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CHARACTERIZATION OF FUCHSIAN GROUPS AS
LAMINAR GROUPS & THE STRUCTURE THEOREM OF
HYPERBOLIC 2-ORBIFOLDS

HyUNGRYUL BAIK AND KYEONGRO KiMm
KAIST, South Korea

ABSTRACT. Thurston and Calegari-Dunfield showed that the funda-
mental group of a tautly foliated hyperbolic 3-manifold acts on the circle
in a distinctive way that the action preserves some structure of S!, so-
called a circle lamination. Indeed, a large class of Kleinian groups acts on
the circle preserving a circle lamination. In this paper, we are concerned
with the converse problem that a group acting on the circle with at least
two invariant circle laminations is Kleinian. We prove that a subgroup of
the orientation preserving circle homeomorphism group is a Fuchsian group
whose quotient orbifold is not a geometric pair of pants (or turnover) if and
only if it preserves three circle laminations with a certain transversality.
This is the complete generalization of the previous result of the first author
which is proven under the assumption that the subgroup is discrete and
torsion-free. On the way to our main result, we also show a structure the-
orem (generalized pants decomposition) for complete 2-dimensional hyper-
bolic orbifolds, including the case of infinite type, which is of independent
interest.

1. INTRODUCTION

1.1. Background and Motivation. The classification of a group action on a
manifold is a fundamental question in mathematics. Along this line, one
of the outstanding studies is the Zimmer’s program. One part of Zimmer’s
program is to understand the actions of a lattice G of a semi-simple Lie group
I on a compact manifold M. See [18] for the survey of Zimmer’s program.
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The most accessible case is that M is dimension one, namely, M = S?.
When T is of real rank at least two, Ghys [21] gave a complete characterization
for homomorphisms from G to the orientation preserving circle homeomor-
phism group Homeo™ (S!). This result says that the circle action of a higher
rank lattice is rigid.

On the contrary, in the rank one case, the circle actions of G are more
flexible. For instance, when I' = PSLy(R) and G is a closed hyperbolic surface
group, the space of G-actions is studied by Mann [25] and Mann-Wolff [26] in
terms of the Euler number. They showed the equivalency of the rigidity and
the geometricity of the G-actions. This implies that non-geometric actions
have no rigidity in some reasonable sense. Hence, in general, given any sub-
group H of Homeo™ (S'), it is difficult to determine whether H comes from a
lattice of a semi-simple Lie group of real rank one.

Nonetheless, in the case of PSLy(C), we can observe that a large class of
lattices act on the circle in a distinctive way that the actions preserve some
structure of S', so-called a circle lamination. This feature is first observed by
Thurston along the proof of the hyperbolization theorem for surface bundles
over S'. More generally, in [32], Thurston showed that the fundamental group
of a tautly foliated hyperbolic 3-manifold faithfully acts on S!, preserving a
pair of circle laminations. In various circumstance, Thurston’s theorem has
been generalized by many authors, e.g. [12], [15], [13], [17], [19] and so on.
Also, we can see that almost all torsion-free lattices in PSLo(R) which are the
fundamental groups of hyperbolic surfaces of finite type act on S* preserving
infinitely many distinct circle laminations.

Hence, it is natural to ask whether a subgroup of Homeo™ (S1) preserving
several circle laminations, so-called a laminar group, is a discrete subgroup of
PSLy(C), so-called a Kleinian group. Also, we may ask that a laminar group
with infinite many invariant circle laminations is a Fuchsian group which is
a discrete subgroup of PSLo(R). In this paper, we are mainly concerned
with the second question. We will show that three is the enough number of
invariant circle laminations to characterize Fuchsian groups.

1.2. Main results. To present the precise statements for the questions and our
main theorems, we roughly introduce basic notions about laminations. Let
H? be the hyperbolic plane. For now, we use the Poincaré disk for H? which is
the open unit disk in the complex plane C. The Gromov boundary of H? is the
unit circle S* in C. Hence, we can think of the orientation preserving isometry
group PSLy(R) for H? as a subgroup of Homeo™(S!) since each element of
PSL»(R) is continuously and uniquely extended to S*.

A given geodesic in H? joins two points in S'. Conversely, given two
distinct points in S!, there is a unique geodesic in H? connecting them. Hence,
the set g(H?) of geodesics in H? is parametrized by the set M of subsets of
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St with cardinality of 2. We denote the parametrization from g(H?) to M by
€.

A geodesic lamination A in H? is a non-empty subcollection of g(H?) such
that | J A is a closed subset in H? and each pair of elements of A are disjoint.
We say that for each component of H? \ A, the closure of the component in
H2 is a non-leaf gap of A. A geodesic lamination is quite full if every non-leaf
gap is either an ideal polygon or a crown. Here, a crown ¢ is a non-leaf
gap having a sequence {t;};cz in S* such that e~ 1({t;,t;11}) is a boundary
geodesic of ¢ and {t;};cz accumulates to a unique point p. The point p is
called the pivot of the crown. In particular, a quite full geodesic lamination
without crowns is said to be very full.

A circle lamination L is a subcollection of M if £ = €(A) for some geodesic
lamination A in H2. For convenience, we think of circle laminations as geodesic
laminations in H?. Given a collection C = {L4}aer of circle laminations,
we denote by Aut(C) the set of all elements in Homeo™(S') preserving C,
namely, Aut(C) := {g € Homeo(S!) : g(L,) = Ly for all « € T}. We also
call Aut(C) the laminar automorphism group of C. A subgroup of Homeo™ (S?)
is laminar if it is a subgroup of the laminar automorphism group of some circle
lamination. The laminar groups were first introduced in [11].

Now, we are ready to give the precise statements for the questions ex-
plained in the previous section.

QUESTION 1.1. Let C = {L4}aer be a collection of quite full circle lamina-
tions whose endpoint sets are pairwise disjoints, namely, (JLa)N(UJLg) = @
for any a # B. Is every subgroup of Aut(C) isomorphic to a discrete subgroup
of PSLy(C) ¢

QUESTION 1.2. Are the Fuchsian groups the only case to act faithfully
on S preserving an infinite collection of quite full circle laminations whose
endpoint sets are pairwise disjoint? In other words, if C is an infinite collection
of quite full circle laminations whose endpoint sets are pairwise disjoint, is

every subgroup of Aut(C) conjugated to a Fuchsian group as subgroups in
Homeo™ (S1)?

Indeed, Question 1.1 was proposed in [3] and [1] in terms of pants-like
COL,, groups. See Section 3 for the definition of a pants-like COL,, group.
According to [4], given a finite collection C = {L4}aer of quite full circle
laminations whose endpoint sets are pairwise disjoint, for any subgroup G
of Aut(C), we can construct a pants-like collection C' = {L/ },er of circle
laminations preserved by GG. Hence, even thought the definition of a pants-like
COL,, group looks artificial, this is a weaker condition than preserving n quite
full circle laminations with the disjoint endpoint set condition. Therefore,
Question 1.1 assumes conditions which are stronger than in [3] and weaker
than in [1].
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In this paper, we prove the following corollary, which gives an affirma-
tive answer to Question 1.2. In particular, three invariant laminations are
sufficient to characterize circle actions of Fuchsian groups.

COROLLARY 1.3. If C = {L1,La,L3} is a collection of quite full circle
laminations whose endpoint sets are pairwise disjoint, then every subgroup
of Aut(C) is conjugate to a Fuchsian group as a subgroup of Homeo™(S1).
Conversely, given a Fuchsian group G, we can construct three quite full circle
laminations satisfying the disjoint endpoint condition and preserved by G,
provided that H?/G is not a geometric pair of pants.

In fact, we prove a stronger statement than the first assertion of Corol-
lary 1.3.

THEOREM A. Every pants-like COL3 group is a convergence group.

Together with the following well-known theorem, Theorem A implies the
desired Corollary 1.5.

THEOREM 1.4 (Convergence group theorem ([33],[20],[16], cf. [23] for the
indiscrete case)). A subgroup of Homeo™t (SY) is a convergence group if and
only if it is conjugate to a Fuchsian group in Homeot (S1).

COROLLARY 1.5. FEwvery pants-like COL3 group G is a discrete Mobius
group; namely, there is an element ¢ in Homeo™t (S') such that pGo~' is a
Fuchsian group.

For the converse direction, we prove the following theorem.

THEOREM B. Let G be a Fuchsian group. Suppose that H/G is not a
geometric pair of pants. Then G is a pants-like COL3 group.

With a minor modification, it implies the second assertion of Corol-
lary 1.3. See the paragraphs following the proofs of Theorem B and Corol-
lary 6.11 for details of this modification.

The combination of Theorem A and Theorem B is the complete general-
ization of the following theorem shown in [3].

THEOREM 1.6. Let G be a torsion-free discrete subgroup of Homeo™ (S1).
Then G is a pants-like COL3 group if and only if G is a Fuchsian group whose
quotient is not the thrice-punctured sphere.

Note that Theorem A and Theorem B are not immediately implied by
Theorem 1.6. First, in [3], the proof of the only-if-direction depends on the
fact that every non-trivial element has a fixed point which is implied by the
torsion-free condition. Also, along the proof, discreteness was used in a lemma
which is corresponding to Lemma 7.3 in this paper. Hence, we have to over-
come these difficulties to prove Theorem A. For the if-direction, the construc-
tion of three different geodesic laminations contained some technical issues.
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Also, the Selberg’s Lemma does not make it easy to construct the geodesic
laminations on hyperbolic 2-orbifolds since we also consider the infinite type
orbifolds. Instead, we have to use the structure theorem (generalized pants
decomposition) for hyperbolic 2-orbifolds including the case of infinite type
as follows.

THEOREM 6.1 (The structure theorem for complete hyperbolic 2-dimen-
sional orbifolds). Let G be a non-elementary Fuchsian group and S be the
complete 2-dimensional hyperbolic orbifold H/G. Suppose that there is a pants
decomposition C of S. Let A be the union of all geodesic realizations in S of
elements of C. Then AU (OCH(L(G))/G) is a geometric pants decomposition
of CC(9).

This theorem is analogous of the structure theorem for complete hyper-
bolic surfaces of Alvarez and Rodriguez [2] and Basmajian and Sarié [6]. The
pants decomposition theorem for hyperbolic orbifolds of finite type is well
known. For instance, see Thurston [31, Chapter 13, Orbifolds]. However, we
could not find the structure theorem of hyperbolic 2-orbifold including the
case of infinite type in the literature. Hence, we collect and reorganize ba-
sic facts about the hyperbolic geometry of orbifolds, and prove the structure
theorem for hyperbolic orbifolds for the sake of completeness. This is of the
independent interest and could serve as a useful reference to the community
(for instance, see [8]).

Now, by Corollary 1.3, the remaining case of Question 1.1 is when C
consists of at most two circle laminations. The case where C consists of two
circle laminations was studied in [4]. In [4], Jung and the author show that
if C = {Ly1,Ls2} is a veering pair satisfying the disjoint endpoints condition
and some extra conditions, then every subgroup in Aut(C) is the fundamental
group of an irreducible 3-orbifold. Moreover, if the 3-orbifold is finite in some
sense, then the orbifold admits a complete hyperbolic metric, and hence the
fundamental group is Kleinian. We note that a key step in the proof in [4] is
Lemma 4.9, involving the concept of “pre-approximation sequences”, which
is used to prove the classification theorem for gap stabilizers.

Throughout the paper, we use basic notations and statements of [5] and
[3]. Especially, instead of the circle laminations, we use the notion of lami-
nations systems which are more proper to keep track of the dynamic of the
circle actions.

1.3. Organization. We give a brief review of necessary preliminaries in Section
2. In Section 3, we show that Md&bius-like laminar groups with two invariant
laminations satisfying some special conditions are discrete in Homeo™ (S!).
This implies that every pants-like COL3 group is discrete. In Section 4, we
prove Theorem A. In Section 5, we give a summary of elementary facts about
the geometry and topology of 2-dimensional hyperbolic orbifolds and for com-
pleteness, we prove some basic facts which are well-known among experts. In
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Section 6.1, we show a structure theorem of complete 2-dimensional hyper-
bolic orbifolds, Theorem 6.1, following the proof for hyperbolic surfaces in
[6]. Note that the structure theorem for complete hyperbolic surfaces was
firstly proven by Alvarez and Rodriguez [2], and after that, a geometric proof
was suggested by Basmajian and Sarié [6]. Using Theorem 6.1, in Section 6.2
and Section 6.3, we construct three different laminations in S! and prove
Theorem B.

Acknowledgement: A large part of this paper is a part of the Ph.D. thesis of
the second author. We thank Inhyeok Choi, Suhyoung Choi, Sang-hyun Kim,
Seonhee Lim, Junghwan Park, Philippe Tranchida for helpful discussions. We
would also like to thank the anonymous referee for the careful reading of the
manuscript and for valuable comments and suggestions that greatly improved
the exposition. Both authors were partially supported by Samsung Science &
Technology Foundation grant No. SSTF-BA1702-01.

2. BASIC NOTIONS AND NOTATIONS TO STUDY LAMINAR GROUPS

In first three sections, we review basic notions about Riemann surfaces
and the hyperbolic geometry on orbifolds. In this part, to prove Theorem 6.1,
we adopt a proper collection of definitions. This is based on [27], [7], and
[24]. Then, we recall circle laminations and lamination systems. Also, we
summerize related notions and technical lemmas. This part is a summary of

[5].

2.1. The Riemann sphere and the hyperbolic plane. Let C=cu {00} be the
Riemann sphere and R = R U {oo} be the extended real line. We denote the
upper half plane by H and the lower half plane by H*. The upper half plane
H has a standard hyperbolic metric p, so-called the Poincaré metric. With
this metric, R is the Gromov boundary JH. On the other hand, a Cayley
transformation p expressed as
d1+2
p(z) =ig—
gives an identification between the Poincaré disk D and the upper half plan
H where D is the unit open disk in C with the standard hyperbolic metric.
Recall that the automorphism groups of C and H are PSLy(C) and PSLy(R),
respectively. The group PSLy(C) acts on C by linear fractional transforma-
tions and especially the subgroup PSL2(R) acts on C preserving R. Recall
that the orientation preserving isometry group of H is exactly PSLa(R) . Note
that the automorphism group of D can be identified with PSLo(R), via p, and
so we think of the automorphism group of D as PSLa(R) .
A Kleinian group is a discrete subgroup of PSLo(C). Especially, a Kleinian
group in PSLy(R) is called a Fuchsian group. We denote by Q(G) the domain
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of discontinuity of a Fuchsian group G on C and by L(G) the limit set of G.
Note that L(G) is a closed subset of R, and H U H* C Q(G). The Fuchsian
group G is of the first kind if L(G) = R, and of the second kind, otherwise. In
the first kind case, Q(G) has exactly two connected components H and H*.
If L(Q) is finite, then L(G) contains at most two points. In this case, we say
that G is elementary. Recall that every elementary Fuchsian group is virtu-
ally abelian and the converse is also true. When L(G) # R is infinite, L(G)
is a closed, perfect, nowhere dense subset of R, hence a Cantor set. Hence, in
the second kind case, 2(G) has the only one connected component which is
conformally equivalent to the Riemann sphere without a cantor set.

2.2. Riemann surfaces with branched coverings. Let G be a subgroup of PSLy(C),
and let  be a non-empty G-invariant open subset of C. Suppose that G acts
properly discontinuously on Q. If Q has more than two boundary points, then,
for each zg € 2, the stabilizer

G, ={9€G:g(20) =20}

is a finite cyclic group generated by an elliptic element fixing zo. Moreover,
we can take a complex structure on the orbit space /G so that the quotient
map ¢ from  to /G is holomorphic and a branched covering.

In other words, for each zg € 2, there are charts ¢ : Uy — V7 on £ and
w2 : Us = Vo on Q/G, with q(Uy) C Us, such that ¢1(z9) = 0 and

p20q0 07! (2) =2,
where m = |G,,|. We call m the ramification index of q at zg, and zy is called
a ramification point if its ramification index is greater than 1. See [24] for a
more detailed discussion.

Let G be a non-elementary Fuchsian group. We write 71'% for the quotient
map from Q(G) to Q(G)/G, and g for the quotient map from H to H/G.
With the conformal structures defined above, the quotient spaces Q(G)/G
and H/G are Riemann surfaces.

If G is of the first kind, then Q(G)/G has exactly two connected compo-
nents; otherwise, it is connected. If GG is of the second kind, there is a natural
anti-conformal involution J on Q(G)/G induced by complex conjugation on
C. The map J interchanges H/G and H* /G and fixes (R—L(G))/G pointwise.

2.3. 2-dimensional hyperbolic orbifolds. Let S be a connected metric space.
The space S is called a 2-dimensional hyperbolic orbifold if there is a subgroup
G(S) of PSLy(R) and a non-empty G(S)-invariant simply connected open
set C(S) of H such that G(S) acts properly discontinuously on C(S) and
C(9)/G(S) with the metric induced by p is isometric to S. We say that S is
complete if C(S) = H.

Similarly, the space S is a 2-dimensional hyperbolic orbifold with geodesic
boundary if there is a subgroup G(S) of PSLy(R) and a G(S)-invariant closed
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convex subset C'(S) of H with non-empty interior whose boundary is a disjoint
union of bi-infinite geodesics such that G(S) acts properly discontinuously
on C(S) and C(S)/G(S) with the metric induced by p is isometric to S.
Here, C(S) is allowed to be H. By definition, every 2-dimensional hyperbolic
orbifold with geodesic boundary is complete as a metric space. Note that
G(S5) is uniquely determined up to conjugation by PSLy(R).

Let mg be the quotient map from C(S) to C(S)/G(S). As discussed above,
when S is a 2-dimensional hyperbolic orbifold, 7g is a branched covering. Even
though S is a 2-dimensional hyperbolic orbifold with geodesic boundary, the
restriction wg|int(C(S)) to the interior int(C(S)) of C(S) is a branched cov-
ering onto int(C(S))/G(S) of S. This map can be also extended continuously
onto the geodesic boundary dC(S). Therefore, g is a branched covering.

Let S be a 2-dimensional hyperbolic orbifold with or without geodesic
boundary. The set C'(S) is a universal orbifold covering space and 7g is the
orbifold covering map. We say that a point x € S is a cone point of order n if
x is an image of a ramification point with ramification index n and we denote
the set of all cone points in S by X(.5). Note that by definition, a ramification
point is not in AC(S) when S is a 2-dimensional hyperbolic orbifold with
geodesic boundary.

We define the geometric interior S° of S by

5% = int(C(S))/G(S) — %(5),

and call points of S° regular points. Points of S — int(C(S))/G(S) are called
boundary points, and the set of boundary points of S is denoted by 0S. Note
that if S is a 2-dimensional hyperbolic orbifold with geodesic boundary, then
0S is a disjoint union of geodesics.

Recall that if a bordered Riemann surface X has an open subset which is
conformally equivalent to a unit disk without center, then we say that X has
a puncture. Moreover, when X has a puncture, we can uniquely extend S to
a bigger Riemann surface X by adding the center. In this sense, we think of
a puncture as the added center of the disk. If a point z is in S U 3(S) or a
puncture of S, x is called a geometric boundary point and AS denotes the set
of all geometric boundary points of S.

Let S be a hyperbolic surface with geodesic boundary. Under the above
definition, S is a 2-dimensional hyperbolic orbifold with geodesic bound-
ary and without cone points. As usual, a geodesic lamination on S is a
nonempty closed subset of S which is a disjoint union of simple geodesics,
and the geodesics composing the lamination are called leaves. For hyperbolic
2-orbifolds with geodesic boundary, we define geodesic laminations as follows:

DEFINITION 2.1. Let S be a 2-dimensional hyperbolic orbifold with geo-
desic boundary. Fix the corresponding group G(S). Then a closed subset A
of S is called a geodesic lamination on S if 7751(1\) is a geodesic lamination
of C(S), namely 5" (A) is a closed subset of C(S) which consists of pairwise
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disjoint bi-infinite geodesics. In particular, if w5 (A) = G(S) - £ for some
bi-infinite geodesic £ in H, then we call A a simple geodesic in S.

When S is a complete 2-dimensional hyperbolic orbifold and A is a geo-
desic lamination of S, we think of A as a closed subset of S which is a disjoint
union of simple geodesics. Hence, the geodesics composing the lamination are
called leaves. As mg'(A) is a geodesic lamination of C(S), 75" (A) is a geodesic
lamination on H. Since given two points in OH, there is a unique bi-infinite
geodesic which has the points as end points, and vice versa, we may think
of ﬂgl(A) as a collection of two-point sets of S! corresponding to leaves of
75" (A). Moreover, since G(S) acts on R and G(S) permutes leaves of 5 (A),
G(S) acts on the collection of two-point sets of S! and permutes two-point
sets. In the following sections, we will formulate precisely the collection of
two-point sets corresponding to ng(A) in terms of the topology of S* and
group actions on such collections.

2.4. The topology of S*. Let S! be the unit circle on C which is the boundary
of the Poincare disk D. Now we introduce a circular order to S' which is
helpful to discuss the topology of S!.

We start with a set X. For each n € N with n > 2, we write A, (X) for
the set

{(x1, ,2n) € X" : x; = x; for some i # j}.
A circular order of X means a map ¢ from X3 to {—1,0,1} satisfying fol-
lowing properties :
(DV) ¢~ 1(0) = A3(X), and
(C) @(x1,m2,x3) — p(x0, T2,23) + @(x0, 71, 23) — p(T0,T1,22) = 0 for all
o, T1,To, T3 € X.

Let n € N with n > 3. A n-tuple (z1,--- ,2,) in (S1)" — A, (S?) is called
positively oriented in S if for each i € {2, ,n—1}, p(z] x;) < pla] ' zit1)
where p is the Cayley transformation. Similarly, a n-tuple (z1, -+ ,2,) in
(S1)" — A, (S?) is called negatively oriented in St if for each i € {2,--- ,n—1},
p(ry i) < p(zy'a;). Let ¢ be a map from (S1)3 to {—1,0,1} defined by

—1 if x is negatively oriented,
o) =40 if € Az(Sh),
1 if x is positively oriented.

We can see that ¢ is a circular order of S'. From now on, the circular order
of S means the map ¢.
We call a nonempty proper connected open subset of S an open interval
in S1. Let u,v be elements of S'. Then, we define the subset (u,v)g: of S*
as follows:
1. If u # v, (u,v)g1 is the set (u,v)s1 = {p € S* : p(u,p,v) = 1} and is
called a nondegenerate open interval in S'.
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2. If u = v, (u,v)s is the set ST — {u} and is called a degenerate open
interval in S*.

In particular, if (u,v)s: is a nondegenerate open interval, then we denote
(v,u)g1 by (u,v)%:, and call it the dual interval of (u,v)g1. We can see that
the set of all nondegenerate open intervals of S! is a basis for the topology
of S which is induced from the standard topology of C. For convenience,
when (u,v)g1 is a nondegenerate open interval, we use the following notations:
[u,v)s, = {u} U (u,v)s1; (u,v]s1 = (u,v)sr U{v}; and [u,v]s1 = (u,v)g1 U
{u,v}.

