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Chapter 1

Introduction

The subject of this thesis is the analysis of Hardy type inequalities on graphs. A graph is a pair
I' = (V, E) where V denotes the set of vertices and E the set of edges. If (z,y) € E we say that
x and y are neighbours and we write x ~ y. In this work we always consider infinite, locally
finite connected graphs with the usual discrete metric. This means that V' is countably infinite,
every vertex has a finite number of neighbours and for every x,y € V with z # y a path from «
to y exists.

Given a graph I' = (V, E) and a nonnegative operator P defined on the set C(V) = {f : V — R},
for Hardy type inequality on I' we roughly mean a functional inequality of the form P > CW
involving a positive weight function W which has to be taken as "large" as possible and a (possibly
optimal) positive constant C.

In 1921 Landau proved that

N

- o lo(n)?

Dolen) —pln -1 > 3>

n=1 n=1

for all finitely supported ¢ : N — R such that ¢(0) = 0.

This inequality was stated before by Hardy, so it is known as discrete Hardy inequality. It repre-
sents the simplest example of Hardy inequality on a graph. Since then, Hardy type inequalities
have been of great interest to mathematicians in various contexts. In Chapter 3 of the thesis,
following [7], we present a historical excursus about the development of the Hardy inequality
during the 1920s in both its discrete and continuous settings, showing classical proofs based on
elementary calculus inequalities.

Aiming to study Hardy inequalities on more general graphs, we recall that the combinatorial
Laplacian on T is a linear operator which acts on functions f : V' — R as follows

Af@) =3 (@) - 1)),

Y~z

It is known that A is a symmetric and nonnegative operator and it is a #2 bounded operator on
a graph T if and only if T has bounded vertex degree. Moreover, as shown in [10], in general A
is essentially self-adjoint and

(Af, e = ;IZV (f(x) - f(y)>2
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1 — Introduction

holds true for all functions f in Co(V).
In our study of Hardy weights a crucial role is played by the Green function associated to A on
a graph I' = (V, E) which is defined as follows

G(z,y) =Y pal@,y),
n=0

where z,y € V and p,(x,y) are the elements of the n-th power of the transition matrix. One
of its main properties is the following: when we fix a vertex o € V the one variable function
x> Go(x) := G(z,0) is harmonic outside o. In Chapter 2 of the thesis we illustrate the explicit
construction of the Green function on two particular classes of graphs: the homogeneous trees and
the bi-regular trees. The first one, denoted by T, 1, has the property that all the vertices have
g+ 1 neighbours. In the second one, denoted by Tp p, a vertex has either P or D neighbours if its
distance from a reference vertex is, respectively, even or odd. We compute the Green functions
by making use of certain geometric properties of these trees.

The core of the present thesis is Chapter 4, where we discuss an alternative approach with
respect to those outlined in Chapter 3 to derive Hardy inequalities: the supersolution method.
Following [1], we show that given a positive superharmonic functions u, the Hardy type inequality

1 2 Au(z) o
3 2 (vo-ew) = ¥ 20w (1)

z,ycV eV
xr~Yy

holds for all finitely supported functions ¢ on V. Subsequently, we apply this technique in Tg4;
and in Tp p. More precisely, we determine radial positive superharmonic functions on these trees
which yield relevant Hardy inequalities.

Recently, a refinement of the supersolution method has been developed in [6], where the notion
of optimal weight is introduced. In particular, if a weight W is optimal for the operator P, then
the Hardy inequality fails for every W > W.

We note that the Hardy weights derived from (1.1) need not to be optimal. The abovementioned
theory developed in [6] is based on the use of positive H-superharmonic functions to derive
optimal weights for Schréodinger operators, where for a Schrédinger operator on V' we mean an
operator of the form H = A 4+ @, with @ given potential.

In Section 4.3 we adapt to our context the general results of [6] to derive optimal Hardy weights
for A'in Tyy;. This is achieved by constructing suitable radial H-superharmonic functions among
which the square root of the Green function is a particular case. It is worth mentioning that, as a
by-product of our results, in Section 4.4 we obtain a new family of improved Poincaré inequalities
of the form

1S (v@-ew) = 3 MA@+ S R@eR@) Ve e ColTyp).
PN CEREY)

z,y€Tg41 €T g41 x€Tqq1
T~y

Here A, > 0 is the bottom of the Laplacian ¢* spectrum on T,y and R > 0 are various optimal
reminder terms, corresponding to the weights discussed before in the Hardy type inequality.



Chapter 2

Graphs and combinatorial
Laplacian

In this chapter we firstly introduce some preliminary notions about graph theory and we define
the functional spaces which are needed in the later discussion; secondly, we provide some basic
properties concerning unbounded operators on Hilbert spaces, to then analyse the combinatorial
Laplacian on graphs and the bottom of its £? spectrum. Finally, we discuss the fundamentals of
Markov chains theory and random walk on graphs. We refer to [8] for the unbounded operators
section, to [10] for the properties of the Laplacian and to [9] for the results about Markov chains.

2.1 Basic notions

In this section we introduce the notion of graph, the standard metric on it and the functional
spaces on a graph which we shall use later on. We finally give some interesting examples of
graphs which will be the object of our investigation.

Definition 2.1.1. A graph T is a pair T' = (V, E) where V denotes the set of vertices (also called
nodes) and E the set of edges.

If (z,y) € F we say that 2 and y are neighbours or adjacent and we write x ~ y, while
[x,y] denotes the oriented edge directed from z to y. We use the notation m(x) to indicate the
degree of z, that is the number of edges that are attached to x.

In this thesis we focus on infinite, locally finite graphs. It means that V' is infinite and m(x) < oo
forall x € V.

We define a path in I' a sequence of k > 2 vertices vy, va, ..., vg such that consecutive vertices in
this sequence are adjacent. A closed path is a path where the first and last vertex coincide (v;
= vg). A simple path is a path where the vertices are all distinct one from another. A cycle is
a closed path with no repeated vertices except for the first and the last one (that coincide) and
no repeated edges.

We say that a graph I' is connected if V v, w € V with v # w, a path from v to w exists. If the
graph is connected, we can define a metric on I', p(x,y), that denotes the number of the edges
in the shortest path connecting the vertices x and y. In such case we call geodesic path a path
from x to y of length p(z,y). When we fix a vertex o € V, we denote |z| = p(z,0) for all z € V.

Definition 2.1.2. A tree is a connected graph with no cycles.

3



2 — Graphs and combinatorial Laplacian

Now we define two considerable examples of trees which are needed in the later discussion.
Definition 2.1.3. A homogeneous tree is a tree, such that all vertices have the same degree.

We will denote T4 the homogeneous tree in which m(z) =g+ 1forallz € V.

Figure 2.1. Homogeneous tree for ¢ = 2.

Definition 2.1.4. A bi-regular tree is a tree, such that the vertex degrees are constant in each

of two bipartite classes: the vertices at even or at odd distance, respectively, from a reference
node.

P if |z] i
We write Tp p for a bi-regular tree with m(z) = { if |z is even, where |z| = p(z,0)

D if |z| is odd,
and o € Tp p is the reference node.

Figure 2.2. Bi-regular tree for P =3, D = 5.



2.2 — Combinatorial Laplacian

We call f a function on a graph I' if it is a mapping f : V — R. The set of all functions is
denoted by C(V'), while Cy(V) is the set of all functions finitely supported in V. These functions
are automatically continuous because the discrete topology is induced by the metric p.

Finally, we define the space of square summable functions, £2(V) that is

(V) ={f € C(V) such that Y f(x)* < +oo}.
zeV
This is a Hilbert space with the inner product

(f,9)=>_ f@)g(=),

zeV

and the induced norm || f||? = (f, f). Similarly we denote with ¢2(E) the space of all square
summable functions on oriented edges that satisfy the relation

w[Qj? y] = _w[% .’L']

with the inner product

(6, 0) = > dla,ylvlz,yl,

[x,yleE

where E denotes the set of all oriented edges of T }
The function d, with domain C(V') and range in the space of function on F, defined as
dflz,y] = f(y) — f(x) is called coboundary function.

2.2 Combinatorial Laplacian

The combinatorial Laplacian plays a crucial role in this thesis because, as shown later in
Chapter 4, there are different techniques which involve such operator in order to derive Hardy
weights on graphs.

Consider a graph I' = (V, E).

Definition 2.2.1. The combinatorial Laplacian is the map that acts on C(V') by the formula
Af@)= Y (1) 1)) =m@)f@) - ¥ f) forattzev. @1
Yy~ Yy~x

Notice that by (2.1) the Laplacian is bounded on ¢? if and only if m is bounded on V. Indeed,
the following holds

Theorem 2.2.1. The combinatorial Laplacian is a bounded operator in £2(V) if and only if there
exists M € N such that m(z) < M for allz € V.

Proof. We first assume that A is a bounded operator on ¢2(V). By contradiction, if m would
not be bounded, there would be a sequence {z,,} C V such that sup,, m(z,) = +oc.

Define
1 ifzx=
d.(z) = nr %7
0 otherwise.

5



2 — Graphs and combinatorial Laplacian

It is clear that ||0.|| = 1 for all z € V and Ad,(z) = m(x)d,(z) =, . 0.(y). Thus

yr~v F

m(z) ifz=z
Ad,(z) =4¢ -1 ifxn~z

0 otherwise.

Hence

A6, || = \/m'(xn)2 +m(x,).
This would imply that the combinatorial Laplacian is not a bounded operator, which contradicts

our assumption.
Assume now that max, m(z) = M. By a direct computation

a7 = 3 (ms@) - ¥ o) <2 % (((m(x)f(x))2 ¥ (Zf(y))2>
zeV Y~z zeV y~z
<2MPfIP+2) <Zxx(y)f(y)>

zeV Yy

1 ify~=zx
where Y =
Xe (¥) 0 otherwise.

Using Cauchy-Schwarz’s inequality, it follows that

2
(Zxx(y)f(y)> <Y W) D xa(y) <MY xa(y) f (1)

Y

Moreover,

STS ) < Ml

eV y~w

Hence
[AFI? < 4M?| £,

Definition 2.2.2. A subgraph T = (V',E') of a graph T = (V, E) is a graph such that
V'CVand E' C E.

Now we state an analogue of the Green’s theorem.

Theorem 2.2.2. Let D a finite connected subgraph of V.. Then

Yo Af(a)gx) = Y df(feyDdg(ey) + Y (@) = (f(2)g(x)

zeh [.y]€E(D) AT
= > df(wyldg(lzy)) = Y df([x,2)g().
[z.y]€E(D) Egvz]gD

Proof. Every edge [z,y] with z,y € V(D) contributes two terms to the sum on the left hand

side: Af(z)g(z) with (f(z) — f(y))g(x) and Af(y)g(y) with (f(y) — f(z))g(y). Adding these
two terms, we obtain (f(z) — f(y))(g(x) — g(y)) = df[z,y]dg|z,y]. The remaining contributions
are given from the any vertex € D which is connected with a vertex z ¢ D. These give

(f(2) = f(2)g(z) = df[z, z]g(x). H



2.3 — Unbounded operators

Definition 2.2.3. A vertex x € 0D, i.e. x is in the boundary of D, if there exists a verter z
such that z ~x and z ¢ D. If x € D and x ¢ 0D, it is said to be in the interior of D.

