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ABSTRACT. A survey is given on the Liouville property of harmonic functions on
groups and hypergroups. The discussion of a characterization of that property in
terms of the underlying algebraic structures yields interesting open problems.

1. INTRODUCTION

It is well known that a bounded analytic function on the complex plane C is constant.
This fact is called the Liouville property for analytic functions (see [43]). One can also
prove a Liouville property if one replaces analytic functions by harmonic functions and
C by an arbitrary Euclidean space R? for d > 1. More precisely, let f be a real-valued
function on an open subset U of R?. The function f is said to be harmonic if it is locally
Lebesgue integrable and if it satisfies the averaging property.

Given z € U, r > 0 such that B(z,r) C U,

f(x) = / F () v, dr),
S(z,r)

where o,(z,-) denotes the uniform distribution (surface measure) on the sphere S(x,r)
of the ball B(x,r) with center x and radius r. Any harmonic function f on U belongs
to C>°(U), hence to C(U), and f is harmonic if and only if f € C3(U) satisfying the
Laplace equation A f = 0. Applying Harnack’s inequality one can easily show the classical
Liouville theorem: If f is harmonic on U = R? and bounded from below and from above,
then f is constant.

We note that for U equal to the unit disk ) or U equal to the hyperbolic space H?
a statement analogous to Liouville’s theorem does not hold. The Liouville property has
been extended to harmonic functions associated with Markov processes in various kinds
of state spaces, for example, in groups and homogeneous spaces, but also in more general
algebraic-topological structures such as hypergroups.

During the last 15 years a functional-analytical approach to harmonic functions in
LP-spaces has set the Liouville property into new light. See e.g. [11] by Cho-Ho Chu.
The related Bergman spaces have been studied intensively by Cho-Ho Chu and Anthony
To-Ming Lau in [14].

In our exposition harmonic functions will be considered within the framework of ran-
dom walks in a locally compact group. Emphasis will be put on information-theoretic
characterizations of the Liouville property for harmonic functions defined with respect
to the law of the underlying random walk.
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Interesting problems, in part open ones, show up if the harmonic functions related
to a random walk in G behave anti-Liouville, which means that there are unbounded
harmonic functions on G. In this situation the Poisson boundary of G introduced by
Harry Furstenberg in his work [24] of 1963 is still a rewarding subject of study. An
exposition on his seminal contribution had been published informally by Herbert Heyer
in [31]. We can only touch upon the construction of the Poisson boundary. Instead we
shall apply the theory to a group-theoretical access for harmonic functions on the unit
disk D and their (classical) Poisson representation.

Our setup owes many ideas to the excellent expository articles [17] and [7] of Yves
Derriennic and Martine Babillot respectively. In the final section of the present work
we shall report on the Liouville property of hypergroups K as it has been layed out
by Massoud Amini together with Cho-Ho Chu in [1] and [2] respectively. Although the
definition of harmonic functions on K and the standard classes of hypergroups admitting
the Liouville property can be provided in analogy to the group case, technical obstacles
have to be overcome. After all, to develop a boundary theory in the spirit of Harry
Furstenberg for hypergroups remains a challenge for future research.

2. PRELIMINARIES

Although we expect the reader to be familiar with the basics of probability measures
on topological groups we shall recall some notation and useful symbols that are used
throughout the text.

2.1. Measures. Let (F, €) be a measurable space with a o-algebra € in E. The space
of E-measurable functions on E will be denoted by M(E) := M(E, €), its subspaces of
bounded functions by M®(E).

We are using the symbols M(E) := M(E,¢), M?(E) and M!(E) for the sets of
nonnegative measures, of o-finite measures and of probability measures on E respectively.

For z € E, €, denotes the Dirac measure in z. If A € M?(FE), the Lebesgue spaces
LP(E,A) (1 < p < o0) are the fundamental objects of measure theory. Let 7 be a A-
absolutely continuous measure, 7 < A in short, then 7 has a A-density ¢ in the sense
that 7 = - X for p € LY(E, \).

Now, let (E, &) be the Borel space of a locally compact space E, where € stands for
the Borel-o-algebra B(FE) of E. In this situation measures on E are considered as Borel
measures. The set M®(E) of bounded (complex) measures on E is a Banach space with
respect to the total variation (norm). M®(E) carries also the weak topology 7,, defined as
the topology associated with the duality between the spaces C*(E) of bounded continuous
functions on E and M®(E). The support of a measure 7 on E will be abbreviated by

SUpp T.

2.2. Groups. Let G be a locally compact group, written multiplicatively with neutral
element e. G admits a unique (left invariant) Haar measure wg € M(G) with (full)
support suppwg = G. In the Banach space M®(G) there exists a convolution * between
measures and an involution ~ such that it becomes a *-Banach algebra with L}(G,wg)
as a closed subalgebra.

A measure p € M(G) is called adapted if the closed subgroup [supp p] generated by
supp p coincides with G. For any u € M(G), supp p is o-compact. If on G there exists
an adapted measure, then G is o-compact.

A measure ;1 € M(G) is said to be spread-out provided there exists a ¢ > 1 such that
14 is singular with respect to wg. Clearly, wg-absolute continuous measures on G are
spread-out. On discrete groups G every p € M(G) is spread-out. If G is connected, then
any spread-out measure is adapted.
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2.3. Special classes of groups. Given a left invariant Haar measure wg, for each x € G
there exists a number A(z) > 0 such that

wa(fam1) = Alx)wa(f)

whenever f € M(G), where f,-1 denotes the right translate of f by x~!. The mapping
A: G — R is called the modular function of G.

A locally compact group G is named unimodular if A = 1. The class of unimodular
groups includes all [IN] groups which can be defined as locally compact groups G having
a compact invariant neighborhood of e, consequently all central (Z-)group which by
definition have a compact quotient G/Z(G) of G by the center Z(G) of G, and therefore
all are Abelian and compact groups. Amenable groups G are defined by the requirement
of existence of a (left) translation invariant positive linear functional of norm 1 (mean)
on L (G,wg). The class of amenable groups comprises all central groups, but also the
solvable groups, hence the nilpotent groups. Finally we would like to recall the notion of
groups with growth conditions.

From now on we assume G to be 2nd countable which implies that there is a (left)
invariant distance on G. Consequently balls B(x,r) with center € G and radius r > 0
can be formed. Now, the growth rate of G is given as

1
¢ :=limsup — logwg (B(e,n)) .
n—oo N

A group G has subexponential growth if ¢ = 0 and exponential growth if ¢ > 0. It is
known that groups with subexponential growth are amenable.

3. MUTUAL INFORMATION

In this and the following sections we repeat some of the material exposed in a previous
paper [32] except for the generalization beyond random walks. Let (E, €) be an arbitrary
measurable space with p,v € MY (E). The relative entropy between y and v is given by

H (] v) =sup (mg‘;g) u(F),

FegF

where § denotes the partition of finite sets F' € € with v(F") > 0. Obviously
H(pllv) >0, possibly + oo
and

H(u|v)=0 ifandonlyif u=v.

