Ergod. Th. & Dynam. Sys., (2022), 42, 3619-3655 © The Author(s), 2021. Published by Cambridge 3619

University Press. This is an Open Access article, distributed under the terms of the Creative Commons
Attribution licence (http:/creativecommons.org/licenses/by/4.0), which permits unrestricted re-use,
distribution and reproduction, provided the original article is properly cited.

doi:10.1017/etds.2021.98

Analytic classification of germs of parabolic
antiholomorphic diffeomorphisms
of codimension k

JONATHAN GODIN® and CHRISTIANE ROUSSEAU

Département de mathématiques et de statistique,
Université de Montréal, C.P. 6128, Succ. Centre-Ville,
Montréal, QC H3C 3J7, Canada
(e-mail: jonathan.godin @umontreal.ca, christiane.rousseau@umontreal.ca)

(Received 23 January 2020 and accepted in revised form 3 August 2021)

Abstract. We investigate the local dynamics of antiholomorphic diffeomorphisms around
a parabolic fixed point. We first give a normal form. Then we give a complete classification
including a modulus space for antiholomorphic germs with a parabolic fixed point under
analytic conjugacy. We then study some geometric applications: existence of real analytic
invariant curves, existence of holomorphic and antiholomorphic roots of holomorphic
and antiholomorphic parabolic germs, and commuting holomorphic and antiholomorphic
parabolic germs.

Key words: antiholomorphic dynamics, antiholomorphic parabolic fixed point, local
classification under analytic conjugation, space of orbits near a fixed point
2020 Mathematics Subject Classification: 32H50 (Primary); 37F44 (Secondary)

Contents
1 Introduction 3620
2 Antiholomorphic parabolic fixed points 3623
3 Properties of the formal normal form 3627
4 Fatou coordinates 3628
4.1 Rectifying coordinates and sectors 3628
4.2 Fatou coordinates 3631
5  Modulus of analytic classification 3633
5.1 Remarks on the Ecalle—Voronin modulus 3636
6 Space of orbits and classification under analytic conjugacy 3639
6.1 Description of the space of orbits 3640

https://doi.org/10.1017/etds.2021.98 Published online by Cambridge University Press

@)

CrossMark


http://creativecommons.org/licenses/by/4.0
http://dx.doi.org/10.1017/etds.2021.98
https://orcid.org/0000-0003-1175-2294
mailto:jonathan.godin@umontreal.ca
mailto:christiane.rousseau@umontreal.ca
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/etds.2021.98&domain=pdf
https://doi.org/10.1017/etds.2021.98

3620 J. Godin and C. Rousseau

6.2 The space of orbits of f 3641
6.3 Classification under analytic conjugacy 3642
7  Applications of the classification theorem 3644
7.1 Embedding in a flow or the complex conjugate of a flow 3644
7.2 Antiholomorphic nth root problem 3645
7.3 Germs with an invariant real analytic curve 3648
7.4 Centralizer in the group of holomorphic and antiholomorphic germs 3650
Acknowledgements 3654
References 3654

1. Introduction

In this paper, we are interested in the local dynamics of antiholomorphic diffeomorphisms
with a parabolic fixed point, that is, a fixed point of multiplicity k + 1 (that is, of
codimension k). We study the classification under conjugacy by analytic changes of
coordinate of a germ of an antiholomorphic diffeomorphism f with a parabolic fixed point.
In a local coordinate, it may be chosen in the form

f@) =7+ 3 4ok (1)

for some integer k > 1.
The classification of parabolic fixed points in the holomorphic case for a germ

k+1
g(Z) =z4 Zk+1 + (T _ b)Z2k+l +0(22k+1) (2)

is well known. (See e.g. [5] or [6].) The dynamics of g (see Figure 1) is determined by
a topological invariant, the integer k, a formal invariant, the complex number b, and an
analytic invariant given by an equivalence class of 2k germs of diffeomorphisms which
are the transition functions on the space of orbits of g (the Ecalle horn maps). Two germs
g1 and g, are formally equivalent if and only if they have the same topological invariant
and formal invariant. Furthermore, they are analytically equivalent if and only if they also
have the same analytic invariant.

The goal of this paper is to establish a local classification of antiholomorphic parabolic
germs under analytic conjugation and to describe the space of orbits of such a germ
and, more generally, to explore the geometric properties of antiholomorphic parabolic
germs which are invariant under analytic conjugation. This is done for fixed points of
any multiplicity. It allows us to provide a solution to the following problems.

Questions 1.1.

(1)  (Antiholomorphic root extraction) The second iterate of an antiholomorphic
parabolic germ f as in equation (1) is a holomorphic germ which is parabolic. When
is the converse true: given a parabolic germ of a holomorphic diffeomorphism g,
when is it possible to write it as g = f o f for some antiholomorphic parabolic
germ f? We call f an antiholomorphic square root of g. More generally, when does g
have an antiholomorphic root of some order?
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FIGURE 1. Dynamics of a holomorphic parabolic germ with topological invariant k = 3.

(2) Analogously, when does an antiholomorphic parabolic germ have an antiholomor-
phic root? When are the roots unique?

(3) (Embedding) Let {v'};, where v': z — v’(z), be the flow of the differential equa-
tion z = v(z) = (zkH/(l + bzF)). Each v (t#£0) is a holomorphic germ with a
parabolic fixed point at the origin. Then v'/2(-) is an antiholomorphic germ and
any antiholomorphic parabolic germ is formally conjugate to such a germ. Given an
antiholomorphic parabolic germ f, when is it analytically conjugate to some v'/2(-)?
In that case, it allows us to embed f in the family o,

(4) When does an antiholomorphic germ preserve a germ of a real analytic curve? This
is equivalent to saying that the germ is analytically conjugate to a germ with real
coefficients.

(5) (Centralizer) Can we describe all the antiholomorphic parabolic germs f that
commute with a holomorphic parabolic germ g? If f and g commute, then f sends the
orbits of g on the orbits of g. This greatly restricts the possible f. In an analogous way,
can we describe all the holomorphic and the antiholomorphic germs that commute
with an antiholomorphic parabolic germ?

The above problems are questions about the equivalence classes of germs under analytic
conjugacy. Therefore, the answer should be read in the modulus of classification, which
will be introduced in §5. At the time of going to press, we learnt of the recent paper
[7], where the authors raised similar types of questions about antiholomorphic polynomial
maps with a parabolic germ. It seems plausible that the local theory developed in this paper
can help solving some of these questions.

The local dynamics of an antiholomorphic parabolic germ has similarities with the
holomorphic case: indeed, the nth iterate f°" is holomorphic for n even. We find that the
dynamics is determined by the same topological and formal invariants, but the analytic
invariant is composed of k germs of diffeomorphisms, instead of 2k. This is explained by
the fact that an orbit of f will usually jump between two Fatou petals of its associated
holomorphic parabolic germ f°2 (see Figure 2), so that the dynamics in those petals are
not independent.

We observe other differences from the holomorphic case. A holomorphic germ has 2k
formal separatrices. The antiholomorphic germ has instead a privileged unique direction;
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fO"

FIGURE 2. An orbit of f jumping between two petals. An orbit of the second iterate £°% will remain either in the
upper petal or the lower petal.

a formal symmetry axis. There is also a topological difference between the cases where the
codimension is odd or even. When & is even, the rotation z — —z is a formal symmetry of
f, whilst it is not for k odd.

Antiholomorphic dynamics has been considered before in the context of antipolynomi-
als, that is, a polynomial function of Z, p(z) = 7" + - - - + ap. Iteration of antipolynomials
was studied by Nakane and Schleicher in [10], Hubbard and Schleicher in [4], and Mukher-
jee, Nakane and Schleicher in [9]. Their focus is mostly on the family of antipolynomials
pe(2) = 7¢ + ¢ and the description of the connectedness locus Mj called the multicorn.
The context is global in nature, but the local analysis contributes significantly.

An important role is played by periodic orbits of p. of odd period k, because when £ is
odd, pfjk is antiholomorphic. In this case, all indifferent periodic orbits are parabolic and
they occur along real analytic arcs in the parameter space, as proved in [4, 9]. However,
only points of codimensions one and two are observed. This is due to a choice of a special
subfamily of antipolynomials of degree d. Indeed, higher codimension is already observed
in the two-parameter family 74+ c1Z + cp, e.g. whenc; = 1 and ¢g = 0.

One of the tools used for antipolynomials is called the Ecalle height, introduced by
Hubbard and Schleicher in [4]. In codimension one, on the Ecalle cylinder of the attractive
petal, the imaginary part of an orbit is intrinsic, and the Ecalle height of the critical values
is finite. This is used to prove that at the ends of parabolic arcs in the parameter space,
pc has a parabolic periodic orbit of odd period of codimension two; see [4, §3]. When
studying the space of orbits of an antiholomorphic germ of a parabolic diffeomorphism of
any codimension, we see that the Ecalle height has a meaning only on the Ecalle cylinder
of the petals containing the formal symmetry axis of f. This is seen by describing the space
of orbits on a neighbourhood of a parabolic fixed point, which we do in §6.2.

The paper is organized as follows. In §2, we define the topological and formal invariants
of f. We also establish a formal normal form for f.

In §3, we study the formal normal form.

In §4, we introduce the rectifying coordinate and the Fatou coordinates in order to define
the transition functions (Definition 5.4) in §5, which is the analytic invariant. This leads to
the modulus of classification of f.

In §6.1, we recall a description of the space of orbits in the holomorphic case using 2k
spheres (or Ecalle cylinders) glued with the horn maps (these are the expressions of the
transition functions in the coordinates of the spheres). We use this space of orbits in §6.2
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to identify the space of orbits of f to a manifold of real dimension two by quotienting the
space of orbits of f o f by the action of f.

After describing the space of orbits, we state, in §6.3, the main result of the paper: the
classification theorem (Theorem 6.3). The idea in spirit is that two germs are equivalent
if and only if their spaces of orbits are equivalent; the classification theorem is a way to
rigorously express this statement.

Finally, with the classification theorem in hand, in §7 we answer Questions (1) to (5) of
this introduction.

