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ABSTRACT. These notes are both an introduction to and a survey on Chern-Simons
theory for 3-manifolds. In particular, we describe the rigidity properties and the
critical points of the Chern-Simons action (the flat connections) and we construct
the Chern-Simons line bundle over the moduli spaces of flat connections over closed
surfaces. In the case of gauge group PSL(2,C) we develop the applications to the
symplectic geometry of these moduli spaces, three-dimensional hyperbolic geometry,
and volumes of holonomy representations of 3-manifolds. By recalling the derivation
of the Chern-Simons 3-forms from Chern-Weil theory, we also describe explicit sim-
plicial formulas of the Chern-Simons action of flat connections which were obtained
recently. We conclude with the quantization of Chern-Simons theory for PSL(2,C):
we discuss the status of the Reshetikhin-Turaev TQFT on this problem, and, by using
elementary geometric tools and known results of Teichmiiller theory, we reconstruct
both the full classical Chern-Simons theory developed previously (thus providing a
kind of axiomatic definition for it), and its quantizations based on the non restricted
quantum group U.sl(2,C) at roots of unity.
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1. FOREWORD

These notes grew out of lectures given at the Scuola di dottorato Galileo Galilei, Uni-
versita’ di Pisa, Italy, in February 2009. The goal was to provide a self-contained
treatment of various aspects of three dimensional Chern-Simons theory.

Loosely speaking, three dimensional Chern-Simons theory is the theory of an integral,
called Chern-Stmons action, of some “characteristic” differential form defined over the
spaces of connections on 3-manifolds with values in a fixed Lie algebra. This integral
was introduced (in any dimension) in the seminal paper of S-S. Chern and J. Simons
[CS]. Tt produces very powerful invariants of 3-manifolds which have many applications
to their geometry and topology, and is also at the heart of the geometric understanding
of the three dimensional quantum field theories based on the combinatorics of repre-
sentations of quantum groups, which describe fundamental algebraic structures specific
to knots, surfaces and 3-manifolds.

To fullfill the aim of this note would require at least to develop, on one hand, the gauge-
theoretic aspects of the Chern-Simons action and of the Chern-Simons line bundle,
which is defined over the moduli spaces of flat connections on closed surfaces, and, on
another hand, the homological interpretation of the Chern-Simons action as a secondary
characteristic class for flat connections. We have tried to do both, clarifying as far as
possible their relationships as well as providing the tools for understanding (if not
working with) the more recent results. We hope this has been successful in particular
regarding the simplicial formulas of the Chern-Simons action for flat (P)SL(2,C)-
connections and their quantization via quantum groups. We provide new results in
this area. We do not consider the gauge theoretic aspects of Chern-Simons theory for
3-manifolds with corners, which relies on the Wess-Zumino-Witten (1 + 1)-dimensional
conformal field theory for surfaces with boundary and is developed in [Fr|, because we
will be able to recover it by using the simplicial formulas.

In Section 3 and 5 we define the Chern-Simons action and the Chern-Simons line bundle
via gauge theory, following T.R. Ramadas - .M. Singer - J. Weitsman [RSW], S. Freed
[Fr], and P. Kirk and E. Klassen [KK] approach. We give applications, in particular
to hyperbolic geometry, and develop the relationships with the volumes of holonomy
representations of 3-manifolds in Section 4 and 7. We pay a particular attention to
variation formulas for cusped hyperbolic manifolds. Chern-Simons theory gives a very
powerful unifying framework to deal with all these objects. In this direction, perhaps
the most fundamental results are due to T. Yoshida [Yo], J.L. Dupont [Dul], C.D.
Hogdson [Ho] and W. Neumann [Ne0, Nel]. We describe also in detail the complex
symplectic structure on the moduli space of flat sl(2,C)-connections on surfaces in
terms of the Chern-Simons connection. This symplectic structure extends the one
defined by M. Atiyah and R. Bott [AB] in the case of flat su(2)-connections, as well as
the Weil-Petersson symplectic structure on Teichmiiller space [Gol, Go2].

A purely topological reformulation of the Chern-Simons line bundle is given in Section
6. It serves mainly as an introduction to both the applications given in Section 7, and
to the results of the following sections.
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In Section 8 and 9 we change our way, and construct the simplicial formulas of Dupont
and Neumann for the Chern-Simons action of flat s/(2,C)-connections on closed 3-
manifolds. In order to make their results accessible we have included some elements
of Chern-Weil theory and Cheeger-Chern-Simons secondary characteristic classes. Our
main tools are [CS], [Du0]; the reader may also consult the general references [MiSt]
and [Mol, Mo2|. Then we present the original approach of Dupont and Neumann,
which relies on the study of the cohomology of the classifying space BPSL(2,(C)5,
where PSL(2,C) is given the discrete topology ([Dul], [Nel]). We also give a new
direct derivation of these simplicial formulas, based on a careful analysis of the integral
of the Chern-Simons 3-form over 3-simplices. This new derivation is interesting on its
own, as it may be regarded as the basic building block for quantization, and allows to
understand the Chern-Simons action of flat connections on manifolds with boundary
in the spirit of combinatorial field theories.

In the last section we consider quantum Chern-Simons theories. After a brief presen-
tation of what has been done on the side of global geometric quantization, we present
a certain number of results which we believe have notably clarified some of the rela-
tionships between the “classical” Chern-Simons theory and the combinatorially defined
quantum field theories for SL(2,C).

First we consider the deformation quantization of SL(2,C)-characters via skein theory
and the Kauffman bracket.

Then we define the quantization of the simplicial formulas of the Chern-Simons action,
based on the representation theory of the quantum group U.sl(2,C) at roots of unity,
and developed by the author with R. Benedetti in [BB| and subsequent papers.

Finally we show how essentially the same constructions can be applied to reconstruct
completely the classical Chern-Simons theory described in the previous sections by
using only “elementary” geometric means.

There is an extensive litterature on Chern-Simons theory. Good introductions to the
subject and other developpments can be found eg. in the books of E. Guadagnini [Ga]
and T. Kohno [Ko].

2. PRELIMINARIES: BUNDLES AND CONNECTIONS

For the material in this section, see eg. [Du0], [Na] or [Mol].

Principal bundles. All manifolds, maps, actions, etc are assumed to be smooth. Let
G be a Lie group, and P, X manifolds. A principal G-bundle is a map 7 : P — X,
where G acts freely on P on the right, and the quotient P/G is diffeomorphic to X.
We denote the action of g by p— p - g.

For all z € X and p € P, = 7 '(x), we have a diffeomorphism commuting with the
right G actions

o

(1) p: G — P,

g — pPg

Ifp' =p-g, then & ' o®, = L the left translation on G by ¢'. Hence the collection
of maps @, identifies T,,P, with the set of vectors fields on G invariant under left
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translation, that is, the Lie algebra g of G. In fact

(2) dd,: g — T,P,
a — (Xa)p

where for all f: P — R the vector field X, is given by

dfp<Xa) - % (f(p ’ em))t=0

Since the projection map 7 : P — X is a submersion, a principal G’ bundle is locally
trivial: for any sufficiently small open set U; in X we can construct local sections
s; » U; — P by lifting linearly independendent vector fields on U; and considering their

flows. Then, for any such a section we have a trivialization
Ti . Uz xG — 7T_1<Ui)

(3) () -
(v,9) — si(2)-g

If U;NU; # 0 we get

(4) 7—]‘_1 OT;: (l’,g) — ('xagz,](’x)g)

The map ¢, ; : U; NU; — G is called a transition function of P. Note that transition
functions act on the fiber on the left and commute with the right G-action. Clearly, the
bundle 7 can be reconstructed from the transitions functions associated to any open
covering of X by open sets U; with sections s; as above.

Connections. A connection on P is a subbundle H P of T'P which at any point p € P
is a complement in 7, P to the tangent space T, P, of the fiber, and is equivariant in
the sense that

(5) R, H,P = H,,P.

We call H,P the horizontal subspace of T, P, and vectors in T, P, are called vertical.
We say that a path v in P is horizontal if v'(t) € H,)P for all t.
A connection can be equivalently defined as a one-form w € TP ® g such that

(6) w(Xe) = a

(7) Ryw = Adg-w

where the vertical vector field X, is defined in (2), and Ad is the adjoint action of G,
which applies here to the values in g of w. Then H,P = Ker(w,), and w, is the parallel
projection on 7, P, followed by the identification with g.

The equation (6) means that the restriction i;w of w to the fibers, where i, : P, < P is

the inclusion, can be identified with the Maurer-Cartan form 6 on G, which is defined
by:

0,: T,G — g

(8) X  +— Ly X

For a matrix group G the Maurer-Cartan form can be written as follows:

(9) 0 =g 'dg

where g means the matrix of coordinate functions on G.

In fact, if we fix an isomorphism ®, as in (1), for any a € g = T.G we have

(Prizw)e(a) = a = O(a). Since &, commutes with the right G action, by (7) and
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the obvious R;0 = Ad,-10, this equality extends to any tangent vector of GG (obtained
as Rg.a from some a € g). Since the change of ®, to @, is by left translation on G,
and 6 is left invariant, this identification of ¢,w with 6 does not depend on the choice
of ¢,

The equations (6)-(7) are affine and convex. Hence connections on P can be defined
by using a partition of unity to patch local connections (which obviously exist). Also,

the set of connections of P is an affine subspace Ap of Ap(g), the g-valued one-forms
on P.

Curvature. The curvature of w is the g-valued 2-form on P given by
Q(X17X2) = dw(quva) = _w([quaX;I])

We can extend the usual exterior product to g-valued differential forms on P just by
tensoring the coefficients:

(10) A Ap(g) © Ap(e) — AR (g @ g).
Then, by taking the Lie bracket of coefficients we obtain a map
[ AT Ab(g) ® Ap(g) — Ap(g)
which is explicitly given by
[C A 77] (Xla <. 7Xk+l> = Z €(U> [C(Xo(l)a < 7Xa(k))7 n(XU(k—I-l)v R 7Xcr(k+l))} :
UeSk;Jrl
For instance if ¢ € A}(g) we have
(11) [CACX,Y) =2[¢(X), ¢(Y)].
If G is a matrix group the Lie bracket of g is the commutator of matrices, so that
(1/2) [- A -] is sometimes denoted by A (hence “¢ A((X,Y)” is used for [((X) A ((Y)]).
We will not use this notation as we observed it often leads to confusions.
Connections on P satisfy the Cartan structure equation

1
(12) Q:dw+§[w/\w]
and the Bianchi identity
(13) dQ+[wAQ =0

Exercise 1. Prove these identities :

1. For (12) decompose vector fields into horizontal and vertical components. Re-
member that w associates a constant value in g to any vertical field, and show, using
R, .H,P = H,.,P, that [X;, X,] is horizontal if X, is horizontal and X, vertical.

2. For (13) take the exterior derivative of (12), and use the identity

(14) [[w A w] Aw] = 0.

which follows from the Jacobi identity for the Lie bracket of g.

The Maurer-Cartan form (which can be interpreted as a connection on the bundle
G — {pt}) satisfies also the Cartan structure equation with vanishing curvature:

(15) ah= 51070
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This is easily deduced from (11) and
dO(X1, Xo) = X1.0(X2) — X0.0(X1) — 0([ X1, X3]) = —0([ X1, Xa]) = — [0(X1),0(X2)],
where X; and X, are left invariant, so that X;.6(X3) and X,.0(X;) vanish.

Gauge transformations. By definition, a map of principal G-bundles ¢ : P’ — P
commutes with the G-actions. If moreover the base X and X' are equal and the induced
map @ : X' — X is the identity, we say that ¢ is a morphism.

An automorphism, or gauge transformation, is a morphism ¢ : P — P from P to itself.
Then there exists a map g, : P — G such that

o(p) =1 94(p)-
If o: P" — P is a bundle map and w a connection on P, then ¢*w is a connection on
P’. In particular, the group of gauge transformations acts on the right on the space of
connections Ap.
Let us derive this action explicitly. Let v be a path in P, v(0) = p and 7/(0) = V. If
¢ is a gauge transformation, then

oV = % ((0) - 910,
= L0 5,000 2y + 5 (10) 9,0

d _
= RV + 2 (0 9:(0)9, (0)9.(1(1))
= Ry pV +¢(p)- 9;9(‘/)

where 6 is, as usual, the Maurer-Cartan form (see (9)), and the second term means the
infinitesimal action of g70(V) € g on ¢(p). By evaluating with w we deduce

(16) e'w = Ad 1w + gz

The “correction” term g6 takes care of the contribution of horizontal vector fields (see

(20)). The curvature has a very different behaviour, since it transforms as a tensor.
Indeed,

P Y, Z) = dw((Ry,.Y)" (Ry,.2)")
= dw(Ry,.(Y"), Ry,.(Z"))

dR; w(Y", Z1)

= dAd (YT Z7)

= Ad,dw(YH, Z7).

Hence
(17) PRV Adgng.

We will comment on this property of {2 when considering associated bundles.

Let us derive two consequences of (16).

First, represent w locally as A; = sjw € Ay (g), with (Uy, s;) as in (3), and similarly
for (Uj,s;). We have s; = s;g;j, where g;; : U; N U; — P is the transition function.
Then, by taking ¢ = g;; we deduce from (16) that

(18) A = Ad o Ai + g0,
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This is the local compatibility relation required to define a connection by patching local
g-valued one forms on the sets U;. In the particular case of a line bundle, by writing
the transition functions as g¢;;(p) = exp(—x;;(p) € U(1), (18) reads

(19) Aj = A; — dxij (p).

Second, suppose that 7 is a path in P and ¢(v) = v - g,(7) is horizontal. Then, by
applying (16) to the tangent vectors to v we get

(20) % (9.(7())) =0 = —wr0) (' (0)) g6 (7(£))-

This is an ordinary linear differential equation, with a unique solution for each initial
condition g,(7(0)) € G. Hence, for any path 4 in X and any point p € Py there is a
unique horizontal path through p lifting 7.

The geometric meaning of this solution is the following. Since the flow of (20) depends
only on the projection ¥ = () it defines a map between fibers

(21) PT5 2 Pso)y — Py

which associates to py € Py the unique point p; € Py(;) contained in the horizontal
lift 7 of 4 passing through py. To compute explicitly that point, we have to fix a gauge
(ie. a section over %), which is just an arbitrary lift v of 7, as we did above. Then,
with the same notations,

po=7(0)-g,(v(0)) , p1=7(1) gp(7(1)),
and the points 7(¢) of the horizontal lift through py are given by

(22) 2 () - exp (— / i (7’(t))dt) .

We call PT5 the parallel transport, and g, (or ¢) a horizontal or parallel gauge trans-
formation.

Exercise 2. Show that:

1. Parallel transport commutes with the right G-action: PT5 o0 R, = R, o P1T5.
(Hint: show that for any two horizontal lifts 4; and 7, of a same path 4 in X we have
A = o - g for some fixed g € G.)

2. A gauge transformation ¢ : P — P is parallel if and only if it is an automor-
phism of the connection: ¢*w = w. In particular, if X is connected a parallel gauge
transformation is the identity at some point of P if and only if it is the identity.

Covariant derivatives and associated bundles. Let V' be k-dimensional vector
space with a faithful linear representation p of G. Let us write p as an action on the
left (hence p(g)(v) = g - v).

Define the bundle associated to (P and) p as

(23) Py =PxV/((pv)~{p-g,97" -v)).

This is a k-dimensional vector bundle, denoted P x, V', with projection my given by
mv([(p,v)] = 7(p), and transition functions given by the action of those of P: at any
point p € 71 (U; N U;) # () we have

Tj_l T - [(p? U)] I [(p * Gij, U)] = [(p, Gij - U].
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Hence the principal bundle 7 can be recovered uniquely from its associated vector
bundles.

The counterpart of connections in this context are the covariant derivatives. Take a
small path v in X, and set = v(0) and { = +/(0). For any section s of Py we can

write
s(y(t)) = [(3(2), n(1))]
for some horizontal lift 4 of v, by properly choosing the representatives in the class.
Then
. d
(24) (Ves)e = [(5(0), = (n(t)) )]

By Exercise 2 this is clearly independent of the choice of a horizontal lift. The rela-
tion with the connection w on P comes from the characterization of parallel sections.
Namely, let o : U — P be a local section such that

(25) s(y(t)) = [(e(v(2)), n)]

with 7 a constant vector. Hence o(y) =7 - g;l(y) for some g, : U — G. We have

(Ves)e = [G00), 5 (620(0) g )
(3(0), —g;"

- d -
= [(5(0); =g, (4(0)) - (9. (7(1))) 1= 9" (¥(0)) - )
= [o(x), wz(0:C) - ).
Here we use (20). If we choose a local frame over U, ie. a basis of sections s; with

linearly independent vectors 7; in (25), for any local section s(x) = [(o(z), f'(z)n;)] we
get

(26) (Ves)e = lo(@), dfs(Om + f(@)wa(0.C) - 1)),

As a consequence, the covariant derivative V on P, and the connection w on P are
equivalent objects.

In general we will identify the image of a section with its component in the fiber. Then
we say that a section is horizontal, or parallel, when the above differential expression
vanishes, and we write (V,s), = 0. Parallel sections map paths in X to horizontal
lifts.

