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Preface

Most of the material presented here follows closely the monograph
“Graphs and Discrete Dirichlet Spaces”

by Keller, Lenz and Wojciechowski. This monograph appeared within the
Springer series Grundlehren der mathematischen Wissenschaften and a ver-
sion can be found at Matthias Keller’s webpage

https://www.math.uni-potsdam.de/professuren/graphentheorie/
team/prof-dr-matthias-keller/.

Specifically, each chapter of this monograph ends with a section called
“Notes”. Within these sections historical notes and references to the lit-
erature can be found there. For the lectures with the ISem 26 we therefore
refer to these notes sections and provide a tabular below referencing the
corresponding chapters in the lecture to the chapters in the book.

ISem 26 Monograph
Chapter [1| | Chapter 0
Chapter [2| | Chapter 1
Chapter 3| | Appendix A,B.E
Chapter [4] | Chapter 1
Chapter [5| | Chapter 1, Appendix C
Chapter 6| | Chapter 5
Chapter [7| | Chapter 11 and 13
Chapter (8 | Chapter 4
Chapter (9] | Chapter 6
Chapter [10[ | Chapter 7
Chapter (11| | Chapter 9

iii
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CHAPTER 1

Finite Graphs — The Theory in a Sandbox

Our topic deals with graphs, Dirichlet forms, Laplacians and Markovian
semigroups and Markovian resolvents. It turns out that these five types of
objects are in one-to-one correspondence to each other. This is the core of
the theory.

Dirichlet form

In this chapter we present the theory in the situation of finite gaphs, i.e.
graphs with finitely many vertices. The relevant vector spaces then become
finite dimensional and the necessary operator theory is provided by linear
algebra. This makes the considerations particularly accessible. The purpose
of this chapter is twofold:

e The chapter introduces and discusses key topics of the course in a
particularly simple situation.

e Results of this chapter are of direct use later in the context of ap-
proximation of the infinite dimensional situation by finite dimen-
sional situations.

We also note in passing that finite graphs and their Laplacians, which
are discussed in this chapter, are a topic of interest in itself.

1.1. Linear Algebra or Forms, Matrices Operators, Resolvents
and Semigroups

In this section we present the necessary background from linear algebra
for our considerations. At heart our theory is concerned with real valued
functions (as these model diffusion processes and the like) and therefore all
our vector spaces will be over the reals and all functions are real valued.

We consider a finite set X. We think of X as equipped with the discrete
topology. Hence all functions on X are continuous. We denote by C'(X) the
vector space of all (continuous) functions f: X — R. For € X we denote
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2 1. FINITE GRAPHS - THE THEORY IN A SANDBOX

by 1, the characteristic function of {x}. Thus, 1, takes the value 1 at x and
is 0 otherwise.
A form on C(X) is a map

Q:C(X)xC(X)—R
which is bilinear, i.e., satisfies

Qaf +g,h) = aQ(f,h) + Q(g, h)
and
Q(f,ag +h) =aQ(f,g9) + Q(f,h)
for all f,g,h € C(X) and all & € R. A form Q is called symmetric if Q

satisfies Q(f,g) = Q(g, f) for all f,g € C(X). For the values of Q on the
diagonal {(f, f) | f € C(X)} of C(X) x C(X) we will use the notation

Q(f) = Q(f. f)-

In particular, when Q is symmetric, we get
Q(f +9) = Q) +2Q(f.9) + Qg)-

To each form Q there exists a unique function /: X x X — R with

Qf,9)= > Uz y)f(x)g(y)

z,yeX

for all f,g € C(X). We call Q the form induced by the matrix [ and [ the
matriz associated to Q. In particular, Q is symmetric if and only if the
associated matrix [ is symmetric. We note

Q(1,,1y) = U(z,y) and Q(1,,1) = > I(x,2)

zeX

for all z,y € X. Here, 1 denotes the function which is constant equal to 1
on X.

In order to make use of inner products and the powerful methods coming
with them we will make C(X) into an ¢? space. So, we introduce next
measures on discrete sets X. If m: X — (0,00) is a strictly positive
function on X, then we can extend m to a measure on X via

m(A) = Z m(x)

z€A

for all subsets A C X. Therefore, the pair (X, m) can be seen as a measure
space. Clearly, m has full support, i.e. m(A) > 0 for all A # (). We refer to
(X, m) consisting of a finite set X together with a measure of full support
as a finite set measure space.

EXAMPLE 1.1 (Counting measure). Let m = 1. Then m is called the
counting measure on X. In this case, the measure of a set A C X is the
number of elements in the set, i.e.,

m(A) = Z 1.

T€EA
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The vector space C'(X) equipped with the inner product

)= fx)g(z)m(x)

zeX
and the norm
1= (f. )2
is denoted by ¢2(X,m). It is finite dimensional and, hence, automatically
complete and, therefore, a Hilbert space.

A linear map L: £2(X, m) — £?(X,m) is called an operator on £2(X,m).
The set of all operators is a vector space. It becomes a normed space with
norm given by

1| == sup{ILI | 1] < 1.
The characteristic feature of ||L|| is that any f € £2(X,m) satisfies

LA < IILHA

and ||L|| is the smallest number with this property. Convergence on the
space of operators is always understood to refer to convergence with respect
to this norm.

Any operator L on 2(X,m) comes with a form @, defined by

QL(fag) = <f7 Lg)
We call @), the form associated to L.

REMARK 1.2. Note that we write () whenever we will interpret a form
on /2(X,m) instead of Q, the form on C(X). In case X is finite we have
Q = Q since C(X) = ¢?(X,m) as vector spaces. This will become different
for infinite X, which we will see in the upcoming chapters.

An operator L on £2(X,m) is called self-adjoint if L satisfies

(Lf,g) = (fLg)
for all f,g € ¢2(X,m). Clearly, L is self-adjoint if and only if its form is
symmetric.
Whenever L is an operator and @, is the associated form we call the
matrix [ induced by Q1 the matriz of the opemtor Thus,

(f,.Lg)= > _ f(x ()
z,yeX
holds for all f,g € £2(X,m). In particular, [ can be recovered from L by
l(a:,y) = <1x7 L1y>

and a direct calculation gives
(Lg)(x Zz z,9)9

for all g € £2(X,m). So, L is uniquely determind by ! and we call L the
operator induced by the matriz [. Clearly, L is self-adjoint on ¢2(X,m) if
and only if the matrix [ associated to L is symmetric.

From these considerations we infer that there is a one-to-one correspon-
dence between self-adjoint operators, symmetric forms and symmetric ma-
trices.
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Let now a self-adjoint L on £2(X,m) be given. An e € £2(X,m) with
e # 0 is called an eigenvector of L if

Le = Xe

holds for some A € R (note that self-adjointness implies that A can only be
real). The number A is then called an eigenvalue. Eigenvectors to a fixed
eigenvalue together with the null vector form a subspace of £2(X,m) called
the eigenspace of this eigenvalue.

The set of all eigenvalues of L is called the spectrum of L and denoted by
o(L). By basic results in linear algebra the operator L can be diagonalized,

i.e. there exist pairwise orthogonal normalized eigenvectors e, ..., exx_1 to
eigenvalues Ao, ..., Agx_1 of L. Here, #X denotes the number of elements
of X. The pairwise orthogonal normalized eigenvectors ey, ..., exx_1 form

an orthonormal basis of £2(X,m), i.e. any f € £2(X,m) can be represented

as
#X-1

=Y (e e
=0

and
#X 1

Lf= Y Nlej, fe;
=0

holds (as each e; is an eigenvector to \;). If we take together all the j €
{0,...,#X — 1} whose \; agree we can exhibit these formulae in a more
succinct way as follows: For A € o(A) let

E)\ = Z <€j, ->€j
FA=A
be the orthogonal projection onto the eigenspace of A. Then, the mutual or-
thogonality of the e;, the preceding formula for f and the preceding formula
for Lf easily give
o FhE, =0 for A # p.
o [ = Z)\GU(L) E,.

o L= Z/\GU(L) AEy.

We refer to these formulae as “spectral theorem” in the finite dimensional
case. The formulae allow us to define for any function

$:0(L)— R
the operator @(L) by
S(L):= Y B(A)Eh.
Ao (L)
The map

functions on o(L) — linear operators on ¢?(X,m), &+ ®(L),

is called spectral calculus (for L). It has the following features:
o It is linear, i.e. (P4 A\V)(L) = &(L)+ A\¥(L) holds for all &, ¥ and
AeR.
e It is multiplicative, i.e. (P¥)(L) = P(L)¥(L) holds for all o, .
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e It is bounded, i.e. ||®(L)| < ||P]|oo holds (where we have ||P|o =
max{|®(\)| | A € o(L)}).
Indeed, these features follows easily from the definition and the mutual
orthogonality of the Fy, A € o(L). From these features, we easily infer that
&, (L) — ®(L) whenever (@) is a sequence of functions on o (L) converging
pointwise to @. Indeed, we have

|6(L) — Bo(L)]| = (& = B)D)] < & — Bolo — 0 as 1 — oc.

Our definition of &(L) is consistent with natural definitions of ¢(L) for
special @. We will discuss this in two special instances viz for the resolvents
and the semigroup. Resolvents and semigroup are core objects of our further
study.

We start by dealing with resolvents. Consider the linear equation — for
specific L also known as Poisson problem — given by

(L+aju=f

for given f € (?(X,m) and a € R. By the very definition of o(L), for
—a ¢ o(L) the operator (L 4 «) is bijective. Its inverse is a linear operator
known as the resolvent (of L at —a)). The linear equation above is uniquely
solved by

u=(L+a)tf

The resolvent can be computed by spectral calculus as follows. Define &4

on o(—L) by ,)(s) := Sia for @ ¢ o(—L). A short computation gives that

1
b = E
(a) (L) N+ OéEA
Aeo(L)

satisfies
d)(a) (L)(L + Oé) =1= (L + Oé)@(a) (L)

This gives that @(,)(L) is just the inverse (L + «)~" of (L + o).
Invoking

a(l — ) — s as «a— oo,

s+«
for all s € R we find from spectral calculus that we can recover L from the
resolvents by

L= lim a(l —a(L+a)™?).

a—00

We now turn to the semigroup. Consider the Cauchy problem — for
specific L also referred to as heat equation — stated as:

—Lu = O, ug = f.

Here, u: [0,00) — £2(X,m), t + wuy is called a solution to the Cauchy
problem if w is continuous with ug = f and

By = Tim —— (u(t) — u(s))

s>ttt — 8




6 1. FINITE GRAPHS - THE THEORY IN A SANDBOX

exists for all t € (0,00) and —Lu; = dyuy holds for all t > 0. Now, for $()
defined on o (L) by #®)(s) := e~ we can use spectral calculus to define

(L) = > e By
Ae€o(L)
We set
e = aW(L).
Then, a short computation shows that
wy = e tf

is a solution to the Cauchy problem (and by standard theory of ordinary
differential equations this solution is unique).
A direct computation also gives that

0 k
—tL _ (—tL)
=)

k=0
is valid. Spectral calculus again gives that we can recover
L:hmla—e%%.
t—0 ¢t
Clearly, e~ ()L — ¢=tLe=sL 1)0]ds for all s,¢ > 0 as well as e %F = I and
for this reason we refer to the family (e7*1);>0, as the semigroup of L.

In the preceding discussion we have seen two families of operators asso-
ciated to a self-adjoint L viz the semigroup and the resolvent. These families
are — in some sense — equivalent objects. For example, we have already
seen that the operator L can be obtained from either family by a limiting
procedure. Moreover, one can actually obtain each of these families from
the other as shown in the next lemma. The lemma can be understood to
give a precise sense in which resolvent and semigroup are equivalent.

The lemma features the integral fooo e~ tee~tLdt over the operator-valued
function ¢ — e *e 7t =: A(t) (for a > 0). There are various ways to make
sense out of this integral and they all lead to the same result. One way is to
think about the A(t) as matrices (after taking a basis) and then the integral
is just the matrix whose entries are the improper Riemann integrals over
the corresponding entries of A. Another way is to first define fON A(t)dt by
taking the limit of Riemann sums and then take the limit N — oo.

LEMMA 1.3 (Laplace transform, exponential formula). Let (X, m) be a
finite set measure space. Let L be a self-adjoint operator on £2(X,m) with
non-negative eigenvalues.

(a) For all a >0,
(L+a)™t = / e e tlqt,
0

( “Laplace transform”)
(b) For allt >0,

—tL - n AN
e = lim (| — <L + 7) .
n—oo \ t t

( “Bxponential formula™)
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PROOF. (a) Spectral calculus gives

1
—ta  —tL __ —t(a+A) -1 _
e e = g e Ey, and (L+a) = E )\—i—aE/\'
Aeo(L) Aeo(L)

Now, the desired statement follows easily by integration.

(b) As follows from spectral calculus, for all natural numbers n we have

o—tL — Z e™E, and (7; <7Z+L)_1> = Z <?E_>\> E.

Ao (L) Ao (L)

Now, the desired statement follows easily from

n n 1 "
: t _ _ A
T}EI;O(QLH) —J;%(Htx) ©
n

This completes the proof. O

Finally, we turn to the smallest eigenvalue of L, which can also be
thought of as the minimum of the spectrum of L. We denote it by .
One has

Ao = H}ﬂlle L(f).

Indeed, from f = Z/\EU(L) Eyxfand Lf = Z)\EU(L) AE)\f and E)\E,, = 0 for
A # u we easily find
Quf) ={f,Lf) = Z N2Vl

A€o (L

> IEMIP =111

Aeo(L)

for all f € £2(X,m). So, for f with | f|| = 1 we find that Q(f) is a linear
combination of the eigenvalues A € o(L) with coefficients || E) f||* adding up
to 1. This shows the claim on Ag.

as well as

1.2. Graphs and Matrices

In this section we introduce (finite) graphs and discuss some background.
We then show that each such graph naturally comes with a matrix. This
matrix in turn gives a form and a linear operator. The forms and linear
operators associated to graphs share distinct features and are the topic of
subsequent sections.

DEFINITION 1.4 (Graph over finite X). Let X be a finite set. A graph
over X or a finite graph is a pair (b, ¢) consisting of a function b: X x X —
[0, 00) satisfying

e b(x,y) =b(y,x) for all z,y € X

o b(z,x)=0foral x € X
and a function ¢: X — [0,00). If ¢(z) = 0 for all x € X, then we speak of
b as a graph over X (instead of (b,0)).
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In the context of graphs we use the following notation: The elements of
X are called the vertices of the graph. The map b is called the edge weight.
The map c is called the killing term. Moreover, a pair (z,y) with b(z,y) > 0
is called an edge with weight b(x,y) connecting x to y. The vertices z and
y are called neighbors if they form an edge. We write & ~ y in this case.
For two vertices x,y € X, a path from z to y is a finite number of vertices
20, ..., Ty With o = x9, , = y and x; ~ 241 for j = 0,...,n — 1. The
graph (b, ¢) is called connected if for any z,y € X there exists a path from
x to y. For any vertex x we define the connected component of x to be the
set of y € X such that there exists a path from z to .

Any graph comes with a matrix.

DEFINITION 1.5 (Matrix associated to a graph). Let (b,c) be a graph
over a finite set X. The matrix [, . given by

_ —b(z,y) if z#y
boel@,y) = { Sex bz, ) +e@) if z=y
is called the matriz associated to the graph (b,c). We say that (b, ¢) induces
the matrix [ ..

LEMMA 1.6 (Characterizing matrices arising from graphs). Let X be a
finite set. Let I: X x X — R be a symmetric matriz. Then, the following
statements are equivalent:

(i) There exists a graph (b,c) such that |l =l . ( “Graph”)
(ii) The matriz | satisfies

l(xz,y) <0 and Z l(xz,z) >0
zeX
for all x,y € X with x # y. ( “Matriz”)

Moreover, if (i) and (ii) hold, then the graph (b,c) and the matriz 1 are
related by the equations

Ua,y) = =bla,y) and c(x) = Y _ Uz, 2)
zeX
for all x,y € X with x # y.
ProoF. (i) = (ii): Let | = I be the matrix associated to a graph

(b, c). By the definition of I, . we have I(z,y) = —b(x,y) < 0 for all z # y
as b(x,y) > 0. Furthermore,

Z lz,2) =l(z,x) + Zl(a:,z) = Z b(z,z) + c(x) — Zb(sz)

2eX 2t 2eX po
=c(x) >0
for all x € X as b(z,z) = 0. This gives (ii).
(ii) = (i): Define b: X x X — R for x # y by
b(xz,y) = —l(xz,y) and b(x,z)=0.
Define ¢: X — R by
c(x) = Z Iz, z).

zeX
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Then, (b, c) is a graph over X by (ii) and the symmetry of [.
Furthermore, by construction, I, .(z,y) = —b(z,y) = l(z,y) for x # y

and
lpe(z,z) = mez—l—c Zbazz+c

zeX zF#x
=— Zl(az,z) + Z l(z,z) =l(z,x)
zF#x zeX

for all z € X. Therefore, [ is the matrix associated to the graph (b, c). This
gives (i).
The last statement is clear from the considerations above. O

1.3. Graphs and Dirichlet Forms

Any graph gives rise to a form. This form has specific features. It is a
Dirichlet form. Details are discussed in this section.

DEFINITION 1.7 (Form associated to a graph). Let (b, ¢) be a graph over
a finite set X. The form Qy . acting on C(X) x C(X) by

Qpe(fr9) : Z bz, y)(f (=) — FW)(g(z) — 9(y) + Y c(z) f(w)g(x)

z,yeX rzeX

is called the form associated to the graph (b,c) or the energy form.

Forms associated to graphs are particularly compatible with contrac-
tions. Specifically, let (b,c) be a graph over the finite set X and Q. the
associated form. Let f,g € C(X) be given and assume that g is a con-
traction of f in the sense that |g(x)| < |f(z)| holds for all z € X and
lg(x) — g(y)| < |f(z) — f(y)| holds for all z,y € X. Then, we immediately
obtain from the definition that

Qb,c(g) < Qb,c(f)'

To explore this more systematically, we make the following definition. A
map C': R — R is called a normal contraction if

C(0)=0 and |C(s)—C(t)] <|s—¢

for all s,t € R. In particular, we note that |C(s)| < |s| for all s € R when C
is a normal contraction.
In the context of normal contractions it is convenient to define

sAt:=min{s,t} and sVt:=max{s,t}

for real numbers or for real-valued functions s and t. Examples of nor-
mal contractions include Cy : R — R,Ci(t) :=tV0and C_ : R —
R,C_(t) :== —(t A 0) as well as

C[O,l] . ]R — R, C[O’H (t) = O V (t AN ].)

and the modulus |- | : R — R, t — [¢].
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PRrOPOSITION 1.8 (Compatibility of graph forms with normal contrac-
tions). Let (b,c) be a graph over a finite set X and let Q. be the form
associated to (b,c). If f € C(X) is given and C is a normal contraction,
then

c(Co f) < Qpelf)
holds.

PRrROOF. Clearly, C o f satisfies |C o f(z)| < |f(z)| and

[Coflx)=Co fly)l <|f(z)— fy)l

for all z,y € X. Thus, the desired inequality follows directly from the
definition of Qp . O

We are heading towards proving a converse to the proposition. We need
the following general result.

PROPOSITION 1.9 (Representing forms via differences). Let X be a finite

set. Let Q be a symmetric form over X with associated matriz [: X x X —
R. Definebg: X x X — R and cg: X — R by

—l(x, if =z
bo(w,y) = { (() & if iZ

and

co(z) := Z l(z,y).

yeX
Then, the form Q satisfies

o(f,9) = % > bl y)(F@) — F)g(@) — g() + ) o) f(x)g(x)

IvyeX zeX

forall f,g € C(X).

ProoOF. This follows by a direct computation. Here are the details: By
definition,

Qfr9) = Y Qs 1y)f(x)g(y).

z,yeX

Furthermore, by using the definitions of cg and bg, we get

(*) Qla, 10) = Q(1, 1) = ) Q1y, 1) = co(x) + Y bo(z,y)-

y#x yeX
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Therefore,
Q(f,9)
= Y Q1 1) f(2)g(y)

z,yeX

=Y QL L) f(@)g(@) + Y Y Q(1a, 1) f(2)g(y)

reX zeX y#x

(*)Z( +Zbgwy) = Y bolz,y)f(x)g(y)

rzeX yeX z,yeX

= Y bolw,y)f( Y)+ Y col) ()

z,y€X zeX
=0 S bolw ) () — F) al) — o)) + Y cole)f(x)o(x).
z,yeX zeX

where in the last equality we use the symmetry of bg which follows from the
symmetry of Q. O

LEMMA 1.10 (Characterization of compatibility with normal contrac-
tions). Let X be a finite set. Let Q be a symmetric form over X with
associated matriz I: X x X — R.

(a) The following statements are equivalent:

(i) The form Q satisfies, for all f € C(X),
Q(lf) = Q(f).
(ii) The matriz | satisfies, for all x # y,
l(z,y) <0.

(b) The following statements are equivalent:
(i) The form Q satisfies, for all f € C(X),

Q(Cppyo f) < Q(f).
(ii) The matriz | satisfies, for all x € X and y € X with x # y,
l(x,y) <0 and Z l(xz,z) > 0.
zeX
PRrROOF. As shown in Proposition we have
Zbg (2, 9)( 2+ ) colw
z;éy zeX
with
bo(z,y) = —l(z,y) for x #y

= Zl(:ﬂ,z).

zeX
This easily shows the implication (ii) = (i) in both (a) and (b).

and
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(i) = (ii) in (a): Assume that Q satisfies Q(\f\) < Q(f) for all f €
C(X). Let z,y € X with z # y and consider f := 1, — 1,. Then, |f| =
1, + 1,. Hence, the assumption on Q gives

(1, +1,) < Q(1, — 1,).
Invoking the bilinearity and symmetry of O, we can easily infer
4Q(14,1,) < 0.
Since I(x,y) = Q(14, 1), the desired statement follows.
(i) = (ii) in (b): Assume that Q satisfies Q(Cjo o f) < Q(f) for all

feC(X).
We start by showing I(z,y) < 0 for all  # y. By part (a), which has
already been proven, it suffices to show that Q(|f]) < Q(f) holds for all

feC(X).

Let f € C(X). After replacing f by af with a suitable & > 0, we can as-
sume without loss of generality that f < 1. Now, consider the decomposition
of f into positive and negative parts f = fi — f_ where fi(z) := f(z)V
and f_(z):= (—f(z)) VO for x € X. Clearly, |f| = f+ + f—. For s >0 set

foi=fr— s/

Then, Cjg 1) 0 fs = f+ for all s > 0. Thus, our assumption gives
Q(f+) = Q(C[O,l] ° fs) < Q(fs) = Q(f+ - Sf*)'
Invoking the bilinearity of Q and dividing by s > 0, we can then easily infer
0< —20(fs. f-) +sQ(f-)
for all s > 0. Letting s — 0, we obtain

0 < _Q(f+7f—)‘
Given this inequality, it follows that

QS = QUf+ + f-) = Qf+) +2Q(f+, f-) + Q(f-)
< Q(f+) —2Q(f+, f-) + Q(f-) = Q(f).
This gives the desired compatibility of Q with |- |.

We now turn to proving > x l(z,2) >0 for all z € X. Let x € X and
consider f :=1+ sl; with s > 0. Then, Cjgyo f =1 for all s > 0 and we
obtain by assumption

Q1) = Q(Cpyyo f) < Qf) = Q1 + sly).
By the bilinearity of Q and after dividing by s, we find
0<29(1,1,) + sO(1,).
Letting s — 0, we obtain
0<9(1,1,) Zl (z,2)
zeX
This gives the desired inequality for every = € X. O
THEOREM 1.11 (Characterization of forms associated to graphs). Let Q

be a symmetric form over a finite set X. Then, the following statements are
equivalent:
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(i) There exists a graph (b,c) over X with
(“Graph”) Q= Qpe
(ii) The matriz | associated to Q satisfies, for x,y € X with x # vy,
(“Matriz”) l(xz,y) <0 and Z l(z,z) > 0.
zeX
(iii) For all f € C(X),

Q(Cpyyo f) < Qf)

( “Form compatible with one normal contraction”)
(iv) For all normal contractions C and f € C(X),

Q(Co f) < Q).

( “Form compatible with normal contractions”)
(v) If f,g € C(X) satisfy, for all z,y € X,

fI<lgl  and |f(z) = f(W)| < |g(z) — g(y)l,
then

A(f) < Q(g).

Proor. This follows from the preceding considerations. Indeed, by
Lemma the equivalence between (i) and (ii) follows. The equivalence
between (ii) and (iii) is the content of Lemma [1.10] (b). The implication (i)
= (v) can be directly read off from the definition of Q. (see also Propo-
sition |1.8]). The implication (v) == (iv) is clear from the definition of a
normal contraction. Finally, (iv) = (iii) is obvious as Cj; is a normal
contraction. 0

DEFINITION 1.12 (Dirichlet form). A form Q on C(X) is called a Dirich-
let form if
Q(Cloyyo f) < Q(f)
holds for all f € C(X).

With this definition the preceding theorem can be seen as a characteri-
zation of Dirichlet forms.

1.4. Graphs and Laplacians

From Section [I.3] we know that any graph comes with a form. Here, we
discuss how it comes with an operator.

DEFINITION 1.13 (Laplacian on £2(X,m)). Let (b,c) be a graph over a
finite set measure space (X, m). The operator Ly ., acting on £2(X,m) via

Lhem (@) = s 3 W) (f(0) = F) + 525 £ (o)
yeX

m(x)

is called the Laplacian on £?(X,m) associated to the graph (b, c).
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It is not hard to see that the Laplacian Ly ., on EQ(X, m) associated to
(b, c) is self-adjoint. At this point we have associated to each graph (b, c)
over (X, m) a symmetric form, viz Qp. := Qp . (recall Remark and a
self-adjoint operator, viz Ly ,,. It turns out that form and operator are
related. In fact, the form is exactly the form associated to the operator.
This is the content of the next proposition.

PROPOSITION 1.14 (Green’s formula). Let (b,c) be a graph over a finite
set measure space (X, m). Let Qp. and Ly, be the form and Laplacian
associated to (b,c). Then, Qp. = QLy.., holds, i.e. the Green’s formulae

Qb,c(f, g) = <Lb,c,mfa g> = <fa Lb,c,mg>
are valid for all f,g € (X, m).

ProOOF. The proof is left as an exercise. O

In Section [1.3] we have seen that the forms associated to graphs are
characterized within the set of all symmetric forms by their compatibility
with normal contractions. It turns out that the Laplacians associated to
graphs can be characterized within the set of self-adjoint operators by a
distinctive feature. This feature is introduced next.

DEFINITION 1.15 (Maximum principle and Laplacians). Let (X, m) be
a finite set measure space and let L be a self-adjoint operator on £2(X,m).
The operator L is said to satisfy the mazimum principle if

Lf(x) >0

whenever f € £2(X,m) has a non-negative maximum at = € X. An operator
satisfying the maximum principle is called Laplacian.

THEOREM 1.16 (Maximum principle and graphs). Let (X, m) be a finite
set measure space and let L be a self-adjoint operator on (2(X,m). Then,
the following statements are equivalent:

(i) The operator L satisfies the mazimum principle.
(ii) There exists a graph (b,c) over (X, m) such that L = Ly ¢, is the
Laplacian associated to (b, c).

PROOF. (i) = (ii): Let [ be the matrix associated to L. By LemmalL.¢]
it suffices to show that I(x,y) < 0 for all # # y and ) __x {(z,2) > 0 for
all z € X. Applying the maximum principle to f = 1, we directly obtain
Ll(x) = ﬁzzexl(%z) > 0 for all z € X. Applying the maximum
principle at z € X to f = —1, for an arbitrary y € X with y # x we infer
—L1,(z) = —% > 0 so that I(x,y) <0 for all z # y.

mix
(ii) = (i): As L = Ly, is the Laplacian associated to a graph (b, ¢)
it follows that if f has a non-negative maximum at x, then

Li(@) = s 3 o) (@) = @) elo) f(z) > 0
yeX

>0 >0

which completes the proof. O
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1.5. Markov Resolvents and Semigroups

In Sections and we have seen that any graph comes with a form
and an operator and we have characterized the form (via compatibility with
normal contractions) and the operator (via a maximum principle). Here, we
introduce two further objects coming with a graph. These are families of
operators. Specifically, these are the semigroup and the resolvent associated
to the Laplacian of the graph. We characterize them intrinsically by the
Markov property.

Let L be a self-adjoint operator on ¢2(X,m) for a finite set measure
space (X, m). We call (e7*F);>¢ the semigroup associated to the operator L.
We say that the semigroup is positivity preserving if f € £2(X,m), f > 0
implies

efth > 0
for all ¢ > 0. Recall that a function f satisfying f > 0 is called positive.
Therefore, the semigroup (e_tL )e>0 is positivity preserving if it maps positive
functions to positive functions.

We say that the semigroup has the Markov property if f € (2(X,m),
0 < f <1 implies

0<eth <1

for all ¢ > 0. A semigroup with the Markov property is positivity preserving.
Indeed, whenever f > 0 is given then sf with a suitable s > 0 will satisfy
0<sf<lande ff= %e_tL(sf) > 0 follows.

In passing we note that a semigroup (e~*);>¢ is Markov if and only if

et f <1 holds for all f <1 and > 0. (Indeed, if (e~**) is Markov then
efth — 67th+ . efth_ < efth_i_ <1

holds for any f < 1 and ¢t > 0. Conversely, e */'f < 1 for f < 1 directly
implies e *f f < s for f < s with some s > 0. This in turn gives e */f <0
for f < 0 as any such f satisfies f < s for all s > 0. Hence, the semigroup
is positivity preserving.)

We will characterize in terms of L and the associated form () when a
semigroup is positivity preserving and Markov. We will need an auxiliary
lemma which does not involve graphs.

LEMMA 1.17 (Lie-Trotter product formula on finite set measure spaces).
Let (X,m) be a finite set measure space. If A and B are operators on
2(X,m), then

eMB = lim (e%Ae%B)”.
n—o0

PROOF. Set S, := e%(A*'B) and T,, := e%Ae%B for n € N. We want to
show that ||S7 — T'|| — 0 as n — oc.

We first note that for any operator L on £2(X,m) we have ||eX| < el
Consequently, it follows that

Tl < [len?|[lenB]|| < enlAllenlBI = exClAI+IBI)

and
S]] < exA+BI < enUIAI+IBID,
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A telescoping argument gives
n—1
Sh—Ty = Sh(Sn—Ta) T .
§=0
Therefore,
1Sh = T || < Cinl| S, — Toll,

IAI+IBI) Moreover,

where O = e

1 (A+BY &1 AV 1 (B
s -2l = |5 () -2 5 (5) X7 (3)

j=0 k=0 1=0
_[SL(AxBY 5 1 (4)(BY
[ ! n K\ n n

7j=2 k+1>2

1
SC?

for some constant C'. Therefore,

lsz — ) < 4C
n

which yields the desired statement. O

We now characterize when a semigroup is positivity preserving in terms
of the matrix and the form associated to a self-adjoint operator.

THEOREM 1.18 (First Beurling-Deny criterion). Let (X, m) be a finite
set measure space. Let L be a self-adjoint operator on £?(X,m) with as-
sociated matriz | and form QQ = Q. Then, the following statements are
equivalent:

(i) The matriz 1 of L satisfies, for all x,y € X with = # vy,

(“Matriz”) l(xz,y) <0.
(ii) The form satisfies, for all f € 2(X,m),
(“Form”) QU < Q(f).

(iii) The semigroup satisfies, for all f € £2(X,m), f >0 andt >0,
( “Semigroup”) e tlf>o0.

PROOF. (i) = (iii): We first decompose L into a diagonal and an off-
diagonal part. More specifically, we write

L=L+D,
where L has matrix elements equal to those of L on the off-diagonal and
matrix elements equal to zero on the diagonal and D has matrix elements

equal to those of L on the diagonal and matrix elements equal to zero on
the off-diagonal. The Lie-Trotter formula, Lemma then gives



1.5. MARKOV RESOLVENTS AND SEMIGROUPS 17

Now, by assumption, ji has only non-negative entries. This is then also

true for e n L. Also, e~ »D has only non-negative entries as it is a diagonal
matrix with exponential functions on the diagonal. Putting this together,
we infer that e7*/ has only non-negative matrix entries. This gives (iii).

(iii) = (ii): From (iii) we easily obtain
e ] < e 1)

Indeed, write f = fy — f- with f = fVv0and f- = —f Vv 0. Note that
f+ >0, f->0and |f| = f+ + f-. Now, a direct computation gives
] = et ety
e AR

— e—th+ + e—th_
= e Sl

Here, we used assumption (iii) in the next to last step. From this preliminary
consideration we infer

(e f ) < Ue ™1 N1 < eI LA
Moreover, (|f|,|f]) = (f, f). This gives

(™™ =DIfLID = (e =D, f).
Dividing by ¢ > 0 we infer
1

Gl = DIFLI = (e =D,

By the discussion of semigroups in Section we know Oje ' f = —Le L f
so that O t|;—gf = —Lf. Letting t — 0T in the inequality above we then
find
=QUf) = (—LIfLIf) = (=Lf, [) = =Q(f)
This gives (ii).
(ii) = (i): This has already been shown in Lemma[L.10] (a). O

Having dealt with the positivity preserving part of the Markov property,
we are now going to characterize the full Markov property.

THEOREM 1.19 (Second Beurling—Deny criterion). Let (X,m) be a fi-
nite set measure space. Let L be a self-adjoint operator on 2(X,m) with
associated matriz | and form Q = Qr. Then, the following statements are
equivalent:

(i) The matriz elements of the operator L satisfy, for all z,y € X with

T FY,
(“Matriz”) l(xz,y) <0 and Z l(xz,2z) > 0.
zeX
(ii) The form satisfies, for all f € £2(X,m),
(“Form”) Q(Cpoay0 f) < Q)

(iii) The semigroup satisfies, for allt >0 and f € £2(X,m), 0 < f <1,
( “Semigroup”) 0<etf<i.
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PROOF. (i) <= (ii): This was already shown in Theorem [L.11]
(i) <= (iii): The equivalence of I(z,y) < 0 for z # y and the semigroup

being positivity preserving was already shown in Theorem [1.18] For the
remaining part, we start with a preliminary consideration. Set f := L1 so
that the second inequality of (i) is equivalent to f > 0. Consider now the
function u definied by u; := e **1 for ¢ > 0. This function satisfies ug = 1
and
Oug = —Le 1 = —e 1 = —e*th

for all ¢ > 0. In particular,

1

lim —(u; — ug) = Optig|p—o = — f.
Tim, (e — uo) = il =

We now turn to proving the desired equivalence. If (i) holds, then wu
satisfies ug = 1 and Oyu; = —e *L'f < 0, where the last inequality follows
as (e7'F);>¢ is positivity preserving and f > 0 due to (i). This shows that
t — uy is non-increasing and gives

e1<1 forall ¢>0.
Now, let f € £2(X,m), 0 < f < 1. Then the fact that (e7*£);>¢ is positivity
preserving and the inequality above imply
0<etrf<etr1<1
for all t > 0. This shows (iii).
Conversely, if (iii) holds, then we infer
1
—L1 =9 "1f—g = lim =~ (e ™1 -1) <0
t—0+ ¢t
from which }° .y l(z,2) > 0 follows. O

We now conclude this section with a characterization of the validity of
the Markov property via graphs.

THEOREM 1.20 (Characterization of the Markov property). Let (X, m)
be a finite set measure space. Let L be a self-adjoint operator on £2(X,m)
with associated form QQ = Q. Then, the following statements are equivalent:

(i) There exists a graph (b,c) over (X, m) with

(“Graph”) Q=Qp. and L= Lycp.
(ii) The semigroup (e~'X);>0, satisfies the Markov property, i.e.,
( “Semigroup”) 0<etf<1 forall 0<f<1,t>0.

PRrROOF. The statement follows by combining the second Beurling—Deny
criterion in Theorem [1.19, with Lemma [1.6 (]

As discussed in Section [I.1], semigroups and resolvents associated to self-
adjoint operators share many features. One of these turns out to be validity
of the Markov property. The resolvent has the Markov property if and only
if the semigroup has the Markov property.

COROLLARY 1.21. Let (X, m) be a finite set measure space. Let L be a
self-adjoint operator on £2(X,m) with non-negative eigenvalues. Then, the
following statements are equivalent:



1.5. MARKOV RESOLVENTS AND SEMIGROUPS 19

(i) For allt >0 and all f € £*(X,m) with 0 < f <1,
0<etf<i.
(i) For all a >0 and all f € 2(X,m) with 0 < f <1,
0<a(l+a)tf<l.
(iii) There exists a graph (b,c) over (X, m) with L = Ly ¢ .

PROOF. The equivalence between (i) and (ii) follows easily from the
formulae given in Lemma The equivalence between (i) and (iii) was
shown in Theorem [1.20]

We can now visualize all the relations between the relevant objects in
the following figure.

Graph (b, ¢) Coefficients

Dirichlet form @
over (X, m)

on X

Green’s formula

Spectral theorem

differentiation shifts and inverses

Resolvents (L + a)~!
for a >0

Semigroup (=)o

Laplace transform
Exponential formula

REMARK 1.22 (Stochastic completeness). Let (b,c¢) be a graph over
(X,m) and L the associated Laplacian. Then the Markov property im-
plies e7#1 < 1 for all t > 0. The question whether actually e=**1 = 1 holds
for all ¢ is an interesting one. The graph is called stochastically complete
if e7¥1 = 1 holds for all ¢ > 0. We will have a much closer look on this
phenomenon in the case of infinite X. In the case considered here, where
X is finite, it turns out that e~**1 = 1 holds if and only if ¢ = 0. Indeed,
t — e~ 1 is the unique solution of the heat equation

atut = —Lut, ug = 1.

Now, for ¢ = 0 we have L1 = 0 and u = 1 is clearly a solution of that equation
and from uniqueness u; = e %1 = 1 follows for all ¢ > 0. Conversely, for
¢ # 0 we have L1 = ¢ # 0. In this case u = 1 is not a solution of the
heat equation. Hence, e *~1 can not be identically to 1 for all ¢. A further
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analysis then shows that e */'1 is strictly less than 1 for all t > 0 on each
connected component on which ¢ does not vanish.

1.6. Connectedness and Large Time Behaviour

In this section we consider the behaviour of e * for large ¢. This is
intimately related to the behaviour of L at the bottom of the spectrum. Let
(X,m) be a finite set measure space.

For a function f: X — R we write f > 0 provided f(z) > 0 for all
rzeX.

DEFINITION 1.23 (Positivity improving). Let A: ¢2(X,m) — (?(X,m)
be an operator on 2(X,m), i.e. A is linear. Then A is called positivity
improving if Af > 0 holds for all f > 0 with f # 0.

PROPOSITION 1.24 (Characterization of positivity improving semigroups
and resolvents). Let (b, c) be a graph over (X, m) with associated Laplacian
L = Lycm. Then, the following statements are equivalent:

tL s positivity improving for one (all)

(i) The semigroup operator e~
t>0.
(ii) The resolvent (L +«)~! is positivity improving for one (all) a > 0.

(iii) The graph (b, c) is connected.

PROOF. (i) = (ii): This follows immediately from the Laplace trans-
form, i.e. from the fact that (L +a)~! = fooo e te~tLdt, which is shown in

Lemma (b).

(ii) = (iii): Suppose that (b,c) is not connected so that there exists a
non-empty connected component U of X with U # X. Write m4 for the
restriction of m to the set A C X. We identify ¢2(X, m) with

C(U,my) @ (X \Umx\p)

and write elements of the latter space as (f, g).
As U is not connected to X \ U (i.e., there is no path from any x € U
to any y € X \ U), the operator L can be decomposed as

L=Ly®Lx\v,

where Ly is the restriction of L to £2(U, my) and Lx\p the restriction of L
to (X \ U, mx\v)- It follows that

(L+a)'=Lv+a) e Lxyy+a) "
Let f € £2(U,my) be positive and non-trivial. Then we clearly have that
(f,0) € 2(U,my) & £2(X \ U, mx\p) is positive and non-trivial but

(L+a)"(£,0) = (Lu + a) 7 f, (Lx\w + @) 710) = ((Ly + @) £,0)
is not strictly positive. Hence (L + «)~! is not positivity improving.
(iii) = (i): Let f > 0 with f # 0. Let u: [0,00) X X — [0,00) be
defined by
u(t,z) == w(x) == e L f(x).
By Corollary we have ut(x) > 0 for all ¢ > 0 and z € X. We wish to
show that w;(x) > 0 for all ¢ > 0 and = € X.
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Assume that ug,(xg) = 0 for some ¢ty > 0 and some zy € X. Then,
t — uy(zp) has a minimum at ¢y. Thus,

8tut0 ($0) = 0.

As u; solves Oyuy = — Luy, this implies
0 = Lug, (o)
= LS b, ) ey (20) — e () + 2t ()
m(l’o) 0,Y to (L0 to\Y m(xo) to\ L0
yeX
1

= - > b, y)ur (y)-
eX

m(zo) 1

By u > 0 we conclude u,(y) = 0 for all y ~ z9. By connectedness of the
graph, we obtain inductively that u;, = 0. This gives the contradiction
f= etOLutO = 0. (]

LEMMA 1.25 (Speed of convergence). Let L be a self-adjoint operator on
2(X,m). Let Mo, \1 be the smallest and second smallest eigenvalues of L,
respectively, and let o := Ay — Ag > 0. If Ey is the orthogonal projection
onto the eigenspace of g, then

[ete ™t — Eol| < e forall t>0.
In particular,
le7t — Eo|| < e ™t forall t>0
if Ao =0.
Proor. We write L = Z;L:o AjE; with pairwise different eigenvalues

Ao <A1 <...< A, of L and E; the associated pairwise orthogonal spectral
projections onto the eigenspaces. Then,

n
e/\ote—tL — EO + Ze_t(Aj_/\O)Ej‘
j=1
From this we derive
||e>\ote—tL _ EOH S e—()q—)xo)t
as follows: Let f € ¢*(X,m). We use the fact that the E; are pairwise
orthogonal twice to get

n
(ot =B fIP = 3T e e e B
jk=1
E; pw. orth. - —2t(A;—Ao) 2
= e T ES ]

1

J

n
e NIy fIP
=0

n
PP e S )
§=0

= SR

IN
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Since this holds for all f € £2(X,m), taking square roots yields the conclu-
sion. U

The result above shows that (e*'e~*F);5¢ converges exponentially to
FEy, the orthogonal projection onto the eigenspace of A\g. In particular, if
Ao = 0, we get that the semigroup (e~*F);>¢ converges exponentially to Ej.