REMARK 2.2. In [5], the map p is the stereographic projection

Im(z)
p(z) = Re(z) — 1°
Although we use the Cayley transform to define the circular order ¢, the in-
duced circular order is the same. Hence this choice does not affect the results
of [5].
2.5. Laminations of S'. Let M be the set of all two-point subsets of S*. More
precisely,
M= ((SY)2 = Da(8Y)/(,y) ~ (y.2).

For each {a,b} and {c,d} of M, they are said to be linked if each connected
component of S* — {a,b} contains precisely one of ¢ or d. They are called
unlinked if they are not linked. We can see easily that M has a hausdorff
distance induced from the Euclidean metric of C.

DEFINITION 2.3. A lamination of S' is a nonempty closed subset A of M
whose elements are pairwise unlinked. We call each element {a,b} of A a leaf
of A and the points a and b are called the end points of the leaf.

REMARK 2.4. Let A be a geodesic laminations of H. For each leaf in H,
the end point set of the leaf is a two elements subset of S'. In this sense,
there is a subset of M corresponding to A. Then, this subset is obviously a
lamination of S*. For more detailed discussion, consult [14, Chapter 2].

2.6. Lamination systems on S'. From now on, we recall the notion of lami-
nation systems on S* which is first introduced in [5]. This makes it easier to
do general topological arguments for laminations of S'. It turns out that a
lamination system on S! is a subset of the topology of S*.

The idea of making a lamination system on S' from a lamination of S! is
to take all connected components of complements of each leaf of the lamination
of S'. So, we will define lamination systems as a collection of nondegenerate
open intervals in S! with some conditions corresponding to unlinkedness and
closedness.

Let I and J be two nondegenerate open intervals. If I C J or I* C J,
then we say that the pair of points {I,I*} lies on J (See Figure 1). If I C J
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I*

~

F1GURE 1. The red segment represents the nondegenerate
open interval J and the blue parts represent I and I*. Two
figures show all possible cases where {I,I*} lies on J.

or I* C J, then we say that the pair of points {I, I*} properly lies on J. Now,
we can define lamination systems as follows.

DEFINITION 2.5 ([5]). Let L be a nonempty family of nondegenerate open
intervals of S*. L is called a lamination system on S! if it satisfies the
following properties :

1. IfT€ L, then I* € L.
2. Forany I,J € L, {I,I*} lies on J or J*.
3. If there is a sequence {I,}°2, on L such that for anyn € N, I,, C I,,11,

and U I,, is a nondegenerate open interval in S*, then U I, e L.

n=1 n=1

The third condition will imply the closedness of lamination systems on
St

We define leaves and gaps on a lamination system £ as follows. A subset
& of Lis aleaf of L if 9 = {I,I*} for some I € L. We denote such a leaf
¢ by ((I). Likewise, a subset ¢ of L is a gap of L if ¥ satisfies following
conditions:

1. Elements of ¢4 are pairwise disjoint , and

2. for each I € L, there is a J in & on which £(1) lies.

By the second condition on gaps, every gap is nonempty. Obviously, a leaf is
also a gap with two elements. Hence, we say that a gap is a non-leaf gap if it
is not a leaf. We denote S — U I by v(¥¢) and call it a vertez set of & or an

1S9
end points set of 4. Each element of a vertex set is called a vertex or an end

point. Note that in general, a vertex set need not be a discrete subset of S!.
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Let us talk about the closedness of lamination systems. First, we must
have the concept of convergence in lamination systems. The third condition
of lamination systems allows us define the notion of the limit of a sequence of
leaves.

DEFINITION 2.6 ([5]). Let £ be a lamination system, and {£,}52; be a
sequence of leaves in L. Let J be a nondegenerate open interval. We say that
{€,}52, converges to J if there is a sequence {I,}52, in L such that for each
neN, £, =4(I,), and

J C liminf I, C limsupI,, C J.
We denote this by £, — J.
This definition is symmetric in the following sense.

PROPOSITION 2.7 ([5]). Let L be a lamination system and {{,}n=1 be a
sequence of leaves in L. Let J be a nondegenerate open interval. Suppose that
there is a sequence {I,}52 1 in L such that for eachn € N, ¢, = {(I,,) and

J Climinf I, C limsup I, C J.

Then
J* Climinf I} Climsup I C J*.

Since the third condition on lamination systems guarantees that the limit
of an ascending sequence on a lamination system is in the lamination system,
we need to consider descending sequences to say about limits of arbitrary
sequences on lamination systems. The following lemma implies the closedness
of descending sequences in a lamination system L.

LEMMA 2.8 ([5]). Let {I,}32, be a sequence on a lamination system L
[ee]

o0
such that 1,41 C I, for alln € N, and U I"=JeL. Then Int ( ﬂ In> =
n=1 n=1
J*e L.
With this lemma, the following proposition shows the closedness of lami-
nation systems.

PROPOSITION 2.9 ([5]). If a sequence {£,}52 of leaves of a lamination
system L converges to a nondegenerate open interval J, then J € L.

Moreover, by Proposition 2.7 we can prove that if ¢,, — J, then ¢,, — J*,
and so J* € L. Due to that, we can make a concept of the limit of a sequence
of leaves.

DEFINITION 2.10 ([5]). Let £ be a lamination system, and {{,}>2, be a
sequence of leaves on L. Let £ be a leaf of L. Then, we say that {£,}22
converges to £ if ¢, — I for some I € { and we denote it by £, — L.
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REMARK 2.11. Let A be a lamination of S'. Then the set
L={(a,b)s1 : {a,b} € A}
s a lamination system. Conversely, for a given lamination system L, the set
A={v)):I€L}.

Note that if a sequence {€,,}22 1 of leaves of L converges to £, then {v(£,)}32,
is also a sequence of leaves of A and converges to v({).

2.7. Lamination systems and laminar groups. A homeomorphism f on S! is
orientation preserving if for each positively oriented triple (z,y, z) € (S)3 —
Az(SY), (f(2), f(y), f(2)) is positively oriented. Homeo™ (S!) is the set of
orientation preserving homeomorphisms on S*. For each f € Homeo™(S?),
we denote the set of fixed points of f by Fixy.

Let G be a subgroup of Homeo™t(S'). The group G is called a laminar
group if there is a lamination system £ such that for any g € G and I € L,
g(I) € L. We say a lamination system L to be G-invariant if for each g € G
and I € L, g(I) € L. Note that on a G-invariant lamination system, every
gap is mapped to a gap and the converging property is preserved under the
given G-action.

Let £ be a lamination system on S'. On a lamination system £ on
St a gap ¢ with [v(9)| < oo is called an ideal polygon. In particular,
an ideal polygon is called a non-leaf ideal polygon if it is not a non-leaf
gap. We say that a lamination system L is wvery full if every gap of L
is an ideal polygon. Note that for an ideal polygon ¥, since v(¥) is a

finite set, we can write v(¥) = {x1,22, -+ ,z,} where [v(¥4)| = n, and
(z1,22, - ,xy) is a positively oriented n-tuple. Moreover, we can represent
g = {(Ih Ig)gl, (x27 I3)Sl7 ) (.’En,h ‘T’n)Slv (.’En, 1‘1)51}.

Let {I,J} be a subset of £. Then, {I,J} is called a distinct pair if
INJ =, and {I,J} is not a leaf. A distinct pair {I, J} is separated if there
is a non-leaf gap ¢ such that I C K and J C L for some K,L € ¥, not
necessarily K # L. The lamination system L is totally disconnected if every
distinct pair is separated.

Let I € £ and {¢,}52; be a sequence of leaves of L. Then we call {£,,}°2 ;
an I-side sequence if for allm € N, I ¢ ¢,,, and ¥, lies on I, and £, — I. And
we say that I is isolated if there is no I-side sequence on L. Moreover, a leaf
{ is isolated if each element of ¢ is isolated.

For a lamination system L, let E(L) = U v(£(I)) and we call it the end

IeL
points set of L. When we consider several lamination systems at the same

time, considering transversality is useful.

DEFINITION 2.12. Two lamination systems L1 and Lo on S' are trans-
verse if L1NLy = &. They are said to be strongly transverse if E(L1) N
E(Ls) =o.
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2.8. Some technical lemmas. The following structure is useful to deal with
the configuration of leaves and to argue the existence of a gap.

DEFINITION 2.13 ([5]). Let £ be a lamination system on S' and I be
a nondegenerate open interval. Then, for p € I, we define CI{ as the set

I_ :

C,={JeLl:peJCI}

We can see that C} is totally ordered by the set inclusion [5]. The follow-
ing lemma gives good descending or ascending sequences of Cé to make sure
the existence of the maximal or minimal interval in le.

LEMMA 2.14 ([5]). Let £ be a lamination system on S, and I be a
nondegenerate open interval. Let x be an element of I. Assume that CL is
nonempty. Then there is a sequence {J,}5%; on CL such that for all n € N,

oo

Jn C Jnt1, and U Jn = U K. Also, there is a sequence {K,}°, on CI
n=1 KecC!

(o)
such that for alln € N, K,,+1 C K, and ﬂ K, = m K.
n=1 KecC!
The following lemma shows that the one-sided isolation condition is a
sufficient condition for a gap to exist.

LEMMA 2.15 ([5]). Let £ be a lamination system on S' and I € L. Sup-
pose that I* is isolated. Then there is a non-leaf gap & such that I € 4.

Like leaves, there is a kind of unlinkedness for gaps.

LEMMA 2.16 ([5]). Let L be a lamination system on S, and 4, 94" be two
gaps with |9 |,| 9" | > 2. Then, 9 =%' or there are I in'¥Y, and I' in' 9" such
that I* C I', and for all J € 4, ((J) lies on I', and for all J' € 4', £(J') lies
on I.

Let £ be a lamination system on S!. £ is called dense if E(L) is a dense
subset of S!. Let p € S' and £ be a dense lamination system. Suppose that
there is a sequence {I,}52; on £ such that for all n € N, I,,;1 C I,,, and
m I, = {p}. We call such a sequence a rainbow at p. In [3], it is observed
neN
that very full laminations have abundant rainbows.

THEOREM 2.17 ([3],[5]). Let L be a very full lamination system of S*.
Then, for each p € S, either p € E(L) or p has a rainbow, and these two
possibilities are mutually exclusive. Moreover, E(L) is dense in S*.

Totally disconnectedness is an important condition since it guarantees the
existence of a gap. The transversality condition makes lamination systems be
totally disconnected.

LEMMA 2.18 ([1],[5]). If two dense lamination systems are strongly trans-
verse , then each of the lamination systems is totally disconnected.
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3. LAMINAR GROUPS WITH TWO LAMINATION SYSTEMS AND FIXED POINT
SETS

Analyzing fixed point sets of elements of laminar groups is useful to study
laminar groups. Let g be an element of Homeo™ (S1). If g is not trivial, the
fixed point set Fix, is a proper closed subset of 1. Hence, the complement
of the fixed set Fix, is an at most countable disjoint union of open intervals.
Therefore, we can see that the action of g is just translations on the intervals of
the complement of Fix, . Fortunately, unlike laminar groups with one invariant
lamination system, in the case where laminar groups with more than two
lamination systems, the fixed point set of each element is a finite set [5].

DEFINITION 3.1 ([3]). A nontrivial element g in Homeo™ (S') is said to
be :

1. elliptic if |Fixy | =0,

2. parabolic if |Fixy | =1, and

3. hyperbolic if |Fixg | = 2

A point p of S! is called a cusp point of G if there is a parabolic element
g in G fixing p.

REMARK 3.2 ([3]). Let G be a laminar group and L a G-invariant lam-
ination system. Suppose that L is very full. Given a cusp point, there are
infinitely many leaves of L having the cusp point as an end point.

Now we introduce some classes of laminar groups to study laminar groups
having more than two lamination systems.

DEFINITION 3.3 ([3]). Let G be a subgroup of Homeo™ (S') and let C =
{La}acs be a collection of G-invariant very full lamination systems, where J
is an index set. Then C is called pants-like if the lamination systems in C are
pairwise transverse and for any o # 5 € J, every element of E(L,) N E(Lg)
is a cusp point of G. A subgroup G of Homeo™ (S1) is said to be pants-like
COL,, for some n € N if it admits a pants-like collection with n elements.

A subgroup G < Homeo™t(S!') is Mébius-like if each element of G is
conjugate in Homeo™ (S') into PSLy(R). Tt is Mébius if G itself is conjugate
in Homeo™ (S') into PSLy(R).

We recall the following theorem.

THEOREM 3.4 ([3]). Let G be a pants-like COL3 group. Then every non-
trivial element of G is conjugate in Homeo™ (S1) to an element of PSLy(R).
Moreover, this conjugacy preserves type: elliptic elements are conjugate to
finite-order elliptics in PSLa(R), parabolic elements to parabolics, and hy-
perbolic elements to hyperbolics. Furthermore, G is discrete in Homeo™ (S1)
under the compact—open topology
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Thus every pants-like COL3 group is Mobius-like and discrete. In Sec-
tion 4, we promote this Mdbius-like property to the Mobius property by prov-
ing Theorem A.

In Lemma 2.18, transversality implies total disconnectedness. A similar
statement holds for pants-like COLs groups:

PROPOSITION 3.5. Let G be a pants-like COLy group and C = {Lq,Ls}
be a pants-like collection for G. Then both L1 and Lo are totally disconnected.

PRrROOF. First we show that £ is totally disconnected. Assume that there
isa {1, J} be a distinct pair of £1 . We claim that if there is a point p in I*NJ*
such that CI{* QCI;]* is nonempty in £, then {I, J} is separated. Let K be the
union of elements of C’{ i ﬂCI;’ " Then K is a nondegenerate open interval such
that sz( = CZ{* N CI;]*. Moreover, by Lemma 2.14 and the closedness of L1,
we have that K € £ . Now we show that K™ is isolated. Assume that there

is a K*-side sequence {£,}52; of £1. Then we can take a sequence {I,,}°2
in £; so that ¢, = £(I,) for all n € N and

K* CliminfI, C limsup I, C K*.
Choose a point pr in I and a point py in J. Since {pr,ps;} C K* and K* C
oo
liminf I,,, there is a number N in N such that {p;,p;} C ﬂ I, that is for
k=N

all n with N < n, {pr,p;} C I,. Similarly choose a point px in K. Since
limsup I, C K* and px ¢ K¢ = K*, there is a number M in N such that

P ¢ U Iy, that is for all n € N with M < n, px ¢ I,. Fix ng with
k=M

max{N, M} < ng. Now we consider the unlinkedenss of I and I,,. Since
pr € INI,, and I N I,, is nonempty, there are three possible cases: I C I,,;
Ly, CI; Iy €1 If I,y €I, then py ¢ I,,, as py ¢ I. This is a contradiction.
If I C I, then px € I};) C I but px € K C (I*NJ*) C I* = (I)°. This
is also a contradiction. Hence I C I, is the only possible case. Likewise
J C I,,. Moreover since £(Iy,) lies in K*, I,,, € K* or I; C K*. However, if
I, C K*, then px € K C I, so this is in contradiction to that px ¢ I,,. So
I,,, € K* is the only possible case and then p € I;; . Therefore I;; C Cé* OCI‘,]*
and K C I . However since {£,};2; is a K*-side sequence, {(I,,,) # ((K)
and so K C I; . This contradicts the maximality of K in Cf . Therefore
K* is isolated. By Lemma 2.15, there is a non-leaf gap ¢ of £; such that
K € ¢ . Then since ¥ is a gap, there are two elements Uy and Uy in ¢ such
that ¢(I) lies on Uy and £(J) lies on Uy. If I* C Uy, then K C I* C Uy so
K = I* = U;. However py € I* and py ¢ K. Hence this is a contradiction.
Therefore I C U;. Similarly we can get that J C Uj;. Thus the distinct pair
{I,J} is separated so the claim is proved.
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Now observe that the intersection I*NJ* is a nonempty open set as {I, J}
is not a leaf of £1 . Then since F(L3) is dense by Lemma 2.17, there is a point
pin I*NJ*NE(Ly). If p ¢ E(Ly), then by Lemma 2.17, there is a rainbow
{Jn}>2, at p in £4. Therefore we can show that CI{* N CI‘,]* is nonempty in
this case, proving that J,, € CI{* N CZ{* for some n € N. Hence by the claim,
{I,J} is separated. If not, p is in E(Lq) N E(L2) and is a cusp point of G
since {£1, Lo} is a pants-like collection. Then there is a parabolic element g
of G fixing p and there is a leaf ¢ of £ having p as an end point. Now we
take a nondegenerate open interval U which is a neighborhood of p so that
UN(IU.J)=g@. Since g is parabolic, g*(¢) lies on U for some L € N. Hence
there is an element V in g¥(¢) such that V C U and we pick a point ¢ in
V. Then Cg* n C’(‘I]* is nonempty as V € C’é* N C&I*. By the claim, {I,J}
is separated. Thus L£; is totally disconnected. Likewise L5 is also totally
disconnected. ]

COROLLARY 3.6. Let G be a pants-like COLy group and C = {L1, L2} be
a pants-like collection for G. Then each of L1 and Lo has a non-leaf ideal

polygon.

PrROOF. Let £ be an element of C. Since £ is nonempty, there is an
element I of £ and because E(L) is dense in S1, there is a point p in INE(L).
Hence there is a leaf ¢ having p as an end point and then since £ lies on I,
there is an element J of ¢ such that J C I. Note that I ¢ £ since p ¢ v(¢(I))
Therefore {J, I*} is a distinct pair and so by Proposition 3.5, there is a non-
leaf gap ¢ of £ which makes {J, I*} be separated. Thus ¢ is a non-leaf ideal
polygon since L is very full. 0

COROLLARY 3.7. Let G be a pants-like COLy group and C = {L1, L2} be
a pants-like collection for G. If G is Mobius-like, then G is a discrete subgroup
of Homeo™ (S') with the compact-open topology.

PRrROOF. Let £ be an element of C. Then by Corollary 3.6, there is a
non-leaf ideal polygon ¢ of £. Then we write

Y = {(:L'l)xQ)Sl) (.%'2,.%'3)51, T, (xmaxl)sl}

for some m € N with 2 < m. We choose a number ¢ in R so that 0 < ¢ <
de(zr,z5)/3 for all v, s € Zy,.

Now we assume that G is not discrete, that is there is a sequence {g, }°2;
of nontrivial distinct elements of G converging to the identity map idg: un-
der the compact—open topology. Then for each r € Z,,, let U, be the e-
neighborhood of x, in St ie. U, = {z € S! : de(w,,2) < €}. Fix r € Zy,.
Since {z,} is compact and {g,}52; converges to idg1, there is a number N,
in N such that g, (z,) C U, whenever N, < n.

Then we choose a number N in N which is greater than max{ Ny, No,--- , N, }.
Then for each r € Z,,, gn(x,) € U,. On the other hand, by Lemma 2.16,
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gn(9) = 4G or gn({z1, 22, ,x;m}) C [T4,Tig1]sr for some ¢ € Zp,. If
gN({xl, Lo, - ,.Z‘m}) - [-Z’i,l'i+1]5’1 for some i € Z,,, then € < d(c(.l‘i_:,_g,gN(l‘iJ,_Q))
so this is in contradiction to that gy (x;y2) € Uiye. If gn(¥) = ¢, then by
the choice of N, gy must fix the end points of ¢4 and so gy has at least
three fixed points since ¢ is not a leaf. However because ¥ is Mobius-like,
gn must be the identity map but this is a contradiction since gy was taken
to be nontrivial. Thus G is a discrete subgroup of Homeo™ (S1). 0

COROLLARY 3.8. Ewvery pants-like COL3 group is a discrete subgroup of
Homeo™ (S1) with the compact—open topology.

PrOOF. It follows from Theorem 3.4 and Corollary 3.7. 0

Hence we cloud expect the following lemma.

LEMMA 3.9. Let G be a pants-like COLy group and C = {L1,L2} be
a pants-like collection for G. If G is Mobius-like, then hyperbolic elements
can not share fized points with parabolic elements, that is for any hyperbolic
element g and parabolic element h of G, Fixy NFix;, = @.

PRrROOF. Let C = {L£4, L2} be a pants-like collection for G. Assume that
there is a hyperbolic element g and a parabolic element i of G such that
Fix, NFixp, = {p}. We denote the other fixed point of g by g. For each i € Z,,
there is a leaf £¢ of £, since p is a cusp point.

Fix i € Zs. We claim that there is a leaf £2_ of £; such that v(¢i ) = Fix, .
If ¢ € v(¢%), then £} = (', If not, there is an element I’ in ¢* containing the
point ¢g. Consider the sequences {g™(1?)}22, and {g~"(1*)}52;. When g(I*)

I, Il = Int ( m g"(I") is in £; by Lemma 2.8 and v(¢(I)) = {p,q}.
n=1

Hence (%, = ((I,). Similarly if I' C g(I%), then I’, = Int ( U g "(I") is in
n=1

L; and v(¢(I%)) = {p,q}. Therefore ¢, = ¢(I. ). However this implies that

L1N Ly # @ and so it is a contradiction since £1 and L are transverse. Thus

we are done. 0

4. PANTS-LIKE COL3 GROUPS ARE CONVERGENCE GROUPS

In this section, we show that every pants-like COL3 group is a convergence
group. Let G be a subgroup of Homeo™ (S!). We say a sequence of distinct
elements of G to have the convergence property if there exist two points a and
bin S and a subsequence {g,,}52; such that the sequence {g,|s1_gp3}n2; of
maps restricted to S — {b} converges uniformly to the constant map from
St — {b} to {a} on every compact subset of ST — {b}. The group G is called
a convergence group if every sequence of distinct elements of G has the con-
vergence property.
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REMARK 4.1. Let {g,}52, be a sequence of distinct elements of a subgroup
G < Homeo™ (SY). Then {g,}°%; has the convergence property if and only if
{91352, has the convergence property.

In the proofs of several theorems related to the convergence property,
we frequently take subsequences. Hence for clarity we sometimes think of a
sequence {s,}22; in a set S as a function s from N to S so that s(n) = s,
for all n € N. Also, in this sense, a subsequence {sy, }3>, of the sequence has
a function « on N increasing strictly so that a(k) = ny for all k € N. Let «
be a strictly increasing function on N. A strictly increasing function v on N
is called a subindex of « if there is a strictly increasing function 8 on N such
that v = a o .

In the pants-like COL3 case, it is not so easy to directly show that a
given sequence of distinct elements has the convergence property. Theorem
4.2 gives another equivalent condition for convergence groups which makes
the situation be slightly easier. Let ©(S') be the set of all subsets of St of
cardinality 3 or equivalently ©(S%) is the quotient space of (S1)3 — A3(S1)
by the symmetric group S5 permuting coordinates (following the notation in
[9]). We say that a sequence {h,}>2; of distinct elements of G is properly
discontinuous on triples if for any two compact subsets K and L of ©(S1),
the set {m € N: h,,,(K) N L # @&} is finite.