Denote by A% (Py) the space of k-forms on Py, also called V-valued differential forms
on X. Locally they are given by tensor products u ® s, where p is a k-form on X and
s is a section of Py. In particular A% (Py) is the space of sections of Py, and we can
rewrite equation (26) as

Ves=df' @ni+ ffow-n)(C) = (ds +w-5)(C)

where s = f' ®@n; € A% (Py) in the local trivialization o : U — P. Hence V = d 4 w-
defines a map V° : A% (Py) — A% (Py). It extends naturally to a map

vk AR (Py) — ARLY(Py)
via the Leibniz rule

Vi(p®s)=du®s+ (—1)"'unvs, peAk(Py).
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We can recover the curvature as follows. Assume without loss of generality that the
section s is constant. Then

VYR ® s) = VT (dp @ s + (=1) A Vs)
= (=) du AV + (=1)*du A Vs + A VIVUs
=uAVHw-s)
=uN(dw-s—wA(w-s)).
By using (11) and the fact that G acts on the right on P and on the left on V' (see eg.
the computation of (Vs), above), it is readily check that
—wA (w-s8)(U, V) =[wU),wV)] s=(1/2) [wAw](UV)-s.
We deduce the following counterpart of Cartan’s equation
(27) VIV (@) =un(Q-s).
On another hand,
(dw-s—wA(w-s)(U, V) =UwlV)) -s—Vw)) -s—w(U,V])-s—
—w(U) - (w(V)-s) +w(V) - (w(U)-s)
= Vy(w(V)-s) = Vi(w(U) - s) = Viyys
=ViVYs —VOVYs — V([)Uy]s
thus recovering the usual formula for the curvature.

A main example of associated bundle is the Adjoint bundle Py = P X 4q g, where G
acts on g via the adjoint action. By (26) the covariant derivative is

(28) V =d+ ad(w).

Also, recall that by the definition of the curvature 2 and by (17) we have
Q=0

(29) P = Adg;1w.

These properties show that €2 descends to a two-form on Fj.

3. THE CHERN-SIMONS ACTION

In the course of the construction of the Chern-Simons action we will make three as-
sumptions, two on the group GG and one the manifold X.

Hypothesis 1. There exists a bilinear symmetric Ad-invariant form

(30) (n):axg—C
Recall that the Ad-invariance means (Ad,a, Ad,b) = (a,b) for all g € G, and that it
implies the ad-invariance ([c,a],b) = —(a,[c,b]) for all ¢ € g. We will identify (-,-)

with an element (-) € S*(g*), the second symmetric power of g*, thus writing (a ® b)
for (a,b). The main example is the multiples of the Killing form for semi-simple Lie
groups. The case of SL(2,C) is detailed below.

Definition 3.1. The Chern-Simons 3-form of the connection w is

a(w)—<w/\Q>—é<w/\[w/\w]>—(w/\dw—l—%w/\[w/\w]) € A3(C).



10 STEPHANE BASEILHAC

Several comments are in order. First, recall the wedge product of g-valued forms (see
(10)). We define (w A Q) by applying (-) € S*(g*) to the coefficients of w A 2, and so
on. Hence a(w) is a genuine complex valued 3-form on P.

The origin of a(w) will be explained in Section 8. As shows the next proposition, it is a
primitive of a tensor in the curvature, which we will interpret as the Chern-Weil 4-form
associated to (-) and representing a characteristic class of P in De Rham cohomology.
We also give the behaviour under gauge transformations.

Proposition 3.2. The following holds:
(1) do(w) = (QA€Q);
(2) Denote as usual by 0 the Maurer-Cartan form. If ¢ : P — P is a gauge
transformation acting on fibers via g, : P — G, then

1
pra(w) = a(w) + d(Ad 1w A ggb) — 692(0 N[O N G]).
Proof. The proof is by direct computation. We have
1
da(w) = (dw A Q) — (w A d2) — 6(<dw/\ [w A w]) — (wAdwAwl)).

By the Leibniz rule and the commutation rule [¢ A 5] = (—1)**1 [ A ¢], where ¢ and
n are forms of degree k and k', and the ad-invariance and the symmetry of (-), we get
(wAdwAw])y ==2(wA [wA dw] = 2(Jw A w] A dw) = 2(dw A [w A w]).

Then, using Cartan (6) and Bianchi (13),

da(w):<(Q—%[wAw])AQ>+<wA[wAm>—%«Q—%[wm])uwm]y

The ad-invariance and the Jacobi identity (14) imply ([w A w]A[w A w]) = 0. The first
result then follows from (w A [w A Q]) = ([w A w] A Q).

Let us prove (2). Put ¢ = g70, the pull-back of the Maurer-Cartan form. Ad-invariance
and (16) yield

e (wAQ) = (Ad 1w+ ¢) NAd Q) = (wAQ) + (¢ AAd Q).
Also, using Ad- and ad-invariance, and the commutation rule of [- A -] we get
e (wAwAw]) = ((Adgw+¢) A [(Adg;lw +¢) A (Adorw + ¢)]>
= (wAwAw])+ (A [pAP])+ 3<Adg;1w Ao A @)+
+3(0 A [Ad,cw A Ad ).

Gathering terms we deduce
1
pra(w) = (wAQ) — c(w A [wAw])
1
(Ad,aw A6 Ag)) = 5(0 A [Ad, w0 A Ad, )

1
3
— SO BN + (07 Ad ).
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Now, Cartan’s equation (12) gives
(GAAd Q) = (6AAd1dw) + 26 AAd, s [ A w])
= (Ad,idw A @) + §<¢ AAd s [wAw])
= d{Adw A @) — (Ad 1w A de) + %(qb A Ad o [w A w]).

Recall that ¢ is a pull-back of the Maurer-Cartan form, and thus satisfies (15). Then
we see that the last two terms cancel those in the second line of the computation of

*

¢*a(w) above. This achieves the proof. O

Remark 3.3. Since ;{2 = 0, where i, : P, — P is the inclusion, the pull-back of the
Chern-Simons 3-form to the fibers is

iza(w) = g (O A0 A0]).

By arguments similar to those used in the proof above we can check very easily that it
is closed:

AONOAG) =3(dONING) = —2(0 NG ALOAG]) = (0 A0 A[0A6] = 0.

2 2
where we use, in particular, the ad-invariance and the Jacobi identity (14). Alterna-
tively, this results from i da(w) =it (Q2 A Q) = 0 (2 is horizontal).

Recall that a principal G-bundle 7 : ) — Y is trivial when it admits a global section.
Then a trivialization is given by
5: YXG — @
(z,9) +— s(x)-g
Obstructions to finding a section are homotopic, since once a continuous sections exists
it can be smoothed within a same homotopy class. The following result is standard,

and comes by taking a cellulation of Y and trying to define a section of () skeleton by
skeleton (we use also that mo(G) = 0 always holds true).

Lemma 3.4. IfY is a compact orientable manifold of dimension < 3, and the homo-
topy groups mo(G) and w1 (G) are trivial, then Q admits a global section.

We shall meet situations where we allow G = SO(3) or PSL(2,C), which have m; equal
to Z/2; by the way we will only make the following assumption:

Hypothesis 2. The manifold X is a compact oriented manifold of dimension three,
and the principal G-bundle 7w : P — X is trivial.

Hence for G = SO(3) or PSL(2,C) we will assume that the second Stiefel-Whitney
characteristic class of 7 is zero. What is important is that the lemma shows that the
following definition makes sense in a great variety of situations, for instance for all
semi-simple Lie groups.

Definition 3.5. Let s : X — P be a global section. The Chern-Simons invariant of w
and s 1is

(31) SX(w,s):/Xs*a(w).
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We call
Sxi APXF(P) — C

(w, s) —  Sx(w,s)
the Chern-Simons action.

An immediate consequence of Proposition 3.2 is the behaviour under a change of sec-
tion:

Proposition 3.6. Let ¢ : P — P is a gauge transformation acting on fibers via
gy P — G. Denote g =g,05: X — G and ¢, = g*0. We have

Sx(w,po0s8) = Sx(p*w,s) ,
= SX(w>5)+/aX<Adg1S*w/\¢g>+/x_6<¢g/\[Cbg/\CbgD-

Recall from Remark 3.3 that the form (§A[0 A 0]) € A2(C) is closed. Then it represents
a class in the cohomology group H*(G;R). We now make our last assumption, which is
about the normalization of the form (-) (a multiple of the Killing form for semi-simple
Lie groups):

Hypothesis 3. The class —(1/6)[(0 A [0 A0])] € HE(C) is integral, that is, it is the
image of a class in H*(G;7Z) under the natural inclusion.

Corollary 3.7. The Chern-Simons action is a smooth function of connections and
satisfies (we use the notations of Proposition 3.6):

(1) If X has no boundary, then
Sx(w) = Sx(w,s) mod(1)
is a well-defined invariant of (X, w) independent of s. Hence
Sx : Ap/G — C/Z

well defines a smooth map' on the set Ap of connections on P up to the action
of the group G of gauge transformations.
(2) If 90X # 0, then the Wess-Zumino-Witten functional

Wox(09) = [ =503 N6, 78] mod()

depends only on the restriction g of g : X — G to 0X.

Proof. The smoothness of Sx (w, s) follows from the smoothness of a(w) with respect to
w. Consider the first claim. Recall that da(w) = (QAQ) (Proposition 3.2(1)). Because
of (29) and Ad-invariance, this forms descends on X. Since X has dimension three,
it is zero. Hence da(w) is closed, so that Sx(w, s) does not change under homotopies
of s. To conclude, we note that using the trivialization defined by s to identify P
with X x G, any other section s’ appears as a map 5 : X — G. Thus, the image
of the fundamental class (s, — s.) [X] € H3(P;Z) reduces to a class in H3(G;Z) (this
class may also be identified in the Kiinneth formula of H3(P;Z) = H3(X x G;Z)).

ISome (non generic) connections have non trivial isotropy groups in G, so that the space Ap/G
has orbifold points. In fact it has even non-Haussdorff points corresponding to open orbits when G is
non-compact (see Section 5 and 6). We will check smoothness away from such singularities.
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From Hypothesis 3 and the fact that i;a(w) = (0 A [0 A 6]) (Remark 3.3), we deduce
Sx(w,s) — Sx(w,s') € Z.

Alternatively, and perhaps more simply, by Hypothesis 3 the class — [(§ A [0 A 0)])] /6
pulls back via ¢ to an integral class on X, so that its integral over X is an integer.
We conclude by using the fact that any two sections of P are related by a gauge
transformation.

For the second claim, assume ¢’ : X’ — @G coincides with ¢ under an orientation
reversing diffeomorphism 90X = 9X’'. Glue X to X’ along their boundaries by using
this diffeomorphism, and consider the induced map §: gUsg" : X Uy X — G. We have

Woxl(o) = Wxe(g) = | =50 1 [é3 1 03]

By the first claim, this is an integer. a

Hence the behaviour of the Chern-Simons action of manifolds with boundary under
gauge transformations can be controlled along the boundary. This will be the main
ingredient of the construction of the Chern-Simons line bundle.

From Proposition 3.2 and Stockes’ theorem, in the case of closed manifolds we also
derive the following alternative definition of the Chern-Simons action in terms of Chern-
Weil forms:

Proposition 3.8. Let P — W be a principal G-bundle with connection w over a
compact oriented 4-manifold W. Denote the curvature of w by €2, and Ow the restriction
to the boundary. Then

Saw (Ow) :/ (QAQ) mod(1).
w

Example: the metric Chern-Simons invariant. Let (X?, ) be a riemannian mani-
fold, and V, : TX — T X®TX the Levi-Civita connection. The bundle with covariant
derivative (T'X, V) is associated to a principal SO(3)-bundle, the frame bundle F/(X),
with a connection @g (see Section 2). It is a classical result that any closed orientable
manifold is parallelizable, that is, has a trivial tangent bundle. Hence F'(X) is trivial;
this justifies his name: it can be identified with the bundle of frames of X by letting
elements of SO(3) act on a fixed frame at some point of X. Below we describe the
Ad-invariant form on so(3). Hence we can define a Chern-Simons invariant (the factor
1/2 is put in agreement with [CS])

(2) Sx(9) = 55x(¥,)

Theorem 3.9. (Chern-Simons [CS]) Sx(g) is an invariant of the conformal class of
g. If (X, g) admits a global conformal immersion in R* then Sx(g) = 0 mod(1).

In particular, RP? = SO(3) with its standard riemannian metric g, cannot be con-
formally immersed in R?, although it is locally conformally flat. This follows from a
computation similar to that given at the end of Proposition 3.13 below, which identifies
the Chern-Simons form of V,, with —1/7% times the volume form of SO(3) C PSL(2,C)
(see Remark 3.14). Hence

1
Srps(gs) = 5 mod(1).
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We refer to the paper of Chern and Simons for more on this.

The case of SL(2,C) and SU(2): volumes and the Killing form. Recall that the
Lie algebra sl(2,C) of trace-free 2 x 2-matrices is generated over C by

=(58) e (88) ()

satisfying the relations

[h,e]=2e , [h,fl=-2f , e f]=nh.

Up to scalar multiples the Killing form K is the unique Ad-invariant symmetric bilinear
form on si(2,C). By definition it is given by

K(a,b) = Trace(ad, o ady) = —4Trace(ab) Va,b € si(2,C)

where ad, : sl(2,C) — sl(2,C) is the endomorphism induced by the adjoint action of
a, and similarly for b. On the right-hand side, however, a and b stand for their matrix
representatives in the fundamental representation given above. The equality between
the traces is easily checked. Hence we can set

k
(a®b) :@K(a,b), ke C.

Let us compute which values of k are admissible for the Integrality Hypothesis 3. In
the basis (h, e, f) the Killing form reads

-8 0 O
Kher) = 0 0 —4
0 -4 0

Denote by h*, e* and f* the complex left-invariant 1-forms associated to h, e and f
(that is, dual to them at the identity). The Maurer-Cartan form of SL(2,C) reads

O=hh*+exe + fRe".

Then
—(1/6)(ON[ONO]) = —(1/6)-6(h® e, f)R" Ne* A [~

k
™

We get very similar results with the real Lie algebras su(2) and so(3). Recall that
su(2) can be represented as the Lie algebra of trace free 2 x 2-skew-hermitian matrices.
Under multiplication? by —i we can take as generators the Pauli matrices

(01 (0 —i (1 0
1=\10) > 27 o) 7o 1
with the Lie bracket [a,b] = i(ab — ba). We have the relations

(33) [0'1,0'2] = —20'3 ; [0'270'3] = —20'1 y [0'370'1] = —20'2.

2this choice yields real valued SU(2) Chern-Simons invariants.
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Since su(2) is a Lie subalgebra of si(2,C), the above Killing form restricts to define a
real-valued ad-invariant symmetric bilinear form. In the basis (o1, 09, 03) it is —4 times
the identity. Thus, expanding as above the Maurer-Cartan form of SU(2) we find
” —(1/6)(ON[ONO]) = —(o1® [09,03])01 Ny Aoy
34 * * k
Consider now the Lie algebra so(3). It has the standard basis (Ajs, A3, A23) given in
(42); the linear map defined by (A1s, A13, Agg) — (01/2,02/2,03/2) provides an isomor-
phism with su(2). The Killing form of so(3) is the trace. Computing Trace(A3,) = —2
we get

k * * *
(35) —(1/6){@ N[0 A 0]) = _mAm/\Am/\AQ?)-
Equations (34)-(35) are volume forms; since Vol(SU(2)) = 272, for k = 1 the former
is minus the pull-back of the standard volume form on SO(3) by the two-fold regular
covering SU(2) — SO(3). Because SL(2,C) (resp. PSL(2,C)) is homotopy equivalent
to SU(2) (resp. PSU(2) = SO(3)) we deduce:

Lemma 3.10. Let g = sl(2,C) or g = su(2), identified with their fundamental
representations as matriz Lie algebras. Any Ad-invariant symmetric bilinear form
(,) : g x g — C satisfying Hypothesis 3 is of the form

(a®b) = —2—:2Trace(ab)
where k € Z[1/2] if G = SL(2,C) or SU(2), and k € Z if G = PSL(2,C). For
g = so(3) we have
(a®b) = %Trace(ab), k € 4Z.
Remark 3.11. The integer k is usually called the level. Besides providing a unified
treatment of the normalization, it is used to rescale the symplectic structure on moduli

spaces of flat connections on surfaces, that we will derive from the Chern-Simons action
in Section 5. This will be crucial for quantization.

Remark 3.12. The normalization k = 1 for G = SL(2,C) or g = SU(2) is —4 times
the one derived from Chern-Weil theory (see Section 8). For G = SO(3) and the
Riemannian Chern-Simons invariant (32), the standard normalization is k = 1/2.

