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Summary

This thesis fits within the field of Complex Dynamics, which deals with the study of discrete
dynamical systems generated by the iteration of holomorphic maps.

More precisely, let f: C — C be a transcendental function, either entire or meromorphic, and
consider the sequence of iterates {f"(z)},,, for all z € C. Then, the complex plane is divided
into two totally invariant sets: the Fatou set F(f), the set of points z € C such that {f"}, .y
is well-defined and forms a normal family in some neighbourhood of z; and the Julia set J(f),
its complement, where the dynamics is chaotic. The Fatou set is open and consists in general
of infinitely many components, which are called Fatou components, and are either periodic,
preperiodic or wandering.

One of the basic results of this field, already established by Fatou and Julia for rational maps,
is that

J(f) = {repelling periodic points of f}.

This was generalized by Baker [Bak68, Thm. 1] for entire maps, and by Baker, Kotus and Lii
[BKLI1, Thm. 1], for meromorphic transcendental functions.

Observe that, if U is a p-periodic Fatou component, then {f™(0U) }ﬁ;g is a closed invariant
subset of the Julia set. Hence, one shall ask the following question.

Question. Let f: C — C be a meromorphic function, and let U be a periodic Fatou component.
Are periodic points dense on OU ?

Note that although periodic points are dense in the Julia set, a priori they could accumulate
on QU from the complement of U, without being in OU. For instance, if U is a rotation domain
with locally connected boundary, then there are no periodic points in OU at all. Nevertheless, F.
Przytycki and A. Zdunik showed that, for rational maps, rotation domains (i.e. Siegel disks and
Herman rings) are the only possible exception for which periodic boundary points are not dense.
Namely, they gave a positive answer to the question above for basins (attracting or parabolic)
of rational maps.

Theorem. (Przytycki-Zdunik, [PZ94]) Let f: C — C be a rational map, and let U be an
attracting or parabolic basin for f. Then, periodic points are dense on OU.

The seminal work of F. Przytycki and A. Zdunik [PZ94] unveils that the answer to the
previous elementary question is far from being straightforward. Indeed, it requires a deep
understanding of the boundaries of such Fatou components (which may be not even locally
connected), combining tools from dynamics, measure theory and conformal analysis. In the
particular case of simply connected attracting basins, the proof relies strongly on the measure-
theoretical properties of f|gy and Lyapunov exponents, previously developed in [Prz85, Prz86,

il



Prz93], as well as precise estimates on the distortion of Riemann maps and finite Blaschke
products on the unit circle, and conformal Pesin theory.

For unbounded Fatou components of transcendental maps, the situation is even more delicate,
due to the presence of the essential singularity, and most of the previous techniques do not apply.
In fact, due to the lack of compactness of JU, the following is also an open question.

Question. Let f: C — C be a meromorphic function, and let U be an unbounded periodic Fatou
component. Does OU contain at least one periodic point?

In view of the previous questions, and the work developed in [DG87, BW91, BD99, BF01,
Bar08, BK07, BFJK17, RS18, BFJK19] to understand the boundaries of transcendental Fatou
components, the following conjecture arises, which is a major open problem in transcendental
dynamics.

Conjecture. Let f: C — C be a meromorphic function, and let U be a p-periodic simply
connected Fatou component, such that fP|y is not univalent. Then,

(a) there exists a periodic point on OU.

(b) Morever, if U is an attracting or parabolic basin, or a doubly parabolic Baker domain,
then periodic points are dense on OU .

This thesis has to be understood as significant progress towards the proof of the previous
conjecture. Indeed, we prove existence and density of periodic boundary points under mild
assumptions on the postsingular set, together with additional results on boundary dynamics,
concerning escaping points and accessibility. To this end, we develope new techniques, such as
distortion estimates for inner functions and Pesin theory for transcendental maps.

The work presented in this thesis corresponds to the following articles and preprints (each of
them corresponding to a chapter, numbered accordingly), preceded by a chapter devoted to the
main tool in understanding simply connected Fatou components: the associated inner functions.

1. N. Fagella and A. Jové, A model for boundary dynamics of Baker domains, Math. Z. 303
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Amer. Math. Soc. 378 (2025), 2321-2362.

3. A. Jové, Periodic boundary points for simply connected Fatou components of
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4. A. Jové, Pesin theory for transcendental maps and applications, Preprint (2024), available
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Resum

Aquesta tesi s’emmarca en el camp de la Dinamica Complexa, que estudia els sistemes dinamics
discrets generats per la iteracié de funcions holomorfes.

De manera més precisa, sigui f: C — C una funcié transcendent, entera o meromorfa, i
considerem la successié d’iterats {f"(z)},,, per tot z € C. Llavors el pla complex es divideix
en dos conjunts totalment invariants: el conjunt de Fatou F(f), el conjunt de punts z € C tals
que {f"},cn esta ben definit i forma una familia normal en algun entorn de z; i el conjunt de
Julia J(f), el seu complement, on la dinamica és caotica. El conjunt de Fatou és obert i en
general té infinites components connexes, anomenades components de Fatou, i sén periodiques,
pre-periodiques, o errants.

Un dels resultats basics en Dinamica Complexa (demostrat per Fatou i Julia per a funcions
racionals) és que

J(f) = {punts periodics repulsors de f}.

Aquest resultat va ser generalitzat per Baker [Bak68, Thm. 1] per funcions enteres, i per Baker,

Kotus i Lt [BKL91, Thm. 1], per funcions meromorfes transcendents.

-1
=0
subconjunt tancat invariant del conjunt de Julia. Aleshores, la segiient pregunta apareix de

Observem que, si U és una component de Fatou p-periodica, llavors {f"(0U)} és un

manera natural.

Pregunta. Sigui f: C — C una funcié meromorfa, i sigui U una component de Fatou periodica.
Els punts periodics sén densos a OU ?

Notem que, tot i que els punts periodics son densos al conjunt de Julia, a priori es podrien
acumular a OU des del complement de U, sense estar a OU. Per exemple, si U és un domini de
rotacié amb frontera localment connexa, llavors no hi ha cap punt periodic a 0U. Tot i aixo,
F. Przytycki i A. Zdunik van demostrar que, per funcions racionals, els dominis de rotacié (i.e.
discs de Siegel i anells de Herman) sén les iniques excepcions per les quals els punts periodics no
son densos a la frontera. En particular, van donar una resposta positiva a la pregunta anterior
per conques d’atraccié o paraboliques de funcions racionals.

Teorem. (Przytycki-Zdunik, [PZ94]) Sigui f: C — C una funcié racional, i sigui U una
conca atractora o parabolica per f. Aleshores els punts periodics son densos a OU .

El treball de F. Przytycki and A. Zdunik [PZ94] ja ens mostra que la resposta a una
pregunta tan elemental és lluny de ser senzilla. En efecte, és necessari un estudi exhaustiu de
les fronteres de tals components de Fatou (que poden no ser localment connexes), combinant
eines de dinamica, teoria de la mesura i analisi conforme. En el cas particular de conques



d’atraccié simplement connexes, la demostracié es basa en les propietats de f|sy des del punt
de vista de la teoria de la mesura i els exponents de Lyapunov, desenvolupada previament a
[Prz85, Prz86, Prz93], aixi com estimacions precises de la distorsié de l'aplicacié de Riemann i
els productes de Blaschke finits al cercle unitat, i teoria de Pesin conforme.

Per a components de Fatou no acotades de funcions transcendents, la situacié és encara més
delicada, degut a la presencia de la singularitat essencial, i la majoria de les técniques anteriors
no es poden aplicar. A més a més, com que OU no és compacta, la segiient també és una
pregunta oberta.

Pregunta. Sigui f: C — C una funcié meromorfa, sigui U una component de Fatou invariant
no acotada. Hi ha algun punt periodic a OU ?

En vista de les preguntes anteriors, i el treball previ desenvolupat a [DG87, BW91, BD99,
BF01, Bar08, BK07, BFJK17, RS18, BFJK19] per entendre les fronteres de components de
Fatou transcendents, sorgeix de manera natural la segiient conjectura, que és un gran problema
obert en dinamica transcendent.

Conjectura. Sigui f: C — C una funcié meromorfa, i sigui U una component de Fatou p-
periodica simplement conneza, tal que fP|y no és univalent. Aleshores,

(a) existeiz un punt periodic a OU.

(b) A més a més, si U és una conca atractora o parabolica, or un domini de Baker doblement
parabolic, llavors els punts periodics sén densos a OU.

Aquesta tesi s’ha d’entendre com a un progrés significatiu en la demostracié de la conjectura
anterior. En efecte, demostrem ’existéncia i densitat de punts periodics a la frontera de
components de Fatou sota hipotesis molt febles en el conjunt postsingular, juntament amb
resultats addicionals en relacié a la dinamica a la frontera, punts d’escapament i accessibilitat.
Durant la tesi s’han demostrat noves teécniques, tals com estimacions en la distorsié de funcions
internes i teoria de Pesin per a funcions transcendents.
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Introduction

Consider a transcendental function f: C — C (entire or meromorphic), and denote by
{f"},en its iterates, which generate a discrete dynamical system in C. Then, the
complex plane is divided into two totally invariant sets: the Fatou set F(f), defined to
be the set of points z € C such that {f"}, . is well-defined and forms a normal family
in some neighbourhood of z; and the Julia set J(f), its complement. Another
dynamically relevant set is the escaping set Z(f), where points converge to infinity, the
essential singularity of the function. For background on the iteration of entire and
meromorphic functions see e.g. [Ber93].

On the one hand, the Fatou set is open and consists typically of infinitely many
connected components, called Fatou components. Due to the invariance of the Fatou and
the Julia sets under f, Fatou components map among themselves and hence are
periodic, preperiodic or wandering. On the other hand, periodic points are dense in the
Julia set, and the map f: J(f) — J(f) is chaotic in the sense of Devaney [Dev89].
Even though dynamics in Fatou components are well-understood, the dynamics of f|z (s
is much more intricate, specially in the case of transcendental functions, for which the
essential singularity plays a significant role and adds complexity to the system.

In this thesis we focus on boundaries of Fatou components of transcendental maps,
regarded as subsets of the Julia set for which the dynamics is more understandable (at
least a priori it should be somehow related with the well-understood interior dynamics
of the Fatou component). More precisely, let U be an invariant Fatou component (i.e.
f(U) € U). Then, OU is a forward invariant subset of the Julia set. Thus, our goal
is to understand the function f: OU — OU, and to discuss existence (and density) of
periodic points for such map. As we will see, such questions are intimately related with
the topology of such boundaries, becoming a matter of interest throughout the thesis.

The case of rational maps (and polynomials) is better understood. Indeed, for
polynomials, the boundary of any bounded periodic Fatou component which is not a
Siegel disk is locally connected [RY08, RY22]. Hence, f|gy is topologically conjugate to
z — 2% on the unit circle D, providing a good description for the boundary dynamics.
In particular, this implies that periodic points are dense of the boundary of such Fatou
components.

For rational maps, periodic points are also dense on the boundary of attracting and
parabolic basins [PZ94]. For transcendental maps, even though local connectivity is
proven for certain Fatou components [BFJK25], the situation is wilder and less



understood, and complicated boundaries arise naturally. In fact, for a large class of
unbounded Fatou components of transcendental entire maps, their boundary is always
non-locally connected [BW91, BD99, Bar08]. However, successful results have been
obtained in some cases, in which it is possible to relate the boundary dynamics with the
internal dynamics in the Fatou component.

Let us restrict to simply connected invariant Fatou components, so that the Riemann
map can be used as a uniformization for the internal dynamics. More precisely, let U be
a invariant Fatou component of f and let ¢: D — U be a Riemann map. Then,

g:D— D, g::gpflofogo

is an analytic self-map of D, and f|y and g|p are conformally conjugate by .

The study of holomorphic self-maps of D is a good approach to analyze the dynamics of
flu. Indeed, the Denjoy-Wolff Theorem asserts that, whenever a holomorphic self-map g
of D is not conjugate to a rotation, all orbits converge to the same point p € D (the Denjoy-
Wolff point of g). From this celebrated result, the classification theorem of invariant Fatou
components of entire maps can be deduced, which was proved earlier by Fatou [Fat20)]
using different techniques. More precisely, a simply connected invariant Fatou component
is either a Siegel disk (when it is conjugate to an irrational rotation), an attracting basin
(when all orbits converge to the same point in U) or a parabolic basin or a Baker domain
(when all orbits converge to the same point in OU). The difference between the last two
possibilities comes from the nature of the convergence point: for Baker domains it is the
essential singularity, so f is not defined at it; whereas for parabolic basins, it is a fixed
point of multiplier 1.

One may ask if the previous conjugacy with a holomorphic self-map of D can be used to
describe the dynamics of f in the boundary of U. First, from the fact that f(0U) C oU,
it can be deduced that g is an inner function, i.e. an analytic self-map of 0D such that
the radial limits belong to 9D for almost every point in dID. Hence, a boundary extension

g : 0D — 0D

can be defined using radial limits almost everywhere with respect to the Lebesgue measure,
and it induces a dynamical system defined almost everywhere on 0. One may expect
a priori that f|sy and g*|gp share dynamical properties. Nevertheless, this cannot be
assumed, since the Riemann map may not extend continuously to the boundary. In fact,
this is the usual case for unbounded Fatou components of transcendental entire functions
[BWI1, BD99, Bar08|. Therefore, ¢ may not be a conjugacy on dD) and properties of
g*|op do not transfer to floy in general, although some connections can be established,
as we show next.

First, Devaney and Goldberg studied the exponential family Ae* with 0 < A < %,
[DG87], whose Fatou set is connected and consists of a totally invariant attracting basin
U. From the explicit computation of the inner function, accesses to infinity were
characterized, and the boundary of U, which is precisely the Julia set, was shown to be
organized in curves of escaping points and their endpoints, the latter being the only



accessible points from U. Such results were generalized to a larger family of functions
having a totally invariant attracting basin [Bar07, BK07].

On the basis of this successful example, inner functions have been used systematically
to understand the dynamics on the boundary of Fatou components. On the one hand,
results of [BW91, BD99, Bar08, BFJK17] describe the topology of the boundary of
unbounded Fatou components of entire functions and their accesses to infinity. On the
other hand, the revealing work in [DMO91], further developed in [RS18, BFJK19],
describe their ergodic properties. However, many questions are still unanswered. For
instance, concerning periodic points, it is not known whether there exists a single
periodic point on the boundary of an unbounded Fatou component of a transcendental
map, and under which conditions these periodic points are dense. Interesting questions
also arise concerning the accessibility of boundary points and their dynamics.

One precise type of periodic Fatou components, exclusive of transcendental functions,
is of special interest: Baker domains. Baker domains are (invariant) Fatou components in
which iterates converge locally uniformly to infinity, the essential singularity of the map.
Maps possessing Baker domains are not hyperbolic, nor of bounded type (i.e. the set of
singularities of the inverse branches of the function is unbounded [EL92]). In contrast
with the other periodic Fatou components, in which the dynamics around the convergence
point can be conjugate to some predetermined normal form, three different asymptotics
are possible for Baker domains (see Thm. I1.3.5). This leads to a further classification
according to their internal dynamics into doubly parabolic, hyperbolic and simply parabolic
Baker domains, which also present different boundary properties.

Even though all orbits in a Baker domain tend to infinity, it is still unknown whether a
single escaping point always exists in 0U. For hyperbolic and simply parabolic univalent
Baker domains this question was answered affirmatively by Rippon and Stallard [RS18],
who showed that the set of boundary escaping points has full harmonic measure with
respect to the Baker domain. This result was generalized to finite degree Baker domains
[BFJK19, Thm. A]. On the contrary, for doubly parabolic Baker domains of finite degree
the set of escaping boundary points is known to have zero harmonic measure [BFJK19,
Thm. B]. The question is still unanswered in the general case.

Hence, the following conjecture is an open problem in transcendental dynamics, which
is supported by the previously mentioned works.

Conjecture. Let f: C — C bea meromorphic function, and let U be an invariant simply
connected Fatou component, such that f|y is not univalent. Then,

(a) there exists an escaping point on OU.
(b) there ezists a periodic point on OU.

(¢) Morever, if U is an attracting or parabolic basin, or a doubly parabolic Baker domain,
then periodic points are dense on OU.

The goal of this thesis is to make progress towards the proof of the previous conjecture,
specially the statements concerning periodic boundary points. Let us note that the nature



of the problem is different from the ones considered previously, and hence new tools and
ideas should be provided. On the one hand, the topological tools used in [BW91, BD99,
Bar08] are not sufficient to tackle dynamical questions. On the other hand, the measure-
theoretical approach developed in [DM91, RS18, BFJK19] is rather crude to deal with the
qualitative (and measure-zero) sets described in the conjecture. However, a combination
of both approaches, together with a deeper understanding on the associated inner function
and the boundary behaviour of the Riemann map is what leads us to the results presented
in this thesis.

Next we summarize our main results, together with the tools and techniques we use to
prove them.

A model for boundary dynamics of Baker domains

One first approach to tackle the previous conjecture is to study an explicit example,
which serves as a toy model to understand the boundary dynamics of Baker domains.
Indeed, we present a detailed analysis of the dynamics of the transcendental entire function
f(2) = z+e~ %, which possesses countably many doubly parabolic Baker domains of degree
two. A good understanding of this model throws some light about the correspondence
between the inner function and the boundary map, in the explicit way we pursue. In
our work, other interesting properties of both the inner function and the boundary of the
Baker domain arise, which hold for a wider family of functions, as we discuss later on.

#, is one of the few known explicit examples

The function we consider, f(z) = z + e~
having doubly parabolic Baker domains of finite degree, and was studied previously in
[BD99, FH06, BFJK19]. However, many aspects concerning boundary dynamics are still

unexplored, and are the object of our study.

Figure 1: Dynamical plane for f(z) = z + e~*. In red, the Julia set of f. In beige, the Baker domain
contained in the strip {—7 < Im z < 7}. In black, the rest of the Fatou set of f. The only critical point
on the strip (0) is also marked, as well as the corresponding critical value (1).



First, Baker and Dominguez [BD99, Thm. b5.1] and Fagella and Henriksen [FHOG,
Example 3] proved, using different arguments, the existence of a doubly parabolic Baker
domain Uy of degree two in each strip Sy = {(2k — 1)7 <Im z < (2k + 1)x}, for all
k € Z. Since the dynamics in all of them are the same, we consider only the Baker
domain U = Uy in the strip S := Sy = {—7 < Im 2z < 7} (see Figure 1). In [BD99, Thm.
5.2], the associated inner function is computed explicitly.

The topology of U is addressed in [BD99, Section 6], where it is deduced that U is
non-locally connected and preimages of infinity by the Riemann map ¢: D — U (in the
sense of radial limits) are dense in the unit circle. Going one step further, they proved
that the impression of the prime end corresponding to 1 is precisely 0SU{oc}. Using this,
accesses to infinity from U were explicitly characterized in terms of the inner function.

Finally, in [BFJK19, Example 1.2}, they describe some dynamical sets in U in terms of
measure, as an application of a general theorem [BFJK19, Thm. BJ]. More precisely, they
show that almost every point with respect to the harmonic measure has a dense orbit
in OU. Therefore, the escaping points in QU have zero harmonic measure. Moreover,
they conjectured that all escaping points in QU are non-accessible from U and accessible
repelling periodic points are dense in JU. We prove both conjectures, and additional
results concerning boundary dynamics.

Theorem 1. Let f: C— C, f(2) = z+e %, and let U be an invariant Baker domain for
f. Then, the following holds.

1.A (The boundary of U) Every escaping point in OU can be connected to oo by a unique
curve of escaping points in OU (a dynamic ray). Moreover, OU is the closure of such
dynamic rays.

1.B (Landing and non-landing dynamic rays) There ezist uncountably many dynamic
rays which land at a finite endpoint, and there exists uncountably many dynamic
rays which do not land. The accumulation set (on the Riemann sphere) of such a
non-landing ray is an indecomposable continuum which contains the ray itself.

1.C (Accessible points) Escaping points on OU are non-accessible from U, while points
on QU having a bounded orbit are all accessible from U.

1.D (Periodic points) Periodic points are dense on OU.

Boundary dynamics in unbounded Fatou components of entire maps

Once the previous example is understood, one should ask which of the previous properties
rely on specific features of the map considered, and which are susceptible to be generalized
for a larger class of Fatou components. At this moment, it is important to note that we
analyze the dynamics in a semilocal way (i.e. restricted to a Fatou component and its
boundary), so we only need to control the function in some neighbourhood of the Fatou
component we consider.



On the one hand, note that the crucial step in the proof of Theorem 1 is to give an
accurate topological description of the boundary of U in terms of dynamic rays. This
topological structure is used as a foundation to prove the remaining statements. In this
sense, for transcedental entire maps, one should observe that a similar structure can be
deduced from [BW91, BD99, Bar08] in terms of accesses to infinity. This is true not
only for doubly parabolic Baker domains but for all Fatou components for which f|gy
is ergodic with respect to the harmonic measure wy (i.e. Siegel disks, attracting and
parabolic basins, and doubly parabolic Baker domains, see Thm. I1.5.4). It is worth
noting the interplay between the ergodic properties of f|sy and the topological properties
of U, as established in Theorem 2, as well as the connections with the set of singularities
of the associated inner function.

On the other hand, consider the set SV (f) of singular values of f (i.e. the singularities
of f~1: critical and asymptotic values and accumulation thereof, see Sect. 1.4), and the
postsingular set of f, defined as

P(f)=U U )

seSV(f)n=0

It is a transversal argument in complex dynamics (rational and transcendental) that
orbits of singular values govern the dynamics. In particular, singular values not lying
on the Julia set translate to tamer dynamics (as happens for f(z) = z + e *, whose
singular values are all critical values and lie inside the Baker domains, allowing an accurate
study of the boundary dynamics). However, standard assumptions on the singular or the
postsingular set, such as bounded type or hyperbolicity, are too restrictive to deal with
Baker domains. As we will see, here and in the sequel, we require certain control on P(f)
in a neighbourhood of OU — assumptions which are weak enough to allow the existence of
Baker domains, but sufficient to prove the results concerning boundary dynamics we are
interested in.

Theorem 2. Let f be a transcendental entire function, and let U be an invariant Fatou
component, such that oo is accessible from U. Let ¢: D — U be a Riemann map, and let
g= o fopl bethe associated inner function.

2.A (The boundary of U) If flou is ergodic, OU is the disjoint union of cluster sets
Cl(p,-) of p in C, i.e.

oU = |_| Cl(p, &) NC,
£€oD

where

Cl(p,§) = {w e C: there exists {zn}, CD with 2z, = & and ¢(z,) — w} :

Moreover, either Cl(p,&) N C is empty, or has at most two connected components.
If Cl(p, &) NC is disconnected, then ¢*(§) = oo.

2.B (Periodic points in Siegel disks) If U is a Siegel disk, there are no periodic points
on OU.



Moreover, assume there exists a simply connected domain 2 and a domain V' such that
VcUu,UcQ and P(f)nQcCV.

2.C (Singularities of the associated inner functions) The set of singularities of g (points
at which g cannot be extended analytically) has zero Lebesque measure in OD.
Moreover, if £ € 0D is a singularity of g, then ¢*(§) = oc.

2.D (Boundary dynamics) Periodic points in OU are accessible from U. Moreover, if
flau is recurrent, then both periodic and escaping points are dense on OU .

Figure 2: Schematic representation of the assumption in Theorem 2 concerning the postsingular set.

The Fatou component of the right is a Baker domain of z + e~ .

Periodic boundary points through recurrence

From now on, let us focus on the particular question of density of periodic boundary
points. For rational maps, F. Przytycki and A. Zdunik [PZ94] showed that periodic
points are dense on the boundaries of attracting and parabolic basins; for transcendental
maps this question is essentially unexplored. Recall that although periodic points are
dense in the Julia set, a priori they could accumulate on QU only from the complement
of U, without being in OU.

First note that, unlike the other properties addressed in Theorem 1 and Theorem 2,
which are of topological nature, density of periodic boundary points depends essentially
on the recurrence of the boundary map.

Indeed, the basic idea to find periodic boundary points is to find an inverse branch of
f™ which sends a disk D(x,r), x € U, inside itself, and hence having a fixed point, which
is periodic for f. The difficulty of the proof is showing that this point is actually on OU
(note that inverse branches may not leave the Fatou component invariant). In [PZ94],
this is solved by analyzing carefully the inner function, which is always a centered finite
Blaschke product. Then, if the boundary map is recurrent, this argument can be applied
densely along the boundary (as long as inverse branches are well-defined, and one can
control that the resulting periodic point is in QU), showing that periodic boundary points
are dense.



Therefore, to study density of periodic boundary points, there is no need to restrict
to unbounded Fatou components of transcendental entire maps, and one shall work with
periodic Fatou components of meromorphic functions, under the assumption that they
are simply connected and the boundary map is recurrent.

Following the approach of F. Przytycki and A. Zdunik [PZ94] for basins of rationals
maps, we prove the following. (Recall that, given a simply connected domain U, C' C U
is a crosscut if C' is a Jordan arc such that C' = C' U {a, b}, with a,b € OU, a # b; any of
the two connected components of U \ C'is a crosscut neighbourhood.)

Theorem 3. Let f: C — C be a meromorphic function, and let U be a periodic simply
connected Fatou component for f. Assume the following conditions are satisfied.

o U is either an attracting basin, a parabolic basin, or a doubly parabolic Baker domain,
with flou recurrent with respect to the harmonic measure wy .

o There exists x € QU and r > 0 such that P(f) N D(xz,r) = 0.
o There exists a crosscut neighbourhood N C U with P(f) NN = ().
Then, periodic points are dense on OU.

Observe that, although the boundary map of a Siegel disk U is recurrent, it always
holds OU C P(f), so they never satisfy the assumptions of Theorem 3.

As we will see in Chapter 3, the proof of this theorem is inspired in [PZ94], but the
extension of the arguments to transcendental maps is far from being straightforward.
Indeed, their proof, which combines tools from dynamics, measure theory and conformal
analysis, relies strongly on the measure-theoretical properties of f|sy and Lyapunov
exponents, previously developed in [Prz85, Prz86, Prz93|, as well as precise estimates on
the distortion of Riemann maps and finite Blaschke products on the unit circle, and
conformal Pesin theory. In the transcendental case, most of these tools fail to be
applicable, fundamentally due to the lack of compactness of the phase space.

In Chapter 3 we will see how these difficulties are overcome (essentially, by a more
careful study of the dynamics, a clever use of hyperbolic metric, and a deeper study of
the associated inner function), and we will justify the hypotheses we need in Theorem 3.

Finally, note that Theorem 3 holds for doubly parabolic Baker domains, as long as f|ay
is recurrent (see Thm. I1.5.4 for criteria to determine when it is the case). As mentioned
before, it turns out that boundary dynamics depends essentially on the ergodic properties
of the boundary map, more than on the particular type of Fatou component we are dealing
with. Hence, a proof meant for attracting or parabolic basins should also work for doubly
parabolic Baker domains.

Pesin theory for transcendental maps

One can argue that the hypothesis of Theorem 3 on the postsingular set P(f) is quite
strong (in particular, P(f) is assumed to be nowhere dense on 9U). Observe that F.
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Przytycki and A. Zdunik [PZ94] showed density of periodic points on 9U even if U C
P(f). Even though rational maps are simpler than transcendental maps (for instance,
rational maps have only finitely many critical values, while transcendental maps may
have uncountably many singular values), their result indicates that, under some control
on singular values (but not on their orbit— the postsingular set), it should be possible to
prove density of periodic boundary points.

First of all, let us point out that the seminal paper of F. Przytycki and A. Zdunik [PZ94]
should be viewed as the culmination of a deep study of the measure-theoretical properties
of flsy and Lyapunov exponents, done in [Prz85, Prz86, Prz93| for a rational basin U.
In particular, a conformal version of Pesin theory (originally created in the context of
smooth dynamical systems generated by diffeomorphisms) is developed in order to prove
the existence of certain well-defined iterated inverse branches around almost every point
on U, which is the basis to construct periodic boundary points.

The hypothesis in Theorem 3 of the existence of x € OU and r > 0 such that P(f) N
D(x,r) = () implies that all iterated inverse branches are well-defined (and conformal) in
D(xz,r). As one deduces from the proof of [PZ94] and Theorem 3, such a strong control
is not required: one only needs that certain iterated inverse branches are well-defined in
D(x,r), the ones used to construct the periodic boundary points. The role of conformal
Pesin theory is to guarantee that these iterated inverse branches are well-defined, for
boundaries of attracting basins of rational maps.

Note that the cornerstones from which the rational Pesin theory is built (namely,
compact phase space, finitely many critical values, and existence of ergodic invariant
probability measures) no longer hold in general for boundary maps of transcendental
Fatou components. However, taking advantage of the invariant measures on the
boundaries of Fatou components given by Doering and Mané [DM91], and under some
mild assumptions on the geometric distribution of singular values and the order of
growth of the function, we are able to overcome the difficulties arising from the lack of
compactness, the infinite degree and the presence of infinitely many singular values. Our
techniques include refined estimates on harmonic measure and the construction of an
appropriate conformal metric. In this manner, we can develop Pesin theory on the
boundary of some transcendental Fatou components in a quite successful way.

One of our results (in a very simplified version) reads as follows.

Theorem 4. Let f: C — Cbea meromorphic function, and let U be a simply connected
attracting basin for f, with attracting fized point p € U. Let wy be the harmonic measure
in OU with base point p. Assume log|f'| € LY (wy) with [y;log|f'|dwy > 0. Let us
suppose also that there are finitely many singular values on OU.

Then, for every countable collection of measurable sets {Ay}, C OU with wy(Ag) > 0,
k € N, and for wy-almost every xy € OU, there exists a backward orbit {x,}, C OU and
r > 0 such that

o there exists a sequence ny — 0o such that x,, € Ay;

e the inverse branch F,, sending xy to x, is well-defined in D(xq,7);
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o diam F,,(D(xg,7)) — 0, as n — oo.

In Chapter 4, one finds variations of the previous theorem in order to deal with
related situations (attracting basins with infinitely many singular values on their
boundary, parabolic basins and doubly parabolic Baker domains, and centered inner
functions, among others). We also show that hypotheses of Theorem 4 are enough to
show density of periodic boundary points. Conditions which imply the integrability of
log | f'| are also provided.

Boundaries of hyperbolic and simply parabolic Baker domains

At this point, one shall ask which of the previous properties hold for hyperbolic and simply
parabolic Baker domains, or, more in general, what can be said about the boundaries of
such Baker domains.

Let us note that the previous techniques do not apply (since they essentially rely on
ergodic properties of ¢g*|sp which are no longer satisfied here). As a consequence, such
Baker domains remain somehow unexplored, except for the results in [RS18] and [BFJK19,
Thm. A] (see Thm. I1.5.4), which establish the measure of the escaping set in OU,
under certain conditions on the associated inner function. Additionally, several particular
examples have been studied in the literature, which we analyze next.

Some of the well-known examples of such Baker domains confirm that hyperbolic and
simply parabolic Baker domains may exhibit a completely different boundary behaviour
than doubly parabolic Baker domains (see Fig. 3).

f(z)=2—log2+42z—¢€* f(z) =z + 2mia + €*

Figure 3: Examples of univalent Baker domains of hyperbolic and simply parabolic type, respectively (in
both cases, the Baker domain is the Fatou component which contains a left half-plane, and its boundary

is a Jordan curve in (E) Compare with Section II.5.4.
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For instance, for the simply parabolic Baker domain of the function
f(z) = 2+ 2mic + €7,

for appropriate a € [0, 1]\ Q, studied in [BW91, Thm. 4] (see also Ex. 11.5.12), all points
in the boundary, which is a Jordan curve, converge to infinity under iteration.
Similarly, the hyperbolic Baker domain of the function

f(z) =2—log2+ 2z —¢*

has a unique fixed point in the boundary, and any other point is escaping [Ber93] (see
also Ex. 11.5.13). See Figure 3.

One may argue that the ‘pathologies’ observed in the previous Baker domains are not
attributable to the fact they are hyperbolic or simply parabolic, but to univalency. Indeed,
the associated inner function is a Mobius transformation, which has either none or a single
periodic point (which is fixed).

When looking into examples of non-univalent hyperbolic or simply parabolic Baker
domains [Rip06, Bar08, BZ12|, one notices that the situation is completely opposite:
there are plenty of periodic points for the associated inner function, and periodic points
may even happen to be dense on QU, as for the Baker domain of the function

f(z)=2z—-3+¢%

studied in [Bar08, Ex. 3.6] (in this case, the fact that periodic points are dense on OU is
deduced straightaway from the equalities F(f) = U and J(f) = oU).

U

9

Figure 4: Dynamical plane of f(z) = 2z—3+¢?, with the hyperbolic Baker domain U (yellow) of infinite
degree [Bar08, Ex. 3.6]. The Riemann map ¢: D — U is depicted, together with the inner function.
Note that —1 is the Denjoy-Wolff point. Since J(f) = 9U, periodic points are dense on OU.

With this in mind we prove the following.

Theorem 5. Let f: C — C bea meromorphic function, and let U be a simply connected
Baker domain, of hyperbolic or simply parabolic type. Let ¢: D — U be a Riemann map,
and let g = p o f o~ be the associated inner function. Then, the following holds.
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5.A (Ergodic properties of f|s) flou is non-ergodic and non-recurrent with respect to
the harmonic measure wy .

5.B (Density of periodic points) Assume f is entire, f|y is not univalent and J(g) # OD.
Then, periodic points are not dense on OU.

5.C (Existence of periodic points) Assume f|y is not univalent. Then, there exists a
crosscut neighbourhood N¢ of & € J(g) such that o(N¢) N P(f) = 0. Then, there
exist infinitely many periodic points on U, of arbitrarily large period.

We note that the techniques and tools used and developed up to now become obsolete
in this new context, since they rely on the ergodicity and recurrence of the boundary
map, which no longer hold. Instead, the main tool now is the ‘topological recurrence’ on
certain subsets of DD for the radial extension of the inner function. Let us note that the
complexity of the proofs increases substantially.

Selected tools and final remarks

As noted above, the study of boundary dynamics (and, more precisely, the construction
of periodic boundary points) is based on the interplay of different techniques coming
from topology, ergodic theory, and conformal mapping, among others. However, in some
cases, the existent tools are not enough to tackle our problems, and new ideas should
be provided. In particular, we developed two tools, presented next and used intensively
in this thesis, which are of independent interest, and which we believe to be potentially
useful when dealing with other boundary problems. These are a control of the distortion
of iterated inverse branches of inner functions at points on the unit circle (Theorem A),
and the Carathéodory set (Definition B). Both concepts rely on the notion of crosscut
neighbourhood and the Carathéodory’s compactification of a simply connected domain,
for which we refer to Section II.4.

First observe that one of the difficulties of working in the transcendental setting is the
emergence of inner functions of infinite degree, and dealing with such a map on the unit
circle (which may not extend continuously at any point). In contrast, in the case of a
rational attracting basin considered in [PZ94], ¢ is a finite Blaschke product, which can
be chosen to satisfy g(0) = 0. We shall view g as a rational map g: C — @, extended
by Schwarz reflection. Then, its critical values (which are finitely many) are compactly
contained in D (and, by reflection, in C~ D) and their orbits converge uniformly to 0 (or
to 00), which are attracting fixed points. Hence, inverse branches of g are well-defined for
all points in 0D. Moreover, precise estimates on the behaviour of such inverse branches
are given in [PZ94, Lemma 2].

In the general situation we consider (including Baker domains of infinite degree), g is
no longer a finite Blaschke product, and may not have an attracting fixed point in D.
However, having some mild control on the postsingular values of ¢ allows us to control
inverse branches for the associated inner function g at A-almost every point in D, even if
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g has infinite degree. Indeed, we consider the maximal meromorphic extension of ¢:
g: C E(g) = C,

where E(g) C 0D denotes the set of singularities of g. In this situation, we prove the
following result concerning inner functions (not necessarily associated with Fatou
components), which is of independent interest.

Theorem A. (Iterated inverse branches at boundary points) Let g: D — D be
an inner function, such that g*|op is recurrent. Assume that there exists a crosscut
neighbourhood N C D without postsingular values. Then, for A-almost every & € JD,
there exists po = po(§) > 0 such that all branches G,, of g~" are well-defined in D(&, po).
In particular, the set E(g) of singularities of g has A\-measure zero.

In addition, for all 0 < o < 7, there exists py < py such that, for all n >0, all branches
G of g™ are well-defined in D(&, p1) and, if Re denotes the radial segment at &, then the
curve Gp(Re) tends to G, (§) non-tangetially with angle at most .

Note that o does not depend on n, nor on the chosen inverse branch. Apart from
giving a precise characterization of inverse branches, Theorem A also describes measure-
theoretically the set of singularities, improving the results in [EFJS19, ERS20]. Compare
also with the situation for one component inner functions (a more restrictive class of inner
functions) described in [IU23, Part III], as well with the results in [[U24].

Moreover, in order to study the boundary dynamics on Baker domains, one needs
a way to characterise whether or not points on the boundary have the same dynamic
behaviour as points in the interior of the Baker domain. One possible approach, following
the ideas in [BEF124] to describe the boundary dynamics of wandering domains, is to
define the Denjoy- Wolff set of f|y as the set of points = € OU such that f"(z) — oo (i.e.
dista(f"(z),00) = 0, see [BEF*24, Sect. 9]).

However, the main limitation of the Denjoy-Wolff set is that it does not capture in
which direction boundary orbits converge to infinity. Indeed, for points inside the Baker
domain, the convergence takes place through the same access to infinity (known as the
dynamical access, see [BFJK17]). Thus, we introduce the notion of Carathéodory set as
the set of points in OU which converge to the image under ¢* of the Denjoy-Wolff point
with respect to the Carathéodory topology of OU (or, morally, the points on OU which
converge to oo through the dynamical access).

Definition B. (Carathéodory set) Let f € K, and let U be an invariant simply
connected Baker domain. Let ¢: D — U be a Riemann map, and let g = ¢~ o f oy be
the inner function associated with (f, U) by ¢. We say that x € OU is in the Carathéodory
set if, for any crosscut neighbourhood N C D at the Denjoy-Wolff point p € JD, there
exists kg > 0 such that, for all £ > ko,

f*(x) € o(N).

Several properties of this set are explored throughout the thesis.
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Remarks. At this point, we shall make some additional remarks, in order to clarify
and contextualize our results. First, one should observe that the class of (transcendental)
meromorphic functions is not closed under composition: iterates f™ of a transcendental
meromorphic function f have, in general, countably many essential singularities, so they
are no longer meromorphic functions of the plane. Hence, we consider functions in class K,
the smallest class of functions which includes transcendental meromorphic functions and
which is closed under composition. Formally, f € K if there exists a compact countable
set E(f) C C such that

f:CNE(f)—>C

is meromorphic in C~ E(f) but in no larger set. The theory of Fatou and Julia of iteration
of rational maps was extended to class K by Bolsch, and Baker, Dominguez and Herring
[Bol96, Bol97, Bol99, BDHO1, BDH04, Dom10]. Although more sophisticated tools are
needed for the proofs, the main features of iteration theory extend successfully to class K
(see Sect. II.1). In particular, if f € K, then for any k¥ > 1, f* € K and F(f) = F(f").
This allows us to reduce the study of k-periodic Fatou components to the study of the
invariant ones, just replacing f by f*.

Second, we deal with periodic Fatou components which are simply connected. Recall
that periodic Fatou components of entire maps are always simply connected [Bak84]. It is
well-known that Fatou components of meromorphic functions (and for functions in class
K) are either simply connected, doubly connected or infinitely connected. However, there
are plenty of examples of functions and classes of functions whose Fatou components are
simply connected. For example, if f is an entire function, then its Newton’s method

, = _ Ik
Nf.C—>(C, Nf(Z) z f/<2)
is a meromorphic function, whose Fatou components are simply connected [FJT08, FJT11,
BFJK14, BFJK18].
Third, in this introduction, theorems are presented in a simplified and incomplete form,
but hopefully more readable, for convenience of the reader. Theorems in their complete
form can be found in the corresponding chapters inside the thesis.

Structure of the thesis. The first chapter is devoted to some preliminary definitions
and results, which are used intensively later on. This includes abstract ergodic theory,
planar topology, and distortion estimates for conformal maps, among others. In the
second chapter, we deal with Fatou components and associated inner functions, in a quite
extensive way, summarizing the state-of-the-art in this area, and providing some new
results and tools (namely Theorem A and Definition B).

The remaining chapters, numbered with arabic numbers, correspond each to one of the
papers or preprints on which this thesis is based (as indicated in page vi), including the
complete statement and proof of the corresponding theorem (the one numbered with the
same number).
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Chapter|

Basic background and tools

Before diving in the flied of complex dynamics, we discuss here some wide-ranging topics
which arise as valuable tools in our proofs. This includes ergodic theory, planar topology,
and distortion estimates for conformal maps, among others.

I.1 Abstract Ergodic Theory

Ergodic Theory is the branch of dynamical systems devoted to study measurable
transformations. In contrast with holomorphic dynamics, where a large degree of
regularity of the function is assumed, the theory presented here applies to
transformations which are only assumed to be measurable. As anticipated in the
introduction, we will deal often with measurable transformations, which are only
approachable with the tools given by Ergodic Theory.

We note that, although many books and monographs on Ergodic Theory restrict
themselves to measure-preserving transformations on probability spaces, the theory
presented here applies to general transformations on infinite-measure spaces, unless
otherwise specified. Several of the measures considered later on are not probability
measures, so we certainly need a theory that applies in this more general context.

I.1.1 Background on Measure Theory

In the sequel, let (X, .A) be a measurable space, and let (X, A, 1) be a measure space (i.e.
a measurable space endowed with a measure). If u(X) = 1, we say that (X, A4, u) is a
probability space. Note that any measure space with finite measure (i.e. pu(X) < 0o) can
be turned into a probability space by reescaling the measure. We say that the measure u
is o-finite if there exists a countable collection of measurable sets {A,,}, C A such that
X =U, A4, and p(A,) < co.

Recall that, given (X7,.4;) and (X5, Ay) measurable spaces, we say that T: X; — X»
is measurable if T~*(A) € Ay, for every A € A,.

Definition I.1.1. (Properties of measurable maps) Let (X1, Ay, p1) and (Xs, As, p2)
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be measure spaces, and let T': X; — X5 be measurable. Then, T is:
e non-singular, if, for every A € Ay, it holds p; (T'(A)) = 0 if and only if us(A) = 0;
o measure-preserving, if, for every A € Ay, it holds uy (T71(A)) = ua(A).

Mostly, we will use the measure space (0D, B(0D), A), where B(0D) denotes the Borel
o-algebra of 0D, and A, its normalized Lebesgue measure.

Definition 1.1.2. (Lebesgue density) Given a Borel set A € B(JD), the Lebesgue
density of A at £ € D is defined as

— iy MAND(E, p))
)= I TNDE )

A point £ € dD is called a Lebesque density point for A if de(A) = 1.

Proposition 1.1.3. (Almost every point is a Lebesgue density point, [Rud87, p.
138]) Given a Borel set A € B(ID), with \(A) > 0, then A-almost every point in A is a
Lebesgue density point for A.

We will make use of the following well-known results.

Lemma I.1.4. (First Borel-Cantelli lemma, [Bog07, 1.12.89]) Let (X, A, u) be a
probability space, let {A,}, C A, and let

B :={x € X: x € A, forinfinitely many n’s} = ﬂ U A,.
k=1n=~k

Then, if >°° | 1(A,) < 0o, it holds u(B) = 0.

I.1.2 Basic notions of Ergodic Theory

Now, let us turn to the case when only one measure space (X,.A4, 1) is considered, and
T is a measurable transformation mapping X into itself: the setting of Ergodic Theory.
We present here the basic concepts used to describe these measure-theoretical dynamical
systems, as well as fundamental results on the area, such as the Poincaré Recurrence
Theorem, or the Birkhoff Ergodic Theorem. For more details, see e.g. [Aar97, PU10,
Haw?21].

Definition I.1.5. (Ergodic properties of measurable maps) Let (X, A, u) be a
measure space, and let T: X — X be measurable. Then, T is:

e pis T- invariant if T' is measure-preserving;

o recurrent, if for every A € A and p-almost every z € A, there exists a sequence
ny — oo such that T (z) € A;

e ergodic, if T is non-singular and for every A € A with T~'(A) = A, it holds u(A) =0
or (X ~A)=0.
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Clearly, invariance implies non-singularity. Moreover, the following holds true.

Theorem 1.1.6. (Poincaré Recurrence Theorem, [Haw21, Thm. 2.12]) Let (X, A, i)
be a measure space, and let T: X — X be a measurable transformation. Assume pu(X) <
0o, and T is p-preserving. Then, T is recurrent with respect to pu.

Theorem 1.1.7. (Almost every orbit is dense, [Aar97, Prop. 1.2.2]) Let (X, A, u) be
a measure space, and let T: X — X be non-singular. Then, the following are equivalent.

(a) T is ergodic and recurrent.

(b) For every A € A with u(A) > 0, we have that for p-almost every x € X, there exists
a sequence ny — 0o such that T™ (x) € A.

Note that, if the space X is endowed with a topology whose open sets are measurable
and have positive measure, then statement (b) implies that p-almost every orbit is dense
in X.

In holomorphic dynamics, it is possible to replace the function by an iterate of it, since
the dynamics remain essentially the same. Thus, we are interested in knowing which
ergodic properties remain under taking iterates of the function.

Lemma 1.1.8. (Ergodic properties for T%) Let (X, A, 1) be a measure space, and let
T: X — X be non-singular. Let k be a positive integer. Then,

(a) T is recurrent if and only if T* is recurrent.
(b) If T* is ergodic, so is T. The converse is not true in general.

Proof. (a) It is clear that T* recurrent implies T recurrent. We shall see the converse.
To do so, consider A € A with p(A) > 0. Since T is assumed to be recurrent, for
p-almost every x € A there exists a sequence n; — oo such that 7" (x) € A. For
such z, consider the following subsequences

{1 (@)} , {T’“”“(m)}n AT @)}

n n

At least one of them, say {T’m“(m)} , contains infinitely many 7" (z)’s. Choose n
and k so that

y =T""(2) € A

Then, y is a point in A whose orbit returns to A infinitely many times under T*.
We claim that such points have full measure in A. Assume that, on the contrary,
there exists B C A with p(B) > 0 such that, for all z € B, T"(x) € A, only for
finitely many n’s. Applying the same procedure as before to B we can find a point
in B whose orbit returns to B, and hence to A, infinitely many times under T,
which is a contradiction. Hence, T* is recurrent.
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(b) Let A € A be such that T-*(A) = A. Then, T-%(A) = A, and, since T* is assumed
to be ergodic, either p(A) =0 or pu(X ~ A) = 0. Thus, T is ergodic.

To see that the converse is not true in general, consider the space Z endowed with
the counting measure p, i.e. given X C Z, pu(X) is the number of elements of
X. Then, the translation 7" .= x — x + 1 is ergodic, since there are no proper
T-invariant subsets of X. However, T? = z + z + 2 is not ergodic, since 27 is
invariant, and p(2Z) > 0 and p(Z \ 2Z) > 0.

]

Finally, we state Birkhoff Ergodic Theorem, for measure-preserving transformations in
probability spaces.

Theorem 1.1.9. (Birkhoff Ergodic Theorem, [KH95, Sect. 4.1]) Let (X, A, u) be a
probability space together with a measure-preserving transformation T: X — X, and let
o € L' (u). Then,

hm ngTk

exists for p-almost every x € X. If T' is an automorphism, the equality
1 7= 1

hm z:goT’C —hm Z(p

holds pi-almost everywhere.
Finally, of T is ergodic with respect to u, then for p-almost every x € X it holds

hm ng (T*(z :/Xgod,u.

1.2 Basic planar topology

We provide now some standard notions and results of planar topology.

By a simple arc, or a Jordan arc, we mean a set homeomorphic to the closed interval
[0,1]. By a closed simple curve, or a Jordan curve, we mean a set homeomorphic to a
circle. Recall the well-known Jordan Curve Theorem.

Theorem I1.2.1. (Jordan Curve Theorem) Let vy be a simple closed curve in C. Then,
v separates C into precisely two connected components.

By a domain U C C, we mean a connected open set. A domain U is simply connected if
every closed curve in U is homotopic to a point in U. We shall use the following criterion
to characterize when a domain is simply connected.

Theorem 1.2.2. (Criterion for simple connectivity, [Bea91 Prop. 5.1.3]) Let U be
a domain in C. Then, U is simply connected if, and only if, C~ U is connected.
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Given a domain U C C, one shall be interested in studying which points in QU which
can be reached from U by curves; the so-called accessible points. To define them, we need
the following preliminary definition.

Definition 1.2.3. (Landing set of a curve) Given a curve y: [0,1) — C, we consider
its landing set

L(y) = {v e C: there exists {t,}, C [0,1),t, — 1 such that y(t,) — v} :

By definition, L(+y) is a connected, compact subset of C. We say that v lands at v € C
if L(y) = {v}, or, equivalently, if
lim y(t) = v.

t—1—

Accessible points are defined as follows.

Definition 1.2.4. (Accessible point) Given a domain U C C, a point p € oU is
accessible from U if there exists a curve v C U landing at p.

There may exist different curves landing at the same boundary point which are not
(homotopically) equivalent. This leads to the following definition.

Definition I.2.5. (Access) Let U C C be a simply connected domain. Given z € U
and p € OU, a homotopy class (with fixed endpoints) of curves v: [0,1] — C such that
~([0,1)) C U, v(0) = 2z and (1) = p is called an access from U to p.

1.3 Distortion estimates for conformal maps

The following results provide explicit bounds for the distortion of conformal maps.

Theorem 1.3.1. (De Branges, [dB85]) Let ¢: D — C be univalent, with ¢(0) =0 and
©'(0) = 1. Then,
o(z) =2+ Z anz",

n>2

with |a,| < n, forn > 2.

Corollary 1.3.2. (Distortion estimates for univalent maps) Let ¢: D(z,79) — C
be univalent, and let r € (0,1¢). Then, there exists C = C(r,ry), with C(r,ry) — 0 as
= — 0, such that, for all z € D(zp,1),

|o(2) = L(2)] < Cl¢'(20)] |2 — 20l

where L stands for the liner map L(z) = ¢(z0) + ¢'(20)(z — 20).
In particular, if ¢ additionally satisfies p(0) =0 and ¢'(0) = 1. Then, for all r € (0,1),
there ezists C':= C(r), with C(r) — 0 as r — 0, for all z € D(0,r),

‘90(2) —1‘30.

z
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Note that, in both cases, C' does not depend on the univalent map considered.

Proof. Let us start by proving the particular case of p: D — C, satisfying ¢(0) = 0 and
¢'(0) = 1. Then, by Theorem 1.3.1, for all z € D, it holds

@(Z) =1 + Z anzn—1’

Z n>2

with |a,| < n, for n > 2. Hence, for r € (0,1) and z € D(0,r), it holds

Z a,z" !

n>2

< ag P e = O(r).

n>2 n>2

‘sO(Z)

_1‘:

Note that the last power series converges for r < 1, and C(r) — 0 as r — 0, as desired.
Now, consider any univalent map ¢: D — C, and let ¢: D — C be defined as

__plz0 +row) — p(20)
¢(w) T 7"0(,0/(20) .

Note that ¢ is univalent, and satisfies ¢(0) = 0 and ¢'(0) = 1. Let r <rgand p == ;- < 1.
Hence, there exists C' := C(p), such that, for w € D(0, p),

‘¢(w) _l<c

w

Letting z = zy + row, we get that, for z € D(zg, 1),

lo(2) = (¢(20) + ¢'(20) (2 — 20))] <C
|2 — 20] [/ (20)] -

as desired. ]

Theorem 1.3.3. (Koebe’s distortion estimates, [BFJK20, p. 639]) Let z € C, r > 0,
and let p: D(z,r) — C be a univalent map. Then,

D ((2), 7 ¥ 1) € ol Dz 1).

