ™) + F(ab™), for 5 € F

Our goal is now to identify the Poisson-boundary (II,,7). With the classical case
and the name boundary in mind, a naive and intuitive approach would be to guess
that II, = B, where B denotes the space of infinite reduced words with letters from
A. Fortunately this turns out to be the case, so let us study this space.

First of all, B is a closed subset of AN, and hence compact. Secondly Fy acts on
B by adding v € Fa to the front of the infinite word and then reducing the obtained
word. For an infinite word v € B, we let |, € Fo be the word consisting of the first
n letters of . Finally, for v € Fo, we let [y] C B be the set consisting of all infinite
words «, such that afj,| = 7, where |y] is the length of . That is, [y] consists of all
infinite continuations of v. We will now define a measure v on B by

=1 (D) em

Note that v is actually uniquely determined by its values on [y] for 7 € Fy as these
sets comprise an intersection stable generator of the Borel sets in B. Our claim is
now that (B,v) is the Poisson boundary of (G, p).

25



3.2 An example 3 BOUNDARIES

To prove this claim, we start out by adding B to Fy and thus compactifying
Fy. The compactification is to be understood as follows. A sequence (7yy)n>0 in Fo
converges to v € B if for any k € N there exists N € N such that n > Ny implies
Yn € [V|g]. The role of our proposed boundary can now be described through the
theory of random walks.

Consider a sequence (X;),>0 of i.i.d. random variables with values in A and
common distribution p. As in Section 2.3, these random variables will be defined as
coordinate projections from the sequence space Q = AN equipped with the countable
product measure P = ), ~op. From here we define the random walk (R,),>0 by
Ry =eand R, = XoX1--- X1 for n > 1. The property of (R;,)n>0 which interests
us the most is the average length of the words at each step, so let us define a sequence
of numbers (uy)n>0 by

up, = E|R,|, n >0,

where |R,| denotes the length of the word R,,. It is clear that up = 0 and u; = 1,
but from there on it gets a bit more complicated due to the possibility of cancella-
tions. However, dividing €2 into two disjoint subsets representing cancellation and
no cancellation, respectively, simplifies this problem. More precisely, for n > 1,

Un+1 = E|Rn+1| = El{Xn:X,:,ll}‘Rn+1| + El{Xn7éX,:,11}|Rn+1’
= E|Ry| - P(X,, = Xr?—ll) +P(Xn # X;—ll) = up +1/2

In conclusion, up = 0 and u, = (n+1)/2 for n > 1. In particular (u,/n),>1 will be
a decreasing sequence converging to 1/2. In order to use this convergence in mean,
we notice that the shift operator T on ) preserves P and

| By (W)| = [ B (@) By (T" ()] < [Rn(w)] + [ R (T (W)

Thus, (|Ry|)n>0 is a subadditive process, so the limit lim,,_,o |Ry|/n exists P-almost
surely and in mean by Kingman’s Subadditive Ergodic Theorem (see Theorem B.1).
Since lim,, o0 un/n > 0, we conclude that |R,| — oo P-a.s., as n — oo, and hence
there exists z: Q — B, such that R, (w) — z(w), P-almost surely. To determine the
distribution of v, let v € Fa be given and observe that

2(P) (7)) = P(z € 1)) = Pz = 7) = P(lim Rn[jy) =) = P(Rp,) = 7).

As the X,,’s are independent and equidistributed on A, we see that z(P) is actually
equal to our previously defined measure v. By stationarity of the process (X )n>0,
we can also conclude that z and z o T have the same distribution. Combining this
fact with the P-almost sure equality z(w) = Xo(w).2(T'(w)), we conclude that the
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measure v is p-stationary. This is true, since for any ¢ € C(B),

v(p) = /B () du(y) = / o (2(w)) dP(w)

Q

_ /Q P(Xo(w).2(T(w))) dP(w)
_ / p(ay) dXo(P)(a) d(z o T)(P)(7)
BJA

= [ [ elamduta)av) =i
BJA

This shows that (B,v) is actually an (Fg, u)-space. What remains to show is that
the Poisson transform P,: C(B) — H{ (Fa, 1) is well-defined and a *-isomorphism.
From our previous discussion on harmonic functions applied to random walks, we
know that there exists an isometric, bijective correspondence between H{Y, (IFa, 1)
and I°, which for f € H® (Fo, u) and v € Fy is given by

luc>

o f(YRy(w)) = Z¢(v)(w), P-almost surely,
o E(Zs(v) = f(v)-

In order to translate this into a correspondence between C(B) and HY (Fo, i), we
consider the behaviour of Z¢(y) for a given f € Hy® (Fo, p1). For this, let w,w’ € Q be
given such that R,, converges in both w and ', but also satisfying z(w) = z(w’). Then
there exist subsequences (ng)>0 and (mn, )k>o0 in No, such that Ry, (w) = R, (W),
for all £ > 0. This tells us that Z¢(y)(w) only depends on the value of v.z(w), so
there exists a map ¢ € C(B) such that ¢(y.2(w)) = Z(7)(w).

The isometric correspondence between f and Zy will then extend to an isometric
correspondence between f and ¢, so it remains to show that f arises as the Poisson
transformation of ¢. That this is true is a consequence of our construction, as

() = EZ(y) = /Q Z4(7)(w) dP(w) = /Q o(7.2(w)) dP(w)
- / p(7.0) d=(P)(a) = / o(7.0) dv(a) = Py()(7),
B B

for every v € Fy. In conclusion, (B, v) is the Poisson boundary of (Fa, 11).

3.3 General py-boundaries

At this point we have shown that given a compact (G, u)-space (B, v), the Poisson
transform P, is a map from C(B) into H{X.(G, 1), and it is not difficult to see that
it is also norm decreasing. Furthermore, if the (G, u)-space is the Poisson boundary
I1,, with the measure 7 from Theorem 3.3, then P is an isometric isomorphism.

By the Banach-Stone theorem, no other compact (G, u)-space (B, v), up to home-
omorphism, will induce an isometric isomorphism, but there is no reason why the
Poisson transform could not be isometric nor a x-homomorphism. The question
regarding when this happens for compact (G, p)-spaces is fully answered by the fol-
lowing proposition.
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Proposition 3.5. Let (B,v) be a compact (G, pu)-space. The Poisson transform P,
is an isometric embedding of C(B) into H (G, ) if and only if

luc

0 C {0, % | geG)”.

Proof. Assume first that ép C {dg*v | g€ G}, and let us show that P, is an
isometry. As the Poisson transform P, is always norm decreasing it suffices to show
that ||flleoc < [[Py(f)|loc, for any f € C(B). Let b € B be given and use the

hypothesis to pick a net (g;)ier in G such that dg, * v 7 0p, l.e.,

[ 1@ @)~ [ £ ddita) = £0)
B B

for all f € C(B). For any f € C(B), we notice that

/B £(2) d(8g, 1) () = Bo(£)(g5) < IPo(F)lloer

and hence |f(b)| < ||P,(f)|lco- As b € B was arbitrary we see that P, is an isometry.
For the converse inclusion, assume that P, is an isometry and let b € B be given.
By Urysohn’s lemma we can consider the non-empty set

Fy={feC(B)|0<f<1, f(b)=1}.

As v is a probability measure, P, preserves positive functions, and hence for any
f € Fy and n € N, the set

Apn={9€G|P(f)(g) =11},

is non-empty. Furthermore, if f, f € F}, then inf(f, f') € F}, so the inclusion

Apn NV Afn D Aing(f,1),sup(nn’)

shows that the family (Af.)fer, nen has the finite intersection property. Consider
now the family (Bf.,) fer, nen of subsets in P(B) defined by

BfJL = {(59 * V ‘ g c Af’n}.

This family will inherit the finite intersection property and since P(B) inherits com-
pactness from B, we can conclude that there exists some

T E m Bfﬂl'
f€F,,neN

By construction of the family (By,)ser, nen this 7 will satisfy [, fdr = 1, for all
f € Fy. As 7 is a probability measure and f is bounded by one, this implies that
f = 1 on the support of 7. An important part of Urysohn’s lemma is that the
functions in Fp separate b from all other elements of B, and hence t*he support of 7

must be the singleton {b}. In conclusion, 6, =7 € {dg*v | g € Gy . O

28



3.3 General u-boundaries 3 BOUNDARIES

Definition 3.6. Let (B,v) be a (G, u)-space. If ép C {0gxv | g€ G}w*, we say
that (B,v) is a contractible (G, u)-space.

The contractible (G, p)-spaces will, due to the above proposition, induce an iso-
metric Poisson transform, but they are also related to the Poisson boundary, as seen
in the following theorem.

Theorem 3.7. Let (B,v) be a compact contractible (G, u)-space. Then there exists
a G-equivariant map q: (I1,,7) — P(B) such that ép C q(I1,).

Proof. We start out by looking at the map ¢: C(B) — C(II,,) given by ¢ = P, 'oP,.
As both P L'and P, are positive isometries, so is ¢, and hence the adjoint map
o*: C(II,)* — C(B)* is a positive isometry and maps P(II,) to P(B). We define
q: I, = P(B) by q(x) = ¢*(02), for z € G, giving a G-equivariant map. The proof
of the final claim will follow the same pattern as the second part of the proof of
Proposition 3.5. For b € B, we consider the set

F={feC(B)|0<f<1,f()=1}.
As ¢ is a positive isometry, the sets Ay, for f € I}, and n € N, given by

Apn={z eIl |o(f)(x) 21— 1},

are all non-empty and the family (Af ) rer, nen has the finite intersection property.
We can then consider the family (By,) e, nen of subsets in P(B) given by

nyn = {(p*(csx) | x e Aﬁn}.

This family inherits the finite intersection property and thus, there exists 7 in
nfer,neN By . By construction of (Bfy)fer, nen, the measure 7 must be equal
to d, and hence &, € ¢(I1,). O

We will now see how the random walk from Section 2.3 can be used to describe
other types of (G, u)-spaces.

Lemma 3.8. Let (B,v) be a compact (G, p)-space with countable basis. Then there
exists a map V: Q@ — P(B), such that

gRy(w)v = gV (w), P-a.s.

for all g € G, where (Q,P) is the probability space from Section 2.53. Furthermore
the map g — g.V is left uniformly continuous for P-a.s., and EV = v. Here EV is
defined as the probability measure on B, given as

EV(p) = /Q V(w)(p)dP(w), ¢ € C(B).
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Proof. The action of G on v is the action induced from B, when viewing v as a
linear functional on C'(B). Let ¢ € C(B) be given and let f = P,(¢) € H%.(G, ).
Then gR,(w).v(p) = f(gRn(w)), for w € Q,¢9 € G and thus gR,(w).r(p) converges
P-almost surely to Z¢(g)(w), as seen in Section 2.3. The countable basis of B ensures
separability of C(B), and thus gR,(w).v converges P-almost surely.

Defining V: Q@ — P(B) to be this almost sure limit, will then give us the desired
result. Left uniform continuity is inherited from that of gR,,(w).r and the expectation
formula follows from the Lebesgue dominated convergence theorem, as

E(gV(p)) = lim E(gRn,.v(p)) = E(gv(v)) = gv(p), ¢ C(B).

n—oo

The second equality above is a consequence of the stationarity of v. O

It is worth pointing out that the above construction implies that Zp, () (g) is equal
to g.V(¢) P-almost surely. This identification will come in handy in the following
proposition, in which we apply the above theorem to the Poisson boundary.

Proposition 3.9. Let u be a probability measure on G, and assume that the Poisson
boundary (I1,,7) is second countable. Then V takes its values in 01, i.e., there
exists a measurable map z: 0 — I, such that

Proof. As Py: C(Il,) — H%.(G,u) is a *-homomorphism, we see by the remark
above that any ¢ € C(Il,) satisfies

gV(W)(9?) = Zp,(p2)(9) (W) = (Zp,,, (G,w))* = (9.V(w)(¥))*,

where w € Q,g € G. By Jensen’s inequality this only happens if ¢ is constant on
the support of g.V(w), and since it holds true for all ¢ € C(II,), we conclude that
g.V(w) and hence V(w) is a one-point measure P-almost surely. From there on it is
a matter of defining z: Q — II, to represent these points. O

We know that (II,,, 7) is the only (G, p)-space for which the Poisson transform Py
is a x-isomorphism, but the above proof only required a *-homomorphism. With this
in mind it is natural to ask which (G, u)-spaces give rise to a *-homomorphism. A
necessary condition, by the above proposition, is that ) takes values in the one-point
measures, but a simple computation shows that this is also a sufficient condition. In
other words, for any second countable (G, u1)-space (B, v), the Poisson transformation
P,: C(B) — H2.(G, 1) is a x-homomorphism if and only if

gRn(w).v — 9.0, P-a.s.,
for some measurable map z: {0 — B. This leads to the definition of a uy-boundary.

Definition 3.10. A second countable (G, u)-space (B, v) is said to be a u-boundary
if there exists a measurable map z: Q@ — B, such that R,(w).r converges to d(.,
for P-almost any w € €.
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As the properties of a u-boundary (B,v) solely rely on the measure v and the
action of GG, we will always assume that B has no proper G-invariant subset contain-
ing supp(v). This precaution gives us control of the set B, which otherwise could
be made arbitrarily large and wild outside the reach of supp(v) and its G-translates.
The following proposition shows that any compact, second countable G-space gives
rise to a p-boundary, a result for which we omit the proof.

Proposition 3.11 (2.12, [9]). Let B be a second countable, compact G space, and let
w be a Borel probability measure on G, for which the semigroup generated by supp(p)
is all of G. Then P(B) contains a p-boundary.

We will also introduce a small proposition regarding the map z: 2 — B corre-
sponding to the py-boundary (B, v).

Proposition 3.12. Let (B,v) be a p-boundary, with z: Q@ — B, such that Ry(w).v
converges to ., for w € Q. Then v is the distribution of the random variable z.

Proof. Let f € C(B) be given. Then an application of the abstract change of variable
formula yields

d@@z%ﬁ%@ﬁ%@zééﬂ@wmeMA
= lim /Q/Bf(Rn(w).x)dy(a:)dP(w)

n—o0

= lim /Q/Bf(g.x)dl/(m)an(P)(g)

n—o0

— lim /Q /B Flg.x) du(z) dp™(g)

n—oo
— T p s v(f) = v(f),
n—oo
which proves the claim. ]
A consequence of this proposition is that any p-boundary (B, v) for which v has
full support will also be contractible, as z(€2) will be dense in B.