It follows from Theorem 2.2.2 that if either f or g are zero on the complement of the interior
of D then

(Af, 9>V(D) = (df, d9>E(D) =(f A9)\/(D)~ (2.2)
Moreover, if f and g are functions on V' and at least one of them is finitely supported, then
(Af.9)ve) = (df,d9) gy = ([ Ag)v(c)- (2.3)

This show that A is a symmetric nonnegative operator on Cq(V).

2.3 Unbounded operators

In this section we provide some basic definitions and theorems useful for analysing unbounded
operators. We proved that the combinatorial Laplacian may not be a bounded operator. More-
over, we showed that it is a symmetric but not self-adjoint operator in general. However, we
will show that it is essentially self-adjoint, i.e. that it admits a unique self-adjoint extension to

2.

Definition 2.3.1. Let H be a Hilbert space. By an operator in H we mean a linear mapping T
whose domain D(T) is a dense subspace of H and whose range R(T) lies in H.

Definition 2.3.2. The graph of the linear operator T is the set of pairs

{(¢, T9) | ¢ € D(T)}-

The graph of T, denoted by G(T), is a subset of H x H which is a Hilbert space with the inner
product

<(¢1a wl)a (¢27 ¢2)> = <¢17 ¢2> + <1/)1a ¢2>
T is called closed operator if G(T) is a closed subset of H x H.

We point out that a linear operator T : H — H is bounded if and only if T has closed graph
because of the closed graph theorem. Notice that, in general, an unbounded operator is defined
on a dense subspace of H.

Definition 2.3.3. Let Ty and T be operators on H. If G(T) C G(T1), then Ty is said to be an
extension of T and we write T C Ty. Notice that Ty extends T if and only if D(T) C D(T1) and
Ti¢ =T¢ for all p € D(T).

Definition 2.3.4. An operator T is closable if it has closed extensions. It follows that every
closable operator has a smallest closed extension said its closure, which we denote by T'.

The notion of adjoint operator can be extended to the unbounded case.

Definition 2.3.5. Let T be a linear operator on H. Let D(T*) be the set of ¢ € H such that
exists an n € H with

(T, ¢) = (¥, m)  forall € D(T).
For each such ¢ € D(T*) we define T*¢ =n. T* is called the adjoint of T.

7



2 — Graphs and combinatorial Laplacian

Notice that by the Riesz-Frechét theorem, ¢ € D(T*) if and only if [(Ty, ¢)| < C||¢| for
some constant C > 0 and for all ¢ € D(T'). Moreover, 7 is uniquely determined by the previous
definition since D(T') is dense.

Remark 2.3.1. If Ty C T then T* C (T1)* by definition of adjoint operator.
Theorem 2.3.1. Let T be a densely defined operator on a Hilbert space H. Then:
a) T* is closed.
b) T is closable if and only if D(T*) is dense in which case T = T**.

c¢) If T is closable, then (T)* = T*.

A natural way to obtain a closed extension of an operator T is to consider the closure of G(T')
in H x H. The problem with such operation is that G(T), in general, is not the graph of an
operator. However, symmetric operators, which we now define, admit always a closed extension.

Definition 2.3.6. Let T be an operator defined on D(T). T is called symmetric if D(T) C
D(T*) and T =T*¢ for all ¢ € D(T). In other words, T is symmetric if and only if

(Tp, ) = (¢, Tg) for all ¢4 €D(T).

Thus, by Theorem 2.2.2, the combinatorial Laplacian is a symmetric operator with domain

Co(V).

Definition 2.3.7. T is called self-adjoint if T = T*, that means, if and only if T is symmetric
and D(T) = D(T*).

As we previously said, a symmetric operator is always closable, because D(T) C D(T*) is
dense in H.

It follows that if T is symmetric, then T™ is a closed extension of T', so the smallest closed
extension T** of T" must be contained in 7™. Hence for symmetric operators we have

Tcr=crT*
while, for closed symmetric operators

T=T"CT"
and for self-adjoint operators,

T=T"=T"

Definition 2.3.8. A symmetric operator T is called essentially self-adjoint if its closure T is
self-adjoint.

If T is essentially self-adjoint, then it has a unique self-adjoint extension. Let A be a self-

adjoint extension of T. Then T** C A. A is self-adjoint, thus A = A* C (T**)* = (T)* = T**.
It follows that A = T™**.

Theorem 2.3.2. Let A a strictly positive symmetric operator, that means, (Ap, @) > c{¢, )
for all ¢ € D(A) and for some ¢ > 0. Then, the following are equivalent:

a) A is essentially self-adjoint;
b) Ker{A*} =0;



2.4 — Bottom of the spectrum

¢) Ran{A} is dense.

Now we consider the combinatorial Laplacian on a graph with domain Co(V'). Let A* denote
the adjoint of A with domain Cy(V).

Proposition 2.3.1. The domain of A* is
D(AY) ={f e 2(V) | Af € £2(V)}.
Proof. By definition,
D(A*) = {f € 2(V) | 3 n € £*(V) such that (Ag, f)={g, n) Vge Co(V)}.
For all g € Co(V) and f € D(A*) by formula (2.3)
(Ag, )= (g, Af) =g, m).

In particular, for ¢ = 0, we obtain that Af(z) = n(x) for all x € V. Hence A*f(x) = n(x)
Af(x), as required.

o

Theorem 2.3.3. A : Cy(V) — R is essentially self-adjoint.
Proof. From Theorem 2.3.2 applied to A = A + I, it suffices to show that
Ker{A*} = Ker{A" + I} = {0}

or in other words that —1 is not an eigenvalue of A*. Indeed, we now show that if f # 0 satisfies

A*f = —f, then f ¢ (?(V).

We can use Theorem 2.3.2 because

(A+ID)f, flewy =(Af Heey U Hep)

and it holds
<Af7 f>€2(V) = <df7 df>g2(E“) > 0.

Thus (Af, f) > (f, f). By contradiction, suppose there exists f € ¢2(V), f # 0 such that
A*f(z) = —f(x) for all z € V. Then, by the analogue of Green’s theorem, A* f(z) = Af(x) and

(m(z) + 1) f(x) =Y f(y)-

@~y
Therefore it must exist a neighbour y ~ 2 such that f(y) > f(z). This is true of all z € V. Tt
follows that f ¢ ¢2(V). O
2.4 Bottom of the spectrum

Now we show that in general, for a graph T' = (V| E), we can characterize the infimum of the
£2 Laplacian’s spectrum A as
_ (df,df)

)\0 == inf
recovy (f. f)
This means that g is the best constant for which the Poincaré inequality on I’

(df,df) > Do(f, ) (2.5)

9
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2 — Graphs and combinatorial Laplacian

or equivalently

% > (@(x) - Lp(y))2 >0 Y (@)

z,yeV z€V
T~y

holds for all f € Co(V).

Let 9 € V be a vertex and denote B, = B,.(x¢) the ball of center z and radius r, B, = 9B,.(z0)
its boundary and with B, its interior. We have

B, = {z €V such that p(xg,z) <7}

Finally let C(B,,dB,) denote functions defined on B, which vanish on 9B, and A, the reduced
Laplacian which acts in this space. That is,

C(ErvaBr) = {f € C(Er) | f\aBr = O}a

_JAf(z) ifxe B,
Arfl@) = {0 if 2 € OB,.

Lemma 2.4.1. For every r > 1 A, is a self-adjoint, nonnegative operator on C(B,.,0B,.).

Proof. This is an immediate consequence of (2.2) since

(A f, 9>V(§T) = (df, d9>E(§r) = (f, Ar9>v(§r)~
O

Notice that A, is also compact because it is a finite range operator. Thus Lemma 2.4.1 implies
that all eigenvalues are nonnegative and the existence of an orthonormal basis of eigenfunctions
with respect to the ¢2-inner product. Denote by {A;‘}fﬁf the set of eigenvalues of A, listed

in increasing order and choose {d)f}li%) corresponding eigenfunctions which are an orthonormal

basis for C(B,, dB,.). This means,

Apgr =N op fori=1,..,k(r),

1=k,
ng:T o5 (x) ¢y (x) = 051, = {0 4k

Next we show that the smallest eigenvalue Aj of A, is the minimum of the problem (2.6) and
then letting r — oo we prove that A\j — Ag.

Lemma 2.4.2. Let A, denote the reduced Laplacian on B,. Then

: (df,df)
Y= min ) 2.6
rec(B,.08,). ([, f) (26)
f#0
is the smallest eigenvalue of A, i.e. v = \5. Moreover, if f3 is a function in C(B,,dB,) that
satisfies
(dfg, dfg)
A= o, 2.7
" s gp) @1)

then A f5 = Ao f5 and fi can be chosen so that f§ > 0 in B,.

10



2.4 — Bottom of the spectrum

Proof. If X is any eigenvalue of A, with eigenfunction f, then

(Af, f)
(f:.1)
k(r)

If f satisfies (2.6) and {A[};., are the eigenvalues of A, with {¢T}k(r) the corresponding
eigenfunctions, which are an orthonormal basis of C(B,,dB,), then

k(r)
fi =S al,
=0

with a; = (f], ¢}). We claim that a; = 0 if A} # Aj.
We first compute

k(r) k(r)
=Y aid)) d(fs =Y aid)))

=0 =0

k(r) k(r)
= (dfg, dfg) =2 ailfy, A}y + D aia; (6], Avd)
7=0 i,j=0
k(r) k(r)
= {dfg, dfg) _QZGQ)‘T+ Z a;aj N (97, ¢})

j=0 i,j=0

= (dfg, dfy) Z aZ\!.

Thus
k(r)

(dfy ., dfy) Z aX;.

But (2.6) implies that
k(r)

(dfg, dfg) = v{f5, fo) 72‘117
therefore a; = 0 if Al # « and v = A. Notice that

{fo, fo) = {fol:1f5])

while
(dfy, dfe) = (dlfsl,dlfo])

because |a—b| > ||a|—[b|| for all a,b € R. It follows that (2.6) can only be decreased by replacing
1§ with |f§], so we can assume that f§ > 0 in B,. Moreover, if there exists Z € B, such that
f5(@) =0 then A, f§(Z) = A\; f§(Z) = 0 that is

Af5@ ==Y fily

Y~z

It implies f§ = 0 because it is nonnegative, hence we get a contradiction. O

11



2 — Graphs and combinatorial Laplacian

It follows from Lemma 2.4.2 that
Ay > At >0,

so that we can define

r—00

We now show that, equivalently, Ay can be defined as in (2.4).

Proposition 2.4.1. Let A\g(A) = lim, o0 A, where A\j = min <2l;"}l];>. Then,
fGC(Er,aBT), ’
f#0
. (df, df)
Mo(A) = inf . 2.8
oA) = Bl (f, f) 29
f#0

Proof. Denote v = feérgfv)7 77
140
by f§, belongs to Co(V) for all r thus v < Ag(A). Let now {f,}nen be a minimizing sequence

in (2.8). Then, each of f,, € C(B,,,0B,,) for some r,, depending on n. This means that,

We conclude that v = Ag(A). O

. Notice that the corresponding eigenfunctions of A\j, denoted

~

Tn o

— .

Remark 2.4.1. The combinatorial Laplacian is a bounded operator on €*(Ty41).

In Ty41 the £2 spectrum o3(A) of the Laplacian is known, we refer to [2] for this result. More

explicitly, one has that
o2(8) = [(Va— 1% (Vg +1)°].
We denote by Ay = X\o(A) = (/g —1)? the minimum of 55(A). It follows the Poincaré inequality

on Tq+1
3 ¥ (f0-rw) 28 ¥ s (29)

z,y€Tq11 €T g1
Ty

for all f € Co(V).

