NEW DEGENERATION PHENOMENON FOR INFINITE-TYPE
RIEMANN SURFACES

RYO MATSUDA

ABSTRACT. Since the Teichmiiller space of a surface R is a deformation space of
complex structures defined on R, its Bers boundary describes the degeneration
of complex structures in a certain sense. In this paper, by constructing a
concrete example, we prove that if R is a Riemann surface of infinite type,
then there exists a Riemann surface with a marking on the Bers boundary
that is homeomorphic to the surface R. We also show that such points form
an infinite-dimensional complex manifold on the Bers boundary.

1. INTRODUCTION

The Teichmiiller space Teich(T") of a Fuchsian group I is the space of quasiconfor-
mal deformations of I". In terms of the corresponding Riemann surface R := H/T,
the space Teich(I") can be regarded as its deformation space; it is sometimes denoted
by Teich(R). Furthermore, Teich(R) can be considered as a complex manifold, re-
flecting many properties of the Riemann surface R.

The motivation for studying the boundary of the Teichmiiller space arises from
the following reasoning: in complex analysis, the structure of the complex manifold
Teich(R) can be examined through the properties of proper holomorphic maps from
the complex disk D := {z € C | |z| < 1} to Teich(R). Moreover, according to the
Fatou—Riesz theorem, a holomorphic function from D to a complex manifold is
characterized by its non-tangential limits at almost all points on the boundary 9D.
Since the non-tangential limit points lie on the boundary of Teich(R), understanding
the boundary of Teich(R) is crucial for analyzing its complex manifold structure.
Furthermore, the boundary of Teich(R) provides insights into the degeneration of
complex structures on Riemann surfaces, thereby enhancing our understanding of
these surfaces. Therefore, we study a boundary of the Teichmiiller space.

Various boundaries of Teich(R) have been considered. We focus on the Bers
boundary Jpes Teich(I"), which is obtained by embedding Teich(R) into a bounded
region of the complex Banach space of all holomorphic quadratic differentials. We
will denote it B(I')(cf. Subsection 2.1). The embedding is known as the Bers
embedding B : Teich(I') — B(T'). The Teichmiiller space which, when embedded
in this manner, can be seen as the space of deformations of the Fuchsian group I'
within the representation space R(I"), where R(I") is the space of the conjugacy
classes of discrete and faithful homomorphisms from I" to PSL(2;C). When R is of
finite type, it has been extensively studied by Bers [4], Maskit [12], and Abikoff [1].
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If R is compact, the Bers boundary consists of Kleinian groups corresponding to
Riemann surfaces that degenerate topologically[4, 12]. When R has finitely many
punctures, the same can be established by modifying the claim appropriately (more
details will be given in Section2.1). This implies that the degeneration of complex
structures leads to that of the underlying topological structure. Some properties of
Hol(D, Teich(R)) have been investigated based on the properties of Kleinian groups
lying on the Bers boundary. They help in understanding the complex manifold
structure of Teich(R)([14, 15], [16, 17]).

This paper concerns the case where R is of infinite type. In this case, Teich(R)
becomes an infinite-dimensional complex manifold. We show that points of the
Bers boundary are homeomorphic to the base surface R. Moreover, these points
can be parametrized by an open subset of a certain Banach space. These results
highlight differences between finite and infinite types. In this paper, we shall call
the Kleinian group corresponding to such a Riemann surface a David-Fuchsian b-
group. A detailed definition is described in Definition 2.1, Definition 2.3, and a
construction is presented in Section 4.

The quasiconformal maps are characterized as the solution of the partial differ-
ential equation called the Beltrami equation f;: = uf, considered for a function
p € L*°(C) with ||p|lr~ < 1. Since the Teichmiiller space is the set of all quasi-
conformal deformations of the Riemann surface, a deformation by the solution of
the degenerate Beltrami equation is expected to lie on the Bers boundary. The
degenerate Beltrami equation means that gz = 1. David [5] has studied suf-
ficient conditions on p € L*°(C) for the degenerate Beltrami equation to have a
homeomorphic solution; its condition is called David’s condition. We construct
a David-Fuchsian b-group by constructing a deformation of the Fuchsian group
I', which satisfies David’s condition. To prove that the constructed David defor-
mation of the Fuchsian group I' belongs to the Bers boundary, it is necessary to
construct a sequence in Teich(T") that converges to the point in B(T") corresponding
the constructed David deformation. For that, we apply the estimate given by Mc-
Mullen [13, Theorem 1.2]; we impose the condition that short(R) is positive, where
short(R) is the infimum of lengths of essential simple closed geodesics of R. The
first result is as follows.:

Theorem (Theorem 4.4). Let R be a Riemann Surface of analytically infinite type
with short(R) > 0 and infinitely many pairwise disjoint essential closed geodesics
{V:}n>0 whose lengths are bounded. Then, there exists a David-Fuchsian b-group
on the Bers boundary of Teich(R).

A natural question arising from Theorem 4.4 is whether a family of David-
Fuchsian b-groups can be constructed, and if so, what degrees of freedom are avail-
able in the construction. In this regard, the following results have been obtained.

Theorem (Theorem 5.1). Let R be a Riemann Surface of analytically infinite type
with short(R) > 0 and infinitely many pairwise disjoint essential closed geodesics
{V} >0 whose lengths are bounded. Then, there exists a unit ball D of a Banach
space and a holomorphic map F : D — B(T"), where F(D) is contained in the
Bers boundary Opers Teich(R), and consists only of David-Fuchsian b-group, and
the dimension of the tangent space of the image is infinite.

In Section 2, we provide the necessary background about quasiconformal maps,
Kleinian groups, and David maps. In Section 3, we compute the variation of the
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injective radius when the cylinders are stretched to apply them to McMullen’s
inequality. In Section 4, we construct a Kleinian group using a David map, and
we prove that the Kleinian group exists on Opers Teich(I'), that is, we prove that
David-Fuchsian b-group exists. In Section 5, we consider how many David-Fuchsian
b-groups exist on Opes Teich(T"). In conclusion, it is shown that there exists open
sets D of a certain infinite-dimensional Banach space and a holomorphic map F :
D — B(T') such that F(D) is contained in the Bers boundary and consists of
David-Fuchsian b-groups.
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his insightful suggestions, which significantly simplified existing arguments on David
maps. He also extends his appreciation to Professors Hiromi Ohtake and Professors
Katsuhiko Matsuzaki for their valuable discussions and insightful guidance. He also
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2. PRELIMINARIES

2.1. Teichmiiller theory and Kleinian groups. Let R be a Riemann surface
whose universal covering surface is D, and let it be represented by a Fuchsian
group I' acting on D as R = D/T. A quasiconformal mapping f : D — D is said
compatible with I if I'/ := fT'f~! remains a Fuchsian group. The isomorphism
I' — T/, defined by conjugation by I' 3 ~ — fyf~' € I'f, is referred to as
a quasiconformal deformation of I'. Note that the deformation of I' induces a
quasiconformal deformation of the Riemann surface R. Indeed, the map f induces
a quasiconformal map f : D/I" — D/T/. Let L>(I') denote the complex Banach
space of all bounded measurable Beltrami differentials for I' supported on H. Each
element p € L°°(T") satisfies o~y -+ = -+ for every v € I'. Its open unit ball
Bel(T") is the space of Beltrami coefficients for I". For each element p € Bel(T"), the
unique quasiconformal homeomorphism w* : D — D with complex dilatation p that
fixes —1,1 and 4, is compatible for I'. Two elements p and v in Bel(T") are said to
be Teichmiller equivalent if w*|s1 = wY|s1 holds. The Teichmiiller space Teich(T")
of T is the quotient space of Bel(T") by the Teichmiiller equivalence relation.