3.4 Universality of II,.

Besides being an example of a p-boundary, the Poisson boundary also turns out to
be the largest amongst p-boundaries, whenever the support of u is sufficiently large.
By this, we mean that any u-boundary can be obtained as an equivariant image of
II,. Throughout this section, we assume that the semigroup generated by p is all of
G. The interest in this assumption is a consequence of the following proposition.

Proposition 3.13 (|9]). Let (B,v) be a compact (G, it)-space. Then supp(v) is an
mwvariant set under the action of G.
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Proof. As each g € G gives rise to an automorphism of B it suffices to show that
A = B\ supp(v) is G-invariant. Let z € A be given and pick an open set U containing
x and with v(U) = 0. By p-stationarity of v we see that

0= 2(U) = s o(0) = [ vlg™'0) dula).
Then v(g~*U) = 0 for any g € supp(u), which again implies that g~'x € A for all
g € supp(u). The first conclusion is that A is invariant under the action of supp(u) ™.
For a general g € G, we use our assumption on p to pick gi,..., g, € supp(u) such
that 7' = g1 - - - gn. Applying our first conclusion n times to an element = € A, we
see that
-1 -1 -1 A
9gr =6, -9,_1---91 T € A.

In conclusion A and hence supp(v) is G-invariant. O

Thus, when the semigroup generated by supp(u) is all of G, we will only consider
u-boundaries where the measure has full support. Note that due to Proposition 3.4
this does not change the Poisson boundary II,,. We are now ready for the main result
in the theory of the topological Poisson boundary

Theorem 3.14 ([9]). Assume that the semigroup generated by the support of p is
all of G, and let (B,v) be a p-boundary. Then there exists a continuous, surjective,
G-equivariant map : 11, = B, such that p(V) = v.

Proof. As supp(v) = B, the p-boundary (B,v) is also contractive and hence, the
Poisson transform P, : C(B) — H{o (G, i) is an isometric, multiplicative embedding.

Then ®: C(B) — C(I,), defined by ® = P, ! o P, is an injective, multiplicative
map. With this in mind, consider ¥: C'(II,)* — C(B)* defined by

Y@)(f) =v(®(f), veCL),feC(B)

For any x € II,, the multiplicative linear functional ¢, is mapped to a multiplicative
linear functional on C(B), since for € II,, and f,g € C(B),

V(o) (fg) = (f9)(x) = (B(f)®(9))(x) = () (2)P(9)(x) = ¥(52)(f)¥(0z)(9)-

The C*-algebra C(B) is commutative, so we know that for each x € II,, there exists
a unique y € B such that ¥(d,) = 0,. By this argument, we define ¢: II, — B,
such that W(d;) = d,(,). To see that ¢ is continuous, let (za)aca be a net in II,
converging to some x € II,,. Then for all f € C(B),

flp(xa)) = ¥(02,)(f) = ©(f)(xa) = B(f) () = ¥ (0:)(f) = flp(2)),

and hence p(zqy) — ¢(x). To show that ¢ is onto, assume in order to reach a
contradiction that is it not, and pick yo € B\¢(Il,). By Urysohn’s Lemma, there
exists f € C(B) such that f(yo) =1 and f(y) =0, for all y € ¢(II,) and hence

(I)(f)(x) = \P(éx)(f) = 6<,o(m)(f) = f(@p(x)) =0, HS H;u
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ie, ®(f) = 0. As f by construction is non-zero and ® is an isometry, this is a
contradiction, and thus, ¢ is onto.
Finally, it remains to prove that ¢(7) = v, so let f € C'(B) be given. Then

o@ ()= [ o) doiz) = / 50 (f) A ()

. 10,

— [ wE (@) = [ ()@ )
I,

I,
= Py(2(f))(e) = P (f)(e) = v(f)
As f € C(B) was arbitrary, we conclude that p(7) = v. O

3.5 Measurable boundaries

In this section, we focus on measurable G-spaces and discuss constructions hereon,
which are analogous to the ones from the topological setting. Without a continu-
ous action from G on the space B, it no longer makes sense to consider the space
HE: (G, p), but we will instead focus on Hp°(G, ), for some Borel probability mea-
sure p on GG equivalent to the Haar measure A. This ensures that p,p* 7 and 7% p
are equivalent for all 7 € P(G). Thus, for the remainder of this section, p will be
such a measure on G. Note that this also implies Hp°(G, ) = H5 (G, ).

Just as for f € HE (G, p) in the topological case, every f € H°(G, p) gives rise
to a bounded martingale (f(R;))n,>1 with respect to the filtration (F,),>1, where
Fn = 0(Xo,X1,...,Xn-1),n > 1. In fact, there is an isometric bijection from
H(G, p) to the set

I2:={ZeL™(GxQ,paP)|Z(gw)=Z(gXo(w), T(w)), p@P —a.s.}.

The argument here is identical to that of Section 2.3, but we can no longer be sure
to identify p-harmonic functions pointwise, only p-almost surely.

The first approach to defining a measurable Poisson boundary mimics the one in
the topological case. Here it is known that L (G x €2, p ® IP) is a commutative von
Neumann algebra in the weak*-topology, when viewed as the dual of L' (G xQ, p®P).
The next step is to show that I7° is a weak*-closed subset of L>®(G x Q, paP), such
that itself becomes a von Neumann algebra. For this let (Z,)aca be a net in Igo
converging to some Z in L>®(G x Q, p ® P), with respect to the weak*-topology, i.e.,

| 1Za-21 111 0P >0,
GxQ
for all f € L' (G x Q,p ® P). To ease notation let §: G x © — G x Q denote the

map é(g,fa) = (9Xo(w), T(w)), with (g,w) € G x Q. We are left with showing that
Z =700, p®P-as. For any o € A, we have

/yZ—Zoéydp®P§/yZ—Za\dp®P+/y(Z—Za)oé\dp@@P

= [17- Zalaper+ [12- zaladp o),
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The first of these integrals converges to zero, since the constant function 1 lies in
LY G ® Q,p®P). For the second integral, we notice that 6(p @ P) = (p % p) @ P,
which by assumption on p must be absolutely continuous with respect to p®@P. This
gives us a map ¢ € LY(G x Q, p ® P), such that ¢ is the density of (p ® P) with
respect to p @ P. Applying the weak*-convergence of (Z,)aca to the second integral
above, this will also converge to zero and hence Z € I7°.

In particular, I7° is a commutative von Neumann algebra, and hence it is iso-
morphic to L>°(IIf,, v,) for some probability space (IIf,,v,). The space (II},v,) is
called the measurable Poisson boundary. Not also that Proposition 2.7 also applies
to HSS (G, u), and hence if G is abelian and the semigroup generated by supp(u) is
all of G, then II/, is a singleton.

Even though we have proved the existence of the measurable Poisson boundary
(I, v,), we would prefer a more explicit realisation of this abstractly constructed
probability space. All along, the requirement is that the bounded measurable func-
tions on it coincides with /;°. In order to compare such spaces of bounded measurable
functions on different probability spaces, we will introduce a series of lemmas, the
first of which is a basic measure theoretic tool to characterise functions that are
almost surely equal.

Lemma 3.15. Let (X, F,u) be a probability space and let f,g: X — C be two
measurable functions. Then f = g p-a.e. if and only if

p(fH(A)Ag™H(A)) =0,
for all Borel sets A C C.

Proof. Assume first that f = ¢ p-a.e. and consider A C C Borel. Then
p(fH(A)Ag™H(A) = /X [1a(f(2)) — La(g(x))] du(x)
= [ atf@) - La(g(@))|dute) o
{f=g}
For the converse, assume that f and g are not equal u-a.e., and pick k € N so that

N ={z € X | [f(z) — g(z)| > 1/k}

has strictly positive measure. As C is a separable metric space, we can construct a
sequence (Aj);>1 of pairwise disjoint Borel sets in C, with diam(A;) < 1/k for all
j € N and whose union is all of C. Simply pick the balls of radius 1/(2k) around each
point in a countable dense subset and make them disjoint in your favorite measure
theoretic manner. Then (N N f~1(A;));>1 constitutes a countable partition of Ny,
so pick jo such that u(Ni N f~1(A;,)) > 0. As |f(z) — g(z)| > 1/k for every x € Ny,
it is easy to see that x € Ny N f~1(A;,) implies z ¢ g~ '(A;,) and hence

NN fﬁl(Ajo) = NN (fil(Ajo)\gil(Ajo))'
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From here on it is a matter of applying monotonicity of u, to obtain

0 < pu(Ng N f7H(Aj)) = w(Ne N (FH A\ (A5))
< N(Nk N (f_l<Aj0)Ag_l(Ajo))) < M(f_l(Ajo)Ag_l(Ajo))7

which, by contraposition proves the claim. ]

The next result revolves around the question of when two sub-o-algebras on a
probability space generate the same bounded measurable functions. We start out by
considering a probability space (X, F, u), with G,H C F. We say that G and H are
equal p-a.e. if for every A € G there exists B € H with u(AAB) = 0 and vice versa.

Lemma 3.16. Let (X, F,u) be a probability space with G, H C F. If G = H p-a.e.
then
L¥(X,G,p) = L>(X, H, p).

Proof. This proof follows the classical three step strategy of going through char-
acteristic functions, simple functions and finally measurable functions in general.
For A € G and B € H with u(AAB) = 0, it is evident by the previous lemma
that 14 and 1p are equal p-a.s. In addition, if B, B’ € H are given such that
u(AAB) = n(AAB') = 0, then

0 < W(BAB') = u((BAA)A(AAB')) < u(BAA) + p(AAB') = 0,

and hence, 1p = 1p/ p-a.s. These considerations give rise to a bijective corre-
spondence between the characteristic functions in L*°(X, G, 1) and L*(X, H, 1) re-
spectively. From here we obtain a natural isometric isomorphism between the sim-
ple functions in these two spaces, which extends to an isometric isomorphism from
L>(X,G, 1) to L*°(X,H, n) as desired. O

Realisations of the measurable Poisson boundary

Going back to the definition of I7°, we start out by considering the space G X 2
equipped with the natural Borel product o-algebra A and the probability measure
p ® P, where P = @;° . This measure represents an initial distribution of p and
the i.i.d. distributions for the construction of the random walk. We can now consider
the completion of A, denoted by A, instead of A, as this, due to Proposition 3.16,
will not change the measurable functions. Consider now the map S: G x Q) — G x
given by

S(ng) = (gagw07gwowla"')v g e Gaw: (w07w17~~-) € Q7

describing the paths of the random walk. Furthermore, we let P, denote the image
measure S(p @ P), i.e., P, is the distribution of the random walk (R} ),>0. Similarly
we let Py denote the measure S(6,®P). Before moving on to the specific construction,
one should note that S is a bijection with inverse function

S_l(ha 77) = (hah_1n07nalnl777;1n2a e ')7 h e Gﬂ? = (7707771a e ) € Q.
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Stationary boundary

The first goal is to identify /7° with the measurable functions on G x 2 with respect to
a certain o-algebra. For this we introduce the transformations T',0: G x {2 — G x ),
given by T(g,wo,w1,...) = (wo,w1,...) and 0(g,wo,wi,...) = (gwo,wi,ws, ... ),
respectively. In this way, Z € I7° if it belongs to L>(G x Q,p ® P) and satisfies
Z = Zo#. Notice also that T'= Sofo S~ soif Z € I7°, then the map Z=2Z708""1
satisfies Z = Z o T. Indeed,

ZoT =708 YoT=Z0hoS '=Z0S5'=2.

Finally, notice that T'(Py) = Py, so P, is T-quasi invariant and hence I7° is iso-
morphic to the function space L>*(G x Q, Ap,P,), where Ar consists of the sets in
A € A, such that P,(AAT1(A)). Equivalently, we could use the o-algebra

Ir={Ac A|A=T"'(A)},

as these o-algebras are equal P,-a.e. We could stop the construction at this point,
but the o-algebra Ar is somewhat unnaturally small for the set G x 2, in the sense
that it will most likely not even separate points of G x 2. We can not hope to find
a larger o-algebra equal to A7 modulo P,, but we can find a smaller space instead.

We start out by defining an equivalence relation ~ on G x Q by x ~ z’ if and
only if there exists n,n’ > 0 such that 7"z = T™ 2. This allows us to construct the
quotient space S = (G x Q)/ ~, which will be our space of interest. As G acts on
G x Q by multiplying from the left on each coordinate, it is clear that x ~ 2’ if and
only if g.x ~ g.2/, for all g € G, so it induces an action of G on S by g.[z]. = [g.2]~,
where [z]. denotes the equivalence class containing = and g is an element of G.

We also want to equip S with the structure of a probability space, so let 7w denote
the projection from G x Q to S, i.e., the map 7(x) = [z].. We define a o-algebra F
on S by A € F if and only if 7~1(A) € Zr. Note that each equivalence class [a]. € S
belongs to Zr, as Tx ~ x for all x € G X €, so

r€lae = v~a & Tr~a < Trecla < zcT Ya.),

and hence F separates points in S. On the other hand, let x ~ 2/ in G x Q be
given and let n,m > 0 be such that T"x = T™a'. If z # 2/, we can without loss
of generality assume that n = m + k for some k > 1 and hence T"z’ = T*(T™(x)).
From here it follows that if z € A for A € Zp, then 2’ € A. Then any A € Zr can
be written as a disjoint union of equivalence classes of ~, so there is a one-to-one
correspondence between Zp and F, through 7. Equipping (S, F) with the image
measure o, = 7(P,), we obtain an isomorphism

L®(G x Q,Tp,P,) & L=(S, F, ).

Indeed, we showed that the sets in Zy do not separate equivalence classes of ~, so
every measurable functions must be constant on each equivalence class Py-a.s. and
thus induces a unique map in L>(S, F, ay).

