Invent. math. (2018) 212:319-406 @ CrossMark
https://doi.org/10.1007/500222-017-0769-6

The holomorphic couch theorem

Maxime Fortier Bourque!

Received: 4 May 2015 / Accepted: 16 November 2017 / Published online: 7 December 2017
© The Author(s) 2017. This article is an open access publication

Abstract We prove that if two conformal embeddings between Riemann
surfaces with finite topology are homotopic, then they are isotopic through
conformal embeddings. Furthermore, we show that the space of all conformal
embeddings in a given homotopy class is homotopy equivalent to a point, a
circle, a torus, or the unit tangent bundle of the codomain, depending on the
induced homomorphism on fundamental groups. Quadratic differentials play
a central role in the proof.

Mathematics Subject Classification 30F60 - 30C75 - 32H02

Contents

1 Introduction . . . . . . . . . . . . e 320
1.1 Toffe’stheorem . . . . . . . . . . . . . e 322
1.2 SHtmappings . . . . . . o i e e e e e e 322
1.3 Modulus of extension . . . . . . . . . . ... 323
1.4 Where can one point 207 . . . . . . . . ... e e 324
1.5 Movingone pointatatime . . . . . . . . . . . v vt 325

Research partially supported by a Postgraduate Scholarship and a Discovery Grant from the
Natural Sciences and Engineering Research Council of Canada as well as Grant DMS
0905812 from the National Science Foundation.

B<I Maxime Fortier Bourque
mbourque @math.toronto.edu

Department of Mathematics, University of Toronto, 40 St. George Street, Toronto,
ON MS5S 2E4, Canada

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00222-017-0769-6&domain=pdf

320 M. F. Bourque

1.6 Notesandreferences . . . . . . ... ... ... ... ... .. ... ... 326
2 Preliminaries . . . . . . . ... 327
2.1 Ideal boundary and punctures . . . . . . ... ... 327
2.2 AWtomorphisms . . . . . . ..o 327
2.3 Montel’stheorem . . . . . . . . .. L 329
2.4 Quasiconformal maps . . . . . . ... ... 329
2.5 Quadratic differentials . . . . . . . . ... ... 331
2.6 Teichmiiller’stheorem . . . . . . .. ... ... ... L . 332
2.7 Teichmiiller spaces . . . . . . . . . . . . . e 332
2.8 Homotopies . . . . . . . . oo i i 333
2.9 Geometry of quadratic differentials . . . . . . . ... ... L. 335
3 Joffe’stheorem . . . . . . . . . ... . 338
3.1 Compactness . . . . . ..o e e e e e e e 338
3.2 Teichmiiller embeddings . . . . . . . . .. . ... ... ... 341
3.3 Lackof uniqueness . . . . . . . . . .. 348
4 Slit mappings are almost rigid . . . . . . . ... 350
5 The modulus of extension . . . . . ... .. .. ... .. ... ... 358
6 Theblobanditsboundary . . . .. ... ... ... ... ... ... .. .. .... 365
7 Extremal length of partial measured foliations . . . . . . . . . ... ... ..., 370
7.1 Pushingforward . . . . . . . . ... 373
8 Theblobissemi-smooth . . . . ... ... ... ... . o 000 oL 376
9 Theblobisadisk . . . ... ... ... ... ... 385
10 The deformation retraction . . . . . . . . . .. . ... ... ... 393
11The remaining Cases . . . . . . . . . . v v v v v it 399
11.1hiscyclicbutnot parabolic . . . . . . . .. ... ... ... ... 399
112Y isthe punctureddisk . . . . . . . . ... 400
113Yisthedisk . . . . . . . . L 401
114X isthedisk . . . . . . . . 401
LLShistrivial . . . . . oo 402
11.6hisparabolic . . . . . . . . . . . 402
117V isatorus . . . . . ... e 403
11.8Y is the sphere with at most 2 punctures . . . . . . . . . . . ... 403
References . . . . . . . . . e 404

1 Introduction

Loosely speaking, the /-parametric h-principle is said to hold for a class of
maps between manifolds if the only obstructions to connecting two maps in the
class through maps in the same class are topological [10, p. 60]. For example,
the 1-parametric s-principle holds for immersions of SZ in R3, so that the stan-
dard sphere can be turned inside out via immersions. This is known as Smale’s
paradox. Of course, there are situations where the 1-parametric s-principle
fails due to geometric obstructions. A famous example is Gromov’s symplec-
tic camel theorem, which says that one cannot move a closed 4-dimensional
ball through a hole in a wall in R* via symplectic embeddings if the ball is
bigger than the hole.
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The holomorphic couch theorem 321

For us, a Riemann surface is a connected 1-dimensional complex manifold.
A finite Riemann surface is a Riemann surface with finitely generated fun-
damental group. Equivalently, a finite Riemann surface is a closed Riemann
surface with finitely many points and closed disks removed. This should not be
confused with the notion of a Riemann surface of finite type, which is a closed
Riemann surface with finitely many points removed. A conformal embedding
between Riemann surfaces is an injective holomorphic map.

In this paper, we prove that the 1-parametric 4-principle holds for conformal
embeddings between finite Riemann surfaces.

Theorem 1.1 (The holomorphic couch theorem) If two conformal embed-
dings between finite Riemann surfaces are homotopic, then they are isotopic
through conformal embeddings.

We think of the codomain as a house and the domain as a couch that we
want to move around in the house without changing its holomorphic structure.
Hence the name “holomorphic couch”.

Given finite Riemann surfaces X and Y, and a topological embedding # :
X — Y, we define CEmb(X, Y, h) to be the set of all conformal embeddings
homotopic to . We equip this set with the compact-open topology, which is
the same as the topology of uniform convergence on compact sets with respect
to any metric inducing the topology given on Y. Theorem 1.1 is equivalent' to
the statement that CEmb(X, Y, k) is path-connected whenever it is non-empty.

In fact, we prove a stronger result. Namely, we determine the homotopy
type of the space CEmb(X, Y, &). The answer depends on the image of & at
the level of fundamental groups. We say that A is trivial, cyclic, or generic if
the image of the induced homomorphism 71 (k) : 71 (X, x) — 7 (Y, h(x))
is trivial, infinite cyclic, or non-abelian, respectively. If Y is a torus, then the
image of 71 (h) can be isomorphic to Z2, but we do not need to distinguish
this case.

Theorem 1.2 (Strong holomorphic couch) Let h : X — Y be a topological
embedding between finite Riemann surfaces such that CEmb(X, Y, h) is non-
empty. Then CEmb(X, Y, h) is homotopy equivalent to either the unit tangent
bundle of Y, a circle, or a point, depending on whether h is trivial, cyclic,
or generic. This is unless Y is a torus and h is non-trivial, in which case
CEmb(X, Y, h) is homotopy equivalent to a torus.

If & is generic, then CEmb(X, Y, h) is contractible. This is the most inte-
resting case; the other cases are either analogous or corollaries (see Sect. 11).
The rest of the introduction outlines the proof of Theorem 1.2 in the case that
h is generic, although we state some intermediate results in greater generality.

I Since X is locally compact Hausdorff, a path [0, 1] — Map(X, Y) is the same as a homotopy
X x [0, 1] — Y [31, p. 287].
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322 M. F. Bourque

1.1 Toffe’s theorem

A Teichmiiller embedding between finite Riemann surfaces X and Y is an
injective continuous map f : X — Y for which there exists a constant K > 1
and non-zero integrable holomorphic quadratic differentials on X and Y that
extend to be real and non-negative along the ideal boundary, such that f is
locally of the form x + iy — Kx + iy in natural coordinates and Y\ f(X) is
a finite union of points and horizontal arcs.

Our main tool is a theorem of Ioffe which says that extremal quasiconformal
embeddings and Teichmiiller embeddings are one and the same [20].

Theorem 1.3 (Ioffe) Let f : X — Y be a quasiconformal embedding
between finite Riemann surfaces which is not conformal. Then f has mini-
mal dilatation (i.e. is closest to being conformal) in its homotopy class if and
only if it is a Teichmiiller embedding.

We reprove this theorem in Sect. 3. In the special case where X and Y
are closed, this reduces to Teichmiiller’s celebrated theorem, since an embed-
ding between closed surfaces is a homeomorphism. What is different from
Teichmiiller’s theorem, however, is that Teichmiiller embeddings are not ne-
cessarily unique in their homotopy class—even after ruling out the obvious
counterexamples. This is an important issue which we discuss next.

1.2 Slit mappings

A slit mapping is a conformal Teichmiiller embedding, i.e., with stretch factor
K = 1. In this case, the quadratic differential on X is the pull-back of the
quadratic differential on Y by the slit mapping.

We show that if CEmb(X, Y, i) contains a slit mapping, then every element
of CEmb(X, Y, h) is a slit mapping and CEmb(X, Y, &) is naturally homeo-
morphic to a point, a compact interval, a circle, or a torus.

Theorem 1.4 (Slit mappings are almost rigid) Leth : X — Y be any embed-
ding between finite Riemann surfaces. Suppose that CEmb(X, Y, h) contains
a slit mapping with respect to a quadratic differential \ on Y. Then every
f € CEmb(X, Y, h) is a slit mapping with respect to . Moreover, for every
x € X, the evaluation map CEmb(X, Y, h) — Y sending f to f(x) is a
homeomorphism onto its image. This image is equal to Y if Y is a torus, is a
compact horizontal arc or a point if h is generic, and is a horizontal circle if
h is cyclic and Y is not a torus.

A better way to say thisis: exceptin the torus case, any conformal embedding
homotopic to a slit mapping differs from the latter by a horizontal translation
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which can be performed gradually (Theorem 4.1). An analogous statement
holds for Teichmiiller embeddings of dilatation K > 1.

This theorem corrects the wrong statement from [20] that CEmb(X, Y, h)
is a single point if % is generic and CEmb(X, Y, ) contains a slit mapping.
Indeed, there are easy examples showing that CEmb(X, Y, i) can be a non-
degenerate interval (see Sect. 3.3).

We prove Theorem 1.4 in Sect. 4. Observe that Theorem 1.4 implies Theo-
rem 1.2 whenever CEmb(X, Y, k) contains a slit mapping. If / is generic and
CEmb(X, Y, h) is non-empty but does not contain a slit mapping, the idea is to
enlarge X until it barely fits in Y, then appeal to Theorem 1.4 for the enlarged
surface.

1.3 Modulus of extension

Given a finite Riemann surface X with non-empty ideal boundary, we define
a l-parameter family of enlargements of X as follows. We first choose an
analytic parametrization §' — C of each ideal boundary component C of X.
Then, for every r € (0, oo], we let X, be the bordered surface X U 0 X with
a copy of the cylinder S' x [0, r) glued to each ideal boundary component
along S! x {0} via the fixed parametrization S! — C. We also let Xo = X.

We say that a cyclic embedding is parabolic if its image on | is generated
by a loop around a puncture. Denote by (H) the hypothesis that:

— h : X — Y is a non-trivial and non-parabolic embedding between finite
Riemann surfaces;

— X has non-empty ideal boundary?;

— {X;}ref0.00] 15 @ 1-parameter family of enlargements of X;

— CEmb(X, Y, h) is non-empty.

Under hypothesis (H), we define the modulus of extension m(f) of any
f € CEmb(X, Y, h) as the supremum of the set of » € [0, oo] such that f
extends to a conformal embedding of X, into Y. Montel’s theorem in complex
analysis implies that:

— forevery f € CEmb(X, Y, h) the supremum m( f) is achieved by a unique
conformal embedding f: Xm(r) — Y extending f;

— CEmb(X, Y, h) is compact;

— m is upper semi-continuous.

In particular, m achieves its maximum value over CEmb(X, Y, /). Using
Ioffe’g\ theorem, it is not too hard to show that if m attains its maximum at f,
then f is a slit mapping. We prove in Sect. 5 that the same holds if f is only
assumed to be a local maximum of m.

2 If X has finite type, then Theorem 1.2 is easy (see Sect. 2.2).
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324 M. F. Bourque

Theorem 1.5 (Characterization of local maxima) Assume hypothesis (H). L"I
f € CEmb(X, Y, h) be a local maximum of m such that m(f) < oo and let f
be the conformal extension of f to Xw(r). Then f is a slit mapping. Conversely,
if g : X; — Y is a slit mapping such that g|x is homotopic to h, then g|x is a
global maximum of m. The set M of all local maxima of m is homeomorphic
to a point, a compact interval, a circle, or a torus, and m is constant on M.

The initial motivation for studying m was to think of it as a Morse function
for the space CEmb(X, Y, &). In an ideal world, flowing along the gradient of
m would yield a deformation retraction of CEmb(X, Y, &) into M. This does
not make sense, however, since m is not even continuous unless it is constant
equal to zero. In any case, the connectedness of CEmb(X, Y, &) is a direct
consequence of Theorem 1.5 (see Sect. 5).

Theorem 1.6 Under hypothesis (H), the space CEmb(X, Y, h) is connected.

To improve upon this, we show that there are no local obstructions to con-
tractibility.

1.4 Where can one point go?

Throughout this subsection, we assume that:

— h : X — Y is a generic embedding between finite Riemann surfaces;
— X has non-empty ideal boundary;
— CEmb(X, Y, h) is non-empty and does not contain any slit mapping;

which we call hypothesis (H). Note that (H") = (H).

Given a point x € X, we are interested in set of points in ¥ where x can
be mapped by the elements of CEmb(X, Y, k). It is convenient to also keep
track of how x gets mapped to a given y € Y in the following sense. If
f € CEmb(X, Y, h), then by definition there exists a homotopy

H:Xx[0,1]—Y

from h to f. Since h is generic, the homotopy class rel endpoints of the path
t — H(x,t)from h(x) to f(x) does not depend on the particular choice of
H (see Lemma 6.1). Denote the homotopy class of that path by lift, ( f). If the
pointx € X is kept fixed, lift, () represents an element of the universal cover
of Y based at 2 (x). Since Y has non-abelian fundamental group, its universal
cover is conformally equivalent to the unit disk .

The map lift, : CEmb(X, Y, h) — D is continuous, and we call its image
Blob(x, X, Y, k). The blob is simpler than the image of the evaluation map in
much the same way as Teichmiiller space is simpler than moduli space. Indeed,
the blob is as simple as can be.
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Theorem 1.7 (The blob is a disk) Under hypothesis (H'), Blob(x, X, Y, h) is
homeomorphic to a closed disk for any x € X.

The proof has four steps:

the blob is compact and connected (because CEmb(X, Y, k) is);
the blob is semi-smooth;

every semi-smooth subset of R? is a 2-manifold with boundary;
there are no holes in the blob.

We refer the reader to Sects. 6-9 for the definition of a semi-smooth set and
the breakdown of these steps. Suffice it to say that loffe’s theorem implies that
points on the boundary of Blob(x, X, Y, ) come from conformal embeddings
f whose restriction f* : X\{x} — Y\{f(x)} is a slit mapping. We then use a
variational formula for extremal length to deduce information about the shape
of Blob(x, X, Y, h) near such boundary points.

1.5 Moving one point at a time

We now explain how to deduce that CEmb(X, Y, h) is contractible from the
previous results, still assuming hypothesis (H'). Pick a countable dense set
{x1,x2,...} in X and let F € CEmb(X, Y, h) be any conformal embedding.
We define a deformation retraction of the space CEmb(X, Y, h) into {F}
by moving one point at a time. Given a map f in CEmb(X, Y, i), we join
lift,, (f) to lifty, (F) by a path y; in Blob(xy, X, Y, h). Such a path exists
since Blob(x1, X, Y, i) is homeomorphic to a closed disk.

For every ¢t € [0, 1], we then look at where x, can go under maps g in
CEmb(X, Y, h) which satisfy lifty, (g) = y1(¢). This defines a new kind of
blob, call it Blob,(x2). We show that Blob,(x>) moves continuously with z,
which allows us to construct a second path y, from lift,, (f) to lifty, (F') with
the property that for every ¢ € [0, 1], the point y,(¢) belongs to Blob, (x>).

Proceeding by induction, we obtain a sequence of paths y, ¥, ... such
that for every n € N and every ¢ € [0, 1], there exists at least one map f;" in
CEmb(X, Y, h) such thatliftxj(f,”) = y;(t) forevery j € {1, ..., n}. If we fix
t and pass to a subsequence, we get some limit f; € CEmb(X, Y, i) for which
lifty; (fz) = y;(?) for every j € N. Since any two limits agree on the dense
set {x1, x2, ...}, we actually have convergence f' — f; asn — oo (without
passing to a subsequence). By a similar argument, f; depends continuously on
t. We thus found a path from f to F in CEmb(X, Y, h).

We construct the paths y1, y», ... carefully enough so that they depend
continuously on the initial map f, hence the path ¢ — f; also depends conti-
nuously on f. The end result is a deformation retraction of CEmb(X, Y, h)
into {F}. See Sect. 10 for details.
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326 M. F. Bourque

1.6 Notes and references

The holomorphic couch problem arose in the context of renormalization in
complex dynamics. Although Theorem 1.1 does not have any direct application
to dynamics, some of the tools used here do (see [41]).

The space CEmb(D, C), or rather its subspace S of conformal embeddings
f : D — C satisfying f(0) = 0 and f'(0) = 1, was the subject of much
interest until the solution of the Bieberbach conjecture by de Branges in 1984.
It is easy to see that S is contractible in the compact-open topology. On the
other hand, S has isolated points when equipped with the topology of uniform
convergence of the Schwarzian derivative [42]. The literature on the class
S is quite vast. In comparison, not much has been written about conformal
embeddings between general Riemann surfaces. Exceptions include [6,20-
22,36] and [37].

The holomorphic couch problem for embeddings of a multiply-punctured
disk in a multiply-punctured sphere was first considered in [34]. However, the
solution presented there relies in part on a rigidity claim [33] which is known
to be false in general [23].

Theorems 1.4 and 1.5 generalize the fact that in the homotopy class of an
essential simple closed curve « on a finite Riemann surface Y, there exists a
unique embedded annulus X C Y of largest modulus, and X is the horizontal
cylinder of a quadratic differential ¢ on Y (known as the Jenkins—Strebel
differential corresponding to «).

In [6], Earle and Marden consider a functional similar to our modulus of
extension m where they keep the annuli disjoint from X. Their construction is
more natural than ours as it does not require any choice of parametrization of
0 X. Wedecided to glue the annuli to X in order to deal with a connected surface.
The main theorem in [6] is analogous to Theorem 1.5, but its uniqueness
statement is false for the same reason that loffe’s uniqueness statement is.

There is a plethora of other extremal problems on Riemann surfaces who-
se solutions involve quadratic differentials (see e.g. [25] and the references
therein). These are all examples of “Teichmiiller’s principle” [22, p.48].

For the class S of normalized univalent functions from D to C, a suitable
version of the blob is actually a round disk. More precisely, for every z € D
and every f € S, the quantity w = log(f(z)/z) satisfies

1+ |z]
1 —z]

< log

‘w — log T 2p

and every value w satisfying the inequality is achieved for some f € S.
This was proved by Grunsky in 1932 (see [5, p. 323]). The blob for K-
quasiconformal homeomorphisms of the disk with prescribed boundary values
was studied in [40] (see also [9] for a generalization to arbitrary hyperbolic
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surfaces). Our approach for proving that the blob is homeomorphic to a closed
disk seems similar to Strebel’s, but the context is different.

The idea of moving one point at a time to get an isotopy is reminiscent
of the finite “holomorphic axiom of choice” used by Slodkowski to extend
holomorphic motions [38]. Our isotopies are holomorphic in the space variable
and continuous in the time variable, whereas holomorphic motions are the other
way around.

2 Preliminaries

2.1 Ideal boundary and punctures

A Riemann surface is hyperbolic if its universal covering space is conformally
isomorphic to the unit disk ID. The only non-hyperbolic Riemann surfaces are
the Riemann sphere C, the complex plane C, the once-punctured plane C\ {0}
and complex tori. A hyperbolic surface X can be regarded as the quotient of
its universal covering space DD by its group of deck transformations I". The
limit set Ar is the set of accumulation points in 0D of the I"-orbit of any point
z € D, and the set of discontinuity is 2 = 0D\ Ar. The ideal boundary of
Xis0X = 2 /I". Theunion X UdX = (DU §2r)/I" is naturally a bordered
Riemann surface, since I" acts properly discontinuously and analytically on
DU If X is afinite hyperbolic surface, then d X has finitely many connected
components, each homeomorphic to a circle.

A puncture in a Riemann surface X is an end corresponding to a proper
(preimages of compact sets are compact) conformal embedding D\ {0} — X.
For example, C has one puncture at infinity and C\ {0} has two punctures. For
hyperbolic surfaces, punctures are the same as a cusps, or ends with parabolic
monodromy. Every puncture can be filled, meaning that one can add the missing
point and extend the complex structure there. The set of punctures of X is
denoted by X. R

Given a finite Riemann surface X, we write X = X U0X U X for the
compact bordered Riemann surface obtained after adding the ideal boundary
and filling the punctures (by definition, a non-hyperbolic Riemann surface has
empty ideal boundary). Suppose that 3.X is non-empty. Then if we take two
copies of X—the second with reversed orientation—and glue them along 9 X
with the identity, we get a closed Riemann surface called the double of X.
Because of this construction, many theorems about Riemann surfaces of finite
type are also true for finite Riemann surfaces.

2.2 Automorphisms

Given a Riemann surface X, let Auty(X) be its group of conformal automor-
phisms homotopic to the identity. It is well-known that:
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328 M. F. Bourque

— Autg (@) acts simply transitively on ordered triples of distinct points in @;

— Auty(C) acts simply transitively on ordered pairs of distinct points in C;

— Auty(C\{0}) acts simply transitively on C\{0};

— if X is a torus, then Autg(X) acts simply transitively on X;

— Autg(D) acts simply transitively on the unit tangent bundle of D (with
respect to the hyperbolic metric);

— if r € [0, 1), then Auto(D\rD) is isomorphic to the circle S!.

In all other cases, Auty(X) only contains the identity.

Lemma 2.1 Let X be a hyperbolic Riemann surface not isomorphic to D nor
D\{0}, and let h : X — X be a holomorphic map homotopic to the identity.
Then h is equal to the identity unless X is an annulus and h is a rotation.

In this lemma, X is not assumed to be finite and /4 is not assumed to be
either injective or surjective.

Proof By the Schwarz lemma, £ is 1-Lipschitz with respect to the hyperbolic
metric. Therefore, if « is a closed geodesic in X, then i («) is at most as long as
o. But geodesics minimize length in their homotopy class, so that 4(«) = «.
In particular, £ is an isometry along «.

If X is an annulus, then it contains a unique simple closed geodesic «. We
can post-compose / by a rotation r of X so that r o & is equal to the identity
on « and hence on all of X by the identity principle.

If X is not an annulus, then it contains a closed geodesic o which self-
intersects exactly once. Then # fixes this self-intersection point, thus all of «
pointwise, and hence all of X pointwise by the identity principle. O

It follows that Auty(X) is path-connected for any Riemann surface X. More
precisely, Autg(X) is

— homotopy equivalent to the unit tangent bundle of X if 71 (X) = {0};
— homotopy equivalent to S! if 71 (X) = Z

— homeomorphic to S' x S if 7 (X) = Z?

— apoint if 71 (X) is non-abelian.

Theorems 1.1 and 1.2 can be viewed as generalizations of this. When the
domain has finite type, Theorem 1.2 actually follows from the above.

Lemma 2.2 Suppose that h : X — Y is a topological embedding between
finite Riemann surfaces, where 0 X is empty and Y is not the sphere with at most
2 punctures nor a torus. Then CEmb(X, Y, h) contains at most one element.

Proof Since conformal embeddings send punctures to punctures or regular
points, every f in CEmb(X, Y, h) extends to a conformal embedding f from
XUXtoYUY. As X = XUXlscompactandflsopen themapfls
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The holomorphic couch theorem 329

surjective. In particular, Y U Y = ?13 compact. If f, ¢ € CEmb(X, Y, h),
then the inverses gf the extensions f g X > Y are homotopic rel Y. The
composition g o f! _is thus a conformal automorphism of Y homotopic to
the identity rel Y. If ] Y has genus 0, then Y must contain at least 3 points by
hypothesis, so that f =g If Y has genus 1, then Y contains at least 1 point,
so that f =g If Y has genus at least 2, then f = g by Lemma 2.1. O

By the same argument, if 0X = & and Y is the sphere with at most 2
punctures or a torus, then CEmb(X, Y, k) is either empty or homeomorphic to
Auty(Y). Theorem 1.2 for domains of finite type follows easily.

Proof of Theorem 1.2 in the case where d X = &. The image of any element in
CEmb(X, Y, h) has finite complement in Y so that 7ty (k) surjects onto 71 (Y).
If 71 (Y) is non-abelian, then / is generic and CEmb(X, Y, ) is a singleton by
Lemma 2.2. Otherwise CEmb(X, Y, /) is homeomorphic to Autg(Y), whose
homotopy type was described above. |

2.3 Montel’s theorem

The simplest version of Montel’s theorem says that the set of all holomorphic
maps from ID to I is compact. This implies a similar result for holomorphic
maps between arbitrary hyperbolic surfaces by lifting to the universal cov-
ers.

A sequence of maps f, : X — Y between Riemann surfaces diverges
locally uniformly if for every compact sets K C X and L C Y, the sets
fn(K) and L are disjoint for all large enough n. A set F of maps between
two Riemann surfaces X and Y is normal if every sequence in F admits either
a locally uniformly convergent subsequence or a locally uniformly divergent
subsequence.

Theorem 2.3 (Montel’s theorem) If X and Y are hyperbolic surfaces, then
every set of holomorphic maps from X to Y is normal.

See [29, p. 34]. Note that the limit of a convergent sequence of holomorphic
maps is holomorphic. If every map in the sequence is injective, then the limit
is either injective or constant. If every map in the sequence is locally injective,
then the limit is either locally injective or constant.

