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Chapter 1

Introduction

The purpose of this lecture series is to describe the representation variety of
the fundamental group m(S) of a surface S with values in a Lie group G which
is defined by

Rep(m1(95), G) := Hom(m(5), G)/G,

where the action of G on Hom(7m(S5),G) is given by conjugation. Histori-
cally, the motivation for the study of Rep(m;(.S), G) emerged from Teichmiiller
theory which is the study of hyperbolic structures on a surface S. If G =
PSL(2,R) then hyperbolic structures on S are described by a certain subset
of Rep(m1(9), ). Another classical example is Rep(m;(S), T'), which is iso-
morphic to the quotient H'(S,R)/H*(S,Z) and has various applications in
physics. Here we will discuss Rep(m;(.S), G) for general Lie groups G and give
various interpretations of this space, e.g. in terms of differential geometry (flat
connections) or a combinatorial description (using ribbon graphs). The latter
description will produce for us a natural topology on the representation variety,
which turns a big open subset of Rep(m(5), G), which we call the very regular
part, into a smooth manifold. This manifold admits a symplectic structure and
thus smooth functions on it can be interpreted as observables in the sense of
classical mechanics. We will discuss two important classes of such observables,
namely Wilson loops and spin network observables. The Poisson brackets de-
scribing their dynamics admit a nice combinatorial description in terms of the
Goldman algebra. While most of the aspects in our discussion work for gen-
eral Lie groups GG, some aspects have to be treated separately for compact and
non-compact groups G respectively. For example, counting connected compo-
nents of the representation variety can be reduced to counting elements of the
fundamental group when G is compact, while in the non-compact case more
complicated methods have to be applied. This will lead us - in the special case
of G = SL(2,R) - to a discussion of the Milnor-Wood inequality. Also, the
Liouville volume of the very regular part with respect to the symplectic form
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depends crucially on the point whether G is compact or non-compact: In the
non-compact case it is usually infinite infinite, while in the compact case it is
always finite. In the latter case we will in fact compute the volume using a
formula of Witten.

I thank Tobias Hartnick for writing up the first draft of these notes.
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Chapter 2

Surfaces

2.1 Surfaces as 2-dimensional manifolds

2.1.1 Basic definitions

In this section, we will recall the point of view of differential geometers on
surfaces.

Definition 2.1.1 A surface is a connected two-dimensional smooth manifold.

We assume that the reader is familiar with the definition of a manifold. Nev-
ertheless, in order to fix ideas and notation, let us briefly discuss the definition
above. We assume first that S is a metrisable topological space, in particular
Hausdorff. A two-dimensional chart for such a topological space S is a pair
(U, ) where U C S is an open subset and ¢ is a map from U to R?, where
V = (U) is open in R? and ¢ is a homeomorphism onto its image. The map
¢ is called the coordinate of the chart. A collection of charts {(U;, ;) |i € I}
is called an atlas for S if S = |JU;. An atlas is called smooth or C*> (we use
these two expressions synonymously) if the coordinate changes

;0 Sﬁj_l co; (U NU;) — ¢i(U;NT)

are smooth functions for all 4, j € I. The reason to introduce a smooth atlas is
the desire to be able to talk about smooth functions on S. If smooth functions
exists, we definitely want the coordinates o; and there inverses ;' to be
smooth.

So let us just pretend that they aresmooth.

If the notion of smooth functions is any good, then given a smooth function
¢ : S — R also the composition

o;'op:pi(U) = R

6
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Figure 2.1: The Mo6bius strip

should be smooth. But these are just functions from subsets of R? to R and
for such functions we know what smoothness is supposed to be. Thus we can
just define a function ¢ to be smooth if all the above functions are smooth. In
fact, it suffices to check this for only one particular chart around each point as
we were clever enough to demand the coordinate changes to be smooth them-
selves. Thus we may talk about smooth functions on a surface like we may
talk about smooth functions on R2.

Obvious examples of surfaces are given by connected open subsets of R2.
Indeed, if U C R? and ¢ : U — R? is the inclusion map then {(U,%)} is a
smooth atlas for U. Geometric intuition tells us that all these examples are
oriented, while the Mébious strip (Figure 2.1) is not. One way to formalise
this is via the derivatives of the coordinate changes:

Definition 2.1.2 Let S be a surface with atlas {(U;, ;) |i € I}. S is called
oriented if the Jacobians

Jac(gs, ;) = det(d(p; 0 ;1))

are positive for any i,j € I.

2.1.2 Surfaces with boundary

In order to study surfaces it is often useful to cut a surface into pieces along
a curve or to glue two such pieces in order to obtain a new surface. The
pieces occurring in such geometric operations are not surfaces in the sense of
Definition 2.1.1. Thus we need a more general definition in order to deal with
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these pieces as well. For this we need another model space: Let
"= {(z,y) €R?|y > 0}
be the closed upper half plane. This has a boundary
OH* = {(z,y) € R?|y = 0}

when considered as a subset of R2. Given a metrisable space S, a two-
dimensional chart with boundary is a pair (U, ¢) where U is an open subset of
S and ¢ : U — V is a homeomorphism onto an open subset V' C H™, which
is again called the coordinate of the chart. The subset

oU = o Hp(U)yNOH") C U

will be called the boundary of U. In order to define a smooth atlas of charts
with boundary we need to define a notion of smoothness for functions between
open subsets of HT.

Definition 2.1.3 Let V1, V5 be open subsets of Ht. A Junction f: Vi — Vy is
called smooth if there exists an open subset Vi_of R2 with ViNHT =V;. and
a smooth function f Vi — R? such that f= f|V1

An atlas of charts with boundary {(U;, ¢;) |7 € I} will be called smooth if
the coordinate changes

piop;t i (U;NT;) — ¢i(U; N T;)
are smooth in the sense of definition 2.1.3. Then we may define:

Definition 2.1.4 A surface with boundary is a metrisable space S together
with a smooth atlas of charts with boundary.

Similar as before we have the notion of smooth functions on a manifold
with boundary. In order to define the boundary of a surface with boundary
one needs to proof the following lemma:

Lemma 2.1.5 Let S be a surface with boundary and let (U1, ¢1), (Usa, ¢2) be
charts with boundary of S. Suppose x € OUy N Us, i.e. x is a boundary point
of Uy. Then x € 0Us is a boundary point of Us.

Exercise 2.1.6 Deduce Lemma 2.1.5 from the implicit function theorem.
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In fact boundary points are not only preserved by smooth maps but even by
continuous maps. To see this, however, requires some algebraic topology. By
Lemma 2.1.5 the notion of being a boundary point of a chart does not depend
on the particular chart. Thus we may define:

Definition 2.1.7 Let S be a surface with boundary. A point x € S is called
a boundary point of S if x € OU for some (and hence any) chart (U, )
containing it. The set of boundary points of S is denoted OS.

In order to glue surfaces along their boundaries we need to know how they
look like in a neighbourhood of a boundary component. This is described by
the following lemma:

Lemma 2.1.8 Let M be a surface with boundary OM and ¢ C OM a connected
component. Then there exists a neighbourhood U of ¢ in M and a diffeomor-
phism ¢ : U — V onto a subset V. C R? of the form V = ¢ x [0,1) mapping c
onto ¢ x {0}.

Figure 2.2: A collar neighbourhood

The neighbourhood U will be called a collar neighbourhood of c. (Sometimes
this is also called a tubular neighbourhood.) The proof of Lemma 2.1.8 is easy
if one uses Riemannian geometry and in particular exponential charts. There
does not seem to be an elementary proof though, and as we do not want to
get to far into Riemannian geometry here, we omit the proof.

2.1.3 Gluing surfaces

Given two surfaces with boundary S, Sy and diffeomorphic connected compo-
nents ¢; of 957 and ¢y of 055 respectively, everybody intuitively knows how to
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Figure 2.3: Gluing two surfaces

glue them together. This is depicted in Figure 2.3.

We sketch a formalisation of this procedure now. Let notation be as above
and let ¢ : ¢; — ¢ be a diffeomorphism. We define a topological space

S1U, S,

called the gluing of Sy and S, along ¢ as follows: On the disjoint union S; [ ] Sz
we consider the equivalence relation generated by

T~y & y=p(z)

for x € ¢1,y € co. Then Sy U, Ss is the quotient of Sy [[ S, by this equivalence
relation.

Exercise 2.1.9 Show that the space S} U, S is metrisable.

An atlas for S; U, Sy is now constructed as the union of three subsets:
Firstly, we take a smooth atlas {(U;, ¢;) |i € I} for S;\ ¢; and a smooth atlas
{(Uj, ;)7 € J} for Sy \ ca. Denote by iy : Sy < Sy Uy, Ss, 49 1 Sy — 51Uy, So
the canonical inclusions. Then

{((U),pioir )i € I U{(ia(U), 5043 ) [ 1 € T}

is an atlas for the complement of the gluing curve in S; U, Se. It remains to
construct a chart around this gluing curve which is compatible with the charts
above. For this we use Lemma 2.1.8: Let Uy, U, be collar neighbourhoods of
¢1, ¢2, Y1 a diffeomorphism from U onto ¢; X (—1,0] (mapping ¢; to ¢; x {0})
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and 1, a diffecomorphism from Uy onto ¢z x [0,1) (mapping ¢y to ¢ x {0}).
We consider the open subset O := U; U, U, of S; U, 57 and fix an embedding
L :cg x (—1,1) — R2% This is always possible as ¢y is either an interval or a
circle. We define coordinates for O by

. 9 vo(p,id)oy(x) if x el
2/).O—>R, xH{LO@DQ(.CL“) if:IZEUg.

The one has:

Proposition 2.1.10 S, U, Sy is a surface with boundary with smooth atlas
given by

{(@(U), pioir) i € I} U{(ia(U)), @ 0437) |5 € JTHULO, ¥}
Exercise 2.1.11 Prove Proposition 2.1.10.

Exercise 2.1.12 Let 57,55 be oriented surfaces with boundary and ¢, ¢y be
connected components of the respective boundaries. Then ¢y, ¢y carry an in-
duced orientation. Suppose now that ¢ : ¢; — ¢y is an orientation reversing
diffeomorphism. Then there is a unique orientation of S; U, So compatible
with the orientations of S; and S,

So far the only examples of surfaces we have seen are open subsets of R2.
Proposition 2.1.10 allows us to construct many other examples of surfaces. For
example the closed unit disc in R? is a surface with boundary and gluing two
copies of this along the unit circle gives rise to the two-sphere S2. In order to
study such gluings more systematically we shall introduce some combinatorial
notions.

2.2 Surfaces as combinatorial objects

2.2.1 Ribbon graphs

A graph is just a collection of points (wvertices) which are joined by some
lines (edges) as in picture 2.4. One may or may not equip the edges with a
preferred orientation, which leads to the notion of an oriented graph. The
following definition provides a formal description of the objects in the picture:

Definition 2.2.1 An oriented graph I" is a triple I' = (V, E, @), where V' and
E are sets whose elements are called vertices and edges respectively and

p:E—=V XV, e (e_,e;)
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Figure 2.4: A graph

is a map. The vertex e_ is called the origin of e while the vertex e, is called
the terminus of e.

A graph is a pair (I',I), where T' = (V,E,p) is an oriented graph and
I : FEF— E, ew— e isa fixed point free involution on E satisfying

e =¢e_, €e_=e;.
A pair (e,e) in E? is called a geometric edge of (T, I).
The geometric realisation |I'|; of a graph (I, I) is the topological space
Pl = Ex[0,1]/ ~,
where ~ s the equivalence relation generated by the following relations:
o (e,t)~(e,1—1).
o Ife,f € E withe_ = f_ then (e,0) ~ (f,0).
o [fe, f € E withe, = f, then (e,1) ~ (f,1).

The geometric realisation of a finite graph cannot always be drawn on a
plane with non intersecting edges. However, one can draw a graph in the
plane, as if it were the projection of a graph in space, so that edges appears
to cross over or under as in Figure 2.4.

We will be interested with grpah with some extra structure. For this we
need the notion of a cyclic ordering on a finite set S. By this we shall mean
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a bijection s : S — S such that for any z € S the orbit {s"(z)} is S. Then
given z € S we will call s(z) the (cyclic) successor of x and s~!(x) the (cyclic)
predecessor of x.

Definition 2.2.2 Let (I',I) be a finite graph and for v € V denote by E, :=
{e € E|le_ = v} the set of edges starting from v. This is called the star of
v. Suppose we are given a cyclic ordering s, on each of the sets E,. Then
(T, 1,{sy}vev) is called a ribbon graph.

Any planar graph is a ribbon graph. More precisely, given an embedding of
a graph! into R? the orientation of R? induces a cyclic ordering on each of the
sets E,. (We may take a small circle around each vertex intersecting each edge
only once. Then the circle obtains an orientation from R? and this defines the
ordering.

It is also convenient to represent a graph on the plane as the projection of
a graph in space — so again with edges that may cross, over or under — so that
the cyclic ordering of the edges coincide with the cyclic ordering arising from
the orientation in the plane as in Figure 2.5.)

Figure 2.5: Cyclic ordering of edges in a planar graph

Exercise 2.2.3 Show that any embedding of a graph into an oriented surface
gives rise to a cyclic orientation on the sets E,.

We will now go the other way round and construct surfaces starting from
ribbon graphs. In a first step we will embed ribbon graphs into open (i.e.

"When we talk about an embedding of an graph into a topological space we actually mean
an embedding of the geometric realisation of that graph. This slight abuse of language will
be used throughout.
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non-compact) surfaces, even though we remarked it is not always possible to
do so on the plane.

Lemma 2.2.4 FEvery ribbon graph can be embedded into an oriented surface
such that its cyclic orderings are induced from the orientation of the surface.

PROOF: We construct a suitable surface S by gluing certain elementary pieces:
for every vertex v € V define a subset U, C R? with |E,| boundary compo-
nents labelled by the elements of E, of the form depicted in Figure 2.6 (Only
the straight lines of the boundary are part of the surface.) We do the labelling
in the following way: We start with an arbitrary edge e € E,. Then the next
boundary component in the counterclockwise sense is labelled by s,(e) and so
on.

Similarly we attach to each edge e a strip V. as depicted in Figure 2.7
whose two boundary components (again only the straight lines are part of the
surface) are labelled by ey and e_. Now for each e € E we glue the connected
component of AV, labelled by v with the connected component of U, labelled
by e (if v is the origin of e) or e (if v is the terminus). If we do this in an
orientation reversing way then by Exercise 2.1.12 we obtain an oriented surface.
At each vertex v the orientation on the corresponding star is preserved under
the gluing process. Thus, by construction the orientation is compatible with
Sy. Q.E.D.

Figure 2.6: A surface associated with a vertex

The open surface constructed from a ribbon graph as in the proof of Lemma
2.2.4 is called the associated ribbon surface of that graph. In order to embed
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Figure 2.7: A surface associated with an edge

Figure 2.8: A graph with three faces

ribbon graphs into compact surfaces one has to close the holes in the ribbon
surface. For a graph as depicted in Figure 2.8 this is easy: We see how to glue
discs inside the holes so that we obtain a sphere. Observe that the boundaries
of these faces can be read off from the picture as follows: Start with any edge
e and follow this edge to the next vertex. Then take the successor of e and
continue until you get a closed curve. Then this curve is supposed to be the
boundary of a disc in the surface we want to construct.

This procedure works also in more complicated situations as depicted in
Figure 2.9 and we formalise it in the following definition:

Definition 2.2.5 Let (I', I, {s,}vev) be a ribbon graph. Then a face is an
equivalence class — up to cyclic permutation — of n-tuples (eq, ..., e,) of edges
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Figure 2.9: A graph with one face

such that ey = e,y and s 1 (€,) = epi1 for all1 < p < n (and addition modulo

Note that every oriented edge is contained in a unique face.

Definition 2.2.6 Let us call an embedding of a graph T into a surface S filling

if the complement
s\t =] by

fer

of the (geometric realisation of the) graph is a disjoint union of subsets Dy,
where f runs over some finite index set F' and each Dy is homeomorphic to a
disc.

Then we have:

Proposition 2.2.7 FEvery ribbon graph I' has a filling embedding into a com-
pact oriented surface S. The connected components of S\ |U'| are in bijection
with the faces of T'.

PrRoOOF: The edges of a face define a circle in the ribbon surface and we can
glue a disc along this circle. Doing this for all faces with the correct orientation
gives rise to a compact oriented surface. Q.E.D.

Exercise 2.2.8 What surfaces do you obtain by performing the above con-
struction from the ribbon graphs depicted by Figures 2.8 and 2.9 respectively?



CHAPTER 2. SURFACES 17

The surface obtained from a ribbon graph by Proposition 2.2.7 is in fact
unique in a very strong sense. To make this precise, we will need the following
basic fact from point-set topology:

Lemma 2.2.9 [CLUTCHING LEMMA] Let X = UUV be a decomposition of a
topological space X into closed subsets U, V. If f1 : U — Y and fo: V — Y are
continuous maps from U and V into some topological space Y with fi|yny =
foluny then the induced map f: X — 'Y is continuous.

Using this we can show the following weak uniqueness result:

Proposition 2.2.10 Let I' C S, I" C S’ be filling ribbon graphs of compact
oriented surfaces and let ¢ : ' — T be an isomorphism of ribbon graphs.
Then ¢ induces an orientation-preserving homeomorphism ¢ : |I'| — || of
geometric realisations and this extends to a homeomorphism S — S'.

PrROOF: It is easy to see that ¢ extends to the geometric realisation and
further to the closure of the associated ribbon surfaces. Let

s\r=1[o. s\iri=1[o
fer feF
Let Sr and S+ be the ribbon surfaces associated with |T'[, [I'|. Then
fer
where d; is a disc slightly smaller than Dy and
Srn (]_[ d_f> =[] od;
feF

is a union of circles. The same statement is true for S’. By Lemma 2.2.9 it
then suffices to construct for each f € F a homeomorphism d; — d_} which
agrees on the boundary dd; with the extension of  to Sr . But if ¢ : Tt — T*
is any given homeomorphism of circles then there is an obvious way to extend
it to the corresponding discs. Indeed, every element x of the disc D may be
written in polar coordinates as

T =re
for some r € [0, 1] and some e € T*. But then we may simply define 1 (re?) :=

rip(e?) to obtain the desired homeomorphism. Q.E.D.

Combining this with Proposition 2.2.7 we obtain:
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Corollary 2.2.11 For any ribbon graph ' there exists a unique compact ori-
ented surface Sr (up to homeomorphism) such that I' can be embedded as a
filling ribbon graph into St.

Corollary 2.2.11 will enable us to classify surfaces up to homeomorphism.
A classification up to diffeomorphism is possible along the same lines, but it
would require a stronger form of the corollary. Namely, one would have to
prove that any homeomorphism of surfaces is homotopic to a diffeomorphism
and thus a ribbon graph determines the surface even up to diffeomorphism.
This is much harder to prove and we will not pursue a classification up to
diffeomorphism here.

Corollary 2.2.11 allows us to construct surfaces starting from ribbon graphs.
There is a converse to this given by the following proposition:

Proposition 2.2.12 Fvery compact oriented surface admits a filling ribbon
graph.

We will not prove Proposition 2.2.12 here. The problem of constructing
a filling ribbon graph is equivalent to the probably more familiar problem of
constructing a triangulation of a given surface. Indeed the set of edges of
the triangulation will yield a filling ribbon graph. There are several standard
methods in order to produce a triangulation (and hence a filling ribbon graph),
but any of them uses some basic results from either Riemannian geometry or
Morse theory, which we do not want to discuss here.

2.2.2 Classification of compact oriented surfaces I: Ex-
istence

By Corollary 2.2.11 a convenient description of compact surfaces is given by
their ribbon graphs. We consider a family I'y, ¢ > 1 of ribbon graphs given
as follows: Take g copies of the graph shown in Figure 2.10 and glue them
together as shown in Figure 2.11 to produce the graph with g petals.

The graph I'y has one face and with some imagination one sees that the as-
sociated surface Sy := Sr, is a torus. Similarly, each copy of I'; in Iy gives rise
to a torus with a hole and the holes of two consecutive tori are glued together.

Thus, after some gymnastics, Sy := Sr, is the surface of a handle body with g
handles.

There is another description of S, which turns out to be useful: Let D, be
the disc in S, corresponding to the unique face of I'j. Then S, is obtained
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Iy

Figure 2.10: The graph I'y

Ig

Figure 2.11: The graph I'j for g = 6

from gluing the boundary of D,. Each edge of I'; occurs precisely once in the
boundary of Dy. More precisely, let a;,b; be the two edges of the i-th copy of
I'y in I'y. Then the boundary of D, is given by the series of edges

1 -1 -1 -1
ar,bi,ay by .. ay,bg,a,7 b,

For g = 3 this is depicted in Figure 2.13.
It is convenient to define Sy := S?, the two-sphere. Then we can state
one-half of the classification as follows:

Theorem 2.2.13 Fvery compact oriented surface S is homeomorphic to one
of the surfaces Sy for g > 0.

PRrROOF: By Proposition 2.2.12 we may choose a filling ribbon graph I" for S.
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Figure 2.12: The surface S5

Figure 2.13: Constructing S3 by gluing a disc

If the graph has no edges, then S must be the two-sphere S%2. Thus we may
assume that [" has at least one edge. We will now deform the graph I' into a
graph I'; without changing its filling property. The theorem will then follow
from Corollary 2.2.11. Suppose firstly, that I' has more than one face. Then
there exists a geometric edge (e, €) such that e and € are contained in different
faces. Let IV be the graph obtained from I' by deleting e and . Then I" is still
filling for S but has one face less 2.14. Iterating this process we end up with a
filling graph with only one face. Thus we may assume that [" has only one face.

Secondly, we reduce the number of vertices. Suppose that e is an edge
joining the two vertices ey and e_. Replace I' = (V| E, ) by IV = (V' E’', ¢')
where V' = (V \ {es,e_}) U{v.} and E' = E'\ {e,é} and ¢’ = (0,0) o ¢|p
where o : V' — V' is given by

oles) =ole-) = v, o(f)=f(f & {erc ).

Again this does not change the fact that I' is filling and reduces the number
of vertices by one without increasing the number of faces. (See Figure 2.15.)
Hence we may assume that I" has only one vertex and one face. This means
that S is obtained by gluing the boundary of a polygon. The sides of the
polygon are labelled by the edges of I' and by definition of face every edge
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Figure 2.14: Reducing the number of faces

phy

Figure 2.15: Reducing the number of vertices

occurs precisely one. (The gluing is given by identifying e and e with reversed
orientation.)

If there are no edges left, then S is the two-sphere S? and we are done.
Thus assume there are still edges left. We will call a pair of geometric edges
((a,a@), (b,b)) linked if their relative position is as in Figure 2.16. We claim
that any geometric edge is linked to at least one other geometric edge. Indeed,
from the ribbon graph point of view, geometric edge which is not linked to
any other edge would produce an additional face contradicting our assumption
that there is only one face. Thus we are left to prove the following claim:

Given a linked pair (a,a), (b,b) of geometric edges there is a way to rearrange
the labelling of the polygon without changing the resulting quotient space such
that a, b, a, b appears as a subsequence and no subsequence of this type is
destroyed during this process.

Indeed, if the claim is true then we can relabel the edges of the polygon in
such a way that we obtain one of the graphs I';. For the proof of the claim
we give an explicit construction which consists of adding and deleting certain
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Figure 2.16: Linked Edges

edges of the graph. Such a procedure is depicted in Figure 2.17. The figure
has to be read as follows. The main horizontal step is as follows, we add an
edge wich is dotted in the picture. We therefore obtain two faces have different
colours in the picture. Then we erase in the graph the green edge, which has
the effect on the polygon to glue together these two green lines in the red
one. Then we repeat this procedure two times as is depicted in the picture.
We observe that not consecutive subsequence of the form ¢, d, ¢, d have been
destroyed in this construction. The resulting surface (which is homeomorphic
to the one before) is thus brought into a new position such that all edges lie on
the boundary. In the final picture we have created an additional subsequence
of the form a, b, @, b which proves the claim and finishes the proof of the
theorem. Q.E.D.

2.3 The fundamental group of a surface

2.3.1 The fundamental group of a topological space

The result obtained in Theorem 2.2.13 is not yet a complete classification of
compact oriented surfaces as we do not know yet whether some of the surfaces
Sy for distinct g are homeomorphic. In order that this does not happens, to
prove this we need an invariant that distinguishes the surfaces S, from each
other.

This invariant is the fundamental group — a central object of these series of
lectures — and we briefly recal its definition:

Definition 2.3.1 Let X,Y be a topological spaces.

(1) A (parametrised) loop in X based at xo € X is a continuous map vy :
[0,1] — X with v(0) = (1) = x¢. Denote by QUX,x) the set of loops
m X based at xg.
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Figure 2.17: Moving linked edges into generic position

(1) The composition of two based loops vy, 71 € UX, o) is defined to be

L 70(2t)7 0 S t S %
(o * y1)(t) = { me2t-1), t<t<i

(This is continuous by Lemma 2.2.9.)

(11i) Let fo, f1 Y — X be continuous maps which agree on a subset A CY.
Then fy and f; are called homotopic relative A, denoted fo ~ fi (rel A)
if there exists a map H : [0,1] x Y — X with fo(y) = H(0,y), fi(y) =
H(1,y) and H(s,a) = fola) = fi(a) for all a € A. The map H is
then called a homotopy relative A. A space X 1is called contractible if
1d : X — X is homotopic to a constant map X — X,z +— xq for some
To € X.

(iv) Two based loops vy, 71 € X, xg) are called homotopic if they are ho-
motopic relative {0,1}. (Notice the abuse of language. If two loops are
homotopic in the sense of (iii) we will call them freely homotopic.) The
set of homotopy classes of loops based at xo is denoted m (X, xo).
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Exercise 2.3.2 (i) Show that composition descends to a well-defined map
0 (X, o) X m (X, x0) — m (X, 20).

