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CHAPTER 1
Classification of topological surfaces

1. Background

We start by reviewing some basic notions of topology.
Let S be a set. A topology on S is a subset 7 of P(5) (the set of subsets of .S) such that

(1) 0,SeT;
2)ifA,BeTthenANBeT,;
(3) if 7/ C T then

UAeT.

AT’
Elements of 7 are called open and their complements are called closed in S.
A function f : S — S’ between topological spaces with topologies 7, 7" is called continuous if
for all A’ € 77, the preimage f~'(A’) := {a € S; f(a) € A’} belongs to 7. A homeomorphism
is a continuous map as above which is bijective and such that the inverse map f~! : S’ — S'is
also continuous.
A neighborhood of a point p € S is any set which contains some open set A > p. A topological
space is called separate if every two distinct points p, p’ admit disjoint neighborhoods V, V.
A sequence of points (p,),>1 in S is called convergent (towards p € S) if for every open set
7 > A > p, there exists n(A) € N such that p, € A forall n > n(A).
A basis for the topology 7 is a subset B C 7 such that for every element A of 7, there exists
B’ C B such that

A= J B

Bep’

In the sequel we will work mainly with spaces with countable basis in order to avoid talking
about nets, Under this assumption, we can describe continuity in terms of convergent sequences
(Exercise [T.T).

A topological space S is called compact if every open cover admits a finite sub-cover. More
precisely, if C C 7 is such that J acc A = S, there exists a finite subset C' C C such that

Useer A= S.

A topological space S is called connected if it cannot be partitioned in two non-empty disjoint
open sets. It is easy to see that the union of any family of connected subsets of S with non-empty
intersection is again connected (Exercise [1.6). Thus the set of connected subsets of S with the
order given by inclusion is well ordered. Any one-point subset is clearly connected. By Zorn’s
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2 1. CLASSIFICATION OF TOPOLOGICAL SURFACES

Lemma, there exist therefore maximal connected subsets (called connected components), which
are necessarily disjoint, and which cover S.

1.1. Exercises.

EXERCISE 1.1. Let S, .S’ be topological spaces. Show that for any continuous function f : S —
S” and any convergent sequence (z,) — x € S, the sequence f(x,) converges to f(x) in S’
Conversely, if a function f has this property and the topology of .S has countable basis, then f
must be continuous.

EXERCISE 1.2. Let S be a topological space and S’ any subset. Let
T ={ANnS;AeT}.

Show that 7" is a topology on S’ (called the induced topology). More generally, for every set S
and any function f : S’ — S, define 7' := f~1(7) C P(S’). Show that 7" is a topology with
respect to which f becomes continuous. If 7" is another topology on S such that f : (5", 7") —
(S,7) is continuous, show that 7/ C 7" (i.e., 7' is the smallest topology on S’ which makes f
continuous).

EXERCISE 1.3. Construct an example of continuous map f : [0, 1) — S C R? which is bijective,
but such that the inverse function f~! : S — [0, 1) is not continuous.

EXERCISE 1.4. Show that a subspace of a compact separate topological space S is compact if
and only if it is closed.

EXERCISE 1.5. Show that the image of a compact space through a continuous map is compact.
Give an example of a continuous map and a compact set whose pre-image is not compact. Same
questions when “compact” is replaced by “connected”.

EXERCISE 1.6. Let C C P(S) be a family of connected subsets of S such that NyccA # ().
Then Uy A is connected.

EXERCISE 1.7. Show that the connected components of any topological space are closed, but
not necessarily open.

2. Topological surfaces
topsur

If S is a topological space with topology 7 and f : S — S’ a function into a set S’, we can
define 7" C P(S’) by

topind| (2.1) T ={AcS;f'(4A)eT}.

. exsgind . . .
By Exercise 2.6, 7" s a topology on S’. Thus, for any equivalence relation ~ on a topological
space S, the projection from S onto the set S/ ~ of equivalence classes gives a topology on

S/ ~.

DEFINITION 2.1. A topological space is called a surface if it is locally homeomorphic to R2.



2. TOPOLOGICAL SURFACES 3

More precisely, there exists an open cover C of S such that for every A € C there exists an open
set A’ C R? and a homeomorphism ¢4 : A — A’. Such a homeomorphism is called a chart, and
the set of all homeomorphisms {¢4; A € C} is called an atlas. If ¢ 4, ¢ are charts, the map

(2.2) $ap = ¢pody : pa(ANB) = ¢p(ANB)
. . |chochar .
is called the change of charts. By exercise b 7,1t 1S always a homeomorphism.

The simplest example of surface, besides open sets of R?, is the sphere S? := {(r,2) € R x
C; 2? +|z|*> = 1}. To construct charts we use stereographic projections from the north and south
poles, i.e., the points e = (1, 0,0) and —e. Every line passing through e and another point p € S?
intersects C in a unique point ®*(p). The formula is

Ot (x,2) =

2 2w Jw*—1
) (w) =
—— @70 = (i )

so T is a homeomorphism from S? \ {e} to R?. Similarly one constructs the homeomorphisms
O~ : 5%\ {—¢} — R

DEFINITION 2.2. A smooth structure on a topological surface is an atlas such that all the changes
of charts are diffeomorphisms. A complex analytic (or holomorphic) structure is an atlas for
which the changes of charts are bi-holomorphic diffeomorphisms.

Of course we identify R? with C via (z,y) < z + iy. We leave it to the reader to define
analogously topological, differentiable and holomorphic manifolds in every dimension.

Clearly, every open subset of C is holomorphic in the above sense, with the atlas consisting of
a single chart (the inclusion map into C). Note that in the holomorphic setting the dimension is
usually the complex dimension, so a surface with a holomorphic structure is called a complex
curve, but here we keep the word “surface” for consistency.

The atlas with two charts on the sphere is smooth because the change of charts is given by
dTo (&) Hw) =1/w

but it is not holomorphic. However, if we replace ®* by its complex conjugate ®+, the change
of charts becomes holomorphic hence the sphere has a complex analytic structure.

EXAMPLE 2.3. Let S := C x {0} UC x {1} be the disjoint union of two copies of the complex
plane, with the following equivalence relation: (z,0) ~ (y,1) if and only if x = y # 0. The
quotient space is a complex plane with a “double origin”. It is not separate because the images
of (0,0) and (0, 1) in the quotient space do not have disjoint neighborhoods.

In the sequel we will work mainly with separate surfaces. We do not include this in the definition
but we will check case-by-case that our examples of surfaces are separate.

2.1. Group actions. Let [" be a group acting on a surface S; this means that for all v € T’
we specify a continuous map p(7y) : S — S. We ask the action to be compatible with the group
operation, thus p(7y) o p(7') = p(v7'), and moreover we require p(1) = 1g, the identity map of
S. It follows easily that p(y) is a homeomorphism. When there can be no ambiguity about the
action, we simply write +y for the action p(+y) on S.
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Our main example will be the action by homographies of GL,(C) on the complex plane. The

. . a b L
action of a matrix vy = . gl ona complex number z is given by

az+b
cz+d

2.3) vz =

EXAMPLE 2.4. Define
H:={z € C;3(z) > 0}.
Then the group GL3 (R) of 2 X 2 real matrices with positive determinant acts on H because

S(z) det(v)

S0z) = (cz+d)?

The kernel of the action consists of multiples of the identity matrix, which is the center of
GLy (R). We can restrict the action to SLy(R) (the group of real matrices with determinant
1), in which case the kernel of the action is {1} which is the center of SLy(RR) (exercise]bfgf
Thus the quotient group

PSLy(R) := GLy (R)/R* ~ SLy(R)/{£1}
acts faithfully on H, in the sense that if vz = z for all z € H then v = 1 € PSLy(R).

If T acts on a surface S, the image of any open set A C S in I'\ S is again open. Indeed, if we
denote by ¢ the class map

2.4) ¢:S —T\S, p— T'p:=[p|,

then ¢~ 1(¢(A)) = U Ler VA. Since v is a homeomorphism and arbitrary unions of open sets are
again open, we see that ¢(A) is open by the definition of the quotient topology.

Assume moreover that the group action is proper discontinuous on the surface S in the following
sense: for all x € S, there exists U 3 x a neighborhood such that for every I' 5 v # 1, v(U) is
disjoint from U. This implies that there are no fixed points.

THEOREM 2.5. The set of equivalence classes I'\'S of a proper discontinuous action on a surface
is again a surface.

PROOF. Let [p| be the class of a point p € S. Let U’ be a neighborhood of p with U N~y (U) #
() = v = 1. Let U be the intersection of U’ with the domain of a chart around p, thus rig.
homeomorphic to an open subset of C. The image of U through the projection ¢ from (2.
is open. Moreover ¢ : U — ¢(U) is clearly bijective by the choice of U, and since it is also
continuous we conclude that it is a homeomorphism. Thus ¢(U) > [p] has a neighborhood
homeomorphic to an open set in C. U
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2.2. Exercises.

. Jtopind
EXERCISE 2.6. Show that 77 defined in (b.l Fis a topology on S’ such that f : S — S’ becomes
continuous. For any other topology 7" on S’ for which f is continuous, we have 7" C 7" (i.e.,
7T’ is the largest topology on S” which makes f continuous).

. . Jcchom .
EXERCISE 2.7. Show that the function ¢ 4 defined in (E.Zi 1S a homeomorphism.
fh
EXERCISE 2.8. Show that (b._a% defines a group action on C.

EXERCISE 2.9. Show that the center of SLy(R) (i.e., the subgroup of elements which commute
with all matrices in SLy(R)) is made of {I, —I} where [ is the identity matrix.

EXERCISE 2.10. Two actions of Z on C are defined by the action of the generator 1:
pi(1)z:=2z+1, pe()z:=1+7%

Show that in both cases, every open set of the form (z — %, x + %) x R is mapped homeo-
morphically onto its image in the quotient space. The quotient surfaces are called the cylinder,
respectively the Mobius band.

Try (!) to construct in both cases atlases with two charts with domains the images of
(—1/2,1/2) x Rand (0,1) x R such that the changes of charts are holomorphic!

EXERCISE 2.11. For every 7 € C with $(7) # 0 consider the action of Z? on C defined by the
commuting actions of the generators: p(1,0)z = z+ 1, p(0, 1)z = z + 7. Show that the resulting
surfaces (tori) are homeomorphic for all 7.

EXERCISE 2.12. Let I' be the group with two (non-commuting) generators ey, e; subject to the
relation ejey = e; 'ey. If we define homeomorphisms of C by p(e;)z :=Z + 1, p(es)z := 2z + 1,
show that we get a group action of I" on C. Show that the action is proper discontinuous. The
quotient is called the Klein bottle. What is the abelianisation of I' (i.e., the quotient of I' by the
commutator subgroup; here you need to make sure that in every group, the subgroup generated
by elements of the form aba~'b~! is normal)?

EXERCISE 2.13. Show that the action of the free group with two generators F, on C defined by
e1z =2+ 1, exz =1 — Z, is not free (i.e., it has fixed points: there exists 1 # v € Fyand z € C
with vz = 2).

EXERCISE 2.14. A covering map f : S’ — S is a continuous map with the following property:
every x € S has a neighborhood U > x such that every connected component of f~(U) is
homeomorphic to U by the map f. Show that each properly discontinuous group action on a
surface S’ gives rise to a covering map S’ — I'\\S".

3. Triangulations

A triangle (or a 2-simplex) in a topological space S is the image of a homeomorphism from the
standard triangle

(3.1 Ay = {(171,.%‘2,{)33) € Rg;xl + T2+ X3 = 17xj > O}
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onto a subset of S. The restrictions of this homeomorphism to the vertices and the edges of A,
give well-defined vertices in S’ (the images of vertices of the triangle) and edges (the homeomor-
phic images of the three edges of A,). The union of the three edges is called the boundary of the
triangle. The interior of an edge is by definition the edge without its end-points. The interigr,of
the triangle is the image of the open triangle Aj obtained by requiring strict inequalities in (3.1).
One could similarly define n-simplices in S for any dimension n. > 0.

DEFINITION 3.1. A triangulation of a space S is a locally finite collection of triangles (7, )ac
on S with the following properties:

e The subsets
So :={p € S;pis a vertex for some triangle }
S1 :={p € S; p belongs to the interior of some edge}
Sy :={p € S; p belongs to the interior of some triangle }

are disjoint and their union is .S;
e Points in .S, belong to a unique triangle.
e Two edges which contain a common point in 57 must coincide.

Locally finite means that every point has a neighborhood which intersects only a finite number of
triangles. In a triangulated surface, two edges belong precisely to one triangle. Moreover, each
vertex is contained in a finite number of triangles and a finite number of edges £/, ..., Ej such
that £;, F; form a triangle if and only if | — j| = 1 ori = 1, j = k. A different way of seeing a
triangulation is via the induced topology. We take a disjoint union of a family of triangles (i.e.,
copies of the standard triangle) and introduce an equivalence relation on them with the following
conditions:

e if p # p/ but p ~ p’ then p and ¢ must live on the boundary of two different triangles;

e For every edge F, the equivalence class of p € E° contains precisely 2 elements.

o If £° 5 p ~ p € E'° there exists a homeomorphism ¢ : E — E’ with ¢(p) = p’ and
such that for all ¢ € E we have ¢ ~ ¢(q). In other words, the whole edge F is identified
to E’' via ¢.

e If py is a vertex, its equivalence class is a finite set of vertices {po, ..., p,—1}. We can
order them so that the edges through p; are E; and E;’ such that ;' is identified with
E; 1 for all j modulo n.

Then one can easily check that the quotient map with its induced topology is a surface. A
triangulation is a homeomorphism from such a combinatorial space to a given surface S.
We will assume without proof the following fact:

THEOREM 3.2. Every surface can be triangulated.

An orientation of a triangle 7' is a sense of rotation around the edges. More formally, an orien-
tation is an equivalence class of orders on the set of vertices of 7' modulo even permutations (an
even permutation is a product of an even number of transpositions). To specify an orientation on
T it is enough to order the vertices of one edge.
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DEFINITION 3.3. An orientation on a triangulated surface is a collection of orientations on each
triangle which are compatible at edges in the following sense: if £ is an edge which belongs to
the triangles 7', 7", then the orders on the set of vertices of £ induced from the orientations of 7T,
T" are different.

In other words, the sense along the edge E indicated by one triangle is opposite to the sense of
rotation around the second triangle. Note that an orientation need not exist. The Md&bius band
provides a counterexample.

Let now S be a connected triangulated surface. Notice that the vertices and the edges of the
triangulation form a graph. Let I' be a maximal tree in that graph (a tree is a sub-graph without
cycles). The dual graph is constructed (abstractly) as follows: the set of vertices of I" is the set
of faces of the triangulation, and two vertices F}, Fy are joined by an edge in I'" if and only if the
triangles £, F5 intersect in an edge which does not belong to I'.

To realize I geometrically on S we introduce baricentric sub-division. Namely, we choose one
point in the interior of each face (we think of it as the “baricenter”’) and one point in the interior
of each edge. Although we do not have a notion of length, we think of this new point as the
“midpoint” of the edge. Inside each triangle, we then link the baricenter with the three initial
vertices, and also with the three new vertices on the boundary. Thus every triangle has been
sub-divided in 6 new triangles. Inside this new triangulation, we view the dual graph as having
vertices at the baricenters of the faces of the initial triangulation. The edges of I are realized
as concatenation of edges in the baricentric sub-division going through the baricenter of an edge
which does not belong to I' . (picture)

We denote by S(™ the n-th iterated baricentric subdivision of a triangulated surface S.

From now on we suppose that S is compact. Notice that the number of triangles in any trian-
gulation of a compact surface is finite. This follows immediately from the local finiteness of
the triangulation, but let us see it in a different way. Define the open star of a vertex V' in the
triangulation as the union of the interiors of all simplices (i.e., triangles and edges) which con-
tain V/, together with V' itself. This is an open subset of S. The union of all such sets covers S
since every edge and triangle have some vertex. By compactness, a finite number of open stars
cover .S; since each open star contains the interiors of only a finite number of triangles, the total
number of triangles must be finite.