In the following, we review how to embed Teich(T") into a bounded domain of the
Banach space B(I') by a well-known method. B(I") is the complex Banach space of
all L*° hyperbolic holomorphic quadratic differentials ¢ : D* — C for I', where D* is
the exterior of {z € C | |z| < 1}. Namely, the point ¢ of B(I') satisfies poy-(7)"? = @
for every v € I, and the L™ hyperbolic norm |[¢|| g(ry := sup,ep- [¢(2)|(1—]2[?)? is
finite. Like Bel(T'), the space B(T") is sometimes considered the space of quadratic
differentials on the conjugate Riemann surface R* through the covering map = :
D* — R*. Tt is denoted as B(R) in such a sense. For each p € Bel(T"), define

woon D,
0 on D*.

Then, there exists a unique quasiconformal mapping f, : C — C such that

_ uwz) _Jp onD 2) =24 0(1/2) (near z =
bel(fu) (" <fu>z)‘{o on e’ n(2)=z+0(1/2) )
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The Schwarzian derivative of f, is defined on D* as

AN "y 2
s =(7) =3 (%)
w p

The mapping B : Teich(I') > [u] — S(fulp-) € B(T) is well-defined and holo-
morphic. The map is also a biholomorphic map onto its image, called the Bers
embedding. As a known fact, its image is a bounded domain in B(T'). Therefore,
the boundary can be defined via the Bers embedding. This is called the Bers
boundary Opers Teich(I') := OB(Teich(I")). Next, we summarize the holonomy ho-
momorphism defined at each point in B(T"). For each a point ¢ € B(T'), then there
exists a unique, locally univalent holomorphic map W, : D* — C such that

S(W,) =1, Wy(z)=z+o0(1/z),near z = oco.

Then, for every element v € I, there exists a unique Mdbius transformation g such
that

Weooy=goW,.
We denote the mapping v — ¢ by x, : I' = PSL(2;C), called a monodromy
homomorphism. If W,, is univalent, x,(I") is also discrete. Bers proved that if ¢ is
contained in Cl(Teich(I")) := Teich(I') UOgers Teich(I'), the function W, is univalent
[4, Theorem 5]. Then, we classify ¢ according to the properties of x,(I").

Definition 2.1 (Classification of elements in Cl(Teich(T"))). Let a quadratic dif-
ferential ¢ be in Cl(Teich(I")). The group x,(I") or the differential ¢ is called
e a quasiFuchsian group if the function W, can be extended to a homeomor-
phic map on @,
e a cusp if there exists a hyperbolic element v € T' such that x,(7v) is a
parabolic element, and
e a totally degenerate group if x,(I') is not a cusp and W,(H*) C C is an
open and dense subset.

Accola [2] has shown that when considering the Teichmiiller space of a Fuchsian
group I' of the first kind, which is not necessarily finitely generated, the three
conditions appearing in the above definition provide a classification of the elements
of Cl(Teich(T")).

Bers [4] and Maskit [12] proved that if a finitely generated Fuchsian group T
is of the first kind, quasiFuchsian b-groups do not lie on the Bers boundary. The
following are known.

Theorem 2.2 ([4] and [12]). Let R be a Riemann surface whose Fuchsian group T
is finitely generated of the first kind. If a quadratic differential 1 € Opers Teich(\S)
is not a cusp, it is a totally degenerate group. Moreover, if a quadratic differential
¢ € Cl(Teich(T") is a quasiFuchsian group, then ¢ is in Teich(T).

In this paper, we prove that quasi-Fuchsian groups can lie on the Bers boundary
when R is of infinite type. In other words, we show that Theorem 2.2 does not hold
in the case of infinite type. For the sake of clarity, we define the following terms.

Definition 2.3. In this paper, we call the group x,(I') or the differential ¢ a topo-
logical quasiFuchsian b-group if ¢ € Opers Teich(T') and ¢ is a quasiFuchsian group.
In particular, when the function W, satisfies a David condition (see Definition 2.4),
we call x,(I') or the quadratic differentials ¢ a David-Fuchsian b-group.
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Tanigawa [16, Proposition 4.4] and Yamamoto [19, Theorem 3.1] also discuss
Kleinian groups that lie on the Bers boundary in the case where R is not of an-
alytically finite type. The comparison and the relationships with our results are
summarized in Section 6.

2.2. David map. This section summarizes the notion of David maps, character-
ized as solutions to the degenerate Beltrami equations. In particular, we discuss
the results studied by David [5]. Since quasiconformal maps are characterized as
solutions of Beltrami equations, David maps can be considered as an extension to
quasiconformal maps.

Definition 2.4. Let u be a measurable function on an open set U C C and |u(z)| <
1 for almost all z € U with respect to the Lebesgue measure. We say that p satisfies
a David condition, if there exist a > 0, C' > 0 and g9 > 0 such that, for each
0 < e <ey,

(2.1) {z €Ul lu(=)| > 1= e}, < Cexp (-2),

s
_—e
exp(K,) € L} . for some p € (0,00), then y is said to have exponentially L

loc
integrable distortion.

satisfies

p
loc

where | - |4, is the shperical measure on C. Moreover, if K, (z) :=

Remark. (1) When the support of u is contained by a bounded domain in the
plane, then the Lebesgue measure can replace the spherical measure in
(2.1).
(2) Suppose that supp(p) C CI(D) and K, € L?(D), then p satisfies the David
condition by Chebychev’s inequality,

2
> 1= ey, = {12 2}

Leb
< exp(fQ/s)/Dexp(Kﬂ(z) + 1) dady.

Hence, the exponentially LT integrable distortion condition implies the
David condition.

Theorem 2.5 (Generalized Riemann mapping theorem, [5]). Let u be a measurable
function on C satisfies the David condition, then the Beltrami equation fz = pf,
has a homeomorphic solution f,, € Wﬁ)cl (C) which is unique up to postcomposition
of a conformal map.

Remark. Let Q be an open subset in R™ for some n > 2. A map f: Q — R"
is called mapping of finite distortion if f € Wli’Cl(Q,IR{”), Jr € L (9), and there
exists a measurable function Ky : Q — [1,00) so that

[Df(@)[" < Kj(x)Jf () ae.,

where Jy is the jacobian of f, Df is the matrix of partial derivative, and |D f(z)|
is the operator norm. A homeomorphic solution of the Beltrami equation with a
coefficient p which satisfies David condition, is an example of mappings of finite
distortion. For more details, see [3, 8.

Definition 2.6. Let p € L>®°(C) satisfy |u(z)| < 1 for almost everywhere z € C. A
homeomorphism f : C — C is called the principal solution to the Beltrami equation
with coefficient p if the map f satisfies the following conditions:
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o f satisfies the partial differential equation f; = uf. a.e.,
e there exists a discrete set F C C such that f € W1 (C\ E).
e around the point at infinity, f has the Laurent expansion f(z) = z+%+---.

Theorem 2.7 ([3, Theorem 20.4.7]). Let p be a measurable function on C with
|| <1 a.e.. If there exist p > 1 and a measurable function K such that

» K(z)—1
(2.2) exp(K) € LP(D), |u(2)| < K +1

where xp is the characteristic function of D, then the Beltrami equation fz = uf,
admits a unique principal solution f € I/Vlif (©).

