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DISCRETE LAPLACIANS

MICHEL BONNEFONT AND SYLVAIN GOLENIA

ABSTRACT. In this paper, we investigate spectral properties of discrete Lapla-
cians. Our study is based on the Hardy inequality and the use of super-
harmonic functions. We recover and improve lower bounds for the bottom
of the spectrum and of the essential spectrum. In some situation, we obtain
Weyl asymptotics for the eigenvalues. We also provide a probabilistic rep-
resentation of super-harmonic functions. Using coupling arguments, we set
comparison results for the bottom of the spectrum, the bottom of the essential
spectrum and the stochastic completeness of different discrete Laplacians. The
class of weakly spherically symmetric graphs is also studied in full detail.
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1. INTRODUCTION

The study of discrete Laplacians on infinite graphs is at the crossroad of spectral
theory and geometry. A special role is played by the bottom of the spectrum
and that of the essential spectrum of discrete Laplacians. Concerning the former, a
famous link is given through Cheeger /isoperimetrical inequalities, e.g., [BHJ, BKW,
D1, D2, DK, Fuj, M1, M2, KL2, Woj]. For the latter, since the essential spectrum
can be thought as the spectrum of the Laplacian “at infinity”, the link is given
through isoperimetrical inequalities at infinity, e.g., [Fuj, KL2]. In this article we
tackle the question with another standpoint and establish a new link with the help
of Hardy inequalities, see Section 3, and positive super-harmonic functions.

We fix briefly some notation. A weighted graph ¢ is a triple ¥ := (¥, &, m),
where ¥ denotes a countable set (the vertices of ¢), & a non-negative symmetric
function on ¥ x ¥ and m a positive function on #". We say that two points z,y € ¥
are neighbors and we denote z ~ y if &(x,y) = &(y,z) > 0. We assume that ¥ is
locally finite in the sense that each point of ¥ has only a finite number of neighbors.

The Laplacian then reads, for f with finite support,

Anf(@) = —— 3" E@y)(f(@) - F).

m(ac) Yy~

We then consider its Friedrich extension and keep the same symbol. It defines a
non-negative self-adjoint operator. Its spectrum is thus included in [0, c0).
Given W : ¥ — (0,400), the Hardy inequality reads as follows:
A, W
W
where f : ¥ — R with finite support and A,, denotes the the algebraic Laplacian

(see Section 2.1). The heart of this article is to exploit this inequality for some
good choice(s) of W. This method is very flexible:

(f,Amfm = (f, Frm,

e We recover and improve lower bounds for the spectrum and for the essential
spectrum, see Section 4.

e We improve some criteria for the absence of the essential spectrum, see
Section 4.

o We study the eigenvalues below the essential spectrum and obtain Weyl
asymptotics for the eigenvalues, see Section 5.

e We state an Allegretto-Piepenbrink type theorem for the spectrum and the
essential spectrum, see Section 6. This theorem links the bottom of the
spectra with the existence of positive super-harmonic functions.
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e We establish a probabilistic representation of super-harmonic functions, see
Section 8. As a corollary, we derive a probabilistic understanding of the
bottom of the spectrum and of the essential spectrum.

e For weakly spherically symmetric graphs we prove that the bottom of the
spectrum and of the essential spectrum are governed only by the radial part
of the Laplacian, see Section 9.

e Using a coupling argument, we establish new comparison results for the
bottom of the spectrum and the essential spectrum of different discrete
Laplacians, see Section 10.

e We derive a comparison result for the stochastic completeness, see Section
11.

A main part of our work is to provide geometric criterion to ensure the existence
of positive super-harmonic functions; that is functions W : ¥ — (0, co) satisfying

AW () > M)W (),

where A : ¥ — [0, 00) is some non-negative function. These criterion are based on
the geometric properties of a 1-dimensional decomposition of the graph. In many
situations, this 1-dimensional decomposition is given by the distance to a point or
a finite set. Using min-max principles, we then derive the lower bounds for the
bottom of both the spectrum and the essential spectrum (see Theorems 4.8, 4.13
and Corollary 4.18). We also derive lower bounds for the eigenvalue.

The Hardy inequality was already known in this discrete setting under different
names, e.g., [CTT, Gol, HK]. Our present work is inspired by the work of [CGWW],
where the authors study diffusion operators in a continuous setting and with a finite
invariant measure. They give criteria based on Lyapunov functions to show that
the Super-Poincaré Inequality holds.

We mention that the Super-Poincaré Inequality was introduced by Wang (see
[Wanl, Wan2, Wan3]) and is equivalent to a lower bound of the essential spec-
trum. We do not rely on this approach but this point of view enlightens about the
situation. For the sake of completeness, we include the proofs of their results in
Appendix B.

The Hardy inequality directly gives one direction of the Allegretto-Piepenbrik
theorem (Theorem 6.1). For the other direction, knowing a lower bound on the
spectrum or the essential spectrum, one has to construct a positive super-harmonic
function. This was known for the spectrum (e.g., [HK]) but seems to be new for
the essential spectrum.

We then provide a probabilistic representation of super-harmonic functions (see
Theorems 8.3 and 8.5). It is interesting to compare with [CGZ]. The difference is
that they control how the stochastic process returns in a compact domain whereas
we control how the associated Markov process goes to infinity. An important tool
is the Harnack inequality that we borrow from [HK], see Section 7.

Next, we prove comparison results for the bottom of the spectrum and the es-
sential spectrum of different weighted Laplacians. Theorem 10.4 is an important
improvement of Theorem 4 in [KLW]. The main new ingredient in the proof of
Theorem 10.4 is a coupling argument between the associated stochastic processes
(see Proposition 10.1). This coupling argument works under a condition we called
stronger weak-curvature growth which is strictly weaker than the stronger curva-
ture growth condition of Theorem 4 in [KLW]. Moreover, we treat the case of the
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essential spectrum. The coupling argument also provides a comparison result for
stochastic completeness (see Theorem 11.2).

Besides, we study the class of weakly spherically symmetric graphs, see Definition
2.1. These graphs are a slight generalization of the ones introduced in [KLW]. We
first show weakly spherically symmetric graphs are exactly the graphs such that the
radial part of their associated continuous time Markov chain is also a 1-dimensional
continuous time Markov chain, (see Propositions 9.2 and 9.6). We then show that
both the bottom of the spectrum and the essential spectrum for the Laplacian on a
weakly spherically symmetric graph coincide with the ones of their radial part (see
Theorem 9.4).

The paper is organized as follows. In Section 2, we present the notation and we
carefully introduce the Laplacian. Section 3 is devoted to the statement and a new
proof of the Hardy inequality. The lower bounds for the spectrum and the essential
spectrum are obtained in Section 4. In Section 5, we focus on eigenvalues. The
estimates for the eigenvalues are very dependent of the intrinsic geometry of the
graphs. The case of radial trees is given in Theorem 5.3. Theorem 5.4 treats the
case of general weakly spherically symmetric graphs. In Section 6, we state and
prove the Allegreto-Piepenbrik type theorem (Theorem 6.1). Section 7 is devoted to
Harnack inequalities for positive super-harmonic functions. The construction of the
discrete and continuous time Markov chain associated to the Laplacian are made
in Section 8. We also provide the probabilistic representation of super-harmonic
functions (see Theorems 8.3 and 8.5). Section 9 is dedicated to the study of the
class of weakly spherically symmetric graphs. In Section 10, using a coupling argu-
ment, we compare the bottom of the spectrum and the essential spectrum of two
given weighted Laplacians. Section 11 deals with stochastic completeness. The
construction of the Friedrichs extension of the Laplacian is recalled in Appendix A
and Appendix B is devoted to the Super-Poincaré inequality.

2. NOTATION

2.1. The Laplacian on a graph. Let us consider a graph ¢ := (¥, &, m) where
¥ denotes a countable set of vertices of 4, & a non-negative symmetric function
on ¥ x ¥ and m a positive function on ¥. We say that two points z,y € ¥ are
neighbors if &(z,y) = &(y,z) > 0. In this case we write  ~ y. We assume that
¢ is locally finite in the sense that each point of ¥ has only a finite number of
neighbors. For simplicity, we also assume that each connected component of ¥ is
infinite.
Let ¢2(7,m) be the set of functions f : ¥ — C such that

1 lezormy = Y |f (@) Pm(a).
z€V
¢2(7',m) is an Hilbert space with respect to the scalar product:
(fs9)m =Y [@)g(@)m(x) for f,g € (¥, m).
zeV

For all f,g € C.(¥), we introduce the quadratic form

QU9) = 5 3 32 6 y) T — T (o) — 9(v)).
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Note that @ is well-defined since the graph is locally finite. This quadratic form is
non-negative, i.e., Q(f, f) > 0 for all f € C.(¥) and closable. There is a unique
self-adjoint operator A« such that

QU ) =({f,A4f)

for all f € C.(¥) and D(A;m) is the completion of C.(¥') under the norm || - || +
Q(-,)'/?. We refer to Appendix A for its construction. We have:

(2.1) Ag f(x Z &(x,y) — f(y)), for all feCu(¥).

We call this operator the Laplaczcm associated to the graph ¢. According to the
context, we will also denote it by Ag ,, or A,. We mention that Ay is the
Friedrichs extension of Ag|c, ().

Note that Ag|c, (¥ is not necessarily essentially self-adjoint. We refer to [Gol]
for a review of this matter.

We write with the symbol Ay the algebraic version of Ag, i.e.,

Ay f(x

—f(y)), forall f: ¥ — C.

Recall that A is well-defined since ¢ is locally finite.

2.2. 1-dimensional decomposition, distance function and degrees. A 1-
dimensional decomposition of the graph ¥ := (¥,&) is a family of finite sets
(Sn)n>0 which forms a partition of ¥, that is ¥ = U, >0, and such that for
all x € Sy, y € S,

E(z,y) >0 = |n—m| <L

Given such a 1-dimensional decomposition, we write |z| := n if z € S,,. We also
write By := Up<i<nSi- A function f: ¥ — R is said to be radial if f(z) depends
only on |z|.

Typical examples of such a 1-dimensional decomposition are given by level sets
of the graph distance function to a finite set Sy that is

(2.2) Sy i={x € ¥, dg(x,Sy) =n},
where the graph distance function dg is defined by
(2.3) dg(z,y) =min{fne N,z ~z1 ~---~z, =y, 2, €¥,i=1,...,n}.

Note that for a general 1-dimensional decomposition, one has solely dg (x, Sp) > n,
for x € S,,. Given x € S,, and k > —n, we shall denote by

(24) Sk,m = {y S Sn-i—k; dg(.%',y) = |k|}
We introduce the following unweighted degrees of x € Sy:
770(95) = Z @@('Tay)a Ui(x) = Z @@(‘ray)a
yESH YESn+1
with the convention that S_; = 0, i.e., n—(z) = 0 when = € Sy. The total un-
weighted degree of x is defined by:

n(x) = no(x) +n-(z) + ny (@) = Y _ E(x,y).
yev
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We stress that contrary to n4+ and 7, 7 is independent of the choice of 1-dimensional
decomposition.

We now divide by the weight and obtain new quantities of interest. We call them
the (weighted) degrees and denote them by:

deg, () ;:ZZE;C)), where a € {0, —, 4},

deg(z) ::% = deg_(z) + degy(x) + deg, ().
Again, note that deg is independent of the choice of a 1-dimensional decomposition.
When m(x) = n(x), we also write p4.(x), po(x), p— (x) for deg , (z), degy(z), deg_(z),
respectively.
In the same spirit, we also define:

&(z,y)
m(z)

deg(z,y) =

We say that the graph ¢ is simple when & : ¥ x ¥ — {0,1}. This definition is
independent of the choice of the weight m. In this case, when m = 1, the operator
A7 is usually called the combinatorial Laplacian on the graph ¢ whereas when
m(x) = n(z), or equivalently when deg = 1, the operator A, is usually called the
normalized Laplacian.

In the case of the combinatorial Laplacian A; on a simple graph, one has

degy (z) = n+(z) = #{y,y ~ a, |y| = [z| £ 1}
and

Given a function V : ¥ — C, we denote by V() the operator of multiplication
by V. It is elementary that D(deg'/?(-)) C D(A%Q). Indeed, one has:

oA fhn = 5 3 3 6w y)lf) — F)P

TEV Y~z

YD E@y)(f @)+ 1fW)IP) = 2(f, deg () fhm,

TEV Yy~

(2.5)

IN

for f € C.(¥). This inequality also gives a necessary condition for the absence of
essential spectrum for A, (see [Gol][Corollary 2.3]). In [Gol][Proposition 4.5], we
also prove that, in general, the constant 2 cannot be improved. It is also easy to
see that A,, is bounded if and only if deg is (e.g. [Gol, KL1, KLW]).