Note that the space (S, F, ,) has the same properties fulfilled by (IIf;,v,). We
will call (S, a,) the stationary boundary.
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Exit boundary

A similar approach is to consider the o-algebra A., on G x §2, given by
o0
Aso = [ 0(Bn, Rns1,...).
n=1

This o-algebra is sometimes referred to as the tail o-algebra of the random walk
(Rn)n>0- Let us investigate the sets in here, so let A € A,. By definition of P,, we
know that IP,-a.e. x € A is on the form

T = (gngO(w>7gR1(w)ng2(w)v tee )7

for some g € G and w € Q. The fact that A € o(R,,, Ry41,...) will then ensure the
existence of Borel sets A1, Ao, ... in G, such that

A=Gx---Gx A x Ay x---

with n + 1 copies of G in the beginning of the above product. This is the same as
the existence of a B € A with T-(*1)(B) = A. Thus, the o-algebra

{A C G x ) Borel set ‘ J(An)n>1 in A such that T-™(A,) = A}

will coincide with A, modulo P, i.e., they generate the same bounded measurable
functions. The following proposition shows that A, also coincides with Z; modulo
P,, and hence we have the isomorphism

L>®(G x Q,Ip,P,) = L™(G x Q, Ax, Pp).
Proposition 3.17. The o-algebras As and It are equal Py-a.e.

Proof. Tt is clear that Zp is contained in A, as any A € Zp satisfy A = T~ "(A) for
all n € N, so we may just pick the sequence (A;),>1 to be constantly equal to A.
Let us now focus on the other implication. As these constructions solely depend on
whether certain functions are py-harmonic or not, we can without loss of generality
assume that p and ;*? are not mutually singular due to Proposition 2.10, or in other
words that

e = 2| < 2.

Using the zero-two law (Theorem B.2), we are allowed to conclude that
[ = @D > 0,

when p — oo, a fact that will come in handy later. Let now A € A, be given, with
(Ay)n>1 in A such that A = T7"(A,,) for all n € N. Note that this also gives us
T71(Ans1) = Ay, for all n € N. Next, we define a family of maps (f,)n>1, such that
fn: G — R is given by

fulg) = Ey(1a,).

where F, denotes the expectation with respect to the measure P,. We could instead
have written f,(g) = Py(Ay), but the approach using expectations will be more
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useful in a moment. It is not difficult to see, that |f,(g)] < 1 for alln € N,g € G,
but what is more important, each f, turns out to be py-harmonic. To prove this, we
will first of all show that f, = P,(fn+1), so let g € G be given. Then

fn(g) = Eg(lAn) = Eg(lAn+1 © T) = Lxﬂ 1An+1 dT(Pg)

As seen earlier T'(Py) = Ps, ., which may also be written as g.(u * P.) and hence,
falg) =

14,1 (gwo, gwow') dPe(h, w") dpu(wp)

14,1 (gwoh, gwow’) dPe(h, w") dpu(wo)

.
/.
/ 14,41 (gwoh, gwow') AP (h,w') dP.(h', w)
xQ JG X
/ La,q (911 (W, w)h,gR1 (N, w)w') dPe(h,w") dP. (R, w)
G
/.

: 1A, (hy,w') dPg, (g (R, w') APy (R, w)
= Eg ERl(lAn+1)) = Eg(fn-i-l(Rl))
fus1(gR1(w)) AP, (w) = /G fusr(92) da(z) = Pu(fai1)(9)

Gx)

This is not quite enough, but taking our application of the zero-two law into play,
we will for each g € G have

[fur1(9) = Fa(@] < I1BE (Faspsr) = PE (farprn) || < Il — w*®HD].

As the latter norm above tends to zero as p — oo, we conclude that f, = f,+1 for each
n € N. If we let fy denote this common function, then fy(g) = E4(14). Furthermore
fo will be an element of HEO(G, u) and thus give rise to a unique Z € I7° such that
folg) = E(Z(g,-)) p-almost surely. We may then consider Z € L>®(G x Q, Ar),

defined as Z = Z 0 87!, and see that
fola) = B(Z(0.) = [ Z(g.) dP(w)
= / Z(h,w)ddéy @ P(h,w)
[€3°3Y)
= / Z(h,w)dS(6, @ P)(h,w)
GxQ
= / Z(h,w) dPy(h,w) = Ey(Z).
GxQ
By uniqueness of Z, we must then have 14 = Z, P,-almost surely or in other words

14 € L°°(G x Q, A7). This happens if and only if P,(AAT~!(A)), thus completing
the proof. O
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Once again, Ay, is a very small g-algebra on G x §2, so we seek to construct a
more useful quotient space generating the same bounded measurable functions. For
this we consider the equivalence relation &~ on G x € given by x ~ z’ if and only if
there exists n > 0, such that 7"z = T™z’. Let £ denote the quotient (G x Q)/ ~
along with a projection m¢: G x Q@ — £.

As with the stationary boundary, we equip £ with the g-algebra Fg of sets with
preimages in A through 7¢ and the image measure a, ¢ = m¢(P,). Our aim in this
setting is to show that [z]x € Ay for any z € G x  and that every A € A, is a
disjoint union of equivalence classes under ~. This will give us a probability space
with a o-algebra that separates points and whose bounded measurable functions
coincide with the ones of the measurable Poisson boundary. For the first property
let x € G x 2 be given. Then

[ ={2' €eGxQ|In>0:T"x=T"2'},
and thus, [z]~ =T "(A,) for any n > 0, with
Ay ={2' € GxQ|Fk>n:Trs =T Y.

For the second part, i.e., to prove that A € A, is a disjoint union of equivalence
classes, it suffices to show that x € A implies [z]~ C A. For this consider x € A and
2’ € [z]~, with n > 1 such that 7"z = T"z'. With A = T~"(A4,,) for some Borel

set A,, we see that T"a’ € A,, ie. 2/ € T7"(A,) = A. This gives a one-to-one
correspondence between A,, and Fg and hence

Loo(g,]:g,ap’g) = LOO(G X Q,AOO,Pp).

The probability space (£, ¢) is called the exit boundary of (G, i).

Strongly approximatively transitive measures

After studying the measurable Poisson boundary, we could also try to extend the
notion of a contractible (G, pu)-space and p-boundaries to the measurable setting.
In the topological case, a contractible (G, uu)-space (B,v) was characterised by the
Poisson transform P, : C(B) — H{2 (G, p) being an isometry. It is at this point that
the strong measurable spaces, a notion developed in Section 2.6, comes into play

Proposition 3.18. Let (B,v,a) be a strong measurable space (G, ). Then the
following are equivalent

1. The convex hull of G.v is dense in the space of the Borel probability measures
on B, who are absolutely continuous with respect to «.

2. For each Borel set A C B with a(A) > 0 and each € > 0, there exists g € G,
such that v(g.A) > 1 —¢.

3. P, is an isometry from L (B, a) into HYS (G, ).
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Proof. Let us start out by assuming that the convex hull of G.v is dense in the set of
Borel probability measures on B which are absolutely continuous with respect to a.
We wish to show that (2) is satisfied, so let A be a Borel subset of B with a(A) > 0,
and let € > 0 be given. Let 8 denote the normalised restriction of a to A, that is
the measure with density ¢ € L(B, «) given by

o(b) = a(A)114(b), beB.

By assumption there exists a convex combination > . | pig;.v, i.e., g1,...,9n € G
and pi,...,pn € (0,1) satisfying >, p; = 1, such that

Hﬁ - sz'gi-l/
=1

By definition of 8 we conclude that

< .

1- ZPW(%-A) =p(4) - Zpigi-V(A) <&,
i=1 i=1

and hence v(g;.A) > 1 — ¢ for some i € {1,...,n}. For the next implication assume
that 2. holds true, and let us show that P,: L*°(B,«) — L>®(G, ) is an isometry.
This argument will follow the traditional measure theoretic form, by considering
characteristic functions, then simple functions and finally extending to all measurable
functions.

For a Borel set A in B with a(A) > 0, we know that ||[14]cc = 1, when 14 is
viewed as function in L>(B, ). By 2., we see that

1P, (14) oo = sup/ 14(g.b) dv(b) = sup V(gil.A) =1,
geG JB geG

and hence P, acts as an isometry on the characteristic functions. To continue from
here let ¢ = > | a;14, be a simple function in L>°(B,«). We can without loss
of generality assume that Ay, ..., A, are disjoint sets with «(4;) > 0, a; = 1 and
maxj<;<n || < 1. Note that this also implies ||| = 1.

Let € > 0 be given and pick g € G, such that v(g.4;) > 1 — ¢ and hence also
Yo ov(g.Ai) <e. Then

n

Pp)(g™") = v(g- A1) + ) aw(g.A) = v(g. A1) + Y v(g.A) > 1 -2
1=2 =2

As e > 0 was arbitrary, we see that ||P,(¢)||cc = 1, so P, acts as an isometry on the
simple functions in L*°(B,«). By density of the simple functions in L*(B, «), we
conclude that P, is an isometry from L (B, a) to L>(G, \).

In order to prove that 3. implies 1. we start out by looking at the convex hull of
G.v. First of all, the quasi-invariance of «a ensures that g.v is absolutely continuous
with respect to a, so 1. makes sense. To ease notation, we let L}(B,«a) denote the
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set of such measures. For a g € GG, the measure g.v can also be written as d 4 * v/, s0
the convex hull of G.v can be written as the set

{B v | B is a convex combination of Dirac measures in G},

which we will denote by M. In order to reach a contradiction, we will now assume
that M is not dense in and pick p € Li(B,a)\M. By the Hahn-Banach theorem,
there exists f € L*°(B,«) and £ > 0 such that

Brv(f) < p(f) —e <|[fllo —&,

for all § in the convex hull of d¢. In particular, oy * v(f) < || f|cc — € for all g € G,
and since dg xv(f) = g.v(f) = P,(f)(g), we conclude that || P,(f)|c < ||f]|oc, Which
contradicts P, being an isometry. O

We say that a measure v on a measurable G-space is strongly approzimately tran-
sitive, abbreviated as SAT, if it satisfies one of the equivalent conditions in Proposi-
tion 3.18. In this way a strongly measurable space (B, v, ) gives rise to an isometric
Poisson transform P,: L*°(B,a) — L*(G, ) if and only if v is SAT.

Measurable p-boundaries

The motivation for u-boundaries in the topological case were to ensure that the
Poisson transform was a #*-homomorphism. Namely, we showed that this was the
case if and only if there exists a map z:  — B, such that R, (w).v — .(, for P-a.e.
w € Q. It is this latter property that we will imitate in the measurable case. As
we have moved to the measurable case, we will have to account for the measure p,
which is still a probability measure on G equivalent to A.

Definition 3.19. Let (B, v) be a weak measurable (G, i) space. Then (B, u) is a
measurable p-boundary if there exists a measurable map z: (Q,P) — (B,v) such
that gRy,(w).v(p) = ¢(g.2(w)), for p @ P-a.e (g,w) € G x Q and all ¢ € (B,v).

There are two results regarding measurable p-boundaries that we want to show
in this section. First of all, we want to show that the Poisson boundary is a u-
boundary, thus justifying the generalisation, but also that any other measurable u-
boundary is a G-equivariant image of the Poisson boundary. That the first assertion
is true follows analogous from the topological case and in addition, by considering
the stationary boundary (S, «,) as a realisation of the Poisson boundary, the only
choice of z: (2,P) = (S, a,) is z(w) = [(e, (Rn(w)n>0))]~. Secondly, the measurable
Poisson boundary is universal among measurable p-boundaries, as seen below.

Proposition 3.20. Let (B,v) be a measurable p-boundary. Then there exists a G-
equivariant map from the stationary Poisson boundary (S, a,) to B, which maps «,
to v.

Proof. Let z: (€2, ?) — B be the map corresponding to (B, v). Define Z: GxQ — B,
by Z(g,w) = g.z(w). Then Z is #-invariant, where : G x Q@ — G x 2 is the map
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defined earlier by 0(g,w) = (gwo, T(w)). Indeed for any ¢ in L°°(B, v), we may used
the assumed convergence to obtain

0(Z 0 0(g,w)) = p(Z(gwo, T(w))) = p(gwo.2(T(w)))

= Tim | p(gunRn(T(w)).7) dv(x)

n—oo B

= lim [ @(gRn(w).z)dv(z) = o(g.2(w)) = ©(Z(g,w)),

n—oo B

and hence Zo (g, w) = Z(g,w) almost surely. From here on, we use the construction
of the stationary boundary, to obtain an induced map Z: (S,ap) = (B,v). More
precisely, Z is defined by Z([(h,y)]~) = Z o S~ (h,y) for (h,y) € G x Q. Since
P,-a.e. (h,y) € G x Q is on the form (h, hwo, hwows, ... ), for some w € Q, we get
the desired G-equivariance, as

9-Z([(h,y)]~) = g.(Z 0 S (h,y) = 9.Z((h,w)) = gh.z(w)
= Z(gh,w) = Z o S ((gh. gy)) = Z(g.[(h,y)]~),

holds true for any g € G. Analogous to the topological case, the distribution of the
map z is exactly v, so for the final part, it suffices to show that z = Z(2), where
2 (,P) — (S, ) is defined as 2'(w) = [(e, (Rn(w))n>0)]~. Fortunately this is not
very difficult, as

for any w € €2, thus proving the claim. O
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4 ENTROPY

4 Entropy

The purpose of this section is to apply the information theoretic concept of entropy
both to probability measures, and to partitions of a probability space, and see how
this relate to the behaviour of the measurable Poisson boundary. This type of entropy
is sometimes referred to as the Shannon entropy, in order to distinguish it from the
thermodynamical notion of entropy. The theory covered here can be found in [16],
and in more details in [25]. We will throughout this section assume that our group
G is discrete and countable. In order to ease notation, given a probability measure
pon G and x € G, we let p(x) denote the measure of the singleton {z}.

In order to understand the concept of entropy, we first need to discuss the notion
of information. The idea here is to play a game of two persons. Let (X,F,u) be
a probability space and assume that the first player knows the probability of each
set in F. The second player will now pick an element x € X and then inform the
first player of a set A € F which contains 2. The question at hand is how much the
first player learns about the element x through the mentioning of A. The following
requirements seems justifiable:

e The information should always be positive.

e [f the surrounding event A has full measure, we do not get any information
about the element.

e If the element is contained in two independent events, the information corre-
sponding to this intersection should correspond to the the sum of the respective
amounts of information.

