UNB

Universitat Autonoma de Barcelona

Fine Boundary Properties in Complex
Analysis and Discrete Potential Theory

Matteo Levi

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’Us
establertes per la seglent lliceéncia Creative Commons: @ M) http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacion de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: @@@@ http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: @@@@ https://creativecommons.org/licenses/?lang=en




Fine Boundary Properties in Complex
Analysis and Discrete Potential Theory

By

MATTEO LEVI

Universitat Autonoma
de Barcelona

PN
L ¢

TR
P WY R
o= N e vy -
el L TR
- ]

W Aof
Y

Wl 0 r

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

Advisors : Nicola Arcozzi, Artur Nicolau

A thesis submitted in partial fulfillment of the require-
ments for the degree of Doctor in Mathematics

Dipartimento di Matematica
ALMA MATER STUDIORUM - UNIVERSITA DI BOLOGNA

Department de Matematiques
UNIVERSITAT AUTONOMA DE BARCELONA

Bellaterra, September 25, 2019






Nicola Arcozzi, Professor at the Department of Mathematics of the University of
Bologna.
Artur Nicolau, Professor at the Department of Mathematics of the Autonomous
University of Barcelona.

Certify:

That this dissertation is presented to the Faculty of Sciences, department of
Mathematics, of University of Bologna and of Autonomous University of Barcelona
by Matteo Levi in fulfillment of the requirements for the degree of Doctor of Math-
ematics.

Bellaterra, September 25, 2019

Nicola Arcozzi Artur Nicolau

Matteo Levi






To my famaly.






Contents

[Prefacel

(1

The equilibrium problem and the Dirichlet problem on trees|

(1.1 Instructions to navigate on graphs . ... ... ... ... .......

(1.1.3  The Martin boundary|. . . . . ... ... ... ... .......
(1.1.4 The Carathéodory boundary| . ... ... ... ... ......
(1.1.5  The boundary of a tree|. . . . . ... ... ... ... ......
1.2 Potential Theory on the rooted tree|. . . . . . ... ... ... .. ...
(1.2.1  The p—capacity| . ... ... ... .. . ... .. ... ..., .
[1.2.2  Rescaling properties for capacities| . . . ... ... ... ....
[1.2.3  Flows and p—harmonic functions on the treef . . . . . . .. ..
(1.3 'T'he Dirichlet problem on the rooted tree| . . . . ... ... ... ...
[1.3.1 A probabilistic interpretation of capacity| . . . . . . ... ...
[1.3.2 Irregular points and the Dirichlet problem| . . . . ... .. ..
[1.3.3  Energy conditions and uniqueness results| . . . . . ... .. ..
(1.3.4 Boundary values| . . . .. ... ... ... ... . ..
(1.4 'T'he equilibrium problem| . . . . ... ... ... ... ... .......
(1.4.1 A characterization for equilibrium measures| . . . .. ... ..
(1.4.2  Regularity of boundaries| . . . . ... ... ... ... ......
[1.4.3 Infinite tilings and an inverse tiling theorem| . . . . . . .. ..

[2

Boundary behavior of inner functions|

[2.1 Selt maps of the unit disc|. . . . .. ... ... ... ... ... ... ..
[2.1.1 Fixed points and angular derivatives|. . . . . ... . ... ...

2.1.2 TInner Functiond . . ... ... ... ... .. ...

10
11
12
14
16
17
18
23
25
26
26
28
31
35
37
37
41
45
49



CONTENTS

[2.2.2  Boundary distortion theorems|. . . . . . ... ... ... .... 63
2.2.3 Omitted values|. . . .. ... ... ... ... ... ........ 68
[2.2.4  Inner functions in the upper half plane] . . . ... ... .. .. 69
(Bibliography| 71

1









Preface

This thesis is divided into two, quite independent, chapters. The first is a
compendium of two research papers: [16], joint with Nikolaos Chalmoukis, and [5],
joint with Nicola Arcozzi. The two work have a strong common pattern and range
in the framework of Non Linear Potential Theory on trees. The second chapter
is based insted on a joint paper with Artur Nicolau and Odi Soler i Gibert, [27],
treating problems of classical Complex Analysis in the unit disc. There is, however,
a general flavor which is common to the whole thesis, from which the title. In fact,
all the treated problems regard fine properties of sets at the boundary of metric
spaces. How to extend functions defined over a domain to its boundary is a classical
and well studied problem in Analysis. For instance, the classical Fatou’s theorem
states that bounded analytic functions defined on the unit disc admit boundary
values at almost every point of the unit circle. Equivalent results are known also
for harmonic functions on trees, see for example [14]. We deal with this type of
problems both in the discrete setting, in Chapter[I]and in the continuous setting, in
Chapter [2 Radial limits, harmonic measures, exceptional sets are some keywords
common to the two chapters. In general, we are interested in estimating the size
of sets in the boundary at a fine level, which means not stopping the analysis
at a measure zero scale, but using more sensible set functions such as capacities
(Chapter 1) and Hausdorff contents (Chapter 2).

Trees and the unit disc are less unrelated than it seems: the firsts can be fruit-
fully used to provide discrete models for the latter (and for other planar domains)
and to define discrete function spaces which are easier to deal with than the cor-
responding continuous ones. If one has at hands a good transferring technique, to
solve the discrete problem can turn out to provide a solution for the correspon-
dent continuous problem. To cite a successful example in this direction, we refer
for example to [6], where the authors provide a characterization of the Carleson
measures for analytic Besov spaces by solving an analogous model problem on
the tree and then transferring back the result to the disc. However, analysis on
trees, besides being a useful tool for getting insight in continuous problems, is an
interesting subject per se, and as far as it regards this thesis we solve problems on
trees and not with trees.
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One problem we treat in Chapter 1 is what we call the Equilibrium Problem.
In Electrostatics, an amount of, say positive, electric charge free to move across
a conductor A in the Euclidean space will reach an equilibrium configuration pu,
which at the same time: (i) minimizes the energy £(u) carried by the generated
electrostatic potential; (ii) minimizes the maximum value of the potential ; (iii)
makes the potential constant on all of A, but possibly for a small exceptional set.
For a given system of units, there is an amount ||| of charge for which the potential
on (most of) A is unitary. The total charge ||u| is the capacity of the conductor
and p is the corresponding equilibrium measure of A. The mathematical theory
of electrostatics, developed by Gauss, then put on firm mathematical foundations
by Frostman, was later extended in many directions. See [12] for a survey of
axiomatic linear theories which goes far beyond the scope of this thesis, and [1] for
a rather general axiomatic non-linear theory. The problem we consider here, in a
special instance, is that of characterizing equilibrium measures. Namely, given a
positive measure p, our “measurable”, is there a way to tell whether or not it is the
equilibrium measure for some conductor A? The equilibrium measures are known
to satisfy a number of properties, but to the best of our knowledge a complete
answer is available only for finite planar graphs, and is somehow implicit in a
theorem by Schramm [34]. It is known, however, a combinatorial interpretation of
the equilibrium measure p of a closed subset of the boundary of a planar graph
(see [10]). In Chapter 1, we characterize the equilibrium measures for Non Linear
Potential Theory on trees. Our main result consists in showing that equilibrium
measures are characterized by a sort of discrete integro-differential equation, which
we call the equilibrium equation. The equation can be interpreted in several ways.
On the one hand, it says that equilibrium measures on trees can be associated, in
the linear case p = 2, to particular tilings of rectangles by squares. Alternatively,
it can be reformulated in the form of a “continuous dyadic fraction”. The first
interpretations turns out to make available an independent proof of a tiling theorem
for graphs by Benjiamini and Schram (see [10]), in the special case of a tree and,
more importantly, to provide a converse result.

Another related problem treated in the first chapter is the Dirichlet problem
on the infinite tree. There is an extensive literature on the discrete Dirichlet
problem and its variations on graphs, see for example 38|, [28] and [25]. In the
particular case of trees we derive more precise results about the exceptional set.
Our approach is based on the interplay between potential theory and probability,
which is well known and today established, so that at some extent the two theories
can be considered equivalent (see [26], Proposition 7.4]). We follow this path and
we give a probabilistic definition of capacity in the linear case. In a sense, the fact
that such an alternative probabilistic definition is available, means that the notion
of capacity that we consider is the “right” one for the context. An appropriate
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use of the rescaling properties of capacity obtained in [5], already crucial in the
Equilibrium Problem, allows us to develop a Wiener’s type test for irregular points.
We also discuss about the uniqueness of the solution to the Dirichlet Problem, with
or without energy conditions on the solutions, and we provide a capacitary Fatou’s
type theorem for Sobolev functions of the tree.

Capacity is arguably the leading concept of the chapter: it allows to measure
sets at a very fine scale, and it turns out to be the right tool to determine the
size of the set of irregular points for the Dirichlet Problem, and to highlight its
correspondence with the set of irregular points for the boundary of the tree.

In Chapter 2 we switch from the discrete to the continuous and from real valued
to complex valued functions. The object of study are the analytic self maps of the
unit disc, and in particular inner functions, which are those maps admitting uni-
modular radial limit at almost every point of the unit circle. Inner functions have
a key role in holomorphic function theory. Just to cite two important applications:

1) Every function in the Hardy space HP (1 < p < o), and more generally every
function in the Nevanlinna class N, admits an inner-outer factorization, i.e.
it can be factorized into the product of an inner function and a so called
outer function. In particular, the inner factor carries all the information
about the zero set of the function itself.

2) The classical problem of characterizing the invariant subspaces of the shift
operator on ¢2, which can be rephrased in an analytic function theoretic
contest using the Hardy space H?, has a solution in terms of inner functions
(the celebrated Beurling’s theorem): the closed invariant subspaces of the
Hardy space H? are exactly all the spaces of the form I H?, I being an inner
function.

Aim of the chapter is to study the metric distortion properties of sets in unit circle
under the action of (boundary value maps induced by) inner functions. This type of
study has already be done for inner functions fixing the origin. It is a classical result
by Lowner that the Lebesgue measure of a subset E of the unit circle coincides
with the one of its preimage under the action of an inner function fixing the origin.
We refer to such a property as the invariance of the measure. More recently, in [19],
Fernandez and Pestana proved that, under the same assumptions, for any 0 < o < 1,
the a-dimensional Hausdorff content of the preimage of E is bounded below by
the one of the set E itself, times a constant only depending on the dimension
«. This is what we call the distortion of the content. Our contribution in [27]
is to extend such an analysis to the whole class of inner functions, without a
priori assumptions on their fixed points. While both the aforementioned results
adapt smoothly, with a standard argument of conformal invariance, to the case
when the inner function f fixes a point z € D\ {0} - in such a case the harmonic
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measure centered at z naturally takes the role of the Lebesgue measure - they do
not give any information for functions with no fixed points in the unit disc. It
is well known from the classical theory that any such a function must have some
fixed points on the boundary of the unit disc. For this reason, we introduce a
class of measures p, that allow to measure sets from the point of view of a chosen
point p on the unit circle. In a vague sense they can be regarded as a boundary
version of the harmonic measure. Using these measures we are able to prove both a
pp,—invariance theorem and a (p,,, a)—distortion theorem. The y1,, measures are not
ad hoc objects, but very natural measures, coinciding with the Lebesgue measure
on the real line composed with the conformal map from the unit disc to the upper
half plane mapping the point p to co. Beside carrying a notion of size, the pu,
measures have the special feature of giving information about the distribution of
a set with respect to the point p: the p, measure of a set raises together with
the concentration of the set around p, in a way that can be quantified. As a first
application of our results, we present a distortion theorem for inner functions of
the upper half plane fixing the point at infinity, which is hard to prove directly
following the approach of Fernandez and Pestana. Another application we provide
is a theorem for estimating the size of the omitted values of an inner functions
in terms of the size of points in the unit circle not admitting a finite angular
derivative.









Chapter 1

The equilibrium problem and the
Dirichlet problem on trees

In this chapter we present some results from [16] and [5]. The two papers
have a strong common background in terms of approach, techniques, notation and
general flavour, for which reason we have decided to merge them together in a
unique chapter. The object we work on is the rooted tree, namely a connected
graph with no cycles with a chosen distinguished vertex that we call the root. We
work on very general trees: we do not put any restriction on the combinatorics
besides local finiteness, namely from every vertex can depart only a finite number
of edges. We do not ask for any uniform bound on the branching number of the
tree. Also, we consider infinite trees. This generality is what makes the problem
more complicated but even more interesting. The problems treated are two: the
Dirichlet problem on trees and the equilibrium problem on trees

The Dirichlet problem consists, classically, in finding a harmonic function on
the tree which satisfies some given boundary conditions. It is easy to construct
harmonic functions extending a boundary data to the vertices of the tree, via an
appropriate Poisson integral. However, when dealing with general trees, it is non
trivial to study the irregular set for the problem, namely the set of boundary
points where the Poisson integral of a (continuous) data fails to converge to the
data itself. We introduce a concept of capacity that is the right one to measure the
set of irregular points for the Dirichlet problem, which we solve in its generality.
The techniques used are both probabilistic, exploiting the properties of random
walks on graphs and their convergence to the boundary in the transient case, and
potential theoretic, based on the behaviour of potentials, capacities and equilib-
rium measures with respect to the structure of the tree. Although the Dirichlet
problem under exam is related to the classical Laplacian, most of the tools we use
are proved in a more general non linear setting, 1 < p < +oo. The only step at
which we are forced to settle for p = 2 is the probabilistic interpretation of capac-
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CHAPTER 1. THE EQUILIBRIUM PROBLEM AND THE DIRICHLET
PROBLEM ON TREES

ity. We do not exclude that considering more general stochastic processes than
the nearest neighbourhood random walk one could solve a Dirichlet problem for
the p—Laplacian.

To each set in the boundary of the tree corresponds a unique measure sup-
ported on it and having total mass equal to the p—capacity of the set. It is called
the equilibrium measure of the set. Equilibrium measures are quite mysterious
objects, whose theoretical existence is assured by deep and well established results
of modern Potential Theory (we refer to the treatise of Adams-Hedberg [1] for a
good overview of the field), but whose nature is not well understood. The Equilib-
rium Problem consists in finding a description of these measures. We are able to
characterize them as the set of solutions of an integro-differential equation, which
accordingly we call the equilibrium equation.

The chapter is organized as follows: is section we provide the fundamental
terminology and give instructions to the reader for dealing with graphs, the un-
derlying space on which we perform analysis and set up our theory. In particular,
we introduce random walks having the vertices of a graph as a state space and we
shortly discuss their main properties. Then, we define a notion of harmonicity for
real valued functions defined on graphs, which is a key concept in the whole chap-
ter. Finally, we present two different classical notions of boundary of an infinite
graph, the Martin boundary, which is the natural boundary from a probabilistic
and harmonic point of view, and the Carathéodory boundary, which is the natural
notion from a combinatoric and geometric perspective. In a tree, which is the case
of our interest, the two notions coincide, and give raise to what we simply call the
boundary of the tree, a highly structured metric space which is the scenery of all
our work.

Section is devoted to set up a Non Linear Potential theory on the rooted
tree, which we do following the axiomatics developed in §2.3-2.5 of the treatise
of Adams-Hedberg [1]. We introduce potentials and energies and, especially, the
key notion of capacity for sets on the boundary of the tree. We present some
rescaling properties for capacity and associated equilibrium measures, which have
been proved in [5] and are a fundamental tool in all the results to follow in the
chapter. Then we discuss the interplay among flows, co-potentials of measures
and p-harmonic functions, providing a characterization - in terms of a growth
condition - for p—harmonic functions arising from measures.

In Section the main results of paper |[16] are presented. First, we provide
a probabilistic definition of 2—capacity, which constitute the bridge between fine
boundary properties and harmonicity on the tree. Then, we present a useful result
which provides a test to identify irregular points of a given set in the boundary of
the tree. Finally, relying heavily on these two results, we prove that the Dirichlet
problem with continuous boundary data has solution at a capacity-zero scale. We

8



1.1. INSTRUCTIONS TO NAVIGATE ON GRAPHS

end the section by discussing the uniqueness of the solution for some class of very
regular trees, and for general trees after having imposed some energy condition on
the solution. We provide a counterexample which shows that in the general case
this energy conditions are necessary to assure uniqueness.

Section deals with some results of paper [5], concerning the equilibrium
problem. We prove a sufficient condition for measures to be equilibrium measures,
which, together with the rescaling properties of section provides a full char-
acterization. We give a reformulation of the result in terms of vertex functions,
which can read more natural for some reader. We then discuss the regularity of
boundaries, giving some examples and showing how we can build trees with regular
boundaries and prescribed capacity. We also show how this can be done starting
with a given general tree and modifying it as little as possible. After that, we
present an application of our characterization, which, depending on the interests,
could also be seen as a motivation for the whole project. Namely, we prove how it
can be used to give a converse result of a well known tiling theorem from Benjamini
and Schramm proved in |[10]. We end the section, and the chapter, by giving a
different formulation of the characterization theorem in terms of capacities and
branched continued fractions.