XD

The following proposition can be obtained by rewriting the proof of the existence
theorem for solutions of the degenerate Beltrami equation slightly [3, Theorem
20.4.7]. In [3, Proof of Theorem 20.4.7], it uses a specific sequence of approximations
for u. Still, any sequence of approximations that satisfies the appropriate conditions
is sufficient.

Proposition 2.8. Let u be a measurable function, which satisfies the assumption
of Theorem 2.7. Suppose that a sequence (u,,) satisfies

[tnllzee <1, pn(2) = p(z) a.e, pnl <|pl.
Then, the sequence of the principal solutions of p, has a subsequence that locally

uniformly converges to the principal solution of L.

Proof. For the Beltrami differential u,, and p, there exist BMO functions (K,)*
and K* respectively, and

K,, < (K., K,<K

holds. In particular, |u,| < |u|, so we can see that (K,,)* < K* is satisfied.
Next, let f, be the principal solution for p,. Then, from the general theory of
the Beltrami equation, we get

(2.3) (fr)z = Ulzzy = I(frn)zllz2@) < 41K 22y

(see [Proof of Theorem 20.4.7] in [AIM]). In particular, since u satisfies the assump-
tion of Theorem 2.7, there exists a constant M > 0 such that, for any R > 0,

/ |Dfn|? dedy < AwR? + M.
A(0;R)

From modulus inequarity([3, Theorem 20.1.6]), for any a,b € D,
WfA(O;R) |V fn|? dxdy

log (e + ﬁ)

the sequence (f,) has a convergent subsequence. Moreover, from (2.3) and the
weak sequential compactness of W12(C), by taking a subsequence, we may assume
fn = f locally uniformly and Df,, — Df weakly in L? . Thus, we obtain

loc*

|fn(a) - fn(b)|2 <

)

fz=unf. ae.

Finally, it remains to be shown that f is the principal solution of y. Let g, be
the inverse map of f,,, and then g, has the following modulus of continuity: for
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a,beC,
1+ |al? + |b|?

log (e + \aiibl)

which is in [3, Lemma 20.2.3]. Therefore, (g,) has also a convergent subsequence.
Since the limit function g is continuous and g o f = idc, the function f is a home-
omorphic. Moreover, because f,, are conformal around oco € C, the function f is
also conformal around co € C. In particular, the Laurent expansion of f is

a
JE) =zttt

|9n(a) = gn(b)| < 167 K | 210y

3. DEFORMATION OF A FAMILY OF CYLINDERS

3.1. A result of McMullen.

Theorem 3.1 ([13, Theorem 1.2]). Let R be a Riemann surface with short(R) > 0,
where short(R) denotes the infimum of the lengths of all essential simple closed
geodesics on R. Let [u] be a point in Teich(R), and v be a unit-norm Beltrami
differential in the tangent space Ty, Teich(R) at [u]. If the support of v is contained
in the part of f*(R) of the injectivity radius less than L < 1/2, where the injectivity
radius is measured using the hyperbolic metric of f*(R). Then, the image of v
under the derivative of Bers’ embedding B : Teich(R) — B(R) has norm at most
C(Llog1/L)?, where the constant C' depends only on short(R).

Remark. In the original paper [13], it seems that R is assumed to be of analytically
finite type, but it is easy to see that his proof works without the assumption that
R is to be of analytically finite type.

Applying this theorem, we estimate the distance in B(I') between two points
arising from a quasiconformal deformation in a thin region of R. Specifically, we
show the following:

Theorem 3.2. Let R be a Riemann surface with short(R) > 0. For [uo], [p1] €
Teich(R), there exists a curve py : [0,1] — Bel(R) such that

1 -1
— i _ Ht+h Mt
7 Am}) hbel(f o (f**) )

has its support contained in the region of f*t(R) where the injectivity radius satisfies
L < 1/2. Moreover, if there exists a constant k such that |v;] < k < 1 for all
t € [0,1], then

nmmw—Bmmnmmsa(Mbg;),

where Cy depends on short(S), and K = 1%

Remark. In the paper [13], there is a part where the main result is implicitly proven
using the statement of Theorem3.2.

Proposition 3.3. Let R, S be hyperbolic Riemann surfaces, and f : R — S be a
K -quasiconformal map. Then, there exists a constant ¢ := ¢(K) > 1 such that, for
all p,q € R,

1 1 K
mnl{cdﬁgnw,(cdRuu@) };;dsuxp»f«n>s(nandR@xq»dR@xqf/Kh
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where dr and dg denote the hyperbolic distances on R and S, respectively.

Proof. Gehring—Osgood [6, Theorem 3] obtained how the quasi-hyperbolic distance
of the hyperbolic domain in plane changes under K-quasiconformal mapping. In
more detail, let Dy, Do be simpley connected hyperbolic domains in the plane and
f: D1 = D3 be a K-quasiconformal map, then there exists a constant ¢ := ¢(K) >
1 such that, for all z,y € Dy,

d47D2 (f(x)v f(y)) < Cmax{d(LDl (‘T’ y)’ diI>D1 ((E, y)l/K}a

where d, p, are a quasi-hyperbolic distance for j = 1,2. Note that the quasi-
hyperbolic distance of the upper half plane d,u coincide with the hyperbolic dis-
tance dy from the definition.

Moreover, let mr : H — R be an universal cover of R, then

(3.1) _inf du(p, q) = ds(p, q).
pET™ (p)
ger~'(q)
. . 1/K .
Finally, since dy and dif = are continuous,

max{dpy, dﬁ/K}

is also continuous. Therefore,
(32) ot max{du(p, @), du (5, )"/} = max{ds(p, ). ds(p, )"/ " }.
peETH(p

ger ' (q)

From (3.1) and (3.2), we obtain

(3.3) ds(f(p), f(q)) < cmax{dr(p,q),dr(p,q)"/*}.

The inequality on the left-hand side of the claim can be obtained by applying (3.3)
to the inverse map of f.
O

Proposition 3.4. Let R, S be hyperbolic Riemann surfaces, and f : R — S be a
K -quasiconformal map. Then there exists a constant ¢’ := ¢/(K) > 0 such that, if

TR(p) < 1;
rr(p) < rs(f(P)VX,

where rr(p) and rs(f(p)) are the injectivity radii at p and f(p) with respect to
hyperbolic metrics R and S, respectively.

Proof. Let ' < rr(p). The set {qg € R | dr(p,q) < r'} is simply connected. Since
f is a homeomorphism, f({q € R | dr(p,q) < r'}) is also simply connected. Now,
if f(q) € f({g € R| dr(p,q) <r'}), then

K K
45(f(p). f(a)) = min {idmp,q), (3antr0) } ~ (Finr0)

from Proposition 3.3 and 1dgr(p,q) < 1. Thus, set r := "5 /c, then {z € S |
ds(f(p),z) < r} is simply connected. Therefore,

< rs(F0))

Hence, set ¢’ := c¢'/K we obtain ' < ¢/rg(f(p))'/~.



NEW DEGENERATION PHENOMENON FOR INFINITE-TYPE RIEMANN SURFACES 9

Proof of Theorem 3.2. By using the curve p, it follows from standard calculations,
Theorem 3.1 and Proposition 3.4 through the following computation.