2.4 Quasiconformal maps

Let K > 1. A K-quasiconformal map® between Riemann surfaces is a map
f such that in charts, its first partial derivatives in the distributional sense

3 This notion is usually called “quasiregular map”, and the expression “quasiconformal map”
is usually reserved for homeomorphisms. It seems more convenient to modify the noun “map”
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are locally in L? and the formal matrix d f of partial derivatives satisfies the
inequality ||d f||*> < K det(d f) almost everywhere. For almost every point z,
the real linear map d; f sends circles in the tangent plane at z to ellipses of
eccentricity ||d; f]|?/ det(d, f) in the tangent plane at f(z), and this ratio is
called the pointwise dilatation of f at z. The dilatation of f, denoted Dil( f),
is the smallest K > 1 for which f is K-quasiconformal. This is the same as
the essential supremum of the pointwise dilatation of f.

A Beltrami form on a Riemann surface X isamap u : T X\0 — C such that
nv) = (Z/A),u(v) foreveryv € T X\Oandevery 1 € C\{0} where 0 denotes
the zero section. In charts, the Wirtinger derivatives of a quasiconformal map
f are

8f=l(%—i%) and 5f=%(%+i%).

The ratio 8 f/df is naturally a Beltrami form, and is sometimes called the
Beltrami coefficient of f. The Beltrami coefficient of f encodes the field of
ellipses in 7 X which d f sends to circles.

The measurable Riemann mapping theorem of Morrey and Ahlfors—Bers
says that every measurable ellipse field with bounded eccentricity is the Bel-
trami coefficient of a quasiconformal homeomorphism.

Theorem 2.4 (The measurable Riemann mapping theorem) Let X be a Rie-
mann surface and let |1 be a measurable Beltrami form on X such that
llloo < 1. Then there exists a Riemann surface Y and a quasiconformal
homeomorphism f : X — Y such that 3 f/3f = w almost everywhere.
The surface and the quasiconformal homeomorphism are unique up to post-
composition with a conformal homeomorphism.

An important consequence is the following factorization principle. Suppose
that f : X — Y is a quasiconformal map. Then f = goh whereh : X — Z
is a quasiconformal homeomorphism and g : Z — Y is holomorphic. Indeed,
we can take / to be the solution of the Beltrami equation with 1 = 3 f/df and
letg=foh™l.

Another fundamental property of K-quasiconformal homeomorphisms is
compactness under appropriate normalization [2, p. 32].

Footnote 3 continued

instead, to indicate further attributes. For example we will use “quasiconformal immersion”,
“quasiconformal embedding”, or “quasiconformal homeomorphism” for a quasiconformal map
which is a local embedding, an embedding, or a homeomorphism respectively.
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Theorem 2.5 For every K > 1, the space of all K-quasiconformal homeo-
morphisms from D to D fixing 0 is compact.

Lastly, we will use the fact that quasiconformal homeomorphisms send
punctures to punctures. As a consequence, any quasiconformal embedding bet-
ween finite Riemann surfaces extends to a quasiconformal embedding between
the surfaces with their punctures filled.

The reader may consult [2] for more background on quasiconformal homeo-
morphisms.

2.5 Quadratic differentials

A quadratic differential on a Riemann surface X isamap ¢ : TX — C
such that ¢ (Av) = A2<p(v) for every v € TX and every A € C. A quadratic
differential on X is holomorphic (resp. meromorphic) if for every open set
U C X, and every holomorphic vector field v : U — TU, the function
@ov : U — Cisholomorphic (resp. meromorphic). All quadratic differentials
in this paper will be holomorphic or meromorphic. The pull-back f*¢ of a
quadratic differential ¢ by a holomorphic map f is defined in the usual way
by the formula f*¢(v) = @(df(v)).

A vector v € TX is horizontal (resp. vertical) for ¢ if p(v) > 0 (resp.
@(v) < 0). Let I C R be an interval. A piecewise smooth arc y : [ — X is
horizontal (resp. vertical) if y'(t) is horizontal (resp. vertical) wherever it is
defined. Such a trajectory is called regular if it does not contain any zero or
pole of ¢. The absolute value |¢| is an area form, and its integral [|¢|| = [ ¥ ol
is the norm of ¢. For a finite Riemann surface X, we denote by Q(X) the
set of all integrable holomorphic quadratic differentials ¢ on X which extend
analytically to the ideal boundary of X, and such that ¢(v) € R for every
vector v tangent to dX. Every ¢ € Q(X) extends to a meromorphic quadratic
differential on X with at most simple poles on X. The set QT (X) is similarly
defined, but with the additional requirements that ¢ > 0 along dX and that
@ is not identically zero. The set Q(X) is a real vector space inside of which
O1(X) forms a convex cone. _

For every simply connected open set U C X where a quadratic differential
¢ does not have any zero or pole, there exists a locally injective holomorphic
map z : U — C such that ¢ = dz?. The map z is unique up to translation
and sign and is called a natural coordinate when it is injective. If ¢ € Q(X),
then the atlas of natural coordinates for ¢ is a half-translation structure on X
minus the singularities of ¢. The transition maps for this atlas have the form
Zz = %z + c. Such a structure induces a flat geometry with cone points on
X. We return to this geometry at the end of the present section. The standard
reference for this material is [39].
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2.6 Teichmiiller’s theorem

A Teichmiiller homeomorphism (usually called Teichmiiller map) between
finite Riemann surfaces X and Y is a homeomorphism f : X — Y such that
there exists a constant K > 1 and non-zero ¢ € Q(X) and ¢ € Q(Y) such
that f is locally of the form x +iy +— K x +iy in natural coordinates for ¢ and
¥, up to sign and translation. Such a homeomorphism is K-quasiconformal
with constant pointwise dilatation.

The following theorems of Teichmiiller are of central importance.

Theorem 2.6 (Teichmiiller’s existence theorem) Let h be a quasiconformal
homeomorphism between finite Riemann surfaces. If there is no conformal
homeomorphism homotopic to h, then there is a Teichmiiller homeomorphism
homotopic to h.

Theorem 2.7 (Teichmiiller’s uniqueness theorem) Let f : X — Y be a
Teichmiiller homeomorphism of dilatation K between finite Riemann surfaces.
If g is a K -quasiconformal homeomorphism homotopic to f, thengo f~Visa
conformal automorphism of Y homotopic to the identity. If Y is not an annulus
nor a torus, then g = f.

Teichmiiller’s theorem is usually stated and proved for closed Riemann
surfaces, but the general case follows from the closed case by doubling across
the ideal boundary and by taking a branched cover of degree 2 or 4 ramified
at the punctures [1].

2.7 Teichmiiller spaces

Let S be a finite Riemann surface. The Teichmiiller space 7T (S) is defined as
the set of pairs (X, f) where X is a finite Riemann surfaceand f : § — Xisa
quasiconformal homeomorphism, modulo the equivalence relation (X, f) ~
(Y, g) if and only if g o f~! is homotopic to a conformal homeomorphism.
The equivalence class of (X, f) is denoted [ X, f], or just X when the marking
f is implicit. The Teichmiiller distance between two points of 7 () is defined
as

d(X, f1,1Y, g]) = %inf log Dil ()

where the infimum is taken over all quasiconformal homeomorphisms /2 homo-
topic to g o f~!. By Teichmiiller’s theorem, the infimum is realized by a
(usually unique) quasiconformal homeomorphism 4 which is either confor-
mal or a Teichmiiller homeomorphism.
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The space 7 (S) is a contractible real-analytic manifold of finite dimen-
sion. Let M(X) denote the space of essentially bounded Beltrami forms on
X € T(S). By the measurable Riemann mapping theorem, the tangent space
to 7(S) at X can be identified with the quotient of M (X) by its subspace
M(X) of infinitesimally trivial deformations. There is a natural pairing bet-
ween M (X) and Q(X) given by

(i, @) =Re/ ne,
X

and it turns out that Mo(X) = Q(X)* with respect to this pairing. The tangent
and cotangent spaces to 7 (S) at X are thus isomorphic to M(X)/Q(X )L and
Q(X) respectively. See [7] and [8] for more details.

Remark 2.8 In the literature, 7 (S) is called the reduced Teichmiiller space of
S. The (unreduced) Teichmiiller space of S is defined similarly, except that
pairs (X, f) and (Y, g) are declared equivalent if g o f~! is homotopic to
a conformal homeomorphism rel dX. This unreduced Teichmiiller space is
always a contractible complex manifold, but has infinite dimension whenever
the ideal boundary of S is non-empty. We will only consider reduced Teich-
miiller spaces in this paper, and will therefore omit the adjective “reduced”.

2.8 Homotopies

If two maps are homotopic, then they induce the same homomorphism between
fundamental groups, up to conjugation. The converse also holds under appro-
priate conditions [2, p. 60] [3, §6].

Lemma 2.9 Let X be a space which has a universal cover, let Y be a metric
space whose universal cover is a uniquely geodesic space in which geodesics
depend continuously on endpoints, and let fy, f1 : X — Y be continuous
maps. Suppose that for some x € X the induced homomorphisms mw(f})
m1(X,x) — m (Y, fj(x)) agree up to conjugation by a path between fy(x)
and f1(x). Then fo and f| are homotopic.

Proof Let X and Y be the universal covers of X and Y, and let & be a path
connecting fo(x) to f1(x) Whi(;ll conjugates the homomorphisms 7 ( fo) and
m1(f1)- Given alift fo : X — Y, the path « allows us to lift f] in such a way
that fo and f1 are equivariant with respect to the same homomorphism of deck
groups. The homotopy from fo to fl sending (x,7) € X X [0, 1] to the point
at proportion ¢ along the geodesic from fo (x) to fl (x) in Y is continuous and
equivariant, so it descends to a homotopy from fj to f7. m|
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This is also true if X is a CW-complex and Y is a K (i, 1) [18, p. 90].
If X and Y are finite Riemann surfaces and Y is not the sphere, then either
hypotheses are satisfied. The most useful consequence for us is that homotopy
classes of maps between finite Riemann surfaces are closed.

Corollary 2.10 Let X andY be finite Riemann surfaces andlet f,,, f : X — Y
be continuous maps such that f, — f asn — oo. Then f, is homotopic to
f for all large enough n.

Proof First assume that Y is the Riemann sphere. By the Hopf theorem [30, p.
50], two maps X — Y are homotopic if and only if they have the same degree.
Since topological degree depends continuously on the map, f, eventually has
the same degree as f and is therefore homotopic to it.

Suppose that Y is not the Riemann sphere. Then the universal cover of
Y supports a metric which is proper (whose closed balls are compact) and
is uniquely geodesic. In such a metric, geodesics depend continuously on
endpoints. Thus the hypotheses of Lemma 2.9 are satisfied.

Let B1, ..., Bx be loops based at x € X which generate 71 (X, x) and let
V be a simply connected neighborhood of f(x) in Y. Let n be large enough
so that f,(x) € V and so that there is a homotopy between the restrictions
fu1B; and f|B; which keeps the image of the basepoint x inside V for every
J €{1,...,k}. Leta be any path from f (x) to f,,(x)in V. Thena* f,,(B;) *a
is homotopic to f(B;) as loops based at f(x), for every j. In other words, «
conjugates the induced homomorphisms 71 (f) and 71 (f,). By Lemma 2.9,
fn 1s homotopic to f. O

In Teichmiiller theory, one often goes back and forth between punctures and
marked points as convenient. This passage is justified by the fact that quasicon-
formal homeomorphisms send punctures to punctures. Moreover, homotopies
defined in the complement of punctures can be modified as to extend to the
punctures.

Definition 2.11 Let 2 : X — Y be a quasiconformal embedding between
finite Riemann surfaces. Recall that  extends to a quasiconformal embedding
h from X U X to Y UY. We say that a puncture p € X is essential if h(p) € Y
and is inessential if h(p) € Y.

Lemma 2.12 Let X and Y be finite Riemann surfaces, let fo, fi : X — Y be
quasiconformal embeddings, let f and f, be their extensions to X U X, and
let H: X x [0, 1] — Y be a homotopy from fo to fi. Let E C X be the set of
punctures which are essential with respect to fo. Then there exists a homotopy
H:XUXx[0,11 > YUY from foto f which is constant on E x [0, 1],
maps X x [0, 1] into Y, and whose restriction to X x [0, 1] is homotopic to
H.
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Proof Foreach p € X,letD »p CXU X be an embedded closed disk such that
D,NX = {p}. Further assume that the disks D, are all disjoint. The idea is to
define H = H on X\ | pex Dp x [0, 1] and then extend this to a continuous

map H : Dpx[0,1] > YU Y sending Dp,\{p} into Y foreach p € X. If the
puncture p € X is inessential, then the annulus H (0 D, x [0, 1]) is contractible
in Y so that H extends to a continuous map H : D, x[0,1] = Y.If p e X
is essential, then the annulus H (3D, x [0, 1]) is contractible in ¥ U { fo(p)}
so that H extends to a continuous map H: D, x[0,1] = Y U {fo(p)}. We

can further choose the extension to satisfy ﬁ_] (fo(p)) ={p} x [0, 1]. O

2.9 Geometry of quadratic differentials

Let X be a finite Riemann surface and let ¢ € Q(X)\{0}. Then ¢ induces a
notion of direction as well as a Riemannian metric with singularities |¢| on X.
This metric is Euclidean except at the zeros of ¢, where it has cone points. At
a zero of order k, the metric looks like a cone with angle (k + 2). Because
the total angle at cone points is at least 27, the induced metric is locally
CAT(0). However, the metric |¢| is not complete whenever X is not closed.
Nevertheless, glven an arc y : [0, 1] — X there exists a unique “geodesic
representative” 7 : [0, 1] — X which is a limit of arcs homotopic to y in X
and has minimal |¢|-length among such arcs. To see this, it is convenient to
pass to the universal cover first.

Let 7 : X — X be the universal covering map and let ¢ = 7*¢. The
Riemannian metric with singularities |@| induces a distance d on X in the
usual way: for any x, y € X the distance d(x, y) is defined as the infimum
of [. Y /19| over all piecewise smooth paths y between x and y. The resulting

metric space ()N( ,d) 1s CAT(0). It follows that its metric completion (i ",d")
is also CAT(0) [4, Corollary 3.11]. When X is hyperbolic, X " is the universal
cover X together with the the set of discontinuity and the parabolic limit
points. Observe that X is the metrlc completion of X in the metric |¢| and that
7 extends to a continuous map 7’ : X X — X.

Since (X ’,d") is a complete CAT(0) space, there is a unique geodesic seg-
ment between any two points of X’ . Thus given an arc y : [0, 1] — X, we
can lift it to an arc ¥ : [0, 1] — X, find the geodesic 7" : [0,1] — X’
between the endpoints of 7, then define the “geodesic representative” of y
tobe y" =n' o yT.

By hypothesis, ¢ extends analytically to the ideal boundary of X (if any).
Hence ¢ extends analytically to the set of discontinuity in X’. Say that a

4 The quotation marks are because yT is not necessarily geodesic in X. For example, it may
pass through a pole of ¢.
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singularity of @ is a point in X' where ¢ has a zero or is not defined (those
are the parabolic limit points). Since (X', d”) is locally Euclidean, geodesics
are straight lines in natural coordinates away from the singularities of ¢. If a
geodesic passes though a singularity, then there should not be any shortcut on
either side, which translates into an angle condition at the singularity. More
precisely, an arc y : [0, 1] — X' is geodesic if and only if

— y is smooth except at singularities of ¢;
— the argument of ¢(y’/(¢)) is locally constant where y is smooth;
— at a singularity of &, the cone angle on either side> of y is at least 7.

For example, an arc which is horizontal and does not backtrack is geodesic.
Actually, any horizontal arc which does not backtrack minimizes horizontal
travel (defined as the integral of | Re /@|) between its endpoints, since it is
quasi-transverse to the vertical foliation [19, Proposition 2.5].

A geodesic polygon in a CAT(0) space is a closed curve which is piecewise
geodesic. Self-intersecting polygons are allowed. Given a geodesic polygon
P in a CAT(0) space, and three consecutive vertices a, b and ¢ along P, let
Labc be the Alexandrov angle between the geodesics [a, b] and [b, ¢] at b. In
general, this is defined as the limit of the angle at »” in the comparison triangle
Au'b'v' C R? for Aubv, as u — b along [a, b] and v — b along [b, c] (see
[4, p. 184]). In particular, the Alexandrov angle takes values in [0, 7].

For example, if P is a geodesic polygon in the Euclidean surface with
conical singularities X', then Zabc is simply the minimum between 7 and
the two cone angles on either side of [a, b] U [b, c] at b, as measured in tlle
metric induced by @. With this terminology, a piecewise geodesic arc y in X’
is geodesic if and only if the Alexandrov angle at any point along y is equal
to .

The next Proposition is a generalization of Strebel’s “divergence principle”
[39, p.77]. It says that if two geodesic rays yp and y; in X’ are such that the
angles they form with the geodesic [9(0), y1(0)] sum to at least , then the
distance between y(¢) and y;(¢) is non-decreasing as a function of # > 0. In
the original statement, each angle is assumed to be at least 7 /2. The result
actually holds in any CAT(0) space.

Lemma 2.13 Let Q be a geodesic quadrilateral with vertices a, b, c,d in a
CAT(0) space (M, ). Suppose that u(a, d) = u(b, c)and Ldab+/Labc > 7.
Then u(c,d) = u(a, b) with equality only if Q is isometric to a (possibly
degenerate) Euclidean parallelogram.

Proof Consider the geodesic triangles Aabc and Aacd. Let Aa’b’c’ and
Aa'c’d’ be corresponding comparison triangles in R?. We may assume that

5 Ata boundary point of X', the cone angle only makes sense on one side of y, but we can
define the cone angle on the “other side” to be +00 by convention.
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these two triangles are on opposite sides of the segment [a’, ¢’] so that the
quadrilateral Q' they form is simple. We need to show that |’ —d’| > |a’ —b/|.
By the law of cosines, it suffices to prove that /d’a’c’ > /b’c’a’. Indeed, the
triangles Aa’b’¢’ and Aa’c’d’ share the side [a’, ¢’] and the sides [0/, ¢’] and
[d’, a’] are congruent. There are two cases to consider depending on whether
Q' is convex or not.

Suppose first that /d'a’c¢’ + /c’a’b’ < 7. Note that angles in Aa’b’¢’ and
Ad’c'd’ are are at least as large as corresponding angles in Aabc and Aacd.
Moreover, angles are subadditive in the sense that /dab < /dac + /cab for
instance. Since the sum of /d'a’c’ and /c'a’b’ is at most 7, we have

/d'a'b = /dd'c + /ca'b > /dac + Lcab > /dab
so that
(d'd'b + Ld'b'¢ > /dab + Labc > .
We deduce that

0</dab + /ldbc —n
= /d'dc + /a'by+ La'b'd — (La'b + La'b' + /b a))
=/d'dc — /bcd

as required.

If /d'a’¢’ = /b'c’d’, then Q' is a parallelogram (which is possibly contained
in a line) and all the above inequalities are equations. Thus the angles in Aabc
and Aacd are the same as in their comparison triangles, which implies that
Aabc and Aacd are isometric to their comparison triangles. By considering
the other diagonal of Q, we get that any two adjacent sides of Q lie in a flat
triangle. The equality Zdab = /dac + Lcab means that the triangles Aabc
and Aacd line up, in the sense that the union of their convex hulls is convex.
Hence Q spans a Euclidean parallelogram.

Now suppose that Zd'a’c’ + /c'a’b’ > 7. Then

O0<m+/ldbcd —x
< (ld'd'cd + /ca'b)+ La'bc — (Lcad'b + La'b' '+ /b'ca)
=/ddcd — /bcd.
Equality cannot hold in this case. O

One can deduce from this the well-known fact that if two simple closed
geodesics in X (with respect to |¢|) are freely homotopic, then they span a
Euclidean cylinder.
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3 Joffe’s theorem

The goal of this section is to reprove Theorem 1.3 from Ioffe, that is, to
characterize quasiconformal embeddings that have minimal dilatation in their
homotopy class. The main motivation for doing so is that loffe’s original state-
ment contains a mistake (we pointed this out in the introduction and will return
to this issue in Sect. 3.3). Thus we wanted to work out the proof in detail to
make sure that the remaining part was correct.

The results are stated for quasiconformal embeddings from one finite Rie-
mann surface to another, but they extend to quasiconformal embeddings from
a finite union of finite Riemann surfaces to a finite Riemann surface, which is
is the context considered in loffe’s paper [20].

3.1 Compactness

Recall that an embedding / between finite Riemann surfaces is trivial if the
image of 1 (h) is trivial, is cyclic if the image of 7y (k) is infinite cyclic, and
is generic if the image of m((h) is non-abelian. An embedding /% is called
parabolic if the image of m(h) is infinite cyclic and generated by a loop
around a puncture.

The following compactness lemma (cf. [20, Theorem 1.1]) guarantees the
existence of extremal quasiconformal embeddings, that is, with minimal dilata-
tion in their homotopy class.

Lemma 3.1 Let K > 1 and leth : X — Y be a K-quasiconformal embed-
ding between finite Riemann surfaces. The space of all K-quasiconformal
embeddings homotopic to h is compact if and only if h is neither trivial nor
parabolic.

Proof Suppose that Y is equal to C, C or C\{0}. Then h is either trivial
or parabolic. Moreover, the space of K-quasiconformal emdeddings homo-
topic to 4 is closed under post-composition with elements of Auty(Y), which
is non-compact. It follows that the space of K-quasiconformal emdeddings
homotopic to 4 is also non-compact.

Suppose that Y is a torus. The group Autg(Y) is homeomorphic to Y and is
in particular compact. Let W be the set of all K-quasiconformal embeddings
homotopic to # and let N be the space of of K-quasiconformal embeddings
homotopic to & rel xg, where xg is any point in X. Then W is homeomorphic
to Autg(Y) x N, hence is compact if and only if N is. Now N is the same
as the space of K-quasiconformal embeddings homotopic to the restriction
h* : X\{xo} = Y\{h(x0)}. Moreover i non-trivial if and only if 2* is non-
parabolic. The case where Y is a torus thus reduces to the case where Y is a
once-punctured torus, hence hyperbolic.
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For the rest of the proof, we may assume that Y is hyperbolic. This implies
that X is hyperbolic as well, since there is no non-constant quasiconformal
map from a non-hyperbolic surface to a hyperbolic surface.

If £ is trivial then its image is contained in a disk in Y. In other words, A
can be written as 7 = F o g where F : D — Y is a conformal embedding and
g : X — Dis a K-quasiconformal embedding. Consider the sequence h;, =
F, o g where F, (z) = F(z/n). Each h, is a K-quasiconformal embedding
homotopic to &, but the sequence converges to a constant map. Similarly, if
h is parabolic, then we can form a sequence of homotopic K -quasiconformal
embeddings which diverges to the corresponding puncture.

If h is neither trivial nor parabolic then it is is either generic, or cyclic
but not parabolic. We treat the generic case first and return to the cyclic case
at the end. Suppose that / is generic. Pick any basepoint by € X and let
mx : (D, 0) = (X, bo) and 7y : (D, 0) — (¥, h(bo)) be universal covering
maps with respective deck groups Deck (X) and Deck(Y). Let & be the unique
lift of /2 such that 2(0) = 0. For any « € Deck(X), let ®(«) be the unique
element in Deck(Y') sending O to A (c - 0). Then ® is a homomorphism.

If f: X — Y is a K-quasiconformal embedding homotopic to #, then it
lifts to a K-quasiconformal immersion f : D — D satisfying

fla-2)=6@) - f(z)

for every z € D and every o € Deck(X). The lift f is uniquely determined by
this equation, since there is only one homotopy class of homotopy from 4 to
f according to Lemma 6.1. We do not really need uniqueness of the lift here
(any lift would do), which is why the lemma is postponed to a later section.
Observe that f is injective if and only if

7y (f(2)) = my (f(w)) = 7x(2) = mx (w).

Let f be a K-quasiconformal embedding homotopic to & and f be its
lift as above. Write f = F o g where g : D — D is a K-quasiconformal
homeomorphism fixing 0 and F : D — D is a holomorphic immersion.
As mentioned in Sect. 2, the space of K-quasiconformal homeomorphisms
of I fixing the origin and the space of holomorphic maps from ID to I are
both compact. Thus, given a sequence of K -quasiconformal embeddings f,
homotopic to & and corresponding lifts f, = F, o g, factored as above,
we can pass to a subsequence such that F, — F and g, — g and hence
fno—> f=Fog. _

We claim that the limit f is not constant. Indeed, if there is a constant
wo € D such that f(z) = wo for every z € D, then
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wo=fle-2) = lim fulw 2)= lim O@)- /(z) = O@) - f(z)
= O(x) - wy

for every a € Deck(X). However, a Fuchsian group which fixes a point in
D is cyclic, contradicting the assumption that / is generic. In particular, the
holomorphic map g is not constant, hence has image in D. By Hurwitz’s
theorem in complex analysis, g is locally injective. Therefore f = Fogisa
K -quasiconformal immersion. Moreover, the equality f (¢-2) =0O(a)- [
for every z € D and every o € Deck(X) implies that f descends to a K-
quasiconformal immersion f : X — Y.

It remams to show that f is 1nJect1ve If f(rx(z)) = f(rx(w)), then
ny(f(z)) = nY(f(w)) Since fn — f and since these maps are open, we
can find a sequence z, converging to z and a sequence wj, converging to w
such that fn(zn) = f(z) and fn(wn) = f(w) for all n large enough. Then
er(f,, (zn)) = er(f,, (wp)), which implies that wx (z,) = mwx(w,) since f, is
injective. Taking the limit as n — oo, we obtain mx (z) = wx(w).

Lastly, f is homotopic to /& because it is a limit of maps which are (see
Corollary 2.10). We have shown that if Y is hyperbolic and % is generic, then
the space of K-quasiconformal embeddings homotopic to % is sequentially
compact.

Suppose now that 4 is cyclic but not parabolic. The same construction
as above still applies, but the image of ® is a cyclic group generated by a
hyperbolic element 8 € Deck(Y). Morover, given an embedding f homotopic
to h, its lift f is only defined up to post-composition with powers of . Let
D C D be a fundamental domain for § whose closure is disjoint from the
fixed points of 8. Let { f,},>1 be a sequence of K -quasiconformal embeddings
homotopic to /2. By applying an appropriate power of 8, we can choose a lift f,
of f, suchthat f,(0) € D. As above, we can extract a subsequence of { fuln>1
converging to some map f. By our normalization, the limit f(0) belongs to
the closure D, so it is not one of the fixed points of B. It follows that f is
not constant. The rest of the argument applies verbatim to conclude that f
descends to a K -quasiconformal embedding f homotopic to /. O

The following corollary is immediate.