We will now investigate the properties of Ey in the case when the graph
is connected. The following result is known as the Perron—Frobenius theo-
rem. It states that the eigenspace of )¢ is of dimension one and consists of
functions of a fixed sign.

We recall that by the variational characterization of the bottom of the
spectrum we have

)\0 - lan(f)v

where the infimum is taken over all f € £2(X,m) with | f|| = 1.

THEOREM 1.26 (Perron-Frobenius). Let (b,c) be a connected graph over
a finite set measure space (X,m). Let L = Ly, be the associated Lapla-
cian with form Q = Qu. and let A\g be the smallest eigenvalue of L with
Ey the associated orthogonal projection. Then, the eigenspace of \g is one-
dimensional and there exists a unique normalized strictly positive eigenfunc-
tion u corresponding to Ao with

Eof = <’U,, f>u
for all f € (2(X,m).

PRrROOF. We first note the following general fact.

Claim. A normalized function u is an eigenfunction corresponding to Ag
if and only if Q(u) = Ao.

Proof of the claim. If Lu = Agu with |ju|| = 1, then Q(u) = (Lu,u) =
Aollull* = Ao

Conversely, let u be normalized with Q(u) = Ag. Let Ao < ... < A,
denote the eigenvalues of L. Writing L = Z?:o AjEj, we note that

Mo = Q(u) = (u, Lu) = (u, Y " \jEju) =Y Xj||Ejul®
7=0 J=0

with 3%, |Ejul/? = ||ul|* = 1. This shows Eju =0 for j > 1 and Fou = u,
so that Lu = Agu.

We now show that any eigenfunction corresponding to Ag is either strictly
positive or strictly negative:
Let u be a normalized eigenfunction corresponding to Ag. Then,

Ao < Q(Ju]) < Q(u) = Xo.

Here, we used the variational characterization of g in the first inequality
and that @ is a Dirichlet form in the second inequality. Therefore,

Ao = Q([ul).

As |u| is normalized as well, we infer that |u| is also an eigenfunction corre-
sponding to Ag by the claim.
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We now write v = u4 — u_, where uy =4V 0 and u— = —u V0, so that
|u| = uq +u_. Then
1 1
ug = §(|u\ +u) and wu_ = §(|u| —u)

are also eigenfunctions corresponding to Ag (or vanish identically). Assume,
without loss of generality, that uy # 0. As e~ is positivity improving for
all ¢ > 0 by Proposition [1.24] we infer

L

0<e Pup =eMou,.

This implies
uy >0 and wu_ =0.

These considerations show that any eigenfunction corresponding to Ag
has a strict sign. We conclude that the eigenspace of Ag is one-dimensional
as eigenfunctions with a strict sign cannot be orthogonal to one another.

Now, as the eigenspace of \g is one-dimensional, we then obtain

Eof = <’LL, f>u

for any normalized eigenfunction v and f € £2(X,m). Hence, any normal-
ized strictly positive u has the desired properties and is uniquely determined
by these properties. O

DEFINITION 1.27 (Ground state and ground state energy). Let (b,c)
be a connected graph over (X,m) with associated Laplacian L = Lj .
The smallest eigenvalue Ag of L is called the ground state energy and the
normalized positive eigenfunction u corresponding to Ag is called the ground
state.

We also introduce the heat kernel, which arises from the heat semigroup
(e7")izo0-

DEFINITION 1.28 (Heat kernel). Let (b, c) be a graph over (X, m) with
associated Laplacian L = Ly . ,,. The map

p:[0,00) x X x X — [0, 00)
defined by
e L f(x) = pila,y) f(y)m(y)
yeX
for all t >0, f € £2(X,m) and x € X is called the heat kernel.
THEOREM 1.29 (Convergence to the ground state and ground state en-
ergy). Let (b,c) be a connected graph over (X, m). Let L = Ly ., be the as-

sociated Laplacian with ground state energy g, ground state u and heat ker-
nelp. Let Ay > Ag be the second smallest eigenvalue of L and let o := A1 —Ag.

(a) Forallz,y € X,

Aot x,y) —u(x)u _L.
pe(,y) — u(@)u(y)] < (o))

( “Theorem of Chavel-Karp for finite graphs”)

e
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(b) Forallz,y € X,

.1
tll)Igo Zlogpt(:v,y) = —MXo.
( “Theorem of Li for finite graphs”)
PROOF. To prove (a), first observe that for any f € £2(X, m) we have
|f(z)] < |Ifll//m(z) for all z € X. Now, the formula for Fy in Theorem |1.26}

gives, for all z,y € X, that Eply(x)/m(y) = u(z)u(y) while pi(z,y) =
e 'E1,(z)/m(y) by definition. From Lemma we then obtain

_ et 1y () — Eoly(x)|

|2 pe(x, ) — u(z)u(y)]

m(y)
leXte™"" — Boll]|1,
m(y)y/m(z)
efat
m(z)m(y)
This gives (a).
To prove (b), note from the above that
e—at 2 —at
w(@)u(y) — ———=——== < 'z, y) <u(z)uly) + ————=
m(z)m(y) m(x)m(y)
for all z,y € X. As wu is strictly positive by Theorem m (b) follows after
taking logarithms for large t, dividing by ¢ and letting t — co. U

1.7. The Dirichlet Problem

In this section we discuss some further aspects of the theory. Throughout
we assume that X is a finite set and the measure m is just the counting
measure and we remove it from notation; so, e.g., we write Ly, := Ly .1
for the Laplacian. We leave it as an exercise to include a measure in the
considerations.

LEMMA 1.30 (Non-vanishing ¢ characterizes the bijectivity of Ly ). Let
(b,c) be a graph over a finite set X and let Ly . be the associated Laplacian
on (?2(X). The operator Ly . is bijective if and only if ¢ does not vanish
identically on any connected component of (b, c).

PROOF. As L is a linear operator on a finite dimensional vector space,
bijectivity is equivalent to injectivity. Furthermore, we can assume without
loss of generality that the graph is connected.

If ¢ = 0, then clearly Ly .1 = 0. Therefore, L . is not injective in this
case.

Now, suppose that ¢ does not vanish at all z € X. Let u € £?(X) satisfy
Ly cu = 0. Green’s formula, Proposition gives

0= Z w(x) Ly cu(z) = Qpc(u)

zeX

_ % 3 b, y)(ule) —u)? + Y e(z)u(z).

z,yeX zeX
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As all terms appearing in the sums are non-negative, we infer u(x) = u(y)
whenever b(z,y) > 0 and u(z) = 0 whenever c(z) # 0. As the graph is
connected, the first set of conditions implies u is constant and the second
set of conditions implies © = 0 as ¢ does not vanish identically. Therefore,
Ly . is injective. O

THEOREM 1.31 (The Dirichlet problem). Let (b,c) be a connected graph
over a finite set X. Let B C X with B # (), A:= X\ B and g: B — R.
Then, the Dirichlet problem (DP):

o [, u=00nA
e yu=gonbB

has a unique solution. Moreover, for the set
Ay :={he C(X)|h=g on B}

and f € Ay the following statements are equivalent:

(i) Qpe(f) = min{Qpc(h) | h € Ay}
(ii) The function f solves the Dirichlet problem (DP).

In particular, there exists a unique minimizer in (i). Moreover, if 0 < g <1,
then 0 < f < 1.

ProoOF. We will show a series of claims which will prove the theorem
(and a bit more).

Claim 1. The solution of (DP) exists and is unique.

Proof of Claim 1. We transform the problem to an equivalent problem
for which we will establish existence and uniqueness. Let f be a solution of
Ly.f =0on A with f = g on B, that is, let f solve (DP). For any x € A,
we then have

0= Lb,cf($)
= > bz, y)(f@) = f() + c(2) f(x)
yeX
=D b y)(F(@) = f) + 3 bl y)(F(@) = () + e(@)f ()
yeA yeB
= 3 bl y)(F@) = F) + (el) + D bla,y) F2) = D bla,y)g(y)
yeA yeB yeB
= b, y)(f(x) = f(y) + d(x) f () — h(z)
yeA
with
d(x) :=c(x) + Z b(z,y) and h(z):= Z b(x,y)g(y).
yeB yeEB
Note that both d and h do not depend on f.
We let LE4D) := Ly, 4, which we call the Dirichlet Laplacian associated

to the graph (ba,d) over A, given by ba(z,y) := b(z,y) for z,y € A, d as
above and the restriction f4 of f to A, we obtain from the above that

(P) LY fa=hon A,
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Now, if f is a solution of (DP), then f4 solves (P), as shown by the above
calculation. Conversely, any solution f of (P) becomes a solution f to (DP)
after extending f by g on B. This gives:

f solves (DP) <= f4 solves (P).

Therefore, it suffices to show that (P) has a unique solution, that is,
LEL‘D) is bijective. By construction, L(AD) is the Laplacian associated to the
graph (ba,d) over A. Thus, by Lemma it suffices to show that d
does not vanish on any connected component of A, where the connected
components are defined with respect to bs. Let Z be such a connected
component. Invoking the definition of d, it suffices to find z € Z and y € B
with b(z,y) > 0. First, we choose an arbitrary y' € B and 0 € Z. As the
graph is connected there exists a path (zg,z1,...,2z,) in (X,b) with 29 = 0
and z, = y'. Let j be the smallest index such that z; does not belong to
Z. Then, letting y := x;, y belongs to B as otherwise it would belong to Z
since Z is a connected component. Thus, z := x; 1 € Z and y = x; € B
satisfy b(z,y) > 0. This finishes the proof of Claim 1.

Claim 2. Any minimizer of Q. on Ay solves (DP).
Proof of Claim 2. Suppose that there exists an f € A, with

Que(f) = inf{Qpc(h) | h € Ag}.

Let ¢ be an arbitrary function supported on A. Then, f + Ap belongs to
A, for all A € R. Thus, the function

A Que(f +2p) = Que(f) + 22Quc(f, ) + A2 Qb.c(¢)

has a minimum at A = 0. Taking the derivative at A = 0 yields

0= Qb,c(fv 90) = Z Lb,cf(x)gp(x)
reX
by Green’s formula, Proposition As ¢ supported in A was arbitrary,
we conclude that Ly .f = 0 on A.
Claim 3. There exists a minimizer of Q. on Ay.
Proof of Claim 3. Let (fn) be a sequence in A, with

nlggo Qbe(fn) =Inf{Qpc(h) | h € Ag}.

It follows that (Qpc(fn)) is a bounded sequence. Let o be an arbitrary
point in B. Then, f,(0) = g(o) for all n € N as f, € A,;. As we will
show below, the boundedness of (Qs.c(fn)) together with the boundedness
of (fn(0)) implies that (f,(x)) is bounded for any x € X. By choosing a
suitable subsequence we can, without of loss of generality, assume that (f,,)
converges pointwise to a function f. Obviously, f € A, and

Que(f) = Qe (lim fn) = lim Quol(fa) = inf{Que(h) | h € Ay}

Thus, f is a minimizer of Q. on Aj.

It remains to show the desired boundedness of (f,(z)) for x € X. Let
x € X and let v := (xq,..., %) with g = 0 and x,, = = be a path from o
to x. Then, for any function u, we have by the Cauchy—Schwarz inequality

|u(z) = u(o)]
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m—1
< u(z;) — u(wj41)]
7=0
m—1 1
= u(z;) — w(jg)b(zs, 240) " ———
= ’ Y b(zj, zj41)"/?
el 1/2 me1 1/2
< (u()) = w(zjs1))?0(z), 2j41) b(wj,xjr) "
=0 =0

1/2
with C(v) := ( 227, b(z;, xj+1)*1> . Applying this to f,, and noting that
fn(0) = g(0) for all n since o € B, we get

[Fu(@) = g(0)| < CONQbe(Fn)' .
As (Qb,c(fn))n is bounded and C(v) does not depend on n, it follows that
(fn(z))n is bounded.

Claim 4. f0<g<1,then0< f <1.

Proof of Claim 4. Recall that Cjgqjo f =0V f ALl If f € Ay, then
Cloay 0 f € Ay since Cjgqy0 g = g. Therefore, Cjg ) o f is also a minimizer
of Qpc as Q. is a Dirichlet form and thus Qpc(Cjo 10 f) < Qpe(f). The
already proven uniqueness then gives f = Cj 1) o f, which is equivalent to
0<f<1.

By combining the preceding statements we now prove the theorem:
Claim 1 yields the existence and uniqueness of solutions to (DP). Claim 2
shows the implication (i) = (ii). Furthermore, in Claim 3, we have shown
the existence of a minimizer of Q. on Ag. We next turn to (ii) = (i): The
solution of (DP) and the minimizer of @ . on A, both exist and are unique
by the considerations above. As the minimizer of Q. on A, solves (DP)
by Claim 2, it coincides with the unique solution of (DP). Thus, this unique
solution minimizes Q. on Ay. Finally, the last statement of the theorem
follows from Claim 4. O






CHAPTER 2

Infinite Graphs I — The Formal Objects

In this chapter we start the investigation of the general situation. Thus,
we do not assume that the underlying set X is finite. We rather deal with
(countably) infinite sets X. We will introduce the core objects and present
some general theory.

Throughout we let X be a countable set. We think of X as being
equipped with the discrete topology. We denote by C(X) the set of all
functions on X (which are automatically continuous) and by C.(X) the
space of compactly, i.e., finitely, supported functions. For x € X we let
1, denote the characteristic function of {x}. So, 1;(y) = 1 for y = = and
1:(y) = 0 otherwise. Observe that the characteristic functions 1,, z € X,
form a basis of C.(X). A function m: X — (0, 00) gives rise to a measure
on (the o-algebra consisting of all subsets of) X by

m(A) == Z m(z).
x€A

We will not distinguish between the measure and the function m in notation.
Note that the measure has full support, i.e. m(A) > 0 holds for all A #
(). The measure m gives naturally rise to the Hilbert space £2(X,m). By
definition, the underlying vector space is given as

C(X,m) ={f: X —=R| Y |f(x)]’m(z) < oo}.
zeX
The inner product is given by
=Y fla)g(@)m(x).
zeX

Note that the sum in question is finite for f,g € ¢?(X,m) since we have
|f(@)g(z)] < 5(f(z)* + |g(z)|?) for all 2 € X. The inner product induces
the norm || - || with

1/2
IfI = (f, f)H? = (Z\f ) :

zeX

As is well-known from a basic course in functional analysis (and is also not
hard to see) the space ¢2(X,m) is complete with respect to || - || and C.(X)
is dense in £2(X,m).

2.1. Graphs

In this section we introduce graphs over countable X.

29
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DEFINITION 2.1 (Graph over X). A graph over X is a pair (b,c) con-
sisting of a function b: X x X — [0, 00) satisfying
o b(z,y) =b(y,z) for all z,y € X
o b(z,x)=0foral x € X
® > exblmy) <ocoforallz e X

and a function c: X — [0, 00).

Whenever (b, ¢) is a graph over X we use the following pieces of notation
(compare the Section : The elements of X are called vertices. A pair
(z,y) with b(x,y) > 0 is called an edge with weight b(z,y). Elements x,y €
X forming an edge are also called neighbors and we write  ~ y in this case.

The degree is the function

deg: X — [0,00), deg(z bey—l—c x).
yeX
A tuple (zo,...,x,) of vertices is called a path from xg to x,, if x; ~ z;11
holds for ¢ = 0,...,n — 1. As b is symmetric there exists a path from x to

y if and only if there exists a path from y to x. Whenever x € X is given
the set of vertices y such that there exists a path from x to y is called the
connected component of x. If there exists a path between any two vertices
the graph is called connected. Clearly, the graph is connected if and only if
the connected component of one (each) x € X agrees with X.

We say that a graph (b, ¢) is locally finite if for every x € X the number
of neighbors of x is finite, i.e.,

#HyeX|y~a}<oo

for all z € X. Here, as above, # denote the number of elements of a set. In
general, we will not assume that graphs are locally finite.

REMARK 2.2 (Uncountable graphs). In our discussion we have assumed
that X is countable. This is not necessary in order to set up the theory.
Indeed, all of the preceding definitions make sense also for uncountable X.
However, the summability condition 3, .y b(z,y) < oo for all z € X im-
plies that any = € X can have at most countably many neighbors. Hence,
the connected component of any = must be countable (even if X were un-
countable at the beginning). So any graph over an uncountable X could
be considered as an (uncountable) union of connected graphs with count-
ably many vertices. So, all of the theory developed below will apply to
each connected component of such a graph. For this reason we just assume
countability of X from the very beginning.

2.2. The Energy Form

Any graph comes with a bilinear map on (a subspace of) C(X). This
map underlies all our subsequent considerations.

To a graph (b,c) over X, we associate the subspace D := Dy . of C(X)
given by

D={feC(X |72bazy —l—Z )2 < o0}

z,yeX reX
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Note that D is indeed a subspace of C'(X). To (b, ¢) we furthermore associate
the map

Q:=9Q,.:DxD—R
defined by
Qf.g) = % > b, y)(f(@) = f)(g(@) — gw) + > @) f(x)g().
z,yeX zeX

Clearly, Q is bilinear, i.e. linear in each argument. We call Q the energy
form and refer to elements of D as functions of finite energy.
Clearly, Q is symmetric, i.e., satisfies

Q(f.9) =29, f)
for all f,g € D. The form Q is also positive, i.e., satisfies

Q(f, f) >0

for all f € D.
We will often be interested in the values of @ on the diagonal only. In
this case, we will use the notation

Q(f) = Q(f. f)
for f € D. We can then extend this restriction of Q to the diagonal to a map
on the whole C'(X), again denoted by Q, defined by Q: C(X) — [0, 0] via

oUf) {Q(f,f) if feD

00 else.

Recall that a map C': R — R is called a normal contraction if C(0) =0
and |C(s) — C(t)] < |t — s| for all s, € R. The form Q is compatible with
normal contractions in the following sense.

PROPOSITION 2.3 (Compatibility with normal contractions). Let (b, c)
be a graph over X and let C: R — R be a normal contraction. Then,

Q(Cof) < Q)

holds for all f € C(X).
PRroOF. This is immediate from the definitions. U
The energy form has the following semi-continuity property.

PROPOSITION 2.4 (Lower semi-continuity of Q on C'(X)). Let (b,c) be a
graph over X . If a sequence (f,) in C(X) converges pointwise to f € C(X),
i.e., fn(x) = f(x) asn — oo for all x € X, then

Proor. This is a consequence of Fatou’s lemma. Indeed, consider the
measure space X X X with the measure B and X with the measure C given
by

B(M) ::% S by and C(N) =Y @)

(zy)eM zeN
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for M C X x X, N C X, and for n € N the functions F,,, F': X x X —
[0,00) defined by

Fo(z,y) = (fa(z) = fa(y))® and  F(z,y) := (f(z) - f(y))*.

Then, clearly F,(z,y) — F(z,y) for all z,y € X, fu(z)? — f(z)? for all
xr € X asn — oo and

/XXXFdB—l—/XﬁdC’— Q(f), /XXXFndBJr/Xf,%dC— Q(fn)-

Now, Fatou’s lemma gives the desired statement. O

For o € X, we define the map
(v)%:DxD—R
by
(f:9)0 == Q(f,9) + f(0)g(0)

for f,g € D. Clearly, (-,-), is linear in each argument, symmetric and
satisfies (f, f)o > 0 for all f € D. Hence, the map is a semi-scalar product.
We let || - ||, be the corresponding semi-norm, i.e.

I fllo = (f, f)o/?

for f € D.

For connected graphs the map (-,-), is a scalar-product and | - ||, is a
norm on D and D becomes a Hilbert space. This (and more) is the content
of the next lemma.

LeEMMA 2.5 (The Hilbert space (D, (,),)). Let (b,c) be a connected
graph over (X,m) and o € X. Then, the following holds:

(a) The map (-,-)o is a scalar-product and | - ||o is a norm.
(b) For any x € X the norms || - ||, and || - ||z are equivalent. In
particular, for any x € X the pointwise evaluation map D —
R, f — f(z), is continuous.
(c) (D,] - lo) is a Hilbert space.
(d) A sequence (f,) in D converges to f w.r.t. (-,-), if and only if
fn — [ pointwise and
limsup Q(fn) < Q(f).
n—oo
PROOF. (a) We already know that (-, ), is a semi-inner product. Thus,
it suffices to show that it is non-degenerate i.e. that (f, f), = 0 is only
possible for f = 0. Now, writing out the definition gives

0 = <f7f>0:Q(f7f)+f(O)2
- % D b y)(f@) = f(9)* + > cla)f(@)® + fo)*.
z,yeX reX

As b, c and all squares appearing are non-negative, we infer f(o) = 0 and
f(z) = f(y) for all x ~ y. As the graph is connected this implies f = 0.

(b) Since the graph is connected for any z € X there exists a path
(zoy...,xy) with g = 0 and x,, = . Without loss of generality we assume
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that the z; are pairwise different. Then, for any f € D the following estimate
holds

|f(z) — f(o)]
n—1
< ) (@) = fwis)]
z::—l 1 /2 01 1/2
< (; W) (Zz; b(wi, i) f (i) — f($i+1)|2>
< CoaQ(f)?

1/2
with C, 5 1= (Z?:_ol m) . From this the desired equivalence follows

rather easily. Here are the details: From |f(z)| < |f(o)| + |f(z) — f(0)| we
obtain

f(@)* <2f(0)? + 2| f(x) = f(o)* < 2f(0)* +2C7,Q(f).
This then implies
1F1Z = Q(f) + f()?* < max{2,2C,, + 13| f|

for all f € D. Reversing the roles of x and o we also find C' > 0 such for all
f € D the inequality

112 < ClIfI
holds. (Actually, C' = max{2,2C, ; + 1} will do as well as we could just use
the path above in the reverse order). This shows that || - ||, and || - || are
equivalent.

Now, clearly the point evaluation D — R, f +— f(x) is continuous with
respect to || - ||z As || - ||o is equivalent to || - ||; the point evaluation is
continuous with respect to || - ||, as well.

(c) We have to show that (D, (-,-),) is complete. Let (f,) be a Cauchy
sequence with respect to || - ||,. This implies that

Q(fn - fm) + ’fn(O) - fm(0)|2

becomes arbitrarily small for n, m sufficiently large. In particular, (f,(0))
must be a Cauchy sequence. Now, by (b) the (f,,) must be a Cauchy sequence
with respect to || - || for any =z € X. Hence, (f,(x)) must be a Cauchy
sequence for each x (by the same reasoning that we had applied just now
for x = 0). Altogether, we infer that (f,) converges pointwise to some f.
This f is now our candidate for a limit of (f,) and we have to show that f
is indeed the limit of (f,,) with respect to || - ||,

Since (fy) is a Cauchy sequence, (||fn]lo) is bounded by some C > 0.
Thus, by Fatou’s lemma

Q(f) < liminf Q(f,) < liminf || f |5 < C*.
Thus, f belongs to D and, again by Fatou’s lemma,
Q(f = fn) < liminf Q(fi — fn) < liminf || fx — full3,
k—o00 k—o0

which becomes arbitrarily small since (f,,) is a Cauchy sequence. Hence,
(fn) converges indeed to f with respect to || - ||o-
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(d) Let (f,) be a sequence in D that converges with respect to || - ||,
to f. Then, the continuity of the point evaluation from (b) gives that (f;)
converges pointwise to f. Continuity of || - ||, then implies

Q(fa) = Ifalls = ful0)® = IIFII5 = f(0)* = Q).
This shows one implication.
Conversely, assume pointwise convergence of f,, — f and the bound

given in (d). This then implies
limsup || ful[5 = limsup (Q(fa) + fu(0)?) < Q(f) + £(0)* = || £II5.

n—oo n—o0

As the sequence (f,,) is bounded in the Hilbert space (D, ||||,), the sequence
as well as any of its subsequences must have weakly converging subsequences.
By pointwise convergence the limit of any weakly converging subsequence
coincides with f. Hence, (f,) converges weakly to f itself, i.e., (fn,9)0o —
(f,g)o for all g € D. This gives in particular

(fns Fro = IIFII5, n— oo

From the preceding convergence statement and

0 < If = fullz = IFIZ + 1fnllZ = 2(F, frdo

we obtain
0 < limsup||f — f||?> < 0.
n—o0
This gives the desired convergence and finishes the proof. O

REMARK 2.6. Let (b,c) be a connected graph over (X, m) and o € X.
The inner product (-, -), can be rewritten as (-,-)o = Qp s with ¢ := ¢+ 1.
In this sense, up to a scaling the previous lemma can be understood as a
statement about connected graphs with nonvanishing c¢. In particular, if
¢ # 0, then (D, Q) is a Hilbert space.

The preceding results make D a Hilbert space, whenever the underlying
graph is connected. In particular, in this case a sequence of functions (f,)
converges to f if and only if (f,,) converges pointwise to f and Q(f—f,) — 0
holds. The latter can be used to define convergence of sequences in D in the
general case even if the graph is not connected. We will be interested in the
‘closure’ of C.(X) with respect to this notion of convergence.

DEFINITION 2.7. Let (b,c) be a graph over X. We define Dy(X) to be
the subspace of D consisting of those f € D for which there exists a sequence
(pr) in Co(X) with ¢, — f pointwise and Q(f — ¢,,) — 0 as n — oo.

COROLLARY 2.8. Let (b,c) be a connected graph over X and o € X.
Then,

DO(X) _ CC(X)HIIO
holds.

PRrROOF. By (d) of Lemma convergence of (y,) to f in D implies
pointwise convergence of (¢,,) to f. Given this the equality is rather imme-
diate. 0]
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2.3. The Laplacian

Besides the energy form Q associated to a graph we will also consider
the formal Laplacian. Details are discussed in this section.

Let m be a measure on X of full support and let (b, c) be a graph over
X. We let £ = Ly, be the operator acting on

F=F={fecCX)|> ba,y)lf(y) <oo forallx € X}
yeX

by

£f(x) = m;) S b, v) (F(o) — £()) +
yeX

We call £ the formal Laplacian associated to (b, c) over (X, m). The word
‘formal’ appears as this is not an operator in an ¢? space.

We note that the formal Laplacian £ depends on b as well as ¢ and m
while the domain F depends only on b.

The operator £ has a certain symmetry property and the form © and
operator L are related by an integration by parts formula which we refer to
as Green’s formula. This is the content of the next proposition.

PROPOSITION 2.9 (Green’s formula). Let (b,c) be a graph over (X, m).

(a) Every ¢ € C.(X) belongs to F and for all f € F and ¢ € Co(X)
Y e@)Lf(@m(z) =Y Lo(x)f(z)m(w)

reX zeX
=0 Y e (e(e) - pW)(F) ~ F) + Y el@)ola) f(a)
z,yeX rxeX

holds, where all of the sums are absolutely convergent.
(b) We have

DCF
and thus for all f € D and ¢ € C.(X)
Ay, f) = p@)Lf(x)m(z) = Lo(x)f(z)m(w).
rzeX zeX
PROOF. (a) By the assumptions on f, ¢ and b we have
S ) me@)] = 3 le@)] S bl )] < oo
z,yeX zeX yeX
and

Y @y f@e@)] = 1f@e)] ) ble,y) < oo
z,yeX zeX yeX
Given this finiteness, the desired equalities follow easily by direct computa-
tions.

(b) Given (a), it suffices to show that every f € D belongs to F. To see
this, we calculate

Dbyl fWI< Y byl f@) = fF)l+ Y bla,y)lf(@)].

yeX yeX yeX
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Now, the first term can be seen to be finite via the Cauchy—Schwarz inequal-
ity as
1/2 1/2

> b(x,y) D ob@,y)(f(z) = fFW)?* | < deg(x)/?Q(f)!?

yeX yeX

and the second term is finite by the assumption on b. This gives the desired
statement. (]

For a € R we say that a function w is a-subharmonic if u € F and
(L + a)u <0.

We say that u is a-superharmonic if —u is a-subharmonic. We say that u
is a-harmonic if u is both a-subharmonic and a-superharmonic, i.e., u € F
satisfies

(L + a)u=0.

When o = 0, we say that u is (sub/super)harmonic. We will see that various
features of such functions are intimately related to the geometric, spectral
and stochastic properties of graphs.

We next present three basic results concerning solutions of the equation

(L+a)u=f

which will be used in various later considerations. We refer to this equation
as the Poisson equation.

As above, we will use the notation u A v := min{u,v} and u Vv :=
max{u, v} for the minimum and maximum of two functions « and v, respec-
tively.

We start with a minimum principle for certain supersolutions of the
Poisson equation.

THEOREM 2.10 (Minimum principle). Let (b,c) be a graph over (X, m).
Let U C X. Assume that the function u € F satisfies
o (L+a)u>0onU for some a>0
e u AQ attains a minimum on every connected component of U
eu>0o0nX\U.
If a > 0 or if every connected component of U is connected to X \ U, then
u > 0 and, in fact, on each connected component of U either u =0 oru > 0.

Proor. Without loss of generality we can assume that U is connected.
If w > 0 there is nothing to show. Therefore, assume there exists a vertex
x € U with u(z) < 0. As uA0 attains a minimum on U, there exists a vertex
xo € U with u(zg) < 0 and u(zg) < u(y) for all y € U. As u(y) > 0 for
y € X \ U, we obtain u(zg) — u(y) < 0 for all y € X. By the supersolution
assumption we then find

0 < (L4 a)u(xo)

1

m(zo)

S~ b(zo, ) (ulzo) — uly)) + clzo)ulxo) | + aulzo) < 0.
yeX
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Therefore, if o > 0, then 0 = u(zg) and u(y) = u(zg) = 0 for all y ~ zo.
As U is connected, iteration of this argument shows that u =0 on U.

On the other hand, for a = 0, we obtain by the same argument that w is
constant on U. As U is connected to X \ U, namely there exist x € U and
z € X \ U such that « ~ z, we conclude from the formula above for x that

0= —— bz, 2)(ulx) — u()) + —— | 3 bz, ) (u(z) — uly)) + c(z)u(z)
m(z) () | 2

Since u(z) = u(xp), the second term is clearly smaller or equal to 0. Hence,
the first term must be greater or equal to zero. This implies 0 > u(xg) =
u(x) > u(z) > 0 and we conclude u = 0 on U. O

For the following lemma, given a sequence of functions (u,) and a func-
tion u we write

Uy /U as n — 00

if up(x) < upti(x) for all z € X, n € N and w,, — u pointwise as n — oo.

LEMMA 2.11 (Monotone convergence of solutions). Let (b, c) be a graph
over (X,m). Let a« € R and let u,f € C(X). Let (u,) be a sequence
of functions in F with u, > 0 for all n € N. Assume that u, ,/ u and
(L+ a)up(x) = f(x) for allz € X asn — oco. Then, u € F and

(L+a)u=f.

ProoOF. Without loss of generality, we assume that m = 1. By assump-
tion

Y b, y) (un(@) = un(y)) + (c(2) + @)un(z) = (£ + @)un(z) = f(z)

yeX

as n — oo for any z € X. As (ZyeX b(x,y)un(x))neN converges in-

creasingly to u(x) >, _y b(x,y) < oo, the assumptions on (u,) show that

yeX
(ZyGX b(m,y)un(y))neN must converge as well and, in fact, must converge
to ZyeX b(z,y)u(y) by the monotone convergence theorem. From this, we

easily obtain the conclusion. O

We let
Uy :=uVO0 and u_ :=—uVOo

denote the positive and negative part of u so that v = uy —u_ and |u| =
Uy + u_. The next lemma then shows that the positive and negative part
of an a-harmonic function are a-subharmonic.

LEMMA 2.12 (a-subharmonic and a-superharmonic functions). Let (b, ¢)
be a graph over (X,m). Let « € R. If u,v € F are a-subharmonic
(a-superharmonic, respectively), then uV v is a-subharmonic (u A v is a-
superharmonic, respectively). In particular, if u is a-harmonic, then uy, u_
and |u| are all a-subharmonic.

PROOF. Let u,v be a-subharmonic for some o € R and let w = u V v.
Let € X and assume without loss of generality that w(z) = u(z) > v(z).
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Then,
w(@) — wiy) = 4 4@ —uly) ifuly) = o)
(2) — w(y) {u(x)_v(w h
< u(z) —u(y)
Thus,

(L+a)w(z) < (L+a)u(z) <0

holds. As x € X was arbitrary, we infer that w is a-subharmonic.

Now, let u, v be a-superharmonic. We first observe that uAv = —((—u)V
(—v)). Hence, by what we have shown above, (—u) V (—v) is a-subharmonic
as —u and —v are a-subharmonic. Therefore, uAv is a-superharmonic. The
“In particular” statement follows as uy = (u) VO and |u| =uy +u_. O

We now introduce the heat equation

More specifically, a function u: [0,00) X X — R is called a solution of the
heat equation if, for every x € X, the mapping t — u;(x) is continuous on
[0,00) and differentiable on (0, c0), u; € F for all t > 0 and

(L4 Op)ur(x) =0

for all x € X and ¢t > 0. If u has all of the properties above but instead
of equality in the heat equation satisfies (£ + 0;)u; > 0 for all ¢ > 0, then
we call u a supersolution of the heat equation. If u is a solution of the heat
equation and uy = f for f € C(X), then f is called the initial condition for
u. We will say that w satisfies the heat equation with initial condition f in
this case. We think of x as a space variable and ¢ as time.

We now prove a minimum principle for the heat equation. In particular,
for supersolutions of the heat equation on certain subsets, positivity on the
boundary propagates to positivity on the subset. This will be used later to
establish the minimality of certain solutions.

THEOREM 2.13 (Minimum principle for the heat equation). Let (b, c) be
a graph over (X,m). Let U C X be a connected subset and suppose that U
contains a vertex which is connected to a vertex outside of U. LetT > 0 and
let u: [0,T] x X — R be such that t — u(x) is continuously differentiable
on (0,T) for every x € U and uy € F for all t € (0,T]. Assume u satisfies
o (L+0)uy >0 onU forte (0,T],
e u A O attains a minimum on [0,T] x U,
eu>0on (0,7 x (X\U))U {0} xU).
Then, u >0 on [0,T] x U.
PROOF. By definition we have uA0 < 0. Let (¢, x) be a point where uA0
attains a minimum on [0,7] x U. If u(x) > 0, the conclusion follows so we

assume u;(z) < 0. Since u is positive on {0} x U we have ¢ > 0. Furthermore,
since u attains a minimum at (¢, z) with respect to ¢ we obtain

Ou(z) = 0if t <T and Jyuy(z) <0if t =T.
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Since u also attains a negative minimum at (¢, x) with respect to x, we infer
from a direct computation

1
(.1‘) yEZXb(l',y) (Ut(l‘) — ut(y)) +m(x) U\t@ < 0.

<0 <0

c(z)

Lug(x) =

m

Put together this gives (£ + 0;) ut(x) < 0. As u also satisfies (£ + 0p)us > 0
by assumption, we obtain

(,C + 8,5) Ut(l‘) =0

and hence Luy(x) > 0 and therefore Lu(x) = 0. Looking at the formula for
Luy(z) again, we find

u(y) = w(z) <0
for all y ~ z. Iterating this argument and using the assumption that U is
connected we find that u; is a negative constant on U. At the vertex z € U
which has a neighbor not in U, the equation Lu;(z) = 0 then contradicts
the assumption v > 0 on (0,7] x (X \ U). O

2.4. Boundedness of Forms and Operators

We have associated to each graph a form and an operator. Now, in
general form and operator will not be bounded and this will pose a major
challenge right at the beginning of the investigation. We will deal with this
challenge by using the theory of closed forms and unbounded self-adjoint
operators. Basic elements of this theory will be discussed in the next chapter
and this will allow us to proceed in the investigation of the general case.
There is, however, a situation which can already be investigated right now
without the theory of closed forms and unbounded operators. This is the
situation that form and operator are bounded. Details will be discussed in
this section.

For a graph (b, c) over (X, m) we define the weighted degree
Deg: X — [0,00)

Deg(z) := m}x) Z b(z,y) + c(x)
ex

We will characterize boundedness of the operator and the form in terms of
the weighted degree. We first investigate the issue of whether the space of
functions of compact support C.(X) is mapped into £2(X,m) by £. We
start by examples.

EXAMPLE 2.14 (L£CO.(X) in £2(X,m)). Let (b,c) be a locally finite graph
over (X, m). Then,
LC(X) C Ce(X) C (X, m).

Indeed, for any x € X, the function £1, vanishes outside of {y | y ~ x}U{z}
and this set is finite by the local finiteness assumption. Hence, £1, belongs
to Ce(X) for any © € X. As the 1,, x € X, form a basis of C.(X) the
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inclusion £CO.(X) C C.(X) follows and the inclusion C.(X) C £?(X,m) is
clear anyway.

EXAMPLE 2.15 (£C.(X) not contained in £2(X,m)). We consider a star
shaped graph. Specifically, let X := Ny and b(0,k) = b(k,0) := k=2 for
k> 1 and b(k,l) :== 0 for k,l > 1 with ¢ := 0. Furthermore, let m be given
by m(k) := k=3 for k > 1 with m(0) := 1. Then,

S (enymin = Y LR _$
k=0 o mk) Tk

Thus, L1y does not belong to ¢?(X,m). Note that the set X has finite
measure. So, finiteness of the measure is not relevant in this context.

We can now characterize when C.(X) is mapped into £2(X,m).

THEOREM 2.16. Let (b,c) be a graph over (X, m). Then, the following
statements are equivalent:
(i) LC(X) C (X, m).
(ii) The functions X — [0,00), y +— b(x,y)/m(y), belong to £2(X,m)
forallxz € X.
(iii) 2(X,m) C F.

Furthermore, the equivalent conditions above are satisfied if

inf m(y) >0

Yy~x
for all x € X which holds, in particular, if the graph is locally finite.
PROOF. For any = € X we define ¢, on X by ¢.(y) := b(z,y)/m(y).
Clearly, ¢, vanishes outside of
Ny ={ye X |y~z}
(i) <= (ii): Let x € X be arbitrary. We first observe
L1, = Deg(z)1ly — ¢q.
Thus, £1, belongs to ¢2(X,m) if and only if ¢, € (X, m). As x € X is
arbitrary this gives the desired equivalence.

(ii) <= (iii): Assume that ¢, belongs to £2(X,m) for all z € X. Then,
for f € 2(X, m) we get by the Cauchnychwarz inequality

yeX yeX

Hence, f belongs to F.
Conversely, assume ¢?(X,m) C F. Let z € X. Then, £}(N,,b(z,-)) D
{f € F|suppf C N, } (via restrictions) and we find

?(Ng,mp,) C 0 (Ng, b(z,-)).
Thus, the map
j: (Ngymn,) — O (Ny,b(z, ), [ f

is well-defined and linear. As convergence in an fP-space always implies
pointwise convergence, we easily infer that the map j is closed (i.e. f, = f
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and j(fn) — ¢ implies j(f) = g). Hence, by the closed graph theorem we
infer the existence of a constant C' > 0 such that for all f € 2(X,m)

> by f W) = 1N o (v be) < CIHFANI < CISI-
yeX
Therefore,
> eI W)Imly) =D bla,y)|fw)] < Clf]-
yeX yeX
Hence, ¢, € £2(X,m) by the Riesz representation theorem.

Finally, the condition inf,, m(y) = C, > 0 implies that ¢, € 2(X,m)
for x € X, since

b (z,y 1
lealP = 3 D < 5 o) < o
xyGX

e m(y

This shows the “in particular” statement. O

We now turn to characterizing boundedness of £ and Q on ¢*(X,m).
The crucial feature will be a bound on the Deg. We start with a general
lemma.

LEMMA 2.17 (The bound lemma). Let X be a countable set and m a
measure on X of full support. Let a: X x X — [0,00) be symmetric and
assume that for some k > 0 we have

> alz,y)m(y) <k
yeX
for all x € X. Then:

(a) The map A: (2(X,m) — (2(X,m) given by
Af(x) = alx,y) f(y)m(y)

for f € 2(X,m) and x lej( is well-defined and linear with | Af|| <
(b) ’;lll{;HT'nap g: (X, m) x (X, m) —> R with
q(f,9) = % ZG:X a(z,y)(f(z) — f(y)(g(z) — g(y))m(z)m(y)
T,y
+ > alw,z) f(x)g(z)m(z)m(z).
is well-dxeeﬁ);ed and bilinear with |q(f, g)| < 2&| flllgll for all f,g €
2(X,m).