Moreover, for all A € (0,1) and z € D(x, Ar), it holds




I.4 Regular and singular values for holomorphic maps

It is well-known that singular values play a central role in holomorphic dynamics (see e.g.
[Ber93, Sect. 4.3] and references therein). Hence, as expected, throughout the thesis we
will make an extensive use of the concepts of regular and singular values. Although these
definitions are quite standard in the context of entire or meromorphic maps (i.e. with one
single essential singularity), we believe it is useful to give definitions in the rather general
context of functions of class K or inner functions, which is the setting we are going to
work in.

We consider the following class of meromorphic functions, denoted by M, consisting of
functions

f:CNE(f) —C,

where Q(f) := C~ E(f) is the largest set where f is meromorphic, and, for all z € E(f),
the cluster set CI(f,z) of f at z is C, that is

~

Cl(f,z) = {w e C: there exists {z,}, C Qf), zn = 2, f(zn) = w} =C.

If E(f) = 0, then f is rational and we make the further assumption that f is non-
constant. Note that Q(f) is open, and E(f) has empty interior. Indeed, if z is an interior
point for F, there does not exist any sequence in §(f) converging to z, and hence CI(f, z)
is empty, a contradiction.

In this general setting, regular and singular values, and critical and asymptotic values,
are defined as follows. Appropriate charts have to be used when dealing with oc.

Definition 1.4.1. (Regular and singular values) Given a value v € @, we say that
v is a regular value for f if there exists 7 := r(v) > 0 such that all branches F; of f~!
are well-defined (and, hence, conformal) in D(v,r). Otherwise we say that v is a singular
value for f.

The set of singular values of f is denoted by SV(f). Note that SV (f) is closed by
definition, and it is the smallest set for which

frEN(E(HUFHSV)) — TN SV(f)
is a covering map.

Definition 1.4.2. (Critical and asymptotic values) Given a value v € C, we say that
v is a critical value if there exists z € 2 such that f/(z) = 0 and f(z) = v. We say that z
is a critical point.

We say that v is an asymptotic value if there exists a curve v: [0,1) — € such that
~v(t) = 0Q and f(y(t)) — v, as t — 1. We say that the curve v is an asymptotic path.

The set of critical values of f is denoted by C'V(f), while AV (f) stands for the set of
asymptotic values. Note that we do not assume, in general, that v(¢) lands at a definite
point 002 as t — 1. However, this is the case for both inner functions and functions in
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class K (Lemma I1.3.13). We say that v is an asymptotic value corresponding to x € 0f2 if
v = lim f(v(t)), where v is a curve such that v(t) — = as ¢ — 1. Note that an asymptotic
value may correspond to more than one point in 0f2.

The following lemma makes explicit the relation between regular and singular values,
and critical and asymptotic values, in the sense of Iversen [Ivel4, BE95]. We refer to
[BE95] for a proof of it (although the proof in [BE95] is done for meromorphic functions,
the argument is local, and hence works for f € M as well).

Lemma 1.4.3. (Characterization of singular values) Let f € M. Then,

SV(f) = CV(f)UAV(]).
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Chapter I

Fatou components and associated inner
functions

This chapter is devoted to study the main tool when dealing with invariant Fatou
components: the associated inner function.

As anticipated in the introduction, for simply connected invariant Fatou components,
the Riemann map can be used as a uniformization. Indeed, let U be a invariant Fatou
component of f and let ¢ be a Riemann map from the open unit disk D onto U. Then,

g: D — D, g::gp_lofogp

is an analytic self-map of D, and f|y and g|p are conformally conjugate by ¢. Therefore,
the study of holomorphic self-maps of I is a good approach to analyze the dynamics of
flu and, as we will see, to describe f|sy, even though neither ¢ nor g extend continuously
to D in general.

We will make this precise next (Sect. I1.1), together with the description of the dynamics
of inner functions (in the unit disk and on the boundary, Sect. I1.3), the boundary
behaviour of the Riemann map (Sect. 11.4), and its transference to the dynamical plane
(Sect. IL.5).

Most of the results presented in this section are well-known (or are not difficult
consequences of well-known statements, whose proofs we include for completeness).
However, the set of tools used in the literature when working with inner functions is
far-reaching, and includes several rather different topics (conformal mapping and
Riemann maps, harmonic measure and estimates, prime ends and accessibility, among
others), spread out among several references. Hence, for convenience of the reader, this
chapter of the thesis aims to be an up-to-date and self-contained explanation of the
method of associating inner functions with Fatou components.

As mentioned in the introduction, two new tools have been developed, used
systematically in this thesis, and with the potentiality of being useful to deal with other
boundary problems. First, we study when inverse branches are well-defined around
points in the unit circle, and we estimate how the radius is distorted under such inverse
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branches (Theorem A). Second, for Baker domains, we introduce the notion of
Carathéodory set as the set of points in the boundary with the same asymptotic
behaviour as points in the interior of the Baker domain, with respect to the
Carathéodory topology of OU (Definition B). Morally,it is the set of points on QU which
converge to the essential singularity through the dynamical access and, as we will see,
plays an important role in the boundary dynamics.

II.1 Iteration in class K and associated inner functions

Consider f € K, i.e.
f:CNE(f)—C,

where Q(f) := C ~ E(f) is the largest set where f is meromorphic and E(f) is the set of
singularities of f, which is assumed to be closed and countable. Note that (f) is open.

Notation. Having fixed a function f € K, we denote Q(f) and E(f) simply by © and
E, respectively. Given a domain U C €2, we denote by OU the boundary of U in 2, and
we keep the notation QU for the boundary with respect to C.

The dynamics of such functions has been studied in [Bol96, Bol97, Bol99, BDHO1,
BDHO04, Dom10, DMdOS22]. The standard theory of Fatou and Julia for rational or
entire functions extends successfully to this more general setting. The Fatou set F(f) is
defined as the largest open set in which {f"}, is well defined and normal, and the Julia
set J(f), as its complement in C. We need the following properties.

Theorem II.1.1. (Properties of Fatou and Julia sets, [BDHO1, Thm. A]) Let
f e€K. Then,

a) F(f) is completely invariant in the sense that z € F(f) if and only if f(z) € F(f);

(a)

(b) for every positive integer k, f* € K, F(f*) = F(f) and T (f*) = T(f);
(c¢) J(f) is perfect;

(d) repelling periodic points are dense in J(f).

By (a), Fatou components (i.e. connected components of F(f)) are mapped among
themselves, and hence classified into periodic, preperiodic or wandering. By (b), the
study of periodic Fatou components reduces to the invariant ones, i.e. those for which
f(U) C U. Those Fatou components are classified into attracting basins, parabolic basins,
Siegel disks, Herman rings and Baker domains [BDHO1, Thm. C]. A Baker domain is, by
definition, a periodic Fatou component U of period k£ > 1 for which there exists zy € U
such that f*(z) — 2, for all z € U as n — oo, but f* is not meromorphic at z. In such
case, zp is accessible from U [BDHO1, p. 658].

Theorem II.1.2. (Connectivity of Fatou components, [Bol99]) Let f € K, and let
U be a periodic Fatou component of f. Then, the connectivity of U is 1, 2, or co.
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In the sequel, we focus on simply connected periodic Fatou components, which we
assume to be invariant. There are plenty of examples of functions and classes of functions
whose Fatou components are simply connected. For instance, periodic Fatou components
of entire maps are always simply connected [Bak84]. Moreover, if f is an entire function,
then its Newton’s method

Ny;:C—C, Npz)=z- JJ:'((Z))

is a meromorphic function, whose Fatou components are simply connected [FJT08, FJT11,
BFJK14, BFJK18].
The main tool when working with a simply connected invariant Fatou component is

the Riemann map, and the conjugacy that it induces between the original function in
the Fatou component and an inner function of the unit disk ID. Before proceeding, let us
recall the definition of inner function.

Definition II.1.3. (Inner function) A holomorphic self-map of the unit disk g: D — D
is an inner function if, for Ad-almost every point £ € 0D,

9" (§) = lim g(t€) € OD.
t—1
If, in addition, ¢g(0) = 0, we say that g is a centered inner function.

Then, let f € K and let U be a simply connected invariant Fatou component for f,
which we assume to be simply connected. Consider ¢: D — U to be a Riemann map.
Then, f: U — U is conjugate by ¢ to a holomorphic map ¢g: D — D, such that the
diagram

vt u
4 }o
D—2->D

commutes.

For entire or meromorphic functions, where the unique essential singularity lies at oo,
it is well-known that ¢ is an inner function (see e.g. [EFJS19, Sect. 2.3], or [ERS20, Prop.
1.1]). The same holds for functions in class K (see Prop. I1.5.3). We say that ¢ is an
inner function associated with (f,U). Note that two inner functions associated with the
same (f,U) are conformally conjugate and hence have the same dynamical behaviour.

Since U is unbounded, f|y need not be a proper self-map of U, and thus f|y has infinite
degree. In this case, the associated inner function ¢ has also infinite degree, and must
have at least one singularity on the boundary of the unit disk.

Definition II.1.4. (Singularity of an inner function) Let ¢ be an inner function.
A point £ € D is called a singularity of g if g cannot be continued analytically to a
neighbourhood of £. Denote the set of all singularities of g by E(g).
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Throughout this paper we assume that an inner function g is always continued to C~D
by the reflection principle, and to 0D \ E(g) by analytic continuation. In other words, g
is considered as a meromorphic function

g: CN E(g) — C.

|¢

Figure II.1: This diagram shows the construction of the inner function. Here, we have the dynamical

U

A

"'—'U
|
@

plane of f(z) = 2 4+ e~ #, with one of its invariant Baker domains U (in white), compare with Chapter
1. In the Baker domain, iterates converge to oo under iteration, while in the unit disk, they converge to
the Denjoy-Wolff point p € 9. The inner function associated with this particular domain was computed

explicitly in [BD99, Thm. 5.2]: g(z) = 1z+23+232.

I1.2 Boundary extension of meromorphic maps h: D — C

Throughout the thesis, we shall make an intensive use of the following concepts, which
describe ways one may approach a boundary point £ € 0D.

In the sequel, we denote the (Euclidean) disk of radius p > 0 centered at £ € D by
D(&, p). We also consider the radial segment at £ of length p > 0,

R() = {ré:re (1-p 1)}
Definition I1.2.1. (Crosscut neighbourhoods and Stolz angles) Let £ € OD.

e A crosscut C is an open Jordan arc C' C D such that C' = CU{a, b}, with a,b € 9D.
If a = b, we say that C' is degenerate; otherwise it is non-degenerate.

o A crosscut neighbourhood of & € 0D is an open set N C D such that £ € 0N,
and C' := ON N D is a non-degenerate crosscut. We usually write Ng or N¢, to
stress the dependence on the point £ or on the crosscut C. Note that for a crosscut
neighbourhood N, 9D N N is a non-trivial arc.
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e Given £ € 9D, a Stolz angle! at £ is a set of the form

Ay, ={2€D: [Arg { — Arg (§ — 2)| < a,|z]| > 1 —p}.

o We say that v lands non-tangentially at & € 0D if v lands at £, and there exists a
Stolz angle A, , at & with v C A, ,.

DO

Radial segment (Euclidean) disk Degenerate crosscut
| ‘
(Non-degenerate) Crosscut Stolz angle
crosscut neighbourhood

Figure I1.2: Different sets related to £ € 9D.

Some times it is more convenient to work in the upper half-plane H rather than in
the unit disk . The previous concepts can be defined analogously for points in 0H. In
particular, the specific formulas for both the radial segment and Stolz angles at a point
r € R are

H(, .\ . ) S
R)(r) ={z € H:Imw < p,Re w = z};

|Re w — x|

H - .
A, (7) = {zEH.Imw<p, <tana}.

Im w

A more flexible notion of radial segment and Stolz angle will be needed for our purposes.

!Note that the usual defintion of Stolz angle is
A={zeD: |[Arg{—Arg (§—2)| < o, | — 2| < p}.

However, both definitions are equivalent for our purposes, and the stated one is slightly more convenient
in our setting.
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Definition I1.2.2. (Generalized radial arc and Stolz angle) Let p € D and let
Ee€dD,E#p. Let p>0and 0 < a < /2.

o If p € D, consider the Mobius transformation M: D — D, M(z) = 1p— :

—. Then,
the (generalized) radial segment R,(&,p) of length p at £ is defined as the preimage
under M of the radial segment R,(M(&)). Analogously, the (generalized) Stolz
angle A, ,(§,p) of angle o and length p is the preimage under M of the Stolz angle

Ay, (M(E)). That is,

p—l—z' Then,
p—z

the (generalized) radial segment and Stolz angle at & are defined as the preimages of
the corresponding radial segment and Stolz angle at M (£) € R. That is,

Ry(&,p) = M~ (R, (M(€)))

Dap(&p) = M7 (Ag ,(M(£)))-

o If p € OD, consider the Mobius transformation M: D — H, M(z) =i

See Figures I1.3 and I1.4.

Observe that R,(&) = R,(£,0), and A, ,(§) = Ay p(€,0). Note also that R,(&,p) is a
curve landing non-tangentially at £ € 9D, while A, ,(£,p) is an angular neighbourhood
of £, since Mobius transformations are conformal, and hence angle-preserving.

Aa,p(fhp

Figure I1.3: Radial arc and angular neighbourhood with respect to p € 9.

We are interested in the boundary behaviour of meromorphic maps h: D — C. Since
h may not extend continuously to 0D, the concepts of radial and angular limit are a
keystone on studying the boundary behavior of h.

Definition I1.2.3. (Radial and angular limit) Let h: D — C be a meromorphic map,
and let £ € 0D. We say that h has radial limit at £ if the limit

h*(§) == lim h(t§)

t—1—
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piy

Figure I1.4: Radial arc and angular neighbourhood with respect to p € OD.

exists. We say that h has angular limit at £ if, for any Stolz angle A at &, the limit

lim h(z)

z—&,z€EA

exists.

Note that, whenever we write h*(£) = p we are assuming implicitly that the radial limit
exists, and equals p. The map
h*: oD — C

is called the radial extension of h (defined wherever the radial limit exists).

Theorem II.2.4. (Radial extensions are measurable, [Pom92, Prop. 6.5]) Let
h: D — C be continuous. Then, the points & € 0D where the radial limit h* exists form
a Borel set, and if A C C is a Borel set, then

(h*)_l(A) ={&€ID: h*(§) € A} C OD
18 also a Borel set.

For maps h: D — C omitting three values in C, the following well-known theorem of
Lehto and Virtanen relates radial and angular limits.

Theorem II.2.5. (Lehto-Virtanen, [Pom92, Sect. 4.1)) Let h: D — C be a
meromorphic map omitting three values in C. Let ~v be a curve in D landing at & € OD.
If h(v) lands at a point p € C, then h has angular limit at & equal to p. In particular,
radial and angular limits are the same.

Remark I1.2.6. (Limit on generalized radial arcs and Stolz angles) Note that,
in particular, the Lehto-Virtanen Theorem justifies that, for meromorphic maps omitting
three values, it is equivalent to take the limit along the radial segment, than along any
generalized radial arc. Likewise, the angular limit can be computed along generalized
Stolz angles.
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I1.3 Dynamics of inner functions

This section contains the fundamental results concerning iteration of inner functions both
in the unit disk ID and on the unit circle 0D, as well as the proof of Theorem A.

11.3.1 Internal dynamics of self-maps of the unit disk

The asymptotic behaviour of the iterates of a holomorphic self-map of the unit disk is
essentially determined by the Denjoy-Wolff theorem. Moreover, results by Schwarz, Wolff
and Cowen give a more precise description of the dynamics. We collect their work in this
section are valid, which is valid for any holomorphic self-map of I, not necessarily an
inner function.

Theorem I1.3.1. (Denjoy-Wolff, [Mil06, Thm. 5.2]) Let g: D — D be holomorphic,

which is not the identity nor an elliptic Mdbius transformation. Then, there exists a point
p € D, the Denjoy-Wolff point of g, such that for all z € D, g"(z) — p.

Hence, holomorphic self-maps of D are classified into two types: the elliptic ones, for
which p € D, and the non-elliptic ones, with p € JD. In the first case, the Schwarz lemma
describes the dynamics precisely.

Theorem I1.3.2. (Schwarz lemma, [Mil06, Lemma 1.2]) Let g: D — D be holomorphic,
with g(0) = 0. Then, for all z € D, |g(2)| < |2|, and |¢'(0)] < 1.

An analogous result was obtained by Wolff for non-elliptic self-maps of D.

Theorem I1.3.3. (Wolff lemma, [Wol26]) Let g: D — D be holomorphic, with Denjoy-
Wolff point p € OD. Let D C D be an open disk tangent to OD at p. Then, g(D) C D. In

particular, g*(p) = p.

Another equivalent way of stating Wolff lemma is that, for any holomorphic function
h: H — H with Denjoy-Wolff point co and any upper half-plane H, h(H) C H (see also
[Bar08, Lemma 2.33]).

Note that, in the elliptic case, g is holomorphic in a neighbourhood of the Denjoy-Wolft
point p € D, which is fixed and it is either attracting (if |¢’(p)| € (0, 1)) or superattracting
(if ¢'(p) = 0). In the former case, g is conjugate to z — |¢'(p)| z in a neighourhood of p
(by Koenigs Theorem, see e.g. [Mil06, Chap. 8]). In the latter case, the dynamics are
conjugate to those of z — 29, where d stands for the local degree of g at p (by Béttcher
Theorem, see e.g. [Mil06, Chap. 9]).

An analogous result for the non-elliptic case is given by the following result of Cowen,
which leads to a classification of non-elliptic self-maps of D in terms of the dynamics near
the Denjoy-Wolff point.

Definition I1.3.4. (Absorbing domains and fundamental sets) Let U be a domain
in C and let f: U — U be a holomorphic map. A domain V' C U is said to be an absorbing
domain for fin U if f(V) C V and for every compact set K C U there exists n > 0 such
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that f"(K) C V. If, additionally, V' is simply connected and f|y is univalent, V' is said
to be a fundamental set for f in U.

Theorem II.3.5. (Cowen’s classification of self-maps of D, [Cow81]) Let g be a
holomorphic self-map of D with Denjoy-Wolff point p € O0D. Then, there exists a
fundamental set V' for g in D.

Moreover, given a fundamental set V', there exists a domain 2 equal to C or

H = {Im z> 0}, a holomorphic map ¥: D — €, and a Mébius transformation
T:Q — Q, such that:

(a) ¥(V) is a fundamental set for T in €,

(b) Yog=To1 inD,

(c) ¥ is univalent in V.

Moreover, T and ) depend only on the map g, not on the fundamental set V. In fact
(up to a conjugacy of T by a Mébius transformation preserving ), one of the following
cases holds:

e O =C, T =1idc + 1 (doubly parabolic type),

e Q=H, T = Xidy, for some A > 1 (hyperbolic type),

e Q=H, T =idg £ 1 (simply parabolic type).

(< g
)\ W

(a) Elliptic (b) Doubly parabolic (¢) Hyperbolic (d) Simply parabolic

7

Figure I1.5: The different types of convergence to the Denjoy-Wolff point.

Finally, note that if g is a self-map of D, so is ¢*, for all K > 1. The type in Cowen’s
classification is preserved by taking iterates.

Lemma I1.3.6. (Cowen’s classification for ¢*) Let g: D — D holomorphic, and let
k be a positive integer. Then, g is elliptic (resp. doubly parabolic, hyperbolic, simply
parabolic) if and only if so is g.
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Proof. Tt is clear that g is of elliptic type if and only if so is g¥. Now, assume that p € oD
is the Denjoy-Wolff point of ¢, and choose a fundamental set V' for g in ID. Then, V is a
fundamental set for g* in D. It follows that g|y is conformally conjugate to T} : €, — Q,
and gk|v is conformally conjugate to Ty: 2y — 5. Hence, T} : Q1 — Qq and Ty : Qy — (9
are conformally conjugate. Since 7" and () are unique up to conformal conjugacy, and do
not depend on the choice of the fundamental set, it follows that g and g* are of the same
type in Cowen’s classification. n

I1.3.2 Dynamics of inner functions on the unit circle

Once the dynamics of inner functions inside the unit disk are well-understood, let us
examine the dynamics induced by such functions on the unit circle. Note that inner
functions may not extend continuously to any point on 0D, so it is a priori unclear how
to proceed.

We find two different approaches in the literature. On the one hand, Aaronson [Aar78|
and Doering and Mané [DM91] studied the measure-theoretical dynamical system given
by the radial extension ¢*: 0D — 0D, from an ergodic point of view. On the other hand,
Baker and Dominguez [BD99] and Bargmann [Bar08] define and study Fatou and Julia
sets of inner functions, with a more topological point of view. We present both theories
next, which together provide a detailed description of the dynamics.

The measure-theoretical approach of Aaronson, Doering and Mané

Let g: D — D be an inner function, and consider the dynamical system induced by its
the radial extension
g : 0D — OD.

Recall that if ¢ is an inner function, so is g* [BD99, Lemma 4], so the equality

holds for all n > 0 A-almost everywhere. Moreover, the radial extension ¢g* is measurable
(Thm. 11.2.4), and hence analyzable from the point of view of ergodic theory. The
following is a recollection of ergodic properties of ¢g*, with precise references.

Theorem I1.3.7. (Ergodic properties of ¢*) Let g: D — D be an inner function with
Denjoy- Wolff point p € D. The following holds.

*

(a) g* is non-singular. In particular, for A-almost every & € OD, its infinite orbit under
g%, {(g")" (&)}, is well-defined.

(b) g* is ergodic if and only if g is elliptic or doubly parabolic.

(c) If g* is recurrent, then it is ergodic. In this case, for every A € B(D) with A\(A) > 0,
we have that for A-almost every & € 0D, there exists a sequence ny — oo such that
(g")*(&) € A. In particular, A\-almost every & € 0D, {(¢g")*(§)}, is dense in ID.

n
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(d)
(e)

(2)

If g is an elliptic inner function, then g* is recurrent.

The radial extension of a doubly parabolic inner function is not recurrent in general.
Howewver, if g is doubly parabolic and the Denjoy- Wolff point p is not a singularity
for g, then g* is recurrent. Moreover, if g is doubly parabolic and there exists z € D
and r > 1 such that

1 1
disto (g™ (2),"(2) <~ +0 (=),
n
as n — 0o, then g* is recurrent.

If g is hyperbolic or simply parabolic, then g* is non-ergodic and non-recurrent.
Moreover, A-almost every & € 0D converges to the Denjoy-Wolff point under the
iteration of g*.

Let k be a positive integer. Then, g* is an inner function. Moreover, g* is ergodic
(resp. recurrent) if and only if (g*)

* is ergodic (resp. recurrent).

Proof.  (a) The proof that g* is non-singular can be found in [Aar97, Prop. 6.1.1]. We

(f)

claim that this already implies that, for A-almost every £ € 0D, its infinite orbit
{(g™)*(&)},, is well-defined. We shall prove it by induction. First, it is clear that the
set

{£ € ID: ¢*(&) is well-defined}

has full measure, and, since ¢* is non-singular, ¢*(0D) = 1. Now, assume that the
set
{€eaD: {(g") (&)} is well-defined |

has full measure, and A((¢*~!)*(0D)) = 1. Then, the set

(g" 1" (OD) N {€ € ID: (¢g™)*(€) is well-defined}

has also full measure, proving that the orbit {g*(& )}ZZO is well-defined for A-almost
every £ € 0D, as desired.

It follows from combining [DM91, Thm. G] with [Bon97, Thm. 1.4].
See [DM91, Thm. E, F], as well as [Aar97, Thm. 6.1.7].

The first statement is [DM91, Corol. 1] (see also [Aar97, Thm. 6.1.8]). The second
statement follows from applying Theorem 1.1.7, and applying that open sets in JD
have positive measure. See also [BEFT24, Sect. 8.3].

An example of a doubly parabolic inner function whose boundary map is not
recurrent is given in [BFJK19, Example 1.3]. Conditions which imply recurrence
are found in [BFJK19, Thm. B| and [BFJK19, Thm. E|, respectively.

See [DM91, Thm. 3.1, Thm. 4.1, Corol. 4.3|, combined with [Bar08, Lemma 2.6].
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(g) Finally, the proof that ¢g* is an inner function can be found in [BD99, Lemma 4].
Since ergodicity depends only on the type in Cowen’s classification 11.3.5, which is
invariant under talking iterates (Lemma 11.3.6), g* is ergodic if and only if (¢*)* is
ergodic. Recurrence is always preserved under taking iterates (see Lemma 1.1.8).

O

The next theorem deals with the existence of invariant measures.

Theorem I1.3.8. (Invariant measures for ¢*|op, [DM91, Thm. A, C]) Let g: D - D
be an inner function.

(i) If g is elliptic, assume O is the Denjoy- Wolff point of g. Then, the Lebesgue measure
A s invariant under g*.

(ii) If g is doubly parabolic, assume 1 is the Denjoy- Wolff point of g. Then, the o-finite
measure ]
Ar(A) = / —— _d\w), A€ BOD),
Alw — 1]

is invariant under g*.

Note that the measure Ag is the push-forward of the Lebesgue measure on R (up to
multiplication by a constant) under any Mébius map transforming the upper half plane
to the unit disk, and sending oo to 1.

We need the following result, which is extracted from the proof of [DM91, Thm. 3.1].

Theorem I1.3.9. Let g: D — D be a hyperbolic or simply parabolic inner function. Then,
there exists h: D — D and a Mobius transformation T: D — D such that ho g =T o h.
Moreover, h = lim,, h™, where h, =T, 0o g", T,,: D — I Mébius, and h,(0) =0 for all n.

It follows from [Fer23] that A is inner (and h(0) = 0, and hence preserves the Lebesgue
measure on JD); moreover, h is a Mobius transformation if and only if ¢ is univalent,
and otherwise h has infinite degree. Note that T cannot have fixed points, and thus is
hyperbolic or simply parabolic (doubly parabolic inner functions are never univalent).

Applying the Lehto-Virtanen Theorem I1.2.5, one deduces that h* and h* o g* exists
A-almost everywhere, and

W og =Toh"

where defined.

The topological approach of Baker, Dominguez and Bargmann

Another approach to describe the dynamics of inner functions in JD is developed in
[BD99, Bar08], where instead of considering the induced measure-theoretical dynamical
system as in [Aar78, DM91] it is considered the holomorphic dynamical system given by
the maximal meromorphic extension of g, and the normality of the sequences of iterates
is studied.
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More precisely, assume ¢ is not a Mobius transformation. Then, the Fatou set F(g) is
the set of all points z € C for which there exists an open neighbourhood U C C of z such
that {¢"|v}, is well-defined and normal. The Julia set J(g) is the complement of F(g)
in C. In view of the Denjoy-Wolff Theorem, it is clear that the Fatou set is precisely the
set of points for which iterates converge locally uniformly to the Denjoy-Wolff point.

It follows from Montel’s theorem that J(g) C OD. Note also that, if g has finite degree,
then it is a Blaschke product, and thus a rational map. In this case, the definition of
the Fatou and Julia sets agrees with the usual one for rational functions. Moreover, the
following holds.

Lemma I1.3.10. (Properties of Fatou and Julia sets of inner functions, [BD99,
Lemma 8], [Bar08, Thm. 2.34] ) Let g: D — D be an inner function. Then,

(a) 9(F(9)) € F(g);
(b) if g is non-Mdébius, then J(g) is a perfect set;

(¢) if g is non-rational, then J(g) = U, E(g").

It is well-known that, if ¢ is elliptic or doubly parabolic, then J(g) = 0D [Bar08, Thm.
2.24]. For non-Mébius hyperbolic and simply parabolic inner functions, it may happen
J(g) = ID, as well as J(g) # 0D, see [Bar08, Sect. 2.5] (both situations can happen
also for inner functions associated with non-univalent Baker domains of entire function;
see [Bar08, Ex. 3.6], where J(g) = 0D; and [BZ12], where J(g) # 0D).

We need the following additional properties.

Lemma I1.3.11. (Characterization of singularities of inner functions) Let g: D —
D be an inner function. Then, £ € E(g) if and only if, for any crosscut neighbourhood N

of &,

9(Ne) = D.
Moreover, for every n € 0D and every neighbourhood U of €, there exists ( € UNAID such
that g*(¢) = 1.
Proof. The first statement can be found in [Gar07, Thm. I1.6.6], while the second is
proven in [BD99, Lemma 5 and Corollary]. O

Lemma I1.3.12. (Iterated preimages are dense in the Julia set) Let g: D — D be
a non-Mdobius inner function, and let ( € 0D. Then,

U {¢ €aD: (g)*(£) = ¢} D T(9).

n>0

Proof. In the case when ¢ has finite degree, it follows from the standard theory of Fatou
and Julia sets. In the case when ¢ has infinite degree, there exists at least one singularity
of g, and
J(9) = U E(g"),
n>0
by Lemma I1.3.10(c). By Lemma II.3.11, each singularity is approximated by radial
preimages of every point in JID, and the lemma follows. m
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I1.3.3 Iterated inverse branches on 0D and distortion

Finally, we study iteration on 0D from a different point of view: iterating backwards.
Indeed, we analyze when iterated inverse branches are well-defined (and hence, conformal),
and the quantify the distortion exercised on the radial segment, as stated in Theorem A.
To do so, we study carefully the singular values for inner functions, as indicated in Section
[.4, and combine this results with estimates of conformal maps, given in Section 1.3.

Singular values for inner functions

Let g: D — D be an inner function, considered as its maximal meromorphic extension
g:C\FE (9) — C,

as before. We shall consider regular and singular values for ¢ as introduced in Section 1.4.
We observe that for any inner function g and any z € F(g), the cluster set (as defined
in Section 1.4) is C. Indeed, if z € E(g), then Lemma I1.3.11 and Schwarz reflection
imply that Cl(g,z) = C (compare also with [BD99]). Thus, g € M, and all the previous
description of singular values applies.

Note that, since D and C <D are totally invariant, there cannot be critical points nor
critical values in 0D. Moreover, by symmetry, if v € D is regular (resp. singular), then

so is 1/v. Hence, we consider

SV(g,D) = {v eD:vis singular}.
We start by proving that asymptotic paths actually land at points in E(g).

Lemma II.3.13. (Asymptotic paths land) Let v € D be an asymptotic value for g,
and let v: [0,1) — C~ E(g) be an asymptotic path for v. Then, there exists a singularity
€ € E(g) C OD such that y(t) — &, ast — 1.

Proof. Assume, on the contrary, that the landing set L(y) of the asymptotic path v is a
continuum in E(g). Then, L(v) is a closed non-degenerate interval in the unit circle.

On the one hand, for A-almost every point £ in L(7), the radial limit g*(§) exists. Let
us denote the radial segment at § by Re.

On the other hand, without loss of generality, we can assume v: [0,1) — D~ E(g).
Then, since L(y) C E(g) and v C D \ E(g), for every point £ € L(v) (except at the
endpoints), there exists a sequence {£,} C v N Re with &, — & Then, g(&,) — v,
implying that the radial limit ¢*(£) equals v. This contradicts the fact that radial limits
are different almost everywhere (Thm. 4.8.4). O

Next we prove that singular values in D correspond to accumulation points of singular
values in D.

Proposition I1.3.14. (Singular values on D) Let g: D — D be an inner function,
and let £ € OD. The following are equivalent.
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(a) There exists a crosscut C, with crosscut neighbourhood N¢ and & € ON¢ such that
SV(g) N NC = @

(b) v is regular, i.e. there exists p == p(§) > 0 such that all inverse branches G1 of g
are well-defined in D(, p).

Proof. The implication (b)=-(a) is trivial. Let us prove (a)=-(b). Without loss of
generality, we can assume that there are no singular values in D N Ng. Moreover, note
that (a) implies that all inverse branches G are well-defined (and conformal) in Nc.
The assumption that there are no singular values in dD N Ng implies that G is
holomorphic in No N'D. We shall show that G; can be extended across D by Schwarz
reflection (see Fig. 11.6).

To this end, let ¢: D — N¢ be a Riemann map. Note that it extends homeomorphically
to ON¢; we shall denote this extension again by ¢. Then,

G1 op: D — G1<NC)

is a Riemann map for the simply connected domain G;(N¢), where G is any branch of
g "
Consider the radial extension

GTZ aNC — 8G1(Nc),

defined as
Gi(x) = (Gyop) (¢ ' (2)),

for x € ON¢. Note that, since Gy|n, is bounded, the radial extension is well-defined
almost everywhere in ON¢. Since we assume that G is holomorphic in No N D, it follows
that G1(NcND) C D. Indeed, assume z € NcND and G4(z) € dD. Since Gy is conformal,
it would map points in ID to points in C~ D, a contradiction.

Moreover, modifying slightly the crosscut if needed, we can assume that, for the two
endpoints {1, &} = ON¢ N ID, the limit

Gie) = Jm G2

exists, for © = 1,2. This is possible since the radial extension is well-defined almost
everywhere. Note that, since g is assumed to be an inner function, Gj(&;) € D (otherwise,
there would exist a point in D mapped by g to 9D, a contradiction). Hence, G1(ONsND)
is a crosscut in ID; we shall denote this crosscut by C’. On the other hand, note that, for
x € ONc N 0D, it holds

Cl(Gy,z) = {w € D: there exists {z,}, C N¢ with z,, — 2 and Gy (z,,) — w} C dD,

since g(D) C D. Hence,
JG1(N¢) € C"U OD.
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Therefore, 0G1(N¢) is locally connected (and, in fact, a Jordan curve), so Gy extends
homeomorphically to ON¢, and G1(ONe N OD) C OD.
Thus, by Schwarz reflection, we can extend holomorphically G to

1

z

NOU(8Ncﬂ6D)U{Z€@Z GNc},

(see Fig. 11.6). In particular, there exists p := p(§) > 0 such that all inverse branches of
g are well-defined in D(¢, p), as desired.

© ¢

D

Figure I1.6: Whenever an inverse branch G is well-defined in a crosscut neighbourhood, it can be
extended across the unit circle by Schwarz reflection.

]

It follows from Proposition 11.3.14 that a value v € 0D is singular for ¢ if and only if
it is accumulated by singular values in D, i.e. v € SV (g) NID. Clearly, for finite Blaschke
products, all values v € 9D are regular, and the same is true if SV (g) N D is compactly
contained in ID. Moreover,

Corollary I1.3.15. (Non-singular Denjoy-Wolff point) Let g: D — D be an inner

function with Denjoy- Wolff point p € OD. If p ¢ SV (g), then p is not a singularity for g.

Proof. If p ¢ SV (g), then there exists a crosscut neighbourhood N, such that p € N,
and SV (g) N N, = 0. Since the Denjoy-Wolff point is radially fixed (Thm. I1.3.3), there
exists a curve v C N, landing at p, such that g(y) C N, also lands at p. Consider G; the
inverse branch of g=! defined in N, such that G1(g(vy)) = 7. By Proposition 11.3.14, G,
extends conformally to D(p, p) for some p > 0, and G1(p) = p. Then, D == G1(D(p, p))
is a negihbourhood of p, and

g: D1 — D(p, p)

conformally. Therefore, by Lemma I1.3.11, p is not a singularity for g, as desired. m

Remark I1.3.16. (At most one asymptotic value per singularity) By the Lehto-
Virtanen Theorem 11.2.5, given a singularity £ € E(g), there exists at most one asymptotic
value v € D corresponding to £. Indeed, if v is an asymptotic value corresponding to the
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singularity &, there exists a curve landing at £ whose image lands at v. By Lehto-Virtanen
Theorem, g*(§) = v. Since radial limits, if they exist, are unique, there cannot be more
asymptotic values corresponding to &. Hence,

#E(g) > #AV(g) N D.

This differs from when a meromorphic function f: C — C is considered, where the
essential singularity (infinity) can have infinitely many asymptotic values corresponding
to it.

Distortion of inverse branches

Next, we analyse the distortion induced by inverse branches near D, and how we can
control the preimages of radial limits in terms of Stolz angles.

Proposition I1.3.17. (Control of radial limits in terms of Stolz angles) Let
g: D — D be an inner function with Denjoy-Wolff point p € D. Let £ € ID, & # p.
Assume there exists pg > 0 such that D(&,po) NSV (g) # 0. Then, for all 0 < o < 7,
there exists py = pi(a,po) < po such that all branches Gy of g~ are well-defined in
D(&, pr) and, for all p < pi,

Gy (Rp(f,p)) - Aa,p(Gl &), p),

where R,(-,p) and A, ,(-,p) stand for the generalized radial segment and Stolz angle with
respect to p (Def. 11.2.2).

Figure II.7: Whenever an inverse branch G; is well-defined at a boundary point £ € 9D, G; sends
radial segments into angular neighbourhoods of a given openning. In the figure, p =0 € D.

Note that p; depends only on py and «, but not on the point ¢ € 9D, nor on the inverse
branch G;.

Proof. Note that, since D(, pg) N SV (g) # 0, all branches G, of g~! are well-defined in
D(&, po). We shall distinguish two cases.
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o Assume first that g is elliptic, so p € D. According to Definition I1.2.2, it is enough
to consider g: D — D with g(0) = 0 and prove

G1(Ry(&,0)) C Aapn(Gi(£),0).

By Schwarz lemma I1.3.2, |G1(z)| > |2| for z € D(&, po) N D. It is left to see that,
for z € R,(&,0),
[Arg G () — Arg (G1(§) — Gi(2))] <

To do so, consider the linear map
Ly(z) = G1(§) + G1(§)(z = &)

Note that |Li(z) — G1(§)| = |G1(&)| |z —&|. Moreover, by Corollary 1.3.2, there
exists p; < po and a constant C'(p;) > 0 such that

|G1(2) = Li(2)] < Clp1) |2 = €[1GL(E)]
for all z € D(, p1). That is, the point G1(z) belongs to the disk of center L;(z) and
radius C(p1) |z — &| |G (€)] (see Fig. IL.8).

Since C(p1) — 0 as p; — 0, we have I_C((Jp(lp)l) — 0 as p1 — 0. Without loss of

generality, we assume C/(p;) satisfies

C(p1)

—— < tana.
1-C(p)

Let

B = |Arg Gi(§) — Arg (Gi(§) — Gi(2))]-
We claim that, if z € R,(£,0), then Arg Li(z) = Arg (G1(§)). Indeed, L, is the
affine map associated to Gy, which is an inverse branch of g. The map G is
conformal in D(§, py), and hence angle preserving, and G(D(&, po) N OD) C 0OD.
From this, it follows that, if Arg z = Arg £, then Arg L,(z) = Arg (G1(§)), i.e. if z
lies on the radial segment at &, then L;(z) lies on the radial segment at G1(€).
Then, noting that Gi(z) belongs to the disk of center L;(z) and radius
Clp) |z = €[1G1(E)], it follows

Clp) |G1OIz =& Clp)
(1 =Clp)) [GLO]|z =&l 1=Clp1)

as desired. See also Figure I1.8.

tan 5 <

< tana,

« Assume g is non-elliptic, so p € dD. Note that G1(§) # p, since p is the Denjoy-Wolff
point and, hence, it is radially fixed (Thm. I11.3.3).

Now, consider h: H — H, h :== M o go M~', where M: D — H, M(z) = Z,p—i—z'
—z

Then, there exists pp such that D(M (), po) N SV(h) = 0, and consider H; the
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(1- Co1) |G1(©)

[z — ¢l

GL©] 14 - ¢!

(a) (b)

Figure II.8: Image (a) shows how the inverse branch G; acts near &, and (b) provides more detail on
it. Indeed, the point G1(z) lies on the disk D(L1(z),C(p1)|G1(&)]||z —£&]). The angle 8 captures the
opening of the vector G1(z) — G1(€) with respect to the vector Li(z) — G1(§). Hence, tan 5 is bounded
above by the maximal distance between G1(z) and L;(z) divided by the minimal distance between G1(§)

and G1(z).

branch of A~ corresponding to Gy, well-defined in D(M (&), po). It is enough to
prove that there exists p; < py such that, for all p < py,

Hi(R,(M(€))) C Ag ,(H(M()))-

First note that, by Wolff lemma I1.3.3, if Im w < p, then Im H;(w) < p. Now,
consider the linear map

Ly(w) = Hi(M(§)) + Hy(M(8))(w — M(S)).

Note that |L;(w) — Hy(&)| = |H{ (M (E))] |lw — M(§)|. Moreover, by Corollary 1.3.2,
there exists p; < pp and a constant C'(p1) > 0 such that

|Hy(w) — Lyi(w)| < C(p1) lw = M(§)] [HI(M(E))],
for all w € D(&, p1). We assume, without loss of generality,

C(ﬁl) < tan a.

1—=C(p1)
Since h(H) C H, and H; is a branch of h~!, conformal where defined, then if
w € R}(M()), then Re Ly (w) = Hy(M(£)), i.e. if w lies on the radial segment at
M (§), then Ly (w) lies on the radial segment at Li(M(E)).

We claim that, for w € R}(M(£)), it holds

[Re H:(w) — Hi(M(§))]

<t .
Im H;(w) ana
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Indeed,
[Re Hy(w) — Hi(M(§))| = [Re Hi(w) — Re Li(w)| < C(p1) [w — M(E)| [H(M(E))],

Im Hi(w) = Im (Hy(w) — Hi(M(£))) = (1 = C(p1)) [H (M (&))] |w = M(E)],
as desired. See also Figure 11.9.

w4
Cp1) | HY (M i

(1-Clp1)

H{(M(©)] [w - M(©)]

Hy(M(E)) = M(E)

Figure I1.9: The point Hj(w) lies on the disk D(L;i(w),C(p1)|H;(€)||z —€|), and this gives the
estimates on its real and imaginary part.

Distortion of iterated inverse branches

Consider the postsingular set

Pg)= U U g).

veSV(g) n>0

The following theorem is now straightforward (and it is the precise version of Theorem A
stated at the beginning of the section).

Theorem I1.3.18. (Iterated inverse branches at boundary points I) Let g: D — D
be an inner function. Assume there exists £ € 0D and a crosscut neighbourhood N¢ of &
such that P(g) N Ne = 0. Then, there exists pg > 0 such that all branches G,, of g™ are
well-defined in D(&, po), and, for all p < po,

Gn(Rp<€)7p) - Aa,p(Gn(g)ap)a

where R,(-,p) and A, ,(-,p) stand for the radial segment and the Stolz angle with respect
to p (Def. 11.2.2).
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If, in addtion, ¢g*|gp is recurrent, the existence of one crosscut neighbourhood without
postsingular values already implies that iterated inverse branches are well-defined A-almost
everywhere, and singularities have zero Ad-measure. This is the content of the following
theorem.

Theorem I1.3.19. (Iterated inverse branches at boundary points II) Let g: D —
D be an inner function, such that g*|sp is recurrent. Assume there exists ¢ € 0D and
a crosscut neighbourhood N of ¢ such that P(g) N Ne = (0. Then, for A\-almost every
& € dD, there exists py == po(&) > 0 such that all branches G,, of g~" are well-defined in
D(&, po). In particular, the set E(g) of singularities of g has \-measure zero.

In addition, for all 0 < o < 3, there exists py < po such that, for all n >0, all branches
Gn of g7™ are well-defined in D(&, p1) and, for all p < p1,

Gn(Rp<€)7p) - Aa,p(Gn(f)ap)a

where R,(-,p) and A, ,(-,p) stand for the radial segment and the Stolz angle with respect
to p (Def. 11.2.2).

Proof. By Proposition I1.3.14, the existence of a crosscut neighbourhood N¢ of ¢ € ID
such that P(g) N N, = (), implies the existence of p; > 0 such that all branches G,, of g7
are well-defined in D((, p¢).

We have to see that, for A-almost every ¢ € 0D, there exists pe > 0 such that all
branches G, of g™ are well-defined in D(&, p¢). Since we are assuming ¢g* to be recurrent,
for A-almost every £ € dD, {(¢™)*(£)},, is dense in 0D (Thm. I1.3.7(c)). Therefore, there
exists ng = ng(&) such that (¢™°)*(&) € D((, p¢). This already implies the existence of
pe > 0 such that all inverse branches G,, of g~ are well-defined in D(§, pe).

Next we prove that A(E(g)) = 0. To do so, let

K = {5 € 0D: Jp > 0 such that all branches G,, of g~" are well-defined in D(¢, p)} :

Note that points in ¢~ (K do not belong to E(g). Indeed, if ¢ € g7*(K), then there exists
a neighbourhood of ¢ which is mapped conformally to D(g(¢), p), and hence ¢ cannot be
a singularity. Therefore, it is enough to prove that A(¢g~!'(K)) = 1. This follows from the
fact that A(K) = 1 and that ¢* is non-singular (Thm. I1.3.7(a)).

Finally, the control of the image of radial segments by inverse branches in terms of
angular neighbourhoods follows from Proposition 11.3.17. Indeed, note that the estimates

obtained therein do not depend on the inverse branches considered, but only on the radius
of the disk where they are defined. O]

Remark I1.3.20. Observe that a sufficient condition so that hypotheses of Theorem
I1.3.18 are satisfied is that singular values are compactly contained in . Indeed, it is
enough to show that, if singular values of g|p are compactly contained in I, then there
exists ¢ € 0D and a crosscut neighbourhood N¢ of ¢ such that P(g) N N = 0.

Assume first that ¢ is elliptic, with Denjoy-Wolff point p € D. After conjugating by
a Mobius transformation, we assume p = 0. Now, consider an Euclidean disk D(0,r),
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with r € (0, 1) big enough so that SV (g) C D(0,7). By Schwarz Lemma I1.3.2, D(0,r)
is forward invariant under g, so P(g) C D(0,r). This implies that, for all { € D, we can
find a crosscut neighbourhood of ¢ disjoint from the postsingular set.

If g is doubly parabolic, the procedure is analogous, with the difference that we should
work with a holodisk tangent to the Denjoy-Wolff point instead of an Euclidean disk,
and we apply Wolff Lemma I1.3.3 instead of Schwarz Lemma. Note that we can find a
crosscut neighbourhood disjoint from the postsingular set for any ( € 0D, except for the
Denjoy-Wolff point.

I1.4 Boundary behaviour of Riemann maps

In order to transfer the previous results on the iteration of inner functions on the unit
circle 0D, we need a deep understanding of the Riemann map ¢: D — U. We collect
here the results concerning the boundary behaviour of Riemann maps needed in this
thesis, and refer to [Pom92] for a wider exposition on the topic. In the sequel we assume
U C C; this can be achieved without loss of generality by postcomposing ¢ by a Mobius
transformation.

Let us start with a classical result by Beurling [Pom92, Thm. 9.19].

Theorem I1.4.1. (Existence of radial limits) Let ¢: D — U C C be a Riemann map.
Then, for all & € D apart from a set of logarithmic capacity zero, the radial limit ¢*
exists and its finite.

We shall not discuss here the concept of logarithmic capacity (for which we refer to
[Pom92, Chap. 9]), but keep in mind the following properties. First, the notion of
logarithmic capacity is usually defined for compact subsets of the plane, but the notion
extends to Borel sets [Pom92, Thm. 9.12]; in particular, a Borel set has logarithmic
capacity zero if it does not contain any compact set of positive capacity. Recall that
sets of logarithmic capacity zero are extremely thin: they cannot contain non-degenerate
continua, and its Hausdorff dimension is zero [Pom92, Thm. 10.1.3]. Moreover, the union
of countably many sets of capacity zero has capacity zero [Pom92, Corol. 9.13], and, if ¢
is a Mobius transformation and E has capacity zero, then ¢(FE) has also capacity zero.

In particular, since sets of logarithmic capacity zero have Lebesgue measure zero, radial
limits exist and are different A-almost everywhere — this is also known as the Fatou, Riesz
and Riesz Theorem (see e.g. [Mil06, Thm. 17.4]). Moreover, the following is true.

Theorem I1.4.2. ([Pom92, Corol. 2.19]) Let ¢: D — C be a homeomorphism. Then,
there are at most countably many points a € C such that ¢*(§;) = a for three distinct
points &; € OD.

IT.4.1 Prime ends and cluster sets

The definition of cluster set and radial cluster set reads as follows.
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Definition I1.4.3. (Cluster sets and radial cluster sets) Let ¢: D — U be a Riemann
map and let & € OD.

o The radial cluster set Clr(p,€&) of ¢ at & is defined as the set of values w € C
for which there is an increasing sequence {t,}, C (0,1) such that ¢, — 1 and
o(t,€) = w, as n — 0.

o The cluster set Cl(p, &) of ¢ at £ is the set of values w € C for which there is a
sequence {z,}, C D such that z, — £ and ¢(2,) = w, as n — oc.

o If U is unbounded, we define the cluster set in C as
Cle(p, &) = Cl(p,§) NC.

Observe that every point in QU must belong to the cluster set of some & € OU. In
some sense, the previous concepts replace the notion of image under ¢ for points in 0D,
and allow us to describe the topology of OU. Cluster sets (and radial cluster sets) are, by
definition, non-empty compact subsets of C. However, cluster sets in C may be empty.

Prime ends give a more geometrical approach to the same concepts, and are defined as
follows. Consider a simply connected domain U, and fix a basepoint zy € U. In the same
spirit as in Definition I1.2.1, we say that C' is a (non-degenerate)crosscut in U if C' is an
open Jordan arc in U such that C' = C U {a, b}, with a,b € OU; we allow a = b. If C'is a
crosscut of U and zg ¢ C, then U \. D has exactly one component which does not contain
20; let us denote this component by No. We say that N¢ is a crosscut neighbourhood in
U associated to C.

A null-chain in U is a sequence of crosscuts {C,}, C U with disjoint closures, such
that the corresponding crosscut neighbourhoods are nested, i.e. N¢, ., C Ng¢, for n > 0;
and the spherical diameter of C), tends to zero as n — co. We say that two null-chains
{C,},, and {C) } are equivalent if, for every sufficiently large m, there exists n such that
N¢, C N¢i, and Noi C Ng,,. This defines an equivalence relation between null-chains.
The equivalence classes are called the prime ends of U. The impression of a prime end P
is defined as

I(P) = ()] N¢, C U.
n>0
If U =D (or any set with locally connected boundary) the impression of every prime end
is a single point. In general, a Riemann map ¢: D — U gives a bijection between points
in 0D and prime ends of U (Carathéodory’s Theorem, [Pom92, Thm. 2.15]). We denote
by P(p,&) the prime end in U corresponding to & € OD.

Given a prime end P, we say that w € oU is a principal point of P, if P can be
represented by a null-chain {C,,} satisfying that, for all r > 0, there exists ny such that
the crosscuts C,, are contained in the disk D(w,r) for n > ng. Let II(P) denote the set
of all principal points of P.

The following theorem gives explicitly the relation between cluster sets and prime ends,
and between radial cluster sets and principal points.
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Theorem I1.4.4. (Prime ends and cluster sets, [Pom92, Thm. 2.16]) Let ¢: D — U
be a Riemann map, and let & € OD. Then,

I(P(¢,€)) = Cl(p,£), and II(P(¢,£)) = Clr(p, ).

I1.4.2 Accessing the boundary of a simply connected domain

A classical result about Riemann maps is the following.

Theorem II.4.5. (Lindel6f Theorem, [CG93, Thm. 1.2.2]) Let v: [0,1) — U be a
curve which lands at a point p € U . Then, the curve p=1(v) in D lands at some point
& € dD. Moreover, ¢ has the radial limit at & equal to p. In particular, curves that land
at different points in oU correspond to curves which land at different points of OD.

Accessible points (and accesses) are in bijection with points in 9D for which ¢* exists,

as it is shown in the following well-known theorem [Pom92, p. 35, Ex. 5]. For a complete
proof, see [BFJK17].

Theorem I1.4.6. (Correspondence Theorem) Let U C C be a simply connected
domain, ¢: D — U a Riemann map, and let p € oU . Then, there is a one-to-one
correspondence between accesses from U to p and the points £ € OD such that ¢*(§) = p.
The correspondence is given as follows.

(a) If Ais an access to p € OU, then there is a point § € OD with ¢*(§) = p. Moreover,
different accesses correspond to different points in OD.

(b) If, at a point £ € OD, the radial limit p* exists and it is equal to p € OU, then there
exists an access A to p. Moreover, for every curve n C D landing at &, if p(n) lands
at some point q € C, then p = q and ¢(n) € A.

I1.4.3 Separating the boundary of simply connected domains

Next, we state the following theorem, which exploits the possibility of separating sets in
OU with arcs contained in U.

