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Preface

These are the lecture notes for a course called Introduction to Teichmiiller theory, taught in
January and February 2024 in the master’s program M2 de Mathématiques fondamentales
at Sorbonne University.

There are many references on various aspects of Teichmiiller theory, like [ , ,

, , , , . All of these treat a lot more material than
what we will have time for in the course, whence the present notes. Most of the material
presented here is adapted from these references.






LECTURE 1

Reminder on surfaces

The Teichmiiller space of a surface S is the deformation space of complex structures on S
and can also be seen as a space of hyperbolic metrics on S. The aim of this course will
be to study the geometry and topology of this space and its quotient: the moduli space of
Riemann surfaces.

Before we get to any of this, we need to talk about surfaces themselves. So, today we will
recall some of the basics on surfaces.

1.1. Preliminaries on surface topology

1.1.1. Examples and classification. A surface is a smooth two-dimensional manifold.
We call a surface closed if it is compact and has no boundary. A surface is said to be of
finite type if it can be obtained from a closed surface by removing a finite number of points
and (smooth) open disks with disjoint closures. In what follows, we will always assume
our surfaces to be orientable.

ExaMPLE 1.1.1. To properly define a manifold, one needs to not only describe the set but
also give smooth charts. In what follows we will content ourselves with the sets.

(a) The 2-sphere is the surface
S?={(z,y,2) ER’ : 2? +y° + 22 =1}.

(b) Let S! denote the circle. The 2-torus is the surface
T? =S' x S
(c) Given two (oriented) surfaces Sy, Ss, their connected sum S1#Ss is defined as

follows. Take two closed sets D; C S; and Dy C Sy that are both diffeomorphic
to closed disks, via diffeomorphisms

gpi:{(x,y) eR?: 22+ 9% < 1} —D;, 1=1,2,
so that ¢; is orientation preserving and s is orientation reversing.

Then
Sy 48, — <51 Dy LS, ~ DQ) / ~

where Dz denotes the interior of D; for i = 1,2 and the equivalence relation ~ is
defined by
o1(7,y) ~ oo(x,y) for all (z,y) € R? with 2° +¢* = 1.

The figure below gives an example.
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FIGURE 1. A connected sum of two tori.

Like our notation suggests, the manifold S;#55 is independent (up to diffeomor-
phism) of the choices we make (the disks and diffecomorphisms ;). This is a
non-trivial statement, the proof of which we will skip. Likewise, we will also not
prove that the connected sum of surfaces is an associative operation and that
S?#S is diffeomorphic to S for all surfaces S.

A classical result from the 19" century tells us that the three simple examples above are
enough to understand all finite type surfaces up to diffeomorphism.

THEOREM 1.1.2 (Classification of closed surfaces). Every closed orientable surface is dif-
feomorphic to the connected sum of a 2-sphere with a finite number of tori.

Indeed, because the diffeormorphism type of a finite type surface does not depend on where
we remove the points and open disks (another claim we will not prove), the theorem above
tells us that an orientable finite type surface is (up to diffeomorphism) determined by a
triple of positive integers (g, b, n), where

- ¢ is the number of tori in the connected sum and is called the genus of the surface.

- b is the number of disks removed and is called the number of boundary components
of the surface.

- n is the number of points removed and is called the number of punctures of the
surface.

DEFINITION 1.1.3. The triple (g,b,n) defined above will be called the signature of the
surface. We will denote the corresponding surface by X, , and will write ¥y = ¥, .

1.1.2. Euler characteristic. The Euler characteristic is a useful topological invariant
of a surface. There are multiple ways to define it. We will use triangulations. A tri-
angulation T = (V, E, F) of a closed surface S will be the data of a finite set of points
V ={vy,....vx} € S (called vertices), a finite set of arcs E = {ey,..., e} with endpoints
in the vertices (called edges) so that the complement S ~\ (Uv; Ue;) consists of a collection
of disks F' = {f1,..., fm} (called faces) that all connect to exactly 3 edges.

Note that a triangulation T here is a slightly more general notion than that of a simplicial
complex (it’s an example of what Hatcher calls a A-complex | , Page 102]). Figure 2
below gives an example of a triangulation of a torus that is not a simplicial complex.
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FIGURE 2. A torus with a triangulation

DEFINITION 1.1.4. S be a closed surface with a triangulation 7 = (V, E, F'). The Euler
characteristic of S is given by

X(S) = VI = |E[ + [F].

Because x(S) can be defined entirely in terms of singular homology (see | , Theorem
2.4] for details), it is a homotopy invariant. In particular this implies it should only depend
on the genus of our surface S. Indeed, we have

LEMMA 1.1.5. Let S be a closed connected and oriented surface of genus g. We have
X(8)=2-2g.

PROOF. Exercise: prove this using your favorite triangulation. U

For surfaces that are not closed, we can define
XXgpn) =2—-29g—b—n.

This can be computed with a triangulation as well. For surfaces with only boundary
components, the usual definition still works. For surfaces with punctures there no longer
is a finite triangulation, so the definition above no longer makes sense. There are multiple
ways out. The most natural is to use the homological definition, which gives the formula
above. Another option is to allow some vertices to be missing, that is, to allow edges to
run between vertices and punctures. Both give the formula above.

1.2. Riemann surfaces

For the basics on Riemann surfaces, we refer to the lecture notes from the course by Elisha
Falbel | | or any of the many books on them, like | , |. For a text on
complex functions of a single variable, we refer to | |.

1.2.1. Definition and first examples. A Riemann surface is a one-dimensional complex
manifold. That is,

DEFINITION 1.2.1. A Riemann surface X is a connected Hausdorff topological space X,
equipped with an open cover {U,}qca of open sets and maps ¢, : U, — C so that

(1) ¢a(U,) is open and ¢, is a homeomorphism onto its image.
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For all a, 8 € A so that U, N Uz # () the map
a0 (98) ™" 9p(Ua NUs) = ¢a(Ua N Up)

is holomorphic.

The pairs (U, ¢o) are usually called charts and the collection ((Uy, @a))aca is usually
called an atlas.

Note that we do not a priori assume a Riemann surface X to be a second countable space. It
is however a theorem by Radé that every Riemann surface is second countable (for a proof,

see [ , Section 1.3]). Moreover every Riemann surface is automatically orientable
(see for instance | , Page 18]).
EXAMPLE 1.2.2. (a) The simplest example is of course X = C equipped with one

(b)

chart: the identity map.

We set X = CU{o0} = C and give it the topology of the one point compactification
of C, which is homeomorphic to the sphere S?. The charts are

Up=C, ¢o(z)==2
and
Usw = X\ {0}, p(z)=1/z
So UyN Uy, = C\ {0} and
000 (¢oo) *(2) =1/z forall z€ C\ {0}
which is indeed holomorphic on C\ {0}. C is usually called the Riemann sphere.

C can also be identified with the projective line
P(C) = (C*\ {(0,0}) /T,
where C* ~ C*\{(0,0)} by X\-(z,w) = (A-z, \-w), for A € C*, (2,w) € C*\{(0,0)}.
Indeed, we may equip P'(C) with two charts
U={lz:w] : w#0}, ¢ollz:w])=z/w
and
Uy={[z:w]: 2z#0}, ¢i([z:w]) =w/z.

The map
[z:w]»—){ z/w ifw#0

oo fw=0
then defines a biholomorphism P*(C) — C.

Recall that a domain D C C is any connected and open set in C. Any such
domain inherits the structure of a Riemann surface from C.
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1.2.2. Automorphisms. To get a larger set of examples, we will consider quotients.
First of all, we need the notion of a holomorphic map:

DEFINITION 1.2.3. Let X and Y be Riemann surfaces, equipped with atlasses {(Uy, ¢a) }aca
and {(Vjs,¢p)}sep respectively. A function f: X — Y is called holomorphic if

vpo fowy': walUaN f7H(Va)) = bp(f(Ua) N V)
is holomorphic for all @ € A, 5 € B so that f(U,) NV # (). A bijective holomorphism is

called a biholomorphism or conformal. Aut(X) will denote the automorphism group of X,
the set of biholomorphisms X — X.

The automorphism group of the Riemann sphere is
Aut(P(C)) = PGL(2,C) — GL(2,C)/{ ( o ) . o}.

It acts on P'(C) through the projectivization of the linear action of GL(2,C) on C2\{(0,0)}.
We can also descibe the action on C. We have:

a b wth if 2 £ —d/c
T cz+d
(1.2.1) { c d ] : { oo if z=—d/e

[a b}'oo:{ ¢ ifc#0

c d oo ife=0.

These maps are called Mobius transformations.

and

Finally, we observe that

PGL(Q,(C):PSL(Q,(C):{(CCL 2) . a,b,e,d €C, ad—bc:l}/{:lz((l) (1))}

1.2.3. Quotients. Many subgroups of Aut(P'(C)) give rise to Riemann surfaces:

THEOREM 1.2.4. Let D C C be a domain and let G < PSL(2,C) such that
(1) (D) =D forallge G
(2) If g € G\ {e} then the fized points of g lie ourside of D.
(8) For each compact subset K C D, the set
{9€G: g(K)NK £0)
18 finite.

Then the quotient space
D/G

has the structure of a Riemann surface.

A group that satisfies the second condition is said to act freely on D and a group that
satisfies the thirs condition is said to act properly discontinuously on D. The proof of this
theorem will be part of the exercises.
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1.2.4. Tori. The theorem from the previous section gives us a lot of new examples. The
first is that of tori. Consider the elements

11 1 7
gl::[o 11,97::{0 11€PSL(2,C),

for some 7 € C with Im(7) > 0, acting on the domain C C C by
g1(z)=z+1 and g, (2)=z+T7
for all z € C.

We define the group
A = (g1,9-) < PSL(2,C).

A direct computation shows that

1 p+gr ][ 1 r+sr |1 pHg+(r+s)T
o 1 Jlo 1 7|0 1 :

for all p,q,r, s € Z, from which it follows that

AT:{ é n+1mT} :m,nEZ}:ZZ.

Let us consider the conditions from Theorem 1.2.4. (1) is trivially satisfied: A, preserves
C. Any non-trivial element in A, is of the form

1 n+mr
0 1

and hence only has the point co € C as a fixed point, which gives us condition (2). To check
condition (3), suppose K C C is compact. Write dx = sup{|z —w| : z,w € K} < oc.
Given g € A, write

T,=inf{|gz —z2| : z€ C}

for the translation length of g. Note that T, = |gz — 2| for all z € C (this is quite special
to quotients of C). We have

{geA. 1 g(K)NK#0}C{geA, : T, <2dg}
and the latter is finite. So C/A, is indeed a Riemann surface.

We claim that this is a torus. One way to see this is to note that the quotient map
7 : C — C/A; restricted to the convex hull

F =conv({0,1,7,1+7)
::{>\1+)\27—+)\3<1+T> . )\1,)\1,)\36 [0,1],>\1+)\2+)\3§ 1}

is surjective. Figure 3 shows a picture of F. On F , m is also injective. So to understand
what the quotient looks like, we only need to understand what happens to the sides of F.
Since the quotient map identifies the left hand side of F with the right hand side and the
top with the bottom, the quotient is a torus.
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FIGURE 3. A fundamental domain for the action A, ~ C.

We can also prove that C/A, is a torus by using the fact that for all z € C there exist
unique x,y € R so that

zZ=T+YyT.
The map C/A, — S! x S! given by

[Jf + y,]_] — (6271'1':(:7 627riy)
is a homeomorphism.

Note that we have not yet proven whether all these tori are distinct as Riemann surfaces.
But it will turn out later that many of them are.

1.2.5. Hyperbolic surfaces. Set H* = {z € C : Im(z) > 0}, the upper half plane. It
turns out that the automorphism group of H? is PSL(2,R). We will see a lot more about

this later during the course, but for now we will just note that there are many subgroups
of PSL(2,R) that satisfy the conditions of Theorem 1.2.4.

It also turns out that PSL(2,R) is exactly the group of orientation preserving isometries
of the metric
o, da® +dy?

y:
This is a complete metric of constant curvature —1. So, this means that all these Riemann
surfaces naturally come equipped with a complete metric of constant curvature —1. We will
prove some of these statements and treat a first example in the first problem sheet.

ds

1.3. The uniformization theorem and automorphism groups

The Riemann mapping theorem tells us that any pair of simply connected domains in C
that are both not all of C are biholomorphic. In the early 20" century this was generalized
by Koebe and Poincaré to a classification of all simply connected Riemann surfaces:

THEOREM 1.3.1 (Uniformization theorem). Let X be a simply connected Riemann surface.
Then X is biholomorphic to exactly one of

~

C, C or H.

PROOF. See for instance | , Chapter IV]. O
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This theorem implies that we can see obtain every Riemann surface as a quotient of one of
three Riemann surfaces. Before we formally state this, we record the following fact:
PROPOSITION 1.3.2. e Aut(C) = PSL(2,C) acting by Mébius transformations,

e Aut(C)={p:2—az+b:aeC\{0},beC} ~C xC*

e Aut(H?) = PSL(2,R) acting by Mcbius transformations.

PROOF. See for instance | , Chapter 5] or | , Section 2.3]. O

Note that in all three cases, we have
Aut(X) = {g e Aut(C) : g(X) =X } ,

that is, all the automorphisms of C and H? extend to C. However, not all automorphisms
of H? extend to C.

COROLLARY 1.3.3. Let X be a Riemann surface. Then there exists a group G < Aut(D),
where D is exactly one of C, C or H? so that

e (7 acts freely and properly discontinuously on D and

e X = D/G as a Riemann surface.

PROOF. Let X denote the universal cover of X and 7 (X) its fundamental group.
The fact that X is a Riemann surface, implies that X can be given the structure of a
Riemann surface too, so that m;(X) acts freely and properly discontinuously on X by
biholomorphisms (see for instance | , Lemma 2.6]) and such that

X/m(X) = X.

Since X is simply connected, it must be biholomorphic to exactly one of C, CorH2. O

1.4. Quotients of the three simply connected Riemann surfaces

Now that we know that we can obtain all Riemann surfaces as quotients of one of three
simply connected Riemann surfaces, we should start looking for interesting quotients.

1.4.1. Quotients of the Rieman sphere. It turns out that for the Riemann sphere
there are none:

PROPOSITION 1.4.1. Let X' be a Riemann surface. The universal cover of X is biholomor-
phic to C if and only if X is biholomorphic to C.

PROOF. The “if” part is clear. For the “only if” part, note that every element in
PSL(2,C) has at least one fixed point on C (this either follows by direct computation or
from the fact that orientation-preserving self maps of the sphere have at least one fixed
point, by the Brouwer fixed point theorem | , Problem 6]). Since, by assumption

X =C/G,
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where G acts properly discontinuously and freely, we must have G = {e}. 0

1.4.2. Quotients of the plane. In Section 1.2.4, we have already seen that in the case
of the complex plane, the list of quotients is a lot more interesting: there are tori. This
however turns out to be almost everything:

PROPOSITION 1.4.2. Let X be a Riemann surface. The universal cover of X is biholomor-
phic to C if and only if X is biholomorphic to either C, C\ {0} or

S ERIRERt)

for some A\, u € C\ {0} that are linearly independent over R.

PROOF. First suppose X = C/G. We claim that, since G acts properly discontinuously,
G is one of the following three forms:

(1) G ={e}
(2) G = (pp), where @p(2z) = z + b for some b € C\ {0}
(3) G = (¥, pp,) Where by, by € C are independent over R.

To see this, we first prove that G cannot contain any automorphism z +— az + b for a # 1.
Indeed, if a # 1 then b/(1—a) is a fixed point for this map, which would contradict freeness
of the action. Moreover, since z — z + b; and z — z 4+ by commute for all by, by € C, G is
a free abelian group and
G-z={z4+b:p,eG}.

In particular, if G contains {z + 2z + by, 2 — z + by, 2 — z + b3} for by, by, by € C that are
independent over Q, then spany(by, be, b3) is dense in C. This means that we can find a
sequence ((k;,l;, m;)); such that

@fi’ o 905;2 o @Z;"(z) — 2z asi— 00,
thus contradicting proper discontinuity. On a side note, we could have also used the

classification of surfaces (of potentially infinite type) in the last step: there is no surface
that has Z* for k > 3 as a fundamental group.

We have already seen that the third case gives rise to tori. In the second case, the surface
is biholomorphic to C \ {0}. Indeed, the map

2] € C/lps) + e\ {0}
is a biholomorphism.

Now let us prove the converse. For X = C the statement is clear. Likewise, for X = C\ {0},
we have just seen that the composition

C—C/(z~z+1)~C\ {0}

is the universal covering map. Finally, in the proposition, the tori are given as quotients
of C. 0






LECTURE 2

Quotients, metrics, conformal structures

2.1. More on quotients

2.1.1. Quotients of the complex plane, continued. We saw last time that any quo-
tient Riemann surface of C is either C, C — {0} or a torus. It turns out that moreover
every Riemann surface structure on the torus comes from the complex plane. We have seen
above that the universal cover cannot be the Riemann sphere, which means that (using
the uniformization theorem) all we need to prove is that it cannot be the upper half plane
either.