Exercise 3. Check that for a closed manifold and G = SL(2,C) or SU(2), the integral

1
/ —6<q§g A [pg N @4]) is the degree of the map g : X — G (see Proposition 3.6).
X

In the complex case the decomposition into real and imaginary parts also make the
connection with volumes:

Proposition 3.13. Denote by voly the volume form of the hyperbolic 3-space, and Vg
the Levi-Civita connection on its frame bundle F(H) = PSL(2,C). We have:

(i/72)h* Ae* A f* = (1/n2)voly + dy + io( Vi)

where 7 is an (explicit) real 2-form.
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Proof. First we will identify explicitly PSL(2,C) with the frame bundle F/(H) by fixing
a point in H and considering the action of PSL(2,C) = Isom™ (H). Then we will
compute the standard left invariant basis of vector fields on PSL(2,C) (considered
as a real manifold) in terms of the pull-backs of a moving frame and the Levi-Civita
connection on H under the identification PSL(2,C) = F(H). Finally we will put the
result in the Chern-Simons 3-form to obtain the result.

Let us take the Poincaré upper half space model of H. It is realized as the subspace of

the quaternions
. z
E@(l,@,j,k» - { ( __Z z ) ) Z7t € (j}

where the complex coordinate ¢ is real, and ¢t > 0. Here we use the standard basis

=(39) (52 () e (2d)

Hence

H={z+4+tj|z=x+yi, z,y e R, t >0} € My(C)
with the usual metric ds* = (dz®+dy* +dt*)/t*. The action of PSL(2,C) = Aut(CP")
by Moébius transformations on the boundary at infinity CP' = 0, H extends to the
isometric action on H via the Poincaré extension. It is given by

v-¢=(aC+b)(cC+d)"

1 -
36 = b d ct +tj
(36) JeH e T ) ((az + b)(cz + d) + act + tj)
where v = + ( ¢ 2 € PSL(2,C) and ¢ = z+tj € H. Here we denote by - the action

by Poincaré extension, and on the right hand side the operations of multiplication and
taking the inverse are the matrix ones, inherited from the quaternions. For instance,
if v-2=MAz+p, then v-C = Az +pu+ |Altj, and if v- 2 = 1/2, then v - = (det(¢) ™
Then the map
m: PSL(2,C) — H

g — 7]
is a principal fibration; the structure group is the isotropy subgroup at j, which from
(36) is computed as PSU(2) = SO(3). By considering the action on the standard
orthonormal frame at j we get the bundle automorphism

PSL(2,C) — F(H)
Y I ('Y'j77*(a/axaa/ayva/at)j)'
Now recall the standard basis vectors h, e, f of the complex Lie algebra sl(2,C). Let
us denote them by hc, ec, fc, and write h, e, f, ih, ie, if the corresponding basis of
sl(2,C) over R. By using (36) we easily compute that for any u € R we have
uh/2

(37)

e'j

cu(et ) cosh(u) sinh(u) . sinh(2u) +j
( smh cosh(u) ) N cosh(2u)

u(ie—if) ( cosh( ) isinh(u) ) . 2isinh(2u) +

€ —isinh(u) cosh(u) ) 7T cosh(2u)
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Hence
d w ) ] d u(e : d u(ie—1i .
%(6 h/2'j)u:O:j ’ @(e(Jrf)j)u:OZ2 ’ @(6( f).j)u:O_QZ

which implies, by using the fibration 7 in (37),
(38) drmen(h/2) = (0/0t); , drmele+ f)=2(0/0x); , dnulie—if)=2(0/0y);.

Denote by 6 = {6;} the fundamental form (or moving frame) of the riemannian connec-
tion on H dual to (0/0t,0/0x,0/0y); at j, and h*, e*, f*, (ih)*, (ie)*, (if)" the basis
of left-invariant (real) vector fields on PSL(2,C) associated to the basis h, e, f, ih, ie,
if of sl(2,C)g. Since both basis are left-invariant under the left action of PSL(2,C),
from (38) we deduce

(39) 7O =2h"=20; , Th=e+f" =07 , 7wO3=(ie)" —(if)  =—03

where we denote by o; the Pauli matrices. In fact, remember the polar decomposition
diffeomorphism PSL(2,C) =2 H x SO(3), where H denotes the set of stricly positive
2 x 2-hermitian matrices with unit determinant. The fibration 7 identifies H with
H. Tts tangent space at the identity is TjqH = R{oy,09,03), the set of trace free
2 x 2-hermitian matrices. Since SU(2) is the space of quaternions of unit norm (ie.
determinant 1), we have also su(2) = T;4SU(2) = R(i, j, k), the orthogonal complement
to the identity, which is the same as R(io3, i0y,i01) = iT;yH. Hence (39) just identifies
the (dual of the) first summand of the isomorphism of tangent spaces sl(2,C).c.r) =r
TiaH (o5,09,00) Pr 5U(2) ;%) (the factor 2 in f*¢; = 2h* = 203 is because the map
SU(2) — SO(3) is degree two). This discussion gives an alternative argument to the
above computation.

Next consider the Levi-Civita connection (6;;) € Af(so(3)). It is characterized by the
torsion-free condition

3
(40) do; +Y 0 A0 =0
j=1

which consequently completely determines (7%6;;). For instance, by evaluating on left-
invariant vector fields X and Y we have an identity

—(e"+ fUXY]) = —m"0:([X, Y]) = 77db>(X, ')
== (—71'*023 N 7T*93 — W*Q21 N 7T*€91>(X, Y)

Proceeding in the same way for the two other df; we get a linear system which, by
using (39) and letting X and Y span a basis dual to h*, ..., (if)*, is solved by

(41) 7*912 = 6* — f* s 7T*013 = (26)* + (Zf)* s 7T*923 = —2<Zh>*

By comparing with (39) and decomposing into real and imaginary parts as hg =
h* +i(ih)* etc, we eventually get

1 ) . 1, )
he = §7T*(91 —iby3) , er = o (02 + 012) +i(05 + 013))

fe= %W*((% — 012) — (03 — 613)).
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Let us now compute the Chern-Simons 3-form. By inserting these expressions into
ht A eg A f& we find that this complex valued 3-form has real part

1
Re(hg Neg A fE) = 1(912 A b13 N\ baz — 61 NOy A Oy — O A O3 N bOaz — 61 A O3 A Or3)
and imaginary part
1
Im(h?{: N 6% N f(é) = Z(—Ql A 92 A\ 93 -+ 62 A 912 N 923 + 01 N 812 A 013 + 93 N 913 A 823).

Since H a constant curvature —1, the riemannian curvature two-form is €2;; = —6; A
¢;. Hence Cartan’s structure equation read as df;; = —Xp—1230ix A Ox; —0; NO;. A
straightforward computation then gives

d(01 A BOa3) + d(0s A O31) + d(03 A O12) =

3‘91/\02/\83"’92/\612/\623+03/\013/\923+‘91/\912/\913.

Note that voly = 0, A 05 A 05. Hence

(. . . 1 1

ﬁhc N €c N f(C = FUOZH - Hd(91 VAN Q23 + 02 VAN le + 03 VAN 012>+

+#(912/\013/\&23-01/\92/\012—02/\(93/\923—01/\&))/\013)‘

We are left to identify the imaginary part. Consider the standard basis of so(3), given
by

010 001 0 00
(42) Ap=| -1 0 0  As=| 000 L Ap=(0 01
000 -10 0 0 -1 0

It satisfies the relations
(A1, Ayg] = — Aoz, [Ai2, Ags] = A1z, [Ais, Ay = —Aqa.

By Lemma 3.10 and Remark 3.12 the normalized bracket is (A® B) = Trace(AB) /87>
Moreover, €;; = —6; A 0; implies that the so(3)-components of {215, Q13 and €3 are
—Ays, Ay and —Ajp (remember that the 6, are dual to (0/0t,0/0x,0/0y); in this
order, and that these have coefficients A9, Aoz and A;3). From equation (40) we see
that the so(3)-components of 612, 013 and 03 are Ay3, —Asz and Ajo. Hence denoting
by 0 the connection matrix (6;;) of F'(H) and similarly for its curvature 2 we find

(OAQ) = (1/47%) (012 A Qua + 013 A Q3 + O3 A Qa3).
Also, using (11) we get
[ONA0] =4A12 ®@ (612 A O13) + 4A3 @ (012 A O23) + 4A13 @ (013 A Oa3)
and similarly
ONONO) =4(ASF + ATY + ASP) @ (012 A 013 A Oa3).
Hence

(ON]ONO]) =

3
167(2 Trace(A%Q + A%g + Agg)elg A 013 N 023 = —2—7[_2912 A 013 N 023



CHERN SIMONS THEORY IN DIMENSION THREE 19

and finally
al6) = (67 Q) — éw A LB A )
= (1/47%) (012 A Qa2 + 013 A Qg + O3 A Qoz + 012 A 13 A Oa3)
(43) =Im <%h?& Neg A fé) .
This concludes the proof. O

Remark 3.14. By similar computations it is readily checked that the formula
04(9) = (1/47’(’2)(012 A le + ‘913 A 913 + 923 A 923 + 912 N 913 A\ 923)

holds true for the Levi-Civita connection # of any Riemannian 3-manifold.

4. RIGIDITY AND VOLUMES OF REPRESENTATIONS

Recall that the space Ap of connections on P is an affine subspace of Ap(g), and that
the Chern-Simons action is a smooth function on Ap. Next we are going to compute
the derivative of Sx.

Note that by (6)-(7), a tangent vector w to Ap satisfies

i1 = 0

Ry = Adg-1.

Hence, as for the curvature (see (29)) we see that w is a one-form on the adjoint bundle
P,

Proposition 4.1. Let w; be a smooth path of connections on P which restricts to a

(44)

fized connection over X . Denote by w = wy, w = 7 (we),—q, and S the curvature of
w. Then, for any section p of m: P — X we have
d . ,
G Bx(wip)o=2 [ pri@nu).
t X

Proof. Consider the cylinder [0,¢] x X. In case X has boundary, smooth the corners
{0} x 0X and {1} x 0X. The path of connections ws; on P, with s € [0,t], forms
a single connection w. on the pull-back of the bundle 7 : P — X by the projection
0,t] x X — X.

Denote by 2, the curvature of w. at time s, and () the curvature of the connection
ws on P at time s. Then

1
Qs = dw)s+ 3 [ws A wy]

d 1
= dws+ds A d—(ws) + 3 [ws A wg)

= 0 d —(wy).
(s) T SAdS(w)

Let us write p the pull-back section to the cylinder. Because w. is constant over 0.X
we have

Spogxax (w.,p) = / pra(w.) = 0.

[0,t]x0X
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Hence, using Proposition 3.2(1) we get

Sx (wy, p) — Sx(wo,p) = pra(w.)

S

9([0,¢]x X)
= 13* <Qs A Qs)

[0,4]x X

” d
| miads )
[0,t] x X S

[ 7t n

The result follows by differentiating at ¢ = 0. a

I
b

Il
DO

Corollary 4.2. The Chern-Simons action is constant along any path rel(0) of flat
connections, that is, connections with curvature 2 = 0.

Similarly as in the proof of Proposition 4.1, by using da(w) = (2 A Q) we get:

Proposition 4.3. Let W be a compact oriented 4-manifold with boundary XoU (0Xg X
[0,1)) U (=X31), and P — W a trivial principal G-bundle with a flat connection w and
a section s. Denote by w;, s; the restrictions of w and s to X;.

If the restriction of s*w to the cylinder 0Xy x [0,1] has no dt component, then

Sxo(wo, S0) = Sx, (wi, 51).
We say that the Chern-Simons action is an invariant of flat cobordism rel(0).

This result applies in particular when W = [0,1] x X and X has no boundary. Then
it says that the Chern-Simons action is rigid under continuous deformations of (gauge
equivalence classes of ) connections on X. To see this we use the next lemma (note that
it holds true in any dimension).

Lemma 4.4. Let Q — Y be a G-bundle over a manifold Y, and w a connection on
the pull-back bundle [0,00) x Q — [0,00) X Y to the cylinder overY .

(i) There exists a unique gauge transformation ¢ of [0,00) x @ such that Y|joyxq = id
and ¢ w has no dt component. Hence ¢*w defines a path 1, of connections over Y.
(ii) If moreover the curvature of w vanishes then the path n, is constant.

(iii) As a consequence, for any any pseudo-isotopy 1 : [0,1] x Y — [0,1] X Y and any
flat connection n on QQ — Y, the connections pgn and Yin are gauge equivalent.

Since [0,00) is contractible any bundle P — [0,00) x Y is isomorphic to [0,00) X
@, where @ is the restriction of P to {0} x Y. Hence the lemma says that, up to
gauge equivalence, connections over cylinders are paths of connections on a boundary
component, and that flat connections correspond to constant paths. That is, denoting
by G the group of gauge transformations, we have an identification

Ap/G = Map([0,00) , Ag)/G.

Moreover, denoting spaces of gauge equivalence classes of flat connections by M, we
have

Mip,o0)xy = My.
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In particular, a section s such that s*w satisfies the hypothesis of Proposition 4.3 is
the composition of a section id x s', s : Y — @, and a gauge transformation as in the
lemma. Such sections s are called temporal gauges.

Proof. Denote by g, : ) — G the map associated to ¢|(;1xq, and ¢, = gfw. We can
write w as

w =1+ Gdt, tef0,00),n € Aé(ﬂ)a(t € AOQ(Q)'
From equation (16) we see that p*w(9/0t) = 0 if and only if

0
Adgt—1Ct + (ﬁt(a) = 0.

This is a first order ordinary differential equation, with a unique solution such that
go = id.

d
The curvature Q of ¢*w = 7, at time s is 2y = Q) + ds A d—(ns), where ) is the
s

curvature of 7y (see Proposition 4.1). If the curvature of w vanishes, then so does €.

d
Hence ds A d—(ns) = 0, which implies that 7, is constant.
s

Take w as the pull-back of 1. Since w does not depend on t and 7 is flat, w is flat.
Consider the connection ¢*w on [0,1] x Q. By (i)-(ii) there is a gauge transformation
¢ such that ¢™*w is a constant path of connections on ), and pg = id. Hence
Yon = @otbow = PrPiw = @iy, O
Proposition 4.3 shows the fundamental topological nature of flat connections. Note
that the identity ¢"Q) = R, implies that flat connections make an invariant subset
of Ap under gauge transformations.

The next proposition singles out some characterizations of this space. First we need a
definition.

Definition 4.5. The trivial connection on a trivial product bundle U x G — U is the
pull-back of the Maurer-Cartan form by the projection projs : U X G — G':

Ow.g) = (Lg=1 © projz) (u,g)s-
For any trivial principal G-bundle 7w : P — U and any trivialization 7 : P — U X G,
we call 7*0 the trivial connection of m (induced by the trivialization).

For an arbitrary principal G-bundle we say that a connection is flat if its curvature
vanishes.

Exercise 4. Show that the trivial connection on a trivial principal G-bundle P — U
with trivialization 7 : P — U X G is the pull-back of the Maurer-Cartan connection on
the G-bundle over a point:

projooT
_

E
L
U — {pt}.

Proposition 4.6. Let 7 : P — X be a principal G-bundle over a connected manifold
X, and w a connection on P. The followings are equivalent:

(1) w is a flat connection (ie. @ =0);
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(2) the horizontal distribution H P is integrable;

(3) for each point of x there is a neighborhood U of x and a trivialization of 7.1 ()
such that the restriction of w to 7= '(U) is the trivial connection;

(4) there is a covering of X by open sets U; such that -1y, is trivial, the tran-
sition functions ¢;; : Uy N U; — G are constant, and w agrees with the trivial
connection on Tiz—1(u,)-

(5) The parallel transport defines a conjugacy class of holonomy representations

p:m(X,z) — G

which determine the gauge equivalence class of w uniquely.

Hence, denoting by G the group of gauge transformations and
My ={w e Ap|Q2 =0}/G,

we have a natural identification of sets
My = Hom(m (X, 2),G)/G.

Since holonomy representations are well-defined up to conjugacy we often omit the
base point & when writing (X, x).

Proof. By its very definition (2 vanishes if and only the Lie bracket of horizontal vectors
fields is horizontal. Hence equivalence of (1) and (2) is Frobenius’ integrability theorem,
which asserts that H P defines a foliation F' with tangeant space H,P at each point
p € P. That (3) implies (1) is a consequence of Cartan’s structure equation (15) for
the Maurer-Cartan form, which holds true also for the trivial connections of product
bundles and hence implies they have vanishing curvature.

Next we prove (1) = (3). Fix p € P and put z = «(p). Since dm, : H,P — T, X is
an isomorphism we can find a neighborhood V' of p in the leaf F' through p such that
my : V — U is a diffeomorphism. Denote by s = ﬂﬁfl : U — V the inverse section of
Tir—1(v). Hence mz-1 gy is trivial, with trivialization

r: UxG — 7 1(U)
(v,9) — sy)-g

For any g € G and ¢ € V' we know that (see (5))
T,,V = H,,P = Ry H,P = R,.T,V.

Hence w and the trivial connection on 7,-1(y) define the same horizontal subspaces in
71 (U), and therefore coincide.

