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Abstract

In this project we analyze the behavior of transcendental functions under iteration
i.e., those with an essential singularity at oco. We emphasize the general case of
meromorphic transcendental functions with the aim of understanding the dynamical
consequences of the presence of poles.

Finally, we apply these results and techniques to study, on the one hand, the
dynamics of the exponential family Fy(z) = Ae?, and on the other hand, the family

of meromorphic maps
eZ
=A —1).
h(z) ( P >

In this last part, which is original work, we prove that under certain conditions, the
basin of attraction of z = 0 is infinitely connected.

Abstract en Catala

En aquest projecte estudiem el comportament de funcions transcendents sota
iteracid, és a dir, aquelles que tenen una singularitat essencial a co. Fem émfasi en
el cas general de les funcions transcendents meromorfes amb la intencié d’entendre
les conseqiiéncies dinamiques de la preséncia de pols.

Finalment, apliquem els resultats i técniques desenvolupades per estudiar, per
una part, el comportament dinamic de la familia exponencial E)(z) = Ae?, i per
Ialtra, la familia de funcions meromorfes

f,\(z)—)\<zil _1).

En aquesta darrera part, la qual és treball original, demostrem que sota certes condi-
cions, la conca d’atracci6é de z = 0 és infinitament connexa.
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Introduction

Iteration theory appears in daily problems, often from a mathematical model
regarded as a dynamical system. In many cases, methods from numerical analysis
require iteration, for example the Newton method has the aim of approximating the
solutions, real or complex, of f(z) = 0 by considering the iterative function

Given an initial condition z € C we consider the sequence

2> Ny(2) — Np(Ny(2)) — -

and we wish to determine under which conditions this sequence converges, and if it
does so, whether it converges to a zero of f or not.

Figure 1: Newton method applied to the cubic polynomial P(z) = 2z — 1. Points of
the same color converge to the same root of P under iteration.

The mathematical area that aims to study the iteration of general holomorphic
functions of one-complex variable is known as Holomorphic Dynamics. The first
important results came in the nineteenth century from the work of Schréder, who
was mainly motivated by Newton’s method, and the work of Koenigs, who studied
functional equations.
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The key ingredient for the study of iteration came in the beginning of the twen-
tieth century with the notion of normal family introduced by Montel A.2. Julia [Jul]
and Fatou [Fat], who set the basis of what is known today as Holomorphic Dynam-
ics, based his approach in Montel’s theory for the case of rational maps. Fatou, in
fact, in 1926 extended some results to the case of transcendental entire functions
(entire functions with infinitely many terms in their series expansions), but he did
not consider the more general case of transcendental meromorphic functions.

In this work we focus on transcendental meromorphic functions, i.e., functions
with an essential singularity at oo, which are allowed to have poles. The interest for
these functions is double; The essential singularity, on the one hand, adds a lot of
chaos to the dynamical system, mainly because of Picard’s Theorem (Theorem A.62),
which states that in each punctured neighborhood of oo, these functions assume
each value of the Riemann Sphere C,,, with at most two exceptions, infinitely often.
Hence, given a point z € C, if its orbit

Of(z) = {f"(z): m e N}

is near oo at some moment, after one iteration it can land at almost any place of the
plane. On the other hand, the presence of poles allows for more generality, since oo
is not required to be an omitted value.

More precisely, we shall consider f a meromorphic function in £2 C C an open set,
and we write f € M(Q), if f is holomorphic in 2 except for a countable set of isolated
singularities which are poles (more details provided in A.1). Given f € M(C), we
denote

n (n)
fr(z)=(for0f)(z)
which is well-defined for all z € C except for the countable set of the poles of
f,..., L

The study of iteration of holomorphic maps, as it has been already pointed out,
requires the notions of normality introduced by Montel. Although Montel’s theory is
covered in the (optional) course of Functions of One Complex Variable, any interested
reader is encouraged to see A.2 for definitions and many fundamental results, like
Montel’s Theorem, Marty’s Theorem and Picard’s Theorem.

With the tool of Montel’s theory at hand, Chapter 1 is devoted to the study of
the local dynamical behavior of a function. A quite remarkable result is displayed,
for example, Lemma 1.16 where a characterization of the convergence near what is
known as a parabolic fixed point is given. Problems that require Value Distribution
Theory are also faced, for example the existence of periodic points for an entire
transcendental function.

In Chapter 2 the global study of iteration of holomorphic functions is addressed.
The dynamical plane splits into two completely invariant sets, the Fatou set, where
the sequence of iterates { f/"} have Montel’s normality, and its complement, the Julia
set. Some celebrated results are proved. For example, Theorem 2.28 is a result by
Fatou which concerns the limit functions that we can obtain under iteration in a
periodic component of the Fatou set. Other important properties concerning the
limit functions can be found also in this Chapter.

The results developed on the previous chapters allows us, in Chapter 3, to study
two families of transcendental functions. We start with the well-known Exponential



Introduction vii

Family E)(z) = Ae?, for which we describe the remarkable topological properties of
its Julia set (a Cantor set of curves). Afterwards, we study a new function in 3.2,
namely

ey

C ﬁ*\\&\\\\“

"
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Figure 2: In green, the Julia Set of f) for A = 0.89.

This, previously unexplored, family of maps is interesting since it is the simplest
meromorphic map with two singularities of f~!: z = 0, which is a fixed critical point,
and —\, which is a free asymptotic value. It has also one single pole, z = —1, which
is not omitted except for A = 1. This family is the meromorphic analogue to the
well-known Milnor family of cubic polynomials P,(z) = z%(z — a) [Mill] or its entire
version \z2e* [FG2].

Opposed to these two cases, the basins of attraction of fy are not simply con-
nected and the relation between this topological property and the dynamics of f)
promises to be a source of interesting problems. In this thesis we prove the following
result.

Theorem. Consider fy and let Ax(0) denote the basin of attraction of 0. Then,

(a) If —X\ belongs to the connected component of Ax(0) which contains z = 0, then
Ax(0) is connected.

(b) If =X belongs to the connected component of Ax(0) which contains z = 0, then
Ax(0) is infinitely connected.

Moreover, D(0,1/2)\ {0} C {A e C*: — X € A,(0)}.

The proof of this result can be found in Chapter 3 (see Theorem 3.25, Theorem
3.27 and Corollary 3.23).
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Chapter 1

Periodic Points and Local Theory

The aim of this chapter is to study the local dynamical behavior of a function
to obtain properties that lead to the global theory. The fundamental objects of this
section are the periodic points. The main references for this section are |BB, Berl,
CG, HY, Mil2|.

From now on, unless we do not state the opposite, f denotes a non-constant
meromorphic function, f € M(C), as defined in the introduction.

Definition 1.1 (Forward and Backward Orbit, Periodic and Preperiodic Point). Let
zo € C, then

e The forward orbit of z is the set OF(z9) = {z, = [™(20): n € N}.
e The backward orbit of 2 is the set O~ (z9) = {z: f"(z) = 20 , n € N}.

e 2 is called periodic if exists n € N such that z, = zp, p = min{n € N: z, =
20} is called its period. If p =1 we say that zy is a fized point.

e 2y is called preperiodic if f*(zg) is periodic for some k € N and strictly
preperiodic if it is preperiodic but not periodic.

1.1 Periodic Points
For a periodic point 2o of period p, we define its multiplier as A = (f?)'(2).
Using the chain rule, it can be verified that
p—1 p—1
g | BACRCE | FACH
n=0 n=0

and therefore, the multiplier is the same for every periodic point of the orbit. Hence,
we regard it as the multiplier of the orbit.
Periodic points can be classified according to their multiplier.

Definition 1.2 (Classification of Fixed Points). Given a periodic point zy of period
p, the cycle (’);{(zo) 18 called:

o Attracting iff 0 < || < 1 and super-attracting iff A = 0.

1



2 Periodic Points and Local Theory

e Repelling iff |A\| > 1.
o Indifferent iff |\| = 1. We have two possibilities:

— Rationally indifferent iff \™ =1 for some m € N, i.e., A\ = e2™/™ for
some j € Z (also called a parabolic cycle).

— Irrationally indifferent iff A = e>™ for ¢ R\ Q.

1.1.1 Existence of Periodic Points

Before we address the dynamical relevance of the different types of periodic points
we comment on their existence.

If f is a rational function, f(z) = p(z)/q(z), the fixed points of fP are the
solutions of
P"(2) = 2¢"(2)

Since both p and ¢ are polynomials, from the Fundamental Theorem of Algebra we
obtain a finite number of solutions.

Definition 1.3 (Transcendental Function). We say that a meromorphic function
f: C — Cy is transcendental if it has an essential singularity at z = oo, that is,
g(w) = f(1/w) has an essential singularity at w = 0.

Note that not every transcendental map has fixed points, as we can see from the
example f(z) = e* + z. Nevertheless, the case is different when the period is larger
or equal than 2.

Theorem 1.4. Let f be a transcendental entire function, then for eachn € N, n > 2,
f has infinitely many periodic points of period n.

The proof can be found in [BB]. Although weaker, we can prove the following
result.

Proposition 1.5. Let f be a transcendental entire function. Then the equation
f?(2) = z has a solution.

Proof. Consider
_ AR -z
A O

Suppose that f?(z) = z does not have any solution. Then f does not have any
fixed point and ¢(z) is an entire function that omits 0 and 1, due to Picard’s Little
Theorem, g = ¢ for ¢ € C, i.e.,

f(f(2) =z =c(f(2) - 2).
e If ¢ =0, then f2(z) = z which contradicts our assumption.

o If ¢ =1, then f(f(2)) = f(z), which also contradicts our assumption.
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o If ¢ ¢ {0,1}, then
FFENf(z)—1=cf'(z) —c= () (f'(f(z) —c) =1—c.

Since ¢ # 1, f" omits the value 0 and f’ o f omits ¢ # 0. So, f'o f omits {0, ¢},
thus by Theorem A.63 (Picard’s Little Theorem), f’ o f is constant. Since f
is transcendental, it cannot be constant, which implies that f’ is constant and
this also contradicts that f is transcendental.

So the equation f2(z) = z has at least a solution. O
Bergweiler in [BB| proved the following related result.

Theorem 1.6. Let f be a transcendental entire function, then for anyn € N, n > 2,
f™ has infinitely many repelling fixed points.

In Chapter 2 there is a similar result when f is a transcendental meromorphic
function with two or more poles, or one pole which is not an omitted value.

1.2 Normal Forms

We are concerned now with the study of the dynamical behavior of a function
near a periodic point. Observe first that since periodic points of f are fixed points
of f™ for a given n, without loss of generality we may assume that they are fixed
points.

To accomplish this goal, we want to represent our function in the simplest possible
way, the normal form. To do so, we introduce the concept of conjugacy.

Definition 1.7 (Conformal Conjugacy). We say that a function f: U — U is (con-
formally) conjugate to a function g: V. — V if and only if there is a conformal
one-to-one map ¢: U =V such that

i.e., the following diagram commutes:

v U

o 0

Vv —25v

Two conjugate functions have the same dynamics. Indeed, the iterates of f are
also conjugate by the same map ¢ since g" = ¢ o f” o 1. The inverses, f~! and
¢!, whenever well-defined are also related by ¢, i.e., g7' =@ o f~ o™l

It can also be verified that conjugacies send orbits to orbits, fixed points to fixed
points, periodic orbits of period p to periodic orbits of period p, attracting points to
attracting points, etc.

The goal now is, depending on the multiplier of a fixed point, to obtain the
normal form of a function near a fixed point. To do so, assume that z = 0 is a fixed

point of f(z) with multiplier .
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First, we address the cases in which we can conjugate our function to a linear
one. This is known as the linearization problem, and consists in finding under
which conditions there exists a conformal map ¢ such that f is p-conjugate to the
linear map w +— Aw, i.e.,

p(f(2)) = dp(z) = flo™ (w)) = ¢ (Dw)

also known as the Schréder equation.

1.2.1 Attracting and Repelling Fixed Points

It turns out that the linearization problem has different solutions depending on
the type of fixed point we consider. In the attracting and repelling case Theorem 1.9
(Koenigs Theorem) gives us an affirmative answer.

First, we justify the definition of "attracting" fixed point.

Proposition 1.8. A fized point p of a meromorphic function f is attracting, if and
only if, there exists r > 0 such that f(D(p,r)) C D(p,r) and for all zy € D(p,r),

[*(20) ——p.
n—o0
Proof. Suppose that p is an attracting fixed point with multiplier A, then there exists
¢ > 0 such that [A\| < ¢ < 1, and r > 0 such that |f/(20)| < ¢ for all zg € D(p,r) and
f € H(D(p,r)). Then

|f(20) = pl = [f(20) = f(p)| =

< c|zg — p|.

/ £(€)de
[p,20]

Therefore,
| /™ (20) — p| < 20 — p| < "'r —— 0.
n—oo

Conversely, there exists 0 < ¢ < 1 and n € N such that f"(D(p,e)) C D(p,¢e). Hence
by Schwarz’s Lemma, |(f)'(p)| = |\"| < 1, and therefore |A| < 1. O

We now prove Koenigs Linearization Theorem.

Theorem 1.9 (Koenigs Linearization Theorem). Let f be holomorphic in some
neighborhood of z = 0, a fized point of f with multiplier \. If |\| # 0,1, then there
exists a local conformal change of coordinate w = p(z) with ¢(0) =0 such that

1

pofop Tiwr Aw

for all w in some neighborhood of the origin. Furthermore, ¢ is unique up to multi-
plication by a nonzero constant.

Proof. We prove first the existence of such conjugation for the attracting and re-
pelling case, finally we deal with uniqueness.
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e Let z = 0 be an attracting fixed point (not super-attracting by hypothesis),
then exists ¢ < 1 such that ¢ < |\| < ¢ and exists r small enough such that

[f() <¢elzl , z€D(0,r)
For any zo € D(0,r),

|zn| = | f"(20)] < |20 < c"r —— 0
n—oo

so the orbit (’)JJ{(ZO) converges to the origin.

By Taylor’s theorem, f(z) = Az + O(2?) as z — 0, i.e., (considering 7 smaller
if necessary)
() =X <C2 . =€ D7)

for some constant C' > 0, and then
|Zng1 — Azn| = [f(20) — Azp| < Clzn|? < Cr2c®.
If we set k = Cr?/|\|, then w, = p,(z) = f*(z)/\" satisfies
6ns1(2) = gn(2)] = N[00 — Az < Or2AI=4D) = k()"

Since ¢? < ||,

D (/A" < oo

n>1

0 n(z) converges to ¢(z) uniformly for z € D(0,7) and ¢}, (0) = A7"(f™)(0) =
1, then ¢'(0) = 1 and thus its a local change of coordinate.

By the definition of ¢,
en(f(2)) = fTH(2) /A" = Apnta(2).
Hence, ¢(f(2)) = Ap(2)-

o If || > 1, then f~! is locally well-defined in a neighborhood of z = 0 by the
Inverse Function Theorem, z = 0 is also a fixed point of f~! and its multiplier
is 1/, so we can apply the argument above.

e Finally we prove uniqueness (up to multiplication by a nonzero constant).
If there are two maps ¢, ¢ such that
(pofop™)(w) = w=(dofop ")(w)
then,
(pod™)w) = (pog " )(¢o fod™)(w)) =
=(pofoy H((pod H(w)) =Apod !)(w).

Since (¢o¢~1)(0) =0, then (pod™1)(w) = byw +bow?+--- So A\b, = A\"b,, for
all n > 1. Since |A| # 0,1, in particular A is not a root of the unity, therefore
b, =0foralln > 2, ie.,

(pod')(w) =biw = p(¢~ (W) = big(z) = ¢ = b1

and we obtain the uniqueness.
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1.2.2 Super-Attracting Fixed Points

The proof of Theorem 1.9 (Koenigs) shows that the arguments used cannot be
extended to the case of a super-attracting fixed point (where A = 0).

In this case the answer to the linearization problem is negative. However, we can
prove that the map is locally conjugated to w — wP, where p is the local degree.

Theorem 1.10 (Bottcher). Suppose f has a super-attracting fixed point at z = 0,
so that in a neighborhood of z = 0, the function can be written as

f(z)= apz? + ap+1Zp+1 + .-+ for somep > 2.

Then there is a conformal map w = p(2) defined in a neighborhood of z =0 onto a
neighborhood of w = 0 that conjugates f(z) to w — wP. Furthermore, ¢ is unique
up to multiplication by a (p — 1)-th root of unity.