The fundamental group of the torus is isomorphic to Z2, so what we need to prove is
that there is no subgroup of Aut(H?) = PSL(2,R) that acts properly discontinuously and
freely on H? and is isomorphic to Z%. We will state this as a lemma (in which we don’t
unnecessarily assume that the action is free, even if in our context that would suffice):

LEMMA 2.1.1. Suppose G < PSL(2,R) acts properly on H? and suppose furthermore that
G 1s abelian. Then either G ~ 7Z or G 1s finite and of rank one.

Proor. We will use the classification of isometries of H? that we shall prove in the
exercises: an element g € PSL(2,R) has either

e a single fixed point in H?, in which case it’s called elliptic and can be conjugated
into SO(2)

e a single fixed point on R U {co}, in which case it’s called parabolic and can be

conjugated into { < (1) i ) i te R}

e or two fixed points on RU{oo}, in which case it’s called hyperbolic (or loxodromic)

and can be conjugated into { ( ())\ i ) cA>0 }
)

If g1, 92 € PSL(2,R) commute and p € H? UR U {oo} is a fixed point of g;, then

91(g2(p)) = g2 0 g1(p) = g2(p)-
That is, go(p) is also a fixed point of g;.
So if G contains an elliptic element ¢, then all other ¢' € G\ {e} are elliptic as well, with
the same fixed point. Moreover, by proper discontinuity (and compactness of SO(2)), the

angles of rotation of all elements in G must be rationally related rational multiples of .
This means that G is a finite abelian group of rank 1.

17
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Now suppose G contains a parabolic element g. Then all other ¢’ € G'\ {e} are parabolic
as well, with the same fixed point (which we may assume to be co). If

1t 1t
(0 1) %)<e

for some t1,t5 € R that are not rationally related, then G is not discrete, which contradicts
proper discontinuity (see the exercises). So G ~ Z.

The argument in the hyperbolic case is essentially the same as in the parabolic case. [

2.1.2. Quotients of the upper half plane. It will turn out that the richest family of
Riemann surfaces is that of quotients of H?. Indeed, looking at the clasification of closed
orientable surfaces, we note that we have so far only seen the sphere and the torus. It turns
out that all the other closed orientable surfaces also admit the structure of a Riemann
surface. In fact, they all admit lots of different such structures. The two propositions
above imply that they must all arise as quotients of H?.

We will not yet discuss how to construct all these surfaces but instead discuss an exam-
ple (partially taken from | , Example 1.7]). Fix some distinct complex numbers
ai, ..., a1 and consider the following subset of C2:

X = {(z,w) eC?: w?= (z—al)(z—ag)---(z—aggﬂ)}.
Let X denote the one point compactification of X obtained by adjoining the point (oo, 00).

As opposed to charts, we will describe inverse charts, or parametrizations around every
peEX:
e Suppose p = (zp, wy) € X is so that z #a; foralli=1,...,29g+ 1. Set
€= mglgﬂﬂzo —ai| /2}

i=1,...

Then define the map ¢! : {¢C € C : [¢(|<e} = X by

0= (ca lera— ) Cra - a).

where the branch of the square root is chosen so that ¢ =!(0) = (29, wy), gives a
parametrization.

e For p = (a;,0), we set
€= min{ |aj — ai| /2}
i#]j

Then define the map ¢ : {¢ € C : || <e} — X by

O =|C+an ¢ T[€+a;—a)
i#]
The reason that we need to take different charts around these points is that

\/Z—(Ij



2.1. MORE ON QUOTIENTS 19

is not a well defined holomorphic function near z = a;.

Also note that the choice of the branch of the root does not matter. By changing
the branch we would obtain a new parametrization ! that satisfies g~ 1(¢) =

e~ (=0).
It’s not hard to see that X is not bounded as a subset of C2. This means in particular that
it’s not compact. We can however compactify it in a similar fashion to how we compactified

C in order to obtain the Riemann sphere. That is, we add a point (0o, 00) and around this
point define a parametrization:

“1y <<f27 C*(Zg+1)\/(1 —a;(?) - (1— a2g+1C2)> ifC#0
P (€) { (5, 50) telo

for all ¢ € {|¢| < ¢} and some appropriate € > 0.

The reason that the resulting surface X is compact is that we can write it as the union of
the sets

{(z,w)e)% ] g1/g2}u ({(z,w) X : |z 21/52}U{(oo,oo)}>,

for some small € > 0. The first set is compact because it’s a bounded subset of C2. The
second set is compact because it’s o' ({|¢] < e}).

To see that X is connected, we could proceed using charts as well. We would have to find
a collection of charts that are all connected, overlap and cover X. However, it’s easier to
use complex analysis. Suppose zy # a; for all ¢ = 1,..., ag,41 and 2y # oo. In that case,
we can define a path

()= | 20, | ]G0 —a)

i=1

where z(t) is some continuous path in C between zy and a; and we pick a continuous branch
of the square root, thus connecting any point (2o, wg) € X to (0, a;).

To figure out the genus of X, note that there is a map 7 : X — C given by
m(z,w) =2z forall (z,w) € X.

This map is two-to-one almost everywhere. Only the points z = a;, 2 =1,...,2¢9g + 1 and
the point z = oo have only one pre-image.

Now triangulate C so that the vertices of the triangulation coincide with the points
ai, ..., G244+1,00. If we lift the triangulation to X using m, we can compute the Euler char-
acteristic of X. Every face and every edge in the triangulation of C has two pre-images,
whereas each vertex has only one. This means that:

X(X) =2x(C) = (29 +2) =2-29.
Because X is an orientable closed surface, we see that it must have genus ¢g (Lemma 1.1.5).
In particular, if ¢ > 2, these surfaces are quotients of H?. Note that this also implies that
for g > 1, the Riemann surface X is also a quotient of H?2.
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To get a picture of what X looks like, draw a closed arc a; between a; and as on ((Aj, an arc
a9 between az and a4 that does not intersect the first arc and so on, and so forth. The last
arc gy goes between aggi; and oo. Figure 1 shows a picture of what these arcs might
look like.

¢
(2g+1 @4

FiGURE 1. C with some intervals removed.

i=1

Let

The map

7T|7r—1(D) : 7T71(D> — D
is now a two-to-one map. Moreover on the arcs, it’s two-to-one on the interior and one-
to-one on the boundary. Because it’s also smooth, this means that the pre-image of the
arcs is a circle. So, X may be obtained (topologically) by cutting C open along the arcs,
taking two copies of that, and gluing these along their boundary. Figure 2 depicts this
process.

F1GURE 2. Gluing X out of two Riemann spheres.

Finally, we note that our Riemann surfaces come with an involution 2 : X — X, given

by
] —w ifw# o0
Z(w)_{oo if w = oco.

This map is called the hyperelliptic involution and the surfaces we described are hence
called hyperelliptic surfaces. Note that m: X — C is the quotient map X — X/u.
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2.2. Riemannian metrics and Riemann surfaces

We already noted that every Riemann surface comes with a natural Riemannian metric.
Indeed the Riemann sphere has the usual round metric of constant curvature +1. Likewise,
C has a flat metric, its usual Euclidean metric Aut(C) does not act by isometries. However,
in the proof of Proposition 1.4.2, we saw that all the quotients are obtained by quotienting
by a group that does act by Euclidean isometries. This means that the Euclidean metric
descends. Finally, we proved in the exercises that Aut(IH?) also acts by isometries of the
hyperbolic metric defined in Section 1.2.5. So every quotient of H? comes with a natural
metric of constant curvature —1.

It turns out that we can also go the other way around. That is: Riemann surface structures
on a given surface are in one-to-one correpsondence with complete metrics of constant
curvature.

One way to see this uses the Killing-Hopf theorem. In the special case of surfaces, this states
that every oriented surface equipped with a Riemannian metric of constant curvature +1, 0
or —1 can be obtained as the quotient by a group of orientation preserving isometries acting
properly discontinuously and freely on S? equipped with the round metric, R? equipped
with the Euclidean metric or H? equipped with the hyperbolic metric respectively (see
[ , Theorem 1.37] for a proof). For a Riemannian manifold M, let us write

Isom* (M) ={¢: M — M : ¢ is an orientation preserving isometry } .
So, we need the fact that

(1) Isom™(S?) = SO(2,R) and this has no non-trivial subgroups that act properly
discontinuously on S%.

(2) Isom™*(R?) = SO(2,R) x R?, where R? acts by translations. The only subgroups
of this group that act properly discontinuously and freely are the fundamental
groups of tori and cylinders.

(3) Isom™ (H?) = PSL(2,R).

Given the above, we get our one-to-one correspondence:

PROPOSITION 2.2.1. Given an orientable surface X of finite type with 0% = 0, the identi-
fication described above gives a one-to-one correspondence of sets

Complete Riemannian
{ Riemann surface }/ DR metrics of constant /N
structures on X curvature {—1,0,+1} ’
on X

where the equivalence on the left is biholomorphism and the equivalence on the right is
isometry (and homothety in the Euclidean case).

PROOF SKETCH. From the above we see that a Riemann surface structure on X yields
a metric of constant curvature and vice versa. We only need to check that biholomorphic
Riemann surfaces yield isometric/homothetic metrics and vice versa.
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Suppose h : X — Y is a biholomorphism. We may lift this to a biholomorphism h:X—=Y
of the universal covers X and Y of X and Y respectively. There are three cases to treat:
X~y ~ C, (C H2. Because it’s the most interesting case, we will treat the former, i.e.
X ~Y ~ C. We will also assume X and Y are tori. If we write

X ~C/A; and Y ~C/A,,

then we get that & € Aut(C) is such that 2(A;) = A,. Since all automorphisms of C are of
the form z +— az + b for a € C* and b € C, A, is obtained from A; by translating, scaling
and rotating. This means that the quotient metrics are homothetic.

The proof of the reverse direction and both directions of all the remaining cases are similar.
O

Whether the curvature is 0, +1 or —1 is determined by the topology of ¥. This for instance
follows from the discussion above. It can also be seen from the Gauss-Bonnet theorem.
Recall that in the case of a closed Riemannian surface X, this states that

/ K dA =2m x (%),
b

where K is the Gaussian curvature on X and dA the area measure. For constant curvature
k, this means that

k- area(X) = 27 x(X)
So x(X) = 0 if and only of K = 0 and otherwise x(X) needs to have the same sign as k.
This last equality generalizes to finite type surfaces and we obtain:

LEMMA 2.2.2. Let X be a hyperbolic surface homeomorphic to ¥y, then
area(X) =27 (2g+n+b— 2).

2.3. Conformal structures

There is another type of structures on a surface that is in one-to-one correspondence with
Riemann surface structures, namely conformal structures.

We say that two Riemannian metrics ds? and ds3 on a surface X are conformally equivalent
is there exists a positive function p : X — R, so that

ds? = p - ds;.

So a conformal equivalence class of Riemannian metrics can be seen as a notion of angles
on the surface.

We have already seen that a Riemann surface structure induces a Riemannian metric on
the surface, so it certainly also induces a conformal class of metrics.

So, we need to explain how to go back. We will also only sketch this. First of all, suppose
we are given a surface X with charts (Uj, (u;,v;)); equipped with a Riemannian metric
that in all local coordinates (u;,v;) is of the form

ds® = p(u;,v;) - (duj + dvg),
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where p : X — R, is some smooth function. Consider the complex-valued coordinate
wW; = Uj +1 (%F

We claim that this is holomorphic. Indeed, applying a coordinate change on U; N Uy, we
have

ou: \ 2 ov; \ du;\* ov;\”
2 ) - —L ; . Tor 2
ds® = p(uy, v) [((5uk) + (auk) ) du + ((3%) " (avk) i

ou; Ov;  Ou; Ov;
92 J J J J d )
* (6uk (%k + (%k Guk) dUk Uk]

Our assumption implies that
@u]‘ 2 4 c%j 2 o an 2 1 (‘)vj 2
8uk 8uk - c%k avk
auj avj 8uj 8vj
8uk ka 8’Uk; 8uk
Some elementary, but tedious, manipulations show that these are equivalent to the Cauchy-
Riemann equations for the chart transition wy o wj_l, which means that these coordinates

are indeed holomorphic. The coordinates (U;,w;) are usually called isothermal coordi-
nates.

and

=0.

Also note that we have not used the factor p, so any metric that is conformal to our metric
will give us the same structure. Moreover, our usual coordinate ‘z’ on the three simply
connected Riemann surfaces is an example of an isothermal coordinate, so if we apply the
procedure above to the metric we obtain from our quotients, we find the same complex
structure back.

This means that what we need to show is that for each Riemannian metric (that is not
necessarily given to us in the form above), we can find a set of coordinates so that our
metric takes this form. So, suppose our metric is given by

ds®> = A dz? + 2B dx dy + C dy?
in some local coordinates (z,y).
Writing z = x + iy, we get that
ds? = X |dz 4 pdz|? := MNdz + pdz)(dz + fidz),

where
1 A-C+2 B
A=-(A+C+2VAC — B2 d = )
4< ) T o ravac - B

We are looking for a coordinate w = u + v so that

0
ds? = p(du® + dv?) = p|dw|* = p - (‘3—25

2 2

ow/0z
ow/0z

- |dz + dz
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This means that isothermal coordinates exist if there is a solution to the partial differential
equation

ow ow

0z 0z
It turns out this solution does indeed exist on a surface, which means that we obtain a
Riemann surface structure. Moreover, it turns out this map is one-to-one. In particular,

holmorphic maps are conformal. So we obtain

PROPOSITION 2.3.1. Given an orientable surface X of finite type with 0¥ = 0, the identi-
fication described above gives a one-to-one correspondence of sets

Conformal classes

{ Riemann surface } / biholom. <> of Riemannian / diffeomorphism.

structures on X :
metrics on 2

Combined with Proposition 2.2.1, the proposition above also implies that in every confor-
mal class of metrics there is a metric of constant curvature that is unique (up to scaling
if the metric is flat). This can also be proved without passing through the uniformization
theorem, which comes down to solving a non-linear PDE on the surface. This was treated
in Olivier Biquard’s course Introduction a [’analyse géométrique.



LECTURE 3

The Teichmiiller space of the torus

3.1. Riemann surface structures on the torus

The goal of the rest of this course is to understand the deformation spaces associated to
Riemann surfaces: Teichmiiller and moduli spaces.

In general, the Teichmiiller space associated to a surface will be a space of marked Riemann
surface structures on that surface and the corresponding moduli space will be a space of
isomorphism classes of Riemann surface structures. As such, the moduli space associated
to a surface will be a quotient of the corresponding Teichmiiller space.

First of all, note that the uniformization theorem tells us that there is only one Riemann
surface structure on the sphere. This means that the corresponding moduli space will be
a point. It turns out that the same holds for its Teichmiiller space. This means that the
lowest genus closed surface for which we can expect an intersting deformation space is the
torus.

So, let us parametrize Riemann surface structures on the torus. Recall from Proposition
1.4.2 that every Riemann surface structure on the torus is of the form

S ERIRERT)

for some A, u € C\ {0} that are linearly independent over R.

First of all note that every such torus is biholomorphic to a torus of the form

R, :=C/A,,

(Lo Lo 1))

Indeed, rotating and rescaling the lattice induce biholomorphisms on the level of Riemann
surfaces (as we have already noted in the proof sketch of Proposition 2.2.1)

for some 7 € H?, where

However, there are still distinct 7,7 € H? that lead to holomorphic tori. We have:

PROPOSITION 3.1.1. Let 7,7 € H2. The two tori R, and R. are biholomorphic if and
only if
, _at+b
T ct +d
for some a,b,c,d € Z with ad — bc = 1.

25
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PRroOOF. First assume R, and R are biholomorphic and let f : R, — R, be a biholo-
morphism. Lift f to a biholomorphism f : C — C. This means that

f(z)=az+p
for some «, 8 € C. By postcomposing with a biholomorphism of C, we may assume that
7(0) = 0.
Because [ is a lift, we know that both f(1) and f(7') are equivalent to 0 under A,. So
ff)=ar =ar+b
f)=a=cr+d

for some a,b,c,d € Z. So
,  ar+b

cr +d

So we only need to show that ad — bc = 1. Moreover, since f(Ay) = A, f(T') =ar +b
and f(1) = e + d generate A,. This means that the map

mt +n—m-(at+b) +n- (cr+d)

is an automorphism of A, and hence ( Z 2 > € GL(2,Z). So, we obtain ad — bc = +1.
Since g
Im(7") = LCQ >0,
ler + d|
we get ad — bec = 1.
Conversely, if
o at +0b
et 4d
Then
F([2]) = [(er + d)2]
gives a biholomorphic map f: R — R,. U

3.2. The Teichmiiller and moduli spaces of tori

Looking at Proposition 3.1.1, we see that we can parametrize all complex structures on
the torus with the set

M, = SL(2,7)\H? = PSL(2, Z)\H.
Moreover this set is the quotient of the hyperbolic place by a group (PSL(2,Z)) of isometries
that acts properly discontinuously on it. However, the group doesn’t quite act freely, so
it’s not directly a hyperbolic surface.

