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Abstract

The subject of my studies for the last five years as a PhD student at QGM, has been
the moduli space of flat connections over a surface with punctures, each assigned with a
weight. We define different moduli spaces, using Sobolev spaces and parabolic bundles,
that are diffeomorphic on the smooth locus to the moduli space of flat connections. The
aim of the thesis is to find a Hitchin connection in this setting, with specific constraints
on the weights and the genus of the surface. We use the construction of the Hitchin
connection with metaplectic correction by Andersen, Gammelgaard and Roed, to construct
such a projectively flat Hitchin connection on the moduli space of parabolic bundles.

Resumé

I denne afthandling definerer vi modulirummet af flade konnektioner over en flade
med punkteringer og en vaegt i hver punktering. Vi definerer forskellige modulirum,
blandt andet ved brug af Sobolev rum og parabolske bundter, som er diffeomorfe til
modulirummet af flade konnektioner, pa den glatte del. Formalet med denne thesis er at
finde en Hitchin konnektion i denne setting, med s& fa antagelser pa veegtene som muligt.
Vi bruger den generelle konstruktion af Hitchin konnektionen i metaplektisk korrektion
af Andersen, Gammelgard og Roed, til at finde en sddan Hitchin konnektion.



CHAPTER ].

Introduction

The aim of this thesis is to construct a Hitchin connection in the context of quantization of
moduli space of flat parabolic connections over a surface with marked points.

We recall that in general, the possible states of a quantum system are vectors in a Hilbert
space, the so-called state space. Each observable is represented by a self-adjoint linear operator
acting on the state space. Most quantum systems have a classical limit, and a way of relating
the quantum mechanical observables to the observables of the corresponding classical system.
It is however most often that the construction of the quantum system goes the other way, in
the sense that one starts with a classical system and then by some process of "quantization"
one obtains the quantum system.

In physics one typically uses canonical quantization, and for examples for the hydrogen
atom, canonical quantization matches observations. In mathematics, the general quest is to
make a well defined quantization scheme, that can be used on any phase space, and that
reproduce canonical quantization on (R?",w).

Geometric quantization is an attempt at such a quantization scheme, which in its most
complete form involves metaplectic quantization. This quantization scheme however depends
on the choice of a so-called polarization, which in the case we will consider will simply be a
complex structure compatible with the given symplectic form. This quantization scheme, in its
current state of development, fails to establish the independence of the polarization in general.

In the context of quantization of moduli spaces of flat connections on a closed surface
without punctures, one has a natural family of complex structures on this moduli space
parametrized by Teichmiiller space and the quantization procedure produces a vector bundle
over Teichmiiller space. Hitchin constructed a projectively flat connection in this bundle
of quantizations over Teichmiiller space (|29]), which in turn was inspired by Welters work
on quantization of abelian varieties ([46]). Parallel transport from one point to another in
Teichmiiller space gives an identification of the fibers of this bundle, which is well defined up
to a projective ambiguity, thus solving the independence of polarization for this particular
family of complex structures.

This is precisely the setting which we shall seek to generalize as far as possible in case of
moduli spaces of flat parabolic connections. Besides from the general motivation of establishing
in as many cases as possible that the quantization is independent of the choice of polarization,
there is a further motivation to settle this case of moduli spaces of flat parabolic connections,
which stems from quantum Chern-Simons theory.

In 2 + 1 dimensional quantum Chern-Simon theory, as proposed by Witten in [47], space is
a two dimensional oriented surface, possibly with marked points. Let us briefly review the
basics of this theory, starting with the case of a closed oriented surface ¥ without marked
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points.

The space A of fields in this theory are connections in a principal SU(n)-bundles P — ¥,
which is unique up to isomorphism. Standard constructions in classical Chern-Simons theory
associates a Hermitian line bundle £ over A and a lift of the action of the gauge group G
on A to L (see e.q. [24]). The construction further gives a G-invariant connection V in L
with curvature given by the Atiyah-Bott symplectic form on A. In this setting a conformal
structure on ¥ induces a complex structure on A, which is compatible with the Atiyah-Bott
symplectic form and thus combined with the connection V induces a complex structure in L.
Witten argues in [47] that the state space for the surface, with the given conformal structure
should be the holomorphic sections of £ over A, which are G-invariant. We recall that the
action of G is Hamiltonian and the moment map is given by the curvature. Using the principal
that quantization commutes with reduction, Witten therefore further argued that one could
first do the symplectic reduction of the space of connections A with respect to the G-action
and quantize the resulting quotient space, namely the moduli space of flat connections

M= AF/g,
where AF" is the space of flat connections. Geometrically, one defines
L=L|4r/G.

The complex structure on A induces a complex structure on M, which on this reduced space
only depends on the equivalence class of the conformal structure on the surface X, which
corresponds to a point in Ty, the Teichmiiller space of 3. This way we see that the family of
complex structures on M parametrized by Teichmiiller space naturally arrises out of quantum
Chern-Simons theory. According to Witten, the quantization commutes with reduction, which
implies that the resulting bundle of quantum vector space H*) is given by

H® = HY (M, LF),

where M, is M endowed with the complex structure induced by o € 7. We observe that
group of orientation preserving diffeomorphism of ¥ acts on H*) and further that the subgroup
of diffeomorphisms which are isotopic to the identity acts trivial, thus there is a natural action
of the mapping class group I' on H*) covering its natural action on 7s..

In the paper [15], Axelrod, Della Pietra and Witten argue using the above mentioned
infinite dimensional description of the bundle H*) that it should support a I'-invariant
projectively flat connection. On the mathematical side, this connection, V# was constructed
by Hitchin in [29]. See also the paper of Andersen [3], where he proves that the differential
geometric construction of [I5] agrees with Hitchin’s from [29].

In order to remedy the fact that this connection is not flat, but only projectively flat one
can follow the constructions outlined in [39] and discussed in more detail in [45] and [I1],
which we shall very briefly review here. Over the Teichmiiller space we have the determinant
line bundle £p, whose fibers are given by

g

Lpo= \(H(Z,, Q")

for all 0 € Tx. The mapping class group I' of course also acts on Lp. As it is argued in [I1],
there exist a connection V2 in Lp such that

c(k)Fyp @ Idgw = Fyn,
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where c(k) a rational function of k. In [I1] an explicit construction (depending on the choice
of a Lagrangian subspace L C H!(X,R)) of the —c(k)-power of Lp is given together with the
construction of a natural connection in this power whose curvature is ¢(k)Fyp, even though
¢(k) is in general is only a rational number for a given k. There is a central extension (also
constructed explicitly given L in [45] and [I1])

05Z—T T =0,

such that ' acts on LBC(k) preserving the natural connection.
One then considers the bundle

H® = gk g ﬁBC(k)’
which has a flat connection V#, which is T-invariant.

Definition 1.1. We define the vector space Z*) (X, L) associated to the surface ¥ and the
Lagrangian subspace L C H L(E,R) to be the space of global covariant constant sections of
(H(k)7 VH) and the corresponding Quantum Representation of T

Z®) T — Aut(Zz®)(2, L)).