Proof.

e Existence:

For a neighborhood D(0,7) of z = 0 with 7 small enough, there exists C' > 1
such that

lf(z)| < ClzlP , Vze D(,r).
Using induction we obtain that:
()] < CTRP " < (=)
and we can choose 7 even smaller if necessary, so that Cr < 1 and then f"(z) —

0 for all z € D(0,r).
If we change the variables by setting w = ¢(2) = bz, where b1 = 1/a,, then:

I =+ (aplbs)? 4+ ) = a I o=

so we can assume without loss of generality that a, = 1.
Consider, for n € N

n

pu(2) = ([P 2P = AP = (L )P

which are well defined in a neighborhood of z = 0 and

en(f(2)) = (S )" = g (2).
So, if we prove that ¢, — ¢, then p o f = ¢P and ¢’'(0) # 0 (because
¢, (0) = 1), obtaining a solution ¢.
Recall that,

n

Pnil _ (@1 o f")p
Pn fm
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and
P10 _ (1P + appf ()P )
fr fr(2)
= (1 f'(2) )P =14 O(1f"]) =
=14+0(z]P") for |z <7
Therefore,

2L (14 0( )P =14 0"

n

for |z| < r. Thus, the product

oo

H Pn+1
ne1 ¥n

converges uniformly on |z| < r and then {¢,}, converges.

Hence ¢ exists.

e Uniqueness:

Suppose that Jp, ¢ such that

(pofop ™ )(w)=uwP=(pofod™")(w)

then

(pod™H)(wP) = (pod¢™)((go fod™)(w)) =
=(pofop )((pod )(w)) = (pod™)(w).

Since (p o ¢~1)(0) = 0, then (po ¢ 1)(2) = c1z+ ---. The condition above
tells us that c’l’_1 = 1 and the other coefficients are 0.

Therefore, ¢ = c1¢ where ¢; is a (p — 1)-th root of unity.
O

This result is especially relevant in the context of polynomials, since oo is always
a super-attracting fixed point for this type of maps.

The local change of variables given by Theorem 1.10 is known as the B6ttcher
coordinates around the super-attracting fixed point.

1.2.3 Rationally Indifferent Fixed Points

We analyze here the case where z = 0 is a rationally indifferent fixed point of f,
ie., A = f/(0) is a root of unity. Our goal is to characterize the dynamics of f in a
neighborhood of the origin. First, we need to introduce some preliminary concepts.

Since A # 0, then f/(0) # 0 and f~! is locally well-defined. Hence, we can choose
a neighborhood N of z = 0 that is small enough so that f maps N conformally onto
some neighborhood Ny of the origin.



8 Periodic Points and Local Theory

Definition 1.117(Attracting and Repelling Petals). A connected open set U, with
compact closure U C N N Ny is called

e An attracting petal for [ at the origin if

fO)ycuufor () fFO) ={o}.

k>0

o A repelling petal for f at the origin if U is an attracting petal for f=1.

We study first the special case where A = 1, because if A = e2™%/4, then f9 has
multiplier 1. Along this section we suppose that f is a meromorphic function with a
rationally indifferent fixed point at z = 0 with multiplier 1. We have:

fz)=z(1+az"+ (HO.T.)) a#0,n>1.
We call n + 1 the multiplicity of the fixed point.

Definition 1.12 (Repulsion and Attraction Vectors). A wvector v € C is called a
repulsion vector for f at the origin if nav™ = +1, and an attraction vector if
nav™ = —1.

Thus, there are n equally spaced attraction vectors at the origin, separated by n
equally spaced repulsion vectors.

We number these vectors as v, v1,...,v2,-1, Where vy is repelling and v; =
e™i/my, so

navj = navye™ = (—=1)7.

Remark 1.13. In order to understand the definition of the vj, we look at its local

behavior under iteration. We have av} = (—1)7 /n, therefore

f(vj) =vj(1+ (=1)/ /n) + (H.O.T.)
and then .
FE(vj) = v (1 + (=17 /n)¥ + (H.O.T).
On one side if j is even, vj is repelled by the origin in the direction v;, on the other

side if j is odd, v; is attracted by the origin in the direction v;.

Recall that in some neighborhood of the origin f~! is well-defined and holo-
morphic, therefore Remark 1.13 shows us that the repulsion vectors of f are the
attraction vectors of f~! and vice-versa.

Definition 1.14 (Nontrivial Convergence). We say that an orbit (’)]T(zo) converges
to zero nontrivially if z k—> 0 but z # 0.
—00

Definition 1.15 (Directional Convergence). If an orbit (’)Jf(zo) under f converges

to zero, with z, ~ vj/ Yk (where j is necessarily odd), then we say that this orbit
{zk}i tends to zero from the direction v;.

Now we can finally prove the main result of this section, which will lead us to
the well-known Leau-Fatou Flower Theorem.
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Lemma 1.16 (Convergence Directions). If an orbit (’)j{(zo) converges to zero non-
trivially, then zy, is asymptotic to v/ Vk as k — oo for one of the n attraction vectors
v;j. In other words, the limit limy, z, VE = v;. Similarly, if an orbit (’)]7(26) under
[ converges to zero nontrivially, then zj, is asymptotic to vj/ Yk, where v; is one of
the n repulsion vectors, with j even.

Proof. Consider the change of coordinates w = ¢(z) = ¢/2", where nac = —1 and
Re(w) = Rep(z) = Re(c/z").
In the special case of an attraction or repulsion vector we have

¢(vj) = Rep(v;) = (1)1

We are interested in the behavior of f when |z| is small, i.e., |w| is large.

Let Ry = [0,00) and R_ = (—00,0]. We want to label the different branches of
¢ Y (w) = {/c/w. First of all we cover C \ {0} by 2n open sectors A; with angle
27 /n:

Aj={rev; € C:r>0,|0| <7/n}
Then,
%j) B _% r”e’iev;‘ B —nlcw]”rln = (_1)J+1ri”eime‘

gp(rei

Since |§] < m/n and r > 0, ¢ maps A; biholomorphically onto:
e C\ R, if j is even (vj is repelling).
e C\R_ if jis odd (v; is attracting).
Hence, there is a uniquely defined branch v; of o~ with
Yj: C\ Ry — A
Recall that A; N A1 = {re?v; e C:r>0,0<6 < 7/n} and

) y_ J {Im(z) >0} ifjis even.
(AN Aj) = { {Im(z) <0} ifjis odd.
We then have
z)=z(1+az"4+o0(z")) as z—0.
f(2) = 2( (z"))

We want to understand the behavior of this map for z close to 0 in Aj, we use the
transformation:

w r— Fj(w) = (po f o) (w)
defined outside a large disk in C\ R(_;);. We have:

(fowj)(w)=m<1+a;+o<i>) as  |w| — oo

and using Taylor

F}(w):w<1+a;+o<i]>>_n:w<l+_?Uac+0<;>>.
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Since —nac = 1 we can write it as
Fjw)=w+1+0(1) as |w| — oc. (1.1)
We can improve it using that

f(2) = z(1 4 az" + O(z"))

and then ) )
Fj(w):w<1+w+0(nwn+1>> as |w| = o0
ie.,
1
Fj(w):w+1+0(%> as  |w| — oo. (1.2)

By (1.1) we can choose R > 0 such that
|Fj(w) — (w+1)] <1/2 for |w|>R (1.3)

which is represented in Figure 1.1.

! 1
: 1
+w : +w+1 1
' i
\ /

Figure 1.1: Graphic representation of (1.3)

Therefore,

Re(Fj(w)) > Re(w) +1/2 for |w|>R
[Im(F;(w) —w)| < Re(Fj(w) —w) for |w|>R

and then taking w = ¢(2), we also obtain that
Reg(f(2)) > Rep(z) +1/2 for |2 — 0. (1.6)
Let Hp = {Re(w) > R} and
P;(R) = ;(Hp) = {¢;(w): Re(w) > R} = {z € A;: Reg(z) > R}.

Recall that j must be odd in order to have P;(R) = ;(Hpg) well defined. (1.4)
implies that Fj(Hp) C Hg and (1.6) implies that f(P;(R)) C P;(R). Furthermore,
the successive iterates of f restricted to Pj(R) converge uniformly to the constant
map 0 (because F f converges uniformly to co).
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Consider an orbit (’)}|r (z0) which converges to zero nontrivially. For all & large
enough we have Rep(zp11) > Rep(zi)+1/2, therefore exists m large enough so that
Rep(zm) > R, ie., zm € Pj(R) C Aj. Remark 1.13 shows us that z,, must belong
to one of the attracting petals (j odd). Since f(P;(R)) C P;j(R), 2z, € P;(R)) for all
k> m.

If we consider now the sequence wi = ¢(z;). Then wy € Hg and

w1 = (M (20)) = o(F(W5(e(f*(20))))) = (9 o f o) (w) = Fj(wy).

Since Re(wy) — oo, then |wy| — oo, (3.1) gives us that Fj(wy) — wi = 1+ o(1) for
k large enough. Hence,
W1 — W — 1
k—o0

therefore,

w w 1 k+1

k — WO
—rk 70~ Wit — W s 1
A L JZO( J+1 J) oo
and then wy/k —— 1, i.e., wy ~ k as k — oo.
k—o0
Since 1/wy, = —naz}, we obtain that naz}’ is asymptotic to —1/k, the equality

ncw;»1 = —1 shows us that

2 ~vj k.

If we extract the n-th root (we can because z; € P;(R)), we obtain:

Zp ~ ’Uk/ W

A consequence of Lemma 1.16 is the following well-known result.

Theorem 1.17 (Leau-Fatou Flower Theorem). Let
f(z)=z+az" "V (HO.T) with a#0,n>1

be holomorphic in some neighborhood of the origin, then there exist 2n petals P;,
where Pj 1is either repelling or attracting depending to whether j is even or odd.
Furthermore, we can choose those petals so that

{0} UPoU---Pop_1

is an open neighborhood of z = 0. When n > 1, each P; intersects each of its two
immediate neighborhoods in a simply connected region P; N'Pj41 but is disjoint from
the remaining Py, (we consider j modulo 2n).

The proof can be found in [Mil2, CG].

The following result introduces the Fatou coordinates, gives us the normal form
and a negative answer to the linearization problem. In fact, a consequence of Lemma
1.16 is that the behavior of f near a rationally indifferent fixed point is not compatible
with being linearizable.
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Z

Figure 1.2: Flower with four attracting petals.

N2

Theorem 1.18 (Parabolic Linearization). Let
f(z) =Xz +az"" + (H.O.T) with a#0,n>1

be holomorphic in some neighborhood of the origin, where X\ is a primitive g-th root
of unity. Then for any attracting or repelling petal P, there is one and, up to com-
position with o translation of C, only one conformal one-to-one map ¢: P — C such
that p(f(2)) =1+ ¢(2) for all z € PN f~Y(P).

The proof can be found in [Mil2].

1.2.4 TIrrationally Indifferent Fixed Points

Finally, we study the remaining case. Consider a map of the form

fz)=Xz+ Zakzk

which is defined in some neighborhood of z = 0, with multiplier:

A= heR\Q
We want to give sufficient conditions so that we can find a solution of the Schroder
equation, i.e., a conjugacy  that gives us an affirmative answer to the linearization
problem

p(f(2)) = Ap(2),

1

normalized by ¢'(0) = 1. For h = ¢~ we have

F(R(§)) = h(XE) , H(0)=1.

We will not prove all the results related to this question since they are too many to
fit in this project. Nevertheless, we prove some of them and state others that are
relevant in Chapter 2.
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Theorem 1.19. A solution h to the Schrider equation is univalent in any disk

{lgl <7}

Proof. Suppose h(&1) = h(&2). Then f(h(&1)) = f(h(&2)) which implies that h(A;) =
h(A2), therefore h(A"&1) = h(A\"E2) for all n € N.

Since {\": n € N} is dense in {|z| = 1}, by analytic continuation we obtain that
h(&1z) = h(&22) for |z| < 1. If we take the derivative, using h'(0) = 1 we obtain that

&1 = &o. O

Theorem 1.20. A solution h to the Schréder equation exists, if and only if, the
sequence of iterates { f™} is uniformly bounded in some neighborhood of the origin.

Proof. On one hand, if h exists then we can write f"(z) = f™(h(§)) = h(\*) =
h(A"h~1(2)), which is uniformly bounded.
On the other hand, if |f"| < M for all n € N, we can define

n—1

on(z) == SAT ()

J=0

Then {¢,} is a uniformly bounded sequence of holomorphic functions in some neigh-
borhood of the origin (bounded by the same constant M ):

1 n—1 iy
on(2)| < ~M Y X =M
=0

so it contains a convergent subsequence (due to Theorem A.47 (Montel)). Observe
that

n—1
en(f(2)) = 5 SN () =
j=0
1 n—1 o 1
=A@ - (AT (R) = )
j=0
and
% (A" f(2) = Az)| < % =0 <le> :

Therefore ¢, o f = Apy, + O(1/n), thus any limit ¢ of the ¢,,’s satisfies p o f = Ap.
Since A = f’(0), we also have that

1 n—1 o
£ (0) = — Z)\ IN =1=¢'(0) = L.
7=0
Hence, h = ¢! is a solution of the Schréder equation. O

The following result shows us that such linearization in not always possible.

Theorem 1.21. There exists A = e2™0 so that the Schrider equation has no solution
for any polynomial f.
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Definition 1.22 (Cremer and Siegel Points). We say that an irrationally indifferent
fized point is a

e Cremer point if a local linearization is not possible.
e Siegel point if a local linearization is possible.

The goal is now giving sufficient conditions on 6 so that the Schréder equation
has solution.

Definition 1.23 (Diophantine Number). We say that 0 € R is Diophantine if it
1s badly approximable by rational numbers, in the sense that there exists k < oo and
€ >0 so that

€
ok

. forall p/qeQ

The following result is relevant because shows us that the set of Diophantine
points in not empty.

Theorem 1.24 (Liouville). Every algebraic irrational number is Diophantine.

Finally, we give an affirmative answer to the linearization problem when 6 is
Diophantine.

Theorem 1.25 (Siegel). If 0 is Diophantine, and if f has a fized point at z = 0 with
multiplier 2™ then there exists a solution of the Schréder equation.

All the proofs of these results can be found in [Mil2, CG].

Sharper conditions are known. In fact, J.C. Yoccoz received a Fields Medal in
1994 for his contributions to the linearization problem. Nevertheless, as of today,
the complete solution to this question is still an open problem.



Chapter 2

The Julia and Fatou Sets

The goal of this chapter is to obtain global properties of the dynamics of mero-
morphic functions. We use here the local theory previously studied in Chapter 1 and
Montel’s normality to accomplish this goal. Furthermore, the limit functions that
we can have under iteration in some sets are also studied and we are also concerned
with some topological properties of this sets.

The references for this chapter are: [BKL1, BKL2, BKL3, BKL4, Bea, BF, Berl,
Ber2, BE, BF2, CG, Fat, Mil2, Ripp, Sch|.

We shall introduce first the concept of normality®.

Definition 2.1 (Normal Convergence). We say that a sequence {fx(z)}r of mero-

morphic functions on a domain D converges normally to f(z) on D, if the se-
quence converges uniformly on compact subsets of D to f(z) in the spherical metric.

Definition 2.2 (Normal Family). A family F of meromorphic functions on a domain
D is a normal family if every sequence in F has a subsequence that converges
normally on D.

Our applications to transcendental dynamics are based on the following theorem,
which is proved in A.2.

Theorem 2.3 (Montel).

(a) Suppose that F is a family of holomorphic functions on a domain D such that
F is uniformly bounded on each compact subset of D. Then F is a normal
family.

(b) A family F of meromorphic functions on a domain D that omits three values
18 normal.

From now on f denotes a transcendental function unless we state the opposite.
The dynamical of f plane splits into two sets, the study of which is the main
topic in the document.

Definition 2.4 (Fatou and Julia Sets). We define the Fatou set as:

F(f)={z¢€ Cux: {f"(2): n € N} is well-defined and normal in some neighborhood of z}

1See A.2 for further details.

15
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and the Julia set J(f) = Cx \ F(f), where C is the Riemann Sphere, i.e., the
Alezandroff compactification of the complex plane C.

Notice that the condition of being "well-defined" is necessary, since orbits are
truncated if they land on a pole of f.

In our case, we always have co € J(f). From the definition it follows that F(f)
is an open set and J(f) a closed set.

Some special classes of transcendental functions will be relevant for us.