So, let us investigate the structure of this quotient. One way of doing this is to find a
fundamental domain for the action of PSL(2,Z) on H?. Set

1 1
F=<zeH?:|z|>1and — = <Re(z) <= .
2 2

Figure 1 shows a picture of F.
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H? F

—1+/3i 14++/3i
1

1 1
2 2

FIGURE 1. A fundamental domain for the action of PSL(2,Z) on H2.

We claim

PROPOSITION 3.2.1. For all 7 € H? there exists an element g € PSL(2,Z) so that g7 € F.
Moreover,

o ifT € F then
(PSL(Q,Z) .T) NF={r},
e if Re(T) =1 then

(PSL(Q,Z) : r) NF ={gr, g7+ 1},

e if Re(T) = —1 then

(PSL(Z,Z) ~7') NF ={gr,gr —1}.

e and if |T| =1 then

(PSL(2, 7) - T) NF = {gr,~1/7},

The proof of this proposition is part of this week’s exercises.

Since T : z + z+ 1 maps the line Re(z) = —1/2 to the line Re(z) =1/2and S : z — —1/z
fixes 4 and swaps (—1+4+/3i)/2 and (1+4+/3i)/2 (which are in turn the fixed points of ST').

These turn out to be the only side identifications and thus the quotient looks like Figure
2:
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+14++/3i

2 FIGURE 2. A cartoon of M;.

So M is a space that has the structure of a hyperbolic surface near almost every point.
The only problematic points are the images of 4 and (&1 + v/34)/2, where the M, looks
like a cone. The technical term for such a space is a hyperbolic orbifold.

My is called the moduli space of tori. T = H? is called the Teichmiiller space of tori.

Our next intermediate goal is to generalize this to all surfaces. To this end, we will introduce
a different perspective on 71, that generalizes naturally to higher genus surfaces.

3.3. 7, as a space of marked structures

Our objective in this section is to understand what the information is that is parametrized
by Tl-

3.3.1. Markings as a choice of generators for 7 (R). So, suppose 7 € H? and 7/ = g7

for some g = [ CCL Z } € PSL(2,Z). Let f : R — R, denote the biholomorphism from the

proof of Proposition 3.1.1. We saw that we can find alift f : C — C so that f(z) = (c7+d)z.
In particular, using the relation between 7 and 7/, we see that

fH{1, 7}) = {er +d, ar + b}.

So, the biholomorphism corresponds to a base change (i.e. the change of a choice of
generators) for A..

Let us formalize this idea of a base change. First we take a base point py = [0] € R, for
the fundamental group 7 (R,,po). The segments between 0 and 1 and between 0 and 7
project to simple closed curves on R, and determine generators

[AT]7 [BT] € 7Tl(-RTapO)‘
This now also gives us a natural choice of isomorphism A, ~ (R, py), mapping
1—[A;] and 7+~ [B;].



3.3. T1 AS A SPACE OF MARKED STRUCTURES 29

Likewise, for R, we also obtain a natural system of generators [A,],[B.] € m (R, po)-
Moreover, if f, : m (R, po) — m1 (R, po) denotes the map f induces on the fundamental
group, then

f*([AT’D 7£ [AT] and f*([BT’]) # [BT]

Let us package these choices of generators:

DEFINITION 3.3.1. Let R be a Riemann surface homeomorphic to T?.
(1) A marking on R is a generating set X, C m (R, p) consisting of two elements.

(2) Two markings ¥, and ¥, are called equivalent if there exists a continuous curve
a from p to p’ so that the corresponding isomorphism Ty, : m(R,p) — m(R,p')
satisfies

T(%,) = .

Two pairs (R, ) and (R/,Y’) of marked Riemann surfaces homeomorphic to T? are called
equivalent if there exists a biholomorphic mapping h : R — R’ such that

ho(S) ~ ¥

Note that above we have not proved that (R,,{[A,],[B;|}) and (R,,{[A~], [B;]|}) are
equivalent as marked Riemann surfaces, because our map f, did not send the generators
to each other, and in fact, they are not equivalent:

THEOREM 3.3.2. Let 7,7 € T1. Then the marked Riemann surfaces
(RT’ {[AT]’ [B‘F]}> and (RT/, {[A‘r’]a [BT’]})

are equivalent if and only if 7' = 7. Moreover, we have an identification

T, = { (R,%,) R a Riemann surface homemorphic to T? } / -~

p € R, ¥, a marking on R

ProoOF. We begin by proving part of the second claim: every marked complex torus
is equivalent to a marked torus of the form (R, {[A;],[B:]}). So, suppose (R,Y) is a
marked torus. We know that R is biholomorphic to R, for some 7 € T;. Moreover,
since ¥ = {[A], [B]} is a minimal generating set for A, we can find a lattice isomorphism
w: A, — A, so that
p([A]) = 1.
Potentially switching the roles of [A] and [B], we can assume ¢ is an element of SL(2,Z)

and hence that ¢([B]) lies in H?. The torus R, is biholomorphic to R.. So (R,X) is
equivalent to

(Roqm)): {Aw(m): Bo(an -

So, to prove the theorem, we need to show that (R.,{[A.],[B-]}) and (R, {[A~],[B~]})
are equivalent if and only if 7 = 7/. Of course, if 7 = 7’ then the two corresponding marked
surfaces are equivalent, so we need to show the other direction.
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So let h : Ry — R; be a biholomorphism that induces the equivalence. We may assume
that h([0]) = [0] and take a lift A : C — C so that

1(0) = 0.
This means that h(z) = az for some a € C\ {0}. Hence 1 = h(1) = a, which implies that
T=~h(t")="1". O

Note that so far, our alternate description of Teichmiiller space only recovers the set 7
and not yet it topology. Of course we can use the bijection to define a topology. However,
there is also an intrinsic defintion. We will discuss how to do this later.

3.4. Markings by diffeomorphisms

First, we give a third interpreation of 7. This goes through another (equivalent) way of
marking Riemann surfaces.

To this end, once and for all fix a surface S diffeomorphic to T?. We define:

DEFINITION 3.4.1. Let R and R’ be Riemann surfaces and let
f:S—=R and f:S— R

be orientation preserving diffeomorphisms. We say that the pairs (R, f) and (R, f’) are
equivalent if there exists a biholomorphism A : R — R’ so that

(fy'ohof:S—S
is homotopic to the identity.

Note that if we pick a generating set {[A], [B]} for the fundamental group m(S,p) then
every pair (R, f) as above defines a point

(B, A S([A]), £([B])}) € T

It turns out that this gives another description of the Teichmiiller space of tori:

THEOREM 3.4.2. Fiz S and [A],[B] € m1(S,p) as above. Then the map
{(R, f) R a Riemann surface, f: S — R }/N ST

an orientation preserving diffeomorphism

given by
(R, f) = (B f(JAD-£((B]D)),

is a well-defined bijection.

PROOF. We start with well-definedness. Meaning, suppose (R, f) and (R, f’) are
equivalent. By definition, this means that there exists a biholomorphic map h : R — R’ so
that

hof:S—R and f :S— R
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are homotopic. Now if « is a continuous arc between f’(p) and h(f(p)), we see that T,
induces an equivalence between the markings

{£:([AD, £([B)} and {(ho f).([A]), (he £).([B])},

making (R, {f.([A]), f[B]}) and (R, {f.([4]), f.([B])}) equivalent. This means that they
correspond to the same point by the previous theorem. So, the map is well defined.

Moreover, the map is surjective. For any 7 € 71 we can find an orientation preserving
diffeomorphism f : S — R,. Indeed, we know that there exists some 79 € 7 such
that (S,{[4],[B]}) ~ (R, {[A~],[Br]}) as marked surfaces. One checks that the map
fr 1 C — C given by

(T—To0)z— (T —10)Z

fT<Z> =

To — To

descends to an orientation preserving diffeomorphism R, — R, that induces the marking

{[A.], [B]} on R..

For the injectivity, suppose that

[(BALQAD, £.(BDD] = [(R4F20AD, £1(BDD)].

Take 19 € T such that

(S.A14L 1B = [(Rey, (14D, B
Moreover, let h : R — R’ be a holomorphism such that
hA£.(AD, £(B)} = {F(AD L(B))}Y.
We choose lattices A, A’ C C, generated by (1,a) and (1,a’) respectively such that
R=C/A and R =C/N,
and the generators induce the bases { f.([A]), £.([B])} and {f"([A]), f'([B])} respectively.

Now, let f, f/,ﬁ : C — C be lifts. We may assume that

F0) = f1(0) =R(0) =0, f(1)=F(1)=n(1)=1,

and

f(r0) = a, JE(TO) =a' and TL(@) =a
So we obtain a homotopy F}; : C — C defined by
F(z) =1 —t) ho f(z)+t f'(z)

between fand f’ that descends to a homotopy between f: S — R and f': S — R. O
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3.5. The Teichmiiller space of Riemann surfaces of a given type

The two description of the Teichmiiller space of the torus above can be generalized to
different Riemann surfaces. We will take the second one as a definition, as this is the most
common definition in the literature. Moreover, it naturally leads to another key object in
Teichmiiller theory: the mapping class group.

DEFINITION 3.5.1. Let S be a surface of finite type. Then the Teichmauller space of S is
defined as

T(S):{(X,f) : X a Riemann surface , f: S — X }/N’

an orientation preserving diffeomorphism

where
(X, )~ (Y,9)
if and only if there exists a biholomorphism h : X — Y so that the map

glohof:5—=S
is homotopic to the identity.

We will often write

T(Egn) =Tgn and T(X,) =T,.



LECTURE 4

Markings, mapping class groups and moduli spaces

4.1. Teichmiiller space in terms of markings

In order to get to the analogous definition to the space of marked tori, we need to single
out particularly nice generating sets for the fundamental group, just like we did for tori.
We will stick to closed surfaces. Recall that the fundamental group of a surface of genus g
satisfies:

g

H[ai,bi] = €> .

=1

m(2,,p) = <@1,...,ag,b1,...,bg

In what follows, a generating set Ay,..., Ay, By, ..., By of m(X,, p) that satisfies

g

H[Ai,Bi] =€,

=1

will be called a canonical generating set. Note that this includes the torus case.

DEFINITION 4.1.1. Let R be a closed Riemann surface.
(1) A marking on R is a canonical generating set ¥, C m; (R, p).

(2) Two markings ¥, and ¥, are called equivalent if there exists a continuous curve
a from p to p’ so that the corresponding isomorphism T, : w(R,p) — m(R,p')
satisfies

T.(%,) =2,
Two pairs (R, ) and (R, Y’) of marked closed Riemann surfaces are called equivalent if
there exists a biholomorphic mapping h : R — R’ so that
h(%) ~ 3.

Just like in the case of the torus, the space of marked Riemann surfaces turns out to be
the same as Teichmiiller space:

THEOREM 4.1.2. Let S be a closed surface and ¥ a marking on S. Then the map

R a closed Riemann surface diffeomorphic to S
T(S)%{(R,Ep): Jace diffeomorp }/N

p € R, ¥, a marking on R

given by
(B, )] = (R, fo(2)]
15 a biyjection.

33
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Before we sketch the proof of this theorem, we state and prove a lemma that will be of use
in the study of mapping class groups as well:

LEMMA 4.1.3 (Alexander Lemma). Let D be a 2-dimensional closed disk and ¢ : D — D
a homeomorphism that restricts to the identity on 0D. Then ¢ is isotopic to the identity
D— D

PROOF OF THE ALEXANDER LEMMA. Identify D with the closed unit disk in R? and
define the map F' : D x [0,1] — D by

(1—t)-¢<(1ft)> if 2] <1—tandt<1
Fi(z) = if [|z|]>1—tandt<1

x
T ift=1.

This yields the isotopy we want. 0

We can make this lemma work in the smooth category as well, but its proof is significantly
less easy. It for instance follows from work by Smale | |. In this course we will
generally gloss over the difference between homeomorphisms and diffeomorphisms.

PROOF SKETCH. Write ¥ = {[A4],...,[A,],[Bi],...,[By]}, where A;, B; are simple
closed curves based at a point py € S. Let us start with the injectivity. So, suppose
(R, f.(2)] = [(&, fu(2)].

This means that we can find a biholomorphic map h : R — R’ and a self-diffeomorphism
go : R — R’ that is homotopic to the identity and such that

gr=goohof

corresponds with f’ on the curves Ay, ..., Ay, By, ..., By. The domain obtained by deleting
these curves from S is a disk. This implies that f’ and ¢; are homotopic (using the
Alexander trick), which in turn means that

(R, /)] = [(R, f)] € T(S5).

For surjectivity, suppose we are given a marked Riemann surface (R,,). So we need to
find an orientation preserving homeomorphism f : S — R so that f.(X) = X,. So, let us
take simple closed smooth curves A},..., Ay, By, ..., B, such that

EP = {[A,IL Tt [A;L [31]7 ttt [B;]}

Moreover, we will set
g g
C=JuB), ¢ =JAUB), S=S\C, and Ry=R\C"
j=1 j=1
Ry and Sy are diffeomorphic to polygons with 4¢g sides. So we can find a diffeomorphism
by extending a diffeomorphism Ry, Sy. For more details, see [ , Theorem 1.4]. O
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4.1.1. Punctures and marked points. If n > 1, we can think of 7(%,,) as a space of
surfaces with marked points (as opposed to punctures) as well:

PROPOSITION 4.1.4. Let n > 1 and fix n distinct points xi,...,x, € X, There is a
bijection
TEyn) —{ (X, f) - f:E, = X an orientation preserving diﬁeomorphz’sm}/ ~,

where (X1, f1) ~ (Xa, f2) if and only if there exists a biholomorphism h : X1 — Xs such
that

fitoho fi(zi))=x; fori=1,...,n
and fy'oho fi : Yy — X4 is homotopic to the identity through maps fizing x1, ... x,.

We leave the proof to the reader.

4.1.2. Basic examples. We have seen that the Teichmiiller space of the torus can be
identified with H? (as a set for now). We will treat some further examples in this sec-
tion.

PROPOSITION 4.1.5. We have
(a) Let S be diffeomorphic to 3o, Yo1, Yo2 or Xos, then T(S) is a point.
(b) Let T(X11) can be identified with T (¥;).

PROOF. For (a), suppose that [Xi, fi], [Xa, fo] € T(Xp,) with 0 < n < 3. We will
think of these two as surfaces with marked points, coming from at most three marked
points x1, s, x3 on SAQ. By the uniformization theorem, we can identify X; and Xy with
the Riemann sphere C. Moreover (using that n < 3), there exists a M6bius transformation
@ : X1 — X5 such that

e(fi(z:)) = folzs), i=1,....,n.
As such the diffeomorphism f, ' oo f; : §? — S? fixes 1, ..., 2,. All we need to do, is
show that this map is homotopic to the identity. If n = 0, we can perform a homotopy
such that f, ' oo fi : S* — §? fixes a point, which we shall call z;. This means that
fytowo fi:S? — S? can be restricted to a self homeomorphism of S? — {z;} ~ R?, that
we call f: R? — R% The map F : R? x [0,1] — R?, defined by

Fle)=(1—1)- f(2) +1-a
is a homotopy between f and the identity R? — R2. Because both f;' o o f; and the
identity fix ; € S?, the homotopy above can be extended to S?.

The proof for item (b) is similar. We again think in terms of surfaces with marked points.
We have a surjective map

T () = T (%),
mapping [X, f] € T(X11) to [X, f] € T(X1). What we need to show is that this map is
injective.

So, suppose [ X1, fi] = [Xa, fo] € T(31). So there exists a biholomorphism h : X; — X5
such that f; 'oho f; : ¥ — ¥ is homotopic to the identity. We need to show that we can
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modify A in such a way that f, ' o ho f; remains homotopic to the identity and also fixes
our favorite point x; € ¥y. To this end, let’s write Xy = C/A for some lattice A. Suppose
[p], [q] € Xa. Observe that hg : Xy — X, defined by

ho([2]) = ho([z +q — 1))

is a biholomorphic map X, — X, that is homotopic to the identity and maps [p] to [q].
So, if we set [p] = ho fi(z1) and [¢] = fa(x1), then hgo h : X; — X3 is the biholomorphic
map we're looking for. O

4.2. The mapping class group

4.2.1. Defintion. Just like in the case of the torus, we have a natural group action on
the Teichmiiller space of a surface, by a group called the mapping class group:

DEFINITION 4.2.1. Let Sy be a compact surface of finite type and ¥ C Sy a finite set. Set
S = S\ X. The mapping class group of S is given by

MCG(S) = Diff+(S, 08, Z)/Diﬁ“ar(S, 05, %)
where

f an orientation preserving diffeomorphism that
Difft(S,05,%) = ¢ f:Sy — Sy : acts as the identity on the boundary components
of Sy and preserves the elements of X pointwise

and

f homotopic to the identity
Diff] (S9,05,%) = < f € Diff 7(S,0S,%) : through a homotopy preserving
the elements of X pointwise

The group operation is induced by composition of functions.