Let us remark that this gauge theoretic construction of the representations was used by
Andersen to prove his asymptotic faithfulness results for these representations [2].

1.1 Topological Quantum Field Theory

Returning to Witten original proposals in his famous paper [47], we recall that Witten argue
using path integrals that the above Quantum Representations of closed surfaces should actually
fit into a whole 2 4+ 1 dimensional Topological Quantum Field Theory (TQFT).

In outline, a (2 + 1) dimensional TQFT can be seen as a symmetric monoidal functor from
the category of closed oriented surfaces with morphisms compact and oriented cobordisms, to
the category of vector spaces

Z: (Cob(3),U,0) — (Vect(C), ®, C).

For X, a closed oriented surface, Z associates a finite dimensional vector space Z(X%), called
the module of states of X. It should be multiplicative with respect to the disjoint union, so
for ¥ = ¥; U Xo, Z has to satisfy Z(X) ~ Z(31) ® Z(X2). The empty set is sent to C. A
cobordism from a surface ¥ to a surface ¥ is a compact oriented three-manifold M. This
should be sent to a linear operator

Z(M): Z() — Z(5).

A closed three-manifold M is a cobordism between two empty surfaces, and hence should
be sent to a linear map from C to C, which is a complex number in C, called the quantum
invariant of M.

In its more complete form the source category of TQFT’s are typically enhanced with more
structure, e.g. one considers surfaces with some more structure, concretely our objects will be
tuples X = (X, P, V, L), where X is a closed oriented surfaces, L is a Lagrangian subspace of
the first cohomology of ¥ with real coefficients, P C ¥ is a finite subset and

Ve X P(Tp(i)Z),
peEP



4 Chapter 1. Introduction

Figure 1.1: A cobordism from the empty surface to a pointed surface.

where P refers to the projectivization with respect to the real positive numbers. Furthermore,
the TQFT comes with a specific finite label set A, and we require that each object is provided
with a labelling of each of its marked points P by elements of A

AP — A

Concerning the three dimensional part of the theory, a morphism from one object (X1, A1)
to another (Xg, A2) is a cobordism (X, K, V) from (X1, P1, V1) to (X2, P2, V2), where K is an
oriented link in X with boundary P; U P, and V is framing of K which agrees with V; over P;
(see Figure for such an example of such a cobordism in the case where X1 = (}) together
with a labelling of the components of K which agrees with \; at P; and an integer n. See [44]
and [9] for further details, in particular for the definition of composition of morphisms. A
TQFT is a functor from the above cobordism category to the category of finite dimensional
vector space of the complex numbers, as is described in detail in [44].

In 1990-91 Reshetikhin and Turaev ([38]) gave the first complete construction of such
a TQFT using the representation theory of the quantum groups at root U,(sl(2,C), where
g = exp(2mi/(k + 2)). A year later Blanchet, Habegger, Masbaum, and Vogel constructed,
using Skein theory, isomorphic TQFTs in [I8, 19 20]. A few years later, the TQFT’s for the
whole A, -series was constructed by Turaev and Wenzl in [43]. This family of TQFT now goes
under the name of the Witten-Reshetikhin-Turaev TQFT’s and for short WRT-TQFT’s. The
label set A at level k for the TQFT for the Lie-algebra sl(n,C) given as a finite subset of the
set of dominant positive weights W, of the Lie-algebra sl(n,C)

A:={eW, |0< (0, <k},
where 6 is the longest root and (-, -) is the Killing form normalized such that

(0,0) = 2.
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We shall not further expand on these 3 dimensional aspect of these TQFT and their
combinatorial constructions, since we will not need it in this thesis. The point being that the
two dimensional part of such a TQFT, which is called a Modular Functor, uniquely determines
the TQFT. Please see [9] and [27] for details regarding this, where an explicit construction of
the full TQFT from its modular functor is given.

The above TQFT constructions are all mathematically satisfactory, but they are however
purely combinatorial. Witten however also proposed in [47] that these TQFT, in particular
their underlying modular functors, should also be constructible using either conformal field
theory or quantization of moduli spaces of flat parabolic connections.

In response to Witten’s suggestion, Andersen and Ueno constructed modular functors using
conformal field theory in [I0] and [II], building on work by Tsuchikya, Ueno, and Yamada
in [42]. Andersen and Ueno then proved in [12] and [13] that these modular functors are
isomorphic to the modular functors due to Reshetikhin and Turaev [38] and further Turaev
and Wenzl [43].

Laszlo proved in [33] that the projective representation of the mapping class group as
defined above in Definition [I.1] is isomorphic to the projective representation of the mapping
class group coming from conformal field theory from [42] and [II]. By combining this with
the results of Andersen and Ueno above, we see that the Quantum Representations from
Definition [I.I] above are projectively the same as the Witten-Reshetikhin-Turaev Quantum
Representations which are part of the WRT-TQFT’s.

In the case of surfaces with marked points Witten also conjectured that the quantization
of the moduli spaces of flat parabolic connections should give rise to the same quantum
representations of the corresponding mapping class groups (detailed below), which are part of
the WRT-TQFT’s — The mathematical status on the gauge side is however lacking. The first
object is actually to extend Hitchin’s construction of the projective flat connection discussed
above to this case of the quantization of the moduli space of flat parabolic connections and
this is precisely the focus of this thesis.

1.2 Quantization of moduli spaces of flat parabolic connections

We shall restrict attention to moduli spaces of parabolic connections for the compact Lie group
SU(n). We need a few Lie theoretic notions for its Lie algebra su(n) and its complexification
sl(n,C), which we briefly recall now.

The Lie algebra sl(n,C)

The Lie algebra sl(n,C) consists of all the traceless n x n complex matrices. The Cartan
algebra h is the subspace of diagonal traceless matrices, each of which we identify with an
n-tuple (ai,...,a,) with >, a; = 0. Let L;: h — C be defined by L;(a1,...,a,) = a;, then
the dual to the Cartan algebra is

h* =C(L1,...,Ln)/{L1+ -+ Ly).

Define for i # j, E;; € sl(n,C) to be the matrix which has a 1 in the (¢, j)-entry and
zeros otherwise. Then F;; is an eigenvector for h under the adjoint action with eigenvalue
L; — Lj. The weight lattice is W = Z(L1,...,Ly)/{L1 + --- + Ly) and the root lattice is
R = spang{L; — L; | i < j}. Note that we have an isomorphism W/R = Z/nZ given by
S a;L; — > a; € Z/nZ. We can define a set of positive roots by R* = {L;, — L; | i > j}.
Then the simple roots are Il = {L;y; — L; |i = 1,...,n — 1}. The positive Weyl chamber
isCt={>,a;Li|a1 <--- <a,}. We define the positive weights to be WT =WnNC*. In
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general, when we have a positive weight A € W, we get an n-tuple [A1,...,\,] of integers
such that A\ < --- < \,. We observe that § = L,, — L1, thus we see that

A={(0,Xa,. .. A) EZ" [0< Ay < ... < A\ < k).

Some of the entries in this n-vector might be equal, hence we get a reduced vector consisting
of r different numbers, which we will denote A,

A== A
)‘k1+1 == )‘k1+k2
>\k1+"'+k7‘—1+1 =...=Ap.