1.1 Instructions to navigate on graphs

Let G = (V,E) be a graph, where V' and FE are the set of vertices and edges,
respectively. We write x ~ y if two vertices x and y are linked by an edge a. In
this case we say that x and y are the endpoints of a. We assume that the graph
has no loops, i.e. each edge has exactly two distinct endpoints. A path on the
graph is any sequence (finite or infinite) of vertices v = {x;} such that z; ~ x4,
for j =0,1,.... We will always consider G to be connected: for every couple of
vertices z, y there always exists a path + such that x,y € v. In a finite path {z;}7_,
the vertices xy and x,, are called the endpoints of . Such a path is called a cycle if
it is not constant, xy = x,, and there are no other repeated vertices. Graphs with no
cycles are called trees. Write |7y| for the number of vertices in the path . A finite
path v is a geodesic if |y| < |7'| for any other path 4/ having the same endpoints.
An infinite path is called a geodesic if all its finite sub-paths are geodesics. In a
tree, for any couple of vertices x,y, there exists a unique geodesic path v =[x, y]
connecting them, while we cannot expect uniqueness on more general graphs. If
x and y are endpoints of a geodesic v, we write dg(z,y) = |y| - 1 for the graph
distance between z and y (which we also call the edge counting metric).

We distinguish a vertex o which we call the root of G. We write |z| for the
level of x, which is the graph distance of x from the root. The choice of the root
induces a natural partial order relation on the graph: we write z > y if x,y lie on a



CHAPTER 1. THE EQUILIBRIUM PROBLEM AND THE DIRICHLET
PROBLEM ON TREES

same geodesic starting at the root and |z| > |y|. This can also be seen as a natural
orientation for edges: if an edge « lies on some geodesic starting at the root, we
write b(«) for the endpoint of « closer to the root (in graph distance) and e(«)
for the other. If the edge does not lie on any such a geodesic, the two endpoints
are equidistant from the root and we say that the edge is unoriented. An edge «
connecting two vertices x and y is also denoted by [z, y] if and only if it is oriented
and z < y. Observe that if [x,y] is an edge of the graph than [y, x] it is not, and
vice versa. Observe that in a rooted tree all edges are oriented. The partial order
relation extends to edges in the obvious way, and also to the whole V U E : given
an edge o and a vertex x we write a <z if e(a) <z and o > z if b(«a) > x.

We define the sons and the parents of a vertex v, respectively, as s(v) = {w €
V]w~v,w>v} and p(v) ={w e V] w~v,w < v}. Similarly, for an edge o we set
s(a) ={B e E| b(B) = e(a)} and p(a) = {B € E| e(f) = b(a)}. Observe that in a
rooted tree p(v) and p(«) are always a singletons.

We always assume that graphs are locally finite, meaning that the branching
number br(z), representing the number of edges departing from the vertex x, is
finite for every x € V. A part from that, we do not put any restriction on the
combinatorics of the graph. In particular, br: V' — N is not asked to be bounded.
Also, it is important to remark that we work with infinite graphs. In general, we
assume that a graph G is infinite in every direction, i.e. that it has no leaves,
which are vertices having branching number 1.

1.1.1 Random walks

A random walk (Z,) on a graph G = (V, E) is uniquely identified by (a starting
point and) a function 7:V x V' — R, such that ¥ ., 7(z,y) =1, for all z € V. We
call such a function a transition probability and mw(x,y) has to be interpreted as
the probability of moving from x to y, in one step. We write P, for the probability
distribution of the random walk starting at x. By the Markov property we have

n—-1
IED:EO(Zl =Tl Zn = ZCn) = H W(ZCj,.I'j+1).
=0

We say that the transition probability m on a graph G is reversible if there exists
a positive function m defined on V' such that

m(x)m(x,y) =m(y)r(y,z) forall x,yeV. (1.1)
A transition probability 7 is simple if it is both of nearest-neighborood type

(m(z,y) = 0 if x ¢ y), and locally uniform (7(x,y) = 1/br(z) if z ~ y). A ran-
dom walk associated to a simple transition probability is called simple as well.

10



1.1. INSTRUCTIONS TO NAVIGATE ON GRAPHS

Observe that a simple transition probability 7 is reversible: in particular
holds with m(z) = br(z).

Let 7" (z,y) = P,(Z, = y), the probability that the random walk starting at
x will visit y at the n-th step. We always assume random walks to be irreducible,
meaning that there are no unreachable points, or equivalently, for every z,y € V
there exists n € N, such that 7( (x,y) > 0.

A random walk on G is transient if for some (equivelently, for all) z € V|
P.(Z, # z, for all n) > 0, or equivalently if Z,, eventually escapes to infinity with
probability one. Else, the random walk is called recurrent. A graph G itself is called
transient (recurrent) if the simple random walk on G is transient (recurrent). It
is a famous result by Polya [31] that the d-dimensional lattice Z¢ is recurrent for
d < 2 and transient for d > 3.

1.1.2 Harmonic functions

A function w : V x V - R is a positive and locally finite edge weight (from
now on simply edge weight) if w(z,y) = w(y,x) > 0, for every z,y € V, it is non
zero if and only if  ~ y and W(x) = ¥, w(z,y) < oo, for every z € V. If
is the edge connecting x and y, then we also write w(«) for w(x,y). There is a
natural correspondence between graphs endowed of a reversible nearest neighbour-
hood type transition probability and edge weighted graphs. Specifically, if 7 is of
nearest neighbourhood type and satisfies (L.1]), then w(z,y) = m(z)p(x,y) is an
edge weight with W (z) = m(x). Conversely, given an edge weighted graph with
weight w, then 7(z,y) = w(z,y)/W (x) is a nearest neighbourhood type transition
probability satisfying with m(x) = W(z).

Let G be an edge weighted graph with weight w. Given a function g:V — R,
write dg(x,y) = g(y) — g(x). We define the gradient of g at (x,y) € V xV to be
the weighted anti-symmetric difference operator

vy(z,y) = w(z,y)dg(z,y). (1.2)

Since the weight w vanishes at all couples (x,y) such that = ¢ y, morally the
gradient is a function on (oriented) edges. If a = [x,y] is an edge, with the
natural orientation induced by the root, then we also write Vg(«) for Vg(z,y).
The divergence of a function f : V xV - R at = € V is given by div f(z) =
Zyevw(xwy)f(x>y)'

For p € (1,+00), we define the p-Laplacian of a function g : V - R as A,g =
div (dg|dg|1’*2). Explicitely, for each x € V' we have

Apg(x) = Y wlz,y)(9(y) - 9(x))lg(y) - g(z)P~>.

Yy~

11



CHAPTER 1. THE EQUILIBRIUM PROBLEM AND THE DIRICHLET
PROBLEM ON TREES

We say that g is p—harmonic if A,g =0 on V. As usual, we simply call Laplacian
the linear operator A := A, and we say that g is harmonic if Ag =0. Observe that
¢ is harmonic if and only if

g(x) = Z w(x,y)g(y), for all x € V, (1.3)

Y~z

where 7 is the transition probability induced by the weight w. Indeed,
could be taken more generally as definition of harmonicity even on graphs with a
nearest neighbourhood transition probability 7 which is not necessarily reversible.
Notice that in the un-weighted case, namely when w(z,y) = d,,, the transition
probability 7 is simple and harmonicity coincides with the mean value property,
g(r)=%,..9(y)/br(x), for all z € V.

It is easy to see that harmonic functions satisfy the following maximum prin-
ciple.

Proposition 1.1.1. (see also, for example, |38, page 5]) Let g be harmonic on G
and assume there exists a vertexr xo such that g(xo) > g(y) for ally € V.. Then g
15 constant.

Proof. By irreducibilty of the transition probability, we have that V' =U,, V,,, where
Vo ={y eV :nM(xg,y) >0}. Since g(xo) = ¥, 7(20,y)g(y), it is easily verified
by induction that g(zo) = ¥ ey, 7™ (20,4)g(y) for every integer n > 1. Then, it is
not possible for any y € V,, that g(zg) > g(y). This is true for every n, implying
9(y) = g(xo), for every y e V. O

1.1.3 The Martin boundary

There are different possible paths to follow when introducing a notion of bound-
ary of a graph, depending on the desired applications and/or on the starting
structure at hands . Omne possible approach, which we present in this section,
is to introduce a boundary that allows to have a Herglotz-Riesz type representa-
tion theorem for non-negative harmonic functions in terms of boundary measures.
This was first introduced by Martin in [29], from whom it takes the name. Of
course, being harmonicity involved, such a notion makes sense for graphs with an
attached transition probability. Moreover, as we will see, this boundary is also the
right one to consider for assuring convergence of transient random walks to some
boundary valued random variable. Out of these reasons, we can refer to it also as
the probabilistic boundary. In the next section we will present a different type of
boundary which only depends on the combinatorics of the graph itself, reason for
which it is sometimes referred to as the natural boundary, although we will use a
different name.

12



1.1. INSTRUCTIONS TO NAVIGATE ON GRAPHS

Write G(x,y) for the expected number of times a random walk starting at «
will visit y. It holds

waziﬂwmw

The function G so defined is the Green function associated to the given transition
probability. Observe that since we consider irreducible random walks, the Green
function G(x,y) > 0 for every x,y € V. The Martin kernel of G is given by

K(:zc,y)zM x,yeV. (1.4)

G(o,y)’
It can be easily verified that the function K,(z) := K(z,y) takes value 1 in the
root o, is bounded on V' and harmonic off the diagonal (for all = # y).
On a transient graph G(V, F') we can define a probabilistic distance as follows:

p(z,y) = %sz(O,Z)IK(z,x)—K(zvy)\, z,y eV, (1.5)
where the positive weights w, > 0 satisfy, ¥, w.G(z,2) < co.
Denote by G* the completion of G with respect to the probabilistic metric p.
The Martin Boundary of G is defined as G* \ G and denoted by 0),G.
It can be shown (see for example [26], Proposition 10.13) that a sequence of
vertices {y,} is Cauchy in (G, p) if and only if {K(z,y,)}, is Cauchy for every
x € V. Hence, the Martin kernel extends continuously to a function on G x G* by

K(z,&) =lim K(z,y,), for every Cauchy sequence & ={y,} < (V,p).

Consequently, the probabilistic distance p extends to the boundary: for & = {y,},v =
{z,} Cauchy sequences of vertices (i.e. elements in the Martin boundary of T'), we
set p(&,v) =lim, p(Yn, 2,). The resulting metric space (G*, p) is compact.

We report here the two main results in Martin boundary theory. They show
how the Martin boundary is the right concept of boundary to consider both in
terms of representation of harmonic functions than in terms of limit distribution
of random walks. For the proofs of these theorems and for more discussion on the

topic, excellent references are section 24 of 38|, sections 4 and 5 in chapter 10
of [26] and [33].

Theorem 1.1.2 (Poisson-Martin representation theorem). Let G' be a transient
graph and g a non-negative harmonic function on it. Then, there exists a non-
negative Borel measure |1 = pg, on the Martin boundary Oy G, such that

o) = [ K@eydno) (1.6

Conversely, for every finite Borel measure p on Oy G, the above expression defines
a non-negative harmonic function on G.

13
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The representing measure p, can be chosen so that it is supported on the
manimal Martin boundary,

OpnG = {€ € Oy G : K(-,€§) is minimal harmonic on V'},

and in such a case it is unique. Here, a non-negative harmonic function g on G is
called minimal if g(0) = 1 and for every other non-negative harmonic function g;
on V', the relation g1(x) < g(z) for all z € V, implies that g; is a constant multiple
of g.

Theorem 1.1.3 (The convergence theorem). Let (Z,) be a random walk on a
transient graph G. Then, there ezists a 0,,G-valued random variable Z., such that
Lp = Loo, Pp-almost surely, for every x eV.

We define the harmonic measure at the vertex z as
Me(A) =P (Zs € A), for every Borel set A € 9,,G.

Namely, A, is the P -distribution of Z.,. Also, given a function ¢ defined on 0T
and A, integrable on the boundary for some (all) z € V, we define its harmonic
extension (or its Poisson integral) to be the function P(y): V - R given by

P(p)(z) == faTso s (1.7)

The harmonicity of P(¢) follows by the Markov property, since A, = 3, .. p(2,y)Ay.

1.1.4 The Carathéodory boundary

While the Martin boundary depends a priori on the transition probability, we
would like to realize it (or a part of it) in terms of a natural compactification,
depending on the graph combinatorics only. A ray is a path without repeated
vertices. We say that two infinite rays are equivalent if, roughly speaking, whenever
we try to disconnect the graph in a finite number of moves, we cannot disconnect
the two rays. More precisely, write G(F") for the graph obtained eliminating an
arbitrary finite set I of edges and vertices from G. Let C(F’) be the (finite) set of
connected components of G(F'). We say that an infinite ray v ends in C' € C(F’)
if infinitely many of its vertices belong to the component C. Observe that such
a component exists and is unique for every ray. Two infinite rays v = {x,} and
~v" = {y,} are equivalent if, for every finite F', they end in the same connected
component of G(F). A prime end of G is an equivalence class of infinite rays,
and the collection of all the prime ends is the Carathéodory boundary of G, which
we denote by dcG. We write dcC' for the subset of prime ends of G whose rays

14



1.1. INSTRUCTIONS TO NAVIGATE ON GRAPHS

end in C, which is exactly the Carathéodory boundary of the subgraph C'. For
every graph we set G = G UJcG. Note that we always assume that the graph
has no leaves, but in case it does, each leaf has to be considered a point in the
Carathéodory boundary as well.

Observe that equivalent rays can still depart, in the sense that it is possible
that they are definitely arbitrarily far away one from the other in graph distance.
For example, let T be the binary tree (br(z) = 2 for every x € V) and G be the
planar graph obtained adding edges connecting vertices on the same level as in the
picture.

Let v = {z,,} and +" = {y,} be the only

two rays starting from the root with br(z,) =

/\ br(y,) = 4, for all n (the leftmost and rightmost
ones). They clearly belong to the same prime

end - in fact the the Carathéodory boundary of

G is a singleton - but dg(z,,7") = da(v, yn) =
/\ /\ /\ /\ min{n,n? -1} — oo, as n — co.

On G we put the topology generated by

{C: C e C(F), F finite}. It is clear that

such a choice defines a discrete topology on G, since {z} € C' ({a € E:x € a}), for

every x € V. As seen in the example, also oG can possibly contain isolated points.

The space G can be clearly obtained as a finite union of open sets, and this is true

also for the closure C of any component C' € C'(F), F being any finite subset of

G, so that G is totally disconnected. It is also easy to check that with the chosen
topology G is compact.

With the Carathéodory boundary at hands there is a very natural way to

conceive the notion of boundary value of functions defined on the graph. Let g be

a real valued function defined on the vertices of a graph G. Given aray v = {z;}
we define the limit of g along v as

o0
j=1»

lim g = lim g(z;).
ol oo

Given a prime end £ € 0cG, if the above limit exists and coincide for every ray
v €&, we say that g admits radial limit at £ and we write

lingg(x) =limg for some (all) v €&.
o ol

The Fatou’s set of g is
F(g) ={£ € 0cG : there exists lingg(m) eRuU{+o0}}.

The boundary value of g is the map ¢* : 0cG - Ru{+o00} which on Fatou’s points
¢ € F(g) is defined by

g° (&) =limg(x).

15
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PROBLEM ON TREES

From now on we simply write g in place of g* for the extension of g to the boundary
since no confusion can arise.

1.1.5 The boundary of a tree

When we restrict our attention to trees, the notions of boundary we introduced
become much easier and intuitive. Moreover, in a tree, the Carathéodory boundary
coincides with the minimal Martin boundary (see [15, Proposition 3]). We call it
simply the boundary of the tree and denote it by 07

In a tree every ray is a geodesic, and for every couple of infinite rays, either
one is fully contained in the other, or they eventually depart one from the other.
It follows that the boundary 0T of a tree T' can be be thought of as a set of labels,
each one corresponding to a half-infinite geodesic starting from the root:

oT = {§ = {ZL’j};ZO X0 =0, Tj~ X1, Tj+l > [L’j}.

Also observe that, in contrast with the Carathéodory boundary of a graph (see the
example of the previous section) the boundary of a tree is a perfect set. Given an
edge «, we write T, for the subtree rooted at a having as edge set {# € F: § > a},
and we call it the a-tent. The boundary 0T, of the a-tent is exactly the set of
rays passing through «. Observe that the topology on 9T is the one generated by
the boundary of tents, {07, }ack-

It is clear that the edge counting metric does not extend properly to the bound-
ary of an infinite tree. Hence we seek for another metric. Given two points
£,meVudT, we define their confluent to be the vertex £ An = max{[o,£{]n[o,n]}.
Then, we define

d(&,n) = eI, (1.8)

For the reader familiar with Gromov’s theory of hyperbolic spaces, observe that
for £,m eV, expression ([1.8) coincides with the Gromov product on (7, dr), given
by

(2,900 = 5 (dr(2,0) +dr(3,0) ~ dr(2.9)) . wyeV.

