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ABSTRACT. A countable discrete group G is said to be Choquet-
Deny if it has a trivial Poisson boundary for every generating prob-
ability measure. We show that a finitely generated group G is
Choquet-Deny if and only if it is virtually nilpotent. For general
countable discrete groups, we show that G is Choquet-Deny if and
only if none of its quotients have the infinite conjugacy class prop-
erty. Moreover, when G is not Choquet-Deny, then there exists a
symmetric, finite entropy generating measure that has a non trivial
Poisson boundary.

1. INTRODUCTION

Let G be a countable discrete group. A probability measure p on
G is generating if its support generates G as a semigroup. A function
f: G — Riis p-harmonic if f(k) = > ., u(g)f(kg) for all k € G.
We say that the measured group (G, ) is Liouwville if all the bounded
p-harmonic functions are constant; this is equivalent to the triviality
of the Poisson boundary II(G, ) [15-17] (also called the Furstenberg-
Poisson boundary; for formal definitions see also, e.g., Furstenberg and
Glasner [14], Bader and Shalom [1], or a survey by Furman [13]).

When G is non-amenable, (G,u) is not Liouville for every gen-
erating p [17]. Conversely, when G is amenable, then there exists
some generating p such that (G, p) is Liouville, as has been shown by
Kaimanovich and Vershik [26] and Rosenblatt [29]. It is natural to ask
for which groups G it holds that (G, u) is Liouville for every generating
(. Such groups are known in the literature as Choquet-Deny groups
(see, e.g., [18-20]). A related term is that of a Liouville group (see,
e.g.,[4,10]), which usually is taken to mean that (G, i) is Liouville for
every finitely supported generating pu.

The classical Choquet-Deny Theorem (which was first proved for
Z% by Blackwell [3]) states that abelian groups are Choquet-Deny [5];
the same holds for virtually nilpotent groups [8]. There are many
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examples of amenable groups that are not Choquet-Deny: first exam-
ples of countable discrete groups' are due to Kaimanovich [24] and
Kaimanovich and Vershik [26], including locally finite groups; Erschler
shows that finitely generated solvable groups that are not virtually
nilpotent are not Choquet-Deny [10], and that even some groups of
intermediate growth are not Choquet-Deny [9]. Kaimanovich and Ver-
shik [26, p. 466] conjecture that “Given an exponential group G, there
exists a symmetric (nonfinitary, in general) measure with nontrivial
boundary.” See Bartholdi and Erschler [2] for additional related results
and further references and discussion.
Our main result is a characterization of the countable discrete Choquet-

Deny groups. Recall that G has the infinite conjugacy class property
(ICC) if each of its non-trivial elements has an infinite conjugacy class.

Theorem 1. A countable discrete group G is Choquet-Deny if and
only if it has no ICC quotients. Moreover, when G does have an ICC
quotient, then there exists a generating, symmetric, finite entropy prob-
ability measure p on G such that (G, ) is not Liouville. In particular,
if G is finitely generated, then it is Choquet-Deny if and only if it is
virtually nilpotent.

The case of a group with no ICC quotients is straightforward and has
been previously observed by Jaworski [21] and Jaworski and Raja [22].
We provide a proof for completeness, in §3. Our contribution is there-
fore in the proof of the other direction, which appears in §2.

The implication for finitely generated groups is a consequence of the
fact that in this class, virtually nilpotent groups are precisely those
with no ICC quotients (see [28, Theorem 2| and [7, Theorem 2], and a
self-contained proof in [11]). Since exponential groups are not virtually
nilpotent, Theorem 1 implies that the above mentioned conjecture of
Kaimanovich and Vershik [26] is correct.

A very recent result by three of the authors of this paper shows that
a group is strongly amenable if and only it has no ICC quotients [12].
This implies that a countable discrete GG is strongly amenable if and
only if (G, u) is Liouville for every generating p, paralleling the above
mentioned characterization of amenability as equivalent to the exis-
tence of such a p. While the proofs of these two similar results are
different, it is natural to ask whether there is some deeper connection
between strong amenability and the Choquet-Deny property.

