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Abstract. Following the Euclidean example, we introduce the strong and weak mean value
property for finite variation measures on graphs. We completely characterize finite variation
measures with bounded support on radial trees which have the strong mean value property.
‘We show that for counting measures on bounded subsets of a tree with root o, the strong mean
value property is equivalent to the invariance of the subset under the action of the stabilizer
of o in the automorphism group. We finally characterize, using the discrete Laplacian, the
finite variation measures on a generic graph which have the weak mean value property and
we give a non-trivial example.
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1. Introduction

Harmonic functions are widely studied in classical analysis. One of the most typical
properties of complex harmonic functions is the so-called “mean value property”
(see [1, Definition 11.12]) which is also a characterization ([1, Theorem 11.13]).
A simple extension of this property says that the integral of a harmonic function
h on a measurable subset B of the complex plane, which is invariant under all the
rotations centred at a point x, is equal to /i (xo)m(B) (where m(B) is the Lebesgue
measure of the set B), that is

/hdm = h(xo)m(B), (1
B

for every harmonic function 4.

Harmonic functions can also be defined on graphs (see Definition 1.1) and they
represent a consolidated branch of studies (see for instance [2] and [3] in the case
of trees and also [4], [5] for more general cases).

The mean value property is usually referred to functions (see [6] for a short
introduction and also [7]); on homogeneous trees T, with M > 3 it characterizes
harmonic functions (see [8]). Here, we change the point of view: according to
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Definition 1.1 below, Equation (1) says that the measure mpg(-) := m(B N -) has
the strong mean value property with respect to xo. The aim of this paper is to
characterize all the measures on a certain type of graphs X, which satisfy the
strong or the weak mean value property (see Definition 3.1) with respect to some
vertex.

We consider random walks (X, P) where X is the vertex set of a graph and
P = (p(x, ) yex is the stochastic transition operator which describes the one-
step transitions of a Markov chain {Z,},cn with state space X.

Given a graph (X, E(X)), a stationary random walk (X, P) is adapted to the
graph if

p(x,y) > 0 < [x,y] € E(X);

if (X, E(X)) is a non-oriented graph, an adapted random walk is usually called of
nearest neighbour type.

On the other hand, every stationary random walk (X, P) is adapted to a unique
graph (called associated graph).

Given a couple of vertices x, y of a non-oriented graph (X, E(X)), we say that
x and y are neighbours (and we write x ~ y) if [x, y] € E(X) (i.e. [y, x] € E(X));
we define the degree of a vertex x as deg(x) := card{y € X : [x, y] € E(X)}.

Throughout this paper if we have a random walk on a graph, it will always be
an adapted random walk: its vertex set is then uniquely determined by the matrix
P of the transition probabilities. For this reason we will often indicate a graph as
X or (X, P) instead of (X, E(X)). In particular, with the exception of Section 6, if
not otherwise explicitly stated, we consider stationary, irreducible random walks
of nearest neighbour type on locally finite non-oriented (connected) graphs.

Definition 1.1. Given a random walk (X, P), we call a function h : X — R
harmonic (superharmonic, respectively) in x € X if

h(x) = (Ph)(x) := Zp(x, Wh(y), (h(x) = (Ph)(x), respectively).  (2)

y~x

A function which is harmonic (superharmonic, respectively) in x for every x € X
is called harmonic (superharmonic, respectively).

In Equation (2) we implicitly require that (P|h|)(x) < 400, for every x € X.

In the following paragraph we introduce the basic concepts and some results
concerning the general theory of random walks on graphs. In particular we discuss
some properties of a special class of trees: the radial trees (see Section 4).

In Section 3 we introduce the general idea of mean value property for a finite
variation measure on a graph (see Definition 3.1). We discuss some basic properties
and we give a non-trivial example of a family of finite variation measures on locally
finite trees which have the strong mean value property (see Proposition 3.3). This
result generalizes a previous one (see [8, Lemma 1]). Moreover, we give a necessary
and sufficient condition for a certain family of finite variation measures to have the
mean value property (Proposition 3.5 and Corollary 3.6), this condition involves the
representation of harmonic functions given by the Martin kernel (see Equation (6)).
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In Section 4 we characterize all the measures with finite support on radial trees
which have the strong mean value property, and we prove that, in this case, the
weak mean value property is equivalent to the strong one. To this aim we introduce
a particular class of measures that we call well distributed (see Definition 4.8). We
will show that there are measures which have the mean value property with respect
to some vertex o in spite of not being I',-invariant (see Definition 2.2). We give an
explicit example of such a measure (see Example 4.7) on the homogeneous tree T4
with the simple random walk.

As a consequence of these results we prove (Section 5) that, if B is a (non-
empty) finite subset of an xy-radial tree 7', then

1

EZ/«(@ = h(xo),

xeB

for every harmonic function £ if and only if B is invariant under the action of Iy,
(that s, if and only if B is a finite union of spheres centred at x(; see Theorem 5.3).

In Section 6 we deal with generic random walks on oriented graphs, which
in general are not locally finite. In particular we characterize all the measures
which have the weak mean value property by using the pre-adjoint of the discrete
Laplacian (Theorem 6.3). Using this result we are able to give an explicit example
of a positive measure with infinite support which is not I',-invariant but has the
weak mean value property (Example 6.4 on the homogeneous tree T).

2. Preliminaries

Every connected, non-oriented graph X carries a natural distance d. By means of
this metric we define, forallx € X, n € N,

B(x,n):={ye X:d(x,y) <n}, Sk,n):={yeX:dx,y) =n}.

Given a connected graph X and x, y € X there is always a path connecting x
and y (that is a subset {x;}7_, of X suchthatx = xo ~x; ~ .-~ x, = y). Acycle
is a closed path of length at least 3, without repeated vertices (with the exception
of the first and the last one); a tree is a graph without cycles.

Givenarandom walk (X, P) andx, y € X, we denote by p'™(x, y) the transition
probability from x to y in n steps (by definition p© (x, y) = 8,(y), where §, is the
Dirac measure on x). The generating function of the transition probabilities (called
the Green function) is defined as the following power series:

+o00
G(x, ylz) = Zp(”)(x, ', x,yeX,zeC, (3)
n=0

and its radius of convergence will be denoted by r. Given a general Markov chain
Z, described by the random walk (X, P), we set the hitting probabilities and their
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generating function:

f0%, ) =Pr(Z, =y, Zr #v.k=1,... ,n—1|Zy = x]

O,y =0 (4)
+o0

Fix,yl2) =) [, 0", xyeX,zeC
n=0

Strictly related to F is the function

Fx,ylz) ifx#y

Ulx, ylz) := 1 ifx=y

&)

which is a probability generating function as well. We define U(x, y) := U(x, y|1).

We recall that a set function v : & (X) — Ris called a finite variation measure
if it is a o—additive measure and if the measure [V[(A) = ) _, [v(x)| satisfies
[v](X) < +o00. We define its support as supp(v) := {x € X : v(x) # 0}.

We want to emphasize that we are dealing with measures which, in general,
are not positive. According to Theorem 6.2 of [1], |v| is a positive measure.
We could look at a finite variation measure on X as a particular function on
X which belongs to I'(X) := {{}rex : Y vex lax| < oo} (that is "Xx) =
L'(X, # (X), ue); R), where pt. is the counting measure on the set X and & (X)
is the set of all the subsets of X). It is easy to show that forevery f € L'(X, |v|) we
have || v fdv=73" ¢ f(x)v(x), where the right-hand side of the previous equation
converges absolutely.