In fact, one can extend such a product to points in 9T by setting (&,7), =
lim(z,y),, where the limit is taken for x — &,y — n along the rays labeled by
¢ and 7. With this notation we have d(&,7n) = (£§,1),. It is not hard to see that
defines a distance on T, which in fact is an ultrametric, and that (T, d) is a
compact metric space. Moreover, the topology induced by this metric is the tent
topology introduced before.

There is a one-to-one correspondence between compact sets in 97" and bound-
aries of trees, in the following sense.
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Proposition 1.1.4. A set K ¢ 0T is compact if and only if there exists a subtree
Ty €T such that K = 0Tk.

Proof. The fact that the boundary of a subtree is compact follows directly from
the definition of subtree. Conversely, if K is compact, consider the subtree S ¢ T
having as edge set E(S) = P(K) :={a € E: «a €, for some £ € K}. Clearly
K < 08S. On the other hand, if £ € 9S, by definition of boundary of a tree, P({{}) ¢
E(S). Now, suppose by contraddiction that £ ¢ K. Then, by compactness, there
exists and an edge « € E such that 0T, N K = @ and £ € T,,. Hence, ¢ P(K) for
e P({&}) € E(S) with |5] > |al, leading to a contraddiction. O

1.2 Potential Theory on the rooted tree

In this section we set up a Non Linear Potential Theory on the tree. In order
to do so in a convenient way, we do attach to a chosen vertex an extra edge, not
linking to any other existing vertex. In other words, we introduce a leaf. This will
be the only leaf in the tree and we choose it as a root, denoting it by o. In this way,
we do also have a root edge, the attached one, denoted by w, which is the only one
departing from o. From now on, every tree will be assumed to have this structure,
to which we will refer to simply as the rooted tree (see the picture below). We
point out that this is not a restriction at any scale, it is only a choice to make
the notation less heavy, to keep the duality between objects defined on edges and
vertices explicit, to guarantee a good metric normalization of the boundary, to
have a more neat parallelism with the classical continuous Potential Theory and
to have an easier probabilistic description in terms of random walks (see section
1.3.1)).

A small remark: even technically being a leaf, in general we do not consider
o to be part of the boundary of the tree. However in some situations it will be
convenient to consider the so called extended boundary, which is 0T = 0T u {o}.

17
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PROBLEM ON TREES

level 0

level 2

Figure 11: A rooted tree with root edge root w and one of its tents 7.

1.2.1 The p-capacity

Let T = (V,E) be the edge weighted rooted tree, with weight w. Given a
function f: E' - R, and p € (1,+00), we define the p—potential of f, I,f : VudT —
Ru{+oo}, by

f(a)|f ()
L, f(€) = :
: ng;f w(a)
It is clear that if f is a non-negative function then I,f is defined on the whole

boundary, possibly taking value +oo, while in general its Fatou’s set is non trivial.
For p = 2, we drop the subscript writing I for I and calling it simply the potential

of J.
GENEE

a<é w(a) .
It is immediate to see that the following fundamental theorem of calculus on trees
holds.

Proposition 1.2.1. Let T = (V, E) be a tree with root o and edge weight w. Take
two functions f: E >R, g:V - R. Then, g=1f+g(0) onV if and only if f =Vg
on F.

Proof. Let g=1f+g(o) on V. Then, for every a € E we have

Vg(a) = w(a)(g(e(a)) - (b)) =w(@)( ¥ LD v LY pq).

E>B<a w(ﬁ) B EsBsa w(ﬁ)

Conversely, let f = Vgon E. Then I f(0) =0 = g(0)-g(0) and for every z € V x{o},
we have

11y = 3 Y5 (o)) - g0(0)) = 90) - 0(0)

Esa<x w( ) Esa<x

18



1.2. POTENTIAL THEORY ON THE ROOTED TREE

]

Let p e (1,+00) be a fixed exponent and p’ its Holder conjugate, 1/p+ 1/p" = 1.
The (weighted) p—norm of an edge function f: E — R is given by

I1p = 3 L

ack ’LU(O./)

Definition 1.2.1. Suppose that A € 0T is a Borel set. We define the p—-capacity
of A,
cp(A) =inf{| f|b: f: £ > [0,00), If>1 on A}.

Some remarks are in order. First, those functions on which we take the supre-
mum, namely the edge functions such that If > 1 on A are called the admissible
functions for A. Second, it is customary to say that a property holds p—capacity
almost everywhere, or c,—almost everywhere, if the set on which it does not hold
has p—capacity zero. The infimum in the definition of p—capacity in general is
not attained. However, one can prove |1, Theorem 2.3.10] that given a Borel set
A c 9T, there exists a unique function f4: E — [0, +00), such that I f4 =1,¢,~a.e.
on A and || f4]|h = ¢,(A). This function is called the p—equilibrium function for the
set A.

Definition 1.2.2. A point £ € A such that If4(&) # 1 is called irregular for the
set A.

As a set function, p—capacity is monotone, countably subadditive and regular
from inside and outside:

(i) cp( (K n)) =lim¢,(K,), for any decreasing sequence (K,,) of compact sub-
sets of OT.

(i) cp(UAn) =lime,(Ay), for any increasing sequence (A,,) of arbitrary subsets
of OT.

Moreover, if A = U, 4,, (A,) increasing, and ¢,(A) < oo, then fA» converges
strongly to f4 in p-norm.

Observe that without losing generality, in the definition of p—capacity the infi-
mum can be taken over functions supported on the predecessor set of A, P(A) :=
{aeE: aef, for some ¢ € 9A}. Namely, the capacity of a compact set K only
depends on the combinatorics of P(K) and not on the rest of the tree, and if
Ty ¢ T is the subtree having K as a boundary (see Proposition , we have
cp(K) = ¢,(0Tk), where the right handside is intended as the capacity when T
is taken as the ambient space.
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CHAPTER 1. THE EQUILIBRIUM PROBLEM AND THE DIRICHLET
PROBLEM ON TREES

There exists a useful equivalent definition of capacities in terms of measures.
We call charge a signed finite Borel measure on dT. The co-potential of a charge
u is defined by

I'p(a) = w(0Ty), aeE.

Observe that the operator I* is the adjoint of the potential operator I in the follong
sense: for any f: E - R, u charge on 0T, we have

(1) = [ 18©@au©) = [ 3 L0y, @aut)

acl W (19)
f(Oé f a)[* (a) .
_a%;? ) BTa 6) _a%:E‘ (a) (f:[ >g2(E).

The p-energy of a charge is just
Ep(p) = |17 -

Observe that, taking f(a) = I*u(a)|l*u(a)P'~2 in (1.9), we get, for every p €
(1,+00) the relation

&= [ LU mdp. (1.10)

As mentioned, we have the following dual definition of capacity in terms of
measures.

Theorem 1.2.2. [see (1, Theorem 2.5.3] Suppose that A € 0T Borel. Then

cp(A) =sup{p(A)P: >0, supp(p) € A,E, () <1}

Moreover, there exists a unique positive charge u supported in A, called the
p—equilibrium measure of A, such that

pA(A) = p(A) = £, (),
and (I*u“‘)p’_1 = fA,
With this definition of capacity, it is clear that if a property (P) holds ¢,—a.e.
on A ¢ JT, then it holds py-a.e. on A for every measure p with &,(u) < co. To
see this, let B:={{ e A: —(P)}, so that ¢,(B) = 0. The measure v := s

Ep(p)HY
satisfies £,(v) < 1. Then, v(B) <= ¢,(B) =0, from which it follows u(B) = 0.

Remark 1. All the potential theoretic objects we introduced, depend on the edge
weight w one considers. However, to keep the notation light, we do not explicit
this dependence in the associated symbols. We know that they always carry a
weight and that it is a general weight, unless differently specified.
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1.2. POTENTIAL THEORY ON THE ROOTED TREE

We now give a couple of toy examples in which we explicitly calculate the
capacity some easy sets.

Example 1.1 (Capacity of a point). As we already specified, we always assume
that the trees we work with have no leaves, namely points in the boundary at
a finite graph distance from the root. However, as everything else we treat, our
definition of capacity applies also to trees having leaves, case that we briefly discuss
for completeness. For simplicity, consider the un-weighted case, w(«) = 1 for all
a € E. Suppose € is a leaf of T It is easy to check that the equilibrium function
for the set A = {£} is the function f4 taking constant value 1/|¢] on all edges o < &
and zero elsewhere. In fact for any other admissible function f we have

P ()P > A
7122 X flay > mpl(Zf(ﬁ)) 12 s =l =1

a<é a<g

We deduce that the capacity of a leaf only depends on its level and is given by

CP({g}) ”f“p = |§|p 1°

Leaves are the only points in the boundary of a tree having positive capacity. To
see this, let £ € OT not a leaf, and suppose ¢,({{}) = ¢ > 0. Then the associated
equilibrium measure p has an atom in &, from which I(I*u)?~! = oo, contradicting
the properties of equilibrium functions. By subadditivity of the capacity it follows
that any countable subset of 9T has null capacity.

Example 1.2 (Capacity of the boundary of a homogeneous tree). Let T™ be
a homogeneous tree of degree n (i.e. a tree with constant branching number
br(z) =n+1 for all z € V) with edge root w, and let ¢(n,p) = c,(0T™). If f is the
equilibrium function, then fP=! is a flow (see ([1.13])), which gives that for every

k >0 we have
>, If (@)t = f(w) = c(n,p).

o=k

On the other hand, for each edge function f, by Holder inequality we have the

estimate
. ol 1/p
5 @ (Z'“ >|) (Z 1) |

|af=k w(a) lo]=k w(a) lof=k w(a)

It follows that

=S 5 @l i(zw(a)) (Z\fm)v“)

k=0 |o|=Fk w(e) 5 lof=Fk o=k w(a)
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If we pick a candidate function which is constant on levels, i.e. f(a) = c(n,p)r' =1 /nk@'-1)
when |a| = k, we get equality in Holder inequality. For any such function we clearly
have that the potential If is constant on 0T™. If we choose properly the value

at the root f(w) we can make the constant to be 1 and f to be the equilibrium
function. Imposing for & € 9T™,

1= 1f(6)= ¥, -k

s w(a)nm‘(p’—l) ’

-1

we get c(n,p) = (Tace n|a|(1‘p')/w(a))1_p. In particular, in the un-weighted case
w = 1, the capacity of the boundary is

k=0

In section we will derive the capacity of an homogeneous tree in an easier
way. We conclude this chapter with a Proposition showing that in 9T there exist
compact subsets with arbitrary p—capacity.

Proposition 1.2.3. LetT™ be a homogeneus tree of degree n. For each real number
t € [0,¢,(0T™)] there exists a compact subset K; of the boundary OT™ such that
Cp(Kt) =t.

Proof. Each edge « of T, except the root, can be given an index i(«) € {0,...,n-
1} which distinguishes it from the other n — 1 edges 5 such that b(3) = b(a). We
can define a map A : 97" — [0, 1] associating to each point £ = {a;}%2, € 9T™ the
number having expansion in base n given by

AGE) = f;z(aj)n-j.

The map A is clearly onto but it fails to be injective because of the multiple
representations of the rational numbers. Still, A=1(¢) has at most two points.
Moreover, A is continuous, since

A -AMI<(n-1) 3 nPxn ™ —0, asd(&n) -0,
J=lgani+1
Now, consider the function ¢ : [0,1] — R given by ¢(t) = ¢,(A1[0,¢]). This
is an increasing map, and we know that ¢(0) = 0 and (1) = ¢,(91™). By the
subadditivity of c,, the continuity of A and the regularity of capacity, we have

p(t+e)—p(t) <cp (At t+e]) — p(AH{t}), ase—0.
The right handside equals zero, since the preimage of a single point under A
is finite. By similar reasoning we estimate ¢(t) — ¢(t — €). It follows that ¢

is continuous and ¢([0,1]) = [0,¢,(07™)]. The result is obtained picking K, =
ATH0,071 ()] O
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1.2.2 Rescaling properties for capacities

In this section we show that equilibrium measures rescale under the change of
the root in a tree, in a sense that will be more clear soon. This is a point where the
behavior of trees is much simpler than the one of general graphs. We introduce
a subscript notation to indicate which is the root of the tree we are referring
to. For example, give the rooted tree 7' and some edge a € E, we write I, for
the p—potential operator acting on functions defined on the edges of the a— tent
Ty, Lyof = Ip(XTa f). Similarly, ¢,, will be the capacity when we consider T, as
ambient space. In the same fashion, if A is some subset of 0T, we set A, := AnJT,.

A question arises: if A is a subset of 0T and p its p—equilibrium measure,
which is the p—equilibrium measure pu, for A, in the tent 7,7 It is natural to bet
that it is a rescaling of the measure pu, i.e. o = kqp|a, for some positive constant
kq. In such a case, for c¢y—a.e. £ in A,, write M and M, for the co-potential of
and p, respectively, we would have

1= paMa(€) = K o M(€) = KL, M (-1, M (b)) = K~ (1-1,M (b(@)) ).

It follows that the only possible candidate rescaling constant is

b = (1= LM(0(0))) (1.11)

We now prove that in fact our naive bet was the right one. This was already
observed in [8].

Proposition 1.2.4. Let A c OT, p its p—equilibrium measure and M = I*u. Then,
plot,

(1- LM (b))

is the p—equilibrium measure for A, c 0T,.

Mo = kaM|Aa =

12

Proof. Set M, = I*j1,. We have already seen that (M,)?~! is an admissible func-
tion for A, € 0T,. Suppose it is not the p—equilibrium function. Let ¢, be the
(unique) p—equilibrium function of A, in T,. Define another edge function,

i {(1 - L,M(b()))pa on T,
(M)P'-1 on T\ T,.

Then f is admissible for A ¢ 9T, since for ¢,—a.e. € ANA,, 1f(§) =1,M(§) =1,
while for ¢,—a.e. £ € A, it holds

LF(€) = 1nf (&) + T (b(e)) = (1= LM (b(0)) ) Tapa(€) + LM (b(er)) = 1.
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Now, using the fact that I,M, = kg_llp]\/[, the relation p(p’ — 1) = p’ and the
uniqueness of the p—equilibrium function, we get

p ,
171 = (1= LM ®(0))) [allgr,y + IO

<YL, i+ = LAY,

This clearly contradicts the assumption that p is the p—equilibrium measure for
A, since we found an admissible function whose p—norm is strictly smaller than
the one of M1, O

As an immediate consequence we have the following.

Corollary 1.2.5. Let A € 9T be a set of positive capacity and o € E, v not the
root edge of T, such that A< 0T,. Then c,,(A) > c,(A).

Proof. Since k, > 1, we have ¢, 4(A) = pa(A) = kap(A) > n(A) = ¢, (A4). O

Observe by passing that the above corollary is supported by visual intuition,
since we expect the capacity of a set to be bigger if we look at the set from a
closer point of view. We can now give a necessary condition for a measure to be
of equilibrium.

Theorem 1.2.6. Let i be the p—equilibrium measure of some set A ¢ JT and
denote by M its co-potential. Then, for every a € E, M solves the following
equation:

AHQX1—@Auma»):§jM£@QB (1.12)

B>« w(ﬁ) .

Proof. Given « € E, if A, = & then M(«a) = 0 (since supp(p) € A) and hence
M(B)P-1 =0 for all 8> a, and (1.12) trivially holds. Otherwise, on one hand we

have
gp,a(ﬂ)

cpa(Aa) = Epaltia) = Do
(1- LM (b(a)))

and on the other, since supp(u) € A,

H aTa M(«

pra(Aa) = Ha(Aa) = ka,u(Aa) = ( ) p—1 ( ) p-1°
O—@Mwm») @—@M@m»)

Matching the two expressions we get the result. 0

From now on we will refer to equation (|1.12)) as the equilibrium equation. Ob-
serve that this equation is non linear (and non local) even in Linear Potential
Theory. This is not surprising, since linear combinations of equilibrium measures
are only seldom equilibrium measures themselves.
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1.2.3 Flows and p—harmonic functions on the tree

Let T' = (E,V') be the rooted tree. A function f: E — R is a flow from o if
fla)y= > f(B), forallack. (1.13)
Bes(a)

It is immediate that the co-potential of a charge defines a flow. Next proposition
characterizes flows that can be obtained as co-potentials of charges.

Proposition 1.2.7. A flow f: F - R satisfies
hm Y 1f(a)] < oo, (1.14)
laf=k

if and only if there exists a (unique) charge p on OT such that f=1*p.

Proof. Note that the limit in condition (1.14]) is in fact a supremum. If f is a flow,
for every integer k >0 we have

>, @)= X 1Bz Y 1f(@),
|o|=F+1 |o|=k Bes(a) |o|=F
from which it follows

sup 2 ()] = lim 3 [f(a)l.

o=k * Jal=k

For each a write {(«) for an arbitrary point in 07,. For each k € N, define a
charge,

Hi = Z f(a)55(a).

|ar|=k
The total variation of uy is given by
[l = 30 1f(@)deay(OT) = 3 1f (@),

lal=k o=k

and from ((1.14)) it follows that the family of charges py is uniformly bounded, so
that it has a weak*-limit point g which is a positive measure. For each edge o we
have

I"p(a) = p(0T,) = ./aT Xor, a1 = hin AT Xor, Ak = lilgn 1 (0T5) = f(a).