The remainder of the paper consists of §2, in which we prove Propo-
sition 2.1, and §3 in which we prove Proposition 3.1. Each proposition

n the Lie group setting, an example of an amenable group that is not Choquet-
Deny was already known to Furstenberg [15].
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shows one of the directions of Theorem 1, with the former establishing
the theorem for groups with ICC quotients, and the latter for groups
with no ICC quotients. For the convenience of the reader, we informally
explain in §2.1 the main ideas behind the proof of Proposition 2.1.

Acknowledgments. We would like to thank Anna Erschler and Vadim
Kaimanovich for many useful comments on the first draft of this paper.

2. GrROUPS WITH ICC QUOTIENTS

In this section we prove the following proposition. Recall that a
probability measure p on G is symmetric if pu(g) = u(g™!) forall g € G.
Its Shannon entropy (or just entropy) is H(u) = —>_ q 1(g) log p(g).

Proposition 2.1. Let G be a countable discrete ICC group with an
ICC quotient. Then there exists a generating, symmetric, finite entropy
probability measure p on G such that I1(G, 1) is non-trivial.

The main technical effort in the proof of Proposition 2.1 is in the
proof of the following proposition.

Proposition 2.2. Let G be an amenable countable discrete ICC group.
There exists a fully supported, symmetric, finite entropy probability
measure . on G and an element of the group h € G, such that

(2.1) lim inf [|h™ — ™| > 0.
m—r0o0

Here p*™ is the m-fold convolution p * --- % pu. We will prove this
Proposition later, and now turn to the proof of Proposition 2.1.

Proof of Proposition 2.1. The case of non-amenable G is known, so as-
sume that GG is amenable and has an ICC quotient ). Applying Propo-
sition 2.2 to () yields a finite entropy, symmetric measure jz on () that
is fully supported, and satisfies (2.1) for some h € Q.

Since i has full support and satisfies (2.1), it follows from [25, The-
orem 2.1] that (@), ) has a non-trivial Poisson boundary. Let 1 be any
symmetric, finite entropy generating probability measure on G that
is projected to [i; the existence of such a p is straightforward. Then
(G, ) has a non-trivial Poisson boundary. O

Before we turn to the proof of Proposition 2.2, we would like to give
some of the intuition behind it.
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2.1. Ideas behind the proof of Proposition 2.2. In this section we
provide a simplified description of the main components of the construc-
tion in the proof of Proposition 2.2. Note that some of the statements
in this description are imprecise, but still give the correct intuition.
To build our measure p we fix in a probability measure p on the
natural numbers, construct inductively a sequence g1, go, . . . of elements
of G, and set u(g,) = p(n). With foresight, we choose p(n) ~ n=>/4,
which will guarantee some desirable properties, as we explain below.
For simplicity assume that G is finitely generated by {ay,...,ax}. To
construct our sequence gy, go, . . ., begin by setting g = ay, ..., gx = ag.
This guarantees that p is generating. To ensure that p*™ is distant from
hp*™ for some h and large m, we now explain how we choose h and

ki1, Jkio, - - - SO that, after removing a low probability set, we are left
with disjoint supports for p*™ and hu*™.
Assume that we already picked g1, ..., g,_1. Choose sq,...,s,, i.i.d.

from p, and assume that m is such that, with high probability, all the
s;’s are at most n. Then, a random choice from p*™ will be a product
Gs, -+ s, Of elements in {g1,...,¢g,}. Our choice of p guarantees that
with high probability, if g, appears in this product, then it appears
once. In §2.3 we show that p has the properties that we will require.

Assume first, that when picking m i.i.d. draws from p, there will be a
unique element which is g, and all the rest will be from {g1,..., 9,1}
Namely, two typical draws from p*™ are of the form gs, -+ gn - gs,,_,
and g4, - gn - Gt,, Where all the s;,t; <n.

For the supports of p*™ and hu*™ to be disjoint (after removing a
small probability set), we want to ensure that

hgs  Gn Gsmor F Gtr° " Gn " Gt
N—— N—— N—— N——

by bo c1 c2

which is equivalent to

hb1g,b2 7é C19nC2.

After moving elements around we need to have g 'c;  hbig, # caby .
Let C, = {91,97" ..., 9n, 97", ¢, h} and X = (C,_1)*"*!. Note that
cy'hby € X, and cpb; ' € X. We want g, to satisfy that g1 X g, N X =
(). This is impossible in general since the identity might belong to X.
However, using induction on n, we show that with high probability
c; 'hby # e, for an appropriate initial choice of h.

