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Note on uniformly transient graphs

Matthias Keller, Daniel Lenz, Marcel Schmidt
and Radostaw K. Wojciechowski

Abstract. We study a special class of graphs with a strong transience
feature called uniform transience. We characterize uniform transience via
a Feller-type property and via validity of an isoperimetric inequality. We
then give a further characterization via equality of the Royden bound-
ary and the harmonic boundary and show that the Dirichlet problem has
a unique solution for such graphs. The Markov semigroups and resol-
vents (with Dirichlet boundary conditions) on these graphs are shown to
be ultracontractive. Moreover, if the underlying measure is finite, the
semigroups and resolvents are trace class and their generators have ¢*
independent pure point spectra (for 1 < p < c0).

Examples of uniformly transient graphs include Cayley graphs of hy-
perbolic groups as well as trees and Fuclidean lattices of dimension at
least three. As a surprising consequence, the Royden compactification of
such lattices turns out to be the one-point compactification and the Lapla-
cians of such lattices have pure point spectrum if the underlying measure
is chosen to be finite.

Introduction

Spectral geometry is concerned with the interplay of spectral theory of Laplacians
and the geometry of the underlying structure. The two basic paradigms are given
by Riemannian manifolds and graphs. There are many similarities between the
case of graphs and the case of manifolds. Indeed, a common framework is pro-
vided within the theory of Dirichlet forms. Still, there are also crucial differences.
Structurally, a main difference is that manifolds give local Dirichlet forms whereas
graphs give non-local Dirichlet forms.

As far as examples are concerned, there is also another difference: In the case
of manifolds, the Riemannian structure provides both the Laplacian on smooth
functions and a canonical measure. The situation on graphs is rather different.

Mathematics Subject Classification (2010): Primary 39A12, 39A70; Secondary 58J35.
Keywords: Graphs, transience, Royden boundary, Dirichlet problem, spectral theory.



832 M. KELLER, D. LENZ, M. SCHMIDT AND R. K. WOJCIECHOWSKI

One is given two pieces of data on a countably infinite set X, viz (in notation
explained below in Section 1)

e a graph structure (b, c) and
* a measure m,

and these two pieces of data are completely independent. In this sense, there are
more parameters available in the case of graphs.

One way to deal with the abundance of possible measures in the graph case is
to restrict attention to certain special measures. In this context, two choices have
attracted particular attention. One is the measure derived from b by taking m to
be the vertex degree. The corresponding Laplacian is known as the normalized
Laplacian. The other choice is the constant measure. Both of these choices have
their merits. Indeed, it seems that, for a long time, the study of Laplacians on
graphs was restricted to one of these two choices. In particular, the spectral geom-
etry of normalized Laplacian has been quite a focus of attention, see e.g. [1], [3],
[5], [8], [11], [34], [35], [39], [51], and references therein as well as [34] and [55] for
higher order Laplacians.

Recently, however, there has been an outburst of all sorts of studies of Lapla-
clans on graphs with general measures, see e.g. [2], [6], [7], [12], [17], [18], [19],
20], (23], [26], [29], [31], [32], [37], [36], [44], [43], [46], [52], [53], [54], [65], and
references therein. In some sense, a comparable development can be seen in the
study of manifolds. There, weighted manifolds have become a focus of attention
in certain questions of spectral geometric nature, see e.g. [25], [24], [27].!

Given this situation, there is substantial interest in features of the graph which
do NOT depend on the choice of the measure.

One such feature is transience/recurrence. Another feature is compactness
of the underlying structure. Indeed, quite recently, the concept of a canonically
compactifiable graph has been brought forward in [22]. Canonically compactifiable
graphs have many claims to model a (relatively) compact situation.

Here, we present another property which is independent of the measure. This
property is stronger than transience and weaker than canonical compactifiabil-
ity. There are various ways to look at this property. Indeed, the main abstract
result of this note (Theorem 2.1) shows that it can simultancously be seen as a
strong transience condition or as a strong Feller-type condition or as the validity
of a strong isoperimetric inequality. We call it uniform transience. This property
has already appeared in the literature in work of Barlow—Coulhon—Grigor’yan [4]
and of Windisch [62] in, yet, other manifestations. Corresponding considerations
are somewhat ad-hoc and a systematic treatment —as given below — was missing
until now.

In this context, we emphasize that, unlike in other studies of graphs, our treat-
ment below is not inspired by similar considerations in the manifold setting. In
fact, it may be an interesting question to carry it over to the manifold case.

!Indeed, one might argue that the normalized Laplacian on a graph corresponds to the Lapla-
cian on a manifold with Riemannian volume and the choice of a general measure on a graph
corresponds to the choice of a weight (i.e., a density with respect to the Riemannian volume) on
the manifold.
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As discussed below, the class of uniformly transient graphs contains all non-
trivial trees and all Cayley graphs of hyperbolic groups (with standard weights)
as well as all transient graphs with a quasitransitive automorphism group. In
particular, all Euclidean lattices Z? for d > 3 fall into this category.

Uniform transience has a certain compactness flavor to it. In fact, every canon-
ically compactifiable graph is uniformly transient (Corollary 2.3). Thus, all models
considered in [22] fall into our framework here. Moreover, it is possible to character-
ize uniform transience by a boundedness condition with respect to a certain metric
(Theorem 3.2). Furthermore, it is possible to characterize uniform transience via
the Royden boundary. As a consequence, we can show unique solvability of the
Dirichlet problem for uniformly transient graphs. This is discussed in Section 4.
The methods developed in Section 4 can be extended to reprove the (well-known)
existence of solutions for the Dirichlet problem on general graphs. We include a
discussion in Section 5.

As mentioned already, all canonically compactifiable graphs are uniformly tran-
sient. We can even characterize the canonically compactifiable graphs within the
class of uniformly transient graphs as those for which all harmonic functions of
finite energy are bounded (Theorem 6.1). In this context, we can also prove that
for a transient graph the Royden compactification agrees with the one-point com-
pactification if and only if the graph is uniformly transient and has the Liouville
property (Corollary 6.2). As a particular class of examples for this we discuss
Euclidean lattices.

Uniformly transient graphs yield ultracontractive semigroups independently of
the underlying measure (Lemma 7.1). This can then be used to show that they
yield P independent pure point spectrum whenever the underlying measure is finite
(Theorem 7.2).

Our abstract results give remarkable and somewhat surprising consequences
for the Euclidean lattices Z? for d > 3. These can easily be seen to be uniformly
transient. From this, we then obtain that the Royden compactification of such a
lattice is the one-point compactification. This is in sharp contrast to the case of
smaller dimensions. In fact, the Royden compactification of the one-dimensional
lattice is an enormous object (see [66]). Moreover, we infer that the Laplacian on
such a Euclidean lattice has pure point spectrum whenever the lattice is equipped
with a finite measure. Details are discussed in the last two sections.

Our considerations make use of a certain characterization of the domain of
the Laplacian with Dirichlet boundary condition and of a certain characterization
of transience. Both of these characterizations are probably well known. As we
have not been able to find them in the literature, we have included corresponding
discussions in one appendix each. We also include an appendix discussing the
relation between harmonic functions and bounded harmonic functions.

Note added. After we received a referee report on this article we were made
aware by a third person that uniformly transient graphs have already featured in
the not so widely known papers [40], [41] under no particular name. In particular,
Theorem 4.2 which provides one characterization of uniform transience is contained
in Proposition 4.1 of [40]. However, we would like to stress that the contexts
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of [40], [41] are quite different from ours. There, uniformly transient graphs are
used as a mere tool to study the convergence of resistance forms and associated
processes while we provide a systematic study of uniformly transient graphs and
their properties. Furthermore, we were made aware that a related concept called
uniform subcriticality was studied in the context of second order uniformly elliptic
operators in a domain of R in [56].