1 1
18sa]) ~ Bl < [ | 580D | at < [ il a

1 1 2
§kC/ <Lt log > dt
0 Ly
2 2
1 k 1
< LY Elog — ) < 22 Lylog —
_I{?C( 0 0g L()) = ( 0 OgLO) )

4
where C' is the constant given in Theorem3.1. So, we set C7 := %

O

3.2. Variation of injectivity radius in stretch deformation. We denote by
St(H) := {¢ € C | |Im(| < H}, C(H) := St(H)/{z — = + 27), where H > 0.
This cylinder is biholomorphic to {z € C | 1/ef < |z] < ef'}. In particular, the
modulus is H/m. The simple closed curve [0,27] 3 z — z in C(H) is called the core
curve. Let H > 0 and 0 < a < 1. In the following, we consider a quasiconformal
deformation of St(H) in which the subdomain St(aH) is stretched by a factor of two
and St(H)\ St(aH) is shifted vertically. This quasiconformal deformation induces a
deformation of C'(H). That is, the quasiconformal map ¢y : C(H) — C ((1 +a)H)
and homotopy ¢¥p . : C(H) — C ((1 + at)H) we are dealing with are as follows:

z+iy+alHt aH<y< H
(3.4) Yy x iy = x+ 2y lyl < aH ,

r+iy—adi —H<y< —aH
and, for each ¢ € [0, 1], we define

z+iy+atHi aH <y< H
(3.5) Vi irtiy > Qe+ (1+t)yi |y <aH

r+iy—atHi —H <y< —aH

We denote by bel(y ;) the Beltrami differntial (¢g¢)z/(¥m,t)~. Then,

__t |
, yl < al
i bl _ 2+t
(3.6) l(¥me)(x + iy) {0 the other.
and
o1 o et Wl <A+ t)eH
(3.7) %15%) hbel(l/JH,Hh o )@ +iy) = {0 the other.

Note that this Beltrami coefficient and infinitesimal Beltrami coefficient are inde-
pendent of the height H of the cylinder and the constant a.

Denote by p* the hyperbolic metric on C'((1+ at)H) and by 7, (p) the injectivity
radius of C((1+ at)H) at p € C((1 + at)H).

Proposition 3.5. Taking a = 1/2, if H > 272, we obtain

(3.8) sup rpt(p) < 1/2,
peC((1+t)aH)
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for all t € [0,1]. Hence, the path [0,1] > t — bel(¢n ) satisfies the assumption of
Theorem 3.2. In particular,

SUPpec(3m/4) Tpt (P) < 2v2
SUPpec(m/2) Too(P) — 3

Similarly, we denote the lengths lg, 11 of the shortest simple closed geodesics in C(H)
and C(3H/2), respectively, then we get

(3.9)

L 2

3.10 — = .

(3.10) L3

Proof. Note that the hyperbolic metric on C((1 + at)H) is
m

|dz].

2(1 4 at)H cos ( Im z)

T
2(0+at)H

First, consideing the closed curve g : [—-m, 7] 2 & — x + (1 + t)aHi, we get

1 2
(3.11) sup rpt(p) < ilengthpt (9) = T
pEC((1+t)aH) 2(1 + at)H cos (;(H_at) Tl')
Since we take a = 1/2,
w2 _ w2 <2

2(1 + at) cos (2“((11:;2) 77) (2+¢)cos (ﬁw) B
for all ¢t € [0,1]. Therefore, if H > 272, then

DN =

sup  1p(p) <
peC((1+t)aH)

Next, we estimate sup,ecc(qm)7p0(p). Since the geodesic through 0 € C(aH)
with respect to p° is go : [-7, 7] 3 x — x € C(aH) and its length is closed shortest
geodesic in C(aH), we get

w2 1
(3.12) = glengthpo (90) < sup 7p0(p).

ﬁ B peC(aH)
Moreover, for the same reason as (3.11), the following inequality is obtained
1
sup  7,1(p) < Slength i (g1),
pEC(3H/4) 2
where g1 : [-7,7] 3 @+ x + 2 Hi. Therefore,
SUPpec (3 /4) "ot (P) _2H w2 22
SUp,ec(my2) To(p) — 7w 3Hcos(§) 3

Finally, the shortest closed geodesics of C(H) and C(3H/2) are [—7, 7| 3 x > «,
so their lengths are 72/ H and 272 /3H respectively. Then, the ratio is 2/3.

(3.13)

O

From Theorem 3.2 and Proposition 3.5, we get

(3.14) [1B([bel(¥m,0)]) — B([bel(yu, 1)) ey < Ch <Lo log Llo) :
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Moreover, (3.9) and (3.10) ensure that the assumptions of Theorem 3.2 are satis-
fied even when the same stretching deformation (3.6) is applied repeatedly. See
Subsection 4.1.

4. CONSTRUCTION OF DAVID-FUCHSIAN B-GROUPS

We would like to construct a topological quasi-Fuchsian b-group on the Bers
boundary by repeatedly using the inequality (3.14) for a family of cylinder domains.
To do so, we

e investigate whether a sequence ([7,,])nen given by a stretch deformation
converges in the topology that defines Bers boundary in Subsection 4.1,

e construct the Beltrami differential p so that it satisfies the David condition
in Subsection 4.2,

e show that the Schwarzian derivative S(f,) of the constructed David map
fu is not an interior point in Subsection 4.3, and

e see that it is the limit u of the sequence of points that can be constructed by
repeatedly applying the stretch deformation (slightly modifying the above
sequence) in Subsection 4.4.

4.1. The deformation of a family of cylinders. We show that the same as-
sertion as Proposition 3.5 holds for a union of pairwise disjoint cylinder regions.
Assume that R has infinitely many essential closed geodesics {7} },,>0. On Riemann
surfaces, the following theorem gives a way to pick out cylinders from the family of
essential simple closed curves.

Theorem 4.1 (The collar Lemma, [9, Theorem 3.8.3]). Let R be a Riemann sur-
face. For an essential simple closed curve v in R, we denote the geodesic which is
homotopic to v as v*. For a positive 6 > 0, we define the domain As(y) := {z €
R | d(z,v*) < 8}. Then, the following holds: Considering an (even infinite) set
of essential simple closed curves {v1,7y2,: -}, if each geodesic is disjoint from the

others, then the domains Ay, (7:) are biholomorphic to cylinders and are mutually
cosh(xz/2)+1

disjoint, where l; is the length of the geodesic v} and h(x) = %log Cosh(z/D) =1

Remark. The height of Ay ,)(vi) is h(l;). The function h is monotonically decreas-
ing such that h(l) — oo as [ — 0.

Let {Cyl, }n>1 be a family of cylinder regions whose core curves are homotopic
to 7. Here, each Cyl,, is not necessarily one obtained by applying Theorem 4.1.
For simplicity, we assume that each Cyl, is conformal to a cylinder C'(H) whose
height is H > 0. We also assume that the injectivity radius of C'(H) is less than
1/2. For each n > 0, we fix a holomorphic embedding »,, : C(H) — Cyl,,. See
Figure 1. Denote by U the union of the cylinders Cyl,,.

The sequence of quasiconformal deformations of { R;} jen is defined inductively as
follows: First, for each Cyl,,, consider the quasiconformal deformation f; : R — R;
determined by the Beltrami coefficient 73 obtained by

S m)e(el(wm)) on Cyl, [ (mn)«(bel(m)) on Cyl,
"0 onR\U ' )o on R\U."

Also, let Cyl,, ;y == f¢(Cyl,) for each t € [0,1]. From the definition, the following
holds.
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FIGURE 1

Claim 1. The map nr(f) = ftonnowg,}t is a holomorphic embedding from ¥y (C(H))
to Cyl(n,t) .

