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Abstract

We study a family of Bowen—Series-like maps associated to any finitely generated Fuchsian
group of the first kind with at least one cusp. These maps act on the boundary of the hyperbolic
plane in a piecewise manner by generators of the group. We show that the two-dimensional
natural extension (reduction map) of the boundary map has a domain of bijectivity and global
attractor with a finite rectangular structure, confirming a conjecture of Don Zagier. Our work
is based on the construction of a special fundamental polygon, related to the free product
structure of the group, whose marking is preserved by “Teichmiiller deformation.”

Keywords Fuchsian groups - Boundary maps - Global attractor - Free product structure

Mathematics Subject Classification 37D40 - 37E10

1 Introduction

Let T" be a finitely generated Fuchsian group of the first kind (finite covolume) acting on
the hyperbolic plane properly discontinuously by orientation-preserving isometries. In the
upper half-plane model H, I' < PSL(2, R), and in the unit disk model D, I' < PSU(1, 1).
In this paper, we mostly use the disk model D, leaving the upper half-plane H only for some
classical examples.

We denote the Euclidean boundary for either model by S: for the upper half-plane S =
dH = RP!, and for the unit disk S = 9D = S is the circle at infinity. Recall that I is of the
first kind if its limit set is all of S. If I is a finitely generated Fuchsian group of the first kind,
it has finite covolume [21, Theorems 4.6.1 and 4.5.1], r conjugacy classes of maximal elliptic
cyclic subgroups of orders m1, ma, ..., m, (all m; > 2, listed in non-decreasing order) and
t conjugacy classes of maximal parabolic subgroups. The quotient space I'\D is a Riemann
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surface of genus g > 0 with r ramification points (with ramification numbers my, my, ..., m,)
and ¢ cusps (to which it is convenient to assign ramification numbers 00). Such I'\ID are called
Riemann surfaces of finite type or Riemann orbifolds. The list

(gsmy,mp, ...,my, 00, ...,00) = (g; my, ma, ..., My; t) n
R
t

is called the signature of I". The only restriction on the signature is that

2g—2+2<1—i)+t>0, 2)

m
i=1 !

corresponding to positivity of the hyperbolic area of '\ID [21, Theorem 4.3.1], which we will
always assume. On the other hand, by Poincaré’s Polygon Theorem, for any signature (1)
there exists a finitely generated Fuchsian group of the first kind with this signature.

Throughout the paper, when we refer to a Fuchsian group with a given signature, we
always mean a finitely generated Fuchsian group of the first kind.

For such Fuchsian group I', Bowen and Series [7] constructed a map—which we refer to
as a boundary map—acting on S in a piecewise manner by generators of I" which is orbit-
equivalent to I' and Markov with respect to a finite (if I" has no cusps) or countable (if I
has cusps) partition of S. They established some important ergodic properties, which were
later used by C. Series [38] to construct a symbolic representation of the geodesic flow on
the Riemann surface I"\D.

Adler and Flatto investigated thoroughly boundary maps in the case of the modular group
[2] and surface groups [3], i.e., co-compact groups with no elliptic elements, using an (8¢ —4)-
sided fundamental polygon instead of the 4g-gon from [7]. In 2014, Ahmadi and Sanaz [9]
generalized Adler and Flatto’s work on surface groups to co-compact Fuchsian groups with
elliptic elements.

In 2005, Don Zagier experimentally observed that for the modular group PSL(2, Z) the
two-dimensional map on geodesics (which is the natural extension of the boundary map) has
a global attractor with finite rectangular structure. The finite rectangular structure property
along with other properties (conjecturally equivalent to it) form, in Zagier’s terminology, a
“reduction theory” for the group. The original motivation of Don Zagier was the inversion
problem for modular forms on finitely generated Fuchsian groups with at least one cusp
(reconstruction of modular forms from its period cocycles) [42], where the finite rectangular
structure of the attractor is essential. He also conjectured that the rectangular structure persists
when the partition points used in defining the boundary map are perturbed in a continuous
manner.

In this paper, we prove Zagier’s conjecture for all finitely generated Fuchsian groups of
the first kind with at least one cusp.!

The main result of this paper is the following theorem.

Main Theorem. Given a Fuchsian group with signature (g; mi, ma, ...,m,;t > 1), there
exists a marked fundamental polygon, a finite partition of S = 0D, and a boundary map
acting piecewisely by generators of the group with the following properties:

(i) the boundary map has a finite Markov partition,
(ii) its natural extension has a global attractor with finite rectangular structure,
(iii) almost every point enters the attractor in finite time.

! This class, in particular, contains all congruence subgroups.
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Fig. 1 Example of polygon, partition, and attractor (genus 1 with 3 elliptic points and 2 cusps)

1If, in addition, the group has at least one elliptic element of order greater than 2, there exists
a continuous family of partitions and associated boundary maps with properties (ii) and (iii).

Figure 1 shows an example of a fundamental polygon, partition of the boundary, and the
attractor of the natural extension of the associated boundary map.

Fuchsian groups with at least one cusp, i.e., with signature (g, my, ..., m,;t > 1), are
free products of cyclic groups [28], and the generators of these cyclic groups are called inde-
pendent generators. We consider fundamental polygons related to the free product structure
of the group whose side-pairing transformations are independent generators of the group.
Such fundamental polygons have many vertices that are ideal (i.e., on the boundary S), and
because of that we call these polygons “quasi-ideal” (Definition 3.7).

We prove the main theorem in two steps:

(1) For a given signature, we construct a “canonical” polygon (Definition 2.2), a canonical
Fuchsian group with this signature, and associated boundary maps and their natural
extensions. We prove our results for this special situation using its additional features
(see Theorems 5.2 and 5.3).

(2) The result for a given Fuchsian group is obtained using the Fenchel-Nielsen map, which
conjugates the data for the canonical Fuchsian group (of the same signature) with the
data for the given group. See Section 3 for precise definitions.

Any Fuchsian group with at least one cusp has a quasi-ideal fundamental polygon obtained
by “Teichmiiller deformation” of the canonical polygon for the same signature (Theorem 3.6)
which preserves the combinatorial structure and the marking of the polygon. This allows us
to go from step (1) to step (2) and also gives an alternative definition of Techmiiller space
as the space of quasi-ideal polygons, up to orientation-preserving isometries of D (Theorem
3.9). The only other case of “Teichmiiller friendly” polygon construction we are aware of
is the (8¢ — 4)-sided fundamental polygon for surface groups of genus g in [3, 24].2 Our
construction is notably distinct in that it uses the ideal vertices of fundamental polygons.

2 For other constructions of Teichmiiller space for surface groups via fundamental polygons, see [37, 43].

@ Springer



47  Page 4 of29 Geometriae Dedicata (2026) 220:47

The paper is organized as follows. In Section 2 we review classical results about fun-
damental domains and free products, introduce a notion of a canonical polygon, and prove
(Theorem 2.4) that for any signature and any marked canonical polygon, the group gener-
ated by its side-pairing transformation is a Fuchsian group with this signature. In Section 3
we recall the definition of Teichmiiller space, describe the Teichmiiller deformation of the
canonical polygon, and prove (Theorem 3.6) that any finitely generated Fuchsian group of
the first kind has a fundamental polygon obtained by this method. We conclude the section by
describing the Teichmiiller space of a Riemann orbifold as the space of quasi-ideal polygons
(Theorem 3.9). In Section 4 we define boundary maps and their natural extensions related to
quasi-ideal fundamental polygons and prove the finite orbit/cycle property for the boundary
maps. In Section 5 we prove that in the canonical case the two-dimensional natural extension
of the boundary map has a domain of bijectivity and a global attractor with finite rectangular
structure (Theorem 5.2 and Theorem 5.3). In Section 6 we complete the proof of the main
theorem for any Fuchsian group with at least one cusp, using the Teichmiiller deformation.
The explicit construction of the canonical polygon is contained in Appendix A.