1. Framework: graphs, forms and Laplacians

In this section we introduce the key objects of our study. These are forms on
graphs and the associated semigroups and Laplacians. A convenient framework
has recently been presented in [44], [43]. Here we follow these works and refer to
them for further details and references.

Let X be a countably infinite set. The vector space of all real-valued functions
on X is denoted by C(X). The subspace of all real-valued functions vanishing
outside of a finite set is denoted by C.(X) and the closure of C.(X) with respect
to the supremum norm

[[flloo := sup | f(z)|
reX

is denoted by Cy(X). It is a complete normed space when equipped with the
supremum norm.

A graph over X is a pair (b, c¢) such that b: X x X — [0,00) is symmetric, has
zero diagonal, and satisfies

Z b(x,y) < o0

yeX

for all z € X and ¢: X — [0,00) is arbitrary. Then, X is called the vertex set,
b the edge weight and c the killing term or potential. Elements x,y € X are said
to be neighbors or connected by an edge of weight b(xz,y) if b(z,y) > 0. If the
number of neighbors of each vertex is finite, then we call (b, ¢) or b locally finite. A
finite sequence (xq, ..., x,) of pairwise distinct vertices such that b(z;—1,x;) > 0
fori=1,...,nis called a path from xy to x,,. We say that (b, c) or b is connected
if, for every two distinct vertices z,y € X, there is a path from z to y.

Given a weighted graph (b, ¢) over X, we define the generalized form Q: C(X)—
[0, 00] by

QU i=5 3 by 1) — WP+ 3 @) f @),

z,yeX zeX

and define the generalized form domain by
D:={feC(X): Qf) < oo}.

Functions in D are said to have finite energy.
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Clearly, Co(X) C D holds as b(z, -) is summable for every € X. By Fatou’s
lemma, @ is lower semi-continuous with respect to pointwise convergence. The
form @ gives rise to a semi-scalar product on D via

Q(f,9) = % D b(,y) (f(x) = f() (9(x) — g(w) + > e(x) f(2) g(a).

z,yeX reX

If ¢ # 0 and b is connected, the form @ defines a scalar product. Furthermore,
the form @ is compatible with normal contractions. For each normal contraction
C:R = R (ie., C satisfies |C(z) — C(y)| < |z — y| and |C(2)| < |z| for arbitrary
x,y,z € R) and each f € C(X) we have
Q(Co f) <Qf).
We will need the following well-known lemma (see e.g. [22]).

Lemma 1.1. Let (b,c) be a connected graph over X. Then, for any z,y € X,
there exists d(xz,y) > 0 such that for any f € D

(@) = FW)* < Q) d(w,y).

We now choose a vertex o € X and define a semi-scalar product (-, -), on D by

(f,9), = Q(f,9) + f(0) g(0),

for f,g € D and the corresponding semi-norm

171l o= (s £, 2 = @) + 1 £ ().

If b is connected, then (-, -), defines a scalar product and ||-||, defines a norm on D.
In this case (D, (-, -),) is a Hilbert space.

The space D has received a lot of interest since first being studied in [67]. A
systematic investigation was given in the work of Soardi [59]. In this context, we

also recall the following well-known lemma, which follows from Lemma 1.1 above.
Lemma 1.2. If (b,c) is connected, then the point evaluation map

60 (D,IH,) = R, ws ufa),
1s continuous for each x € X.

As the choice of 0 € X in the previous lemma is arbitrary, we directly obtain
the following consequence.

Lemma 1.3. Let (b, ¢) be a connected graph over X and let 01,02 € X be arbitrary.
Then, the norms |-, and ||-|,, are equivalent.

Remark. In general |-||, and Q'/2 are not equivalent norms on C,(X ). In fact,
they can be shown to be equivalent if and only if the underlying graph is transient
(see Appendix B).
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Our main focus of interest is a special subspace of D. Tt is introduced next.

Definition 1.4 (The space D). Let (b, ¢) be a connected graph over X and let
o € X be fixed. Define Dy to be the closure of C.(X) in D with respect to [||[,.

Remark. We think of the elements of Dy as functions satisfying “Dirichlet bound-
ary conditions at infinity”. As is clear from Lemma 1.3, Dy does not depend on
the choice of 0 € X. In fact, f € D belongs to Dy if and only if there exists a
sequence () in Co(X) with ¢, — f pointwise and Q(¢y, — f) — 0,7 — oc.

Lemma 1.5. Let (b,c) be connected and let o € X be fized. Then (D, (-, ) 8
a Hilbert space. Furthermore, for each normal contraction C : R — R and each
f € Dy we have C o f € Dy.

Proof. The fact that D is a Hilbert space is a consequence of the lower semi-
continuity of Q with respect to pointwise convergence. It then follows that Do
is a Hilbert space as well. Let f € Dy and a normal contraction C' be given.
Let (¢n) be a sequence in Cc(X) which approximates f with respect to |- H

The compatibility of Q with normal contractions implies Q(C’ 0 p,) < Q((pn)
particular, we obtain that (C' o ¢,) is a bounded sequence in the Hilbert space
(Do, (-,-),)- By the Banach-Saks theorem, it possesses a subsequence (C' o ¢y, )

whose Cesaro means
L
1
- Z E Co Py
k=1

converge to a limit g € Dy with respect to |||, as L — oo. By Lemma 1.2,
convergence with respect to ||-||, implies pointwise convergence. From the choice
of ¢, we obtain ¢y, — C o f pointwise while the construction of vr, yields ¥;, — g
pointwise. We conclude C' o f = g € Dy. This finishes the proof. O

Finally, we will need the concept of capacity. In our context the capacity cap(x)
of a point x € X is defined as

cap(z) = inf{Q(¢p) : ¢ € Ce(X), p(z) = 1}.

We now assume that we are additionally given a measure m on X of full support.
Then ¢2(X,m) is the vector space of square summable (with respect to m) elements
of C'(X). It is a Hilbert space with respect to the inner product

=Y f(@) g(x) m(a).
reX
The associated norm is given by
LI = CF )2,
Whenever (b,¢) is a graph over X and a measure m of full support is given, we

obtain the bilinear form Qs,?) := QP) by restricting @ to
DY) =X,
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where the closure is taken with respect to the norm
~ 2
lullg := (Q(u) + [[ul]")

By definition QP)(f, g) = @(f,g) holds for f,g € D(QP)). Thus, the key ingre-
dient in the definition of Q(P) is the domain D(Q")). Here, we have the following
characterization. We have not been able to find it in the literature. Thus, we
include proof in Appendix A. It may be of interest in other situations as well.

1/2

Lemma 1.6 (Characterization of D(Q(P))). Let (b,c) be a graph over X and m
be a measure on X of full support. Then,

D(Q) = Do (X, m).
There then exists a unique self-adjoint operator L := L%D ) with

(Lf.g9)=Q"P)(f.9)
for all f in the domain of the operator D(L) and g € D(Q")).
This operator is non-negative and gives rise to a semigroup et ,t >0, and
resolvents (L%j ) 4 a)~!, a > 0. The semigroup and the resolvents are bounded

operators on £2(X,m). It turns out that their restrictions to C..(X) can be uniquely
extended to give bounded operators on (P(X,m) for all p € [1,00), see [44].