Proof. Tt is easy to see that (ng)) > = 0 from the definitions. O

The following can be proven.

Claim 2. The injectivity radius of each component in the support of
o1 _
Jim Tbel(fin 0 f;)
is less than 1/2.
Proof. First,
.1 _ 1 _
ﬂmp<#$”meﬁ+hOﬂ'5)LJWS)(ﬂmp(#gbhbd@hu+howHH>)

n>0

= U n (wri(C(H/2))).

n>0

For each x € ) (W (C(H/2))), from Schwarz—Pick’s lemma,

DO =

Ton,, (@) () H@) < sup rp(p) <
pEC((1+t)H/2)

The last inequality is from (3.8) in Proposition 3.5.
O

Next, we construct the j-th deformation. Consider a deformation of the standard
cylinder C'(H) repeated j times. In detail, using the notation from Subsection 3.2,
we take the quasiconformal map

(4.1) PpU) = Y3/2)im © 0 Y3H 2 © YVH.
In addition, we denote the injectivity radius in R;of the support of bel((3/2yi 1)
as L;-. From (3.9) in Proposition 3.5, for each j > 0, we get

2v/2
(4.2) L < TL;H.

Using the quasiconformal map ¥), we define

o {(Un)*(bel(w(j))) on Cyl, (n > j)

4.3 .
(4:3) 0 on R\ U,>; Cyl,
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R
| g o m@m o
lfl
Jis)

D) Cyly 1 = Cyly ~ Cyly = Cyly

iﬁ
R

>0 O, ) < Cyly 5 < Cyls o

U
O

0

FIGURE 2

Note that we stop deforming Cyl,, for j > n. We write the quasiconformal map
determined by 7; as f; : R — R;, the image of Cyl, by f; as Cyl, ;), and the
injectivity radius of the support of 7; as L; . See Figure 2. Moreover, for each
t€j—1,7], we define

YO = Yy (-1) © Ya/2p-1m © 0 Yaryp 0 Y

(4.4) |
= Y/ me—-n 0 YUY
and
(4.5) _ [ n)u(bel(@®)) on Cyl,, (n > )
' ' 0 on R\ U,>, Cyl, ’

Similarly, we define Ry, fi, and Cyl, ,y for 7. At this time, the same thing as
Claim 1 holds.

Claim 3. Let j > 0. For each0 <t < j andn > j, the map ni) = f, om0 (p®)~1
is a holomorphic embedding from ¢v® (C(H)) to Cylin -

Proof. Tt is clear in the same way as Claim 1.

Claim 4. The injectivity radius Lj_1 of each component of the support of

.1 _
Jim = bel(fon 0 f;71)

is less than L';_,

Proof. For each t € [0,00), we take j € N with j —1 < ¢ < j. Then, in the same
way as Claim 4, we get

where j is the nutural number so that 7 —1 <t < j.

1 _ 1 _
supp <}1L1g%) Ebel(fwrh o f; 1)) = U 771(5) (SUPP (}Lli% Ebel(w(3/2)iH,t+h o w(3}2)jH,t))>

n>0

= U 79 (a2 14 (C(H/2))),

n>0
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and, for each = € m(lt)(1/1(3/2)1H,t(C(H/2)))7

Tor,, (@) < o () (@) < sup ror(p) < Ly,
PEC(%(%)FIH)

from Schwarz-Pick’s lemma. Therefore L;_; < L3‘71
O

To summarize the above, we can see that the sequence (B([7;]));>0 converges
with respect to the norm of the Banach space B(R). Indeed, for each j € N, we get

1B([75)) = B llpm < Co <L31 log L1>

from Theorem 3.2 and Claim 4. Since the function s(z) = —zlog(x) is monotoni-
cally decreasing in the range » > 1/e, L < Qg’ﬁL;»_l and Ly < 1/2, we obtain

> IB([7)) = Blm 1D llsa < C1 Y (LQ 11og L’l 1)

j>0 Jj=0

(4.6) fgclz%<2§§>2j<bg(23ﬁ)j>2

<o (ba(532) T (3)

Thus, the sequence (B([7;]));en converges. In the following subsection, we will
discuss a modified version of this construction that provides the existence and
uniqueness of solutions to the Beltrami equation corresponding to this limit, that
is, the David condition in Definition 2.4.

4.2. Construction. As in Subsection 4.1, we assume the existence of infinitely
many essential closed geodesics {7, }»>0. Let I' be a Fuchsian model of R acting D
with a universal covering map 7 : D — R and w be a fundamental domain of I" in ID.
For every n, we can find a doubly connected domain Cyl,, of R containing v;; such
that C1(Cyl,,) is compact in R and n # m implies that Cl(Cyl,) N Cl(Cyl,,) = 0.
For example, we can take a collar of 4. We denote by T, = 7~ !(Cyl,,) Nw. Let
C(H) be a standard cylinder that is biholomorphic to Cyl,,, and let the holomorphic
Ny : C(H) — Cyl,, be fixed.
Consider a positive sequence (p;); en such that ZjeN p;j < 00.

Lemma 4.2. For any e > 0, there exists an N € N such that |U I'r, <e.

m>N Leb

Proof. Since D =Tw DT (U Tm)7 one easily sees the Lemma.

meN
[l

First, consider the following as the quasiconformal deformation of C'(H). In more
detail, considering the quasiconformal deformation given by (4.4) in subsection 4.1,
we define

vj = bel(p),
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for each j € N. Then, from Lemma 4.2, there exists a natural number M (j) such
that

|FTM(j) |Leb . exp(?Kj) < Pj,
where

). e 2 I ille
’ L= [[(nar¢))+vjllne=
For simplicity, we select and renumber (7]*) In line with this, the corresponding
cylinder Cyly;(;) and the region T)(;) should also have their subscripts replaced in
the same way. This is defined so that the product of the maximum dilatation of the
quasiconformal deformation and the area of the support in the universal covering

is less than p; when the deformation that repeats stretch deformation j times is
defined on the j-th cylinder. Now, let u be defined by

i(z) = {(nj)*l/j(ﬂ'(z)) if z € Ty

. 0 if ze R\ UjEN CI(T;)
= > (0)ev; (7(2)x,-
JEN

Here x7, is the characteristic function of T;. The function fi has exponentially L?
integrable distortion. That is, ji satisfies the assumptions of Theorem 2.7. Indeed,
one can see from the following calculation:

(4.8) / exp(2K;(z2)) dady < e*m + Z ITTj|;., - exp(2K;) < e*m + ij < 00,
D jEN JeN
where

Ka(2) = 1 2).

Therefore, if we extend fi to be identically zero in ¢ \ C1(D), the Beltrami equation
for fi has the principal solution fz. Moreover, pushing p of i on R under the

covering map D — R induced the homeomorphism f, : R — f,(R). It is denoted
by R, its image.

4.3. R, is not an interior point of Teich(R). It follows immediately from the
following theorem that it is not an interior point.

Theorem 4.3 ([18, Lemma 3.1]). Let f: R — R be a K-quasiconformal map and
v be a closed curve on R. Denote by I the length of the hyperbolic geodesic in the
free homotopy class of v and by I’ the length of the hyperbolic geodesic in the free
homotopy class of f(). Then

I/K <l <IK.
If R, is an interior point in Teich(R), a K —quasiconformal map exists from
R to R,. Then, from Theorem 4.3, it follows that the lengths of closed geodesics

fu(;)* homotopic to f,(v;) in R, are greater than short(R)/K (> 0). On the other
hand, for each n € N, the length of hyperbolic geodesic of the shortest geodesic in

fu(Cyl;) is less than
2\’ 7! n2
) &
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from (3.10) in Proposition 3.5 and Schwarz—Pick’s lemma. It means that
lim length,, (£,(3,)") =0.