2 Fuchsian groups and fundamental domains
2.1 Classical fundamental domains

The most common classical fundamental domains for Fuchsian groups are Dirichlet polygons
(centered at a point not fixed by any element of the group), which go back to Fricke—Klein, and
Ford fundamental polygons [13] obtained using isometric circles of elements in the group.
The group with a given signature in Poincaré’s Polygon Theorem is generated by Mobius
transformations pairing the sides of a fundamental polygon (see [19] or [21, Theorem 4.3.2]
for the construction and [33] for the proof), which has the following features:

* the number of sides for a group with signature (g; m, mo, ..., m,; t) is 4g + 2r + 2t,
« each elliptic and parabolic cycle consists of a single vertex,
« there is one accidental cycle which represents an ordinary point.

Such a fundamental polygon is called a canonical Poincaré polygon or a Fricke polygon, and
the obtained Fuchsian group has the canonical presentation

' = <a1,b1, wes g, bg, X1, o Xp DL P

! r g
==X =1, l_[pjl_[xi ku_lak_lbkak = l>,

j=1 =l k=l

3

where a; and by are hyperbolic elements (note b]:la]: lbkak = [ag, bx] is the commutator
right-to-left, consistent with composing transformations), x; are elliptic, and py are parabolic.
Conversely, any finitely generated Fuchsian group of the first kind possesses a Fricke polygon
(obtained by allowable modifications of a Dirichlet polygon). This result goes back to Klein
[26], see also Lehner [29] and Keen [25].
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-1 0 1 2 -1 0 1 2

Fig. 2 Dirichlet (left) and quasi-ideal (right) fundamental polygons for the modular group in the half-plane
model

2.2 Free product of cyclic groups

If the group has at least one parabolic element, say, pi, then it can be eliminated from the
presentation (3) and we obtain a group isomorphic to I' whose generators are those of I'
with p; deleted, and whose only relations are elliptic. In other words, such a group is a free
product of r cyclic subgroups of finite order and 2g +¢ — 1 cyclic subgroups of infinite order,
of which 2g generators are hyperbolic and are related to the genus, and r — 1 generators are
parabolic fixing non-congruent cusps. The set of generators of these cyclic groups is called
an independent set of generators for I'. More precisely, the following theorem holds:

Theorem (Lehner [28]) Let I be a Fuchsian group with signature (g; my, ..., m,; t) with
t > 1. Then
D EZy %Ly ¥k Loy, x Lk~ %7 4)

2g+t—1

The idea of using the free product of groups in order to provide examples for a great
variety of Fuchsian groups by the “method of free combination” goes back to Klein [16] and
consequently appears in the 1929 Ford book [14]. See also Lehner [28] and Tukia [40]. The
classical examples of this construction are Schottky groups. Using this technique, Lehner
[28] constructed subgroups of the modular group with arbitrary signature.

Remark 2.1 Notice that Dirichlet domains and Fricke’s polygons for congruence subgroups
are not, in general, related to independent sets of generators. For example, the classical
fundamental polygon for the modular group is not; an alternative fundamental polygon using
PSL(2, Z) = Z, * Z3 is shown on the right of Figure 2.

2.3 Canonical polygons

Rademacher [36] asked for a construction of a set of independent generators for congruence
subgroups I'g(N). This was answered in [8, 15, 36], but those constructions were not related
to fundamental polygons. Kulkarni [27] answered this question for all finite index subgroups
in the modular group by construction of a special fundamental polygon whose side-pairing
transformations form the set of independent generators.

Kulkarni’s construction of special polygons for subgroups of the modular group mentioned
above [27] is based on Farey symbols and is different from ours. In particular, if the number
of cusps is greater than 1, the translation in the half-plane is included as one of the parabolic
generators while we specifically exclude it, see [27, Figure 2.6], and the sides identified by
hyperbolic generators are not necessarily consequent. Kulkarni’s polygons were later used
by Huang [17, 18], in the context of the realizability of subgroups of prescribed signature,
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Fig.3 Canonical polygon for
signature (1; 2, 3,7;2)

and other authors. Kulkarni’s special polygons are compiled from triangles in the Dedekind
tessellation by fundamental domains for the action of the extended modular group generated
by the modular group and the transformation z +— Zz, while our construction does not have
this restriction.

Definition 2.2 Given a signature (g; my, ma, ..., m,; t > 1), we call a convex polygon F
canonical if the following properties hold:

(1) The number of sides of the polygon is N := 4g + 2r + 2(t — 1), all of infinite length.
We choose the order of the sides in the counter-clockwise direction to correspond to the
signature, starting from the vertex denoted by Vjy = 1, corresponding to one cusp which
is always present. Vertices are labeled counter-clockwise, Vp, Vi, ..., Vy = V.

(2) 4g sides come in g quadruples of complete adjacent geodesics. In each quadruple k
(1 < k < g), they are glued in the commutator manner bk_lak_lbkak by hyperbolic
transformations from PSU(1, 1). More precisely, the first side is glued to the third side
by ay, and the fourth side is glued to the second side by by.

(3) 2r sides are geodesic rays and come in r pairs. In pairi (1 <i < r) the rays meet with
angle fn—” at a vertex and are glued by elliptic transformations. Each elliptic cycle consists
of a sinéle vertex.

(4) 2(t—1) sides come in ¢ — 1 pairs of complete adjacent geodesics; they are glued together
by parabolic transformations; each parabolic cycle consists of a single vertex (cusp).

(5) Each glued side is (an arc of) an isometric circle for its side-pairing transformation.

(6) The following ideal vertices are equally distributed on S:

arg(Va) = Fkfor0 <k < g, arg(Vagyaj) = F(g+ j)for 1 < j<r+1—1,
where £ := g +r + ¢t — 1. (Figure 3 has ¢ = 5, which is the number of sectors.)
Remark 2.3 Property (5) of the above definition implies that the glued sides are arcs of

Euclidean circles of the same radius and the point closest to 0 € I in one circle is
mapped to the point closest to 0 in another [21, Theorem 3.3.4], hence the side-pairing
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order m (elliptic) infinite order (parabolic) infinite order (hyperbolic)

Fig.4 Examples of fundamental polygons used in free combinations

transformations are unique and thus the polygon is marked. Therefore, for given signature
(g;mi,my,....my;t > 1),

* the canonical polygon F exists by a geometric construction (exact formulas for the
side-pairing transformations are in Appendix A),

* the canonical polygon F is unique, and

* the group I' generated by side-pairing transformations of F is unique.

We prove that I" is a Fuchsian group of the first kind with the given signature.

Theorem 2.4 Given a signature (g; my, ma, ..., m,; t > 1) and the marked canonical poly-
gon F of Definition 2.2, the group I generated by the side-pairing transformations of F
is a Fuchsian group with this signature and fundamental polygon F. The group T is a free
product of cyclic groups generated by the independent generators.

The proof is based on free combinations of cyclic subgroups and a result of Tukia, which we
review before starting the proof.

The canonical polygon F is related to the free product (4) and is obtained by combining
Ford fundamental domains (sets outside of isometric circles) for cyclic subgroups, shown in
Figure 4 and described here:

* A set outside of two geodesic rays meeting at a point in D with angle 27” is a fundamental
domain for a finite cyclic group of order m generated by an elliptic M&bius transformation
mapping one geodesic ray to another.

* A set outside of two complete geodesics meeting at point in S = 9D is a fundamental
domain for an infinite cyclic group generated by a parabolic Mobius transformation
mapping one geodesic to another.

* A set outside of two non-intersecting complete geodesics is a fundamental domain for
an infinite cyclic group generated by a hyperbolic Mobius transformation mapping one
geodesic to another.