Corollary 3.2 Let h : X — Y be a non-trivial and non-parabolic quasicon-
formal embedding between finite Riemann surfaces. Among the quasiconfor-
mal embeddings homotopic to h, there is one with minimal dilatation.

Proof Dilatation is lower semi-continuous, hence achieves its minimum on
any compact set. O

Remark 3.3 If h : X — Y is a quasiconformal embedding between finite Rie-
mann surfaces which is trivial or parabolic, then it is homotopic to a conformal
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embedding. This is because 4 (X) is contained in a subset Z C Y isomorphic
to the disk with at most one puncture or the sphere with at most two punc-
tures, whose Teichmiiller space is a point. Using Theorem 2.4, we can apply a
quasiconformal deformation on Z to make / conformal. The hypothesis that
h be non-trivial and non-peripheral is thus superfluous in Corollary 3.2.

3.2 Teichmiiller embeddings

Let us recall the definition of a Teichmiiller embedding.

Definition 3.4 A Teichmiiller embedding of dilatation K > 1 between finite
Riemann surfaces X and Y is an injective continuous map f : X — Y for
which there exist quadratic differentials ¢ € Q7 (X) and ¥ € Q1 (Y) such
that f has the form x + iy — Kx + iy in natural coordinates and such that
Y\ f(X) is a finite union of points and horizontal arcs for . We say that ¢
and  are initial and terminal quadratic differentials for f. A slit mapping is
a conformal Teichmiiller embedding, i.e. one with K = 1.

Remark 3.5 The horizontal arcs in the definition are allowed to overlap. In ge-
neral, the complement of the image of a Teichmiiller embedding is an analytic
graph (see Fig. 4 for example).

Remark 3.6 Despite the appellation, a Teichmiiller homeomorphism between
surfaces with non-empty ideal boundary is not necessarily a Teichmiiller
embedding, as its initial and terminal quadratic differentials are allowed be
negative along the ideal boundary.

Remark 3.7 If Y is a finite Riemann surface, v € Q" (Y), and X is the com-
plement of a finite union of points and of horizontal arcs in Y, then ¢*y belongs
to QT (X), where : X — Y is the inclusion map. This means that t*v extends
analytically to the ideal boundary of X and that the latter is horizontal. Near
the endpoint of a horizontal slit, one needs to take a square root in order to
unfold the slit to an ideal boundary component. If we pull-back the quadratic
differential zXdz? in C by the squaring map s(z) = z2 from H to C\[0, o),
we get the quadratic differential 4z%T2dz2. In other words, unfolding a slit
ending at a singularity of order k > —1 yields a singularity of order 2k +2 > 0
on the boundary. In particular, if the slit ends at a simple pole then the unfolded
quadratic differential is regular at the corresponding point. It is perhaps more
natural to count the number of prongs: an n-prong singularity transforms into
half of a 2n-prong singularity (see Fig. 1). The ideal boundary remains hori-
zontal in the process of unfolding so that (*v € Q1 (X).

Every slit mapping f : X — Y arises in this way, in the sense that f gives
a conformal homeomorphism from X to f(X) and f(X) C Y is obtained by
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N

7

Fig.1 Unfolding aslitending at a simple zero (a 3-prong singularity) of a quadratic differential
yields half of a zero of order 4 (a 6-prong singularity)

removing finitely many points and horizontal arcs for some ¥ € QT (Y). The
quadratic differential ¢ = f* is redundant data.

Remark 3.8 Every Teichmiiller embedding can be factored as a Teichmiiller
homeomorphism G : X — Z (which happens to also be a Teichmiiller embed-
ding) followed by a slit mapping F : Z — Y, where the terminal quadratic
differential of G agrees with the initial quadratic differential of F'.

Remark 3.9 1f there is a Teichmiiller embedding X — Y, then Q7 (Y) is non-
empty. This imposes some restrictions on Y, namely, it cannot be a sphere with
at most 3 punctures or a disk with at most 1 puncture. By the same token, a
Teichmiiller embedding is always non-trivial and non-parabolic.

Remark 3.10 If f is a Teichmiiller embedding of dilatation K with initial and
terminal quadratic differentials ¢ and v, then 8 f/9f = kg/|¢| on X and
A(f~H/a(f Y = —ky/|¥| on f(X), where k = g_;;. This is one way of
describing f without using coordinates.

We present loffe’s theorem in two parts. The first part says that every
extremal quasiconformal embedding is either conformal or a Teichmiiller
embedding.

Theorem 3.11 (Extremal embeddings are Teichmiiller) Let f : X — Y be
a quasiconformal embedding between finite Riemann surfaces with minimal
dilatation in its homotopy class. If f is not conformal, then it is a Teichmiiller
embedding.

Proof Suppose that f is not conformal and let

JaurThah on £(X)
=0 on Y\ f(X).

Let F : Y — Y, bethe solution to the Beltrami equation dF/F = puprovided
by Theorem 2.4. By construction we have d(F o f)/d(F o f) = Osothat Fo f

@ Springer



The holomorphic couch theorem 343

Fig. 2 Reducing the pointwise dilatation of an embedding near a vertical boundary arc

is a conformal embedding. By Teichmiiller’s theorem (Theorems 2.6 and 2.7),
there exists a quasiconformal homeomorphism G : Y, — Y homotopic to
F~1 with minimal dilatation. Moreover, G is either conformal or a Teichmiiller
homeomorphism. The composition G o F o f : X — Y is a quasiconformal
embedding homotopic to f, so that

Dil(f) < Dil(G o F o f) < Dil(G) < Dil(F~!) = Dil(f).

Thus all the terms in this chain are equal. The equality Dil(G) = Dil(F~!)
implies that F has minimal dilatation in its homotopy class. Since F' is not
conformal, it is a Teichmiiller homeomorphism. This means that there is a
non-zero ¥ € Q(Y) and a constant k € (0, 1) such that u = —kv /||
almost everywhere. In particular, Y\ f (X) has measure zero and f has constant
pointwise dilatation.

Thought of as a homeomorphism from X to f(X), the map f has minimal
dilatation in its homotopy class and is thus a Teichmiiller homeomorphism.
Let ¢ and w be its initial and terminal quadratic differentials. Since F o f
is conformal, the directions of maximal stretching for F and f~! must be
perpendicular, which means that ¢ = cw on f(X) for some ¢ > 0, which we
may assume is equal to 1 by rescaling.

We have to show that ¢ € QT (X). If not, then ¢ < 0 along some segment
I C 9X. We will explicitly construct a quasiconformal embedding f from
X to f(X) with pointwise dilatation smaller than f near /. We may work in
a natural coordinate chart for ¢ in which 7 is equal to the vertical segment
[—i, i] in the plane and X is to the right of /. There is also a natural chart for @
in which f takes the form x + iy — Kx +iy. Let A be the isoceles triangle
with base [—i, i] and apex § > 0 (Fig. 2).

Consider the map L : A — A which is affine on the upper and lower halves
of A, fixes all three vertices of A, and sends the midpoint of / to (I — 1/K)3.
Extend L to be the identity on X\ A and let f f o L. The linear part of f
on the lower half of A is equal to
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1 (K—-1)¢§
01

and the dilatation of this matrix tends to 1 as § — 0. A similar statement holds
in the upper half of A. Therefore, if § is small enough, then the embedding
J has strictly smaller pointwise dilatation than f on A. Moreover, the global
dilatation of f is the same as f, so that f also has minimal dilatation in its
homotopy class. By the first paragraph of the proof, the pointwise dilatation
of f must be constant. This is a contradiction, and hence ¢ € Q1 (X).

It remains to show that f(X) is the complement of a graph which is hori-
zontal with respect to ¥. Recall that X is the compactification of X obtained
by adding its ideal boundary and filling its punctures. The metrics induced
by |¢| and || extend to complete metrics on X and Y. Since f:X—>Y
is K-Lipschitz with respect to these metrics, it extends to a K -Lipschitz map
f X — Y. Moreover, f is surjective since Y\ f(X) has measure zero
and hence empty interior. Let / be the closure of a connected component of
0 X \{zeros of ¢}. There is a sequence {/,} of arcs in X which are horizontal
for ¢ and converge uniformly to /. Since the image arcs f (/) are all hori-
zontal for v, they can only accumulate onto horizontal arcs, and thus f (/) is
horizontal. Therefore, the complement Y\ f(X) = f(8X U X) is a union of
finitely many points and horizontal arcs for v. In particular, the ideal boundary
dY is horizontal for ¥ so that ¥ € QT (Y). |

In the last paragraph of the proof we actually showed the following useful
criterion.

Lemma 3.12 Let X and Y be finite Riemann surfaces, let ¢ € QT (X) and
Yy e QY)\{0}, and let f : X — Y be an embedding which is locally of the
form x + iy +— Kx + iy in natural coordinates. If f(X) is dense in Y, then
Vv € QT (Y) and f is a Teichmiiller embedding with respect to ¢ and .

The second part of Ioffe’s theorem says that every Teichmiiller embedding
is extremal. The proof is very similar to the proofs of Teichmiiller’s uniqueness
theorem given in [3] and [11, Chapter 11], only with additional technicalities
due to the lack of compactness.

Theorem 3.13 (Teichmiiller embeddings are extremal) Let f : X — Y be
a Teichmiiller embedding of dilatation K with initial and terminal quadratic
differential ¢ and , and let g - X — Y be a K -quasiconformal embedding
homotopic to f. Then g is a Teichmiiller embedding of dilatation K with initial
and terminal quadratic differentials ¢ and , and g o f~' : f(X) = g(X)
is locally a translation in natural coordinates for .

Proof We may assume that all the punctures of X are essential with respect to
f. Otherwise, the set I of inessential punctures can be filled and f extended
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to a Teichmiiller embedding f X U1l — Y. Similarly, g extends to a
K -quasiconformal embedding g : X U I — Y homotopic to f If gis a
Teichmiiller embedding with respect to v, then so is its restriction g.

By rescaling, we may assume that ||| = 1. This implies that ||| = K
since f multiplies area by a factor K and f(X) has full measure in Y. Recall
that X and Y are the metric completions of X and Y with respect to the distance
induced by || and [y/]. Since f is K -Lipschitz with respect to these metrics,
itextends to a K-Lipschitzmap f : X — Y. Since f is assumed to have only
essential punctures, f maps X into Y.

Let M > 1. Foreveryn € N, let G, : X — X be a smooth M -quasicon-
formal and M -Lipschitz embedding such that

Gn(X) =X

G, i’s\ homotopic to the identity rel X;

— G,(X) is contained in X U X;

— G, — id uniformly in the C' norm as n — oo.

Here is one way to construct such maps. Given a smooth vector field on X
pointing inwards on 0 X and vanishing on X, we can let G, be the correspon-
ding flow at small enough time #,. Then let g, = g 0 G, : X — Y which
is a K M-quasiconformal embedding. The purpose of this construction is to
circumvent the following difficulty: when X U X is non-compact g has no
reason to extend continuously to d X while g, does.

Fix n for a little while. By construction, g,|x is homotopic to g and hence
to f. By Lemma 2.12, there is a homotopy H : X x [0, 1] — Y from f to
gnlx that extends to be constant at the punctures (which are assumed to be
essential). By flowing 0 X inward at the beginning and end of the homotopy
as above, we may further assume that H extends continuously to d.X x [0, 1].
Let H be the extension of H to X x [0, 1].

For every x € X, let £(x) = inf [, /]| where the infimum is taken
over all piecewise smooth paths « : [0, 1] — Y that are homotopic to ¢ +—
H (x, t) rel endpoints. In general, the infimum need not be realized since the
restriction of [/] to ¥ is not complete. However, £(x) is equal to the length
of the “geodesic representative” y, of t — H(x, t) in the completion Y as
explained in Sect. 2.9.

Since H is continuous, the maps x +— y, and x + £(x) are continuous.
Moreover, they extend continuously to X. Indeed, for x € X\ X we can define
vx as the limit of y, asn — oo, where {x,},>1 is a sequence in X converging
to x. This hmlt exists and does not depend on the sequence {xn}n>1 since the
path t — H (x, 1) is well-defined even for x € X \X. Moreover, its length
£(x) is the limit of the lengths £(x,,). As X is compact, there exists a constant
B such that £(x) < B forevery x € X. This constant B depends on n, but we
will make it disappear before changing .

@ Springer



346 M. F. Bourque

Let n be a horizontal arc of length L > 0 in X. Since f is a Teichmiiller
embedding of dilatation K, it sends 7 to a horizontal arc of length KL in Y.
Let xo and x; be the endpoints of 7. We can obtain a path homotopic to f ()
in Y by taking the concatenation of a piecewise smooth path «g of length at
most B homotopic to t — H (xg, t), the image g,(n), and a piecewise smooth
path « of length at most B homotopic to t — H(x1, 1 — ). Since horizontal
arcs minimize horizontal travel among all homotopic paths, we have

KL= [ ReVil= [(IReVl+ [ IReVl+ [ Re]
S ao gn(m) aj
523+/ |Re /¥
gn(m)

Let dg, denote the matrix of partial derivatives of g, with respect to natu-
ral coordinates® and (dgn)1,1 its first entry. If z = x 4 iy and ¢ are natural
coordinates for ¢ and v, then (dg,)1,1 = Re(d(¢ o g, o 2z H/ox). If g, is
absolutely continuous on 7, then we have

/|(d8n)1,1|'\/m:/ |Re/¥/| > KL —2B.
n

n (1)

Remove from X all trajectories that go through a puncture of X or a zero
of ¢ and denote the resulting full measure subset by U. For every x € U,
there is a unique (possibly closed) bi-infinite horizontal trajectory through x.
For every L > 0 and every x € U, let n(x, L) be the horizontal arc of length
L centered at x. Since g, is quasiconformal, it is absolutely continuous on
almost every horizontal trajectory. Upon applying Fubini’s theorem, we find

1
f|<dgn>1,1|-|go|=/ (Z/ |(dgn>1,1|-\/|go|>-|so|
U xeU n(x,L

(-2 [

Letting L — 0o, we obtain [, [(dg.)1,1] - |¢| = K [, l¢| and hence

/|(dgn>1,1|-|<p| sz ol = K,
X X

since U has full measure in X.
Now that we got rid of the constant B = B(n), we can vary the index n.
We claim that [y [(dg)1,1] - l¢| = limy— o0 [ [(dgn)1,1] - |¢| and hence that

6 The matrix is only defined up to sign, but no matter.
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/ x 1(d@)1.1]-l¢| = K. This is a consequence of the Vitali convergence theorem
[35, p. 94]. In order to apply the theorem, we need to check that the functions
[(dgn)1.1] are uniformly integrable. First observe that

fdet(dg>-|<p| =f < K,
X g(X)

so thatdet(dg) is integrable. It follows that for every ¢ > 0, there existsad > 0
such that if A C X is measurable and [, |¢| < §, then [, det(dg) - |¢| < .
Now if [, l¢| < 8/M?, then fG,,(A) lp| < & since G, is M-Lipschitz. By the
Cauchy—Schwarz inequality we have

2
(f |(dgn)1,1|-|¢|) 5/ |<dgn)1,1|2-|so|sf Idenll® - le]
A A A

SKM/ det(dgy) - |¢|
A
— KM /A det(dg, -g) det(d:G,,) - |¢]

= KM det(dg) - o] < K Me,
Gn(A)

which shows uniform integrability and proves the claim.
Applying Cauchy—Schwarz to the inequality K < | y [(d@)11] - o] yields

2
(a) (b)
k2 (fxudg)],mw) s/X|<dg>1,1|2-|<p|

(©) 5
2 [ 1del?- 10l < & [ detde) - lol
X X
(d)
=Kf |1/f|51</|w|=1<2.
g(X) Y

Since the two ends of this chain of inequalities agree, each intermediate
inequality is in fact an equation. Equality in (b) implies that |(dg)1,1] is equal
to a constant almost everywhere on X, and that constant is equal to K by (a).
The inequality (c) is based on

1d9)11l* < 1(dg)11l* + [(dg)a11* = 1dg(})I1? < sup [dg(v)[* = ||dgll*.

lIvil=1

Equality implies thatdg ( (1) ) = :I:( 15 ) .Moreover, since dg stretches maximally
in the horizontal direction which is preserved, dg must be diagonal, i.e. dg =
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+(X 9) with 0 < * < K. Then the equality K> = ||dg|> = K det(dg)
determines that dg = &( X {) almost everywhere on X.

Since d f = (15 (1)) up to sign as well, we have d(g o f~!) = :I:((l) (1))
almost everywhere on f (X). The Beltrami coefficient of go £ ~! is thus equal to
0 almost everywhere on f(X), so that g o f~! is conformal and in particular
smooth. Since f is smooth except at the zeros of ¢, the same holds for g.
Therefore the equality dg = (% ¢) holds everywhere except at the zeros
of ¢, and g takes the form x + iy — (K x + iy) + ¢ in natural coordinates.
Equality in (d) means that g(X) has full measure in Y. By Lemma 3.12,
g is a Teichmiiller embedding with respect to ¢ and 1. Finally, the equality
d(gof1 ==£(} 9)holdseverywhere, sothat go f ~! is alocal translation.

0
Theorems 3.11 and 3.13 together imply Theorem 1.3 from the introduction.

Remark 3.14 Theorem 3.13 does not say that the quadratic differentials ¢ and
Y are unique up to scale because that is not the case when K = 1. A slit
mapping may be so with respect to a large-dimensional family of quadratic
differentials.

For example, suppose that ¥ admits an anti-conformal involution o and let
X be the complement in Y of finitely many arcs contained in the fixed locus
of 0. Any element of Q7 (Y /o) can be doubled to a quadratic differential in
Q7T (Y) which is non-negative along the fixed locus of o. The inclusion map
X — Y is a slit mapping with respect to any quadratic differential obtained
in this way.

However, if K > 1 then ¢ and ¢ are unique up to a positive scalar, since
the Beltrami coefficients 5f/8f and 5(f_1)/8(f_1) on X and f(X) encode
the directions of maximal stretching, which are the horizontal and vertical
directions of ¢ and ¥ respectively.

3.3 Lack of uniqueness

If f and g are homotopic Teichmiiller embeddings between finite Riemann
surfaces X and Y, then the inclusion map f(X) < Y and the composition
go f~!: f(X) — Y are homotopic slit mappings with respect to the same
quadratic differential by Theorem 3.13. If X and Y are closed, then g o £~ ! is
a conformal automorphism of Y homotopic to the identity. If Y has genus at
least 2, then g = f by Lemma 2.1.

However, the map g o f~! does not extend to all of Y in general and indeed,
Teichmiiller embeddings are not necessaily unique in their homotopy class.
There are two obvious ways for uniqueness to fail:

— if Y is a torus, then we can post-compose f with any automorphism of ¥
isotopic to the identity;
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Fig. 3 A 1-parameter family of slit mappings between pairs of pants

— if f(X) is contained in an annulus A C Y, then we can post-compose f
with rotations of A.

In [20], Toffe claims these are the only exceptions, but this is wrong’. The
next simplest example is as follows. Let Y be a round annulus in the plane
with a concentric circular arc removed, and let X be the same annulus but with
a slightly longer arc removed. Then we can obviously rotate X inside of Y by
some amount. This gives a 1-parameter family of slit mappings between triply
connected domains. If the annulus is centered at the origin, then the quadratic
differential in play is —dz?/z°.

One might think that every counterexample comes from a torus or an annulus
with slits, but this is not the case. Here is a general method for constructing
examples of slit mappings which are not unique in their homotopy class, with
essentially any codomain Y. Let @ be a holomorphic 1-form on Y such that
w? € Q1 (Y). Then we can find finitely many horizontal arcs for w? such that
their complement X C Y is not rigid as follows. For every point y € Y which
is either a zero of w or a puncture of Y, and every trajectory y of w ending at
y in forward time, remove a neighborhood of y in y from Y to obtain X. For
all small enough ¢ > 0, the time-# flow for the vector field 1/w is well-defined
on X, and is a slit mapping homotopic to the inclusion map yet different from
it. The slit annulus example is a special case of this (Fig. 3).

In the next section, we show that this kind of phenomenon is the worse
that can happen: we can always get from any slit mapping to any homotopic
one by flowing horizontally (except in the torus case), although the quadratic
differential does not have to be globally the square of an abelian differential
in general.

7 The source of the mistake is [20, Lemma 3.2]. Similarly, [6,21], and [17] contain minor errors
as they build up on the false claim.
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4 Slit mappings are almost rigid

We prove that slit mappings are almost rigid in their isotopy class, in the sense
that we can get from any one to any other by flowing horizontally (except in
the torus case).

Theorem 4.1 Let fy, f1 : X — Y be distinct homotopic slit mappings with
terminal quadratic differential . There is an isotopy f; from fo to f1 through
slit mappings with terminal quadratic differential \ such that for every x € X,
the path t — f;(x) is a regular geodesic for r whose length and slope are
independent of x. If Y is not a torus, then the paths t — f;(x) are horizontal.

Remark 4.2 The statement is still true if we replace each occurrence of “slit
mappings” with “Teichmiiller embeddings of dilatation K, since this is really
a statement about f] o fo_l, which is a slit mapping either way (Theorem 3.13).

Proof The setup is the same as in Theorem 3.13. We can assume that f and
/1 have only essential punctures, since inessential punctures can be filled and
play no special role whatsoever. As explained earlier, the maps fy and fi
extend to continuous maps ﬁ) and ﬁ from X to Y. By Lemma 2.12, there is a
homotopy H : X x[0, 1] — Y from fyto f; which extends to be constant at the
punctures. By pushing 0 X inward at the beginning and end of the homotopy, we
may further assume that H extends continuously to 9 X x [0, 1]. To summarize,
we have a homotopy H:Xx [0, 1] — Y from fo to f1 which sends X x [0, 1]
into ¥ and whose restriction H to X x [0, 1] has image in Y.

Given x € X, let £(x) be the infimum |1 |-length of piecewise smooth arcs
homotopic rel endpoints to the path t — H(x,t) in Y. This is equal to the
length of the “geodesic representative” yy of ¢ — H (x, r), which has image
in Y a priori. Note that y, has endpoints fo(x) and f](x) by construction. As
explained in the proof of Theorem 3.13l\the maps x — ¥, and x — £(x) are
continuous and extend continuously to X.

Recall that the initial quadratic differential ¢ = f = f["¢ is the same
for both slit mappings and that f} o fo_1 is a local translation with respect to
by Theorem 3.13. In what follows, a singularity of i is either a zero of ¥ or
a puncture of Y. The rationale behind this is that even if i is regular at some
puncture, its pull-back to the universal cover has infinite angle singularities at
the corresponding boundary points.

Claim Suppose that £ has a local maximum at x € X. Then x ¢ X and ¢
is constant in a neighborhood of x. If x € X, then y, does not contain any
singularity of v, and ¢ does not have a zero at x. Moreover, for every y near x
there is an isometric immersion from a Euclidean parallelogram P to Y which
sends two opposite sides of P to y, and yy.
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Proof of Claim Suppose that x € X. Then £(x) = 0 since H is constant on
X. Since x is a local maximum, £(y) = 0 for all y in a neighborhood U of x.
This means that fo = f; on U and hence on all of X by the identity principle.
This contradicts the hypothesis that fy # f1.

We need to set up some notatlon Letmy : X — X and Ty : Y — Y be the
universal covers and let X’ and Y’ be their metric completions with respect to
¢ = yzxgo and 1// = nyz/f Recall that mx and Ty ¢ extend to continuous maps
X' — XandnY Y > 7. ThehomotopyH X x[0,1] — Yliftstoa
continuous map H : X’E[O, 1] — Y under these. Forany (u, j) € X/x{O, 1},
let us write H;(u) := H(u, j). Note that H; is a lift of f;. In particular, the
restriction of H to X is a local translation w1th respect to ¢ and V. For any
ueX ,lety, be the geodesic between Ho (1) and Hi (1) in Y Y’ and let Z(u) be
its length By definition, Valeuw) = nx(yu) and e(nx(u)) = Z(u) Letu € X/
be any lift of x under 7. Then ¢ has a local maximum at u. Let B be a ball
centered at u in X’ such thatE(v) < E(u) foreveryv € B.Letn : [—1,1] —
be a geodesic such that 7(0) = u. Let n~ and n be its restrictions to [—1, 0]
and [0, 1] respectively, and let qvi = n(£1). Given two geodesic rays o and
B sharing an endpoint in X" or Y/, we will denote their Alexandrov angle by
/(a, B) instead of the three point notation from Sect. 2.9 (this angle takes
values in [0, 7r]). ~ ~

After possibly shrinking B and 7, the images Ho(n") and Hi(n™) are
geodesic segments of the same length in ¥ Y’ (and similarly for n™). This is
because Ho and H1 are local isometries in X . Their extensions to ()™ LX)
are also local isometries except perhaps at zeros of ¢ where they can fold the
boundary in two. In any case, Hyp and H; are isometries along any sufficiently
short geodesic rays at u.

Here is the main observation. Let o € {+, —}. By Lemma 2.13, if

L(Ho(), 7) + LFur Hi (7)) = 7
then Z(v") > Z(u). But Z(v") < Z(u) by hypothesis. Since equality holds, the

geodesic quadrilateral Q¢ with sides Zu, Yoo, Hy(n°) and H;(n?) is isometric
to a Euclidean parallelogram and Z(Hy(n°), V) + L(u, HH(n%)) = 7.

Case 1:Suppose that x € X.

Then after possibly shrinking the ball B centered atu € X the restrictions of
Ho and H1 to B are isometries. This means that Ho(n) and H1 (n) are geodesics
and hence that

n = L(Hj"), Hi7) < LAH; M), ) + LG Hi(7)
for j = 0 and j = 1 by subadditivity of angles. Thus if
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L(Ho(H), %) + LG, HHTT)) <

then

L(Ho™), %) + LT, Hi(p)) > 7.

Lemma 2.13 implies that E(v ) > E(u) which is a contradiction. We conclude
that Z(Ho(m™), %) + LG, HHn™)) > 7. By the main observation, Q is
isometric to a Euclidean parallelogram and E(v+) = €(u). Since the geodesic
n through u was arbitrary, ¢ is constant in a neighborhood of u.