We call g, a switching element for X if g; (X \ {e})g,N X =0, and
prove in §2.2 that for any finite set X in an amenable ICC group, there
are infinitely many switching elements.
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The case that g, does not appear in both draws but only in one of
them requires additionally that g, is outside some finite set. Since we
know that there are infinitely many switching elements, this is always
possible. So we will always have a possible choice for g,.

To ensure that the measure p is symmetric, we in fact pick g, or
g, ' with equal probability. This imposes additional constraints on the
choice of g,. Most importantly, we will need to verify not only that
g, - (X\{e})g.NX = 0, but that all the four equations g=!(X\{e})g='N
X = () are satisfied. We call such elements g,, super-switching elements
for X. In §2.2 we prove that like regular switching elements, there are
infinitely many super-switching elements in any amenable ICC group.
Hence we will be able to find our g,, avoiding any finite set.

This completes the description of the basic idea behind our construc-
tion. In the formal proof we need to address some additional technical
challenges. One problem is that for non-finitely generated groups, there
is no guarantee that the sequence gy, go, . .. generates the whole group.
For that we enumerate all the elements in G by {a1, as, ...} and choose
a, instead of g, with very small probability.

Now we turn to the formal proof of these ideas.

2.2. Switching Elements. Here we introduce two notions: switching
elements and super-switching elements. We will use these notions in
the proof of Proposition 2.2.

Definition 2.3. Let G be a countable group and X be a finite sym-
metric subset of G.

e We call g € G a switching element for X if for all non-identity
z € X we have g7'zg ¢ X.

e We call g € G a super-switching element for X if for all non-
identity z € X we have g*lzg*! ¢ X. That is, if g“'wg"? & X
for all non-trivial z € X and wy,we € {—1,+1}.

Note that since X is symmetric, for g € G to be super-switching for
X, we just need to have that g and ¢! are switching for X, and that
grg ¢ X for all non-identity x € X.

Proposition 2.4. Let G be a countable discrete amenable ICC group
and let X be a finite symmetric subset of G. The set of super-switching
elements for X is infinite.
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Proof of Proposition 2.4. Fix an invariant finitely additive probability
measure d on G.> For A C G, we call d(A) the density of A. We will
need the fact that infinite index subgroups have zero density.

Let Cq(z) be the centralizer of a non-identity « € X. Then, since X
is finite, there is a finite set of cosets of Cx(z) that includes all g € G
such that ¢g7'zg € X. So, non-switching elements for X are in the
union of finitely many cosets of subgroups with infinite index, since G
is ICC. This means that the set of non-switching elements for X has
zero density, and so the set of switching elements for X has density
one, as does the set S of elements g € G such that both g and ¢g~! are
switching for X.

Let T be the set of all super-switching elements for X. Let A C G be
the set of involutions {g € G | g*> = e}. If d(A) > 0, then d(ANS) > 0.
On the other hand, for any g € AN S, since g is switching for X and
g ! = g, g is super-switching for X. Hence AN S C T. This shows
that if d(A) > 0, then d(T') > d(ANS) > 0, and so we are done.

So, we can assume that d(A) = 0. For any x € X \ {e} and y € X,
let S,y = {9 €S | grg =y}. Note that

T=5\ |J Sy

zeX\{e}
yeX

It is thus enough to be shown that each S, , has zero density. So assume
for the sake of contradiction that d(S,,) > 0. Fix g € S,,. We have
the following for all h € g71S, .
grg =y = ghxgh = (xg) = h(zg)h
= (zg)"'h"(zg) = h
= h=(g)"'h"!(zg)
= (zg) ' [(zg)"h " (xg)] " (xg)
= (zg)*h(zg)”
— h is in the centralizer of (zg)*.
So, the centralizer of (zg)? includes g—'S,,, which has a positive den-
sity. So, the centralizer of (zg)? has finite index. This implies that
(rg)? = e, since G is ICC, and so only the identity can have a finite

index centralizer. Hence zg € A for all g € S;,. So xS;, C A. Hence
Sz, also has zero density, which is a contradiction. U

2The argument in this proof can be reproduced using finitary Fglner sequence
arguments that do not use the axiom of choice.
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2.3. A Heavy-Tailed Probability Distribution on N. Here we
state and prove a lemma about the existence of a probability distribu-
tion on N such that infinite i.i.d. samples from this measure have certain
properties. We will use this distribution in the proof of Proposition 2.2.