We denote by #(X, P) the linear space of all the real harmonic functions on
X and by #1 (X, P) the positive cone of all the positive harmonic functions on X.

Let us consider a tree (7, P) and let the root be o, then for every x,y € T
there exists a unique shortest path I7[x, y] connecting x to y. We define the vertex
xAyeTbyllo,x]NIo,y] = [o,x Ay]. Therelationx >y < y=xAYy
is a partial ordering on 7.

Let (X, E(X)) be a graph, we say that a bijective function y from X onto itself
is an automorphism if for all x, y € X then

[x,y] € E(X), ifandonlyif [yx,yy] e E(X),

and we denote the set of all the automorphisms from X onto itself by AUT(X).
In the next lemma we list some elementary properties of automorphisms.

Lemma 2.1. Let (X, E(X)) be a non-oriented graph, then

(i) vy € AUT(X) if and only if y is a bijective isometry;

(ii) y € AUT(X) if and only if y is bijective and preserves all the geodesics;

(iii) if X is a tree and y € AUT(X) such that y(ox) = ox then, forall x,y € X,
VXA Yy =YX AY).

Proof. The proof is straightforward and we omit it. O
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Definition 2.2. Let X be a graph and x € X be fixed, then an automorphism
y € AUT(X) is called a rotation centred at x if y(x) = x; the subgroup of all the
rotations centred at x is denoted by I'y.

The graph X is said to be x-radial (x € X) if I'y acts transitively on S(x, k), for
every k € N. Given x € X, then we write [y], for the I'y-orbitof y € X. A function
on X is I'y-invariant if and only if it iS constant on every trajectory [y]y, for all
y € X and B C X is [;-invariant if and only if B = U,cp[yl..

The following assertions are clearly equivalent:

() forally e X, [yl: = S(x,d(x, y));

(i) X is x-radial;

(iii)) B C X is [Iy-invariant if and only if there exists / € N such that B =
Uker S(x, k).

We say that a tree T is of Ty,,;-type if it is a tree branching from a root o such
that deg(x) = ng, v, for all x € T. We know (see e.g. [9]) that a tree T is radial
with respect to x € T if and only if it is of T{,,-type with respect to x.

Proposition 2.3. Let T be a tree such that card(T) > 2, then the following asser-
tions are equivalent:

(i) thereexist x,y € T, x # y such that T is x-radial and y-radial;
(ii) T is w-radial for every w € T.

Proof. (1) = (ii). We first observe that a Tj,,)-type tree is radial with respect to
every x € T if and only if ny = ng4p, for all k = 0,1, .... Moreover, it is
not difficult to see that if (i) holds then 7 must be infinite. Let us suppose that
d(x,y) =r and let T be Tj,,, with respect to x and T},,) with respect to y. Then
forallk =0,1,...,randforall p >0,

np=mMprip,
Npyp = Np,

Ngt-p = My—f+p-
‘We consider two different cases:

a) r = l:thenng =m,mg = ny,n; = myy; = my_; whichimplies m;;| = m;_;
and n; = n;_, and then 7 is x-radial for every x € T}

b) r > l:thenn; = nj_141 = Mmy_140—1) = Mpq—2, but n; = myy, then n; =
Myy] = Mypyp]—2 = N|_2, for everyl > 2.

(1) = (1). Itis trivial. O

From the previous proposition we obtain that if 7 is a tree with card(7) > 2,
satisfying (i) or (ii) then it is an infinite bi-homogeneous tree.

Given a random walk (X, P) and a point 0 € X, we define the Martin kernel to
be a function K : X x X — R defined as

_ Ux, y)

k(x, y) Ulo.)

., Yx,yeX. (6)
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Let us remember that if T is a tree with root o and if we consider x, y, w € T
such that w € I1[x, y], then

Ulx, yI2) = Ulx, wi)U(w, y|2),

for every A in the domain of convergence of the function U. Using this property
we can derive the following one:

Ul y) U, x AU Ay, y)  Ulx,xAy)

k(x,y) = U(o, y) - U, x Ay)Ux Ay, y) o U(o,x N y)

=k(x,xAy). (7)

If we denote with 7 the Martin compactification of T (cf. [2]) and M(T) := ?\ T,
then, for all £ € M(T), there exists a unique sequence {x,} C T such that xo = o,
Mo, x,] = {x0,...,x,}, forall n € N, and x, — £ in the topology of 7. We
represent this sequence as I1[o, £] and we can show that for every &, & € T there
exists aunique &) A& € T such that o, &, NE] = o, & 1NT[o, & ]. Moreover,
if& # & thené A& e T;if y € T andif {x,} = [I]o, &] then there exists ng € N
such that for all n > ng, &€ A y = x,, A y. Using these properties we can extend the
Martin kernel to the Martin compactification as k(x, §) := k(x, & A x), for every
e T. This extension can be made for any random walk (X, P) (see [10] and [11]).
We will need the following lemma (see e.g. [12, Lemma 6.3]):

Lemy\la 2.4. Let (T, P) be an irreducible, transient random walk on a tree; if
& € T then the function x — k(x, &) is superharmonic. Moreover, if & € M(T)
and card{y : y ~ xo} < +o00 then k(-, §) is harmonic in x.

Let T be a tree with root o; for every x € T we define
T,:={eT:yrx=x}, MT):={&eMT):xelllo&]}. (&)

We observe that T, is the connected subtree of 7 branching from its root x,
constituted by all the vertices y satisfying x € IT[o, y].

Remark 2.5. If we are dealing with a Ty,,,-type tree T with root o then given
any couple of vertices x, y € T such that d(o, x) = d(o,y), if [I[x N y,x] =
{x Ay, x1,...,x}and II[x Ay, y] = {x Ay, y1, ..., y} then there exists a map
y € I, such that:

1) ¥(Ty) =Ty and ((Ty) = T;
(i) y*=1r;
(iii) y(z) =z, forallz € T\ {T,, UTy};

where lly € AUT(T) is the identity map.

With the next proposition we want to point out a couple of properties of the
Martin kernel of a random walk on a tree, which will be very useful in the next
sections. If we have y € I, and & € M(T) then there exists a unique & € M(T)
such that IT[o, &'l = y(I1[o, £]) := {y(x0), y(x1), ...}, hence we extend the map
y to the Martin boundary as y(&) := &’; this extension is bijective.
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Lemma 2.6. Let us consider a transient random walk (T, P) on a tree T with
rooto. If&1,& € T, x € T then:

a) ifd(o, & A x) > d(o, &1 A &) then k(x, §1) > k(x, §);
b) ifmax(d(o,§ Ax),d(o,5 Ax)) <d(o,§ N&) then k(x, §1) = k(x, &).

Moreover, if the randgm walk is I',-invariant then k(x, §) = k(y(x), y(§)), for all
vy e, xeT,&eT. Inparticular if T is a Ty, -type tree then &, & € S(0, k)
implies k(§1, &) = k(§2, &1).