3.1. Theorem - M. S. Pinsker [39].
(1) H(p | v) < oo implies p < v

(ii) If p < v, then
du
H = [ (1og=E
(el v) /<0gdy) dpe,
E

where the integral may be +oo0.

In the case (i) H (u || v) is called the Kullback-Leibler information between p and v.
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3.2. Special case. If there exists A € M7(E) such that {u,v} < A, i.e,, p= f- A and
v=g-\with f,g € LY(E, \), then

HUW9%=HU~NyA%iéfO%£)dx

The notation
H(f):=-H(f | Ig)

is in accordance with the definition of Claude Shannon’s differential entropy of a Lebesgue
density f on E =R.

Now let X,Y be random variables on a probability space (2,2, P) with values in
arbitrary measurable spaces. Here (Q,2l) is a measurable space and P € M*(Q).

The mutual information between X and Y is given by

I(X,Y):=H (Pxy) | Px @ Py) ,

where P, denotes the probability distribution of a random variable Z on (2,2, P) and
® signifies the (tensor) product measure.

3.3. Properties of the mutual information.
3.3.1 I(X,Y) > 0.
3.3.2 I(X,Y) = 0 if and only if X,Y are (stochastically) independent (with respect
3.3.3 Jioe‘ip 30 be any measurable function on the range (measure space) of Y. Then
I(X,p0Y) < I(X,Y).
3.3.4 For a sequence (Yj)r>1 of random variables Y) on (Q,2(,P) there exists
Tim I (Vi Vo) = IO (Vi Y n)
3.3.5 Suppose that there exists an n > 1 such that
I(X,(Y,,Y41,...)) <o0.

Then
lim | I(X, (Ya, Yiut1,...)) exists ;

n—oo

it will be denoted by I(X, &) where
&:= () o(Yn Yasr,...)
n>1
denotes the tail- or asymptotic o-algebra of (Yi)k>1.

Let X,Y, Z be random variables on (€, 2(, P) taking their values in a measurable space
with a separable o-algebra such that the conditional probabilities P((X,Y) | Z = z),
P(X | Z=z)and P(Y | Z = z) are regular. Then the conditional mutual information of
X and Y under Z is defined by

EMKYH@=/HMJHZ=@M@%

Q
where

I(X)Y)|Z=2)=HP(X,Y)|Z=2)|PX|Z=2)P(Y | Z=2)).
One has Kolmogorov’s formula
(X, 2),Y)=1Y,2)+EI(X,Y) ]| Z2).

Given random variables Y7, Y5, Y5 on (Q,2(,P) the sequence {Y7, Ys, Y3} forms a Markov
chain if and only if
E(I(1,Y2) | Y3)) = 0.
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Consequently, for a Markov chain (Y},),>1 in a separable measurable space (E, ) one
has

I(YlaYn) = I(Yla(Yn7Yn+la~-~))7

the sequence (I(Y1,Y,))n>1 decreases, and

lim I1(Y1,Y,) = I(Y,&)

n— 00
provided
I(1,Y,) <oco foral n>1.

Further properties of the asymptotic o-algebra of Markov chains in groups are con-
tained in the work of Y. Derriennic in [19] and of W. Jaworski in [33].

4. ASYMPTOTIC ENTROPY

Let (Y )n>0 be a stationary Markov chain in a measurable space (E, €) with transition
function P. If (Y,,) starts at Yy = y € E, the number

h(P,y) := I,(Y, )
is called the asymptotic entropy of (Y;). In other words, h(P,y) is the mutual information
between the Markov chain (Y},) at time 1 and its asymptotic o-algebra &, with respect
to the distribution P¥ of (Y;,) starting at Yy = y.
4.1. Observation. If G is trivial [PY], then h(P,y) = 0.

In general h(P,y) depends on y. We now assume that (Y,,) is spatially homogeneous in
the sense of the following requirements. There exists a family 7 of bijective, bimeasurable
transformations T' on (E, &) such that

a) 7 commutes with the transition function P of (Y;,), i.e.,
P(Ty,TB) = P(y, B)
or
EYo41 €TB|Y,=Ty) =EYpt1 € B| Y, =y)=EY1€B|Y,=y)

forallye E, Be&.
b) T acts transitively on E which says that for z,y € E there exists a T € T
satisfying
Tr=y.
Under the condition of spatial homogeneity
h(P,y) = constant .

We summarize in

4.2. Theorem. If (Y,,) is a spatially homogeneous (stationary) Markov chain in (E, &)
with transition function P, then its asymptotic entropy

hP) = I(Y, )

is independent of the starting point (or of the initial distribution).
Moreover,

G is trivial [PY] if and only if h(P)=0.

The proof of this equivalence given by Yves Derriennic in [17] for random walks in a
locally compact (second countable) group extends to Markov chains in general measurable
spaces (E, €) (with separable o-algebra &).
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4.3. The case of a random walk. Let (S,),>1 be a (right) random walk in a locally
compact (second countable) group G. For each n > 1

Sn = ﬁ Xk s
k=1

where (X)r>1 is a sequence of independent, identically distributed random variables in
G with

Px, =ne Ml(G)
for all k > 1. We note that for any y € G, (ySp)n>1 is a stationary spatially homogeneous
Markov chain in (G,B(G)) with starting point y and transition function P given by
P(z,B) := u(z~'B)

whenever z € G, B € B(G) . Without loss of generality we may choose y = e. The
notation
h(p) := h(P) = I(51,6)
suggests the dependence of the asymptotic entropy only on p; & stands for the asymptotic
o-algebra of (S,).
Associated with a right random walk (S,,) is the adjoint left random walk (S, ') given
by

St=x1 . X!

with defining adjoint measure u™~. Now let 4 < w¢g in the sense that u = ¢ - wg with
¢ € LY(G,wg). For each n > 1

MnZQOn'wG

with
only) = / P(@)pnr(ay) we(da)
G
and
(ﬂn)N = wn Vel
with

VYn(y) = ‘Pn(y_l)A(y)_l

whenever y € G. Here A denotes the modular function of G. By the way, the random
walks (S,,) and (S, 1) are defined by the same measure p € M1 (G).

4.3.1. Proposition. Suppose that
/ log A(z) p(dz) = E (log Ao X;) < 0.
G

Then
H(u") = H(p,) < oo ifand only if H((u")™) = H(¢n) < 00,
and under this condition

We keep the assumption of the proposition and deduce
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4.3.2. Theorem.
h(p) = E (log A o X7)
and
h(i™) = h(n) — E(log Ao Xy) .