E = {f: f is transcendental entire}, or
P = {f: f is transcendental meromorphic, with exactly one pole which

is an omitted value}.

In the first case, for every z € C the iterates are always defined. In the second case,
every function of the class can be expressed according to the following result.

Lemma 2.5. If f € P, then f has the form

e9(2)

f(z):ZO‘F(im

where g € H(C) and m € N.
z— zp)

Proof. By hypothesis f(z) — zo omits the value 0 and has a pole of order m at
20, therefore h(z) = (2 — 20)™(f(2) — 20) € H(C) and omits the value 0. Then
h'/h € H(C) and we can take an holomorphic primitive H € H(C) of h'/h. Then,

d

(e HOR(z) = () )

h(z)e HZ) =0

which means that e ) (z) = C # 0 constant, i.e.,

h(z) = Cell(?) = H(2)Hog(C) — co(2)

with g € H(C). O]

Since the pole is omitted, the sequence of iterates is defined for every initial
condition in C\ {zp}. Hence, if f € P we have {z, 00} C J(f).
The most general class of meromorphic maps is.

M = {f: f is transcendental meromorphic, with at least two poles or

exactly one pole which is not an omitted value}.

In this case O} (c0) is an infinite set. In fact f73(c0) is actually an infinite set by
Picard’s Theorem:

e If f has two poles a, b, then f~!(c0) = {a, b} and by Picard’s Theorem f~2(c0)
is an infinite set.

e If f has just one pole (which. is not an omitted value), then f~!(c0) = {a},
then f~2(co) can be a finite set (and not empty), but by Picard’s Theorem
f73(c0) is an infinite set.
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The largest set where all iterates are defined is

Coo \ O (00).

Since f(Coo \ O (20)) C Coo \ O (00), is a set that misses (far) more than three
points, Theorem 2.3 (Montel) tells us that

F(f)=Cs\Of(00) and J =0/ (c0).

2.1 Basic Properties

The aim of this section is to show some classical results concerning properties of
the Julia and Fatou sets.

Definition 2.6 (Forward, Backward and Completely Invariant).

o We say that a set S is forward invariant under f if z € S implies f(z) € S
or f(z) is undefined.

o We say that S is backward invariant under f if z € S implies that w € S
for all w such that f(w) = z.

o We say that S is completely invariant if it is both forward and backward
mwvariant under f.

Lemma 2.7 (Invariance Lemma). The Julia set and the Fatou set of a transcendental
meromorphic function f are completely invariant.

Proof. We just have to show that F(f) is completely invariant.

Let z € F(f) such that the iterates are well-defined and a neighborhood z € U C
F(f), then f € H(U). Since {fn}n is a normal family on U, for every f™ - fm
exists f*i  f™ that converges normally on U.

The Open Mapping Theorem gives us that f(U) is open, therefore {fn’“j_l}j
converges normally on f(U), and then {f"~'}, is normal on f(U), which implies
that f(z) € F(f).

If we now consider {f"’“jﬂ}j and f~!1(U) we obtain that any w € C such that
f(w) = z also lies in F(f).

Therefore F(f) is completely invariant, and then J(f) = Cs \ F(f) is also
completely invariant. O

Lemma 2.8 (Iteration Lemma). For any g € N, J(f%) = J(f).

Proof. We prove F(f) = F(f9) which is equivalent to our statement.

F(f) C F(f9): Suppose that z € F(f), then exists an open set U 3 z such that
{f™},, is normal in U. Which means that for every f™ F f", exists f"* - f™ that
converges normally on U.

Consider a sequence f9% F f9% then f9% F f" since {f™} is normal, exists
f%k = f9% that converges normally on U, i.e., {f?"}, is normal in U. Therefore
z € F(f7).

F(f?) C F(f): Suppose that z € F(f9), then exists an open set U 3 z such that
{f?"}, is normal on U. Consider a sequence f™ - f™,
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oo, then we can consider the subse-

e Suppose that #{l: n; = 0 (mod q)} =
Jj > 1 exists [ > 1 such that qn; = ny),

quence gn; = n; defined by; for all
then:
fqﬁj Fopan
since {f?"} is normal on U, exists f%r | f97% that converges normally on U,
but
f b O p
and then {f™} is normal on U, which implies that z € F(f).

e Suppose now that #{l: n; =0 (mod ¢)} < oo, then exists m € {1,...,q¢ — 1}
such that #{l: n; = —m (mod q)} = cc.

So we can apply the argument above to the sequence {f™*™}; to conclude
that {f"*™},, is normal on U, i.e., {f™}, is normal on U, which implies that

z € F(f).
O

The following is a consequence of Theorem 2.3 (Montel).

Proposition 2.9. If z € J(f) and U is a neighborhood of z, then |J, ey f*(U) covers
Coo with at most two exceptions.

Proof. If Upen f™(U) misses three points of C,, by Theorem 2.3 (Montel) z € F(f),
a contradiction. O

Definition 2.10 (Exceptional point). We say that zo is exceptional if O;(zo) is
finite.

Proposition 2.11. If zg € J(f) is not exceptional, then O (z0) is dense in J(f).

Proof. Consider w € J(f) and U, any neighborhood of w.
We have to show that U contains a point @ such that V(@) = z9. Proposition

2.9 tells us that
U #7(U) 5 Coo \ {a, b}
neN

Since zg is not exceptional, exists N > 0 such that zo € fN(U), i.e., 3w € U such
that f~ (@) = zp. The neighborhood U of w can be as small as necessary, therefore

O (20) is dense in J(f). O

Theorem 2.12. If J(f) has an interior point, then J(f) = Cs. In other words,
either J(f) = Coo of J(f) has empty interior.

Proof. Suppose that exists U C J(f), U open, by Proposition 2.9,
U /"(U) > Co \ {a,b}
neN

Lemma 2.7 (Invariance Lemma) shows us that

Coo \ {a,0} C | J fM(U) C J(f)

neN
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and then

Coo =Cx \ {a,b} C J(f) =J(f) C Cx
ie., J(f) = Cw. O

Remark 2.13. We show later that the case J(f) = Co is possible, for example
J(2mie*) = C.

Corollary 2.14. If J(f) # Cw, then F(f) is unbounded.

Proof. Suppose that F(f) is bounded, then J(f) has interior points, by the previous
theorem, J(f) = Cs which is a contradiction. O

Now we want to translate the local properties that we have seen in Chapter 1
into global properties.

Definition 2.15 (Basin of Attraction). If Oy is an attracting periodic orbit of period
m, we define the basin of attraction to be the open set A C Cy consisting of all
points z € Co for which the successive iterates converge to some point of Oy.

Proposition 2.16. Every attracting periodic orbit is contained in F(f). In fact,
the entire basin of attraction A for an attracting periodic orbit is contained in F(f).
However, every repelling periodic orbit is contained in the J(f).

Proof. Consider a fixed point zy with multiplier A.

e If |A| > 1, then no subsequence of iterates of f can converge uniformly near z,

because
(f")(20) = A" —— o0

n—0o0

and then zg € J(f).

o If |A\| < 1, we have already seen (Proposition 1.8) that for |z — 29| < § with ¢
small enough the iterates of f converge uniformly to the constant map z — z,

so 29 € F(f).

The case of an attracting periodic orbit of order m follows directly considering f™
instead of f and the Lemma 2.8 (Iteration Lemma).

Finally, in any compact subset of A, the successive iterates of f converge uni-
formly to the constant map z — z¢ and thus A C F(f). O

Proposition 2.17. F(f) contains all Siegel points of f and their linearizing neigh-
borhoods. Instead, J(f) contains all rationally indifferent fized points and Cremer
fixed points.

Proof. We have seen in Theorem 1.20 that a solution to the Schroder equation exists,
if and only if, the sequence of iterates {f,}n is uniformly bounded in some neigh-
borhood of the origin, which is equivalent, by Theorem 2.3 (Montel), to {f,}» being
normal in some neighborhood of the fixed point. Therefore, all Siegel points of f are
in F(f) and all Cremer points of f are in J(f).
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If we have a parabolic fixed point (we can assume without loss of generality that
is z = 0), we obtain a power series of the form

fMiz—z+az’P +HOT. (a#0,p>2)
and then f™ = 2 + kazP + H.O.T.. The p-th derivative of f™* at z = 0 is then

plka —— oo.
k—o0

Therefore, no subsequence can converge normally.
Together with J(f™) = J(f), we obtain that rationally indifferent fixed points
of f are in the Julia Set. 0

2.1.1 Repelling Periodic Points and Baker’s Theorem

In this subsection we focus on the Julia set. The results stated here hold for all
transcendental functions, but the proofs are different for each class. In Chapter 3 we
study a function f € M in detail, therefore proofs are only given for this class.

It has been pointed out that the presence of poles in a transcendental function
requires a careful study, however here we show that in many cases it could also work
in our favor.

Definition 2.18 (Perfect set). We say that a set is perfect if it is closed, nonempty
and does not contain isolated points.

Theorem 2.19. Let f be a transcendental meromorphic function, then J(f) is per-
fect.

Proof. If f € M, we have already seen that J(f) = O (00). The discussion at the

beginning of this chapter also shows us that there exists z € O} (c0) that is not
exceptional, therefore by Proposition 2.11 J(f) is perfect. O

As a direct consequence we have
Corollary 2.20. J(f) is an infinite set.

The goal is proving a well-known result known as Baker’s Theorem and a result
concerning the periodic points of a transcendental meromorphic functions, to do so,
we need the following result of Ahlfors.

Theorem 2.21 (Ahlfors’ Five Islands Theorem). Let f be a transcendental mero-
morphic function, and let D1, ..., D5 be five simply connected domains in C with
disjoint closures. Then there exists j € {1,...,5} and, for any R > 0, a simply
connected domain G C {z € C: |z| > R} such that f is a conformal map of G onto
Dj;. If f has only finitely many poles, then "five” may be replaced by "three".

A weaker version proved can be found in [Ber2|. This result is the key ingredient
for the following accumulation lemma.

Lemma 2.22. Suppose that f € M and that z1,z9,...,25 € C’)]?(oo) \ {oo0} are
distinct. Define nj by f"(zj) = oo. Then there exists j € {1,2,...,5} such that z;
is a limit point of repelling periodic points of minimal period n; + 1. If f has only
finitely many poles, then "five" may be replaced by "three”.
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Proof. Consider D; disks around z; where the radii is small enough so that:
e D;\ {z;} does not contain any critical point of f".
e The closures of the D; are pairwise disjoint.

There exists R > 0 such that f"(D;) D {z: |z| > R} U{oo}, we now consider j and
G according to Ahlfors’ Five Islands Theorem.

We can find a region H C Dj \ {2;} such that f*: H — G is conformal. Since
f: G — Djis conformal so it is f%*1: H — D; and then we have that f~%~1: D; —
H is also conformal. Since H C Dj, f~~1 by Corollary A.31 it has an attracting
fixed point in Dj, therefore f™+! has a repelling fixed point in Dj. Since the Dj
can be chosen arbitrarily small, we obtain a sequence {w;}; of repelling fixed points
of f%T! that accumulate at z;.

We show now that, in fact, the {w;} are repelling periodic points of f of period
nj+1. Suppose the opposite, i.e., for every w; there exists k; € {1,...,n;} such that
fR(w;) = w;. Since {1,...,n;} is a finite set, we can find a subsequence w;, - w
and k € {1,...,n;} such that for every s € N, f*(w;,) = w;, and

Wy, —— %j
S— 00

then,

= Jimw, = fim o) = 7 (fim ) = 4G

Therefore, co = f"(z;) = f%7*(z;), which is a contradiction because f(co) is not
defined.
Hence, z; is a limit point of repelling periodic points of period n; + 1. O

We can finally prove the results concerning the existence of infinitely repelling
periodic points.

Theorem 2.23. If f € M and n > 4, then f has infinitely many repelling periodic
points of minimal period n.

Proof. We have seen at the beginning of this chapter that if f € M and n > 4 then
f~"*1(c0) is an infinite set, and then Lemma 2.22 gives us the result. O

Finally, we prove the well-known Baker’s theorem.

Theorem 2.24 (Baker). Let f be a meromorphic function. Then J(f) is the closure
of the set of repelling periodic points of f.

Proof. Consider a € J(f) and € > 0, we want to see that there exists a repelling
periodic point w of f such that |a — w| < e. Since J(f) = (’);(oo) is perfect, there
exists z1,...,2n € O} (00) different such that [z; —af <e/2.
By Lemma 2.22, there exists j € {1,...,5} and a repelling periodic point w of f
such that |z; — w| < g/2.
Therefore,
la —w| <l|a—z|+ ]z —w| <e/2+e/2=¢

and the theorem is proved. O
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2.2 Components of the Fatou Set

The aim in this section is to understand the possible limit functions that we
can obtain under iteration in the set of normality of the iterates of f. To do so we
introduce the components of the Fatou set.

Definition 2.25 (Fatou component). A component U of F(f) is a mazimal con-
nected domain of normality of the iterates of f.

Lemma 2.26. Every component of F(f) contains at most one periodic point of f.

Proof. Suppose that U is a component of F'(f) and that a,b € U are periodic points
of f. If we consider f* instead of f, for k big enough we can assume that both a
and b are fixed points of f.

e If g is attracting or super-attracting, by Analytic Continuation any limit of the
{fn}n is constant in U and therefore since f(a) = a and f(b) = b, a = b.

e If a is an indifferent fixed point, since a € F(f), by Theorem 1.20 f in U is
conjugate to an irrational rotation, which has only one fixed point and then
a="b.

O]

We want to understand now the behavior of f in the different components of the
Fatou set. To do so we distinguish two different cases.

Definition 2.27 (Preperiodic and Wandering components). Given a component U
of F(f), then by the Invariance Lemma f(U) is contained in a component of F(f)
that we denote U,,.

o U is called preperiodic if there existsn > m > 0 such that U, = Up,. If m =0
we say that U is periodic with period n and {U,Uy,...,U,_1} is called a cycle
of components. The smallest n with this property is called the minimal period
of U.

e [f U is not preperiodic, U is called a wandering domain.

Wandering Domains are discussed in Section 2.4.

2.2.1 Dynamics on Periodic Fatou Components

The behavior of the successive iterates of f on periodic components is well un-
derstood. The following celebrated result, originally stated by Fatou, summarizes
the different possibilities that we can have.

Theorem 2.28 (Classification Theorem for periodic components). Let U be a peri-
odic component of period p. Then we have one of the following possibilities:

(a) U contains an attracting periodic point zo of period p. Then
fP(z) —— 20 VzeU
n—o0

and U is called the immediate attractive basin of z.



2.2 Components of the Fatou Set 23

(b) OU contains a periodic point zy of period p and
f"P(z) —— 20 VzeU
n—oo

Then (fP)'(z0) =1 if z0 € C. U is called a Leau domain.

(c) Ezists ¢: U — D conformal such that ¢(fP(¢p71(2))) = €™z for some o €
R\ Q. U is called a Siegel disk.

(d) Exists ¢: U — A conformal where A = {z:1 < |z| <r},r > 1 is an annulus
such that ¢(fP(¢~1(2))) = €™z for some a € R\ Q. U is called a Herman
Ting.

(e) Exists zo € OU such that

1" (2) — VzeU

but fP(zo) is not defined. In this case U is called a Baker domain.

This result is partially proved in this document. Observe that we just have to
restrict ourselves to the case p = 1 (otherwise we consider f? instead of f). To do
so, we need to define what we understand as a limit function.

Definition 2.29 (Limit Function). We say that ¢ is a limit function of {f"} on
a Fatou component U if for some f™ F f", there exists f"*i = f that converges
normally on U to ¢. We denote by L(U) the set of all limit functions.

The first step is showing that when we have a forward invariant component of
the Fatou set, either £(U) contains constant limit functions or non-constant limit
functions.

Theorem 2.30. Suppose that U is a forward invariant Fatou component and that
L(U) contains some non-constant limit functions. Then,

(a) f is conformal in U.
(b) The identity map idy € L(U).
(¢) Any non-constant limit function is conformal in U.

(d) L(U) does not contain any constant limit function.

Proof. We begin the proof with a simple observation due to Theorem A.42 (Hurwitz):

Let ¢(z) € L(U) be a non-constant limit function, then exists n; - n such that
f" — ¢(z) normally on U.

For any w € U, the zeros of ¢(z) —¢(w) are isolated. By Hurwitz’s theorem, exists
jo > 1 such that f™(z) — ¢(w) has zeros for all j > jo, therefore exists Z € U such
that f™(2) = ¢(w), since f(U) C U, then ¢(w) € U, which implies that ¢(U) C U.