It is a contradiction.

4.4. R, belongs to the Bers boundary. That R, belongs to the Bers boundary
means that the Schwarzian derivative S(fz) of the principal solution f; is on the
Bers boundary. By the definition of the Bers boundary, it is sufficient to take a
sequence () in B(Teich(R)) so that the sequence converges to ¢ in B(R) and
¢ coincides with S(fz). On the open set U := [J;cy Cyl;, applying {7} to the
discussion in Subsection 4.1, we can take the deformation of a family of cylinders
([15]); in Subsection 4.1. The sequence converges in Teich(R) U Ogers Teich(R) from
(4.6). Now, we denote B([7;]) by ¢; € B(R), and the limit of B([7;]) by ¢e. Since
S(W,,) is convergent to S(W,,__ ) with respect to the norm in B(R), the sequence
(W,,); is local uniformly converges to W, on the lower half plane H*.

Finally, we need to prove the sequence W, is local uniformly convergent to
fa- Indeed, from the uniqueness of the limit, we find W, = f5. It is sufficient
to prove that the sequence of 7*7; satisfies the assumptions of Proposition 2.8.
For each j, the Beltrami coefficient 7; induses the quasiconformal deformation in
which Cyl,, is stretched j times for each 1 < n < j and Cyl, is stretched n times
for each j < n. From the definition, 7; is coincide to 7 in U, <, <; Cyl,. Thus,
the following statement holds: for each z € 7=1(U), there exists j € D such that
z € N(Ui<n<; Tn), so [m*7;(2) — fi(2)| = 0. Since supp(m*7;), supp(f) C 7~ YU),
the sequence (7*7;) satisfies the assumptions of Proposition 2.8. Therefore, the
sequence of the principal solutions of 7*7; is locally uniform convergent to fj, from
Proposition 2.8. That is, f; and W,,_ are the limit of the sequence (W,,,). Hence
fa = W,_. Therefore S(fi) = ¢oo. The following conclusions follow from the
above:

Theorem 4.4. Let R be a Riemann Surface of analytically infinite type with
short(R) > 0 and infinitely many pairwise disjoint essential closed geodesics {V} }rn>0
whose lengths are bounded. Then, there exists a David-Fuchsian b-group in the Bers
boundary of Teich(R).

Proof. From the assumption that R has infinitely many pairwise disjoint essential
closed geodesics {7} >0 whose lengths are bounded, there exists a quasiconformal
mapping f : R — f(R) such that the set {f(7})*} of geodesics homotopic to f(v})
satisfies the conditions; their lengths are constant [ and satisfy h(l) > 2v/27%. In
addition, [f(R), f] is an element of Teich(R). From the above, we can apply the
discussion so far to f(R) and the set {f(v)*}.

O

Remark. The condition short(R) > 0 in Theorem 4.4 is essential to ensure the
existence of a convergent sequence that approaches the point constructed on the
Bers boundary. For instance, even if short(R) = 0, one may be able to construct a
Beltrami differential p € L (T") satisfying the David condition, but proving that it
lies on the Bers boundary appears to be nontrivial.
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5. A HOLOMORPHIC FAMILY OF DAVID-FUCHSIAN B-GROUPS

5.1. Construct a holomorphic family of David-Fuchsian b-groups. The
main purpose of this section is to prove the following:

Theorem 5.1. Let R be a Riemann Surface of analytically infinite type with
short(R) > 0 and infinitely many pairwise disjoint essential closed geodesics {7V} }rn>0
whose lengths are bounded. Then, there exists a unit ball D of a Banach space and
a holomorphic map F : D — B(I"), where F(D) is contained in the Bers boundary
OBers Teich(R), and consists only of David-Fuchsian b-group, and the dimension of
the tangent space of the image is infinite.

Claim 5. Let f be the principal solution to the Beltrami equation with coefficient
w which satisfies the assumption of Theorem 2.7. Then, for each u € VVliCQ((C), the
composition uo f~1 belongs to I/Vltcl (©).

Proof. We will explain why the above argument is valid. First, from [8, Theorem
5.2], we get f~! € I/Vlicl (C) and there exists a measurable function Ky-1 : C —
[1,00) so that

IDf'P(2) < Ky-1(2)Jp-1(2) ae.,

where Df~1 is the matrix of partial derivative, |Df~1| is the operator norm and
J¢-1 is the Jacobian of f~'. That is, f~! is a mapping of finite distorition (see
Remark of Theorem 2.5). Moreover, Gill [7, Theorem 1.1] has shown that we can
assume K € L{ (C). Finally, applying to [8, Theorem 5.13] with p = 1,q = 2, we
get, for each u € Wé’f(@), the composition v o f~1 is in Wlicl((C)

O

Proof of Theorem 5.1. To prove Theorem 5.1, we use partial deformations on R.
Applying the same arguments as in the proof of Theorem 4.4, we may assume that
the lengths of the geodesics {7}},>0 are constant. For each n, we consider the
subcylinder C,, of the collar v, whose center is 7 and height is h(l)/2. Since
the lengths are constant, their modulus are constant. Let R be the union of the
tubular neighborhoods {C),} of {7} }nen. Appalling {7} }n>0 to the discussion in
Subsection 4.2, we take the Beltrami differential x4 which induces a David—Fuchsian
b-group. From the construction of i, the support of i is contained in Ry. Then, the
complex structure of Ry := R\ Rz can still be deformed. Moreover, the deformation
space of Ry is still an infinite-dimension space. By deforming the complex structure
on Ry, we construct a map such that Theorem 5.1 is satisfied.

(5.1) P : Bel(Ry) 3 7 S(f(usr)) € B(R).

Here, p+ 7 is precisely uxr, +7Xxr,- These Beltrami differentials satisfy the David
condition. Indeed, let 7 : D — R be an universal cover, and & and 7 be lifts of
and 7, respectivily. Set

1+ a+T
Sl ap+T
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We get

[ exp(2in ) dedy
D

<e?m+ (/ +/ ) exp(2K 47 (%)) dady
supp fi) supp(7)

<em —|—/ exp(2K;(2)) dzdy —|—/ exp(2K;(z)) dedy < .
supp(fi) supp(7)

However, since the supports of p and 7 are already included in Ry and Rj, respec-
tively, the characteristic functions are omitted hereafter. The image of P* is almost
evident that the image of this map is contained in the Bers boundary. Indeed, we
consider the sequence {7; + 7} with the sequence 7; converging to p in Subsection
4.2. From Proposition 2.8, we can prove S(f,,+-) lies on the Bers boundary. In addi-
tion, the Fréchet differentiability of P* at other points in Bel(R;) can be computed
in the same manner as the derivative of the standard Bers embedding. Therefore,
to complete the proof of Theorem 5.1, we shall prove that P* is Fréchet derivatible
at 0 € Bel(R;) and the image of its tangent map is an infinite-dimensional subspace
in Ts(y,)B(R). From the construction (4.7), the Beltrami differential ;1 satisfies the
exponential integrability condition (4.8), so f,4 is in Wli)f (R) from Theorem 2.7.
Therefore, the tangent map at p on Bel(R;) is represented by

v(C) - (fut0)2(<)
fut0(C) = furo(2))

in the same manner as the calculation for Bers embedding. For detailed calculations,
see Claim 6 and Claim 7 given later. Briefly stated, since f,1o belongs to VVlif (©),
the coordinate transformation by the function f,40 can be done by multiplying the
Jacobian of f,1o by the function under integration. In Subsection5.2, we discuss

the image of the tangent map of P*.