Let A = [Akys- -+ Aoy, k]. This specifies a flag-type (ki,...,k,), where >, k; =n.

We have an isomorphism i: h — h* given by i(£)(¢’) = (¢,¢'), such that £i~! is an inclusion
of Ain $f:={£ € by |0(&) <1} C b, which in turn is in bijective correspondence with the set
of conjugacy classes of SU(n).

Explicitly take a weight A\; L1 + -+ + A, Ly,. Since i: h — b* is the map 4(£)(¢') = (£, &)
we get

1 1
YLy - L,) = —f§ _75 ).
i (ML + -+ A Ly) = (M P Xiseos An P i)

Divide this with k to get

Now take the exponential

=g TN 0 0
0 e N 0

exp(Li~' (V) =

0 P S CPES D DIPYY

Let C’ik) be the conjugacy class of exp(+i~*(\)).

For each weight A € A we have a corresponding parabolic subgroup P of SL(n,C), which is
the maximal such stabilizing A. Let W) to be the stabilizer of A in the Weyl group W and let
I be the subset of simple roots of SL(n,C) which are also roots of P. The parabolic subgroup
P only depends on the tuple (ki, ..., k) and it consists of the following matrices

k1 ko ks ko,
and W)\ :Skl X e X Skr-
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The moduli space of flat connections

Let us now describe precisely which moduli spaces we shall consider here. Let 3 be a closed
oriented 2-manifold of genus > 2. On ¥ we have b marked points P = {p(*), ..., p®}. In each
point there should be a chosen direction, that is for each i let

v € P(T,»X) == (T £\{0}) /Ry

Let V' denote this set of directions. In each marked point, there should also be a given a weight
AD e A X = (WA, Let ¥ denote the punctured surface ¥\ P.

— ~—~"

%
o
O)

Figure 1.2: Surface with marked point and small embedded discs around each puncture, along
which we compute the holonomy around each puncture in the direction induced from the
orientation of the surface.

Let M(iX) be the moduli space of flat connections on ¥, whose holonomy around p(?

lies in the conjugacy classes Cyfi)), and let M(i,X)’ denote the locus of this moduli space
consisting of irreducible such flat connections. See Chapter [f] for further details. In particular
we recall that if b # 0 or if b = 0, but (g,n) # (2,2), then the compliment of M (X, X)" has
real co-dimension at least 4.

Let T(z,p,v) denote the Teichmiiller space of (X,P, V) (for the precise definition of this
Teichmiiller space please see Chapter [7)).

We recall that 7(x p ) parametrizes complex structures on (M(Z, ), w)

I: Tisp,vy — Complex structures on (M(Z,),w)

o1,

such that (w, I,) is Kéhler for all o0 € (5, p ). We shall use the notation M(Z, )., for the
complex manifold (M (%, N, I,).

In order to construct this family I of complex structures we use Sobolev spaces completions
of certain kinds of connections on X (see Chapter |§| for details) to construct a moduli space
M(S, ), €)', whose smooth part is shown by Daskalapoulos and Wentworth to be naturally an
almost complex manifold in [22] which in fact they also show is integrable. For small enough
€ the moduli space M(E,X, €)o is homeomorphic (diffeomorphic on the irreducible locus) to
M(Z,N).

By the Mehta and Seshadri Theorem [35], the moduli space M(%,X) is homeomorphic
(diffeomorphic on the stable locus and in fact bi-holomorphic when we consider M(%, X))
to the moduli space Mpar(ZU,X) of semi-stable parabolic bundles with trivial determinant
and weights determined by the A\(9)’s for each o € T(s,p,v)- However the Sobolev construction
of this complex structure allows us to understand its variation with respect to o € Tz p v
better and further is in our favor when we need to identify to the pre-quantum line bundle we
need.
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Let w € Q2(M(X, X)) be the natural symplectic form on the smooth part of this moduli
space which is recalled in Chapter [6]

Note that the co-dimension of the strictly semi-stable locus is at least two, except for the
case (g,m) = (2,2) and no marked points, which we exclude from this discussion. See [§] or the
co-dimension estimates made in Section [6.2] Hence we can use Hartog’s extension Theorem
whenever needed.

Andersen, Himpel, Jgrgensen, Martens, and McLellan constructed in [8] a prequantum line
bundle (£, 5, V, (-, -)) over M(Z, ) using classical Chern-Simons theory under the assumption

that each A(¥) is in the interior of the positive Weyl chamber C*t, however we will see below
that this will actually not be a restriction for us. The construction is recalled in Chapter [7]
Let V;k) denote the bundle over 7(x p v with fibers
V= HOME, ), L),
Let I'(s p,vy denote the mapping class group of (X, P, V). Then I'(x; p v acts on (M(i, A, w),

it acts on 7(x; p vy and I is equivariant for this action. Furthermore in [8] an explicit construc-
tion of a lift of the action of I'(s; p v to (Ek,Xv V,{-,-)) is provided, and using this we see that
[(s,p,v) naturally acts on Vék) covering its action on T(s p v

The first step towards the construction of a Hitchin connection in the bundle Vék) is to
compute the first Chern class of M(Z,X)". To do this we consider the moduli stacks instead
of directly working with the moduli spaces, since it turns out the calculations are much more
straight forward in this language.

Let P = (P(l), . ,P(b)) be the parabolic subgroups corresponding to A. We recall that a
parabolic holomorphic sl(n, C)-bundle on ¥, with parabolic structures at {p(l), ey p(b)} is an
sl(n, C)-bundle £ with a reduction of structure p(*) € Epny /P for each i =1,...b.

Let My, denote the moduli stack of sl(n, C)-bundles over ¥, and By, 5 the stack of
parabolic sl(n, C)-bundles determined by P. We note that there is a natural projection

m: By p— My,

From [34] we know that the Picard group of the stack By, 3 is Z direct sum the Picard

group of each G/P® for each of the P()’s. Now the Picard group of G/P) is the character
group X(P®) c W of P which is precisely the sub-lattice

X(PDYy={peW|{ua)=0¥aec IV}

Theorem 1.2. The Picard group of By, F is

b
Pic(By, 5) =Zo P X(PY).
=1

We remark that there is a morphism from the sub-stack of semi-stable bundles %SZS - to

X}

the moduli space of semi-stable parabolic bundles Mpar(ZU,X), which induces an injection
on the level of Picard groups. As it is argued in [37], the line bundle £ associated to
(k,71) € Z® @"_, X(PD) descends to Mypar(Eq, A) if and only if exp(Y, u?)) acts trivial on
the center of SU(n), e.g. if >, u¥ € R. Which means that when we write each u() in the
Z-basis L; of W, then the total sum of all coeflicients must be divisible by n. One can remark
(see e.q. [37,[)]) that if we consider (k,\) € Z @ @;’:1 X (PW), with A() € A for each 4, then
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if 2, A% ¢ R then L, 5 has no holomorphic section over the stack By, 5 and the space of
vacua associated to (X, P, V, ) is also zero, so we really do not need to consider this case and
we will from now on assume that our labelling X satisfies that 2D eR.