2. Antiholomorphic parabolic fixed points
Notation 2.1. For the whole paper, we will use the following notation:
e 0(z) =z is the complex conjugation;

e t(w) = l/w is the antiholomorphic inversion;
o Tc(Z)=Z + C is the translation by C € C;
e L .(w) = cw is the linear transformation with multiplier ¢ € C;
e v’ is the time-f of the vector field
. Zk-i—l
= U(Z) = m (3)

A function f: U — C defined on a domain U C C is antiholomorphic if 3f/dz = 0 on
U. From this definition, together with the chain rule, it follows that antiholomorphy is an
intrinsic property of f under holomorphic changes of variable. Equivalently, f: z — f(z)
is antiholomorphicif f o o : z +— f(z) is holomorphic; therefore, f(z) expands in a power
series in terms of 7.

Note that the multiplier at a fixed point of an antiholomorphic function is not intrinsic;
only its modulus is. Indeed, a scaling of A will add a factor of A/A to the multiplier.

Definition 2.2. (Parabolic fixed point) A germ of an antiholomorphic diffeomorphism
fixing the origin f: (C, 0) — (C, 0) has a parabolic fixed point at O if 0 is an isolated

fixed point and
af
—O)|=1.
o
We will also say that f is an antiholomorphic parabolic germ.
PROPOSITION 2.3. Let f(z) = a1z + a222 + a3Z3 4+ - If |la1| = 1, then f is formally
conjugate to a formal power series
o
flw)y=w+) Aw" “)
n=2

with real coefficients A,,. If there exists n > 2 such that A,, # 0, then 0 is a parabolic fixed
point of f. Let no = k + 1 be the minimum such n. Then a scaling brings Ayt to % ifkis
odd (respectively :t% if k is even).

Proof. The proof is a mere computation. Let w = 7z\(z) = an] b, 7" be a formal change
of coordinate and suppose that f(w) =w + anz A,w". If we compare ho f(z) =
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fT o h(z) degree by degree, we find an expression for the coefficients of the form

biay = by,

A, = by, _E+an + Py(A1, ..., Ap—t,at, - .o, an—1, b1, ... by—1),
where P, is some polynomial. Hence, we have arg by = —% arg a; + £m with £ € Z. With
a recursive argument, if Ay, ..., A,_ are real, for A, to be real, we may choose Im b,, =

%Im (an + P,), since P, depends only on terms that were fixed in the previous steps. [

Remark 2.4. The formal change of coordinate T is not unique. Indeed, only the imaginary
parts of the coefficients are determined, leaving their real parts free. However, the order of
the first nonlinear term is well defined. This leads to the following definition.

Definition 2.5. We say that f is parabolic of codimension k if the first nonlinear term of
fTis of order k + 1.

Remarks 2.6.

(1) The formal series with real coefficients preserves the real axis. This indicates that f
has a privileged unique direction, which we will call a formal symmetry axis. Hence,
a conjugacy between two antiholomorphic parabolic germs must preserve the formal
symmetry axis. We can of course suppose that this formal axis is the real axis. Note
however that in the case of even codimension, there is no canonical orientation of
the formal symmetry axis.

(2) The dynamics near the formal symmetry axis is a topological invariant. When k is
odd, a rotation of angle 7 will flip the attractive semi-axis with the repulsive one.
When £ is even, both semi-axes are either attractive (when Az4; < 0) or repulsive
(when Ag41 > 0) (see Figures 3 and 4). In this paper, we will only consider the case
Ag41 > 0. Indeed, when Az41 < 0, that is, f is of negative type, then ! will be of
positive type and classifying £~ is equivalent to classifying f.

Definition 2.7. When the codimension k is even, we say that f is of positive type
(respectively negative type) if Axy1 > 0 (respectively Axy1 < 0), where Ay is the first
non-zero coefficient in (4).

The composition of two antiholomorphic germs is holomorphic. Therefore, we will look
atg := f o f, whichis a holomorphic parabolic germ. Recall that in the holomorphic case,
the codimension of g is the order of the first non-zero term of g(z) — z. It is linked to the
multiplicity of the fixed point: g is of codimension k if and only if the fixed point has
multiplicity & + 1.

COROLLARY 2.8. fis of codimension k if only if g = f o f is of codimension k.

The case when f o f =id is seen as a degenerate case where f is of ‘codimension
infinity’. Indeed, it only happens if f is analytically conjugate to the complex conjugation,
as is shown below. This case was excluded from our definition of parabolic point, since the
fixed point of o at the origin is not isolated.
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FIGURE 3. Dynamics near the formal symmetry axis of f(z) =7+ 0(z) in odd codimension. One sector is
attractive and the other repulsive; this yields the two possibilities above.

v
4
v
A

FIGURE 4. Dynamics near the formal symmetry axis of f(z) =z + 0(Z) in even codimension. The possibilities
are: on the left, both sectors are repulsive (positive type) and, on the right, both are attractive (negative type).

PROPOSITION 2.9. Let f(z) = a17 + W7’ +a37° + - - bean antiholomorphic germ at
the origin. The following statements are equivalent:

(1) fis formally conjugate to o;

(2) fis analytically conjugate to o ;

B) fof=id

Proof. (1) = (3) Since there is a formal change of coordinate m such thatm o f o m~l =

o,wehavem o f o f om™! = id formally, which yields f o f =

(3) = (2) Let us suppose that f o f =id. In particular, |a;| = 1. We can of course
suppose that f is already in a coordinate such that a; = 1.

Let Fi(x, y) = Re f(z) and F>(x, y) = Im f(z); then we have

Flx. y) = (il(x, y)) _ ( X+ 000 »P) ) _
2(x, y) —y+ O0((x, M)

We are interested in the fixed points of F, that is, the zeros of F —id. Since
(0/9y)(F2(x, ¥) — ¥)l0,0) = —2, by the implicit function theorem, there exists an analytic
curve y: t — t +in(t) such that F»(x, y) —y = 0if and only if y = n(x).

We complexify ¢ to obtain a change of coordinate t = y~!(z) = u + iv that rectifies the
curve y on the real line. Let f =916 f oy.In the new coordinate, F= yloFoy
has now the form

Flu, v)=< u~+ru, v) )

—v(1 + O(l(u, v)I?)

where r(u, v) = O(|(u, v)|?). The equation for fixed points F=idis equivalent to v =
0 and r(u,0) = 0. If r(u, 0) = au® + o(u®), a # 0, then this would contradict the fact
that we must have F o f(u, 0) = (g). Therefore, r(u, 0) = 0; in other words, r(u, v) =
vp(u, v).

We see that the real axis is a line of fixed points for f near the origin. By the identity
theorem, because f o o —id = 0 on the real axis near the origin, we have f =o.

(2) = (1) This is immediate. O
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The formal power series with real coefficients is used to determine a formal normal
form for f. Recall that a formal normal form for g := f o f may be taken as the time-one
map of the flow of (see [6])

Zk+1

RS
for some constant b € C. We will call this constant b the formal invariant. It is also
sometimes called the ‘résidu itératif’ and, as mentioned in [4], it is determined by the
holomorphic fixed point index, that is, the residue of 1/(z — g(z)) at the origin.

When g = f o f is of codimension k, it is possible to get rid of the terms of
degree k + 1 < j < 2k + 1 by an analytic change of coordinate. In this coordinate, g is
written as

o)

k+1
e(x) =z 471 + (T _ b>zzk+1 + o2k, (6)

where b € C is the formal invariant of g. When g is in this form, we will say that it is
prenormalized.

Definition 2.10. The formal invariant of f is the formal invariant of f o f, which is the
constant b in (6).

As the name suggests, b is invariant under formal changes of coordinate. Since g’ :=
fT o f7 and g have the same formal invariant, where f7 is as in (4), it follows that b is real
because all the coefficients of g’ are real.

An important consequence of this is that the time-z map v’ of (5) for ¢ € R has a power
series at O with real coefficients, that is, the complex conjugation o and v’ commute.

PROPOSITION 2.11. Let v'/* be the time-% of the vector field (5) for some b. If f is of
codimension k, of positive type if k is even, and if f has formal invariant b, then f and

172

o o v'/* are formally conjugate.

Proof. Let f¥ be the formal power series with real coefficients formally conjugate to f
in Proposition 2.3. Then f' o o is a parabolic formal power series of z. A formal normal
form may be chosen as v'/?, the time-% of the vector field (5). Since both the coefficients
of v'/? and f T are real, the formal change of coordinate 7 commutes with o, provided that
h'(0) = 1, so that v'/? o o is formally conjugate to f. O

The formal change of coordinate conjugating f to its formal normal form can always be
truncated at the (2k 4 2)th term, which yields a holomorphic change of coordinate taking
f to the form

_ 1 k+1 b\_ _
f@) =7+ EZkJrl + <T _ E)ZZkJrl + o, )

that is, f and o o v'/* have the same first three terms.

Definition 2.12. When f is in the form (7), we will say that it is prenormalized.
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Remark 2.13. In even codimension, f may only be prenormalized as in (7) when A1 > 0.
In odd codimension, f may always be prenormalized as in (7).

The formal normal form is a model to which the germs can be compared. Now that this
form has been established, we describe its properties.

3. Properties of the formal normal form
Let us start with the following observations.

PROPOSITION 3.1. Let v be the vector field (5) of codimension k and formal invariant b.

(1) v is invariant under the rotations of order k.
(2) visinvariant under the complex conjugation o when b is real.

The holomorphic and antiholomorphic formal normal forms are respectively

k+1
Ul(Z) =z +Zk+] + (T _ b>z2k+] +O(Z2k+1), (8)
1 k+1 b
oo vl/Z(Z) =74 Ezk-i-l + <% _ E)ZZk-i-l + 0(22k+1)’ (9)

where v’ is the time-f of v.
We see that the real axis is a symmetry axis. We introduce a notation for the other
symmetry axes.

Definition 3.2. Let oy denote the reflection
o0(z) = XUk fore=0,... . k—1. (10)

COROLLARY 3.3.

(1) visinvariant under og for £ =0, ...,k — 1 when b is real.

(2) v' commutes with any rotation of order k and, when b is real, it commutes with o,
fort =0,...,k—1.

(3) When k is even, o o v'/? commutes with 7 — —z.

We will only be interested in real values of b.

PROPOSITION 3.4. (Roots of the normal forms)

(1) For n even, v' has k one-parameter families of antiholomorphic nth roots given by
op o vV fory e R £=0,...,k—1.