Moreover, if G is unimodular and

then

5. THE LIOUVILLE PROPERTY

We are returning to the situation of a general spatially homogeneous stationary
Markov chain (Y},)n>0 in a measurable space (E,€) with transition function P. (Y3,)
can be viewed as a canonical Markov chain on the path space

(BE%+, @2 pY)

where the probability measure PY on (EZ+, €®Z+) is constructed for every starting point
yekb.
The Poisson equation associated with (Y;,) reads as

(PE) (I-P)f =y,
where f,g € M(E).

5.1. Definition. A function f € M(E) is said to be harmonic on E with respect to (Y;,)
or P if f is a solution of (PFE) for g = 0.

It is easily observed that the set H(F) of harmonic functions on E is a vector space,
and its subset H’(E) of bounded harmonic functions (on E) is a Banach space with
respect to the sup-norm in M®(E). On the path space of (Y,) the shift operator 6 is
defined by

0((xo, @1y .oy Xpyon)) i= (21, T2y ooy Tty - -+ )
for all (2, x1,...,Zn,...) € EZ+. Obviously 6 is a measurable mapping on EZ+, and
Yn o = Yn+1

for the coordinate mappings Y;, on (E%+, €®%+) n > 0.
Next we introduce the invariance o-algebra

Ji={Aece¥r . 97'4A=A}
of the Markov chain (Y,), for which obviously the inclusion

JcB= m g e®lt = m o({Ym:m>n})

n>0 n>0

holds.

A random variable Z on (EZ+, ¢®Z PY) (with values in (F, €)) is said to be invariant
if it is J-measurable.

Now we can phrase the probabilistic version of the Liouville property for the Markov
chain (Y3,).

First of all we need an important proposition
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5.2. Proposition. There is a one-to-one and onto correspondence between PY-equivalence
classes of bounded invariant random variables Z on (EZ+, €®Z+ P¥) and bounded har-
monic functions f on E given by

f(y) =E*(2)(=E*(2)).

Moreover,
lim foY, = Z[PY

n—oo

whenever y € E.
For any A € €®%Z+ one introduces the set

R(A) == {(z0, 1, Zn,...) € EL*: lim T4 0Y, ((xo,1,...,Tn,...)) =1}

n—oo

of all paths of the Markov chain (Y,,) which hit A infinitely often. R(A) € J, and
ha =P (R(A)) € HY(E).
Here ha(y) is the probability that the Markov chain (Y;,) with start in y hits A infinitely

many times. We say that A € EZ?+ is transient if hy = 0 and recurrent if hy = 1.

5.3. Definition. The state space (E, €) of the Markov chain (Y},) with transition func-
tion P and start in y € E is said to admit the Liouville property (LP) if H*(E) contains
only constant functions.

5.4. Theorem. The following statements are equivalent.

(i) (LP) holds.
(i) 7 is trivial [PY].
(iii) Each A € €®Z+ is either transient or recurrent.

The equivalence (i) <= (ii) follows from Proposition Proposition 5.2. The equivalence
(ii) <= (iii) has been proved in the book [41] by A. Revuz.

5.5. Now we are returning to the case of a random walk. As in Subsection 4.3 let (S,,)
be a random walk in a locally compact and 2" countable group G with defining measure
u € MY(G). The corresponding canonical process is

(GN,B(G)®N, P
where P¢ := v (u®V), with a mapping
v: GN =GN
given by
(X1, X2y Ty ) = (81 = X1, 82 = X1 X2y ..y Sy = L1 Ty .s)

for all (x1,72,...,2n,...) € GN.
The shift operator 6 takes the form

O(51,82y+-38ny-+-) = (82,83, .y Snplye--)

for all (s1,82,...,8n,...) € GY. J denotes the corresponding invariance o-algebra, Ap-
plying his 0-2-law [16] Yves Derriennic showed
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5.5.1. Theorem.
J=6[P9.
Since the random walk (S,,) is spatially homogeneous, its transition function P has the
form
P, B) = P (Sp41 € B | Sy = 2) = 2, % u(B)

for all (z, B) € G x B(G).

In this case the harmonic functions with respect to (Y;,) (or P) will be called p-
harmonic.

The sets of bounded or bounded continuous u-harmonic functions on G will be abbre-
viated by HZ(G) and H),(G) respectively.

We note that if p is spread out,

HY(G) C H)(G).

Clearly, f € HZ(G) if and only if it satisfies the mean value property

f(z) = /G f(ay) u(dy) (= P(x)) (MVP),

whenever x € G.
Within this setting Definition 5.3 reads as follows

5.5.2. Definition. The state space (G,B(G)) of the random walk (S,) with defining
measure y € M (Q) is said to admit the Liouville property (LP) or (LP°) provided
HY(G) or HY(G) contain only constant functions respectively.

The symmetry properties for random walks mentioned in subsection 4.3 lead to the
equality

h(p) = h(p™)

under the assumptions that G is unimodular and p << wg. From this equality follow
the one-to-one correspondences

b b
H),(G) «+ H)~(G)
and
0 0
H,(G) < H,~(G)
as well as those between the related Liouville properties (LP) and (LPY).

The following result is useful for the determination of Liouville properties depending
on G and p.

5.5.3. Theorem. The subsequent statements are equivalent for spread-out measures p €
MYG).
(i) (LP) holds,
(i) (LP°) holds,
(iil) 7 is trivial [P€],
(iv) & is trivial [P¢],
(v) hi) =0,

The equivalence (i) <= (ii) depends on the inclusion HZ(G) C H)(G). (i) <= (iii)
follows from Theorem 5.4, (i) <= (iv) has been quoted in Theorem 5.5.1, and (iv) <=
(v) is the contents of Theorem 4.2.

It should be noted that p-harmonic functions on a locally compact group G can be
introduced without reference to a random walk (.S,,), by the mean value property (MVP).
There is, however, the canonical construction of a random walk for a given measure p an
the transition function induced by p.



12 HERBERT HEYER

5.5.4. Remark. Necessary as well as sufficient conditions for the validity of (LP?) de-
pending on special choices of the measure p € M!(G) defining a random walk (S,,) in G
can be proved independently of the previous theorem (Y. Derriennic [17]).

(1) Suppose that u is adapted. Then the fact that J is trivial [P¢] implies (LPP).
(2) If u is spread-out, then (LPY) implies that J is trivial [P¢].

5.5.5. Remark. In confirming the validity of (LP) and (LPY) for a random walk (S,,)
in a locally compact second countable group G and its defining measure u = ¢ - wg
with ¢ € LY(G,wg) the following representation of the asymptotic entropy of (S,) is
successfully applied.

Suppose that for all n > 1

HWW:wa=jA%@wa@m@@<w~
Then

h(w) = lim (H(g™) — H(gn-1)) = ~H(gn) .

n—00 n

5.5.6. Selected results on the Liouville property. of a random walk in G with defining
measure p € M(Q).
Classifying groups G with.

h(p) =0 (%)

for some u € M*(G). R. Azencott ([6]), V. A. Kaimanovich ([35]) and A. M. Vershik
(B7)).