In order to turn these ideas into a formal setting, we aim to define a map
I:1]0,1] — R, such that I(1(A)) represents the information obtained from the set A.
The properties above can then be describes as follows:

o [ >0,ie, I(u(A)) >0 forall Ae F.
e I(1)=0,1ie., I(u(A)) =0 for A e F with u(A) = 1.

o I(pip2) = I(p1) + I(p2) for p1,p2 € [0,1], i.e., for every pair of independent
events A and B, we have I(u(AN B)) = I(u(A)) + I(n(B)).

The customary choice of this function is I(t) = —log(t) for ¢ € (0,1] and the
value zero in t = 0. As alternative choices one could have multiplied I with any
positive number, but we stick with the customary choice. We are now ready to
define the entropy of a measure p, denoted by H(u).

Definition 4.1. The entropy of a probability measure p on a measurable space
(X, F) is defined as the average amount of information, where the average is to be
thought of as the expected value of information given by the measure p.

In the case when p € P(G), the average of information can be expressed as
follows H(p) = —3_ c #(g) log(p(g)), with the convention that 0-log(0) = 0. This
quantity might be finite, but it could just as well be infinite.
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Remark 4.2. The existence of a measure on GG with infinite entropy is a non-trivial
fact. If we go through our favorite discrete distributions on N, they will probably all
have finite entropy, but let us look at an example of a measure with infinite entropy.

Following [3]|, we let g1,92,... be an enumeration of our countable, discrete group
G, and consider the Borel probability measure p on G, defined by
1 1
/’L(gn) - 3 n Z 11

logo(n+1)  logy(n + 2)

where log, denotes the logarithm with base 2. This is indeed a probability mea-
sure, as the infinite series > > | y1(gyn) is a telescoping sum leaving only the term
1/logy(2) = 1. Then H(p) = oo.

The first result regarding the entropy is the fact that H(p® u') = H(u) + H (i),
for p, ¢/ € P(G). Indeed,

Hpop)=- Y  pou(sad)log(ue p(x,2)

(z,2")EGXG

== > @) (@) log(u(z)u' ()
zeGx'eG

:_ZZM x)log(u ZZ ') log(u'(z"))
r'eGred ze€Gx'eG

== () log(p(x)) — Y p'(a)log(u'(2')) = H(p) + H(u).
zeG z'eG

After multiplying two elements of GG, we are unable to retrieve the original el-
ements and thus, we expect that the information of a convolution is less than the
information of the product measure. This is indeed the case.

Proposition 4.3. Let u, 1’ be probability measures on G with finite entropy. Then
H(p* p) is less than or equal to H(u) + H(u').

Proof. This proof is not particularly deep, but merely a series of calculations using
that u, i/ are probability measures and that the logarithm is an increasing function.
More precisely,

H(ps ) — == pxp(g)log(ux '(9)) = > 1'(9)
geq@ geG
==Y > wh)' (k" g)log < > u(h’)u’(h"19)>

geG heG h'eG

+ )0 1 (g) log(u(h))u(h)
9€G heG

<= u) (b g) log(p(h)p (B g))

ge€G heG

+> ) i (g) log(u(h))u(h)
9eG heG
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=~ 35 ulh) (" g) [ log (pu(h)) + log (1 (h~9))]

9€G hed
+ D03 1 (g) log(u(h))u(h)
g€G heG
E— Z Z pu(h) log(p(h)) [ (htg) — 1 (9)]
geG heG
+ 573 wh)d (h1g) log (' (h ™ g))
heG geG
=33 u(h)log(u [Z“ (h'g) Z//(g)}
g€G he@ 9geG 9€eG
=0 uh)i (9) log(1'(9))-
heG geG

As /' is a probability measure the first term in the final line above equals zero,
and since p is a probability measure the second term is simply equal to H ('), thus
completing the proof. O

With this result, the sequence (hy,)n>1 given by h, = H(p*") is subadditive, i.e.,
hntm < hy + hy, for n,m > 1, and hence the limit

exists. The quantity h(G, ) is called the entropy of the pair (G, ). The main goal
of this section is to prove that under the assumption that p € P(G) has finite en-
tropy, the condition h(G, u) = 0 is equivalent to triviality of the measurable Poisson
boundary. This is called the entropy criteria for triviality of the Poisson boundary.
The proof of this uses the realisation of the Poisson boundary as the exit boundary,
through the study of partitions and entropy.

4.1 Entropy of partitions

In the following, we will perform a lot of work with partitions of sets, so let us first
settle some basic notation and constructions. If £ is a partition of a set X, we let
&(x) denote the atom of & which contains x € X, that is, £(x) is the equivalence
class of x with respect to £&. We will also consider a partial ordering < of partitions,
defined as follows:

E<¢ if ¢(x) D¢ (x) for any x € X.

Given two partitions &, 7 of the same set X, we define their greatest lower bound £ An
to be the largest partition of X which is coarser than both £ and 7. Similarly, we let
&V n denote the smallest upper bound of &, n, which is the partition (£(x) Nn(z))zex,
or the coarsest partition of X which is finer than both ¢ and 7. Extending these
notions, given an ascending chain & < & < ... of partitions of X, we let \/>7, &,
denote the smallest upper bound of the sequence (&,)n>1, and analogously, A>2 | 7,
denotes the greatest lower bound of a descending chain n; > ny > .... In the
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first case, we say that &, 7 & := V72, &, and in the second case, we say that
n \l n= /\;21 M-

Another important construction regarding partitions arises when we consider a
partition & of a set X and a subset B C X. Then £p denotes the partition of B
induced by &, i.e., {p(x) = &(x) N B for all z € X. When looking at partitions of a
set X, we always have two canonical partitions at each end of the hierarchy induced
by our ordering. We have the trivial partition consisting only of the atom X, which
we denote by =1, but also the discrete partition of the space into singletons, which
we will denote by Zax. The mindful reader may at this point guess that the purpose
of this section is to show that the partition ~ from the exit boundary is equal to
Emin if and only if A(G, u) = 0. This is, indeed, the case.

To do so we focus our attention on partitions of a complete probability space
(X, F,n). More precisely, we consider the so-called measurable partitions. A parti-
tion £ of X is said to be measurable, if there exists a countable family (B )n>1 of
subsets in &, i.e., each B, is a union of atoms from &, such that for every A, B € £
there exists n > 1 satisfying

A€ B, B¢ B,or A¢ B,,B¢c B.

The sets By, Ba, ... are said to be a basis for £&. Clearly, any countable partition is
measurable, but measurable partitions will in general be larger. They are however
not arbitrarily large, and will for example appear as limits of finite partitions.

Let £ be a measurable partition of X, and let By, Bs, ... be a basis for £. Consider
for each n > 1 the partition 3, of X consisting of the atoms B, and Bf. We define
a new sequence of partitions (&,)n>1 by & = Vi, 5i, l.e., any atom A € &, is on
the form

A=CiNn---NCy,

where Cj, € {By, Bi.}. The sequence (&,)n>1 is increasing and its limit is &.

We will also say that two partitions &, 7 are equal p-a.s. if pu({(z)An(z)) = 0,
for all x € X. By the discussion from Section 3.5, we will not distinguish between
two partitions that are almost equal and thus we will simply view them as the same
partition. We are now ready for the definition of entropy in the setting of partitions:

Definition 4.4. Let £ be a measurable partition of a complete probability space
(X, F,p), and let C, Cq,... be the atoms of £ with strictly positive measure. Note
that there are at most countably many such atoms. We define the entropy of &,
denoted by H(), to be the quantity

H() = { =1 M(Cn) log(p(Ch)), ,U(X\ UnZl Cn) =0

00 otherwise

This definition is a generalisation of the one of entropy of a measure on G, since
if p € P(G), then H(u) is equal to H(ZEmax). Also, any partition with finite entropy
must necessarily be countable modulo . For another way of describing this entropy,
we introduce the function m(-,§): X — [0,00), given by m(z, &) = pu(&(z)),z € X.
Then

H() = - /X log(m(z, €)) dp(z).
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Before going into more details, we will start out by stating and proving a handfuld
of basic properties arising from this definition.

Proposition 4.5. Let £,n and (&,)n>1 be measurable partitions of a complete prob-
ability space (X, F,u). Then

1. H() >0, and H() =0 if and only if £ = Epin-
IfE<nm, then H() < H(n). If ¢ <n and H(§) = H(n) < oo, then & = .

2
5. If & /€, then H(E,) / H(E).

4. If &, \ & and H(&,) is finite for some n € N, then H (&) \  H(&).
)

. If € is a finite partition of n atoms, then H(§) < log(n). The inequality is
strict unless each atom has probability 1/n.

6. HEVn) < H(E)+ H(n). Moreover, if both partitions have finite entropy, then
the above is an equality if and only if € and 1 are independent. Here, £ and 1

are independent if p(&(x) Nn(z)) = p(&(z))u(n(z)) for allx € X.

Proof. 1. Positivity of the entropy comes from positivity of —log on (0,1]. For the
second claim, we notice that the entropy of a partition is zero if and only if one atom
has full measure and the rest are null-sets. Then & = E i, p-almost surely.

2. The relation ¢ < 7 is defined as £(x) D n(z) and hence m(x,&) > m(z,n),
for all z € X. In the case of H({) = oo it follows that H(n) = oo, as well. If
H (¢) is finite, then it becomes clear from our integral representation of entropy that
H(¢) < H(n). Assume now that H(¢) = H(n) < co. Then

0=I[H(n) —HE)|=H(n) —H(E) = /X —(log(m(x, §) —log(m(x,n))) du(x)

By the previous discussion, the integrand above is non-negative and hence it must
be zero p-a.s.. In other words, £ = n p-a.s.

3. If &, & & then —log(m(x,&,)) / —log(m(x,§)), for all x € X, so by the
monotone convergence theorem, H(§,) ~ H().

4. The assumption &, \ & ensures that —log(m(x,&,)) N\ — log(m(z,£)), while
the existence of n € N, such that H(&,) < oo gives us an integrable upper bound
for the tail of this sequence. Hence, the Lebesgue dominated convergence theorem
yields the desired convergence.

5. We start out by noting that x — —xlog(z) is a strictly concave function on

the closed unit interval. Let now C,...,C, be the n atoms of £&. Then
H(E) == u(Ci)log(u(Ch)) ( Z 1(C;) log )))
i=1
1< 1 <
<-n (n > N(Cz)> -log (n > M(Q))
i=1 1=1
=—> 1(Ci)log ( > M(Cz')) +1log(n) > u(Ci) =log(n),
=1 =1 =1



4.1 Entropy of partitions 4 ENTROPY

where the inequality sign therein is due to Jensen’s inequality. From there it also
follows that we have an equality if and only if u(C;) = ¢, for all i = 1,...,n, and
some constant ¢ or in other words that each C; has probability 1/n.

6. If either £ or n has infinite entropy, then the inequality is clear from 2. Suppose
now that &, n both have finite entropy and let (A;);>1 and (B;);>1 denote the atoms
of £, respectively 1, with positive measure. For each j € N, we let I; denote the set
of natural numbers i such that p(A; N Bj) > 0. This will, in particularly, give us

Bj)=> wAinB;)=> (AN By),
i>1 icl;

for each j € N. From here on the proof is a series of manipulations with a single
application of Jensen’s inequality. Namely,

H(EVn) — H(&) =— Y u(A; N Bj)log(u(Ai N B;)) + > pu(A;) log((A;))

i,jeN teN
= > (AN Bj)[u(A;) —log(u(A; N By))]
i,jEN
. p(Ai)
_J%ZEZIMA N B;) lg( A, HB))
B n(A;N B p(Ai)
_j%;]” Z; g(u(AmBj))‘

At this point we apply Jensen’s inequality to the interior sums, to obtain

p(Ai N B;)  p(4q)
H(EvVn) —H(E) <> (B, 10%(2 1(B;) (AmBj)>

jEN i€l

=Zu(3j>log( Zu )
JEN zeI

=> u(B; 10g<2u > > u(B;) log(u(B;)
jEN i€l jeN

<) u(Bj)log(u(B;)) = H(n).
jeN

In order to determine when this inequality is in fact an equality, we have to consider
each of the two above inequalities. In the application of Jensen’s inequality, we have
an equality if and only if “(A( m_); y = Cis for all i € I; and j > 1, where ¢; is some

constant. The other inequality is an equality if and only if >, I w(A;) =1, for all
j > 1. If both these conditions are satisﬁed, it is evident that

W) S 40 By) = u(By),

ZEI ZEIJ'

and hence p(A; N Bj) = pu(A;)pu(Bj) for all 4,5 > 1, ie., £ and n are independent.
The other implication follows from the same argument. O

48



4.2 Conditional entropy of partitions 4 ENTROPY

4.2 Conditional entropy of partitions

So far we discussed entropy of a single measurable partition, but the tools which
will be of most use are the so-called conditional entropies. For this consider two
measurable partitions, £ and 7 of a complete probability space (X, F, u). If we let
7, denote the projection from X onto X /7, we may define the measure u, on X/ as
the image measure of 4 under 7,. Before moving on to conditional entropy, we will
start out with a small proposition providing an alternative approach to integration
over a partition.

Proposition 4.6. Let £ be a measurable partition of a probability space (X, F, ).
Then there exists pp € P(B) for pe-a.e. B € &, such that

/X F(a) dp = /X . /B F15(2) dup () dpe(B),

for any f € LY (X, F, ).

Proof. Consider the Hilbert space L?(X) = L?*(X,F, i) and consider the subspace
L2(X €) consisting of the functions which are constant on each atom of £&. Then

L*(X,€) is a closed subspace of L*(X) and hence, there exists a projection p¢ from
L?(X) to L*(X,€). Note also that L?(X,¢) is naturally isomorphic to the space
L2(X/¢).

Let now B € & be given, and consider f € C, (B). Then f extends to a map
fe L3(X) by setting f equal to 0 outside of B. Applying pe to f will then give us
a map pe(f ) which is constant on B and zero outside of B, so by identifying pe(f )
with the constant f|p, we obtain a Borel probability measure pc on C, through the
means of the Riesz Representation Theorem.