Choose 7 in such a way that each of Hy(n"), Ho(n™), Hi(n™) and H; (™)
forms a positive angle with ¥,. Then the corresponding parallelograms O and
Q" are non-degenerate and lie on opposite sides of V.. In particular, there is no
excess angle on either side of 7, in the metric |1//| In other words, the interior
of ¥, does not contain any smgularlty of w Suppose however that w has a
zero at an endpoint of y,. Then ¢ has a zero at u as both Ho and H, are local
translations in a neigborhood of u. Since « is in the interior, the cone angle atu
in the metric |go| is atleast 377. Thus there is a whole sector of points v+ € B\ {u}
such that Z(Ho(n™), Pu) = 1 where " is the geodesic [u, v*]. For each such

, we then have Z(Hi(n™), ¥,) = 0, which means that H(n") and ¥, share
a segment In other vlords H collapses a whole sector of B into },. But this
is impossible since H; is locally 1n]ect1ve This shows that , is completely
free of singularities. In particular, ¢ = (Ho) ¥ does not have azeroatu.

Since ¥, is regular and has endpoints in Y, itis contained in ¥ Similarly, for
any short geodesic ray nT at u, the resulting parallelogram Q™ is contained
in Y. The covering map wy : ¥ — Y is an isometric immersion which sends
two parallel sides of O to y, and y, where y = mry (v™).

Case 2:Suppose that x € X and that ¢ has a zero at x.

Then the total cone angle at u in the metric |¢] is at least 2. For any
geodesic 1 through u in B, the main observation still holds. Now for every
geodesic ray nT from u, there exists a ray 7~ such that Hy(n) and H;(n) are
geodesic, where n = n* U 5. This is because there is enough angle at u to
make sure that the cone angle on either side of H (n) at Hj(u) is at least 7.

The argument from Case 1 applies for any such geogesw n: if the angles
at the endpoints of 7, in Q" sum to less than 7, then £(v~) > £(u). Hence
the angles sum to at least 7 and Ot is a Euclidean parallelogram by the main
observation. This shows that £(vt) = £(u). This holds for every v € B\{u},
so that £ is constant there.
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Case 3:Suppose that x € X and that ¢ does not have a zero at x.

Then the cone angle at u in the metric |@| is 7 and there is only one geodesic
n through u, namely the horizontal one running along the boundary. In this
case, neither Ho nor H1 folds the boundary of X' in two at u. Indeed, if H did
fold in two at u, then 1// would have a simple pole at H (u). But all the 51mple
poles of ¥ in Y have been unwrapped to infinite angle singularities in Y. Y’

Therefore Ho(n) and H1 (n) are geodesic. Thus the same argument as above
applies to show that the corresponding quadrilaterals Q=+ are parallelograms.
If one of O or QO is degenerate, then so is the other one.

Suppose first that QOF are 'degenerate so that the beginning and end of ¥,
are contained in Ho(n) and H,(n) respectively. Moreover if the beginning is
contained in Ho(n™) then the end is contained in H;(n~), and vice versa. It
follows that for any w € B\{u} the geodesic T = [u, w] satifies

L(Ho(T), 7)) + LT, Hi (7)) = 7. (1)

By the main observation, },, and ¥, are the opposite sides of a Euclidean
parallelogram and E(w) = Z(u)

Now suppose that O and Q™ are non-degenerate. Then the interior of y,
is free of singularities, as Q" and Q~ lie on opposite sides of it. This implies
that equation (1) holds for any geodesic ray 7 at  in B, as parallel transport
is well-defined along . Therefore ¢ is constant on B. O

It follows from the above claim that ¢ is constant. Indeed, the subset of X
where £ attains its maximum is open by the claim and is closed by continuity,
hence equal to X.In particular, every point of X is a local maximum of £, so
the additional conclusions of the claim hold everywhere. Specifically,

(C1) X is empty;

(C2) ¢ does not have any zero in X;

(C3) for every x € X and y near x, the geodesics y, and yy form opposite
sides of an isometrically immersed parallelogram in Y.

Letx € X.Parametrize y, : [0, 1] — Y proportionally to arc length in such
a way that y,(0) = fo(x) and y, (1) = fi(x). For every (x,t) € X x [0, 1],
define f;(x) = y,(¢). Then f; has image in ¥ and depends continuously on ¢.
By (C3), f; o fo_1 is a local translation with respect to v for every ¢ € [0, 1].
Thus f; is a local translation with respect to ¢ and . It remains to prove that
[t is injective and that its image is the complement of finitely many horizontal
arcs and points.

Suppose that Y is a torus. Then i/ = w? for an abelian differential . For
any x € X, the tangent vector v(x,t) = w(y.(t)) € C does not depend on

8 Recall that punctures are assumed to be essential in the proof. This proves that if two slit
mappings are homotopic and have an essential puncture, then they are equal.
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t € [0, 1] since yy is a smooth geodesic. As nearby geodesics y, and y, are
parallel and of the same length, v is locally constant as a function of x € X,
hence constant on X. This means that f; differs from fyp by the translation
Z > 7 4 tv with respect to w, and is therefore a slit mapping.

Suppose that Y is an annulus. Then i is again the square of an abelian dif-
ferential w. By the same argument as in the previous paragraph, v = w (y; (1))
is independent of (x, ) € X x [0, 1]. If the geodesics y, are not horizontal,
then they point away from Y on one of the two boundary components, which
is absurd. Hence v € R and f; differs from fj by the horizontal translation
Z > z + tv with respect to w (i.e., by a rotation of Y).

Our proof that f; is a slit mapping in the general case is rather indirect. By
Lemma 3.12, it suffices to show that f; is injective and that f;(X) is dense in
Y. To prove this, we first show that the geodesics y, are horizontal.

Claim If Y is not a torus, then yy is horizontal for every x € X.

Proof By the same argument as in the torus and annulus case, the unoriented
slopE ¥ (y). (1)) is constant on X x [0, 1]. Since the map x +> y, is continuous
on X and since the limit of a sequence of geodesics of slope s has slope s
wherever it is smooth, the slope function is constant on all X. Thus if we find
a single horizontal geodesic, then all geodesics are horizontal.

If Y is an annulus, then we have already shown that y, is horizontal for
every x € X. We can leverage the same idea to prove that if ¥ contains a
horizontal cylinder, then y, is horizontal for some (hence all) x € X.

Let A C Y be a maximal horizontal cylinder for . Let o be a closed
horizontal trajectory in A N fo(X). Then f; o fo_1 (v) is a closed horizontal
trajectory homotopic to «—hence is contained in A—for every ¢ € [0, 1].
Since all but finitely many horizontal trajectories in A are contained in fo(X),
we have that f; o fo_l (AN fo(X)) C Aforeveryt € [0, 1]. In particular, the
geodesic y, is contained in A for every x € fo_l(A).

Observe that fp(X) N A has either one or two connected components. If
fo(X)N A is connected, then the same argument as in the annulus case applies:
if the geodesics y, are not horizontal, then they point away from A on one of
its two boundary components, contradicting the fact that they are contained in
A. Suppose that fy(X) N A has two components. Since X is connected, fo(X)
intersects each boundary component of A. If y, points strictly inward at such a
boundary point fo(x), then for small # > O the map f; o fo_1 drags points from
the complement of A into A, which is impossible. Said differently, if r > 0
ando C AN f;(X) is a closed horizontal trajectory sufficiently close to fo(x),
then fp o ft_l (o) is a closed horizontal trajectory outside of A yet homotopic
to o, contradicting the maximality of A. In either case, the geodesics y, have
to be horizontal.

@ Springer



The holomorphic couch theorem 355

Fig. 4 Pulling a horizontal curve tight shrinks it to a point, a puncture, or a geodesic

If Y has a horizontal cylinder then we are done, so suppose that it does not
have any. Let r € [0, 1]. Since f; : X - Y /1\s I—L/iPschitz with respect to |¢]|
and |, itextends to a 1-Lipschitzmap f; : X — Y between the completions.
Let C be a connected component of dX, let N be neighborhood of C in X
such that N N X is an annulus, and let« C N N X be homoto/gic toCin N.
If fo(a) is not homotopic to a point or a puncture in Y, then f;(C) becomes
the “geodesic representative” of fy(«) after erasing its backtracks (see Fig. 4).
Since Y contains no horizontal cylinders, the “geodesic representative” of
fo(a) is unique. This means that f;(C) is contained in the same horizontal
leaf for every ¢ € [0, 1], hence that y, is horizontal for every x € C.

We may thus assume that fo(er) is homotopic to a point or a puncture in ¥
for every C, N and « as above. This means that f;(C) is completely folded
onto itself, as it reduces to a point after erasing its backtracks. Thus f;(N)
forms an open neighborhood of f;(C) in Y. This holds for every component
C of 0X and every t € [0, 1]. Moreqyer, aY is empty for otherwise there is
some component C of d X such that fo(C) intersects dY, forcing fo(x) to be
essential.

Since Y is not a torus nor an annulus, ¥ has at least one singularity, say at
y € Y. As fo X - Yis sur]ectlve there is some x € X such that fo(x) =y.
We have that x € 3X since X is empty (C1) and ¢ does not have any zeros in
X (C2). Let C be the component of d X containing x. If y, is not horizontal,
then ﬁ(C ) moves off of its horizontal leaf for small enough ¢ > 0. On the
other hand, y is contained in the open set ﬁ(N ) for all sufficiently small ¢ > 0.
Butthen y € f;(N\C) C f;(X) C Y so that ¥ has a zero at y and hence ¢
has zeros on ffl (v), contradicting (C2). Therefore yy is horizontal. |

Since f; is a local translation with respect to ¢ and , the area of its image
is at most the area of X, with equality only if f; is injective. Recall that the
set U C X of points through which passes a bi-infinite regular horizontal
trajectory of ¢ has full measure in X. For every bi-infinite regular horizontal
trajectory n C U, its image fo(n) is a bi-infinite regular horizontal trajectory
of . For any x € n, the horizontal geodesic yy is thus contained in fy(7).
Hence f; o fO_1 acts as a translation along fy(n) for every ¢t € [0, 1], so that
fi(m) = fo(n). It follows that f;(U) = fo(U). But fy(U) has full measure in
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Y since U has full measure in X and fo(X) has full measure in Y. Therefore
f:(X) has full measure in Y, whose area is equal to that of X. Hence f; is
injective.

It follows that f; is a slit mapping by Lemma 3.12. Thus (x, ¢) — f;(x) is
an isotopy from fy to f7 through slit mappings. If Y is not a torus, then the
patht — f;(x) = yx(¢) is horizontal for every x € X by the previous claim.
0

Remark 4.3 As observed in footnote 8, if fp, f1 : X — Y are homotopic slit
mappings with an essential puncture, then fy = f1. Similarly, if their initial
quadratic differential has a zero in X then fy = fj. As another example, if
their terminal quadratic differential has a horizontal saddle connection whose
interior is contained in f;(X) for j = O or j = 1 then fy = f;. This is
because the saddle connection has nowhere to go under the horizontal isotopy.
The same statements apply to Teichmiiller embeddings.

Remark 4.4 1fY isnotthe torus and fp, fi : X — Y aredistinct homotopic slit
mappings, then their terminal quadratic differential ¥ is unique up to a positive
scalar (cf. Remark 3.14). Indeed, for every x € X and every v € Q1 (Y)
with respect to which fy and f; are slit mappings, fop(x) and fi(x) are on
the same horizontal leaf of . Thus if f; is any isotopy between fy and fi
through slit mappings, then t — f;(x) is horizontal for every x € X and
every ¥ € QT (Y) with respect to which fy and f; are slit mappings. But
if two quadratic differentials have the same horizontal trajectories, then they
are positive multiples of each other. The contrapositive is worth mentioning
explicitly: if the terminal quadratic differential of a slit mapping f is not unique
up to scale, then f is the unique conformal embedding in its homotopy class.
For example, if dim O (Y) > 1 and X C Y has finite complement, then the
inclusion map X < Y is the only conformal embedding in its homotopy class
(cf. Lemma 2.2).

Let h : X — Y be a topological embedding between finite Riemann
surfaces. Recall that the space CEmb(X, Y, &) is the set of all conformal
embeddings homotopic to /& equipped with the compact-open topology. We
now deduce Theorem 1.4 from the introduction, which describes the homeo-
morphism type of CEmb(X, Y, i) whenever the latter contains a slit mapping.

Proof of Theorem 1.4 1f CEmb(X, Y, h) contains a slit mapping with terminal
differential ¥, then every f € CEmb(X, Y, h) is a slit mapping with respect
to ¥ by Theorem 3.13. Let x € X. The evaluation map CEmb(X, Y, h) — Y
sending f to f(x) is continuous by definition of the compact-open topology.
We now show that it is injective.

Suppose that fo(x) = f1(x) for distinct fp, f1 € CEmb(X, Y, h) and some
x € X. Our goal is to show that fo = fi. If not, let f; be the isotopy from fy
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to f1 provided by Theorem 4.1. Then y : S! — Y defined by y(t) = fi(x)is
a closed regular geodesic for 1.

Suppose that Y is a torus. For each ¢ € [0, 1], there is a unique translation
g: € Auty(Y) such that g;(y(t)) = y(0). Then t +— g; o f; is an isotopy
from fp to fi which is constant at x. Thus the restrictions f§, f7" : X\{x} —
Y\{fo(x)} are homotopic slit mappings with an essential puncture. It follows
that fo = f1 by Remark 4.3. Alternatively, the proof of Theorem 4.1 show
that fy and f; differ by an element of Autg(Y), which has to be the identity
since it fixes the point fy(x) = f1(x).

Suppose that Y is not a torus. Then y is horizontal. Let A C Y be a cylinder
foliated by closed horizontal trajectories homotopic to y which is symmetric
about y. Since fo(x) is a fixed point of the local translation f; o fo_l, we
have that f] o fo_1 is either equal to the identity near fyp(x) or a half-turn
around fo(x). If fi o fo_1 is equal to the identity near fy(x), then fo = fi
by the identity principle. Otherwise, let o be the conformal involution of A
which fixes fo(x) and permutes its two boundary components. By the identity
principle fjo fo_1 = o on the connected component U of AN fp(X) containing
fo(x). Let « C U be a closed horizontal trajectory and let § = fO_l ().
Then fo(B) = « and f1(B) = o () are not homotopic in Y, for they have
reverse orientations. This is a contradiction, which proves that the first situation
prevails.

Thus the evaluation map is injective. Since CEmb(X, Y, &) contains a slit
mapping, & is non-trivial and non-parabolic by Remark 3.9. It follows that
CEmb(X, Y, h) is compact by Lemma 3.1. Any injective continuous map from
a compact space to a Hausdorff space is a homeomorphism onto its image. Let
V (x) be the image of evaluation map at x € X.If Y is a torus, then V(x) =Y
since Autg(Y) acts on CEmb(X, Y, #) by composition on the left and acts
transitively on Y.

Suppose that Y is not a torus. Then V (x) is path-connected and is contained
in a regular horizontal trajectory by Theorem 4.1. As V (x) is compact, it is
either a closed trajectory, a geodesic segment, or a point. If £ is cyclic, then
the image of any f € CEmb(X, Y, h) is contained in some annulus A C Y.
Since f can be post-composed with rotations of A, the set V (x) contains a
circle, hence is equal to a circle.

Conversely, if V(x) is a horizontal circle then its free homotopy class in
Y does not depend on x € X since X is path-connected and V (x) depends
continuously on x. Therefore | J,.y V (x) is contained in a horizontal cylinder
A C Y, which means that f(X) C A forevery f € CEmb(X, Y, h) so that
is cyclic. This shows that if 4 is generic (so that Y is not a torus), then V (x) is
either a segment or a point. O
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Fig. 5 The surface X, is obtained by gluing a cylinder of modulus r to each ideal boundary
component of X

As pointed out in the introduction, if CEmb(X, Y, &) contains a slit mapping
then the conclusions of Theorem 1.2 follow immediately from Theorem 1.4.
In that case & is necessarily non-trivial. If Y is a torus then CEmb(X, Y, h)
is homeomorphic to a torus, hence homotopy equivalent to one. If Y is not
a torus and 4 is cyclic, then CEmb(X, Y, &) is homeomorphic to a circle. If
h is generic, then CEmb(X, Y, 7) is homeomorphic to a point or a compact
interval, hence contractible.

5 The modulus of extension

In this section, we characterize local maxima of the modulus of extension
(Theorem 1.5) and use that to prove that the space of all conformal embeddings
in a given homotopy class is connected under some conditions (Theorem 1.6).

Leth : X — Y beatopological embedding between finite Riemann surfaces
where X has non-empty ideal boundary. We will impose further conditions on
h in a moment, but for now the only hypothesis is that 0 X # &.

For each connected component C of d X, choose an analytic parametrization
¢c : ' — C.Forevery r € (0, 00] and every component C of 3X, glue a
copy of the cylinder S! x [0, ) to X U3 X along S! x {0} using the map ¢¢ (see
Fig. 5). We denote the resulting surface by X, and also let X = X. If p <,
then the inclusion [0, p) C [0, r) induces a conformal embedding X, C X,.
We call the directed family of Riemann surfaces { X} a I-parameter family of
enlargements of X . Note that for every r € [0, oo], there is a homeomorphism
H, : X, — X which when followed by the inclusion X C X, is homotopic
to the identity. We will abuse notation and write CEmb(X,, Y, h) instead of
CEmb(X,, Y, ho H,).

Given a conformal embedding f € CEmb(X, Y, ), we define the modulus
of extension of f as

m(f) = sup{r € [0, oo] | f extends to a conformal embedding X, — Y}.
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This number depends on the 1-parameter family of enlargements { X}, (0,00
which is fixed once and for all. It is easy to see that the supremum is realized
and that the conformal extension of f to Xy () is unique.

Lemma S.IAFor every f € CEmb(X,Y,h), there is a unique conformal
embedding [ : Xw(r) — Y extending f.

Proof Let r = m(f), letr, / r,andlet f, : X, — Y be a conformal
embedding extending f. Every x € X, is contained in X,, when n is large
enough since X,,  X,. Define f (x) = fu(x). This does not depend onn
since fj = fj4+1 on X,; by the identity principle. The function f is holomor-
phic and injective on X because each f;, is holomorphic and injective. The
uniqueness of f follows from the identity principle. O

Similarly, m is upper semi-continuous on CEmb(X, Y, /). Again, this holds
without any extra assumptions on /.

Lemma 5.2 The modulus of extension m is upper semi-continuous.

Proof Suppose that f, — f in CEmb(X, Y, h). Pass to a subsequence so that
r, = m(f,) converges to some r € [0, co]. We have to show that m(f) > r.
If r = 0, then there is nothing to prove so we assume that » > 0.

If Y is not hyperbolic, then its group Autg(Y) of conformal automorphisms
homotopic to the identity acts simply transitively on k-tuples of distinct points
for some k € {1, 2, 3}. Pick some k-tuple P C X of distinct points. Then there
exists a sequence of automorphisms 7;, € Autg(Y) converging to the identity
suchthat 7,0 f,,(P) = f(P) forevery n. Observe that m( f;,) = m(7T, 0 f;), so
we might as well assume from the start that f,(P) = f(P) for every n. Under
this assumption, we can consider f, and f as maps from X\ P to Y\ f(P).
Now Y\ f(P) is hyperbolic, so the problem is reduced to that case.

Assume that Y is hyperbolic. Let p € (0, r) and let f,, be the conformal
extension of f, to X,, . If n is large enough, then p < r,, and we let g, be the
restriction of fn to X . Since g, cannot diverge locally uniformly (its restriction
to X converges to f ), we may pass to a subsequence such that g, — g for
some g € CEmb(X,, Y, h) by Montel’s theorem. The restriction of g to X is
necessarily equal to f. In other words, g is a conformal embedding extending
f,sothat m(f) > p. Since p € (0, r) was arbitrary we have m(f) >r. O

Since m is upper semi-continuous, it attains its maximum whenever the
space CEmb(X, Y, h) is compact. This happens precisely when & is non-
trivial and non-parabolic by Lemma 3.1. Let us recall hypothesis (H) from
the introduction:

— h : X — Y is a non-trivial and non-parabolic embedding between finite
Riemann surfaces;
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— X has non-empty ideal boundary;

— {X}re[0,00] 18 @ 1-parameter family of enlargements of X;
— m is the associated modulus of extension;

— CEmb(X, Y, h) is non-empty.

Note that this hypothesis prevents Y from being the sphere with at most 2
punctures or the disk with at most 1 puncture. Under hypothesis (H), m a-
chieves its maximum at some f € CEmb(X, Y, h). We will see that any such
maximum is the restriction of a slit mapping. We first need to show that any
limit of Teichmiiller embeddings is itself a Teichmiiller embedding.

Definition 5.3 Let X,, € 7(X) and Y,, € 7 (Y) be such that X, — X and
Y, — Yasn — oo,andleto, : X,, — Xandrt, : Y, — Y bethe Teichmiiller
homeomorphisms that respect the markings. Leth, : X, — Y, and h : X —
Y be any maps. We say that h,, — hasn — ooift,0h, 0 Un_l — h locally
uniformly on X as n — oo.

Lemma 54 Let h : X — Y be a non-trivial and non-parabolic embedding
between finite Riemann surfaces. Suppose that X,, — X inT (X)andY, — Y
inT(Y), and let f, : X,, — Y, be a sequence of Teichmiiller embeddings
homotopic to h. Then there exists a Teichmiiller embedding f : X — Y
homotopic to h such that f, — f after passing to a subsequence.

Note that passing to a subsequence might be necessary due to the non-
uniqueness of Teichmiiller embeddings.

Proof By Lemma 3.1, we may pass to a subsequence such that f,, — f for
some quasiconformal embedding f : X — Y homotopic to 4. By Theo-
rem 3.13, each f;, has minimal dilatation in its homotopy class. It follows that
/ has minimal dilatation in its homotopy class. If f is not conformal, then it
is a Teichmiiller embedding by Theorem 3.11, and we are done.

Suppose that f is conformal. We need to show that f is a slit mapping. Let
¥, be the terminal quadratic differential of f,, andlet g, : ¥, — Y, be a
Teichmiiller homeomorphism of dilatation e? and initial quadratic differential
V. Since d(Y,, Y,) = 1 forevery n, ¥, — Y as n — 00, and closed balls in
7 (Y) are compact, we may pass to a subsequence such that Y, — Y’ asn —
0o, forsome Y’ € 7(Y) withd(Y,Y’) = 1.Let g : Y — Y’ be a Teichmiiller
homeomorphism that respects the markings. By a standard argument similar
to the one above, g, — g after passing to yet another subsequence (this is
only necessary if Y is an annulus or a torus).

By construction, g, o f, : X, — Y, is a Teichmiiller embedding. Moreover,
gn o fu — go f.Asin the first paragraph of this proof, g o f has minimal
dilatation in its homotopy class. This dilatation is equal to ¢> > 1, so that
go f is a Teichmiiller embedding. Since f is conformal, the terminal quadratic
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differential of go f is equal to the terminal quadratic differential of g. It follows
that f = g=! o (g o f) is a slit mapping with respect to the initial quadratic
differential of g. O

We obtain the following characterization of the global maxima of m.

Proposition 5.5 Assume hypothesis (H). Let f be a global maximum of m
with m(f) < oo and let f be the conformal extension of f to Xw(r). Then f
is a slit mapping.

Proof Let R = m(f). For every r > R, there is no conformal embedding g :
X, — Y whose restriction to X is homotopic to 4, for otherwise we would have
m(glx) > r > R = m(f). By Corollary 3.2 and Theorem 3.11, there exists
a Teichmiiller embedding g, : X, — Y whose restriction to X is homotopic
to h. It is easy to see that X, moves continuously in 7 (X) as a function of
r € [0, 00). By Lemma 5.4, we can extract a limiting Teichmiiller embedding
g : Xg — Y fromsome subsequence of g, asr — R.Since f is conformal and
homotopic to g, Theorem 3.13 implies that f isitself a Teichmiiller embedding.
A conformal Teichmiiller embedding is a slit mapping. |

Remark 5.6 Observe that every end of the surface X, is a puncture since the
cylinder S L% 10, oo) is conformally isomorphic to D\{O} Thusifm(f) =

then the extension f extends further to a conformal homeomorphlsm between
XoO and Y. In particular, ¥\ f (X o) 1s finite, so that f is a slit mapping with
respect to any ¥ € QT (Y). This is unless Y is the triply-punctured sphere in
which case QT (Y) is empty. Thus the hypothesis m(f) < oo in the above
theorem is superfluous unless Y is the triply-punctured sphere. In the latter
case f is nevertheless unique in its homotopy class by Lemma 2.2.

We can in fact strengthen Proposition 5.5 by replacing the word “global”
with “local”. The proof requires another lemma similar to Lemma 5.4.

Lemma 5.7 Let h : X — Y be a non-trivial and non-parabolic embedding
between finite Riemann surfaces. Suppose that Y, /' Y, where the inclusion
n Yy < Y is homotopic to a homeomorphism, and let f, : X — Y, be a
sequence of Teichmiiller embeddings such that i, o f, is homotopic to h. Then
there exists a Teichmiiller embedding f : X — Y homotopic to h such that
fn = f after passing to a subsequence.

The difference with Lemma 5.4 is that Y, is allowed to live in a diffe-
rent Teichmiiller space than Y. For example, a surface with punctures can be
exhausted by surfaces with holes. A priori, the terminal quadratic differentials
could converge to a quadratic differential with double poles at the punctures
of Y and then the limiting map would not be a Teichmiiller embedding. What
prevents this from happening is that the domain X is fixed.
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Proof Let K, be the dilatation of f,. The sequence K, is non-increasing and
thus converges to a limit K > 1. After passing to a subsequence, f, converges
to a K-quasiconformal embedding f : X — Y.

We claim that f has minimal dilatation in its homotopy class. If not, let
g : X — Y beaquasiconformal embedding homotopic to f suchthat Dil(g) <
Dil(f). If r > 0 is small enough, then there is a quasiconformal homeo-
morphism o : X, — X of dilatation strictly smaller than Dil(f)/ Dil(g).
Thus the quasiconformal embedding F consisting of the inclusion X «— X,
followed by g o o has dilatation strictly less than Dil(f). Then F(X) C Y,
whenever n is large enough. Indeed, the ends of F'(X) which are not punctures
are contained in a compact subset of ¥ since they are surrounded by the union
of collars g oo (X,-\ X). Thus the only way to go to infinity in the closure F (X)
relative to Y is via punctures of F(X) that are also punctures of Y. For every
such puncture p and every n € N, aneighborhood of p in Y is contained in Y.
This is because f; is quasiconformal and as such it cannot map punctures of
X to ends of Y;, with finite modulus. Since Y,, 7 Y, the inclusion F(X) C Y,
holds for n large enough. But the inequality Dil(F) < Dil(f) < Dil(f,)
contradicts the hypothesis that f;, is a Teichmiiller embedding and hence has
minimal dilatation in its homotopy class.