PROPOSITION 3.4. Every compact triangulated surface S can be split into two closed neighbor-
hoods U, U’ of T, I'" which intersect along a circle. Moreover U \ T is path-connected.

A space S is called path-connected if for any two points py, p; € S there exists a continuous
map f : [0,1] — S (i.e., a path) with f(0) = py and f(1) = p;.

PROOF. Take as U, U’ the union of those triangles in the second baricentric subdivision S
which touch I, respectively IV. Then U, U’ intersect along their boundary. By induction on the
number of edges of the tree I' we see that the boundary of U is a circle. Moreover, clearly every
point in U can be joined to the boundary without touching I'. OJ
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As a corollary, we can prove that S\ I" (and thus ') is connected. Let p, ¢ € S\ I'. There exists a
path between them in S, say ¢ : [0, 1] — S with ¢(0) = p, ¢(1) = q. Let t;, t5 the infimum, resp.
the suégaénum of all times ¢ for which ¢(t) € U, where U is the neighborhood of I" constructed in
Prop. 3.4. If both p and ¢ belong to U, then we connect them to QU without intersecting I, then
travel along I". If both p and ¢ live in the interior of U’, then 0 < ¢y < ¢; < 1. Now c(t), ¢(t1)
both live on the boundary of U so we can link p to ¢ by traveling along c until ¢ = ¢, then around
OU and finally again along ¢ from time ¢t = ¢; tot = 1.

In conclusion, we have split out surface in two pieces, one of which is a topological disk and the
other one a tubular neighborhood of a graph. It will turn out that the number of “elementary cy-
cles” in that graph, plus some mild information about orientation around these cycles, determine
completely the surface S.

3.1. Exercises.

EXERCISE 3.5. Show that a path-connected space is connected. Give counterexamples to the
converse.

EXERCISE 3.6. Prove that every connected and locally path-connected space is path-connected.
Convince yourselves that every connected surface is locally path-connected. Conclude that every
connected surface is path-connected.

b
EXERCISE 3.7. Construct a triangulation of the cylinder and of the Mobius band (Exercise E%’O)
using as vertices the points with coordinates (0, j) and (1, j) for j integer. Show that the cylinder
is orientable while the Mobius band is not.

4. Euler characteristic

Let G be a connected graph with v vertices and e edges. If GG is a tree, then v — e = 1 and this
identity characterizes trees among graphs. In general, the number v — e is called the Euler char-
acteristic of the graph, denoted x(G). By induction, we see that 1 — x(G) represents the number
of “eyes” of the graph, in the sense that by removing 1 — x (&) edges without disconnecting the
graph we obtain a tree. Clearly x(G) < 1.

Let now S be a compact triangulated surface with v vertices, e edges and f faces. The number
X(S)=v—e+f

is called the Euler characteristic of the surface S. We divide the e edges of .S into the er edges in
I' and the er» edges which yield edges of the dual graph. Since there are as many faces in S as
vertices in [, we see that

x(S) = x(T') + x(I'') = 2 — #{elementary cycles in I}

It follows that x(S) is at most 2.

If x(S) = 2, the graph I'" does not have cycles. The surface .S is obtained from two disks (the
closed sets U, U’ consisting of the closed stars of I', I in the second baricentric subdivision of
S) by gluing along the boundary circle. The result is a sphere.
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If x(S) < 2, there exists a cycle in . By induction, there exist 2 — x(5) segments in U’ so that,
after we cut U’ along them, we obtain a disk. Thus any surface can be reconstructed from two
disks with some identifications on the boundary.

THEOREM 4.1. Let S be a compact, connected, orientable triangulated surface. If x(S) = 2
then S is homeomorphic to the sphere S?. In general, x(S) is even and S is homeomorphic to a

sphere with g = 2_+(S) handles attached.

Attaching a handle means removing two disks D, D, with boundaries C, C from .S and gluing
instead a cylinder along the two circles C', Cs.

PROOF. We have already seen that y(S) < 2, with equality if and only if S is a sphere.
Assume that x(S) < 2. Then the dual graph I" is not a tree, hence it has a simple cycle C. The
simplices in the second baricentric subdivision S(2) which touch C form a collar neighborhood of
C, say U. If we cut U along a segment transversal to C' we obtain a rectangle, thus U is obtained
from a rectangi);a by gluing along two opposite edges, i.e. U is either a cylinder or a Mobius band.
By Exercise A.5 and the orientability hypothesis only the first possibility can occur, hence the
boundary of U is made of two circles C, Cs. Apply now surgery along U, i.e. remove U and
replace it by two disks with boundaries C, C5. This is the opposite operation to attaching a
handle. We call S; the surface thus obtained from S by surgery along C'.

The Euler characteristic of S is related to that of S as follows: suppose there were a vertices
on C. Then by surgery we introduce a new vertices, a edges, two faces (the two disks), and we
remove as many faces as edges when we erase the cylinder U. Thus the Euler characteristic goes
up by 2.

By iterating surgery as long as we get cycles in I, we get the conclusion. OJ

There is a major problem in what we have achieved so far: our invariant x(S) seems to depend on
the choice of triangulation. Thus, although we see that every orientable surface is homeomorphic
to a sphere with g handles attached, we do not know yet that surfaces of different genera are not
homeomorphic, because the genus is defined in terms of a choice of triangulation. In reality it
does not depend on the triangulation but in order to make things rigorous, we need to introduce
a finer algebraic invariant of spaces.

4.1. Exercises.
EXERCISE 4.2. Show that in a compact triangulated surface we have the identity
2e = 3f.

EXERCISE 4.3. The faces of a polyhedron can be subdivided into triangles. Check that the Euler
characteristic remains unchanged during this process.

EXERCISE 4.4. A regular polyhedron is a convex polyhedron with all faces made of regular
polygons, and all solid angles congruent. Determine and draw all regular polyhedra using the
fact that the Euler characteristic is 2 and an identity similar to Exercise E[.Z.

EXERCISE 4.5. Show that a surface is orientable if and only if it does not contain an embedded
Mobius band.
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5. The fundamental group

Let S be a space and p,q € S. A path from p to ¢ is a continuous map c from the interval
I :=[0,1] to S which maps 0 in p and 1 in q. Two paths are homotopic if there is a “path of
paths” linking them. More precisely, ¢y >~ c; if there exists a continnous map C' : [ x [ — §
such that C'(0,-) = ¢p and C(1,-) = ¢;.

The above map C' is called a homotopy between ¢y and ¢;. If C'(s,0) = p is constant in s,
the homotopy is called relative to 0 € I; of course a necessary condition for the existence of
a homotopy between ¢y and ¢; relative to 0 is that co(0) = ¢;(0). Similarly, the homotopy is
relative to the end-points if C(s,0) = pand C(s, 1) = ¢ are constant in s.

A loop (based at p € S) is a closed path with endpoints p, i.e., such that ¢(0) = ¢(1) = p. The set
of loops based at p modulo the equivalence relation given by homotopy relative to the end-points
is called the fundamental group, or the Poincaré group, denoted (S, p).

There is an operation on loops based in p defined by concatenation:

(2t for0<t<1i
(edyir) = 4 B0 0SS
c(2t —1) for;<t<1

Concatenation means that we travel along ¢ and then along c. It makes sense also for paths which
are not necessarily closed, but such that ¢(0) = ¢/(1). This operation is neither commutative nor
associative.

THEOREM 5.1. The operation of concatenation is well-defined on (S, p) and is associative
there.

PROOE. If C, C’ are homotopies between c and ¢y, respectively between ¢’ and ¢] relative to
the end-points, then C'(s,t) := (CsC"%)(t) is a homotopy between cc’ and ¢, ¢} relative to the end
points. Associativity is best seen in a picture. [

Let ¢, be constant loop ¢, (t) = p. If ¢ is any loop based at p, then cc, and ¢,c are homotopic to ¢
relative to the end-points. For instance,

P for O
C(s,t) := { or s s
. 2

is a homotopy from c to cc,,.

If we denote by ¢ the walk along the loop ¢ in the opposite order (i.e., ¢(t) = ¢(1 — t)) then one
sees easily that cc ~ c,,.

Therefore 7 (.S, p) is a group, in general non-commutative.

EXAMPLE 5.2. m;(R™,0) = {1} for all n. Indeed, every loop ¢ is homotopic to the constant loop
0, i.e., the unit in 71, via homotheties:

Cs(t) == sc(t).



5. THE FUNDAMENTAL GROUP 11

Similarly, for every contractible space S and any point p € S, we have 7 (S, p) = {1}.

If we change the base point, we get another group 7 (S, p’). Assuming that S is path-connected,
let d be any path from p to p’. Then the map which to [¢] € 7, (S, p') associates [dcd] € 71 (S, p)
is well-defined (does not depend on the choice of the representative c), and is a group morphism
that we denote ®,.

LEMMA 5.3. The group morphism ®4 : m(S,p") — m1(S,p) depends only on the homotopy
class of d relative to the end points.

If d' is a path from p' to p", then ®,0 @y = O 44 as group morphisms from pi, (S, p”) to m (S, p).

In particular, if ®; : 7,(S,p') — m(S,p) is the morphism induced by the inverse path d, we
infer that @, is an isomorphism. Thus the fundamental group does not depend on the base point
up to isomorphism.

If we choose another path e from p to p/, we form a loop based in p by setting v := ed. We can
compare the isomorphisms ¢, and @,

d.c = ece = eddcdde = vPy7
thus @, = [y]®y4[7]~*. It follows that the isomorphism ®, is well-defined up to conjugation.
Thus, although in general we do not have a canonical isomorphism from 7 (S, p’) to m (S, p),
a conjugacy class of such isomorphisms does exist. If the group is Abelian, all inner automor-
phisms are trivial so in that case the above isomorphism @, is canonical.
There exists a closely related set, called /'S, made of the free homotopy classes of loops in S.

THEOREM 5.4. Let S be a path-connected space and p € S. The set F'S of free homotopy
classes of loops in S is canonically identified with the set of conjugacy classes inside m (S, p).

PROOF. We have a tautological function (S, p) — F'S defined by taking a loop based in p
into its free homotopy class. This map is a surjection since every loop is freely homotopic to a
loop based in p. If ¢, ¢ € m1(S, p) are conjugate via v, i.e., ¢ = 7y, then their free homotopy
class is the same, a homotopy at time s being given by 7;cv,, where v, is the portion of the path
~ for time at most s. Let us now take two loops ¢, ¢ based in p which represent the same ggba
homotopy class. We view the loops as maps from S* to S which map 1 to p, via Exercise 5.6.
Let C': S* x I — S be a (free) homotopy. Let v be the path s — C(1, s). This path is in fact a
loop in p, and ¢ is homotopic to 7'~y relative to the end points. U

Associating the fundamental group to each pair (S, p) is a functor: for each map of spaces f :

S — 5, flp) = p' we get a group morphism f, : w1 (S, p) — (5", p') by setting f.[c] = co f
(Exercise %% ).

5.1. Exercises.
EXERCISE 5.5. Show that every path is homotopic to a constant path relative to 0.
EXERCISE 5.6. Show that the formula
$(e™) = f(x)
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defines a bijection from the set of loops on S into the set of maps from S to S.

EXERCISE 5.7. Prove that (relative) homotopy is an equivalence relation on the set of paths in
S.

EXERCISE 5.8. Two points in S are called joinable if there exists a path linking them. Show that
being joinable is an equivalence relation. The equivalence classes are called “path-connected
components”. If S, C S is the path-connected component of p, show that 7 (S, p) = (.S, p).

EXERCISE 5.9. The function f, is well-defined, and is a group morphism.

6. Computations of homotopy groups

Let S’ — S be a covering map and ¢ : I — S a path startinginp € S. Apath : [ — S’ is
called a lift of cif mo ¢ = c.

LEMMA 6.1. Choose p € S’ such that w(p') = p. Then there exists a unique lift of ¢ with
d0) =p.

PROOF. Using that [ is compact, cover ¢(/) with a finite number of open sets U; so that
7~ 1(U;) is a disjoint union of open sets in S homeomorphic to U; via 7. Pick points 0 = ¢, <
ty < ... <t, = 1sothatc(t;) € U; NU;_;. Assume that ¢’ has been defined up to time ¢;.
Set p; := ¢/(t;). Let Uj,U;_, be the components of 7~ (U;), 7~ (U;_1) containing p/. Then
we can clearly continue ¢’ up to time ¢,,,. To prove uniqueness, let 7" be the supremum of all
times ¢ so that every two lifts coincide up to time ¢. By continuity, every two lifts coincide up to
time 7. Assume T € Uj, let T := ¢/(T') and U; C S’ be the connected component of 7~ (U;)
containing 7”. Then clearly ¢ is uniquely defined for larger times that 7', unless 7" = 1. O

A more general result is the so-called homotopy lifting lemma:

LEMMA 6.2 (Homotopy lifting). Let X be a locally compact space. Let fy, f1 : X — S be
continuous maps and F : I x X — S a homotopy between fy and f,. Assume that there exists a
lifting f) - X — S'. Then there exists a lifting F' : I x X — S of the homotopy F.

PROOF. By the previous result, F” is uniqu @f it exists), and moreover F'(-, ) is the lift of
the curve F'(-, z) starting at f{(x). By Exercise %.ZF F’ is continuous. O

These facts allow us to compute 7 (S, 1). Let ¢ : I — S* be a loop with ¢(0) = ¢(1) = 1. Lift
it in the covering
d:R— S, O (z) = exp(2mix).

The point ¢/(1) sits above ¢(1) = 1 hence exp(27mic/(1)) = 1 < (1) € Z. This defines a
function L : 71(S',1) — Z. Indeed, if ¢y, ¢; are homotopic relative to their end points, then by
the homotopy lifting lemma we have c¢j(1) = ¢ (1).

Since Z is commutative, the base point is not important so we write 71(S1) = Z.
As a corollary, 7, (7?) = Z* where T? = S' x S! is the torus. This follows from a general fact:
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LEMMA 6.3. Let S1,5 be topological spaces and py € Xi,ps € X, base points. Denote
X=Xy X Xg,p=(p1,p2) € X. Then (X, p) = m1(X1,p1) X 71 (X2, pa).

PROOF. Every loop in (X, p) is of the form

c(t) = (ar(t), ea(t)) = (er X e2) ()

where ¢y, ¢y are loops in X7, X5. Define a map

m1(X,p) — m(X1, p1) x T (X2, p2), le] = ([e1], [ea])-

This map is evidently well-defined, i.e., it does not depend on the choice of ¢ € [c]. By Exercise

E.b‘ it is an isomorphism. O

6.1. Exercises.

EXERCISE 6.4. Show that F” defined in the proof of the homotopy lifting lemma is continuous.

PROOF. Since Y is locally compact, it is enough to prove continuity when restricted to a
compact subset, so we can assume that Y itself is compact. Let J := {t € I, F' : [0,t] X Y —
S’ is continuous }. We first prove that the set J is open. Let t € J. For all y € Y/, there exists an
open set U, 3 y and €, > 0 such that F'(t —¢,,t+¢,) x U,) is contained in an open set V,, whose
preimage through 7 is a disjoint union of open sets homeomorphic to V,,. By compactness, there
exist a finite number of such sets U; and € > 0 such that F([t — €,t + €] x U;) C V; where
V; is a open set adapted to the covering map 7 as above. It is then obvious that the unique
extension of F” to time ¢t + € is continuous. To show that .J is closed (and hence J = I which
finishes the proof) let 7' := sup(J). For every y € Y, there exists U > y open and ¢ > 0 so
that F'([T — €, + €] x U) is contained in an open set V' adapted to . Then clearly the unique
extension F”, which is continuous on {7T" — €} x U by the hypothesis on 7T, is also continuous on
the whole [T" — ¢, T + €] x U. Thus F" is continuous at (7', y), which shows T" € J. O

EXERCISE 6.5. Show that the map L : 71(S?, 1) — Z defined using liftings is a group morphism.
Show that it is an isomorphism.