We prove that the canonical bundle of By, s the tensor product of the pullback bundle
of the canonical bundle of M5, and a line bundle for each marked point in Chapter @ We
actually do this in the case of any simple complex Lie group G and the result is

Theorem 1.3. The canonical bundle Kss_  has the form

Ky = ®?:1£H(i) ®7T*K9;n):0.

S, P
where k) € X(PW) is the element k) = — 2 acR(g/p) Q-

When we look at the specific Lie group G€ = SL(n, C), we can write the (s in our chosen
Z-basis L; of W as

KD = — kD — 26 + k), =D+ D),

see Chapter [0} Corollary
Combining this with the explicit description of the Picard group, we get the following
result

Corollary 1.4. The canonical bundle Ko -, correspond to the element

Ky, =~ (=205, k") € Pic(By_p)

Z5,P
where h is the dual Coxeter number, which for SU(n) is n and for G = SU(n) and the above
specified parabolic sub-groups P, we have that

k@ = [(n—&"), (n— 26 + &), . = @+ 26+ 5D ), R+ kD))

This result gives us the first Chern class of the moduli stack of parabolic bundles By, .
In the cases where the first Chern class is proportional to the symplectic form w we can
use Andersen’s general construction of the Hitchin connection, which we recall in details in
Chapter Let us here briefly recall the result. Suppose [ is a rigid family, parametrized
by a complex manifold 7, of Kéhler structures on the symplectic prequantizable compact
manifold (M,w), which satisfies that there exists | € Q such that the first Chern class of
(M,w) is l[w] € H*(M,Z) and H'(M,R) = 0. Let H*) denote the trivial bundle C>(M, L¥).
Assume the bundle H*) with fibers

HY = HY(M,, £F) = {s € (M, L") | VO's = 0}
is a sub-bundle of H*). Then

Theorem 1.5 ([3]). There exists a Hitchin connection V in the trivial C°°(M, L*)-bundle,
which preserves the sub-bundle H®). It is given by

ﬁv = @ﬁ/ - U‘(V)a

where V', is the trivial connection in H*®), V is any smooth vector field on T, u(V) is the
second order differential operator given by

1

uV) =577

<1AG(V)( )+ Veawyar(s) + QkV'[F]S)
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where Ag(vy s a certain second order operator depending linearly and smoothly on V' defined
by Equation (4.3)). Further V' denotes the (1,0)-part of V. on T and F: T — C§(M) is
determined by F, € C®°(M) being the Ricci potential for (M, 1) for allo € T.

We remark that the compactness assumption on M is only used to obtained a smooth
family of Ricci potentials F' (using Hodge theory) and that this assumption therefore can be
dropped if we are given a smooth family of Ricci potentials F' by some other means. We note
that for our moduli spaces such a smooth family of Ricci potentials were defined by Zograf
and Takhtajan in [40]. Andersen and Gammelgaard prove in [4] that the connection V is
projectively flat, when there are no holomorphic sections.

Theorem 1.6 ([4]). The connection V defined in Theorem is projectively flat, provided
H°(M,,T,)=0 forallo € T.

In Chapter [10] we then conclude that we can use Andersen’s construction of a projectively
flat Hitchin connection in the bundle Vék) when the first Chern class of the moduli space
M(E,X) is {[w] for some | € Q. We know from [8] that the class of w is given by

(B, A0, ) ez P arp?

hence we can figure out when the first Chern class of the canonical bundle K _ and the
class of the symplectic form w are proportional for the stack of parabolic bundles When they
are indeed proportional on the stack they will also be so the for moduli space M(E, ). We
conclude

Theorem 1.7. If for alli=1,...,b there exists an | € Q such that

—2h-l=k
AD =k = —(n— k)

AD =g = kO g kO

up to adding an integer mY € 7 to each equation. Then we can apply Theorem and
Theorem to construct a Hitchin connection in Vék), which is projectively flat.

As we can conclude from the above, it is not always the case that [w] has the form as
in Theorem 7 and when this is the case we can not use Andersen’s general construction
of the Hitchin connection. However, when the first Chern class is even, we can instead use
metaplectic quantization and the following result from [5], which we present in Section
Let (M,w) be a prequantizable symplectic manifold with vanishing second Stiefel Whitney
class. Let J be a rigid family of K&hler structures on M parametrized by a smooth manifold
T, all satisfying H*'(M,) =0, 0 € T. Let ’Hgk) be the vector bundle with fibers

M) = 0% (M,, £F ® §),

and assume H( ), given by the spaces H( ) =H'(M,,LF®d,) = {S S
indeed a sub-bundle of 7—[((5 ). Then

0, s:o} is
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Theorem 1.8 ([5] Theorem 1.2). With the assumptions above there exists a one form [ €
QYT,C>=(M)) satisfying Op(V) = —55(p-G(V)) for all vector field V on T and the connection

n A 1
V8 =Vy + @(AG(V) +B(V))

18 a Hitchin connection on Hgk) over T.
It was proven by Gammelgaard in his thesis (Theorem 6.22), that

Theorem 1.9 ([25]). The connection v defined in Theorem is projectively flat, provided
H°(M,,T,) =0 foralloc € T.

We wish now to construct a Hitchin connection in the bundle V¥ over T(s,p,v) using this
metaplectic version of the construction. However, to use Theorem to construct such a
Hitchin connection in Vék), we need that the canonical bundle K MEN) has a square root,

and there exists a fixed pre-quantum line bundle EX such that

1/2 Feno [ —
M(E’X)/ ® L)\ - [’k,)\
as holomorphic line bundles for all o € Tx p v).
In Theorem we have written Ky _ as (—2iL, kM. k®), where

k® = — Z a e X(PW).
acR(g/p™)

Hence we know the square root exists on the stack whenever each () is even in X'(P*). For
the special case SU(n) this means that the canonical bundle Kgp_ _ has a square root when
the numbers

n—kn— 2k k), o= @k 2k, kD), R kD))
have the same parity for each i. Let us assume this and then in this case we let b,(P) be the
number of points p(?) where these numbers are odd. In Section we do the little elementary
computation which shows that
@
J

Proposition 1.10. In the case where the k;’’s have the same parity for each 1, M(E,X);

has a unique square root of its canonical bundle if and only if b,(P) is even.
From this we immediately get

Corollary 1.11. In the case where ky) =1forallj=1,...,7D, i =1,...b, the moduli

space M(E,X); has a unique square root of its canonical bundle if n or b is even.

We will see that this is enough for us, since we can always arrange that b is even by
propagation of vacua (see [42] or [II]), as we now detail. Suppose n is odd and suppose that b
is odd. Then we will add to P a further point, with any tangent direction and label it with
0 € A. Tt is well know by the so called propagation of vacua that the space of conformal blocks
for the surface with this extra point labeled by 0 is canonically isomorphic to the one without.
Further the moduli space flat parabolic connection M(E,X) is also unchanged under this
operation and further, under pull back of the natural projection from the Teichmiiller space
of the surface with one more marked point to the Teichmiiller space of the original surface
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one gets an identification of the corresponding Verlinde bundles. Thus we will by abuse of
notation also denote by A the labelling where we have added one more point labeled by 0.
Now let p = (p, ..., p) and define

N =X+p.