THEOREM 4.2 ([9]). Let G be a subgroup of Homeo™ (S') and {g,}32, be
a sequence of distinct elements of G. If {gn}5% is properly discontinuous on
triples, then every subsequence of {gn}22, has the convergence property. The
converse also holds.

The strategy for proving that pants-like COL3 groups are convergence
groups is first to assume that there is a sequence {g,}52; not having the
convergence property. By Theorem 4.2, the sequence is not properly discon-
tinuous on triples. Then there are two compact subsets K and L of ©(S!)
such that the set {m € N : g,,(K) N L # @} is infinite. Namely, there is a
strictly increasing function a on N such that for all n € N, g ) (K) N L # @.

LEMMA 4.3. Let X be a topological space and {gn}52, a sequence of dis-
tinct homeomorphisms on X. Suppose that there are two sequentially compact
subsets K and L of X such that g,(K)NL # & for infinitely many n € N.
Then there is a sequence {x}72, in K and a subsequence {gn, }72, such that
{zk}32, converges to a point x in K and {gn, (1)}, converges to a point
x' in L.

Now by Lemma 4.3, there is a sequence {z,,}22; in K and a subindex
of « such that the sequence {z,}52; converges to a point z, in K and the

sequence {gg(n)(zn)}52, converges to a point ys in L. Set @, = (a}, 22, 23),
Too = (zl, 2% ,22) and ¥ = (yi,%%,y>.). In other words we have that

for each i € Zjs, the sequence {z¢}5° | converges to x’  and the sequence
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{95(n) (1) Yo, converges to yL,. Then, using lamination systems, we show
that the subsequence {gg(,)}n=; has the convergence property. This is in
contradiction to the assumption.

Therefore we will focus on analyzing the sequences {z%, }°2 ; and {gg(n) }oz: -
To control the behavior of sequences of homeomorphisms, we need to consider
a slightly generalized concept of rainbows.

DEFINITION 4.4. Let p be a point in S' and £ a lamination system. Then
a sequence {I,}22 in L is called a quasi-rainbow at the point p if for each

neN, I,y CI, and m I, = {p}.

n=1

Every rainbow at p is also a quasi-rainbow at p. Let L be a lamination

system and {I,}%%, a rainbow at p € S'. Then {p} = ﬂ I, C ﬂ I,.

n=1

(o)
Assume that there is a element ¢ such that ¢ € ﬂ I, — {p}. Then q € I,, for

n=1

all n € N. On the other hand, since {p} = ﬂ I,and I, C I, foralln € N,

there is N such that ¢ ¢ I,, for all n > N. Therefore for each n > N, g € 01,

so one of (p,q)s1 or (q,p)s: is contained in I,,. If there is M and M’ such that
M, M'" >N, (p,q)s: C In, and (¢,p)sr C Ip, then one of Iy and Iy must
be (g, q)st since it is either Ipy C Iy or Ipyr C Ipy. It is a contradiction since
(q7q)51 ¢ L. Therefore, if (p,q)s1 C IN/ for some N’ > N, then (p,q)s: C I,

for all n > N’ but {p} € [p,¢)s1 C ﬂ I,,. It is a condtradiction. Similarly,
if (¢,p)sr C Inv~ for some N” > N7 then (¢,p)s1 C I, for all n > N but

{p} € (g,p]s1 C ﬂ I,,. Tt is also a contradiction. Thus the rainbow {I,,}°2
n=1
is a quasi-rainbow at p.

DEFINITION 4.5. Let p be a point in S* and {p,}°, a sequence in S*
converging to the point p. If o(p,p1,p2) # 0 and p(p,p1,p2) = ©(Ps Pns Prt1)
for alln € N, then we say that the sequence {p,}52; converges monotonically
to the point p.

Let {p,}5°, be a sequence in S! converging monotonically to a point
p in S'. Observe that for each n € N, ¢©(p,pn,Pm) = @(p,p1,p2) for all
m € N with n < m. Hence every subsequence also converges monotonically.
If p(p,p1,p2) = —1 and @(p,p2,p1) = 1, then p, € (p,p1)s: for all n € N
with n > 1 as ¢(p,pn,p1) = 1 for all n € N with n > 1. Moreover, for each
n €N, pym € (p,pn)st for all m € N with n < m. Then for any n and m
in N with n < m, (p,pm)st S (p,pn)s: and since {p, 5>, converges to p,
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o]

ﬂ (pypn)sr = @ and ﬂ [p,pn]sr = {p}. This looks like a quasi-rainbow at
n=1 n=1

p. Likewise, if ¢(p,p1,p2) = 1, then we can derive similar results.

LEMMA 4.6. Let G be a pants-like COLa group and C = {L1,L2} be a
pants-like collection for G. Let p be a point in S* and {p, }°_; be a sequence in
St converging monotonically to p. Then there exists a subsequence {py, i}
and a quasi-rainbow {I;}3, in L; for some i € Zy such that py, € I for all
keN.

PROOF. First, we consider the case where one of £; or L5 has a rainbow
{I,}52, at p. For each n € N, there is a number m(n) in N such that for
all m with m(n) < m, p, € I, because I, is a neighborhood of p. Then a

n

subindex « of the identity idy on N can be given by a(n) = Z m(k) so that
k=1

Pan) € In for all n € N.

Then assume that there is no rainbow at p in both £; and £5. By Theorem
217, p € E(Ly1) N E(L2), so p is a cusp point of G since C is pants-like.
As observed previously, there is a sequence {J,}52; of nondegenerate open
intervals such that J,41 C J,. Write 8J,, = {p,pn}. Choose a leaf ¢ of £,
having the point p as an end point. Let g denote the other end point of ¢.

o0

Because ﬂ Jn = {p}, there is a number N such that ¢ ¢ Jy. Since
n=1
St —1{p,q} = (p,9)s1 U(q,p)s1, Jn € St —{p,q}, and Jy is connected, there
is an element I in ¢ such that Jy N I* = {p}. Therefore, p,, € I for all m
with V < m. Since p is a cusp point of GG, we can take a parabolic element g
in G fixing p so that g(¢) € I and g(I) C I.

Now we claim that for each n € N, there is a number o(n) in N such that
pm € g 1(I) for all m € N with o(n) < m. When n = 1, o(1) = N. Fix
a number n. Since ¢"(q) € g" 1(I) C S — {p}, there is a number M with
N < M such that ¢"(q) ¢ Ju. Then one of g"(I) or g"(I*) contains Jy;.
If Jy C g™(I*), then Jy C g"(I*) NI, and so p,, € ¢g"(I*) NI for all m
with M < m. Hence the open neighborhood ¢™(I) U {p} U I* of p contains
only finitely many points of the sequence {p,,}52; since ¢"(I) U {p} U I* and
g"(I*) NI are disjoint. This contradicts the fact that {p,}32, converges to
p. Therefore Jyy C ¢g™(I) and Jy N g™(I*) = {p}. Hence p,, € g"(I) for all
m with M < m. Thus if we set o(n + 1) = M, then the claim is proved.

Finally, define a subindex g of idy by 5(n) = Zo(kz) so that pg,) €
k=1
g" Y(I) for all n € N. The sequence {g"~*(I)}>, is contained in L, and

hence it is a quasi-rainbow at p in £;. Thus we are done. 0
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DEFINITION 4.7. Let G be a laminar group and L a G-invariant lamina-
tion system. Let p € S*. Assume that there is a quasi-rainbow {I,}%, at p.
A sequence {(gn, In)}22, of elements of G x L is called a pre-approximation
sequence at p if there is a point x in S' such that g,(x) € I, for allm € N.

REMARK 4.8. Any subsequence of a pre-approzimation sequence at p is
also a pre-approrimation sequence at p.

The following is a key lemma to prove the main result of this chapter.
This lemma allows us to properly pass to subsequences.

LEMMA 4.9. Let G be a pants-like COLy group and C = {L1,L2} be
a pants-like collection for G. Suppose that we have a sequence {x,}>; of
elements of S' converging to x € S' and a sequence {g,}°%, of distinct
elements of G such that {g,(x,)}5°, converges to ' € S*. Then we can have
one of the following cases:

1. there is a subsequence {gn, }32, such that gn, (x) = ' for all k € N;

2. there is a subsequence {gn, }32, and a quasi-rainbow {I;}3, at z’ in
L; for some i € Zy such that the sequence {(gn,,Ir)}32, is a pre-
approximation sequence at T';

3. there is a subsequence {gn, 32, and a quasi-rainbow {I;}32, at x in
L; for some i € Ly such that the sequence {(g, ! Ir)}72, is a pre-
approximation sequence at .

PRrROOF. Observe that every convergence sequence in S! has a constant
subsequence or a subsequence converging monotonically. First we will take
a subsequence of {,}52 ;. Then we need to consider two possible cases by
the observation. Assume that there is a subindex a of the identity idy such
that the subsequence {Zq(n)}ne; is constant i.e. o, = x for all n € N,
The sequence {ga(n)(Ta(n)) ey still converges to 2’. We will take again a
subindex of o for {ga(n)(Za(n))}ne1- If there is a subindex § of « such that
{98y (Tp(n)) fny is constant, then gg(,)(z) = ga(n)(Tan)) = 2’ for all n € N
and this is the first case of the statement. If there is a subindex /3 of a such
that the sequence {gg(n)(Ts(n))}ne1 converges monotonically to 2/, then by
Lemma 4.6, we can take a subindex 7 of § and a quasi-rainbow {I,,}52 , at 2’
in £; for some i € Zy so that g (n) (2~ (n)) € I, for all n € N. Since the sequence
{2y (n) } oy is constant, the sequence {(gy(n), In)}ne is a pre-approximation
sequence at x’ and this is the second case of the statement.

Next we consider the case where there is a subindex «a of the identity idy
such that the subsequence {zq(n)}ne; converges monotonically to z. Simi-
larly we will take a subsequence of the sequence {gq(n)(Za(n))}ne1- If there
is a subindex 3 of a such that the sequence {gzn)(T3n))}ney is constant,
then zg(,) = g[;(ln) (z') for all n € N. Because the sequence {zg(,)}ne; still
converges monotonically to x, Lemma 4.6 can apply so there is a subindex
v of B and a quasi-rainbow {I,}52; at x in £; for some i € Zy such that
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g;&) (¢") = xy(n) € I, for all n € N. Then the sequence {(g;(ln),fn)}fle is a
pre-approximation sequence at x and this is the third case.

Finally we assume that there is a subindex S of a such that the sequence
{98(n) (XB(n)) }nZ1 converges monotonically to 2’. By Lemma 4.6, there is a
subindex 7 of 5 and a quasi-rainbow {J,,}52; at 2’ in £; for some i € Zy such
that g,(n)(2y(n)) € Jn for all n € N. For brevity, we write h,, = g,(n) and
Yn = Toy(n)- Let us consider the sequence {h,, ' (J,)}22;.

First, assume that o € hy,'(J,) for infinitely many n € N. Then there is
a subindex § of the identity idy such that x € hg(il)(J(;(n)) = hg(;)(Jg(n)) for
all n € N. Then hs,)(z) € J5n) for all n € N and since {Js¢,) }nzy is a quasi-
rainbow at ', the sequence {hs(,)(z)}n; converges to 2. Then there are two
possible cases. First, if there is a subindex € of ¢ such that {h)(z)}oZ, is a
constant sequence, then {g,cc(n) }ny is in the first case. Second, if we can take
a subindex € of 0 so that the sequence {h,)(x)}52; converges monotonically
to z’, then by Lemma 4.6, there are a subindex ¢ of € and a quasi-rainbow
{I,}52, at 2’ in £; for some i € Zy such that heg,(x) € I, for all n € N.
Then the sequence {(gyoc(n): In)}ney is a pre-approximation sequence at '
and this is the second case.

Next, assume that = € hy'(J,,) for only finitely many n € N. Then we
can take a subindex ¢ of idy such that z ¢ hg(;)(J(;(n)) for all n € N. Now,
we consider the case where there is ng in N such that y;(,,) € hg_(h)(J(S(n)) for
infinitely many n in N. Then we can take a subindex ¢ of § so that {(1) = §(ng)
and y¢(1) € hg(ln)(Jg(n)) for all n € N. Observe that if y¢(n) € hg(z)(t]c(n)) for
infinitely many m € N, then x € hg_(ln) (J¢(ny), s0, by assumption, for each n €
N, Yem) € h&z)(JC(n)) for only finitely many m € N. Then there is a number
M in N such that ye(m) ¢ hg(ll)(JC(l)) for all m € N with M < m. Choose a
number m with M < m. Now there are four cases: h(_(in) (Jeem)) € hg(ll) (Jey)
. —1 * —1 . —1 —1 %, —1
3 by (Jeom)™ € ey (Je)s heay(Jey) S heiny(Jem)™s heay(Je) €
hg_(in)(JC(m))- Since ye(m) € hg_(in)(‘]é(m)) — hg_(11)(J<(l))7 the first case that
heom (Jeom)) S hzhy (o)) is mot possible. Also, since @ € h, (Je(m)* —
hg(ll)(JC(l)), the second case is not possible. If hg(ll)(JC(l)) C hg(lm)(t]c(m))*,
then hg(ll)(JC(l)) N hg_(in)(*]((m)) = @& but this is in contradiction with that
Ye(1) € h&ﬁ)(Jg(l))ﬂhg(%n)(JC(m)). Therefore, hg(ﬁ)(JC(l)) C hg(}n)(Jc(m)), and
Yeqy € hg(lm)(JC(m)) for all m € N with M < m. So we have that ¢ (ye)) €
Je(m) for all m € N with M < m and we define a subindex 7 of ¢ as n(n) =

¢(n+ M) for all n € N. Then, {(gyon(n)s Jn(n))}ne1 is a pre-approximation

sequence at ' since gyonn)(Ye)) = Pemym)(Wer)) € Ty for all n € N.
Thus, this is the second case.
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Now we also assume that there is no such a ng. Then for each n € N,
we define L,, = {h(;(;l)(J(;(m)) :m € N and ys(,) € h;(;l)(J(;(m)}. Obviously,
any L, is not empty since ysm,) € hé_(;)(J(;(n)) and ha_(h)(‘]z?(n)) € L,, and
is finite by the assumption. Fix a number n € N. First we show that L, is
totally ordered by the set inclusion C . Let M and N be elements of L,,. Then
since each element belong to the same lamination system, M C N, M* C N,
M C N* or M* C N* by unlinkedness. If M* C N, then x € M* C N
as ¢ ¢ M = (M*)° It is in contradiction to that ¢ N. The case where
M C N~ is also impossible since ys(,) € M but ys(,) ¢ N*. Therefore M C N
or M* C N*, or equivalently M C N or N C M. Thus the claim is proved.

Then we want to show that for any m and n in N, | J L,,, and | J L,, are same
or disjoint. Note that |J L, and |J L., are the maximal elements of L,, and
L, respectively. By unlinkedness, |J L, C ULn,[ULm]* CULn, ULn C
[ULn]" or [ULn]" € [ULy)" ¥ ULw € ULn or [ULm]" € [UL]",
then |J L, and |J L, are same by the maximality. If [U Lm] " C ULy, then
x € [ULm}* C UL, but * ¢ |JL,. So this is not a possible case. If
ULm € [ULx] *, then |J L,, and |J L,, are disjoint. Therefore the claim can
be attained.

Next we claim that for any n and m in N with n < m, if |JL,, = Lm,
then |J L, = J Ly for all k£ with n < k < m. Assume that for some n and
m with n < m, there is a number k in N with n < k < m such that |J L,
and |J Ly are disjoint. There is a nondegenerate open interval I such that
OI = {Ys(n), Ys(m)} and x € I*. Then [|JL,|* C I* or equivalently I C |J L,
since z € [JLnl*, [ULn]* € S* = {¥s(n)> Ysm)} and [J Ly]* is connected.
Hence I and | Ly, are disjoint as |J L,, and | J Ly, are disjoint. This implies that
Ysky € 16 = I"UOI. Because ys)y 7# Ysn) and Ysk) 7 Ysm), We can get that
Ys(ky € I and 80 @(Ys(n)» Ys(k)> Ys(m)) = P(Ys(n)s Ts Ys(my)- On the other hand
o(T,Ys51),Ys(2)) = (T, Ys(n)> Ys(m)) = P(T,Ys(n) Ys(k)) = (T, Ys(k)s Ys(m))
since the sequence {¥s)}ne; converges monotonically to z. By the cocycle
condition for the 4-tuple (z, Ys(n)» Ys(k)s y(;(m)),

0 = ©(Ys(n)» Ys(k)> Ys(m)) — LT Ys(k)» Ysm)) + (T, Ysn) Ysm)) — (T, Ysn)» Ys(k))
= ©(Ys(n)» Ys(k)> Ys(m)) — (T, Ys1)> Ys2)) + (2, Ys(1ys Ysc2)) — 2(T, Ys(1), Ys(2))
= ©(Ys(n)» Ys(k)> Ys(m)) — (T, Ys(1)> Y5 (2))-

Therefore,

©(Ys(n)s Ys(k)s Ys(m)) = P(T,Ys(1), Y5(2)) = P(TYs(n)s Ys(m)) = —P(Ys(n)s T Ys(m))-

However this is in contradiction to that ©(ysm), Ysk)s Ysm)) = L(Ysn)> T Ys(m))

since ©(Ys(n)» T, Ys(m)) 7 0. Thus we can get the result which we wanted.

Then we define C = {{JL, : n € N} and can define a partial order <

on C as follows. For any pair of two elements U and V in C, U < V if and
only if there are numbers n and m in N such that n < m, ys5,,) € U, and
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Ysm) € V. This order is well-defined by the previous claims and is a total
order. Recall that as mentioned before, for each n € N, ys5(,,) € hé_(;)(Jg(n))
for only finitely many m € N. Then there is the order preserving bijection p
from (C, <) to N with the standard total order. Also we can define a function
v from {ys) : n € N} to C so that v(ysn)) = U Ln. Then the composition
map porof is a monotonically increasing surjection on N, where the function
¢ from N to {ys(n) : n € N} is defined by n + ys(,). Hence the map povo¢
has a right inverse w. It follows at once that the map 7 on N is an order
preserving injection, that is the map m is a strictly increasing function on N.
Let € be a subindex of § defined by § o 7.

Now we consider the sequence {he_(i) (Je(n)) o1 - Since the sequence {ye(n) Fney
converges monotonically to x, as discussed previously, there is the sequence
{K,}52, of nondegenerate open intervals such that for each n € N, 9K,, =
{%,Ye(n)} and K, 411 € K. We claim that for each n € N, he_(in)(‘]e(m)) CK,
for all m € N with n < m. Choose a pair of two numbers n and m in N
with n < m. Note that v o & o 7 is a bijection since vofom = p~toidy. It
follows that U, and U, are disjoint where we write U, = v o £ o w(n) and
Un =vofom(m). Because Uy, C S* —{%,Ye(n) }s Ye(m) € Kn and Uy, is con-
nected, we can conclude that U,, C K,. Therefore he_(}%)(Je(m)) cU,, C K,.
Thus the claim is proved.

Finally we consider the sequence {h;(;) (z)}2

o1 Since the sequence {Je(n) }ny

is a quasi-rainbow at z’, by the previous claim, for each n € N, he_(}n)($/ ) €
h;(:n)(Je(m)) = h;(:n)(Je(m)) C K, for all m € N with n < m. Hence the
oo
sequence {he_(i)(ac’) oo, converges to x as ﬂ K, = {z}. Note that for each
n=1
n €N, h;(:l) (') # x since x ¢ he_(}L)(Je(n)). Then we can take a subindex ¢
of v o € so that the sequence {94_(11)(35/ )}22., converges monotonically to z. By
Lemma 4.6, there is a subindex 7 of ¢ and a quasi-rainbow {I,,}>2, at z in
L; for some i € Zsy such that g;(z)(x’) € I, for all n € N. Then the sequence
{(g;(z), 1,)}2°, is a pre-approximation sequence at x. Thus this is the third
case. 0
Now we will apply this lemma in turn to {z1}°°,, {z2}°, and {z3}2°,
with {gg(n)}nei- Then each subsequencing step has three possible cases as
Lemma 4.9. Then it turns out that after passing to a subsequence of {gz(n) }nZ1,
the subsequence has the following property.

DEFINITION 4.10. Let G be a Mdébius-like subgroup of Homeot (S1) and
{gn 52, be a sequence of distinct elements of G. Let p and q be two distinct
points in S1. Then the sequence {g,}22, is called an approximation sequence
to {p,q} if for any pair of two numbers m and k of N with m < k, gi o g;,!
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is hyperbolic and the sequence {Fix )};’le in M converges to {p,q}

Ga(n 1090
for any subindex o of idy .

REMARK 4.11. Every subsequence of an approzimation sequence to {p,q}
is an approxzimation sequence to {p,q}.

First we consider the following lemmas.

LEMMA 4.12. Let G be a Mobius-like subgroup of Homeo™ (S1) and {g, 2>,
be a sequence of distinct elements of G. Let ' and y' be two distinct points
in S1 . Assume that there are two distinct points x and y in S' such that for
any n € N, g,(z) = 2’ and go(y) = y'. Then {gn}2, is an approzimation
sequence to {x',y'}.

PRrROOF. Choose two distinct numbers n and m in N with n < m. Then
gm o gy (z') = 2’ and g, 0 g, (v') = v and since {g,}°; is a sequence of
distinct elements so g, # gm, the element g, o g, ' is a nontrivial element
having a fixed point. Hence g,, o g, ! must be a hyperbolic element since G

is Mobius-like, {z/,y'} C Fix, -1 and ' # y'. Moreover for any subindex
. 1 . .

a of idy, ga(nt1) © Go(n) BTE hyperbolic and Fnga(n+1)og;(1n) = {«/,y'}. Thus

{gn}52; is an approximation sequence to {2/, y'}. 0

LEMMA 4.13. Let G be a Mobius-like laminar group and L be a G-
invariant lamination system. Let {gn}52, be a sequence of distinct elements
of G, and &' and y' be two distinct points in S*. Suppose that there is a point
x in St such that g,(x) = 2’ for all n € N. Assume that we can take a
quasi-rainbow {1,152, at y’' in L so that the sequence {(gn,In)}2>, s a pre-
approzimation sequence at y'. Further assume that ' ¢ I. Then {g,}5%, is
an approzimation sequence to {z',y'}.

PROOF. Since {(gn, In)}52, is a pre-approximation sequence at y’, there
is a point y in S' such that g,(y) € I, for all n € N. Choose two distinct
numbers n and m in N with n < m. Then g, o g, '(z') = 2/ and 2’ €
Fix, -1 Since {g,}52, is a sequence of distinct elements so g, # gm, the
element g, o g, ! is a nontrivial element having a fixed point.