Some authors let go of the condition that MCG(S) fixes the punctures. The group we
defined above is then often called the pure mapping class group.

4.3. Moduli space

Looking at Definition 3.5.1, we see there is a natural group action of the mapping class
group of a surface on the corresponding Teichmiiller space.

9] (R )] =[(R, fog™)].

The quotient is what will be called moduli space.

DEFINITION 4.3.1. Let S be a surface of finite type . The moduli space of S is the space
M(S) =T(S)/ MCG(S).

We will write

M) =M,, and M(E,) =M,.
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REMARK 4.3.2. Note that by using the convention that the mapping class group fixes
boundary components and punctures, we leave these “marked”, i.e. if two surfaces are
isometric, but any isometry between them permutes the punctures, these surfaces represent
different points in moduli space.

4.4. Elements and examples of mapping class groups

4.4.1. Basic examples. We have:

PROPOSITION 4.4.1. Let n < 3, then
MCG(Zo,,) = {e}.

PrROOF. We start with the case n < 1. This is very similar to some of what we did
in the proof of Proposition 4.1.5. Suppose f : ¥q — > is an orientation preserving
diffeomorphism. We can (up to homotopy if n = 0) assume that f fixes a point z € 3.
This allows us to restrict f to Yo —{z} ~ R? and use a straight line homotopy to homotope
f|r2 to the identity. This extends to a homotopy between f and the identity on ¥, because
both fix x.

The proof of the cases n € {2,3} is part of this week’s exercises. 0

4.4.2. Dehn twists and the mapping class group of the annulus. Before we move
on, let us describe some non-trivial elements of the mapping clas group. First, consider an
annulus

A:=10,1] x R/Z.
Define amap T : A — A by
T(t,[0]) = (¢, [0 + 1)
for all ¢ € [0,1], # € R. This map is called a Dehn twist. Note that this map fixes 0A

pointwise. Figure 1 shows that this map does to a segment connecting the two boundary
components of the annulus.

F1GURE 1. A Dehn twist on an annulus.

Before we show how to turn 7' into a non-trivial element of a mapping class group of a
different surface, we mention that 7" generates the mapping class group of the annulus:



38 4. MARKINGS, MAPPING CLASS GROUPS AND MODULI SPACES

PROPOSITION 4.4.2. Let A=1[0,1] x R/Z. Then
MCG(A) ~ Z = ([T]).

We will prove this during the next lecture.

Now let v be an essential (i.e. not homotopically trivial and not homotopic into a puncture
or boundary component) simple closed curve on S. Let N be closed regular neighborhood
of a. Identifying N with A, we can define a map T, : S — S by

T ifpe N
o ={ ;7 e

Because T'|pa is the identity map, this is a continuous map. To obtain an element in
MCG(S), we need to start with a smooth map. There are multiple ways out at the moment.
We could smoothen T'. Or we could use surface topology to argue that T, is homotopic to
a smooth map. Since for the mapping class group, we only care about diffeomorphisms up
to homotopy, the element we get in MCG(.S) will not depend on how we do this.

Figure 2 shows an example of a Dehn twist.

& &>

) ()

FIGURE 2. A Dehn twist on a surface of genus two.

We see that T, maps a curve 7 on the surface intersecting the defining curve a (of which we
have only drawn the regular neighborhood) transversely to a curve that is not homotopic

to . In particular, T, is not homotopic to the identity and hence defines a non-trivial
element in MCG(S5).



LECTURE 5

Mapping class groups and Beltrami differentials

5.1. Mapping class groups

5.1.1. The mapping class group of the annulus. We start by proving the last propo-
sition from the previous lecture.

PROPOSITION 5.1.1. Let A =10,1] x R/Z. Then
MCG(A) ~ Z = ([T)).

Proor. We will first construct a homomorphism p : MCG(A) — Z. Given an ori-
entation preserving diffeomorphism f : A — A such that f|ga= Id, we can find a lift

f:10,1] x R — [0,1] x R such that f(0,0) = (0,0). This means that
Fliopxr= 1d.

Because f|sa= Id, the restriction ﬂ{l}xR is an integer translation. We let p(f) be this
integer.

p is surjective, because p([T™]) = n. Now suppose p([f]) = 0. This means that f restricts
to the identity on {0,1} x R. We have that

f@~@@>:ﬂmyﬂu@,nGZJW@GMHxR,

where f, € Aut(Z) = {£1d}. Because ﬂ{o,l}xR: Id, we need that f, = Id. Implying that

f@ﬂmm):nfhﬁ% nezZ(ta) €01 xR

and thus that the straight line homotopy

F((t,x))=(1—=3s)- f(x,t) +s- (z,t), s€][0,1]

is a Z-equivariant homotopy between ]7 and the identity, that hence descends to A. This
proves that p is injective and concludes the proof of the proposition. O

5.1.2. The mapping class group of the torus. We briefly return to the torus. The
question is of course whether the general definition on the mapping class group really
corresponds to what happens in the case of the torus. We recall that

M, = PSL(2,Z)\H?.
This makes one wonder whether the mapping class group of the torus is maybe PSL(2, Z).
This turns out to be almost correct. Indeed, we have the following theorem:

39
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THEOREM 5.1.2. We have
MCG(T?) ~ SL(2,Z).
The action of MCG(T?) on T is that given by

a b B ar — b
c d T_—CT+d
a b
for all e d € SL(2,Z) and T € T.

Proor. We will identify
T2 — RQ/zQ
First observe that very element A € SL(2,Z) induces a linear diffecomorphism = — A -z of
R2. Moreover, since SL(2,7Z) preserves Z? C R?, the action on R? descends to an action
by diffeomorphisms
T — T
that are orientation preserving because det(A) > 0.

Our goal is to show that every orientation preserving diffeomorphism ¢ : T? — T? is
homotopic to such a map. To this end, we may homotope ¢ so that it fixes [0] € T? and

we can take a lift ¢ : R2 — R2 that fixes the origin of R2. We have

o(z + (m,n)) = (x) + d(m,n),
for all (m,n) € Z* where ¢, : Z* — Z* is an isomorphism, i.e. an element of GL(2,Z).
For a general surface S, the map [¢] € MCG(S) — ¢, € Aut(m(S)) does not yield a
homomorphism: we have chosen a homotopy to make ¢ fix a base point. Changing this
choice a priori changes ¢, by an inner automorphism of m1(S). So we only obtain a map
to Out(m;(S)). However, because Z? is abelian, we have Out(Z?) ~ Aut(Z?). So in the
case of the torus, we obtain a homomorphism MCG(T?) — GL(2,Z).

Write A, for the GL(2,Z) matrix corresponding to ¢. Observe that

Fi(z)=tAy, -+ (1 —t)p(x), te€0,1],z€R?

gives a Z%-equivariant homotopy between ¢ and the linear map = + A, - z. Since ¢
is orientation preserving, det(As) > 0, and hence Ay € SL(2,Z). So we obtain a map
MCG(T?) — SL(2,Z). The map is surjective, because ¢4 maps to A. Moreover, the map
is injective, because if A, is the identity matrix, F; gives a homotopy of ¢ to the identity.

Since the action of [¢] € MCG(T?) on T (T?) is by precomposition with ¢!, the action is
as described. O

REMARK 5.1.3. Note that the theorem above implies that the mapping class group action
is not faithful. The kernel of the action is the center of SL(2,7Z), i.e. the subgroup

{i ( (1) (i )} < SL(2,Z).
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On the other hand, we do have
H?/PSL(2,7Z) = H?/ SL(2,7Z).

This means that the mapping class group action is indeed a generalization of the situation
for the torus case.

5.1.3. Mapping class groups in higher genus. We proved in the exercises that SL(2, Z)
can be generated by the matrices

1 1 0 —1
T:(O 1) and SZ(l 0 )

We can also generate SL(2,Z) by the matrices

11 1
T_<0 1) and R_(l
Indeed, a calculation shows that S = T 1RT 1.

Now identify T? = R?/Z? again and write a and £ for the closed curves in T? that are the
images of the straight line segments between the origin and (0,1) and (1,0) respectively.
Tracing the proof of Theorem 5.1.2, we see that T' = [T,,] and R = [Tj]. That is, MCG(T?)
can be generated by two Dehn twists.

— O

It actually turns out that an analogous statement holds for all mapping class groups. In
the following theorem, a non-separating curve will be a curve « so that S\ « is connected.
Figure 1 shows an example.

>

FIGURE 1. A separating curve («) and a non-separating curve ().

THEOREM 5.1.4 (Dehn - Lickorish theorem). Let S be a surface of finite type, the mapping
class group MCG(S) is generated by finitely many Dehn twists about nonseparating simple
closed curves.

5.1.4. The action on homology. If S is a surface, then MCG(S) acts on its homology
H,(S). Indeed every diffeomorphism f : S — S induces an automorphism f, : H;(S,Z) —
H,(S,7Z). In this section, we briefly descibe some aspects of this action. We will restrict
to closed surfaces.

First of all, it turns out the action preserves some extra structure: the algebraic intersection
number between oriented curves. In order to define it, let a and § be two oriented closed
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curves on an oriented surface S that intersect each other transversely at every intersection
point. Then the algebraic intersection number between a and [ is given by

i, 8) = > sen(w(vy(@), v,(8))),
pEanp

where sgn : R — {£1} denotes the sign function, w is any volume form that induces the
orientation and v,(«) and v,(5) denote the unit tangent vectors to o and 3 respectively
at p. Note that

(B, a) = —i(a, B).
Figure 2 shows an exemple of a positive contribution to the intersection number.

B

>'§oz
/P

FIGURE 2. A positive contribution to i(a, () if the orientation points out of
the page.

We note that this form descends to homology. That is, it induces a form
i:H(S,Z) x Hi(S,Z) — Z
called the intersection form, with the properties:
(1) 4 is bilinear.
(2) i is alternating, i.e.
i(a,b) = —i(b,a)
for all a,b € H,(S,7Z).
(3) i is non-degenerate, i.e. if a € H,(S,Z) is such that
i(a,b) =0 forallbe H(S,Z)
then a = 0.

(see | , Section III.1] for more details). Such a form is called a symplectic form.

First of all note that the image preserves the intersection form. Moreover, isotopic maps
give rise to the same automorphism. So this gives us a representation

MCG(S) — Aut(H,(S,Z), )

called the homology representation of the mapping class group. Recall that if S is a
closed orientable surface of genus g, then H,(S,Z) ~ Z?. Choosing an identification, the
homology representation becomes a map

MCG(S) — Sp(29,Z) = { A € Matsy(Z) : i(Av, Aw) = i(v,w), Yo,w € Z* } .

It turns out that this representation is surjective (this can be proved using a finite gener-
ating set for Sp(2g,Z) consisting of transvections, which can be realized by Dehn twists),
but generally highly non-injective. A notable exception is the case of the torus, there is an
isomorphism

Sp(2,Z) ~ SL(2, Z)
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and indeed the the homology representation MCG(T?) — Sp(2,Z) is an isomorphism.

5.2. Beltrami differentials

Our next goal is to put a topology on Teichmiiller space (that coincides with the topology
of the upper half plane in the case of the torus and the once punctured torus). Of course,
the goal is that marked complex structures that are more similar should be closer to each
other. So that raises the question how one measures the how similar two marked complex
structures are.

5.2.1. Wirtinger derivatives. Let us first recall the notation for differentiation with
respect to complex coordinates. If (U, z) is a complex coordinate chart on a surface S, we
wrote z = x 4 1y and

9 _1(o o\ 0 _1(0 9
0z 2\dx Oy 0z 2\ox oy)’
Moreover, the equation 8’5—(;) = 0 is equivalent to the Cauchy-Riemann equations for f(z),

i.e. this equation is equivalent to f being holomorphic. One readily verifies that in these
coordinates, the product rule takes the form

0 _of dg
Moreover, the chain rules read
(fog), _9f g of 99

T(ZO) By (9(20)) - &(zo) + g(g(zo)) : 5(20)

and
O(f o 0 0 0
W29 ey = Do) 2o + Lot L)
5.2.2. Beltrami coefficients. In Section 2.3 on conformal structures we saw that when
trying to find an isothermal complex coordinate w on a Riemannian surface, equipped with
a coordinate z, the fraction
ow/0z

"= B [0z
shows up as a measure of “how much” we need to “correct” the coordinate z in order
to make the metric conformal to the standard Euclidean metric in w (and thus yielding

holomorphic chart transitions).

In general, given a smooth map f : S — R between Riemann surfaces, we can use this
expression to measure how far f is from holomorphic. Let us first prove that this yields a
well defined object:

LEMMA 5.2.1. Let S and R be Riemann surfaces and f : S — R a smooth map. Suppose
that (U, z) is a holomorphic local coordinate on S and (V,w) one on R. Then the smooth
function p : z(U) — C defined by

= (%)) (%)

where F =wo foz"':2(U)— C is independent of the choice of coordinate (V,w).
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PROOF. Suppose (V' ,w’) is a different holomorphic local coordinate with f(U) C V'.
Write F' = w' o foz71: 2(U) — C. By the chain rule,
OF' _ 9 wow o) _ (a(w’owl) 0F> OF
0z 0z 0z 0z’
where the second term disappears because w’ o w™?! is holomorphic. Likewise,
OF _Ow'ow ' oF) (8(w’ow_1) oF> or
0z 0z 0z 0z’

So when we divide the two, we obtain the same . 0

Observe that p does depend on the local coordinate (U, z). Indeed, if (U, 2’) is a different
holomorphic local coordinate and we write F’ = w o F o (2/)~1, then

OF 9(Fozo()) (aF (z’)l) KE oa(z_z/")_l)

9z 07’
(Zoso) (FEED),

again using the fact that the coordinate change is holomorphic to conclude that the other
term disappears, and

OF  9(Fozo()) (aF (Z,)I)a(zo(z')l)

0z 0z’
where we have used that

(= oa(jf)—l) (a(z > (_z’)—1)>

- - 0z ’

In conclusion

(') = u(z) - (%) / d(z oa(;/’)—l)

and thus a smooth map f : S — R yields a differential i, of type (—1,1) associated to f.
That is, it makes sense to write
dz
pp = p(2) - a2
So, we have a well defined differential pf associated to f that satisfies
py =0 <& fis biholomorphic.

Indeed, if 1y = 0 then 0f/0Z = 0 everywhere, so f is holomorphic. Since f is also invertible
(and the inverse of a bijective holomorphic function is holomorphic), f is biholomorphic.
We will call iy the Beltrami coefficient of f.
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A topology on Teichmiiller space

6.1. More on Beltrami differentials

We also observe that the coordinate transition above implies that z — |us(2)| is a well
defined function on .S. Moreover, it is uniformly bounded by 1 for all orientation preserving
diffeomorphisms:

LEMMA 6.1.1. Let S and R be Riemmann surface and let f : S — R be an orientation
preserving diffeomorphism, then

|s(2)] <1
forall z € S.

PROOF. Since this is a local question, we can just think of f as map U — V', where
U,V C C are open subsets. Writing f(x,v) = u(z,v)+iv(z,y), the fact that f is orientation
preserving means that

_ Qu(w,y)/0x  Ou(x,y)/dy
o < daipi(e) =ae ( G S oy
Ou(z,y) Ov(z,y) Ou(wz,y) Ov(z,y) _|0f

T o Oy Oy or |0z 0z

hence proving the lemma. O

2

af

2

)

A differential p of type (—1,1) on a Riemann surface X whose L*-norm satisfies
il = sup{lu(z)[} <1
zeX

is called a Beltrami differential.

The following transformation formula for Beltrami coefficients will also be useful to us:

LEMMA 6.1.2. Let S, X7 and X5 be Riemann surfaces and let
s -1 x, -4 X,

be orientation preserving diffeomorphisms. Then
of of figof — 14
wos= (2 ) (). et
0z 0z L —Tigp - pgoy

PROOF. This is part of this week’s exercises. U
45
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Indeed, we can derive from it that Beltrami coefficients can recognize biholomorphisms:

LEMMA 6.1.3. Let X7 and X5 be Riemann surfaces and let
fi: R—=Xy and fy: R— X,
be orientation preserving diffeomorphisms. Then the map foo fi': X1 — Xy is biholo-
morphic if and only if
Hp = By

PROOF. fyo fi'! is biholomorphic if and only if p faoft = 0 as a Beltrami differential
on X;. This is true if and only if, as a Beltrami differential on S,

_ONh/0z  pyp — g,

W 1- Hopy fps 7
where we have used the previous lemma. Because neither the first factor on the right, nor
the denominator (because |uf| < 1 for an orientation preserving diffeomorphism) can be
0, we obtain that the equation pyp, = puy, is equivalent to p ., e f1 being 0. U

O = 'quOffl o fl

6.1.1. Topologizing Teichmiiller space. We are going the use Beltrami coefficients to
topologize Teichmiiller space. First of all, the following theorem implies that Riemann
surface structures up to homotopy can be recognized using Beltrami differentials:

THEOREM 6.1.4. Let S, Xy and X5 be Riemann surfaces and
fi:8S—=Xy and fo:9 — Xo

be orientation preserving diffeomorphisms. Then there exists a biholomorphic mapping

h: X — X,
if and only if

Hfy = Hfrop=t
for some ¢ € Diff *(S). Moreover, the map

(fo) tohofy:S—S

is homotopic to the identity if and only if ¢ € Diff] (S, ).