2.3. Weakly spherically symmetric graphs. We introduce the class of weakly
spherically symmetric graphs. Their associated Laplacian will be study deeply in
Section 9 and 10.

Definition 2.1. Let 4 := (¥, &, m) be a weighted graph and let (Sp)n>0 be a 1-
dimensional decomposition on 4. We say that & is weakly spherically symmetric
with respect to (Sy)n>0 if the quantities deg, (x) and deg_(x) only depend on the
quantity |x|.
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It is easy to see that for a weakly spherically symmetric graph, the 1-dimensional
decomposition corresponds to the one obtained by taking the level sets of the dis-
tance function to the set Sp; that is we have

Sy = {SC € q//,dg(l',SO) = TL}

This due to the fact that for x € S,, obviously, one has deg_(xz) > 0 thus
dg(y,snfl) =1.

If So = {zo}, we also say that ¥ = (¥, &, m) is weakly spherically symmetric
around xo. The definition 2.1 is a slight generalization of the one in [KLW] where
the authors only consider the case of weakly spherically symmetric around a point
xo. In [KLW], the author shows that weakly spherically symmetric graphs with
So = {xo} are exactly the graphs such that the heat kernel associated to A,
pt(xo, ), is a radial function.

The interest of our definition is that if ¢ := (¥,&,m) is weakly spherically
symmetric with respect to some 1-dimensional decomposition (Sy)n>0 then so is
the induced graph with vertex set ¥ — B,,, n > 0. In particular, in Proposition 9.2,
we prove that with our definition, weakly spherically symmetric graphs correspond
exactly to the graphs such that the radial part of the associated continuous time
Markov chain is still a continuous time Markov chain.

2.4. Decomposition of the Laplacian and bipartite graphs. We fix a weighted
graph & := (¥, &, m) and (S, )nen & 1-dimensional decomposition of ¥ We decom-
pose the Laplacian in the following way:

(2.6) A, =deg(s) — Ambp — Amosps
where
A (@)= s Y E@a)f ()
y,lyl#|z|
and
1

Here bp and sp stand for bi-partite and spherical, respectively.
Let U be unitary operator defined by U f(x) := (—=1)I*l f(x), then

(2.7) UA,U =deg(-) + Ambp — Am.sp = 2deg(-) — Ay, — 245, 5p-
Note if 79 = 0 thus A, = deg(-) — Am,bp and
UAU = deg(-) + Appp = 2deg(-) — Ay
In particular, when m = 7,
UAU=1+Ayp =2—- Ay,
In this last case, this directly yields:

Proposition 2.2. Let 4 := (¥,&,m) be a bi-partite graph with m = 1. Let W be

any subset of V', then the spectrum o (AZ’/) is symmetric with respect to 1.
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2.5. The Dirichlet Laplacian and Persson’s lemma. Let % be any subset of
Y. First, we define Int % = {x € %,y ~ x = y € %} the interior of % and
OU :={x €W,y € %,y ~ x} the boundary of % .

We call 9% .= (%,&%,m) the induced graph on % where &% is defined on
U XU by EY (x,y) = E(x,y),r,y €EU.

We denote by A?j the associated Dirichlet Laplacian. It is defined as follows:
for f : % — C with compact support, we define f : ¥ — C by f(z) = f(z), if
z € % and f = 0 otherwise, we set:

AZ f(z) == Ay f(z), forallz € %.
Note that AZ is a self-adjoint operator acting in ¢?(%). It is the Friedrichs exten-
sion of Ag |Cc(%)'
The infimum of the essential spectrum of A,, is classically described by the
Persson Lemma, e.g., [KL1][Proposition 18]. One reads:

inf oess(Agw) = sup info (Aégc)

K CVAfinite
2.8 = su in s Ag f).
28) %’C“i/gnite fECc(“f/\%’)ﬂllfH:lU h
Note that if Ag is bounded from above we also have
ws(Ag) = inf (A )
Sup o, ( {4) %Clgﬁnite supa 4
—  inf sup  (f, Ay f).

HCVfinite - pec.(¥\A), | fl|=1
We adapt the Upside-Down-Lemma of [BGK] which was inspired from [DM].

Lemma 2.3 (Upside-Down-Lemma). Let ¥ := (¥,&,m) be a weighted graph,
q: YV = Rand %4 C V. Assume there are a € (0,1), k > 0 such that for all
f € CC(%);

(1 —a)(f, (deg + @)()f)m — K| fIIZ, < (f, AL f+ () f)m,
then for all f € C.(% ), we also have
(. AZ F+a() fhm < (L+a)(f, (deg + @) () fhm + kI fIIZ,.
Proof. By a direct calculation we find for f € Co(%)
f,(2deg() AN fim == 3 @ UF@P +2fG)P) — IfE) - Fu)P)

T, yeV xy

Y Exy)lf)+ fy)P

z,Y, T~y

[\]

|~

LS ) lf @l - 1w

2
Ty, Ty

(F1, AZ 1S )m-

Using the assumption gives after reordering

(£ AL F+40)f)m = (f,2deg + () f)m < =, AL | l)m

< —(@=a)(|f],(deg + Q)OS m + K fI, [fm
=—(L=a)(f,(deg + @) () f)m + k(f, [)m

Y]
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which yields the assertion. (I
Combining the upside-down Lemma and the Persson criteria we derive immedi-
ately the following proposition.

Proposition 2.4. Let 4 := (&,Y) be a graph. Assume that there is a > 0 such
that

inf oess(Ay) > 1—a
then

SUp Oess(Ay) < 1+a.

3. HARDY INEQUALITY AND ITS LINKS WITH SUPER-HARMONIC FUNCTIONS

In this paper, one major tool is the following Hardy inequality. The terminology
comes from [Gol]. The idea is to bound the Laplacian from below by a potential
and to reduce its analysis to it. This technique has already be successfully used
in [HK] for some ground state related problem and in [Gol] to obtain some Weyl
asymptotic.

Proposition 3.1 (Hardy inequality). Let W be a positive function on ¥, then for
all f € C(V),

(3.1) O, 1) = (s By = (f, 2 Skl f

Here we recall that A,,JW has to be understood in a algebraical sense since in
general W is general not a ¢2 function. We mention that there are other techniques
to bound the Laplacian from below by a potential and refer to [CTT, CTT2, MT].

The inequality of Proposition 3.1 is well-known in the continuous setting. It can
be seen as an integrated version of Picone’s identity (see for example [AH]). It also
appears in the work [CGWW].

We point out that the formulation of (3.1) is equivalent to the one used in
[HK, Gol]. We shall present an alternative proof, which is closer to the one of
[CGWW]. We shall only use the reversibility of the measure m.

Proof. Take f € Co(¥),

<f, > PN (17260) - Jrg 1P ) )
I (172 = 5 (g 1@ + {1 )) )
< Z;g z,y) (IF(@) =R (f(2)f ()
-3 L Swli@) - S0 = QU1

This is the announced result. (I

The aim of this work is to investigate the links between some properties of the
spectrum of the Laplacian and the existence of some positive function W which
satisfies

AW

(3.2) n

() = M),
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for all z € ¥ and for some function A which is non-negative away from a compact.
Clearly, given m,m’ : ¥ — (0, +00), a function W satisfies (3.2) for m if and only
if it satisfies (3.2) for m’ where:

Ay W
w

()2 (), with ¥() = -

This simple fact enlightens about the flexibility of our method.

Note that in the literature, when A is constant, these functions W are sometimes
called positive A-super-harmonic functions. In a different field, they are also called
Lyapunov functions. We rely on the next definition.

Definition 3.2. A positive function W is called a Lyapunov function if there exist
A a positive function, b > 0, and a finite set By, such that for all x € ¥V,

AW

(3.3) o

(z) > Az) — b1, (z).

A positive function W is called a super-harmonic function if there exist A a
non-negative function such that for all x € ¥,

A, W
w
Remark 3.3. Usually, for Lyapunov functions, the condition W > 1 is also
required and they are used to control the return time in a compact region (see
[CGWW]). Here we do the contrary and our Lyapunov functions control how the

process goes to infinity (see section 8). They are non-increasing in our applications.
Therefore, we shall not impose that W > 1.

(3.4)

() > A(z).

Moreover, in some situations, we will have to consider family of super-harmonic
functions. We set:

Definition 3.4. Given a graph ¥ := (&,Y"), we call a sequence (¥,,)n of finite and
connected subsets of ¥ exhaustive if ¥;, C Y541, and U, ¥, = 7.

Definition 3.5. Set a graph ¢ := (&,7). A family of positive functions (Wy)n
is called a family of super-harmonic functions relative to an exhaustive sequence
(Vn)n if there exists a non-zero and non-negative function A : ¥ — RY such that

(3.5) AWy () > Ma)W, (2),

forallx € ¥,.

4. SUPER-HARMONIC FUNCTIONS, ESSENTIAL SPECTRUM, AND MINORATION OF
EIGENVALUES

In this section, we construct Lyapunov and super-harmonic functions for the
Laplacian on some weighted graphs and study the (essential) spectrum of the asso-
ciated Laplacian. We compare our approach with the ones obtained by isoperimet-
rical techniques and provide some minoration of the eigenvalues which are below
the essential spectrum.
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4.1. A few words about the isoperimetrical approach. Given a function
m: ¥ — (0,00) and U C ¥, we define the isoperimetric constant as follows:
L(0K)

an(U) = K,Klglgc“t/ (&)’ where L(OK) := (1ox, Amlox)m = (1x, Amli)m.

Note that L(0K) is independent of m. Trivially, one has that o, (U) > inf o(AY).
However, it is important to notice that this quantity is also useful to estimate from
below the Laplacian. One obtains in [KL2][Proposition 15] (see also [D1, DK, Kel]
and references therein), the following result.

Proposition 4.1 (Keller-Lenz). Given ¢ := (¥, &, m), then

(4.1) inf o (AY) > dy (1 _ m) ’

where dy := inf ey deg(z). Moreover, if Dy := sup, ¢y deg(z) < 400, we obtain:
info (A%) > (DU — /D% — am(U)Q) )

It remains to estimate the isoperimetric constant. We adapt straightforwardly
the proof of [Woj][Theorem 4.2.2], where the author considered the case w = 1.

Proposition 4.2. Take a graph ¢ = (V,&,w), w : ¥ — (0,00) and U C V.
Suppose that there are a 1-dimensional decomposition of 4 and a > 0 such that

nt(2) = n-(z) = aw(z),
for all x € U, then one obtains that a.,,(U) > a.

Proof. Set r(x) := |z|. We have A,r(z) < —a for z € U. By the Green Formula
and since r(x) — r(y) € {0, £1} for z ~ y, we have:

LOK)= Y &y = Yo Ey)r(x) —ry)

zeK,y~z,y¢K zeK,y~z,y¢ K
= |1k, Ayr)y| > aw(K).

This yields the result. (I

4.2. Lower estimates of eigenvalues. In the continuous setting, it is possible
from the Hardy inequality and the Super-Poincaré Inequality (see the Appendix) to
obtain some estimates of the heat semigroup and then to obtain some eigenvalues
comparison. Here in this discrete setting, the situation is simpler since bounding
from below the Laplacian by a non-negative multiplication operator directly give
information on eigenvalues. In all this section we denote by

0< )\I(Am) < )\Q(Am) <-.- < )\n(Am) <-e < inerSS(Am)

the eigenvalues of A,,, which are located below the infimum of the essential spectrum
of A,,. A priori this number of eigenvalues can be finite. We recall some well-
known results. We refer to [RS][Chapter XIII.1] and [DS] for more details and to
[RS][Chapter XIII.15] for more applications. We start with the form-version of the
standard variational characterization of the n-th eigenvalue.
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Theorem 4.3. Let A be a non-negative self-adjoint operator with form-domain
Q(A). For alln > 1, we define:

Ha(4) = sup inf (g, Av),

O1seesPr—1 YE[PL,..pn—1]t

where [p1,...,pn—1]t = {¥ € 2(A), so that ||| = 1 and (¥,¢;) = 0, with
i=1,...,n}. Note that ¢; are not required to be linearly independent.
We define also:

VUp A) = inf sup Q/J’AQ/J '
(4) EnCQ(A)vdimEn:"wEEm||w||:1< >

Then, one has pn(A) = vn(A) and if pn(A) = vp(A) is (strictly) below the
essential spectrum of A, it is the n-th eigenvalue, counted with multiplicity, A\, (A).
Moreover, we have that:

dim Ran 1[07Mn(A)] (A) =n.
Otherwise, pn(A) = v, (A) is the infimum of the essential spectrum. Moreover,

wi(A) = vi(A) = un(A) = vy (A4), for all j > n and there are at most n — 1
etgenvalues, counted with multiplicity, below the essential spectrum. In that case,

dimRan 1, (a)+e (A) = 400, for all e > 0.
This ensures the following useful criteria.