1
EXERCISE 6.6. Prove that the map m (X, p) — 71 (X1, p1) X m (X2, p2) from Lemma %%mlsran
isomorphism.

7. Fundamental groups of orientable surfaces

Recall that any triangulated surface of genus ¢ has been split into two closed sets U, U’ intersect-
ing along their common boundary circle, with U a topological disk and U’ a neighborhood of the
dual graph. It follows from the definition that U " can be continuously retracted onto the graph
I'". Therefore (Exercise B.Tﬁﬁey have the same fundamental groups.

LEMMA 7.1. Every graph I'" of Euler characteristic 1 — n has the same homotopy type as a
bouquet of n circles. Moreover (") is a free group with n (non-commuting) generators.
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Since x(I') = x(S) + 1 = 1 — 2g, it follows that I is (homotopically) a bouquet of 2g circles.
Thus 7 (U') = F?9, the free group on 2g generators. We claim that the map from 7(9};) to
m1(U’) takes the generator of 71 (S*) into arbray by " .. aghga byt

Since S = U N U’ we can attempt to compute 71 (S) in terms of the fundamental groups of U, U’
and U N U’ = S'. In practice, it is more convenient to work with the open sets V' := S\ T”,

V' := S\ T, of which U, V are deformation retracts.

A group given by generators 74, . . ., 7, subject to the relations Ry, ..., R,, means the quotient
of the free group F™ by the normal subgroup generated by the words Ry, ..., R, (a relation is
just an element in /™, which we think of as “simplifying” in the quotient group). For example,
72 is the quotient of F2 by the relation y;v27; 'y, *. We write

<f717"'77n;R17--~;Rm>
for the resulting group.
Let W := V NV’ and choose p € W. Let

G :=m(V,p), G =m (V' p), Go = m (W, p).
If
G=(v,....%;:Ri,...,Rn),
G =1, Vs B ),
Go=(7s- s i RYs - Ry

are presentations of G, G’, Gy with generators and relations, define a new group H with gener-
ators Y1, ..., Yn, V1, - - -, Y,y as follows: the inclusion maps 2,2, define elements zv(’y})) eG
and 1+ (7)) € G'. Then the relations in H are Ry, ..., Ry, R}, ..., R, and 1 (7)) (77) 7"
The Van Kampen theorem states that 71 (S) is the group H described above. In particular, H is
well-defined regardless of choices of generators and relations! The above holds true whenever
V, V" are an open cover of S, and V, V' and W = V. N V" are path-connected.

This result allows us to compute easily the fundamental group of a bouquet of circles, but also
of a surface of genus g. Since V' is contractible it does not contribute any generators or relations.
We have seen that V' has 2¢ free generators. The fundamental group of the intersection has one
generator, introducing an extra relation:

THEOREM 7.2. Let S be an orientable surface of Euler characteristic 2g. Then

m(S) = (a1, by, ..., ag, by arbiay 'by" . agbyay b, ).

As a corollary, the rank of the abelianisation is 2¢g. The abelianisation of a group G is its quotient
by the normal subgroup spanned by commutators, i.e., the subgroup consisting of products of
elements of the form aba='b~! € G. Homeomorphic surfaces have thus isomorphic abeliani-
sations of their fundamental groups. Therefore orientable surfaces of different genera are not
homeomorphic, thus completing the classification theorem of orientable surfaces.

REMARK 7, 3. Along the same lines, we can classify non-orientable surfaces. The reader is
referred to [1].
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7.1. Exercises.

EXERCISE 7.4. A subspace X C Y is called a deformation retract of Y if the identity map of Y’
is homotopic relative to X to a map into X. Construct a deformation retract from U’ onto I".

EXERCISE 7.5. If X C Y is a deformation retract, show that the map 71 (X) — m1(Y") induced
from the inclusion is an isomorphism.



CHAPTER 2
Riemannian geometry of surfaces

1. Smooth structures

From now on we take S to be a compact, orientable surface of genus g. Let us show it has a
smooth structure. Take a triangulation, and consider the charts defined on the interiors of the
faces by the inverses of the triangulation homeomorphisms, say &1 : T° — A,. For each edge
E bordering two faces 77 and 75 construct a chart with domain 77 U735 U E° as follows: take
affine transformations A, A; from A, into the upper, respectively the lower half of a diamond
shape, mapping the images of the edge E onto the diagonal. Then A; o &7, and A, o Py, glue
nicely, providing a chart near interior points of . Near a vertex of multiplicity n, map each
triangle afinely onto a triangle centered into the origin with angle 27 /n. We leave it to the reader
to convince himself that these charts form a smooth atlas.

Whenever we have a smooth atlas, it is very easy to construct many other smooth structures by
composing the charts in the original atlas with an arbitrary homeomorphism. We call the induced
smooth structures equivalent.

PROBLEM 1.1. What can one say about the set of equivalence classes of smooth structures on a
surface of genus g?

How about complex structures? The smooth atlas constructed above does not have holomorphic
changes of coordinates. However, it is not difficult to construct another atlas which is holomor-
phic. The only modification needed is near the vertices. A neighborhood of a vertex is made of
a union of n equilateral triangles. There exists a homeomorphism from this union into an open
neighborhood of 0 in C, given essentially by z — 2%/, Let us illustrate first the case n = 6.
In this case, the 6 triangles fit precisely into C, with vertices in 0 and two consecutive roots of
order 6 of the unit. In general, the function 2"/% := e” % is well-defined by starting on the first
triangle with the standard cut of the log function, and continuing it analytically on subsequent tri-
angles. It will agree on the first, resp. the last edge, since the “total angle” around the singularity
is 27 /6.

If we start with a different triangulation, we may get different holomorphic structures.

PROBLEM 1.2. What can one say about the set of equivalence classes of smooth structures on a
surface of genus g?

The rest of this book is about answering these two questions. It turns out that smooth structures
on surfaces are unique up to homeomorphisms. In every genus g, the moduli space of complex
structures on Y, modulo homeomorphisms is a manifold, which has itself a complex structure.

16
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On S? the complex structure is unique (again, up to homeomorphism) thus the moduli space is
just a point. On the torus, the moduli space is the quotient PSLy(IR)\H, the modular curve. In
genus g > 2 we get the celebrated Teichmiiller space, a Kihler manifold of complex dimension
3g — 3. Although topologically a ball, 7, has a rich geometry and is perhaps one of the most
interesting objects in mathematics.

From now on a smooth structure on S is assumed fixed, at some point we will prove it is unique.

2. Review of differential geometry

2.1. Functions. Let .S be a smooth surface, i.e., endowed with a fixed smooth atlas.

DEFINITION 2.1. A function f : S — R is called smooth at p € S if there exists a chart
¢a:A— A CR?withp € Asuchthat fo ¢, : A’ — R is smooth at ¢4 (p). The function f
is called smooth on S if it is smooth at every point of S.

Smooth functions at p form an algebra over R, similarly smooth functions on S form an algebra
denoted C*°(S). The support of a function f € C*°(.S) is the closure of the set {p € S; f(p) #
0}. Let C2°(.S) denote the sub-algebra of functions with compact support.

Since every open subset of S is a surface, we get an algebra of smooth functions C*°(U) for
every open set U C S, with restriction maps C*>°(U’) — C*°(U) whenever U C U’. Conversely,
extension by 0 defines a map C2°(U) — C(U’).

LEMMA 2.2. There exists a smooth function u : C — R, = [0, 00) satisfying u(z) = 1 for
|z| <1/2, u(z) > 0 for|z| < 1 and u(z) = 0 whenever |z| > 1.

PROOF. We use the following smooth functions:

() e V/* forz >0,
r) =
Ho 0 for z < 0;

(r)

@.1) () = / " (s)ds;
ps(r) ==pa(r)/pa(1);
/L4(7’) :::U?)(l - 27")7
u(=) =pa(l2])

g

This lemma.implies that the restriction map C*>*(U) — C*°(S) is neither injective nor surjective
(Exercise 3.9). At the same time, for any K C U compact, there exists ¢ € C>(U) with
¢k = 1. To see this, cover each point p of K C U by the domain of a chart whose image is the
disc of radius 2, centered at p. The preimages A; of the unit open disk also cover K, then extract
a finite subcover, i.e., K C U;TL:I A; C U. Oneachdisc A; consider the function ¢; := p1o¢y,; it
extends to a smooth function on U with compact support. Set ) = 27;1 ;. From the properties
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SmcCcC
of 11 in Lemma 3.7 the function 1 is nowhere zero on the compact K, let C be its strictly positive
infimum. Define

(o 0= (1= ) o (/C)
where 14 was constructed in (b. [), and then check easily that it has the desired properties.
The existence of ¢ implies that
CZE(U) — C=(5), fefe
defines an extension of fix to S.

Another consequence of the existence lf M és the so-called partition of unity. Let S = U;; A,
be a locally finite open cover (ExerciseTB._l'U) and S = | J;Z, K a compact cover with K; C A;.
Then there exist smooth non-negative functions ¢; € C*°(.S) with support in A; such that

o
> di=1
7j=1
Here the sum is finite at every point by the assumption on the open cover. It is enough to define

Hj
0 = =
’ Zj:l Hj

where p; € C(A;) is 1 on K;. The sum Z;’il (5 1s finite in some neighborhood of every

point, hence smooth. Since the K;’s form a cover of S, this sum is greater than or equal to 1, in
particular it never vanishes.

3. Vectors

A vector atp € S is a derivation v, : C*°(S) — R, i.e., a linear map such that

3.1 vp(fg) = vp(f)g(p) + f(p)vp(g)-

The set of vectors at p is a vector space, denoted 7,,S. A vector field is a derivation v : C*°(S) —
C*>(S9), i.e., a linear map such that

(3.2) v(fg) =v(f)g+ fu(g).
The set V(.9) is also a real vector space. By evaluating in p, each vector field gives a vector at p
for all p € S so we get a linear map from V(5) to 7},S.

EXAMPLE 3.1. Letp € Sand ¢ : [ — S acurve starting in p. Then f — W\mo defines a

vector at p, denoted ¢. In fact every vector at p is of this form, as we shall see below.
EXAMPLE 3.2. On R?, the maps f + %, f— % define vector fields, denoted 0, 0,,.
x Y

THEOREM 3.3. Let S be a smooth surface.

(1) There is a natural identification of T),S with the set Der,(C2°(S)) of linear maps from
C(S) to R satisfying (3.1).
(2) Every vector field preserves the support:

supp(v(f)) C supp(f).
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leibnitz2
(3) Every linear map from C°(S) to C*(S) satisfying (%.ezl; takes values in C>(S) and
preserves SUpport.
(4) There is a natural identification of V(S) with the set of derivations on C°(S).

PROOF. We define a linear map R : 7}, — Der,(C°(S)) by restricting the action of v, to
compactly supported functions. To show that it is an isomorphism, we start with a lemma about
vectors.

LEMMA 3.4. Let f be a function which equals 1 in a neighborhood K of p. Then for every
vector v, € T,S we have v,(f) = 0. If f has compact support, then V,(f) = 0 for all V,, €
Derp(C(S)).

PROOF. Take a function p which is 1 near p and has support in K, thus fu = p. From the
Leibnitz identity,

(3.3) UP(M) = Up(f,u) = Up(f)ﬂ(p) + f(p)vp(:“) = Up(f) + Up(,u) = Up(f) =0.

The same proof applies to the second statement. U

This holds in particular for the constant function 1. By linearity, v,(1 — f) = 0. Again from
the Leibnitz identity, for every g € C*°(S) we have v,(g) = v,(fg), and if f, g have compact

support then V;,(g) = V;,(fg).

We now show that R is injective. Take v, such that R(v,) = 0, i.e., v, applied to every compactly-
supported function is 0. We want to show v, = 0. Take a compactly supported f as in Lemma
. Then for every g € C*°(S) we have v,(g) = v,(fg) = 0 since fg has compact support.

Take now V), € Der,(C2°(S)) and define v,(g) := V,(fg) for f as above. The map associating
vp to V), is clearly linear, we claim that it satisfies Leibnitz rule. Indeed, V,(fg) = V,(f 2g) b
Lemma 3.4 so

vp(99") = Vi(fg- f9') = Vo(f9)(f9)(p) + (f9))Vo(fd) = vu(9)d (p) + 9(p)vp(g'),

in other words vy, is a vector. Therefore I? is surjective, which finishes the proof of the first claim
of the theorem.

To prove that a vector v preserves support, let f € C°°(S) with support C' and p ¢ C'. Since S
is a separate surface, there exists a compact neighborhood K of p inside an open disk U disj i
from C. Let p € CZ°(S) be with support in U and identically 1 on K. From Lemma

the function v(p) is identically zero on K. From pf = 0 we deduce as in (B’%‘) that po(f
identically zero on K, thus v(f) vanishes on K. Since p was arbitrary outside the support C’ of
1 if follows that the support of v(f) is contained in C'.

For the third statement, note that the above proof still holds for derivations from C2°(.S) to
C>(9).

For the final statement, we already know that derivations on C*°(S) define derivations on C2°(.S)
by restricting the action of a vector field to compactly-supported functions. To show this map is
injective, assume v is a vector whose restriction to C'°(.S) is 0. Take p € S and p a function with
compact support which is 1 in a neighborhood K of p. For every f € C*°(S), v(f) and v(uf)
agree on K, and since the latter has compact support it follows that v(f) is zero near p; since p
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was arbitrary, v(f) = 0 as claimed. To show surjectivity, proceed as for the first statement of the
theorem. Let V be a derivation on C2°(S). Take f € C*°(S). Atevery point p define v(f)(p) by

v(N)p) = v(pf)(p)

for some 1 € C2°(.S) which is 1 near p. This defines a function v( f) which is independent of the
choices of y. As in the first part of the theorem, f +— v(f) is a derivation. U

COROLLARY 3.5. For U C S, the inclusion C*(U) C C(S) induces a restriction map
V(S) — V(U). Forp € U, we get a map T,U — T,S which is an isomorphism.

PROOF. The first statement is clear. For the second, it is also clear how the map is defined
(by restriction to C°(U)). To show this is isomorphism, take a function f € C*°(S5) as in
Lemma 3.4 with support in U which equals 1 near p. Then every vector v, € T,,5 is determined
by its action on functions with support in U, because v,(g) = v,(fg), proving injectivity. For
surjectivity define a derivation C*°(S) — R by g — v,(fg) for f as above and v, € T,U. O

The real vector space V(,S) has a natural action of the ring C'*°(S) defined by

(fv)(g) = f - v(g).
vCcim
This makes V(.S) into a C'*°(.S)-module (Exercise %.l D).
3.1. Local structure of C°(S). Since every surface is locally diffeomorphic to R?, let us
study C*°(R?) in some detail. For every z; € R?, the space Z,, of functions vanishing at z, =

(%0, Yo) is amaximal ideal in C'*°(,S). We claim that 7 is generated by the functions z—xg, y—yo
as a C°°(S)-module. Let f be a function with f(z) = 0. For 2 € R? set

F:I—R, F(t) = f((1 —t)z0 + tz)
and write

f(z) =F(1) — F(0)

:/01 F'(t)dt

:/0 0. f(1 —t)z0 +t2)(z — x0) + Oy fF((1 — )20 + t2)(y — yo)]dt

=(z — o)+ (y — y0)f
where the last equality defines «, 3 in an obvious way. Note that o, 3 are smooth functions of z.
Also note that the generators x — xg, y — yo are clearly not free in 7, since (z — x¢)(y — o) —

(5 = yo)(z — 20) = 0.
PROPOSITION 3.6. The C*(R?)-module V(R?) is free, with basis {0,, 9, }.
PROOF. Take v € V(IR?) and define functions a,b € C*°(R?) using the coordinate functions
z,y:
a:=wv(zx) = vz — ), b:=v(y) =v(y —w)
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where x¢,yo are any constants (recall that v(1) = 0 and so by linearity v(c) = 0 for every
constant function c). For every f € C*(R?) compute v(f)(z) using Taylor series:

v(f)(20) =v(a(z — x0) + B(x — 20))(20)
=aa + bf3

=(ad; + b9,)(f)(20)

proving that v = ad, + bd, in the point zq. Since 2o was arbitrary, we see that d,, d, span V(R?).
They are clearly independent (Exercise Z% I Ei U

In the same way, one proves that for every p € R?, {(9,),, (0,),} form a basis in 7,R?, which
therefore has dimension 2.
3.2. Exercises.