(52)  doP(2) = —2 (fur0)2(2) /R :

™

7 dédn, (C=¢&+in)

O

Claim 6. Let R be a Riemann surface, Ry its sub-surface (but not necessarily
connected), and Ry := R\ Ra, and let v be the Beltrami differential whose support
is contained in Ro, and the Beltrami equation of p has the homeomorphic solution
fu- Suppose the homeomorphic solution is an element of VV&)?(R) Then the map
defined in (5.1)

P* :Bel(R1)) 37— S(fu+r) € B(R).

is differentiable, and its derivative at 0 € Bel(Ry) is the formula (5.2):

" __6 2 / v(6) - (fur0)2(C)
WP ) W(fHO)Z(Z) r (fut0(C) = futo(2))* e
Proof. The following calculations are well known when g is in the Bel(T") (cf. [10,
Theorem6.11]).

We will use the notation f, instead of f,40 to simplify the notation. For the
sake of proof, everything is lifted by the universal covering 7 : D — R with I" in the
Fuchsian group model. The lifts of p, Ry and Rs by the projection 7 are written
as fi, Ry and Ry, respectively. Let  be an element in L™ (T") and its support be
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contained in Rl. We will show that the limit
1
lim = (5(fuos) — S(f7)

exists, where fi;1; and f; are the principal solution of the Beltrami equation of
tr+ i and fi, respectively. We define ji; := ji +t&. Since supp(ji) Nsupp(z) = 0, ji
satisfies the David condition, so we denote the principal homeomorphism solution of
the Beltrami equation of ji; by f;. Moreover, set g, := fio0 fa 1 we get g € Wli’cl((C)
from Claim 5 and

(fﬂ)zuo -1 Ja): v o f1
(Fa)o L= e "1 (fp). 1= (- af?) 7"
:@.t~o ~_1,
G-

So, the norm of the Beltrami differntial of g; is less than 1, for sufficietntly small.
Therefore, g; is quasiconformal with respect to the complex structure of fﬁ(@)
Applying g; to the standard argument (cf. [10, Theorem6.10]), we can show that
the following limit exists:

1 "
}g]% ;S(Qt £ (D).
In addition, we get the represent formula:
1 6 L [v](w) _
lim =S _(Db* Z:_,/ ————— dudv (w = u + iv),
P (gt|fu( ))(z) ™ Jm) (w— fa(2))* ( )
where
(5.3) LMy) = Un: 5, fit

(fﬁ)z
Note that supp(@t) N supp(r) = 0. Since bel(g;) = tL*[v] + §(t) satisfies that
16(t)||L= — 0 as t — 0, we get
S(frovi) = S(gel 5 (D)) (fr)Z + S(fz)-
Thus we obtain
N _ 6 LF[v](w) ()2
lim — (B0 + 1) = B(R)) = —— /mrf») TR0 (fa)?

Finally, by substituting f;(¢) for w in the above integral, we obtain the repre-
sentation formula (5.2). Note that from the assumption that f; is an element of
W2, substitution by fz can be computed using the Jacobian of fj, and that is

loc
|(f)=1* = [(fa)2)]*.
O
5.2. Image of the tangent map dyP*. The remaining tasks to prove are: first

that dyP* is a bounded linear operator, and second, that the image of dgP* is
infinite-dimensional. From the definition of the tangent space in L™ (R),

ToBel(Rl) = LOO(Rl, .R)7
where
L¥(Ry,R) ={p € L*(R) | p = Xr,1}-
Next, from (5.2), we get the following claim:
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Claim 7. The operator dyP" is bounded.

Proof. Let C C C be a Jordan curve and QUOQ* = C\C’ be connected decomposition.

In addition, if necessary, we apply a Mobius transformation to make oo € C. For

each ¢ € %,

(5.4) /
Q

4
dady < 4*mpd-(C),

z —

where pq« is the hyperbolic metric on Q*. Indeed, we obtain
1
drdy < / — dxdy
C\A(0;dist(¢;C)) |Z|

4
(5.5) /
Q
< 271'/ %dr
dist(¢;C) T
(5.6) < m(dist(¢; C)) 2,

In addition, from Koebe’s 1/4 Theorem, dist((;C)~! > 4pg+. Thus, we get
(5.4). Therefore, for each v € doA,(To(Bel(Ry))),

z —

T
6 ”duﬁ(y) ||TS(fM(R))B(R) = sup

/f L)y (202 5 2)

zep* |y (W = fa(2))
Liy](w) Ly
= — I\ d d ) )
CE?‘%ﬂ /me) (w—Of M P >(Q’

< Lr|| L ]llpe = L7l .

Finally, we only need to consider

(5.7) do P*(TyBel(R;)) = ( L=(B1, R) ) .

ker(doPﬂ) N ToBel(Rl)

It is sufficient to prove that the right side of (5.7) is an infinite-dimensional closed
subspace. From (5.2) and [10, Chapter 7.2.3], we obtain

ker(doP*) = {u € L™(R)

/ LE(v) - ¢ d§dn = 0(Vy € Q(fu(R1), fu(R)))} ,
Fu(R)

where

Q(fu(Ba), fu(R)) = {p € Q(fu(R1)) | 3® € Q(fu(R)) s:t. ®[f, (r)) = ¢}

For our purpose, we use the well-known fact:

Theorem 5.2 ([10, Theorem 7.5 and Chapter 7.2.3]). The mapping L>°(f,(R1)) —
A (f,(Ry)) given by

@uiﬂhUh»9¢F+A(muwdwneC

induces an isomorphism from L*(f,(R1))/N(f.(R1)) onto Q*(R1), where

N(Rq) := {M € L>*(R) /f " )L“(V) ~p d€dn = 0(Ve € Q(fu(Rl))} :
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We find ker(d,3) is a closed subspace in N(f,(R1)) from the definition. More-
over, Q(f.(R1), fu(R))) is also a subspace of Q(f,(R1)), but is not generally closed.
Then, there exists the natural surjection ¢* from Q*(f,,(R1)) to @ (fu(R1), fu(R))).
Note that Q*(f.(R1), fu(R))) is a Banach space, and ¢* is a bounded operator. As
above, from the universal property of the cokernel and the Hahn—Banach theorem,
we get the following isomorphism in the sense of Banach spaces:

ker(do P*)NTpBel(R1) 0 coker L*>(R1,R)
= N)(RB e L (Ry, R))/N(R1) kcr(doPH)(ﬂil“oBcl(Rl)

2l l@ @) ZIIiaé

Q* (fu(R1)) —— Q*(fu(R1). fu(R))

Moreover, there exists a natural linear isomorphism:

(5-8) 1: Q(fu(R) 3 ® = @, (r)) € QUfu(Ba), fu(R)))

from the identity theorem. So we obtain dim Q(f.(R1), fu(R))) = co. (Remark
that 7 is not generally bounded. If u = 0, it becomes bounded. See Subsection5.3) It
means that do P*(TpBel(R;y)) is an infinite dimentional closed space. This completes
the proof of Theorem 5.1.