There exists an adapted p with (x) if and only if G is amenable. See V. A. Kaimano-
vich ([36]), J. Rosenblatt ([42]).
Classes of groups satisfying (LP).

(1) G. Choquet and J. Deny ([10])
If G is Abelian, then (LP) holds if and only if p is adapted.

(2) Y. Kawada and K. Tto ([38]), E. B. Dynkin and M. B. Maljutov ([20])
If G is compact or nilpotent and p adapted and p << wg, then (LP), hence
(LP°) holds.

(3) A. Raugi ([40]), B. E. Johnson ([34])
If G is nilpotent of degree > 2 and u adapted (not necessarily spread out), then
(LPY) holds.

(4) S. Glasner ([27]), C.-H. Chu and A. T-M. Lau ([13])
If G is a central group, u € M*(G) adapted, then (LPY) holds.

Exhibiting measures p € M!(G) satisfying (*).

(1) A. Avez ([4],]5]), see also ([3])
Let G be non-exponential, u = ¢ - wg with bounded ¢ having compact support.
Then (%), hence (LP) holds.

(2) Y. Guivarc’h ([29],[28])
Let G be amenable, connected Lie and p € M'(G) be centered of the form
U= - wg, where ¢ is continuous with compact support. Then (%) hence (LP)
holds.

(3) C.-H. Chu and C.-W. Leung ([15])
If G is an almost connected [IN] group and g is adapted, then (LP) holds.
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5.6. Remark. In view of the discussion of the non-Liouville behavior of random walks
in G which will follow in the next sections we comment briefly on two groups for which
only a very special choice of u € M!(G) yields the condition ().

Let So, denote the group of permutations of finite order of a countably infinite set.
There exists a symmetric u € M?!(S,,) satisfying 0 < H(u) < co. Since every element
of S is of finite order, for each u € M'(Soo) of finite support one has h(u) = 0. On
the other hand the group Fo(Z*) := Fo(Z*,Z/7?) of finite configurations of Z3 admits a
measure pu € M*(Fo(Z3)) with h(u) = 0, while for a general adapted u of finite support
h(p) > 0.

The groups Fo(Z*) for k > 1 are solvable of degree 2 and of exponential growth (not
nilpotent). A general result due to V. A. Kaimanovich and A. M. Vershik ([37]) exhibits
a necessary and sufficient condition for some specified measure pu on Fo(Z*) such that
(LP) holds.

More precisely, this condition says that the component random walk on ZF of the
random walk defined by p on Fo(ZF) viewed as a semidirect product is recurrent. This
property in turn can be verified for symmetric g in the cases k = 1 and k = 2. For
detailed arguments see also Y. Derriennic ([17]).

6. THE POISSON BOUNDARY

We start with a few technical preparations. A topological space M is called a (topo-
logical) G-space if there is a locally compact group G acting on M in the sense that

(z,m) — zm
from G x M in to M is continuous and satisfies the conditions em = m and

(zy)m = z(ym)
whenever z,y € G and = € M.

At a later stage of our exposition we shall also consider (measurable) G-spaces M
furnished with a o-algebra 9t and an 9t-measurable action of (a locally compact) group
G.

Special G-spaces are the homogeneous spaces M of the form G/H, where H is a closed
subgroup of G. In this case G acts transitively on M.

Further special G-spaces are the symmetric spaces of a semisimple Lie group G which
have the form M = G/K, where K is a maximal compact subgroup of G. For some
spaces G acts on M by isometries, i.e., G/K is a metric space, and G preserves the
metric. Examples of G-spaces, in particular of (Riemannian) symmetric spaces are the
spaces arising from groups SL(r,R) with r > 2.

On measurable G-spaces a convolution of measures y € M'(G) and v € M(G) can
be introduced as a measure p € M!(M) by

[ oy ptam) = [ ( | sem) u<dm>) ()

for all f € M(M, ).
Let M and M’ be two G-spaces. A mapping ®: M — M’ is called equivariant if

O(zm) = 2 P(m)
for all z € G, m € M. For measures y € M'(G) and v € M'(M) one has
P(u*xv)=pu*xd(v).
Given a measure 1 € M!(G) we have the notion of a u-invariant measure v € M*(M)

given by
PxV=U.
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p-invariant measures will be of importance in connection with p-boundaries of groups G.

As in the previous section we are considering a random walk (.S,,) in a second countable
locally compact group G with defining measure y € M*(G) and start in e. (S,) is
canonically realized on the probability space

(Q,2,P%) := (GN,B(G)*N, P°),

where P¢ denotes the law of (.Sy,).
Since G acts on GV, a convolution p * o of measures p € M'(G) and 0 € M(GY) is
defined as a measure in M*!(GN).
Clearly,
OP° = p x P°,
where 0 denotes the shift operator on Q := G™.
Now one can compute for each n > 1 the mutual information

m%&mz/(@%%iﬁﬂwwﬂmmm)mm

G

d(eg * P°)
= log 2=~/
/G</Q & dope

In fact, the computation relies on the joint probabilities

W@G&@m€&m=/@wwﬂhmmm)
By

(w) (g4 * Pe)(dw)> wu(dz)

o({Sn: n>1})

= /B (€2 *P) (Sp € Bpg1) p(da),

B, € B(G), n > 2 and applies favorably to a measure-theoretic result on the Markov
kernel

(x,-) ey xPE(4)
from G to €.

6.1. Lemma Y. Derriennic [17]. Let (E, €, v) be a probability space and N a Markov
kernel from (E, €) to a separable measurable space (F,§). Putting
v :=Nv
and
p=vN,
we have p << v ® v/ if and only if for v ® V/-a.a. © € E, N(x,-) << ¢/, hence
dp dN(z,-)
d(l/@l/') (xay) - dl// (y)
for v@v -aa. (z,y) € E X F.

Moreover,
Hip|ve ) <o

L(ﬁbgwﬁ7”wNwwmm)wm>

exists, and in this case both terms coincide.

if and only if

In a next step we replace the separable measurable space (£2,0({S,: n > 1})) by
the measurable space (€2,J) not ignoring that in general this space is not separable.
Fortunately, however, there exists a separable subspace (,J’) with J" = J[P¢].

Now

h(p) = 1(8,3) = I(S,3")
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can be computed with the help of the joint probabilities

P ((S1 € B1)NJ) =/ gx x PO(J) p(dz),

B
B; € B(G), J € J, together with another application of the lemma.
We arrive at the

6.2. Theorem.

h(u)=/G</QlogW3,

If, in addition, J’ is stable with respect to the action of G, then

h(u):/G</Qlogw

For a motivation of the integral term see [23] by H. Furstenberg.