) ... El_elf_stm ) )
EXERCISE 3.7. Prove that in the context of Definition 2.T, Tor any other choice of chart ¢ 5 with
p € B, the function f o ¢' : B’ — R is smooth at ¢p(p).

. . Smce |
EXERCISE 3.8. Prove that the function f constructed in Lemma b.Z 1s indeed smooth.

EXERCISE 3.9. Show that for an open subset U C S, the restriction map C*>°(S) — C*(U) is
not surjective. If U is not dense, then the restriction map is not injective.

EXERCISE 3.10. A cover S = U;; A; is called locally finite if every point has a neighborhood
which intersects only a finite number of A;’s. Show that it is equivalent to ask that every compact
in S intersects only a finite number of A;’s.

EXERCISE 3.11. Prove that V(5) is a C*°(.S)-module.
EXERCISE 3.12. Show that d,, 9, are independent as generators of the C*(R?)-module V(R?).

EXERCISE 3.13. Show that the commutator [u, v] of two derivations on an algebra, defined by
[u, v](f) == u(v(f)) — v(u(f)), is again a derivation. When u, v are vector fields on S, the new
vector field [u, v] € V(9) is called the Lie bracket of u, v.

EXERCISE 3.14. Let S be a compact surface. Show that every maximal ideal in C*°(S) is of the
form Z,, for some p € S.

EXERCISE 3.15. For every p € S, Z,V(95) is a submodule of V(S), and
0+—ZV(S) —=V(S)—=1T,5—0
is a short exact sequence.

EXERCISE 3,16, Prove that every vector at p € .S is obtained from a curve passing through p as
in Example b [ If (x,y) is a chart near p, compute the vector ¢ in the basis d,, 0, at p.
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4. Forms and tensors

4.1. Change of coordinates. A map ¢ : S — 5’ is called smooth if ®*C>*(S") C C>(S),
where we define

(@7 f)(2) == ['(2(2)).
LEMMA 4.1. A smooth map induces linear maps between T,S and Ty, S', for all p € S.
PROOF. Simply define .V (f') := V(f' o D). O

Let ® : S — S’ be a diffeomorphism and V' a vector field on S. Define another vector field &,V
on S’ by .V (f') = V(®*f), or more precisely

V(@) =V ([ o @) (@' (p)).
This is easily seen to be a derivation on C'*°(.S").

EXAMPLE 4.2. Let & = &4(x,y), Po(z,y) : U’ — V' be a diffecomorphism between open
subsets of R?. Then in the bases 9., d,, the map ®,. : V(U’) — V(V”) takes the form

- 0P 0,P4
b, =DP = {8;(;@2 5@,@2} )
Indeed, from the definition and the chain rule,
0P, 0P,
(I)* x = Ug (I) = a7 Uz a_

s0 ,(0,) = (0,P1)0, + (0,P2)0, and similarly ©.(9,) = (9,P1)0, + (0,P2)0,.
The tangent bundle of a surface S is the disjoint union
7S :=||T,5.
peES

It is endowed with a natural function 7 : T'S — S which associates to a vector v, € 7,5 its base-
point p € S. If U C S is the domain of a chart ¢y : U — R?, the maps (¢v)« : TpS — Ty, (nR?
define a bijection

(pv)s : TU — TR,

We have seen that TR? is canonically bijective with R? x R? via the map

T,R* > v, — (p,a,b)
where v, = ad, + bd,, so TR? has a canonical topology. We define on T'S the following
topology: we require that for all charts U, the map (¢ ). : TU — TR? is a homeomorphism.

We need to check that this definition is compatible with changes of charts. Let ¢y be an-
other chart, and ® : U’ — V’ the composition ¢y o ¢;;'. Then (¢y).(¢p):! maps (p,v) to
(®(p), DP(v)) which is clearly continuous.

It follows that 7'S is a topological manifold of dimension 4. Moreover, the changes of charts on

T'S are clearly smooth maps, thus 7°S is a smooth 4-manifold. Furthermore, each fiber 7! (p) is
mapped by (¢ ). linearly onto R2,
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DEFINITION 4.3. A real vector bundle of rank k over a surface S is a smooth manifold £ of
dimension 2 + k, together with a map 7 : £ — S and a smooth atlas consisting of open sets
7~ 1(U) (where U is the domain of a chart ¢y : U — U’ on S) and homeomorphisms ®;; :
7 (U) - U x R*, such that the (smooth) changes of charts CIDVCIJEI are real linear in the
second variable. A complex vector bundle of dimension k is a real vector bundle of dimension
2k where we require the changes of charts to be complex linear, after identifying R?* and C*.

The crucial example of a vector bundle is the trivial vector bundle
R := 8 x R*
with the projection onto the first factor.

Any chart in the above atlas is called a trivialization of I/ over U. We will mostly be interested
in real plane bundles, i.e., real vector bundles of dimension 2, and in complex vector bundles of
dimension 1, also called complex line bundles.

REMARK 4.4. The fibers of a vector bundle have a well-defined structure of vector space, in-
duced by pulling back the linear structure from R* (or C*) via any local trivialization map. This
structure (i.e., the origin, the rules for addition and multiplication by scalars) is independent of
the chosen local trivialization.

A section in a vector bundle £ — S is a smooth function s : S — F such that 7(s(p)) = p for all
p € S. The set of sections, denoted C*°(S, E), is a vector space and has a natural C*°(S)-module
structure.

LEMMA 4.5. C>*(S,TS) = V(9).
The algebra C*°(.S) has a canonical structure of module over itself.

LEMMA 4.6. Let F' : C*(S) — C>(S) be a C*(S)-linear map. There exists a unique f €
C>(S) with F(g) = fg, forall g € C>(S).

PROOF. For p € S we set f(p) := F(1g)(p). The function f = F(1g) is smooth. For every
ge C®(S)wehave g =g-1gso F(g) = F(g-1s) = gF(lg) = fg. O
As a corollary, a C'*(S)-linear map induces C'*°(U)-linear maps from C'*°(U) to itself, for every
open set U in S.

Let U,V be K vector spaces of finite dimension, where K is the field C or R. The dual of U,
denoted U*, is the space of linear functionals on U':
U*:={a:U — K;ais K-linear}.
The space of K-linear maps L(U, V) is also a vector space, of dimension dim(U) dim(V'). The
tensor product of U,V (over K) can be defined as
U®V = LUV

Ifui, ..., Uy, v1,..., v, arebasesin U, V then u; ® v, form a basis in U ® V. The tensor product
is associative.
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A bi-linear map « : U x V to K induces a linear map from U @ V to Kby u ® v — ¢(u,v). A
bilinear map ¢ : U x U — K is called alternate if for all u,v € U we have

¢(u,v) = —¢(v,u).

4.2. The morphism bundle. Take E', £? any two real vector bundles of rank k;, ky over S.
We can organize the disjoint union of spaces of linear maps L(E;, Eg) into a vector bundle of
rank k; ko, denoted L(E', E?), as follows: take Uy, Uy C S trivializing open sets for ', E? with
trivializations ¢1, ¢o. Over U := U; N U, define the following bijection ¢y to be smooth:

I_l L(E;7 EZ) 3, gp(Py) =0 dy0 9251_1 € My, 1, (R).
peU

If we choose different trivializations ¢}, ¢, over Uj, Uj, the resulting bijection ¢y defined over
U’ = Ui N U, differs from ¢y as follows:

Svr (Py) = © By 0 ()
=(0h¢ )bu (L) (d1(¢)) )
By setting A := ¢y (®,) it follows that ¢y 0 ¢ (A) = (¢hoy ') A(pr(#)) 1) for every ky x ky
matrix A. The changes of trivializations in F, F
By =000 Ui Vi — My, (R),
U, =0(02) " Us Ve — Miy(R)

are smooth matrix-valued maps defined on open sets in .S, it follows that the change of trivializa-
tions in L(E', E?) which maps a matrix-valued function A over U N U’ into

Yo A = PP ART) ™

are smooth and fiberwise-linear, thus they form a vector bundle atlas.
maun

By analogy with Lemma X , we have:

PROPOSITION 4.7. The space of C°°(S)-linear maps from C*(S, E') to C*(S, E?) is canoni-
cally isomorphic to C*(S, L(E*', E?)).

PROOF. Given f € C°°(S, L(E", E?)), define F : C>=(S, E') — C*(S, E?) by F(s)(p) :=
f(p)s(p).
Conversely, let F' : C®(S, E') — (S, E?) be C*°(S)-linear. We define a section in the
endomorphism bundle as follows: for every s, € E;, choose a section s : S — E! with s(p) =
sp- Define f,(s,) := F(s)(p), which is clearly linear. We must check that f, is independent of
the choiE%E%f s. For this we use Lemma#.8. Since any two extensions s, s’ satisfy (s—s)(p) = 0,
Lemma A.8 implies by C*°(.S)-linearity F'(s — s')(p) = 0.

LEMMA 4.8. Let s € C*(S, E) be a section in a vector bundle of rank k over a surface S,
vanishing at p € S (i.e., s(p) = 0). Then there exist functions f;,j = 1,...,3 and sections
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s; € C™(S, E) with
3
s = Z fis'.
j—1

PROOF. First write s = pus + (1 — p)s with u compactly supported, equal to 1 near p. We
assume that the support of y is contained in a domain of chart ¢ : U — R? over which F is
trivialized, such that ¢(p) = 0. We set f3 := 1 — mu, s> := s. Over U, write E = U x R*, thus
(s can be written as a fu S(‘ttir%%—lvgéued k-vector, s = (uy, ..., ux). The functions u; vanish at p.
We have seen in section % [ that such a function can be decomposed in terms of the coordinates
z,y of the chart ¢, so j; = xs! + ys? for some functions g/ € C°°(U). This can be re-written

ps =g +yg°

where ¢ are sections in E over U. To extend the right-hand side to .S, we multiply by the square
of a compactly-supported function v on U ~ R? which is 1 on the support of j (thus 2 = p)
and we set fi 1= av, fo =y, nu, s/ = vg. O

Over a base of dimension n, we need n + 1 terms in the sum from the above lemma.

Similarly, for complex vector bundles E', E? we construct the bundle of complex-linear mor-
phisms L¢(EY, E?).

Using the morphism bundle construction, we define the dual of any real vector bundle F as

E* := L(E,R),
respectively
E([*j = L(C(E7Q)

when E is complex. In particular, we define the cotangent bundle 7S as the dual bundle 7°S*
of T'S. It is a vector bundle of rank 2 = dim(S).

If ¢, is a local trivialization of E over U, then (¢;;)~! is a trivialization of E* above the same
open set U. The changes of trivializations of E* are therefore given by (¢7,,,) ™" where ¢y is
the change of trivializations in & over U N V.

DEFINITION 4.9. A covector atp € S is a linear functional v, : 1,5 — R. A differential 1-form
is a C*°(S)-linear map o : V — C>°(5).

tfd%
From lemma A.7, there is a canonical identification between the space of sections C*°(S, T*S)
in the cotangent bundle, and the space of differential 1-forms.

Since vector fields act on functions by derivations, there exists a “universal derivation” map
d:C>®(S) — C>™(S,T"S)

defined by the pairing (f,v) — v(f). More explicitly, df is the map which sends any vector field
v into the function v(f). This universal derivation is called the de Rham differential.
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4.3. Exercises.

EXERCISE 4.10. Convince yourselves that the tangent bundle is an example of a real plane
bundle.

.. ) ) . ﬁ%fv_b
EXERCISE 4.11. Prove that the trivial bundle is a vector bundle in the sense of Definition &.3.

EXERCISE 4.12. Show thatif s : S — E', f: S — L(E", E?) are smooth sections, then fs is
also a smooth section in £2.

EXERCISE 4.13. Let £ be a complex vector space with complex structure .J. Show that for every
a : E — R linear, the map

E 3> v a(v) —ia(Jv) e C
defines a complex-linear map, thus an element in . Conversely, for every element ¢ € E,
the real part of i belongs to £*. These two applications are inverse to each other, thus £* is
canonically identified with E¢.

EXERCISE 4.14. If f is a fixed smooth function, show that the map
V(S) 3 v—o(f) e C™(5)
is C°(.S)-linear, thus it defines a 1-form.

EXERCISE 4.15. In R?, compute the action of dz, dy on the coordinate vectors, where z,y €
C>(R?) are the coordinate functions. Compute df in terms of dx, dy for arbitrary f.

5. Conformal structures and complex structures

Let F be a real vector space; define A?( E*) to be the space of bilinear alternate maps on E, i.e.,
AN (E*) :={a: Ex E — R;a(u,v) = —a(v,u),Vu,v € E}.

LEMMA 5.1. The dimension of the space of bilinear alternate maps on a vector space of dimen-
sion 2 is 1.

PROOF. Choose any basis 11, us in U. Then every bilinear alternate map oo maps uq Quq, us®
us and uy Q@ us +us®uy to 0. thus v is determined by its value on u; ®uy. There do exists nonzero
such maps, for instance set a/(u; ® uy) = a(us @u2) = 0 and o (u; @ uz) = —a(us @uy) =1 €
K. O

An orientation on a real plane V' is an equivalence class of non-zero bilinear alternate maps
under the following equivalence relation: o ~ o if there exists ¢ > 0 with &« = ca/. There are
clearly two orientations on every real plane. For a given orientation, an ordered pair (u,v) of
non-colinear vectors is called positively oriented if for any representative o of the orientation,
au,v) > 0.

Let (V, (,)) be areal vector space of dimension 2 together with a inner product, i.e., a symmetric,
bi-linear, positive definite map from V' x V to R. Two vectors X, Y are called orthogonal if
(X,Y) = 0. Two inner products on V' are conformally equivalent if they differ by multiplication
with a positive number.
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Let V be areal plane. A conformal structure on V' is a choice of a conformal class. A complex
structure on V' is amap C x V' — V extending the map of multiplication by scalars R x V' — V/,
which is real bi-linear and associative: z;(200) = (2129)v.

LEMMA 5.2. A complex structure on V' amounts to the choice of a real endomorphism J : V —
V satisfying J* = —1y.

PROOF. Simply define .J as the action of C > son V. 0J

THEOREM 5.3. On a real plane V', complex structures are in a natural bijection to conformal
structures together with an orientation.

PROOF. Although this theorem is quite simple, understanding it will be crucial in the rest
of the book. Take first a conformal structure [g] and a representative g, i.e., a scalar product
g+ V xV — R. For any vector v, define Jv as the rotation of v by 90° in the sense of the
orientation. More precisely, Jv is defined as the unique vector in V' of the same length as v,
orthogonal to v and such that the basis (v, Jv) is positively oriented. We can construct J in an
orthonormal oriented basis (ey, e3); for every vector v = (a,b), Jv must be equal to (—b, a)

. - . : -1
therefore it is clear that the map v — Jwv is linear, with matrix [(1) 0 ] and moreover J? = —1.
If we choose another representative kg of the conformal class (k > 0) the geometric definition
does not change, thus J is well-defined in terms of the conformal class [g].

Conversely, given J : V — V with J? = —1, notice first that for every v # 0 the vectors v and
Juv are linearly independent. Indeed, otherwise Jv would be colinear to v, thus v would be an
eigenvector of .J with eigenvalue A € RR; but then v is also an eigenvalue for J? of eigenvalue
A2 > 0, which contradicts J?> = —1. Choose any vector v € V and decree that v, Jv are an
oriented orthonormal basis of V/, thus constructing a scalar product g,. If we choose another
initial vector v/, write v = av + bJv, Jv' = —bv + aJv. We claim that the metric g, with
respect to which o', Jov’ form an orthonormal basis is (a* + b*) times g, thus the conformal class
of g, is independent of the choice of v.