If f is not conformal, then it is a Teichmiiller embedding by Theorem 3.11,
and we are done. Thus suppose that f is conformal but is not a slit mapping. By
Proposition 5.5, there exists an » > 0 and a conformal embedding g : X, — Y
whose restriction to X is homotopic to f. By the above argument, we have
g(Xy2) C Y, if n is large enough, and thus g(X) C Y, with complement
having non-empty interior. On the other hand, the restriction g|xy : X — Y,
is conformal and homotopic to the Teichmiiller embedding f, : X — Y.
By Theorem 3.13, g|x is a slit mapping so that ¥, \g(X) has empty interior,
contradiction. O

We come to the main result of this section, which is that every local maxi-
mum of m is the restriction of a slit mapping.

Theorem 5.8 Assume hypothesis (H). Let f be a local maximum of m with
m(f) < oo, and let f be the conformal extension of f to Xwy). Then f isa
slit mapping.

Proof Let R = m(f). We first show that the complement Y\f(X g) is hori-
zontal for some meromorphic quadratic differential on Y, and is in particular
an analytic graph. Let {x1, x3, ...} be a dense subset of X.

Claim Thereexistsann € Nsuchthatif g € CEmb(X, Y, h) satisfies g(x;) =
f(xj) forevery j € {1, ..., n}, then m(g) < m(f).

Proof of Claim Suppose on the contrary that for every n € N there exists
an element g, of CEmb(X, Y, h) satisfying g,(x;) = f(x;) for every
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j € {1,...,n} such that m(g,) > m(f). As CEmb(X, Y, h) is compact,
every subsequence of {g,}°° | has a subsequence converging to some g €
CEmb(X, Y, h). Any limit g agrees with f on the dense set {xy, x2, ....}, and
hence is equal to f. Thus g, — f with m(g,) > m(f). This contradicts the
hypothesis that f is a local maximum of m. O

Let n be as in the claim, and let P = {x, x2, ..., x,}. Then for every
r > R, there is no conformal embedding g : X, — Y homotopic to f rel
P. By Corollary 3.2 and Theorem 3.11, there exists a Teichmiiller embedding
gr : X,\P — Y\ f(P) homotopic to f rel P.

Let g be any limit of any subsequence of g, asr \( R. Then g : Xg\P —
Y\ f(P) is a Teichmiiller embedding by Lemma 5.4. Since f is conformal
and homotopic to g rel P, Theorem 3.13 implies that f is itself a slit map-
ping, considered as a map from X g\ P to Y\ f(P). Therefore the complement
Y\ f(XR) is a finite union of horizontal arcs for some meromorphic quadratic
differential on Y, possibly with simple poles on the set f(P).

LetI" = Y\ f(XR),let{y1, y2, ...} be a dense subset of the graph " minus
its vertices, and fix a Riemannian metric on Y.

Claim There exists ak € Nsuch that forevery r > R and every ¢ > 0, there is
no conformal embedding g : X, — Y homotopic to 2 whose image is disjoint
from the balls B(yy, €), ..., Bc(Vx, €).

Proof of Claim Suppose that for every k € N there existanr; > R,an e > 0,
and a conformal embedding g : X,, — Y whoserestriction to X is homotopic
to h such that g (X, ) is disjoint from the balls E(yl, 1575 E(yk, er). We
may assume that 7, — R and e — 0. Let g be any limit of any subsequence
of the sequence {gx}. Then gQ( r) is disjoint from the set {y1, y7, ...} and hence
from its closure I', so that f ! o g : Xg — X is a conformal embedding
homotopic to the identity. If X is not an annulus, then Lemma 2.1 implies that
g = fandhence gx — f.If Xg is an annulus, then we may pre-compose each
gk by arotation so that we still get g — f.Sincem(gk|x) > rix > R = m(f),
this contradicts the hypothesis that f is a local maximum of m. O

Let k be as in the last claim, and let Q = {yy, ..., yx}. Foreach ¢ > 0, let
Ye = Y\(B(y1,€)U---UB(y. €)). Lett, : Yo — ¥\ Q be ahomeomorphism
homotopic to the inclusion map, and let 7, = L;I o f. The embedding A, :
Xgr — Y, followed by the inclusion Y, < Y is homotopic to 4. By the claim,
for every r > R, there is no conformal embedding g : X, — Y. homotopic
to h,. Therefore, there is a Teichmiiller embedding g; : X, — Y, homotopic
to h.. Letting r N\ R, we can extract a limiting Teichmiiller embedding g. :
Xr — Y. by Lemma 5.4.

Since Y: /' (Y\ Q) as e\0, we can apply Lemma 5.7 and obtain a Teich-
miiller embedding g : Xg — Y\ Q as a limit of a subsequence of {g.}. Since
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f: Xr — Y\ Q is homotopic to g, it is a slit mapping with respect to some
¥ € QT(Y\Q). Thus v is meromorphic on ¥ with at most simple poles on
Q. Moreover, the graph I" = Y\ f(Xg) is horizontal for ¥. Since every point
of Q is contained in the interior of an edge of I”, the quadratic differential
Y cannot have simple poles on Q. Indeed, there is only one horizontal ray
emanating from any simple pole. Therefore, ¥ is holomorphic on Y and the
map f : Xg — Y is an honest slit mapping. O

Once again, the hypothesis m(f) < oo is not necessary unless Y is the
triply-punctured sphere.

As a consequence of Theorem 5.8, every conformal embedding which is not
a slit mapping can be approximated by a sequence of conformal embeddings
each of which extends by some amount.

Corollary 5.9 Assume hypothesis (H) and let g € CEmb(X, Y, h). If g is not
a slitmapping, then there is a sequence {g, } converging to g in CEmb(X, Y, h)
such that g, extends to a conformal embedding of X, into Y for somer, > 0.

Proof If m(g) > 0, then we can take g, = g. If m(g) = O but g is not a
local maximum of m, then there exists a sequence g, — g with m(g,) > 0.
If m(g) = 0 and g is a local maximum of m, then g is a slit mapping by the
previous theorem. O

A strong converse to Theorem 5.8 holds due to Theorem 3.13.

Lemma 5.10 Assume hypothesis (H). Suppose that g : X, — Y is a slit
mapping such that g|x is homotopic to h. Then g|x is a global maximum of
m.

Proof First observe that m(g|x) > r. Suppose that m(f) > m(g|x) for some
element f of CEmb(X, Y, h) and let f be the maximal extension of f. Then
f |x, 1s homotopic to g. By Theorem 3.13, f |x, is a slit mapping. In particular,
the complement of f(X,) has empty interior in Y. Therefore X))\ X, is
empty so that m(f) <r < m(glx). O

Furthermore, the almost rigidity of slit mappings implies that the set of local
maxima of m is path-connected.

Lemma 5.11 Assume hypothesis (H). The set M of all local maxima of m is
homeomorphic to either a point, a compact interval, a circle, or a torus, and
m is constant on M.

Proof Suppose first that there is some f € M such that m(f) < oo. Then by
Theorem 5.8, the maximal extension ]/‘\is a slit mapping. By Lemma 5.10, f
is a global maximum of m. In particular, m(g) < oo for every g € M and
thus every g € M is a global maximum of m. In particular, m is constant on
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M, say equal to R. The map M — CEmb(Xg, Y, h) defined by f > fis a
homeomorphism with inverse g — g|x. By Theorem 1.4, the evaluation map
CEmb(Xg, Y, h) — Y sending f to f(x) is a homeomorphism onto its image
for every x € Xp, and its image is either a point, a compact interval, a circle,
or a torus.

Otherwise, m is constant equal to co on M. In this case M is homeomorphic
to CEmb(X o, Y, i), which is the same as Autg(Y). This is either a point or a
torus (see Sect. 2.2). |

Theorem 5.8, Lemmas 5.10 and 5.11 together imply Theorem 1.5 from the
introduction. The fact that m has a connected plateau of local maxima easily
implies that the space CEmb(X, Y, &) is connected.

Proof of Theorem 1.6 Suppose that CEmb(X, Y, h) = EqgU E| where Eg and
E are disjoint non-empty closed sets. Then each of Eg and E is both compact
and open. Since m is upper semi-continuous, the restriction m|g; attains its
maximum at some f; € E;. Then f; is a local maximum of m since E; is
open. By Lemma 5.11, fp and f; are both contained in a connected subset
M of CEmb(X,Y, h). Bt M = (M N Ep) U (M N E;) is disconnected.
Contradiction. O

6 The blob and its boundary

We say that a continuous map # : X — Y between any Riemann surfaces is
generic if the induced homomorphism 7y () : 7 (X, x) — w1 (Y, h(x)) has
non-abelian image. This implies that X and Y are hyperbolic. Given such a
generic map &, let Map(X, Y, h) be the space of all continuous maps f : X —
Y homotopic to /. The following lemma shows that for every x € X and every
f € Map(X, Y, h), there is a well-defined way to lift the image point f(x) to
the universal cover of Y.

Lemma 6.1 Leth : X — Y be a generic map between Riemann surfaces. Let
H : X x [0, 1] = Y be a homotopy from h to some f € Map(X, Y, h). Then
for every x € X, the homotopy class rel endpoints of the path t — H(x,1t)
does not depend on the choice of H.

Proof We use two standard facts about hyperbolic surfaces:

— every abelian subgroup of 71 (Y, h(x)) is cyclic;
— every non-trivial element in 771 (Y, h(x)) is the positive power of a unique
primitive element.

Let G be any other homotopy from 4 to f. By composing H with G run
backwards, we get a homotopy from / to itself, henceamap F : X x §' — V.
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Suppose that the loop y(t) = F(x, t) is not trivial in 7{ (Y, h(x)). Then it is
equal to B¥ for some primitive element A and some k > 0.

Let « be any loop in X based at x. Then the map S' x S! — Y given
by (s, ) — F(a(s), t) induces a homomorphism of 72 into 71 (Y, h(x)). The
image of this homomorphism is cyclic, and contains both [# o] and [y ]. From
the existence and uniqueness of primitive roots in 1 (Y, h(x)), it follows that
[hoa] = B/ for some j € Z. Since a was arbitrary, we deduce that the
image of the homomorphism 71 (k) : 71 (X, x) — m (Y, h(x)) is contained
in the cyclic group (B). This contradicts the hypothesis that / is generic. We
conclude that the loop y(f) = F(x,t) is null-homotopic. Equivalently, the
paths t — H(x,t) and t — G(x, t) are homotopic rel endpoints. |

Definition 6.2 Let 7 : X — Y be a generic map between Riemann surfaces,
let f € Map(X, Y, h) and let x € X. We define lift, (f) to be the homotopy
class rel endpoints of the path t — H(x,t) in Y where H is any homotopy
from A to f. This is well—deﬁneg by Lemma 6.1. By definition, lift,(f) is an
element of the universal cover Y of Y based at /i (x). This universal cover is
isomorphic to D, but for our purposes it will be better to think of it as the set
of homotopy classes of paths in Y starting at /2(x).

Remark 6.3 If h : X — Y is a cyclic map between Riemann surfaces, i.e.,
such that the image of () is an infinite cyclic subgroup C < m(Y, h(x)),
and Y is not a torus then a similar construction defines a lift from Map(X, Y, h)
to the annulus cover A — Y associated to C.

Lemma 6.4 Let h : X — Y be a generic map between Riemann surfaces,
where X is finite. Then lift, : Map(X, Y, h) — Y is continuous.

Proof Since Map(X, Y, h) is metrizable, it suffices to prove sequential conti-
nuity. Let f,, f € Map(X, Y, h) be suchthat f, — fasn — co.Let K C X
be a compact deformation retract of X containing x. Let ¢ > 0 be smaller
than the minimum of the injectivity radius of ¥ over f(K) with respect to
the hyperbolic metric and let n be large enough so that | f, — f| < ¢ on K.
For every (§,1) € K x [0, 1], let F, (&, t) be the point at proportion ¢ along
the unique shortest length geodesic between f(£) and f,,(&) in Y. This gives
a continuous homotopy from f|gx to f,|K. By composing the deformation
retraction X — K with F,,, we get a homotopy G, from f to f, moving
points of K by distance at most ¢.

Given any homotopy H from 4 to f, the concatenation H % G, (thatis, H
followed by G,,) is ahomotopy from % to f;,. Thus lift, (f;) can be represented
as o x 8, where « is any representative of lift, ( f) and 8, () = G, (x, t). Since
the geodesic B, is contained in the ball of radius ¢ centered at «(1) in Y, and
¢ can be taken arbitrarily small, we have lift, (f;,) — lift,(f) asn — oc. O
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We now get back to conformal embeddings and look at where a given point
can go under all conformal embeddings in a given homotopy class.

Definition 6.5 Let 2 : X — Y be a generic embedding between finite Rie-
mann surfaces and let x € X. We define Blob(x, X, Y, h) to be the image of
CEmb(X, Y, h) by the map lift, from Definition 6.2. This is a subset of the
universal cover Y of Y based at h(x).Givenc € Y we will write ry (¢) for its
projection to Y, that is, the endpoint y (1) of any representative y € c.

Our previous results imply that Blob(x, X, Y, k) is at most 1-dimensional
whenever CEmb(X, Y, k) contains a slit mapping.

Proposition 6.6 Let h : X — Y be a generic embedding between finite Rie-
mann surfaces and let x € X. If CEmb(X, Y, h) contains a slit mapping, then
Blob(x, X, Y, h) is homeomorphic to a point or a compact interval.

Proof By Theorem 1.4, the evaluation map ev, : CEmb(X, Y, h) — Y send-
ing f to f(x) is a homeomorphism onto its image V (x). Moreover, V (x) is
either a point or a compact interval since Y is not a torus and 4 is not cyclic.
The restriction of the universal covering map wy : ¥ — Y toBlob(x, X, Y, h)
is a homeomorphism onto its image V (x) with inverse lift, o ev;l. |

We will see that Blob(x, X, Y, h) is not much more complicated when
CEmb(X, Y, h) does not contain any slit mapping. Let us recall hypothesis
(H') from the introduction:

— h: X — Y is a generic embedding between finite Riemann surfaces;
- d0X # o,
— CEmb(X, Y, h) is non-empty and does not contain any slit mapping.

Assume hypothesis (H'). Since CEmb(X, Y, ) is compact (Lemma 3.1)
and connected (Theorem 1.6), and since lift, is continuous (Lemma 6.4), the
set Blob(x, X, Y, h) is compact and connected for any x € X. Our goal is
to show that the blob is homeomorphic to a closed disk (Theorem 1.7). The
strategy of the proof is to analyze the boundary of the blob. We will show
that every point in d Blob(x, X, Y, &) is attained by a special kind of map in
CEmb(X, Y, h) which we call a slit mapping rel x.

Definition 6.7 Let 4 : X — Y be a topological embedding between finite
Riemann surfaces and let x € X. We say that a map f € Map(X, Y, h) is a
Teichmiiller embedding rel x if the restriction f* : X\{x} — Y\{f(x)} is a
Teichmiiller embedding. A slit mapping rel x is a Teichmiiller embedding rel
x which is conformal.

The distinction to make here is that the initial and terminal quadratic dif-
ferentials of f are allowed to have simple poles at x and f(x) respectively.
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For example, there are no slit mappings into the triply-punctured sphere, but
plenty of slit mappings relative to a point.

In order to characterize the boundary points of the blob, we first need a
standard construction for pushing a point around on a Riemann surface. To
paraphrase [11, p.97]: imagine placing your finger on a surface and pushing
it along a smooth path, dragging the rest of the surface along as you go. The
diffeomorphism obtained at the end is called a point-pushing diffeomorphism.

Lemma 6.8 Let Y be any Riemann surface and let y : [0,1] — Y be a
smooth immersion. There exists an isotopy H : Y x [0,1] — Y through
quasiconformal diffeomorphisms such that H(y,0) = y for everyy € Y and
H(y(0),t) =y(t) foreveryt € [0, 1].

Proof First assume that ¥ embedded. Extend the vector field y,(9/0¢) to a
smooth vector field V supported in a tubular neighborhood of y ([0, 1]), and
define H to be the vector flow along V. For each t € [0, 1], the map y —
H (y, t) is a diffeomorphism which is the identity outside a compact set, hence
is quasiconformal.

If y is not embedded, break it up into finitely many embedded subarcs y;,
then construct an isotopy H; on each corresponding subinterval [a;_1, a;]
using the above method. The isotopy H (y, t) is defined as H{(y, t) for t €
[ao, a1], then Hy(H{(y, a1),t) for t € [ay, a>] and so on, picking up where
we left off at each step. O

Given a smooth immersion y : [0, 1] — Y into a Riemann surface and an
isotopy H as in Lemma 6.8, we say that y — P, (y) := H(y, 1) is a point-
pushing diffeomorphism along y. By definition, P, is isotopic to the identity
and satisfies P, (y (0)) = y (1). Of course, P, depends on the specific choice
of H but its isotopy class rel y (0) only depends on the homotopy class of y
by the Birman exact sequence [11, Theorem 4.6].

Here are two elementary observations. If 7 : X — Y is a generic map
between Riemann surfaces and y : [0, 1] — Y is an immersed curve such that
v (0) = h(x), then lift, (P, o h) = [y] by definition. Secondly, if two maps f
and g in Map(X, Y, h) are homotopic rel x, then obviously lift, ( /) = lift,(g).
The converse is also true, as can be seen using point-pushing on Y. Thus lift,
detects when two homotopic maps are homotopic rel x. _

We say thatamap f € Map(X, Y, h) realizes apoint ¢ € Y if lift, (f) = c.
We can now prove that points outside the blob are realized by Teichmiiller
embeddings rel x, provided that there is some quasiconformal embedding in
the homotopy class of /.

Lemma 6.9 Leth : X — Y be a generic quasiconformal embedding between
finite Riemann surfaces, let x € X, and let ¢ € Y\ Blob(x, X, Y, h). Then
there exists a unique Teichmiiller embedding f rel x homotopic to h such that

lift, (f) = c.

@ Springer



The holomorphic couch theorem 369

Proof Let y : [0,1] — Y be a smooth immersed curve in ¢, for example
the hyperbolic geodesic, and let P, be a quasiconformal point-pushing diffeo-
morphism along y. Then P, o h is a quasiconformal embedding homotopic
to i such that lift, (P, o h) = [y] = c. Let f* : X\{x} — Y\{y(1)} be a
quasiconformal embedding homotopic to the restriction of P, o & with mini-
mal dilatation (Corollary 3.2) and let f : X — Y be its extension. Since f is
homotopic to P, o h rel x, we have lift, (f) = lift, (P, o h) = c.

Suppose that f* is conformal. Then f € CEmb(X, Y, k) sothatc = lift, (f)
belongs to Blob(x, X, Y, h), contrary to our assumption. By Theorem 3.11, f*
is a Teichmiiller embedding, so that f is a Teichmiiller embedding rel x.

If g is another Teichmiiller embedding rel x homotopic to 4 such that
lift, (g) = ¢, then g is homotopic to f rel x. Thus the restrictions g* and
f*to X\{x} — Y\{y(1)} are homotopic Teichmiiller embeddings with an
essential puncture, and we conclude that g = f by Remark 4.3. O

We deduce that points on the boundary of the blob are realized by slit
mappings rel x.

Proposition 6.10 Assume (H'), letx € X andletc € d Blob(x, X, Y, h). Then
there is a unique f € CEmb(X, Y, h) such that lift, (f) = c. Moreover, f isa
slit mapping rel x. If ¢ and \ are initial and terminal quadratic differentials
for f rel x, then ¢ has a simple pole at x and r has a simple pole at f(x).

Proof Since Blob(x, X, Y, h) is closed, ¢ belongs to Blob(x, X, Y, h). Hence
there exists some f € CEmb(X, Y;Vh) such that lift, (/) = c.

Let {cn};’lil be a sequence in Y\ Blob(x, X, Y, h) such that ¢, — c as
n — oo. Then Y \{my(c,)} converges to Y \{my(c)} asn — oo, where we can
take markings to be the identity outside of a small neighborhood of 7y (c). By
the previous lemma, there exists a Teichmiiller embedding f, : X — Y rel
x homotopic to 4 such that lift,(f,,) = ¢,. By Lemma 5.4, we can extract a
subsequence of the restrictions f¥ : X\{x} — Y\{my(c,)} converging to a
Teichmiiller embedding g : X\{x} — Y\{my(c)} which is homotopic to the
restriction f* of f. As f* is conformal, it is a slit mapping by Theorem 3.13,
so that f is a slit mapping rel x. For any g € CEmb(X, Y, h) realizing c,
we have that g is homotopic to f rel x. Hence g = f by Theorem 3.13 and
Remark 4.3.

Suppose that ¢ does not have a pole at y. Then f is an honest slit mapping
from X to Y. But we assumed that CEmb(X, Y, &) does not contain any slit
mapping. Therefore ¥ has a simple pole at f(x) and ¢ = f*y has a simple
pole at x. |

Assume hypothesis (H') and let x € X. Suppose thatc € d Blob(x, X, Y, h)
and that f € CEmb(X, Y, h) realizes c. We say that any quadratic differential
¥ € QT (Y\{f(x)}) with respect to which f is a slit mapping rel x realizes ¢
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as well. Even though f is unique by Proposition 6.10, ¥ need not be unique
up to scale (see Remark 3.14). Nevertheless, the set of quadratic differentials
realizing a given point ¢ € d Blob(x, X, Y, h) is convex.

Lemma 6.11 Assume hypothesis (H'). Suppose that yro and yry in QT (Y \{y})
realize c € d Blob(x, X, Y, h) where y = my(c). Then for every «, 8 > 0 the
quadratic differential avry + By, belongs to QT (Y\{y}), realizes c, and has
a simple pole at y.

Proof Let f be the slit mapping realizing ¢. Then ¢ := ayo + 1 is = 0
along any arc in Y\ f(X) so that f is a slit mapping rel x with respect to ¥. If
Y does not have a pole at y, then f is a slit mapping from X to Y, contradicting
hypothesis (H'). |

We will see that any ¥ € Q1 (Y\{my(c)}) which realizes c tells us some-
thing about the shape of Blob(x, X, Y, h) near c. More precisely, { can be used
tofindaregion U C Y of forbidden values for the maps in CEmb(X, Y, k), that
is, disjoint from Blob(x, X, Y, /). The idea is that if we push 7y (c) in some
directions, then a certain quantity goes up, while it cannot increase under
conformal embedding. This quantity is extremal length.

7 Extremal length of partial measured foliations

There are several equivalent ways to define the extremal length of a measured
foliation. We follow the approach developed in [15] and [16].

A map will be called almost-smooth if it is continuous and continuously
differentiable except perhaps at finitely many points.

Definition 7.1 A partial measured foliation F = {(U;, vj)}jes onaRiemann
surface X is a collection of open sets U; C X together with almost-smooth
functions v; : U; — R satisfying

Vj =X+ Cjik

on U; N Uy, where cj is locally constant. The set U = U j Uj is called the
support of F. Since |[dv;| = |dvg| on U; N Uy, these patch up to a well-defined
object |dv| on U called the transverse measure of F. The leaves of F are the
maximal connected subsets of U on which each v; is locally constant. We will
write F or |dv| interchangeably.

Remark 7.2 This is much weaker that usual notion of measured foliation [12].
For one thing, the support does not have to be the complement of a finite set.
Moreover, the leaves are not required to be 1-dimensional submanifolds; they
can be thick. In practice, we will only deal with partial measured foliations
which are measured foliations on a subsurface.
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Remark 7.3 We could relax the regularity condition on the functions v; and
only assume that they belong to the Sobolev space W2(U 7). This would be
more natural from the point of view of quasiconformal maps. For the sake of
simplicity we will stick to the almost-smooth condition.

For example, if ¢ is a quadratic differential and U; is a simply connected
domain on which ¢ does not have any singularities, then the function

vj(z) = Im/ Jo

is well-defined on U up to an additive constant and sign. The resulting partial
measured foliation "¢ = |dv| = |Im J@! is the horizontal foliation of ¢.
Its leaves are the regular horizontal trajectories of ¢.

The Dirichlet energy of a partial measured foliation F = |dv| with support
Uis

Dir(F) := / |Vv|?dA
U

where the gradient Vv (only defined up to sign) is computed with respect to
any conformal Riemannian metric on X with corresponding area form dA.
Alternatively, we can write

gu\>  [ov)?
Dir(F) = / i + & dxdy
U \0x ay
where z = x 4+ iy is any conformal coordinate.

For example, if ¢ is a holomorphic quadratic differential on X and F"¢ is
its horizontal foliation, then

Dir(F'¢) = fX ol = ol

as can be seen by computing the Dirichlet energy in natural coordinates where
¢ =dz?andv(x +iy) =+y +c.

A cross-cut on a Riemann surface X is a proper arc « : (0, 1) — X. Two
cross-cuts are homotopic if there is a homotopy through cross-cuts between
them. The height of a homotopy class ¢ of closed curves or cross-cuts in X
with respect to a partial measured foliation F = |dv| is the quantity

height(c, F) := iréf/ |[dv],
aec o
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where the infimum is taken over all piecewise smooth curves o € c, and where
|dv| is extended to be zero outside its support.

Given partial measured foliations F' and G on a Riemann surface X, we say
that G dominates F if

height(c, G) > height(c, F)

for every homotopy class ¢ of closed curves or cross-cuts in X. Two partial
measured foliations are measure equivalent if they dominate each other, i.e.,
if they have the same heights.

Definition 7.4 The extremal length of a partial measured foliation F on a
Riemann surface X is defined as

EL(F, X) := inf { Dir(G) : G dominates F} .