PRrROOF. The proofs of (a) and (b) is very similar.
(a) We have to show that > v a(z,y) f(y)m(y) is defined for all z € X

and Af belongs to ¢2(X,m) with the given bound. It suffices to show
2

S al@y)lfw)lmy) | mlx) < 2| £]7.

zeX \yeX
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This in turn follows by a direct computation using the Cauchy—Schwarz
inequality (CSI):

2

YUY awwlf@ing) | me)

zeX \yeX =a(x,")/2m1/2.a(x,)1/2 fm1/2

S ol 2ymiz) <2a<x7z>f<z>2m<z>) m(x)
| S —

zeX | zeX zeX
<ry (Z ala, z>f<z>2m<z>> ()
rzeX \zeX
Fubini Z f(2)*m(z) Z a(zr, z)m(z)
z€X reX
<Ky f(2)Pm(z) = RS
zeX

Here, we used that a is symmetric to obtain

Z a(z, z)m(x) = Z a(z,x)m(x) < k.

zeX zeX

(b) We first consider the case f = g. Clearly, (f(z) — f(y))? < 2f(x)* +
2f(y)? holds. Now, a direct computation invoking Fubini’s theorem and the
symmetry of a gives

5 alen)@f@? + 2 Py + Y ale, @) f (@) m(a)m()

x,yEX, 33753/ zeX

<5 Y )@@+ 2P mm)

z,yeX, £y

+ Z a(z, z) f(x)*m(z)m(z) + Z a(y, y) f(y)*m(y)m(y)

zeX yeX

= f@)’m@) Y alz,y)m(y) + Y f@)>*my) Y az,y)m(z)

zeX yeX yeX zeX
< &l I+ &lLFI? = 26 f]12.

This easily gives the claim for f = g. The general case now follows from
q(f, f) > 0 and Cauchy—Schwarz inequality. O

THEOREM 2.18 (Characterization of boundedness). Let (b, c) be a graph
over (X,m). Then, the following statements are equivalent:

(i) The weighted degree Deg is a bounded function on X.
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(ii) The form Q is bounded on ¢*(X,m) (i.e. 2(X,m) belongs to D
and there exists a C > 0 with |Q(f,g)| < C||fllllg|l for all f,g €
(X, m)).

(iii) The operator L is bounded on ¢*>(X,m) (i.e. {*(X,m) belongs to
F and there exists D > 0 such that ||Lf|| < D|f|| for any f €
2(X,m)).

Moreover, if Deg is bounded by D, then
1Q(f,9)l < 2D| flllg

holds as well as

ILf] < 2D| £l
for all f,g € £2(X,m).

PRrROOF. The implication (i) = (ii) follows from (b) of the preceding

m?ifﬂ%y) for z,y € X with z # y and a(z,x) =

m(igg(m) for x € X. Moreover, the implication (i)==-(iii) follows from (a)

of the preceding lemma with a(z,y) := m?g;ﬁgy) for x,y € X with z # vy
and a(z,z) := 0 for x € X, since then Lf(x) = Deg(z)f(x) — Af(z) for
all f € 2(X,m) and z € X. Indeed, the assumption of that lemma is
satisfied with & := sup,cx Deg(x). The conclusion of the lemma then gives
the bound C = 2k for the estimate of Q@ and the bound D = 2k for the
estimate of L.

(ii)==(i): Assume Q(f) < C||f||? for all f € £3(X,m). Choosing f :=
1, for x € X we find

> blz,y) +c(z) = QL) < O||L* = Om(x).

yeX

lemma with a(z,y) =

This implies Deg < C.

(iii)==(i): Assume that ||Lf|| < D] f|| holds for all f € £*(X,m).
Choosing f := 1, for x € X we find

> blx,y) + c(x) = m(x)L1u(x) = (Lp, L1,) < D|[Le|||[ 1]l = Dm()
yeX

for all z € X. This implies Deg < D.

The last statement of the theorem has been proven along the way in
(i)==(ii) and (i)==-(iii) respectively. O

REMARK 2.19 (Relationship between the theorems in this section). The
boundedness of £ obviously implies that £ maps C.(X) in ¢?(X,m). Thus,
the condition that Deg is bounded (appearing in Theorem [2.18) is stronger

than the condition Zye ¥ bg}f&gf < oo for all z € X (appearing in Theorem

2.16)). Indeed, this can already be seen directly as boundedness of the degree
gives

S0y, 2) + cl2)) < Omiy)

zeX
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which in turn implies

bz, y)* bz, y)*
2 i) =€ & S e <€ M <

= m(y) (y =

2.5. Graphs with Standard Weights

Special b and ¢ with rather restricted range have attracted particular
attention in the literature. We present these cases here under the heading
of standard weights.

DEFINITION 2.20 (Graphs with standard weights). Let (b, ¢) be a graph
over X. If b takes values in {0,1} and ¢ = 0, we say that b is a graph with
standard weights.

We denote the edges of the graph by
E={(z,y) e X x X |z ~y}.

For graphs with standard weights, the degree function deg given by deg(x) :=
Eyex b(x,y) is the combinatorial degree, i.e., if z € X, then

deg(z) =#{y € X [z ~y} = #(EN({z} x X)).
The assumption Zye x b(z,y) < oo for all z € X clearly implies that graphs
with standard weights are locally finite.

We now explicitly write out the energy form and the Laplacian in the
case of standard weights.

For a graph b with standard weights, the energy form Q is given by

of=5 ¥ () fw)

z,y€X, T~y
for f € C(X). Furthermore, by local finiteness, the domain F of the formal
Laplacian consists of all functions, i.e.,

F=C(X).

2.5.1. The Counting Measure. The counting measure m = 1 counts
the number of vertices in a subset of X. In this case, the degree and the
weighted degree satisfy

deg = Deg

and are equal to the combinatorial degree.
We denote the formal Laplacian £ for graphs b with standard weights
by A. This operator acts as

Af(z)= Y (flx)— ).
yeX, y~x

We deduce the following corollaries from the results of the previous sec-
tions.

COROLLARY 2.21 (Characterization of boundedness). Let b be a graph
with standard weights and let m = 1 be the counting measure. Then, the
following statements are equivalent:
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(i) The combinatorial degree deg is a bounded function on X.
(ii) The form Q is bounded on £*(X).
(iii) The operator A is bounded on (*(X).

PRrOOF. This follows directly from Theorem and the equality of the
combinatorial and weighted degrees, deg = Deg, in this case. U

Furthermore, as a graph with standard weights is always locally finite
we have
AC(X) C Co(X) C 2(X)
2.5.2. The Normalizing Measure. We now introduce the normaliz-

ing measure and discuss how the resulting Laplacian is always bounded.

The normalizing measure n is given by deg which is the combinatorial
degree in the case of standard weights. This measure counts the number of
edges for a subset of vertices, more specifically,

n(A) = #Ex + J#0pA
for A C X, where B4 := EN(Ax A) and
OpA =FEN((X\A) xAUAx(X\A))
(Exercise). Letting m := n, the weighted degree Deg satisfies
Deg = 1.

For the normalizing measure n = deg, we denote the Laplacian by A,
refered to as the normalized Laplacian. We have

1

Anflx) = > (fl@) - fy).
deg(z)

yeX, y~w

COROLLARY 2.22 (A, is bounded). Let b be a graph with standard
weights and let n = deg be the normalizing measure. Then, the normalized

Laplacian A, is a bounded operator on (*(X,n). In particular, C.(X) C
D(A,) = 2(X,n).

PRroOF. This follows directly from Theorem and the equality Deg =
1 in this case. U






CHAPTER 3

Toolbox — The Spectral Theorem and Closed
Forms

The basic objects of our study are graphs and the associated opera-
tors, forms, resolvents and semigroups. In the context of the general infinite
graphs that we consider in this course the operators and forms are gener-
ally unbounded. To deal with this unboundedness requires some care. The
necessary background for this careful dealing is provided by the spectral the-
orem and its consequences and the theory of closed forms. This is discussed
in this chapter.

Throughout this chapter, we let H denote a Hilbert space with inner
product (-, -) and norm ||-||. We consider complex Hilbert spaces and assume
that the inner product is linear in the second argument. Real spaces can be
complexified. Thus, all of our results below apply to the real case as well.

We will always assume that the Hilbert space is separable (i.e. contains
a countable dense set). This is no restriction for us as the application we
have in mind is the Hilbert space £2(X,m) with a countable set X and this
Hilbert space is separable. The assumption of separability will allow us to
restrict attention to measure spaces which are o-finite (as separable Hilbert
spaces are unitarily equivalent to L?(€2, ) with a o-finite p).

3.1. Basics on Operator Theory

In this section we present basic theory of unbounded operators. A key
point to be taken care of is that such operators will not be defined on the
entire Hilbert space but rather on a subspace.

An operator on H is a linear map
A: D(A) — H,

where D(A) is a subspace of H which we call the domain of A. We say that
A is densely defined if D(A) is dense in H. We call an operator A closed if
its graph {(f, Af) € HxH | f € D(A)} is closed in H x H; put differently, if
fn — f for (fn) in D(A) along with Af,, — ¢ imply f € D(A) and Af = g.
We say that an operator A is bounded if there exists a constant C' > 0 such
that ||Af|| < C|f]| for all f € D(A). In this case, ||Al|, the norm of A, is
the smallest such constant C.

If A is densely defined and bounded, then A can be uniquely extended
to a bounded operator on the entire Hilbert space H and we denote this
extension by A as well. We note that a bounded operator defined on the
entire space is always closed. We denote the space of bounded operators
defined on the entire Hilbert space H by B(H).

47
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For operators A and B on H we define the sum A + B to be the linear
map whose domain is

D(A+ B):=D(A)ND(B)
and which acts by (A+ B)f := Af + Bf.

We will also consider operators between different Hilbert spaces H; and
H,. In this case, the above definitions hold with the obvious modifications.
In particular, an operator A from Hp to Hs is a linear map from a subspace
D(A) of Hy into Hy. A most relevant instance is the product AB of operators
B from H; into Hs and A from Hs into Hs. This product is defined on

D(AB) = {f € D(B) | Bf € D(A)}

and acts by ABf := A(BYf).

Whenever A is an operator on H and z € C, we write (A — z) for the
operator A — zI on D(A), where I denotes the identity operator on H. We
define the resolvent set of A to be

o(A) :={z € C| (A - 2) is bijective and (A — 2z)~! is bounded}
and the spectrum of A as

g(A):=C\ o(A4).
We recall the standard fact that o(A) is always a closed set. For z € o(A),
we call the operator (A — z)~! the resolvent of A at z. For an operator A
that is not closed, we have
o(4) = 0.

Indeed, if for some z the operator (A — z) were bijective and (A — z)~!
bounded, then (A — z)~! were bounded on the entire Hilbert space and,
therefore, closed. But then (A —z) and, hence, A would also be closed. This
shows that the notion of a resolvent set is only relevant for closed operators.

On the other hand, for a closed operator A the definition of the resolvent
set can be simplified to

0(A) = {z € C| (A — 2) is bijective}.
This follows since if A is closed and A — z is bijective, then (4 — z)~! is
bounded by the closed graph theorem.

An operator A is called invertible if A: D(A) — H is bijective. If A
and B are invertible operators and D(B) C D(A), then

Al B l=4"Y(B-A)B,
as follows by a direct calculation. In particular, if z1, 29 € o(A), then
(A — 21)_1 — (A — 22)_1 = (Zl — ZQ)(A — Zl)_l(A — 2’2)_1.

We refer to these formulae as resolvent identities. As a particular conse-
quence, we note that the second formula implies that resolvents commute.
Moreover, the second formula implies that the resolvent map

o(A) — B(H), zw (A=2)7",

is locally bounded and continuous, i.e., for a sequence (z,) in o(A) with
zn, — 2 € p(A) we have

. _ -1 _ -1 —
Tim [[(A—2)"" — (A2 =0,
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If A is densely defined, then we define the adjoint A* of A to be the
operator with domain

o there exists a g € H with (f, Ah) = (g, h)
DiA) = {feH’ for all h € D(A)
acting as
A'f =g,
where we note that this is well-defined. Specifically, we have

(Af,g)=(f,A%g)

for all f € D(A) and g € D(A*) and A* has the maximal domain among all
operators with this property. The operator A* is always closed (as can be
easily seen).

We note that D((A — z)*) = D(A*) and

(A—2)"=A"-z2
for all z € C. Furthermore, for z € g(A),
(A= 21y = (4" —2)1,
If A is densely defined, we say that A is symmetric if A* is an extension

of A, that is, D(A) C D(A*) and Af = A*f for all f € D(A). Equivalently,
A is symmetric if and only if A is densely defined and

(Af,g) = (f, Ag)

for all f,g € D(A). With these preparations, we now define the class of
operators of primary interest.

DEFINITION 3.1 (Self-adjoint operators). We call a densely defined op-
erator A self-adjoint if A = A*.

Clearly, a self-adjoint operator is symmetric. Moreover, as the adjoint
is always a closed operator, all self-adjoint operators are closed.

Before we develop the general theory further, we present a key example,
namely multiplication operators. These operators are self-adjoint if the un-
derlying function is real-valued. The main result on self-adjoint operators
(to be discussed in Section states a converse to this observation.

ExXAMPLE 3.2 (Multiplication operators). Let (X, u) be a measure space
and let u: X — C be measurable. The operator M, of multiplication by u
has domain

D(My) :={f¢€ LQ(X’ puf € LQ(Xa o);
and acts as
Myf :=uf
for all f € D(M,,). As discussed below, the operator M, is densely defined.
Furthermore, it can readily be seen that M, is closed. The adjoint of M, is
given by (M,)* = Mz. In particular, M, is self-adjoint if u is real-valued.
Finally, M, is bounded if u is bounded.

The proofs of these statements are rather straightforward. We only

sketch how to show that the domain of M, is dense. For n € N, we define

Xp i ={z e X ||u(x)] <n}.
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Then, the characteristic functions 1x, for n € N tend pointwise increasingly
towards the constant function with value 1. In particular, we have 1x, f — f
for any f € L?(X, u) by Lebesgue’s dominated convergence theorem. On the
other hand, by the definition of X,,, the function 1x, f belongs to D(M,)
for any n € N.

The essential range of a measurable function u: X — C over a measure
space (X, u) is defined as

esstanu = {\ € C | u(u" (B.(N))) > 0 for all € > 0},
where B () is the closed ball around A of radius e.

LEMMA 3.3 (Spectrum of multiplication operators). Let (X, u) be a o-
finite measure space. Let u: X — C be measurable and M, be the operator
of multiplication by w. Then, o(M,) equals the essential range of u.

PROOF. For A not in the essential range, the operator My ,(,,_y) is obvi-
ously a bounded inverse for M,, — A = M, _». Conversely, consider A\ belong-
ing to the essential range of u. Using the assumption of o-finiteness, for any
e > 0, we can construct f € L2(X, u) with ||f|| = 1 and ||(M, — N f| < e.
This contradicts the existence of a bounded inverse to M, — . O

From the definitions it is not hard to derive the following additional
properties of multiplication operators. They will be used repeatedly in what
follows.

PROPOSITION 3.4 (Further features of multiplication operators). Let
(X, p) be a o-finite measure space and let u: X — C be measurable. Then,
the following statements hold:

(a) The operator M, is self-adjoint if and only if essranu C R, which,
in turn, holds if and only if u is real-valued almost everywhere.

(b) The operator M, is bounded if and only if essranu is bounded,
which, in turn, holds if and only if u € L>°(X, u). In this case,

| My = ||ulloo = sup{|A| | A is in the essential range of u}.

(¢) My = 0 holds if and only if esstanu = {0} if and only if u = 0
holds almost everywhere.

REMARK 3.5. In all three statements the if-part does not require the
assumption of o-finiteness of the measure space. This assumption is only
used to obtain the only-if statement and the formula for the norm of the
operator. Similarly, the assumption is used in obtaining the spectrum as the
essential range in the preceding lemma.

3.2. Spectral Theorem and Spectral Calculus

The fundamental result about self-adjoint operators is known as spectral
theorem. It states that they are (up to unitary equivalence) operators of
multiplication. This can be seen as a (tremendous) generalization of the fact
that symmetric matrices can be diagonalized. A consequence of the spectral
theorem is the possibility to form functions of a self-adjoint operator. This
is known as spectral calculus. In this section we discuss the details.

Without proof we present the spectral theorem.
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THEOREM 3.6 (Spectral theorem). Let A be a self-adjoint operator on
the separable Hilbert space H. Then, there exists a measure space (X, ),
which is o-finite, a measurable function u: X — R and a unitary map
U: L*(X, u) — H with

A=UM U
In particular, o(A) is equal to the essential range of u and, hence, contained
in R. Moreover, A is bounded if and only if u is essentially bounded.

The spectral theorem allows us to define functions of an operator.

DEFINITION 3.7 (Functional calculus - definition). If ¢: R — C is
measurable, A is self-adjoint and (X, ), u and U are as in Theorem
then we define the operator ¢(A) acting on the domain

D(p(A)) := UD(Mgou)

as

@(A) == UMy, U1

REMARK 3.8. The spectral theorem does not state that (X, m), v and U
are unique. Indeed, they are not. So, the preceding definition leaves open the
possibility that ¢(A) is not well-defined but rather the definition depends on
the choice of (X, m), u and U in the spectral theorem. This is not the case.
We do not provide a full proof of independence here but rather sketch the
idea: For z € p(A) we define ¢,: R\ {z} — C,¢.(t) :== 1. Then, ¢.(A)
can (by direct computation with multipliciation operators) be seen to satisfy
¢:(A)(A—2) = Ipa and (A — 2)p.(A) = I (where I denotes the identity
on H and Ip (4 denote the identity on D(A)). Hence, .(A) = (A—2)""is
independent of the choice of (X, m), v and U and, hence, well-defined. This
then applies to all sorts of functions ¢, which can be approximated (in a
suitable sense) by linear combinations of the ¢, z € p(A). Ultimately, this
then yields that ¢(A) is well-defined for all measurable ¢ on o(A).

PROPOSITION 3.9 (Basic properties of ¢(A)). Let A be a self-adjoint
operator on H with spectrum o(A) and let ¢,1): R — C be measurable on
o(A). Then, the following statements hold:

(a) $(A)* = B(A).
(b) The operator o(A) is self-adjoint if and only if the essential range
of ¢lo(a) is contained in R.
(c) The operator ¢(A) is bounded if and only if p|,a) is essentially
bounded, in which case
(AN = [lelo(a)lloo-
(d) D(p(A)y(A)) € D((py)(A)) and on D(p(A)(A)) we have
(v)(A) = p(A)Y(A).
(&) D((A)+9(4)) € D((p+¥)(A)) and on D(g(A) +p(A)) we have
(o +¥)(A) = p(A) + ¥(A).

ProOF. This follows from the definition of ¢(A) and the corresponding
properties of multiplication operators. In particular, (b) and (c) follow from
Proposition [3.4] O



52 3. TOOLBOX - THE SPECTRAL THEOREM AND CLOSED FORMS

The spectral theorem makes it possible to introduce certain measures on
the real line. This is done next.

PROPOSITION 3.10 (Spectral measures). Let A be a self-adjoint operator

on H and f € H be given. Then, the map
ps - Measurable subsets of R — [0,00), B+ (f,1g(A)f),

is a measure on R.

PROOF. As 1p is a bounded function, the operator 15(A) is a bounded
operator. Moreover, from 1g = 12B = 1p and Proposition we find

1p(A) =15(A)1p(A) =15(A)".

This gives

15 (B) = (£.15(A)f) = (£. 16(A)1p(A)f) = (Lp(A) £, 15(A)f) > 0.
This shows that ;1; maps indeed into [0,00). It remains to show that sy

is o-additive. Let B be a measurable subset of R and let B,, n € N, be
pairwise disjoint measurable subsets with | J, .y Bn = B. Then, we have

Iy g, (A)f = 15(A)f, N — o0

Indeed, this is clear for A = M, and then follows for general A by the
spectral theorem. From this convergence we obtain
N

N
Y (o 1p (AL = (1D 1, (A)f) = (f 1y g (A)f)

n=1 =
= (f;18(A)f) = ps(B).
This shows that py is a measure. (]

DEFINITION 3.11 (Spectral measure). The measure 41y appearing in the
preceding proposition is called the spectral measure of f.

PROPOSITION 3.12 (Computing the spectral measures via spectral theo-
rem). Let A be a self-adjoint operator on H and let (X, u), u and U be as in
Theorem . Let f € H be given and define yp = U~ f. Then, the formula

[ wans = [ oo wlula

holds for all measurable p: R — [0,00), where both sides may take the
value co. For ¢ € LY(R, juf) both sides are finite.

PRrROOF. For ¢ = 1p with a measurable subset B of R the formula is
immediate from a direct computation, which uses that U is unitary:

/RSOd:U'f = <f7 1B(A)f> - <fa UMlBOUU71f> - <waMlBouw>
~ [ (powlvPan
X

Now, the general case follows from taking linear combinations and limits. [

Given the preceding computation of the spectral measure, we now give
some connections between the spectral calculus and the spectral measures.
The arising formulas will be most useful for our subsequent considerations.
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PROPOSITION 3.13 (Functional calculus and spectral measures). Let A
be a self-adjoint operator on H, let f € H and let p: R — C be measurable.

(a) f € D(p(A)) if and only if p € L*(R, us) = L*(c(A), puy), in which
case

le()f1? = [ lePduy.
In particular, f € D(A) if and only if [ 2*dus(z) < occ.
(b) If f € D(¢(A)), then
G f) = [eduy  and oy = gy

PrOOF. Let (X, ), u and U be as in Theorem ie.,
A=UM, U,
where U: L?(X, ) — H is unitary. Then, by definition,
O(A) = UM o, U™
holds for all measurable ¢: R — C. We set
Y =U"1f.

(a) We first show the characterization of the domain of ¢(A). By Propo-
sition we have ¢ € L*(R, uuf) if and only if

/Is@ou2|¢l2du < 00

which, by the definition of the domain of a multiplication operator, is equiv-
alent to

Y € D(Mypou)-

As ¢p = U7Lf, this holds if and only if f € D(¢(A)) from the definition of
the domain of p(A).

Now, if ¢ belongs to L2(]R,uf), then, as U is unitary, Proposition
gives

lo(AVFI2 = | Mpouts |2 = / oo ulPlpl2du = / o2,

which proves the formula given in (a). The last statement of (a) is immediate
by taking ¢ = id.
(b) As U is unitary and U '¢(A) = M0, U™, we obtain

o o(AVf) = (U .U p(A) ) = (s Mou) = / (0 0 w)l2dp.

Since we assume f € D(p(A)), part (a) gives ¢ € L*(R, us). As g is finite,
¢ € L*(R, us) implies ¢ € LY(R, 1y) and Proposition yields

/(ﬁ/?ou)wzdﬂ—/tpduf.

Putting these equations together gives the first formula claimed in (b).
We now show
ol 1f = bp(ays-
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It suffices to show

/xlw\Qduf = /xdu¢(A)f

for all bounded measurable functions x: R — C. As x is bounded and p
is finite for all f € H, by part (a) the operator x(A) is defined on the entire
Hilbert space H. Hence, from the already established first formula of (b),
the fact that U is unitary and the definitions of ¢(A) and x(A), we find

/Xd/«a(A)f = (p(A) f. x (D) (A f) = (U p(A) U X(A)UU p(A) f)
= <M¢0u¢, MxouMcpouzm = /(X o u)‘gp o u’2|¢|2du

= /xleduf,

where we used Proposition [3.12] in the last equality. This is the desired
statement. U

COROLLARY 3.14 (Bounded functional calculus). Let A be a self-adjoint

operator on H and ¢: R — C be measurable and bounded on o(A). Then,
D(p(A)) = H and, for every f € H,

leAfI2 = [1ePdns. (foeann) = [ oy

and
o ps = prpays-
PROOF. As ¢ is bounded on o(A) and p¢ is a finite measure supported
on o(A), we have D(¢(A)) = H from (a) of Proposition which also

gives the first equality. The remaining equalities then follow from (b) of
Proposition |3.13] U

PROPOSITION 3.15. Let A be a self-adjoint operator on H and let f,g €
H. Then, there exists a unique finite signed reqular Borel measure i on R
with

_ 1
(4= = [ 2 dula)
for all z € C\R. If p: R — C is measurable and f,g € D(p(A)), then

(fip(A)g) = / edp.

In particular, this holds for all f,g € H when ¢ is bounded and measurable.

PROOF. The existence of such a signed measure is given by the exis-
tence of py and p, and polarization. The remaining statements follow by

Proposition (b) and polarization as well. O

3.3. Spectral Projections

Of particular relevance for applications of the functional calculus are
characteristic functions of measurable sets. They are discussed next. Recall
that B(H) denotes the space of bounded operators on H. Given a self-
adjoint operator A we define

E': measurable subsets of R — B(H)
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via

E(B) :=1p(A).
We call the operator E(B) the spectral projection associated to B. Note
that we have already encountered F(B) in the proof of Proposition In
particular, we have used 1 = 1plp = 15 to conclude that E(B) satisfies

E(B) = E(B)E(B)=E(B)*
and hence is an orthogonal projection. Similarly, we infer from 1p,1p, =
1BlﬂB2 that
E(Bl)E(Bg) = E(Bl N Bg) = E(BQ)E(Bl)

whenever B1, By are measurable subsets of R. Moreover, we obviously have
E(0) =0 as 13 = 0. These considerations give, in particular,
E(B1)E(Bz) = E(0) =0
whenever B1 N By = (). Moreover, as 1U,enB, 18 the monotone pointwise
limit of (Zﬁf:l 1p,) Nen Whenever the sets By, are mutually disjoint, we
infer E(J,,cy Bn) = ®nenE(By). Furthermore, E(R) = I is the identity
operator.
To summarize, we note that E satisfies the following properties:
e F(B) is an orthogonal projection for each measurable B C R.
¢ E(Unen Bn) = @nenE(By) for mutually disjoint measurable sets.
e E()=0.
In this sense, the map FE resembles a measure. We refer to E as the
projection-valued measure associated to A or the spectral family.
The map F is intimately linked to the spectral measures. This is dis-
cussed in the subsequent two propositions. The first proposition is a direct
consequence of Proposition [3.10

PROPOSITION 3.16 (Spectral measure via projection-valued measures).
Let A be a self-adjoint operator on H with associated projection-valued mea-
sure . Then, for any f € H, we have

up(B) = (f. B(B)f) = | E(B)f|?
for any measurable set B C R.

PROPOSITION 3.17. Let A be a self-adjoint operator on H with associated
projection-valued measure E. Let B C R be measurable. Then, for all
f E H?

LEB)f = 1BLf
In particular, for any g € E(B)H, we have pig = 1ppg,

supp(pg) € B,

where B denotes the closure of B, and g € D(p(A)) if and only if ¢ €
L%*(0(A), pg) for any measurable ¢: R — C.

PROOF. The first statement follows from (b) of Proposition Now,
for g € E(B)H, we have g = FE(B)g as E(B) is an orthogonal projection
and we find p1y = 1ppg. Clearly, 154, is supported on B. Now, if p: R —
C is measurable, then the statement on the domain of ¢(A) follows from
Proposition (a). This finishes the proof. U
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It is possible to characterize the spectrum of A via E. To do so we define
the support of E as

supp(E) :={A e R | E((A—¢g,A+¢€)) #0 for all € > 0}.

With this definition, we can show that the spectrum of A is equal to the
support of E.

THEOREM 3.18. Let A be a self-adjoint operator and E the associated
projection-valued measure. Then,

o(A) = supp(E).

PRrOOF. As the spectrum is preserved by unitary equivalence, we may
assume that A = M,,, where (X, i) is a o-finite measure space and u: X —
R is measurable by Theorem In particular, the spectrum of A is given
by the essential range of u. Hence, it remains to show that supp(E) equals
the essential range of u. Now, for a measurable set B C R, we have

E(B) = Migon
and, hence, E(B) is not trivial if and only if
0 7& 1B ou = 1u*1(B)

if and only if u(u~!(B)) > 0. This easily shows that supp(E) is equal to the
essential range of u. O

3.4. Positive Operators

We will now restrict our attention further to those operators whose spec-
trum is contained in the non-negative real numbers.

LEMMA 3.19. Let A be a self-adjoint operator on H with domain D(A).
Then, the following statements are equivalent:
(i) o(A4) C [0, 00).
(i1) A is unitarily equivalent to multiplication by an almost everywhere
non-negative function.
(iii) (f, Af) >0 for all f € D(A).
(iv) There erists a self-adjoint operator S with A = S?.

PRrROOF. According to the spectral theorem, Theorem [3.6], we can assume
without loss of generality that A is the operator M, of multiplication by a
measurable function u: X — R, where (X, u) is a o-finite measure space
and D(M,) = {f € L*(X,p) | uf € L*(X,u)}. The spectrum of A is then
the essential range of u by Lemma[3.3] Now, the essential range is contained
in [0,00) if and only if w > 0 almost everywhere and this in turn holds if
and only if [wu|f|?dp = (f, M, f) > 0 for all f € D(M,). This shows the
equivalence between (i), (ii) and (iii).

Now, if u > 0 almost everywhere, then M, = M2 with v = /u and,
thus, (i) implies (iv). Finally, (iv) implies (iii) via

(f,Af) = (f,S°f) = (Sf.Sf) = |Sf|? = 0.
This finishes the proof. O

We highlight the class of operators appearing in the previous statement
by giving a definition.
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DEFINITION 3.20 (Positive operator). We say that a self-adjoint operator
A is positive if A satisfies one of the equivalent conditions of Lemma [3.19
We write A > 0 in this case.

REMARK 3.21. Note that positivity for self-adjoint operators means
spectral positivity. If the Hilbert space has an additional lattice structure,
which is the case in our typical situation of ¢2(X,m), this notion should
not be confused with the property of being positivity preserving. An easy
3 -1
-1 3 I
Then A is clearly self-adjoint and o(A) = {2,4} implies that A is posi-
tive. However, A is not positivity preserving. Moreover, A: R? — R2?,

Af = <2 1) f is clearly positivity improving, but o(A) = {—1,3}. Here,

and instructive example is given by A: R? — R2 Af :=

1 2
note that R? = ¢2({1,2}).
We also remark that the notions of positivity and poritivitiy improving
are used with different meanings in the literature (depending on the context).

LEMMA 3.22 (Square root). Let A be a positive operator on H. Then,
the following statements hold:
(a) VA is self-adjoint and positive.
(b) (VA? = A, i.c., f € D(A) if and only if f € D(VA) and VAf €
D(VA) and in this case Af = (VA)2f. In particular, D(A) C
D(VA).

PrRoOOF. By Lemma we may assume that A is unitarily equivalent
to multiplication by a function u which is positive almost everywhere on a
o-finite measure space (X, ). It follows by the definition of the spectral
calculus that v/A is then unitarily equivalent to multiplication by y/u. As
V/u is real-valued almost everywhere, the self-adjointness of v/A follows from
Proposition Positivity of v/A then follows by Lemma This proves
(a). Property (b) follows by a short argument involving the definition of the
domain of a multiplication operator, see Example and the definition of
powers of unbounded operators. O
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3.5. Semigroups and Resolvents

Any positive operator A on a Hilbert space comes with two families of
operators. These are its semigroup and its resolvent. Each of these families
can be seen as the solution to a certain equation. The two families are
equivalent in a certain sense and in particular it is possible to compute one
from the other.

We start with a discussion of the semigroup. For t > 0, we define

P [0,00) — R, s+>e .

Then, #® is a bounded function on [0,00) (with bound 1) and $H)$(") =
@(t+7) holds for all ¢, > 0 as well as (0 = 1. Whenever A is a positive
operator we define

e = p)(A)
and call (e7*);>0 the semigroup associated to A.

PROPOSITION 3.23 (Basic properties of the semigroup). Let A be a pos-
itive operator on H. Then,

(a) €% =T and for all s,t > 0,
67(S+t)A — efsAeftA‘

(b) For all f € H,

lim e 4 f = f.
t—0+

(c) Forallt >0,
le* 4 < 1.

PRrOOF. (a) This follows immediately from Proposition (d).
(b) By Corollary for f € H, we have

let4f — f12 = / Tt - 1)2dug(e) = 0
0

as t — 07 by Lebesgue’s dominated convergence theorem. This follows as
the integrand is bounded above by 1, converges pointwise to 0 and each
spectral measure is finite.

(c) By Corollary for f € H we have
e AP = [ ey < [ duy =P
[0,00) [0,00)

This gives the desired conclusion. O

We will now show that the semigroup generates solutions of the parabolic
equation involving A. In order to make this precise, we recall that a function
u: (0,00) — H is called differentiable if for any t > 0 the limit

1
Lim - (u(t +h) - u(t))

exists. In this case, we denote this limit as dyu(t) and call it the derivative
of w.
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THEOREM 3.24 (Solution of the parabolic equation). Let A be a positive
operator on H and let f € H. Then, u: [0,00) — H given by

up = e A f

is continuous on [0,00), differentiable on (0,00), satisfies uy € D(A) for
t>0 and
&gut = —Aut

for all t >0 as well as u(t) — f fort —07".

PROOF. We prove the theorem through a series of claims.

Claim. The function w is continuous on [0, 00).
Proof of the claim. Let t > 0. Then, for all h € R with ¢t +h > 0, the
operator e~ (*+"M4 is bounded and Corollary gives

He—(t—i-h)Af_e—tAfH2 :/

[0,00)

2
‘6—(t+h)m - e—tm d/Lf(I)

Now, [0,00) 3 2+ |e~t+M? _ =22 i5 hounded by 4 and converges to 0
pointwise as o — 0. Thus, we obtain from Lebesgue’s dominated conver-
gence theorem

lim

‘ef(tJrh)z et
h—0 [0,00)

2
dpg(z) = 0.

This proves the continuity of u at ¢.
Claim. For any t > 0, uy € D(A).

Proof of the claim. By Proposition (a), we have to show that
[ 2?dpy, (z) < oo for t > 0. Now, by Corollary as f € H = D(e™4)

we have fuy, = fe-—1a; = le7* )21 ¢. This easily gives

/xQduut(x) = / z?e "y (x) < oo,
[0,00)

where we used that ¢ is supported on o(A) C [0,00) and z — z%e
bounded on [0, c0).
Claim. For any t > 0, the function w is differentiable in ¢ and satisfies
8tut == —Aut.

Proof of the claim. For h € R with |h| < ¢, we define the function
Yp: [0,00) — R by

—2tx is

—(t+h)z _ —tx
e e
() =
Then, (d) and (e) of Proposition give

1, _ _ _
(e AS — TR AT =y (),

where we use e *f € D(A) for t > 0, which was established in the pre-
ceding claim to write down the expression on the left-hand side. Hence,

Proposition (a) yields

Hl(e(tJrh)Af o eftAf) _i_AeftAf

+ ze 7,

2
; = [ @)

)
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Now, 13, can easily be seen to converge pointwise to 0 as h — 0 and to
be bounded by z — 2ze~ /2% which is bounded on [0,00). Hence, by
Lebesgue’s dominated convergence theorem, we see that | [ 2dpu r—0as
h — 0 and this gives the desired claim.

Claim. u; — f ast — 07,
Proof of the claim. This is immediate from the already established con-
tinuity of u on [0,00) and uy = f. O

We now gather some basic properties of resolvents.

PROPOSITION 3.25 (Basic properties of resolvents). Let A be a positive
operator on H. Then,

(a) For all o, 8 >0,
(Ata) " —(A+8)" = —(a—B)(A+a) (A+ )"
(b) Forall f € H,
Tim a(A+ )7 f = .

(¢c) For all a >0,
la(A + )7 < 1.
ProOF. (a) This follows directly from the identity
At —Bt=4"Y(B-4)B™!
for invertible operators A and B with D(B) C D(A).
(b) For every f € H we have by Corollary

HMA+®1f—ﬂF—/

[0,00)

2

—1| dpg(x) =0

T+«

as a — oo by Lebesgue’s dominated convergence theorem.
(c) By Corollary for every f € H we have

2
Jaa+a)t1E = |

[0,00)

(07

dusle) < [ dug =11,

Tra 100)

This completes the proof. O

THEOREM 3.26 (Semigroups and resolvents). Let A be a positive operator
on H. Let f € H be given.

(a) For every a > 0,

(A+a) lf = /OO e teetA g,
0

(Here the integral can be understood as limit of Riemannian sums.)
( “Laplace transform”)
(b) For every t > 0,

corr=m (3 (a+2))

( “Bxponential formula™)
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PROOF. (a) From the formula
o
(x4+a) ™t = / e et
0

which holds for all x > 0 and « > 0, we obtain by applying the functional
calculus

(A+a)™t = / e~teetAqs,
[0,00)

This gives the conclusion.
(b) We note that

entayi= (3 e+ ) ) = (142) e

as n — oo for x,t > 0. Hence, by Corollary and Lebesgue’s dominated
convergence theorem, we obtain, for every f € H,

_iA n S _tz 2
etf—<t(A+t> )f —/[0700)|6t — on(x)|" dpg(z) =0

as n — oo. This completes the proof. O

3.6. Forms

Forms and positive operators can be seen as two faces of the same medal.
The advantage of forms is that they have a larger domain of definition and
are generally much more easily written down than the underlying operator.

We start with the definition of the basic object.

DEFINITION 3.27 (Symmetric positive form). A symmetric positive form
@ on H consists of a dense subspace D(Q) C H called the domain of Q
together with a map

Q: D) xD(@) —C

satisfying
* Q(f,9) =Qly,f) (“Symmetry”)
e Q(f,ag + ph) = aQ(f,g) + BQ(f, ) (“Linearity”)
e Q(f,f)>0 ( “Positivity”)

for all f,g,h € D(Q) and «, 8 € C.

We will often refer to positive symmetric forms as just forms.
Whenever such a form @ is given we define for f € H the value

O { Q. f) i f € D(Q)

00 otherwise.

We note that we can recover the form @ from the values Q'(f) for f € H as
the domain of Q) is given by

D(@Q)={feH|Q(f) <oc}
and Q(f,g) can be obtained by using the polarization identity, i.e.,
3

QU 9) =1 3" Qo +*)
k=0
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for f,g € D(Q). We will often write Q(f) instead of Q'(f).
Any form @) comes with an inner product (-,-)g on D(Q) given by

This inner product induces the norm || - || given by

Iflg = {f. N

In the next example we begin to establish the connection between forms
and positive operators. In particular, we show how to define a form from a
positive operator.

ExXAMPLE 3.28 (Form associated to a positive operator). Let A be a
positive operator on H. We define the form @ 4 by letting D(Q4) := D(v/A)
and

Qalf.9) = (VAf,VAg)

for all f,g € D(v/A). We call Q4 the form associated to A.

In particular, if (X, 1) is a measure space, u: X — [0, 00) is measurable
and M, the operator of multiplication by u, then one easily seea that Qy,
has domain

D@M):Dw@w:ucL%xmr/Mﬂ%u<w}

and acts by

Qu, (f.9) = / ufgdu
for f,g € D(Qnr,). We note that the integral defining Qaz, (f, g) exists as
ulfgl < 5 (ulf* + ulgl?).

We will show that the converse of the preceding example holds under
some additional assumptions. For forms with suitable boundedness proper-
ties, this is not hard to see by using the Riesz representation theorem. This
is the content of the next proposition.

PROPOSITION 3.29 (Bounded forms and operators). Let Q be a positive
form with D(Q) = H such that there exists a constant C' > 0 with

Q(f.9) < ClfIllgl

forall f,g € H. Then, there exists a unique positive operator A with D(A) =
H, ||A| <C and

Q(f,9) = (£, Ag) = (Af.9) = (VAS,VAg)
forall f,g e H.
ProoF. For a fixed f € H, we consider the map from H to C given by

g— Q(f,9).

This map is linear and bounded by the assumptions on ). Hence, by the
Riesz representation theorem, there exists a unique f' € H with

Q(f.9)=(f"9)
for all g € H. We define A: H — H by

Af = 1.



3.6. FORMS 63

It follows that A is linear and
Q(f,9) =(Af,9)

for all f,g € H. In particular, we infer
[AfN = sup{{Af,9) | llgl <1} < C|/f]

and, thus, |A]| < C follows. Moreover, by using the symmetry of @, we
have

(Af,9) = Q(f,9) = Qg, f) = (Ag, f) = ([, Ag),

so that A is symmetric. As A is bounded, it follows that A is self-adjoint.
Finally, using the positivity of (), we obtain

(fLAf) =Q(f.f) =0
and, thus, A is positive. The uniqueness of A is clear.
It remains to show the formula (f, Ag) = (v/Af,/Ag). This, however, is

clear as due to positivity of A the operator v/ A is self-adjoint with v AvA =
A. O

Any form @ with D(Q) = H which satisfies Q(f,g) < C| f|lllg|| for all
f,9 € H and some constant C' > 0 is called bounded. Hence, we see from
the proposition above that any positive bounded form gives rise to a unique
positive bounded operator. Conversely, if A is a bounded positive operator,
then v/A is bounded and, thus, Q4 as defined in Example is a bounded
form. Hence, from the considerations above, we see that there is a one-to-one
correspondence between bounded positive operators and bounded positive
forms. We will extend this result to a larger class of forms in what follows.

We first show that we can weaken the boundedness assumption on the
form to a completeness assumption and still obtain the existence of an op-
erator. This is the content of the next lemma.

LEMMA 3.30 (Associated operator). Let @ be a positive form on H. If
(D(Q), (-,-)q) is a Hilbert space, then there exists a positive operator A with

D(Q) = D(v/A) and
Q(f.9) = (VAf,VAg)
forall f,g € D(Q), i.e., Q = Q4 is the form associated to A.
REMARK 3.31. As (-, )¢ is an inner product on D(Q), the assumption

that (D(Q), (-,-)q) is a Hilbert space just means that D(Q) is complete with
respect to the norm || - |g.

Proor. We write Hg to denote the Hilbert space (D(Q), (-,-)q). Con-

sider
<-,->: HQ X HQ —>(C,
where (-, -) denotes the inner product on H. Then, as @ is positive,
Lol < gl < N fllellglles
so that (-,-) is a bounded form on Hg. Hence, by Proposition there
exists a unique positive operator 7" with D(T") = Hg and
(f,9) = (f,Tg)q =Q(f,Tg)+{f, Tg)

for all f,g € Hg.
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We will ultimately show that
A=T"1-1

has the desired properties. Indeed, assuming the definition of A as 771 — I
makes sense, letting ¢ = T'g and noting that g — ¢’ = Ag’ we see from the
above that

(f,Ad') = Q(f,4)
for all f,g € Hg. Using A = VAVA = (V/A)*(v/A) then gives

Q(f.d) = (VAf,VAg)

for all f,g € Hg.