PROOF. First suppose that there exists a biholormorphic map A : X; — Xs. Then we
set
0=(fa) tohofi:S—S.
Then
Hf2 = Hhofrop=t = Hfiop=1;
where we have used Lemma 6.1.2 for the second equality. Since ¢ = (f2)"' o ho fi, the
second claim is immediate.

Conversely, suppose there exists some ¢ € Diff 7 (S) such that

Kp = Hfop—?

Lemma 6.1.2 then shows that h = fo oo fi' : X; — X, is biholomorphic. Again, the
second claim follows from the form of ¢. Indeed fy; ' o ho f; = . O
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So, given a Riemann surface S, we can define the space
f S — R an orientation
B(S)1 := < ps : preserving diffeomorphism,
R a Riemann surface
That we equip with the L*> topology. This space admits an action of the group of orien-
tation preserving diffeomorphisms Diff " (.S) by
QO pp = pop-1, @ € DIffT(S), pup € B(9):.

A direct consequence is the following:

COROLLARY 6.1.5. The map from the set of marked Riemann surfaces defined by

(B, f) = py
induces a bijections
T(S) — B(S),/Diff§ (S, %)
and

M(S) — B(S)./Diff* (S, %).

In particular, since B(S); is a topological space, these bijections equip 7(S) and M(S)
with a topology. It is not so hard to see that the choice of Riemann surface structure
on S does not influence the topology on Teichmiiller space. Indeed, if S and S’ are two
Riemann surfaces and ¢ : S — S is any orientation preserving diffeomorphism between
them, then

(X, f1€T(S) = [X,fogl € T(S)

is a homeomorphism.

6.2. Quasiconformal mappings

We will now first describe another viewpoint on the same topology: namely that of quasi-
conformal mappings and the Teichmiiller metric.

Let us consider what it is that |us(2)| measures. Let f : D — D denote an orientation
preserving diffeomorphism of some domain D C C containing 0. And write

af af
denote the first order Taylor expansion of f at 0 (so a = %(O) and b = %(0))

Df(0) -z 0)-z=1a-z+b-%

Let us consider the inverse image of a unit circle under this map. I.e. the solutions of the
equation
[Df(0) - 2| = 1.
Let us write
z=re? a=la| & b=|b| ”.
The equation then becomes

(|a| + 10]) cos («9 + #) +i(|a|] — |b]) sin <0 + aT_ﬁ> ’ =1

This is the equation of an ellipse with

7” .
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- minor axis at polar angle B%a of half length m

_ 1
la[—[o] "

- major axis at polar angle L;J”T of half length
Note that the latter is positive since the Jacobian
det(Df(0)) = la|* = [b* > 0,

as we have seen in the proof of Lemma 6.1.1. Figure 1 shows a picture of the situation.

=C

FIGURE 1. An ellipse that gets mapped to a circle.

The ratio of the axes of the ellipse is
lal +[b] _ 1+ |pus(0)]
laf = [b] 1 —|ps(0)]

In particular, if ;7(0) is close to 1, then the preimage is very far away from a circle and
if pp(0) = 0 (i.e. if f is biholomorphic) then the preimage is a circle. So this means
that

e Biholomorphic maps locally send circles to circles (i.e. they are conformal)

e The 117(0) measures how far away the preimage of a circle (an ellipse) is from a
circle.

For this reason, the number

1 ug2)]
B =100

is called the quasiconformal dillatation of f at z. Since the ratio between the major and
minor axis of the ellipse is a measure of how far f is from being conformal, this leads to
the following definition:

DEFINITION 6.2.1. Let X and Y be Riemann surfaces and let f : X — Y be an orientation
preserving diffeomorphism. We say f: X — Y is a K-quasiconformal mapping if

1
zex (1= |us(2)]

Ky is called the quasiconformal dillatation of f.
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REMARK 6.2.2. The notion of a quasiconformal map can be generalized to maps of much
lower regularity (see eg. | , Chapter 4]). We will consider slightly lower regularity
(but not as low as can be found in the literature) soon as well.

We record two useful properties of quasiconformal maps in a lemma:

LEMMA 6.2.3. Suppose X, Y and Z are Riemann surfaces and f : X —Y andg:Y — Z
are orientation preserving diffeomorphisms. Then the following holds:

(a) We have that
Ky>1
with equality if and only if f is a biholomorphism.

(b) We have that

Kypp < K, - Kj.
(¢) Finally,
Ky = Ky.
PRrOOF. This is part of this week’s exercises. O

6.3. The Teichmiuller metric

Lemma 6.2.3 implies that the following defintion defines a metric:

DEFINITION 6.3.1. Let S be a Riemann surface. Then the Teichmaller distance between
(X1, f1], [Xo, fo] € T(S) is

1 g : X1 — X, an orientation
dr <[X1, fil, [ X2, f2]> =3 log [ inf ¢ K, : preserving diffeomorphism
homotopic to fy o f;*

The factor % is a convention. The first thing to observe is that the Teichmiiller distance is
a metric:

LEMMA 6.3.2. Let S be a Riemann surface. Then the Teichmiiller distance dr : T(S) X
T(S) — [0,00) defines a metric.

PROOF SKETCH. The fact that dr is symmetric and satisfies the triangle inequality are
direct from Lemma 6.2.3. In order to show non-degeneracy, suppose

dr <[X1, fil, [Xo, fz]) =0.
There are two ways to show that this implies that [ X3, fi] = [Xs, fo]:

e We can use Teichmiiller’s theorem (that we will state, but not prove later on in
the course), which states that there is a map (of slightly lower regularity) that
realizes dp. This map must have K, = 1 and hence is a biholomorphism.
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e We can run an approximation argument. Suppose g, : X; — X5 is a sequence of
maps in the homotopy class of f, o f;'! such that

%log(Kgn) ey dr ([Xl,fl], [X27f2]) —0.

This means that
K, =51

gn 9

which in turn implies that g, locally uniformly converges to a holomorphic map
X7 — Xy (see | , Proposition 4.36] for details).

O

We could have used dt to topologize Teichmiiller space as well:

LEMMA 6.3.3. The Teichmiiller metric is compatible with the topology on T (S).

PROOF. This is a matter of tracing the definitions. Two points in [Xi, f1], [Xa, f2] €
T(S) are close if we can make p faofi ! close to 0 in the L*> topology by precomposing fi
with a homotopically trivial self-diffeomorphism X; — X;. This is the same as saying that
K, is small for g in the homotopy class of fyo fi'. 0J

6.4. Grotschz’s theorem

Teichmiiller proved that the Teichmiiller distance is realized by a unique map called the
Teichmiiller map (that has slightly lower regularity than the maps we're taking the infimum
over, but we’ll get to that).

As a warm up, we’ll consider Grotschz’s problem, that goes as follows. Suppose that
Ry =[0,a] x [0,1] and Ry = [0, K - a] x [0, 1] are two rectangles in the plane, where a > 0
and K > 1. We can ask what the minimal quasi-conformal dillatation is of a map R; — R»
that preserves vertical sides and horizontal sides. Grotschz proved the following:

THEOREM 6.4.1. (Grdtschz’s theorem) Suppose Ry and Ry are as above and f : Ry — Ry
1s a homeomorphism that is smooth and orientation preserving away from a finite number
of points. Then

Ky > K
with equality if and only if f is the affine map

(x,y) € Ry — (K - z,y) € Rs.

Before we prove the theorem, we briefly comment on definitions. Formally, we defined K
only for orientation preserving diffeomorphisms. In particular, in the points z € R; where
f is not smooth, p15(2) is not defined. We can remedy this by simply ignoring these points
in the supremum.
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PROOF SKETCH. Writing Ks(z,y) for the quasiconformal dilatation of f at (z,y) € Ry,
we first claim that

2

8f < Kf(g;,y) ~det(Jf(377y))a

(6.4.1) 5 —(z,y)

where Jy(z,y) denotes the Jacobian matrix of f at (z,y) € R;. Indeed, writing
M = sup { |df ) (V)] : UET Rl}
and
= inf { |df (o) (v)| : vE T, R},

We have K¢(z,y) = M/m, det(J¢(z,y)) = M - m and ‘ax (x,y) ’2 < M?, which proves
(6.4.1).

The second inequality we will use is

(6.4.2) /R of

pl
This is the observation that for almost all y € [0, 1] fo (z,y ‘da: > K - a, by the
substitution rule. Integrating with respect to y gives the des1red inequality.

z,y)| dedy > K - area(R;)

We now have

649 2
(K -area(Ry)) 2 | < ( dxdy)

( \/Kf (2.) - \/det(Jy(x y))dxdy>2

Cauchy Schwarz

I/\»p

K¢(z,y)dzxdy - / det(Js(z,y))dzdy

R1 Rl

< area(Rs) - Ky - area(R;)
= K -area(R;) - Ky - area(Ry).

Thus yielding that K; > K.

Equality for the affine map is a matter of computation, so now we need to show uniqueness.
This can be proved using the fact that we need to have equality in all the inequalities
above. 0J

5. Measured foliations

Teichmiiller’s characterization of maps realizing the Teichmiiller distance is a generalization
of Grotschz’s theorem: optimizers are analogues of affine maps. In order to define what
these are, we need to discuss measured foliations and quadratic differentials. We will start
with the former.
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6.5.1. The torus. We start with our favorite example: the torus T? = R?/Z?. Given any
straight line ¢ through (0, 0), we obtain a foliation F, of R? consisting of all lines (that we

will call the leaves of F,) parallel to ¢.

Because F is invariant under the Z2-action, it defines a foliation F, on T2. We observe
that if £ has a rational slope, then all the leaves of F, are simple closed curves. If the slope
is irrational, every leaf of F, is dense in T?.

The foliation F, also naturally comes with a measure on trajectories that are transverse
to it. Indeed, let

v R* =R
denote the (signed) distance to £. The associated 1-form dvy is Z*-invariant and hence
descends to a 1-form w, on T2 This induces a measure p, on arcs « transverse to JF,

given by
Me(a)=/|wz|~

By construction () is invariant under istopies of « that preserve the leaf that each point
of v lies in. py is called a transverse measure to F,. The pair (Fy, pug) is called a measured
foliation.



LECTURE 7

Measured foliations and quadratic differentials

7.1. Measured foliations

7.1.1. More about the torus. Observe that the 1-form w, completely determines the
measured foliation: the leaves of F, are the integral submanifolds corresponding to the
subbundle ker(wy) of the tangent bundle T(R?/Z?).

We have seen that every mapping class [¢] € MCG(T?) admits a representative of the
form

ba:lz] = [A-2], [2] €T
for A € SL(2,Z). If A is hyperbolic, i.e. has two real eigenvalues A > 1 and 1/A. The

matrix
21
1 1

is everyone’s favorite example. Then A has two eigenspaces ET, E~ C R? respectively.
These eigenspaces define two transverse measured foliations (F*, u™) and (F~, ™) on T2
The map ¢4 preserves these foliations and

(¢A)*M+ =A- M+ and  (Qa)p” = % T

So we can think of A as stretching by a factor A in the direction of F* and contracting by
a factor 1/\ in the direction of F~. As such, this is a natural analogue to affine maps on
rectangles.

7.1.2. Higher complexity. For surfaces of higher complexity, the situation is more com-
plicated. First of all, such surfaces do not admit smooth foliations, so we have to allow for
singularities for the theory to work.

DEFINITION 7.1.1. Let S be a closed surface. A singular foliation F on a S is a decompo-
sition of S into a disjoint union of subsets of S, called the leaves of F, and a finite set of
points of S, called singular points of F, such that the following conditions hold:

(1) Around each nonsingular point p € S, there is a smooth chart to R? that takes
leaves to horizontal line segments. The transition maps between any two of these
charts are smooth maps that take horizontal lines to horizontal lines.

(2) Around each singular point p € S, there is a smooth chart to R? that takes leaves
to the level sets of a k-pronged singularity for some k > 3 (Figure 1 shows an
example).

53
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&,

FIGURE 1. A 3-pronged singularity.

We have the following formula for the relation between the singularities and the Euler
characteristic:

PROPOSITION 7.1.2 (Euler—Poincaré formula). Given a singular foliation F on a closed
surface S, let P, denote the number of prongs of the singular point s € S. Then the Euler
characteristic of S can be computed as

2x(8) = ) 2-P.

ses
singular

PROOF. The proof will be part of this week’s exercises. O

In particular, if S has negative Euler characteristic, any foliation of it necessarily has
singular points, thus justifying our claim above.

In order to define transverse measures, we need a notion of arcs transverse to a singular
foliation. These are smooth arcs on the surface that do not go through the singular points
of F and are transverse to the leaves of F.

DEFINITION 7.1.3. Let S be a closed surfae and let F be a singular foliation of S. A
transverse measure p on F is an assignment of a positive real number p(«) to each arc «
that is transverse to F such that

e 4 is invariant under leaf-preserving isotopy of smooth arcs

e ;i is reqular, that is, there exists a smooth chart to R? around each non-singular
point that maps the leaves of F to horizontal lines and such that p is induced by
the line element |dy|.

The pair (F, i) is called a measured foliation on S.

7.1.3. Example 1: polygons. It’s high time for an example. Let’s start with a concrete
one. Figure 2 shows a foliated octagon. We can turn this octagon into a surface X of genus
2 by using horizontal and vertical translations to identify its sides (an Euler characteristic
computation shows that the resulting genus is indeed 2.

Moreover, because the foliation is translation invariant, it glues into a singular foliation F
of X. The singularity can be found at the image of the vertices of the polygon (that are
all identified in a single vertex on X).
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FIGURE 2. A foliation on a surface of genus two.

We claim that the singularity around this vertex is 6-pronged. One way to see this, is by
using Fuclidean geometry. Indeed, the surface X comes equipped with the structure of
a Euclidean metric that is defined everywhere except at the image of the vertex. Indeed,
adding up the angles in the corners of the octagon, we see that the total angle around the
vertex is 67 instead of 2w. Every prong in the singularity adds an angle 7 (a 2-pronged
singularity being a regular point). So, we indeed have a 6-pronged singularity.

A second way to see this, is just by using the Euler—Poincaré formula. If s € X denotes
the image of the vertex, then we have

thus yielding P; = 6.

Again the line-segment coming from the distance to any of the leaves yields a measure p

on F.

Finally, none of this really used our explicit octagon (except of course the calculation of the
number of prongs of the singularity). So in general, we can build a surface X, by taking
a Euclidean polygon P C R? and identifying pairs of parallel sides of the same length.
After that, we take any foliation of R? by straight lines, from which we obtain a singular
foliation on X. Moreover, instead of only translations, we can also allow rotations of angle
7. These also preserve the foliation. They however don’t preserve any orientation on the
leaves, so we obtain a non-orientable foliation.

7.1.4. Example 2: natural coordinates. Suppose our surface S and P C S is a finite
set of points. If the surface S — P admits an atlas for which all the transition maps are of
the form:

(z,y) = (f(z,y),c £t y)

for some smooth f : R? — R and some constant ¢ € R (both depending on the pair of
charts). That is, the transition maps send horizontal lines in R? to horizontal lines. This
means that the horizontal foliation of R? induces a singular foliation on S. Since the line
element |dy| is preserved as well, this foliation comes with a measure too.
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O O
) O O
O O O

FIGURE 3. Another foliation on a surface of genus two.

Let’s again look at our surface X from the previous example. We now equip it with the
horizontal foliation. Since the gluings are by translations, we can equip X — s with an
atlas for which the transition maps all take the form

(z,y) = (x4 c1,y + ¢2)

for some ¢y, co € R. In particular, not only the horizontal, but also the vertical foliation of
X falls under this example.

7.1.5. Example 3: simple closed curves. If we take a (4g 4+ 2)-gon and glue opposite
sides together with orientation reversing homeomorphisms, we obtain a closed surface of
genus ¢ (this can for instance be shown using the Euler characteristic of the result). We
can turn this (49 + 2)-gon into a rectangle, by drawing two opposite sides vertically and
all the other sides horizontally (see Figure 4 for an example of genus 2).

o O O O O

O O O O O

F1GURE 4. Yet another foliation on a surface of genus two. We identify
(combinatorially and not geometrically) opposite sides.