(w) (g4 * Pe)(dw)> u(dz) .

(w) ]P’e(dw)> p(d).

3

Meanwhile we are on the way to discuss the anti-Liouville property, i.e., the case that
h(p) > 0 or that the space Hz(G) is trivial in the sense that it contains non-constant
functions.

Here the notion of a Poisson boundary will be essential. We are going to present
two approaches to the boundary theory for random walks in G with defining measure

ue MYHG).

6.3. Furstenberg’s approach to the topological Poisson boundary. Let M be
a topological G-space and v € M'(M) a p-invariant measure. For any function ¢ €
M®(M,B(M)) the mapping

x> f(x):= /Mgp(ozz) v(dz) = /Mcp(z)ez *x v(dz)

from G into R belongs to HY(G).
For a converse of this statement one has the profound

6.3.1. Theorem - H. Furstenberg [26]. Let p € M'(G). There exist a G-space (B, B(G))
and a p-invariant measure v € M'(M) such that every function f € H5,(G) admits a
Poisson representation of the form

fa) = /Mso<z>ez «u(dz)  (PR)

for all x € G, where p € M?(B,B(G)) is suitably chosen.

The G-space (B, B(Q)) is said to be the Poisson space P(G, 1) corresponding to the
pair (G,p) (or just of G). We also apply the notation (B,v) for P(G,u) in order to
specify the underlying p-invariant measure v.

In fact, (B,v) is a u-boundary and hence called the Poisson boundary of G as we shall
see below.

Starting with a random walk (S,,) in G with defining measure yp € M!(G) it can
be shown that given a G-space (M,B(M)) and a p-invariant measure v € M*(M) the
sequence

(€Sn (w) * V) n>1

Tw-converges for Pé-a.a. w € Q = GN.
If there exists an m € M such that

5Sn(w) XV — Em (Tw)

for P¢-a.a. w € Q, as n — oo, then (M, v) is called a p-boundary of G.
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6.3.2. Theorem. Every p-boundary (M, v) is an equivariant image of the Poisson bound-
ary P(G, ).
In other words, if
P(G. 1) = (B,w)
for some p-invariant measure vy € M*(B), then there exists an equivariant measurable
mapping ®: B — M such that
D(vg) =v.

6.3.3. Special case. Let G be a semi-simple Lie group (with finite center) and u €
M(G) with p << wg. H. Furstenberg showed in [24] that the Poisson boundary

(B7V) :P(Gvu)

of G is a compact homogeneous (G-)space.
In fact, (B, v) is necessarily one of finitely many covering spaces of the homogeneous
space B(G) arising from the Iwasawa decomposition G = K AN of G, namely

B(G)=G/T,

where T' is the normalizer in G of AN.
Since KT = G, K acts transitively on B(G). Suppose that u is spherical in the sense
that it is right and left K-invariant, then

P(G,p) = (B(G),ws),

where wp denotes the unique K-invariant measure in M*!(B(Q)).

From Theorem 6.3.1 follows that all spherical measures in M!(G) lead to the same
class HZ(G) Thus the gy-harmonic functions on G are independent of u, but still depend
on the choice of the maximal compact subgroup K of G.

6.4. Derriennic’s approach to the measurable Poisson boundary. It gives some
insight into the construction of the Poisson boundary P(G,u) which is the content of
Theorem 6.3.1.

Let (M,9) be a (measurable) G-space with a o-algebra 9t having a countable basis,
and let v € M!(M) be p-invariant.

For any f € M®(M,9) we define the function g = Rf € HZ(G) by

g(x) = /Mf(xz) v(dz) = /Mf(z) €z * v(dz)

for all x € G. Compare with the Poisson representation (PR) in Section 6.3.

The operator R: M?(M,9) — HY(G) is a linear contraction with respect to the
sup-norm.

R is said to be injective if Rf = 0 if and only if f =0 [e, * v] for each z € G.

In H’,(G) one introduces a multiplication

(9.9)—~g904d
by

g(zy)g (zy) p"(dy) = / lim g(xS,)g (zS,)dP*

Qn—>oo

gO g = lim
n—oo G
for all g,¢' € HY(G), z € G.
With this multiplication HZ(G) becomes an algebra isomorphic to the algebra of in-
variant G-valued random variables on (GY, B(G)®N, P¢) considered modulo &, * P® for
all z € G.
Now, (M,v) is called a p-boundary if R is injective and multiplicative with respect to
the multiplication ®, and a Poisson boundary provided R is surjective.
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This definition appears to be consistent with that given in Section 6.3.
From Theorem 6.2 one obtains the following useful application.

6.4.1. Theorem - Y. Derriennic [17]. For a p-boundary (M, v) of G one has the inequal-

ity
) = = [ ([ 1o M ) 0a9)) e

and equality between the two terms if and only if (M, v) is the Poisson boundary P(G, p)
of G provided h(p) < co.

Referring to Theorem 5.5.3 we can rephrase equivalence (i) <= (v) by saying that
h(p) = 0 if and only if P(G, p) is trivial in the sense that HY,(G) consists only of constant
functions, i.e., (LP) holds.

7. EXAMPLES OF POISSON BOUNDARIES

Most of the following examples will uncover nontrivial Poisson spaces. It should be
noted that the description of nontrivial Poisson spaces can be quite involved (see f.e.
A. Erschler’s work [22]).

7.1. For the groups G listed in subsection 5.5.6 the Poisson boundary P(G, u) is trivial
at least for adapted and spread-out measures u € M (G). (See Theorem 5.5.3 together
with the note at the end of the previous section.)

7.2. Let G be the affine group Af f(Z(3)) of the dyadic rational line, i.e.,

a b no, ko
G.{(O 1).@2,b21W1thk,l,n€Z}

generated by the matrices

o= ((2) (1)) and [ := <(1) })

together with the relation
Bla=af.
G is solvable of length 2 and has exponential growth.

7.2.1. Choosing u € M(G) with

and
p(B) = (5™ = g4

where p,q > 0, p+ ¢ = 1, one obtains h(p) = 0, which implies that P(G, p) is trivial.
7.2.2. If one takes

p(a) :=p and p(B) :=q
with p,q > 0, p+ ¢ = 1, then h(u) > 0, i.e., P(G, ) is nontrivial.
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7.3. The connected real affine group G = Af f(R) presents a behavior contrasting that
of example 7.2.

G- {(8 i’) —: (a(g),b(g)) = (a,b): a > 0,b € R}

is solvable, of exponential growth, and non-unimodular. Clearly,

for all g = (a(g),b(g)) € G, and
1
dwg(a,b) = Edadb.