Definition 2.5 (Free combination)LetI';, j € J, be a collection of cyclic Fuchsian groups,
with fundamental polygons F;. In each case the sides of F; are identified by generator of
I"j denoted T;. If

Clp(D\ F) C Intp(Fy) fori # k, (5)

we say that the quadruple (T';, 7}, T;, J) forms a free combination of cyclic groups.
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Theorem (Tukia [40, Theorem 2.6]) Let (I';, F;, T;, J) form a free combination, and T" be
the group generated by {I'; : j € J}. Then the group T is a free product of groups T ;.
Moreover, if either

(1) the set of fixed points of all T € T of infinite order is dense in S, or
(2) the sides of F; are arcs of isometric circles of T; and Tj_l,

then T is a discrete subgroup of PSU(1, 1) with fundamental domain F = ﬂje] Fij.

Proof of Theorem 2.4 The sides of the canonical polygon F can be identified as the sides of
fundamental domains of cyclic subgroups of I" as follows:

g quadruples of adjacent complete geodesics define fundamental domains F; (1 < k < g)
for a free group generated by hyperbolic transformations a; and by related to the genus.
See also the top right of Figure 14 in the appendix.

e r pairs of intersecting geodesic rays define fundamental domains for finite cyclic
subgroups each generated by an elliptic transformation y; (4g +1 < j < 4g +r);

e t — 1 pairs of complete geodesics meeting at a point of S define fundamental domains
for infinite cyclic parabolic subgroups generated by parabolic transformations y; (4g +
r+1<j<4g+4r+1t—1=7¢)each fixing a non-congruent cusp different from Vj.

The total number of ideal vertices congruent to Vg is4g+r -+t — 1, ordered counter-clockwise,

Vo, Vi, ooy Vag, Vagyo, .., Vagyor, Vagrori2, -y Vagrori2¢—-1) = Vo, (6)
and the product
4 8
[T v [16c o e )
Jj=4g+1 k=1

fixes Vj.
Relation (5) for the cyclic subgroups (ax), (bx) , (yj) defined above follows from our
construction. Therefore, we have a free combination

@I, Fi, T;, J), 8)

where J = {1,2,...,2¢ + £ +t — 1} and each I'; is either <aj> or <bj> or (yj). According to
Tukia’s Theorem, the group I is a free product of cyclic subgroups (4). Since the sides of the
polygon F are isometric circles of the independent generators {a;), (b;), (y;), by condition
(2) of Tukia’s Theorem, I" is a discrete subgroup of PSU(1, 1), and,

12
F=()%
k=1

where Fj for 1 < k < g are intersections of the fundamental polygons for {(ax) and (by) (see
also Figure 14 in the appendix for our F%). Equivalently, F can be represented as union of
“building blocks,”

¢
F=|JBk),
k=1
where
B(k) = {z € Fi : arg(Vag-1)) < arg(z) < arg(Vax) for 1 <k < g, and
arg(Vag1o(j—1)) < arg(z) < arg(Vagyoj) forl < j <r+1t—1}
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are determined using ideal vertices of 6).3
The hyperbolic area of F is finite and is equal to

2n<2g 2+z+2( ‘,-)>>0

by (2). Therefore, I' is a finitely generated Fuchsian group of the first kind by [21, Theorem
4.5.2]. The polygon F has r elliptic cycles consisting of a single elliptic vertex with corre-
sponding angles =L 1 <i <r,andt— 1 parabolic cycles consisting of a single cusp different
from V), and one parabohc cycle of 4g +r +1t — 1 ideal vertices congruent to Vj. Each cusp,
including Vj, is fixed by a parabolic element of I" [21, Theorem 4.2.5]. By discreteness of
I", hyperbolic and parabolic elements in I" cannot have a common fixed point [21, proof of
Theorem 2.4.3], hence the product (7), which fixes Vj, is parabolic.

The quotient space I'\ID is decomposed into r + ¢ vertices, r +2g + (¢ — 1) edges, and 1
simply connected face. By Euler’s formula, its genus satisfies

2-2g=0r+t)—(r+2g+@-1)+1

as required. By Poincaré’s Polygon Theorem, I is a Fuchsian group of the first kind with the
given signature. o

The explicit construction of the canonical polygon F for a signature is contained
in Appendix A. Although exact formulae were not used in the proofs of Theorems 5.2
and 5.3, they were used in computer simulations, and we include them in case they will be
useful to others.

3 Teichmiiller space
3.1 Fenchel-Nielsen maps

There are many equivalent definitions of the Teichmiiller space of a Riemann orbifold. The
following interpretation as a representation space of a Fuchsian group is the most appropriate
for our purposes:

Definition 3.1 ( /20, Section 5.4]) Let I' be a finitely generated Fuchsian group of the first
kind. The Teichmiiller space T (I") is the space of injective type-preserving representations
I' — PSU(1, 1) with discrete image up to conjugation by an element of PSU(1, 1).

If two groups I'f, I'> have the same signature, there is a type-preserving group isomor-
phism ¢ : ' — I'; and an orientation-preserving homeomorphism /4 : I'|\ID — I';\D that
carries bijectively cusps of ['1\ID to cusps of I'; \ D fixed by corresponding parabolic elements.
It follows from the theory of branched covering spaces that /# can be lifted to an orientation-
preserving homeomorphism / : D — I such that 'y = & o I'y o A~ 1. This is equivalent to
the fact that the isomorphism ¢ is geometric, i.e., is induced by a homeomorphism #,

h(T(2)) = ¢(T)(h(z)) forany z e Dand T € I'y. )

Fenchel and Nielsen proved that & can be extended to the boundary of D. The following
result is an extension of their theorem; we state it and remark on the historical development
afterwards.

3 Inequalities between arguments refer to counter-clockwise cyclic order on the circle throughout the paper.
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Theorem 3.2 (Fenchel-Nielsen) Let 'y € 7(T"). The map h can be extended to the boundary
S and chosen quasi-conformal and isotopic to the identity map. That is, there is a family of
maps h, D — D, 0 <t < 1, with hg = id, h1 = h and a family of Fuchsian groups T';
such that Ty = h,oT o h; ' € T(I).

We call the map from Theorem 3.2 a Fenchel-Nielsen map.

Remark 3.3 (i) Fenchel-Nielsen’s Theorem for co-compact I' (signature (g; —)) is con-
tained in their famous manuscript [12] which, although unpublished until 2003, has had
great influence on the theory of Fuchsian groups. Their approach to the theorem is through
their intersecting axes theorem. Macbeath [30] generalized it for co-compact I" with ellip-
tic elements, and Bers [6] covered the case of arbitrary signature using quasi-conformal
maps. Tukia [40, Theorem 3.5 and Corollary 3.5.1] rediscovered the significance of the
intersecting axes property and gave a proof of this result in full generality. See also [32,
34, 35] and the bibliographies therein.

(i1) The Fenchel-Nielsen map 4 in Theorem 3.2 can be chosen quasi-conformal [6]. The
isotopy to identity is due to contractibility of 7 (I"). A purely topological proof of this
theorem for orbifolds was given by Marden [31]. For proofs using analytic methods in
which isotopy is constructed by continuously varying complex dilatation of 4, see [4, 10,
11, 41]).

(iii) The map h|s is an orientation-preserving homeomorphism of S and therefore preserves
the order of the points in the circle.

(iv) h|g is always a-Holder; and o = 1 if and only if &|s is a Mobius transformation. If k|g
is Lipschitz then it is absolutely continuous. See [7, 39].

An alternative definition of the Teichmiiller space 7 (I") [6, 11] is shown below; it will be
useful at the end of this section.

Definition 3.4 7(I') is the space of pairs (I/, h) where & : D — D is a quasi-conformal
Fenchel-Nielsen map such that IV = /o I" o s~! modulo the equivalence relation (T}, hy) ~

(T}, hy) if there is a conformal map 1« : D — D such that i " o e o hy is the identity on S.

3.2 Teichmiiller deformation of the canonical polygon

In this section and Section 6 we use F* and I'* for the canonical case and use non-starred
versions for non-canonical.

