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ABsTrACT. Witten introduced classical Chern-Simons theory to topology 20 years ago,
when he defined an invariant for knots in 3-manifolds by an integral over a certain infinite-
dimensional space, which up to today have not been entirely understood. However, they
motivated lots of interesting questions and results in knot theory and low-dimensional
topology, as well as the development of entirely new fields.

These are lecture notes for a course in Lie groups and Chern-Simons Theory aimed at
graduate students.



CHAPTER 1

Introduction

These are notes for a course in an active field of geometric topology at the border
to mathematical physics. They are aimed at graduate students, who know the basics of
differentiable manifolds and differential forms. The core is based on parts of:

e Frank W. Warner: Foundations of Differentiable Manifolds and Lie Groups [61].
e Dan Freed: Classical Chern-Simons Theory, Part 1 [19].

e Sen Hu: Lecture Notes on Chern-Simons-Witten theory [33].

e Simons Donaldson and Peter Kronheimer: The Geometry of Four-Manifolds [17]].

After an introduction to Lie groups and Lie algebras, principal bundles, connections
and gauge transformations, we will carefully construct the Chern-Simons action and study
the moduli space of its classical solutions. This yields Taubes’ beautiful and influential
description of Casson’s invariant for homology 3-spheres via Chern-Simons theory [S8],
for which we need such concepts as differential operators and spectral flow. This naturally
leads to subjects like the eta invariant and the rho invariant on the one hand as well as the
quantization of the Chern-Simons action and Witten’s invariants on the other.

1.1. An overview

Let G be a semi-simple Lie group and g its Lie algebra. A connection A on the trivial
G-bundle over a closed oriented 3—-manifold M is a g-valued 1-form, i.e. A € Q'(M;g).
Chern-Simons theory is a quantum field theory in three dimensions, whose action is pro-
portional to the Chern-Simons invariant given in [15]

1 1
cs(A) = @f tr(A A dA + §A A[A A A)).
M

Witten introduced Chern-Simons theory to knot theory in 1989 [63], when he described
for each integer level k € Z an invariant of a link L = (L;) in a 3-manifold M (and a list of
finite-dimensional representations p; of G associated to L;) as the (non-rigorous) Feynman
path integral

Z(M.L) = f 1@ T tr, (ol (L)dA,
AlG j

where A 1s the space of G—connections, G is the space of gauge transformations. He in-
terpreted these invariants using the axioms of topological quantum field theory (TQFT)
as well as via an asymptotic expansion —the semiclassical approximation— by using the
method of stationary phase. There have been several advances in understanding both ap-
proaches separately, notably the rigorous construction of the TQFT version by Reshetikhin
and Turaev [S0], the first computer calculations and the refinement of the semiclassical
approximation by Freed and Gompf [20] and various recent work by Andersen, Hansen,
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4 1. INTRODUCTION

Ueno and Takata [3, 5, 6, 4, 26, 27, 28, 29] in the realm of the asymptotic expansion
conjecture for the Resehetikhin-Turaev invariants [47, Section 7.2]. However, there have
been relatively few developments relating the TQFT version to the semiclassical approx-
imation apart from the direct comparison for lens spaces for G = SU(2) and some torus
bundles over S' by Jeffrey [37], where she explicitly analyzed the asymptotic behaviour
of the Reshetikhin-Turaev invariants and exhibited agreement in the leading term with the
semiclassical approximation. One promising approach is to give a rigorous treatment of
the Feynman path integral version using stochastical analysis via Fresnel integrals or Hida
distributions, if possible, this would provide a strong link between the TQFT version and
the semiclassical approximation. See [2, Section 10.5.5] by Albeverio, Hgegh-Krohn, and
Mazzucchi as well as [25] by Hahn for an overview.

In [63], Witten proposed a physical interpretation of the Jones polynomial using Chern-
Simons theory, and [38]] Kashaev made a remarkable prediction that the volume of a hyper-
bolic knot K in S? is given by the limit of the colored Jones polynomial Jy(K, g) of K. This
is known as the volume conjecture, and the precise statement is that log |Jy(K, e"/N)|/N
limits to %{VOI(S 3\ K) as N — oo. (This conjecture can be extended to all knots by simply
replacing hyperbolic volume with simplicial volume on the right hand side.)

Using SL(2, C) Chern-Simons theory, Gukov conjectured in [23] that the asymptotic
expansion of the colored Jones polynomial Jy(K, g) as N — oo and ¢ — 1 should be equal
to the partition function of the SL(2, C) Chern-Simons knot theory on S\ K, and using this
he derived a parameterized version of the volume conjecture which postulates a relationship
between the family of limits of the colored Jones polynomial and the volume function
Vol(K, u) on the character variety of the knot complement. The paper [24] provides further
evidence for the generalized conjecture by by studying some of the sub-leading terms in
the asymptotic expansion of the colored Jones polynomial.

There is a strong connection between Witten’s invariants and the so-called finite-type
invariants. The first definition of a finite-type 3-manifold invariant was given by Ohtsuki
(48], though by now many other useful and equivalent definitions have been given (see
e.g. [21,44]). The first nontrivial finite type 3—manifold invariant can be identified with
the SU(2) Casson invariant [1,60] , and indeed all the terms in the stationary phase ex-
pansion of the Chern-Simons path integral give rise to finite type 3—manifold invariants.
(See the papers [51,43] for a mathematically rigorous definition of invariants arising from
a stationary phase approximation, as well as proofs the invariants are of finite-type.)

A different direction of research was initiated by Taubes in 1990 [58]. He laid the
groundwork for new topological invariants motivated by Chern-Simons theory by showing
that the SU(2) Casson invariant has a gauge theoretical interpretation as the Euler character-
istic of A/G in the spirit of the Poincaré-Hopf theorem, where he views the Chern-Simons
invariant as a S '-valued Morse function on A/G. Taubes realized that the Hessian of the
Chern-Simons invariant and the odd signature operator coupled to the same path of SU(2)
connections have the same spectral flow. Floer extended this idea around the same time to
instanton Floer homology [18]], which has the SU(2) Casson invariant as its Euler charac-
teristic, by viewing the critical points of the Chern-Simons function as a Z/8 graded Morse
complex.

The Seiberg-Witten revolution in gauge theory shifted attention from instanton Floer
homology to the more difficult monopole Floer homology, and progress in either of these
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versions of Floer homology has been vastly outpaced by the remarkable achievements in
the closely related but much more accessible Heegaard-Floer homology introduced by
Ozsvéth and Szabdé. Heegaard-Floer includes an entire package of homology theories
which have become powerful tools in low-dimensional topology, and there has been some
success in defining the corresponding pieces in instanton Floer and monopole Floer. Inter-
est in these Floer homologies has been rekindled by the work [40, 41, 42]] of Kronheimer
and Mrowka; in [40] they give a thorough and rigorous treatment of monopole Floer the-
ory, in [41] they define knot Floer homology using instantons, and in [42] they use sutured
Floer homology to give a new and more direct proof of property P for knots, as well as
the result, originally due to Ghiggini and Ni in the Heegaard-Floer setting, that shows that
monopole Floer knot homology detects fibered knots.

In summary, Chern-Simons gauge theory is an active area of research, which has pro-
duced a lot of interesting questions and results, as well as initiated the development of
entirely new fields.






CHAPTER 2

Background material

2.1. Lie groups

Lie groups are groups which are also differentiable manifolds, in which the group op-
erations are smooth. Well-known examples are the general linear group, the unitary group,
the orthogonal group and the special linear group.

DeriniTioN 2.1.1. A Lie group G is a differentiable manifold with a group structure,
such that the map G x G — G given by (g, h) — gh™' is C*.

Exercisg 2.1.2. Let G be a Lie group.

(1) Show that the maps g — g~ and (g, h) — gh for g,h € G are C*.
(2) Show that the identity component of G is a Lie group.

Exercise 2.1.3. Convince yourself, that the following spaces are Lie groups.

(1) R"™ under vector addition.

(2) C\ {0} under multiplication.

(3) §' = U(1) under multiplication.

(4) G X H for Lie groups G and H with the product manifold structure and the group

structure (1, h1)(82, 2) = (8182, hiho).
G)T"={zeC"[lzl=... =zl =1}
(6) The non-singular real matrices Gl(n, R) under matrix multiplication.

2.2. Lie algebras
DEeriniTiON 2.2.1. A Lie algebra g over R is a real vector space g together with a bilinear
operator [-,-]: g X g — g (the bracket) such that for all x,y, z € g,
(1) [x,y] = =[y, x]. (anti-commutativity)
(2) [[x,y],z] + [[y,z], x] + [[z, x],y] = 0. (Jacobi identity)
We will see that there is a Lie algebra associated to each Lie group, and that every
connected, simply connected (i.e. the fundamental group 7{(G) is trivial) Lie group is

determined up to isomorphism by its Lie algebra. The study of such Lie groups then
reduces to a study of their Lie algebras.

Exercise 2.2.2. Convince yourself that the following vector spaces are Lie algebras.

(1) The vector space of all smooth vector fields under the Lie bracket on vector fields.
(2) Any algebra (e.g. all n X n matrices gl(n, R)) with

[A, B] := AB — BA.
(3) R3 with the cross product as the bracket.

7
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DEeriniTiON 2.2.3. Let ¢: M — N be C*. Smooth vector fields X on M and Y on N are
p-related if dp o X =Y o ¢, which is short for dp,(X,,) = Y, for all p € M.

Exercise 2.2.4. Let ¢: M — N be C*. Let X| and X, be smooth vector fields on M,
and let Y and Y, be smooth vector fields on N. If X; is ¢-relatedto Y;, i = 1,2, then [X;, X5]
is @-related to [Y1, Y>].

DeriNiTION 2.2.5. Let G be a Lie group and g € G. Left translation l, and right transla-
tion ry by g are diffeomorphisms of G given by
l,h=gh r,=hg, forallhegG.
A vector field X on G is called left-invariant if X is l,-related to itself for all g € G, that is
dly 0 X = X ol,,
which is short for dl,(X,) = X, forallh e G.

ProposITION 2.2.6. Let G be a Lie group and g its set of left-invariant vector fields.

(1) g is a real vector space, and the map a: ¢ — T,G defined by a(X) = X(e) is an
isomorphism of g with the tangent space T,G of G at the identity. Consequently
dim(g) = dim(G).

(2) Left invariant vector fields are smooth.

(3) The Lie bracket of two left-invariant vector fields is a left-invariant vector field.

(4) gis a Lie algebra under the Lie bracket operation of vector fields.

Proor. It is not difficult to see that g is a real vector space and that « is linear. Since
a(X) = a(Y) yields
X, = dl,(X,) = dly(a(X)) = dly(a(Y)) = dl,(Y,) =Y, foreachgegG,
« 1s injective. In order to see the surjectivity of a let v € 7,G and define
X, =dl,(v) forallgeG.
Then a(X) = v and the left-invariance of X is shown by
Xon = dlg(v) = dlodl,(v) = dly(X,) forall g,h € G.

This proves part (1).

For (2)let X € gand f € C*(G). We need to show that X f € C*(G). Letg: GXG — G
be the smooth map given by multiplication ¢(g, ) = gh. Let i! and i§ be the smooth maps
G — G x G given by iy(h) = (h,e) and i;(h) = (g, h). Let Y be any smooth vector field on
G with Y, = X,. Then [(0, Y)(f o ¢)] o i! is smooth and

[0, Y)(f © ©)] 0 i2(8) = (0, V)g.0)(f © )
=0,(fopoi)+Y.(fopoil)
=X(fopoir)=X(foly)
= dly(X.)f = Xof = X[(2),

which proves part (2).
Since by (2), left-invariant vector fields are smooth, their Lie brackets are defined and
by Exercise 2.2.4] they are again left-invariant, which shows (3). (4) follows from (3) and

part (I) of Exercise[2.2.2] m|
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DEeriniTiON 2.2.7. We define the Lie algebra of the Lie group G to be the Lie algebra g
of left-invariant vector fields on G.

Often it will be convenient to think of the 7.G as the Lie algebra of G with the Lie
algebra structure induced by the isomorphism a from Proposition [2.2.6{(1).

ExawmpLE 2.2.8. The real line R is a Lie group under addition. The left-invariant vector
fields are simply the constant vector fields {/l(%) | 4 € R}. The bracket of any two such
vector fields is 0.

ExampLE 2.2.9. The Lie group GL(n,R) = det™'(R \ {0}) is a (differentiable) subman-
ifold of gl(n,R). GL(n,R) has global coordinates A;; which assigns to each matrix A the
i j-th entry. Since det(A™") = det(A)~" and det(AB) = det(A) det(B) for any A, B € GL(n,R),
the matrix AB™! is invertible with the ij-th entry (AB™'),; being a rational function in the
entries of A and B with non-zero denominator. Therefore (A, B) — AB™! is C*.

Consider the isomorphism ¢: g — TG from Proposition[2.2.6((I)). Since T,GL(n,R) =
T.gl(n,R) and the map B: T.gl(n,R) — gl(n,R) given by B(v);; := v;; is a (canonical)
isomorphism, 8 o @ induces a Lie algebra structure on gl(n, R). We leave it as an exercise
to show the bracket agrees with the usual [A, B] = AB — BA.

Exercise 2.2.10. Let g be the Lie algebra of GL(n,R). Prove that 8 o a from Example
induces the correct Lie algebra structure, i.e. show that for X,Y € g we have 3 o

a([X,Y]) = [B o a(X),B o a(Y)].

Taking Example [2.2.9] as a starting point, we can create other examples: The non-
singular matrices GL(n, C) of all n X n complex matrices gl(n, C) is a Lie group with Lie
Algebra gl(n,C). If V is an n-dimensional real vector space, a basis of V determines a
diffeomorphism from End(V) to gl(n, R) sending Aut(V) onto GL(n, R). In this way End(V)
is a Lie group with Lie algebra Aut(V). We get an analog example for complex case vector
spaces.

The special linear group SL(n, C), the unitary group U(n), the special unitary group
SU(n) are the most important examples for us.

ExEercise 2.2.11. Assume that the bracket corresponds to the usual bracket on matrices
as in example[2.2.9, and show the following by differentiating the relations defining the Lie
group:

(1) The Lie algebra sl(n, C) of SL(n, C) consists of all n X n—matrices with vanishing
trace.

(2) The Lie algebra u(n) of U(n) consists of all skew-symmetric n X n—matrices.

(3) The Lie algebra su(n) of SU(n) consists of all skew-symmetric, traceless n X n—
matrices.

2.3. Homomorphisms

DEeriniTiON 2.3.1. A map ¢: G — H is a (Lie group) homomorphism if ¢ is both C*
and a homomorphism of groups. We call ¢ an isomorphism if ¢ is also a diffeomorphism.
If g and §) are Lie algebras, amap ¢: g — b is a (Lie algebra) homomorphism if it is linear
and preserves brackets (Y[X, Y] = [y(X),y(Y)] for all X, Y € g). If ¢ is also a bijection,
then i is an isomorphism.
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Let ¢: G — H be a homomorphism. Then ¢ maps the identity of G to the identity of
H, and the differential do of ¢ is a linear transformation of ¢ = 7,G into ) = 7. H. Notice
that by the natural identification between Lie algebras and left-invariant vector fields dp(X)
is the unique left-invariant vector field satisfying

(2.3.1) (dp(X))e = dp.(Xe).
THEOREM 2.3.2. Let G and H Lie groups with Lie algebras g and ) respectively, and let
¢: G — H be a homomorphism. Then
(1) X and dp(X) are ¢-related for each X € g.
(2) dp: g — b is a Lie algebra homomorphism.

Proor. The left-invariant vector fields dg(X) and X are ¢-related, because

(d‘p(X))cp(g) = dl¢(8)d90€(Xe) = d(ltﬂ(g) ° QO)Xe = d(gD © lg)Xe = d‘p(Xg)

To show part (2), let X,Y € g. By Exercise 2.2.4] [X, Y] is ¢-related to the left-invariant
vector field [do(X), de(Y)], that is

(dp((X. YD), = de (X, Y1) = [dp(X), dp(Y)]ge) = [dp(X), dep(Y)].

Therefore using the identification of left-invariant vector fields with tangent vectors at the
identity, de([X, Y1) = [de(X), de(¥)1]] o

2.4. Lie subgroups

DeriniTiON 2.4.1. (H, ¢) is a Lie subgroup of the Lie group G if
(1) H is a Lie group;
(2) (H, ) is a submanifold of G;
(3) ¢: H — G is a Lie group homomorphism.

(H, ¢) is called a closed subgroup of G if ¢(H) is also a closed subset of G.
Let g be a Lie algebra. A subspace Iy C g is a subalgebra if [X,Y] e hforall X,Y € bE]

Let (H, ¢) be a Lie subgroup of G, and let ) and g be their respective Lie algebras. Then
by Theorem 2.3.2]dy yields an isomorphism between b and the subalgebra de(b) of g.

We will show in this section one of the fundamental theorems in Lie group theory,
which asserts that there is a 1:1 correspondence between connected Lie subgroups of a Lie
group and subalgebras of its Lie algebra. We first need the two following propositions.

ProposiTiON 2.4.2. Let G be a connected Lie group, and let U be a neighborhood of e.
Then
G=u_U"

where U" consists of all n—fold products of elemets of U.

'We had to be a bit careful not to mix up notation or use short cuts: By the way we had defined ¢-related
in Definition 2.2.3] we had to take the detour via the tangent space at e.
%A Lie algebra g or a subalgebra of g is not necessarily an algebra.
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Proor. Consider V := UU U™! (where U™' = {g7' € U | g € U}) and let

H = O V' c O U".
n=1 n=1

H is a subgroup of G and open in G, since & € H implies hV € H. Therefore each coset of
H is also open in G. Since

H=G\ | ] sH.
g€G,gH+H
H is also closed. Since H is non-empty and G is connected we get G = H. O

Recall that a k—dimensional distribution D on a manifold M is a choice of a k-dimensional
linear subspace D, C T,M. A distribution is smooth, if it is locally spanned by smooth
vector fields X, ..., Xy, or equivalently if D is a smooth subbundle of 7M. A smooth dis-
tribution is involutive if [X, Y] € O for any smooth vector fields X, Y € D. It is completely
integrable, if for each point p € M there is an integral manifold N of D passing through p,
where N is integral if

N ¢> M and di,(T,N)=9D, foreachpe N.

A smooth coordinate chart (U, ¢) is flat for D, if (U) = U’ x U” c R* x R"*, and at
points of U, D is spanned by the first k coordinate vector fields 0%, cees %. This implies
that each slice of the form x**! = ¢¥*! . x" = ¢" for constants ¢’ is an integral manifold
of O. Beware that the terminology is inconsistent among various books. However, we will
show the famous Frobenius’ Theorem which states that terminology is of no consequence.
Before that we need to recall a few definitions and prove a few lemmas.

DEerInTION 2.4.3. Let M be a smooth manifold and let X be a vector field on M.

(1) An integral curve of X is a smooth curve y: J — M with J C R an open interval
such that
y'(t) = X,, forallteJ.

If 0 € J, then y(0) is the starting point.

(2) Let 8 : D) — M be the maximal integral curve with starting point p.

(3) The flow of X is the map : D — M given by 6,(p) = y,(t) for (¢, p) in the domain
D= {(DOP,p) | pe M)

(4) X is called complete if the domain of its flow is R X M.

It follows from the theory of ordinary differential equations, that for any starting point
integral curves exist and are uniquely determined by vector fields. For details see [45,
Chapter 17]. With some more work one can show the existence and uniqueness of the flow
of X [45, Theorem 17.8].