Now we consider I,,. The element g,,(y) belongs to (g 0 g, ' (I,)) NI, as
y € g, (I,) and g, (y) € I,, C I,. Hence g, 0 g,,; 1 (I,,) and I,, are not disjoint
so by the unlinkedness of them, there are three cases: ¢, o g, ' (I,) C Ip;
(gm © 95" (In))* C Ins (gm © g5 (1n))* C I If (g © 95" (In))* C In or
equivalently g, o g5 (I*) C I, , then 2’ = g, 0 g, 1 (2') € gm0 g, (I}) C I,
as 2’ € I''. This is a contradiction since I and I'* are disjoint.

Therefore g, o g (I,) € I, or (gm o g;(I,))* C I}, namely g,, o
g, (I,) € I, or I, C gm o g, (I,). Then the Brouwer’s fixed point theo-
rem can apply and implies that there must be a fixed point of g,, 0 g1 in
I,,. Since 2’ ¢ I, I, C I, and G is Mobius-like, the element g, o g, ' is a
hyperbolic element and there is a unique fixed point in T,,.
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Finally let a be a subindex of idy. Note that for all n € N, the ele-
ment go(n41) © g;(ln) is hyperbolic and 2’ € Fix . We can write

Fix -1

ga(n+1)°ga(n
the sequence {p, }52; converges to y' as {Io(n)}ne; is a quasi-rainbow at y'.
Therefore the sequence {2/, p,}22; in M converges to {z’,y'}. Thus we are
done. 0

-1
Ja(n+1)%Y 0 (n)

= {2',pn} for all n € N. As we saw, p, € I,(n). Moreover

LEMMA 4.14. Let G be a Mobius-like laminar group. Let {gn}22, be a
sequence of distinct elements of G, and let x} and %, be two distinct points
in S'. Suppose that, for each i € Zy, there erists a G-invariant lamination
system L;, not necessarily the same for i = 1,2, containing a quasi-rainbow
{Ii}5, at a} such that {(gn, I.)}%, is a pre-approximation sequence at x'.
Assume that I} and I? are disjoint. Then {g,}5, is an approzimation se-
quence to {x',x}}.

PRrOOF. Choose two distinct numbers n and m in N with n < m. For
each i € Zs, there is a point z; in S* such that gn(z;) € It for all n € N since
{(gn, I%)}5°, is a pre-approximation sequence at z;. Hence for each i € Zs,
gm (i) € gm © g'rTl(ITiL) 80 gm © 9771([;) N IZL # @ since g (v;) € Irin c Iwiz'
Fix i € Z,. By the unlinkedness of I} and g, o g,,1(I’), there are three
cases: gm 0 g (I5) C Ity gm o gnt(I0)* C Ii; gm o g, (IL)* C (IL)* If
gm © gn ' (1)" C I, then gm0 g (1) C gm0 g1 ((13,)") C I, since I} and
I? are disjoint and I:™1 C (I%)*. Hence gy, (zi41) € gm © g, *(IETY) C I! as
Tiy1 € g, L (IEY), and so gy (1) € (LA NIL) € (I5F1 N IL). However this
is a contradiction since I} and I? are disjoint. Therefore g,, 0 g, *(I}) C I’ or
gm © gn ' (1;)" C ()", namely gy 0 g, (I},) C I, or I, C gm0 gy ' (I;). Then
the Brouwer’s fixed point theorem can apply and implies that for each i € Zs,
I! has a fixed point of the element g, o g,; 1. Therefore the element g,, o g, !
has at least two fixed points since I} and I? are disjoint. Note that g, 0g, ' is
nontrivial since {g,}22; is a sequence of distinct elements so g, 7# gm. Since
G is Mébius-like, g, 0 g;; 1 must be hyperbolic and so for each i € Zs, I} has
exactly one fixed point of the element g,, o g;; L.

Finally let a be a subindex of idy . Note that for each n € N, the element

Ja(nt1) © g;(ln) is hyperbolic and for each i € Z;, Ié(n) has exactly one fixed

og;(ln) = {p}wp%}
for all n € N. Therefore the sequence {p.,p2}22, in M converges to {x, x5}
as {Ié(n)};’ozl and {Ii(n)}%oﬂ are quasi-rainbows at x} and % respectively.
Thus we are done. 0

. i 1 . .
point py, of ga(nt1) © Yain) - Hence we can write F1X9a<n+1)

We now prove the first main theorem. We shall use Lemma 7.3; since its
proof requires some additional notions which are not used elsewhere in this
section, we defer it to Appendix 7.
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Theorem A Every pants-like COL3 group is a convergence group.

PROOF. Let G be a pants-like COL3 group and C = {£; };ez, be a pants-
like collection for G. We want to show that every sequence of distinct elements
of G has the convergence property. Now we assume that there is a sequence
{gn}52; of distinct elements of G that does not have the convergence property.
Then by Proposition 4.2, the sequence is not properly discontinuous on triples,
that is there are two compact subsets K and L of ©(S!) such that {m €
N : gn(K)NL # @} is infinite. Hence there is a sequence {x,}22, in K
converging to a point . in K and a subindex « of idy such that the sequence
{ga(n)(acn)} = converges to a point Y. in L by Lemma 4.3. Then we write
T, = (z}, 22, 23) for all n € NU{oo} and yoo = (v, v%, yoo) so that for each
i € Zs, the sequence {21 1> | in ST converges to the point z¢, of St and the
sequence {ga(n)(q: )}5°., converges to the point yi_ of ST. Choose a number
€ in R so that 0 < € < dc(zt,,2i1)/3 and 0 < € < de(yi,,yitt)/3 for all
i € Zs3. For each p € Zoo U Yoo, we write Ne(p) = {z € S* : dc(p, 2) < €}

First if there is a subindex 3 of a such that for some i € Z3, gg(n)(¢22) =

Yo and gg(n) (z22t1) = ylot! for all n € N. Then by Lemma 4.12, the sequence
{gﬂ(n)}n | is an approximation sequence to {2, y?0+1} and also {gg(ln)};’ozl is

an approximation sequence to {x%  z%+11 Applying Lemma 4.9 to the index
io+2, we can take a subindex « of 8 so that {g. () }nZ; is one of the three cases
in Lemma 4.9. In the case where g, () (21?) = y20 2 for all n € N, we get that

Yoo C Fix -1 for all n € N. This implies that g,(,+1)© g, idg1

1

Iy (n+1)°9. () v(n)
for all n € N since every pants-like COL3 group is Md&bius-like. This is in
contradiction to that the sequence {g,}52 is a sequence of distinct elements
of G. The first case is not possible. Hence there is a quasi-rainbow {I,,}52,
in some lamination system in C such that either {(g,(n),In)}nZ; is a pre-
approximation sequence at yo*? or {(g;él), n)}52 . is a pre-approximation
sequence at #9t2. When {(g,(n), In)}72; is a pre-approximation sequence at
yot2, there is a number N in N such that Iy C N(y2*?) since {I,,}22,
is a quasi-rainbow at y?0*t2. Then we can take a subindex & of idy so that
I5(1) C Ne(yia™2). Note that the sequence {(gyos(n), Is(n)) }o2y is still a pre-
approximation sequence at y2*2. Since y%0 ¢ N(yio™?) and yo ¢ Isq),
the sequence {g,o5(n) o, I8 an approximation sequence to {y2,y%"?} by
Lemma 4.13. Then there is a number ng in N such that the hyperbolic ele-
ment go(ng+1) © g;olg(no) has exactly one fixed point in each of N, (yz;g) and

N (y¥+2). Since yo ! € Fix

the element g.o5(ny+1) 9.,

qwos(no+1)°(lwog(”0) 'yo5(n0)

has at least three fixed points by the choice of €. Hence g o5(no+1) © 970 (o)

must be idg: since G is Mobius-like. This is a contradiction since {g,}52; is
a sequence of distinct elements of G. Likewise the case where {(g;(ln), L)},
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is a pre-approximation sequence at :xég“ is also impossible. Therefore there
is no such a subindex .

Then we consider the case where there is a subindex 8 of « such that for
some ig € Zs, gg(n)(222) = y2 for all n € N. Applying Lemma 4.9 to the index
io+1, we can take a subindex y of idy so that {gge~(n)}nZ; is one of the second
and third cases in Lemma 4.9 since the first case is ruled out by the previous
case. Namely there is a quasi-rainbow {J0T1}1% | in some lamination system
of C such that either {(ggoy(n), J20T!)}22, is a pre-approximation sequence
at yiot! or {(ggol,y(n), Jiot1)loe i a pre-approximation sequence at zfotl.
Applying Lemma 4.9 again to the index iy 4+ 2, we can take a subindex § of
idy so that {ggoyos(n)fney is one of the second and third cases in Lemma
4.9, that is there is a quasi-rainbow {I072}°°, in some lamination system
of C such that either {(ggoyos(n): [2F?)}22, is a pre-approximation sequence
at yiot? or {(gﬁ_olvoé(n), TioF2)1°%0 | is a pre-approximation sequence at x0+2.
Now for brevity we write hy = ggoyos(n) and IioH = Jg(():[)l for all n € N.

First we consider the case where {(h,, I2°T1)}% | and {(hy,, [{o+2)},
are pre-approximation sequences at yé%'*‘l and yé%"'z, respectively. Since {I;O‘*‘l}%":l
and {I©72}°° | are quasi-rainbows, there is a number N in N such that

9 € N.(yiot!) and 1972 € N, (yio+?). Hence we can take a subindex ¢ of

idy so that Ié(zf)l C N(yiotl) and Ié‘zf'f C N(yio+?). Since Ié‘a')l OIZ‘E;')Q =,
the sequence {h¢(m) o2, is an approximation sequence to {y22*™!, y%9*2} by
Lemma 4.14. Hence we can choose a number M in N such that the element

hea+1) ohg(lM) has exactly one fixed point in each of N(y%+!) and N, (yi+?).
On the other hand, the element y? € Fi

X, n-t - Then the element
C(M+1)° ey

hevagr) © hc_&w) has at least three fixed points by the choice of € and this is
a contradiction since h¢(pr41) © hg(lM) is hyperbolic. Likewise the case where

{(h;t, Tot)yee | and {(h; !, I’0+2)}eo ;| are pre-approximation sequences at

riotl and zi0t? respectively is not possible.
Next we consider the case where {(h,; 1, I?071)}2  and {(h,, [io+2)}°

n n nytn n=1
are pre-approximation sequences at z2"" and y2*?, respectively. As {I0*'}>2
and {I%0+2}°° | are quasi-rainbows at z%¢*! and 02, respectively, there is a

subindex ¢ of idy such that I0f ! € N (ziet!) and I0{? € N(y2t?). Then

¢(1) ¢(1)
since xi0 ¢ Ié?f)l and yio ¢ Ié‘gff, by Lemma 4.13, the sequence {hc_(;)}zozl

is an approximation sequence to {22,z } and the sequence {h¢(n) o2, is

an approximation sequence to {y%,y™?}. Now we write Fix, -1 oh¢tny
¢ntn) 2N (n

{7, a,} and Fixh<(7L+1)th(1) = {y% b,}. Then the two sequences {a,}>,
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and {b,, }°; converge to 222! and y%*2. Note that for each n € N,

)

= Fix — -1
hc(n)O(hg(n)"hC(n*—l))Ohg(n)
= Fix

heey (Fixp ot onggy) = Rew) FiXp 2t ones

—1 .
he(nt1yohee,

Hence h¢(n)(an) = b, for all n € N. Now we have that {x?,jioéoc(n)}jf:l

and {xg],jjoéoc(n)}n 1 converge to xtl and x0+2) respectively and that

1
{h¢y(z ﬁ,owéoc(n))}n 1 and {hc(n)(‘rﬁ’oyoéog(n))}n , converge to yiot! and
yot2 respectively, where 3’ is the subindex of idy satisfying that 8 = a0 3
Moreover for each n € N, a,, is a fixed point of the hyperbolic element
hc_(im) o h¢(ny, and {an o2, and {h¢(n)(an)}oz, converge to z29t! and yio*2,
respectively. Also the sequence {h¢(,)}5Z; is an approximation sequence.
Therefore by Lemma 7.3, the sequence {h¢(y)}ne; has the convergence prop-
erty and so {g,}72, has the convergence property. However this is in con-
tradiction to the assumption that {g,}52; does not have the convergence
property. Likewise we can see that the case where {(h,, [°°*t1)}%  and
{(h,;1, I{o+2)}2° | are pre-approximation sequences at yo*! and zi0*2 re-
spectively, is not possible. Therefore, there is no such subindex f.
Then we consider the case where there is a subindex 8 of « such that for
each i € Z3, we can take a quasi-rainbow {I}}2° | in some lamination system

of C at y., so that {(gs(n), I1)}2 | is a pre-approximation sequence at y’_.
Then there is a subindex « of 5 such that for each i € Zs, 17(1) C Ne(v)-

By the choice of €, for each i € Zg, Il Sy N I"&l) = @. Hence by Lemma
4.14, for each i € Zs3, the sequence {g.(n)}nZ; is an approximation sequence
to {yoo,y”l} Then there is a number ny € N such that for each i € Zs,
Gy(no+1) © ,y(lno) has a fixed point in N.(y%,). This implies that the element
Grv(no+1) © g;(lno) has at least three fixed points. This is a contradiction since
Gy (no+1) © g;(lno) is hyperbolic. Therefore, there is no such . Likewise, there
is no subindex (8 of « such that for each i € Z3, we can take a quasi-rainbow
{I’}22, in some lamination systgm of C at z% so that {(gﬁ_(lnylﬁb)}%o:l is a
pre-approximation sequence at %,

Now we apply Lemma 4.9 to the index 1. Then by the previous discussion,
the first case of Lemma 4.9 can not occur so there is a subindex § of idy and
a quasi-rainbow {I1}°°; in some lamination system of C such that

{(gaoﬁ(n), I1)}ee , is a pre-approximation sequence at yoo
e {(g~ ao,@(n)’ I})}%2 | is a pre-approximation sequence at z._
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Then we apply Lemma 4.9 to the index 2. Like the previous case, there is
a subindex 7 of idy and a quasi-rainbow {I2}°%; in some lamination sys-
tem of C such that either {(gaosoy(n), I5)}ney is a pre-approximation se-
quence at y2 or {(9;01507(”)>1721)}%°:1 is a pre-approximation sequence at
r2,. Again we apply Lemma 4.9 to the index 3. Then there is a subindex &
of idy and a quasi-rainbow {I3}22, such that either {(gaogoyos(n)> )} nz1
is a pre-approximation sequence at y3, or {(9;0150705(”)»]2)}%0:1 is a pre-
approximation sequence at xgo For brevity, we write hy, = gaoBoyos(n)> J}l =
L osnys Jm = Ii(nys and J = I} for all n € N. Also we write uj, = 50,
and vj, = yh_ 50, for all n € N and for all i € Zs.

Then by the previous discussion, there are only two cases which we need
to deal with. The first case is that there is an index iy € Zg such that the
two sequences {(hn, Ji0)}2 | and {(h,, JE0T1)}°° | are pre-approximation se-
quences at y%¢ and y‘¢t!, respectively, and the sequence {(h,, !, Jiot2)}>° | isa
pre-approximation sequence at 702, The second case is that there is an index
ip € Zs3 such that the two sequences {(h, !, J?)}22  and {(h; 1, Jio+t1)1%
are pre-approximation sequences at z%¢ and ‘0! respectively, and the se-
quence {(hy, J?012)}°°_; is a pre-approximation sequence at y%+2.

First we consider the first case. There is a subindex { of idy such that

Il C Ne(yg) and J¥fH C Ne(yig™). By Lemma 4.14, {h¢(n)}o2, is an

approximation sequence to {y2,y%"!}. Note that for each n € N, h¢(n41) ©

h&i) is hyperbolic so hg_(ln +1) © h¢(ny is also hyperbolic since

hg_(1n+1)°hc(n) = hg_(ln)o(hc(n)ohg(1L+1))°hC(n) = hg_(ln)o(hc(nJrl)ohg_(ln))710h<(n)~

o)
n=1

there is a point Z in S! such that hg(il)(i) € Jé?;:f for all n € N and so

Moreover, since {(hg(ln), Jé‘z::)z)} is a pre-approximation sequence at x?0 2

_ ~ _ 1 /~
heman) @) = (e © hem) (g (@)
—1 i0+2 10+2
€ (hg(n+1) °© hc(n))(‘]g?:) )n Jc?:fﬂ)

—1 i0+2 i0+2
C (Mg © hee) Uetny ) N iy -

Hence we can claim that for each n € N, Jé‘g:f has a fixed point of the hyper-

bolic element hc_(17,+1) 0 h¢(n)- For each n € N, since (hg_(17,+1) o hc(n))(JéfE:)Z) N
Jé?:Q # o, there are three possible cases: (hg(zﬂ) o hc(n))(,]é‘z:;) C Jé‘(’:f;
(R gy © Pem)) (TEE)™ C JEEs TEm? © (he gy @ hem) (JE4n)- T the first
and third cases, the claim follows at once so we only need to consider the
second case. Fix ng € N. Assume that (hg(lnoﬂ) o hc(no))(Jé‘E:OQ))* C Jé?:f) If
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. . . . i0+2
there is a point a in Fix, 1 —J%*2 then
p hc(710+1)°hc(n0) ¢(no)’

i0+2 \# -1 io+2
@ € (Je(ng))" © (Me(ngi1) © eno)) (Tlng))-
. . _(p—1 - 0+2 o T =
This implies that a = (hg(, 1) © hewme)) (@) € T, as lehg_(lyy,0+1)ohC("0) =
Fix

1 _1, so this is a contradiction. Therefore Fix, -1
(hg(n0+1)°h<(no)) b P g +1)OPc(no)

Jé?:{f) and the claim is proved. Therefore we can take a sequence {a,}52; so
i0+2 . i0+2100

that for each n € N, an € Jy N Fth(—(anrl)Ohc(”) . Then as V{JC(n) > isa

quasi-rainbow at 22, the sequence {a, }2> ; converges to z°¢*2. Note again

that for each n € N,

hg(n) (Fithl

=h Fix, -1
c(n+1)0h<(n)) C(")( hc(n)ohc(nH))

= Fix 1 —1
R (n) (e () 0N (1)) Ohe iy

= Fix -1

he(nt1yohe,

Hence the sequence {h¢ ) (an)}ne; has at most two subsequential limits be-

longing to {y%,yo*t!} as the sequence {Fith( +1)Oh7(1)}$1°=1 converges to
S n o

{yio yiotll Therefore, there is a subindex n of idy such that the sequence

{hcon(n) (An(n)) }nZy converges to 9 for some jo € {ig,40 + 1}. Now we have

042

_ Gon(n) " .

212, respectively, and two sequences {h¢op(n) (uz‘;:?n))}fle and {h¢on(n) (u‘é‘;n(n))};’;l

that the two sequences {u 1o, and {ué‘;n(n)}zo:l converge to z0+2 and

converge to y29"? and yf9, respectively. Moreover, for each n € N, a, () is

[o oh)

a fixed point of the hyperbolic element h§(171(7z)+1) 0 h¢(n(n))> and the two se-
quences {a,m) oy and {Aeon(n) (anmy) oz converge to 20" and yio, re-
spectively. Also the sequence {f¢oy(n)}ne; is an approximation sequence as
the sequence {h¢ ) }nZ is an approximation sequence. Therefore by Lemma
7.3, the sequence {hgon(n)}?le has the convergence property so the sequence
{gn}22; has the convergence property. This is in contradiction to the as-
sumption that the sequence {g,}5°; does not have the convergence property.
Hence, the first case is not possible. Likewise, in the second case, we can
show that the sequence {g,'}2% , has the convergence property and this im-
plies that the sequence {g,}52; has the convergence property. This is also a
contradiction. Therefore, we can conclude that there is no sequence {g,}52,
of distinct elements of G that does not have the convergence property. Thus,
G is a convergence group. 0

5. THE ELEMENTARY GEOMETRY AND TOPOLOGY OF 2-DIMENSIONAL
HYPERBOLIC ORBIFOLDS

5.1. Simple closed curves and simple closed geodesics in 2-dimensional hyper-
bolic orbifolds. Let S be a complete hyperbolic 2-orbifold, and let o : [ =
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[0,1] — S be a closed curve. Fix a presentation S = H/G(S). A continuous
map a : R — H is called a full lift of « if mg o @ is the 1-periodic extension of
a; equivalently, mg o @ is 1-periodic and the following diagram commutes:

R—% +H

e
0,1 —2 8.

A curve « is regular if it does not pass through a cone point, that is, if
a(I)N3(S) = @. Equivalently, a regular curve is a curve in S — 3(S5).

Assume that « is regular and simple. Since 7g is a branched covering,
the restriction 7g : H—75" (2(S)) — S° is a covering map. Hence, once a lift
of a(0) is chosen, there is a unique lift & : [0,1] — H of a. Since « is closed,
there is a unique element g € G(S) such that &(1) = ga(0). Fix a lift of «(0),
and define 5 : R — H by 8(t) = &(t) for ¢t € [0,1] and (¢t + 1) = gB(t) for all
t € R. Then £ is a full lift of «.

We record the following elementary properties of full lifts.

PROPOSITION 5.1. Let S be a complete hyperbolic 2-orbifold, and let o be
a regqular simple closed curve in S. Fiz a presentation S = H/G(S). Then
the following hold.

1. If p is a lift of «(0), then there is a unique full lift @ : R — H of «
such that @(0) = p.

2. If @ is a full lift of a, then there is a unique element g € G(S) such
that a(t+1) = ga(t) for allt € R. We call this element the holonomy
of @ and denote it by hol(a).

3. If B1 and Ba are full lifts of a, then there is a unique element g € G(S)
such that By = gB1. In this case, hol(f2) = ghol(B)g .

We now classify regular simple closed curves according to their holonomies.
Let S be a complete hyperbolic 2-orbifold, and let a be a regular simple closed
curve in S. Fix a presentation S = H/G(S). We call « trivial, elliptic, par-
abolic, or hyperbolic according as the holonomy of any full lift of « is trivial,
nontrivial elliptic, parabolic, or hyperbolic. This is well-defined, since the
holonomies of full lifts of « lie in the same conjugacy class in G(S).

LEMMA 5.2. Let S be a complete 2-dimensional hyperbolic orbifold and «
be a regular simple closed curve from I =[0,1] to S.Then the following holds.

1. If «v is trivial, then « is freely homotopic to a point in S°.

2. If a is elliptic, then o bounds a cone point.

3. If a is parabolic, then a bounds a puncture.

PrROOF. Fix a presentation S = H/G(S). First, we assume that o is
trivial. Choose a full lift @ and denote hol(@) by g. As « is trivial, g is trivial.
Then by definition, @|[0,1] is a simple closed curve in H. Hence there is a
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closed disk B whose boundary is @([0,1]). Now we want to show that there is
no ramification point in B. Obviously, the boundary 0B has no ramification
point as « is regular. Assume that there is a ramification point x in the
interior int B and h is a generator of the stabilizer G,. Since « is a regular
simple closed curve, the pre-image ﬂgl(a(I )) is a 1l-dimensional manifold.
Hence 75! (a(I)) = U{f(0B) : f € G(S)} and 75" (a(I)) is a disjoint union of
simple closed curves. Therefore, if h(OB) # 0B, then there are two possible
cases: h(B) C B or B C h(B). Assume that h(B) # B and choose a shortest
geodesic segment £ joining x and 0B. Now we say that the other end point of
¢ is y. As h is an isometry, h(¢) is also a shortest geodesic segment joining =
and h(9B). If h(y) is in the interior int B of B, then h(B) C int B but this
implies that the length of shortest geodesic segments joining z and h(0B)
is less than the length of ¢. It is a contradiction. Similarly, h(y) cannot be
in the exterior ext B. Therefore, h(B) = B and so h(0B) = 0B. However,
this is also a contradiction since « is simple and @|[0, 1] is a simple closed
curve in H. Thus, there is no ramification point in B so wg(B) is a disk with
Ons(B) = a(I).