Let P be the vector of parabolic subgroups associated to A . We observe that for X we have
. it 2
all kj(-z) = 1, since all components of X are contained in the interior of C* and thus P is just b

copies of the Borel subgroup. But then by Corollary we have that M (3, X/)’ has a unique

square root of its canonical bundle, which we denote K 172 —,. . Let us define the bundle f}gf)

M(EX
to be the bundle over 7(s p ) whose fiber at o € Ts p,v) is

)/

&) O M(E N v
Vit = HOME N6 Ly gy @ K e 5):

As it is explained in Chapter [IT] pulling back over the natural fibration
7 By 5 =By p

first of all gives that

1\ * o - 1/2
(ﬂ_ ) ‘Ck,)\ - £k+71,)\/ ® KM(E,X/)’

and second of all induces a natural isomorphism of bundles
v ok k
(') V) Y
due to the fact that the strictly semi-stable locus has complex co-dimension at least two as
argued in Section [6.2]

By the previously quoted result of [§], we know that £ + is a fixed pre-quantum line

k+h,X\
bundle over M(i,xl)’ since all components of X are contained in the interior of C*. Since
we further have that Ho’l(M(i,X/);) = 0 by Proposition in Chapter we conclude
that Theorem E applies to provide a Hitchin connection in V¥ Since we also know that

M(i,xl)f, has no holomorphic vector fields by Proposition in Chapter we can apply
Theorem 1.9 (Theorem 6.22 in [25]) to conclude that this connection is projectively flat.
Combining this with the isomorphism , we get the same conclusion for ng). We will
further argue in Chapter [IT] that such a Hifchin connection given by second order differential
operators is unique.

We thus have the main result of this thesis.

Theorem 1.12. The bundle Vék) supports a projectively flat Hitchin connection which is
mapping class group invariant and unique up to projective equivalence.

This allows us to now give the gauge theory definition of the quantum representations
of the mapping class group at least projectively, simply as the action of the mapping class
group on the space of projectively covariant constant sections. The next step would then be
to understand that the Pauly isomorphism is a projectively flat isomorphism (in analogy with
Laszlo’s result in the case of no marked points [33]) between V;k) with the projectively flat
connection constructed in this thesis and then the bundle of sheaf of vacua for the weights
X together with the TUY-connection in this bundle constructed in [42]. Once this has been
done one would by combining with the work of Andersen and Ueno [I0], 1Tl 12} 13] have the
gauge theory construction of the WRT-modular function discussed in the beginning of this
introduction. The flatness of Pauly’s isomorphism however goes beyond the scope of this work.



CHAPTER 2

Complex geometry

Well known results about complex geometry are recalled in this chapter.

2.1 Almost complex structure

Let M be a smooth manifold of dimension 2m. An almost complex structure is a smooth
section J of the endomorphism bundle End(T'M) — TM, that satisfies J?> = —1. When we
have an almost complex structure, we get a splitting of the complexified tangent bundle into
eigen-spaces of J corresponding to the eigenvalues +:.

TMc =T M;aT"M;,

where 7'My := Im(Id — ¢J) and T’ M; := Im(Id + ¢J). The almost complex structure J acts
on the cotangent bundle by (Ja)X = a(JX) for « € TM{ and X € TMc. We then get a
splitting of the cotangent bundle TM& = T'M; & T"” M into eigen-spaces of J. Note that
T' M7 consists exactly of the forms that vanish on 7" M and 7" M7 is the forms that vanish
on T"M . The splitting of TM¢ and TM¢ induces splittings of tensor bundles of T'M¢ into

direct sums of eigen-sub-bundles of T'M¢ and T'M¢. For example, if we look at /\k TM¢, then

we get a decomposition
p.q

k
ATM:= @ A\TM;,

pt+q=k
where @, ger AV TM3; := NP T' M@\ T" M. The splitting of A* TM induces a splitting
of the complex valued differential forms. Let Q57(M) := C>°(M, \"? TM?), then
oF) = @ oyi(m).
ptq=Fk

We have projections 7/y?: QPTI(M) — QF9(M). From the exterior derivative d we

get operators 9y = 75 0d, 9y: QPI(M) — QPHLI(M) and 5?’q+1 od, dy: QP4(M) —
Qp7q+l(M).

2.2 Complex structure

Any complex manifold has a naturally induced almost complex structure on its tangent bundle.
For local holomorphic coordinates z* = z* + iy* with coordinate vector fields X* and Y*, the

13
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almost complex structure J is defined by
JX*:=Y® and JY*:=-X"

Since the transition functions are holomorphic, it is proven that the definition is independent
of the chosen coordinates. Therefore the tangent bundle becomes a complex vector bundle.

An almost complex structure that is induced by a complex structure, is called integrable.
It was proven by Newlander and Nienberg that an almost complex structure is integrable if
and only if the Nijenhuis tensor N; vanishes, where

Ny :=[JX,JY] - [X,Y] = J[JX,Y] - J[X,JY].

An almost complex structure J is also integrable if 7'M is preserved by the Lie bracket, or if
the exterior differential decomposes as d = d; + 0. These three are equivalent.

Dolbeault Cohomology

Assume we have an integrable almost complex structure on M. Then d = 95 + 07 which
implies 8% = 0, gi =0and 9;0; = —0;0;. So we get a co-chain complex

QOr 52 Qbr 49 Q2P 40

for each p. The cohomology of this complex is denoted by H*“(M, C) and called the Dolbeault
Cohomology.

2.3 Symplectic and Poisson structures

A symplectic structure on a smooth even dimensional manifold M is a closed non-degenerate
differential 2-form w. By closed we mean dw = 0 and by non-degenerate we mean, that if there
exists X € T,M such that w(X,Y) =0 for all Y € T,M, then X = 0. A smooth manifold
equipped with a symplectic form is called a symplectic manifold. It comes naturally with a
volume form “7’7—:, when the manifold has dimension 2m.

A Poisson structure on a smooth manifold M is a Lie bracket {-,-} on C°°(M) satistying

the Leibniz rule. So a Poisson bracket satisfies

{fg,h}y = f{g,n} + g{f, 1},
{f,9} =9/},
{f7 {g’h}} + {gv {hvf}} + {h7 {f,g}} =0.

A symplectic structure gives rise to a Poisson structure by

{19} = —w(Xs, Xy).

Compatible almost complex structure

Assume a smooth manifold M is equipped with both an almost complex structure J and a
symplectic structure w. Then J and w are said to be compatible if

9(X,Y) :=w(X,JY) (2.1)

defines a Riemannian metric on M, that is g has to be a symmetric and positive definite
bilinear form. For J an almost complex structure, g a Riemannian metric and w a symplectic
form, the three are said to be compatible if Equation is satisfied. Clearly any two of
the three define the last. One can calculate that symmetry of g is equivalent to that w is
J-invariant, and hence ¢ is J-invariant. So both g and w have type (1,1).
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First Chern class

Chern classes are characteristic classes. If the Chern classes of two vector bundles are not the
same, then the vector bundles are different. For the integer Chern class, the first Chern class
is a complete invariant for line bundles, so line bundles are defined by their first Chern class.
There are several different ways to define Chern classes. In [2I] one can see many of these
definitions.