THEOREM 2.4.4 (Fundamental Theorem on Flows). Let X be a smooth vector field on
a smooth manifold M. The flow 0: D — M of X exists, is unique and has the following
properties:
(1) For each p € M, the curve 8 : DV — M is the unique maximal integral curve
starting at p.
(2) If s € D), then DS s the interval DP — s = {t — s |t € DP}.
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(3) Foreacht € R, the set M, ={p e M | (t,p) € D}isopenin M, and 6,: M, - M_,
is a diffeomorphism with inverse 6_,.
(4) For each (t,p) € D, (db,),X, = Xy,

In order to get acquainted with these concepts, here are a few exercises.

Exercisk 2.4.5. Consider the vector field X on R? given by

0 0
X(x,y) = — + (1 +y)—.
(6y) = 2=+ (L +y7)=-
Compute the flow of X and its domain. Sketch its flow lines.
ExeRcise 2.4.6. Show that
X(x’ Y, Z) = (_y’ X, O)

determines a smooth vector field on S* C R3. What are the integral curves of X and what
is the flow of X?

Exercisg 2.4.7. Let M be a smooth manifold, g a Riemannian metricon M and f: M —
R a differentiable function. Consider the gradient vector field grad f € C*(TM). Let
v: (—&,&) = M an integral curve of grad f. Show that f oy is monotonically increasing.

Lemma 2.4.8. Suppose f: M — N is a smooth map, X and Y are vector fields on M
and N respectively and 6 and n flows of X and Y respectively. Then X and Y are f—related
if and only if n, o f(p) = f o 0,(p) for all (¢, p) in the domain D of 0:

f
M — N

(2.4.1) e,l Lnf

M — N
Proor. The commutativity of Diagram (2.4.1) is equivalent to
7’ P(f) = fo8P(r) forall (1, p) € D.
If X and Y are f-related, then the curvce y: DP — N given by
y=fo o
satisfies
Y (t) = (f o 6P) (1) = df (07 (1)) = df Xow)) = Yyoprisy = Yyry Tforall t € DP

Therefore y is an integral curve with starting point f o #”(0) = f(p). By uniqueness of
integral curves, the maximal integral curve n/”’ must be defined on D and y = /.
Therefore Diagram (2.4.1)) commutes.

Conversely, if Diagram (2.4.1)) commutes, then X and Y are f-related by

df,(X,) = df,(67"(0) = (f 0 67 (0) = n/™(0) = Yz, forallpeM. O
The proof of the following exercise is in the spirit of Lemma|[2.4.8

Exercise 2.4.9. Let X and Y be smooth vector fields on M and 6 and n the flows of X
and Y respectively. Then [X, Y] is equivalent to X being invariant under n.
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THEOREM 2.4.10 (Frobenius’ Theorem). The following are equivalent:

(1) There exists a flat chart for D at every point of M;
(2) D is completely integrable;
(3) D is involutive.

Proor. Certainly for any p € M, if there exists a flat chart for 9, and the slice of the
form xk*t1 = ptl | = p" is an integral manifold through p. Therefore existence of a
flat chart at every pomt implies complete integrability.

To see that complete integrability implies involutivity, consider two smooth vector
fields X and Y lying in a completely integrable distribution D on M and p € M. Let
(H,i) be an integral manifold of D through p and suppose i(q) = p. Since di: TN —
Z)I,(N) is a bundle 1somorphlsm there exist smooth vector fields X and ¥ on N, such that
dioX = XoianddioY = Yoi. By Exermse_[X Y] and [X, Y] are i-related. Therefore
[X,Y], =di,([X,¥],) € D,, and D is involutive.

Now assume that D is a k—dimensional involutive distribution, dim M = n and p € M.
Since the existence of a flat chart at p is a local question, we may replace M by an open set
U c R" with 0 = p € U and assume

D,® span{

0 n
8xk+l axn| } T R

Choose a smooth local frame Y, ..., Y, of Din U. Let r: R* — R¥ be the projection onto
the first k coordinates. This induces a smooth bundle map dr: TU — TR* with

n ia k ia

By our choice of coordinates a’7r,,| p, 18 bijective, by continuity drly, is bijectiv for g in an
P

n(q)

open neighborhood U’ of p. Furthermore, drly is a smooth bundle map and therefore the
matrix entries of dn|y, with respect to our local frame (Y;) are smooth functions of g € U’,

-1
thus so are the matrix entries of (d7T|Z)q) : TRX

g D,. Define a smooth local frame
Xi,..., X for Din U’ by

-1 a
X = (arda,) 5

The vector fields X; and == 0 g 2T€ n—related since

n(q)

0
ﬁ o = (dﬂ'q|z)q) X,'lq = dﬂ'q X,"q .
Therefore by Exercise|2.2.4
0 0
dr([X, X,1,) = [6 axj] -

Since [X;, X1, € D, by involutivity and dr is injective on each fiber of D, [X;, X;], = 0.

3Consider e. g. the determinant map on the matrix with respect to a local frame.
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Now let 6; be the flow of X; fori = 1,..., k. There exists an £ > 0 and a neighborhood
W of p such that the composition (6,);, o ... o (6¢),, 1s defined on W and maps W into U’
whenever |t], . .., || are less than . Let

S = {@, .U 0,...,0,u L u) e W)
and define y: (—&,8)* xS — U by
W, ") = (0 0...00)x0,...,0, ", U

By Exercise 2.4.9) X; is invariant under the flow of X;, in other words X; is (6;),—related
to itself. Therefore, since by Lemma all the flows 6; commute with each other, for
ie€{l,..., k}and any uy € W we have

0
(dlr//u() w )f
0
= E f(w(ul’”.’un))
Uy,
a k+1 n
:F f((gl)ulO'*'O(Hk)uk(o"”’(),u a--~au))
U Ty
0
= a0 J(O)i 0 O1)y 0 ... 0 Orp)ym1 © Brat)or - .. 0 (B (0, ..., 0, u™)
uo
0
=d f(ﬁ (ai)tt.-) (011 © ... 0Byt © (Bi1)yivt - . 0 (0 (0, ..., 0,u* L, . ™))
up

= df(Xi|¢(u0)) = Xi|¢(u0) (f)
Then fori=1,...,k we have

On the other hand, since
W(,...,0,u*t ™) =(0,...,0,u, ),

we get
0 0
dy —| = — fori:k+1,...,n.
v ou'ly 0x'|,
Therefore, dy takes (7 e o ) © Xilps oo Xl 2 ST %L), which is also a

basis. By the inverse function theorem,  is a diffeomorphism in a neighborhood of 0, and
¢ = ! the flat choordinate chart. O

ProposiTiON 2.4.11. Suppose that f: M — N is C*, that (H,i) is a d-dimensional
integral manifold of a k—dimensional involutive distribution O on N, and that f factors
through (H,1i), that is, f(M) C i(H). Let fo: M — H be the (unique) mapping such that
iofo=1f.

M —— N

fo .

=
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Then fy is C*.

Proor. By the injectivity of i there is a unique g € H for all p € M such thati(q) = f(p),
i.e. there is a unique map f; such i o fy = f. Let p € M be arbitrary and set g = fo(p) € H.
Let (y!,...,y") be flat coordinates for O on a neighborhood U of i(g) and let 7r: U — R"*
be given by 7 = (y**!,...,y"). Since i is continuous, i~!(U) is open in H and therefore
consists of a countable number of connected components, each of which is open in H.
Because D is spanned by the first k coordinate vector fields in U, this implies that 7 o y
is constant for any smooth path y in a connected component of i(i"'(U)) = i(H) N U.
Therefore each connected component of i(H) N U is a subset of a slice and n(i(H) N U)
consists of a countable number of points. Choose smooth coordinates (x') for M on a
connected neighborhood V of p such that f(V) c U andi~!. Since f(V) C i(H)NU, mo f(V)
is also countable. Since V is connected, the coordinate functions are actually constant, and

thus f(V) lies in a single slice. On this slice (y',...,y*) are smooth coordinates, so f;
has the local coordinate representation (y',...,y") o f(x) = (f](x),..., f¥(x)), which is
smooth. |

TueOREM 2.4.12. Let G be a Lie group with Lie algebra g, and leth C g be a subalgebra.
Then there is a unique connected Lie subgroup (H, @) of G such that de(h) = b

Proor. Let d := dim ). Consider the smooth d—dimensional distribution D given by
D(g) :={X(g)| X €h} foreverygeg.

D is globally spanned by a basis X, ..., X, for h. D is involutive, for if X and Y are vector
fields lying in O, then there are C™ functions {a;} and {b;} on G such that X = )’ a;X; and
Y = ) b;X;, and therefore
d
[X, Y] = > {aibj[Xi, Xj] + aiXi(B)Y; - b;Y (@)X},

ij=1

which is a vector field in D since b is a subalgebra of g.

Let (H, ¢) be a maximal connected integral manifold of D through e. Let g € ¢(H).
Since D is invariant under left translations, (H, [,-1 o ¢) is also an integral manifold of O
through e with [, o (H) C ¢(H). Therefore, g, h € ¢(H) implies g 'h € p(H) and p(H)
is a subgroup of G. Equip H with the group structure so that ¢ is a homomorphism.

We need to check that H is a Lie group, i.e. that & : H x H — H with a(g,h) = gh™' is
C®. Since H is a subgroup of G, the map 8: H x H — G given by B(g, h) = ¢(g)p(h)~" is
C* and the following diagram commutes:

HXHLG

H

Since H is an integral manifold of an involutive distribution on G, « is also C* by Proposi-
tion[2.4.11} Thus (H, ¢) is a Lie subgroup of G, and if § is the Lie algebra of H, dp(h) =
for dimension reasons by Theorem [2.3.2]
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To prove uniqueness, let (K, ¢) be another connected Lie subgroup of G with dp(f) = b.
Then (K, ¢) is also an integral manifold of O through e. By the maximality of (H, ¢),
W (K) C ¢(H), and there is a uniquely determined map ¢ such that ¢ o ¥y = ¢

y
K—G

T @
Yo o
'\\

H

By Proposition[2.4.T1]y is smooth, and therefore is an injective Lie group homomorphism.
Also, ¥ is everywhere non-singular, in particular it is a diffeomorphism on a neighborhood
of the identity, and therefore surjective by Proposition Thus ¥ is a Lie group iso-
morphism. This proves uniqueness. O

CoROLLARY 2.4.13. There is a 1:1 correspondence between connected Lie subgroups of
a Lie group and subalgebras of its Lie algebra.

Recall that a topological space is simply connected, if its fundamental group is trivial.
Then one can show the following theorem with some more work on covering spaces. For
a proof see [61, Theorem 3.28].

THEOREM 2.4.14. There is a 1:1 correspondence between isomorphism classes of Lie

algebras and isomorphism lasses of simply connected Lie groups.

2.5. The exponential map

Let G be a Lie group, and let g be its Lie algebra.

DEermniTiON 2.5.1. A homomorphism ¢: R — G is called a I-parameter subgroup of
G.

We will see that 1—-parameter subgroups are precisely the integral curves of left-invariant
vector fields.

LemmMma 2.5.2. Every left-invariant vector field on G is complete.

Proor. Let G be a Lie group, let X € g, and let 8 denote the flow of X. Suppose some
maximal integral curve 6 with starting point g is defined on an interval (a,b) C R, and
assume b < co. (The case a > —co is handled analogously.) By Lemma[2.4.§|

(2.5.1) ly 0 6,(h) =6, 01,(h)

on the domain of §. The integral curve § starting at the identity is at least defined on
(—&, &) for some € > 0. Choose ¢ € (b — &, b) and define the curve y: (a,c + &) — G by

0 {9@)(;) t € (a,b)
lg(g)(c)(e(e)(l —-¢c)) te(c—¢g,c+eé).
By we have forz € (a,b)N(c —€,¢c + €)
le(g>(c)(9(e)(t =) = lyw ) (0i-c(€))
= gt—c(le(é’)(c)(e)) = 0-(0:(2))
= 6(g) = 69(0),
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where 6,_. o 6. = 6, by the Fundamental Theorem of Flows, so the definitions for y agree
on the overlap.

On (a, b) s an integral curve of X, for ¢y € (c — ¢, t+ &) we compute using the chain-rule
and the left-invariance of X

, d . d
V) = G| @ =) = dipos (z

= dlg(g)(c)(XQ(f)(to—c)) = X)’(lo)‘

Therefore (a, b) is not the maxmial of 6©. O

09t — c))

1=t

Using (2.5.1) again, we can easily show the following.

Exercise 2.5.3. Let X € g. The integral curve of X starting at e is a one-parameter
subgroup of G.

THEOREM 2.5.4. Every one-parameter subgroup of G is an integral curve of a left-
invariant vector field. Thus there are one-to-one correspondences

{one-parameter subgroups of G} «— g «— T,G

In particular, a one-parameter subgroup is uniquely determined by its initial tangent vector
inT,G.

d

Proor. Let ¢: R — G be a one-parameter subgroup, and let X = dy (%) € g, where &

is considered as a left-invariant vector field on R. Since X is ¢—related to % we have
, d
@' (to) = dey, (d—‘ ) = Xy
t f

Therefore ¢ is the integral curve of X. Together with Exercise[2.5.3|and Theorem [2.3.2]the
proof is complete. O

DeriniTioN 2.5.5. We call the integral curve ¢ of X the one-parameter subgroup gener-
ated by X. The exponential map of G is given by

exp(X) = ¢(1).
The following proposition explains the choice of name.

ProposiTioN 2.5.6. For any matrix A € gl(n, R), let

1
A _ k
e’ = kio _k!A .

This series converges to an invertible matrix, and the one-parameter subgroup of GL(n, R)
generated by the left-invariant vector field A corresponding to A is ¢(t) = ™.

Proor. Since ||AB|| < ||A]ll|lB|| and therefore ||A¥|| < ||A|[* with the standard norm on R"z,
the series converges uniformly and ||e”]| < .

After differentiating each summand, the series still converges uniformly on bounded
sets. Therefore term-by-term differentiation is justified and ¢(f) = €™ satisfies the differen-
tial equation ¢'(¢) = ¢(1)A as well as ¢(0) = e.
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Consider the left-invariant vector field A corresponding to A. Therefore, we have for
our (global) coordinate functions x;; on GL(n,R) that A (x; ;) = A;j. The one-parameter
subgroup vy generated by A is the unique integral curve of A starting at the identity, i.e. it is
the unique solution to the initial value problem

Y (1) = Ay = dLA,

¥(0) =e,
which written in matrix form via our coordinates x;; can be easily seen to be equivalent to
Y (1) = y(DA
¥(0) =e.
Therefore y(t) = (7). O

The following proposition is not surprising, but is not apparent in our previous dis-
cussion. In particular, it tells us what the one-parameter subgroups of matrix Lie groups
are.

ProrposiTioN 2.5.7. Let H C G be a Lie subgroup. The one-parameter subgroups of H
are precisely those one-parameter subgroups of G whose initial tangent vectors lie in T H.

Proor. Let ¢: R — H be a one-parameter subgroup. Then

R-5HSG

is a Lie group homomorphism and thus a one-parameter subgroup of G.
On the other hand, if ¢: R — G and ¥: R — H are one-parameter subgroup with the
same initial vector in 7, H, then

R-5HSG
must be equal ¢. O

ProposiTion 2.5.8 (Properties of the exponential map). Let G be a Lie group and g be
its Lie algebra.

(1) The exponential map exp: ¢ — G is smooth.

(2) For any X € g, ¢(t) = exp(tX) is the one-parameter subgroup of G generated by
X.

(3) Forany X € g, exp(s + )X = exp(sX) exp(tX).

(4) Under the canonical identifications of Tyg and T,G, d exp, = id.

(5) The exponential map restricts to a diffeomorphism from a neighborhood of 0 in g
to a neighborhood of e in G.

(6) If H is another Lie group and }y its Lie algebra, then for any Lie group homomor-
phism f: G — H the following diagram commutes:

df

g ——190

exp J/ L exp

GT>H

(7) The flow 6 of X € g is given by 0; = rexpux), Where r denotes right translation.
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Proor. For any X € g let 0y, its flow.
(1) Define a smooth vector field Y on G X g by

Yiox) = (X;,0) € TG X Txg = T, (G X g)

The flow of Y is given by 1,(g, X) = (6(x)(2, &), X). By the fundamental theorem of
flows, Theorem[2.4.4] n is smooth. Since exp X = m;(0;(e, X)), where 11 : GXg —
G is the projection, exp is smooth.

(2) We need to show that exp(rX) = 9&))

(e) _ ple
0o, (1) = 65,0

Fix ¢ € R and define (s) = 63 (st). Then by the chain rule,

Y () = 1(63) (1) = Xy,

So vy is integral curve of tX. Since y(0) = e, by the uniqueness of integral curves
we have y(s) = Héf})()(s). For s = 1 we get the desired formula.

(3) This follows from the one-parameter group being a group homomorphism.

(4) Let X € T.G = Tyg be arbitrary and o(¢) = tX. Then 0’(0) = X and by (2) we

have

(?), in other words

d
dexpy X = dexp, o’ (0) = (expoo)'(0) = 7
(5) This follows from (4) by the inverse function theorem.
(6) By (2) exp(td f(X)) is the one-parameter subgroup generated by d f(X). Let o(¢) ==
f(exp(tX)). Then

exptX = X.
=0

dt =0

d d
o'(0)= —| flexp(tX)) = df (E' eXP(IX)) =df(X)

and

(s +1) = flexp(s + NX) 2 f(exp(sX) exp(tX)) = f(exp(sX))f(exp(iX)) = o(s)or (D).

So o is also a one-parameter subgroup satisying the same differential equation
and therefore equals exp(td f(X)).
(7) By (2) and Lemma we have

Fexpx)(&) = g exp(tX) = ly(exp(tX)) = L,(Ox)i(e)) = Oix)(lg(e)) = Ox)i(g). |

2.6. Lie Group actions
Let G be a Lie group and M a smooth manifold.
DermniTioN 2.6.1. A left action of G on M is a smooth map
0: GXM—->M
&P 0(p)=g-p
such that

g-(h-p)=(@g-h)y-p and e-p=p foralg,heG,pe M.
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A right action of G on M is a smooth map
MxG—->M
(P8 = pr-g
such that
(p-g-h=g-(g-h) and p-e=p forallg,heG,pe M.

We will list some frequently used terminology regarding group actions. Consider a left
action of G on M.

The orbit of p under the actionisthesetG - p :={g-p| g € G}.

The isotropy group of p is givenby G, '={g | g- p = p}.

The action is transitive if for any p,q € M thereisa g € G such thatg- p = q.
The action is free if G, = {e} for all p € M.

p € M is a fixed point of the action, if g- p = pforall g € G.

A few relevant examples are the following:
(1) Any Lie group acts freely and transivitely on itself by multiplication.
(2) Any Lie group G also acts on itself by conjugation C,h = ghg™", for which G, are
all elements which commute with g. Notice that C, is a Lie group homomorphism.
(3) O(n) naturally acts on R” and restricts to a transitive action on S"~!,

Using the following concept we can generate a lot more important examples.

DeriniTION 2.6.2. If G is a Lie group, a (finite-dimensional) representation of G is a Lie
group homomorphism p: G — GL(V) for some finite-dimensional real or complex vector
space. We will also encounter (possibly infinite-dimensional) representations on Hilbert
spaces, where GL(V) gets replaced by the group of bounded linear operators on a Hilbert
space. If p is injective, p is called faithful.

Any representation p yields a left action g - v := p(g)v for g € G,v € V. If G is a Lie
subgroup of GL(n, R), then G — GL(n, R) is a faithful representation, called the defining
representation.

If G is a Lie group and g its Lie algebra, consider the Lie algebra homomorphism Ad
induced by C,. By the following theorem Ad: G — GL(g) and Ad is a representation of
G, called the adjoint representation.

THEOREM 2.6.3. Let 6: G X M — M be a left action for which p is a fixed point, then
the map
p: G- Au(T,M)
g = (dby),

is a representation of G.