Proposition 4.4. Let A, B be two self-adjoint operators, with form-domains 2(A)
and 2(B), respectively. Suppose that

2(A) D 2(B) and 0 < (¢, Ap) < (b, By),
for all ¢ € 2(B). Then one has inf ess(A) < inf 0oss(B) and
(4.2) M(A) > M(B), for A€ [0,00)\ {inf oess(B)},

where A3 (A) := dim Ran 1}y ) (A).
In particular, if A and B have the same form-domain, then cess(A) = 0 if and
only if oess(B) = 0 and A\, (A) < \p(B), n > 1.

Proof. Tt is enough to notice that pu,(A4) < p,(B), for all n > 0. Theorem 4.3
permits us to conclude for the first part. Supposing now they have the same form-
domain, by the uniform boundedness principle, there are a,b > 0 such that:

(¢, Ap) < a(ih, By) + b|[¢||* and (¢, By) < a(, Ay) + bl|¢||

for all v € 2(A) = 2(B). By using the previous statement twice we get the
result. O
We start with a direct application. We shall present examples in the next section.

Corollary 4.5. Let ¢ be a non-decreasing non-negative radial function on ¥ . As-
sume that

(f,Bmfhm = (f, 0 f)m.,
for all f € C.(¥). Then,

inf oess(Ar) > lim ()

|| =00
and when \p, _,|+1(Am) exists, we have:

(43) /\\Bn,l\-i-k(Am) 21/)(”)7 fOT/{: 1a7|Sn|
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4.3. Upper estimates of eigenvalues. It is also possible to obtain some upper
bounds for the eigenvalues. Our method here is based on the following well-known
Proposition, see [Wan3|[Proposition 5.1] for example.

Proposition 4.6. Let 4 := (¥,&,m) be a graph and let A,, be the associated

Laplacian. Let g1,...,g, € D(A}nm) be n orthonormal functions ((gi, gj)m = 0i;))-

Let M\, (M) be the largest eigenvalue of the symmetric matriz:

M,y = (<gia Amgj>ﬂ%)1§i7j§n .
Then if A\p(Ay,) exists we have:

(4.4) An(Am) < An(My).
In particular, for all non identically zero functions g;, i =1,...,n such that
(4.5) (9is 95)m = (9i» Amgj)m = 0 for i # j,

i=L..on (Gis Gi)m
Moreover if Ay, (My) < inf oess(Ay,) then Ay (Ay,) exists.

Proof. This is a direct consequence of Theorem 4.3. One just has to note that for
E,, a subspace of dimension n of D(A,,) and (g1, ...,gs) an orthonormal basis of
E,,, one has: maxyep, |n|=1(h Amh) = A (My). O

As a corollary, we obtain:

Corollary 4.7. (a) Letgi,...,gn € D(A%Q) be such that dg (supp g;, supp g;) >
2, for i # j and where supp denotes the support. Then if A (Ay,) exists we
have:

(9i, Amgi)m

1=1,..., n <gi,gi>m

(b) Let 9; := (¥;,&,m), i = 1,...,n be n induced sub-graphs of 4 such that

for i # j, dg(¥i, V;) > 2, then if \y(Ag.m) exists we have:

M (Ag m) < max {info (A?m)}

1=1,...,
where A?m denotes the Dirichlet Laplacian of 4; in 9.

4.4. The approach with super-harmonic functions. In this section we im-
prove a result of [Woj] and prove that the weighted Laplacian A,, has empty
essential spectrum for a certain class of graph and give some estimation on the
eigenvalues.

Theorem 4.8. Take ¥ := (8,7 ,m) and assume there is a 1-dimensional decom-
position and a constant ¢ > 1 such that

(4.7) I :=liminf (deg, (z) — cdeg_(z)) >0

|z|— 00

Set ng := inf{n € N, deg, (z) — cdeg_(x) > 0 with |x| > n}. Then there exists a
super-harmonic function W such that

(4.8) AW (z) > ¢ W (x), foralzeV,
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with

(4.9) ¢e(x) = c; ! (deg, (x) — cdeg_(ac))le0 > 0.

In particular, we obtain that Gess(Ap) > 1(c—1)/c and Gess(Am) =0 if | = co.

Proof. We construct a suitable Lyapunov function. Set W (z) := ¢~ 1#l. We have:
B AW (z)

(4.10) Ye(x) : W)

= deg, (v) (1 - %) +deg_(z)(1—c).

Now since deg_ (x) —cdeg_ (z) is positive outside a given ball B,,,, W is a Lyapunov
function, which satisfies
Amﬁ/(x) > qﬁc(x)VV(x) -Clg,,

with ¢, defined as in (4.9) and for some constant C.

Set now
[ ™, ifaz € By,
(4.11) Wiz) = { il ifx e BE,

then it satisfies (4.8). Finally, since ¢.(x) tends to l(c — 1)/c when |z| — o0,
Corollary B.6 gives the statement about the essential spectrum. (I

Remark 4.9. Note that condition (4.7) with I = +o00 is equivalent to the following
one: Ny (x) = 00 as |z| = oo and there exist a ball By, and a constant ¢’ > 0 such
that for all x outside the ball By,

d —d
g (o) ~deg (@) |
deg_(z)
Thus, when m = 1, this is better than the one of [Wojl[Theorem 4.2.2] which asserts:

N4 (z) = 00 as |x| — oo and there exist a ball By, and a constant ¢ > 0 such that
for all x outside the ball By,

4 (z) —n-()
n(x)
His result follows for instance by Propositions 4.1, 4.2 and the Persson Lemma
(2.8).

>c>0.

An example where our criterion is satisfied and the one of Wojciechowski is not
satisfied is the following.

Example 4.10. Let ¢ := (¥, &, 1) be the simple graph with weight m = 1, whose
set of vertices is

Vo :={(1,41,42,...,ik),k > 0,i; € [1,7] for j € [1,k]}
and where &(x,y) := 1 if and only if © #y and
{:I:,y} = {(1,i1,...,ik),(1,’il,...,’L'k,ik_;,_l)}

orx = (1,i1,...,1;) and y = (1,4}, ...,4}).
For x = (1,i1,...,ix) € ¥,k > 1, we have ny(x) = k+1, n_(z) = 1 and
n(r)=k+2+k -1
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Sy
S3
S
S
So
FIGURE 1. Growing tree with complete graph on spheres

We provide an example of a weakly spherically symmetric graph. On a weakly
spherically symmetric graph, inf oess(A1) does not depend on the edges inside the
spheres S,, (see Corollary 10.8). Therefore, it is a good point that our criterion 4.7
does not depend on degy,.

Theorem 4.8 can also be useful to compute the asymptotics of eigenvalues. We
improve partially the main result of [Gol] where one considered some perturbation
of weighted trees.

Theorem 4.11. Take & := (&,7',m) and assume there is a 1-dimensional decom-
position such that

(4.12) lim deg, (x) =00, and max(deg_(x),degy(x)) = o(deg, (x)),

|z|—o00
as |z| — oo, then D(AY?) = D(deg"%(")), Tess(Am) = 0, and
An(An)

4.13 lim —————~
(413 2 X, (deg ()
Proof. We apply Theorem 4.8. Note first that [ = oo for all ¢ > 1. The essential
spectrum of A,, is therefore empty. Using (4.9), (3.1) and (4.12) we obtain that
for all € > 0 there are c., ¢, > 0 such that:
(4.14) (£, Amf) > (1= €){f, deg() Flm = cell fII7,
for all f € C.(7). Combined with (2.5), we get the equality of the form domains.
Using Lemma 2.3 we derive:

(f,Amf) < (L +e)(f, deg(:) fhm + cell flIm,
for all f € C.(¥). This yields:

An(Bm)

1—e <liminf ———= <limsup ————
n=oo Ap(deg()) T nooo An(deg(-))

By letting € go to zero we obtain the Weyl asymptotic (4.13) for A,,. O

<1l+e.

Remark 4.12. Inequalities (4.14) was studied in full detail in [BGK]. It turns out
that the graphs which satisfy (4.14) are exactly the so-called almost sparse graphs
(see the definition in [BGK]). Combining Proposition 4.2 and [BGK, Theorem 5.5]
we can also reprove Theorem 4.11.
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With the same method, we also obtain a result when the inner and outer degrees
are bounded.

Theorem 4.13. Take 4 := (&,7',m) and assume there is a 1-dimensional decom-
position such that there exist ng € N and two constants a and D with

(4.15) deg, (z) —deg_(x) > a for all v € By,

and

(4.16) sup deg, (z) 4+ deg_(x) < D < +o0.
z€BS

Then there exists a positive function W such that

AW (z) > ¢ W (z), foralzec¥,
with

de(x) = (D= VDT =a?) 15 >0,

In particular, inf o (Af«b’i) >D —+/D? — a2, for alln > ng and

(4.17) inf oess(Ar) > D — v/ D? — a?.

Proof. Let W (z) = ¢! for some ¢ > 1 which will be precised later. Take 1, as in
(4.10). For x € B¢ _, conditions (4.15) and (4.16) imply that:

ng?
1

o) = 3 | (= 1) Qe o) — der_ ()~ (e 2 —2) (dog (o) + deg_()

Z%KC—%)CL—(H%—Q)D] :%[QD—C(D—a)—%(D-i-a)}
D

by taking ¢ = gfz. Then by choosing W as in (4.11), Corollary B.6 ends the
proof. ([

An example where our criterion is satisfied and Proposition 4.1 does not apply
is the following;:

Example 4.14. Given d > 2, let 4 := (¥, &,1) be the simple graph given by the
d-ary tree with the complete graph on each sphere and with weight m = 1, see Figure
2. The graph is constructed as follows. The set of vertices is

vV ={(1,i1,19,...,0k),k > 1,i; € [1,d] and j € [1,k]}
and & (x,y) := 1 if and only if x #y and

{:I:,y} = {(1,i1,...,ik),(1,i1,...,’L'k,ik_;,_l)}
or
x=(1,i1,...,i) and y = (1,4,...,1}).
We have #Sy = d*, for k > 0. Moreover, for x = (ig,...,ix) € ¥,k > 1, we have

deg, (z) = ni(z) = d, deg_(x) = n-(z) =1, and deg(x) = n(z) = #5k +d. By
Theorem 4.13, we get:

inf o(Ay) > d+1—2Vd,
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S3
S
S
So

FIGURE 2. 3-ary tree with complete graphs on spheres

whereas the lower bound given by (4.1) is 0. Indeed, for U the complement of a
ball, by considering K = Sy, for n large enough, one sees that o, (U) = 0. Note also
that the second part of Proposition 4.1 does not apply since Dy = oo.

Actually, the result: inf o(A;) = d + 1 — 2v/d was already known for the above
example. Since it is a weakly spherically symmetric graph, by Corollary 6.7 in
[KLW], the quantity inf o(A;) does not depend on the edges inside the spheres S,,.
Therefore one can reduce to the case of the ordinary d-ary tree.

Remark 4.15. In the case of the normalized Laplacian, m(z) = n(z) = >_, &(v,y),
that is deg = 1, we bring some new light to [KL2, Corollary 16] (which improves
the original result of [DK]) :

inf gess(Ay) > 1 — V1 —a?

For the d-ary tree, we also recover the sharp estimate:

4.5. Rapidly branching graphs. We now discuss the result of Fujiwara and Hi-
gushi (see [Fuj, p 196]) concerning rapidly branching graphs. In [Fuj, Corollary 4]
under the hypothesis that gess(A,) = {1}, the author proves the existence of an
infinite sequence of eigenvalues \; # 1 that converges to 1. Fujiwara asks if there
exist two sequences of eigenvalues that tends respectively to 1~ and to 1*. The
answer is yes:

Proposition 4.16. Let 4 := (&,7) be a graph such that oess(A,) = {1}. Then
there exist two infinite sequences of eigenvalues (A )nen and (A )nen such that
AP >1and A\, <1 for alln € N.

We refer to [Fuj] for the question of 1 being an eigenvalue in the case of a radial
tree.

Proof. Given xo ~ yo set go = 0z, + ady,. We have

<gaa AnQa) -1 sign(a) éa(an yO)
(90 9a)y n(xo)n(yo)’

where « is chosen to be £4/n(x¢)/n(yo). The result follows from Corollary 4.7
(applied to £A,). O



18 MICHEL BONNEFONT AND SYLVAIN GOLENIA

AVVVY O VRVVY WYYV

Sa
Sl -7
So

FIGURE 3. Graph with oess(Ay) = {1} and liminf|;|_,. n(z) < +o0.