Next, we assume that « is elliptic. Choose a full lift @ and denote hol(@)
by g. As « is elliptic, g is an elliptic element of order n for some n € N with
2 < n. Then the full lift is periodic with period n and so @|[0,n] is a simple
closed curve in H. Moreover, @|[0, n] bounds a disk with a ramification point
x which is the fixed point of g. Let B be the closed disk with 9B = @([0, n]).
As « is regular, 0B has no ramification point. Now we claim that there is
no ramification point except x in int B. Assume that there is a ramification
point y in int B — {z} and h is a generator of the stabilizer G. Since « is
a regular simple closed curve, the pre-image 75'(a(I)) is a 1-dimensional
manifold. Hence mg'(a(I)) = U{f(dB) : f € G(S)} and 75" (a(I)) is a
disjoint union of simple closed curves. Assume that h(0B) # 0B and choose
a shortest geodesic segment ¢ joining y and OB. Then h(¢) is also a shortest
geodesic segment joining y and h(9B) as h is an isometry. Now let z be the
other end point of £. If h(z) € int B, then h(B) C int B and this implies that
the length of shortest geodesic segments joining y and h(0B) is less than the
length of ¢. This is a contradiction. Similarly, the case where h(z) € ext B is
not possible, so h(0B) = dB. Note that A = {g’a(0) : i € {0,1,--+ ,n — 1}}
equals 75" (a(0)) N 9B. Hence h preserves A so ha(0) = ¢g™@(0) for some
m € {1,---,n — 1}. Then g~™h fixes @(0). If g=™h is not trivial and is
elliptic, this is in contradiction with that « is regular. Therefore, g~™h is
trivial but this is also a contradiction since x # y. Thus, there is no such a
y so we can conclude that wg(B) is a closed disk with one cone point and
Ons(B) = a(I).

Finally, we consider the case where « is parabolic. Choose a full lift @
and denote hol@ by g. As « is parabolic, g is parabolic. Then by definition,
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FIGURE 2. This is a schematic picture on the Poincaré disk
when B contains a ramification point. The black marked
points correspond to o and h(zs ), and the shaded regions
are B and h(B). The red point at the origin is the ramification
point and h is the rational rotation fixing the red point.

@ is an embedding and there is a point o in OxoH which is the fixed point
of g such that tlim a(t) = . lim @(t) = zo. Hence in C, there is a closed disk
—00 ——00

B such that int B C H and 0B = @(R) U {z}. Now we want to show that
B has no ramification point. Obviously, there is no ramification point in 0B
as « is regular. Assume that there is a ramification point y in int B which is
the fixed point of a non-trivial elliptic element h € G(S). Then h(B)NB # &
and since h(zoo) # Too, N(OB) # 0B and h(0B) N 0B # & (See Figure 2).
This is a contradiction since « is simple. Therefore, there is no ramification
point in B. Thus, mg(B) is a disk with one puncture and drg(B) = «(I). O

REMARK 5.3. The converse of each assertion in Lemma 5.2 also holds.

A regular simple closed curve is said to be essential if it does not bound
a disk, a disk with one cone point, or a disk with one puncture.

PROPOSITION 5.4. Let S be a complete 2-dimensional hyperbolic orbifold
and « be an essential reqular simple closed curve in S. Fiz a presentation
S =H/G(S). Then « is hyperbolic and every full lift of o is a quasi-geodesic
wn H.

When « is a hyperbolic simple closed curve, each full lift is a quasi-
geodesic so it has a unique geodesic connecting two end points of the full
lift. So mg' () is a disjoint union of quasi-geodesics and is G(S)-invariant.
Now let @ be the set of images of full lifts of & and Q" be the set of geodesic
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representatives of elements of @, namely @’ is the set of hyperbolic axises of
holonomies of all full lifts of «. Then @’ is also a disjoint union of bi-infinite
geodesics and is G(S)-invariant. By construction, for any geodesic ¢ in Q’,

Q = UG(S) - £. Now we say that ws(Q’) is the geodesic realization of .

Note that geodesic realizations are simple geodesics.
The following lemma was proved in [29] in a slightly different form.

LEMMA 5.5 ([29]). Let S be a complete 2-dimensional hyperbolic orbifold
and a be an essential reqular simple closed curve in S. The following holds.

1. If a does not bound a disk with two cone points of order two, then the
geodesic realization of o is in the free homotopy class of a in S°.

2. If a bounds a disk with two cone points of order two, then a geodesic
segment connecting the cone points is the geodesic realization of c.

PROOF. Fix a presentation S = H/G(S). First assume that « is a hyper-
bolic simple closed curve. Choose a full lift @ of @ and denote hol(@) by g.
Since @ is a quasi-geodesic and J = @(R) is preserved by g, the hyperbolic
axis ¢ of g is the geodesic representative of @. Now we say that x and y in
OsoH are two end points of £ and write £ and J for £U {x,y} and J U {z,y},
respectively. Now we think of ¢ and J as images of two proper embedding
8¢ and &7, respectively, from [0,1] to H such that §,(0) = §;(0) = z and
5u(1) = 8,(1) = 3.

Choose a ramification point r in H — (¢ U J) and a generator h of the
stabilizer GG,.. Note that since « is regular, there is no ramification point in J.
Now we write 7, for the quotient map from H to H/G,.. If h preserves ¢, then
the order of h must be two and so r must be in ¢. This is a contradiction.
Hence, h does not preserve ¢. Therefore, wg, (d¢) and 7, (0s) are paths in
H/G, which do not pass through the cone point in H/G,.. Moreover, as « is
simple, 7g, (6¢) and 7g, (6;) are simple. Now we consider the case where ¢
has no ramification point. Then the stabilizer Stabg(g)(£) of £ is generated
by the hyperbolic element g so wg(¥) is a regular simple closed geodesic. On
the other hand, the choice of r is arbitrary and so for any ramification point
r, we get that 7, (6¢) and 7¢, (67) are simple. This implies that the regular
simple closed geodesic mg(¢) and a([) are in same free homotopy class in S°
(see Figure 3 in [29]). Therefore, we can take a free homotopy between mg(¥)
and () in S°. Thus, the first statement is proven.

Then we consider the case where there is a ramification point 7/ in £. Then
the ramification index of ' must be two and the stabilizer G, preserves .
Now we focus on the stabilizer group Stabg(s)(¢) of £. Since we may think
of Stabg(s)(f) as a discrete subgroup of the isometry group of the real line,
Stabg(s)(£) is isomorphic to Zs, Z, or the infinite dihedral group Dih . Ob-
viously, G» C Stabg(s)(€) and g € Stabg(s)(£). Let s be a geodesic segment
joining r" and g~1(r’) and f be the non-trivial element of G,.. Then the end
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Ficure 3. Thick arcs are hyperbolic geodesics in
the Poincaré disk D joining consecutively the points
{1,w,w? w3 w'} in the infinite circle OD. Hence, the
geodesics bound an ideal 5-gon. Moreover, it is preserved by
an elliptic isometry defined as z — wz. Therefore, the ideal
5-gon is regular and 0 is the center.

points of g(s) are r’ and g(r'). Therefore, (f o g)(¢g~'(+")) = f(+') = 1/,
(fog)r') = g~(r'), and (f o g)(s) = s since f is an isometry in G,.
Hence, fg fixes the midpoint r” between 1’ and g~!(r') and preserves /.
Then we can see that f and fg are elliptic elements of order two and gen-
erate Stabg(g)(£). Therefore, Stabg(s)(f) is isomorphic to Dihs,, namely
Stabg(s)(£) = (f, fglf* = (f9)* = id).

Now we write Tstan s () for the projection from H to H/ Stabg(s)(£).
Then

Y (H/ Staba(s)(£)) = {Tstabes (0) (1) Tstabes, (0 (1) }
and TStabe(s) (£) (¢) is the geodesic segment joining two cone points. Also,

TStabe sy () (@)][0,1] is a simple closed curve bounding a disk with the cone
points. This implies the second statement. 0

The proof of the following proposition is similar to the corresponding
argument for complete hyperbolic surfaces.

PROPOSITION 5.6. Let S be a complete 2-dimensional hyperbolic orbifold,
and o and 3 essential reqular simple closed curves in S. If o and B are disjoint
and are not freely homotopic in S°, then the geodesic realizations are disjoint.

5.2. Elementary 2-dimensional hyperbolic orbifolds.
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(A) An ideal mono- (B) A monogon with (¢) A monogon with
gon one puncture one hole

FIGURE 4. In Figure 4a, the blue point is the cone point. In
Figure 4b and Figure 4c, the gray lines are the images of s;
and so under the identification by f12. Hence, the gray lines
are geodesics in each 2-dimensional hyperbolic orbifold with
geodesic boundary. In particular, the blue circle in Figure 4c
is the simple closed geodesic added to be complete. And the
red arcs are the geodesics £g.

5.2.1. Ideal monogons. Let n be a natural number which is greater than
2. Recall that an ideal n-gon is a hyperbolic surface S with geodesic boundary
if the interior of S is homeomorphic to the disk, the boundary of S is a disjoint
union of n bi-infinite geodesics, and the area of S is finite (see Figure 3). Each
boundary component of S is call a side and each end point of a side is called a
vertex. We think of an ideal n-gon S as a closed convex subset of H. The ideal
n-gon S is called regular if there is an elliptic element rg in PSLo(R) which
is a rotation through angle 27 /n about some point ¢g in S and preserves S.
We call ¢g the center of S. Then the quotient space S/(rg) of S by the group
generated by rg is called an ideal monogon with a cone point of order n (see
Figure 4a). The quotient space S/(rg) is a 2-dimensional hyerpbolic orbifold
with one geodesic boundary and the cone point is the image of the center cg.
Hence, the order of the cone point is n and there is a unique shortest geodesic
segment fg joining the cone point with the geodesic boundary. Note that the
segment fg intersects perpendicularly with the geodesic boundary.

5.2.2. Geometric annuli. Let P3 be an ideal triangle in H. Note that
every ideal triangle is regular. We say that s1, s, and s3 are the sides of Ps.
For each i € {1,2,3}, there is the unique perpendicular from the center cp,
to the geodesic s; and so we say that p; is the foot of the perpendicular. Now
we glue s; and s by an element f1o in PSLy(R) such that fi2(s1) = so. Then
f12 fixes the end point ¢ in J,H at which s; and ss intersect.

If fi1o is a parabolic element and fi2(p1) = p2, the resulting surface S is
Cauchy complete under the metric induced by the hyperbolic metric of Ps, and
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has one bi-infinite geodesic boundary. Hence, we call this resulting orbifold a
monogon with one puncture (see Figure 4b). In this case, there is a unique
geodesic {g joining the puncture with ss which intersect perpendicularly with
s3. Moreover, £ N s3 = {ps}.

If fi2 is hyperbolic and so fia(p1) # pa, then the resulting space is in-
complete. By adding a simple closed geodesic, we can make the resulting
space be complete, and in this case, the resulting space S is a hyperbolic
surface which has one bi-infinite geodesic boundary and one closed geodesic
boundary. Hence, we call this space a monogon with one hole (see Figure 4c).
The length of the closed geodesic boundary is determined by the translation
length of f12. Hence, for any given positive number [, there is a monogon with
one hole whose closed geodesic boundary is of length I. Note that there is a
unique shortest geodesic segment £g joining two geodesic boundaries which
intersect perpendicularly with both geodesic boundaries. Moreover, it turns
out that s N s3 = {ps}.

From the construction of a monogon S with one hole or with one puncture,
there is a bi-infinite geodesic decomposing S into an ideal triangle which is the
gray geodesics in Figure 4. Now we call a 2-dimensional hyperbolic orbifold
S with geodesic boundary a geometric annulus if S is isometric to an ideal
monogon with one cone point, a monogon with one puncture, or a monogon
with one hole (see Figure 4). Note that a geometric interior of a geometric
annulus is homeomorphic to the annulus. Also, we call the intersection point
of /s and the bi-infinite geodesic boundary the shearing point of S.

5.2.3. Geometric pair of pants.

DEFINITION 5.7. A geometric pair of pants is a 2-dimensional hyperbolic
orbifold with geodesic boundary satisfying the following:

1. The geometric interior is homeomorphic to the thrice-punctured sphere;

2. The geometric boundary is compact and has exactly three connected
components;

3. The hyperbolic area is finite.

All geometric pairs of pants fall into four types according to the number
of closed geodesic boundary components (See 5). For brevity, until the end
of this section, we think of a puncture as a cone point of order co. Then in
Figure 5, each marked point is a cone point of order n for some n € NU {oo}
with n # 1. More precisely, in Figure 5¢, two marked points can not be cone
points of order two simultaneously. In Figure 5d, if three marked points are
of order ny, no and ng, respectively, then ny, no and ns satisfy

2—{(1—;)+(1—;)+(1—1)}<0

ng

1 1 1
—+ —+—<1
ni UP) ns
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(A) Three geodesic (B) Two geodesic
boundaries boundaries

s

b N4
i

(c) Onme geodesic (D) No geodesic

boundary boundary

FIGURE 5. There are four types of geometric pairs of pants
according to the number of closed geodesic boundary com-
ponents. Each marked point is a cone point or a puncture.
However, in Figure 5c¢, two marked points can not be cone
points of order two simultaneously.

vy

(A) Two monogons (B) One monogon (c) No monogon
with one hole with one hole with one hole

FI1GURE 6. Each pointy point represents a puncture or a cone
of order n > 2. Then there are three cases according to the
number of used monogons with one hole in the glueing pro-
cess. The red lines are the bi-infinite geodesics b; and by
along which we glue two monogons.
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(A) Three geodesic (B) Two geodesic (c) Onmne geodesic
boundaries boundaries boundaries

FI1GURE 7. Each pointy point represents a puncture or a cone
of order n > 2. These pairs of pants are corresponding to the
first three types in Figure 5. In Figure 6, after gluing along
red lines, the resulting metric spaces are not usually complete.
Therefore, we need to add a simple closed geodesic to be
complete. The blue curves represent the additional simple
closed geodesics. Then, after gluing and completion, we get
the geometric pairs of pants. Precisely, Figure 7a, Figure 7b
or Figure 7c are obtained from Figure 6a, Figure 6b or Figure
6¢c, respectively.

where 1/00 = 0. In other words, the Euler characteristic must be negative.
Let A; and A5 be geometric annuli and say that the bi-infinite geodesic
boundaries of A; and Ay are by and by, respectively. Each boundary b; has
the shearing point sh;. Now we glue A; and As along by and b, by an isometry
f12 of real line such that f12(b1) = by (See Figure 6). Then we get a space
S which may be incomplete. If S is complete, then S is a geometric pair of
pants. If S is not complete, by adding a simple closed geodesic as a boundary,
we can make S be complete. Then S is also a geometric pair of pants (see
Figure 7 ). The length of the additional closed geodesic is determined by
the distance between f12(shy) and shs. Note that for any given positive real
number [, we can find a map fi2 which makes the additional closed geodesic
be of length [. Using this construction, we may get any given geometric pair
of pants without cone point of order two that is one of the first three types in
Figure 5. Also, observe that in the geometric pairs of pants, the red geodesics
in Figure 7 and the gray geodesics in Figure 4a with the boundary geodesics
decompose the geodesic pairs of pants into ideal monogons and ideal triangles.

Similarly, we consider the case where a geometric pair of pants has a cone
point of order 2. Let fi; be an isometry of b; such that fi; is a reflection on
by and so there is a fixed point ¢; (see Figure 8). Now a quotient space S is
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(A) Not a monogon (B) A monogon with
with one hole case one hole case

FIGURE 8. The pointy point in Figure 8a represents a punc-
ture or a cone point of order n > 2. The red lines are the
bi-infinite geodesics b;. The blue marked points are the fixed
points ¢y of the isometries f11. The green marked points are
the shearing points sh; of the geometric annuli.

=

(A) One geodesic (B) Two geodesic
boundary boundaries

FIGURE 9. The blue marked points are the images of b; and
the green ones are the images of shy. Moreover, the blue
points are cone points of order two. The blue curves are the
additional simple closed geodesics.

obtained from A; by identifying x € b; with fi1(x). Then if ¢; = shq, then
S is complete and is a geometric pair of pants with one cone point of order
two. If ¢; # shq, then S is not complete and so by adding a closed geodesic
as a boundary, we make S be complete (see 7). Hence, S is a geometric
pair of pants with one cone point of order two. The length of the additional
closed geodesic boundary component is determined by the distance between
c1 and shy. Like a previous case, using this construction, we can get any given
geometric pair of pants with a cone point of order two that is second or third
type in Figure 5. Also, observe that in the geometric pairs of pants, the red
geodesics in Figure 7 and the gray geodesics in Figure 4a with the boundary
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geodesics decompose the geodesic pair of pants into ideal monogons and ideal
triangles.

From observations, we may conclude that any geometric pair of pants,
which does not have three cone points, can be decomposed into two or one
geometric annuli. Moreover, the geometric pairs of pant are decomposed into
ideal monogons and ideal triangles. Now we summarize the above in the
following lemma.

LEMMA 5.8. Let S be a geometric pair of pants. Suppose that S does
not have three cone points of finite order.(i.e. S is not the type of Figure
5d) There is a geodesic lamination such that the metric completion of each
connected component of the complement of the lamination is isometric to an
ideal triangle or an ideal monogon with one cone point.

6. GEODESIC LAMINATIONS IN COMPLETE 2-DIMENSIONAL HYPERBOLIC
ORBIFOLDS

In this section, we prove the structure theorem for complete 2-dimensional
hyperbolic orbifolds following [6]. Based on this, we show that any Fuchsian
group G such that H/G is not a geometric pair of pants is pants-like COL3;
see Theorem B.

6.1. A structure theorem for complete 2-dimensional hyperbolic orbifolds.

6.1.1. Half-planes and funnels in a complete 2-dimensional hyperbolic orb-
ifold. Let S be a hyperbolic surface with geodesic boundary. We define
H ={z € H:0 < Re(z)}. Then if S is isometric to H with the metric
induced from p, then S is called a half-plane. If S is isometric to H/G where
G is generated by z — e"z for some h € Ry, then S is called a funnel with
boundary length h.

Let G be a Fuchsian group and S the complete 2-dimensional hyperbolic
orbifold H/G. For a closed subset A of OH, there is a unique smallest convex
subset C H(A) in H such that CH(A)NOH = A. Then CH(A) = CH(A)NH
is also a convex subset. Hence, we call CH(A) the convex hull of A. When G
is not elementary, the conver core CC(S) of S is the quotient of the convex
hull of L(G) by G, CH(L(G))/G. In general, the convex core of a complete
2-dimensional hyperbolic orbifold is a 2-dimensional hyperbolic orbifold with
geodesic boundary. In particular, when G is a Fuchsian group of the first
kind, S itself is the convex core of S.

Assume that G is non-elementary and of the second kind. Then its limit
set L(G) is a Cantor set in OH, and Q(G) N JH is a countable disjoint union
of nondegenerate open intervals. For each component I of Q(G) N dH, the
stabilizer Stabg(I) is either trivial or infinite cyclic.

Let I be the closure of I in 9H, and consider CH (I). Then CH(I) is a hy-
perbolic half-plane, and Stabg (CH (I)) = Stabg(I). Thus CH(I)/ Stabg(CH(I))
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isometrically embeds in S. Moreover, this quotient is a half-plane if Stabg (CH (1))
is trivial, and is a funnel if Stabg(C'H (I)) is infinite cyclic.

In the latter case, Stabg(CH (I)) is generated by a hyperbolic element g €
PSLy(R), whose axis is the geodesic boundary of CH (I). Hence the boundary
length of the funnel CH(I)/ Stabg(CH (I)) is equal to the translation length
of g. Finally, note that w1 (CC(S)) = m1(S), where S = H/G.

6.1.2. Pants decompositions. Let S be a 2-dimensional hyperbolic orb-
ifold with geodesic boundary. Then a collection C of non-trivial simple closed
curves in S° which are homotopically distinct and disjoint is called a pants
decomposition of S if each connected component of S°—|JC is homeomorphic
to the sphere without three points and C is locally finite. Let C; and Cs be
two pants decompositions of S. We say that C; and Cy are distinct if for each
(c1,¢2) € C1 X Cq, ¢1 and co are not freely homotopic in S°.

A geodesic lamination A of S is called a geometric pants decomposition if
the Cauchy completion of each connected component of S — A is a geometric
pair of pants. Two geodesic laminations A; and Ay in S are called transverse
if they share no leaf.

Let G be a Fuchsian group that is not a finite group and S the complete 2-
dimensional hyperbolic orbifold H/G. If G is torsion free, then S is a complete
hyperbolic surface. If not, there is a ramification point p in H and any point
in the orbit G - p is also a ramification point. Then, since G is not finite
and the set of ramification points is discrete in H, there are countably many
ramification points. Hence, the complement H — ;" (2(S)) of ramification
points in H is a Riemann surface whose fundamental group is a free group of
infinite rank. Note that (mg).(m1(H — 75" (2(S5))) is a normal subgroup of
71(S°). Then the universal covering of H—7,"'(3(S)) is H with a holomorphic
covering map 7 such that the deck transformation group of 7 is isomorphic
to (1)« (mi (H—75" (2(S))). We write K¢ for the deck transformation group
of . Then we define

Hg ={h e Aut(H) : 7g o h = g o g for some g € G}.

Then H¢ is isomorphic to 71(5°) and is a Fuchsian group. Hence, 7g o g
is a universal covering map from H to S° whose deck transformation group is
He.

Now we define a homomorphism 7§ from Hg to G so that for each h €
Hg, 7g oh = 7§ (h) o Te. Then we have an exact sequence

{1} Ko —— Hg —5 G {1}

where ¢ is the inclusion map. Hence, Hg /K is isomorphic to G. For more
detail, consult the Kra’s book [24].

Now we prove the following lemma which is analogous to Proposition 3.1
in [6].
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THEOREM 6.1 (The structure theorem for complete hyperbolic 2-dimen-
sional orbifolds). Let G be a non-elementary Fuchsian group and S be the
complete 2-dimensional hyperbolic orbifold H/G. Suppose that there is a pants
decomposition C of S. Let A be the union of all geodesic realizations in S of
elements of C. Then AU (OCH(L(G))/G) is a geometric pants decomposition
of CC(9).