Theorem I1.4.7. (Separation of simply connected domains, [CP02, Prop. 2]) Let
UcCobea simply connected domain, and let E C AU be a continuum. Let wy,wy be
points in different connected components of oU \ E. Then, there exists a Jordan arc
v C U withy ~ v C E such that vU E separates wy, and wy in C.

As a consequence of the previous theorem, we describe under which conditions cluster
sets are disconnected when restricted to C. Indeed, the next proposition gives a precise
characterization of disconnected cluster sets. In particular, if a radial limit achieves a
finite value, the corresponding cluster set is connected in C.
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Proposition I1.4.8. (Disconnected cluster sets) Let f be a transcendental entire
function and let U be an invariant Fatou component, such that oo is accessible from U.
Let o: D — U be a Riemann map. Let & € OD be such that Clc(p, &) is contained in more
than one component of OU. Then, p*(§) = oo, and Clc(p,§) is contained in exactly two
components of OU .

Proof. Consider ¥, ¥y connected components of OU, such that both intersect Clc(ip,§).
Set wy € X1 NCle(p,§), we € XN Cle(p,€). Now, apply Theorem 11.4.7, with E' = {oco}
and wy, w, chosen before, which lie on different connected components of AU~ {oo} = AU
Hence, there exists a simple arc v C U, such that 5 \ v = {oo} and 7 separates w; and
wq in C.

It remains to see that ¢~!(y) has one endpoint at &, and then the Correspondence
Theorem 11.4.6 would imply that ¢*(§) = co. See Figure II.10.

Ql 21
m/
21
/N
5‘ /\/

D Qs D U

Figure I1.10: Diagram of the setup of the second part of the proof of Lemma I1.4.8, when it is shown
that, if Clc(p, &) is disconnected, then ¢*(£) = cc.

Since 7 is a closed simple curve in @, by the Jordan Curve Theorem 1.2.1, C - ~ has
exactly two connected components, say 2; and €y, with ¥X; C Q;, C C, for ¢ = 1,2.
Moreover, since 5 C U U {o0}, each U; := Q; N U is non-empty and connected. Hence,
there exists a sequence of points {z}, in U; converging to w;. Since w; € Cle(p, ), we
can assume that the sequences {z%} have been chosen so that {¢1(27)}, both converge
to £ € OD.

Now, consider a null-chain {C,,}, in D, giving the sequence of crosscuts neighbourhoods
{N,}, converging to &, and such that {¢(C),)}, gives a null-chain in U. For the existence
of such null-chain, we refer to [Mil06, Lemma 17.9]. For all n > 0, there is m,, such that
2l € @(Ny), for i = 1,2. Hence, for all n > 0, there exists z, € 7N @(N,).

Observe that, by the Correspondence Theorem I1.4.6, »~!(v) lands at two different
points &1,& € 0D. Hence, for every null-chain in D not corresponding to & nor &,
¢~ () intersects only a finite number of crosscut neighbourhoods of it. Since ¢~'(7)
intersects every N,, it follows that either & = &, or & = &, so ¢ '(7) lands at &, as
desired.

Next, we shall prove that Clc (¢, €) is contained in exactly of two connected components
of OU. Assume, on the contrary, that there exists 31, ¥5 and Y35 connected components of
OU which intersect Clc (¢, ). By the previous argument, there exists a simple arc v C U,
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separating C into two connected components, 2; and 2y, with ¥; C €;, for i = 1,2. Since
v C UU {0}, X3 is either contained in €2; or in Q. Without loss of generality, assume
Y3 C 1. Now, let us consider U; = U N €2y, which is connected, simply connected,
and Y and Y3 are different connected components of QU;. Hence, there exists v C Uy,
separating ¥ and X5. Both curves v and 4/ are disjoint, U~ = {oo}, and ¢~ (y(t)) — &
and = (y(t)) = &, as t — 4o00. Hence, C\ (7 U~') consists precisely of three connected
components, each of them containing exactly one ¥;. See Figure I1.11.

o(Chn)

Figure I1.11: Diagram of the setup of the second part of the proof of Lemma I1.4.8, when it is shown
that Clc(p,&) cannot have more that two connected components.

We want to see that + and 7' define different accesses to oo in U, leading to a
contradiction with the Correspondence Theorem I11.4.6 (indeed, if 7 and +' define
different accesses to oo in U, then ¢~ '(y) and ¢'(7/) cannot land at the same point
£ € dD).

To do so, we fix a crosscut ¢(C,,) of the null-chain {¢(C,,)}, defined above. Since both
¢ Hv(t)) and ¢~ (¥/(¢)) converge to &, as t — oo, there exist t,, ¢, satisfying that

v (ty) Y (ty) € p(Cn),

v ([ty, +00)) U ([ty, +00)) C (Ny)

Denote by 1 the connected arc in ¢(N,,) satisfying that

7 =0 U ([ty, +00)) UY ([, +00))

is a simple arc in U, and 7 is a closed simple curve in U U {oo}. Moreover, since

:}7721)22723 C (Nn)7

it follows that 7 separates exactly one ¥; from the others. Hence, v ([t,,+00)) and
v ([ty, +00)) define different accesses to oo, although both ¢~ !(y([t,,+00))) and
o Y ([ty,+00))) land at &, contradicting the Correspondence Theorem. This finishes
the proof of the proposition. m
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I1.4.4 Harmonic measure

Let U c Cbe a hyperbolic simply connected domain (i.e. U omits at least three points),
and let ¢p: D — U be a Riemann map. We are concerned with the extension of ¢ to the
unit circle 0D given in terms of radial limits
(&) = lim o(tS),
t—1
which exist A-almost everywhere. The radial extension of its Riemann map ¢*: 9D — oU

is used to define a measure in OU , the harmonic measure, in terms of the push-forward
of the normalized Lebesgue measure on the unit circle 0.

Definition I1.4.9. (Harmonic measure) Let U C C be a hyperbolic simply connected
domain, z € U, and let ¢: D — U be a Riemann map, such that ¢(0) = z € U. Let
(0D, B, \) be the measure space on JD defined by B, the Borel g-algebra of 0D, and A,
its normalized Lebesgue measure. Consider the measurable space (C, B(C)), where B(C)
is the Borel o-algebra of C. Then, given B € B(@), the harmonic measure at z relative
to U of the set B is defined as

wu(z, B) = M(¢")"1(B)).

We refer to [GMO05, Pom92] for equivalent definitions and further properties of the
harmonic measure.

Let U c C be a hyperbolic simply connected domain. We need the following simple
facts.

~

« Let B € B(C). If there exists zg € U such that wy(zo, B) = 0 (resp. wy (29, B) = 1),
then wy(z, B) = 0 (resp. wy(z, B) = 1) for all z € U. In this case, we say that the
set B has zero (resp. full) harmonic measure relative to U, and we write wy(B) =0
(resp. wy(B) =1).

« supp wy = OU. That is, for all z € U and r > 0, wy(D(z,7)) > 0.

II.5 Transference to the dynamical plane: dynamics of f|yy

Let us see now how the previous results transfer to the dynamical plane. First, it is clear
that f|y is conformally conjugate to g|p. This implies that inner functions associated
with Siegel disks or attracting basins are elliptic (Mo6bius or non-Mobius, respectively),
while inner functions associated with parabolic basins or Baker domains are non-elliptic.
More precisely, dynamics inside a Baker domain can be eventually conjugate to id¢ + 1,
or to Aidg, A > 1, or to idg+ 1. (being all types possible, [K699]); whereas inner functions
associated with parabolic basins are always of doubly parabolic type (this can be shown
using Fatou coordinates,see e.g. [Mil06, Sect. 10]).

The transference of the boundary dynamics is much more intricate, and the topic of
this section. Before proceeding, note that, if U is an invariant Baker domain, then all
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points in U escape to an essential singularity, say oo, under iteration. Thus, U is clearly
unbounded in Q(f) and infinity is accessible from it. Indeed, given any point z € U and
a curve joining z and f(z) within U, then the curve v = U,>q f"(7) is unbounded and
lands at infinity, defining an access which is called the dynamical access to infinity.

I1.5.1 Singular values

As usual, singular values (defined in Sect. 1.4) play a distinguished role in the dynamics.
It follows from [Bol97, Thm. 1.2] that CI(f,z) = C, for every z € E(f) (see also [BDHO1,
p. 651]). Thus, K C M, and the discussion in Section 1.4 applies.

The dynamics of f|y is controlled by the singular values in U, and

SV(g) C e~ (SV(f)nU), Plg) Ce (P(f)nT).

It is well-known that SV(f)NU # () whenever U is an attracting or parabolic basin, or
a doubly parabolic Baker domain. If SV(f) is compactly contained in U, the behaviour
of the associated inner function g is well understood, in the following sense.

Proposition I1.5.1. (Singular values compactly contained) Let f € K, let U be an
imvariant simply connected Fatou component for f, and g its associated inner function.
Assume SV (f) is compactly contained in U. Then, the following hold.

(a) IfU is an attracting basin, then, for all§ € OD), there ezists a crosscut neighbourhood
Ne¢ of &, such that Ne N P(g,D) = 0.

(b) If U is either a parabolic basin or a Baker domain, then the Denjoy- Wolff point
p € ID of g is not a singularity for g. Moreover, for all £ € OD, & # p, there exists
a crosscut neighbourhood N¢ of & € D, such that Ne N P(g,D) = 0.

Proof. (a) Let zg € U be the attracting fixed point, and consider g to be the inner
function associated by a Riemann map ¢, with ¢(0) = 2. Then, there exists
r € (0,1) big enough so that SV (g) C D(0,r). By Schwarz lemma I11.3.2, D(0,7) is
forward invariant, so P(g,D) C D(0,r), and (a) follows trivially.

(b) By Corollary I1.3.15, it is enough to find a crosscut neighbourhood N, of p such
that N, N SV(g) = 0, and this is immediate from the hypothesis. The second
statement follows for applying the same argument as in (a), using a tangent disk at
the Denjoy-Wolff point and Wolff Lemma I1.3.3.

O
I1.5.2 [Ergodic properties of the boundary map f: 0U — oU

Let ¢: D — U be the Riemann map. Then, the radial extension
©*: 0D — U
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is well-defined A-almost everywhere, and OU admits a harmonic measure wyy, which stands
for the push-forward of the normalized Lebesgue measure \ of 0ID. The ergodic properties
of floy will be derived from the ergodic properties of g*|gp, where ¢ is the inner function
associated with (f,U).

We start by proving that ¢ is actually an inner function. To that end, consider the
following subsets of JD.

Op ={{ € dD: ¢"(§) € E(f)}
Oq = {§ € OD: ¢"(§) € Q(f)}

Note that, since E(f) is countable, A(Og) = 0, so A\(©q) = 1. Moreover, the conjugacy
fow=og extends for the radial extensions wherever it makes sense, as it is shown in
the following lemma.

Lemma I1.5.2. (Radial limits commute) Let £ € Oq, then g*(§) and ©*(g*(§)) are
well-defined, and

fl@™ (&) = " (g7 (£))-

Proof. Let Re(t) = t&, with t € [0,1). By assumption, ¢(R¢(t)) — ¢*(§) = w € U, as
t — 17 (recall that OU denotes the boundary of U taken in ). Since f is continuous at
wand fop=pog, forall0 <t <1,

P(9(Re(1)) = f(p(Re(t))) = f(w) € AU,

ast — 1. We claim that this already implies that y(¢) := g(R¢(t)) lands at some ¢ € ID.
Indeed, consider

L, = {z € D: there exists t, — 1~ such that v(t,) — z} ,

which is a non-empty, compact, connected set contained in JD, since points in D are
mapped to U by ¢. If L., is a non-degenerate arc I, with A(I) > 0, for A-almost every
¢ €1, ¢*(¢) = f(w), which is a contradiction with Theorem 4.8.4. Hence, L,; = ¢ € ID.

Finally, the Lehto-Virtanen Theorem II.2.5 implies that ¢*(§) = ¢ and ¢*(¢*(§)) =
f(w), as desired. O

Proposition I1.5.3. (g is inner) Let f € K, and let U be an invariant simply connected
Fatou component of f. Then, the associated map g: D — D is an inner function.

Proof. Since g is a self-map of the unit disk, its radial extension g* is well-defined A-almost
everywhere. We have to see that |¢*(£)| = 1, for A\-almost every £ € 9D.

Assume, on the contrary, that there exists A C 0D with A(A) > 0 and |¢*(§)] < 1, for
all £ € A. We can assume, without loss of generality, that p*(§) € oOU C J(f), for all
¢ € A. By Lemma I1.5.2, for all £ € A, ¢*(§) € T(f) ~ E(f), and

fl@™(€) =" (g7(§)) € U C F(f)

which is a contradiction with the total invariance of the Fatou set. O
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We note that, since wy (E(f)) = 0, for every Borel set B € C and z € U, we have
wy(z, B) = wy(z, BNQf)).

With these tools at hand, and those developed in the previous sections, we can now
prove ergodic properties like ergodicity and recurrence for the boundary map of Fatou
components of maps in class K, generalizing the results of Doering and Mané [DM91] for
rational maps.

Theorem I1.5.4. (Ergodic properties of the boundary map) Let f € K, and let
U be an invariant simply connected Fatou component for f. Let g be an inner function
associated with (f,U). Then, the following are satisfied.

(i) If U is either an attracting basin, a parabolic basin, or a Siegel disk, then g*|sp is
ergodic and recurrent with respect to the Lebesque measure \.

(ii) If U is a doubly parabolic Baker domain, g*|op is ergodic with respect to \. In
addition, assume one of the following conditions is satisfied.

(a) flu has finite degree.

(b) SV(f)NU is compactly contained in U.

(¢) The Denjoy-Wolff point of g is not a singularity for g.
(d) There exists z € U and r > 1 such that

1 1
disty (f"(2), f(z <+O(>,
o) ) <240 (=
as n — 0o, where disty denotes the hyperbolic distance in U.
Then, g*|op s recurrent with respect to A.

(iii) If g*|op s ergodic (resp. recurrent) with respect to A, so is f|soy with respect to wy.

If g*|op is recurrent with respect to X\, then for wy-almost every point x € 90U,
{f™"(x)},, is dense in OU. In particular, escaping points have zero harmonic measure.

(iv) If U is a hyperbolic or simply parabolic Baker domain of finite degree, then Z(f)NoU
(the set of escaping points in OU ) has full harmonic measure.

(v) Let k be a positive integer. Then, the inner function associated with (f,U) has the
same ergodic properties than the inner function associated with (f* U).

Proof. (i) The associated inner function to these Fatou components is either elliptic or
doubly parabolic, so g* is ergodic (Thm. I1.3.7(b)).

Recurrence for the inner function associated with a Siegel disk or an attracting basin
follows from the fact that these inner functions are always elliptic (Thm. 11.3.7(d)).
Recurrence for parabolic basins follows from [DM91, Thm. 6.1] (although it is stated
for rational maps, the proof only uses the local behaviour around the parabolic fixed
point, so it is valid for f € K).
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(i)

(iii)

(iv)
(v)

Ergodicity of doubly parabolic Fatou components follows from Theorem I1.3.7(b).
For conditions (a)-(c) it is straightforward. To see that condition (d) implies
recurrence, note that

disty (f"(2), f"(2)) = distn(9" " (977(2)), 9" (¥ (),

and apply again Theorem 11.3.7(e).

We start with ergodicity. Let A C OU be measurable. If A = f~1(A), then
(@) 7H(A) = (@) THHA) = ()7 (@) TH(A).

If g* is ergodic, then A((¢*)71(A)) = 0 or A\((¢*)"'(A)) = 1. Then, wy(A) =0 or
wy(A) =1, and f|sy is ergodic.

For the recurrence, assume A C 9U is measurable, and consider (p*)"*(A). Then,
for A-almost every & € (¢*)7!(A), there exists n, — oo such that (¢g™*)*(¢) €
(p*)"1(A). Since A C 9U C Q, Lemma I1.5.2 applies, and

e ((g™)"(€) = [™ (7€) € 4,

proving recurrence for f|sy. Since supp wy = oU , it follows from Theorem I1.1.7
that wy-almost every orbit is dense.

This is the content of [RS18], [BFJK19, Thm. A].

It follows from Theorem I1.3.7(g).
[

The following result concern the existence of invariant measures for f|sy, built as the

push-forward measures of those invariants for the radial extension of the associated inner
function (Thm. I1.3.8).

Corollary I1.5.5. (Invariant measures for f|gy) Let f € K, and let U be an invariant

simply connected Fatou component for f.

(i)

(i)

If U is an attracting basin or a Siegel disk with fized point p € U, the harmonic
measure wy (p,-) is invariant under f.

If U is a parabolic basin or a doubly parabolic Baker domain, with convergence point
p € OU. Then, the push-forward of the measure

1
NelA) = [ —pdA(w), A€ B(oD),
afw—1
under the Riemann map ¢p: D — U, ¢*(1) = p, i.e.

o= (@*)*AR7

is invariant under f. The support of u is ou.
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I1.5.3 Entire functions and accesses to infinity

Next, we deal with the particular case that U is an invariant Fatou component of an
entire function f. In this setting, accesses to infinity play an important role in order to
describe the dynamics and the topology of boundaries of Fatou components, since infinity
is the unique essential singularity of the map, and has no finite preimage. This has been
already exploited in [BW91, BD99, Bar08] (see also [BFJK17]), as we show next.

We use the following notation.

Ou = Op = {£ € ID: ¢ (&) = oo}

DN Oy ={£ € ID: Clr(p,§) # {0} }
@(C = @Q = {f € 0D: QO*(g) € C}
The following holds.

Theorem I1.5.6. (Boundaries of unbounded Fatou components) Let f be a
transcendental entire function, and let U be an unbounded invariant Fatou component.
Consider ¢: D — U to be a Riemann map. The following holds.

(a) (All cluster sets contain infinity, [BW91]) If U is ergodic, then co € Cl(p, ), for all
& e dD.

(b) (Accesses to infinity are dense, [BD99, Bar08]) If U is ergodic and oo is accessible
from U, then O is dense in ID.

(c) (Accesses to infinity and Julia sets, [BD99, Bar08]) If f|u is non-univalent and oo
is accessible from U, then J(g) C On.

Theorem II.5.7. (Accesses to boundary points, [Bar08, Thm. 3.8]) Let f: C — C
be an entire function, and let U be a Baker domain. Let ¢: D — U be a Riemann map.
Then, the map

Oc = AP(U), &= ¢'(§),
s a bijection.
Finally, we give a precise description of how radial limits and cluster sets are mapped

under f, which can be interpreted as a stronger version of Lemma II.5.2 in the case where
the iterated map is entire.

Lemma II.5.8. (Radial limits and cluster sets for the associated inner
function of entire functions) Let f be an entire function, and let U be an invariant
Fatou component for f. Consider p: D — U a Riemann map, and g == @1 o foy an
associated inner function. Let & € OD. Then, the following holds.

(a) (Radial limit for the associated inner function) If ¢*(£) is well-defined and not equal
to 0o, then g*(&) and ¢*(g*(§)) are well-defined and

fl@™ (&) = ¥* (g7 (§))-
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(b)

()

()

(Action of f on cluster sets) If & € D is not a singularity for g, then

(Action of f on radial cluster sets) Assume £ € 0D \ Oy and g*(§) exists. Then,
g* (&) belongs to 0D \ O, and

f(Clr(p,§) NC) C Clr(p, g7(§)) N C.

(Backwards invariance of O4) If £ € O, then for all ( € D with g*(¢) = &, it
holds ¢ € O.

Proof. (a) This is Lemma I1.5.2 in this particular setting.

(b)

Let z € Clc(p,€). Then, there exists a sequence {z,}, C I such that z, — £ and
©(zn) — 2z, a8 n — 0. Since f is continuous at z, and f and g are conjugate by ¢,
we have

w(9(zn)) = flp(zn)) = f(2),

as n — 00. Since ¢ is not a singularity of g, the sequence {g(z,)}, C I approaches
g(§), as n — oo. Hence, f(z) € Clc(p, g(&)), as desired.

Let £ € 0D \ O4. Assume first p*(§) exists, so p*(§) = Clg(p,€) € C. Then, by
(a), g*(&) and ¢*(g*(&)) are well-defined and

f(Clr(p, &) = f(¢"(£)) = ¢"(g"(§)) = Clr(p, g"(§)) € OU.

Hence, g*(§) € 0D \ O.

Assume now that Clg(¢p, €) is a non-degenerate continuum in C. Since critical points
are discrete in C, we can find z € Clg(yp, &) NC which is not a critical point. Hence,
there exists r > 0 small enough so that f|p(.,y is a homeomorphism onto its image.
On the other hand, since z € Clg(p, &), it is a principal point (see Thm. 11.4.4), so
we can find a null-chain {C,}, C D(z,7).

We claim that {f(C,)},, C f(D(z,7)) is a null-chain. We have to check that f(C,,)
is a crosscut for all n > 0, that different crosscuts have disjoint closures, that the
corresponding crosscut neighbourhoods are nested, and that its spherical diameter
tends to zero as n — oo.

First, it is clear that f(C,) is a crosscut for all n > 0, since f|p(, is a
homeomorphism, and f(U) C U and f(0U) C 0U. From the fact that f|p(.,) is a
homeomorphism and the original crosscuts {C,}, have disjoint closures, one
deduces that the crosscuts {f(C,)}, also have disjoint closures. It is also clear
that the diameter of the crosscuts {f(C,)},, tends to zero.

We must still see that the crosscut neighbourhoods corresponding to the crosscuts
{f(C,)}, arenested. To do so, consider R to be the radial segment at £. Since g*(§)
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oU N oU

exists, the curve g(R¢) lands at g*(§). This implies that, for any crosscut D at &, if
its image is again a crosscut (which it is, because f acts locally as a homeomorphism
in the dynamical plane), it is a crosscut at g*(£). Therefore, {p ' (f(Cy))}, is a

null-chain in D, corresponding to ¢* (&) € D, and {f(C,)}, is a null-chain in U.

Figure I1.12: Set-up of the proof of Lemma I1.5.2(c). On the one hand, since f acts homeomorphically
on a neighbourhood of z, the image of a crosscut near z is a crosscut near f(z). On the other hand, the
fact that ¢g* (&) exists allows us to prove that the corresponding crosscut neighbourhoods are nested.

We claim that ¢*(£) € 0D\ O. Indeed, f(z) is a principal point in the prime end of
g*(&). Then, by Theorem I1.4.4, f(z) € Clg(yp, g*(€)), and hence ¢g*(§) € 0D \ O.

Finally, it is left to see that

f(Clr(p,§) NC) C Clr(p,g7(&)) NC.

From the previous construction, we have that, for all z € Clgr(p, &) NC which is not
a critical point,

f(2) € Clg(p,97(€)).

Since Clgr(p,&) is closed and critical points are discrete, if z € Clr(p,£) NC is a
critical point, we can approximate it by a sequence {z,}, of non-critical points in
Clr(p,&) N C. Since f is continuous, f(z,) — f(2), and f(z,) € Clgr(p,g*(&)).
Then, f(z) € Clr(p,g*(€)), because Clg(p, g*(§)) is closed. Thus,

f(Clr(p,§) NC) C Clr(p,g7(£)) NC,

as desired.

Let ¢ € 0D such that g*(¢) = &, and assume, on the contrary, that e € dD \ O.

Thena there exists z € CZR(S@, C)a < 7é Q. By (C)’ f(Z) € CZR(SO79*(C)) = CZR(S0>€)7
f(2) # oo. Hence, £ € 0D \ O, a contradiction.

]
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Remark I1.5.9. The statements in Lemma 11.5.8 deserve a few comments.

e In (a), one has to assume that ¢*(£) # oo, otherwise f(p*(£)) is not defined.
Moreover, the existence of ¢*(§) does not imply that ¢*(§) exists, as shown by
Baker domains of f(z) = z 4+ e~* (compare with Chap. 1).

o In (b), the assumption of £ not being a singularity for ¢ is crucial. Indeed, if £ is a
singularity for g, Cl(g,£&) = D [Gar07, Thm. 11.6.6].

We also note that, under the same assumptions, we cannot expect f(Clc(p,&)) =
Clc(p, g(&)), due to the possible existence of omitted values in OU. For the same
reason, one cannot expect, in general, equality in (c).

o Concerning (d), note that O, is not always forward invariant. Compare with the
example of the exponential basin considered in [DG87], where —1 € O, but
g*(=1) = 0 ¢ O,. Even though, —1 is a singularity for g, ©. is not always
forward invariant even at points which are not singularities. Indeed, the inner

z

function g associated to the parabolic basin of f(z) = ze * is a Blaschke product
of degree 2, which can be chosen to have the Denjoy-Wolff point at 1 and
g(—=1) = 1. Then, g satisfies —1 € O, and 1 = g(—1) € ID \ O, (compare

[BD99], also Chap. 1).

I1.5.4 The Carathéodory set

Let U be an invariant Baker domain. Following the approach taken in [BEF124] to
describe the boundary dynamics of wandering domains, one can define the Denjoy- Wolff
set of f|y as the set of points x € OU such that f"(x) — oo (i.e. distz(f"(r),00) — 0, see
[BEF*24, Sect. 9]). As stated in Theorem I1.5.4, if U is a hyperbolic or simply parabolic
Baker domain such that the Denjoy-Wolff point of the associated inner function is not a
singularity (in particular, if f|y is univalent or has finite degree), then the Denjoy-Wolff
set has full harmonic measure. For doubly parabolic Baker domains such that the Denjoy-
Wolff point of the associated inner function is not a singularity (in particular, if f|y has
finite degree), the Denjoy-Wolff set has zero harmonic measure.

However, the main limitation of the Denjoy-Wolff set is that it does not capture in
which direction boundary orbits converge to infinity. Indeed, for points inside the Baker
domain, the convergence takes place through the same access to infinity (the dynamical
access). Thus, we introduce the notion of Carathéodory set as the set of points in U
which converge to the image under ¢* of the Denjoy-Wolff point with respect to the
Carathéodory topology of OU (or, morally, the points in QU which converge to co through
the dynamical access).

Let us recall that the Carathéodory’s compactification of U endows U with a topology
such that ¢: D — U extends to D as a homeomorphism, and a sequence {z,}, C U,
z, — OU, is convergent if there exists & € D such that for every crosscut neighbourhood
N C D of £, there exists ng such that for all n > ng, z, € ¢(N).
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Definition B. (Carathéodory set) Let f € K, and let U be an invariant simply
connected Baker domain. Let ¢: D — U be a Riemann map, and let g = ¢~ o f oy be
the inner function associated with (f, U) by ¢. We say that x € 9U is in the Carathéodory
set if, for any crosscut neighbourhood N C D at the Denjoy-Wolff point p € JD, there
exists kg > 0 such that, for all £ > ko,

fH(z) € p(N).

By Theorem I1.3.7, the Carathéodory set has full harmonic measure (and, in particular,
it is dense in OU) for simply connected Baker domains, of hyperbolic or simply parabolic
type. Moreover the escaping points constructed in [RS18], [BFJK19, Thm. A] are also
in the Carathéodory set (and since they are escaping, they are also in the Denjoy-Wolff
set). However, points in the Carathéodory set may fail to converge to infinity in general,
if the cluster set of the Denjoy-Wolff point is non-degenerate.

Let us describe the Carathéodory set in some illustrative examples. Let us start with
doubly parabolic Baker domains of entire functions. Theorem 2 will give us that

oU = | | Cl(p, &) NC.
£€oD

In particular, this implies that the images under ¢ of disjoint crosscut neighbourhoods
in D have disjoint closures in U. Note that the topology of the boundary of a general
simply connected domain may be more complicated and the previous property need not
be satisfied. In particular, we have that the Carathéodory set of such Baker domains
consists precisely of points on QU which belong to Cl(¢y, &), for £ € 0D with (¢*)"(§) — p.
The results in [DM91, Thm. F], [BFJK19, Thm. C] imply that in many cases the
Carathéodory set has harmonic measure zero; we do next a deeper analysis.

Let us start with doubly parabolic Baker domains for which the Denjoy-Wolff point p
of the associated inner function g is not a singularity. In this case, p is a parabolic fixed
point with two petals, and it is (weakly) repelling when restricted to 0D. The only points
on 0D that converge to p under iteration are its (radial) iterated preimages. Thus, the
Carathéodory set is

U U Cl(p, &) NC.

n>0 (g*)"(&)=p
In the following example, we see that this is compatible with having a curve of escaping
points in the cluster set of every £ € dD (note that such points converge to oo, but the
convergence does not take place through the dynamical access).

Example I1.5.10. (Doubly parabolic Baker domain, finite degree, [BD99, Sect.
5, 6], [FHO6, Ex. 3], Chapter 1) The function

flz)=2z+¢€"

has a doubly parabolic Baker domain Uy of degree 2 in each strip
Sk = {2k — )7 <Imz < (2k+ 1)7}. Due to the 2mi-periodicity of the function, it
suffices to study U,. It is easy to see that R C U, and

L*:={z€C:Im z = +7i} C OU,.
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Fix the Riemann map ¢: D — Uy (chosen as in [BD99], see also Chapter 1). Then, the
associated inner function can be computed explicitly as
322 +1
:D—D =— .
g o9z = e
Note that the Denjoy-Wolff point is 1, and one can prove that Cl(¢,1) = L* U {oo}.
Thus, the Carathéodory set of Uy is

U U Geonc=UyE))
n>0 gn(g)=1 n>0
Note that all points in the Carathéodory set are non-accessible from U.

Moreover, one can show that, for every & € 9D, ¢"(§) # 1 for all n > 0, Cl(p,{) N C
consists of a curve of escaping points, landing at infinity from one end, and at a finite
endpoint in the plane from the other end, or accumulating along itself, giving rise to an
indecomposable countinua. In any case, this shows the existence of plenty of escaping
points which are not in the Carathéodory set. See Figure 11.13.

\J

Z2 —Zz
9(2) = 33+:21 f(z)=2+e

Figure I1.13: Dynamical plane of f(z2) = z+e~#, with the doubly parabolic Baker domain Uy (orange).
The Riemann map ¢: D — Uy is depicted, together with the inner function. Note that 1 is the Denjoy-
Wolff point, and it is repelling when restricted to 0D. Crosscut neighbourhoods at the Denjoy-Wolff point
are indicated, as well as their image in the dynamical plane. By definition, the Carathéodory set consists
of those points on OU whose orbit eventually enters the image of every crosscut neighbourhood of 1. By
the dynamics of g, one deduces that the Carathéodory set is Cl(p, 1) N C and its iterated preimages.

Next we deal with doubly parabolic Baker domains for which the Denjoy-Wolff point p
of the associated inner function g is a singularity. In this case, the Carathéodory set may
be larger, as shown in the following example.

Example 1I.5.11. (Doubly parabolic Baker domain, infinite degree, [Evdl6],
[BFJK19, Ex. 1.5]) The function

f@)=z+1+¢7,
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known as Fatou’s function, has a completely invariant Baker domain U, which contains a
right half-plane, and J(f) = 0U.

glr

Figure II.14: Dynamical plane of f(z) = 2z 4+ 1 + e, with the doubly parabolic Baker domain U
(yellow), of infinite degree. The Riemann map ¢: H — U is depicted, together with the inner function,
and the graphic of the inner function restricted to the real line, g|g. Note that oo is the Denjoy-Wolff
point, and it is a singularity of g. It is easy to see that there exists points in R (which are not poles or
prepoles) converging to co under iteration; this points correspond to escaping endpoints in the dynamical
plane, and their hairs, and they form the Carathéodory set of U.

It follows from [BFJK19, Thm. D] that wy-almost every point has a dense orbit,
however we claim that the Carathéodory set is non-empty, and in fact contains accessible
points. Indeed, it corresponds to the hairs whose endpoint (and thus the whole hair)
escapes to oco. Such endpoints (which have harmonic measure zero) have been studied in
[Evd16].

Moreover, the associated inner function can be computed explicitly as
cot z

5
for a suitable Riemann map ¢: H — U [ERS20, Thm. 1.9]. Escaping endpoints
correspond to points in R which converge to the Denjoy-Wolff point under iteration of g.
See Figure 11.14.

g H—-H, g(z)=2-—
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For hyperbolic and simply parabolic Baker domains, the situation is fundamentally
diferent. Indeed, when the Denjoy-Wolff point of ¢ is not a singularity, it attracts points
in the unit circle (from both sides if g is hyperbolic, or from one side if ¢ is simply
parabolic). Moreover, the Carathéodory set has always full measure (Thm. I1.3.7).

If we restrict ourselves to univalent Baker domains, the situation is even more tamer.
The inner function (considered in the upper half-plane) is a Méobius transformation
M: H — H, and can be taken to be z — Az, A > 0 (hyperbolic), or z — z £ 1 (simply
parabolic). Note that, in the first case, there is a single point in R which does not
converge to oo (0, which is fixed), and none in the second case. For univalent Baker
domains whose boundary is a Jordan curve, this implies that the Carathéodory set at
most omits one point on OU. We refer to the following examples.

Example I1.5.12. (Univalent Baker domain, simply parabolic type, [Her85, p.
609], [BW91, Thm. 4], [BF01, Sect. 5.3]) The function

f(2) = z 4+ 2miac + €7,

for appropriate @ € [0,1] \ @, has a univalent Baker domain U, of simply parabolic
type, contained in a left half-plane. One can choose « so that AU is a Jordan curve. In
particular, the Carathéodory set is the whole boundary of the Baker domain.

Example I1.5.13. (Univalent Baker domain, hyperbolic type, [Ber95al, [BFO1,
Sect. 5.1]) The function
f(z) =2—log2+2z—¢€*

has a univalent Baker domain U, of hyperbolic type, contained in a left half-plane, and oU
is a Jordan curve. Then, Carathéodory set is the whole boundary of the Baker domain,
except one point (the fixed point that corresponds to the repelling fixed point of the inner
function under the Riemann map).

Let us note that other examples of univalent Baker domains of hyperbolic type, such
as the ones considered in [BFO01, Sect. 5.2] satisfy that the Carathéodory set is the whole
boundary, since the cluster set of the repelling fixed point of the inner function is {oo}.

Finally, we consider the following example of a non-univalent hyperbolic Baker domain,
due to Bargmann [Bar08, Ex. 3.6], which exhibits a richer boundary dynamics. Indeed,
although the Carathéodory set has full harmonic measure, periodic and bungee points are
dense on OU.

Example I1.5.14. (Hyperbolic Baker domain, infinite degree, [Bar08, Ex. 3.6])
The function

f(z)=2z—-3+¢

has a completely invariant Baker domain U, and F(f) = U and J(f) = 0U. Indeed,
expoF' = F oexp, with
F(z) = %73,
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It is easy to see that this latter function has a completely invariant super-attracting
basin V' with fixed point 0, and F(F) = V. Thus, J(F) = 0V, and by a result of
Baranski [Bar07], J(F') consists of disjoint curves (hairs) of escaping points, landing at
infinity from one end and to a finite endpoint from the other end, which is the only point
in the hair accessible from V.

U

9

f(z) =2z—-3+¢"

Figure I1.15: Dynamical plane of f(z) = 2z — 3 + €*, with the hyperbolic Baker domain U (yellow) of
infinite degree. The Riemann map ¢: D — U is depicted, together with the inner function. Note that
—1 is the Denjoy-Wolff point. The boundary OU is a Cantor bouquet, and the Carathéodory set consists
of those endpoints whose orbit converges to co with [Imf"(x)| — oo and the corresponding hairs. Such
endpoints have full harmonic measure.

This implies that J(f) = OU, and J(f) consists also of hairs of escaping points,
contained in the right half-plane. The Carathéodory set consists of those hairs whose
endpoint = (and thus the whole hair) converges to infinity with [Imf™(z)| — oco. Note
that the set of such endpoints have full harmonic measure.

Thus, observe that the Carathéodory set is dense, but non-Carathéodory set is also
dense. Indeed, repelling periodic points are dense on OU (and accessible from U), as well
as points whose orbit is dense on OU. Note also the existence of escaping points which
are not in the Carathéodory set. We shall remark the poor regularity of the associated
inner function g¢: its Denjoy-Wolff point is a singularity (in fact, the only singularity of

9), and J(g) = OD.

Part of our work concerning the Carathéodory set will be to show that, under certain
conditions, the non-Carathéodory set of a hyperbolic or simply parabolic Baker domain is
non-empty (and in fact contains accessible points), despite having zero harmonic measure.
See Chapter 5.
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Chapter1

A model for boundary dynamics of Baker
domains

We consider the transcendental entire function f(z) = z + e~ *, which has a doubly
parabolic Baker domain U of degree two. It is known from general results that the
dynamics on the boundary is ergodic and recurrent and that the set of points in OU
whose orbit escapes to infinity has zero harmonic measure (Thm. 11.5.4). Following the
approach of [BFJK19], we aim to give an explicit description of the sets of full and zero
harmonic measure which appear as a result of the general ergodic theorems.

Figure 1.1: Dynamical plane for f(z) = z +e~%. In red, the Julia set of f. In beige, the Baker domain
contained in the strip {—7 < Im z < w}. In black, the rest of the Fatou set of f. The only critical point
on the strip (0) is also marked, as well as the corresponding critical value (1).

For this model we show that stronger results hold, namely that the escaping set is
non-empty, and it is organized in curves encoded by some symbolic dynamics, whose
closure is precisely OU. We also prove that nevertheless, all escaping points in OU are
non-accessible from U, as opposed to points in QU having a bounded orbit, which are all
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accessible. Moreover, repelling periodic points are shown to be dense in OU, answering
a question posted in [BFJK19]. None of these features are known to occur for a general
doubly parabolic Baker domain.

First we will describe the escaping set in OU. Recall that it is known to have zero
harmonic measure so, a priori, it is unknown whether it is non-empty. We prove that
escaping points do exist in QU and are organized in curves (known as dynamic rays or
hairs) encoded by some symbolic dynamics, as it is not uncommon for transcendental
entire functions. All escaping points are proved to belong to such curves, while non-
escaping points are in their accumulation sets. This leads to the following description of
the boundary of U.

Theorem 1.A. (The boundary of U) Every escaping point in OU can be connected
to oo by a unique curve of escaping points in OU. Moreover, OU 1is the closure of such
CUTves.

The existence of these dynamic rays follows from general results of [RRRS11] applied
to h(w) = we™™, semiconjugate to f by w = e~*. From these general results it is deduced
that h, and therefore f, are criniferous functions, i.e. that all points in the escaping set
can be connected to infinity by a curve of escaping points: the dynamic ray. Criniferous
functions were introduced in [BR20], and further studied in [PS22]. Nevertheless, in order
to have a better control on the geometry of the dynamic rays and their relation with the
boundary of U, we choose to prove Theorem 1.A with an explicit construction, which
gives us additionally a parametrization and certain continuity properties.

Other remarkable properties are observed, such as that all points in OU escape to
oo in a different ‘direction’ than that of the dynamical access. This connects with the
fact that, for the inner function, there is no escaping point (in the sense that there are
no boundary orbits converging to the Denjoy-Wolft point, apart from the preimages of
itself). Moreover, escaping orbits in QU converge to oo exponentially fast, while points in
U do so in a slower fashion, being the map close to the identity.

Next, we study the landing properties of the dynamic rays mentioned above. More
precisely, we prove the following.

Theorem 1.B. (Landing and non-landing dynamic rays) There exist uncountably
many dynamic rays which land at a finite end-point, and there exists uncountably many
dynamic rays which do not land. The accumulation set (on the Riemann sphere) of such
a non-landing ray is an indecomposable continuum which contains the ray itself.

This contrasts with the exponential maps Ae*, with 0 < A < %, where all dynamic rays
land, due to hyperbolicity.

On the other hand, indecomposable continua were shown to exist in the Julia set of
some non-hyperbolic exponential maps E.(z) = e* + k, for some values of k, first in
[Dev93] and later on [DJ02, DJRO5], although not as the accumulation set of a dynamic
ray. It was shown by Rempe [Rem03, Rem07] that indecomposable continua appear
as the accumulation set of a dynamic ray in exponential maps E,, for some values of
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k. More precisely, he proves that if the singular x is on a dynamic ray, then there exist
uncountably many dynamic rays whose accumulation set is an indecomposable continuum.
However, for the exponential maps E,, if the singular value is on a dynamic ray, then
J(E,) = C or the Fatou set consists of Siegel disks and preimages of them (see e.g.
[Dev94]). Contrastingly, we find these indecomposable continua in the boundary of a
Baker domain (and in the boundary of the projected parabolic basin, see Sect. 1.1).

We also address the problem of relating the previous sets, of escaping and non-escaping
points, with the set of accessible boundary points from U. Again, symbolic dynamics
play an important role, in this case to connect the dynamics in the unit circle with the
behaviour in OU.

Theorem 1.C. (Accessible points) Escaping points in OU are non-accessible from U,
while points in OU having a bounded orbit are all accessible from U.

Finally, we study periodic points in OU. We show that g|sp is conjugate to the doubling
map (see Sect. 1.4), so periodic points for g are dense in dD. Moreover, Theorem 1.C
asserts that periodic points in U, if they exist, are accessible. Both things suggest that
periodic points might be dense in QU, which is indeed proven in the following theorem.

Theorem 1.D. (Periodic points) Periodic points are dense in OU.

We observe that first statement in Theorem 1.C corresponds to the first part of the
conjecture in [BFJK19], while the second statement together with Theorem 1.D provide
a positive answer to the second part.

Structure of the chapter. In Section 1.1 one finds the auxiliary results about the
dynamics of f(z) = z 4 e #, which are used recurrently in the following sections. For
completeness, a sketch of the general dynamics of f is included, summarizing the ideas of
[BD99] and [FH06]. Section 1.2 is devoted to studying the escaping set and its organization
in dynamic rays, proving Theorem 1.A. The landing properties of such rays are discussed
in Section 1.3. The remaining theorems are proved in Sections 1.4 and 1.5.

Notation. The horizontal strips of width 27 are denoted by
S ={2k—1)r <Imz<(2k+ 1)7}.

We denote by Uy the unique Baker domain contained in the strip Si. We shall denote by
S the central strip Sy, and by U its Baker domain, just to lighten the notation.

1.1 Basic properties of the dynamics of f

# as well as

In this section we gather some of the properties of the function f(z) =z +e~
its dynamics, which are used recurrently during the proofs of the main theorems. First,
we include a quick description of the general dynamics of f, summarizing the ideas of
[BD99, FHO6]. From there, it will be deduced that only the study of f on the strip

S:={z€C: |Im z| <7} is needed.
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Figure 1.2: In the left, Figure 2.7a shows the plot of the real function h(x) = ze™® (green), together
with the diagonal y = x (grey dotted line). The point = 0 is a parabolic fixed point. Points in R
(red) are attracted to 0, so Ry C Ay C F(h), while points in R_ (blue) converge to —oo exponentially
fast and R_ C J(h). In the right, Figure 2.7b shows in red the preimages of the positive real line R ;
and, in blue, the preimages of the negative real line R_. By the invariance of the Fatou and the Julia
sets, all red lines are contained in the Fatou set, while the blue ones are in the Julia set. One deduces
that the immediate parabolic basin A4 is contained in the region bounded by the two blue lines lying in
the strips {7 < y < 27} and {—27 < y < —7} respectively.

General dynamics of f

To give a first approach to the dynamics, one may consider the semiconjugacy w = e™?

between f(z) = z + e * and h(w)
multiplier 1, and A(w) = w — w? + O(w?) near 0, implying that 0 is a parabolic fixed

we v,

Observe that w = 0 is a fixed point of

point having one attracting and one repelling direction. From the fact that R is invariant
by h and from the action of A in R, it is deduced that the repelling direction is R_, which
belongs to the Julia set J(h), and the attracting direction is Ry, which belongs to the
immediate parabolic basin of 0, and hence to the Fatou set F(h). See Figure 1.2. We

denote by Ay the immediate basin of 0.

We note that all preimages of R_ are in the Julia set and, since 0 is an asymptotic
value, they separate the plane into infinitely many components. It follows that the Fatou
set F(h) has infinitely many connected components.

It is not hard to see that the only two singular values of h are 0 and e~!, the latter
being contained in the immediate parabolic basin Ag. Therefore, the Fatou set F(h) is
precisely Ay and its preimages under h. Indeed, since h has only a finite number of singular
values, it cannot have Baker nor wandering domains [EL92, Sect. 5], and the presence
of any other invariant Fatou component (either a basin or a Siegel disk) would require
an additional singular value (see e.g. [Ber93, Thm. 7]). Since there are infinitely many
Fatou components for h, Ay has infinitely many preimages, separated by the preimages
of R_.
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We lift these results to the dynamical plane of f, using Bergweiler’s result [Ber95b],
which ensures that the Fatou and Julia sets of f and h are in correspondence under the
projection w = e~*. Preimages of R, under e™?, which are precisely the forward invariant
horizontal lines {Im z = 2kmi}, _,, are in the Fatou set and their points escape to oo to
the right. Preimages of R_ under the exponential projection are the forward invariant
horizontal lines {Im z = (2k + 1)7i},,, which are in the Julia set and whose points escape
to —oo exponentially fast. The horizontal strips Sy = {(2k — 1)7 <Im z < (2k + 1)7}
contain a preimage Uy of Ay which, in turn, contains a preimage of R, under e™?, that
is {Im z = 2kmi}. Such horizontal line is forward invariant, so this implies that Uy is
forward invariant and iterates tend to oo, so U}, is a Baker domain.

Moreover, we note that F(f) is precisely the union of these Baker domains Uy and
their preimages under f. Indeed, any Fatou component V' of f must project by w = e™*
to a preimage of Ag, implying that V' is mapped to some Uy in a finite number of steps.
Hence, the presence of wandering domains is ruled out.

Finally, we note that the function f satisfies the relation f(z + 2kmi) = f(z) + 2k,
for all z € C and k € Z, so it is enough to study it in the central strip S := Sy and the
corresponding Baker domain U := Uj. To do so, we consider the conformal branch of the
semiconjugacy w = e~ %, defined on IntS, i.e.

E(z) =e*: IntS — C\R_,

E~H(w) = —Log(w): C~R_ — IntS,

where Log: C\R_ — IntS denotes the principal branch of the logarithm. Since U C Int S
and Ay C C~\ R_, this gives a conformal conjugacy between f; and hj4,. Hence, we
deduce that the Baker domain U is of doubly parabolic type and of degree two.

)=t e

h(w) = we™" / C ]
S1

- __
eI s

. |
|

|

Figure 1.3: Schematic representation of the dynamics of h and f and how the exponential projection
w = e~ * relates both of them. In the left, Ry (in pink) is contained in the immediate parabolic basin
Ap. Its preimages by w = e, the lines {Im z = 2k7i},_, (also in pink), lie each of them in a Baker
domain Uy. In blue, in the left there is R_ C J(h). Its preimages {Im z = (2k + 1)7i}, ., lie in J(f)
and separate the plane into the strips Sk.
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Remark 1.1.1. Although working with the function A may seem easier, for having a finite
number of singular values and being postsingularly bounded, the fact that one asymptotic
value lies in the Julia set reduces this advantage. In general, we shall work with f, its
logarithmic lift.

Action of f in the strip S

As seen before, it is enough to consider f in the strip S = {z € C: |Im z| < 7}, delimited
by the horizontal lines L* := {z: Im z = +7}. See Figure 1.4.

Figure 1.4: Schematic representation of how f acts on the strip S and of the absorbing domain V.

Observe that, to the left, f behaves like the exponential and, to the right, like the
identity. Moreover, if one writes f as

flz,y) = (x+e "cosy,y — e “siny),

preimages of L* can be computed explicitly as the curves of the form
{y —e®siny = £x}. In S they consist precisely of two bent curves converging to —oo
in both ends, being asymptotic to R and to LT (see Fig. 1.4). The region delimited by
these curves is mapped outside S in a one-to-one fashion. On the other hand, the map
f: f7YS)NS — S is a proper map of degree two, which can be deduced for instance by
computing the preimages of R in S.

Next, we define the set

S={z€8: f*(2) e, foralln}.

Clearly, U C S, since U is forward invariant under f. Moreover, since both f: f~1(S) N
S — S and fjy have degree 2, there cannot be preimages of U in S other than itself.
Therefore, F(f)NS = U. On the other hand, U € J(f)NS. The other inclusion, which
is going to be proved in Proposition 1.2.4, cannot be claimed directly to be true, for the
possible existence of buried points in S , i.e. points in J(f) which are not eventually
mapped to the boundary of any Baker domain Uy.
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Absorbing domains and expansion of f

Let us define the following set
7r
V= {zES:Rez>—1,|Imz[ <2}.
Lemma 1.1.2. The set V is an absorbing domain for f in U.

Proof. Clearly, V is open and connected. For the forward invariance, consider z = x+iy €
V,sox > —1and |yl < 7, then

Re f(z +iy) =x+ e “cosy >x > —1,

Im f(z +iy)| < g—e_m < g

Finally, the fact that V' is absorbing, i.e. that all compact sets in U must eventually enter
in V', can be deduced from the dynamics on the conjugate parabolic basin Ay. Indeed,

E(V) is the following forward invariant set,

1
EV)= {w e€C: |w| < =, larg w| < ;T}
e
Observe that £ (V) is an circular sector of angle 7 containing the real interval (0, e), which
is in the attracting direction of the parabolic point w = 0. Hence, E(V') is a parabolic
petal, so all compact sets in Ay must eventually enter in £(V'). Hence, applying back the
conjugacy, we get that V' is an absorbing domain for f in U. O

Remark 1.1.3. Since it contains the critical point 0, V' is not a fundamental set. It can be
turned into one making it smaller, for instance taking {z €S:Rez>0,|Im 2| < g} On
the other hand, fundamental sets, and absorbing domains, can be chosen bigger, although
we have no need to do that. In fact, using local theory around parabolic fixed points,
there exist fundamental sets which approach tangentially L*.

One of the advantages of choosing V' as we have done is that the map is expanding
outside it (although not uniformly expanding). Indeed, a simple computation yields:

f'(x+iy) =1—e " cosy+ie “siny,

|f (x +iy)| = \/1 +e 2% — 2e~% cos Y.

Therefore, |f'(x + iy)| > 1 if and only if e™* — 2 cosy > 0. This last inequality is satisfied
if 2 <|y| <morifx < —1. Therefore, [f'(z)| > 1 forall z€ S\ V.

Since S \. V is not convex, in order to apply the expansion of f as an augmenter of
the distance between points, we need to consider a more appropriate distance than the
Euclidean one. To this aim, we define the following metric.
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Definition 1.1.4. (p-distance in S\ V) Given z,w € S\V, let us define its p-distance
as:

p(z,w) = infl(y),

where the infimum is taken over all paths ¥ C S \ V with endpoints z and w, and [
denotes the length of the path with respect to the Euclidean metric.
Given a set K C S\ 'V, we denote by diam,(K) the diameter of K with respect to the
p-distance, i.e.
diam,(K) = sup p(z,y).
ryeK

Observe that the Euclidean distance is always smaller than the p-distance, i.e.
|z —w| < p(z,w), forall z,we SV,

with equality if both z and w are contained in a convex subset of S\ V.

Notice also that the p-distance between two points can be arbitrarily large, although
the Fuclidean distance between them remains bounded. However, we are going to restrict
the use of the p-distance to particular subsets of SV, where we do have an upper bound
for the p-distance in terms of the Euclidean one (see Lemma 1.1.10).

Remark 1.1.5. Let us observe that, instead of considering the dynamical system defined
by f in C, we can restrict to the one given by f in S. For it we have a similar situation
that the one for \e?, 0 < A < %, in [DG87], and the corresponding generalization in
[Bar07, BKO07]: a unique Fatou component which contains the postsingular set. Mainly,
two things distinguish our situation from theirs. First, f in S has degree two, and the
functions they are dealing with have infinite degree. Second, they have uniform expansion
(at least in the logarithmic tracts), while our expansion is not uniform (compare with
Prop. 1.1.7). Hence, the results on next sections are meant to overcome this difficulty.

Itineraries in S and symbolic dynamics

Recall that f: f~1(S) NS — S has degree two and the critical value is 1. Therefore, the
two branches of the inverse of f in S, say ¢y and ¢;, are well-defined in S ~\ [1,400).
More precisely

¢o: SN [1,+00) = Qo =S NH,,
¢1IS\[1,+OO)—>Q1 ::SQH,,

where H, and H_ denote the upper and the lower half plane, respectively (see Fig. 1.5).
We claim that ¢y and ¢; do not increase the p-distance between points, as shown in
the following proposition.