Proor. Notice that p not only maps into the endomorphisms of 7),M but the Lie group
of automorphisms, because p(e) = Id and

p(gh) = (dby,)p = d(b, o 6,), = p(g)p(h)

imply that p(g) is invertible with p(g)~! = p(g™!). The above remarks also show, that p is a
homomorphism of groups.
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It remains to show that p is C™. It suffices to show that p composed with any coordinate
function on Aut(7,M) is C*. One gets a coordinate system by using a basis of 7,M (and
its dual basis) to identify Aut(7,M) with non-singular matrices: a coordinate function on
Aut(T,M) is of the form

¢: Au(T,M)—> R
A > V'(Av),

where v € T,M is a basis vector and v* is the dual vector with respect to the basis. Then
¢ o p is smooth, because it is the composition of C* maps

G5 TG XxTM) S TGxM S T 5 R
where i(g) = ((g,0), (p,v)). m]

Recall that the equivalent of a directional derivative in Euclidean space is the Lie de-
rivative LyY of smooth vector fields X and Y given by
d0-)Yop) = Yp

d )
(LxY), = 7 Od(Q—I)YG,(p) = 1t1r{)1 ; ,
t= -

where 6 is the flow of X.
We will need to know the following important result.

ProrosiTiON 2.6.4. For any smooth vector fields X and Y on a smooth manifold M
LxY =[X,Y].

Proor. Let f € C*(M). Let 6, be the flow of X and define F(¢, p) := f(6,(p)) — f(p)
and F’ := %F. Set

1
g(p) = j; F'(ts, p)ds.

Then g: (—¢&,&) X M — R is smooth and satisfies for # > 0

1 t
1g:(p) = f tF'(ts, p)ds = f F'(3, p)d3s = F(t, p).
0 0

Similarly we can extend this to 7g,(p) = f(6;(p)) — f(p) for all ¢ € (—¢, €), which yields

d 6, - )
X,7 = 5| pen = tim TOPIZTD) i g, p) = gy
=0 = t t—0
as well as
dO-)Yo,p0 S = Yo(f ©0-) = Yo/ — tYo)(8-0)-
Therefore,
d(6-,)Yy, -Y .Y, -Y )
(LXY)p(f) _ ltl_l')I(} ( ) 9([t’)f Pf — ltg% M — ltl_l?(*)l YB,(p)(g—t)
d
= —| Y(fob(p)—Yyg0=X,(Y))-Y,(X))=I[X,Y],[. o

dtli=o

A Lie algebra homomorphism g — End(V) for some vector space V is also known as
a representation of g.
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THEOREM 2.6.5. Let G be a Lie group, let g be its Lie algebra. Then the Lie algebra
representation induced by Ad
ad: g — gl(g)
is given by ad(X)Y = [X, Y].

Proor. We have

t=0 dt =0 dt
By Theorem [2.5.8]the flow of X is given by 6, = r..px). Then

d
2| ACepam) (d(exp)(V))

d

= d_t » d(r, exp(—zX)) (Yexp(tX))
d

= — dO-) (Yo (e
dt 10 ( t)( 91( ))

= (LxY)(e) = [X, Y](e).

Since left-invariant vector fields are determined by their value at e, this completes the
proof. O

d d d
ad(X)Y = (Zr Ad(exp(rX»)Y = —|  (Adex(¥)) = —| _Od(cexp(m)m.

(ad(X)Y),

2.7. Principal bundles

DEermniTiON 2.7.1. Let M be a manifold and G be a Lie group. A principal G-bundle
over M consists of a smooth manifold P and an action of G on P satisfying
(1) G acts freely on the right;
(2) M is the quotient space of P by the equivalence relation induced by G, M = P/G
and the canonical projection n: P — M is differentiable;
(3) P is locally trivial, that is, every point x € M has a neighborhood U such that
there exists an diffeomorphism ¢ : 77 (U) — U x G with
(a) ¢ is equivariant: Y(p - g) = Y(p) - g, where (x,h) - g = (x,h - g) for x € U and
g, heqG;
(b) n(y~"(x,8)) = x.
P is called the fotal space, M the base space, G is the structure group, n the projection and
n~!(x) the fiber over a point x € M.

Given a principal bundle P, it is not difficult to choose an open covering {U,} of M and
with diffeomorphisms ¢, from Definition Consider the transition functions Yo
vy ¥,
(Ua NUg) X G =5 17 (Uy N Up) —> (Uy N Up) X G.
Let m1,: U, X G — G be the projection to the second coordinate. Then m, o Y, (p - g) =
73 0 Yo(p) - g and thus for p € 77'(U, N Up)
72 0 Yp(pg)(ma 0 Yo(pg)) ™" = 1 0 Ys(p)(ma © ()",

which shows that 1,53 only depends on 7r(p) and not on p and we have ¥z(x, g) = (X, ghap(x))
for some smooth map h.z: U, N Ug — G.
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If s: M — P is a section of a principal G-bundle 7: P — M, i.e. s is smooth with
mo s = id, then s determines a trivialization P = M X G by p = (n(p), g,), where g, € G
is determined by p - g, = s(z(p)). P is called trivializablﬂ

The frame bundle GL(T M) — M is the principal GL(n, R)-bundle whose fiber over a
point x € M is the collection of all bases for 7. M this fiber is (not canonically) isomorphic
to GL(n,R). For a given Riemannian metric on M we have the orthonormal frame bundle
by considering all orthonormal frames. This forms a sub-principal bundle of GL(7T' M) with
fiber O(n) ¢ GL(n,R).

ExEercise 2.7.2. If M is orientable, then O(T M) is the union of two components. A
choice of orientation for M is the same as a choice of a component of O(T M). This com-
ponent is a principal SO(n)—bundle, the oriented orthonormal frame bundle.

You can construct a principal GL(n, R)- (or GL(n, C)-) bundle over M from a vector
bundle £ — M. If E is equipped with a fiberwise positive definite symmetric inner product,
then its structure group can be reduced to O(n) or U (nf] and one can construct a principal
O(n)— (or U(n)-) bundle from E.

Exercise 2.7.3. The Hopf fibration is a principal S '—bundle over S?, where the projec-
tionm: §3c C?> - §? c C?> xR = R? is given by n1(z9,21) = 22071, |201> = |z1]?).

DErintTiON 2.7.4. Let P — M be a principal G-bundle and p: G — GL(V) a represen-
tation of G. Then define (the Borel construction)

Px,V
to be the quotient space P X V/ ~ where
(P,v) ~ (g, &™'v).

Exercise 2.7.5. The function P X, V — M given by (p,v) — n(p) is well-defined and
makes P X,, V into a vector bundle over M with fiber V, the vector bundle associated to P
by the representation V.

For the defining representation of SO(n) the associated vector bundle to a principal
SO(n)-bundle is a vector bundle with fiber R". Similarly we can take the defining repre-
sentation of U(n).

For the Adjoint representation Ad the associated vector bundle is called the Adjoint
bundle and is denoted by Adp — M.

EXERcisg 2.7.6. Show that the adjoint representation of SO(3) is isomorphic to its defin-
ing representation i: SO3) — GL(3,R): find an SO-equivariant vector space isomor-
phism ¢: R? — s0(3) (also known as an intertwining map), i.e. an isomorphism satisfying
Ad(g)p(v) = ¢(i(g)v) for all g € SOQ3) and v € R>.

Since SU(2) is the double cover of SO(3), the adjoint representation of SU(2) is the
same as the composition of the 2—fold cover SU(2) — SO(3) with the defining representa-
tion of SO(3).

4We want to stress that there is a difference between the trivial bundle M x G and the trivializable bundle
P.

STn this case, E is called a O(n)- or U(n)-vector bundle.
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Exercisg 2.7.7. We can define a homomorphism [-,-]: AdP® Ad P — Ad P by setting
[(p,v), (p, V)] := (p,[v,V']) on representatives (p,v) and (p,V') of elements in the fiber of
n(p). Check that this homomorphism is well-defined.

A useful observation is that if E = P X, V, then sections of E are just G—equivariant
maps f: P — V. The correspondence is given by (f: P — V) — (¢, € I'(E)) where
¢7(x) is the equivalence class of (p, f(p)) where p € 7 (x).

Exercise 2.7.8. Check that this map makes sense and is a vector space homomorphism.

2.8. Homology with local coefficients

DEeriniTioN 2.8.1. The group ring Zn is a ring associated to a group . Additively it is
the free abelian group on 7 with multiplication given by

(Z migi) [Z n]hj) = Z(mln])(g,h]), mi, n; € Z, i, h] € 7.
i,J

i J

Let A be an abelian group and
p: m— Autz(A)
be a homomorphism.

ExeRcise 2.8.2. Show that representations of m can be identified with left modules over
Zr.

Let X be a path connected and locally path-connectecﬂ space X with a base point x
which admits a universal cove Let X — X be the universal cover of X. m X naturally
acts on X on the right. Then the singular chain complexﬂ S .(X) is a right Zn-module.

DermniTioN 2.8.3. Consider a left Zr—module A for 7 = 7 X and form the chain complex
S.(X;A) = 5.(X) ®z: A.

The homology H.(X; A) of this complex is called the homology of X with local coefficients
in A. If A is defined via a representation p: m — A, then H,.(X;A) is called the homology
of X twisted by p and denoted by H.(X;A,).

X is locally path-connected if for every point x € X and every open set V containing x there exists a
path-connected open set U withx € U C V.

A covering space of M is a space C together with a continuous surjective map p: C — M, such that
for every x € M, there exists an open neighborhood U of x, such that p~!(U) is a disjoint union of open sets
in C, each of which is mapped homeomorphically onto U by p. A connected covering space is a universal
cover if it is simply connected.

8Singular g—chains are linear combinations of g—simplices

o AT ={(tg,....t1) eRE | Yt = 1,4 > Oforall i} — X

and form a chain complex with the boundary map given by
q
§e) =y (=1)"o o fi,
m=0

where fi(t0,...,t-1) = (f0, ... s tm=1,0, I, . . ., 1,-1) is the face-map.
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We can turn S, (X) into a left Zzr—module by the standard procedure
g-z=2z-g".
DeriniTION 2.8.4. Consider a left Zn—module A for # = m;X and form the cochain
complex .
S7(X;A) = Homgz,(S .(X), A).
The cohomology H*(X; A) of this complex is called the cohomology of X with local coef-

ficients in A. If A is defined via a representation p: m — A, then H*(X; A) is called the
cohomology of X twisted by p and denoted by H*(X; A,).

See [16, Chapter 5] for details.

Exercise 2.8.5. Convince yourself, that the usual integer cohomology of X is isomor-
phic to H*(X; Z,) for the trivial representation p: miX — Z.

If M is a closed manifold of dimension n and A is vector space equipped with a non-
degenerate inner product (-, -), then Poincaré duality can be generalized to twisted coho-
mology without an extra effort

H(M;A)) = H, (M;A).
Just like for the singular cohomology we have a relative version for twisted cohomology.
If X is a manifold with boundary of dimension n, we can generalize Poincaré-Lefschetz
duality ‘ ‘
H'(X,0X;A,) = H,-(X;Ap) and  H'(X;Ap) = H,i(X,0X; Ap).
The universal coefficient theorem can also be generalized to twisted cohomology
H'(X;A,) = Hom(H,(X;A,),R).
And certainly, we have long exact sequences in twisted homology and cohomology.
ProposiTION 2.8.6. Let X be a manifold of dimension 2n + 1 with boundary. Then
dimim [ Jr H'(X;A,) — H'(0X; Ap)] = L dim(H"(3X; A,)).

Proor. We will suppress the coeflicients in our notation. Consider the following dia-
gram made up out of the middle part of the long exact sequences in homology and coho-
mology of the pair (X, 0X) and the Poincaré-duality isomorphisms:

J

H"(X) H"(0X) — H™!(X,0X)

H, 1 (X,0X) —— H,(0X)

je

H,(X)

Then dim(im j*) = dim(imi,) = dim(ker j.). Now recall the fact, thatif L : V — Wis a
homomorphism between finite-dimensional R-vector spaces and L* : W* — V* its induced
dual homomorphism, then ker L = coker L* = V*/im L*. Then together with the universal
coeflicient theorem and Poincaré duality we get

dim(im j*) = dim(ker j.) = dim(coker j*) = dim(H"(0X)) — dim(im j*)
which proves dim(im j*) = % dim(H"(0X). O



26 2. BACKGROUND MATERIAL

Let  be an arbitrary group. The group cohomology H*(n, A,) of m twisted by p is the
cohomology of the complex given by C%(r, A, = A, C"(n,Ay) = Maps(n”,A) and the
boundary maps

')(g) =p(g)(v) — v
0"(f)g1s- - &nr1) =P(8(f(g25- - -, &nr1)

£ DS 8i8irts - 8uet) + (1™ (g1, gu).
i=1

The k—th cohomology is given by Z*(r, A,)/B (r, A,), where Z¥(r, A,) = ker(6") are the
k—cocycles and B¥(r, A,) = im(6*™") are the k—coboundaries. For example a 1-cocycle ¢ is
amap m — A, which satisfies the cocycle condition

E(gh) = &(g) + p(g)é(h).

Eilenberg-Maclane spaces are spaces K(G, n) defined up to homotopy with the property
that all homotopy groups except for n,(K(G,n)) = G are trivial. It is shown in [30], that
any compact 3 manifold with torsion-free fundamental group is a K(m1(X), 1). It turns out
that H'(K(r, 1), A,) = H'(n,A,).

2.9. Algebraic sets and the Zariski tangent space

We will review necessary definitions and results from real algebraic geometric. See
[10] for more information.
For a subset S of the polynomial ring R[x], x € R" we call

ZES)={x=(1....,x,) eR"| g(x) =0forall g € S}

an algebraic set. By the Hilbert basis theorem, every ideal in R[x] is finitely generated. In
particularly the ideal generated by any subset S C R[x] is generated by finite set S’ so that
Z(S)=2Z(©S"). Infact Z{ fi, ..., fi}) = Z(f) for f = 3, f7. A semi-algebraic set of R" is
a finite number of unions, intersections and complements of sets S (f;), where

S(f)={xeR"| f(x) >0}

Exercisg 2.9.1. The collection of algebraic sets in R" is closed under finite union and
arbitrary intersection. Also () and R" are algebraic sets.

We can endow an algebraic set V with a topology, the Zariski topology, where the
closed sets are given by the algebraic sets. Given an algebraic set V, we can form the
vanishing ideal

I(V) ={f e Rlx]| f(x) =0 forall x € V}.
Then one can show that V = Z(Z(V)). The dimension of a semi-algebraic set V is defined
to be the dimension of the ring of polynomial functions on V

PV) = R[x]/L(V),
i.e. the maximal length of chains of prime ideals of (V). The coordinate ring R[V] is the
ring of polynomials restricted to V. V # 0 is irreducible, if V = V; UV, implies V =V,

or V = V,. We will only consider irreducible algebraic sets, also known as affine algebraic
varieties.



2.9. ALGEBRAIC SETS AND THE ZARISKI TANGENT SPACE 27

For an algebraic set V and y € V the tangent space can be defined as the kernel 7,V =
ker J, of the Jacobian matrix
afi
Jy = (—f(y)) : R" - R’
a.x]' ij

where 7 (V) is generated by {fi, ..., f;}. For our purpose there is a more convenient defini-
tion (due to Patrick [49]).

DEeriniTiON 2.9.2. Let M be a smooth manifold and V be a subset with the induced
topology. The tangent cone C,V to V at x € V consists of all tangent vectors y(0) € T.M
of smooth curves y: (—¢,€) — M with y(0) = x and y([0, €)) C V. The tangent space T,V
at x € V is the linear span of C,V.

This definition has the obvious advantage of applying to more general sets, in particular
to semi-algebraic sets.

Exercise 2.9.3. Check that both definitions for the tangent space are equivalent in the
case of affine algebraic varieties.

If 7 1s a finitely presented discrete group and G is a Lie group, then Hom(rxr, G) can be
considered as a subspace of the manifold G", where n is the number of generators. G acts
on Hom(rr, G) on the right via (0 - g)(y) = g 'p(y)g. Therefore, Hom(rr, G)/G is a subset of
the G /G, where G acts simultaneously on the right by conjugation. If G is algebraic, then
Hom(r, G) is an algebraic set. In general, Hom(r, G)/G may not even be Hausdorff and
one has to pass to the categorical quotient Hom(xr, G)//G. See Sikora [57]] for a detailed
account for complex reductive algebraic groups G.

We will compute the tangent spaces to Hom(xr, G) and Hom(zr, G)/G using Definition
[2.9.2]for any Lie group G, as long as Hom(r, G)/G is a subspace of some manifold. It was
Weil who showed how to identify Hom(rr, G)/G with H!(r, a,) [62].

THEOREM 2.9.4. If 1t is a finitely presented discrete group and G a Lie group, such that
Hom(z, G)/G is a subspace of some manifold, then

T,(Hom(r,G)) = Z'(n,0,) and T,(Hom(x,G)/G) = H'(n,a,).
Proor. If 7 is generated by xi, ..., x,, then
Hom(nr,G) - G X ... XG
p = (p(x1), ..., p(x)).

Therefore a tangent vector at a representation p € Hom(m, G) can be considered as an
element of T, )G X ... X Ty,)G. If we want to think of a tangent vector independently
of the set of generators, we can simply consider it as a map : 7 — TG with n(x) € T,G.
Now letp: (—€,€) — R”" be a path satistying p(0) = p and p([0, €)) € Hom(rr, G). By right
translation we can write p,(x) = &,(x)p,(x) for £(x) € g. Therefore the vector o, at p can be
identified with a map &) = €: 7 — g satisfying

EQy)p(xy) = Lp,(xy)| _, = Lp(x) - p(3)| _, = E@PX)PG) + p(OEGIPG),
or equivalently the cocycle condition

é:(xy) = -f(X) + Adp(x) é‘:(y)
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This shows that T, Hom(r, G) = Z'(x, g,).

Let us turn to T}, (Hom(xr, G)/G). A similar argument as above shows that two tangent
vectors & and & to Hom(rr, G)/G at [p] associated to p; and g0, respectively—which
after conjugation we may assume to be represented by tangent vectors to Hom(n, G) at
p—are equivalent if there is some gy = v € g so that

E0p() = £p,(0)| ) = Lepi(0)g; | -, = vo(x) + E(0)p(x) - p(x)v.
Therefore &,,&, € Z'(r, g,) are equivalent if
E1(x) — &(x) = v — p(x)vp(x) " = S ()(x),
which shows
T,,)(Hom(r,G)/G) = Z'(n,9,)/B" (r,8,) = H'(r, g,). o



CHAPTER 3

Connections on principal bundles

3.1. A few equivalent notions

If 7: P — M is a principal G-bundle, then for every p € P we have amapi,: G — P
given by the formula i,(g) = p - g. For X € g we let X* be the fundamental vector field
corresponding to X given by X7 = di,(X,).

Exercisk 3.1.1. X* is smooth and vertical, i.e. dn(X*) = 0, and X,,, = di,,(X,) for p € P.

DeriniTION 3.1.2. A connection on a principal G-bundle P — M over a manifold M is
a g—valued 1-form A on P satisfying
(1) A(X*) = X forevery X € g;
(2) A is G—equivariant, i.e. r;(A) = Ad,1 A foreach g € G,
where r,: P — P denotes the right action by g € G. We denote the set of connections on

G—equivariance says that if Y is a vector field on P and g € G, then A(dr,(Y)) =
Ad,-1(A(Y)). Locally, a 1-form on an n—dimensional manifold M with values in g has the
expression

(dxi ®A)+...+(dx,®A,),

where the x; are coordinates on M and the A; are elements of g. Given a vector bundle
E — M, QP(E) will denote the p—forms with values in E, i.e. smooth sections of the
vector bundle

)4
NT'MOE - M,
where the symbols denote the wedge and tensor products of the bundles. A connection is
therefore an element of Q!(P; g), where
Qf(P;g) := QP x g)

are the g—valued k—forms on P. Denote the subspace of G—equivariant g—valued k—forms
on P by Q¥(P; g)°.