Remark 4.17. Note that oess(A,) = {1} implies that that (A} )nen and (N, Jnen
tend to 1 by definition of the essential spectrum. Moreover our choice of test-
functions and Corollary 4.7 also imply that:

lim inf Lx)n(y) = +00,

|x| =00 Yy~ (9@2(.%', y)
where |x| is defined with respect to any choice of 1-dimensional decomposition. We
point out that with the help of Corollary 4.18 it is easy to construct a simple graph

such that 0ess(Ay) = {1} and such that liminf |y, 1n(x) < 400, see Figure 3.

In the setting of simple graphs, the main result of [Fuj] is the equivalence between
an isoperimetry at infinty and the fact that oess(Ay) = {1}. We give a sufficient
condition for the latter.

Corollary 4.18. Take 9 := (&,Y) be a graph and assume there is a 1-dimensional
decomposition such that :

(4.18) pe(x) =1,  as|z| = oo,
then oess(Ay) = {1}.

Proof. Let e > 0. Since py(x) — 1 as |z| — oo, there exists a ball n. such that for
all n > ne,
py(z) —p_(x) >1—¢ for x € By.

Thus, by Theorem 4.13, we obtain inf o (Afi) > 1 — /z and Proposition 2.4

concludes. O

5. EIGENVALUES COMPARISON

5.1. The case of trees. We turn to the case of a tree .7 := (¥, &). First we fix
v € ¥ and set Sp := {v} and S, given by (2.2). Let z € ¥, we denote by .7
the induced tree in .7 whose set of vertices is 777 = Ug>0Sk 2, see (2.4). This
corresponds to the sub-tree of .7 whose root is z. We also consider .7, the induced
tree in .7 whose set of vertices is ¥z = Up>_1S5k.. We denote by Z the unique
point in S_; ,, it is the father of x.

Let f € Co(¥7,) such that f(T) = 0, we can extend f in a function f on the all
tree 7 by setting f(y) = 0 for all y € ¥ — ¥, and we have:

AF F(2) = Dy mf(2) for 2 € Yz,
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If 7 is a radial tree, for all  which belongs in a same sphere S,,, all the sub-trees
I (and 7)) are the same. We denote by .7, one of them (and .7, respectively).
Corollary 4.7 yields:

Theorem 5.1. Let 7 be a tree. Then, with the above notations:
(5.1) Ags, (D) < maxinfo (Agf,m) .

If moreover J is a radial tree, then

(5.2) Ags, (Am) < info (AZ:’;M) .

In the next propositions, we give a quantitative way to estimate the eigenvalues in
the case of radial simple trees for the normalized and the combinatorial Laplacians.
In case of a simple tree, the term radial simply means that the function n only
depends on the distance |x|. By abuse of notation, we denote n(n) := n(z),x € S,,.

Proposition 5.2. Let J := (¥, &) be a radial simple tree. Let x € Sy, then with

the above notation:
1

: 1—- —
nto (A%, ) <1y L0
info(Ag )< o+ 1)
and

1
: 7! ~_
info <A9§71) < max(n(n),n(n+1)) | 1— n(n _7_( 1))

Proof. We treat first the case of the normalized Laplacian. Let x € S,,. Let g be
the function on ¥z, defined by g(z) := 1, g(y) := a for y € Si,, and g(y) := 0
otherwise. Clearly,

: 7! (9, Ang)n

e (A‘%’”) = .0

_ 1+ () - D — )+ (m(n) —1)(n(n +1) — 1)a?

n(n) + (n(n) = )n(n +1)a?

20(n(n) —1)
n(n) +a?(n(n) —)n(n +1)

/1 — L
N O

77(n+1)7

—1-

where in the last line we have made the choice o = #.
v (n(n)=1)n(n+1)
The same computation gives also

, 7! (9, A19)1 (9, Ayg)y
me(AI )gigmaxnn),nn—i—l))i.
7ol (9,90 (), m( (9,9)n
This ends the proof. (]
We now precise the result of Fujiwara and Higushi (see [Fuj, p 196] and Corollary

4.18) by estimating the eigenvalues for the normalized Laplacian A,. We also
discuss the case of the combinatorial Laplacian.

Theorem 5.3. Let 7 := (¥,&) be a simple radial tree.
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(a) Let m =n. Assume n(n) is non-decreasing and tends to +00 as n tends to
0o. Then

Cess(Bg) = {1} and o(A,) = {1} U{M(A,),2 = M(A,), i > 1,

where (X\i(Ay))i>1 is an infinite sequence of eigenvalues converging to 1.
Moreover, for e >0, and n > n(e) we have:

1 1—¢
1 =2y | ——= < A#B,_1+1)(Ay) < Azs, (Ay) <1 — ———es.
pim) < B (Ba) < Ags. (L) V£ 1)

(b) Let m = 1. Assume that n(n) (1 -2, /#n)) is non-decreasing and that

n(n) tends to +00 as n tends to co. Then,
Uess(Al) = (Z) and O’(Al) = {)\z(Al),l > 1},

where \;(A1) is an infinite sequence of eigenvalues which tends to +oo.
Moreover, one has:

n(n) (1 — 2 %) < A#Ba-1+1) (A1) < n(n).

Proof. We begin by the left inequality for the normalized Laplacian. Note that by
hypothesis, for all z € Bf,_;,

n(n) =2

deg, (x) —deg_(z) > ———.

Therefore by Theorem 4.13 and by Corollary 4.5, if the corresponding eigenvalue
exists:

9 1— L
-2 n 1
Mepon e (B 21— %_(Wi)) N o R IO
n

n( n(n) n(n)

Since 7 tends to oo, we have #B,,_1 + 1 < #5,,, for n large enough. Next the right
inequality for Ags, (A,), (if this eigenvalue exists) is a straightforward application
of Theorem 5.1 and Proposition 5.2. Finally, since the upper estimate is strictly
lower than 1, the min-max Theorem 4.3 ensures the existence of a infinite number
of eigenvalue under the essential spectrum.

We turn to Ay. The left inequality is obtained by taking ¢ = y/n(n) — 1 in (4.10)
since ¥, can be written as

Ye(x) =n(n) — (c+ M) , T€ES,.

c

Corollaries 4.18 and 4.5 give the desired result for the essential spectrum. Then we
have:

A#Ba-1+1) S Agsa) S 1(n)
by taking Dirac test functions. O
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5.2. The case of general weakly spherically symmetric graphs. In this sec-
tion, we investigate the case of general weakly spherically symmetric graphs.

Proposition 5.4. (a) Let G = (¥,&,m) be a weakly spherically symmetric
graph with m = n. Assume that p4(n)(1 —p4(n)) is non-increasing. Then,
if the corresponding eigenvalues exist, we have:

A#Bn41)(An) > 1=2y/p(n)(1 - p4(n))

and

Ma(By) < 1= /53 (Bn = 2)p_ (30— 2).

(b) Let G .= (V,8,m) be a weakly spherically symmetric graph with m = 1.
Assume that both n(n) and n(n) —2+/n+(n)n-(n) are non-decreasing. Then
we have, if the corresponding eigenvalues exist:

A#Bo_1+1) (A1) = n(n) = 2+/n1(n)n-(n)
and

Corollary 5.5. Under the hypothesis of Proposition 5.4, if moreover p4(n) — 1 as
n — 400, then oess(Ay;) = {1} and the min-maz Theorem 4.3 implies the existence
of an infinite number of eigenvalues. Thus we have

o(Ay) = {1} U{A A > 1}

(R

where (A )i>1 and (\)i>1 are infinite sequences of eigenvalues converging to 1
from below and from above respectively. Similarly, if n(n) —2y/n+(n)n—(n) = +oo
as n — 00, then cess(A1) = O and there is an infinite sequence of eigenvalues
tending to 4o00.

c
n—1»

Proof. For the first inequality, note that by hypothesis, for all x € B
p+(@) = p—(2) 2 2p4(n) — 1.

By Theorem 4.13 and by Corollary 4.5,

b o1 (Bg) > 1= 3/1— @ps(n) = 1) = 1= 2/p; (01— ps ().

For the right inequality, let g,, be the function defined on ¥ by g,(x) = 1if x € S,
gn(x) = ap, if x € Sp41 and g, (z) = 0 otherwise, where «,, will be chosen later.
Since for |i — j| > 3, dg(supp g;,supp g;) > 2, then

AL g
(A < max  gp il
i€{1,4,...,3n—2} <gi,9i>n
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Now a computation gives

(Gn Angn>n _ - (Sn)12 + 14 (Sn) (1 = an)Q + 77+(Sn+1)0‘721
<gm gn)n 77(571) + O‘%n(‘s’n-i-l)
n(Sn) + O‘%U(SnJrl) — 20,74 (Sn)

n(Sn) + a2n(Sn+1)

—1_ 200+ (Sn)
n(Sn) + azn(Sn+1)
o )
n(Sn)n(Sn+1)

L W(S@ 1 (Sn1)
0(Sn) 7(Sui1)

— 1= /pr(mp- (),

U(Sn)
N(Sn+1)

with the choice a,, = and since 14+ (S,) = 7—(Sp+1). For the Laplacian

A1, as before, we obtain

A Bu_r41) (A1) > n(n) = 2¢/n(n)(n(n) — ne(n)).

For the right inequality, let g,, be the function defined on ¥ by g,(z) =1ifz € S,
and gy (z) = 0 otherwise. Since for |i — j| > 2, dy(supp ¢;,suppg;) > 2, then
iy 1G5 Son— _(Soy,—
max 9 1g>1§77+(2 1) + 17— (S2n—1)
ie{1,3,...2n—1} (g4, gi)1 |Son—1]
This ends the proof. (I

An(Aq) < <n2n-1).

5.3. The case of antitrees. A simple graph ¢ is an antitree if there exists a 1-
dimensional decomposition (Sy)n>0 of ¥ such that ni (x) = #Sp+1,n—(x) = #5Sn,
and ng(z) = 0 for all z € S,,,n > 0. Antitrees are bipartite graphs. The spectral
decomposition of the Laplacian on antitrees is made in [BK]. It is shown that the
spectrum of A, is the union of {1} and the spectrum of a Jacobi matrix.

This comes from the fact that if f is orthogonal to radial functions then A,, f =
0 and then A,,f = deg(-)f. Therefore for A,, 1 is an eigenvalue with infinite
multiplicity. The Jacobi matrix corresponds to the action of the Laplacian on
radial functions. The upper estimate for the eigenvalues in Proposition 5.4 is in
fact an estimate for the eigenvalues associated to this radial part of the Laplacian.
Therefore, in general, the upper estimate for the eigenvalues of A,, in Proposition
5.4 is reasonable.

6. AN ALLEGRETTO-PIEPENBRINK TYPE THEOREM FOR THE ESSENTIAL
SPECTRUM

In this section, we prove the reverse part of an Allegretto-Piepenbrink type the-
orem for the essential spectrum. This gives a partial reverse statement of Corollary
B.6.

Theorem 6.1. Let 4 := (¥,&,m) be a weighted graph. Let \° := inf o (A,,) and
N = inf 0ess(Ar). Then we have:

€8S
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a) Let A\ < \°, then there erists a positive function W such that
AW (z) > AW ().

b) For all € > 0, there exist Ny := Nyi(e) > 1, C := C(e) > 0, and a positive
function W such that

AW (z) > (N — &) W(z) — Clpy, (o).

€SS

¢) If moreover:
(6.1) inf{m(z),z € ¥} >0,

then for all € > 0, there exist No := Na(e) > 1 and a positive function W such
that

AW (z) > (s —€) g, (x)W (z).
d) If ¢ .= Yy is a weighted graph on N such that
m(N) = 400
then the conclusion of ¢) holds without the additional assumption (6.1).

Remark 6.2. The condition inf{m(z),x € ¥} > 0 is equivalent to the inclusion
C(V,m) C L2V, m).

Proof. The first point is well-known, see Theorem 3.1 in [HK] for a proof. Let us

turn to the other points. Since A2, := inf oess (A, ), by Persson lemma, there exists

K such that the infimum of the spectrum of the Dirichlet operator Aff( is larger
than A0, —e.

€ss

The operator (Af;( - (A%, — 5)) is thus well defined on Bf, and is positive
improving. Indeed, it is well-known that the Dirichlet heat semigroup is positive
improving, see for example Corollary 2.9 in [KL2]. Let ¢ be a non-negative and
non trivial function in £2(B, m), since A%, — ¢ is strictly below spectrum of ALK,
writing

(A%~ 0= 9) " we) = [ eI P

0

€ss

c —1
we see that (Aﬁ“ — (A, — s)) (x) > 0, for all z.
Now, let ¢ a non-negative (non trivial) function in C.(B¢ ) and consider ¢ =

c -1 c
(A% = (A% =€) w. Then ¢ > 0 and ¢ satisfies AnF 6(x) > (A2, — £)o(x).
This gives the second point.