(2) Fornodd, o o v'* has exactly one antiholomorphic nth root given by o o v'/*".

We ask the following questions, which will be answered in §7.2.

Question 3.5. For a holomorphic parabolic germ g, how many distinct antiholomorphic
nth roots (n even) does it have?

Question 3.6. For an antiholomorphic parabolic germ f and n odd, when is the formal nth
root convergent?
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FIGURE 5. The Riemann surface of the time coordinate Z. The hole in the middle corresponds to the image of
C\ D(0, r) in the z-coordinate, while a neighbourhood of z = 0 is sent to a neighbourhood of infinity. A curve
going k times around the hole in the Z-coordinate will turn one time around oo in the z-coordinate.

4. Fatou coordinates

For the whole section, when the codimension of f is even, we will suppose that f is of
positive type (see Definition 2.6). The formal normal form o o v'/? is a model to which it
is natural to compare the antiholomorphic germ f. In the holomorphic study of parabolic
germs, we use holomorphic diffeomorphisms called Fatou coordinates defined on sectors
covering the origin on which the germ is conjugated to its normal form, that is, changes of
coordinates to the normal form. We then compare Fatou coordinates on the intersection of
the sectors, thus yielding a conformal invariant describing the space of orbits of the germ.
See [5] or [6] for the details.

The same approach can be adapted to the antiholomorphic case. It will be necessary to
find a sectorial normalization (Fatou coordinates) of the antiholomorphic germ f. However,
instead of adapting the construction of the holomorphic case, we will prove that it is
possible to choose Fatou coordinates of f o f, which is holomorphic, that are also Fatou
coordinates of f.

4.1. Rectifying coordinates and sectors. Suppose that an antiholomorphic parabolic
germ f is of codimension k for kK > 1 with a formal invariant b (see Definition 2.9). The
Fatou coordinates ¢; are often constructed in the rectifying coordinate given by the time
of the vector field (5). Since v'/? and v! are the time maps of the vector field (5), we define
the time coordinate by

Z(z)=/zﬂd{z—i—i—blogz—ki—blogm (11)
o K k¥ kzlé ’
which is multi-valued. See Figure 5 for its Riemann surface. It is the inverse of the flow of
(5) with starting point zo. We will single out the following 2k + 1 charts of Z:
Zi(z) = —L+blogz— ﬂ
kzk
forj=—k ...,—1,0,1,... k (12)

where log z is determined by arg z € (—m, ) for —k < j < k and, for Z; (respectively
Z_i), arg(-) will be the continuation in (0, 27r) (respectively in (—2m, 0)). In particular,
we see that Z, = Z_y, and that both Zy and Zy commute with the complex conjugation.
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FIGURE 6. The particular case of = z*. On the right, the sector Uy in the Zo-coordinate, obtained from a strip
(in dark grey). On the left, So = Z ~1(Up) the sector in z, with the preimage of the strip (in dark grey).

B;

Uj

FIGURE 7. A chart U; on the Riemann surface with the vertical strip B;.

[/\
Y

FIGURE 8. Petals for the holomorphic map f o f. Dynamics inside a repulsive petal on the left. Dynamics inside
an attracting petal on the right.

Now we define the sectors in the z-space (see Figure 6). On the Riemann surface of Z;,
we write G for the expression of g := f o f in the Z;-coordinate. Let z*% = Selim/k for
—k < j < k and some small enough § > 0. Let Zj be the image of Z; (z’]‘f). We consider a
vertical line £; passing through Z; and its image G ;(£;). Let B; be the domain bounded
by £; and G;(£;) and containing £; and G ;(£;). The sector in the Z j-coordinate is then
obtained by

U;j ={Z; | there exists n € Z, G;’-"(Zj) € Bj}

for —k < j < k (see Figure 7). We see that U_; = Uy, since Z; = Z_. The sector S
in the z-coordinate is Zj_1 (Uj) (see Figure 6). These sectors are sometimes called Fatou
petals. They are described in great detail in [2], although the authors only considered
attractive petals. Note that there are 2k petals, with half of them being repulsive (see
Figure 8). Also, Sy and S_j are the same petal.
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S S1

S
3 S,
S_3

S_s S_q

FIGURE 9. Ordering of the sectors for k = 3.

Remark 4.1. Note that

k
1+ bzF
2in :/ 1+b, / = (Zija1) — Z; (),
s T Z Y. ZiG) = ZjG,

Zj) j=—k+1

where y; is an arc of the circle 9D(0, §) in S, with end points z;41 and z;, where z; =
8e(2i=Dm)/2k The Z; defined as in (12) satisfy this condition.

The sectors are ordered as in Figure 9. Note in particular that Sy intersects the positive
real axis and Sy = S_j the negative real axis.

Definition 4.2. The time coordinate is the Riemann surface obtained from the disjoint
union of the U}, glued together by the transition functions: the charts are the U; — C
with the diffeomorphism Z;: §; — U; given by

1 jimh
Zj(z)z—ﬁ+blogz— k’
and the transition functions are Z; o Z 1 = T(—inby/k for —k < j <k, where the

composition is defined.

The time coordinate is conformally equivalent to a punctured disk of the origin.

Now we define the complex conjugation on the time coordinate. Note that on a subdo-
main S, € Sp such that o (S;) = S, we have Zy(2) = Z0(z). The complex conjugation on
the time coordinate is then obtalned by analytic continuation on the other charts U;.

PROPOSITION 4.3. (Complex conjugation) For z € Sj, let £ be such that 0 (z) =7 € S;.
We define the complex conjugation T on the time coordinate in the charts by

Zg’j OZ/'(Z) = Zg OG(Z).

Then X is well defined and ¥ o ¥ = id.

Proof. The proof consists of showing that X is compatible on both charts when Z; € U; N
Ujy1 orwhen X(Z;) € Ug N Upxy. Itis a simple computation. Note that for a subdomain
S;- C S such that (T(S;-) C S_j, then, in the charts, we have £_; ;(Z;) = Z;. O
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5 Zi ...
— <
(
(0o V3 )er
<
v ooooooo
S, Z-j

FIGURE 10. On the left, an orbit of o o v'/? in the z-coordinate. The orbit jumps between the sectors S]Lf and SV j
of o o v'/2. On the right, the same orbit is represented in the time coordinate; it is the orbit of % o T -

This allows us to talk about the normal form o o v'/? in the time coordinate. It is the
antiholomorphic map X o T ,.

4.2. Fatou coordinates. Let us call the petals of the normal form SY. The orbits of the
normal form ¢ o v'/? jump from §% to S” ;. This means that the dynamics of those two
petals is no longer independent, unlike the holomorphic case. See Figure 10.

In its prenormalized form f is close to o o v'/? in the sense that |f — o o v'/?| =
o(]z|***1). In the following lemma, we prove that it is also true that F and ¥ o Ty, are
close in the time coordinate.

LEMMA 4.4. Let f be in its prenormalized form (7) and let F (respectively X o T, ) be the
expression of f (respectively o o v'?) in the time coordinate. On each chart U, we have
IF —SoTypl=0(Z™).

Proof. The proof is similar to that found in [6]. Let m(z) = f o (6 o v/ 1(z2) =z +
o(z2+1y We see that

jimh
%y _ SO

Zjom(z) k

1
_ﬁ(l +o0Z*N) +b logz+o(z

Z;j(z) + o(zh).

Since sz.,- (z) = —(1/k) when z — 0, and because Z; is invertible and |Z;(z)| — o0
when z — 0, it follows that o(z¥) is 0(|Zj|_1) when |Z ;| — co. Therefore, F o (X o
T ' (Zj) =2Z;+00Z;17. 0

We now present the existence of the Fatou coordinates. Note that Hubbard and
Schleicher proved their existence in [4, Lemma 2.3] in the codimension-one case for a
map with a parabolic periodic orbit of odd period n. We recover their case by considering
f°". This corresponds for us to a germ of a antiholomorphic parabolic diffeomorphism of
codimension one. The proof in higher codimension is in the same spirit with an adaptation,
since we need to work with pairs of sectors (U, U_ ).
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PROPOSITION 4.5. Let F and T be the expressions of f and o in the time coordinates,
respectively. Recall that U; = Z(S}). On each U}, there exists a holomorphic diffeomor-
phism ®;: U; — C such that

®joFod i=%oT) (13)

whenever the composition is defined.

Moreover, if ) j are other Fatou coordinates, then there exists C; € C for j =
l....k—=1 and Co,Cx €R such that ®;o®;'=Tc, and d_jod | =T¢,
for j > 0.

Proof. The proof makes use of the rigidity of the conformal structure of the doubly
punctured sphere 2 \ {0, oo}, as in the proof of the uniqueness in the holomorphic case.
Let ®; denote the Fatou coordinate of f o f on U}, that is,

®jo(FoF)o(®,)' =T.

(We know that it exists, since f o f is holomorphic, and that it is unique up to left
composition with a translation.) In the space of the Fatou coordinate W; = ®;(Z;), an
orbit {(f o f)*"(z)}, corresponds to {W; + n},. Note also that ®;(Z;) =Z; + D; +
0(|Zj|_1) for some constant D; € C (see [6]).

We first note that each ® ; (U;) contains a vertical strip B; of width one, by construction
of the time coordinate U; and of the Fatou coordinate. We define

Q;=®_joFo(d;)! for —k<j<k

Then we see that Q; o O ; = T, since ®; are Fatou coordinates of F o F. It follows that
Q; commutes with 77, since

T1oQ;=(QjoQ_j)oQ;j
=Qjo(0-joQ))
= Qj oTi.

Indeed, Q; represents F in the Fatou coordinates. It is therefore natural that Q ; commutes
with 77, which represents F o F in the Fatou coordinates.

Because Q; is the composition of an antiholomorphic germ by a holomorphic diffeo-
morphism, Q ; is antiholomorphic. In particular, £ o Q; is holomorphic, and ¥ o Q; — id
is 1-periodic and holomorphic, so it has a Fourier expansion

o0
XoQi(Wj)—W; = Z Cn,j€2mnwj.
n=—oo

Moreover, by Lemma 4.4, we have X 0 Q;(W) =W + M; + O(|W|~1), where M;eC
is a constant. Therefore, |X o Q; —id| is bounded when |W| — 0o, so we must have
cyp,j =0forn e Z*.