Proposition 1.1.6. (Contraction and uniform contraction in S\ V) The following
properties hold true.

(a) Let z,w € S\V. Then, fori € {0,1},
p((bl(z)?(bl(w)) < p<sz)'
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Figure 1.5: Action of the inverses ¢o and ¢; on the strip S.

Let k € R and let S, = {z =zx+iye S\V:z < k;} Then, there exists \ =
Ak) < 1 such that, if z,w € SV, then, fori € {0,1},

p(¢i(2), gi(w)) < Ap(z, w).
Moreover, if K C Sy is a compact set, then

diam,(¢;(K)) < Adiam,(K).

Proof. (a) As observed above, it holds |f'(z)| > 1 for all z € S \ V. Therefore, if

v C S\ Vis a geodesic (in S\ V) joining 2z and w, then ¢;(7) is a curve joining

¢i(z) and ¢;(w), and
plo) o)) < [ ds= [fol()]ds < [ ds=plz.w)

as desired.

We start by noticing that |f’| is uniformly bounded in S \. V. Indeed, on the one
hand, for all z = x + iy with x < —1, it holds

|f'(x+iy)| = \/1—1—6*29”—26*”%083/2 V1+4e?—2e>1.

On the other hand, assuming k£ > —1 and —1 < x < k, necessarily § < |y| < 7, so

| (2 +iy)| = \/1+6*2m—26*xcosy2 1+e 22> m> 1.

Hence, there exists a constant A\, depending only on k, such that |f'(z)| > A, for all
z € {z =rx+iyc S\V:x< k:} Hence, the first statement follows applying the

same reasoning as in (a).

Finally, let K C S and denote by A the constant of contraction in Sy. Then, for
all z,w € ¢;(K), we have f(z), f(w) € K, and

p(z,w) < Ap(f(2), f(w)) < Adiam,(K).

Hence, diam,(¢;(K)) < Adiam,(K), as desired.
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Remark 1.1.7. (Expansion and uniform expansion in S \ V) We note that, as a
direct consequence of Proposition 1.1.6 (a), if z,w € Q; and f(z), f(w) € S\ V, then

p(z,w) < p(f(2), f(w)).

Likewise, the expansion is uniform in any half-strip Si. In particular, if K is a compact
set such that diam,(K) > 0 and f"(K) C S, N€Q;,, i, € {0,1}, then diam,(f"(K)) — oo,
as n — oo.

Next, we use this subdivision of the strip in 2y and 2; to define the itinerary for points
in S, where ¥, denotes the space of infinite sequences of two symbols, taken to be 0’s and
1’s.

Definition 1.1.8. (Itineraries in S) Let z € S be such that f"(z) ¢ R, for all n > 0.
The sequence I(z) = s = {s,}, € ¥ satisfying f"(z) € €, is called the itinerary of z.

Remark 1.1.9. For points in S which are eventually mapped to R, the itinerary is not
defined. However, this can be neglected because they are in the Baker domain and their
dynamics are already understood.

We will need a further subdivision of the strip. Let us define the regions

Qij = i (S)) N V.

For instance, the region {2y has to be seen as the set of points in €2y which remain in €2
after one iteration of the function, while points in {2y; are the points which change to €2;.
Clearly, if z € S belongs to g, its itinerary starts with 00; while if z € Qg;, then I (2)
begins with 01. The absorbing domain V' is removed from the regions for practical use:
this has no effect on the study of OU, since its points are never in V', but it allows us to
give better estimates on the function. See Figure 1.6.

Figure 1.6: Graphic representation of the regions Q;;, 4,5 € {0,1}.

Lemma 1.1.10. (Properties of the regions ;) The following properties hold true.

(a) Qo1,Q10 C {2 € S: Re z < 0}. Therefore, if 2 € S\V with Re z > 0, either z € Qg
or z € Q1.
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(b) If z€ SNV with =5 <Im z < I and f(z) € S, then either z € Qo or z € Q.

(c) For z € Qy, i € {0,1}, we have |Im z| > 5. In particular, Re f(z) < Re z and, if
z ¢ L*E, |Im f(2)] < [Im z|.

(d) For z,w €y, i,5 € {0,1}, it holds |z — w| < p(z,w) < |z —w| + 7.

Proof. The proof is direct from the definition of the regions. See also Figure 1.6. O]

1.2 The escaping set in JU. Proof of Theorem 1.A

This section is devoted to the proof of Theorem 1.A, which asserts that escaping points
in QU are organized in curves, and OU is precisely the closure of these curves. To do so,
a detailed study of the escaping set is required, which is carried out in a several number
of steps. First, it is proven that all escaping points in OU are left-escaping (Lemma
1.2.1), and sufficiently to the left, curves of escaping points with the same itinerary are
constructed (Prop. 1.2.2). Afterwards, these curves are enlarged by the dynamics to
collect all points in S with the same itinerary (Thm. 1.2.3); and, finally, all this
construction is used to prove a characterization of OU (Prop. 1.2.4), which is of
independent interest. As indicated in the end of the section, Theorem 1.A will follow
from Theorem 1.2.3 (a) and Proposition 1.2.4 (b).

First, recall that oU C S , where S consists of all the points in S which never leave
S under iteration; and observe that in S there are three distinguished ways to escape to
infinity. Indeed, points can escape to infinity to the left, to the right, or oscillating from
left to right. This leads us to define the following sets:

I = {zGI(f)ﬂ§: Re f"(2) —>+oo},

N

g = {zeI(f)ﬂnge f”(z)—)—oo}.

By construction, these two sets are disjoint, but they may not contain all the escaping
points: points which escape to oo oscillating from left to right belong neither to Zg
nor to Zg. However, this possibility is excluded, as it is shown in the following lemma.
Intuitively, oscillations are not possible because, on the right, the map is close to the
identity:.

Lemma 1.2.1. (No oscillating escaping points) There are no oscillating escaping
points, i.e.

I(f)NS =T UIg.
Moreover, Z¢ = U.

Proof. Assume z € Z(f) N S. For any r > 0, there exists ng such that, for all n > ny,
f™"(z) € S and |f™*(z)| > r. In particular, taking r > /72 + 1, there exists R > 1 such
that Re f™(z) > R or Re f"(z) < —R, for all n > ng. Assuming that Re z > R, we are
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going to see that it is not possible to have Re f(z) < —R, so oscillating escaping orbits
are not possible. Indeed,

Re f(x +iy) =z +e “cosy>a—e “>R—e R

Since R > 1, the right-hand side of the inequality is greater than 0, so it does not hold
Re f(z) < —R, proving the first statement.

To prove the second statement, first observe that U C Zd&. It is left to show that,
for z € S~ U, it cannot hold Re f™(z) — +oco. Indeed, such a point never enters the
absorbing domain, so, when Re f"(z) > 0, either Im f"(z) > 7 or Im f"(2) < —5. In
both cases, Re f"™(2) < Re f™(2), so it is impossible for a point which is not in U to

belong to Z¢ . O

Next we show that these left-escaping points are organized in curves, which eventually
contain all left-escaping points with the same itinerary. To do so, we adapt the proof of
[DG87, Prop. 3.2] for the exponential maps Ae*, 0 < A < %, to our setting. Moreover, the
construction is made in such a way that a parametrization of the curves appears implicitly,
as the one introduced in [BDH"99] for the exponential family (see also [SZ03, Rem03,
Rem07]). The main attribute of this parametrization is to conjugate the dynamics on the
curve with the model of growth given by F(¢t) =t — e t € R. Observe that F: R — R
is an increasing homeomorphism of R without fixed points, where all iterates converge to
—oo under iteration.

Proposition 1.2.2. (Escaping tails) For every sequence s = {s,}, € Xo there exists
a curve of left-escaping points vs: (—o0, —2] — Zg, whose points have itinerary s and
vs C OU. Such curve is called escaping tail. The following properties hold.

(a) (Asymptotics and dynamics) It holds that Re vs(t) — —oo , as t — —oo, and
Re f"(ys(t)) = —o0, as n — oo. Moreover, Re f™(vs(t)) < —2 for all n > 0.

(b) (Uniqueness) Escaping tails are unique, in the sense that if z € g, with 1(z) = s,
and Re f"(z) < =2 —m for alln > 0, then z € ,.

(c¢) (Internal dynamics) Fort < —2, it is satisfied

F(s(8)) = Yo(e) (F(2)),
where o denotes the shift map and F(t) =t — e

It is worth mentioning that the existence of such curves of escaping points can be
deduced directly from [RRRS11, Thm. 1.2] for functions in class B of finite order, applied
to h(w) = we™™. Indeed, both functions f and h are semiconjugate by w = e™*, so
left-escaping points for f correspond to the escaping set of h. Then, if 2 € Zg, then
w = e * € I(h) and, by [RRRS11, Thm. 1.2], it is connected to oo by a curve I' of
escaping points. An appropriate lift v of ' is a curve of left-escaping points connecting
z to infinity. It is easy to see that points in v must have the same itinerary. Indeed, =
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must be contained in either ) or in {2, since it cannot intersect R (because it is in the
Fatou set) nor L* (since L* separate distinct preimages of the w-plane under w = e~?).
Moreover, this is also true for any iterated image of v, implying that all points in v must
have the same itinerary.

However, from this general result, it cannot be deduced which of these curves are in
OU and it does not give a parametrization for the curves, which will be important in the
following sections. This is why we choose an alternative proof for Proposition 1.2.2, based
on the more constructive approach of [DG87]. On the other hand, we do apply [RRRS11,
Thm. 1.2] to deduce the uniqueness of the escaping tails.

Proof of Proposition 1.2.2. First, let us show that, to every ¢t < —2 and s € ¥, we can
find a left-escaping point z"¢, with itinerary s, associated to t. To do so, fix t < —2 and
S € Yo, and let Dé’§ be the square of side length 7 located in ), and right-hand side at
to == t. We construct a sequence of squares { D2} | where D52 is a square of side length
7, located in € and right-hand side t,, := F"(t), where F(t) =t — e~*. Observe that
t, — —o00, as n — co. Compare with Figure 1.7.

¢ ¢ I_D|
Dy* </_f\ DO:E
f t,s
L pie
[
{Re z = F2(t)} {Re z=F(t)} {Re z =t}

Figure 1.7: Schematic representation of the first three squares {fo} , for a given ¢t < —2, showing
n
how they satisfy D2 ¢ f(Dfﬁl)

Claim. The squares { D%} satisfy D5 C f(Dy2,), for alln > 1.

Proof of the claim. Tt is enough to show that DY C f (Dé’é). Let us denote by 0~ D and
0T D, the left and the right-hand sides of a square D, respectively.

First let us observe that, on the left, the map f acts on a similar way than the
exponential, sending vertical segments to circular curves, which start at L™, ends at L~
and have an auto-intersection in the negative real line. Compare with Figure 1.8.

Moreover, if Re z =t < —2, we have the following inequality controlling the modulus
of the image:

1 1
Re z —Re z —t
—lz] > = =—e'>—t.
|| 5€ 5¢
To prove that D?é cf (Dé’§), it is enough to show that 8*Di’§ and 0+D§7§ are contained
in f(D§®). In fact, we shall see that &~ D} and 9+ D}* are contained in f(D§5*) NS N

{Re z < 0}. Compare with Figure 1.8.

£(2)] = |z + e

> ’e_z

—|z| =€
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t‘er‘

t—mi

Figure 1.8: Schematic representation of how f acts on the left-side on the strip.

First we see that 8+Di’§ is located more to the left than f (8+D6’§). Indeed, points in
9™ D}® have real part t — e, while for z € 9t Dy it is satisfied that Re f(z) >t —e™",

Finally, to see that 9~ D}* is contained in f(Dg*) NS N {Re z < 0}, we shall see that
9~ D} is located more to the right than f(8~Dg®) NSN{Re z < 0}. For z € 9~ Dy* and
such that f(z) € SN {Re z < 0}, we have:

1
Re f(2) < = |f(2)| +7 < —§€*Rez +r=——e M 41

A point z € a_Dié has real part t — e~* — 7, which is easy to see that it is bigger than
our previous bound. Indeed, the real function h(z) =x —e " + %6_(9”_”) — 2 is positive,
when x < 0. Therefore, the claim is proved. O

Now, let us define

fo = ¢So ©::-0 Qbsn(foI—l)’
28 = ﬂ Qfﬁ

n>0
Notice that 2" is a unique point. Indeed, {Q%2} is a sequence of nested compact sets
contained in Dé’g. Its intersection is a connected compact set, and to prove that it consists
precisely of a unique point, we shall see that the diameter of Q% tends to 0, as n — oo.
Indeed, since ¢s, 0 --- 0 ¢, (Dy51) C {Re z < 0} for all n > 0 and k < n, each time we
apply either ¢y or ¢; we are applying a contraction of constant % < 1 with respect to the
p-distance (see Prop. 1.1.6). Recall that, in the half-plane {Re z < —2}, the p-distance
and the Euclidean distance coincide. Hence,

1
diam Q%2 = diam, QL2 < V21 = 0, as n — oo.

— )\nJrl

The point z"¢ satisfies the required conditions. Indeed, z%¢ follows the itinerary
prescribed by s and converges to —oo under iteration. Moreover, we claim that

zb% € 9U. Indeed, since f (foH) intersects U, then foH contains points of U, and so
does @52, Since the sets {QL£}, shrink to 2“2, this gives a sequence of points in U

approximating z%.

76



Therefore, we associate to any ¢ < —2 and s € X, the point 2%¢. Observe that the

resulting point z"¢ depends continuously on ¢, since the entire construction depends

continuously on ¢. Hence, letting ¢ — —o0, the points z,; describing the required curve

v, of left-escaping points with itinerary s. This induces naturally a parametrization on
vs: we define v,: (—00, —2] — C such that 4(t) = 2%
Finally, let us prove that, with this parametrization, the announced properties actually

hold.

(a)

(Asymptotics and dynamics)

It is clear by the construction of the squares that v4(t) — —oo , as t — —o0, and,
for every t < —2, f™(v,(t)) = —o0, as n — co. Moreover, since the orbit of a point
is contained in the corresponding squares, we have Re f™(v,(t)) < —2 for all n > 0.

(Uniqueness)

Uniqueness follows from the results in [RRRS11], which imply that every point in
Zgs can be connected to infinity by a curve of left-escaping points with the same
itinerary.

Assume, on the contrary, that there exists zy € Zg, with I(z9) = s, and Re f"(zp) <
—2 — 7 for all n > 0, but 2y ¢ 7s. Then, there would exist another curve 7, of left-
escaping points with itinerary s connecting z, to co. Consider an open set W placed
in the left-unbounded region delimited by ~,, 75 and {z € S: Re z = Re 2}.

We claim that f"(W) C SN{Re z < =2}, for all n > 0. Indeed, note that v, 7; C
{|Im z| > g} Then, W C SN {|Im z| > g} Recall that, for z € SN {|Im 2| > 7
Re f(z) < Re z. Hence, f(W) C SN{Re z < —2}, and, by continuity, f(WV) is the
left-unbounded region delimited by f(vs), f(7s) and f({z € S: Re z =Re 2}) C
SN{Re z < —2}. We can apply the same argument inductively to see that (W) C
SN{Re z < =2}, for all n > 0, as claimed.

Therefore, W is an open set which never enters the Baker domain, so W C J(f),
leading to a contradiction.
(Internal dynamics)

We have to prove that, for ¢t < —2,
f(15(1) = Vo) (F(1))-

First observe that, since F' is an increasing map, F(t) < —2fort < —2, 50 v, (F (1))
is defined.

To construct the point 7, (F(t)) we use the sequence of squares { }
Therefore, the n-th square has right-hand side located at {x = F"(F(t)) = F"*(t)}

and it is in the half-strip Q, ,,. Hence, DF®o() = D2 Moreover,

Qf(t)’o(g) = ¢s1 ©---0 ¢sn+1 (Dflril = ) ¢51 0 ¢Sn+1 <Dzi2) = f(QifH)
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Then,

70(5)(F(t>> = ﬂ Qf(t)’ ﬂ f n+1 m Qn—H ( ))7

n>0 n>0 n>0

as desired.

Escaping tails are mapped among them following the symbolic dynamics given by its
itinerary: if o denotes the shift map in ¥y and s € 3y, we have f(7;) C V(5. Moreover, we
claim that, as a consequence of Proposition 1.2.2 (c), this last inclusion is strict. Indeed,
recall that, for all ¢y < —2, it holds F'(ty) < ty. Hence, Proposition 1.2.2 (¢) implies

FOs({t:t <to})) = Yo {t: t < F(to)}) C voe({t: t <to}),

where the last inclusion is strict.

Next, we define the dynamic rays as the natural extension of the escaping tails: we
enlarge a given escaping tail -y, by adding to it all points in S which are eventually mapped
t0 Yon(s), for some n > 0 (see Fig. 1.9). Next theorem includes the formal definition as
well as the corresponding extension of the dynamical properties of the escaping tails.
Moreover, a new property is proven, showing the continuity of the parametrization the
hairs with respect to the itinerary, analogously to [Rem07, Lemma 3.2].

Theorem 1.2.3. (Dynamic rays) Let s € ¥o. Let us define the dynamic ray (or hair)
of sequence s as 7;°: (—00,+00) — Ig such that, if n > 0 with F"(t) < —2, then

Vo (£) = Psg 0+ 0 Oy, (Yon () (£ (1)))-
The following properties hold.

(a) (Well-defined) Dynamic rays are well-defined, in the sense that the definition does
not depend on n. Moreover, v¢° is actually a curve and contains all left-escaping
points with itinerary s.

(b) (Internal dynamics) Fort € R, it holds

F( @) = 757 (F (1)),

where o denotes the shift map and F(t) =t — e .

(¢) (Continuity between rays) Let ng € N and s € ¥o. Let us denote by Yo(s,ng) the
set of all sequences s € Yo which agree with s in the first ng + 1 entries. Then, for
all to € R and € > 0, there exists ng such that

1) - ()| <,

for allt <ty and 3 € ¥a(s,ng).
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Ps,

/\/ (
Vod(s)

Figure 1.9: Construction of the hair 42° from the escaping tail 5. Intuitively, the process is clear:

since the endpoint of the escaping tail is not mapped to the endpoint of the next escaping tail but to a
point further to the left, the remaining piece of escaping tail can be added to the previous one by pulling
back by the inverse. Repeating the process we get all the points in the ray.

Proof.  (a) (Well-defined)

Fix s € ¥3 and t > —2, and let m > n be such that F™(t) < —2 and F"(t) < —2.
Put m =n + [, with [ > 0. We have to see that

G300 0G4, 1005,0 0B, (Yot (FH(F™(1)))) = 650 085, ; (Yon(s) (F"(£))) -

Since ¢;, i € {0, 1}, are univalent, this is equivalent to

¢n 0---0 ¢Sn+171 (’yan+z(§)<Fl(Fn(t>>>) = 70"(§)(Fn(t))7

and this last equality holds true by the internal dynamics of the escaping tail (Prop.
1.2.2(c)).

Finally, in view of Proposition 1.2.2, it is clear that dynamic rays are actually curves
and contain all left-escaping points with the same itinerary, proving statement (a).
(Internal dynamics)

We shall assume that ¢ > —2, otherwise the point 7g°(t) is in the escaping tail,
where we have already proven the statement. Let n be such that F™(t) < —2.
Then, applying the known equality for the escaping tails, we have

f(ﬁo(t)) = f(psp0---0 ¢snf1('70"(§)(Fn<t)))) =
= 5y 0 0 b (Yon1(o(e) (F"HF (1)) = 7509 (F (1)),

proving statement (b).

(Continuity between rays)

Fix s € ¥y and t; € R. The goal is to determine ng € N such that if s € ¥y which
agree with s in the first ng + 1 entries and t < ¢y, then

Yo (t) — 'ygoo(t)‘ <e.
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To do so, first assume t5 < —2 and fix ¢ > 0. Let A > 1 be the factor of expansion
of fin SN {Rez <0} (see Rmk. 1.1.7). Let ny be such that i-v27 < . We
claim that for 3 € ¥s(s,n0) and ¢t < tq it holds

A0

V() = () < e
Indeed, by construction we have

no—1

VR (1),2°(t) € () Qi = Quioy = by 0+ 0 Psy, (Driy).
n=0

Therefore,

1 —s 1
diam Qflf < —diam Dy = W\/ﬁﬂ' <,

Ao
Y (t) — 7»‘530(75)‘ < g, as desired.

implying that

Now assume ¢, > —2. Choose n; such that F™(t;) < —2 (and, hence,
F™(t) < =2, for all t < t;). By the previous reasoning, we can find ng such that
Vo (e () — vfo(t)‘ < e, for 3 € ¥y(0™(s),no) and t < —2. Take n = ng + ny and
let us check that the property of the lemma is satisfied.

Indeed, take 3 € ¥y(s,n). Then, 6™ (3) € ¥a(c™ (s),ng) and F™ (t) < —2, so

Vo (F™ (1) = 155 (F™ (1)] <&

Since applying the inverses ¢;, i € {0,1} does not increase the distance between
points, we get

V() = K(1)| = |6 0+ 0 by -1 (15 (o) (F™ (1)) = sy © =+ © by 1 (735, 5 (F™ (1)) <

< g (F™ (1) = 15 (F™ ()] <&,

ending the proof of statement (c).
[l

Observe that, by uniqueness, we have L™ = ~2° and L* = 72, implying, in particular,
that LT C OU. Next, we use it to prove new characterization of U, which will be useful
in the sequel.

Proposition 1.2.4. (Characterizations of 0U)

(a) The boundary of U consists precisely of the points in J(f) which never escape from
S, i.e.
oU =SnJ(f).

(b) Ewvery point in OU is in the closure of a dynamic ray, i.e.

8U:U@.

5€X2
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Proof. (a) Let us start by proving statement (a). To do so, we show the following chain

of inclusions:

U cCSnJ(f)c U U &,(L*) cau,
n>0 sexy
where X3 denotes the space of finite sequences of two symbols, {0,1}, of length
n+1;andif s € X5, s =sp...5,, then

Dy =5y 00 0 Py,

The first inclusion comes straightforward from the definitions. To prove the second
inclusion, consider z € SN J (f) and let W be a neighborhood of z. Without loss
of generality, we can assume z ¢ L* and W C S. Since z € J(f), by the blow-up
property, there exists n > 0 such that f"(W) ¢ S. But z € S, so f™(z) € S.
Therefore, f™(W) intersects L=, and the result follows.

Finally, regarding the third inclusion, it is enough to prove that ®,(L*) C oU, for
all s € X% and n > 0. Hence, fix n > 0 and s € X%, and consider z € & (L*).
Since f"(z) € L* C 9U, there exists a sequence of points {w,}, C U such that
w, — f"(z). Applying @, to the sequence {w,},, we have & (w,) — z with
Oy (wy,) € U, since f~H(U) NS = U. Therefore, ®,(L*) C U, as desired. See
Figure 1.10.

To prove statement (b), it is enough to show that, given an itinerary s € s, all
points in .S\ U having this itinerary are precisely the ones in g°.

Let us assume first, that s = 0 and there is z € OU with this itinerary and z ¢ L*.
Then, Im z < 7 and, since

Im f(z+1iy) =y — e “siny,

it follows that there exists n > 0 such that 0 < Im f"(z) < 7. Therefore, f"(2) €
Qo1, so I(z) cannot be constant. The analogous argument works for s = T and,
taking preimages, it also proves the statement for eventually constant sequences.

Now assume s is a non-eventually constant sequence and there is z € S , with
I(z) = s and z ¢ 7°. Since 7 is closed in C, we have

p(2,75) = inf p(z,w) >0,

weYge©

where p is the distance in S\ V defined in 1.1.4.

We note that, since f is expanding in S \. V with respect to p, and f*(z) € S\ 'V,
f*(v°) € SNV, for all n > 0, it holds

p(f" 1 (2), () > p(f(2), £ ().
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Moreover, if both f"(z) and f"(7%) lie in {Re z < 0}, we have uniform expansion

by constant A > 1 (see Rmk. 1.1.7), i.e.

p(f™H(2), ) = Al f"(2), [ ().

Since s is non-eventually constant, there exists an infite increasing sequence {ny},
such that f™(z), f™ (1) lie in g, so in particular they lie in the left half-plane
{Re z < 0}, where f expands uniformly by factor A > 1. Hence, since f is always
expanding and expands infinitely many times uniformly by factor A > 1, we get

that
p(f”(z),f”(@)) — 00, as N — 00.

Hence, we can choose N > 0 such that p(f"(2), f"(72°)) > 2+ 7 and f"(2) € Qo
f"(5°) € Qor

By construction, [V (’ygo) contains the escaping tail 7,n~ (), which intersects the
vertical segment {z € S: Re z = M }. Observe that there are no points in Qy; at a
distance greater than 2 + 7 of v, ), so this leads to a contradiction.

]

Figure 1.10: This picture shows the Baker domain (in black) and the regions (in different colors) which
are eventually mapped outside S. The boundaries of these regions are precisely @i(Li), s € Xf, for some
n > 0. Proposition 1.2.4 tells that QU is precisely the accumulation of those curves.

We note that the previous proposition allow us to characterize the points in S, Indeed,
as noted in Section 1.1, U U U C S ; and, from the fact that U has no more preimages
in S apart from itself, U N F(f) = S. The previous proposition characterizes J (f)n S,
implying the following corollary.

Corollary 1.2.5. (Characterization of S) It holds:

S=U=UUaU.
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From the results of this section, we shall deduce Theorem 1.A.

Proof of Theorem 1.A. The first statement of Theorem 1.A is deduced from statement (a)
of Theorem 1.2.3, whereas the second statement of Theorem 1.A corresponds to statement
(b) in Proposition 1.2.4. O

1.3 Landing and non-landing rays. Proof of Theorem 1.B

We shall discuss now the landing properties of the dynamic rays defined in the previous
section. More precisely, we devote the section to prove Theorem 1.B, which asserts that for
uncountably many sequences the dynamic ray land at some point; while for uncountable
many others the dynamic ray does not land and its accumulation set (in the Riemann
sphere) is an indecomposable continuum.

Let us recall first the the definition of indecomposable continuum and the following
result, which gives a sufficient condition for the accumulation set of a curve to be an
indecomposable continuum. Here, we shall understand simple curve as the continuous,
one-to-one image of the non-negative real numbers.

Definition 1.3.1. (Indecomposable continuum) We say that X c C is a continuum
if it is compact and connected. A continuum is indecomposable if it cannot be expressed
as the union of two proper subcontinua.

Theorem 1.3.2. (Curry, [Cur91, Thm. 8]) Let X be a one-dimensional non-separating
plane continuum which is the closure of a simple curve that limits upon itself. Then X is
indecomposable.

We proceed as follows. First of all, we define precisely what we mean for a ray to land,
introducing the notion of landing set. We also require the notion of non-escaping set to
relate the accumulation set of a dynamic ray with the non-escaping points having the
same itinerary. Afterwards, we classify the sequences s € ¥, according to the nature of
its landing set, resulting in the different landing behaviours claimed in Theorem 1.B.

Definition 1.3.3. (Landing set of a ray) Let s € ¥y and let 72° be the dynamic ray
of sequence s. We define the landing set Ly of the ray v2° as the set of values w € C for
which there is a sequence {t,,}, C R such that ¢,, — +00 and y®(t,) — w, as n — oo. If
Ly = {w}, we say that the dynamic ray 75° lands at w. B

Observe that, by Proposition 1.2.4(b), 7° U L, contains all the points in OU with
itinerary s, so
Y ULy ={2€0U: I(z) =s}.

Therefore, all non-escaping points with itinerary s are in Ly, but a priori Ly may contain
escaping points. This leads us to define the following set.

Definition 1.3.4. (Non-escaping set) Let s € 35. We define the non-escaping set W
as the set of points in S with itinerary s which do not escape to infinity.
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Clearly, W, C Ly N C. Since all escaping points are in a ray, we have Wy = 7% \ 7¢°.
Moreover, L, is always non-empty, compact and connected, whereas W may be empty.
We start by describing L, and W for eventually constant sequences.

Lemma 1.3.5. (Eventually constant sequences) Let s € ¥y. Then, Ly = {o0} if,
and only if, s is eventually constant. In this case, Wy = ().

Proof. Recall that 7¢° = L™ and 42° = L™, so Ly = Ly = {oo}. Since preimages of curves
landing at oo are again curves landing at oo and hairs with eventually constant sequence
are the preimages of L*, one implication is proven.

Now, assume s is a non-eventually constant sequence, and ~:° lands at co. Then, v:°
divides S into two regions: R;, Ry. The absorbing domain V' is contained in one of therﬂ,
say Ry, so Ry NU # (. We claim that R, N U # (). Indeed, Ry N S = ), because the
points that leave S after applying f are the ones enclosed by f~1(L*)N S, and 4 is not
a preimage of L* (see Fig. 1.4, 1.10). The fact that U = Int(S) (Corol. 1.2.5) gives that
Ry NU # (. This is a contradiction because U is connected. O]

The goal for the remaining part of the section is to describe the landing and the non-
escaping sets for non-eventually constant sequences. First, we deal with the dynamics of
the non-escaping points, whose orbit may be bounded or oscillating. It turns out that this
only depends on its itinerary. Moreover, for certain types of sequence, we have a great
control on the orbit of the ray and the non-escaping set, as the following results show.

Definition 1.3.6. (Types of sequences) Let s € X, be a non-eventually constant
sequence. We say that s is oscillating if it contains arbitrarily large sequences of 0’s or
1’s. Otherwise, we say that s is bounded.

Proposition 1.3.7. (Dynamics on the non-escaping sets) Let s € ¥y and let W
be its corresponding non-escaping set. Then, {f"(Wé)}n is contained in a compact set if
and only if s is a bounded sequence. In this case, there exists R > 0 such that f™(y2°) C
{Re z < R} and f*(W,) C {|Re z| < R}. )

Proof. Assume first that s € ¥, is a bounded sequence and z € W,. Then, there exists
N > 0 such that s does not contain more than N consecutive 0’s and N consecutive
I’s. Take R == F~N(0), where F(t) = t — e~t. We claim that Re f"(z) < R for all n.
Indeed, if it is not the case, there must exist ng such that Re f™(z) > R. Then, since F'
is increasing, we have

Re f™(2) > Re f™(z) — e R F(R).
Repeating the argument inductively, we get
Re fV(2) > Re frotN=1(z) — fe S @ 5 pN=Y(R) — 1) = PN(R) = 0.

N N
Therefore, by Lemma 1.1.10 (a), either {]””OJ”"?(Z)}]F0 C Qo or {f”0+k(2)}k70 C Q4, so
s has N + 1 consecutive 0’s. Therefore, Re f"(z) < R, for all n > 0. We note that
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the constant R has been chosen to depend only on N (but not on the particular point
z € W), hence it holds Re f"(z) < R, for all n > 0 and z € Wj.

We claim that, under the conditions described above, if R has been chosen large enough,
we also have Re f"(z) > —R for all n > 0 and z € W, and hence {f”(Wé)}n is contained
in a compact set.

Without loss of generality, we can assume R > 3 and large enough so that if z € QU and
Re z < =R, then |Im z| < (O, %) or 2 < |Im z| < 1. We note that this is possible since
¢1(LT) is a curve landing at —oo from both sides, approaching tangentially L~ and R;
and ¢g(L~) also at lands at —oo, but approaching L™ and R (see e.g. Fig. 1.4). Then, in
order to show that Re f"(z) > —R for all n > 0 and z € W, we proceed by contradiction:
let us assume that there exists z € W, and ng > 0 such that Re f"(z) < —R. Then,
since z € Wy, we can assume that Re f"*!(z) > —R. Hence, 0 < |[Im f"(z)| < §. Then,

Re " (z) = Re f™(z) + e "/ cos(Im f7(2)) >

1 n
> Re f(z) + iefRef °G®) > _Re f"(z) > R.

This contradicts the assumption that Re f™(z) < R, for all n > 0 and z € Wj, proving
one implication.

For the other implication, let us assume that z € W, has a bounded orbit, and let us
prove that then s is bounded. Let R > 0 be such that —R < Re f"(z) < R, for all n > 0,
and let € > 0 be such that dist (f"(z),V) > ¢, for all n > 0. We note that, in this case,
if f"(2) € Qoo U Qo1, Im f*(2)] > 5 +¢e. Let M = ’e‘Rcos(g —0—6)‘, and let N be such
that R — NM < —R. We claim that s cannot have more than N consecutive 0’s. On the
contrary, assume {f"(2)}_, C Qgo. Then,

Re f"(z) = Re f(2) + e 8" cos(Im f"(2)) < Re 2z — M,

forO0>n>N—1, so
Re f¥(2) <Rez — NM < —R.

Therefore, s cannot have more than N consecutive 0’s. A similar argument can be
used to prove that s cannot have more than N consecutive 1’s; and this proves the other
implication.

The existence of R > 0 such that f"(y>°) C {Re z < R} and f"(Wj) C {|Re z| < R}
is deduced from the previous reasoning, %aking into account that escaping points with
bounded itinerary cannot go arbitrarily far to the right, since they have to be in Qg (or

19) in a bounded number of steps. ]

Next, we use this control on the dynamic rays and the non-escaping sets for bounded
sequences to prove that the non-escaping set is actually a point where the dynamic ray
lands.

Proposition 1.3.8. (Rays with bounded sequence land) Let s € X5 be a bounded
sequence. Then, there exists a point ws € C such that

Ly=W, = {w§},
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i.e. the dynamic ray v°(t) lands at the point w.

Proof. First, let us prove that Wy consists of a single point. By Proposition 1.3.7, W is
compact. Assume, on the contrary that W, consists of more than one point, so
diam,(W;) > 0. Recall that f is uniformly expanding in any compact set K C S\ V
with respect to p (see Rmk. 1.1.7). Taking K to be W, we have diam,(f™(W,)) — oo,
which contradicts the fact that { f”(Wi)}n is contained in a compact set (Prop. 1.3.7).
Therefore, Wy must consist only of one point, so W, = {w;}.

To end the proof, it is enough to show that L, cannot contain any escaping point.
Indeed, this would imply, together with the previous lemma, that Ly C {w§,oo} and,

since L is connected and it cannot be equal to 0o, necessarily Ly = {wi}.

By Proposition 1.3.7, f*(7°) and f™(W,) are contained in the half-plane {Re z < R}.
Assume the dynamic ray ~2° ‘accumulates at an escaping point z. Since z is escaping and
has itinerary s, by Theorem 1.2.3(a), there exists ng > 0 such that f™(z) € Yyno (s) and
Re f™(z) < —R.

We note that o¢"(s) is also a bounded sequence satisfying that
[ (V500 (s)) € {Re z < R}; and f™(2) is escaping and ["°(z) € Lono(s). Therefore, there
exists an increasing sequence {t,} C R and w, = v(t,) = f"(2), as n — oco. Let us
choose some m such that ¢,, > —2, and hence w,, Gifysoo N s, and Re w,, < —R. Since
w,, is not in the escaping tail, there exists M > 0 such that Re Mwy) > -2+m M
being the minimal integer satisfying this property. Hence, Re fM~1(w,,) < —R, so
Re fM(w,,) > R (since |f(2)| > Re z, as shown in the proof of Prop. 1.2.2).

Therefore the property f™(72%, (é)) C {Re z < R} does not hold, leading to a
contradiction. O

To end the section, we prove that rays with oscillating sequences do not always land. In
fact, we are going to prove that, for uncountably many sequences, L is an indecomposable
continuum which contains the ray 7. We follow the ideas of Rempe ([Rem03, Thm.
3.8.4], [Rem07, Thm. 1.2]). )

Proposition 1.3.9. (Some rays do not land) There ezist uncountably many dynamic
rays vg- which do not land.

Proof. First, by Lemma 1.3.5, if we show that, for a non-eventually constant sequence
s, the landing set Ly contains oo, then the ray v:° do not land. Hence, our goal is to
construct a non-eventually constant sequence s with oo € L.

Let us denote by 0" a block of n zeroes and by 0 an infinite block of zeroes. Then,
the itinerary s that we construct will be of the form s = 10" 10"10™ ... for an infinite
sequence {nj}j. We choose the n;’s inductively among countably many choices in each
step, leading to uncountably many non-landing rays at the end.

Assume ny, ..., n;_; have been chosen, and consider the sequence s/ = 10" ... 10™"10.
Then, 7% is a preimage of LT, so it lands at oo in both ends. Let us choose t; > —2 such

that "yg (tj)’ > j. By Theorem 1.2.3 (c), there exists N; € N such that 7§(tj)‘ > j for all
s € Ys(s?, N;). We choose n; > Nj.
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Let s be the sequence constructed in this way. Then, s is clearly non-eventually
constant, and oo € Ly, since 2°(t;) — 00, as j — oo, proving that the ray y2° does not
land. Evidently, by symmetry,_the same construction interchanging 0’s by 1’s also gives
non-landing rays. O]

s' =10

s2=10"1

s3=10"10"10

1—

Figure 1.11: Schematic representation of the construction of the non-landing ray v5°, to give a geometric
intuition of the proof, showing the first three steps of the induction. The sequence ‘on the right indicates
the itinerary of the ray. The first ray that is constructed is the one of sequence s', which is a preimage
of L*. In red, it is marked the point v57(¢1). In the next step of the induction, it is chosen s, in such a
way that 725 gets close to ¥ (t1), so *y_;’? wraps along v57. This wrapping is precisely what makes that,
in the limit, we get a non-landing ray. -

Corollary 1.3.10. (Some landing sets are indecomposable continua) The landing
set Ly of the non-landing rays of Proposition 1.5.9 is an indecomposable continuum.

Proof. To prove that L, is an indecomposable continuum, we shall invoke Curry’s Theorem
1.3.2, after checking that L, does not separate the plane and that v3° C L.

On the one hand, let us observe that effectively L, cannot separate_the plane. We follow
the same argument as in the proof of Lemma 1.3.5. Indeed, if L, separates C, it should
also separate the strip S. Let R; be the connected component of S \ L, that contains
the absorbing domain V', so Ry N U # (). Let Ry be any other component of S\ L,. We
claim that RoNU # (). Indeed, RyN S # (), because the points that leave S after applying
f are the ones enclosed by f~'(L*) NS, and L is not a preimage of L*. The fact that
U= Int(§ ) gives that Ry N U # (. This is a contradiction because U is connected. We
note that this argument not only proves that L, cannot separate the plane, but also that
neither 72° nor 7 can separate the plane.

On the other hz_md, the proof that v;° C L follows the idea of Rempe ([Rem07, Lemma
3.3]) based on the fact that dynamic_rays accumulate among them. Indeed, L, cannot
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intersect any dynamic ray different from ~¢°. In particular, L does not intersect the
dynamic rays %, defined by

no.__
r =5051-.-Spn—-1"nSn+1Sn+2 -+ -,

where 7, = 0, if s,, = 1, and r, = 1, if s, = 0. By Theorem 1.2.3 (c), it is clear that
v — 75°, as n — oo, uniformly on every interval (—oo, ], tg € R. Moreover, from the
fact that s is not eventually constant and escaping tails are ordered vertically following
the (inverse) lexicographic order, it follows that {ygﬁ}n approximates 7;° from above and
from below. Therefore, we redefine the previous sequences as r'™»* := ™ if m < n is the
maximal such that ™ > s in the inverse lexicographic order; and r™~ = r™ if m < n is
the maximal such that r™ < s in the inverse lexicographic order. Hence, the sequence of
rays {ygﬁ,+} approximates 7¢° from above; and {7 S _} from below.

Now, assume that 72 ¢ L, so we can find ¢, such that e == dist (7e°(to), L) > 0.
Since oo € Ly and poiﬁts in L, must have itinerary s, it follows that L, is contained in
the connected component U,, of

€ (DO (te),€) Ut U7 )

which contains ~2°(t), for all t < ¢, for some ¢ < ¢t Therefore,

Ly CNU, C72((—00,t0]). In such a case, 75° would separate the plane into (at least)

two different connected components, what we have proved before that it is not possible.
Therefore, v3° C Ly, as desired.

Then, it follows from Curry’s Theorem 1.3.2 that L, is an indecomposable continuum,
as desired. O]

Finally, we prove Theorem 1.B.

Proof of Theorem 1.B. The existence of uncountably many rays that land follows from
Proposition 1.3.8 (observe that there are uncountably many bounded sequences),
whereas the existence of uncountably many non-landing rays follows from Proposition
1.3.9. On Corollary 1.3.10, we prove that the accumulation set of such non-landing rays
is an indecomposable continuum. O

1.4 Accessibility from U of points on 0U. Proof of Theorem 1.C

This section is devoted to the proof of Theorem 1.C, which relates the accessibility from U
with the previously studied sets: the escaping set, the non-escaping sets and the landing
sets. In particular, Theorem 1.C asserts that all boundary points in the escaping set are
non-accessible, while points in OU having a bounded orbit are accessible.

First of all, let us choose as a Riemann map the function ¢: D — U such that ¢(0) =0
and (RND) =R, as in [BD99]. With this choice, the associated inner function is

322 +1

9e) =3
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It is easy to check that the Denjoy-Wolff point of ¢ is 1. Moreover, since ¢ is a Blaschke
product of degree 2 (and hence there are no critical points in the unit circle), gap is a
2-to-1 covering of D, being 1 the only fixed point. In particular, the preimages of 1 under
g are itself and —1, since (RN D) =R and f(—o0) = +o0.

Let us consider the following subsets of the (closed) unit disk

Do :=DnN{Im 2z > 0} Dy =DnN{Im 2z < 0},
as shown in Figure 1.12. We define the itinerary for a point on 0D in the following way.

Definition 1.4.1. (Itineraries on 0D) Let £ € ID. If ¢"(&) # 1, for all n > 0, then the

itinerary of € is defined as the sequence .(§) = s = {s,}, € 2 satisfying ¢"(§) € D, .
If there exists ng > 0 such that g"(¢) = 1, then the itineraries of £, .7 (&), are defined

as the two sequences s/ = {s/} € ¥y, j = 0,1, satisfying ¢"(§) € D, for n < ng — 2,

0

_ 1 i
Spo—1 = 1, 85,1 = 0 and s}, = j, for n > ny.

Hence, we have just defined a multivalued function

f@]])—>22

We note that, since every point in D has an itinerary, the domain of . is 0ID. Moreover,
we claim that .# is injective, i.e. that two different points in the unit circle cannot have
the same itinerary. This is due to the expansiveness of the map gjsp. Indeed,

—16z
(3224 1)%

9'(2) =

and hence, for £ € 0D, it holds

, B 16 |¢] 16
9OI= a2 Eer e 2!

We also shall consider its inverse
54 _11 22 — 8]1]),

which is a single-valued function. Moreover, .#~! is surjective, but not injective, and
commutes with the shift map o in X,.

Since . is only multivalued when considering eventual preimages of 1, it follows that
< is a bijection if we restrict ourselves to non-eventually constant sequences in ¥, and
points in 0D which are not eventual preimages of 1.

The following proposition is the key result which relates itineraries in dD and in S, and
will clarify the choice of the itineraries in 0.

Proposition 1.4.2. (Correspondence between itineraries) Let £ € D. Ifg™(&) # 1,
forall n > 0, and s = () then Cl(p,§) = °. If there exists ng > 0 such that
g™ (&) =1 and {s°,s'} = F(), then Cl(p,&) =% U,
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Proof. Observe that, according to the chosen Riemann map ¢: D — U, it holds that
o(Int Dy) C Q and ¢(Int Dy) C € (see Fig. 1.12). Moreover, ¢((—1,1)) =R C U.

Hence, if £ € 0D and £ ¢ {—1,1}, then £ € D;, and so does a neighbourhood of £
in D. Hence, Cl(p,&) C Q;, for some i € {0,1}. By continuity of g, every sequence in
D converging to & maps under g to a sequence converging to g(§). If £ € dD is not a
preimage of 1, then ¢(&) ¢ {—1,1}, s0 f(Cl(p,{)NC) C €2, for some j € {0,1}. Repeating
inductively the same argument, we get that the itinerary of £ determines completely the
itinerary of points in Cl(y,§), so

Clip,€) C {= € U I(2) = 7(€)} U {00},

if £ € 0D is not an eventual preimage of 1.

On the other hand, consider 1 € 9D, .(1) = {0,1}. We note that, for any sequence of
points {wy}, C Dy converging to 1, and for all n > 0, there exists ky = ko(n) such that
19" (wk) }sr, © Do; and we observe that 1 is the only point in D with this property.
Similarly, if z € OU and for any sequence {z;}, C €y converging to z, for all n > 0
there exists ko such that {f"(zx)},5p, C o, then 2 € L*. Therefore, for any sequence
{wy,},, € Dy, w, — 1, any accumulation point of {¢(w,)}, must be in Lt U {oo}. The
analogous argument works similarly with D; and L~. Hence,

Cl(p,&) CLTUL U{oo} ={2€0U: I(z) € {0,1}} U {0} .
Therefore, if £ is an eventual preimage of 1, and hence .7 (§) = {s°, s'}, it holds
Cl(p,&) C {z€dU: I(z) € {s",s'}} U{oo}.

We note that, given two different sequences r,s € ¥, the sets of points in OU having
these itineraries are disjoint, i.e.

{z€dU:I(z)er}n{ze€dU: I(z) € s} =1,

since a point in QU has a unique itinerary. Moreover, any point z € U must belong to
at least one cluster set, hence the previous three inclusions are in fact equalities. The fact
that all points in QU are in the closure of a hair ends the proof of the proposition. n

Let us observe that the previous proposition gives, in particular, a way to compute the
impression of the prime end at 1, alternative to the one in [BD99, Thm. 6.1].

Corollary 1.4.3. (Prime end at 1) The prime end of U which corresponds by the
Riemann map ¢ to 1 has the impression LT U L™ U {oo}. FEquivalently, Cl(p,1) =
LTUL™ U{oo}.

The previous correspondence between itineraries and the fact that in each cluster set
Cl(p, &) there is at most one accessible point, imply that there is at most one accessible
point per itinerary. In particular, in each hair and its landing set there is at most one
accessible point.

A first study on accessibility and radial limits was carried out by Baker and Dominguez,
characterizing the accesses to infinity.
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Figure 1.12: Representation of the Riemann map ¢: D — U, which fixes the real axis. The regions
Dy, D1, and Q are also represented, and it is clear that ¢(Dg) C Qo and ¢(D;) C ; implying the
correspondence between itineraries.

Theorem 1.4.4. (Accesses to infinity, [BD99]) Accesses from U to infinity are
characterized by the eventual preimages of 1, i.e.

{6 ¢"(€) = o0} = {&: ¢"(€) = 1, for some n > 0}.

Next, we prove Theorem 1.C, which asserts that escaping points are non-accessible
from U, while points in OU having a bounded orbit are all accessible from U. Using
the Correspondence Theorem 11.4.6 between accesses and radial limits, we rewrite the
statement of Theorem 1.C as follows.

Theorem 1.C. (a) Let & € OD such that the radial limit z == p*(§) exists. Then, z is
non-escaping.

(b) Let z € QU be a point whose orbit is bounded. Then, there exists & € OD such that
©*(&) = z, i.e. z is accessible from U.

Proof.  (a) The proof is based on the one developed by Baker and Dominguez in [BD99,
Thm. 6.3].

Assume z := p*(§) is an escaping point and let us define the open set

W::{ZGS:Rez<—2and |Imz|>72T}

[terating the function if needed, we can assume f"(z) € W, for all n > 0. Since the
radial segment

wo = {p(rf): r e (0, 1)}

lands at z, one can choose ry € (0, 1) such that v := {p(rf): r € (ro,1)} C W. For
points in W we have Re f(z) < Re z. Hence, since v is connected and f"(z) € W
for n > 0, we have f"(~) C W, for all n > 0. This is a contradiction because v C U,
so points in v must converge to +oo.
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(b) First, we note that, by the the results in Section 1.3, the only points in S with
bounded orbit are endpoints w, for bounded sequences s € ¥5. Therefore, the goal
is to prove that, if {; € D has itinerary s € X9, and s is a bounded sequence, then
©* (&) = ws. We note that the radial cluster set Clg(p, ), which is connected, is
contained in the cluster set Cl(y,&;), and for a bounded sequence, it holds

Cl(p, &) =75 = 722U {w,} U {o0},

by Propositions 1.3.8 and 1.4.2.

Hence, it is enough to show that, if s is a bounded sequence, then the radial cluster
set Clg(p, &) cannot contain any escaping point.

Recall that g|gp is conjugate to the doubling map. Moreover, since s contains at
most N consecutive 0’s and 1’s, there exist 0 < #; < 0y < w such that 6; and 6, are
eventual preimages of 1 and g"(e':) € (eiel, er) U (6_i92, e‘iel). Then, Ry, and Ry,
are curves starting at 0 and landing at —oo approaching L™. Since ¢ is a bijection,
f™(R;) is contained in the region bounded by Ry, and Ry, and its reflection along
the real axis. Therefore, there exists R > 0 such that, if we consider the open set
W defined as before and

W’::{ZES:Rez<—Rand |Imz|<g},

then f"(Rs) N W' =0, for all n > 0. Compare with Figure 1.13.

L"r v——'——'——
€i91 eié'o
o oy
m R91
e '
L_ _A.-—..._*

Figure 1.13: Schematic representation of the region bounded by Ry, and Ry, and its reflection along
the real axis, where f"(Ry) is contained, for all n > 0.

Assume the radial cluster set contains an escaping point z. Iterating the function if
needed, we can assume Re f"(z) < —R, for all n > 0, so z € W. Then, there exists
a sequence of real numbers {¢,} such that t, — 400 and z, = 7°(t,) — 2, as
n — oo. Without loss of generality, since z € W, we shall assume {gn}n C W. For
points in W we have Re f(z) < Re z, so they either belong to W or to W’. But
W' has been defined so that f"(R,) N W' =0, so {fk(zn)} e Wiorall k> 0: a
contradiction, since {z,}, C U, and points in U converge to +oo.

O
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Remark 1.4.5. Alternatively, Theorem 1.C can be seen as a consequence from the
results of [BR20]. Indeed, in [BR20, Sect. 6], it is proved that, for functions in class B
and bounded postsingular set, accessible points in the boundary of an invariant Fatou
component coincide with the endpoints of the hairs lying in its boundary (Remark 6.11).

w

Such result can be applied to h(w) = we™", semiconjugate to f(z) = z+ e * (Sect. 1.1),
to deduce that points with bounded orbit are accessible from U, since they are the
endpoint of a hair in OU.

Nevertheless, although Theorem 1.C can be seen as a consequence of this more general
result, it relies strongly on the study of the landing sets of the dynamic rays, carried out
in the previous section, which has to be done specifically for our function. Moreover, our
construction shows explicitly the relation between the dynamics of the inner function in

0D and the dynamics of f in QU, which was the main goal of the paper.

1.5 Periodic points in OU. Proof of Theorem 1.D

This last section of the paper is dedicated to prove Theorem 1.D, which asserts that
periodic points are dense in QU. Although it is known that periodic points are dense in
the Julia set, if we restrict ourselves to the boundary of a Baker domain, it is not known,
in general, the existence of a single periodic point.

The general argument used to prove that periodic points are dense in the Julia set (e.g.
[CG93, Thm. II1.3.1]) cannot be used, since it gives no control about the resulting periodic
point. The proof we present allows us to find a periodic point in any neighborhood of any
point in OU, whose orbit is entirely contained in S, and hence implying that the periodic
point is in U.

Theorem 1.D. Periodic points are dense in OU.

Proof. In view of Theorem I1.5.4, it is enough to approximate z € QU having a dense orbit
by periodic points in OU. Let us fix ¢ > 0 and consider the disk D(z,). Without loss
of generality, we can assume D(z,¢) C S and D(z,6) NV = (), where V is the absorbing
domain defined in Section 1.1. We also assume ¢ < 1.

Recall that f is expanding in S \. V and uniformly expanding in any left-half plane
intersected with it (see Rmk. 1.1.7). In particular, the map is uniformly expanding in
SN{Re z < —2 + ¢} with constant of expansion A > 1.

Take ng > 0 such that \™ > 2. Since the orbit of z is assumed to be dense in JU, it
visits infinitely many times S N {Rez < —2}. Let n; be such that

#{n <ni: Re f"(z) < =2} > ny.