And now we can prove the result:

e By passing to a subsequence if necessary, we can assume that
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T My =Ny —Nj—1 ?OO
- f™i converges normally on U to a limit function 1.

Then:
Y(P(z)) = lim f7(f"1(z)) = lim f"(2) = ¢(z)

j—00 j—o0
Since ¢(z) is non-constant, by the Open Mapping Theorem ¢(U) C U is open.
Observe that ¥(w) = w for every w € ¢(U) and ¢(U) has limit points, hence
by Analytic Continuation 1 is the identity map and we obtain (b).

e Suppose that exist z,w € U such that f(z) = f(w), then

2= lim f™(z) = lim f™7Y(f(2)) = lim f™7H(f(w)) = lim f™(w) =w
Jj—00 Jj—00 Jj—00 Jj—00

then z = w and therefore f is conformal, hence (a) is proved). Recall that

we can also prove that f is bijective, in fact, if w € U, then id(z) — w is non-

constant and by Hurwitz’s theorem exists jo > 1 such that f™i(z) — w has

zeros for all j > jo, therefore exists Z € U such that f(Z) = w, which implies

that w € f(U).

e Since f is a conformal and bijective, we can consider g: U — U the inverse
of f. By passing to a subsequence of the n; if necessary, we can assume that
9" — ¢ normally on U. Then:

o(¢(2)) = lim g™ (f"(2)) ==z

Jj—00
which implies that both ¢ and ¢ are not constant and (d) is proved.

e Furthermore, in the limit functions above ¢ is injective (because ¢(z) = ¢(w)
implies that z = p(¢(2)) = ¢(é(w)) = w) and ¢ is surjective.
Finally, (¢ o ¢)(¢(2)) = o(p(¢(z))) = ¢(z), which means that ¢ o ¢ is the
identity in ¢(U) and by Analytic Continuation ¢ o ¢ = idy, therefore ¢ is
surjective and ¢ is injective. (c) has also been proved.

O

The goal now is to prove Theorem 2.28 in the case of constant limit functions,
which in fact are the ones that concerns us in Chapter 3.

As it has already been said, it is enough to restrict ourselves to the forward
invariant component case. First, we need a technical lemma.

Lemma 2.31. Let U C F(f) be a forward invariant component. If there exists a
constant limit function &, then either & is a fized point of f or & = oco.

Proof. If £ # oo, then exists ng - n such that f*(z) converges normally on U to &
and

7O = £ (Jim 7)) = Jim 7 (7:)

k—o0 k—o0



2.2 Components of the Fatou Set 25

since by hypothesis f(z) € U, then
f(€) = lim f™(f(z)) =&

k—o00

O

We also need to show that in a forward invariant Fatou component with constant
limit functions, in fact, we only have one limit function.

Theorem 2.32. Suppose that U is a forward invariant component of F(f) such
that L(U) only contains constant limit functions. Then L(U) contains exactly one
function & such that f™* — & normally on U.

Proof. Since we are assuming that £(U) only contains constant limit functions, we
regard £ € L(U) as a (constant) function and as a value of Cq.

Suppose that a limit function £ € U, then f(£) = € and exists f™ F f™ such that
f™ — & normally on U.

Consider a disk D(&,r) such that D({,7) C U. Our hypothesis assures us that
there is jo > 1 such that

fro(D(E,r) € D(&,r)

Since € is a fixed point, by Theorem A.13 (Schwarz’s Lemma) |(f™0)'(§)] < 1, and
then |f/(£)] < 1, therefore ¢ is attracting and in a neighborhood of ¢ the sequence
f™ converges normally to &, then by Analytic Continuation f — £ normally on U
and there is just one limit function.

Suppose that every constant limit function & € £(U) satisfies £ € OU. Consider
a connected compact set K C U, enlarging K if necessary we can assume that K
contains a pair of points z and f(z), then f(K) meets K, f?(K) meets f(K), etc.
Thus for any ng, the set

o
U rmx)
n=ng

is connected.

Since the fixed points of f are isolated (they are the zeros of f(z) — z), we can
consider a collection of pairwise disjoint open neighborhoods {V}}; of the fixed points.

Suppose that exists n; F n such that each f™ (K) meets

c\ UV
j=1

then no subsequence can converge uniformly on K to one of the fixed points (which
it has to), therefore exists ng > 1 such that

8

U ruc v

n=ng J=1

Since UZO:nO fM(K) is connected it lies on exactly one Vj, hence the fixed point
¢; € Vj is the only limit function in £(U).

Finally, since for every nj b n exists ng; = ny that converges normally to &; on
U, the whole sequence f™ converges normally to §; on U. O
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Theorem 2.32 already proves the cases (a) and (e) of Theorem 2.28. Finally, we
prove that in the remaining case we have a parabolic domain.

Theorem 2.33. Suppose that U is a forward invariant component of F(f) and that
there is a constant limit function & € L(U) such that & € OU NC. Then & is a
rationally indifferent fived point of f such that:

(a) [ — & normally on U.
(b) f1(§) =1

Proof. Theorem 2.32 shows us that {{} = £(U), therefore since for all ny F n, exists
nk, = ng such that
™ —— ¢ e au,

j—o0
then f™ —— ¢ (in particular the fixed point cannot be repelling).
j—oo

Since & cannot be neither repelling nor attracting, we must have |f/(£)| = 1, we
just have to show that f/(¢) = 1.

Without loss of generality we can suppose that & = 0 and that W N D(0,r) is
forward invariant. Consider zg € W and define the function:

e

f™(20)
The normality of {f"} implies that {¢;}, is normal on W, hence some ¢, = ¢,
converges normally to ¢ € H(W).

Observe that

IR ) S E) - ()
enlf(2)) = T 5 = el e S = pn()

Hence o(f(2)) = Ap(2).
Since A # 0 we can assume that f is injective in W and then ¢,, is also injective
in W. Thus by Theorem A.42 (Hurwitz) either ¢ is constant or injective.

en(2)

Ap(2)

n—o0

e If  is constant, then ¢, (z9) = 1 implies that ¢ = 1. Hence A\ = 1, because we
have 1 = ¢(f(z)) = A\p(2) = A

e If ¢ is injective, it has an inverse ¢! which maps ¢(W) onto W, and then
e(f"(20)) = A"p(z0) = A"

Since |A| = 1, there exists an increasing sequence m; — oo of integers such
that A™ — 12 and then o(f™(z)) — 1.

But ¢(W) contains the point 1 = ¢(z¢), and thus for j large enough ¢(f™i(zy)) €
@(W), for these j then

fmi(z0) = o7 A™) = 07 (1) = 20
which contradicts that f* — 0. So ¢ is constant and A = 1.

O]

2Trivial in the case that X is a root of the unity. If not, then {\": n € N} is dense in {|z| = 1}
and it also holds.
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2.2.2 Topological Properties

The topological properties of the different Fatou components play a fundamen-
tal role in the dynamics of our functions. The results introduced before and some
classical results of Complex Analysis are, in fact, crucial at this point.

Definition 2.34 (Winding number). We denote by ind(vy,a) the index of a closed
curve v C C with respect to a point a (also known as the winding number of v
about a).

The key lemma, which together with Theorem 2.28 leads us to our goal is:

Lemma 2.35. Let f € E and U be a multiply connected component of F(f). Suppose
that v is a Jordan curve that is not contractible in U. Then:

(a) f*— oo normally on U.
(b) ind(f™(v),0) > 0 for n large enough.
Proof.

(a) Consider a compact subset K C U that is multiply connected and suppose that
exists ng - n such that |[f™| < M < oo on a Jordan curve I' (with I'* C K)
that is not contractible in U. By the maximum principle:

()| <M Vz€int(D)

but that’s not possible because int(I') N J(f) # 0. In fact, if z € int(T') N J(f)
and D > z is a neighborhood of z, D C int(I'), then (J,, o f"(D) covers Coo
with at most two exceptions, in particular, exists ng € N such that

sup |f"(z)| > M +1

zeD
n<ng

which is a contradiction. Therefore f™ — oo normally on U.

(b) Suppose that exists ny - n such that ind(f™(vy),0) = 0 then by the Argument
Principle f™ does not have zeros in int(y), by the Minimum Principle f"*
attains its minimum in =, since by (a) f™ — oo uniformly on 7, we obtain that
f™ — oo on int(vy). But again, since int(vy) N J(f) # 0, this is a contradiction
(using again Proposition 2.9).

O

Lemma 2.35 has a great variety of important applications. It characterizes the
behavior of an entire function in a multiply connected component of the Fatou set.

Theorem 2.36. If f € E, then F(f) does not have Herman rings.

Proof. Lemma 2.35 shows us that if a component is multiply connected and f is
entire, then f™ — oo normally on U, which is not compatible with being conjugate
to an irrational rotation as in Theorem 2.28 (d). O
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Observe that, in fact, to have Herman rings we need poles.

The following result is important in the study of the Exponential Family in
Chapter 3.

Proposition 2.37. Suppose that f € E is bounded on some curve I' going to oo,
then all components of F(f) are simply connected.

Proof. Suppose that there exists U C F(f) that is multiply connected and consider
a Jordan curve « that is not contractible in U, then by Lemma 2.35, 3ng > 1 such
that f"(y) NT # 0 for all n > ng. Consider z, € f"(y) NT and {2y }n>n,, since

f(zn) € 1Y) —— 00

n—oo

then f(z,) —— oo, which is a contradiction with the hypothesis. O
n—oo

Example 2.38. If we consider I'(t) = —t, then for Ex(z) = Ae*, A # 0 the curve
E\(T'(t)) is bounded. Therefore all components of F(E)) are simply connected.

We end this subsection with a couple of results concerning the connectivity of
the components of the Fatou set.

Theorem 2.39. Let f € E, then any multiply connected component of F(f) is a
wandering domain. In other words, any preperiodic component of F(f) is simply
connected.

Proof. Lemma 2.35 tells us that given a multiply connected component U of F(f)
and a Jordan curve « contained in U, the successive iterates of U converges normally
to oo, furthermore for n large enough the winding number of f™(y) (which is a closed
curve) is nonzero and f"(vy) — oco. Therefore U cannot be preperiodic and the claim
follows. O

Example 2.40. The exponential family Ex(z) = \e* does not have Wandering do-
mains. This follows from Example 2.38 and the previous Theorem.

Theorem 2.41. Let f be a meromorphic function and U be an invariant component
of F(f). Then the connectivity of U has value either 1,2 or co. The value 2 only
takes places when U is a Herman ring.

The proof can be found in [BKL3|.

2.3 Singularities of the Inverse

The points where the inverse function is not well-defined play a fundamental role
in the dynamical behavior of our function. In fact, they are closely related with the
different Fatou components that we can have.

We consider f € M(C) unless we state the opposite.

Definition 2.42 (Singular value). We say that a € C is a singular value if some
branch of f=' is not well-defined (holomorphic and injective) in a neighborhood of
a € C.
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The goal is to analyze the different singular values that we can have.

Let a € Cy and denote by D(a,r) the disk of radius » > 0, in the spherical
metric®, centered at a. For every r > 0, choose a connected component U(r) of
f~1(D(a,r)) such that 71 < 79 implies U(r1) C U(rz). Obtaining a function:

U:rw—U(r).
We have two possibilities:

(i) NpsoU(r) = {z}, 2 € C. Then a = f(2). Ilf a € C and f'(2) #0 or if a = o0
and z is a simple pole, then we say that z is an ordinary or regular point.

If a € Cand f'(z) =0 or if @ = co and z is a multiple pole of f, then z is
called a critical point and « is called a critical value.

(il) Ny>oU(r) = 0. Then we say that our choice r — U(r) defines a (transcenden-
tal) singularity (for simplicity we just call such U a singularity). For every
r > 0, the open set U(r) C C is called a neighborhood of the singularity
U. Soif 2, € C, we say that z;, — U if for every € > 0, Ik such that z; € U(e)
for all k > k.

Meanwhile the first type is elementary to determine with this characterization,
the second is not, so we are urged to obtain a criterion to decide when we have a
singularity.

Definition 2.43 (Asymptotic Value). We say that a € C is an asymptotic value
if there exists a curve v such that

v(t) oo o0 and f(v(2)) oo O

We call v an asymptotic path or curve of a.

Proposition 2.44. A point a € C is an asymptotic value of f, if and only if, there
is a singularity U (as in (ii)).

Proof. Let v be an asymptotic curve, on which f(7(¢)) — a. Then, for every r > 0,
the tail of v where f(v(t)) € D(a,r) belongs to f~1(D(a,r)). We define U(r) as the
connected component of f~1(D(a,r)) that contains this tail. So U is a singularity.
We want to construct an explicit asymptotic curve. Consider a sequence {rg}x,
which decreases to 0 and a sequence {z} such that z; € U(rg). Since for every
n >k, z, € U(ry) (because U(r) D U(ry)) and U(ry) is connected, we can connect
2, to zp41 by a curve 4y such that +; C U(ry). Then v = Uyyy is an asymptotic
curve (since NysoU(r) = 0, then limy 2z = oo and Up>i{zx} C f~H(D(a,7k)), so
limg, f(2r) = a). O

Example 2.45. Consider Ex\(z) = \e*, where \ € C*, then

o Let y(t) = —t, then Ex(y(t)) = de™! — 0 ast — co. So 0 is an asymptotic
value of .

3See A.2.1 for the definition and main properties.
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o Let a(t) = t, then Ex(a(t)) = Xe! — o0 ast — 0o. So oo is an asymptotic
value of Ey.

The behavior near a critical point is important in holomorphic dynamics, but in
this document, we focus mainly in asymptotic values. However, any reader interested
is encouraged to read A.1.3.

2.3.1 Picard Values

In some cases we can detect asymptotic values without constructing an asymp-
totic curve. We know that omitted points of a function play an important role due
to Theorem A.62 (Picard’s Big Theorem) in the behavior of a function, in fact, they
are also asymptotic values.

We regard f as a transcendental meromorphic function.

Definition 2.46 (Picard Value). We say that a € C is a Picard exceptional value
or Picard value of f if a & f(C). We write a € PV (f).

Due to Theorem A.61 (Picard’s Big Theorem), the set PV (f) has at most one
or two finite points, depending on if f is entire or meromorphic respectively.

Theorem 2.47. Every a € PV(f) is an asymptotic value of f.
See [Sch| for a proof.

Example 2.48. If f(z) = a+ (z — a) e, for m € N and g € H(C). Then:
e f has an isolated singularity at z = a, which is a pole of order m.
e f does not assume the value a in C (a = f(z) <= e9*) =0).

Soae PV(f).

2.3.2 The Role of the Singularities of the Inverse

This subsection is devoted to showing why the singularities of the inverse play a
fundamental role in the dynamics of a given function. Again, we focus on the case
of periodic components with constant limit functions.

Definition 2.49 (Singular Set). We define the set of singular values

S(f) = {eritical and asymptotic values}.
A postsingular point is a point on the orbit of a singular value.

The next result shows the relevance of S(f) in the case of attracting and parabolic
domains, which are the two cases that concern us in Chapter 3.

Theorem 2.50 (Role of the Singular Values). Let f be a meromorphic function.

(a) Suppose that f has an attracting fized point or cycle. Then there is at least one
singular value in the immediate basin of attraction of this point.
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(b) Suppose that f has a parabolic fixed point. Then there is at least one singular

value in the immediate basin of attraction of this point.

Proof. We argue it by contradiction.

(a)

Suppose that z( is an attracting fixed point. It can be assumed that f/(z) # 0
(otherwise the result is trivial).

Let Uy be a bounded neighborhood of zy contained in A, the immediate basin
of attraction of zp, such that f(Uy) C Up. It can also be assumed that f is
one-to-one on Uj.

Now we pull back by a branch of f~!, more precisely, we consider U; as the
preimage of Uy that contains Uy. Since we are supposing that we do not have
singular values in the basin, U; cannot be an unbounded set (otherwise an
asymptotic path can be obtained), so Uj is bounded. Again, since by hypothesis
there are no critical points in A, we can assume that fy;, is one-to-one.

Iterating this procedure, a sequence of open bounded subsets {U,, },, is obtained
such that Uy, C U, and f: U,y1 — U, is one-to-one.

Let W = Up2yUy, then
fTW-=w

is one-to-one. Which means that
fLwsw

is well-defined and holomorphic.