We conclude that Q;(W;) = W, + ¢ 0. Since Qj o Q; = Ty, it follows that ¢ =
% + iy. We then adjust all the Im¢; o to 0 by choosing the appropriate Fatou coordinates
(that is, composing them with a translation).
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Uj—1

FIGURE 11. Charts U;j—1 and U; on the time coordinate. They intersect in a region containing (in this case) an
upper half-plane.

The uniqueness comes from a combination of the uniqueness of the Fatou coordinates
for the holomorphic f o f and having to preserve the constants c; o = % O

5. Modulus of analytic classification

If two antiholomorphic parabolic germs are analytically conjugate, then they have the same
space of orbits. The space of orbits of an antiholomorphic parabolic germ f is a quotient of
the set of orbits of the associated holomorphic parabolic germ g = f o f. Hence, we start
by describing the space of orbits of g; on a Fatou coordinate, it is the quotient by 77, which
is a bi-infinite cylinder. We also need to identify some orbits represented in two different
Fatou coordinates. This is done by means of the transition maps (the horn maps of Ecalle).

We will describe the space of orbits of f in §6.1 and classify the antiholomorphic germs
in §6.3. To do both of these, we will need the transition functions, which will form an
analytic invariant.

The transition functions we describe here are the same as for the holomorphic case. We
will introduce what we need here; all the details are found in [5] or [6].

In the time coordinate, if U; is a repelling (respectively attractive) petal, then U; and
Tizp/k(Ujy1) intersect on a domain containing an upper half-plane (respectively a lower
half-plane); see Figure 11. (Recall that 7" ;z5/¢ is a transition function on a Riemann
surface of the time coordinate; see Definition 4.2.) We can compare the Fatou coordinates
®; and ®;; by looking at

;1 T_inb/k )i
Vit Vi — U NTigp/x(Ujr1) —— T—(inby/k(U;) NUj1 — Vi,

respectively

.741-1 Tinb/k Q;
Vit Vier —> Ujr1 N T—inby/k (Uj) —— Tigpk(Ujr1) NU; —> Vj,

where V; = ®;(U;) for all j. This yields a diffeomorphism defined on a domain of V;
(respectively V1) containing an upper half-plane (respectively lower half-plane) with its
image in V1 (respectively V) also containing some upper half-plane (respectively lower
half-plane).

Notice the order of the composition for W;: we choose the convention that these
functions will go from a repulsive petal to an attractive petal. Figure 12 is an illustration of
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&2
So N S1
53( ‘)51
S3=S_3 So
5—3(_ ‘)5—1
S_2 \ A S-1
§—2

FIGURE 12. Direction of the transition functions {£;}; represented in the z-coordinates.

the direction of the arrows in the z-coordinate for k = 3, where &; is the expression of ¥
in the z-coordinate.

Definition 5.1. Let ®; be a Fatou coordinate of f on U;. The transition functions

(equivalent to the Ecalle horn maps) of f are the 2k functions W jforj=1,...,kand
j =—1,..., —k obtained by
-1 .
W = D o T snijyiinb/i) © <I>j_sgn(j) for j odd, (14

D _son(j) © Tign(jyiinvsi) © d>;1 for j even,
where the composition is defined. Here, sgn(;j) is the sign of j.

By the uniqueness of Proposition 4.5, we may change ®; by T¢; o ®; and Tfj o
®_; for some C; € Cfor j=1,...,k—1, 0or ®; by Tg; o ®; for some R; € R for
Jj =0, k. This will yield another set of 2k transition functions. We will identify together
these different possible choices of transition functions at the end of this section.

The following proposition is the first step towards the geometric invariant. The transition
functions allow us to describe the space of orbits of F and F o F.

PROPOSITION 5.2. Let (W_g, ..., V_1, ¥y, ..., W) be transition functions of f. They
satisfy the equation

E [e] Tl/2 [e] \IJ/ = \IJ_/ (¢] E o T]/z. (15)
In particular, they are transition functions of f o f and satisfy

T\oWV; =V;oT. (16)

Proof. The proof is identical to the holomorphic case; it follows from the definition of W
and (13). O

Equation (15) says that the orbits of ¥ o T}, in one Fatou coordinate are sent by the W
on the orbits of X o T, in another Fatou coordinate. In those coordinates, the orbits of
% o Ty, correspond to those of f. Therefore, the transition functions allow us to identify
the same orbits of f in different coordinates.
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We can rewrite equation (15) as

\Il_jZEOT”zO\I"jOEOT_]/z, (17)
so that W_; is determined by W ;. Thus, we only need half of the transition functions of f to
determine all of them. For the rest of the paper, we will work with Wy, . .., W, knowing
that W_q, . .., W_; are obtained from equation (17).

The transition functions in the holomorphic case are well known and their properties are
described by Ilyashenko [5]. Because the transition functions of f are also those of f o f,
they share the properties which we describe now.

Each W; satisfies equation (16); it follows that W; —id is 1-periodic and has a Fourier
expansion

oo
(W) =W =c;+Y cpje™V  forj>0odd,

n=1

—oo (18)
U;(W)—W=c;+ Z cn je? ™ for j > 0 even,

n=—1
In particular, we see that |¥; — id — ¢ | is exponentially decreasing when Im W — oo and
Jj is odd (respectively Im W — —oo and j is even).
Since the Fatou coordinates are not unique, we may change them and obtain new
transition functions. This will change the constants c¢; and c, ;, but the following

alternating sum will always be preserved:
D e+ D Peqn £ —ea e (19
—ci4er =+ (D gy + (= Do = 2imb.

We successively change ®; by T_. _(izp)y/k © 1, ®2 by T_¢)4er—inb)/ks P3 by
T_¢i4¢y—c3—@inb)/k © P3, and so on. The constant terms of the new transition functions
will satisfy

inh )
—T for J > 0 Odd7
ci = 20
J inh ) 20)
o for j > O even.
for j =1,2,..., k. Note that, together with equation (17), the constant terms c; for j =
—k,...,—laregivenby c; =c_;.
Definition 5.3. (Normalized transition functions) The transition functions (W1, ..., W)
are said to be normalized if the constant terms c; of equation (18) satisfy (20) for j =
1,2,...,k.

Even when normalized, the transition functions are not uniquely determined. There is
still a remaining degree of freedom: we may change the source and target spaces of each
W; by the same translation T¢ with C € R.

In the case of even codimension, if f is prenormalized, then f(z) = — f(—z) is also
prenormalized, and f and f are conjugate. Hence, we will need to identify their moduli.
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Definition 5.4. (Modulus of classification) We define the equivalence relation ~ on
normalized transition functions of the form (18) by

(Wi, ..., W) ~ (Y], ..., ¥) < thereexists C € R, W; = Tc o \IJ} oT_c. (21

The modulus of classification of f of codimension k (and of positive type when k is
even) (see Definition 2.6) is defined by the triple (k, b, [V1, ..., Wt]), where k is the
codimension (Definition 2.5), b is the formal invariant (Definition 2.9), and [V, . . ., W]
is the equivalence class of normalized transition functions of f (Definitions 5.1 and 5.3),
where the equivalence class is defined according to the following two cases.

(1) Ifkisodd, then [Wy, ..., W] is the equivalence class under the relation (21).

(2) [If kis even, then [Wq, . .., W] is the equivalence class under the relation (21) and

the additional relation

W1,...,¥) = (‘Iji, cees ‘*IJ]/() — ‘Ij; =YoTpoWi—jr10XoT ). (22)

This equivalence class is called the analytic invariant.

5.1. Remarks on the Ecalle~Voronin modulus. In the holomorphic case, the modulus of
classification is known as the Ecalle—Voronin modulus (see [5, 6]). For any holomorphic
parabolic germ g (not necessarily of the form g = f o f), we can obtain its Ecalle—Voronin
modulus in the same way as described above, but without equation (15), so that the 2k
transition functions are needed. There are 2k degrees of freedom, so we normalize the
transition functions by choosing the constant terms as in (20) and with ¢_; = —c;; the
remaining degree of freedom is a translation in every Fatou coordinate by a constant C €
C. Therefore, we quotient by the equivalence relation

(Wogeo o W W W) ~e (W W W)
& there exists C € C, W; = Tc o \II} oT_¢
forje{—k,...,—1}U{1,...,k}. (23)
We also quotient by the action of the rotations of order k. If we denote the indices W_; =
Woi_jy1for j =1,...,k, then we have the identification
(\Ijk-i-l? L ] \Ilzkv\lll’ L] lpk) ~ (\IJ]/(+]+2m7 L] \I‘Iék+2m9 \I"{Jrzm’ LR ly]i+2m)
form=0,...,k—1, 24)
where the indices are mod 2k. We will denote the equivalence class of both of
these identifications by [W_g,...,V_1, Wy,..., W;]. The modulus of g is then
(k, b, [W_g, ..., Wy, Wy, WD,

We describe the link between the Ecalle—Voronin modulus of g and the modulus of
classification of an antiholomorphic parabolic germ f of positive type such that g = f o
f when such a f exists. The symmetry axis of f appears along one of the ‘symmetry
axes’ of g of the form kR 0 =0,...,k—1. (Note that for k even, 2t/ kR and
2+ Kk/2)/KR are the same axis, so there are k /2 possible axes for f of positive type and
k/2 for f of negative type.) Therefore, we associate to the analytic invariant of g the regular
k-gon with the k symmetry axes ¢/™/¥R, ¢ =0, ...,k — 1, in the following way. Divide
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\Ifg v,
Wy Uy U_y U3
\115 \Ifl q’l \1174
Vo Yo 2 g
Uy U_, U3 Vs
‘IJ—S \114
(a) Reflection s along e%7/5R. (b) Rotation r(z) = e*7/52,
FIGURE 13. Codimension five. The permutations of indices induced by s and r are
s()y=2 r(l) =—-4
s =-1 r@=-3
s@=-2 r®d=-2
v, Uy U, U, I
\:[15 \IJQ \:[13 \11_1 \11_4 \IJG
U Uy Uy Uoy W_g Uy
V_g U, Uy U W, v,
U 5 U, Vg Uy Uy U3
U, U3 U Ug U, W,
(a) Reflection s along e*7/6R.  (b) Rotation r1(z) = e2™/62.  (c¢) Rotation ro(z) = e317/62.

