Université Grenoble Alpes

ANNALES DE
LINSTITUT FOURIER

Filippo Bracci & Oliver RoTH
Semigroup-fication of univalent self-maps of the unit disc

Tome 73, n°1 (2023), p. 251-277.

Article mis a disposition par ses auteurs selon les termes de la licence
CREATIVE COMMONS ATTRIBUTION — PAS DE MODIFICATION 3.0 FRANCE
[@)sv-no |

.4 Les Annales de [Institut Fourier sont membres du
» Centre Mersenne pour I'édition scientifique ouverte
e-ISSN : 1777-5310

>

MERSENNE


https://doi.org/10.5802/aif.3517
http://creativecommons.org/licenses/by-nd/3.0/fr/
https://www.centre-mersenne.org/

Ann. Inst. Fourier, Grenoble
73, 1 (2023) 251-277

SEMIGROUP-FICATION OF UNIVALENT SELF-MAPS
OF THE UNIT DISC

by Filippo BRACCI & Oliver ROTH (*)

ABSTRACT. — Let f be a univalent self-map of the unit disc. We introduce a
technique, that we call semigroup-fication, which allows to construct a continuous
semigroup (¢) of holomorphic self-maps of the unit disc whose time one map ¢1
is, in a sense, very close to f. The semigroup-fication of f is of the same type as f
(elliptic, hyperbolic, parabolic of positive step or parabolic of zero step) and there
is a one-to-one correspondence between the set of boundary regular fixed points
of f with a given multiplier and the corresponding set for ¢;. Moreover, in case
f (and hence ¢1) has no interior fixed points, the slope of the orbits converging
to the Denjoy—Wolff point is the same. The construction is based on holomorphic
models, localization techniques and Gromov hyperbolicity. As an application of
this construction, we prove that in the non-elliptic case, the orbits of f converge
non-tangentially to the Denjoy—Wolff point if and only if the Koenigs domain of f
s “almost symmetric” with respect to vertical lines.

RESUME. — Soit f une application univalente du disque unité dans lui-méme. On
introduit une technique, appelée semigroupe-fication, qui nous permet de construire
un semigroupe continu (¢;) d’applications holomorphes du disque unité dans lui-
méme tel que lapplication au temps t = 1, (¢1), est trés proche de f. La “ semigroupe-
fication ” de f est du méme type de f (elliptique, hyperbolique, parabolique d’étape
positive, parabolique d’étape zéro) et il existe une correspondance 1 — 1 entre ’en-
semble des points fixes de f qui sont réguliers, au bord et avec un multiplicateur
donné, et le méme ensemble pour ¢1. De plus, si f (et donc ¢1) n’a pas de points
fixes a lintérieur, la pente des orbites qui convergent au point de Denjoy—Wolff
est la méme. La construction repose sur les modeles holomorphes, les techniques
de localisation et I’hyperbolicité de Gromov. Comme application, on démontre que
dans le cas non-elliptique, les orbites de f convergent au point de Denjoy—Wolff de
facon non-tangentielle si et seulement si le domaine de Koenigs de f est “presque
symétrique” par rapport aux lignes verticales.
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1. Introduction

Iteration theory in the unit disc and more generally on complex manifolds
has been a subject of study for more than one century, starting from the
work of Schréder in the 1870’s and Koenigs in the 1880’s. We refer the
reader to the book of M. Abate [1] for history and complete bibliography
on the subject (see also [5] and [12, 19], where iteration theory in the unit
disc is developed for applications to composition operators).

One of the most striking results in iteration theory is that every holomor-
phic self-map of the unit disc D := {¢ € C : |¢] < 1} can be “linearized”.
To be precise, let f : D — D be holomorphic. The Schwarz lemma implies
that f is either the identity map or has at most one fixed point in D. In
case f has no fixed points in D or a fixed point zo € D such that f'(zg) # 0,
there exists a holomorphic function h : D — C such that ho f = ¢ o h,
where v is a suitable automorphism of C. This linearization model was
developed over a period of many decades starting from Koenigs [16], Val-
iron [21], Pommerenke [18], Baker and Pommerenke [3], Cowen [11] and
most recently Arosio and the first named author [2]. It breaks into three
main cases, called elliptic, hyperbolic and parabolic.

If f has a fixed point zp € D (in this case f is called elliptic) one can
choose 1(z) = Az (with A = f'(20)) and U, <o A"h(D) equal either to D (if
f is an automorphism of D) or equal to C. In case f is not an automorphism
of D, then the sequence of iterates of f, {f°"(z)}, converges to 2.

In case f has no fixed point in D, there exists a unique point 7 € 9D,
called the Denjoy—Wolff point of f, such that {f°"(z)} converges to 7
for all z € D. In addition, the non-tangential limit of f at 7 is 7, i.e.,
Zlim,, f(z) = 7, and Zlim,_,, f'(2) = « € (0,1]. The map f is called
hyperbolic if a < 1, and parabolic otherwise. In both of these cases, one
can choose ¢(z) = 2 + i, and [, o(h(D) — in) equal to either a strip
{w e C:0<Rew < a} for somea >0,or H:={w € C:Rew > 0}, or —H
or C. The set |J,,<o(h(D) —in) is a strip if and only if f is hyperbolic. The
parabolic case breaks into two subcases. If |, o (h(D) —in) = H (or —H),
then f is called parabolic of positive hyperbolic step. If Ungo(h(D) —in) =
C, then f is called parabolic of zero hyperbolic step.

If f is univalent (i.e., holomorphic and injective), the holomorphic func-
tion h which realizes the previous linearization model can be chosen to be
univalent as well and is then unique up to post-composition with affine
transformations. In this case, the map h is called the Koenigs function of
f and its image domain Q := h(DD) the Koenigs domain of f. Every other
linearization of f factorizes through h. Since f = h™' o o h and ¥ is
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affine, it is thus the geometry of the Koenigs domain which encapsulates
the dynamical properties of the map f. In particular, it determines the way
the iterates of f converge to the Denjoy—Wolff point of f.

One of the main aims of this paper is to introduce a technique, that we
call semigroup-fication of an univalent self-map f, which allows to define
a continuous semigroup of holomorphic self-maps of I which is, in some
sense, very close to f. We briefly describe the semigroup-fication technique
in case f is non-elliptic. If f : D — D is univalent with no fixed points in D
and h is its Koenigs function, then the Koenigs domain 2 := h(D) of f is
asymptotically starlike at infinity, that is, Q 44 C Q and [J,,c(©2 — in) is
either a strip, a half-plane or C. We define the set Q* C Q by considering
the union of all z €  such that z + it € Q for all ¢ > 0. Hence, by
construction, Q* is starlike at infinity, so we call Q* the starlike-fication
of Q (see Section 7). It is not difficult to show that Q* is a non-empty,
open, connected and simply connected set (Lemma 7.6). Hence, by the
Riemann mapping theorem, there is a Riemann map A* : D — Q*, and
setting ¢¢(2) := (h*)~1(h*(2) +it), we obtain a continuous semigroup (¢;)
of holomorphic self-maps of D (i.e., the flow of a semicomplete holomorphic
vector field in D). A similar construction can be done in case f is elliptic,
using the invariance of the Koenigs domain under the map z +— Az. The
semigroup (¢) is the semigroup-fication of f.