J(f) is infinite and W C C\ J(f), therefore the family {f =1}, cn misses (far)
more than two points. By Montel’s Theorem {f~"},, is normal in W, but since
2p is attracting for f, it is repelling for f~! and zg € W, which contradicts the
normality of {f~"},,.

The construction in this case is similar. Consider the n attracting petals pro-
vided by Lemma 1.16,
Pi,..., Py

Consider V an open bounded neighborhood of zy such that
Uy=VoN(P1U---UPy)
satisfies:

® fi, is one-to-one.
° f(UQ) c Up.

The procedure is the same; consider U; as the preimage of Uy that contains Uy.
Since we do not have singular values in Py U---UP,,, U1 cannot be unbounded
and since we do not have critical values, we can assume that f|;, is one-to-one.

If we keep iterating this procedure, we obtain a sequence {Up}n>0 of open
bounded sets such that.
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° Un C Un+1.
e fiu, is one-to-one.

d f(Un—H) C Un

Then W = U,>oU, is such that
fw-=w

is one-to-one. Hence f~': W — W is well-defined and holomorphic. Again
W C F(f) misses (far) more than three points, thus { f~"},, is a normal family.
We also know that {f~"}, is normal on the attracting petals of f~1 (which are
the repelling for f). Hence by the Theorem 1.17 (Leau-Fatou Flower Theorem)
{f™"}n is normal on a punctured neighborhood of zy. Since f(z9) = zp is
defined, then {f~"}, is normal on a neighborhood of zy (by the Maximum
Modulus Principle and Montel’s Theorem), which contradicts that zg € J(f)
(because is parabolic).

O]

Remark 2.51. As we have already seen in the proof, in Theorem 2.50 we need a
finite singular value in both cases (they are the ones that play a dynamical role).

The next result shows that the singular values also play a fundamental role when
we have Siegel disks or Herman rings.

Theorem 2.52. Let f be a meromorphic function, and let C = {Uy, Uy, ..., Up_1}
be a periodic cycle of components of F(f). If C is a cycle of Siegel disks or Herman
rings, then

oU; C (’)JJ{(S(f)) forallj € {0,1,...,p—1}

This result is not proved in this document. See [Berl] for references in order to
find the proof.

The singular values are also relevant for Baker domains. We have the following
result.

Theorem 2.53. Let f be a meromorphic function, and let {Uy,...,Up—1} be a pe-
riodic cycle of Baker domains of f. Denote by z; the limit corresponding to U; and
define z, = zy. Then

p—1
zel) o) Viedo,...,p—1}

n=0
and z; = oo for at least one j € {0,...,p—1}. If zj = oo, then zj11 is an asymptotic
value of f.
Proof. The limit z; corresponding to Uj is such that

np . .

f™(z) — % for z € Uj.

It is clear that zj11 = f(2;) if z; # oo (and we are setting z, = 2p).
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Since fP(z;) is not defined, there exists j € {0,...,p — 1} such that z; = oo, and
then, for every j € {0,...,p — 1} there exists | = [(j) € {0,...,p — 1} such that
fl(2z;) = oo, and then

p—1
{z0,...,2p-1} C U f7(00).
n=0

Finally, choose wg € Uy and a curve o C Uy that joins wg and fP(wyp), defining

v =J (o) and v; = f/(10) , 5 €40,...,p =1}
n=0

we obtain curves v; in U; that tend to z; such that

fP(vj) C v and fP(2) ——— z;

z—zj in v
hence,
f(Z) ——— 2
Z—rzj 1N ;5
so if z; = oo, then 211 is an asymptotic value. O

The following two results are a direct consequence of Theorem 2.53.

Corollary 2.54. Let f be a meromorphic function and let
{Uo,...,Up—1}

be a periodic cycle of Baker domains of f. Then exists j € {0,...,p — 1} such that
oU; NS(f) #0

Corollary 2.55. Let f be a meromorphic function and let U be a (forward invariant)
Baker domain. Then oo € S(f) and U is unbounded.

2.4 Wandering Domains

This Fatou components have been unnoticed during many years due to their ab-
sence in rational maps. The no-Wandering Domains Theorem was first proven by
Sullivan in 1985 in his famous paper Quasiconformal Homeomorphisms and Dynam-
ics I. Solution of the Fatou-Julia Problem on Wandering Domains (see [Sul]). This
paper introduced quasiconformal analysis techniques into holomorphic dynamics,
which meant remarkable advances in the field.

However, transcendental functions do have Wandering Domains. For example
the function

g9(2) = z +sin(z) + 27
has a Wandering Domain, which is represented in Figure 2.1.

They are the least understood Fatou components and still subject of current
research. Their analysis is out of the scope of this project. However, some special
classes of transcendental maps do not have Wandering Domains.

The maps studied in Chapter 3 are some examples, so we give sufficient conditions
for not having these Fatou components.
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Figure 2.1: In black, the Wandering Domain of g(z).

Definition 2.56 (Classes of Meromorphic Functions). We define the following classes
of meromorphic functions:

o S={f: f has only finitely many critical and asymptotic values}.
o F={f:f(2) =z +71(2)eP?), where r(z) is rational and p(z) a polynomial}.
o R={f: f'(2) =r(2)(f(2) — 2)* or f'(2) = 7(2)(f(2) — 2)(f(2) = 7)

where r(2) is rational and T € C}.
Theorem 2.57. Functions in S, F and R do not have Wandering Domains.
Theorem 2.58. Functions in S do not have Baker domains.

For references to find the corresponding proofs of this theorems see [Berl].
We refer to [BKL1, BKL2, BKL3, BKL4| for general further details and to
[BEFRS| for a classification of simply connected Wandering Domains.



Chapter 3

Some Families of Functions

The aim of this final chapter is to study two families of transcendental functions,
whose maps belong to three different families of transcendental functions, F, P and
M introduced in Chapter 2.

3.1 The Exponential Family

We start with the Exponential Family Ey(z) = Ae?, for A # 0, which is the
simplest and best understood transcendental entire function. It displays some pat-
terns (Cantor Bouquets) that appear in many families of transcendental functions,
a reason for which this family is considered a model. The references used for this
section are [Dev, DT].

Figure 3.1: J(FE)) in yellow for A = 0.3 4 61.
The following Proposition summarizes several facts we have already discussed.

35
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Proposition 3.1. Let E\(z) = Ae®. Then,
(a) Ex(z) has only two asymptotic values, which are 0 and oco.
(b) Ex can have at most one attracting cycle.
(c) All the components of F(Ey) are simply connected.

(d) F(E)) dos not have wandering domains nor Baker domains.

Proof. (a) and (b) are a consequence of Example 2.45 together with the fact that
only one of the asymptotic values is finite. (c) is Example 2.38. (d) is a consequence
of Example 2.40 and Theorem 2.58 together with (a). O

Definition 3.2 (Escaping set). We define the escaping set of a meromorphic func-
tion f as

I(f) = {ZG(C: " (z) —>oo}.

n—oo

Theorem 3.3. J(E)) = I(E))".

Proof. Since we do not have Baker domains, it is clear that I(F)) C J(F)) and
I(E) # ) because |Ex(z)| = |Aef*®*) and the real dynamical system g(z) = |\|e®
has orbits that tend to infinity.

Since any zg € RT N J(E)) is not exceptional, using Proposition 2.11 we obtain

I(Ey) = J(E)). O

Observe that the picture that we obtain is just an approximation of the Julia set.
In fact, the essential singularity at infinity puts us in a difficult situation to decide
whether an orbit tends to infinity or not.

The importance of the Singular Values has already been shown, recall that in
Theorem 2.50 and Theorem 2.52, we actually need a finite singular value. In our
case the only finite singular value is z = 0 and its dynamical behavior plays a
fundamental role.

Theorem 3.4. Let E\(z) = Ae*. Then,
(a) If the orbit of O tends to oo or it is preperiodic, then J(E)) = Cy.

(b) If Ey has an attracting or parabolic periodic orbit, then J(E)) has empty inte-
rior. In fact, J(Ey) C {z € C: Re(z) > v}, where v € R.

In order to draw Figure 3.1 we have used the following algorithm:
1. Compute the orbit of z € C up to a given transient N.

2. If the orbit of z enters {z € C: Re(z) > 50} at an iteration j < N, then z € J(E)) and color
z depending on j.

3. If at the iteration N the orbit has not entered {z € C: Re(z) > 50}, then color z black (and
we assume that z € J(E)))
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Proof. Due to Theorem 2.50 and Theorem 2.52 in the first two cases F(E)) = 0
because an attracting periodic orbit must have a singular value in its basin of attrac-

tion (the same with a Leau domain) and if we have a cycle {Uy,...,U,—1} of Siegel
disks, then

oU; < OF, ({0})

but OEA({O}) is finite and hence we cannot have Siegel disks.

In the remaining case, we have F(FE)) # () and thus, J(FE)) has empty interior.
Also recall that we can find a disk centered at z = 0 which is contained in F(E)),
its preimage {z € C: Re(z) < v} is also in F'(E)), thus

J(Ey) C{z€C: Re(z) > v}

o
NI

Figure 3.2: Preimage of the disk.

O
Definition 3.5 (Misiurewicz point). When 0 is preperiodic, by Theorem 3.4, J(E)) =
Cw and we say that X\ is a Misturewicz point.

Example 3.6. A\, = 2k7mi and Ao, = (2k + 1)7i for k € Z are Misiurewicz points,
because
0+ 2kmi — 2kmi — - --

0— 2k + 1)mi— —(2k+ V)i — —(2k + V)i — - -

3.1.1 Cantor Bouquets

The goal in this section is to understand how the orbits behave in the Julia Set
of E\ and define a structure that appears in many dynamical systems. To do so, we
restrict to the case where the parameter \ is real and 0 < A < 1/e.

Definition 3.7 (Cantor Set). We say that a set C C C is a Cantor Set if C is
compact, perfect and totally disconnected.

If we consider a positive integer N and the set
EN = {(80,81782,...): S cZ , |Sj‘ < N}

then we can define a topology in X that makes this set a Cantor Set.
In ¥ we define the shift map

0’22]\]—>2N

(80,81,82, .. ) — (81782, .. )
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Definition 3.8 (Cantor N-Bouquet). We say that a closed set Cn C C is a Cantor
N-Bouquet of a meromorphic function f if:

e f(Cn)CCn.
e There exists a homeomorphism
h: ¥y x[0,00) — Cy
such that
(a) (roh™to foh)(s,t)=oc(s) for all t € [0,00], where

T ENX [0,00)—)21\[
(s,t) —> s

is the projection on the first component.
(c) f™*(h(s,t)) —— 00 if t > 0.

Definition 3.9 (Cantor Bouquet). Given a sequence {Cn}n=o of Cantor N-Bouquets
such that Cy C Cny1, we call the set

Cxo = Cn

1

T3

a Cantor Bouquet.

We want to give a sketch of the proof of the following result.
Theorem 3.10. For 0 < A < 1/e, J(E)) is a Cantor Bouquet.

In order to accomplish this goal, we have to construct a sequence {Cn}n=o of
Cantor N-Bouquets such that Cy C Cpny1.
Given N > 0, we consider ¢ > 1 such that

Ex(c) >c+ 2N+ 1)
and for j € {—N,...,0,..., N} the rectangles
Rj={2€C:1<Re(z)<c,(2j—1)m <Im(z) < (2j+1)r}.
Then for each j € {—N,...,0,..., N} we have:
E\(Rj) ={2z€C: de < |z] < Xe®, |arg(z)| < 7}

so by our choice of ¢ > 1 we have that for any j,k € {—N,...,0,...,N}, Ry C Ex(R;).
Now we define

N
By = U R; and Cy :={z € By: E{(z) € By for all | > 0}.
j=—N
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The final step is showing that Cpy is a Cantor N-Bouquet. To do so, we need to
define a homeomorphism
h: Xy X [0,00) — Cn

we refer to |[DT| (Proposition 2.7) for the definition of the function and proving that
the required conditions hold.

So C is a Cantor N-Bouquet and Cy C Cn41, hence for 0 < X < 1/e, J(E)) is
a Cantor Bouquet.

This construction has interest for itself, in fact, if we fix an adress

s = (80,81,82, .. ) € XN
then the homeomorphism h gives us a path hg(t) = h(s,t): [0,00) — Cn such that

hq(t) m oo and E}\ (h;(t)) m o

we call this path a ray.

Figure 3.3: J(Ep.2), in green, is a Cantor Bouquet.
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3.2 A Family of Meromorphic Functions

In this section we study the family of functions

fx(z)=A<ze:11) A £ 0.

The results that we present below are not obtained from any written text.

3.2.1 General Properties

We show first that this family covers the two remaining types of transcendental
functions.

Proposition 3.11. fy € M for A# 1 and f\ € P for A =1.

Proof. We have fy = —1 (the only pole), if and only if,

e 1
z4+1 A
and this is an omitted value, if and only if, A = 1. O

So for A # 1 we already know that J(fy) = O}, (00), and we expect to have big
dynamical changes when \ passes through 1.
The first step is studying the fixed points of this function, which correspond to
the solutions of the equation
Ae?
h )= ————""""™7"= 1
Az (z+1)(z4+N)
Since hy(z) misses 0, by Picard’s Theorem we have infinitely many fixed points. Also
observe that f)(0) = 0 is always a fixed point and in order to compute the local
stability:
z z z
TP _ e
) s+ 1 (z+1)2 (z+1)2
thus 0 is always a super attracting fixed point and hence we already know that
F(f\) # 0, which implies that J(f)) always has empty interior.
Also note that at a fixed point fy(z) = z we have

N e? ~z(z+N)
e = <A<z+1_1>+A) EN

and thus, in the case z # 0, it would be attracting, if and only if,

Iz||z + A| < |z + 1]

The next step is to study the singular values. Their dynamical behavior, as we
have seen, plays a crucial role.

e The only critical point is z = 0, which is a fixed point.
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e We are in a similar situation as in the exponential family, we only have two
asymptotic values, which are:

* —\, with asymptotic paths I'(t) = —t — 2 + ai, where a € R.

e—t—2eia
OO =A57m = A oo =

* 00, with asymptotic paths T'(¢t) =t 4 ai, where a € R.

t _ia
e'e

- — A
t+1+a t—00

M) = A

o0

and just one of them is finite. Therefore, by the results in 2.4 Wandering Domains:
Proposition 3.12. F(f)) does not have Wandering nor Baker domains.

As a consequence:

Theorem 3.13. J(fy\) = I(f)).

Proof. 1t is clear that we have orbits that escape to co. Since we do not have Baker
domains

0 I(fx) C J(fr)

And I(f)) contains non-exceptional points, by Proposition 2.11 so the result holds.
O

Also recall that 0 € A(0) and by Theorem 2.50 and Theorem 2.52,
e Any attractive basin needs a finite singular value.

e Any rotation domain needs that its boundary is contained in the postsingular
set (’)}:(—)\).

So we can have at most two periodic cycles of Fatou components® for every
parameter A € C*, one of which is the basin of z = 0. The different possibilities for
the dynamics of —\ play a crucial role.

Since z = 0 is a super-attracting fixed point, there is a disk

D(0,e(X)) C Ax(0)

where Ay (0) is the basin of attraction of 0 of f) and necessarily €(A) < 1, because
at z = —1 we have a pole.

This simple fact is important in the case that —\ € A,(0), for which we only
have one periodic Fatou component (the basin of z = 0) and its preimages (if any).
Hence we can draw an accurate picture of F'(f) by considering the points that at a
certain iterate land near z = 0.

?In fact, the other component that we have depending on (’)j{A (=) can only be an attracting
domain or a Siegel disk, i.e., we cannot have Herman rings. That is because Herman rings require
at least two singular values in a certain position. The proof of this fact requires some knowledge of
Quasiconformal Surgery, which is an important tool in Holomorphic Dynamics. We refer to [BF2]
for more details.
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Hence it is to our interest to study the set Qg = {A € C*: — X € A,(0)}.

Figure 3.4: In green, Q. 0D(0,1/2) is represented in white.

Our first goal is to obtain a lower bound of
ry =sup{r > 0: D(0,r) C A\(0)} < 1.

Proposition 3.14. For every A € C*, the function

e =5 (2+ 1A = VIE T4 ) € (0,1)

gives a lower bound of ry, i.e., e(A) < ry.

Proof. For 0 < e <1 and |z| < € we have

ze?