For the uniqueness part, if f = I*v for some other charge v, then v(9T,) = u(97,)
for each o € E¥ and hence p = v. Conversely, let © be a charge on 9T and consider
the flow f =I*u. Then

2. 1f(@)l= 3 1" (0T.) = p (9Tu)| < 3. |1l(9TL) = |l < oo.

|al=k o=k lal=k
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Remark 2. Observe that if f >0 then condition (1.14) is automatically satisfied,
so that non-negative flows coincides with co-potentials of positive Borel measures.

Proposition 1.2.8. A function f : E - R is a flow if and only if I,f is a
p—harmonic function on V' x {o}.

Proof. Let € E and x = e(«). Then,

Al f (@) = w(@) (L (b(a)) - LA (e(a)))|1,£ (b)) - L fe(@))|

p-1
© T (BICOD - 10O ) - 1H0G)
=—fle)+ > f(B).
Bes(a)
It follows that A,I,f =0 on V \ {0} if and only if holds. O

By the above Proposition, we deduce that an easy way to produce a p—harmonic
function on the tree is to start with a charge p on the boundary, and take to
p—potential of its co-potential. Next result, combining the last two propositions,
completely characterizes the p— harmonic functions that can be realized in terms
of measures.

Corollary 1.2.9. A function g which is p—harmonic on V ~ {0} satisfies

sup Y [Vg(a)P™! < oo, (1.15)
ko Jal=k

if and only if there exists a charge p such that g = L,(1* ).

Proof. A function g satisfies 1} if and only if f = Vg|Vg[’ ~ satisfies 1)
and, by Proposition |1.2.8 g = I, f + g(0) is p~harmonic on V \ {o} if and only if f
is a flow. By Proposition we have the claim.

O

1.3 The Dirichlet problem on the rooted tree

1.3.1 A probabilistic interpretation of capacity

In this section we give a characterization of the 2—capacity of the boundary
of the rooted tree (with edge weight w) in terms of behaviour of random walks
on it. In this context we consider the root o = b(w) as part of the extended
boundary T = 9T u {0}, and we consider a random walk (Z,), with transition
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probability 7 induced by the weight w, on the vertices of the rooted tree T', which
stops when it hits the root vertex o. The random walk (Z,) so defined is not
a priori transient on V', however it is on V \ {0}, in the sense that it reaches
the (extended) boundary with probability one. Hence, there exists a 0T -valued
random variable Z,, such that Z, converges to Z., P,—almost surely for every
x €T, where P, is the probability measure of the random walk starting at x € V.
Of course, in this context where we consider the extended boundary and the its
first hitting time to be the stopping time, we define the harmonic measure at x € V'
as A\y(A) =P, (Zs € A), where A is a Borel subset of 9T

Proposition 1.3.1. Let T be the rooted tree, with edge weight . Then the 2—capacity
of T equals the probability that a simple random walk starting at e(w) will escape
to the boundary before hitting the root vertex o. Formally,

e3(OT) = Peuy( Zew € OT) = Ao (9T

Proof. Suppose that we have a finite tree whose leaves (except the root o) are all
of level n > 0. We can naturally identify 07 these leaves. Then by the Markov
property the function h(x) = A,(97T) is harmonic in ~{o}, h(§) = 1 if £ € T
and h(o) = 0. Since the same is true for I /97 the potential of the equilibrium
function of the boundary of T', by the maximum principle I1foT = h. Then,
c2(0T) = foT(w) = Vh(w) = h(e(w)) and we have the result of the finite tree.

For a general tree T not necessarily finite , let T;, be the truncation of T" up
to level n. Then from the finite case we have that c¢2(97},) = Pe(w)(sup;|Zi| > n).
By monotonicity of measures the last quantity converges to Pe(,)(Ze € 0T), as
n — +oo. It remains to show that c2(97,,) — ¢2(9T), as n - oo. By definition of
capacity we get that co(9T},) > co(9T), since the equilibrium function foT» is an
admissible function for 0T (extend it to be zero on edges of level greater than n.)

To prove the other inequality we use the dual expression for capacity. Fix e > 0.
By the dual definition of capacity, there exists a positive measure p,, on 97, such
that E(pn) = jajen I in(@)? < 1 and 2 (9T5,) = c2(9T,,) — €. Consider now the
corresponding charges on 0T,

,Un = Z ,U/n(aTa)(S{(a)u

|ae|=n

where £(a) is an arbitrary point in 07, and d¢(,) the corresponding Dirac mass.
Since i, (0T) = p,(0T,) < 1 we can find a weak*-limit point p of the sequence
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{ii,}. For any m € N, we have that

S () =lim Y ()

B|<m |B|sm

=lim Y I*7i,(B)*
" |Blem

<lim Y I*p,(8)?
" |Bl<n

<1.

Therefore, letting m — oo we get that () < 1, and hence by the dual definition
of capacity,

c2(OT) > u(0T)? = lim 1, (OT)? = lim 1, (0T,)* = lim ¢ (9T;,) — €.

Letting € - 0 we get the result. O]

Observe that as an immediate consequence we have a characterization of tran-
sient random walks (in the classical sense introduced in section [1.1.1)) in terms of
capacity. This characterization was first proved by different methods in [9].

Corollary 1.3.2. A random walk (Z,) on the rooted tree T is transient if and
only if OT has positive 2-capacity.

In particular, the rooted tree is transient, namely the simple random walk is, if
and only if the un-weighted capacity of its boundary is positive. This information
is not empty, since there are non trivial trees having boundary of capacity zero.
An example is provided by the so called 1-3 tree, see [28, Example 1.2].

1.3.2 Irregular points and the Dirichlet problem

in this section we provide an algorithm to detect irregular points in the bound-
ary of the rooted tree T'. We use here the same subscript notation introduced in
section The following Theorem can be seen as the analogous for trees of the
classical Wiener test for irregular points (see [22, Theorem 7.1}).

Theorem 1.3.3. A boundary point & is irreqular for a set A ¢ 0T of positive
capacity if and only if
3 cap(Aa) ! < oo, (1.16)

Esa<€

Proof. Let p be the equilibrium measure for A, and M its co-potential. Set ¢ :=
1-1,M (&) >0 to be the deficit of regularity of the point { € A. Let {a;} be the
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edge-geodesic labeled by &, and set ¢, = 3. ;,,, M (o )P'-1. Clearly t,, is monotonically
decreasing to zero, being the tail of the converging sum I, M (£). By Theorem|1.2.6}

Cn = Cq, p(Aan )P'/P = M(a")p - — M(an)p ! _ ln = o1 .
’ 1-1,M(b(cw,)) £+, e+t

Now, the sum ¥, ¢, converges if and only if [],(1 - ¢,) > 0. The partial product
can be explicitly calculated thanks to its telescopic structure,

ﬁ(l_c):f—v[€+tn+1:€+tN+1
i AL ety e+ty

Since to = u(OT)?'~1 > 0, it follows that []o2,(1 - ¢,) > 0 if and only if & > 0, which
is, if and only if the point £ is irregular. m

Observe that the Wiener condition (|1.16)) can be re-written purely in terms of
capacities on the whole boundary, in the following sense.

Corollary 1.3.4. A boundary point £ is irreqular for a set A € OT of positive
capacity if and only if

2 T Jole (AT <™

a<é

Proof. Let T be any rooted tree, A ¢ 9T and consider a tent T, with |a| = n. If
i is the equilibrium measure for A,, then the associated co-potential M = [*p is
supported on the edges of T,, and the on the edges 5 < a. Being a flow, M must be
constant on the predecessors of «, namely M () = M(w) = ¢,(A,), for all < a.
By the rescaling properties of section [1.2.2] we know that

M(a) = epa(B)(1- LM (b)) .
and since I, M (b(v)) = ne,(Aq )P !, we obtain

cp(Aa) = & (1)
= ncp(Aa)p, +Epalpt)
’ ’ p
=ncy(Aa)? + (1 —ncy(Aag)P ‘1) Cpa(Aa).
It follows,
p(Aa)
p-1°
(1-ney(40)71)
Substituting this expression in the Wiener condition (1.16]) we get the result. [

Cp,a(Aa) =
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Theorem 1.3.5. Let T = (V, E) be the rooted tree, which comes with an edge
weight and an associated reversible transition probability. For any given ¢ €
C(9T), the Poisson integral of ¢ satisfies

AP(p) =0 inV ~ {o}
liirglp(go)(x) = (), if € is a reqular point of OT.

Proof. Pick a € E and let € = {z;}%2 € 91,. Write {a;}52, for the edge geodesic
labeled by &, so that z; = a;(1). For n > |a| we have

0<1-X,,(0T,) <P, (Z, hits b(«) before hitting 0T,)
= H P, (Z, hits x;_; before hitting 97,,)

n

H( = 2.0, (0T5,)).

By the Wiener condition we have that the right handside vanishes as n — +o0
if and only if £ is a regular point for dT. Hence, for any regular point & € 0T, we
have lim,, o Ay, (0T, ) = 1, from which it follows that for any regular point £ in
the boundary

lim Ay, (9T) > 8¢ (9T,).

Any open set A € 9T can be written as a disjoint union of tents {07, }. Let £ be
a regular point of 9T". Then,

liminf A, (A) = liminf Y A, (0T,,) > > liminf A, (8T,,) > Y. 6:(9T,,) = 6¢(A).
" "k k" k

It follows that A, R ¢, as n — oo. Therefore, for any ¢ € C'(97T),

PO)@) = [ ¢ dh—p(©), asaog
[

Corollary 1.3.6 (Kellog’s Theorem for Trees). The set of irreqular points for the
Dirichlet problem has capacity zero. Which s,

c2({£ € 0T : there exists p e C’(@T),liirgp(ap)(az) # gp(f)}) =0.
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1.3.3 Energy conditions and uniqueness results

We give a first uniqueness result for the class of spherically symmetric trees,
which are trees where the branching number is radial (i.e. constant on levels).
Clearly homogeneous trees belong to this class.

We define the Lebesgue measure on 07T to be the measure A which is equidis-
tributed among sons of any edge and is normalized with A(9T') = 1. Namely, for
each a € E, we have

A(OT.) = M(0Tp(a))/ deg (e(p(@))) =1/ [T deg(e(8)).

B<alpha

It is clear that on spherically symmetric trees /*\ is constant on levels. In what
follows, we write A(k) in place of A\(0T3) when |8| = k. One can check that
the equilibrium measure of a spherically symmetric tree is a scalar multiple of
the Lebesgue measure (see section . In particular, by symmetry, spherically
symmetric trees have no irregular boundary points.

Proposition 1.3.7. Suppose T is a spherically symmetric tree with radial edge
weights, w(a) = w(|a|). Assume co(OT) >0 and let p be a charge on OT. Denote
by M its potential. If IM =0 Lebesque almost everywhere on the boundary, then
w=0.

Proof. Let w be the edge weight of the tree. For a fixed a € F, let s(a) = {aj}?:(‘f)
and define the measures A% on JT in the following way

n(a)*A(y) i v2>q
I"X%(y) =40 fy>a; i#]
I*X(7), otherwise.

It is clear that A% is absolutely continuous with respect to A. Integrating on the
a—tent, using the fact that A(073) depends only on the level of 3, for each j we
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get

0= IMdN\*

0Ty

_ M(ﬁ) a;
- fa 2 ) o O

M(B) o
21 w(p) (O 0T

M(B) M(B)
= \(0T, +n A OT,
( )BZ«; 3 (a )5;;] (9T5) w(5)

M)
-AOT) ¥ ()kza: (,%Z M(5)

|5\k
M@, )
=AMOT) 2, gy MM ) Ly

Note that the last quantity is finite because the capacity of the boundary is positive.
Being the same true for each j, M must be constant on s(a). It follows that

@ = M(w)A, i.e. the measure p is a scalar multiple of the Lebesgue measure.
Hence, by ((1.10]), we have

0= [ Idu =y ML)

aeE w(a)

which gives M =0 on E which is the thesis.

The same is not true for a general tree. In fact, there exists a sub-dyadic tree
T, with no irregular boundary points, and a charge p on 9T such that I(I*u) =0
everywhere except at a point, but p # 0, as shown in the next example.

Example 1.3. The following diagram represents an infinite sub-dyadic tree, and
the values that the co-potential M of a boundary charge u take on each edge. The
number 7 over an edge indicates how many times the edge is repeated. Also, the
label T'(a) means that the vertex is the root vertex of a dyadic tree which carries
a total measure of a on the boundary, and the measure M is divided equally at
each edge.
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M=-1/4,7=0

T(-1/4)
M=-1/8,r=8

T(-1/8)
M =-1/16,r = 32

| T(-1/272)

If & is the leftmost point of the boundary it is clear that IM (&) = +oo. If
£ e 0T ~{&} let n =€ A&y|. Consider the un-weighted case. Then,

3

) -1 2n+1 1 00 )
IM(S) - Z (1 N 271) - (n 27131 - 2n+1 ;271

i=1

27— (n-1)-2"=0.

n—

M

1]
—_

)

By applying Wiener’s test one can see that & is a regular point of the boundary,
while all other points are clearly regular by symmetry.

The situation is different if we work with charges with finite energy.

Proposition 1.3.8. Let i, v be charges on T, with €,(1), £,(v) < 0o. Denote by
M and V' their potentials, respectively. If I,M = I,V both p-a.e. ad v-a.e., then

U=V,

Proof. Integrating both the p-potentials I,M and I,V with respect to both the
measures and recalling the relation ([1.10]), we can get any of the following equalities

E(p) = /8T I,Mdy = faT LVdu=¢&,(v).
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Setting f(«) = M(a)|M(a)P~? and g(a) = V(a)[V ()2, by (L.9), we can write

0=2E () + &) —{Lf,v)r2or) — (19, 1) L2(om)
=& (1) +EW) = (f, V)ee) — (9, M) e
) ﬁ(f(a)M(a) +g(a)V(a) - f(@)V(a) - g(a)M(a))
1

ack U}(Oé)

(M =V)(f - g)(a).
It is now clear that the general term of the above series is positive, from which
M=V on E. O

It is clear from the dual definition of capacity that if a property holds ¢,-a.e.
then it also holds p-a.e. with respect to any charge p of finite energy. Hence, the
above result can be restated in the following slightly less general but more natural
form.

Corollary 1.3.9. Given charges p, v on 0T, with E,(p), £,(v) < o0, if I,M = L,V
cp—a.e. on 0T, then p=v.

As a consequence, we have a partial converse of the properties of equilibrium
measures given in Theorem [1.2.2]

Corollary 1.3.10. Let p be a Borel measure on 0T such that E,(pu) < oo and
LM =1 c,—a.e. on A=supp(p). Then p is the p—equilibrium measure for A.

These uniqueness results can be reinterpreted in terms of functions in place of
measures. The following Sobolev space naturally arises from the space of charges
of finite energy,

WP(T):={g:V - R: Vgelr}.

In fact, given a charge p on 9T, denoting by M its co-potential, we have
Ep(p) = [MIMP2|p = | VI, M]3, (1.17)
so that the following proposition is self evident.

Proposition 1.3.11. Let pu be a charge on OT. Then E,(1) < oo if and only if
I,M e Wie(T).

In terms of functions, Corollary reads as follows.

Theorem 1.3.12. Let g, h be p—harmonic functions in WYP(T') satisfying (1.15]).
If g = h, cy—almost everywhere on OT, then g=h on V.
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Proof. Glue together Corollary [1.2.9, Proposition [1.3.11| and Corollary [1.3.9, [

If the tree T is spherically symmetric, by Proposition [1.3.7] we know that in
the linear case p = 2 we don’t need the energy condition g,h € W12(T) in the
statement.

1.3.4 Boundary values

The uniqueness results we presented above are ment to apply to functions
admitting boundary values c,—almost everywhere. A priori it is not obvious which
functions enjoy this property. Here we prove that in fact all the functions in
the Sobolev spaces for which we have uniqueness results indeed admit boundary
values ¢,—almost everywhere. Other results of this kind can be found in [14]. To
prove the existence of boundary values we follow an approach exploiting Carleson
measures, which was already presented in [7] for the linear case p = 2. We include
here the argument adapted for general Sobolev spaces. We restrict calculations in
this section to the un-weighted case for semplicity.

Let T = (V, E) be a rooted tree. We say that p is a measure on T := V udT if
”‘v is a function on vertices and /L‘ oy 18 @ measure on the boundary. Observe that

if u|v(b(0z)) = I*(ulor) (), then it defines a measure which is not finite.