Alternatively consider a G—invariant horizontal distribution on P — M", i.e. an n—
dimensional distribution H on 7T P satisfying:

(1) H,cT,P -, Tr»M 1is an isomorphism for each p € P;
(2) The distribution is G—invariantEI, ie. Hy, = d(r,)H,;
(3) H), varies smoothly with p.

The H), are called the horizontal subspaces.

The terminology G—equivariant would also be appropriate

29
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Exercise 3.1.3. The map from the connections on P to the G—invariant horizontal dis-
tributions on P given by A — Ker A is a bijection. Use the fact that the choice of H), yields
the decomposition T,P = H, ® V), where V, is the vertical subspace spanned by all the
fundamental vector fields.

Therefore, there is a slick way to think about connections: A connection is a choice of
a G—equivariant splitting of the family
di, dr,
Ty P Ty M —0
A (drlu,)™!

0 g

of short exact sequences parametrized by p € P. As we have seen above, this splitting can
be given by a left-inverse of i, (retraction), namely A, or by a right-inverse of dr, (section),
namely (dnly,)™".

From Exercise [3.1.3] we see that a connection on P determines a unique way to lift
tangent vectors from M: If X, € T, M let X, € T,P be the unique vector in H, lying over
X,, where p € n7'(x). The lift X is called the horizontal lift of X. Since we can lift vectors
from M to P, it seems believable that we can lift a path in such a way that the tangent
vectors to the lifted path are the horizontal lifts of the tangent vectors to the path in M.
This is another characterization of a connection and will be discussed in Section

Our original definition can be modified a little by using the Maurer Cartan form. This
will be discussed in Section

If we have a representation we can consider the vector bundle associated to a principal
bundle and consider its covariant derivative, which is yet another notion of the connection
and will be discussed in Section 3.4l

3.2. Structure of the space of connections

If P is trivializable, then a trivialization P = M X G gives a decomposition T, P =
T :MoT,G. Thus a trivialization gives us a choice of horizontal and vertical subspaces, this
choice is called the trivial connection (with respect to this trivialization). The correspond-
ing g—valued 1-form on P takes a vector X = (X, X;) e M & T,Gtodl,-1X, € T.G = g
(or equivalently to the left-invariant vector field & — dl,,-1X5). A different trivialization of
the bundle determines a different trivial connection.

In the case of a trivializable bundle we can simplify the notion of a connection.

ProposiTiOoN 3.2.1. Let P be a trivializable principal G-bundle over a manifold M.
A trivialization of P identifies the space of connections Ap on P with g—valued 1-forms
QY(M;g) on M.

Proor. Let A be a connection on P. By trivializing P = M X G, we can decompose the
tangent space of Pat p = (x,g) € PasT,P = T.M x T,G.

Let s : M - P = M X G be the section s(x) := (x,e). Then we can define an affine
homomorphism

¥Y:Ap - Q' M)®g
A — 5°(A).
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On the ~other hand given A € Q'(M; g), where we think of g as T,G, define a g—valued
1-form ®(A) := A on P = M X G where
AV W) = A, (v)) + d(lg-1)wy.
Then for X € g and p = (x, g) € P we have X, = d(i,)X = (0, d(l,)X) and thus
AX)=A0)+X =X
Since ry(x, g) = (x, gh) we have d(r,)(v, w,) = (0, d(r,)w,) and therefore
1AW, W) = A0y, d(r)wg) = A(0,) + d(Uigny)d(ri)wy
= Ad;-1 AQ0,) + d(l-)d(rp)d(lg-1)wg = Adj1t A(ve, wy).
This way we have a homomorphism ¥ : Q!'(M; g) — Ap.
Furthermore, the maps ® and ¥ are inverses of each other, because
(¥ 0 DAV, = 5 (Aug) () = A (V2. 0p) = A,
and
(D o W(A)(vi, wy) = YAW,) + d(ly-1)wg = A(vy, 0) + A0y, wy) = A(vy, wy).
That is, Ap = Q'(M; g) as (affine) vector spaces. O

We have already mentioned that a different trivialization changes the connection. The
following exercise describes this change.

Exercise 3.2.2. Choose a connection in a trivializable bundle P — M. Trivialize P
by choosing a section s: M — P so that the connection pulls back to a I-form A €
QY (M;g). Choose a map h: M — G and use h to define a new secion by the formula
sp(x) = s(x) - h(m). Then in this trivialization the connection has the form

Adh—l A+ d(lh—l)dh

This means that if X € T M, then evaluating the pullback of the connection using s, on X
vields
Adh—l(x) A(X) + d(lh—l(x))dh(X)

Notice that dh(X) € TyG. Prove and use the product rule

d
il s(a)h(a,) = d(rpay))ds(@o) + d(isx))dh(ao)

for a path a with derivative X, where i,(g) = p-gand r,(p) = p- g.

We have not yet discussed the existence of connections on general principal bundles,
but it easily follows from the existence of connections on trivial bundles by the fact that
tAg + (1 — 1A, is a connection if Ay and A; are and by using a partition of unity. The
collection of all connections on P forms a topological space ‘A which is a subset of the
vector space of all g—valued 1-forms on P. Even though Ap is not a linear subspace, since
the sum of two connections violates the first condition, it is, however, an affine space.

ProposiTiON 3.2.3. A choice of base connection determines an isomorphism of Ap with
Ql'(Adp).
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Proor. Fix a connection Ay. By Exercise sections of P X, V are the same as
equivariant maps from P to V. Let A be another connection. Given a vector field X on M,
we can construct a function Ay: P — g by the formula:

Ax(p) = A(X)),

where X, is the horizontal lift of X to T, P with respect to Ao. The properties of a connection
show that Ay is indeed an equivariant map from P to g, and therefore Ay determines an
element of Q!(Adp).

Conversely, let A € Q!'(Adp). Define

AY)=A(Y))(p)+Y, forY,eT,P,

where Y = Y + Y, is the decomposition into horizontal and vertical part with respect to Ay.
Thus the choice of A, identifies Ap with Q' (Adp). O

EXERcISE 3.2.4. We have seen that a trivialized bundle has a natural trivial connection.
We can use it as a base connection to identify Ap with Q'(ad g), which in turn is naturally
isomorphic Q' ® g for a trivialized bundle P. Show that this identification is the same as
the one used in Proposition[3.2.1]

3.3. Lifting paths

Let A be a connection in a principal bundle P — M. Let @: I — M be a smooth path
and py € P a point in the fiber over «.

ProposITION 3.3.1. There exists a unique lifting B: 1 — P so that for each t € I, the f3,
is the horizontal lift of &, with starting point pg. The lift B is called the horizontal lift of a.

Proor. Itis easy to see, that there exists some lift y of @ to P (e.g. by the lifting property
or by trivializing the principal bundle over contractible components along the path). Then
any path 3, is of the form vy, - g; € P for some path g: I — G. Now g is a horizontal lift if
and only if A(3,) = 0 for all # € 1. We can apply the product rule to get

AB) = Al(rg) e + (iy):8) = Adgt A() + (L1).8r
Therefore f3 is a horizontal lift if and only if A(j,) = —(r,-1).& To find the appropriate g
with starting point gy is just a matter of solving an ordinary differential equationin G. O

If a is a loop, i.e. @(0) = a(1), then the starting point p, and the endpoint of the lift
B live in the same fiber and we can find an element g € G with 8(1) = B(0) - g. We call
hols(e, py) := g the holonomy of A along a with respect to the base point py. Therefore
we get the following from Proposition

CoroLLARY 3.3.2. Given a base point py € n~'(xy), any connection A defines a map
hol,: Loops(M, xo) — G called the holonomy map.

This holonomy map does not define a map on 7y, unless the connection is flat, a term
we will define later. One can recapture the connection by knowing what the horizontal lifts
of all paths are, just define the horizontal subspace at p € P to be the space spanned by
the derivatives of the horizontal lifts of all paths throough 7(p). One can therefore give yet
another definition of a connection in a principal bundle to be a coherent way to lift paths in
M so that equivariance is satisfied.
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3.4. Connections in vector bundles

We now turn to connections in vector bundles. One should think of these as a way
to differentiate sections of vector bundles in the direction of a vector field on the base
manifold. For example, given a function f: R" — R, and a vector field X on R", then we
can take the derivative of f along the vector field to get another function df(X): R" — R.
Similarly, if we have a (vector valued) function f: R" — R”, and a vector field X on R” we
can apply the preceding procedure componentwise to obtain a new function df(X): R" —
R?. Again this can be done by replacing R”" by any manifold M, thus there is a natural way
to take derivatives of functions M — R’ along vector fields. But functions are just sections
of trivial bundles, and the general notion of a connection in a vector bundle is a way to do
this when the bundle is not trivial.

DEeriniTION 3.4.1. An affine connection, also called covariant derivative on E, is a linear
mapping
V: Q%E) - QNE)

satisfying the Leibniz rule
V(fo)=df @ ¢+ fVye for f € C(M,R) and ¢ € Q°(E).
Here we use that Q°(E) is isomorphic to I'(E) via the map f ® ¢ — fo, since A°T*M is

just the trivial line bundle.

If X is a vector field on M, then we will write Vx(¢) for the evaluation (Vp)(X). If E is
associated to a principal U(n) or SO(n) bundle via the standard representation, then E has
a fiberwise inner product (-, -). We say V is compatible with the metric if

d(p,0) = (Vo,0) + (¢, VO).

This expression makes sense since (¢, 6) is a smooth function on M, thus d(¢p, 8) € Q'(M).
Also (Ve, 8) € Q'(M) since we can evaluate it on a vector field X: (V, 0)(X) = (Vxo, ).
Compatibility with the metric refers to the metric on the vector bundle, not the Riemannian
metric on M.

ExampLE 3.4.2. Let E = M x C”, the trivial C" bundle. Sections of E are simply
functions ¢: M — C". Letd: Q° — Q! denote the exterior derivative. It is defined for
complex valued functions on M. Then d defines the trivial connection on E:

d: Q%E) - QYE)
O =(P1,..s00) 2 (dpy,...,de,).

Using this example and a partition of unity we see that any vector bundle admits an affine
connection.

For E=M x C"and A € Q' (M) ® g, where G ¢ GL,(C), we can consider
d*: Q%E) - QYE)
©=(P1y..c,om) > (doy,...,de,) + Agp.

The term Ag is a 1-form with values in E, since given a vector field X, A(X) € g which
acts on sections of E by left matrix multiplication.
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Exercise 3.4.3. Show that d* is an affine connection on E. If G = U(n), show that d*
is compatible with the (trivial) Hermitian metric on E if and only if A € Q' (M) ® u(n).

ExawmpLE 3.4.4. We will now show that a connection on any GL(n, C)-vector bundle E
can be written locally as d + A for some gl(n, C)—valued 1-form A on M. A convenient way
to show this is to use local frames. Let {¢;} be a local frame for a vector bundle E. Let V be
a covariant derivative and let A, ; be the matrix of 1-forms determined by the expression

Ve, = Z A ®e,.
r

(If the structure group of E is O(n) or U(n) and the e; are orthogonal then A, is a o(n)—
or a u(n)—valued form if V is compatible with the metric.) Now if ¢ € I'(E), we can write
@ = 2 gie; with ¢; € C* and so we must have

Vo = Z dere, = Z(dsor ®e, + ¢, Vey)
= Z(dgo, ®e, + ¢, Z A, ®ey)

= g+ ) A ®e,.

Writing ¢ as a column vector, we can write this as
Vo =(d+ A)p.

Hence in local coordinates any connection is of the form d + A.

This example hints (strongly) at the relationship between the definition in principal
bundles and in vector bundles. We saw that in a trivial principal bundle, a connection
is determined by a Lie algebra valued 1-form on M. The same is true in the preceding
example. One sees a local equivalence of the two notions of connections. In the next
section we will give a global identification of these two notions, without any reference to a
trivialization of the bundle.

ExampLE 3.4.5. The Fundamental Theorem of Riemannian Geometry states that every
Riemannian manifold possesses a unique connection on its tangent bundle which satisfies
two conditions (compatible with the metric and torsion freeﬂ). Thus invariants of Riemann-
ian manifolds can be constructed by working with this connection called the Riemannian or
Levi-Civita connection. It should be stressed that the Levi-Civita connection only depends
on the metric.

3.5. Equivalence of connections in vector bundles and principal bundles

We have seen that the frame bundle of a vector bundle E is a principal bundle P, so
that the vector bundle associated to P via the defining representation is E again. Therefore,
principal bundles are more general than vector bundles and we do not loose any generality
if we always start with a principal bundle. We will see that a connection in a principal
bundle always gives us a connection in an associated vector bundle. Furthermore, if we

2V is called torsion-free if VxY — VyX = [X, Y] for all vector fields X and Y on M
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restrict ourselves to principal G-bundles where G ¢ GL(n, C) or G C GL(n, R), the notions
of connections are equivalent.

Let E = P X,V — M be a vector bundle associated to a principal G-bundle P — M
and p: G — GL(V) arepresentation of G. We saw that the sections of E are G—equivariant
maps ¢: P — V. Notice that for a vector space V, the tangent space T,V is canonically
identified with V itself.

Let A be a connection in the principal bundle P — M; we think of A as a horizon-
tal distribution. Given a G—equivariant map ¢: P — V and a vector field X on M, we
want to construct another G—equivariant map V4p: P — V. Given p € P let X, be the
unique horizontal lift of Xy, to T,P given by the connection. Define (V;‘((go))(p) to be
de(X,) € T,V = V. This construction yields a bijection between connections in principal
GL(n,C)-bundles and connections in GL(n, C)-vector bundles associated via the defin-
ing representation. Naturally, this will only be a bijection, when we can reconstruct the
principal bundle from the vector bundle, e.g. by considering the frame bundle.

Exercise 3.5.1. Verify that the above construction defines a bijection between con-
nections in principal U(n)— or O(n)-bundles and affine connections in R"— or C"—vector
bundles compatible with the metric.

Path lifting in a principal bundle corresponds to parallel transport of frames in a vector
bundle. If I choose a frame in the fiber of E over m € M it is easy to see that lifting a path
a, starting at p € P gives me a way to choose a frame in the fiber over each point of the
path, i.e. it hands me a trivialization of the pullback bundle a*(E) over an intervall. This
is one of the older definitiions of a connection, the “repére mobile” (moving frame) of Elie
Cartan.

3.6. Extending the covariant derivatives
We can extend an affine connection V in a vector bundle E to
V: QNE) - QM Y(E)
by forcing the Leibniz rule to hold; so
Vw®e)=do® g+ (-1)"'w A Ve forwe QM) and ¢ € T(E).

The resulting sequence

o QFIE) S QF(E) S Q(E) - -

is not necessarily a complex. In fact, we will see in the Section [3.§] that this sequence is a
complex if and only if V is flat.

There are two special cases of this which are particularly important, namely the bundle
associated to a principal bundle P — M via the defining representation and the adjoint
bundle. If E is the bundle associated to P via the defining representation (where G is a sub-
group of GL(n,R) or GL(n, C)) then the adjoint bundle is a sub-vector bundle Hom(E, E),
since Hom(E, E) = P Xaq ol(n). If you choose a local basis of sections {e;} of E, then the
covariant derivative on E has the form d* = d + A for some A € Q! ® g, as explained
in Section @ Furthermore if we fix a connection V, then any other connection can be
written as V4 = V + A globally for some A € Q'(Adp).
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Suppose we are given two differential forms a € QP(E) and 8 € Q4(E’), then a priori
we have @ A B € QP*(E @ E’) by extending (¢ @ o) A (@' @ ¢') = (@A) ® (¢ ® ¢)
linearly. But if we are given a section of Hom(E ® E’, E”'), i.e. a smoothly varying bilinear
form ®: E, X E'. — E7 on the fibers over x € M, then using this form we may define the
product ®(a A B) € QPTI(E”) by extending (@ @ ¢) A (@’ ® ¢')) = (@ Q@ ') @ D(p, ¢’)
linearly.

Typically E = E’ = E” is the Lie algebra bundle of some principal G-bundle. We
will write [@ A B] = ®(a A B), when the @ is the Lie bracket (see Exercise [2.7.7)), and
a AP = O(a A B), when @ is ordinary matrix multiplication for a matrix group G or
evaluation Hom(E, E) @ E — E. Notice that for @ € QP(E) and 8 € Q4(E) where E is a
vector bundle with fiber isomorphic to a Lie algebra g (e.g. E = Adp) it is easy to see that
the Lie-bracket satisfies

(3.6.1) [a AB] =—-(-D"[B A «a]
as well as the graded Jacobi identity
(3.6.2) D"l ABAYIT+ (DB ALy Aadl + (=D[y Ala Al

for @ € QP(E), B € QUE),y € Q'(E).

ExampLE 3.6.1. Let A be a connection in a principal G-bundle P — M with G C
GL(n, C) and let E be the vector bundle associated to P via the defining representation. By
Example locally VA = d + A, if we write ¢ € I'(E) as a column vector. Therefore the
induced connection d4: Q'(E) — Q*(E) is satisfies:

AN w® @) =dwep—wA Vi
=dw®p-wAp—-—wAAp
=dw®¢)+Ap ANw
=dw®e)+ AN (W ).

Therefore locally d*¢ = dy + A A ¢.

ExXeRCISE 3.6.2. Show that the induced connection d*: Q'(Hom(E, E)) — Q*(Hom(E, E))
is given by the formula
B dB+[AAB].

3.7. The Maurer-Cartan form

In this section we will see yet another equivalent, however only slightly different defi-
nition for a connection.

Derinttion 3.7.1. The Maurer-Cartan form 6 on G is the unique g—valued 1-form on G
which assigns to each vector its left-invariant extension.

Notice that for every smooth vector field X we get a smooth map
0X): G—g
g 0(X,).
Exercise 3.7.2. Check that 0(X,), = dlj,-1(X,) and that it satisfies
(1) L6 =6;
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(2) ;0 = Adg1 6.
ProrposiTioN 3.7.3. The Maurer-Cartan form satisfies the Maurer-Cartan equation
do+ 5[0 A 6] = 0.
Proor. By Exercise we have for a left-invariant vector fields X
0 Xn = dlpg1(X,) = X.
Therefore the map 6(X): G — g is constant and d(6(X)) = 0. Furthermore we have for
left-invariant vector fields X and Y
(X, Y] = [X, Y] = [6(X), O(Y)],
which implies
do(X,Y) = X(6(Y)) — Y(0(X)) - 6([X, Y])
= d(0(Y))(X) — d(0X))(Y) — [6(X), 6(Y)]
= —[6(X), 6(Y)].
The evaluation of either side at g € G does not rely on the fact that X and Y are left-
invariant vector fields.and therefore d0(X, Y) + [6(X), 6(Y)] = 0 holds for arbitrary smooth
vector fields. For a; € Q'(G) and ¢; € g, i = 1,2, we have
[a1(X) ® ¢1,02(Y) @ 2] + [@2(X) ® 2, 21(Y) ® 1]
a1 (X)aa (Y192 — p21) + a2 (X)a 1 (Y) (@201 — ¢1402)
a1 A (X, V)12 + a2 A (X, Yo
a1 A (X, Y)lgr, ¢2]
[(a1 ® 1) A (@2 @ )X, T).
This implies [0(X), O(Y)] = %[9 A 6](X,Y) and completes the proof. O

Let P 5 M be a principal G-bundle and consider p € P, for some x € M, where
P, = n7!(x) is the fiber over x. The map i,: G < P, given by i,g = p - g induces the
g—valued 1-form 6, := i;@ on P, which satisfies

rg(0:) = Adg-1 6, and  dO, + [0, A 0,] = 0.
Exercise 3.7.4. Show that replacing the first condition in Definition by
JA=0, forallxe M,
where j,.: P, < P, yields an equivalent definition of a connection.
3.8. Curvature
Let V be a connection in a vector bundle E.
THEOREM 3.8.1. The composition
QE) 5 QUE) - QXE)

is a differential operator of order 0. More precisely, there exists an F¥ € Q*(Hom(E, E))

such that
VVe =FY - .
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FY is called the curvature of the affine connnection V.