5.3. The boundedness of the operator 1. Let R be a Riemann surface of an-
alytically infinite type, and let R; be an open subset of R. In this Subsection, we
consider the sufficient conditions on R and R; for the operator

n: Q(R) 50— ‘I)|R1 € Q(Rl,R)
to be bounded. The following is the results.
Theorem 5.3. Suppose that R is of analytically infinite type with short(R) > 0
and infinitely many pairwise disjoint essential simple closed geodesics {v}}. Let Ry

be a complement of an union of tubular neighbourhoods C,, of ~x whose core curve
coincides with vy, If there exist positive numbers m and M so that

m < H(Cy)/H(Cy,) < M,

where Cy, is the collor neighbourhood v;,, then there exists a constant Cy depending
on R and Ry such that,

(I12lrry =) [ 1< Cut) [ ol
R Ry
for all integrable quadratic differentials ® on R, that is the operator
n: Q(R) 50— ¢’|R1 S Q(Rl,R),
is bounded.

The following lemma is a crucial complement to the proof of Theorem 5.3.

Lemma 5.4 (Puddings Lemma). Let A = {1 < |z| < R} and A = {r; < |z| < 2}
with 1 < ry < r9 < R. Then, there exists a constant C, = C(r1,r2, R) > 0 such
that

||f||L1(A) = Ca”fHLl(A\Ay
for each a holomorphic function f: A — C.



22 RYO MATSUDA

Proof. Let 1 < rg < r1 and 73 < r3 < R. Then, we obtain, for each z = re’® in

]D)T2 \ Cl(Drl )7

@) = 5 T ¢

2mi Jop,+ops C — 2

where g < 8 < 71,73 < a < R. Hence,

L Aftem) L[ 1f(Be)

@) < 27 Jo |aein — rei?| + 27 Jo ﬂ|ﬁe“7 —rel?| "
11 ; 11 ,
— Mdy + ——— )| d.
<grams [ elfteenian+ o= [ slraeniay

Next, both sides are multiplied by r and integrated.

o —T T —

T2 1 2 27 ) 1 T2 27 )
[ s < o [T [ als@enian s o [ ar [ sigsenyan,
T1 a T1 0 ﬂ- T1 5 0
1 "2

< —

r 27 ) 1 () r 27 )
dr / alf(aem)\dn + - / ar [ Bl7(Be™)ldn,
0 271— T1

2 ), T3—7T "o 0

(5.9)
C 27 . C 2 .
SJ%@@/<mem+lﬂﬂﬁfﬂmwmm
T 0 2 0
where
T2 r 2 T
C(T17T27T3) = / d'l", O(TO,Tl,TQ) = / dr.
1 TB -r ™ "= TO

Third, integrate (5.9) from 0 to 27 for 6.
(5.10)

27 27
2734y < Clrvranrs) [ alf(ae™ldn+ Cloverra) [ 8lF(8e)

Finally, integrate (5.10) from r3 to R with respect to o and from r¢ to r; with
respect to 3, we get

27| fll 2 gy < (Cr1,m2,m3)(r1 —r0) + Clro, m1,m2) (R —13)) £l 11 ani)-

To make a constant C that depends on 1,71,79, and R, we can take ry and r3
as, for example, H% and #, respectively. Further calculations lead to

C(ri,r2,73)(r1 — o) + C(ro,71,72) (R —13)

_ Tl—l T‘2+R10 T3—T2+R—T2 1+’I”110 o —To
- 2 2 ng—T’l 2 2 grl—ro
2rg — 1 — 2
< Rlog 227 2T o R2lpe T2
2T1—1—T1 r —
1 2r
Therefore, C, := 5~ R?log ;2.

O

Remark. The constant C, in the above Proposition 5.4 depends on the modulus of
the annulus A and the annulus A and their relative positions. For example, if the
core curves of A and A coincide, we know it depends on the modulus ratio.
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Proof of Theorem 5.3. For each m, let Cyl,, be the collar of 7, then R; contains
Cyl,, \Cy,. From Proposition 5.4, by using local coordinates if necessary, there
exists a constant C, such that

1212 &5) = Call@llp e
for each j € N. Therefore, we get

Liot=([ + [ Jioi=[ 121+ % [ 1o
R R JR, Ry T /G
<[ era [ - [ e e
Ry j Cyl; \Cj Ry U Cyl; \Cj

s/N@+@/|@=mﬁn/|ﬂ
Rq R1 Ry

Thus, we define Cy as C + 1. O

6. COMPARISON WITH PREVIOUS STUDIES

Theorem 6.1 ([19, Theorem 3.1]). Let R = H/T be a Riemann surface whose
Fuchsian group is finitely generated Fuchsian group of the second kind. If ¢ €
OBers Teich(S) is not a cusp, then there exists a finitely generated quasi-Fuchsian
group of the first kind G such that the limit set of G contains the limit set of x(T).

Theorem 6.1 is similar to Theorem 5.1, but the assumptions regarding the second
kind and finite generation are different. In the case of the second kind, the free
boundary part creates a gap in the limit set, and by connecting it appropriately, a
first-kind finitely generated quasi-Fuchsian group is constructed.

Compare the following assertions about finite type Riemann surfaces and infinite
generated Fuchs groups. In an earlier work by Tanigawa[16], the following assertion
was considered:

Let R be a Riemann surface such that the Fuchsian group of R
is infinitely generated of the first kind. Then, there exists a 1-
dimensional analytic subset in Op.rs Teich(R) consisting of Kleinian
groups whose limit set is homeomorphic to S*.

The statement is similar to our Theorem 5.1. The results are similar because
the limit set of David-Fuchsian b-group is homeomorphic to S!. However, in the
present article, we have chosen a different way of proof to establish Theorem 5.1.
The main reason is that a claim [16, Propositon 4.4] on the existence of non-
tangential limit for holomorphic maps from D to Teich(R), utilized in the earlier
work, has a counterexample below. Therefore, the author must figure out how to
prove the aforementioned statement now.

Eg. Let f : D — Teich(D) be a holomorphic map into the universal Teichmiiller
space defined by f(A\) = [A]. Here, A € D is identified with the function on D taking
constant value A. Then, f does not have a non-tangential limit at any point in JD.

Proof. For each A € D, the homeomorphism fy on C corresponds to A via the
quasiconformal map z +— z + AZ for z € D and z — z 4+ \/z for z € C\ CI(D).
Hence its schwarzian derivative S(fy) is

—6A
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We get

(A — 1)(24 - ) 2 2
S() = S(lae =6 _sw|( (2 - 1)
| D) ~cE\OID) (22 = N)2(22 — 1)2 |
A |2 = 12
=6/A—1] sup ‘
<eE\OID) (22— N2 || (22 - 1)2
zt— A
> -1 P S—
= 6 = dlsup |

Moreover, hy(z) := (””47_’\ (A€ [0,1),2 € (1,00)) is bounded below by 1/]1 — A|.
Indeed, since

2Z—\)2
23(22 — \)2 — Aozt — 22 _
ARt R )

(1l —2?)
T (@2 =3

hy has extrema at x = 0,£1. From A'(z) < 0 (Vz > 1), it follows that hy has
maximum value at x = 1, hence

1S(fx) =SBy = 6]A -1 sup [ha(@)] = 6]A = 1[hA(1) = 6.

Finally, for each e € 9D, composing the rotation z — e~z with f,.ie, we can
prove that

||S(frei9) - S(feie)”B(]D)) > 6

in the same manner.
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