When we talk about the first Chern class of a manifold M, we mean the first Chern class
of the tangent bundle T'M. There is a close connection between the first Chern class of TM
and the first Chern class of the canonical line bundle K = A" T* M.

Lemma 2.1. Let Ky = N\"T*M be the canonical bundle of M. Then
Cl(KM) = —Cl(TM)

Remark 2.2. We will give a sketch of the proof. Let Ky = A" T*M be the canonical bundle.
Let E=L;®---® L, be abundle. Then \"E =L ®---® L.

a(B)=ci(Li@® & Ly) =Y ei(Ly).
Likewise, we can calculate
ch(A"E) =ch(Li ® -+ ® Ly) = [[eh(Ls) = [JA + er(La)) =14 " er(La) + ...

Which means

Therefore

c1(Ku) = —a1(Kyy) = —c1(\ TM) = —e2(TM)

2.4 Metaplectic structure

Let (M,w) be a symplectic manifold. For each point p in M there exists a compatible almost
complex structure J, on T, M. We define L* M as

LT™M :={(p,J,) | p € M, Jp an almost complex structure on T, M compatible with w}.

Then LTM — M is a smooth bundle. A section J: M — LT M correspond to a compatible
almost complex structure J on M. Which means the space of sections is contractible and the
projection Lt M — M is a homotopy equivalence with any section a homotopy inverse.

At each point (p,.J,) € L™ M we can consider K, := A" T’M}‘p. These form a smooth
bundle K over LTM. A pullback by an almost complex structure J yields the canonical line
bundle K ; — M associated to the almost complex structure.

Definition 2.3 (Metaplectic structure). A metaplectic structure on a symplectic manifold
(M,w) is a line bundle § — L*M and a map ¢°: 62 — K which is an isomorphism of line
bundles over L™ M.
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Clearly a metaplectic structure exists if and only if ¢; (K) € H*(L*M,Z) is even. Since
LT M — M is a homotopy equivalence H?(L*M,Z) is canonically isomorphic to H?(M,Z).
Any compatible almost complex structure J: M — LTM will give a homotopy inverse,
hence induces an isomorphism J*: H?(LTM,Z) — H?(M,Z) which is independent of J. By
naturality of the first Chern class we see J*¢1(K) = ¢1(K ). So the first Chern class ¢1 (K) is
even if and only if the first Chern class of the canonical bundle of M} is even.

In conclusion: When the first Chern class of the canonical bundle of (M,w) with a
compatible almost complex structure is even, a metaplectic structure provides a canonical
choice of square root of the canonical bundle.

2.5 Kahler manifolds

A Kahler manifold is a smooth manifold M equipped with a compatible triple (J,w, g), where
J is integrable. The Hermitian metric g on a Kdhler manifold M is called a Kéhler metric
and the symplectic form w is called a Kéhler form.

On a symplectic manifold (M,w), choosing a Kéhler structure is the same as choosing a
compatible integrable almost complex structure.

The Levi Civita connection is a unique connection on a Kéhler manifold defined by the
following.

Vg=0 or X[g(Y,2)]=9(VxY,Z)+g(Y,VxZ)

for any vector fields X, Y and Z on M, and V should be torsion free, i.e. for any vector fields
X and Y
[X,Y]=VxY —VyX.

For a Ké&hler manifold, the almost complex structure .J is parallel with respect to the
Levi-Civita connection, that is

VJ=0 or Vx(JY)=JVxY

for any vector fields X and Y on M.

2.6 Curvature

For a Riemannian manifold, we define the curvature as a 2-form with values in the endomor-
phism bundle End(T'M). Let V denote the Levi-Civita connection, then we define

RY(X,Y)Z :=VxVyZ—-VyVxZ—VixyZ.

Note that RV is symmetric in X and Y. The curvature tensor satisfies several identities,
among others the algebraic Bianchi identity, which we will often use

RY(X,Y)Z +RY(Y,Z)X + RV (Z,X)Y = 0.

On a Kéahler manifold we call the curvature stated above the Kéhler curvature and denote
it by R(X,Y)Z. Let us now assume that we have a Kéhler manifold (M, J, g,w). We denote
the inverse of g and w respectively by g and @. They are unique, symmetric respectively
antisymmetric bi-vector fields satisfying

g-g=Id=g-g and w-v=Ild=w& w
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From the curvature tensor we can define the Ricci curvature as
r(X,Y)=t[Z— R(Z,X)Y].
The associated skew-symmetric (1, 1)-form p is given by

p(X,Y)=r(JX,Y).

Abstract index notation

To make calculations easier, we introduce an abstract index notation as follows. When we
write w - J, it means that we contract the tensors. Sometimes we will need expressions where
the entries to be contracted cannot be indicated simply by placing the tensors next to each
other. Because of this, we introduce the following abstract index notation. A subscript means
a covariant entry, a superscript a contravariant entry, repeated indices indicate contraction.
With these conventions we get
Gab = wauJ};L-

If the two contracted indices are both either sub- or superscript the Kéhler metric is used for
contraction. As an example of this we have the scalar curvature

~uv
S = Tyu = Tuwvdg -

In abstract index notation we write the curvature tensor as Rgbc. We can use the metric

to lower the upper index, so we write Rapecq = ;. gua- In this notation it is easy to write the
Ricci curvature, since it becomes rqy = R ;. Rabed is symmetric in the two first entries and
in the two last, and antisymmetric when we switch the two first with the two last entries. We
see that
Tab = RZab = Ruabu = Rauub-
We can write p as )
Pab = J:;rub = §Rabuva)uv7

where the last equality comes from using the Bianchi identity and the symmetries of R.

We should also note something about the curvature of the canonical line bundle. Since the
canonical bundle is exactly the top exterior power, we get

Rox = trRyr = ip,

where the last equality comes from the calculation p,, = %Rabwd}““.

The Ricci potential

On a complex manifold M, any closed form is locally exact with respect to the d9-operator.
That is for a closed form « € QP4(M), U C M a contractible open subset, there exists a form
B € QP~La=1(J) such that a|y = 098 provided pg > 0. On a compact Kihler manifold a
similar, but global, version of this statement can be proven using Hodge Theory, see [16]. Let
M denote a compact Kéhler manifold.

Proposition 2.4 ([16]). For any exact form a € QP9(M) there exists a § € QP~H171(M)
such that o = 21008 provided pg > 0.

We will apply this to the Ricci form p. It is a real, closed (1, 1) form on M, hence it differs
from its harmonic part p¥ by a real, exact (1,1) form, which we can use the proposition on.
Hence B

p = p™ + 2i00F,
where ' € C*°(M) is a real function, called the Ricci potential.
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Divergence

Divergence of a vector field X on M is the function §X € C°°(M) defined in terms of the Lie
derivative and volume form by the equation

Lxw™ = (0X)w™.