ProOOF. Note that any pants decomposition induces an exhaustion by
finite type subsurfaces. Here being finite type means that the fundamental
group is finitely generated. Hence there is a sequence {5,,}52 ; of subsurfaces
of S° such that for each n € N, S,, C 5,11 and the manifold boundary 95,

(o)

consists of curves of C and U nt(S,) = S°. We may assume that for each

n=1
n € N, every boundary curve of S,, does not bound a disk with two cone points
of order two in S. Therefore, there is a sequence {H,,}72 of subgroups of Hg
such that for all n € N, H,, < Hn+1 and H, is a correbpondmg subgroup of

He to m1(S,). Note that Hg = U H, as S° = U S,,. Moreover, for each

n=1 n=1
n € N, there is a unique connected component S, of (g o ®g)~1(S,) such
that the stabilizer Stabg(Sn) 1s~H and so S - Sn+l Note that for each
n € N, the manifold boundary 0.5,, consists of full lifts of the boundary curves
of S,.

Now we consider the sequence {G,}72; of subgroups of G where G,, =

7&(Hy). Obviously, G = U Gp. Also, for each n € N, the stabilizer of
n=1

7¢(Sn) is Gy, and the manifold boundary of 7¢(S,) consists of full lifts of the
boundary curves of S,,. Fix n € N. By assumption, each boundary component
of ﬁg(gn) is a quasi-geodesic under the Poincaré metric in H and ﬁg(gn) is a
connected component of w&l(Sn). Let B,, be the set of all hyperbolic axises of
holonomies of boundary components of 7 (S, ). Then there is a closed convex
subset C,, of H such that 0C,, = B,,. Then by the choice of C,,, G,, preserves
C,, and the stabilizer of C,, is G, under the G-action. Therefore, 75 (C),)
is isometric to the 2-dimensional hyperbolic orbifold C, /G, with geodesic
boundary. Moreover, m(C,,) is the 2-dimensional hyperbolic orbifold which
is bounded by the geodesic realizations of the boundary curves of S,,.

Since C,, is a closed convex subset of H preserved by G,,, CH(L(G,)) C
C,,. Since each boundary component of C,, is a hyperbolic axis for some hy-
perbolic element of GG,,, the end points of each boundary component of C,, are
contained in L(Gy). Hence, 0C,, C 0CH(L(G,,)). Since G,, is finitely gener-
ated, for each boundary component ¢ in O0CH (L(G,,)) — 0Cy, 7 (£) bounds
a funnel in 7¢(C),). (See Section 10.4. in [7])
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Now we claim that CH(L(G)) = | ] CH(L(Gy)). As L(Gy) € L(Gny1),
n=1

o0

we have that CH(L(G,)) € CH(L(G,+1)) and so U CH(L(G,,)) is con-
n=1
vex. Then G preserves the closed convex subset [j CH(L(G,)) of H. Hence,
n=1
G (Gr)). On the other hand, for any n € N, L(G,,) C
L(G) and CH( 2 Gp)) C CH(L(G)). Therefore,
U CH(L(G,)) C CH(L(G)) U CH(L(G,)).

The claim is proved since CH(L(QG)) is closed in H.
Let £ be a bi-infinite geodesic in 0CH (L(G)). If £ is a manifold boundary

component of U CH(L(G,)), there is a natural number ny such that ¢ C
n=1

aCH(L(Gn[))). Then 7 (¢) bounds a funnel in S. If ¢ is in CH(L(G)) —

U CH(L(G,)), then there is a sequence {¢,,}>2, of geodesics such that for

each n e N, ¢, C 0CH(L(G,)) and {£,,}52; converges to £. Then {mq(¢,)}52
converges to mg(¢). If 7o (¢) is a regular simple closed geodesic, then 7 (€) C

int(Sy,) for some ny € N since U int(S,) = S°. Hence, mg(¢) C 7a(Ch,)

n=1
and g (¢) C 7g(CH(L(Gr,))), so £ C CH(L(Gr,)). This is a contradiction.
Therefore, m¢(¢) is a bi-infinite geodesic and bounds a half-plane in S.
Now we have that {rg(CH(L(G,)))}52, is an increasing sequence of 2-
dimensional hyperbolic orbifolds with geodesic boundary whose orbifold fun-

damental group are finitely generated and such that U 7q(CH(L(G,))) is
n=1

CC(S) without bi-infinite geodesic boundaries. Finally, by the definition of

a pants decomposition, each element in C has a geodesic realization and the

geodesic realization is contained in 7g(CH(L(G,,))) for some ny € N. There-

fore, for n € N, AN ng(CH(L(G,))) is a geometric pants decomposition of

me(CH(L(G,))). Thus, we are done. 0

REMARK 6.2. If G is of the first kind, then A itself is a geometric pants
decomposition of S.

6.2. Fuchsian groups of the first kind are pants-like COLs5.
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LEMMA 6.3. Let G be a Fuchsian group of the first kind and S be the com-
plete 2-dimensional hyperbolic orbifold H/G. Suppose that S is not a geometric
pants. Then there are three pairwise transverse geometric pants decomposi-
tions.

PROOF. If §° is a Riemann surface of finite type, then there is a nonempty
pants decomposition since S is not a geometric pants. Otherwise, by Richards
classification result [28], S° has a topological exhaustion by finite type sur-
faces. Hence there is a pants decomposition C;. Note that Lemma 4.2 and
Proposition 4.3 in [3] does not depend on the metric of surfaces. Hence by
applying the argument of Lemma 4.2 and Proposition 4.3 in [3] to S° and
C1, we can get pants decompositions Co and Cs such that Ci, Ca, and C3 are
pairwise distinct. By Theorem 6.1, there are geometric pants decompositions
A1, Ay and A3 which are pairwise transverse. 0

THEOREM 6.4. Let G be a Fuchsian group of the first kind. Suppose that
H/G is not a geometric pair of pants. Then G is a pants-like COL3 group.

PRrROOF. By Lemma 6.3, there are three geometric pants decompositions
A1, Ao, and Az of S which are pairwise transverse. By Lemma 5.8, we can
add geodesics in each geometric pair of pants and so we can get three geodesic
laminations Af, A}, and A} such that the completion of any connected com-
ponent of the complement of each geodesic lamination is an ideal triangle or a
monogon with one cone point. Therefore, 75" (A}),75" (A}), and 75" (A}) are
geodesic laminations whose complements are ideal polygons. Therefore, they
induce three laminations of S! and so they also induce three very full lami-
nations systems. Moreover, we can see that the very full lamination systems
comprise a pant-like collection for G. Thus, G is a pants-like COL3 group.
O

6.3. Proof: Fuchsian groups of the second kind are pants-like COL3. We now
consider the case of the second kind to complete the proof of Theorem B.
Let G be a non-elementary Fuchsian group of the second kind. We begin by
outlining the strategy.

We first take the double of H/G. This double is a hyperbolic surface whose
fundamental group is a Fuchsian group of the first kind. Thus Theorem 6.1
gives three pairwise transverse geometric pants decompositions on the double.
We then restrict these laminations to the original surface. The resulting three
geodesic laminations on H/G need not be very full, so we add further geodesics
to make them very full.

First, we construct geodesic laminations for elementary pieces.

LEMMA 6.5. Let H be the half plane and H be the closure of H in H=
HUR. Suppose that Q is a countable dense subset of the set H — H of non-
negative real numbers, containing {0,00}. There is a geodesic lamination A
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(A) The unit disk (B) The first step (¢) A half Farey tri-
with the geodesic angulation
connecting two

points, 0 and oo.

FIGURE 10. These pictures show the steps to draw a half
Farey triangulation.

in H such that the Cauchy completion of each connected component of H— A
is the ideal 3-gon and such that in the corresponding lamination system L,
every leaf is isolated and E(L) = Q.

PRrROOF. First, we say that @ is a sequence {gy,, }52; such that ¢g; = 0 and
g2 = 0o0. Then there is a geodesic joining g1 and ¢o. See Figure 10a. The red
line represents the geodesic and the geodesic is the boundary of the half plane
H. Note that H = CH([0, o0]).

Now, we consider g3. We can draw two geodesics. One is the geodesic
joining two points ¢; and g3 and the other is the geodesic joining g2 and gs.
The blue lines in Figure 10b represent the geodesics. Then, ¢4 is contained in
(g1,93) or (g3,q2) and both CH ([q1,q3]) and CH([gs, g2]) are half planes. So
we can do similarly in CH ([q1, g3]) or CH([g3, g2]). Obviously, we can repeat
this process. Finally, we can get Figure 10c. These geodesics give a geodesic
lamination in H that we want. 0

LEMMA 6.6. Let I and J be two nondegenerate open intervals in OH.
Suppose that I and J are disjoint. We say that S is the hyperbolic surface
CH(IUJ). (See Figure 11a) Assume that there is a countable set Q such that
Q is dense in S and 0I UJJ C Q. Then there is a geodesic lamination A
in S such that the Cauchy completion of each connected component of S — A
is the ideal 3-gon and the geodesic boundaries of S are contained in A and
such that in the corresponding lamination system L, every leaf is isolated and

B(L) = Q.

PROOF. S is a complete hyperbolic surface with two geodesic boundaries
which are the blue lines in Figure 11a. Now, we say that S’ is the convex hull



(A) The red region is
the convex hull of or-
ange arcs which rep-
resent I and J
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(B) The shaded re-
gion is the convex
hull of 91 and 0J.
This is a kind of con-
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(c) The green line
is one of the diago-
nal geodesics of the
shaded region.

vex core of S.

FIGURE 11. These pictures show the steps to draw a trian-
gulation.

of I U 8J which is an ideal 4-gon.(See Figure 11b) Then S is the union of
S', CH(I) and CH(J).

Now, we say that Q7 = QN 1T and Q; = QN J. Then Q; and Q are
countable dense subsets of I and J, respectively. Since CH(I) and CH(J)
are half planes, by Lemma 6.5, there are two lamination systems £; and L
in CH(I) and CH(J), respectively, such that E(L;) = Q; and E(L;) = Q..

Finally, we consider S’. In S’, we just add one diagonal geodesic like in
Figure 11c. The boundary geodesics of S’ with the diagonal geodesic give a
lamination system Lg/in S’ such that every gap of Lg/ is an ideal triangle,
every leaf is isolated, and E(Lg/) = OI U @J. Therefore, LssUL;UL; is a
lamination system which we want. 0

Let G be an Fuchsian group of the second kind. Then OH — L(G) is non-
empty. Now, we consider the surface (H — L(G))/G with boundary. Then
(H - L(G))/G — H/G is exactly (0H — L(G))/G since G acts properly dis-
continuously on 0H — L(G). Therefore, we call each connected component
of (OH — L(G))/G an ideal boundary of H/G and each point of ideal bound-
aries an ideal point of H/G. We denote the quotient map from H — L(G) to
(ﬁ — L(G))/G by 7. Note that fG‘]HI =Tq.

DEFINITION 6.7. Let G be a Fuchsian group. Suppose that there is a
cone point ¢y in H/G. A subset £ of H/G is called a regular simple geodesic
ray emanating from ¢y if there is a geodesic ray oy from [0,00) to H such
that mg o oy is injective, (g o ayp)([0,00)) =4, g o ap(0) = ¢1, and for each
s € (0,00), mgoau(s) is a regular point in H/G. In particular, when slggo ay(s)

is a point pso in OH — L(G), the point Ta(pso) in an ideal boundary is called
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the ideal end point of the geodesic ray €. Also, when lim «y(s) is a cusp point
S—00

of G, we say that £ is emanating to a puncture which corresponds to the cusp
point.

Let G be a Fuchsian group of the second kind. Suppose that there is a
regular simple geodesic ray ¢ emanating from a cone point ¢ having p as the
ideal end point. Then there is an injective continuous map S, from [0,1] to
(H — L(G))/G such that 3¢(0) = ¢, Be(1) = p, and B,([0,1)) = .

PROPOSITION 6.8. Let G be a Fuchsian group of the second kind and p be
an ideal point of H/G. Suppose that there is a cone point q in H/G. If there is
a continuous map « from [0,1] to (H— L(G))/G such that a(0) = ¢, a(1) = p
and o([0,1)) NZ(H/G) = {q}, and «|(0,1) is an embedding in the geometric
interior (H/G)°, then there is an isotopy H on (H — L(G))/G satisfying the
following.

1. H(s,0) = a(s),

2. H(0,t) = g, H(1,t) = p,

3. H((0,1) x [0,1)) N 2(H/G) = @ and

4. H([0,1),1) is a regular simple geodesic ray emanating from q with the

ideal end point p.

PROOF. First observe that there is a regular simple geodesic ray v in
H/G starting at ¢ and with ideal endpoint p.

Suppose that ¢ has order n, and let ¢ be a lift of ¢g. Then there is an
elliptic element g € G rotating about ¢ through angle 2w /n. Moreover, the
component A of 7' (a([0,1])) containing § is a star graph with n leaves and
central vertex ¢q. Each leaf of A projects to a. Let ag,aq,...,a,_1 denote
the leaves of A, ordered counterclockwise, such that 7T o a; = . Moreover,
every component of 7' (a([0,1])) is a non-trivial translate of A under the
G-action.

Note that g preserves A, with g(&;) = @;+1 and ¢g(q) = q. Write p; = @;(1)
for the corresponding lifts of p. For each i, there is a unique geodesic ray
i : [0,00) — H starting at ¢ and landing at p;. Again, g(%;) = Fi+1. Set
A= U?;()l im~;, which is the geodesic representative of A.

We claim that 7 (7;) is the desired ray. To this end, it suffices to show
that ¢ is the only ramification point lying on A.

Assume, to the contrary, that x # ¢ is a ramification point of index m > 1
lying on 7; for some ¢. Then there is an elliptic element i € G rotating about
x through angle 27 /m.

If m > 2, then A and h(A) intersect transversely at x. Since h rotates
v; about the interior point x through an angle different from 7, we have
h(p;) # pi- The possible configurations of the points p; and h(p;) show that
h(A) is a non-trivial translate of A. Thus A intersects its non-trivial translate
h(A), contradicting the choice of A.
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Likewise, the case n > 2 is ruled out by the same argument, interchanging
the roles of h and g. Hence it remains only to consider the case (n,m) = (2,2).

In this case, gh is a hyperbolic element whose axis is the geodesic A. Hence
the two endpoints py and p; are fixed points of gh, and therefore belong to
L(G). This contradicts the assumption that p is an ideal point of H/G. This
completes the claim.

We now isotope « to =, avoiding the other cone points. First isotope a,
rel endpoints, to a simple arc oy : [0,1] — (H — L(G))/G whose initial and
terminal subarcs agree with those of .

We describe the construction near the initial cone point g. Choose a small
closed ball B C H/G, centered at g, such that BN X(S) = {q}. Let a(tg) be
the first point at which a, run from ¢, meets B. There is a unique geodesic
segment ap from ¢ to a(tg). Since B contains no other cone points, we may
isotope a([0,t0]) to ag by an isotopy supported in B and fixing gq.

The intersection B N+ is the geodesic initial segment of 7, joining ¢ to a
unique point in 0B. Choose a larger closed ball By, also centered at ¢, with
Bout N X(S) = {q}. A twist in the annulus between OB and 9By, rotating
B, carries ag to BN ~y. Hence, after an isotopy supported in By, the initial
segment of a agrees with the initial segment B N~ of .

It remains to treat the terminal end. Since p is an ideal point of H/G,
Theorem 6.1 implies that the topological end of 7 is contained in a funnel or
a half-plane £. In either case, choose an embedded half-plane H C £ whose
ideal boundary is a closed interval containing p in its interior. Since « limits
to p, the terminal tail of « is eventually contained in int(H). Thus, if ¢; is
the last time at which o meets OH, then a(t;) € 0H and a((t1,1)) C int(H).

There is a unique geodesic ray a; in H, starting at «(¢1) with ideal end-
point p. Since H is a half-plane and contains no cone point, we may isotope
a([t1,1)) to ay, fixing a(t1) and p, by an isotopy supported in H. Now choose
a slightly larger half-plane Hgyt, with H C Hoyy C £, whose ideal boundary
still contains p in its interior. Then we may take an isotopy supported in
Hoyt, preserving H, which carries a; to the terminal geodesic ray H N~y of .
Indeed, such an isotopy is obtained by modifying an earthquake isotopy on
the rectangular region bounded by the geodesic boundaries of H and Hgy;.
Thus, after an isotopy supported in Hgy,t, the terminal subarc of o agrees
with the terminal ray H N~y of ~.

Combining the initial and terminal isotopies, whose supports are disjoint
after choosing By and H,ys suitably, we obtain a simple arc, still denoted
by «, whose initial and terminal subarcs agree with those of v, and the whole
isotopy avoids all cone points other than the fixed endpoint q.

It remains to isotope the compact middle subarc. Choose a smaller closed
ball By, C B, centered at ¢, and a smaller half-plane H;, C H, whose ideal
boundary is a closed interval containing p in its interior, so that «([0,1]) N
Bi, = YN By, and «([0, 1)) N Hiy, = yN Hiy. Let @ € 0By, and y € 0Hjy, be the
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endpoints of the complementary compact subarcs, and denote these subarcs
by agy C o and 7,y C 7. Thus ayy and 7y, both join x to y, while v, is
geodesic. Moreover, oy, is a simple compact arc in the geometric interior of
H/G, meeting dB;, U 0H;y, only at its endpoints.

After an arbitrarily small perturbation rel endpoints, we may assume
that oy, is piecewise geodesic and still has these properties. We remark
that a geodesic segment joining two regular points cannot pass through a
cone point. Indeed, otherwise one could shorten the segment by replacing
a sufficiently small subarc passing through the cone point with a geodesic
segment lying in the geometric interior near the cone point (recall the proof
of Lemma 5.5). Also, around each regular point, one can take a sufficiently
small disk contained in the geometric interior and hence disjoint from 3(S5).

With these facts in hand, we may modify the usual polygonal shortening
argument, following the arguments in Buser’s book [10, Appendix A.19 and
A.20]; for the orbifold case, see also [30, Theorem 4.1]. The same conclusion
can also be obtained by adapting the disk-flow straightening argument of
Hass—Scott [22]. We sketch the argument below; see [10, Appendix A.19 and
A .20] for the detailed algorithm.

Since any piecewise geodesic simple arc contained in the geometric interior
of H/G is compact, it can be covered by finitely many sufficiently small disks,
each disjoint from X(H/G). Modifying the polygonal shortening argument
with respect to this finite cover, we obtain a sequence of piecewise geodesic
simple arcs {8 }nen such that 81 = gy, each 5, meets 0By, and 0Hiy
only at its endpoints x and y, and the lengths of the (3, are nonincreasing
as n — oo. Moreover, each (3, is isotopic to 8,41 by an isotopy supported
outside Bi, U H;,, and avoiding X(H/G). By the Arzela—Ascoli theorem [10,
Appendix A.19], after passing to a subsequence if necessary, we may assume
that {8, } converges to a simple geodesic arc fuo.

The polygonal shortening process therefore yields an isotopy, relative to
endpoints, from «,, to the geodesic representative in its relative homotopy
class, through simple arcs in the geometric interior. By uniqueness, v,y = Boo-
Hence a, is isotopic to 7., relative to endpoints, by an isotopy supported
away from Y(H/G). Combining this isotopy with the initial and terminal
isotopies constructed above gives an isotopy from « to v, fixing the endpoints
and avoiding every cone point other than the fixed initial endpoint ¢q. This
completes the proof. 0

By Proposition 6.8, any simple embedded arc in H/G connecting a cone
point and an ideal point has a geodesic realization. Now, we are ready to
prove the elementary cases.

LEMMA 6.9. Let G be an elementary Fuchsian group. Then G is a pants-
like COL3 group.

PROOF. There are following four cases.
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1. G is the trivial group.

G is a finite cyclic group which is generated by some elliptic element.

3. G is an infinite cyclic group which is generated by some non-elliptic
element.

4. G is an infinite dihedral group which is generated by two elliptic ele-
ments of order two.

N

First, assume that G is the trivial group. Assume that P is a countable
dense subset of OH. Choose two distinct points p; and ps in P. Set [ =
[p1,p2]s1 and J = [p2,pi]st, and set P = I'N P and P; = J N P. Then
P; and Pj are countable dense subsets of I and J, respectively, and CH(I)
and CH(J), containing p; and pe, are half planes. Therefore, by Lemma
6.5, there are two lamination systems £y and L such that F(L;) = Pr and
E(L;) = Py. Now, we write Lp for £L; UL ;. Then Lp is a very full lamination
system such that E(L; UL ;) = P. Observe that we can choose three countable
dense subsets P;, P, and Ps; in OH that are pairwise disjoint. Therefore,
{Lp,,Lp,,Lp,} is a pants-like collection. Therefore, we can conclude that G
is a pants-like COL3 group with {Lp,, Lp,, Lp, }.

Next, we consider the case where G is a non-trivial finite cyclic group
which is generated by some elliptic element. Let n be the order of G. We may
assume that in D, the elliptic element ¢ defined by z +— ez generates G.
Let Q° be the set {e2™% : ¢ € Q}. Then, Q° is a countable dense subset of
OD. Then & = {(1,¢(1))g1,---, (" 1(1),$"(1))s1 } is an ideal polygon with
v(¥4) C Q°. For each k € {0,---,n — 1}, Q) = [¢*(1), "1 (1)]s1 N Q" is a
countable dense subset of [¢¥ (1), ¢¥+1(1)]g1 and CH([¢*(1), " +1(1)]s1) is a
half plane. Therefore, by Lemma 6.5, for each k € {0,--- ,n — 1}, there is a

n—1
lamination system £ such that E(L)) = QY. Then £° = U LY is a very full
k=0
lamination system such that E(£") = Q° and ¢ is a gap of £° . Moreover, by
construction, G preserves £ .

Now, we set QV2 = {e2(4tV2) . g € Q} and QY3 = {e2(aTV3) . g € Q}.
We can define £V2 by the set {(e*™V2q, e2mV2h) o1 ¢ (a,b)gr € L} and
£Y? by the set {(e>™V3q, e2mV3h) g1+ (a,b)gr € L°}. Then E(L:‘/E) = QV?
and E(E‘/g) — QV3. Therefore, {L',O,[,ﬁ,ﬁ‘/g} is a pants-like COL3 collec-
tion. Moreover, these lamination systems are preserved by G by construction.
Therefore, G is a pants-like COL3 group.