Since the orbit of z is dense, there exists ny > ny with z,, = f"*(z) € D(z,¢). Then,
Gso 0+ 0 ¢s,_,(2n,) = 2, for a suitable choice of s, ..., sn,-1 € {0,1}.

We claim that ¢g,0-- -0, ,(D(2,¢)) C D(z,¢). Indeed, since D(z,e)NV = {), we have
D(z,e) = D,(#,¢), for the p-distance defined in 1.1.4. The forward invariance of V' gives
Ps, 00 ¢ (D(2,6)) C S\ V, for all n > 0. Moreover, since inverses are contracting, if
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G50 005, (2) € SN{Re z < —2}, we have ¢z 0---0¢,, (D(z,¢)) C SN{Re z < =2 + ¢}.
Hence, after applying ns inverses, since the iterated preimages of D(z,¢) are contained in
{Re z < =2 + ¢} at least ng times, p-distances in D(z, ) are contracted by a factor less

than /\%O Therefore we have:

Therefore, applying the triangle inequality, one deduces that ¢g,0---0¢,, _ (w) € D(z,¢),
for any w € D(z,¢), as desired.
Finally, observe that p(¢s, o --- 0 s, _, is well-defined in D(z,¢), and

¢So O---0 ¢5n271(D(278)) - D<Z75>'

Hence, Brouwer fixed-point theorem guarantees the existence of a fixed point 2 for ¢, o
+++0¢s, , in D(2,¢). This point is periodic for f. Moreover, since its orbit is all contained
in S, we have 2y € OU, by Proposition 1.2.4. This ends the proof of Theorem 1.D. O]
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Chapter 2

Boundary dynamics in unbounded Fatou
components of entire maps

In this chapter, we aim to generalize some of the results obtained in Chapter 1 for the
doubly parabolic Baker domain of f(z) = z+e~* to a wider class of Fatou components. As
mentioned in the introduction, the topological structure given by the accesses to infinity,
together with some control on the singular values, will be enough to deduce topological
and dynamical properties of the boundary of certain Fatou components.

The objectives of this chapter are threefold. First, we aim to give a topological
description of the boundary of U from the point of view of its Riemann map; second, we
wish to give analytical properties for the associated inner function g; and last, we wish
to explore the existence, density and accessibility of periodic points and escaping points
in QU, i.e. points that converge to co under iteration.

Remark. (Ergodic and recurrent Fatou components) In this section, we shall use
the following terminology in order to simplify the notation: we say that U is an ergodic
(resp. recurrent) if g*: 0D — 0D is ergodic (resp. recurrent). Siegel disks, attracting and
parabolic basins are both ergodic and recurrent. Hyperbolic and simply parabolic Baker
domains are never ergodic nor recurrent. Doubly parabolic Baker domains are always
ergodic, but they may be recurrent or not. Note that the properties of the boundary
map of a Fatou component (both from the topological and the dynamical point of view)
depend essentially on this ergodic classification, rather than on the precise type of Fatou
component.

Topology of the boundary of unbounded invariant Fatou components

In the setting described above, understanding the boundary behaviour of the Riemann
map ¢: D — U is used not only to study the dynamics of f on the boundary, but also to
describe the topology of OU. We note that, a priori, continuity of the Riemann map in D
cannot be assumed, since the continuous extension only exists if U is locally connected,
something impossible if, for example, U is unbounded and it is not a univalent Baker
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domain [BW91]. Hence, given a point & € 9D, we shall work with its radial limit ¢*(&)
(if it exists), and its cluster set Cl(p, ). We prove the following.

Theorem 2.A. (Topological structure of 0U) Let f be a transcendental entire
function, and let U be an invariant Fatou component, such that oo is accessible from U.
Assume U is ergodic. Let o: D — U be a Riemann map. Then, OU is the disjoint union
of cluster sets Cl(p,-) of v in C, i.e.

oU = | | Ci(p,&)NC.

£eob

Moreover, either Cl(p,&) N C is empty, or has at most two connected components. If
Cl(p, &) NC is disconnected, then p*(£) = oo.

Observe that this is quite a strong property. For example, there cannot be points in
OU with more than one access from U, since they would belong to the cluster set of at
least two points in OD.

We shall see that Theorem 2.A plays an important role in the proofs of the main
dynamical results in this paper, but it also has some interesting more direct consequences,
like for example the following generalization of the result of Bargmann [Bar08, Corol.
3.15], which states that the boundary of a Siegel disk cannot have accessible periodic
points.

Corollary 2.B. (Periodic points in Siegel disks) Let f be a transcendental entire
function, and let U be a Siegel disk, such that oo is accessible from U. Then, there are no
periodic points on OU.

Theorem 2.A improves the understanding of the topology of the boundary of unbounded
Fatou components for transcendental entire functions, initiated by the work of Devaney
and Golberg [DG8T7], on the completely invariant attracting basin U of E)(z) = Ae?, with
0< A< é It was shown, on the one hand, that points € € 9D such that }(e?) = oo are
dense in OD; and, on the other hand, that each cluster set Cl(ipy, €) is either equal to {oco}
or it consists of an unbounded curve landing at a finite accessible endpoint. This result
was generalized to totally invariant attracting basins of transcendental entire function f,
with connected Fatou set [BK07]. We note that both in [DG87] and in [BKO07], symbolic
dynamics (and tracts) play an important role in their proofs, which depend essentially on
the class of functions they consider, and it does not lead to an obvious generalization to
arbitrary Fatou components.

In this context, Theorem 2.A should be viewed as a susbtantial generalization of the
results in [BK07], since it applies to arbitrary ergodic invariant Fatou components with
infinity accessible. We remark that our proof does not rely on symbolic dynamics, but
on the fact that radii landing at infinity under the Riemann map are dense in dD, and
they separate the plane into infinitely many regions, each of them containing a different
cluster set, as well as on a deep analysis of clusters sets using null-chains of crosscut
neighbourhoods.
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Inner functions associated to unbounded invariant Fatou components

As in Chapter II, to each invariant Fatou component U of a transcendental entire function
f we associate an inner function g: D — D via a Riemann map ¢: D — U. Such inner
function is unique up to conformal conjugacy in the unit disk, and it is well-known that it
is either a finite Blaschke product (when f|y has finite degree); or conjugate to an infinite
Blaschke product (when f|y has infinite degree) (Frostman, [Gar07, Thm. 11.6.4]). In the
former case, g extends to a rational function g: C— @, whereas in the latter there exists
at least a point £ € JdD where g does not extend holomorphically to any neighbourhood
of it, what we call a singularity (Def. 11.1.4).

A natural problem in this setting is to relate the inner function g with the function f|,
in the sense of understanding if every inner function can be realised for some f|y, or if
considering a particular class of functions f limits the possible associate inner functions
g; for instance if a bound on the number of singularities of g in D exists. Note that, in
general, there exist inner functions for which every point in 0D is a singularity.

A first (naive) remark is that singularities of g are related to accesses from U to infinity,
since the singularities of g share many properties with the essential singularity of f (e.g.
both are the only accumulation points of preimages of almost every point). In particular,
bounded invariant Fatou components are always associated with finite Blaschke products.
In fact, it is shown in [BFJK17, Prop. 2.7] that, if co is accessible from U, then

E(g) C Oy, ={£ € OD: the radial limit ¢*(£) is equal to oo}.

We note that, by the results of [BD99, Bar08|, when U is ergodic, the latter set is the
whole unit circle, and hence the result does not give actual information on the singularities
of g.

A different approach is found in [EFJS19, ERS20], which relies on having a great control
on the singular values of f, i.e. points for which not every branch of the inverse is locally
well-defined around it. Indeed, assuming that the orbits of singular values belong to a
compact set in F(f) (i.e. assuming f to be hyperbolic), they give explicit bounds for
the number of singularities. One can see from the proof that it is enough to assume that
f behaves as if it was a hyperbolic function when restricted to U i.e. that the orbits of
singular values in U are compactly contained in U. We shall not enter into the details at
this point, but keep in mind the main idea: controlling the singular values of f allows to
bound the singularities of ¢, and it is enough to have this control on the singular values
which actually lie inside U.

Definition. (Postsingularly separated Fatou components) Let f be a
transcendental entire function, and let U be an invariant Fatou component. We say that
U is a postsingularly separated Fatou component (PS Fatou component) if there exists a
domain V, such that V C U and

P(f)nU C V.
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Hence, a PS Fatou component is a Fatou component whose postsingular values are
allowed to accumulate at oo, as long as they accumulate through accesses to oco. Indeed,
the role of the domain V' is precisely to control in which accesses of U do the postsingular
values accumulate.

Observe that PS Fatou components can be seen as a generalization of Fatou components
of hyperbolic functions. In fact, if U is a Fatou component of a hyperbolic function f,
then P(f) N U is contained in a compact set V' in U. PS Fatou components allow V' not
to be compact, we only ask V C U.

Note that there is no requirement for P(f) outside U; in particular, P(f) is allowed to
accumulate in OU.

Figure 2.1: Schematic representation of how a postsingularly separated Fatou component would look
like. The Fatou component of the left is a Baker domain of z + e~#. For this particular example, the
domain V' could have been taken simpler. However, we wanted to illustrate how V looks like in general.
As we will prove in the Technical Lemma 1, given a Riemann map ¢: D — U, ¢~ }(V) is a domain
enclosed by curves landing in 0D.

The postsingularly separated condition is sufficient to describe the singularities of g, as
we show in the following theorem.

Theorem 2.C. (Singularities for the associated inner function) Let f be a
transcendental entire function, and let U be an invariant Fatou component, such that oo
is accessible from U. Let p: D — U be a Riemann map, and let g == @=L o f oy be the
corresponding associated inner function. Assume U is postsingularly separated.

Then, the set of singularities of g has zero Lebesque measure in 0D. Moreover, if & € 0D
is a singularity for g, then ¢*(§) = oo.

Recall that we do allow postsingular values to accumulate at co. Hence, in contrast to
the setting considered in [EFJS19, ERS20], we allow ¢~ *(SV(f)) to accumulate in 9D.
Moreover, Theorem 2.C strengthens the result in [BFJK17, Prop. 2.7], showing that a
singularity not only must be approximated by points with radial limit infinity, but itself
must have radial limit infinity, in accordance with the a priori naive idea of relating
singularities with accesses to infinity.
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Dynamics on the boundary of unbounded invariant Fatou components

Finally, we shall apply the techniques developed throughout the paper to study periodic
points in OU, and also escaping points, in this general setting. To this end, and being
very far from the rational case where the only singularities of f~! are a finite number of
critical values, we need a slightly stronger condition on the orbits of the singular values
of f. More precisely, we restrict to the following class of Fatou components, which is a
subset of the previous ones.

Definition. (Strongly postsingularly separated Fatou components) Let f be a
transcendental entire function, and let U be an invariant Fatou component. We say that
U is a strongly postsingularly separated Fatou component (SPS Fatou component) if there
exists a simply connected domain €2 and a domain V such that V Cc U, U C 2, and

P(finQcCV.

Hence, the control on the postsingular set that we require is two-fold. On the one hand,
to control the postsingular values inside U, we ask U to be postsingularly separated. On
the other hand, the existence of the simply connected domain €2 is needed to control the
postsingular values in a neighbourhood of OU.

We note that this condition is analogous to the one given by Pérez-Marco [PM97] for
the study of the boundary of Siegel disks.

Example. (SPS Fatou components) Many of the examples of unbounded invariant
Fatou components that have been explicitly studied are SPS. Examples of basins of
attraction include the ones of hyperbolic functions studied in [BK07], as well as the
hyperbolic exponentials [DG87]. However, the results we prove are already known for
this class of functions, since J(f) = OU. A more significant example are the basins of
attraction of f(z) = z — 1 + e *. Regarding Baker domains, consider Fatou’s function
f(z) = z+4+ 1+ e#, studied in [Evdl6]; the Baker domains of f(z) = z + e %,
investigated in [BD99, FHO06] and in Chapter 1; and the ones in [FH06, Ex. 4].

In all cases, singular values are all critical values and lie in the Baker domains, at a
positive distance from the boundary, even though their orbits accumulate at oco. Observe
however that they do so through only one access, and that there is an absorbing domain
V C U with P(f) C V. This implies, in particular, that iterated inverse branches are
globally well-defined around OU. Note that this situation is much simpler than the general
case that we address in our theorem, and in fact, if this were always the case, our proofs
could be simplified to a great extent (due to this global definition if inverse branches).

We prove the following.

Theorem 2.D. (Boundary dynamics) Let f be a transcendental entire function, and
let U be an invariant Fatou component, such that oo is accessible from U. Assume U is
strongly postsingularly separated. Then, periodic points in OU are accessible from U.
Moreover, if U is recurrent, then both periodic and escaping points are dense in OU.
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Remark. (Parabolic basins) Note that parabolic basins cannot be PS (and hence
neither SPS), due to the fact that the parabolic fixed point is always in P(f). However,
as we see in Section 2.5, our results apply if the parabolic fixed point is the only point in

au N P(f).

2.1 Ergodic Fatou components and boundary structure.
Theorem 2.A and Corollary 2.B

In this section, we prove Theorem 2.A, which gives a detailed description of the topology of
the boundary of ergodic Fatou components, i.e. Fatou components for which the boundary
map f: OU — OU is ergodic. The main tool, and the reason to restrict to ergodic Fatou
components, is Theorem I1.5.6, which asserts that, for an ergodic Fatou component U
and ¢: D — U a Riemann map,

O = {£ € ID: p*(§) = o0} = ID.

Remark 2.1.1. (Non-ergodic Fatou components) We note that ergodicity is a
sufficient condition, but not necessary. Indeed, there are examples of non-ergodic Fatou
components that satisfy O, is dense in 0D [Bar08, Example 3.6]. Likewise, it is
well-known that the Theorem I1.5.6 does not hold for an arbitrary invariant Fatou
components for which infinity is accessible, as shown for example by univalent Baker
domains whose boundaries are Jordan curves [BF01].

Proof of Theorem 2.A. We shall prove first that all cluster sets are disjoint in C and its
union is OU, i.e. if p € QU N C, there exists a unique & € D such that p € Clc(p, §).

To prove the existence of such ¢ it is enough to consider a sequence {z,}, C U such that
zZn — p, and {w, = ¢ *(2,)},, C D. Then, {w,}, must have at least one accumulation
point, which must be in 9. For any such accumulation point &, we have p € Cl(yp, §).

To prove uniqueness, assume, on the contrary, that there exist &;,& € 0D such that
p € Cl(p, &) NCl(p, &), and & # &. Since O is dense in D (Thm. I1.5.6), we can
choose (1,(s € Oy such that {; < & < ( < & (in the circular order). The radial
segments

Re, ={r¢:re0,1)},
i = 1,2, give a partition of D. Since ¢*((;) = 00, ¢(R¢,) U p(Re,) give a partition of C
(see Fig. 2.2).

Therefore, given any two sequences {w;}, ,{w2} C D, with w; — & and w2 — &,
the corresponding sequences in U lie in different connected components of C \ (¢(R¢,) U
©(R¢,)), for n large enough. Hence, they cannot accumulate at the same (finite) point,
leading to a contradiction.

To prove the second statement notice that Clc (g, €) is disjoint from any other cluster
set. Therefore, any connected component of Clc(p, &) is, in fact, a connected component
of OU. Hence, by Proposition 11.4.8, each cluster set has either one or two connected
components, that must be unbounded, since the cluster set is connected in C. O]
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90<RC2) U

Figure 2.2: Diagram of the setup of the proof of Theorem 2.A.

Remark 2.1.2. (Connected components per cluster set) We note that, for the
the exponential attracting basin in [DGS87], all cluster sets have exactly one connected
component in C. However, the previous theorem is sharp, as shown by the function
f(2) = z+ e . For the invariant Baker domains of this function, the cluster set of every
point in O, has two connected components (see Chapter 1).

2.1.1 Siegel disks. Proof of Corollary 2.B

For entire functions, it is known that Siegel disks have no accessible boundary periodic
points [Bar08, Corol. 3.15]. An easy consequence of Theorem 2.A is that, if oo is accessible
from the Siegel disk, in fact there are no periodic points at all.

Proof of Corollary 2.B. Assume there exists p € 9U periodic, i.e. f™(p) = p, for some
n > 1. Then, p € Cl(p,§), for a unique £ € JD, since cluster sets are disjoint (Theorem
2.A). For a Siegel disk, the associated inner function ¢ is an irrational rotation, so it
extends continuously to dD. Hence, by Lemma I1.5.2,

[ (Cle(p,§)) C Cle(p, g"(6))-

Now f™(p) =p € Clc(p, &) NCle(p, g"(€)). But this intersection is empty unless g™(§) =
&, and this is a contradiction because g is an irrational rotation. O]

2.2 Technical Lemmas

In this section we prove some technical results which are the basis for the proofs of
Theorems I1.3 and 11.4. Basically, we aim to relate the hyptothesis of being postsingularly
separated (PS), or strongly postsingularly separated (SPS), with the possibility of defining
inverse branches around points in OU. To do so, we construct in both cases appropriate
neighbourhoods of each component of OU, in which we can define all inverse branches
globally.

First, recall that if a Fatou component is PS, then there exists a domain V', such that
V c U and

P(fynU cCV.
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Note that, in this case, P(f) N dU may be non-empty, so inverse branches may not be
defined around points in QU. However, we can still define the inverse branches in a one-
sided neighbourhood of each connected component C' of QU , or, equivalently, in sufficiently
small crosscut neighbourhoods. This is the content of Technical Lemma 1.

Technical Lemma 1. Let f be a transcendental entire function, and let U be an invariant
Fatou component, such that oo is accessible from U. Assume U is PS, and let o: D — U
be a Riemann map.

Then, for any component C' of OU, there exists a domain Q¢ such that C C Q¢, Q¢ is
simply connected, Qo NU s connected, and Q¢ is disjoint from P(f)NU.

In addition, for all & such that Clg(p,&)NC C C, the set o~ (QcNU) contains a crosscut
neighbourhood of &.

If, additionally, U is SPS, i.e. if there exists a simply connected domain €2 such that
U C 9, and
P(finQcV,

then inverse branches can be defined around each component of QU globally, i.e. for each
component C' of QU there exists a simply connected domain ¢ such that all inverse
branches are well-defined in 2. Moreover, all inverse branches are locally contracting
with respect to the hyperbolic metric in a certain neighbourhood of OU (see Technical
Lemma 2) and satisfy the following property, which is crucial in the proof of Theorem
2.D.

Definition 2.2.1. (Proper invertibility) Let f be a holomorphic function, and let U
be an invariant Fatou component. Let z € OU. We say f is properly invertible (at z with
respect to U) if, there exists r > 0 such that for every w € 0U such that f"(w) = z there
exists a branch F,, of f~" which is well-defined in D(z, ), and satisfies

F.(D(z,r)NnU) CU.

The definition of the inverse branches and their properties are collected in Technical
Lemma 2. In the sequel, let W = C \ P(f), and denote by py the hyperbolic metric
in W. We use standard properties of the hyperbolic metric, which can be found e.g. in
[CG93, Sect. 1.4], [BMOT].

Technical Lemma 2. Let U be a Fatou component satisfying the assumptions of
Technical Lemma 1. If, additionally, U is SPS, then the domain Q¢ can be chosen to
satisfy the following properties.

1. Qc C W, so Qcﬂp<f):@.

2. For all z € OU, there exists a neighbourhood D, C W of z such that all branches
F, of f~" are well-defined in D,, F,(D,) C W and

pw (Fu(z), Fa(y) < pw(x,y), forallz,y € D..
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3. For all z € U, f is properly invertible at z with respect to U.

The end of the Section, which is not needed for the proofs of Theorems C and D, is
dedicated to further comments on the relationship between proper invertibility and SPS,
and the connection with the concept of local surjectivity.

Proof of Technical Lemma 1

We assume U to be PS. Then, by definition, there exists a domain V such that V C U
and P(f) NU C V. Since oo is accessible from U, we can assume, without loss of
generality, that oo is accessible from V. Indeed, if oo is not accessible from V', take a
curve v: [0,1) — U, such that v(0) € V' and + lands at co. Then, redefine V' to contain

N

QcNU

S

Figure 2.3: Set-up of the proof of Technical Lemma 1 for PS Fatou components.

Now, consider C\. V. Then, the boundary component C' is contained in a component of
C\V,say Q¢. By Theorem 1.2.2, Q¢ is simply connected, because V' U{oo} is connected,
and, since V C U, Q¢ NU is connected. Since P(f)NU C V, it holds that Q¢ is disjoint
from P(f)NU.

Next, let & € 9D be such that Cl,(¢,&) NC C C. We have to see that o~ (Qc NTU)
contains a crosscut neighbourhood of £&. Without loss of generality, we assume that V' is
bounded by a collection of disjoint curves {v;},.;, each of them landing at oo from both
ends. By the Correspondence Theorem I1.4.6, each ¢~ !(;) is a crosscut in D (possibly
degenerate, i.e. such that both its endpoints in 0D are the same).

To end the proof, we have to see that the crosscut corresponding to

e~ Qe NU) ND =0(¢™" (1)),

for some ¢ € I, is non-degenerate. Assume, on the contrary, that it is degenerate with
common endpoint £ € JD. By the Correspondence Theorem 11.4.6, the two endpoints of
~; define the same access to infinity (the one corresponding to &), meaning that 7; is a
Jordan curve in € and QU is contained in the connected component of C ~; which is
not Q¢. Therefore, for any sequence {z,}, C QcNU with z, — OU, we have z, — 00.
This is a contradiction with the fact that Q¢ is a neighbourhood of C' € QU. This ends
the proof of the Technical Lemma 1.
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Proof of Technical Lemma 2
For SPS Fatou components, define 2 to be the connected component of
Qv

in which C' is contained (adjusting V so that oo € V). It is straightforward to see that
C' C Qc¢, Q¢ is simply connected, - NU is connected, and Q¢ is disjoint from P(f)NU.

Now we prove that f is locally expanding in W = C ~ P(f) with respect to the
hyperbolic metric py,. Note that W is an open neighbourhood of OU and W is backwards
invariant under f,ie. f~1(W) cC W.

Proposition 2.2.2. (Set of expansion) Under the assumptions of Technical Lemma 2,
the following holds.

1. f: f7Y(W) — W is locally expanding with respect to the hyperbolic metric py, i.e.
pw(2) < pw(f(2) -1 ()], forall z € f7H(W).

2. For all z € OU, there exists a neighbourhood D, C W of z such that all branches
F, of f~" are well-defined in D,, F,(D,) C W and

pW(Fn(x),Fn(y)) SPW($,y), fO’f’ all xayeDz-

3. Moreover, if z and F,(z) belong to the same connected component of W, then there
exists A € (0,1) such that

pw (Fn(z), Fr(y)) < Apw(x,y), forallz,y € D,.

Proof. Let us check that W satisfies the required properties. Let py, denote the hyperbolic
metric in W. Note that a priori W cannot be assumed to be connected, so we define py
component by component. Indeed, each connected component W of Wis a hyperbolic
domain, and hence admits a hyperbolic metric pg;. Given z € W, we define

pw(2) = p(2),

where W stands for the connected component of W with z € W. Given z,w € W, the
hyperbolic distance is defined as

IOW(Zv w) = pW(za U}),
if z and w lie in the same connected component W of W; and pw(z,w) = oo, otherwise.

1. Since W does not contain singular values, given a connected component W; of
f7YW), f: Wy — f(W)) is a holomorphic covering. Note that f(7¥;) is a connected
component of W. Indeed, f(W;) is connected, and hence contained in a connected
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component W, of W. Since W does not contain singular values, it holds f(W;) =
Ws.

By Schwarz-Pick lemma [CG93, Thm. 1.4.1], f is a local isometry, i.e. if z € W7,

pr-row)(2) = pwi (2) = pwa (f(2)) 1 (2)] = pw (f(2)) |f' ()]
Since f~1(W) C W, it holds

pw(2) < prrwny(2) = pw (f(2) [/ ()], forall z € fH(W).

. Given z € 9U, we take D, to be a hyperbolic disk in W of radius small enough so
that D, is simply connected. Since W is backwards invariant and P(f)NW = (), it
follows that all branches F,, of f~™ are well-defined in D, and F,(D,) C W.

Now, let x,y € D,. Since D, is a hyperbolic disk, it is hyperbolically convex, so
there exists a geodesic 7 C D, between x and y, and F,,(v) is a curve joining F},(z)
and F),(y). Hence, by statement 1,

pw(Eaa) Fu) < )PW(S)dS = [ ow(Eu(e) | E2(0)] dt =

Fr

/pw /pw pw(,y),

since 7y is taken to be a geodesw between x and y.

. Let W, be the connected component of W in which z and F,(z) lie. Hence,
(W) N Wy # 0. We claim that any connected component of f~™(W;)
intersecting W is strictly contained in Wj. Indeed, assume there exists n > 1 such
that f"(W;) = Wj. Then, for the map f™, Wj is a neighbourhood of z € J(f™) for
which

U fnm(Wl) =W, CcW=C~ P(f)

m>0

Since P(f) has more than one point, this would contradict the blow-up property of
J(").

Therefore, pw, < pg-—n(w,), and hence

pw (w) < pw (f"(w)) [(f")'(w)|, for all w € f7"(Wy) N Wh.

Without loss of generality, let us assume that the neighbourhood D, of z is
compactly contained in Wj. Thus, the continuous function

pw (W)

pw (f(w)) [(f7) (w)]

reaches a maximum in D,. Therefore, there exists A € (0,1) such that

0< <1

pw (Fu(z), Fu(y) < Apw(z,y), forall z,y € D,

as desired.
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Thus, the proof of Proposition 2.2.2 is complete. ]

Remark 2.2.3. (Strict expansion) One may ask if this open set W can be improved
so that the function is strictly expanding on it. This is always the case for hyperbolic
and subhyperbolic functions (see e.g [MB12, BFRG15, RGS17]). The answer is negative
for arbitrary SPS Fatou components, as it can be seen for the doubly parabolic Baker
domains of f(z) = z+ e * (see Chapter 1).

Finally, to end the proof we have to see that for all z € QU, there exists » > 0 such
that all branches F), of f~" with F,,(2) € OU are well-defined in D(z,7), and satisfy

F.(D(z,r)nU) CU.

We denote by C' the connected component of QU with z € C, and consider the
neighbourhood ()¢ defined previously. Then, the proper invertibility follows from the
properties of the set 2. Indeed, since Q¢ is simply connected and disjoint from P(f),
any inverse branch defined locally at z € OU extends conformally to Q¢. By
construction, 2 N U is connected, and so is F,,(Q2c N U). By the total invariance of the
Julia and the Fatou set, it follows that F,(2c NU) C U, as desired. This ends the proof
of Technical Lemma 2.

Proper invertibility, strongly postsingular separation and local surjectivity

Finally, in this section we discuss the necessity of the condition of being SPS. To prove
Theorem 2.D, not only we need to have all inverse branches well-defined locally around
every point in OU, which could be achieved simply assuming

P(f)nou =0,

but also to have proper invertibility.

Then, the following question arises: is it sufficient to add the assumption of P(f)NoU =
() to the PS condition to have proper invertibility? The answer is negative in general, so
the hypothesis of being SPS is necessary. We prove this in Proposition 2.2.4.

We note that, if one could prove that any PS Fatou component with P(f)NoU = () is,
automatically, SPS, then results of Theorem 2.D (i.e. accessibility and density of periodic

boundary points, and density of escaping boundary points) would hold only assuming the
PS condition and P(f) N oU = .

Proposition 2.2.4. (Characterizations of proper invertibility) Let f be a
transcendental entire function, and let U be an invariant Fatou component, such that oo
is accessible from U. Assume U is PS and P(f) NOU = 0. Then, the following are

equivalent.
(a) U is SPS.
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(b) For each connected component C' of OU, there exists an open neighbourhood Q¢ of
C' in which every branch F,, of f~™ is well-defined, and, if there exists z € Qo N U
such that F,,(z) € U, then F,(QcNU) C U.

We shall rewrite the previous proposition in terms of boundary components and filled
closures, defined as follows.

Definition 2.2.5. (Filled closure) Let X C C be any connected set in the complex
plane. We define the filled closure of X as

fill(X) = X U (components Uof C \ X such that oo is not accessible from U ) .

We note that fill(X) is always closed, independently of whether X is closed or not.
We observe that U being SPS is equivalent to

P(f)NEIU) CU, andto P(f)NEANOU) = 0.

Recall that fill(A) is closed and does not include the unbounded components of C \ A
from which oo is accessible. In particular, U N fill(OU) = (), if oo is accessible from U.
Hence, in this case, being SPS is equivalent to

P(f)NnAfll(C) =0,
for all connected components C' of OU. See Figure 2.5 below to have a geometric intuition.

Proposition 2.2.6. (Characterization of proper invertibility for boundary
components) Let f be a transcendental entire function, and let U be an invariant
Fatou component, such that oo is accessible from U. Assume U is PS and
P(fynoU = 0. Let C be a connected component of OU. Then, the following are
equivalent.

(a) For all z € C, f is properly invertible at z with respect to U.
(b) P(f)Nfll(C) = 0.

(c¢) There exists an open simply connected neighbourhood Qe of C' in which all branches

F, of 7™ are well-defined, and, either F,(QeNU)NU =0, or F,(QeNU) C U.

Proof. We address first the equivalence between (b) and (c¢). To see that (b) implies
(c), observe that, by Technical Lemma 2, there exists a simply connected domain ¢,
disjoint from P(f), such that C' C Q¢ and Qe N U is connected. Hence, Q¢ NU is simply
connected, for being the connected intersection of two simply connected sets. In such a
domain, all branches F,, of f~" are well-defined. Moreover, since Q0o N U is connected, so
F.(QcNU) is connected. By the total invariance of the Fatou and Julia sets, it follows
that either F,,(QeNU)NU =0 or F,(QeNU) C U. Hence, (b) implies (c).

Conversely, we note that if all inverse branches are well-defined in Q¢, then P(f)NQe =
(). In particular, since Q¢ is a simply connected neighbourhood of C, it must contain
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fill(C') (recall that fill(C') consists of C' and the components of its complement from which
infinity is not accessible; hence, a simply connected neighbourhood of C' includes fill(C)).
Hence, we have

P(f) NAI(C) = 0.

Therefore, (c) implies (b).

It is left to prove the equivalence between (a) and (c). We note that (c) implies (a)
trivially. Next, we prove that, if (¢) does not hold, neither does (a).

By assumption, P(f)NoU = (). Hence, for every z € C, there exists a sufficiently small
disk D(z,r), r = r(z) > 0, such that every branch F,, of f=" is well-defined in D(z,r).
On the other hand, since U is PS, by Technical Lemma 1, there exists a simply connected
domain ¢, such that y = Q¢ N U is connected, simply connected and disjoint from
P(f)nU.

Since we are assuming that (c¢) does not hold, we claim that there exists a point zy €
C' and n > 1, such that a branch F,, of f", well-defined in D(zy,7) does not extend
conformally to . Indeed, if (¢) does not hold, then any neighbourhood Q¢ of C' given
by the Technical Lemma 1 would meet P(f) (outside U). Equivalently, for such Q¢ and
Qu == Qc N U, any neighbourhood of Q is multiply connected (otherwise it would be a
simply connected neighbourhood of C' C Q¢ disjoint from P(f), so (c) would hold).

In particular, there exists a point zop € C' and r > 0 so that D(zp,r) U Qg is multiply
connected and D(zy, r)UQy surrounds points in P(f). Thus, there exists at least a branch
F, of f™ well-defined in D(zg,r) does not extend conformally to Qy, as claimed.

Finally, we have to prove that, for such F;,, it does not hold

F.(D(z,r)NnU) C U.

Indeed, take ug € D(zp,7) N U, and consider the conformal extension of F,, to Qy with
basepoint ug. Then, F,|p(, is univalent, as well as F},|qo, . However, since F,, does not
extend conformally to Qu, Fy,|p(zrua, is @ multivalued function. Hence, there exists
w € D(z,7)NQy such that w = f™(wy) = f™(ws), with wy € F,,(D(20,7)), we € F, ().
Hence w; ¢ U, because otherwise w; € Qy and F,, would be multivalued at w € €.
Therefore f™ is not properly invertible with respect to U, as desired. O]

From Proposition 2.2.6 we deduce Proposition 2.2.4.

Proof of Proposition 2.2.4. Observe that U being SPS is equivalent to say that, for every
boundary component C' C 90U,

P(f) NAI(C) = 0.
Then, the equivalence (b)-(c) in Proposition 2.2.6 ends the proof. O

Finally, we shall give an intuition of how a non-SPS Fatou component would look like.
First, let us look at the following example of a rational map f which is not properly
invertible.
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Example 2.2.7. (Non-properly invertible function, [Sch97]) The function

64
= -3
1&) = s —ap
considered in [Sch97] is not locally surjective with respect to the invariant attracting
basin U (in black in Fig. 2.4). Indeed, the neighbourhood marked in Figure 2.4 is

mapped conformally under f onto the other marked neighbourhood. It is clear that the

corresponding inverse branch send points in U to points in U and to points outside U (in
its preimage V') simultaneously. For a more precise description of the dynamics, we refer

to [Sch97].

Figure 2.4: Dynamical plane of f(z) = % — 3, which is not locally surjective.

Note that the previous Fatou component satisfies having a bi-accessible boundary point.
This is never the case for Fatou components of transcendental entire functions: every finite
point in the boundary has a unique access from the Fatou component [Bar08, Thm. 3.14].
Moreover, if U is ergodic, every finite point z € 9U is contained in a unique cluster set
(Theorem 2.A). Hence, it seems plausible that any PS Fatou component is, automatically,
SPS.

Indeed, a Fatou component not satisfying this condition would have a complicated
boundary: there would exist a connected component C' of QU such that

P(f) NRI(C) # 0.

Since we are assuming that P(f) N C = 0, it follows that there would exist a connected
component V of C ~ C' for which infinity is not accessible. By invariance of U and
normality, V must be a Fatou component; either an attracting basin, a preimage of it, or
an escaping wandering domain.

Moreover, if U is ergodic, by Theorem 2.A, any connected component C' of QU is either
a cluster set or it is contained in a cluster set. Hence, if U is a non-SPS Fatou component,
there would exist £ € dD such that

P(f) NAll(Clc(p,§)) # 0.
See Figure 2.5.
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Figure 2.5: Schematic representation of how a non-SPS Fatou component would look like. One may
imagine the boundary of U (in C) as a collection of curves (as in a Cantor bouquet). One of them,
corresponding to, say, Clc(p, ) is not a Jordan curve, but it encloses a bounded region, V', which is a
Fatou component, by normality. For U to be non-SPS, this enclosed Fatou component V must contain a
postsingular value. It is precisely the presence of this postsingular value in fill(Clc(p, §)) what prevents
the definition of inverse branches around Clc(yp,&).

Question 2.2.8. Let f be a transcendental entire function, and let U be an (ergodic)
invariant Fatou component, such that 0o is accessible from U. If U is PS and P(f)NOU =
(0, then is U SPS?

Finally, we discuss the relation of proper invertibility with local surjectivity, a closely
related notion used in [Sch97, Imal4], to study the accessibility of periodic points in the
boundary of invariant Fatou components. The definition of local surjectivity reads as
follows.

Definition 2.2.9. (Local surjectivity) Let f be a holomorphic function, and let U be
an invariant Fatou component. Let z € 9U. We say f is locally surjective (at z with
respect to U) if there exists > 0 such that

f(D(z,r)NU) = f(D(z,7))NU.

It is easy to see that f being locally surjective on OU (understood as it is locally
surjective with respect to U at every point of OU) is equivalent to f being properly
invertible on QU (again, understood pointwise with respect to U). However, since we are
interested in inverse branches, the concept of proper invertibility is more convenient.

2.3 Postsingularly separated Fatou components and the
associated inner function. Theorem 2.C

We prove the following version of Theorem 2.C, which gives more details on the
behaviour of boundary orbits for the associated inner function. One should view this
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general version of Theorem 2.C as a significantly stronger version of Lemma I1.5.2 for

PS Fatou components.

We use the notation ©., introduced in Section I1.5.3. Let us recall the definition.

O ={£ € ID: p*(§) = 0}
ID N\ Oy = {£ € ID: Clgr(p,&) # {0} }

Theorem I1.3. (General version) Let [ be a transcendental entire function, and let U

be an invariant Fatou component, such that co is accessible from U. Let p: D — U be

a Riemann map, and let g == @=L o f o ¢ be the corresponding associated inner function.
Assume U is PS. Then, the following holds.

(a)

()

(Finite principal points avoid singularities) Let £ € dD. If £ € Oc¢, then £ is not a
singularity of g and g(§) € O¢.

In particular, if, for some n > 1, £ € 0D is a singularity for g", then £ € O.

(Few singularities) For almost every & € D (with respect to the Lebesgue measure),
there exists r = r(&) > 0 such that g is holomorphic in D(§,r). In particular, the
set E(g) has zero Lebesgue measure.

(Backward and forward orbit at typical boundary points) For almost every & € 0D
(with respect to the Lebesgue measure), there exists r = r(§) > 0 such that all
branches G, of g~ are well-defined in D(§,r), for all n > 0. Moreover, for every
n > 1, there exists p = p(&,n) > 0 such that g" is holomorphic in D(&, p).

(Radial limit ¢g* at a singularity) Let & € D be a a singularity for g, and assume
g* (&) exists. Then, either g*(£) € D, and ¢(g*(€)) € U is an asymptotic value for

fiorg*(§) € O.

Proof. We prove the different statements separately.

(a)

Let £ € OD \ O4. By Lemma I1.4.8, Cl¢(p, &) is connected, so is f(Clc(p,§)), and
hence it is contained in a component C' of JU. Since U is assumed to be PS, by
the Technical Lemma 1, there exists a domain Qs such that C' C Q¢, Q¢ is simply
connected, Q¢ N U is connected, and ¢ is disjoint from P(f) N U. Moreover, Q¢
can be chosen so that =1 (Qc NU) is a crosscut neighbourhood of some ¢ € ID.
Note that there are no postsingular values of g in ¢~ (Qc N U).

Note that, since £ € 9D \ O, we can choose z € Clr(p,&) NC. Since z is a finite
principal point, for any r > 0, there exists a null-chain {D,,},, C D(z,r). We choose
r small enough so that f(D(z,r)) C Q¢. Hence, for all n > 0, f(D,) is a crosscut
of U contained in Q.

Since Q¢ N U is simply connected and disjoint from P(f) N U, all inverse branches
are well-defined in Q¢ N U. In particular, there exists a branch F; of f~! and an
inverse branch G; of g~! such that

p (F(QenU)) = Gi(p (2 NU))
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contains a crosscut neighbourhood of £. Hence, any sufficiently small crosscut
neighbourhood Dp around ¢ is mapped conformally under g to a crosscut
neighbourhood ¢(Dp) around ¢. Thus, g(Dp) # D. This already implies that & is
not a singularity (Lemma II1.3.11). By Lemma II.5.2, it is clear that
g(&) € 0D \ O.

Finally, note that, if { is a singularity for ¢, then ( € ©,. The last statement
follows directly from the backwards invariance of ©.,. Indeed, if ( is a singularity

for the inner function ¢" (n > 1 taken minimal), then ¢g"~'(() is a singularity for g.
Then, ¢"*(¢) € O, s0 ( € O.

¥ 4

U
/fz_\\\
D:;
§

Figure 2.6: Set-up of the proof of (a) for PS Fatou components. Given £ € D\ O, we find a crosscut
neighbourhood around it which is mapped conformally onto another crosscut neighbourhood, implying
that £ is not a singularity for g.

(b)

()

Since E(g) C Ou, and A\(O4) = 0, it follows that A(E(g)) = 0. Hence, for A\-almost
every &, there exists 7 = r(£) > 0 such that g is holomorphic in D(¢,r).

Again, the first statement follows from the same argument than in (a), applied to
the set of full measure 0D \ ©.,. Indeed, for every point £ € 0D \ O, there exists
a boundary component C' such that Clc(p,&) C C. by the Technical Lemma 1,
there exists a domain (¢ such that C' C Q¢, Q¢ is simply connected, Q¢ N U is
connected, and Q¢ is disjoint from P(f) N U. Moreover, o~ }(Qc N U) contains a
crosscut neighbourhood N¢ of £. Since Q¢ NU is simply connected and disjoint from
P(f)NU, all inverse branches F,, of f" are well-defined in Q¢ N U. In particular,
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for each branch F, of f~", there exists an inverse branch G,, of ¢g7" such that
¢ H(F(QcNU)) = Gule Qe nU)).

Thus, all inverse branches G, of g" are well-defined in N¢. By considering g as its
maximal meromorphic extension, and using Schwarz reflection, we get that there
exists 7 == r(£) > 0 such that all branches G,, of g~ are well-defined in D(, ), for
alln > 0.

The second statement follows from the forward invariance of 0D\ O, by induction.
Indeed, for n =1, if £ € 0D \ O, then £ is not a singularity for g, so there exists
a disk around ¢ in which g is holomorphic. Now, for all n > 2, assume ¢"~? is
holomorphic in a neighbourhood of £. By (a), ¢" 1(£) € D\ O, so g" 1(£) is not
a singularity of g, meaning that there exists a neighbourhood of ¢g"~*(¢) in which g
is holomorphic. This already implies the existence of a neighbourhood of ¢ in which
g" is holomorphic.

(d) We let £ € OD be a singularity, and assume g*(£) exists. There are two possibilities:
cither g*(§) € D, or ¢*(¢) € OD. In the first case, it is clear that ¢(g*(§)) must
be an asymptotic value for f. We shall prove that, in the second case, g*(§) €
Os. Assume, on the contrary, that ¢g*(§) € 0D \ O4. Then, by (c), for some
r > 0, all branches of g7 are well-defined in D(g*(§),r). This is a contradiction
because ¢ was assumed to be a singularity, and hence it cannot be mapped locally
homeomorphically to ¢g*(&).

]
Remark 2.3.1. We shall make the following remarks on Theorem II.3.

1. On [BFJK17, Prop. 2.7] it is proved that E(g) C O, for a general invariant Fatou
component (i.e. without the PS assumption). Hence, (a) show how the result can
be strengthened to F(g) C O, for PS Fatou components. Taking into account that

AMOx) = 0 and A(O) = 1 for a wide class of Fatou components, we believe that
our result is a noteworthy improvement.

2. Regarding (c), we note that, for almost every £, inverse branches G,, of g™ are well in
a disk of fixed radius (depending only on &, but not on n). However, when iterating
forward, we can only ensure that ¢g” is holomorphic on a disk whose radius depends
on n. In the general case, the result cannot be improved. Indeed, if ¢* is ergodic
and ¢g|p has infinite degree, it is shown in [BD99, Lemma 8|, [Bar08, Thm. 1.4] that

U E(g") = oD,

n>0

where F(g™) stands for the set of singularities of the inner function ¢", as defined
in Definition I1.1.4.

Hence, in general, there is no open disk around a boundary point which is never
mapped to a singularity of g.
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Finally, as noted in Section I1.3.2, there are two distinct ways of considering iteration
in OD for a given inner function g. On the one hand, the approach followed in [BD99,
Bar08] consists of truncating the orbit of a point when it falls into a singularity, as
in the iteration of meromorphic functions in C.

On the other hand, there is the approach of [DM91] of considering iteration on the
set
{& € OD: (g")"(€) exists for all n > 0},

which has full Lebesgue measure in 0D. This procedure allows us to iterate at
singularities, as long as their radial limit under ¢ is well-defined.

Using this approach, (d) tells us that, whenever we can iterate at a singularity, its
orbit either eventually enters D and hence converges to the Denjoy-Wolff point, or
its orbit is completely contained in ©.,.

Dynamics on the boundary of unbounded invariant Fatou
components. Theorem 2.D

Finally, we use the machinery developed in the previous sections to prove this more general

version of Theorem 2.D.

Theorem I1.4. (General version) Let [ be a transcendental entire function, and let U

be an invariant Fatou component, such that oo is accessible from U. Assume U is SPS.
Then, the following holds.

Periodic points in OU are accessible from U.

If a component C' of OU contains a periodic point, then every other point in C is
escaping.

If, additionally, U is recurrent, then periodic points and escaping points are dense

in OU.

Remark 2.4.1. The previous statement deserves some comments.

(Radial limit at periodic points) Theorem 2.D(a) states that, given a periodic point
p € OU, there exists £ € D such that ¢*(§) = p. If U is assumed additionally to
be ergodic, such ¢ is unique, by Theorem 2.A, and it is radially periodic under g.
The fact that £ is unique implies that it has exactly the same period as p.

Furthermore, it is well-known that the boundary map g: 0D — 0D of any inner
function of finite degree (i.e. of a finite Blaschke product) is semi-conjugate to the
shift map o4 in the space ¥4 of sequences of d symbols (see e.g. [IU23, Sect. 8.1]).
Therefore, each periodic point for o4 in ¥4 (that is, periodic sequences) corresponds
to a periodic point for g in D, except for the ones corresponding to 0 and d — 1,
which are identified. When f|y has finite degree, this gives an upper bound on the
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number of periodic points of a given period in OU. Indeed, since g|gp has exactly
d™ — 1 periodic points of period n, there are at most d” — 1 periodic points of period
n in OU.

o It follows trivially from Theorem 2.D(b) that any boundary connected component
of a SPS Fatou component can have at most one periodic point.

o (Accessibility of escaping points) In the case of escaping points, we may ask what
can be said about their accessibility from U. In Chapter 1 it is proven that the
Baker domains of f(z) = z 4+ e~* have no accessible escaping point. However, the
Baker domain of f(z) = z + 1 + e * has accessible escaping points, as it follows
easily from [Evd16]. Hence, it remains as an open problem to find conditions under
which no escaping point is accessible from the Baker domain.

Proof of Theorem 2.D. We prove the different statements separately.
(a) Periodic points in OU are accessible from U.

First note that, if U is SPS, any periodic point in U must be repelling. Indeed,
attracting and Siegel periodic points lie in the Fatou set, while parabolic and Cremer
periodic points lie in P(f).

Let p be a periodic point in OU, which is repelling, and assume f"(p) = p. Let C be
the connected component of QU containing p. By the Technical Lemma 2, there exists
a simply connected domain )¢ containing the connected component C' C dU, such that
QcNP(f) =10, and QcNU is connected.

Let F,, be the branch of f~" fixing p. It extends conformally to €2¢ and, by the Technical
Lemma 2, F,,(QcNU) C U. Note that, not only F,, is well-defined in ¢, but its iterates
E" for all m > 0.

Let 7 > 0 be such that D(p,r) C Q¢. Since p is repelling, choosing r smaller if needed,
we can assume F,(D(p,r)) C D(p,r).

Let us choose zg € D(p,r) N U and define z, == F}*(z) € D(p,r) N U. Since QcNU
is connected, there exists a curve v C Q¢ N U connecting zy and z;. Observe that
{Fm}, is well-defined and normal in Q¢, because F,* () C W, for all m > 0 (where
W = C \ P(f), as introduced in Sect. 2.2, which is backwards invariant).

Thus, any limit function g must be constantly equal to p in D(p,7)NQ¢, s0 F" — g =p
uniformly on compact subsets of Q¢. In particular, F)*|, — p uniformly. Hence,

U Fr)
m>0

is a curve in U landing at p, showing that p is accessible from U, as desired.

(b) If a component C of OU contains a periodic point, then every other point in C' is
escaping.

Let p € OU be a periodic point of f (which must be repelling), and denote by C the
connected component of QU for which p € C'. We have to prove that

C~Ap} CZ(f).
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Without loss of generality, assume p is fixed by f. By the Technical Lemma 2, there
exists an open neighbourhood of C, say ¢, in which the branch £, of f~! fixing p is
well-defined. In fact, {F]'}, is well-defined in {2 and, as in the proof of (a), for every
compact set K C Q¢, we have FJ'| — p uniformly. Moreover, there exists r > 0 small
enough so that D(p,r) C Q¢ and Fy(D(p,7)) C D(p,r) (see Fig. 2.7a).

Q¢ Q¢

K/

Figure 2.7: Steps on the proof of (b).

Now, let z € C'~.{p}. To prove that z is escaping, we have to see that, for any compact
set K C C, there exists ng such that f"(z) ¢ K, for all n > ng. Since p is assumed
to be fixed, by continuity it follows that f(C) C C. Hence f"(z) € C and, since C' is
unbounded, it is enough to show that z escapes from any compact set in C.

Hence, let us fix K compact subset of C' and let us show that z escapes from K. To
do so, we will construct a domain €2, C ¢, forward invariant under Fi, containing both
p and K. We will show that, if z does not escape from K, then {f"(z)}, should be
entirely contained in . Once we are in this situation, we will reach a contradiction
using standard arguments based on Schwarz-Pick lemma.

We start by constructing the set .. To do so, we choose K’ compact connected subset
of Q¢ such that K C Int K’ and p € K’ (see Fig. 2.7b). Moreover, without loss of
generality, we can choose K’ so that there is a connected component of C'N K’ containing
both K and p. On the other hand, since K’ is a compact subset of ¢, we have F'|x — p
uniformly, so there exists N such that FY(K’) C D(p,r).
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Let us define the following sets:
N
Vi={zeInt K': F{'(z) € Qc, foralln < N}UD(p,r), Q=] F(V).
n=0

We note, on the one hand, that
CNnint K' CV,

because, as f(C) C C, points in C'NInt K’ do not leave Q¢ under iteration. In particular,
the connected component of C'N K’ containing both K and p is in V. Hence, either V is a
connected open set, or V' can be redefined to be the connected component of V' containing
K. In both cases, K C V (see Fig. 2.7c).

Moreover, ¢ is also an open connected set, since it is the union of open connected
sets, all containing p. By definition, it is forward invariant under Fi, and K is compactly
contained in Q. Observe that both F} is well-defined and univalent in €.

Since F(€,) C €, we have, by Schwarz-Pick lemma,

pa. (0, Fi(w)) = pay, (Fi(p), Fi(w)) < pa, (p, w),

for all w € Q. Equivalently, if w, f(w) € Qf, it holds

pay, (p,w) < par, (p, f(w)).

Let

M = max po,, (p, w),

(see Fig. 2.7d). We have K C Dgq (p, M), and Fi(Dq, (p, M)) C Do (p, M). Moreover,
since Dgqy, (p, M) is compactly contained in €, there exists Ay > 1 such that

Aupar, (w,p) < par (f(w),p),

for all w such that w, f(w) € Da (p, M).

Finally, let us show that the point z should escape from the compact K. Assume,
on the contrary, that f"(z) belongs to K, for infinitely many n’s. For these n’s it holds
f"(2) € Dq (p, M). Since Do (p, M) is backwards invariant under f, if z does not escape
from K, then

{/"(2)}, < Doy, (p, M).
Hence,
)‘?JIOQ’C(Zap) < pQ’O(fn(Z)ap)a
for all n > 0, so pgfc(f”(z),p) — 00, a8 n — o0o. In particular, there exists n > 0 such
that po, (f"(2),p) > M, implying that f"(z) & Do, (p, M). This is a contradiction with
the fact that {f"(z)}, C Doy (p, M).

Hence, z escapes from the compact set K, and applying the same argument to any
compact set K C C, we get that z € Z(f), as desired.
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(c) If, additionally, U is recurrent, then periodic points and escaping points are dense
in OU.

Let us start by proving the density of periodic points. Since U is recurrent, then wy-
almost every boundary point has dense orbit in U (Thm. I1.3.7), so it is enough to
approximate points in QU having dense orbit by periodic points in QU. Hence, we choose
2o € OU with dense orbit and € > 0, and we want to show that there is a periodic point
in D(zp,e) NOU.

The idea of the proof is to see that there exists an appropriate branch F;,, of f~" defined
in the hyperbolic disk Dy (zg, o) satisfying that

F.(Dw (z20,70)) C Dw(z0,70),

where W = C~ P(f). Then, it follows straightforward from Brouwer fixed-point theorem
that F,, has a fixed point p in Dy (z,70). The fact that p € 9U is then due to proper
invertibility.