2. Uniformly transient graphs

In this section we introduce the class of graphs under considerations. They can be
characterized in three different ways viz via a transience property, via an isoperi-
metric inequality and via a Feller-type property.

Theorem 2.1 (The main characterization). Let (b, ¢) be a connected graph over X .
Then, the following assertions are equivalent:

(i) The inclusion Dy C Co(X) holds (“Uniform transience”).
(ii) There exists C > 0 with ||¢|ee < CQY%() for all ¢ € C.(X) (“Supnorm
isoperimetricity’).
(ii") For one (all) 0o € X there exists C, > 0 with ||¢|lec < Cy [l¢]], for all ¢ €
Co(X).
(iil) The inclusion D(ng?)) C Cy(X) holds for any measure m on X of full
support. (“Uniform strong Feller property’).
(iii") The inclusion D(Qg,?)) C Cy(X) holds for any measure m on X of full
support with m(X) < oo.
(iv) The inequality inf ¢ x cap(x) > 0 holds (“ Uniform positive capacity of points”).

Remark. Of course, one can replace the condition ¢ € C.(X) by ¢ € Dy in (ii)
and (ii’).
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Proof. We first show (i) = (ii). Choose o € X arbitrary. By (i) and the closed
graph theorem, the map

(Do [I-l,) = (Co(X), IMlloe)s f = f

is continuous. Thus, there exists C; > 0 with

[ flle < CLIIf,
for all f € 50. Therefore, it suffices to show that there exists Cy > 0 with

lell, < C2Q*()

for all ¢ € C.(X).
Assume the contrary. Then, we can chose a sequence (p,) € C.(X) with

H‘Pn”o > nél/z(Wn)

for all n. Without loss of generality, we can assume that |||, = 1 for all n. This
yields @(@,L) — 0,n — oo and then |p,(0)] = 1,n — oo. By Lemma 1.1 and
Q(en|) < Q(pn) — 0 it follows that |@,| — 1 pointwise as n — co. By Fatou’s
lemma, Q(1) < lim, 00 Q(|¢n|) = 0 so that 1 € D and ¢ = 0. Then the preceding
considerations show, in fact, that the sequence (|¢y,|) from C.(X) converges to 1
in the sense of ||-[|,. This in turn implies 1 € Dy which contradicts (i).

Due to the equivalence of all norms ||-|[,, o € X, given in Lemma 1.3, the
validity of (ii") for one o0 € X is equivalent to the validity of (ii’) for all 0 € X. The
implications (ii) = (ii’) = (i) are then clear.

The equivalence between (i) and (iii) and (iil’) follows easily from the charac-
terization

D(QP)) = Dy N £3(X,m)

m

given in Lemma 1.6. For (iii’) = (i) note that for every f € Dy, there exists a
measure m such that f € £2(X,m).

Finally, the equivalence between (ii) and (iv) follows easily from the definition
of the capacity of a point. O

Remark. Note that in the above proof of (i) = (ii) we have actually shown that
if @1/2 and |||, are not equivalent norms on C.(X), then ¢ =0 and 1 € Dy which
is equivalent to recurrence as discussed in Appendix B.

Definition 2.2 (Uniformly transient graphs). Let (b,¢) be a connected graph
over X. Then, (b, c) is called uniformly transient if it satisfies one of the equivalent
conditions of the previous theorem.

Remark (Context of the definition). a) As is well known, see e.g. [59] or Ap-
pendix B, a connected graph (b, ¢) is recurrent if and only if the constant function 1
belongs to Dy and Q(1) = 0 holds. It is transient if it is not recurrent. Obviously,
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the function 1 cannot belong to ﬁo if ﬁo is contained in Cy(X). Thus, condi-
tion (ii) of Theorem 2.1 gives that uniformly transient graphs do indeed satisfy a
very uniform version of transience.

b) Condition (iv) is the definition of uniform transience given in [4].

¢) The semigroup e’tLgv?), t > 0, associated to a graph (b,c¢) over X satisfies

the Feller property if it maps C.(X) into Cy(X). Now, the spectral calculus easily
gives that the semigroup always maps ¢?(X,m) into D(Lg,?)) - D(Qg,?)) for any
t > 0. Thus, conditions (iii) and (iii’) of Theorem 2.1 give a strong form of the
Feller property. For a recent study of the Feller property on graphs we refer the
reader to [65].

d) Let us emphasize that uniform transience (like transience) does not depend
on the measure but only on the form @, i.e., the graph structure (b, c).

e) As is well known, transience is stable under extending graphs, i.e., transience
of a subgraph implies transience of the whole graph. This stability is not true for
uniform transience. Indeed, gluing together a uniformly transient graph with a
recurrent graph will result in a graph which is not uniformly transient. The same
is true regarding the stability of the Feller property, see [65].

f) For a probabilistic approach to transience and various further aspects of
random walks on graphs we refer the reader to the standard monograph [63].

We next present three classes of graphs which are uniformly transient.
Recall that a connected graph is canonically compactifiable in the sense of [22]
if any function in D is bounded.

Corollary 2.3 (Canonically compactifiable graphs are uniformly transient). Let
(b,c) be a connected canonically compactifiable graph over X. Then, (b,c) is uni-
formly transient.

Proof. 1f a graph is canonically compactifiable, it is not hard to infer from the
closed graph theorem that the map (D, ||-||,) — ¢°°(X) is continuous so that such
graphs satisfy property (i) of Theorem 2.1 (see [22] as well for details). O

Let us now turn to the another large class of uniformly transient graphs. For
a measure m, we say the operator L;?) has a spectral gap if the bottom of the
spectrum of Lg,?) is positive.

Corollary 2.4 (Spectral gap). Let (b,c) a graph over X and suppose Lg,?) has a
spectral gap for m satisfying 6 := infyex m(x) > 0 (e.g. m =1). Then, (b,c) is
uniformly transient.

Proof. As L'P) has a spectral gap A > 0, we have Qs,?)(go) > A|g||? for all ¢ €
C.(X). Thus, we have for all ¢ € C.(X)

lelZe < 57" el < 57'A7'Q(p)
which yields the statement by (ii) of Theorem 2.1. O
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The corollary above implies that all graphs with standard weights, i.e., b: X X
X —{0,1}, ¢ =0 and m = 1, which satisfy a strong isoperimetric inequality (see
e.g. [15], [16], [9]) are uniformly transient. This includes, for example, trees with
all vertex degrees at least three and Cayley graphs of hyperbolic groups.

In the example below we show that the reverse implication of Corollary 2.3 does
not hold. Thus, there exist uniformly transient graph which are not canonically
compactifiable.

Example 2.5. Consider a tree with standard weights with vertex degree larger
than two. Then, the Laplacian on the tree has a spectral gap and is uniformly
transient by Corollary 2.4. However, it can be seen to be not canonically com-
pactifiable. Consider a path of vertices (z,) in the tree and denote by T, the
subtrees emanating from x,, n > 0, (i.e., the vertices of T}, are those vertices of X
which are closer to x,, than to xj for any k # n). Define a function ¢ by letting
o(z) = 22;1 j~1 for z € T,. Tt is immediate that ¢ € D but ¢ is not bounded.

Another, more abstract way, to see that the tree is non-compactifiable can be
seen as follows (using the notation of [22]): by Theorem 4.3 in [22], a graph is
canonically compactifiable if and only if the diameter with respect to the metric p,
which is the square root of the free effective resistance, is finite. On trees p? equals
the metric d ([22], Lemma 8.1) which is the path metric with weights 1/b(x,y).
Clearly, d has infinite diameter in the standard weight case.