2.5 Markov chains

In the upcoming section we elucidate some definitions and theorems concerning the Markov
chains theory. Notions such as the Green function are crucial for the purpose of later discussions,
since the above-mentioned theory will be applied to simple random walks on undirected graphs.
We follow in our description [9].

A Markov chain is given by a countable state space X and a stochastic transition matrix (or
transition operator) P = (p(z,¥))s,y cx, where p(z,y) is the probability of moving from « to y
in one step, also called transition kernel. We also have to specify a starting point. Consequently,

12



2.5 — Markov chains

we have a X-valued random variables sequence Z,, n > 0, where Z,, represents the random
position in X at the time n. To model Z, is usual to choose as probability space the trajectory
space Q = XNo_ equipped with the product o-algebra arising from the discrete one X. Z,, is the
n-th projection £ — X. This characterizes the Markov chain starting at x, when € is equipped
with the probability measure given by

P.|Zo = x0, Z1 = 21, ..., Z, = xp) = 6x(x0)p(x0, 1) - oo - P(Tn—1, Tn).

We define

p(n) (.’E, y) =P, [Zn = y}
We assume that (X, P) is irreducible, i.e. Va,y € X there exists some n € N such that
p™ (z,y) > 0.

Definition 2.5.1. Given a Markov chain (X, P) for every x,y € X and z € C we define the
Green function

G(zylz) =Y p™(x,y)2".
n=0

The notion of Green function on a Markov chain is related to the partial differential equa-
tions theory. Theorem 2.5.3 explains how they are connected. Before stating it we need some
preliminary results.

Lemma 2.5.1. For real z > 0, G(z,y|z) either diverge or converge simultaneously for all x, y €
X.

Proof. If u, v, z, y € X, by irreducibility, 3 k, I € N such that p® (u,v) > 0 and p (z,y) > 0.
Thus
P (o) = p (u, 2)pt™ (2, y)p" (y, v)

and, for z > 0,
G(u,v|z) > p® (u, 2)pV (y, v) 2" G (2, yl2).

By the comparison theorem for series, if G(z,y|z) diverges for some z,y € V then it diverges
for all w,v € X. On the other hand, if G(u,v|z) is convergent, then G(z,y|z) is convergent
Vo, y € X. O

Thus, all G(z,y|z) (with z,y € X) have the same radius of convergence r(P) = ﬁ, where

n(P) = limsup p™ (z,y)* € (0,1],
n—oo
This number is called the spectral radius of P.

Definition 2.5.2. The period of P is the number d = d(P) = ged{n > 1: p\™) (x, ) > 0}.

It is known that d is independent from x by assumption of irreducibility. If d = 1 we will say
that the chain is aperiodic.

Lemma 2.5.2. p(™(z,2) < n(P)", and lim,_,oc p™¥ (z,z)7a = n(P).

Proof. Let a, = p™® (x,z). Tt is true that 0 < a,, < 1. If N(z) = {n : a, > 0 }, then
ged N(z) = 1. Note that ama, < Gpmirn. Initially, we show that 3 ng such that a,, > 0 for all n
< ng. lf m, n € N(z) then m+n € N(z). It is known that the greatest common divisor of a set
of integers can be written as a finite linear combination of elements of that set. For this reason,

13



2 — Graphs and combinatorial Laplacian

we can write 1 = ged N(x) = nq — ng, where ny, ne € N(z) U {0}. If no = 0 the proof is done
and ng = 1. Otherwise, set ng = n% and decompose n > ng as n = qng + r = (¢ —r)ng + rng,
where 0 < r < ny. It must be that ¢ > ns > r, so that n € N(z). Next, fix m € N(x), let n >
ng, let n > ng + m, and decompose n = g,m + r,, where ng < r,, < ng + m. Write b = b(m)

an
=min { a, : ng <r <ng+m} Thenb>0andanza%arwsothataw’{b%. If n — oo then
I % Hence,

an% < lim inf a,% < n(P)d VYm € N(x).

n— 00

This proves the first statement. If we now let m — oo, then

1 1
limsupasp < liminfay.
m—oo n— o0

1
Thus a;; converges and this ends the proof. O

It is useful to define the stopping time and the hitting probabilities in order to provide an
easier way to compute the Green function on a Markov chain.

Definition 2.5.3. We define the stopping time

s =min{n >0 | Z, =y}
n

where this minimum is 400 if the set is empty, the hitting probabilities and the associated func-
tions

£z, y) = Pufs? = n),
Fla,yle) = 3 5™ (@)

n=0

Similarly, we define t* = min,, {n >1: Z, = x} and the associated function
Uz, z|z) = ZPm[t“” = nlz".
n=0

The next lemma is one of the most important tool for dealing with Green functions. We will
apply this result many times in order to prove useful properties and to compute Green functions
on particular trees.

Lemma 2.5.3. Let (X, P) a Markov chain, G the Green function and F,U the above defined
functions. Then,

a) G(z,2]2) = —piary

b) G(z,ylz) = F(z,y|2)G(y,ylz),

c) Uz, zlz) = 3, p(x,y)2F(y,2|2) and

d) if y #x, F(z,ylz) =3, plr, w)zF(w,y|2).

14
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Proof. Part a) follows from the identity

while p(®)(z,z) = 1 and P,[t* = 0] = 0.
Indeed,
Glaalz) = Y pM (@ @)z =Y Y Pt = Kp" P (z,2)2" + p (2, 2)
n=0 n=1k=0
=143 O () (YRt = nl") = 1+ Gla,al)U(w, 2)2).
k=0 n=0

Using the same argument we can prove b):
for x + vy,

G(z,yl2) Zp(”)fcy ZZP [s¢ = Kp™ ™) (y,y)2"

n=0 k=0
= Zp(’“’ (y,y)2 (ZP ) = G(y,yl2)F(z,y|2).

Note that if z # y, then f(°)(z,y) = 0. Finally, by factoring through the first step we obtain c)
and d):

:Zp(a:,y)l}’y[tx =n-1] forn>1,

and for z # y:
= Zp(x,y)lpy[sy =n-1 forn>1.
Thus,
Uz, z|z) = i P, [t" = n]z" = ni gp(x, Y)P,[t* =n — 12"
=> p(z,y) iﬂ”y[tr =n—1]" = Zp(wyy)zkijﬂ”y[tx = k]2*
= %:p(w,y)zF(y,IIZ) y _
If o # y:
(z,y]2) iﬂl’z[sy =njz" = izw:p(x,w)%[sy =n—1J]"
= ;p(waw)zg[sy = k2" = p(x,w)zF (w,y|z)

15



2 — Graphs and combinatorial Laplacian

We will write G(z,y), F(z,y), U(z, z) respectively for G(z,y|1), F(z,y|1), U(z,z|1).
It can be proved that G(x,y) represents the expected number of visits of (Z,,),>0 to y when
Zy = x. Analogously, F(x,y) is the probability of ever reaching y when starting at x and U (x, x)
is the probability of ever returning after starting at x.

Definition 2.5.4. The Markov chain (X, P) is said recurrent if G(x,y) = oo for some (that
means for all ) x,y € X. Fquivalently, X is recurrent if U(xz,x) =1 Vo € X. Otherwise (X, P)
is said transient.

We now consider P acting on functions f : X — R by the formula

Pf(z) = plx,9)f(y).

Y
Then it is natural to define the weighted Laplacian A.

Definition 2.5.5. Let A be the operator acting on functions on X by the formula

Af(x) = (I = P)f(z).

Definition 2.5.6. Assume that P|f| is finite. Then we say that f is superharmonic if Af >0
pointwise, and harmonic if Af = 0.

Proposition 2.5.1. If f is superharmonic then P™f is superharmonic for allmn > 1.

Proof. Consider n = 2. Computing P?f = P(Pf) we obtain
P ()= pla,y)Pfly) =Y pa,y) Y py,2)f(2) = D> pla,y)p(y, 2) f ()
=Y P (z,2)f(2).

Thus, iterating this argument, we can define P™ as the operator which acts on functions by the
formula

Prf(x) = p" (z,9)f ().

We assume by hypothesis that

Pf(x) < f(z) forallze X.

Then,
p(z,y)Pf(y) <plx,y)fly) forallye X
and
P?f(x) < Pf(z) < f(x).
We can iterate this argument for all n > 1. O

Theorem 2.5.1 (Minimum principle). If f is superharmonic and there is x € X such that
f(z) = minx f then fis constant.

16
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Proof. By Proposition 2.5.1 f(z) > >_, p" (2, y)f(y). Hence it is impossible that f(y) > f(x)

for any y such that p(™) (z,%) > 0. Indeed, it holds Zy p™(x,y) = 1 and if there exists § € X
such that f(y) > f(z) then

Prf(x) = p" (@, 9) fy) > F@p™ (@,5) + Yo" (@, y) f(@) > f@) Y p™ (@) = f(2),
Y yFy Y
This is impossible because of our assumption. Finally, (X, P) is irreducible so f = f(z). O
Then it follows the discrete analogue of Liouville Theorem.

Theorem 2.5.2. Let f be an harmonic function. If there exists x € X such that f(x) = mazxx f
then f is constant.

Proof. By assumption f(z) = maxxf. It implies —f(z) = minx(—f) and —f is harmonic
(hence superharmonic). Then by Theorem 2.5.1 — f is constant and so f is constant. O

Next theorem yields the main property of the discrete Green function on a Markov chain and
explains how it is linked to the continuous version.

Theorem 2.5.3. Let (X, P) be a transient Markov chain and fiv z € X. Then the function
f: X = R such that f(x) = G(z, 2) is superharmonic. Moreover, Af(x) = 0, (x).
Proof.

Pf(z) =Y p(x.y)G(y,2) = > plw,y)F(y,2)G(z, 2).

yeX yeX
If o # 2
yeX

Where the last two identities hold because of Lemma 2.5.3 b), d).
Ifr==x:

Pf(z) =) p(zy)Gy.2) = Y p(z9)F(y,2)G(z2) = G(2,2)U(z,2) < G(z,2) = f(2).

yeX yeX

This is true because X is transient if and only if U(z,z) < 1 for all z € X. In particular
f(2) = Pf(z) = G(z,2)1 - U(z,2)) = 1,

for part a) of Lemma 2.5.3. O

2.6 Green function on trees

The thesis now proceeds with the purpose of associating a Green function to every transient
graph. The idea is to obtain a Markov chain from a graph and then to compute the Green
function on this chain. For this reason, we introduce the notion of simple random walk on a
graph. Subsequently, we state and prove useful theorems essential to then find the Green function
on a tree. Finally, we present explicit computations of Green function in two particular cases.
We anticipate that the Green function has great importance in this work since it can be used to
obtain Hardy weights, that is the main goal of Chapter 4.

17



2 — Graphs and combinatorial Laplacian

The simple random walk on a locally finite graph I' = (V, E) is the Markov chain with state
space X = V and transition probabilities

) 1m(x) ify e~z
ple,y) = {0 otherwise.

The graph is called recurrent (transient) if the simple random walk has this property.
Note that it is equivalent to say that f is superharmonic if Af(z) > 0 or Af(x) > 0 because

Af(x) = m(z)f(x) =Y fly) = m(@)(f(@) = Y plz,y)f(y)) = m(x)Af ().

y~z y~z

Now we focus on trees. We recall that in a tree for every pair of vertices x,y € V there exists a
unique path (said geodesic path) m(z,y) of length p(x,y) connecting the two.