Definition 1.3.1. We say that a Borel measure y on T is a Carleson measure for
Whp if there exists a constant C'(x) > 0 such that for all g € WP

Llapdu<clgl,, (1.18)

These measures have been widely studied and characterized (even in the weighted
case), see for example [6], [4] and [8]. In [6] it is shown that condition (1.18]) can
be reformulated purely in terms of the measure p. In fact, it is shown that it is
equivalent to

EZ( s du)p <C) [ du. (aeB). (119)

Denote by ||i]|car the best possible constant in ((1.19)), which for u fully supported
on JT reduces to

llear = sup 22eU).
ack T*p(cr)

Observe that if p is the equilibrium measure for some set A ¢ 0T, by (1.12)) it
follows that, for every edge o, &, (1)/M(a) < 1, with equality for o = w. Hence,
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litloar = 1 and ¢,(A) = u(A)/| 1?5, On the other hand, for any u supported in
A ¢ 0T we have the bound &,(u) < ||pe|carpp(A), from which

pA) Ay

< <cy(A),
s =&yt =

where the last inequality follows from the fact that the measure p/E,(p)Pt is
admissible. We have derived the following expression of p—capacity in terms of
Carleson measures of WP spaces:

p(A)

-1
e

cp(A) = sup{ : supp(u) € A} . (1.20)

The following proposition shows that the Fatou’s set of a W1P function differs
from the boundary of the tree at most for a set of null capacity. The argument is
taken by [7], where the result is proved for p = 2.

Proposition 1.3.13. Functions in WLP have boundary values c,—a.e. on 0T

Proof. For g € WP (that without loss of generality we normalize to g(0) = 0),
define the sequence of functions g} := [ <|Vg|X‘a| gn). It is clear that g; is pointwise
non-decreasing and it extends to the boundary by continuity, being eventually
constant. By monotonicity we have that the function ¢g*(£) = lim, g} (&) is well
defined for every & € VUdT. Moreover, we have the uniform bound [¢g*[1, < [g]1,-
Now, let u be a Carleson measure for WP and denote by M its co-potential. By
Fatou’s Lemma we have

[ 9 ©u() <timint [ g2(&)7du(e)
=timinf 37 [ g(€)du(€)

laf=n

= 2. g(e(@))P(0a)

|al=n2

<C)lglp-

This implies that g* € L*°(du), and since g* is a bound for the radial variation of
g along geodesics, by Dominated Convergence Theorem we deduce that g admits
radial limit p-a.e. on OT for every Carleson measure u. In particular, the equilib-
rium measure 4 of the set A = 9T\ F(g) is a Carleson measure since ||u?|car = 1,
from which follows that the radial limit exists c,-a.e. O
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1.4 The equilibrium problem

1.4.1 A characterization for equilibrium measures

In this section, we prove one of our main results, which, together with Theorem
1.2.6| provides a characterization of p—equilibrium measures on the rooted tree. .

Theorem 1.4.1. Let p be a non-negative measure on OT. If M = I*pu solves the
equilibrium equation (1.12), namely

M(a)(l - I, M (b(cx) ) BZ;X |M( for every ac e E,

then, there exists an F,—set A € OT such that p is the equilibrium measure of A.

Proof. First of all, observe that a measure u solving has finite p—energy,
since &,(p) = 1(0T). In order to guarantee signs accordance in (1.12)), it must be
I,M(b(«)) <1 for each av € E. It follows that I,M (&) <1 for each £ € T, being
it the limit of the bounded sequence of its partial sums. We show that indeed
I,M =1 p-a.e. on OT.

Let Ex ={a € E: |a|=N}. Toeach N € N we associate a piecewise-constant
function @ on the boundary, ®n (&) = (1-1,M (b(«))) for £ € 9T, a € Eiy. Then
we have

OS/ @Ndu—
orT

Since

[, @vdu= 3> (1= LMGE@NM(@) = T Epal).

OcEEN O(EEN OéEEN

» MOV _ MO |« MG
“EI0= 2 SB) T e e T w(B)

and

> M@ _ -y y MOF M) _ =Y &alp),

1BI=N UJ(ﬂ) acEN B>« W(ﬂ) aeEN

it follows that
f Ondy — 0, as N - +oo.
oT

Also, for each £ € 9T, ®n(§) N P(E) :==1-1,M(&) >0 as N — +oo. Hence, by

monotone convergence theorem, we obtain
[ @©du©) = [ (- LME©)du(©) =0,
orT oT
from which follows [,M(§) =1, p—a.c on 0T
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Now we want to deal with the irregular points for u, i.e. with the u—measure
zero set

Z(p) = {€ esupp(p) : 1,M () <1}. (1.21)

Let B, = {{ esupp(p): I,M (&) <1-1/2"}. Clearly B, € Bys1 and Z(p) = U, B,.
Fix € > 0, and choose a collection of edges (a;?)neN,je 7., such that {GTQ? Yieg, 18
an open cover of B,,. Without loss of generally, we can assume that (a?)neNJE A
satisfies the following:

In fact, if the intersection in (ii) was not empty, one of the two would be contained
in the other and could be replaced by it in the covering family. Moreover, all the
sublevel sets B,, are compact, since the potential I, M is clearly continuous. Hence,
for each n, we can extract some finite subcover so that B, € Ujc, 0T an with | 7,| =
my, € N, which is the finiteness condition on the index set in (iii). Finally, condition
(iv) is because the measure u is outer regular, i.e. 0 = pu(B,) = inf{u(dT,) : a €
E,0T, 2 By}, so there exist sequences (a}); such that 1(0Tn) - 0 and we can
assume we properly extract each subcover from one of those.
Write 0T = F.UG., where G, :=U;, 8Ta§_z and F. =0T \ G.. Observe that,

p(OT) 2 p(Fe) = (0T ) - p(Ge) = w(9T) = 3 M(aj) > n(9T) -3 /2" = p(0T) —e.
Hence we have,
p(OT) = lim pu(F).

Now, I,M =1 on A, :=supp(p) n F., so that M?~! is a p—admissible function for
A.. Then by definition of capacity we have

ep(A) < E(uli) < & () = u(OT). (1.22)
On the other hand, the measure v° := Ll, is admissible for A., since
Ep(plr )P
E,(v7) = 1. By the dual definition of capacity it follows that
£ P /’I’(FE) p
cp(A2) > F(AL)P > <—u(8T)1/P’) . (1.23)
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We are now ready to build up the candidate F, set. Let {e} }reny be a sequence of
positive numbers such that e; ~ 0 as k£ — +oo. Define A := Uy A.,, which is clearly
an F, set. Observe that we can assume that the covers related to each choice of ¢
are taken so that G, c G.,. Therefore we have A, # A as k - +oo. It follows
that

. . . 15
p(A) = lim p(As,) = p(0T) = lim p(Ge,) 2 p(9T) = lim 37 = = (OT),

Ek+1

while the reverse inequality is trivially true. Using this together with (|1.22)) and
(1.23) and the regularity of the p—capacity, we obtain

6 (A) = Tim c,(A.,) = p(0T) = ju(A).
]

It is clear from the proof that the situation is much easier for measures with
no irregular points.

Corollary 1.4.2. Suppose that the co-copotential M of a non-negative measure
on OT solves and I,(I*p) =1 on supp(p). Then, w is the p—equilibrium
measure of supp(u).

In principle, equation ((1.12)) can also be interpreted as an equation in the
function M, with no a priori assumption on weather such a function is the co-
potential of a measure.

Proposition 1.4.3. Let M : E >R, I[,M <1 on 'V, be a solution of (1.12)). Then
M is a non-negative flow on T.

Proof. First of all observe that M solving and such that [, M <1 automati-
cally implies that M >0 on E. We want to show that M satisfies for every
ae E. If M(«a) =0 for some edge a, then the right handside of equation (|1.12))
says that M (/) = 0 on all edges > a and then clearly holds in «. Now,
consider edges a such that M(«) #0. We have

5> M(B) J\Z)((z);' vy M(B)" 3 M(g)(1—IpM(b(B)))

s w(B) sétezt w(B) ety
-(1- pr(e(a)))BZ( M)
:(1_[pM(e(a)))(—M(a)+52(:)M(5))

M@ M)
2 0@ )
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Since 1 - I,M (e(a)) # 0, for every «, it follows that M is forward additive. O

By Remark 2] and the above Proposition we have the following slightly rein-
forced statement for Theorem [L.4.1]

Corollary 1.4.4. Suppose that a function M : E — R satisfies (1.12)) and [,M <
1 on V. Then, there exists an F, set A such that M = I*u, where u is the
p—equilibrium measure of A.

A similar calculation as in the proof of Proposition [1.4.3 can be used to show
that, if M is a (not necessarily positive) flow and ([1.12)) holds for |o| large, then it
holds everywhere. We give here the explicit details.

Proposition 1.4.5. Let « € E and suppose that M is a flow solving (1.12)) for
pes(a). Then M solves (1.12)) also in o.

Proof. The proof is just an easy direct calculation.

(M@ _ [M()f (M@ _ (M) ~ S
52‘ wf)  wl@) ﬁESZ(:a)wB w(p) w(a) 5esz(:a>M(6)<1 I Ml )))
_ M(e)?|M ()l
w(e) ,

i} M(a)<M(a)|M(a)|”

w(a)

= M(a)(1-1,M(b())).

+ M(a)(1-L,M(e(a)))

+1-1,M(e(a)))

]

If we consider functions defined on vertices instead, we have an alternative

formulation of Corollary [1.4.4] which reads as follows.

Corollary 1.4.6. Let g:V - R, g<1 on V', be a solution of the equation

VolvgP2(1-g(b(e))) = V9l 1,y for all ae .

Then, g is p—harmonic and there exists an F, set A such that g = I,(I*i), where
1 18 the p—equilibrium measure of A.

Proof. If g solves the above equation, then the function M = Vg|Vg[P~2 solves
(1.12). By Proposition M is a non-negative flow, so that ¢ = [,M is
p—harmonic. The conclusion is given by Corollary [1.4.4] O

We end the section writing for once the full Characterization Theorem for
equilibrium measures in a compact form.
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Theorem 1.4.7. Let T'= (E,V) be a rooted tree with an edge weight w.

(i) If p is the equilibrium measure of some set A € 0T, then its co-potential
M = I* solves the equilibrium equation ([1.12)).

(it) If M : E - R* is a solution of the equilibrium equation (1.12), then there
exists an F,—set A € 0T such that M is the co-potential of a the equilibrium
measure of A.

1.4.2 Regularity of boundaries

Potential Theory on trees presented in section [1.2.1] provides us with a notion
of regularity for boundaries of trees (or their subsets). Let 7" be a rooted tree,
A c 0T and p = p? the equilibrium measure for A. Denote as usual with M the
co-potential of . We define the set of p—irreqular points of E as the set

I(E)={€eE: I[,M(€)<1}.

Using the same terminology as in the proof of Theorem [I.4.1] the irregular points
of A are the irregular points for its equilibrium measure p4, i.e. Z(A) = Z(u?).
By definition of equilibrium measure, the set of irregular points has always null
capacity. Conversely, every point of a set of null capacity is irregular. We say that
the boundary 9T of a tree is regular if Z(0T') = @. Intuitive examples of trees with
regular boundaries are finite and spherically symmetric trees, defined in section
[1.3.3] For finite trees, regularity follows from the fact that each point is a leaf,
which we know to have positive capacity (see Example. In spherically symmet-
ric trees, all the quantities of our interest are constant on levels (or radial), which
simplifies all the calculations. We write deg(k) and ¢,(k) to indicate respectively
br(e(a)) -1 and ¢, ,(97y), for |af = k. It is clear that also the co-potential M of
the equilibrium measure p of the boundary of a spherically symmetric is radial,
ie. M(a)=M(w)/card{|5| = k} for all |a| = k. A way to see this, is to observe
that the rescaling property of Proposition provides a recursive formula for
the co-potential M: for any edge « of level k we have

uey\"
M(a)=cp(k)|1- ) —F— . 1.24
(@) <>( 50 ) (124)

It follows that M («) is constant on levels and that boundaries of spherically sym-
metric trees are regular: the intuition arising from the symmetry (if a point is
irregular then by symmetry all the points would be), is supported by the fact
that the equilibrium function for the boundary is constant on levels, which gives
If97 =1 on the boundary.
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The radial structure of the equilibrium measure provides an easy way to express
the capacity of spherically symmetric trees with radial weights. In fact, writing u
for the equilibrium measure of the boundary we have

B = 1 M(w) g - b’y 1
(1) =&(1m) = 2. 0, w(k) (card{|ﬁ| = k}) = (01" ), w(k) card{|B] = k}¥'-1

k=0 |B|=k k=0
Solving the equation we obtain
= card{|3] = k}! 7' )
c,(OT) = ( . 1.25

In particular, if we write ¢(n,p) for the un-weighted p—capacity of the boundary
of a homogeneous tree of order n, we recover the quantity calculated in Example

L2

c(n,p)=(1- nl’p')%1 :
Observe that as n - oo we have ¢(n,p) — 1, which is by definition an upper bound
for every tree capacity. This, togheter with Proposition [1.2.3] tells us that for any
given real number c € (0,1) we can find a tree 1" such that ¢,(9T") = c. However, the
construction in the proof of Proposition does not provide a regular tree (the
top right point of the boundary is irregular). It turns out that one can construct
a regular tree of prescribed (arbitrary) capacity.

Lemma 1.4.8. If B < 1, for every real number A > 0 there exists a sequence of
integers ng,ny, ... such that

J=0

Proof. Set ng = | A, so that there exists a reminder ry < 1 such that A = ng + rq.
Setting ny = |r9/B], we have A = ng +nyB +ry, with r; < B, and proceeding like
this one gets

k
A=>"n;BI +ry, with ny = |r_1/B*], ry < B*.
=0
Since B¥ — 0, as k — oo, taking the limit we obtain the result. O

Theorem 1.4.9. For any real number c € (0,¢(2,p)) there exists a subdyadic tree
T with regular boundary such that ¢,(0T") = c.

Proof. Given 0 < ¢ < ¢(2,p), let A = ¢ 7 and ng,n,... non-negative integer
coefficients such that

RS
A= ]Z(:) (p'-1)j
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Let T be a spherically symmetric and purely subdyadic tree, i.e. deg(a) < 2 for
every edge a. Let § € 9T, {a;}52, be the associated edge geodesic and {f;}52, the
subgeodesic obtained extracting all the edges of degree 2. We can choose the tree
so that |8| = ng and |5;| —|B;-1| = n;. Then by we have

() 1-p
n _
¢(2,p) 2 ¢,(T) = (Z 2<—)) =N
k=0

]

Although irregular points are a concrete obstacle when working with capacities,
we have some regularization methods. Given any pair of rooted trees S, 7', write
(S,T) for their biggest common subtree, namely the tree having the property that
any tree Z which is a subtree of both S and T, is also a subtree of (S,T). It is
clear that such a subtree maximizes the capacity: ¢,(02) < ¢,(9(S,T)), for any Z
subtree of S and T

Theorem 1.4.10 (Approximation of capacity via regular boundaries). For any
rooted tree T there exists a tree R having reqular boundary such that

p(OR) =¢,(0T) ==¢

Moreover, the tree R can be choosed so that it agrees with T at a arbitrary scale:
for every € >0 there exists R so that,

cp(O(T, R)) > c—e.

Proof. Let p be the equilibrium measure for 7', so that it solves . Write M
for I* 1. Choosen € > 0 we can associate it the same family of tents 7T},» constructed
in the proof of Theorem [1.4.1] By Theorem [1.4.9, as small as ¢ is, we can choose
a regular tree T such that ¢,(977') = Car p(aT ). Construct a new tree R = R(¢)
from T substltutmg each tent T, with the tree T} rooted in of. Write v} for
the equilibrium measure of 8T]” and N]" for the assoc:1ated co- potent1a1 erte
Se for the subtree 7'\ U, 17 and, as in the proof of Theorem , F. =085, for
T ~Ujn 8Ta?, which equals OR~\ U;,, 0T}

Set k(af) :=1-I,M(b(a7)). We want to define a measure p on 9R such that

(a) NE|8TJ." is the p—equilibrium measure of 9T} as a subset of OR, i.e., by Propo-

sition [L.2.4L pi#[orn = k(o] )P 10}
(b) welr. =
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These requests identify a unique measure u¢, since for each edge 8 of R, we have

that ORg can be expressed as a disjoint union of sets which are fully contained in

F. or in some 9T}, whose measure is defined by (a) and (b) respectively. Observe

that with this measure, the size of the boundary of each trasplanted tree 77" is the

same as the size of the boundary of the removed tent 8Ta? with respect to pu:
ME(a) = (OT)) = p(0Tay) = M (o)),

where M€ = [*puf. As a consequence, the co-potentials of p and p¢ coincide on the
edges which are common to 7" and R. In fact, for any edge 8 of S., we have

MAB)= Y M)+ (075 N UoT)

7y a;?zﬁ

- % M) (075N UOTy) = M(9).

7y a;‘Z,B

In particular,

pf(OR) = u(0T). (1.26)

We claim that pf is the equilibrium measure for OR. To see this, first of all we
verify that it solves equation (1.12)). If « belongs to one of the trasplanted trees,
namely a > o, we have

Epa(®) = k(] VP Epa (W) = ()" (1= e N} (b)) )N ()
= k() (1= Lo N7 (b(0)) ) M< ()
= (F(a) = Lpan M# (b)) ) M* ()

= (1= 1,M2(b(e)) ) M# (a).