Assume now that (3) holds true, and let U; and U; be two open sets as above, with
U;NU; # 0 and trivialisations 7; and 7;. The map 7;; = 7, 'o7; : (U;iNU;) x G — (U;N
U,) x G preserves the trivial connection. Hence it permutes the leaves of the horizontal
foliation. This implies for all z € U; NU; and g € G we have 7;;(z,g9) = (2g;;g) for
some constant g;; € G (see Exercise 2 (1)). In other words, the transition functions
are constant over U; N Uj.
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Conversely, assume (4). With the same notations as above, we have a commutative
diagram of bundle maps

U;NU;) x G2 (U;NU;) x G

lpmjz ipmjz
Lg,;

G G.

Since the Maurer-Cartan form ¢ on G is left-invariant we have 7.;proj;0 = projs0.

Hence the trivial connections agree on 7' (U; N U,), and we can glue them to define
the connection w on P, which necessarily has vanishing curvature.

We conclude with (1) < (5). For each point p € P, and each loop 7 : [0,1] — X based
at = the parallel transport defines a map

oy VF— 9 B =p-yg

where 7, is the horizontal lift of ~ through p. When 2 = 0 we can consider the
restriction g, : F, — X of the bundle projection to the horizontal leaf F}, through p.
Since dm, : H,P — T, X is an isomorphism, 5, is a covering. In particular, any two
homotopic loops on X based at z lift to paths in F}, having the same endpoints. Hence
Pzp gives the same value to homotopic loops.

Let a, 3 be two loops based at 2 and denote by @&, 3 their horizontal lifts starting at
p. Since the lift of 3 startmg at a(1) = p- pep(a)™is B+ pap(e)™t, the lift af of a3
starting at p is @3 - ppp(a) !, Hence

p- pz,p<a6)_1 = O‘ﬁ(” =p- pm,p(ﬁ)_lpm,p<a)_l =P (px,p(a>pm,p(6>)_l‘
This shows that p, , is a homomorphism. Exercise 2(1) implies that the conjugacy class
of p,, does not depend on the choice of p in P,, and p,, is deformed isomorphically
when we move p in a horizontal leaf (hence moving the base point z of loops in X).
Since any gauge transformation ¢ conjugates the values of p,, by g,(p) ', we deduce
that the gauge equivalence class [w] defines a holonomy

[p] € Hom(m (X, z),G)/G

represented by the maps p,,, where the action of G is by conjugation.

Finally we prove that [p] determines the gauge equivalence class of w completely. When
X is simply connected the covering g, is a diffeomorphism. Hence the section 7r|}i
defines a trivialization P = X x (G, which is an isomorphism of bundles with connections
(ie. an isomorphism of flat bundles, see the proof of (1) = (3) above) when X x G has
the trivial connection. 3 .

For an arbitrary X we consider the pull-back bundle P — X defined by the commu-
tative diagram

P p
X - X

where X — X the universal covering map. We have just seen that there is an isomor-
phism of flat bundles ¢ : P — X x G. To state this isomorphism explicitely let us use
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the following model of X:
X ={y:[0,1] = X | 7(1) = 20} /homotopy rel(d)

where 29 € X is our base point. The covering map is cov([y]) = 7(0), and the (right)
action of m1(X) on X by deck transformations is ([y],«) — [ya]. By definition we
have

P={("],p) € X x P | w(p) = cov([y]) = 7(0)}.
Fix a base point py € P,,. Then

Q: P — XxG
(o) — (], 91 (p)
where for each point p € P we set p = 5(0) - g;,(p), and 7 is the horizontal lift of v
such that 4(1) = py. Under this isomorphism the action of m(X) on P reads

(] e, p) — (Y] @, gpya(P))-

Since the right action of a on [] induces the parallel transport along the lifts of o
we have

p=75(0) - g1 (p) = ¥(0)p(@) - gy (p)-
Hence gpj0(p) = p(a) 'gj(p). This proves that the action of m(X) on X lifts to
P>~ X x G as follows:
(X xG)xm(X) — XxG
(4],9),0) ¥ (e, p(a)g).
The isomorphism ¢ thus descends to an isomorphism of flat bundles
©:P—Xx,G
where X x, G is the quotient of X x G by the above (free) action of 7 (X). Note that
the bundle projection 7, : X x, G — X is given by 7,([([v],¢)]) = 7(0), and the flat
connection on X x, G is induced from the trivial one on X x G, which is left-invariant
and so passes to the quotient.
Since any two isomorphisms ¢ as above (ie. corresponding to different choices of

base points z and pg) are related by a gauge transformation, the conjugacy class [p]
determines the gauge equivalence class [w] uniquely. 0

This proposition has the following striking consequence. Recall the form
—(1/6)(O A [0 A 0]) € AL(C).

Since it is left-invariant, the pull-back via the projection projs : X x G — G descends
to a 3-form on X x, G, which is just the Chern-Simons 3-form for the canonical flat

connection induced by the trivial one on X x G. We denote it by —(1/6)(8 A [0 A 6]).

Corollary 4.7. For any closed manifold X and gauge equivalence class [w] of flat
connection w on m: P — X we have

Sx([u]) = /X —(1/6)s TR B A B])

where s : X — P s an arbitrary section.
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Proof. This is a direct consequence of the existence of an isomorphism of bundles
0:P— Xx »G described in Proposition 4.6(5). Such isomorphisms are non canonical,
but since Sx does not depend on the choice of section for closed manifolds it is invariant
under gauge transformations.

Alternatively, by proposition 4.6(4) the Chern-Simons 3-form «(w) agrees locally with
a(0;) over each trivializing set U;, where 6; is the trivial connection on 7,-1(y,) induced
by the trivialization 7; : 7 *(U;) — U; x G. By Remark 3.3 we have

a(f;) = Ti*pTOjZ2(_(1/6)<9 N[O AO])
where proj;s : Uy x G — G. Hence a(w) coincides with —(1/6)(8 A [0 A 6]). O

We have seen in Section 3 that for G = (P)SL(2,C) or G = (P)SU(2) the form
—(1/6)(0 A [0 A O]) can be interpreted as a normalized volume form, or a complex
extension of it. So, for flat connections w it is natural to look for an interpretation of
Sx(w) as a kind of volume twisted by the choice of w.

First a general definition. Let X be a closed manifold with holonomy representation
p:m(X) — G. Assume that G acts transitively and faithfully on the left by isometries
on a 3-dimensional riemannian manifold F* with volume form vp. Consider the F'-
bundle P x, F' — X associated to the flat G-bundle 7, : P = X x,G — X. It is
isomorphic to 7 : X X o' — X since both have the same holonomy. Since 7, is trivial,
so is mp. In fact, for any section s : X — X X, G and any point fy € F' we have a
trivialization
Px,F — XxF

[(s(2)g, fo)] +—(x,9- fo)-

Denote by g the 3-form on X X , " obtained by pulling-back vr via projs : XxF —F,
and then projecting down to X x, I’ by using invariance under the action of G by
Isometries.

Definition 4.8. The vg-volume of p associated to a section s : X — X X, F is the
integral

Vol(p,s):/ S Up.
X

In general Vol(p,s) depends on s. If F'is contractible, for instance when F = H is
the hyperbolic 3-space and G = PSL(2,C) is identified with the group of orientation
preserving isometries of H, then any two sections of 7z are homotopic, so that Vol(p) =
Vol(p,s) is independent of s. When G = SU(2) acts on F' = S° with the spherical
metric, then Vol(p) = Vol(p,s) is well-defined mod(1). In fact Corollary 4.7 just
says that the Chern-Simons action of flat su(2)-connections is this spherical volume of
representations.

Here is the analog for G = PSL(2,C) = Isom™ (H). Recall that fixing a frame over a
point of H identifies its frame bundle F'(H) with PSL(2,C). Given any representation
p: m(X) — PSL(2,C) we can construct a pseudo-developing map D : X — H such
that D(y - &) = p(y)D(&) for all v € m(X), # € X. This map is well-defined up
to post-composition by an hyperbolic isometry, and can be obtained by fixing a chart
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U; — H arbitrarily, and then proceeding by analytic continuation to develop X in H
using the transition functions of the bundle X x ,H. This yields a map of frame bundles

D: F(X) — F(H) = PSL(2,C).

Let Vg be the Levi-Civita connection of F (H). Since p acts by isometries on H, the
pull-back D*Vy descends to a connection V% on the frame bundle F(X). On another
hand, on bases D*voly descends to a volume form on X.

When X is hyperbolic it is identified with a quotient H/I", where I' is a discrete
subgroup of PSL(2,C). Then p maps 7 (X) to a conjugate of I" in PSL(2,C), and
D is an isometric diffeomorphism. We call such a p a hyperbolic holonomy. Under
the identification of X with H the above connection V4§ is just the usual Levi-Civita
connection on the frame bundle, and D*voly the volume form of X.

Proposition 4.9. For any closed manifold X and any gauge equivalence class [w] of
flat sl(2,C)-connection w on ™ : P — X with holonomy representation p : m(X) —

PSL(2,C), we have
Sx([w]) = Sx(V§) — %Vol(p).

In particular, when (X, g) is hyperbolic and p is the hyperbolic holonomy we have

1
Sx([u]) = Sx(g) ~ ~5Vol(X)
where Vol(X) is the volume of X and Sx(g) its metric Chern-Simons invariant.

Proof. Consider the projection r : X x PSL(2,C) — PSL(2,C). By Proposition
3.13, the Chern-Simons 3-form for the trivial connection on the product bundle X x
PSL(2,C) — X is just —ir*C, where

C = (i/m))h* Ae* A f* = (1/7})voly + dy + ia(Vy).
Denote by p : F(X) — X the projection of the frame bundle. We have a map
G:pxD:F(X)— X x PSL(2,C)

which is equivariant with respect to the action of 71(X) and hence descends to give a
map of principal bundles covering the identity map of X:

q:F(X)— X x, PSL(2,C).
In particular, given a section s of F'(X), we have a section
§=qos:5:X — X x, PSL(2,C).

From r o § = D we deduce

Sx(fw]) = /X Fa(w) = —i /X 5 7C = —i /X D0 = Sy (V0) — %Vol(p).

which proves the result. O
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5. THE CHERN-SIMONS LINE BUNDLE, |

In this section we consider the Chern-Simons action of manifolds X with boundary.
Our aim is to prove the following theorem.

Recall that we denote by
Mx = {w S .AP|Q = 0}/g

the moduli space of flat connections on X. Hence, points in M x are represented by
flat connections on bundles () — X related by gauge transformations. We use the
same notation My for oriented surfaces Y. Recall that for any G-bundle () — Y and
connection 7 € Ag the pairing ( A ) : T, A9 A T, Ag — C descends to a two-form on
Y.

Theorem 5.1. The Chern-Simons action determines :

(a) for each closed oriented surface Y, a smooth hermitian line bundle Ly — My
with connection ¥, whose curvature times i/2m is given by

] e]) = —2 /Y G An), € Todg

where 1 is a flat connection on an arbitrary G-bundle Q — Y with section
q:Y — Q, and [ | denotes the gauge equivalence class.
When the bracket { ) is non degenerate the (closed) two-form = defines a
symplectic form on Mx (complex if G is complex).
(b) for each compact oriented 3-manifold X a parallel section
2imSx (-

[1]

e ):MX—M“}CaX

of the pull-back bundle by the restriction map rx : Mx — Megx (we put Ly := C
and My := {pt}).
These assignments are functorial, additive, oriented, and satisfy gluing laws. If the Lie
group G is compact, the connection v is unitary and e?™5xC) has unit norm.

Definition 5.2. We call (Ly — My, v) the Chern-Simons line bundle.

Let us draw some important consequences of Theorem 5.1. The assertion that e*™x()

is a parallel section of the bundle 7 Lsx — M implies that the variation of the
Chern-Simons action along a path of connections on X can be computed as a parallel
transport, by integrating the connection ¢ along the restriction of the path to the
boundary. This yields a generalization of Corollary 4.2.

The symplectic form Z is well-known for G = SU(2) or G = (P)SL(2,C) since the
works of Atiyah-Bott [AB] and Goldman [Gol] (see Section 6); on the Teichmiiller
component of the moduli space of flat sl(2, R)-connections it coincides with the Weil-
Petersson form [Gol, §2]. For dimensional reasons, the map rx is then a Lagrangian
map (in fact, since rLyx has no holonomy we have 4= = 0).

Finally, by Chern-Weil theory the cohomology class [Z] € H?(My;C) is integral, and
is the first Chern class of the bundle £y — My (see section 8).

The proof of Theorem 5.1 will be done in several steps. It consists of a process of
symplectic reduction, by defining a line bundle with connection over the whole space of
connections on a fixed G-bundle over Y, and then passing to the quotient by a suitable
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action of the group G of gauge transformations. A first step should certainly be to give
a smooth structure to the space Mx, which is endowed with the quotient topology.
As it is not essential in order to understand Theorem 5.1 we prefer to postpone it to
the end of the section.

Fix a G-bundle () — Y, and denote by I'(Q) the set of its sections. For each n € Ag
set

L, ={f:T(Q) = C[Vp € G, fps) = c(sn,9,5) " f(s)}
where, as usual, for any gauge transformation ¢ : ) — @) we denote by g, : @ — G
the map given by ¢(q) = ¢ g,(q), we write ps for @ os etc., and for all a € Ay (g) and
maps g : Y — G we put

(45) cla, g) = exp <2m' /Y (Ady 10 A dy) + zmwy(g)) |

Here we use the notations ¢, = ¢*0, where 6 is the Maurer-Cartan form, and (see
Proposition 3.7(2))
1
Wy (g) = /X — {03 g A dgl)
where X is an arbitrary compact oriented 3-manifold with boundary X = Y, and
g: X — (G extends g to X.

Lemma 5.3. The set L, is a well-defined complex hermitian line, with a trivialization
giwen for each section q:Y — @ by

Sqn: Ly, — C
[ f(s).
Moreover, for any connection w on a principal G-bundle P — X over a compact
oriented 3-manifold X we have (Ow denotes the restriction to 0X )

eZm’SX(w) c La’w-

When the Lie group G is compact the trivializations s, are unitary and ™% ) has
unit norm.

Proof. First note that ¢ = id implies g, is the constant map to the identity element
of G, so that c¢(s*n, g,s) = c¢(s™n,s) = 1 and thus f(idos) = f(s). We have to check
the coherence of the definition of L, with respect to the action of the group of gauge
transformations, that is

Ve LYo, €G f((ve)s) = f(¥(ps)).

In other words, L, is the set of invariant sections of the functor mapping any section
s:Y — @ to C, and any gauge transformation ¢ of () — Y, which is a morphism
¢ : s s = @s, to the morphism of C given by multiplication with ¢(s*n, g,s).
Abusing of notations, let us denote by g; and g, the maps g,s and gy s, respectively, and
at the same time arbitrary extensions of these maps to a compact oriented 3-manifold
with boundary 0X =Y. Let us write g1g» : Y — G the map obtained by pointwise
multiplication. Setting w(g) = —(1/6)(¢4 A [Py A ¢g]) we have

c(a, g1go) = exp (27m'/ (Ad(gygs)-1a A Pgrg,) + 2m'/ w(glgg)> )
Y X
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Since
¢g1gz = Adg;1¢91 + ¢92a

by using Ad-invariance and Cartan’s equation (15) we find
1 1
w(g192) = w(g1) +w(g2) — §<Adg;1¢g1 A g N Ggo]) — §<¢92 A [Adg;1¢g1 A Adg;1¢gl )

=w(g1) +w(ge) + (Adg2—1<bg1 A dpg,) + (Pgy N Adg2—1d¢gl>
w(g1) +w(ga) + d<¢91 N Ad92¢92>.

Hence, using again Ad-invariance we get

c(a, g1g2) = exp <2m’ / (Ady—1a A ¢g,) + 2miWy (g1)+
Y

+/}/Ad92—1(Adgl—1a + ¢g1) AN (Z592> —+ 27TiWY<g2)) —

= c(a, gl)c(aglag2)

where we put a?* = Ad grrat ®g,- Therefore

F((We)s) = c(s*n, (9,5)(gpps)) " f(s) = c(s0, 9o5) " e((5"0)?*%, gups) " f(s)
= c((s™ )%, gpps) " fles) = f(¥(ps))

which proves our claim.

That >™x®) ¢ L, follows from Proposition 3.7(2); it is well-defined because of
our integrality Hypothesis 3. Since any pair (@ — Y,n) is the boundary of a pair
(P — X,w) we have L, # () for all n € Ag. Also, an element f € L, is completely
determined by its value at some section s : Y — @). Hence L, has complex dimension
1, with hermitian metric given in each trivialization by the standard one in C. The
last claim follows from the fact that for compact Lie groups the connections and the
bracket ( ) are real-valued, so that c(a, g) € S* and €*™*9X(*) has unit norm. O

Proposition 5.4. For any G-bundles Q — Y and P — X the assignments
i) n — Ly ne Aq
(i) w +— ¥ e Ap

define:

(i) a smooth hermitian line bundle Lo — Agq endowed with an action of the gauge
group G lifting the one on Ag,

(ii) a smooth G-invariant section of the pull-back bundle v Lop, where OP denotes
the restriction of the bundle P — 0X to 0X, and rx : Ap — Ayp is the
restriction map.