Theorem 2.6.1. If w € w(x,y) then F(z,y|z) = F(z,w|z)F(w,y|z).

Proof. Because of the tree structure, the random walk must pass through w on the way from x
to y. Conditioning with respect to the first visit in w,

F0 (@, y) = if(’“)(wvw)f(”‘k)(wvy)

k=0

Hence, by a direct computation
F(z,yl2) = i (@, y)z" = fO (2, w) [f(o)(m y)+ [V (@, w)z + fO (w,y)2” + .|+
=
FD (2, w)z [f(o)(w,y) + Oz, w)z + FP(w,y)22 + .| + ...
=3 ) ) [f} P )| = Fla wl2) P, o)
n=0 n=0

O

Notice that in a homogeneous tree if x ~ y obviously F'(z,y|z) = F(z), so that Theorem
2.6.1 implies F(v,w|z) = F(z)P("®),

Theorem 2.6.2. For the simple random walk on Tq11, one has

p(z,y)
2q g+1—+/(g+1)*—4¢2?
Gl,yle) = S -
q—1++/(g+1)*—4gz 2qz
In particular, n(P) = Z%.

Proof. Consider two neighbours z, y. Using Lemma 2.5.3 d) we obtain

1 1
q+ [P ()P = —— 2t

q 2
1R,
PR )

F(z) = Fla,gl) = 3

wn~xT

18



2.6 — Green function on trees

Computing the solutions of the second order equation, we choose

F(z):2qlz<q—|—1— (q+1)2—4qz2>

as the right solution because F'(0) = 0. Now apply Lemma 2.5.3 ¢) and

1
Ul alz) = 3w )2F(y,ol2) = 30— #F(2) = 2F(2)
Yy Yy~
then, use Lemma 2.5.3 a) and b)
G(z,x|2) = _ L
5 EE) = 1—2F(z)’
1
G(z,ylz) = F(z,y|2)G(y, y|z) = mF(z)p(m’y)
1 1 p(z,y)
2qz<q+1— (g +1)2 —4q22>
1—21q<q+1— (q+1)2—4q22>
9 p(z.y)
q
= q+1—+/(qg+1)* —4gz? :
q—1+\/(q+1)2—4qz2< ( )

Finally, by Pringsheim theorem, G(z,y|z) is a non-negative coefficients power series, thus its
radius of convergence r(P) = ﬁ is its smallest positive singularity. So it is the value of z > 0
where the term under square root is zero. O

It follows that the simple random walk on T,y is transient for every ¢ > 2. In this thesis we
will study the homogeneous tree T,1; always assuming that ¢ > 2.

Corollary 2.6.1. If we fiz a vertex o in Tyr1 and ¢ > 2, then AG(y,0) := AG,(y) = (¢+1)d,(y)
for every y € Tyq1.

Proof. Take y # o:

AGo(y) = (¢ +1)Goly) = D> Go(2)

zry
(y,0)
o) (ere(G) )
== (= +1-q(-)-q)=0.
2(¢—1) \¢q 1 Ng) 1

AG,(0) = (q+ 1)Gol0) = > Go(2)

zZ~o

= (Q+1)% - (q+1)q<1>

q—1\¢q

Moreover,

-1
=1 =q+1.
q—1

19



2 — Graphs and combinatorial Laplacian

Now we focus on the simple random walk on the bi-regular tree.

Theorem 2.6.3. For the simple random walk on Tpp one has

p(z,y)/2
(FPFD) 171Fp if |x| and |y| are both even,
p(z,y)/2
FpFp 1—1FD if || and |y| are both odd,
G(z,y) = (p(z.y)+1)/2 (p(z.9)=1)/2
<FP> Fp 1_1FP if |z| is odd and |y| is even,
(p(z,y)—1)/2 (p(z,y)+1)/2
(Fp) (FD> 1—1FD if |x| is even and |y| is odd,

with Fp = D/[(D — 1)P], Fp = P/[(P — 1)D] constants.

Proof. Consider x ~ y. It is clear that if |z| is odd then F(x,y) = Fp is constant for any = ~ y.
Similarly, if |z| is even then F'(z,y) = Fp. Now we want to determine these constants.
If || is even and x ~ y, using Lemma 2.5.3 d) and Theorem 2.6.1 we can write

Fp=F(z,y) =Y plz,w)F(wy) = mzx) > Flw,y) = IIDK > F(w,y)> +F(y,y)}

_ % <(P V) FpFp+ 1) .

~T

= % [( Z F(w,x)F(x,y)) +1

w~zT,

w#y

Moreover,

Fp = Ply,a) = Y plpw)Plo,a) = ——= 3" Flu,a) = “= L FpFp+ .

These two equations provide the system

The only admissible solution is

Now use Lemma 2.5.3 ¢) and compute

Fp if |z| is even,

U 5 = 5 F y = . .
(z,) zy:p(fﬂ Y)F(y,x) {FD if o] is odd,

and by Lemma 2.5.3 a) it holds

G(z,7) = I ﬁ if |z| is even,
L—Ulw,a) |1y if |2] is odd

20
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Theorem 2.6.1 yields

(FpFp)Pt@y) if |z|, |y| are both even or odd,
F(z,y) = ng(z’y)ﬂ)/zF},p(z’y)*l)/2 if |z| is even and |y| is odd,
Flgp(z’y)ﬂ)/QFg(m’y)_l)/2 if || is odd and |y| is even.

Finally, from Lemma 2.5.3 b)
G(z,y) = F(z,y)G(y,y)

we can deduce our thesis.

Corollary 2.6.2. If we fix a vertex o in Tpp and P,D > 3, then AG(x,0) = Pd,(x).

Proof. Let o € Tpp.
If |z is even, and x # o,

1 1 _ 1
A — P(FrFw)lzl/2 _ (P — 1\ FUzl+2)/2 plel/2 _ plel/2 p(z1=2)/2
G(z,0) (FpFp) 1= Fp ( )Fp D' 1_Fp P D 1—Fp
1
= (FPFD)‘””‘/Qli (P —(P—-1)Fp — FD1>
—1I'p
P D—-1)P
If |z is odd,
i 1
AG(z,0) = D(FD)("”‘H)/Q(FD)('” 1)/21 S
1 _ _ 1
_ (D — 1FUeD/2 p(zl+1)/2 _ plel=1)/2 p(=|-1)/2
( ) P D 1— FP P D 1— FP
DP—-D+D-—PD
= G(x,o)( ; ) =

Moreover,

P Fp
= - =P
AG(0,0) (1_FP P].—Fp)

21
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Chapter 3

Classical Hardy inequalities

In this chapter we shall present the historical development of the Hardy inequality, that is
the main subject of this work. We consider both the discrete and continuous version of the
inequality, introducing contributions of Hardy and other well-known mathematicians. For this
section we refer to [7], which we follow in our analysis.

More precisely the statements of the Hardy inequality we will consider are:

Discrete Hardy inequality
If p>1 and {ar}2, is a sequence of nonnegative real numbers, then

iag > (pl)pni (; gak>p. (3.1)

n=1 p =1

Continuous Hardy inequality
If p > 1, f is a nonnegative function in (0,4o00) and f € LP(0,+0c0), then f is integrable over
the interval (0, z) for each positive x and

/OOO Fa)Pds > (T)p/;o (; /wa(t)dt>pdx. (3.2)

In the following pages we show in chronological order the results that yield these two forms of
the Hardy inequality. Finally, in Theorem 3.2.2 we will also state and prove the N-dimensional
version of (3.2).

3.1 Discrete Hardy inequality

We start analyzing the "history" of the proof of (3.1). Notice that Theorem 3.1.1 and Theorem
3.1.2 can be seen as weak versions of the discrete Hardy inequality.

Theorem 3.1.1 (Hardy, 1919). The convergence of the series Y .., a2 with a,, > 0 implies the
convergence of Y oo (An/n)?, where A, =Y 1_ a.

Proof.
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This implies

N A7l 2 N N A7l 2 N ’ILATL
Z<n> §;4ai+2; <n> —4;Ln (3.3)

n=1

for each N € N. Then,

—2a, A, = — Zaz Z ajay + Z ay + Z ajay
k=1

J,k=1 k=1
ik JFk

Thus,

n=1 n n=1 n
_ AT A3 An AX
- 1.2 23 (N-1))N N
< ZN: 1 2
—nn+1) "

The last inequality holds because —(A%/)/N < (—A%)/[N(N + 1)].
By substituting the last estimate in (3.3), we get

N /4 2 N N /4 2 N 1
Z<n> §4Zai+2z<n”> _QZWAE‘
—nA2
_4Za +22 n2n+1”
1
:42ai+22m/ﬁ”

which yields

Z( n+1>( >2 Zi: (3.4)

When N — oo, by the limit comparison we obtain the statement. O

An important generalization of this result was proved by Riesz one year after.

Theorem 3.1.2 (Riesz, 1920). Ifp > 1, a, >0, and Y-, a?, is convergent, then > -, (A, /n)P
is convergent, where A, = >"1'_, a.
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3.1 — Discrete Hardy inequality

Proof. Let &, :=n"P+(n+1)"P4....
Then, defining Ay = 0, we get,

N A p N N
() S 0w S o

n=1 n=1 n=1
N
<-4 e, (3.5)
n=1
Notice that
AP — AP | < pa, AP (3.6)

Indeed, since the function f: Rt — R, f(x) = 2P is convex for p > 1, for every fixed g € RT
f(x) > f(zo) + f(x0)(x — x0) vV zeRT.
Choosing o = A, and =z = A,,_1 we obtain
AD > AD 4 AP (—ay)

which implies (3.6). By (3.5) and (3.6) we get

N oA NP N

> () <X anar e,

n

n=1 n=1

Moreover,

—(p—1
n—(@ )< P R

p—1 “p—1

oo
D, <n7p—|—/ 2 Pdx =n"P 4
n

The last inequality holds because

—(p—1

p—1+n p
p—1 p—1

IA

n < (p—1)(n—-1) >0,

that is true for all n € N and p > 1. Finally, recall the Hélder’s inequality,

00 oo 1/p foe) 1/q
(59 (24
n=1

where p > 1, %4—% = 1.
Then we can conclude

oA S (a
Z(ﬂ) SplZ%(ﬂ)

n=1
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It is trivial to show

Hence

which is equivalent to

N P 2
I C I
—\n p—1

V()

Theorem 3.1.2 yields more then what Hardy formulated in Theorem 3.1.1. Hardy noticed
that the constant (p?/(p — 1))P could be improved by (p/(p — 1))? yielding the inequality (3.1).

O

Theorem 3.1.3 (Landau-Hardy, 1921). Let p > 1, a,, > 0, and A, = Y;_, ax. Then the
inequality
N N
—1\? AP
Sz () (%) 7
n=1 p n=1 n

P
holds for N € N fized or N = oco. Moreover, for N = oo the constant <ppl> is sharp.

Proof. We divide the proof in three steps.
Step 1. Consider ¢,, =1 —2/(n+1) and for m =2,3,... let
a1 =Gy =" =0y =b1,Am41 = Gy = -+ = Q2 = ba, .. .,
A(N-1)ym+1 = QN—-1)m+42 = "'+ = aGNm = bN.
From inequality (3.4) with Nm in place of N we obtain

N B 2 B 9
4mzbi>(q+--~+cm)(ll> +(cm+1+~--+ch)<22) +...

n=1

Bn\’
+ (C(Nfl)erl +--- 4+ CNm) (N) 5

where B,, = >"}'_, by. Dividing by m and letting m — oo, we find that

(01+02+~'~+Cm)/m—> 1,
(Cmt1+ -+ com)/m — 1, ete.