Lemma 2.5. There exists a probability distribution p on N with finite
Shannon entropy and the following property: for any € > 0 there exist
constants K., N. € N such that for any natural number m > K. there
exists an E7* C N™ such that:
(1) p*™(E™) > 1 — &, where p*™ is the m-fold product measure
p X+ X p.
(2) For any s = (s1,...,58m) € E, the mazimum of {s1,...,Sk.}
is at most N..
(3) For any s = (s1,...,8m) € EM™ and for any K. < k < m, the

mazximum of {s1,..., sk} is at least k.
(4) For any s = (s1,...,8m) € ET and for any K. < k < m, the
mazximum of {s1,..., sk} appears in (sy,...,Sk) only once.

Proof. Let p be the following probability measure on N: p(n) = cn=%/4,

where 1/c = >°°° n=>/% Tt is straightforward to see that p has finite
entropy.

Let s = (s1,89,...) € N* have distribution p**°; i.e., s is chosen
i.i.d. p. Since each s; has distribution p, for each n € N we have:

(2.2)

[ee} oo [e’e}
Ps; > n] = Z p(m) =c Z m= > c/ 4 dx = den™V4,
For k > 1, let

max” :=max{sy,...,s}.
Let Ay, be the event that max® < k2. We have:
PlA] =P [s; <k*Vie{l,...,k}]
= (1-P[s; <k*])"
(1 — de(k?) /4

<
< 6—4ck1/2

Since the sum of these probabilities is finite, by Borel-Cantelli we get
that

P[Ag infinitely often] = 0.

This means that we have a random index ind/, which is almost surely
finite, and for A = {s | max® > k? Vk > ind.} we have P[A4] = 1.
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For k > 1, let
next? :==min{i > k | s; > max"}.

In other words, next” is the first index i > k for which s; is at least as
large as max®. Let By be the event that

ind,+k
S ind’ =max, ° .
nextlsndSJrlc S

This is the event that the first entry after ¢+ = ind, + & that is at least
as large as max}, is in fact equal to max. We would like to show that
By, only happens for finitely many k. To this end, let C}” be the event

that nextind,ﬁk =1 and maxisnd/ﬁk = j, and note that for any 7,7 € N

i ] ‘ ' Cj_5/4 1
P[Bi|C] = Plsi = jlsi 2 4] < 1 0m = 15
The equality follows from the independence of s; from sy, s9,...,s;_1,
and the inequality is a consequence of (2.2). By the definition of
ind), we have that C}” can only have positive probability if j > k2.
Therefore, and since the union U; ;C;” has measure one, we have that
P [Bi] < k72/4. So, again by Borel-Cantelli, we get

P [By, infinitely often] = 0.

This means that we have a random index ind’ which is almost surely
finite, and for B = {s | s,eqr > max? Vk > ind] + ind]} we have
P[B] =1.
Let ind, = max"%* ™% 4 1 Note that ind, is almost surely finite
and for £ > indg we can prove the following properties for s.
(1) Since k > max"** ™% > (ind’ +ind”)? > ind,, by the definition
of ind’,, we have that max® > k2.

s / : "
(2) We know that maxt > k% > maxi'"™% So we have indices

ind,+ind? __ . . . . o k
next,g =1 <1g < --- <y <y = nexty

such that ¢; € {1,...,k} for j = 1,2,...,1, 441 > k, and
ij = next? ™ for j =2,3,...,1+1.

Since each i; > ind, + ind}, by the definition of ind}, for
j=1,...,1 we get that s;, = max? = max/" " appears in
_— S;, appears in

s —

(51,...,54,,,-1) only once. In particular max
(s1,...,sk) only once.
Fix ¢ > 0. Since ind; is almost surely finite, there are constants K. €
N and N, € N such that the event E. = {ind, < K. and max®s < N_}
has probability at least 1 — e.
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Let m > K. be a natural number and EI" be the projection of E. to
the first m coordinates. We have:

(1) p™(EM") 2 P[E] 21—

(2) Any (s1,...,5m) € E has an extension s = (s1, S2,...) € E. C
N*. Since s € E., we have maxXs < N_, which means that the
maximum of {s,...,sg. } is at most ..