Moreover these assignments satisfy the following properties:
(i) (Functoriality) Any bundle map 1 : Q' — Q covering an orientation preserving
diffeomorphism ¢ : Y' — 'Y induces isomorphisms (isometries if G is compact)

V' Loy — Loy, 1€ Ag
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such that ¥y oy = (1 0 y)*, and for any bundle map ¢ : P' — P covering
an orientation preserving diffeomorphism ¢ : X' — X and with induced map
dp : OP' — OP over the boundary, we have

(agD)*€27riSX(w) — 627Fisx/(<;0*w)'

(ii) (Orientation) Changing the orientation of Y induces natural isomorphisms L_g

Z)Q’ﬁ, where ~ denotes the complex conjugation, and these isomorphisms iden-

tify the sections e*™5-xXW) gnd 2™9x (@)

(iii) (Additivity) The disjoint union of bundles Q; — Y; with connections w; induces
natural isomorphisms Lq, 10, = Lq, ® Lg,, and these isomorphisms identify
the sections 2™ Sxux(Willwz) g g 2miSx, (w1) ) o2miSx, (w2)

(iv) (Cutting/Gluing) Assume that Y is embedded in X, and P — X restricts to
Q — Y. Denote by X = X\ Y, and P = f**P — X the pull-back
bundle of P via the natural gluing map f* : X" — X. Let w™ € Apew be

such that there exists n € Ag whose pull-back f"*n coincides with w™ over

(S Y) =Y (=Y).

Then we can extend n to connections w on P, smooth on X\Y and continuous
on X, which are well-defined up to gauge equivalence, such that f™*w is gauge
equivalent to w™ and equal to w™ over (fC“t)’l(ﬁXUY), and satisfying

eFriSx(w) — Trace, <627riSXcut(wC“t))
where
Trace, : Lopeut gyent = Lop gy @ Loy @ I_JQV,—Z — Lopow
is induced by additivity and the hermitian metric on L,,.

Remark 5.5. The functoriality applied to gauge transformations means that the
Chern-Simons action is invariant under orientation preserving diffeomorphism. The
cutting/gluing properties are very powerful; they allow one to compute the Chern-
Simons action by decomposing manifolds in more elementary blocks.

Proof. Lemma 5.3 shows that the assignments (i)-(ii) well define the bundle Ly — Ag
and a section of ryLyp, and that the former is trivialized by the maps s, : Lo —
Ag x C associated to sections ¢ : Y — (). Transition functions are associated to gauge
transformations; in a given trivialization s, they are the maps n — ¢(¢*n, g4q), ¥ € G,
which are clearly smooth over smooth families of connections. Hence n — L, and the
trivializations s, are smooth.

In particular, the restriction to 0X of a section p : X — P determines a smooth
trivialization sp, : Lagp — App x C. In this trivialization e?™9x() ig the function
W — 627riSX(w,s) 2miSx (w)
smooth.

The G-action on Ly — Ag follows from the functoriality property applied to gauge
transformations. Let us prove the latter. Any section ¢’ : Y’ — Q' defines a section

, which varies smoothly with w (see Corollary 3.7). Hence e is

>~
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q= wq'@@_l 1Y — Q. We define ¥* by the commutative diagram

w*
(46) Lqy —— Lq y=y
c—2 ¢

We have to show that this does not depend on the choice of ¢. In fact, if ¢ : Y — @’
is another section and ¢ : Q" — @' the gauge transformation such that ¢, = ¢q’, we
have commutative diagrams

S,/ B
LQl7w*n qH C LQaT/ . (C
sq/2 \L XC((QI)*WU,QW’) sqx l Xc(q*n,gww q)
C C

where qu = ¥ghi™" = Ypg'p!; since ¢ is a bundle map we have ¢ = ©¥q for a
gauge transformation ¢¥ : Q — @ such that the associated map gpv : Q — G satisfies
9wt = g,. Using that 1) has degree one we get c(q*n, gpuq) = c((q/)*@b*n,gwq’). This
shows that changing the trivialization ¢’ to ¢, compensates in (46), which therefore
well defines the isomorphism *. The last claim of Lemma 5.3 implies that 1" is an
isometry when G is compact.

L

We prove the identity ¢} o015 = (¢101)2)" by working in a fixed trivialization s,,, : L,
C for each n € Ag. Then it reduces to the cocycle property c(a, g192) = ¢(a, g1)c(a”, g2)
as in Lemma 5.3 (the extension to bundle maps of the argument given there for gauge
transformations is immediate).

The equation (dy)*e?™5x (W) = 2miSx/(¢"w) fo]lows from the invariance of integrals under
degree one maps, using that ¢ is degree one and fixing a trivialization p’ of P' — X'
to identify e2™Sx' (") with a function ¢*w — e2™Sx@ W) The section e 9x®)
is then identified with w +— e*™x@WP) where p = ep'g! : P — X (recall that
(0¢)" : Lop — Lgp: relates the trivializations given by dp and dp').

Orientation and additivity are straightforward consequences of the facts that after
fixing some trivialization, ¢(a, g) and the Chern-Simons action change sign when the
orientation of Y and X are reversed, and that the integral over a disjoint union is the
sum of the integrals. In particular, we get a hermitian pairing

LQJ]@EQJ—, —_— (C
feg +— fl@glq), qeT(Q)

which does not depend on the choice of section ¢ and coincides in each trivialization
with the standard hermitian metric on C.

For the cutting property we have to show at first that w** can be glued continuously
along Y up to gauge transformations. Denote by Y7, Y5 the two submanifolds of 9.X
mapping diffeomorphically onto Y via the gluing map f“*. Since f**n = wf#fUYQ, the

connections wf{if and wf{i; agree under the identification of the bundles Pﬁ}‘f and Pﬁ%t

induced by f“*. Hence it is enough to find a gauge transformation ¢ : P — P

such that gé*wf{}f = wfﬁt and @¢*w™ has no transverse component near Y;. Then we

will define w by gluing @*w along the identification Pﬁ}f = Iﬂ?}f
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To do it we fix tubular neighborhoods N; 2 [0,00) x Y; of ¥; in X and bundle
isomorphisms Pf“t > [0,00) X Pf@t and we use the gauge transformations ¢; over N;
given by Lemma 4.4. Namely, we define ¢ as the identity outside of N; and we put

A ei(p(t),p), 0<t<1

where p : [0,1] — [0, 1] is a monotone increasing smooth function equal to 0 near 0 and
equal to 1 near 1. Then clearly @*w" satisfies the above requirements.

The last claim follows from / , functoriality for the bundle map f : P —
X\Y

P (f** is a diffeomorphism off of Y), the equality Trace(df“")*) = id, and the fact that

the Chern-Simons action is the same for connections related by gauge transformations

equal to the identity near boundary components. O

Proposition 5.6. For any G-bundle Q — Y the section e*™50:1xy € Lo ® L_¢ is the
parallel transport of a canonically defined G-invariant connection on Lo — Ag, whose
curvature times i/2m is given by

Y
When G is compact the connection is unitary and the parallel transport is an isometry.

Proof. Take a path n, in Ag. It defines a connection 7. on the pull-back bundle [0, 1] x
@ — [0,1] x Y to the cylinder over Y, via the projection map projs : [0,1] X Y — Y.
Fix a section ¢ : Y — @ and put ¢ = proj;q. Then at time ¢ we have

o(m)e = (0. A~ 0 Al Ane
= (0 A (@t di A i) — O A A )
= (0 AU — (A At~ < A A )

Hence ¢*a(n.) = —¢"(n: A ne) A dt, and

(48) S,y (1, q) // (e A1)

Formula (22) gives a guess for the desired connection on Ly — Ag. Namely, set

(49) 6,0 =271 [ R 0 € Agi € Tydg.

Y
We are going to show that the family {6,},, for ¢ varying among all sections of ) — Y,
satisfies the local compatibility condition (18) of connections given in local charts (here
the trivializations s, : Lo — Ag x C).
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Let ¢ : Q@ — @ be a gauge transformation. We have
Buahai) =2 [ (0 n i
= 27Ti/yq*<Adg;1?7 A Adg;ﬂ]> + 27Ti/}/q*<(bgw VAN Adg;1n>

= @u)ali) — 271 [ (Adyraai A 6,
Y
where we put g = g,q. Note that
dey (¢* ‘
CY(q 1%91%])(77) — 27_”/ <Adg*1q*7]/\¢g>
ey (4*n; 9q) y
From formula (19) and the fact that the trivializations s, and s,, are related by

sq(M ey (g1, gyq) ™ = syq(n), we conclude that {6,}, defines a connection on Lo — Ag
satisfying

1

exp(2miSiy (7, ) = exp(— / (6,),, (i) ).

0
Denote by 0. the restriction of 7. to the disjoint union QUQ — ({0} xY )U({1}x(=Y)).
By using the metric on L,, we can identify Ls, = L, ® Z_Lﬁl with the line of linear
maps L,, — L,,. Then equation (22) shows that 250,11y (1) i the parallel transport
of the connection {6,}, along the path of connections 7:

T3S0 1] % . .
(50) ™Sy = pT L, L.

The curvature times i/27 of the connection {6,}, is
Wi (7, 72) = 5 d(0)y (1, 72) = —/ g d{n A1) (i 7o)
Y
— 2 [ i ni
Y

Note that the result does not depend on the choice of trivialization q.

Because of the functoriality property of Proposition 5.4, the Chern-Simons action is
preserved under the action of the gauge group G on L. Equivalently, the parallel
transport (50), whence the connection {f,}, and its curvature, is preserved. The last
claim follows from Lemma 5.3. a

Proof of Theorem 5.1. Since the line bundle Ly — Ag with its metric, connection and
curvature is G-invariant, by restricting to flat connections they pass to a hermitian line
bundle £Lx — Mx with connection on the quotient. This is the Chern-Simons line
bundle. It clearly satisfies all properties stated in Proposition 5.4.

We are left to prove that the section e*™x0) . My — % Ly is parallel (or flat). We
can work on a fixed bundle P — X and consider representatives of gauge equivalence
classes of connections on X. Let w; be a path of flat connections on P, and w. the
corresponding connection on [0, 1] x P. Denote the curvature of w. by €. Since wy is
flat for all ¢, we have 2 = dt A w;. Hence

exp(2miSy(jo,1)xx)(w.)) = exp (27?2'/ QA Q)) =1
[0,1]xX
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On another hand

exp(2miSa(o,1)xx) (w.)) = exp(2miSx (wy)) exp(—27iSx (wy)) x

X exp(2mi / a(w.))
[0,1]x0X

Because of (50) we see that exp(2miSx (w1)) is obtained from exp(2miSx (wp)) via the
parallel transport PTy,, : Lsw, — Low,, Which proves that the section e?m5x () ig
parallel. In particular, for loops w. : S' — Mx of flat connections on X we get a
trivial holonomy. This can be seen directly from the fact that the holonomy of w. is
exp(2miSsiyx (w.)), which is equal to 1 by the same reasoning as above. 0

As promised at the beginning of the section we prove now that (My, =) can be identi-
fied with a symplectic reduction of the affine space of flat connections on ) under the
symmetry group G (the non degeneracy of = is proved in Section 6). We obtain this
result by combining the next proposition and Theorem 5.9 (iii).

Proposition 5.7. The action of G on the bundle Lo — A¢q determines a moment map
p: Ag — Lie(G)" for the action of G on (Ag, Z), which is given by

szzlmon

where ( € AY(Qq) = Lie(G) is an infinitesimal gauge transformation. In particular

My = 1~(0)/G.

Proof. For any hermitian line bundle . — M with connection 6, curvature —2miZ=,
and G-action p : G — Aut(L) preserving the metric and the connection, a moment
map p : M — g*, m — p.(m), for the quotient G-action on (M, =) is given by the
obstruction to descend the connection 6 to the quotient L/G. In formula:

61) pelm) = ~-61(p(C))

where [ € L, and p(() is the vector field on L generated by ¢ € g. In fact, by the very
definition of a moment map we have

duc(m)(V) = ZH(Q), V) = 5-db(H(C), V)
= 5= (P(Q) - 6.(V) = V- 8i(p(0)) — Bu([5(C). V]))
= —5-V - 8i(p(0)).

Here we identify V' € T,,M with its horizontal lift at [ € L,,, so that 6;(V) = 0 and
0,([p(¢),V]) = 0 since p preserve the connection and consequently the Lie derivative
[p(€), V] is horizontal. The formula (51) follows.

In our situation we will compute the analog of 6,(p(¢)) by working in a fixed trivial-
ization s, : Lo — Ag x C associated to a section ¢ : Y — @), and then comparing the
action of an infinitesimal gauge transformation with the infinitesimal parallel transport
it defines.
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Recall that in the trivialization ¢ a gauge transformation ¥ : () — @ isamap g = g4q :
Y — G, and that in the associated trivialization s, the isomorphism ¢ : L, — Ly« is
identified with the multiplication by exp(2micy (a, g)) (as usual we put a = ¢*n). An
infinitesimal gauge transformation read as a map ( : Y — g, acting as multiplication
by the derivative

(52) % (exp(2micy (a, etc)))tzo = 27rz'/y<a A dC).

On another hand, denoting by a®" the action of the gauge transformation e’ on the
connection a in the trivialization ¢, the formula (16) reads as a°° = Ad,-wca 4 €/*6.
Hence

% <ae“>t:0 =—[CAa]l+d¢=d.

This is the covariant derivative of ¢ viewed as a section of the adjoint bundle g,
associated to the connection a (see (28)). Hence the infinitesimal parallel transport in
the direction of ( acts as multiplication by

(54) —(0,)a(dsC) = —27i / (a A dqg).

Y
Using Stockes’ theorem we see that the difference of (52) and (54) times (—i/27) is

/Y(a/\(ZdC—i-[a/\Qm:2/}/(da/\C)+/Y(a/\[a/\(])
:2/Y<da/\§)+/y([a/\a]/\g)
:2/Y(Q(a)/\C).

This computes the vertical component of the infinitesimal action of ( in the trivializa-
tion ¢, and thus coincides with p(a). O

(53)

Remark 5.8. Consider the commutative diagram

(55) Mxy —— Ap/G

lrx rx
Mox — Aazlﬂ/g

where the horizontal arrows are the natural inclusions, and the vertical arrows are the
restriction maps.

At the bottom right we have a hermitian line bundle® with connection (Lpp/G —
Aop/G,10). At the top right we have a section of the pull-back bundle exp(27iSx(+)) :
Ap/G — 1% Lsp/G, which in general is not parallel. The Chern-Simons line bundle
and parallel section over M x are obtained by pulling back via the inclusions, and so
are the solutions of the Euler-Lagrange equation {2 = 0 for the Chern-Simons action
(Proposition 4.1).

3T don’t want to care about the topology, smoothness etc. of that quotient space here.
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We conclude the section with a brief “gauge-theoretic” discussion about the smoothness
of the moduli spaces My . It will be completed in Section 6.

Given a bundle R — Z with a connection 7 over a finite dimensional manifold Z, denote
by Stab(n) the stabilizer of n in the group of gauge transformations. That is, ¢ €
Stab(n) if ¥*n = n, or equivalently if ¢ is parallel (see Exercise 2(2)), or equivalently
if the associated map g, :  — G commutes with the holonomy representations of
n. There is an inclusion Z(G) C Stab(n) of the center of G, identified with the set of
constant gauge transformations. We will say that 7 is irreducible if Lie(Stab(n)) = {0},
and denote by A%", M%" etc. the corresponding subspaces.

Theorem 5.9. Let X be a compact oriented 3-manifold, and Y a closed oriented
surface Y with a fived G-bundle ) — Y.
(i) The moduli space M¥™ C My is a smooth top dimensional orbifold of dimen-
sion —dim(G)x(Y).
(ii) At each pointn € Ag the action of Stab(n) on the Chern-Simons line L, factors
through an action of the (finite) group mo(Stab(n)/Z(G)). Hence the line bundle
Ly — MY is smooth.
(iii) If the bracket ( ) is non degenerate then so is the pairing

: T./\/ly X TMY — C.
Hence the closed two-form = defines a symplectic form on My (complex.val-
ued when G is complex, continuous at orbifold points) and ML" = Agat N
1 (0)/G is the symplectic reduction of Ag.
(iii) The restriction map ry : Mx — Mpx is Lagrangian.
Sketch of proof. (i) By definition the action of G/Z(G) on g’" is locally free, and it
is free at the subset A% of connections n where Stab(n) = Z(G). By restricting to

[1]1

flat connections this action is also proper, so MY" = Agat*m /(G/Z(@)) is an orbifold

which is smooth at Agat_o /(G/Z(G)). When G is compact this is clear. When G is non
compact this follows from a result of Culler and Shalen ([CuSh], Prop. 1.5.2), using
the identification of My as a space of holonomy representations, described in Section
6. Open G-orbits of (reducible) connections must be identified in order to make the
full space My = Agat /G Haussdorf. Dimensions are computed below.

(ii) Take ¢ € Stab(n). Consider the bundle Q, — S x Y formed by gluing the ends of
[0,1] x @ using ¥. The connection 7 defines a connection on [0, 1] x @, which glues to
define a connection 1y on @y — S 1'x Y. By the gluing property of the Chern-Simons
action we have

2851,y (1) = Trace (2™ Soaxy (1)),
where (see (50))
S0y (o) = PT, 2 Ly — Ly

is parallel transport along the path 7, in A¢ associated via Lemma 4.4 to the restriction
of 1y over the cylinder [0,1] x Y. Clearly it computes the action of ¢ on L,,.