To turn this into a rigorous argument, we have to show that T is injective
and that 7~ — I can be seen as a positive operator on H. One obstacle to
overcome is that 7" and A are only defined on Hg and we have to extend
them to subspaces of H.

After this sketch, we now proceed to give the proof. As

(f.The=(f.f)=IfI?

for all f € Hg, the operator T is positive and bounded on Hg with ||T']| < 1.
By the spectral theorem, Theorem applied to T' on Hg, there exists a
o-finite measure space (X, y1g), a measurable function u: X — [0,1] and a
unitary map V: Hg — L?(X, ug) such that

T=V"'M,V.

Here, 0 < u < 1 follows from the fact that T is positive and bounded with
|7 < 1. Furthermore, as (f,Tf)g = ||f||?, the operator T is injective and
thus u > 0 almost everywhere so that 0 < v < 1 almost everywhere.

We now define a: X — [0, 00) by

1
a:=——1.
U

For all f,g € Hg, from
(fr9) = (f,Tg)q = /U(Vf)(VQ)dMQ
we infer
Qt9) = Uga— (1.9) = [(THVo)dua — [u(VHVa)ug
~ [a- 0D 9o = [aVHVeuduo
- [aWDven

where we define the measure ;i := uj and use that 1 —u = au.
This is almost the desired formula for Q. It just remains to show that
we can use V: Hg — L*(X, ug) to define a unitary map

U: H— L*(X, )
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which satisfies Q(f,g) = [a(Uf)(Ug)dpu for all f,g € D(Q) and

UD(Q) = {f € L*(X, 1) | / al {2y < oo},

If so, then we can define M 5 on D(M ;) = UD(Q) and

Qf.9) = [ oD = M GULM U0 205,
= (UM zUf, UM ;zUg)
for all f,g € D(Q). We then let
VA=UTMzU with D(VA)=U'D(Mj) = D(Q),

which will complete the proof.
To this end, we note that V' is isometric as a map from D(Q) C H to
L*(X, ) as

(f.9) = (f.Tg)q = / (VH)(Vo)udpug = / VH (Vo)
=(Vf, V9>L2(X,u)‘

Furthermore, as L?(X, ug) is dense in L?(X, u), the image of V is dense. As
D(Q) is dense in H, we can extend V to an isometric operator U: H —
L?(X, u) which is onto. As U is also one-to-one, U is unitary.

Moreover, the images of Hg under U and V' are equal. This image, by
definition, is L?(X, ug) and clearly agrees with

(e 22(Xp) | [ alfPdu < oo}

Hence, we obtain the asserted formula for UD(Q), which completes the
proof. O

We now give the operator constructed above a name.

DEFINITION 3.32 (Associated operator). Let @ be a positive form on H
such that (D(Q),(-,-)q) is a Hilbert space. The positive operator A such
that

D(VA)=D(Q) and Q(f.g) = (VAf,VAg)

is called the operator associated to Q).

From Lemma [3.30| we see that every form which induces a Hilbert space
structure on its domain gives rise to an associated operator. We will now
show that all such forms come from positive operators. Along the way,
we also characterize the completeness assumption in terms of lower semi-
continuity. Recall that for a positive form @ we have defined Q' on the
whole Hilbert space by Q'(f) = Q(f) for f € D(Q) and Q'(f) = oo for

f ¢ D).

THEOREM 3.33 (Characterization of closed forms). Let Q be a positive
form on H. Then, the following statements are equivalent:
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(i) There exists a positive operator A with Q@ = Qa, i.e., D(Q) =
D(VA) and
Qf.9) = (VAf,VAg)

forall f,g € D(Q).
(il) Q" is lower semi-continuous, i.e.,

Ql(f) < hgglogf Ql(fn)

whenever f, — f asn — oo in H.
(ili) (D(Q), (-, -)q) is a Hilbert space.

ProoOF oF THEOREM B33l (i) = (ii): We will show that @ is the
supremum of continuous functions @, from which (ii) follows easily.

Since A > 0, the operator (A +n)~! exists and is bounded on H for all
n € N. For f € H, we denote by 115 the spectral measure associated to f and
note by Proposition and Lemma that supp(uy) C o(A) C [0, 00).
We let ¢,: [0,00) — R be given by ¢,(z) := nz/(x + n) and note that
n is bounded for every n € N. Thus, by the bounded functional calculus,
Corollary we may define a continuous map Q,: H — [0,00) via

Qu(f) = /[0 | " Qup(x) = (frnA(A +n) L),

xTr+n

‘We now claim that
Qn(f) 0 )xduf(w) =Q(f)

as n — oo for every f € H. Here, the convergence follows easily by the
monotone convergence theorem as p,(x) / x as n — oo. The equality
follows from Proposition (a), which gives f € D(v/A) = D(Q) if and
only if [@dus < oo, in which case

QUf) = [VAS|? = /[ 2dpip ().

,00
This completes the proof.

(ii) = (iii): Let (f,) be a Cauchy sequence in (D(Q), (-, )g). Then,
(fn) is a Cauchy sequence in H. In particular, there exists an f € H with
fn — f with respect to || - ||

Let ¢ > 0. As (fn) is a Cauchy sequence in (D(Q), (-,)@), there exists
an N € N with

1fn = fmllo <€

for all n,m > N. Consider now m > N. Then, using (ii), we get

This implies f € D(Q) and Q(f — fn) < € for all m > N. Therefore, f, — f
with respect to || - ||g-

(iii) = (i): This is shown in Lemma [3.30} O

We highlight the class of forms appearing in the previous statement by
giving a definition.
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DEFINITION 3.34 (Closed form). We say that a positive form @ on H is

closed if () satisfies one of the equivalent conditions of Theorem [3.33

For application the following immediate consequence of the theorem is
often useful.

PROPOSITION 3.35. Let Q be a closed form on H. Assume that (f,) is a
sequence in D(Q) converging to f € H. If the sequence (Q(fn)) is bounded,
then f belongs to D(Q) and

Q(f) < limnian(fn) < 00
holds.

The preceding considerations show that all positive closed forms come
from positive operators. We now discuss how to further describe the domain
of the operator associated to such a form.

THEOREM 3.36 (Domain and action of the operator). Let Q be a positive
closed form on H. Then, the associated operator A has domain

D(A) = {f € D(Q) there exists a g € H with Q(h, f) = (h, g) }

for all h € D(Q)
and acts on D(A) via

Af =g.

ProOF. This follows from the definitions of the associated operator and
the adjoint of the square root, the fact that /A is self-adjoint, so that
D(vVA) = D(VA"), and the fact that f € D(A) if and only if VAf €
D(VA") = D(VA), see Lemma

More specifically, for f € D(v/A) = D(Q) we have vAf € D(VA") if
and only if there exists an element g € H such that

(h, VAVAS) = (h,g)
for all h € D(v/A) = D(Q), which is equivalent to
(VAR VAf) = Q(h, f) = (h,g)
for all h € D(Q). This completes the proof. O

The following consequence of the previous theorem is a convenient way
to think about the operator associated to a closed form. As a further fact,
we also show that the operator domain is dense in the form domain with
respect to the inner product arising from the form.

COROLLARY 3.37. Let Q be a positive closed form on H. Then, there
erists a unique self-adjoint operator A with

Q(f.9) = (f,Ag)
for all f € D(Q) and g € D(A). The operator A is positive and the form Q
satisfies
D(Q)=D(VA) and  Q(f.g) = (VAf,VAg)
for all f,g € D(Q). Furthermore, D(A) C D(Q) is dense with respect to
I lle-
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PRrROOF. We first show uniqueness. Let A be such an operator. Then,
by Theorem the operator A is a restriction of the operator associated
to Q. As both are self-adjoint, they must agree.

The existence of such an operator as well as the connection to the form
follow from Theorem and Lemma Finally, to show that D(A) is
dense in D(Q) with respect to || - [[o we suppose not. Then there exists
an f € D(Q), f # 0, which is in the orthogonal complement of D(A) with
respect to (-,-)q, that is,

for all g € D(A). By the connection between the operator and form we then
obtain

<f7 Ag> = _<f7g>
for all ¢ € D(A). This implies f € D(A*) with A*f = —f. As A is self-
adjoint, it follows that f € D(A) with Af = —f. As A is positive, —1 can
not be an eigenvalue. Hence, we conclude f = 0. This contradiction yields
the claim. O

A form Q~ is called an extension of the form @, written as @ C Q if
D(Q) € D(Q) holds and @ agrees with @ on D(Q).

Sometimes a form @) is not closed but possesses closed extensions. Then,
Q is called closable. In this case, the form can uniquely be extended to the
intersection of the domains of all closed extensions of () and this extension
is a closed form. It is called the closure of the form.

3.7. Resolvents as Minimizers

In this section we prove a characterization of the resolvent of an operator.
More specifically, given a closed form, we show that the resolvent of the
associated operator gives the unique minimizer of an equation involving the
form.

THEOREM 3.38 (Characterization of the resolvent as a minimizer). Let
Q be a positive closed form on H with associated operator A. For f € H
and o > 0, define j: D(Q) — [0,00) by
2

i) = Qv) +a

1
v-—f
«

Then, j satisfies the formula
. . - _ _ 2
i@ =i((A+a)" N +Q(A+a)"f—v) +al[(d+a)7 f —o|.
In particular, (A + «)~Lf is the unique minimizer of j on D(Q).

ProoF. It suffices to show the formula for j. The statement on the
minimizer is then immediate. For ease of notation we set

Go:=(A+a)!

and

Qalu,v) := Q(u,v) + alu,v), u,v € D(Q)
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for a > 0. Given this, the right-hand side of the formula for j can be written
as

RHS = ](Gaf) + Qa(Gaf - U)'
We will compute the two terms appearing in RHS. In order to do so, we
need a little bit of preparation. We obviously have

Qa(Gaf,v) = (f,v)
for all f € H and v € D(Q), which directly yields
Qa(Gaf) = {f,Gaf) = (Gaf, [),

where we use the self-adjointness of G,. Furthermore, a direct computation
gives

50) = Qu(v) — (o, ) = (0} + I

Now, we turn to computing the two terms in RHS: By the last two
equalities we obtain for the first term

§(Caf) = QulGaf) ~ (Guf, )~ (f,Gaf) + 1]
= (f,Gaf) ~ {Gaf, 1)~ (Gal) + = ISP
= (£, Gaf) + ISP

For the second term, using Q. (G f,v) = (f,v) repeatedly we obtain
Qu(Gaf —v) = Qa(Gaf) = Qa(Gaf,v) = Qa(v, Gaf) + Qalv)
= {f,Gaf) = (f,v) = (v, f) + Qa(v).
Putting the two terms together we can now compute
RHS = j(Gaf) + Qa(Gaf —v)
= Qu() — (1) — (o, )+ ~IIP = 5(0),
which finishes the proof. O

REMARK 3.39 (Geometric interpretation). It is possible to interpret the
previous result in terms of Hilbert space geometry on a suitably chosen
Hilbert space. First, v = G,f is equivalent to (A + a)v = f, which in
turn is equivalent to the fact that v € D(Q) with Qu (v, w) = (f,w) for all
w € D(Q). We can write this as

1
Q(/va) +a<v - af,’ll)) =0
for w € D(Q). Rewriting this with the (semi)-inner product

<(CL, b)? (Cv d)>* = Q(CL, C) + C¥<b, d>
on D(Q) x D(Q) we infer that v = G, f if and only if (v,v — a™1f) is
perpendicular to the diagonal, i.e.,

(00— =) = (0,0) = (0,2) LT,
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where U is the subspace

U:={(w,w) |we DQ)}
So, if z = —(0,a~1f), then we want to find an element ¥ € U such that
x + v is perpendicular to U.

By standard theory this problem has a unique solution, which is given by
the minimizer of || - ||« on  + U whenever (-, ), is an inner product inducing
a Hilbert space structure. Now, in general, (-,-), is not an inner product
and completeness may fail on D(Q) x D(Q). So, the basic theory does not
apply directly. However, it is not necessary for (-, -). to be an inner product
giving a Hilbert space structure on the entire space, it suffices that (-,-),
is an inner product on U making U into a Hilbert space. This is indeed
the case in our situation and we infer that v = G, f holds if and only if v
minimizes || - ||« on z +U. As, j(-) = || -||? on  + U we obtain the statement
of the theorem.



CHAPTER 4

Infinite Graphs II — Graphs and Regular Dirichlet
Forms

In this chapter we are going to combine our setup of infinite graphs from
Chapter [2| and the general theory of operators and forms and resolvents
and semigroups from Chapter |3 in order to set up a Hilbert space theory
of operators, forms, resolvents and semigroups associated to graphs. This
theory will run in parallel to what has been developed in Chapter [1] for finite
graphs.

The relevant Hilbert space will be £2(X,m), where X is a countable set
and m is a measure on X with full support. Recall that a graph (b, c) over
(X, m) consists of a symmetric map b: X x X — [0, c0) with zero diagonal
satisfying

Zb(:c,y)<oo, reX,
yeX

and a non-negative function ¢: X — [0,00). Here m is a strictly positive
function X — (0, 00) which extends to a measure via m(A) := >, m(z),
ACX.

4.1. Forms on Hilbert Spaces

In this section we introduce two closed forms arising from a graph.

Let a graph (b, c) over (X, m) be given. We have already met the space
of functions of finite energy

Di={feCX)| Y bla,y)(f(x) = f(y)*+ ) clz)f(x)* < o0}
z,yeX reX
and the energy form Q := Qp .: D x D — R defined by

Q(f,9) = % Y b y)(f@) = f)(9(x) = g(v) + Y ) fa)g(x)

and extended on the diagonal to functions not in D by co. We will also need
the norm || - |g: D N #2(X, m) — [0, 00) given by
1/2
I£le = (Q) + II71%) 2,
where || f|| is the £2(X,m) norm of f.
We define the form QW) := QISN)

)Gy

restriction of Q to £2(X,m). Specifically, we define
D(QWM)) :=DnA(X,m)

71

as the — so to speak — maximal



72 4. INFINITE GRAPHS II - GRAPHS AND REGULAR DIRICHLET FORMS

and
QM (f,9) == Q(f.,9)

for f,g € D(QW)). Then, clearly QV) is symmetric and positive as Q has
these properties. As above, we set

QM(f) == QW(f, f)

and extend QW) to all of £2(X,m) by setting it to be co outside of D N
(%(X, m). We think of QV) as arising from some sort of Neumann boundary
conditions and this is the reason for the superscript (N). We will refer to
QW) as the Neumann form.

If a sequence (f,) from ¢2(X,m) converges to f in £2(X,m), then it
clearly converges pointwise and from Proposition [2.4] we obtain

QM(f) = Q(f) < liminf O(f,) = liminf QW)(f,).

Thus, QW) is a lower semi-continuous map on a subspace of £2(X,m). By
standard theory, see Theorem m QW) is then closed, ie., D(QW) is
complete with respect to || - || o.

In some sense, QW) is the “maximal” form associated to a graph. We
will be even more concerned with the “minimal” form. This form comes
about by considering all symmetric closed forms which are restrictions of
QW) (or Q) and whose domain contains C.(X). The intersection over the
domains of all such forms will be a closed subspace of D(QN)). Hence, the
restriction of Q to this domain will yield a positive closed form. We denote

this form by Q) := Qz(;g) and its domain by D(Q(P)) := D(Q(D) ).

,m b,c,m
By construction QP is the smallest closed form extending the restric-
tion of Q to C(X) x C¢(X). Thus, we can also obtain D( (D)

b,c,m

the closure of C.(X) with respect to the norm || - ||g, that is,

) by taking

We think of Q(P) as arising from some sort of Dirichlet boundary conditions
and this is the reason for the superscript (D).

We furthermore provide a structural characterization of the domain of
QD). This structural characterization will involve the space Dy. This space
comes about as some form of closure of C.(X) in D (see Definition and
its corollary). More specifically, it is the subspace of f € D for which there
exists a sequence (p;,) in C.(X) with ¢, — f pointwise and Q(f —¢,,) — 0
as n — oo.

THEOREM 4.1 (Domain of D(QP))). Let (b,c) be a graph over (X, m)
with associated energy form Qp .. Then, QWD) is the restriction of p e to

D(QP)) =Dy N (X, m).

REMARK 4.2. To put this result into perspective, we compare it with
the corresponding statement for the Neumann form Q®). By definition,
QW) arises as the restriction of Qp.c to

D(QWM)) =Dn (X, m).
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So, we see that the difference between the Dirichlet and Neumann boundary
conditions comes from a corresponding difference between D and Dy.

PROOF. To show
D(QP)) =Dy N 2(X,m)

we will prove two inclusions.

D(QP)) C Dynt?(X, m): By definition, D(QP)) is the closure of C.(X)
with respect to || - ||o. This immediately gives the statement as £2(X,m)
convergence implies pointwise convergence.

Do N 2(X,m) C D(QP): Let f € Dy 2(X,m). As QP) is a closed
form, the restriction of Q) to the diagonal is lower semi-continuous, it
suffices to find a sequence (x,,) in Co.(X) with x,, — f in £2(X,m) as n — oo
and (Q”)(xy,)) bounded.

Since f € Dy we can find a sequence (¢,) in C.(X) with ¢, — f
pointwise and Q(f — ¢n) — 0 as n — oo. This implies, in particular,
that the sequence (QP)(p,)) = (Q(¢y)) is bounded. We will modify the
sequence (¢,,) in order to obtain a sequence () converging to f in £2(X,m).
Consider

U = A|fl, meN.

Claim. We have:

o i, € C.(X) for all n € N.
e Y, — f pointwise as n — oc.
e The sequence (QP) (1)), is bounded.

Proof of the claim. The first two statements are straightforward. The
last statement follows from

() = Yu(y)] < len(z) —en(y)l + | [f (@) = [f )] |
< len(@) = en(W) + (@) = F(y)]-

Consider now x,, := 1, V —|f| for n € N. Then, we clearly have

Xn = —(=tn A|f]), meN.

Thus, we can apply the reasoning of the previous claim to obtain:

e xn € Co(X) for all n € N.
e y, — f pointwise as n — oc.
e The sequence (Q”)(x,))n is bounded.

Moreover, by construction the sequence (x,) satisfies

_|f|§Xn§|f‘

for n € N. Thus, by Lebesgue’s dominated convergence theorem, the se-
quence () converges to f in £2(X,m). Hence, the sequence (x,) has all of
the desired properties. This finishes the proof. O
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4.2. Graphs and (Regular) Dirichlet Forms

Let X be a countable set and let m be a measure on X with full support.
We will be concerned with forms on #2(X,m). Indeed, we have already seen
that any graph (b, c) over (X, m) gives rise to two forms. For short we will
refer to forms on £?(X,m) also as forms over (X, m). Throughout we will
freely use the theory and notation developed in Section [3.6

Let C: R — R be a normal contraction, i.e., a map with C'(0) = 0 and
|C(s) = C(t)] < |s—t| for s,t € R. If a closed form @ over (X, m) has the
property that C o f belongs to D(Q) with

Q(Co f) <Q()
for all f € D(Q) it is said to be compatible with the normal contraction C.

DEFINITION 4.3. A closed form @ on ¢*(X,m) is called a Dirichlet form
if it is compatible with all normal contractions.

For a graph (b,c) over (X, m), we show next that Q) = Ql()]\c[)m is a
Dirichlet form. This form was introduced in Section [£.I] as the restriction of
Q= Q. to D(QWM)) =D NA(X,m).

PROPOSITION 4.4 (QW) is a Dirichlet form). Let (b,c) be graph over
(X,m). Then, Ql(,]Z)m is a Dirichlet form.

ProoF. As QW) is a restriction of Q, it is lower semi-continuous by
Proposition By Theorem this implies that Q) is closed. Clearly,
for all normal contractions C' and f € ¢2(X,m), it follows that C o f €
(2(X,m). Furthermore, for f € D(QW)) = D N ¢%(X,m), we find from the
compatibility of O . with normal contractions

QM(Co f)=Qp(Cof) < Ope(f) = QM ().

Thus, QW) is closed and compatible with normal contractions. Therefore,
QW) is a Dirichlet form. O

Let || - ||oo denote the supremum norm on C.(X). A Dirichlet form @
over (X,m) is called regular if D(Q) N C.(X) is dense in both C.(X) with
respect to || - || and in D(Q) with respect to the form norm || - ||g.

It turns out that a Dirichlet form @ on (X, m) is regular if and only if
C.(X) C D(Q) and @ is the closure of the restriction of @ to the subspace
C.(X). The “if” direction is immediate from the definition of a regular
Dirichlet form. The “only if” direction is shown next.

LEMMA 4.5. Let Q) be a reqular Dirichlet form over (X, m). Then, C¢(X)
is contained in D(Q). In particular, Q is the closure of the restriction of Q

to Cu(X) x Co(X).

PROOF. Let € X be arbitrary and let ¢ := 2 - 1, so that ¢ € C.(X).
We will show that ¢ € D(Q). As x is chosen arbitrarily, this will imply the
first statement.
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As @ is regular, C.(X) N D(Q) is dense in C.(X) with respect to the
supremum norm, so there exists a ¥y € D(Q) with 1 < ¢(z) < 3 and
[Y(y)| < 1 for all y # x, ie.,

o = lloo < 1.

As @ is a Dirichlet form, D(Q) is invariant under taking the modulus and
we can assume 1 > 0. Furthermore, as taking the minimum with 1 is also
a normal contraction, 1y A1 € D(Q). As D(Q) is a vector space it contains
1 —1 A1 and this is a nonzero multiple of ¢ by construction. Thus ¢ € D(Q)
and as x € X is arbitrary, the first statement follows.

As @ was assumed to be regular, the space C.(X) = C.(X) N D(Q)
is dense in D(Q) with respect to the form norm and the “in particular”
statement follows. O

Next, we will show that the domain of QP) = Ql(fc))m is preserved by
normal contractions.

LEMMA 4.6 (QP) is a regular Dirichlet form). Let (b, c) be a graph over
(X,m). Then, QP) is a regular Dirichlet form.

PROOF. We first show that Q(P) = Ql()]i)m is a Dirichlet form. We denote
the restriction of Q) to C.(X) x C.(X) by Q(Comp Note that Qécsmp) is a

restriction of Qy . by the very definition of QP ). Note also that C'oyp belongs
to Cr(X) whenever ¢ belongs to C.(X) and C' is a normal contraction. From
the compatibility of 9y . with normal contractions we then infer for a normal
contraction C' that

QP(Cop) = Q™ (Cop) = Q(Coy)
< Quelp) = Q™ () = QP)(p)

for all ¢ € C.(X).

We will next extend this inequality to the whole D(Q(P)). In particular,
we will show that C o f € D(QP) for f € D(QP)).

As Q) is the closure of its restriction Ql(:fmp) to Ce(X) x Co(X), there
exists a sequence (¢p) in C.(X) with ¢, — f with respect to || - ||o. In
particular, ¢, — f in £2(X,m). Then, clearly, the sequence (C o ¢,) be-
longs to C.(X) and converges to C o f in £2(X,m). Moreover, the sequence
(QP)(C o ,)) is bounded as

QP(Copn) = Q™ (C o pn) < Q™ (0n) = QP () = QP(f)
as n — 0o. From Proposition we then infer C'o f € D(Q™P)) and
QWI(C o f) < QP(f).

Therefore, QP is a Dirichlet form.
By construction, Q") is the closure of Q(Comp) Hence, Q(P) is regular.
This finishes the proof. O

It turns out that the converse to the previous lemma holds as well.
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LEMMA 4.7 (Regular Dirichlet forms arise from graphs). Let Q be a
reqular Dirichlet form over (X, m). Then, there exists a graph (b,c) over

(X, m) with @ =Q\?) .
PrOOF. By Lemma C.(X) is contained in D(Q). Define b: X X
X — R by
b(l’,y) = _Q(lan 1y)
for x # y and b(x,z) := 0 for z € X, and define c: X — R by
c(x) == Q(la) = Y blx,y)-

yeX

We will show that (b, ¢) is a graph with QI()DC)m = Q. This will also show that
the sum appearing in the definition of ¢ is absolutely convergent.
For a finite subset K of X we let

ig: C(K) — Cu(X)
be the canonical inclusion (i.e. ix (f)(z) = f(z) for v € K and ix(f)(x) =0
for x ¢ K). Note that — due to the finiteness of K — the map ix maps
indeed into C.(X). Due to regularity C.(X) belongs to the domain of @
(see Lemma [4.5)). Thus, Q induces a form Qx on C(K) defined by
Qi (f,9) = QUir(f) ix(9))-

Clearly, C oig(f) = ix(C o f) holds for all normal contractions C' and all
f e C(K). As @ is a Dirichlet form we therefore find

Qr(Cf) = Qix(Cf)) = Q(Cik(f)) < Qix(f)) = Qx (f)-

Hence, @k is a Dirichlet form. By the results of the first chapter we then
find
(a) For any x,y € X with z # y, we have
b(i‘,y) = _Q(Lm 1y) = _Q{x,y}(lwa 1y) > 0.
(b) For any finite K C X and z € K, we have

From (a) the function b is positive. Moreover, for any K C X finite and
any x € K we compute

Q(la:) = Q(IK; lsc) - Z Q(lyv 11) = Q(1K7 193) + Z b(x,y)

yeK y#x yeK y#x

=Q(lx, 1) + > b, y).

yeK
As, by (a) and (b) both Q(1x,1,) and b are positive, we can now conclude
> b(x,y) < Q1)
yeK
for any K C X finite and this gives
S bz, y) < QL) < .

yeX
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From this we infer
Q(ly) = Y blx,y) >0
yeX
for all x € X. Thus, ¢ defined at the beginning of the proof exists and is
non-negative. Hence, (b, ¢) is indeed a graph.
Moreover, from the very definitions of b and ¢ we conclude for x,y € X
with = # y

Qls, 1) = —b(z,) = Q42 (14,1,)
and for z € X
Qle) = @) + > blz,y) = Q42 (1a).
yeX

By bilinearity, @ and Qz()lz)m agree on C.(X). As both are regular Dirichlet
forms, they must then be equal. O

Combining the preceding lemmas we infer that regular Dirichlet forms
on discrete sets are exactly the forms arising from graphs with Dirichlet
boundary conditions. Specifically, the following holds.

THEOREM 4.8 (Regular Dirichlet forms and graphs). The map

(b.e) > Q)

is a bijective correspondence between graphs (b,c) over (X, m) and regular
Dirichlet forms over (X, m).

ProoF. This is a direct consequence of Lemmas and [£.7] In partic-

ular, injectivity of the map follows directly from the first lines of the proof
of Lemma O

4.3. Laplacians on Hilbert Spaces

(D)

In this section we investigate the Laplacian associated to @ ./ .

Let (b, ¢) be a graph over (X, m) and Q(P) := Q,(fc))m the associated regu-
lar form. By the theory of closed forms, see Lemma and Corollary
there exists a unique self-adjoint operator L(P) := Lbﬁm on £2(X, m) whose
domain D(L(P)) is contained in D(QP)) and which satisfies

(g, LD fy = QP)(g, f)

for all f € D(LP)) and g € D(QP)). We call LP) the Dirichlet Laplacian
or just the Laplacian associated to a graph. We denote the spectrum of
L) by (L)) and the bottom of the spectrum of L(P) by A\g(L(P)) :=
inf o(L(P)). We note that L) is positive and thus (L)) C [0,00) and
Ao(LP)) > 0.

In general, it is rather hard to describe explicitly the domain of L(P).
Still, the action of this operator is easy to describe.

To do so, we recall the definition of the formal operator £ := Ly .m
associated to a graph (b, c) over the measure space (X, m). This operator



78 4. INFINITE GRAPHS II - GRAPHS AND REGULAR DIRICHLET FORMS

has domain F = {f € C(X) | 32 cx b(z,y)|f(y)| < oo for all z € X} and

acts via

£1w) = s Lol () = s | X W) (@) = ) +e@)f @)
yeX

m(z)

This operator is intimately linked to the form Q := Q.. Indeed, Green’s
formula in Proposition [2.9| gives that any f € D satisfies f € F and

Qp, f) = p(x)Lf(x)m(x)

zeX

holds for all ¢ € C.(X). This is the essential step in the proof of the
following result.

THEOREM 4.9 (Action of the Dirichlet Laplacian). Let (b,c) be a graph
over (X, m) and let L\P) be the Dirichlet Laplacian. Then D(L(P)) C F
and

L f(w) = Lf(x)
forall f € D(LP)) and z € X.

PROOF. By definition, L(P) is the unique self-adjoint operator with
D(L®P)y € D(QP)) which satisfies (g, L(P)f) = QP)(g, f) for all f €
D(L(D)) and g € D(Q(D)). Furthermore, as Q) is a restriction of Q
and C,(X) C D(QP)) C D C F, from Green’s formula, Proposition we
have

(0. LV ) = QP (g, ) = Qe ) = > p(x)Lf(z)m(x)

zeX

for all ¢ € Co(X) and f € D(QP)). The conclusion follows by choosing
¢ := 1, /m for arbitrary z. O

4.4. Semigroups and Resolvents

In Section we have discussed how positive operators come with a
semigroup and a resolvent and how semigroups and resolvents give rise to
solutions of the heat equation and the Poisson equation, respectively. In
this section we apply this to the graph Laplacians.

Consider a graph (b, c) over (X, m) and let £ be the associated formal
Laplacian. A solution of the heat equation (for £)) is a function u: [0,00) X
X — R, (t,2) — w(x) such that ¢ — uy(z) is continuous on [0, c0) and
differentiable on (0, 00) for all = and satisfies u; € F for all ¢ > 0 such that

(L+0)u(x) =0

holds for all x € X and t > 0. We note that if f € £2(X,m), then the
function w given by

u(x) := e_tL<D>f(x), t>0,zeX
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is a solution of the heat equation with initial condition f, see Theorem [3.24]
Similarly, for f € 2(X,m) and o > 0 the Poisson equation (associated to
L+ )

(L+a)u=f
has the solution
w:=(LP) + o)1y
By Theorem [3:26] the Laplace transform gives
(LP) 4 o)t = / e—tae—tL™ g

0
and the exponential formula gives

_ n
e—tL(D) — lim (n (L(DH—E) 1> .
n—oo \ ¢ t






CHAPTER 5

Regular Dirichlet forms: Approximation, Domain
monotonicity and Markov Property

The crucial feature of regular Dirichlet forms is that they are determined
by what happens on finite sets. This has various consequences, which are
discussed in this section. In particular, we discuss domain monotonicity, the
Markov property for semigroups and resolvents and a minimality property
of solutions for the Dirichlet Laplacian L = L(P). Recall that the Markov
property of the resolvents and semigroups mean that

OSa(L#—a)*lfgl, a>0 and 0<etfr<i1, t>0

for f € £2(X,m), 0 < f < 1. While it can easily be derived by approximation
it is not a consequence of regularity but rather a general feature of Dirichlet
forms. This is elaborated upon in the second part of the section.

5.1. Approximation

We have already seen in the proof of Lemma how a regular Dirichlet
form is approximated by its restriction to finite set. Here, we are going to
elaborate on this approximation and derive various consequences.

Let X be a countable set and m a measure on X with full support. For
a graph (b,c) over (X, m) denote the associated energy form by Q = Q.
and the formal Laplacian £ = Ly ¢ -

For any finite set K C X, we denote the restriction of m to K by mg

and let Qg?) be the form defined on ¢?(K, mg) by

D .
Q% (f) = Qlixc )
for f € (2(K,mg). Here,
ig: C(K) — C.(X)
is the canonical embedding, i.e., i f is the extension of f € C(K) to X by
setting ix f to be identically zero outside of K. We call Q%D) the restriction
of @ to K.

Clearly, Qg?) is a closed form on ¢2(K, my) since the domain of Qg?) is
the entire (finite dimensional) Hilbert space £2(K,mg). Also, C o (ixf) =
i (C o f) obviously holds for all f € C(K) and all normal contractions C
and this easily gives that Qg) is a Dirichlet form (compare reasoning in the
proof of Lemma as well).

As Q%}) is a Dirichlet form on the finite set K, it must come from a
graph (bg,ck) over K. It is not hard to determine this graph. Indeed, a

81
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short calculation gives

QWY (f) = Qi) = Qogeerc () + Y dic () f(2)? = Que et ()5

zeK
where by is the restriction of b to K x K, ¢k is the restriction of ¢ to K and

di(z) = > blx,y)

yeX\K

describes the edge deficiency of a vertex z € K compared to the same vertex
in X. Thus, QSXD) is the Dirichlet form associated to the graph (bx, cx +dk)
over (K, mg).

We denote the self-adjoint operator associated to Qg?) by L(I?) and
call it the Dirichlet Laplacian with respect to K. As (?(K,my) is finite
dimensional this is a bounded operator. Quite remarkably this operator can
be computed just from £ independent of K. More specifically, we have the
following proposition.

ProposITION 5.1 (Computing Lg?) from L£). Let (b,c) be a graph over

(X, m) and L the associated formal Laplacian. Let K C X be a finite set

and L%D) the operator associated to the restriction of Qp . to K. Then,

(L )(@) = (Loin)(F)(@)
holds for any f € (2(K,mg) and any x € K.

PrROOF. From the definition of L;?) and Green’s formula for Q. we

find by a direct computation

> e@)Lid f@)m(z) = (0. L P = QK (. )
zeK
= Qe(ir(¢).ix () = Y (@) Lig (f)(x)m(z)
reX
for all ¢, f € C(K). This then implies the formula for Lg?). O

Since K is assumed to be finite, we can apply the results from Chapter

about finite graphs. This gives that the eigenvalues of Lg?) are non-

negative. Moreover, it gives that the resolvents (Lg(D) + )1 satisfy the
Markov property for all a > 0. Specifically, for a function f € ¢?(K, mx)
with 0 < f <1 and « > 0, we have

0< a(Lg) +a) <1,

After these preparations we now turn to the first main result of this
section. It says that the resolvent of a restriction to a set becomes larger
if the set is increased. This is known as domain monotonicity. A precise
version is contained in the next lemma.

LEMMA 5.2 (Domain monotonicity). Let (b,c) be a graph over (X,m).
If K, H are finite subsets of X with K C H and o > 0, then

(LD +a)ytp < (P 4 )y
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on K for all f € (*(K,my) with f > 0, where f is extended by zero on
H\K.

PROOF. Set ug := iK(L%)) +a) f, ug = iH(Lg)) +a)"lf and v =
ug —ug. On K we have by Proposition that

L+ = (L+)ig(LF +a) ' f = (L+)ig( L + )7 f
= (L + o)Ly )~ (L )L )
= [

0.

We use this to show v > 0: Clearly, v = 0 holds on X \ H. Moreover,
v > 0 holds on H \ K as ug vanishes outside of K and ug > 0 holds by the
Markov property of the resolvents (of Dirichlet forms on finite dimensional
spaces). It remains to show v > 0 on K. As K is finite, the restriction of v
to K must attain a minimum. Consider now xy € K such that v(xg) is the
minimum of v on K. Assume v(xg) < 0. As we have already established
v > 0 outside of K we conclude that the value v(x) is the minimal value
of v on the whole of X. Using this and the already established vanishing of
(L4 a)v on K we then obtain the contradiction

0= (L4 a)v(xg)

1
= Z b(xo,y) (v(zo) — v(y)) + c(xo) v(xo) | + @v(z) < 0.
m(:L‘O) o ———— N ——
<0 >0 <0 <0
This contradiction shows v(zp) > 0 and thus v > 0. O

Our next result will show convergence of the restrictions to finite subsets
for both the resolvent and the semigroup. In order to be able to state the
result conveniently we will use the following notation.

NoOTATION. Let (b, c) be a graph over (X, m), let Q = Ql(y,l():,)m be the as-
sociated regular Dirichlet form and Qg?) be the restriction of ) to the finite
set K C X with associated Dirichlet Laplacian Lg?) acting on (2(K,mp)
as defined above. We extend Lg?) by zero on the orthogonal complement
of (K, my) in ¢2(X,m). We will extend functions ® of L%)) accordingly,
that is, for f € £2(X,m), we write @(Lg?))f for iKé(Lg?))(ﬂK). This is,
in particular, used for the function ®(\) := (A + )7}, ie.,

L+ ) for k(L + )7 (Fx),
but also applies to ®(A) := (A+a) or ®()\) := e~**. The extended operators
will be denoted by the same symbols as the original ones.

LEMMA 5.3 (Convergence of finite approximations). Let (b, c) be a graph
over (X, m) and let Q) be the associated regular Dirichlet form with Laplacian
L. Let (K,) be an increasing sequence of finite subsets of X with X =

UnEN Kn :
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(a) If f € 2(X,m) and a > 0, then

lim (L) + )" f = (L+a)"'f.

n—o0

(b) If f € 2(X,m) and t > 0, then

(D)
lim eitLan = ety
n—oo
Furthermore, if additionally f > 0, then the sequences in both statements
converge not only in £2(X, m) but also pointwise monotonically increasingly,
i.e.,

(D)
(L + @) A (L)l and e p ety
pointwise as n — Q.

REMARK 5.4. The proof of (b) will actually show

lim ®(LY))f = (L) f

n—oo

for any f € £2(X,m) and any continuous function ®: [0, 00) — R vanishing
at infinity (i.e. satisfying lims_, ®(s) = 0).

PrOOF. (a) In the proof we will use the following characterization of
resolvents: Whenever () is a positive closed form with associated self-adjoint
operator L, the function f is an arbitrary element of the underlying Hilbert
space and a > 0, then u := (L 4+ a)~! f is the unique minimizer of

2

J@) = Q) +a v =~

over v € D(Q). See Theorem for a proof of this characterization.
After decomposing f into positive and negative parts, we can restrict
attention to f > 0. Define

Uy 1= (ng) +a)7lf, neN.

Then, u, > 0 by the Markov property, see the paragraph before Lemma [5.2
By domain monotonicity, Lemmal5.2] the sequence (uy(z)) is monotoni-
cally increasing for any x € X. Moreover, we have ||u,|| < a~!||f| since the
operators (Lg(Dn) + a)~! are bounded uniformly in norm by 1/«, as follows
from the spectral theorem. This implies that (u,(x)) is also bounded for
any x € X. Thus, the sequence (u,) converges pointwise and in £2(X,m) to
a function u € £2(X, m) by Lebesgue’s dominated convergence theorem.
Let ¢ € C.(X). Assume without loss of generality that the support of ¢
is contained in K;. Then, Q(¢) = Q%)n)(go) for all n sufficiently large. Since
@ is closed and thus lower semi-continuous, convergence of (u,) to u and
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the minimizing property of u, then give
Qu) + or||u — ffH < hmmf (Q(un) +a|lu— EfH2>
= linIr_1>inf ( (up) + Hun — éfH2>
= timinf (Q{ (un) + a [[un — L1]*)
n— oo
(@)@ +ale-2117)
- Q) +a Hso S
As p € C.(X) is arbitrary and @ is regular, this implies
Q) +allu— 27 < @) +a - L1
for any v € D(Q). Thus, u is a minimizer of
Q)+« Hv -2

so that v must then be equal to (L + «)~!f by the characterization of the
resolvent stated at the start of the proof.

(b) The statement is clear for ¢ = 0. Let Cp([0,00)) := {® € C(]0,0)) |

lims_,oo ®(s) = 0} be the vector space of continuous functions vanishing at
infinity. Define for a > 0 the function @, : [0,00) — R by

< liminf
n—00

D)(s) == (s + oz)_1

Then, clearly @,y € Cy([0,00)) for any a > 0 and P (,)(L) = (L + a)~* by
the functional calculus, see Definition

Let A be the closure in the supremum norm of the linear span of &,
for @ > 0. Then, by (a) we have

lim ®(L))f = B(L)f
n—o0
for all ® € A and f € (*(X,m). We will show that for every t > 0, the
function [0, 00) — R given by z — e~ belongs to A, which will complete
the proof.
We note that it suffices to show that

A = Co([0,00)).

We will do so by proving the following claim and then applying the Stone—
Weierstrass theorem.
Claim. The set A has the following properties:
o A separates the points of [0,00) (i.e., for any z,y € [0,00) with
x # y there exists a ® € A with ®(x) # ®(y)).
e A does not vanish identically at any point (i.e., for any = € [0, 00)
there exists a ® € A with ®(x) # 0).
e A is an algebra.
Proof of the claim. The first two points follow directly by considering
® := &(y). As for the last point, by definition, A is a vector space. Thus,
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it suffices to show that A is closed under multiplication. To show this it
suffices to show @(,y®(5) € A for any a, 3 > 0. For a # 3 this is clear as

1
P)®) = 55 %6) ~ P@)

For o = 8 we can consider a sequence ([3,,) of positive numbers with 3, —
p = a and 3, # B for all n. Then, by what we have just shown @,y®g,)
belongs to A as (B, # «. Thus, @(a)ds(ﬁ) € Aaslim, @(a)ds(ﬁn) = @(a)ds(/j)
in the supremum norm. This finishes the proof of the claim.

Given the claim, the desired statement that A = Cj([0,00)) follows
directly from the Stone—Weierstrass theorem. This concludes the proof of
(b).

In the case of f > 0, the fact that the sequence (u,) given by w, :=
(Lgn) + a)~! f is monotonically increasing pointwise follows from Lemma

(D)
The corresponding statement for (e *“&a f) for ¢ > 0 follows from the con-
nection between resolvents and semigroups (the case t = 0 is clear). That
is, from the formula

~1\ ¥ —k
k x—l—ﬁ = 1—|—t—x —e
t t N k

as k — oo for any t > 0, it follows that

k
_t1P) . k D E\ !
e f = Jim (t (%) + t> f

for any f € ¢2(X,m) and t > 0, see Theorem for more details. O

REMARK 5.5. The convergence given in the previous lemma is a char-
acterization of regularity (Exercise).