Let 4 € M(G) be a measure with bounded wg-density and compact support.
We first note that any function in Hj(G) is constant, i.e., (LP?) holds provided

/ loga(g) wa(dg) = 0.
G
Moreover,
) = 1) = [ 102 A(g) ()
and

) =max (0.~ [ togala) i)

Thus there exists a non constant function in H?L (G), provided

/loga(g) p(dg) <0, (%)
G

hence P(G, ) is nontrivial.
We also know that under the condition (*) there exists a unique p-invariant measure
v € M'(R) such that

/R</G‘p(gx) “(dg)> v(dz) = /]R o) v(dz)

for all bounded continuous functions ¢ on R. Given any such function ¢ on R, the
mapping

9 fl0) = [plam)utan) ()
belongs to HY,(G). Conversely, if (*) is fulfilled, then any f € HZ (G) is of the form (**)
for some ¢ € M*(R,B(R)) (and the unique p-invariant measure v € M*(R)). In other

words P(G, ) = (R,v). This statement, due to L. Elie in [21], can be deduced from
Theorem 6.4.1 as indicated in [18] by Y. Derriennic. In fact, it suffices to show that

) = [ (froe 5 @) vtao)) ),

which appears to be identical with

- / loga(g) pu(dg) -
G

For the last computation one applies that u << wg implies v = ¢ - X for ¢ € L1(R, \),
where A denotes the Lebesgue measure of R. Then

Ay =v) ) _ 1 v (")
dv alg) ()
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forall g € G, z € R.

7.4. For the free group G := Fs of two generators a,b and the measure

1
W= 1(% tep+ear+ep1) € M(Fy)

one can compute
1
h(p) = 3 log3.

In order to describe the Poisson boundary of G one chooses M to be the space of
reduced infinite words a,b,a=1,b71 and v € M!(M) to be the law of the Markov chain
with 4 states whose transition probabilities are given by the following diagram

a b at bt
alz 3 0 3
RN I
LI
bt 0 5 3

its initial distribution being the uniform distribution charging each state with i. Then

d(eq *v) (m) = {3 for m € {mg=aor bor b=1},

dv : forme{mo=a""}
implies

d(eq 1
/Mlog %(m) v(dm) = Zlog?) —1 log 3,

d(gz-1 *v) 1
/G(/Mdl/(m) I/(dm)) u(dz) = 3 log3.
Theorem 6.4.1 implies that P(G, p) = (M, v).

The first proof of this fact is due to E .B. Dynkin and M. B. Maljutov [20].

hence

7.5. Let G := SL(d,R) with a decomposition KS, where K denotes the subgroup of
G consisting of orthogonal (d x d)-matrices and S the subgroup of upper triangular
(d x d)-matrices with negative terms along the diagonal. K N S is nontrivial, though
finite.

As in subsection 6.3.3 we assume p € M1 (G) to be a spherical measure with 1 << wg-.
Let B := G/S. Since K acts transitively on the G-space B, there exists a unique K-
invariant measure wp which is the unique p-invariant measure in M*(B).

It turns out that (B,wp) is the Poisson boundary P(G, u) of G.

7.5.1. Now let d = 2. Since B can be identified with the projective space P!, (P!,wp)
is also a p-boundary of G (for spherical u).

In order to study harmonic functions on G it is useful to consider the symmetric space
G/K. G acts on G/K by isometries, i.e., G/K is a metric space and G preserves this
metric.

It is known that G/K can be identified with the open unit disk

D:={z€eC: |z| < 1}.
Further identifications are
G/S~0D:={2€C:|z|=1} ~ B~P".

We turn to the (u-)harmonic functions f on G that depend only on the cosets of K.
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Forallz€e Gand ke K
flak) = /G f(aky) p(dy) = /G F(az) ep % u(dz) = /G f(a2) u(dz) = f(x).

since y is spherical and e * 4 = p. To f there is associated a function f on G/K,
which is also called harmonic and where the Poisson representation (PR) in the sense of
Theorem 6.3.1 is given by

Fla(@)( = F(zk) /f (26) wis(d€) = /f

Em * W
B) (¢) wp(dE)
with some bounded function f on B and
d(e; xwp)

(&) = P(z(a),§)

for all x € G, £ € B, where P(z,£) denotes the classical Poisson kernel of the harmonic
function f on D. The formula

de

/f (2,6) wp(de)

valid for all z € D, implies that the harmonic functions on the group SL(2,R) coincide
with those on the disk D.

7.5.2. Remark. In analogy to SL(2,R) H. Furstenberg discusses in [25] the case SL(3,R).
Moreover, he identifies the Poisson boundary of discrete subgroups of SL(d,R) for arbi-
trary d > 2.

8. EXTENSION TO HYPERGROUPS

Hypergroups are locally compact spaces K on which the bounded measures convolve
as in the case of a locally compact group. More precisely, on K there exists a convolution
* such that (MP(K),*) becomes a Banach algebra with the following properties

HG1 The mapping
(b v) = pxv
from M(K) x M*(K) into M®(K) is 7,-continuous.
HG2 For z,y € K the convolution e, &, belongs to M!(K) and has compact support.
HG3 There exists a unit element e € K with

e ¥Eg = Eg % E¢ = €

for all x € K, and an involution

=

such that

Ep- ¥ Ey— = (€ ¥ €y)~
with the additional property

e € supp(eg * &y) if and only if . =y~
whenever z,y € K.
HG4 The mapping
(,y) > supp(es * &)

from K x K into the space of compact subsets of K furnished with the Michael
topology is continuous.
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A hypergroup K(= (K, x)) is said to be commutative if
WV =V %[

for all u,v € M®(K). In this case (M°(K),*, —) is a commutative Banach *-algebra.

Clearly, locally compact groups are hypergroups. By 7,-continuous linear extension
the convolution * of a hypergroup K is uniquely determined by the convolution of Dirac
measures. More precisely, given p,v € M(K),

werts) = [ ([ s utan) ) viay).

flzxy) ::sm*sy(f):/cfd(sx*ey)

whenever f belongs to the space Co(K) of continuous functions f on K vanishing at
infinity.

There are various constructions of hypergroup structures, f.e., on K = Z, (via poly-
nomials) and on K = R, (via special functions), but also extension procedures to obtain
new hypergroups from known ones.

For detailed knowledge on hypergroups the reader is referred to the book [9] by
W. R. Bloom and H. Heyer. In the seminal monograph [8] by Yu. M. Berezansky and
A. A. Kalyuzhnyi harmonic analysis has been developed in a slightly different axiomatic
setting.

To recall a few basic notions and some useful notation seems to be in order.