(ii) Show that with this multiplication (m (X, x¢),*) is a group.

Definition 2.3.3 The group (m1(X, o), %) is called the fundamental group of
X at xg.

isomorphism

Exercise 2.3.4 Let xg,z; € X and let v : [0,1] — X with v(0) = zg, y(1) =
1. Show that

(X, x0) = m(X,x1), [a]—[y*a*xy7]

is an isomorphism, where composition of paths is defined as composition of
loops above and v~ (t) := (1 —t). Conclude that the isomorphism type of the
fundamental group of a arcwise connected space X does not depend on the
base point.

Definition 2.3.5 An arcwise connected space X is called simply-connected if
m (X, xo) is trivial for some (and hence any) xo € X.

In certain cases the fundamental group can be computed directly:

Exercise 2.3.6 (i) Show that any contractible space (in particular the disc)
is simply-connected.

(ii) Show that if T is a topological space, S C T, D is the unit disc and
T! its boundary and ¢ : T' — S is a homeomorphism, then there is a
surjective group homomorphism m(T") — 7,(T U, D).

(iii) Using (i) and (ii), show that the 2-sphere is simply-connected.

Covering and fundamental group

In general, direct computations of m; using the definition are rarely possible.
Usually the fundamental group of a space is computed from a realisation of
the space as a nice quotient of a simply-connected one. For this we introduce
the following notions:

Definition 2.3.7 Let I" be a (discrete) group acting on a space M. Then the
action is called free if it has no fived point, i.e. v.m = m for some v € T,
m € M implies v = e. It is called properly if for any compact set K C M the
set

{yeT|WKNK # 0}

is finite.
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Then the following is a weak version of the main theorem of covering theory:

Theorem 2.3.8 Let I' be a group acting freely and properly on a locally con-
nected, contractible space M. Then for any x € M the map

= m (M, [z]), 7= le],

where ¢, is the projection of a path from x to y(x) in M down to I'\M and
[z] =[x, defines a group isomorphism. In particular,

m (T\M, [z]) = T.

2.3.2 Cayley graph and presentation complex

Using Theorem 2.3.8 there is a way to realise any given group I' as the funda-
mental group of a topological space. More precisely given a group I' we can
construct a simply-connected space Cy(I") on which I" acts freely and properly
. Then the theorem implies that 7 (I'\Cy(T"), z) = T for any « € I'\Cy(I"). For
the construction of Cy(I") we proceed as follows:

Start with a presentation of I' of the form
I'={c,...,cx|Ri=-=R,=¢e),

where Ry, --- R, are certain words on ¢y, ..., c;. By adding further generators
and relations if necessary we may assume that there is a fixed point free invo-
lution denoted c; + ¢; for j = 1,...,k on the set of generators such that c;
is inverse to ¢; as an element of I'. (This means in particular, that cj_1 is con-
tained in ¢y, ..., ¢, for any 7 = 1,..., k. However, this is not enough: It might
be that several distinct letters represent the same group element and in this
case we want to have a prescribed inverse letter for each of them.) Let us call
such a presentation admissible. For an admissible presentation we then define
the Cayley graph of T with respect to the given presentation by C'(I') = (V| E),
where the set of vertices is given by V' = I' and the set of oriented edges is
given as follows: If n,v € I' and n = ~¢; then there is an oriented edge from
n to v labelled by ¢;. In this case there is also a unique edge ¢; from v to n
and there is a unique fixed point free involution of £ mapping these two edges
into each other and thus turning the directed graph C(I') = (V, E) into a graph.

Example 2.3.9 Let F' be a free group over a set X. Then F has a presentation
F = ({z}aex [ 0)
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In order to bring this into the required form we add one generator ! for each
x € X and obtain a new presentation

F={r,2 Y ex | vzt =212 =¢).

On the set of generators of this presentation we then have a fixed-point free
involution z +» 1. The vertices of the Cayley graph are labelled by reduced
words over {z,z '},ex, i.e. words in these letters without subwords of the
form (z,z7!) for z € X, and there is a geometric edge labelled by (x,z7!) for
r € X between (z1,...,zx) and (z1,..., 2, ), where z1,...,2, € X. The
corresponding Cayley graph C'(F') is a tree and hence its geometric realisation
|C(T")] is simply-connected.

In general the geometric realisation of a Cayley graph need not be simply-
connected. However, it is easy to compute the fundamental group using an
admissible presentation:

Exercise 2.3.10 Let I' = (¢1,...,cx|R1 = -+ = R, = ¢) be an admissible
presentation of a group I' and let F' be the free group on generators cy, ..., c.
Denote by R the subgroup of F' normally generated by the relations Ry, ..., R,.

(i) Show that F' and hence R act freely and properly on the geometric
realisation |C'(F')| of the Cayley graph of the free group F' with respect
to the given presentation.

(ii) Show that |C(I")| = |C(F)/R| and conclude that = (|C(T")|) = R.

Let R;, 1 < 7 < p be arelation in I', say R; = ¢;; ---¢;,. Then any vy € T

satisfies
VCiy o Cip, =75

thus there exists a loop in C(I") starting from ~ consisting of edges labelled
by ¢y, -+, ¢, in precisely that ordering. In the geometric realisation of C(I")
these form a circle and we can glue a disc along this circle to |C(I")] for any
such loop. The resulting space is called the presentation 2-complex of I' with
respect to the given presentation and denoted Cy(I"). The case of the group
72 with the admissible presentation

(a,b,a” v aba b =aat =bb Tt =¢)
is depicted in Figure 2.18.

Exercise 2.3.11 Using the special form of 7 (C(I")) derived in Exercise 2.3.10,
prove that the image of m(|C(T')]) in m(Cs(I")) is trivial. (Hint: It suffices
to prove that the generators gR;g~* of m(|C(T')|) are mapped to contractible
loops!) Then apply Exercise 2.3.6 to conclude that Cy(T") is simply-connected.
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Figure 2.18: A presentation 2-complex of Z?

Observe that the action by left multiplication of I' on itself induces an action
on C(I'), i.e. an action of the set of vertices which preserves adjacency. This
in turn induces an action of I" on the geometric realisation |C(I')|. This action
extends to Cy(T"). Indeed, the action of I" maps each loop to another loop
and the corresponding homeomorphism of circles in the geometric realisation
extend to the discs bounded by these circles as in the proof of Proposition
2.2.10.

Proposition 2.3.12 The action of I' on Cy(T") is free and properly discontin-
wous. Thus

Exercise 2.3.13 Prove Proposition 2.3.12.

2.3.3 Classification of compact oriented surfaces II: Unique-
ness

We apply Proposition 2.3.12 to prove the following uniqueness part of the
classification:

Theorem 2.3.14 The fundamental group of the surface S, is given by
g
m1(Sy) = (a1, by, ..., a4,by | H aibiaflbjl — ).
i=1

These groups are non-isomorphic for different choices of g.
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PROOF: For g = 0 the theorem predicts 71(5?) = {e} which was proved in
Exercise 2.3.6. Thus let us assume g > 1 and abbreviate

g
Ay = (a1, by, ... a4 by Haibia;lbf =e).
i=1

We obtain an admissible presentation of A, by

g
Ag = (ar, by, ag by, ar ot ag byt ] ] aibias 7t = eyt = bt =e).
=1

For this presentation we may construct the associated Cayley graph and pre-
sentation 2-complex. Then I'\Cy(I") is homeomorphic to gluing a disc whose
boundary is labelled by ay, by, a;*, 077, ..., b;l according to this labelling. We
have seen before that this is a description of S, and thus the identity m(S,) =
A, follows from Proposition 2.3.12. The last statement of the theorem follows
from the fact that

Hom(A,, R) = R*.

Q.E.D.

A group isomorphic to Ay = m(S,) will be called a surface group. By
Theorem 2.2.13 and Theorem 2.3.14 we can associate to every compact ori-
ented surface a unique non-negative integer g in such a way that m(S) = A,.
This integer is referred to as the genus of S. Using this terminology, we may
summarise the classification by saying that any compact oriented surface is
uniquely determined by its genus and conversely every non-negative integer
occurs as the genus of a surface.

2.4 Combinatorial versions of the fundamen-
tal group

2.4.1 A combinatorial description of 7;(S) using a rib-
bon graph

We conclude this section by a theorem on the relation between a filling rib-
bon graph of a surface and its fundamental group. For the first part of the
classification we have used the existence of filling ribbon graphs. These ribbon
graphs are not unique but they can be deformed into a filling ribbon graph
of type I'y. Using different ribbon graphs one can compute the fundamental
group of the surface in different ways. This gives rise to different presentations
of surface groups.
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Definition 2.4.1 [COMBINATORIAL LOOPS| Let S be a surface and I' a ribbon
graph in S. Denote by E, V and F respectively the set of its edges, vertices
and faces. Let F(E) be the free group over E and fix a vertex vy € V.. Then
vy defines a subgroup of F(E) given by

LY ={e1-...-ex|le; € Ejef = e ,ef =ef =}
The group L7 is the group of combinatorial loops based at vy

Definition 2.4.2 [RIBBON FUNDAMENTAL GROUP| Let R} be the subgroup
of LY® normally generated by the products ey == ey - - - ey, for faces f = (e1,...,e;) €
F'. The ribbon fundamental group s

(D, v0) = LY/ RY.

Observe that if I" is a subgraph of I' we have a natural surjection from (I, vo)
to m (L, v9). Moreover if I is a filling graph embedded in a surface S, we have
a natural map i from 7 (L, ve) to m(S,v) which is build by sending every
combinatorial loop to its geometric realisation.

Theorem 2.4.3 Let S be a surface and U a filling ribbon graph in S. The
natural map i described in the previous definition is an isomorphism.

The proof is essentially the same as for Theorem 2.3.14. We leave the details
to the reader.

2.4.2 A combinatorial description of the fundamental
group using covers

The fundamental group of a cover

Definition 2.4.4 [PATH| Let U = {U }ier be a cover of a space X. A path on
the cover based at ig is an element iy .. .14, of the free group F; generated by I
such that Uy, NU;,,, = 0. Aloop is a path (ig, ..., ip) so that ig = i,. A trivial
loop is a loop of the form (jo,-..Jp, I, J, K, jp, ... Jo) where Uy NU; N Uy # 0.

Definition 2.4.5 [FUNDAMENTAL GROUP| Let U = {U}icr be a cover of M.
The fundamental group w{(M) of the cover is the group of loops based at i
— considered as a subgroup of the free group generated by I — up to the group
generated by trivial loops.
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In other words, the fundamental group of a cover U = {U}ie; be is the
group of the 2-complex, whose set of vertices is the set I, set of edges is the
set of intersecting open sets, and set of faces is the set of triples of intersecting
open sets.

We observe that if V = { V;};es is a refinement of U, that is a cover such
there exists a map f: J — I so that V; C Uy(;), then we have a natural map

f ey (8) — f(S).

Exercise 2.4.6 Show that the map above does not depend on the choice of
the map f. Show that the map above is surjective provided the open sets U;
are connected.

We shall admit the following result which relies on Van Kampen Theorem.

Theorem 2.4.7 Let {U;} be a cover such that the U; are simply connected
and U; NU; are connected. For every i, let x; be an element of U;. For every
pair (U;,U;) of intersecting open sets, we choose a path v;; joining x; to x;.
We associate to every loop on the covering ig. .., where 1, = 1y, the loop
Yioiy ¥ - - - Vin_1in- This construction is an isomorphism from w&t(M) to m(M) .

It follows from this result that if X admits a cover by simply connected sets

with connected intersections, then we have a well defined surjective map from
71 (M) to 7t (M) for any cover U of X.

Covers and covering maps

We can relate covers and coverings as follows. Let 7: X — S be a Galois cover
of group G. Let U be a trivialising cover of S for 7. Let U = {m~*(U;) }ier be

the induced cover of ¥. By definition, 7{/(2) = 7¥/(S). For every i, write

=N U;) = |_| 9.V;.

geG

Let finally ¢ = {gVi}ier ge, which is a refinement of U and well defined
whenever the sets U; are connected.

Proposition 2.4.8 Let m: X — S be a Galois cover. Let U be a trivialising
cover of S for m, so that the intersection of two open sets is connected. Then,
we have a short exact sequence

0 — 7(Z) — 7(S) — G.
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PROOF: The hypothesis on U = {U;}ier yields that we can lift uniquely every
path U-path to a U-path, which maps trivial loops to trivial loops. Hence we
obtain the short exact sequence

0 — 7(S) — 7(S) — G.

Q.E.D.

2.5 Cohomology of Surfaces

This whole section is a warm up for the next chapter. We shall give give — and
prove — more general statements in this next chapter. However, we specialise
in this section to the standard situation of — untwisted — cohomology groups
so that the reader can parrallel this construction to the more general one.

2.5.1 De Rham cohomology

In this section we shall introduce and compute the cohomology groups of a
surface S. These can be defined in purely topological terms, but it is convenient
to use the existence of a differentiable structure on S in order to give a simpler
definition of these groups. This approach is due to de Rham and it uses
differential forms. Thus let S be a closed surface, i.e. a compact connected
smooth 2-manifold. At each point m € S we have a tangent space T,,S to S
at m. The dual space T7; S is called the cotangent space of S at m. If M is a
manifold, the space T M may be described as follows. Let CJ(M,m) be the
vector space of functions that vanishes at a point m in M. Finally, we say two
functions fand g of C§(M,m) have the same derivative at m if we can write

f—9= i%wi,
i=1

where t; and ¢; belong to CJ(M,m). We observe that this notion coincide
with the classical one when M = R” that is f and g have the same derivative
at m if and only if df (m) = dg(m).

Informally speaking, a differential form is a map which assigns to each point
m € S a vector w,, € A" TS for some k > 0 which varies smoothly. We shall
also call w a k-form. By definition A\’ 7% S := R and thus a (smooth) O-form is
just a (smooth) function. If f is a smooth function on S then its differential df
is an endomorphism of the tangent space and thus can be regarded as a 1-form.
If U is a contractible open coordinate chart with coordinates x1,...,x, then
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the differentials dz; span the differential forms as an algebra. This means,
that any k-form on U can be written as

with w; : U — R. Now we can make precise what we mean by smoothly vary-
ing: A k-form w is smooth if for every point m € S there exists a contractible
open coordinate chart around m such that if w|y is written as above the func-
tions wy are smooth. It is easy to see that this does not depend on the choice
of chart. We will only consider smooth forms and thus we reserve both the
terms differential form and k-form for such assignments which can be written
in the above form with smooth coefficient functions. We shall use the notation
QF(S) to denote k-forms on S. Note that Q%(S) = {0} for k > dim S = 2. Tt
will be convenient for us to define Q¥(S) = {0} also for k¥ < 0. Then

Q°(9) == P Qk(S9)

becomes a Z-graded C*°(S)-algebra, i.e. it is a vector space and module
over C*°(S) and the wedge product defines an algebra structure which maps
QF(S) x Q4S) into QFF(S). All these definitions make sense for arbitrary
manifolds.

If S; and Sy are surfaces or, more generally, manifolds and f : S — S5 is
smooth then we can define a pullback map

frQ%(S2) — Q°(Sh)

which for w € QF(S,) and tangent vectors X, ..., X3 at some point m of S
is given by

From (X, oo, X)) = wpeny)(Tf(X0), .., T (X))

An important point about differential forms is that they can be integrated. If
U CR"isopen and w = fdxy A--- ANdz,, € Q*(U) then we define

[ [ ganinndn = [ gav..m).
U U U

where A" is the n-dimensional Lebesgue measure. This integral can of course
be infinite in general. In order to make sure that this integral is finite we
can restrict ourselves to the following subclass of differential forms: Define the
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support of a differential form w to be the closure of those points x for which w
can be expressed in a neighbourhood U of z in the standard form

wly = Z wrdziy, A -+ Adx;,
I=(i1,..,ix)

in such a way, that at least one of the coefficient functions w; does not vanish
at x. Then w is called compactly supported, if its support is a compact subset
of S. We denote the compactly supported k-forms on S by Q%(S). Of course
QF(S) = QF(S) if and only if S is compact. For a compactly supported n-form
won U C R" the integral fU w will always be finite. If ¢ is any diffeomorphism

then
/ Yrw= j:/ w,
U e(U)

where the sign is positive if ¢ preserves orientation and negative if ¢ reverses
the orientations. As a consequence of this sign irritation we can only define
integration (at least in our naive way) for oriented manifolds:

Proposition 2.5.1 If M s an oriented n-dimensional manifold then there
exists a unique linear map

QM) — R, w—>/ w
M

such that if w is supported in a chart (U, x) with x orientation-preserving then

foo= L

Convention 2.5.2 Suppose N C M is a k-dimensional oriented submanifold
and + : N — M denotes the inclusion. Then we can integrate any k-form
w € QF(M) over N. We will use a slight abuse of notation and denote this by

fom o

Integration of differential forms can also be defined for manifolds with
boundary. Using integration one can evaluate k-forms on k-cycles of the man-
ifold. This allows one to describe the cohomology of a manifold in terms of
differential forms. The key lemma in this direction is the following existence
result:

Proposition 2.5.3 There exists a unique family of linear operators d* : QF(M) —
QFFL(M) with the following properties:
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(i) d° coincides with the usual differential C*(M) — QY (M).
(i) d*(fd*1a) = d°f Ad*ta for f € C°(M),a € Q1(M).

The proof is standard and will not be reproduced here. Uniqueness follows
from the fact that locally any k form is a sum of expressions of the form
fd*'a and existence is proved using a smooth partition of unity. Note that
(i) immediately implies

d*d" = 0.
In particular, Im d*~! C ker d*.

Definition 2.5.4 A k-form w € QF(M) will be called closed if d*w = 0 and
exact if there exists a € Q1 with w = d*a. Denote by Z*¥(M) the space of
closed k-forms on M and by B¥(M) the space of exact ones. As we have just
observed that every exact form is closed, we may then define the k-th de Rham
cohomology group of M to be

Hap(M) := Z*(M)/B*(M).

The dimension
By, := dim HE, (M)

is called the k-th Betti number of M.

For the benefit of the reader familiar with singular cohomology we mention
that the latter is naturally isomorphic to de Rham cohomology in the case
of manifolds. This identification yields the following version of the Hurewicz
theorem:

Theorem 2.5.5 [HUREWICZ THEOREM)] Let M be a connected manifold. Then
there is an isomorphism h : H'(M,R) — Hom(m(M),R) given by

MDD = [ 7w (e 2 (MR T = )

Note that (as R is abelian and thus the conjugation action is trivial) we can
identify

Hjr(M,R) = Hom(m (M), R) 2 Rep(m (M), R).

Thus the first de Rham cohomology group of a manifold is our first example
of a representation variety. Moreover, and this is more important for us in the
sequel, we can identify H},(M,R) with the tangent space of the representation
variety at some fixed basepoint. We will see later on, that in the case of a
general representation variety the tangent spaces (at the smooth points) can
still be identified with a twisted version of de Rham cohomology. This is the
motivation for us to study de Rham cohomology at this place. Arguably the
most important result on de Rham cohomology is the following lemma:
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Lemma 2.5.6 [POINCARE LEMMA| If U is a contractible manifold, then ev-
ery closed form is exact. Thus HEo(U) =0 for all k > 0.

If one has a covering of a space by contractible submanifolds (which al-
ways exists for manifolds) then one can use Poincare’s Lemma in order to
reduce the computation of H%,(M) to a combinatorial counting process. This
is called the Mayer-Vietoris argument and will be discussed and applied below.

The relation between the de Rham differential of a manifold and integration
is described by the following generalisation of the fundamental theorem of
calculus:

Theorem 2.5.7 [STOKES FORMULA] If M is an oriented manifold with bound-

ary OM then
/ W= / dw.
oM M

In particular, if 9M = () then the integral of a differential form only depends
on its cohomology class. We close this subsection with an auxiliary result on
extendability of differential forms:

Lemma 2.5.8 [EXTENSION LEMMA] Let M be a manifold, V,U open subsets
of M with V. C U. If w = da on U for some a € QF(U) then there exists
a € QF(M) such that wly = daly.

The proof uses the existence of a smooth bump function with support in U
which is 1 on V' and 0 outside U and is left to the reader.

2.5.2 Ribbon graphs and cohomology

In the case where S is a compact orientable surface there is another approach
to cohomology which is based on ribbon graphs rather then differential forms
and which is more combinatorial. To explain this approach, let S be a surface
and let ' be a filling ribbon graph for S. As S is uniquely determined by T,
it is obvious that the de Rham cohomology of S is also uniquely determined
by I'. It is less obvious, however, that there is an explicit way to compute
the cohomology of S using I'. We will describe such a method presently. We
will consider a generalisation of this method in great detail later on when we
discuss twisted cohomology. Therefore we only explain the basic constructions
here and do not provide any proofs. The reader is invited to specialise the
more general proofs given in Section 4.1.7 below to the present case.
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Denote by V, E, F' the sets the vertices, edges and faces of the filling ribbon
graph I'. We define the sets of combinatorial 0-cochains, 1-cochains and 2-
cochains of I' by

Cr(S) = {f:V =R},
Cr(S) = {f:E—R[f(e)=—f(e)},
CiS) = {f:F —R}.

We then define differentials

d*:CXS) — CHS), (df)(e) = f(e?) = fle7),
d' - C(S) — CR(S), (da)(f) =) _ale).
ecf

Then d' o d” = 0 because given a face f every vertex occurs as often as the
origin of an edge of f as it occurs as a terminus of such an edge. It is convenient
to define CE(S) := {0} for k ¢ {0,1,2} and d* : CE(S) — CE(S) as the zero
map for k & {0,1}. Then d***d* = 0 for all k € Z and thus we may define:

Definition 2.5.9 The group HE(S) = Ifgffl is called the k-th cohomology
group of S with respect to I'.

Note that by definition, dim HE(S) < .

We now relate the cohomology groups of I' to the de Rham cohomology

groups of M: We define maps ¢, : Q%(S) — C*(T) by

to 1 Q°(S) = CR(S),  w(f)(v) = f(v);

[

Ly 1 Q%(S) — CR(S), wo(w)(f) = /w.
!

We set 1, = 0 for k ¢ {0,1,2}. Here we have abused notation and identified a
vertex, edge or face with its image in the geometric realisation of I', considered
as a subset of S. For a € QF(S) we will write @ := 1;(«). Observe:

12 QNS) — CL(S), wula)(e):

Proposition 2.5.10 For any o € QF(9),
da = da.

In particular, 1,(Z¥(M)) C kerd*, 1,,(B¥(M)) C Imd* and thus v, induces a
map
w : Hip(M) — HE(S).
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Exercise 2.5.11 Derive 2.5.10 from Stokes’ formula.

In fact one has:

Theorem 2.5.12 The maps v, : HY:(S) — HE(S) defined by Proposition
2.5.10 are isomorphisms.

Theorem 2.5.12 has a number of consequences. An obvious one is the fol-
lowing;:

Corollary 2.5.13 (i) The (de Rham) cohomology groups of a compact ori-
entable surface are finite-dimensional.

(ii) The groups HE(S) do not depend on the choice of filling Ribbon graph
which is used in order to define them.

For a manifold with finite-dimensional cohomology spaces we define the
FEuler characteristic as the alternating sum over its Betti numbers, i.e.

dim M

X(M) =Y (~1)'5.

1=0

Let us compute the Euler characteristic for compact orientable surfaces. For
this we use the following easy algebraic fact:

Lemma 2.5.14 Let 0 — (" LiN o, C" — 0 be a finite complex of

finite-dimensional vector spaces C*, i.e. d*1d* = 0. Let

ker d*
HY = —
Im dk—1

be the associated cohomology groups. Then

n n

> (-1Fdim H* = (~1)F dim C*

k=0 k=0

We apply this in order to compute the Euler characteristic of a closed sur-
face:

Corollary 2.5.15 If S = S, is a compact orientable surface of genus g then
its Euler characteristic is given by x(S) = 2 — 2g. In particular, a compact
oriented surface is uniquely determined by its Euler characteristic.
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Proor: If T' is a filling ribbon graph with vertices V', edges F and faces F

then
1
dimC(F)(S) =1V, dimC’%(S) = §|E|, dimClg(S) = |F.

Thus Lemma 2.5.14 implies
1
x(S) = dim HY(S) — dim H{(S) + dim HE(S) = |V| — SIEI+F].
If we take for I' the graph I'; then
1
VI=IFl=1, SlEl=2
and the result follows. Q.E.D.

From this we can finally compute the cohomology of a compact oriented
surface:

Corollary 2.5.16 If S = S, is a surface of genus g then

H(?R(S) = Ra H;R(S) = R2ga HsR(S) =R

PRroOOF: A function with trivial derivative on a connected manifold is constant
and therefore

HO(S) = Z0(S) = {f € C=(S)|d'f = 0} = {f € C™(S)| f = cc€ R} 2 K.

The result for Hj,(S) follows from the Hurewicz theorem and our computation
of the surface group. Then x(S) = 2 — 2g forces H35(S) 2 R. Q.E.D.

Application: gluing ribbon graphs

We had to perform some intellectual gymnastics in order to identify the surface
filled by a ribbon graph. It is much more easy by now: we just have to compute
its Euler characteristic. This can be used to solve in a simple way Exercises
2.2.8. Here is an exercise as an application

Exercise 2.5.17 Let I'y be a ribbon graph filling a surface of genus ¢;. Let
I's be a ribbon graph filling a surface of genus g,. Let I's be the ribbon graph
obtained in the following way : draw a circle such that I'; and I's are in the
two distinct connected component of the complementary, then join this circle
to I'; and I'y as in Picture 2.19. Prove that I's fills a surface of genus g; + ¢».
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Figure 2.19: Gluing Graphs

2.5.3 The intersection form

In the next two subsections we will deal with symplectic structures on vector
spaces. Recall the following basic definition:

Definition 2.5.18 Let V' be a vector space. A bilinear map V x V — R 1is
called a linear symplectic form if it is alternating and non-degenerate.