Note that X only depends on the symplectic volume, not on the Kahler metric. By computa-
tion we can write d.X in terms of the Levi-Civita connection, but then the independence of
the Kéhler structure is not as obvious

0X =trVX =V, X

Proof. This can be proven by simply writing out the two sides, and noticing that they are
equal. We want to prove that 6X = trVX. To do this we calculate (Lxw™)(v1, ..., v2m)

(Lxw™)(v1,...,v29m) = Lx (W™ (v1,...,02m)) — Zwm(vl, o £xvg, o Vo).

The first term Lx (w™ (v1,...,v2m)) will be a sum of X used on products of w(v;, v;).
X (w(vy, Uj)) = w(Vxuv;, Uj) + w(v;, Vx’l)j),
This means we get the following

EX(wm(vl, . ,Ugm)) = X(wm(vl, . ,’Ugm))

= Zwm(ul,...,vai,...,vg’).
i

For the last terms we have
W1,y LXVi, ey V2m) = W (01, [ X 0],y 02).
By combining Equation [2.6] and Equation [2.6] the result is

(Lxw™) (01, vm) = > w™(v1,... Vi, X, .., 2m),

for each i, all the components, except from the i’th, are zero, so we get trace as we wanted
=trvVXuw™
Hence we have proven 6X = trV.X. O
The Laplace de Rahm operator on functions can be expressed in terms of the divergence by
Af = —22’(5X}

where X = df @ is the (1,0)-part of the Hamiltonian vector field associated with f € C>(M).
We can generalize the notion of divergence to tensors of higher degree. Let X,..., X, be
vector fields on M, then

(X1 ® - ®X,)=0X1)X1® - @X,+ Y Xo® - ®Vx, X; 00X,
J
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This defines a map §: C°(M, TM®") — C>°(M,TM®™=1) which we also call the divergence.
Note that this map is dependent on the Kéhler structure.

We will also need a notion of divergence on sections of the endomorphism bundle of the
tangent bundle. For o € Q*(M) a one form and X a vector field, we define

(X ®a):=6X)a+ Vxa.
This gives us a map 6: C>°(M,End(TM)) — QY(M).

2.7 Families of Kahler structures

Assume that we have a smooth manifold 7 and a smooth map
I: T — C™®(M,End(TM))

such that (M,w, I,,) is a K&hler manifold for each o in 7. We say 7 smoothly parametrizes
Kahler structures on M, or that we have a family of Kahler structures on (M, w), hence the
following definition.

Definition 2.5 (Family of Kihler structures). For (M, w) a symplectic manifold, 7" a manifold
and I a smooth map as above, we say I is a family of Kéahler structures on (M,w).

Note that I: T — C*°(M,End(TM)) smooth means that it defines a smooth section of
the pullback bundle 7}, End(T'M) — T x M where mpr: T x M — M denotes the canonical
projection.

We use the notation M, to denote the complex manifold (M, I,).

For each o we get an almost complex structure I,, as we have seen earlier, we can use
this to split the complexified tangent bundle TM¢ = TM ® C into the holomorphic and
anti-holomorphic parts,

T'M, :=1Im(id — il,) and T"M, :=Im(id +il,).
Since w is non-degenerate, the map
X = w(X,)

is injective and hence an isomorphism, since we map between vector bundles of the same rank.
This map will be denoted i,,. In exactly the same way we get a map we call i4,_.

iw7iga :TMc — T*M(C,
These two maps are related
ign‘ (X) = ga(X7 ) = LU(X, Io')
=w(l,X,I2) = —w(l,X,)
=1, Zw(X)
We know that A%(I,)w = w so we can calculate
(AQigU)()\in)_lw = (Azigo)(A2i;1>w = AQ(igcr © Zu_Jl)w = A2(Ia)w =w
which gives us

(A%, ) rw = (Vi) " tw.

We see that this means the left side is independent of o, even though it doesn’t appear to be.
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Infinitesimal calculations

Suppose V is a vector field in 7. We can differentiate I, the family of Kéhler structures, along
V. We denote this derivative V[I]

VII]: T — C=(M,End(TM)).

I, defines an almost complex structure for any o in 7, hence I2 = —id. When we differentiate
this we get
Vels + I, V][I, =0,

which means V[I] anti commutes with I, hence it switches types of vectors on M,. So
VI, € C®(M,(T'"M} @ T"M,) & (T"M} @ T'M,)).
Because of this we can decompose the vector space as
VIl = VI, + VI

where V[I|, € C°(M, T'"M} @ T"M,) and V(I € C°(M,T"M* @ T'M,).
Like we differentiated I along V', we can also differentiate g along V', we will use the same
notation and denote it V[g]. Since we know how g depends on w we get

VI[gl(X,Y) = w(X, V[I]Y).
So w is of type (1,1) and g is symmetric, hence
Vgl € C=(M, S*(T'M*) @ S*(T" M*)).

Now define G(V)) € C*(M, TM¢ ® TM¢) by the contraction

VI =GV w=G(V)™ wu.

Construction of G(V)
Define G(V) € C>°(M,T'M, ® T'M,) such that

G(V)=G(V)+G(V)

where G(V) € C>°(M, T" M, ® T"M,). This is possible since G(V) has no (1, 1)-part.
We observe that when we have a holomorphic family of K&hler structures, which we will
introduce in Section we get

V'[I] =G(V) wand G(V)=G(V").
Since V[g] = w - V[I] we have

Vigl=w - V[I[] =w-G(V) - w = —(i, @ i,)G(V)

s0 Vgl = —(i, ® i,)G(V). From this it is clear that G(V) € C°(M, S2(TM¢)), and then
G(V) takes values in C>°(M, S?*(T,)).

We will also need the variation of the Levi-Civita connection V[V] € C*(M, S?*(TM*) ®
TM). In [I6] Theorem 1.174 we have the following formula

29(VIVIxY, Z2) = Vx (VIgD(Y, Z) + Vy (VIgh (X, Z) = V2 (V]g]) (X, Y). (2.2)
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By using V[g] = g - G(V) - g and switching to abstract index notation we get
QV[V]Zb = Vaé(v)cugub + gauvbé(v)uc - gaugcwvwé(v)uvgvb-
By a calculation we see that the trace of this tensor is zero

2V[V]5 = Vwé(v)xugub + gzuvbé(v)ux - gwugacwvwé(v)m}gvb
= vxé(v)mugub + gxuvbé(v)um - vué(v)uvgvb

where the last equality follows since G(V) has no (1, 1)-part, which is the type of g.

The canonical line bundle of a family

As before let I be a family of Kéhler structures. Now consider the vector bundle
T'M — T x M

with fibers 7" M, , = T, M, given by the holomorphic tangent spaces of M. We will use the
hat whenever we are working over 7 x M instead of M.