Combining the Markov property of the resolvents of restrictions to finite
sets along with the convergence statements in Lemma [5.3| gives the Markov
properties for the semigroups and resolvents associated to the regular form
on the entire graph.

COROLLARY 5.6 (Markov property of resolvents and semigroups). Let
(b,c) be a graph over (X, m) with associated regular Dirichlet form @ and
Laplacian L. Then, for any f € {*(X,m) with 0 < f <1,

0<a(lL+a)'f<1 and 0<ef<i1
for alla >0 andt > 0.

REMARK 5.7. It is not necessary for the function to be bounded in order
for the positivity preserving property above to hold (Exercise).

ProOOF. After suitable approximation procedures, it suffices to consider
v € Co(X) with 0 < ¢ < 1. Consider now an increasing sequence (kK,,) of
finite subsets of X with X = J,,cy Kn. In particular, we may assume that
the support of ¢ is contained in K, for all n € N. By Lemma we have

-1, _ 1 (D) -1
(Lt+a)"¢= lim (L +a) ¢
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By the Markov property for finite sets, we have 0 <
a(ngL) +a) 1ty <1 for n € N. Combining these two observation we obtain
the desired statement for the resolvents.

We now turn to proving the statement for the semigroups. The case
t = 0 is clear so we restrict attention to the case t > 0. As above, the

equality
k E\ ‘
—tLyp __ 7: ~ L
e f—khm (t (L+t> ) f

for any f € ¢?(X,m) given in Theorem gives the statement from the
already shown statement for the resolvents. O

LEMMA 5.8 (Resolvents as minimal solutions to (£ + a)u = f). Let
(b,c) be a graph over (X,m) with associated regular Dirichlet form Q and
Laplacian L. Let o > 0 and f € (*(X,m). Then u := (L + o)~ f belongs
to F and satisfies

(£L+a)u=f.

Furthermore, if additionally f > 0, then wu is the smallest v € F with

v>0 and (L+a)v > f.

Proor. We first show that u is a solution as stated. For a > 0, we
note that the resolvent (L + «)~! maps ¢2(X,m) into D(L) C D(Q) C D C
F, where the last inclusion follows by Proposition (b) and the other
inclusions follow from the definitions. By Theorem the operator L is a
restriction of £ so that u = (L + o)1 f € F satisfies

(L+a)u=Ff,
as claimed.

We now establish the minimality of u when additionally f > 0. We first
note that u > 0 whenever f > 0 as the resolvent is positivity preserving
by Corollary Now, let v > 0 be another function with v € F and
(L+a)v > f. Let (K,,) be an increasing sequence of finite subsets of X with
X = Upen Kn and let ng] be the Dirichlet Laplacian on ¢?(K,,mg, ) for

n € N. We recall that Lg?) agrees with £ on the set of functions supported

in K,,. For n € N let f, = flk,,
D _
Up = (L%n) +a)

and extend wu, by 0 to X \ K,,. Then, letting wy,, := v — uy,, for n € N the
function w,, satisfies

o (L4 a)w, = (L+a)v— (ngl)—i—a)un >f—fao=0o0n K,,

e w, A0 attains a minimum on K, since K, is finite,

o w,=v>0o0n X\ K,.
Hence, we can apply the minimum principle, Theorem [2.10} and find w,, =
v —u, > 0 on X. Therefore, v > u, on X.

Finally, we show that (u,) converges to u and thus v > wu, which will

complete the proof. Indeed, this can be seen by first fixing ¥ € N and

considering (L%L) +a)7Lfy for n > k. Then, Lemma (a) gives

lim (L) +0) " fi = (L +a) " fi.

n—oo
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Furthermore, by the spectral theorem
le(Z+a) <1 and (L) + )7 <1
for all n € N and all & > 0. Therefore, as f, — f in £2(X,m) we have
lim (L+a)~' fr, = (L+a)"'f
k—o00
and

12D+ ) = Fill < g~ fell =0

as k,n — oo. Thus, the triangle inequality implies

o — ) < S + @)™ (o = fi)l + IEE) + )~ fi — (L + @) fi
L+ @) (= A,

where we have shown that all three terms go to 0 as k,n — oco. (]

As the resolvent associated to the operator coming from the regular
Dirichlet form generates the minimal positive solution of the Poisson equa-
tion, so does the semigroup generate the minimal solution of the heat equa-
tion. This is discussed next.

We recall that a function

u: [0,00) x X — R

is called a solution of the heat equation with initial condition f if for all
x € X, the mapping ¢ — u(z) is continuous on [0, co) and differentiable on
(0,00), ur € F for all t > 0 and

(L+ 0)u(z) =0

for all z € X and t > 0 with ug = f. We call u a supersolution of the heat
equation with initial condition f if u satisfies all the assumptions above and
instead of equality in the heat equation we have

(L4 0)ur(x) >0, t>0,z€X.

We now show that if the initial condition is positive, then the semigroup
of the associated Laplacian generates the minimal positive supersolution of
the heat equation.

LEMMA 5.9 (Semigroup as the minimal solution of the heat equation).
Let (b,c) be a graph over (X, m) with associated regular Dirichlet form Q
and Laplacian L. Let f € (>(X,m). If

u(z) = e " f(z)
fort >0 and x € X, then u is a solution of the heat equation with initial
condition f.
Furthermore, if additionally f > 0, then u is the smallest positive super-
solution of the heat equation with initial condition greater than or equal to

f-

PROOF. As L is a restriction of £ by Theorem the fact that u given
by u¢(z) := e *F f(x) for t > 0 and = € X is a solution of the heat equation
with initial condition f for f € £2(X,m) is a consequence of the spectral
theorem and can be found as Theorem [3.241
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We now show minimality. Let f additionally satisfy f > 0. Then, by
Corollary we have w;(x) > 0 for all t > 0 and = € X as the semigroup
is positivity preserving. Thus, u is a positive solution of the heat equation
with initial condition f. Now, suppose that w is a positive supersolution of
the heat equation with initial condition wg > f. Let (K,,) be an increasing

sequence of finite subsets of X with X = J, ey Kn and let L%Dn) be the

Dirichlet Laplacian on £2(K,, mg, ). We recall that L%D) agrees with £ on

functions supported in K,,. For n € Nlet f,, := flg, and
(D)
uf" (x) = e £ (2)
for z € K, and t > 0. We extend u(™ by 0 to [0,00) x X \ K,,. If w(™ :=
w — u™, then for n € N the function w™ satisfies
e (L+d)w™ >0o0n (0,T) x K,

e w(™ A0 attains a minimum on the compact set [0,7] x K,, since
w™ is continuous,
e w™ >00n ((0,7] x (X \ K,))U ({0} x K,).
Hence, we can apply the minimum principle for the heat equation, The-
orem to obtain w™ = w —u(™ > 0 on [0,7] x K, for all n € N.
Therefore, w > u(™ on [0,T] x X as u{™ vanishes outside of K, and w is
positive.
We now show that (u(™) converges to u from which it follows that w > u,
thereby completing the proof. Indeed, this can be seen by first fixing k € N

. P .
and considering e~ "“En fi for n > k. Then, Lemma |5.3| (b) gives

. ¢ _
lim e Fxn fe=eLf.
n—o0

Furthermore, by Proposition 3.23| we have
(D)
le <1 and [ i <1
foralln € Nand all t > 0. As fi, — f in £2(X, m) we have

lim e 2 f, = et f
k—oo

and
47 (D)
e ™ 5%n (fr = fi)l < |1 fn = fill = 0

as k,n — oo. Thus, the triangle inequality implies

(fo = i)l ™50 gy — e il + lle™ (i — DI

where we have shown that all three terms go to 0 as k,n — oo. U

_,7(D)
ud™ — || < [l Pien

5.2. The Context of General Dirichlet Forms

Domain monotonicity, and minimality of solutions are special features
of regular Dirichlet forms. The Markov property of the resolvents and semi-
groups, however, does not have to do with regularity. It is a general feature
of Dirichlet forms. This is discussed in this section.
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We first define the concept of a Dirichlet form. Let (X, u) be a o-
finite measure space. Let H be the Hilbert space of square integrable real-
valued functions on X, i.e., H = L?(X,u). We let Q be a positive closed
form with domain D(Q) C H. In particular, @) is a positive symmetric
form and D(Q) is complete with respect to the form norm | - ||g given by
Ifllo = (Q(f) + IfII))'/? for all f € D(Q), where || - || denotes the norm
arising from the inner product on H. We recall that @ is extended on the
diagonal to all of H via Q(f) = oo for f € H\ D(Q).

Recall that a map C': R — R is a normal contraction if C'(0) = 0 and
|C(s) — C(t)| < |s —t| for all s,t € R.

DEFINITION 5.10 (Dirichlet form). A positive closed form @) with domain
D(Q) in H = L*(X, p) is called a Dirichlet form if C o f € D(Q) and

Q(Co f) <Q(f)
for all f € D(Q) and all normal contractions C'.

This condition has a number of surprising consequences which we will
discuss. We note that while the definition requires compatibility with all
normal contractions, it actually suffices to check the condition for the normal
contraction Cfg 1) given by

Cioq(s) =0V (sAl), seR,

that is, cutting below by 0 and above by 1. This follows directly from the
proof of Theorem [5.15| given below.

We recall that whenever () is a positive closed form, the associated
operator L is positive, that is, L is self-adjoint and o(L) C [0,00), see
Theorem [3.33] for more details and Lemma [3.30] for the construction of L.
As (L) C [0, 00), it follows that we can use the functional calculus to define
both the resolvent (L 4+ a)~! for a > 0 and the semigroup e~** for t > 0,
which are bounded operators on H, see Propositions

We now give some consequences for both semigroups and resolvents when
the associated operator comes from a Dirichlet form. We say that an op-
erator A with domain D(A) C L?(X,u) is positivity preserving if Af > 0
whenever f € D(A) satisfies f > 0. We say that A is Markovif 0 < Af <1
holds for all f € D(A) with 0 < f < 1. It is not hard to see that any Markov
operator is positivity preserving.

We start with a lemma which will be applied to the semigroup and
resolvent in what follows.

LEMMA 5.11. Let A be a bounded self-adjoint positivity preserving oper-
ator on H = L*(X, ). Then, the quadratic form Qr_a defined by

QI*A(fa g) = <(I - A)f7 g>
satisfies
Qr-a(lf]) £ Qr—a(f)

for all f € L?(X, ). If, furthermore, A is Markov, then Q;_ 4 is a Dirichlet
form and for f,g € L*(X, ) N L>®(X, ) we have

Qr-a(fg) < 2|9l %Qr—a(f) + 2| 1% Q1-al9)-
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PrROOF. We show the first statement for simple functions. The state-
ment for functions in L?(X, ) then follows by approximation. Let f :=
Yooy fely, for fi,..., fn € Rand Uy,...,U, € X which are measurable
disjoint sets of finite measure. Then, by a direct calculation we find the
following explicit formula for Qr_a(f)

Qr-alf Zbklfk:—fl +chfk>
kl 1
where bk,l = <1Uk7A1Ul> and Cr ‘= H(Uk) - Zl:l bk,l'
If A is positivity preserving, then b;; > 0 and the explicit formula for

Qr-a(f) above easily gives Qr—a(|f]) < Qr—a(f).
If A is Markov, then for U = [J;_, U; we have 0 < Aly <1 and thus

n
> brs = Ly, Aly) < p(Us).
=1
Therefore, ¢, > 0 by definition. Then, the explicit formula for Qr_a(f)
above easily gives Q7-4(C o f) < Qr—a(f) for any normal contraction C.
As Qr_4 is clearly symmetric positive and closed, this shows that Q7_4 is
a Dirichlet form.

For the last statement, we let g := "} _; gxly,, where we alter the sets
Ui, ...,U, appearing in the definition of f if necessary. Then, using Young’s
inequality we get

(Frgr — fra)? = (gr(fe — 1)) + filge — 91))* < 207(fx — f1)* + 212 (95 — 91)%,

which, along with the estimates

n n n n
> afiar < AR engh and Y enfigr < llgllz Y cergis
k=1 k=1 k=1 =1

yields
Qr-a(fg) = Z bk (frgr — figr) +chfkgk
kl 1
< 2llgll2Q(f) + 21l [2Q9).
This concludes the proof. O

Define the quadratic forms Q®: H —» R associated to the semigroup
by

QU(f) = ~(I—e™)f, f)

for t > 0. As the semigroup consists of bounded self-adjoint operators, see
Propositions we have D(Q®) = H as well as

QU(f,9) = 1T~ M)f.g)

for all f,g € H and t > 0 by polarization. Moreover, for a > 0 we define
the quadratic form Q,): H — R associated to the resolvent by

Qay(f) = al(I = a(L +a) ") f, f).
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We now show that the value of a closed form on the diagonal is the
limit of the value of the quadratic forms associated to the resolvents and the
semigroup.

LEMMA 5.12. Let QQ be a positive closed form on H and Q' the map on

H with Q'(f) := Q(f, f) for f € D(Q) and Q'(f) := oo otherwise. Then,
forall f € H,

Q(f) = lim Qu(f) = lim QU (f).

a—r00 t—0+
In particular, the limits are finite if and only if f € D(Q).
PrROOF. The statement follows directly from the connection between the

operator and form, properties of the functional calculus given in Proposi-
tion [3.13] and the monotone convergence theorem as

1
2(1 —e Ty Ay
as o — oo and t — 07, respectively, for all s > 0 and = > 0, respectively. [J

a(l-—a(s+a)™) 7s and

We now state and prove the Beurling—Deny criteria for positive closed
forms. The first criterion shows that a form being compatible with the
absolute value is equivalent to the fact that the heat semigroup and the
resolvent are positivity preserving.

THEOREM 5.13 (First Beurling—Deny criterion). Let @ be a positive
closed form on H = L*(X,u) and let L be the associated positive opera-
tor. Then, the following statements are equivalent:

(i) QUf) < Q(f) forall f € H.
(i) a(L + a)~! is positivity preserving for every o > 0.
(iii) e~*F is positivity preserving for every t > 0.
PRrROOF. (i) = (ii): Let f > 0 be given. By the characterization of

the resolvent as a minimizer we know that h := (L + a)~!f is the unique
minimizer of ¥ given by

f
v(o) = Q) + oo — L2
Now, by assumption (i) we have Q(|h]) < Q(h). Moreover, for f > 0 clearly
f f
= L2 < - L

holds. Thus, |h| is a minimizer of ¢ as well. This shows h = |h| > 0.
(ii) = (iii): This follows directly from Theorem (b).
(iii) = (i): By Lemma we have
1 _ _
AT =TI < AT =)

for allt > 0 and f € H. Letting QW) (f) := %<(I— e ) f, f), Corollary [5.12

gives lim,_,o+ QW (f) = Q(f) for all f € H. Thus, we conclude

QUIf) = Q).
This finishes the proof. U

| =
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REMARK 5.14. One can check that (i) in Theorem is equivalent to:

(ia) Q(f+) < Q(f) for all f € H,

where fi := f V 0 denotes the positive part of f.

Indeed, as f+ = (f +|f])/2, it is clear that (i) implies (i.a). On the
other hand, (i.a) implies Q(f-) < Q(f) and, by considering fs := fy — sf_
for s > 0, so that (fs)+ = f+ and using bilinearity, Q(f+, f-) < 0, where
f— = (=f) V0 is the negative part of f. Now, using the bilinearity of the
form once more implies (i).

The second Beurling—Deny criterion deals with Dirichlet forms. In par-
ticular, being a Dirichlet form turns out to be equivalent to the Markov
property for both the heat semigroup and the resolvent.

THEOREM 5.15 (Second Beurling—Deny criterion). Let Q be a positive
closed form on H = L?>(X, ;) and let L be the associated positive operator.
Then, the following statements are equivalent:

(i) Q is a Dirichlet form.
(i’) Q(Cpayo f) < Q(f) holds for all f € D(Q).
(ii) (L + )~ is Markov for every a > 0.
(iii) e~ is Markov for everyt > 0.
PROOF. (i) = (i’): This is clear.
(i")==(ii): Let 0 < g < 1 be given and consider h := (L + a)"!g. By
the characterization of the resolvent as a minimizer we infer that h is the
unique minimizer of the functional

g
¥:D(Q) — [0,00), ¥(f):=Q(f) +alf-Z|*.
Now, consider the map that cuts off at 0 and «, i.e. consider
1
C[O,a] R— R, t— CKC[Oyl](*t).
Q
Then, Cjy 4] is a normal contraction with
1 1
Q'(Clpal o ) = 0*Q(Coy (L) <*Q(H = QP
for all f € L?(X,m) due to (i’). In particular,
Q(Co,a1 0 h) < Q(h) < o0
holds. Also, % is invariant under C[07 1 due to 0 < g < 1 and this implies
g g g
110 = L1 = 1y 11(h) = Cio 1y ()P < 1 — L2

Thus, C[O, 10 h is (another) minimizer of . Uniqueness of the minimizer
implies
o 0,1]© h=h
and this shows (ii).
(il) = (iii): This follows directly from Theorem (b).
(iii) = (i): As e~ is Markov for every ¢ > 0, the form Q(*) defined by

Q) 1= (T =) )
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is a Dirichlet form for ¢ > 0, by Lemma Since Q(f) = limy_,o+ Q¥ (f)
by Corollary the statement follows. O

REMARK 5.16. It is remarkable that compatibility with all normal con-
tractions is equivalent to compatibility with the normal contraction Cpg 1
with Cjgqj(s) == s V (s A1). In fact, compatibility with all normal con-
tractions is also equivalent to compatibility with the normal contraction C
with C1(s) := s A 1. Indeed, whenever @ satisfies (i) it will also satisfy the
following condition:

(") Q(C1o f) < QUP) for all f € L3(X, ).
Conversely, using s V (—¢) = —g(—e71s A 1) for s € R and € > 0, one easily
sees that (i”) also implies Q(0 V f) < Q(f) for all f € L*(X, ). Another
application of (i”) then gives
Q(Cpayo f) = QUOV (f A1) < QUF A T) < QU).
Hence, (i”) implies (1’).
REMARK 5.17. By monotone convergence we see that (iii) in Theo-
rem [5.15[is equivalent to
(iii.a) 0 <e tf <1forall fe L®(X,pu) with0< f<1.
By duality and the Riesz—Thorin interpolation theorem, one sees that (iii.a)
is equivalent to
(iii.b) 0 < et f <1forall f € LP(X,pu) with0 < f<land1 < p < oo.



CHAPTER 6

Large Time Behaviour

In this chapter we focus on the large time behaviour of the semigroup.
We have seen this in Section for finite graphs already, but now focus on
infinite graphs.

6.1. Connectedness, irreducibility and positivity improving

In this section we show that connectedness of the graph, irreducibility
of the form and the property that the semigroup/resolvent are positivity
improving are equivalent.

Let X be a countable and discrete set and m a measure on X with full
support, and let (b, c) be a graph over (X, m). In Theorem we showed
that the semigroup and resolvent associated to the Dirichlet Laplacian L :=
L®) always map positive functions to positive functions. This property is
called positivity preserving.

We recall that a subset of X is called connected if any two points in
the subset can be connected by a path consisting of vertices in the subset.
A maximal connected subset is called a connected component and (b, c) is
called connected if it consists of one connected component.

We now introduce the necessary concepts of irreducible forms and posi-
tivity improving operators. A (quadratic) form @ on £2(X,m) with domain
D(Q) is called irreducible if the only subsets U C X such that 1y D(Q) C
D(Q) (and therefore also 1x\yD(Q) € D(Q)) and

Q(f)=Q(uf)+Q(lx\w/f)

for all f € D(Q) are U = ) and U = X. Note that the equation above is
equivalent to Q(1y f, 1x\pf) = 0 and thus describes a version of a theorem
of Pythagoras.

An operator A on £2(X,m) is called positivity improving if Af > 0 for
all non-trivial f € D(A) with f > 0.

THEOREM 6.1 (Characterization of connectedness and positivity improv-
ing). Let (b,c) be a graph over (X, m) with associated reqular Dirichlet form
Q and Laplacian L. Then, the following statements are equivalent:

(i) (b,c) is connected.

(il) @ is irreducible.
(iii) (L + )™t is positivity improving for all o > 0.
(iv) et is positivity improving for all t > 0.

PRrROOF. (i) = (iv): Let ¢ € C.(X) be positive and non-trivial. Let
(K,) be an increasing sequence of connected finite sets such that X =

95
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Unen Kn- Denote by ngl) the operators corresponding to the restrictions
of @Q to C.(K,). Then (ng} +a)~tp >0 for all @ > 0. Therefore,

(D) —1\"
e*tLKngoz lim (Ttl (L%Dn) + E) ) >0, t>0

n—o00 t

so that the semigroup (eftL%Dn) )t>0 1is positivity preserving.

Now, let u(t, x) := e_tLg?n) ©(x) > 0 and assume that n is large enough so
that the support of ¢ is included in K,,. We want to show that u(t,z) > 0
for all x € K,, and t > 0. If there exists zg € K, and tg > 0 such that
u(to,xo) = 0, then (to,xo) is a minimum for u in both variables. Having a
minimum at tg gives

0= 8tu(t0,ac0) = —L%i)u(to, .%'0).

Now, having a minimum at z¢ yields u(tp,y) = 0 for all y ~ xg. As K, is
connected, this implies u(tg, z) = 0 for all z € K,,. However,

(D)
etoliy u(to, ) = p(x),

so that ¢ = 0 on K,, which gives a contradiction to the assumption on .
Therefore, e_tLE‘?n)go(x) > 0 for allt > 0 and v € K,, so that e_tLg?n) is
positivity improving for all ¢ > 0.

_47.(D)

As we assume that ¢ > 0, by Lemma we get e tLKngp — ety
as n — oo where the convergence is pointwise monotonically increasing.
Therefore, we infer that e *Fp > 0 for all ¢ > 0.

For a non-trivial positive function f € £2(X,m), let f, := 1k, f € C.(X)
for n € N. Then, (f,,) converges monotonically increasingly to f in £2(X,m)
as n — oo. By the above, applied to the functions f,11 — f,, we have

that 0 < e~ L f,, — e~ 'L f where the convergence is pointwise monotonically
increasing. Therefore, e X f > 0 for all ¢ > 0.

(iv) = (iii): This follows directly from the Laplace transform formula
in Theorem (3.26] that is,

[e.e]
(L+a)™' = / e et
0

(iii) = (ii): If the form @ is not irreducible, then there exists a proper
non-trivial subset U C X such that L decomposes into a direct sum of
operators Ly & L\ on £2(U,my) & 2(X \ U, mx\v)- Hence, the resolvent
also decomposes into a direct sum (Ly + a)™' & (Lx\y + a)~'. In this
case, taking a non-trivial function f € £2(U,my) with f > 0 yields a non-
trivial function (f,0) € (2(U,my) & (*(X \ U, mx\yy) which is non-negative.
However,

(L+ o) (f,0) = (Lv + &)~ f, (L + @) 710) = (Ly + o)~ £,0),

which is not strictly positive.
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(ii) = (i): For any connected component U, we clearly have that 1o €

D(Q) (see Lemma [4.5) and
Qp) = Q(luy) + Qlx\vp)

for any ¢ € C.(X). We want to show that the same holds for f € D(Q) so
that we may apply irreducibility to conclude connectedness.

Let f € D(Q) and, by regularity of @, let (¢,,) in C.(X) be such that
len — fllg = 0 as n — oco. Then, (1yey,) is a Cauchy sequence in || - g
since

Q(lUSDn - 1U§0m) < Q(lU(SDn - Qom)) + Q(lX\U(QPn - Spm))
= Q(en — ¢m)
and ||[1pen—1uemll < |lon—¢ml| for all n,m € No. Hence, (1y¢,) converges

in D(Q) so that 1iyf € D(Q). Furthermore, as Q(1yp,) — Q(lyf) and
Q(pn) — Q(f) as n — oo, it follows that

QUf)=Q(uf)+Q(x\uvf)

By irreducibility, we infer that either U = () or U = X. This shows that
(b, c¢) is connected. O

6.2. Toolbox — Variational Characterization for the Bottom of
the Spectrum

We prove a characterization of the bottom of the spectrum of a positive
operator. To this end we need the following proposition.

PROPOSITION 6.2 (Spectral parts and spectral family). Let L be a self-

adjoint operator on a Hilbert space H and let E be the associated spectral
family. Let X € R.

(a) A€ (L) if and only if X € supp(F), i.e.,
E(A—g,A+¢€))#0
for all e > 0.

(b) A is an eigenvalue of L if and only if E({\}) # 0, in which case
the range of E({\}) is the eigenspace of A. Furthermore, f € H is
an eigenfunction corresponding to X if and only if py is supported
on {A}.

PROOF. (a) This has already been shown in Theorem
(b) From Proposition as (x — \)?2 =0 for z = \, we get

1= N2 = / (2 — \)2dpug (x) = /R )

for any f € D(L). As (x—\)? > 0 for all 7 # A, we infer that f € D(L) with
[ # 0 is an eigenfunction corresponding to A if and only if uy = 1\yuy, ie.,
if and only if 1\ fryif = 0. Now, 1\ aypy = 0 if and only if py(R\{A}) = 0
and Proposition gives
IE@®\A{ADFI? = pp(R\{A}) = 0.
Thus, we infer that f € D(L) is an eigenfunction corresponding to A if
and only if E((R\ {\}))f = 0. This, in turn, is equivalent to f = E({\})f
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as f = E({\})f + E(R\ {\})f, where the summands are orthogonal. This
shows the first statement of (b). The other statement has been shown along
the way. O

The equality we show now is also sometimes referred to as the Rayleigh—
Ritz formula.

THEOREM 6.3 (Variational characterization of \g). Let Q be a positive
closed form and let L be the associated operator on a Hilbert space H. Let
Xo(L) :=info(L). Then,

M) = B N = B @)

Furthermore, if f € D(Q) is normalized and satisfies Q(f) = Xo(L), then

f € D(L) and Lf = Xo(L)f, i.e., f is a normalized eigenfunction corre-
sponding to the eigenvalue Ao(L).

PRrOOF. The second equality is clear from the connection between the
form and the operator and the fact that D(L) is dense in D(Q) with respect
to the form norm || - ||¢ by Corollary Hence, we focus on proving the
first equality. In order to do so, we will show two inequalities.

To this end, we recall that by Proposition (b) we have

(f,Lf) = / rdug(z),

where the integral is taken over the support of the spectral measure py for
J € D(L) and py(0(L)) = || f][2

Now, we let Ao := Ag(L) and let f € D(L) be normalized. As o(L) C
[Ao, 00), we obtain

o= [ adugto) =0 [ augte) =l = o

A0,00)
This shows Ao < inf(f, Lf) for all normalized f € D(L).

Conversely, since \g € (L), we have E([A\g, Ao +¢)) # 0 for all ¢ > 0
by Proposition (a). Hence, for every ¢ > 0 there exists a normalized
f with f = E([Ao, Ao + €))f. By Proposition f has spectral measure
supported on [A\g, \o + €] and f € D(L). We then find

Gnn) = [ duge) < Qo+ ISP = do 4
[Ao,Ao+e]

As € > 0 was arbitrary, this gives \g > inf(f, Lf), where the infimum is
taken over all normalized f € D(L).

For the furthermore statement, suppose that f € D(Q) = D(vV/L) is
normalized and satisfies Q(f) = Ao. By Proposition (a), we now get

0=QU) — o= IVEP =Xl = [ (o= Xo)dus(e).

[)\0,00)

As the integrand is non-negative, p s is supported on {\o} which, by Propo-
sition (b), is equivalent to Ay being an eigenvalue with eigenfunction
f. O
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6.3. Positivity Improving Semigroups and the Ground State

Let X be a countable set and m a measure on X with full support. For
the self-adjoint operator L associated to a positive symmetric closed form @
on £2(X,m), the semigroup operators et for ¢ > 0 are bounded self-adjoint
positive operators. By the discreteness of the space X, the semigroup has a
kernel, i.e., there exists a map

p:[0,00) x X x X — R
such that
e (@) =) pula,y)f(y)m(y)

yeX
for all f € 2(X,m), x € X and t > 0. We call p the heat kernel associated
to L. An easy calculation gives that

pt(may) = <1Iae_tL1y>

m(z)m(y)
for all z,y € X and t > 0.

By the variational characterization of the bottom of the spectrum, The-
orem it follows that

M) = oS O = sep

In what follows we denote by @ := Ql()[c))m be the Dirichlet form associ-
(D) " and the bottom

b,c,m

ated to a graph (b, ¢) over (X, m) with operator L := L
of the spectrum by Ao :=info(L).

The following lemma considers the bottom of the spectrum for connected
graphs. Specifically, whenever the bottom of the spectrum is an eigenvalue,
then there exists a unique strictly positive normalized eigenfunction.

LEMMA 6.4 (Uniqueness of eigenfunctions to Ag). Let (b,c) be a con-
nected graph over (X,m). Assume Ao is an eigenvalue of L. Then, there
erists a unique strictly positive normalized eigenfunction corresponding to
Ao and the eigenspace of Ny is one-dimensional.

PROOF. Let w € D(L) be a normalized eigenfunction corresponding
to Ag. We will show that v must be strictly positive or strictly negative.
Without loss of generality, we may assume that u(x) > 0 for some z € X.
Let uy := uw V0 and u_ := (—u) V0 so that v = uy —u_ and |u| = uy +
u_. From the variational characterization of the bottom of the spectrum,
Theorem and the fact that @ is a Dirichlet form we get

Ao < Q(fuf) < Q(u) = Ao
so that Q(Ju|) = Q(u). Therefore, |u| is also a normalized eigenfunction
corresponding to A\g by Theorem As both u and |u| are eigenfunctions
corresponding to \g, we get that

u+ Jul
Uy = 9

is also an eigenfunction corresponding to A\g. We note that u, is non-zero
as we assumed that u(z) > 0 for some z € X.
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The semigroup (e*tL)tzo on a connected graph is positivity improving
by Theorem[6.1} Therefore, as uy > 0 satisfies Luj = Agu4 and is non-zero,
by the functional calculus and the positivity improving property we obtain

tL

0 < ey, =e oy,

for any ¢ > 0. Hence, uy > 0 so that v = uy > 0. Therefore, any
eigenfunction corresponding to Ag which is positive at some vertex is strictly
positive.

From the argument above, it follows that any eigenfunction correspond-
ing to A9 has a strict sign, i.e., is strictly positive or strictly negative. It is
clear that any two functions of strict sign are not orthogonal in £2(X,m).
This gives that the dimension of the eigenspace is one-dimensional (note
that the eigenspace is closed and thus has an orthonormal basis) and that
u is unique. O

If L is a self-adjoint operator arising from a Dirichlet form associated to
a connected graph and \g is an eigenvalue, then we have a unique strictly
positive eigenfunction which minimizes the energy by the lemma above. In
this context, we will refer to this eigenfunction as the ground state and g
as the ground state energy.

We now discuss the case when the ground state energy is zero.

EXAMPLE 6.5 (When Ay = 0 is an eigenvalue). Suppose that (b, c) is a
connected graph over (X, m) and L is an operator coming from a Dirichlet
form @ associated to (b,c). If Ao = 0 is an eigenvalue for L, then ¢ = 0 and
m(X) < oo.

Indeed, this follows as if 4 > 0 is a ground state for A9 = 0 given by the
lemma above, then

0=20= QM) =3 3 be.y)ule) —ul) + 3 clr)u(x)”
zyeX rxeX
This shows that u is constant and ¢ = 0. Asu € D(L) C ¢?(X,m), it follows
that m(X) < co. In particular, as u is normalized, we obtain u = 1//m(X).
In the chapter about recurrence we will see that Ay = 0 is an eigenvalue
for L(P) if and only if ¢ = 0, m(X) < oo and the underlying graph is
recurrent.

6.4. Theorems of Chavel-Karp and Li

In this section we prove two convergence results. We recall that the heat
kernel of an operator L on £2(X,m) is given by
<1£L"7 e_tL1y>
m(x)m(y)
for t > 0 and z,y € X. The following result connects the heat kernel of the
Dirichlet Laplacian L := L(P) of a graph (b, ¢) over (X,m), the bottom of
the spectrum \g := inf o(L), and the ground state.

pi(z,y) =

THEOREM 6.6 (Theorem of Chavel-Karp). Let (b,c) be a connected
graph over (X,m). Then, there exists a function u: X — [0,00) such
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that
Jlim e*'py (2, ) = u(x)u(y)

for all x,y € X. If Mg is not an eigenvalue of L, then u = 0. If Xy is
an eigenvalue of L, then u is the ground state, i.c., the unique normalized
positive eigenfunction corresponding to Ag.

PROOF. The proof is a direct application of the spectral theorem. Let
E = 1{>\0}(L) be the spectral projection onto the eigenspace of A\g. By
Proposition [6.2] E = 0 if A\g is not an eigenvalue and, if )\ is an eigenvalue,
then E = (u,-)u, where u is the unique positive normalized eigenfunction
corresponding to Ag given by Lemma

Let p be the signed spectral measure of L associated to 1,1, for z,y €
X. That is, p is the unique signed measure which is characterized by

(Lo, (L)1) = / $(s)dp(s)

[Ao,00)

for all bounded measurable functions ¢ on [Ag, 00), see Proposition
Assume that )¢ is an eigenvalue so that 1751(L) = (u, -)u. We then get

m(a)m(y)]e*py(z, y) — u(@)uly)] = [(Ls, (%™ — 11,y (L)1)

e 16720 1,1 (5)) d(s)
/[)\0700) ( {o} )

—0

as t — oo by Lebesgue’s dominated convergence theorem. Note that u is a
finite measure so that the bounding function can be chosen as 1. If Ay is not
an eigenvalue, then a similar argument gives the conclusion.

Concerning uniqueness of u, if @ is another positive function determining
the limit, then @(z)? = u(z)? for all x € X, and therefore @ = wu. O

We highlight one immediate corollary of the theorem above which char-
acterizes when there exists a ground state.

COROLLARY 6.7 (Characterization of existence of a ground state). Let
(b,c) be a connected graph over (X,m). Then, Ay is an eigenvalue for L if
and only if

Jlim ey (z,y) # 0
for some (all) z,y € X.

We will now state and prove the second of our convergence statements,
which gives that the logarithm of the heat kernel converges to the bottom
of the spectrum.

THEOREM 6.8 (Theorem of Li). Let (b,c) be a connected graph over
(X,m). Then,

1
Jim ;10gpt(ﬂf7y) =—Xo

for all xz,y € X.
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PROOF. Let e, :=1,/+/m(zx) for x € X and observe that (e;),ecx is an
orthonormal basis for £2(X,m). Let

ar(z,y) = (ea, e Fey)

for z,y € X, t > 0 and write a;(z) := ai(x,z). We will show that the
function t — logas(x) on [0, 00) is superadditive for all z € X.

Note that, as L is an operator coming from a Dirichlet form, e~* is
positivity improving for ¢ > 0 by Theorem above and clearly positivity
preserving for t = 0. Therefore, for all x € X, s,t > 0, we obtain

ast(z) = (eg, e e, = (e5Le, e he,)

= Z (e*Fe,, ) (ey, e He,)

yeX

> <6_SL63:7 €x><€x7 e_tLez> = QS(x)at(x)'

Theorem implies a¢(z) > 0 for all ¢ > 0 and x € X, thus, we may
take the logarithm of a;(x) for all z € X and t > 0. The estimate above
then shows that t — log a;(x) is superadditive, i.e., satisfies

log as(z) + log ay(x) < log asii(z)

for s,t > 0. Furthermore, a;(z) < 1 since a;(x) = e *1,(z) and semi-
groups associated to operators coming from Dirichlet forms are contracting
by Theorem Therefore, log a;(x) < 0. Putting all of this together, by a
version of Fekete’s lemma for functions we get that the following limit exists
for every x € X

1 1
lim —loga;(x) = sup - loga(x).
t—oo 1 t€(0,00)
Now, for t > 1 and =,y € X, by a similar reasoning as above we obtain

atfl(x)al (l‘, y) = <e_(t_1)Lex7 ez> <€$7 €_L€y>

< Z <€7(t71)L6x7 €z> <62) 67L6y>
zeX

—tL

= <e_(t_1)Lex,e_Ley> = (ex, e "ey) = ag(x,y).

By the same arguments for ¢t > 0,
a1 (2, y)a(z,y) < Z<6_L€ya ez){ez, e_tL€y> = ar1(y)-
zeX

Hence, as a;(x,y) > 0, we get

a1 (@)ar () < arle,y) < —— s (v)

ai (.’E, Yy
Combining this line of inequalities with the fact that lim; s %log ai(zr) ex-
ists and a;(z,y) = a;(y, ) gives that lim; o 7 loga;(z,y) exists and is in-
dependent of x,y € X.

Let

1
lim Zlog at(x,y) = —A.

t—o00
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Since

ar(z,y) = (ex, e Fey) = V/m(z)m(y)pi(z,y),

we conclude that
o1 1
—A = lim —logay(z,y) = lim —logpi(z,y).

We will now show that A = Ay, which will complete the proof. First, we
note that

o1
lim . log (eAOtpt(:U, y)) =X —A

t—o00

for all z,y € X. If Ay is an eigenvalue for L, it follows from Theorem [6.6]
that limy e 'py(z,y) = u(x)u(y) > 0 so that

: 1 Aot _
Jim —log (e pt(w,y)) =0

and, hence, A\ = )¢ in this case.

If Ao is not an eigenvalue for L, then Theoremyields otpy(z,y) = 0
as t — oo. Therefore, log (e)‘otpt(x, y)) < 0 for all ¢ large enough and since
21og (e'py(z,y)) = Ao — A as t — oo, it follows that Ao < A.

We will now show that A\g > A. Let € > 0. From Proposition [6.2] we get

1[)\0,/\()4-6] (L) # 0

since Ao € o(L). As the set of functions {1, | z € X} is total (i.e. the span
is dense) in £2(X,m), it follows that there exists an # € X such that

1[}\0,)\0+8}(L>13) 7& 0
Let u, be the spectral measure of L associated to 1,. Proposition gives

pt($,$) —tL / —ts —t(Ao+e)
= (1;,e "1,) = e duy(s) > e 0T g ([Ao, Ao + €
m($)2 < > [Xo,Ao+e] ( ) ([ 070 ])

as the spectral measure p, is supported on [Ag, Ao + €] by Proposition
Therefore,

1
—A = lim —logpi(z,2) 2 —(Ao +¢),

that is, A < Ag + . As € > 0 was arbitrary, it follows that A < )\, which
concludes the proof. O

From the theorem above we immediately obtain the following corollary
which states that the existence of a positive eigenfunction implies that the
eigenvalue is the bottom of the spectrum.

COROLLARY 6.9 (Positive eigenfunctions are multiples of ground states).
Let (b, c) be a connected graph over (X, m) and A € R. If there exists a non-
trivial uw > 0 with u € D(L) such that

Lu=M\u

i.e., u is a positive eigenfunction corresponding to A, then A = \g. Further-
more, u is a positive multiple of the ground state, in particular u > 0.
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PROOF. As A is an eigenvalue, A\ € (L) so that A\g < A by definition.
Now, if w € D(L), uw > 0 is non-trivial and satisfies Lu = Au, then the
functional calculus gives

ety =e Ay
for ¢ > 0. Therefore, for an arbitrary = € X, using the positivity of u we get
pi(a, xyu(x)m(z) <D pila,y)u(y)m(y) = e Fu(z) = e Pu(z).
yeX

Applying Theorem and choosing = € X such that u(z) # 0, we get

| 1 —tx _
—Xo = lim - log (pi(w,x)u(z)m()) < lim T log (e u(z)) = —A

so that Ay > A. Therefore, \g = A.
The strict positivity of u follows from the proof of Lemma since the
eigenspace of \g is one-dimensional. O



CHAPTER 7

Intrinsic Metrics and Spectral Estimates

In this chapter we turn to spectral geometry of graphs. This means
that we study the interplay between spectral theory of graph Laplacians L
and the geometry of the graphs. Here, geometry is captured by intrinsic
metrics. These are (pseudo)metrics which are adapted in some sense to the
graph structure. A remarkable feature of graphs is that they will in general
admit several intrinsic metrics which are not comparable. In particular, in
general there is no natural canonical intrinsic metric.

The spectral theory we are interested in is the infimum Ao(L(P)) of the
spectrum of L(P). Specifically, we will give lower and upper bounds of the
form

h? o)y~ W
where h is an isoperimetric or Cheeger constant and p is an exponential
volume growth rate.

7.1. Intrinsic metrics

We first discuss some generalities on pseudometrics and then turn to
specific pseudometrics associated to graphs. Let X be a set. We will be
interested in maps on X, which can be thought of as weak versions of metrics.
A pseudometric on X is a map ¢: X x X — [0, 0o] with

L4 Q(I’, iL‘) = 07
e o(z,y) = o(y, ), (“Symmetry”)
e o(x,y) <oz, 2)+ o(z,y) (“Triangle inequality”)

for all z,y,2z € X.
Whenever p is a pseudometric the inequality

(0, ) — o(0,y)| < o(x,y)
holds for all z,y,0 € X. It is known as reverse triangle inequality.

Let now ¢ be a pseudometric on X. Let C' > 0 be given. A function f
on X is said to be C-Lipschitz (with respect to p) if

[f(z) = f(y)l < Colw,y)

holds for all z,y € X. A Lipschitz function is a function, that is C-Lipschitz
for some C' > 0. The set of 1-Lipschitz functions with respect to ¢ is denoted
by Lip; ,(X). Clearly, f is C-Lipschitz (for some C' > 0) if and only if %f
belongs to Lip; ,(X).