In this subsection we construct a symplectic form on Hj,(S). As explained
before, we view this cohomology group as the tangent space of the representa-
tion variety Rep(m(S), R) at a base point. Therefore constructing a symplectic
form on HJ,(S) is the same as constructing a fibrewise symplectic form on the
tangent space of Rep(m(5),R). We will later on generalise this procedure to
more general (and in particular, non-abelian) coefficient groups. Again the
proofs will be given later on in the more general setting of Section 4.1. Here
we will only explain the ingredients for the proof of the following theorem:

Theorem 2.5.19 Let S be a surface. Then the map
i+ Hig(S) X Hiy(S) =R (). [9) - [ ans
s

15 a symplectic form.

The map ¢ is called the intersection form of S. It is clear from the definition
that 7 is alternating and bilinear. It is less clear, whether 7 is non-degenerate.
To prove non-degeneracy we will use once again ribbon graphs and Theorem
2.5.12. Thus let S be a surface with filling ribbon graph I', and let I'* be its
dual. The latter is again a ribbon graph and it is defined as follows: Denote by
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Figure 2.20: A dual graph

Vr, Er, Fr the vertices, edges and faces of I'. We define Vp+« := Fy, Eps := Er.
If (e, €) is a geometric edge in ' then e is contained in a unique face f € Fr =
Vi« and e is contained in a unique face f € Vp.. We then define

0" Epe — Vee X Vpey % (e) := (f, f)

Then (Vr«, Er«, ¢*) is a directed graph and the involution e < € turn I'* into
a graph. Geometrically ['* is obtained by drawing edges between adjoint faces
as in Figure 2.20.

Exercise 2.5.20 Show that Fr- and Er are in canonical bijection.

Definition 2.5.21 Denote by CE, CE. the combinatorial cochains of T and T'*
respectively. Then the dual pairing

]y : O x CEF =R
is defined by

(@[B) = Y a@®p) (aeCPpelh)

vEVP=FT=*

(@] B):==" > ale)ble) (acCi BeCh);
e€Er=Erx

(aB)y= Y alf)B(f) (aeCEpel)
fEFr=Vprx

and (-|-) =0 for k ¢ {0,1,2}.
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Proposition 2.5.22 (i) The dual pairing (-]-) : Ck x CE* — R satisfies

(da| B) = (a|dB) (a € CEBeCib).

(1) The dual pairing descends to a pairing

() : HE x HEZF S R.
(iii) The dual pairing is non-degenerate on Hf x HZ* for k € {0,1,2}.

Recall the definition of the map ¢, : Q*(S) — C} from the last section. As
Er = Ep. and the involution on Er and Ep« agree we have C’% ~ CL. and
thus we have also an isomorphism ¢f : Q'(S) — CL.. We can use these maps
to relate the intersection form on Q!(S) to the dual pairing. More precisely,
we have the following result, which together with Proposition 2.5.22 implies
Theorem 2.5.19:

Lemma 2.5.23 Let o, 8 € Q(S). Then

/Sam: (11(a) | 3(8)).

We prove later on a more generale that contains this lemma as a special
case.
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Vector bundles and connections

3.1 Vector bundles

In order to proceed further in our study of surfaces we will need some basic
facts and notions from differential geometry. This subsection is intended to
provide a very brief crash course on the concepts which we shall need. More
detailed expositions can be found in any good book on differential geometry.
We start with the notion of a vector bundle. Informally, a vector bundle
is a continuous family of vector spaces indexed by a topological space. The
following definition makes this precise:

3.1.1 Definitions

A wector bundle is a triple (L, 7, M), where £ and M are topological spaces
called the total space and the base spaces respectively and 7 : L — M is a
continuous map satisfying the following two conditions:

(i) For all m € M the fibre L,, := 7 '(m) is a finite dimensional vector
space isomorphic to a given vector space L.

(ii) For all m € M there exists a neighbourhood U,, of m and a homeomor-
phisms
o1 Y (Up) — Un x L,
which restricts to a linear isomorphism ¢ : £, — {m'} x L for any

m' € U,,.

The dimension dim L is called the rank of the vector bundle and denoted rk L.
If rk £ = 1 then L is called a line bundle. An open subset with the property in
(i) is called trivialising. By abuse of language we will simply call £ a vector

42
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bundle (over M). A section of (L, 7, M) is a continuous map ¢ : M — L such
that o(m) € L,,. We denote by I'(£) the space of sections of (L, m, M). If
L and L' are vector bundles over the space base space M then a morphism
Y L — L' is a fibre-preserving fibrewise linear map, i.e. the diagram

L — [
lAl
M v

commutes and ¢ : L, — L] is linear. The group of automorphisms of £ is
called the gauge group and denoted G(L).

A more general definitions of vector bundles would allow the vector space
L to jump from one connected component of B to the other. We will mostly
be interested in connected base spaces and therefore we have no need for such
a general definition here. An advantage of our definition is the fact that iso-
morphism classes of vector bundles in our sense can be described in a uniform
combinatorial way. This description provided by the following definition is
very convenient for performing constructions and computations with vector

bundles.

3.1.2 A combinatorial interpretation through cocycles

Definition 3.1.1 let M be a topological space. A cocycle over M with values
in a vector space L is a pair ({U;}ier,{gij}ijer), where {U;}ier is an open
covering of M and {g;;}i jer is a collection of continuous maps g;; : U;NU; —
GL(L) subject to the cocycle condition

9ii9ik = Gik-

Two cocycles ({Us}ier, {9ijyiger), ({Uitier; 19i;}ijer) with the same open cov-
ering are called directly equivalent if there exists a family of maps h; : U; —
GL(L) such that

—1
9i; = higish; .

A cocycle ({U}}jer,{9i5}ijes) is called avefinement of the cocycle ({Us}ier, {9i5}ijer)

if for each U; there exists i(j) € I with U; C Uy;y and

i3> = Yi(51)i(j2) |UJ’1 NUjg *

Two cocycles will be called equivalent if they have directly equivalent refine-
ments .



CHAPTER 3. VECTOR BUNDLES AND CONNECTIONS 44

We claim that vector bundles over a topological space M up to isomorphism
are in one-to-one correspondence with cocycles up to equivalence. Let us ex-
plain how the correspondence is obtained: Given a cocycle ({U;}ier, {65 }ijer)
the cocycle condition ensures that we obtain an equivalence relation ~ on the

space
H{i} x U; X L
icl
by
(iv xz, U) ~ (]a T, gij(x)'v)'
Then

L= (H{z’}inxL>/~

il

is the total space of a vector bundle over M, where the projection is given by
7:L— M, [(i,z,v)]+— z.

Conversely, given a vector bundle (£, 7, M) we may choose a trivialising cov-
ering {U;};er and trivialisations

w; :m H(U;) = U; x L.

Then we can trivialise the bundle over U; N U; in two different ways, namely

Via
Pij - 7T71(U,L' N UJ) — 7T71(UZ') & Uz x L

or
Pji - 7T_1<Ui N UJ) — W_I(Uj) ﬁ) Uj X L.

Both ¢;; and ¢;; are fibre-preserving fibrewise linear homeomorphisms onto
(U;NU;) x L and we can define the cocycle g;; by

®ji © (,0;1 : (Ul N U]) x L — (Uz N U]) X L, (m,v) — (m,gw(m)v)

Exercise 3.1.2 Show that the constructions described above give indeed rise
to a correspondence between isomorphism classes of vector bundles over M
and equivalence classes of cocycles.

Example 3.1.3 1. For any topological space M there is the trivial bundle
of rank n, M x R™.

2. These may be trivial or non-trivial. The Mé&bius strip (see Figure 2.1) is
a non-trivial line bundle.
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3. If M is a manifold, then the tangent bundle T'M and the cotangent
bundle T* M are vector bundles. over the circle.

Constructions 3.1.4 1. All algebraic operations that can be performed
with cocycles can be performed with vector bundles. As an example, we
consider direct sums: Let £, F be vector bundles over a manifold M.
Then over some open covering (U;);c; the bundles are represented by
cocycles g(;;) and h;; respectively. Then we define a bundle £ & F with
fibre (L & F),, & L,,, ® F,,, via the block-matrix cocycle

Gij 0
gij®hij = ( 6 hij )

Similarly we may construct £® F, A" £, Hom(L, F), L* etc.

2. The algebraic constructions described in (i) can be used to produce bun-
dles over a fixed manifold M. There is also a construction which relates
bundles over different manifolds. For this we consider a vector bundle
7 : L — M with associated cocycle ({U;}ier, {9i5}i5er) and a continuous
map f: N — M, where N is any topological space. Then the pullback
of £ via f is the bundle

f*L:={(e,n) € LX N|m(e) = f(n)} = N, (e,n)—n.

This is a vector bundle with fibre (f*L£),, = L () and cocycle ({ f~1(U;) }ier, {gij0
fYiger)-

The following fact will be important for us, although we cannot prove it
here, as the proof requires again some tools from Riemannian geometry:

Proposition 3.1.5 Suppose that fo, f1 : N — M are homotopic maps and
that L is a vector bundle over M. Then fi(L) = fH(L). In particular, any
vector bundle over a contractible space is trivial.

We will often need to perform operations like derivatives along a curve. A
convenient way to express such operations is given by the following definition:

Definition 3.1.6 Let v : [0,1] — M be a curve and L — M be a vector
bundle over M. A section along the curve 7y is a map v : [0,1] — £ with
w(v(t)) = ~(t). Equivalently, v € T(y*L).
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3.2 Vector bundles with structures

So far we have considered cocycles with values in GL(L), where L is a vector
space. These cocycles preserve the linear structure of the vector space L.
However, we might also want to preserve some additional structure on L like
an inner product or a symplectic form or some other tensor. This amounts to
restricting the range of our cocycles. We formalise this as follows:

Let G be a topological group and p : G — GL(L) a continuous injective
homomorphism — in other words a faithful linear a representation of G.

Definition 3.2.1 [G-STRUCTURE| A G-trivialisation of the vector bundle E
over M is an open cover {U;} of M together with a trivialisation of E|y, as
U; x L so that the changes of trivialisations are maps with values in G. Two
G-trivialisations are equivalent if their union is still a G-trivialisation. Finally
a G-structure is a class of G-trivialisations up to the equivalence above.

In terms of cocycles, we obtain G-structures from G-valued cocycles which
are cocycles ({U,}ier, {gij}ijer), so that g;; are with values in G.

We also observe that a G-structure defines for every m in M a subgroup G,,
of GL(L,,) isomorphic — although not canonically — to G. More generally, a
G-structure defines for every m and n a subset G, , of Hom(L,,, £,,) equipped
with a right transitive action of G,, and a left transitive action of GG,,, so that
Gmp = GmnGnp and Gy = Gy

We need to extend the previous definitions

Definition 3.2.2 [G-MORPHISMS] If we are given two vectors bundles E —
M and F — N with a G-structure. A G-morphism is a map ¢ from E to
F, which is an isomorphism on each fibre, such that the pull back of a G-
trivialisation of F' is a G-trivialisation of E.

Definition 3.2.3 [GAUGE GROUP| The gauge group G(FE) of the G-structure
is the set of G-automorphisms of the bundle. It can be identified with the group
of sections o : M — End(L) so that for every x o(z) € G,.

If E =M x L is a trivial bundle, then G(E) = C°(M, G).

Example 3.2.4 Let B be a bilinear form on a vector space L. Denote by
SO(L, B) the group of linear automorphisms of L that preserve B. Then a
SO(L, B)-structure on a vector bundle L is the same as a continuously varying
families of tensors of the same type as B in each fibre. Indeed, given v, w € L,,
we can compute B(v,w) in a trivialisation, and as the coordinate changes are
orthogonal with respect to B this quantity is independent of the trivialisation
chosen.
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Remark 3.2.5 Given a fibrewise tensor on a vector bundle as in the last
example we can define a subgroup of SO(L,) C GL(L,) for every z € M
by requiring that the elements of SO(L,) leave this tensor invariant. This
group is isomorphic to SO(L, B), but not canonically so. More general, given
a G-structure on a vector bundle £, we find a subgroup G, C GL(L,) for all
x € M which is (non-canonically) isomorphic to G.

All we have said so far applies to topological spaces, topological groups and
continuous maps. One can make the same theory work for smooth spaces,
smooth groups and smooth maps. By smooth spaces we just mean manifolds
and a smooth group is a group which is also a manifold in such a way that
group multiplication and inversion are smooth maps. These groups are called
Lie groups. Smooth maps are then defined by pretending charts to be smooth
as we explained for surfaces. Then we call vector bundle smooth if the defining
cocycles can be taken to be smooth and for such a bundle one can consider
smooth sections. Pullbacks of smooth bundles via smooth maps are smooth
and algebraic constructions do not lead out of the category of smooth bundles.
In the following we will almost exclusively deal with smooth bundles. Therefore
we will make the following conventions:

Convention 3.2.6 All vector bundles, cocycles, G-structures, . ..are smooth
unless otherwise mentioned and we denote by I'(£) the smooth sections of the
smooth vector bundle L.

For manifolds there are some bundles which are of particular importance.
In the first place these are the tangent bundle T'M and the cotangent bundle
T*M := (T'M)*. Lia the algebraic constructions described in 3.1.4 we can
construct new bundles out of these the bundles. We have encountered the
bundles

k%
NFT*M (k> 0)

before:

I

Exercise 3.2.7 Show that for & > 0 there is a canonical isomorphism QF (M)
L(A*T*M), i.e. a section of A ¥T*M is nothing but a k-form on M.

More generally, if £ is a vector bundle over M, we denote by QF(M, L)
the vector space of differential k-forms with values in L that is the space of
sections of the bundle A\*(T*M) ® £. By convention, A\°(T*M) ® £ = (L)
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3.3 Connections

Let us start with an informal explanation of the basic idea of connections: if
7w : L — M is a vector bundle and m,m’ two points in M then the fibres £,,
and L, are isomorphic. However, there is no way to construct a natural iso-
morphism between different fibres. A connection is a procedure with associates
to any path 7 : [0,1] — M from m to m’ an isomorphism

Hol(v) : L, — Lo,

called the holonomy of ~. This is done by lifting curves in M to curves L.
More precisely, given a curve v : [0,1] — M and a starting point vy € L, a
connection constructs for us a section v(t) along v with v(0) = vg. Then the
holonomy of v is the map which maps the starting point vy to the endpoint
v(l) of v. If M = R"™ and £ = R" x R" is the tangent bundle then there is an
obvious connection: Given v : [0,1] — R™ and (y(0),v) € £ we can define a
constant lift v(t) = (vy(t),v). This constant lift is uniquely determined by the
property that its derivative in direction of the curve vanishes. Thus in order
to define a connection we need to define a derivative along a curve. This is the
idea of the following definition.

3.3.1 Koszul connection

A (Koszul) connection is a linear map
V:I(L)—Q(M,L), o~ (X~ Vxo)
such that Vo € L, for X € T,, M and for all function f in C°°(M) we have
Vx(fo)=df(X)-o+ fVx.

Observe that by definition Vyxo = fVx(0).
Alternatively, we can think of a Koszul connection as a bilinear map from
I(TM) xT'(£) to I'(£) which associates vector field X on M and a section o

of £, a new section V xo of £ such that for all function f in C*°(M), we have

Vxfo = fVX<0)—|—df(X)O
Von' = fVX<0')

Observe that by definition, for all function f on M, we have

Vix(fo) = fVxo
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Convention 3.3.1 By definition we may plug a tangent vector X € T,,M
and a section o of £ in a connection in order to obtain an element V xo of £,,.
But we might as well take a vector field X € I'(T'M) and a section o of £ in
order to produce a section s of £ according to the rule

Sm = Vx(m)0.

We will use the abbreviation
Vxo:=s

for this construction. Thus, by definition,
(Vxo)(m) :== Vxumo.

The motivating example for the notion of Koszul connection is the following
one:

Example 3.3.2 Let £ = M x L be a trivial bundle. Then I'(M x L) =
C>°(M,L). In this case there is a preferred connection of £ which we will
always denote by D and which we call the trivial connection. It is given by
directional derivative, i.e.

Dx (o) = Do(X).

In particular we see that every trivial bundle admits a connection. This can
be used in order to derive:

Proposition 3.3.3 FEvery vector bundle admits a connection.

Proor: 1If fi,..., f, are functions on M such that >  f; = 1 and V; are
connections on M then
V=> £V

is also a connection. Thus we may take a trivialising cover for £ over M, a
corresponding partition of unity and combine trivial connections on the trivi-
alising open sets using the partition of unity. Q.E.D.

Having proved existence of connections let us now turn to uniqueness. There
will be many connections on a given vector bundle £, but knowing one of them
means already knowing all of them. To make this precise we introduce the
following notion:
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Definition 3.3.4 Let L, F be vector bundles over the same manifold M. A
map A : T'(L) — I'(F) is called a tensor field if it is a morphism of C*°(M)-
algebras. With other words, A € I'(L)* @ I'(F) is a tensor field if it is in the
image of the map

N F) —=T(L) @T(F).

Then one has:

Proposition 3.3.5 If V!, V? are connections on L then there exists a tensor
field A € QY (M,End(L)) such that for allm € M, X € T,,(M), c € T(L)

Vo — Vo = A, (X)o.

Conversely, given a connection V and a tensor A € Q'(M,End(L)) we obtain
a new connection by V+ A. In particular, the connections on L form an affine

space modelled on Q(M,End(L)).

The algebraic constructions that we performed above for vector bundles
generalise to bundles with connection. We explain some of these constructions
here and leave the remaining constructions to the reader.

Constructions 3.3.6 (i) Suppose V* and V7 are connections on bundles
L and F over the same manifold M. Then there is a connection V =
VE@V7 on L&F which for X € T, M and a product section o = 0,Q0
of L ® F is given by

Vxo := V50, ®@0or(m)+os(m) @ Vior.

(ii) If V is a connection on £ then there is a unique connection V* on the
dual bundle £* such that for all X € I'(T'M), v € T'(£) and w € T'(L*),

X{vlw) = (Vxv|w) + (v| Viw),

where (-|-) : I'(£) x I'(L*) — C°°(M) denotes the dual pairing and X

acts as a differential operator on the smooth function (v |w).

(iii) If V is a connection on a bundle £ over M and f: N — M is a smooth
map between manifolds then there is a unique connection f*V on f*L
satisfying

(f*V)x(fro) = f*(Vrsx)0)

for all c € I'(£) and X € I'(T'M) .
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3.3.2 Holonomy along a path

We have motivated the introduction of connections by considering the problem
of lifting a curve. Now let us see that the formal machinery introduced in the
last subsection solves the curve lifting problem:

Definition 3.3.7 [DERIVATION ALONG A CURVE| Let £ be a vector bundle
over M and let V be a connection on L. Let v(t) be section along a curve
v :10,1] — M. Then the derivative of v(t) along v(t) is the section along ~(t)
given by

V’VU = (’Y*V)at?),
where 0y is the fundamental vector field of the curve v and v is regarded as a

section of v*(L).

Definition 3.3.8 [PARALLEL SECTION ALONG A CURVE| Let L be a vector
bundle over M and let V be a connection on L. A section v(t) along a curve
v :10,1] — M is called V-parallel along the curve v if

V:ﬂ) =0.
Now we can prove that a connection is the same as a way to lift curves:

Proposition 3.3.9 Let 7 : L — M be a vector bundle with connection V.
Let v :[0,1] = M a curve and vy € Lyoy. Then there exists a unique parallel
section v = vy, along v such that v(0) = vy. Thus V defines a linear map

i { S0 = Lo

Vo = Uy (1)

PROOF: As [0,1] is contractible, the bundle 7*L is trivial. We fix a trivialisa-
tion and identify v*£ = [0,1] x L. By Proposition 3.3.5 the connection v*V
takes the form v*V = D + A under this identification, where D denotes the
trivial connection given by directional derivative and A is some tensor. Then
v € I'(L) is parallel if and only if

v=DB"-v,

where B = —A(0;). Thus lifting « with initial point vy = (7(0), vp) is the same
as solving the initial value problem

0v=DB-v, v(0)= 1,

and the proposition follows from the existence and uniqueness theorem for
ordinary differential equations. Q.E.D.
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Definition 3.3.10 [HOLONOMY ALONG A PATH] The map Hol¥ (v) from L.
to L1y is called the holonomy of V along .

Example 3.3.11 Let us consider once more the case ot the trivial vector
bundle £ = M x L over M with fibre L. As usual denote by D the trivial
connection on L. If v : [0,1] — M is any path then the constant section
Yo € T'(7*L) given by 7,(t) := (v(t),v) is parallel. Thus =, is the unique par-
allel lift of v with initial value v and hence Hol”(y)(v) = v,(1) = (v(1),v).
Thus identifying each fibre {z} x L with L via (z,v) — v we see that Hol” ()
induces the identity between the two copies of L sitting over «v(0) and ~(1).

It is easy to see that the connection can be reconstructed from the asso-
ciated holonomy maps, moreover parallel sections can be described using the
holonomy. We leave this as an exercises:

Exercise 3.3.12 Let V, V' be connections on a vector bundle £ — M. Sup-
pose that for all v : [0, 1] — M the maps Hol" (y) and Hol"" (v) coincide. Show
that V = V"

Exercise 3.3.13 Let o be a section of L. Then ¢ is parallel if and only if for
every path « from x to y, we have o(y) = Holy(v) - o(z).

3.3.3 Holonomy and linear differential equations

Parallel section and holonomies have interpretations using differential equa-
tions. We summarise this in the following Proposition whose proof is left to
the reader.

Proposition 3.3.14 Let v : [a,b] — M be a path. We choose a trivialisation
of L along 7y as [a,b] X Ly so that V = D+ A where D is the trivial connection
and A € Q' ([a,b])®Ly. Let B = A(d;). A section o along 7y is now interpreted
as a map X : |a,b] — Ly. Then o is parallel along 7 if and only if X satisfies

d
(x) —X(t) = B()X().
In particular the holonomy from ~v(u) to v(s) along 7 is the resolvent of this
equation.
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3.3.4 Curvature

One should notice that a connection does not produce just one canonical iso-
morphism between different fibres, but rather one isomorphism for each curve
~v in M joining the two base points. Different curves may lead to different
holonomy maps, This may happen even if the two curves are homotopic rel-
ative their endpoints. We, however, will mainly be interested in connections
whose holonomy depends only on the homotopy class (relative endpoints) of
a curve. In order to characterise these connections we introduce the following
notion:

Definition 3.3.15 Let V be a connection on a vector bundle w : L — M.
Then the curvature of V is

RY :TM x TM — End(L)
which for vector fields X, Y € I'(T'M) and a section o € I'(L) is given by
RV(X, Y)o :=VxVyo —VyVxo— Vixyo.
The connection is called flat if and only if RY vanishes identically.
Exercise 3.3.16 Show that RV defines a tensor field RV € Q*(M,End(L)).

Example 3.3.17 (i) If D is the trivial connection of £ = M x L then
RP = 0 by Schwartz’ Lemma and thus D is flat.

(ii) Suppose £ = M x R is the trivial line bundle over M. Then any con-
nection on L is of the form V* = D + a, where « is a 1-form on M
and

RY" = da.
Thus D + « is flat if and only if « is closed.

3.3.5 Flat connections

It turns out the curvature measures if the holonomy is invariant under homo-
topies:

Theorem 3.3.18 Let V be a connection on a vector bundle m: L — M. Then
the following are equivalent:

(i) V is flat, i.e. RV =0.
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(i1) ]{L%W' :[0,1] — M withy(0) = ~/(0), v(1) = ~/(1) and vy ~ +' (rel {0,1})
then
HolY (v) = HolV (v).

(i1i) The bundle L is trivial over every simply-connected open subset U of M

and for any such U we may choose a trivialisation iy : L|y S UXL
such that V|y = i, Dy, where Dy is the trivial connection on U x L.

PROOF: The obvious implication is (iii) = (i), which follows from the fact that
the trivial connection is flat. Let us show that (ii) implies (iii): Given a simply-
connected open subset U of M fix a point xy € U and join any point x € U with
o via a path 7, contained in U. Then the map Hol(z) := Hol¥ (v,) : L, — L,
depends only on x but not on the choice of v, because any two paths in U
joining x and x, are homotopic relative endpoints (even in U). Then the map

i: Ly =2U XLy, v— (m(v),Hol(m(v))(v)

is a trivialisation with trivial holonomy and thus V is trivial on U by Exercise
3.3.12. Finally, the hard part of the proof is to show that (i) = (ii). For this
we refer to the literature. Q.E.D.

Note that there is also an easy direct argument for the implication (iii)
= (ii). Namely, the holonomy of the trivial connection does not depend on
a chosen path. A special case of the last theorem is given by the following
corollary:

Corollary 3.3.19 Let V be a flat connection on a vector bundle m : L — M
and xo € M. Then ¥V defines a representation

7T1<M7 ZL“O) - GL(‘CUC())? [/7] = HOIV(V)’

3.3.6 (G-connections

When the bundle is equipped with a G-structure, it makes sense to speak of a
G-connection. Let G be a subgroup of GL(L). Let g be the Lie algebra of G
considered as a vector subspace of End(L).

Definition 3.3.20 Let M be a manifold and L — M be a vector bundle
equipped with a G-structure. A connection V on L will be called a G-connection
if, for any open set U, for any G trivialisation over U v : L|y, — U; X L, there
exists a 1-form w on U with values in g such that

Vg =D + w,

where D is the trivial connection.
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Example 3.3.21 Suppose G = SO(B). Then a G-structure is the same as a
fibrewise tensor of the same type as B, and a connection is a connection for
which this family of tensors is parallel.

The following is a straight-forward verification:

Proposition 3.3.22 Let V be a G-connection on a vector bundle m : L — M
and xog € M.

(i) There exists a 2-form Q € Q*(M, g) such that
RY =Q.