From here on, the projection ps and the theory of conditional expectations hands
us the desired result, that is,

/X f() du(z) = /X pe(f) duz) = /X P13 (B)

_ /X . /B F(@) dup() dpy(B)

Note also that if u(B) > 0, then up is simply the conditional measure given knowl-
edge of B, i.e., up(ANB) = u(ANB)/u(B) for all A€ F. O

To define the conditional entropy of { given 1, we will for p,-a.e. B € n consider
the partition g of the probability space (B, up). From here, we define the entropy
H({p) as in Definition 4.4, with respect to the probability space (B, up). This gives
us a map B +— H({p), which is well-defined p,-a.e. and hence the integral

H(¢p) dun(B)
M/n

makes sense. We will let H (£ | ) denote this integral, and this quantity will be the
conditional entropy of & given . The following proposition gives us a more concrete
way of representing this quantity, through the conditional measures from above.
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Proposition 4.7. For x € X, let m(x,& | n) denote the conditional measure of the
set £(x) restricted to n(xw), i.e., m(z,§ [ 1) = py@) (§(x) Nn(x)). Then

H(E | n) = — /X log(m(z, € | n)) du(z).

Proof. Consider B € n and y € B. Then m(y,&p) = m(y,£ | n), and hence
= [ togtm(a,& | mydn == [ [ (o €5 dpn(a) duy(B)
X X/nJB

= H(gB) dﬂn(B)a
X/n

which is what we wanted to show. O

We have now defined the tools needed to prove the main result of this section,
but let us start out with some properties of the conditional entropy, which will be
established through the use of Proposition 4.5.

Proposition 4.8. Let £,1,¢ and (§n)n>1, (n)n>1 be measurable partitions of a com-
plete probability space (X, F,u). Then

. H(f | Ernin) = H(g)
2. If ¢ <n, then

~

HEVCn)=H(E|n)
3. H(|n) >0 and HE | n) =0 if and only if £ <.

4- If £ < ¢, then H(E | m) < H(C [ n). If in addition H(E | n) = H(C | n) < oo,
then EVn=_Vn.

5. HEVn | Q) < H(E| Q)+ H(n | Q). If in addition H(E | ¢) and H(n | ¢) are
finite, then the inequality in question is an equality if and only if £& and n are
independent with respect to C.

6. If &, N, then H(&, | m) S~ H(E | n). If & (& and there exists m € N such
that H(&my, | m) < oo, then H (&, | n) converges downwards to H(& | n).

THEVD|[ Q) =HE[Q)+Hn[EV]).

8. H( | V) <H(EIC). If, in addition, H(, | (), H(n | ¢) < oo, the above is
an equality if and only if € and n are independent with respect to (, that is, £p
and np are independent with respect to ug, for pc-a.e. B € (.

9. If n, /' n and that there exists n € N with H(& | n,) < oo. Then H(E | np)
converges downwards to H(§ | n).

10. If nn N\ m, then H(& | nn) 7 H(E | 7).
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Proof. 1. The first statement follows quite easily from Proposition 4.7 as

m(z,€ | Bmin) = pz,p ) (E(2) N Bmin () = px (ENX) = p(&) = m(z, ),

for all x € X, and hence H(§) = H(§ | Emin)-

2. If ¢ < mn, then {(z) Nn(x) = n(z), for any z € X and hence (£ V ()p = ¢p
for any ji,-a.e. B € n. From there on, it is a matter of applying this result together
with the definition of conditional entropy, i.e.,

H(EV (| n) = . H((§V ()p)duy(B) = . H(&p) dpn(B) = H(E | 1)
n n

3. As H({p) is positive for any B € n, it is clear that H({ | n) is positive. For
the second part of the statement, we note that H(¢ | n) = 0 if and only if H({p) =0
for p,-a.e. B € n. This happens if and only if {p is the trivial partition of B, and
thus {(z) N B = B for all z € B, i.e., £ <.

4. If € < n, then {g < (p for all B € . From here H({g) < H((p) for u,-a.e.
B € nand hence H(¢ | n) < H(C | n). If furthermore both H(§ | n) and H(¢ | n)
are finite, then H (¢ | n) = H(¢ | n) if and only if H({g) = H((p) for p,-a.e. B € n,
which, as seen previously, happens if and only if {g and (p are equal for p,-a.e.
B € 7, or, phrased another way éE V= V.

5. This result follows fairly easily from the non-conditional case, once we establish
the equality (§ Vn)p = &g V np for all B € (. Fortunately, this is not a problem, as
for any z € X,

EVvn)p(@) = (EVvn)(r)NB = ({(z)Nn(z))NB=({(x)NB)N(n(xr)N B)
=&p(x) Nnp(z) = (§8 V nB)(T),

6. It & N &, then (§,)p &g for all B € n and hence H((¢,)p)  H({B). By
the monotone convergence theorem, we conclude that H(§, | n) * H(£ | ). Assume

now that &, N\, ¢ and that there exists m € N such that H(&,, | n) < co. Then also
H((&m)B) < oo for py-a.e. B € n and hence H((§,)B) \« H(EB), as (&n)B \« €B-
The desired conclusion will now follow the Lebesgue dominated convergence theorem
using the map B — H((&,)p) as an integrable upper bound.

7. Let us first consider the case when ( is the trivial partition Z,;,. The equality
in question here is merely

H(EVn)=H(E)+ H(nlf).

In the case when H (&) = oo, this follows from /. If now H(§) < oo, but H(n) is
infinite, we need to show that H(n | {) = oco. If this is not the case, then H(np) < co
for pe-a.e. B € £, which gives a countable partition of X, which is larger than both
n and ¢ and having full measure. As notation, let (B;);>1 be the sets of positive
measure in &, and (A;;);>1 be the sets of positive measure in np,. Then (4;);>1,
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defined as A; = |J; Ai; will be the sets of positive measure in 7. We deduce
H(n| &) = ZHUB ZM i), (A N Bi)log(pp, (Ai; N Bi))

= - Z p(Ai N Bi)(log(M(Ai,j N B;)) — log(u(B;)))

i,J
== u(Ai; N By)log(u(Aij N B:)) + > u(Aij N B;)log(1u(B;))
4, (2]

> — ZﬂAumB 10g<ZﬂAk]ﬂBk)> H(E)

7]

== u(Ai; N Bi)log(u(A;)) — H(E) = H(n) — H(E).

2

As H(£) was assumed to be finite, we must have H(n | ) = oo, whenever H(n)
is infinite. Let us finally consider the case, where both H (&) and H(n) are finite,
and let (Ay)p>1 and (By)n>1 denote the respective sequences of sets with positive
measure. Then

H(EVn) = ZMA N B;)log(u(A; N By))

Z u(Bj)log(u(By)) = = Y u(Ai N Bj)log(u(By)

1,

H(n|¢) = Zu (A; N B;) (log(u(A; N B;) — log(B;)).

Adding these relations up, gives us the desired result. The reason for this interme-
diate step is to see that we immediately have

H(pVnp)=H(Ep)+ Hnp | €B),

for all B € (. From here it remains to show that

H(np | €8) duc(B) = H(n | £V ().
X/<

As the partition £ V ¢ of X can be viewed as first partitioning X with respect to ¢
and afterwards partitioning each atom of ¢ with respect to &, it is evident that for
any B € (, the equality m(x,np | {ég) = m(z,n | £ V ) holds true for any x € B.
From there, an application of Proposition 4.7 gives us the desired result.

8. If H({ | () = oo, then there is nothing to prove, and the case of H(n | () < oo
does not cause much trouble, since by 5. and 7.,

HE[nVvO+Hn[¢)=HEVn|¢) <HE[C)+H(n|).

If, in addition, H (£ | ¢) < oo, then the second part of the statement is a consequence
of the second part of 5. The third and most difficult case is the one where the
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quantity H (£ | €) is finite, but H(n | ) = oo. The proof of this case will also prove
certain parts of 9. Assume first that £ is a finite partition of X, and let Aq,..., Ap,
denote its atoms. Let now (n,)n>1 be an ascending chain of partitions converging to
n, and let fin, fi: X —[0,1] for 1 <i <m,n > 1, be defined as follows for z € X,

fin() = i, () (Ai Nn()),  filz) = pg(@)(A; N ().

2
By the construction, we obtain f; L fiasn — oo for all 1 < ¢ < m, and hence
converges also in probability. As { was finite, so is each §, () and (), and thus

m m

H( ) == fin(@)log(fin(2),  H(Eyw) = — Y filz)log(fi()).

i=1 =1

As convergence in probability is preserved by continuous transformations, we con-
clude that H(E,, (2)) — H(&,(»)) in probability. Furthermore each &, () consists
of at most m atoms, and hence H(§;,(,)) is less than or equal to log(m) for all
x € X,n > 1. This gives convergence in L', or in other words H (¢ | n,) — H(£ | 7).
Note that this is a actually a particular case of 9. Assume now that each 7, is finite,
which is possible by our discussion on measurable partitions. Then H(n, | ¢) < oo
for each n > 1, and also

H( | m V) <HE|C).

By the convergence established above, we conclude that H(¢ | nV () < H(E | ). For
the general case when £ is not necessarily finite, we can pick an ascending sequence
(&n)n>1 such that &, 7€ Then H(&, |nV () < H(&, | (), for all n > 1, and by 6.
we conclude that H(¢ | nVv () < H(E | ().

9. We have already shown the convergence in the case where £ is a finite partition,
but let us prove it for an arbitrary measurable partition as well. For this let § > 0
be given and pick a finite partition £ < £ such that

[H(E [n) = HE [ )] <0/3, [H(E |m)—H(E|m)| <d/3.

By the above comment, there exists N € N such that [H(&" | n) — H(&' | nn)| < 6/3,
whenever n > N. From there on, we have for n > 1,

H(E ) — H(E | m0) = HEV & [ nn) — H(& [ )
=H(E &V ) =H(E| &V Vm)
< H([&Vm)
=H(|m)—H(E |m) <d/3.

For n > N, we can now conclude that |H(¢ | n,) — H( | n)] < § by applying the
triangle inequality twice along with the estimates above. This gives us the desired
convergence.

10. If € is a finite partition, the proof is analogous to the finite case of 9., so we
will move on to the general case. First of, we consider the case when H (¢ | ) = 0,
for which the result is clear due to 8. Assume now that H(¢ | n) > 0 and let
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0 < ¢ < H(¢|n) be given. Note that H(§ | n,) < H({ | n) for all n > 1, so it
suffices to show that H(§ | 17,) > ¢ from a certain point on. For this we pick a finite
partition ¢ < ¢ such that ¢ < H(¢' | n) < H(¢ | n). By the comment above, we
may pick N € N such that ¢ < H(¢' | n,) < H(¢ | n), for all n > N and thus, also
c< H(E | nn) < H|ny). In conclusion H(E | n,) N H(E | n), as n — oo. O

4.3 The entropy criteria for triviality of the Poisson boundary

We are now ready to relate these concepts of entropy to triviality of the Poisson
boundary. We return to our probability space €2 from the construction of the Poisson
boundary, equipped with the restriction of P, to this space, for now denoted Pgq.
We associate two sequences of measurable partitions of Q2 denoted by (ay,)n>0 and
(Mn)n>0. For n > 0 and w,w’ € Q, we define these partitions as the equivalence
classes for the following equivalence relations.

w X W' if and only if wy = w), for all k > n
w X W if and only if wy, = w), for all k < n

We will in the following not distinguish between equivalence relations and partitions.
The sequence (ay)n>0 is an ascending chain of partitions with limit =pax. The
sequence (7 )n>0 is descending with limit 7., defined as follows

w R W' if and only if there exists n > 0 such that wy = wfv for all k > n.

The partition 7o looks very much like the partition associated to = defined for the
exit boundary. Note that this latter partition does not care for the first coordinate,
i.e. the coordinate corresponding to the initial distribution of the random walk. In
other words each atom in this partition can be written as G x A, with A € 7., and
hence we only need to study 7eo.

Lemma 4.9. Assume that p has finite entropy and let 0 < k <mn < oo. Then
H(ag [ 1) = (k+ D) H(p) + H(p ") — H(™™).

Proof. By Proposition 4.7, we may write
H(on | 1) = = [ Tog(m(w, 01| ) dPa(w).
As Pg-a.e. x € Q is of the form

x = (wo, wow1, Wowiws, . . . )

for w = (wp, w1, ...) € Q, the quantity m(z, ay | n,) measures the probability of an
element in 7, (x) agreeing with x on the first k£ coordinates, i.e.

Po(Ry = T, m < k| Ry, = xy).
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These elements may not coincide with z on the coordinates between k& and n, but
the intermediate steps will create a path from zj to x,, or in other words, such an
o' will satisfy wy_ jwp o --wy =) lg,,. This translates to the fact that

plwo) - plw) " (@ )

where z = (zg,21,...) = (wo,wowi,...). Inserting this into our formula for the
conditional entropy, we obtain

m(z, o | 1) =

H(ay | nn) = Z/ (w;i) dPq(w /Qlog( *(n— k)(xk ) dPo(w)

T /Q log (4" () P (w).

To see that this expression is in fact the one we are looking for, we apply a suitable
version of the abstract change of variable formula. Then for any n > 0,

- / log (4™ (2n)) dPa(w) = / log (4™ (R (w)) dPg ()
Q Q
. /G log(1*" (g)) dRn(Pe) (9)

== log(u"(9)n*™(g) = H(p™) = hn.
geG

Applied to our above result, we obtain the desired conclusion. O

Lemma 4.10. Assume that p has finite entropy. Then (hpt1—hn)n>0 is a decreasing
sequence with limit h(G, u), where h, = H(u*™) for n > 1.

Proof. Let n > 0 be given. By Lemma 4.9 we may consider the difference

h(Oq ‘ 77n+1) - h(al | nn) = (hn - thrl) - (hnfl - hn)a

which by the properties of conditional expectations is strictly positive, and hence
the sequence in question is decreasing. The sequence (h,41 — hp)p>0 must also be
non-negative, since otherwise

m—
§ z—i—l

=0

would eventually become negative, and which is impossible. Thus the limit of the
sequence (hp41 — hn)n>o0 exists. This limit will then coincide with the limit of the
averages

1 «— hn h hn
*Z(hz‘ﬂ—hz'):*—i‘*():*,
n 4 n n

where we recall that the degenerate measure ;* has zero entropy. By the very
definition of h(G, ), this gives us (hp41 — hyn) — (G, 1) as n — oo. O
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Theorem 4.11. Let p be a probability measure on G with finite entropy. Then
h(G, 1) =0 if and only if the Poisson boundary is trivial.