Definition 3.5 Given a canonical fundamental polygon * and a Fenchel-Nielsen map # :
D — D, we call the Teichmiiller deformation of F* the new polygon F formed by connecting
the images of the vertices of 7™ under /& with geodesic arcs.

The following theorem shows that this construction is possible. Note that F is not the image
of 7* under A.

Theorem 3.6 Any Fuchsian group of the first kind with at least one cusp has a fundamental
polygon, obtained by Teichmiiller deformation of the canonical polygon, such that the side-
pairing transformations of the polygon generate the group.

Proof Let I' be a Fuchsian group of the first kind with signature (g; my, ..., m,; ¢t > 1). As
before, let 7 be the canonical polygon with this signature, I'* the canonical Fuchsian group
generated by side-pairing transformations of 7*, and 4 : D — Dsuchthat ' = hoI™oh™!.
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.
Vi

Vi1

Fig.5 Argument by contradiction for order of vertices

Let V* := {V/", V', ..., Vi } be the set of all vertices of F* ordered by argument mod 27.
Denoting Vj := h(Vk*) and V := {V1, V2, ..., Vy}, we will show that the points in V are also
ordered by argument.

If V;* and V" | are two consecutive ideal vertices of F*, then arg V;* < arg V|’ |, and
since h|§ S — S is an orientation-preserving homeomorphism, arg Vk < arg Vi41. Now
let V¥ be an elliptic vertex of order m such that arg V;* | < arg V;* < arg V¥, | (notice that
V¥, and Vk*+ | are ideal vertices). Connect Vi1 with Vi and V; with Vi1 by geodesic rays.
By the previous argument, arg Vy_; < arg Vi41. We now show that arg(Vx_1) < arg(Vy) <
arg(Vi+1)-

Let y* € T'* be the elliptic element of order m that fixes V;* and maps geodesic ray
(Vi Vi) to geodesic ray ( fi +1’ V). The angle between these geodesic rays in the clock-
wise direction is equal to X T By (9),y :=hoy*oh~! eI is also an elliptic element of
order m, and y (Vi—1) = VH], ¥ (Vk) = Vi. Thus, y maps the geodesic ray (Vi_1, Vi) to
the geodesic ray (Vi41, Vi). Since & is an orientation-preserving homeomorphism of I iso-
topic to identity (Theorem 3.2), the angle between these geodesics in the clockwise direction
cannot jump to a multiple of %’ and must be also %”

Assume, by contradiction, that arg(Vyx) > arg(Vky1), as shown in Figure 5. Connect
Vi—1 with Vi and Vj with Vi1 with geodesics. Since arg(Vi41) > arg(Vix—_1) and since the
geodesic through Vi1 and Vi (which is an Euclidean circle orthogonal to S) intersects the
geodesic through Vi and Vi (which is also an Euclidean circle orthogonal to S) in Vj, the
angle at Vi between geodesic rays Vx_1 Vi and Vi1 Vi in clockwise direction is greater than
7, as shown in the right of Figure 5, a contradiction. This proves arg(Vy) < arg(Vi+1). By
similar reasoning, arg(Vy—1) < arg(Vy) as well. Therefore the vertices Vi, V3, ..., Vi are
also ordered by argument. Connecting them in order by geodesics, we obtain a polygon F
with the same combinatorial structure as F* whose side-pairing transformations generate I"
by (9). O

Definition 3.7 The marked fundamental polygon constructed by Teichmiiller deformation
(Theorem 3.6) is called quasi-ideal. The marking is given by the system of generators. It is
characterized by the following properties:

1. the number of sides of the polygon is N := 4g + 2r + 2(¢ — 1), all of infinite length;

2. 4g sides come in g quadruples of complete adjacent geodesics glued in the commutator
manner by hyperbolic transformations from PSU(1, 1);

3. 2r sides come in r pairs of geodesic rays glued by elliptic transformations (for 1 <i <r,
the pair of rays meet with angle =L at a vertex);

4. 2(t — 1) sides come in t — 1 pairs of complete adjacent geodesics glued by parabolic
transformations;
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(5%) the product of commutators of hyperbolic transformations and elliptic and parabolic
transformations fixing Vj is parabolic.

Properties (1)—(4) hold by construction, and property (5*) holds since # is a type-preserving
homeomorphism.

The following theorem may be considered a converse to Theorem 3.6:

Theorem 3.8 Given a signature (g; my, my, ..., m,; t > 1) and a marked quasi-ideal poly-
gon F, the group " generated by the side-pairing transformations of F is a Fuchsian group
of the first kind with this signature, and I is a free product of cyclic groups generated by the
independent generators.

Proof The quasi-ideal polygon F is a Teichmiiller deformation of a canonical quasi-ideal
polygon F*. We now denote the quadruple (8) for the canonical polygon by (I"%, .7-';‘, T;“, J).

By construction, I'j = ho ij o h~! are cyclic groups obtained from independent generators

Ti=ho T* o h—1, with fundamental domains F j that are Teichmiiller deformation of .7-';.
Therefore, the quadruple (I';, F;, T;, J) forms a free combination of cyclic groups.

The cycle relations, including the classical parabolic cusp condition (5%), are satisfied, so
by Poincaré’s Polygon Theorem I' is a Fuchsian group. The finiteness of the hyperbolic area
of F implies that it is of the first kind [21, Theorem 4.5.2], in which case the limit set of T is
the entire S. Since the limit set of I" is the closure of fixed points of the hyperbolic elements
of ' [21, Theorem 3.4.4], the closure of fixed points of the hyperbolic elements is already
dense in S, hence condition (1) of Tukia’s Theorem is satisfied and the result follows. ]

The following theorem is not used for the proof of the main theorem, but it is of independent
interest.

Theorem 3.9 Given a signature (g; my, ...,m,;t > 1), the space of marked quasi-ideal
polygons for that signature (up to orientation-preserving isometries of D) is homeomorphic

to the Teichmiiller space T (I') of Fuchsian groups I" with this signature, and therefore to
R6g76+2(r+t)'

Proof The space of all marked quasi-ideal polygons with a given signature is endowed with
the following topology: for quasi-ideal polygons {P,} and P, P, — P if all vertices and
side-pairing transformations of P, converge to the vertices and side-pairing transformations
of P. We denote this space modulo PSU(1, 1) by P(I"). The space 7 (I") is endowed with
topology coming from the injective representation I' — PSU(1, 1). We will now show that
the maps of Theorems 3.6 and 3.8 are bijective.

Consider the map 7 (I') — P(I") of Theorem 3.6. Suppose Teichmiiller deformations of
two Fuchsian groups I'1 and I'; produce two polygons F; and > which represent the same
pointin P(I"), that is, there is a Mobius transformation ;€ PSU(1, 1) such that woh and h»
agree on all vertices of the canonical quasi-ideal polygon F*. This means thath = h; Youoh
fixes all the vertices of F* that include all its cusps, and 1o T; o h~' = T; for all side-pairing
transformations of ['*. Therefore, h o T o h™! = T forall T € I'*, that is, # commutes with
all elements of I'*. Each parabolic fixed point of I'* is 7 (V') for some T € I'* and a cusp V
of F*, and we conclude that 2(T(V)) = T(h(V)) = T(V),ie.,h = h;l o/t o hy fixes all
parabolic fixed points of I'*. Since parabolic fixed points are dense in S [5, Theorem 5.3.9]
and by the continuity of the Fenchel-Nielsen maps, &, Yo o hy is the identity on S. By
Definition 3.4, this implies that "y and I'; represent the same point in 7 (I"), which shows
injectivity. Surjectivity follows from Definition 3.7.
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Since each quasi-ideal polygon (Definition 3.7) satisfies properties (1)—(4) and (5%*), the
map of Theorem 3.8 may be considered as the map P(I') — 7 (I"). Suppose two quasi-ideal
polygons F; and JF, are obtained by Teichmiiller deformation of F*. Then the groups of
side-pairing transformations of Fj and 7, are 'y = hj o™ o hl_1 and['p =hpol*o h;l,
respectively. If they represent the same pointin 7 (I"), by Definition 3.1, there exists a Mobius
transformation ¢ which conjugates them, i.e., w o I'y o /,L_l = I", and therefore

(h;louohl)oF*o(hgloMohl)_l =TI*

By Theorem 3.6 if V is the vertex of F*, then (hz_l opoh ) (V)= V is also a vertex of F*,
and we have N
mohi(V)=hyV),

that is, u maps vertices of F] to vertices of F». This implies that F; and F, represent the
same point in P(I"), which shows injectivity. Surjectivity follows from Theorem 3.6 and
Definition 3.7.