Proof. a) Ifd(o,& Ax) > d(o,& N&)then&H Ax =& A& and

k(x, &) _ k(x, & A x) _ Ux, & Ax)U(o, & A x)
k(x,&)  k(x,&Ax) U, & Ax)U(0, & AX)

_ Ulx, &1 Ax)U(0, §1 A §2)
T UG x AEDU( AELE AEDU(0, & ANE)UE ANEa,x AEY)
= : > : >1
Ux A&, 51 AU N2, x A& T Flx A& x A &)
since x A &1 # & A & and the random walk is transient.
b) Ifd(o, x N&) < d(o, E ANE) fori = 1, 2thenx A& = x A& € TT]o, £ NE],
hence

k(x, 1) = k(x,x A &) = k(x, x A &) = k(x, &).

If y € I, then deg(x) = deg(y(x)) and p(x, y) = p(y(x), y(y)), forall x, y € T,
this implies that U(x, y|1) = U(y(x), y(y)|A) and then

Ulx,x A §) _ U(y(x), y(x A §))
U(o,x N8  Uy(o), y(x N §))
U(y(x), y(x) A y(8))
= == k 5 . 9
Urt0). v A i) 7@ ®
Finally if T is a Ti,)-type tree and y is defined as in Remark 2.5 then k(§;, &1) =
k(y(&2), y(&1)) = k(&1, &). a

k(x,§) =

3. Mean value properties

Let us look at the mean value property of harmonic functions on Euclidean spaces
as we described it in Section 1. If we take a measurable subset B of the complex
plane, which is invariant under all the rotations centred at a point x, then the
measure m g (which is the Lebesgue measure on B) satisfies

/hMMZM%WwL

for every harmonic function /. The previous equation suggests the basic idea of
mean value property of a measure on a graph. If not otherwise explicitly stated, the
o-algebra on the vertex set of a graph will always be the set & (X).
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Definition 3.1. Let (X, Xx) be a measureable space, o € X and let v be a measure
on (X, Xx) with finite variation. If ¥ is a family of functions in L' (|v|) then we
say that v has the mean value property with respect to ¥ and o if

L(h,v)(0) =0, VhelF, (10)

where
Lh,v)(x) := / hdv—v(X)h(x), VxeX. (11
X

In particular, if (X, P) is a graph with an adapted random walk, we say that v has
the strong mean value property with respect to o (resp. weak mean value property
with respect to o) if Equation (10) holds with ¥ = H (X, P) N L'(|v]) (resp.
F = H®X, P) .= H (X, P)NI®(X), where*®(X) := L (X, P (X), ue); R)).
If X is a tree with root o then a mean value property will always be with respect
to o.

Obviously if v has the strong mean value property then it has the weak mean
value property.

We note also that if v(X) = 0 then it has the mean value property with respect
to F andx ifand only if F C {f € L'(v]) : fx f dv = 0}. Obviously if v(X) # 0
and v has the mean value property with respect to & and x, then it has the mean
value property with respect to ¥ and y if and only if ¥ does not separate x and y
(thatis h(x) = h(y) for every h € F). Then if v(X) # O we easily see that v has
the mean value property with respect to ¥ and x for every x € X if and only if
is a set of constant functions.

Moreover, the weak mean value property is relevant only in the transient case.
More precisely if #°°(X, P) is exactly the set of all the constant functions on X, as
in the recurrent case (but not only in this case, take for instance Z¢ with the simple
random walk, see [13, Theorem 7.1]), then every finite variation measure has the
weak mean value property with respect to any point o € X. Obviously if every
finite variation measure has the weak (strong, respectively) mean value property
with respect to any point 0 € X then #*°(X, P) (#(X, P), respectively) is the set
of all the constant functions.

This means that, in general, the weak mean value property does not imply
the strong one. Let (X, P) be a random walk such that #°°(X, P) is the set of
all the constant functions and # (X, P) \ #>(X, P) #  (take for instance Z¢
the d-dimensional grid with the simple random walk), then every finite variation
measure has the weak mean value property with respect to any point but there exists
a couple of points x, y such that §, does not have the strong mean value property
with respect to y.

In this paragraph we will consider only strong and weak mean value properties
or the case F = {k(-, §)}eem(r), where T is a tree.

We observe that the map (h, v) — L(h, v) is bilinear where it is defined; in
particular if & is harmonic so is L(k, v). It is useful to note that if v is a finite
variation measure and /2, k € L' (|v|) such that & (x¢) = k(xo) (Where xo € X) then,

L(h, v)(xo) — L(k, u)(xo)thdu—/kdu. (12)
X X
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Proposition 3.2. Let {v,} be a sequence of finite variation measures on a graph X
such that ), . [val(X) < 4o00. Then for all A € X, v(A) := Y,y Vn(A) con-
verges absolutely to a finite variation measure v such that |v| < )", |va| =1 1.
Moreover, if h € Ll(u) then, for all x € X,

L(h, v)(x) = > L, v,) (x).

neN

Proof. If we take h € L'(w) then ZyeX Y pen 1B (W) < fX |hldu < +o0;
using Fubini’s Theorem we have

[ hv =Y 310 = DX b0 =3 [ hau. a3

yeX neN neN yeX neN

Since p is of finite variation by hypothesis, for every A € X, x4 € L'(1) (where
X4 1s the characteristic function of A), and Equation (13) becomes

v<A>=/xAdv=Zf Xadvy = vi(A).
X X

neN neN

Hence, taking A = X,

L, v)(x) =Y > h()va(y) — Y va(X)h(x)

yeX neN neN

=Y | Do) — v COR@) | =D Lk, v) ().

neN \ yeX neN

The absolute convergence of ) _ v,(A) holds since v,(A) < |v,|(X), which is
summable. O

Now we want to find a class of finite variation measures on trees which have
the strong mean value property.

From now on, let (7, P) be a random walk on a tree 7 with root o. Let us take
x € S(o, k) and suppose I1[o, x] = {o = xo ~ x1 ~ --- ~ x; = x}. We remember
that, since T is a tree, we have

k=1
p® (o, x) = l_[ p(Xi, Xip1),
n=0

moreover, if y € S(o, k+ 1) and y ~ x, then p%*™ (0, y) = p® (0, x) p(x, ¥).
We say that a finite variation measure v is of type 1 if and only if there exists
a sequence {ay}xen such that for every x € T,

v(x) := p (0, X)ety(o -
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Proposition 3.3. Let T be a locally finite tree carrying an adapted random walk
such that the function

x> p(x y)p(y,x) (14)

y~x
d(o.y)=d(0,x)+1

is constant on S(o0, k), for all k € N. If v is a finite variation measure of type 1 on
T then for all h € (T, P) N\ L' (|v]) we have L(h, v)(0) = 0.

Proof. Notethatv =) _v,and|[v] = )" [v.], where v, (x) := v(X) X5(0,n) (X)-
Hence, by Proposition 3.2, it is enough to prove the statement when supp(v) €
S(o, n) for some n € N.

