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AMENABILITY AND SUPERHARMONIC FUNCTIONS

S. NORTHSHIELD

(Communicated by J. Marshall Ash)

ABSTRACT. Let G be a countable group and u a symmetric and aperiodic
probability measure on G . We show that G is amenable if and only if every
positive superharmonic function is nearly constant on certain arbitrarily large
subsets of G. We use this to show that if G is amenable, then the Martin
boundary of G contains a fixed point. More generally, we show that G is
amenable if and only if each member of a certain family of G-spaces contains
a fixed point.

Let G be a countable group and u a fixed probability measure on the subsets
of G such that g is symmetric (i.e., u(x) = u(x~!) for all x € G) and
aperiodic (i.e., supp(u) contains a set of generators of G). Define p(x, y) =
u(x~1y). The function p can be thought of as the transition matrix of a
Markov chain X with state space G. For f a real function on G, define
pf(x) = ¥ ,eqp(x,y)f(y). We say that f is harmonic or superharmonic iff
pf=f or pf < f respectively.

By the representation theorem for positive harmonic functions, if the Martin
boundary is trivial, then there exist no nonconstant positive harmonic func-
tions. This of course implies that there are no nonconstant bounded harmonic
functions on G (in which case, we say that G is Liouville). Is it true that if
G is Liouville, then G has a trivial Martin boundary [A]? In an attempt to
answer this, one could use the elegant proof that Liouville implies amenable
[LS], and show that amenability implies trivial Martin boundary. This strategy
is doomed, however, since the implication Liouville implies amenability is strict
[KV].

Under the natural action of G on the Martin boundary M has at most
one fixed point (see below). Although we cannot show that amenability implies
that every point of M is a fixed point (i.e., M is trivial), we do show that
amenability implies the existence of one fixed point in A . This will follow
from Theorem 1, which states that G is amenable if and only if every posi-
tive superharmonic function f is nearly constant on arbitrarily large subsets
of G. Although we are unable to prove that amenability is equivalent to the
existence of a fixed point in the Martin boundary, we do show (Theorem 2) that
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amenability is equivalent to the existence of a fixed point in each of a certain
family of G-spaces, the Martin boundary being one.

The connection between superharmonic functions and amenability is based
on the theorem of Kesten, whick: states that the spectrum of any symmetric and
aperiodic probability has least upper bound 1 if and only if G is amenable. We
state a useful form of this theorem in the following lemma.

Lemma 1. G is amenable iff inf{A:3f >0:pf<if}=1.

Proof. See [K, DK]. O

Theorem 1. G is amenable iff for all positive superharmonic functions f there
exists a sequence (xp) in G such that, forall z, f(x,z)/f(xn) =1 as n — co.

Proof. Let G be amenable and let f be a positive superharmonic function.
Define p™ to be the n-fold convolution of p with itself, and suppose that
sup, p™ f(x)/f(x) # 1. Then there exists & € (0, 1) such that p(™f < e"f .
Let § = Yocjcn1 PV f/¢/. Then pg —eg = p"Wf/e"~! —ef < 0, which is,
by Lemma 1, a contradiction. Hence sup, p™ f(x)/f(x)=1.

For x € G, let f(z) =[f(xz)/f(x)]"/?. Note that

Y b, Df(x2)[f(x) =D plxy, w)f(w)/f(x) < f(xy)/f(x)

and, therefore, [f]? is positive and superharmonic. Since x — x!/2 is concave
and increasing, f, is also positive and superharmonic. Note that

™ £ Zp")e 2)filz Zp("’(e 2)[f(x2)/ f(x)]'7?
= ZP X,J’)[f(y)/f(x)]'/2 = pLV(x)/ S ()1
y

and, therefore, sup, p™ f,(e)=1.
Since, for all x, p(® f,(e) is decreasing as a function of n, we can choose
x(k) such that, for all n, p™ f,4(e) —» 1 as k — co. We then have
1= [few(@F = ™ frwl(e) = [p™ fry (@) — 1.