FIGURE 14. Codimension six. Symmetry axis of f along ¢*"/°R. The permutations of indices s, r and ry are

s()=-5 r()=-2 nrn)=5
s@=-6 rn@=-1 n@=6
r@3) =1 n@B)=-6

s(3) =6

the k-gon by its k symmetry axes to produce 2k sectors in the k-gon; then, starting with the
sector above the horizontal line on the right-hand side, we identify this sector with W; and,
going anticlockwise, we associate W, . .., W, W_, ..., W_; to the subsequent sectors,
as in Figures 13(a) and 14(a). The dihedral group Dy; of symmetries of the k-gon acts on
the sectors of the k-gon. It contains k rotations of order dividing k and k reflections. The
action is defined for an element u € Dy; by mapping a sector to its image by the linear
application represented by u (a rotation or a reflection).

Definition 5.5. Let u € Dy, and let A; be the sector of the k-gon associated with
W;. The action of u on the sectors of the regular k-gon defines a permutation on
{—k,...,—1,1,...,k}, also denoted u by abuse of notation, defined so that u_l(Aj) =
Ay (j) (see Figure 13 for k = 5 and Figure 14 for k = 6).
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PROPOSITION 5.6. Let g be a holomorphic parabolic germ with modulus (k, b, [V_g, . . .,
W_y, Wy, ..., W]). Suppose that f is an antiholomorphic parabolic germ of positive type
with the symmetry along e*™*/*R for some £ € {0, 1, ...,k — 1}. Let r be the rotation
2> e 27tk and s the reflection with respect to e* /¥R If fo f =g, then there
exists a representative (\I—”_k, e, \IJ’_I, \I/i, e, lIJ,/{) of the analytic invariant of g such
that [V’ NEERE \I-’;(k)] is the analytic invariant of f and satisfies

\IJ/

r(])OEOTI/Z—EOT]/ZO\IJr( 7 (25)

or, equivalently,

WioToTp=3XoT,o0W¥ . (26)

Proof. Let (W_g,...,W_q, Vq,..., V) be a representative of the analytic invariant
of g. Since r is a rotation with an order dividing k, it is an element of Dy. It rotates
the coordinate so that the symmetry axis corresponds to the real axis with a repulsive petal
on the side of R (this is the case because f is of positive type). The representative of the
modulus of g is permuted: (Wr(—), - . -, ¥r(=1)s Yr1)s - - - » Wry) as in (24); it now has
an equivalent representative (\I!;(_k), e, \I/;(_l), \Il;(l), e \I!;(k)) under relation (23)
obtained from the Fatou coordinates of f, so that it satisfies

/
Vi)

Equation (26) follows from r~

Indeed, on the indices, we have r(—j) = ro(j) and, substituting £ = r(j), the previous
equation becomes

OEOT|/2—EOT|/20\-IJr( s

sr = o, where o is the usual complex conjugation.

\DZOEOTI/Z—EOTI/ZO\IIy([) O]

Definition 5.7. Areflection s € Dy is a symmetry of the analytic modulus of g if it satisfies
(26). For each reflection s1, . . . , s, of the analytic invariant, we define H = (s, ..., ;)
to be the group of symmetries of the modulus.

Remark 5.8. A group H as in the definition is always a dihedral group of order at most 2k
(see [3, §2.2]). If it is non-trivial, it contains a rotation of order at most k. The group of
symmetries of a modulus is related to the number of distinct antiholomorphic square roots
of g. This problem is addressed in §7.2.

The analogous result of Proposition 5.6 for the case of negative type can be obtained
by studying the inverse of a holomorphic parabolic germ g. The following proposition is
probably well known, but we could not find it in the literature, so the proof is included.

PROPOSITION 5.9. Let g be a holomorphic parabolic germ. Let the modulus of g be
k,b, [V_i,...,V_1,Vq,...,Y]). Then the modulus ofg_l is given by

ks =b, [V_g, ..., V_1, ¥y, .., G, 27)

where \IJ stands for L_1 o W™ _, ) oL_y, with L_1: Y — =Y and with ry, the rotation
of the indices induced by y — e’”/k (see Definition 5.5).
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Proof. Suppose that g is prenormalized. The dynamics of g~! is reversed; therefore, the

dynamics of g~ in the first sector Sy is attractive, but the dynamics in S_; is repulsive. We
apply the change of coordinate y = L) (z) = Az, where A = ¢/™/¥ Letg~! = Lj 0g7 ' o
11

5 -

At the formal level, we apply (z, t) — (y, —t) to the vector field (5) to obtain

k+1
y+

—_. 28
o (28)

y=w(y) =

lis the time-1 map w'! of (28). In part1cular g~ ! has formal

~1 in the y-coordinate by S Note that S =

The formal normal form of g~

invariant —b. We will denote the sectors of g
)Tl(Sj)ZSj—lo _

The time coordinate on the sector S; is defined as

-1 b
Yi() = —- —blog y+ 172, (29)
y k

We have the relation L_jo0Y; =Z;_ ;0 L;l, where the Z; are the time coordinates of g.
Indeed, we see that
irb (j— inb

_i 1
Zj1(e" Py = oF thlogy = 5= = =———=-Y,0.

Let ®; be a Fatou coordinate of g in §;. We know that ®; 0 Z; o g o Zj_l o <I>]Tl =

—1

T_1. We will show that L | o ®; o L_ is a Fatou coordinate of g 'on §j+1. Indeed, we

have

(L_jo®joL_1)oYj4108 o Yj;l1 o(L_jo®jolL_p)~!
:L_]od>onjog_loZ;loCI>;loL_1
=L 10T _10L_; =T.

1

It follows that the transition functions ¥ ;j of g7 are given by, for j # 1, k odd,

<7 = = -1
‘I’j = cDj oT. sen(j)(imb/k) © (q)j %gn(j))

= L—] o q> —-10 T sgn(j)(inb/k) o® o L—]

i= 1 —sgn(j—1)
=L_jo0 \pj_—l oL_j.

The other values of j are done similarly. Note however that for j = 1, the equation becomes
U, =L_jo0 \If:ll o L_qand that,for j = k,wehave W_; = L_; o \Ilk_l oL_j. O]

6. Space of orbits and classification under analytic conjugacy

When two antiholomorphic parabolic germs are analytically conjugate, it is clear that their
spaces of orbits are essentially the same. Our guiding principle is that the space of orbits
completely describes the dynamics of the germs; when two germs have the same space of
orbits, they should be analytically conjugate. A formal statement will be given in the form
of the classification theorem (Theorem 6.3) in §6.3.

https://doi.org/10.1017/etds.2021.98 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2021.98

3640 J. Godin and C. Rousseau

FIGURE 15. A fundamental domain obtained by Z, !(By) in the z-coordinate (in grey) and the sphere it represents.

6.1. Description of the space of orbits. The space of orbits in the holomorphic case
is well known. It is briefly described in [5]. We will introduce the objects from the
holomorphic case needed for the antiholomorphic description.

In each Fatou coordinate of f (and f o f), we may choose a fundamental domain of
g = f o f by taking any vertical strip B; of width one. We quotient by the action of T7,
obtaining the bi-infinite Ecalle cylinders. Some orbits of g will appear in two consecutive
cylinders. Since ¥; o T1 = T7 o ¥, we identify together those orbits by identifying W;
with W;(W;) (or \IJJTI(Wj) depending on j).

The universal covering E: C — C* given by w = E(W) = exp(—2iw W) is a biholo-
morphism of each cylinder onto C*. This allows us to see the Ecalle cylinders as Riemann
spheres punctured at 0 and infinity S? \ {0, oo} (see Figure 15). We will define the horn
maps using this universal covering.

Definition 6.1. The horn maps ¥, for j =1, ..., k, are definedby ¢y; = Eo ¥ o E 1,
where W; is a transition function and

E(W) =exp(—2inW). 30)

For positive j odd (respectively j even), the horn maps are defined on a punctured
neighbourhood of the origin (respectively of infinity) with their image in a neighbourhood
punctured of the origin (respectively of infinity). By the Riemann removable singularity
theorem, they extend to

. (C,0 — (C,0 for j > 0 odd,

Vit (C, 00) — (C,00) forj > 0even.
To retrieve the ¥ for j < 0, we use equation (17) in the coordinate w = E(W)

Y_j=L jotoyjoL jor, (31)
where L_1(w) = —w and 7 (w) = 1/w.

The space of orbits of g = f o f is described by the 2k spheres with identifications at
the origin or at infinity, as seen in Figure 16.
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FIGURE 16. Space of orbits for f o f of codimension four.

Remark 6.2. By differentiating E o W o E ~1, we obtain

() (00) = 27 P/Kfor j odd,

2m2b/k (32)
;) (0) = > /% for j even,

so the product of those derivatives for j € {—k, ..., —1}U{l,... k}is 64”21’.

6.2. The space of orbits of f. 'The complex conjugation ¥ becomes 7(w) = 1/w on the
spheres, where w € S? and T(w) € S? i The translation 7 ,, becomes L _j(w) = —w. In
the Fatou coordinates, f is 2 o T}, so that on the spheres, f is L_1 o 7(w) = —1/w. To
obtain the space of orbits of f, we identify w and L_; o 7(w) in the space of orbits of
f o f, thatis, on the 2k spheres above.

Let us first consider the case of codimension one, so that we have two sectors Sy and
S1 = S_1 in the z-coordinate and two spheres Sg and S%. Recall that for z € Sy, f -1 (2) is
still in So. This means that L_; o T acts on S(z). It sends O to oo, the northern hemisphere
to the southern hemisphere, and the equator on itself. On the equator |w| = 1, we identify
w to —w. The resulting surface is the real projective space RP2. This is also true for S
and S%. The equators of both spheres play a special role; they each represent orbits along
an invariant half-curve that each forms a ‘semi-axis’ of reflection for f.

Therefore, in codimension one, the space of orbits is two real projective spaces with one
germ of a holomorphic diffeomorphism

[¥1]: (RP?, [0]) — (RPZ, [0]),
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(5] [41]

SRR ool * )
U 0 [l 0

(4]

FIGURE 17. The space of orbits of f in codimension four.

where [1] is the equivalence class of | under the quotient of S? to RP? and [0] is the
equivalence class of the points {0, oo} identified together. The class [v/] is well defined,
sinceyjol_jot=to0oL_j0Y_1.