Proor. We give a local proof. Choose a local frame {e;}. In this frame the connection
has the form V = d + A by Example 3.4.4] Let ¢ be a section and write it as a column
vector. Then by Examples [3.4.4]and [3.6.1

VVp = V(dp + Ap)
=d(de+Ap)+ AN (dp+ Ap)
=d*o+d(Ap) + A Adp + A A (Ap)
=ANdp+dANp—-—ANdp+(ANA)
— (dA+A A Ay
= (dA + LA A ADg
where the last equality follows from (3.6.1)) and
ANA =D A A Ay, O
k

Exercise 3.8.2. Give a global proof of Theorem[3.8.1;
(1) Show that VV(f) = fVV(p) for f € C*(M) and ¢ € Q°(M). R
(2) Let L: Q°E) — Q*(E) be any C*(M)linear map. Then there is an L € Q*(Hom(E, E))
such that L(¢) = L A ¢ for all ¢ € QU(E).

Now we are ready to define the curvature of connections in principal G-bundles.

DeriniTiON 3.8.3. Let A be a connection on a principal G-bundle P — M and consider
the induced affine connection d* in the adjoint bundle Ad P as described in Section
The curvature F* of a connection A in a principal G-bundle P — M is defined to be the
local invariant F¥'. We will see below that the curvature F* of d* can be viewed as an
element of Q*(Adp).

We denote by d” the pull-back of d* to the trivial vector bundle P x g = 7*(Adp) via

n: P — M. It restricts to G—equivariant forms on P. This yields a sequence
JA JA
s (P ) s (P )¢ D QN (P —

Considering the connection on the trivial bundle has the advantage of finding a global
formula for it. The curvature of the G—equivariant version of d* is also often called the
curvature of A, but it turns out to be the pull-back of a 2—form in Ad P, which we used as
a definition.

ProPOSITION 3.8.4. We have the (global) formulas for ¢ € QF(P; g)°:
(1) d*¢ = dp +[A A ¢];
(2) d*d*p = [(dA + %[A A A]) A o).
Proor. Let H be the horizontal distribution corresponding to a connection A. Recall,

that given a G—equivariant map P — g and a vector field X on M, a section ¢ of Ad P
viewed as a G—equivariant map P — g and a point p € P, then d* is given by

(dy(@)(p) = dp(X,), where X, = (dnly,)” Xx) is the horizontal lift of X,
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Given Z, € T, P, the connection A induces the decomposition
Z,=X,+Y,, whereY,=di,Y,
for some ¥ € g. Then given a G-equivariant map ¢: P — g, the a G—equivariant map
ds(p): P — g given by
(dy(@)(p) = de((dryln,)” (dR(Z,)))
= dp(X,)
= dp(Z,) - dp(Y})
= dQD(Zp) - d(gD o ip)Ye~
Notice that ¢ 0 i,(g) = ¢(p - 8) = Ad,-1 ¢(p). By Theorem [2.6.5| we therefore have
d(p o ip)Y, = ad(e(p))(Y.) = [¢(p), Y]
= —[Ye, (p)] = —[A(Y}), (p)]
= —[A(Z)), ¢(p)].

This shows that d*(¢) = dg + [A, ¢] for ¢ € Q°(P; a)°. Now consider w € Q(P) for k > 0
and ¢ € Q°(P; g)°. We use induction and the Leibnitz rule:

A (w®¢) =dw® ¢+ (—1wndy
=dw®g+ (-1D)'wAdp+ (=1 wAlAAg]
=dw®p)+[AANP] Aw
=dlw® ) +[ANA(wA ).
This completes the computation of d*. Then for ¢ € QF(P; g)°
Adho=d*o+d[ANQl+[AAN[A A Q] +[A Ady]
=[dA Nl —[ANdp] —[AN[A A @]+ [A Adgl.
The graded Jacobi identity gives us
[AN[ANQII - [AN[eAAl +[@ A[AAA]I =0 for g € QV(P;9)¢
—TANANQII - [AN[p AAl = [p ATANATI =0 for g € Q(P; 9)°.

Therefore graded symmetry implies 2[A A [A A ¢]] = [[A A A] A ¢] in both cases and
consequently

d*d* ¢ = [(dA + i[A A A A o). O

It follows immediately that 7*(F4) = FZ'. We want to see that F4 € Q?(Adp), where

Qf(Adp) — QF(Hom(Adp, Adp))
w - f where f(p) = [w, ¢] for ¢ € ['(Adp).

It as apparent from (Jg‘(go))(p) = d(p(f(p) forZ, = X,, + Y7, that

(dy-(©))(p) = 0.
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Therefore,
(3.8.1) (dA + 3[A NANNZ,. Z)) = (dA + 3[A A AD(X,, X))
= (dA + 3[A A AD((@nly,) ™ Xy, (d7ln,) ' X )

Let ¢ € M be arbitrary and p € n~!(g) any point in the fiber over ¢. Define the curvature
FA € Q*(Adp) by

FA(Xy, X))(p) := (dA + 3[A A AD((drln,) ™' Xy, (drlm,) ™' X).

where we consider the above section of Adp as a G—equivariant map P — g. F* is well-
defined, since by G-invariance of the distribution H we have

dnln,, = dnlagyn, = drlg, o d(ry)™",
and by the G—equivariance of A we get
FA(X0, X)(pg) = (dA + 1A A AD((drly,) ™' X, (drls, ) ' X))

= (dA + 3[A A AD)((dry) © (drlm,) ™' X,, (dry) © (drln,) ™' X,)
= Adg1(dA + 3[A A AD((dnly,) ™' Xy, o(drly,) ' X))
= Adg FA(X,, X)(p).

This immediately gives the following proposition.

ProposITION 3.8.5. There is a unique 2—form F* € Q*(Adp) such that for ¢ € Q*(Adp)
d'd'e = [F*, ¢l,
where n*(F*) = dA + %[A A A] € QK(P; )°.

The following exercise shows that the definitions of curvature of connections in vector
and principal bundles are essentially equivalent.

Exercise 3.8.6. If P — M is a prinicpal bundle and E is associated to P via a repre-
sentation p: G — GL(V). Show that the G—equivariant linear map dp: ¢ — Hom(V, V)
induces a map

dp: Qf(Adp) - Q(Hom(E, E))

which satisfies dp(F4) = F ;‘, where F ;‘ is the curvature of the affine connection dﬁ in E
induced by A.

DeriNiTION 3.8.7. A connection A is flat if F4 = 0 pointwise. Denote by Fp the space
of flat connections.

The above exercise shows, that for any vector bundle E associated to a principal bundle
P via a representation p: G — GL(V) the sequence

k=1 G ke D ok
- QFNE) S QMNE) - QFYE) - - -
is a complex, if A is a flat connection.

ProrosiTiON 3.8.8. Let H be the horizontal distribution associated to a connection A.
Then H is involutive if and only if A is flat.
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Proor. Let H be the horizontal distribution associated to a connection A and X, Y
smooth vector fields in H. Since A(X) = 0 and A(Y) = 0 we have

dAX,Y) = XA(Y) - YAX) - A([X,Y]) = -A(X, Y).
It follows that
FA(dﬂ'(X),dﬂ'(Y)) =dAX,Y) + %[A,A](X, Y) = -A([X,Y]),

which implies that [X, Y] € ker A = H if and only if F4 = 0. Therefore H is involutive if
and only if A is flat. O

THEOREM 3.8.9. If A is flat, then the holonomy representation
hols: Loops(M, xo) —» G

is well-defined on the fundamental group, and furthermore, the homology on the chain
complex described above is just the homology of M with local coefficients in V given by

the composite
hOlA

(M, x0) — G 25 GL(V).

Proor. Two loops y and ¢’ based at x; are homotopic, if and only if the concatenation
of the path vy, followed by y_, is contractible. Therefore, to see that hol, is well-defined on
(M, xp), it suffices to show that hol, is the identity on any contractible loop. Consider a
homotopy h: I X I — M with h(s,0) = h(s,1) = h(1,1) = xo from a loop to the constant
loop. It follows from Frobenius’ Theorem (Theorem [2.4.10) and Proposition [3.8.8]that the
horizontal distribution associated to a flat connection has a flat chart in a neighborhood of
every point p € P. Since I X I is contractible there is a flat chart in a neighborhood of
n~'(h(I x I)). In particular, this implies that the horizontal lift of 4(0, ) in M is homotopic
to the constant path and that hol, is well-defined on 7| (M ﬂ

The statement about the homology of the complex is a generalization of de Rham’s
Theorem, that the de Rham cohomology is isomorphic to singular cohomology, is standard.
We can use sheaf theory to prove de Rham’s Theorem as in Bredon [12]] as well as the above
generalization. O

Exercise 3.8.10. Prove the Bianchi identity
d(m*(FY) + [A A" (F*)] = 0.
3.9. Gauge transformations
In the future it will actually make more sense to let F4 € Q*(P; g)°.

DEeriniTiON 3.9.1. A principal bundle homomorphism ®: P — P’ is a G—equivariant
fiber bundle homomorphism. If P = P’, then @ is an automorphism or a gauge transfor-
mation. Denote the group of gauge transformations by Gp.

We identify the group of gauge transformations with the group of G—equivariant maps
u: P— Gbyuwr ®(p) = p-u, where G acts on itself on the right by C,-1 and C,h =
ghg! is the conjugation action:
Gp =T(P XcG).

3Note that this argument also takes care of reparametrizations of the loops in M
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Lemma 3.9.2. There is a natural action of Gp on A defined via pull-back. In terms of
G—equivariant maps u: P — G it takes the form
Ap X Gp = Ap

(A,u) » A-u=Ad,(A) +u6),

where 0 is the Maurer-Cartan form on G. If we identify ¢ = T,G we have have
W O)X,) = (L1 0 1).(X,).
Under this action the curvature transforms as
FA" = Ad,- (FY).

In particular Fp is invariant under the action of Gp.

Proor. Certainly Gp acts on Q'(P;g) on the right because ®* o ¥* = (® o ¥)*. Note
that for a gauge transformation @, g € G and p € P we have

D o ry(p) = D(pg) = P(p)g = rg o P(p)
and D oip(g) = D(pg) = V(P)g = inp&-
Therefore for the fundamental vector field X* corrsponding to X € g we get
(@' A)NX?) = AD.(0)).X.) = Aliap)-Xo) = AKXy ,) = X
and ry(©7(A)) = O (ry(A)) = ®*(Adg1 A) = Ad-1(D7(A))

So ®*(A) € Ap for A € Ap. If ®(p) = p - u,, for a G—equivariant map u: P — G, then it is
a simple consequence of the product formula that

DX, = (1) X, + (ip)etto(X,)
and therefore we get
(A - w)(Xp) = A((ry, )+ Xp) + A((ip):u+(X)))
= Adu;,l AXp) + A((ipup)*(lu;‘)*u*(xp))
(3.9.1) = Ad,1 A(Xp) + (1 0 1) (X))
= Ad,-1 A(X)) + (0 0)(X),),

where we also used the identification g = 7,G in line (3.9.1). Lastly recall from Equation
(3-871)) that F* is zero if one of the tangent vectors is vertical, in particular on the image of
(ip), therefore equivariance of A immediately implies

FY(X,,Y,) = FA(®@.X,, 0.Y,) = FA(r,). X, (r,). Y )
= dA((ru,))Xps (1)) Yp) + 5[A A AN(,)u X s (7). Y )
= Ad,1 A(X), Y)) + 3[(Ad,1A) A (Ad, 1 A)N(X,, Y))
= Ad, 1 FA(X,, Y)). O

We will often encounter the situation where P is trivializable. If we fix a trivialization
P = M X G, then we can identify

Ap = Q' (M;9), Gp=C (M,G).



3.10. FLAT CONNECTIONS AND THE FUNDAMENTAL GROUP 43

The action of Gp on Ap can still be written as

(A-u)p) = AdM;1 A+ lul—)l U.,.

3.10. Flat connections and the fundamental group
Fix py € n7'(xo). Then a flat connection A gives us a group homomorphism
hol,: m(M, x9) — G.

In other words, we have a map ¥p — Hom(r{(M, x;), G). Let Mp = Fp/Gp be the moduli
space of flat connections in a principal G-bundle P. The following Proposition shows that
for M connected

hol: Mp — Hom(m(M),G)/G

is well-defined, particularly independent of x, or its lift, where G acts on Hom(mr(M), G)
on the right via (p - g)(y) = g 'p(y)g. If G is a subgroup of Aut(V) for some finite-
dimensional vector space V (or even a Hilbert space), then Hom(z; (M), G) are representa-
tions of (M, xp).

ProposiTioN 3.10.1. Let A be a flat connection in P, a € (M, xo) and py € n~ ' (xo).
(1) Let pj be another point in the fiber over xy. Then p; = p, - g and
hola(a, pog) = g~" hola(a, po)g.
(2) Letu: P — G be a gauge transformation. Then we have
hOlA-u(a9 PO) = u;(} hOIA(a’9 pO)upo'
(3) Let x|, be a different base point, p, € ﬂ_l(xf)) andy: I — M a path from x, to x,
then there exists g € G such that
hola(y * @ * y™', py) = ghola(a, po)g™".

Proor. Let 8 be a horizontal lift of @ with base point py. To show (1) note that for the
path

Bi=B-2g
for g € G we have
AB) = A((ro).f:) = Ady1 A(B) = 0.
Therefore g7 is the horizontal lift with base point p, - g. Then
B(1) =pl)g

= B(0) hol(a, po)g

= B'(0)g™" hol(a, po)g
and the holonomy of A along a with respect to the base point pyh is given by

hola(a, pog) = g™ hola(a, po)g.

To show (2) let B'(t) = B(t)wp;) where w = u~'. Then the product rule implies

B, = (p) oW + (Fugy)Br-
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If B is any connection then
B(B) = B((iﬁ(t)wﬂ<,>)*(lwl;(ll))*w*ﬁt) + B((rwg))Br)
= (lw5<5>)*w*ﬂ, -+ AdW[;(lt) B(B,)
w (O)(B,) + Ad,- B(B)

as well as
(B-w)(B) = Ad,1 BB +w (O)B).
Therefore we get for B=A - u
AB) = (B-w)(B) = BB) = (A-u)B).
Since g is the horizontal lift of @ with respect to A starting at pg, 8’ is the horizontal lift of
a with respect to A - u starting at 8, = pou;Ol. Then
Up(1) = Up(0)hola(a.po) = Cihola(@p)) ' Upo
implies
B (1) = B(1) - ugh,
= B(0) - hola(a, po) * Choly(a,py)-! M;;
= B'(0) - hol(a, po).
Therefore holy.,(a, pou;(}) = hols(a, pp) and by (1)

h01A~u(a$ p()) = ul_’(: hOlA.M(CY, pou;(} )upo
= u;(} hols(a, po)u,,.
The horizontal lift B, of y starting at 8(0) = po ends at 8,(1) = p;g for some g € G. We
know from the proof of (1) that any other horizontal lift is of the form g, - g’ for some

g € G. In particular the horizontal lift 5, - hols(a, po) starts at S(1). This shows that
(B, - hola(a, po)) * B + B, is a horizontal lift of y * o * y~' based at py,.

((By - hola(a, po)) * B+ B;")(1) = B,(1) - hol(a, po)
= ,"(0) - hola(e, po)
= ((By - hola(@, po)) * B+ 8,')(0) - hola(a, po)
Therefore by (1)

hola(y * a+y™', py) = ghols(y * @y ™', pfy - ©)g™" = ghola(a, po)g™" O
We have seen how to get a homomorphism p: m;(M, xy) — G from a flat connec-
tion A in a principal G-bundle P. To associate a principal G-bundle to a homomorphism
o 711(M X)) — G W1th X0 € M, let M be the universal cover of M. Fix a base point
Do € M and identify M with the space of homotopy classes of paths in M starting at xo.
Then (M, x) naturally acts on M from the right. For p: m(M, xy) — G we define the
principal G-bundle
P,:=Mx,G=(MxG)/ ~
where _
(%.8) ~ (X-a,p(@)'g), (%8 € M xG,aem(M).



3.10. FLAT CONNECTIONS AND THE FUNDAMENTAL GROUP 45
Pulling back t}E, Maurer-Cartan form 6 € Q(G; g) to M x G defines a natural flat connection
A= m;,(6) on M X G since
A(X:x,g)) = A((i(i,g))*(xe)) = 9((lg)*Xe) =X forXe g,
rA =ngri0 = ng Ady 6 = Adj- A by Exercise[3.7.2]
and dA + 1A N A] = ni(do + 1[6,0]) = 0 by Proposition [3.7.3]
This also induces a flat connection A, on P, because

A((ra)*Xfc’ (lp((y)‘l)*Yg) =I

pla)™!

0(Y,) = 0(Y,) = A(X;, Yy).
Exercise 3.10.2. Show that with respect to the base point [xy, e] € P, we have
hol, (@, [xo, e]) = p(a).

Deriniion 3.10.3. A flat principal G-bundle over M is a pair (P, A) consisting of a prin-
cipal G-bundle P over M and a flat connection in P. We call (P, A) and (P’, A”) isomorphic,
if there is a principal bundle isomorphism ®: P — P’ such that A = ®*(A’). Let M(M, G)
be the moduli space of flat principal G—bundles over M.

THeEOREM 3.10.4. Let (P, A) be a flat principal G-bundle and let p: ©;(M) — G be a
homomorphism from the fundamental group to G. Then (P, A) is isomorphic to (P,,A,) if
and only if there exists g € G with hol, = g”'pg. In particular, we have the bijection

M(M,G) = Hom(r, (M), G)/G
[P.A] — [hol,].

Proor. That (P,A) = (P,,A,) implies holy, = g~'pg for some g € G follows imme-
diately from a slight generalization of Proposition [3.10.1] So the holonomy map is well-
defined on the quotients. On the other hand, if p := g;'pgo for some gy € G, then

MxG— MxG
(X, 8) = (X, 808)-
induces a bundle bundle ®: P, — P; since
(%-a,p(@)7'g) = (%, gop(@)'g) = (X - @, p(@)gog)-
Certainly, @ is an isomorphism of principal G-bundles. Furthermore ®*(A;) = A, since
O (15O (Xx, Yy) = m5(O)(Xr. () Yy) = 0((ULy,).Ye) = 6(Y,) = m5(0)(X, Yy).