As a matter of notation, if f : D — ID is holomorphic and A > 1, we let

Fixs(f) :={o € 0D: Zzh_rgf(z) = U,Zzli_rgf’(z) = A},

be the set of boundary regular fixed points of f.
The main result about semigroup-fication is the following:

THEOREM 1.1. — Let f : D — D be univalent and let (¢;) be the
semigroup-fication of f. Then

(1) f is of the same type (elliptic, hyperbolic, parabolic of positive
hyperbolic step or parabolic of zero hyperbolic step) as ¢;.

(2) If f, and hence ¢1, is elliptic, then f(z0) = zo and ¢1(z0) = 2o for
some zg € D and f'(z0) = ¢} (20),

(3) If f, and hence ¢1, is non-elliptic, with dilation coefficient o € (0, 1]
at its Denjoy—Wolff point, then ¢, has dilation coefficient o € (0, 1]
at its Denjoy—Wolff point.

(4) for every A > 1 there is a one-to-one correspondence between
Fix4(f) and Fixa(¢1).

(5) If f, and hence ¢1, is non-elliptic, and {n;} C N is an increasing
sequence converging to oo, then the following are equivalent:
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(a) {f°™(2)} converges non-tangentially to the Denjoy—Wolff
point of f for some, and hence any, z € D,

(b) {én, (%)} converges non-tangentially to the Denjoy—Wolff point
of (¢) for some, and hence any, z € D.

In case f is hyperbolic (but not necessarily univalent), it is known (see
[11, 21]) that {f°"(z)} converges non-tangentially to the Denjoy—Wolff
point 7 of f for all z € D. If f is parabolic of positive hyperbolic step,
{f°™(2)} converges tangentially to 7 (see [18]). If f is parabolic of zero hy-
perbolic step, then simple examples show that both types of convergence
can occur.

As an application of our semigroup-fication technique, in this paper we
completely characterize the way {f°"(z)} converges to the Denjoy—Wolff
point in terms of the Euclidean shape of the Koenigs domain of f in the
case of univalent self-maps f of D.

In particular, we show that the non-tangential convergence of {f°"(z)}
is equivalent to a simple geometric condition on the Koenigs domain when
f is univalent parabolic of zero hyperbolic step. Our argument also leads
to another proof of the tangential convergence in case of univalent para-
bolic maps with positive hyperbolic step ([3, 18]) and of the non-tangential
convergence in case of hyperbolic univalent maps ([21]).

In order to state our result, we introduce a notation: if 2 C C is a domain,
for p e C and t > 0, we let

Sgp(t) :=inf{|]z — (p+it)| : Rez > Rep,z € C\ Q},

Sg’p(t) :=inf{|z — (p+it)| : Rez < Rep,z € C\ N}.
We also let 5$,p(t) = min{t, Sgil,p(t)}.

THEOREM 1.2. — Let f : D — D be univalent without fixed points in
D and Denjoy—Wolff point 7 € dD, and let 2 be the Koenigs domain of f.
Suppose that {ny} C N:={0,1,2,...} is an increasing sequence converging
to +o00. Then the following are equivalent:

(1) For some, and hence any, z €D, {f°"*(2)} converges non-tangentially
toT.
(2) For some, and hence any, p € )
8¢ () 3¢y »(n)

0 < liminf El’pi < limsup —

< +o00.
k—+o0 (5Q’p(nk) k—+o0 5Q’p(nk)

The previous result was proven by the first named author together with
M. Contreras, S. Diaz-Madrigal, H. Gaussier and A. Zimmer in case f
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is the time one flow of a semicomplete holomorphic vector field of the
unit disc (see [8, Theorem 1.1], see also [5, Chapter 17]). Since time one
flows are univalent, but in general univalent self-maps of the unit disc can
not be embedded into a flow of a semicomplete holomorphic vector field,
Theorem 1.2 generalizes [8, Theorem 1.1].

Theorem 1.2 follows from the semigroup-fication technique which, thanks
to Theorem 1.1(5) allows to reduce Theorem 1.2 to the corresponding re-
sult [8, Theorem 1.1] for flows of semicomplete holomorphic vector fields
(see Section 10 for details).

The proofs of our results are mainly based on localization results for the
hyperbolic metric and the hyperbolic distance and, in particular, on Gro-
mov’s hyperbolicity theory. In order to make the paper self-contained, we
recall and partly prove the results of hyperbolicity theory we need in Sec-
tion 3. In Section 4 and Section 5 we briefly review the relevant facts about
canonical models for iteration and semigroups of holomorphic self-maps.
In Section 6 we discuss boundary regular fixed points and their character-
ization through models. In Section 7 we describe the construction and the
properties of the starlike-fication 2* of a domain 2 which is asymptotically
starlike at infinity. The basic technical result of the paper is proved in Sec-
tion 8. It asserts that if {2 is an asymptotically starlike domain of parabolic
type which is Gromov hyperbolic (but not necessarily simply connected),
then there exists a Lipschitz curve in its starlike-fication 2* “escaping to
oo” which is a quasi-geodesic both in @ and Q* (see Theorem 8.3). Fi-
nally, the proof of Theorem 1.1 and the proof of Theorem 1.2 are given in
Section 10.

2. Right and left distance of a domain

For a given set 2 C C, we let
da(z) :==inf{]z —p| : p € C\ Q}, z € Q.
For p € C and t > 0, we define
Sgp(t) :=inf{|z — (p+it)| : Rez > Rep,z € C\ 01},
Sip(t) :=inf{|z — (p+it)| : Rez < Rep,z € C\ N}.
Note that Sg’p(t) = g+ (p +it), where QT = QU {w € C: Rew < Rep}.
Note also that if p + it € C\ Q, then ng(t) = ngp(t) = 0, while for

p+it € Q,
Sa(p +it) = min{55 (1), 55 (1)}
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Moreover, for ¢t > 0 we let

86 ,(t) == min{6d (1)1}, 6, (t) :==min{dq (1), t}.

If Q is starlike at infinity (i.e., Q + it C Q for all ¢ > 0), then (0,400)
t— (%)p(t) is non-decreasing.
Simple geometric considerations allow to prove the following lemma:

LEMMA 2.1. — Let Q C C be a domain such that for every z € Q) there
exists t, € R such that z + it € Q for allt > t,. Then for all p,q € € there
exist 0 < ¢ < C such that for all t > 0

céip(t) < 6£’q(t) < Cc%yp(t).

3. Hyperbolic geometry

In this section we recall the notions and results of hyperbolic geometry
we need in the paper. We refer the reader to [1, 5, 9, 14, 15] for details.
Let D C C be a domain, z € D and v € C. The hyperbolic norm of v at
zin D is
Kl

kp(z;v) : 1nf{ 70|
By Schwarz’s Lemma it follows immediately that if D C C is a simply
connected domain then for all z € D and v € C we have kp(z;v) = f‘%),
where f: D — D is the Riemann map such that f(0) = z and f/(0) > 0.
The hyperbolic distance between z,w € D is defined as

‘ f: D — D is holomorphic, f(0) = z} .

kp(z,w) = inf/0 kp(y(1);v (7))dr,

where the infimum is taken over all piecewise C'-smooth curves v : [0, 1] —
D such that v(0) = z and (1) = w.

As a consequence of Schwarz’s Lemma, every biholomorphism between
two domains is an isometry for the hyperbolic norm and distance, while
every holomorphic function does not expand the hyperbolic norm and dis-
tance.