Assume zg € QU has a dense orbit, and choose ry > 0 small enough so that

Dw(Zo, 7’0) C D(Zo, 8)

and Dy (zg,79) is simply connected. By the Technical Lemma 2, 7y can be chosen small
enough so that, for all n > 0, any branch F,, of f~" is defined in Dy (z0,79) and, if
F,(20) € OU, then F,,(Dw/(z9,70) NU) C U.

Choose F;f branch of f~ and A € (0,1) such that F(z) € OU and

pw (Fr(z), FrX(w)) < Apw(z,w), forall z,w € Dy (z,10).

Note that this is possible by Proposition 2.2.2. Without loss of generality, we assume
n = 1, so the inverse branch we consider is F}.
Now, consider Wy == F'(Dw (20, 70)). Hence,

Fl* : Dw<Zo,T0) — Wl, f : Wl — DW(207T0)7

are conformal. Moreover, for rq small enough, W is disjoint from any other preimage of
Dy (20,70). Consider r; > 0 such that Dy (F}(20),71) C Wi, and r < & < ry. Define
Wy = Dy (F;(20), 7). Observe that Dy (z,7) C W, for any z € W,. See Figure 2.8.

Since the orbit of 2y is dense in OU, {f"(z9)}, visits infinitely many times W5. Hence,
we can choose 1 such that A" < %, and ny such that f™%(z) € Dy (z0,7) and

#{n <ny: f"(z) € Wa} > no.

Consider {2, = f"(2)}"5" € W. Let Fy,, be the unique branch of f~ with F\ ,,(2,41) =
Zn, for n =0,...,n; (see Fig. 2.9). Each of these inverse branches Fj,, is well-defined in
Q¢ , where C), is the boundary component with z, € C,,.
Define
F,, =Fo---0F , : Dy(z,r) — C.

Observe that F,, is a branch of f~™ defined in Dy (2¢,7), such that F}, (29) € OU. The
Technical Lemma 2 yields that F,,, (Dw (z0,7) NU) C U.
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ni+1
n=0

these points. We note that, since zy € Wy, then Ft = F}.

Figure 2.9: Schematic representation of {z,} in OU, with ng = 1 and n; = 4, and how f maps

Claim. It holds
Fo,(Dw(20,7)) C Dw(20,7).

Proof. Indeed, by Technical Lemma 2, each time we apply an inverse branch F},, the
hyperbolic distance py, does not increase. That is, for all z,w € Dy/(zo,7) and n €

{O, e ,nl},
pw (F1 0+ -0F n (2), Fino---0F n (W) < pw(F1ps10- - -0F1 5y (2), Fipy10- - -0 F 5, (w)).

Moreover, when the inverse branch we apply is FY, the hyperbolic distance py not only
decreases, but it is contracted by the factor \. We claim that this happens each time that
z, lies in Wy, so at least ng times. Indeed, note that, when z, € W,

Fy,0---0F, (Dw(z0,7)) C Dw(zn, 1) C Wh,

and z,41 € Dw/(z9,7). Hence, F,, coincides with F}, and it acts as a contraction by A in
Fypo0---0F, (Dw(z,7)). Then,

1
pw (Fay(2), By (w) < X pw (2,w) < o
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In particular,

1
pw (Fny (20), 20) = pw (Fy (20), Fy (20041)) < A" pw (20, 20y 41) < 3"

Therefore, applying the triangle inequality, one deduces that F,, (w) € Dy (2o, r), for any
w € Dy (zo,7), as desired. [

Finally, since
Fn1 (DW(ZO7 T)) C -DW(ZU7 T),

Brouwer fixed-point theorem ensures the existence of a fixed point p for F,,, in Dy (2o, 7),
which corresponds to a periodic point of f, which must be repelling for f and hence
belongs to the Julia set. Moreover, all w € Dy (zo,7) converge to p under iteration of
F,,. In particular, if we choose w € Dy (20,7)NU, we have wy, = F}"(w) € Dy (2, 7)NU
with w,, — p as n — 00, leading to a sequence of points in U approximating p, so p € U,
as desired.

Finally, to see that escaping points are dense in U, note that, (b) implies that every
periodic point in QU is approximated by escaping points in OU. Hence, since periodic
points are dense in OU (under the assumption of U recurrent), escaping points are also
dense. O]

2.5 Extension of the results to parabolic basins

Parabolic basins are always excluded when considering postsingulary separated Fatou
components, since the parabolic fixed point p is always in the postsingular set. However,
if this is the only point of P(f) in OU, i.e. if

P(f)noU = {p},

then we shall see that we are in a similar situation than the one considered in the sections
above and, with minor modifications, the proofs go through.

Next, we define PS and SPS parabolic basins, and we state Theorems I1.3” and 11.4".
Finally, we give an idea of the proof.

Definition 2.5.1. (Postsingularly separated parabolic basins) Let f be a
transcendental entire function, and let U be an invariant attracting basin of a parabolic
point p € OU. We say that U is postsingularly separated (PS) if there exists a domain V,
such that V' C U U {p} and

P(f)NU C V.

We say that U is strongly postsingularly separated (SPS) if there exists a simply connected
domain 2 and a domain V such that V C U U {p}, U C ©, and

P(finQcCV.
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The parabolic basin of f(z) = exp(% — 2z) considered in [FHO06, Ex. 4] is SPS, as well
as the one of f(z) = ze?, considered in [BD99] and in Chapter 1.

Theorem 2.C’. (Singularities for the associated inner function) Let f be a
transcendental entire function, and let U be an invariant parabolic basin, such that oo is
accessible from U. Let ¢: D — U be a Riemann map, and let g .= oo f o be the
corresponding associated inner function. Assume U is PS.

Then, the set of singularities of g has zero Lebesque measure in OD. Moreover, if £ € 0D
is a singularity for g, then ¢*(§) = co.

Theorem 2.D’. (Boundary dynamics) Let f be a transcendental entire function, and
let U be an invariant parabolic basin, such that oo is accessible from U. Assume U is SPS.
Then, periodic points in OU are accessible from U. Moreover, both periodic and escaping
points in OU are dense in OU.

To prove Theorems 2.C’ and 2.D’ it is left to deal with the component of QU containig
the parabolic fixed point, and to explain how to adapt the proof periodic points are dense
in U, Thm. 2.D (c). In the sequel, we denote by p the parabolic fixed point of U, and
we fix the Riemann map that satisfies *(1) = p. Note that Clc(p, 1) is a connected
component of OU.

First note that, if we define the set of expansion W as in Technical Lemma 2, i.e.

W =C~ P(f),

it follows that p ¢ W, since p € P(f). Hence, W is no longer a neighbourhood of 0U, but
of OU ~\ {p}, and we only have the expanding metric on OU ~\ {p}. This is not a problem
because the expanding metric py is only needed in the proof of density of periodic points
(Thm. D (c)), but in fact we do not need py defined at p. Indeed, it is enough to have
pw defined in a neighbourhood of points whose orbit is dense in OU, and the point p does
not have a dense orbit.

We remark that it may not be possible to find an open neighbourhood €2, of Clc (¢, 1)
disjoint from P(f) such that €2, N U is connected. As a counterexample, see Figure 2.10.
However, we prove that we can find a neighbourhood of Cl¢ (¢, 1) where one inverse branch
is well-defined. This is enough to prove, in the PS case, that 1 is not a singularity for the
associated inner function ending the proof of Theorem 2.C’; and, in the SPS case, that
every point in Clc(p, 1) \ {p} is escaping. Hence, there are no periodic boundary points
nor points with dense orbit in Clc(p, 1). This would finish the proof of Theorem 2.D’.

Lemma 2.5.2. (Cluster set of 1) Let f be a transcendental entire function, and let U
be an invariant parabolic basin, such that oo is accessible from U. Let ¢: D — U be a
Riemann map, and let ©*(1) = p be the parabolic fized point. Assume U is PS. Then, 1
is not a singularity for the associated inner function.
In addition, if U is SPS,
Cle(e,1) ~ {p} € Z(f).
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Figure 2.10: Dynamical plane of f(z) = ze~*, which has a SPS parabolic basin U with parabolic fixed
point 0. The function has only one asymptotic value (0) which is fixed, and one critical value (1/e),
which converges to 0. Hence P(f) C P U {0}, where P is a parabolic petal containing 1/e, and we can
take 2 = C in Definition 2.5.1. This shows that U is SPS.

Proof. In the sequel, we let I} be the branch of f~! defined in D(p,r), r > 0, such that
Fi(p) = p. We shall prove the existence of a domain €2, analogous to the one of Technical
Lemma 1.

Indeed, the construction of the domain (2, follows the procedure of Technical Lemma
1, applied not to P(f) N U, but to the following set of singular values

SV (f,p) ={v € C: v is a singularity for Fi} .

We note that SV(f,p) € P(f), and SV (f,p) N D(p,r) = 0. Therefore, SV (f,p) N U
does not accumulate at any point of Clc(p, 1), and the arguments of Technical Lemma 1
apply.

Note that €, is a simply connected domain with Clc(p, 1) C €2, and €, NU connected
and disjoint from SV (f,p)NU. Hence, F} is well-defined in ©,NU, and we apply the same
arguments as in Theorem 2.C to the function F|q,~v to prove that 1 is not a singularity
for the associated inner function.

In the SPS case, 2, is disjoint from SV(f,p), and hence F} is well-defined in €,. To
prove that every point in the cluster set is escaping (except for the parabolic point), we
follow the proof of Theorem 2.D(b), considering €2, as defined above. O
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Chapter 3

Periodic boundary points through recurrence

The goal of this chapter is to prove Theorem 3, which solves in a quite successful way
the problem of showing density of periodic boundary points for Fatou components with
recurrent boundary map. With the tools developed in Chapter II, we are now able to
state the following more general version of Theorem 3.

Theorem 3. (General version) Let f € K, and let U be an invariant simply connected
Fatou component for f. Let ¢o: D — U be a Riemann map, and let g: D — D be the inner
function associated with (f,U) by ¢.

Assume the following conditions are satisfied.

(a) g*|op s recurrent with respect to \.

(b) There exists xo € OU and 1o = ro(zo) > 0 such that, for all n > 0, if D, is
a connected component of f~"(D(xg,10)) such that D, N U # 0, then f"|p, is
conformal.

(c) There exists a crosscut C C D and a crosscut neighbourhood N¢ with NoNP(g) = 0.
Then, accessible periodic points are dense on OU.

This proof is inspired in the one given by F. Przytycki and A. Zdunik [PZ94] to prove
density of periodic boundary points for basins of rational maps. However, as we show
next, the extension of this result to transcendental maps is not straightforward, since
many of the arguments are based on specific features of rational maps.

First of all, observe that, in the seminal paper [PZ94], two different proofs are provided:
one for simply connected attracting basins, and a general one, which works in the non-
simply connected or parabolic situations. The latter relies on a technique, known as
geometric coding trees, which has been shown not to work well in the infinite degree case,
even for hyperbolic maps (see [BKO07, p. 405]).

From now on, we shall focus on the proof in [PZ94] for simply connected attracting
basins. It relies on three specific features of rational maps: f having finitely many singular
values, f extending analytically to the boundary of U (taken in @), and f having finite
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degree. Note that these three assumptions are no longer satisfied for transcendental
meromorphic maps. Indeed, a transcendental map f can have infinitely many singular
values, and it may have essential singularities on the boundary of U, implying that f|su
is no longer analytic. In addition, f|y may have infinite degree. Moreover, when dealing
with transcendental meromorphic functions, one encounters other new challenges, namely
a new type of Fatou components (Baker domains, on which iterates accumulate on the
essential singularity), and the presence of asymptotic values.

Next, we shall outline the main steps on the proof of [PZ94], and explain how the new
difficulties that appear for transcendental maps are overcome, showing at the same time
the need for the hypotheses of the theorem. For simplicity, we shall assume that the Fatou
component U is invariant.

In the case of an attracting basin of a rational function, Pesin theory can be applied
to prove that for wy-almost every x € U, there exist inverse branches which are locally
well-defined and contracting with respect to the Euclidean metric [PZ94, Lemma 1] (see
also [PUZ91, Lemma 1], and [PU10, Thm. 11.2.3]). Crucial ingredients in this proof
are the ergodic properties of f|oy, studied in [Prz85, Prz86], together with f|sy being
analytic and the finitude of critical values. None of the previous conditions is satisfied for
a general transcendental meromorphic map, so a priori Pesin theory cannot be applied
in our situation. We solve this by assuming that inverse branches are well-defined wy-
almost everywhere (this is a straightforward consequence of (b)), and we prove contraction
of inverse branches with respect to the hyperbolic metric in a suitable domain.

Next, we extend the proof of [PZ94] to other Fatou components, apart from attracting
basins. Indeed, our proof relies only on the ergodic properties of the map f|gy, not on
the precise type of Fatou component we are considering. More precisely, we only ask f|ay
to be ergodic and recurrent with respect to the harmonic measure wy;, which implies that
wy-almost every orbit in QU is dense in OU. Hence, all Fatou components for which the
boundary map is ergodic and recurrent may be considered, and these include attracting
and parabolic basins, rotation domains and certain types of Baker domains (for instance,
doubly parabolic Baker domains with singular values compactly contained in U, Thm.
I1.5.4). However, note that rotation domains never satisfy the hypothesis of our theorem,
since P(f) is always dense in their boundary, and (b) is never fulfilled.

Finally, as it is common in constructions of this kind, and as we have seen throughout
the thesis, the proof relies strongly on the inferred dynamics in the unit disk D via the
Riemann map ¢: D — U: the dynamics of the associated inner function.

Indeed, a careful study of the associated inner function is required. In the case of a
rational attracting basin considered in [PZ94], ¢ is a finite Blaschke product, which can
be chosen to satisfy g(0) = 0. We shall view g as a rational map g: C — @, extended
by Schwarz reflection. Then, its critical values (which are finitely many) are compactly
contained in D (and, by reflection, in C~ D) and their orbits converge uniformly to 0 (or
to 00), which are attracting fixed points. Hence, inverse branches of g are well-defined for
all points in 0D. Moreover, precise estimates on the behaviour of such inverse branches
are given in [PZ94, Lemma 2].
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In the case of infinite degree and inner functions which may not have a fixed point in
D, we should rely on Theorem A (proven in Sect. 11.3.3), which provides good estimates
on the behaviour of such inverse branches on JD, whenever defined, under some mild
assumptions on the postsingular set of the inner function. Note that, in particular,
assumptions on Theorem A allow infinite degree and infinitely many singular values.

The remaining of the chapter is devoted to the proof of Theorem 3.

3.1 Proof of Theorem 3

We shall split the proof into several steps.

1. Inverse branches well-defined wy-almost everywhere.

First note that hypothesis (b) implies that inverse branches of f" interplaying with
OU are well-defined in D(zg, 1), being ry uniform for all n > 0 and all inverse branches.
Let us start by proving that this actually holds for wy-almost every x € U, as an easy
consequence of (b) together with the ergodic properties of f|sy.

Claim. Under the assumptions of Theorem 3, for wy-almost every x € OU, there exists
r = r(x) > 0 such that, for all n > 0, f~"(D(z,r)) N U is non-empty, and, if D, is a
connected component of f~™"(D(x,r)) such that D, NU # 0, then f™|p, is conformal.

We shall refer to the inverse branches considered above as relevant inverse branches of
f"at x € OU. When we refer to a particular inverse branch, we write F), ,, meaning
that F), is an inverse branch of f" sending y to x. When the points z and y are clear
from the context, we shall write only F;, to lighten the notation. Since we are interested
in the study of f|sy, relevant inverse branches are the only ones that play a role in our
construction.

Proof of the claim. The first statement of the claim is deduced from the conjugacy
between f|y and the inner function g, and the fact that inner functions associated to
Fatou components of functions in class omit at most two values (see e.g. [Bol99, Thm.
1]).

For the second assertion, let xy and ry be the ones given by hypothesis (b). Since
wy(D(xg,r9)) > 0, by hypothesis (a) and Theorem II.5.4, the orbit of wy-almost every
point visits infinitely many times D(zq,7r(x¢)). Hence, wy-almost every = € OU there
exists ng == no(z) such that f"(z) € D(zg,r(z0)).

Fix £ € OU with this property. Then, there exists r = r(z) > 0 such that
f(D(z,r)) C D(xo,70). By hypothesis (b), f™|p(,) is conformal.

Let D,, be a connected component of f~™(D(z,r)) such that D,, " U # 0. Then, D,,
is contained in a connected component of f~™""(D(xg, 1)), so there exists z,, € D,
and a relevant inverse branch of f™*m

Fm+no,:p0,:pm . fno (D(x, T)) - D(%(), 7’0) — Dm
which is well-defined, and hence conformal. Then,

Fm@,xm = Ferno,Im,Io © fm: D(SC, T) — Dy,
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is a well-defined inverse branch of f™. In particular, f™|p, is conformal, proving the
claim. =

2. Construction of an expansive metric around OU.

Lemma. Under the assumptions of Theorem 3, there exists a hyperbolic open set W C C
and a measurable set X C W for which the following are satisfied.

(2.1) The set X is contained in OU, and it has full wy-measure.

(2.2) For allx € X and n > 0, there exists ry = rw(z) > 0 such that the hyperbolic

disk Dy (z,ryw) is simply connected and compactly contained in W, with all relevant
branches F,, of f~™ at x well-defined in Dy (x,rw). Moreover, F,(Dw (x,rw)) C W.

(2.3) Relevant inverse branches do not increase the hyperbolic distance disty between
points, i.e. for any x € W and Fy relevant branch of f~' at z, if z2,w € Dy (x,rw),

distw (F1(2), Fi(w)) < disty (z, w).

Proof. For all z € 9U, let r,(x) € [0,+00) be the radius of the maximal Euclidean disk
D(x,rp(x)) for which all relevant branches of f~™ at x are well-defined. We assume at
least one such inverse branch exists, otherwise set 7,(x) = 0 (by the previous claim, this
situation only happens on a set of zero wy-measure). Clearly, 7,(z) > rp41(x), so {r,(z)},
is a convergent sequence for all x € QU. Consider

X ={z€dU: ry,(x) = r(x) >0}.
By the claim in the first step, wy(X) = 1. Let

W= {J U {F.(D(z,r(z))): F, is relevant at z} .

rzeX n>0

Note that W is open, and X C W. Hence, (2.1) holds.

Taking r(x) > 0 smaller if needed, we can assume W omits at least two points, so it is
hyperbolic and admits a hyperbolic metric on it.

Note that W may be disconnected. In this case, the hyperbolic density is defined on
each connected component separatedly. Indeed, each connected component W7 of W is a
hyperbolic domain, and hence admits a hyperbolic density py,. Given z € W, we define

pW(z) = P (Z)’

where W, stands for the connected component of W with z € W;. Given z,w € W, the
hyperbolic distance is defined as disty (z,w) = disty, (z,w), if z and w lie in the same
connected component W; of W; and disty (2, w) = oo, otherwise.

By construction, it holds that, for every x € X, all relevant branches of f~" are well-
defined in D(x,r(x)) C W. Since the Euclidean and the hyperbolic metrics are locally
equivalent, there exists ry == ry (z) such that Dy (z,rw) C D(z,r). Hence, Dy (z,ry)
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is simply connected and compactly contained in W, and all relevant inverse branches
F,, are well-defined in Dy (x,rw), and F,(Dw(z,rw)) C F,(D(x,r)) C W. Thus, (2.2)
holds.

Finally, we claim that f does not decrease the hyperbolic distance between points.
Consider

W= | U {F.(D(z,r(x))): F, is relevant at x} C W.

zeX n>1

Consider the hyperbolic density py in W’ defined component by component if needed.
Note that each connected component W; of W' is mapped onto a connected component
W3 of W as a holomorphic covering. Hence, if z € W7 C W’ and f(z) € Wy C W, then

pw () = pwi (z) = pw, (f(2)) - [ ()] = pw (f(2)) - |f' ()]

Since each connected component of W' is contained in a connected component of W,
we have py < py and, in particular, if x € W/,

pw () < pw (f(2)) - 1f' ()]

Now, let € W and let F; be a relevant branch of f~! at x. Since F} is well-defined in
Dy (z,rw), it holds
pw (F1(2)) [F1(2)] < pw(2),
for all z € Dw(z,rw). Next, take z,w € Dw(x,rw). Note that z,w € Wi, and
Fi(z), Fi(w) € Ws,, for two connected components Wi, Wy of W. Moreover, since
hyperbolic disks are hyperbolically convex (i.e. a geodesic joining two points in the disk
is contained in the disk), we can take v C Dw (x,rw) geodesic between z and w. Then,

dlStw(Fl(Z), Fl(UJ)) = diStW2 (Fl(Z), Fl(w)) S A () pw(t)dt =

- / pw(FL(1) |[FI(1)] dt < / pw ()dt = disty, (2, w) = distyy (2, w).
Y Y
proving the claim. O

3. Control of radial limits in terms of Stolz angles.

Let us fix a € (0,7), and let p € D be the Denjoy-Wolff point of the associated inner

function ¢g. It follows from Theorem I1.3.18 that, A-almost every & € 0D, there exists
p = p(§) > 0 such that:
(3.1) for all n > 0, every branch G,, of g~" is well-defined in D(¢, p);

(3.2) there exists p; = p1(£) such that, for all n > 0,

Gn(Rpl ) p) C Aa,pl (Gn<£>7p)7

where R,(-,p) and A, ,(-,p) stand for the radial segment and the Stolz angle with
respect to p (Def. 11.2.2).
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In the sequel, to lighten the notation we denote the radial segments and the Stolz angles
just by R, and A,
segments and Stolz angles with respect to the Denjoy-Wolff point, and that the opening
a of the Stolz angles is fixed throughtout the proof.

respectively. However, one should keep in mind that they are radial

4. Choice of a set K. C D, where bounds on ¢ and G,, are uniform.

Lemma. Fize > 0. There exists a measurable set K. C 0D with A\(K.) > 1—¢ such that
the following holds.

(4.1) For all £ € K., ¢*(&) exists and ¢*(§) € X. Moreover,

(9")"(§) € Oq = {£ € ID: "(£) € Q([)},
for allm > 0.

(4.2) There exists r- > 0 such that for all§ € K. andn > 0, all relevant inverse branches
of f are well-defined in Dy (¢*(&),r:).

(4.3) There exist p. > 0 such that

i. Forevery& € K. andn > 0, every branch G,, of g=™ is well-defined in D(&, p.).
ii. For every & € K,
Gn(Rp.(§)) C Ay (Gn()).

iii. For every & € K, if z € A, (§), then ¢(z) € W and
. % Te
distw (0(2), ¢(€)) < 3

(4.4) There are no isolated points in K.. In fact, for every & € K., there ezists a
subsequence {ny = n,(§)},, ny — 00, such that (g™ )* (&) € K. and (g™ )*(§) — &.

(4.5) For every £ € K., the orbit of ©*(§) under f is dense in OU.

Proof. Consider K = (¢*)"}(X) C dD. Observe that A(K) = 1. There is no loss
of generality on assuming that (¢")*({) € Oq, for all n > 0, since this holds A-almost
everywhere. Hence, all points in K satisfy (4.1).

Next, by (2.2), for all £ € K, there exists 7 :== () > 0, such that all relevant inverse
branches F;, are well-defined in Dy, (¢*(£),7(£)). Hence, we can write K as the countable
union of the nested measurable sets

K, ={¢ € K: all relevant F, are well-defined in Dy (¢*(€),1/m)} C Kpp—1.

Choose my such that A(K,,,) > 1 — ¢/3, which satisfies (4.2) with r. = 1/my.
Now, by (3.1) and (3.2), we can assume that, for all £ € K, there exists p := p(§) > 0
such that G,, is well-defined in D(, p) and G,(R,) C A,(G,(§)), for all n > 0. Hence,

K,,, can be written as the countable union of the nested measurable sets

K}, = {¢ € Kpy: Gy, well-defined in D(€,1/k) and G (Rijk) € A1 (Gu())}-
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Choose ko such that A(K% ) > 1—¢/2. Finally, note that the angular limit of ¢ exists at
every £ € K that is, for all £ € Kk there exists p1(£) < p(€) such that, for all z € A

mo? P1)

Te

distw (¢(2), ¥*(§)) < 3

Hence, proceeding as before, we find K, C K}, with A(K.) > 1 — ¢ and satisfying (4.3)
for some p. > 0, uniform for £ € K..

Since A-almost every point in K. is a Lebesgue density point, there is no loss of
generality on assuming that every ¢ € K. is a Lebesgue density point. In particular,
there are no isolated points in K.

Moreover, since g*|gp is recurrent, every measurable set £ C X with A\(E) > 0, we have
that for A-almost every point £ € K., there exists a subsequence {ns},, ny — oo, with
(g™)'(€) € E.

Now, take a countable sequence {&,}, C K., such that {&,}, is dense in K. and each
&, is a Lebesgue density point for K.. Consider E;, = D(&,,1/j) N K., for j,n > 1.
Since each &, is a Lebesgue density point for K., A\(E;,) > 0, for all j,n > 1.

Applying the previous property to the sequence {Ej:n}j,m we have that, for A\-almost
every £ € K., there exists a subsequence {ny},, ny — oo, with (¢™*)*(§) € Ek . Hence,
there exists a subsequence {n;},, ny — oo, with (¢™)*(&) € K., (g™ )*(§) — &, proving

(4.4).
Finally, since points in OU with dense orbit have full harmonic measure, we can assume
that K. is chosen so that (4.5) holds. O

5. Construction of a periodic point in Dy (¢*(§),r), for all £ € K. and r € (0,7¢).

Set £ € K. and r € (0,r.). The goal in this section is to find a periodic point in
DW(SO* (6)7 T) nou.

Write &, = (¢")*(§), for all n > 0. By (4.1), ¢*(&,) exists and belongs to €2, for all
n > 0. By (4.4) and (4.2), &, € K. infinitely often, and all relevant inverse branches
are well-defined in Dy (¢*(&,), 7). In particular, for all 0 < m < n, there is a relevant
inverse branch F,,_,, of f*~™ in D(¢*(&,), 7). Hence, for all n > 0, f maps conformally
a neighbourhood of ¢*(&,) onto a neighbourhood of ¢*(&,11).

Now, consider Dy (¢*(&),7:), and let W; be the connected component of W such that
©*(&) € Wi. Note that, by (4.2), all relevant branches of f~™ at ¢*(&y) are well-defined
in Dy (¢*(&),r:). In particular, there exists ng > 1 and a relevant inverse branch of ™,
say F,, such that F, (¢*(&)) € Wi (recall that preimages of any point are dense in the
Julia set, with at most two exceptions). Consider D,,, := F,,(Dw(¢*(&),7e)). Therefore,

Fno : DW(()O*<€0)7 7AE) — Dno
conformally.

Claim. There exists k € (0,1) such that, for all z,w € Dw (©*(&),7e),
disty (Fpo (2), Fry(w)) < k- disty (2, w).
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Proof. The proof follows the same idea as in (2.3) (and we use the same notation). Indeed,
let W7 be the connected component of W in which ¢*(&y) lies, and let W] be the connected
component of W’ that contains F,,(¢*(&o)). Then, W] C Wi, and fm™: W] — W is a
holomorphic covering.

Note that the inclusion W{ C Wi is strict. Otherwise f"(W;) = Wy, and this is
impossible since W, contains points of J(f) (and, by the blow-up property of the Julia
set, the neighbourhood of any point in J(f) should cover the Riemann sphere minus at
most two points under iteration — taking W; to be that neighbourhood, the fact that
fro(Wy) = Wi causes a contradiction). Hence, pw, < pwr, so

pwi ()] < pw, (S () - [(f")' ()]

Moreover, since Dy (¢*(&), rw) is compactly contained in W, there exists k € (0,1)
such that, for all z € Dy (¢* (&), rw),

pw, (Fuo (@) - |Fry (2)] < K - o, ().
With this in mind, the end of the proof is straightforward, as in (2.3). O

Now, we claim that we can find N > 1 satisfying the following properties.

(5.1) If Ny = # {n < N: ¢*(€,) € Dy, }, then kMo < 3i

Te

(5.2) &v = (") (&) € K-
(5.3) There exists tx € (0,1) such that txéy € R, (En) N A, (&)

Indeed, by (4.5), the orbit of ©*(&y) is dense in OU. In particular, it visits D,,, infinitely
many times. Hence, there exists N’ so that (5.1) is satisfied for N'. By (4.4), there exists
a subsequence {ny},, ny — oo, such that &, € K. and &, — &. Thus, we can find
N > N’ for which conditions (5.2) and (5.3) are also satisfied. Note that the geometric
condition in (5.3) is satisfied as long £y is close enough to &y, since the radius p. and the
angle « are uniform (see Fig. 3.1 for a geometric intuition).

Claim. There exists a relevant inverse branch Fy of fN at ¢*(&n) defined in
Dw (¢*(En),1e), which satisfies Fx(¢*(En)) = ©* (&) and

Fy(Dw (" (v),72)) © D (¢°(60). 5 ) © D" (€).72).

We note that, in particular, Fy(Dw (¢*(En),7:)) C Dw (*(&), 7).

Proof. First note that &y € K. (5.2), so all relevant inverse branches are well-defined

in Dy (o*(én),72) (4.2). Since &y = (¢7V)*(&), by Lemma I1.5.2, we have fY(p*(&)) =
©*(én). Hence, there exists a relevant inverse branch Fy of f&¥ at ¢*(&y) defined in

Dy (" (€n), 7<), which satisfies Fiy (9" () = ©*(o)-
Note that Fly is the composition of different inverse branches of f, and each of them does

not increase the hyperbolic distance disty, between points (2.3). Moreover, { f"(ﬁo)}gzo

130



Figure 3.1: The choice of the point txén € R, (Ex) N A, (&).

visits Dy, at least Ny times (5.1). This means that applying Fy corresponds to applying
the inverse F),,, which acts as a contraction by k, at least Ny times. Thus, we have

r
Fy(Dw("(6).72)) © D ("(60).*r.) © D (¢°(60). ).
To see the remaining inclusion, note that, by (4.3) and (5.1), we have
* Te * Te
p(tnén) € Dw (SO (o), g) N Dw (90 (&n), g) :
Hence, applying the triangle inequality,

distw (#"(S), 07(Ew)) = distw (07(8), P(EnEn)) + distw (o(Exen), ¢ (En)) < =57

implying the desired inclusion. [

Finally, we end the proof finding a periodic point in Dy (¢*(&y),r) N OU. This final
argument is essentially the same as in [PZ94], which we include for the sake of
completeness.

Claim. The map
Fy: Dw(¢"(En), =) — Dw (9" (&n),7e)

has an attracting fized point in Dy (¢* (&), ), which is accessible from U. Hence, f has
a repelling N -periodic point in Dy (¢*(&),r) N OU.

Proof. Since Fy(Dw(¢*(En),7:)) C Dw (¢*(&0),7), by the Denjoy-Wolff Theorem, F,, as
a fixed point p € Dy (¢*(&),r), which attracts all points in Dy (¢*(&n), ) under the
iteration of F,. Hence it is repelling under f™ and thus belongs to J(f).
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It is left to see that p is accessible from U. To do so, first note that, by (4.3), there
exists a branch Gy of g~V such that Gy is well-defined in D(Ey, p.) and Gy (En) = &. Tt
holds that oo Gy = Fyop in A, ({x). Moreover, Gy (R, (En)) C A, (&). In particular,
Gn(tnén) € Ay (&o)-

Since tyén € A, (&), we can find a curve v C A, (&) joining tnén and Gy (tnén).
Then, ¢(v) C Dw(¢*(&n),72) joins p(tnén) with Fy(p(tnén)). Define

= {J Fy().
m>0
Then, I' C QU lands at p, proving the claim. O
£o
n Ex
G N (t N, //’
' oD

.
\V
N
ANENEN
N

/’ “

Figure 3.2: The construction of the curve ~ in D, and its image ¢ () in the dynamical plane.

5. Periodic points are dense in OU.

Finally, to see that the previous construction leads to density of periodic points in OU,
one should take into account that supp wy = U (Lemma ?7?). Hence, for all z € oU
and § > 0, it holds wy (D(z,0)) > 0. Take ¢ := wy(D(x,d))/2, and consider K. as before.
Note that, by the choice of e, we have wy(D(z,0) N p*(K.)) > 0.

Let £ € K. be such that ¢*(§) € D(z,0), and let r < r.. In the previous step, we
proved the existence of a periodic point in Dy (¢*(§),r). Taking r small enough, since
©*(€) € D(z,9), we can ensure that the periodic point is in D(z, ).

This ends the proof of Theorem 3. 0
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Chapter4

Pesin theory for transcendental maps and
applications

In the setting of smooth dynamical systems, hyperbolic dynamical systems play a
distinguished role, since they are the easiest to study and exhibit the simplest possible
behaviour. Indeed, hyperbolic dynamics are characterized by the presence of expanding
and contracting directions for the derivative at every point, which provides strong local,
semilocal or even global information about the dynamics. However, the assumption of
hyperbolicity is quite restrictive. A weaker (and hence, more general) form of
hyperbolicity, known as non-uniform hyperbolicity, was initially developed by Yakov
Pesin in his seminal work [Pes76, Pes77]. Since then, Pesin’s approach to hyperbolicity,
also known as Pesin theory, has been extended, generalized and refined in numerous
articles and research books (see e.g. [Pol93], [KH95, Supplement|, [BP23]). Although
results apply to both discrete and continuous dynamical systems, in this paper we focus
on the discrete ones.

Roughly speaking, Pesin studied originally C!-diffeomorphisms on compact smooth
Riemannian manifolds. Under the assumption that such a map is measure-preserving
and ergodic, and no Lyapunov exponent vanishes except on a set of zero measure, the
forward and backwards contraction or expansion around almost every point is controlled
asymptotically by the Lyapunov exponents. Applications of this theory include periodic
points, homoclinic points, and stable manifold theory [Pol93, Part I1].

One of the natural generalizations of Pesin theory is to the setting of iteration of rational
maps in the Riemann sphere C. That is, let f: C — C be holomorphic, and consider
the discrete dynamical system generated by f. The phase space Cis commonly split into
two totally invariant sets: the Fatou set F(f), where the family of iterates is normal,
and hence the dynamics are in some sense stable; and its complement, the Julia set
J(f). Although the Fatou set is well-understood, the dynamics in the Julia set are more
intricate and worthy of study. For general background in rational iteration we refer to
[CG93, Mil06]. In contrast with the setting of C!-diffeomorphisms considered by Pesin,
now the iterated function is no longer bijective, which is overcome by assuming a higher
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degree of regularity on the function.

A rational map is said to be hyperbolic if all orbits of critical values (i.e. images of
zeros of f’) are compactly contained in the Fatou set, which already implies that all
inverse branches around points in J(f) are well-defined and uniformly contracting (see
e.g. [CGI3, Sect. V.2], [Mil06, Sect. 19]). Hence, following Pesin’s approach for
diffeomorphisms, it is natural to ask whether, for a general map (not necessarily
hyperbolic), generic inverse branches are well-defined and contracting. Note that one
should make precise the notion of generic inverse branches, by defining the abstract
space of backward orbits for points in J(f) and endow it with a measure (using
Rokhlin’s natural extension, see Sect. 4.1).

One can prove that, under the assumption of existence of an ergodic invariant
probability with positive Lyapunov exponent, for almost every backbard orbit {z,},
there exists a disk around the initial point xy, such that the corresponding inverse
branches of f" are well-defined and contracting in this disk (see [Led81, Dobl12], and
also [PU10, Sect. 11.2], [KU23, Chap. 9.3], [URM23, Sect. 28.3], among others). The
proof relies strongly on the fact that C is compact (and hence, J(f) is also compact),
and the finiteness of the set of critical values.

We note that the existence of ergodic invariant probabilities supported on the Julia
set of rational maps has been historically a topic of wide interest, in connection with
the measure of maximal entropy. For polynomials, the existence of such a measure was
already proved by Brolin [Bro65|, whereas for rational maps it was done by Freire, Lopes
and Mané [FLMS83], and Lyubich [Lyu83], independently. Such a measure of maximal
entropy is known to be an ergodic invariant probability, and hence it can be used as an
initial cornerstone to develop Pesin theory. Moreover, Lyapunov exponents with respect
to any ergodic invariant probability supported on J(f) have been studied in depth [Prz85,
Prz93, Dob12].

The goal of this paper is to extend these well-known results for rational maps to the
transcendental setting, that is, for maps f: C — C (transcendental) meromorphic,
including the entire case. Although under the presence of poles some orbits get
truncated, one can define the Fatou and Julia set for f in a similar way than for rational
maps (as shown in Section II.1). As in the rational case, the question we want to
address is whether generic inverse branches are well-defined and contracting around
points in J(f).

Note that the cornerstones from which the rational Pesin theory is built (namely,
compact phase space, finitely many critical values, and existence of ergodic invariant
probabilities) no longer hold in general. Indeed, first, the phase space is now C, which is
no longer compact, and nor is the Julia set. In fact, this lack of compactness causes
difficulties even for the extension of the notion of hyperbolicity from the rational setting
[RGS17].

Additionally, critical values are not the only values where inverse branches fail to be
defined. Indeed, one shall consider the set of singular values (i.e. critical and asymptotic
values, and accumulation thereof, denoted by SV'), and it may be uncountable.
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Finally, the existence of invariant measures on the Julia set is much more delicate and
remains somewhat unexplored, as well as Lyapunov exponents (which depend on the
existence of the previous measures). Indeed, although the existence of invariant ergodic
probabilities supported on the Julia set has been proved for certain families (such as
the hyperbolic exponential family [UZ03]), in other cases it is known that they do not
exist [DS08]. Hence, in contrast with rational maps, the existence of an ergodic invariant
measure supported in the Julia set is unknown in the general setting.

In order to overcome some of these difficulties, we restrict ourselves to some forward
invariant subsets of the Julia set which are of special interest: the boundaries of invariant
(or periodic) connected components of the Fatou set (known as Fatou components). If we
let U be an invariant Fatou component for f, then its boundary OU is forward invariant
under f. In the seminal work of Doering and Mané [DM91], invariant ergodic measures
for f: OU — OU supported on OU are given, following the approach initiated by Przytycki
to study rational maps restricted to the boundary of attracting basins [Prz85].

Taking advantage of these invariant measures, under some mild assumptions on the
singular values, we are able to overcome the difficulties arising from the lack of
compactness, the infinite degree and the presence of infinitely many singular values. Our
techniques include refined estimates on harmonic measure and the construction of an
appropriate conformal metric. In this manner, we can develop Pesin theory in the
boundary of some transcendental Fatou components in a quite successful way, which is
presented next.

Statement of results

Let f: C — C be a transcendental meromorphic function, i.e. so that oo is an essential
singularity for f, and let U be an invariant Fatou component for f. Such an invariant
Fatou component is either an attracting basin, a parabolic basin, a rotation domain or
a Baker domain (see Sect. II.1). As in the previous sections, we denote by OU the
boundary of U in C, and OU the boundary in C. All the derivatives and absolute values
are understood to be with respect to the spherical metric in @, and hence |f'| is bounded
on compact subsets of the plane.

Attracting basins are the natural candidates to perform Pesin theory on their boundary,
since the harmonic measure wy (with basepoint the fixed point p € U) is invariant under
f and ergodic. The transversal assumption throughout the paper is that singular values
are ‘not too dense’ on AU, condition we make formal by requiring

/ log |z — SV| ™ dwy(z) < 0o
ouU

(see Sect. 4.2). We note that this assumption is always satisfied if there are only finitely
many singular values on OU (Remark 4.2.2).
Our main result is the following.

Theorem 4.A. (Pesin theory for attracting basins of transcendental maps) Let
f: C — C be a meromorphic function, and let U be a simply connected attracting basin,
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with fized point p € U. Let wy be the harmonic measure on OU with base point p. Assume
[ has positive Lyapunov exponent, that islog|f'| € L*(wy) with [y log |f'(z)] dwy(x) > 0.
Suppose also that [y log |z — SV| ™" dwy(x) < oc.

Then, for every countable collection of measurable sets {Ay}, C OU with wy(Ay) > 0,
and for wy-almost every xo € OU, there exists a backward orbit {x,} C oU and r >0
such that

(a) xp, € Ay for some sequence ng — 00;
(b) the inverse branch F,, sending xo to x, is well-defined in D(xq,7);
(¢) diam F,,(D(zo,7)) — 0, as n — 0.

Note that, in particular, for wy-almost every zy € AU there exists a backward orbit
{zn},, and inverse branches {F,}, of f", well-defined in D(x¢,r), such that {z,}, is
dense on OU.

If we consider parabolic basins or Baker domains, the situation is even more unfavorable,
since no harmonic measure on QU is f-invariant. Nevertheless, there exists a o-finite
measure which is absolutely continuous with respect to it, invariant under f, recurrent
and ergodic. By means of the first return map, we develope a similar result for parabolic
basins and Baker domains. As far as we are aware of, this result is new even for parabolic
basins of polynomials, in which case the assumptions are always trivially satisfied.

Theorem 4.B. (Parabolic Pesin theory) Let f: C — C be a meromorphic function,
and let U be a simply connected parabolic basin or Baker domain, such that SV NU are
compactly contained in U.  Let wy be a harmonic measure on OU, such that
log|f'| € LY wy) with [y log|f'|dwy > 0. Assume there exists € > 0 such that, if
OU,. = {z € C: dist(z,0U) < €}, singular values of f in OU,. are finite.

Then, for every countable collection of measurable sets {A;}, C OU with wy(Ay) > 0,
and for wy-almost every xy € OU there exists a backward orbit {z,} C OU and r > 0
such that

(a) xp, € Ay for some sequence ng — 00;
(b) the inverse branch F,, sending xq to x, is well-defined in D(zo,1¢);

(c) for every subsequence {xn]} with ©,; € D(xg,r), diam F, (D(zo,7)) — 0, as j —
J
0.

Remark. In the particular case when f is an entire function (polynomial or
transcendental), instead of assuming that singular values of f in QU,. are finite, it is
enough to assume that critical values in OU,. are finite (see Section 4.4.4).

Next we present two applications of the theorems above: developing Pesin theory for
centered inner functions, and finding periodic points for transcendental maps.

136



Application. Pesin theory for centered inner functions

Let D denote the unit disk, and dID the unit circle, and let A be the normalized Lebesgue
measure in dD. An inner function is, by definition, a holomorphic self-map of the unit
disk, g: D — D, which preserves the unit circle A-almost everywhere in the sense of radial
limits. If, in addition, we have that g(0) = 0, we say that the inner function is centered.
A point & € ID is called a singularity of g if g cannot be continued analitically to any
neighbourhood of £. Denote the set of singularities of g by E(g).

It is well-known that the radial extension of a centered inner function preserves the
Lebesgue measure A and is ergodic (see e.g. [DM91, Thm. A, B]). For these reasons,
centered inner functions have been widely studied as measure-theoretical dynamical
systems [Aar78, DM91, Cra91, Cra92, Aar97, 1U23, 1U24].

An important subset of centered inner functions are the ones with finite entropy, or
equivalently, when log|¢’| € L'(0D) [Cra91]. Such a property translates to a greater
control on the dynamics, from different points of view (see e.g. [Cra91, Cra92, 1U23,
1U24]). In particular, centered inner functions with finite entropy are natural candidates
to apply the theory developed above. Moreover, due to its rigidity and symmetries,
we will deduce some additional properties. In general, inner functions present a highly
discontinuous behaviour in 0D, so it is noteworthy the great control we achieve, only by
assuming that [, log |z — SV| ™" dA(z) < oo, where A denotes the Lebesgue measure on
oD.

Let us denote the radial segment at £ of length p > 0 by
R,(&§) ={rg:re(1—-p1)}.
and the Stolz angle at & of length p > 0 and opening « € (0, §) by
Aap(§) ={2€D: [Arg § — Arg (£ — 2)| <, |2] > 1 —p}.
Using the same construction as in Theorem 4.A, we deduce the following.

Corollary 4.C. (Pesin theory for centered inner functions) Let g: D — D be a
centered inner function, such that log|g'| € LY(0D) and [yplog |z — SV| ™" dA\(z) < oo.
Fiz oo € (0,7/2). Then, for every countable collection of measurable sets {Ax}, C 0D
with A(Ag) > 0, and for A-almost every & € 0D there exists a backward orbit {&,}, C OD
and pg > 0 such that

(a) &, € Ay for some sequence ny — 0o;
(b) the inverse branch G,, of g" sending &y to &, is well-defined in D(&o, po);
(©) for all p € (0, o), GulRy(€0)) © AaplEa).

In particular, the set of singularities E(g) has zero A-measure.
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Application. Periodic boundary points in transcendental dynamics

One possible application of Pesin theory is to find periodic points. In complex dynamics,
this idea was already exploited by F. Przytycki and A. Zdunik to find periodic points on
the boundaries of basins for rational maps [PZ94]. Hence, we aim to apply Theorem 4.A
and Theorem 4.B to find periodic boundary points in the transcendental setting.

To do so, we need a stronger assumption on the orbits of singular values inside U.
Recall that, given a simply connected domain U, we say that C' C U is a crosscut if C' is
a Jordan arc such that C = C U {a, b}, with a,b € U, a # b. Any of the two connected
components of U \ C'is a crosscut neighbourhood. We define the postsingular set of f as

P(f)y= U U M)
seSV n>0
Corollary 4.D. (Periodic boundary points are dense) Under the hypotheses of Theorem
4.A or Theorem 4.B, assume, in addition, that there exists a crosscut neighbourhood N¢g
with No N P(f) = 0. Then, periodic points are dense on OU.

Lyapunov exponents of transcendental maps

Finally, we note that one essential hypothesis in our results is that log|f’| is integrable
with respect to the harmonic measure wy;, and hence the Lyapunov exponent

Yoo () = [ 1og|f'|deoy

is well-defined. We also require that Y, is positive. These facts are well-known for
simply connected basins of attraction of rational maps [Prz85, Prz93|, but unexplored for
transcendental maps. In this paper we give several conditions, concerning the order of
growth of the function and the shape of the Fatou component, which implies that the
Lyapunov exponent is well-defined and non-negative.

One of the main challenges that appear when considering transcendental maps is that
|f'| may not be bounded in OU, even when taking the derivative with respect to the
spherical metric. Indeed, |f’| is not bounded around the essential singularity, and the
growth can be arbitrarily fast. Thus, we introduce the following concept, which relates
the growth of the function with the shape of the Fatou component.

Definition. (Order of growth in a sector for meromorphic functions) Let f: C —
C be a transcendental meromorphic function, and let U C C be an invariant Fatou
component for f. We say that U is asymptotically contained in a sector of angle o € (0, 1)
with order of growth > 0 if there exists Ry > 0, £ € 0D and « € (0, 1), such that, if

Sp=Sra ={2€C: |z| >R, |Arg £ — Arg (1/Z)| < ma}
then,
(a) UN{z€C: |z| > Ry} C Sgy;
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(b) f has order of growth 5 > 0 in Sg,, i.e. there exists A, B > 0 such that, for all
R > Ry and z € Sg, \ Sk,

A-PET <P ()] < AP

Under this asusmption on the growth, we are able to prove the following.

Proposition 4.E. (log|f’| is wy-integrable) Let f: C — C be a meromorphic function,
and let U be an invariant Fatou component for f. Let wy be a harmonic measure on OU .
Assume U is asymptotically contained in a sector of angle o € (0, 1), with order of growth

B €(0,5). Then, log|f'| € L*(wp).

2

Proposition 4.F. (Non-negative Lyapunov exponents) Let f: C — C be a
meromorphic function, and let U be a simply connected attracting basin, with fixed point
p € U. Let wy be the harmonic measure in OU with base point p. Assume

(a) U is asymptotically contained in a sector of angle o € (0, 1), with order of growth
Be0,35):

(b) folog|z — SV| ™ dwy () < oco.

Then,
Xowu :/ log | f'| dwy > 0.
U

Remark. The statements of Theorem 4.A and Theorem 4.B, and Corollary 4.C are a
simplified version of the ones proved inside the paper (respectively, Thms. 4.3.1, 4.4.4
and 4.5.1). These stronger statements are formulated in terms of the Rohklin’s natural
extension of the corresponding dynamical systems. Since this construction is not common
in transcendental dynamics (although it is standard in ergodic theory), we chose to present
our results in this simplified (and weaker) form. For convenience of the reader, all the
needed results about Rohklin’s natural extension can be found in Section 4.1.

Although the results are stated here for meromorphic functions, we shall work in the
more general class K of functions with countably many singularities; in particular, this
allows us to consider periodic attracting basins of meromorphic maps, not only invariant

ones.

Remark. It seems plausible to extend the previous results to multiply connected Fatou
components, as long the harmonic measure is well-defined. This is always the case of
Fatou components in class K [FJ25].

4.1 Rokhlin’s natural extension

A useful technique in the study of non-invertible measure-preserving tranformations is the
so-called Rokhlin’s natural extension [Roh64], which allows us to construct a measure-
preserving automorphism in an abstract measure space, mantaining its ergodic properties.
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However, this technique is often developed for Lebesgue spaces with invariant probabilities
(see e.g [PU10, Sect. 1.7] , [URM22, Sect. 8.5]). Since we work also with o-finite measures,
we sketch how we can develop the theory in this more general case.

Let (X, A, 1) be a Lebesgue space, i.e. a measure space isomorphic (in the measure-
theoretical sense) to an interval (equipped with the Lebesgue measure) together with
countably many atoms. Let 7": X — X be measure-preserving. The measure p is either
finite (and we assume it is a probability measure), or o-finite.

Consider the space of backward orbits for T

X ={{zn}, C X: zp€ X, T(xp41) = 2, n >0},

and define, in a natural way, the following maps. On the one hand, for £ > 0, let
7, X — X be the projection on the k-th coordinate of {x,},, that is m({z,},) = x4.
On the other hand, we define Rokhlin’s natural extension of T as T': X — X, with

T({x,},) = T(xor12s...) = f(20)T071 . ..
It is clear that T is invertible and T is the shift-map, i.e.
fﬁl({l’n}n> = Tﬁl(l'ol’lfﬂg ce ) = T1X2x3 = {l’nJrl}n .

Moreover, for each k& > 0, the following diagram commutes.

X r X
{#znt1}, {zn},
X T X
Tht1 Tk

Note that, up to here, the construction is purely symbolic and measures have not come
out yet. In fact, the next step in the construction is to endow the space X with an
appropriate o-algebra A and a measure i1, which makes the previous projections 7 and
the map T measure-preserving. To do so, we will need the following more general result.

Theorem 4.1.1. (Kolmogorov Consistency Theorem, [Par67, Thm. V.3.2]) Let
(X, An, i) be  Lebesque probability spaces, and let T,: X,»1 — X, be
measure-preserving. Let

XJ: {{I’n}n DTy € Xny Tn(£n+1) =Tp, N Z 0} .

and let my: X - Xy be the projection on the k-th coordinate. Then, there exists a o-
algebra A and a probability measure i in X such that (X, A, i) is a Lebesque probability
space and, for each k > 0,

ime ' (A) = m(A), A€ A
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Notice that the theorem above holds whenever (X, A,,u,) are Lebesgue measure
spaces with finite measure. The o-algebra A can be taken to be the smallest which
makes ecach projection mz: X — X, measurable [Par67, Thm. V.2.5]. Note that
Ty o mgy1 = T. Observe that now X stands for the space of backward orbits under the
sequence of maps {T,},. Hence, one has to think of X as the infinite product of the
spaces {X,},, since the spaces in {X,}, are a priori different, and hence there is no
endomorphism T: X — X in general. However, we will use these extensions (X A , i) of
some appropriate spaces as building blocks for Rokhlin’s natural extension for
transformations with o-finite invariant measures.

Theorem 4.1.2. (Rokhlin’s natural extension for o-finite invariant measures) let
(X, A, p) be a Lebesgue space, and let T: X — X be a measure-preserving tmnsformatwn
Assume p is a o-finite measure, and consider Rokhlin’s natural extension T X > X.
Then, there exists a o-algebra A and a o-finite measure i such that the maps m, and T
are measure-preserving.

Proof. In the case of (X, A, ) being a Lebesgue probability space, the statement follows
from applying Kolmogorov Consistency Theorem 4.1.1 with X,, = X, for all n > 0, as
indicated in [URM22, Thm. 8.4.2].