From the reverse triangle inequality we see that the function g, :=
o(z,-), that gives the (o-)distance to z € X, is 1-Lipschitz for any = € X.

105
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In fact, this can be generalized as follows: Let U C X be non-empty and
define the (p-)distance to U by

ov: X — [0,00], ouly):= ;g[fjg(w,y)-

Then, gy can easily be seen to belong to LipLQ(X). So, the pseudometric o
gives rise to a wealth of 1-Lipschitz functions.

Conversely, any 1-Lipschitz function f gives rise to a pseudometric o
defined by of(x,y) := |f(z) — f(y)| with o7 < p. One can recover ¢ from
Lip; ,(X) as

o =sup{oy | f € Lip; ,(X)}.
Here, the inequality > is immediate from oy < ¢. The converse inequality
follows by considering f = 0., * € X. So, Lip; ,(X) determines o. In
fact, this set has some special features. Specifically, the set of 1-Lipschitz
functions is closed under taking maxima, minima, adding constants and
multiplication with —1. Also it is closed under pointwise limits and suprema.

Let X be a countable set and m a measure on X with full support. Any
graph (b, ¢) over (X, m) gives rise to a special class of pseudometrics.

DEFINITION 7.1 (Intrinsic metric). A pseudometric g is called an intrin-
sic metric for a graph b over (X, m) if

> bz, y)o(z,y)® < m(z)
yeX
for all z € X. We call a pseudometric g an intrinsic metric for a graph (b, c)

over (X, m) if p is intrinsic for b over (X, m).

We will now put this definition in perspective. To do so, we note that a
differentiable function f on the real line R satisfies

|f(s)— f(t)] < |s—t| for all s,t € R

if and only if
|f'(s)| <1 for all s € R.

The basic idea is that similarly the 1-Lipschitz functions with respect to
an intrinsic metric should be related to the functions whose derivative is
bounded by 1. Of course, we first need a notion of derivative to make this
precise. In this context, we define for f € C(X) the norm of the gradient by

|Vf’ = |Vf|b,m X — [07 OO]
1/2

V@) = [ —— 3 b y)(F) — F)?
m(x) =

for x € X and
A (X) :={feCX)||Vf|(x)* <1 forall z € X}.
Then, for ¢ =0,
o) = 5 3 IVfl@)*m(x)

rzeX
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holds for all f € C'(X), and any f € A;(X) satisfies the inequality

1 1
5 OV HI@)mix) < Sm(K)

rzeK

for any finite K C X.
We now characterize intrinsic metrics as follows.

LEMMA 7.2 (Characterization intrinsic metrics). Let b be a graph over
(X,m) and let o be a pseudometric. Then, the following statements are
equivalent:

(i) o is an intrinsic metric.
(i) Lipy ,(X) C 43(X).
(iii) |Vo(o,-)|? <1, i.e., 0(o,-) € A1(X) for all o € X.
(iii)’ |Vpul? <1, i.e., oy € A1(X) for all nonempty U C X.
In particular, if n € C(X) is C-Lipschitz with respect to an intrinsic metric
o and C >0, then

V> < C2.

PROOF. (i) = (ii): Let f € Lip; ,(X) be given, where g is an intrinsic
metric. Then, the Lipschitz property of f and the defining feature of an
intrinsic metric give

IV f|(x }:bwy —f(y)? < E:bxy o(z,y)

<1

for all x € X. Hence, f belongs to A;(X).

(ii) = (iii): As discussed above, we have gy € Lip; ,(X). Since
Lip; ,(X) € A1(X) by (ii), we conclude gy € A1(X) and (iii)’ follows.

(iii)’ = (iii): This follows immediately (as we can take U = {o} for
any o € X).
(iii) = (i): The assumption \Vg(o J[2 <1 for all 0 € X gives

1> |Vo(o,)|(o

0) — 0(0,y))’

- EZmeme?

m(o) =

Hence,
> " b(o,y)o(o,y)* < m(o)
yeX

holds for all 0 € X. Thus, ¢ is an intrinsic metric.
The “in particular” statement follows immediately as C-Lipschitz means
that

In(x) —n(y) < Co(z,y)
for z,y € X. O
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EXAMPLE 7.3. For a graph b over (X, m), p defined by

n

pley):= _ f 7 (Deg(xi) v Deg(e:) /2
I
for z,y € X can be easily seen to be an intrinsic metric. We call it the

degree path metric.

REMARK 7.4 (Why there is no equality between Lip; ,(X) and A;(X)).
For graphs there will, in general, not exist a pseudometric ¢ with Lip; ,(X) =
A1(X). This is different from our motivating example of differentiable func-
tions on the real line. To understand this better, we note that the set
Lip; ,(X) is always closed under taking maxima. However, the set A;(X)
is in general not closed under taking maxima (as can already be seen by
simple examples of graphs with three vertices).

REMARK 7.5 (What about the combinatorial distance?). Any graph

(b,c) over (X, m) comes naturally with the combinatorial distance defined
by

deomb (7, y) := inf{n € Ny : there exists a path of length n from z to y}.

Here, xq,...,x, from X are called a path of length n if xg = =, , = y and
b(zj,zjy1) > 0 whenever j € {0,...,n — 1}. Here, as usual, the infimum
over the empty set is defined to be oco. Clearly, deomb(x,y) = 1 whenever
b(x,y) > 0 holds. Thus,

o > b, y)deomb (2, y)? = S > b(,y).
exX

miz) m(z) 2

Now, clearly both combinatorial distance and the condition of being an
intrinsic metric only depend on b (and not on ¢). Thus, we restrict now
attention to graphs b over (X, m), i.e. ¢ = 0. In this case, the expression
featured in the last equality is just the weighted degree Deg. Thus, we
infer that deomp is an intrinsic metric for the graph b over (X, m) if and
only if Deg < 1 holds. Now, we already know from Theorem that
boundedness of Deg is equivalent to boundedness of the associated Laplacian
L. Hence, we can conclude that for a graph b over (X, m) the Laplacian is
bounded if and only if a suitable multiple ad.,mp is an intrinsic metric.
For general graphs (b, c) still boundedness of the Laplacian implies that
the combinatorial distance is an intrinsic metric (up to scaling). So, the
advantage of intrinsic metrics over the combinatorial distance comes only
about when situations with unbounded Laplacians are considered.

REMARK 7.6 (Why intrinsic metrics?). The inequality

5 S VAP m) <

zeK

m(K)

DO | =

shown above for f € A;(X) and any finite K C X gives a first indication
that A;(X) is a useful set of functions. A pseudometric is then intrinsic if
its 1-Lipschitz functions satisfy this inequality. In Sections and we
will see two instances of how this can be used to deal with general graphs
without making any boundedness assumption. A particular feature is that
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intrinsic metrics allow one to exhibit cut-off functions. We will come back
to this point below. Here, we already note that whenever p is an intrinsic
metric, for any A C X and R > 0 the function

1

=(1-—=
n:=( RQA)+

satisfies the following properties:

e 14 <n < 1p,a). Here, 15 denotes the characteristic function of
the set S C X and Bpr(A) denotes the set of points in X with
o-distance not exceeding R to A.

e 1 is 1/R-Lipschitz with respect to o. In particular,

[Vn? < ik

7.2. Cheeger Inequality

In this section we provide a lower bound on the infimum of the spectrum
of the Laplacian on a graph in terms of the Cheeger constant. Roughly
speaking the Cheeger constant measures the ratio between the size of the
boundary of a set and the set itself.

We first give the definition of the Cheeger constant. The boundary of a
set W C X is given by those pairs (z,y) € X x X that have one element in
W and one element in its complement, i.e.

W = (W x (X \ W)U ((X\W)x W).

Moreover, analogously to the measures m on X, any w: X x X — [0, 00)
gives rise to a measure on X x X and therefore for U C X x X we write

w(U) = Z w(z,y) € [0, 00].

(z,y)eU

DEFINITION 7.7 (Cheeger constant). Let b be a graph over (X, m) and
let o be an intrinsic metric. For a finite set W C X, we let the area of the
boundary be given by

1 1
App(OW) = 5 > bl y)e(x,y) = 5 (bo)(OW).
(z,y)€OW
We define the Cheeger constant h := hy,, (of the graph) by

o : Ab@(aw)
hi= WQXI,II}I; finite - m(W)

We prove the following theorem.

THEOREM 7.8 (Cheeger inequality). Let b be a graph over (X, m) and

Q= QéDO)m the associated form and L := LP) the induced Dirichlet Lapla-
ctan. Let o be an intrinsic metric. Then,
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The remaining part of this section is devoted to a proof of the theorem.
We will first present two formulas which involve (strict) superlevel sets of
functions. For a function f € C(X) and ¢t € R, we define the (strict)
superlevel set

(f) :=A{z e X[ f(z) >t}

The first formula relates the differences of a function to an integral over
the boundary of the superlevel sets. We refer to this as a co-area formula.

LEMMA 7.9 (Co-area formula). Let w: X x X — [0,00) and f € C(X)
be given. Then,

e}

S wle, )l /() - F()] = / W(@9(f))dt

z,yeX 0

where both sides may take the value co.

PRrROOF. For vertices z,y € X with x # y we define the interval I, , by

Loy = [f(@) N fy), f(2) v Fy),

and let |I,,| = [f(x) — f(y)| be the length of I,,. Denote by 1., the
characteristic function of I, ,. Then, for ¢ € R we have (x,y) € 0Q(f) if
and only if ¢ € I, holds. Therefore,

w(@(f) = Y w(,y)lay(D).
r,yeX
From these considerations and the monotone convergence theorem we obtain

/ w(O(f))dt = / Z w(z,y)lz,(t)dt = Z w(w,y)/ 1y (t)dt
- z,yeX z,yeX -
= Y wy)f(=) - f)
z,yeX
This proves the statement. U

For the next formula, we assume that the function f is positive and that
there exists a measure on the space. The formula then relates the values of
the function to the measure of the superlevel sets associated to the function.

LEMMA 7.10 (Area formula). Let m: X — [0,00) and f: X — [0, 00)

be given. Then,
> fwyme) = [ miu(m)at

rzeX
where both sides may take the value co.

Proor. We have z € (f) if and only if 1(; o)(f(x)) = 1. From this
and the monotone convergence theorem we obtain

/0 m(Q(f))dt = /0 z)dt = / > m( (f(x))dt

xeQ( ) zeX

/Oooltoo) ))dt = Zm(a:)f(x)

IGX zeX
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This finishes the proof. U
After these preparations we now turn to the proof of Theorem

PROOF OF THEOREM [L.8 Let ¢ € C,(X) be given and denote the su-
perlevel sets of p? by

Q= Q(p?) = {r € X : p(z)? > t}.

Then, €, is finite for any ¢ > 0 as ¢ has finite support. Hence, by the
definition of the Cheeger constant h we infer

hm () < App(0€)

for all £ > 0. From this and the area and co-area formulae provided in
Lemmas [7.10] and [7.9] we find

Rlel> = h) p()m(x)

zeX

Aralp / m(Qy)dt < / Apy(092)dt
0

0
Co-area f. 1
i 5 Z b(z,y)o(z,y)|e(x)* — o(y)?|
z,yeX

= LY el )o@ - ew)le) + o)
T,yeX

= % > b, y)le(@) — e(y)lo(z, y)lp() + ¢(y)|-
z,yeX

Now, the Cauchy—Schwarz inequality on the space £2(X x X,b) gives

2

> b, y)Fle,y)Gx,y)| < | D by P,y | [ D b,y)Glx,y)?

z,yeX z,yeX z,yeX

for all F,G € £2(X x X,b). Hence, we infer

1/2

Wlel? < @) [ 5 3 blay)ol ) (e(@) + o)
z,yeX
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Now, Young’s inequality (o + 38)? < 2a2 + 282 for a, 8 € R, symmetry of
both b and p and the intrinsic metric property give

1/2
1
5 2 bEy)ely)?(e@) + o(y))?
z,yeX
1/2
< (2> bxye(zy) o)
z,yeX
1/2
= 12> w@)? | D blx,y)e(,y)?
reX yeX
o 1/2
o intrinsic 2
< V2 <Z () m(l’)) = V2[l¢]-
zeX
Putting everything together we arrive at
hllel® < V2Q(p) gl
and this gives
Q)"
V2 T el
By squaring both sides, we find
2
h - Q(sag
2 7 el

for all ¢ € C.(X) with ¢ # 0. This gives the statement by the variational
characterization of A\g(L), see Theorem O

REMARK 7.11. Whenever (b, c) is a graph over (X, m) we clearly have
Q(D) (p) > Qz(),Do,)m(SD) for all ¢ € C.(X). Hence, we find for the Laplacian

b,e,m
L) associated to Q,()Dc)m as well the estimate %2 < Xo(LP)).

7.3. Brooks—Sturm Inequality

In this section we show a version of Brooks—Sturm inequality. This
inequality gives an upper bound on the infimum of the spectrum in terms
of exponential volume growth of balls.

Let b be a graph over (X, m) and ¢ an intrinsic metric. The distance
balls B,(x) of radius r > 0 about a vertex z € X with respect to p are given
by

Br(z):={y € X | o(x,y) <r}.
If the distance balls are finite, we define the exponential volume growth rate
with variable center, which we call u, by

o e o Lo m(Br(x))
.= liminf inf = log Zor &)
B R eex r 8 m(Bi(2))

So, for any € > 0 there exists an R > 0 with
m(B,(2)) = m(Bi(z))e # )
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for all » > R and all x € X.

THEOREM 7.12 (Theorem of Brooks—Sturm). Let b be a connected graph
over (X, m) and let o be an intrinsic metric such that the distance balls are
finite and L := L) the associated Dirichlet Laplacian. Then,

2
Mo(L) < %

Brooks original result considered the bottom of the essential spectrum
by a similar exponential volume growth constant.
The basic idea is to use test functions as follows.

LEMMA 7.13 (Test function). Let b be a graph over (X,m) and o and
intrinsic metric. Assume that f,g € C(X) satisfy

(f(z) = f()* < Clg(2)* + g(y)*)o(w,y)’
for all x,y € X, for some C > 0. Then,

Af) <C D g()m(x)

rzeX

holds (where the value 0o is possible).

Proor. This follows by a direct computation, invoking the symmetry
of b and g as follows

o) =5 3 blay)(F(@) ~ F))

z,yeX

< S Y baw) (o) + 9)) ol v)?

z,yeX

=Y g@)? D bz y)e(z,y)?

zeX yeX
o intrinsic
< C Z g(x)*m(z).
rzeX
This finishes the proof. O

The test functions will be constructed via intrinsic metrics and exponen-
tial functions. To construct such functions we use the following proposition.

PROPOSITION 7.14 (Estimates for differences of exponentials). For any
u,v € R the estimate

|eu_ev| < u;U‘(eu_{_ev)

holds.

ProOF. For w > 0 we find by direct computation

oo oo o0

Zj‘wnl—z(nil)'w"SZT;w"—ew—l.

n=2 n=1 n=1
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This gives
L W w" w =2 w
wo_ g Z_ 1= =12 Zom ) < 21 wy,

Without loss of generality, we can now assume u < v. The preceding esti-
mate for w :=v —u > 0 gives
e'U—’lL _ 1 S v—u
2
Multiplication with e" then gives the desired statement. O

(1+ €.

Let b be a graph over (X, m) and let g be an intrinsic metric. Consider
B >0,s>0and U C X non-empty, and define

h = hs,U,ﬁ X — (O, oo)’ h(il]) - eﬁ(S—@U(x)).
By Proposition the function h satisfies
|h(l’) . h(y)\ < |B(5 - QU(JJ)) - B(s - QU(y))|

2
Bo(z,y

< P28y 0) 4 i)
for all x,y € X, where we used gy is 1-Lipschitz. Taking squares and using
(a + b)? < 2a® + 2b* we obtain for all z,y € X
/82
5 () + h(y))ol,y)*.
The function h satisfies h = €%* on U and decays exponentially outside of
U.

For our considerations we will need more than exponential decay viz
vanishing outside of balls. Thus, we will construct modifications f and ¢
from h,. g, ()8, both of which can be seen as restrictions of h to balls By, (o).
Specifically, for the parameters r > 0, o € X and 8 > 0, we define the
function f := f,,3: X — [0,00) by

(h(x) + h(y))

|h(z) = h(y)* <

= B.(0)s — D+
ie.
f(z) = (Pr=0Br@@) _ 1), zeX.
We observe the some basic properties of f. To this end let B, := B, (o) and
B, (B,) = {zx € X | infyep, p(x,y) < r}. Observe that on metric spaces one

only has B,(B,) C Bg, while one has equality on normed spaces. It can
easily be seen that f satisfies

o flg, =" —1
e flp.(B.\B, =€
e flx\B.(B,) =0
Furthermore, for the parameters r > 0, 0 € X and 8 > 0, we define the
auxiliary functions ¢ := g,,3: X — [0,00) by
g:=f+21p, (o) = (",B,(0),5 + 1)1By(0)-
We observe the following basic properties for g
e glp =" +1

B(r—e5,()) _ 1
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* 9lp,mo\p, =) 1
® 9|B,\B,(B,) = 2-
® glx\B,, =0.
Hence,
f<h<g
on By, (0). The relevant features of f and g are provided in the next lemma.

LEMMA 7.15 (Properties of f and g). Let b be a graph over (X, m) and
let o be an intrinsic metric. Let o€ X, r >0 and 8 > 0.

(a) For f = fro5 and g := g0 p the inequality

2
(F@) ~ FW) < 2 (0@ + 9w)?) el )"

holds for all x,y € X.
(b) Assume p < oo and choose 8 > 5. Then, there exist sequences (o)
in X and (r) in [0,00) such that

lim ||g7"k70k7,8” -1
k=00 || fry 00,8l

PROOF. (a) We distinguish three cases:
Case 1: x,y € B.(B;(0)). Then, f = (h, g (0,3 — 1) and we obtain from
the calculation above

1f@) = fWP = |hepo(o)s(2) = P Br0) s ()]
/82
2
5 (0@ + 90)?) ofev)?
5 (9(@ 9(y)?) o(z,y)*,
where we used g = h,. g, (0),3 + 1 on Ba.(0).

Case 2: xz,y € X \ By(B-(0)). Then, f(z) =0 = f(y) and the estimate
clearly follows.

Case 3: x € B,(B;(0)) and y € X \ B.(B(0)) ory € B.(B-(0)) and
x € X\ B,(B;). By symmetry it suffices to consider the case x € B, (B;(0))
and y € X \ B,(By(0)). By y € X \ Br(B;(0)) we have op, ()(y) > r. By
x € By(By(0)) we have

2

< e By(0),8) () + B, (0),8) (W) |o(, )

<

t:=1—0p,()(T) > 0.
Altogether we find

t =17~ 08,()(*) < 0B,(0)(Y) — 0B,0)(*) < o(z,y).
Using this we find from Proposition

1)~ F@) = 1% —1] = |e# — 9] < 2 (e 1 1)

s
< 5(9(z) + g9(y)e(z,y).
Now, the desired estimate follows after taking squares.
(b) Let > 5 and
I

0<e<( —5)/\1.
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By definition of p there exist a sequence (ry) with rp — oo and a sequence
(or) in X with

m(BQTk(Ok)) < Cute)ri

m(Bi(or)) —
for k € N. With fi = fr 0.8 a0d g = gr, 0.8 for € N we have
g = (fr + 2)132%(%) for all £ € N, so we estimate using Cauchy—Schwarz

and Young’s inequality (s 4 t)? < (1 —¢)71s? + 7142,

2
JoulP < (1] + 2y/m(Bary 00)) ) < {2l + Jm (B, o)

On the other hand we have
11 = (B (0r)) (™ — 1)
for all k € N. Hence, for sufficiently large k, say k > k1, we find
1
| fell* > im(Brk(Ok))ew’"’“-
Thus, for all k& > k1,

2
Hgkll2 < 1 8 —28r, (B2, (or))
[fel? —1—¢ ¢ m(By, (or))

Moreover, given ¢ as above, there exists ko > k1 such that for all k > ko,
m(BTk(Ok)) > inf m(BTk(O)) > e(h=e)rk

m(Bl(ok)) oeX m(Bl(o))

Therefore,
m(Ba, (or)) _ m(Bar, (or)) m(B1(ok)) _ (u+2eri
m(By,(or))  m(Bi(og)) m(Br,(ok)) ~
Since 0 < ¢ < B — £, we can combine this with the estimate above to
conclude
x> 1 8 (u—2B+42¢)ry 1
p— % [
kaHQfl—e—i_se 1—¢
as k — oo. Since € was chosen arbitrarily and 0 < fi < g, statement (b)
follows. O

After these preparations we can now provide the proof of the main result
of this section.

PROOF OF THEOREM [[L12l Chose 3 > 5. Let the sequences (o;) and
() be taken from Lemma [7.15] (b) and set fi := fr, o,.8 and gi := gry 0,8
for k € N. By the finiteness of balls we have fi, gx € Ce(X) € D(QP)) for
all k € N. By Lemma combined with Lemma (a) we find

2
QP (i) < ol

for all £ € N. By the variational characterization of Ag(L), Theorem |6.3] we
then get for any k € N the estimate

M(L) = QU(f) < inf QU . e

- B lgull> _ 22
P N I E S VA R el TA e
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where we used Lemma (b) in the last equality. As this hold for any
8> % we arrive at the desired statement. U

We finish this section by discussing a class of examples. A connected
graph (b, c) over (X, m) is said to have subexponential growth with respect
to the intrinsic metric ¢ if we find o € X such that for all € > 0 there exists
C. > 0 with

m(By(0)) < C.e™
for all » > 1. It is not hard to see that this property does not depend on o.
Specifically, if this property holds for o then for any other o’ € X we clearly
have B;(0') € B, (0,0)(0) for any 7 > 0 and this implies

m(Br(O/)) < m(BT-i-g(o,o’)(O)) < Caeag(o,o')ear
for any r > 1. For connected graphs with subexponential growth we clearly

have = 0. Thus, we arrive at the following corollary.

COROLLARY 7.16 (Subexponential growth implies \o(L) = 0). Let (b, ¢)
be a connected graph over (X, m) with subexponential growth with respect

to the intrinsic metric 0 and L = L(P) the Dirichlet Laplacian. Then,
Ao(L) =0.






CHAPTER 8

Agmon—Allegretto—Piepenbrink Theorem

In Chapter We have seen a geometric approach to the infimum Ag(L) of
the spectrum of a graph Laplacian L = LD) Here, we consider a functional
analytic characterization. Specifically, we show that A\o(L) can be charac-
terized by the following property: There exists a strictly positive u € F
with

(L—=XNu>0
if and only if A < Ag(L). This theorem is known as Agmon-Allgretto—
Piepenbrink theorem.
Let X be a countable set and m a measure on X with full support.

8.1. Local Harnack inequality

Given a graph (b, c) over (X, m) and A € R, our aim is to study v € F
with
(L—=Xu>0.
Such a w is known as a supersolution to L — A. Here, we first show that any
such solution satisfies certain bounds, known as local Harnack inequality.

THEOREM 8.1 (Strict positivity and local Harnack inequality). Let (b, ¢)
be a connected graph over (X,m), X\ € R. Then, any positive supersolution
u € F to (L—Nu >0 is strictly positive. Moreover, to any x,z* € X there
exists a decreasing function Cy 4+ : R — [0,00) such that for every A € R
and every u € F with to (L — N)u > 0 the inequality

u(z) < Cpapx(Nu(z™)
holds.

PROOF. Let u be a positive supersolution to A\. Assume that u is non-
trivial (as for trivial w there is nothing to show). By definition of £ the
inequality

(L=XNu>0
reads as
1 c(x)
> b, y)(ul@) — uly)) + u(z) = Au(z) = 0
m(x) = m(x)

for all x € X. This implies

(deg(z) — Am(z))u(z) > Y bz, y)u(y) = 0

yeX

119
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with

deg(z bey + c(z
yeX

Since u is positive, so must be (deg —Am). Furthermore, if (deg —Am)(z) =
0 or u(x) = 0 then the above inequality gives u(y) = 0 for all y ~ z.
By connectedness of the graph we then deduce by induction v = 0 which
contradicts non-triviality of u. Hence, (deg —Am)(z) > 0 and and u(z) > 0
and

2yex b, y)
(deg(z) — Am(z))

u(r) > u(y)

hold for all x € X.

Now, chose an arbitrary path xg,...,z, connecting x and x*. From
what we have shown already we infer
b(zx,y b
(o) > > yex bz, y) uly) > (w0, 21) w(zn)

(deg(l‘) —Am(z)) 7~ (deg(xo) — Am(xo))

R $]7$3+1) wlz
1;[ (deg(zj) — Am(z;)) (@n)-

Letting

deg xj — Am(z;))

JI], xj-‘rl)

)

||::]

we find the desired inequality for any A with A < deg(z)/m(x) for all x €
X. For A > inf,.cx deg(( )) there is no supersolution and we can choose

Cy 2+ (A) := 0. Clearly, the expression for Cy ;+()) is decreasing in . O

REMARK 8.2. As noted in the proof there are no positive non-trivial
supersolutions for A > inf,cx deg(x)/m(x).

REMARK 8.3. If there is a positive supersolution u for some A then for
all M < X we have

(L—=XN)u>(L—-Nu>0.

Hence, if there exists a non-trivial positive supersolution u for A then w is
a supersolution for every X € (—oo, ). In the next proposition we show
that if there are supersolutions for all X' € (—oo, ) then there is also a
supersolution for .

PRrROPOSITION 8.4 (Harnack principle). Let (b,c) be a connected graph
over (X,m). Let X € R, (A,) in R such that A\, — X\ and assume there are
positive non-trivial supersolutions u, to \, with u,(0) =1 for some o € X
and all n € N. Then, there is a subsequences (up, ) of (u,) which converges
pointwise to a positive non-trivial supersolution u for A.



8.2. THE GROUND STATE TRANSFORM 121

PROOF. Set \ := inf,en Ap. Since uy,(0) =1 for all n € N we infer from
the local Harnack inequality

for any € X and all n € N. Thus, for any z € X the sequence (u,(x)), is

contained in [0,C; ,(A)]. As X is countable, (uy) has a subsequence (uy, )
that converges pointwise to some u. Furthermore, we have by Fatou’s lemma

applied to (3_, ¢ x b(z, y)un, (¥))k
0 < lim (£ — A, )un, (x) < (L — Nu(x)

k—o00

for all x € X. Thus, u is a supersolution to A. Since the u,, are positive
and uy, (0) =1 for all k € N, we have that u is positive and u(o) =1. O

8.2. The Ground State Transform

On the intuitive level the ground state transform is a tool to convert
a graph (b,c) into a new graph (b,,0) (with b,(z,y) = b(x,y)u(x)u(y))
provided w is a strictly positive (super)solution to (£ — A)u = 0 for some
A € R. Precise versions (which give even more general statements) can be
given both on the level of operators and on the level of forms. This is useful
in order to obtain lower bounds.

We start with some notation. Let u € C'(X) with u > 0 be given. Then,
we denote T,: C(X) — C(X) by

Tof = uf.
Also, for b: X x X — [0, 00) we define
by: X x X — [0,00), by(z,y) :=b(z,y)u(z)u(y).

We next present the ground state transform on the level of operators.

LEMMA 8.5 (Ground state transform — operator version). Let (b, c) be a
graph over (X,m). Let u € C(X) be strictly positive and w € C(X) such
that (L —w)u = 0. Then,

Ly = ’7::1£Tu

acts on f € C(X) such that uf € F as

Luf(x)zm S bl y)uly)u() (@) — F@) |+ w@)f@)

yeX
Jor all x € X. In particular, if w is positive then Loy = Ly, 205 y2m -
ProoF. This follows by direct computation. First we note that (£ —
w)u = 0 implies
1
w(zhu(@) = —— (3 bl y) (@) — uy) + c@)u(z)
m(z)
yeX
for all z € X and that

u(@) f(z) —u(y)f(y) = uy)(f(2) = F(y)) + (u(z) —u(y))f(z)



122 8. AGMON-ALLEGRETTO-PIEPENBRINK THEOREM

holds for all f € C(X) and x,y € X. Given this we compute for f € C(X)
and x € X

Tuluf(x) = LTuf(x)

yeX

(Z b(x, y)( () —u(y)f(y) + C(w)U(w)f(fv)>

(Z b(z,y) (f(z) = f(y)) + (u(z) = u(y) f(z)) + C(w)U(l‘)f(w))

yeX

=[S b @) (@) - £) | + u@e@) f@).
u(x)m(x) =

Dividing by u then gives the desired statement. O

As a consequence we see how the operator £ — w, which can be seen as
associated to the graph (b, ¢) perturbed by —w, is converted into the graph
(by, 0) over (X, u?m):

COROLLARY 8.6. Let (b,c) be a graph over (X,m). Let u € C(X) be
strictly positive and w € C(X) with w > 0 such that (L — w)u = 0. Then,

1
a(ﬁ - w)(u@) = Ebu,uZmSO
for all p € Co(X).
We define the quadratic form Q, := Qp, 0. Hence, Q, acts on C(X) by

:% 37 bla y)ul@)uly)(f(@) — fy)*.

T,yeX
Now, we can state the ground state transform on the level of forms.
THEOREM 8.7 (Ground state transform — form version). Let (b,c) be a

graph over (X,m). Let u € C(X) be strictly positive and w € C(X) such
that (L —w)u = 0. Then, for ¢ € C.(X) we have both

Q(up) = Qu(p) + Y p(x)*w(z)ulx)*m(z),
rzeX
and

Qu(p/u) = Qp) = Y p(x)w(x)m(z).
zeX

PRrROOF. We calculate using Green’s formula and the lemma on the
ground state transform for operators

Qup) = Y (LTup)(@)(Turp) (x)m(x)

zeX

= 3 (T LTuo)@)p(@pu(a)m(z)

rzeX

= Qulp Z u(z)?m(z).

zeX



8.3. AGMON-ALLEGRETTO-PIEPENBRINK THEOREM 123

This shows the first part of the statement. The second part of the statement
follows by replacing ¢ by ¢/u. O

A main application of the ground state transform concerns the case
where there is u > 0 with (£ — A)u > 0. Such a u is sometimes known as
ground state and this gives the name ground state transform. It is such u
that provide a connection between the present section and Section 8.1 We
will use this connection to derive a characterization of the infimum of the
spectrum in Section [8:3] Here, we note the following corollary.

COROLLARY 8.8. Let (b,c) be a graph over (X,m). Let u € C(X) be
strictly positive and X\ € R with (L — N)u > 0. Then,

Q) = Allell? = Qulp/u) > 0
for all ¢ € Co(X).
PROOF. Define

w: X — R, wx):=

Then,
(L—wu=0
by definition of w. Hence, the preceding theorem gives
Qp) — Y w(@)p(x)*m(z) = Qu(p/u) >0
reX

for all ¢ € C.(X).

Moreover, by assumption on u we have

1 1
A= — — = — >
w(@) = A= oS (u(@) —dul@) = s (Lu)(r) ~ () 2 0

for all x € X. This implies

Qp) = Alell* = Qlp) = Y wz)p(a)*m(z) + Y (w(z) — A)g(z)*m(x)

zeX zeX
> Q(p) — Y w(z)p(x)’m().
reX
Combining these inequalities we arrive at the desired statement. U

REMARK 8.9. If the graph is connected any u > 0 with (£ — A)u =0
must satisfy u > 0 by the the Harnack inequality provided in Section [8.1

8.3. Agmon—Allegretto—Piepenbrink Theorem

In this section we combine the results of Sections [B.1] and 8.2 in order to
characterize the infimum of the spectrum.

THEOREM 8.10 (Agmon—Allegretto—Piepenbrink theorem). Let (b, c) be
a connected graph over (X, m), L = LD) the Dirichlet Laplacian. For A € R
the following are equivalent:
(i) A < Ao(L).
(ii) There exists a positive non-trivial u € F with (L — X\)u > 0.
(i) There exists a strictly positive u € F with (L — X)u > 0.
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PROOF. (ii)<=>(iii): This follows by the local Harnack inequality.
(i)==(ii): Consider first A < A\o(L). Then, for any o € X the function
uy := (L — X\)7!1, is non-trivial and positive with

(L—=Nuy=(L-N(L-N"t1,=1,>0.

This gives (ii) in this case. Note that w) is strictly positive by the local
Harnack inequality.

To deal with the case A\ = A\g(L) let (A,) converge to Ag from below.
Consider

u An

uy, (0)’
(Here we use that the uy, are strictly positive so that the denominator does
not vanish.) Then, the g, are positive non-trivial supersolutions by what we
have just shown. Moreover, they satisfy g,(0) = 1 by assumption. Hence,
by the Harnack principle, there exists a subsequence of (g,,) which converges
to some positive non-trivial supersolution g for Ao(L).

(ili)==(1): Let u € F be a strictly positive solution for A\. By Corol-
lary we have for all ¢ € C.(X)

Q) — Allel? > Qulep/u) > 0.

n € N.

gn ‘=

Hence, we find

Qp) = Al
for all ¢ € C.(X). Since A\o(L) = inf ), =1 Q(¢) we conclude A\o(L) > A. O

The theorem begs the question to which extend one can find non-trivial

solutions u of
(L=XNu=0

for A < X\o(L). For finite graphs the situation is clear. For A = A\o(L) there
exists a non-trivial solution (as Ag(L) is an eigenvalue) and to A < Ag(L)
there does not exist a solution (as there are no eigenvalues below the infimum
of the spectrum). For infinite graphs the situation is more complicated.
Still, for locally finite graphs we obtain a rather direct corollary of our
considerations. The corollary is based on the following stability feature for
pointwise convergent solutions on locally finite graphs.

LEMMA 8.11. Let (b,c) be a locally finite graph over (X, m). Let (uy)
in F and (f,) in C(X), u, f € C(X) with u, — u pointwise and f, — f
pointwise and Lu, = fy for allm € N. Then, u € F and Lu = f.

Proor. By Fatou’s lemma we have u € F. For n € N and z € X we
have

Luy(z) = !

(@) =

m(x)

By local finiteness we can take the limit as n — oo and directly obtain the
statement. (]

m

COROLLARY 8.12. Let (b,c) be an infinite connected locally finite graph
over (X,m) and L = LP) the Dirichlet Laplacian. Then, for any X\ < \o(L)
there exists a non-trivial solution u of (L — N)u = 0.
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PROOF. Fix o € X. Choose a sequence (0,) in X that leaves any finite
set (i.e. that satisfies for each finite set F' C X that o, does not belong to
F for all large enough n).

We first deal with the case A < A\g(L). Consider (L — \)~'1,, . This is a
non-trivial solution to (£ —A)u > 0. Hence, by the local Harnack inequality,
it is strictly positive. We can therefore define

— 1 ~1
Uy = L= N1, (0) (L—X)""1,,, neN.

Then, each u,, satisfies

1
(L =X)L, (0)
as well as u, > 0 and u,(0) = 1. Hence, by the Harnack principle, there

exists a pointwise convergent subsequence. Without loss of generality, we
assume that (uy) itself converges pointwise. Call the limit w. Then, u

(L—Nu, =

1,, >0

n -

satisfies w > 0 as well as u(o) = 1. Moreover, clearly, (1,,) converges
pointwise to 0 (as (o) leaves every finite set). Now, note that u, solves
1
Lu, = g, +

1
(L =X)L, (0) ™
for all n € N. Thus, Lemma [8.11] gives
Lu = lu.

As wu is positive and non-trivial, we infer v > 0 by the local Harnack in-
equality.

We now turn to the case A = A\o(L). Let (\,) be a sequence converging
from below to \g(L). By what we have shown already, for all n € N there
exists a u, > 0 with (£ — \,)u, = 0. Without loss of generality, we can
assume up(0) = 1 for all n € N. Moreover, invoking the Harnack princi-
ple we can assume without loss of generality that (u,) converges pointwise
to a limit. Call the limit w. Then, u is positive with u(o) = 1 and, by

Lemma (L—=XNu=0. O






CHAPTER 9

Recurrence and Transience

Recurrence and its counterpart transience refer to a property of the
graph that can be phrased in many different ways. The term itself comes
from a stochastic interpretation. In this interpretation the graph gives rise
to a Markov process modeling a particle jumping between the vertices of the
graph according to certain rules. Recurrence then describes the phenomenon
that the particle returns again and again to any given vertex. Transience in
turn describes the phenomenon that the particle leaves any vertex for good
at one point of time. In the present lecture notes we are not concerned with
stochastic processes but rather with an analytic description.

Let X be a countable set and m a measure on X with full support.

9.1. The Green Function

Let (b,c) be a graph over (X,m), Q = Qéjz)m the quadratic form and

L = LP) the Dirichlet Laplacian. The Green function of the graph is defined
by G: X x X — [0, 00] with

G(z,y) = /000 e 1, (x)dt.

The Green function can be thought of as modelling the (possibly non-
existent) inverse L~! of the Laplacian L associated to the graph. Indeed,
this point of view is made precise (in two ways) in the first part of the
subsequent theorem.

Recall from Section that for any finite K C X the restriction of @
to C(K) gives rise to an operator L([?), which is associated to the graph
(bi,ck) over (K, mg) with bg(z,y) := b(z,y) for x,y € K and cg(x) :=
o(z) + > ex b(z,y) for x € K.

THEOREM 9.1 (Basic features of the Green function). Let (b,c) be a
connected graph over (X, m). Then, the following holds.

(a) (Approximation property) For all x,y € X

_ 5 -1
Gle.y) = lim (D+a)"' ().
(b) (Approzimation property for infinite X ) If X is infinite, the oper-

ator Lg?) 1s invertible for any finite K C X, and for all sequences

(K,) of finite subsets of X with K,, C K,y1 for alln € N and
Unen Kn = X we have
) D)y —
Gla,y) = lim (L)) 1, (x)

forall xz,y € X.

127
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(¢) (Symmetry) For all z,y € X,
G(z,y)m(z) = Gy, z)m(y).

(d) (Dichotomy) The inequality G(x,y) > 0 holds for all x,y € X and
if G(z,y) = 0o (respectively G(z,y) < 0o) for some x,y € X, then
G(x,y) = oo (respectively G(z,y) < o) for all z,y € X.

PROOF. (a) By positivity preservation, we see that

(L+a) y(z) = /000 e teth 1, (z)dt

is monotonically increasing as « is decreasing. Taking the limit o — 0+, we
obtain the equality.

(b) If X is infinite and K C X is finite the operator Lg) belongs to
the graph (b, cx) with cx(z) = c(z) + 32, cx b(z,y) for all z € K. As

(b, c) is connected, cx does not vanish. Hence, Lg) is invertible. Further-

more, for z,y € X, ((L%i )~!1,(z)) is monotonically increasing by domain
monotonicity and therefore we can interchange the limits
. —1 . . D -1 . D)\—1
ilgb([/ + o) 1y(z) = lim lim (L%n) +a) 1y (z) = nl;n;o(Lg(n)) Ly(x).

a—0n—o0

(c) The symmetry follows directly from the equality
e P la(y)m(y) = (e lo, 1y) = (L, e7P1y) = e 1y (x)m(2)

for all z,y € X and ¢t > 0.

(d) The strict positivity G > 0 follows directly from the definition of G
and the fact that the semigroup operators e ** are positivity improving for
t > 0 by Theorem as we assume connectedness.

To show that G(z,y) = oo for all z,y € X if G(x,y) = oo for some
z,y € X let eg :=15/y/m(x) for x € X. Let x,y,x0 € X. We calculate for
t > 1 that

et (x) = e Le DI (2) = !

W<67L€7(t71)L1y7 1z>
1
— 7(2571)[/1 7L1
€ ,€2)(€ zy €z

(e’tL)>positive 1
- m(z)
m(wo) _
:We (t 1)Lly(a:o)e le(flio).

<6_(t_1)L1yv €zo) <6_L1xa €xo)

Since the semigroup is positivity improving on a connected graph by
Theorem [6.1}, we infer that C' := Cy 4, := e~ L1,(20)m(x0)/m(z) > 0. Then,

G(z,y) = / eftLly(a:)dt > / eftLly(x)dt > C’/ eftLly(xo)dt
0 1 0
= CG(xo,y).
As this holds for all zg,z,y € X the we find, by symmetry in (c), that
G(z0,y) > C'G(x0,10),
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where C' = C’y7yo%, for any yg € X. As x,y,x0,y0 € X were chosen
arbitrarily, the statement follows. U

We have already noted that the Green function models the inverse of L.
Here is another precise version of this.

THEOREM 9.2 (Characterization of G(-,0)). Let (b,c) be a connected
graph over (X,m) and o € X. If G(z,y) < oo for some x,y € X, then
G(-,0) is superharmonic and satisfies

LG(-,0) = 1,.
Furthermore, G(-,0) is the smallest u € F with u > 0 such that Lu > 1,.

PRrOOF. Consider first the case that X is finite. Then, G(z,y) < oo
yields that 0 is not an eigenvalue of L = £ (note that X is finite). Indeed,
note that the Dichotomy in Theoem [9.1|yields G(z,y) < oo for all z,y € X.
If 0 is an eigenvalue then 1 is a (strictly positive) eigenfuntion (see Example

6.5)), and we observe
00 > Z G(z,2) = / e t1(z)dt = / 1dt = oo,
0 0

zeX

a contradiction. Hence, inf o(L) > 0 and L is invertible. Spectral calculus
then gives G(-,0) = L™11, and the desired statement follows.

Consider now the case that X is infinite. We first show that LG(-,0) =1,
holds. This implies in particular that G(-,0) is superharmonic.

Let (K,,) be an arbitrary sequence of increasing finite subsets of X such
that (J,,cy Kn = X and o € K, for all n € N. Set

gn = (L), meN.