Again, since the identification is by translations, the foliation and the line element |dy|
descend to the quotient surface X. In this foliation, all the non singular leaves are simple
closed curves, that are all homotopic to each other. Conversely, any simple closed curve on
a surface defines such a foliation. We can change the measure by scaling the rectangle.

7.1.6. Boundary and punctures. We haven’t discussed yet what we require of a sin-
gular measured foliation when the surface S has boundary of punctures.

In our definition:
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e We will allow the puncture to be a singular point or a regular point. If it’s singular
it will also be allowed to be a 1-pronged singularity (see Figure 5)

e At the boundary, the leaves of the folliation are allowed to be transverse or parallel.
Moreover, we allow for singularities on the boundary (see Figure 6 for what the

local picture is allowed to look like).
5)

FIGURE 5. A one-pronged singularity at a puncture.

FI1GURE 6. The behavior we allow on the boundary.

7.2. Holomorphic quadratic differentials

Next up in our discussion are holomorphic quadratic differentials. Indeed, if our surface
comes equipped with the structure of a Riemann surface, we can define measured foliations
on it using quadratic differentials.

If X is a Riemann surface, then a holomomorphic quadratic differential on X is a section
of the symmetric square of the holomorphic cotangent bundle, i.e. a quadratic form on the
tangent bundle that varies holomorphically, or more concretely, an object that, in a local
coordinate (U, z), can be expressed as

o(z) - dz*

So if (V,w) is another holomorphic chart in which the quadratic differential takes the form
(w) - dw?, then in the overlap of V and U, we have

Y(w) - (‘fl—w) — 5(2).

It follows from the Riemann—Roch theorem (see | ]) that, on a closed Riemann surface
of genus g, the space of holomorphic quadratic differentials has complex dimension 1if g = 1
and 3g — 3 if g > 2.

7.2.1. Example 0: the complex plane and squares of 1-forms. The complex plane
C needs a single chart, so dz? is a well defined quadratic differential. Likewise o ® av is
quadratic differential for any holomorphic 1-form « on a Riemann surface X.
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7.2.2. Example 1: polygons. Suppose P C R? is a Euclidean polygon and we are given
a set of side pairings that are all (compositions of) translations and rotations or angle 7.
Let X be the surface we obtain when we glue P together using these side pairings (just
like we've seen in the examples of measured foliations above).

First of all, the surface X has a natural Riemann surface structure. Indeed, if we let S C X
be the set of images of vertices of P. The subsurface X —S5 C X admits an atlas consisting
of charts whose transition maps are translations and rotations (with angle 7, but that’s
irrelevant for this part). Since such maps are holomorphic, this equips X — S with the
structure of a Riemann surface. So, we only need to explain how to find charts around the
points in S that are compatible with this atlas.

First we observe that X comes with a natural metric that is Euclidean outside of S.
Because the side pairings are translations and rotations of angle 7 (now the angle does
matter), the total angle around any point in S is mz for some integer m > 1. Suppose s is
such a singularity, then we build a chart as follows. We take some small disk around s in
the piecewise Euclidean metric (small enough to avoid other singularities). We can think
of this disk as a gluing of m half disks (see Figure 7).

FIGURE 7. A small disk around a singularity.

Our goal is to map this disk into a small disk around the origin in C. To this end, we label
the half disks in order: Hy,..., H,,_; that we all parametrize

Hy={r-e¢® . 0<r<r,0<6<n}, k=1,...,m
We map these half disks into sectors of total angle 27 /m in C, by
T.ei@ € H, — T2/m€i~(29+2k’7r)/m cC.

So locally, each of these maps is a branch of the map z — z%/™. These maps glue together
into a chart around the singularity. We claim that the atlas we obtain from such charts,
combined with the charts of X — .S whose transition functions are translations combined
with rotations of angle 7. Indeed, the chart transitions are of the form z — 2™, that
are holomorphic functions away from 0. Since 0 corresponds to the singular point, which
does not lie in the overlap of two charts, the chart transitions are holomorphic where
they’re supposed to be. X, equipped with this Riemann surface structure, is called a half-
translation surface. If the side pairings are translations (so no rotations of angle 7 are
involved) we call X a translation surface.

The quadratic differential dz? on C is preserved by tranlations and rotations of angle , so
it descends to a quadratic differential ¢ on X —S. In order to obtain a quadratic differential
on X, we need to say how we define ¢ in the charts around the singularities. Let’s write
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(U, w) for the singular chart around a singularity of total angle mm and (V) z) for some
non-singular chart that has a non-trivial overlap with it. So ¢(z) = dz?. Let’s write

q(w) = ¢(w) - dw*

for the form ¢ takes in the w-coordinate. By the transformation rule for quadratic differ-

entials,
| o) = (£ v = (42)

Because the transition function is of the form z(w) = w™/2, we obtain that we need to
set ) )
d m
_ d 2 _ 2, m/2 _ m—2d 2'
q(w) = ¢(w)dw (dww Y w

If m = 1, this leads to a pole. We can either allow such poles, or leave these singularities
out.

In conclusion, from a polygon and a set of side identifications given by translations and
rotations of angle 7, we obtain a half translation surface equipped with a quadratic differ-
ential and a singular flat metric. Moreover, the singularities of total angle m -7 correspond
to zeroes (or poles is m = 1) of order m — 2 of q.

Finally, we observe that if we use only translations for the gluings (and X is a translation
surface), then all the angles are integer multiples of 27 (as opposed to 7) and instead of
only dz?, the 1-form dz descends to X — S and can be completed to a globally defined
1-form on X. The quadratic differential we just constructed is its square in this case.






LECTURE 8

Quadratic differentials, Teichmiiller mappings, hyperbolic
geometry

8.1. Quadratic differentials

8.1.1. Measured foliations coming from quadratic differentials. We've already
seen that, besides differentials, polygon gluings yield foliations too. This is a general phe-
nomenon: quadratic differentials induce measured foliations and the charts we’ve described
above are natural coordinates.

Indeed, we can define two smooth vector fields V" and V'V, where at p € X, the vectors
Vph, VY € T, X are such that

q(V,;") € (0,00) and ¢(V)) € (—00,0)

if p is not a zero or pole of ¢, and the zero vector if p is. The foliations F" and F" consisting
of the integral lines of V! and V'V are called the horizontal and vertical foliations associated
to gq.

These foliations come with transverse measures. Indeed, suppose ¢(z) = ¢(z)dz? in some
local coordinate (U, z) on X, then we can define

,uh(a):/a Im (Wdz)‘ and uv(a):/a

ExaMPLE 8.1.1. If ¢ is a quadratic differential coming from a half translation structure as
described above, then F and F" are the foliations induced by the horizontal and vertical
foliation of C respectively. Moreover, the horizontal and vertical transverse measure are
induced by |dy| and |dx| respectively.

Re (W dz)‘

A natural question is whether all measured foliations on X appear as the horizontal folia-
tions of quadratic differentials. A theorem due to Hubbard—Masur | | says that this
is essentially (up to a certain equivalence of foliations) the case.

8.1.2. Natural coordinates. Just like measured foliations, quadratic differentials admit
natural coordinates.

DEFINITION 8.1.2. Let X be a Riemann surface. A natural coordinate (U, z) for a quadratic
differential ¢ on X is a holomorphic chart such that ¢(z) = z¢dz? for some k > —1.

Such coordinates exist. For example, if p € X is a point at which ¢ does not vanish and
let (U, z) be a chart such that z(p) = 0 and U is small enough such that it doesn’t contain

61



62 8. QUADRATIC DIFFERENTIALS, TEICHMULLER MAPPINGS, HYPERBOLIC GEOMETRY

any zeroes of q. Moreover, suppose q(z) = ¢(z) - dz>. We can then compose z : U — C

with the function .
ne) = [ ow) du.
0

where we take the branch of the square root that gives the correct value at 0. 7 is a
well-defined biholomorphic function onto its image. Moreover

dn? = dn 2 dz* = ¢(2)dz*
dz '
So it indeed does what we want. We refer to | , Section 6] for details.

8.1.3. Euclidean metrics. The final fact we will record about quadratic differentials is
that they always come with a singular Euclidean metric.

Indeed, if, locally, ¢(z) = ¢(2)dz? then
1
L 16(:)1dz = = 9(2)] de Ay
i

and
|6(2)|"2 |dz| = |6(2)['* /da® + dy?

give a well-defined length and area element respectively, that vanish only at the zeroes of
q.
8.2. Teichmiiller mappings
We are now ready to define Teichmiiller mappings:
DEFINITION 8.2.1. Let X and Y be two closed Riemann surfaces. We say that a home-

omorphism f : X — Y is a Teichmiiller mapping if there are holomorphic quadratic
differentials ¢x and ¢y on X and Y respectively, and K > 0 such that:

(1) f maps the zeroes of gx to the zeroes of gy.

p € X is not a zero of gx, then with respect to the natural coordinates for gx
2) If X i t f th ith t to th tural dinates f
and gy based at p and f(p), f satisfies

f(m+iy)—\/?x+i\/% Y.

In complex coordinates, the last equation reads:

f(z)-%(K\/%1~z+K\/%1 -z).

In particular, f is holomorphic as a function of z if and only if K = 1.

LEMMA 8.2.2. If X and Y are closed Riemann surfaces and f: X — Y s a Teichmiiller
mapping, then the total area of (the singular Euclidean metrics corresponding to) qx and
qy are the same.
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PROOF. In the natural coordinates for ¢x and gy, the area forms associated to these
quadratic differentials are the usual Euclidean area forms. In these same coordinates, the
Jacobian of f has determinant 1, which means that f is area preserving with respect to
these two area forms. 0

We are now ready to state Teichmiiller’s theorem:

THEOREM 8.2.3 (Teichmiiller’s theorem). Let X and Y be closed Riemann surfaces and
let f: X —Y be a homeomorphism. Then the following holds.

o The homotopy class of f contains a Teichmiiller mapping h : X — Y.

o If f is quasiconformal then
Ky > Ky
with equality if and only if f o h™' is a biholomorphism. In particular, if g > 2
this means that f = h.

If time permits, we will prove this in a future lecture. We will however first continue
studying the topology of Teichmiiller space.

8.3. Hyperbolic surfaces

Hyperbolic geometry is a powerful tool in the study of Teichmiiller spaces of surfaces of
higher genus. Indeed, we will use it to prove that Teichmiiller space is a ball. Before we get
to that, we start by recalling some of the basics of the hyperbolic geometry of surfaces. We
have already seen some of what follows in the first problem set, so we refer to this problem
set for some of the proofs. Our main goal will be to show how to use pants decompositions
to build hyperbolic surfaces

8.3.1. The hyperbolic plane. Hyperbolic geometry originally developed in the early
19 century to prove that the parallel postulate in Euclidean geometry is independent of
the other postulates. From this perspective, the hyperbolic plane can be seen as a geomet-
ric object satisfying a collection of axioms very similar to Euclid’s axioms for Euclidean
geometry, but with the parallel postulate replaced by something else. From a more mod-
ern perspective, hyperbolic geometry is the study of manifolds that admit a Riemannian
metric of constant curvature —1.

8.3.2. The upper half plane model. From the classical point of view, any concrete
description of the hyperbolic plane is a model for two-dimensional hyperbolic geometry, in
the same way that R? is a model for Euclidean geometry.

As we've already mentioned in Lecture 1, the hyperbolic plane can be fined as follows.

DEFINITION 8.3.1. The hyperbolic plane H? is the complex domain
H*={z€C: Im(z) >0}

equipped with the Riemannian metric given by

ds?® = y—lz(de + dyQ)
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at x + iy € H?

The group of orientation preserving isometries of (H?,ds?) coincides with the group of
complex automorphisms of H?. That is,

Isom™ (H?) = PSL(2, R).

Moreover, we’ve already seen during the exercises that the associated distance function is
given by

_ -1 |2 —w|2
d(z,w) = cosh (1 + 2 Tm(2) - Im(w)) :

Finally, we have also seen in the exercises what geodesics look like:

PROPOSITION 8.3.2. The image of a geodesic v : R — H? is a vertical line or a half circle
orthogonal to R. Moreover, every vertical line and half circle orthogonal to the real line
can parameterized as a geodesic.

We will often forget about the parametrization and call the image of a geodesic a geodesic
as well. Note that it follows from the proposition above that given any two distinct points
z,w € H? there exists a unique geodesic v C H? so that both z € v and w € ~. Further-
more, it also follows given a point z € H? and a geodesic v that does not contain it, there
is a unique perpendicular from z to 7 (a geodesic 7’ that intersects y once perpendicularly
and contains z)

The final fact we will need about the hyperbolic plane is:

PROPOSITION 8.3.3. Let z € H and let v C H? be a geodesic so that z & . Then
d(z,7) :==inf {d(z,w) : w e~}
1s realized by the intersection point of the perpendicular from z to 7.

Likewise, any two geodesics that don’t intersect and are not asymptotic to the same point
in RU{oo} have a unique common perpendicular. Moreover, this perpendicular minimizes
the distance between them.

PROOF. The first claim follows from Pythagoras’ theorem for hyperbolic triangles.
Indeed, given three points in H? so that the three geodesics through them form a right
angled hyperbolic triangle with sides of length a, b and ¢ (where ¢ is the side opposite the
right angle), we have

cosh(a) cosh(b) = cosh(c).
Indeed, this can be computed directly by putting the triangle in some standard position
and then using the distance formula, a computation that we leave to the reader. This
means in particular that ¢ > b.

So, any other point on 7 is further away from z than the point w realizing the perpendicular.
Because that other point forms a right angled triangle with w and z.

The second claim follows from the first. O
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FI1GURE 1. The Farey tesselation.

8.3.3. The disk model. Another useful model, especially if one likes compact pictures,
is the disk model of the hyperbolic plane. Set
A={zeC: |z <1}.

The map f : H?> — A given by
z—1
() = Z+1

is a biholormorphism. We can also use it to push forward the hyperbolic metric to A. A
direct computation tells us that the metric we obtain is given by

dx? + dy?
(1— 22— y2)2
Since f is conformal, the angles in the disk model are still the same as Euclidean an-
gles.

ds®> =4

Using the fact that the map f above is a Mobius transformation and thus sends circles and
lines to circles and lines, one can prove:
PROPOSITION 8.3.4. The hyperbolic geodesics in A are

e straight diagonals through the origin 0 € A

e CNA where C C C is a circle that intersects A orthogonally.

For example, Figure 1 shows a collection of geodesics in A, known as the Farey tesselation.

8.3.4. Hyperbolic surfaces. A hyperbolic surface will be a finite type surface equipped
with a metric that locally makes it look like H?2.

Because we will want to deal with surfaces with boundary later on, we need half spaces.
Let v C H? be a geodesic. H? \ v consists of two connected components C; and Cy. We
will call H; = C; U~y a closed half space (i =1,2). So for example

{z€H* : Re(z) <0}
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is a closed half space.

We formalize the notion of a hyperbolic surface as follows:

DEFINITION 8.3.5. A finite type surface S with atlas (U, ©a)aca is called a hyperbolic
surface if po(U,) C H? for all @ € A and

1. for each p € S there exists an o € A so that p € U, and

- If p € 0S then
eaUa) =VNH

for some open set V' C H? and some closed half space H C H?.
- If p € S then 90a(Uy) C H? is open.

2. For every a, 8 € A and for each connected component C' of U, N Up we can find
a Mobius transformation A : H? — H? so that

0o 0 05 (2) = A(2)
for all z € pg(C) C H2

Note that every hyperbolic surface comes with a metric: every chart is identified with an
open set of H? which gives us a metric. Because the chart transitions are restrictions of
isometries of H?, this metric does not depend on the choice of chart and hence is well

defined.

DEFINITION 8.3.6. A hyperbolic surface S is called complete if the induced metric is com-
plete.

We have seen in Lecture 2 that complete hyperbolic surfaces without boundary (considered
up to isometry) correspond one-to-one to Riemann surfaces (considered up to biholomor-
phism).

8.3.5. Right angled hexagons. Even though Definition 8.3.5 is a complete definition,
it is not very descriptive. In what follows we will describe a concrete cutting and pasting
construction for hyperbolic surfaces.

We start with right angled hexagons. A right angled hexagon H C H? is a compact simply
connected closed subset whose boundary consists of 6 geodesic segments, that meet each
other orthogonally. The picture to have in mind is displayed in Figure 2.

It turns out that the lengths of three non-consecutive sides determine a right angled
hexagon up to isometry.

PROPOSITION 8.3.7. Let a,b,c € (0,00). Then there exists a right angled hexagon H C
H? with three non-consecutive sides of length a, b and c respectively. Moreover, if H' is
another right angled hexagon with this property, then there exists a Mobius transformation
A:H? — H? so that

A(H)=H'.
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FIGURE 2. A right angled hexagon H.

PROOF. Let us start with the existence. Let ;, denote the positive imaginary axis
and set

B={zeH : d(z,%m)=c}.

B is a one-dimensional submanifold of H?. Because the map z + Az is an isometry that
preserves ;, for every A > 0, it must also preserve B. This means that B is a (straight
Euclidean) line.