Therefore, the proposed inverse of the holonomy map is well-defined, which by Exercise
3.10.2}is a right-inverse. To show that it is a left-inverse, assume that hol, = p and consider

O: MXG — P
(X,8) - px(1)-g

where S; is the horizontal lift of the path in M representing X starting at some py €
7 '(x,) ¢ P. @ is well-defined because B; only depends on the homotopy class of ¥
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by similar arguments as in Theorem ® is certainly G—equivariant and surjective.
Furthermore if @ € (M, xy), then

Bza(1) = Bx(1) - hola(a, po)
and therefore ®7'(B:(1)) = {(%- @, hola(@. po)™') | @ € 11 (M, x0)}
This implies together with hols(a, py) = p(a) that @ descends to a bundle isomorphism

P, — P. Furthermore ®*(A) = A,, since Let (Xs, Y,) € H(z,), where H, is the horizontal
distribution given by A,,. Then

0= A\ (Xz. Y,) = 6(Y,)

implies Y, = 0. We assume by choosing a suitable homotopic path that (1) = X; and let
y(t) = (X(1), g). Then

D,(Xz, Y)(f) = (Xz, 0)(f o D)
= 4| (fo®oy) = 4| (f(B:n)- )
= (r)-Bx(D(f)

yields

A(D,(Xz, ¥,)) = Adg1 ABx(1) = 0

because S5 is a horizontal lift with respect to A. This completes the proof that the holonomy
map is a bijection as stated. |

3.11. Chern-Weil Theory

Characteristic classes are mainly used in obstruction theory. For example the Eu-
ler class e(n) € H"(M;Z) is the primary obstruction to trivializing a real vector bundle
n: E — M of rank r or a GL(n, R)-principal bundle 7: P — M. This suggests, that
characteristic classes are more naturally situated in the framework of vector bundles, how-
ever characteristic classes for principal bundles seems a bit more general. Since so far we
tried to not restrict ourselves to matrix Lie groups, we will continue to move within the
framework of principal bundles.

Chern-Weil theory is a way of describing characteristic classes of vector bundles or
principal bundles using differential geometry, instead of the topological method of pulling
back universal cohomology classes. Chern classes and Pontrjagin classes are represented in
DeRham theory by differential forms which are functions of the curvature of a connection
in the bundle. There are two approaches to defining characteristic forms, one uses invariant
polynomials, the other formal power series.

3.11.1. Invariant polynomials. Let V be a complex vector space. For k > 1 let S¥(V*)
be the vector space of linear maps

fiVe®...eV - C.
If we let S°(V*) = C, then

S*(V*) EB SkV*)
k=0
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is a commutative ring with unit 1 € S°(V*) and product

1
fgWi, .o, vk = &+ Zf(vm, T P 1 { (7 |
for f € S¥(V*) and g € S'(V*), where o runs over all all permutations of 1,...,k + L.
Exercise 3.11.1. A choice of basis {ey, ..., e,} for a vector space V determines an iso-

morphism of S*(V*) with homogeneous polynomials of degree k, as well as a ring iso-
morphism S*(V*) = Clxy,...,x,], where p(xy,...,x,) := f(v,...,v) forv = } x;e; and
feSkv.

Consider V = g. Then the adjoint representation of G on the Lie algebra g induces an
action of G on S*(g*) for every k:

(g -p)Xi,..., X0 = p(Ad(g™HX1,...,Ad(g™HX), where X;,..., X, €gandg€G.

DermntTion 3.11.2. Denote the set of G—invariant elements in S *(g*) by I*(G). Exercise
justifies us calling f € I*(G) an invariant polynomial.

ExampLE 3.11.3. If G = GL(n,C) and g = M"™"(C) (or G = Aut(V) and g = End(V)
and we use a basis to identify End(V) = M""(C)), then it is easy to see that the invariant
polynomials I*(GL(n, C)) correspond to the GL(n, C)—invariant homogeneous polynomials

of degree k. Therefore, particularly trace and determinant correspond to invariant polyno-
mials. If A € M™"(C),

det(Id +14) = )" Fo(A),
k+0
where the homogeneous polynomials o of degree k are called the elementary symmetric
polynomials. It turns out that all GL(n, C)—invariant homogeneous polynomials are linear
combinations of the elementary symmetric polynomials o, which can be shown to be
oo(A) =1
ocA)=a1+...4+a,=trA

0>(A) = Z aa;

i<j

o,(A)=a,---a, =detA

where q; are the the eigenvalues of A.

Let P — M be a principal G-bundle with a connection A. Then f € I"(G) defines
f(FY) € Q*(P), where

FX=Fy,N...ANFy e Q*(P;38®...®0).

By Proposition there exists a unique 2—form in Q*(Adp) which pulls back to Fj.
Hence we may consider f(F%) as an element of Q*(M), which is called the characteristic
Jform corresponding to f. The curvature being closed immediately implies df(F 1’,_‘1) =0, so

cp(A) = [f(F%)] is a DeRham cohomology class called characteristic class correspond-
ing to p. Similarly, if p is a Aut(g)—invariant homogeneous polynomial of degree k in
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End(qg), Exercise [3.11.1| allows us to define p(F4) € Q?**(M), where F, € Q*(M; Adp) C
Q?(M; End(Adp)). The determinant and the trace are of particular interest.

DeriniTiON 3.11.4. Consider a principal G=bundle P for G ¢ M™"(C) (or equivalently
a complex vector-bundle with structure group G). The characteristic form

c(P,A) = det(1d +§FA) e Q% (M)

is called the fotal Chern form, where we consider matrix multiplication in g. The nor-
1

malization Z is chosen so that the corresponding Chern classes are integer-valued for
G = SU(N). The k—th Chern form cy(P,A) € Q*(M) is defined as the component of

degree 2k of the total Chern form, i.e.

cPAY = Y P = ) () ou(Fo).

k k

Other characteristic forms are the Pontrjagin form, the Hirzebruch L—form and the A—
form, for which we also have nice formulas.

3.11.2. Formal power series. One can also use power series to define these character-
istic forms. Even though we could do a similar construction for general principal bundles
let us restrict ourselves to groups G ¢ M™"(C). See Zhang [64] for detailed information.
If f(2) = 2,50 axZ" 1s a formal power series, then we can define the characteristic form

tr{f(A)} = tr{z ay (;FA)} € Q% (M)

n>0

where F, € Q*(M,Adp) and the n—th power corresponds to matrix multiplication. The
normalization 5- is again chosen with the Chern-classes in mind.

DerinTion 3.11.5. The characteristic form associated to exp(z) is called the Chern char-
acter form
ch(P,A) = tr {exp (#FA)}

ExERcisk 3.11.6. For every a € Q*(End(Adp)), k > 1, we have
det(1 + @) = exp(tr{log(1 + a)}),

where exp is considered as a formal power series and the logarithm is defined using the
formal power series
D"
log(1l +z) = dal
gl +2) n+ 1Z

n=0

Exercise implies that for any normalized formal power series f(z) = 1+),51 a,Z"
we have

det(f(@)) = exp(tr{log f(a)}),

so that the Chern character form is associated to a formal power series.
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3.12. The Chern-Simons form

The famous Chern-Weil theorem states that the difference
tr{ f(Ap)} — tr{f(Ao)}

is an exact form. For a proof of the following result see Berline-Getzler-Vergne [8].

THEOREM 3.12.1. Let P — M be a principal G-bundle over a manifold M, and let
f(@) = 3,50 an" be a formal power series. If A, is a smooth path of connections on P, then

La{f(A)) = dir{5-(£A) A f(A)).
In particular, if a = A — Ay € QY (M, Adp) is the difference of two connections, then

1
tr{f(AD} — tr{f(Ap)} = df s-trfa A f'(Ag + ta)} dt.
0
Therefore, we have an equality of cohomology classes
tr{f(AD} = tr{f(Ao)} € H(M).

Therefore, the cohomology class is independent of the connections and we call the
characteristic class associated to f the f-class of P. The Chern classes c(P) are integer
valued, i.e. fM c(P) € Z for all principal bundles P — M. See Milnor-Stasheff [46, App.
C]. The other classes are in general only Q-valued.

DerintTion 3.12.2. If A, is a path of connections, we call

1
Tci(A) = f £ tr{(£A) A f/(A)} dt € QM)
0
the transgression form of the f—class associated to A,. If A, = Ay + ta we also use the
notation |
Tce(Ao,Ay) = f ﬁ tria A f'(Ao + ta)} dt € Q2(M).
0

The transgression form of the Chern character is called the Chern-Simons form of A, with
respect to Ay,

1
a(Ag,Ay) = f 217 trfa A exp(Ag + ta)] dt € Q°Y(M).
0

For us the Chern-Simons form for the degree 3 is most relevant due to its importance

in 3—manifold topology. We want to derive an explicit formula for it. Set
(Ao, A1)
We abbreviate A := Aj and let F, denote the curvature of A, = A + ta. Then
F, = Fa+1(da+[A,a]) + if[a A al.

For the component of degree 4 of the Chern character we have f(z) = % so that f(z) = z.
Then by definition the degree 3 component is

1
a3(Ap, Ay) = —#f tr{a A (Fy + 1(d"a) + 31°[a A a)} dt
0

= —gztrla A (Fx + 3(d*a) + ¢la A a))).
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If A is flat then
a3(Ao, A)) = —g tr{a A (@*a + [a A a))).
If furthermore A happens to be trivial then
ala) = az(Ag,Ay) = —# tr{a Ada+a A %[a A all.

This motivates defining for any connection A and an Ad—invariant symmetric bilinear form
(,-)ong
a(A) =(ANFy) - é(A A[A A A)).

In the case of a simply connected, connected Lie group over a 3—manifold, P turns out
to be trivializable (see Lemma . Note that (-,-) = —817 tr will provide a convenient
normalization for SU(N) (see Exercise[4.2.2]in the case SU(2)). For a general Lie group, we
can always take the Killing form. Alternatively, we can decompose the corresponding Lie
algebra into the direct sum of an abelian Lie algebra with simple Lie algebras and consider
the different symmetric bilinear forms on the summands: every Ad—invariant symmetric
bilinear form on a simple Lie algebra is proportional to the Killing form, every symmetric
bilinear form on an abelian Lie algebra is Ad—invariant.

Exercise 3.12.3. a(A) satisfies:
(1) l;a’(A) = _%<0x A [gx A 0x]>;
(2) da(A) = (Fa A Fa);
(3) rya(A) = a(A);
4) If ©: P’ — P is a bundle map and A a connection on P, then
a(D(A)) = O (a(A));
(5) If ©: P — P is a gauge transformation with associated map u: P — G, then
(3.12.1) O (a(A)) = a(A) + d(Ad,-1 A A u™6) — é(u*@ A U6 A u6)).



CHAPTER 4

Chern-Simons theory

In this section we restrict ourselves to compact oriented 3—manifolds and simply con-
nected, connected, compact Lie groups. Before getting to the classical field theory, we
will accustom ourselves to the setting by discussing 3—manifolds and providing details to
a beautiful gauge theoretic construction by Taubes [S8] using Chern-Simons gauge theory.

4.1. Principal bundles on 3-manifolds

The Chern-Simons form is most relevant in degree 3. We can integrate it over 3—
manifolds to give a well-behaved function on the space of connections.

LemMma 4.1.1. Let G be a simply connected Lie group. Every principal G-bundle P over
a manifold M with dim M < 3 is trivializable.

Proor. For any topological group G there is a contractible space EG on which G acts
freely. The projection EG — BG is a principal G-bundle, called the universal bundle. BG
is called the classifying space for G. For any paracompactﬂ space B the pull-back of a map
B — BG induces a bijection between the set [B, BG] of homotopy classes of maps from B
to BG and isomorphism classes of principal G-bundles over B. See [36] for details.

Therefore we need to show that [M, BG] is trivial for dim M < 3. Associated to the
fibration

G - EG - BG

there is a long exact sequence of homotopy groups (see [16, Chapter 6]) which yields
0=n,EG — m,BG 5 m,.1G > m,1EG =0 forn>1.

Since m,(G) = 0 (see for example [13]), G is 2—connected and thus m;BG = 0 for 1 <i < 3.
Since EG is contractible, BG is connected. Thus BG is 3—connected. By working cell-
by-cell one dimension at a time, one can see that any map from an n—dimensional CW-
complex to an n—connected space is null-homotopic. This completes the proof. O

4.2. The Chern-Simons function

Let G be a connected, simply connected, compact Lie group and P a principal G-
bundle over a closed, oriented 3—manifold M. A trivialization of P corresponds to a section
s: M — P.

DeriniTioN 4.2.1. Let M be a closed oriented 3-manifold. The Chern-Simons action is
given by

css(A) ::fs*a(A).
M

A topological space is paracompact if every open cover admits an open locally finite refinement.

51



52 4. CHERN-SIMONS THEORY

If ®: P — P is a gauge transformation with associated map u: P — G, let 6, =

(u o 5)*6. Then by (3.12.1)
CSqos(A) = cs,(P*(A)) = cs4(A) - f %<0u A6, A 6,]).
M

ExEercise 4.2.2. We have for G = SU2) and (-, -) = —# tr

—f%(ex\[ex\epz 1.
G

We will from now on assume that — fG é(@/\ [6A60]) = 1. If we use asection s: M — P

to identify G—connections with Q!'(M; g) and the gauge transformations with C*(M, G),
then the Chern-Simons action takes the familiar form

csy(A) = f{dA NA+ %A A[ANA]) for A e Q'(M;q).
M

and we have
csy(A) =cs;(A-g) modZ forA e Q'(M;q),geC”(M,G).
This yields a (smooth) Chern-Simons action
csy: Ap/Gp — R/Z.

By Exercise[3.12.3(12), the Chern-Simons action of a connection A which extends as A over
a 4-manifold W can be computed by integrating the Chern-Weil form

csy(A) = f(FA A Fz) mod Z.
w

We will also encounter compact oriented 3—manifolds X with nonempty boundary. We
can still define the Chern-Simons action as in Definition @.2.1] but the integral of (3.12.1)
does not vanish and we get for A € Q!(X; g) and g € C¥(X, G)

4.2.1) css(A-g) =csg(A) + f (Ady1A N g o) — f é(g"@ A[g 0 A g o)).
0X X
ExEercise 4.2.3. The functional

Wox(g) = — f (g ON[g"0 A g o)
X
depends only on the restriction of g to 0X.

The Wess-Zumino-Witten functional Wyy 1s the action of a 1+1 dimensional field theory
(see [19, Appendix A]).

4.3. An Euler characteristic of the gauge equivalence classes of SU(2)-connections

In 1988 Taubes [S8] defined an invariant for homology 3-spheres M by defining an
euler-characterisitic on the space of gauge equivalence classes of SU(2)—connections. Then
he proved that his invariant is actually the same as Casson’s invariant for Homology 3-
spheres. This is a little survey particularly of the gauge theoretic view on Casson’s invariant
for homology 3—spheres, which relates it to Chern-Simons theory and leads to a refinement
of the Casson invariant, Floer’s instanton homology.
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4.3.1. The Casson invariant. Let M be a closed 3—manifold with H' (M) = H/(S?).
Consider a Heegaard decomposition of M, i.e. let X;, k = 1,2 be handlebodies with
boundary X such that X; and X, glued along their boundary is 3:

M:X1 UzXz.

We will write R(M) for the SU(2)—representation variety Hom(zr (M), SU(2))/SU(2). R(M),
R(X}) and R(X) are (compact) real algebraic varities.

A G-representation p is called irreducible if its stabilizer S, = {g | gpg™' = p} coin-
cides with the center Cg = {h | gh = hg for all g € G} of G, in our case with Cgyp) = {£1}.
We will denote by R*(M) the SU(2)-representation variety of irreducibles.

Exercisge 4.3.1. R*(Xy), kK = 1,2, is a smooth open manifold of dimension 3g — 3 and
R(X) is a smooth open manifold of dimension 6g — 6.

The inclusions i : ¥ — X; and j;: X; — M induce the commutative diagram

- RX)
1 h
/ \
RM) RO
J2 L
\ /

R*(X,)

with all its maps being injective. Therefore we can view R*(M) as the intersection of R*(X,)
and R*(X>) inside R*(X).

Since every reducible SU(2)-representation factors through a copy of U(1) c SU(2),
it factors through the abelianization H(M,Z) of the fundamental group, which is trivial
in our case. Therefore there is only one reducible representation, namely the trivial rep-
resentation 6. By a Mayer-Vietoris argument and the identification of the Zariski tangent
spaces at p with the group cohomology H!(m;(M), su(2),) (see [22]) and therefore with the
cohomology H'(M, su(2),) of the Eilenberg-Maclane space M = K(mr(M), 1) twisted by p
we can show that the intersection R(X;) N R(X>) is transversal at 6 so that R*(X;) N R*(X»)
is compact (see [S3, Lemma 3.6]). Then we can choose an isotopy of R*(X) with compact
support that carries R*(X,) to R*(X,) so that R*(X,) is transversal to R*(X;). By Exercise
R*(X;) N R*(X») is a finite number of points. There is a natural way to orient the
representation varieties, so that the algebraic intersection number of R*(X;) with R*(X,)
depends only on the orientation of M, not on the Heegaard decomposition or the choices
of orientations. This algebraic count is called the Casson invariant of M.

The Casson invariant can be extended to more general classes of manifolds and knots,
has lots of nice properties and is related to other topological invariants of 3—manifolds and
knots, particularly the ones stemming from Chern-Simons theory. See [1]] or [S2] for a
gentle introduction to the Casson invariant.

4.3.2. The Euler characteristic. Let us for a moment consider a finite dimensional
Riemannian manifold X and a Morse function f on X. Then by the Poincaré-Hopf-
Theorem

xX)= ) D
peX:grad(f)|,=0
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Exercise 4.3.2. At critical points p we have (V grad f1,(X,),Y,) = Hess f],(X,,Y,),
where {-,-) denotes the Riemannian metriic on M and V is the Levi-Cevita connection.

Since V grad f1, is symmetric for all points p € X we can rewrite

YO0 = (-1 )ind(Hess Nim) Z (-1) SFE(V grad f(p,))
peX:grad(f)|,=0

where the spectral flow SF counts how many times (with sign) the paths of eigenvalues of
V grad f(p,) for an arbitrary path p, from a fixed point p* to p cross 0.

Taubes’ idea was to apply the above thoughts to an infinite-dimensional manifold and
a well-studied function on it, such that SF makes sense.

DeriniTiON 4.3.3. A connection A € A is called irreducible, if d, is injective. Denote
by A* the space of irreducible SU(2)—connections and by 8* = A*/G the space of gauge
equivalence classes of irreducible SU(2)—connections.

We will see in the next sections 8* is a smooth connected infinite-dimensional manifold
and we can consider a perturbation of the Chern-Simons action as a Morse function. In the
case of a homology 3—sphere we can define an Euler characteristic on $* in the spirit of
the Poincaré-Hopf-Theorem, where the fixed point p* corresponds to the unique reducible
flat connection, namely the trivial connection.

4.3.3. Fréchet manifolds. Roughly speaking, infinite-dimensional manifolds are man-
ifolds modelled on an infinite-dimensional locally convex vector space.

DEeriniTiON 4.3.4. A seminorm on a vector space V is a positive function p: V — R
satisfying
pav) = lalp(v) and p(v+w) < p(v) + p(w).
A locally convex space is a vector space V, equipped with a countable family of seminorms
p; satisfying
4.3.1) v# 0= p;(v) # 0, for some j.

We have a distance function on a locally convex vector space defined by

(o)

d(u,v) = Z 2‘j—pj(u —v)

P 1+ pju—-v)

Exercise 4.3.5. Show that d is a metricon V.

Note that Property (4.3.1) is equivalent to V being Hausdorff. Sometimes this is not
included in the definition of a locally convex space.

DermniTiON 4.3.6. A Fréchet space is a complete locally convex space.

The prototype of a Fréchet space is C*([0, 1]) with the seminorms
pif) = sup {If9)l}.

x€[0,1]
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In this space a sequence (f,) of functions converges towards the element f of C*([0, 1]) if

and only if for every integer k > 0, the sequence ( £y, converges uniformly towards f®.
This can be extended to C*(R) by defining

pei(f) = sup {If P}

xe[-=11]

Certainly this can easily be generalized to C*(M) for a manifold M.

DerinTion 4.3.7. Let V, W be Fréchet spaces and let U be an open subset of V. A map
f: UcV — Wisdifferentiable at a point u € U in a direction v € V if the limit

fu+ 1) - f(u)
t

d,f(v) = lim
t—0

exists. The function is continuously differentiable on U, if the limit exists for all u € U and
all v e V, and if the functiondf: U XV — W is continuous as a function on U X V. In the
same way we may get higher derivatives

df: UxVk s w
A function f: U — W is called smooth, if all its derivatives exist and are continuous.