We use induction on n. If n = 0 there is nothing to prove. If n = 1 then for all
h e #(T.P)N L'(Jv]) we have

L(h, v)(0) = Z h(x)v(x) — Z v(x)h(0)

xeS8(o,1) xeS8(o,1)

= Z h(x)p(o, x) — Z p(o, )h(0) | = 0.

xeS(o,1) x€S8(o,1)

We suppose now that the proposition holds for every n’ < n. If supp(v) C S(o, n)
and h € #H (T, P) we have

Yooh@I@W = Y pE ROV + Y ple DAV

xeS(o,n) yeS(o.n+1) yeS(o,n—1)
x€S(o,n) x€S(o,n)

Now if v is a finite variation measure of type 1 such that supp(v) € S(o,n + 1),
using the previous equation we have

Do k= Y @I - Y k() Y. pl ),

yeS(o,n+1) xeS(o,n) yeS(o,n—1) xeS(o,n)

where, if x € S(o,n) and y ~ x, y € S(o,n + 1), then v(x) = v(y)/p(x,y) =
ap™ (o, x) and hence v is of type 1 and supp(v) < S(o, n). If we define now, for
every y € S(o,n — 1), 9(y) := v(x)/p(y, x), where x € S(o, n), x ~ y (which is
well defined and of type 1 as well) then

Yoo = Y @@ - Y k) Y, p& y)py, V)

yeS(o,n+1) xeS(o,n) yeS(o,n—1) xeS(o,n)
= Y h@I@ - Y kB,
xeS(o,n) yeS(o,n—1)

where 8 = erS(o,n) p(y, x) p(x, y), which is independent of y.
If h = 1, from the previous equation, we obtain

w(T) =v(T) — BV(T),
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then by induction hypothesis

L(h,v)(0) = Zh(x)v(x) —v(T)h(o)

xeT
=Y h()v(x) = B Y h(x)D(x) — (W(T) — BV(T))h(0)
xeT xeT

= L(h,v)(0) — BL(h,V)(0) = 0. -
The previous result extends, using a slightly different technique, a result ob-
tained by Picardello and Woess [8, Lemma 1]; see also [3] and [5].

Remark 3.4. If T is a tree and P is an isotropic random walk (see [9, Defin-
ition 1.1]), then a finite variation measure is of type 1 if and only if it is constant
on every sphere. If T is a tree of Ty, type and P is the simple random walk,
then every finite variation measure which is I',-invariant has the strong mean value
property (Equation (14) is easily verified).

We now consider a general irreducible, transitive random walk (X, P). Let
Mopin = Mpin(X) (= {€ € eM(X)A: k(-, &) € #H(X, P)}. For every Borel measure
v on the Martin compactification X if

hx) = ﬁ KB du®,  Vre X, (15)
X
then
(Ph)(x) = /A (PO, Hdu(®),  VreX,
X

where (Pk)(x, &) .= ZweX px, wk(w, &). In particular, if supp(v) € M,,;,, then
Equation (15) defines an harmonic function.

If (vy)xex is the family of harmonic measures (see [14, Paragraph 20] or [12,
Paragraph 6.D]) then v,(B) = fB k(x, &) dv, (&), where B C X is a Borel set
and 0 € X is the same point involved in the definition of the Martin kernel k. If
@ € L'(M, v,) then

h(x) ::/
M

is a well-defined harmonic function (for every fixed x € X, & — k(x, &) is a contin-
uous function on the compact space X).In particular Equation (16) defines a linear,
bicontinuous map from L (M, v,) onto H (X, P) (it is clearly bounded, the
boundedness of the inverse map is guaranteed by the Open Mapping Theorem).

(E(x, &) dvy (&) = / p®du®, VieX, (16

Monin

min

Proposition 3.5. Let (X, P) be an irreducible, transient random walk and let us
fix o € X, A a family of finite variation Borel measures on M and v a finite
variation measure on X such that the Martin kernel k € L' (X X Mopin, [V] % |])
for every u € A. If we define F := {h : h(x) := me” k(x, &) du), n € A}
then L(k(-,&),v)(0) = 0 |u| a.e. on My, for every u € A implies that v has
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the mean value property with respect to ¥ o and o. Vice versa, let us suppose that
A D {8 1 & € Myin) then if v has the mean value property with respect to F 4
and o we have that L(k(-, §), v)(0) = 0 for every & € Min.

Proof. Let us note first, using Fubini’s Theorem and the continuity of £ — k(x, &),
that Fo € H(X,P)NL' (X, |v).Ifh € Fa (represented by ) and f(x, &) =
k(x, &) — k(o,£), then f € L'(X x M, |v| x |u|) hence, by Fubini’s Theorem
(applied to the positive measures v, v~ and u*, u™),

L(h, v)(0) = fx /M (k(x, &) — k(0, &) du(®) dv(x)

_ / / (k(x. &) — k(0. £) dv(x) du(®) = 0.
‘Mmin X

Vice versa, if we choose =g then k(-, §) € £ 4 and hence L(k(-, &), v)(0)=0
for every & € M. O

Corollary 3.6. Let (X, P) be an irreducible, transient random walk and let us fix
o € X and v a finite variation measure on X such that k(-,&) € L'(X, |v]) v,
a.e. (where v, is the harmonic measure). If L(k(-, §),v)(0) = 0 v, a.e. on My,
then v has the weak mean value property with respect to o.

Proof. 1t is enough to apply the first part of the previous theorem to A := {u :
u(B) = fB 0&)v,(§), B € My, Borelset, p € L*(M, v,)} recalling that, in
this case, F4 = H>(X, P). m]

4. The mean value property for measures with finite support

In this paragraph we deal only with signed measures with bounded support (which,
of course, are of finite variation) on radial trees. Our goal is to find a necessary and
sufficient condition for such measures to have the strong or the weak mean value
properties (we will see that in this case there is no difference between the two).

Remark 4.1. By Lemma 2.4 and Equation (7), for all £ € M(T),

k(x, &) = k(x, &), VxeTg U},

where {&} = I1[o, £] N S(o, k). Moreover, every positive harmonic function (and
hence every bounded harmonic function) on 7" admits an integral representation.
Therefore, using this integral representation, we see that a finite variation measure
v on a tree T with supp(v) € B(o, k) has the strong mean value property with
respect to x € T if and only if L(k(-, &), v)(x) = O for every & € S(o, k).

In order to be able to compare the value of the map L(-, v) corresponding to
two different Martin kernels k(-, &;) and k(-, &) we need the following proposition:
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Proposition 4.2. Let (T, P) be a I',-invariant random walk on a T, -type tree
with root o and v a finite variation measure such that supp(v) C B(o, k). If we take
&1, & € S(o, k), then:

(i) L(k(-, &), v)(0) — Lk(-, &), v)(0) = [p k(. &) dv — [ k(, &) dv;

(ii) [y k(. &) dv — [ k(- &) dv = ZXET"'I [k(x, &1) — k(x, §2)]1(v(x) — v(¥(x))),
where x; € TT[E AN &, &), d(x;, &1 N&) =1 (i =1,2)and y € T, is exactly
as in Remark 2.5 and y(&1) = &. Moreover, if & # &, then for all x € T,, we
have that k(x, &) — k(x, &) > 0.

Proof. (i) It is an easy consequence of k(o, &) = k(o0, &) = 1 and of Equa-
tion (12).