Proof. We only need to prove that the exit boundary (£, a,) is trivial. We start out
by estimating for 0 < k < n < oo,

H(ak ’ nn) = (k + 1)h1 +hpg — hy
k
= (k+ Dh1 = > (hn—psic1 — hnkri)s

i=0
Thus, H(ay | Neo) = limy oo H(ag | ) = kh1 — (kK 4+ 1)R(G, ). Recall that the
partition oy only cares about the first £ 4+ 1 coordinates of the sequences in €2, but
on those first coordinates it is a discrete partition. In other words Q/ay = GF+1,
and hence H(oy) = H(p® --- ®@ p) = (k+ 1)h1. By an application of Proposition
4.8 is evident that h(G,pu) = 0 if and only if a; and 7. are independent for all
k> 1. As (ou)k>1 converges to Zpq, this happens if and only if 74 is equal to Epin.
Combined with earlier arguments, we conclude that the partition of G x 2 associated
to = consists of a single atom as well and hence

E=(GxQ)/~
is a singleton, which was the desired result. O

In this entropy criteria, the assumption of finite entropy was crucial. Let us see
what might go wrong, if we allow infinite entropy. We consider an abelian group G
equipped with a Borel probability measure p of full support, such that H(u) = co.
The existence of such a measure was discusses in Remark 4.2. By an application of
Jensen’s inequality, we also have H(u*") = oo, for all n > 1 and thus h(G, 1) = oo.
However, as u has full support, the Poisson boundary is trivial, which shows that
Theorem 4.11 does not hold true for arbitrary measures.

4.4 Growth and entropy

In this section, we introduce the concept of growth of a finitely generated group,
and establish how certain types of growth allow us to conclude that well-behaved
measures on such groups have zero entropy.

Consider now a finitely generated group GG, and a finite symmetric generating set
S with identity. We define a function 7§: Ng — Ny, by ys(n) = |S"], i.e., ys(n)
is the number of elements which can be constructed by at most n elements from S.
Such a function will be called a growth function. Next, we define an ordering < of
growth functions as follows:

7§ < ’yg,/ if there exists k € N such that 7§ (n) < k 7g,l(kn), for all n € N.
One can easily check that this is a partial order and thus inducing a equivalence ~
of growth functions, i.e., 'yg ~ 'yg// if both 'yg = 'yg// and ’yg,/ = fyg. Now, we would
like to talk about the growth of a group, so it would be desirable that the growth

did not depend on the choice of finite generating set. Fortunately, this problem is
solved by the following proposition.
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Proposition 4.12. Let G be a finitely generated group, and let S, S’ be finite sym-
metric generating sets of G. Then '7§ ~ yg,.

Proof. With only finitely many elements in S’, there exists some k € N, such that
S" c Sk. Then 7§ (n) < ~§(kn) < k-~4§(kn), and hence 7§ < 7§. The converse
inequality can be shown in the exact same manner. O

With this proposition in mind, we let ¥¢ denote the equivalence class of the
growth functions for G, and call this function the growth of G. We next spend a bit
of time investigating the possible types of growth.

e The first types of growth functions we will consider are the exponential ones,
i.e., functions of the form n — a™ for some a > 1. As it turns out, all expo-
nential functions are equivalent in the sense defined above and to prove this,
let a,b > 1 be given, with a < b. Clearly o™ < b" and for the other inequality
let k be an integer greater than b/a. Then

" < (ka)" < k- (ka)"

and hence b < a™. From here on, we let exp(n) denote the equivalence class
of exponential functions. Groups with growth exp(n) will be said to have
exponential growth.

Examples of groups with exponential growth are the free groups. For example,
if G = Fy = (a,b), with a symmetric generating set S = {e,a,b,a”!, b1}, it is
not difficult to see that 752 (n) =4-3""1

e The second interesting type of growth is the polynomial one, i.e., n — n? for
some d € N. It is clear that ¢ < d implies n® < n?, but the converse inequality
does not hold. Indeed, if d > ¢ and k € N is given, such that n? < k- (kn)® for
all n € N, then n?? < kP*! for all n € N, which is clearly a contradiction.

Note that, these types of growth are sufficient to describe any kind of polyno-
mial growth function. Indeed, it is well-known that a polynomial of degree d
will behave like n?, when n gets big enough. In other words, if v(n) is on the

form Zi:o apnk, with ag,...,aq € R, then v ~ n.

We should note that any finitely generated abelian group has polynomial
growth. Indeed, given a finitely generated group G, with a finite symmetric
generating set S = {s1,..., s}, the set S™ is contained in the set

{sit s | na, .., < n},

and hence 7§ (n) < n*.

e After introducing the two important types of growth above, we notice that
exponential growth is always strictly greater than any polynomial growth. To
see that n? < exp(n) for any d € N, notice that n%e™™ — 0, as n — oo, and
hence there exists some integer ¢, such that n?¢ < cexp(n) < cexp(cn), for all
n € N, which by definition is n? < exp(n). To see that the inequality is strict,
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assume that there exists some integers ¢, d € N, such that exp(n) < ¢ - (cn)?
for all n € N. Then ¢"n~% < ¢!, for all n € N, which contradicts the fact
that the sequence (e"n~%),>1 is unbounded.

e Given a finite generating set S, it is evident that S™ = {s;---s, | s; € S},
which contains at most |S|™ elements, representing the words without any
cancellations. In other words, ¢ < exp(n) and hence, any finitely generated
group has at most exponential growth. This gives us an upper bound for the
growth of a group, so let us investigate a possible lower bound. If G is a finite
group, then 7%(n) < |G| -1 for all n € N, and hence ¥ ~ 1, which we will call
constant growth. If G is an infinite group, then

SQSQQ---

and hence 7§ (n) +1 < ~§(n + 1) for any n € N. Then 4 = n, i.e. G has at
least linear growth. It is now clear that any infinite, finitely generated group
has growth somewhere between linear and exponential growth.

e Any group not of exponential growth will be said to have subexponential
growth. Alternatively, G has subexponential growth if (fyG(n))l/ " 51 as
n — oo. Furthermore, if ¥¢ ~ n? for some d € N, we say that G has polyno-
mial growth. The degree of the polynomial is usually not that important, so it
makes sense to bundle all these groups together.

If G is a group, neither of polynomial growth nor of exponential growth, we say
that G has intermediate growth. The existence of such groups was a long-time
open question, but settled by Rostislav Grigorchuk in 1984 [13].

We are now ready to see, how we can use the growth of the given group to
establish if the entropy for certain types of measures is zero.

Proposition 4.13. Let G be a finitely generated group of subexponential growth, and
let p be a probability measure on G with finite support. Then h(G, ) = 0.

Proof. Let K denote the support of i, and let S be some finite symmetric generating
set for G, containing the identity and also K. Then |K"| < 7§ (n), for all n € N. As
w*™ is the image measure of the n-fold product of elements in K, it is not difficult
to see that supp(p*®) C K™. Finally, by arguments similar to those of proof of
Proposition 4.5, part 5., we have H(p*") < log(|K™|), and hence

H(™) _ log(|K™))
n - n

— log (|K"|") < log (ﬁw”n).

By assumption of subexponential growth, we may conclude that the entropy h(G, p),
is equal to the logarithm of 1, which is zero. O

Note that combining this result with the previously established entropy criteria
and the example in Section 3.2, actually provides an alternative proof for the fact that
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F5 has exponential growth. However, this argument is infinitely more complicated
than the direct one.

The next goal is to show that we can replace the requirement of u having finite
support with the weaker condition of finite first moment. In order to talk about
a measure p on the group G having a first moment, we will have to find a way of
assigning a numerical value to each group element. The idea is to assign each group
element with a length, so let S be a finite, symmetric generating set for G containing
the identity. We then define a map fg: G — R, by

(9(g) =inf{n € Ny | 3s1,...,5p €S:g==s1---5.}, g€Qq,

that is, €g(g) is the minimal number of elements in S required produce g. In this
way, we could alternatively have defined ’yg(n) to be the number of elements with
length less than or equal to n, with respect to S. As with the growth functions, it
is desirable that we could ignore the generating set S, so let us see how the length
functions for two generating sets relate.

Proposition 4.14. Let 51,52 be two finite, symmetric generators for G, both con-
taining the identity. Then there exists C,C’ > 0 such that

1
c’
Proof. As both S and Sy are finite generating sets, let C' denote the number

0% (9) < €5 (9) < Cf5, (9), geC.

max{ﬁgf;(s) | s € S1},

which is finite. Then Zg*; (9) < Cégl (g) for all g, as any generator in S can be build up
from at most C generators from Ss. Similarly we define C" = max{ﬁgl(s) | s € Sa},
to get the other inclusion. O

This result tells us that the length functions are all equal up to multiplication by
some constant. This constant will not have any effect on the results to come, so for
the remainder of this section, we consider some fixed finite, symmetric generating
set S and denote the length function by ¢&. We are now ready to define the first
moment of a probability measure on G.

Definition 4.15. Let p be a probability measure on a finitely generated group G.
We define the first moment of p, denoted by L(u), to be the quantity

> Cg)ulg)-
geG

If this is finite, we say that p has finite first moment.

Since having finite entropy was crucial for the entropy criteria, we start out by
showing that finite first moment automatically gives us finite entropy. To do this,
we first rewrite the the first moment, as

L(p)=> Y kulg),

k>0 geSk
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where Sy = {g € G | £9(g) = k}. As (Sk)k>0 is a partition of G, we may write
=) log(u(g))ulg)
k>0 g€Sy
For any k > 0 with p(Sk) > 0 we rewrite the inner sums as follows

=3 wta)tos(u(a)) = (s~ L 4 ronute)) )

gEeSk gESk 'u

_ M(sk)<— > [”(g) log(u(g))] +10g(ﬂ(5k))

for-d 1(Sk)
— log(1(Sk))1(Sk)

_ N A9 (B9 VY
— utsi) kﬂ<5k)1g<u(sk))) loB(11(54) ().

The sum above is now representing the entropy of the normalisation of u to the finite
set Sy and is thus less than or equal to log(|Sk|), as seen in Proposition 4.5. Moving
on from here, we see that

1) < D (1(Sk) log(ISkl) — p(Sk) log(1u(S)))
k>0

<D (kn(Sk)og(|S]) — u(Sk) log((Sk)))

k>0

1) log(IS]) = pu(Sk) log(u(Sk))-

k>0

In the second equality, we have applied the fact that S C S¥, to obtain the inequality
1Sk < |S%] < |S|F. Let now N = {k > 0| u(Sk) < e”*} and recall that t — —tlog(t)
is an increasing function on [0,e™!]. Then

> —n(Sk) log(p(Sk)) = > —p(Sk) log(u(Sk)) + > —p(Sk) log(u(Sk))

k>0 keN keNe
<Y ke P Y ku(Sk) <> ke 4> ku(S),
keN kENe k>0 k>0

where the first sum is a convergent infinite series and the second sum is simply L(u).
All in all, we have shown that H () is finite, whenever L(u) is finite. This however,
is not the result we were looking for, but merely a short step along the way. We now
consider a small lemma.

Lemma 4.16. Let € > 0 be given, and let (By)n>1 be a sequence of finite subsets of
G such that |B,| < eMGm+en - cventually. Then R, ¢ B, eventually.

Proof. Assume in order to reach a contradiction that R, € B, infinitely often.
Then p*™ would be a probability measure on B, for any such n € N, and hence
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H(pw*™) < log(|Bn|). However, as the numbers H(u*")/n eventually drop below
h(G, u) + €, we must also have

log(|Bnl) = H(u™)n > (h(G, p) +&)n,

from some n onwards. With two contradicting inequalities happening infinitely often
and eventually, we are left with a contradiction, which proves the claim. ]

Theorem 4.17. Let G be a group with subexponential growth and let p be a proba-
bility measure on G with finite first moment. Then h(G,u) = 0.

Proof. Let us first consider the number ¢ = limsup,, .., log(7“(n))/n, which as
noted earlier will be equal to zero, whenever the group has sub-exponential growth.
The goal is now to prove that h(G,p) is bounded by ¢ multiplied by some finite
constant, whenever u has finite entropy. To find this constant, we recall that

Rpm(w) = Rn(w) -+~ B (T" (W),

for all n,m > 0 and w € 2, where T': {2 — ) again denotes the shift map. Looking
at the definition of €, it is not difficult to see that

9 (Rpym (w)) < L9(Rn(w)) + L9 (R (T™(w)),

and hence €% (R, 1m) < £9(R,) +£9(Ry,) o T". In order to apply Kingman’s Subad-
ditive Ergodic Theorem (see Theorem B.1), we still need to show that E(¢%(R,,)) is
finite for all n > 1, where the expectation is respect to the measure P introduced in
Section 3.2. To do this, we start out by noticing that

E((°(Ry)) = /Q (9(Ry) dP = /G ((g)dRi(g) = 3 (S(g)ulg) = L(w).
geG

Furthermore, we recall that T is P-measure preserving, and hence
B (Ru11)) < B(9(Ra)) + B(C(Ry) o T) = E(S(R,)) + L{y),

for any n > 0. From here on it follows by induction that E(¢(“(R,)) < oo, for all
n > 0. All in all, this lets us define the number (G, i) as

(G, p) = lim E<£G(Rn)>

n— 00 n

The goal is now to prove that h(G, u) < ¢-¢(G, ). To do this, let € > 0 be given, and
consider the subsets (A, )n>1 of G, given by A, = S (€(G.m)+e)n  From the definition
of ¢, we must have log(v“(n)) < (c + ¢)n eventually, and thus

log |An| < (6(G, p) + €)log(v¢ (n)) < n(U(G, p) +)(c+e),

eventually. Applying the exponential function on both sides, will eventually give us
the inequality
[An] < exp(n(U(G, u) +€)(c + €)).
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On the other hand, the choice of A,, gives us R, € A, eventually, so by the above
lemma, we may conclude that |A,| > e m+e) infinitely often. In particular we
can conclude that (h(G,p) +¢) < (c+¢)(U(G, n) + €), which after letting € tend to
zero will result in h(G, u) < c¢-4(G,un). As ¢ = 0, whenever G has subexpontential
growth the proof is complete. ]

To finish off this section, we should note that the above results do not provide
a complete description of boundary triviality. The following theorem of interest is
mentioned in [7]:

Theorem 4.18.