Now, if 1) and ¢’ are connected by a path ¢, in Stab(n), there is a gauge transformation
Y. 0,1] x Q@ — [0,1] x @ such that ¢y = id and . f13x0¢ = ¥', defined by
sending (t,q) to (t,1: ' (q)). It yields a gauge transformation Q; — Q. such that
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Yy = ny. Since ¢?™9s1xv () ig invariant under gauge transformations, we deduce that
e¥miSs1xy (M) — 2mS51,v (1) Hence the actions of ¢ and ¢ on L, are the same.
Finally, in any fixed trivialization s, : L,, — C the action of an element g of the center
Z(G) on L, is multiplication by ¢y (¢*n, g) = 1. This proves (ii).

(iii) First we have to specify the tangent spaces to moduli spaces. Fix a G-bundle
R — Z. Recall that we denote by R, the adjoint bundle, and by A%(P,) the forms
of degree ¢ on Z with values in F;. We have already seen that for any connection
n € Ag, any tangent vector 7 € T,Ag belongs to Ay(R,). Also, the infinitesimal
gauge transformations, that is, the Lie algebra of G, clearly coincide with A%(Rg).
Assuming that 7 is flat the covariant derivative dg = d, = d+ad, on Ry satisfies dfi =0
(see (27)). Then we can consider the cohomology groups H'(Z, R4(n)) of the complex

(56) C*(Ry(m)) : 0 — AY(Ry) 4 AL(Ry) % ...

For any £ € A%(R,), we have d,& = dé + ad_¢n = 0 if and only if £ is parallel. Hence
(57) H(Z, Ry(n)) = Lie(Stab(n)).

Also, by differentiating the relation dn+ [n A n] /2 = Q = 0 in the direction of a vector
n € T, Ar which is tangent to the space of flat connections, we find d,;/) = di+[n A 7| =
0. For any path ¢, of gauge transformations we have d(¢;n)i—o = — [ A n]+d¢ = d,p.
Hence

T Ap = ZN(Z,Ry(n)) . TyG"n = BY(Z, Ry(n)).

Therefore, the tangent space at a smooth equivalence class of flat irreducible connec-
irr

tions n € A%" is given by
(58) TiyMz = H'(Z, Ry(n)).

We wish to compute the dimension of this vector space for Z7 = Y a closed oriented
surface. The key ingredient is the De Rham isomorphism for local systems, which
allows to define the cohomology groups H*(Z;, R4(n)) in terms of simplicial or singular
cohomology (see eg. [Ra], [BT]). In particular, the Euler characteristic of the complex
(56) is a topological invariant; by using the trivial connection 1 we see that it is given
by

(59) X(C*(Rg(n)) = dim(G)x(Y).

Then, take a non-degenerate Ad-invariant symmetric bilinear pairing (, ) : gx g — C,
and an arbitrary flat connection n € Ag. Consider the composition of the natural cup
product on H*(Z;, R4(n)) followed by this coefficient pairing and evaluation on the
fundamental class:

(U)': H'(Z;, Ry(n)) x H"'(Z,0Z;, Ry(n)) —

HN(Z, 8Z;,Rg ® Rg) <’_>>/ [{n(Z7 87 (C) ﬂ[Z_,B)Z] C.

where n is the dimension of Z and Ry ® Ry the tensor product of the adjoint bundle
by itself, with its natural covariant derivative (obtained from d, via the Leibniz rule).
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/

Since (, )’ is non degenerate, ( U )" — C is non degenerate. Hence we have a Poincaré

duality isomorphism
PD: H'(Zi Ry(n)) — H'"(Z,0Z;, Ry(n))’
p — (U

~

For instance, when Z = Y is a closed oriented surface we have H°(Z;, R4(n))
H*(Z;, Ry(n)). From (59) we deduce

dim(H' (Y, Ry(n))) = —X(C*(Rg(n)) + 2dim(H°(Y, Ry(n)))

(60) = —dim(G)x(Y) + 2dim(Lie(Stab(n))).

This is minimal at flat irreducible connections, and (58) gives at smooth points

(61) dim(My) = dimTj My = —dim(G)x(Y).
When (, ) = (, ), the De Rham isomorphism (58) identifies the cup product
(62) (U): H'(Y3, Rg(n)) x H'(Ys, Ry(n)) — C

with the two-form
(63) E : T[n]./\/ly X T[n]./\/ly — C.

Hence the latter is non-degenerate. It remains to show that r, is Lagrangian. Poincaré
duality and the exact sequence of the pair (X,0X) give for any connection n € Ap a
commutative diagram

H'(X; Ry(n)) — X HY(0X; Ry(n)) —> H2(X,0X; Ry(n))

|70 |0 |70

H?(X,0X; Ry(n))* == H\(0X; Ry(n))* —— H'(X: Ry(n))"

where 0" and r% denote the adjoint maps of 6 and rx. We have Im(d) = Im(r%), and
Ker(0) = Im(ry) is the annihilator of Ker(r%). Hence

dim(H'(0X; Ry(n))) = dim(Ker(8)) + dim(Im(d)) = 2dimIm(ry).
This concludes the proof. O

6. THE CHERN-SIMONS LINE BUNDLE, II

Here we propose to define the Chern-Simons line bundle directly from volumes of
representations (see Corollary 4.7). Though very direct, this approach will have to
wait for the results of Section 9 to be usable, for instance to recover the variation
formulas obtained in Section 7 via gauge theory.

First we need to recall some fundamental results on character varieties. We present
them via a discussion which will be formalized in Theorem 6.7.

6.1. A very brief review on character varieties. We restrict to the case of G =
(P)SL(2,C), though for surfaces most of the results could extend to other Lie groups
having an Ad-invariant bilinear form on their Lie algebra. References are [CuSh],
[Gol, Go2|, [BZ], and [S].
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6.1.1. The case of a closed oriented surface Y. Fix a base point y € Y, and put
m =m(Y,y). We assume that the genus g of Y is > 2. The case g = 1 is detailed in
Section 7.

Since SL(2,C) and PSL(2,C) = SO(3,C) are affine algebraic groups, the space of
representations Hom(7, G) is an irreducible affine algebraic set. The group G acts
algebraically on Hom(m, G) by conjugation.

Proposition 6.1. (Goldman [Gol, Prop. 1.2-3.7] and Culler-Shalen [CuSh, Prop.
1.5.2]) The simple points of Hom(w,G) are the representations p such that

(64) dim(Z(p)/Z(G)) = 0

where Z(p) is the centralizer of p and Z(G) the center of G. The action of G/Z(G)
on simple points is locally free, but it is proper only on the subset Hom(mw, G)"" of
wrreducible representations.

For G = (P)SL(2,C) the representations satisfying equation (64) are all the non
abelian representations: the irreducible ones, which have no fixed point on CP! under
the projective action by fractional transformations, and also the reducible connections
fixing a unique point on CP'. Note that Hom(7, SU(2)) is a real analytic G-invariant
subspace of Hom(m, SL(2,C)). The smooth points of Hom(m, SU(2)) are the irreducible
representations.

Exercise 5. Take Y of genus two and a standard presentation of its fundamental group

= (71, 1, 2, 2 | 71, k] [y, o] = 1).

Consider a sequence of representations p, : m — SL(2,C) such that p,(71) = pn(u2) is
a fixed diagonal element g with eigenvalues a, a™* (a > 1), and

a—2n 1/2 a—2n
Pn(H1) = pn(72) = ( 1+ 1 ) (14 a 212 >

Hence p, is completely determined. Check that p, (resp. ¢"p,g ") converges to a
lower (resp. upper) triangular representation when n — oco. Hence the G-orbits of the
limit representations do not have disjoint open neighborhoods in Hom(w, G), though
they are distinct.

Since the action of G is in general not proper, the quotient Hom(w, G)/G is not
Haussdorff. Then one usually considers a further quotient, the character variety
Xy = Hom(m, G)//G, which is defined as the variety whose coordinate ring is the
ring

C[Xy] = C [Hom(r, G)|°
of regular functions on Hom(7, G) invariant under the action of G. The ring C [Xy] is
generated by a finite set of characters

Hom(w,G) — C

X
(65) p —  Trace(p(v)), €.

Hence, points in Hom(7, G) are identified in Xy when they have the same characters.
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Proposition 6.2. The quotient space Xy/" = Hom(w,G)"" /G is a smooth complex
submanifold of the variety Xy, of dimension

dim(&{") = (29 — 2)dim(G).

When G = SL(2,C) or SU(2) the manifold X" s connected and simply-connected,
and mo(Xy") = Z.

Since characters do not distinguish between Abelian representations and representa-
tions into a Borel subgroup, Xy can be identified with the set of orbits of both Abelian
and irreducible representations, and X;’" is a Zariski open subset of Xy. The real
part of Hom(m, SL(2,C))""/SL(2,C) is Hom(x, SU(2))""/SU(2), and similarly for
PSL(2,C).

The computation we give of the first homotopy groups can be adapted for PSL(2,C)
and higher homotopy groups.

Proof. The first claim follows directly from the fact that G/Z(G) acts freely and prop-
erly on Hom(7, G)"" (Proposition 6.1). The dimension is computed in equation (70)
below.

We compute the first homotopy groups of A/" as follows. Consider the case of G =
SL(2,C). Denote by R*™"" the G-orbit of the manifolds of Abelian and non Abelian
reducible representations in Hom(w, G). At each point it has complex codimension
> 69— ((29 —1)2+3) =29 — 1in R = G*. Hence for ¢ > 2 we have the homotopy
groups

(66) mo(R\ R = (R\ R*") = my(R\ R*"") = 0.
Consider the map
R: R\R*" — @
p — (), p()] - - [p(n), p(n)]

where the v; and p; are standard generators of 7, as in Exercise 5. The map R is a
proper submersion (see eg. [Gol, Prop 3.7] where it is used to show that the action of G
on Hom(7, G)\ R™ is locally free). Hence it defines a fibration, with fiber Hom(7, G)™"
at the identity. From (66) and the exact sequence in homotopy we deduce

mo(Hom(7, G)"") = my(Hom(wr,G)") =0 , my(Hom(w,G)"") =2 Z.

Since the projection Hom(7, G)"" — Hom(w, G)"" /G = X" is a locally trivial fibra-
tion with fiber PSL(2,C) we get mo(Xy") = w1 (A{") = 0 and 7o (A{") = Z. The same
computation works for SU(2). O
Tangent spaces and dimensions. It is classical that the Zariski tangent space
T,Hom(r,G) is the linear space Z'(m;gaa,) of 1-cocycles u : @ — gaq, (see eg. [Ral
and Exercise 6). Recall that these are the maps to the Lie algebra g considered as a
module for the Adjoint action of p(7), and satisfying

u(af) = u(a) + Adyyu(B).
We have [Gol, Prop. 1.2-3.7]
(67) dim(Z* (7, gag,)) = (2p — 1)dim(G) + dim(Z(p)).
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On another hand, the Zariski tangent space T,(G - p) of the G-orbit coincides with
the linear subspace B'(r; g ad,) of 1-coboundaries, which are the cocycles v : 7™ — gaq,
satisfying u(a) = Adyya — a for some a € g. Hence

(68) dim(G - p) = dim(B'(m; gaq,)) = dim(G) — dim(Z(p)).

These dimensions are minimal when dim(Z(p)/Z(G)) = 0; it is achieved at the simple
points of Hom(7, G). Also, it follows from (68) that the action of G/Z(G) is locally
free at the simple points.

By definition the quotient vector space is the first cohomology group of © with coeffi-
cients in the p(7)-module gaq, (see eg. [Br]):

Zl(ﬂ-;gAdp)/Bl(ﬂ-;gAdp) = H1(7T§9Adp)-

Hence

(69) TiyXy = H' (T g44,)

and

(70) dim (7}, Xy) = (29 — 2)dim(G) + 2dim(Z(p)).

The reader should compare this computation with (60).

Exercise 6. Prove the above description of Zariski tangent spaces in terms of group
cocycles. Namely, show that if p, is a differentiable path in Hom(m, G) which is written
as pe(y) = exp(tu(y) + o(t))p(y) at first order, then the homomorphism condition
implies that u € Z'(7, gaq,). Show that if pi(y) = g, 'p(7)g: with g, = exp(ta + o(t))
for some a € g, then the cocycle corresponding to p; is u(y) = Ad,yya — a.

For each p € Hom(w, G) there is an identification
(71) H' (7 94a,) = H'(Y; Py(p))

where the right-hand side is the singular first cohomology group of Y with coefficients
in the bundle Py(p) [Br, Ch. 2. In particular the pairing (62) defines a non degenerate
skew-symmetric bilinear form

(72) < U >7r : T’[p]XY X fF[p]Xy — C.

As it is, this definition is only ponctual, given at each [p] € Xy. However, ( U ),
can be defined directly via the cup product in group cohomology, and since Y is an
Eilenberg-MacLane space (71) extends to an identification of rings with cup products.
By using Fox calculus Goldman proved the following:

Proposition 6.3. (Goldman [Gol, §3.10]) ( U ). defines an algebraic, whence holo-
morphic, two-form on Xy, which is continous on all of Xy .

6.1.2. The case of compact oriented 3-manifolds X. The character variety X'y is defined
in the same way, but is in general a much more complicated object than for surfaces.
By [CuSh, Prop. 1.5.2] the action of G on irreducible representations is still proper,
but their characters may be non smooth points of Xx, depending on their behaviour
along 0X. Moreover Xx can have an arbitrary number of irreducible components, of
arbitrary dimensions.
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In fact, the identifications (69)-(71) hold true also for X. Then the arguments at the
end of the proof of Theorem 5.9 imply that

dim(Ty ) = Zdim(H (X Py(p)) + dim(Im - H(X, 0X; Py(p)) — H'(X: Py(p))).

In particular, when X contains a closed incompressible surface we can expect to find ir-
reducible components of X'y of dimension > 2 by deforming representations on one side.
In general the irreducible components of X’x containing the character of an irreducible
representation have dimension > ¢ — x(X), where ¢ is the number of incompressible
torus components of X [CuSh, Prop. 3.2.1]. In the other direction, if X contains no
closed incompressible surface and its boundary is a single torus, then every component
of Xx has dimension 1 [CCGLS, Prop. 2.4].

Except for the case of graph manifolds, where X’y is in principle computable, there is
a large variety of situations coming from hyperbolic geometry where more can be said.
Here are two main examples.

Assume that the interior of X supports a finite volume complete hyperbolic metric.
By Mostow rigidity, this metric is unique up to orientation preserving isometry (see
eg. [BP]). It corresponds to a conjugacy class of faithful and discrete representations
Xaf € Xx(PSL(2,C)). If X is not closed then 0X is a disjoint union of, say, n tori.
Assume that n = 1.

Theorem 6.4. (Dunfield [Dun|) Let X be a component of Xx containing xq. The
restriction map rx : Xog — Xyx 1S a birational isomorphism onto its image.

We will prove this result in Section 7. In general, when X has boundary a single torus,
the algebraic set rx (Xx) is closed and defines a plane curve which has been extensively
studied since the work [CCGLS]. This plane curve is known to be non trivial for all
knot complements.

More in general, assume that X is a disjoint union of n tori, and there is a representa-
tion p € Hom(m(X), PSL(2,C)) that gives the interior Int(X) a structure of smooth
but not necessarily complete hyperbolic manifold, whose metric completion is a closed
manifold and the completed metric has cone-like singularities along a link with cone
angles at most 2w. The following extends a well-known result of Thurston for cusped
hyperbolic manifolds:

Theorem 6.5. (Hogdson and Kerckhoff [HK]) Under the above hypothesis Xx is
smooth of complex dimension n near [p]. Moreover, if u1, ..., pu, are homotopy classes
of meridian curves of 0X, then the complex length maps

L: X — C"
[l = (L(p()), -5 L(p(pn))
where 2 cosh(L(y)) = Trace(y), is a local diffeomorphism near [p].

6.2. Moduli spaces and character varieties. Consider a G-bundle R — Z over a
compact oriented manifold Z (in any dimension). Fix a base point z € Z. As above
put 7 = m(Z, z). In Proposition 4.6 we defined for any r € R, a holonomy map

hol : A Hom(r,G)
W= peyirr— g A =r-g
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where 7, is the horizontal lift of « through r for the flat connection w. We have a
commutative diagram

Aflat " om(r, G)

i/g i//c
My — x,(@).

Any smooth family of flat connections w,, on Ag : is equivalently given by a smooth

family® of horizontal foliations of R. The image by hol of w,, is then a continuous family
of holonomy representations p,, € Hom(m, G), which is smooth at simple points. By
Proposition 4.6 (5) the quotient map hol is a bijection. Hence it is a homeomorphism,
and a diffeomorphism on each smooth stratum of Mz mapping to a smooth stratum
of Xz.