(i) If & = &, there is nothing to prove, hence we may suppose that & # &;.
Using Lemma 2.6 we obtain

/(k(n §1) —k(-,5))dv = / (k(-, §1) — k(-, §2)) dv. A7)
T T UTx,
Then if y € I, satisfies the hypotheses and recalling Equation (9), we have

f (k(-, 1) — k(. &) dv
Ty UTy,

= Y k&) — Y k@ &) + Y kE ENvER) — Y Kz, E)1()

z€Ty, z€Ty, z€Tx, z€Ty,
= Z (k(z,&1) — k(z, §&2))v(z) + Z (k(y(2), y(&1)) — k(y(2), ¥(E2)))v(2).
ZET:\'I ZET:\'Z

Recalling that z € T, if and only if y(z) € T,, and that y?> = 1, then the last
equation can be rewritten as

D (k(z, &) = k(z E0)0(2) + Y (k(z, &) — k(z, ED)V(1(2))

ZGTXI ZET:\’I

= Z (k(z, 1) — k(z, £2))(0(z) — v(¥(2))).

z€Ty

Moreover, z € T, if and only if d(o, z A §1) > d(0, x1) = d(o, &1 N&) + 1, hence
Lemma 2.6 implies that k(z, &;) — k(z, &) > O.

Finally we note that the all these sums are finite since v is a finite support
measure. O

Remark 4.3. 1t follows from Nash—Williams’ recurrence criterion (see [15]) that
the simple random walk on a T, -type tree T is transient if and only if

400 i

Z]_[n'l_1<+oo. (18)
i J
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For the rest of this section we consider only 7{,,-type trees with a transient
simple random walk.

Using the next theorem we will derive a necessary and sufficient condition for
a certain type of measures to have the strong mean value property.

Theorem 4.4. Let T be a transient Ti,,-type tree and v a finite variation meas-
ure such that supp(v) < S(o,k), k > 1. If for all &,& € S(o,k) we have
Jr k(. &) dv = [ k(-, &) dv then v is T,-invariant.

Proof. Let us suppose by contradiction that v is not I,-invariant, then we can
choose &, & € S(0, k) such that v(&)) > v(z), for all z € S(o, k) and v(&;) > v(§).
We define r = min{d(&1, &) : & € S(o, k), v(§) < v(&))} (note that r is even and
r > 2) and we fix & € S(0, k) satistying d(&;, &) = r and v(&) < v(&). Let
I1[& A éz;éi] =& ANE X, .. 8T =1, 2~(it is possible that x; = &;) and let
us define 7y, :=T,, N S(0,k),i =1,2.1f z € T, then d(z, &) < d(&1, &), hence,
recalling the definition of r, we have v(z) = v(&;). By Proposition 4.2,

[ reena— [ ke ay= 3 ik, ) — ki E166) = ) > 0

oy

since for every x € il, v(x) — v(y(x)) = v&) —v(y(x)) > 0 and k(x, &) —
k(x, &) > 0. Besides if x = & then v(&;) — v(y(&1)) = v(&1) — v(&) > 0 and this
contradicts the hypothesis. O

This theorem has many consequences.

Corollary 4.5. Let T be a transient Ty,,-type tree and v a finite variation measure
such that supp(v) C S(o,k), k > 1. If v is not I',-invariant then there exists
&1, & € S(o0, k) such that both [ k(-, &) dv # 0 and L(k(-, &), v)(0) # 0.

Proof. By Theorem 4.4 we can choose &, ¢ € S(o, k) such that fT k(-, & dv #
fT k(-, ¢) dv, then by Proposition 4.2(i) it is not possible that L(k(-, §), v)(0) = 0
and L(k(-, ), v)(0) =0. O

Corollary 4.6. Let T be a transient Ty,,-type tree and v a finite variation measure
such that supp(v) C S(o, k), k > 1, the following assertions are equivalent:

(i) v is I',-invariant;
(ii) v has the strong mean value property;
(iii) forall & € M(T), we have that L(k(-, ), v)(0) = 0.

Proof. (i) = (ii). It is an easy consequence of Remark 3.4.

(ii) = (iii). It is obvious.

(iii) = (i). It is by Corollary 4.5, recalling that, according to Lemma 2.4 and
Equation (7) it is enough to consider & € S(o, k). O

We may easily note that the previous corollary gives us a necessary and suf-
ficient condition for a measure v with supp(v) € S(o, k) to have the strong mean
value property and the weak mean value property as well.

What happens if supp(v) € S(o, k) for any k € N? It is possible to find many
examples of finite variation measures having the strong mean value property which
are not I ,-invariant.
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Example 4.7. Onthe homogeneous tree T3, we define the measure v with supp(v) €
B(o, 2) as follows (see Figure 1).

v(0) =0, ,,(xﬁ)::ll ifi=1,j=12 v(xi):ls ifi # 1

0 ifi#l,j=12" 0 ifi=1.

Fig. 1. The homogeneous tree T3

In fact if h € #(T3) then, by Equation (2),

L(h,v)(0) = / hdv —v(T3)h(0) = 3h(x2) 4+ 3h(x3) +h(x11) + h(x12) — 8h(0)
T3

= 3(h(x2) + h(x3) + h(x1)) — h(0) — 8h(0) = 0.

Definition 4.8. Let T be a tree with root o and v a finite variation measure on T
such that supp(v) € B(o, k) and there exists x € S(o, k) with v(x) # 0. We call
v a well-distributed measure (with respect to o) if k = 0 or if k > 1 and for all
x,y € S(o, k) such that x Ny € S(0, k — 1) we have v(x) = v(y).

We observe that in this definition only the values of the measure on S(o, k) are
involved. If v; and v, are well distributed and «, B € R, then av; + Bv; is well
distributed (note that in this case supp(v;) < B(o, k1) and supp(vz) € B(o, k3)
and we do not necessarily suppose that k; = k,). Obviously, if supp(v) < B(o, 1)
then v is a well-distributed measure if and only if it is constant on S(o, 1).

We now introduce an operator which could be regarded as a contraction of the
measure. If we are dealing with a finite variation measure v with supp(v) < B(o, k),
we want to construct a suitable new measure whose support is a subset of B(o, k—1);
we denote this new measure by Ky (v).

Definition 4.9. Ifv is a finite variation measure on a Ty, -type tree with supp(v) C
B(o, k), k > 1, then we define a new measure Ky (v) such that supp(v) € B(o, k—1)
as follows:
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a) ifk =0then Ko(v) :=v;
b) ifk =1, then,

v(y) ifx=o
K;(v)(x) := { yeBlo.1)
0 if x # o;
c) ifk > 72, then,
0 ifx € Blo,k—1)
W+ 3 v e Seuk— 1)
1= 1 =
Ki(W)(x) := yestoh)

1 ,
Vo) =y Y v ifxeSo.k—2)
yeTNS(0,k)
v(x) ifk >3, x € B(o, k—3).

Moreover, ifne{2, ...k}, K,({”)(v) =Kinr10Kipip0-- - Ki(v), besides ifn=1
(n = 0, respectively) we define K,((])(v) = Ki(v) ( K,((O) (v) := v, respectively).

We note immediately that if v(x) = O for all x € S(o, k) then K;(v) = v. The
measure Ky (v) has two important properties: the first one (Proposition 4.10) holds
for every finite variation measure v, while for the second one (Proposition 4.11)
we must suppose that v is well distributed.

Proposition 4.10. If v is a finite variation measure on a Ti,,,-type tree T with
supp(v) € B(o, k) then Ky (v)(T) = v(T).

Proof. 1f k = 0 there is nothing to prove and the very easy case k = 1 is left to the
reader. We can suppose k > 2.