Finally, recall that a graph (b, ¢) over X is called quasi-vertexz-transitive if there
exists an n € N and vertices x1, ..., z, such that for any vertex y in X there exists
an j € {1,...,n} and a bijection h: X — X with h(y) = x; and c(h(z)) = c(2)
and b(h(v), h(w)) = b(v,w) for all z,v,w € X. If n can be chosen as 1, the graph
is called wvertex-transitive.

Corollary 2.6. If a graph (b,c) over X is quasi-vertex-transitive and transient,
then (b, c) is uniformly transient.

Proof. By transience and (iii) of Theorem B.2 for any vertex o in the graph there
exists a constant C, with |p(0)]2 < C,Q(¢) for all ¢ € C,(X). By quasi-vertex-
transitivity the constant C, can be chosen independently of o € X. Now, the
desired statement follows directly from Theorem 2.1. O

3. A metric criterion for uniform transience

In this section we present a characterization for uniform transience in terms of
boundedness with respect to a certain metric.

Let (b, c¢) be a connected graph over X and let o € X be arbitrary. We define
for z,y € X,

Yo, y) = sup {|p(z) — o(y)] : ¢ € Ce(X), lell, < 1}
=sup {|f(z) — f(y)| : f € Do, |If]l, < 1}.
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Here, the last equality follows by approximation and Lemma 1.2. Similarly, we
define for z,y € X,

Y(x,y) = sup{le(x) — e(y)] - ¢ € Ce(X), Q(p) < 1}
=sup{|f(z) = f(y)| : f € Do,Q(f) < 1}.
The crucial properties of 7, and v are given in the next proposition.

Proposition 3.1 (Properties of v and v,). The map v,: X x X — [0,00) is a

metric for any o € X and so is the map v: X x X — [0,00). Any f € Dy is

uniformly continuous with respect to v. More specifically, f € Dqy satisfies

[f(@) = FW)] < QV*(f)v(z,y)

for all x,y € X. Moreover, v, <~y and

Y = Sup Yo
oeX

holds.

Proof. We first show that ~, is a metric. The values of ~, are finite by Lemma 1.1.
Symmetry and triangle inequality are clear. As the characteristic function of any
x € X belongs to C.(X), the map 7, is not degenerate. Similarly, it can be shown
that v is a metric.

The statement concerning uniform continuity is clear from the definition of ~.

From the definition of v and ~, is is clear that v, <« holds for any o € X. To
show the statement on the supremum, let z,y € X be given and choose for € > 0
arbitrary ¢ € C.(X) with Q(¢) < 1 and

Yz, y) < |e(x) — p(y)| +e.

If we now choose 0 € X with (o) = 0, then we obtain ||¢||, = Q(¢)'/2 <1 and,
hence, v,(x,y) > |@(z) — ¢(y)|. Altogether, we arrive at

Yz, y) < volz,y) + €.

As € > 0 is arbitrary this gives the desired statement on the supremum. i

Remark. a) It is not hard to see that the supremum over f € 130 can be replaced
by a maximum both for v and 7, (compare [22] for a similar reasoning).

b) If (b, c) is transient, then |||, and Q1/% are equivalent norms on Ce(X) for
any o € X (see Appendix B). Thus, in this case, v and 7, are equivalent metrics
(see Corollary B.3).

c¢) It seems that the metric in the definition is the square root of the metric
denoted as wired resistance metric in [38] (in the transient case).

d) The analogous situation where the supremum is taken over f € D instead
of f € Dy has received quite some attention (see e.g. [22] and references therein).
The arising metric is the (square root of the) resistance metric. It has also played
a role in considerations inspired by non-commutative geometry [14], [33].
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Recall that a metric space is said to have finite diameter if there exists C' > 0
such that the distance between any two points is bounded by C.

Theorem 3.2 (Metric criterion for uniform transience). Let (b,c) a connected
graph over X. Then, the following statements are equivalent:

(i) The graph (b,c) is uniformly transient.
(ii) The diameter of (X,7,) is finite for one (all) 0o € X.
(iil) The diameter of (X,~) is finite.

Proof. (i) = (iii): By uniform transience and (i) of Theorem 2.1, there exists
C > 0 with |¢[lec < CQ(p)'/? for all p € C.(X). This directly shows

() — o) < 2[pllee < 2C

for all z,y € X and all ¢ € C.(X) with Q(p) < 1. This implies (iii).
(iii) = (ii): By the previous proposition, we have 7, < 7 for any o € X. This
gives (ii) (for all 0 € X).

(i) = (i): Let (ii) be valid for one o € X. Note that by Lemma 1.3 it
then follows that (ii) is valid for all o € X. There then exists C' > 0 such that
|f(x) = f(o)] < C for any x € X and any f € D, with ||f|, < 1. This gives

[f (@) <|f(z) = f)l+ [f)l <C+fll, <C+1
for any # € X and any f € D, with | fl|, < 1. This then implies
1flle < (C+ DS,

for any f € Dy and by part (i) of Theorem 2.1 the desired statement follows. O

4. Uniform transience, the Royden compactification and the
Dirichlet problem on the boundary

In this section we first discuss a characterization of uniform transience in terms of
the Royden boundary of a graph. This will then allow us to show unique solvability
of the Dirichlet problem for uniformly transient graphs.

Recall that the Royden compactification of a graph (b,c¢) is the unique (up
to homeomorphism) compact Hausdorfl space R such that the following three
conditions are satisfied:

¢ X is a dense open subset of R.

e FEach function of the algebra Dn (>*(X) can be uniquely extended to a
continuous function on R.

e The algebra D N ¢°(X) separates the points of R.
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One can construct R by applying Gelfand theory to the algebra generated by the
uniform closure of DN ¢>°(X) and the constant function 1 which is a commutative
C*-algebra. For more details of this construction for graphs, we refer the reader
to Section 4 of [22] (see [57] for the original work of Royden on manifolds).

Definition 4.1 (Royden algebra A). Let (b, ¢) be a connected graph over X. The
uniform closure of D N ¢>°(X) in £*°(X) is called the Royden algebra of (b, c) and

is denoted by A. The unique continuous extension of f € A to a function on R
will be denoted by f.

Remark. a) Since D N (>°(X) separates the points of R, the algebra A + Lin{1}
is isomorphic to C(R) by the Stone-Weierstrass theorem.

b) It was shown in [22] that 1 € A if and only if ¢ € ¢}(X).

¢) For a different construction of R (when ¢ = 0) using a somewhat smaller
Banach algebra and further discussion we refer the reader to Chapter 6 of [59].

The set 9p X = R\ X is called the Royden boundary of (b, c). The importance

of the Royden boundary is due to the fact that harmonic functions in D N ¢*°(X)
are uniquely determined by their values on the closed subset

X :={z € dpX : f(x) =0forall f e Dynt>(X)},

see the discussion below. We call 0, X the harmonic boundary of (b, c). In general
it is strictly smaller than the Royden boundary. However, it turns out that the
validity of Or X = 9, X is equivalent to uniform transience.

Theorem 4.2. Let (b, c) be a connected graph over X. Then, the following asser-
tions are equivalent:

(i) (b,c) is uniformly transient.

(ii) The equality Op X = OrX holds.

Proof. (i) = (ii): Assume (b, ¢) is uniformly transient, i.c., Dy C Co(X) holds.
Since X is dense in R, we can approximate any € R by a net (x;) € X. Any such
net converging to a boundary point will eventually leave every finite subset of X.
As functions in Cy(X) eventually become arbitrarily small, we infer lim; f(x;) = 0,
for each f € Dy C Co(X ). Now, the statement follows from the continuity of f
on R and the fact that f|X =f.