A possible way for proving these limits is the following: it is known that Y ", 1/n ~ Clog(m).
Indeed,

m—+1 m m
1
log(m+1):/ dt/t < E ﬁ§1+/ dt/t =1+ log(m),
1 ot 1
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3.1 — Discrete Hardy inequality

thus .
Snyen _ m—2(log(m + 1) — log(2))
m - m

— 1 for m — oc.
This implies
N /g2 N
) <4 b2
2 () =iz

which yields (3.1) with p = 2.

Step 2. For y > 0 it holds
Y’ —py+p—12>0. (3.8)

In order to prove this inequality, we could study the first derivative and note that
p(yP ™t —1) >0 = y>1,
and

fory=1 l—-p+p—-1=0,
fory=20 p—1>0.

So (3.8) is verified. Then, let y = %, with y; > 0,92 > 0, and obtain

yP— oy + (p— 1)yb > 0.

Now, for a nonnegative {b,}, choose y; = b, and y» = (p — 1)B,,/(pn), where B,, = > _, by,

and obtain )
—1B,\"" —1B,\?
bﬂmmﬁ) +@—m@)z&
p n P n
50 N N N
-1 p—1 P p
bb — ( > by, () +(p-1 ( — ] >0. 3.9
2%-57) e G) reennn) 26 0
Moreover, we verified in the proof of Theorem 3.1.2 that
pbu BE ™t = pBh (B, — By—1) 2 BY — By,

thus

N -1
B, \?*

§ pbn, <>

n=1 n

vV

3

1 1 » 1
(np—l - (n+ 1)p—1> +BNNp—1

1 al 1
<np—1 o 1)p_1) > (p— 1)ZBgm. (3.10)

1 N—-1
- Bzfl)np—l = Z B
n=1
1

\%

N
>_ (B
n=1
N
> Bl
n=1
The last inequality holds because

1 1 p—1 (n+1)P
- = —
nP~l  (n+1)p~1 = (n+1)P np~1

() () st

—(n+1)>p-—1
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which is verified choosing y = (n+1)/n in (3.8). Combining the two inequalities (3.9) (3.10) we
discover that

ibﬁ - <p;1>p§235<(nf1)p _pr;’:l) - (pgl)picn<%>p7

n=1 n=1

1

where ¢, = p(14:)7?—p+1 — 1 when n — co. Now, as we did in Step 1, consider the sequence

bi=by=...=by = a1, bm-l—l:bm+2:"':b2m:a27~'~a

bN—1)ym+1 = ON—1)ym+1 = O(N—1)ymt2 = =" = bNm = an,

replacing N with Nm we conclude

» \? N A\ Ay\?
m<1> Zaﬁz(cl+02+-~+cm)<1) +(Cm+1+cm,+2+"’+02m,)<2) +

p= n=1

An\?
4+ (C(Nfl)m%»l + C(N—1)m+2 R CNm) N .

Dividing by m and letting m — oo we observe that (¢; +ca+ -+ c¢m)/m = 1, (emi1 + Cmy2 +
-+ 4 camm)/m — 1, etc., which means that (3.7) holds for all finite N and in particular it is still
valid when N — oo.

P
Step 3.We prove that (p/(p— 1)> is the sharp constant for N = oo. Choose a, = n~'/P~¢
(0 <e<1—1/p). Then

A, = Zkfl/pfe > / 2V/P¢dy
k=1 1
1

_ ﬁ/p_e(nlfl/pfe o 1) > L(nlfl/pfe o 1)7

p—1
implying that

p p 1-1/p—e p p
ﬁ > p (Tl /P - 1)10 — p n—l—ep 1— 1
n p—1 np p—1 nl—1/p—e
p
p —1—ep _ p
><p_ 1) n (1 nll/“) (3.11)
14

Put y = 1/(n'~'/P=¢), then (3.11) holds because it is equivalent to y” — py +p — 1 > 0 with
y > 0. Furthermore, the above inequality yields

AN » V(& N )
;<n> ><p—1> (;“g_pzm)
P\ [
B <p—1> (Zaﬁ pCN-,é)a

n=1
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3.1 — Discrete Hardy inequality

where Cy e — C as N — oo for any € > 0 because 2 — 1/p — € + ep > 1. Thus
N N N
A\ P P
S (Y /3w (5) (e /S - (5)
n p—1 ’ p—1
n=1 n=1 n=1
since Zﬁ;l ab = Zf:;l n~17¢ - 0o as N — oo and € — 0T. So the sharpness is established. [
Finally we show an easier proof of (3.1) given by Elliot in 1926 and based on the following

Proposition 3.1.1 (Young’s inequality). Given two nonnegative numbers a,b and p, q such that
1/p+1/q=1 withp, ¢ > 1, then

a? bP
ab < — + —.
q p

Proof. Let A=1/p,s01—X=1/q. It is known that the logarithm is a concave function. Then

log (a?(1 — A) + ")) > Aplogb + (1 — N)gloga = loga + log b = log (ab).

O
Then it follows an alternative proof of (3.1).
Proof. Let a,, = A,,/n and ap = 0. Note that
1- A A A
a'n:An_An—len+ nAn—lzn . - + nl-
n—1 n n—1 n—1
Using Young’s inequality:
ab — Laﬁflan =ab — P nay, — (n—1an_1 |a?™?
p—1 p—1
np (n—1p
:O{Z(l p—1>+ p—]_ ,I,)L 10&71_1
np (n—1)
cap(1-)+ O (- ar s e
- (n—1)af | —na?
p— 1 n—1 n
Summing from 1 to N yields
N p N p—1 p
Z(An> Plz<An> anngLJ\lfSO’
n=1 n p= n=1 n p=
and from Holder inequality
N N -1 N 1/p N o\ 1/q
A \P P A \P P A
n < 2 on < £ P -n
> () = () wst(Ee) (205)
n=1 n=1 n=1 n=1
Division by the last factor yields the statement. O
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3 — Classical Hardy inequalities

3.2 Continuous Hardy inequality

In 1925, Hardy formulated and proved his famous integral inequality. The main idea, which
links the discrete and integral version, is the following: define f(x) = ai for k — 1 <z < k and
k > 1 with {a,} a nonnegative decreasing sequence. We infer that the function

l/wf(t)dt Dk lak+an(3;‘—n+ 1)
0

T €T

is decreasing in [n — 1, n]; indeed we have

a4 (i /Ox f(t)dt> el R soon

dx 2 2
n

which is equivalent to a, < %ak, that holds because a,, is decreasing. Hence, we obtain
o] n e o] n n—1
Z(Ek—lak>p§2/ (Zk—l ak+an(x—n+1))pdx
— n n=1Yn—1 T
0 1 x p D p o]
= — ftdt) dx<<>/ flx)Pdx
[ G soa)ers (GE5) [ s
P\
= _— afl
1) %

In line with such idea, Hardy stated the following result:

Theorem 3 2.1 (Hardy, 1926). Let p > 1 and let f > 0 be p-integrable on (0,00). Then
= [y f(t)dt < oo for every x> 0 and

/OOO fP(z)dw > <T>p/ooo <F(;))pdx.

Furthermore, the constant (p/(p — 1))P is sharp in the sense that the previous inequality cannot

hold with a constant C > < >

Remark 3.2.1. If f € LP(R), then F' = f in the weak sense. Hence, the inequality
[ee) P _ 1 p [ee] F p
[ (s (52 (22’
0 p 0 T
is equivalent to (3.2).

Proof. Using integration by parts and the identity d/dz(F(x)P) = pF(z)P~! f(x) which holds for
almost every x in (0, 00), for arbitrary 0 < o < A < 0o we get:

/QA (Fix))pdx = pilfaA Fp(x)%(xkp)dz

al=P Al-p 1 A d

— D _ D 1-p = (pp
P 1F () p—lF (A)+p_1 i x dac(F (z))dx
al—P D A F(x) p-1

< FP .

<o im@s L () e
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3.2 — Continuous Hardy inequality

Recall the continuous version of the Holder’s inequality

[ (52 s ) ([ (2 )"

because (p—1)g=(p—1L)p/(p—1)=pand 1/¢=(p—1)/pif1/p+1/q=1.
Taking 5 such that o < § < A and applying the previous two inequalities to F'(z) — F(«) instead
of F(z), we find that

/A(F@s) SFeYy,

< ppl< aA fp(at)dx) ’ (/: (w)pdx) @b/
| = A(/Ooo f”(x)dx)’l’,
U; (M)”dx) < ([ f”(a:)dx)’l’

Then let o — 0T and observe that F(z) — F(a) — F(z). To conclude, let A — co and 3 — 0F.
For proving the sharpness of the constant, it suffices to use a variant of the argument of Theorem
3.1.3. O

Thus

N
s~
h S
I/~
|
S
SHN
g
L
N~
kS
u
8
"
ST

and a fortiori,

The previous proof is close to Hardy’s original idea but it contains some simplifications
suggested by Polya. Next we state the Minkowski inequality which is useful for an alternative
proof of (3.2).

Proposition 3.2.1 (Minkowski inequality). Let f : RxR — R be a positive measurable function
and 1 < p<oo. Then

</R (/Rf(%y)dyydx); </R</pr($»y)dx>;dy.

Now we present Ingham’s proof of (3.2).
Proof. Put
T 1
i) = [ o= [ e
T Jo 0

By Minkowski’s inequality

([ (H(fx))pdx)’l) - tasty = s
</ Dl = / 1 ([ fp(tx)dx)’l’dt
[ o (o)’
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3 — Classical Hardy inequalities

We conclude this section with the N-dimensional version of (3.2), namely the Hardy inequality
in RY. The natural functional space where the inequality can be stated is the Sobolev space
WLP(RY), which we now recall.

Given a multi-index o in NV and a function f: Q C RY — R for some open set 2 we denote

01l f ()

%05 -0y

D" f(x) =

Definition 3.2.1. For p > 1 and Q an open subset of R let

WhP(Q) = {f € LP(Q) such that D* | € LF(Q) for all |o] = 1},
WhP(Q) = {f € LP(Q) such that D°f € L?, () for all |a| = 1},

where D% is the weak derivative.

Theorem 3.2.2. Assume 1 <p < N and u € WYP(RN). Then u/|z| € LP(RY) and

[ Ivutpds = (@ - por [ [ul@)l? 4, (3.12)

|[?
Furthermore, the constant (N — p)/p)?P is sharp.

Proof. A density argument allows us to consider only smooth functions v € C2°(RY). Under
this assumption we have that

()P = — /1 h %|u()\x)|”d)\ S /1 ) P 2u(a) (@, V() dA.

By using Holder’s inequality, it follows that

@) 4 — |[u(Az) [P~ u(Az) u(Ax) u(z T
/IRN |-Z"p do = - / /]RN |x|1’ 1 <| | Vu(z))drd\

_ |u(y )Ip *u(y) du(y)

_p / Iu(y)lp‘QU(y)f)U(y)d
N=plax T o

< (L) (1,

/. U gy < (Nppy/m Vu(e)Pde.

x
Following the idea of Hardy used in the discrete case, we show the Cy , is the best constant.
AN,p,s ifr e [0,1],
Anper®Np=c i 51,

where Ay . =p/(N —p+ pe). It is easy to check that

Ou(y)
or

P 1/p
dy) .