In codimension k > 1, the spheres Sg and S; both quotient to a real projective space,
but the other spheres are identified in pairs (S;, S_;), so that the quotient of the union of
the two spheres is diffeomorphic to a sphere. The space of orbits is then described by two
real projective spaces together with k — 1 spheres and k equivalence classes of horn maps
[¥j] = {¥, ¥_;}. The class [;] defines a germ at [0] = [oco] on the quotiented spheres
(Sj,S_j), since the representatives satisfy ¥y o L _jot=L_jotoy_;.

On the two extreme projective spaces we have a distinguished curve given by the
equator. The only changes of coordinates on D preserving the equator and sending opposite
points to opposite points are the linear maps L. with |c| = 1. Hence, the linesIm W =y
are invariant. This y is the generalization of the Ecalle height introduced in [4]. However,
on the other spheres, there does not appear to be a quantity preserved by changes of
coordinates.

The two projective spaces correspond to the orbits of two Fatou petals containing the
formal symmetry axis of f. The equator of each projective space corresponds to a semi-axis
of symmetry in each respective petal. These axes meet at the origin, but generally they
cannot be extended into a real analytic curve. We will see in Theorem 7.6 exactly when
they extend into a real analytic curve. This formal symmetry axis explains the existence of
the Ecalle height in the two projective spaces and why the Ecalle height does not exist in
the other spheres.

6.3. Classification under analytic conjugacy. We can now state and prove the main
theorem of this paper.

CLASSIFICATION THEOREM 6.3. For antiholomorphic parabolic germs of codimension

k (and of positive type when k is even), we have:

(1)  the modulus of classification is a complete invariant of analytic classification under
holomorphic conjugacy;

(2)  the moduli space is the set of (k, b, [V1, . .., W]), where the constant terms of ¥
satisfy (20), and [V1, . . . , Wi] is the equivalence class under the relation (21) (and
(22) for k even).
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Proof. The proof is analogous to that in the holomorphic case, which can be found in

[5, 6].
(1) Let f;: (C,0) — (C,0) be a germ of an antiholomorphic diffeomorphism with
a parabolic fixed point at the origin and let (k¢, by, [W1e, . . ., Wk.e]) be its modulus of

classification for £ = 1, 2. We can of course suppose that f; is prenormalized.

Suppose first that f>(u) = h o fi o h~'(u) for some germ of an analytic diffeomor-
phism u = h(z). The germs f; and f> must have the same codimension and formal
invariant, since they are topological and formal invariants. For the analytic invariant, first
let F1, F> and H denote the expressions of f1, f2, and 4 in the time coordinate. If ®; is a
Fatou coordinate of /, on U, then ®; o H is a Fatou coordinate of Fj. It follows that they
have the same transition functions.

Conversely, suppose that f1 and f> have the same modulus. We can choose a common
normalized representative (W1, . . ., W) for both classes and Fatou coordinates @ ; ¢ for f;
(£ =1, 2) such that the ¥; are the transition maps for these Fatou coordinates. Let ¢ ¢, =
Zj_1 o®j¢o0Zj, for £ =1, 2, be the expression of Fatou coordinates in the z-coordinate.
Then we define

hj2) =9} 109202

on §;. It sends the orbits of f; to those of f on §;. On the intersection of two consecutive
sectors S; N §;41, we see that

hjsioh}! (@) =id,

so the /1 agree on the intersection. We may define hon {J; S; by h(z) = h;(z) if z € S;.
It sends a punctured neighbourhood of the origin into another punctured neighbourhood of
the origin, so, by the Riemann removable singularity theorem, 4 extends to a holomorphic
diffeomorphism of a neighbourhood of the origin.

Finally, we see that & o f, = f o h, since it sends the orbits of f> to the orbits of f; on
a whole neighbourhood of the origin.

(2) The proof is in two steps. First we construct an abstract Riemann surface S on which
> o T, is well defined and we prove that this surface has the conformal type of a punctured
disk. Then we prove that X o T}, is the germ we are looking for on the disk.

Consider a triple (k, b, [V, . .., Wx]). We must find a parabolic germ of an antiholo-
morphic diffeomorphism with this modulus of classification.
Let (W, ..., W) be a representative of the analytic invariant and let W_y, ..., W_y

be the other transition functions obtained from (17). Let o o v'/? be the normal form of
codimension k with formal invariant b. Let U; be the charts in the time coordinate of v.

We consider the transition functions defined on those charts. More precisely, W; is
defined on a domain of Up containing an upper half-plane with its image in Uy; W3 is
defined on a domain of U, containing a lower half-plane with its image in Uy, and so on.
We define the Riemann surface S by

k
s= L] v/~

j=—k
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where ~ identifies W; € U; with its image by W; or W;_; (depending on j). As is
done in [6], we can build a smooth quasi-conformal mapping P: S — C* and, from
the Ahlfors—Bers theorem (see [1]), find a diffeomorphism Q: D — (C, 0), where D =
P(S) U {0}, so that the composition H = Q o P: § — (C, 0) is holomorphic. In fact, H
is a biholomorphism of S onto some punctured disk of the origin.

By (15), we know that ¥ o T}, is well defined on S. The map f = Ho X o T\ 0 H-1
extends to the origin by f(0) = 0, since it is bounded around 0 (we can apply the Riemann
removable singularity theorem to f o o to see this). Lastly, 77 is also well defined on S,
sowesetg = HoTjo H™!.Since T} = (Xo0Tip)o(Xo0T)y),itfollowsthatg = fo f
and, by the chain rule, |3f/9zZ|> = g’(0). By the holomorphic case, we know that g is
a holomorphic parabolic germ of codimension k, so it follows that f is parabolic and of
codimension k. The formal invariant of f is b, since it is determined by (19).

It remains only to prove that f is of positive type. The formal symmetry axis of f is the
real line, since the Wy and W_; are defined on Up and Wjo X o Ty, =X o Tjpo0oW_j.
Moreover, the petal Sy of f is repulsive, since H }Uo o Zy: Uy — Uy is a Fatou coordinate
of f and Uy contains a half-plane {Re Z < R}, that is, Sy contains all the backward iterates
of f. Therefore, f is of positive type.

We conclude that f is a germ with modulus (k, b, [V, . . ., Wi]). O]

7. Applications of the classification theorem

Here, we will solve Questions 1 to 5 of the introduction and other related questions.
Questions 1, 3, and 5 have holomorphic counterparts that are respectively about

the extraction of holomorphic roots, the embedding in a flow, and the centralizer of a

holomorphic parabolic germ. The answer to these questions can be found in [6] or in [8,

§2.8].

7.1. Embedding in a flow or the complex conjugate of a flow. If a holomorphic germ g is
conjugate to the normal form, that is, g = h o v' o A~ then it is embedded in the family
g =hov' oh~!. Similarly, we will say that f is embeddable if it is embedded in the
family f; := h oo o v’ o h~!. When is an antiholomorphic parabolic germ embeddable?
This corresponds to Question 3. The answer is read in the modulus of classification.

THEOREM 7.1. (Embedding in a flow) An antiholomorphic parabolic germ fis analytically
conjugate to its normal form (that is, embeddable) if and only if the transition functions of
f are translations.

Proof. The transition functions of the normal form are translations, since the time
charts Z; are Fatou coordinates. Therefore, it follows from the classification theorem
(Theorem 6.3). O]

In Proposition 2.3, we proved that f is always formally conjugate to the sum of a formal
germ with real coefficients. We ask the related question.

Questions 7.2. When is a parabolic antiholomorphic germ analytically conjugate to a germ
with real coefficients?
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Of course, this is the case for any embeddable germ. But we will show in §7.3 that the
embeddable germs form a subset of infinite codimension in the set of antiholomorphic
parabolic germs conjugate to a germ with real coefficients. We first tackle Question 1.

7.2. Antiholomorphic nth root problem. Question 1 and its restatement Question 3.5, as
well as Question 3.6, are concerned with the existence of antiholomorphic roots and their
uniqueness.

THEOREM 7.3. (Antiholomorphic root extraction problem) Let g be a holomorphic
parabolic germ and let (k, b, [V_, ..., V_1, ¥y, ..., V] be its Ecalle—Voronin mod-
ulus (see §5.1), then:

(1) g has k one-parameter families of formal antiholomorphic nth roots, one for each of
the k formal axes of reflection;

(2) g has an antiholomorphic nth root (n even) tangent to the formal symmetry axis
TR R if and only if there exists a representative (W_g, ..., V_1, ¥V,..., V)
of the equivalence relation (23) which has a symmetry property with respect to the
formal symmetry axis ¢ ™*/¥R, namely

WioXoTim=2%0Timo W), (33)

where sg is the reflection of indices with respect to ¢™*/¥R (see Definition 5.5);
(3) if g is not analytically conjugate to its normal form, then:
(i) each family has at most one convergent root, so g has at most k distinct
antiholomorphic nth roots f;;
(ii)  if g has m distinct antiholomorphic roots fy,, . . ., fi,, with distinct linear parts
e2intj/kz j=1,...,m, then the modulus of g has gcd({y, — €1, ...,y —
m—1, k) independent transition functions.

Proof. (1) That g has a one-parameter family of formal antiholomorphic nth roots on each
symmetry axis is a consequence of the fact that g is formally conjugate to the normal form
v' and Proposition 3.4.

(2) We first prove this for the case k odd. Let

U=W_ ... Vo, ¥,..., ¥

be a representative of the analytic invariant of g.

First, we suppose that the representative satisfies (33). To realize an antiholomorphic
root tangent to the symmetry axis 27 /¥R, we rotate the coordinate by Ry (z) = e~ 27¢/k
so that this axis is on the real line and the dynamics of Ryogo R[l on the side
of the positive real axis is repulsive. Let g = Rpogo R[l and let r correspond to
the permutation of indices defined by R; (see Definition 5.5). The representative is
permuted into (W, (—x), - . -, ¥r(=1)s Yr(1)s - - - » Wrk)). Also, we have that r~Lser = s0,
where so(j) = —j and s is the reflection of indices induced by o¢. Equation (33) becomes

V.hyoXoTy,=Xo0T 0V (j).
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Now we may repeat the proof of part (2) of Theorem 6.3 to obtain an antiholomorphic germ
fe: (C,0) — (C, 0) with analytic invariant [W, (1), . . . , W, %] such that f; is ¥ o Ty, in
each Fatou coordinate of g¢. Since (X o T1,,)°" = Ti in the Fatou coordinates, it follows
that f" = gy.