(ii) = (i): Assume 0, X = OrX and suppose that (b,c) is not uniformly
transient. Then there exists a function f € ﬁo, a constant C' > 0 and a sequence
(x5,) C X leaving every finite subset of X such that

|f(zn)| > C, for alln > 1.

Without loss of generality we may assume that f is bounded. As R is compact, the
sequence (z,) has a convergent subnet with limit € 9gX. From the continuity
of f we infer |f(z)| > C > 0. But this implies x ¢ 9, X, which is a contradiction.

O
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We will now study the relation of 9, X and harmonic functions in A. Let us first
recall the definition and some properties of harmonic functions. Given a weighted
graph (b, c¢) over X we introduce the associated formal Laplacian L acting on

{fEC' bey|f |<oof0rallx€X}

yeX

as

= ba,y) (f@) = f)) + c(x) f ().

yeX

The operator L can be seen as a discrete analogue to the Laplace-Beltrami operator
on a Riemannian manifold. We will be interested in harmonic functions, i.e.,
functions f € F' satisfying £f = 0. The formal operator £ is intimately linked to
the form @ by the following lemma.

Lemma 4.3 (Green’s formula). The inclusion D C F holds and for each f € D
and each g € C.(X) the equality

Q(f.9) =D (L)) g(x)

zeX

is satisfied. Furthermore, if f € D is harmonic, the above equality extends to all
g € Do and is equal to 0.

Proof. We first show the inclusion DCF by using the argument of the proof of
Proposition 3.8 of [31]. Letting B, :=_ . b(z,y) we estimate

S byl fw)l <D bay) f (@) = f)l+ Y bx,y) [ £(x)

yeX yeX yeX
<(X b(x,y>)” 2( 3 blay) £ @) - f<y>|2)”2 + Buf(@)
yeX yeX

< BY?QY2(f) + Balf(2)]

which shows the claim. Combining D C F and Lemma 4.7 of [30] we obtain the
equality

> Lf(x)g(x) = Q(f.9)

zeX

for f € D and g € C.(X). The furthermore statement follows from this equality
and the denseness of C.(X) in Dy with respect to ||-[|,. O

The following lemmas are well known and easy to check, see Section 5 of [22].

Lemma 4.4. Assume that (b,c) is connected. If f € F is non-negative and not
constant and satisfies Lf <0 on X, then f does not attain a maximum on X.

Lemma 4.5. If f € F satisfies Lf =0 on X, then |f| satisfies L|f] < 0.
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Corollary 4.6 (Maximum principle for uniformly transient graphs). Assume (b, c)
is uniformly transient and let f € A be harmonic. Then,

I £lloo = 11

Proof. Combining Lemma 4.4 and Lemma 4.5 we conclude that a non-constant
harmonic function f € A does not attain its maximum on X. As its continuation f
is continuous on the compact set R, it attains its maximum at 0z X. Since uniform
transience implies 0, X = Jr X, the statement follows. O

3;LX||OO'

Remark. The maximum principle shows that on uniformly transient graphs har-
monic functions in the Royden algebra A are uniquely determined by their value
on the harmonic boundary. In the next section we will prove that an analogous
statement holds for transient graphs and harmonic functions in DN¢>° (X)) (instead

of A).

For our subsequent considerations we will need the following well-known state-
ment, see e.g. Theorem 6.3 in [59].

Proposition 4.7 (Royden decomposition for uniformly transient graphs). Let
(b,¢) be a connected uniformly transient graph over X. Then for any f € D there
exist unique fo € Dy and fn € D harmonic with f = fo+ fn. Moreover, if
fet>(X), then fr, € £°(X).

Proof. Uniqueness. Assume there exist go, fo € ﬁo and harmonic gp, fn € é such
that f = fo+ fn = go + gn. Since gp — fp is harmonic and fy — go € Dy, by
Lemma 4.3 we obtain

0= Q(gn — fn, fo—90) = Q(fo — g0)-

Thus, the connectedness of (b, ¢) implies that fo — go is constant. If ¢ # 0, then we
obtain fo — go = 0 immediately. If ¢ = 0, then the transience of (b,0) implies that
the only constant function in Dy vanishes everywhere (see Theorem B.2). This
shows uniqueness.

FExzistence. By standard Hilbert space theory, there exists a minimizer of the
functional u — Q(u— f) on the set Dy which we denote by fo. Now, let ¢ € C.(X)
and € > 0 be arbitrary. Then, since fy + ep € Dy, we obtain

Qfo— ) < Qfo+ep — ) = Q(fo — ) + 26 Q(fo — f,¢) +£2 Q).

As e and ¢ were arbitrary this shows that fj, := f — fo is harmonic.

The “moreover” statement. Assume that f is bounded. Since (b, ¢) is uniformly
transient, we have fy € Co(X) C £*°(X) and the statement follows from f;, =
f — fo. This finishes the proof. O

We will now show that for each function ¢ in

Co(ahX) = {f X : f S .A}
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the Dirichlet problem R
,CfZOOI’lX, f|8hX:SO

has a unique solution provided (b,c) is uniformly transient. Let us first identify
the space Co(9pX).

Lemma 4.8. Let (b,c) be transient. If we equip 0, X with the subspace topology
and denote by C(0n,X) its continuous functions, the following is true:

e If 1 € A, the equality Co(0nX) = C(0pX) holds.

e If 1 ¢ A, there exists a point oo € Op X such that

Co(OnX) = {f € C(OnX) : f(c0) = 0}.

Proof. The inclusion Cy(9,X) C C(0,X) is obviously satisfied. As 9, X is com-
pact each function in C'(9,X) can be extended to a function in C(R) by Tietze’s
extension theorem. If 1 € A, the algebra A is isomorphic to C(R) and the equality
Co(0pX) = C(OnX) follows. If 1 ¢ A, the functions in A vanish at exactly one
point co € drX (as otherwise, since A separates points, the Stone—Weierstrass
theorem would imply 1 € A). Since Dy C A, we obtain co € 9,X. This finishes
the proof. O

Theorem 4.9 (The DP on uniformly transient graphs). Assume (b, ¢) is connected
and uniformly transient. For each ¢ € Co(0p,X) the equation

,CfZOOTLX, fA|8h,X:SO

has a unique solution f, € A. Furthermore, the mapping Co(0nhX) = A, ¢ — f,
18 an isometry.

Proof. We will only treat the case where 1 € A. The other case can be treated
similarly.

Uniqueness and the isometry property. This is an immediate consequence of
the maximum principle for uniformly transient graphs, Corollary 4.6.

Ezistence. Consider the set G C Cy(9,X) of functions ¢ for which there exists
f € DnNe>(X) such that f = ¢ on 9, X.

Step 1. For each ¢ € G there exists a solution to the boundary value problem.

Proof of Step 1. Assume that ¢ = f with f € Dn >°(X). By the Royden
decomposition, Proposition 4.7, the function f has a unique decomposition f =
fo+ frn with fo € Do and fr, € D N ¢°°(X) harmonic. Since Dy vanishes on 9, X,
we obtain ¢ = f = f; on 0, X and the claim follows.

Step 2. Suppose that f, € Dn £>°(X) solves Lf,, =0 and fn|ahx = @p. Fur-
thermore, suppose ¢,, — ¢ uniformly as n — co. Then, (f,) converges uniformly
to f € A that solves Lf =0 and flg, x = ¢.