This bijection is clearly continuous. Hence, P(I") is homeomorphic to 7 (I") and we have
an alternative definition of the Teichmiiller space as the space of marked quasi-ideal polygons
with a given signature modulo PSU(1, 1).

The dimension can be easily calculated using quasi-ideal polygons: 4g 4+ r 4+t — 1 ideal
vertices congruent to Vp are given by 4g + r 4+ ¢ — 1 real parameters, hyperbolic generators
are given by 2g real parameters representing marking, elliptic vertices are given by r real
parameters, and additional cusps by ¢ — 1 real parameters. Notice that elliptic and parabolic
generators are uniquely determined by the positions of their fixed points. Since the product
fixing V must be parabolic, we need to decrease the number of parameters by 1. Thus the
space of marked quasi-ideal polygons modulo orientation-preserving isometries of D (which
is 3-dimensional) is given by

Gg+r+t—-1D+QCe)+r+@t—-1)—1-3=6g—-6+2(r +1)

real parameters which depend continuously on the marked quasi-ideal polygon. This can be
used to see the homeomorphism P(I") = R6¢~6+20+0) directly. ]

4 Boundary maps and their natural extensions

Let I' a Fuchsian group of signature (g; my, ma, ..., m,; ¢t > 1) and let F be its associated
quasi-ideal N-gon obtained by Teichmiiller deformation of a canonical polygon (see Section
3.2), with N =4g +2r +2(t — 1).

Let V := {Vi, Va, ..., V] be the set of all vertices of F ordered by argument mod 27
(the indices are mod N, so Viy = Vp). The polygon F also has N sides, each connecting two
consecutive vertices: side k is Vy_1 V.

We now describe a family of boundary maps associated with I" and F. Let Ay, ..., Ay € S
be points satisfying

Ap € (Vi—1, Vk41) if Vi is elliptic and Ay = Vi otherwise.

We call the former elliptic partition points and the latter ideal partition points.

For each partition A := {Ay, ..., Ay}, denoting Ag = Ay as with the vertices, we define
the boundary map fa :S — S by
fax) = ye(x) forx € [Ag—1, Ap) CS, (10)
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where y; : D — D is the transformation that maps side Vi_;Vj to its paired side (see
Definition 3.7 for the description of how sides are glued).

The natural extension of the boundary map f4 : S — S is the map F4 on the space
SxS\A={(u,w) €SxS:u#w}given by

Fa(u, w) = (yw), yi(w)) forw € [Ag_1, Ap), (1n

using the same partition A as the boundary map, and the global attractor

[ FiS xS\ A)
n=0

is a bijectivity domain to which every point is mapped. Technically, the natural extension in
the classical sense is the restriction of F 4 to this set.

Remark 4.1 If one identifies a pair (#, w) € S x S\ A with a geodesic in D from u to w,
then F 4 maps geodesics to geodesics. The attractor of F 4 corresponds to the set of reduced
geodesics, therefore F 4 is also called the reduction map. Notice that, since F 4 acts by
generators of I', all geodesics on DD obtained by F 4 from a given one represent the same
geodesic on I'\ID. This approach has applications to symbolic coding of geodesics on I'\DD
(see also Section 7).

Cycle property

In the study of one-dimensional piecewise continuous maps, understanding the orbits of the
discontinuity points is often crucial. Although formula (10) defines f4(Ax) = Yk+1(Ak),
one can consider two orbits of Ag, the “upper” orbit starting with yj+1(Ax), and the “lower”
orbit starting with y, (Ax). We first consider the “upper” and “lower” orbits of ideal partition
points.

Proposition 4.2 The upper- and lower-orbits of any ideal vertex/partition point of F is finite.

Proof Ideal vertices are cusps of . By construction of F, each parabolic cycle non-congruent
to Vy consists of a single cusp which is fixed by the corresponding parabolic element of I.
Therefore its orbit consists of a single point, i.e., is finite. The rest of the cusps are congruent
to Vp, so it is sufficient to consider only Vj itself. The upper and lower orbits of Vj consist
ofthe N—r — (t — 1) =4g +r 4+t — 1 cusps congruent to it. O

The following patterns play an essential role in studying the boundary map f4 (see [22,
247).4

Definition 4.3 We say that Ay has the cycle property (also called “matching condition” in
some works) if there exist non-negative integers ix, jr such that

14D = P AR, (12)

4 Fora general piecewise continuous map £, one can define functions £+ and £~ taking different conventions
for behavior at discontinuity points anywhere in the orbits. For our system it is impossible to hit another
discontinuity point before the end of the cycle, so such details are unnecessary.
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Let Vi be an elliptic vertex of order m. Then Vy_1 = Ax—1 and Vi41 = Ag4p are ideal
partition points and
fa@) =y(x) ifx € [Ag_1, Ap)
fa®) = Yer1(x) ifx € [Ag, Akt1)s

where yx = ¢, is a clockwise hyperbolic rotation around the elliptic vertex V; by the angle
%’ for some m > 2, and yy41 = c,;l.

13)

Theorem 4.4 Let Vi be an elliptic vertex of order m. An elliptic partition point Ay €
(Vi_1, Vig1) has the cycle property if ¢}, (Ay) # Vi_1 for all integers j.

Proof Since ¢ = id, the c,;-orbit of each point in the closure of the unit disk D is finite, so
the orbit of A under ¢,, is a finite set:

Aty e (Ag), ooy 1 (AR).

The equation c)! (Ax) = Ay can be rewritten as

(A = ()" (A (14)

for any 0 < j < m. We will show that there is a unique way to decompose this equation
which is compatible with the definition of f4 (13). Since the rotation is monotone, there
exists a non-negative integer jj such that

) . _—
FEAR) = ek (A = e (Ap)

is not in the open interval (Vx_1, Vk41), and since the angle between geodesics Vi Vi1 and

Vi Vi1 in the clockwise direction is equal to %’T, such ji is unique mod m. This means that

forall jx + 1 < j < m, c;(Ax) € [Ax, Vir1), where f4 = ¢!, and the equation (14)

with j = ji + 1 gives us exactly the equation (12) with jx = m — jr — 2. In this case

f j\" (vkAx) € (Vk—1, Vi41) (clockwise direction), and we have the cycle with the end of the

cycle c;ﬁf + (Ag), which is in the complement to the open interval (Vi_1, Vi41). O

The situation when c,j;, (Ay) = Vi1 can be also easily described. The cycle property does
not hold, but the orbits are still finite. This only occurs in two situations: when m is odd and
Ax = My, ormisevenand Ay = Py or Q.

Proposition 4.5 Ifc,{, (Ay) = Vi1 for some j, then the upper- and lower-orbits of Ay under
fa are finite.

Proof We have
- y
e AR) = fa(Ar) = Vier and ¢, (i1 Ak) = fa(r414k) = Vi

withi = m — j — 2. Since Vi_1 and Vi, are ideal vertices/partition points, their orbits
under f 4 are finite by Proposition 4.2, hence Ay has finite upper- and lower-orbits. O

5 Proof of Main Theorem for canonical case

We will now build an explicit description of the attractor of the natural extension associated
to the canonical quasi-ideal polygon with notation A instead of .A* in this section. Using
additional details in the appendix, we describe a set Q2.4 (see (19)). We first show that F 4 is
bijective on this set and then show that it is the global attractor for F 4 : SxS\ A — Sx S\ A.
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Fig.6 Labels of points on the Vi

boundary

B g, Qk

For any elliptic vertex V; € D, we additionally label points P, Qx € S such that Vj is
the intersection of the geodesics Vi_1Qy and Py Vi 1. See Figure 6 for examples of these
labels. For ideal Vi, we have Py = Qy = Vi.