This is not the standard definition of extremal length. However, if F is a
measured foliation (not partial) on a finite Riemann surface X, then EL(F, X)
is the norm of the unique holomorphic quadratic differential ®(F, X) on X
with the same heights as F (this is often taken as a definition). The existence and
uniqueness of ®(F, X) is due to Hubbard and Masur [19], but what interests
us here is its minimizing property.

Theorem 7.5 (The minimal norm property) Let X be a finite Riemann surface,
let ¢ € Q(X)\{0}, and let F"¢ be the horizontal foliation of ¢. Then

EL(F"p, X) = Dit(F'p) = ||¢].
That is,
Dir(F"¢) < Dir(G)

for every partial measured foliation G on X which dominates F" .

This is proved in [26, Theorem 3.2] (see also [39, Chapter VII]). There
the result is stated for partial measured foliations G whose support has a
discrete complement, but this hypothesis is not used anywhere in the proof.
The idea of the proof is to look at the vertical foliation V¢ which splits up
into rectangles, cylinders and minimal components. If A is a vertical leaf which
is a cross-cut or a closed curve, then [, dF"¢ = height(A, F¢) < [, dG.
There is a similar inequality for minimal components, but one needs to pick
a horizontal transversal and do a surgery on vertical leafs to obtain closed
curves. The result is obtained by integrating these 1-dimensional inequalities
against the leaf space and applying the Cauchy—Schwarz inequality. This is a
sophisticated version of the so-called “length-area argument”.
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7.1 Pushing forward

If f: X — Y is an almost-smooth embedding between Riemann surfaces
and F' = {(Uj, vj)}jey is a partial measured foliation on X, then the push-
forward fiFF = {(f(Uj),vj o f_l)}jej is a partial measured foliation on
Y. This justifies our preference for partial measured foliations over measured
foliations: we will push them forward by conformal embeddings.

Remark 7.6 The notion of heights induces a topology on the set of (measure
equivalence classes of) partial measured foliations on a finite Riemann surface.
The reader should be warned that the push-forward operator is not continuous
with respect to that topology [24, Example 4.4].

A standard calculation shows that Dirichlet energy increases by a factor at
most K under almost-smooth K -quasiconformal embeddings [2, p. 14]. As a
consequence, extremal length increases by a factor at most K under such maps.
In particular, extremal length does not increase under conformal embeddings.

Lemma 7.7 Let f : X — Y be an almost-smooth K -quasiconformal embed-
ding between finite Riemann surfaces and let ¢ € Q(X)\{0}. Then

EL(f,F"¢.Y) < K EL(F'¢, X).

Proof Let ¢ = o + it be a conformal coordinate on f(X) andletz = x + iy
be a conformal coordinate at £ ~!(¢). Since f is K -quasiconformal, we have

dxdy = det(d fdodr > K~ '|df !> dodz.
Let v(z) = Im fzzo /@ so that |dv| = |Im /g| = F"¢. We compute
Dir( £, |dv]) = f V(o f~()] dodr
f(X)
= / I df V(@) 1* dodr
f(X)
< / 147 PV @) dode
f(X)
<K det(df~HI(Vo)(f1¢)I* dodr
f(X)
= K/ |(Vv)(2)|* dxdy = K Dir(|dv]).
X

It follows that
EL(f|dv], Y) < Dir(fi|dv]) < K Dir(|dv|) = K EL(|dv][, X),
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where the last equality holds by Theorem 7.5. O

Remark 7.8 Itwould be desirable to have this for any partial measured foliation
F on X, but one runs into a difficulty: it is not clear that f,,G dominates f, F if
G dominates F. See Lemma 7.10 for a similar statement which sounds obvious
but is not entirely straightforward.

The previous inequality is sharp as the case of Teichmiiller embeddings
illustrates.

Lemma 7.9 Let f : X — Y be a Teichmiiller embedding of dilatation K with
initial and terminal quadratic differentials ¢ and . Then f,F" ¢ is measure
equivalent to F"r on Y and we have

EL(F"y,Y) = EL(f.F"¢, Y) = K EL(F¢, X).

Proof We have F'yy = f,F'¢on f(X)since f(x+iy) = Kx+iy innatural
coordinates. Moreover, since Y\ f(X) is a finite union of horizontal arcs and
points, the integral of F" is zero along any piece of curve contained in this
set. For any piecewise smooth curve « in Y, we thus have

/dfhlﬁ=/Xf(X)dfh¢+/XY\f(X)dfhW
=/df*}'h§0+/XY\f(X)d}_h¢
o o

= [ar

where x 4 is the characteristic function of the set A. Therefore 7" and f, F"¢
are measure equivalent, which implies that they have the same extremal length.
By Lemma 7.7, the inequality

EL(f,F"p,Y) < KEL(F'¢, X)

holds and by Theorem 7.5 we have EL(F"vy, Y) = ||| and EL(F"¢, X) =
llll. We also have ||| = K ||¢]| since f stretches horizontally by a factor K
and f(X) has full measure in Y. Putting everything together, we get

Y| = EL(F"¥, Y) = EL(fi F"9, Y) < K EL(F"¢, X) = K|l¢| = ||V

and hence equality holds. m|

We will need a sufficient condition for when the push-forwards of a mea-
sured foliation by two homotopic embeddings are measure equivalent. We say
that an embedding f : X — Y between finite Riemann surfaces is tame if
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it is almost-smooth and extends to a continuous map f: X — Y which is
piecewise smooth along dX. For example, every Teichmiiller embedding is
tame.

Lemma 7.10 Let f, g : X — Y be homotopic tame embeddings between
finite Riemann surfaces and let ¢ € QV(X). Then f.F"¢ and g.F"¢ are
measure equivalent on Y .

It is important that we take ¢ in Q7 (X) and not just in Q(X)\{0}. We want
the transverse measure of each boundary component to be zero.

Proof Let F = F"¢. By symmetry, it suffices to show that f,F dominates
g« F . Let o be a piecewise smooth closed curve or cross-cutin Y. Given ¢ > 0,
we have to find a closed curve or cross-cut 8 homotopic to « such that

fg*FE/f*F+8- ()
B o

If o is contained in £ (X), then we can just take 8 = go f~!(«). The difficulty
is when « intersects Y\ f(X).

If [ o J+F = oo there is nothing to show, so assume the integral is finite.
Then there is only a finite number n of components of f~!(«) which are
essential in X in the sense that they cannot be homotoped into an arbitrarily
small neighborhhood of 9X U X. Let § = £/(8n) and let X be X minus a 5-
neighborhood of dX UX in the metric |¢|. The mapgo f!: £(X%) — g(X?)
can be extended to an almost-smooth homeomorphism H : Y — Y homotopic
to the identity (see [27, Lemma 2]).

We will take § to be a modified version of H (). First, each inessential
component of H («) Ng(X) can be homotoped within g(X) to an arc contained
in g(X\X?) having arbitrarily small transverse measure with respect to g, F.
Even if there are infinitely many such inessential components, we can make
sure that their total transverse measure is at most /2. Let y be the curve
obtained after having done this.

Next, we homotope each essential component ¢ of y N g(X\X?), within
g(X\X?), to an arc having transverse measure at most 28, while keeping
endpoints fixed. This is possible since the height of each component of X\ X°
is 8. Moreover, no matter how many times g~ (c) winds around the annular
component of X\ X?® in which it is contained, we can push this winding part
toward X U X. In doing so, the transverse measure of the winding part tends
to zero and is thus eventually less than §, for a total of at most 26. There are
2n such components—two for each essential component of y N g(X)—for a
total transverse measure of (2n)(28) = ¢/2.

Let 8 be the curve obtained after having done these two modifications. Then
inequality (2) holds since B\ g(X) has measure zero, 8 N g(X\X?) contributes
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atmoste/2 +¢/2 =¢,and B N g(F) is the image by g o f~! of a subset
of & so its transverse measure with respect to g, F is at most the transverse
measure of o with respect to f F. O

8 The blob is semi-smooth

In this section, we show that each quadratic differential realizing a point on the
boundary of Blob(x, X, Y, h) determines a vector normal to the blob and vice
versa. We use this to prove that the blob satisfies a certain regularity condition
near its boundary which we call semi-smoothness. We first need the following
formula for the derivative of extremal length [14, Theorem 8§].

Theorem 8.1 (Gardiner’s formula) Let S be a finite Riemann surface and let
F be a measured foliation on S. Then the function’ Z — EL(F, Z) is diffe-
rentiable on T (S). Its derivative at Z € T (S) in the direction u € TzT(S)
is

2(p, ) 3)

where ¢ € Q(Z) is the unique quadratic differential such that F" ¢ is measure
equivalent to F.

We apply this formula along a curve Z, = Y'\{y (¢)} for some analytic path
y . I — Y, where Y is a finite hyperbolic surface. It is implicit here that the
change of marking Zg — Z; is given by point-pushing along y. In this case,
the pairing (u, ¢) is proportional to the real part of the residue of ¢ in the
direction of y’(0). See [28] for a similar but more general calculation.

Lemma 8.2 Let Y be a finite hyperbolic surface, let y : (—1,1) — Y be an
analytic arc and let Z; = Y\{y(t)}. Then the derivative ;v of Z; att = 0
satisfies

(1, q) = —7 Re[Res, o) (¢ - ¥'(0))] 4)

for every g € Q(Zy).

Proof We may assume that y is embedded by restricting to a subinterval. Since
y is analytic, the vector field y,(d/0t) can be extended to a holomorphic vector
field v on an embedded round disk D C Y centered at y = y(0). Let E be
another round disk of smaller radius centered at y and let ¢ be a smooth bump
function which is equal to 1 on E and O outside D. Then ¢v is a smooth
vector field defined on all of Y. Let ®, be the time-¢ flow for ¢v and let
v(t) = 9®;/d®,. Then for small enough ¢, we have ®;(y(0)) = y(t) by

9 Thisisa slight abuse of notation. Recall that a point in 7 (S) is an equivalence class of marking
f S — Z, which we may assume is almost-smooth. By the expression EL(F, Z) we really
mean EL(fy F, Z).
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Fig. 6 Pushing a simple pole of a quadratic differential in a mostly vertical direction increases
the extremal length of its horizontal foliation

construction so the derivative p to the path 7 — Y\{y(#)} atz = 0 coincides
with v/(0) = 9(¢v). We compute

/ g / qo(pv) = / qo(¢v) = / (pqv)
Zo D D\E D\E

= —i/ Pgv = i/ qv = —m Resy(qV).
2 Jap\E) 2 JoE

The equality from the first line to the second is by Green’s theorem and the
change of sign in the next equality comes from reversing orientation on dE.
To conclude the proof, recall that (i, g) = Re /. 7o M4 by definition. m|

Let Y be a finite hyperbolic surface and let y € Y. If € Q(Y'\{y}) has
a simple pole at y, then there exists a tangent vector v € T,Y (unique up
to rescaling) such that Res, (¥v) < 0. We say that v is vertical for vr. For

example, if Y = %dz2 thenv = —33—1 is vertical at 0 since

1 —1
Resg(Yv) = — f —dz =—1.
2mi z

A vector w € TyY is mostly vertical for v if Re[Res,(yyw)] < 0. If v is
vertical and A € C then Av is mostly vertical if and only if Re A > 0. Thus
the mostly vertical vectors are those that make an angle less than 7 /2 with
the vertical direction (here angles are measured with respect to the Riemann
surface structure on Y, not the cone metric coming from |y|).

If we push y in a mostly vertical direction, then the extremal length of "
will increase according to equations (3) and (4), at least for small time |¢| < 8.
The intuition for this is that if we push in mostly vertical directions, we stretch
the leaves of F"v and compress them together, thereby increasing Dirichlet
energy (see Fig. 6).

We will need a more uniform statement where § can be chosen independently
of the direction. We can do this as long as we restrict to a compact set of angles.
Given a point y € Y and a tangent vector v € T,Y, let yy : R — Y be the
hyperbolic geodesic such that y, (0) = v. We will push y along these specific
paths.
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Lemma 8.3 Let Y be a finite hyperbolic surface and let y € Y. Suppose that
Y € Q(Y\{y}) has a simple pole at y and let v € T\ Y be vertical for yr. Then
for every 6y € (0, %) there exists a number § > 0 such that

EL(F"y, Y\{yaioy ()}) > EL(F"¥, Y\{y))

for every 0 € [—6y, Og] and every t € (0, §).

Proof Suppose not and let F = F". Then there exist convergent sequences
t,\0 and 6, — O € [—6p, Bp] as n — oo such that

EL(F, Y\{V,ieny(t2)}) < EL(F, Y\{y})

for every n € N.

For w € T,Y let 11y be the derivative of the path 7 — Y\{yw(?)} att = 0.
Then p,i6ny = Wity as 1 — 00 by equation (4). Since Z — EL(F, Z) is
differentiable at Z = Y'\{y} we have that

EL(F, YA{Veitny (tn)}) — EL(F, YAYD
In

2</~’Lei900v, W)

as n — oo. But the left-hand side is non-positive for each n while
2 ibooy, ¥) = —2m Re[Resy(Weieoov)] = —2m cos(0c) Resy (Yv) > 0.

This is a contradiction. O

Let us introduce some more terminology. Given z € C, v € T,C\{0},
6 € (0, ), and § > 0, we denote by V(v, 8, §) the open angular sector based
at z with radius é and angle 6 on either side of v. In symbols,

(v, 0,8) = {z+tei¢|%| cpe(—6,0)andt € (0,5)}.

Definition 8.4 Let B C C be closed. A vector v € T,C with z € B is normal
to B if v # 0 and if there are angular sectors arbitrarily close to half-disks
pointing in the direction of v which are disjoint from B. More precisely, v is
normal to B if v # 0 and if for every 6 € (0, %), there exists a § > 0 such
that v(v,60,6) N B = <.

See Fig. 7 for some examples. Note that conformal homeomorphisms pre-
serve normal vectors. Thus the definition extends to any Riemann surface.
Furthermore, instead of Euclidean rays we can use geodesic rays for any con-
formal Riemannian metric (for example the hyperbolic metric if the surface is
hyperbolic).
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Fig. 7 A closed subset of the plane and some of its normal vectors. There is no normal vector
at the inward corner and several normal vectors at outward corners

We are ready to prove that any quadratic differential realizing a point on the
boundary of the blob determines a vector normal to the blob.

Proposition 8.5 (Vertical vectors are normal) Assume hypothesis (H'). Let
x € X, letc e 8]210b(x, X, Y, h) and suppose that v € QT (Y\{my(c)})
realizes c. If v € T.Y is vertical for wy, then v is normal to Blob(x, X, Y, h).

Proof Let f € CEmb(X, Y, h) be the slit mapping rel x realizing ¢ provided
by Proposition 6.10. Let y = my(c) = f(x), let g : X\{x} — Y\{y} be the
restriction of £, let G = F"y on Y\{y}, let ¢ = g*y and let F = F"¢ on
X\{x}. Also let w = dmry (v) so that w is vertical for ¢ at y.

Fix 6y € (0, 7). By Lemma 8.3, there exists a § > 0 such that for every
6 € [—60, 6p] and every ¢ € (0, §) we have

EL(G, Y \{y.iow(N)}) > EL(G, Y \{y}).

Since g is a slit mapping, G is measure equivalent to g.F on Y\{y} by
Lemma 7.9. We also have EL(G, Y\{y}) = ¥ = ll¢ll = EL(F, X\{x})
by Theorem 7.5, so the above inequality translates to

EL(g«F, Y\{V,io5(1)}) > EL(F, X\{x}). &)

Fix 6 € [0, 6p] and t € (0, §). Let P be a quasiconformal point-pushing
diffeomorphism along y,is ([0, £]). Recall that the left-hand side of (5) really
stands for the extremal length of (P o g).F since P : Y\{y} = Y\{y,io(?)}
is our change of marking by convention (see footnote 9).

Suppose that there is a conformal embedding M : X\{x} — Y \{y,io ()}
homotopic to P o g. Then by Corollary 5.9, either M is a slit mapping or it is
homotopic to a conformal embedding which extends analytically to the ideal
boundary. In either case, M is homotopic to a tame conformal embedding N.
By Lemma 7.10, N, F and (P o g).F are measure equivalent on Y \{y, o, (?)}
which means that

EL(N:F, Y\{y,iow(1)}) = EL((P 0 @)« F, Y \{y,ioy (1)}) > EL(F, X\{x}).

On the other hand, EL(N, F, Y\{7,isw()}) < EL(F, X\{x}) by Lemma 7.7.
We conclude that no such M exists.
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Equivalently, the concatenation of ¢ with y,ie ([0, ]) does not belong to
Blob(x, X, Y, h). Since this holds for every 8 € [—6p, Og] and every t €
(0, 8), the open hyperbolic sector of radius §||v||y (the norm is with respect
to the hyperbolic metric) and angle 8y on either side v in Y is disjoint from
Blob(x, X, Y, h). Thus v is normal to Blob(x, X, Y, h), as 6y € (0, %) was
arbitrary. O

As a corollary, we obtain the converse of Proposition 6.10.

Corollary 8.6 Assume hypothesis (H') and let x € X. If f : X — Y is a slit
mapping rel x homotopic to h, then lift,(f) € d Blob(x, X, Y, h).

Proof Let ¢ = lift,(f). Since f is conformal, ¢ belongs to Blob(x, X, Y, h).
Let ¢ be a terminal quadratic differential for f rel x. If ¥ does not have a
simple pole at y = f(x) then f is a slit mapping, contradicting the assumption
that CEmb(X, Y, h) does not contain any. Thus ¢ has a simple pole at y so
that there exists a vector v € T.Y which is vertical for 7§ 1/. We can apply the
same reasoning as in the proof of Proposition 8.5 to conclude that v is normal
to Blob(x, X, Y, h). In particular, ¢ € d Blob(x, X, Y, h). O

We will also prove the converse of Proposition 8.5, namely that every vector
normal to Blob(x, X, Y, h) is vertical with respect to some realizing quadratic
differential. The first step is to strengthen Lemma 8.3 by allowing the point
y € Y and the quadratic differential ¥ to vary inside a compact set. We have to
be a little more careful about how to compare two surfaces Y\ {y;} and Y'\{y»}
for yi, y» € Y though.

Remark 8.7 Let S be a finite hyperbolic surface andlets € S. GivenY € 7 (S)
and y € Y, there is no canonical way to define a marking S\{s} — Y\{y}.
However, if b € Y is some basepoint, Y is the universal cover of Y based at
b,and f : S\{s} — Y\{b} is a fixed marking, then point-pushing provides a
continuous map ® : Y — 7 (S\{s}) as follows. We can represent any ¢ € Y
by a smooth immersed curve y : [0, 1] — Y with y(0) = b. Let P, be a
quasiconformal point-pushing diffeomorphism along y, then define ®(c) as
the marked surface Py, o f : S\{s} — Y\{7y(c)} in T (S\{s}). We use these
markings implicitly below.

Lemma 8.8 Let Y be a finite hyperbolic surface. Let 6y € (0, Z) and let K
be a compact set of pairs (¢, ) where ¢ € Y and € Q(Y\{my(c)}) has a

simple pole at wy(c). There exists a number § > 0 such that V(c,{¥) € K,
YO € [—0, g and ¥t € (0, §) we have

EL(F", Y\{y,i04(1)}) > EL(F"y, Y\ {7y (c)})

where Vv is the vertical vector for  at my(c) rescaled to have norm 1 with
respect to the hyperbolic metric.
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Proof The idea of the proof is the same as for Lemma 8.3. If the statement
fails, then there exist convergent sequences t, \\0, (¢,, V) — (¢, ¥) € K,
6, — 0 € [0y, Op] such that

EL(F" Y, Y\ (Veitny, (ta)}) < EL(F Y, Y\ {7y (cn)})

for every n € N, where vy, is the unit vertical vector for ¥, at wy(c,). Since
Y, — ¥ asn — oo we have that v, — v where v is the unit vertical vector
for ¢ at y (¢). If p, denotes the derivative of the path 7 — Y\{y,is.y, (1)} at
t = 0 and p the derivative of ¢ — Y \{y,i,(t)} att = 0, then u, — p as
n — oo since 6, — 6 and v,, — v. In the limit, we have

2{(u, ) = —2m Re[ResnY(C)(z/feiev)] = —2m cos(0) Re[Resyy () (¥ V)] >

The difference with Lemma 8.3 is that the measured foliations F” Y, are not
constant, so we are looking at a sequence of functions rather than a single one.

Let b € Y be our basepoint for the universal cover 7y : ¥ — Y. Recall
that any ¢ € Y determines a marking f. : Y\{b} — Y\{my(c)}. Thus the
measured foliations F,, = f (F' ") and F = fEF "4y all live on the same
surface S = Y\ {b}. Moreover F,, — F inmeasure since (¢, ¥,) — (c, ) as
n — 00. Given a measured foliation G on S and Z € 7 (S),let (G, Z) be the
quadratic differential on Z whose horizontal foliation is measure equivalent
to G. By Hubbard—Masur [19], the map MF(S) x 7 (S) — T*7 (S) sending
(G, Z) to (G, Z) is continuous. Thus the function

Z— Ag(Z) :=EL(G, Z2) = ||®(G, 2)|
depends continuously on G. Furthermore, its derivative
(Z,v) > dzAg(v) =2(v, (G, 2))
is continuous on 77 (S) and depends continuously on G.

Let {x,}°2 ; and {y,},2, be sequences in R¥ such that x, — 0, y, — 0 and

2 yasn — 00. Suppose that g,, g : R — R are C! functions such

xnl
tﬁat gn — g and dg, — dg uniformly on compact sets as n — oo. Then

&n(Yn) — &n(xn)
|Yn — Xnl

— dg(v)

asn — o00.One can show this using the fundamental theorem of calculus along
the line segment between x,, and y, for instance. By the previous paragraph,
this criterion applies to the extremal length functions Af, and Ar on 7 (S)
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(which is diffeomorphic to some R¥) to conclude that

BL(F" Y, Y\{Vyitny, (t)}) — EL(F" W, Y\ {7y () N
In

2w, &)

as n — oo. This is a contradiction, since left-hand side is non-positive for
every n € N while the right-hand side is positive. O

The next observation that we need is that that any non-zero limit of a
sequence of terminal quadratic differentials is a terminal quadratic differential
for the limiting Teichmiiller embedding.

Lemma 8.9 Leth : X — Y be a generic embedding between finite Riemann
surfaces and let x € X. Let f,, : X — Y be a Teichmiiller embedding rel
X homotopic to h with unit norm terminal quadratic differential V. Suppose
that lift, ( f,,) converges to some c € Y. Then there is a Teichmiiller embedding
f rel x homotopic to h with unit norm terminal quadratic differential "\ such
that f, — f and ,, — ¥ as n — o< after passing to a subsequence.

Proof Let K, be the dilatation of f,. By hypothesis, the marked surface
O (lifty (fn)) converges to ©(c) in the Teichmiiller space 7 of Y minus a
point, where ® : Y — 7 is the map from Remark 8.7. In particular, the
sequence K, is bounded so we may assume it converges to some K > 1. By
Lemma 5.4, there is a Teichmiiller embedding f rel x homotopic to /4 such
that f,, — f after passing to a subsequence. _

Let ¢, = lifty (f,). The set {c}U{c,};2, is compactin ¥ and so is its image
by ® in 7. Since the set of unit cotangent vectors over a compact set in 7 is
compact, there is a quadratic differential ¥ € Q(Y\my(c)) such that ¥, — ¥
after passing to a subsequence. We have to show that ¥ is a terminal quadratic
differential for f.

Let ¢, be the initial quadratic differential of f, corresponding to v,. We
may assume that ¢, converges to some ¢ € QT (X\({x}) since its norm 1/K,,
is bounded above and below. Suppose that zp € X\{x} is not a zero of ¢. Then
there is a compact simply connected neighborhood U of zg on which ¢ does
not vanish. If n is large enough, then ¢, does not have any zeros in U either.
If V = f(U), then ¢ and ¥, do not have zeros in V when n is large enough.
We can choose square roots consistently so that ,/¢, — /¢ uniformly on U
and /v, — /¥ uniformly on V. Then for every z € U and every n we have

fn (2)

([ 5) ([ )

.0 .0

fn(z0)
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since f; restricted to X\{x} is a Teichmiiller embedding of dilatation K, with
respect to ¢, and v,. Taking the limit as n — oo we get

f@

o Vo= ne(f @) i ([ 7)

which means that f is locally of Teichmiiller form with respect to ¢
and . O

Lastly, we will need the fact that the set of vectors which are vertical for
some realizing quadratic differential at a given point is convex.

Lemma 8.10 Assume hypothesis (H'). Let x € X, let ¢ € d Blob(x, X, Y, h)
and suppose that Yo, Y, € QT (Y \{my(¢)}) realize c. If vy and vy are vertical
for vro and | respectively at y = my(c), then there exist a, B > 0 such that
vo + vi is vertical for ayrg + Br1.

Proof Take o = —IX—?I Resy(y1vy) and B = —% Resy (Yovp). A calculation
shows that Resy, ((ay/o + Byr1)(vo + vi)) < 0. By Lemma 6.11, the quadratic
differential avyg + B¥1 has a simple pole at y. This implies that vo 4+ vy #£ 0
and hence that Res, ((ayo + B¥1)(vo +v1)) < 0. O

We are now able to show that normal vectors are vertical.

Proposition 8.11 (Normal vectors are vertical) Assume (H') and let x € X.
Suppose that v is normal to Blob(x, X, Y, h) at some point c. Then there exists
a quadratic differential v € QF (Y \my(c)) realizing ¢ such that v is vertical

for wy.

Proof Let V., C Tc? denote the set of vectors which are vertical for the
pull-back of some quadratic differential realizing ¢. By Lemma 6.11 and
Lemma 8.10, V. is convex. Moreover V. U {0.} is closed by Lemma 8.9.
Suppose that v is not in V.. Then there is an open half-plane H through the
origin in 7.Y containing V, such that v is not in the closure H. Let c, be a
sequence converging to ¢ along the geodesic ray » which is normal to H at c.
Since r makes an angle strictly less than 77 /2 with v and since v is normal to
Blob(x, X, Y, h), we may assume that ¢, is not in Blob(x, X, Y, h) for any n.
Let f;, be the Teichmiiller embedding rel x realizing ¢, provided by Lemma 6.9
and let v, be its terminal quadratic differential, normalized to have norm 1.
We may assume that v, converges to some ¥ € QT (Y\my(c)) and that
fn converges to a slit mapping f rel x with terminal quadratic differen-
tial ¥ by Lemma 8.9. Indeed, the limit f is conformal since ¢ belongs to
Blob(x, X, Y, h). If ¥ is holomorphic at 7wy (c), then f is a slit mapping on X,
contrary to the assumption that CEmb(X, Y, h) does not contain any. There-
fore v has a simple pole at wy (c), which implies that ¥, has a simple pole at
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Fig. 8 The point c is w
eventually contained in the
sector of angle 0 and radius § - -
about the vector w;, H | N
\¢ \
\\ Wi,
| \
\
cnl /0 ,'
\ . /
o\ /
N /
7/
r »

my (c,) for all but finitely many indices. Let w,, be the unit vertical vector for
n;‘ Yy at ¢, Then w,, converges to the unit vertical vector w for n;w atc. We
have w € V. C H. We will see that this yields a contradiction.