Proof of Step 2. By the maximum principle, Corollary 4.6, we have

”fn - meoo = H‘pn - SOmHoo —0
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which implies the uniform convergence of (f,,) to some f € (*°(X). We obtain
f € A by the definition of A and f = @ on JpX by the uniform convergence. It
follows from Lebesgue’s theorem of dominated convergence that Lf, — Lf. This
finishes the proof of Step 2. B

We can now conclude the existence part as follows. Since D N ¢°°(X) sep-
arates the points of R, the set G separates the points of 9, X. Furthermore, as
1 € A, it vanishes nowhere. Thus, by the Stone-Weierstrass theorem, G is dense in
C(0nX) = Cp(9r,X) and the statement follows by combining Step 1 and Step 2. O

Remark. Let us put the above theorem into the perspective of the existing litera-
ture. Even though the existence of solutions to the Dirichlet problem is well known,
see e.g. Theorem 6.47 in [59], uniqueness statements for the Dirichlet problem for
large classes of graphs seem to be rather new, confer [22] for the corresponding
result for canonically compactifiable graphs. We would also like to emphasize the
simplicity of our arguments compared to the discussion in [59] which is based
on harmonic measures on 9, X. Combining the Royden decomposition (based on
Hilbert space arguments) and a maximum principle (based on the compactness of
X U0pX in the uniformly transient setting) together with the Stone—Weierstrass
theorem already yields existence. In the next section we will also demonstrate how
to use this method for arbitrary transient graphs. However, one needs to exercise
some more care in this case when proving a maximum principle as 0, X might be
strictly smaller than OrX.

5. The Dirichlet problem on general graphs

In this section we show how to solve the Dirichlet problem for arbitrary connected
graphs (b, ¢) over X by only using a maximum principle and the Royden decom-
position.

Proposition 5.1 (Royden decomposition). Let (b,c) be a connected transient
graph over X. Then, to any f € D there exist unique fo € Dy and fn € D
harmonic with f = fo + fn. Moreover, if —a < f < b for some a,b > 0 then
—a < fi, <b. In particular, if f € £°(X), then f, € {°(X).

Proof. Existence and uniqueness of the decomposition can be proven as in the
proof of the Royden decomposition, Proposition 4.7.

The “moreover” statement. Suppose —a < f < b for some a,b > 0. Since
C.(X) is dense in Do with respect to Q and by the construction of f3, (see proof of
the Royden decomposition, Proposition 4.7), there exists a sequence (¢,,) C C.(X)
such that

@(f — Yn) = @(fh), as n — 0o.
Since we assumed the bound —a < f < b, the equality ((f—¢n)V(—a))Ab= f—tn

holds for some compactly supported function ,,. By the compatibility of @) with
normal contractions we obtain

QUf — ¢n) = Qbn — ) = Qtbn — fo) + Q(fn) = Q(fn).
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showing the convergence v,, — fo with respect to é By transience, this im-
plies pointwise convergence v, — fo, see Theorem B.2. As by construction the
inequalities —a < f — 1), < b hold, we obtain the statement. O

Remark. In [59] the above proposition is stated without the positivity assumption
on a,b. However, as we deal with possibly non vanishing potentials ¢, we need to
assume a,b > 0 to ensure the inequality

QUf V (—a) Ab) < Qf).
The following proposition is a variant of Theorem 6.7 in [59].

Proposition 5.2. Assume (b,c) is transient. Let f € D N¢°>°(X) be harmonic
and assume f > —C on 0, X for some C' > 0. Then, f > —C on X.

Proof. For e > 0, let
F:={zeR: flx)+e<-C}.

By our assumptions we have F'N 0, X = (). Thus, for each = € F, there exists a
function g, € DoN¢>°(X), such that §,(x) # 0. By Lemma 1.5 we have |g;| € D.
Thus, we may assume g, > 0 on R. Furthermore, let U, be a neighborhood of =z,
such that §,(y) > 0 for each y € U,. Obviously, F is closed and, hence, compact.
Thus, there exist finitely many points z; € F such that the corresponding Uy,

cover F'. With
g = Z gﬂfﬂ
i

we let a = inf{g(x) : x € F} and set g = min{1,a~'g}. Then, clearly, g > 1 on F,
and by Lemma 1.5 the restriction of g to X belongs to Do (> (X). By choice of
the set F' we obtain

S+ 1fllcg>—-e—C onX.

Applying the Royden decomposition, Proposition 5.1 to the function f + || f|ccg
and noting that f is its harmonic part, we obtain f > —e — C. Since € was
arbitrary, the claim follows. O

Corollary 5.3 (Maximum principle). Assume (b, c) is transient and that the har-
monic boundary is non-empty. Then, for each harmonic f € D N £>*(X) the
following equality holds:

[flloe = [f1anx oo
Proof. The statement is a direct consequence of Proposition 5.2. O

Remark. Note that, in general, the maximum principle holds for harmonic func-
tions in DN¢>°(X) only. Indeed, the failure of the maximum principle for functions
in A may lead to non uniqueness of solutions to the Dirichlet problem.
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It may happen that 9, X = () even if (b,c) is transient. This is due to the
fact that graphs (b,¢) with non vanishing potential ¢ are always transient, see
Theorem B.2. Indeed, the following characterization holds.

Proposition 5.4. Assume (b,c) is connected. Then, the following assertions are
equivalent:

(i) X = 0.
(i) 1 € Dy.
(iii) ¢ € (X)) and (b,0) is recurrent.

Proof. The implication (ii) = (i) is immediate from the definitions.

To show the reverse implication (i) == (ii) we use the construction of g in the
proof of Proposition 5.2 (with the set F' being replaced by R) to obtain 1 € 50.

We let Q', D’ and 136 be the form and the corresponding spaces associated to
the graph (b,0).

(i) = (iii): Since Q'(f) < Q(f), we obviously have Dy C 56 Thus, if 1 € D,
we obtain 1 € 56 and ¢ € /1(X). As Q'(1) = 0, the graph (b, 0) is recurrent.

(iii) = (ii): Let (b,0) be recurrent and ¢ € £}(X). Then, by the definition of
recurrence given in Appendix B, there exists a sequence of compactly supported
functions () converging to 1 pointwise such that Q'(¢,) — 0 as n — oco. By
the compatibility of @’ with normal contractions we may assume 0 < ¢, <1 for
each n. Using Lebesgue’s theorem and ¢ € ¢} (X) this shows that Q(1 — ¢,,) — 0,
as n — oo and, hence, 1 € ﬁo. O

Theorem 5.5 (Existence of solutions to the DP). Assume (b, c) is connected. For
each ¢ € Co(OnX) the equation

Lf=0onX, f

HWX =P
has a solution f, € A.

Proof. We only need to consider the case when 9, X # 0. If (b,¢) is recurrent,
we then have 1 € Dy and hence 9, X = 0. Thus, we may assume that (b,c) is
transient. Now, the proof can be carried out as in the existence part of the proof
of Theorem 4.9 using the Royden decomposition (Proposition 5.1) and the max-
imum principle (Corollary 5.3) for transient graphs with non-vanishing harmonic
boundary. O

Remark. a) The class of functions on the boundary for which we prove existence
of solutions to the Dirichlet problem is somewhat smaller that the one in [59].
However, using further monotone convergence arguments we could recover these
results. We refrain from giving details.

b) As mentioned above, uniqueness of solutions is not clear anymore as the max-
imum principle does not seem to hold for arbitrary harmonic functions in A.
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6. Canonically compactifiable graphs and the one-point com-
pactification

In this section we will have a look at canonically compactifiable graphs in the
context of uniformly transient graph. In particular, we present a characterization
of canonical compactifiability in terms of uniform transience. Moreover, we will
provide necessary and sufficient conditions for the Royden compactification to agree
with the one-point compactification. Finally, we will show how Euclidean lattices
in dimension at least three serve as examples for our results.