Recall that Vy = 1. We will make frequent use of the point

v =0 (15)

If V) is parabolic, then v = Vp. If V) is hyperbolic, then v = V, (see Figure 3). If V| is
elliptic, then v is the projection H‘ﬁ—h and we also denote

p:= P and g¢q:= 0. (16)

Notice that v is the midpoint between p and g and v> = V5 (see Figure 7).

5.1 Special Markov partitions

There are three partitions of particular importance:

e Left: each Ay = Py.
* Right: each Ay = QOk.
* Midpoint: each Ay = M}, the midpoint of the circular arc [ Py, Qk].

We denote these partitions as P, Q, and M, respectively. (Recall that if V} is ideal then
Pr =M= Qk = Vi)

Not pictured: Not pictured:

—o—du = —v—dp—clp

Fig.7 Orbit of v and p under ¢;; for m = 6 (left), m = 7 (right)
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Proposition 5.1 The maps fp, fo, and faq have finite Markov property.

Proof The finite Markov property on each of the three partitions P, Q, M (technically sofic,
with added images of the elliptic partition points) follows from the finiteness of upper- and
lower-orbits of the corresponding partition points (Proposition 4.5).

Note that My is the point in [Py, Qk] such that ZPViMy = LM Vi Qx = %, that is,
where the angle bisector of Py Vi Q meets the boundary S.

If Ay = My is an elliptic partition point in B(n), then the end of the cycle is the second
endpoint of the geodesic through Vj and My, which (since F is canonical) is — M.

e If ¢ is even, —Mj is the middle point of B(n + %), which is either an elliptic partition
point in this building block or an ideal vertex. In the latter case, Proposition 4.2 applied
to — M} implies that the upper- and lower-orbits of My, are finite. In the former case, the
orbit of M is still finite because the union of all midpoints and ideal points is finite.

o If £ is odd, — M = ™I (L/2J+D/t i an ideal vertex. Again, by Proposition 4.2 applied
to — M} the upper- and lower-orbits of My, are finite.

If Ay is either Py or Qg, and m is even, then by Proposition 4.5 the upper and lower orbits

are finite. If m is odd, then the end of the cycle will be —Mj, and the orbits are finite by the
argument in the previous paragraph. O

5.2 Domain of bijectivity

In this section we define a bijectivity domain 24 C S x S for the map F 4 from (11) using
some additional notation.
Given a signature (g; mp, ma, ..., m,; t > 1), we consider the string
s = [s1,82,....5] = {O,... 0 mq,.. m,o0,.., o0} a7
—— — ——
8 t—1
in the alphabet {2, 3, 4, ...} Uioo, 0}, with m;

denote the rotation R : D — D around the origin by

< mjq1,where L = g+r +1t— 1. We also

R(z) = /00, (18)
Note that R x R is a diagonal translation in S x S.
The set .
Q4= J®R x REEHRY (19)
k=1

is composed of several horizontal strips, where each strip fo"‘) C S x [1, %D is defined
below in (20) or (21). See Figure 8 for an example of €2 4 with the horizontal strips (RF=1 x
Rk_l)fo‘k ) in different colors on the left; their images on the right of Figure 8 are vertical
strips.
For s, € {4, 2, 0o}, the horizontal strip fo(‘) does not depend on the partition .4 and,
recalling v := e™/9% is given by
QD = (', 11 x 1,02 U (v, /2] x [v'72, v])
U (0¥, 0] x [v, 02D U (102, 072 x 072, 0%) 0,
Q) =2 11 x [1,07]

QY = (v, 11 x [1, v]) U ([v%, v] x [v, v2]),
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Fig.8 Bijectivity domain (attractor) Q2 4 for s = [J[125800, and its image

where the interval notations represent clockwise intervals in the circle S.

For sy = m > 3, the strip fo(‘) is more difficult to describe because it does depend on
A, in particular, on the elliptic partition point in the building block B(k). It is sufficient to
describe this fork = 1. Leta := A} € (1, vz). From now on, we denote

1:=1i and J:=j

from Theorem 4.4 if a has the cycle property, or I =i — 1 and J = j in the special cases
addressed in Proposition 4.5. Note that

2 7
A > arg(a) > arg(cp(a)) > --- > arg(c;,(a)) = 0.

The strip Qg‘") consists of several rectangles, as described here:

Un (i) = [V2, e THDT x [, T @), epi(@)], 1<i<I
Un (I + 1) = [v%, ¢, (D] % [e,! (@), v*]
Ln(j) =Ich ), 1 x [eha), ¢y @], 1<j<J

Ln(J+ 1) =[c] ), 11 x[1, ¢ ()]
1+1 J+1

Q) = Ulum(i) U U1 Lin())-
= J=

2

Figure 9 shows 529‘0) as a union of L19(j) and Ujo(i) rectangles, and Figure 10 shows the
same form = 11.

Theorem 5.2 The map F 4 is bijective on the set Q4 defined in (19).
Proof We claim that F 4 maps horizontal strips of €2 4 to vertical strips, that is,

FA(QA A (S x [ek-DEr/Oi, ek(zn/e)i])) = Q4N ([ekD@T/0I kCT/0i] o )
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Cig'Un(5) ‘ CioLio(4)
— 2/t
Uio(5) Uio(5) Clo 1o (5)
Cio'Uo(4)
Uno(4) ‘ Uio(4) 2m/l
Uso(3) ] Uno(3)
U (2 1
Loric Tty —/t CioUho(3)
) e ,
|
Lao(4) La(4)
CroL1o(3)
Lio(5) Liy(5) CroLaold)
—0 —0
\ \ \
0 ’11 2 Cig'Uio(5)
.
0 s 2
¢ v
. . . ~(10) o
Fig.9 The horizontal strip A and its image under F 4
— 2n/t
Un(5) ) Cri'tha(5) CuiLu(5)
h "
2/t
Uy (4) Un(4)
———t O Gttt
g = —mm—_ _
2t o |
L1(4) Li(4) S =/t
[ Chcu2)
Culn(3)
L1 (5) L1(5)
Culn(4)
‘ ‘ —0 0
0 x 2m CRltn (5) ‘ Cnlu(5)
14 0
0 j o
w

Fig. 10 The horizontal strip

(1
24

and its image under F 4

fork =1, ..., £. It is sufficient to prove the claim only for k = 1 by the following reasoning:
if y is a side-pairing transformation that glues a side in the k™ sector

then R—*~D oy o R¥~! is a map that acts in the first sector

{zeD:0 <arg(z) < Z},

that is, it glues sides of Fj or B(1) from page 8.

With k = 1, the claim is that

fzeD: Zk-1) <arg(z) < Fk,

Fa(@%) = Q4N ([1,0°1 xS) form € {oo, O} U{2,3,4,..}.
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We start with a parabolic horizontal strip
Q% = (v, 11 x [1, v]) U ([v2, ] x [v, v?).
Since coo (1) = 12, coo(v) = v, ¢} (v?) = 1, ¢ (v) = v, we have
FAQS) = (v, v*1 x [v2, o) U ({1, v] x [v, 1]),

which by inspection is exactly the expected vertical strip within € 4. That is, F A(Q(Oo)) =
QN (1,02 x8S).

The hyperbolic case QﬁE) is similar but consists of four rectangles instead of two.