(i) If V is flat then it defines a homomorphism

T (M, ZL'()) - me [’Y] = HOIV(W/)

(111) Moreover, if two connections are gauge equivalent, then the associated
homomorphisms are conjugated.

3.3.7 The holonomy map of a flat connection

The previous proposition associates to every flat connection a conjugacy class
of homomorphism in G since G, is isomorphic up to conjugation with G. This
leads to the following definition.

Definition 3.3.23 [HOLONOMY REPRESENTATION OF A FLAT CONNECTION]
Let V be a flat G-connection. Then the holonomy representation of V is the
conjugacy class of the representation of (M) in G described in Proposition

The following proposition is crucial

Proposition 3.3.24 Two gauge equivalent flat connections yields conjugate
representations. Conversely, if two flat connections have the same holonomy
they are conjugate.

PROOF: The first part of the proposition is obvious. Let us concentrate on the
second part. WE produce effectively the Gauge equivalence using the following
trick. Let V; and V5 be two connections with the same holonomy We fix a

base point xg. Then we choose for every x in M a path ¢, from zy to x. We
finally define
G» = (HolV'(cy)) ' Hol"V (cy).
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Since V4 and V, are flat, GG, only depend on the homotopy class of ¢,. Since
moreover the two connections have the same holonomy, G, is independent on
the choice of the homotopy class. It follows that for every path joining ~ two

points x and v,
—1 17V _ v
G, Hol (v)G, = HolY2(y).

This implies that * — G, realise a Gauge equivalence between V; and V, as
in Exercise 3.3.12. Q.E.D.

3.4 Combinatorial versions of connections

We define in this section two combinatorial analogs of connections and flat
connections together with the associated equivalence. In the next section we
will show all these notions are equivalent.

3.4.1 Discrete connections on ribbon graphs

We now explain what is a discrete connection in the world of ribbon graphs.
Let I' be a ribbon graph.

Definition 3.4.1 [DISCRETE (G- CONNECTIONS] A discrete G-connection on
I' is a map

V:E—-G, e g,
satisfying ge = g;t. We will write V = {gc}ecr. Denote by (GF) C GF the
set of discrete connections. The group GV is called the gauge group of I' and
it acts on the space of connections via

{gv}vev-{he}eeE = {ge+hegef }eeE-

Two discrete connections in the same GV -orbit are called gauge equivalent.

Definition 3.4.2 [PATHS AND HOLONOMY]| Let (ey,...,e,) be a path on T,
that is a finite sequence of edges with (e;)y+ = (ej41)- for j =1,...,n — L.
Denote by P the space of discrete paths in T'.
If V = {ge}ecr is a discrete connection then its holonomy its defined to be
the map
Hol(V): P — G, (e1,...,€n) > Gey " Je,,-

Definition 3.4.3 [FLAT CONNECTIONS| As any face defines a path, we may
define the curvature of V to be

RY := {Hol(f)}ser € G*.

A discrete connection is called flat if RV = {eg} er.
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Definition 3.4.4 [HOLONOMY REPRESENTATION| From the description of
m1(S) using ribbon graphs given in Theorem 2.4.3, it follows the holonomy map
described above of a flat connection give rises to the holonomy representation
of the discrete G-connection which is the conjugacy class of homomorphisms
of m(S) in G. Observe again that two gauge equivalent discrete connections
give rise to the same holonomy representation.

3.4.2 Local systems

Definition 3.4.5 [G-LOCAL SYSTEMS| Let M be a manifold and let U =
{Ui}ier be a covering. Given a Lie group G, a G-local system over M on U is
a collection of elements g;; € G for alli,j € I with U; NU; # 0 such that

9ij9ik = Gik

whenever U, j 1, # 0. Observe that every local system on U gives rise to a local
system on any refinement of U.

Two G-local systems on the same covering U are called gauge equivalent as
local systems if they lie in the same orbit of the G action on the space of local
systems given by

(9i)ic1-(9i5) = gigl-;lgj-

Two G-local systems are equivalent as local systems if they are in they are

gauge equivalent on some common refinement.

REMARK: If G is abelian, then in the language of Cech cohomology a G-local
system is just a Cech-1-cocycle and an equivalence class of such systems is just
the corresponding cohomology class. Then standard arguments in cohomology
show that the set of equivalence classes of G-local systems are naturally identi-
fied with H*(M, G). Therefore one should think of the collection of equivalence
classes of G-local systems as a non-abelian version of H'(M, G).

Definition 3.4.6 [HOLONOMY OF A G-LOCAL SYSTEM]| The holonomy of
the path (ig, ..., 1,) for the G-local system {g;;} is the element gi,i, ... Gin_1.in
of G. By definition of a local system, the holonomy of a trivial loop is trivial.
The holonomy representation is the map from 7{(M) to G which associates

to each path its holonomy.

The holonomy of a local system just depends on the equivalence class.



CHAPTER 3. VECTOR BUNDLES AND CONNECTIONS 58

3.5 Four models of the representation variety

In this paragraph, we gather the information that we have collected on smooth
and discrete connections, local systems and representations of the fundamental
group of the surface. All these objects can be identified up to some equivalnce.
Let us be more precise: we have four collections of objects which are associated
to "holonomy” representations, namely

(1) Pairs (£,V), where £ is a G-vector bundle over the surface S and V is
a flat G-connection on L, up to gauge equivalence.

(2) Equivalence classes of discrete flat G-connections with respect to a filling
ribbon graph I', again up to gauge equivalence.

(3) Equivalence classes of G-local systems on S on a given covering.
(4) Homomorphisms of m;(S) into G up to conjugation.

These four collections of objects give rise different models for the represen-
tation variety, each of which will turn out to be useful at some stage. The
equivalence of the descriptions (1), (2) and (3) holds in fact for general mani-
folds and we shall prove them in this generality.

We shall denote by M, with i € {1,2,3,4} the corresponding set of equiv-
alence classes in the four cases under consideration.

We shall also denote by Rep(m(S),G) = My the space Hom(m(5),G)/G
where G acts on Hom(m(S), G) by conjugation.

3.5.1 Flat connections and local systems

We need a definition.

Definition 3.5.1 [GOOD COVERING] An open covering {U;}ier of a manifold
M is called a good covering if it satisfies the following condition. For alln € N
and all 11, ...,1, € I the subset

Uil,...,in = Ui1 N---N U

in
1s contractible.

Any manifold admits a good covering, but we will not prove this here.
Anyhow, we are mainly interested in the case of surfaces and in this case one
can construct good coverings associated to ribbon graphs.
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Theorem 3.5.2 Let M be a manifold. Then there exist a one-to-one corre-
spondence preserving the holonomy between gauge equivalence classes of G-local
systems on a good covering and flat G-connections.

PROOF: Let (g;;) be a G-local system for the good covering {U;}ier of M. We
view g¢;; as a constant map U; NU; — G C End(L). Then g;; defines a cocycle
hence a vector bundle over M, which we call £. By construction we have
trivialisations L[|y, = U; x L such that the transition maps are the constant
functions g;;. On U; xV we have the trivial connection D; and thus we obtain a
connection V; on L[y, via pullback. Since the g;; are constant linear maps and
the derivative of a constant map with respect to the trivial connection is the
linear map itself we see that V; and V; coincide on L|y, ;. Thus there exists
a unique connection V on £ such that V| cly, = Vi. Thus we have produced
a bundle £ with connection V from a G-local system. Conversely, given a
bundle with connection we conclude from Theorem 3.3.18 that it trivialises
over each of the sets U; and that the connection is the pullback of a trivial
connection. Then the coordinate changes preserve the connection and thus are
locally constant, hence constant. It is easy to check that this gives rise to the
correspondence claimed in the proposition. Q.E.D.

3.5.2 Local systems and representations

Theorem 3.5.3 Let M be a manifold and G be a Lie group. Then the holon-
omy map from the space of flat G-local systems on a good covering — up to
gauge equivalence — to Rep(m (M), G) is a bijection.

Equivalently, using the previous correspondence

Theorem 3.5.4 Let M be a manifold and G be a Lie group. Then the holon-
omy map from the space of flat G-connections up to gauge equivalence to
Rep(m (M), G) is a bijection.

If G is abelian then this correspondence identifies H'(M, G) with Hom(m (M), G).
In this case, the correspondence is just the well-known Hurewicz isomorphism.

PROOF: Let us first remark that the universal covering M — M defines a
71 (M) local system.

Indeed, let U = {U;};c; be a good covering. Observe that if m: M — M is
the universal cover, then for very ¢ in I, we have

W_l(Ui) = l—'geﬂl(M)g‘/ia
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Then, every path in the covering {U; };c; can be lifted as a path in the covering
{9.Vi}4en,icr- We now choose for every i in I a path p; from iy to i in {U; }ies.
Then if U; N U; # 0 the loop p,-,pj_l lifts to an element \;; in A. Then, one
checks that A; ; is indeed a local system.

Therefore, if ¢ is a representation of (M) into G, ¥(); ; defines a G-local
system whose holonomy is precisely ¥. We have just proved that the holonomy
map from G-local systems — on U — is surjective.

Using the previous correspondence and Proposition 3.3.24, we see that this
map is also injective. Q.E.D.

3.5.3 Smooth and discrete connections

We have now established the correspondence (1) < (3) < (4) for general
manifolds M. In the case of surfaces we can also give another equivalent
description (2) using ribbon graphs. Thus let S be a compact oriented surface
and let I' be a filling ribbon graph for S.

Theorem 3.5.5 Let S be a surface and ' a filling ribbon graph for S. Then
there exists a holonomy preserving one to one correspondence between flat con-
nections up to gauge equivalence on S and flat discrete connections on I' up to
gauge equivalence.

ProOOF: Let E be a G-vector bundle on S. We assume I' is embedded in
S. We choose a G-trivialisation in the neighbourhood of every vertex of the
graph. Then the holonomy of every edge is well defined as an element of G.
Therefore we have associated to a flat connection a discrete connection on the
ribbon graph with the same holonomy.

In order to complete the proof, by Theorem 3.5.4, it remains to prove that
every discrete connection can be obtained this way. For that we first conside
a subsdivsion 'y of I' so that all edges of I'y connect different vertices and all
faces are triangles.

This can be achieved by adding a vertex in the middle of every edge, and face
and connect the created vertex in each face to all the vertex in the boundary
of the face.

Then, we can construct a good covering {U, },ev so that

e U, is a contractible neighbourhood of the vertex v.

e U, intersects U, if and only if v and w are connected by an edge e.
Morover e interescts U, N U,.
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e Finally U, N U, NU. # 0 if and only if the vertices v, w and w are the
three vertices of a common face f.

We can associate to a discrete connection g on I'y the G-local system such
that g, is the the value g(e) of the connection on the edge from v to w. By
construction, the smooth connection associated to this local system is such
that the holonomy of e is g(e). It follows that every discrete connection on I'g
can be realised as coming from a smooth connection.

We finally choose an injective map I from the set E of vertices of I' to the
set Ey of vertices in 'y, so that I(e) is a subset of e. This defines a map
I* from the set of discrete flat connections on I' to the set of discrete flat
connection I'y by the following rule: I*g(e) = g(e) if e belongs to I(E) and the
identity otherwise. By construction, if V is a smooth connection such that its
associated discrete connection on T’y is I*(g), then its associated connection
on I'is g. Q.E.D.
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Twisted Cohomology

4.1 De Rham version of twisted cohomology

4.1.1 Motivation: variation of connection

Let us return to model (1) of the representation variety, the space of flat G-
connections modulo gauge equivalence. Let [V] be an equivalence class in
this model. The question that motivates for us the introduction of twisted
cohomology is the following one: How should a candidate for the tangent
space at [V] look like? The tangent space of the space of flat G-connections at
V should of course be something like the space of all possible variations of V
preserving the flatness condition. On the other hand, as we are dealing with
equivalence classes, the tangent space at the class [V] should be a quotient of
this space of variations by the subspace of those variations which come from a
gauge transformation.

Let us try to make these ideas precise.

What does it mean to vary V amongst flat connections ? Recall from
Proposition 3.3.5 that any connection V' on the same bundle can be written
as V. = V + A, where A € QY(M,L). Thus varying V inside the space
of all connections means to choose a smooth family of elements A; in the
vector space Q' (M, L) and to define V; := V + A;. An infinitesimal variation
is then given by V := %‘ 1o A However, we want to vary V only in the
subspace of flat connections. Thus we have to single out those infinitesimal
variations coming form families V; for which the curvature is zero. Let us call
these infinitesimal variations flat (infinitesimal) variations. Let us define the
infinitesimal change of curvature by R := % } o RYt. Then we want to express
R in terms of V. This is indeed possible. We first introduce a notation. Let

62
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dy : QY (M, L) — Q*(M, L) be defined by
dy(a)(X,Y) = Vx(a(Y)) = Vy(a(X)) — o([X,Y]),
where a belongs to Q'(M, £) and X,Y are tangent vector fields on M.

Proposition 4.1.1 The infinitesimal variation of curvature is given by

R=dyV.

ProOOF: This follows from the fact that
RW::RV+dgA,+%pLAL
where the commutator is defined by
[A, BJ(X,Y) == [A(X), B(Y)] - [A(Y), B(X)].
Q.E.D.

As a consequence, an infinitesimal variation V is flat if and only if
dvV = 0.

Now let us study those variations which come from a gauge transformation.
These should be regarded as trivial and our space of cocycles should be divided
by the space of these variations in order to obtain the tangent space of [V]
(rather then that of V). To describe the trivial variations, let g; be a smooth
path with values in the gauge group with gy = id. Then a trivial variation is
one of the form

Vi=9,"Vo.

We need to understand the corresponding infinitesimal variation. For this we
need some more machinery. Let £ denote the vector bundle on which V| lives.
This is represented by a G-valued cocycle. If we replace the action of G on the
typical fibre V' of £ by the adjoint action of G on its Lie algebra g, then this
cocycle defines for us a bundle g, with typical fibre g over M. Moreover there
is a canonical inclusion of g, in End(L£). The above variation then defines a
section ¢ of g, by
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vEnd([l)

On the endomorphism bundle End(L) there is a connection induced

from V and given by
(VR A) (0) := Vx (Au) — A(Vxu)

where A is a section of End(£) and u is a section of u. As V is a G-connection
the connection VF(£) restricts to a connection on g.. Now we can finally
describe the infinitesimal variation associated with V; as above:

Proposition 4.1.2 Let notation be as above. Then V = VE(£L) g,

PROOF: As both sides of the equation are defined in local terms we can work in
a trivialisation. Thus fix an open subset U of M such that £|y = U x L. Under
this trivialisation V becomes identified with a connection of the form D + A,
where D denotes as usual the trivial connection. Identifying End(L)|y =
U x End(V) the induced connection V¥"4() then becomes identified with D +
ad(A), where ad(A) € Q'(U) ® End(End(L)) is given by

(ad(A)(X))(B) = [A(X), B].
Now,

(9:'Vg)(u) = (g (D+ A)g)(u)

= g;lD(gtu)—l—(g; Agy)(u)

= g, 'g:(Du) + g; {(Dge)(u) + (g, " Age) (u)
= (Du)+ g; " (Dge)(u) + (9, " Age) (u)

and hence )

V(u) = (Dg)(u)+ad(A)g(u)
((D+ad(A4))g)(u)
(V)5 ().

Q.E.D.

We can restate the proposition as follows: Define
dy : Q°(M, L) — Q' (M, L)
by the formula
de(a)(X) := Vxa,

where « is a section of £, X a vector field on M and we identify Q°(M, L)
with I'(£). Then an infinitesimal variation comes from a gauge change if and
only if .

dv (V) = 0.
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This looks very much like a coboundary condition and thus our candidate for
the tangent space of Rep(m(S), G) at [V], the quotient

ker dy,
Im d?,

looks very much like a cohomology space. Of course, for such an interpretation
we need to know that dy, o d% = 0. This is indeed the case:

Proposition 4.1.3 Let V be any (not-necessarily flat) connection and define

d% and dy as above. Then dy, od, = RY is precisely the curvature of V. Thus
dy, odY =0 if and only if V is flat.

Now we may allow ourselves to write
ker di
Hy(M) == —
v(M) Im d¥,

and to call it the first V-twisted cohomology of M.

4.1.2 De Rham version of the twisted cohomology

We have seen in subsection 4.1.1 that a certain twisted cohomology group
Hg (M) can be interpreted heuristically as some sort of tangent space to the
representation variety at the point [V]. This group is in fact only the first in
a family of twisted cohomology groups, which we will now define. The study
of these more general cohomology groups is not just for completeness: Recall
that in order to prove non-degeneracy of the intersection form in the untwisted
cohomology group H'(S) of a surface we also needed the groups H°(S) and
H?(S). Similarly, we will need also their twisted analogs in the sequel. In
order to define these one needs to prove the following proposition:

Proposition 4.1.4 Let V be a connection on a vector bundle 7 : L — M.
Then there exists a unique operator

de - QF(M, L) — Q"(M, L)
such that the following two properties are satisfied:
(1) If w e QP(M) and o € QI(M, L), then
A (wAa) =dwAa+ (=1)Pw A dLa,

where dP denote the untwisted de Rham differential.
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(ii) If a € Q°(M, L) 2 T(L) then

dya = Va.

The operators d% and dy, coincide with the operators defined above. Using
Proposition 4.1.3 and property (i) it is easy to see that dV** o dV:k~1 = 0 for
all k if and only if V is flat. Thus we may define:

Definition 4.1.5 Let m : L — M be a vector bundle over M and let V be a
flat connection on L. An L-valued k-form w € QF(M, L) will be called closed
if dw = 0 and exact if there exists a € Q¥ 1 @ L with w = d@_la. Denote
by ZE(M) the space of closed k-forms on M and by BE(M) the space of exact
ones. Then the the V-twisted k-th de Rham cohomology group of M is defined
to be

HE(M) = Z5(M)/BE(M),
The dimension

BY = dim HE (M)

is called the k-th V-twisted Betti number of M and their alternating sum

dim M

1=0

1s called the V-twisted Euler characteristic.

The notation is in the line of our convention that we drop the dependence
on £ from our notation and see V as a short hand for the pair (£,V). If

we want to be very precise or want to stress the dependence on £ we shall
occasionally write HE (M, L) :== HE(M).

Example 4.1.6 1. If L = M x R is the trivial line bundle over M and
V = D is the trivial connection then HK (M) = H%,(M) is just the
ordinary de Rham cohomology. Thus twisted cohomology generalises de
Rham cohomology.

2. Let V be flat connection on a vector bundle £ and p the holonomy
representation from (S, z¢) to End(L,,). The space HY(M) is the
space of V-parallel section of £. Moreover, the map ¢ — o(xg) is an
isomorphism from HE(M) to

Lol = fu € Ly, | Yy € m(S,20), p(7)(u) = u}.

In particular, 3y (M) = rank(£) if and only if the representation is
trivial.
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So far our considerations work for arbitrary manifolds. Now let us return
to the special case of compact oriented surfaces: Most of the results stated
above for ordinary de Rham cohomology can be generalised to the twisted
case. The following theorem summarises the main results. Again the proofs
will use a combinatorial model of twisted cohomology (via ribbon graphs) and
are deferred to the next subsection.

Theorem 4.1.7 Let S = S, be a compact oriented surface of genus g, let
w: L — S be a vector bundle and let V be a flat connection on L.

(i) The spaces HE(S) are finite-dimensional.

(i1) The V-twisted Euler characteristic of S is given by
xv(S) =1k(£)(2 — 2g).

In particular it depends only on the genus of S and the rank of L, but
not on the choice of connection.

(113) If L* is the dual bundle of L and V* is the dual connection of V, then
the pairing

iy : Hé(S) X Hé*(S) - R, (a,f) /waﬁ,
s
where

wa,s(X,Y) = (A B)(X,Y) = (a(X) | B(Y)) — (a(Y) | B(X)),
and (-|-) denote dual pairing, is non-degenerate.

Before we turn to the proof, let us consider some applications of Theorem
4.1.7.

Example 4.1.8 Suppose (£, V) is a vector bundle with flat connection over
S which is equipped with a parallel inner product (-,-). Here, parallel means
that

X.(v,w)y = (Vxv,w) + (v, Vxw).

Then we can use (-, -) in order to identify (£, V) and (£*, V*). Thus we obtain
a symplectic form

iv : Hy(L) x Hy(L) = R, (o, ) = /S<om/3>,
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where
(A B)X,Y) = (a(X), B(Y)) — (a(Y), B(X)).

We will call iy is called the V-twisted intersection form on HE(L). In the
case of the trivial line bundle with the trivial connection we recover the usual
intersection form.

The following example will be central for our treatment of the representation
variety:

Example 4.1.9 Let S be a surface and G be a Lie group and let g be its Lie
algebra. Let p : m(S) — G be a homomorphism which corresponds to a G-
local system ({U,}ier, {gij}ijer) via the non-abelian Hurewicz theorem. Then
({Ui}ier, {ad(gij) }ijer) is a local system which defines a flat G-connection V,,
on a vector bundle L4 over S with fibre g.

This example is so important for us, that we introduce a special notation
for it:

Definition 4.1.10 Let p : m1(S) — G be a representation and define Ly and
V,) as in ezample 4.1.9. Then the twisted cohomology groups associated to the
bundle with connection (L4, V,) are denoted by

H(g) == Hg,(S).

Given a group G we write Z(G) for its centre, and given a subgroup H of
G we write

Za(H) :={9€ G|gh=hgforall he H}

for its centraliser in G.

Proposition 4.1.11 Suppose that in the situation of Example 4.1.9 G has
discrete centre and that we have Zg(p(mi(S))) = Z(G). Then

H)(g) = H>(g) = {0},dim H,(g) = x(5) dimg.

PROOF: Suppose H}(g) # {0}. Then there exists a nonzero map o : V' — g
satisfying a(et) = gea(e™), where e is any edge and {g.}ce, is the discrete
connection associated with p. This means that for any vertex v the element
a(v) € g is invariant under the holonomy map

m(S,v) — Aut(g).
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As the holonomy map factors as
m(S,v) % G 2% Aut(g),

this implies that the one-parameter subgroup exp(ta(v)) commutes with the
image p(m1(S)) of m1(S). Thus Z(G) = Zg(p(m1(S))) is non-discrete, which is
a contradiction. Therefore H})(g) = {0} and also H(g) = {0} by a duality
similar to (iii) of Theorem 4.1.7. Finally, dim le (g) = x(5) dim g follows from
part (ii) of Theorem 4.1.7. Q.E.D.

4.2 A combinatorial version

In order to prove the final part of Theorem 4.1.7 we need to produce a combi-
natorial version of the twisted cohomology. We choose a ribbon graph I' filling
>l. We associate to each edge e the oriented one dimensional manifold which
is the interior of the geometric realisation and which we shall denote é. In
the same way we associate to every face f, the interior of each face which we
denote by f . By convention v = 0

4.2.1 The combinatorial complex

In order to smooth up our exposition, we have to consider the set of I'y of
oriented vertices, as well as the set 'y of oriented faces, even though in our
context vertices and faces have a canonical orientation. We denote as usual
@ the element « of I'; with the opposite orientation. The boundary da of an
oriented element « of I'; is a tuple of elements of I';_1, possibly with repetition.
For instance, if e is an edge then

de = (eq,e0).

A covering

We now consider for every a € I'; a contractible open set U, which is a
neighbourhood of the interior &, that is a vertex, the interior of the edge and
the face. We denote by W, the union of all the open sets U, so that « is in
I';. Finally we choose for every pair (o, 3) so that o € 93, open sets U, g
homeomorphic to disks.

o Uy =U, and UE’? =Uey.
o Vi, Va,8 €Ty, U,NU,=0.
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e For every edge e, U. N Wy = Ut . U Uz,

e For every edge e, U. N W = Ue se) U Uz (), where f(a) is the unique
face containing the edge a and g.

e For every face f, that W, N Uy is an annulus

Vector spaces and homomorphisms

We now are given a vector bundle £ equipped with a flat connexion V.

We consider the vector space L,, which consists of section parallel of L]y, .
Observe that we have a canonical trivialisation of £}UQ by L. x U,, and that
L, = Lg.

Moreover, observe that for any pair («, ) so that a € Jbeta, there is a
natural isomorphism i(a, 3) from L, to Lg : if u is parallel section along U,,
i(a, B)u is the unique parallel section along Ug which coincides with u on U, g.

Exercise 4.2.1 Describe i, g using a trivialisation of the bundle at every ver-
tex and the combinatorial connexion associated to V.
A combinatorial complex
We consider the complex defined by

L= {c" : Ty — Uger, Lo |c'(a) € L, and ¢'(@) = —c'(a)},
and the coboundary operators d by

di : Cp — CFY, did (Bi) = Z i(a, Biv1)c ().

;€08 11

One checks that d o d = 0. We define
HL(L) = Ker(d;)/Im(d;_,).

4.2.2 The isomorphism Theorem

First we need to build a map between complexes. We associate to an w €
Q'(S; L) the element @ in C* defined by

w(al) = /aw

The integration is understood in the canonical trivialisation of £|U by L,
since we have an identification Q(U,,; £) = Q' (U,,) ® L,,. We now claim
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Proposition 4.2.2

—

dw = dw.

Proor: This is an easy consequence of Stokes formula and we shall only
check it when ¢+ = 1. We do it with technical details that we shall omit in
the sequel. Let f be an element of I'y. Let 0f = {ey,...,e,}. We consider
f as a map from the closed disk D to S. We observe that we can write JD
as a reunion of closed intervals I; so that f ‘ is a parametrisation of the edge
e;. By construction, the induced bundle f* L is trivialised as Ly xD. As a
consequence, if w € Ql(S L), then f*w € Q(D)® Ly. Now

L(f) = /fW—/Ddf*w

— Frw

Finally we have to remark that

/Iif*wzi(euf)/eiu

dw(f) = dio(f).

Hence

Q.E.D.