The above maps associating a complex structure to a conformal structure and vice-versa are
clearly inverse to each-other, thus bijections. 0

6. Oriented vector bundles

Let £ — S be areal vector bundle of rank 2. The bundle A?( E*) is defined as the disjoint union
of A*(EZ). If ¢y : Ejy — U x R?is alocal trivialization of F, the bijection

| | A%(E}) 3 0 — (¢5") 0, € AX(R?)

pelU

is defined to be a homeomorphism, where

(05" ) o, v) := (' (p, 1), o (p,v)).
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If ¢y is another trivialization in F with ¢ro¢p;' = 1y, the change of trivializations in A?(E*)
is given by
B = (gp) B

Here * means pull-back, not adjoint! In this way A%(E*) becomes a real line bundle.

DEFINITION 6.1. A vector bundle F — S of rank 2 is called orientable if the line bundle A*(E*)
is trivial.

An orientation in a real vector bundle of rank 2 is an equivalence class of trivializations of A?(E*)
modulo the equivalence relation given by multiplication with a strictly positive function. An
orientation on F induces orientations in each fiber £,

EXAMPLE 6.2 (The volume form). Let S be a surface embedded in R®. On every tangent plane
define a bi-linear form as the length of the vector product:
a(U, V) :=|U x V|
where
(w1, ug, uz) X (v1,va,v3) := (UgV3 — U3V, UV1 — ULV, UV — UgV1).
This bi-linear anti-symmetric form is non-zero on every tangent plane, hence it defines a trivi-

alization of the exterior bundle A%*(7*S). It follows that every surface embedded in R? is ori-
entable.

In general, over an oriented Riemannian surface with metric g, we can define a volume form g,
by the requirement that 1(X,Y") = 1 for every orthonormal frame with positive orientation.

6.1. Exercises.
EXERCISE 6.3. Show that a line bundle is trivial if and only if it has a non-zero section.

EXERCIS!%%ACLS Show that a smooth surface constructed from an oriented triangulated surface as
in Section [T 1S orientable.

EXERCISE 6.5. Show that the volume form i, is a smooth section in the bundle A?T*S.

7. Riemannian metrics and almost complex structures

A metric on a vector bundle is a collection of inner products on the fibers, varying smoothly in
the base variables.

DEFINITION 7.1. Let £ — S be a real vector bundle over a smooth surface. A metric on E is a
symmetric, positive-definite smooth section in £* @ E*, i.e., a symmetric bi-linear form which
is positive-definite on each fiber £, p € S.

A Riemannian metric on a surface S is a metric on the tangent bundle of S. For instance, if
S = R?, the canonical metric defined by

(Opys Ony)p = 6]

7

is an example of Riemannian metric.
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If S C R? is an embedded surface, there is a canonical metric on 7°S induced from the inclusion
TS C R3 of vector bundles over S.

In general, if S is compact we can construct Riemannian metrics as follows: for each p € S
there exists a chart ¢, : U, — D, with image the disk of radius 2. Let V, be the preimage of
the disk of radius 1, and K, its closure. A finite number of the V}’s, say V;,...,V,, cover S by
compactness; let 1; be a smooth non-negative function with support in U; which is 1 on K.

Let g; be Riemannian metrics on U;. Such metrics exist since U; is diffeomorphic to a disk in
R?, so we could take for instance the pull-back through ¢; of the canonical metric on R?. Then
wig; € C2(U;, T*U; @ T*Uj) is a symmetric non-negative 2-tensor; moreover,

9= g € C*(S,T°S @ T*S)

is positive-definite. The same construction works for a paracompact manifold, but in this book
we focus only on the compact case.

Two metrics gq, g2 on E are conformally equivalent if there exists a positive function f €
C>(S,R%) with g1 = fgo. A conformal class is an equivalence class of metrics under the
above equivalence relation.

t
We now want to generalize Theorem 3o bundles. A complex structure on a bundle F is an
endomorphism J (i.e., a section in the endomorphism bundle L(E, F)) with J? = —1p.

THEOREM 7.2. Let E — S be a rank-2 real vector bundle over a compact surface. Then confor-
mal classes of metrics on E together with an orientation are in bijection with complex structures
on E.

tcscs X X .
PROOF. Theorem [5.371s a particular case of this result, for a vector bundle over a point. Thus
the bijection is established for the fibers at every point. It remains to show that when we vary the
point we obtain smooth objects.

If [g] is a conformal class, we pick a representative g and define .Jj;) to be the map of rotation
by /2 with respect to g, in the sense given by the orientation. This does not depend on g € [g]
and clearly J?> = —1p. To show that .J is a smooth section in the endomorphism bundle, we can
work locally over an open set U C S above which F is trivial. Let e;,e5 : U — E be sections
which form a base in £ at every point of U. We assume that e;, e; form a positively oriented
bases at a point py € U (and hence by exercise 78 at every point p € U), otherwise just re-label
them. Using the metric g, we first define €} := e;/||e1||,, i.e., we normalize e;. Next we set

o = 27 (€2, €1)e '
2 flea = (eas el
Using this procedure (called the Gramm-Schmidt orthonormalization procedure) we obtained a
smooth orthonormal basis of sections. Let e;’, e?’ . U — E* be the dual basis, then

J=cyoe' —¢ @
is clearly smooth.

In the opposite direction, we fix a complex structure J. Let U C S be a trivializing open set,
and e; : U — E a nowhere zero section. We can define a metric on Ej;; by requiring {e, Je}
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to be orthonormal. The conformal class of the metric is independent of the choice of e. The
using a finite partition of unity, patch together the metrics to a global metric on E. It is clear that
the conformal class of the resulting metric is independent of choices, and that for every v € L,
Ju L. [

The same proof works for paracompact manifolds. If we drop the smoothness requirement, the
statement is true for locally trivial vector bundles over a paracompact base.

A smooth map ® between two surfaces endowed with Riemannian metrics (.S, g) and (5, ¢)
is called conformal if ®*¢’ is conformal to g. Note that the definition makes sense if we only
specify conformal classes on S, .S’. Assume now that S, S have holomorphic structures. These
induce complex structures in 7'S, T'S’, hence conformal structures and orientations on S, S’.

LEMMA 7.3. A smooth map between two holomorphic surfaces is holomorphic if and only if it
preserves orientations and is conformal with respect to the induced conformal structures.

PROOF. In local (holomorphic) coordinates we check easily that @ is holomorphic if and
only if D® commutes with .J. In turn, this is equivalent to ¢ being orientation-preserving and
conformal. O

A rephrasing of this lemma is the following description of holomorphic surfaces as conformal
surfaces. A smooth map ¢ : C — C is called conformal if it is conformal for the standard metric
on R?; clearly, by the above lemma an orientation preserving map is conformal if and only if it
is holomorphic.

LEMMA 7.4. A holomorphic structure on a surface S is the same thing as an oriented conformal
atlas on S.

7.1. Exercises.

EXERCISE 7.5. Prove that a metric on £ defines an isomorphism of real vector bundles £/ ~ E£*.
Show that in this way you get a metric on £*. Find its coefficients in a local trivialization of £*
in terms of the coefficients of the initial metric on £ in the corresponding trivialization.

EXERCISE 7.6. Show that conformal equivalence is an equivalence relation.

EXERCISE 7.7. Show that two metrics ¢, g, are conformally equivalent if and only if there exists
a function h € C°°(S,R) with g; = e*¢g,.

EXERCISE 7.8. Let e1,e5 : S — FE be non-zero (i.e., nowhere zero) sections in an oriented
vector bundle F above a connected base S. Show that for points p, p’ € S, the basis e;(p), e2(p)
is positively oriented if and only if e;(p’), ex(p’) is positively oriented.

EXERCISE 7.9. Let E be a 3-dimensional vector space with a scalar product and {e, e, e3} any
basis. Construct explicitly an orthonormal basis {¢/, €}, €5} such that e; and €] span the same
line, and {ey, e5} and {€/, €, } span the same plane.



CHAPTER 3
Uniformization of surfaces

Let S be a compact oriented smooth surface. We have seen that it admits Riemannian metrics,
and that each conformal class corresponds to a unique complex structure in the tangent bundle,
also called an almost complex structure on S.

We want to find in each conformal class a “nice” representative. This will be a metric with
constant scalar curvature. Then the almost complex structure will turn out to be integrable, i.e.,
it comes from a holomorphic structure on S.

1. Connections and curvature

Let R be the trivial line bundle on S. Let us denote by Vy : C*°(S,R) — C*°(S,R) the action
by derivations of V on C*°(S,R) = C'*(S). It satisfies

(1.1) Vv = fVy, Vvof=fVv+V(f).
DEFINITION 1.1. Let E be a vector bundle on S. A linear action of V(S) on C*(S, E) satisfying

(T.T)1s called a connection in E.

Like vector fields, connexions can be restricted over open subsets of S. If VZ, V¥ are connec-
tions in F, E’, we define connections in £ @ E’ and in F ® E' by
VEE (s @ s') = VEs @ VE S,
VEE (s @) =VEs®s +s@VE s,
On the trivial bundle of rank &£ we have the trivial connection, obtained by applying V' to each

component function. Using partition of unity, we can show that there exist connections in each
vector bundle.

1.1. The Levi-Civita connection. The main example of connection is the Levi-Civita con-
nection in the tangent bundle. Let (.5, g) be a surface with a Riemannian metric. There exists a

unique connection in 7'S satistying for all U,V € V

VoV = VyU = U, V]
(12) U vU =[U,V]
ng =0.

The last identity means explicitly

V(g(X,Y)) =9(VyX,Y) +g(X,VyY)
31
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The existence of V is easy: we just define V xY by the requirement that for every Z € V),
29(VxY,Z) =Xg(Y,Z) +Yg(X,Z) — Zg(X,Y)
+9([X, Y], 2) + 9([Z, X],Y) + ¢([Z, Y], X).

. clc lidcl . .
To prove uniqueness, we deduce (1.3) from (T.2) by some easy manipulations.

(1.3)

1.2. Curvature. For X, Y € V(S) and ' € C*°(S, E), the expression
(14) RXyF = VX(VyF) — VY(V)(F) — V[X’y]F

is again a section in S. Clearly R depends R-linearly on each of the vector fields X, Y and on the
section F', but remarkably it is also Cooié’g—linear in each of these entries (Exercise 2.9). Thus
for vectors X, Y, we get using Lemma hTS'a well-defined endomorphism of F, by setting

F, — (RxyF)(p)

where X, Y, S are arbitrary extensions of X, Y, resp. F}, to vector fields, respectively a smooth
section in S. In this way, R becomes a section in 7*"M QT*M @ E*® S. Clearly Rxy = —Ryx
so in fact R € C*(S, A*T*S ® End(E)).

If E is a complex bundle with complex structure J and the commutator [V, J] vanishes, then
Rxy commutes with J, thus it is a complex endomorphism of F£.

If E is a line bundle (real or complex), the endomorphism bundle End(E) is canonically trivial of
rank 1, a canonical nonzero section being the identity 1. Consequently (provided the connection
is compatible with J in the complex case) the curvature of such a line bundle is simply a volume
form, or a 2-form when the base is of higher dimension.

1.3. Gaussian curvature. When F is the tangent bundle of a surface endowed with a Rie-

mannian metric and X, Y is a orthonormal frame, the quantity x := (RxyY, X), which is a real
number associated to each point of S (hence a function), does not depend on the orthonormal
frame. This function is called the Gaussian curvature of the metric. It is half of the scalar cur-
vature, a quantity associated to each Riemannian manifold of arbitrary dimension. For surfaces
in R? it is related to the mean curvature as follows: the Gaussian is the determinant of the Wein-
garten map, while the mean curvature is the trace of the same map. Therefore Gaussian curvature
for a surface in R3 is the product of the principal curvatures (the eigenvalues of the Weingarten
map).
We can easily compute the Gaussian curvature of the Euclidean plane and of the unit sphere. On
R? with the standard basis for the tangent bundle X; = 9,,, Xy = 0,,, we see immediately that
V x,X; = 0 so the curvature tensor vanishes identically so kg2 = 0. For the sphere we compute
the curvature in the stereographic charts, the result is kg2 = 1.

1.4. Integration of volume forms. Let C°°(S, AT*S) be the space of compactly supported
volume forms on an oriented surface S. There exists a natural functional on this space with real
values, w — | ¢ w, with the following properties:

(1) f®: S — S"is a smooth map, then [ P*w = [, w.
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(2) If S c R? with the standard orientation and w =
Sz a(, y)dzdy.

To construct |, assume first that w has support in a domain of a chart ¢ : U — R? from a
fixed oriented atlas. Write w = a(z,y)dzr A dy and define [(w = [, a(z,y)dzdy. If we
consider another chart ¢' : U — R? with coordinate functions 2/, ¢/, let ® := ¢ o (¢/)~!, then

(z,y) = ®(a',y') so

a(z,y)dz A dy, then [jw =

P P
dx —aaf da' + 88,1 dy
z y
0P, 0P,
dy =—=dz’ + —=dy’
7, 7

therefore
dx A dy = det(D®)dx’ A dy'.

Thus in the chart ¢’ the form w takes the form w = a o ® det(D®P)dz’ A dy'. The formula of
change of variable under integration

/ a(z,y)dzdy :/ a(®(2',y"))| det(D®)|dz" A dy
R? R?

together with the fact that the change of charts & is positively oriented (thus det(D®) > 0)
proves independence of the definition of the integral with respect to the chart.

2. The hyperbolic plane

This will be our fundamen@al example of Riemannian metric. The underlying surface is the upper
half-plane from Example 2.4. The metric we consider is conformal to the standard Euclidean
metric on R?, g5 = d2? + dy?, namely

9B dx? + dy?

I

Explicitly, this means that an orthonormal basis of the tangent space at (z,y) € H? is given by
X = y0,,Y = y0,. We choose the standard orientation of TH?, for which the frame (X,Y)

2.1 9

is positively oriented. From (the proof of) Theorem (7.2, the almost complex structure on 7H?>
corresponding to the conformal class of gy is given by
JX =Y, JY = -X.

Also, the volume form of the metric g satisfies by definition ;(X,Y") = 1. We can check easily
that

(X, Y] =-X
. . . . . . . Clc
from which we compute the Levi-Civita connection in the frame X, Y using (h?'):

VyX = VyY =0, ViV = —X, VX =Y.
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In particular V commutes with J in the sense that for every vector fields U,V we have
Vu(JV) = JVy V. The curvature is then given by Rxy X =Y, or in other words

RXY =J: TH2 — TH2

We can re-write thisas R = p ® J € C*(H?*, A°T*H? ® End(TH?)).
Directly from the definition, the Gaussian curvature of H? is the constant function —1.

2.1. Geodesics. Let c : [a,b] — S be a smooth curve and consider the vectors ¢, (; tangent
to c. If c is injective, we can extend ¢ to a vector field V' on S.

LEMMA 2.1. For every X € V(S5), the vector field VX does not depend on the choice of
V, and is thus denoted V. X. If X' is another vector field which agrees with X along c, then
V. X' =V:.X.

A vector field satisfying V.X = 0 is called parallel along c. In view of this lemma, we make the
following

DEFINITION 2.2. A curve cis called a geodesic if V.c = 0.

Since the Levi-Civita connexion is determined (and hence preserved) by the metric, it follows
that isometries preserve geodesic curves.

LEMMA 2.3. For every z € S and v € T.,S there exists ¢ > 0 and a geodesic ¢ : (—¢, €) with
c(0) = z, ¢(0) = v. Moreover, the geodesic ¢ = c(z,v) is unique, and depends smoothly on
(z,v) € TS.