By domain monotonicity we see that (g,) is monotonically increasing in n
and, by the previous theorem, it converges to G(-,0). By monotone conver-
gence we get

1o = Lgn — LG(+,0), n — oo.

This is the desired equality.

We now show that G(-, 0) is the smallest function u € F such that u > 0
and Lu > 1,. So, let u € F satisfy u > 0 and Lu > 1,. Then, for n € N,
Up = U — gn IS superharmonic on K, satisfies v, > 0 outside of K,, and
vp, A 0 assumes its minimum on the finite set K,,. Hence, by the minimum
principle, Theorem [2.10} we infer v, > 0 and, therefore, u > g,. Since (gy)
converges to G(,0), it follows that u > G(-,0). O

9.2. Null Sequences and Dy(X)

In this section we use the space Dy(X) defined earlier. Let (b,c) be
a connected graph over X. Note that in this section we do not need the
measure m. For o € X, let the semi-scalar product (-,-), be given by

(f,9)0 = Q(f,g) + f(0)g(0)
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for f,g € D and let || - ||, be the corresponding semi-norm. Then, (-,-), is a
scalar-product and || - ||, is @ norm on D whenever the graph is connected.
Moreover, recall that

Do = Do(X) = Co(X) .

In Lemma [2.5| it was shown that for any € X the norms || - ||, and || - [|»
are equivalent and (D, | - ||,) is a Hilbert space. Also, it was shown there
that a sequence (f,) in D converges to f w.r.t. || - ||o, if and only if f, — f
pointwise and

limsup Q(f,) < Q(f).

n—o0

We now turn to the question whether the constant function 1 can be
approximated by functions in C.(X) with respect to || - ||, for one (all)
o € X. In this context we provide the following definition.

DEFINITION 9.3 (Null sequence). Let (b,¢) be a connected graph over
X. A sequence (ey,) in Co(X) with 0 <e, <1 for all n € N is called a null
sequence if e, — 1 pointwise and Q(e,) — 0 as n — oo.

COROLLARY 9.4 (Characterization of null sequences). Let (b,c) be a
connected graph over X.

(a) If (b,c) admits a null sequence then ¢ =0 holds.
(b) Assume ¢ = 0. Then, a sequence (e,) in C(X) is a null sequence
if and only if (1 — ey,) converges to 0 with respect to || - ||, for one

(all) 0 € X.
(¢) The graph (b,0) admits a null sequence if and only if 1 € Dy.

PROOF. (a) Let (ey) be a null sequence. Then, e,(z) — 1 for all x € X.
By
Z c(z)en(z)? < Qen) — 0
rzeX

the claim on c is immediate.
(b) Given that ¢ = 0 holds, we directly see

Qen) = A(1 — e,).

From this (b) follows.
(c) This is just a reformulation of (b). O

By definition, null sequences give a way to approximate the constant
function 1 € D by functions with finite support. In fact, they offer the
possibility to approximate any function in D by functions with finite support.
Details are given in the subsequent lemma.

LEMMA 9.5. Let (b,c) be a connected graph over X and o € X. If (ey)
is a null sequence, then for any f € D we have e, f — f with respect to |- ||o
as n — oo.

ProoOF. We first deal with bounded functions f in D. So, let f €
D NL>*(X) be given. Now, e, f € C.(X) for all n € N. Moreover, simple
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algebraic manipulations give
(f(@)(1 —en)(@) = fly)(1 — en)(y))”
(f(@)(1 = en)(@) = F)(1 = en) (@) + F) (1 = en)(@) = Fy) (1 = en)(y))?
(1= en)(@)(f(2) = f() + F ) (enl@) — en(y))?
< 2(1 = en(2))*(f(2) = f()” +2f () (en(@) — en(y))?
for all z,y € X. This yields
Q(f - enf) = (f(l - en))

zyeX

< Z(l —en(2))? Y bw,y f(y))?

zeX yeX

+> FW)?* D b, y)(en n())?
yeX rzeX

<D (L—en(®@)* Y bz, y)(f(z) = f(1)” + 2] 1% Qen)

zeX yeX
— 0.

Here, we used in the last step that (e,,) is a null sequence to treat the second
term and the Lebesgue’s dominated convergence theorem to treat the first
term. Note that Lebesgue’s theorem is applicable since f belongs to D.
Altogether, we have shown that (e, f) converges to f with respect to || - ||,
for bounded f in D.

Now, consider an arbitrary function f € D. Then for any k£ € N, the
function fi := (—k)V f Ak is bounded and belongs to D (as they arise from
f by taking a normal contraction). Hence, it suffices to show fr — f w.r.t.
|- |lo as k — oo. Clearly fi — f pointwise as k — co. Moreover, as Q is
compatible with normal contractions we find

limsup Q(fx) < Q(f).

k—o00

Together with the characterization of convergence with respect to || - ||o
discussed at the beginning of the section, we infer the desired statement. [J

We get the following immediate consequence.

THEOREM 9.6. Let b be a connected graph over X. The following state-
ments are equivalent:
(i) Dy =D.
(ii) 1 € Dy.
(iii) There exists a null sequence.
(iv) For any w > 0 such that

Ap) = Y w@)p(x)®, ¢ Ce(X)
rzeX

we have w = 0.
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PRrROOF. The equivalence between (ii) and (iii) is shown in Lemma
(iv) = (ii): For z € X, let

= inf .
@)= B O

Then,

Q(p) > cap(x)p(z)*
for any ¢ € C.(X). In particular, (iv) implies

cap(xz) =0

for all x € X. Thus, for z € X, there exists (@) in Co(X) with 0 < ¢, <1
and ¢, (x) =1 for all n € N such that Q(p,) — 0. Hence, (¢,) is a Cauchy
sequence with respect to || - ||,. By completeness, we infer that there exists
f € D such that (¢,) converges to f with respect to || - ||z. Then, f =1
must hold as otherwise Q(f) > 0 must hold (by connectedness of the graph)
and, by Fatou’s lemma, we had the contradiction

0 < Q(f) < liminf Q(pn) = 0.

This shows the desired implication (iv) = (ii).

(iii) == (iv): This is clear.

(ii) = (i): We have already discussed that 1 € Dy is equivalent to
existence of a null sequence. Hence, (i) follows from (ii) by Lemma

(i) = (ii): From D =Dy and 1 € D we infer 1 € Dy. O

9.3. Characterization of Recurrence and Transience

In Section [9.2] we have been concerned with Dy and it being equal to D.
Here, we consider and characterize the non-equality.

We call a connected graph b over X transient if D # Dy, and recurrent
otherwise.

THEOREM 9.7 (Characterization of transience). Let b be a connected
graph over X. The following statements are equivalent:
(i) Do # D, i.e. b is transient.
(ii) There exists a non-trivial w > 0 such that

Ap) > D w(a)p()?, ¢ € Ce(X).
zeX
(iii) There exists a positive non-constant superharmonic function.
(iv) The set X is infinite and there exist infinitely many linearly inde-
pendent positive superharmonic functions.
(v) G(z,y) < oo for some (all) x,y € X.

PROOF. The equivalence (i) <= (ii) is already given in Theorem

(ii) = (v): By the dichotomy given in Theorem [9.1] it suffices to find
one z € X with G(z,z) < co. Let x € X with w(x) > 0 be given. Now,
note that (i) implies that X is infinite (as otherwise ¢ = 1 would give a
contradiction to (ii)). Let (K,) be an increasing sequence of finite subsets
of X with Upey Kn = X, and let g, := (L52)7'1, for n € N. Then,
gn — G(-,x) pointwise by Theorem Moreover, a direct computation
invoking the Green formula and (ii) gives
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gn(@)m(z) = (L, gn) = (Lgn, gn) = Qgn) = Y w(y)gn(y)® > w(z)gn(z),
yeX
Hence,

gn(x) < m n €N,

w(z)’
which implies G(x,z) < oo after taking the limit n — oo.

(v) = (iv): First we note that X must be infinite if G(x,y) < oo
holds. (Otherwise, by ¢ = 0 we had that 1 were an eigenfunction to the
eigenvalue 0 of L and this would imply G(z,y) = oo by the very definition
of G. Compare reasoning within the proof of Theorem [9.2}) As discussed
in Theorem the functions G(-,z) are positive and superharmonic with
LG(-,x) =1, for all z € X. By ¢ = 0 they can not be constant. We show
that they are linearly independent. Assume

Z )‘$G(a x) =
zeX
for some A\, € R with A, = 0 for all but finitely many « € X. Then,

> Nele =D ALG(1) = LD AG(x)) = L0 =0.

xeC zeX zeX
This gives A, = 0 for all z € X.
(iv) = (iii): This is clear.
(iii) = (ii): Let u be a non-constant postive superharmonic function.

By the Harnack inequality we have u > 0. Then v = u!/? satisfies
Z bz, y) ()2 — u(y)/?)
> bla,y) 1u<>+1<>— () u(y)"? +
1/2 y)( Suy) + 5ulr) —ulz)” uly
yeX
_ 1 D)2 g (y)1/2)2
= o ()@ Lu(z) + Sm(a)u(z) 2 Z b(x,y)( u(y)’*)
zeX
> 0.
Hence, by the ground state transform, Theorem we get with
1
w(x) := ——Lv(x)m(z), x€X,

v(z)

that

0(p) = Qule/v) + 3 A Loayma) > 3 w(e)p(a)

U(Q:) zeX

This finishes the proof. O

22 — u(y)/?)

Su)






CHAPTER 10

Stochastic Completeness

Graphs and their Laplacians can be used to model diffusion of heat
on discrete sets. The corresponding equation is known as heat equation.
The basic ingredient is the distribution of heat at a given point of time.
This is modeled by a function (with values in [0,00)) on the set and the
heat equation captures how this function develops in time. A particularly
relevant aspect is whether the total amount of heat on the set is conserved
over time. This is known as stochastic completeness or conservativeness or
honesty. Details are discussed in this chapter. To put things in perspective
we already provide an outline of the material here.

Let X be a countable set and m a measure on X with full support. Let
(b,c) be a graph over (X, m) and £ the associated formal Laplacian. Then
the equation

—Lv = 0w
is known as heat equation (induced from £)). A function
u: [0,00) x X — R

is said to be a solution of the heat equation with initial condition f € C(X)
if the following holds:

e For each z € X the function [0,00) — R, ¢ — u;(x) is continuous

and differentiable on (0, 0c0) with ug = f.
e For each ¢t > 0 the map X — R,z — w;(x) belongs to F.
e The equality —Luy(z) = Opus(x) holds for all t > 0 and all z € X.
By Theorem [£.9] the action of the self-adjoint operator L associated to
(b,c) is given by Lf = Lf for f € D(L). Hence, by Theorem for any
f € £2(X,m) the function
[0,00) 3t — uy == e X f € (2(X,m)

is a solution to the heat equation with initial condition f (as had indeed been
already discussed above). Now, the operators S(t) := e~'X' t > 0, satisfy the
Markov property and this can be used to extend them to operators S® (t)
on P(X,m) for any 1 < p < co. Details are discussed in Section This
can be used to show that the heat equation can be solved for bounded initial

condition f, i.e. for f € £>°(X,m). Specifically, as discussed in Sectionm
for any f € ¢°°(X, m) the function

w: [0,00) x X — R, uy(x) := S () f(a),
is a solution to the heat equation with initial condition f. Moreover,

Y 9@ (S @) ) @)m() = Y (SD(t)g) () f(x)m(x)

zeX rzeX
135



136 10. STOCHASTIC COMPLETENESS

holds for all g € (X, m), f € £°(X,m) and t > 0. Now, the question
arises whether for any g € £1(X, m) with g > 0 the total amount of heat at
time t given by
Alt) =Y (SW()g)(@)m()
zeX

remains constant (in t). This is what is known as stochastic completeness
and the second part of this chapter, starting in Section [10.3] is devoted to
various equivalent characterizations.

10.1. The Semigroup and Resolvent on ?

Here, we discuss how the operators e~ *¥, t > 0, on £2(X,m) associated
to the graph (b,c¢) with induced Laplacian L = LP) can be extended to
operators on each /P(X,m), 1 < p < oo. The crucial point here is that these
operators satisfy the Markov property.

We start with the definition of a strongly continuous contraction Markov

semigroup. For p € [1,00], we denote the bounded linear operators on
(X, m) by

B(P(X,m)) :={L: (X, m) — P(X,m) | L is linear and bounded}.
Note that we have £>°(X,m) = >°(X).

DEFINITION 10.1 (Semigroup). Let p € [1,00]. A map S: [0,00) —
B(fP(X,m)) is called a semigroup on (X, m) if

S0)=1I, and S(s+t)=5(s)S(t)
for all s,t > 0. A semigroup S is called strongly continuous if
lim S(t)f =
Jim S f = f
for all f € /P(X,m). A semigroup S is called a contraction semigroup if
1S@lp <1
for all ¢t > 0. Finally, a semigroup is called a Markov semigroup if
0<St)f<1
forallt >0 and f € P(X,m) with 0 < f < 1.

ExampLE 10.2. If A € B(fP(X,m)), then (e7*4);>0 defined by the ab-
solutely convergent series
i "
—tA n
n=0

for ¢ > 0 gives a strongly continuous semigroup which yields a solution of
the parabolic equation involving A (Exercise). Furthermore, given an initial
condition, this solution is unique (Exercise).

Any strongly continuous semigroup S defines an operator called the
generator of the semigroup.
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DEFINITION 10.3 (Generator of a semigroup). Let p € [1,00]. If S is a
strongly continuous semigroup on ¢?(X,m), then the operator A with

D(A) = {f € (X, m) | mn%U_s@ﬁymmSmﬁwxmn

t—0t

and

Aﬁ:hm%ﬁ—swﬂ

t—0t

for f € D(A) is called the generator of S.

It follows from general considerations (which we omit here as we do not
need them) that for a strongly continuous semigroup S on (X, m) with
generator A the domain D(A) of A is dense in P(X,m) and that A is a
closed operator. If S is additionally a contraction semigroup, then it can be
shown that A + « is a bijection for o > 0 with inverse given by

(A4a)™ ! = /OOO et S(t)dt.

We now introduce resolvents and point out their connections to semi-
groups.

DEFINITION 10.4 (Resolvents). Let p € [1,00]. A map G: (0,00) —
B(fP(X,m)) is called a resolvent on (P(X,m) if G satisfies the resolvent
identity

G(a) = G(B) = —(a = B)G(a)G(P)
for all o, B8 > 0. A resolvent G is called strongly continuous if
lim aG(a)f = f
a—r00
for all f € /P(X,m). A resolvent G is called a contraction resolvent if
laG(a)ll, <1
for all & > 0. Finally, a resolvent G is called a Markov resolvent if
0<aG(a)f <1
forall @ > 0 and f € /P(X,m) with 0 < f < 1.

Of course, our main concern are semigroups and resolvents arising from
the self-adjoint operator L = L") associated to a graph (b, c) over (X,m)
and these have the Markov property.

The Markov property of a semigroup and a resolvent will allow us to
extend S = (e7*F);>¢ to all /P(X,m) spaces for p € [1,00]. A crucial ingre-
dient in this extension process is the fact that a Markov matrix defines a
bounded operator on ¢P(X,m) for p € [1, 00].

DEFINITION 10.5 (Markov matrix). A function a: X x X — R is called
a Markov matriz if a satisfies the following properties:

e a(z,y) = a(y,z)

e a(z,y) >0

* > exalz,z)m(z) <1
for all z,y € X.
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With this notion we now show that a Markov matrix can be used to
define a bounded operator on ¢P(X,m) for all p € [1, o0].

LEMMA 10.6 (General bound for a Markov matrix). Let a be a Markov
matriz. Then, for all f € C(X),

sup la(x,y) f(y)Im(y) < sup |f(z)],
y;( rzeX
and for p € [1,00),
P
S lala,y) f ) Im(y) < | f(@)Pm(z
zeX \yeX zeX

Here, the value oo is allowed to occur.
In particular, for p € [1,00| the matriz a induces a bounded operator
A®) with norm not exceeding 1 on each P(X,m) by

AP f(2) =Y " ala,y) fy)m(y).

yeX

ProoOF. The “in particular” statement is a direct consequence of the
inequalities. Thus, it suffices to show these inequalities. The case p = oo is
clear and the case p = 1 follows easily from Fubini’s theorem.

Consider now p € (1,00). Let ¢ € (1,00) satisfy 1/p+ 1/q¢ = 1. Then,
we can estimate

YD aly)lf@)my) | mx)
zeX \yeX
=S S lae yym@) [ ate,y)m) V)] | m()
zeX \yeX
p/q
<> D alzy)m(y) > alz,y)lfy)Pm(y) | m(x)
zeX \yeX yeX
<> al@ )l f ) Pmly)m(z)
zeX yeX
= 1fW)Pmy) > a(z, y)m()
yeX zeX
< |f @) Pmly
yeX

where we used Holder’s inequality in the third line, > v a(z,y)m(y)
< 1in the fourth line, Fubini’s theorem in the fifth line, and a(z, y) = a(y, x)
and >y a(y,z)m(z) <1 in the last line. The case of p = 1 follows in a
similar manner by using Fubini’s theorem. This finishes the proof. (]

We need a further piece of notation. Whenever p,q € [1,00] satisfy
1/p+1/q =1 (where the cases p =1, ¢ = 0o and p = oo, ¢ = 1 are allowed)
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we can appeal to the Holder inequality to infer that
(f,9) =) fla)g(x)m(z)
zeX
exists as an absolutely convergent sum for f € ¢P(X,m) and g € ¢9(X,m).
Then, (-,-) is called the dual pairing between (P(X,m) and ¢¢(X,m). Of
course, for p = g = 2 and f, g € £2(X,m), we just have
(f,9) =D f@)gl@)m(x) = (f,g).
zeX
THEOREM 10.7 (Extension theorem — semigroups). Let (b,c) be a graph
over (X,m) and L := LP) the induced self-adjoint operator. Let S :=
(e7t)y>0 be the associated semigroup. Then, there exists a unique family
of contraction Markov semigroups S® on (P(X,m) for p € [1, 00| satisfying
the following properties:
e S@ =3¢ ( “Extension”)
e Forallt >0 and all p,q € [1,00] with 1/p+1/g=1

(8P (), 9) = (£,5D(1)g)
for f € P(X,m) and g € L1(X,m). ( “Symmetry”)
e Forallt>0 and all p,q € [1, 0]
SP(t)f = SW(t)f
for all f € P(X,m)NLI(X,m). ( “Consistency”)
For p € [1,00), the semigroup S®) s strongly continuous. For p = co, the
semigroup S(20) s pointwise continuous, i.e. the map

t e S (1) f ()
is continuous for all f € £>°(X,m) and x € X.

REMARK 10.8. The pointwise continuity of S(>) can be seen to be equiv-
alent to weak® continuity in the discrete setting (Exercise).

PrROOF. We first deal with the uniqueness statement. By consistency
and the extension property, the semigroups are defined on C.(X). As C.(X)
is dense in £P(X,m) for p € [1,00) and all S are bounded, this shows that
the semigroups are uniquely determined on ¢P(X, m) for p € [1,00). For
p = 00, we note that the semigroup on ¢>°(X,m) is uniquely determined by
the semigroup on ¢!(X,m) by the symmetry condition.

We now turn to proving existence. By Corollary S = (e*tL)tZO is
a Markov semigroup of self-adjoint operators on £2(X,m). Now, for every
t > 0, there exists a p;: X x X — R with

St f(x) =Y pilx,y)f(y)m(y)
yeX

for all f € £2(X,m). This p is called the heat kernel of the semigroup of S.
We will now show that p; is a Markov matrix for every ¢ > 0.

First, note that by direct calculation S(t)1,(z) = pt(z,y)m(y). As S(t)
is self-adjoint, we get

pe(, y)m(y)m(z) = (S(H)1y; 1a) = (1y, S(H)12) = pe(y, 2)m(x)m(y)
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so that pi(z,y) = pi(y,z) for all z,y € X and t > 0.
Since S(t) is Markov, it follows that

0 < S5(t)1y(x) = pelz, y)m(y).

Therefore, pi(x,y) > 0 for all x,y € X and t > 0.

Finally, for n € N let K,, C X be finite such that K,, C K,4; and
X = Upen Kn- It follows by the Markov property that 0 < S(t)1g, <1
and thus

0< ) pila,y)lk, (Wm(y) = Y pilz, y)m(y) <1
yeX yEKn

foralln € N, z € X and t > 0. By the monotone convergence theorem

> pilwy)mly) <1

yeX

for every x € X and t > 0.
Hence, for every t > 0, p; is a Markov matrix and Lemma [T10.6] gives for
any p € [1,00] that the operator S®)(t): P(X, m) — P(X,m) given by

SO ()= pila,y)f(y)m(y)

yeX

is bounded with norm not exceeding 1. We now show that these operators
have the desired properties.

Markov property. As p; is a Markov matrix for every ¢t > 0, each operator
S®)(t) satisfies

0<SP)f<1

whenever 0 < f <1 for f € (X, m).

Consistency. By definition, we have

S0 f(x) = pelw,y) fy)m(y) = SO (t) f (x)
yeX
for all ¢ > 0 whenever f € (X, m)N{L(X,m).

S() = §. This is clear from the definition of S®).
Semigroup property for S®). By the consistency of the family the space

C= (] #(X,m)

pE[1,00]

is invariant under any S®(t) for ¢ > 0 and p € [1,00]. Moreover, the
action of S(®) on C agrees with the action of S. As S satisfies S(0) = I and
S(s)S(t) = S(s +t) for all s,t > 0, the same will hold for S® on C. As
C contains C.(X), the space C is dense in P(X,m) for p € [1,00). Then,
the semigroup property follows on £7(X,m) for p € [1,00) as each S®)(t) is
a bounded operator. To deal with the case p = oo, it suffices to consider
f > 0. Any such function can be written as a monotone limit of functions
in C.(X). By the Markov property, the operators S(>)(t) on £*°(X,m) are
compatible with monotone limits and the desired statement follows.
Symmetry. The symmetry property is clear for f,g € C.(X). It then
follows in the generality stated by approximating f € (X, m) and g €
01(X, m), where 1/p+ 1/q = 1, by sequences (fy,) and (g,,) in C.(X).
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Strong continuity for p € [1,00). From the strong continuity of S on
¢%(X,m) we infer pointwise continuity of p; for t — 0T in the sense that we
have

1 —tL

pelx,y) = ) ly(z) = Ly (2)

m(y)
ast — 0T for every z,y € X.

We now treat the general case and let f € (X, m) for p € [1,00). In
order to simplify the notation we set

u(w) = SV () f(x) = Y el y) fy)mly)-
yeX

Let € > 0. Since C¢(X) is dense in #P(X, m) for p € [1,00) we can choose
as finite subset KX C X with

[(1=1r)fIIb <e
so that
1T FID = AN = 1L = 1) £IB > N FID — e

For t sufficiently close to 0, we then infer from the pointwise continuity and
the finiteness of K that

M (ue = f)llp < e and [Trul; = [Lf[I5 — e
Therefore, combining with the above, we obtain
Lrcuelll; > [LfIIF — 2e.
Moreover, as each S®)(t) has norm not exceeding 1 we also have
el < 115
Therefore, for small enough ¢ > 0, we infer from the last two inequalities
1B > (el = (1wl B+ [1(1 = Lo )ue|lh > ([ FI5 — 26 4+ [[(1 = Tic)ue[5-

Hence,
(1 — 1 )uell) < 2e.
This gives the desired continuity at 0 as

Jur = fllp < 1V = 1k )uellp + 1rc(wr = f)llp + [[(1 = 1) flp-

Pointwise continuity for p = co. This follows from the strong continuity
for p = 1 and the symmetry of the family. O

From the preceding discussion we infer the following: Whenever (b, ¢) is
a graph over (X,m) and L := L") is the associated operator and p is the
heat kernel then

SO f (@) =Y pelw.y) S (y)m(y)
yeX
holds for all p € [1,00] and f € ¢P(X,m), t > 0 and x € X. For this reason
we will subsequently — by a slight abuse of notation — write
e f(x) =" pelx,y) f(y)mly) = SP(1) f ()
yeX

whenever f belongs to (X, m) for some p € [1,00], ¢ > 0 and z € X.
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As one can extend the semigroups to all /7(X, m) one can also extend
the resolvents to all ¢P(z, m). We omit the details but rather state the result
and give some indication of the proof.

THEOREM 10.9 (Extension theorem — resolvents). Let (b,c) be a graph
over (X, m) and L := LP) the associated self-adjoint operator. Let G(a) :=
(L+a)~! be the resolvent of L for oo > 0. Then, there exists a unique family
of contraction Markov resolvents GP) on fP(X,m) for p € [1,00] satisfying
the following properties:

e GO =gG. ( “Extension”)
e Forall a >0 and all p,q € [1,00] with 1/p+1/q=1
(GP(a)f,9) = (£.6'7(a)g)
for f € (P(X,m) and g € (1(X, m). ( “Symmetry”)
e Forall >0 and all p,q € [1, 0]
GP(a)f = GD(a)f
for f e P(X,m)NLY(X,m). ( “Consistency”)
For p € [1,00), the resolvent G®) s strongly continous. For p = oo, the
resolvent G(*°) ispointwise continuous, i.e., the map

o — oG (o) f(x)

is continuous for all f € £>°(X,m) and z € X.

If S®) s the contraction Markov semigroup with generator L), then
G®) satisfies

GO@)f() = [ s
0
for alla> 0, p € [1,00], and, f € P(X,m) and x € X.
( “Laplace transform” )

IDEA OF THE PROOF. Uniqueness is clear from the given properties. For
existence we define the resolvent, for « > 0, p € [1,00], f € P(X,m) and
xz € X by

GO@)(@) = [ eSO )1
0
and show the claimed properties. O

THEOREM 10.10 (Resolvents as minimal solutions to (£L+«a)u = f). Let
(b,¢) be a graph over (X,m) and let L = LP) be the associated self-adjoint
operator. Let p € [1,00] and let G®) be the resolvent on P(X,m) associated
to L. If f € P(X,m), >0 and

u = G(p)(a)f,
then u belongs to F and satisfies the Poisson equation
( “Poisson equation”) (L+a)u=f.

Furthermore, if additionally f > 0, then w > 0 and for the resolvent
Gp.e,m associated to L we have that

u = Gé{gvm(a)f
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is the smallest v € F with v >0 and (L + a)v > f.

PROOF. Let f € P(X, m) for p € [1,00]. Without loss of generality, we
assume f > 0. For a general f € P(X,m), we can decompose f = f. — f_
into its positive and negative part.

Let (K,) be an increasing sequence of finite subsets of X with X =
Unen Kn and let f, := flg, so that f, € C.(X) for all n € N. Let a > 0
and

Uy 1= G(p)(a)fn, n € N.

As G is Markov by Theorem uy > 0 for all n € N and the sequence
(u,,) is monotonically increasing and converges to u := GP)(a) f € /P(X,m)
by the monotone convergence theorem.

As the resolvents agree on their common domain due to the consistency
statement in Theorem and f, € Co(X) C P(X,m) for all p € [1, ],

we have
un = GP(a) fr = G () fn

for all n € N. By definition we have G®(a) = (L + a)~! and since L = £
on D(L) = G@(a)l?(X,m) D GAC.(X) we get

(L4 a)un = (L + )G () f = fr

for all n € N. We conclude that v € F solves the Poisson equation by taking
monotone limits, Lemma Furthermore, u = G®)(a)f > 0 for f > 0
since G is Markov and, therefore, positivity preserving by Theorem m

Now, let v € F with v > 0 satisfy (£ + o)v > f. Then, (L + a)v > f,
for all n € N and as u, := Gl()22 (@) fr is the minimum positive solution of
this inequality by Lemma \;ve obtain u, < v for all n € N. Taking the
limit gives u < v. O

10.2. The Heat Equation on />

In this section we show that t — e *f provides a solution to the heat
equation for bounded f.

Let (b,c) be a graph over (X,m). A function v: [0,00) — R is called
a supersolution to the heat equation with initial condition f if ¢ — v(z) is
continuous on [0, c0) and differentiable on (0, c0) for all x € X, and

—ﬁ'Ut > 8tv
holds for all ¢ > 0 and vg = f is valid.

THEOREM 10.11 (Existence of bounded solutions of the heat equation).
Let (b,c) be a graph over (X, m) with associated self-adjoint operator L :=
L) and let f € £°°(X) be given. Then,

u: [0,00) x X — R, wuy(z) := e L f(x),

is a bounded solution of the heat equation with initial condition f.
Furthermore, if additionally f > 0, then u is the smallest positive super-
solution of the heat equation with initial condition greater than or equal to

1.
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PRrOOF. We start by showing the continuity and boundedness of u. We
denote the dual pairing between ¢}(X,m) and ¢*°(X,m) by (-,-) and for
r € X let n, € £1(X, m) be given by 7, := m%x) 1,. Since

ut(x) = (N, e_th)

for x € X and ¢ > 0, continuity of the function ¢ +— w;(x) for ¢ > 0 and
x € X follows from the weak* continuity of the semigroup on £>°(X,m)
established in Theorem m Furthermore, as the semigroup on £!(X,m) is
strongly continuous, we have uy = f. Finally, as (e~*F);>¢ is a contraction
semigroup on ¢>°(X,m) by Theorem m it follows that wu; is bounded by
| flloo for every ¢ > 0. In particular, u; € F for every t > 0.

As an intermediate step, we next show the continuity of

1

t— Lu(z) = (@)

> bla,y)(uele) — uely)) + e(@)u(x)
yeX

on [0,00) for every z € X. Indeed, this is immediate from the continuity of
t — u(y) for each y € X, the uniform boundedness of u in both variables,
and the summability of b(z,-) for every = € X.

We will now show differentiability and the fact that u satisfies the heat
equation. We will do so by approximating f by functions with finite support
and using that the heat equation holds for functions in £?(X,m) and, hence,
for functions with finite support.

We note that the preceding considerations hold for any bounded function
f and, in particular, for the elements of the approximating sequence (f,)

and ugn) := et f, which we introduce below. Hence, the functions ¢ +

ug(x),t — utn) (z), t = Lug(x) and t — £u§”) (z) will be continuous for all
xz € X and all n € N.

Let t > 0. By decomposing f into positive and negative parts, we can
assume without loss of generality that f is positive. Let (K,) be a sequence
of finite increasing subsets of X such that X = | _n K. Furthermore, let

fn = flk, and let

neN

ugn) =etLf, neN.

Since (e7*F);5¢ on £*°(X,m) is a bounded Markov semigroup by Theo-
rem m (e7'1);>0 admits a positive kernel p. That is,

e @)=Y plwy)fy)mly), zyeX,t>0,
yeX

where py(z,y) > 0 for all z,y € X and ¢t > 0. Thus, ugn)(a:) " u(x) as
n — oo for all z € X and t > 0. Moreover, the convergence is uniform
on compact subintervals of (0,00) by Dini’s theorem as (¢t — uﬁ") (2))n in
C([0,00)) and t — u(x) is continuous.

Since f, € C.(X) C £2(X, m)N¢>(X, m) and the semigroup on £> (X, m)
agrees with the semigroup on £2(X,m) for functions in £2(X,m)N¢>(X,m)

by Theorem it follows that utn) € (2(X,m). Therefore, for all z € X,
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t >0 and n € N, we infer by Lemma [5.9] that
oug™ (x) = —Luf™ (2) = —Lu (x)

23:) > b y) (@) - u” () + c@)u (@)
yex

m
Monotone convergence of (ugn) (y))n to us(y) for all y € X and t > 0, and

the fact that u; € ¢>°(X) C F, yields the convergence of the right-hand
side to —Lu¢(x) as n — oo for each z € X and t > 0. Therefore, we

obtain the convergence of (Gtugn) ())n to Lu(x) for each x € X and ¢t > 0.
In fact, this convergence is uniform in ¢ on compact subintervals of (0, co)
as the convergence of (¢t — ugn)(y))n to t +— wu(y) is uniform on compact

subintervals of (0, o) for each y € X and b(x, -) is summable for each z € X.
Altogether we have established that (¢ — ugn) (x))n converges uniformly

on compact subintervals of (0,00) to ¢t + w¢(x) and (¢t — &gugn) ())n con-
verges uniformly on compact subintervals of (0, 00) to ¢t — —Lus(x) for each
x € X. As discussed above, all involved functions are continuous. Thus,
this gives that ¢t — w(x) is differentiable for all + € X with the desired
derivative.

It remains to show the last statement of the theorem. That wu is positive
whenever f is positive follows immediately from the fact that the semigroup
on ¢*(X,m) is Markov and, in particular, positivity preserving by Theo-
rem We now show the minimality statement. Let w be a supersolution
of the heat equation with initial condition greater than or equal to f. From
what we have shown above, u(™ satisfies

(L+ &g)uﬁ") =0
for t > 0 and ué") = f, for n € N. Furthermore, the u(® agree with the
solution generated by the semigroup on ¢2(X,m) as the semigroups agree
on their common domain by Theorem As w is a positive supersolution
with initial condition greater than or equal to f,, we obtain u(™ < w for all n
by Lemma Letting n — oo gives u < w which completes the proof. [J

PROPOSITION 10.12 (Heat equation at ¢t = 0). Let (b, c) be a graph over
(X,m) and let u be a bounded solution of the heat equation. Then, the
function

[0,00) — R, t — Luy(x),

is continuous for all x € X, the limit

Oruy()i—o = lim, W

exists for all x € X and
(£ + 8t)ut(x) =0
forallz € X andt > 0.
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PROOF. Let z € X. We first show the continuity of ¢ — Luy(x) on
[0,00): As u is a solution of the heat equation the map ¢t — w;(y) is con-
tinuous for each y € X. As b(z,-) is summable and u is bounded, we then
obtain that

o Ln(e) = s | 30 W) (o) = () + cla)un(a)
yeX

is continuous on [0,00). Moreover, as u is a solution of the heat equation,
we have

Orur(r) = —Lug(x)

for all £ > 0.

Altogether, for each = € X, the function ¢t — wus(z) is a continuous
function on [0, 00) which is differentiable on (0,00) and t — —Lus(x) is a
continuous function on [0, c0) which agrees with the derivative of ¢ — u(z)
on (0,00). This implies that ¢ — w(x) is differentiable at ¢ = 0 with
derivative given by —Lug(z): Indeed, fix x € X. By the mean value theorem,
for every h > 0, there exists a ((h) € (0, h) such that

Up, (.’E) — Up ($)
— 5 = Out|i=c(ny = —Lugn ().
This implies
lim M = —Lug ()
h—0+ h
by continuity. -

The next proposition connects bounded solutions of an inhomogeneous
heat equation with solutions of the Poisson equation.

PROPOSITION 10.13 (Solutions of heat and Poisson equations). Let (b, c)

be a graph over (X,m) and L := L) the associated operator. Let f,9 €
(X, m) and let u: [0,00) x X — R be a bounded solution of

(£+8t)ut:f

with initial condition ug = g. Then, for a > 0 the function
o0
V= / ety dt
0

(L+a)v=f+ag.

1s bounded and satisfies

Moreover, if additionally f,g > 0, then

w = / e et (f 4 ag)dt
0

is the smallest positive function w € F with (L4+a)w > f+ag. In particular,

oo o0
/ e et (f + ag)dt < / e uydt.
0 0
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PRrROOF. The boundedness of v follows since we assume that « is bounded
and since [0,00) 3 t — ae” ' is a probability density function.

Furthermore, by the boundedness of u and Fubini’s theorem, we have
for all x € X

00 T
Lo(x) :/ e " Luy(x)dt = lim e Luy(z)dt.
0 T—o0 0
Since u satisfies Lu; = —0yuy + f, we infer
T 00
Ly(x) = lim e (= (x))dt +/ e f(z)dt

T—o00

T
= lim <ae_mut(:z:)|g/0 a26_taut(x)dt> + f(z),

where we used integration by parts and again the fact that [0,00) > ¢t —
ae” ' is a probability density function. Next, we conclude from the bound-

edness of u and ug = g that the first term tends to ag and, therefore,
o
Lo(z) = ag(x) — a/ ae Py (x)dt + f(x)
0

= ag(z) — av(x) + f(z)
by the definition of v. Therefore, v is bounded and satisfies (L+a)v = f+ag.
If f,g € £>°(X,m) and x € X, then

/0 T et (f 1 ag)(@)dt = (L + )L (f + ag)(z)

by the Laplace transform formula, see Theorem [10.9] Furthermore, if f and
g are positive, Theorem gives that (L + «) " (f + ag) is the minimal
positive function w € F with (£ + a)w > f + ag. As v is such a function
by what we have shown above, (L4 a) ™' (f + ag) < v follows. O

COROLLARY 10.14 (Solutions of the heat equation and a-harmonic func-
tions). Let (b,c) be a graph over (X, m) and let u be a bounded solution of
the heat equation with ug = 0. Then, for a > 0 the function

o0
v::/ ey, dt
0

(L+a)v=0.
In particular, if there exists a positive non-trivial bounded solution of
the heat equation with trivial initial conditions, then there exists a positive
non-trivial bounded a-harmonic function for any a > 0.

Proovr. This follows immediately from Proposition [10.13] by letting f
and g be 0. (]

is bounded and satisfies
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10.3. The Heat Equation Perspective

In this section we turn to stochastic completeness and present the heat
equation viewpoint on it.
We first define the notion.

DEFINITION 10.15 (Stochastic completeness). A graph (b, ¢) over (X, m)
is called stochastically complete or conservative if
ett1=1

holds for all ¢ > 0, where L := L(P) is the associated operator. Otherwise,
(b,c) over (X, m) is called stochastically incomplete.

REMARK 10.16. We have defined the notion of stochastic completeness
via the semigroup. We will see that stochastic completeness can equivalently
be characterized via resolvents by the condition that

aoflL+a)l1=1
holds a > 0.

REMARK 10.17. Stochastic completeness is only possible for ¢ = 0. In-
deed, assume that there exist an z € X with c¢(x) > 0. Let u; := e~**1 and
assume u; = 1 for all ¢ > 0. Then, t — w;(x) is constant (to 1) and this
gives (for any ¢ > 0) the contradiction

c(x) <0

m(x)

0 = Opur(x) = —Lug(z) = —L1(x) = —

To better understand the concept and its name we present the following
lemma. Recall that (-,-) given by

(9, 1) = 9 fy)m(y)

yeX

denotes the dual pairing between £>°(X,m) and (X, m).

LEMMA 10.18 (Stochastic completeness as preservation of heat). Let
(b,¢) be a graph over (X,m) and L := L'P) the associated operator. Define
for f € 1(X, m) the amount of heat at time t > 0 by

Ap(t) = e f(y)m(y).
yeX
Then, the following assertions are equivalent:

(i) The graph is stochastically complete.
(ii) For any x € X the function Ay, is constant on [0, 00).
(iii) For any f € £*(X,m) the function Ay is constant on [0, 00).

PRrOOF. This is basically a direct consequence of

Ap(t) = (1, e f) = (771, f),
where the first equality follows directly from the definition of the dual pairing
and the second equality follows from the symmetry. For the convenience of
the reader we provide the details.
(iii)== (ii): This is clear.



10.3. THE HEAT EQUATION PERSPECTIVE 149

(il)= (i): We have
m(z) = A, (0) = A, (t) = (1,e 1,) = (e7F1,1,) = m(x)e L1(z)

for all z € X and this gives (i).
(i)==(iii): For all ¢t > 0 we can compute

Ap(t) = (L e f) = (71, ) = (1, f) = Af(0).
This gives (iii). O
Here is the main characterization of stochastic completeness in terms of

the heat equation.

THEOREM 10.19 (Stochastic completeness and the heat equation). Let
b be a connected graph over (X,m) and L := LD) the associated operator.
Then, the following statements are equivalent:

(i) For some (all) t > 0 and some (all) x € X,
e Fl(z) = 1.
( “Stochastic completeness™)
(i.a) For some (all) a > 0 and some (all) v € X,

(L+a)1(z) =1.

(vi) For every f € £°(X) there exists a unique bounded solution u of
the heat equation

(L+0)u=0 with wup=f.

( “Heat equation”)
(vi.a) Every bounded solution u of the heat equation (L + Op)u = 0
with ug = 0 s trivial.

We start the proof of Theorem by showing the equivalence of the
“for some” and “for all” statements in (i). For this, the connectedness of
the graph is essential. We need the following lemma. It shows that if the
total amount of heat in the graph drops below 1 at some time, then it drops
below 1 for all times.

LEMMA 10.20. Let (b,c) be a graph over (X,m) and L = L) the
associated operator. If t > s > 0, then
et < e5l.
PRrROOF. From Theorem [I0.7, we get that the heat semigroup is both

positivity preserving and contracting. Let t = s + h with s,h > 0. As the
semigroup is contracting we have

e 1 < 1.

As the semigroup is positivity preserving, this gives, after we apply e *¥ to
both sides,
eftLl — estethl < e*SLl.

This is the desired statement. O
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LEMMA 10.21. Let b be a connected graph over (X,m) and L := L(P)
the associated operator. If e **1(z) < 1 for some t > 0 and some x € X,
then e 1(z) < 1 for allt >0 and all z € X.

PROOF. Assume that e */1(z) < 1 for some ¢ > 0 and some = € X. By
Lemma we have e"*#1 < 1. Thus, (1 — e *1) is positive and non-
trivial. As the graph is connected and the semigroup is positivity improving
we obtain that e=*L(1 — e=*£1) > 0. Hence, we find e~ +*9L1 < 1 for all
s> 0. So, e "F1 < 1 for all » > t. It remains to show e "1 < 1 also for
0 < r <t. Assume not. Then, there exists a y € X and 0 < r <t such that
e "'1(y) = 1. By what we have shown already this gives e %1 = 1 for all
0 < u < r. Fix any such v > 0. Let n € N be such that nu > t. By the
semigroup property, we get e L1 = 1. Thus, e 1 = 1 as nu > t, which
yields a contradiction to the assumption that e=**1(z) < 1. This completes
the proof. O

PRrROOF OF THEOREM [10.19] The equivalence of the “for some” and
“for all” statements found in (i) has already been shown in Lemma [10.21

(i) <= (i.a): This follows readily from Theorem the Laplace
transform and symmetry, as well as Lemma This also shows the
equivalence of the “for some” and “for all” statements found in (i.a).