It follows from this identification that we have a natural map u — u from
HL(S, L) to HL(S, L) so that

We now prove

Theorem 4.2.3 [[SOMORPHISM THEOREM| The map u +— 4 from HL(S, L)
to HL(S, L) is an isomorphism

Again, to shorten our exposition we only prove this result for ¢ = 1. We
prove this in two steps: injectivity and surjectivity of this map

Proposition 4.2.4 The map u — 4 from HS(S, L) to HL(S, L) is surjective.
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PRrROOF: We first prove that given ¢! € C?, there exists a neighbourhood U;
of T, and a 1-form w € Q(S, L) so that

o =

dvw|,. = 0. (4.1)

It suffices to show this for ¢! such that there exists an edge e so that ¢'(a) = 0
if a # e. Let indeed ¢ be a real valued function defined on U, so that ¢ =1
on a neighbourhood of U, and ¢ = 1 on a neighbourhood of U._. We now
consider

o= p.cl(e) € QU,; L).
Observe that dVo = 0 on U,, . It follows that 3 = do can be extended smoothly

to W1 by zero outside U,. If ¢ is a function with support in W; which is equal
to 1 on a neighbourhood of I', then

w =P,

extended by 0 outside W1, fulfils our conditions.
Finally let’s suppose that dc' = 0. Let 47 be a circle in Wy = f N W,
homotopic to the annulus Uy N W;. We then have

/ w = deM(f) = 0.

vf

It follows that w|w, = dB;. We extend 3 to Uy and therefore we have extended
w to a closed form on Uy. Performing this operation for every face f, we end
up with a closed form w so that @ = ¢!. Hence u +— @ is indeed surjective.

Q.E.D.

Proposition 4.2.5 The map u— 4 from HL(S, L) to HL(S, L) is injective.

PROOF: Let’s assume that w is such that & = dc®. We wish to prove that w
is exact.

We proceed by steps again.

We first notice that we can as well assume that w = 0 on Wy. Indeed w is
exact on a neighbourhood Uy of W:

w’UO = dao.

Hence using a function ¢ with support in U, and equal to 1 on W, we reduce

to this case by considering
w—dY (pa).
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Now we show that we can as well assume that @ = 0. Indeed, we choose a
parallel section o on W, so that for every vertex v, we have o(v) = °(v). It
follows that w — d¥ yuv satisfies the required condition.

Next we show that we can reduce to the case that w = 0 on a neighbourhood
of I'. Indeed, for every edge e, w|y, = da., where « is parallel on WyNU,. We
can choose «a, so that a. = 0 on one of the connected component, hence also
on the other since fe w = w(e) = 0. Therefore, smoothing again by a function
Ywith support in W and equal to 1 on a neighbourhood of I', we get that

W — d(z Qe),

satisfies the condition.

Finally, we observe that for every face f, w|f = df;. By our condition [ is
zero on a neighbourhood of I'. Tt follows that we can choose 3; to be zero on
a (connected) neighbourhood of T'. Finally we get, that

w=Y _dp.

feFr

4.2.3 Duality

Symplectic complexes

Definition 4.2.6 We say a complex C* : 0 — C° Lot 4 2 of degree 2 is
symplectic, if we have a

e a symplectic form w on C*,

e a non degenerate pairing w on C° x C? such that

w(dag, a1) = w(agp, day).

Proposition 4.2.7 The first cohomology is a symplectic vector space with
symplectic form |[w] such that

wile], [8]) = w(e, B).

PROOF: this follows at once from the fact that
ker(d;)? = im(dp), (4.2)

where V° denote the orthogonal with respect to w of V. C C'. Q.E.D.
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The dual graph

We realise geometrically the dual graph I'* in S. We denote by a — a* the
map from I'; to y5_;. As far as the boundary is concerned, we observe that

vEdJe = e* e, (4.3)

ecdf = ["eoe". (4.4)

If a € I'}j, we choose a neighbourhood U} as above, requiring furthermore

that for v € T° U, C UX, for e € T, U, N UZ is contractible, and for

fer? Uj. C Uy. We consider the dual bundle £* to £ together with its dual
connection. We now observe that we have the canonical identification

(La)* = L.

Let C} be the complex associated to ['* and Let C}. be the complex associated
to I'*. We consider that pairing between C{~" and C}._ by

@) =5 3 {aIse).

~yelm—i=I"%
Let now C* = CP @ Cp.. We consider the bilinear form € defined

e on (CP @ C.) x (CF @C%*) by
Q(", &), () = () + (). (4.5)
e on (C} ® CL.) x (Ch @ CL) by

Q((c!,ch), (alah)) = (e, a) — (al,ch). (46)
We then have

Theorem 4.2.8 [DUALITY THEOREM| The complex C* equipped with ) is a
symplectic complex. Moreover, the corresponding symplectic structure on

H'(C*) = HL\(L) & HE_ (L),

s given in the de Ram interpretation by

mmmmmqmmm»:/

S

@n )= [ (o),
where (a A B,) € Q*(S) is given by

VX, Y € ToS5, (aAB)(X,Y) = (a(X)[B.(Y)) = (a(Y)[5.(X)).

Finally the bilinear form ) defines a duality between the complexr CP. and the
complex to Cp.

We split the proof in two parts :
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The complex is a symplectic complex

We want to prove the first part of the theorem which amounts to the following
proposition

Proposition 4.2.9 We have

<dCOacl> = —<CO,dCi>.
(chdcy) = (dc',cl).

PROOF: by definition

(20, = 3 {d(e), h(e)

ecl’y

= > > (L))

el vEde

We can now rearrange the sum and get

@dd.c) = (), Y ele)

vely e|lvede

= = ) (L), Y ce)
vely=I2 e*eov*

= —2( dc}).

The second equality have a symmetric proof. Q.E.D.

The de Rham interpretation

Again this amounts to the following

Proposition 4.2.10 Using the mapping o — & from Q*(X, L) to Cp. We
have

[tan = @i

PRrROOF: Indeed, we decompose the integral along the oriented faces:

/S<Oé/\77*>=zf:/[]f<a/\n*>-
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We now use the fact that Uy is contractible and write, on each Uy, n* = df;.
Using stokes formula, we obtain

/Sa/\n Zf:e;:f/a\ﬂf

We note that every oriented edge e appears exactly once on the boundary of
a face f(e) = ((e*)-)*. Rearranging, we get

Jann) = =% [l (@.7)

ecl’y

-y / ol (B — Bie) (48)

86F1

We now observe that, ﬁ]’i(e) — B is a parallel section along the edge e and

that
Bre) — Bie) = / Ms.

[tanm) = 1Z< [ / ) (4.9)

= 5 Z e)|n.(ex (4.10)

= <Oé|?7*> (4.11)

Hence

4.3 Torsion

4.3.1 Determinants

Definition 4.3.1 If E is a finite dimensional vector space, we define det(E) =
AEVE gnd det(E) ™t = AAEVE* Let C*: 0 - C° — ... - C" = 0 be a
complex. We define the determinant of the complex

det(C*®) ®det C”

Observe that
det(B* & C*) = det(B*) ® det(C*).
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4.3.2 An isomorphism between determinants

Proposition 4.3.2 Let C* a complex. Let H® be its cohomology. There is a
unique canonical isomorphism

Tes » det(C®) — det(H*®),
which satisfies
1. ZfA. =B*® C., then Tpe = Tpe & Tce,

2. let C* be the exact sequence 0 — ...0 — C* Lok L0 0, whose
cohomology s trivial, then

7o det(C®) = det(CH) D" @ det(CH)Y

k+1

— R

is the canonical pairing Toe(a, B) = (d.a|B).

PrRoOOF: We indicate the sketch of the proof. Let us begin our construction.
Any short exact sequence

y;O—>Ai>Bi>C—>0,
Give rise to an isomorphism 7,
det(A) @ det(B)* @ det(C) — R
a®@b®c — (bf(a)Ao(c)),

where o : C' — B is any map such that g o 0 = 1d. It follows that 7, — in the
case C' = 0 satisfies the second property of the proposition. This construction
extends easily in two ways:

1. first, to any acyclic — i.e. with zero cohomology — complex
0t Lotd Lo,
where it gives rise to a an isomorphism 7ce : det(C*®) — R.

2. to any short exact sequence of complexes ¢ : 0 — A* — B®* — C* — 0
where it gives rise to map 7¢ : det(A®) @ det(B®)™! @ det(C*) — R.

Finally, we can write any complex as C* = H*® A® where A°® is acyclic and H*®
is the cohomology of C*. Then det(C*®) = det(H*®) ® det(A®) and, using the
isomorphism 74, we indeed obtain an isomorphism of det(C*) with det(H*).
This isomorphism is actually independent of the way to write the splitting of
C*. From this construction, it also follows that Tcegpe = Tpe ® 7.

The reader is invited to check the uniqueness. Q.E.D.
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4.3.3 The torsion of a metric complex

Definition 4.3.3 We say a complex C* is metric if we have a non degenerate
metric on each C'. In this context we define the torsion Tor(C*®) € det(H®) of
the metric complex to be the image by T of the volume forms on each of this
C'. Since we have not chosen any orientation, the torsion is defined only up
to sign.

It follows from the construction of the torsion that if we have a short exact
sequence of metric vector spaces,

¢:0-DLBLC 0,
such that f is an isometry then

Tor(¢) = det([g]) ",

where [g] is the quotient map from B/f(D) to C.

4.3.4 The torsion of a flat metric connexion

Let V be a flat connection preserving a non degenerate metric on a vector
bundle £ over S. Let I' be a ribbon graph. Observe first that the simplicial
complex C} is then a metric complex equipped with the metric

1

9lai, bi) = 3 > glai(e), b)),

o EFi
We prove

Theorem 4.3.4 [REIDEMEISTER TORSION] Let V be a flat connection pre-
serving a non degenerate metric g on a vector bundle L over S. Let I' be a
ribbon graph and C} the associated metric complex. Then the torsion Tor,(CP)
of this metric complex as an element of det(Hy (L)) does not depend of T'. It
is called the torsion of the connexion or the Reidemeister torsion and denoted

Tor, (L) . Moreover, if g and h are parallel metrics with the same volume form
then Tor, (L) = Tor, (L)

PROOF: Since two ribbon graphs can be considered as subgraphs of the same
graph, it suffices to show the theorem whenever I', is a subgraph of I', then
Tr, = Tr,. Lhis means that every edge, vertex, face of I', can be written as
union of edges, vertices, faces of I',. This leads to a restriction map R from
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Cr, to Cp, . For instance if a face f of I', splits as two faces (fi, f2) of I', and
if c € Cf,, we write

R(e)(f) = c(fr) + c(f2).

By Theorem 4.2.3 — or a direct check that we shall actually perform soon —
this restriction map gives rise to an isomorphism at the cohomology level.

We want to understand the complex D given by the kernel of R. It suffices to
understand the two following elementary cases which correspond to elementary
subdivision.

1. Ty is obtained from I', by adding a vertex v on an edge e, splitting it in
two new edges e; and ey. In this case,

o D' ={c|Vw#wv, c(w) =0}
e D' ={c|Ved{e1, e}, c(e) =0 and c(er) + c(ez) = 0}
e D?={0}

In this case the metric restricted to D*® is non degenerate. Moreover, the
determinant of d from D to D' is \/Emnk(ﬁ). Hence Tor(D*) = ﬂrank(ﬁ).

2. I'y is obtained from I', by adding an edge e between two - not necessarily
— distinct vertices v; and v, splitting a face f in two faces f; and fs.

o DV = {0}
o D'={c|Va#e, c(a)=0}
o D?={c|Vf &{fi,fo}, c(f) =0and c(f1) + c(f2) = 0}

In this case the metric restricted to D* is also non degenerate. Moreover,
the determinant of d from D' to D? is v2™""“). Hence Tor(D®) =

\/5— rank(L)

We can also observe that D is indeed acyclic and by the snake lemma [? | R
is an isomorphism at the cohomology level. Now, let us compute the torsion
of the short exact sequence of metric complexes

f:O—>D—>CEb£>CI:a—>O.
Let [R]* be the quotient map from Cp, /D* to Cp, . Then

1. in the first case,

o det([R") = 1,
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. det([Rl]) _ ﬂrank(ﬁ)’
° det([RQ]) =1.
It follows that Tor(§ = ﬂrank(ﬁ). On the other hand,

Tor(Cy,) = Tr;;l(ng;) Tor(Cr.,).

Hence Tor(Cp, ) = Tor(Cy ).
2. Similarly, in the second case

° det([RO])
° det([Rl])

o det([R?) = v2 7.

It follows again that Tor(Cp,) = Tor(Cy)).

L,
L,

We have shown that if I, is a subgraph of I', then
Tor(Cy,) = Tor(Ct, ).

Q.E.D.

4.3.5 Torsion and symplectic complexes

Definition 4.3.5 We say a symplectic complex C*® is compatible with the
metric, if the corresponding identifications of C*~* with (C)* given by the
symplectic form is an isometry.

We then have

Proposition 4.3.6 Let C* be a symplectic complex such that H*(C*) = H*(C*®) =

0 then the torsion of this complex equals the volume form associated to the sym-

plectic form on H'(C*®) :

Tor(c) = ="
OI‘( ) - T:

where dim(H'(C*)) = 2d.
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PROOF: Let g; be the metric on C*. Let w be the symplectic form on C! and
the pairing between C° and C? given in the definition of a symplectic complex.

Observe first that by the definition of the the compatibility of the metric
and symplectic structure

w

= Zvol )
ol vol(g1)

ce forac{0,2y.
Let o be a linear map form C? to C' so that ¢(C?) is Lagrangian and
doo =1d. Let W be a symplectic vector subspace of C! so that
ker(dy) = im(dy) & W.

Note that W is isomorphic to H'(C*®) as a symplectic vector space. The
existence of ¢ and W follows from the definition of the symplectic complex.
Let us now consider the acyclic complex

D*: 0 — C" — im(dy) @ o(C?) — C* — 0.

Observe that from the definition of a symplectic complex, the set

forms a symplectic basis of im(dy) @ o(C?). Hence
dim Cy

TD-</l\C6/\m/\/\CE> =1.

We finally write
Co — Do EB W.,
where
Wwe:0—-0—-W —0—0.
Using this splitting, it follows that

Tor(C*) = TC-(/\Cé A ccu_:‘l A /\cé)

(2

dim Cp w% dim(W))

PN W i
= TD.</Z‘\CO/\—dimOO! /\/\02) ®Two<—(w| >

To conclude the proof of the proposition, it suffices to remark that W is iso-
morphic as a symplectic vector space to H(C®) = H*(W*). The result follows.

Q.E.D.

We obtain as a corollary
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Corollary 4.3.7 Let L equipped with a connexion V be a flat vector bundle.
Assume that HY(L) = H(L) = {0}. Note that L & L* is equipped with a
symmetric non degenerate metric h given by

h((a,a®), (b,6%)) = (a]b*) + (bla).

Then, we have

Qdim(HL (£))

dim(Hg (£))!

where ) is the symplectic form on HY(L) & HS(L*) described in Theorem
4.2.8.

Tor(L & L) = +

PROOF: it follows at once from the definition of the symplectic structure on
C* = Cp @ Cr-e by Formulae (4.5) and (4.6) that the metric is compatible
with the symplectic structure.

4.3.6 Parallel metric on bundle

We now come to the main result of this section

Theorem 4.3.8 [TORSION AND SYMPLECTIC VOLUME]| Let £ be a vector
bundle over S equipped with a flat connexion and a parallel metric g. Assume
that HY(L) = HZ(L) = 0. Let w be the symplectic structure on HS(L) given

by

w((o], 16]) = / g(a A B).

Then
Tor(£) w3 dim(Hg (L))
or = - .
L dim(H(L))!
REMARKS:

e This theorem was proved in [? | for the case of positive metric.

e Observe that Corollary 4.3.7 is a special case of this theorem. However,
it will be the starting point of the proof.

e The proof of this theorem does not actually need the full strength of
Theorem 4.3.4 but the immediate observation that the torsion of C} is
equal to the torsion of C}..
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PROOF: Let p = 1 dim(H/(L)). We use the corollary 4.3.7 and its notations.
In order to make our notations precise, we shall indicate by a subscript the
metric with respect to which we compute the torsion. We first remark that
the volume of h and g & g* coincide on £ & L*. It follows that

Tor, (L & L") = Torygy (L & L) = Tor, (L) @ Torg-(L”). (4.12)

Let us use the metric to identify £ and £* and hence Hy (L) with Hg(L*). Tt
follows from the duality Theorem 4.2.8 that

Tor, (L) = Torg-(L"). (4.13)

Let now A be the real number such that

* w?
TOI'g(E) = TOI'g* (E ) = )\])'—21)

By Assertions (4.12), (4.13) and the previous corollary, we obtain that

1 QP = \(

(2p)!

where 7y : u — (u,0) and i; : u — (0,u) are the two embeddings of H*(L) as
factors in Hy (L) & Hy(L*).

Finally, note that j= : u — \%(u, w)and j©:u — \/Li(u, —u) are symplectic
embeddings of Hy (L) equipped with w into Hy, (L) & Hy.(L*) equipped with
2. Therefore

1 1
—i%WP A —itwP), (4.14)
p! p!

1 2p __ 2 ]"0 D 1'1 D
wa =A (HZ*W A\ Hz*w ), (415)

But det ((j+,j_)_lo(i0, 21)> = 1. This and Formulae (4.15) and (4.15) implies
that A = 1. This completes the proof of the following formula



Chapter 5

Moduli spaces

The purpose of this chapter is the study of representation varieties Rep(m(S), G)
for a compact oriented surface S and a Lie group G. We will abbreviate

M(S,G) := Rep(m1(9), G).

Here the letter M stands for moduli space. We shall use this term as a synonym
for representation variety. By the results of the last chapter we may think of
M(S,G) as a moduli space of flat connections or a moduli space of local
systems or a moduli space of representations. As the term representation
variety suggests that we are thinking of the latter model, we prefer to use the
more general term moduli space unless we are really thinking of representations.

5.1 Topology and smooth structure

In the study of the moduli space M(S, G) we will need some elementary notions
on (real) algebraic varieties which we summarise in the next definitions :

Definition 5.1.1 [AFFINE ALGEBRAIC VARIETIES] An affine algebraic vari-
ety (over R) is a subset ¥ of R™ for which there exists a family of real polyno-
mials {P;}ie; in n variables such that

=B ({0)).

il

From the smooth point of view, a real algebraic manifold is a finite union of
submanifolds V; each of them of dimension i fori € {0,...,n}. The submani-
fold V,, is the set of smooth points.

We now specialise these definitions to groups.

84
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Definition 5.1.2 [ALGEBRAIC GROUPS AND ALMOST ZARISKI DENSE SUB-
GROUPS] A subgroup G of GL(n,R) is a (real) algebraic group if it is an
affine algebraic variety as a subset of M,(R) = R™. The Zariski closure A%
of a subset A C R" is

A=z,

where the intersection is taken over all affine algebraic varieties > containing
A. The set A is Zariski closed if A = A%. A subgroup T' of a real algebraic
group G is almost Zariski-dense in G if the Zariski closure T'? contains the
identity component of G.

The definition is of course very much ad hoc, but it is good enough for our
purposes.

Up to now we have treated the moduli spaces M (S, G) only as a set without
topology. Now we are going to turn them into topological spaces. We make
the following assumption:

Convention 5.1.3 From now on the letter S will always denote a compact
connected surface (without boundary) of genus g > 2. Thus S is neither a
sphere nor a torus. The letter G will denote an algebraic group whose only
normal subgroups are either finite or with finite index.

In order to define a topology on M (S, G) we think of it as a space of discrete
flat connections. Thus we fix a filling ribbon graph I' of S with vertices V',
edges E and faces F' and think of M(S,G) as

M(S,G) =Dr(S,G)/GY,

where

Dr(S,G) = {V € G¥|V flat G — connection} C G*.

denotes the set of discrete flat G-connections along I'. If we equip G¥ =
[1; G with the product topology then the inclusion Dr(S,G) C G¥ induces a
topology 7 on Dr(S, G). The set Dr(S, G) is defined inside G¥ by the vanishing
of polynomials (namely V(e)V(e) —1 = 0 for edges e and Holy(V) = 0 for
faces f), and these polynomials and their derivatives have no common zeros.
Moreover if T' is a refinement of I', the restriction map sends Dr(S,G) to
Dr(S,G) in an equivariant way. Summarising, we get

Proposition 5.1.4 The subspace Dr(S,G) C G¥ is an affine subvariety.

Moreover, the induced topology on Mr(S,G) is independent on the choice of
r
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The topology on Dr(S, G) induces a topology on the quotient M(S,G). If
the action of the Gauge group GV on Dr(S, G) were proper and free then this
quotient would be a nice manifold as well. Unfortunately, it is not so and the
space M(S,G) with the quotient topology is not even Hausdorff in general.
In order to complete our understanding of M(S,G) we need introduce the
following subset of Dr(S, G).

Definition 5.1.5 [ZARISKI DENSE PART| The Zariski dense part of the space
of discrete flat connections is the subset

DS, G) = {V € Dr(S, Q) | pw(m1(S)) almost Zariski-dense in G},
We can now state our main result

Theorem 5.1.6 [SMOOTH STRUCTURE OF THE MODULI SPACE] Let I" be a
ribbon graph.

(i) The set D¥(S, G) is a Zariski-open non-empty subset of Dr(S,G) which
is a submanifold.

(ii) The Gauge group GV acts freely and properly on DF(S, G).

(i1i) The quotient
M(S, Q) = DS, G)/GY

is a manifold of dimension —x(S) dim G whose tangent space at the class
of a representation [p] is canonically identified with H)(g).

(iv) The complement of DS, G) in Dr(S,G) is a finite union of GV -orbits
union of algebraic manifolds of the form Dr(S, H), where H varies over
the algebraic subgroups of G. It is a finite union of submanifolds of
dimension strictly less than the dimension of DF(S, G).

In the next chapter, we shall explain in Theorem 6.1.4 how the smooth part
of the moduli space describes smooth family of flat connections.

A way to visualise this theorem, is the following: although M(S,G) is not
a manifold, it admits a stratification by manifolds and there is one big open
stratum given by the representations with almost Zariski dense image.

We warn the reader that in general, the Zariski dense part is not dense as
it follows from [? |.
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5.2 Proof of the main theorem

In the next preliminary paragraph, we describe almost Zariski dense subgroups
in an algebraic group.

Then we prove Theorem 5.1.6 in several steps. We spend some time now to
explain the structure of this proof. First we use the following

Convention 5.2.1 In what follows, we denote by Ly the connected compo-
nent of the identity of the group L. If H is a subgroup of L, we denote by
Z(H) the centraliser of H in L, that is the group of elements commuting with
H.

Let us now introduce the following subsets of Dr (S, G) :

Definition 5.2.2 [REGULAR, VERY REGULAR PARTS| The regular part of
DF(S, G) 18

Di(S,G) = {V € De(S,G) | Z{pw(m(9))) is finite }.
The very regular part of Dr(S,G) is
Dr'(S,G) ={V € Dr(5,G) | Z(pv(m(9))) = Z(G)}.
We observe that we have the following inclusions when Z(G) = Z(Gy).
DS, G) € DY (S, G) C DL(S, Q).

Indeed if H is a group then Z(Z(H)) is an algebraic group that contains H.
Thus, if H is almost Zariski dense, Gy C Z(Z(H))G. It follows that Z(H) is
included in Z(Gy) = Z(G), hence equal. This proves the first inclusion, the
second is obvious.

We prove Theorem 5.1.6 using the following steps

1. In Paragraph 5.2.2, we study the holonomy map and prove in Proposition
5.2.9 that the very regular part is a smooth submanifold.

2. In Paragraph 5.2.3, we prove in Proposition 5.2.13 that the almost zariski
dense part is non empty. This completes the proof of the first part of
Theorem .

3. In Paragraph 5.2.4, we prove that the action of the Gauge group is proper
and free on the regular part.
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4. In Paragraph 5.2.5, we identify the tangent space to M*¢(S,G) with a
cohomology group.
5. In Paragraph 5.2.6, we study the complementary set to D4(S, G).

We will not give complete proofs in full generality. This would require
more knowledge about the structure of Lie groups than what we have assumed
in this series of lectures. Nevertheless we will give the complete proof for
G = SL(n,R) and give some hints about how to complete the proofs in the
setting of a general semi-simple group.

5.2.1 The Zariski closure of a group
Here are some properties that we are going to use freely

Proposition 5.2.3 1. An affine algebraic variety > C R™ has finitely many
connected components when equipped with the topology induced from the
metric topology on R™.

2. The Zariski closure of a group is a group.
3. An algebraic group is a submanifold in SL(n,R) and hence a Lie group.

4. If G is algebraic, if H is a subgroup of G, then the normaliser of H is
an algebraic subgroup of G.

Almost Zariski-dense subgroups admit the following nice characterisation.
In this proposition Grg(g) denotes the Grassmannian of k-planes in g.

Proposition 5.2.4 Let G be an algebraic group in SL(n,R). We assume that
g does not contain any non trivial ideal. Let A be an infinite group in G
generated by {ay,...,a,}. Then the following are equivalent:

(1) A is almost Zariski-dense in G.

(i1) For any 0 < k < dim g we have
ﬂ Fle((lZ> = @,
i=1

where for g € G we denote

Fixg(g) :={W € Gri(g) | g W = W}.

We obtain as an immediate corollary
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Corollary 5.2.5 Let G be an algebraic group in SL(n,R). We assume that g
does not contain any non trivial ideal. Let A be an infinite group in G generated
by a finite subset S. Then the set of homomorphisms of A in Gy which are
almost Zariski dense, seen as a subset of G°, is an open Zariski subset.

PROOF: Let Gy be the identity component of G.

Assume that A is not Zariski-dense in G and let H = A and h be its Lie
algebra.