Hence

ZP(")(‘»’, 2) fx(2) = 1P = DD [ fro 12 (e) = 2™ fry(€) +1 — 0.

z

By the aperiodicity of u, fyx) — 1 pointwise.
Conversely, suppose that, for every positive superharmonic function f, there
exists a sequence X, such that f(x,w)/f(x,) — 1. Then

PS(xa)/ f(xn) Zp Xn, 2)f(2)] f(xn) = Zp(e W) f(xnw)/ f(%n) = 1,

so sup, pf(x)/f(x)=1. By Lemma 1, G is amenable. O

For x € G, let xf denote the “left-translation” of f by x (i.e, xf(y) =
f(x~'y)) and let f;(¥) = xf(»)/xf(e) be the normalization of xf. We may
then restate Theorem 1.




AMENABILITY AND SUPERHARMONIC FUNCTIONS 563

Corollary 1. G is amenable if and only if, for all positive superharmonic functions
f, the closure of the set {f.: x € G} in the weak topology contains 1 (or,
equivalently, the closure of the set {Axf: >0, x € G} contains 1).

Suppose Green’s function I'(x,y) = ¥,5,0™(x, y) exists (equivalently,
the random walk defined by u is transient). Define the Martin function K(x, y)
=TI(x,y)/T(e,y). Since p(zx, zy) = p(x, y), it follows that I'(zx, zy) =
I'(x, y) and, therefore,

(1) K(x,zy)=K(z 'x,y)/K(z"", y), x,z€QG.

By definition, the Martin compactification M of G corresponding to u is
the quotient of the set of sequences y(n) in G such that K(-y(n)) converges
pointwise by the relation where two sequences are equivalent if they give the
same pointwise limits. The Martin function can then be extended. By (1),
zy(n) converges if and only if y(n) converges and we may define an action of
G on M by

() K(x, z&) = K(z"'x, &)/K(z71¢), ¢EeM,x,zeG.
Corollary 2. If G is amenable, then the Martin boundary has a unique fixed
point.

Proof. If T does not exist (equivalently, the random walk defined by u is
recurrent), then the Martin boundary is trivial.

Suppose that I" exists. By Theorem 1, since K(-, y) = g, where g is the
superharmonic function I'(-, e), we see that K(-, £) =1 for some £ € M. By
equation (2), ¢ is a fixed point.

To show uniqueness, we note that for a fixed point &, (2) becomes

K(x,&)=K(z7'x,&)/K(z7", &)
and, therefore, K(-, &) is a group homomorphism from G to the positive real

numbers. Since K(-, &) is superharmonic (because it is a limit of superhar-
monic functions), it follows by Lemma 2 below that K(-,{)=1. O

Lemma 2. All superharmonic homomorphisms from G to the positive real num-
bers are trivial.

Proof. Let F(x) be a superharmonic homomorphism from G to the positive
real numbers. Let S be a maximal set with the property that, for each x, S
does not contain both x and x~!. Then

1 = F(e) (since F is a homomorphism)
> pF(e) (since F is superharmonic)

= Y wx)F(x)

X
= Z w(x)[F(x)+1/F(x)] (since F is a homomorphism)
X€ES
>2u(S) (since F+1/F >2)
=1 (since u is symmetric).

Hence > su(x)[F(x)+ 1/F(x)] =1,s0 F(x) =1 forall x in § such
that u(x) > 0. Since F is a homomorphism and since G is generated by the
support of u, we conclude that F=1. O




564 S. NORTHSHIELD

The converse of Corollary 2 is still open; however, Corollary 2 can be gen-
eralized. Recall that a G-space M is a topological space M together with an
action G x M — M , which is continuous. This implies that, for all g € G,
the map defined by x — gx is continuous. Given a G-space M, x € M is
called a fixed point if, for all g € G, gx = x. Given a measure p on M and
g € G, we define a measure p8 by pf(A4) = p(g~'4).

Definition. A (G, u)-superharmonic measure space (M, p) is a G-space M
with a measure p on the Borel sets of M such that

(a) M is locally compact,

(b) p(A) >0 for all nonempty open sets A (i.e., supp(p) = M),
(c) X, u(g)pi(4) < p(A) for all Borel sets A,

(d) p¢«p forall ge G, and

(e) dp#/dp is continuous on M .