Conversely, suppose that g has an nth root f, tangent to the reflection axis e
We rotate the coordinate by R,. Let f = Ryo fro R[l. Now, in every Fatou coor-
dinate of g, f has the form X o T(j/u)+iy, by Proposition 3.4. By changing Fatou
coordinates, we may obtain X o T7/,. Those Fatou coordinates give us a representative
(W, . W, W, L, W) that is equivalent to W under the relations (23) and (24)
and that satisfies

2ml/kR.

\IJ; oXoTy,=Xo0T), o\IJ/_j.

It follows that (\Il;_l(_k), e, \I/;_l(_l), \I/;_l(]), e, \Il;_l(k)
lent to W under relation (23) which satisfies (33), using the fact that (r~Lser)(j) = —J.
In the case where k is even, we may have antiholomorphic roots of positive and negative
type. Those of positive type are tangent to an axis e/”*/¥R with £ even and are done as
before. Those of negative type are tangent to an axis ¢/ ¢/¥R with £ odd. For such a root

fe, f[] will be a root of positive type of g~!. By Proposition 5.9, the modulus of g~ ! is

) is a representative equiva-

ks =b, [V_g, ..., U_1, Wy, ..., ),

where \IJ =L 1oV~ _,( N o L_1 and ry is the rotation of indices induced by z eimlky,
|

By the previous two paragraphs, g~! has an nth antlholomorphlc root of posmve type tan-
gent to e/ KR if and only if there exists a representative (\IJ ks - - \IJ 1, \111, .. \Ilk)
such that

\I’j oXoTiyyy=XoTyyy Oﬁ;sg(j)-

By simplifying L_; and taking the inverse on both sides, we obtain (33).

(3) (i) Suppose that g has two roots f; and f, from the same family. In particular,
they have the same linear term, so we may suppose that they are tangent to o, modulo
conjugating g by a rotation of order k. In the Fatou coordinates, they take the form X o
T(1/2)+l~yj, for j = 1, 2, by Proposition 3.4. Since X o T(1/2)+iyj satisfies (15) for j =1, 2,
and by combining with (18), we see that either y; = y; or the W;’s are translations.

(ii) Lastly, consider the dihedral group Dy, with its action on the regular k-gon. Recall
that we can divide a regular k-gon by its k symmetry axes to form 2k sectors, which we
associate to the transition functions (see §5.1 and Figures 13 and 14).

Let H = (s1,. .., sy) be the subgroup of Dy generated by the reflections along the
symmetry axes of fy, ..., f,. Each element of H acts on the modulus by introducing
relations of the type

YoTipoW; =W jyoXoT,

thus reducing the number of independent W; (see Figure 18). The orbit by H of a sector
represents the transition functions tied together; therefore, the number of independent
transition functions corresponds to | Doy : H|. To compute this, we first observe that H
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FIGURE 18. The orbit of one sector by the subgroup H generated by two reflections (bold axes) in
codimension 12.

must itself be a dihedral group, so that H = D;; for some j (see [3]). In fact, j is given by

k
Coged — L1,y — b1, k)

J

since any rotation s,,5, has order k/ gcd({,, —€p, k). It follows that |Dy : H| =
gedWp — L1y ooy by — Lin—1, k).
O

THEOREM 7.4. Let f: (C,0) — (C, 0) be an antiholomorphic parabolic germ of codi-
mension k and of positive type when k is even. Let (k, b, [V1, . . ., Y]) be the modulus of
fand let n > 3 be an odd number. Then f has a single antiholomorphic formal nth root (n
odd). Moreover, f has an antiholomorphic nth root (n odd) if and only if

W;ioTim=TimoV;. (34)

Proof. That f has a unique formal nth root follows from Proposition 3.4.

For the second part, f has an antiholomorphic nth root if and only if the transition
functions satisfy W; o X o 71,2, = ¥ o T2, 0 W_, since we may realize X o T2, on
the Riemann surface of f o f. We combine this last equation with (15) to obtain ¥; o
T 2m—a72) = Ta2n—/2) © ;. To conclude, we note that ged(1 — n, 2n) = 2 because
n is odd, so there exists p, g € Z such that (1 —n)p — 2ng=2. In other words, we have
1/n=((1 —n)/2n)p — q. Since ¥; commutes with T((1—»)/2n)p and with T, (because g is
an integer), it follows that W; commutes with 71 ,. O]

COROLLARY 7.5. fhas an antiholomorphic nth root for n odd if and only if f is the square
root of g and g has a holomorphic nth root with n odd.
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Proof. Equation (34) is independent of the representative and it is equivalent to a
holomorphic parabolic germ having a holomorphic nth root (see [5]).

Suppose that g = f o f and g has a holomorphic nth root. Then the modulus of g and
f satisfies (34), so that f has an antiholomorphic nth root.

The converse is direct. O

7.3. Germs with an invariant real analytic curve. ~An antiholomorphic germ with real
coefficients preserves the real axis. Any germ f analytically conjugate to the latter will
preserve a real analytic curve; it is a property of the equivalence class of f. Therefore,
Question 7.2 is equivalent to asking when does an antiholomorphic parabolic germ f
preserve a real analytic curve?

Like the embedding problem, to preserve a germ of real axis is a condition of
codimension infinity, but it is a ‘smaller’ infinity, that is, not every transition function
needs to be a translation, but we will see that there are infinitely many conditions of the
form ¢, j = ¢, _; for the Fourier coefficients in (18).

THEOREM 7.6. Let f: (C,0) — (C,0) be an antiholomorphic parabolic germ and
(k, b, [V, ..., V]) be its modulus of classification. The following statements are
equivalent:

(1) fpreserves a real analytic curve at the origin;

(2) fis analytically conjugate to a germ with real coefficients;

(3) each representative (W1, . . ., Wy) satisfies W o Ty, = Ty, 0 ¥,
(4) each representative (W1, ..., V) satisfies WjoX =X oW_;, where W_; is
defined by (17).

Proof. (1) = (2) Let y be the germ of real analytic parametrization of the invariant curve
of f. We can extend y on a disk around the origin. Then y~! o f o y fixes a germ of the
real axis, so its power series has real coefficients.

(2) = (3) We can of course suppose that the power series of f has real coefficients,
sothat 0 o f = f o o. It follows that o o f is a holomorphic square root of g = f o f.
Therefore, we have W o Ty, = Ty 0 ¥;.

(3) & (4) It follows from equation (15).

(4) = (1) This is the harder part of the proof. The hypothesis implies that X is well
defined on the Riemann surface S constructed in the proof of part (2) of the classification
theorem (Theorem 6.3). Let z = H(W) be the coordinate given by H: S — (C, 0) \ {0},
the biholomorphism of S to a punctured neighbourhood of the origin. Let o’ and f’ be
the expressions of £ and X o T, in this coordinate (note that f and f’ are analytically
conjugate). Since, on S, X and X o T}, commute, it follows that o’ and f’ commute also.
So, it remains only to show that o’ preserves a germ of real analytic curve at the origin.

We can extend o’ by ¢’(0) = 0 by the Riemann removable singularity theorem (this is
true for antiholomorphic functions, since we simply apply it to o’ o o, where o (z) = 7).
In the charts Uy and Uy, X fixes the real axis. These two curves carry in the z-coordinate
and meet at the origin to form a continuous curve y fixed by ¢’. In fact, y is a C! curve,
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-

FIGURE 20. Triangle divided into two closed curves.

as H can be extended to a C! diffeomorphism H:S— (C, 0), where S is obtained from
S with the point co = H~!(0) added.

This curve divides a small disk D (0, §) into two connected components A and B. By the
Riemann mapping theorem, there exists a biholomorphism ¢ of A to the upper half-plane
that sends continuously the boundary of A on the real line; see Figure 19. The image of y
corresponds to an interval [a, b]. We can extend ¢ to A U y U B by

~ ®(2) ifze AUy,
p(z) = , .
cogpoo'(z) ifze B.

This is holomorphic on B, since it is the composition of a holomorphic map with two
antiholomorphic maps, and it is continuous on A U y U B.

The argument to prove that ¢ is holomorphic is similar to that of the Schwarz reflection
principle. The idea is to show that the integral of ¢ along any triangle in AUy U B
vanishes, and it will then follow from Morera’s theorem. If a simple closed curve is in
AUy or BU y, then it follows from Cauchy’s theorem (we may take a limit of closed
curves in A or B converging to the initial one). Then we can divide any triangle in
AUy U B along y to obtain a finite number of closed curves in AUy and in BU y,
as in Figure 20. Thus, @ |(_afb) is a real analytic parametrization of y. O

When f is conjugate to a germ with real coefficients, then so is the holomorphic germ
g = f o f. However, it is not true that every holomorphic germ analytically conjugate to
a germ with real coefficients must have a germ f such that g = f o f, as the next theorem
will show (see also Proposition 7.8). Even though this is not a property directly linked
to the antiholomorphic parabolic germs, we will still prove the following necessary and
sufficient condition for a holomorphic parabolic germ to preserve a real analytic curve.
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THEOREM 7.7. Let g: (C,0) — (C,0) be a parabolic holomorphic germ and let
k,b, [W_p, ..., V_,¥y,..., U] be its Ecalle~Voronin modulus (see $§5.1). The
following statements are equivalent:

(1) g preserves a germ of real analytic curve at the origin;

(2) g is analytically conjugate to a germ with real coefficients;

(3) for each representative (W_y, ..., W_1, Wy, ..., W), there exists y € R such that
the transition functions satisfy £ o Ty o W; = W_; 0 X o Tjy;

(4)  there exists a representative (W_g, ..., W_1, ¥1,..., W) suchthat Vjo X = X o
w_;.

Proof. (1) = (2) and (4) = (1) are the same as in the previous theorem.