It follows from the uniformization theorem that kp(z,w) = 0 for some,
and hence for all, z,w € D if and only if D = C or D = C\ {p} for some
p € C. In all other cases, namely, if D is hyperbolic (i.e., holomorphically
covered by D), (D, kp) is a complete metric space. Note that this implies
in particular that if D C C is a domain whose complement contains more
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than one point, then lim, o kp(2n,20) = 400 for all fixed zg € D and
{#n} C D such that {z,} lies eventually outside any compacta of D.
The hyperbolic length of an absolutely continuous curve v : [s,t] — D is

to(v:[5.4]) = / kp(y(r) 7 (r))dr.

An absolutely continuous curve n : I — D defined on an interval I C R

is a geodesic if
tp(n;1s,t]) = kp(n(s), n(t))
for all s < t belonging to I.

Since (D, kp) is complete, it follows from the Hopf-Rinow theorem that
for every z,w € D there exists a geodesic 1 : [0,1] — D in D such that
n(0) = z and (1) = w. Geodesics joining two different points might not
be unique (up to parameterization) in general, but, as a consequence of
the Riemann mapping theorem and a direct inspection in the unit disc, if
D C C is simply connected then every two points of D can be joined by a
unique (up to parameterization) geodesic.

Three geodesics v1,72,73 : [0,1] — D such that v1(0) = 12(0), v1(1) =
v3(0) and y2(1) = v3(1) form a geodesic triangle in D. The sets ~;([0, 1]),
j=1,2,3, are called the edges of the geodesic triangle.

Given a hyperbolic domain D C C, we say that (D,kp) is Gromov
hyperbolic if there exists a constant G > 0, called the Gromov constant of
(D, kp), such that for every geodesic triangle {1, 72,73}, each point of each
edge stays at hyperbolic distance no more than G from the other two edges
of the geodesic triangle. This is the well known Rips thin triangle definition
of Gromov hyperbolicity for geodesic metric spaces such as (D, kp). For
simplicity, we say that a hyperbolic domain D C C is Gromov hyperbolic,
if (D, kp) is Gromov hyperbolic.

Since every simply connected domain D C C is biholomorphic to D,
hence (D, kp) is isometric to (D, kp), and the unit disc is well known to be
Gromov hyperbolic, it follows that every simply connected domain D C C
is Gromov hyperbolic (with the same Gromov constant as the unit disc).

DEFINITION 3.1. — Let I C R be an interval, D C C a hyperbolic
domain and v : I — D an absolutely continuous curve. Let A>1,B>0.
We say that ~y is a (A, B)-quasi-geodesic if for all s < t belonging to I,

Cp(v;[s,t]) < Akp(y(s),y(t)) + B.

We say that v is a quasi-geodesic if there exist A > 1, B > 0 such that
is a (A, B)-quasi-geodesic.

TOME 73 (2023), FASCICULE 1



258 Filippo BRACCI & Oliver ROTH

We sometimes say that v : I — D is a (quasi-)geodesic in D when we need
to emphasize the ambient space (D, kp). If this ambient space is Gromov
hyperbolic, then every quasi-geodesic is “shadowed” by a geodesic. This is
the content of Gromov’s shadowing lemma. It says that for any A > 1 and
B > 0 there exists M > 0 (which depends only on A, B and the Gromov’s
constant of D) such that if v : [a,b] — D is a (A, B)-quasi-geodesic, then
there exists a geodesic 7 : [0,1] — D such that n(0) = y(a), n(1) = ~(b)
and for every ¢ € [a,b], s € [0,1]

(3.1) kp(y(t),n((0,1])) <M, kp(n(s),y([a,b])) < M.

See, for instance, [5, Theorem 6.3.8]) for a proof of the shadowing lemma.

In this paper, quasi-geodesics play a significant role, in particular since
they are very useful for detecting non-tangential convergence. The proof
of the following result is based on Gromov’s shadowing lemma and can be
found e.g. in [7, Proposition 4.5] (or [5, Corollary 6.3.9]).

ProOPOSITION 3.2. — Let D C C be a simply connected domain and let
f:D — D be a Riemann map. Supposen : [0, +00) — D is a quasi-geodesic
such that lims—, o kp(n(0),n(t)) = +0o. Then

(1) there exists T € D such that lim;—, 1 f~1(n(t)) =7,
(2) a sequence {z,} C D converges non-tangentially to T if and only if
there exists C' > 0 such that for all n € N,

kp(f(zn),n([0, +00)) = inf{kp(f(zn),n(t)) : t € [0, +00)} < C.
If D C Cis a domain, and z € D, R > 0, we let
Bp(z,R) :={w € D : kp(z,w) < R}.
We need the following localization lemma:

LEMMA 3.3. — Let D C C be a hyperbolic domain. Then for every
R > 0 there exists ¢ > 1 such that for all z € D and v € C,

kD (20) < KBy (2,R)(2:v) < chip(z;0).

One can take ¢ = cosh(R), so 1/c is the euclidean radius of Bp(0, R), the
disc in D centered at the origin of hyperbolic radius R.

Proof. — Since Bp(z,R) C D and Bp(z,R) > z — z € D is holo-
morphic, the first estimate follows from the non-increasing property of the
hyperbolic norm under holomorphic maps.

In order to prove the second estimate, it is clear from the definition of
hyperbolic norm that it is enough to consider v = 1. Let ¢ := kp, (o, r) (0;1).
Fix z € D and let f : D — D be a holomorphic function such that f(0) = z.
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Since f : (D, kp) — (D, kp) is distance non-increasing, it maps Bp(0, R)
into Bp(z, R) again in a nonexpanding way, so

KBy (=,r) (F(E); F1(€) < kByor)(&1), €€ Bp(0,R).

Setting § = 0, we get kp,(.,r)(2;1) < ¢/|f'(0)], which proves the second
estimate. g

Remark 3.4. — Let D C C be a simply connected domain, z € D and
R > 0. Then Bp(z, R) is totally geodesic in D. Namely, for every p,q €
Bp(z, R), the geodesic in D joining p and ¢ is contained in Bp(z, R). This
follows easily since D is isometric to D via a Riemann map, and, since the
group of automorphisms of D acts transitively on I, it is enough to check
the statement for hyperbolic discs centered at the origin.

In case D C C is hyperbolic but not necessarily simply connected, the
previous remark can be replaced by the following

LEMMA 3.5. — Let Q C C be a hyperbolic domain. Let zg € D and
T > 0. Then for every z,w € Bp(zo,T), any geodesic v : [0,1] = D in D
such that v(0) = z, v(1) = w satisfies ¥(t) € Bp(zo,2T) for all t € [0,1].

Proof. — Let z,w € Bp(z0,T). By the triangle inequality,
kp(z,w) < kp(z,20) + kp(w, z0) < 2T.

Let v : [0,1] — D be a geodesic such that v(0) = z and v(1) = w and
assume by contradiction that there exists to € (0,1) such that v(tg) ¢
Bp(z0,2T). Thus, by continuity, we can find 0 < sp < o < $1 < 1 such
that v(so),v(s1) € 0Bp(z,T). Since it is clear that

kp(dBp (2o, T),dBp(20,2T)) =T,

we have
2T > kp(z,w) > kp(v(s0),7(s1)) =kp(v(s0), ¥(to))+kp (v (to), v(s1)) = 2T,
a contradiction. O

4. Canonical models for iteration

Let f: D — D be a holomorphic map without fixed points in D. The well
known Denjoy—Wolff Theorem (see, e.g., [1, 5]) implies that there exists a
unique point 7 € 9D such that the sequence {f°"} of iterates of f converges
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uniformly on compacta to the constant map z — 7. Moreover, there exists
a € (0,1] such that

. 1 _
4Zh_}rr;f(z) = q,

where Zlim denotes the non-tangential limit. The map f is called hyper-
bolic if & < 1 and parabolic if a = 1.