K= 166) - KO < W (max| 5

|2|=¢

I

where we have used Theorem A.10 (Maximum Modulus Principle) for f{. For z =
ee?? we have

e cef cos(6)
(z+1)2]  1+¢e2+2ecos(h)’
If we define the function
cef cos(0)
gx(t?, 6) = |)‘|

1+ &2+ 2ecos(h)
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the goal is to obtain the maximum e such that fy is a strict contraction in D(0,¢),
because then all points in D(0,e) converge to z = 0 under iteration, i.e., we want to
obtain:

sup{e € (0,1): gx(e,0) < 1,6 €[0,27m)}

since then it follows that |f\(z)| < |z|. We split it in two cases depending on 6.
e For 0 € [-7/2,7/2), we have

ce’
14 &2

ga(e,0) < [A| = gr1(e)

e For 0 € [r/2,37/2), we have

92 (2,0) < = = 0ra(e)

Observe now that for 0 < e < 1, we always have gy 1(e) < gx2(e). Moreover, for
O<exl,

I\ 5 <1 -2+ A)e+1>0,

9
(1-2p?

and this last polynomial has roots

2+ A £ VAN +4)
5 .

If we define )
) =5 (2+ 1A - VNP +41))
it is not difficult to check that
e For every A € C*, we have £(\) € (0,1).
e For every € € (0,e())), we have gy 2(¢) < 1.

Hence, applying the same argument used in Proposition 1.8, for every A € C* we

have D(0,e(X)) C Ax(0). O
Corollary 3.15. D*(0,1/2) = D(0,1/2) \ {0} C Q.

Proof. From the lower bound on ry given by Proposition 3.14, we want to study for
which A it holds that —X\ € D(0,e(\)), i.e., e(A) — |A| > 0, i.e., we want to find |A]|

such that
2— Al > VA2 + 4|
and is immediate to verify that this inequality holds for |A| < 1/2. O

Example 3.16. We have to be careful with this result. For example, A = 0.89 € Qg
because
0%0(—0.89) € D(0,0.4) = D(0,£(0.89))

however, 0.89 ¢ D*(0,1/2). We can draw a clear picture of F(fos9) = Aos9(0) (see
Figure 3.5).
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Figure 3.5: In green, F'(fo.89).

Remark 3.17. In fact, (0,0.89] C Qo and 0.9 & Q.

Remark 3.18. Since fa(2) = f5(2), for A € R* the Julia set J(f)) is symmetric
with respect to the real axis.
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3.2.2 A Journey to oo

When the orbit of —A goes to oo, as in the exponential family, we only have
one periodic Fatou component (the basin of z = 0). Joining this condition with the
previous one we obtain the set:

Q=0QyU{AeC: —XeI(f)}
and for every A € Q, F(fy) = Ax(0).

Figure 3.6: In yellow, €. In orange, the parameters for which —\ € I(fy).

Example 3.19. Observe that A =1 € Q\ Qq, because fy(—1) = co. So for A =1
we have F(f1) = A1(0). Recall that f1 € P.

However in the study of this function we focus on €y in order to obtain some
topological relevant properties.

We have seen in Figure 3.5 some similar patterns with respect to the exponential
family in the dynamical plane, at first sight we may say that we have Cantor Bouquets
(which can be regarded as the closure of a collection of curves that go to o). But in
our case we have a richer structure: near every point w € O}, (00) \ {00} we obtain
some "copies" of this "Cantor Bouquet", where the oo is now condensed in a single
point w.

In Lemma 2.22 we have proved how near a generic point w € O}, (00) \ {oc},

where f¥(w) = oo we can find a sequence of repelling periodic points {w;};, all of
minimal period k + 1, such that

w; — w.
[—o00

From Theorem 2.19 and Theorem 2.24 (Baker), it makes sense to ask the following
question.
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Figure 3.7: In light green, F'(f1).

Question 3.20. Given X\ € €y, sis every repelling pertodic point in some curve of a
Cantor Bouquet?

We are concerned with the dynamical relevance of €2y and we want to turn the
ideas suggested by the numerical exploration into results.

Definition 3.21 (Immediate Basin of Attraction). We define the immediate basin
of attraction of a fized point zo € C, A*(zp), as the connected component of the
basin of attraction of zo, A(zp), that contains 2.

Definition 3.22. We define Qf = {\ € C*: — X € A5(0)}.
As a consequence of Proposition 3.14 we have:
Corollary 3.23. D*(0,1/2) = D(0,1/2) \ {0} C Q3.

The goal now is to prove the result announced in the introduction, we split it in
two technical Lemmas and two Theorems.

Lemma 3.24. Let A € €, then all asymptotic paths of —\ intersect the same
component of F(fy).

Proof. First of all recall that given an asymptotic path I' of —A, i.e.,

I'(t) o> and f(T'(¢)) = -

then Re(I'(t)) must be bounded from above, i.e., exists Mp < oo such that

sup Re(I'(t)) < M.
>0
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Figure 3.8: In green, F/(f/2).

Since —\ € A}(0), there exists € > 0 such that
D(—\,e) C A3(0).
Given that e,
e There exists ¥ < 0 and a half-plane, II, = {z € C: Re(z) < v} such that

f)\(]'_'[l/) - D(*)\,&).

e Exists a € R and a half line L, = {z € C: Im(z) = a, Re(z) < x4}, where
2o > 0, such that
a(La) € D(=X,¢)

and L, NT # (.

Since L, NII, # (), they are in the same component of F(fy) = A5(0) and the result
follows, because for every v1,v5 € R™, we have II,, N 11, # 0. O

We now can prove the first of the results announced in the introduction.

Theorem 3.25. If A € Q, then Ax(0) = F(f\) is connected. In particular, Ax(0)
1s totally invariant.

Proof. Suppose that —\ € A5(0).
From Proposition 3.14, we can consider the disk Uy = D(0,e(\)) C Aj3.
Now we pull-back Up in order to obtain the whole immediate basin A3} (0):
Consider, for N > 0, Uy as the connected component of f;l(UN_l) that contains
Un—1. This recurrence defines a sequence of subsets {Ux }n>0 such that:
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o Uy C A3(0) for all N > 0.

e Uy CUpn4q forall N > 0.
o A3(0) = Unso Un-

Since —\ € A3(0), there exists N > 0 such that —\ € Uy (i.e., fi¥(=A) € Up), and
we can find a path v C Uy that joins —A and 0.

So Un41 is unbounded, because —\ is an asymptotic value (a Picard Value),
hence the preimage of v must contain a path that joins 0 and oo (which is contained
in Uny+1). Using Lemma 3.24 we obtain that, in fact, when A € Qf all asymptotic
tracts intersect A% (0).

Now suppose that Ay (0) is not connected, then we must have at least two con-
nected components, A%(0) and U. Furthermore,

MU) = AX0) \ {=A}-

So U must contain a tail of an asymptotic path, but by Lemma 3.24 and the previous
observation, this tail must be contained in A3} (0) and the claim follows. O

We highlighted the relevance of the Béttcher coordinates in Chapter 1. They are
the key ingredient for the proof of the following Lemma.

Lemma 3.26. Let A € Q). Then there exists a closed, simple curve 3, contained in
Ax(0), such that 0 & B and ind(fr(5),0) = —1.

Proof. We construct the curve. Since 0 is super-attracting, we have the Bottcher
coordinates (note also that 0 is a zero of fy of order 2).

Let U be a neighborhood of z = 0 and ¢: U — D(0,r) be the Bottcher coordi-
nates map which locally conjugates fy and Qo(w) = w?.

Consider ¢ < r < 1 and define, D = ¢~1(D(0,¢)) and D’ = ¢~ 1(D(0,&?)). The
curves, 71(t) = it, 72(t) = —it are mapped by Qo to 7o(t?) = —t? = Qo(7;(t)),
j =1,2, where 7o(t) = —t. Now set r;(t) = ¢ 1(7;(t)), j = 1,2.

Since —\ € A%(0), there exists a disk V centered at —\ such that V C A%(0)
and, by Lemma 3.24, f5 *(V) contains a half-plane {z € C: Re(z) < v}.

Furthermore, since by Theorem 3.25, A3(0) = A)(0) is connected, we can find
a simple curve ag C A3(0) such that ag(0) = 0, ap(1) = =X, ap(e) = ro(e) and
(r0)jj0,¢] = (@0)[0.e]-

Define s € (e,1) such that ag(s) € OV. Observe that the preimage of ag by f\
are two simple curves, oy, as (because the preimage of 7y by Qo are two curves and
they are conjugate), which are asymptotic paths, such that.

o ()0, = ()0, for j =1,2.

° (a1)|[a,s) N (052)|[a7s) = (Z), that is because 0 & f)\(<061)|[578)) = f,\((a2)|[578)) =
(QO)H&S) and hence, f)\ is conformal for every z € (041)”575) U (012)‘[5’8).

Now define.

o 'yj = (aj)HE’S] for j = 0, 1,2.
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o v3 C f/\_l(GV) the simple curve that joins v;(s) and va(s).

2™ and g1 = @ () /a3/4)s va2 = @ () |=1/4,1/4])-

o Yu(t) =ce

V) | H“\ !

3

ro |
D’

Y2

Figure 3.9: Representation of the curves and domains in the proof of Lemma 3.26.

Then we can define the curves,

fr=mUrUrUv1 and fo=v Uy UyU72

which by construction are closed, simple curves contained in .4(0) that omit 0.
Observe that 81 (resp. B2) can be parametrized as a closed, simple curve preserving
the orientation that 41 (resp. 74,2) inherits from ;.
Finally,
Ia(Bj) =0V U UID,

hence, since OV U does not contribute to ind(f1(5;),0), we have ind(fr(5;),0) =
ind(0D’,0), and we have

ind(fx(31),0) = ind(0D',0) = -1 or ind(f\(B2),0) =ind(0D’,0) = —1.

(we want the curve 81 or f2 to be oriented counterclockwise), so we can take § = (1
or 8 = B2 so that ind(f\(8),0) = —1. 2

Finally, we prove the remaining part of the theorem.

Theorem 3.27. If A € Qf, then Ax(0) = F(f)) is infinitely connected.

Proof. By Theorem 3.25 we know that Ax(0) = A} (0) = F(fy) is connected.
Consider the closed, simple curve provided by Lemma 3.26. By Theorem A.25
(The Argument Principle),

ind(fr(B),0) = -1 = Z m(a)ind(B,a) — Z m(a)ind(B,a) =
a€Z(fx) a€P(fx)

= Z m(a)ind(B,a) —ind(B, —1)

a€Z(fx)
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Since § is a closed, simple curve, then we have ind(8,—1) = 1 and ind(5,a) = 0 for
every a € Z(fx).

So, f C Ax(0) = A3(0) and —1 € int(B). Then, the successive preimages of
int(B) contains points w € Of (c0) C J(f) which lie in the interior of a closed

curve contained in A,(0). Hence, since O}, (c0) is an infinite set, A(0) is infinitely
connected. O

3.2.3 Further Study

We have seen several results concerning the properties of the dynamical plane of
fr. However, there are still much many questions to solve and yet to even ask.

Conjecture 3.28. If A € f, then J(f\) contains Cantor Bouquets.

If Conjecture 3.28 holds, by Theorem 3.27 we obtain that near every point of
w € O (00) \ {oo} we have a copy of a Cantor Bouquet.

The next step is studying the cases where A ¢ €. In fact, the dynamical behavior
of fo.s9 and fo9 seems to be quite different (F'(fo.g9) is in Figure 3.5).

o~

.

Figure 3.10: In green A 9(0) and in blue I(fo9).

For further study in the field, the reader is encouraged to read [BKL1, BKL2,
BKL3, BKL4, BF, BF2, DT, Dom, FG1, FG2, Ripp, Sul.



Conclusions

This research developed all the necessary tools required to study transcendental
iteration in the general case of meromorphic functions from knowledge in Complex
Analysis, Dynamical Systems and Topology, pointing out the multidisciplinary char-
acter of Holomorphic Dynamics. To accomplish this goal, some background in Mon-
tel’s theory has been developed, including all the necessary results, along with the
study of the dynamical relevance of periodic points, required to provide a satisfactory
description of the Julia and Fatou sets.

The page limit has disallowed presenting complete proofs of the classification
theorem and the role of the singular values theorem, as well as proving the results
concerning the existence of periodic points for transcendental entire functions. How-
ever, the suitable results needed to analyze the families in Chapter 3 have been
proved. Likewise, considering the general case where there is presence of poles, the
existence of infinitely many repelling periodic points has also been established.

Once achieved, the investigation of two families of maps has been addressed,
obtaining results concerning some general properties of the dynamical behavior of
the maps and, for some parameter values, results related with topological properties
of the dynamical plane. Finally, some references were cited for further study.
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Appendix A

Complex Analysis Theory

We are going to list some of the main results of the Complex Analysis theory
that we need along this document. Some results will be used in proofs without being
formally stated before, for far more details see [Con, Gam, MH].

A.1 Holomorphic functions

Definition A.1 (Holomorphic Function). Let f: A — C where A C C is an open
set. The function f is said to be differentiable at zy € A if the following limit exists
f(z) = f(20)

lim —————.
Z—20 zZ— 20

This limit is denoted by f'(zo).

The next theorem states that a holomorphic function is analytic, and in particular
infinitely differentiable.

Theorem A.2. Let Q C C be an open set and f € H(QY). If D(a,r) is a disk with
center a € C and radius r > 0 such that D(a,r) C Q, then f is analytic on D(a,r),
i.€.,

oo
flz)= ch(z —a)", z€ D(a,r),
n=0
where the coefficients ¢, are determined by Cauchy’s Integral Formula for Deriva-

frves: £ (a) 7€)
") (a 1
- /.

n! B % —al=r (é- - a)n—i—l

Theorem A.3 (Liouville). Let f € H(C), if f is bounded, then f is constant.

de.

Cn

Definition A.4 (Zeros of an Holomorphic Function). Given Q@ C C and open set
and f € H(RQ), we define the set of zeros of f:

Z(f) ={z€Q: f(2) =0},

Theorem A.5. Let Q be a connected open set and f € H(Q), f £ 0. Then for all
20 € Z(f), 3'm > 1 such that f(z) = (z — 20)"g(2) (we say that m is the order of
the zero), where g is an holomorphic function such that g(zo) # 0.

93
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Proof. Consider r > 0 such that D(zp,r) C €, then for Theorem 2.2, f(z) =
oo oen(z —20)" , Yz € D(29,7). Let m = min{n € N: ¢, # 0}, then:

f(z) = (= = 2z0)" [Z cn(z — Zo)n_m]
9(2)
and ¢ is analytic with g(z0) = ¢, # 0. O

Corollary A.6. In the same conditions of Theorem A.5, if zo € Z(f), then zy is an
1solated point.

Theorem A.7 (Principle of Analytic Continuation). Let Q € C be connected and
feHQ), f£0. Then Z(f) has no accumulation points.

Corollary A.8 (Principle of Analytic Continuation - Identity Theorem). Let f,g €
H(Q2). Suppose that there is a sequence {zy }nen C Q of distinct points converging to
w € Q, such that f(zn) = g(zn), Yn € N. Then f =g on Q.

Definition A.9 (Maximum Value). Let f € H(Q2), where Q is a domain. We say
that a € Q is a mazimum if |f(2)| < |f(a)|, Vz € Q.

Theorem A.10 (Maximum Modulus Principle). Let f € H(Q2), where Q is a do-
main. If exists a € Q maximum, then f is constant.

The proof follows from the Mean Value Property, which is a Corollary of Cauchy’s
Integral Formula.

Corollary A.11. Let Q be an open bounded set, and f € H(Q) NC(Q). Then

sup | f(2)| = sup [f(z)]
z€Q) z€00

i.e., the maximum of |f| is attained on OSQ.

Corollary A.12 (Minimum Modulus Principle). Let f € H (), where Q is a domain
and f is non-constant. If exists a € Q such that |f(a)| < |f(2)| for all z € Q, then
fa)=0.

Theorem A.13 (Schwarz’s Lemma). Let f: D — D holomorphic such that f(0) = 0.
Then

(1) [f(2)| <2, for z € D.
(i) [f(0)] < 1.
Moreover, if |f(2)| = |z] for z # 0 or | f/(0)| = 1, then f(z) = Az, for |A\| = 1.
We conclude this section with a well-known result.

Theorem A.14 (Open Mapping Theorem). Let Q C C be a domain and f € H(2)
non-constant. Then f is an open mapping, i.e the image of any open set under f is
open.
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A.1.1 Singularities

Theorem A.2 enables us to find a convergent power series expansion of a function
around a point when the function is holomorphic in a disk around the point. Thus,
this theorem does not apply to functions like e*/z or 1/2% around a = 0.