Now construct the following picture:

H2

F1GURE 3. Constructing a right angled hexagon H(a, b, c).

That is, we take the geodesic though the point ¢ € H? perpendicular to 7;,, and at distance
a draw a perpendicular geodesic v. furthermore, for any p € B, we draw the geodesic «
that realizes a right angle with the perpendicular from p to 7;,,. Now let

r=d(a,y) =inf{d(z,w) : z€v, wea}.

Because of Proposition 8.3.3, x is realized by the common perpendicular to o and v. By
moving p over B, we can realize any positive value for x and hence obtain our hexagon

H(a,b,c).
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We also obtain uniqueness from the picture above. Indeed, given any right angled hexagon
H' with three non-consequtive sides of length a, b and ¢, apply a Mobius transformation
A : H? — H? so that the geodesic segment of length a starts at ¢ and is orthogonal to
the imaginary axis. This implies that the geodesic after a gets mapped to the geodesic 7.
Furthermore, one of the endpoints of the geodesic segment of length ¢ needs to lie on the
line B. We now know that the the geodesic a before that point needs to be tangent to
B. Because a and 8 have a unique common perpendicular. The tangency point of a to
B determines the picture entirely. Because the function that assigns the length x of the
common perpendicular to the tangency point is injective, we obtain that there is a unique
solution. U



LECTURE 9

Pants decompositions

9.1. Pairs of pants and gluing

One of our main building blocks for hyperbolic surfaces is the following:

DEFINITION 9.1.1. Let a,b,c¢ € (0,00). A pair of pants is a hyperbolic surface that is
diffeomorphic to ¥ 30 such that the boundary components have length a, b and c respec-
tively.

PROPOSITION 9.1.2. Let a,b,c € (0,00) and let P and P’ be pairs of pants with boundary
curves of lengths a, b and c¢. Then there exists an isometry ¢ : P — P,

PROOF SKETCH. There exists a unique orthogonal geodesic (this essentially follows
from Proposition 8.3.3 below, the proof of Proposition 9.4.1 that we will do in full during
the exercises, is similar) between every pair of boundary components of P.

These three orthogonals decompose P into right-angled hexagons out of which three non-
consecutive sides are determined. Proposition 8.3.7 now tells us that this determines the
hexagons up to isometry and this implies that P is also determined up to isometry. U

Note that it also follows from the proof sketch above that the unique perpendiculars cut
each boundary curve on P into two geodesic segments of equal length.

In order to deal with non-compact surfaces, we will need non-compact polygons. To this
end, we note that, looking at Proposition 8.3.2, complete geodesics in H? are parametrized
by their endpoints: pairs of distinct point in

OH? := R U {oo}
(or St if we use the disk model).

A (not necessarily compact) polygon now is a closed connected simply connected subset
P C H?, whose boundary consists of geodesic segments.

If two consecutive segments “meet” at a point in OH?, this point will be called an ideal
vertex of the boundary. Note that the angle at an ideal vertex is always 0. A polygon all
of whose vertices are ideal is called an ideal polygon.

We can also make sense of a pair of pants where some of the boundary components have
“length” 0. In this case, we obtain a complete hyperbolic structure on a surface with
boundary and punctures so that

#punctures + #boundary components = 3.
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Such pairs of pants can be obtained by gluing either
e two pentagons with one ideal vertex each and right angles at the other vertices,

e two quadrilaterals with two ideal vertices each right angles at the other vertices
or

e two ideal triangles.

Along the sides of infinite length there however is a gluing condition. We will come back
to this later (see Proposition 10.0.2). Moreover, we obtain a similar uniqueness statement
to the proposition above. As always in the non-compact case, the adjective “complete”
does need to be added.

EXAMPLE 9.1.3. If P is a pair of pants and 0 C JP is one of its boundary components, let
us write £(0) for the length of §. Given two pairs of pants P; with boundary components
01,09 and 03 and P, with boundary components 7;, 72 and =3 so that

(61) = L(n),
we can choose an orientation reversing isometry ¢ : 0; — 7 and from that obtain a
hyperbolic surface
S - P1 (] Pg/ ~,
where ¢(x) ~ x for all x € ;. One way to see that this surface comes with a well defined
hyperbolic structure, is that locally it’s obtained by gluing two half spaces in H? together
along their defining geodesics. Note that S is diffeomorphic to ¥ 4.

Repeating the construction above, we can build hyperbolic surfaces of any genus and any
number of boundary components. In what follows we will prove that every hyperbolic
surface can be obtained from this construction.

9.2. The universal cover of a hyperbolic surface with boundary

It will be useful to have a description of the Riemannian universal cover of a surface with
boundary. To this end, we first prove:

PROPOSITION 9.2.1. Let X be a hyperbolic surface with non-empty boundary that consists
of closed geodesics. Then there exists a complete hyperbolic surface X* without boundary
in which X can be isometrically embedded so that X is a deformation retract of X*.

PROOF. For each ¢ € (0, 00), we define a hyperbolic surface
Fy=10,00) x R/{t ~t+ 1},

equipped with the metric

ds® = dp* + (* cosh®(p) - dt*
for all (p,t) € F,. We will call such a surface a funnel. One can check that this is a metric
of constant curvature —1, in which the boundary is totally geodesic. Alternatively, we can

identify
) e@/2 0
F,={zeH :Re(z)ZO}/< N >
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We can glue funnels of the right length along the boundary components, in a similar way
to Example 9.1.3. Figure 1 shows an example.

F1GURE 1. Attaching funnels

Since both F; and X are complete, the resulting surface X* is complete.

Moreover, since Fj retracts onto its boundary component, X is a deformation retract of
X O

See | , Theorem 1.4.1] for a version of the above to surfaces with more general types
of boundary components.

Recall that a subset C' C M of a Riemannian manifold M is called convex if for all p,q € C
there exists a length minimizing geodesic v : [0,d(p, ¢)] — M such that

(0) =p, ~(d(p,q)) =q and ~(t) e CVtel0,d(pq).
As a result of this construction we obtain:

PROPOSITION 9.2.2. Let X' be a complete hyperbolic surface with non-empty boundary that
consists of closed geodesics. Then the universal Riemannian cover of X of X is isometric
to a convex subset of H? whose boundary consists of complete geodesics.

Proor. The Killing-Hopf theorem tells us that the universal cover of X* is the hyper-
bolic plane H?. Here X* is the surface given by Proposition 9.2.1.

Let us denote the covering map by 7 : H? — X*. Now let C' be a connected component of
771(X). The boundary of C' consists of the lifts of X and hence of a countable collection
of disjoint complete geodesics in H?. As such, it’s a countable intersection of half spaces
(which are convex) and hence convex. O
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9.3. The geometry of isometries

Recall that we can classify isometries in PSL(2,R) into three different types:

DEFINITION 9.3.1. Let g € PSL(2,R).
(1) If tr (¢)* < 4 then g is called elliptic.
(2) If tr (g)* = 4 then g is called parabolic.
(3) If tr (g)* > 4 then g is called hyperbolic.
Note that, since trace is conjugacy invariant, conjugate elements in PSL(2,R) are of the

same type. It turns out (as we will see below) that closed geodesics correspond exactly to
conjugacy classes of hyperbolic elements.

We've seen during the exercises that the classification above can equivalently be described
as:
LEMMA 9.3.2. Let g € PSL(2,R). Then

(1) g is elliptic if and only if g has a single fived point inside H?.

(2) g is parabolic if and only if g has a single fized point on R U {oo}.

(3) g is hyperbolic if and only if g has two distinct fixed points on R U {oc}.

Given a hyperbolic isometry, we can define its translation distance as follows:

DEFINITION 9.3.3. Let g € PSL(2,R) be hyperbolic. Then its translation distance is given
by

Ty:=inf{z€H : d(z,92) } .
Moreover, its azis is defined as

ag={zeH:d(zg2)=T,}.
We have:

LEMMA 9.3.4. Let g € PSL(2,R) be hyperbolic with fized points xy,xo € OH?. Then its
azis o 1s the unique geodesic between x1 and xo and its translation length is given by

T, = 2cosh™* (M>
g 2 :

PROOF. Since the claim is conjugacy invariant, we can conjugate g so that x; = 0 and
9 = 00. Which means that we can assume without loss of generality that

[x o0
g—o)\—l
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for some A € (0,00). Using the fact that 2 cosh(3 cosh™ (z)) = v/22 + 2, We get that

(A2 —1)2 - (Im(2)2 + Re(2)?) (A2 —1)? 1
ZCOSh(d<ngz)/2) = \/4+ )\QIm(Z)Q Z 4+T - )\+X7
with equality if and only Re(z) = 0, thus proving the lemma. O

9.4. Geodesics and conjugacy classes

Recall that there is a one-to-one correspondence
{ Conjugacy classes of } { free homotopy classes of }

non-trivial elements in m (X) non-trivial closed curves on X

We will call a curve puncture parallel if it can be homotoped into a puncture.

It turns out that on a hyperbolic surface (or more generally a negatively curved Rie-
mannian manifold), every free homotopy class of essential closed curves contains a unique
geodesic:

PROPOSITION 9.4.1. Let X be a complete hyperbolic surface with totally geodesic boundary.

(1) Then in every homotopy class of non-puncture parallel closed curves v on X,
there exists a unique geodesic that minimizes the length among all classes in the
homotopy class.

(2) Moreover, if the free homotopy class contains a simple closed curve, then the
corresponding geodesic is also simple.

(8) More generally, if v and ' are non-homotopic non-puncture parallel and non-
trivial closed curves, then

o The number of self-intersections of the unique geodesic 5 homotopic to vy is
mimimal among all closed curves homotopic to v and

o #3y N~ is minimal among all pairs of curves homotopic to v and 7' respec-
tively.

PROOF. The proof will be part of this week’s exercises. O
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Fenchel-Nielssen coordinates

We will use the proposition above to prove:

PrOPOSITION 10.0.1. Let X be a complete hyperbolic surface with totally geodesic bound-
ary. Then there are one-to-one correspondences between the following three sets:

Non-trivial free homotopy classes of
non puncture-parallel closed curves on X |’

Conjugacy classes of
hyperbolic elements in I’

and
Oriented, unparametrized
closed geodesics on H?/T [~

PRrROOF. The correspondence between the last and the first set is given by the previ-
ous proposition, so we only need to show that conjugacy classes of hyperbolic elements
correspond one-to-one to oriented, unparametrized geodesics.

In order to make our lives a little easier, we will assume X to be closed. The argument for
the general case is similar. We will hence not worry about the assumption that the curve
is non puncture parallel, nor about boundary components.

First of all consider a conjugacy class K C T" of hyperbolic elements. Let us pick an element
g € K, with axis «, C H?. The projection map 7 : H?* — X sends a, to a closed geodesic
of length T,. Moreover, since

(o) = () = ().

the resulting geodesic does not depend on the choice of g.

In the opposite direction, a closed geodesic on H? /T lifts to a countable union of geodesics in
H? (the orbit of a single such geodesic under I'), each invariant under a cyclic group of deck
transformations. These transformations need to fix the endpoints of the given geodesic, so
they are hyperbolic. The action of I' on the geodesics corresponds to conjugation of these
hyperbolic elements. U

Before we get to pants decompositions, we record what happens to curves that are parallel
to a puncture.
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PROPOSITION 10.0.2. Let X be a complete hyperbolic surface. So that X = C/T" where C
is a convex subset of H?, bounded by complete geodesics and I' < PSL(2,R) acts prorperly
discontinuously and freely on C'. Then there are a one-to-one correspondences

Conjugacy classes of Oriented, unparametrized
parabolic elements in I’ puncture-parallel closed curves H?/T' [~

This proposition gives us the gluing condition we spoke about in Section 9.1: the gluing
needs to be so that the resulting puncture parallel curves give rise to parabolic elements,
this turns out to uniquely determine the gluing.

10.1. Every hyperbolic surface admits a pants decomposition
As an immediate consequence to Proposition 9.4.1 we get that hyperbolic surfaces admit

pants decompositions.

DEerFINITION 10.1.1. Let X be a complete, orientable hyperbolic surface of finite area.
A pants decomposition of X is a collection of pairwise disjoint simple closed geodesics
P ={ai,...,ax} in X so that each connected component of

# (Ur)

consists of hyperbolic pairs of pants whose boundary components have been removed.
We have the following:

LEMMA 10.1.2. Let P be a pants decomposition of a hyperbolic surface X that is homeo-
morphic to X4, then

o P contains 3g +n + b — 3 closed geodesics and
o X \ P consists of 2g +n + b — 2 pairs of pants.

ProOOF. This can be proved using the Euler characteristic. 0

PrOPOSITION 10.1.3. Let X be a complete, orientable hyperbolic surface of finite area and
totally geodesic boundary. Then X admits a pants decomposition.

PRrROOF. Take any collection of simple closed curves on X,;, that decompose it into
pairs of pants. Proposition 9.4.1 tells us that these curves can be realized by unique
geodesics. 0

Note that we actually get countably many such pants decompositions: given a pants decom-
position we can apply a diffeomorphism not isotopic to the identity (of which we already
know there are many) to obtain a new topological pants decomposition, that is realized by
different geodesics.

Finally, we remark, that lengths alone are not enough to determine the hyperbolic met-
ric:



10.2. ANNULI 7

ExaMPLE 10.1.4. ¢ in Example 9.1.3 is determined up to ‘twist’. That is, if we param-
eterize d; by a simple closed geodesic z : R/(£(1)Z) — 01 and ¢’ : 03 — 77 is a different
orientation reversing isometry, then there exists some ¢y € R so that

' (x(t)) = p(x(to + 1))
for all t € R/(€(01)Z) — 6.

Summarizing the discussion above, we get the following parametrization of all hyperbolic
surfaces:

THEOREM 10.1.5. Let (g,b,n) be so that

X(Zg,b,n) < 0.

If we fiz a pants decomposition P of g4, and vary the lengths ¢; € (0,00) and twist
7, € [0,4;], we obtain all complete hyperbolic surfaces homeomorphic to Xy,

Note however that there is no guarantee that we don’t obtain the same surface multiple
times (and in fact we do).

10.2. Annuli

10.2.1. Hyperbolic annuli. Our goal is to use pants decompositions to define global
coordinates on Teichmiiller space. In order to prove continuity of the coordinates we obtain,
we need to understand (to some degree) how the complex structure and the hyperbolic
metric depend on each other. It turns out that understanding this for annuli will suffice.
So, before we get to Fenchel-Nielsen coordinates, we will discuss annuli.

If g € PSL(2,R) is a hyperbolic or parabolic isometry then the group (g) ~ Z acts on H?
properly disconinuously and freely. This means that

Ny =H*/{y)
is an orientable hyperbolic surface with fundamental group Z and hence an annulus. First

we note that the geometry of the annulus only depends on the translation length of g. We
record this as a lemma, the proof of which we leave to the reader.

LEMMA 10.2.1. Let g,h € PSL(2,R) be either both hyperbolic or both parabolic elements
so that their translation lengths satisfy T, = T},. Then the annuli Ny and Ny are isomet-
ric. Moreover, every complete hyperbolic annulus is isometric to Ny for some parabolic or

hyperbolic g € PSL(2,R).

Note that this includes the case where T, = T}, = 0.

10.2.2. Complex annuli. The complex parametrization of annuli we will need is:
Ay ={2z€C:0<Im(z) <m}/Z

for all m > 0. Here the Z-action is given by k -z =z + k for all k € Z, z € C.

We also record a version of Grotzsch’s theorem for these annuli (the proof of which is a
variation of the proof we saw in Section 6.4).



78 10. FENCHEL-NIELSSEN COORDINATES

THEOREM 10.2.2 (Grotzsch’s theorem). Let f : A,, — An be a K-quasiconformal map.
Then

1 m

— < —<K.

K~ m —

Moreover, equality is realized if and only if f can be lifted to a map
f:{zE(C :0<Im(z) <m}—{z€eC:0<Im(z) <m}

given by
— /

f(x+iy):b+$+iﬁy
m

for some b € R.

We observe that this theorem also implies that A,, and A,, are biholomorphic if and only
if m = m/. The number m is called the modulus of the annulus.

10.2.3. The correspondence. The question now becomes whether NV, is biholomorphic
to A,, for some m and if so, to which. In order to solve this question, we introduce a new
(somewhat uncommon) model for the hyperbolic plane the band model. Set

]B%:{ZE(C ;[ Tm(2)| <g},
equipped with the metric
ds? = M
cos?(y)
This is another model for the hyperbolic plane, moreover the real line is a geodesic in B.
Maps of the from ¢, : B — B defined by

z—z+b

for some b > 0 are isometries for this metric. Moreover (p;,) ~ Z acts on B properly
discontinuously, which means that

My = B/{¢s)

is a hyperbolic annulus. Moreover, the translation length of ¢y, is b, so using Lemma 10.2.1,
we see that

Mb’iNg

as hyperbolic surfaces, where g € PSL(2,R) is any hyperbolic element with translation
length .