Then we consider the case where GG is an infinite cyclic group which is
generated by some non-elliptic element. First, we assume that in H, G is
generated by the parabolic element ¢ defined by z — z 4+ 1. We set Q¥ =
QU oco. Since QY N [0,1] is a countable dense subset of [0,1], and CH ([0, 1])
is a half plane, by Lemma 6.5, there is a lamination system Cg such that
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E(L5) =p~1(Q°N[0,1]). Now, we define

L0 =

U@ e*p) (L)

kEZ

U [U{M(p1((0700))),05’“(191((0,00))*)})

keZ

Obviously, £° is a very full G-invariant lamination system such that E (EO) =
p Q7).
Now we set Q\/E =42+ Q and Q\/5 = /34 Q. Then, we define

£ = {(@.b)sr :p~ ((=V2) +p((a,b)s1)) € L)
and

£ = {(a,b)s - p7 ((—V3) +p((a.b)s1) € £},
Then E(E‘/E) = p_l(Q‘/i) and E(L\/g) = p_l(Q‘/g), and both £V2 and £Y3
are very full G-invariant lamination systems. Therefore, {£°, E‘/i, E\/g} is a
pants-like COL3 collection since for two distinct indices i and j in {0,v/2,v/3},
Q'N Q7 = {oc} and oo is the fixed point of ¢. Therefore, G is a pants-like
COLg3 group.

Then we assume that in H, G is generated by a hyperbolic element ¢
defined by z +— e%z for some positive real number a. We set Q" = {e?? :
q € QU {—e : g € Q}. Observe that Q¥ is preserved by G and ¢ maps
the geodesic connecting —1 and 1 to the geodesic connecting —e® and e®.
Moreover, p~1(Q°) is a countable dense subset of dD. Lemma 6.6 can apply
to two closed interval p~1([—e®, —1]) and p~!([1, %]) since {—e?, —1,1,e%} C
Q" and both [—e?, —1] N QY and [1,e%] N Q° are countable dense subsets of
[—e, —1] and [1, "], respectively, Therefore, there is a lamination system £
such that E(Ly) = p~1(Q° N ([—e*, —1] U [1,€?])). Then,

0= J "¢*p) (L)
kEZ

is a G-invariant very full lamination system such that F(£°) = p~1(Q°).

Now, we set QV2 = {e*(V2+9) . ¢ € QY U{—e®V2+9) ; g € Q}, and QY3 =
{eaV3+9) . ¢ € Q} U {—e*(V3T9) : g € Q}. In the similar way, we can find
two very full G-invariant lamination systems £Y? and £Y3 such that £V2 =
pH(QV?) and £v3 = p~1(QY3). Then, by construction, {EO,L"/@,E\@} is a
pants-like COL3 collection. Therefore, G is a pants-like COL3 group.

Finally, we consider the case where G is an infinite dihedral group gener-
ated by two elliptic elements of order two. In H, for each non-negative real
number a, there is a unique order two elliptic isometry ¢, /o that fixes ie®/2.
We may assume that G is generated by ¢g and ¢,/2 for some positive real
number a. Note that ¢,/2 0 ¢ is the hyperbolic element defined by z +— e®z.

Then we can see that there are exactly two cone points ¢; = 7 (i) and
co = ma(ie/?) of order two and that there is the only one ideal boundary B in
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H/G which is homeomorphic to the circle. We can find three countable dense
subsets Py, P, and P3; of B that are pairwise disjoint. First, we consider P;.
Choose two distinct points pi and p? in P;. Then, by Proposition 6.8, there
are two disjoint regular simple geodesic rays ¢1 and ¢% such that for each
i € {1,2}, ¢} is a regular simple geodesic ray emanating from c¢; with the ideal
end point pi. Note that by definition, ¢} and ¢2 are simple geodesics in H/G
since ¢; and ¢y are of order two. Hence, there are two bi-infinite geodesics 17%
and /7 such that for each k € {1,2}, £} is the connected component of ;"' (¢4)
passing through ie(*=1)%/2_ Also, for each k € {1,2}, there are two points p*
and p% in R — {0} such that p* < 0, p% >0, and CH({p*,pk}) = ¢¥.

Now, we write I; = [p?,p'] and J; = [p},pi]. Observe that L(G) =
{0,00} and that 7' (P;) is a countable dense subset of R — {0}. Then 91
and 9.J; are contained in ﬁal(Pl), ﬁal(Pl)ﬂll is dense in I, and ﬁal(Pl)ﬂJl
is dense in J;. So, we can apply Lemma 6.6 to CH(I; U Jy). Therefore, there
is a geodesic lamination AY on CH(I; U Jy). Then

A= U Q(A?)

geG

is also a geodesic lamination preserved under the G-action. Therefore, there
is a G-invariant very full lamination system L£i, induced by Aj, such that
p(E(L1)) =75 (P1). Similarly, there are two G-invariant very full lamination
systems Lo and L3 such that p(E(L»)) = 75" (P2) and p(E(L3)) = 75" (Ps).
By construction, {£1, L2, L3} is a pants-like COLj3 collection. Thus, G is a
pants-like COL3 group. 0

From now on, we consider the case where G is a non-elementary Fuchsian
group of the second kind. Let R(G) be the set of all ramification points of G
in Q(G). Note that R(G) U L(G) is a closed subset of the Riemann sphere C.
Hence, the open subset Q(G) — R(G) = C — (R(G) UL(G)) of C is a Riemann
surface. Set Ug = Q(G) — R(G). Then m (Ug) is a free group of infinite
rank. Moreover, by the uniformization theorem, the universal cover of Ug is
H, and hence Ug carries a complete hyperbolic metric. Observe that there is
no isometrically embedded half plane and funnel in Ug. Therefore, G(Ug) is
a Fuchsian group of the first kind. Now, we define

Fo = {h € Auwt(H) : 1y, o h = g o my,, for some g € G}.

Note that G(Ug) is the deck transformation group of my, and that Fg is
isomorphic to 7, (Ug/G) since 74 omy,, is the universal covering map of Ug /G.

Now, we define a homomorphism 77, from Fg to G so that for each
h € Fg, Ty, o h =7 (h) o Ty, Then we have an exact sequence

*
7TUG

{1} — G(Ug) —— Fg G {1}
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where ¢ is the inclusion map. Hence, F;/G(Ug) is isomorphic to G and since
R = L(G(Ug)) € L(Fg), Fg is a Fuchsian group of the first kind. Therefore,
there is no isometrically embedded half plane and funnel in Ug/G = H/Fg
and there is no cone point in Ug/G by construction. Hence, Ug/G is a
complete hyperbolic surface of which the fundamental group is a Fuchsian
group of the first kind.

By Lemma 6.3, there are three pairwise transverse geometric pants de-
compositions Ay, Ag, and A3 in Ug/G. Observe that Ug/G is the doubling of
(H/G)° about the ideal boundaries as the following diagram commutes.

H - R(G) Uq Q(G)

ool
(H/G)? —— Ug/G —— Q(G)/G

where the horizontal arrows are the inclusion maps. Note that the inclusion
maps are not isometries and that the map J induced from the complex conju-
gation is an isometry on Ug /G fixing every point of (R — L(G))/G. Therefore,
each ideal boundary component of (H/G)? is realized as a simple geodesic in
Ug/G. Hence B = (R — L(G))/G is a geodesic lamination in Ug/G.

Let P be the completion of a connected component of the complement of
Ay, for some k € {1,2,3}. Since there are no cone points in Ug/G, there are
three types of geometric pairs of pants which have only simple closed geodesics
and punctures as geometric boundaries. See Figure 12.

Let b be a connected component of B. If b is a simple closed curve which
corresponds to the ideal boundary of a funnel in H/G, then for each i €
{1,2,3}, bN A; is b itself or a finite subset of b. If b is a simple bi-infinite
geodesic, corresponding to the ideal boundary of a half-plane, then for each
i € {1,2,3}, bN A; is a countable discrete closed subset of b since any bi-
infinite geodesic b such that (7 o ) (b) = b has no cusp point as an end
point. In particular, when b intersects with P, each connected component of
bN P is a properly embedded arc in P or a geodesic boundary of P. On the
other hands, if ¢ is a simple closed curve in A; for some i € {1,2,3}, then
cN ((H/G)° U B) is c itself or a disjoint union of properly embedded arcs.

Now, we assume that P N B # &. Let P’ be a connected component of
PN ((H/G)° U B). Then, we can see that each manifold boundary of P’ is
a geodesic boundary of P or consists of an alternative sequence of arcs in B
and arcs in OP. Hence, each boundary of P’ is a piecewise geodesic circle.

From now on, we discuss the shape of P’. First, we consider the case
where there is an embedded arc in P N B having the end points in one geo-
desic boundary of P. See Figure 13. In each case, the red line represents the
embedded arc and P can have a finite number of parallel arcs in PN B to the
red line which are also geodesic. These parallel arcs divide P into three types
of pieces. See Figure 14. The red lines are arcs in P N B and the black lines




LAMINAR GROUPS 57

o NN

(A) Three geodesic (B) Two geodesic (c) Onmne geodesic
boundaries boundaries boundary

FIGURE 12. In each A;, there are three types of geometric
pairs of pants according to the number of closed geodesic
boundary components since Ug /G has no cone point.

A

(A) Three geodesic (B) Two geodesic (c) Onmne geodesic
boundaries boundaries boundary

FIGURE 13. The red lines are curves in P N B.

are arcs in OP. The small circle in Figure 14b is a puncture and the round
circle in Figure 14c is a geodesic boundary of P. We can see that a piece of
the first two types can not intersect with B in the complement of the red
lines. But, a piece of the third type has three possibilities. The first is that
there is no intersection with B except the red lines. The second case is that
the piece has an embedded arc in P N B connecting two distinct black lines.
See Figure 15a. The additional red line represents the arc. Note that since
the arc is not separating, there are even number of parallel arcs. Then, the
parallel arcs divide the piece into pieces which are of the type of Figure 14a
or of the type of Figure 18a. Finally, in Figure 14c, the geodesic boundary is
in B. See Figure 15b. Thus, Figure 14a, Figure 14b, Figure 14c, Figure 15b
and Figure 18a are all possible cases of P’ when P has an arc in PN B having
the end points in one geodesic boundary.
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(A) A square (B) A bi-gon with (c) A Dbi-gon with
one puncture one closed geodesic
boundary

FIGURE 14. There are three types of pieces from Figure 13.
The red lines are embedded arcs in PN B and the black lines
are arcs in 0P. The small circle in Figure 14b represents a

puncture.

(A) A Dbi-gon with (B) A bi-gon with
one closed geodesic one closed geodesic
boundary and addi- boundary which is in
tional arcs B

FIGURE 15. The red lines are curves in P N B.

Now, we assume that there is no properly embedded arc in P N B having
two end points in one geodesic boundary. Also, suppose that there is a prop-
erly embedded arc in P N B connecting two distinct geodesic boundaries of
P. Then, there are four possible cases according to the number of homotopic
types of arcs. See Figure 16. The red lines represent the homotopy classes of
the embedded arcs in PN B.

In Figure 16a, the red line is not separating so there are even number
of parallel arcs which are homotopic to the red line. Hence, these parallel
arcs divide P into pieces which are of the types of Figure 14a or Figure 17a.
Similarly, in Figure 16b, the red line is not separating so there are even number
of parallel arcs which are homotopic to the red line. These parallel arcs divide
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%

(A) Only one homo- (B) One homotopy
topy class of arcs class of arcs

(A (N

(¢) Two homotopy (D) Three homotopy
classes of arcs classes of arcs

FIGURE 16. The red lines are curves in P N B.

P into pieces which are of the types of Figure 14a or Figure 17b. In particular,
in a piece of the type of Figure 17b, the geodesic boundary may be in PN B.
Therefore, Figure 17c is also a possible case. Finally, from Figure 16¢ and
Figure 16d, we can get pieces which are of the types of Figure 14a, Figure
18a, or Figure 18b. Therefore, Figure 14a, Figure 18a, Figure 18b, Figure
17a, Figure 17b, and Figure 17c are all possible cases of P’ when P N B has
an arc connecting two distinct boundaries.

Then, we consider the case where PN B has no arc. Then, PNB consists of
closed geodesics. Therefore, we can list up the possible types of P’ according
to the number of boundaries contained in PN B. See Figure 19. Thus, we can
summarize all possible cases of P’ in Figure 20.

Now, for a simple closed geodesic v in Ug/G, we set the collar width
c(y) to be In(coth(l(y)/4)) where I(v) is the length of v with respect to the
hyperbolic metric of Ug/G. Then, we write U(7) for the ¢(v)- neighborhood of
~ in Ug /G which is homeomorphic to the annulus. Note that for two disjoint
simple closed geodesics @ and § in Ug/G, U(e) NU(B) = @ and if b is a
connected component of B and bNa = &, then bNU (o) = @.
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o
(A) A square with (B) A square with (c) A square with
one puncture one boundary one boundary con-

tained in PN B

FIGURE 17. The red lines are embedded arcs in P N B, and
the black lines are arcs in P. The small circle represents a
puncture.

(A) A hexagon (B) A octagon

FIGURE 18. The red lines are embedded arcs in P N B and
the black lines are arcs in OP.

Then, we consider the restrictions C; = A; N ((H/G)° U B) of the geodesic
laminations. C; are a disjoint union of simple closed curves and properly em-
bedded arcs in (H/G)° U B. First, we remove closed curves in C; N B from
C;. Then, choose a connected component « of C;. We define a regular neigh-
borhood V(a) in (H/G)° U B as follows. If « is a simple closed curve, then
V(a) = U(a) and if « is a properly embedded arc, then there is the sim-
ple closed curve 7 in A; containing o and V() is the connected component
of U(y) N (H/G)° U B) containing «. Hence, each pair of two distinct con-
nected components of C; have disjoint regular neighborhoods. Similarly, we
can define regular neighborhoods for connected components of Co and Cs.

Choose three pairwise disjoint countable dense subsets @1, @2, and Q3
of B. We will replace the arcs in each C; properly so that every arc in C;
has endpoints in @;. We first consider C;. Let v : [0,1] — C; be a proper



(A) Two punctures
and one boundary
which is in B

(D) Only one bound-
ary is in B
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(B) One puncture
and two boundaries
of which one is in B

(E) Two boundaries
are in B

(c) One puncture
and two boundaries
which are in B

(F) All boundaries
are in B

FiGURE 19. The red circles are closed geodesics in P N B
and the black circles are closed geodesic in 9P — B. The
small circles represent punctures.

embedding, parametrizing an arc of C;. Then there is an isotopy H through
proper embeddings in (H/G)° U B satisfying the following:

1. H(s,0) =(s),

2. H([0,1]  [0,1]) € V(+([0, 1))),

3. for all t € [0,1], {H(0,t),H(1,t)} C B, and

4. {H(0,1),H(1,1)} C Q1.
Set v'(s) = H(s,1). Then +/([0,1]) is a properly embedded arc in (H/G)°UB
whose endpoints lie in @1, and it is contained in V(v([0,1])). We replace
~([0,1]) in C; by 4/([0,1]). Since the regular neighborhoods are disjoint, this
replacement can be performed independently for all arcs in C;. Thus, after
properly replacing arcs, we may assume that every arc in C; has endpoints in
Q1. Applying the same argument to Co and C3, we may assume that for each
i € {1,2,3}, every arc in C; has endpoints in Q);.

For each arc « in C;, there is a unique simple bi-infinite geodesic ¢, in
H/G which has the same homotopy type as o and connects the two endpoints
of a.. To see this, we first observe that, since « is a simple arc containing no
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(A) A bi-gon with
one puncture

(D) A square

(G) A square with
one puncture

(J) Two punctures
and one boundary
which is in B

(M) Only one bound-
ary is in B
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(B) A bi-gon with
one closed geodesic
boundary

(E) A hexagon

O

(H) A square with
one boundary

(k) Onmne puncture
and two boundaries
of which one is in B

(N) Two boundaries
are in B

(c) A Dbi-gon with
one closed geodesic
boundary which is in
B

(F) An octagon

O

(1) A square with one
boundary which is in
PNB

(L) One puncture
and two boundaries
which are in B

(o) All boundaries
are in B

F1GURE 20. The red circles are closed geodesics in P N B
and the black lines are in P. The small circles represent

punctures.
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cone points in (H\ L(G))/G, 75' () is a disjoint G-invariant collection of lifts
of a, each of which is a proper arc in H\ L(G). Choose a lift & of « joining
two distinct points ey, ex in OH \ L(G). Then there is a unique geodesic £, in
H joining e; and es.

To see that 71'(;([;) is the desired ¢, we first show that E; does not contain
a ramification point. Assume, for contradiction, that x is a ramification point
of index m. Let g be the elliptic element of G rotating about x through angle
27 /m. If m > 2, then g(¢,,) intersects £, transversely at z, and so {e1,es} and
g({e1, e2}) are linked on OH. It follows that & intersects its nontrivial translate
g(@), contradicting the fact that « is simple. If m = 2, then g(e1) = eq, which
implies that « is a loop based at T (ey), contradicting the fact that « is an
arc. Hence [a does not contain a ramification point.

Therefore, w¢((,) is a bi-infinite geodesic in the geometric interior of H/@,
joining the two endpoints of a. Set ¢, = 7q ([a) Then, by the same strategy
as in the proof of Proposition 6.8, we can construct the desired homotopy
from « to £, avoiding cone points.

We say that £, is the geodesic realization of . We define A? to be the
disjoint union of the geodesic realizations of the components of C;.

Fix i € {1,2,3}. Let P’ be the Cauchy completion of a connected com-
ponent of H/G — A?. By construction, we can see that P’ is a geometric pair
of pants or each possible shape of P’ corresponds to one of Figure 20. Now,
the red arcs are a part of ideal boundaries of H/G, the black arcs are simple
bi-infinite geodesics in H/G connecting ideal points in @; and the small cir-
cles are punctures or cone points. But, the black circles have two possibilities.
One is that the geodesic is a regular simple closed curve in H/G. The other is
that the geodesic comes from a geodesic segment connecting two cone points
of order two.

Finally, we construct a geodesic lamination in each case of P’ so that
for any complement A of the lamination in P’, the closure of each connected
component of 7'(‘&1(14) is an ideal polygon. The case where P’ is a geometric
pair of pants is done by Lemma 5.8 so we consider the cases in Figure 20. The
case of Figure 20d is already done by Lemma 6.6. Here, the countable dense
subset @ in Lemma 6.6 comes from ;. Now, we consider the cases of Figure
20e and Figure 20f. See Figure 21. By adding the blue bi-infinite geodesics,
the blue geodesics bound half-planes and the blue and black geodesics bound
an ideal hexagon and an ideal octagon in each cases. In each half-plane, we
can construct a geodesic lamination by Lemma 6.5. The countable dense
subset @ in Lemma 6.5 also comes from ;. Then we are done.

Then, we consider the case where P’ is of the type of Figure 20a and
the small circle corresponds to a cone point of order two. Choose a point p
of @; in the interior of the red line. Then there is a unique regular simple
geodesic ray emanating from the cone point with the ideal end point p. See
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Figure 22a. The blue line is the geodesic ray. Then, since the completion of
the complement of the geodesic ray is of the type of 20d, we can similarly
construct a geodesic lamination.

Now, we consider the case where P’ is of the type of Figure 20a and the
small circle is a cone point of which the order is greater than 2 or a puncture.
Choose a point p of @; in the interior of the red line. Contrary to the case
of order two, there is a bi-infinite geodesic of which the end points are p. See
Figure 22. The blue line is the geodesic. This blue line divides the bi-gon into
a piece of the type of Figure 20d and a piece which is an ideal monogon or a
monogon with one puncture. Then, in the piece of the type of Figure 20d, we
can construct a geodesic lamination as the previous cases. If the other piece is
an ideal monogon, we are done. If the piece is a monogon with one puncture,
we need to add one more bi-infinite geodesic emanating to the puncture as in
Figure 4b.

Then, we consider the case of Figure 20b. Choose a point p of @); in the
interior of the red line. Then, there is a blue bi-infinite geodesic of which the
end points are p. See Figure 22c. The blue line is the geodesic. This blue line
divides the bi-gon into a piece of the type of Figure 20d and a piece which
is a monogon with one hole. In the piece of the type of Figure 20d, we can
construct a geodesic lamination as the previous cases. In the monogon with
one hole, we need to add one more geodesic as in Figure 4c. Then we are
done.

In the case of Figure 20c, there is a unique simple closed geodesic that
bounds the funnel. See Figure 23a. The blue circle is the geodesic. This line
divides the bi-gon into a piece of the type of Figure 20b and the funnel. In
the piece of the type of Figure 20b, we can construct a geodesic lamination
by the previous case. We only need to consider the funnel. Choose a point p
of @; in the closed ideal boundary. Then there is a unique bi-infinite geodesic
of which end points are p. See Figure 23b. The orange line is the bi-infinite
geodesic. Then, the orange line divides the funnel into a mongon with one
hole and a half-plane. Therefore, we can construct a geodesic lamination as
previous cases.

For remaining cases, observe that by adding proper bi-infinite geodesic
connecting two ideal points in Q; and dividing P’ along the geodesic, we
can reduce the construction problem into the previous cases. See Figure 24.
The blue line is the bi-infinite geodesic which we want. Observe that each
geodesic divides P’ into pieces in which we can construct geodesic laminations.
Therefore, in each case, we can construct a geodesic lamination in P’.

Now, by adding a geodesic lamination in each complementary region of
AY, we obtain a geodesic lamination in H/G whose corresponding lamination
system L; is very full. Observe that, by construction, for each pair of dis-
tinct indices 4, j € {1,2,3}, the set E(L;) N E(L;) consists of cusp points of
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(A) A hexagon (B) An octagon
Ficure 21
(A) A bigon with a (B) A bigon with a (c) A bigon with one
cone point of order puncture or a cone geodesic boundary
two point not of order
two
FI1GURE 22

(A) A bigon with one (B) A funnel

closed ideal bound-
ary

FIGURE 23

G. Therefore, the collection {L£1, Ls, L3} of G-invariant very full lamination
systems is a pants-like COLg3 collection. Thus, G is a pants-like COL3 group.
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(A) A square with
one marked point

(D) Two marked
points  and  one
closed ideal bound-
ary

(G) Only one ideal
boundary

H. BAIK AND K. KIM

(B) A square with
one geodesic bound-
ary

() Omne marked
point and one closed
ideal boundaries

(H) Two  ideal
boundaries

(c) A square with
one closed ideal
boundary

(F) Onmne marked
points and  two
closed ideal bound-
aries

(1) All boundaries
are ideal boundaries

FIGURE 24. The blue lines are bi-infinite geodesics connect-
ing two points in @;. The marked points which are drawn as

the small circles are puncture or cone points.

THEOREM 6.10. Let G be a non-elementary Fuchsian group of the second
kind. Then G is a pants-like COL3 group.

Theorem B Let G be a Fuchsian group. Suppose that H/G is not a geo-
metric pair of pants. Then G is a pants-like COL3 group.
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Proor. By Theorem 6.4, Theorem 6.9 and Theorem 6.10, we are done.
d

We conclude this section by explaining how the proof of Theorem B can
be modified to obtain quite full laminations. See [4] for the definition of quite
fullness and related terminology. The only additional issue arises from geo-
metric pairs of pants containing punctures: in such a pair of pants, leaves from
distinct laminations may exit through the same puncture, and this has to be
taken into account when modifying the laminations constructed in Lemma 5.8.