We state the following linearization result for univalent (i.e., injective
and holomorphic) maps. The theorem has a long history, starting with
Valiron [21], Pommerenke [18], Baker and Pommerenke [3], Cowen [11],

and Bourdon and Shapiro [4]. The statement here comes from [2].

THEOREM 4.1. — Let f : D — D be univalent and with no fixed points
in D. Then there exists h : D — C univalent such that

(1) h(f(z)) = h(z)+i for all z € D.

(2) Upen(h(D) —im) = A, where either A = {w € C: 0 < Rew < a}
for some a > 0, or A =H :={w € C:Rew >0}, or A = —H or
A=C.

(3) Ifg : D — C is holomorphic and g(f(2)) = g(z)+i for all 2 € D then
there exists a surjective, holomorphic map 1 : A — ,,5(9(D) —ni)
such that g = oh and (z+1i) = ¢(z) +1i for all z € A. Moreover,
if g is univalent, then v is a biholomorphism.

(4) limy, o0 batw.wtin) —% log o for all w € A.

n

(5) limy, o0 kp(fo"(2), O (w)) = ka(h(2), h(w)) for all z,w € D.

The map h is called the Koenigs function of f (the adjective “the” is due
to the essential uniqueness coming from (3)).
We note that, by (1), h(D)+i C h(D). Moreover, f°"(z) = h™1(h(z)+in)
for all z € D and n € N.
Also, a direct computation with (4) and (5) implies that
(a) f is hyperbolic if and only if A is a strip,
(b) f is parabolic if and only if A = H, —H or C.
Parabolic maps for which
(¢) A = C are called of zero hyperbolic step and these are exactly
those parabolic maps for which lim,, o kp(f°"(2), f°"(w)) = 0 for
all z,w € Dy
(d) A = H or A = —H are called of positive hyperbolic step and
these are exactly those for which lim,,_, o, kp(f°"(z), f°"*(w)) > 0
for some, and hence any, z,w € D, z # w.
It is known (see [5] or [11]) that if f is hyperbolic then {f°"(z)} con-
verges non-tangentially to the Denjoy—Wolff point for all z € D. It is also
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known that if f is parabolic of positive hyperbolic step, the convergence
is tangential (see [18]). In this paper we show how, in case of univalent
parabolic maps with zero hyperbolic step, the type of convergence can be
determined from the Euclidean shape of the image of the Koenigs map.
Our argument, in fact, gives another proof of the tangential convergence in
case of univalent parabolic maps with positive hyperbolic step and of the
non-tangential convergence in case of univalent hyperbolic maps.

Remark 4.2. — In case f : D — D is univalent and has a fixed point
29 € D, a statement similar to Theorem 4.1 holds. In particular, if u € C is
chosen such that e " = f’(zy) (so Reu > 0 by Schwarz’s Lemma) one can
find a univalent map h : D — C with h(zp) = 0 and

(1) h(f(2)) =e Hh(z) for all z € D,

(2) Uppen(e™™# (D)) = A, where A = D (this is the case if and only
if f is an automorphism of D) or A = C.

(3) If g : D — C is holomorphic and ¢g(f(z)) = e #g(z) for all z € D
then there exists a surjective, holomorphic map

YA = (e g())
n=0
such that ¢ = ¥ o h and ¥(Az) = M)(z) for all z € A. Moreover, if
g is univalent, then 1 is a biholomorphism.

Note that Rey = 0 if and only if f is an elliptic automorphism of D.

5. Continuous semigroups of holomorphic self-maps of the
unit disc

DEFINITION 5.1. — A continuous semigroup of holomorphic self-maps
of D, or just a semigroup in D for short, is a semigroup homeomorphism
between the semigroup of real non-negative numbers (with respect to sum),
and the semigroup of holomorphic self-maps of D (with respect to composi-
tion), which is continuous when R is endowed with the Euclidean topology
and the space of holomorphic self-maps of D is endowed with the topology
of uniform convergence on compacta.

We refer the reader to the books [1, 5, 13, 20] for more details about and
proofs of the following facts.

Let (¢+) be a semigroup in D without fixed points in D. For all ¢ > 0, ¢,
has the same Denjoy—Wolff point 7 € 9D. In other words, lim;_, 1 o0 ¢+(2) =
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7 € 0D for all z € D. Also, there exists A < 0 such that Zlim,_,, ¢}(z) = e*
for all ¢ > 0. Moreover, for all ¢t > 0, ¢, is injective.

In case of semigroups, the Koenigs function of each ¢; can be chosen
to be independent of ¢, namely, there exists a univalent map h : D — C
such that h(¢:(z)) = z + it for all ¢ > 0 and z € D. The function h is the
Koenigs function of ¢; and all properties in Theorem 4.1 hold. Note that
h(D) 4+ it C h(D) for all ¢ > 0, in other words, in case of a semigroup, h(D)
is starlike at infinity.

Similarly, in case (¢;) has a fixed point in D, the Koenigs function of
each ¢; can be chosen to be independent of ¢. In this case, if ¢¢(z9) = 2
for all t > 0, then ¢}(z0) = e #* for some u € C, Rep > 0 and for all
t > 0 and the domain h(D) (image of the common Koenigs function of ¢;)
is invariant under the map z — e™#* 2z for all ¢ > 0.

6. Boundary regular fixed points

Let f : D — D be holomorphic and o € dD. If Zlim,_,, f(z) = o, the
point ¢ is called a boundary fixed point of f. As a consequence of the
Julia-~Wolff-Carathéodory Theorem (see, e.g., [5, Proposition 1.7.4] or [1,
Theorem. 1.2.7]), the non-tangential limit

A:=/lim f'(2)
zZ—0
exists and A € (0, +o00]. Moreover, A < 1 if and only if ¢ is the Denjoy—
Wolff point of f (or f(z) = 2). A boundary fixed point so that A < +o0
is called a boundary regular fixed point of f with multiplier A. The set
of all boundary regular fixed points of f with multiplier A is denoted by
FiXA(f).

In order to state the main connection between boundary regular fixed
points and the canonical model for iteration, we need to introduce a nota-
tion.

Given € C, Repy > 0, @ € (0, 7] and 0y € [—m,7), we let

Spir[u, 2a, 0] := {7 : t € R,0 € (—a + by, + 6p)},
a p-spirallike sector of amplitude 2a. If D C C is a domain and S :=
Spir[u, 2a,6p] C D, we say that S is a maximal spirallike sector in D
provided there exist no ¢, € [—m,7), 8 € (0, 7] such that Spir[u, 2«, 0] <
Spir[u, 26, 6,] C D.

We denote by MSpir(u, a, D) the set of all maximal p-spirallike sectors
of amplitude 2« in D.
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A vertical strip of width R > 0 is a set of the form {z € C:a < Rez <
a + R} for some a € R. If D C C is a domain, a vertical strip S in D is
maximal provided S C D and there is no other vertical strip contained in
D which properly contains S.

We denote by MStrip(R, D) the set of all maximal vertical strips of width
Rin D.