We first claim that 0 < dimbh < dimg. Indeed, if dimbh = dimg, then
H contains Gy and thus A is almost Zariski-dense. On the other hand, if
dimh = 0, then H is discrete. By Proposition 5.2.3, H is finite. Since H
contains A, we obtain again a contradiction.

Let k :=dimbh. As H contains A, the adjoint action of A fixes . Thus

b e [ Fixi(a:),
=1

which violates (ii).
Conversely assume that A is almost Zariski-dense and that (ii) is violated.
Then there exist k£, with 0 < k£ < dim g, and

W e ﬂ Fixy(a;)
i=1

Let X be the stabiliser of W in G
Y:={geG|Ad(gW = W}

We observe that X is an algebraic group: indeed, we consider g, hence W, as a
subspace of M (n,R) and nota that ¥ is the intersection of G and the stabiliser
of W in SL(n,R). Since ¥ contains A, ¥ also contains Go. Thus, G stabilises
W Hence, by taking derivatives, for all X € g,

ad(X)W C W,

which means that W is an ideal. As 0 < k£ < dim g this ideal is non-trivial
which contradicts the simplicity of g. Q.E.D.

We have also the following criterion for products of almost Zariski-dense
representations to be almost Zariski-dense:
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Proposition 5.2.6 Let G be an algebraic group with finite centre such that
every normal subgroup is either finite or with finite index. Let Gy be the con-
nected component of the identity. Let A be a group and let p1 : A — Gy and
p2 i A — Gy be two representations with almost Zariski-dense image. Then

e cither there exists an automorphism h of Gy such that p; and h o py are
equal,

e orp1 X po: A — G x G has also almost Zariski-dense image.

PrOOF: Let H be the Zariski closure of (p; x p2)(A). Let m and m be the
projections from G x G to the first factor and second factor.

We first prove that m;(Hy) = Go. First observe that the connected group
mi(Hy) = Gy contains p;(A) and is thus non trivial. As a consequence, [; :=
Tm;(ho), where by is the Lie algebra of Hy, is non trivial. Since [; is normalised
by the adjoint action of p;(A) and the latter is almost Zariski dense, it follows
that [; is the full Lie algebra of GGg. Hence m; is open, thus surjective.

We now prove that 7; is a covering. Let’s consider V' = Hy N Gy x {e}.

Our first claim is that V is either finite or V' = G\. Observe that V is
normalised by H, hence by (p; X p2)(A), hence by p;(A) since the second
factor acts trivially on V. It follows by Zariski density of p;(A) that V is a
normal subgroup of G. Our claim follows by our hypothesis on G.

If V = Gy, since my is surjective, it follows that Gy x Gqg C H hence that
p1 X p2(A) is almost Zariski dense.

Assume now that V' is finite. This implies that m; and 79 are finite coverings.
They give rise to isomorphisms of Hy/Z(H,) with Go/Z(Gy). Therefore there
exists an automorphism g of G/Z(G) such that

Hy/Z(Ho) = {(z,9(z)) € Go/Z(Go) x Go/Z(Go)}

We can lift g to an automorphism h of Gy. It follows the graph of h and H,
are two connected subgroups of finite index of 7~'(Hy/Z(H,)) where 7 is the
projection from G x G to G/Z(G) x G/Z(G). Hence these two groups are
equal. This finishes the proof. Q.E.D.

We will only use the following special case of this :

Corollary 5.2.7 Let G be as in the previous proposition. Let p; : A — Gy
and ps : A — Gy be two representations with almost Zariski-dense image. If
Tr p1(y) = Trpa(y) for all v € A then py and py are conjugate by an automor-
phism in G.
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PRroOF: If the representations have the same traces then they are contained
in a proper subvariety of G x G and thus not Zariski dense. Q.E.D.

5.2.2 More on the holonomy map

Let us denote by GI®! the set of discrete G-connections, i.e. maps a € GF
with a(€) = a(e)™! and let u : GI¥I — G be the holonomy map. Note that a
discrete G-connection « is a flat if and only if u(a) = 1 is the constant map.
We claim that for o € DE(S, G) the tangent map

Top : T.G"l — 1,GF

is onto. Then (ii) will follow from some version of the implicit function theorem.
Note that for any g € G we can identify T,G with g; if we view the elements
of G and g as matrices then this identification is given simply by ¢ +— gg~ .
Under this identification of T,G with g the map Ti, ;1 becomes identified with
a map

g — g".
Now one can identify the map g by checking the following proposition:

Proposition 5.2.8 For o € D} (S, G) the diagram

TaGﬂE\ E) TlGF

.

E F
g ——g
T

commutes. Thus [ = dp.

As a consequence, we have

Proposition 5.2.9 The regular part DL.(S, G) is the set of reqular points of p
in Dr(S, Q). The reqular part is an open Zariski set which is a submanifold.

PROOF: The regular part is easily shown to be a Zariski open set. Therefore
the full proposition is a consequence of the first statement. By Proposition
5.2.8, we have to understand when df. is surjective. By the definition of twisted
cohomology d} is surjective exactly when HZ(g) = {0}. On the other hand
by Poincaré duality HZ(g) = {0} is dual to H2(g) = {0}. Finally H2(g) =
{0} is the Lie algebra of the centraliser of the holonomy. Hence the result
follows.Q.E.D.
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Regular elements

We need a refinement of the discussion in the last paragraph for I' = I';. We
also need some properties of centralisers of elements. Let us begin with some
definition

Definition 5.2.10 [SINGULAR AND REGULAR ELEMENTS] Let G be an alge-
braic group. We say an element g of G is singular if there exists a subgroup
K such that dim Z(K) > 0 and such that g € [K, K|, and regular otherwise.

The reader is invited to check that for SU(2) the set of singular elements
is the centre. A real split element in SL(n,R) is singular, if a subproduct of
eigenvalues is equal to 1.

We now prove

Proposition 5.2.11 Let p be the map from G?9 to G given by

=g

(al,bl, Ce ,ag,bg) — H[G,Z,bl]

i=1

Then every reqular element in G is a reqular value of .

PROOF: As a first computation, let v be the map from G* to G,
(C1y..yCk) = €1 ... C.

Identifying T,G with g by the map u — ¢~ '.u, we obtain that Tv from g* to

g is given by
i=k

(ug,...ug) — Z(ad(ciﬂ o) M.

i=1

A similar computation for p yields that

Tﬂ(ul, U1y .e s Ug, Uyg)
— Z ad( H[ai, bi])fl(ad(biaibi_l).ui + ad(b;a;).v; — ad(b;a;).u; — ad(b;).v;)
— z_: ad ( H[ai, bi])_l(ad(biaibi_l)(l —ad(b;))u; + ad(b;)(ad(a;) — 1).v;)

=1
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where

Ai = (H[ai, bi])_lbi.(li.bi—l, BZ (H[ai, bz])_lbz

J>i J>i

Observe now that the image of the endomorphism of g given by v — (1 —
ad(c))u is the orthogonal — with respect to the ad invariant metric — of the
lie algebra of Z(c). It follows that the orthogonal of the image of T'u is the Lie
algebra of

=g i=g
H = n Z(AI(IZAZ_I) n Z(szsz_l) = Z<(11, bl, e ,(lg, bg>
i=1 =1

It follows that (aq,b1,...,a,,by) is a regular element for p if and only if the
centraliser of the group generated by these elements is finite.

Therefore, let m = (a1, ...a,) and A(m) = (a4, ...a,), then m is a singular
point for g if dim(Z(A(m))) > 0. Observe moreover that p(m) belongs to
[A(m), A(m)]. By definition, pu(m) is a a singular point in G. Q.E.D.

5.2.3 The Zariski dense part is Zariski open and non-
empty

It follows from Corollary 5.2.5 that D¢(S, G) is Zariski open. We will now
prove that it is non empty. We will give a complete proof only for G = SL(n, R)

Lemma 5.2.12 Let G be a semi-simple algebraic group, then there exist two
elements in G that generates a Zariski dense group.

We will only prove this lemma for G = SL(n,R) and admits the result for
general semi-simple groups. We say that a matrix a € SL(n,R) is R-split if it
is diagonalisable with distinct real eigenvalues.

PROOF: Let a be any real split matrix. Suppose that in the notation of
Proposition 5.2.4 we have W € Fizy(a). Then W is generated by eigenvectors
of a (for the adjoint action): more precisely, if {e;} is the basis of eigenvectors
of a in R, and {e'} the dual basis, then W is generated by elements of the
form e/ ® e; Thus by choosing the eigenvectors carefully it is possible to find
another split matrix b such that Fizy(a) N Fizg(b) = 0 for all 0 < k < dim g.
Then the lemma follows from Proposition 5.2.4. Q.E.D.

Now we can prove
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Figure 5.1: A flat discrete connection on a surface of genus 2

genus = 2 7\
Id /

Figure 5.2: Very regular connections for higher genus

94
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Proposition 5.2.13 let G be an algebraic semi-simple group. Let S be a
surface of genus greater than 1. Then DY (S, G) is non empty.

ProoF: Choose a and b as in Lemma 5.2.12. For a pair of pants surface
(i.e. a sphere with three holes) one can explicitly write down a flat discrete
connection such that the image of the holonomy representation contains a and
b and is therefore Zariski-dense. For example one can take the flat discrete
connection depicted in Figure 5.1.Gluing two pairs of pants with this discrete
connection as in Figure 5.2 yields a discrete connection on a surface of genus
2, whose holonomy representation still contains a and b and thus is still very
regular. If S is a surface of genus > 2 then we can decompose it along a
disc into a surface of genus g — 1 with one hole and a torus with one hole.
Gluing connections as in Figure 5.2 we obtain a very regular connection on S
by induction on g. Q.E.D.

5.2.4 The action of GV on M*¥(S,@) is proper

We prove the second part of Theorem 5.1.6
Proposition 5.2.14 The group GV acts freely and properly on D¥(S, G).

The stabiliser of one element is identified with the centraliser of the holon-
omy. Hence the action is free on DY (S, G) which contains DiY(S,G). The
most difficult part is to verify that the G-action is proper. We cannot prove
this in general here, so let us consider two special cases. The trivial case is
the case, where GG is compact. In this case, any action of G is proper and
there is nothing to show. In the non-compact case one needs again some more
results on algebraic groups. An elementary proof with linear algebra methods
is possible if we make two simplifications. Firstly, let us assume I' = I';. Then
we have

MY (S, G) = Hom" (m1(5), G)

and GV = G. Thus the properness of the GV-action is equivalent to the fol-
lowing statement:

(%) Let {pp}nen C Hom" (A,,G) be a convergent sequence. Then any se-
quence {gntnen € G for which g,png,* also converges, is bounded.

Now let us prove the statement () and we shall only do it for G = SL(p, C).
For this we can as well assume that p, — py and that {g,}.en € G satisfies
InPnGn ' — p1. We need two lemmas
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Lemma 5.2.15 There exist a,b € m,(S) such that po(a), po(b), p1(a), p1(b) are
all C-split and the azis’ of po(a) (respectively py(a)) are different from the axis’

of po(b) (respectively p1(b)).

Proor: We distinguish two cases depending on whether py and p; are conju-
gate or not. In the former case it suffices to choose a and b in such a way that
po(a) and py(b) are C-split with distinct axis. Now the set of C-split elements
of G is Zariski-open and non-empty and thus contains an element pg(a) form
the Zariski-dense subset po(A,). Moreover, the set of C-split elements of G
with axis’ different from those of a is still Zariski open and this allows us to
chose b. This settles the case where py and p; are conjugate. In the other
case it follows from Proposition 5.2.6 that (pg x p1)(m1(S)) is Zariski dense in
G x G. Then the argument is reduced to the first case. Q.E.D.

Let us choose a and b as in the lemma. As p,(a) — po(a) and the set
of C-split elements in G is open, we may assume that p,(a) is C-split for all
n € N. Let «,, € (P(CP))?/SP denote the set of axis’ of p,(a). Then a,, — ay,
where aq is the set of axis’ of pp(a). Similarly, g,«, — @;, where &; is the
set of axis’ of py(a). The compact group SU(p) C SL(p, C) acts transitively on
the projective space and thus we can write

gn = tnuny

where u,, € SU(p) and t,, is diagonal with respect to a basis of eigenvectors of
a;. As SU(p) is bounded we can reduce our discussion to the case where g,
are diagonal matrices with respect to a basis of eigenvectors of ;.

For that we need the following lemma:

Lemma 5.2.16 Let {g,}nen be an unbounded sequence of diagonal matrices
in SL(p,C). Let {x,}nen be a sequence of elements of P(CP) which converges
to an axis, which is not a coordinate axis. Then {g,x,}nen converges to a
coordinate axis.

PRrROOF: We give the proof only for p = 2. We then have g, = diag(A\,, \;!)
and we may assume that A\, — oo. If z,, = [a, : b,] converges to [a : b] with

a,b# 0. Then
GnTn = [Anan )\glbn] — [1:0].

Q.E.D.

Now we can finish the proof: Let 3,, 3, and Bl_ denote the set of axis’ of
pn(0), po(b) and py(b) respectively. Then g,03, — (1 and 5, — [y. Write all
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elements of G as matrices with respect to a basis of eigenvectors of @;. Then
the matrices g, € SL(p, C) are diagonal. Also as 3y # a1, 3, converges to an
axis’, which is not a coordinate axis. Thus, by the lemma, if g,, was unbounded
then g,3, — @1, which would imply &; = 3,. But this contradicts the choice
of a and b. Therefore {g, }nen must be bounded. This finishes our indication
of the proof of (iii).

Hint of the proof in the general case. We just sketch here how the general
proof works. First we need the following fact about actions of algebraic groups:
to show that an algebraic action of an algebraic group on an algebraic variety
is proper, it suffices to show that the orbits are closed. Indeed, by Rosenlicht
theorem [? ] the action is stratified in the following sense: there is a sequence
of Zariski closed sets

V,.CcV,.iCV,sC...CViTC V=V,

such that the action on V; \ V;;1 is proper.
In our case, the fact that the orbit are closed follows from Corollary 5.2.7:
by this corollary, the G-orbit of a representation p, is

V,=A{p | Vy € m(S) Tr(p(v)) =Tr(p(v))}

5.2.5 The moduli space M*!(S,G) and its tangent space
We prove the third part of Theorem 5.1.6

Proposition 5.2.17 The quotient
M*(S,G) =Du(S,G)/GY

is a manifold of dimension —x(S) dim G whose tangent space at the class of a
representation [p] is canonically identified with le (g).

PrRoOOF: We have already proved that Dy (S, G) is a submanifold on which
the group GV acts freely and properly. Hence the quotient is a submanifold
and it remains to understand its tangent space.

Let us denote by G'Zl the set of discrete G-connections, i.e. maps o € GF
with a(é) = a(e)™! and let u : GIEl — G¥ be the holonomy map.

Similarly, the action of G gives rise to an orbit map g" — T,G'¥! and the

complex
gV — TaGlEI — H(Q)GF
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can be identified using Proposition 5.2.8 with the complex

v i pd p
g —9g —9g.

Thus the tangent space at [a] becomes identified with the quotient of ker dr.
by the image of d2, which is precisely H.(g).
It remains to compute the dimension of M*¢(S, G). We know that

dim M*/(S, G) = dim H ) (g).
On the other hand, by using Proposition 4.1.11,
dim(Hy(g)) — dim(H7(g)) + dim(H(g)) = —x(S) dim(g).

Since for elements in D" (S, G), the cohomology groups Hp(g) HZ(g) vanish,
the formula for the dimension of M*4(S, @) follows. Q.E.D.

5.2.6 The complementary of Di(S,G)
We prove the final part of Theorem 5.1.6

Proposition 5.2.18 The complement of D(S,G) in DS, G) is a finite
union of GV -orbits union of algebraic manifolds of the form Dr(S, H), where

H wvaries over the algebraic subgroups of G. It has Hausdorff dimension strictly
less than the dimension of DE(S, G).

PrOOF: We only sketch the proof here. By construction, for every homomor-
phism p not in D, there exists an algebraic group H which contains p(I').
Hence, the first part of the statement follows from the following fact [? | :
there exists finitely many conjugacy classes of maximal algebraic subgroup of
a semi-simple group. Q.E.D.

5.3 Connected components of the moduli space

5.3.1 Connected components I: the compact case

For general Lie groups G, the moduli space M(S,G) need not be connected.
However, in some favourable cases this is indeed the case. For example one
has:

Theorem 5.3.1 If G is a compact, connected, simply-connected Lie group
with finite centre, then M(S,G) is connected.
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We will only proof the theorem when G = SU(2). The general case requires
a different proof than what we explain now :

To prove Theorem 5.3.1 we fix a genus ¢ and consider once again the map
p o G* — G given by (a,b;) — [][ai,b;]. Then M(S,G) = p~(1)/G and
thus M(S, G) will be connected if ~!(1) is connected.

Observe now that — in the case G = SU(2) — the set of singular elements is
the centre of G.

It turns out that it is useful to study pu=*(g) for g # 1 first. Let T be the
maximal abelian subgroup of G — that is the group of diagonal matrices. Let
C' be the set of elements g such that dim Z(g) = dim T

Lemma 5.3.2 The set C' is dense, connected and is simply connected.

PROOF: We can write
C={g9eG|iTr(g) € —-22[}.

Let ¢ : g — iTr(g). Note that that ¢ is a fibration from C' to its image
and. Moreover the fibres of ¢ restricted to C' are simply connected: they are
homeomorphic to CP'. The lemma follows Q.E.D.

We also need the following lemma

Lemma 5.3.3 The set u=*(C) C G* is connected.

PROOF: Let us first consider the set Ry of elements which are critical points
of . A an element p is a critical point of pu, if its centraliser is not finite. It
follows that Ry is included in the finite union of G-orbits of sets of the form
H? where H is a subgroup of G of positive codimension. It follows that R,
is included in a finite union of submanifolds of codimension greater than 2.
Hence W = G* \ Ry is open and connected. By definition p restricted to W
is a submersion. Now p~1(C) = W \ p~'{Id, —1Id}. Let

J=pHId, -1d} N W

has codimension equal to the dimension of SU(2) that is 3. It follows that
pu~(C) is connected. Q.E.D.

For a regular element the connectedness of the fibre is easy to prove:

Lemma 5.3.4 If G = SU(2) and g € C, then p~'(g) is connected.
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PRrROOF: Let E := pu (G \ C). Then the restriction u : E — G\ C is a
fibration. By Lemma 5.3.2 the base G \ C is simply connected and clearly E
is connected. Now the long exact homotopy sequence of ;1 ends with

.= m(G\C) = mo(u(g)) = mo(E) — mo(G\ C) — 0.
—— ——
={o0} ={0}
Thus mo((g)) = {0} as claimed. Q.E.D.

Of course 1 is a very singular element. However, using the fact that the
regular elements are dense we can deduce Theorem 5.3.1 from the following
approximation result:

Lemma 5.3.5 Let K, P be topological spaces, K compact and let y : K — P
be a continuous map. Suppose that {x,}nen is a sequence in K such that
p(x,) is connected for alln € N. If z,, — xo then p~*(zg) is also connected.

Exercise 5.3.6 Prove Lemma 5.3.5.

Now we may choose K := G*, P = G, u as before and z,, a sequence of
regular elements converging to the identity in order to deduce Theorem 5.3.1.

5.3.2 Connected Components II : an invariant

Notice that the simple connectedness of G entered crucially in the proof (via
the long exact sequence of the fibration over the regular elements). Thus if we
drop this assumption then it is not surprising that Theorem 5.3.1 fails. More
precisely, let G’ be a connected semisimple compact Lie group, not necessarily
simply connected. Denote by 7 : G — G its universal covering. We may
identify 71 (G) with the fibre over 1. Then m;(G) becomes a normal discrete
subgroup of G with G/m(G) = G and 7 gets identified with the canonical
quotient map.

Exercise 5.3.7 Show that a discrete normal subgroup I of a connected topo-

logical group H is central and deduce that m(G) C Z(G). (Hint: For v € T’
consider the conjugation map ¢, : H — I" given by h +— hyh™!.)

Construction of the invariant

We construct a map

X : M(S,G) — m(G)

constant on connected components. The construction runs as follows and
depends on some choices as follows
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1. We fix a filling ribbon graph I' in S.

2. We choose a discrete connection on I', that is a collection V = {g.}eer
so that g(ée— = (g(e))™!, where E denotes the edges of T', representing
the element [V] of M(S,G).

3. For every e € E choose a lift g, € G of g. in such a way that ge = g. "

Then V = {g.}cer defines a non-flat discrete G-connection on I'.

4. We choose a base point for every vertex in the face, so that we can define
the holonomy of a face.

If F' stands for the set of faces of I', we finally define

X([V]) := [ Hole (/).

feFr

One has to check that this is well-defined and independent of the choices made.
We first prove

Proposition 5.3.8 For every face f, the holonomy Holg(f) takes value in
m(G). Moreover

1. Holg(f) is independent of the choice of the base point of the face f,
2. [1;er Holg(f) is independent of the choice of the lift g,

3. erF Holg(f) is invariant under gauge transformations.

PROOF: First let us check that it takes values in 7 (G): As V is flat, the
holonomy Holg(f) is trivial and thus m(Holg(f)) = 1. Now let us check that
it does not depend on the choice of lift: indeed, if we take another lift g." with
g.' = Goy for some v € 7 (G), then we also have to take g’ = v~ 'g.”'. But
by Exercise 5.3.7 the group 7 (G) is abelian and thus v and v~! cancel in the
product over all faces. (Recall that every edge is contained in precisely one
face.) Similarly, Holy(f) does not depend on the base point and is gauge-
invariant. We leave this to the reader.Q.E.D.

One finally checks that [];.Holg(f) is invariant under subdivision and
thus that it is independent of the choice of I". From this it follows that x[V]
is well defined.

Now let us discuss the fibres of the map x. If we construct y using the
standard ribbon graph I, then it is easy to see that x~'(«) is precisely the
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subset of the representation variety of the fundamental group of the punctured
surface mp (S \ {*}) with values in G given by the condition that the holonomy
around the puncture is given by «. Using the fact that G is simply-connected,
a similar argument as in the proof of Theorem 5.3.1 will show that x~!(«a) is
connected for all a. This proves:

Theorem 5.3.9 If G is a connected semisimple compact Lie group, then the
connected components of M(S,G) are in one-to-one correspondence with the
elements of m(G).

Indeed, the correspondence is precisely given by the map x above.

5.3.3 Connected components III: Milnor-Wood inequal-
ity

For non-compact Lie groups the statement of Theorem 5.3.9 fails. This can al-
ready be seen in the simples example G = SL(2,R). Indeed, m(SL(2,R)) = Z
is infinite, and thus Theorem 5.3.9 would predict an infinite number of con-
nected components for M(S,G). However, this contradicts the fact that an
algebraic variety — such as Hom®?(m;(S), G) — has only finitely many connected
components. Therefore the problem to determine the number of connected
components of M(S,G) cannot be solved by counting elements of the funda-
mental group unless G is compact.

It also turns out that in some cases — and we shall only see the case G =
SL(2,R) — the Euler class of the representation, which is a priori bounded by
the argument above, can be explicitely bounded

Theorem 5.3.10 [MILNOR-WOOD INEQUALITY] Let G = SL(2,R). Then
for any [V] € M(S,G),

IX([V])] < —x(Sy) =29 — 2.

The universal cover of SL(2,R)

We first observe that SL(2,R) admits a retraction by deformation on the sub-
group of rotation SO(2,R). Thus 7 (SL(2,R)) is isomorphic to Z.

Then, the universal cover of SL(2, R) can be constructed as follows. Observe
that SL(2,R) acts on the circle T' through the identification

T = (B?\ {0})/R>".
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Let now 7 : R — T! be the universal covering of the circle given by t —
exp(2it). Let G be the subgroup of diffeomorphisms ¢ of R lifting the action
of G = SL(2,R):

G := {g € Diff(R) | 3h € SL(2,R), mog=hon}.

By construction, we have a group homomorphism 7* from GtoG= SL(2,R)
and we have

Proposition 5.3.11 The group G is the universal cover of G = SL(2,R) and

*

7" 18 the covering map

PROOF: We observe that the preimage of SO(2, R) is the group of translations.
It follows from this observation that GG is connected and simply connected since
it retracts on the group of translations.Q.E.D.

Proposition 5.3.12 Let G = SL(2,R). There exists a — non continuous —
section 0 : G — G of the universal covering of G such that for all x € R and
ge@q,

lo(g).x — ] <

N | —

PROOF: Let us first consider an element g € G for which —1 is not contained in
the spectrum spec(g) of ¢g. In this case we find for every z € R a unique g, such
that |g,.x —x| < 5. Observe now that the function y — |g,.y —y| is continuous.
Thus for y in a small neighbourhood of z we still have |g,.y — y| < 3. But
then the uniqueness of g, implies that g, = g,. Therefore the map = — g,
is locally constant and hence constant as R is connected. We may therefore
define o(g) := g, unambiguously.

Finally suppose g € G is arbitrary. Let {g, }nen be a sequence of elements in
G converging to g so that for all n we have —1 & spec(gg). We now now observe
that we can find a convergent subsequence which converges to an element h.

We define h = o(g). Q.E.D.

A first inequality

In order to bound the number of connected components of the moduli space
we consider, as in the compact case, the map x : M(S,G) — m(G) = Z.
Then we have:
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Lemma 5.3.13 [FAKE MILNOR-WOOD INEQUALITY] Let G = SL(2,R). Then
for any [V] € M(S,G),
—2g < x([V]) < 29.

PrOOF: We compute x via the standard ribbon graph I';. Suppose [V] is
represented by labellings ai,b1,...,a4,b;, € G at the 2¢g edges. Let o be the
section of the universal covering G — G constructed in Proposition 5.3.12 and
put a; := o(a;), b; := o(b;). Then

g

XV =TT lla bl

i=1
In general we have for g, h € G the estimate
lo(9)a(h).x — x| < lo(g)(o(h)x) — o(h)z] + [o(h)x — z|.
Thus we obtain inductively,
_ _ _ ~ 1
(V] — 2] < [a@(biar’ - bya) — (baa - bya)| -+ 1By = al.