(vi) = (vi.a): This is clear since if we let f = 0, then u = 0 is the
unique bounded solution of the heat equation with initial condition O.

(vi.a) = (vi): Given f € £*°(X,m), the existence of a bounded solu-
tion of the heat equation with initial condition f has been shown in The-
orem Hence, we only need to establish uniqueness. Therefore, let u
and v be two bounded solutions of the heat equation with initial condition
f.- Then, w := u — v is a bounded solution of the heat equation with initial
condition wy = 0. By (vi.a) we get that w = 0, so that u = v.

(vi.a) = (i): We show this by contraposition. If e7**1(z) < 1 for some
x € X and some t > 0, then e **1 < 1 for all t > 0 by Lemma Hence,
suppose that e *“1 < 1 for t > 0. Moreover, u; := e X1 defines a bounded
solution to the heat equation

(L4 0w =0

with ug = 1 by Theorem [10.11} Furthermore, it is clear that (£ + 9;)1 = 0.
Therefore, it follows that

v =1—et1
is a bounded solution of the heat equation with initial condition 0, which is
non-trivial since e=**1 < 1 for ¢ > 0.

(i) = (vi.a): We show this by contraposition as well. Let u be a non-
zero bounded solution of the heat equation with uy = 0. Without loss of
generality, we may assume that u, (z9) > 0 for some tg > 0 and some zg € X
as otherwise we work with —u. Furthermore, by rescaling, we may assume
lu| < 1.

Let w := 1 —w. Then, w is positive, bounded and wy,(z¢) < 1. Further-
more, since ug = 0, we get wg = 1 and since u solves the heat equation, we
get

(ﬁ + 8t) w =20
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for all t > 0. Since v; := e *F1 defines the smallest positive function with
these properties by Theorem[10.11}, we infer e’o“1(xq) < wy,(x¢) < 1. There-
fore, e7t1(z) < 1 for all t > 0 and all z € X by Lemma This
completes the proof. O

10.4. The Poisson Equation Perspective

It is possible to characterize stochastic completeness by means of Poisson
equation. Details are discussed in this section.

THEOREM 10.22 (Stochastic completeness and the Poisson equation).
Let b be a connected graph over (X, m) and L = L) the associated operator.
Then, the following statements are equivalent:

(i) For some (all) t > 0 and some (all) x € X,
e P(z) = 1.

( “Stochastic completeness™)
(v) For some (all) a > 0 and every f € £>°(X) there exists a unique
u € (X)) satisfying
(L+ayu=f.

( “Poisson equation”)
(v.a) For some (all) > 0 every positive u € £>°(X) which satisfies
(L+ a)u <0 is trivial.
(v.b) For some (all) o > 0 every u € £°°(X) which satisfies (L +
a)u = 0 is trivial.
(v.c) For some (all) o > 0 every positive u € (*°(X) which satisfies
(L + a)u =0 is trivial.

The following lemma is the key to proving Theorem [10.22] It connects
(e7*1)4>0 with bounded a-harmonic functions for a > 0.

LEMMA 10.23 (Largest a-subharmonic function). Let b be a graph over
(X,m) and L := LP) the associated operator. For o > 0, the function

oo
We 1= / ae 1 —e DAt =1-a(l +a) 1
0

satisfies 0 < wy, < 1, solves (L+ a)w, = 0 and is the largest function u € F
with 0 < u < 1 such that (L + a)u < 0.

Proor. The Laplace transform formula proven in Theorem [10.9] gives
that for every o > 0 the function

o
Vo 1= / ae e dt = a(L 4 o)1
0

satisfies (£ 4+ a)v, = «l and is the minimal positive v € F such that
(L+a)v > al by Lemma|10.10, Furthermore, as 0 < e~ *1 < 1forallt >0
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by Lemma [10.20] we get 0 < v, < 1. Therefore,

o0
we=1-vg=1-a(L+a)t1=1 —/ e e th1de
0

o0 [ee]
:/ ae_tadt—/ ae e th1dt
0 0
oo
:/ e t(1 — e t1)dt,
0

and 0 < w, < 1. Furthermore, as v, satisfies (£ 4+ a)v, = al and since
(L + «)l = al by a direct calculation, we get

(L + a)wy, =0.

We now show the maximality of w,. Hence, let u satisfy (£ + a)u <0
with 0 <u < 1. Then, 1 —u > 0 satisfies (£ + a)(1 —u) > al. As v, is the
minimal such positive function by Theorem we get vy < 1 —u. As
Wo = 1 — vy, wq > u follows. This completes the proof. O

The equivalence of the “for some” and “for all” statements in (v.a), (v.b)
and (v.c) is shown in the next lemma.

LEMMA 10.24. Let (b, c) be a graph over (X, m). If there exists a bounded
non-trivial v > 0 such that (£ + a)v < 0 for some o > 0, then for every
a > 0 there exists a bounded non-trivial v > 0 such that (L + a)v = 0.

PROOF. Let a > 0 and let v be a bounded non-trivial positive function
on X satisfying (£ + a)v < 0. By rescaling, we may assume that 0 < v < 1.
By Lemma we =[5 ae (1 — e *L1)dt is the maximal function
u € F with 0 < u < 1 such that (£ + a)u < 0. Therefore, v < w,. As v
is non-trivial, w, is non-trivial and we conclude that e=**1 < 1 for some ¢.
Therefore, e *1 < 1 for all t > 0 by Lemma Hence, for all g > 0,
the function wg = fooo Be (1 — e7tF1)dt is non-trivial. Furthermore, by
Lemma we have 0 < wg < 1 and (£ + B)wg = 0 for § > 0. This
completes the proof. O

ProoF oF THEOREM [10.22l The equivalence of the “for some” and
“for all” statements in (v.a) and (v.c) follows from Lemma The
equivalence of the “for some” and “for all” statements in (v) and (v.b) will
follow from the arguments given below.

For the rest of the proof recall that
o0
W 1= / e~ (1 — e t1)at
0

solves (£ + a)w, = 0 and is the largest function v with 0 < w < 1 and
(L + a)u < 0 by Lemma [10.23] Obviously, w, = 0 for some (all) a > 0 if
and only if e7*1 = 1 for some (all) ¢t > 0, i.e., if and only if the graph is
stochastically complete.

We first show (i) = (v.a) = (v.b) = (v.c) = (i) for fixed o > 0.

(i) = (v.a): Let u > 0 be a bounded solution of (£ + a)u < 0. By
rescaling, we may assume that v < 1. Then, 0 < u < w, since wy is the
largest such solution. If e7**1 = 1, then w, = 0 and, therefore, u = 0.
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(v.a) = (v.b): This follows immediately from Lemmal[2.12] which states
that if w € F is a-harmonic, then |u| is a-subharmonic.

(v.b) = (v.c): This is clear.

(v.c) = (i): If there do not exist non-trivial positive functions u < 1
such that (£ + a)u = 0, then the largest such function w, satisfies wq, = 0.
Therefore, e 1 =1 for all t > 0.

Next, we show the implications (v)(for fixed a) = (i) = (v.b) = (v)
(for all ). This completes the proof as it gives in particular the equivalence
of the “for some” and “for all” statements in (v) and (v.b).

(v) = (i): We show this by contraposition. So, suppose that e 7*1 < 1.
Let o > 0 and let f € ¢*°(X). Then, u := (L + a)~!f € £°°(X) solves
(L+a)u= f by Theorem As we assume that e 1 < 1, w, > 0 and,
therefore, v := u + wy, > u also solves (L + a)v = f since (L + a)w, = 0.
Therefore, there is no uniqueness of solutions to the Poisson equation for
any a > 0.

(i) = (v.b): We have already shown this in the first round of equiva-
lences above.

(v.b) = (v): Let f € £>°(X) and let o > 0. The existence of solutions
to the Poisson equation for a > 0 is given by u := (L + a)~!f. So, we have
to show uniqueness. Therefore, assume that there exists f € ¢*°(X) and
two bounded solutions uy,ug such that (£ + a)u; = f = (£ + a)ua. Then,
u := u; — ug is bounded and satisfies (£ + a)u = 0. From (v.b) we infer
u = 0 and, therefore, u; = us. O

10.5. What we have shown (and more)

In the subsequent theorem we present the results of Section in a
combined version. The theorem contains some further aspects of stochastic
completeness that we have not discussed.

THEOREM 10.25 (Characterization of stochastic completeness). Let b be
a connected graph over (X,m) and L := LP) the associated operator. Then,
the following statements are equivalent:

(i) For some (all) t > 0 and some (all) x € X,
e P(z) = 1.
(i.a) For some (all) a > 0 and some (all) v € X,
oL +a)1(z)=1

(ii) There exists a sequence of functions (ey) in D(Q) (equivalently,
(en) in Ce(X)) with 0 < e, < 1 for alln € N such that e, — 1
pointwise and

nh_}Iglo Q(en,v) =0
for all v € D(Q) N (X, m).

(ii.a) There exists a sequence of functions (e,) in D(Q) (equiva-
lently, (en) in Ce(X)) with 0 < e, <1 for alln € N such that
en — 1 pointwise and

lim Q(en, (L +a)'v) =0
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for one v € £2(X,m) N LYX,m) with v > 0 and some (all)

a > 0.
(iii) If v € DN LY X, m) N3 (X,m) satisfies Lv € £1(X,m), then
(“Green’s formula”) Z Lou(x)m(z) = 0.

zeX

(iii.a) If v € DN LY X, m) N L3(X,m) satisfies Lv € (1(X,m) N
2(X,m), then

Z Loy(x)m(z) = 0.
zeX
(iv) If u € F satisfies supu € (0,00) and B € (0,supu), then
sup Lu(z) >0,
ze€Xg
where Xg :={z € X | u(zx) > supu — S}.
( “Omori—Yau maximum principle”)
(v) For some (all) o > 0 and every f € £>°(X) there exists a unique
bounded solution u of the Poisson equation
(“Poisson equation”) (L+a)u=f.
(v.a) For some (all) o > 0 every positive u € £>°(X) which satisfies
(L + a)u <0 is trivial.
(v.b) For some (all) a > 0 every u € £°°(X) which satisfies (L +
a)u =0 is trivial.
(v.c) For some (all) o > 0 every positive u € £*°(X) which satisfies
(L + a)u=0 is trivial.
(vi) For every f € (>°(X) there exists a unique bounded solution u of
the heat equation

(“Heat equation”) (L+0)u=0 with wuy=f.

(vi.a) Every bounded solution u of the heat equation (L + Op)u = 0
with ug = 0 is trivial.



CHAPTER 11

Spherically Symmetric Graphs

In this chapter we apply the theory developed in the preceding chapters
to a certain class of graphs defined by a symmetry property. This class
contains both trees (satisfying a natural symmetry condition) and anti-trees.
Hence, it covers a wealth of (counter)examples. We can characterize this
class by an operator theoretic condition. Specifically, the Laplacian of graphs
in these class commutes with a certain averaging operator. For graphs in this
class we can give an explicit lower bound on the infimum of the spectrum
and characterize both recurrence and stochastic completeness by finiteness
of certain sums.

Let X be a countable set and m a measure on X with full support.

11.1. Weakly Spherically Symmetric Graphs

Let (b,c) be a connected graph over (X, m). Denote the combinatorial
distance on X by d. Let O C X be nonempty and define the combinatorial
graph distance to O by

d(O,x) := mind(o, x)

0e0
for x € X. For most of our results below we will assume that O is a finite
set.
We denote the distance sphere of radius v € Ng about O by

Sp(0):={x € X |dO,z)=r}.
For convenience, we let S_1(0) := @. Moreover, we denote the distance ball
of radius r € Ny about O by
B(0) := | 8n(0) = {z € X | d(0,z) <r}.
n=0
In case O = {o} for some 0o € X then we just write S,(0) := S,(O) and
B, (0) := B-(0O). If (b,c) is locally finite and O is finite, then the sets S, (O)
and B, (O) are finite for all 7 € Ny. In any case, connectedness of the graph
means that
X =] B(0)
reNg
holds. So, we can exhaust the graph by balls.
We call a function f € C(X) spherically symmetric (with respect to O ) if
there exists a function g: Ng — R such that f(z) = g(r) for all z € S,(O)
and r € Ng. With a slight abuse of notation, we then write

fr) = f(z)

155
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for all z € S,(O) and r € Ny. Although all of our notions involving symmetry
depend on O, we will mostly omit this dependence in our notation and
statements. Clearly, any spherically symmetric functions is bounded on
each distance ball. Hence, it can easily be seen to belong to the domain F
of the formal Laplacian.

We next define the functions for which we will assume spherical symme-
try. Let O C X nonempty be given. By connectedness of the graph, we can
define ky: X — [0,00) via

1
bi(z) = — @ > blx,y)
y€Sr£1(0)
for x € S.(0O) and r € Ny. Here, the sum over the empty set arising in the
definition of k_(x) for z € Sp(O) = O is defined to be zero.
We call ky the outer and inner degrees (with respect to O), which are
functions. Furthermore, we define the potential g: X — [0, 00) by

for x € X.
With these preparations we can now define the class of graphs which
will be studied in this chapter.

DEFINITION 11.1 (Weakly spherically symmetric graphs). We call a con-
nected graph (b, ¢) over (X, m) weakly spherically symmetric with respect to
a nonempty set O C X if the outer and inner degrees k1 and the potential
q are spherically symmetric with respect to O.

FiGure 1. Examples of weakly spherically symmetric graphs.

We call a sequence of vertices (zg,...,x,) in X with n € N a cycle if
zj ~xjy forall j =0,1,...,n—1, z; # x; for 0 < j,k < n with j # k,
and zg = x,,. Put differently, a cycle is a path whose start and end vertex
agrees but all other vertices are pairwise different. A connected graph with
no cycles is called a tree.

EXAMPLE 11.2 (Spherically symmetric trees). Let (b,c) be a connected
graph over (X, m) with standard weights and counting measure, i.e., b: X x
X — {0,1}, c =0 and m = 1. Let O = {o} for o € X. We say that b
is a spherically symmetric tree with branching numbers k if there exists a
k: Ng — N such that

ki (x) = K(r)
for every vertex x € S,(0) and r € Ny and

k_(x)=1
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for all z € S,.(0) for r € N and b|g, (0)x s, (o) = 0 for all r € Np.

FIGURE 2. A tree with k(r) = 2.

We note that these graphs are indeed trees. Furthermore, we note that
removing a single edge between spheres will disconnect any tree. This con-
trasts with anti-trees, which we now define.

EXAMPLE 11.3 (Anti-trees). Let (b, c¢) be a connected graph over (X, m)
with standard weights and counting measure, i.e., b: X x X — {0,1},
c=0and m =1. Let O = {o} for o € X. Let s: Ny — N be given by
s(r) := #5;(0) for all r € Ng. We then say that b is an anti-tree with sphere
size s if

FIGURE 3. An anti-tree with s(r) = 2".

We note that the definition of an anti-tree implies

b’Sr(O)XSTjj(O) =1
for all » € Ny. In other words, every vertex in S,(0) is connected to all
vertices in S,41(0) for all r € Ny (and every vertex in S,41(0) is connected
to every vertex in S, (o) for all » € Np). Hence, to disconnect such a graph,
we must remove all vertices between spheres. Furthermore, we note that we
impose no restrictions on b| Sr(0)% Sy (0)-

For a given sequence s: Ny — N of natural numbers with s(0) = 1,
we can easily construct an anti-tree with sphere size s. Indeed, we can just
partition the (infinite) set X into disjoint subsets U, with #U, = s(r) and
let by, xv,,, = 1 for r € Ny with b = 0 otherwise, m =1 and ¢ = 0.

We will regularly revisit spherically symmetric trees and anti-trees to
illustrate our results in this chapter.

The following formulas will play a crucial role in the proofs of several
results below. Hence we gather them together into one statement.
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LEMMA 11.4. Let (b,c) be a weakly spherically symmetric graph over
(X, m) with respect to a nonempty O C X. Then,

ki (r)m(S,(0)) = k_(r + 1)m(S,41(0))

for all r € Ny, where the value oo is allowed on both sides. In particular,
m(S,(0)) < oo holds for all r € Ny if and only if m(O) < oco.

If f is a spherically symmetric function, then f € F and Lf is spheri-
cally symmetric with

Lf(@) =ky(r)(f(r) = f(r+1) +k-(r)(f(r) = f(r = 1)) +q(r)f(r)
for all x € S;(O) and r € Ny.

PROOF. The first formula follows by a simple computation using k4 (r) =
ki (x) for all z € S.(O), Fubini’s theorem and the symmetry of b. Specifi-
cally, we have

k+(T) Z k+ Z Z b(l‘, y)

z€S5,-(0) 2€S,(0) y€Sr4+1(0)
= > Y by = ) k- (ymly)
y€Sr+1(0) z€S-(0) yE€Sr+1(0)

= k_(r + )m(5,11(0)).

The “in particular” statement now follows by the formula and induction.
A spherically symmetric function f is clearly a bounded function on
the neighbors of any vertex and, therefore, f € F. The second formula
follows immediately from the definition of £ and the assumption that f is
spherically symmetric. O

11.2. Symmetry of the Kernel and Green Function

In this section we establish the symmetry of the heat kernel and the
Green function on a weakly spherically symmetric graph. Here and sub-
sequently we will often make the additional assumption that the graph is
locally finite. This will simplify our dealing with the averaging operator
below.

Let (b, ¢) be a graph over (X, m). We first recall the definition of the heat
kernel. The semigroup (e~*F);>¢ of the Laplacian L := LP) on 2(X,m) for
t > 0 gives rise to the heat kernel p: [0,00) x X x X — R with

e i) = pule,y) fy)m(y)

yeX

for all f € £2(X,m), z € X and t > 0.
By the fact that the semigroup is positivity preserving, established in
Corollary we have pi(x,y) > 0 for all x,y € X and t > 0 as pi(z,y) =

e~y (@) /m(y).
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For a nonempty finite set O C X, we now define

for z € X and t > 0. Thus, whenever O = {0} for o € X, we recover the
heat kernel

pi(x,0) = pi(, {0})

forx € X and t > 0.

The first theorem of this section states that the functions p:(-,O) for
t > 0 are spherically symmetric whenever the graph is weakly spherically
symmetric with respect to the subset O.

THEOREM 11.5 (Spherical symmetry of the heat kernel). Let (b,c) be a
locally finite graph over (X,m). If (b,c) is weakly spherically with respect
to a nonempty finite set O C X, then pi(-,0) is a spherically symmetric
function for all t > 0.

To start the proof we introduce the averaging operator
A: C(X) — C(X)
on a locally finite graph with respect to a nonempty finite set O C X by

1
Af(z) == TrL(&“(O))yesZT(o)f(y)m(y)

for f € C(X) x € 5,(0) and r € Ny. As the graph is locally finite, the
operator A is indeed defined on the whole of C'(X). Moreover, we note that
Af is spherically symmetric for any f € C(X) and a function f € C(X) is
spherically symmetric if and only if Af = f. In particular, A maps C(X)
onto the spherically symmetric functions. We will denote the restriction of
Ato 2(X,m) by A, i.e.,

A= Alpxm)-

We now collect some basic facts about A.

LEMMA 11.6 (Basic facts about A). Let (b, ¢) be a locally finite connected
graph over (X,m) and let O C X be a nonempty finite set. Let A be the
averaging operator with respect to O and let A be the restriction of A to
2(X,m). Then, A is a bounded self-adjoint operator on ¢*(X,m). More
specifically, A is an orthogonal projection of £2(X,m) onto the subspace of
spherically symmetric functions in £2(X,m).

PROOF. Let f € £*(X,m). We note that X = J,cy, S+(O) from the
assumption that (b,c) is connected. To show that A maps ¢*(X,m) to
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¢%(X,m) and that A is bounded, we use the Cauchy—Schwarz inequality to
obtain for f € £2(X,m)

> (AN -y Z m(ST IR m(z)

zeX r=0 zeS,( yES (0)
2

> 1

=) — fly)m
TZ:U m(S,(0)) y%%m

< | X mw)] | X s
r=0 T yES,(O) y€S-(0)

= [I711*

Hence, A is a bounded operator of norm 1 since Af = f for any spherically
symmetric function f € £2(X,m).

Moreover, A is symmetric, and thus self-adjoint, by a direct calculation.
As the range of A is included in the spherically symmetric functions and A
is the identity on the spherically symmetric functions, we have A2 = A and
the range of A is just the set of spherically symmetric functions in £2(X,m).
Hence, A is a bounded self-adjoint operator with A?> = A. Hence, it is the
projection on its range. U

REMARK 11.7. The operator A can easily be seen to be a Markovian
operator, i.e. to satisfy 0 < Af < 1 for all 0 < f < 1. Hence, the consid-
erations on Markovian operators apply and would also give boundedness of

A.

The next lemma shows that weak spherical symmetry is equivalent to A
and A commuting with the Laplacians £ and L := L(P) on suitable spaces.
Since O C X is assumed to be finite and (b, ¢) locally finite below, S,.(O) is
finite for all » € Ny and A and L both map C.(X) to C.(X), i.e., C.(X) is
invariant under both A and L.

LEMMA 11.8 (Characterization of weak spherical symmetry). Let (b, ¢)
be a connected locally finite graph over (X,m) and let O C X be nonempty
and finite. Then, the following statements are equivalent:

(i) The graph (b, c) is weakly spherically symmetric.
(ii) The operator A commutes with L on C(X), i.e.,
AL =LA on C(X).
(iii) The operator A commutes with L on C.(X), i
AL =LA on Ce(X).

PrOOF. We denote S, := S,.(O) for r € Ny.

(i) = (ii): Obviously, multiplication by the spherically symmetric func-
tion ¢ commutes with A. Hence, we may assume that ¢ = 0.

Since Af is spherically symmetric for f € C(X), by Lemma we get,
for r € Ng and = € S,

LAf(x) =k (r)(Af(r) = Af(r+1)) + k- (r)(Af(r) = Af(r = 1)),
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On the other hand, a direct computation combined with the recursion
of Lemma and the formula for £ given in Lemma for symmetric
functions gives for r € Ny and x € S,

ALf(z

1 Z Z by, 2)(f(y) — f(2))

m(Sy)
T yESr 2€Sr_1USr 41

1 1
= ST)ZJ" > by,2) = ey Y f(2)) ] b(y,2)
)+

yESr z€Sr_1USr41 z2€Sr_1USr41 YyESy
= (kg (r ( ))Af(r)
z€Sr_1 zZESr4+1
= (kg (r ) ( ))AS(r)
k_
s X SOy X e
= ky(r)(A ( ) = Af(?“+1))+k—(r)(«4f( )—Af(r—l))
= LAf(x).

Thus we see LAf = ALS.
(ii) = (iii): This is clear as A and L are restrictions of A and L.
(iii) = (i): Let r € Ny. Obviously, Alg, = 1g, as lg, is a spherically
symmetric function. Furthermore, for x € 5,41, we have
L1s,(z) = —k=(2)

by direct calculations. Thus, for x € S,41, we have

—kx(x) = LAlg, () = ALlg, (z) = Z k+(y

Til yeSrj:l
Therefore, k4 are spherically symmetric.
Similarly, for z € S,, we calculate Llg, (x) = ki(z) + k—(x) + ¢(x).
Therefore, for x € S, we have
ky(z)+k_(x) 4+ q(x) = Llg, (x) = LAlg, (x) = AL1g, (z)

1

=—— Y (k) + k- () + q(y))m(y)
m(ST) YyESy

= A(ky +k_ +q)(r).
As we have already shown that k4 are spherically symmetric, this shows that

the potential ¢ and, thus, the graph is weakly spherically symmetric. O

LEMMA 11.9. Let (b,c) be a connected locally finite graph over (X, m)
and let O C X be nonempty and finite. Then, the following statements are
equivalent:

(i) AL =LA on C.(X).
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(ii) A maps D(L) into D(L) and AL = LA on D(L).
(iii) Ae=*F =e"FA on £2(X,m) for allt > 0.

PROOF. The equivalence between (ii) and (iii) is a general result on self-
adjoint operators commuting with orthogonal projections. We only sketch
the proof. Indeed, (ii) just says that L operates — so to speak —- indepen-
dently on the range of A and on its orthogonal complement. This then easily
gives that the same applies to functions of L and this gives (iii). Conversely,
from (iii) and the fact that L arises from the semigroup by differentiation
we can infer that (ii) holds.

Furthermore, (ii) implies (i) as C;(X) C D(L) for locally finite graphs.
Finally, from (i) and local finiteness of the graph and finiteness of O we
infer that both £ and A are defined on the whole of C'(X). The symmetry
properties of A and L combined with (i) then give AL = LA. From this we
infer (ii) by restriction. O

PROOF OF THEOREM [I1.5l Let ¢t > 0. From Lemmas and we
see that if (b,c) is a locally finite and weakly spherically symmetric graph
with respect to a nonempty finite set O, then A and e~* commute. Hence,
as pi(z,0) = e 1 (x)/m(O) for z € X, we get

Ape(z,0) = m<10)Ae_tLlo(x) = (0

for x € X. Hence, p;(+, O) is spherically symmetric. O

e_tLAlo(a:) = pt(x,0)

We now extend the definition of the Green function from Section by
letting

G(x,0) := L E G(x,0)
m(0)
0cO

whenever O C X is nonempty and finite, and x € X.

COROLLARY 11.10 (Spherical symmetry of the Green function). Let b be
a locally finite weakly spherically symmetric graph over (X, m) with respect
to a nonempty finite set O C X. Assume that b is transient. Then, the
Green function G(-,0) is spherically symmetric.

PROOF. We calculate by the definitions above and Fubini’s theorem

1 1 &0
G(z,0) = m(O)OEZOG(:E,o) = m(0) OGZO/O pe(x, 0)m(o)dt

o0 1 o0
- 0y P oIm(o = | nia.0par

for z € X. By Theorem pi(+, O) is spherically symmetric for ¢ > 0.
This completes the proof. O

11.3. The Spectral Gap

Having introduced and studied spherically symmetric graphs, we begin
in this section to apply the theory developed earlier. Here, we deal with a
lower bound on the infimum of the spectrum.
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Let (b, c) be a graph over (X, m). We recall the notion of the boundary
OW of aset W C X as

W = (W x (X \ W)U ((X\W)x W).

We remark that there are many notions of boundaries when considering
subsets of a graph. Here, we take a notion that is symmetric.

We will be particularly interested in the boundary of balls around a set
and the total edge weight of this boundary. We therefore introduce the area
of the boundary of W for a set W C X as

bOW) = > blz,y)
(z,y)€0W
for r € Nyg. We will be interested in the situation where W has the form
B, (O) for aset O C X and r € Ny. We note that in this case

BOB0) =2 Y Ky ()mla)

€S- (0)

by a direct computation. So if the graph is weakly spherically symmetric,
we obtain

b(0B,(0)) = 2k (r)m(5-(0))

for r € Np.

With these notions, we will prove the following summability criterion for
positivity of the bottom of the spectrum for weakly spherically symmetric
graphs.

THEOREM 11.11 (Area-volume ratio and spectrum). Let b be a locally fi-

nite weakly spherically symmetric graph over (X, m) with respect to a nonempty
finite set O C X. If

then

The proof uses the Agmon—Allegretto—Piepenbrink theorem in Theorem
In order to apply it we need the following lemma on solutions. The
lemma basically gives a recursion for solutions on spherically symmetric
graphs. It will be used in subsequent sections as well.

LEMMA 11.12 (Recursion formula for spherically symmetric solutions).
Let (b, c) be a locally finite weakly spherically symmetric graph over (X, m)
with respect to a nonempty finite set O C X and let f € C(X) be spherically
symmetric. Then, a spherically symmetric function u € C(X) satisfies (L+
flu=0if and only if

T

2
u(r +1) —u(r) = 7=2—== ) (q(n) + f(n))m(Sn(0))u(n)
WO, (0)) 2=
for all r € No. In particular, u is uniquely determined by the choice of u(0).
Furthermore, if w(0) > 0 and f > 0, then u(r +1) > u(r) for all r € Ny.
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PRrRoOOF. We will prove the recursion formula by induction. The unique-
ness and monotonicity statements are then obvious from the recursion for-
mula.

We will omit O from our notation below, writing B, := B,(O) and
Sy = 5,(0). We recall that b(0B,) = 2k4(r)m(S,) for r € Np.

For r =0, from (£ + f)u(0) = 0 we obtain

0 = k4 (0)(u(0) — u(1)) + (¢(0) 4 f(0))u(0)
b(9Bo)
= 0) —u(l 0 0))u(0
() (40) — u(D) + (a(0) + FO)u(0)

which yields the desired formula after rearranging the terms.
Now, we assume that the recursion formula holds for » — 1, where r € N.
From (£ + f)u(r) = 0 we obtain

ke (r)(u(r) = u(r + 1)) + k- (r)(u(r) —u(r — 1)) + (q(r) + f(r))u(r) = 0.

Therefore, by the induction hypothesis, b(0B,) = 2k4(r)m(S,) and the
formula k4 (r — 1)m(Sy—1) = k—(r)m(S,) proven in Lemma we obtain

u(r 1) —u(r) = =) “ulr - 1)+ (qr) + £l

This proves the recursion formula and thus completes the proof. O

We now use the recursion formula above to show that under the summa-
bility assumption found in Theorem there exists a strictly positive
a-harmonic function for o« < 0. This will prove the spectral gap via the
Agmon—Allegretto—Piepenbrink theorem.

LEMMA 11.13. Let b be a locally finite weakly spherically symmetric graph
over (X, m) with respect to a nonempty finite set O C X. If

_ = m(B(0))
a:= ; 50B.(0)) < 00,

then there exists a strictly positive monotonically decreasing spherically sym-
metric function u which satisfies u(0) =1 and

1
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PRrooOF. We will define a spherically symmetric function v with the re-
quired properties. We start by letting u(0) := 1. Then, by Lemma [11.12] u
will satisfy (E — %) u = 0 if and only if u satisfies the recursion formula

u(r+1) —u(r) = _a-b(ﬁlBr(O)) nzz:om(sn(O))u(n)

for r € Ny, as we assume ¢ = 0 and, thus, ¢ = 0.
We will show that w is strictly monotonically decreasing and remains
positive by using strong induction. More specifically, we will show that

r

O<1—i§m§u(r+l)<u(r)

for all r € Ng. The first inequality above is clear from the definition of a. For
r = 0, the remaining inequalities follow directly from the recursion formula
and u(0) =1 as

1 m(O)
1 — e S ——— = ——
gives
m(0)
Now, assume that the inequalities hold up to » — 1, that is,

0<1_*ZbaB ((g)))) <u(k+1) < u(k)

for k = 0,1,...,7 — 1. Therefore, u(k) > 0 for £k = 0,1,...,r and the
recursion formula gives u(r + 1) — u(r) < 0. Moreover, as u is then strictly
decreasing up to r, we get u(n) < u(0) = 1 for all n = 1,2,...,r. Hence,
from the recursion formula and the inductive hypotheses we obtain

a(r +1) = u(r) — a-b@lBr(O)) S m(Sn(0))u(n)

n=0
m(B:(0))

>ulr) = T @B.(0)

1 m(Ba(0))  m(B,(0))
= anzob(aBn(O)) a-b(0B,(0))
1 G&m(Ba(0))

a nz_% b(dB,(0))

This completes the proof. U

Proor oF THEOREM [I1.11l By Lemma [11.13] for

= m(B(0))
- ZO b(0B,(0) =
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there exists a strictly positive function v which satisfies

1

Thus, A\g(L) > 1/2a follows from the Agmon—Allegretto—Piepenbrink theo-
rem in Theorem R.I0 O

We next illustrate Theorem [11.11] for spherically symmetric trees and
anti-trees, i.e., for Examples and For trees, we get the following
criterion for the spectral gap and discreteness of the spectrum.

EXAMPLE 11.14 (Spherically symmetric trees and spectrum). Let b be
a spherically symmetric tree with branching number k. If

© 1 + 7”_ n:l k(i
a:= Z En_rl H]_,O b) < 00,
22T k()

then \o(L) > 1/2a (Exercise).

For anti-trees we obtain the following criterion. We note, in particular,
that this can be used to construct examples of graphs with strictly positive
bottom of the spectrum and whose distance balls grow polynomially.

EXAMPLE 11.15 (Anti-trees and spectrum). Let b be an anti-tree with
sphere size s. If

_ ZOO 2 n—05(n)
@ — 28(7")8(87“ +1) <%
then Ag(L) > 1/2a (Exercise).

REMARK 11.16 (Discrete spectrum for the graphs in question). The
argument to bound the infimum of the spectrum above can be iterated after
truncating the original graph by chopping of larger and larger balls around
0. This shows that the infima of the spectrum of the truncated graphs goes
to co. Combined with some standard spectral theory this then yields that
the graphs in questions have pure point spectrum with eigenvalues that are
of finite multiplicity and tend to oc.

11.4. Recurrence

We continue our investigation of spherically symmetric graphs by char-
acterizing recurrence.

THEOREM 11.17 (Area ratio and recurrence). Let b be a locally finite
weakly spherically symmetric graph over X with respect to a nonempty finite
set O C X. Then, b is recurrent if and only if

> 1
Z; b(0B,(0) ~

holds.
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PROOF. As noted in Section[0.2] the measure plays no role in recurrence.
Hence, we let m = 1 be the counting measure on X. We also let a > 0 be
a constant. By Lemma the unique spherically symmetric function «
with u(0) =1 and

(ﬁ—mlo)uzo

satisfies

2 -1
u(r+1) —ulr) = gma nz:% 50 m(0) "o (Mm(Sn(0)u(n)
_ -1
- b(0B,(0))
for all r € Ny. Iterating this and using u(0) = 1, we obtain

1 1
u(r—i—l):l—akzz:ob(aBk(O))

for r € Ng. We will use this equality with different constants a for both
implications in the proof.

First, if we assume that

> 1
a:zgl)(f)BM<w’

then v is a non-constant strictly positive superharmonic function. Thus, b

is transient by Theorem

Conversely, assume that b is transient. Then, by Theorem [0.7] the Green
function is finite, i.e., G(z,y) < oo for all z,y € X. Furthermore, by
Theorem G(-,0) for o € O satisfies

LG(-,0) = 1,.

Furthermore, G(-,0) is strictly positive as the graph is connected. By Corol-
lary [11.10] the function go given by

1
go(x) := W (;G(x,o)

for x € X is spherically symmetric and from the above satisfies

1 1 1
Lgo = TTL(O);/:’G(',O) = m(0) lo = go(0)m(O) Logo,

where the last equality holds for all o’ € O since go is spherically symmet-
ric. Hence, if we let u := go/go(0') for o' € O, then u is strictly positive
spherically symmetric and satisfies u(0) = 1 with
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for a :== go(0’)/2. Now, by the consideration in the beginning of the proof,
u must also satisfy

u(r+1) = Zb@Bk

for all r € Ny. As u is positive we conclude

> 1
; b(0B,(0)) =~

This completes the proof. O

REMARK 11.18. Another viewpoint on Theorem is that the Green
function for weakly spherically symmetric graphs can be calculated explicitly

as
G 02 550y
for x € S,.(0), r € Ng and 0 € O. In part1cular,

o
G(@,0) =) Tpomo Iy
n 20(0B,(0))
for all z € S,(0), r € Ny, from which Theorem follows (Exercise).

We now illustrate the theorem above for our two main classes of exam-
ples, namely spherically symmetric trees and anti-trees from Examples
and [[1.3] For trees the characterization of recurrence reads as follows.

EXAMPLE 11.19 (Spherically symmetric trees and recurrence). Let b be
a spherically symmetric tree with branching number k. Then b is recurrent

if and only if
=00
Z Hn 0

(Exercise).

For anti-trees, rephrasing everything in terms of the sphere growth gives
the following characterization.

EXAMPLE 11.20 (Anti-trees and recurrence). Let b be an anti-tree with
sphere size s. Then, b is recurrent if and only if

(Exercise).

11.5. Stochastic Completeness

We end our investigation of spherically symmetric graphs by character-
izing stochastic completeness.
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THEOREM 11.21 (Volume-area ratio and stochastic completeness). Let
b be a locally finite weakly spherically symmetric graph over (X,m) with
respect to a nonempty finite set O C X. Then, b is stochastically complete
if and only if

. m(B,(O
$nso) _

24 5(0B,(0)

holds.

In order to prove the theorem above, we first investigate the bounded-
ness of a-harmonic functions for a > 0 by using the recursion formula for
solutions found in Lemma [11.12

LEMMA 11.22. Let (b,c) be a locally finite weakly spherically symmetric
graph over (X, m) with respect to a nonempty finite set O C X. Then, the
following statements are equivalent:

(i) There exists o > 0 and a non-trivial spherically symmetric a-
harmonic function that is bounded.
(ii) For all o > 0, all spherically symmetric a-harmonic functions are
bounded.
(iii) We have

< 0.

= e(5,(0)) + m(B,(0))
2 50B(0)

PRrOOF. First of all, Lemma [11.12] gives that a spherically symmetric
a-harmonic function u is uniquely determined by its value at 0. Thus, for a
given a > 0, all spherically symmetric a-harmonic functions are bounded if
there exists a non-trivial a-harmonic function that is bounded.

Furthermore, for a > 0, we let

. ¢(B,(0)) + am(B,(0))
2 b(0B,(0)) '

ala) :=
r=0

Obviously, the finiteness of a(«) for some v > 0 is equivalent to the finiteness
of a(a) for all a > 0.

Thus, it remains to show that a(a) < oo is equivalent to the existence
of a non-trivial bounded spherically symmetric a-harmonic function.

By Lemmal[l1.12] any spherically symmetric u with (C+a)u = 0 satisfies
the recursion formula

,

> (e(Sa(0)) + am(S,(0)))u(n)

n=0

2
u(r+1) —u(r) b0B,(0))
for all r € Ny, where we used ¢(n)m(S,(0)) = ¢(Sn(0)) for n € Ny, which
follows from the spherical symmetry of g. Now, if u(0) = 0, then w is trivial,
hence, we may assume that u(0) # 0 as we are interested in non-trivial
solutions.

On the other hand if we assume that u(0) > 0, then the recursion formula
implies that u is monotonically increasing. In particular, u(r) > u(0) > 0
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for all r € Ny. Thus, summation in the recursion formula over the spheres
gives both the lower bound
2(¢(Br(0)) + am(B,(0)))

u(r +1) —u(r) > b(9B,(0))

u(0)

for r € Ny and the upper bound
2(e(B,(0)) +am(B,O))
b(0B,(0))
for all r € Ny. The desired equivalence follows easily from these bounds.
Indeed, if a(a) = oo holds, we find from the lower bound

u(r +1) < <1+

r—1 r—1
) = Sl + 1) = un)) = Y 2P AT ON,
n=0 n=0 n
— 0

as r — o0. S0, u is unbounded in this case. An analogous argument shows
that u(r) = —oco as r — oo if u(0) < 0 and a(«) = oc.

On the other hand, if a(«) < oo holds we find from iteration of the upper
bound

2
u(r+1) < <1—|— ‘

(L 2e(Bal0) + am(Ba(0))
=1l <1 " b(0B.(0)) ) |

Now, by a(a) < oo also

< [ e(Ba(0)) + am(B,(0))
H(“ b(9B,(0)) ><°"

is valid and the estimate above shows that u is bounded. A similar argument
shows that u is strictly negative and bounded below if 4(0) < 0 and a(«) <
oo. This shows the equivalence between (i) and (iii).

Furthermore, since finiteness of a(«) for one a > 0 is equivalent to
finiteness of a(«a) for all @ > 0, we get that (i) and (ii) are equivalent. This
completes the proof. O

PROOF OF THEOREM [I1.27] If
S m(BO) _
2. 50B,(0) =
then there exists a non-trivial bounded a-harmonic function for @ > 0
by Lemma [11.22] Thus, the graph is stochastically incomplete by Theo-
rem [10.22)
On the other hand, if the graph is stochastically incomplete, then there
exists a positive non-trivial bounded function v which satisfies (£ + a)v =

0 for & > 0 by Theorem [1[0.22] We recall that A denotes the averaging

operator given by

n=0

1
Af(z) = n(5.(0) Z f(y)m(y)

y€S-(0)
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for z € S,(0) and r € Ny. Applying this to v gives that u := Av is a
spherically symmetric function with
(L+ a)u=LAv+ aAv=A(L+ a)v=0

since £ and A commute by Lemma|[I1.8] Therefore, there exists a non-trivial
bounded spherically symmetric functlon u which satisfies (£ + a)u = 0 for
a > 0 and, thus,

o~ m(B:(0))
Y <
Z; b(0B,(0)) =~
by Lemma [T1.22] This completes the proof. O

We again illustrate the characterization of stochastic completeness at

infinity for our two main classes of examples, namely, spherically symmetric
trees and anti-trees from Example [11.2] and [11.3

EXAMPLE 11.23 (Spherically symmetric trees and stochastic complete-
ness). Let b be a spherically symmetric tree with branching number k. Then
b is stochastically complete at infinity if and only if

X1+ 3 IS kG)
; [[i—0 k() B

(Exercise).

For anti-trees we obtain the following characterization. We note, in
particular, that we can use this to construct examples of stochastically in-
complete graphs whose balls grow polynomially.

EXAMPLE 11.24 (Anti-trees and stochastic completeness). Let b be an
anti-tree with sphere size s. Then, b is stochastically complete at infinity if

and only if
Z E
s(r —|— 1

(Exercise).
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