Now, since ¢ € £2(B%-,m), the condition inf{m(z),z € ¥} > 0 implies ¢(x) — 0
when |z| — oo. Let ¢/ = fmin{¢(z),z € Sk41}, then the set A = Bx U {z €
B¢, ¢(z) > €'} is finite.

Recall that 6(AS,) is the set of points x in A%, who have a neighbor which belongs
to Ao, Let u be the harmonic function in A, U 6(AS,) such that

Amu =0 on As’
u=¢ on §(AS)
Define then the function W on 7 as:
W(z) = u(x) on Az
W(x) = ¢(x) on AL,
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Clearly, A,,,W (z) = 0 for z € A and A,,,W (z) > (A, —)W () for z € Int (AS).
It remains to look at the points x in 6(AS, ). Let z € 6(AS). For y € AS,, we have
W(y) = ¢(y) and for y € §A,s, since 0A. C B N Ao = {x € B}, ¢(x) > €'}, by a

maximum principle for harmonic functions W (y) = u(y) < &’ < ¢(y), therefore
AW (@) 2 Ano(e) = AnFo(a) = (s, — £)d(2) = (N, — €)W (a).

Let us turn to the proof of the last point. With the same construction as above,
there exist N > 1 and ¢ > 0 on [N + 1,+o0] such that, for n > N + 1,
ALJI:H’JFOO%N(n) > (A0, — &)¢MN(n). Since m(N) = +oo, ¢" can not be non-
decreasing. Therefore there exists ng > N + 1, such that ¢ (ng + 1) < ¢™(ng). We
can now perform the cut and paste procedure by taking W to be the function

W(n) = ¢"(ng) for n € [0,n0]
W(n) = ¢ (n) for n > ng + 1.

Clearly, W is the desired super-harmonic function. (I

Remark 6.3. Note that, in the above proof, since ¢ can not have local minimum,
if we have ¢™(n + 1) < ¢N(n) for some n, then ¢n is non-increasing on [n, +o0o).

7. HARNACK INEQUALITY AND LIMITING PROCEDURES

In this section, we recall how to obtain a super-solution on the entire set of
vertices ¥ given a sequence of super-solution defined on a exhaustive sequence of
finite sets. We recall that the graph is supposed to be connected. The results of
this section are taken from [HK]. The only difference is that, here, we consider a
non-negative function A in place of a constant. The proofs adapt straightforwardly
and will not be presented.

First we begin by the Harnack inequality for non-negative super-solutions.

Theorem 7.1. Let # C V¥ be a finite and connected set. Let A : 7 — R be a
non-negative function. There exists a constant Cy such that for all non-negative
function W : ¥ — [0,4 00) satisfying (A — X(z))W (z) > 0 for all x € W, we have

< i .
max W(z) < Cy min W(x)

As Corollary we obtain:

Corollary 7.2. Let # C ¥V be a connected set. Let xg € ¥ and let A: ¥V — R be
a non-negative function. For all x € W', there exists a constant Cyp := Cy(xg, #)
such that for all non-negative W : # — [0,+00) satisfying W(xo) = 1 and (A —
Az))W(x) >0 for all x € W', we have

C;l<W(x) <C,.
Remark 7.3. Obuiously, the last corollary can be used with W = V¥ .
We now turn to the main result of this section.

Theorem 7.4. Let xg € ¥ and let A : ¥ — R be a non-negative function. Let
(#,)n be an exhausting sequence of ¥. Assume that there exists a sequence of
non-negative functions Wy, : #, — [0,+00) satisfying Wy (x9) = 1 and (A, —
A2))Wh(z) > 0 (respectively (A, — X)Wy (z) = 0) for all x € #,,. Then there
exists a positive function W : ¥ — (0,+00) such that (A, — Xz))W(z) > 0
(respectively (A, — X)W (x) =0) for allz € V.
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8. PROBABILISTIC REPRESENTATION OF POSITIVE SUPER-HARMONIC FUNCTIONS

In the classical situation of Poincaré inequality, there is a strong link between
the linear Lyapunov functions and the hitting times of some compact sets for a
stochastic process, see [CGZ]. Here we develop an analogy of these results. In all
this section, (#,)n>0 will denote an exhaustive sequence of ¥, see Definition 3.4.

8.1. Discrete and continuous time Markov chains. In this section, we present
the Markov processes whose generator is given by (minus) the Laplacian on the
graph. In the case of a general weighted Laplacian, we can associate a continuous
time Markov chain. In the case of the normalized Laplacian, we can associate
both a continuous time and a discrete time Markov chain. More details about
the construction and the properties of these Markov process can be found in the
monograph [Nor].

8.1.1. The discrete time Markov chain associated to A,. We begin by the simplest

case of the normalized Laplacian. Consider the Markov chain (X;°),>1 starting in

o on the graph whose transition probabilities are given by

&(x,y)
n(x)

for all 2,y € #. Then, set Pf(z) =3, p(z,y)f(y) for all f € £>°(¥). For k >0

and x € ¥, one has

p(x,y) =

)

Pt f(z) =E[f(X})].
The generator of the above discrete time Markov chain random walk is given by
P —1d and then equals —A,}; that is for f € (%),

E[f(X7)] = f(z) = =Ayf(z), =€V

The measure 7 satisfies n(z)p(x, y) = n(y)p(y, x) for x,y € ¥. It is symmetric (and
hence invariant) for the Markov chain.

8.1.2. The continuous time Markov chain associated to A,,. Now we turn to the
general case. With the above notation, the Laplacian —A,, can be written as

A f(x) = deg(x) Y pla,y)(f(z) — f(y)).

We construct here the minimal right continuous Markov chain (X;);>o associated
to —A,,. It corresponds to the process killed at infinity. We denote by e(X) its
explosion time (recall that X depends on the choice of the initial law). We recall
two useful constructions of the continuous time Markov chain when the initial law
is 05,. We denote it by (X;°)>o0.

First we can construct (X;[°);>o as follows: At time ¢t = 0, X7° = zo. It stays
in zy during an exponential random time of parameter deg(xg) and then jumps in
a point y chosen with probability p(xo,y). We then iterate this procedure.

Another useful equivalent construction of the process (X[°)¢>o is the follow-
ing. At time t = 0, X7° := x¢. For each, neighbor y of zy, we let E, be an
independent exponential random clock variable of parameter deg(zg,y). Consider
T :=min{E,,y ~ zo}. Let z be the neighbor of z( such that E, = min{E,,y ~ x¢},
z is unique almost surely. We set X; := x for 0 <t < T, X7 := 2z and repeat this
construction.
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Using using the memorylessness property of the exponential distribution and
Lemma 8.1 below, it is easy that both constructions are equivalent and that (X7):>0
is a Markov process. Moreover, the jump chain associated to (X7 );>¢ is the discrete
time Markov chain of generator —A,,.

Lemma 8.1. Let (E;)i1<i<n be n independent exponential random variables of pa-
rameter ¢; > 0, then the variable min{E;, 1 <i < n} is also an exponential random
variable of parameter c1 + - -+ + ¢,. Moreover, for all 1 <r < n we have:

Cr

Cl ... cn

The next lemma concerns also the memorylessness property of the exponential
distribution. It will be useful to add some “artificial jumps” in the construction of
the process (X¢)>o0-

Lemma 8.2. Let n > 1 and c1,...,¢, > 0. Let (E;;)i>1,1<j<n be independent
exponential random variables such that the parameter of E; ; is cj. Let (A;)i>1 be
independent random variables such that almost surely

(8.1) A; >0 and ZAi = 400

i=1
Let k be defined by
k= 1nf{z Z 1, min(Em, cee ;Ei,na Az) 7& Az}

Then k is finite almost surely and the random variable B := Ay 4+ -+ 4+ Ap_1 +
min(Ex1,...,Exy) is also an exponential random variable of parameter ¢ := ¢q +
o+ + cp. Moreover for all 1 < r <n, we have:

Cr

P (min(Ekﬁl, ey Ek,n) = Ek,r) = P (min(Elyl, ey El,n) = El,r) = ﬁ
1 "

The Lemma 8.2 allows us to add some “artificial jumps” in the construction of
the Markov process (X;):>0. Indeed, it implies that we can also construct (X;) as
follows: If at time ¢, X; = x, then as before for each neighbor y of x, we let E, be
an independent exponential random clock variable of parameter deg(z,y). We let
also E, be another independent exponential random clock variable. Let deg(z, x)
be its parameter. Consider T := min{E,,y ~ z or y = z}. Let z be the unique
vertex such that E, = min{E,,y ~zory =z} Weset X;:=axfort<s<t+ T,
X7 := z and repeat this construction. Moreover at each step, the choice of the
parameter deg(x, x) can change (with the restriction that it has to satisfy condition
(8.1)). The only difference with the previous construction is that T does not really
correspond anymore to a physical jump of the process.

This modification of the construction will be useful in the coupling arguments
of section 10.

In the above constructions, the sequence of the (random) times of the jumps of
the Markov process X is increasing, thus has a limit in (0, co]. This limit is called
the explosion time of Markov process X and is denoted by e(X).

We can now associate a continuous time semigroup P; for f € £>°(¥') by

Ptf(ac) =K [f(Xf)]-{t<e(Xm)}] s t> 0.
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For t small, using exponential distributions, it is easy and well-known to compute
explicitly the first order expansion of law of X}*. One gets

P(X}F =z) =1—deg(x)t + o(t)
P(Xy = y) = deg(x)p(z, y)t + o(t), for y # .

In particular for f € £°°(¥), the following pointwise convergences hold:
Tim Py () = £(2)

and

. Pif(@) - f2) A
lim ————————~ = —Agy., .
Jm = 7nf (@)
Actually, in the sequel, we only need to consider the above Markov process

stopped outside a finite set. Let B be a finite subset of ¥ and let
TBc = mf{t 2 O,Xt S BC}

the hitting time of the set B€ for the continuous time Markov chain (X;):>¢. Clearly,
since each connected component of ¢ is infinite and B is finite, by classical result
on transience, Tge is almost surely finite. Moreover, we also have Tge < e(X). We
can now define a new continuous time semigroup PtD Bfor f: 7 — R by

PP f(z) :=E [f(XEr,)], t=0, e,
A computation similar to the above shows that for f : ¥ — R and x € ¥, pointwise,

m BPEf(x) - f(=) :{ ~Ag mf(x) if zeB

t1—1>0+ t 0 if xe BC.

It is not symmetric on C.(¥'). Indeed its generator can be written as —IIpA where
IIp is the projection defined by g f(z) := f(x)1p(z), for all f: ¥ — R.
For f € £°°(¥") we could also define the semigroup:

PPEf(2) == E[f(XD)1eryey], > 0.

It corresponds to the usual Dirichlet semigroup. As before, one can compute that
its generator is: —IIgAllg. More precisely, for all f : ¥ — R, pointwise , one has:

p PUEF@) — f(a)

t—0+ t

= 7HBAHBf(:C).

8.2. The normalized Laplacian in the discrete time setting. For simplicity,
we begin with the case of the normalized Laplacian A,. Actually, Theorem 8.3
below can also be seen as a corollary of the general Theorem 8.5. A direct proof
is included for the reader more familiar with Markov chains than continuous time
Markov chains.

Theorem 8.3. Let A: ¥ — [0,1) and let A(z) := 17)1\(96). The following assertions

are equivalent:

(i) There exists a positive function W on ¥ such that A,W (z) = X\(z)W (z) for
allz € V.
(i) There exists a positive function W on ¥ such that A,W (z) > XNz)W (z) for
allz € V.
(iil) There exists a family of positive functions Wy on ¥ such that AWWN(w) >
Mx)Wh(x) for all z € #n.
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(iv) For all N > 1 and all x € ¥, we have

< +00,

(8.2) E l ]‘I A(XD)
k=0

where Ty := T% = inf{n > 0, X} € WG} is the hitting time of the set #n
for X7 the Markov chain on ¢ starting in x and whose generator is —A,,.

When the function A is constant, one has A := —~ and the function in (iv)

T—
reads also E,[ATV] := E[AT~].

Remark 8.4. In this situation, one can not have X\(xz) > 1 for some x since for all
positive function W and all x € ¥,

AW () =Y pla.y)(W(x) = W(y) < Y ple,y)W(w) = W(z).