Now by Proposition 5.3.12, each of the 4g summands is bounded by % and
thus

1
(Ve — ol <dg- 5 =2,

from which the lemma follows. Q.E.D.

Proof of the Milnor-Wood inequality

Actually, we can improve the bound on |x([V])| by "stabilising it” and get the
Milnor-Wood inequality.

PRroOOF: For any surface S we have |x(V)| < x(S) + 2. Now consider an n-
sheeted covering S,, — S. View the elements of M(S, G) as equivalence classes
of representations. Any representation p : m(S) — G lifts to a representation
pn = m1(Sn) — G. Now x([pn]) = nx([p]) since a preimage of a ribbon graph as
n times as many faces as the original riboon graph and x(S,) = nx(S). Thus
1 1 2

X(PDl = —x((pn]) < —(=x(Sk) +2) = =x(5) + .

n

As n was arbitrary, the theorem follows. Q.E.D.
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5.3.4 Connected components IV: Goldman’s work for

SL(2, R)

For SL(2,R) the situation of connected components is pretty well understood
thanks to W. Goldman’s work. More precisely, fact that the Milnor-Wood
inequality is sharp follows from the following theorem of Goldman:

Theorem 5.3.14 [GOLDMAN] Let G = SL(2,R). Then for all p with |p| <
—x(8) the fibre x~(p) is connected and non-empty. Thus M(S,G) has pre-
cisely 4g — 3 connected components.

The mazimal component x~*(2g — 2) consists of discrete faithful represen-
tations. It can be identified with Teichmiiller space, the space of oriented
hyperbolisations of the surface S. (A discrete faithful representation yields a
covering action of m1(S,) on the upper half plane SL(2,R)/SO(2,R) and thus
a hyperbolisation.) The minimal component x~*(—2g + 2) corresponds to the
Teichmiiller space of S with opposite orientation. On these two components
the action of the mapping class group, i.e. the group of outer automorphisms
Mod, := Out(m(Sy)), is proper. On the other hand one has the following
conjecture of Goldman:

Conjecture 5.3.15 [GOLDMAN] For every p & {£x(Sy)} the action of Mod,
on x Y(p) is ergodic.

Thus there is a stark contrast between the spaces of maximal/minimal rep-
resentations and the other components of the moduli space.

Finally, let us state there exists fibres of the map x which are not connected.
The most striking case is the group Sp(2g). Observe however that x takes only
finitely many values when G is an algebraic group. Indeed it is constant on
connected components of Hom(m;(S), G) which are in finite numbers since it
is an affine variety.



Chapter 6

Symplectic structure of the
moduli spaces

6.1 Universal connections and smooth struc-
tures

In this preliminary section, we relate the smooth part of the moduli space with
smooth family of connections.

6.1.1 Lifting lemmas
Lifting small neighbourhoods

For a bundle E over S denote by Ag the affine space of connections and by
Ap = Q'(S) ® End(E) the underlying vector space.

Lemma 6.1.1 [LIFTING LEMMA]| Let [po] be an element of M*(S,G). Then
there exists a neighbourhood U of [po] in M*4(S,G), a bundle E over S and a
smooth map f : U — Ag whose image consists of flat connections so that the
holonomy representation of f([p]) is given by [p].

PRrROOF: Fix a good covering of S. If X*? denotes the space of G-local systems
with respect to this covering, which represent Zariski dense representations,
then the projection X*¢ — M*¢(S,G) is a locally trivial principal bundle. In
particular, it admits local sections. Thus we find a neighbourhood U of [py]
and a section o : U — X%,

We furthermore assume that U is diffeomorphic to a disc..

106
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For every point in U we have a locally-constant GG-valued cocycle on S. In
other words, we have a G-valued cocycle on S x U constant along S. Observe
that a a cocycle give rises to a concrete bundle E on S x U together with a flat
G-connection along S. (Note that a local system really gives rise to a concrete
bundle with connection, not just an equivalence class, and that it does so in a
smooth way).

Now it suffices to show that this bundle is ”constant” along U, or more pre-
cisely that it is equivalent to the pullback of a bundle over S via the projection
m: S x U — §. This follows from the contractibility of U.

Let us explain this fact in some more details: Let Ey := E|gx [y}, Which is
a bundle over S x {[po]} 2 5. Let E := 7 Ey, where mo : S x U — S x {[po]} is
the canonical projection. Our goal is to construct a isomorphism F' : F — E
which induces the identity on the base space S x U. For this, we take any
connection on F - without any relation whatsoever to any of the connections
occurring before.

As U is a disc with centre [py] we can join every point u € U to [py] by a
path ¢, : [0,1] — U so that the map U x [0,1] — U given by (u,t) — c,(t) is
smooth. The bundle isomorphism [ is defined by assigning to v € Ey ) its
image by the holonomy along c,:

F(v) := Holggyxe, (V).
Q.E.D.

As a byproduct we obtain the following result:

Corollary 6.1.2 If[Vy)], [V1] are in the same connected component of M*4(S, G),
then they can be represented by connections on the same bundle E.

6.1.2 Universal connections

We now elaborate on the Lifting lemma and introduce the following device.

Definition 6.1.3 A universal connection s a connection V on a bundle £ over
S x M*(S,G) such that for every representation p belonging to M*4(S,Q),
Vlenxs is a flat connection with holonomy conjugate to p.

The following result is a generalisation of the Lifting lemma.

Theorem 6.1.4 [UNIVERSAL CONNECTION| For every surface S and group
G there ewists a universal connection V* over a bundle over M*(S, Q).
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PROOF: we use the notation and ideas of the proof of the Lifting lemma.

The initial remark of this proof is that a smooth map from an open set U to
Apg is the same object as a smooth connection on £ — S x U which is trivial
along {s} x U.

Therefore, assume that we have two open sets U and V in M*4(S,G). Let
f and ¢ be two lifts from respectively U and V to Ag. Let Vy and Vy
be the associated connections on S x U and S x V respectively. Then by
hypothesis, for any m in U NV, the connections VU]{m}X s and VU|{m}X g are
gauge equivalent. Since the holonomies have Zariski dense image, the gauge
equivalence is unique. In other words, there exists a unique o,, = c%" in the
Gauge group of £ — S so that

Vulimixs = 0p Vv|{mxs- (6.1)

From the uniqueness it follows that m — o, is continuous. Moreover, the
construction given in the proof of the lifting Lemma yields that m — o is
smooth.

Let now {U;}icr be a covering of M*¢(S,G) by open sets such as in the
Lifting lemma. From the uniqueness again, the collection of maps {o%V" defines
a G-valued cocycle on E and a vector bundle £ over S x M*¢(S, G).

Moreover each connection V; := Vy, gives rise to a connection on £|y, and
by construction on U; N U; we have by Equation 6.1

Viltmyxs = Vjlimyxs- (6.2)

We now produce a universal connection by setting
V= Z i Vi,
i

where ¢; is a partition of unity subordinated to the covering.

Q.E.D.

The final statement of this section is an elaboration on these ideas and
follows from the proof

Proposition 6.1.5 Let V* be a universal connection. Let M be a manifold,
E be a vector bundle over M over M x S, V be a connection on E such
that for any point m in M, V|pyxs s a flat connection whose holonomy

representation [pl, has almost Zariski dense image. Let ® be the map from
M x S to M*(S,G) x S given by (m,s) — ([p|m,s). Then

1. The map ® is smooth.
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2. There exist an element o of the Gauge group of E, so that for any m in
M,
D V| (mixs = 0"V myxs-

6.2 The symplectic form

The aim of this subsection is to equip the Zariski dense part M*¥(S,G) of
the moduli space with a symplectic structure in the sense of the following
definition:

Definition 6.2.1 A symplectic structure on a manifold M of dimension 2n
is a 2-form w € Q*(M) which satisfies

(1) dw =0, i.e. w is closed;
(i1) w is fibrewise non-degenerate, i.e. w™™ is nowhere vanishing.

The pair (M,w) is then called a symplectic manifold.

Recall from Theorem 5.1.6 that the tangent space T}, M*(S,G) can be
identified with H)(g). On H)(g) the intersection form i, defines a non-
degenerate alternating bilinear form. These forms fit together nicely:

Theorem 6.2.2 Let S be a surface of genus g > 2. Then the intersection
forms i, on T[p]MZd(S, G) = H;(g) fit together to a symplectic form w on
M*(S,G).

Definition 6.2.3 The above symplectic form is called the Atiyah-Bott-Goldman
symplectic form on the representation variety.

Now we prove our theorem:

PRrROOF: |[of Theorem 6.2.2] As we have already seen in Theorem 4.1.7 that the
intersection forms are non-degenerate, we have only to show that w is closed
and smooth.

It suffices to show that for any [py] € M*(S, @) there exists a neighbour-
hood U of [pg] such that w|y is the pull-back of a smooth exact form. By
Lemma 6.1.1 we may assume that there exists a bundle £ and a smooth map
f U — Ag such that the holonomy representation of f([p]) is given by [p].
On the underlying vector space Ap we have a pairing €) given by

Qa, B) = /STr(a A B),
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where
Tr(a A B)(z,y) = Trenas) () B(y) — Bly)a(z)).

As the tangent space of Ag at any point is identified with Ag, € induces a
smooth 2-form on Ag. If V) is any fixed connection on F and £ is the one-form
on Ag given by

fo(a) = /STr((V _ Vo) Aa),

then € = d¢. Thus 2 is a smooth exact 2-form on Ag. From the definition of
the intersection form we see that w|y = f*2 and the theorem follows. Q.E.D.

6.3 Classical mechanics and observables

In classical mechanics symplectic manifolds (M, w) model configuration spaces.
In this context, elements of C°(M) are regarded as observables. The dynamics
of the observables can be expressed in term of their Poisson brackets, which
are defined as follows: Using the symplectic form we can associate to every
f € C®(M) a vector field Hy called the Hamiltonian vector field of f and
given by

df (u) = w(u, Hy).

Then the Poisson bracket {-,-} : C>°(M) x C>®°(M) — C*(M) is defined by
{f 9} :=w(Hy, Hy) = dg(Hy).
The set of observables has the following algebraic structure:

Proposition 6.3.1 If (M,w) is a symplectic manifold the (C*(M),{-,-},-)
15 a Poisson algebra, i.e.

e (C°(M),{-,-}) is a Lie algebra,
o (C®(M),-) is a commutative associative algebra,

e the two structures are compatible in the sense that
{f.g9h} =h{f.g} +9{f  h}.

Of course, it is rather naive to call any arbitrary function on M an observable
- at least from a physical point of view. Namely, one is usually only interested
in observing some special quantities like energy, momentum etc. and not just
arbitrary functions. Thus there should be a subset of C*°(M) consisting of
interesting observables. As the dynamics of the observable is governed by the
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Poisson algebra structure, a collection of interesting observables of M should
be a Poisson subalgebra of C*°(M). In the case where M = M*(S G) is
the Zariski dense part of the moduli space there are various such subalgebras
of geometric interest. In this subsection and the next we discuss two such
subalgebras, which are related to the topology of the surface S and feature
prominently in topological quantum field theory.

6.4 Special observables I: Wilson loops and
the Goldman algebra

We first recall some elementary facts about loops and conjugacy classes in the
fundamental group. The free homotopy class of a loop is the homotopy class
of the loop as a map from the cicle to the surface S.

Choosing a base point x in S and path « from x to a point in the loop v, we
obtain a loop 7 = a.ya™! based at x and thus an element in (S, x). Different
choices of the connecting path lead to conjugate elements in (S, z). More
generally, a free homotopy class of loop defines a conjugacy class in m (S, s).
Conversely every conjugacy class in 7 (.S, z) defines a free homotopy class of
loop. We denote by [v] the conjugacy class of v in (S, x), or equivalently the
free homotopy class of the loop 7.

Note finally that if p is a representation of m;(S,s) in G, the conjugacy
class [p(7)] of p(7y) in G only depends on the conjugacy classes of v and p.
This remark allows us the following definition since traces only depends on
conjugacy classes.

Definition 6.4.1 [WILSON LOOPS]| Let [y] be a conjugacy class in m1(S). Let
A be a lineer representation of G. The following function

Wi s M(S,G) = R, [o] = Tr(A[p]([7)),
is called, following physic’s literature, the Wilson loop associated to /gamma.

Exercise 6.4.2 Let V be the flat connection associated to A and p. Let [v]
be a homotopy class of loop. Check that

wi([V]) = Tr(Holg (+)).

In order to understand the dynamics of the Wilson loops it is important
to understand the structure of the Poisson algebra that they generate in
C>®(M*4(S,@)). For this it is enough to understand the Poisson bracket of two
Wilson loops, as the general case can be reduced to this using the axioms of a
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Poisson algebra. In order to carry out this computation, we introduce another
closely related algebra, which can be defined in purely geometric terms.

Let Gs be the real vector space spanned by the free homotopy classes of
loops, where the trivial loop is identified with zero.

We begin with a proposition. First we recall that if two oriented curves
¢; and ¢y in S meet transversally at a point x, we define €,(7y1,72) to be 1 if
(€1, ¢2) is oriented and —1 otherwise. Then

Proposition 6.4.3 Let v1, 72 be two loops in S with transversal intersections.
Then, the following element of G

{1,700} = Z ex(71, 72) [ e

rEY1MNY2

only depends on the classes [, [v2]. Moreover, if we define {[11],[12]} =
{71,72}, then (G,{,}) is a Lie algebra.

This yields the following definition.
Definition 6.4.4 The Lie algebra (Gs, {-,-}) is called the Goldman algebra.

The precise relation between the Goldman algebra and the Poisson algebra
generated by the Wilson loops depends on the target group G. For example
one has:

Theorem 6.4.5 [GOLDMAN] Let S be a surface, G a linear Lie group and
let [y1], [y2] be two free homotopy classes of loops in S with associated Wilson

loops Wiy}, W, € C(M™(S,G)).
(i) If G = GL(n,R) then

Wil Whal b = Wil he))

(i1) If G = SL(n,R) then

L.
Wil Wt} = Wil ety = 8070 72)) Wi Whaal,

where i([v1,72]) = X ,e, 4, €2(71,72) denotes the intersection number of
Y1 and Y.

This result was preceded and inspired by computations of S. Wolpert in
Teichmiiller theory []. It has generated lot of research. As a recent example,
String Topology, as described by M. Chas and D. Sullivan [], is a far reaching
generalisation in higher dimension of the Goldman algebra.
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Hamiltonian vector field of Wilson loops

Our first step in the proof Theorem 6.4.5 is to compute the Hamiltonian vector
field of a Wilson loop. Thus let us fix a loop v and denote by H := Hy,  the
Hamiltonian vector field associated to the corresponding Wilson loop wi,).

We identify Tj,M*(S,G) for [p] in M*¥(S,G) with H)(g). Recall from
Definition 4.1.10 that this le (g) is the twisted cohomology of a certain bundle
with connection (Lg, V) whose typical fibre is the Lie algebra g of G.

Thus H is represented by a class of 1-forms Hy with values in the bundle
Ly. We are going to construct this 1-form explicitly.

We assume that G C GL(n,R) is reductive — as are our classical examples
SU(n), SL(n,R). On M,(R) we have a non-degenerate inner product given
by (A, B) — Tr(A, B). The reductivity assumption translate in the fact that
M, (R) splits as

M,R) =g g

From the point of view of bundle, we consider an associated G-bundle E of
rank n equipped with a flat connection, so that (L4, V) is a subbundle of the
bundle End(£). The above splitting translate in a parallel orthogonal splitting

End(E) = Ly L.

Denote by X — X the projection onto the first summand.

In order to simplify things, let us assume that ~ is does not have any self-
intersection.

We describe the step of the construction and first make the following choices.
Let U be a tubular neighbourhood of v and (3, a one for with support in U so
that for any closed 1-form « defined on U and for any transverse curve ¢ to

/Homm _ Aa, (6.3)

/C 8, = i(c,q). (6.4)

Such a form f3, is easily constructed out of the derivative of a bump function.

For any point # € U, the holonomy Hol,(z) of a loop based at = and
freely homotopic to v in U with respect to the connection V = V, is an
automorphism of the fibre £,. Observe that Hol, : U — End(FE) is a well
defined section which is furthermore parallel (c¢f Exercise 3.3.13).



CHAPTER 6. SYMPLECTIC STRUCTURE 114

By a slight abuse of langage we denote by I—E - 3, the 1-form, with values

in £y which vanishes outside U and is actuall equal to PTO\LY B3y, on U. One
easily checks that this form is closed.

We claim that the cohomology class of this form is the symplectic gradient
of the Wilson loop.

Proposition 6.4.6 Let notation be as above. Then the class ofITO\L, By in
H)(g) represents Hy

PRrROOF: We choose a family of V, a family of flat connections deforming
V = Vy. We denote by [V] the tangent vector ¢ = 0 to the curve in M*(S, G)
given by t — [V;]. We have a representative of [V] given by

. d
V =

ooV = Vo) € Q(S. L),

We want to compute

dt|t -0 HOIVt( )

We consider 7 as a Z periodic map from R to S. We choose a trivialisation of
~v*E so that v*V is the trivial connection D and write v*V; = D + A;. Let
% be the canonical vector field on R and

0
25

Then by Proposition 3.3.14 the holonomy of V, is obtained by solving the
following linear ordinary differential equation

(%) dils(Xt) = B, X,.

By(s) := Ay

More precisely, recall that the resolvent u, s — 'R of this equation is by defi-
nition such that X,(s) = 'R X, (u) is the solution of (x) with initial condition
Xi(u) at time u. Then,

Holy, (7) = 'R},

The method of the variation of constants yields

d

} d
dt't

Tr(Holvt( ) = dt}

TH(RY) = /0 Tr(* RY B(s))ds,

where o7
BZ%LZQBt(S) (88)
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We now interpret the right-hand side term and rewrite this integral as

/0 TrORB(s))ds — /0 Tr(Holvo(fy)y(s))V(%)ds (6.6)
= / Tr(Hol, -V) (6.7)
= /Tr(@-v) (6.8)

v

In the last equality, we have used that Tr(au) = Tr(au) if u belongs to g. Let
a be the 1-form defined on U by

a= Tr(H/(I7 V).

Note that « is closed. It follows by Equation (6.3), that

/an:/va

Therefore combining the previous equations, we obtain that

d
%‘tZOTr(Holvt(y) = [ya

= /oz/\@,
U
~ [ mEeLY) A,
U
_ _/Trgm.mv).
s
Using the symplectic form w on M*¢(S, G) we finally obtain
dw,(p) =~ [ TH(OL, - 5, A 9) = (el - 5, V).
s

Thus by definition .
Hy, = [HOI’Y ) 57]

Q.E.D.

Exercise 6.4.7 Deduce Theorem 6.4.5 from Proposition 6.4.6.
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6.5 Special observables II: Spin networks

A larger class of observables on M*(S, G) which includes Wilson loops 6.4.1 as
a special case can be constructed using embeddings of so-called spin networks.
The starting definition is the following:

Definition 6.5.1 [SPIN NETWORKS] A spin network S for G consists of the
following data

e an oriented graph T =TS = (V, E) called the underlying graph of S.

e for every e € E, a vector space I, = IS and a representation A, = \S :
G — Aut(l,).

e for anyv € V, a linear map

iy = i5 € Hom R L. & L],

{ecFE|eyr=v} {e€E|e_=v}

which intertwines the G-actions in the sense that for any g € G,

iy © X Alo) | = Q) Aclg) | o

{e€E | e4=v} {e€E|e_=v}

We observe that the group G¥ naturally acts on the space of spin networks
with a common underlying graph. Namely, for every edge e we conjugate the
representation by g(e), and for every vertex we perform the coherent trans-
formation on the intertwiner. This action is called the gauge action on spin
networks.

Definition 6.5.2 [EMBEDDING OF A SPIN NETWORK]| Let S be a surface
equipped with a bundle L An embedding of the spin network S into S is by
definition

o an embedding of 'S into S,

o for every vertex v in the underlying graph, an identification of Ly, with
a fixed vector space L.

We say two embeddings of to spin networks equivalent under the gauge ac-
tion are isotopic embeddings of spin networks if the corresponding embedding
of the underlying graph are isotopic. For instance, fixing the embedding of the
graph, and changing the identification of the fibres at images of vertices with
L, yield isotopic embedding od spin network. An isotopy class is called an
embedded spin network.
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6.5.1 An observable on the space of all flat connections

Now, we shall define a function on the space of flat connections onL associated
to every embedding of a spin network in S.

Let S be a spin network and let ¥ : § — S be an embedding into some
surface S. Let V be a flat connection on some bundle £ with fibre L. Using the
identification of Ly, with L, for every edge e, holonomy H(e) := Holy(¥(e))
becomes an element. Thus A\.(H(e)) € End(I.). We now define

Ay(V) = Q) Ac(H(e)) € Aut (@ 1,3> .

eceE ecF

On the other hand, we have

Iy = ®v€Vif Qev (Hom (®{66E|e+:v} I, ®{eeE|e,:U} Ie))

= Hom (®Uev ®{e€E |er=v} I, ®v€V ®{eeE |e—=v} [e)
= End (®66E ]e)

Then we can multiply

m

Ay(V) - Iy € End (@ Ie> ,

ecE

Thus, we define an observable on the space of all flat connections by

Definition 6.5.3 [SPIN NETWORK OBSERVABLE| The function fy is called
the associated spin network observable to W.

REMARK:

1. Observe that example extends the Wilson loop as a loop is nothing but
an embedding of the trivial spin network whose underlying graph has
one vertex and one edge and whose only intertwiner i, is the identity.
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An observable on M*¢(S, Q)

The following proposition says that the spin network is a well defined observ-
able on M

Proposition 6.5.4 [INVARIANCE OF THE SPIN NETWORK| The value of fy
at V is invariant under gauge action on V, and isotopies of the embedding of
the spin network. Hence, it yields a function fy on M*(S, Q)

Definition 6.5.5 [SPIN NETWORK OBSERVABLE (BIS)] By a new abuse of
language, we call again the corresponding function a spin network observable.

6.5.2 Poisson bracket of spin network observables

We define the space G of spin networks on S as the R-module generated by
the equivalence classes of spin networks - actually it should be a quotient of
that space .... By the above definition, the map ¥ — f, extend to a linear
map

ev : & — CO(M™(S,G)).

We will now define a Lie bracket on & which generalises the Poisson bracket
on the Goldman algebra. For this let §;, S; be two spin networks and let

ﬂ?lz(Sl — S
(DQ Iéh — S‘

be two embeddings. Assume that the images of the underlying oriented graphs
'y, Ty intersect transversely. As in the case of the Goldman algebra we shall
define for each intersection point z € I'y N T'y a sign €, and new spin network
S11:S2 as well as an embedding W, of this spin network. We finally define

(T, W)= ) - T,

zel'1Nly
Let us make this definition precise.

e The definition of ¢, is as in the case of the Goldman algebra: ¢, is 1 if
the orientations of I'; and I'y are such that I'y crosses I'y at x from right
to left and —1 otherwise.

e The underlying graph of (514,82, ¥,.) has as vertices the union of the
vertices of I'y and I's and all intersection points of I'; and I'y. These are
connected by edges as in I'y and I's respectively and he embedding is the
one given by ¥, and W¥s.
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e Any edge is a subedge of an edge of either I'y or I'y and it is labelled by
the corresponding G-module.

e The vertices of I'y and I'; are labelled by the same intertwiners as before.

e Finally, suppose y is an intersection point of an edge e; of I'y with an edge
ey of T'y. Let (11, A1), (I3, A2) be the corresponding G-modules. Then we
have to define an intertwiner ¢, : Iy ® Iy — I ® I;. Such intertwiners can
be constructed using the Lie algebra representations d; : g — End(;),
j = 1,2: Assume that there exists a non-degenerate invariant bilinear
form (-,-) on g. For a simple Lie algebra we can take the Killing form,
but such a form may also exist for non-simple Lie algebras, for example
gl(n,R). Let eq,..., e, be a basis of g which is orthonormal with respect
to (-,-). It is a well-known fact from the representation theory of Lie
algebras that the Casimir intertwiner

k
A= dhi(e;) ® dho(e;) € End(l @ 1)

i=1

is independent of the choice of orthonormal basis and intertwines the
tensor product action of G on I} ® I, with itself. Thus we define

A i y==x
T Id, if y+#ux

This finishes the construction of (S1f,Ss2, V,). As in the case of Wilson loops
the Poisson bracket of spin network observables is closely related to the Lie
bracket of embedded spin networks. In the case of GL(n,R) one has:

Theorem 6.5.6 Let G = GL(n,R) and let Uy, ¥y be embedded spin net-
works in a surface S. Then the associated spin network observables fy,, fv, €
C®(M*(S,Q@)) satisfy

{f‘lfn f‘Ifz} = f[\Ill,‘lfz}'

In particular one gets

Corollary 6.5.7 The associative algebra generated by ev(&) is a Poisson sub-
algebra.
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6.6 Volumes of moduli spaces

6.6.1 Witten’s formula

Recall that the very regular part carries a symplectic form.

Theorem 6.6.1 [WITTEN’S FORMULA] Let S be a surface of genus g and let
G be a simply-connected simple compact Lie group with finite centre Z(G).
Then the volume of the moduli space M(S,G) with respect to the symplectic
form is given by

wl(M(8.6)) = 12(6) Y (3 VA)QH,

Aed

where the volume of G is computed with respect to the Killing form, G is the
the set of finite dimensional representations A of G and V) is the vector space
associated to A.