(3) Any (s1,...,Sm) € £ has an extension s = (sq, S2,...) € E. C

N>, Since s € E., we have K, > ind,. So for K, < k < m
we have k > indy. The first property we proved for s gives us
max® > k? > k, i.e., the maximum of {s,..., s} is at least k.
(4) Any (s1,...,Sm,) € E has an extension s = (sq, S2,...) € E. C
N>, Since s € E., we have K, > ind,. So for K. < k < m we
have k > inds. The second property we proved for s gives us

that the maximum of {si,...,s;} appears in (sq,...,s) only
once.
This completes the proof. 0

2.4. Proof of Proposition 2.2. Let G = {ay,a9,...}; € > 0; p €
P(N), K.,N. € N, and E C N™ be the probability measure, the
constants, and the events from Lemma 2.5. To simplify notation let
N = N, and K = K.. Choose ¢, go, ..., gy arbitrarily in G. For any
n < Nlet A, = {gn,9,",an,a,'} and B, = U<, A; U {e}. Choose
h € G such that h ¢ (By)?", which is a finite set.

Forn=N+1,N +2,... we will define g,, inductively and set A, =
{n, 971, an,a '}, B, = Ui, A; U {e}. For any n € N let C, = B, U
{h=1 h}. Note that A,, B,, and C, are finite and symmetric for any
n € N. Now we explain how we define gni1,9n12,.... Let n+1 > N,
and assume that gq,...,¢9, € G are defined. Let g,.1 € G be a super-
switching element for (C,,)?"*! which is not in (C,,)¥"*!. The existence
of such super-switching element is guaranteed by Proposition 2.4 and
the fact that (C,)?"™! is a finite symmetric subset of G and (C,, )% !
is finite.

For n € N, define a symmetric probability measure p, on A, with

1 11
Mn = €2 (55071 + 55(1;1) + (1 — &2 )(55‘(]” + 559;1).

Here 0, is the point mass on g € G. Finally, let

p=> p(n)n.
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Obviously p is symmetric and has full support. Since p has finite
entropy and each p, has support of size at most 4, it follows easily
that p has finite entropy.

We want to show that for u and h we have

lim inf || hp™™ — ™| > 0.
m—0o0

Fix m € N larger than K and N. For each n € N define f, :
{1,2,3,4} — A, by

fa(1) = an, fu(2) = ay", fu(3) = gn, fuld) =g,
Let
Q={(s,w) | se N" we{l,23,4}"}.
Let v : Q — [0, 1] be defined by

v(s,w) =p="(s) prs, (fs (1)) prsy (fso(w2)) - oo s, (fs, (Wim))-

Obviously v is a probability measure on €.
Define r : Q2 — G by

T(Sv w) = fs1 (wl)fsz (w2) s fsm (wm).

It is not difficult to see that r,v = p*, and so we need to show that
||hr.v — rv|| is bounded away from zero for large m.
Recall that E7* C N™ is the event given by Lemma 2.5. Fix s € E".
Define
?:3,1 = mm{j S {1,TTL} | S > N},

Z‘572 = mln{] > 2.571 | S; Z Sis,l}?

isi(s) = Min{j > dgy-1 | 85 > 8i ;. ) = max{si,...,Sm}.

So, is, is the index of the first entry of (sy, ..., s,,) which is larger than
N, is9 is the index of the next entry that is at least as large, etc. Note
that by the second property of E" in Lemma 2.5, we know that

K < 2.571 < i572 < -0 < Z‘s’l(s),
and by the fourth property,

N <8, <Sig, <0 <S8y,
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Let W2 = {w € {1,2,3,4}™ | Vk < I(s) w;,, = 3,4}. Note that for
0 = {s} x {1,2,3,4}™ C Q, we have

P =1 - P[-W2|Q7]
=1—-P [wis’l =1,2 orw;,, =12 ...; orw; ,, =12 )QS}

I(s)
>1-) Plw,, = 1,20
k=1

I(s)
=1—) 2 e
k=1

> 1—252_j:1—5.
j=1

The last inequality is because s;, , < s;,, <+ <'8;
Finally, let

s,l(s) "

Q. ={(s,w) €N |seE" we W},
and note that
v(Q)> (1—¢e)(l—¢)> 1—2e.
Claim 2.6. For any «, 5 € €., we have hr(a) # r(5).

We prove this claim after we finish the proof of the Proposition.