Next we consider elliptic horizontal strips. When m = 2 the horizontal strip consists of
just one rectangle: Q(z) [vZ, 1] x [1, v?]. Since ¢3 = 02 , (1) = v2, and C2(U2) =1,
we have

Fa@9) = 11,01 x w2, 11,

which is the expected vertical strip.

Now let m > 3. Recall the definitions of £,,(j) and U, (i) from (21). We must calculate
the images of £, (j) and Uy, (i), which depend ona = A € (1, v?).Forl < j<J+1we
have

Lu() = len ' @) 11 x [en(@), e @],
FA(Ln())) = [en D), 0] x [ (@), ch(@)]
= LG+ DN [ 0D, 0°]1 x S) C Qa,
and for j = J + 1 we have
Ln(J+1) =[c] ), 11 x [1, ¢ (@),
FaA(Lw(J + 1) = [ep™ @), 0] x [v%, ¢ (@)].

The complex points v = @/0i c,{l"'l(a), and 1 are in counter-clockwise order on the
circle, and [c,ﬁ+1 (vz) v2] C [1, v2]. There are two possible cases:

« For odd m, arg(cJ+1 (a)) < 0, then ¢/ *1(a) is the end of the cycle.
* For even m, a = ¢}, (v?) for some j, and then c,{1+1(a) =1.

In either case, we have F4(L,,(J + 1)) C Q4 and thus

J+1 J+1
FalULn() | cQa and Fa|lLw() | Clegt' @), v*1xS.
j=1 j=1

Similarly, for 1 <i < I + 1 we have
Un (i) = [V, ¢, 1 D] x [e," (@), ¢ (@)],
FAUn () =[1,¢,' (D] x [c,' (@), ¢y~ (@)]
=Uu(i +1)N([1,¢, YD) xS) C Qua,
and fori = I + 1 we have
Un (I + 1) = [v2, ¢;, (D] x [c," (@), v?],
FaWUn( + 1) =[1, ¢, " YV (D] x [¢;, "V (@), 1] € Qa
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since the complex points 1, c,;(IH) (a), and v? are in counter-clockwise order, and
(1, ey "0 (1)] € [1, v2]. Thus

1+1 I+1
Fu (U um(i)) CQu and Fyu (U um(i)> e, "] xs.

i=1 i=1

Since ¢, (1?) = ¢, "V (1) we conclude that FA(Q%”) = 2.4 N (1, v?] x S). O

5.3 Attractor property

Having shown (Theorem 5.2) that F 4 is bijective on the set 2 4, we now want to show
that 2 4 is the global attractorof F4 : S x S\ A — S x S\ A. Experimentally, this appears
to be true for any choice of elliptic parameters Ay € (Vk—1, Vk+1), but our existing method
of proof (using isometric circles) requires Ay € [Pk, Qx] C (Vi—1, Vit1).

Theorem 5.3 Ifeach elliptic partition point satisfies Ay € [Pk, Qk], then the set Q 4 from (19)
is the global attractor of F 4 from (11). Moreover, for any initial point (ug, wp) € S X S\ A,
there exists K > 0 for which Ff (1o, wo) € QL4.

Proof We first show, using isometric circles, that the orbit of any (u¢, wo) will escape a set
® 4 defined below, and we then deal with the “exceptional set” S x S\ (24 U ® 4).
The set ® 4 (see Figure 11) is the union

N
o= J o
k=1

where N is the number of sides of the polygon and &, are defined as follows:

o If Vi, and Vi_; are ideal, we define ®; = [Vi_1, Vi] X [Vi_1, Vi], which is also
[Ax—1, Ax] X [Ak—1, Akl

o If Vi is elliptic then Vi and Vi are both ideal (so Ax—1 = Vi—1 and Ag4+1 = Vit1),
and we define &y = [Vi_1, Okl x [Ax—1, Ax] and Oy 1 = [Pr, Vir1] x [Ak, Agt1]

Each iterate (u,,, wy) := F'j (uo, wo) is acted on by a Mobius transformation, which we
call yx. By Property (5) of Definition 2.2, the isometric circle of y; contains a side of the
canonical polygon, and y; is the side-pairing transformation. From this we can conclude
that there exists a positive integer n, dependent on u( and wy, such that the point (u,, w;,)
escapes the set ® 4 because each Mobius transformation yj is expanding in the interior of
its isometric circle, including the intervals that define each ®. Thus the distance between
u, and w, must grow sufficiently for the points to eventually belong to different isometric
circles, hence there exists n > 0 such that (u,, w;,) ¢ ® 4.

In order to prove the attracting property of the set €24, we need only to consider points
(u, w) ¢ (24U P 4) and show that they will enter 2 4 after finitely many iterations of F 4.
Notice that a set [Ax—1, Ag+1] X [Ak—1, Ax+1]\ (2.4 U @ 4) is non-empty only when Vj is
an elliptic point of order greater than 2, so we investigate such a situation. These “exceptional
sets” are the white areas of Figure 11.

We may assume that we are dealing with the standard-position B(1), that is, we have
w € [1, v?]. The exceptional set for the elliptic vertex Vi are shown as multicolored rectangles
in Figure 12.
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s =178

1 1

1 pgq v? 1 pq 2
Fig. 12 Rectangles of the exceptional set for m = 8 (left) and m = 9 (right)

Case m even. In this case, the exceptional lower rectangles are

Ln(j) =g, cn” DI x (@), ch @], 1<j<J (22)
and the upper rectangles are

Un () = [e 7' (D), pl x [e @), e @), 1=i<T (23)

(There are no exceptional rectangles corresponding to U, (I 4+ 1) and £,,,(J + 1).)

@ Springer



Geometriae Dedicata (2026) 220:47 Page230f29 47

It is enough to track the images of Zm(l) and Qm(l) only. Indeed, if 1 < j < J,
FALn () = cn@n())) = [p, iy 0D x [ehT @), ch @] D Lu(G+ 1. (24)
This shows that Z,,(j) C F} ' (Lw(1)) for 2 < j < J. Similarly, one can show that
Z;?m (il C FJ"L‘_] (ﬁm(l)) for 2 <i < I. This allows us to focus on the exceptional sets Zm(l)
and U, (1). R
If (u, w) € £, (1) (red rectangle in Figure 13 left), then
FA(Ln(D) = [e}(@), ¢}y (0D x [e]T (@), ¢} (a)]
= [cih (@), ¢y ()] x [ (@), 11U [}, (@). cph (D] x [1, ¢} (@)].

The first rectangular piece belongs to the upper part of 2 4, since arg(c,{["l (a)) = arg(vz) =
27” (see also the proof of Theorem 5.2). The image of the second piece (green rectangle) is

Fa(lep (@), ey D] x [L e @)]) = [ep T @), e T D] x [em(D), 2 (@)]
=[1, p] x [V, ¢, (@)]
cll,plx [ 1] C Qua.

One can track Zjl\m (1), similarly, to prove that all its points will enter €2 4, after finitely many
iterations.

Case m odd. In this case, in addition to the exceptional lower and upper rectangles described
in (22) and (23) we have an exceptional lower rectangle

Ln(J +1) =1[q.c,)] x [1, cp(@)] if a € [p,v]
or an exceptional upper rectangle
U +1) = [c; (1), p] x [, (@), v?] if a € (v, q].
In what follows, we treat the case a € [p, v] with the additional exceptional rectangle
L (J+1). Theinclusions £,,(j) C F~ (Lu(1) for2 < j < J andly (i) C Fi{' @ha(1)
for 2 < i < I remain valid, as in the case m even. Also
FALn (1)) = em(Ln (D) = [p. ey )] x [1, ey (@] D Lw(J + 1)

since ¢,,(g) = p and the points 1, p, v, g, v* are in counter-clockwise order. Thus we only
need to analyze the iterates of points in the exceptional sets £, (1) and Uy, (1).

If (u, w) € Em(l) (red rectangle in Figure 13 right), then
FATN (L (1) = [ef ™ (@), v] x [v%, 1] (green rectangle)
ClLvl x5 1] C Qu
because c,{1+1(q) :Ac,{l (p) € [1, v] (see also Figure 7).