Otherwise, let {XJ } be a partition of X such that u(X]) is finite, for each j >

0. Without loss of generality, we assume ,u(XJ ) = 1, for each j > 0, to simplify the
computations. Then, for all n > 0, {X,ZL = T‘”(X(’))}A is also a partition of X such that
J

wu(X7) =1, for each j > 0, since T' is measure-preserving and preimages of disjoint sets
are disjoint.

If we write A7 and p, for the restrictions of A and p to X7, we have that, for each j > 0,
(X7, Al 1) is a Lebesgue probability space, and T: X7, — X7 is measure- e-preserving.
Hence, by Theorem 4.1.1, there exists a Lebesgue probability space (X J AJ uﬂ) such that

Xi = {{xn} D an € XD T(2pq1) = 20, 1> O}.
and the projections 771: X7 — Xj, J are measure-preserving. The space of backward orbits
X = Hznt, : o e X, Th(xnt1) =2,, n >0}
is the disjoint union of the ?(7, j > 0. Let A to be the o-algebra generated by {;ﬁ}j,

and the measure g on ()? , 21) unambiguously determined by the ILAL;’S. It is clear that the
maps 7 are measure-preserving, for all £ > 0.

It is left to see that T is measure-preserving. To do so, note that we have the following
measure-preserving commutative diagram.

L)@CY%%CY%%CY
{xn+2}n {x”l"rl}n {x”}n
E i o
T j T J T Jo

141



Since the sets {(7]) "' (AN X]): A € A}, ; generate the o-algebra A, it is enough to prove
invariance for such sets. Thus, without loss of generality, let A C X7, and then

io T1(m) ™ (A)) = fio () 0 T) ™ (A) = fio (T o )™ (A) = fio (x))~ o T7(4)
— (T (4)) = p(A) = fi((x]) " (A)),

as desired.

It follows from the previous theorem that p is a probability measure if and only if so is
i. Natural extensions share many ergodic properties with the original map, as shown in
the following proposition for probability spaces.

Proposition 4.1.3. (Ergodic properties of Rokhlin’s natural extension) Let
(X, A, ) be a Lebesque probability space, endowed with a measure-preserving
transformation T: X — X, and consider its Rokhlin’s natural extension T acting in
()7, A, i), given by Theorem 4.1.2. Then, the following holds.

(a) T is recurrent with respect to [i.
(b) T is ergodic with respect to i if and only if T' is ergodic with respect to p.

Proof. Since i is assumed to be a probability measure, ;i is also a probability measure,
and the recurrence of 1" follows from Poincaré Recurrence Theorem. For (b), see [URM22,
Thm. 8.4.3]. O

Under the assumption of ergodicity and recurrence, we can prove that every subset of
positive measure in the phase space is visited by almost every backward orbit.

Corollary 4.1.4. (Almost every backward orbit is dense) Let (X, A, u) be a
Lebesgue space, endowed with a measure-preserving transformation T: X — X, and
consider its Rokhlin’s natural extension T acting in (j(v, /T, i), given by Theorem 4.1.2.
Assume T is ergodic and recurrent with respect to i, and A C X is a measurable set
with p(A) > 0. Then, for fi-almost every {x,}, € X, there exists a sequence ny — 00
such that x,, € A.

Proof. Since T is ergodic and recurrent with respect to it, by Theorem 1.1.7, for every
A € A with i(A) > 0 and fi-almost every {z,}, € X, there exists a sequence ng — oo
such that T ({z,}, ) € A. Taking A to be 75'(A), we have that i(A) > 0, so for
f-almost every {x,} € X, there exists a sequence nj, — oo with

T ({&n},50) = {Zn}psn, € 70 ' (A).
Hence, z,, € A, as desired. n

142



4.2 On the hypothesis

In this section we shall discuss the hypothesis we establish (specifically,
Jou log |z — SV| ™" dwy (z) < o0).

We need the following lemma, which gives a geometric intuition on the condition
Jou log|z — SV| ™' dwy(z) < oo, by showing that singular values are ‘not too dense’ on
OU with respect to harmonic measure.

Lemma 4.2.1. Let f € K, and U a Fatou component. Then, [y, log |z — SV| ™" dwy(z) <
oo if and only if for any C > 0 and t € (0,1),

m (Y preco) <

n>0 seSV

Remark 4.2.2. We note that [, log |z — SV| ™! dwy(x) < oo always holds if SV NAU is
finite. Indeed, given any simply connected domain U, for every a € C, log |z — a| € L' (wy)
[Con95, Prop. 21.1.18].

Proof of Lemma 4.2.1. First note that, since we are working with the spherical metric,
log|z — S V|_1 is uniformly bounded above. Hence, one has only to examine the previous
integral close to singular values. Let 0 <t < 1, and

Ay={zeCit" <|z=8V|<t"}; Dyi= |J D(s5,Ct") = {2 €C: |z = SV| <"}

seSV

Then,
/8 log |z — SV dwy(z) > 3 log(t"*) - wir(A,) = —logt - 3 (n + 1) - wir(Ay).
U n n

This already implies that >°,~qwu (D) = >, - wy(A,) < oo, for every t € (0,1). Since
for every C' > 0and 0 <t < 1 exists 0 < s < 1 with C' - t" < s" for n sufficiently large,
the claim of the lemma follows.

For the converse, note that >,~owy(Dy) = >, n - wy(A,) < oo, implying that

0o > —logt > n-wy(d,) =— log(t") - wy(A,) > /a log |z — SV| ™" dwy (),
n n U

as desired. ]

Remark 4.2.3. Note that Lemma 4.2.1 already implies that S VNOU have zero harmonic
measure.

4.3 Pesin theory for attracting basins. Theorem 4.A

In this section, we take on the main challenge of this paper: developing Pesin theory for a
simply connected attracting basin U of a function of class K, or, in other words, proving
that generic infinite inverse branches are well-defined on OU.
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The easiest assumption one shall make to get that generic infinite inverse branches are
well-defined in OU, is that there exists € OU and r > 0 so that D(z,r) N P(f) = 0.
Indeed, in such case, all iterated inverse branches are well-defined in D(x,r). Moreover,
since f|gy is ergodic and recurrent, and D(z,r) has positive harmonic measure, it follows
that the forward orbit of wy-almost every y € OU eventually falls in D(z, r), so all iterated
inverse branches are well-defined around y.

The previous method has a main limitation: it does not work when o0U C P(f). Even
in the case where f is a polynomial, one can find examples for which U C P(f), or even
J(f) € P(f). Our goal is precisely to show that, even in the case where OU C P(f),
if [ log|z — SV| " dwy(x) < oo, generic inverse branches are well-defined. Hence, one
should work with each infinite backward orbit separatedly, and try to find a disk where the
inverse branches corresponding to this backward orbit are well-defined, but other inverse
branches may fail to be defined. Here is where Rohklin’s natural extension plays a crucial
role.

Therefore, let U be a simply connected attracting basin for a map f € K with fixed point
p € U, and consider the measure-theoretical dynamical system given by (OU, wy, f), where
wy is the harmonic measure with basepoint p. Note that, through this section, wy stands
for the harmonic measure with basepoint p, although we do not write it explicitly. Recall
that wy is f-invariant, ergodic and recurrent. Note also that we omit the dependence of
the previous dynamical system on the o-algebra B (@), in order to lighten the notation.

Now, consider the natural extension of (OU,wy, f), denoted by (5[7 , Wy, f), and given
by the projecting morphisms {my,,} . We note that (OU,wy, f) is indeed a Lebesgue
probability space (in fact, it is isomorphic, in the measure-theoretical sense, to the unit
interval), and hence Theorem 4.1.2 can be applied to guarantee the existence of Rokhlin’s
natural extension. Thus, U is the space of backward orbits {z,} C AU, with f(z,41) =
x, for n > 0, and f . OU — OU is the automorphism which makes the following diagram

commute.
L L au ! o — 1 Loy L .
{Zn+2}, {znt1}, {zn},
‘/ﬂ'U’n ‘/WU,R ‘/WU,n
. S N oU f oU S SN oU _f,
Tn+42 Tn+1 Tn

Since the natural extension inherits the ergodic properties of the original dynamical
system, we have that wy is an f—invariant, ergodic and recurrent probability (Prop. 4.1.3).
Moreover, for every measurable set A C OU with p(A) > 0 and wy-almost every {z,}, €
AU, there exists a sequence ny, — oo such that T, € A (Corol. 4.1.4).

We shall rephrase Theorem 4.A in terms of Rokhlin’s natural extension as follows.

Theorem 4.3.1. (Inverse branches are well-defined almost everywhere) Let f €
K, and let U be a simply connected attracting basin for f, with fized point p € U. Let wy
be the harmonic measure in OU with base point p. Assume:
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(a) log|f'| € LY (wu), and X, (f) > 0;
(b) >, wu(D(x, M™)) < oo, for every M € (0,1).

Then, for wy-almost every {xz,}, € OU, there exists r = r({xn},) > 0 such that
(i) the inverse branch F,, sending xo to x, is well-defined in D(xq,r);

(ii) for every x € (—Xwy,0), there exists C > 0 such that, for all n € N, |F!(zo)| <
C . eX'n;.

(iii) for every rg € (0,r), there exists m € N such that F,,(D(xo, 7)) C D(zo,70).

We show now how to deduce Theorem 4.A from Theorem 4.3.1, and later we give the
proof of it.

Proof of Theorem 4.A. The assumptions of Theorem 4.A and 4.3.1 are equivalent, by
Lemma 4.2.1. We have to see that the conclusions of Theorem 4.A can be derived from
the ones of Theorem 4.3.1. But this follows straightforward from Corollary 4.1.4. Indeed,
since f is ergodic and recurrent with respect to wy, for any A C X measurable set with
wy(A) > 0, for wy-almost every {z,}, € X, there exists a sequence nj, — oo such that
z,, € A. It follows that, for every countable collection of measurable sets {4}, C OU
with wy(Ax) > 0, then for wy-almost every {x,}, € X , there exists a sequence nj — 00
such that z,, € Aj. O

Remark 4.3.2. Before starting the proof let us note that we are assuming f € K just
because it is the largest class of functions in which Fatou components are defined. We do
not use the fact that functions in class K have only countably many singularities, we only
use that singular values are ‘not too dense’ on OU (hypothesis (b)).

The remaining of the section is devoted to prove Theorem 4.3.1.

4.3.1 Proof of Theorem 4.3.1
Recall that wy is a f-invariant ergodic probability in 0U. We fix M € (e%'x, 1).

Lemma 4.3.3. (Almost every backward orbit does not come close to singular
values) For wi-almost every {x,}, € 0U, it holds

(L1) mo & U U f(s),

seSV n>0

(12) Tim g (/%) (#)] = Xy (F),

(1.3) if D, = U D(s,M"), then x,, € D, only for a finite number of n’s.
seSV
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Proof. Since the finite intersection of sets of full measure has full measure, it is enough
to show that each of the conditions is satisfied in a set of full measure.

Condition (1.1) follows from wy(SV(f)) = 0. Indeed, f is holomorphic, and hence
absolutely continuous, we have wy(Usesv(r) Unso f™(5)) =

Requirement (1.2) follows from Birkhoff Ergodic Theorem 1.1.9 applied to the map
log | f'|, which is integrable by assumption (a). Indeed, for wy-almost every {x,}, € ouU,
it holds

) = [ 1og|f|dwU—hmf

()| =

= hm— Z log ’f (f*( (ruo({zn},)) ‘ = hm— Z log ’f ool f ({an}n))) ;

where in the last two equalities we used the properties of Rokhlin’s natural extension.
Now, f is a measure-preserving automorphism, and, since logl|f’| € L'(wy),
log | f' o myo| € LY (wy). Then, Birkhoff Ergodic Theorem yields

i 3 o] sl G0 = g 3 o T4 =

17 o1 "
=lim — Z log | f'(z)] = lim — log(lf (o)l f"(@m)[) = lizn — log [(f™)" ()]
Putting everyting together, we get that for wy-almost every {z,},, it holds

1 n
lim = 1og [(f") ()| = Xu (f)-
For condition (1.3), note that by hypothesis (b),

ZWU 7TUn ZwU

n>1 n>1

Thus, by the Borel-Cantelli Lemma I.1.4, for wy-almost every {z,}, € oU, z, € D,, for
only finitely many n’s, as desired. This ends the proof of the Lemma. O

Let us fix a backward orbit {z,}, satifying the conditions of the previous lemma. By
(1.3), there exists ny € N such that, for n > ny, x, ¢ Usesy D(s, M™). Moreover, by
(1.2), there exists ny € N, ny > ny such that, for n > no,

(") () < M™ < 1,

Note that both n; and ns do not only depend on the starting point xy, but on all the
backward orbit {z,} . Two different backward orbits starting at zo may require different
ny or ns.

Let

=

b = | (f"1) ()|

., P=T]1-b,).

n>1
Observe that, since Y, b, < >, M™ < 00, the infinite product in P is convergent. Choose
r=r({x,},) > 0 such that
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(2.1) 2rP < 1,
(2.2) for 1 <n < ng, the branch F,, of f~" sending z( to z,, is well-defined in D(xg,r),
(2:3) Fo(D(ao, 1 T2 (1 = b)) € Dy, M),

The remaining inverse branches will be constructed by induction (Claim 4.3.4), but first
let us note that such a r > 0 exists. Indeed, it follows from the fact that the inverse
branch F),, sending zy to x,, is well-defined in an open neighbourhood of xy, since the
set of singular values of f™* is closed, and x¢ ¢ SV (f"2).

Claim 4.3.4. For every n > nsg, there exists an inverse branch F, sending xy to x,,
defined in D(xg,r 1 _1(1 — by)), and such that

F.(D(zo,r ﬁl(l — b)) C D(x,, M™).

Note that proving the claim ends the proof of the theorem. Indeed, letting n — oo we
get that all inverse branches are well-defined in D(xg,7P), i.e. in a disk centered at x
of positive radius. The estimate on the derivative follows from |(f™)’ (xn)|_% < M™ <1,
with M € (e1X, 1), for n > ny.

Proof of the claim. Suppose the claim is true for n > no, and let us see that it also holds
for n41. First, note that D(x,, M™")NSV = () for all n > ny (by the choice of ny). Hence,
there exists a branch F of f~! satisfying F(z,) = 2,11, well-defined in D(z,, M™). By
the inductive hypothesis, there exists an inverse branch F}, sending zy to x,, defined in
D,, = D(xo,7IIn,_1(1 — by,)), and such that F,,(D,) C D(x,, M™). Set F,41 = F o F),.
Then, F,,1; is well-defined in D,,, and sends xg to x,11.

Now we use Koebe’s distortion estimates (Thm. 1.3.3) to prove the bound on the size of
Foi1(Dny1), where D,y g = D(x0,7 [T (1 — b)) C D,. Note that F,;; is well-defined

m=1
in D,,, which is strictly larger than D,,,;, and the ratio between the two radii of both

disks is (1 — b,). Since Fy41|p, is univalent, we have F,11(Dy11) C D(Zn41, R), where

n+1 2 fnJrl ! T -1 . 1 .
R=r- TL0 b [(Fusr) (@) - 1y < 2 VWDl iy 8 < e
m=1 n (S (@ng)] 1
as desired.

As noted before, this last claim ends the proof of Theorem 4.3.1.

4.4 Entire functions and the first return map. Theorem 4.B

In this section, we extend Theorem 4.A to parabolic and Baker domains of entire maps.
The main challenge is that there does not exist an invariant probability which is absolutely
continuous with respect to harmonic measure. However, the existence of an invariant o-
finite measure in QU absolutely continuous with respect to wy will allow us to perform
Pesin theory, by means of the first return map.
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We shall start by constructing Rokhlin’s natural extension (note that this is indeed
possible due to the existence of the o-invariant measure). We do this by showing that
Rokhlin’s natural extension is compatible with the use of first return maps if the
transformation we consider is recurrent. This allows us to move from our problem of
finding inverse branches in a space endowed with a o-invariant measure to a probability
space, where we can perform Pesin theory in a stardard way. We do this construction of
the first return map and Rokhlin’s natural extension in Section 4.4.1, and finally we
develop Pesin theory in Section 4.4.2.

4.4.1 The first return map and Rokhlin’s natural extension

Assume U is a parabolic basin or a Baker domain, such that f|gy is recurrent. The
measure

Ae(A) :/A]w—11|2d)\(w)’ A € B(@D),

is invariant under the radial extension of the associated inner function g (taken such
that 1 is the Denjoy-Wolff point) and its push-forward = (¢*).Ag is an infinite o-finite
invariant measure supported in OU (see Thm. I1.5.5).

One can consider the Rokhlin’s natural extension. Indeed, let dU be the space of
backward orbits {z,}, C OU, with f(z,+1) = =, for n > 0, and let f: OU — OU be the
automorphism which makes the following diagram commute.

L —1 s ou ! o — o L
{xn+2}n {$n+1}n {mn}n
‘(WU,’IL ‘(ﬂ—U,n ‘(WU,’IL
P ! ouv —L L ou L
Tn+2 Tn+1 Tn

One can get an equivalent construction of backward orbits by means of the first return
map. Indeed, let E C OU be a measurable set with u(FE) € (0,00) (we will fix E later).
Consider the first return map to E, i.e.

fE: EFE—F
x— [T (),

where T'(x) denotes the first return time of = to E. We consider the measure-theoretical
dynamical system (E, pg, fx,), where

_ uANE)
pe(A) = 7#(5’) )

for every measurable set A C OU. Note that (E, ug) is a probability space. The following
properties of the first return map fg will be needed.
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Lemma 4.4.1. (First return map) Let fg: E — E be defined as above. Then, the
following holds.

(1.1) ug is invariant under fg. In particular, fg is recurrent with respect to ug.

(1.2) fg is ergodic with respect to pg.

(1.3) Iflog|f'| € L' (u) , then log|f(x)| = log |(f"®)) (x)| € L* () and
/ _ L /
. og |7kl din = B | 1os1#'ldu.

Proof. The three claims are standard facts of measure-theoretical first return maps. More
precisely, (1.1) and (1.2) follow from [URM22, Prop. 10.2.1] and [URM22, Prop. 10.2.7],
respectively. Statement (1.3) comes from [URM22, Prop. 10.2.5], applied to ¢ = log |f/|
and g = log | /3] =

Since (Xpg,up) is a Lebesgue probability space, and pp is fg-invariant, we shall
consider its Rohklin’s natural extension, denoted by (E, fg), and given by the projecting
morphisms {7g,},. Thus, E is the space of backward orbits {xE} C 0U, with

n
n

fe(zf. ) = 2F forn > 0, and fg: E — FE is the automorphism which makes the
following diagram commute.

fE E fe E fE E fE

{Ifw}n {wfﬂ}n {xf}n

len l”En lﬂEn

fE E fE E fE

fE

&

Sty

E E
Trt2 Trt1

8

Since the natural extension of a probability space inherits the ergodic properties of the
original system, we have that pp is f];—invariant, ergodic and recurrent (Prop. 4.1.3).

We claim that both constructions of spaces of backward orbits are essentially the same,
with the only difference that, when considering the first return map, orbits starting at
the set E are written ‘packed’ according to their visits to E.

Indeed, given a backward orbit {xf }n C E for fg, we can associate to it unambiguously
a backward orbit {z,}, C OU for f as follows. Let zq := x(’, and let 2q,p) == 2{. Since
fe(@f) = [T (2B = 2B forn=1,...,T(zF) =1, let x, = fT@) " (2F). The rest of
the backward orbit is defined recursively. We say that the f-backward orbit {z,}, C OU
is associated to the fg-backward orbit {xf }n C FE. In the same way, if a f-backward
orbit visits F infinitely often, we can associate a fg-backward orbit to it.

As noted above, for every fg-backward orbit we can associate a f-backward orbit.
Moreover, due to recurrence, the converse is true pi-almost everywhere. Hence, it is
enough to consider fgr-backward orbits.
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Lemma 4.4.2. (Distribution of fg-backward orbits in 0U) Let (OU,pu, f) and
(E,pg, fr), and consider their natural extensions as before. Then, for pi-almost every
{zn}, C OU with xy € E, x,, € E infinitely often, so we can associate o fg-backward
orbit to it.

Let us now fix the set E, whose first return map will enjoy specific properties.

Proposition 4.4.3. (The set E) Let f: C — C be a meromorphic function, and let
U be a simply connected parabolic basin or Baker domain. Consider p: H — U, and let
h: H — H be the inner function associated with (f,U), with the Denjoy- Wolff point placed
at oo, which we assume not to be a singularity. Let pf,ps ... be the (radial) preimages
of 0o, ordered such that py < py; < ---<ps <pi.
Let I = {pf,pﬂ, and E = ¢*(I). Then, as n — oo,
2
p({z € E: T(x) >n}) ~ N
Proof. The existence of the set I is proven in [IU23, Sect. 9.2], together with the fact
that A(I€ N {T(x) = n}) ~ % The standard fact for o-finite measures A and sweep-out
sets [
MIN{T(z) =n}) = \XI° N {T(z) > n})

(see e.g. [Tha0l]) gives that N(I N {T(z) > n}) ~ % The estimates for the system

(flou, i) follow from the definition of the measure u as the push-forward of Ag under
o*. [
4.4.2 Pesin theory for the first return map. Proof of Theorem 4.B

We shall start by rewriting Theorem 4.B in terms of the space of backward orbits given
by Rokhlin’s natural extension.

Theorem 4.4.4. (Inverse branches are well-defined almost everywhere) Let
f: C — C be a meromorphic function, and let U be a simply connected parabolic basin
or Baker domain. Assume

(a) the Denjoy-Wolff point of the associated inner function is not a singularity;
(b) log|f'| € L'(n), and [y log |f'| dp > 0;
(c) there is € > 0 such that, if OU . = {z € C: dist(z,0U) < e}, SV NOU,. is finite.

Then, for fi-almost every backward orbit {z,}, € aU, there is r = r({x,},) > 0 such
that

(i) the inverse branch F, sending xo to x, is well-defined in D(xq,ro);

(ii) for every r € (0,79), there exists m € N such that F,,(D(xg,70)) C D(xg,r), and
diam FJ (D(zg,7)) — 0, as j — oo.
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It is clear that 4.4.4 implies Theorem 4.B (for hypothesis (a), see Thm. 11.5.4; for (b),
see Prop. 4.8.9). Going one step further, using the set E defined above, we shall write
Theorem 4.4.4 in terms of the first return maps fg: F — FE as follows.

Proposition 4.4.5. (Generic inverse branches are well-defined for the first
return map) Under the assumptions of Theorem 4.4.4, consider the set E as in
Section 4.4.1. Then, for pg-almost every backward orbit {:Bf} € 0U, there exists

ro= r({xk}n) > 0 such that

i) the inverse branch F¥ sending x& to x¥ is well-defined in D(z¥,ry);
n 0 n 0
(i) for every r € (0,r), there exists m € N such that

FE(D(x§,r0)) € D(zf,r).

4.4.3 Proof of Proposition 4.4.5

We shall establish who are the ‘singular values’ for the first return map fgz. The only
obstructions when defining inverse branches come from the singular values of f. Note
that, if there are no singular values of f in D(fg(z),e) and the first return time of z is 1,
then the corresponding branch of fg is well-defined in D(fg(z),e). Inductively, if there
are no critical values of f™ in D(fg(z),e) and the first return time of = is n, then the
corresponding branch of f is well-defined in D(fg(x),e). Hence, we observe an interplay
between the points in the orbit of singular values of f and the first return times, as the
limitation to define the inverse branches of fg.

Next we aim to give estimates on the first return times and the size of disks centered
at ‘singular values of fg’ This is the content of Lemma 4.4.6.

We use the following notation: let {vq,..., vy} be the singular values of f in OU,. (we
assumed there are finitely many— other singular values do not play a role in the considered
inverse branches), and denote them by SV (f). T'(x) stands for the first return time to F
ofx € F.

A, ={x e E:T(x) =n}

B, ={x € E:T(x) >n}

Lemma 4.4.6. (Estimates on critical values and first returns) In the previous
setting, the following holds.

(2.1) ;ME(B,@ < o0.
(2.2) X, pe(D(CV(f™), e - A") < 0o, for any X € (0,1).

Proof. (2.1) follows directly from the estimate in Lemma 4.4.3. For (2.2) note that, since
E has finite measure, the measures ug and wy are comparable. Note also that " has
nt - N singular values (where N stands for the number of singular values of f). Then,
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applying a standard estimate of the harmonic measure of disks (see Lemma 4.8.5), we
have

Zuk (CV(f™),e- \) <Zu (CV(f™),e-A™)

<> wy(D ™), e - A") SZEl/z'N'n A2 < oo,

O

From here, the proof ends as the one of Theorem 4.3.1: proving that orbits under fg
do not come close to the ‘singular values of fg’, and finally constructing inductively the
required inverse branches of fg, which turn out to be a composition of inverse branches
for the original map f, as explained in Section 4.4.1. For convenience, we outline the
steps of the proof, although not giving all the details as in Theorem 4.3.1.

Set

vi= [ log|fpldup € (0,+0).
and let M € (ei,1).

Lemma 4.4.7. (Almost every orbit does not come close to singular values) For
[g-almost every {xf} € E, it holds

B¢ U U fs)

seSV(f)n=0

(3.2) hrn 1 log ‘(fE ’ =X,

(3.3) inverse branches of fr are well-defined in D(zZ e - M™), except for finitely many
n’s.

Proof. Since the finite intersection of sets of full measure has full measure, it is enough
to show that each of the conditions is satisfied in a set of full measure.

For condition (3.1), note that Usesy sy Unso f™(s) is countable, and hence has zero ip-
measure. Requirement (3.2) follows from Birkhoff Ergodic Theorem 1.1.9 applied to the
map log |f};| (note that pg is an ergodic probability).

Condition (3.3) follows from Lemma 4.4.6 together with the first Borel-Cantelli Lemma
1.1.4. Indeed, if D, = (D(CV (f™),e- M™)), then

Y tip(my,(Dy) = Y pe(D

n>1 n>1

implying that zZ ¢ D,,, for all n > ng, for some ng and fip-almost every backward orbit.
But according to (2.1) in Lemma 4.4.6,

> pip(my,, (B ZuE

n>1
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so z .1 & By, for all n > ny (maybe taking no larger), and pip-almost every backward
orbit. Thus, for all n > ng, the return time of 7, is less than n*, so we only have to
take into account the singular values of f*" in order to define the inverse branch from xP
to zZ ;. Since 2% ¢ D,,, the claim follows. O

n

Fix {xE}n satifying the conditions of Lemma 4.4.9. By (3.2) and (3.3), there exists
no € N such that, for n > ng, inverse branches of fr are well-defined in D(zZ e - M™),
and )

<M <1

(3 ()

We set the following notation.

-

B P:H<1_bn)

n>1

b = |(f3) (=F)

Choose 7 = r({xE} ) > 0 such that

n

(4.1) 2rP < e,
(4.2) the branch F¥ of f5™ sending z§ to zf is well-defined in D(z, ),

(4.3) Ff)(D(xf,rHZle(l — b)) C D(zE | M),

no?

Using the same procedure as in Theorem 4.3.1 (Claim 4.3.4), one can prove inductively
the following claim.

Claim 4.4.8. (Inductive construction of the inverse branches) For every n > ny,
there exists a branch FE of fz" sending x§ to xF, defined in D(zg,r 1% _,(1 —bn)), and
such that

n

FE(D(z¥ r 1:[1(1 —bp))) C D(xZ - M™),

Letting n — oo, we get that all inverse branches of fx sending z& to ¥ are well-defined
in D(xg,rP), with r > 0. Moreover, as n — oo, diam (Ff(D(mO,TP))) <e-M"—0.
This ends the proof of Proposition 4.4.5. ([l

4.4.4 Parabolic Pesin theory for entire functions

We end this section by showing that, when we are dealing with an entire function, it is
enough to ask that there are finitely many critical values in OU,.. To see this, it it enough
to show that inverse branches for f¥ are well-defined far from the orbit of critical values
of f and of exceptional points (points with finite backwards orbit; any entire function has
at most two exceptional points [Ber93, p. 6]).

Lemma 4.4.9. Let v € E. Then, the inverse branch FE sending fF(x) to x is well-
defined in D(f¥(x),r), r < e, as long as D(f¥(x),r) NCV(fT®) =0, and there are no
exceptional points in D(f¥(z),r).
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Proof. If there are no exceptional points in D(f¥(x),r), it is easy to see that there exists
R > 0 such that f7®|p, gy is holomorphic, and f7@(D(z, R)) > D(f7®@(x),r) (see e.g.
[Mil06, Corol. 14.2]). Hence, all obstructions to define the inverse branch F¥ come from
the critical values of f7(*), but we assumed there are not. O]

Lemma 4.4.9 is telling us that critical values together with exceptional points are the
‘singular values of f£’, and there are finitely many of them. Hence, one can prove a result
analogous to Proposition 4.4.5.

Theorem 4.4.10. (Inverse branches are well-defined almost everywhere) Let
f: C — C be an entire function, and let U be a parabolic basin or Baker domain. Assume

(a) the Denjoy-Wolff point of the associated inner function is not a singularity;

(b) log|f'| € L'(u), and [y, log|f'|du > 0;
(c) there exists € > 0 such that critical values of f in OU,. are finite.

Then, for fi-almost every backward orbit {z,}, € OU, there is r = r({zn},) > 0 such
that

(i) the inverse branch F,, sending xo to x, is well-defined in D(xq,ro);

(ii) diam F7 (D(xq,7)) — 0, as j — oo.

4.5 Dynamics of centered inner functions. Corollary 4.C

In this section we apply the techniques developed previously to a particular type of self-
maps of the unit disk D, the so-called inner functions. Recall that ¢g(0) = 0, we say that
g is a centered inner function.

Every inner function induces a measure-theoretical dynamical system ¢*: D — 0D
defined A-almost everywhere. For centered inner functions, g*|gop preserves the Lebesgue
measure A in 0D, and g*|gp is ergodic. Hence, the radial extension of a centered inner
functions is a good candidate to perform Pesin theory. Therefore, we shall see Corollary
4.C as an application of the work done in Theorem 4.A, for a particular class of inner
functions (centered inner functions with finite entropy, i.e. log|g’| € L'()\)).

As in the previous sections, we rewrite Corollary 4.C in terms of Rokhlin’s natural
extension (Thm. 4.5.1). Indeed, (0D, B(0D), A) is a Lebesgue space (it is isomorphic, in
the measure-theoretical sense, to the unit interval), and hence Theorem 4.1.2 guarantees
the existence of Rokhlin’s natural extension. Thus, dD is the space of backward orbits
{¢.},, C 0D, with g*(£,41) = &, for n > 0, and g*: OD — 9D is the automorphism which
makes the following diagram commute.
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. —2 5 oD g ol —2 oD —2 ..
{En+2}n {£n+1}n {gn}n
‘/WD,YL ‘/WJDJ,n ‘/WD,TL
L —2 5 0D g oy —2 9D —L .
En+2 En+1 &n

This way, we rephrase Corollary 4.C as follows.

Theorem 4.5.1. (Pesin theory for centered inner function) Let g: D — D be an
inner function, such that g(0) = 0, and log|¢'| € L'(OD). Fiz a € (0,7/2). Then, for
X-almost every backward orbit {£,}, C 0D, there exists p > 0 such that the inverse branch
G of g" sending & to &, is well-defined in D (&, p), and, for all p; € (0, p),

Gn(Rm (50)) C Amm (fn)

Moreover, the set of singularities E(g) has zero A\-measure.

Using that g*|gp is ergodic and recurrent with respect to A, it follows that for A-almost
every backward orbit {£,}, C 0D and every set A C dD of positive measure, there exists
a sequence ny — oo such that &, € A (Prop. 4.1.3). Hence, it is clear that Theorem
4.5.1 implies Corollary 4.C.

Proof of Theorem 4.5.1. Proceeding exactly as in Theorem 4.A, we find that, for A-almost
every backward orbit {,}, C 0D, there exists py > 0 such that the inverse branch G,
of g" sending & to &, is well-defined in D(&y, po). Note that all inverse branches {G,},,
are well-defined in a disk of uniform radius, namely in D(&y, pp). Hence, we can apply
Proposition 11.3.17, to see that, for all & € (0,7/2) there exists p < po such that for all
p1 € (07 p),

Gn(Rm (50)) - Apl (gn)

It is left to see that singularities have zero Lebesgue measure. Assume on the contrary
that the set of singularities F(g) has positive measure. Then, we can take {,}, visting
E(g) infinitely often, and satisfying that the inverse branches {G,}, realizing such
backward orbit are well-defined in D(&, p). Consider

K= U Gn(D(80,p))-

n>1

We claim that no point in K is a singularity for g. Indeed, for any £ € K, there exists
n > 1 such that £ € G,,(D(&, p)). Hence,

9le. (o) Gu(D (80, p)) — Gn1(D(&0, p))

is univalent, so £ cannot be a singularity for g. This is a contradiction with the fact that
K N E(g) # 0, and ends the proof of Corollary 4.C. O
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4.6 Associated inner functions and Rokhlin’s natural extension

Let f € K, and let U be an invariant Fatou component for f, which we assume to be
simply connected. Consider ¢: D — U to be a Riemann map. Then, f: U — U is
conjugate by ¢ to a holomorphic map ¢g: D — D, ie. fop=¢pog.

The conjugacy f o ¢ = ¢ o g extends almost everywhere to dD by means of the radial
extensions ¢*: dD — OU and g*: D — 0D. More precisely, consider the following
subsets of ID.

Op = {{ € dD: ¢ (§) € E(f)}
Oq = {{ € ID: ¢*(§) € QA(f)}

Since E(f) is countable, A(©g) = 0, so A(©q) = 1. Then, f oy = ¢ o g extends for the
radial extensions in (g, as shown in Lemma I1.5.2. That is, for £ € Og, then ¢*(§) and
©*(g*(£)) are well-defined, and

In this section we show that one can go further and relate backward orbits for the
radial extension of the inner function ¢g* with backward orbits for the boundary map
flou. Moreover, we will show how the natural extensions of (9D, A, ¢*) and (OU, wy, f)
are related.

To do so, first we have to establish, in the spirit of Lemma I1.5.2, a relation between
backward orbits for ¢g* and backward orbits for f. More precisely, we prove that backward
orbits associated to a well-defined sequence of inverse branches indeed commute by the
Riemann map, as long as the radial limit at the initial point exists.

Proposition 4.6.1. (Backward orbits commute) Let {{,}, C ID be a backward orbit
for g*. Assume ©* (&) exists. Then, ¢*(&,) exists for alln > 1 and

(@™ (Enr1)) = @ (" (6ns1)) = ¢ (&)

Proof. We note that, using an inductive argument, it is enough to prove that, if ¢*(&)
exists and & € 9D is such that g*(&;) = &, then ¢*(&;) is well-defined, and

fle(&)) = ¢ (g7 (&1)) = ¢ (&)

Let Rg, be the radius at §. Then, ¢(Ry,) is a curve landing at ¢*(&y), and there is a curve
v landing at &, with g(y) = Re,. Then, f(p(7)) = ¢(Rg,) is a curve landing at ¢*(&).
Since preimages of a point under a holomorphic map are discrete and the singularities of
f are countable, ¢(7) lands at a point on U, which, by Lindelsf Theorem I1.4.5 coincides
with ¢*(&1) (which in particular is well-defined and satisfies f(¢*(&1)) = ¢*(&0)). O

We are interested now in the interplay between the backward orbits for the associated
inner function g, and the backward orbits for f in the dynamical plane. According to
Section 4.1, we can consider the natural extension (0D, ), g*) of (0D, ), g*), given by
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the projecting morphisms {7p,} , and the natural extension (/8—(7 , WU, f) of (OU,wy, f),
given by the projecting morphisms {my,,},. We are interested in relating both natural
extensions.

In views of Proposition 4.6.1, it is clear that the transformation

o : 0D — OU
is well-defined, and the following diagram commutes almost everywhere.
g D g Bin) g Bin) g
{&n+2}, {&n+1}, {&ntn
TD,n T™D,n T™D,n
1, oD g oD g oD —~2
§n+2 §n+1 fn
&k W* %’;* 50* %’;* 90*
L ou ! oU ! oU —
©*(€nt2) ©*(€nt1) 0" (&n)
TU,n TU,n TU,n
f 57] f é(V] f 3NU f
{W*(§n+2)}n {W*(anrl)}n {‘P*(fn)}n

Now we claim that ¢* is measure-preserving. Indeed, one may take a basis for the
o-algebra in OU made of sets of the form WE,;(A), where A C OU measurable, and n > 0.
It is enough to prove that ¢* preserves the measure of these sets. Indeed, using that
©* 0 Tpp = Tym © @ A-almost everywhere, we have

o (T (A)) = wu(A) = M@™(A)) = M), 0 (7)1 (A) = A((¢7) " o myn(A)),
where A C QU measurable, and n > 0, as desired. In other words, wy; is the push-forward
of A by ¢*.

Hence, the following diagram

(8D, A, g%) b, (0D, X, g¥)
@*l l&‘
{rom}, = " =
(aanUaf) A B— (aanUaf)'

commutes almost everywhere.
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Proposition 4.6.2. (Generic inverse branches commute) Let f € K, and let U be
an invariant simply connected Fatou component for f. Let p: D — U be a Riemann map,
and let g: D — D be the inner function associated with (f,U) by ¢. Assume the following
conditions are satisfied.

(a) For wy-almost every backward orbit {x,}, C OU, there exists r > 0 such that the
inverse branch F,, sending xo to x, is well-defined in D(zq,7).

(b) For A-almost every backward orbit {€,} C 0D there exists p > 0 such that the
inverse branch Gy, sending &y to &, is well-defined in D(&g, p).

Then, A-almost every backward orbit {&,}, C 0D there exists p,r > 0 such that the inverse
branch G,, sending &y to &, is well-defined in D (&, p), the inverse branch F,, sending ©*(&o)
to p*(&,) is well-defined in D(p*(&),7), and ¢* o G,(&) = F,, 0 ¢*(&), for all n > 0.

We note that, if wy-almost every backward orbit {z,}, C OU satisfies an additional
property (such as the ones proved in Theorem 4.A), then it is straightforward to see
that, for A-almost every backward orbit {&.},, € 0D, the backward orbit {z, = ¢*(&,)},,
satisfies this additional property.

Proof of Proposition 4.6.2. The proof follows directly from the previous construction.
Indeed, one shall write the first assumption as: for A-almost every backward orbit
{&.},, C 0D, there exists r > 0 such that the inverse branch F,, sending ¢*(&y) to ¢*(&,)
is well-defined in D(p*(&),r). Since the intersection of sets of full measure has full
measure, we have that inverse branches GG,, and F,, are well-defined along the backward
orbit of & and ¢*(&). By Proposition 4.6.1, such inverse branches commute. O

Remark. It follows from the previous construction that one can find first the backward
orbit {¢,}, C OD and define the backward orbit in the dynamical plane as their image
by ¢*. Moreover, one can choose a countable collection of sets { K}, C JD and ask that
there exists a sequence ny — oo with &,, € Kj.

4.7 Application: periodic boundary points. Corollary 4.D

One application of Pesin theory in holomorphic dynamics is to prove that for some
invariant Fatou components, periodic points are dense in their boundary. This was done
in the seminal paper of Przytycki and Zdunik [PZ94] for simply connected attracting
basins of rational maps (note that in this paper it is proved that periodic points are
dense in the boundary of every attracting or parabolic basin of a rational map, but the
proof relies on a different technique). In the spirit of Section 3, we aim to prove a
similar result for transcendental maps.

The goal in this section is to prove Corollary 4.D, which states that, under the
hyptotheses of either Theorem 4.A or Theorem 4.B, plus an extra hyptothesis on the
singular values in U, accessible periodic boundary points are dense.
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In view of the theory developed in the previous sections based on working in the space
of backward orbits given by Rokhlin’s natural extension, we shall formulate an alternative
(and more natural) version of Corollary 4.D, in terms of backward orbits.

Theorem 4.7.1. (Periodic points are dense) Let f € K, and let U be an invariant
simply connected Fatou component for f. Let ¢: 1D — U be a Riemann map, and let
g: D — D be the inner function associated with (f,U) by ¢. Assume the following
conditions are satisfied.

(a) For wy-almost every backward orbit {x,}, C OU, there exists v > 0 such that the
inverse branch F,, sending xq to x, is well-defined in D(xq, 1), for every subsequence
{:L'nj}, with x,; € D(xo,7), diam F,(D(xo,7)) — 0, as j — oo.

j

(b) For A-almost every backward orbit {€,} C 0D there exists p > 0 such that the
inverse branch Gy, sending &, to &, is well-defined in D(&g, p).

Then, accessible periodic points are dense in OU.

However, we aim to give a proof of the density of periodic boundary points which
does not use Rohklin’s natural extension. To do so, we state Theorem 4.7.1 in a slightly
different (and stronger) way.

Theorem 4.7.2. (Periodic points are dense) Let f € K, and let U be an invariant
simply connected Fatou component for f. Let ¢: 1D — U be a Riemann map, and let
g: D — D be the inner function associated with (f,U) by p. Assume that for every
countable sequence of measurable sets {Ky}, C 0D with A\(K)) > 0 and X-almost every
¢ € OD, there exists a backward orbit {&,}, C OD, such that

(a) & = & and there exists p > 0 such that the inverse branch G, sending &y to &, is
well-defined in D(&, p), and there exists ny — oo with &,, € Ki;

(b) for the backward orbit {x,, = ¢*(&,)}, C OU, there exists r > 0 such that the inverse
branch F,, sending xq to x,, is well-defined in D(xo,7), for every subsequence {xnj}‘
J

with x,; € D(xo,7), diam F, (D(xg,7)) — 0, as j — oo.
Then, accessible periodic points are dense on OU.

According to Proposition 4.6.2, it is clear that Theorem 4.7.2 implies 4.7.1. We show
now how to deduce Corollary 4.D from Theorem 4.7.1, and later we give the proof of
Theorem 4.7.2.

Proof of Corollary 4.D. On the one hand, it is clear that, by the conclusion of Theorem
4.A and Theorem 4.B, the second requirement of Theorem 4.7.1 holds.

On the other hand, we have to see the assumption of the existence of a crosscut
neighbourhood N¢ in U with No N P(f) = () implies (b). Indeed, p~!(N¢) is a crosscut
neighbourhood in D which contains no postsingular value for the inner function. Since
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g*|op is ergodic and recurrent, for A-almost £ € JD, there exists p > 0 such that, for all
n > 0, all inverse branches of ¢g" are well-defined in D(&, p). Denote this set of backward
orbits by A. We have to see that A has full A-measure in dD. Indeed, note that
A= WDO(W]D) o(A)), since the set A is made of all backward orbit with initial point in
mpo(A). Since M(mpo(A)) = 1 and 7mp g is measure-preserving, this already implies the
requirement (b) in Theorem 4.7.1. O

Proof of Theorem 4.7.2

Let x € OU and R > 0, we have to see that f has a repelling periodic point in D(z, R)NoU,
which is accessible from U.

We split the proof in several intermediate lemmas. We start by proving the existence of
a backward orbit {,}, C JD such that for both {,}, and {¢*(§,)},, the corresponding
inverse branches are well-defined (and conformal), and certain estimates on the contraction
are achieved.

In the sequel, we fix a € (0,7/2), and we take all Stolz angles of opening «, although
in the notation we omit the dependence.

Lemma 4.7.3. There exists a backward orbit {&,}, C 0D, and constants m € N, 0 <
pm < p, and r € (0, R/2) such that:

(1.1) zo = ¢*(&) and z,, = ©*(&n) are well-defined, and xy € D(x,R/2) and x,, €
D(zo,7/3);

(1.2) the inverse branch F,, of f™ sending x¢ to x,, is well-defined in D(xo,r), and
diam F,,,(D(xg, 7)) < 1/3;

(1.3) the inverse branch G, of g™ sending & to &, is well-defined in D(&o, pm), and
satisfies

Gm(Ry,(§0)) C Bp,, (&m);

(1.4) A,(&o) NAL(Em) # 0, and, if z € A, (&) UA,(En), then o(z) € D(xg, ).

Proof. Let A, = D(z",r,) be a countable basis for D(z, R) with the Euclidean topology,
where 2™ € QU and A,, C D(z, R).

In order to apply the hyptothesis of the theorem, we shall construct an appropriate
countable sequence of measurable sets { K} }, of 0. We do it as follows.

For all n > 0, let

K" ={£€dD: ¢*(§) € D(z",1,/2)}.

It is clear that A(K™) > 0. By the Lehto-Virtanen Theorem I1.2.5, the angular limit exists
whenever the radial limit exists. Therefore, there exists p, > 0 small enough so that

K, ={{€ K": A, (§) C D(z",r,/2)}
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has positive A-measure. We can assume that every point in K} is a Lebesgue density
point for K . Then, if we take {" € K, there exists a circular interval [¢n around £"
such that for any (i, (2 € I¢n,

Apn(gl) N Apn (CQ) 7£ @

Then, K N I has positive A-measure. Note that this property only depends on the
length of the interval, as long as {" is a Lebesgue density point for K . Then, it is clear
that there exist finitely many circular intervals I7', ..., 7' with this property.
Let
Ko'=K! nIt, i=1,... i,

Kb = {Kj;f, KM } .

Then, we define the set K7™ as before, but replacing p,, by p,/2’.

Having introduced all this notation of the sets {K7"},
{K}}, as follows. We construct this sequence of sets inductively, adding at each step
finitely many sets. Indeed, let us start by putting the block K1 = {Kiy’ll, LK } as

*7i1

we arrange the sequence

the first elements of the sequence. Then, for the k-th step of the induction, we consider
Ay and let Ay, ..., Ag, be all the sets of A;,..., A, such that A, C Ai,. Then, we add
to the sequence the blocks

17k1 17k7L k,k k,kn
KUk MR kR Rk

Basically, the idea is that, when one set is in the sequence {K}}, for the first time,
then it appears infinitely often. Moreover, the set of points in {K}}, has measure
AM(¢*)"H(D(z, R))). Indeed, the set of points in D for which the radial limit exists has
full measure. Let ¢ be one of such points. Then, ¢*(¢) € A;, for some j, and for p > 0
small enough, A,({) C A;. Then, there exists n > 0 such that A, C A; and p < p;/2",
so ¢ € Ky, as desired.

By the assumption of the theorem, for A-almost every &, € 0D, there exists a backward
orbit {&,}, such that the hypothesis on the definition of the inverse branches for {&,},
and {z, = ¢*(&,)}, are accomplished, and there exists n;, — oo with &,, € Kj.

Without loss of generality, we assume & is chosen so that o € D(z, R/2). Let r > 0
be such that the inverse branches realizing the backward orbit {z,} are well-defined in
D(xg,r). There is no loss of generality on assuming r € (0, R/2).

On the one hand, since {A4,},, is a basis for D(z, R), there exists ny such that

xo € Apy, C D(z0,7/3),
and &, € K°, by the previous remark. In particular, for p,,,
Apno (&J) - Ano - D('T07 T/3)

On the other hand, by the construction of the sets {K,}, , the backward orbit visits
D(xg,r) infinitely many times. Let n; be large enough so that, for all n > ny, if z,, €
D(zg,7), then diam F,,(D(zo,7)) < 1/3.
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By the construction of the sets {K,},,, there exists m > max {ng,n;} such that &, €
K7°. Hence, we take r > 0, p = py,, and & and &,, as above, and define p,, > 0 as the
radius such that the inverse branch G,, sending &, to x,, is defined around &, (such a
radius exists by our assumptions on the orbit {£,},). We have to check that, with these
choices, the requirements are accomplished.

First, by the choice of {(,},,, ¢*(§) = xo and ¢*(&) = ., are well-defined. Moreover,
by the choice of r, we have xy € D(x, R/2). Since &, &, € K, we have

Ap(&o) N A, (En) # 0,

and A,(&), Ap(&m) C Any C D(xg,7/3). In particular, x,, € D(zo,7/3), so (1.1) and (1.4)
holds. To see (1.2), note that r has been chosen so that the inverse branches corresponding
to {x,}, are well-defined in D(x¢,), and m is large enough to that diam F,,(D(z,r)) <
r/3, as desired. Requirement (1.3) is directly satisfied by the choice of p,,,. Therefore, we
have proved the lemma. O

Figure 4.1: Situation after Lemma 4.7.3.

Next we prove the existence of a repelling periodic point in D(xg,r). Note that, since
D(xg,7) C D(z, R), the proof of the next lemma ends the proof of the theorem.

Lemma 4.7.4. The map F,, has an attracting fived point in D(xq,r) which is accessible
from U. Hence, [ has a repelling m-periodic point in D(xqy,r) NOU.

Proof. First note that F,,(D(xg,r)) C D(xo,r). Indeed, by (1.1) and (1.2), we have that
Tm € D(x9,7/3) and diam F,(D(xg,r)) < r/3, so

Fo.(D(zo,7)) C D(x4,2r/3) C D(xo,1).

Therefore, by the Denjoy-Wolff Theorem, there exists a fixed point p € D(zg, ), which
attracts all points in D(xg,r) under the iteration of F,,. Hence, it is repelling under f™
and thus belongs to J(f).
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It is left to see that p is accessible from U. To do so, first note that, by (1.3), the inverse
branch G, of g~™ is well-defined in D(p, pim), and it holds that

¥ o Gm = Fm oy
in A, (&). Moreover, we have that

Gm<Rpm (50)) - Apm (Em) - Ap(gm)-

By (1.4), A,(&) U A, (&) is connected. Therefore, if we take z € R, (&), then G,,(2) €
A,(&n), and we can find a curve v C A,(&) U A,(&,,) joining z and G,,(2). By (1.4),
() C D(xg,r), and joins ¢(z) with F,,(p(2)). See Figure 4.2.

Figure 4.2: The construction of the curve v in D, and its image ¢(7) in the dynamical plane.

Define
L= F.()-

k>0
Then, I' € AU lands at p, ending the proof of Lemma 4.7.4, and hence of Theorem
4.7.1. ]

4.8 Lyapunov exponents for transcendental maps

Let f € K, and let X c C. Let i be a measure supported on X, and assume log |f'| €
L'(). Then,

o= [ log|f'|d
ou

is called the Lyapunov exponent of f (with respect to the measure p). In the previous
sections, we were interested in the particular case where X is the boundary of an invariant
Fatou component U, and p = wy. We needed to assume log|f’| € L'(wy). It is well-
known that this holds for rational maps [Prz85], but it is not clear what happens in the
transcendental case. In Section 4.8.1, we prove integrability of log |f’| with respect to
wy, under some assumptions on the shape of the Fatou component and the growth of
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the function. In Section 4.8.2 we give conditions under which Lyapunov exponents are
non-negative. Again, this is well-known for rational maps [Prz93], but unexplored in the
transcendental case. Finally, Section 4.8.3 is devoted to extend some of the results to
parabolic basins and Baker domains.

4.8.1 Integrability of log|f’|. Proposition 4.E

We examine the integrability of log |f’| with respect to harmonic measure. First observe
that, by Harnack’s inequality, if log | f’| € L'(wy(p, -)), then log|f’| € L' (wy(q,-)), for all
q € U. Hence, we simply write log |f’| € L'(wy).

To begin with, we prove that the integrability of log|f’| and the Lyapunov exponent
is invariant under conjugating f by Mobius transformations. This is the content of the
following lemma, which follows from [Prz85, p. 165].

Lemma 4.8.1. (Lyapunov exponent invariant under Mdobius transformations)
Let f € K, and let U be an invariant Fatou component for f. Let M : C — C be a Mébius
transformation, and let g € K be defined as g := M o fo M~t. Then, log|f'| € L'(wy) if
and only iflog|g'| € LY (wnn). Moreover, if wy is f-invariant, then wy vy is g-invariant,
and

Xop (f) = Xwar (o (9).

Observe that, for rational maps, |f’| is bounded, so x,(f) is well-defined (although
a priori may be equal to —oo0). By a careful study of f around critical points, it is
established that it is never the case, and in fact Lyapunov exponents are always non-
negative ([Prz93], see also [URM23, Sect. 28.1]). In the case of transcendental maps, |f|
may not be bounded, and this is why we need the assumption on the growth.

To simplify the notation, in the sequel we shall assume oo € U, hence U is a compact
subset of the plane, and that none of the singularities is placed at oo.