Then we conclude that

Given ¢ > 0, consider the radial function U(r) =

0 if r €0, 1]
U/ — ) )
() {TN/I’E if r>1.
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3.2 — Continuous Hardy inequality

By a direct computation we get

P P P
/ U(x)dx:/ U(x)dx—i—/ v dr
Ry [Z|P B TP R

n\B, |Z|P

1 0o
:Aﬁ’\,,p,swn</ erlfpdr—F/ r(HpE)dT)
0 1

— AP

1
= ANJ),Ewn/O erlfpdT—i-AfV’p’E /RN |Vu(z)|Pdx,

where w,, is the measure of the N — 1 dimensional unit sphere. We conclude letting € — 0
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Chapter 4

The supersolution construction of
Hardy weights

By a Hardy type inequality for a nonnegative operator P we mean that the inequality
P > CW holds for some positive weight function W, called Hardy weight, and a positive con-
stant C.
In the previous chapter classical proofs of the Hardy inequality on N and on RY have been illus-
trated. They are all based on the clever exploitation of elementary inequalities such as Young’s
or Minkowski’s inequalities.
In this chapter we present an alternative approach which is based on the use of positive su-
persolutions; i.e. to every positive supersolution v of Pu = 0, we associate the Hardy weight
W := Pv/v. More precisely, in Section 4.1 and 4.2 we show an application of this technique
when P = A by means of suitable positive radial superharmonic functions.
In general, this approach gives no information about the optimality of the Hardy weight Pv/v,
i.e., it does not allow to say whether the obtained weight is "the largest possible" in a suitable
sense. More recently, in [6], a refinement of the supersolution method has been developed in
the context of general elliptic operators. In particular, it has been proved that optimal weights
can be derived in terms of special superharmonic functions such as the Green function of the
operator.
In Section 4.3 we present an application of these results in our framework which, in some case,
allows to prove the optimality of the weights previously derived.
Finally, in Section 4.4, as a by-product of our results we derive optimal improvements of the
Poincaré inequality.

4.1 Continuous setting

We start by illustrating the continuous version of the supersolution method in the case
P = —A. For the following theorem we refer to [3].

Theorem 4.1.1. Let Q C RY be an open set and let A be the Laplace operator on L*(Q). Suppose
that there is a positive continuous function u € Wlif(Q) and a positive potential W € Lj,.(Q)
such that

—Au > Wu
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4 — The supersolution construction of Hardy weights

in weak sense, namely
/Q Vu(z) - Vo(z) dz > /Q W (2)u(2)é(z) do
for all0 < ¢ € C°(Q). Then the quadratic form inequality
[ i@k = [ WP

holds for all f € C(Q).

Proof. If f € C2°(€) we may consider f = ug where g € W12(Q2) and obtain

L3 (Z9Y =[5 (i 22
N

) /QZ 2D 7 (ute)ale)?) do

~ [ Vul@) - V(o @) do
Q
2
> [ W@ @) o= [ WP d.
where in the last step we exploit the fact that ug? can be approximated by a sequence of
0 < uy, € C2° by using a mollifier. O

More in general, let P be a symmetric and nonnegative second-order linear elliptic operator
defined on a domain Q C R”" and let ¢ be the associated quadratic form. A Hardy type inequality
with a weight W > 0 has the form

a(p) > C /Q W (2)p?(z) do (4.1)

for all p € C°(Q), with C' > 0.

Definition 4.1.1. A symmetric and nonnegative operator P is said critical in Q) if (4.1) holds
true if and only if W = 0. Conversely, when (4.1) is valid for a non trivial weight W the operator
is called subcritical in ).

It has been shown in [4] that P — W is critical if and only if there exists a unique positive
solution to (P — W)u = 0, which is called Agmond ground state. In [4] the authors introduce
the notion of optimal weight that we now recall.

Definition 4.1.2. The weight W is said an optimal Hardy weight for the operator P if
e the operator P — W is critical in €);
e P—W > AW fails to hold on C°(Q\ K) for all A\ > 0 and all K C 2 compact;
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4.1 — Continuous setting

o the ground state v is not an eigenfunction, i.e. v ¢ L%, (), namely
/ v (x)W (z) dr = +oo.
Q

The next theorem provides a method to obtain an optimal weight for a operator P by means
of the associated Green function see [5] and references therein. We refer to [4] for this result.

Theorem 4.1.2. Let P be a symmetric subcritical operator in 2, and let G(z) := G%(x,0) be its
minimal positive Green function with a pole at 0 € Q. Let u be a positive solution of the equation
Pu =0 in Q satisfying
G
im S g

z—oo u(x)

b

where 0o s the ideal point in the one-point compactification of Q. Consider the supersolution

v =+vVGu. Then

wo P
v

is an optimal Hardy weight with respect to P and the punctured domain Q* = Q\ {0}.

Example 4.1.1. As an application of the above theorem, consider P = —/A the Laplace operator
on 0 = RV\{0}, where N > 3, and denote by G(x) = |z|>~~ the corresponding positive minimal
Green function with pole at 0 see [5] Chapter 1.1.8. Consider the positive superharmonic function

in QF
o(a) = VG = V/GTa) = |21

By a direct computation we infer

fAU(:U) _ (2 — N) N|x|fN/271 _ (N — 1)(2 — N) |x‘fN/2 _ (2 — N)2 |:L,|17N/2

2 )2 2|z 22| |2

= Wu(x).

Hence, by Theorem 4.1.2,

o= Ca)

is an optimal weight for —A and we reobtain the classical Hardy inequality

2 2
R f|$(|:§)dx < <N2_2) /RN Vf@)de  Vfe e Q).

It is worth noting that v is the unique positive solution of —Av = Wv and v ¢ L%, (RY).

Indeed,
/ |x‘(27N)i = /OO P NN dr = 0.
RN || 0

Hence, as expected, v is the ground state but it is not a eigenfunction.
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4 — The supersolution construction of Hardy weights

4.2 Discrete setting

Now consider a graph T' = (V| E). We state the analogue of Theorem 4.1.1 and Theorem
4.1.2 for functions on graphs. For the next theorem we refer to [1], Proposition 3.1.

Theorem 4.2.1. Let A be the combinatorial Laplacian and let u be a positive function on V
such that

Au(z) > W(x)u(x) VeeV
with W > 0. Then for all f € Co(V) the following holds:

(FAfe =5 S0 (@)~ F) > 3 W) f) (42)
z,yeV zeV

Proof. Take any f € Co(V). Then

TIRPED WIEECLIEED 3D xz(y)fz(l’)(w)

zeV U(SL‘) zeV yeV u($>
2 u(y) o

= W) (@) = —=f"(z)

5, Seo(re - 5re)
_ (1) o o)
PN 17 - 3 (18 2+ 48 ) )]
< ) F2(2) = f(2)f(y)

S5 -senm)

1 2
—3 X S w00~ 1) =80,

zeV yeV
where the last inequality holds because it is equivalent to the Young’s inequality. O

Notice that the previous theorem is also valid if W < 0 but, in such case, the inequality (4.2)
is trivial. We also point out that if u provides the weight W, then the function cu gives the same
inequality for all ¢ € R\ {0}.

The approach of [4] has been applied in the context of Schrodinger operators on weighted graphs.

Definition 4.2.1. Given a graph T' = (V, E) and a potential Q : V — R we define the formal
Schrodinger operator H on V by
H:=A+Q.

The associated bilinear form h of H on Cy(V) x Cy(V) is given by

M) = 1 3 (6() — 6 W) — () + 3 Q)o(a)b(x).

z,yeVv eV
r~y

We denote by h(¢) := h(¢, ¢) the associated quadratic form on Cy(V).
A Hardy type inequality with a weight W > 0 has the form

h() > C > W(x)¢*(x)
eV

for all ¢ € Co(V), with C > 0.
We need the following definitions in order to introduce the notion of optimal weight in a graph.
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4.2 — Discrete setting

Definition 4.2.2. Let h be a quadratic form associated with the Schrodinger operator H, such
that h > 0 on Co(V'). The form h is called subcritical in V if there is a nonnegative W € Cy(V)
different from the identically zero function such that h — W > 0 on Co(V). A positive form h
which is not subcritical is called critical in V.

In [6] it is shown that the criticality of h is equivalent to the existence of a unique positive
function which is H-harmonic. Analogously to the continuous case, such a function is called a
ground state.

Definition 4.2.3. Let h be a quadratic form associated with the Schrédinger operator H. We
say that a positive function W : V — [0,00) is an optimal Hardy weight for h in V if

e h—W is critical in 'V,
e h—W > AW fails to hold on Co(V \ K) for all A > 0 and all finite K C V.

o The ground state V is not an eigenfunction, i.e. ¥ ¢ (3, namely

Z U2 (2)W(z) = +oo.

zeV

Definition 4.2.4. A function u : V — R is called proper on W C V if u=*(I) is compact (or,
equivalently, finite) for all compact I C u(W) := {u(x)|x € W}.

In [6] the authors present a theorem which provides an optimal inequality for a Schrodinger
operator H under the assumption of the existence of positive H-superharmonic functions that
are H-harmonic outside a compact set.

Theorem 4.2.2. LetT' = (V, E) be a connected graph and let Q be a given potential. Let u, v be
positive H superharmonic functions that are H-harmonic outside of a finite set. Let ug := u/v,
and assume that

e a)ug:V — (0,00) is proper.
) uo ()

e b) zb;lepv wly) < 00
zry

Then the function

is an optimal Hardy weight. Moreover
1/2 1/242
u(y) v(y)
- 5 [(68)" ()T
gy L u(2) v(x)
for all x € V satisfiyng Hu(z) = Hov(z) = 0.

The following lemma is useful to derive from Theorem 4.2.2 the next two theorems where
H=A.

Lemma 4.2.1. Given a graph T' = (V, E) assume that m(x) < C for all x € V, and let u be
strictly positive A-superharmonic on U C V. Then

ul@) _

sup —/—= =
o~y u(y)
zeU

39



4 — The supersolution construction of Hardy weights

Proof. Since u > 0 and Au(y) > 0, we get for z ~ y

u(z) <Y u(z) < my)uly) < Culy)

where C' > 0 does not depend on x € U. O

The next theorem is the discrete analogue of Theorem 4.1.2 when P is the combinatorial
Laplacian. We refer to [6].

Theorem 4.2.3. Let a transient connected graph with a bounded vertex degree be given, and let
0 €V be a fized reference vertex. Let G, : V — (0,00) be the Green function, and assume that
G = G, 1is proper. Then the following inequality holds true

5 3 )~ o) > 3 W)

z,yeV zeV
T~y

for all finitely supported functions ¢ on V, where

A(G(z)'/?
W(x) := 5}(3(5)2/2 )

is an optimal Hardy weight in V', and for all x #+ o

1

260 2 (G@2 =G

Yy~

W(z) =

Proof. We apply Theorem 4.2.2 with v = G(-,0) and v = 1. In particular, assumption (a) of
Theorem 4.2.2 is satisfied for ug = 1/G(-,0). Furthermore, assumption (b) follows from Lemma
4.2.1. Hence the statement follows. O

More in general in [6] it is also proved that it is possible to construct an optimal weight by
means of functions that are harmonic outside a compact (i.e. finite) set.