A subhypergroup of a hypergroup K is a subset H of K satisfying the condition
H~ = H and H x H C H, where for arbitrary sets A, B in K

AxB:= U{supp(sa*ab): a€Abe B}.

where

A subhypergroup H of K is said to be supernormal if
{z}«Hx{z"}CH

for each = € K.
The class of supernormal hypergroups of K contains that of normal subhypergroups
H given by
{z}* H=H *{z}
for each = € K.
If H is a compact normal or a supernormal subhypergroup of K, the right coset space

K/H :={H «{z}: z € K}
carries a hypergroup structure given by
EHx{z} * EHx{y} ‘= / Emafr) (Ex % ey) dt
K
for z,y € H. The center of a hypergroup K is the subhypergroup

Z(K):={teK:e xe, =gy ey forallx € K},

for which Z(K)~ = Z(K) holds.
A rather deep result in the analysis of hypergroups is the existence of a unique (right
invariant) Haar measure on an arbitrary hypergroup K. This nonvanishing Haar measure

wg € M4 (K) is defined by
/fd(wK*Ea):/fdwK
K K

for all f € C°(K).
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The proof of the existence of wg due to Yu. A. Chapovsky (2012) is still unpublished
but unquestioned.
Given a compact subhypergroup H of K the double coset hypergroup

K//H:={Hx«{a}«H: 2z € K}

carries the convolution
EHx{x}+«H * EHx{y}xH ‘= / EHx{z}+H (57; *WH *ey)(dt)
H

and the involution
(Hx{z}xH)" :=Hx{a"}xH
defined for all z,y € K.
In a recent paper [2] M. Amini and C.-H. Chu introduced a new class of hypergroups

in analogy to the group case.
A hypergroup is called nilpotent (of class r) if there exists a finite descending series

K:K()DKlD"'DKr—IZ{e}

of supernormal subhypergroups Kj,..., K,y such that K;_1/K; C Z(K/K;) for i =
1,...,r and there is no such series of length < r. Note that K, 1 C Z(K) and K;_1/K;
is a group for i < r.

In the case of a locally compact group G and a compact subgroup H of G the double
coset hypergroup G//H is commutative if and only if (G, H) is a Gelfand pair. If (G, H)
is not necessarily a Gelfand pair, then G//H is a nilpotent hypergroup provided G is a
nilpotent group.

Now we are prepared for the discussion of Liouville properties for a given hypergroup
K and a measure u € M*(K).

Given a measure y € M?(K) and (Borel) function f € M(K,B(K)) one introduces
the convolution f x p by

[xp(z) = /C;f(x*y’)u(dy)

for all x € K.
A bounded continuous function f on K is said to be right uniformly continuous if the

mapping
Yy fx Ey-
on G is continuous.

The space of all (bounded) right uniformly continuous functions on K will be abbre-
viated by C™(K).

8.1. Definition. Let K be a hypergroup and u € M!(K). A function f € M(K,B(K))
is called p-harmonic if
f=rf*n.

We agree on the symbols H¢,(K), HY¢(K) and HY*(K) for the spaces of continuous,
bounded continuous and bounded right uniformly continuous functions on K respec-
tively. Similarly we abbreviate the Liouville property that u-harmonic functions on K
are constant, by (LP¢), (LP"¢) and (LPP") respectively.

A measure p € MY(K) is called nondegenerate if the subset

C c

S(u) == | | (supp()™ | = [ | supp(p™)

n>1 n>1
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coincides with K, and adapted if the subhypergroup

c

K(p) := | |J (supp(p) U supp(p) )"
n>1

generated by supp(u) equals K.
As in the group case one can show that if a hypergroup K admits an adapted pu €
MP(K), then K is o-compact, hence metrizable.

8.2. Theorem. Let K be a commutative hypergroup and p an adapted measure in
MY(K).

Then (LPP") holds.

The proof of the theorem runs in analogy to the Choquet-Deny theorem in [10] and

its extension in [12] by C.-H. Chu and T. Hilberdink, where the authors make use of the
periodicity of a function f € HZ“(K ) in the form

f@) = f(zxx)

for each z € K and 2z € Z(K)NS(u)~. Based on the commutative case one can proceed
to the more general case.

8.3. Theorem. Let K be a nilpotent hypergroup and p a nondegenerate measure in
MYK).
Then (LP®"), hence (LP"¢) holds.

The proof of the last statement relies on the method of regularization. In fact, given
f € HY¢(K) the function k™ x f for h € L' (K, wk) defined by

W fa) = /K (@ x y™) () wic(dy)
for all 2 € K belongs to HY*(K).

8.4. Theorem. Let K be a compact hypergroup and p € M!(K) adapted.
Then (LP€) holds.

This statement is an easy consequence of the Peter-Weyl Theorem for compact hy-
pergroups.

Compact hypergroups are contained in the larger class of central hypergroups intro-
duced by W. Hauenschild, E. Kaniuth and A. Kumar in [30].

Let G(K) be the mazimal subgroup

{r e K:ep*xe, =¢ce}
of a hypergroup K. Then K is called central if
K/(G(K)N Z(K)) is compact .

Central hypergroups are unimodular, where the notion of a modular function is under-

stood just as in the group case. If Z is a closed subgroup of G(K) N Z(K) such that

K/Z is compact, then K = CZ for some compact subset of K. Note that there exists

a non-compact, non-commutative central hypergroup. The relationship between central

hypergroups and central groups becomes apparent in the example of the double coset

K//H, where H is a compact subgroup of K. In this case K//H is a central hypergroup.
The following result is due to S. Glasner in [27]. See also M. Amini in [1].
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8.5. Theorem. Let K be a central hypergroup and p an adapted measure in M*(K).
Then (LPP%) holds.

The proof makes use of an intermediate fact:
Let P(K) denote the set of all continuous positive definite functions on K. For an
adapted p € M (K) any p-harmonic function in the linear hull of L!(K,wx) N P(K) is

constant.
REFERENCES

1. M. JAmini, Harmonic functions on [IN] and central hypergroups, Monatsh. Math. 169 (2013),
no. 3-4, 267-284.

2. M. Amini and C.H. Chu, Harmonic functions on hypergroups, J. Funct. Anal. 261 (2011), no. 7,
1835-1864.

3. A. Avez, Entropie des groupes de type fini, C. R. Acad. Sci. Paris Sér. A-B 275 (1972), A1363—
A1366.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. A. Avez, Croissance des groupes de type fini et fonctions harmoniques, Théorie ergodique (Actes

Journées Ergodiques, Rennes, 1973/1974), Lecture Notes in Math., vol. 532, Springer, Berlin,
1976, pp. 35—49.

. A. Avez, Harmonic functions on groups, Differential geometry and relativity. Mathematical

Phys. and Appl. Math., Vol. 3, Reidel, Dordrecht, 1976, pp. 27-32.

. R. Azencott, Espaces de Poisson des groupes localement compacts, Lecture Notes in Mathe-

matics, Vol. 148, Springer-Verlag, Berlin-New York, 1970.

. M. Babillot, An introduction to Poisson boundaries of Lie groups, Probability measures on

groups: recent directions and trends, Tata Inst. Fund. Res., Mumbali, 2006, pp. 1-90.