THEOREM 6.1. — Let f : D — D be univalent, not an automorphism of
D, with Koenigs function h and let A > 1.
(1) If f is elliptic, f(z0) = 2o and f'(z9) = e *, for some zy € D and
w € C with Rep > 0, then there is a one-to-one correspondence
2
between Fix4(f) and MSpir(u, (bg‘fﬂ)ﬁ, h(D)).
(2) If f is non-elliptic then there is a one-to-one correspondence be-
tween Fix4(f) and MStrip(;55, (D).

The proof of the previous result can be found in [17] for the case f is
elliptic and p € R, and in [10] in case f is the time one map of a continuous
semigroup of holomorphic self-maps of the unit disc. In the general case,
the proof can be adapted from [6, Theorem 5.6] (see also [5, Chapter 13]);
we leave details to the reader.

7. Domains asymptotically starlike at infinity and their
starlike-fication

DEFINITION 7.1. — A domain 2 C C is asymptotically starlike at in-
finity if
(1) Q+:CQ,
(2) there exist —oo < a < b < 400 such that

(7.1) U@ —in) = (a,b) x R.

neN
Moreover, we say that ) is asymptotically starlike at infinity of hyperbolic
type if a,b € R, while we say that ) is asymptotically starlike at infinity
of parabolic type if a = —o0 or b = 4o0.

Note that, by definition, a domain asymptotically starlike at infinity
is not required to be simply connected. If h is the Koenigs function of a
univalent self-map f of D, then the Koenigs domain of f is simply connected
and asymptotically starlike at infinity.
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Remark 7.2. — Let Q2 C C be a domain such that Q +¢ C Q. It is not
hard to show that for every compact set K C |, .n(€2 — in) there exists
N € N such that K +iN C Q.

neN

Let © € C be a domain asymptotically starlike at infinity, and z € €.
Let

T, :=inf{s € R: z+ir € Q for all r > s}.

LEMMA 7.3. — Let Q C C be a domain asymptotically starlike at infin-
ity. Then 1, < 400 for all z € Q.

Proof. — Let z € Q. In order to prove that 7, < 400, by (1) in Defi-
nition 7.1, it is enough to prove that there exist n € N such that ({w €
C: Rew = Rez,—1 < Imw < 1} 4+ in) C Q. This follows at once by
condition (1) in Definition 7.1 and Remark 7.2. O

For z € C and r > 0, we let
D(z,r):={weC:|w—zl <r}

LEMMA 7.4. — Let Q C C be a domain asymptotically starlike at infin-
ity, and z € Q. Then
(1) 7, £0.
(2) If 6q(z) > 1/2 then T, < 0.
(3) If 7, > 0 there exists p € C\ Q such that Rep = Rez and |z — p| <
1/2.

Proof. — (1) Let z € . By (1) of Definition 7.1,
D(z,00(z)) +in = D(z +in,dq(z)) C Q

for all n € N. Since  is open, hence dq(2) > 0, this implies that 7, # 0.
(2) If 6q(z) > 1/2, then {w € C : Rew = Rez,Imz —1/2 < Imw <
Imz+1/2} C Q, hence, z+ it € Q for all ¢ > 0, and 7, < 0.
(3) Let r := inf{|z — Rez —it| : t € R,Rez+ it & Q}. By (1) of Defini-
tion 7.1, {Rez + it + N,t € (—r,r)} C Q for all N € N. Hence, if r > 1/2,
z+ite Qforallt >0 and 7, <O0. O

DEFINITION 7.5. — Let Q C C be a domain asymptotically starlike at
infinity. The starlike-fication of €2 is the set * defined by

M ={ze: 1, <0}

LEMMA 7.6. — Let Q C C be a domain asymptotically starlike at infin-
ity and Q* its starlike-fication. Then Q* # () is a simply connected domain
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starlike at infinity, Q* C Q and

(7.2) U@—in)=[J@ —it)
neN t=>0

Proof. — If z € Q, by Lemma 7.3, 7, < +o00. Hence, for every t > 7,
z + it € Q, which implies that 7,4, < 0 for all t > 7,, that is, z + it € Q*
for all t > 7, proving that Q* is non-empty.

If z € Q*, then by definition of 7., z 4+ it € € for all ¢ > 0. In particular,
Torit < 0 for all t > 0, hence z + it € Q* for all ¢ > 0. Thus Q* is starlike
at infinity.

We show that Q0* is open. For wg € C and a,b > 0 let

D(wyp,a,b) :={z € C:|Rez— Rewp| < a, |Imz — Imwp| < b}.

Let zp € Q*. Assume by contradiction that there exists a sequence {z,} C
C\ Q* such that lim, . 2, = 20.
Since, in particular, zg € €2, there exist 0 < €1, €2 < 1 such that

(73) D(Zo,€1,€2) c Q.

Without loss of generality, we can assume that {z,} C D(zo, €1, €2), which
means that z, € Q\ Q* for every n € N. In particular, for every n € N
there exists ¢, > 0 such that z, + it, & Q.

By Remark 7.2 and (7.3), there exists Ny € N such that D(zp,€;1,2) +
iNy C Q. Thus, by (1) in Definition 7.1,

D(Zo +it,61,2) = D(ZQ,61,2) +it C Q)

for all t > Ny. Since z,, + it, € D(zg + itn,€1,€62) C D(20 + ity,€1,2), it
follows that sup,,cy tn < 4o00. Thus, up to extracting subsequences, we can
assume that {¢,,} converges to some to > 0. Therefore, lim,,—, oo (75, +ity,) =
zo + itg. Since z, +it,, € C\ Q, which is closed, it follows that zg + ity & Q.
But then, by definition of Q*, we have zy € Q*, a contradiction.

Next, it is easy to see that * is a simply connected domain. In fact, by
a similar argument which we have used to show that Q* is open, one can
prove that for any z,w € Q* there is L € N such that the line segment
joining z + 4L and w + iL is contained in 2*. This immediately yields the
pathconnectedness of Q*. If T is a closed curve in Q* and z € C\ T such
that I' has nonvanishing winding number around z, then there is a point
p e C O with Rep = Rez and Imp < Imz, so z € Q*. Hence Q* is
simply connected.

Finally, (7.2) follows at once because, by Remark 7.2, for every z € Q
there exists tg > 0 such that z 4+ it € Q for all t > t,. O
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Let © € C be a domain which is parabolic asymptotically starlike at
infinity. We aim to localize the hyperbolic metric of 2 with respect to that
of 2*, and start with a definition:

DEFINITION 7.7. — If D C C is a domain and r > 0, we let
D, :={z€D:dp(z) >r}.

LEMMA 7.8. — Let Q C C be a domain asymptotically starlike at infin-
ity of parabolic type. Then . # () for all v > 0.

Proof. — Let a, b as in (2) of Definition 7.1. Since 2 is parabolic, we have
a = —oo or b = +o0o. This implies that for any r > 0 there exists x € R
such that D(z,r) C (a,b) x R. By Remark 7.2, there exists n € N such that
D(z,r) 4+ in C Q. Therefore, dq(z + in) > r and 2, is non-empty. O

Remark 7.9. — Let 2 C C be a domain asymptotically starlike at infinity
of parabolic type. Then, by Lemma 7.4, Q, C Q* for all » > 1/2. Hence
the starlike-fication * is in a sense a “large” subset of 2.