Let v4 be equal to v conditioned on €., and 5 be equal to v condi-
tioned on the complement of 2.. We have v = v(Q. )y + (1 —v(Q.))vs,
and by the above claim we know ||hr.vy — 4| = 2. So

=y =]

= ||v(Q)(hrivy — rovn) + (1 — v(Q)) (hrove — roas)||
> v(Q) ||hran — ran || — 2(1 — v(£2:))

>2(1—2¢) —2(2) =2 — &,

[hp™™ —

which is bounded away from zero for ¢ small enough and all m large
enough. This completes the proof of Proposition 2.2.

Proof of Claim 2.6. Let a = (s,w), = (t,v) € Q.. Hence max{K, N} <
m,s € E™ te€ E™ we W and v € W!. Assume that hr(a) = r(3).
So, we have

s (wi) - fop (W) = frr(01) - - fr, (0m).

Let K < ip < ip < -+ <y and K < j; < jo < -+ < Jyp) be
the indices we defined for s and t in the proof of Proposition 2.2. We
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remind the reader that the unique maximum of (sq,. .., s,,) is attained
at i), with a corresponding statement for (t1,...,t,) and jj). So we
have

b1 b2

N A\

h fs, (w1> e fsil(s)—l (wiz(s)—l) f5i1<s> (wiz(s)) f5i1<5>+1 (wiz(s)—f—l) o fom (wm>

= ftl (vl) T ft‘jlu)—l(fujl(t)_l) ftjl(t) (Ujl(t)) ftjl(t)+1 (Ujl(t)'i'l) e ftm (Um) :
Ny -~ J/ N

J/

c1 Cc2
Let p = s;,,, = max{si,...,sp} and ¢ = ¢, = max{ty,...,t,}. Since

w € W and v € W!, we know fo, (wiy,) = g, " and o (Vi) =

gy s 80

(23) hblg;)tlbg = clg;tlcg.

Since p = max{sy,...,Sn}, and since m > K, we know that m < p.

So bl,bQ S (Bp_l)p—l Q (Op_l)p—l. Slmllarly C1,Co € (Cq_1>q_1.
Consider the case that p > ¢. Then ¢y, ¢, 9;" € (Cg)? C (Cpoy)P™ 1.

Hence g*' = [by']h ™ ergF eaby '] by (2.3), and so

gp € (Cou)* @V h k=1 H(C,p_y) D C (C_y)BP=DH,

which is a contradiction with our choice of g,, since p > N. Similarly,
if p < q, we get a contradiction. So we can assume that p = q.
If p = g, then by (2.3) we have

hblg;tle = Clgpﬂcm

and ¢y, 2,b1,by € (Cp_1)P1. So, for z = cithb, € (C'p_l)Q(p’l)+1 we
have g*lagr! = caby ! € (Cpo1)* P C (Cpp)?P~DFL By the fact that
gp is a super-switching element for (Cp_1)2(p*1)+1, we get that x is the
identity.

So hby = ¢4, i.e.

hfs1 (wl) T ‘fs'il(s)*l (wiz(s)—l) = ft1 (Ul) T ftjl(t)71(vjz(t)—1)'

By the exact same argument, we can see this leads to a contradiction
unless

hf81(w1) e fsil(s)7171<wil(s)7171) = ftl(vl) e ftjl<t)71—1 (vjl(t)—1*1>'
And again, this leads to a contradiction unless
hfSl (w1> e fsil(s)_271<wil(s)—271> = ftl (Ul> e ftjl(t)_2—1 (sz(t)—2*1>‘

Note that if I(s) # [(t), at some point in this process we get that
either all the s;’s or all the ;s are at most N while the other string
has characters strictly greater than N. This leads to a contradiction
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similar to the case p # ¢, which we explained before. So, by continuing
this process, we get a contradiction unless

b’ el
h f81 (wl) T fsil—1<wi1*1) = ftl (Ul) T ftj1—1<vj1*1) .
(1) Recall that sq,...,s;, -1 < N, which means max{sy,...,$;,_1} <

N.