(1.27)

Hence, pf solves ([1.12)) for every edge « of T7. Observe that in particular, since
Me#(a}) = M(a}), equation (1.27) together with equation (1.12)) for u give

Eanp(1) = k()M (@) = Ean p(1)-

In fact, the measure p° was constructed so that its energy on the trees 77" equals
the energy of p on the corresponding tents 7,,». This is true more generally for
any tent rooted in one of the edges that T" and R have in common. Namely, for
any edge a of S, we have

> MOS0

BeScnRa w(3) alza

MY S (1) = ).

B BeSNTy w(ﬁ) oz;.LZa

Epa(1) =
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Again by equation (1.12)) for the measure p on the original tree T, for any edge
a €S, we get

Epa (1) = Epa(p) = (1= LM (b(0)))M () = (1= L, M*(b(e)) ) M*(a).  (1.28)

By (1.27) and (1.28)) together we have that equation (1.12)) holds for the measure
uf and every edge o € R.Computing the p—potential of M¢ on OR, for £ € 0Tj’.1 we

get
L,MF(€) = Lyan ME(€) + LM (b)) = (1= LM (B(0)) ) Ipan N (€) + L, M (b)),

while for £ € F it holds I,M¢(§) = [,M (&) = 1.

Since N7 is the co-potential of the p—equilibrium measure of a regular bound-
ary, then I onN(§) = 1 on OT7. It follows that I,M* =1 on supp(p®) = OR.
Then OR is regular and by Corollary [1.4.2] 1 must be its equilibrium measure. It
follows from equation that

¢, (OR) = ¢, (9T).

To end the proof, we have to show that the p—capacity of the tree (R, T) is arbitrary
large. By monotonicity and subadditivity we have,

p(O(R,T)) > c,(0F:) 2 c—c, (U GTJ") >c— Y ¢, (9T]).
j,TL jyn
By the Rescaling Property of Proposition [1.2.4] and the relation
Nj(a}) = M(aj)/k(af ),
we have

> cp(OT]) = 3 N (0 )k(af )Pt = 3 M (af) <,
‘],TL J?n J’n

which gives, ¢,((R,T)) >c-e. O

1.4.3 Infinite tilings and an inverse tiling theorem

In [13] Brooks, Smith, Stone and Tutte considered the problem of tiling a
rectangle with a finite number of squares and proved that to any finite connected
planar graph G can be associated such a packing. The same graph can produce
different packings. Chosing any two vertices in G, they show how the associated
packing can be built in such a way to reflect this choice. See [13] for more details. In
[10] Benjamini and Schramm extended this result to the infinite case, showing that
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infinite graphs can produce infinite packings. Theorem can be reformulated,
for p = 2, in terms of square packings of a rectangle. With this reformulation,
part (i) of the theorem is essentially equivalent to the infinite packing theorem
by Benjamini and Schramm in the special case when G is a rooted tree T, hence
providing a new and different proof of it. More importantly, part (ii) provides
a converse result, in a sense that will be more clear once introduced the proper
terminology.

Given a rectangle R (a closed planar region whose boundary is a rectangle), we
say that a family of squares @ = {Q,} is a square tiling of R if int(Q;) Nint(Q;) = @,
for i # j, and R = U; Q;. We denote by |@Q,| the area of the rectangle @);. By
rotation invariance of the problem we always think rectangles and squares to have
sides parallel to the coordinates axes of R2, and we talk about upper (lower) and
left (right) sides (as well as horizontal and vertical sides) in the obvious way. We
write B(j) and E(j) for the upper and lower side of @);, respectively.

We say that the combinatorics of a family Q) of squares in the plane are pre-
scribed by a tree T if the followings are true.

(i) The squares in the family are indexed by the edges of the tree, @ = {Q, :
aeE}.

(ii) B(«) c E(8) whenever b(«) = e(S).

The un-weighted and linear (p = 2) version of Theorem [1.4.7} can be reformulated
as follows.

Theorem 1.4.11. (i) Let T = (V, E) be a rooted tree and = u? be the equilib-
rium measure (for p =2) for some set A € OT. Then, there exists a square
tiling {Qa}ace of the rectangle R = [0,ca(A)] x [0,1], where the combina-
torics of the tiling are prescribed by T and the square Q). has side of length

|Qal'? = pA(0T5).

(i1) Conversely, suppose a rectangle R = [0,c] x [0,1] is square-tiled by {Q4}a
with combinatorics given by a rooted tree T'. Then there exists an F, subset
A of T such that the measure u(9T,) = |Qa|'?, is the equilibrium measure
of A, and then cy(A) = c.

Proof. (i) Given a tree T with root edge w and a set A € 9T, let {Q4}acr be a
family of squares such that Q, has side of length ¢(a) = u(9T,), being pu = u# the
equilibrium measure of A. By the additivity of u we can place the squares on the
plane in such a way that,

E@) = U B(a).

Bes(a)
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With this choice, the combinatorics is prescribed by T'. Moreover, it is clear that
the interiors of the squares in the family are pairwise disjoint and that U, Q. is
both vertically and horizontally convex (its intersection with any vertical (horizon-
tal) line is either empty, or a point, or a line segment). Now, let R be the rectangle
having vertical sides of length 1 and upper side coinciding with the upper side of
Q(w), so being of length p(9T) = pu(A) = c2(A). Then,

Rl = ca(A) = I"p(w) = E2(p) = 3, 1(0T)* = 3 |Qal = U Qal-

ack ack a

It follows that it is enough to show that the family of squares is contained in R to
prove that it is a tiling. It is clear that all the family {Q,} lies in between the two
vertical sides of R, and that the horizontal room is fully filled, by additivity of the
measure. Moreover, being ;1 an equilibrium measure, for every £ € 9T it must hold

1> 1) () = X n(0T5) = Y 0(B).

B<€ B<€

It follows that U, Qa € R and {Q,}. is a tiling.
(ii) Let the rectangle R be tiled according to the combinatorics of the given tree
T, as described above. Then for each « € E/, we have:

Y1) = ta)(1- Y 4(5)).

Ba B<a

Hence, it is immediate that if we define a measure on 0T by p(97,) = l(«), it
solves equation (1.12)). By Theorem m, it must be the equilibrium measure of
some F, subset A of OT. O

Recall that, given any real number c € (0,1), it is possible to build a tree (even
with regular boundary) with cp(97) = ¢ (see[1.4.9). It follows that we can perform
square tilings of rectangles with any ratio of sides.

Observe also that in (i), if we replace T by its subtree obtained keeping only
the edges o with p(9T,) > 0, then tiling remains, in fact, the same (it is the same
without degenerate squares). Hence from now on we can well assume that A is
dense in OT.

It might be interesting to informally discuss some features of the tiling, and its
relation to the set A. The example below can provide a useful illustration of what
we are here saying in general terms. For each £ in 0T, let {«,} be the associated
edge geodesic with the edge |a,| = n, and choose a point x,,; in @Q,,. Then, it is
immediate that lim,, . z, =: A(§) exists in R, and that it does not depend on the
choice of the x,’s. Let 7(&) be the orthogonal projection of A(£) onto the lower
side of R, identified with [0, c2(A)]. The following facts are easy to check:
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(i) let A" ={€edT: I(I*pA)(€) = 1}: then pu4 = p?, hence they induce the
same tiling;

(ii) 7 is injective but possibly at countably many points and surjective from 0T
onto [0,ca(A)];

(iii) pA(7mY(B)) = £(B) for all measurable subsets B ¢ [0, ca(A)] (where ¢ de-
notes length measure on [0, c2(A)]);

(iv) let Ex(A):={edT: w(§) # A(&)}: then, Ex(A) =0T~ A (if A= A’");

(v) by passing to a subtree of T, we can always assume that cy(An9d7T,) >0 for
all edges a.

Figure 12: For the boundary point & = {x;} € 9T, A(£) does not lie on the bottom
side of the rectangle. i.e. £ € Ex(A)

The combinatorics of the tree are not, by themselves, enough to determine a
unique rectangle R and a square tiling of it. They are, if we assume that the set
A in the Theorem is closed, but they are not in general. This is in striking
contrast with the case of finite trees, or even finite graphs. However, under the
assumption A = A’ of (iv), if c2(A) < ¢2(9T), then a price has to be paid. In fact,
in that case

ca(Ex(A)) > c2(9T) — co(A) >0
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the exceptional set Ex(A) is rather large, although, clearly, 0 = pu4(Ex(A)) =
(m(Ex(A))). In the next example we construct a tree with these features.

Example 1.4 (A regular set of dyadic combinatorics and arbitrarily small capacity
with positive capacity in every subtree). Let € > 0 be any small number, and 7" = T,
a dyadic tree with edge root w. Let n = n(w) be the number of steps one has to
move to the left, starting from the root, before finding an edge o® such that
cp(0Tow) <€/2. Let {af,...,a%} be the geodesic from the root to a, and j; be

the right brother of ¥, i.e. the only edge with b(53;) = b(a¥). In each subtree Tj,,
j=1,...,n, starting from the root §;, move to the left, say n(f;) steps, until you

iﬂ@_) such that ¢,(0T 5, ) <e/(22n). Then we iterate the process:
*n(8;)

{afj, e ,aiiﬁj)} is the geodesic from f3; to O‘?@-) and ; = 7;(j) the right brother

find an edge o

of af 7. In each subtree T,, we individuate as before, always moving to the left,
subtrees with cp(c‘?Taw( )) <e/(23n(B;)), and so on. Let
n ’Yl

A =0T, A=JOT s , As=J U 0T, , ..., andset A=[JA,.
k

j=1  “n(8)) j=1 =1 7(7)

By construction, for every o € E the tree T, contains a tent with boundary in
A. Since tents have positive capacity (for example by the rescaling property of
Proposition [1.2.4)), it follows that ¢,(A ndT,) > 0 for every o € E. On the other
hand,

c,(A) < Zk:cp(Ak) < g % -c.

For the regularity, observe that by construction for every point £ € A, there exists
some edge « such that & € 0T, ¢ A. Therefore, if pu, p® are the equilibrium
measures for A and 0T, respectively, and M, M their co-potentials, we have

LM (€) = LaM(€) + LM (b(a)) = (1 = L,M (b(0)) ) Lp.oa M*(€) + I,M (b)) = 1,

by the regularity of homogeneous trees.

1.4.4 Branched continued fractions

Theorem can be reformulated in terms of branched continued fractions.
Besides adding further interesting structure to the class of equilibrium measures,
this provides a recursive formula for concretely calculating capacity of sets. An
accessible survey on branched continued fractions is in [11]. In the whole section
we disregard weights (we set w(«) =1 for all edges «) to make it more readable.
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Proposition 1.4.12. Let M : E - R* be any non-negative function such that
I,M <1 on 'V, and consider the associated rescaled function defined by

M(«) _
(1- 1M (b))

Then, M is the potential of a measure p on OT if and only if ¢ is defined, for each
edge o which is not a leaf, by the following recursive formula

> e(B)

Bes(a)

1+( > c(ﬁ))

Bes(a)

(1.29)

c(a) =

c(a) = (1.30)

Proof. By ([1.29), M(w) = ¢(w). Denote by a~ the father of a, i.e. the only edge

a~ such that « € s(a™). For every a # w, we have

M ()’ = ()’ (1~ 1M (b(a))) = (@)’ (1~ 1, M (b(a")) - M(a™)""")

- o(a)’ ! M(a )P MY = e(aV M (o p'—ll_c(@_)p,_l
- ety (S - My = etay ar(ay

C

[terating we obtain,

M(a) = e(a) TT (1= ()P 1) (1.31)

y<o

Hence, for any chosen edge a which is not a leaf, it holds

S M@B) =] (1-ctn)?™)" T e(B).

Bes(a) Yo Bes(a)

Now, M is the co-potential of a measure if and only if the flow condition ({1.13])

holds. Namely, using (1.31]), (1.13) holds if and only if
c(a) = (1-c(a)™)"" ¥ «(B),

Bes(a)
which is equivalent (1.30]), as can be seen solving with respect to c¢(«). O

By the rescaling properties of equilibrium measure (Proposition|1.2.4)), we have
that if y is the p—equilibrium measure for a set A € 9T, then ¢(a) = ¢,0(As). This
gives us an algorithm to calculate the capacity of a set in 97" in terms of successive
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tents capacities. Moreover, by relation (1.30)) we deduce that capacities can be
expressed by means of branched continued fractions. For example, by ((1.30) we
obtain the expression

1
CQ(@T) = 1
1+ 1
Bes(w) 1 + Z 1
~ves(8) 1+...

In [36, p. 57| the same structure was observed for the total resistence R of an
infinite tree without edges of degree 1. In particular, for such a class of trees, we

obtain the relation |

1+R
To end the section, we give a reformulation of Theorem which provides a
characterization of equilibrium measures by means of an equation for capacities.

CQ(@T) =

Theorem 1.4.13. Let pu be a measure on T such that I,(I*p) <1 on V. Let
M = I* 1 and write c(«) for the rescaled potential obtained from M («) by means
of . Then, p is the equilibrium measure for some set E ¢ OT if and only if

c(a) (T-c(@)? ) =S e(B) TT (1-c(y)P ). (1.32)

B>« agy<f
Proof. By ((1.29), for each edge o we have
M)
()t
By Theorem m @ is an equilibrium measure if and only if (1.12]) holds, i.e. if
and only if
M(a)? (1-c(a)? ) =c(a)’ ' S M(B).

B>a

But by Proposition [1.4.12] we know that c¢(«) solves (1.30)), or equivalently, M («)
is defined by ([1.31)). Hence, sobstituting above we get

(@) TT (L =e(y)™) (1= e(@)” ) = ()’ 3 e(B) TT (1 =),

V<o p>a v<B

which is ((1.32)). O

M(a)(1-1,M(b(a))) =

o1






Chapter 2

Boundary behavior of inner
functions

In this chapter we present some new results concerning the boundary behavior
of inner functions, which are analytic self-maps of the unit disc D, mapping almost
every point of the unit circle to the unit circle. Every inner function f induces
a boundary map defined (a.e.) on JD, which we denote by the same symbol f
with no risk of confusion. This boundary map lacks the regularity of the inner
function itself and it is actually discontinuous at every point £ € D where f does
not extend analytically. For this reason, it is not easy to study the behavior of an
inner function as a mapping from the unit circle to itself.

A classical result due to Lowner (see, for instance, page 12 of [3]) says that
Lebesgue measure A on the unit circle is invariant under the action of any inner
function f fixing the origin: for every set FE ¢ dD,

A(fH(E)) = \(E). (2.1)

In the 90’s Fernandez and Pestana pushed such an analysis to a deeper level,
studying the distortion of the a-dimensional Hausdorff content

M, (E) = inf 3" A(L)°

of a set E ¢ 0D under an inner function f fixing the origin. In |19], they prove
that for any 0 < a < 1 there exists a constant C, > 0 such that

My (fHE)) > CoMy(F). (2.2)

Both the results adapt smoothly, with a standard argument of conformal invari-
ance, to the case when f fixes a point z € D~ {0}. In such a case the harmonic
measure A\, centered at z, naturally takes the role of the Lebesgue measure, as
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CHAPTER 2. BOUNDARY BEHAVIOR OF INNER FUNCTIONS

we will see later. However, inner functions are defined as well (a.e.) on the unit
circle, and they can present boundary fixed points, i.e. points £ € 0D such that
f(&) =&, and no interior fixed points. In such a case, the conformal invariant
extension of results and do not give any information on distortion of
measure and content for inner functions with no interior fixed points. This is the
original observation from which our work departs. We look for a more general
class of measures which allow us to get results in the spirit of and but
applying also to inner functions with no interior fixed points.

The chapter is divided into two sections. The first one contains all the required
preliminaries while the second contains our results. More in detail, in section
[2.1] we begin by introducing some basics concepts about analytic self-maps of
the unit disc, such as angular derivatives and their connection with boundary
fixed points. We then define inner functions giving some examples and presenting
their canonical factorization. We introduce the powerful tool of Clark measures
which allows us to give an alternative definition of inner function and an extra
characterization of points admitting finite angular derivatives. We then talk about
the analytic continuation of inner functions across the boundary and we show,
roughly speaking, that boundary points are either extremely regular or extremely
irregular (Theorem[2.1.7)). This is the only original result in the first section, which
is meant to be introductory to the problem.

Section is devoted to present our results. We state Lowner Lemma and
Fernédndez-Pestana theorem in a conformal invariant version, so that they apply
to all inner functions with interior fixed points. We introduce a new measure i,
fitting with our purpouse, which is to extend the aforementioned results to inner
having only boundary fixed points. The approach we adopt is to “push” the known
results to the boundary, obtaining the desired results as some sort of limit cases of
and . Once our results are proved, we provide two applications. The first
one concerns a smoothness property of inner functions which omit large sets of the
unit disc and it is inspired by a nice result in [19]. In the second application we
obtain analogous results on distortion of sets in the real line under inner mappings
of the upper half plane.