1. There exist groups of subexponential growth, which admit Borel probability mea-
sures with non-trivial Poisson boundary.

2. There exist groups G of subexponential growth, which admit Borel probability
measures p with finite entropy, but with h(G, 1) > 0.
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5 Amenability

This section is devoted to investigating two connections between p-boundaries and
amenability. The first one is a alternative way of defining amenability of a second
countable, locally compact groups, solely by the appearance of the p-boundaries.
Harry Furstenberg proved in 1973 [11] that any non-amenable group admits a prob-
ability measure with full support and non-trivial boundary, whereafter he conjectured
that the converse implication was true as well. The second half of the statement was
later proved to be true as well. this was later proved by Joseph Rosenblatt in 1981
in [23], and independently by Kaimanovich-Vershik in [16]. We will not go into tech-
nical details in the part, but rather give a brief survey of the important results. A
thorough discussion of the proofs can be found in [21].

Another approach to amenability is that of amenable actions. The idea behind
this concept is to extend the notion of an amenable groups to a more general case
of a G-space. This can be done in two different ways, where we follow the definition
of Robert Zimmer, who also proved that any group G acts amenably on its Poisson
boundary, whenever the measure p is absolutely continuous with respect to the Haar
measure . We will, however, provide a different proof for this result, a proof which
can be found in [2].

Before starting all this, we give a brief introduction to amenable locally compact
groups, as well as a list of equivalent ways to characterise amenability of a group.
Again, this will be done without many details, but the curious reader can look at
[21], [12] for more explanations.

Definition 5.1. A locally compact group G is said to be amenable if there exists
a right invariant mean m on L*°(G, \), i.e. m is a positive linear functional on

L>(G, \), such that m(1) =1 and m(g.f) = f for any g € G and f € L>®(G, ).

As mentioned, this is not the only way of defining amenability for locally compact
groups, as we have a wide range of different ways to do this. We see a number of
these in the proposition below, which bundles together a series of results, whose
proofs can be found in [21]. We also introduce the following notation,

Prob(G) = {f € L'(G,\) | f > 0,]|fll1}

Proposition 5.2. Let G be a locally compact group. Then the following are equiva-
lent.

1. G is amenable.

2. Fglner’s condition: For every compact set ' C G and € > 0, there exists
compact set K C G such that \(KA(zK)) < e\(K) for any z € F.

3. Reiter’s condition: For every compact set FF C G and € > 0, there exists
¢ € Prob(G), such that ||p, — ¢|| < & for all z € F.

4. Fized point property: For any affine action G ~ X, where X is a convex
compact subset of a locally convex space E, there exists x € X such that g.x = x,

forall g € G.
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5. If G acts continuously on a compact set X, then there exists a G-invariant
probability measure v on X.

6. There exists a net (¢;)jer in Prob(G), such that ((¢;j)z — ¢;) — 0 weakly, for
alz € G.

7. There exists a net (v;)jer in Prob(G), such that ||(¢j)e — ¢jlli = 0, for all
z €.

Note that the proof provided in [21] for the equivalence of 5. to the others (cf.
Proposition 4.2 therein) is formulated only for o-compact groups. However, the
additional assumption of o-compactness is not used anywhere in the proof and thus,
the statement holds true in general.

5.1 Furstenberg’s conjecture

For the paper in question, Furstenberg had his attention on o-compact locally com-
pact groups and it was in this setting, that he proposed the following conjecture:

G possesses a measure | whose support is all of G and for which no
nontrivial p-boundaries exists iff G is amenable.

To fully understand this statement, we notice the following. The measure p is
of course a probability measure on G, and triviality of a p-boundary (B, v) is to be
understood as v = §;, for some b € B. It is also worth noticing that Furstenberg
focused on the topological u-boundaries.

In his paper from 1973 [11], Furstenberg proved that for a non-amenable group,
any p € P(G) with full support admit a non-trivial p-boundary. His proof uses a
compact G-space with no G-invariant measure to describe the limit behaviour of the
random walk associated to p. In this thesis, we will present a different proof from
[2], which relies on the Poisson boundary and the p-harmonic functions.

Proposition 5.3. Let G be an non-amenable locally compact group and let u € P(QG)
be given, such that the semigroup generated by supp(p) is all of G. Then (IL,, D) is
non-trivial.

Proof. Let K be a compact space, with no G-invariant probability measure and
let v be a stationary measure on K. Let g € G and A C K be given such that
v(A) # v(g.A). Define f € L*(K,v), by f = 14. Then P,(f)(g) is not equal
to P,(f)(e), and by density of C(K) in L'(K,v) we may pick ¢ € C(K), such
that P,(p)(g) # P,(¢)(e). As ¢ is continuous P,(p) is a non constant function in
H (G, ), so (II,,7) is not a singleton. By assumption on p and Proposition 3.4,
the measure 7 is not a one-point measure, thus concluding the proof. O

The converse implication was left as an open question, hence only presented as
a conjecture. The conjecture has since been confirmed, and we will now present the
main ideas of the proof provided by Joseph Rosenblatt in [23]. Rosenblatt’s argument
can be found in more details in [21|. He proved the result in the setting, where A is a
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left Haar measure, so for the remaining part of this section, we adopt this notation.
His idea includes the notion of a measure being ergodic by convolutions, so let us
start out with a definition.

Definition 5.4. Let G be a locally compact group and let p € P(G) be given. We
say that

e 4 is ergodic by convolutions if || f * % 27]:7:1 w*| — 0 as n — oo, for every f
in L'(G, \), with [ fdX =0.

e 1 is mixing by convolutions if || f * *"|| — 0 as n — oo, for every f € L(G, \),
with [ fd\ =0,

These concepts turns out to be equivalent, but we only need the easy implication
of mixing measures being ergodic as well. The next step in the proof is to show
that if u € P(G) is a measure which is absolutely continuous with respect to A, has
symmetric density and is ergodic by convolutions, then every continuous pu-harmonic
function on G is constant. This is Proposition 1.2 in [23], in conjunction with the
appearance of p-harmonic functions, when p has a symmetric density with respect
to A. From there, we move on to the main theorem, which yields the existence of
such a measure.

Theorem 5.5 (Theorem 1.10, [23]). Let G be a o-compact amenable locally compact
group. Then there exists p € P(G), such that p is mizing by convolutions, absolutely
continuous with respect to A and has a symmetric density.

The proof os this theorem is rather technical and involved, so we will only briefly
sketch the main ideas: We apply Folner’s criteria for amenability to pick a sequence
(F)n>1 of symmetric compact subsets of G, and define f € L'(G) by

o] e,

where (¢),>1 is a sequence of positive numbers with a sum of one. From here we
define a measure p = f - A\, and show that the choice of (F},),>1 gives us

|0g % ™" — p*"|| = 0, n — oo,

for all ¢ € G. This argument is fairly combinatorial and relies heavily on the clever
way of picking the sequence (F},),>1. Finally, we apply Lemma 1.11 in [23], which
states that the above convergence is equivalent to p being mixing by convolutions.

The construction above does not ensure that p has full support, but it is shown
in [15] that any measure which is ergodic by convolutions has the property that its
support generates a dense subgroup in GG. From here on, it is a matter of showing
that the associated measure i as defined in Section 2.4 has full support and inherits
all the desired properties from p. These arguments can be found in [21].
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5.2 Amenable actions

As mentioned earlier, we should be cautioned when dealing with amenable actions,
since there are two very different ways of defining an amenable action. In one case,
we say that a group G acts amenably on a space X, if there exists a G-invariant
probability measure on X . This is the definition, which relates to the Banach-Tarski
paradox, where the group of rotations in R? acts non-amenably on the unit sphere.
It is, however, the second definition that we will consider in the thesis. This notion
was originally introduced by Robert Zimmer in [28]. We start out by proving that
in this context an amenable group will always act amenably on any space, and
that only amenable groups acts amenably on a singleton. This should provide a
relation between amenability and amenable actions. From here, we prove that any
group G acts amenably on the Poisson boundary associated to any measure, which
is absolutely continuous with respect to the Haar measure. This latter result was
originally proved by Zimmer in the discrete case, and later in the locally compact
case by Scot Adams, George Elliot and Thierry Giordano in [1]. We will follow the
definition and prove found in [2].

Definition 5.6. Let G be a locally compact group, and let (X, u) be a probability
space on which G acts in a measurable manner. The action of G on X is said to be
measurably amenable if there exists a G-equivariant projection from L>®(Gx X, A®u)
onto L (X, u), with norm one.

In order for such a projection to even make sense, we need to view L>°(X, ) as
a subspace of L>®(G x X, A ® u). To do so, we will simply identify f € L®(X, u),
with the map f: G x X — C given by f(g,2) = f(z), forall z € X and g € G. In
other words we can identify L> (X, p) with the space of functions from G x X — C
that are measurable, once we equip G with the trivial o-algebra {(), G}. In this way,
the projection in question is a conditional expectation. Furthermore, the action of
G on L®(G x X, A® p) and L*°(X,v), is the action inherited from G x X and X
respectively, where G acts on G x X by g.(h,z) = (gh,g.z) for all g,h € G and
reX.

If X is a singleton, then L®(G x X, A\ ® u) = L*(G,\) and L>®(X,u) = C,
and hence a projection as in the definition above is merely a left-invariant mean on
L>°(G,\). In other words, amenability of the action of G on a singleton is sim-
ply amenability of G. Another connection between amenable groups and amenable
actions can be found in the proposition below.

Proposition 5.7. Let G be an locally compact amenable group. Then G acts ame-
nably on any G-space X.

Proof. Let m be a left invariant mean on L*°(G, A) and let (X, v) be a G-space. For
feL®GxX,A®v)and z € X, let f,: G — C denote the map f.(g9) = f(g,x).
We will now set out to prove that the map

P: L™(G x X, \®v) = L®(X,v),

defined as P(f)(z) = m(fz), is a projection with norm one. The map P is clearly
linear and to see that it is a projection pick f € L*°(X,v). Then f, is constantly
equal to f(z), and thus P(f)(z) = m(f.) = f(x).
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To see that the P has norm equal to one, we should first notice that P(1) = 1
and hence ||P|| > 1. On the other hand, if f € L*°(G x X, A\ ®v) is given, then

[P(f)lloc = sup [m(fz)| < sup || felloo = sup sup | fa(g)] = [ /]l
zeX zeX zeX geG

and hence || P|| < 1. For G-equivariance of P, let f € L*(G x X,A®v) and g € G
be given. For g,h € G and x € X, we see that g.(f,-1,)(h) = (9.f)z(h) and thus

g-P(f)(@) = P(f)(g~"x) = m(fy-1,) = m(g.(fy-1.,)) = m((g.f)a) = Pg.f) (),

by left invariance of m. In conclusion, P is the desired G-equivariant projection with
norm one. 0

The main result of this section is to prove that any group acts amenably on
the Poisson boundary, under certain assumptions on the corresponding probability
measure p € P(G). Note that the previous comment, along with Furstenberg’s
conjecture, require a certain caution when dealing with non-amenable groups. Before
proving this result, we start out with a couple of lemmas.

Lemma 5.8. Let X,Y be Banach spaces, and let B(X,Y™) denote the space of linear
maps from X to Y*. Then, the unit ball of B(X,Y™) is compact in the point-weak*
topology. We recall T,, — T in the point-weak® topology, if Tpx converges to Tz in
the weak*-topology on Y*, for all x € X.

Proof. For r > 0, we let (Y*), denote the set {¢ € Y* | ||¢|| < r}, which is compact
by the Banach-Alaoglu theorem. By Tychonoft’s theorem, the product [ [, x(Y™) ||
is compact in the product topology corresponding to the weakx-topology on each
copy of Y*. As convergence in the product topology is equivalent to convergence in
each coordinate, we consider the embedding ® from (B(X,Y™*))1 to [T,cx(Y™)a;
defined as

O(T) = (T'(x))zex-

We will check that this in fact an embedding, i.e., ® is injective, continuous and
open. The injectivity follows from the fact that the (B(X,Y™)); separates points
in X, and for the rest pick a net (Ty)aca and an element 7' in B(X,Y™). Then
T, converges to T' in the point-weak* topology if and only if Ty (x) BN T(x) for all
x € X, which again happens if and only if (T (z))zex — (T(x))zex, or in other
words, ®(T,) — ®(T). All in all, this implies that (B(X,Y™)); is homeomorphic to
a closed subset of [] . (Y ™)z and thus also compact. O

Lemma 5.9. Let (fo)aca and f be in L°(G, ), and assume that f, AN f when
viewed as elements of (L*(G,\))*. Then f, % @ converges pointwise to f % ¢ for any
o € LY(G, ).

Proof. This proof relies heavily on computations with the Haar measure, so let ¢ be
an element in L' (G, \). Then for any g € G, the map t — p(t 1g)A(t™1), t € G will
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also belong to L'(G, \). Indeed, for any g € G,
[ et 9law ) ax® = ) [ o iae)ane
G G
= Alg) [ 601 dN® = Aol < .
G
From there on, we notice that for any v € L=°(G,\), ¢ € L'(G,)\) and g € G,
o)) = [ vlat ety axe) = [ v el ax0
/ B AE) AA(2),

so by applying the weak* convergence of (fq)aca to f, the proof is complete. O

Theorem 5.10. Let p be a Borel probability measure on G, which is absolutely
continuous with respect to X, and let (X,v) be some version of the corresponding
measurable Poisson boundary. Then G acts amenably on (X,v).

Proof. For any n > 1, we define y,, :== n=* > 7_, p**. Then ||(u — &) * pnll1 — O,
when viewing x and its convolution powers as L' functions. Let furthermore o be a
Borel probability measure on G x X, which is absolutely continuous with respect to
A®wv. For n > 1, we define H,,: L®°(G x X) — L*(G) by

Ho(0)(9) = (8 # i * 0)(®), ¥ € L®(G x X),g € G.