REMARKS:

1. [ON NORMALISATION]| Given a symplectic manifold (M, w) of dimension
d

2d, the associated volume form is the Liouwville volume %w :

2. In this theorem, everything — the symplectic form and the volume of
the group — is computed with respect to the Killing form k. We could
have chosen another normalisation. Let just see what happens when we
choose instead of k, the metric ak. Then

dim

vola(G) = a2 vol(G),

and

volo (M(S, G)) = =D dmEyol(M(S, Q).
Hence the formula is homogeneous.

For reason that are going to be clearer in the next section, it is also quite
natural to choose —k as it is done in Wltten s’ original paper. This
normalisation is motlvated by the fact that 47r2w is integral (as we shall
see below) and is used e.g. by Witten. Therefore the original Witten
formula reads as

(vol(G))22

Z |Z(G)‘ ’ (dim V)\)Qg—Q?

\e@G

1 —x(S)dim G
27r>

vol* (M*(8, G)) = (—

which differs from our formula precisely by the factor (5 )~ X5 dm@,
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3. For G = SU(2), we have G = N and dim V,, = n. Moreover, Z(SU(2)) =
{£1}. The volume of G with respect to the Killing form is 2572, Thus
we obtain

vol(S, M(SU(2))) = 2(2(59—5)7T4g—4) Z - (20-2)
n=1

We rather choose the metric ﬁk. Hence we get,

(2099t —4) i _(29-2) _ C(29 —2)
n _

T 99—2729-2

VOlﬁ(M<S7 G)) = QW
n=1

where ((z) denotes the Riemann zeta function. In particular, the volume
with respect to this normalisation is rational.

The proof goes in two steps. The first step is to identify this measure with
a measure obtained by disintegration in Proposition 6.6.3. And the second
step is to compute by induction in Proposition 6.6.6 the volume with respect
to this measure.

6.6.2 Volume and the disintegrated measure

We first recall the definition of a disintegrated measure. In a presence of a map
between two measured spaces, there is a general way to construct a family of
measures on the fibres.

Proposition 6.6.2 Let (X,vx) and (Y,vy) be finite measure spaces and let
f: X =Y be a measurable map, such that f.vx is absolutely continuous with
respect to vy, then there exists a unique measurable family of measures {vy }yey,
where vy, is a measure on f(y), such that for all measurable g : X — R the

wdentity
[oansty = ([ o))t

The family {v,},ey is said to be obtained by disintegration of (X, vx) and
(Y, vy) with respect to f.

In the next proof we will not use the full force of this result and just prove
and use it in a geometric differential context.

We now interpretate the symplectic volume using a desintegrated measure
Let ¢ be the map from G% to G be given by

holds.

=g

p(ar, b, ... )y Qg bg) = H[ai, bi].

=1
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We equip G with the Killing form.

Theorem 6.6.3 Let v be the desintegrated measure on p~*. Then

[y
p—1(1d) vol(G) Jmesy n!

where n = 1 dim(M(S,G)) and w is the symplectic form on M(S,G).

Preliminaries

We first need to understand in a geometric differential way the desintegration
of measures. This is the purpose of the next lemma.

Lemma 6.6.4 We use the same notation as in Proposition 6.6.2. When X
and Y are smooth, f is a submersion, and vx and vy come from volume forms
Qx and Qy, the measures v, also comes from volume forms €. This family
of measures satisfy

Qx =Q, ® Qy,

where we use the identification
det(T,X) = det(ker T, f) @ det(Ts(»)Y').

As a hint of the proof, let us just say that this is a local result and thus it
suffices to consider the case where X is a product and f is a projection. The
same proof gives the following proposition

Lemma 6.6.5 Let K be a compact Lie group equipped with a biinvraiant mea-
sure realised by a volume form Q. Let M be a smooth manifold on which K
acts freely, equipped with a K-invariant volume form Qy;. Then there exists a
unique volume form Qe on M/K characterised by

Oy = Quyx @ Q,
when we use the exact sequence
0—-R—->TM—->T(M/K)— 0,

where the first arrow is the orbital map and the second arrow is the projection.
Moreover
vol(M)

vol(M/K) = 575
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Proof of Theorem 6.6.3
We saw in Paragraph 5.2.5 that on the very regular part the sequence
0—TG— TGY TG -0,
is identified by the complex
0— C%r,) — CYT,) — C*(Ty,) — 0.

From the construction of Lemmas 6.6.4 and 6.6.5 and the definition 4.3.4 of
the torsion, it follows that,

A = Tory(G)
where h is the Killing form. From Theorem 4.3.8, it follows that
\ .wdim G(g—1) |
dimG(g —1)!

since dim(Hg (L)) = (29 — 2)(dim G).

Therefore, we have
[ ozor o
po; (1d) vol(G) M(S,G) n!’

where p_; (Id) is the intersection of u~1(Id) with the set of homomorphisms of
Zariski dense image.

Finally, a closer inspection of the structure of the stratification of =1 (Id)p~*(Id)
is a reunion of smooth manifolds of dimension strictly less than that of =1 (Id)
— see Lemma 5.2.6 and have measure zero with respect to the desintegrated

/ 14 —/ V,
‘zd( ) L ( )

and the equality finishes the proof of Theorem 6.6.3

6.6.3 Characters and the disintegrated measure

We now move to the last step needed in order to prove Witten’s formula

Proposition 6.6.6 Let S be a surface of genus g and let G be a simply-
connected simple compact Lie group with ﬁmte centre Z(G). Then

(vol(G
/ Z (dim V,\

In order to prove this proposition, we need properties of characters of G.
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characters

Let G be the set of finite_dimensional representations of G. Let A : G —
GL(V,) be an element of G. Such a representation is uniquely determined by
its character x : G — C, which is defined by xx(h) := TrA(h). Note that
xXa(1) is the dimension of the module V.

The characters xx, A € G form an orthogonal basis of the subspace of L*(G)
spanned by the conjugation invariant function. The following summarises the
properties of characters as functions in L? that we shall need.

Proposition 6.6.7 Let A\, \ € G. Then

/Gx,\(ag)x,\/(glb) = \;?Al—ilG))X’\(ab)(SA’)‘/' (6.9)
. vol(G)
/G (b = 2 a)(0) (6.10)

Moreover, f € L*(G) is invariant under conjugation then

flg) = Vol /f )xx (") dh. (6.11)

Using these properties of the characters we can now deduce the main result
of this section:

Proof of Proposition 6.6.6

Let
F (9) = / dvy,
p=t(h)

where {v}req the family of measures obtained by disintegration along pu.
One checks that this is a conjugation invariant L2-function on G and thus
Proposition 6.11 yields

xa(1)

el /G F(h)xa(h~")dh.

AeG

Thus by Proposition 6.6.2

/G Fh)xa(h~Y)dh = /G / . a0 ddndra(h)

F(1) =

h)

_ / XAH% )dardb .. . daydb,.
G?9 i=1
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It remains to compute the integrals on the right hand side. Using Proposition
6.10 we obtain

/Gx,\(g[ai,bi])dal = /GX)\(alblal_ bl_ -g[ai,bi])dal
. g vol(G
S | e

Applying Proposition 6.9 yields

=y vol(G 1 g
/G2 X)\(H[ai7bi])daldb1 = ( )/GXA(bl)X/\(bl ‘H[aiabz’])dbl

=1 1=2

- (36) (M)

Thus we see by induction that

/G ) X,\(ﬁ[ai, bi])daydby . . . daydb, = <V01(G)))29 xa(1).

=1 (1

Thus using x(1) = dim V), we obtain

0 (vol(G)\* _ e (vol(@))*t
/w(l) o L vol(G) ( xa(1) ) =2, (dim V3)20-2"

AeG

which is what we wanted to prove Q.E.D.
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Three manifolds and integrality
questions

7.1 Integrality

We prove in this section

Proposition 7.1.1 [THE SYMPLECTIC FORM IS INTEGRAL| Let w be the
symplectic form on M*(S,G). For any map from f to the 2-sphere S? to

M*(S, @), we have
1

471'2 S2

More generally, the symplectic form on M*4(S,G) satisfies

ffweZ.

1
mw S HQ(MZd(S, G), Z)

REMARKS:

e We have not defined — and will not — what is H2(M?*4(S,G),Z). Accord-
ingly, we shall not prove the last statement in full details

e [t follows from this proposition and a little more work that that the sym-
plectic structure suitably normalised can be realised as the first Chern
class of a line bundle over M*¢(S,G)[? ] : more precisely, there exists
a complex line bundle L over M*(S,G) and a connection V on L with
curvature RV such that

7
~Tr(RY
2m H(&)

126
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is cohomologous to ﬁw. For a general symplectic manifold with integral
symplectic form, this line bundle is in general not unique.

In our case, we could actually bypass this construction and define by
analytic methods a line bundle L whose curvature is w: the line bun-
dle is the holomorphic determinant bundle detc(TM?4(S,G)), where the
complex structure on M*¢(S, G) is induced from any choice of complex
structure on S, and for V one can take the so-called Quillen connection.|?
| This construction — which relies on deeper analytic methods — proves
in particular that the symplectic form is integral without appealing to
the argument that we present in the next sections.

7.1.1 The Cartan form

We continue to assume that G is a simply-connected simple compact Lie group
and we fix an invariant non-degenerate bilinear form (-,-) on g.

Definition 7.1.2 We define the Cartan 3-form w¢ as the left-invariant 3-form
on G given by
we(A, B,C) = ([A, B],C)

for A, B,C in g.

The form #wc satisfies the following property: for any smooth map F' :
M — @ from a 3-dimensional manifold M into G one has

1
— Frwe € Z.
42 Ju e

The reader is invited to check this property at least when G' = SU(2). The
general results are proved in [? |

7.1.2 Integrating the Cartan form

As a convention in this section, if ¢ is a bilinear form on a vector space V'
with values in W, and if @ and § are 1-forms with values in V', g(a A () is the
2-form with values in W given by

g A B) = qla(u), B(v)) — q(a(v), B(u)).

Lemma 7.1.3 Let M = S x T, where S is a surface. Let F be a map from
M to G. Fort in [0,1], we write Fy(m) = F(m,t). We have

d
/ F*we :/ (/(Fs‘ldFs A —
SXT! T \Js dt

(Ft‘ldFt))> ds

t=s
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PrRoOOF: We first give a detailed pedestrian proof, where consider GG as a group
— via the adjoint representation — of n x n-matrices. Therefore, if s belongs
to [0, 1], we denote by Fy the map from S to M, (R) given by

.

t=s

F,:m— —

dt

We start from the integrand in the right hand side of the equation. Applying
the chain rule yields

(F'dFy))

t=s

/ Tr(E dF, A 4
s dt

= / Tr(FYdF, A F7YAEY)
S

- / Tr (F,'dF, A (F; 'dF(0,)F, 'dFy)) (7.1)

Now, we observe that for v and v in 7;,S, we have

(F7YdF, A F7YE) (w,v) = F7YdF(u)F7YdE(v) — FoYF(v)Fo N dF(u)
= —d(Te(F~YdF))(u,v).

Hence, by Stokes Formula
/ Tr(F 'dF, A F7YE,) = — / d(Tr(F~YdF)) = 0. (7.2)
s s
Moreover, observe that the pullback of wo by F' is

Froc(u,v,w) = Tr(F'dF(u)F'dF(v)F'dF(w))
— Te(FY'dF(v)F'dF(u)F'dEF (w)).

It follows that if w and v belongs to 7,5, we have
Tr (F,'dF, A (F, N dF(8,) FNAEY)) (u,v) = Frwe(u, v, 9y)

Finally, combining Equations (7.1), (7.2) and (7.3) we obtain the assertion.
We now give a short proof which is just a conceptual way to write down

the above pedestrian computation. Let p be the Maurer-Cartan 1-form on G

with value in g given by p,(u) = g~ u. The Maurer-Cartan form satisfies

1
du+ gl Ap] =0, (7.3)
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We now use freely the Lie-Cartan calculus. Then the integrand in the right-
hand term can be written as

/(F;ldFS A a4
s dt

Using the fundamental formula of the Lie-Cartan formalism

(FF) = [(Pun Lo

t=s

LX = ixd—F dix,

Stokes Formula and Equation 7.3, we obtain

1

/(F*,u/\LatF*m = §/LatF*(uAu>
s S

_ %/SiatF*(,u/\[N/\N]»-

Since
(wA A p))) =we,
this colludes the proof of our proposition Q.E.D.

Proof of Proposition 7.1.1

We first prove that for any map f from the sphere S? to M*¢(S,G) whose
range contains the trivial connection we have

frw
S2

is an integral multiple of 472. Then we shall explain the idea of the general
proof.

Let mg be a point in S? which is mapped to the trivial connection realise S?
as S? = D/JD, where the boundary of the disc is identified with mg. As D is
contractible, the map f : S? — M?¢(S, G) can be lifted to amap F : D — Apg,
where the latter denotes the space of flat connection on F — as in the proof
of Theorem 6.2.2. In this proof, we have seen that the symplectic form on
M*(S, G) is obtained locally as the pullback of a certain form ) via a smooth
local section. This implies that

ffw= / F*Q.
52 D
Recall from the proof of Theorem 6.2.2 that Q2 = df3, where

Bo(A) = / (V- Vo) A A)
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for any fixed choice of connection Vi on E. Thus Stokes’ theorem yields

ffw= / F (.
52 oD
As S? = D/OD the boundary 9D is mapped to the fibre over f(mg) of the
infinite-dimensional bundle Ap — M?(S, G). This fibre is identified with the

gauge group of E and as F was assumed to be trivial this gauge group is just
the group of smooth maps from S to GG. In particular, we have a smooth map

H:Sx0D— G, (x,t)— Hyx)

such that
F(t) = D, := H'*DyH,,

where Dy denotes the trivial connection on E. More precisely our notation
means that

(Dt)o(u) = Hy ™ (Do)s(H(w)).

In particular we have
frw= / Fa= [  T(Dy— D)D)
52 oD Sx8D

Now Dy — D, = Ht_ldHt and Dt = %(Ht_ldﬂt) and thus by Lemma 7.1.3,

)
frw= / Tr (HtldHta(HtldHtO = / H*we € 4n°Z.
52 Sx0D Sx9D

This finishes the proof of the first part of the proposition.

We explain briefly how to obtain the second part using a similar scheme.

Let X be a triangulated closed surface. Using the previous argument, we
can lift every simplex A to a simplex A in Ag. Then by construction the
integral of integral of w on A is the integral of the symplectic form € of Ag on
A. Let e be an edge of the triangulation, the lift of the simplex on each side
of the triangulation do not coincide on the boundary and the defect is given
by a map from e to the gauge group. Since the gauge group is connected, we
can find an homotopy of this map to the identity. In other words, we can find
a map from e x [0, 1] to Ag which connects the two lifts of the two simplexes
bounded by e such that the image of {a} x [0, 1] lies in the orbit of the gauge
group for each a in e. Observe now that the integral of €2 on the image of this
map is zero. It follows that — after "fattening” the edge, we have constructed
a map ® from ¥\ V — where V' is the set of vertices of the triangulation — in

£ so that
/ o () = / ffw.
L\V by
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We now use as before the fact that {2 = d and obtain that

R

veV v v

where, for each vertex v, ¢, is a curve in an orbit of the gauge group. Just as
before, we obtain a map H from S x [0,1] to G so that

/ 0= / H*we € 4n*7.
Cv M x[0,1]

/ ffw € 4n°Z,
2

and concludes this sketch of proof. QQ.E.D.

This shows that

7.2 Handlebodies and Lagrangians

Let M be a 3-manifold such that 9M = S. The inclusion from S into M gives
rise to a map i, from 7 (S) to m (M), hence to a map I from Rep(m (M), G)
to Rep(m(S), G).

Let Ly = I(Rep(m (M), G)) and L3¢ := Ly N M*4(S,G). In other words

Lif = {lp] € M*U(S,G) | 3p: mi(M) — G, p= Plays)}

We will consider the special case when M is a handlebody in which case 7,
is an injection and 7 (M) is generated by half the generators of m(S).

Theorem 7.2.1 [LAGRANGIAN SUBMANIFOLD| Let M be an handlebody with
boundary S, then L3¢ is a Lagrangian submanifold of M*(S, Q).

The particular importance of handlebodies in the theory of 3-manifolds
stems from the following fact:

Proposition 7.2.2 Heegaard If M is an arbitrary 3-manifold, then there ex-
ists handlebodies My and M, and a homeomorphism f : OM; — OMs such
that

M = M, Uy M,

The surface appearing as the common boundary of the two handlebodies is
constructed as the boundary of tubular neighbourhood of the 1-skeleton of a
triangulation of the 3-manifold. The observation is then that this surface is
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also the boundary of the tubular neighbourhood of the 1-skeleton of the dual
graph.

A decomposition of M as in Proposition 7.2.2 is called a Heegaard splitting.
Clearly a flat connection on M restricts to flat connections on M; on M, and
vice-versa. Thus the gauge equivalence classes of flat connection on the 3-
manifold M are parametrised by Ly, N Ly, € M(S,G). We will apply this
fact in the next subsection in order to compute an important invariant for flat
connections on 3-manifolds.

7.2.1 Submanifolds of the moduli space

We first prove

Proposition 7.2.3 Let M be an handlebody with boundary S, then L33 is a
smooth submanifold of M*4(S,G) with

dim £y, = %dimMZd(S, G).

ProoOF: The fundamental group of the handlebody is a free group with g
generators. Let U be the open set of GY consisting of those g-tuples a =
{a1,...,az} such that the group I'(a) generated by {a, ..., a,} is Zariski dense.
The group G acts by conjugation on U and the stabiliser of a is the centraliser
of I'(a) hence of its Zariski closure. It follows that G/Z(G) acts freely on
U and we denote by Rep®(m (M), G) the quotient (G/Z(G))\U. The space
Rep*!(m; (M), G) is a manifold of dimension

1
(9~ 1) dimG = J dim M*(S,G).

By construction, Rep®(m; (M), G) is embedded as a submanifold of M*¢(S, G)
and its image is £3¢. Q.E.D.

7.2.2 Isotropic submanifold
We prove the second part of Theorem 7.2.1.

Proposition 7.2.4 The restriction of the symplectic form w| [z vanishes iden-
tically.

REMARK: Actually, this statement generalises when M is not a handlebody.
The same result — and proof — holds when we replace w| cz¢ — which is not
necessarily a submanifold — by any smooth submanifold embedded in w| Ld-
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PROOF: Suppose that A,B € Tijp|M*¥(S,G) = H}(S) are contained in
Tip)L37. Then they can be extended to cohomology classes A, B in H;(M )
and

w,(A, B) = /Tr(A A B) = / dTr(AA B) = 0.
5 M
Q.E.D.
This means that £34 is a Lagrangian submanifold of M*¢(S, G) in the sense
of the following definition:

Definition 7.2.5 If (M,w) is a symplectic manifold and N C M is a sub-
manifold, then N is called Lagrangian if it maximal degenerate, i.e. dim N =
T dim M and w|y = 0.

7.2.3 Chern-Simons invariants

In this final paragraph, we discuss some application of the moduli spaces
M(S,G) for G = SU(n) to 3-manifolds.

Chern-Simons invariants for connections and representations

Let E be a rank n complex vector bundle over a 3-manifold M. By choosing a
hermitian structure on £ we can view E as a G-bundle for G = SU(n). Denote
by Ag the affine space of flat G-connections on F and by Ag the underlying
vector space. We view Ag as an infinite-dimensional manifold with tangent
space Ag at each point.

Definition 7.2.6 [CHERN-SIMONS FORM]| We define the Chern-Simons form
as the real valued 1-form w® on the affine space Ap given by

wS5(A) ::/ Tr(AARY),

where V is a G-connection, A is an element of Ap = Ty Ag), where RV is the
curvature of V and we set

1
ANRY(Xy, Xy, X3) = G D AXo1)RY (Xo@), Xo@)-
ce6(3)

Proposition 7.2.7 Assume that the 3-manifold M s closed. Suppose V1 and
Vy are gauge-equivalent connections on E and v : [0,1] — Ag is a path from

Vi to Va. Then
1
—Z/WCS - Z
47 .
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cs

In particular, W~ is closed.

As a first consequence of this proposition, when the 3-manifold is closed,
we can define the Chern-Simons action difference for connections.

Definition 7.2.8 [CHERN-SIMONS ACTION FOR CONNECTIONS] Let Vi and
V1 be two connections defined over the same vector bundle E. Then we define
the Chern-Simons action difference to be the real number

1 .
CS(V1.V0) = 1 / SOVt
Y

where v is any path of connections joining Vo to V1.

As a second consequence, we can define the Chern-Simons action difference
for gauge equivalence classes of connections — and in particular for representa-
tions from 7(M) to SU(n) — as an element of R/Z, in the following way

Definition 7.2.9 [CHERN-SIMONS ACTION FOR EQUIVALENCE CLASSES OF
CONNECTIONS] Let p; and ps be two Gauge equivalence classes of connections
defined over the same vector bundle E. Let V1 and V4 be two connections on
E representing respectively py and ps, then we define the Chern-Simons action
difference to be

CS(pl, pg) = CS(Vl, Vg) € R/Z
Observe that, whenever it makes sense,

CS(p1,p2) = CS(p1,p3) + CS(ps, p2).

We now prove Proposition 7.2.7.

PROOF: Define a bundle £ over M x [0,1] by &€ := pi(E), where p; denotes
the projection onto the first factor. Then there exists a unique connection V
on & which satisfies the following two conditions

1. Let ¢, : M — M x {t} be the injection m — (m,t) then *V = ~(t).

2. Let jp, : [0,1] — {m} x[0,1] be the injection ¢t — (m,t). Observe that by
construction j7 & is the trivial bundle &£|,,,x(0,1. We furthermore require
that for each fixed m in M, J V is the trivial connection.

Moreover, the curvature of V is given by

RV =dt ANV + R,
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Figure 7.1: Connections in good position

Therefore,

1
/wCS = / / Tr(V A R'W)dt = 1/ Tr(RY x RY).
v 0 M 2 Mx10,1]

Now consider P := M x T!, which we view as a quotient of M x [0, 1] by
identifying the endpoints of the interval. Using the gauge equivalence between
V1 and V, we can identify £|pxqo1 and E|yxq1y in order to obtain a bundle
with connection (£, V') over P. Then we have

1 1 y )
F/UJCS——/Tr(RV ARY) = pi(E),
m2 /, P

872

where p; denotes the first Pontryagin class. Then the proposition follows from
the fact that the Pontryagin classes of the bundle £ are integral. Q.E.D.

7.2.4 Chern Simons action difference and the symplec-
tic form

We explain how to compute the Chern-Simons action difference, using a Hee-
gaard splitting and the symplectic geometry of the moduli space.

For this we fix a Heegaard splitting M = M; Ny My, where M;, M, are
handlebodies with boundary S. Then Vi,V correspond to points in Ly, N
Ly, € M(S,G). Let us make a number of simplifying assumptions

e The connections Vi, Vj correspond to regular points in M*¢(S, G).
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e There is a surface X with one connected boundary component with two
marked points z;, xg on the boundary and a smooth map ¢ : ¥ —
M*(S, @) such that t(x;) corresponds to V; and that the two compo-
nents of 0¥\ {x1, z} are mapped to Ly, and Ly, respectively.

Then one has

Theorem 7.2.10 Let V1,Vq be flat connections on M satisfying the above
reqularity requirements and defining a surface ¥ in M*(S, Q) as above. Then

1

CS(VA, Vo)) =~ / o,

 4n?
as elements of R/Z.

As an exercise, we leave the reader go through the proof below and check
which orientation on S — either as a boundary of M, or as a boundary of M;
and which orientation on X gives the correct sign in the formula above.

ProOF: We only sketch this proof. We triangulate ¥ in such a way that x;
and x( are the only vertices of this triangulation that belong to the boundary.
Let b; and by be the two edges of this triangulation in the boundary of X,
where b; joins x( to x;.

Proceeding as alluded in the end of the proof of Proposition 7.1.1, we con-
struct a map ® from ¥\ V' — where V' is the set of vertices of the triangulation

—in Apg lifting ¢ so that
/ o) = / Uw.
S\V b

Moreover, blowing up z; and x( to arcs ¢; and ¢y and the interiors points of
V to loops ¢, which all lies in orbits on the gauge group, we obtain that

/z\vq)*Q: > /Cvﬁ+/qﬁ+/coﬁ+/blﬁ+ boﬁ.

veV\{z1,z0}

Working in R/Z, and observing again that fc 0 belongs to Z, we are left to
understanding the integral of § along some arcs.

Since Apg is contractible, we can find a map C from [0, 1] x [0, 1] filling up
the loop given by ¢, by,co and by. We choose this map so that t — C'(0,¢) is
a parametrisation of ¢; with the respective obvious conventions for the other
sides. We also denote by V, the connection on the bundle E over S defined
by C(s,t).
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Therefore it remains to compute

1 1
/Q:/ (/ Q(&SC,atC)ds) dt
C 0 0
/Q(@SC, atC)dS:/ /Tr(85v57t,8tv57t)d8
0,1 J8

As usual, the map ¢ — V,; defines a connection V on S x [0, 1] which restricts
to Vs on S x {t} and to a trivial connection along {m} x [0, 1]. Thus

By definition,

RY* =dt NV, + RV

It follows that

/ / Te(0,Vs 1,0, V) = / Te(0,V,4, RYY).
0,1 Js Sx10,1]

Since Vo and V,; extends respectively to flat connections on M, and M.
The connection V, extends to a flat connection V, on M = MyUS x [0, 1JUM;.
We leave as an exercise that we can choose V to be smooth (Hint : use local
systems). Thus

/ / Tr(0,Vsy, 0sVss) = 1 / Tr(0,V,, RV*)
[0,1] J S Sx[0,1]

_ / Tr(9,V,, RY*)
M
= W (0,Vy).

It follows that
/ Q= CS(V1, %),

472
By construction, the connection V, is gauge equivalent to Vi, and Vo is gauge
equivalent to V. Therefore as elements of R/Z.

1
4—7_(2 CQ = wff(vl,vo).
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