We can now characterize the canonically compactifiable graphs within the class
of uniformly transient graphs. Recall that canonically compactifiable means that
D C ¢°°(X) and that function in D are said to have finite energy.

Theorem 6.1. Let (b,c) be a graph over X. Then, the following assertions are
equivalent:

(i) The graph (b, c) is canonically compactifiable.

(ii) The graph (b,c) is uniformly transient and any harmonic function of finite
enerqgy is bounded.

Proof. (i) = (ii): By the very definition of canonical compactifiability any func-
tion of finite energy is bounded. Moreover, it has already been shown in Corol-
lary 2.3 that any canonically compactifiable graph is uniformly transient. Thus, (i)
implies (ii).

(ii) = (i): As the graph is uniformly transient, we have Dy C Co(X) and any
element of 50 is bounded. Moreover, by assumption, any harmonic function of
finite energy is bounded. Thus, the Royden decomposition, Proposition 4.7, shows
boundedness of all functions of finite energy and (i) follows. O

The next result shows that uniformly transient graphs as well as canonically
compactifiable graphs appear naturally whenever the Royden compactification is
the one-point compactification.

Theorem 6.2. Let (b,0) be a connected graph. Then, the following assertions are
equivalent:
(i) The graph (b,0) is uniformly transient and any harmonic function of finite
energy is constant.

(ii) The graph (b,0) is canonically compactifiable and any harmonic function of
finite energy is constant.

(iii) The graph (b,0) is transient and the Royden compactification of X is the
one-point compactification.

Proof. The equivalence between (i) and (ii) is immediate from the previous theo-
rem.

(i) = (iii): By the assumption on the harmonic functions and the Royden de-
composition, Proposition 5.1, we obtain that the smallest algebra Ag containing D
and the constant functions is given as Ay = Do+ Lin{1}, where Lin{1} denotes the
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the linear span of the constant functions. Moreover, uniform transience implies
Dy C Co(X). Now, (iii) is immediate.

(iii) = (i): This can be inferred from [59]. We include a proof for the conve-
nience of the reader. As the graph is transient, the algebra Ag := Done> (X) does
not contain any non vanishing constant functions. As the Royden compactification
has only one boundary point, any element of Ay must then actually vanish on the
Royden boundary. (Assume the contrary: then 4y contains an element of the form
1+ f with f vanishing at the boundary point. By adding a suitable function with
compact support we then obtain that Ay contains a uniformly positive function.
By a suitable cut-off, Ay must then contain the constant functions.) Thus, the
algebra Ajp is contained in Cy(X). By an easy cut-off argument, this yields that,
in fact, Dy is contained in Co(X). Hence, the graph is uniformly transient. Now,
let a harmonic function of finite energy be given. Then, by the unique solvability
of the boundary value problem proven in the previous section, this function must
be a multiple of the constant function. O

The assumptions of the theorem turn out to be satisfied for a rather well-known
class of examples.

Example: Z? for d > 3. We consider the Euclidean integer lattice Z?¢ with
d > 3 with standard weights, i.e., ¢ = 0 and b(z,y) = 1 if 2 and y have Euclidean
distance one and b(x,y) = 0, otherwise. This is obviously a vertex transitive graph
and (since d > 3) it is transient. Hence, it is uniformly transient by Corollary 2.6.
It is folklore? that these lattices are weak Liouville, i.e., any bounded harmonic
function is constant. Furthermore, it is well known (cf. Theorem C.1) that the
absence of non-constant bounded harmonic functions implies the absence of non-
constant harmonic functions of finite energy. Thus, Z¢ does not support non-
constant harmonic functions of finite energy. Therefore, the previous theorem
applies and we find that the Royden compactification of Z% is just the one-point
compactification. This is remarkable as the Royden compactification of the one
dimensional integer lattice is far from being the one-point compactification, but
rather contains a ‘huge’ number of additional points, cf. [66].

Remark. The considerations of the previous example can easily be adapted to
any transient vertex-(quasi)transitive graph with the Liouville type property that
harmonic functions of finite energy are constant.

7. Spectral theory of uniformly transient graphs

In this section we consider some spectral features of uniformly transient graphs
on (P. Our results here generalize the corresponding results for canonically com-
pactifiable graphs in [22] as canonically compactifiable graphs are uniformly tran-
sient. In fact, in terms of proofs, we basically adapt the proofs given in [22].

2There is even a webpage, http://artofproblemsolving.com/community/c6h5327, gathering
favorite proofs on this.
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Recall that the semigroup e~ Y, ¢ > 0, and the resolvents (L + o)™, a > 0,
arising from the forms Q) associated to a graph are called ultracontractive if
they are bounded operators from £2(X,m) to £>°(X).

Lemma 7.1 (Uniformly transient graphs are ultracontractive). Let (b,c) be a
uniformly transient graph over X. Let m be a measure on X of full support and
L= LS,J?) the operator associated to Q%D), Then, the associated semigroup and the
resolvent are ultracontractive.

Proof. We only consider the semigroup operators e~*, ¢ > 0. The statements on
resolvents can then be derived by standard techniques. Let ¢ > 0 be arbitrary. We
have

e M3 (X,m) € D(L) € D(QL) € Co(X) € £7(X).

Since e~*L is a continuous operator on ¢?(X,m) we now obtain, by a simple ap-
plication of the closed graph theorem, that e~* can be seen as a continuous map
from ¢2(X,m) to £>°(X). This shows the desired statement. O

tL

Theorem 7.2 (Spectral properties of uniformly transient graphs). Let (b,c) be
a uniformly transient graph over X. Let m be a measure on X of full support
with m(X) < oo and let L = L;?) be the operator associated to Q%D), Then, the

following statements hold:
(a) The operators e *F t >0, and (L + o)~ ', a > 0, are trace class.
(b) The spectrum of L is purely discrete.
(¢) The infimum of the spectrum of L is bounded below by

1
o= =

C2m(X)’
where C' is the constant appearing in (i) of Theorem 2.1.

(d) The semigroups e ', t > 0, and the resolvents (L + a)~!, a > 0, are norm
analytic and compact on all (P(X,m), 1 < p < oo, and the spectra of the
generators of e ** on £P(X,m) agree for all 1 < p < co.

Remark. The proof of (a) of this theorem uses a technique sometimes known
as the factorization principle having its roots in Grothendieck’s work [28]. For
questions of the type considered here, it has been introduced in [60] to which we
refer for further discussion (see [10] as well for further application in a similar
spirit).

Proof. (a) By m(X) < oo, there is a canonical continuous embedding
Jil®(X) = (X,m), fef

Thus, by Lemma 7.1,

t

e~ L — jeftL

is a composition of a continuous maps from £2(X,m) to £>(X) with a continuous
map from /(X)) to £2(X,m).
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By the Grothendieck factorization principle (see preceding remark) it is then a
Hilbert—Schmidt operator. Then, the operator

— _t _t
e—tL — =%l —%L

is trace class as it is a product of two Hilbert-Schmidt operators.
(b) This follows directly from (a).

(¢) By the definition of D(Q(”)) and the closed graph theorem, the estimate (ii)
of Theorem 2.1 holds for all f € D(Q()). Thus, we obtain directly

1£117, < m(X) || fI% < m(X) C* Q(f)

for all f € D(Q'P)). This easily gives (c).
(d) This follows directly from Theorem 2.1.4 and Theorem 2.1.5 of [13]. O

Remark. (a) Graphs with discrete spectrum have been investigated in, e.g., [23],
[42], [45], [47], and [64]. A general discussion of characterizations and perturbation
theory of self-adjoint operators with compact resolvent is recently given in [50].
The p-independence of the spectra of general graph Laplacians has recently been
investigated in [6].