All the original results in this chapter have been obtained together with Artur
Nicolau and Odi Soler i Gibert and are essentially contained in [27].

2.1 Self maps of the unit disc

2.1.1 Fixed points and angular derivatives

Our object of study are holomorphic functions defined on the unit disc D = {z €
C: |z| < 1}, which, by means of the Riemann mapping theorem, can be though of
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2.1. SELF MAPS OF THE UNIT DISC

as a model space for every simply connected domain of the complex plane. The
class of bounded analytic functions on the unit disc is classically denoted by H®.
An analytic self map of the unit disc is a function f € H* such that f(D) c D.
We denote by Aut(D) the group of the automorphisms of the unit disc, i.e. the
class of univalent self maps of the unit disc such that f(ID) =ID. They are exactly
the Mébius transformations of the form Ag,,, where w € D, |A\| = 1 and ¢,, is the
conformal bijection of D mapping w to 0 and vice versa:

w—-z

ng(Z) = 1

wz

We say that a sequence of points {z,} €D converges non-tangentially to p € 9D
if for each n the distance of z, from p is comparable to its distance from the
boundary. Namely, {z,} tends to p and there exists some 0 < § < 1 such that
{zn} cTs(p) ={zeD:|z—p| < B(1-]|z])}. Theregion I'3(p) is called the Stolz angle
with opening  and vertex at p. We say that a function f:ID - C admits angular
limit at p € D if there exists n € Cq such that f(z,) — n for every sequence of
points {z,} converging non-tangentially to p. We write < lim,_,, f(2) = n or simply
n = f(p). It is a classical result by Fatou that bounded holomorphic functions on
the unit disc admit angular limit at almost every point of the boundary.

Let f be an analytic self map of the unit disc having unimodular angular limit
at &, i.e. f(&) € OD. We say that f has a finite angular derivative at £ if one of
the following equivalent conditions hold:

(i) < hirgl % exists and is finite.
(i) liminf 1=l =4>0.

61—
(iii) < lngl f'(2) exists and is finite.
z—>

The equivalence of the three conditions above is guaranteed by the classical Julia-
Carathéodory theorem (see for example Chapters IV and V of |35]). The value of
the limits in (i) and (iii) coincide and are denoted by f’(£), namely the angular
derivative of f at & Moreover it holds

(&) =€£ ()3, (2.3)

so that in particular ¢ = |f'(£)|. As a convention, we set | f/(§)| = +oo if the function
f does not have a finite angular derivative at &.

Angular derivatives may help in identifying and describing fixed points. If f is
a disc automorphism (not the identity and not a rotation fixing only the origin),
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CHAPTER 2. BOUNDARY BEHAVIOR OF INNER FUNCTIONS

solving the second degree fixed point equation f(z) = z one can see that either
f has a fixed point z; € D and another one z3 € C\ D (in which case f is called
elliptic), or it has two (possibly coinciding) fixed points £, & on dD. Moreover, if
f is an automorphism and f(zg) = zo, it holds |f’(29)| = 1. More generally, as an
immediate consequence of the Schwarz-Pick Lemma, any analytic self map f of
the unit disc can have at most one fixed point 2y in the open unit disc, at which it
holds |f"(z0)| < 1, with equality if and only if f is a disc automorphism. Of course,
f can possibly have also some boundary fixed point, in the sense that there exists
some point & € OD, at which f admits angular limit f(&), and f(&) = &. By
it follows immediately that |f’(£o)| > 0 at boundary fixed points. Unfortunately,
we cannot say much about the number of boundary fixed points of f when the
function is not a disc automorphism. However, the following celebrated theorem
assures that there is at most one fixed point which is attracting for the dynamics
of the iterates of f.

Theorem 2.1.1 (Denjoy-Wolff, see e.g. Chapter V of [35].). Let f be an analytic
self map of the unit disc which is not an elliptic automorphism. Then, there exists
a unique point p € D, called the Denjoy- Wolff fixed point of f, such that the iterates

J™ tend to p uniformly on compact sets of D. Moreover, p is the unique fized point
of fin D with 0 <|f'(p)| < 1.

So, given an analytic self map of the unit disc f, either it has a fixed point z; in
the interior of I, which is the Denjoy-Wolff fixed point, or it has no interior fixed
points, in which case the Denjoy-Wollff fixed point lies on the boundary and it is the
only fixed point &, in 9D for which the angular derivative satisfies 0 < |f’(&o)| < 1.

2.1.2 Inner Functions

Let f: D — I be analytic. We denote by F(f) the set of Fatou’s points of f,
i.e. points £ € 9D at which the angular limit f(£) exists and is unimodular. Our
object of study are those functions whose set of Fatou’s points have full measure
in the unit circle.

Definition 2.1.1. An analyitic function f:D — D is called inner if |f(£)| =1 for
a.e. £ € dD, i.e. if almost every boundary point is a Fatou’s point for f.

It is clear that every disc automorphism is an inner function for which all
boundary points are Fatou’s, and the same is true for every finite product of
automorphisms. Less evident is the fact that even some infinite products of au-
tomorphisms may produce inner functions. A Mobius transformation is called a
Blaschke factor if it is positive at 0 or if it vanishes but has a positive derivative
at 0. Namely, Blashke factors are exactly the disc automorphisms of the form
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2.1. SELF MAPS OF THE UNIT DISC

ba(2) = (a/a)pa(2), plus the identity function z. An infinite product of Blaschke
factors converges to an inner function if and only if the zeros of the factors sat-
isfy some natural asymptotic condition. Accordingly, the produced inner function
takes the name of (infinite) Blaschke product.

Proposition 2.1.2 (see, e.g. [24], pag. 63). Let {z;} be a sequence of points in
D~ {0} satisfying the Blaschke condition

Z(l—|zj|)<oo. (2.4)
j
Then, the Blaschke product of the sequence {z;},

+

By (2)=T]

J=1

Zj Zj—Z

)
|21 1-7%2
converges uniformly on compact subsets of D and defines an inner function.

Condition is satisfied by the zeros of any bounded analytic map of the
unit disc (in fact, any function in the Nevanlinna class, see [21]). It follows that for
every f e H* we can write f = 2By, yg, where k € N is the multiplicity (possibly
zero) of the zero of f at the origin, B is the Blaschke product of the other zeros
of f and ¢ is a zero free bounded analytic map of the unit disc. Assume, without
loss of generality, that | f| < 1, and observe that log|g|™" is a positive harmonic
function. Hence by the Herglotz-Riesz representation theorem, it is the Poisson
integral of a positive measure p on the unit circle. Writing the Poisson kernel as
the real part of the Herglotz kernel, we have

2 €i6+2

loglg(=)|"! = Re (~logg(2)) = Re |

Hence, there exists A € D such that

g(z) = Aexp (— —/:W z: J_r Zd,u(@)) . (2.6)

o du(0). (2.5)

Now, f is an inner function if and only if the angular limit of log|g|™" vanishes
almost everywhere on the unit circle, from which follows that the measure p in
(2.6]) is singular. Accordingly, an analytic self map of the unit disc having the form
(2.6) with p a positive singular measure is called a singular inner function and
will be denoted by S,. We have just proved the following classical factorization
theorem.

Theorem 2.1.3. Every inner function f has the form f = BS,,, where B = 2* By, 4
is the Blaschke product of the zeros of f and S is the singular inner function
associated to a singular measure .
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CHAPTER 2. BOUNDARY BEHAVIOR OF INNER FUNCTIONS

A Blaschke product is the prototype of inner function one has to have in mind.
In fact, not only they are one of the building blocks of every inner function as the
just stated factorization theorem proves. It turns out that every non constant inner
function is in fact a Blaschke product, up to composition with a disc automorphism.

Theorem 2.1.4 (Frostman, see e.g. [21], theorem 6.4). Let f be a non constant
inner function. Then, for every w € DN K, where K is a set of logarithmic capacity
zero, the function

_fG)-w
SR E)
1 a Blashke product.

It is worth mentioning that Ahern and Clark have provided a full characteriza-
tion of points where an inner function admits a finite angular derivative in terms
of the distribution of its zeros and the singular measure of its singular inner factor.

Theorem 2.1.5 ( [2], Theorem 2). For an inner function f = z*By, S, and a
point & € D, it holds

o E Lo |
@)= % e e 2 [ e ©

The case when f is a Blaschke product was already observed by Frostman
in [20].

2.1.3 Clark measures and analytic continuation

Fix an analytic self-map of the unit disc f. For any point o € 9D, the associated

function

o+ f(z) _1-1f)P
a-f(z) la-f(2)P
is harmonic and non-negative on ). Hence, by Herglotz-Riesz representation the-
orem, there exists a finite and non-negative measure p, on 0D such that:

+ 1-|2? +
Rj—ﬁi - [ é_'deua(@ - [ Re S (@) = Pla)(), <D,
(2.8)
The elements of the family {1iq }aecop are called Clark measures (for the function
f). See [32] and [30] for good surveys on these measures and their applications in
complex analysis and operator theory. If we denote by v, the Lebesgue absolutely
continuous part of the Clark measure u,, then it is classical that P(uq)(r§) —

vo(€) as v — 17, for a.e. € € dD. On the other hand, it is clear by (2.7)) that

z+~ Re

(2.7)
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2.1. SELF MAPS OF THE UNIT DISC

lim,1- P(pa)(r€) = 0, at least at every Fatou’s point & ¢ f~!(«), from which
follows the following alternative definition of inner function.

Theorem 2.1.6 (see [32], theorem 2.2). An analytic self-map f of the unit disc is
an inner function if and only if the associated Clark measure p,, 1s strictly singular
for some (equivalently, for all) o € OD.

Moreover (see again [32], theorem 2.2) the singular part of any Clark measure
lo is supported in f~1(«). It follows that when f is an inner function,

Lo (8]1]) N{EedD: « £i£r£1f(z) = a}) =0. (2.9)

It is worth to mention that Clark measures also provide a further characterization
of the points at which an analytic self map of the unit disc f admits finite angular
derivative. In particular, f admits finite angular derivative at &, € 0D if and only
if the Clark measure pi s,y has a point mass at & (see [32, Theorem 3.1]). No
other Clark measure can have a point mass at &y: 1o ({&}) > 0 implies a = (&)
and | f"(&o)| < oo.

There are different ways to classify points of the unit circle with respect to an
inner function f. We have seen that we can distinguish points which are Fatou’s
for f and points which are not, or points which have finite angular derivative and
points which have not. We introduce now a further classification method. Every
inner function f partitions the unit circle into two sets: the points at which f can
be extended analytically and the points at which it cannot. The latter is called
the set of singular points of f, denoted by Sing(f), and it can be proved (see [21],
theorem 6.1 and 6.2) that, if f = 2By, S, then

Sing(f) = {2} U supp(p).

Observe that singular points can well admit finite angular derivative. For example,
consider a Blaschke product B with zeros {a,} tending tangentially to 1 in a way
such that

o L= anf”
. 2.10
e 210
Then, by Theorem [2.1.5] at the singular point 1 we have |B’(1)]| < co.
Nevertheless, the behavior of an inner function at singular points is very wild,
in the following sense: let f be an inner function and &, € dID. Then, either f
extends analytically in an open neighbourhood of £, or (see [21], theorem 6.6),

C(f,&) =D. (2.11)
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CHAPTER 2. BOUNDARY BEHAVIOR OF INNER FUNCTIONS

Here, Cp(f,&) is the cluster set of f at &, which for any function f which is
meromorphic and sigle-valued on the unit disc and for any &, € D is defined as

Co(f,&) = {a € Cu{oo}: there exists {z,} €D s.t. limz, =& and lim f(z,) = a}.

In fact, we can show that this bahavior holds in a stronger sense for the boundary
map induced by f.

Theorem 2.1.7. Let f be an inner function and & € 0D a singular point. Then,
for every arc I containing & it holds f(I ~{&}) = ID.

Proof. Let & be a singular point for f and fix o € 9D. For § >0, let I5 = {{ € D :
|€=&] < 0}. We want to show that for any ¢ > 0 there exists a Fatou’s point & € Iy,
such that f(¢) = a. By it suffices to show that p, (I5) >0 for any 6 > 0. The
Clark measure p, satisfies (2.8)), hence the analytic function

a+f(z) §+z
a-f(z) Jmwe-=z

has zero real part. Therefore, g = iC', for some real constant C'. In particular,

' - _ a+f(0)
since fio(0D) = P[1a](0), we get C' =Im a=f(0)"

Now, suppose that p, (I5) =0 for some 0 > 0. Then,

9(2) = dpie (8),

(),

a+f(z , €+z &+
- f(z f £-

implying that the left handside extends analytically through the singular point &,.
But by , we know that there exists a sequence of points {z,} ¢ D tending
to & for which f(z,) - «. Hence the denominator in the right hand side can get
arbitrarily small as z - &, leading to a contradiction.

dpia(€) = ODNI

]

2.2 Distribution and distortion of sets under
inner functions

2.2.1 Motivation and statement of results

Denote by A the normalized Lebesgue measure on 0D and by A, the harmonic
measure from the point z € D, given by

\(F) - f o),



2.2. DISTRIBUTION AND DISTORTION OF SETS UNDER INNER
FUNCTIONS

for any measurable set £ ¢ dD. A classical result due to Lowner (see, for instance,
page 12 of [3]) says that Lebesgue measure is invariant under the action of any
inner function fixing the origin. More generally, the following conformally invariant
version of Lowner’s Lemma holds.

Theorem 2.2.1 (conformal invariant version of [3], theorem 1.6). Let f: 1D - D
be an inner function and z € D. Then,

)\z(f_l(E)) = Af(z)(E)

for any measurable set £ ¢ OD.

Observe that, if z € D is a fixed point of f, Theorem says that A, is
invariant under the action of f. So, morally the above theorem says that if f(z) = 2
then if one looks at the sets E and f~!(FE) from the base point z they appear to
have the same size However, it may be the case that f has no fixed points in D
but only on JD. For example, consider the function

223 +1

2+ 23

f(z) =

It is easy to check that f is an inner function and that its only fixed points are
+1 and -1. In particular +1 is the Denjoy-Wolff point, since |f’(1)| = 1 while
F(-1)]=9.

A question arises naturally: does it exists a measure which is invariant under
the action of an inner function with no interior fixed points? In other words, can
we find an analogue of Theorem when z € JD? The idea is to look for a
measure on JD which allows to measure sets with respect to boundary points.
This can be seen as an analogue of the harmonic measure in which the base point
can lie on the boundary. To this goal we consider a measure introduced by Doering
and Maiié in [17]. Fix a point p € D and consider the positive measure j, on 9D
defined by

i) = [ e dN),

for any measurable set £ ¢ JD. Observe that for a point p € JD the measure y,
is not finite, while for p € D, it is just a scalar multiple of the harmonic measure
given by p, = (1 —|p[?)~tA,. Also, it is clear that u, is absolutely continuous with
respect to the Lebesgue measure: p,(E) = 0 for some (equivalently, for all) p if
and only if A\((E) = 0. A very natural interpretation of the measure p, when
p € 0D is the following. Let w,:ID — H be the conformal map from the disc into the
upper half-plane H such that w,(p) = oo and w,(0) = /2. Then, for any measurable
set E ¢ 0D, we have that p,(F) = |w,(£)|, where we denote by |A| the Lebesgue
measure of a set A ¢ R. Roughly speaking, for a point p € D, the measure p, gives
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information about the size and the distribution of a set around the point p. Sets
having large p, measure are those that are highly concentrated around the point
p. In particular, if £ is an open neighbourhood of p, then p,(E) = co. Our first
result is the following analogue of Theorem [2.2.1]

Theorem 2.2.2. Let f:ID — DD be an inner function and let p € 0D be a boundary
Fatou point of f.

(a) Assume |f'(p)| < oo. Then

po(fH(E)) =1 (P)tg ) (E)

for any measurable set E ¢ OD.

(b) If | f'(p)| = o0 and E €D is a measurable set, then p,(f~1(E)) = oo if \(E) >0
and iy (f(F)) = 0 if A(E) =0.

As we can see, we still have a general relation between the measure of a set and
its preimage under f, independent of the set. Nonetheless, in this case, a distortion
factor appears and it is given by the size of the angular derivative at the point p.
If p € OD is the Denjoy-Wolff fixed point of f, this result was previously proved
in [17].

In [19], Ferndndez and Pestana studied the distortion of Hausdorff contents
under inner functions. For any fixed z € D and 0 < « < 1, consider the Hausdorff
content defined as

Mo(A)(B) =inf S (L))",

where the infimum is taken over all collections of arcs {/;} of the unit circle such
that £ c U1;. Thus M,(Xo)(E) is the standard Hausdorff content of E, which is
denoted by M,(E). Observe that if z € D and 7 is the automorphism of D which
interchanges z and 0, then M,(\.)(E) = M,(771(F)) for any E ¢ 0D. Fernandez
and Pestana proved the following result, analogous to Theorem for Hausdorff
contents, stated here in a conformally invariant way.