Theorem 4.2.4. Let G = (V, E) be a connected graph with bounded vertez degree and let K be
a finite subset of V. Let u:V — (0,00) be a positive function which is harmonic and proper on
V\ K and such that u =0 on K. Then the following Hardy-type inequality holds true on K

53 0w o) > Y W)

z,yev zeV\K
Ty
for all finitely supported functions ¢ with support in V'\ K, where the weight function W is given

by
1

W(zx) = m

S (@) —uy)/?)?  zeV\K

Yy~

Moreover, W is optimal in V \ K.
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4.3 — Hardy inequalities on some particular graphs

Proof. Let hy\ g be the restriction of the form h to the space Co(V \ K). Then the operator
Hy\ i acts as

Hygo@) = Y (p(z) — o) + Qa)p(x),

yeV\K,y~z

with Q(z) := #{z € K|z ~ z}. Hence v = 1 is Hy\ g-superharmonic in V' \ K and Hy\ g-
harmonic outside of the combinatorial neighborhood of K. Moreover, as A = Hy g for functions
supported on V'\ K, the restriction of u to V' \ K is Hy g harmonic.

Assumption (a) of Theorem 4.2.2 is satisfied for ug = u. Furthermore, assumption (b) follows
from Lemma 4.2.1. Hence we obtain for ¢ € Co(V'\ K),

S o) o) =h(e) > Y W)

Ty zeV\K

with optimal weight W given by

ul/? 2
Wia) = 20— (o) = o 3 (020 - )

forx e V\ K. O

4.3 Hardy inequalities on some particular graphs

In this section we apply the results presented in the previous section in particular classes of
trees, namely in N, in the homogeneous tree T,41 and in the biregular tree Tp p.

4.3.1 Hardy inequalities on N

When I' = N, not only it is possible to recover the classical Hardy inequality but it is also
possible to improve it. Notice that the following inequality is consequence of (3.1), and it could
be considered the discrete analogous of (3.2.1). For the next theorem we refer to [6].

Theorem 4.3.1. Consider the graph in which the vertices are the non-negative integers and two
nodes ni,na are neighbours if and only if |ny —nao| = 1. Then for all finitely supported function
¢ : Ny = R with ¢(0) = 0 we have

3 <90(n) Cp(nt 1)) > S Wn)et(n)
n=0 n=1

with the Hardy weight W given by
— (4k 1 1
Wi(n) = —_—
(n) kzzl <2k> (4k — 1)28h—1 72k
forn >2 and W(1) = 2 — /2. In particular, W (n) > 1/(4n?) Vn > 1.
Proof. Consider the combinatorial Laplacian in N

Ap(n) = Z (gp(n) - gp(m)) =2p(n)—pn—1)—p(n+1) for all n > 1.

mn~n
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4 — The supersolution construction of Hardy weights

If we choose u(n) = n, clearly Au(n) = 0 if n > 1. Then using Theorem 4.2.4 with such a
function we get

W(n) = o ((n+ 1Y = n 27 4 (017 — (0~ 1))

1\ /2 1\ /2
:2_[(1_> +<1+) ]

n n

Employing the Taylor expansion of the square root at 1, we infer

1/2 00 k
1 1/2\ [ £1 1 1 1 5
1+ — = — ) =1t—-—4+ — - —— 4+ ...
( n) kz—o< k )( n ) 2n  8n2 " 16n3  128n* ’
which yields the result. O

4.3.2 Hardy inequalities on T,

Consider the homogeneous tree I' = Ty ; with ¢ > 2. We initially apply Theorem 4.2.3 to
get an optimal weight. Subsequently we apply Theorem 4.2.1 using a family of radial positive
superharmonic functions on I'. Finally, we obtain another optimal weight for A by means of
Theorem 4.2.2.

Theorem 4.3.2. For all ¢ € Cy(Tq41) the following inequality holds:

3 X (v-et) 2 T W)

z,y€Tq41 z€Tg+1
T~y

where

Ag+qY?—q V% if x| =0,

Wopt(m):{Aq Zf |£L" > 1.

is optimal for A and Ay = (ql/2 —1)2 is the bottom of the £ combinatorial Laplacian’s spectrum.

Proof. Consider the function @(z) = \/G(z,0), where G is the Green function on Tyy;. By
Theorem 4.2.3 we only need to show that

Ad(x)
i(x)

In the case of homogeneous tree, for ¢ > 2, is known explicitly the Green function, see Chapter
2. Hence,
a(z) = | —L () .
q—1\q
Now, for x # o, we compute

()0 )
((q +1)—¢'/? ~ ql/Q)

2
<q1/2—1) =A,>0.

42
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4.3 — Hardy inequalities on some particular graphs

While for x = o we have,

Adi(o) 1/2 1 qg—1\"?
— (-4 — 1
o) |9 )(q1> @\ e ) [y
+1 _
=q—+1 Lquz —Aq+q1/2—q 1/2>Aq.

O

Remark 4.3.1. Notice that GY/? is the ground state of ha —Wope. Indeed it solves the equation
(A = Wop)v =0 and

D G(@)Wop(z) = +o0.

z€Tq41

In fact,

D0 G Wopi(w) = Wapn(0) 5 + 3 Mg a7,

€T q41 |z|>1

Then we compute

Y g =(g+ ) + g+ Dgg P+ + (g + DV g Y = (g+ g ',
N>al>1

which goes to +0o0 when N — +o0o. It follows that

Z G(x)Wopt(x) = +o0.

€T g1
Theorem 4.3.3. For all 0 < 3 <log, q"/? and v € [¢~'/2,q7/? + ¢'/% — 2P] it holds

3 X (v0-ew) = X wa @)

2,yE€Tq41 z€Tq 41
T~y

for all ¢ € Co(Tgy1), where Wy > 0 is defined as follows

(q+1)(1—qgY2/y) if |[z| =0,
Weq(z) =< g+1—q"2(2° +7) if x| =1,
g+1—¢2[A+1/]2))’ + (1 —1/[2))°] if |z| > 2.

Proof. 1t suffices to apply Theorem 4.2.1 with v = ug_, defined as follows

_ Ja Al ] > 1,
ug () = . B
~y if |z| = 0.

Indeed,

g2 g2
g1 (gt 1) :<q+1><1— )
Y Y
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4 — The supersolution construction of Hardy weights

which is nonnegative if 4 > ¢~1/2.

For z such that |z| =1

Au(z) g '2° 4
ww) It AR T e

=q+1-¢"22" +7)

which is nonnegative if v < ¢'/2 + ¢~/2 — 28 The restriction 3 < 1/2log, g comes out to make
consistent ¢~ 1/2 < v < ¢ V/2 4 ¢1/2 = 28,
Finally, for  such that |z| > 2

Au(x)
u(z)

q 20D (|| +1)8 B q 200 (|| — 1)8
q—1/2l=l|z|8 q~1/202l| |8

=q+1-¢"21+1/2))’ —¢"2(1 - 1/jz)" > 0,

=q+1—g¢q

is equivalent to
¢ +q7 P> (11 |2)) + (1 -1/ |2))P
If 3 < 1, the function f: RT — R, such that f(z) = 27 is concave. It follows that
FA200+1/|z)) +1/2(0 = 1/|z))) = f(1) = 1/2f (A + 1/]z]) + 1/2f (1 — 1/]z])

that is equivalent to
2> (1+1/]z)% + (1 —1/]z|)”.

Then,

=q+1—¢"[(1+1/[e))’ + (1= 1/[2])’] > g +1-2¢"% = A, > 0.

If logy ¢*/? > B > 1, notice that the function & : [2, +00) — R such that h(z) = (1 + 1/z)% +
(1 —1/2)” is decreasing. Indeed,

W) = — B+ 1/2)°~ — (1= 1/a)" ) <0,

In our computation, |z| > 2, then h reaches its maximum for |x| = 2. Thus it suffices to study

B B
3 1 1 _
2 — < 1/2 1/2
(2> + <2> <qg’'“+gq

1)+ Y]t o

holds true for all 5 > 1. Hence it suffices to study

3 log, ‘11
2

Notice that

/2 /2

1 10g2q1
+ (2> < q1/2 _|_q71/2.
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4.3 — Hardy inequalities on some particular graphs

It is easy to check the validity of the last inequality because

/2

log, ¢"
3V L glemedt? _ qt/?
2 - b

/2

1 1
1 082 g _ 210g2 q71/2 _ —1/2
2 T

O

In the graph below we plot the optimal Hardy weight W,,,; obtained by means of the Green
function in Theorem 4.3.2 and W, = W_y 5 5 , defined in Theorem 4.3.3.

® W Py}
4.0 - -
® W opt
35 -
i
30 -
254
20 -
L
154 ® o & @ @& o o o o o o @

Figure 4.1. Plot of W3, and Wop for ¢ =5, 5 =0.3 and v = 3/4.

Remark 4.3.2. Note that the statement of Theorem 4.3.2 can be enriched by considering the
family of radial functions

v gy = LO i N2l 2 L,
R O if |2 =0,

with o € R and 5 and v as in Theorem 4.3.3.
Indeed, a straightforward computation shows that for |x| > 2

AUOA’ €z o -«
W) = S22 g g = et (14 1/l = (1= 1/l
a8, (T)

Nevertheless, there holds

Wapq(2) =q+1—¢"" — ¢ +0(1), as |z| — +oo
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4 — The supersolution construction of Hardy weights

which is mazimum for « = —1/2. Indeed, let t = ¢* and g(t) = —qt — 1/t. Computing the
derivative we get

Gt =0 <= —q+1/t2 =0 < t=q"'/2
g"(¢7'/?) <.
Therefore, the choice « = —1/2 turns out to be the best to get a weight as large as possible at co.

It is also worth noting that for a = —1/2
W_1/2,8(x) = Ag + o(1).
Remark 4.3.3. Notice that if we choose =0 and v =1 in Theorem 4.3.3 we obtain
Wo1(z) = Wope ().
Hence we get the same inequality of Theorem 4.3.2.

Remark 4.3.4. For 0 < 5 < 1/2log,q and g2 <y < @24 g2 =28 consider the above
defined weights Wg . We have

B —B) 1
Weq(z) =Aq + ql/QW + 0(@) as |x| — oo.

Now we want to mazimize the behavior of these weights when |x| tends to infinity; since

max §(1 — ) = 1/4,

which is reached for 8 =1/2. For such a choice of a, 3, when |x| — 0o, we have

b

Waq(z) =Ag + q1/24|$\2

+o(1/|zf).

Remarks 4.3.2, 4.3.4 suggest that best choice of parameters in Theorem 4.3.3 to have a
largest weight at infinity is & = —1/2 and § = 1/2. This intuition is somehow confirmed by the
statement below.

Theorem 4.3.4. The following holds:

=Y (e@—ew) = Y Wom@)®@) Ve Co(Tyn).
2

z,y€Tg 41 z€Tq+1
x~y
where
0 if l2| = 0,
W) = | (@+1) V32 -1 if 2 = 1,

(@+1) - /2 [(1 )V 4 (1 1/|x)1/2} if 2 > 2,

with Wop optimal Hardy weight for the Hardy inequality associated with A.
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4.3 — Hardy inequalities on some particular graphs

Proof. Consider the Schrodinger operator H = A + @Q, with

gg+1)  sez[=0,
Q(z) = {¢'*(q+1) selz|=1,

—A, se |x| > 2.

We firstly show that the positive functions

w=q /2l

q! if [z = 0,
v =
lz|g~1/21*l  otherwise,
are H-superharmonic on Ty and H-harmonic outside of a finite set.