(b) The fact that L has compact resolvent under the given assumptions is
indeed a special case of Theorem 2.4.1 of [48]. There, it is shown in the context of
resistance forms that L has compact resolvent if the finite measure m has a second
moment with respect to the metric v, i.e.,

Z v(0,z)* m(x) < oo

zeX

holds for some 0 € X. Note that ~ is the square root of the resistance metric used
in [48]. In the uniformly transient setting every finite measure m has a second
moment with respect to v since it is bounded in this situation, cf. Theorem 3.2.

(c) Note that the theorem applies in particular to Z¢ for d > 3 as this is a
uniformly transient graph (as discussed previously).

We finish this section by giving a lower bound for the eigenvalues of L.

Theorem 7.3. Let (b,c) be a uniformly transient graph over X. Let m be a
measure on X of full support with m(X) < oo and let L = Lg,?) be the operator

associated to Qs,?). Let (z,,) be an enumeration of X. Then, the inequality

1
C?m(X \{z1,...,2,})

< Ay (L)

holds, where C' is the constant appearing in (ii) of Theorem 2.1 and A, (L) is the
n-th eigenvalue of L counted with multiplicity.
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Proof. To prove the lower bound we use the min-max principle (see e.g. the text-
book [61]) and the fact that C.(X) is a form core for Q'P) to obtain

Ant1(L) = sup inf Q(%)
p1rpnel2(Vim) 02PECXN o1, pn s [l
> inf Qly)
T 0Z¢€eC (X)) p(z1)="=¢p(zn)=0 H¢H2
2
§ . [ElE
0£9eC(X) : p(z1)==p(z,)=0 C H‘PH

where we have used the uniform transience of (b,c) for the last inequality. Now,
the statement on the lower bound follows from the elementary fact that bounded
functions ¢ that vanish on the set {x1,...,x,} satisfy

el < m(X\ {1, ., 2a}) ol
This finishes the proof. O

Remark. The best possible lower bound in the above theorem is achieved by
choosing an enumeration x1, za, ... of X that satisfies m(z,,) > m(z,41) for each
n > 1. In the case where m(X) < oo such an enumeration can always be chosen
because m has to vanish at infinity.

A. A characterization of the domain of the form with Dirich-
let boundary conditions

In this section we provide a proof for Lemma 1.6, i.e., we show that
c.o0 e = Dy ne2x,m)

whenever (b, c¢) is a graph over X and m an measure on X of full support.The
statement is a special case of a theorem about general Dirichlet forms.

Proof. Let (Q, D) be a Dirichlet form on L?(Y, ) (where Y is a locally compact
Hausdorff space and g a Radon measure of full support). One can associate to
(Q, D) the extended Dirichlet space D., where u € D, if and only if there exists a
Q-Cauchy sequence (u,,) with u,, — u p-almost surely.

It is well known that the equality D = D, N L?(Y, u) holds (see Theorem 1.5.2
n [21]). In the situation of graphs, i.e., Q = Q) D = D(QP)),Y = X, u = m,
it is easy to check that D(Q(P)), = Dy (see Proposition 3.8 in [58]). O

B. A characterization of transience via equivalence of norms

In this section we present a characterization of transience via an equivalence of
norms. This characterization is probably well known. As we have not been able to
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find it in the literature, we include a proof. We also point out that it sheds some
additional light on the corresponding equivalence in our main characterization of
uniform transience.

There are various equivalent characterizations of transience. The following
definition suits our purposes best. For further details and a discussion of the
relationship to other characterizations we refer the reader to [21], [59], and [63].

Definition B.1. A connected graph (b,c) is recurrent if and only if 1 belongs
to Do and Q(1) = 0 holds. The graph is called transient if it is not recurrent.

Remark. Obviously, Q(1) = 0 holds if and only if ¢ = 0 holds.

Theorem B.2. Let (b, ¢) be a connected graph over the countably infinite X. Then,
the following assertions are equivalent:

(i) The graph (b,c) is transient.
) The norms ||-||, and QY2 are equivalent on Co(X) for every o € X.
(ii") The norms ||-||, and QY2 are equivalent on Co(X) for one o € X.
)

(iii) For every o € X there exists Cy > 0 with |¢(0)] < Co QY2(p) for all ¢ €
Co(X).

(iii’) For one o € X there exists C, > 0 with |p(0)] < Cy QY2(p) for all ¢ €
Co(X).

(iv) cap(o) > 0 for every o € X.
(iv") cap(o) > 0 for one o € X.
Remark. Note that properties (i), (ii), and (iv) of Theorem 2.1 directly strengthen
properties (i), (iii), and (iv) of the previous theorem.
Proof. The equivalences between (ii), (iii) and (iv) and between (ii’), (iii") and (iv’)
are clear.
(i) = (ii): It was remarked after the proof of Theorem 2.1 that if ||-|| and Q'/2

are not equivalent norms on C,.(X), then 1 € 50 and ¢ = 0 so that the graph is
recurrent.

(ii) = (it’): This is clear.
(ii') = (i): Let o € X be given such that |||, and Q'/2 are equivalent on
Co(X). Therefore, there exists C > 0 such that [|¢]|, < CQY?(p) for all p €

C.o(X). Assume that (b,c) is recurrent. Then, 1 belongs to Dy and ¢ = 0 holds.
Hence, there exists a sequence () in C.(X) converging to 1 with respect to ||-||,.

In particular, lim,,_, @(gpn) =0. As ¢ =0, we then obtain
. . ~1/2
=11, = lim fgull, < lim CGY2(p,) =0
giving a contradiction. O

Corollary B.3. Let (b,c) be a connected transient graph. Then, v and v, are
equivalent metrics for any o € X.
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C. Harmonic functions

In this appendix we discuss the relation of bounded harmonic functions and har-
monic functions of finite energy. The following theorem is certainly well known to
experts. Due to the lack of a reference we include a proof for the convenience of
the reader.

Theorem C.1. Let (b,0) be a transient connected graph over X and suppose that
there exists a non-constant harmonic function of finite energy on X. Then there
exists a non-constant bounded harmonic function on X.

Proof. Let f € D be harmonic and non-constant and consider the functions fn =
(f An)V (—n). We use the Royden decomposition (Proposition 5.1) to obtain
bounded (f,)o € ﬁo and bounded harmonic functions ( f,,)s such that f,, = (fn)o+
(fn)n. It suffices to show that (f,,)n is non-constant for some n.

By the compatibility of é with normal contractions we obtain @( fn) < @( f) for
each n. This implies that (f,) is a bounded sequence in (D, (-, -),) and hence has
a weakly convergent subsequence. Without loss of generality we assume that (f,)
itself converges weakly. From this and the pointwise convergence of f, to f we
obtain

QUf — fa) = QUf) + Q(fn) — 2Q(F. fn)

<2(Q(f) ~ QU fa) » 0, asn - o,

Now assume that for each n the function (f,)s is constant. Using Lemma 4.3 we
obtain

QUf — fa) = Q(f — (fu)n) + Q((f2)o) = QUf — (fa)n) = Q(f),

where the last equality follows from the fact that (f,)s is constant and ¢ = 0.
Taking the limit n — oo shows Q(f) = 0 which contradicts the assumption that f
was not constant. This finishes the proof. )
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