Then H, is a positive, contractive, linear operator that satisfies H(1) = 1 and
thus also an element in B(L*(G x X),L*>(G)). Furthermore, for g,t € G and
Y e L®(G x X),

tHn(1)(9) = Ha($)(t79) = (019 % o * p) (1) = (81 8¢ * f1n % p) (1))
= (69 * Un * p)(t¢) = Hn(tﬂ/})(g),

and thus H,, is G-equivariant. Furthermore, for all g € G and ¢ € L*(G x X), we
see that

Ho (1) % / Ho(8)(gt) d(1 — 8.)(2)
- /G (gt # pn * p)(3) (g1 — 82) (1)
- /G (8 61 jin % p) () (1 — 6) (1)

= ((59 * (u - 5e) * Un *p)(w)

For here on it follows that |Hy(¢) x (1 — de)(g)] < |[( — de) * pin)]1]|¥] 0o, for
all ¢ € G, and hence |Hy(v) * (1t — de)(g)] — 0 as n — oo for all ¢ € G. For
the next part of the proof, we identify L°°(G) with the dual of L!'(G) and apply
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Lemma 5.8 to pick a subnet (Hp,)ier of (Hn)n>1, which converges towards some
H € B(L*(G x X), L>*(G)) in the point-weak* topology.

The claim will now be that Ht is p-harmonic for all ¥ € L>®(G x X), so let
1 € L®(G x X) be given. By the remark in connection to Definition 2.2, for any

¢ € LY(G) and i € I, we see that

an(w) * (N - 58) *p = Hz(l/}) N (/] - 56) *

Since (fi— &) € L(G), we conclude that H,,, (1)) * (i — d) * p converges pointwise
to H(Y)x(fi—de)*p on G. On the other hand, the convergence of || Hy, (¢)*(11—de) |0
to 0 will also give us that Hy, (¢) % (1t — de) * ¢ — 0 pointwise on G, so by uniqueness
of limits, we must have H(¢) x (u — d¢) * p(g) = 0 for all g € G. We would now
like to show that H(¢) * (1 — d.) = 0 almost surely, and for this it suffices to show
that the equality holds true almost surely on all compact subsets of G. Let K C G
be compact and define ¢ € LY(G) by ¢(t) = H(¥) x (1 — d¢)(t 1) - 1x. The result

above can then be written as

0= H(W) * (1 — ) * ple / @) * (u— 6t dA)
/ () (5 — 6) () PAE) dA(),

which happens if and only if H(y)) * (4 — d.) = 0 almost surely on K. From there
on we conclude that H(i) * (4 — d) = 0 almost surely, or in other words that
H(¢) e HX (G, ), for any ¢ € L*°(G x X).

As (X, v) is the measurable Poisson boundary, we can for any ¢ € L*°(G x X)
find a unique ¢ € L®(X) such that H(y)) = P,(¢). If we define a map M from
L®(G x X) to L®(X), by M (1)) = 1 for any ¢ € L®(G x X, then M is a positive
contraction with M (1) = 1. To show that M is a projection, we will now assume
that o = § ® v, for some Borel probability measure § on G, which is absolutely
continuous with respect to A. For ¢ € L*>(X), where we view L*°(X) C L>®(G x X)
as above, we use the p-stationarity of v to see that Hy,(¢)(g9) = g.v(¢) = P,(¢)(9),
for all g € G and n > 1. Then also H(y)(g) = P,(¢)(g), which implies M (p) = ¢,
as we set out prove. ]

Note that the above theorem along with the discussion on groups acting amenably
on a singleton actually provides an alternative proof of Proposition 5.3. Indeed, if the
Poisson boundary is trivial and G is acting amenably on this singleton, G must be
amenable itself or in other words, any non-amenable group gives rise to a non-trivial
Poisson boundary.
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6 G-boundaries and recent applications

This final section will serve as an appetiser for a different kind of group theoretic
boundary, and some very recent applications in the field of C*-algebras. We will
not provide any proofs and ’a deeper understanding and working knowledge of C*-
algebras will be assumed throughout this section. For details, see [19], [18]. The
type of boundaries we will discuss are the so-called G-boundaries and we will work
in the setting of a discrete, countable group G.

Definition 6.1. A compact, topological G-space B is said to be a G-boundary if
the following is satisfied:

e B is minimal, i.e., there are no proper G-invariant subset of B.
e For every v € P(B), the w*-closure of {g.v | g € G} contains dp.

We notice that there are some similarities between the definition of a G-boundary
and a p-boundary, but there are no natural way of comparing the two. However,
they do share some of the same properties. For instance, every group G gives rise to
a universal G-boundary.

Proposition 6.2. There exists a G-boundary B, such that every other G-boundary
s an equivariant image of B. This G-boundary is called the Furstenberg boundary,
and is denoted by OpG. Furthermore, the Furstenberg boundary is unique up to
homeomorphism.

If we consider the case of G = Fy, the Furstenberg boundary 9pFs actually
coincides with the Poisson boundary constructed in Section 3.2, i.e. Op[Fs is the
space of infinite, reduced words in the generators of Fs. Furthermore, there is a
result for G-boundaries, which somewhat resembles Furstenberg’s conjecture.

Proposition 6.3 (Kennedy and Kalantar, [19]). The Furstenberg boundary OrG is
a singleton if and only if G is amenable. In fact, OpG is non-metrisable if G is not
amenable.

As mentioned earlier, the Furstenberg boundary has recently been used to answer
a series of questions in the theory of C*-algebras. More specifically, it has been used
to characterise groups for which the reduced group C*-algebra is simple, the so-called
C*-simple groups or has a unique tracial state, in which case we say that the group
has the unique trace property. Furthermore, it has been an open question whether
C*-simplicity and the unique trace property are equivalent, and here the Furstenberg
boundary was used to prove that C*-simple groups have the unique trace property.
The converse implication is officially still an open question, but rumor has it that
a counterexample has been discovered, thus leaving it a one-way implication. This
proof of C*-simplicity implying the unique trace property involves an object called
the injective envelope, so for this we introduce a handful of definitions.
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Definition 6.4. Let G be a countable, discrete group.

1. A self-adjoint, unital, linear subspace of a unital C*-algebra is called an oper-
ator system.

2. An operator system S is said to be a G-operator system, if G acts on S by
completely positive isomorphisms.

3. An operator system S is said to be G-injective if for every unital, completely
isometric, G-equivariant map ¢: £ — F and every unital, completely positive,
G-equivariant map ¢: & — S, there exists a unital, completely positive, G-
equivariant map ¥: F — S such that ¥ o1 = .

4. A G-extension of a G-operator system S is a pair (7,¢), where 7 is a G-
operator system and ¢: & — 7T is a completely isometric, G-equivariant map.
The extension is said to be G-injective if 7 is G-injective. The extension is
said to be G-essential, if for every unital, completely positive, G-equivariant
map ¢: T — &, such that ¢ ot is completely isometric, then ¢ is completely
isometric.

In 1985, Masamichi Hamana provided a proof (see [14]) for existence and unique-
ness of a G-injective and G-essential extension of any operator system S. This
extension is called the G-injective envelope of S, and is denoted by I¢(S). Later, it
was proved that I¢(C) = C(9rG) for any discrete group G, and it is this identifica-
tion, which is used in the recent results mentioned earlier. However, before looking
at those, we start out with yet another definition

Definition 6.5. Let G be a discrete group, and let X be a G-space.

e We say that G acts topologically free on X, if the set {z € X | s.x # z} is
dense in X for every s € G\{e}.

e We say that G acts faithfully on X, if for any g # h in G there exists x € X
such that g.x # h.x.

We are now ready to state the three recent results, for which the Furstenberg
boundary has found applications in the theory of C*-algebras.

Theorem 6.6 (Kennedy and Kalantar, [19]). Let G be a discrete group, and let
OrG denote its Furstenberg boundary. Then G is C*-simple if and only if G acts
topologically free on OpG.

Theorem 6.7 (Kennedy and Kalatar, [19]). A group G acts amenably on OpG if
and only if G is exact, i.e. the reduced group C*-algebra C}(G) is exact.

Theorem 6.8 (Kennedy, Kalantar, Breuillard and Ozawa, [18|). Let G be a discrete
group, and let OpG denote its Furstenberg boundary. Then G has the unique trace
property if and only if G acts faithfully on OpG.
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A The Haar measure and convolutions

This appendix will serve as a short survey of the existence and the basic properties of
the right Haar measure on a locally compact group, and how we use the Haar measure
to define a series of convolutions. The goal is to provide the tools needed for reading
through the thesis at hand. For proofs, details regarding the Haar measure can be
found in Chapter 11 in [8|, while details on convolutions can be found in Chapter 8
in [8] and in [12]|. Let us first recall the following definition.

Definition A.1. Let X be a locally compact Hausdorff space. A Radon measure u
on X is a Borel measure with the following properties

o 1(K) < oo for all compact subsets K C X.
e u(E)=inf{u(U)|U C X open ,E C U}, for any Borel set £ C X.
o u(U) =sup{p(K) | K C X compact , K C U}, for any open set U C X

We are now ready to define the right Haar measure, using a theorem which is
proved by the means of a number of Functional Analysis result, including Urysohn’s
Lemma, the Riesz Representation Theorem and Caratheodory’s Theorem.

Theorem A.2. Let G be a locally compact group. Then there exists a right invariant
Radon measure p on G, where right invariance means p(A) = pu(Ag) for all g € G
and A C G Borel. Furthermore, this measure A is unique up to multiplication with a
strictly positive constant.

For a locally compact group G, we will let Ag denote one of these measures and
we call it the right Haar measure. If there is no ambiguity, we will omit the subscript
and simply write A. We will in general not worry about which right Haar measure
we choose, but there are certain exceptions.

e If G is a compact group, A is a finite measure and thus, we choose the version,
which is also a probability measure.

e [f (G is the real line with addition, the Lebesgue measure is a right Haar measure
and it will be our canonical choice.

e If (G is an infinite, discrete group, then A is the counting measure on G and
thus, we choose the version which gives each singleton measure one.

Even though we do not worry about the choice of right Haar measure, there is
a certain relation between these measures. The idea here is that every left translate
of a right Haar measure, is a right Haar measure and thus they are all equal up to
multiplication by some positive constant.

Proposition A.3. Let G be a locally compact group and let A be the right Haar
measure. Then there exists a continuous function A: G — (0,00) satisfying

1. MzA) = A(x)A(A), for allx € G, and A C G Borel,
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2. A(zy) = A(z)A(y),
3. A is independent of the choice of X.

The point of the modular function is in some sense to measure, how close our
right Haar measure is to being left-invariant as well. There are certain cases where
A is constantly equal to 1 and such groups will be called unimodular. It is clear
that abelian groups are unimodular, but it is true for types of groups as well. If
G is a compact group, then A(G) is a compact subgroup of (R, -), which is only
possible when A(G) = {1}. The modular function A will also give us some tools
for integrating against A\. Here we have the following identities for any function
f: G — R, for which the integrals make sense

o [ flgh)dX(g) = ff(g) d\(g). h € G.

o [ f(hg)dA ff D dA(g), h € G.
. ff(g‘l) = [ f(9)A(g™") d\(g).
Convolutions

The convolution of two Borel probability measures p, v on a group G is the image
of the product measure y ® v with respect to the product on G. In other words, the
convolution of ¢ and v, denoted by u * v is defined as

p v(p) = /G /G o(gh) dulg) dv(h), ¢ € Cu(G).

We will also let ©*™ denote the convolution of n copies of a measure pu. By having a
canonical measure on G, the Haar measure lets us extend the definition of convolu-
tions as follows. For a probability measure yu on G and a function f € L'(G,\), we
want to define integrable functions fxpu, pxf: G — R, such that (f-A)xp = (f*p)-A
and px (f - A) = (= f) - \. These functions must necessarily be defined as follows

- / F(ELg)A®) du(t)

(f *m)(g /fgtldu

This construction also works for functions in LP(G,\) for any 1 < p < oo, and the
inequalities [+ | < [lull - | Fllp 1 = all < [1£]lp 2] holds true for any f € LP(G, A)
and Borel propability measure p on G, where ||| denotes the total variation of .
We can extend this even further to the case, where u = ¢ - A for some ¢ € L'(G, \).
Then f % ¢: G — R is defined as

(fx©)(g /fgtl dA(t), g€G.

If the reader is familiar with traditional convolutions of functions f,g: R — R or
@, € £1(G) for some countable discrete group G, then it is not difficult to check
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that these definitions are special cases of with the general one above. Lastly, for
f € L>®(G) and ¢ € L'(G) the convolution f * ¢ as above will give us a function in
LY(G), and this function will in fact be continuous. As a final remark to this section,
we should note that the above discussion and concrete formulas only concerned the
right Haar measure. Any locally compact group will also admit a left invariant Radon
measure, the left Haar measure, for which all the tools above can be constructed in
an analogous way, but the concrete formulas for integration and convolutions will
have to be changed appropriately.

B Miscellaneous results

This appendix will serve as a catalogue of different results that will be used but not
proven in the thesis. The first theorem is a result from ergodic theory, which come
in handy, when dealing with random walks and the like.

Theorem B.1 (Kingman’s Subadditive Ergodic Theorem, [20]). Let (2,P) be a
probability space, and let 8 : Q — Q be a measure preserving transformation. Let
(Xn)n>0 be a sequence of real-valued stochastic variables on Q, satisfying

o X, < o0, for alln > 0.
e X, > —An, for alln > 1 and some constant A.
o Xpim(w) < Xp(w) + X (0™(w)), for allny,m >0 and w € Q.
Then X,,/n converges almost surely and in L' to some random variable X.

The next theorem is a result describing the possible behaviour of convolution
powers of a probability measure.

Theorem B.2 (The zero-two law, [6]). Let u be a probability measure on a locally
compact group G. Then lim, oo ||* Y — || exists, and is either zero or two. In
particular, if |u*? — pl| < 2, then lim, o [|p* D — p*|| = 0.

Note that the last claim follows directly from the first, when remembering that
P(G) is a Banach algebra with respect to the convolution. The zero-two law can
be formulated in the much more general setting of Markov processes, but the above
version is the one we need for this thesis. Finally, we have a result, which is of great
use once we consider random walks on an abelian group.

Theorem B.3 (Hewitt-Savage 0-1 law, [17]). Let (X,)n>1 be a sequence of in-
dependent, identically distributed random variables with values in some measurable
space X, and let P denote the distribution of (X,)n>1 on the sequence space XN. If
0: XN — X is a function of (Xp)n>1, which is invariant under any finite permuta-
tion of (Xn)n>1 P-a.s., then ¢ is constant P-a.s.
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