. Y.M. Berezansky and A.A. Kalyuzhnyi, Harmonic analysis in hypercomplezx systems, Mathe-

matics and its Applications, vol. 434, Kluwer Academic Publishers, Dordrecht, 1998.

. W.R. Bloom and H. Heyer, Harmonic analysis of probability measures on hypergroups, de

Gruyter Studies in Mathematics, vol. 20, Walter de Gruyter & Co., Berlin, 1995.

G. Choquet and J. Deny, Sur l’équation de convolution u = p * o, C. R. Acad. Sci. Paris 250
(1960), 799-801.

C.H. Chu, Harmonic function spaces on groups, J. London Math. Soc. (2) 70 (2004), no. 1,
182-198.

C.H. Chu and T. Hilberdink, The convolution equation of Choquet and Deny on nilpotent
groups, Integral Equations Operator Theory 26 (1996), no. 1, 1-13.

C.H. Chu and A.T.M. Lau, Harmonic functions on groups and Fourier algebras, Lecture Notes
in Mathematics, vol. 1782, Springer-Verlag, Berlin, 2002.

C.H. Chu and A.T.M. Lau, Harmonic functions on topological groups and symmetric spaces,
Math. Z. 268 (2011), no. 3-4, 649-673.

C.H. Chu and C.W. Leung, Harmonic functions on homogeneous spaces, Monatsh. Math. 128
(1999), no. 3, 227-235.

Y. Derriennic, Lois “zéro ou deuz” pour les processus de Markov. Applications aux marches
aléatoires, Ann. Inst. H. Poincaré Sect. B (N.S.) 12 (1976), no. 2, 111-129.

Y. Derriennic, Entropie, théorémes limite et marches aléatoires, Probability measures on
groups, VIII (Oberwolfach, 1985), Lecture Notes in Math., vol. 1210, Springer, Berlin, 1986,
pp. 241-284.

Y. Derriennic, Entropy and boundary for random walks on locally compact groups—the exam-
ple of the affine group, Transactions of the Tenth Prague Conference on Information Theory,
Statistical Decision Functions, Random Processes, Vol. A (Prague, 1986), Reidel, Dordrecht,
1988, pp. 269-275.

Y. Derriennic and M. Lin, Sur la tribu asymptotique des marches aléatoires sur les groupes,
Séminaires de probabilités Rennes 1983, Publ. Sém. Math., Univ. Rennes I, Rennes, 1983, p. 8.
E.B. Dynkin and M.B. Maljutov, Random walk on groups with a finite number of generators,
Dokl. Akad. Nauk SSSR 137 (1961), 1042-1045.

L. Elie7 Fonctions harmoniques positives sur le groupe affine, Probability measures on groups,
Lecture Notes in Math., vol. 706, Springer, Berlin, 1979, pp. 96-110.

A. Erschler, Liouville property for groups and manifolds, Invent. Math. 155 (2004), no. 1,
55-80.

H. Furstenberg, Noncommuting random products, Trans. Amer. Math. Soc. 108 (1963), 377—
428.



24

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

THE LIOUVILLE PROPERTY FOR HARMONIC FUNCTIONS ON GROUPS ... 25

H. Furstenberg, A Poisson formula for semi-simple Lie groups, Ann. of Math. (2) 77 (1963),
335-386.

H. Furstenberg, Random walks and discrete subgroups of Lie groups, Advances in Probability
and Related Topics, Vol. 1, Dekker, New York, 1971, pp. 1-63.

H. Furstenberg, Boundary theory and stochastic processes on homogeneous spaces, Harmonic
analysis on homogeneous spaces (Proc. Sympos. Pure Math., Vol. XXVI, Williams Coll.,
Williamstown, Mass., 1972), Amer. Math. Soc., Providence, R.I., 1973, pp. 193-229.

S. Glasner, Proximal flows, Lecture Notes in Mathematics, Vol. 517, Springer-Verlag, Berlin-
New York, 1976.

Y. Guivarc’h, Sur la loi des grands nombres et le rayon spectral d’une marche aléatoire, Con-
ference on Random Walks (Kleebach, 1979) (French), Astérisque, vol. 74, Soc. Math. France,
Paris, 1980, pp. 47-98, 3.

Y. Guivarc’h, Croissance polynomiale et périodes des fonctions harmoniques, Bull. Soc. Math.
France 101 (1973), 333-379.

W. Hauenschild, E. Kaniuth, and A. Kumar, Harmonic analysis on central hypergroups and
induced representations, Pacific J. Math. 110 (1984), no. 1, 83-112.

H. Heyer, Potentialtheorie auf lie-gruppen, (1967).

H. Heyer, Information functionals with applications to random walk and statistics, J. Stat.
Theory Pract. 9 (2015), no. 4, 896-933.

W. Jaworski, On the asymptotic and invariant o-algebras of random walks on locally compact
groups, Probab. Theory Related Fields 101 (1995), no. 2, 147-171.

B.E. Johnson, Harmonic functions on nilpotent groups, Integral Equations Operator Theory
40 (2001), no. 4, 454-464.

V.A. Kaimanovich, Differenti al entropy of the boundary of a random walk on a group, Uspekhi
Mat. Nauk 38 (1983), no. 5(233), 187-188.

V.A. Kaimanovich, Amenability and the Liouville property, Israel J. Math. 149 (2005), 45-85,
Probability in mathematics.

V.A. Kaimanovich and A.M. Vershik, Random walks on discrete groups: boundary and entropy,
Ann. Probab. 11 (1983), no. 3, 457-490.

Y. Kawada and K. Itd, On the probability distribution on a compact group. I, Proc. Phys.-Math.
Soc. Japan (3) 22 (1940), 977-998.

M.S. Pinsker, Information and information stability of random wvariables and processes,
Translated and edited by Amiel Feinstein, Holden-Day, Inc., San Francisco, Calif.-London-
Amsterdam, 1964.

A. Raugi, Fonctions harmoniques positives sur certains groupes de Lie résolubles connezxes,
Bull. Soc. Math. France 124 (1996), no. 4, 649-684.

D. Revuz, Markov chains, North-Holland Publishing Co., Amsterdam-Oxford; American Else-
vier Publishing Co., Inc., New York, 1975, North-Holland Mathematical Library, Vol. 11.

J. Rosenblatt, Ergodic and mizing random walks on locally compact groups, Math. Ann. 257
(1981), no. 1, 31-42.

W. Rudin, Real and complex analysis, McGraw-Hill Book Co., New York-Diisseldorf-
Johannesburg, 1974.

MATHEMATISCHES INSTITUT, UNIVERSITAT TUBINGEN, AUF DER MORGENSTELLE 10, D-72076 TUBIN-
GEN, GERMANY
E-mail address: herbert.heyer@uni-tuebingen.de

Received 04/10/2016; Revised 19/12/2016