PROOF. Local coordinates + ODE. Choose local coordinates (xy, z2) in a neighborhood of
z (ie., a chart ¢ = (x1,25) : U — R?). Without loss of generality we may assume that
¢(z) = 0. The unknown geodesic is thus determined by two unknown functions x1(t), z2(t)
with z1(0) = 22(0) = 0. The tangent vector to c(t) = (z(t), y(t)) is

&(t) = 4 ()0, + 25(t) O,y

Forevery i, j € {1,2}, Vg, 0., is a vector field on U; since {0,,, Oz, } for a basis for local vector
fields on U we can write

for some functions Ffj € C*°(U) called the Christoffel symbols. These functions depend on the
connection and on the local coordinates. With this notation we write

Ve :Vé(xllam + x/26962)
=20y, + 21 V:0,, + Jz”@m + 24V 0,
=20y, + x50, + Z o/ 20,

]'LZ]
i,5,k=1
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By setting the coefficients of 0,,, 0., equal to 0, we deduce that ¢ is a geodesic if and only if the
following identities hold:

//1_ //2_
T+ E zyr =0, i E x5, =0

1,j=1 3,7=1

where T'}; is evaluated at the point (z1(t), z2(t)). Thus z(t) := (21(t), 22(t)) is a solution to the
second-order differential system

2.2) 2"(t) = V(2'(t), x(t))

for V : R* — R% Vi(X,2) = — Zw , T (2) X X For such a system, there exists € > 0
and a neighborhood V C R* of the initial val e {z(0),2'(0)) (corresponding to the initial point
z = x(0) and direction v = 2/(0)) such that (2.2) has a unique solution for ¢ € (—e¢, €) for each
initial value in V, depending smoothly on the initial values. O

We have seen that on the hyperbolic plane, the vector field Y is self-parallel in the sense that
VyY = 0. For every x € R, the curve

e : R — H?, co(t) = (x,¢e")

is an integral curve to Y, i.e., ¢;(t) = Y,, () for all ¢. It follows that ¢, is a geodesic for all x,
moreover |¢;| = 1. To find other geodesics, use the rich group of oriented isometries PSLy(R)
of H? and Exercise b‘l’f For every vector v € T,H? we find in this way a geodesic starting in z
in the direction of v. By uniqueness, every geodesic on TH? is of this form.

2.2. Distance. Let~ : [a,b] — S be a smooth curve in a surface endowed with a Riemannian
metric. Ateach ~(t), we have a tangent vector (t) € TS defined by f — %t(t)). The length

of v is defined as
b
~ [ Is®lar

Remarkably, {(7y) depends only on the image of -, thus is invariant under reparametrization: If
¢ : [, V] — [a,b] is a diffeomorphism, then [(y o ¢) = I(7). Indeed, if we set t = ¢(s), we have

(2.3) vod(s) = ¢'(s)¥(d(s))

hence

[ Ihéolas = [ o) =16)

using the change of variables formula and the implicit assumption that ¢ is increasing, hence its
derivative has positive sign.

The distance between two points p, p’ in S is defined as the infimum of the lengths of all curves
linking p to p’. This defines a metric on S. For two arbitrary points in .S, it may happen that no
curve realizes the infimum (example: in C*, the distance between 1 and —1 is 2, but from the
triangle identity every path from 1 to —1 has length strictly larger than 2).
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PROPOSITION 2.4. Let p,q € S and ¢ : I — S a curve from p to q of length equal to d(p, q).
Then c is a geodesic.

Here we mean that the image of ¢ can be realized as the image of a parametrized geodesic, or in
other words that after a suitable parametrization ¢t = ¢(u), the curve c(t(u)) becomes a geodesic.

PROOF. Variational computation. Let C' : [ x (—€,¢) — S be a smooth function with
C(t,0) = ¢(t) and C(0,s) = p, C(1,s) = g forall t € I, or in other words ¢; := C(-,s) is a
family of curves from p to ¢ passing through c (to be thought of as a smooth path through c in
the space of paths from p to ¢). The function s — [(cs) has a minimum at s = 0, in particular

dl(cs)
s=0 = 0.
ds [s=o0
For simplicity assume that ¢(¢) # 0 for all ¢ € I, one can always reduce to this case. Let
T := C.(0,), X = C.(05)

be vector fields along the image of C. Since 0y, J; commute, we deduce [T, X] = 0. We then
compute

Byl / 9s\/(T, T)dt = / ST N gy

[ e [
0 0
/01<VTX |T>dt:/18t< m>dt / <X Vo %>

Since C(0, s) = p for all s we deduce 2£(0, s) = 0 so X(0) = 0 and similarly X (1) = 0. This
means that

/ 0, (X, T/|T)y dt =

hence if c is a curve of minimizing length then

/1 <X vT(%)> dt = 0.

Now every vector field X along c satisfying X (0) = 0, X (1) = 0 arises from a variation of the
curve c as above. By choosing X := ¢(1 — t)VT 7] We see that VT‘TT| = ( (indeed, if we define

2
f(t) = |Vo| ', then f(t) > 0and [, t(1 —t)f(t)dt = 0s0 f(t) = 0). Recalling that T = ¢,
this 1s equivalent to c being a geodesic after a suitable re-parametrization by arc-length. O

Let ¢ : (a,b) — S be a geodesic and s : (a/,0') — (a,b) a diffeomorphism. Then the re-
parametrized curve ¢ : co s : (a’,1') — S'is a geodesic if and only if s(t) is an affine transfor-
mation, i.e., s(t) = at + (. Indeed, set V := ¢/(t), V := &(s) = /(s(t))s'(t). Then

ViV =5 (t)2VyV +5(t)s" )V = s (t)s" (t)V
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so ViV = 0 if and only if s's” = 0, which is equivalent to (s')? constant, thus s(t) affine.

2.3. The Gauss-Bonnet theorem. Few results in mathematics are more beautiful than the
Gauss-Bonnet theorem. This result could well be considered one of the cornerstones of modern
mathematics. Its attraction lies in its complexity — it marries in an unprecedented way Analysis,
Geometry and Topology — yet its statement shines in deceptive simplicity:

THEOREM 2.5. Let (S,h) be an orientable closed surface with a Riemannian metric, k the
Gaussian curvature function and jiy, the volume form of h. Then

/S Kpup, = 21X (S)

where x(S) is the Euler characteristic of S, also given by x(S) = 2 — 2g where g is the genus
(or the number of handles) of S.

PROOF. For the sphere S? with the standard metric, we compute directly that the Gaussian
curvature equals 1, thus, since the area of the sphere is 47 and the Euler characteristic is 2, we
check the Gauss-Bonnet theorem in this case.

For the torus with the standard flat metric (or ny; glat metric), the curvature and the Euler charac-
teristic are both 0. Together with Proposition 2.6, we have therefore proved the theorem in genus

0 and 1.

PROPOSITION 2.6. The integral fS Klg is independent of the metric g.

PROOF. The tangent bundle is a complex line bundle, the complex structure being the rota-
tion by angle 7/2 in the positive direction. The Levi-Civita connection preserves this complex
structure in the sense that [V, J| = 0, in other words

Vx(JV) = JVxV

for all vector fields X, V. It follows that V is a connexion on the complex bundle 7M. By
definition, its curvature is the same as the Riemannian curvature:

R$yZ = RxyZ

for all vectors X, Y, Z. From the known skew-symmetry relation (Rxy Z, W) = —(RxyW, Z),
we deduce that Rxy is a real multiple of the endomorphism .J. We can compute the coefficient
from the definition of Gaussian curvature using an orthonormal positively oriented frame (X, Y):

RxyY = kX, therefore Rxy = —k.J or equivalently the curvature is simply R = —ku ® J.
Therefore the curvature of the complex bundle 7'S is
R® = —irp.

We are therefore trying to prove that |, g RC is independent of the metric.
We prove more generally

LEMMA 2.7. Let E — S be a complex line bundle and V' a family of connections. Then the
curvature forms R' differ by exact forms.
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The curvature 2-form R is called the first Chern form of L, it is always closed even in dimen-
sions higher than 2, and its cohomology class (which by the above lemma is independent of the
connection) is 27 times the so-called first Chern class of E.

PROOF. We will prove that 9; R is exact, then by integration in ¢ we get the desired result.
Let U; be a finite open cover of .S by chart domains and ¢; : Ejy;, — C x Uj local trivializations
of E. In each trivialization write V' = d + o, for some complex-valued 1-forms o; defined over
U;. The curvature can be computed locally by R = dozg- so over Uj,

(2.4) OR' = d(@ta§).
Let ¢;; :== ¢; 0 qb;l : U; N U; — C* be a change of trivialization. We have
t __ 1 -1
Q; = o+ ¢ doij
and we notice that the correction term gbi_jldqbij is independent of ¢, so
@Ozf = @04;

This defines therefore a 1-form & on S. By (bv."’lzrrfath = d(&) is exact. O

Take go, g1 two metrics on S. Then the family of tensors g; := (1 — t)go + tg1, t € [0,1] is
made of symmetric, positive definite bilinear forms, hence g; is a Riemannian metric for all ¢,
interpolating smoothly between gy and g;. They give rise to a family of connections on 7'S,
however as complex bundles, the bundle 7'S with the complex structure .J; changes with ¢. To
address this problem, consider the bundle 7'S — S x [0, 1] with complex structure over .S x {t}
given by J;. By homotopy invariance, this bundle is isomorphic as complex line bundles to the
“constant” bundle M — S x [0, 1] with complex structure .J, at each time ., Let f@t denote
the pull-back of V* via this isomorphism. We are now in the setting of Lemma 2.7, therefore the
complex curvature forms R° and R differ by an exact form. By Stokes’s theorem the integral
on a closed surface S of an exact form vanishes. Thus

/RO:/Rl.
s s

Together with the identity R = —ik(g;)us ® J; we conclude the invariance of the Gauss-Bonnet
integral. OJ

Using this proposition, we can prove the Gauss-Bonnet formula in higher genus as follows (this
proof was taught by late Professor Kostake Teleman to second year students at Bucharest Uni-
versity in 1993): take a torus embedded in R? and squeeze it between two parallel planes, so that
it acquires two flat regions U™, U, one exterior curved region £ and one interior region /. By
removing / and replacing it with flat continuations of U* we get a sphere with two flat regions
V* and the curved exterior region E. Since the curvature of V* vanishes, we have

//w:/ K = 4.
E 52
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This implies, in view of the direct treatment of the torus case, that

(2.5) /fw:/ Kl — / Ky = —4m.
I T2 E

Now take the sphere obtained from E and VV* and expand it in the horizontal direction by a large
constant (i.e., apply to it the linear isomorphism of R? given by (z,x3) — (Cz,x3) for a large
constant C'). We still have f kit = 4w by the same argument as above. In the resulting sphere,
which now has two large flat regions, glue back g copies of the inner region I, where g is any
genus. We get in this way a surface of genus g (together with a Riemannian metric) with one
exterior region E’, g inner regions isometric to F and some flat regions.

1r
By (2.5), each of the g inner regions in S contribute —47 towards the Gauss-Bonnet integrand.
The exterior region £’ contributes by 47 thus in all,

//w—g//w—l—/ k= 4rg — 4m = 27(2 — 2g).
S I B
U

2.4. Isometries of H>. Let PSLy(IR) be the group from Example 2.4. We claim that it acts
by isometries on H?. For this, we remark that

()
" S
where |dz?| = dz ® dz. Therefore, if we take PSLy(R) 5 v = [CCL Z] and we set w = vz, we
have
2 2
¥1d2] = |dw]? = (cz 4+ d)adz — (az + b)cdz|” dz _ |dz|? |
(cz 4 d)? (cz 4 d)? lcz + d|*
2
*Cx 2 _ Y
1) (\cz—i—d|2)
from which we deduce v* gy = gp.
Another space isometric to H? is B2, the unit ball in C, with metric
_AR(|dzP?
G
As above, one proves that the map
H29zr—>w:2_?EB27 Z:M
Z+1 1+w

is an isometry. It is clearly bijective and bi-holomorphic. It is tautological that the group

PSLy(R)y,' C PSLy(C), where 7o = [1

1 —22] € GLy(C), acts by holomorphic auto-

morphisms on B2, which are also isometries.
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THEOREM 2.8. The group of orientation-preserving isometries of (H?, g) is the same as the
group of bi-holomorphic isomorphisms of H? C C, and is given by the group PSLy(R).

PROOF. From Lemma %11“3% every orientation preserving isometry is also holomorphic. We
claim that every bi-holomorphic map is given by a Mdobius transformation (i.e., an element of
PSLy(R)) which is known to act as an isometry. To prove this, we use the ball model B? of
the hyperbolic plane. Take any automorphism ® of B? and set wy = ®(0). There exists an
automorphism a € G := yPSLy(R)v; " of B2 which takes 0 onto wy, thus f := a~'® fixes
0. Thus f : B> — B? is a holomorphic function vanishing at 0, it follows that @ is also

holomorphic, and from the maximum principle it takes values in B2 0

Let I' be a discrete subgroup in PSLy(R). Assuming that I" acts properly discontinuously, the
quotient S := T'\H? is a surface. Since the action is by smooth maps, the surface S is smooth.
Since the action preserves the metric and the holomorphic structure, the quotient inherits a Rie-
mannian metric of Gaussian curvature —1 (which is called a hyperbolic metric) as well as a
structure of holomorphic surface.

2.5. Exercises.

EXERCISE 2.9. Show, using the definition of a connection, that the map R : V(S)* — V(S)
defined in (T.4) 1s C*°(.S)-linear in each of the three factors.

EXERCISE 2.10. Show that the distance function on a surface with Riemannian metric satisfies
the triangle inequality.

EXERCISE 2.11. Let ® : £ — E’ be an isomorphism between two K vector bundles over S (K =
C or R), V’ a connection on £’ and V its pull-back on F via @, i.e., Vx1) := &1 (Vi ®(y)).
Show that the curvature tensors satisfy

R=3'R®.
In particular, if £/, E’ are K-line bundles, then
R =R € C™(S,A*9))
after the canonical identifications End(F) = End(£’) = K.

EXERCISE 2.12. Prove that the image of vertical lines through an isometry v € PSLy(R) is
geometrically a half-circle with center on the real line.

3. Hyperbolic quotients

We will show that every complete orientable hyperbolic surface is a quotient of H? by some
discrete subgroup of PSLy(RR). For this, we need some additional topological and geometric
notions.
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3.1. The universal cover. The universal cover of a connected surface S is a simply-
connected surface S defined as follows: Fix a base point p € S and consider all the paths
starting from p. Then S is the set of homotopy classes of such paths relative to the end points.
A base of neighborhoods of a class [y] is defined by considering charts ¢y : U — R? with
v(1) € U; we define Vy([]) as the set of those [¢] for which §(1) € U, and such that 7 is
homotopic to ¢ relative to 0 and U in the sense that there exists a homotopy F': I x I — S with
F(s,0) = pand F(s,1) € U, Vs € I. We will leave to the exercises the proof of the fact that
Sisa simply-connected surface which covers S, and that S is complete if S is complete. The
projection

§—5, 7] = (1)
is a smooth map which is a local diffeomorphism.

Assume that a compact (or more generally, complete) surface S has a hyperbolic metric. Take S
to be the universal cover of S and pull back the metric through the covering map to a hyperbolic
metric on the simply connected, complete surface X, which will turn out to be isometric to H?.

3.2. Jacobi fields and comparison theorems. We claim that up to isometry there exists
precisely one simply connected, complete hyperbolic surface (which can be identified with both
B2 and H?). Here completeness m ans that every geodesic can be extended for arbitrary positive
and negative time. From LemmaTTB,_ngevery surface S endowed with a Riemannian metric
there exists a map called geodesic flow from a neighborhood of {0} x T C R x T'S into S,
defined by (t,v) +— 7,(t), where 7, is the unique geodesic starting in the direction of v. The fact
that S is complete can be restated as saying that the geodesic flow is well-defined for all times .
The exponential map at a point p € S is then defined by

1,5 — S, exp,,(v) 1= (1)

EXAMPLE 3.1. Let S be the Euclidean space R?, then the exponential map is the identity. If S
is a torus S = I'\R?, the exponential map is the covering map R? — T'\R?,

LEMMA 3.2. For every point z € H2, the exponential map exp, : R? — H? is a diffeomorphism.