Proof. Clearly, (i) implies (ii). The equivalence between (ii) and (iii) is given by
Theorem 7.4. We now show that (iii) implies (iv). Set

n—1
A, = H AXE), forn>1
k=0
and Ag:=1. Let N > 1,z € #n5 and n > 0, we have

1

®3) Bl < S ey

[Anary W (XEary)] -

Using the Abel transform u.,, v, = ugvg + ZZ;& ((ugg1 — i) Vk+1 + uk (Vg1 — Vk)),
we get

(n/\TN)fl

Ey [Anary W (Xoar )] =Wa(@) + > B [Appr (W (X)) — W (XP))]
k=0
n/\TN)fl

(
+ Z E,. [(Ak+1 - Ak)WN(XIgcC)] )
k=0

The event Ay is measurable with respect to the o-algebra o(X7,..., X[), thus
E; [Ap1 (WN(Xiy0) = WN(XT))] =
= Ey [ApniE [Wr(Xi) = W (XP)lo(XT, ..., X7)]]

- _E, [AkJrlAnWN(X’?)}

and therefore

(n/\TN)fl
B, [Annry Wi (Xinn, )] = Wav(@) + >0 Bo [~ Ara A, Wi (X7)]
k=0
(n/\TN)fl

Y e s (1 ) W)
< Wi (z),
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where we have used A, Wy (z) > Mz)Wx(z) = (1 - ﬁ) W (z) for z € #n.
Finally, since Ty is almost surely finite and recalling (8.3), by letting n — oo we
obtain (iv).

We turn to (iv) implies (i). Set Uy (z) := E;[Ar,] for N > 1. By hypothesis, it
is finite for all N and all z € ¥'. Let « € #), by Markov property, we have

Un(x) =Y plx,y)A@)Ey[Ary] = A(z) > pla,y)Un (),

Yy~ Yy~
thus
AyUn(z) = Un(x) = Y pla,y)Un(y)
Yy~
= (1- 7 ) Un(@) = A@)UN ()
= A(:L') N(T) = T)UN(T).
Theorem 7.4 ends the proof. ([

8.3. The general case: the continuous time setting. In the case of a general
weight m, we obtain the analogous of Theorem 8.3 for the continuous time Markov
process associated to A,,.

Theorem 8.5. Let A a non-negative function on V. The following assertions are
equivalent.
(i) There exists a positive function W such that: A, W (x) = Nx)W (z) for all
xeV.
(i) There exists a positive function W such that: Ay, W (x) > M)W (z) for all
xeV.
(iit) There exists a family of positive function Wy such that: A, W (x) > Xz) Wy (z)
forall x € Wn.
(iv) For all N > 1 and oll x € ¥, the positive function

(8.4) Un(x):=E lexp (/0 ) A(Xf)ds)]

is finite where Ty = inf{t > 0, XF € #,G} is the hitting time of the set # for
the continuous time Markov chain (X[ )¢>o starting in x and whose generator

s —A\,,.

Proof. We focus on the implications: (iii) implies (iv) and (iv) implies (i). We start
with (iii) implies (iv). Let

Ada) = |exo ([ t Az ) .

We have:

1 tA\TN N N
At (0) S W (s € AT lexp </0 A )d3> WN(X“TN)] |
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By the Dynkin formula we get:
tATN
exp( [ MXDs | Wy (X,
0

/OMTN exp (/Ou )\(Xf)dv) (AXZ)Wx(XZ) — A, Wi (XE))du

<Wy(z) < +00

E

:WN(,%) +E

since by hypothesis A, W (X2) — \(XZ)W (XZ) > 0. As Ty is finite almost surely,
letting ¢ — oo gives (iv).

Finally we assume (iv). Using the strong Markov property, one has, for 2 € #y
and 0 < h <1,

PPN Uy (z) = E [UN (X;AT]%)}

©
X

TN x
=F |exp / A (XsXh) ds | Linergy + a1y}
0

_E lexp (/;;N A(Xg)duﬂ .

Therefore, by dominated convergence theorem, since A is bounded on #}y,

D
P, "N Un(z) — Un ()
h

% exp (— thATﬁ A (X2) du) -1
=E |exp / AMXE) du
0

h
— —XNx)Uy(z), as h —07.
But the above limit was already compute to be —A,,, Uy (x); thus
A Un(z) = Mx)Un (z), for z € #y.
Theorem 7.4 implies (i). O

Remark 8.6. For the normalized Laplacian A,, both quantities (8.2) and (8.4)
coincide. Indeed, with the above notation, if Z is an exponential random variable
of parameter 1 and if 0 < XA < 1, then

E [exp(AZ)] = ﬁ

9. WEAKLY SPHERICALLY SYMMETRIC GRAPHS

In this section, we assume that the graph ¢ is weakly spherically symmetric
with respect to a 1-dimensional decomposition (S,)nen, see Definition 2.1. We
prove that the bottom of the spectrum and the bottom of the essential spectrum
are the same as that of a 1-dimensional Laplacian. The key point behind this result
is that on a weakly spherically symmetric graph, the radial part of the Markov
process associated to the Laplacian on ¢ is still a Markov process. We finally
construct more explicitly the global super-solution of Theorem 7.4.
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First in the next lemma, we collect some useful known results for weakly spher-
ically symmetric graphs.

Lemma 9.1. Let ¥ be a weakly spherically symmetric graph with respect to a
1-dimensional decomposition (Sp)nen and let X a be radial function on V. The
following assertions hold.
a) Forn >0,
m(S)deg..(n) = m(Sns1)deg_(n +1),
where deg,(n) := deg,(z), where x € S, and a € {—,0,+}.
b) Given f: ¥ — C we define M to be the averaging operator by:

L > f@m(E), € S

Mf(z) = S
" zes,

We have the following algebraic commutation
AyMf=MAyF.
c¢) If there exists a positive function W which satisfies
(9.1) AgW (z) = Nx)W (z), for allz € ¥,

then there also exists a positive radial function which satisfies (9.1).

d) Assuming that deg, (n) # 0 for all n € N, then the vector space of radial func-
tions W which satisfy the algebraic relations (9.1) is a 1-dimensional vector
space.

e) Moreover, if W is a radial function which satisfies (9.1) and if both X and W

are non-negative on ¥, then W is a non-increasing radial function.

Proof. The point a) is a direct consequence of the relation:

S om@)deg (@)= Y. Y oy

TES, €Sy YESnt1
= Y > )= > mydeg_(y)
YESn4+1 TES, YESn+1

and the definition of weakly spherically graphs. b) and c¢) were already proven in
Lemma 3.2 in [KLW] and Lemma 3.2.1 in [Woj], respectively. Let now W be a
radial function; W satisfies (9.1) if and only it satisfies

{ deg, (0)W(1) = (deg, (0) — A(0))W(0)
deg, (n)W(n + 1) = (deg, (n) + deg_(n) — A(n))W(n) — deg_(n)W(n — 1)

for n > 1. Thus W is determined by its value in 0. This gives d). If moreover W
and A are non-negative, one has that W (1) < W(0) and writing

deg (n)(W(n +1) = W(n)) = deg_(n)(W(n) = W(n —1) = A(n))W(n)

for n > 1, by immediate induction, e) holds. O

We now study the radial part of the Markov process associated to a weakly
spherically symmetric graph.
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Proposition 9.2. Let 4 := (¥,&,m) be a weighted graph and let (Sy)n>0 be a
1-dimensional decomposition of 4. Let (Xi)i>o0 be the minimal continuous time
Markov chain on ¥ associated to —Ag (see section 8.1.2). Then the graph 4
is weakly spherically symmetric with respect to (Sp)n>0 if and only if the process
(IXt])e>0 is a continuous time Markov chain on N.

Moreover in this case, the generator LN of the Markov process (IXe))e>o0 is given
by the formula

(9.2) LY f(n) = degy. (n)(f(n + 1) = f(n)) + deg_(n)(f(n — 1) = f(n))
for f € £*(N). It corresponds exactly to —Ag, where %y = (N, &, my) with

(9.3) én(n,m) = { m(Sy)deg, (n), whenm=n=+1

0, otherwise
my(n) := m(Sy,),

for all n,m € N.

Note that &y is symmetric by Lemma 9.1 a).

Proof. First we assume that ¢ is weakly spherically symmetric. We provide an
explicit construction of the process (X;)¢>o. The desired properties for the process
(IX¢])e>0 will follow. Let x := Xo, T := 0 and k := 0. We begin to describe the
iteration procedure:

1) We let run three independent (and independent of all the possible previous
steps) random exponential clock variables EL(|z]), Eo(z), E_(|z|) of parameter
deg, (|z]), degy(z), deg_(|x|), respectively. We then replace T' by the time given
by T -+ min(E, (|2]), Bo(x), B (|a])).

2) If the above minimum equals E (|x|) or E_(|z|), we set Ty4+1 := T and replace
k by k + 1. We let the process X stay in x until the time (T;4+1)~ and jump at
time Ty 1 in a point z € S);+1 whether the minimum equals E. (|z|). We then go
to 3).

If the above minimum equals Ey(x), we let the process X stay in z until the
time 7'~ and jump in a point & € S|, at this time 7" and repeat 1) with z replaced
by z.

3) Replace = by z and repeat 1).

With the above construction, the sequence (T} )k>0 corresponds exactly to the
sequence of times of the jumps associated to the process (] X;|);>0 in N.

By Lemma 8.2, each time T} in the algorithm is almost surely finite. Indeed for
each n > 0, since S, is finite, sup,cg degy(z) < oo; this ensures that hypothesis
(8.1) is satisfied. Moreover Tj41 — T}, corresponds to the minimum of two indepen-
dent random exponential variables Z, Z_ of parameter deg, (| X1, |), deg_(|X7,]),
respectively.

It is then clear that the process (|X¢|):>0 is a continuous time Markov chain
whose generator is given by (9.2).

Now assume (|X¢|)¢>0 is a continuous time Markov chain on N. Since (| X¢|)¢>0
can only make jumps of size 1, the generator LY reads

LYf(n) = as (n)(f(n+1) = f(n)) + a—(n)(f(n — 1) = f(n))

for f € £>°(N) and some constants at(n) > 0,n € N (and a_(0) = 0). Let P; and
P} the semigroup on associated to (X¢)i>0 and (| X;|)s>0, respectively. Let x € ¥
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and set n := |z|. Consider f:= 1,41 € C.(N) and g := fo]|-| € C.(¥), one has

Py(g)(x) = Elg(X7)] = E[f(IX7])] = P (f)(n).

Taking derivative at t = 07 gives

deg. (¢) = —Agg(x) = L"f(n) = @ (n).

This shows that for z € ¥, the quantity deg, (z) depends only on |z|. Similarly,
one has that deg_(x) depends also only on |z|; that is ¥ is weakly spherically
symmetric.

O

Remark 9.3. It is a remarkable fact that the quantity deg, does not appear in the
generator of the process (| Xi|)i>0 on a weakly spherically symmetric graph.

We now show that the bottom of the spectrum and the essential spectrum for
the two Laplacians coincide.

Theorem 9.4. Let 4 := (¥, &,m) be a weakly symmetric weighted graph such that
m(¥) = +oo. With the above notation, we have

inf 0(Ay) = inf 0(Ag,) and inf oess(Agy) = inf oess (Aggy ).

Proof. We start with a general fact. Given f: N — C, let g : ¥ — C be defined by
g(x) := f(Jz|), then for = € S,,, observe that

Agg(x) = Ag, f(n) and ||glle,m) = | £lle2@mm)-

It follows easily that D(Ag) N (C” )raa = D(Aw,, ), where (C”),aq denotes the set
of radial (w.r.t. the 1-dimensional decomposition) functions f : ¥ — C. It easily
follows that 0(Ag) C 0(Ag,) and dess(Ag) C Tess (A ).

For the reverse inequality, we do the proof only for the bottom of the essential
spectrum. The proof for the bottom of the spectrum is similar and uses the first
point of Theorem 6.1. Let A} .o := inf 0ess(Ag,). By the third point of Theorem
6.1, for all € > 0, there exist ng := ng(e) and a positive function W on N such that

AgNW(TL) Z (/\l%,ess - 5)1n2noW(”)~

Let U : 4 — (0, 00) be the function defined by U(z) := W (|z|). Since ¢ is a weakly
symmetric graph, for z € S,,, we have AgU(z) = Ag, W (n). Therefore,

AgU(‘T) > ()‘l%,ess - €)1|I|Z"0U(‘T)
Finally Corollary B.6 and letting ¢ — 0 gives O

Remark 9.5. The above proof also shows that, in the case of weakly spherically
symmetric graphs, the conclusion (¢) of Theorem 6.1 also holds without the addi-
tional hypothesis (6.1).

We turn to the the case of the normalized Laplacian. Note that for weakly
spherically symmetric graphs, since deg = 1 and since deg, are radial, deg, is also
radial. The next proposition is the discrete analogous of Proposition 9.2. The proof
is straightforward. We omit it.
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Proposition 9.6. Let 4 := (¥, &) be a graph and let (Sy)n>0 be a 1-dimensional
decomposition of 4. Let (Xj)ren be the discrete time Markov chain on ¥ whose
generator is —Ag , (as defined in section 8.1.1). Then the graph (¥, &,1n) is weakly
spherically symmetric with respect to (Sp)n>0 if and only if the process (| Xi|)ken
is a Markov chain on N.