Remark 6.6. (A canonical smooth structure on Mx ?) The above observation may
seem really surprising, since the complex structure of Xz(G) is canonical. In fact we
never had to specify the smooth structure of M x because topological structures on
compact oriented 3-manifolds X can be smoothed in a unique way, so that the smooth
structure of principal G-bundles P — X, as well as that of their spaces of connections,
is canonically determined. The same is true for surfaces. Hence the diffeomorphism
types of the moduli spaces Mx and Myx are canonical, and the above identification
with X'x is canonical. This is no longer true in higher dimensions.

The Chern-Simons action of flat connections also depends only on the homeomorphism
type of X, together with the identification of 0X as a submanifold of X up to isotopy
(see Theorem 5.1 (b)). Indeed, by Lemma 4.4 (iii) pseudo-isotopies of 0.X induce the
identity map on Mpyx, and thus preserve the restriction map rx : Mx — Mgyx. The
diffeomorphism invariance of the Chern-Simons action (Proposition 5.4, functoriality
property) then proves our claim.

Summing up the above discussion and the results of Section 6.1.1-6.1.2 we get (see eg.
(72)):

Theorem 6.7. The holonomy map hol provides:

(i) a canonical identification of the Chern-Simons line bundle as a smooth line
bundle (Ly — Xy,¥) over the (smooth strata of ) the character variety.

(ii) @ canonical identification of the Chern-Simons action as a parallel section
Xm0 Xy — i Lox.

In particular, the closed two-form = on My is equal to the algebraic two-form (U ),

on Xy, which consequently defines a complex holomorphic symplectic structure on X",

continuous on all of Xy .

Note that it is not clear a priori that ( U ) is closed. By definition, it is invariant under

the natural action of mapping classes on Hom(nw, G) by precomposition, p +— po f,

but this follows also from the fonctoriality of the Chern-Simons action.

4We will not bother here with technicalities regarding smooth infinite dimension manifolds; for our
purpose it is enough to take families of connections w,, parametrized by a finite dimensional manifold
M
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Remark 6.8. The moduli spaces My have a very rich Hamiltonian geometry. The
trace functions (65) provide Darboux coordinates on Xy where this geometry is trans-
parent. They define complex Hamiltonian flows extending the classical Fenchel-Nielsen
flows on Teichmiiller space (see eg. [JW], [Go2] and the references therein).

6.3. Chern-Simons invariants of marked cobordisms. In this section we refor-

mulate in purely topological terms the line bundle (£y — Xy,9) and the parallel

section e*™x0) . xy —s rxLox. In particular we will loose all informations coming

from the right-hand side of the commutative diagram (55).

Let X be a compact oriented 3-manifold with a base point x € X. Given a rep-
resentation p € Hom(m (X,2),G) consider the associated G-bundle X x, G — X
with its canonical flat connection, as defined before Corollary 4.7. For any section
s:X—>X><,,G,put

Sx(p, s) :/)(—(1/6)3*(9/\ N

We call (X, p, s) a represented cobordism; we define represented surfaces (Y, p, s) in the
same way. The following is easy.

Lemma 6.9. The Chern-Simons action Sx(p, s) is invariant under conjugation of p
and homotopy of s rel(0). Moreover we have:

(i) (Diffeomorphism invariance) For any orientation preserving diffeomorphism ¢
X" — X, representation p' € Hom(m (X', 2), G) and section s' : X' — X'x,G,
we have

Sx(p ot ps'p™) = Sxi(p, 8').

(ii) (Gluing) Any two represented cobordisms (X1, p1,$1), (Xa, p2,S2) with a same
represented boundary component (Y, p,s) can be glued to form a represented
cobordism (X1 Uy Xo, p1 * p2, s1 U s9) satisfying

leuyxg (Pl * P2, 51 U 82) = le(m, 81) + Sx, (02, 82)-

(ili) (Rigidity) Sx(pe,s) is constant along any path p, € Hom(m (X, z), G) which is

constant on the peripheral subgroups.

Denote by T'(Q) the set of sections of the G-bundle Y X, G — Y. The group Gy, of
bundle automorphisms ¢ : Y x , G — Y x , G acts naturally on I'(Q) on the left.

Lemma 6.10. For any representation p € Hom(m (Y,y),G), bundle automorphism
¢ € Gy, and section s : Y —Y x, G, the number

ZY(pv 2 8) = €Xp (SX(ﬁ’ §) - SX(ﬁa @ : 5))
does not depend on the choice of represented cobordism (X, p, §) with boundary (Y, p, s),

and G-bundle X x, G — X and automorphism ¢ € Gx, restricting to Y x,G — Y
and ¢ on (Y, p,s).

Proof. a
For any p € Hom(m (Y, y), G) define
Lp = {f : F(Q) — C | V(,O € gYpaf(QO : 5) = ZY(ﬂ? 2 S)f(s)}
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and

Ly ={(p, f) |p € Hom(m (Y, y),G), f € L,}/G.

Proposition 6.11. The natural projection Ly — Xy defines a hermitian line bundle
which is smooth at characters of irreducible representations.

Proof. O

Definition 6.12. A marked cobordism is a compact oriented 3-manifold X with a base
point € X, and for each basepoint on 90X a fixed homotopy class of path to x. We
consider marked cobordisms up to orientation preserving diffeomorphism isotopic to
the identity on 0.X.

Lemma 6.13. Any marked cobordism X determines a section
exp(2miSx () : Xx — riLox
lifting the restriction map rx : Xx — Xyx.
Proof. O

The next result is the key to prove the existence of a canonical connection on the line
bundle Ly — Xy (it may be used also as an alternative argument in Proposition 5.6).

Proposition 6.14. Let 7w : L — M be a smooth hermitian line bundle over a manifold
M (in any dimension, possibly infinite), such that for any path 1 :[0,1] — M we have
an 1somorphism

P’Tl : Ll(O) — Ll(l)
depending smoothly on | and satisfying the following properties:

(i) (Diffeomorphism invariance) PT;, = PT,, for any two paths ly, ly equal up to
reparametrization (ie. such that lo(t) = l1(s(t)) for some orientation preserving
diffeomorphism s : [0,1] — [0, 1]);

(ii) (Multiplicativity) PTj,., = PT,,PT}, for any two paths ly, lo with 1,(1) = 15(0).

Then PT is the parallel transport of a unique connection on L. The connection is
unitary if and only iof PT; is an isometry.

Note that when M is infinite dimensional, the set P(M) of smooth (parametrized)
paths is also a manifold: a tangent vector to a path [ € P(M) is a smooth function

v:[0,1] 3t — v(t) € Typ(M).

Also, note that multiplicativity makes sense because of the diffeomorphism invariance
(the concatenation of paths can be reparametrized on [0, 1]), and that the two properties
imply P71 = id on constant paths.

Proof. Denote by P(L) the set of smooth paths in L. Any path [ € P(L) projects to a
smooth path | = 7(I) in M. Since PT; is an isomorphism the element PTy(1(0)) € Ly
differs from [ (1) by a non zero complex number, which moreover depends smoothly on
I. Hence there exists a smooth function % : P(L) — C* such that

(73) PT(I(0)) - k(1) = I(1)
where - is the multiplication in the fiber. The image of h is a simply connected domain.
Indeed, since h = 1 on constant paths (this because of PT; = id), if there would be a
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non contractible loop in Im(h) based at 1, it would be the image of some loop in P (L)
based at a constant loop in L. This contradicts the fact that P(L) retracts onto the
space of constant paths in L. Hence we can define the logarithm of A,

g =log(h): P(L) — C.

The function ¢ is smooth. Like PT it is additive under concatenation of paths and
invariant under reparametrization.

We claim that these properties garantee the existence of a complex-valued one-form
on L such that

(74) o) = [0

We define ¢ as a limit of Riemann sums, as follows. For any path [ € P(L) and any
integer n > 1, setting l; = ljj_1)/n,i/n) We have additivity

(75) g(l) = Zg(l})-

We would like to rewrite g(l;) as

(76) o) = 0 (z (’;1))“9(%).

Then, by taking the limit of (75) as n — oo we would get (74). Note that for each
point p € L and each vector v € T},L the map ¢ — tv defines a tangent vector to the
constant path [, at p. Hence it is natural to put

I(v) = dg(i(v))

where
i T,L — TlPP(L)

v o (t—to).

Clearly 9 is smooth and linear for each p, and thus defines a one-form on L. Let us
check equation (76). First reparametrize [; as a path defined on [0, 1]. Namely, set

. . 1
zi(t):z(tﬂ—), 0<t<1.

n

Then consider the path ~ in P(L) obtained by convex combination of [; and the constant

path [((i — 1)/n). That is,
v: [0,1] — P(L)

- . i — 1
£ (lf:tr—>l<€t+—2>).
n

dvy
(E)a_o: 0,1] — Ti((z'—n/n)P(L)

ti(i—1>
t — =l .
n n

We have
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Hence for n large enough the Taylor expansion of g between v(0) = I((i —1)/n) and

(1) =1 is
oy =as () )+o (H ()., )
(1 (5)) -0 2)

This proves (76). To conclude the proof of the proposition, we have to check that the
one-form ¥ on L is invariant under the action of the gauge group C*. In fact, the
equations (73) and (74) show that the restriction of ¥ to a fiber is the Maurer Cartan
form on C*. Moreover, (74) implies that for any a € C* we have

PTI(0) - a) - h(i - a) = (1) -a = PT(i(0)) - h(i) -a = PTi(i(0)) - a- h(l)

= PTy(1(0) - a) - h(l).
Hence h(l - a) = h(l). Therefore h, and thus 1, is invariant under the action of C*. O

Corollary 6.15. The line bundle with connection (Ly — Xy,0) and the section
exp(2miSx (1)) : Xx — rxLox defined in Proposition 6.11-6.14 and Lemma 6.13
coincide with the Chern-Simons line bundle and parallel section of Theorem 5.1.

Proof. a

7. VARIATION FORMULAS AND APPLICATIONS

In this section we will use again and again the following immediate consequence of
Corollary 4.2, its generalization Theorem 5.1 (b) for manifolds with boundary, and
Theorem 6.7 (ii), we have:

Corollary 7.1. Let X be a compact oriented 3-manifold, and Xx the variety of char-
acters of m(X) in G. The following holds:

(i) If 0X =0, the Chern-Simons action of X is constant on connected components
Of XX .

(i) If 0X # 0, the variation of the Chern-Simons action of X along a path x;
in Xx 1is independent of the choice of a trivialization of a G-bundle over 0X,
and is computed as the parallel transport of the Chern-Simons connection 9 on
Lox — Xax along the boundary trace of x;.

Recall Proposition 4.9. The following result shows that the Chern-Simons invariants
distinguish compact hyperbolic manifolds from Seifert-fibered manifolds:

Theorem 7.2. (A. Rezhnikov [Re]) The Chern-Simons invariants of characters of
closed oriented Seifert fibered 3-manifolds in PSL(2,C) are real rational numbers.

The proof uses, among other things, Corollary 7.1 (i). For explicit computations of
the Chern-Simons invariants of Seifert fibered manifolds, see [KK] and the references
therein.

In the rest of this section we give explicit formulas of the connection and curvature
of the Chern-Simons line bundles in the case of G = PSL(2,C), and apply this to
hyperbolic manifolds.
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7.1. The Chern-Simons line over a torus. Fix a meridian m and a longitude [ of
the torus 72. Denote by A the set of diagonal representation of m(7?) in PSL(2,C).
We have an isomorphism

0: A — CxC
po— (1) Ap)?)
where p(p) and A(p) are the top left eigenvalues of p(m) and p(1), which are well-defined

up to sign:
oo = (=(" 00 )= (0 )

The conjugation action of G identifies representations of A with the same trace, that
is, with the same pair of eigenvalues. Hence the following diagram is commutative:

(77)

(78) A—-C xC

l/G J//T

X2 — (C* x C)7

where 7 is the algebraic, generically 2 : 1, map given by
7: C"xC" — C'xC
(z,y) +— (ahy™).
The bottom map is thus an isomorphism of varieties; in particular, Xr2 is singular at
the character of the trivial representation. If we would have taken G = SL(2,C), we

would have removed the squares in the right-hand side of (77), and obtain four singular
points at the characters of (+1d, £Id).

We will use the following covering of X7, which follows from the diagram (78) by taking
the log in (77):
Hom(m (T%),C) — X7

((p), B(p) > (T, 2P
Here p € Hom(m;(T?),C), which we identify with C x C by using the meridian-longitude
basis (m,!) on T? and we denote by [(x,y)] the class of (z,y) € C* x C* under the

involution 7.
The group of deck transformations of this covering is

(80) G = (z,y,b | [r,y] = babz = byby = b* = 1).
The action of G on Hom (7 (T?),C) is given by

B) 7 (@p)=(a+30) . y@B=(05+y) . b (8)=(0p)

Next we wish to identify the Chern-Simons line bundle over Xr2. First we compute
the Chern-Simons connection .

Fix a G-bundle Q — T2, and a section ¢ : T2 — Q. The section ¢ induces a trivi-
alization Ag = Q. ® sl(2,C). Give coordinates (z,y) to T? = S' x S* so that the
meridian-longitude are m = {(e*™*,1)} and [ = {(1,e*™*)}. In this basis, for any

(79)
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connection 1 € Ag there are functions A(z,y), B(z,y): T — sl(2,C) such that ¢*n
reads as

q¢n = A(z,y)dr + B(z,y)dy.

We know that Mr2 can be identified with X72. Hence, by (78)-(79) it is enough to
consider sections ¢ such that ¢*n has A and B constant and diagonal. That is,

« [ 2mia 0 2mi3 0
(82) = ( 0 —2ria ) d + ( 0 —2rip ) ay-

In fact this can be seen directly: by conjugating we can put A(x,y) and B(x,y) simul-
taneously in Jordan form with constant diagonal, say

[ 2mice a(x,y) _( 2miB b(z,y)
A_( 0 —27ria) ’ B_( 0 —2m’ﬁ>

for some functions a(z,y), b(x,y). Then, consider a path 7, in Ag which is in this
form. We have

. 1 2micy  ay(z,y) 27i 3, bt(x,y)
(e Ay) = 52 (Trace (( 0 —2mia, 0 —9mif, dx A dy—

1 omif, bz, y) 2micy  a(x,y)
= 4(0416@ — Biéu)dz A dy

where, as usual, ¢, is the derivative of a with respect to ¢, and so on. Note that this
expression depends only on the diagonal of A; and B;. Removing the ¢ to simplify
notations, we get

(33) 6,0) " 2mi [ (o i) = sl - )
T2

That is,

(84) 6, = 8mi(adf — fda).

This is the lift on Ag of the Chern-Simons connection 1, given in the trivialization g.
Hence, the lift of the symplectic form on Xp2 is

def

(85) =Y 49, = —8da A dB.

7
2m
We can now describe explicitely the Chern-Simons line bundle
£T2 — XT2.

By construction, in the trivialization induced by ¢ it is given by the diagonal action of
the gauge group G on Ay x C, where the action on C is the inverse of the corresponding
parallel transport on Ag, with respect to the connection 6, (see (23)). We have just seen
that Ag can be reduced to the subspace of connections with coordinates («, 5) € C?
as in (82), and that the gauge group action reduces to that of the discrete group G
defined in (80) on this subspace.
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For instance, take the path of connections 7; with oy = a4+ t/2, t € [0,1], and 3
constant. Then the parallel transport along 7, from («, 8) to (a+ 1/2; ) is

1
exp (= [ @) = exp(-anio).
0
By working similarly with the other generators of G we find that that
Lp> = Hom(m (T?),C) x C/G,

where the G action is given by

(86) v (o, f2) = (a + %76; ™)y (o Biz) = (o, B+ %; ze” M)
b-(a,8;2) = (—a, —; 2).

Finally, consider a compact oriented 3-manifold X with boundary a single torus,

and a path of representations p; : m(X) — PSL(2,C), t € [0,1]. Fix a meridian

and longitude basis of 90X, and let (ay,3;) be coordinates of a a lift of (p;)ox to
Hom(m; (T?),C) = C? in this basis. Then the parallel section

6271'@'5)(('): X2 — T}2£T2
e [(e, Bi; 2(1))]

satisfies

(87)  2(1)z(0)!' =exp (/@,ﬁt) eq) = exp (8m'/01 ((at% — ﬁt%) dt) .

The first Chern class of L2 — Xpe2 is
[Z] = =8 [da AdB] € H*”(Xr2; Z)

Integrating over the fundamental domain [0, 1/4] x [0,1/2] for the action of G we find
this is —1 times the generator.

These results generalize immediately to an arbitrary number of torus boundary com-
ponents.

7.2. Applications to cusped hyperbolic manifolds. Let X be a compact oriented
3-manifold with n boundary tori, such that the interior admits a smooth finite vol-
ume hyperbolic metric. By Mostow rigidity, this structure is unique up to orientation
preserving isometries; it corresponds to a unique conjugacy class of discrete and faith-
ful representations of m(X) in PSL(2,C). Denote by x4 € Xx the corresponding
character. Recall the hermitian pairing in Proposition 5.4 (4).