Definition A.15 (Laurent Series). We call de Laurent series around a € C of a
function f(z) the series:

fe)= Y clz—a) = Z T —|—chz—a = f_(2) + f+(2).
n=-—oo n=1

This series is holomorphic on A = {z € C: r < |z —a| < R}, where 1/r is the
radius of convergence of g(w) = f_(1/w) and R is the radius of convergence of fi(z).

Theorem A.16 (Laurent Expansion Theorem). Let a € C, 0 < r < R < o0, and
A={ze€C:r<|z—a|l < R}. If f € H(A), then it exists an only Laurent series
such that

o
Z:lz—a —l—chz—a , r<|z—al<R
n=

where both series converge uniformly in compacts of A. And if r < p < R the
coefficients are given by

1 f€)

= — —2’ Y 7.
271 oy €=yt o TNE

Definition A.17 (Isolated Singularity). We say that f has an isolated singularity
at a € C if exists r > 0 such that f € H(D(a,r)\{a}) (hence, the Laurent expansion
is valid in this deleted neighborhood).

Definition A.18 (Classification of Singularities). We classify an isolated singularity
a € C of a function f depending on the part f_(z) of the Laurent expansion:

(a) Removable singularity: If c_, =0 for alln > 1.
(b) Pole of order m: If c_p, # 0 and c—,, =0 for all n > m.
(c) Essential singularity: If there are infinitely many c—_, # 0.

The next proposition states that these three cases cover all possibilities, and they
are mutually exclusive.

Proposition A.19. Let f € H(D(a,r) \{a}). The singularity in a € C is:
(a) Removable <= lim,_,, f(2)(2 —a) = 0.
(b) Pole <= lim,_,,|f(z)| = o0
(¢) Essential <= Alim, . |f(2)].

Corollary A.20 (Riemann’s Theorem on Removable Singularities). Let f € H(D(a,r)\
{a}). If f is bounded near a, then f has a removable singularity at a € C.
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Proof. By hypothesis in a neighborhood of a € C, exists M > 0 such that | f(z)| < M,
then

lim [f(z)(z —a)| < Mli_r)n |z —al =0

zZ—a

and by Proposition A.19 we obtain the result. O

A.1.2 Residue Theory

Let f have an isolated singularity at a € C, we consider the Laurent expansion

around a € C,
(o.]

fR)= Y ealz—a)"

n=—oo

Definition A.21 (Residue). We define the residue of f at a € C as Res(f,a) =
C_1.

Let » > 0 be such that f € H(D(a,r) \ {a}) and v a smooth closed curve such
that v* C D(a,r) \ {a}, then by Laurent Expansion Theorem (Theorem A.16):

Res(f,a)ind(v,a) = 5 / f(2)dz
Y

where ind(vy,a) € Z is the index of v with respect to a (the winding number).

Theorem A.22 (Residue Theorem). Let Q@ C C be an open set and let A be a
countable set without limit points in Q. Let f € H(Q\ A) and T’ be a smooth closed
cycle such that ind(T',z) =0 for z ¢ T'. Then:

/F f(2)dz = 2mi Z Res(f,a)ind(T, a).

a€A

Definition A.23 (Meromorphic Function). We say that f is meromorphic in Q C C
an open set (and we write f € M(Q)) if f is holomorphic in Q except for isolated
singularities which are poles. We usually denote the set of poles as P(f) and if
a € P(f), m(a) denotes the order of the pole a.

Proposition A.24. Let Q) € C be an open set, then

M) ={f/g: f,g € H(Q?) , g # 0}

Theorem A.25 (The Argument Principle). Let Q be a domain and f € M(S) a
non-constant function. If T is a smooth closed cycle such that ind(T',z) = 0 for z ¢ T
and T* N (P(fYU Z(f)) =0, then:

LG, . .
— z = m(a)ind(T,a) — m(a)ind(T, a).
27”/F 1) e;ﬁ ae;ﬁ
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A.1.3 Critical Points

Our aim is to understand the behavior of a holomorphic function near a critical
point, and to understand the behavior of the inverse function near the corresponding
critical value.

Let f € H(D) be a non-constant holomorphic function on a domain D. Suppose
that zp € C is a critical point of f with critical value f(z9) = wg. We define the
order of the critical point zp to be the order of zero of f’(z) at z5. The critical
points of f are isolated because they are the zeros of the non-constant holomorphic
function f'(z).

Suppose that zp has order m — 1 as a critical point. Then f(z) — wp has a zero
of order m at zyp. Considering p > 0 so that f(z) —wg # 0 for 0 < |z — 2| < p, and
0 > 0 such that |f(z) — wg| > 6 for |z — zp| = p, the logarithmic integral:

! ) )
N(w) /z—z0|:pf dz , |lw—wp| <9

T 2mi (z2) —w

is well-defined and it depends analytically on w. Since the holomorphic function
N(w) is integer-valued, is constant, and N(wp) = m gives us that N(w) = m for
|lw —wp| < 6. Thus, each w satisfying |w — wp| < ¢ is assumed m times counting
multiplicity by f(2) in {|z — 20| < p}, and then for p > 0 small enough and for w
near wy, there are m points z1(w), ..., zm(w) (repeated according to multiplicity)
such that f(z) attains the value w in the disk {|z — 29| < p} (at the points z;(w),
1 <j <m). We want to see how the points z;(w) depend on w.

We are going to make a change of variable in order to show that the behavior of
f(2) near zg is the same as the behavior of £ near £ = 0.

Since f(z) — wp has order m at zp, using Theorem A.5 exists h(z) holomorphic
at zo such that h(zp) # 0 and

f(z) —wo = (2 — 20)"h(2).

1/m

Near zp, we can define an holomorphic branch of h(z)"/™, if we consider g(z) =

(z — z9)h(2)"/™ then
f(z) = wo +g(2)™.
Since g(z) is holomorphic at zp and has a simple zero at zg, ¢’(29) # 0 and g(z) is

one-to-one near zp (univalent). Thus f(z) is represented as the composition of three
functions

2 () 9(2)" 5 g + g(2)"
We know the behavior of
& and o wo A+ €
and since g(z) is univalent near zp we can explain the behavior of f(z) near z.

e The set where £™ is real consists of m straight line segments passing through
0, which divide the &-plane near & = 0 into 2m sectors of equal aperture. The
imaginary part of £™ is alternately positive and negative.
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e The set where f(z) —wp = g(2)™ is real is the image under g—'(¢) of these
line segments, obtaining m curves through zg. They divide the z-plane near zg
into 2m domains with vertex zp on which the imaginary part of f(z) — wy is
alternately positive and negative.

Then a point w near wg, w # wp has m distinct preimages z1(w),. .., z,(w) and
they are the m branches of (w — wg)'/™ composed with g~*(€). If we consider the
principal branch (w — wg)"/™ on {|Jw — wo| < 6} \ (wo — &, we], the other branches

are of the form
6271'1']'/m(w - wo)l/m

and then the preimages of w are given by
zj(w) = g~ ™M (w —wo) /™) 1< j<m.

Finally, for w # wp, the preimages z;(w) are distinct and each z;(w) depends ana-
lytically on w.

A.1.4 Conformal Mappings

Definition A.26 (Conformal Map). A map f: A — C is called conformal at zy if
there exists 0 € [0,27) and r > 0 such that for any curve y(t) that is differentiable
at t =0, for which v(t) € A, v(0) = zo and 7'(0) # 0, the curve o(t) = f(v(t)) is
differentiable at t = 0 and

0" (0) = r[7/(0)] , arg(0’(0)) = arg(v/(0)) + 6 mod (2).

We usually take the next theorem as the definition:

Theorem A.27. If f € H(A) and f'(20) # 0, then f is conformal at zy with
0 =arg(f'(z0)) and r = |f"(20)].

Theorem A.28 (Inverse Function Theorem). Let f € H(A) and assume f'(zp) # 0.
Then there exists a neighborhood U of zy and a neighborhood V' of f(z9) such that
f:U =V is a bijection and its inverse function f~' is holomorphic with derivative
given by

P S
dwf (w)_f’(z) here w = f(z).

Proof. 1f f(z) = u(z)+iv(z), using the Cauchy-Riemann equations then the Jacobian

matrix is:
du v
_ 0 G)
Jr=1 5 o
ox ox
and the determinant is:

ou\? ov\?
det(Jr) = | =— — | =
wn=(5) +(5)
So det(J¢(20)) # 0 and we can apply the Inverse Function Theorem for real valued
functions, which it gives us the neighborhoods stated before.

2

0 0
L QRO

71—

Ox ox
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Finally, if we take w,w; € U and we set g(w) = f~1(w), g(w;) = 21, the following
limit:

gw) ) L zem
wowL W — Wy wow f(2) = f(z1)  f'(21)
exists and then f~! is holomorphic. O

Proposition A.29.
(i) If f: A — B is conformal and bijective, then f~': B — A is also conformal.

(i) If f: A— B and g: B — C are conformal and bijective, then go f: A — C is
conformal and bijective.

Proof. Since f is bijective, the mapping f~! exists. By the inverse function theorem

f~Y(w) is holomorphic and (f~1)'(w) # 0, thus it is conformal and we obtain (i).
To prove (ii), we just have to apply the chain rule (go f)'(2) = ¢'(f(2))f'(2) # 0,

so g o f is also conformal. Ul

Theorem A.30 (Riemann Mapping Theorem). Let A be a simply connected region
A # C. Then there exists a bijective conformal map f: A — D. Furthermore, for
any fived zo € A, we can find f such that f(zp) = 0 and f'(z9) > 0. With such

specification, f is unique.

Proof. We only prove uniqueness, the existence is proved in [Gam|. Suppose f and
g are bijective conformal maps of A onto D with f(z9) = g(20) = 0 and f'(29) > 0,
d'(20) > 0. We define h: D — D such that h(w) = g(f~!(w)), then h € H(D) and
h(0) = g(z0) = 0.

By Schwarz’s Lemma |h(w)| < |w| and the same argument applies to h™! =
fog™t so|h7H(E)] < |€]. If we take € = h(w), these both inequalities gives us that

[h= (h(w))] < [h(w)] < |wl.
So |h(w)| = |w| for all w € D, i.e., h(w) = cw, for |¢|] = 1. Then cw = g(f~1(w)),
if we take z = f~!(w) we obtain cf(z) = g(z) = cf'(z) = ¢'(z). Since f'(z20) and

d'(z0) are real positive values, so is ¢, and then ¢ = 1, i.e., f(2) = g(2). O

Using Schwarz’s Lemma, Riemann’s Mapping Theorem and a well-known result
in Topology called the Brouwer’s Fixed Point Theorem we can prove:

Corollary A.31. Suppose U is a simply connected open set, U # C, and that

f(U) CcU. Then f has a fized point zg € U and |f'(z0)] < 1.

Definition A.32 (Conformally Equivalent). Two regions are called conformally
equivalent if there exists a bijective conformal map g: A — B.

Corollary A.33. If A, B are two simply connected regions with A # C # B, then
there is a bijective conformal map g: A — B.

Proof. If f: A — D and g: B — D are conformal, we can set ¢ = h~! o f, which is
conformal and bijective. O

Remark A.34. C cannot be conformally equivalent with D because ¢: C — D due
to Liouville’s theorem must be constant.
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A.2 Normal families

The results and the proofs here have been obtained from [Gam]|.

Definition A.35 (Uniform Convergence). Let {fi} be a sequence of functions de-
fined on E C C. We say that the sequence converges uniformly on E to f if for
any € > 0, exists ng > 1 such that for all n > ng, |fn(2) — f(2)| < € for all z € E.
We write fi, = f.

Remark A.36. The definition above can also be stated as: fr = f, if and only if,
|fi(z) — f(2)| < eg for all z € E, where ¢, — 0 as k — oo.

Theorem A.37 (Weierstrass M-Test). Suppose My, > 0 and ), M < oco. If
{9x(2)} are functions on E C C such that |g(2)| < My, for all z € E, then ) ;. gi(2)
converges uniformly on E.

Theorem A.38. If {fix(z)} is a sequence of holomorphic functions on a domain D
such that fr = f on D, then f € H(D).

Proof. Let E be a closed rectangle contained in D. By Cauchy’s theorem [, fi(2)dz =
0 for each k. Since fi, = f,

- (2)dz = /8E 111?1 fr(z)dz = h/?l - fr(z)dz = 0.

Then, by Morera’s theorem f € H(D). O

Theorem A.39. Suppose that fi(z) is holomorphic for |z — z9| < R, and suppose
that fr, = f for |z — z0| < R. Then for each r < R and m > 1

f]gm) = f(m) , for |z — zo] <.

Proof. Suppose e — 0 are such that |fx(z) — f(2)| < ek for |z — 29| < R. We fix
s € (r, R), then by the Cauchy Integral Formula for Derivatives:

(m) (m) (o _ m'/ fiu(€) — f(E)
z) — Z) = — e 1l [
O R ORI o a
If |€ — 20| = s and |z — 29| <7, then [ — 2| > | — 20| — |20 — 2| =s—71, s0
(m) o\ _ )y < T @O e cm e o
|fk (Z) f (Z)| = 271' e ales (é- _ Z)m+1 d£ = 27T (S - ’l”)m—"_l s Pk-
|z2—z0
and pp — 0 as kK — oo, thus we obtain the desired uniform convergence. ]

Definition A.40 (Normal Convergence). We say that a sequence { fi(2)}r of holo-
morphic functions on a domain D converges normally to the holomorphic function
f(2) on D, if it converges uniformly to f(z) on each closed disk contained in D.

A consequence of the previous theorems is:

Theorem A.41. Suppose that {fr(2)}r is a sequence of holomorphic functions on
a domain D that converges normally on D to the holomorphic function f(z). Then,

for each m > 1, the sequence {f,im) (2)Yi converges normally to £ (z) on D.
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Given a convergent sequence of holomorphic functions, the argument principle
allows us to prove that, in some sense, the zeros of the functions in the sequence
converge to the zeros of the limit function.

Theorem A.42 (Hurwitz). Suppose { fr(z)}k is a sequence of holomorphic functions
on a domain D that converges normally on D to f(z), and suppose that f(z) has a
zero of order N at zy. Then there exists p > 0 such that for k large enough, fi(2)
has exactly N zeros in the disk {|z — z0| < p} counting multiplicity, and these zeros
converge to zy as k — oo.

Proof. Let p > 0 be small enough so that {|z — 29| < p} € D and f(z) # 0 for
0 < |z — 20| < p. Now we choose § > 0 such that |f(z)] > § on |z — 20| = p.
Since fx(z) converges uniformly to f(z) for |z — 29| < p, for k large enough we
have fi(z) > 6/2 for |z — 29| = p, and further f(2)/fx(z) converges uniformly to
1 (k)/ f(k) for |z — 29| = p. Hence the integrals converge:

N ] IHEY 1 1),

k=5 P z=N
271 lz—z0|=p fk(z) k—oo 271 |z—z0|=p f(z)

where due to the argument principle, N = number of zeros of fi(z) in the disk
{]z — 20| < p} and N = number of zeros of f(z) in {|z — 2¢| < p}.

Since N — N and they are both integers, it exists kg > 1 such that Ny = N
for all k > ko. So, for k > ko, fr(2z) has exactly N zeros counting with multiplicity
in {|z — 20| < p}. The same argument works for p > 0 smaller, so the zeros of fi(z)
must accumulate at zg. O

Definition A.43 (Equicontinuous Family). We say that a family F of functions on
E C C is equicontinuous at zg € E if for any € > 0, there is § > 0 such that if
z € E satisfies |z — z9| < 0, then |f(2) — f(z0)| < e for all f € F.

Definition A.44 (Uniformly Bounded). We say that a family F is uniformly
bounded on E if there exists a constant M > 0 such that |f(2)] < M for all z € E
and oll f € F.

Theorem A.45 (Arzela-Ascoli). Let E C C be compact set and F be a family of
continuous functions on E that is uniformly bounded. Then the following statements
are equivalent:

(i) F is equicontinuous at each point of E.

(ii) Each sequence of functions in F has a subsequence that converges uniformly
on E.