Let ¢ € (0, 5] be the angle between w and the line d H, and let 6 = 5 — %
By Lemma 8. 8 there exists a number § > 0 such that Vn € N, Vo € [ 0, 0]

and vVt € (0, §) we have

EL(F" W, Y\{7y (Voiany, 1)) > EL(F Y, Y\ {7y (cn)}).

On the other hand, since w,, — w, the angle between w,, and the geodesic
between ¢, and ¢ converges to the angle between w and the ray opposite to 7,
that is, to 5 — ¢ < 6. Thus if # is large enough then ¢ belongs to the open
hyperbolic sector of radius § and angle 6 on either side of w,, (Fig. 8) so that

EL(F" ., Y\ {7ty (©)}) > EL(F"ry, Y\ {7y (cn)}).

Let ¢, be the initial quadratic differential of f, corresponding to v, and let
K, > 1 be the dilatation of f,. By Lemma 7.9, F", is measure equivalent
to (f)«F"@n on Y\my (cp). If we let P, : Y\{my(cp)} — Y\{7y(c)} be the
change of marking given by point-pushing, we get

EL((Py 0 fi)+F"@u. Y\ {7y (0)}) = EL((Pu)«F" . Y\ [y ()
> EL(F" ¥, Y\ {7y ()
= Ky EL(F"¢y, X\(x})
> EL(F"gu, X\{x})
when n is large enough, by the above inequality and Lemma 7.9. However,

since f and P, o f,, are homotopic tame embeddings from X \{x}to Y \{my(c)}
and f is conformal, we have

EL((Py 0 )« F"n, Y\ {7y (0)}) = EL(fiF @, Y\ {7y (0)})
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< EL(F"g,, X\{x})

by Lemmas 7.10 and 7.7. This is a contradiction, from which we conclude that
v belongs to V.. O

We finally come to the main result of this section, which is that the blob is
semi-smooth.

Definition 8.12 A closed subset B C C is semi-smooth if

— for every z € 0B, the set of normal vectors to B at z is non-empty and
convex;

— any non-zero limit of vectors normal to B (not necessarily at the same
point) is normal to B.

For example, a 2-dimensional manifold M C C with C! boundary is semi-
smooth, as is any convex set with non-empty interior. A line segment is not
semi-smooth because at interior points the set of normal vectors is not convex.

Theorem 8.13 (The blob is semi-smooth) Assume hypothesis (H'). Then
Blob(x, X, Y, h) is semi-smooth for any x € X.

Proof For every ¢ € d Blob(x, X, Y, h) the set of vectors which are normal to
Blob(x, X, Y, h) at ¢ coincides with the set V. of vectors which are vertical for
the pull-back of some quadratic differential realizing ¢, according to Proposi-
tions 8.5 and 8.11. The set V.. is non-empty by Proposition 6.10 and convex by
Lemma 6.11 and Lemma 8.10. Suppose that {c,};2, C 9 Blob(x, X, Y, h)
is such that ¢, — c, that v, is vertical for n;wn where 1, realizes ¢,
and that v, — v # 0 as n — oo. By Lemma 5.4 we can rescale v, and
pass to a subsequence such that it converges to some ¥ realizing c. We have
Resc((n;ﬁw)v) < 0 since Rescn((n;wn)vn) < 0 for every n. Moreover, ¥
must have a simple pole at 7wy (¢) for otherwise CEmb(X, Y, h) would contain
a slit mapping. This means that Res.((ryv/)v) # 0. Therefore v is vertical for
7y ¥, hence normal to Blob(x, X, Y, h) by Proposition 8.5. O

9 The blob is a disk
In this section, we complete the proof of Theorem 1.7 which says that the blob

is homeomorphic to a closed disk under hypothesis (H"). We first prove that
every semi-smooth set is a manifold.
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Fig. 9 The cone of normal
vectors Nq and the angles o
and

Theorem 9.1 (The aquatic theorem) Every closed semi-smooth subset of C
is a 2-dimensional manifold with boundary.

Proof Let B be a closed semi-smooth set. Every interior point of B has a neigh-
borhood homeorphic to an open subset of C, namely the interior of B. Thus
we only have to show that every boundary point z € d B has a neighborhood
homeomorphic to a half-disk. By applying an isometry of the plane, we may
assume that z = 0 and that the vector i bissects the cone N of vectors normal
to B at 0. Let ¢ be half the angle of No, leta = ¢ + Z andlet 8 = 7 — «
(Fig. 9).

Since B is semi-smooth, we have ¢ < % and hence § > 0. Moreover,
for every 8 € (0, o) there exists a § > 0 such that the open angular sector
v(i, 8, 8) is disjoint from B (notation is as in the previous section). We now
show the existence of closed sectors pointing downwards contained in B.

Claim For every 6 € (0, §8), there exists a § > 0 such that the closed angular
sector v(—i, 0, §) is contained in B.

Proof of Claim Suppose not. Then there exists a & € (0, 8) and a sequence
8, \\0 for which the corresponding angular sector S,, = v(—i, 8, §,,) intersects
the complement of B for every n. Let D, be a closed disk in S, disjoint from
B. Slide the center of D,, in a straight line towards 0 until the disk first hits B,
and let D;; be the resulting disk. The intersection points of D) with B all lie on
the half of 9.D;; which is closest to 0. Let z,, be any point in this intersection.
Then z,, is on the boundary of B and the unit vector v,, pointing from z,, to the
center of D} is normal to B (Fig. 10). Since S, shrinks to 0, we have z, — z.
Each vector v, makes an angle at most 6 + 5 with the downward direction.
Therefore, the vectors v, can only accumulate onto vectors forming an angle
at least 8 — 6 with the cone Ny. This contradicts the hypothesis that every limit
of normal vectors is normal. O
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Fig. 10 Bubbles floating to
the surface of B

Let 67 € (0,@), let ST = v(i,0",5") be disjoint from B, let 6~ €
(0, B), and let S~ = w(—i,0—,8~) be contained in B. Let I C ST be a
compact horizontal segment symmetric about the vertical line through 0 and
lying entirely above S™. We define amap p : I — 9B as follows. For z € I,
let z fall straight down until it first hits B, and let p(z) be this first hitting point
(Fig. 11). Note that p(x +iy) = x + ig(x, y) for some function ¢ so that p
is injective.

Claim The map p is continuous on some subinterval J C [ centered at the
midpoint of /.

Proof of Claim It is easy to see that p is continuous at the midpoint p~!(0).
This is because p keeps the x-coordinate unchanged and moreover, p(z) is
below ST and above S™. Thus the y-coordinate of p(z) converges to 0 as
z— p~(0).
Let 0 < ¢ < B/2. By semi-smoothness, there exists a § > 0 such that if
w € dB is within distance § of 0, then every vector in N,, is within angle
¢ + ¢ of the upward direction. For every w € d B with |w| < §, let v, be the
bisector of N, and let ¢, be half the angle of N,,. For every Quf € (0, ¢y + %)
there is an open sector S, = v(vy, 6,1, 8.} disjoint from B by definition of
N, Since
B—m

p+e=a——+c<a+t — 2Tt
2 2 2 2

k]

|

we may choose 6, so that S;f; contains the vertical direction in its span. By the

previous Claim, there is also a closed sector S,; = V(—Vy,, 0y, §,,) contained
in B forevery 0, € (0, 7 —¢y). The angle that —v,, makes with the downward
direction is equal to the angle that v,, makes with the vertical direction, which
is at most ¢ + & — ¢, hence strictly less than 5 — ¢,,. Thus we may choose
0,, so that S contains the downward direction in its interior (Fig. 11).

By continuity of p at p~!(0), there is a closed interval J C I centered at
p_1 (0) such that p(J) is contained in the ball of radius § about 0. Letz € J, let
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Fig. 11 The vertical
projection p is akin to rain
falling on the surface of B.
The projection is continuous
(in fact Lipschitz) by the
squeeze theorem

w = p(2), and let S} and S, be angular sectors as described in the previous
paragraph. Also let K C S;} be a compact horizontal segment crossing the
vertical line through w and lying entirely above S, . By construction, the
vertical segment from z to w intersects B only at w. Since B is closed, we
may assume that the rectangle with bottom edge K and upper edge L C [ is
disjoint from B, by making K shorter if necessary. For every ¢ € L, the image
p(¢) is thus squeezed between S, and S, so that p is continuous at z. O

Thus p(J) is the graph of a continuous function. Let 0 < § < |J|/2. For
every z € J with |x| < §, draw the open vertical segment of length 2§ centered
at p(z), and let U; be the union of those segments. The continuity of p implies
that Us is open.

Claim 1If § is small enough, then the component of Us\ p(J) above p(J) is
disjoint from B and the component below p(J) is contained in B.

Proof of Claim If § is small enough, then the component C* of Us\p(J)
above p(J) lies below J itself. By definition of p, for every z € J the open
vertical segment between z and p(z) is disjoint from B, so that C™ is disjoint
from B.

For the component lying below p(J), we use the same idea as in the proof of
the first Claim. Suppose that the result does not hold. Then there is a sequence
3, \\0 such that for every n, there is a closed disk D,, contained in the com-
ponent of Us,\p(J) below p(J). Slide the center of D, upwards until the
disk first hits B, and let D} be this hitting disk. Every intersection point of
D} with B is on the upper half of 0 D). Let z,, be any point in that intersec-
tion. Then z,, is on the boundary of B and the unit vector v, pointing from
z, towards the center of D) is normal to B. As n — oo, we have z, — 0.
Moreover, the vectors v, only accumulate onto vectors forming an angle at
least % with the upwards direction at 0, hence outside Ny. This contradicts the
semi-smoothness of B at 0. O

By this last claim, if § is small enough then Us N B is equal to the union of
Us N p(J) with the component of Us\ p(J) below p(J). This neighborhood
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of z in B is clearly homeomorphic to the rectangle (—§, §) x (0, §], which in
turn is homeomorphic to a half-disk. Thus B is a 2-manifold with boundary.0

Since Blob(x, X, Y, h) is semi-smooth under appropriate hypotheses, it is
a 2-manifold with boundary.

Corollary 9.2 Assume hypothesis (H'). Then Blob(x, X, Y, h) is a compact,
connected, 2-manifold with boundary for any x € X.

Proof Blob(x, X, Y, h) is compact and connected because CEmb(X, Y, h)
is (Lemma 3.1 and Theorem 1.6) and lift, is continuous (Lemma 6.4). It
is semi-smooth by Theorem 8.13, hence a 2-manifold with boundary by
Theorem 9.1. o

In particular, the blob is the closure of its interior. We use this to show
that the blob depends continuously on parameters. We first need to define a
topology on closed subsets of a space.

Let S be a topological space and let CL(S) be the hyperspace of closed
subsets of S. The Fell topology on CL(S) is the topology generated by neigh-
borhoods of the form N(K,U), where K C S is compact, U is a finite
collection of open subsets of S, and N (K, ) is the set of A € CL(S) such
that ANK =gand ANU # Jforevery U € U.

Theorem 9.3 (Fell [13]) For any topological space S, the hyperspace CL(S)
is compact. If S is locally compact, then CL(S) is Hausdorff.

If S is first-countable and Hausdorff, then a sequence {A,} C CL(S) con-
verges to A € CL(S) if and only if

— for every a € A, there exist a, € A, such thata, — a;
— for every sequence {a,} with a, € A,, if {a,} accumulates onto a € S,
thena € A.

We use the Fell topology on closed subsets of Y = D where Y is a finite
hyperbolic surface. To prove convergence, we mostly rely on Fell’s compact-
ness theorem and the above criterion for sequences.

It is fairly clear that the blob depends upper semi-continuously on para-
meters. The same holds for its boundary.

Lemma 9.4 Suppose that h : X — Y is a generic embedding between
finite Riemann surfaces. Then Blob(z, Z, Y, h) and d Blob(z, Z, Y, h) depend
upper semi-continuously on Z\{z} € T (X\{x}). More precisely, suppose
that Z,\{zn} — Z\{z} in T(X\{x}), that Blob(zy, Zy,Y,h) — A in
CL(Y), and that 0 Blob(z,,, Z,,Y,h) — B in CL(Y) as n — oo. Then
A C Blob(z, Z,Y,h) and B C dBlob(z, Z, Y, h).
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Proof Let ¢ € A. By hypothesis there exist ¢, € Blob(z,, Z,, Y, h) such that
cp — casn — oo. Let f,, € CEmb(Z,, Y, h) be such thatlift,, (f,) = c,.Let
oy 1 Z\{z} = Z,\{z,} be the quasiconformal homeomorphism homotopic to
the change of marking with minimal dilatation K, and let o, : Z — Z, be
its extension. By hypothesis, K, — 1 as n — co0. By Lemma 3.1, we may
pass to a subsequence such that f, o 0,, converges to a conformal embedding
f : Z — Y homotopic to i. Then

lift(f) = lim lift.(f, 0 0,) = lim lift;, (fu) = lim ¢, =,

so that ¢ € Blob(z, Z, Y, h).

Now let ¢ € B and let ¢;, € d Blob(z,, Z,, Y, h) be such that ¢, — c. By
Proposition 6.10, there exists a slit mapping f;, rel z,, from Z,, to Y homotopic to
h such that lift, (f,) = c¢,. By Lemma 8.9, we can pass to a subsequence such
that f, converges to some slit mapping f rel z from Z to Y. Then lift,(f) = ¢
so that ¢ € Blob(z, Z, Y, h). Moreover, y € dBlob(z, Z, Y, h) by Corol-
lary 8.6. O

We do not know if the blob moves continuously in general, but it does when
there are no slit mappings at the limiting parameters.

Lemma 9.5 Assume hypothesis (H') and let x € X. If X,\{x,} — X\{x}
in T(X\{x}) as n — oo, then Blob(x,, X,, Y, h) — Blob(x, X, Y, h) and
o0 Blob(x,, X,,, Y, h) — 0Blob(x, X, Y, h) in CL(Y) as n — o0.

Proof By compactness of CL(Y), it suffices to prove that if Blob(x,,, X,,, Y, h)
converges to some closed set A and o Blob(x,, X,, Y, h) converges to
some closed set B as n — oo, then A = Blob(x, X,Y,h) and B =
o Blob(x, X, Y, h).

We prove convergence of the blobs first. By Lemma 9.4, the inclusion
A C Blob(x, X, Y, h) holds. We claim that the interior of Blob(x, X, Y, h)
is contained in A. Let ¢ be in the interior of Blob(x, X, Y, h) and suppose that
there is an infinite set J C N such that ¢ is not contained in Blob(x,,, X,,, Y, h)
for every n € J. Then for every n € J, there exists a Teichmiiller embedding
fu rel x, with lift, (f,) = c. After passing to a subsequence in J, we get that
fn — f for some Teichmiiller embedding f rel x by Lemma 8.9. We have
lift, (f) = c by continuity of lift,. By Corollary 8.6, c is in the complement
of the interior of Blob(x, X, Y, /). This is a contradiction, which means that ¢
is contained in Blob(x,, X;,, Y, h) for all but finitely many indices, and hence
¢ € A. Since A is closed and Blob(x, X, Y, h) is the closure of its interior, we
have Blob(x, X, Y, h) C A and hence A = Blob(x, X, Y, h).
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ByLemma9.4,wehave B C d Blob(x, X, Y, Q).Letc € dBlob(x, X, Y, h).
Let U be any connected neighborhood of ¢ in Y. We claim that if » is large
enough, then U intersects both the complement of Blob(x,, X,, Y, h) and
the interior of Blob(x,, X, Y, h). Suppose on the contrary that U is con-
tained in Blob(x,, X,, Y, h) for every n in an infinite set J C N. Then
U C A = Blob(x, X, Y, h), which is nonsense since ¢ is on the boundary
of Blob(x, X, Y, h). Similarly, suppose that U is contained in the complement
of Blob(x,, X,, Y, h) for every n in an infinite set / C N. Then for every
z € U and every n € J there is a Teichmiiller embedding f,, : X, — Y
rel x,, homotopic to £ such that lift, (f) = z. By Lemma 5.4, f, converges
to a Teichmiiller embedding f rel x after passing to a subsequence. Then
lift, (f) = z so that z € d Blob(x, X, Y, h) by Corollary 8.6. This is a contra-
diction, which proves the claim. Let n be large enough so that U intersects both
the interior and the complement of Blob(x,, X, Y, h). Since U is connected,
it also intersects d Blob(x,, X,, Y, h). Since U can be chosen arbitrarily small,
this shows that ¢ € B. |

Similarly, nested families of blobs move continuously. In what follows,
{X;}rel0,00] 1S @ 1-parameter family of enlargements of X as in Sect. 5, and m
is the associated modulus of extension.

Lemma 9.6 Let h : X — Y be a generic embedding between finite Riemann
surfaces, let R be the maximum of m on CEmb(X, Y, h), and let x € X. Then
the mapsr — Blob(x, X, Y, h) andr — 9 Blob(x, X, Y, h) are continuous
on the interval [0, R].

Proof We may assume that R > 0 since otherwise there is nothing to show.
If r € [0,R) and p — r, then Blob(x, X,,Y,h) — Blob(x, X,, Y, h)
and 0 Blob(x, X,,Y,h) — dBlob(x, X,,Y,h) by Lemma 9.5, since
CEmb(X,, Y, h) does not contain any slit mapping. It remains to_prove
continuity at r = R. By compactness of the hyperspace CL(Y) and
Lemma 9.4, it suffices to show that if r, /R, if Blob(x, X, ,Y,h) — A,
and if 9 Blob(x, X,,,Y,h) — B asn — oo, then A D Blob(x, X¢, Y, h)
and B D 0Blob(x, Xg, Y, h). By Proposition 5.5, every element of
CEmb(Xg, Y, h) is a slit malpping10 so that Blob(x, X, Y, h) is homeomor-
phic to a point or an interval (Proposition 6.6). Let ¢ € Blob(x, Xg, Y, h) =
0 Blob(x, Xg, Y, h). Then ¢ € Blob(x, X, , Y, h) for every n. Indeed, since
rn < R there is a canonical inclusion X, C Xg which means that
CEmb(Xg, Y,h) C CEmb(X,, Y, h) and similarly for the blgbs. It fol-
lows that ¢ € A. Let U be a connected neighborhood of ¢ in Y. Then U
intersects Blob(x, X, , Y, h) since ¢ € Blob(x, X,,, Y, h). Thus U intersects

10 Thisis unless Y is the triply-punctured sphere, in which case R = oo so that CEmb(Xpg, Y, h)
contains only one element anyway by Lemma 2.2.
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the interior of Blob(x, X, , Y, h) because Blob(x, X, , Y, h) is the closure
of its interior. Suppose that U is contained in Blob(x, X, , Y, h) for every
n in an infinite set J C N. Then U is contained in A and hence in
Blob(x, Xg, Y, h). This is absurd since Blob(x, Xg, Y, #) has empty inte-
rior. Thus U intersects d Blob(x, X, , Y, h) for all large enough n and hence
c € B. O

We use continuity to show that the blob has no holes and is thus homeo-
morphic to a closed disk, under hypothesis (H').

Proof of Theorem 1.7 We will show that the complement of Blob(x, X, Y, h)
is connected, which is sufficient in view of Corollary 9.2. Let z; and z3 be any
two pointsin Y\ Blob(x, X, Y, ). Let R be the maxim~um value of the modulus
of extension m. Note that z; and z; are contained in Y\ Blob(x, X, Y, h) for
every p € [0, R] as the blobs are nested. Let r be the infimum of the set of p €
[0, R] such that zy and z; are in the same component of Y\ Blob(x, X, Y, h).
The set of such p is non-empty since Blob(x, Xg, Y, k) is a point or a compact
interval, and hence has connected complement. ~

Suppose that z; and z; are in different components of Y\ Blob(x, X, Y, h).
Then r < R. In particular, Blob(x, X, ¥, h) is a compact 2-manifold so that
each boundary component of Blob(x, X, Y, &) is a simple closed curve. Let
C1 be the component of d Blob(x, X, Y, h) surrounding z;, let C> be the
one surrounding z», and let y be a simple closed curve in the interior of
Blob(x, X, Y, h) separating C; from C,. For all p close enough to r we
have that d Blob(x, X, Y, h) is disjoint from y. On the other hand, there
is a sequence p, \ such that z; and z» belong to the same component of
Y\ Blob(x, X,,, Y, h). Let «, be a path in Y\ Blob(x, X,,, Y, h) connecting
z1 and z. For every n, o, intersects y, say at w,. Since y is compact, we may
pass so a subsequence so that w,, — w forsome w € y.Now w is in the interior
of Blob(x, X, Y, h). Let U be an open disk centered at w whose closure is
contained in the interior of Blob(x, X,, Y, h). Since Blob(x, X,,, Y, h) —
Blob(x, X, Y, h) asn — oo, the open set U must intersect Blob(x, X, , Y, h)
for all large enough n. Since w, € y\ Blob(x, X,,, Y, h) and since y U U is
connected, the intersection of y U U with d Blob(x, X, , Y, h) is non-empty.
Let ¢, be in the intersection. After passing to a subsequence, ¢, converges to
some point ¢ in y U U. This is a contradiction since d Blob(x, X ons Yo h) —
d Blob(x, X,, Y, h)asn — ocobuty uU is disjoint frog o0 Blob(x, X,, Y, h).
Therefore z; and z; belong to the same component of Y\ Blob(x, X, ¥, h).

Suppose that» > 0. Let y be a path joining z to z2 in Y\ Blob(x, X, Y, h).
Since y is compact and Blob(x, X, Y, h) depends continuously on p, the two
are disjoint for all p_sufficiently close to r. Then z; and z» belong to the
same component of Y\ Blob(x, X,, Y, h) for all p < r sufficiently close to
r, which contradicts the minimality of . We conclude that » = 0 and that z;
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and z» belong to the same component of 17\ Blob(x, Xo, Y, h). Since z; and
7o were arbitrary, the complement of Blob(x, X, Y, h) = Blob(x, Xo, Y, h) is
connected. Thus Blob(x, X, Y, h) is homeomorphic to a closed disk. O

10 The deformation retraction

The goal of this section is to prove that CEmb(X, Y, h) is contractible under
(H'), which is the main case of Theorem 1.2. Recall that (H') stands for the
hypothesis that 7 : X — Y is a generic embedding between finite Riemann
surfaces (hence X and Y are hyperbolic), X has non-empty ideal boundary,
and CEmb(X, Y, /) is non-empty and does not contain any slit mapping.

Fix once and for all a countable dense set {x1, x2, x3, ...} of distinct points
in X and a universal covering map 7y : D — Y.Foreachn € N, letb, € Dbe
such that y (b,) = h(x,) and define a lift L,, = lift, : Map(X,Y,h) — D
as in Sect. 6. For each f € Map(X, Y, h), L,(f) is the endpoint of the lift
of t — H(xy,t) based at b,, where H is any homotopy from 4 to f. Let
Blob(x;) = L;(CEmb(X, Y, h)).

Let us also fix some F' € CEmb(X, Y, h) which maximizes the modulus
of extension m from Sect. 5. Note that m(F) > 0 by the hypothesis that
CEmb(X, Y, h) does not contain any slit mapping. It follows that L (F) does
not lie on the boundary of Blob(x1) by Proposition 6.10. We will construct a
(strong) deformation retraction of CEmb(X, Y, k) into {F'}.

Givenany f € CEmb(X, Y, h), we define a sequence of paths y, : [0, 1] —
D inductively as follows. Let G[1] : D — Blob(x)) be the Riemann map with
G[1](0) = L{(F) and G[1](0) > 0, and let

) Li(f) if t €10,1/2)
yi() = _ .
G2 =20G[7 N (Li(f)) if e [1/2,1].
In words, y; stays at L{(f) for half the time and then moves at constant
speed along the conformal ray towards the “center” L;(F) of Blob(xy). In
particular, y1(¢) belongs to Blob(x;) for every ¢ € [0, 1] so that there exists
some g € CEmb(X, Y, 1) such that L{(g) = y1(?).

Let n > 2. Suppose that paths y1, ... y,—1 have been defined in such a way
that

— the points wy (y1(2)), ..., ny(yn,l(;)) are distinct for every ¢ € [0, 1];
— yj is constant on the interval [0, 27 /] for every j € {1,...,n — 1}
- yj(0)=L;(f)and y;(1) = L;(F) forevery j € {1,...,n —1}.

Then let

X[n] = X\{x1, ..., xp—1}, Y[n 1] =Y \{my(y1(0)), ..., 7y (Yu—1(0)},

@ Springer



394 M. E. Bourque

and let h[n, t] = Pln, t] o h where P[n, t] : Y — Y is a multi-point-pushing
diffeomorphism chosen so that L j(h[n, t]) = y;(t) forevery j € {1,...,n—
1} and every ¢ € [0, 1]. The embedding &[n, t] is generic for every ¢. Define

E[n,t] = CEmb(X[n], Y[n, t], hln,t]) and Blob[n,t] = L,(E[n,t]).

We assume that E[n, f]isnon-empty forevery ¢ € [0, 1] as part of the induction
hypothesis. Note that Blob[n, ¢] is either a closed disk or a point. Indeed, if
E[n, t] contains a slit mapping then it is homeomorphic to a point or an interval
by Theorem 1.4. But since k[n, t] has an essential puncture, there is at most
one slit mapping in E[n, t] by Remark 4.3. If E[n, t] does not contain any
slit mapping, then Blob|[n, ¢] is a closed disk by Theorem 1.7. Also, since we
chose the paths y1, ..., y,—1 to be constant on [0, 21=77  the set Blob[n, t]
does not change for ¢ in that interval. The next step is to choose a conformal
center for Blob|[n, ¢].