Moreover, in this case, the transition probabilities of the Markov chain (| Xg|)ken
on N are given by

p(n,n+1) = pi(n)
p(n,n—1) = p_(n),
p(n,n) = po(n).

The generator of the Markov chain (|Xy|)ren corresponds exactly to —Ag, where
gN = (N,é’N,mN) with

[ m(Sp)p+£(n), when m=n=+1,
fvln,m) = { 0 otherwise.

my(n) := m(Sy).
For f € C.(N), —Ag, can be written by as ,
(9-4) —Ag, f(n) =p+(n)(f(n+1) = f(n)) +p-(n)(f(n = 1) = f(n)).

We go back to the general setting and provide a more explicit construction of
the super-harmonic function of Theorem 8.5.

Proposition 9.7. Assume the graph & := (¥ ,&,m) is weakly spherically sym-
metric with respect to a 1-dimensional decomposition (Sp)n>0. Let A : ¥ — [0,1)
a radial function which satisfies one of the assertions of Theorem 8.5. Then the
unique radial function W which satisfies W (o) = 1 for all zo € Sy and A, W (z) =
AMz)W (z) is given by

W(x) = - [eXp (IOTN )\(Xf)ds)} , for|z| < N and zo € So,

E, [exp (fOTN /\(X;“)ds)}

where v is any probability measure supported on Sy and the hitting time Ty :=
inf{t > 0, X} € B} of the set BS, for the the continuous Markov process (X} )i>o0
on ¥ whose generator is —A,, and initial law is v.

In particular, this function W is a non-increasing radial positive function.

Proof. Actually, the only thing to prove is that the function W in the proposition is
well-defined. For N > 1, consider the functions Wy (z) := E, [exp (fOTN )\(Xf)ds)} .

By hypothesis, these functions are well-defined. Since ¢ is weakly spherically sym-
metric, Proposition 9.2 ensures that (| X:|):>0 is a continuous time Markov process.
Therefore Wy is a radial function. Moreover, it is constant on Sy, thus we have

Wn(0) =E, [exp ( OTN )\(Xs”)ds)} for any probability measure v supported on Sy.
Write also

~ Whn ~
W = - d W =
N WN(O) a1l N+1

so that Wy (0) = Wx41(0) = 1. Previous computations show that
A Wi (x) = Ma) Wy () for all z € By
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and
AWy (z) = XNz)Wy () for all z € By
By lemma 9.1, we have Wy 1 (z) = Wx(z) for all z € By.
It follows that the function W in the proposition is well-defined and satisfies
W >0 and AW (z) = A(z)W(x). It is clearly radial as a limit of radial functions
and non-increasing by Lemma 9.1. O

Remark 9.8. In the case of the normalized Laplacian, the function W in Propo-
sitton 9.7 can also be written as:

E.[AT,]
W(z) = ——2 for|z| < N
(0) = g for o <
with A, = Z;& AXD), Az) = #(z), v any probability measure on Sy, and

Ty :=inf{n > 0, X7 € B} the hitting time of the set BS; for (X})k>0 the random
walk on ¥ whose generator is —A, and initial law v.

10. THE BOTTOM OF THE SPECTRUM AND OF THE ESSENTIAL SPECTRUM

In this section, we compare the bottom of the spectrum and the essential spec-
trum of different weighted Laplacians. The idea here is to compare directly the
associated stochastic Markov processes (see Proposition 10.1). We then obtain a
general comparison result (see Theorem 10.4). This result is an important improve-
ment of Theorem 4 in [KLW]

First, we provide a coupling between the Markov processes on two different
weighted graphs.

Proposition 10.1. Let 4 := (V9,9 m?) and H# = (V7,7 ,m?) be two
weighted graphs. Let (S2)n>0 and (S7)n>0 be 1-dimensional decompositions for
respectively 4 and . Let vo € 9 and yo € S be such that |vo|? = |yo|”. Let
(X7°)t>0 and (YY°)i>0 be the continuous time Markov chains associated to Ag and
A, respectively.

Assume that for all n > 0,2 € S,y € S there exist degio(z) > 0 and
degojz(y) >0 such that

~ - " ~ —%9 —
(10.1) pL(@) > Y (y),p2(x) < pZ (x) and deg (x) > deg  (y);
where .
—d N de z
deg (z):= degd(z) + degfo(z) and pf{(z) = le(),
doe” (2)

forz=x,y;l =+,— and o =94, . Then there exists a coupling of the processes
(Xt)i>0 and (Yi)i>0 such that, almost surely,

|XGi Y= |YH1
|Xt|g > |Y;|‘%0 f07“ te [GiaGH—l[; S € [HiaHi—i-l[; 1> 0,

where [G;, Giy1| and [H;, Hi11[ are random intervals such that, almost surely, G; —
e(X*),H; —» e(YY) as i — +o0 and

Hipwn—Hi >2Gip1 —G; 20,1 >0.
Since Go = Hy = 0, almost surely, we have
(10.2) e(YY) > e(X7),

A

)
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(10.3) TR 20 < Tlye

where Tf\z,f{,z() = inf{t > 0,|Z7°|" > N}, o =9, ;27 = X', Y;"°; and

(10.4) LY¥oo(n) < L¥,(n),1<n<N

where LY. zo fo 1591 (Z20)ds, Z7° = X[°, Y of =9, is the time spent

in the sphere Sff by the process Z{° before it reaches Sﬁ_,’_l.

Proof. We proceed by induction on ¢ > 0. Assume Xg, = z,Yy, = y with
lz| = |y|””. Let us add the artificial jumps deggo(x) and deggfg(y). Con-

—9
sider G an independent exponential random variable of parameter deg () and set

—
H .= Segi((m))G H is thus an exponential random variable of parameter deg (y).
eg” (y
Clearly by construction H > G. Moreover, we can couple X; and Yy in such a way

that after the jumps
(Xa.+cl? > Yu,4+nl”

The construction will be explained below. We then set G+ = G; + G. If
Yi, 417 = |Xa,.,|¥ weset Hiw = H; + H. Otherwise if |Yi, 4| < |Xa,,, |7,
we freeze the process X in Xgi ., and let evolve independently the process ¥ until
the time s’ defined by s := inf{u > H; + H, |Y,|”* = |Xt|g} s’ is thus the hitting
time of the sphere S‘ X, Since By is a finite set s’ is finite almost surely. We
then set G;11 = s'.

Now we turn to the construction of the coupling of the jumps. Label the neigh-
bors of  and y by 21,...,2, and y1,...,y~ in such a way that |zz|? and |yx|”*
are non-increasing with k. Note that if deggo(z) > 0 then z is a neighbor of z,
o =9,z = x,y. Let U be an independent random variable with uniform law

n [0,1]. Set X¢,+¢ = z; and Yu, 1 = y; where j and j’ are the unique integer
in {1,...,7} and {1,...,7'} such that

ﬁg(zazl) + e +ﬁg(1‘,1'j,1) < U< ﬁg(xvxl) + e +ﬁg(zazj)
and
P o)+ + 7 (1) U <7 () + -+ 57 (0, 950)-
Since by hypothesis ﬁf(z) > ﬁff(y) and 7 (z) < p? (x), it is clear that
|XGi+1|g > |YH1'+H|%

By using Lemma 8.2, (X;);>0 and (Ys)s>0 are the Markov processes associated to
Ag and A _r. The other statements are then immediate. O

Actually, there is a simpler characterization of condition (10.1).
Definition 10.2. Let 4 := (V9,69 m?) and H# = (V7,67 ,m?) be two
weighted graphs. We say that 4 has a stronger weak-curvature growth than J€ if
deg () _ deg?’(y)

9 = v
deg”(z) — deg” (y)

(10.5) deg? (z) > deg?’ (y) and

forze v yev?, |x|g = |y|”
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Proposition 10.3. Let 4 := (¥9,6Y% m?) and A = (V7,67 ,m7) be two
weighted graphs. Then (10.1) holds true if and only if 4 has a stronger weak-
curvature growth than J€.

Proof. Indeed, condition (10.1) in Proposition 10.1 is equivalent to: there exist
21 > deg? (x) and 23 > deg” (y) such that

deg{(r) _ deg?(y) deg?(r) _ deg” (y)
21 - Z2 ’ Z1 - Z2

and z1 > zo.

The above line is equivalent to
deg? deg?
max [ 38-00) ) o degi(o)
deg”™ (y) z2 — deg (y)

Therefore condition (10.1) implies condition (10.5). Reciprocally, if condition (10.5)
holds, then it is possible to find @ > 1 such that

deg? deg?
e t%g;;ip(~”v>,1 <a< eg;(w
deg” (y) deg?” (y)

It is then easy to see that one can choose z1 > degg(ac) and z9 > deg‘%p (y) in such
a way that 2L = a. O

We then state a general comparison result for the bottom of the spectra.
Theorem 10.4. Let G := (V¥ &Y, m¥) and 0 := (V7,67 ,m?*) two weighted
graphs. Assume & has stronger weak-curvature growth than €, then

inf o(Ag) > inf o (A ).
If moreover inf{m? (z),x € ¥} > 0 or H is a weakly symmetric graph and
m? (V7)) = o0, then
inf oess (Ag) > inf oess (A ).
Proof. We keep the notation of the proof of Proposition 10.1. Let (X[);>0 and
(Y)t>0 be the coupled continuous time Markov chains of generator Ay and A
starting in x € ¥ and y € ¥ such that |z|? = |y|”*, respectively.

Let )\gf,ess := inf 0ess (A ) and let € > 0. With the hypothesis in Theorem 10.4,
by Theorem 6.1, there exist ng := ng(e) and a positive function W on #“ such
that, y

AW () > A(|a| )W ().
where A(n) := ()\gﬁess —€)1,>ny,n > 0. The probabilistic representation of Theo-
rem 8.5 of super-harmonic functions gives that for all N > 1,

1
exp ( / (Y, |>ds>

By Proposition 10.1, for N > 1 we have:
LY.(n) < LY,(n), 0<n<N.

E < +o00.

By noticing that

TZ" N
exp (/0 A(|Z§|)ds>] =E lexp <kz_0 An)LY. (n))] ,

E
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with Z7 = X* or Y, this yields:

e@<A MWW%NSEem<A Amwmﬁ

Then the probabilistic representation of Theorem 8.5 gives the existence of a posi-
tive super-harmonic W on ¥ satisfying Ay W (z) > A\(|z|)W (), € ¥. Corol-
lary B.6 and letting € — 0 finally imply

E < +o0.

inf oess (Ag) > inf oess (Ap).
The proof for the bottom of the spectrum is similar. (I

Remark 10.5. When 2 is a weakly spherically symmetric graph, we give a direct
proof of Theorem 10.4. Let € > 0. By Theorem 6.1, there exist ng := no(e) and a
positive non-increasing function W on N such that,

Ase W ([yl7) = Ayl )W (|y| 7).
where A(n) 1= ()\gf,ess —&)ly>ng,n > 0. For of =9, 5, let Avq o be defined by
1
Abdyg{ = g Ag{
deg ()
For f a radial function on €, we have
Avae f(n) =7 (n)(f(n) = f(n+1)) + 57 (n)(f(n) = f(n—1)).

Therefore, for x € V¥, y € ¥ such that |z|¥ = |y|”* =n,

~ — ~ —Y ~ ~
AW (|[yl) = deg™ (y)Avae W (lyl”) < deg (2)AbagW (|2|”) = Ay W (j|7).

— — - ~
Indeed we have deg  (y) < deg (x) and ApaeW ([y|?*) < ApagW (|2|Y) since
P4 (z) > pY (y), p%(x) < p” (y) and W is non-increasing. The end of the proof is
now the same as before.

Remark 10.6. Theorem 10.4 is an improvement of [KLW, Theorem 4] in three
important directions. First, contrary to the latter, our result applies also to the bot-
tom of the essential spectrum. Second, they suppose that one of the graph is weakly
spherically symmetric. Third, our hypothesis is weaker, even for the comparison
of the bottom of spectra. Therefore, the condition called stronger curvature growth
introduced in [KLW] and which can be written as

(10.6)

deg (z) > deg?’ (y) and deg? (v) < deg” (y), 2 € ¥,y € V7, |a|? = [y

is not the optimal one to compare the bottom of the spectrum.
Here, we first recall that
info(Ar, 1) =inf oess (A7 1) =d+ 1 — 2V/d

and
. . 2v/d
inf (A7) = inf G (A7) = 1 = =1

where Ty denotes the simple d-ary tree.
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S3
S
S
So

FIGURE 4. Tree with 2 or 3 sons at each generation

Example 10.7. Let & := (¥, &) be a simple tree such that each vertex x satisfies
n+(z) € {a, B} with a < B, see Figure 4. A direct application of Theorem 10.4
gives

info(A7, 1) <info(Ag 1) <infoess(Ag,1) <infoess(A7,1) = inf o (A7, 1)
and

inf o(A7, n) <info(Ay ) < infoess(Ag ;) <infoess(A7, ) = info(A7, 4),
where To, (resp. Tg) denotes the simple a-ary (resp. B-ary) tree. Only the part with
Ay 1 was covered by [KLW, Theorem 4].