Ke)(T)y= Y v+ Y, > nkl_lwx)

xeB(o.k—1) yeSo.k=1) Xy

Z Z v(y)

Ng—1 — 1
x€85(0,k—2) yeTNS(o,k)

= Y v+ Y nnk%lv(x)— 3 ICON 3 v = (D).

Ng—1 — 1
k=1 xeB(0.K)

xeB(o.k—1) xeSo,ky k1 2€5(0,)
o

The case when v is a well-distributed measure is very important and it is worth
looking to the explicit expression of Ky (v) in this case.

a) ifk =0 then Ko(v) := v;
b) if k =1 then
v(y) ifx=o
Ki(v)(x) := 3 yeBo.1)
0 if x # o;
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¢) ifk > 2 then

0 ifx € Blo,k—1)
v(x) + ng—1v(yy) ifx € S(o,k—1)
Ki(v)(x) :== § v(x) — Z v(y,) ifx € S0,k —2)
zeSok—1)
V(x) ifk>3, x € Blo,k—3),

where y, ~ z, y. € S(o, k) (the definition does not depend on the choice of y,
since v is constanton {y ~ z : y € S(0, k)} when z € S(o, k — 1) is fixed).

Proposition 4.11. Let v be a well-distributed measure on a Ty, -type tree T with
supp(v) € B(o, k). IfV := Ky (v) and h € H(T, P) then

/hdv:/hdﬁ, (19)
T T

L(h, v)(x) = L(h,V)(x), Vx € T. (20)

and

Proof. If k = 0 there is nothing to prove and if k = 1 the proposition follows
immediately from Definition 1.1. If K > 2 and if v; := 7V — v then

hdv = h(x)V
/T v Z (x)v(x)

xeB(o,k—1)
(y) (y)
= Z h(x)v(x)+ Z Z ——v1(x)+ Z Z vi(x)
xeS(.k—1) xeS(o.k-1) ;S;;k) ¥eSOk=D | glok— 2)

+ > RGO A = Y kv

xeS(0,k—2) xeS(o,k—1)

+ Y hev@+ Y k| Y :k(_xl) TG | +r(h)

xeS(o0,k) yeS(0,k—2) xes'\(’:)‘c'fl)

= Z h(x)v(x):/hdv,
T

xeB(o,k)

where

Yo h@vw = )Y kv ifk=3
r(h) := { xeB(o.k—3) xeB(0,k—3)
0 ifk = 2.

This proves Equation (19).
Equation (20) is an immediate consequence of Equation (19) and Proposi-
tion 4.10. O
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We have proved that the contracted measure has the same total mass as the
original measure (Proposition 4.10) and, in the case of a well-distributed measure,
the integrals of all the harmonic functions are invariant (Proposition 4.11). This
last property does not hold for general measures; if we take, for instance, the
homogeneous tree T3, the Dirac measure v(x) := 8y, (x) and A(x) = k(x, x11)
(see Remark 4.1) then vV := Ky (v) = (3/2)8,, — (1/2)8,. Therefore fT hdv =4,
while [, h dV = 2 (see Figure 1).

Now we are able to characterize all the finite variation measures with finite
support on a Ty, ;-type tree which have the strong mean value property.

Lemma 4.12. Let v be a finite variation measure with supp(v) < B(o, k) on a
Tin,y-type tree with transient simple random walk. If L(k(-, §), v)(0) = 0 for every
& € S(o, k) then v is well distributed.

Proof. If v is not well distributed, then there exist &;,& € S(o, k) such that
v(&1) > v(&) and d(&1, &) = 2 and, by Proposition 4.2,

L(k(-,&1),v)(0) — L(k(:, &), v)(0) = /T(k(n 1) —k(-, &) dv

= [k(1, 62) — k&2, ED1(0(E1) — v(§2)) > 0,
which contradicts the hypothesis. O

Proposition 4.13. Let v be a finite variation measure with supp(v) € B(o, k) ona
Tin,y-type tree with a transient simple random walk. The following assertions are
equivalent:

(i) v has the weak mean value property;

(ii) v has the strong mean value property;

(iii) L(k(-, &), v)(0) = 0 forevery & € S(o, k);

(iv) K" (v) is well distributed for alln = 0, 1, . . .k.

Proof. (i) = (ii). It is enough to note that since T is a transient T, -type tree, it is
possible to extend |, 1) (h € H(T, P)) to a function g € H°(T, P).

If K = 0 then we can choose g = h(0). Letk > 1. Then T \ B(o,k— 1) =
UxeS(o,k) Ty, where T, N T, =@ if x,y € S(o, k), x # y. It is enough to consider
each T, separately; therefore, we fix xo € S(o, k), ar := h(xp) while ax_1 := h(z¢)
(where zg € S(o,k — 1), zo ~ x0). We look for a harmonic function g which is
constant on S(o, r) N Ty, for all ¥ > k (i.e. g(x) := aq,x for every x € Ty)). By
Equation (2),

aing — dj—|

. Yi>k, 21
n; -1

aji+1 =

then
a; — aj—| .
aiy1 —a = —, Vi>k,
n; —1

hence

o
ain —ai = | []— (h(x0) — h(z0)),

o i~



The mean value property for harmonic functions on graphs and trees 123

and finally using Remark 4.3 and Equation (18),

i l
1
a1 = hGo)l = | 3 [ ] ——— [ Ihx0) = h(zo)| < +oo.

I=k j=k 7

The function g is bounded since S(o, k) is finite.

(i1) = (i). It is obvious.

(i) = (iii). It is an easy consequence of Remark 4.1.

(i) = (iv). Lemma 4.12 implies that v is well distributed; besides, using
Proposition 4.11, we have that L(k(-, &), Ky (v))(0) = 0, for all £ € S(o, k) and
again from Lemma 4.12 we obtain that K; (v) is well distributed. Now if K\ (v) is
such that L(k(-, &), K" (1))(0) = 0, for all & € S(o, k) then by Lemma 4.12 it is
well distributed, hence by Proposition 4.11, since K,(("H) W) =K;_, o K,((") (v) we
have that L(k(-, &), K" (1)) (0) = L(k(-, &), K" (1))(0) = 0, forall & € S(o, k).
This proves (iv).

(iv) = (ii). If K{" is well distributed for all  then, using Proposition 4.11, we
have that

L(h, v)(0) = L(h, Kx()(0) = L(h, K" (1) (0),
Vhe H(T,P),Vn=0,1,..., k.

If we take n = k — 1 then supp(K}ck_l) (v)) € B(o, 1) and it is well distributed
(i.e. constant on S(o, 1)), then, by Proposition 3.3, we have that

0= L(h,v)(0) = L(h, K" ())(0), Vh e H(T, P). .

The meaning of the previous proposition is that the set of finite variation
measures on a T{,,-type tree with finite support which have the strong mean value
property is the maximal K-invariant subset of the set of all the finite variation
measures with finite support.