Corollary 7.3. (see eg. [Hol, [Yo], [NeO]) Let x € Xx be the holonomy of a smooth
incomplete hyperbolic metric in a neighborhood of xaf, whose completion is a closed
smooth hyperbolic manifold X (x) obtained by Thurston’s hyperbolic Dehn surgery the-
orem. Denote by v the geodesic added to the k-th cusp of Int(X) to form X(x), and
(D?* x SY);. a tubular neighborhood of 7y, in X (x). We have

(83)

(exp(27riSX(X)), GXP(QWiSUk(mxsl)k(X))) — 2 (Vol(X(x))+2miCS(X(x))) H elong(k)Fitors(vi)
k=1
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We have to recall some fundamental results of hyperbolic geometry that we need in
the sequel. For details we refer to [BP] (see also [PP] for Thurston’s hyperbolic Dehn
surgery theorem). Compare also with Section 6.1.2.

7.3. 1-dimensional representations of mapping classes of surfaces.

8. CHERN-WEIL THEORY AND SECONDARY CHARACTERISTIC CLASSES

8.1. Comnstruction of Cheeger-Chern-Simons classes. As usual, let G be our Lie
group and g its Lie algebra. For each integer £ consider the k-th symmetric power
S¥(g*) of the dual Lie algebra, that is, the linear space of multilinear symmetric func-
tions on g. For any P € S*(g*) put

P(a) = P(a,a,...,a), a€g.

Clealry, P is a homogeneous polynomial of degree k in the coefficients of a. In fact,
by expanding P(tja; + teas + ... + trag) we see that P(ay,...,ax) is 1/k! times the
coefficient of tit5...1;. Fixing basis elements e; € g and writing a = z1e; + ... xe,
we thus get an isomorphism

T Cla,...m)t — SH(gY)
P — P

where n = dim(g) (to simplify notations here and below we assume that g is complex,
so that P is complex valued; everything goes the same way by replacing with R). We
call P the polarization of the polynomial P. Similarly as for differential forms we define
a product
o: S¥(g") @ S*(g") — S"(g")

by®

89) (P _ P

( ) ( © Q)(Gh s aak—i-l) = m Z (%(1)7 s 7a0(/€))Q(aa(k+1)a e 7aa(k:+l)>'

UGSk+k

It is immediate to check that ~ extends to an isomorphism of graded algebras from
Clzy,...,x,] to S*(g").

The Adjoint representation induces an action of G on S*(g*), given by
(90) (9-P)lay,...,ax) = P(Ad;lal, o ,Adg_lak), g€ G, a; €g.

Let I*(G) denote the G-invariant part of S*(g*). Because of the isomorphism ~ we call
I"(G) the algebra of invariant polynomials on g. Beware that in general I*(G) depends
on Gz, not only on its Lie algebra.

Sthe normalization factor corresponds to giving the volume 1 to standard simplices rather than to
unit cubes. This is convenient for characteristic classes, and differs from our preceeding conventions
regarding exterior derivative and exterior product of differential forms. Note there are no signatures
here !
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Example: symmetrized traces. Let G be a matrix group. Then g is a subalgebra
of M,(C). Take P(a) = Trace(a”). Then
~ 1
(91) P(ay,...,a;) = o Z Trace(ao(1) - - - Ao(r))-
ogeSE
Let 7 : E — M be a G-bundle over an oriented manifold M (in any dimension). We
extend the domain of invariant polynomials from g to g-valued differential forms on £
as follows: for any P € I*(G) and wy, ..., w, € A% (g) with w; = m; @ a; (7; € A%(C),
a; € g), we put
(92) Plur A Awg) = Play,...,a)m A ... A, € ABTTP(C)
and then extend by linearity to arbitrary w € A%(g). In particular, suppose w is a
connection on £ — M with curvature form 2 € A%(g). Then QF = QA...AQ €
AR (%), and N
P(Q) = P(Q*) € AF(C).
Since € is horizontal and equivariant (see (29)), and P is an invariant polynomial,
P(Q) is the lift of a 2k-form on M which we also denote by P(f2).

Theorem 8.1. (Chern-Weil) Let 7 : E — M be a G-bundle with connection w, and
P € I*(G). The following holds:
(i) P(Q) is a closed form.
(ii) The cohomology class wg(P) = [P(Q)] € H*(A*(M;R)) is real and does not
depend on the choice of connection w, but only on the isomorphism class of E.
(i) The map
wg: I'(G) — H'(A*(M;R))
P — [P(Q)]
is an algebra homomorphism, called the Chern-Weil homomorphism.
(iv) For any differentiable map f : N — M we have wpp = frwp.

The class wg(P) is called the characteristic class of E corresponding to P. We stress
the fact that it is given in De Rham cohomology, and thus depends a priori on the
differentiable structure of E. As we will see later this is not the case.

Proof. (iii) is an immediate consequence of (89)-(92), and (iv) follows from f*P(Q) =
P(f*Q)) for any curvature form 2 on FE.

Let us prove (i). Since 7* : A*(M) — A*(E) is injective it is enough to show that
dP(Q) = 0 in A*(E). Take P € I*(G). Since Q is a two-form, by symmetry of P and
the Bianchi identity (13) we have

k
dP(Q) = P N dQ A QM) = kP([Q,w] A QY.
i=1
Now for any a, b € g and g, = exp(ta), the Ad-invariance and symmetry of P imply

d ~ ~
ZP(Ady b, . Adyb)imo = kP((a.b] b, ... b).
The two identities yield dP(§2) = 0. The fact that [P(2)] is real follows from Remark

8.4 below.
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For the proof of (ii) we need the following lemma:

Lemma 8.2. Let h: A¥(M x[0,1]) — A¥"Y(M) (k = 1,2,...) be the operator sending

w=dsNa+f to
1
h(w):/ a ds,
s=0

where o« = (0/0s)w and B have no ds component. Here we integrate the coefficients
of ac with respect to s € [0,1]. Then h is a cochain homotopy:

dh(w) + h(dw) = jw — igw
where ig(m) = (m,0) and i,(m) = (m, 1) for allm e M.
Proof. Denote by dya = da — ds A (0 /Ds). Then

dw:—ds/\dMoszds/\%—l—...

where we have only written the terms involving ds. Hence
1
op
h(dw)m = / <%(m, S) — dMOé(m’s)) ds = 5(m71) — ﬁ(m’g) — dh(w)m.
s=0
The result then follows from igw,, = Bum,0) and ijw, = Bim,1). O

End of the proof of Theorem 8.1 (ii). Consider the pull-back G-bundle E x [0,1] —
M % [0,1] to the cylinder. For any two connections wy and wy on E with curvatures

Qo and €2y, define w € A};x[o,u by
Wz,s) = (1 = 5)(wo), + s(w1)e, (2,8) € Ex[0,1].

Since convex combinations of connections are connections, w is a connection on E X
[0, 1]. Denote its curvature by 2. Since ijw = wp and ijw = w; we have {2 = 0y and
i1 = Q. By (i) the form P(2) on E x [0, 1] is closed. Therefore by Lemma 8.2

(93) dh(P(Q)) = i1 P(Q) —igP(2) = P() — P(Q).
Hence P(;) and P(£)) represent the same cohomology class in H**(A*(M)). This
shows that wg(P) does not depend on the choice of connection. O

Exercise 7. (Poincaré’s Lemma) Replace in Lemma 8.2 the manifolds M x [0, 1] and
M by a subset U C R" which is star-shaped with respect to ug € U. By considering
the retraction g : U x [0,1] — U given by g(u,s) = (1 — s)u + sup and the forms
g'w =ds Na+ 3 for w € A¥(U), show that

h(d(g"w)), = { —dh(g"w), —wy, i k>0

Wy — Wy, if k=0.
Deduce that H*(A*(U)) =0 if k > 0, and R if k = 0.

Definition 8.3. Let G = GL(n,R). Then g = gl(n,R) = Hom(R",R") is the Lie
algebra of real matrices with Lie bracket [A, B] = AB — BA. For each positive integer
k the Pontrjagin polynomial pys of A € gl(n,R) is given by

A

o n—=k
det(Md — ) = kZ:(]pk/g(A))\ . Acgl(n,R).
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Similarly, for G = GL(n,C) the Chern polynomials ¢, are given by

A & n—k
det(Md — o) = D a(AAF A€ gl(n,C).

™
k=0

Since py/2 and ¢ are homogeneous polynomials of degree k in the roots of the (rescaled)
characteristic polynomial of A, they are invariant under conjugation by G and define
invariant polynomials

prj2 € I"(GL(n,R)) , ¢ € I"(GL(n,C)).
Note that the restriction of ¢ to gl(n,R) satisfies
(94) i*e(A) = pra(A), A€ gl(n,R).

By restricting to G = O(n) C GL(n,R), the Pontrjagin polynomials py/, with k& odd
vanish. Indeed, o(n) is the Lie subalgebra of skew-symmetric matrices in gl(n,R), so
that

A A, A
(95) det(Ald 27r) = det(Ald 27r) = det(Ald + 27r)’ A € o(n).
Also, the Chern polynomials are real-valued when restricted to G = U(n) C GL(n,C),
since u(n) is the Lie subalgebra of gl(n,C) of skew-hermitian matrices and so

A A, A

i
Assume that A € gl(n,C) is diagonalizable, and let (27/i)z;, j = 1, ...n, denote its
eigenvalues. For instance, take A € u(n), so that A/2mi is a Hermitian matrix which
can be diagonalized by some matric g € U(n). Then

n

A
det(\d — 5 —) = [[TA+2) =1+ @+ + ) A+ (@2 + .+ 2z A+

) + (z129 .. ) A"
Hence

Co(A) =1

c1(A) = iTrace(A)
(97) c2(A) = % (%) (Trace®(A) — Trace(A?))

i
cn(A) = (27?) det(A).
Remark 8.4. (Reduction). Any GL(n,R)-bundle is isomorphic to an O(n)-bundle,
and similarly any GL(n,C)-bundle is isomorphic to an U(n)-bundle (we say that the
bundles are reduced). In fact, for any given trivializing atlas (U;, 7;) the Gram-Schmidt
process allows ont to define a gauge transformation ¢ : F — FE such that ¢*F has
transition functions g;; with values in O(n) (resp. U(n)). From (95)-(96) and Theorem
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8.1 (iv) we deduce that the Chern-Weil images wg(py/2) vanish for k£ odd, and that
wg(cy) is real for all k.

Definition 8.5. For any GL(n, R)-bundle E — M we call py(E) = wg(py) € H*(M;R)
the k-th Pontrjagin class of E. For any GL(n,C)-bundle £ — M we call ¢x(E) =
wg(ck) € H%(M;R) the k-th Chern class of E.

There were some fundamental informations hidden at the end of the proof of Theorem
8.1. Let us extract them.

Consider the connection w = (1 — s)wg + swy on E X [0,1]. As usual, let us denote by
(), the curvature of the connection w, on E. The curvature of w is

Q=ds A (Ow/0s) + S
= ds N (wy; — wy) + (1 — s)dwy + sdw,+

+ % ((1 — 5)% [wy A wp) + 82 [wy Awy] +25(1 — 8) [wy A wl])
(98) =ds N (w1 — ’LU()) + (1 — S)QO + 891—|—

% (=s(1 = s) [wo A wo] + (s* — 5) [wi Awi] + 25(1 — s) [wg A wy]) .

Then we have .
h(P(Q)) = /0 kP((w1 — wo) A QFY).

In particular, let us apply this formula in the following situation. Fix a connection 6
on w: E — M. Denote its curvature by . Consider the pull-back bundle 7*F — E
via the projection m:

TE——FE
]
E—"— M.
The bundle 7*FE — FE is trivial, with a canonical section ¢ : F — 7" E. Hence there are
two natural connections on 7*E: the trivial flat connection wqy corresponding to the
canonical section 4, and w; = 7*0. We consider the connection w = (1 — s)wg + swy
on 7" E x [0,1], and its curvature €.

Since wy is the trivial flat connection we have *wg = 0. Also, i*w; = 6 gives i*Q2y = Q.
Then from (98) we find

1
i =ds N+ sQy + 5(52 —s)[On0] € A%kx[o,u (9)
and also

(99) h(P(i*Q)) = /0 1 EP(O A1) € AZ1(C)

s

where we set )
©s :SQQ+§(52—S) O A0].
Finally, by (93) and the fact that wy is flat we get
dh(P(i*Q)) = i"dh(P(Q)) = i"P(Qq) = P(Qy).
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We have proved:

Proposition 8.6. For any G-bundle E — M with a connection 6 and any invariant
polynomial P € I*(Q), the form

1
TP = / kPO A Nds e AZ(C)
0

is a canonical antiderivative of P(Qy). That is,

(100) dTP(0) = P(Qy).

Definition 8.7. We call TP(0) € A%~(C) the Chern-Simons form of (E — M, 0)
associated to the polynomial P.

Remark 8.8. By naturality (Theorem 8.1 (iv)), [P(Q2)] is a characteristic class of the
bundle 7*E — E. Since the latter is trivial, by obstruction theory it vanishes (see eg.
[MiSt]). This ultimately justifies (100). Proposition 8.6 “just” provides a canonical
primitive of this 0 class.

Exercise 8. The form T'P(6) can be written without the integral. Show that when
P € I*(G) we have

TP(0) = i & P(OA[OAG)] AQF)

1=0

—1)kN(k — 1)!
21,<](€ —i-)z)'(l(c 7 z o In particular, when 6 is flat ¢; = 0 for ¢ # k — 1, and

cro1 = 1/(1)F 12k ( %k_ L )

Example: Chern-Simons 3-forms. Take G = SL(n,C). From (97) we get

1 2
Teo(0) = ﬁ/o Trace (9 A (sQ9 + [0 A 9})) ds

where ¢; =

§” — S

1 1
For G = SO(n) we can use p; (@) instead, which is given by —1 times the same formula.
Compare with Remark 3.12.

Since connections are not horizontal, the Chern-Simons forms are in general not hori-
zontal and do not lift forms on M.

Proposition 8.9. Let 7 : E — M be a G-bundle with connection 6, and P € I*(G).
Set n = dim(M). We have:
(i) If 2k — 1 > n, then P(2) = 0. Hence the class [TP(0)] € H*'(E;C) is
defined.
(i) If 2k — 1 > n, the class [T P(0)] is independent of 6.
(iii) Assume that P(Q2) = 0 and P is integral. That is, for the Maurer-Cartan
form Oy on G — {pt} we have [TP(Orc)] € H* (G, Z). Then there exists
P(0) € H*Y(M;C/Z) such that

[TP(0)] = «*(P(F)) mod(Z).
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Note that since the class [T'P()] depends on 6 we cannot apply Remark 8.4. Hence,
when P is complex valued, the class P(§) € H* '(M;C/Z) is not not necessarily
real. The proposition shows also that for closed 3-manifolds and any Lie group G the

most interesting classes are obtained for £ = 2. For matrix groups this corresponds to
P =p, and P = ¢s.

Proof. (i) If 2k — 1 > n then 2k > n. Since the horizontal distribution has dimension
n and P({) is a horizontal 2k-form, it vanishes.

In order to prove (ii) we need the following lemma (compare with Proposition 4.1):

Lemma 8.10. For any smooth path of connections 6, on £ — M we have

(101) %(TP(Qt))tZO = kPO AQFY) + exact form
where = 0y and 0 = (d/dt)(0¢)i=0-
Proof. The symmetry of P and (100) give
d d d d
d (%(Tp(et))ho) = %(dTP(et))tzo = E(P(Qt))tzo = kP (E(Qt)tzo A le) .

On another hand, by using the Bianchi identity and the Ad-invariance of P we find
d(kP(O A QFY)) = kP(dO A Q1) — k(k — 1)P(O A dQ A QF2)
= kP(dO AQFY) — k(k—1)POA QA O AQ2)
= kP(df A Y + kP( [9’ A 9} A QE2),
The identity (101) then follows from

df = d((d/dt)(0y)e=o) = (d/dt)(dby)s—o = (d/dt)(Q — % [0: A 0:])1=0

d

= ()i - [9’ A 0} .

O

End of the proof of Proposition ??. The claim (ii) is a consequence of P(§ AQF1) = 0,
which follows, similalry as in (i) from the fact that this (2k — 1)-form is horizontal (6
vanishes on vertical vector fields).
(iii)

O

Definition 8.11. We call P(§) € H**(M;C/Z) the Cheeger-Chern-Simons class of
(E — M, 0) associated to the polynomial P.

8.2. The universal canonical cochain on BPSL(2,C)°. Let X be a compact ori-
ented 3-manifold, and 7 : P — X a PSL(2,C)-bundle with a flat connection w. By
Proposition 4.6 (4) we can find a trivializing atlas U = {(U;,7;)} such that w1y,
is the trivial connection. Up to refining &/ we can assume that the dual complex is a
triangulation T" of X; such a triangulation may be singular, ie. the 3-simplices Ay, may
have multiple as well as self adjacencies; only the interiors of required to embed.
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Our aim is to show that there exists decompositions

Sx(w.s) = [ sta(uw) - > /. o

where all summands have a uniform expression, given in terms of some special, uni-
versal, function.

9. SIMPLICIAL FORMULAS
10. QUANTUM CHERN-SIMONS THEORIES
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