Lemma 3. For g, h€ G and p-almost all x e M,

(a) dp#"/dp(x)=dp"/dp(g~'x), and
(b) f(g)=1[dp8/dpl(x) is superharmonic.

Proof. (a) For any Borel subset 4 of M,
[ [0t 1dpt10dpt(x) = p2*(t) = ph(e )
= [ & a1dpt 1apix)dp(x) = [ 1dp*/dplex) dpt (o).
(b) For any Borel subset A4 of M,
/ 5 ple, K dpix) dp(x)
= Zp g, ') = Zu )p* (g1 4)

<p(g~'d) = /A [dp®/dpl(x)dp(x). O

Let M* be the unique compactification of M such that, for every g € G,
the function dp#/dp can be extended to a continuous function on M* and
the family of such extended functions separates OM = M*\M (see [B]). We
call M* the natural compactification of M .

This definition is motivated by the following example. Assume that Green’s
function I" exists. For 4 C G, let p(4) = ), ,[(x,e) and let M = G
where G acts on M by multiplication on the right. Then (M, p) isa (G, u)-
superharmonic measure space and the natural compactification M* of M is
the Martin compactification of G (see [B]).

We now extend the action of G on M to an action of G on M*. Let
x, and y, be sequences in M, which both converge to £ € M*. Suppose
that the sequences gx, and gy, converge to &; and &, respectively. We now
show that &, = &,. By condition (b) above, p-null sets have empty interior
and, therefore, without loss of generality, we assume x,, y, satisfy Lemma 2.
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Then, for he G,
dp"/dp(&)) = lim [dp*/dp)(g~'xn) (b (€))
= lim [dp*"/dp¥](xx) (by Lemma 3(a))

= [dp*"/dp?](¢)

=[dp"/dp](&) (as above).
Since the functions dp¢/dp separate points, we have &, = & . Hence we may
define an action of g on M* by

g¢ = lim gx,
n—o00
where X, is any sequence in M, which converges to &.
Theorem 2. G is amenable iff for any (G, p)-superharmonic measure space
(M, v) the natural compactification of M has a fixed point.
Proof. Let G be amenable. By Lemma 3 and Theorem 1, there exists x € M
such that there exists a sequence g(n) in G such that
[dp*/dp)(g(n)~'x) = [dps™* /dpE™](x) > 1 asn — co.

Since M* is sequentially compact (because dM is metrizable), we assume
X, = g(n)~'x converges to, say, ¢. Then [dp*/dp)(&) =1 forall k € G.
Hence, for all &,

[dp*/dpl(g™'¢) = [dp** /dp1(&)/1dp® [dp)(&) = 1 = [dp*/d p](&).
Therefore, forall g€ G, g&=¢&.

Suppose that for every (G, u)-superharmonic measure space (M, v), M*
has a fixed point. Let f be a superharmonic function, M = G, and, for
AC M, p(A) = de 4f(g). Also, let G act on M by right multiplication.
By the symmetry of u, (M, p) is a (G, u)-superharmonic measure space.

Let ¢ be a fixed point in M*. Note that since F = [dp’/dp](&) is a limit
of superharmonic functions, it is superharmonic. Also,

F(hg)/F(h) =[dp"¢/dp"1(&)
= lim [dp"¢/dp"|(xx) = lim [d p* /d p)(xuh™")

= [dp8/dp)(h~'&) = F(g).
Therefore, F is a homomorphism from G to the multiplicative group of pos-
itive real numbers. By Lemma 2, F=1.
Let g, —» &. Then, forall he G,

lim f(gah)/f(ga) = lim [dp*/dp)(ga) = 1.

Since f was arbitrary, G is amenable by Theorem 1. 0O

ADDED IN PROOF

Ph. Bougerol and L. Elie have shown (personal communication) that a dis-
crete Liouville group need not have trivial Martin boundary.
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