(2) = (3) Suppose that g is in a coordinate such that g = o o0 g 0o 0. Let ®; be a Fatou
coordinate on U; for —k < j < k, where ®_; = ®;. Then X o ®_; o ¥ is also a Fatou
coordinate of g on U;. By the uniqueness of the Fatou coordinate (for the holomorphic
case), there exists a constant C € C such that

-1
Zo¢>_joEo¢j =Tc

for all j. In particular, for j = 0, by taking the inverse and conjugating both sides by X
of the previous equation, we obtain Tc = T_¢, so C must be pure imaginary, say iy with
y € R. For j > 0 and odd, we conclude with

W =<I>jod>;_11 =T,iyoEoCD,jod>:}.+l oXoTiy=T_jy0oXoW_joXoT.
The other values of j are done similarly.

(3) < (4) It follows from the fact that for any two representatives (W_y, ..., W_q,
Ui, ..o, W) and (W, ..., W, W, ..., ), there exists C € Csuchthat W; o T¢ =
Tc o \lf;. We choose C = —iy/2 to get a representative satisfying \Il} oY =Xo \IJ’_j. O

PROPOSITION 7.8. There exists g with real coefficients that has no antiholomorphic
square root (see §7.2).

Proof. The holomorphic germ realized by the Ecalle~Voronin modulus (1,0, [W +
2 7W W 4+ ¢=27W1) has no antiholomorphic square root, but preserves a germ of real
analytic curve. O

7.4. Centralizer in the group of holomorphic and antiholomorphic germs. Let
Diff; (0, C) (respectively Diff; (0, C)) be the set of germs of holomorphic (respectively
antiholomorphic) diffeomorphisms with a fixed point at the origin with multiplier 1. Note
in particular that an antiholomorphic germ must be tangent to o. We set

Diff; (0, C, C) = Diff; (0, C) U Diff; (0, C).

It forms a group with Diff; (0, C) as a subgroup. Next, let A, C Diff (0, C) (respectively
Akp C Diff1 (0, C) when b is real) be the set of germs of holomorphic (respectively
antiholomorphic) diffeomorphisms with a parabolic fixed point of codimension k at the
origin and with formal invariant b.
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We will study the centralizer of g € A p andof f € .A_kJ, in Diff; (0, C, @). Let us note
the following: if g € Ay, commutes with f e Diff; (0, C), then the formal invariant b of
g is automatically real. In fact, we have that g and o o g o o are analytically conjugate by
means of (o o f). So, we are interested only in b real, since, if b is not real, the centralizer
of g in Diff (0, C, C) is the same as the centralizer of g in Diff(0, C), which is already
known (see [5]).

LEMMA 7.9. Let g € Ay p and let m € Diff; (0, C, @) be a germ that commutes with g €
Ak p. Then m is the identity, or analytically conjugate to o, or m € Ay, U Ag p. Moreover,
in the Fatou coordinates of g, m will be of the form

Tc or XoTc¢ for C € C. (35)

Proof. If m is not the identity or analytically conjugate to o, then m is parabolic. It must
have codimension k, since it maps the orbits of g on the orbits of g and the Fatou petals of
g on the Fatou petals of g. To see that m has the same formal invariant, we compare degree
by degree the power series on both sides of the equation m o g(z) = g o m(z).

To see that m has one of the forms of (35), the first part of the proof of Proposition 4.5
applies almost identically to m. O

The obvious germs in the centralizer of f or g are the iterates, the roots, and the iterates
of the roots, which we define below as the fractional iterates. We prove in Theorems 7.11
and 7.12 that these are all the possible elements of the centralizer, provided that f or g are
not conjugate to their respective normal forms.

Definition 7.10. Let f € A (respectively g € Ay p). We say that m € Diff; (0, C, C)isa
fractional iterate of order p of f (respectively g) if there exists g € Z such that gcd(p, g) =
1 and m°? = f°9 (respectively m°? = g°%).

Note that a fractional iterate of order one is just an iterate of f or of g.

THEOREM 7.11. Let g € Axp, with b € R. Then we have one of the following cases.
(1) g is embeddable, that is, g = hov' o h™\. Let g, = h o v' o h™!. Then the central-
izer of g is

Ze={g |t €ClUfhooov oh™' |1 eC).

(2) g is not embeddable; then Z, contains only holomorphic and antiholomorphic
fractional iterates of g and Schwarz reflections. More precisely, there exists p €
N\ {0} such that the centralizer of g is one of the following:
* Z,= U {fractional iterates of order dofg};
d|p
* Z,= U {hol. fractional iterates of order dofg}
d|p

U U {antihol. fractional iterates of order dofg};

di2p
d even
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* Z,= U {hol. fractional iterates of order dofg}
dlp

U U {antihol. fractional iterates of order dofg}

dlp
d even

U {Schwarz reflection tangent to ¢ }.
The centralizer includes a Schwarz reflection tangent to o if and only if g is
analytically conjugate to a germ with real coefficients (see Theorem 7.7).

Proof. (1) Since g is embeddable, each of its transition functions is a translation, so any 7;
will commute with them. Each T; represents a germ analytically conjugate to g’ for some
t € C. In the case where m is antiholomorphic, ¥ o T; is compatible with the transition
functions with no restriction on . It corresponds to 4 o o o v* o h~! fort € C.

(2) Since g is not embeddable, one of the transition functions is not a translation.
Suppose that g; € Diff; (0, C, C) is holomorphic and commutes with g. By Lemma 7.9,
g1 becomes T; in the Fatou coordinates for some ¢ € C. Then 7; must commute with the
transition functions. This will only happen if the transition functions expand in the form

imh :
WiW) =W+ (=D ==+ cop,jeX TPV (36)
LeZ*

and t = a/p for some a, p € N. This corresponds to g; being a holomorphic fractional
iterate of order p of g. Let p denote the maximal order of holomorphic roots of g.

Suppose that fi € Diff; (0, C, C) is antiholomorphic and commutes with g. We can
suppose that f7 is not a Schwarz reflection, since this is covered in Theorem 7.7. Then,
by Lemma 7.9, f; is £ o 7, in the Fatou coordinates and it must be compatible with the
transition functions. Therefore, Tore; commutes with the W; and, by the previous case, we
have 2Ret = a/r with ged(a,r) =1l andr | p. Wehave X o T, o W; =W_; 0 L o T, for
some representative of the modulus if and only if

Cnj = efman/rebmyc_n’_j (37)

and t = (a/2r) +iy (y € R), where c,,; are the Fourier coefficients of W; from (18).
Of course, generically there exists no y that satisfy (37), so there are no antiholomorphic
germs that commute with g in the generic case. When such a y exists, by changing the W
by T_(iy/2) o ¥ o T}y /2, we can suppose that y = 0.

Since T;,, commutes with the ¥, we have ¢, ; = 0if p/[n, so that (37) becomes ¢y, ; =
—imsap/r

¢ C—sp.—j-

If p/r and a are odd, then (37) becomes

—Csp,j» s odd,

Csp.j =
Csp,js s even.

This is precisely the condition for g to have an antiholomorphic root of order 2p.
If p/r or a is even, then e~i79P/" = | for all s, so we obtain the condition necessary
for ¥ to be compatible with the transition functions and then there is a Schwarz
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reflection in the centralizer of g. In that case, the highest orders of the holomorphic and
antiholomorphic iterates coincide. O

Lastly, we will study the centralizer of f € Ay in Diff; (0, C, C). Of course, we have
Zy¢ C Zyof, so the details are similar to the previous theorem.

THEOREM 7.12. Let f € Ay p. Then we have one of the following cases:
(1)  fis embeddable, that is, if f = h oo o v"/? o h™\, then its centralizer is

Zr={hov'oh ' |[teR}U{hooov' oh™' |t eR};

(2) f is not embeddable; then Zy contains only holomorphic and antiholomorphic
fractional iterates of f and Schwarz reflections. More precisely, there exists p €
N\ {0} such that the centralizer of f is one of the following:
e ifpisodd, then

Zp= U {hol. fractional iterates of order doff o f}
dlp
U U {antihol. fractional iterates of order doff};

dlp
d odd

e ifpiseven, then

Zy= U {hol. fractional iterates of order dof f o f}
d|p
U U {antihol. fractional iterates of order doff};

dlp
d odd

U {Schwarz reflection tangent to c'}.

The centralizer includes a Schwarz reflection tangent to o if and only if f is
analytically conjugate to a germ with real coefficients (see Theorem 7.6).

Proof. (1) In the Fatou coordinates, 7; must commute with ¥ o 7}, so t must be real. The
rest of the details are exactly as in the proof of Theorem 7.11.

(2) Let p € N be the highest order of the holomorphic roots of f o f. This number
might be one, in which case Z; contains only iterates of f. Indeed, if p =1, Z; does
not contain a Schwarz reflection, otherwise f o f would have the holomorphic root o o
f, which would contradict that the highest order of the holomorphic root is one. Let us
suppose that p > 1.

Let (Wq,..., W) be a representative of the analytic invariant of f. Let W_; be
determined by (17) for j = 1, .. ., k. Suppose that the transition functions have a Fourier
expansion

Wi (W)=W+Cj+ ) cpje?™V
n
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for all j, where C_; = C; = (—=1)/@75/K) for j > 0. Because the ¥; satisfy W; o ¥ o
Tip = % o T o W_;, we obtain

Cnj =€ ;. (38)

Since f o f has a root of order p, we also have 71/, o ¥; = ¥; o Ty,,, which means that
¢p,j = 0 for all j when pfn. If we write n = £p in (38), it becomes

Cip,j = eiﬂzl’c,gp,,j L e7).

We have two cases.
If p is odd, then we have

Cpp,—j if £ is odd,
Clp.j = e

—C_y¢p,—j if £iseven.
This corresponds to the necessary condition for f to have an antiholomorphic pth root.
Therefore, the maximal order of antiholomorphic root of f is at least p. To see that it
is exactly p, we simply note that if f is an antiholomorphic root of order g > p, then
f1 o f1 is a holomorphic root of order g of f o f and, because p is maximal, we must have
p = q. We must also prove that antiholomorphic fractional iterates of f o f are fractional
iterates of f. Suppose that f o f has an antiholomorphic root of order g, where g must be
even. Then we have ¢ /2 | p. Since p is odd, we know that g /2 must be odd. It follows that
(Z0T,)%? =X 0T,

If p is even, then we have ¢, ; = ¢, — j, which corresponds to the condition necessary
for X to be compatible with the W;. In this case, the centralizer of f contains a Schwarz
reflection, and it follows that the highest order of antiholomorphic fractional iterates of f
and the highest order of holomorphic fractional iterates of f o f coincide. O
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