PROOF. Since exp clearly commutes with isometries, we can check the statement on the
disk model of the hyperbolic plane, with z = 0. Then it is an easy computation that exp,(v) =
f(Jv|v, for f(r) = M The function f is even in r, thus f(|v|) is smooth including at
v = 0, and ¢ is a smooth homeomorphism, hence a diffeomorphism. O

We claim that the exponential map sends lines through 0 € 7,5 (parametrized with constant
speed) into geodesics. Indeed, we first note that the geodesics through p are scale-invariant in
the following sense:

() = u(ts).
This holds because both curves are geodesic (the right-hand side is a linear rescaling of a geo-

desic hence a geodesic itself) and their initial tangent vector at s = 0 equals tv. It follows that
exp, (tv) = V(1) = 7 (t) runs along the geodesic 7, .
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Using the exponential map, we can construct near each point a distinguished chart from the
Riemannian metric, using the exponential map.

LEMMA 3.3. The differential D(exp,), : T,,S — T,S is the identity map.

PROOF. Immediate from the definition of the exponential and of the differential. If ¢ :
[0,1] — T,S is a curve through p with ¢(0) = v, then D(exp,),(v) is by definition the vec-
tor tangent to the curve exp,(c(t)). Fix v € T,S and take c(t) := tV/, then exp,(tv) = 7,(t)
where 7, is the unique geodesic starting at p in the direction of v. Since the tangent vector at
t = 0 to this geodesic is v, it follows that D(exp,), acts as the identity. O

Therefore the exponential map exp, remains non-degenerate in a neighborhood of p, hence it
is the inverse of a chart. By taking an isometry of 7,5 with R?, we get the so-called normal
coordinates on S near p.

LEMMA 3.4. In normal geodesic coordinates (1, x2), the following identities hold at p:
Vaziamj <p> =0, axz (gjk>(p) = 0.
We stress that this vanishing occurs only at p, otherwise we would get zero curvature.

PROOF. Take a;,as € R and define v := (ay, as) € T),S. Set V' to be the vector field tangent
to the geodesic v, we can write it as V(yq, ta,) = 010,, + a20,,. By expanding ViV = 0 we get
2

Z aiajVQxi 8$]. = 0,

ij=1
valid along the geodesic -,, so in particular at p. The coefficients a,a, are arbitrary and
Va,, 0w, = Va,, 0, (valid for coordinate vector fields) so we get the first statement. The second
one is a consequence:

axi (gjk) = 8-Ti<a$j7 817k> = <Vazi al’j’ axk> + <aﬂﬁj’ Vami axk)
and the right-hand side vanishes at p. U

LEMMA 3.5. Let Xy, X5 be an orthonormal frame in p. Extend X, Xy by parallel transport
along geodesic rays starting from p. Then [ X1, Xs|, = 0and Vx,X; =0, foralli,j € {1,2}.

PROOF. Since X; agrees with J,, at p, and they are both parallel along the z;-geodesic
7, it follows that X agrees with 0,, along 7;. By definition, the covariant derivative of X
with respect to 0, vanishes along 7;. In particular, at p we have Vx, X; = 0. The identity
(X1, Xs] = Vx, Xo — Vi, X completes the proof. O

THEOREM 3.6. Let S be a geodesically complete, simply connected hyperbolic surface. Choose
a vector-space isometry ¢ between ToB* and T,,S. Then ® := exp, 09 © expy Lis an isometry.

PROOF. First we prove that @ is a local isometry, using Jacobi fields. Then for topological
reasons, & must be injective, thus it is a diffeo. [l

In order to check that a surface is geodesically complete, we mention the following results:
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THEOREM 3.7. The topology on a Riemannian manifold is the same as the topology given by the
distance function. A Riemannian manifold is geodesically complete if and only if it is complete
as a metric space, i.e., every Cauchy sequence is convergent.

In particular, compact surfaces are geodesically complete.
Two metrics g, ¢’ on S are called quasi-isomorphic if there exists C' > 0 such that for every
p € Sandv € 7,5, we have
-1
C lvllg < lvlly < Cllolly.

COROLLARY 3.8. Let g be a geodesically complete metric on S, and ¢’ a quasi-isometric metric.
Then ¢' is also geodesically complete.

3.3. Classification of complete hyperbolic surfaces.

THEOREM 3.9. Every complete connected hyperbolic surface is isometric to a quotient of H? by
a discrete subgroup of PSLy(IR) isomorphic to ().

PROOF. The pull-back through the local diffeomorphism 7 : S — S of the metric on S
is a Riemannian metric on S. Since Gaus ian curvature is a local quantity, it follows that S is
also a hyperbolic surface. From Theorem 3.6, every two simply connected hyperbolic surfaces
are isometric, thus S is isometric to HZ2. The group D(S’ , ) of deck transformations, i.e., those
diffeomorphisms ® : S — S which satisfy 7 o ® = 7, is isomorphic to 7 (S). But it is evident
that S = S/D(S, 7). O

3.4. Exercises.

EXERCISE 3.10. Prove that the conjugate group 7PSLy(R)y,' C PSLy(C), where 7 =

H _11 € GLy(C), is precisely

G_{Z'_)az—i—b
b

;a,b € C,lal”> — [b]* = 1}.

z+a

~ . univco
EXERCISE 3.11. Prove that S constructed in the proof of Theorem %.9}5 a surface and the map
[v] — ~(1) is a covering map. If S is smooth (or holomorphic) then S has a canonical smooth
(respectively holomorphic) structure.

4. Uniformization

So far we have described hyperbolic surfaces as metric quotients of the hyperbolic plane. In this
section we will show that topologically, every surface of genus ¢ > 2 can be realized as such a
quotient. The tool for this will be the uniformization theorem %.3. We will need smooth structures
and Riemannian metrics, let therefore (.S, g) be a compact orientable smooth surface together
with a fixed Riemannian metric. We first compute the behaviour of Gaussian curvature under
conformal change. Let us recall for this purpose the definition of the Laplacian in Riemannian
setting.



44 3. UNIFORMIZATION OF SURFACES

The space C2°(S,C) has a pre-Hilbert structure, i.e., a scalar product for which the induced
topology is not complete. This scalar product is defined using the Riemannian metric g by the
L? product:

f. e = /S £,

where i, is the volume form associated to the metric g. In local coordinates, p, =
det(gi;)Y?dx A dy, where (g;;) is the 2 x 2 matrix of the metric g in the basis 9, 9,

Similarly we define an L? product on 1-forms. We first note that g induces an isomorphism
between 7'S and T*S by the correspondence V' +— ¢(V/,-). Thus g is also, using this correspon-
dence, a metric on the bundle 7*S. For 1-forms «, o we set

(a,a)pa :z/sg(a,o/)ug-

Recall the de Rham differential d : C*°(S) — C*°(S,T*S). The operator d* (sometimes denoted
0) is the adjoint of d with respect to the scalar products on functions and on 1-forms: the identity

(d*a, ) = (o, df)
defines uniquely d*. The Laplacian is defined by

A=d'd: C®(S) = C®(3).

As an illustration, let us compute the Laplacian for two particular cases. First, let S be R? with
the flat metric. The length of the basic 1-forms dx, dy is 1 at every point. Then for f € C*°(R?)
and o = adr + bdy € C*(R? Al) with one of them of compact support, we compute using
integration by parts

(df, o) =(0, fdx + 0y fdy, adx + bdy)
2
_ / (0,fa + 0, fb)dzdy
R

2

= —/ (fOza+ fO.b)dxdy
R

=(f, —0.a — O,b)

so we deduce d*ov = —9,a — 9,b. The Euclidean Laplacian is therefore given by

A¥f=—(2+0)f.
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Let us now compute the hyperbolic Laplacian in the H? model. The volume form is y~2dxzdy,
while |dz| = |dy| = y (i.e., the length of the 1-forms dx, dy at (x, y) equals y). Therefore,

(df, o) = (Oy fdx + 0y fdy, adx + bdy)

2
- /R (y*0nfa +y*0, fb)y~*dady
2
=— / (fOza+ fO.b)dxdy
R

2
= —/ yQ(faxa—l— f@mb)yfzdxdy
R

= (f, ~y*(0sa + O,b)).

The hyperbolic co-differential is thus given by d*a = —y*(d,a + 9,b), while the Laplacian
equals

AT f =207 + 9[-

There is nothing special about the function y = $(z) in the above computation. Exactly in the
same way we obtain
LEMMA 4.1. Let g, g’ := e~/ g be two conformal metrics on a surface S. Then

Ay =¥ A,.

g g

Note however that in higher dimensions the formula is no longer valid. In local coordinates, we
can compute from the definition

= — 1 7/]

where ¢ = (gij)ij=1..n € GL,(R) is coefficient matrix for the metric in the basis J,,, i.e.,
9ij = 9(0Ou;, 0s,), and g¥ are the coefficients of the inverse matrix g~ . The case n = 2 is special

because then +/det(g')g’” = y/det(g)g" for any conformal change ¢ = e~/ .
As a consequence of lemma b.Z[ and this formula, in geodesic normal coordinates at p we have

Af(p) = —(9;, +02,)f(p).
We stress again that such a formula is only valid at the origin of the normal geodesic coordinates.

LEMMA 4.2. For f € C®(S), define g’ := e~2/g. The Gaussian curvature functions r, k' are
related by

K = e (k- Af).

PROOF. Let V, V' be the Levi-Civita connections associated to g, ¢'. Fix arbitrary vector
fields X,Y, Z on S. Using (II.3), we obtain

AVNY, Z)g =2¢7 ((VxY, Z)g = X(f)Y, Z)g =Y ()X, Z)g + Z(F)(X,Y)g),
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which implies (since Z was arbitrary)

4.1) Y =VxY - X(f)Y —=Y(/ )X + (X, Y)V(f).

It is enough to prove the Lemma at an arbitrary point p. Choose geodesjc normal coordinates
X . n conrtcon
around p, and let X, X, be the orthonormal frame introduced in Lemma %5 From #.1),

X2 (p) =Vx,Xo = 2X5(f) Xo + V(f),
" Xo(p) =Vx, Xo — X0 (f) X2 — Xo(f) X1
Recall from Lemma g%l&ﬁ?_act at p we have [X;, X;| = Vx,X; = 0. By ignoring the terms which
vanish at p we compute
Vi, Vi, X2 =Vx, Vi, Xo — 2X1 X5(f) Xo + VX, V(f)
+2X4(f) X2(f) X2 — Xa(F)V(f)
+2X5(f)° X1 — [V(HIPX1 + X1 (/)V(S),
Vi Xo =Vx, Vi, Xo — X0 X ()Xo — X5(f)Xa
+ Xo (/) X1 ()Xo + Xo(f)2 X1 + 2X1(f) Xa(f) X2 — X0 (F)V(S)

From this, we deduce that modulo terms vanishing at p
(Rly,x, X2, X1)g =(Rx,x, X2, X1)g + X7 (f) + X3(f) + I,
hence since A = —(X? + X2),

< S(1X2X2’ Xl)gl :6_2]“(,{/9 - Af)

This identity is only valid at p, which however was arbitrary. The proof is finished by noting
that the orthogonal frame X, X, for ¢’ is made of vectors of ¢'-length equal to e~/, hence
K = 64f<R/X1X2X2, X1>gl. ]

We come now to one of our main theorems about surfaces - the uniformization theorem. It essen-
tially says that conformal structures on orientable surfaces admit a distinguished representative
of constant curvature, of the sign of the Euler characteristic of the surface.

THEOREM 4.3. Let S be an orientable closed surface of genus g together with a Riemannian
metric h. Then

(1) If g = 0, there exists f € C°°(S) (not unique) such that S with the metric e=>/h is
isometric with the standard unit sphere.

(2) If g = 1, there exists f € C°(S) with e *'h flat, and f is unique up to an additive
constant.

(3) If g > 2, there exists a unique f € C°°(S) with =%/ h hyperbolic.

Before proving the theorem, let us examine some of its consequences.

17C
The third part, together with Theorem [7.2, says that almost complex structures are in bijection
with hyperbolic structures for genus > 2, and with flat structures of volume 1 in genus 1.
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COROLLARY 4.4. Let S be a closed orientable surface of genus g > 2 endowed with a confor-
mal structure, or equivalently with an almost complex structure J. Then there exists a discrete
subgroup I' C PSLy(R), unique up to conjugation in PSLy(R), and a conformal diffeomorphism
\PSLy(R) — S.

. . . . . %1_119@
PROOF. This follows immediately from the uniformization theorem and Theorem 3.9, [

In particular, J is integrable because the deck transformations group I' acts by holomorphic
automorphisms of H?. The second part of the uniformization theorem allows us to show below
that on every orientable conformal surface (i.e., not necessarily compact) the induced almost
complex structure is integrable. This follows as a particular case from the Newlander-Nirenberg
theorem valid in higher dimensions, but here we get it essentially for free.

COROLLARY 4.5. Let S be an orientable surface endowed with a conformal structure. Then the
associated almost complex structure J is integrable, i.e., S admits a holomorphic atlas so that
for each chart (x,y) in the atlas, JO, = 0,,.

PROOF. We start by a trivial remark. Pick a metric & in the fixed conformal class on S.

LEMMA 4.6. For every point p € S, there exists a neighborhood U > p, a metric h' on the torus
T? and an isometry from (U, h) to an open subset U' C T? endowed with the metric .

PROOF. Choose p’ € T?, and charts around p, p’, namely ¢ : V — R?, ¢/ : V' — R2. Define
®:=¢ 'o¢:V — V. Choose a relatively compact open neighborhood U’ of p/ in V' and a
partition of unity /1, 1, on T? relative to the open cover {V’, T2\ U’}. Choose any Riemannian
metric hy (e.g. the standard metric) on T? \7, and over V' take h;, := ®,h, the direct image
of h through the diffeomorphism ®. Then v h; + ¥2hy =: h' is a Riemannian metric on T?
which agrees with h; over U’. This means that ® is an isometry from (U := ®~(U’), h) onto
(U, 1). OJ

From the uniformization theorem, /' is conformally flat, which by the above lemma implies that
h was locally conformally flat. A flat metric is locally isometric to R? with its standard metric.
For each point p in S take a function f, defined near p such that e=2/h is flat in a neighborhood
U > p, and choose a positively oriented isometry from a possibly smaller neighborhood W > p
onto an open subset of R?, say ¢, : W — W'. Clearly when p varies, these isometries provide a
topological atlas for S. Since ¢, is an isometry relative to the metric e~/ h, it follows that it is
conformal relative to . Thus the atlas consists of conformal maps, it follows that the changes of
charts are also conformal maps between subsets of R?. By Lemma (7.3, oriented conformal maps
between subsets of C are holomorphic, thus we have constructed a holomorphic atlas. OJ

Note that here we have used only the genus 1 part of the uniformization theorem, which is
considerably simpler to prove than the other two cases, see section E’ [
4.1. Exercises.

EXERCISE 4.7. Show that if {U, };¢<; is an open cover of a surface .S, {1);} are a partition of unity
and h; are Riemannian metrics on U;, then h := ), 1 Yih; defines a Riemannian metric on S.
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5. Proof of the uniformization theorem

It may look surprising that the genus, a topological quantity, matters in the analytic statement of
the uniformization theorem. The explanation lies in the Gauss-Bonnet formula (Theorem 2.5).

REMARK 5.1. Let (S, h) be a closed oriented surface of genus g with Riemannian metric h. If ¢
has constant Gaussian curvature, then its sign equals the sign of x(5) = 2 — 2g.

condds The torus case. Let us start with the easiest case where the genus of S'is 1. By Lemma
h‘.mer to uniformize the surface we would like to solve the equation
e (k— Af) =0,
or equivalently
5.D Af =K.

This is the Laplace equation, one of the most studied partial differential equations. To solve it,
consider a finite-dimensional analogy.

LEMMA 5.2. Letd : E — F be a linear map between two finite-dimensional vector spaces with
scalar product. Then the equation d*dx = u has solutions if and only if uw | ker(d), in which
case the solutions form an affine space modeled on ker(d).