Theorem 1. For any 0 < o < 1 there exists a constant C,, > 0 such that, if f:D - D
is an inner function and z € D, we have

Ma()‘Z)(f_l(E)) 2 CaMa(/\f(Z))(E)

for any Borel set F ¢ dD.

It is also shown in [19] that there exists an inner function f such that the
preimage of a single point has Hausdorff dimension 1. Hence, the converse estimate
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in Theorem [1] is false. It is worth mentioning that a related result for sets £ c D
was established in [23].

For 0 < v < 1 and p € OD, we define the (p,«)-Hausdorff content of a Borel set
E c 0D as

Mo(ptp)(E) = inf ) (1;)%,

where the infimum is taken over all collections of arcs {/;} of the unit circle such
that £\ {p} € UI;. Our second result is the following analogue of Theorem [I| when
z € JD.

Theorem 2.2.3. Let f:ID - D be an inner function and let p € 9D be a boundary
Fatou point of f.

(a) Assume |f'(p)| < oo. Then for any 0 < o < 1 there exists a constant C, > 0,
independent of f, such that

Mo (1) (fH(E)) 2 Cal £ (9)* Mo 1155 (E)
for any Borel set E ¢ OD.

(b) Assume |f'(p)| = oo. Then we have that My(p,)(f1(E)) = oo for any Borel
set £ ¢ 0D such that M,(E) > 0.

The proofs of Theorem and Theorem are given in Section [2.2.2]

2.2.2 Boundary distortion theorems

In this section we prove our main results. We start with some elementary
properties of the measure p, and the content M,(p,). Recall that a sequence of
points {p,} € D converges non-tangentially to a point p € 9D if lim p,, = p and there
exists 4 >0 such that {p,} € I'z(p).

Lemma 2.2.4. Let p € OD. For every sequence of points {p,} € D converging
non-tangentially to p, we have

lj’pn(E) - /’LP(E)7 asn — 007

for any measurable set £ ¢ JD.

Proof. Let {p,}, €D be any sequence of points approaching p, and write u,, = 11,
for every n > 1. By Fatou’s Lemma, we have

1
|€ _pn|2
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from which it follows that the result is true when y,(E) = co. So assume p,(E) < oo.
Fix € > 0 and consider an arc I centred at p and such that p,(EnI) < e. Since
pn — p non-tangentially, there exists a constant C' > 0 such that £ - p,| > C|¢ - p|
for every £ € 9D and every n > 1. Hence, we have that p,(E n 1) < C=2¢ for every
n. On the other hand, by dominated convergence, we have that

n(E 0 (ODN 1)) —> (B (0D ), as n - oo,
from which the result follows. O

Observe that the assumption on the non-tangential convergence of the sequence
{p,} to p only enters into play if p € E. If p ¢ E, the result holds true for any
approaching sequence. However, as the following example shows, Lemma [2.2.4
fails badly if p, approaches p tangentially. Fix a point p € 0D and consider a
sequence of points {&,} € 9D such that |, — p| = 1/(2n) for every n > 1. Consider
as well the sequence of pairwise disjoint arcs {I,} such that I, is centred at &,
and A\(I,) = 1/(4n*) for every n > 1. Now, let E = U, I, pn = (1 = A(1,,)) &, and
fn, = fp,, for every n > 1. Since (1 - |p,|)/|p — pu| < 1/n3 — 0, the sequence {p,}
converges to p tangentially. For § € I,,, we have |p, — §| < 2A\(1,,) and pu,(1,) >
(4X(1,))~! = n* Now, on one hand we have p,(E) > p,(I,) — o0, as n — co. On
the other hand since |p—¢| < 1/n for any & € I,,, we have u,(I,) < n?A(I,) = 1/4n?
and we deduce

1(E) = ¥ (1) < 0.

For 0 < a < 1 and z € D consider the (z,«)-Hausdorff content of a Borel set
E c 0D defined as

Mo (p)(E) = inf Z = (1;)",
J
where the infimum is taken over all collections of arcs {/;} such that E c U ;.

Lemma 2.2.5. Given pedD and 3> 0, let I'3(p) be the Stolz angle of opening
with vertex at p. Then there exists a constant C = C(5) >0 such that

1:(A) < Cpp(4)

for any measurable set A€ 0D and any z € I'3(p). Consequently, for any 0 <a <1
we also have My (p,)(A) < CYMy(pp)(A) for any set A< 0D and any z € Tg(p).

Proof. Observe that there exists a constant C'= C'(5) > 0 such that [ -z| > C|¢-p|
for any z € I'3(p) and any £ € OD. Hence, p.(A) < C2u,(A) for any measur-
able set A ¢ 0D and any z € I'g(p). This last estimate also gives M, (u,)(A) <
C20 M, (j1,) (A). a
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The corresponding result to Lemma for Hausdorft contents reads as fol-
lows.

Lemma 2.2.6. Let 0 < a < 1 and p € ID. For any sequence of points {p,} ¢ D
converging non-tangentially to p, we have

Tim Mo (1, ) (E) = Ma (1) (E) (2.12)
for any set E ¢ OD.

Proof. Write p,, =, for every n > 1. Assume that M, (u,)(E) < co. In this case,
we split the proof of the result into two parts. First we show that

limsup Mo (1) (E) € Mo (41,)(E), (2.13)
and then we prove that
lim inf Mo (1) () > Mo (1) (E), (2.14)

from which (2.12) follows immediately. To prove (2.13)), given € > 0, take a covering
of the set E \ {p} by open arcs {I;} such that

2t (1) < Mo (1) (E) + .

Now, by Lemma [2.2.5] for each interval I; and for every n > 1 we have that

(L) < Cpp(1).

Thus, by Lemma [2.2.4] and dominated convergence, we get that
Z,Un(lj)a - Z:Up([j)a> as n — 0o.
J J

By definition, My (pn)(E) < ¥; pn(1;)* and, thus follows immediately.

We prove inequality by considering two cases. Assume first that p ¢ E.
Pick £ > 0 and a covering of E by open arcs {I;}, such that dist(I;,p) > dist(E, p)/2
for every arc I;. Observe that, in this situation, there exists ng > 0 such that if
n > ng, we have that

pa(Lj) 2 (1 =)0 p, (1)

for every arc I; in our covering. Thus, for any such covering of E \ {p}, if n > ng

we have that
Zﬂn(lj)a > (1-¢e)Ma(pp)(E).
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Observe that the infimum of ¥ y1,(1;)® when ranging over all coverings {/;} of E'x
{p} by open arcs satisfying that dist([;,p) > dist(E, p)/2 is, precisely, M, (i) (E).
Hence, equation follows in the case that p ¢ E, and therefore equation (2.12)
as well in this situation.

In the case that p € E, since we assumed that M, (u,)(E) < oo, given ¢ > 0 we
can choose 0 = 6(¢) > 0 such that M, (u,)(EnI(p,d)) <e, where I(p,d) denotes
the arc centred at p of length §. Let us denote Es = E \ I(p,d). Since p ¢ Es, we
already know that

,lbllf}o Mo (pn)(Es) = Mo(pp) (Es) 2 Mo (1) (E) — €.
Hence, for any given € > 0, we have

h}g})g}f Mo (pn)(E) 2 il_ﬁlo Mo (pn) (Es) 2 Mo(pp) (E) — €.

This concludes the proof whenever M, (u,)(E) < co.

Assume now that M,(u,)(E) = co. In this case, for any N > 0 we can find
d = 6(N) > 0 such that M,(p,)(Es) > N, where again Es = E ~\ I(p,d). Since
p ¢ Es, we have that

gl_)nolo Mo (pin) (Es) = Ma(p1p)(Es) > N.

Hence, there exists ng > 0 such that if n > ng, then M, (u,)(Es) > N. Using that

Mo (pn)(E) > My (pn)(Es), we get (2.12) in the case in which M, (u,)(E) = co as
well. O

We will use the following immediate consequence of the Julia-Carathéodory
theorem.

Lemma 2.2.7. Let f be a holomorphic self map of the unit disc. Let {p,} be a
sequence of points in D converging non-tangentially to a point p € ID. If |f'(p)| <
oo, then {f(pn)} converges to f(p) € 0D non-tangentially.

Proof. Since |f'(p)| < oo we have that f(p) € OD. Write

Also because |f’(p)| < oo, by Julia-Carathéodory Theorem, the first and third
terms converge respectively to |f'(p)| and |f'(p)|~!, and therefore

L 1= ()] . 1=l
1 f— = =7 =] f
T - o] - pal

> 0.
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Note that the assumption of finite angular derivative is necessary in the above
statement, even if we ask for the function f to be inner. In fact, it can be proved
that there exist inner functions mapping a given Stolz angle to a tangential region
(see [18]).

We are now ready to prove our main results.

Proof of Theorem[2.2.4. We can choose a sequence of points {p, } in D approaching
p non-tangentially such that

lim 1- |f(pn)|2

=1f"(p)| > 0. 2.15
Jim — e = 1) (2.15)
By Theorem [2.2.1 we have that
- 1 [f(pn)l”

Lemma E2) gives that 1, (f1(E)) ~ sp(f-1(E)) as n > oo. It |f/(p)] < oo,
applying Lemma one deduces that f(p,) converges to f(p) non-tangentially.
Thus, Lemma [2.2.4] gives that 1i7(,,)(E) = s (E) as n — oo. Therefore, equa-
tions (2.15) and (2.16) prove the statement (a). Assume now that |f’(p)| = oo.
If ppey(E) = 0, we have A(E) = 0. Hence, by Theorem we have that
A(fH(E)) = 0 and it follows that 1,(f~1(£)) = 0. Finally assume gz (E) > 0.
Observe that for any n > 1 we have juy(,,.)(£) > A(E)/4 > 0. Thus, since | f'(p)| = oo,
the right-hand side of equation tends to infinity and, by Lemma , we
deduce that p,(f1(E)) = . O

Proof of Theorem [2.2.3. We will use Theorem [I] in the following form. For z € D

we have that

M) () > € (SR ) ) (2.17)

for any Borel set £/ ¢ dD. We can choose a sequence of points {p,, } in D approaching
p non-tangentially such that

1= |f(pa)?
i L1 2)I
n—o00 1- |pn|

Assume |f’(p)| < co. Applying Lemma and equation (2.17)), we get
Malitp) (7)) = lim Mapip, ) (E))

(%) Mot (pn)) (E)

= Col f'(p)|* limsup Mo (pef(p,y) (E)-

n—00

=|f'(»I>0. (2.18)

> limsup C,

n—-oo
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By Lemma [2.2.7, f(p,) tends to f(p) non-tangentially as n — oo and hence,
Lemma [2.2.6] gives that

Jim Mo 111)) () = Ma(tg0) (),

which finishes the proof of part (a). Assume now |f(p)| = c0. We can assume
f(p) ¢ E. Since My(ps))(E) > 0, there exists an arc I centred at f(p) such
that My (pspy)(E N 1I) > 0. Write £ = £\ I. Then there exists ng > 0 such that
Mo(tespay) (E*) > Mo(piypy) (E*)/2 if 0> ng. Now,

Ma(up)(f_l(E*)) = ALI{}O Ma(ﬂpn)(f_l(E*))

(M)a Mo (ps(pny)) (E) = 0.

> C, limsup
1- ‘pn|2

n—oo

Hence M, (p,)(f~1(E)) = oo. O

2.2.3 Omitted values

In this section we aim to present a first application of our results. A classical
result by Frostman says that any inner function f can omit at most a set of
logarithmic capacity zero, that is, D\ f(ID) has logarithmic capacity zero (it follows
from theorem . Conversely, given a relatively compact set K of the unit disc
having logarithmic capacity zero, the universal covering map f:ID - D\ K is an
inner function (see page 323 of [37]). Given a set E ¢, its non-tangential closure
on 9D, denoted by ENT | is the set of points £ € 9D for which there exists a sequence
{zn} € E such that z, - £ non-tangentially. We first state an auxiliary result which
may have independent interest.

Lemma 2.2.8. Let f:ID — DD be an inner function and let E =D~ f(D) be the set
of its omitted points. Then

FHENT) e {g € aD:|f(&)] = oo}

Proof. Consider a point £ € 0D such that the angular derivative of f at & exists
and it is finite, and let £ = f(£). In other words assume that

o E-f(r)
Fﬁ(lgl)amz—»g—g—z =A (2.19)

is finite. We want to see that, in this situation, for any opening v > 1, there is
0 < s=s(y) <1 such that the truncated cone

[5,5(€) = {w e D:[€ —w| <y (1 = fw]), |§ - w| < s}
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does not intersect £, that is, I', ;(§) € f(ID). So fix v > 1 and consider I', ;(£) with
0 < s <1 to be determined. Fix wy € I', 4(£). We want to see that there is 2y € D

such that f(zp) = wo. By equation (2.19), we can express
f(2) =&+ A(z - &) +o(]z =€),

where o(|z - ¢&])/|z - & = 0 as z — £ non-tangentially. Consider I'z,(§) with 5 > 2y
and 0 <7 <1 to be determined. Observe that there exists 0 < rg < 1 such that, if
r<roand 0 < s < |A|r/2, then for any z € ', (£) we have that

|(f(2) —wo) = (§+ A(z = &) —wo)| < [§ + Az = §) — wo|.

Thus, by Rouché’s Theorem, the functions f(z)-wg and g(z)—wq = £+ A(2-&) —wy
have the same number of zeroes in I'z . (£). But g(z) is a degree 1 polynomial and

g(Tsr(&)) = Tajap(§) 2 I, 5(£), and thus g(2) — wo has a single zero on I'g,.(£).
Therefore, there is 2y € 'z - (£) such that f(zy) = wp, which completes the proof. [J

As an application of Theorem [2.2.3] and Lemma [2.2.8] we have the following
result.

Corollary 2.2.9. Let f:ID — D be an inner function and let E =D~ f(D) be the
set of its omitted points. Let p be a boundary Fatou point of f.

(a) Assume |f'(p)| < oo. Then for any 0 < o < 1 there exists a constant C, > 0,
independent of f, such that

Ma(pp) ({€ € OD:[£'(§)] = 00}) 2 Cal f' ()" Ma (1) ) (ENT). (2.20)
(b) Assume |f'(p)| = co. Then, whenever My (pispy)(ENT) >0,
Ma(pp) ({€ € OD: [ f(§)] = 00}) = oo.

2.2.4 Inner functions in the upper half plane

Let H = {w € C:J(w) > 0} be the upper half plane. A holomorphic mapping
g:H — H is an inner function of the upper half plane if lim,_o g(z +iy) € R for a.e.
x € R. This natural definition agrees with conformal changes of coordinates: given
p € OD denote by w, the Mobius transformation mapping I onto H, the point p to
oo and, say, the origin to i/2. Then, g is an inner function of the upper half plane
if and only if f = w,! o gow, is an inner function of the unit disc . Observe that
g(00) =limy_, o g(it) = oo if and only if f(p) = p. A holomorphic mapping g from
H into H has a finite angular derivative at oo if

Lot
7= B 5
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exists and is finite. Otherwise, we write |g'(o0)| = 0o. Observe that g has a finite
angular derivative at infinity if and only if f = w,! o g o w, has a finite angular
derivative at p. Let w denote w,(z). Moreover, the identity |¢’(c0)| =|f’(p)| holds
in the sense that both quantities coincide when they are finite, and if one of them
is infinite so is the other. This fact easily follows from the identity

w _ p+z p-f(2)
gw) p+f(z) p-z
Let |A| denote the Lebesgue measure of a measurable set A € R and, for 0 < v < 1,

let M, (A) denote its a-Hausdorff content. We now state the versions of Theorems
[2.2.2] and [2.2.3] in this setting.

Corollary 2.2.10. Let g:H — H be an inner function and assume that g(oo) = oo.
(a) Assume |g'(o0)| < co. Then
g7 (A)] =19’ (o0)I|A| (2.21)

for any measurable set A € R. Moreover, for any 0 < a < 1 there exists a
constant C,, > 0, independent of g, such that

Mo (g7 (A)) 2 Calg'(00)|* Ma(A) (2.22)
for any Borel set A € R.

(b) If |g'(o0)| = 0o and AC R is a measurable set, then |g71(A)| = oo if |A| >0 and
lg1(A)| = 0 if |A| = 0. Moreover, M,(g7'(A)) = oo for any Borel set A ¢ R
such that M,(A) > 0.

Proof. Note that for any measurable set A € R we have
4] = (w3 (4)),  peaD. (2.23)
Hence, g (A)] = 1wy (97 (4))) = i ( (15 (4))). Applying Theorem
and (2.23) we deduce that [g7' (A)| = | f'(p)|pp(w,' (A)) = |g’(o0)||A| which is (2.21).
It follows from (2.23)) and w, being a Mobius map that
Mo (pp)(E) = Mo(wy(E)), E<OD. (2.24)

Thus, the previous argument shows that (2.22)) holds. Part (]ED follows from similar
considerations. O
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