DeriniTiON 4.3.8. A Fréchet manifold is a Hausdorft space with a coordinate atlas taking
values in a Fréchet space such that all transition functions are smooth maps.

ExEercise 4.3.9. Show that A, G and B* are connected Fréchet manifolds.

On a Fréchet manifold we can define tangent vectors and the tangent spaces in the usual
way. The tangent bundle can be given the structure of a Fréchet manifold. A smooth vector
field is a smooth section M — T M. We also have directional derivatives of a function, the
Lie bracket of two vector fields as well as the differential of a map between two Fréchet
manifolds.

It is often more convenient to consider Banach and Hilbert manifolds.

4.3.4. The differential topology of A, G and cs. Since A is an affine space mod-
elled on Q'(M; su(2)) the tangent space of A at a connection A can be indentified with
Q'(M; su(2)). A smooth path g, in G = C*(M, SU(2)) can be viewed as a smooth map
from M to C*(I,SU(2)). Therefore the differential of g, at + = 0 is a map from M to
T,,SU(2). In particular this shows, that the tangent space at the identity map 1 is

TG = C™(M, su(2)) = Q°(M; su(2)).
Fix a connection A and consider the action map
f:G—-A
g A-g=Ad,1 A+ g 'dg.

Exercise 4.3.10. Tor a path g, with gy = 1 and gy = a € Q°(M, su(2)) we have

(1 4 o8& =-aand

d g 'dg
2) Gl 5 =da
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Therefore we get
dfi(a) = ad(—a)A + da = —[a,A]l +da =da + [A,a] = daa
By considering the identifications in the following commutative diagram

TG il

432) -

T A

0 da 1
Q' (M;su2)) — Q' (M; su(2))
we find, that at an irreducible connection A the derivative d f; is injective and thus
TinB" = Ty A" /im(df,) = cokerd, = kerd),

which allows us to work equivariantly on e 4+ kerd; C T, A rather than on 7. 8. Choos-
ing a connection A € A with d; = 0 also known as Lorentz gauge fixing.
We can compute for

cs(A) = f(dA ANA+32ANANA)Y forAeQ'(M;su(2)).
M
the differential at A as

dcss(a) = %
s=0

cs(A + sa)
:f<dA/\a+da/\A+2A/\A/\a)
M

=2 f (dANa+ANANa) by Stokes’ Theorem

M
:2f<FA/\a).
M

If we use the L? inner product on Q'(M; su(2)) given by

(A,B)> = f (A A *B)
M

to identify vectors with covectors, we can define grad cs|s via (grad cs|s, a);2 = dcsa(a),
we get

gradesly = #F4: QYM; su(2)) — QN (M; su(2)).

Using the Bianchi-Identity from Exercise [3.8.10] we see that d}(grad cs|4) = 0. Therefore
grad cs, descends to T4, 8" as

gradcs|y = #F4: kerd, — kerd, = T|5/8".
Exercise 4.3.11. Similarily we get the linearization of grad cs
Hy = xdy: Q'(M;s5u(2)) — Q'(M; su(2))
by the rule (H,(a),b);>» = Hess csy(a, b) =

P
756 | 10 cs(A + sa + tb).
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Notice that the im(H,) C kerd, if and only if A is flat. This motivates setting
Hy = PrOjyera; * dat kerdy — kerd,.

(If the Levi-Civita connection V on $B* exists, one can even see that Vgradcs|y = Hy,
i.e. Vgradcs|y satisfies the defining properties of the Levi-Civita connection. However,
since B* is only a Fréchet manifold and not a Hilbert manifold with respect to the L?~inner
product, it is not clear if the Levi-Civita connection exists on 8*.)

4.3.5. Differential operators on manifolds. This is a brief overview of the necessary
terminology and results. See [31] for a detailed account. For further information see [S9],
[54], [56], [55].

A differential operator of order k on U C R” is a linear combination

D= Z a,D* for some a, € C(U),

lar|<k

where D = % and « is a multi-index. More generally we can define a differential operator
from U c R” — R* if we let a, € C*(U, Hom(R’, R*)). We write D € Diff‘(U;R", R®) or
D e Diff(U; R, R?).

Let E, F be vector bundles over a smooth manifold M. A differential operator D €
Diff*(E, F) of order k between sections of E and F is a linear map

D: T(E) - I'(F)
such that

(1) Dislocal, i.e. supp(Ds) C supp(s) for s € ['(E).
(2) For U ¢ M open, any bundle charts ®: E|; - UXR’", ®: E|y; — U XR*induce
a differential operator in Diff*(U; R’, R?).
If M is closed, E comes equipped with an inner product and D € Diff(E, E), then D is
formally self-adjoint if (Df,g);2 = {f,Dg)2 for f,g € I'(E) in the induced L?>—metric on
I'(E).
The principal symbol O'"D e I(T*M, n* Hom(E, F)) of D € Diff*(E, F) is defined to be

1
oh(p, e = ED(ka)(p),

where p e M, & € T)M, e € E),, f € C§(M) and s € CF(E) satisfy f(p) = 0, df], = &,

s(p) = e. D s called elliptic, if 0% (p, £) is an isomorphism for all (p,¢) € T*M with £ # 0.
62
o2
with principal symbol —|¢]>. Similarly, the Hodge Laplacian dd* + d*d as well its twisted
versions are elliptic.

A linear operator 7: B; — B, between Banach spaces is bounded if

17 = sup "L
w1 |IxllB,
It is sometimes convenient to allow more general operators. An unbounded operator
T: B, — B, between Banach spaces B; and B; is a linear operator on a linear subspace of
By (the domain D(T)) to B,. Two operators are equal, if their domains are equal and they
coincide on the common domain. The graph Gr := {(x, Tx) € B1®B; | x € D(T)} is alinear

For example the symbol of the Laplacian A = — on the Euclidean space is elliptic
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subspace of B; @ B,. If Gy is closed in B ® B,, T is called closed. By the closed-graph the-
orem, T is bounded, if T is closed and D(T') = B,. T is called Fredholm, if D(T) is dense
in By, T is closed, im T is closed in B, and ker T as well as coker T are finite-dimensional.
The index of a Fredholm operator T is defined to be ind T := dim(ker 7") — dim(coker 7).
A bounded operator between Banach spaces is compact if the image of bounded sets are
relatively compact, i.e. the closure of the image is compact. Compact operators are a
generalization of finite rank operators in an infinite-dimensional setting.

THEOREM 4.3.12. Bounded Fredholm operators are invertible modulo compact opera-
tors. If T is Fredholm and K is compact, then ind(T) = ind(T + K).

We will mainly consider Hilbert spaces H, and H,. If T: H; — H, is densely defined,
then the adjoint T* of T is the operator T*: H, — H; with

D(T*) ={y| x > (Tx,y)y, is a continuous on D(T")}

such that(Tx,y)y, = (x, T*y)y, forallx € O(T). T is self-adjoint, f T =T*. ItT: H - H
is densely defined, then T is symmetric if (Tx,y)y = (x, Ty)y. A symmetric operator 7 is
essentially self-adjoint if has a self-adjoint extension.

Exercise 4.3.13. Show the following:

(1) A densely defined operator T withim T closed satisfies ker T* = coker T.

(2) A bounded operator is closed. (Note that by the closed graph theorem, a closed
operator is

(3) A bounded operator is Fredholm, if imT is closed and ker T as well as coker T
are finite-dimensional.

(4) Let T be an unbounded Fredholm operator. Then D(T) equipped with the graph
norm

llxllgr == Ilxll + I17]].

is a Banach space and T is bounded on D(T).
(5) A self-adjoint Fredholm operator has index 0.
(6) If B: By — B, is bounded and K : B, — Bs is compact, then K o B is compact.

The resolvent set of a densely defined operator T: H — H on a Hilbert space H is
the set of all complex numbers A for which T¢ — A/ is injective on D(T) with dense range
such that (T — AI)~! can be extended to a bounded operator, where T¢: He — Hc is the
complexified operator given by Tc(x ® 1) = T(x) ® A and Hec = H ®g C. The operators
(Tc — )7 ! are the resolvents of T. The complement (in C) of the resolvent set is called the
spectrum spec(T) of T. If (T — A)~! is compact for some A € C, we say that T has compact
resolvent.

Let us collect a few relevant results from [31]], particularly Theorem 2.16, Proposition
2.25 and Theorem 3.18.

THEOREM 4.3.14. Let E and F be vector bundles over a closed manifold M equipped
with a metric, then we can extend I'(E) and I'(F) to a Hilbert space using the induced
L’—inner product. A formally self-adjoint first-order elliptic operator T € Diff(E, F) can
be extended to an unbounded self-adjoint operator T : L*(T(E)) — L*(I'(F)) with compact
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resolvent (which is in particular also Fredholm). Furthermore, there is an orthonormal
basis for H of eigenvectors {u;} of T belonging to D(T) with eigenvalues {A;} such that

limj_,|Aj| = 00 and {A;} = spec(T).

Even though in these notes we only need to consider first-order operators on closed
manifolds, the above theorem is true for higher order operators and compact manifolds
with boundary (see [14]). An elliptic differential operator of order k has a bounded Fred-
holm extension L}(I'(E)) — L2 ,(I'(F)) (compare with Exercise ), where the L7—
Hilbert-space completion is taken with respect to a generalization of the Sobolev-norm on

C>”(R") given by
=Y [ (orp)

le|<k
to ['(E). By the Sobolev embedding theorem the inclusion Ly < L¢ | is compact. Since the
composition of a compact operator with a bounded operator is again compact by Exercise
4.3.13] we get the following useful result.

TueOREM 4.3.15. A differential operator of order k — | is compact when extended as
LXT(E)) — L2 (I(F)) for 1 > 1.

4.3.6. Signature and spectral flow. Let W be a closed, orientable 4-manifold. If W
is smooth, then a,b € H,(W;Z) can be represented by oriented surfaces A, B in M which
intersect transversely. Then define Q(a, b) = A - B, where A - B is the (oriented) intersection
number. E.g. for the torus (n = 2) we get

(% 3)

ExampLE 4.3.16. In four dimensions is symmetric, because A and B are 2-dimensional.

(1) For S*, O = 0, because the second homology is 0.
(2) For §2 x S% we get Q = o, where o is the Pauli spin matrix

0 1
7=(V0)
(3) For CP? and CP2? we have Q = (1) and Q = (1) respectively.

The signature of a closed, oriented 4—manifold W is the signature of its intersection
form. Hirzebruch’s Signature Theorem states that

1
(4.3.3) sign(W) = 3 f pi(TW, V),
W
where for a real vector bundle E equipped with a connection V
tr(F3)
E,V)=-
P1 ( s ) 87T2

is the first Ponrjagin form] The integral in (&3.3) is independent of V because W is closed.
“The total Pontrjagin form of V is

Fy

23
p(E,V) = det [(1 - (g) ) ] = exp(3 trllog(1 + (£)Fy))).
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If p: m(W) — Aut(V) is a representation of the fundamental group, one defines the
twisted signature sign (W) using cohomology with local coefficients. An application of the
signature formula (4.3.3)) and its twisted version to the closed double W Uy, —W shows that
the difference, the signature defect,

signp(W) —k - sign(W)

only depends on the topology of the boundary 0W = M as well as the restriction of p to
m1(M). This can be defined for arbitrary closed and oriented 3—manifolds M independently
of W and is called the rho invariant of M.

The Atiyah-Patodi-Singer Index Theorem identifies for manifolds with boundary iden-
tifies the correction term in great generality. For a formally self-adjoint elliptic differential
operator D of first order, acting on sections of a vector bundle over a closed manifold M,
one defines the eta function

n(D, s) =
0#Aespec(D)

sgn(4)
s

Re(s) large.

The function 7(D, s) admits a meromorphic continuation to the whole s-plane with no pole
at the origin. Then n(D) = n(D, 0) is called the eta invariant of D. A special case of the
Atiyah-Patodi-Singer Index Theorem for a compact, oriented 4—manifold W with boundary
M is
i k
sign W =5 [ pi@wv - ny)
W
where hol(A) = pl,,» and D, is the odd signature operator.

4.3.7. The Hessian of the Chern-Simons function. We need to consider a family of
operators, for which we can study spectral flow. In particular, in the most natural definition
of spectral flow, the spectrum of each operator needs to be real and discrete with 0 not an
accumulation point, vary continuously along the path with some restrictions to the starting
and endpoint of the path. A detailed study is bound to be long and technical, therefore we
refer to [39, [11] for details and proofs. In view of this it is essential, that H, is formally
self-adjoint operator with respect to the L? inner product on Q!(M; su(2)):

(edaf, )2 = (f, *dag)r2.

At a flat connection A, the kernel of H, contains the infinite-dimensional subspace of
tangent vectors to the G—orbit through A because of the gauge invariance of cs. This is the
underlying reason for considering the Morse theory of the quotient space B*.

The differential operator H, is also formally self-adjoint with respect to the L?>—inner
product restricted to ker d;. Furthermore, it is an elliptic first order differential operator and
we can therefore apply Theorem to get a self-adjoint extension to the L?-completion
L*(QY(M; su(2))) with compact resolvent. Furthermore, the spectrum consists only of the
eigenvalues of H, with no finite accumulation point.

The spaces ker d; form a smooth vector bundle over A*. One can therefore show that
the eigenvalues change continuously along a path of irreducible connections. However, it
is unclear how to define spectral flow for paths starting at the trivial connection. Taubes
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observed that the spectral flow of Ay, for A, irreducible equals the spectral flow of a better
behaved family of operators.
Consider, for any connection A, the twisted de Rham sequence

434) 00— QUM:su2) B Q' (M: su2)) B Q2(M: su2)) % Q3(M: su2)) — 0

The sequence ({.3.4)) is an elliptic comple)ﬂ, when A is flat. It is not a complex at a non-flat
connection, but can be made into a complex if one substitutes d’A := H, o proj,., & for the
middle map. When A is flat we have d, = d4. Whether or not A is flat, the odd signature
operator (obtained by folding up the sequence (4.3.4)))

Dy: Q%(M; su(2)) ® QN(M; su(2)) — Q°(M; su(2)) ® QN(M; su(2))
(@, B) > (d\f, dpa + xdpp)

is a formally self-adjoint, elliptic, first order differential operator. One also has the formally
self-adjoint operator
Dj\(a.p) = (3. dyor + ).

For A flat, D4, = D). For a general irreducible connection A, the difference of the self-
adjoint Fredholm extensions of D, and D/, to L* can be extended to a compact operator.
To see this, consider the Hodge Laplacian Ay = d}d, on the O-forms. It is injective for
A irreducible because didsa = 0 implies ||daallz = (djdaa, )2 = 0 so that kerA, C
kerd, = {0}. By a “boot-strapping” argument for the bounded extensions L,% o = L,f of Ay
for all B € Q°(M; su(2)) and k € N the equation A = 8 has a smooth solution (a property
known as elliptic regularity). A;': Q°(M;su(2)) — Q°(M;su(2)) extends to a bounded
operator L — Lj,, for k € N. Since proji.q, 8 = 8 — daA}'d}3 we can compute

(D — D)) (@, B) = xFsA \d — dyA' * Fa + daAy + Fady A ) (B).

which extends to a bounded operator L,% - L,f ., and by the Sobolev embedding theorem
can be considered as a compact operator

L? (QO(M; su(2)) ® QN(M; su(2))) — [? (QO(M; s1(2)) ® QN(M; su(2))) .

Since the space of compact operators is contractible and the spectral flow is a homotopy
invariant rel endpoints, the spectral flow of D,, and D;t, agree for A, irreducible, ¢ € [0, 1],
and Ay and A, flat. If A is an irreducible connection, then cokerd, = kerd} gives the
decomposition

QU(M; su(2)) @ Q' (M; su(2)) = Q' (M; su(2)) ® imd, @ ker d;
and allows us to define
D) =d,od,®H,: QM su(2)) ® imd, & ker d, - imd, & Q°(M; su(2)) @ ker dy.

Again, the spectrum of (the L?—extensions of) D/, consists only of their respective eigen-
values with no finite accumulation point by Theorem4.3.14|

ExEercise 4.3.17. Show that A is an eigenvalue of d4 if and only if —A is an eigenvalue
of d,. Therefore, D} differs from H, only by an operator with symmetric spectrum.

e a complex of differential operators, whose induced complex of principal symbols is exact.
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It follows that the spectral flow of H ¢ equals the spectral flow of D, for A, irreducible,
t € [0,1], Ap and A, flat, the main advantage of D,, being, that the spectral flow of D,
makes sense whether or not A, is a path of irreducible connections, i.e. even when the
subspaces ker d;; c Q'(M; su(2)) do not vary continuously, notably for paths starting at the
trivial connection.

Using the Atiyah-Patodi-Singer index theorem one can express the spectral flow of
a path A; of SU(2)—connections as twice the integral of the second Chern-class of A; over
M1 up to correction terms which vanishes when A is gauge-equivalent to A,. By applying
Exercises [3.12.3|(2)), 4.2.2] and Stokes” Theorem we see that that on B, SF is well-defined
modulo 8.

4.3.8. Perturbations. Just like in the original definition by Casson, the set of critical
points of cs may be complicated and it is often necessary to perturb the cs to make it
nice. We want to replace cs by cs +h where the function 4 satisfies the following basic
requirements:

(1) The perturbation #: B — R should be smooth.

(2) The operator defined by the hessian of cs +/ at A should be a compact perturbation
of FIA .

(3) The family of admissible 4 should be large enough so that one can prove various
general position results about cs +4 on the strata and their normal bundles of 5.

We will be content with defining the perturbations without proving the above require-
ments. First, fix a collection of smooth embeddings y;: D*xS' > M,i=1,...,N.
Taubes requires that the embeddings have disjoint images, however we will assume that
yi(x, 1) = y(x) for all i and x € D? as it is done [18].

Denote by P the set of C” functions f: SU(2)¥ — R invariant under the conjugation
action of SU(2) (for some fixed large r). Let P|p: denote the restriction of the principal
bundle P to the disc D* = y;(D? x {1}). Given a connection A € A, consider the map
Holy: Pl — SUR2)" defined by Holy(x) = (hols(y7, x), ..., hols(yy, x)) where y/(z) =
y(x,1) and t € [0, 2] parametrizes S'. Then for f € P, f o Hol descends to a well-
defined function on B x D?. Fix a smooth cut-off function 7 on D?> which vanishes near
the boundary. The space of admissible perturbations is defined to be the Fréchet space of
functions of the form

hy: A—R
A f F(Hol(x)n(x) d*x.
D2
Just like in the sequence

0 Q°(M: su2) % Q' (M: su(2) S Q2(M: su(2)) % O3 (M: su(2)) = 0

is a complex at an f-perturbed flat connection and can be folded up to a self-adjoint oper-
ator, the perturbed twisted odd signature operator

Dy i QUM;su(2) ® Q' (M; su(2)) — Q°(M; su(2)) & Q'(M; su(2))
(Q’,ﬁ) —> (d:ﬂ, dA,fa + *dAﬂ)
It can be shown that D, f is a compact perturbation of Dy (see [32, Lemma 2.3]).
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Exercise 4.3.18. Show the following:

(1) da s is independent of the metric.
(2) ker(D, y) is independend of the metric.

Let A; be an f—perturbed flat connection, i = 0,1. Since the space of connections
as well as the space of perturbations are contractible and the spectral flow is a homotopy
invariant, SF(Dy,, 1) is independent of the choice of paths A; and f;. By the above exercise
SF(Dy,, r) 1s also independent of the Riemannian metric.