Let us therefore first determine the space of harmonic functions on S.

LEMMA 5.3. Let (S, h) be an oriented, connected and closed Riemannian manifold. Then any
f € C>(S) which is harmonic (i.e., Af = 0) must be constant.

PROOF. Since Af = 0 we have (Af, f) = 0. But

(A, f) =(d df, f) = |ldf Iz
so df = 0. Locally, 0, fdx + 0, fdy = 0 which implies 0, f = 0,f = 0 so f is locally constant,
and since we implicitly assume S to be connected we see that f is constant on .S. 0J

THEOREM 5.4. Let (S,h) be an oriented, connected and closed Riemannian manifold. The

Laplace equation A f = u has solutions if and only if the function u is orthogonal in L?-sense to
the kernel of A, ie., if [ uv), = 0.

PROOF. One direction is clear, namely we see immediately that Af | 1:

(52) <AU, ]_>L2 = (du, d1>L2 = 0.
Notice that by definition, (Au, 1) > = [ A fv, therefore we conclude that functions of the form
A f must have zero mean. [

If f is a solution to (5. en f + cis also a solution, for all constant functions c. The existence
of solutions depends therefore on a “geometric” issue: is it true that on the torus T? with metric
h we have

(R, 1) 22y = /1r2 k() 1y (z) = 07
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The reader who paid attention to the Gauss-Bonnet formula already knows the answer to be
always trye because the Euler characteristic of the torus is 0. This settles the second statement of
Theorem #.3.

uni2+2s . The sphere case. Let i be any Riemannian metric on .S 2, Pick a point p, by Lemma
h.G we Know that £ is conformally flat in a neighborhood of p. Up to a global conformal change,
we can therefore assume h to be flat in a neighborhood of p.

There exists an isometry from a neighborhood of.p to a neighborhood of 0 € C, given essentially

by the geodesic exponential map (see Theorem B.6). Let U := S? \ {p}. The curvature ry, is of
course compactly supported in U, and by the Gauss-Bonnet theorem it satisfies

/ Kpy, = 4.
U

Let ¢ : U — (0,00) be a smooth function which near p equals ¢(z) = ||z||, where z is the
standard complex variable on C.

LEMMA 5.5. The function Ay, log ¢ vanishes near p, and its integral satisfies
/ Ay (log o)y, = 2.
U

PROOF. Let ¢, ¢’ be two strictly positive functions which equal ||z|| near z = 0. Then
log ¢ — log ¢ has compact support in U, so in particular it is smooth on S2. For every function
u € C*(S?) one has

/ Auvy, = (Au, 1) 2 = (du,dl) 2 = 0,
S2

s0 [,; Ap(log ¢)v, is independent of the choice of ¢ (i.e., of the smooth extension of ||| to the
whole S?). We pick a particular such extension, which is 1 outside the flat region of S? around
0, so in particular ¢(z) depends only on ||z||, it is identically 1 for ||z|| > ¢, and ¢(z) = ||z|| for
|z|| < €/2. Clearly Alog ¢ = 0 on the region where ¢ is constant, it remains to evaluate the
contribution near z = 0. In polar coordinates, A = —r~19,70, — r =205 and ¢ = ¢(r) so

A(log ¢)rdrdd = —27r/ 9,70, log ¢(r)dr = —2m(rd, log @)l ;o = 2. O
0

ll=ll<e

. . intdel .
Let ¢ be any function as in Lemma %.S. Then A log ¢ has compact support in U, and
/(/@h —2Alog )y, =4m —2- 27 = 0.
U

laplae . . 9 .
By theorem %Zf, there exists a smooth function fy € C°°(S5), unique up to0 a constant, such that
Apfo = kp —2Ay log ¢. Setting f := fy + 2log ¢, we have by Lemma %.2 that the metric e 2/ h
is flat on U. Notice that e=2/h is not defined at p because of the singularity introduced by the

conformal factor e=29¢ = r—4 near p.
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Near 2 = 0 the metric e=2/h is just e=2/0¢)(r)~2(dr? + r2d6?). Note that f, has a finite limit at
r = (0, which we could assume to be 0 since we may subtract from f; an arbitrary constant. Set
R:=1/r, then e 2/ h = 20 (dR? + R?df?) as R — oo, where limp_,,, e~ 200 —= 1,

We observe that the flat metric e=2/h is complete on the simply connected set U . Indeed, we
have seen above that it is quasi-isometric to the standard metric on C, so Corollary ETSa_pgﬁes. It
follows by Theorem 3.6 that (U, e=2/h) is isometric to C with its standard metric. In particular,
(U, h) is bi-holomorphic to C by some map P, uniquely defined up to an isometry of C.

Consider now the holomorphic map ® from U C S to C C CP! as a singular map from S
to CP!. In holomorphic charts near p, respectively near co, this map is bounded, hence its
singularity is removable. By the same argument, the singularity of ®~! is removable. It follows
that ® extends to a bi-holomorphism of S onto CP!. Since ® is holomorphic, hence conformal
from h to the standard metric gy on CP!, it follows that ®* g, is a metric of curvature 1 conformal
to h.

5.2.1. The set of conformal metrics of curvature 1. We conclude that every metric h on S?
is conformal to a metric of curvature 1, so there exists f € C*°(S?) with 27, = 1. By Theorem
E§.6, the metric €2/ 1 is isometric by a map ®; to the standard metric on S%. We would like to
understand how many such f exist. Let f, f’ be two such conformal factors and @, ®; such
that

g0 = e* h, Qlgo = ' h.

It follows that ¢ f(IJJT,l =: vy is a conformal transformation of the standard sphere, i.e., a homogra-
phy (sometimes also called projective transformation)in PSL,C. Conversely, every v € PSL,C
has the property that y® is a conformal map from S to S2.

Some homographies act as isometries on S2. The isometry group of S? is SO(3), which we view
therefore as a subgroup in PSL,C. It is obvious that y® ; induces the same conformal factor (i.e.,
f = f)if and only if v € SO(3). It follows that the set of conformal metrics of curvature 1 in a
given conformal class is in bijection with the homogeneous space SO(3)\PSL,C.

5.3. The case of genus g > 2. Here we must solve the equation
e (k= Af) = -1,
or equivalently
(5.3) Af—rk—e2 =0,
Consider the functional £ : C*°(S) — R given by

E(f) = / NI — 5 f + ey

Assume that f is a point where £ attains its minimum. Then for every ¢ € C*°(S), the function

u:R — R, u(t) = E(f +19))
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attains its minimum at ¢ = 0, therefore «/(0) = 0. We can compute «'(0) as follows:

£(0) = /S (A, df) + {df, ) — r — g puy

=(Af =k — e $)12(5).

Since ¢ was arbitrary, it follows that a minimum point for £ (or more generally, a critical point)
is a solution for (5.3) because the set of smooth ¢ € C*(S) is dense in L*(S). It remains to
show that £ does attain its minimum. Let

1 b e
o= iy | f= =l

be the orthogonal decomposition of f into its zero-mode (i.e., constant component, or equiva-
lently the component along the kernel of A) and its component in the range of A. Notice that by
definition the average of f’ over S'is 0, i.e.,

(5.4) / P =0,
S

LEMMA 5.6. The functional E is bounded from below.

PROOF. Decompose E(f) into

E(f) = / N — wfan + / (—rfo+ Le= )

=B, (f) + Ea(f)

(notice that df = df’). The second term FE5(f) can be bounded from below using the inequality
e® > 1+ x, valid for all z € R (and proved most easily on the graph):

/ e = e / ey > e / (12" = e 2P Vol(S),
S S S

. . intfpez
where in the last equality we used (%.ZH. Elsmg Gauss-Bonnet,

/(—'ffo + e Ny = (29— 2)fo+ 3 / e 1y, > (29 — 2) fo + ¢ 2o YAUS)
s S

Both constants 2g — 2 and %(S) are strictly positive, thus when f is negative, the exponential

will dominate (2g — 2) fo. It follows that
Ex(f) = G

for some constant C, as claimed.

The first term £ (f”) is classically known to be bounded from below. Here is a quick argument.
Decompose f’ in an orthonormal basis (for the L? inner product) of eigenfunctions of A of

positive eigenvalue:
o0
=2 4
J7I
7j=1
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where Ag; = \;j¢; and 0 < \; /" oo as j — oo. Notice that
[Py = @) = (A7) = Y
On the other hand, by the Cauchy-Bunyakovsky-Schwartz inequality,

/—ﬁf’uh < (/ “zﬂh/|fI’2uh) = (s (Z“?) = o[l ']l =
s S s i

It follows that

1
o) o0 2
02
E\(f) Z @\ = C (Z ) > Ml = Coll e = 13
where \; is the smallest non-zero eigenvalue of A. U

5.4. Existence of the minimum. Let now f, a sequence of smooth functions such that
E(f,) converges towards the infimum. Up to choosing a subsequence, we can assume that the
sequences F (f) and E( f,,) both converge towards some finite limits.

The k-th Sobolev space H*(S) is defined as the space of those L? functions on S such that A¥/2
is in L? (for even k), respectively such that AN fisin L? as a 1-form, for k odd. It is easy to
see that a function f = 7% a;¢; is in H* if and only if the sequence ()\f/zaj) is in 2.

We claim that we have the following embedding:

LEMMA 5.7. For every f € C®(S), f = fo+ [, there exists a constant ¢ € R such that for
every a > 0 with ||V f||2 < ¢ we have

(5.5) / e 1, < ehiC.
S

Assuming this to be true, we deduce by using 2f' < af? + é that for every c there exists a
constant C' such that for |V f||;2 < ¢ we have

/le/u < (C.
S

Since E;(f]) is convergent, it must be bounded above by some constant ¢;. This implies that the
sequence ||V f/||z2 is bounded: indeed, if we set u := ||V f’|| .2, then

K
w? = By (f)) + (5, fi e < Ev(f)er + |6l follze < e — 1+ HA—H“
1

so u? is also uniformly bounded.

DEFINITION 5.8. A sequence f" € [* conveges weakly towards f € [*if forall j > 0, lim f} =

g;- A sequence f™ € H' converges weakly towards g € H' if f' converges to g and )\jl-/ 2 Ii—
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LEMMA 5.9. (1) Let f, be a sequence in I*> bounded in norm by a common constant c.
Then there exists a subsequence such that for all j > 0, the coefficient sequence (f,);
is convergent to some g;, and (g;)jen € I*.
(2) Let f, be a sequence in H*

We deduce that there exists f/ € H'(S) (the first Sobolev space on S) so that after choosing a
subsequence,

fs T I
This implies (after some more effort) that ¢>/» converges in L? sense to ¢>/’. In turn, since F( f,,)
is convergent, we deduce that the zero modes ( f,)o also converge to some fj.
We obtained %{ ! function f which is a minimum of the functional E. It follows that f is a weak
solution for (5.3).
Inductively we deduce that f € NgenH*(S). Indeed, since Af € L? we have f € H?. This
in turn implies ¢*f € H' and so by a boot-strap argument f € H* implies f € H**'. By the
Sobolev injections, f is smooth. Thus the equation (5.3) has a solution.

5.5. Uniqueness of the solution. By the existence part, we can work with a copstant (—1)
curvature metric conformal to the initial metric, thus we assume v = —1. Equation (5.3) becomes

Af+1=e_2f.

We want to show that f satisfying the above equation must be identically 0. Since S is compact,
f attains its maximum and minimum, let p be a maximum point.

LEMMA 5.10. Let p € S be a local maximum for a function f : S — R, where S is a surface
with a Riemannian metric. Then A f(p) > 0.

PROOF. In dimension 1 we know that —f”(p) > 0 if p is a local maximum. Here we choose
geodesic normal coordinates centered at p, so A f(p) = —9%f(p) — 85 f(p). The point p is a local
maximum point for the coordinate curves passing through p so both components of A f(p) are
non-negative. 0

%d]_dor_l L .

By Lemma 5.10, Af(p) > 0. This implies e /(") > 1 so —2f(p) > 0 or in other words the
maximum of f is non-positive. By the same argument, the infimum of f is non-negative, which
implies that f is identically 0 as claimed.

5.6. Exercises.

EXERCISE 5.11. Let );, j € N be an increasing sequence of strictly positive real numbers with
limit co. Let [? be the Hilbert space of square-summable sequences (z;)jen, 2; € R:

(x,y)pe = Z Y.
i=0
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Define H' as the subspace of those sequences z € [? such that (\;z;) ;e is again in /2. Define a
scalar product on H' by

(x,y)m = Z N2y,
i=0

Prove that the inclusion H' — [? is compact in the following sense: every bounded sequence in
H*' has a subsequence which is convergent (or equivalently, Cauchy) in /2.

6. Uniformisation revisited

Let us summarize the results derived in this notes about compact surfaces. We have shown first
that every compact orientable surface .S is homeomorphic to a sphere with g handles attached, g
being the genus of .S, linked to the Euler characteristic by the formula

X(S) =29 — 2.
Our proof used a triangulation for .S. From any triangulation we constructed a smooth structure,
and with a little more effort even a complex structure.

We have then shown that a complex structure in an orientable real plane bundle is the same as a
conformal structure. Inside each conformal class over a torus we proved, by solving the Laplace
equation with the help of the Gauss-Bonnet formula, that there exist flat metrics, unique up to
a constant. Such metrics are locally isometric to R2. Since every metric on a surface is locally
isometric to a metric on a torus, the above argument gives us isothermal coordinates adapted
to a given conformal structure. This proves that every almost complex structure on a surface is
integrable.

6.1. Conformal structures on the sphere. The first statement of the uniformization theo-
rem, in genus 0, implies that any two smooth structures on a topological sphere differ by a diffeo-
morphism: indeed, pick Riemannian metrics, then we proved that there exists a conformal dif-
feomorphism between the two metrics. Nevertheless, in any given conformal class on the sphere
there exist many metrics of curvature 1, parametrized by the symmetric space SO(3)\PSL,C.

We are going to give a infinitesimal proof of this fact below, in the spirit of Teichmiiller theory.

6.2. Moduli space of structures on the torus. Going back to the torus, we deduce that
every conformal class on T? defines uniquely a complex structure. Moreover, inside the given
conforma class there exists a unique flat metric up to a homothety. By lifting the metric to
the universal cover S and choosing an isometry of S to R, the conformal structure determines
therefore a rank-2 free discrete subgroup I' in R? modulo multiplication by constants in C*.
Conversely, two flat metrics which give rise to subgroups which differ by a dilation in C* are
clearly conformal to each other. Thus the moduli space of complex structures on the torus modulo
diffeomorphisms can be identified with the space of free abelian subgroups of rank 2 in R?
modulo complex homotheties. The algebraic classification of these subgroups is quite simple:
the generator of smallest length can be made (by multiplying with a complex number in C*) to
be 1, then the least non-real element belongs to the standard fundamental region of the modular
group PSLy(7Z), so in conclusion the space of complex structures (or of conformal structures,
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or of flat structures up to homothethy) modulo diffeomorphisms is in bijection with the modular
curve. If we mod out only by isotopic diffeomorphisms (i.e., homotopic inside the space of
diffeomorphisms), we obtain the Teichmiiller space 7; in genus 1, which is identified with HZ.

6.3. Moduli space of higher genus. For surfaces of genus g > 2, we showed that every
conformal class contains precisely one hyperbolic metric. The proof of this statement was more
difficult, since we had to solve a non-linear Laplace equation. Such a hyperbolic metric defines a
discrete co-compact subgroup I" in PSL,(R), unique up to conjugation, such that S is isometric to
['\PSLy(R). Two hyperbolic metrics which yield conjugate co-compact subgroups in PSLy(R)
must be isometric. Thus conjugation classes of genus g co-compact subgroups in PSLy(R)
are in bijection with conformal classes of metrics on S modulo Diff(5), and also with the set
of complex structures on S modulo Diff(S). This set is called the moduli space of complex
structures on S, and it has a complex analytic structure.

7. Teichmiiller theory in genus g > 2
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