(2) On the other hand s;, > N and we know that sq,...,sx < N.
So,1; > K = 4 —1 > K. So, by the third property of E"
in Lemma 2.5, we get that max{sy,...,s;,-1} > (i1 — 1).

(3) Combining the last two results we get N > i; — 1.

(4) Again, since sq,...,s;,-1 < N, we get that

fo (i), ..., fo, _,(wi,—1) € By.
So,
V = fo(wi) - fo, s (wi1) € (By)" ™ € (By)™.
A similar argument shows that ¢ = f;, (v1) -~ fi, _,(v;,-1) € (By)V.
But we know that i = ¢ = h = V™' € (Byx)*", which is in

contradiction with our choice of h.

U

Remark 2.7. Note that it is possible, by a straightforward modification
of this proof, to allow h to be any non-identity element of G.

3. Grouprs WITH NO ICC QUOTIENTS
In this section we prove the following.

Proposition 3.1. Let G be a countable discrete group with no ICC
quotients. Then TI(G, ) is trivial for any generating measure p on G.

This claim has appeared previously in the literature [22], and we
provide a proof for completeness. The following theorem is in particular
well known, and in this form is due to Dynkin and Maljutov [8]. We
provide a proof that uses an idea of Margulis [27]. Another proof, using
the uniqueness of the stationary measure on the Poisson boundary,
appears in [23].

Theorem 3.2. Let G be a group and let i be any generating probability
measure on G. Then the center of G acts trivially on II(G, ).

Proof. Let Z denote the center of G. We show that the restriction to
Z of any bounded p-harmonic on G is constant.

Endow [0, 1]Z with the product topology, and let F' C [0,1]# denote
the set of all the restriction to Z of p-harmonic functions which are
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bounded by 0 and 1. Then F' is a compact convex space. The Krein-
Milman Theorem states that F' is the closure of the convex hull of its
extremal points. Hence it is enough to show that the extremal points in
F are constant functions, and hence the bounded p-harmonic functions
are Z-invariant.

Consider the G-action on p-harmonic functions given by f9(x) =
f(gx), and define the Z-action on F similarly. Let f be an extremal
function in F. So f = f|z is the restriction to Z of some p-harmonic
function f. Then for any z € Z we get

FE) =TFE) =D o) f(z9) =>_ mg)flgz) =>_ mg)f'(2).

Since the equation above holds for any z € Z, we have shown that
f=>, 1(9)f’|z. Since f is extremal, and since f°|; € F, f = f’| for
all g in the support of . By applying the same argument to convolution
powers of p, and since p is generating, we have that f = 79| z for all
g € G, and in particular f = 72|Z = f# for all z € Z. This means that
f is constant.

O

Let H < G be a subgroup of finite index, and fix some generating p
on G. It is well known that the subgroup H is u-recurrent, namely, that
the p-random walk will hit A with probability 1. We denote the dis-
tribution of the first hit by 6. So 6 is a generating measure on H which
is called the p-hitting measure. The stopping time theorem implies
that the restriction map gives a canonical H-equivariant isomorphism
between bounded p-harmonic functions on G and bounded #-harmonic
functions on H. It follows that II(G, u) and II(H, @) are isomorphic as
H-spaces.

Lemma 3.3. Let G be a countable discrete group, p be a generating
probability measure on G, and let g € G have finite conjugacy class.
Then g acts trivially on TI(G, p).

Proof. Let g € G be an element with a finite conjugacy class. Then its
centralizer H = Cg(g) is of finite index in G. Denote by 6 the hitting
measure on H. So II(G, ) and II(H, #) are H-isomorphic. Since g in
in the center of H, by Theorem 3.2, it acts trivially on II(H,0), and
hence it acts trivially on II(G, p). O

In particular, if there exists some generating measure p such that
the G-action on II(G, u) is faithful then G is an ICC group.

Proof of Proposition 3.1. Assume that there exists some p on G for
which II(G, p) is non-trivial. Let N denote the kernel of the action. So
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G/N acts faithfully on II(G/N, i) where [ is the p-projected measure
on G/N via G — G/N. By Lemma 3.3, G/N is an ICC group. O

Remark 3.4. More generally, by applying an induction argument and
Lemma 3.3, one can show that the hyper-FC-center [6,28] acts trivially
on (G, ) for every generating p on G.
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