One can track U, (1), similarly, to prove that all its points will enter €2 4, after finitely
many iterations. O

The proof of Theorem 5.3 uses isometric circles to show that the orbit escapes ® 4, and
for this reason we require Ay € [Pk, Q] in the statement of the theorem. Most likely this
restriction in unnecessary:

Conjecture If each elliptic partition point satisfies Ax € (Vk—1, Vk+1), then the set Q4
Sfrom (19) is the global attractor for F 4.

With the canonical case complete, we now prove the main theorem.
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Fig. 13 Images of exceptional rectangle 28(1) (left) and Eg(l) (right). The cyan rectangle is the image of
only the part of the green rectangle that is outside 2 4

6 Proof of Main Theorem

Let I" be any Fuchsian group of the first kind with signature (g; my, ..., m,; t > 1). Let F*
be the canonical marked quasi-ideal polygon with this signature and I"* the group generated
by side-pairing transformations of F*. By Theorem 3.2 there exists a Fenchel-Nielsen map
h:D— Dsuchthatl = hoT* o h™ !
For the canonical case, let A* = {A], ..., A} } be a partition of S with A} € [P}, O;]if
% is an elliptic partition point and A} = V;* if A} is an ideal partition point,

far(x) =y (x) for x € [A}_, A})
be the associated boundary map, and
Fax(u, w) = (¥ W), yi (w)) forw € [A}_;, A7)

be its natural extension.
These data are transferred to the data for I" by the Fenchel-Nielsen map:

* By (9), the maps yx :=hoy o h~! generate I'.

* A = h(A*) = {Ay, ..., Ay} is a partition of S. Ideal A} are mapped to ideal Ay by
construction, andif A} € [P}, Q]is an elliptic partition point, then Ay belongs to a non-
degenerate closed interval [Py, Qi] := [h(P}]), h(Q})]. Note that arg(Py) < arg(Qx)
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since h preserves the order of points on S. Notice that Py and Qy are not necessarily the
second endpoints of the geodesic rays (Vix—1, Vi) and (Viy1, V).
* fa(x) = y(x) for x € [Ax—1, Ax) is the boundary map acting by generators of the
group I'.
o Fa(u,w) = (yx(u), yr(w)) for w € [Ag—1, Ax) is its natural extension map.
Then
fa=ho fasoh™!
and
Fa=hxh)oFaoh™ ' xh™h.

Note that if we start with any partition A for I with elliptic partition points A € [Pk, Ok,
then

o h~1(A) = A* will be a partition for I'* with elliptic partition points Ay e [P}, OF,

o fax =h"'o f4 0h will be a boundary map for I'*, and

o Fae=(h~ ' x k=) o F4 0 (h x h) will be the natural extension map for f 4.

Since the map fp+ is Markov by Proposition 5.1, we know that fj(p+) is also Markov,
which proves item (i) of the main theorem (we could use Q* or M™* as well).

By Theorem 5.3, F 4+ has global attractor €2 4+ with finite rectangular structure. Then
(h x h)(S2_4+) is the global attractor (and domain of bijectivity) for F 4, and since the map
h x h preserves horizontal and vertical lines, this domain has finite rectangular structure as
well, proving (ii) and (iii). ]

7 Application to coding of geodesic flow

The finite rectangular structure of the attractor for the reduction map, in addition to Don
Zagier’s inversion problem for modular forms [42] mentioned in the introduction, can be
also used for coding geodesics on I'\ID. For previous related work, see the results of [23] for
the modular group and [1] for surface groups.

A geodesic in D from u to w (4, w € S) is called reduced if (u, w) € Q4. According to
the main theorem, every geodesic can be reduced in finitely many steps. Let us start with a
reduced geodesic from ug to wy. We associate to wg a symbolic sequence

[wol = [no, n1, na, ...]
in the finite alphabet {1, 2, 3, ...,4g + 2r + 2(¢ — 1)} that corresponds to the sides of F,
where for k > 0 if fi‘l(wo) € [A;, Ai+1), then ny is the side of F that is paired with side i.
By successive application of F 4 we obtain a sequence of reduced geodesics from uy to wy,
where

[we] = [ng, ney1, -1

From the bijectivity of F 4 on 2 4 we can continue the sequence to the past, thus associating
to a given geodesic on the orbifold a bi-infinite symbolic sequence

[..n2,n_1,n0,n1,n2,...].

The left shift of the sequence corresponds to an application of the map F 4 to the corresponding
geodesic. Using the Markov partitions P, M, Q, one can obtain a Markov symbolic coding.
The parameterization of the cross section by the attractor will allow us to represent the
geodesic flow on I'\DD as a special flow over a symbolic dynamical system. This application
is a subject of current work by the authors and will appear elsewhere.
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Appendix A. Explicit construction of the canonical polygon

Given signature (g; my, ..., my;t > 1), for each cyclic subgroup we construct a canonical
fundamental polygon. Recall that £ = g +r 4 — 1 is the number of building blocks (number
of sectors) in the fundamental polygon. Also recall equation (17), which defines the string
s = [s1,8,...8] = {O,...0,my,...,my, 00, ..., 00}
—— ———
I4 t—1

corresponding to the signature (g; my, ma, ..., m;;t > 1). We now define the infinite-area
polygons

Fm = [z eD: ‘z — sec(®)e?| > tan(9) and ‘z — sec(§)e®T/=0 > tan(@)} ,
_ in(/0)
where 6 = arctan (W)

In the case m = 2 the two Euclidean circles bounding ,, coincide, and in the degenerate
case m = £ = 2 it becomes a line: 7, = {z € D : Im(z) < 0} when £ = 2. In the limiting
case m = oo this becomes

Foo 1= {z eD: ‘z — sec(®)e” (@r/t=0)i

> tan(f) and ‘z —sec(f)e

> tan(9)} ,

sin( /€) )

where 6 = arctan (W

When g > 0 we also use

FOo = {z eD: ‘z — sec(@)e@k*l)gj

> tan(9), k =0, 1,2,3}, where 6 = 7.

The markings on these polygons are as follows:
¢ In F,, the non-ideal vertex is

Vi = cos(%n)sec(%n)e(ﬂ/w,

with the geodesic arcs (1, V1) and (Vy, e2mi/ty meeting there with angle %’ The

former arc is glued to the latter by the map c,, : D — D that rotates by angle %”
around V;. As a matrix acting on the unit disk, ¢, is given explicitly by

(0 v e 0 (1 -
m=\_v; 1 o emim)I\_vy 1 )

or, equivalently,
(1 +cos(Z)e™/t)z — (cos(Z) + cos(F))e™/
(cos(Z) 4 cos(F))e /) z — (1 + cos(Z)e~mi/¢)

Note that (c,,) is a cyclic group of order m.
* For m = o0, the point V| = e™!/¢ is ideal and the side (1, V}) is glued to (Vi, V) by

cm(z) =
(

262711‘/15Z _ (e2m‘/13 + eSm‘/Z)
(em‘/ﬁ + I)Z —Demi/t

Coo(2) =
e For F, denote V; = 5mi/20 go that the vertices of Fo are Vo, Vi, Vo, Vi, Vg, all
of which are ideal. The side Vp V] is glued to V3V, (note the orientations) by
ST/, 4 cos(%)ehi/w)

—cos(f)z + emi/40

a1 (z) =

’
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Vo =@Q1

Fig. 14 Standard-position fundamental polygons

Fig. 15 Examples of quasi-ideal polygons

and the side V3 Vy is glued to V> V) by
bi(z) = ™RV gl (e T/ 07

so that the glued geodesics are isometric circles. Note that the transformation
bflaflblal maps Vp to Vj.

Some examples of this construction are shown in Figure 15 (note that the polygon Figure
15(a) in the disk model is exactly the right part of Figure 2 in the half-plane model).
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