5. The case of counting measures with finite support

In this paragraph we are interested in a particular class of measures: the counting
measures on finite subsets of a Ty, }-type tree T', given a non-empty finite subset
B C T and a measure vp defined by

vp(A) :=card(A N B), VA e P (T). (22)

In particular, we want to characterize all the counting measures with finite support
which have the strong mean value property.
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We recall that, since T is a Tj,,,-type tree, then

1 ifk=0

no ifk=1
card(S(0, k)) = k-1

no [Jon = 1) ifk=>2,

i=l1

1 ifk=0
no + 1 ifk=1

card(B(o, k)) = koj-l
l+n0+n021_[(n,-—1) ifk > 2.

j=2i=1

(23)

The next lemma compares the cardinality of a ball of radius k& with the cardi-
nality of the sphere of radius k + 1.

Lemma 5.1. If T is a Ti,,-type tree with ng > 2 and ny > 3 for all k > 1 then
card(S(o, k)) > 1 +card(B(o, k— 1)), Vk=>1. 24)

Proof. If k = 1 then card(S(o, k)) = np > 2 = 1 + card(B(o, 0)). We will prove
the lemma by induction on k: let it be true for k — 1 then

cmdﬂak—l»:1+§:wm0}ﬂBwj—1D

= 1+ nocard(Ty, N B(o, k — 1))
card(S(o, k)) =1+ anrd(Tx N S(o, k))

X~0

=1+ ngcard(Ty, N S(0, k), (25)

where xo ~ o is fixed. If one looks at T, as a tree of Tj,,)-type with root xo,
where mo =n; —1 > 2and m; = n;y; > 3 forall i > 1 then T, N S(o, k) and
Ty, N B(o, k — 1) are, respectively, the sphere of radius k£ — 1 and the ball of radius
k — 2 of Ty,. Applying the induction hypothesis

card(Ty, N S(o, k)) = 1 + card(Ty, N B(o, k — 1)), (26)
hence, using Equations (25) and (26), we have

card(S(o, k)) > ng + card(B(o, k — 1)) > 1 + card(B(o, k — 1)).
O

Estimate (24) can be improved but it is sufficient for our purpose. Before
proving the main result of this section (Theorem 5.3) we need another lemma.
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Lemma 5.2. Let T be a Ty,,-type tree with ng > 2 and ny > 3 for all k > 1 and
let us take x,y € T such thatx # 75, d(o,X) =d(o,y) =r > 1. If B C B(o,k) is
such that v := vg (see Equation (22)) has the mean value property and v(x) = 1,
forall x € Tx N S(o, k) while v(y) =0, for all y € Ty N S(o, k) then

K¢ )@ > K)o, (27)
Proof. 1f k = r this is obvious. Let us prove the statement by induction on k — r. If
k > r, Definition 4.9 implies that K,(ckfrfl) (v)(x) = v(x) forevery x € B(o,r — 1),
whence

K V)T = w(T), KV 0)(Ty) = u(Ty). (28)

Moreover, by Proposition 4.13, 7V := K,({"_r_])(v) is well distributed (since v has
the mean value property) and Equation (28) implies that there exists p, g € R such
that

0 ifx € §(o,5), s>r+1
p ifx e So,r+1)NTx
V(x) = 1{gq ifxeSo,r+HNT

W(Ts) — (n, — )p ifx=%x
v(Ty) — (n, — g ifx =Y.

Let X ~ X such that X € S(o,r + 1) and ¥ ~ y such that y € S(o,r + 1). By
induction hypothesis (on 75 and 75) we have that

p=7® =K"""0®>K""0® =V =q. (29
If we apply K, to V we obtain
K& (1) (%) = (T K& (1)) = u(Ty
(@) =v(T%) + p, v W) =Ty +q.

Hence, by Lemma 5.1 (note that the trees T3 and 75 satisfy all the hypotheses of
the lemma),

v(T5) > card(Tx N S(o, k)) > card(Tz N B(o, k — 1))
= card(T5 N B(o, k — 1)) > v(Ty), (30)

and finally, from Equations (29) and (30), we obtain

KD 0)@ = w(T) + p > v(T5) + g =K 1)), 4

Theorem 5.3. Let vp be the counting measure on a finite non-empty subset B of
a Tin,y-type tree T with ng > 2 and ny > 3 for all k > 1. If B C B(o, k) and
B N S(o, k) # O then vp has the strong (<= weak) mean value property if and
only if B is I',-invariant.
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Proof. Proposition 4.13 guarantees the equivalence between weak and strong mean
value property.

If B is I',-invariant then Proposition 3.3 implies that vz has the strong mean
value property.

Let us suppose that vg has the strong mean value property. We use induction
on k. We first recall that on a Tj,,)-type tree, a measure is of type 1 if and only if it
is I',-invariant (see Remark 3.4).

If k = 1 then Corollary 4.6 implies the result. Let us suppose it holds for k — 1:
we already know (Proposition 4.13) that (i) is equivalent to K,(:l) (vg) being well

distributed for alln = 0, 1, .. . k. Let us suppose also, by contradiction, that vg is
not I',-invariant, then there exist x, y € S(o, k') (K < k) such that vg(x) = 1 and
vg(y) = 0.

If ¥ < k then for all » > k" and for all z, w € S(o, r), we have that vg(z) =
vg(w): let us consider the measure V'(x) := vg(X) xp(.x)- It is easy to show that
vg — V' is [,-invariant, hence by Proposition 3.3 it has the strong mean value
property. By induction hypothesis, v' (which is not I',-invariant) has not the strong
mean value property, then v cannot have the strong mean value property as well
and this is a contradiction.

If ¥ = k we define r := min{d(x, y) : x, y € S(0,k), vg(x) = 1,vg(y) = 0}
(obviously r is even and r > 2), we fix x1, y; € S(o, k) such that d(x;, y;) = r,
vp(x;) = 1 and vp(y;) = 0. Let IT[x; A y1,x1] = {x1 A y1,%,...,x1} and
Ix; A yi,v1] = {x1 Ay1,y,...,y1}; hence for every z € Ty N S(o, k) (w €
15N S(o, k), respectively) we have d(z,x) < r —2 (d(w,y) < r — 2, respectively)
and then vp(z) = 1 (vp(w) = 0, respectively).

Since d(x,0) = d(y,0) = d(x; Ay;,0)+1 =k —r/2+ 1 > 1 then by
Lemma 5.2 we have

KD wp) @) > K7 (up) ). (31)

Again we obtained a contradiction, since d(X,y) = 2, d(x,0) = d(y,0) and
K{" (vg) is well distributed for all n = 0, 1, ..., k. o

6. A remark on the mean value property for a general Markov chain

Let (X, P) be an irreducible random walk with state space X (please note that the
random walk is not required to be of nearest neighbour type). We could think of X
as the associated oriented graph (x +— y if and only if p(x, y) > 0). We already
introduced, in Section 1, the Banach space of the finite variation measures on X as
I"X) = L'"((X, P (X), ue); R) (with the usual norm |[v]); := Y rex V(X)) whose
(topological) dual is [*°(X) := L*=((X, P (X), i.); R); the duality relationship is
as follows: [ € I'(X)* if and only if there is & € [°°(X) such that, forall f € I'(X),

IH =)= Zh(x)f(x). (32)
xeX

In this paragraph we want to characterize all the finite variation measures
which have the weak mean value property with respect to a fixed point o € X (see
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Definition 3.1). To this aim we need some definitions and some elementary result
of the Banach space theory.