PROPOSITION 7.10. — Let Q C C be a domain starlike at infinity of
parabolic type. Then for every R > 0 there exists r > 1 such that for every
z € Q,,

BQ(Z,R) cQC QF.

Proof. — Assume by contradiction that there exists R > 0 such that for
every n € N there exist z, € Q, and ¢, € , such that dg(g,) < 1 and
ka(zn, qn) < R.

Let G, € 9 be such that |g,—¢n| < 1. By (1) of Definition 7.1, ¢, —¢ & Q.
Let T, : C — C be the translation defined by T,,(z) = z — ¢, +i. Note that
T0(Gn) =1, Tr(Gn — i) = 0 and

To(gn) =il = lgn — Gn| < 1.
Moreover, let V := C\ {0, ¢}. Taking into account that Q C C\ {dn, g, —1},
we have
Ov(Tn(zn)) = 5(3\{51‘7“@71,—1} (2n) = 0a(zn) > n.
Finally, note that Q is biholomorphic to T, () via T,. Therefore, since
T.(Q) CV,
Let A:=090D(i,1) and B,, := d(D(0,n) UD(i,n)). Let

kn :=ky (A, By) = inf{ky(z,w) : z € A\ {0},w € B, }.
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Since V is complete hyperbolic, lim,, o k, = 400 (otherwise we would
find a sequence in V' converging to infinity which stays at finite hyperbolic
distance from a compact subset of V).

By the previous considerations, T,,(¢,) € D(3,1), while T, (2,) € C\
(D(0,n) U D(i,n)). Therefore,

kn = kyv(A, By) < kv(Th(gn) Tn(zn)) < R,

a contradiction. O

The next result is a sort of converse of the previous one:

PropPoOSITION 7.11. — Let Q2 C C be a domain asymptotically starlike
at infinity of parabolic type. Then there exists S > 0 such that for every
S Ql:

Bq(z, S) C Q.

Proof. — The argument is similar to the one used in Proposition 7.10,
so we just sketch the proof.

Assume by contradiction that for every n € N there exist z, € ; and
gn € 2\ Q* such that kq(zn,¢,) < L. By Lemma 7.4, do(g,) < 1/2.
Therefore, using the translation 7,, as in the proof of Proposition 7.10, and
keeping the same notation, we have

1
" > ka(qn, 2n) = an(Q)(Tn(Qn)aTn(zn)) = kv (Tn(qn), Tn(zn))-
Since 0y (Tn(2zn)) > 1 and 0y (T, (¢n)) < 1/2 (see again the proof of Propo-
sition 7.10), we obtain a contradiction for n — co. O
Now we are ready to show that in i, the (infinitesimal) hyperbolic

metrics of 2 and Q* are equivalent:

THEOREM 7.12. — Let Q2 C C be a domain asymptotically starlike at
infinity of parabolic type. Then there exists ¢ > 1 such that for every z € €y
and v € C,

ka(z;v) < ka-(2;v) < cka(z;v).

Proof. — Let S > 0 be given by Proposition 7.11. Hence, for every z €
04, Ba(z,5) C Q* C Q, from which we get for all v € C

Ka(2;v) < Ko (2;0) < KBg(z,9)(230).

The result then follows from Lemma 3.3. O

As an immediate consequence of Theorem 7.12, we have:
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COROLLARY 7.13. — Let Q C C be a domain asymptotically starlike
at infinity of parabolic type. Then for every absolutely continuous curve
~v:10,1] — 4,

la(7) < Lla-(7) < cla(y),
where ¢ > 1 is given by Theorem 7.12. In particular, if z,w € {; are two
points such that a geodesic in () joining z with w is contained in §);, then

ka(z,w) < ko (z,w) < cka(z,w).

8. Gromov hyperbolic domains asymptotically starlike at
infinity of parabolic type

In this section we assume that  C C is a Gromov hyperbolic domain
asymptotically starlike at infinity of parabolic type. In particular, our dis-
cussion includes the case when €2 is the Koenigs domain of a parabolic
univalent self-map of the unit disc.

THEOREM 8.1. — Let Q C C be a Gromov hyperbolic domain asymp-
totically starlike at infinity of parabolic type. Assume that w : [1,+00) —
Q* is an absolutely continuous curve such that

li = .
dim da(w(t)) = 400
Then w is a quasi-geodesic in ) if and only if w is a quasi-geodesic in 2*.

Proof. — The proof of the only-if part is straightforward. In fact, by
assumption, there is ¢; > 0 such that w(t) € @y forall ¢t > ¢;. If ¢ > 1
denotes the constant from Theorem 7.12 and if w : [1,400) — Q* is a
(A, B)-quasi-geodesic in €2, then it follows directly from the definitions and
Corollary 7.13 that w : [t1, +00) is a (Ac, Be)-quasi-geodesic in Q*, so w :
[1,+00) is a (Ac, B')-quasi-geodesic in Q* with B’ = (1+Ac)lo- (w; [1, t1])+
Bce. We next prove the if-part, which is more difficult to handle. Let w :
[1,+00) — Q* be a (A, B)-quasi-geodesic in Q*, that is,

(8.1) Lo (w; [s,t]) < Akgs(w(s),w(t)) + B

for all s < t in [1,+00). Let G > 0 be the Gromov constant of Q and
let ¢ > 1 be given by Theorem 7.12. By M > 0 we denote the constant
given by the Gromov shadowing lemma for the (Ae, B)-quasi-geodesics of
Q (see (3.1)).

Finally, let R > G+ M, R = 2R’ and let r > 1 be given by Proposi-
tion 7.10. Since dq(w(t)) — +0o as t — 400, there exists ¢, > 0 such that
w(t) € Q, for every t > t,.
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By (8.1), taking into account that Q* C Q, we have for all s < ¢ in
[1, +00),

(8.2) Lo (w;[s,1]) < Lo (w; [s,t]) < Akgx (w(s),w(t)) + B.

Now, take so > ¢, and let tg > sg be such that w(t) € Bq(w(sp), R') for all
t € [s0,to]. By Proposition 7.10, Bq(w(so), R) C ©;. By Lemma 3.5, since
for every z,w € Bq(w(so), R’) the geodesic in  joining z to w is contained
in Bo(w(so), R), it follows from Corollary 7.13 that

- (w(s),w(t)) < ckalw(s), (1))

for all s, € [so, to]. Therefore, by (8.2), wls, 4] is an (Ac, B)-quasi-geodesic
in  for every t, < s¢ < tg such that w(t) € Ba(w(sp), R') for all t € [sg, to].
Now, we prove the following statement for all N € N, N > 1:

(An) if t, < a < b and there exist a = s9p < 81 < ... < sy = b, such that
w(t) € Ba(w(sy),R') for all t € [s;,5541], = 0,...,N — 1 then w|jay is a
(Ac, B)-quasi-geodesic in €.

We argue by induction. We already proved that (A;) holds. Assuming
that (A4;) holds for j = 1,..., N, we have to prove that (Ax41) holds as
well.

Let then ¢, < a < band assume there exista =sg < s1 < ... <syy1 =0
such that w(t) € Bo(w(s;), R') for all t € [s;,s;41], 7 =0,...,N. We have
to show that for every a < s <t < b,

Lo(w;[s,t]) < Ackq(w(s),w(t)) + B.