Proof. (i) = (i1)

e Every compact space is separable, i.e., 3{z;}; C E that is dense in E:

If we fix n € N, then
U,epD(2,1/n) D FE

since F is compact, there exists a finite cover, which gives us

{vaj}jejn C E Y #Jn < o0
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such that £ C Ujecj, D(2n,,1/n). So

{zi}i = Unen{zn,i}
is countable and by construction is dense in F.
e We use a standard diagonalization argument in order to find a subsequence of
{fn}n C F that converges pointwise on {z;};:

Since { fn(21)}n is bounded (F is uniformly bounded), by Bolzano-Weierstrass
theorem it has a convergent subsequence {fi,(z1)}n. Now, {fin(22)}n is
bounded, so it has a convergent subsequence {f2,(z2)}n. Note that since

Jon & fin and {f1n(21) }n converges, then {f2,(z1)}n converges. Thus {fon}n
converges in {z1, z2}.

Repeating this method we obtain a countable collection of subsequences of

{fatn,
{{fk:,n}n: fk:,n - fk—l,n R fn}

such that {f;,}n converges at {z1,...,2;}. Then, f,, F f, is a subsequence
that converges for all z;.

e Finally, if e > 0, for any z € E:

— F is equicontinuous implies that 39 > 0 such that
|Z - 2| <0= ‘fn,n(z) - fn,n(g)’ < 6/3'

— {#;}; is dense in E implies that 35 € N such that |z — z;| < 0.
— {fan}n converges in {z;}; implies that Ing € N such that for n,m > ny

| fan(25) — fnm(25)] < /3.
And then, for all n,m > ng:
| fan(2) = fmm(2)] < fan(2) = fan(z)] + | frn(25) — fnm(25)|+
+ [fmm(2j) = frnm(x)] <€/3+€/3+¢/3=¢.
Thus f,n F fpn is uniformly Cauchy and then uniformly convergent.

(19) = (1) Assume that F is compact but not equicontinuous. Then Je > 0 such
that V6 > 0, 3z,w € E and f € F such that |z — w| < 0 but |f(2) — f(w)| > e.
So, we can define a sequence d,, = 1/n such that 3z,,w, € F and f, € F such
that
|z —wp| < 0p=1/n but |fn(zn) — fu(wn)| >e  (x1)

Which gives us a sequence of functions { f,}, C F. No subsequence of { f,}, can be
equicontinuous, but by hypothesis, 3f,, = f, that converges uniformly on E to the
continuous function f. Then,

[ (2) = fril < i = FR A+ [F(2) = F(@)] + [ foy (w) = F(w)] - (+2)
e The uniform convergence gives us that 3k; > 0 such that for any k > kq,

|fu.(2) — f(2)| <e/3 VzeE.
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e Since f is continuous Jkz > 0 such that if |z — w| < 1/ky = dg,, then |f(2) —
f(w)] < e/3.

If we consider kg = max{ki, k2}, then Yk > ko, V|z — w| < 0, , for (x2):

Which is a contradiction with (x1). So F is equicontinuous. O

Definition A.46 (Normal Family). A family F of holomorphic functions on a do-
main D is a normal famaily if every sequence in F has a subsequence that converges
normally on D.

Our applications to holomorphic dynamics are be based on the following theorem.

Theorem A.47 (Montel). Suppose that F is a family of holomorphic functions on
a domain D such that F is uniformly bounded on each compact subset of D. Then
F is a normal family.

Proof. If z9 € D, 3r > 0 such that D(z,r) C D. F is uniformly bounded on
D(zp,7). By Cauchy Estimates, the derivatives of the functions in F are uniformly
bounded on D(zg,7), i.e., there is M > 0 such that |f’(z)| < M on D(zg,r) for all

f € F. Then, if z € D(z,r) is close enough to 2,

£ (2) = f(20)| =

/ f’(f)dé‘ < Mz - 2.

So F is equicontinuous at zp.
Let B, ={z€ D: |z| <n ,d(z,0D) > 1/n} Then E, is compact, E,, — D and
for every compact subset K of D, exists ng € N such that K C E,, for all n > ng.
Let {fn}n C F, then by the Arzela-Ascoli theorem, 3f; , = fy, such that {f1,}n
converges uniformly on Eq. Then 3fs, = f1, that converges uniformly on Es ....
We obtain a diagonal sequence { fy, »}n that converges uniformly on each E,,, hence
uniformly on each compact subset of D. O

A.2.1 Compact Families of Meromorphic Functions

Our aim is to obtain a stronger version of Montel’s theorem.
To prove further results we work with the spherical metric and we work in the
Riemann Sphere, C,, which is the Alexandroff compactification of C.

Definition A.48 (Spherical Length). If~ is a path in Co, its length in the spherical

metric 1s J
2 [
5 1+ z|

It is not difficult to check that the geodesics are the great circles on the sphere.
Using Gauss-Bonet theorem we obtain that the sum of the angles of a geodesic
triangle is strictly greater than .

We hayve:
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Theorem A.49 (Arzela-Ascoli). Let D C C be a domain, and let F be a family of
continuous functions from D to C. Then the following statements are equivalent:

(i) Any sequence in F has a subsequence that converges uniformly on compact
subsets of D in the spherical metric.

(i) F is equicontinuous at each point of D, with respect to the spherical metric.

For f € M(D), f is a function from D to Cs. We use distances on the sphere
to measure distances between function values. o(z,w) denotes the spherical distance
from z to w. We have:

e The spherical metric is invariant under rotations of the sphere. Since z — 1/z
is a rotation of 7 degrees, then o(z,w) = o(1/z,1/w).

e On any bounded subset of the complex plane, the spherical metric is equivalent
to the Euclidean metric.

Definition A.50 (Normal Convergence). We say that a sequence {fn(z)} of mero-
morphic functions on a domain D converges normally to f(z) on D, if the se-
quence converges uniformly on compact subsets of D to f(z) in the spherical metric.

Since the spherical and the Euclidean metrics are equivalent on bounded subsets
of C, the above definition is consistent with the previous one.

Theorem A.51. Let D be a domain.

(i) If {fn(2)}n C M(D) converges normally to f(z), then either f € M(D) or
f(z) = .

(i1) If {fn(2)}n C H(D) converges normally to f(z), then either f € H(D) or
f(z) = .

Proof.

(i) Recall that D ={z € D: f(z) 20} U{z € D: f(z) # co}.

Every z € D such that f(z) # oo, has a neighborhood on which the f, are
uniformly bounded and converge uniformly in the Euclidean metric. Thus f(z)
is holomorphic on the set where |f(z)| < oo (by Theorem A.38).

We also have that 1/f,(z) converges normally to 1/f(z) (because o(z,w) =
o(1/z,1/w)), 1/f(z) is holomorphic on the set where f(z) # 0. So, either
1/f(z) = 0 and then f(z) = oo, or the zeros of 1/f(z) are isolated in D and
they are poles of f(z), so f € M(D).

(ii) If exists zp € D such that f(z9) = oo, then 1/f,(2) is meromorphic with no
zeros near zg but 1/f,(z0) —— 0. By Hurwitz’s theorem, 1/ f,,(z) converges
n—oo

uniformly to zero on some neighborhood of zp, so 1/f(z) = 0 on that neigh-
borhood. By analytic continuation, 1/f(z) =0 on D, and hence f(z) = cc.

O]
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Definition A.52 (Normal Family). A family F of meromorphic functions on D is
said to be a normal family if every sequence in F has a subsequence that converges
normally on D.

Theorem A.51 shows us that a family F of holomorphic functions on D is a
normal family, if and only if, every sequence {f,}, C F converges normally to an
holomorphic function or to f = oo.

Remark A.53. If f € M(D), D domain and y(t) is a curve then:

: 2|f(2)|
spherical length of f o~ = / ———dxz.
v 1+ 1f(2)?
Definition A.54 (Spherical Derivative). We define the spherical derivative of f
as:
2|f'(2)]
f# z) = .
AT

Note that since the spherical metric is invariant under the inversion z — 1/z,
then (1/f)% = f#.

The equality (1/f)# = f# allows us to replace f(z) near its poles by g(z) =
1/f(z). Hence, it is enough to consider the case where f(z) is holomorphic.

Lemma A.55. If fr(z) — f(z) normally on D, then f,f — f#(2) uniformly on
compact subsets of D.

Proof.

e If f is holomorphic at zg, then f; — f’ uniformly in some neighborhood of zg
(Theorem A.39), so fk# — f7#(2) in some neighborhood of zg.

e If f is not holomorphic at zp, then 1/f is holomorphic at zy and 1/fx — 1/f
normally. So foL = (1/f,)* converges uniformly to f# = (1/f)* in some
neighborhood of zj.

O

Theorem A.56 (Marty). A family F of meromorphic functions is normal on a do-
main D, if and only if, the spherical derivatives {f#: f € F} are uniformly bounded
on each compact subset of D.

Proof. <=) Suppose that the spherical derivatives are uniformly bounded near z.
Let’s say f#(z) < C for |z — 2| <7 and f € F. If |21 — 20| < r and v is the straight
line segment from 2 to z;, then

dﬂ@i%»é/ﬁuwﬂﬁﬂm—%~

Since this estimate is independent of the function f € F, then F is equicontinuous
at each zp € D. By the Arzela-Ascoli theorem (Theorem A.45), then F is a normal
family.



66 Complex Analysis Theory

=) Suppose that the spherical derivatives of the functions in F are not uni-
formly bounded on compact subsets of D, then there are f; € F such that the
maximum of f,f over some compact set tends to oco. By the previous Lemma, {f}x
cannot have a normally convergent subsequence, so F is not normal. O

The definition of a normal family of meromorphic functions can be extended to
include domains D with co € D.

Definition A.57 (Normal Family). A family F of meromorphic functions on a
domain D C Cy is a normal family of meromorphic functions on D if F is a
normal family on D \ {oo} and the functions g(w) = f(1/w), 1/w € D form a
normal family of meromorphic functions in some neighborhood of w = 0.

Marty’s theorem is still valid for domains D C Cg.

Theorem A.58 (Zalcman’s Lemma). Suppose F is a family of meromorphic func-
tions on a domain D that is not normal. Then there are points z, € D converging to
a point of D, numbers p, converging to 0, and functions f, € F such that the scaled
functions gn(§) = fn(zn + pn€) converge normally to a non-constant meromorphic
function g(¢) on C satisfying g (0) = 1 and g (¢) < 1 for € € C.

Proof. By Marty’s theorem, there are sequences {wy}, in a compact subset of D
and f, € F such that ff (wp) — 0o. Without loss of generality we can assume that
wy, — 0 € D and that {|z| <1} C D. Define

Ry = max £ (2)(1 |2l

Since w, — 0 and ff — oo, then R, — co. Suppose that fi (z)(1 — |z|) attains its
maximum at zp;

Rn = [ (20) (1~ |2al)-
Since £ (2,) > Ry, then we also have f#(z,) — oo.

We define pp, = 1/f% (2,), then pp — 0. S0 D(2n,1 — |2a|) = D(2n, puRn) C
{]z] <1} € D, and it can be parametrized by

Err zp+ & for [€] < R,

Now we define g, (£) = fn(zn+pnf), for || < Ry, since R,, — oo, given any compact
set K C C, exists ng large enough such that for every n > ng, g, is defined on K. If
we set hy,(€) = 2, + pné, using the chain rule (f,, o hy,)? (€) = f#(hn(f))]h;l(ﬁ)], SO

g#(g) = pnf#(zn +pn§)  for [€] < Ry

If we fix R > 0, for n large enough, R,, > R, and g, is defined on {|{| < R}. Since
f#(zn + pné)(1 — |20 + pn€|) < Ry, we obtain:

g#(f) < Pn > P = P =
L — |z + pré| L—|za| = pnR  pnBy— puR

1
= for|¢| < R.
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By Marty’s theorem, the g,,’s for n large enough form a normal family on {|z| < R}.
Passing to a subsequence if necessary, we can assume that {g,} converges normally
on C to a meromorphic function g(§). Since

gt <1/(1 - R/R,) — 1

for every fixed R, then ¢ (¢) < 1 for all £ € C and g# (0) = pn‘]‘?fé (zn) = 1 for every
n, so g7 (0) = 1. O

A.2.2 Montel’s and Picard’s Theorems
Suppose that f € M({0 < |z — 2| < r}).

Definition A.59 (Omitted Value). We say that wy € C is an omitted value of
f(2) at zo if there exists 6 > 0 such that f(z) # wo for 0 < |z — 29| < ¢

Theorem A.60 (Montel). A family F of meromorphic functions on a domain D
that omits three values is normal.

Proof. Since normality is a local property, we can assume D = {|]z| < 1}. By
composing the functions in F with a fractional linear transformation, we can assume
that the omitted values are 0,1 and oc.

Since the functions in F are then holomorphic and nonzero on D, they have
holomorphic roots of all orders. Let Fj, be the family of all 2¥th roots of functions
in F, using Marty’s theorem and a computation we can show that Fj is normal if
and only if F is normal.

The functions in F; omit the values 0, co and all 2¥th roots of 1. We argue it by
contradiction.

Suppose F is not normal, then Fj, is not normal. Let G (§) be the entire function
from Zalcman’s Lemma, which satisfies Gk,#(f) <1, G#(0) = 1 and G}, is a limit
of restrictions of functions in Fj, appropriately scaled. Since the functions in Fy
omit the 2¥th roots of the unity, so do their scaled restrictions, and from Hurwitz’s
theorem so does any non-constant limit. Thus G}, omits the 2¥th roots of 1 (G is
non-constant because G#(0) = 1).

By Marty’s theorem, {Gj} is a normal family. Let G be any normal limit of
a subsequence of the G}’s, then G#(0) = 1, so that G is non-constant, and by
Hurwitz’s theorem, G omits all 2¥th roots of 1, for all k > 1.

Since G is an open mapping, G' omits the unit circle (the closure of all the 2¥th
roots of 1is {|z| = 1}). Thus either |G| < 1 or |G| > 1. Since G is an entire function,
applying Liouville’s theorem in the first case with G and in the second case with 1/G,
we conclude that G is constant. Which is a contradiction. O

Theorem A.61 (Picard’s Big Theorem). Suppose f(z) is meromorphic on a punc-
tured neighborhood {0 < |z — zo| < 0} of z0. If f(z) omits three values at zo, then
f(2) extends to be meromorphic at z.

Proof. We assume zp = 0 and that f(z) omits the values 0 and oo on the punctured
disk. Then f(z) is holomorphic on the punctured disk {0 < |z — z9| < 0}. Let
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{en}n be a sequence that decreases to 0 (we can suppose that ¢, < 1) and define
gn(2) = f(enz), for 0 < |z] < 4.

Then {g,} omits three values, including 0 and co. By Montel’s theorem, {g,}
is a normal family. Passing to a subsequence, we can assume that g, (z) converges
normally to g(z) for 0 < |2| < 4.

e If g(z) is not identically oo, then g(z) is holomorphic for 0 < |z| < §. Fix
p € (0,6) and choose M such that |g(z)| < M for |z| = p. Then, for n large
enough we have |g,(z)| < M for |z| = p, and consequently |f(z)] < M for
|z| = epp. By the maximum principle, |f(2)] < M for e,p < |z| < p (for all n
large enough).

This annulus increases to a punctured neighborhood of 0 on which |f(z)| <
M. By Riemann’s Theorem on Removable Singularities, f(z) extends to be
holomorphic at 0.

e If g(z) = oo, we apply the above argument to 1/f(z). We obtain that 1/f(z)
extends to be holomorphic at 0, so f extends meromorphically to have a pole
at 0.

O]

Theorem A.62 (Picard’s Big Thorem). Suppose that f(z) has an essential singu-
larity at zg € C. Then in each neighborhood of zg f assumes each complexr number,
with at most one exception, infinitely often.

Proof. In a small enough punctured disk centered in zp As = {0 < |z — 29| < d} the
function f is holomorphic (it is an isolated singularity). Suppose that it misses two
complex values, then f: As — C, misses those two complex values and co so we
can apply Theorem A.61 to obtain a contradiction.

If there are two complex values which are assumed only a finite number of times,
taking As with § small enough, we obtain a punctured disk in which f does not
assume two complex values, which is a contradiction. O

Theorem A.63 (Picard’s Little Theorem). The image of an entire non-constant
function misses at most one point of C.

Proof. Suppose that f € H(C).

If f(2) is a polynomial, then for the Fundamental Theorem of Algebra we obtain
f(C) =C.

If f(z) is not a polynomial, then f(z) = > 77 ¢,2", with ¢, # 0 for infinitely
many n > 0. Then g(z) = f(1/z) has an essential singularity at z = 0. By Picard’s
(Big) Theorem, g(C\ {0}) is C or C\ {w}, with w € C. But g(C\ {0}) = f(C\ {0})

and we obtain the result. O
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