We now claim that:
LEMMA 10.2.3. Let m > 0. The annuli A,, and My, are biholomorphic.

PROOF. Since the map z +— z —i m/2 is a biholormophism of C that commutes with
the Z-action. A,, is biholomorphic to

m

{zGC : |Im(z)\<§}/Z.
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Themap { z € C : |Im(2)| < % } — B given by z — Zzis a Z-equivariant biholomorphism
and hence descends to a biholomorphism

{ZGC : Im(z)] <

m

=}/ My,

For the parabolic case we have:

LEMMA 10.2.4. let g € PSL(2,R) be parabolic. The annuli N, and D\{0} are biholomor-
phic.

ProoOF. Using Lemma 10.2.1, we may assume that
111
9= o 1|

—2miz

The map H? — D given by
Ze
induces the biholomorphism. O

10.3. Fenchel-Nielsen coordinates

Now we’re ready to introduce Fenchel-Nielsen coordinates on Teichmiiller spaces of hyper-
bolic surfaces. In particular, in this section, we will assume that our base surface S admits
a complete hyperbolic metric. Moreover, we will fix a (topological) pants decomposition

P onS.

10.3.1. Lengths. Given any essential closed curve v on S, we obtain a function
o T(S) = Ry

called a length function, defined as follows. Each [R, f] € T(S) can be seen as a marked
hyperbolic surface. So, Proposition 9.4.1 implies that the homotopy class of f(y) on R
contains a unique geodesic. ¢, ([R, f]) is the length of this geodesic.

Hence, given S and P as above, we obtain a map
lp: T(S) — R
defined by
t(R, f1) = (R 1))

~EP

We have:

LEMMA 10.3.1. Let S and v be as above. The function
logol, : T(S) =R
18 2-Lipschitz with respect to the Teichmuller metric, i.e.
log (£, ([R, f1)) —log (65 ([, f']))] < 2dr([R, f], [R', f'])
for all R, f],[R, f'] € T(S).
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PRrOOF. Fix a basepoint p € S so that we can identify v with an element of (S, p),
that we will also denote by ~. The infinite cyclic subgroup of (S, p) generated by ~
induces a Z-cover

Sy — 8.

We will write A and A’ for the corresponding covering spaces of R and R’. Just like in the
proof of Proposition 9.4.1, these are annuli and by Lemma 10.2.3, they are biholomorphic
to Az/e, (g and Ar (r,g)) respectively. K-quasiconformal maps between R and R’ lift
to K-quasiconformal maps of A and A’. So we have

2dr([R, f[R.f)) = inf log(K,)

g homotopic

to /fof~1
> inf 10g(K§:A_>A/)

" g homotopic

to flof 1
14
= 'log (Ziw ) ' ’

where the last line follows from Grotzsch’s theorem (Theorem 10.2.2). O

10.3.2. Twists. So, given S and P as above, we have a continuous map
lp: T(S) — R+,

It’s however not quite injective. The problem is that we can still rotate the hyperbolic met-
ric along the curves in the pants decomposition. Twist coordinates will remedy this.

First we pick a collection of disjoint simple closed curves I' so that for each pair of pants
P in S\ P, I' NP consists of three arcs, each connecting a different pair of boundary
components of P. Figure 1 shows an example.

FIGURE 1. A pants decomposition P with a set of curves I'.

Regardless of our choice of pants decomposition P, such a system of curves I' always
exists.

Now let v € P be a pants curve. Then v bounds either one P or two pairs of pants P;
and P, in the decomposition. Let us assume the latter for simplicity, the other case is
analogous. The left hand side of Figure 2 shows an example of such a curve ~.
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g

F1GURE 2. The image of an arc under a diffeomorphism.

If f:S — R is an orientation preserving diffeomorphism, then it maps P to some pants
decomposition of R. Moreover, if 1 is one of the (two) components of (P, U P;) NI that
intersects v, then f(n) is some arc between boundary components of f(P;) and f(P) (like
on the right hand side of Figure 2). Now

e 0 will be the unique simple closed geodesic in the free homotopy class of f() on
R.

e o and ay the two unique perpendiculars between the boundary components be-
tween which f(n) runs and ¢ (see Figure 2).

Then relative to the boundary of f(P, U P,), the arc f(n) is freely homotopic to s - 6% - ay
for some k € Z.

The twist along v is now
(R, f]) =k -4, ([R, f]) £ d(p1,p2) € R

where
e p; and py are the points where a; and as hit 9.

e The signs are determined by the orientation of R in the following way. The
orientation of R gives a notion of “twisting to the left” along §. Left twists are
counted positively and right twists negatively.






LECTURE 11

Teichmiiller space is a ball and Teichmiiller’s theorem

11.1. More on Fenchel-Nielsen coordinates
We finish the proof that Fenchel-Nielsen coordinates give rise to a homeomorphism.

Let us prove that twists are continuous:

LEMMA 11.1.1. Let S and v be as above. The function
7, T(S) =R

15 continuous.

PROOF SKETCH. Suppose that

dT([Ra f]’ [Rlv f,D

is small. This means that the map f o f~': R — R’ is close to an isometry. Since it maps
the curves and arcs used to define 7,([R, f]) to those used to define 7, ([R’, f']). So, this

—~——

map lifts to a map f/o f~! : H?> — H? that is close to conformal and hence close to an
isometry. This means that the numbers 7, ([R, f]) and 7, ([R', f']) are close. O

Putting the above together, we obtain a continuous map
FNp : T(S) — R4 x R¥-3n

defined by
ENp((R. f)) = (68 1), 7 (8. 1))

7673.
It turns out that the Fenchel Nielssen map is a homeomorphism:

THEOREM 11.1.2. Let S be a surface of finite type such that x(S) < 0 and let P be a pants
decomposition of S. Then the map

FNp : T(S) — R¥ 3 « R3340

18 a homeomorphism.

PROOF. Since we have already proved that lengths and twists are continuous, we only
need to provide a continuous inverse to the map FNp.
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Given a vector (., 7y) ep, We can use the gluing construction we discussed above in order
to produce a hyperbolic surface R. The lengths give us the geometry of the pairs of pants
and the gluing along a curve 7 is determined by

=7 4k,

where k is such that 77(0) € [0, £,). Call this surface R((éw [TV])A,). In particular, by varying

the twist 7., we obtain the same surface countably many times.

The question however is what the marking, i.e. the map f : S — R((ﬁy, [Tv])v), should
be. In order to do this, we fix open regular neighborhoods Nf of the curves v € P on §

so that
S\JNm,
yEP
consists of disjoint pairs of pants P ..., P?. We will once and for all parametrize the
annuli

NS = (R/Z) x (—1,1).

On R(,,[r,]) we pick such neighborhoods too and obtain neighborhoods Nf and pairs of
pants PR. We will assume that

NE = {x = R((E,y, [T,y])v) L d(z,9) < s}
for some ¢ small enough. Moreover, we assume ¢ varies continuously as a function of
(Ly, [79])5-
In order to build f, we now pick a parametrization
NE = (R/&Z) x (—1,1)
where the subset
(R/ﬁﬂ) x {t} c NR

is one of the (one or two) components of

{eeR((6,[R),) : dwm) =12},
parametrized by a constant multiple (depending on ¢) of arclength for all ¢t € (—1,1).
The map f, : N — NI is now given by
t+1
f(0.1) = (ev 04Ty T?t) :

The awkward (¢ + 1)/2 is an artifact of choosing the interval (—1,1) instead of (0,1) (the
latter would have made some of the previous equations more awkward).

For the complements of the annuli we choose arbitrary homeomorphisms and ff : P° —
PP that smoothly extend the f,.

This map is clearly an inverse and since we can make everything depend on the input
continuously, it’s continuous. U
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REMARK 11.1.3. Looking at the proof above, it’s a natural question to ask whether we
maybe get a fundamental domain for moduli space by only considering 7., € [0, ¢,).

However, this not the case. To see this, take any f € Diff *(S, ) (where S = Sy \ X, So
is closed and ¥ a finite set) that is not homotopic to the identity. Then we get a surface
isometric to R((ﬁv, [T,Y}),Y€p> if we assign the lengths of the curves in f(P) to the curves

in P instead (the isometry will be induced by f).

11.2. Teichmuiller’s theorem

11.2.1. Building Teichmiiller maps. The first question is how one builds Teichmiiller
maps. Given a Riemann surface X, a quadratic differential gx and K > 0, let us de-
scribe how to build a Riemann surface Y, equipped with a quadratic differential ¢y and a
Teichmiiller map X — Y corresponding to this data.

Let X’ denote the Riemann surface we obtain if we remove the zeroes of ¢x from X. We
may equip X’ with an atlas consisting of natural coordinates for qx. Now compose all of
these coordinates with affine maps

1
fle+iy) =VEK -z + TR iy
This yields a new Riemann surface Y’ (homeomorphis to X’ through a map we will also
call f). Moreover, by Riemann’s removable singularities theorem | , Theorem 3.1], we
may extend the Riemann surface structure to a closed Riemann surface Y homeomorphic
to X. ¢x induces a quadratic differential ¢y on Y and we obtain an Teichmiiller map that
we will also denote f: X — Y.

Fixing X and ¢y, but varying K € (0,00) yields a one parameter family of Riemann
surfaces. If [X, ¢] € T(9), the resulting family of points in 7(.S) is called a Teichmiiller
line.

11.2.2. An exponential map. Recall from Section 8.1.3 that, if in a local coordinate z,
the quadratic differential ¢ on X is given by ¢(z) = ¢(2)dz?, then

a(2)] = 52 19()| = A d= = 19(=)| da A dy

is a well-defined area form on X. We set

||q||=/ "
X

QD,(X) = { ¢ a quadratic differential on X : ||¢|| < 1}.
By the Riemann-Roch theorem, this has the topology of a ball in C3973.

Set

Now given ¢ € QD,(X), we set
1
x,_ Ltlall
1 —1lql]
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So, using the procedure from the previous section, a quadratic differential ¢ € QD,(X)
now yields a point [Y, f] € T(X), where f is a K, ,-quasiconformal Teichmiiller map. We
will denote this map by

E:QD(X) — T(X).

This map will play an important role in our proof of Teichmiiller’s theorem.

11.2.3. A proof sketch. We now have all the set-up we need in order to prove Te-
ichmiiller’s theorem, that we repeat here:

THEOREM 8.2.3 (Teichmiiller’s theorem). Let X and Y be closed Riemann surfaces and
let f: X —Y be a homeomorphism. Then the following holds.

e The homotopy class of f contains a Teichmiiller mapping h : X — Y.

o [f f is quasiconformal then
Ky > Ky
with equality if and only if f o h™' is a biholomorphism. In particular, if g > 2
this means that f = h.

PROOF SKETCH. The uniqueness part can be proved using a similar string of inequali-
ties to the proof of Grétschz’s theorem (Theorem 6.4.1) and we will skip it (see for instance
[ , Section 11.6] for this).

We observe that existence is equivalent to the map £ : QD,(X) — T (X) being surjective.
Indeed, if we want to find a Teichmiiller map in the homotopy class of f : X — Y we need
to show that the map & hits the point [V, f] € T(X).

The idea is to use Brouwer’s invariance of domain:

THEOREM 11.2.1. Let n > 1, then any proper injective continuous map R"™ — R" is a
homeomorphism.

Indeed, £ is a map from one homeomorphic copy of R%~° to another. So we need to show
that it’s proper, injective and continuous, which will then yield that it’s surjective.

Uniquess of the Teichmiiller map in each homotopy class implies injectivity, so we need to
show properness and continuity, the last of which is the hard part.

Indeed, there is no clear geometric reason why nearby quadratic differentials should yield
geometrically similar Teichmiiller maps: the behavior of the associated foliations can vary
drastically: arbitrarily close to a quadratic differential with a horizontal foliation all of
whose leaves are closed we can find quadratic differentials with horizontal foliations all
of whose leaves are infinite (think of the rational versus irrational slope examples on the
torus).

Continuity: In order to prove continuity of £, we will decompose it into two maps £; and
&,. The idea is to first transform our quadratic differential into a Beltrami differential. It
makes sense to do this, because we’ve seen that Teichmiiller space can be embedded in a
space of Beltrami differentials. The second step is to go back from Beltrami differentials
to points in Teichmiiller space.
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Let us detail both maps. So, the first map turns our quadratic differential ¢ € QD,(X)
into an almost everywhere defined essentially bounded Beltrami differential on C. Since we
need only one chart to cover C, we can think of the space of such differentials as L>°(C).
Let us assume that X has genus at least two and write it as X = T'\H? (the case of tori
is similar). So we can lift ¢ to a I-invariant quadratic differential ¢ on H?. We now define

£(q) € L>(C)" by

£10)(2) { llgll - a(2)/ 1q(2)] if Im(z) > 0
1 —_— .

gl - 4(z)/ 1q(Z)] if Im(z) <0
In order to obtain a point in Teichmuiiller space from this Beltrami differntial we now need
to solve the Beltrami equation. Indeed, the idea is to find the quasiconformal map that
induces £;(q) as a Beltrami differential. Even if we identified Teichmiiller space with a
space of Beltrami differentials before, this step is necessary. Indeed, in our identification
(Corollary 6.1.5), we identified Teichmiiller space with a set of Beltrami differentials coming
from quasiconformal maps. In order to go back, we need to know that we can go back:
given a Beltrami differential, it comes from a quasiconformal map. To this end, we state
the Riemann mapping theorem that we already mentioned once in the second lecture:

THEOREM 11.2.2. Let 1 € L>*(C) with ||p||, < 1. There exists a unique quasiconformal

homeomorphism f* : C — C fizing 0, 1 and oo that almost everywhere satisfies the Beltrami
equation
_ayefom
= ooz
Moreover, f* is smooth wherever p s, and f* wvaries complex analytically with respect to
1.

Since ||€1(¢)||. = llg]| < 1, this theorem gives us a quasiconformal map f&1(@ : C — C.
By uniqueness, f€1(@ has the same symmetries as £,(q) and hence restricts to a I-invariant
Beltrami differential on H? and hence yields a Beltrami differential p se1@ on X and hence
a point in Teichmiiller space T (X) (see Corollary 6.1.5), which we will cal £5(£1(q)).

E,0&7 is continuous because &£; is given by a continuous expression and continuity of
&y follows from the Riemann mapping theorem. What we still need to explain is that

8252052.

To this end, suppose at a point ¢ is given by ¢ = re?dz? then £,(q) = ||q||e®. So the
Beltrami equation looks for a function f such that

e =l e”
z
This is a stretch of % in the direction e? (dictated by ¢), which is exactly what the

map &(q) does.

Properness: Because £ is continuous, we know that the pre-image of a closed set is closed.
As such, we just need to check that the pre-image of a compact set in 7 (X) is bounded in
QD;(X). This is a direct consequence of the fact that the topology of 7(X) is defined in
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terms of Beltrami differentials. Indeed, on a compact set in 7 (X), the minimal quasicon-
formal dillatation of maps homtopic to marking changes is uniformly bounded (because
the oo-norm of their Beltrami differentials is uniformly bounded away from 1). So the
pre-image yields a set of quadratic differentials whose norm is uniformly bounded away
from 1. 0

11.3. The Nielsen—Thurston classification on the torus

The final goal of this class will be to describe Thurston’s proof of the Nielsen—Thurston
classification, based on a compactification of Teichmiiller space using projective measured
foliations. We note that there is also a proof using the Teichmiiller metric, due to Bers,
this can for instance be found in | , Section 13.6] and | , Chapter 8].

First, we need to discuss the statement of the theorem. For some intuition, recall that if T’
denotes the torus, then MCG(T') ~ SL(2,Z) and elements in this group are either elliptic,
parabolic or hyperbolic.

0 (1) are homotopic
to a map that can be realized as a homotopically non-trivial isometry /biholomorphism of
the torus corresponding to their fixed point in 7(7) ~ H?. We will call such mapping

classes periodic.

Thought of as self maps of the torus, both elliptic elements and — ( 1

Parabolic elements correspond to Dehn twists. Indeed, the matrices + represent

1

0 1
the only conjugacy classes of parabolics in SL(2,Z) and they are both represented by Dehn
twists. Moreover, if a is a simple closed curve on T  and [¢] € MCG(T'), then the conjugate

of the Dehn Twist T,, by [¢] satisfies

] 0 To 0 [¢7"] = Tp(a.
As such all parabolics in SL(2,Z) correspond to Dehn twists. In particular, as mapping
classes they are reducible: they fix a curve.

Finally, we have seen in Section 7.1.1 that if A € SL(2,Z) is hyperbolic then it fixes two
transverse smooth measured foliations, stretches among one and contracts by the same
amount along the other. Such maps are called Anosov. They are also Teichmiiller maps
from a torus represented by a point on the axis of A in H? (now thought of as a Riemann
surface) to itself with equal initial and terminal quadratic differential.
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