For the cases shown in Figure 7c, where the pair of pants has either two
punctures or one puncture and one cone point, the modification is simple. It
is enough to remove the gray geodesics from the pieces of the type shown in
Figure 4b; then the complementary region lifts to a crown in the universal
cover whose pivot is a cusp point corresponding to the puncture.

It remains to consider the punctured case shown in Figure 7b. In this case,
to construct the desired geometric pair of pants together with the required
lamination, we use a surface D bounded by two bi-infinite geodesics and con-
taining one puncture; topologically, D is a once-punctured closed disk with
two points removed from its boundary. Such a surface can be obtained by glu-
ing two adjacent boundary geodesics of an ideal quadrilateral. We then glue
the two boundary geodesics of D. As in Section 5.2.3, choose shearing points
on these two boundary geodesics. Depending on the relative positions of the
shearing points, the completion P of the resulting surface is either a thrice-
punctured sphere or a punctured pair of pants of the type shown in Figure 7b.
In the latter case, the lengths of the boundary geodesics are determined by
the relative positions of the shearing points, together with the distances be-
tween the sides of the initial ideal quadrilateral. Thus, the bi-infinite geodesic
arising as the gluing locus (which is the image of the boundary of D) provides
the desired replacement lamination in P, whose complementary regions in the
geometric interior of P lift to crowns in the universal cover.

Applying this replacement to each such pair of pants, and, in the case
shown in Figure 22b, further removing the gray geodesics from the pieces of
the type shown in Figure 4b, we obtain quite full laminations. As a con-
sequence, Theorem B can be strengthened to yield the second statement of
Corollary 1.3 as follows:

COROLLARY 6.11. Given a Fuchsian group G, we can construct three quite
full circle laminations satisfying the disjoint endpoint condition and preserved
by G, provided that H? /G is not a geometric pair of pants.

7. APPENDIX

In this appendix, we prove Lemma 7.3. This lemma refines [3, Lemma 7.7],
which treats only the case where G is discrete and torsion-free. Before proving
the lemma, we need the following lemma and definition.
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LEMMA 7.1. Let G be a laminar group and L a G-invariant very full
lamination system. Assume that a point p in S is a cusp point of G. Then
there is a sequence {U, }22 ; of nondegenerate open intervals such that for each
n €N, U1 CU, and U, = I, U {p} U J,, for some two disjoint elements

o0

I, and J, of L, and m U, = {p}. In particular, {I,}5>; and {J,}2, are
n=1
quasi-rainbows at p.

PrOOF. We can take a parabolic element g of G fixing p as p is a cusp
point of G. Also there is a leaf £ of £ having p as an end point and we denote
the other end point by ¢. Then since g is a parabolic element, g(q) # ¢ and
9(q) # p so there is an element I in ¢ containing the point g(q). Because
g is orientation preserving, g(I) C I and since g is parabolic, the sequence
{g™(I)}52, is a quasi-rainbow at p. Likewise g~ 1(q) € I* as ¢ € g(I)*. Since
g~ ! is orientation preserving, ¢g~'(I*) C I* so since g is parabolic, the se-
quence {g~"(I*)}52, is a quasi-rainbow at p. Now for each n € N, we define
U, as the union of the sets ¢"(I), {p} and g~"(I*). Since I and I* are disjoint
and ¢"(I) € I and g~ "(I*) C I* for all n € N, then {g"(I),g~"(I*)} is a
distinct pair for all n € N. Hence for each n € N, U,, is a nondegenerate open
interval because dg™(I)NAg~"(I*) = {p}, and U,, 1 C U, as g"T1(q) € g"(1)

oo

and g~ " 1(q) € g~"(I*). Finally ﬂ U,, = {p} since the sequences {¢g™ (1)},
n=1

and {g7"™(I*)}22, are quasi-rainbows at p. Thus we are done. 0

For brevity we make a definition for the sequence {U,, }°2; of the lemma.

DEFINITION 7.2. Let £ be a lamination system. Let p be a point in S*
and {U,}52, be a sequence of nondegenerate open intervals containing p. We
call the sequence {Uy,}32; angel wings at p if for each n € N, U,y C U,
and U, = T U {p} U J for some two disjoint elements I and J of L, and
oo

() Un = {p}-
n=1

So Lemma 7.1 says that every cusp point of a group has angel wings if
the group has a very full invariant lamination system. Now we prove Lemma
7.3.

LEMMA 7.3. Let G be a pants-like COL3 group and C = {L1, L2, L3} be
a pants-like collection for G. Suppose that there are two sequences {x,}°2
and {y, 2, in St such that {x,}°, converges to a point x in St, {yn}2,
converges to a point y in S* and x # y, and that {g,}°, is an approzi-
mation sequence of G such that {gn(w,)}>2, converges to a point ' in S*,
{9n(yn)}5, converges to a point y' in S' and 2’ # y'. Further assume that
we can take a sequence {a, 2| in S so that for each n € N, a,, € Fixy, for
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some hyperbolic element hy, of G, {an}2, converges to x and {gn(an)}oe,
converges to y'. Then the sequence {g,}°2 ; has the convergence property.

ProoOF. We will show that we can take a subsequence satisfying the con-
dition of the convergence property with respect to z and y’. First we choose
a number € in R so that 0 < € < §min{dc(z,y),dc(z’,y’)}. Then for each
p € {z,y,2',9'}, we denote the e-neighborhood of p by N.(p) = {z € S :
dc(p, z) < €}. Note that N(z) N Nc(y) = @ and Nc(z') N N(y') = @. We can
take a subindex a of idy so that for each n € N, {z4(n); @am)} C Ne(z),
Ya(n) € Ne(y)7 ga(n)(xa(n)) € Né(xl)7 and {ga(n) (ya(n))aga(n) (aa(n))} -
N.(y). Now we divide into four cases depending on whether x and 3y’ are
cusp points.

First we consider the case where both x and 3’ are not cusp points. Then
at least two of C have a rainbow at x and also at least two of C have a rainbow
at y’. So at least one of C has rainbows at z and 3’ simultaneously. Hence
we can take two rainbows {I,}22; at  and {J,}32; at 3 in some L of C
so that for each I,y C I, and J,41 C J, for all n € N, and I,, C N(z)
and J, C N(y) for all n € N. Then for each n € N, there is a number
m(n) in N such that for all m € N with m(n) < m, {Ta@m);taim)} C In
and {ga(m)(Wa(m))s Gam)(@a(m))} C Jn. A subindex § of a can be given

by B(n) = a(Zm(k)) so that for each n € N, {zg(n),a8m)} C I, and

k=1
{95n) (Wa(m)): 98(n) (@5(n))} C -

Now we show that the sequence {gg(,)}ne; has the convergence property
with respect to x and y'. Let K be a compact subset of S' —{z} and U be an
open neighborhood of ¢ on S*. Then since {I,,}°; and {.J,,}5° ; are rainbows,
there is a number N in N such that K C Iy, and Jy C U. Note that for all
n € N with N <mn, {Jfg(n),ag(n)} C Iy and {gB(n)(yB(n))7gﬂ(n)(aﬂ(n))} C Jn
as I, C Iy and J, C Jyn. Choose a number ng € N with N < ng. Be-
cause N(x) does not intersect with N(y) and yg(ng) € I, 98(n0) (UB(no)) €
9B(no)(INn)* M Jn so by the unlinkedness of gg(n,)(In)* and Jy, there are
three possible cases: gg(n,)(IN)* C IN; 98(ne)UN) C IN; 98(no)(IN) C Jx. If
98(no)(IN) C JIn, then g(ny) (@s(ne)) € I and 80 ga(n) (€a(no)) € Ne(y')-
However this is a contradiction since N¢(z’) and N.(y’') are disjoint. If
98(no)(IN) C I, then gg(ng) (In) NI = & but () (@p(no)) € I(ne) (IN) N
Jn. So it is a contradiction. Therefore gg(,,)(In)* C Jn and this implies that
98(no)(K) C g8(ne)(Un)* C Jn C U. Thus we can conclude that {ggn)}ney
has the convergence property and so {gqn) }n=; has the convergence property.

Next we consider the case where x is not a cusp point and 3’ is a cusp
point. Since x is not a cusp point, at most one of C has x as an end point so
there are at lest two of C have rainbows at z. On the other hand, 3 has angel
wings in each of C. So there is a lamination system £ in C which has a rainbow
at z and angel wings at y’. Hence, in some £ in C, we can take a rainbow
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{I,,}52, at z and angel wings {U,,}22, at ¢/ so that for eachn € N, I, 11 C I,,,
I, C N.(z) and U, C N.(y"). Then for each n € N, there is a number
m(n) in N such that for all m € N with m(n) < m, {Zam); @am)} C In
and {ga(m)(Ya(m))s Ja(m)(@am))} C Un. A subindex § of a can be given

by 8(n) = a(Zm(k)) so that for each n € N, {zg(n),a3mn)} C I, and

k=1
{95() (Yp(n)): 98(n) (@p(n)) } C Un.

Similarly we show that the sequence {gg(n) }n=1 has the convergence prop-
erty with respect to z and y’. Let K be a compact subset of S* — {z} and
U be an open neighborhood of 4’ on S'. Then since {I,}5°; is a rainbow
and {U,}>2, is angel wings, there is a number N in N such that K C Iy
and Uy C U. Note that for all n € N with N < n, {2g(n),a3m)} C In
and {gs(n) (Ya(n))s 98(n)(asm))} € Un as I, € Iy and U, C Uy. Now we
write I, = (T, $n)s1 and Uy, = (up, v, )st for all n € N. Note that (un,y')s:
and (y',vn)s1 are in £ for all n € N. Now, we choose a number ng € N
with N < ng. Then r,, € (yg(no),ag(no))gl and s,, € (ag(no),yg(no))s1 as
aB(ng) € (TnosSng)st and Ygme) € (SngsTne)st by the choice of €. So one
of 95(n0) ([YB(n0)> @8(no)]s7) aNd g5(n0) ([@8(n0)s Ys(ne)]s1) must be contained in

Uno because {gﬁ("o)(yﬁ("o))? gﬁ(”o)(aﬁ(”ﬂ))} - Un0~
First we consider the case where

[98(r0) (UB(no))> 98(n0) (@8(no))] 51 = 98(ne) ([Ua(r0)> 4B(ne)]s1) C Ung-

If 98(ng) (Tro) € (Ung,¥y')s1, then by the unlinkedness of gg () (In,) and (un,,y")s1,
there are two possible cases: gg(n,)(Ing) C (Ung,¥') 515 98(ne) (Ino)* C (Ung, ') s1-
However if gg(ny)(Ing) C (Ung,¥')s1, then ggme) (2s(ng)) € (Ung,y')s1 C Un, C
Nc(y') so this is a contradiction. Therefore gg(ny)(Ing)* C (Ung,¥y') st and so
gﬁ(no)(K) - gﬁ(no)(IN)* C gﬂ(no)(Ino)* C (unoay/)sl C Uno CcUycCU.

Then if gg(n0)(Tne) € (¥'sVng)s1, then by the unlinkedness of gg(,,)(In,) and
(', Uny) 51, there are two possible cases: gg(no)(Ing) C (¥ Vng)s13 98(ne) Une)* C

(¥'s vny ) 51 However if () (Iny) C (y', Vno) st then gpno) (€s(ny)) € (¥ 0ng )51 C
Un, C Ne(y') so this is a contradiction. Therefore gging)(Ing)* C (¥, Vngy) st
and so

96(no)(K) € 9(ne) (IN)" C gp(no)(Ing)" € (4, 0ng)s1 C Un, C Un C U
Finally we assume that gg(,.)(rn,) = 3’ Note that

98(n0)(TN) € (98(n0) (YUB(no))» 98(no) (@8(ne))) 51

since agny) € In and yg(m,) € Iy by the choice of €, and s0 ggm,)(rn) €
(98(n0) WB(no))> ¥ )51 C (Uny,y')s1 since

W', 98(n0) (@8(no))) st = 98(no) ([Pno» @(no))) st C 9a(no) (Tng) C G8(ne) (IN)-
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Hence by the unlinkedness of gg(,,)(In) and (un,,y’)s1, there are two pos-
sible cases: gg(ne)(IN) C (Ung,¥')s1; 98(no)(IN)* C (Ungy,y')s1. However if

98(no)(IN) C (tng,y") 51, then ga(ng) (Tp(ng)) € (Ung,y')s1 C Uny C Ne(y') s0
this is a contradiction. Therefore gg(,,)(IN)* C (Un,y,y')st and so

98(n0) (K) C 98(no) IN)" C (tng,y')s1 C Up, C Un C U.

Thus these implies that {gz(,)}ne; has the convergence property and so
{9an) }nZ1 has the convergence property. In the similar way we can prove that
{98(n) 121 has the convergence property in the case where gg(n,)([a8(n0)> Y8(no)]s1) C
Un,- Hence {ga(n)}nZ also has the convergence property.

Now we consider the case where x is a cusp point and y’ is not a cusp
point. It follows at once from the previous case that {g;(ln)};’;l has the
convergence property. Indeed it implies that {g,(n)}ne; has the convergence
property by Remark 4.1. Thus this case is also proved.

Finally we consider the most complicated case when both x and 3’ are
cusp points. Note that by Lemma 3.9, a,, # = and g, (a,) # v’ for all n € N.
Also we claim that there is at most one number n in N such that g, (z) =y’
If there are two numbers n and m in N with n # m such that g,(z) = ¢y’ and
gm(x) = ¢/, then g, 0 g 1Y) = gm(z) =y and y € Fix, , -1 . However
gm © gt is hyperbolic as {g,,}5°; is an approximation sequence and so it is a
contradiction by Lemma 3.9. Therefore there is a subindex 3 of a such that
98(n) () #y' for all n € N.

Choose a lamination system £ in C. Then we can take two angel wings
{1}, at  and {J,,}5°; at ¢/ in £ so that for each n € N, I,, C N.(x) and
Jn C Ne(y'). Then for each n € N, there is a number m(n) in N such that for all
m € Nwithm(n) < m, {xﬁ(m)7 aﬁ(m)} C I,, and {gﬁ(m)(yﬁ(m)),gﬁ(m)(aﬁ(m))} -

n

Jn. A subindex v of 3 can be given by y(n) = 3( Z m(k)) so that for each
k=1
n € N, {24(n), ay(m)} © In and {gy() (4y(n)): 9(n) (@) )} C -

Now we write I,, = (7, $n)st and J, = (up, v,)g: for all n € N. Note that
for each n € N, the nondegenerate open intervals (r,,, ) g1, (2, 85 ) g1, (Un, ¥y’ ) g1,
and (y',vp,)g are in £. Then we show that the sequence {g.(,)}nZ; has the
convergence property with respect to  and y’. Let K be a compact subset
of S* —{z} and U be an open neighborhood of 4" on S*. Then since {I,,}5°,
and {J,, }22, are two angel wings, there is a number N in N such that K C Ix,
and Jy C U. Note that for all n € N with N < n, {2,(,),yn)} C In and
{g'y(n)(y'y(n))ag’y(n)(a'y(n))} CJyasl, ClIyand J, C Jy.

We fix a number ng € N with N < ng. We claim that g, (K) C U.
Note that one of g (nq) ([@ry(no)s Yry(no)s1) A0 Gry(ng) ([Ury(n0)s Gy (no)] 51 ) must be
contained in Jy, as { Gy (ng) (@ (ne))s Gy(no) Yv(ne))} C Jno- There are two cases
depending on the location of @ (ng) : Gy(ng) € (Tng, )15 Ay(ng) € (T, 8ny) st
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First we consider the case where a,(,,) € (Fng, @)s1. Then Yny(ng) €
(%,7ny)s1 by the choice of e. Hence one of gy () (7n,) and gy (ny)(z) belongs
t0 Jn, since & € (Gy(ng)s Yy (no)) st AN Ty € (Yoy(no)s Gry(no)) S1 -

In the case where g (n,)(Tn,) € Jn,, there are three possible cases:

g'y(no)(rno) S (unovyl)slvg'y(no) (rno) = y/ or g’Y(ng)(T’ﬂo) S (ylvvng)sl-
If Gy (no)(Tno) € (Ung,¥y')s1, then
g’y(no)((rno’x)sl) - (Uno»y/)31 or g'\/(no)((rnual‘)sl)* C (uﬂovy/)Sl

by the unlinkedness of g., () ((7ny, ) s1) and (tng, y")s1. When g 50y (7', 2) 1) C
(Ung,¥y')s1, we get that gyne)(z) € (Uny, ¥y )st since g gy (x) # ¥, and
that gy (n) (L((, $ny) 1)) lies on (ung,y")g1. However if g (0 (2, 8ny)s1) C
(tng,¥')s1s then g,y (Ing) = Gy(no) (Tnos Sne)s1) C (Ung,y')s1 C Jn, s0 this

is a contradiction since gy (ny)(Zy(ng)) & Jno- Therefore g, (ny)((8no,2)s1) C
(Ung, Yy )s1. Then

91(10) (K) € 93(n0) IN) € G(n0) (L)
C Gy(no) ((Snp> @) s1) C (Ung, Y )51 C Jny C In CU.
So this case is proved. Then when g (ng)((7n,2)s1)* C (tng,y')st, We can
see that
97(n0) () € Gy(no)(IN) C G(np) (L)
C Gy(no) (Mg, 2)§1) C (Ung,y')s1 C Jny € I C U.

Therefore the case where gy (n0)(7n,) € (Uny, ") st is done.
Now if gy (o) (7ne) = ¥, then there are three cases by the unlinkeness of

gv(no)((rnwx)sl)v (Unmy/)sl and (y/’vno)sl : g'y(no)((rno’x)sl) - (y/avno)sl;
(y/7 Ung)Sl - g'y(ng)((rng: 33)51) - (unga y/)j%l; (Unga y/)gl - g’y(no)((r’no7 CL’)Sl)'
We claim that the first case is not possible. If g (5,) (74, ) 51) S (¥, Ung )57,
then € (¥, vn,)s1 since gy(ng)(ng) = ¥'- Then g o) (€((2, 5p,) s1)) must lie
on (y',vn,)st. However if g (n0) (%, $ny)s1) C (¥, Vny) g1, then
91(n0) (Z1(n0)) € G(no) (Lno)

= gv(no)((rnw Sno)Sl)

C (¥, vng) st C Jng C Ne(y/').
This is a contradiction by the choice of €. Also if g,y () (2, 8n0) 51)* C (¥, Vng) 57,
then

(y/vg'y(no)(x))Sl = g'y(no)((TNO:x)Sl)
C g’y(no)((xvsno)gl) = (g'y(no)(sno)ﬂg’y(no)(x))sl C (y/7vno)517

and this implies that g.(n,)(5n,) = ¥'- However g, () (5n0) = ¥ = 9y(no) ("no)
so this is a contradiction. Therefore the claim is proved.
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Now we consider the case where

(y/’vno)sl - g’)’(’ﬂo)((’rnmx)sl) - (unovy/)gl = (y/’uno)51~

This case is also impossible. Observe that g, () () € [Ung: Un,) st a0d gy (ng) (Y (ne))
must belong to (un,, y') st in this case. Since y' = gy(no) (Tno) C Gy(no) ((rn, T)s1),
the leaf £((tn,,y")s1) lies on gy () ((rn, ) 51) . I (Ung, ¥') 61 C Gryno) (TN, ) 51),
then (g'y(no)(x)7 g'y(no)(rN))Sl = g'y(no)((rNax)Sl )* C (unoa y/)Sl and g'y(no)(x) €
[tng,y')s1- This is a contradiction since [vp,, Ungy)s1 and [un,,y’)s1 are dis-
joint. If (Ung,¥")s1 C Gyine) ("N, ) 51), then g,y (Yy(ng)) € (Ung, ¥ )s1 C
Gr(no) (N, ) 1) and this is also a contradiction since y.(n,) ¢ (7N, T)s1-
Therefore (tng,¥') 1 C Gry(no) ((Tng, ) g1). Then
g'y(no)(K) C g'y(no)(I;;g) C g'y(no)((rnwm)gl) C (unmy/)sl CJny CJy CU
Thus the case where g.(,,,)(7n,) = ' is also proved.
Then we consider the case where g, (,0)(7n,) € (4, Un,y)st. Then there are
two cases by the unlinkedness of g (y,)((Tng, 2)s1) and (y',vn,) g1

° gv(nn)((rnmx)sl) C (ylavno)sl;

b g’y(no)((rnmz)sl)* - (y/vvno)sl-
Ifg’y(no)((rnoa‘r)sl) C (ylavno)Sla then g’y(no)(z) € (y/avno]Sl C (y/’UN)Sl and
so the leaf g (0) (U((2, 8y ) 1)) must lie on (y', vn) 1. However if g (o) (2, 5ny)s1) C
(¥, vn) g1, then gy () ((Thg, Sne)st) C (¥',vn)sr and this is a contradiction
since gy (ng) (Ty(no)) € Jn- Therefore g (nq) (@, $ny)s1)* C (¥, vn)st and so

g’y(no)(K) C gv(no)(I]tf) - gv(no)((xﬂgno)gl) C (ylva)Sl cJyCU

Hence the case where g, (n0)(7ny) € (4, 0n,)st is also proved. Thus the case
where g (n0)(Tny) € Jn, is proved.

Now we consider the case where g () (%) € Jn,. Then g, (ng) (%) € (Un,, ) st
OT Gry(no)(T) € (¥, Vng )51 8S Gry(ng) () # y'. For brevity, we write

L= 9y(no) ((Tng, ©)51) and R = gy(ng) (%, 8no ) 51)-

If gy (no) (%) € (Uny,y')s1, then the leaves £(L) and £(R) must lie on (un,,y") 1.
However if L C (tuny,¥y")sr and R C (Ungy,y')s1, then gyne)(Ing) C (Ung,y') 51
and this is a contradiction since g (ny)(Zy(no)) & Jno- Hence L* C (tuny,y') 51
or R* C (Uny,y")g1. In both cases, g,(ny) (L) C (tUngy,y")st. Therefore

g’y(no)(K) C g'y(no)(Il*V) C g’y(no)(lzo) - (unmyl)sl C Jno CJy CU.

Similarly if g,(ne) () € (4, Vn,)s1, then the leaves £(L) and £(R) must lie on
(¥, Vng)s1- However if L C (3, vp,)g1 and R C (', vn,)s1, then gy (o) (Iny) C
(¥',vny)s1 and this is a contradiction since g.(ng)(Ty(ng)) ¢ Jn,- Hence L* C
(', Vng)st o R* C (Y, 0n,) 51 In both cases gy (o) (L;,) C (¥, Vn,y)s1. There-
fore

9ry(r0) () C Gry(no) IN) C Gyino) (Lng) € (¥ 0ng) st C Jny € JIn C UL
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Thus the case where g, (z) € Jy, also follows and so the case where
Uny € (Tny, )51 is done. Similarly g, () (K) C U when an, € (,5n,)s1-
This implies that for any n € N with N < n, g,(,,)(K) C U. Therefore the
sequence {g.(n) }ne; has the convergence property and so {gan)}nz; has the
convergence property. Thus the original sequence {g,}52; has the conver-
gence property. 0
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