By induction, if t < sy, or s > sy, the result is true. So we can assume that
s € [sp,sn) and t € (sn, Sn+1]- By (8.2), and arguing as before, it is enough
to prove that a geodesic v : [0,1] — £ in  such that y(0) = w(s) and
(1) = w(t), is contained in ;. To this aim, let 1 : [0,1] — Q be a geodesic
in © such that v1(0) = w(s) and 71 (1) = w(sy) and let y2 : [0,1] — 2 be
a geodesic in €2 such that 72(0) = w(sy) and y(1) = w(t). Since w5y
and w|[sy,q are (Ac, B)-quasi-geodesics in © by induction hypothesis, it
follows from Gromov’s shadowing lemma that for each u € [0, 1], there
exist uy € [s,sy] and ug € [sy, t] such that

(8.3) ko(vj(u),w(u;)) <M, j=1,2.

Let now w € [0,1]. Since Q is Gromov hyperbolic, and {vy,v1,72} is a
geodesic triangle in €, v(w) stays at hyperbolic distance less than G from
~1 U2. Thus, there exists u € [0, 1] such that

min ko(y(w),v;(w) < G.
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We can assume that kq(y(w),v1(u)) < G (the case kq(y(w),v2(u)) < G is
similar).
Therefore, if u; is the point given by (8.3), we have

ko (y(w),w(ur)) < ka(v(w), 11 (w)) + ka(v1(v),w(ur)) <G+ M.

Since R > G + M and w(uy) € §,, it follows from Proposition 7.10 that
~v(w) € Q1, and hence, by the arbitrariness of w € [0,1], (Ay,1) holds.
Now, since by compactness for every ¢, < a < b one can cover w([a, b])
with a finite number of hyperbolic balls of radius R’ centered at points
of w([a, b]), it follows from (Ax) that w|;, 4o is a (Ac, B)-quasi-geodesic
in Q. Therefore, taking B’ := (1 + Ac)lq(w;[1,t,]) + B, we see that w :
[1,400) = Q is a (Ae, B')-quasi-geodesic in Q. O

We are now in a position to construct from the euclidean shape of Q) a
curve o : [1,400) — €, which is a quasi-geodesic both in © and Q*.

Assumption. — We assume that 0 & Q and it € ) for all ¢t > 0.

Note that, since €2 is asymptotically starlike at infinity of parabolic type
and Q # C, unless 2 is a vertical half-plane (and hence it is simply con-
nected and starlike at infinity), there always exists p € C such that p € Q
and p + it € Q for all £ > 0, so €2 — p satisfies the previous Assumption.

Note also that if € satisfies the Assumption, then 0 ¢ Q* and it € Q for
all t > 0. We define o : [1, +00) — Q* by

0+ o(t) — I (1)
2

In [8, Lemma 4.1], it is proved that o is 2-Lipschitz and in [8, Theorem 4.2]
it is shown that o is a quasi-geodesic in Q*. Our aim is to show that o is
a quasi-geodesic in €.

(8.4) o(t) = + it.

LEMMA 8.2. — Let Q C C be a domain asymptotically starlike at in-
finity of parabolic type such that 0 & §) and it € § for all t > 0. Then for
every t > 0,

1
53 o(1) < 0 ol) < 5 o(0) 3.
In particular, tl}g_noo da(o(t)) = +oo.
Proof. — Since Q* C Q, it is clear that 0%, (t) < 05 ,(t) for every ¢ > 0.

In order to prove the other inequality, let ¢ > 0 and let p € C\Q*, Rep > 0,
be such that 55*’0@) = |t —p|l. If p & Q, then 5+*’0(t) = 5370(15). In case
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p € Q\ QF, then 7, > 0 and, by Lemma 7.4(3), there exists ¢ € C\ Q,
Re ¢ = Rep such that |p — g| < 1/2. Therefore,
1

O o(t) = lit —p| > |it — gl — Ip — ql > 6g4(t) — 3

A similar argument leads to the corresponding inequality for 55’0(15).
Finally, a simple geometric argument as in [8, Lemma 4.3] and using
55*’ () < 550( ) shows

(8.5) Salo(t)) = 2[ (53* (t )+5_*70(t)) , t>1.

Since € is parabolic, Lemma 7.6 implies that

@ —it)
t>0

contains a vertical half-plane, so 5;;70(75) — 400 or dg. o(t) — +oo as
t — +oo0. 0

THEOREM 8.3. — Let Q C C be a Gromov hyperbolic domain asymp-
totically starlike at infinity of parabolic type. Assume that 0 & Q and it € )
forallt > 0. Then o : [1,400) — Q defined by (8.4) is a quasi-geodesic in 2.

Proof. — By Lemma 8.2, this follows from Theorem 8.1 and [8, Theo-
rem 4.2]. O

9. Simply connected domains asymptotically starlike at
infinity of parabolic type

Let 2 € C be a simply connected domain asymptotically starlike at
infinity of parabolic type. We assume also that 0 ¢ Q and it € € for all
t>0.

Let A : D — Q be a Riemann map. Up to precomposing h with a rotation
we can assume that limy o, h~1(it) = 1.

Let Q* be the starlike-fication of Q2 and let A* : D — Q* be a Riemann
map such that lim;_, o (h*)~!(it) = 1. Finally, let o be the curve defined
by (8.4).

PROPOSITION 9.1. — Let {z,} C D be a sequence converging to 1. Then
the following are equivalent:

(1) {zn} converges non-tangentially to 1.
(2) There exists C; > 0 such that kq(o([1,+00)),h(zn)) < Cy for all
n € N.
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(3) There exists Cy > 0 such that kg« (o ([1,+00)), h*(2y)) < Cy for all
n € N.

Proof. — By [8, Lemma 5.2],
lim (h*)"(o(t)) = 1.

t——+oo

The same argument used in such a lemma can be applied to show that
limy_, oo b1 (0 (t)) = 1 as well; very sketchy, if this were not the case, the
horizontal segments joining o(n) to in, n € N would form a sequence of
Koebe’s arcs for h, contradicting the no Koebe’s arcs Theorem.

Now, Q is simply connected, hence (€, kq) is Gromov hyperbolic. By
Theorem 8.3, ¢ is a quasi-geodesic both in 2 and Q*, and hence the result
follows from Proposition 3.2. O

THEOREM 9.2. — Let {w,} C Q. Then the following are equivalent:

(1) {h=Y(wy)} converges non-tangentially to 1.
(2) {wy} is eventually contained in Q* and {(h*)~(w,)} converges
non-tangentially to 1.

Proof. — If (1) holds, then by Proposition 9.1, there exists C' > 0 such
that kq(o([1,+00),w,) < C for all n € N. Thus, for each n € N, we can
find s, € [1,+00) such that

kQ(U(Sn)awn) <C.
On the other hand, since for every T' > 1 the set o([1,7T]) is compact and
{w,} eventually exits all compacta of 2, it follows that

EIJ'I_IOO ka(o([1,T]), wy,) = +o0.

n

Therefore, {s,} eventually leaves each compact interval [1,7], and by
Lemma 8.2, for every r > 0 there exists n, € N such that o(s,) € Q,
for all n > n,..

Let R := C and let 7 > 0 be given by Proposition 7.10. Then, for each
n = n,, o(s,) € Q, and, by Proposition 7.10, Bq(o(sy),C) C Q1 C Q*.

In particular, w,, € Q* for all n > n,.. Moreover, since w,, € Bq(o(s,),C)
and Bq(o(sy),C) is totally geodesic in €2 (see Remark 3.4), the geodesic in
2 joining o(sy) to w,, is contained in ;. It therefore follows from Corol-
lary 7.13 that for all n > n,.,

kax(0(sn), wn) < ckq(o(sy),wy) < cC.