Definition 4.8.2. (Order of growth in sectors) Let f € K, and let U C C be an
invariant Fatou component for f. We say that U is asymptotically contained in a sector of
angle a € (0,1) with order of growth B > 0 if there exists 1o > 0, s1,..., 8 € U ~ {0}
and &1,...,& € 0D, such that, if

k
Sar=|J{z€C: |z —s] <r|Arg & — Arg (2 — 5;)| < mar}

i=1

satisfies

(a) UN

Tc-

D<Si7 TO) - Sa,'ro;

(b) f has order of growth 8 > 0 in S,,,, i.e. there exist A, B > 0 such that, for all
r <roand z € Sqr, \ Sar,

AP < () < AP
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Geometrically, each of the sets
Si={2z€C: |z—s;)| <r/|Arg & — Arg (z — s)| < a}

is a sector of angle a € (0, 7), and side-length r > 0, with vertex at s; € OU. Note that
this notion of order of growth in sectors is invariant under conjugating f by a Mobius
transformation M, as long as M(U) C C and M(s;) # oo, i = 1,...,k. Indeed, M’
is uniformly bounded around OU and hence distances are distorded in a controlled way
when applying M.

Next we check that, if U is asymptotically contained in a sector of angle a € (0, 1),
with order of growth 3 € (0,1/2«), then log|f’| € L' (wy).

Proposition 4.8.3. (log|f'| is wy-integrable) Let f € K, and let U be an invariant
Fatou component for f. Assume U is asymptotically contained in a sector of angle o €

(0,1), with order of growth 3 € (0, 5=). Then, log|f’| € L*(wy).

Note that Proposition 4.8.3 implies Proposition Proposition 4.E. Before proving it, we
need some estimates on the harmonic measure of sectors.

Estimates on the harmonic measure of sectors

We start by recalling the following estimate on harmonic measure of disks for simply
connected domains, which follows from Beurling’s Projection Theorem [GMO05, Thm. 9.2].

Theorem 4.8.4. (Harmonic measure of disks, [GMO05, p. 281]) Let U c C be a
simply connected domain, such that oo € U and diam(0U) = 2. Then, for all x € OU
and r >0, it holds

wy (00, D(z, 7)) < /T
Assuming that U is contained in some sector
Sar(,&) ={2€C: |z—2z| <r|Arg £ — Arg (z — 2)| < ma},

with vertex at © € U (see Fig. 4.3), we obtain improved estimates of harmonic measure
for disks centered at .

Lemma 4.8.5. (Harmonic measure of sectors) Let U C C be a simply connected
domain, and let zo € U, x € OU. Assume there exists 1o > 0, o € (0,1) and & € D, such
that

D(z,1m0) NU C Sap(x,€).

Then, there exists C > 0 and ri € (0,1¢) such that, for all r € (0,r1),
wy (20, D(x, 7)) < C - 124
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2= 2Z—X

Figure 4.3: A visual representation of the definition of the sector S, ,(, ).

Proof. Without loss of generality we assume 2y ¢ S, (2,&), and let r € (0,7). First
observe that, if V' denotes the connected component of U ~ D(x,r) that contains zy, we
have that

wy (20, D(x, 1)) = wy (20, D(x,r) NOU) < wy(z0,0D(x,7) N OU) < wy(20,0D(z,71)),

where in the first inequality we applied the Comparison Lemma [Con95, Prop. 21.1.13]
(note that we apply it to the complements, and hence the inequality is reversed), and the
second follows from the inclusion of the measured sets.

Next we observe that, without loss of generality, we can assume that
V CSy(x,8) ={2€C: |Arg £ — Arg (z — z)| < ma}.

Indeed, since we want to estimate the harmonic measure of disks D(z,7) centered at
x € OU (which is a local property of the boundary around the point ), and D(x,rq)NU C
Sare(x,€), for r > 0 small enough, we can disregard the part of U outside D(x, ).
Therefore, up to composing by appropriate Mdbius transformations, it is left to see
that, if
S={z€C: |Arg z| < ma},

then, for some constant C' > 0, we have
ws-p(o,(1,0D(0,r)) < C - raa.

However, since the length of a circumference of radius r is 27 (i.e. proporcional to the
radius), it is enough to see that ws(1, D(0,7)) decays to 0 like r2«, when r — 0 (see Fig.
4.4). But, since M(z) = 23« is a conformal map from S to the right half-plane fixing 1,
this follows straighforward (see again Fig. 4.4)

]
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Figure 4.4: A visual scheme to approximate harmonic measure of sectors.

Proof of Proposition 4.8.3

Proof of Proposition 4.8.3. By conjugating by a Moébius transformation if needed, we can
assume oo ¢ U. Note that log |f’| is integrable with respect to harmonic measure when
restricted to compact subsets of the domain C {s1,...,8k}. Indeed, the only difficulty
is to see that log|f’| is integrable around critical points. It is easy to check this by
considering the Taylor expansion of f around the critical point, and using that log |z — a|
is integrable with respect to wy for all a € C (see e.g. [PU10, Sect. 11.2]).

It is left to check integrability near the singularities, and here is where we use the
estimates on the growth. Let us use the notation

log™ |f'(2)] = max(0,log | f'(2)]),  log™ |f'(2)] := — min(0, log | f'(2)]),

so that [log|f'|| = log™ |f'| + log™ |f'| . Since log™® |f’| and log™ | f'| satisfy analogous
estimates, we check only that log"|f/| € L'(wy). In fact, we only need to check
integrability near s;, say in a disk D(s;,r) for some r > 0. Write D,, = D(s;,1/n), for n
small enough. We have

L 087 1 T £ 30 (@u(Dy) = wu(Dain) £ (0 +1)7 =)ty (Drsa)
1 1
B-1 _
SEn =Y

The hypothesis 3 € (0, 5-) guarantees the convergence of the sum, and hence of the

) 20
integral, as desired. []
4.8.2 Non-negative Lyapunov exponents. Proposition 4.F

Next, we give conditions under which y,, is non-negative. Our result is inspired in
[KU23, Lemma 9.1.2, Corol. 9.1.3], but we remark that we do not assume that f extends
holomorphically (in fact, not even continuously) to a neighbourhood of OU.

Proposition 4.8.6. (Lyapunov exponents are non-negative) Let f € K, and let U
be an invariant Fatou component for f, such that wy is f-invariant. Assume

167



(a) U is asymptotically contained in a sector of angle o € (0, 1), with order of growth
BE(0,5;);

(b) folog|z — SV| ™ dwy () < oco.

Then,
Xwy = / 10g |f,| dwU > 0.
oUu

Note that Proposition 4.8.6 implies Proposition 4.F.

Proof. If wy is f-invariant, then U is either an attracting basin or a Siegel disk, and wy is
precisely the harmonic measure with basepoint the fixed point p € U. In particular, f|gy
is ergodic with respect to wy.

1. Asymptotic contraction of f"|sy, wy-almost everywhere. By Proposition 4.8.3, the
integral x., = [y log|f'|dwy is well-defined. Since f|sy is ergodic, Birkhoff Ergodic
Theorem 1.1.9, for wy-almost every = € oU,

i~ Jog |(£") ()] = xeas ()

We want to see that y., (f) > 0. We shall assume, on the contrary, that x.,, (f) < 0, and
seek for a contradiction. ’
Since xu, (f) < 0, it follows that there exists M € (eXUJTU, 1) and ng == ng(x) € N such
that, for all n > ny,
() (@) <M< 1.

We fix o € OU satisfying the previous property, and we denote by {z,}, its forward orbit.

2. Shrinking domains where f|sy is univalent, wy-almost everywhere. Let M € (0, 1) be
the constant fixed in the previous step, and let x,, = f™(x), for n > 0.

Lemma 4.8.7. For wy-almost every x € OU and A € (M, 1), there exists ny > ng such
that f|D(xm>\n) is univalent, for all n > ny.

In particular, since A > M, f|p(z,,mn) is univalent, for all n > n,.

Proof. Since 8 < i, we can choose v € (0, i) Then, applying the estimates of Lemma
4.8.5, we have

1
Wy (S _1) <C-n 72,
a,n 7

and therefore

ZWU <San_;) < Z(}n_v%a < 400.

n>1 n>1

_1 and n € N large enough, we have

By the assumption on the growth, for all z ¢ S

[f'()<C-e,
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for some constant C' > 0. Then, it is easy to see that there exists C’ > 0 such that, for

z¢ S _

1
n v

and n € N large enough,

[f'()l <A,

where A € (M, 1) is the constant given in the statement of the lemma.

Now, using the previous computations and assumption (b), the first Borel-Cantelli
Lemma I.1.4 yields that, for wy-almost every = € QU and n large enough (depending on
x), it holds

(1.1) zpp1 & U D(s, AU,
seSV

(1.2) x, ¢ San

By (1.1), all inverse branches of f are well-defined in D(x,,,1, A™*1/2) and are univalent.

Denote by F the inverse branch of f defined in D(z,41, A\®*1/2) such that F(z,,1) = z,.
By Koebe’s distortion estimates 1.3.3, we have

F(D (i1, \"/?)) 5 D(z,, R),

where

1 A\(n+1)/2 1 A(n+1)/2 an

R=="|F(x, \rD/2 . > YA K O\T

1 | F'(#n41)] 4 1f(z)] = 4 “
for some constant K > 0. It follows that there exists n; := ni(x) large enough so that,
for n > nq,

F(D(2p41, \"™/2)) 5 D(,, A").

Hence, f|p(z,,an) is univalent, for all n > n;. O

Hence, we fix a point z € QU such that its forward orbit {z,}, satisfies the following
conditions, with M € (0,1) and ny = ny(z) as above:

(2.1) |(f*)'(2)|7 < M™ < 1, for all n > ny;

(2.2) f|p(zn,mmy is univalent, for all n > n;.

3. Quantitative contraction of f™|pany, for n large enough. Let

N

b = | (F"4) ()

. P=1]1—0b).

n>1

Observe that, since > b, < > M" < oo, P is convergent. For all n, let

n

D, = D(z,r- [] (1 —bn)).

m=1

We can choose r := r(x) > 0 small enough so that 2r < 1, f"|p, is univalent, and
[ (Dn,) C D(@py, M™).
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Claim 4.8.8. For n > ny, f"|p, is univalent, and f"(D,) C D(x,, M™).

It follows from the claim that, for all n € N, f™ is univalent in D(z,rP) and f"|pzrp) C
D(xp, M™).

Proof. We prove the claim inductively: assume the claim is true for n > nq, and let us
see that it also holds for n + 1.

First note that, since f*(D,,) C D(x,, M™) (by inductive assumption) and f is univalent
in D(x,, M™) (by Lemma 4.8.7), it follows that f"*!|p, is univalent. In particular, since
Dyy1 C D, we have that f"|p, ., is univalent.

Now we use Koebe’s distortion estimates (Thm. 1.3.3) to prove the bound on the size
of f"1(D,;1). Indeed, since f"*!|p is univalent, we have f"*(D, 1) C D(x,41, R),

where

. 2
R=r-JL(1=bu)- Y (@) - g5 < 2
as desired. ]

4. Contradiction with the blow-up property of the Julia set. Let R > 0 be small enough
so that D(p, R) C U, where p is the fixed point of f in U. Let ny > mny be such that
Mm2 < & (recall that M € (0,1), so such ny exists).

Then, f2(D(z,rP)) is a neighbourhood of z,, = f"(x) € J(f). By the previous step,

U (D(z,rP)) € |J D(xn, M™ € |J D(wn, M™) C C~ D(p, R/2).

n>no n>ns n=ng
This is a contradiction of the blow-up property of the Julia set. Notice that the
contradiction comes from assuming Y., < 0. Therefore, x,, > 0, and this ends the
proof. O]

4.8.3 The Lyapunov exponent for parabolic basins and Baker domains

The boundary of parabolic basins and doubly parabolic Baker domains do not support
invariant probabilities which are absolutely continuous with respect to the harmonic
measure wy. However, the measure

Mw(d)= [ ’w_11|2d>\(w), A € B(oD),

is invariant under the radial extension of the associated inner function g (taken such that
1 is the Denjoy-Wolff point) and its push-forward p = (¢*).Ag is an infinite invariant
measure supported on oU .

Hence, in the case of parabolic basins and doubly parabolic Baker domains, we shall
consider the Lyapunov exponent of f with respect to

)= [ doglfdp.
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We show that, for parabolic basins, if log|f’| is integrable with respect to harmonic
measure, then it is also integrable with respect to the invariant measure p. Note also
that Lemma 4.8.1 and Proposition 4.8.3 give conditions for log|f’| € L'(wy) and do not
assume that wy is invariant, so they still hold in the parabolic setting.

Proposition 4.8.9. (Parabolic Lyapunov exponents) Let f € K, and let U be a
parabolic basin. If log|f'| € L*(wy), then log|f'| € L*(w). If, in addition, X., > 0, then
Xu > 0.

Proof. For the first statement note that, since wy and p are comparable except in a
neighbourhood of the parabolic fixed point p € AU, it is enough to check that

/ log [ f'| dp < oo,
D(p.r)

for some r > 0. We note that, in contrast with the situation considered in Proposition
4.8.3, log | f'| achieves a (finite) maximum and minimum around p (since f’(p) = 1), but
now the difficulty comes from the fact that p is an infinite measure.

On the one hand, around the parabolic fixed point (which we assume to be the origin),
we have the following normal form, f(2) =z +az?+ ..., with a € C and ¢ > 2 (see e.g.
[Mil06, Sect. 10]). Therefore, log |f'(z)| ~ log(1 + qa |z|*").

On the other hand, by Lemma 4.8.4, we have that

A(g") " (D(p,1))) = wu(D(p,r)) < C - /1.

Therefore, setting D,, = D(p,1/n),

log | f'| du < log
L, eslfldn< 3

b,r n=ngo

$3 (- o)

S\ ()T

14 qa

(1(Dn) = p(Dn1))

na—1

00 nq—2
< .
<> 2D Vn < oo,
n=ng

as desired.

For the second statement, applying the Leau-Fatou Flower Theorem (see e.g. [Mil06,
Sect. 10]), we have that log|f’| > 0 in D(p,r) N OU, for r small enough. Then the
statement follows directly. O]

Remark 4.8.10. Proposition 4.8.9 is stated only for parabolic basins, and its proof used
the normal form around a parabolic fixed point. For a Baker domain, there is no longer
a normal form around the convergence point, since it is an essential singularity for f,
and hence the argument cannot be applied in general. However, for some explicit Baker
domains, similar estimates can be obtained and the argument may work ad hoc. Indeed,
consider for instance the Baker domain of the map f(z) = 2+ e~ * (see Chapter 1). Since
it is contained in a strip and f has finite order, by Proposition 4.8.3, log | | € L'(wy). To
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see that log | f/| € L'(u), it is enough to check integrability in a neighbourhood of infinity.
Note that f'(z) =1 — e %, so the estimates on |f’| are even better than in the parabolic
case, and the same argument can be applied. Moreover, |f’| > 1 in a neighbourhood of
oU, so x,u(f) > 0.
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Chapter 5

Boundaries of hyperbolic and simply
parabolic Baker domains

The goal of this chapter is to understand both topologically and dynamically the
boundaries of hyperbolic and simply parabolic Baker domains.

We note that all the Fatou components studied in the previous chapters (and in the
works of [DG87, BD99, BW91, BK07, Bar08, BFJK17]) are attracting and parabolic
basins, and doubly parabolic Baker domains, which share the same ergodic properties
of the boundary map (f|gy is ergodic and recurrent with respect to harmonic measure
wy, and wy-almost every point has a dense orbit in QU — aspects that are used in a
fundamental way in the previous works).

On the other hand, hyperbolic and simply parabolic Baker domains may exhibit a
completely different boundary behaviour. For instance, for the simply parabolic Baker
domain of the function

f(z) = 2+ 2mic + €7,
for appropriate o € [0,1] \ Q, studied in [BW91, Thm. 4] (see also Ex. 11.5.12), all
points in the boundary, which is a Jordan curve, converge to infinity under iteration.
Thus, the previous techniques do not apply and such Baker domains remain somehow
unexplored, except for the results in [RS18], [BFJK19, Thm. A] (Thm. IL.5.4), which
establish the measure of the escaping set in U, under certain conditions on the associated
inner function.

First, from an ergodic point of view, a hyperbolic or simply parabolic inner function
is non-ergodic and non-recurrent with respect to the Lebesgue measure A\ (Thm. 11.5.4).
By relying on properties of the Riemann map, we show that both non-ergodicity and
non-recurrence transfer to the boundary map, with respect to harmonic measure.

Theorem 5.A. (Ergodic properties of the boundary map) Let f € K, and let U
be a simply connected Baker domain, of hyperbolic or simply parabolic type. Then, flov
is non-ergodic and non-recurrent with respect to the harmonic measure wy .

Now, let us turn to analyze the Carathéodory set of such Baker domains. Let us recall
that, in Chapter II, we introduce the notion of Carathéodory set of the Baker domain U as
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the points x € OU such that, for any crosscut neighbourhood N C D at the Denjoy-Wolff
point p € 0D, there exists ky such that, for all k£ > ko,

fH(z) € ().

In other words, the Carathéodory set is the set of points in OU whose orbit converges to
the Denjoy-Wolff point in the Carathéodory’s topology of dU.

By the results of Doering and Mané for inner functions (Thm. I1.3.7), the Carathéodory
set has full harmonic measure (and, in particular, it is dense in OU) for simply connected
Baker domains, of hyperbolic or simply parabolic type. Moreover the escaping points
constructed in [RS18], [BFJK19, Thm. A] are also in the Carathéodory set (and since they
are escaping, they are also in the Denjoy-Wolff set). However, points in the Carathéodory
set may fail to converge to infinity in general, if the cluster set of the Denjoy-Wolff point
is non-degenerate.

In view of these results, one shall ask if there exist points in QU which are not in the
Carathéodory set. The answer is negative in general, as shown by the univalent Baker
domain of f(z) = z + 2mia + €* introduced above (Ex. I1.5.12). In Section I1.5.4, we
analyse other examples of univalent Baker domains which have either none or a single
non-Carathéodory point in the boundary. We note that, in this case, the associated inner
function is a Mobius transformation, and every point in 9D (with at most one exception)
converges to the Denjoy-Wolff point.

On the other hand, if the Baker domain U is non-univalent, there exists a perfect set
in D in which iterates do not converge to the Denjoy-Wolff point locally uniformly (the
Julia set J(g)), and thus one expects plenty of non-Carathéodory points in the boundary
of U.

Our result reads as follows.

Theorem 5.B. (Non-empty non-Carathéodory set) Let f: C — C be an entire
function, and let U be a non-univalent hyperbolic or simply parabolic Baker domain. Let
0: D — U be a Riemann map, and let g = ¢~ o f oy be the inner function associated
with (f,U) by ¢. Assume there exists a crosscut neighbourhood N¢ of & € J(g) such
that o(N¢) N P(f) = 0. Then, there are uncountably many points which are not in the
Carathéodory set, which are furthermore accessible from U.

The hypothesis of the existence of a crosscut neighbourhood N¢ of £ € J(g) such that
©(Ne) N P(f) = 0 is always satisfied when SV(f) N U is compactly contained in U, in
particular, if f|y has finite degree (see Prop. IL.5.1). Note also that, if SV(f) N U is
compactly contained in U, then the Denjoy-Wolff point of the inner function is not a
singularity (Prop. IL.5.1), and by [BFJK19, Thm. A], the Denjoy-Wolff set (and the
Carathéodory set) has full harmonic measure. However, it follows from Theorem 5.B that
not all points in QU are in the Carathéodory set.

The previous result relies strongly on the topology of the boundary of unbounded Fatou
components of entire functions, studied in [BD99, Bar08], following the same argument
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as in Theorem 2. Recall that, for non-univalent Fatou components of entire functions,
the set of accesses to infinity

O = {6 €ID: p*(§) = 00}

is related with the Julia set J(g) in the sense that J(g) C O, (see Chapter II). For
hyperbolic and simply parabolic Baker domains, this translates into the following
properties, concerning the topology of the boundary, the Julia set J(g) and the
singularities of the associated inner function.

Proposition 5.C. (Baker domains of entire functions) Let f: C — C be an entire
function, and let U be a non-univalent hyperbolic or simply parabolic Baker domain. Let
0: D — U be a Riemann map, and let g = ¢~ o f o be the inner function associated
with (f,U) by @. Then, the following holds.

(a) (Topology of OU) OU has infinitely many components. Moreover, for all & € 0D,
the cluster set Cl(p,&) NC is contained in either one or two components of OU ; in
the later case, p*(§) = co.

FEach component C' of OU contains points of the cluster set Cl(yp,&) NC of a unique
¢ € J(g), with at most countably many exceptions.

(b) (Associated inner function) Assume © # OD. Then, J(g) is a Cantor set, and
the set of singularities of g, FE(g), is nowhere dense in 0D. If, in addition, the
Dengoy- Wolff point p € 9D is not a singularity, then both J(g) and E(g) have zero
A-measure.

(c) (Periodic points) Assume J(g) # OD. Then, periodic points are not dense on OU.

Examples of non-univalent hyperbolic or simply parabolic Baker domains of entire
functions are given in [RS18], [Rip06], [Bar08, Ex. 3.6] [BZ12], compare also with
[Bar08, Sect. 2.5] for examples of meromorphic functions (thought as inner functions
with a unique singularity). The examples in [BZ12] satisfy that © # 9D, and in fact ¢
extends continuously to an arc.

The question on the size of the singularities of the inner function associated with a
Fatou component has been widely studied [EFJS19, ERS20], see also [IU23, Part III]
and Theorem 2 and Theorem A, although all these inner functions are associated with
attracting or parabolic basins, or doubly parabolic Baker domains. This is the first time
that inner functions of hyperbolic or simply parabolic type are addressed. Note also that,
although for finite degree Blaschke products the Julia set is either a Cantor set or the unit
circle, this no longer holds for inner functions of infinite degree [Bar08, Sect. 2.5], and
hence (b) provides additional requirements on the inner functions that can be associated
to Fatou components.

Finally, one can go one step further and ask whether there are periodic points in the
boundary of such Baker domains. Even if periodic points are not dense in the boundaries
in general, we prove the following.
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Theorem 5.D. (Boundary dynamics) Let f € K and let U be a non-univalent simply
connected Baker domain, of hyperbolic or simply parabolic type. Let ¢: 1D — U be a
Riemann map, and let g = ¢~ o fo be the inner function associated with (f,U <) by .
Assume there exists a crosscut neighbourhood Ne of & € J(g) such that o(N¢)NP(f) = 0.
Then, the following holds.

(a) There exist countably many accessible periodic points on OU. More precisely, for any
¢ € J(g) and any crosscut neighbourhood N of (, there is an accessible periodic
point in p(N¢).

(b) For any countable collection of crosscut neighbourhoods {Ng, }, of & € J(g), there
ezists an accessible point x € OU and a sequence ny, — oo such that f™(x) € @(Ng,).

Moreover, if f|y has infinite degree, x can be taken bungee, i.e. such that {f™(z)}

n
neither escapes nor is compactly contained in Q(f).

(c) If T(g) = ID and wy(P(f)) = 0, then periodic points are dense on OU. Moreover,
if flu has infinite degree, there are accessible points on OU whose orbit is dense on

ou.
The assumptions in (c¢) are satisfied for the hyperbolic Baker domain of the function
f(z) =2z —-3+¢,

studied by Bargmann [Bar08, Ex. 3.6] (see Ex. 11.5.14). Note the wide range of boundary
dynamics for hyperbolic and simply parabolic Baker domains: from examples for which
every point in QU is escaping, to others for which both periodic and bungee points are
dense on JU.

We remark that the construction of periodic boundary points for basins of rational
maps in [PZ94] relies strongly on the ergodic properties of the boundary map (more
precisely, ergodicity and recurrence), as well as the constructions in Theorems II and
I11. Instead, we use the topological properties of J(g), but the complexity of the proof
increases substantially.

5.1 Ergodic properties of f: OU — 0U. Proof of Theorem 5.A

Now we prove Theorem 5.A, which states that, for a hyperbolic or simply parabolic
Baker domain U, the boundary map f: 0U — 00U is non-ergodic and non-recurrent
with respect to harmonic measure wy.

Note that, even though the diagram

ou —L au

g e

oD —~ oD
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commutes A-almost everywhere, and thus f|sy is a factor of ¢*|sp, the map ¢*: 0D — OU
need not be an isomorphism. Thus, the non-ergodicity and non-recurrence of f|gy can not
be deduced straightforward from the non-ergodicity and non-recurrence of ¢*|sp (Thm.
11.3.7), and our proof relies on properties of the Riemann map (more precisely, Thm.
I1.4.2), and of hyperbolic and simply parabolic inner functions (Thm. 11.3.7, 11.3.9). For
more details on the ergodic properties of measure-theoretical isomorphisms and factor
maps see e.g. [KH95, Sect. 4.1.g].

Remark 5.1.1. In the particular case of hyperbolic and simply parabolic Baker domains
of entire maps, the map ¢*: 0D — QU is one-to-one (Thm. I1.5.7), and thus the non-
ergodicity and non-recurrence follow straightforward from the analogous properties of the
associated inner function.

Proof of Theorem 5.A. Let us start by proving that f|sy is non-recurrent with respect to
wy. Note that if
@*: 0D — U

is a measure-theoretical isomorphism (i.e. a bijection up to sets of zero measure), non-
recurrence follows from the same property of the associated inner function. Therefore, we
shall assume that there exist &1, & € ID and x € OU C Q(f) such that ¢*(&) = ¢*(&) =
x. Then, the image under ¢ of the radial segments at & and &, together with x, i.e.

(R(&1)) Up(R(§2)) U{x}

is a Jordan curve in @, and divides QU in two sets X1, X5 of positive measure. Moreover, &
and &, delimit two (non-degenerate) open circular arcs, say I; and Iy, and (p*)"}(X,) C I,
and (p*)~1(Xy) C I,. We assume the Denjoy-Wolff point of the inner function lies in I;.
Since A-almost £ € JD converges to the Denjoy-Wolff point under the iteration of ¢*
(Thm. I1.3.7), it follows that wy-almost every point in X, does not come back to Xo
infinitely often (since its orbit is eventually contained in X;), and proves non-recurrence.
See Figure 5.1.

Let us turn now to prove non-ergodicity, i.e. the existence of an invariant set of neither
full nor zero measure. To do so, let

X ={£€dD: p*(&) =a, ¢*(§;) = a for three distinct points &; € ID} .

By Theorem I1.4.2; A\(X) = 0, since it is the countable union of sets of measure zero.
Moreover, since inner functions are non-singular,

Z =D~ | (¢")"(X)

neL

is invariant under ¢* and has zero A\-measure.

Since g*|op is non-ergodic, there exists A C Z such that A\(A4) € (0,1) and (¢*)"(A) =
A. Since f o p* = ¢* o g* holds A-almost everywhere, the set ¢*(A) is f-invariant up to a
set of zero measure. If wy(p*(A)) € (0,1) we are done.

177



xz € oU

Il Xl

©(0)

)

f

Figure 5.1: Set-up of the proof of non-recurrence: schematic representation the Riemann map ¢: D —
U, together with the choice of &1,&; € OD.

Otherwise, wy(¢*(A)) = 1, and ¢*|4 is one-to-one (up to a set of zero measure). We
claim that there exists A’ C A such that (¢*)"}(4') = A" and 0 < A(A") < A(A).
This would imply that wy(¢*(A")) € (0,1), since p*|4 is one-to-one (up to a set of zero
measure), and thus will end the proof of Theorem 5.A.

To prove the existence of A" we rely on Theorem I1.3.9, which claims that there exists
h inner function and 7" Mébius transformation such that

oD —~ % oD

ol |

oD —L - oD

A-almost everywhere, and h*|sp is measure-preserving. With this diagram in mind it is
easy to obtain the set A’ (since there exist T-invariant sets of arbitrarily small measure
contained in h*(A)). The proof is now complete. O

5.2 Hyperbolic and simply parabolic Baker domains of entire
functions. Proof of Theorem 5.B and Proposition 5.C

In this section we prove Theorem 5.B, which asserts that the non-Carathéodory set is
non-empty for non-univalent Baker domains of entire functions, of hyperbolic or simply
parabolic type, under the assumption that there exists a crosscut neighbourhood N¢ of
£ € J(g) with o(Ne) N P(f) = 0.

We split the proof into three steps: first, we prove that J(g) has positive Hausdorff
dimension; second, we prove topological properties of the boundaries of such Baker
domains (Proposition 5.C); and finally we prove Theorem 5.B, which will be a
consequence of the two previous results.

The Hausdorff dimension of J(g)

We prove the following.
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Lemma 5.2.1. (Hausdorff dimension of J(g)) Let f € K, and let U be a non-
univalent simply connected Baker domain, of hyperbolic or simply parabolic type. Let
©: D — U be a Riemann map, and let g = o~ o f o ¢ be the inner function associated
with (f,U) by ¢. Assume there exists a crosscut neighbourhood N¢ of € € J(g) such that
©(Ne) N P(f) = 0. Then, the Hausdorff dimension of N¢ N J(g) is positive.

Note that, in the case where g has finite degree (and thus it is a rational function),
the fact that the Hausdorff dimension of 7 (g) is positive follows from a result of Garber
[Gar78, Thm. 1].

Our proof follows the same ideas as in [Sta94, Thm. A], where Stallard prove that the
Julia set of a meromorphic function has always positive Hausdorff dimension. In its turn,
her result relies on the following lemma [Fal03, Prop. 9.7] (see also [Sta94, Lemma 2.1]).

Lemma 5.2.2. Let ¢y, ¢o be contractions on a closed set D C C such that for each
x,y € D, we have

bi |z —y| < |di(x) — di(y)|
with 0 < b; <1,1=1,2. Let F C D be such that

F=¢1(F) U ga(F).
Then, the Hausdorff dimension of F is greater than s, where bj + b5 = 1.

Proof of Lemma 5.2.1. Since ¢(N¢) N P(f) = 0, according to Proposition I1.3.14, there
exists a disk D such that DN J(g) # 0, and all branches G,, of g™ are well-defined (and
univalent) in D. Without loss of generality, let us assume that the Denjoy-Wolff point of
g is not in D.

Recall that preimages of any point in J(g) are dense in J(g) (Lemma I1.3.12), and,
as an straightforward consequence of Koebe distortion theorem together with the fact
that Julia sets have empty interior, given a sequence of iterated inverse branches {G,},,
diam G, (D) — 0. Therefore, we can choose ¢ = G,,|p and ¢ = G,,|p such that
&1 (D) U ¢a(D) = 0, ¢po(D) € D and ¢1(D) C D (for appropriate ny, ny and suitable
inverse branches).

Now the proof continues as in [Sta94, Thm. A]; we outline it for completeness. First,
note that ¢y, ¢, satisfy the hypothesis of Lemma 5.2.2 (indeed, the fact that they are
contractions follows from Schwarz lemma; the existence of b; follows from the univalence
of ¢; in D). Next, define

Di, i, =iy 000, (E)a

H = U ﬂ Dil...in7
n=1

where the union is taken over all possible sequences 45 ...14,, i; € {1,2}. Then, H is a
non-empty compact set and

H = ¢1(H) U ds(H).
According to Lemma 5.2.2, H has positive Hausdorff dimension. Moreover, the orbit
under g* of points in H comes back to H C D infinitely often. Thus, points in H do not
converge to the Denjoy-Wolff point, meaning that H C J(g), as desired. O]
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Note that, more precisely, we proved that the set of points in Ng N9D which come back
to N¢ infinitely often under iteration has positive Hausdorff dimension.

Proof of Proposition 5.C

We prove the different statements separately.

(a) If U is a non-univalent Baker domain, then J(g) C © and J(g) is uniformly perfect
(Lemma I1.3.10, Thm. I1.5.6). Thus, © is infinite. Moreover, given £, & € O, the image
under ¢ of the radial segments at & and &, together with infinity, i.e.

p(R(&1)) Up(R(€2)) U {oo}

is a Jordan curve in @, say 7y, and C~ v has two connected components, each containing
points of OU. It follows that OU has infinitely many connected components. The fact
that, for all £ € D, Cl(p, &) NC is contained in either one or two connected components,
and ¢*(§) = oo in the latter case, follows from Lemma 11.4.8.

It is left to prove that each component C' of OU contains Cl(p,&) N C for a unique
¢ € J(g), with at most countably many exceptions. Since prime ends are symmetric with
at most countably many exceptions [Pom92, Prop. 2.21], we shall restrict to £ € D such
that Cl(p, &) NC is contained in a unique component of OU.

Assume first that ©,, = ID. Let &, & € OD. Then, there exists (i, (s € O, the image
under ¢ of the radial segments at ¢; and (s, together with infinity, i.e.

P(R(G)) U p(R(G)) U{oo}

is a Jordan curve in @, say 7y, and C~ ~ has two connected components, one containing
Cl(p,&)NC and the other containing Cl(p, &)NC. This already implies that Cl(p, &)NC
and Cl(¢, &) NC lie in different components of OU. See Figure 5.2.

D ¢l ¢ (C1) U

&1 0 ¢ &L — ©(0

G2 [e" (&)
v O

Figure 5.2: Set-up of the proof of Proposition 5.C(a): schematic representation the Riemann map
p: D — U, together with &;,& € D, and the choice of (1,(s € O.

Now, assume O, # OD. Then, D \ O, is open, so consists of countably many
(open) circular intervals on dD. These open intervals (which are in F(g)), together with
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their endpoints (in J(g)), correspond to countably many components of OU, which we
disregard. The remaining points are in O, and we can proceed as in the previous case.
This ends the proof of (a).

(b) We rely on the following version of the Gross star theorem for iterates of a meromorphic
function. The proof can be found in [MPRW25, Thm. 3.1], inspired in the general version
of the Gross star theorem given by Kaplan [Kap54, Thm. 3].

Theorem 5.2.3. (Gross star theorem for iterates) Let f: C — Cbea meromorphic
function, and let zg € C and k > 1 be such that wy = f*(z) is defined and (f*)'(20) # 0.
Let W 3 wq be a simply connected domain; for 0 € (0,27), denote by vy the hyperbolic
geodesic of W starting at wy in the direction 6. Then, for almost every 6 € (0,27), 7y is
an arc connecting wy to an endpoint wg € OW , and the branch Fy, of £~ that maps wy
to 2y can be continued analytically along vy into wy.

We have to prove that J(g) is has empty interior (then, since it is uniformly perfect,
it follows that it is a Cantor set, and, since E(g) C J(g), E(g) has empty interior). On
the contrary, assume I C J(g) is a (non-degenerate) circular interval.

The set

X = J{p(R(§): £ € O} U{oo}

divides C (and QU) into infinitely many components. Let J C 9D \ O, be a maximal
circular interval. Then, Cl(y, J) is contained in one component of OU, say C, and any
other interval in 0D ~. O, is contained in a different one.

Since preimages of points in 9D are dense in J(g) there exists Iy C I and n > 1 such
that ¢"(Ip) C J. Since critical points of f™ are discrete, take zyg = ¢*(&) € C, for some
& € Iy, not a critical point of f. Then, f"(z)) = wy € C, and let W > wy be a simply
connected domain, such that W N oU C C (note that this is possible because all other
components of AU lie in different components of C<X ). Then, by Theorem 5.2.3, the
branch F;, of f™ sending wy to 2y can be continued along an open set containing a continua
Ko € Cin C. This implies that, for an interval I; C I,

{Cl(p,6): £ € 1} C K.

This contradicts the fact that Iy C J(g9) C O, (and thus accesses to infinity are dense
in {Cl(p,&): £ € I}), implying that J(g) is nowhere dense in 0.

Finally, if the Denjoy-Wolff point p € D is not a singularity for g, it follows from the
local dynamics around p (which is either an attracting or a parabolic point, with one
petal, for g), that the Fatou set F(g) is non-empty, and

J(g) ={&€aD: (¢")"(&) A pru U (g")"(p).

n>0

In other words, the only way of converging to the Denjoy-Wolff point is either being a
preimage of it, or being in the Fatou set. According to Theorem I1.3.7, the right-hand side
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set has zero A-measure. Therefore, A(J(g)) = 0 and, since E(g) C J(g), A(E(g)) =0, as
desired.

(c) Assume J(g) # JD, we have to prove that periodic points are not dense in OU. As in
(b), note that the set

X = J{e(R(€): € € O} U {00}
divides C (and AU) into infinitely many connected components.

Let I € 0D\ J(g) be an (open) circular interval, which we can choose so that I and the
Denjoy-Wolff point p € JD can be separated in dD by two different points &1, & € O,
i.e. p and I lie in different circular arcs Iy, Iy of 0D ~\ {&,&}, say p € I, I C I,. Note
that

p(R(&1)) U e(R(§2)) U {oo}
is a Jordan curve in C, say v, and C~ v has two connected components, X; and X5, with
Cllp,;)NC C X;.
Since ¢g"|; — p uniformly on compact sets, ¢g"(I) C I; for large n, and

Cl(g@, I) - OZ(QO,IQ) C XQ,

[ (Cl(p, 1)) = Cl(p,g" (1)) C Cl(p, I) C X;.

This implies that there are no periodic points in Cl(yp, I), and thus periodic points are
not dense in OU.

The proof of Proposition 5.C is now complete. OJ

Proof of Theorem 5.B

Without loss of generality, assume that the Denjoy-Wolff point p of g does not belong to
N¢. Since J(g) is uniformly perfect, we can find a crosscut neighbourhood M; such that
M, C N¢, and there exists &, & € © such that p and M, do not lie in the same circular
arc of OD \ {&1,&}. Therefore, for any crosscut neighbourhood N C D of p small enough,

P(N) Np(Me) = 0.

According to Lemma 5.2.1, the Hausdorff dimension of Mg N J(g) is positive (more
precisely, the set of points in M N D which come back to M; infinitely often under
iteration has positive Hausdorff dimension). Hence, there exists £ € M N J(g) such that
©* (&) € Q(f). We can assume that the orbit of £ comes back to M infinitely often.

We claim that ¢*(£) does not belong to the Carathéodory set. Indeed, if ¢*(£) belongs
to the Carathéodory set, for any crosscut neighbourhood N C D at the Denjoy-Wolff
point p € 0D, there exists ky > 0 such that, for all & > kg,

fH(x) € p(N).
Since p(N) N (M) = 0, this contradicts the fact that the orbit of ¢ visits M infinitely
often. The proof of Theorem 5.B is now complete. 0
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5.3 Boundary dynamics. Proof of Theorem 5.D

Proof of Theorem 5.D. Before proceeding with the proof, note that, since there exists
a crosscut neighbourhood N¢ of ¢ € J(g) such that ¢(N¢) N P(f) = 0, Lemma 5.2.1
guarantees that the Hausdorff dimension of [J(g) N (Ng) is positive. In particular, there
exists £ € J(g) N (Ng) such that ¢*(§) exists and belongs Q(f).

We split the proof in several steps.

(1) Construction of a region of expansion. Let us consider an appropriate neighbourhood
W of ¢(N¢), and prove that, with respect to the hyperbolic metric in W, inverse branches

are contracting, and uniformly contracting when restricted to compact sets.

Lemma 5.3.1. Let W := C ~\ P(f). Then, the following holds.
(a) f: f7Y(W) — W is locally expanding with respect to the hyperbolic metric py, i.e.

pw(2) < pw(f(2)) - |f'(2)],  for all z € f7H(W).

(b) For all z € W, there exists a neighbourhood D, C W of z such that all branches F,
of f~™ are well-defined in D,, F,(D,) C W and

disty (F.(z), F(y)) < distw (z,y), forall x,y € D,.

(c) Let z € W, and let Dy (z, R) be the hyperbolic disk centered at z of radius R. Then,
there exists C' € (0,1) such that, if F,(z) € Dw(z,2R) and r € (0, R), then

F.(Dw(z,r)) C Dw(F,(2),C 1) C Dw(z,3R).

Note that ¢(Ng) € W, since ¢(N¢) N P(f) = 0. Note also that the constant C' does
not depend on n.

Proof. The first two items are standard in transcendental dynamics. For the third item,
note that, by the Schwarz-Pick lemma [CG93, Thm. 1.4.1] and the triangle inequality, we
have that

F.(Dw(z,7)) C Dw(F,.(2),7) C Dw(z,3R).

This last disk is relatively compact in W, and hence there exists C' € (0, 1) such that
ow(2) <C-pw(f(2))-|f(2)], forall z€ Dw(z,3R).
Then, by the Schwarz-Pick lemma [CG93, Thm. 1.4.1],
pw(2) < C-pw(f(2)) - [f'(2)]
<Cpwl(fHFE)) - |FY S| (2)
< Cpw(f™(2) - 1) ()]
for all z € Dy /(z,3R), implying the first inclusion. The last inclusion follows from the

triangle inequality:. O
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(2) Construction of accessible periodic points. Let us start with the following lemma.

Lemma 5.3.2. Let ¢ € J(g) be such that x = ¢*(¢) € C and there exists a crosscut

neighbourhood N such that o(N¢) NP (f) = 0. Then, for allr > 0, there exists a periodic
point p in Dy (x,r), which is accessible from U.
Moreover, given a finite collection of crosscut neighbourhoods {N¢, },_,, with & € J(g),

p can be taken with f™(p) € p(Ng,), for appropriate nj, € N.

Note that, in particular, p can be taken of arbitrarily large period.

Proof. Let us start by proving the following claim.

Claim 5.3.3. There exists p > 0, a closed non-degenerate circular interval I and a subset
K C I such that

1. K=1;
2. foralln € K, A,(¢) C Dw(x,7/4);
3. for allm € I and py > 0, there exists o, € K so that R,(m) N Ay(n2) # 0;

4. for allm € I, iterated inverse branches are well-defined in D(n, p) and

Gn<Rp(77)) - Ap(Gn(n))

where R, and A, denote the radial segment and Stolz angle, respectively (for some
opening o € (0,7/2) which is fized throughout the whole proof of Theorem 5.D).

Proof. Note that wy(Dw(z,r/4)) > 0, so X = (o*)"(D(z,r)) has positive Lebesgue
measure. Without loss of generality, we can assume X is contained in a circular interval
for which condition (4) is satisfied, for some p > 0. Now, write

X" = {£ e X: A6 C DW(x,r/4)}.
Since radial and angular limits coincide, we have

X=X
n>0
implying that A(X™) > 0 for some n > 0. Let K be the set of Lebesgue density points for
X™. Note that A(K) = A\(X™) > 0. Without loss of generality, we can assume that K is
connected (and hence it is a non-degenerate closed circular interval). Denote this closed
circular interval by 1.

Replacing p by p/n, we constructed a circular interval I and a subset of it, K C I,
which satisfy conditions (1), (2) and (4). Then, condition (3) follows straightforward from
the fact that K is dense in I (replacing I by a smaller subinterval if needed). This ends
the proof of the claim. O
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Without loss of generality, we can assume ¢ € I (otherwise, replace ( by a point in I,
and prove the lemma for this new point; this already implies the theorem for the original

)

Now, let C' be the constant of hyperbolic contraction given by Lemma 5.3.1(c), and let
no be such that C™ < 1/2. Since iterated preimages of any point in 7 (g) are dense in 7 (g)
(Lemma II1.3.12), we can find an inverse branch G, of g", well-defined in U, ¢; D(7, p), such
that, if we denote by G, j = 1,...,n, the inverse branch of ¢/ sending ¢ to g" 7 (G,(()),
it holds

L #{j=1,...,n: Gj(C) € I} > ny;
2. Gn(¢) e I;

3. if we denote by I, the circular arc bounded by N, , there exists j € {1,...,n} with
G;(C) € I,

Now, let F; be the inverse branch of f7 corresponding to G, (i.e. the one such that
poG;=F;opin Ay(()), which is well-defined in Dy (x,r). We claim that

F.(Dw(z,7)) C Dw(F,(z),C™ -r) C Dy (F,.(x),7r/2).
According to Lemma 5.3.1, it is enough to see that
#{j=1,....,n: Fj(x) € Dw(x,2r)} > ny.
Indeed, for all j € {1,...,n}, we have that
Fy(Dw (1) € Dy (Fya), 7).

Moreover, for all j € {1,...,n} such that G;(¢) € I (what happens at least ny times),
there exists n € K such that

0 # Gi(R,(C) N A,(n) 3 2.

Thus, w = ¢/(2) € A,(Q), G(w) = = € A,(n), s0
o(w), (G, (w)) = Fy(p(w)) € Dw(z,r/4).
Therefore, by the triangle inequality,
distu (F (2), ) < distw (E}(2), F} (p(w)) + distw (Fy(p(w)), ) < 2r,

as desired.
Next we claim that

F.(Dw(z,7)) C Dy (x,7r).

Indeed, recall that G,, has been chosen so that G, (¢) € I. Therefore, there exists n € K
such that

0 # Gn(RP(Q> M Ap(ﬁ) >z,
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and, as above, w = ¢"(2) € A,(¢), Gn(w) = 2 € A,(n), so

p(w), p(Gu(w)) = Fn(p(w)) € Dy (x,7/4).

Note that A,(n) N A,(C) # 0.
Since we just proved that F,,(Dw(z,r)) C Dw(F,(x),r/2), we have

distw (Fy, (), z) < disty (F,.(x), Fr(e(w))) + distw (F,(o(w)), ) <

Therefore, F,,(Dw (z,7)) C Dw(x,3r/4), implying the claim.
See Figure 5.3.

Figure 5.3: Set-up of the proof of the existence of a periodic point in D(z,r), for z = ¢*(¢) € C,
CeJ(9):

Finally, by the Brouwer fixed point theorem, F, has a fixed point p € Dy (x,r). We
claim that p is accessible from U, and thus p € QU. Indeed, let v be a curve connecting w
and G, (w) in A,(n) U A,(C), which exists because A,(n) N A,(() # 0. Then, ¢(v) joins
e(w) and F,(p(w)) in U N Dy (z,7). The curve

I= U F'em)

m>0

lands at p, ending the proof of the lemma. n

(3) Distribution of periodic points. Statement (a) follows straightforward from Lemma
5.3.2, taking into account that the preimages of £ € 9D are dense in J(g), and, if { =
Gn(§), then ¢*(() exists and it belongs to W. Indeed, this follows from the commutative
relation ¢ o G,, = F}, o ¢ in any sufficiently small Stolz angle at £&. Then, for the radial
segment R(§), we have



By Lindel6f Theorem 11.4.5, this already implies that ¢*(¢) exists (and belongs to W by
the backward invariance of W). Therefore, one can apply Lemma 5.3.2 to ( = G, (§) and
get the desired result.

If 7(g9) = 0D and wy(P(f)) = 0, note that one can apply Lemma 5.3.2 to A-almost
every point on 0D.

(4) Accessible points with prescribed orbit. We find the desired point inductively. Indeed,
let zo = ¢*((o) € W as in Lemma 5.3.2, there exists an inverse branch F),,, well-defined
in Dy (xg,70) such that

1' Gnl(go) = Cn17 FN1(IO) - (p*(Cnl) - xnl 6 W ﬂ aU,
2. Fm(D(xO?rO)) - DW(xinl) C Dw(ifo,’f’o), r = 7’0/2;

3. at least one of the sets { Dy (xo,70), F1(Dw (x0,70)), - - -, Fuy (Dw(z0,70))} intersects
@(N&)'

Since z,, = ¢*(¢yy) € W N OU, we can apply again Lemma 5.3.2 to find an inverse
branch F,,,, well-defined in Dy (z,,,71), satisfying the analogous properties. Therefore,

proceeding inductively, we get a sequence of inverse branches {F,,, }, and points {(,, }, C
oD, {z,, }, C OU satisfying that the inverse branch F,,, , well-defined in Dy (2, ,,7%-1)
and

L. Gnk (an—l) = an’ Fnk (xk—l) = 90*(an) =Ty, € wn 8U;
2. B, (D(xp,_,,75-1)) C Dw(zp,, k) C Dw(zp, |, Tk—1), Tk = Tk-1/2;

3. at least one of the sets

{Dw(fﬂnk,prk—l), Fl(DW(ﬂfnk,lﬂ"k—l)), s Fnk (Dw(ﬂfnk,lﬂ’k—l))}

intersects (e, ).

See Figure 5.4.
Let

T, = ﬂ F, (D($0, 7’0))-

Note that z, € 9U, since z,, — z, (and 9U is closed).

It is left to prove that x, is accessible from U. To do so, note that, by the construction
in Lemma 5.3.2, at step k, it is satisfied that there exists a measurable set K} and n, € K}
(chosen as in the Claim 5.3.3) such that

Apk (an—1> N RPk (gnk) 7é (D;

Gnk(RPk(gnk—l)) - Apk (an)v
Gnk (Rpk (an,1>> N Apk (nk) # @3
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Figure 5.4: Set-up of the proof of the existence of an accessible point in U with a prescribed orbit.

@(Apk (<nk—1))7 ¢<Aﬂk (nk)) - DW(xnk717(rk*1/4);

for some appropriate radius p,. Without loss of generality, we shall assume that the
sequence {py}, is decreasing.
Thus, for all n > 0, take

Zny, € Dy, (Cu) N Ry (Goyy)-

We claim that there exists a curve -y, connecting (2, ) to ¢(zn,,,) in Dy (2, ,,rr—1)NU.
Indeed, since z,, € A, (Co,_,) and 2, € A, (G, ), if we prove that the set

Ap (i) U A (1) U Gy (A (G ) U AV (Cni)

is connected, since

(p(Aﬂk (an—l))7 SO(A,DI@ (nk)) C DW (xnk—l ) Tk’—l)’

@(Gnk (Apk (an_1))) = Fnk (SO(API@ (an—1))) - Fnk (DW (xnk_1 ) Tk—l)) - ‘DW(‘/L‘nk—l ) Tk‘—l)7
@(Apk+l (an» C D(xmw Tk) - D(xnk—lﬂ"k—l)>
then the existence of the curve v, follows straightforward.
To see that A, (Cu, ) UA,, (M) UGH(A,, (Cryy)) YA, (Cny,) is connected, note that,

on the one hand, A, (¢, ,) N A, (nk) # 0, by the Claim 5.3.3 in Lemma 5.3.2. Then,
Gy (R (G2 )) N A, (M) # 0, by the choice of 7. On the other hand,

R,Ok (anfl ) C Apk (an71 )7

and, according to Proposition 11.3.17, G,,(R,, (¢, ,)) is a curve landing at (,, inside
A, (Cny,), and hence intersecting A, . (Cp,)- Hence, the intersection between
Gn(Ap, (Coypy)) and Ay, () is non-empty. This proves the claim.
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Finally,

F:U’Yk-

k>0

is an access to x,, as desired.

(5) The case of infinite degree. 1t is left to show that, in the case of infinite degree, the
set of periodic points in AU is unbounded and z, can be taken bungee.

This follows from the fact that the crosscut neighbourhood N with p(N;) N P(f) =0
has countably many preimages, and, for every compact subset K of C, only finitely many
of them intersect K. Hence, in the choices of crosscuts in Lemma 5.3.2, we can construct
a periodic point which is outside D(0,n), leading to an unbounded sequence of periodic
points. The same can be done to show that x, can be taken to be bungee. This ends the

proof of the theorem.
]
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List of symbols

Q »a

D(z,r)
D
oD

Aap(§)
Aa,ﬁ(évp)
E(9)

complex plane.

Riemann sphere.

(non-degenerate) crosscut. Def 11.2.1.

disk of center x and radius r.

unit disk.

unit circle.

Stolz angle of openning « and length p at £ € 0D. Def. 11.2.1.

Stolz angle of openning « and length p at £ € 9D, with respect to p. Def. 11.2.2.
set of singularities of an inner function g. Def. 11.1.4.

upper half-plane.

lower half-plane.

normalised Lebesgue measure on 9.

crosscut neighbourhood. Def 11.2.1.

radial segment of length p at £ € 0D. Def. 11.2.1.

radial segment of length p at £ € 0D. Def. 11.2.2.

real axis.

positive real axis.

negative real axis.

harmonic measure with respect to a simply connected domain U. Def. ?7.

Moreover, given f € K, we use the following notation.

Q(f)

domain of holomorphicity of f.

set of singularities of f.

closure of a set A C Q(f) taken in Q(f).
closure of a set A C Q(f) taken in C.
boundary of a set A C Q(f) taken in Q(f).
boundary of a set A C Q(f) taken in C.
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