We recall that if {v,}qca C B (where B is a Banach space) then span ({vy }eca)
is the smallest closed linear subspace of B which contains {v,}yea. If v € B and
{va}eca C B we say that v is independent of {vy}qea if ZaeA AgVy +av = 0
implies a = 0. Moreover, we say that {v,}sca 1 a family of independent vectors
if and only if each one is independent of the others (thatis )., aave = 0 if and
onlyifa, =0, forallae € A). Letusrecall thatif Y C B and B* is the (topological)
dual space of B, then Y+ := {l € B* : [(v) = 0, Vv € Y}: it is easy to show that
Y+ = span(Y)* and that Y it is a closed linear subspace of B*. An important
result is the following (see [16, Proposition I1.12]):

Proposition 6.1. [f B is a Banach spaceand M C B, N C B* are linear subspaces,
then

(MH* =M,  (NHT2N, (33)
where M and N are the topological closures of M and N.

It is well known that if w = ), _, aqvy (Where the sum is strong convergent
in B) and/ € B* then [(w) = ), 4 dol (V).

Remark 6.2. We note immediately that F°°(X, P) is a linear closed subspace of
[*°(X): in fact it is easy to show that H (X, P) = {"x}iex = span({vx}xex){

where

px,x)—1 ify=x

ve(y) = . (34)
) p(x, y) if y # x.
We note that, for every x € X
lvellr = Z V(M| =201 — p(x, x)), (35)
yeX

then, if the graph has at least two points, v, is not the null measure for any x,
since (X, P) is irreducible. Equation (34) could also be written as v, :=
> ex P(x, ¥)8, — 8, which converges in /' (X). Moreover, #*° (X, P) = Ker(P —
I+), where P is defined by Equation (2) and is a bounded operator from /*°(X) into
itself, I, is the identity operator on [*°(X) and P — I is the discrete Laplacian.
If we consider the linear bounded operator Q from /' (X) into itself

QW) =Y v(yp(y,x), Vxe€X,

yeX

then Q* = P (where Q* is the adjoint operator of Q), that is Q is the pre-adjoint
of P.

We are ready to state and prove the main theorem of this section.
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Theorem 6.3. Let (X, P) be a random walk and let o € X be a fixed point in X. If
{vi}rex is defined by Equation (34) and v is a finite variation measure on X, then
the following assertions are equivalent:

(i) v has the weak mean value property with respect to o;

(ii) there exist a € R, v € span({vy}icx) such that v = as, + V (in this case
a = v(X) and Vv is uniquely determined);

(iii) v — v(X)8, € Rg(Q — 1)) (where 1, is the identity operator on I'(X)).

Proof. (i) < (ii) Let us define 1 € [°°(X) as the constant function I(x) := 1, for
all x € X. Obviously v has the mean value property with respect to o if and only if

veA:={v el'X) : () = hDIG,), Yh € H> (X, P)}; (36)

since [1(v) = v(X) and [,,(5,) = h(o) (see Equation (32)). Using the linearity of [,
and [y, it is easy to show that

Ih(v) = LiWIL(8,), Vh € H*P(X, P) —
Ih(v—01LW3é,) =0, Vhe H®X,P), 37)

which is equivalent to
v —11(1)8, € HX(X, Pt = span({vi}rex)

by Proposition 6.1 and Remark 6.2. From the last equation we finally derive that v
has the mean value property with respect to o if and only if there exists (a unique)
v € span({vy}yex) such that

v=101(s, + vV =v(X)s, + V.

(i) < (iii) Since H*°(X, P) = Ker(P —I,) = Ker((Q —1;)*), Corollary I1.17
of [16] and Equation (37) imply that {v € NX) : L,(v—L(vs,) =0, Vhe
H>(X, P)} =Rg(Q —1T)). o

If A € I'(X) then Y vey M)V, is well defined and convergent in 1'(X). Obvi-
ously if x € X, )

D a0y | ) =D 2)plx, y) = Ax) = (QN)(x) — A(x);

yeX yeX

this equation describes the relationship between the set {v,},cx and the pre-adjoint
of the Laplacian operator Q — I;.

Obviously if (X, P) is recurrent we know (see Section 4) that every finite
variation measure has the weak mean value property with respect to any point o,
then Rg(Q —I) = span({vilrex U {8,}) = I'(X).

Using elementary techniques of Banach space theory and some basic properties
of the Green function, we can show that:

(i) 8, & span({vi}iex);
(i1) if (X, P) is transient {v,},cx U {8,} are independent.
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Moreover one can show (in a similar way as in [12, Theorem 3.9]) that Q — I
is not injective if and only if P is a positive-recurrent transition operator.

We note that Theorem 6.3 characterizes all the finite variation measures which
have the weak mean value property, while Proposition 4.13 characterizes only those
with finite support. v has the weak mean value property with respect to x if and
only if v = lim,,_, oo v, Where v, (y) = adx(y) + ), cx ta(w) p(w, y) for a suitable
sequence {it, }Jnen € I'(X) (the previous limit is with respect to the /' -norm).

It is easy to understand the connection between the operator K (Definition 4.9)
and the set {v, }cx. First of all it is clear that v, (§,, respectively) is well distributed,
for every x € X. Let us now take a Ty, ;-type tree T, if v is well distributed on T
and supp(v) € B(o, k) (for some k > 1) then for every x € S(o, k — 1) there exists
{cy}xer C R such that

v(y) =cy, Vye S(,k),y~ x.
We easily verify that
v —Ki(v) = Z Cxj—1Vy. (38)
xeS(0,k—1)
By means of the last equation, v could be written as
v=v(X)d, + Zaxvx,
xeJ

where J is a finite subset of X.

Theorem 6.3 also allows us to find explicit examples of finite variation measures
with unbounded support which have the weak mean value property with respect to
a vertex o without being I',-invariant.

Example 6.4. We construct a positive finite variation measure with unbounded
support on Ty, which has the weak mean value property with respect to the root o.
Let us fix xg € S(o, 1) and let us define

(M — 1)/M"™2 ifx € S(0,n) N Ty,

1/M if x € S(o, 1)\ {xo0}
v(x) = .

1 ifx=o0

0 ifx € B(o, DN TE

X0

itis easy to show thatv = (2—1/M?)8,+ Z v,/ M9 One can immediately
xETXOU{a}
see that v is not I',-invariant.

Here are some questions which, as far as we know, are still open:

(i) Is there a more explicit characterization of the set span({vi},ex) (.e.
Rg(Q —1)))? To this aim it could be useful to understand when {v,},cx (or
equivalently {v.}rex U{3,}) is a basis of span({vy}rex) (Span({vitrex U {8o}),
respectively); in this case {v,}cx is called a basic sequence (see [17, Defin-
ition 4.5]).
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(ii) One could easily show that if a finite variation measure v has the weak mean
value property with respect to o and f € L'(X;|v|) such that there ex-
ists a sequence {h,},en C H>(X, P) satisfying |h,(x)| < | f(x)| |v]-ae.,
limy, s o0 hp(X) = f(x) |v[-a.e.andlim,, 40 by (0) = f(0) then L(f, v)(0) =0.
It could be interesting to find non-trivial examples of graphs where any har-
monic function could be approximated by a sequence of bounded harmonic
functions as described above. In these cases the weak and the strong mean
value properties are completely equivalent.

Acknowledgements. 1 am very grateful to W. Woess for suggesting the argument of this
paper which is part of my Ph. D. thesis.
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