Therefore, by Proposition 9.1, {(h*)~(w,)} converges non-tangentially
to 1, and (2) holds.
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If (2) holds, then by Proposition 9.1, there exists C' > 0 such that
kq«(o([1,400)),wy) < C for all n > ng. Therefore,

ka(o([1,4+00)), wn) < ko= (o([1,+00)), w,) < C,

and, again by Proposition 9.1, {h~!(w,)} converges non-tangentially
to 1. 0

10. Semigroup-fication and the proofs of Theorem 1.1 and
Theorem 1.2

Let f: D — D be univalent with no fixed points in ID. Up to conjugation
with a rotation, we can assume that 1 is the Denjoy—Wolff point of f.
Let h : D — C be the Koenigs function of f given by Theorem 4.1 and
Q2 := h(D) the Koenigs domain of f.

Note that Q is simply connected and asymptotically starlike at infinity.
Moreover, € is parabolic if and only if f is parabolic. Let 2* C ) be the
starlike-fication of 2. By Lemma 7.6, 2* is a non-empty simply connected
domain which is starlike at infinity. Let h* : D — Q* be a Riemann map
and, for t > 0 and z € D, let

éi(2) = (W*)"H(h*(2) + it).
It is easy to see that (¢;) is a continuous semigroup of holomorphic self-
maps in D and h* is the Koenigs function of (¢¢). In view of (7.2), f is
hyperbolic (respectively, parabolic of positive/zero hyperbolic step) if and
only if (¢¢) is hyperbolic (resp., parabolic of positive/zero hyperbolic step).

Up to conjugation with a rotation, we can assume that 1 is the Denjoy—
Wolff point of (¢4).

Remark 10.1. — It follows from Theorem 4.1(4) and (7.2), that if f is
hyperbolic (namely, & = Zlim,_,; f'(2) € (0,1)), then, setting X := log «,

: / _ oAt
4;1_>ml¢t(z) =e™.

In other words, f and ¢; have the same dilation coefficient at the Denjoy—
Wolff point.

In case f fixes a point zo € D, f'(29) = e * for some u € C, Rep > 0,
and h is the Koenigs function of f (see Remark 4.2) we denote 2 := h(D).
In this case, we can define a p-spirallike domain Q* starting from Q by
declaring z € Q* if and only if e™#* z € Q for all ¢ > 0. Arguing in a similar
fashion as we did before, one can easily prove that Q* is a simply connected
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domain, different from C, p-spirallike (i.e., e 7% Q* C Q* for all ¢ > 0) and
contains 0. Let A* : D — Q* be a Riemann map and, for ¢ > 0 and z € D,
let

$i(2) = (B*) "M (e h*(2)).
As before, it is easy to see that (¢;) is a continuous semigroup of holomor-
phic self-maps in D, ¢;(20) = 20 and h* is the Koenigs function of (¢;).
Moreover, f'(z9) = e " = ¢ (20).

DEFINITION 10.2. — The semigroup (¢;) is called the semigroup-fication
of f.

LEMMA 10.3. — Let f : D — D be univalent without fixed points in D
and let (¢;) be the semigroup-fication of f. Suppose that {n;} C N is an
increasing sequence converging to co. Then the following are equivalent:

(1) {f°™(2)} converges non-tangentially to the Denjoy—Wolff point of
f for some —and hence any — z € D,

(2) {¢n,(2)} converges non-tangentially to the Denjoy—Wolff point of
(¢¢) for some, and hence any, z € D.

Proof. — As remarked before, we can assume that 1 is the Denjoy—Wolff
point of both f and (¢;).

(i) We first note that for all z,w € D and k € N
ki (f"*(2), F* (w)) < ko(2, w).

Therefore, the sequences {f°"*(z)} and {f°™*(w)} stay at finite
hyperbolic distance. By [7, Proposition 4.5] (see also [5, Corol-
lary 6.2.6]), a sequence {z,} C D converges non-tangentially to 1 if
and only if it stays at finite hyperbolic distance from [0, 1). There-
fore, by the triangle inequality, it follows that {f°™*(z)} converges
to 1 non-tangentially if and only if so does {f°™ (w)}. A similar
argument shows that {¢,, (2)} converges to 1 non-tangentially if
and only if so does {¢,, (w)} for any w € D.

(i) We now prove Lemma 10.3 in case f is parabolic, that is, Q is a
simply connected domain which is asymptotically starlike at infinity
of parabolic type. If Q = Q* there is nothing to prove. Otherwise
there exists p € C\ 2 such that p 4+ it € Q for all t > 0. Up to
a translation, we can assume p = 0. Let wy := @ + ngi. Note that
{wr} € Q* for all k € N. By Theorem 9.2, {h~!(wy)} converges
non-tangentially to 1 if and only if so does {(h*)~!(wy)}. Since

W=t we) = £ (h7H@),  (0F) 7 (wk) = ¢, ((RF)7H(0)),
the equivalence of (1) and (2) follows from part (i).
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(iii) Finally, we assume that f is hyperbolic, so that (¢;) is hyperbolic.
As we already remarked, it is known that in this case both {f°"(2)}
and {¢n(z)} converge non-tangentially to 1, so that “(1) & (2)”
is trivially true. However, there is also a way to prove this last
statement along the same lines as in the parabolic case above. We
sketch it here.

Let A := {0 < Rew < a} = |J,en(2 — in), a > 0. Up to trans-
lation, we can assume that § + it € Q for all ¢ > 0. Then let
n : (0,+00) — Q be defined as n(t) = § + it. Using standard es-
timates for the hyperbolic metric (see, e.g. [7, Theorem 3.4] or [5,
Theorem 5.2.2]), we have for all 1 < s <t

tallont) = [ malotefenar< [t < L,

where C' := min{dq(n(t)), t € [1,+00)} > 0.
On the other hand (see, e.g. [7, Proposition 5.2] or [5, Proposi-
tion 6.7.2])

a .a . . ™
kg(§+zs,§+zt> kA( +252+zt>—%(t—5).

From these inequalities, it follows that 7|[1 o)) is & (%, 0)-quasi-
geodesic in 2 (and, by the same argument, it is a quasi-geodesic in
Q). In particular, h=1(n(t)) and (h*)~1(n(t)) converge to 1 non-
tangentially (see, e.g. [8, Remark 3.3] or [5, Corollary 6.3.9]). From
this, we obtain as before that both {f°"(z)} and {¢,(2)} converge
non-tangentially to 1. O

Now we can prove Theorem 1.1.

Proof of Theorem 1.1. — Statements (1), (2) and (3) follow directly
from the previous considerations, while statement (5) is just Lemma 10.3.
Statement (4) follows from Theorem 6.1, since every maximal y-spirallike
sector (respectively, maximal vertical strip) for €2 is clearly a maximal p-
spirallike sector (resp., maximal vertical strip) for Q*, and vice-versa. [

Finally, we have

Proof of Theorem 1.2. — If f is hyperbolic, the result is known, as we
already explained. If f is parabolic, let (¢;) be the semigroup-fication of
f. By Theorem 1.1(5) and Lemma 8.2, the statement of the theorem holds
if and only if the same statement holds for the semigroup (¢;). But for
semigroups the result has been proved in [8, Theorem 1.1]. O
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