Indeed,
Hu(o) = (q+ 1)1 —¢ ")) +q(g+1) = (g+1)(g+1—q /?),

which is clearly positive because g > 2.

Hu(lz|=1)=(¢+ )¢ "* —q¢ ' =14+ ¢ 2¢"*(¢+ 1)
=(@+1)(g"?+1)—-2>1+3V2

If |z| > 2, then

Hu(w) = (g + 1)q~ /2 — qq /20141 _ g=1/2(1el=1) _ 5 _o=1/2le]
=q Pl (g+1-2¢"2 = A =0.

Moreover,
Ho(o) = (g+1)(¢ " —¢ ) +alg+)g ' =g+ DA +q " =g /);
notice that 1 > ¢~/2 thus Huv(o) is positive.

Ho(jz] =1) = (¢+ )¢ * —q2¢7  — ¢~ + (¢ + 1)¢"/?¢q7 /2
=@+ P+ -2-q " =q-1+¢P+q P ¢

is positive because ¢ — 1 — g~ > 1/2.
Finally, for |z| > 2 then

Fo(w) = (g + Dlalg™/271 = (o] + )gq 20D — ([a] — 1)g/201=) _ p g~1/2e
= |zlg~ /" (g +1—2¢"% — A,) = 0.

Then, in order to apply Theorem 4.2.2, we need to show that

ug(x) :=u(z)/v(z) = {q if [z] = 0,

1/|z| otherwise,

is proper and

sup uo(z) < o0
z,y€Tq41 uO(?/)
T~y
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4 — The supersolution construction of Hardy weights

The function wug is proper because

lim wo(|z]) =0
|z] =00
and ug(|z|) > uo(|z|+1) > 0 for all |z| > 1, thus uy ' (K) is finite for all compact set K C (0,00).
Now consider z ~ v,

q if |z =0,
uo(x) 1/q if ly| =0 and |z| =1,

uo(y) 1+1/]z| if|y|=|z|+1 and |z| > 1,
1—1/]z| if|y|=|z| -1 and |z| > 2.

Thus
uo(x
sup =q.
$7yeTq+1 Uo (y)
T~y

We deduce from Theorem 4.2.2 that the weight

% H[(uw)'?)(z) _ Afuv)'/?

V@)= =12y = (o T
alg+1) if 2] = 0,
= (g+1) —v2¢"2 =1+ ¢"?(q+1) if [z =1,

(q+1) = A+ 1/[a))/2"2 — ¢'2(1 = 1/|2)"/? = Ay if |2] > 2

is an optimal weight for H. Notice that the optimal Hardy inequality obtained considering the
quadratic form h associated with H

1 o) 2 T A@)2() o
2@%&1“ (@( ) w(y)> +0§Q( )¢’ ( )Zze%:ﬂ( o 7o) T )><p ()

is equivalent to the Hardy inequality associated to A

2 uv 1/2I
3 X (vo-ew) > ¥ EEERw weam,

z,y€Tq41 €T qy1
Ty
Moreover,
0 if |z = 0,
Auv)'? () .
= = — /2 —_ i ==
Wopt(x) : (u0)/2(z) (¢+1) —V2q 1 if |z =1,

(a+1) = (L+1/[z))/2¢"/2 = g"2(1 = 1/|z)V? if |a] > 2,

is nonnegative. The optimality of W implies that it does not exist a nonnegative function f
different from the identically zero function such that

3 X (p0-v) - X W@z X 1@,

z,y€T 11 €T q41 r€Tq41
xr~Yy



4.3 — Hardy inequalities on some particular graphs

or, equivalently, ha — Wy is critical.
It follows that

is the ground state of ha — Wyp:. Notice that
Wpt(x) > Wopt(x) if |£L'| > 2,
2(x) > GV (x)  if|z] > 2,

with W, and G'/2 such as in Theorem 4.3.2.
Then

Z 22(2)Wopt () = +00

€T y41

because of Remark 4.3.1. B
Finally, by contradiction, suppose there exist A > 0 and K C T,41 compact set such that

1 2 _
3 X (v@-ew) - X W@ 23 ¥ W) 43
z,y€Tq11 €T gy1 €T gy1
T~y
for all ¢ € Cy(Ty41\K). Then, (4.3) holds true on Co(Ty+1\(KUDB3(0))) with Ba(o) = {x € Ty41
such that |z| < 2}. Notice that Wopp?(x) < Wope(z)p?(z) for all ¢ € Co(Tys1 \ (K U Ba(0))).
It follows

Y (¢<x>—¢<y>)2— > Wonl)¢’(@)

z,y€Tq 11 z€Tq+1
z~y
1 2
> 5 Z <QD(IC) - (P(y)) - Z Wopt(x)@2(x)
z,y€Tq 11 €T q41
T~y
_ ) _ 5
>N Wopt ()9 (2) 2 X D Wop(2)9®(x)
IETQ+1 IETq+1

for all ¢ € Cy(Ty4+1 \ (K U Bz(0))). This is a contradiction because W, is optimal.

4.3.3 Hardy inequalities on Tpp

In the same way we proceeded for the homogeneous tree now we apply Theorem 4.2.1 to
I'=Tpp.

Proposition 4.3.1. LetI' = Tp p be the bi-regular tree of degree P, D and fix o € I'. Then, for
all p € Cy(T), it holds the following inequality

1 2
3 2 (0o = T W
mg,chEyF zel

where
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4 — The supersolution construction of Hardy weights

12((P-1)(1-F*)?+ (1 - FD1/2)2> if |z| > 0 is even,

W@)=172((D - 1)1 - FY?2 + (1 - F;1/2)2) if |z| is odd,

P(1- F113/2) ifx =o,

with Fp = D/(PD — P) and Fp = P/(PD — D) for any P, D > 3. Moreover, W is optimal.

Proof. Choose u(z) =

/G(z,0) with G the Green function on Tp p. Subsequently compute the

ratio Au/u. Notice that w is radial.

If |z| > 0 is even,

Au(lz])

u(|z[)

If |x| is odd,

:P—(P—l)u(

-D-(D-1)

[zl +1)  u(lz|-1)
u(|z|) u(|z|)
~1)F} Fl/2 F51/2

2P —2(P F1/22F51/2)
P—14+P+1-2(P- )}3/2_2}7117/2)
2F %) 414 P — 2FD1/2>
—2F)* + Fp) - (P—l)Fp+1+P—2F,;1/2)
(1 —2F" + Fp) +1+ Fp' 2F_1/2)

YR - ).

/-\/\/\/-\/-\/-\

w\>—~ [\D\H w\»—x m\»—l m\>—~ N | =

u(le[+1)  u(lz[—1)
u(|z|) u(|z|)
~1)FY FL/2 F;1/2

2D —2(D — 1)F)* - 2F;1/2)
D-1+D+1-2(D~— )}7/2—21?}3/2)
2F/%) +1+D — 2FP1/2)
—2F}? 4 Fp) — (D—l)FD+1+D—2FP1/2)

~1)(1—2F* + Fp) + 1+ F;* 2F_1/2>

AAAAAA

w\>—~ m\»—n m\»—l N)\»—l M\»—‘ N | =

~F*? 4 —F;1/2)2>.
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4.4 — Improved Poincaré inequalities

If z = o,

Aulfe) _ ,_ pu()

u(|z]) u(0)
= P(1—-F}?).

4.4 Improved Poincaré inequalities

In this section we present three examples of improved Poincaré inequality derived by means
of Theorem 4.3.3, Theorem 4.3.2 and Theorem 4.3.4. We recall that the Poincaré inequality on
Ty+1 states

3 ¥ (v@-ew) 20 ¥ F@) e

z,y€Tq11 €T +1
xr~y

Notice that A, = (¢'/? — 1)? is the best constant by definition in the sense that the previous
inequality cannot hold with a constant A > A,.
For improved Poincaré inequality we mean an inequality of the form

3 X (vo-ew) 2 ¥ Ad@+ ¥ OR0RE@  Yoc Gl

z,y€Tq11 €T gy1 €T gy1
Ty

for some R > 0 in Tgy;.
The following improved Poincaré inequality is an immediate consequence of Theorem 4.3.2:

Corollary 4.4.1. It holds

5 X (v o) 2 X A0+ ¥ Rouele) Ve Ty,

z,y€Ty41 €T gy1 r€Tgq1
r~y

—1)/q'/2 =0
’wher@ Ropt(l') — (q )/q Zf "I| ) )
0 otherwise.

From Theorem 4.3.3 it follows a family of improved Poincaré inequality.

Theorem 4.4.1. For all 0 < 3 <log,(3/2 —1/(2q)) and 1/2+1/(2q) < v <2 — 27 it holds

2
3 X (v0-ew) 2 X A0+ ¥ Ra@)  Yee Ty,

z,y€Tg 41 2€Tq 41 2€Tq 41
T~y

g Y2(2/3¢ —1/7) if lz| =0,
220 if 2] =1,

where 0 < Rg(z) =
g2 (2 1) - (1 - 1/x|>ﬂ> if 2] > 2
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4 — The supersolution construction of Hardy weights

Proof. Consider the family of positive radial functions ug , defined by
g Y2l g|f i | > 1,
ug(2) = . -
v if |z| =0,

with v > 1/2+1/(2g), 0 < 8 <log2(3/2 — 1/(29)).
Then Aug - /ug .~ provides weights larger than A, in Ty4q. Indeed, computing

A
Wﬁ,v(x):M,
uﬁ,v(x)
we get
q+1—(g+1)g"?/y if |2 =0,
_ . 1/2(98 . _
Wi (2) = Wy, (jal) = 4T 10727 +7) if 2| =1,

g+1- q1/2(<1 /) (1 1/|x|>ﬂ) i 2] > 2.

Next, it is easy to check that Wg(0), W;s(1) are larger than A, for our choices of parameters.
In fact

g+1—(q+1)g "y >q+1-2¢"" < 1/2+1/(29) <4
and
g+1—¢"22P +7)>qg+1-2¢"? —= 2P <2 4.
It follows 1/2 +1/(2q) < v <2 — 27 and B < log,(3/2 — 1/(2q)) . Notice that for this choice of

~ and 3 it follows 5 < log2(3/2) < 1. In Theorem 4.3.3 we proved that for 0 < 8 < 1 it holds
W (x) > Aq for |z| > 2. O

In the next theorem we show an improved Poincaré inequality in the complement of the ball
of radius 2 by means of Theorem 4.3.4.
Theorem 4.4.2. The following holds:

2
3 X (v o) 2 X A0+ ¥ Rpl@)t@) W€ Collyn \ Balo))

z,y€Tq 11 z€Tg 41 z€Tqt1
T~y

(4.4)

where

Brome () = g [2 @yl - 1/|x|>1/2] if 2] > 2.

and By(0) = {z € Ty41 such that |x| < 2}.
Moreover, the constant g*/? is sharp in the sense that the inequality cannot hold with a reminder

term C'|2 — (14 1/]z|)V/% — (1 — 1/x|)1/2} with C > ¢'/2.

Proof. We know from Theorem 4.3.4 that the optimal weight W, (x) is larger than A, for
|z| > 2. Then we can define

Ropi(2) = Wop(z) — Ay Vo € Tyy1 \ Ba(o).

and it follows (4.4). The sharpness of ¢*/2 is consequence of the optimality of W for H where
W, H are chosen such as in the proof of Theorem 4.3.4. O
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