Lemma 10.1 Foreveryt € [0, 1] there is is a unique map gln, t] maximizing
m within E[n, t]. The map t — g[n, t] is continuous, constant on [0, 21=n1,
and satisfies g[n, 1] = F.

Proof The map m is upper semi-continuous on the compact space E[n, t]. It
thus attains its maximum at some g[n, t] say with value R. By Proposition 5.5,
the maximal extension of g[n, ¢] is a slit mapping from Xg\{x1, ..., x,—1}
to Y[n, t]. By Remark 4.3, the map g[n, t] is unique since it sends a puncture
to a puncture. Any limit of the maximal extension of g[n,t] ast — s is a
slit mapping from Xg\{x1,...,x,—1} to Y[n, s] by Lemma 5.4 and thus its
restriction to X [n] maximizes m in E[n, s] by Lemma 5.10. Thus g[n, t] —
gln,sl ast — s. The paths y; for j € {I,...,n — 1} are all constant on
[0, 21""]s0 gl[n, t]does not change on that interval. Finally, since F maximizes
m on CEmb(X, Y, &), it maximizes m on the subset E[n, 1] as well, and we
have g[n, 1] = F. O

Let G[n] : D — Blob[n, 0] be the Riemann map normalized in such a way
that G[n](0) = L, (g[n, 0]) and G[n]'(0) > 0. Then let

L,(f) if + €[0,27")
Ya() = { GInl(2 = 2"0)GIn]~ N (L, (f))) if t e [277,217m)
L,(gln,t]) ifr e, 1].

This means that y, stays put at L, (f) for some time, then travels along the
conformal ray towards the center of Blob[n, 0] = Blob[n, 21=7], and then
follows the center for the rest of the time. It is possible that Blob[#n, 0] is a
point if L,_1(f) is in the boundary of Blob[n — 1, 0]. In that case we let
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Gln] : D — Blob[#n, 0] be the constant map, i.e., we keep ¥, constant on
[0, 21", By construction we have my (y,,(¢)) € Y[n, t] which means that the
points Ty (y1(2)), - . ., wy (n—1(t)), wy (¥, (¢)) are distinct for every ¢ € [0, 1].
Moreover the path y;, is constant on the interval [0, 27"]. Finally, E[n + 1, ¢]
is non-empty since y,(t) € Blob[n, ] for every ¢ € [0, 1]. This finishes the
induction scheme.

We now show that the paths {y,,} automatically define a path from f to F
inside the space CEmb(X, Y, h).

Lemma 10.2 For every t € [0, 1], there exists a unique f; € CEmb(X, Y, h)
such that L, (f;) = yu(t) for everyn € N. The map t — f; is continuous and
satisfies fo = f and f1 = F.

Proof Observe that E[n, t] is a non-empty closed subset of CEmb(X, Y, h)
and is thus compact. Therefore, for each ¢t € [0, 1], the nested intersection
o= Eln, ] is non-empty. Any two functions in the intersection agree on
the dense set {x1, x2, ...} and hence on all of X. Therefore, there is a unique
function f; in the intersection. Moreover, f; varies continuously with 7. Indeed,
if g is any limit of any subsequence of f; ast — s, then for every n € N we
have

gxn) = im f,(en) = lim 7y (1, (1) = 7y (ya () = f3.0x)

so that g = f§. It follows that f; — f; ast — s. By construction we have
L,(f) = y4(0) and L,(F) = y,(1) for every n € N so that fo = f and
fi=F. O

We thushaveamap H : CEmb(X, Y, h) x[0, 1] — CEmb(X, Y, h) defined
by H(f,t) = f;. This map is such that

— t — H(f, 1) is continuous for every f € CEmb(X, Y, h);
— H(f,0) = fand H(f, 1) = F forevery f € CEmb(X, Y, h);
— H(F,t) = F forevery t € [0, 1].

The last point holds because if f = F, then every path y, is constant and
hence f; = F for every ¢. It remains to prove that H is continuous in both
variables.

Lemma 10.3 Suppose that for every n € N, the path y, € Map([0, 1], D)
depends continuously on f € CEmb(X, Y, h), where each space is equipped
with the compact-open topology. Then the map H defined above is continuous.

Proof If for every n € Nthe map (f, t) — H(f, t)(x,) is continuous, then H
is continuous. This is because of the compactness of CEmb(X, Y, /) and the
fact that {x1, x2, ...} is dense in X (the proof is the same as in Lemma 10.2).
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cr(yr)
Gk o () cr(2r) e (wi)
’ ¢ T Yy

Fig. 12 A piece of a curve with a finger about to collapse

Since H(f, t)(x,) = fi(xp) = my (yu(2)), it thus suffices that (f, 1) — y,(¢)
be continuous. This condition is equivalent to the requirement that f +— y;, is
continuous since [0, 1] is locally compact Hausdorff (see [31, p.287]). |

Since the map f + Lj(f) is continuous and the Riemann map G[1]
is continuous, it is easy to see that f +> y; is continuous. We proceed by
induction for the rest. Let n > 2 and suppose that the maps f +> y; are all
continuous for j = 1,...,n — 1. We will prove that the map f — G[n] is
continuous, which obviously implies that f — 3, is continuous. We use the
following theorem of Radé, a proof of which is given in [32, p.26].

Theorem 10.4 (Radd) Let (Dg, wy) and (D, w) be topological closed disks
in C, each with a marked point in the interior. Suppose that w, — w and that
Dk — D in the Fell topology. Suppose also that there are parametrizations

:S'' > 9Dy and ¢ © S' — 3D such that ¢y — ¢ uniformly. Then the
normalzzed Riemann map (D, 0) — (Dk, wy) converges uniformly on D ro
the normalized Riemann map (D, 0) - (D, w).

By a slight generalization'! of Lemma 9.4, the maps (f, ) — Blob[n, t]
and (f, t) — 0 Blobl[n, t] are upper semi-continuous in t. Moreover, they are
continuous at every (f, t) for which E[n, t] does not contain any slit mapping
by Lemma 9.5. But if E[n, t] contains a slit mapping, then Blob[n, ] =
d Blob[n, ¢] is a single point and thus upper semi-continuity at (f, ) implies
continuity. By Lemma 10.1, the conformal center L, (g[n, ¢]) of Blob[n, ¢] also
depends continuously on ( f, #). The only thing that remains to be checked is
that the boundary d Blob([n, ¢] can be parametrized as to converge uniformly.

Definition 10.5 Let {c;};2 | be a sequence of simple closed curves in C. We
say that {cx}72 | has a collapsing finger if after passmg to a subsequence, there
exist xx, yk, zk, wx € S!in cyclic order and x, y € C with x # y such that
ck(xk) = x, ek (V) = ¥, ck(z) — x, and ¢ (wi) — y.

The definition is illustrated in Fig. 12. We now show that collapsing fingers
are the only obstructions to uniform convergence of simple closed curves.

I The codomain Y[n, 7] is not fixed but depends continuously on (f, ¢). The results of Sect. 9
generalize easily to this situation.
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Lemma 10.6 Let c; and c be simple closed curves in C such that ck(SH
converges to c(S') in the Fell topology. If {ck}R2| does not have any collapsing
finger, then we can reparametrize cy such that c; — c uniformly.

Proof By the Jordan—Schoenflies Theorem, ¢ can be extended to a homeo-
morphism ¢ : C — C. Then ¢! o ¢ (§') — S! in the Fell topology and
the sequence {¢~! o Ck}pe.; does not have any collapsing finger. Moreover, if
oy : S — S!is ahomeomorphism such that ¢! o c; 0oy converges uniformly
to the inclusion map S' < C, then ¢ o oy converges uniformly to ¢. We may
thus assume that c is the inclusion map S! < C.

If k is large enough, then ¢ (S') is disjoint from 0 and co. We claim that
if k is large enough, then the winding number of ¢, around the origin is £1.
Since ¢ is simple, its winding number is either —1, 0, or 1. Suppose the
claim is false. Then after passing to a subsequence, the winding number of
ci is O for every k. Let arg(ck) = ci/|ck| and let Arg(cg) : S - R be
a lift of arg(cy) under the universal covering map R — S!. This lift exists
because the winding number is zero. Let [ag, bx] be the image of Arg(cy).
Since ¢ (S1) converges to S I it follows that the image arg(cx) (S D) converges
to S! as well, and hence lim inf,,_, oo by — ax > 2. Thus if k is large enough,
then by — ar > m. Let x; and zx in S! be such that Arg(cr)(xx) = ay and
Arg(ck)(zk) = min(bg, ar + 2m). Also let yr € Xxzx and wi € Zxxk be such
that

Arg(ck) (yk) = Arg(er)(wi) = ax + .

Since cx(S') — S!, we may pass to a subsequence so that ci(xx), cx(zx),
¢k (Yk), and ci (wg) converge to some x, y, z, and w in S!. Thenx = z, y=w,
and x # y,i.e. {c};2; has a collapsing finger. This is a contradiction, which
proves the claim.

If the winding number of ¢ around the origin is —1, then we reverse the
parametrization so that it becomes +1. Let ;‘lk < gf < o< ;‘,f be a partition
of S! into k congruent arcs. Since c¢; has winding number 1, we can find

g{‘ < g§ << élf inS! suchthatarg(ck)(&‘;‘) = §]’.‘ forevery j € {1, ..., k}.
Letog : S! — S! be any homeomorphism such that ak(g“j’.‘) = 5}‘ for every
j € {l,...,k}. We claim that c; o o} converges uniformly to the inclusion

map ¢ : S! — C.

To simplify notation, we assume that c; was parametrized correctly from the
start, i.e. we assume that for every k > 0 and every j € {1, ..., k}, we have
arg(ck)(g“]’.‘) = {}‘ . If ¢; does not converge uniformly to c, then there exists
an ¢ > 0 and an infinite set / C N such that for every k € J, there exists a
Vi € S! such that |ck (yk) — yi| = €. Since Slis compact and ck(Sl) — S we
can pass to a subsequence such that yy — x and c;(yx) — y for some x and
y in S'. Note that |y — x| > ¢ and in particular y # x. Let j € {1, ..., k} be
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such that g“j’? <y < g“J’.‘H, where we define §l§+1 = g{‘. Then let x; = ;j’.‘ and

k = {Jl.‘_H. Also let wy € {g“lk, e g“,f} be the closest point to y which comes
after z; but before xj in the cyclic order on S!. We have ci(x;) = x;p — x,
cr(r) = v, cx(zx) = zk — x, and ¢cx(wr) = wg — y. In other words, the
sequence {c}72 | has a collapsing finger, which is a contradiction. Therefore,
cx converges uniformly to c. O

To conclude the proof that H is continuous, we show that d Blob[n, ¢] does
not have any collapsing fingers. The reason for this is that the blobs Blob|[n, 7]
are uniformly semi-smooth, meaning that any non-zero limit of a sequence of
vectors normal to some blob is normal to the limiting blob!?. Now if there was a
collapsing finger somewhere, then we would see two normal vectors pointing
opposite to each other in the limit, which is forbidden by the definition of
semi-smoothness.

Lemma 10.7 Suppose that (fi, ty) — (f,t) in CEmb(X, Y, h) x [0, 1]. Then
d Blob[n, t;] converges to d Blob[n, t] without collapsing fingers.

Proof Let B, = Blobln, t;], B = Blob|n, t], cx = d Bk, and ¢ = d B. Suppose
that after passing to a subsequence we can find xg, yx, 2k, W € ck in cyclic
order and x, y € ¢ with x # y such that x, zx — x and yx, wy — y. Rotate
and translate the picture in such a way that x = 0 and that the upward direction
i bisects the cone Ny of vectors normal to B at 0.

By the proof of Theorem 9.1, there exists a rectangle Q centered at O with
sides parallel to the coordinate axes such that O Nc is the graph of a continuous
function. Since y # 0, we can shrink Q so that it does not contain y. Let§ > 0
be such that the vertical § neighborhood Us of Q N ¢ is contained in Q. Then
Q\Us is compact and disjoint from c. Let k be large enough so that x; and
Zi are in Q, yx and wy are not in Q, and ci is disjoint from Q\Us. Then of
the three subarcs xi yx, Yk 2k, and Zxwy of ¢k, at least two must cross the same
vertical side S of Q. This implies that S\ By is disconnected. Hence there is
an open subinterval I of S\ By whose highest point is contained in By. Let D
be a closed round disk centered on I and contained in C\ Bx. Move the center
of D upwards until the boundary of the translated disk D* first hits By. Any
intersection point py of D* with By is on the top half of d D*. Moreover, the
unit vector v based at py and pointing in the direction of the center of D* is
normal to By (Fig. 13).

Since we can choose Q to be arbitrarily small, we can arrange so that
pr — 0. Then the normal vectors v; accumulate onto vectors pointing towards
the lower half-plane at 0. This is a contradiction since the cone of normal
vectors Ny is contained in the upper half-plane. O

12 The proof of this is a straightforward generalization of Theorem 8.13
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Fig. 13 If the sequence of
blobs has a collapsing finger,
then we can find a sequence
of normal vectors which
accumulate to a vector which
is not normal to the limiting
blob

Thus by Lemma 10.6, the boundary of Blob[#, t] can be parametrized in
a way that depends uniformly continuously on (f, ). By Theorem 10.4, this
implies that the Riemann map G[n] : D — Blob[n, ¢] depends uniformly con-
tinuously on (f, ¢). Therefore the path y,, depends uniformly continuously on
f,and hence H is continuous by Lemma 10.3. This shows that CEmb(X, Y, /)
is contractible under hypothesis (H').

More generally, CEmb(X, Y, h) is contractible whenever /4 is generic and
CEmb(X, Y, h) is non-empty. The proof for X = & is in Sect. 2.2 and if
CEmb(X, Y, h) contains a slit mapping then this follows from Theorem 1.4.

11 The remaining cases

In this section, we complete the proof of Theorem 1.2, that is, we describe the
homotopy type of CEmb(X, Y, #) when / is not generic, always assuming that
CEmb(X, Y, h) is non-empty. As before, we let {x1, x2, x3, ...} be a dense set
of distinct points in X.

11.1 4 is cyclic but not parabolic

Suppose that 2 : X — Y is cyclic but not parabolic and that Y is hyperbolic.
This case is analogous to the case where & is generic. We only provide an
outline of the proof.

If CEmb(X, Y, h) contains a slit mapping, then it is homeomorphic to a cir-
cle by Theorem 1.4. So we may assume that CEmb(X, Y, &) does not contain
any slit mapping. Form the annulus cover m4 : A — Y corresponding to the
image of w1 (h). We can define a continuous map lift,, :Map(X,Y,h) — A
in a similar fashion as in Sect. 6. Let Blob(xy, X, Y, &) be the image of
CEmb(X, Y, h) by lifty,. This Blob(x;, X, Y, h) is compact and connected
since CEmb(X, Y, h) is, according to Lemma 3.1 and Theorem 1.6. All
of the results from Sects. 6, 8 and 9 pertaining to the local geometry
of Blob(x, X, Y, h) extend to the current setting. The conclusion is that
Blob(xy, X, Y, h) is a 2-dimensional manifold with boundary.
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Let {X,}re[0,00] be a 1-parameter family of enlargements of X as in
Sect. 5, let m be the associated modulus of extension, and let R be the ma-
ximum value of m. By Proposition 5.5 and Theorem 1.4, CEmb(Xg, Y, h)
is homeomorphic to a circle via the evaluation map. It follows that
Blob(xy, Xg, Y, h) is homeomorphic to a circle so that its complement in
A has two connected components. By a similar argument as in the proof of
Theorem 1.7, the complement of Blob(xy, X, ¥, k) has two connected com-
ponents as well. Since Blob(x, X, Y, &) is a planar 2-dimensional manifold
with two boundary components, it is homeomorphic to a closed annu-
lus.

Let D be any deformation retraction of Blob(x1, X, Y, &) into the circle
Blob(x1, Xg, Y, k). The strategy after this step is the same as in Sect. 10.
Given f € CEmb(X,Y, h), we let y;(t) = lifty, (f) for ¢t € [0,1/2) and
y1(t) = D(lifty, (f),2t — 1) for ¢t € [1/2, 1]. The map A[1,t] : X\{x1} —
Y\ma(y1(¢)) obtained by composing /& with point-pushing along 74 o yj is
now generic so that we can construct the next paths y», 3, ... in the same
way as in the previous section. The end result is a deformation retraction of
CEmb(X, Y, h) into the circle CEmb(Xg, Y, h).

11.2 Y is the punctured disk

Let h : X — D\{0} be a non-trivial (hence parabolic) embedding. By
Montel’s theorem, any sequence in CEmb(X, D\{0}, #) has a subsequence
converging locally uniformly to either an element in CEmb(X, D\{0}, /)
or to a constant map into I. As & is non-trivial, the only possible con-
stant limit is 0. Thus the set of f € CEmb(X, D\{0}, #) which map x|
outside of a fixed open neighborhood of 0 is compact. Since D\{0} acts
by multiplication on CEmb(X, D\{0}, /), the image V (x{) of the evalua-
tion map at x; is equal to a punctured disk rD\{0} for some r € (0, ).
By a slight modification of Proposition 6.10, for every y; € 9V (x)
there is a unique f € CEmb(X,D\{0}, #) such that f(x;) = y;. We
do not need to lift here: if two maps f, g € Map(X, D\{0}, h) agree at
x1 they are homotopic rel x; because the pure mapping class group of
the twice-punctured disk is trivial. Thus the inverse image of dV (x;) =
{z € D : |z = r} in CEmb(X,D\{0}, #) is homeomorphic to a
circle.

Given any f € CEmb(X, D\{0}, h), let y1 : [0,1] — D\{O} be cons-
tant equal to f(x;) on [0, 1/2) followed by the radial ray from f(x;)
to rf(x1)/|f(x1)| on [1/2,1]. Note that the map A[l,¢] : X\{x1} —
D\{O, y1(¢)} (notation as in Sect. 10) is generic for every ¢t € [0, 1],
so we can construct the next paths y», y3,... as before. This gives a
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deformation retraction of CEmb(X, D\{0}, &) into the circle of slit mappings
rel xj.

11.3 Y is the disk

Suppose that Y is the unit disk D. Consider the map D — Auty (D) which sends

a € D to the automorphism M, (z) = f_}fz. We have a homeomorphism

CEmb(X, D, h) — I x CEmb(X\{x;}, D\{0}, Mj(x,) o 1*)

given by f — (f(x1), Mg,y o f), where h* : X\{x1} — D\{h(x1)} is
the restriction of 4. Since D is contractible, CEmb(X, D, &) is homotopy
equivalent to the second factor. Note that & is trivial and My, o h* is
parabolic, with codomain the once-punctured disk. By the previous case,
CEmb(X\{x1}, D\{0}, Mj,(x,) o h*) is homotopy equivalent to S'. Thus
CEmb(X, D, h) is homotopy equivalent to a circle, which in turn is homo-
topy equivalent to the unit tangent bundle of .

11.4 X is the disk

Suppose that X = D and that ¥ # D is hyperbolic. Here 4 is trivial so we may
drop it from the notation. We first define a map from the unit tangent bundle
T'Y to CEmb(D, Y) as follows. Given v € Ty1 Y, let Dy C Y be the largest
embedded ball centered at y in the hyperbolic metric, and let Fy : D — Dy
be the Riemann map with Fy(0) = y and F,(0) = Av for some A > 0. The
map v — Fy is an embedding from 'Y to CEmb(ID, Y). We will construct a
deformation retraction of CEmb(DD, Y) into the image of that map.

Given f € CEmb(D,Y), let v € T'Y be the unique vector such that
f'(0) = v for some A > 0. Then let r € (0, 1] be the largest number such
that f(rD) C Dy and let f7(z) = f(rz). Then Fy ' o fT : D — Disa
conformal embedding which fixes the origin and has positive derivative there.

Letg : D — Dbe aconformal embedding with g(0) = O and g’(0) > 0. For
every t € (0, 1], define p; = inf{p > 0: g(tD) C pD} and g,(z) = g(t2)/p:.
By Koebe’s distortion theorem [5, p.33] we have

t Pt t
A+02 g = a1

and it follows that g; — id ast — 0.
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We define a deformation retraction of CEmb(ID, Y) into {Fy : v € Tly } by
the formula

H(f, 1) = 2= f(1—=(1—=r)20z) if t€[0,1/2)
" | Fyoga-a if 1 e[1/2,1]

where r, fT and v are defined in terms of f as above and g = F; Lo f7,

11.5 h is trivial

Suppose that X # D, that Y # D is hyperbolic, and that % is trivial. Given
f € CEmb(X, Y, h),let Dy C Y be the smallest topological disk containing
the image of f. We can define Dy by filling the holes of f(X). Then let
F : D — Dy be the Riemann map with F(0) = f(x;) and F*I(f(xz)) > 0.
We thus obtain an embedding

CEmb(X, Y, h) - CEmb(D, Y) x W

definedby f + (F, F~'o f), where W is the set of all conformal embeddings
from X to D sending x1 to 0 and x; to a positive real number. There is an obvious
left inverse

CEmb(D, Y) x W — CEmb(X, Y, h)

given by (G, g) — Gog.

By the previous subsection, there is a deformation retraction H; from
CEmb(D, Y) into a subset homeomorphic to 77Y. As for W, it is homeo-
morphic to the quotient CEmb(X\{x;}, D\{0}, g*)/S! where g : X — D
is any embedding with g(x;) = 0, g* is the restriction of g, and S' acts
by multiplication. Section 11.2 provides a deformation retraction H, of W
into a singleton. Therefore CEmb(X, Y, 4) deformation retracts into a subset
homeomorphic to 7'Y via the formula (£, 1) +— H{(F,t) o Hy(F~' o f,1).

11.6 h is parabolic

Suppose that 4 : X — Y is parabolic, where Y is hyperbolic and not the once-
punctured disk. Let p be the puncture around which & wraps non-trivially.
Given f € CEmb(X, Y, h), we define a disk Dy C Y U {p} by filling the
holes of f(X) in Y U {p}. Then we define F : D — Dy to be the Riemann
map with F(0) = p and F —I( f(x1)) > 0. This yields an embedding

CEmb(X, Y, h) - CEmb(D\{0}, Y, G*) x W
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defined by f +— (F, F~'o f), where G* is the restriction of some embedding
G : D - Y U {p} satisfying G(0) = p and W is the set of all conformal
embeddings g : X — D\{0} such that g(x;) > 0 which are homotopic to
FO_1 o fo for any fo € CEmb(X, Y, h). The first factor deformation retracts
into a circle by Sect. 11.4 whereas the second factor deformation retracts into
apoint by Sect. 11.2. By applying the left inverse of the above embedding (the
composition map), we get a deformation retraction of CEmb(X, Y, &) into a
circle.

It remains to treat the cases where Y is not hyperbolic. In those cases, we can
quotient CEmb(X, Y, ) by the action of Auty(Y) to reduce to the hyperbolic
case.

11.7 Y is a torus

Suppose that Y is a torus. Then CEmb(X, Y, /) is homeomorphic to
Auto(Y) x CEmb(X\{x1}, Y\{h(x)}, h™)

where h* : X\{x1} — Y\{h(x1)} is the restriction of /. Recall that Auty(Y)
is homeomorphic to Y itself.

If h is trivial, then A* is parabolic and its codomain is a hyperbolic sur-
face. Section 11.6 shows that CEmb(X\{x1}, Y\{h(x1)}, £*) is then homotopy
equivalent to S'. This means that CEmb(X, Y, &) is homotopy equivalent to a
3-dimensional torus, or the unit tangent bundle of Y.

If & is non-trivial, then ~* is generic so that CEmb(X\{x}, Y\{h(x1)}, h*)
is contractible. Thus CEmb(X, Y, &) is homotopy equivalent to Autg(Y) ~ Y

11.8 Y is the sphere with at most 2 punctures

Suppose that Y is the Riemann sphere C.Let P = {x1, x2, x3}. Then
CEmb(X, Y, h) ~ Autg(Y) x CEmb(X\P, Y\h(P), h*)

where h* : X\P — Y\h(P) is the restriction of h. Observe that & is
automatically trivial and that h* is generic. Thus CEmb(X, Y, &) is homo-
topy equivalent to Autg(Y). We stated in Sect 2.2 that Autg ((C) is homotopy
equivalent to the unit tangent bundle of C. Here is a proof. First, Autg (C) is
homeomorphlc to the set of triples (a, v, b) wherea, b € C are distinctand v €
T, Cis non-zero. The homeomorphismis givenby f — (f(0), £(0), f(00)).
This set of triples deformation retracts into T(C\O (the complement of the zero
section in the tangent bundle of (C) by moving the point b along the spherical
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geodesic to the antipode of a. Now T@\O clearly deformation retracts into the
unit tangent bundle 7' C.

Suppose that Y is the Riemann sphere minus a point. Then we can repeat
the same trick with P = {x1, x»} instead. Again, % is trivial and its restriction
h* : X\P — Y\h(P)is generic. Thus CEmb(X, Y, &) is homotopy equivalent
to Autg(C). The latter is homeomorphic to the complement of the zero section
in TC. This deformation retracts onto the unit tangent bundle of C (which
deformation retracts further into a circle).

Suppose that Y is the Riemann sphere minus two points. Then we can
puncture at one point to factor out the action of Autg(Y). That group is
homeomorphic to §' x R, hence homotopy equivalent to S'. If & is trivial,
then its restriction 2* : X\{x1} — Y\{h(x1)} is a parabolic embedding into
a hyperbolic surface and CEmb(X\{x1}, Y\{Ah(x1)}, h*) is homotopy equiv-
alent to S! by Sect. 11.6. Thus CEmb(X, Y, k) is homotopy equivalent to
S' x S!, which is in turn homotopy equivalent to the unit tangent bundle
of Y. If h is non-trivial, then it is cyclic. In this case, h* is generic so that
CEmb(X\{x1}, Y\{h(x1)}, h*) is contractible and CEmb(X, Y, /) is homo-
topy equivalent to S'.

The reader can check that we have exhausted all possibilities for the embed-
ding » : X — Y, which concludes the proof of Theorem 1.2. The latter
obviously implies Theorem 1.1.
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