Note that in the setting of the previous example, it is possible to have:
inf 0(Ag ) < inf oess(Ag )

and an infinite number of eigenvalues below the essential spectrum can occur (see
[Sur]).

As a corollary of Theorem 10.4, we extend Corollary 6.7 in [KLW] to the case of
the essential spectrum.

Corollary 10.8. Let 9 and F be two weakly spherically symmetric graphs which
have the same curvature growth in the sense of [KLW]; that is:
deg? (x) = deg? (y) and deg? (x) = deg” (y), w € V7 ,y € V7, |a| = |y,
Then
info(Ag) =inf o(As) and inf oess(Ag) = inf oess (Asp).

In particular, on a fixed simple weakly spherically symmetric graph, the bottoms
of the spectrum and the essential spectrum of the combinatorial Laplacian A; do
not change if one adds or removes edges inside the spheres S,,.

Example 10.9. Let 4 := (¥, &) be a simple infinite bipartite graph and xo € ¥V
such that ny(xo) = 2,m—(x0) =0 and
(10.7) me(x)=2,mn-(x) =1) or (nt(x) =4,n-(x) =2), x € ¥,z # xo.
Then (V,8,1m) is a weakly spherically symmetric graph. Thus Corollary 10.8 gives
that:

info(A7, ) = inf 0(Ag ) = inf 0ess(Ag ) = Inf gess (A7 ).
and Theorem 10.4 that:

info(Az 1) <info(Ag.1) < infoess(Aw,1) < 2inf ess (A 1)-
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Sy
S3
S
S
So

FIGURE 5. A weakly spherically symmetric graph satisfying (10.7)

Note that, if moreover one supposes that
min{deg, (z),z € S,} < max{deg_(z),xz € Sy},
a direct application of [KLW, Theorem 4] gives only that inf 0(Ag 1) > 0.

11. STOCHASTIC COMPLETENESS

By definition, a graph & := (79, &%, m¥) is said to be stochastically complete
if for all x € ¥, P(e(X*) < +00) = 0 where X® is the minimal right continuous
Markov process constructed in section 8.1.2. Otherwise, it is said to be stochastically
incomplete. First we consider weakly spherically symmetric graph. The following
result was already included in Theorem 5 in [KLW] (except that we slightly gener-
alize their notion of spherically symmetric graphs). We provide a direct stochastic
proof.

Theorem 11.1. Let 9 := (¥¥,6%, m¥) be a weakly spherically symmetric graph
and let 9y := (N, 6y, mn) where &y and my are defined as in Proposition 9.2. Then
& is stochastically complete if and only if 9 is.

Proof. Let n > 0 and = € S,, and let (X7);>0 be the minimal right continuous
Markov process associated to . By Proposition 9.2, (|X[|)¢>0 is the minimal
right continuous Markov process associated to %y and starting in n. Clearly, one
has e(X*) = e(]X®|). The conclusion of the theorem follows by the definition of
stochastic completeness. O

The coupling argument of Proposition 10.1 implies the following comparison
result. It is an improvement of Theorem 6 in[KLW].

Theorem 11.2. Let 9 := (V¥ &Y, m¥) and 0 := (V7,67 ,m?*) two weighted
graphs. Assume & has stronger weak-curvature growth than €. If 7 is stochas-
tically incomplete then so is 4. If 4 is stochastically complete then so is €.

Proof. Let n >0,z € S,(¥4) and y € S, (). Proposition 10.1 provides a coupling
(X7 )0 and (YY)i>0 of the two minimal right continuous Markov chains on ¢ and
S starting in = and y, respectively, such that e(X®) < e(Y¥). The conclusion of
the theorem follows by the definition of stochastic completeness. (I
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APPENDIX A. THE FRIEDRICHS EXTENSION

In this section, we recall the construction of the Friedrichs extension of a positive
symmetric densely defined operator. Given a dense subspace & of a Hilbert space
S and a non-negative symmetric operator H on 2, let 4 be the completion of 2
under the norm given by 2(p)? = (Hep, p) + [|¢||>. The domain of the Friedrichs
extension of H is given by

DHZT)={fe |2 >g— (Hg, f)+ (g, f) extends to a norm continuous
function on '}
= A ND(H").

For each f € D(H7), there is a unique uy such that (Hg, f) + (g, f) = {g,uy), by
Riesz’ Theorem. The Friedrichs extension of H, is given by HZ f := u s—f Itis
a self-adjoint extension of H, e.g., [RS, Theorem X.23].

We now describe the domain of the adjoint of the discrete Laplacian. This is
well-known, e.g., [CTT, KL2]. Let 4 = (¥, &, m) be a weighted graph. We have:

D((Agle.n)) = {1 € ' m),
P s >SS =10 € £ m}:
Then, given f € D((Aglc,(»))*), one has:
(Bole.)' ) @) = s 3 €t - £

for all x € ¥. We recall that J# here is the completion of C.(¥) under the norm:

1712 =1 3 S@wlfa) - FwR + 112

z,yeYV

By definition, the operator Ag|c (v is essentially self-adjoint if its closure is equal
to its adjoint. A review of recent developments of essential self-adjointness may be
found in [Gol].

APPENDIX B. LYAPUNOV FUNCTIONS, SUPER-POINCARE INEQUALITY AND THE
INFIMUM OF THE ESSENTIAL SPECTRUM

In this section, we explain how to use the above Lyapunov functions so as to
obtain a lower bound on the infimum of the essential spectrum and in some cases
its emptiness. This is a straightforwardly adaptation of the continuous setting. In
our discrete setting, this approach is not strictly necessary to obtain our results
(see Remark B.7) on the essential spectra. We have included it for the sake of com-
pleteness and because it provides some insights and a characterization for the lower
bound of the essential spectrum. We shall rely on the following Super- Poincaré
Inequality, which was introduced by Wang (see [Wanl, Wan2, Wan3]).

Definition B.1. We say that Super- Poincaré Inequality of parameter sy € R
holds true, if there is a function h : ¥ — (0,00) such that m(|h|?>) = 1 and some
positive non-increasing functions By, : (sg,00) — (0,00), such that

(B.1) SPI (so) m(|f?) < sm (f Anf) + Br(s) m(|f|h)? for all s > so
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and f € Co(V).

Where, by abuse of notation, we wrote:

m(f) =Y flz)m(z).

zeV

Remark B.2. If SPI (sg) holds for some not necessarily non-increasing function
Bh, then, for any p > so, SPI (u) holds for the non-increasing function f;(s) =
inf, < Bn(s).

We start by showing how the existence of Lyapunov functions implies SPI.

Theorem B.3. Take 1 a non-negative function, b > 0, and some finite set By, .
Denote by

U(r) = inf{¢p(x),x € BS} and so = (Tli_g)lo \11(7“))71 € [0, 00).

Suppose that ¥(r) > 0 for r large enough and that W is a positive function such
that

(B.2) ApW > x W —blp,

Let h : 7 — (0,00) such that ||h||m = 1 and let ap(r) = inf{h(z)?>m(z),z € B,}.
Then SPI (so) holds true with

bs 1
Bn(s) = (1 + am) 7%(\1}71(%)),
where oy = inf{W(x),z € By, }.

We follow the proof in [CGWW][Section 2].

Proof. Set r > ry such that ¥(r) > 0:

|[fIP
¥

m(|f ") +m(f]*15,)

1ge) +m(|f*1p,) < go=m(f*¥1p:) + m(|f*15,)

17112 = m(1717) =m( e

IN
S
—_

@
S (1 (B + ) ) 1)

We concentrate on the second term. Let h : ¥ — (0,00) such that m(h?) = 1.
Since the set B, is finite,

IN
S

m(|fhLp,)? = (Z |f<z>|h<z>m(z>> > Y 7@ Phie)miz)? > <inf h(xfm(:c)) m(fI?15,)

r€B,
zEB, rEB,

which gives the following local Super-Poincaré Inequality:

m(f?15,) < (inf m<x>h<x>2)_ m(|£1h)?.

zeB,
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Therefore, by combining the above estimate and the Hardy inequality (3.1), we get:

1 b . 2 _1m 2
w52 = Grm(Tond)+ (gormmreraesy +1) (g m@n@?)  misn®

Finally, this yields the SPI (sg) with 55,(s) defined as in the theorem. O

Remark B.4. Note that if the constant b = 0 in the above, the function By(s) is

then given by
1

an(P71(5))
We turn now to the equivalence between the Super-Poincaré Inequality and the
infimum of the essential spectrum of the operator (see Theorem 2.2 in [Wan3]).

Br(s) =

Theorem B.5. Let so > 0. Then the following assertions are equivalent:

(a) Oess(Am) C [%,oo).
(b) There exists a positive function h such that m(h?) = 1 and a non-increasing
function B, : (sg,00) — (0,00) such that (B.1) holds for all s > sq.

(c) For any positive function h such that m(h?) = 1, there ewists a non-
increasing function By : (sg,00) — (0,00) such that (B.1) holds for all
S > Sg.

In particular, Gess(An) = 0 if and only if there exists some functions h and By, for
which (B.1) holds for s > 0.

For the seek of completeness, we will give the proof of this result. We follow the
proof of Theorem 3.2 in [Wan2| which was originally made in the case of probability
measure. The slight difference comes from the fact that we consider the Friedrichs
extension and we are not in a essentially self-adjoint setting.

Proof. 1t is is clear that (c) implies (b). We show first that (b) implies (a). Let h be

the positive function such that m(h?) =1 and let f € C.(¥). Let 0 <e < 1,7 >0

and let B, such that m(1pch?) < e, then, for f € C.(¥) such that m(|f|?) =1 and

ler =0,
=m(|f[*) (s0 +m){f, A f)m + Blso + mym(| f|h)?

(s0 +M{f, A f)m + B(so + mm(| f*)m(1peh?)

(so +m{fs Amf)m + Bso +n)e.

VASVANPA

Using (2.8), we get

1-— 1

inf oess(Ar) > sup M =

£>0,7>0 S0+ 1 50
Now we show that (a) implies (c). Let h be a positive function such that m(h?) =
1. Let 1/ > r > so. Since r > sg, 0(Ap,) N[0, 1] is given by a finite number of finite
dimensional eigenvalues. Let 0 < A\ < --- < X, be these eigenvalues (including
multiplicity), ¢1,...,9gn, be some associated orthonormalized eigenfunctions, and
H, the corresponding spanned vector space. Let f € C.(¥) and consider g :=
Lio,1)(Am)f = Yoy m(g;f)g: and k = 11 oy(Am)f. By construction m(|f|?) =

(|g| ) +m(|k[?) and

m(|k)?) < r-m(kAnk) <7 -m(fALS).
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Moreover, since H, is finite dimensional, there is a finite 81 (r) such that
m(jul?) < B (r)ym(luh|)?, for all u € H,.

Let ¢, > 0 be a constant to be precised later. Then using several times the Cauchy-
Schwarz inequality,

m(lghl) < 3 Im(fg)lm(hgi) < D" m(lf)

=1
< Z (Crm(|f|h) +m (|fgi|1{\gi\20rh})) < nrcrm(lﬂh) + nTgi/Qm(|f|2)1/2,
=1

where €, := sup,—y __,, m (|gi|21{‘gi|25rh})' By dominated convergence theorem
g — 0 when ¢, — 0o. Therefore

m(|g?) < 261(r) (nfcim(|fR])* +niem(|f[?))
and
(1 =2B1(r)nier) m(|f?) < r-m(FAmS) + 2B1(r)nzeim(| fh])?.

Taking ' > r and ¢, large enough such that &, < W gives

/
m(fP) < r'm(FAnf) + 261 ()l —m(|fh])?.
Taking B1,(r) = infgg<rer 261 (r)n2c2Z ends the proof. O
The conjunction of Theorem B.3 and Theorem B.5 gives the following result.

Corollary B.6. Assume there exists W a positive function such that
AW > x W —blp,

for some non-negative function 1, some constant b > 0 and some finite set By, .
If iminf¥(z) = 1, as |x] — oo, then oewss(Am) C [l,00). In particular, if
lim ¢ (z) = 400, then Tess(Am) =0

Proof. Indeed, with our assumptions, Theorem B.3 gives SPI (1/1) and Theorem
B.5 implies in turn that oess(Ar,) C [1, 00). O

Remark B.7. One can avoid the use of Super-Poincaré Inequality in our setting
and give a direct proof of Corollary B.6 by using the Hardy inequality 3.1 and either
the Persson Lemma or the min-maz principle.
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