Taubes [S8]] proves that for a generic perturbation, his invariant equals Casson invariant
for homology 3—spheres. Note that this also shows the independence of the perturbation.
For a new proof (up to an overall sign) see [32].

4.4. Classical Chern-Simons theory

4.4.1. The Chern-Simons line bundle. Recall that the behaviour of the Chern-Simons
function cs;: Ap — R for a section s: X — P of a principal G-bundle P — X under
gauge transformations (4.2.1)) only depends on the restriction of the gauge transformation
to the boundary and the fact that

CSqpos(A) = csy(DP*A) for A € Ap, d € Gp.

It can easily be seen that any two sections are related via a gauge transformation, which
implies that cs; only depends on the restriction of s to the boundary. We will use this
dependence to define a principal U(1)-bundle over Ap,, such that

(4.4.1) CSx(A) € L,y

for CSx(A)(s) := exp(2mi csS(A)ﬂ which is essential for defining a local Lagrangian field
theoryﬂ The fact, that all principal G-bundles P — X are trivializable and sections corre-
spond to trivializations of P, allows us to suppress the reference to P in (4.4.1).

Let us therefore consider a principal G-bundle Q — X over a closed surface £. We may
think of a principal U(1)-bundle L over Ay as the (complex) line bundle L associated to
the defining representation U(1) < C* = GL(C) over Ay known as the Chern-Simons
line bundle.

As the space of connections Ay is contractible, £ will be trivializable. We could
therefore describe it using one single chart and even define it to be Ay x L. However, we
need the trivialization

Qs .EQ - ﬂQ x C
to depend (non-trivally) on the section s: ¥ — Q in the same way the Chern-Simons
function behaves, so that Equation (4.4.1)) is satisfied. In order for £ to be a line bundle,
the transition functions ¢, = @y ¢;' must then satisfy the cocycle condition

(442) ()053s2‘10szs1 = ‘1053S1 *

“Freed [19] formally uses the expression exp(2micsx(A)) instead of CSx(A). Despite its advantage of
having a suggestive meaning, it is a bit clumsy and can possibly be misunderstood.

5To a closed oriented 2-manifold we assign the set of possible boundary values of fields, the space of
connections on X. To a compact oriented 3—manifold we assign a space of fields, the space of connections
on X with these boundary values. The dynamics are determined by a local Lagrangian, in our case the
Chern-Simons form.
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If we want to have a concrete description of £, we can set L := Ay X C for a fixed section
s and require that the cocycle condition (4.4.2) is satisfied. However, setting £ := Ay X C
for a section s” will give an isomorphic bundle (via ¢,y ), which satisfies the same cocycle
condition and will therefore be equivalent for our purpose. Notice, that fixing a section
s: £ — Q then also gives an isometry £, = C.

A section s: ¥ — Q gives identifications s*: Ay — Q'(T;g)and g°: Gy = C(Z,G)
determined by @ o s(x) = s(x) - g°(®)(x). In view of the behaviour (4.2.1) of the Chern-
Simons function under a gauge transformation ® we want to have for A € Ay

(4.4.3) Paos = cs(5°A, g'(D))py
where
(4.4.4) cx(a, ) = exp (2i ( [[(Ady a A g'0) + Wi(g)))

for a € Ay and Wy the Wess-Zumino-Witten functional defined in Exercise The
cocycle condition (4.4.2) then translates to

cs(854, g2(Dy))cs (514, 87 (D)) = cx(57A, 8" (Dy 0 D))

where s3 = ©ys; and s, = Oys;. If we let g; = g"1(D), g» = g”2(P,) and a = s7A, then we
have

51(x) + "1 (P2 0 Op)(x) = Dy 0 Py 0 51(x)
= @ 0 51(x) - g (D)(x)
= 51(x) - g1 (@1)(x) - g7 (D2)(x)
and s3A = s7O7A = s7A - g*(®) = a - g; so that we can rewrite the cocycle condition as
(4.4.5) cx(a- g1, 82)cs(a, 81) = cx(a, 8182).
ProposiTioN 4.4.1. The map cs satisfies the cocycle condition
Proor. If w(g) = —%(g*@ A [g"0 A g76]), then

w(g182) = w(g1) + w(g2) + do (g1, 82),
where 07(g1, g2) = (g10 A Ad,, g50). Then we can compute

exp(21iWx(g182)) = exp (27i [ or(g1. 82)) exp(2miWi(g1)) exp(2miWs(g2))
and

cs(a, 8182) = exp (27i ((Ady1 a A 810 + Adyy, g1 a A g30) + W(g182))) -
Comparing this to

cs(a-gi,g) = exp(27ri((Adg£1(Adg;1 a)+ Adggl(g’{e)) A 850 + Ws(g2))
and cs(a, g1) = exp(2ri(Ady: a A g7'60 + W(g1))
completes the proof. O
If u — A, is a smooth family of connections varying over a smooth manifold U. Then

it is clear from the definition of cy, that the transition functions u +— cs(s*A,, g°(®)) are

smooth, so that £ is a smooth vector bundle over U. Furthermore, we constructed it to
satisfy (@.4.1) so that A — CSx(A) is a section of £, which is the Chern-Simons invariant
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for manifolds X with boundary. It is convenient to define CSy(A) := 1 and Ly = C so that
for any 3—manifold X with 0X = () we can write CSx(A) € Ly,
For a fixed (connected, simply-connected, compact) Lie group G we introduce the

category
ﬂx = U ﬂp
P

where {P} is the collection of all principal G-bundles over X with morphisms being bundle
maps covering the identity. Objects A; € Ay are called equivalent if there is a morphism ®
with ®*A, = A;. We denote the set of e_quivalence classes by Ay. Certainly Ay = Ap/Gp
for a fixed principal G-bundle P, but Ay has the advantage of clearly being independent
of P.

Now it is straight-forward to see why cs is the action of a local Lagrangian field theory,
1.e. that the assignments

a— L(la ac ﬂZ

and A CSx(A), Ae Ay
for a closed oriented 2—manifold X and a compact oriented 3—manifold X satisfy the fol-
lowing four properties.

Functoriality: If ¥: Q' — Q is a bundle map covering an orientation preserving dif-
feomorphism : ¥ — X and a € Ay, a section s': ¥ — Q' gives an isometry
Ly, = C, the induced section s = Ws'y': £ — Q gives an isometry £, = C, then
there is an induced isometry

\P*: £u - L‘P*u
given by the identity map, satisfying ¥7'¥5 = (¥, o ¥))".
ExEercise 4.4.2. Y* is independent of the choice of s’

If ®: P’ — Pisabundle map covering an orientation preserving diffeomorphism
¢: X’ — X and A € Ap, then similarly

(Dlox)” CSx(A) = CSx (D"A).

Orientation: Consider the line bundle Ly, determined by —cs. There is a natural isom-
etry

L—Z,a = -E_Z,av
CS_x(A) = CSx(A),

since the ¢y and cs; (after fixing s: X — P) change sign when the orientation of X
and X are reversed.

Additivity: If £ = %, U X, and a; € Ay, then—since the integral over a disjoint union
is the sm of the integrals—there is a natural isometry

£a|uaz = -Eal ® -Eaz-
If X = X, U X; is a disjoint union and A; € Ay,, then
CSyx,ux, (A1 U Az) = CSy, (A1) ® CSy,(A>).
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Gluing: Suppose £ — X is a closed, oriented submanifold and X¢ is the manifold
obtained by cutting X along X. Then 0X¢ = 0X LU X L —X. For A € Ay, A° € Ax. the
induced connection and a = Aly the fact f .= fx implies

CSx(A) = tr,(CSx:(A)),
where tr, is the contraction
tra: Lacyye = Layy ® Lo ® Lo = La,

using the Hermitian metric on £,.

4.4.2. Classical solutions and the Hamiltonian Theory. We have seen that for a
closed connected oriented manifold X, the map cs;: Ap — Rinduces a map csy: Ax —
R/Z with

dcsy(n) = 2f<FA AT,
X

so that the critical points are precisely the flat connections. Even X has non-empty bound-
ary, the equivalence classes My = M(X, G) of flat G—connections on X are a subset of
A

For a compact oriented 3—manifold X with boundary we consider the category

Ax(a) ={A € Ax | Alsx = a} fora e Ay
with morphisms being bundle maps which are the identity over dX. Then we set
Ax(a) = Ax(a@)] ~,

where A, A’ € Ax(a) are equivalent if A’ = ®*A by some morphism ©.
It is not difficult to see that for A € Ax(a) we still have

dcsa(n) = 2f<FA A,
M

since and any path of connections in Ax(a) is constant along the boundary and therefore
tangent vectors vanish on the boundary. The equivalence classes of the critical points form
the subcategory of equivalence classes of flat connections My(a) C Ax(a) which restrict to
a on the boundary, which is certainly empty if a is not flat. In order to relate My(a) to My
we need to divide out by the symmetries/morphisms on the boundary. One can formulate
this in terms of a functor F from AyX to a category containing all My(a), e.g. the category
of algebraic varieties.

Consider a’ = W*a for a morphism ¥ in Ayyx. If A is a connection on P — X with
Alspx = aand ®: P° — P a morphism for Ayx(a) with ¥ = @|yx, then the @ induces a
functor from Ax(a’) to Ax(a) mapping [®*A] to [A].

ExEercise 4.4.3. Check that ® always exists, that the functor is independent of the choice
of ®. Define the functor on morphisms of Ax(a).

The functor Ax(a’) — Ax(a) maps Mx(a’) isomorphically to My (a). Therefore, there
is a functor from Ay to the category of algebraic varieties sending a to My(a) and mor-
phisms to isomorphisms. My is simply the space of equivariant sections of this functor.
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Alternatively,
My = | Mxt@)/ ~,

where A € My(a) and A’ = My(a’) are equivalent, if A” = ®*(A) for a morphism ® such
that @’ = (®|yx)*a. The restriction to dX gives the diagram

ch—>&’Tx

Mox — Ay

We would like to construct a Hamiltonian theory consisting of assignments
- Ms
X (ry: Mx = Mgx).
It turns out that (a subset of) My is a symplectic manifold, namely the sympletic quotient

corresponding to the curvature as the moment map on the space of connections over X with
the group of gauge transformations acting freely. More precisely, we we will have

T Ly
X (CS: My — ry L)),
where L' = L|p,.
ProposiTiON 4.4.4. Let X be a closed oriented 2—manifold and Q — X a principal G—

bundle. Then the Chern-Simons action defines a unitary connection B on the Hermitian
line bundle Ly — Ap and under the assumption that (-, -) is nondegenerate

w(m,m) = — f(’h Am) = =Fp(n,m)  formi,m € T\ Ag = Q'(Z;9).
)

is a symplectic form. The action of Gy on Ay lifts to Ly, and the lifted action preserves
the metric and connection. The induced moment map is

pe(a) = 2f<Fa A&,
z

where & € TG = Q)(a) and a € Ay = Q(Z;9) using a section s: T — Q. Go acts
freely on the space A, of irreducible connections, so that the moduli space My, of ir-
reducible flat connections is the symplectic or Marsden-Weinstein quotient A,/ |/Go and

therefore a symplectic manifold. There is an induced line bundle L_Q - M*Q with metric
and connection B = B| My and ﬁF 3 IS the symplectic form on M,

Proor. Fix a section s: £ — (. We have seen in the previous section that this induces
a (unitary) trivialization ¢: Ly — Ay X C. Define the 1-form B, € Q'(Ap, Ri)

(By)a(n) = 2nmi f s"anny, aeAyneT,Ay=0Q I, q),
>
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where Ri is the Lie algebra of U(1). In order for this 1-form to give a connection in the
line bundle Ly — Ay we must check that this transforms properly under gauge transfor-
mations. We have seen that

pws = cs(s7a, 8" (P)eps.
for a gauge transformation ¥: Q — Q, equivalently for the corresponding sections oy(a) =
¢;'(a, 1)
cs(s*a, g (P))oys = 0.
Then by applying Exercise [3.2.2]to £ (thinking of it as a U(1)-bundle) we deduce that in
order for B to induce a connection B on £ it needs to satisfy
des(s*a, g°(F))(1)
cs(s*a, g*(Y))

= (Bs)a(n) - 2mi f(Adgl nA g*9>7
z

(B‘I’s)a(n) = (Bs)a(n) -

where dcs(s*a, g°(\P)) is the exterior derivative at a of the map
Ag — U(1)
a cs(sa, g’ (P)).

We compute for u: P — G associated to ¥ and g = g°(¥) = u o s using Lemma[3.9.2] that
this is indeed the case

(B‘Ps)a(n) = 27Tifs*(‘P*a A \P*I]>
z

= 27rifs*(Adu_1 aANAd, i)+ 2yrifs*(u*9 A Ad,-1 1)
>

z
= (Bs)a(n) - 2mi £<Adg‘1 nA g*9>

Therefore, B is a unitary connection on Ly — Ay.
Since the structure group is abelian we have

S (Fpam,m) = 5=(dB)u(mi,m2) = — f<771’772> = w(']l,ﬂz)H
b

If (-, -) is nondegenerate, then so is w. Since the curvature on a line bundle is always closed,
it follows that w is a symplectic form.
In the trivialization ¢, a lift of a,, t € [0, 1], to L, corresponds to a path g, € U(1). The
horizontal lift then satisfies .
By = -2

t

We have

d% exp (m' j; sa; N at>) o

exp (m’ fz s¥ar A aT))

BS(aT) = 27Tifs*(aT A aT) = -
)

I don’t know, how Freed [19] gets %T(dB)a(m ,M) = =2 f2<77| ,12)
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Therefore the parallel transport PT(a;) along a, is given by multiplication by

1
exp (nifs*(al A a1>) - exp (—m’fs*(ao A a0>) = exp (—Zﬂif (f sa, A ézt)) a’t).
z z 0 z

On the other hand, a smooth path a, in Ay determines a connection A on the principal
bundle P = [0, 1] X Q over X = [0, 1] X X via A (T, X) = (a;)4(X). Then Alsx = a; Uay
is a connection on Q LI Q — X U -X and Ly, = L, ® L,,. Using the metric on £,,, we

identify £,, ® £, as the line bundle L, ® L, orequivalently as the (linear) bundle maps
L4, — L,,. The Chern-Simons action of A considered as a bundle map

CSx(A): Loy — La,

has unit norm, since the corresponding element of L_ao ® L,, has unit norm.
We will see that CSx(A) as a bundle map is the parallel transport along a,. We have

(4.4.6) dA (T, X) = (da)(X) — (a)g N dt(T, X).
Since all summands in a 3—form without a dt component vanish, we have
a(A) = —(A A A) Adt.

where A is the time derivative of A. Therefore CSx(A) is multiplication by

exp (—Zm'f (f s™a; A a,>) dt).
[0.11 \Jx
and CSx(A) = PT(a,).

By functoriality the action by Gy on Ay lifts to L, and preserves CS and therefore the
parallel transport, the connection B as well as w = iF 5. We compute the moment map for
this action using the lift to L, using the trivialization (,os If @ = s*aand g = g4 (V) for a
gauge transformation ¥: Q — Q, then

oys = cs(a, g)@;.
and the action
p: Go — Aut(Ly)

for any [ € (L), is multiplication by cs(a, g). Let g, be a path in C*(Z, U(1)) with gy = 1
and gy = & € Q°%(Z; Ri). Since

gf=0 and 4g'6| ~=d¢

"In general, if L — M is a Hermitian line bundle (or U(1)-bundle) over a symplectic manifold with a
connection A, and p: G — Aut(L) is a G action on L preserving the metric and A, then the moment map of
the quotient G action on M is

te(p) = Zvert(pé)) €R, EcgpeM
where [ € L, is a point of unit norm,
PE)y = 4pg)D|_, € TIL. go=1.80=¢

is the vector field on L corresponding to & € g, and vert(-) is the vertical part of a vector in T;L computed with
respect to A. The moment map is the obstruction for the connection to descend to the quotient L/G.
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we get by the Definition of c¢s in (#.4.4)
e = Ses(@, g, = 2ni fz (@ A df) € T Lo.
On the other hand, for f(g) = a - g and a, = f(g,) we have by (4.3.2)
iy = Gag,_, = dfi(€) = dot.

Then the infitesimal parallel transport in the direction £ is given by

% PT(a,)(l)L:O = %exp (m’Ls*(a, A at>) - exp (—m’fzs*(ao A ao))

= —27rifs*(a0 A Qo) = =2mi f(a/ Ndyéy € Ti L.
> b3

t=0

Since the horizontal part of p(£); equals % PT(a,)|[:O [, we get

He(@) = 5= (p@), - £ PT@)(D),_y) = f (@ A € +[a A ED) =2 f (Fu A ).
z z

Since the flat connections are the zeros of u and since G acts freely on the irreducibles,
the space of equivalence classes of irreducible flat connections My, is the symplectic quo-
tient .?I*Q //Go. The line bundle, together with its metric and connection, as well as the

symplectic form, pass to a line bundle L_Q — M, on the quotient. O

The above proposition can be generalized: My is a stratified symplectic space (see
Huebschmann [34, 35]]). The de Rham cohomology classes of the symplectic form on L

is an integral element of HZ(MQ; R), since it is the first Chern class of L_Q Thus, the
symplectic form satisfies the integrality constraint in the geometric quantization theory.

ProposiTION 4.4.5. The image of ry: My — Mpyx is a Lagrangian submanifold (on
the smooth part). More precisely, the action CSx is a flat section of the pullback bundle

ryLox = M, and therefore the induced symplectic form ryw vanishes.

Proor. If g, is a path of flat connections, there is a corresponding connection A over
I x X. The curvature of A is Fy = —A A dt by (¢.4.6) and therefore,

4.4.7) (Fpa NFy)=0.
Hence by Exercise (3.12.3] Stokes’ theorem and PT(a;) = CSjxsx(A),

exXp (27Tlf <FA A FA>) = PT(Cl,) CSX(al)CSX(Clo).
IxX

Therefore CS is a flat section of the bundle V}.ﬁ_ax — M. In particular if ap = a,, then the
holonomy of r}k(l:_ax around S is PT(a,) = 1 so that r;‘(.ﬁ_ax is flat. Therefore, the symplectic
form rjw vanishes.

Furthermore, Proposition implies that the image of (ry). is in fact a Lagrangian
subspace

dimim[H'(X; gnoia)) = H'(0X; 8ho1a)] = 3 dim H' (X Gnoica)).- O
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4.4.3. Quantization. Notice, that (L, B) are known as the prequantization of M
respectively, where Ly is the Hermitian line bundle over M with connection B compatible
with the metric such that ﬁF 3 = w is the symplectic form on M. (Similarly (L5, B) is
the prequantization of As.) The prequantum Hilbert space consists of the L>—sections
L*(Ls) of Ly, the gauge transformations lifted to an action on £ are the diffeomorphisms
of L preserving its structure (the fibration over My, B and the Hermitian structure), which
induces an action on L2(Ly). An element Z in the Lie algebra of the group of gauge
transformations is just a vector field on Msy lifted to act on £. Acting on L2(Ls), this
corresponds to a first-order differential operator D, on LQ(L_Z). If h € C*°(Ms) and we
choose Z to be the flow of 4 defined by V; := w™!(dh), this yields an assignment f +— Dy,.

The geometric quantization of My is the assignment of operators on (a subspace of)
LZ(L_Z) to functions in C*(My) satisfying a set of axioms. Prequantization is the first
step, which satisfies most of the axioms. In order to further quantize My, we need to first
introduce a polarization, that is, an integrable Lagrangian subbundle # of the complexified
tangent bundle Tf,tz of My, in order to cut down the prequantum Hilbert space to all sections
s € LZ(L_Z) satisfying Dzs = O for all Z € P. This is the content of [7]. See Blau [9] for
more information on Geometric Quantization in general.
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