We know that the Kihler metric induces a Hermitian structure 27 on 7M. The
Levi-Civita connection gives us a partial connection along the directions of M. We can extend
this to a full connection on V7'M on 7"M in the following way: Let Z € C°°(T x M,T'M)
be a smooth family of sections of the holomorphic tangent bundle. Let V be a vector field
on 7. We can regard Z as a smooth family of sections of the complexified tangent bundle
T Mc, then we differentiate Z along V in this bundle. We then project the result back onto
the holomorphic tangent bundle:

VvZ =V |[Z].
Since VI'M is induced by the Levi-Civita connection it preserves the Hermitian structure in
the directions of M. By a simple calculation we see that it preserves the Hermitian structure
on T"M. Let V be a vector field on T, X,Y sections of 7M. We get the following

VIRTM(X,Y)] = V[g(X,Y)]
= V[g}(X,?) + g(V[X],?) + g(X, V[?])

= h(VyX,Y) + h(X,VyY),

where the last equality is because the (1,1)-part of V[g] vanishes. We see that the Hermitian
structure is preserved.

Let us now define the canonical line bundle of a family of K&hler structures as the top
exterior power of 17" M*

Definition 2.6 (The canonical bundle of a family). We define the canonical bundle of a family
of Kihler structures to be K = A" T"M* — T x M.

The Hermitian structure and connections we just defined on 7'M induce a Hermitian
structure h* and a compatible connection VX on K.
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Definition of © and ¢
For any vector fields V,W on T we define © € Q*(T,S%(TM))

OV, W) =S(G(V)-w-GW)),

where S denotes the symmetrization. From this we can define a real two-form 6 € Q?(T, C>°(M))
as

oV, W) = —ig(@(V, W)) = —%gqu(V, Wwe.

We can prove that © is exact. To do this observe that G(V) = #2°G(V) = (z1°@x10)G(V).
Let V and W be commuting vector fields on 7. Now calculate the variation of G(V') along W
using a Leibniz rule

WIG(V)] = W([(x"* @ 7" 0)G(V)]
= (Wr @ a0 (G(V)) + (7"° @ W[r' ') (G(V)) + (z*° @ a O)WI[G(V)]
(

_ _%@(W) W GV + %G(V) cw- GW) = a2 (WV(g))
_ 7%@(1/[/) cw-G(V) + %G(V) cw oé(W) - WQ’O(WVL@D
=iS(G(V) - w-GW)) — > (WV[3]),

we have used the fact that G(V) - w - G(W) = 0.
This shows that

VIGW)] = WI[G(V)] =iS(GW) - w-G(V)) —iS(G(V) -w-G(W))
) w ) w

If we view G as an element in Q!(7,S?(T"M)), we can rephrase it as
drG = —i0,

which is what we wanted.

The curvature of the canonical line bundle

The curvature of the canonical line bundle of a family of K&hler structures is given by the
following proposition, see [3].

Proposition 2.7 ([5]). The curvature of VX is given by
‘ i~ .
F@K(Xa Y) = ’L[)(X,Y), FﬁK(V;X) = iéG(V) W Xv F@K(Va W) = 20(‘/7 W)a
for any vector fields X, Y on M and V.W on T
Proof. The curvature is a tensor, so we can assume all the vector fields to be commuting.

The first curvature comes from the fact that V is an extension of the Levi-Civita connection
in the direction of M.
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First we calculate the curvature in mixed directions. Let Z € C*°(M, T'M). We use the
definition Vy Z = 710V [Z]
Fox(V,X)Z =VyVxZ - VxVvZ
=1 V[V Z] - Vxr' V7]
=1 OVVxZ] - 7OV V[Z]
=1V [V]x Z.

In the second equality, we use that V is an extension of the Levi-Civita connection V. In the
third equality we use that Vx preserves types. The last equality is the Leibniz rule.
Now fix 0 € T, p € M and let ey,..., e, be a basis for 7'M, , = T, M, which satisfies
gg(ei7€j) = (SZ] Then
Fer (V,X) = —trFgrn(V, X)

= —tr(7"'V[V]x) = — ZQ(V[V}X‘%’EJ‘)-

We now use Equation (2.2]) to get

g(V[v}Xejan) = %(V[g])(ej,éj) + %vej (V[g])(Xvéj) - %sz (V[QD(X, ej)
=04 2V, - VID(X.5) — 290, (- VI (Xe)
1 1

_ %g(vgj(v[l])X, ),

where we have used the (1, 1)-part of V[g] vanishes. Now we can finish the calculation

Fou(V,X) = = 30 (= 500V, (VI X.85) = 0(Vi, (VI X.7)

which is what we wanted.
Let us now take two vector fields on 7. Take an arbitrary Z € C°°(T x M,T"M).

VvZ ="V [Z] = V[x'°Z] - V[« 02

= V[z)+5VII)Z,

VvVwZ =Vy (W[Z] + ;W[I]Z)
—VW(z] + %vwmz + %W[I]V[Z] + %V[I]W[Z] + %%V[I]W[I}Z.

We have assumed V and W to commute, so we know the curvature Foriu (V,W)Z is given by
VyVwZ — Vw Vv Z. By using what we just calculated twice, and using V and W commute
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we get

F@T’M (V, W)Z = @V@WZ — ﬁwﬁvz

- i(fV[[}W[I]Z +WIV(IZ)

1
= Vi wiZ.

We have that F@K is the trace of F@T/M so we get
F@K (‘/, W) = —tI‘F@T/M (‘/, W)
1
= SOV, W)
=0V, W),

which is what we wanted.
We have now proven the theorem. O

Use of the Bianchi identity

We can use the Bianchi identity on the connection VX on different vector fields to get three
useful results

Proposition 2.8 ([5]). The two-form 6 € Q?(T,C>(M)) is closed.
Proof. This follows directly when using the Bianchi identity on three vector fields on 7 [

Proposition 2.9 ([9]).
d(O(V, W) = %W[&G(V)] = %V[éé(W)] ‘W

Proof. To prove this we use the Bianchi identity on VE on the vector fields V, W on M and
XonT.

0= F@K(V, W)X + F@K(VV,X)V + F@;((X, Vw
= i(V,W)X + (;6G(W) w- X) V- (;56(1/) w- X) W
— X[i0(V, W) + V B(sé(W) - X] —w B(sé(m - X}

= iX[0(V,W)] + %V[éé(W)} we X — %W[éG(V)] ‘w- X,

By isolating X [0(V,W)] = d(6(V,W))(X) we get what we want
AoV, W) = —%V[(SG‘(W)] ot %W[(SG’(V)] ‘.
O

By using the Bianchi identity on one vector field V on M and two vector fields X and Y
on T we get the last equality
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Proposition 2.10 ([5]).

Vip = %d(éG(V) ).

Proof. We compute this
0= F§K(X7Y)V + F@K(Y, V)X + F@K (V7 X)Y

— iV[p(X, V)] - X Baé(m - Y} Ly [;6@(1/) - X}

= iV[p(X,Y)] = 5d(G(V) - w)(X,Y)
By isolating V[p(X,Y)] we get the identity we wanted

VIp(X, )] = d(G(V) - w)(X,Y).

Holomorphic families of K&hler structures
If we further assume 7 to be a complex manifold, we can require I to be a holomorphic map.

Definition 2.11. Suppose 7T is a complex manifold and that I is a family of complex structures
on M, parametrized by 7. Then I is holomorphic if and only if

V'[I]=V[I) and V"[I]=V[I])"
for any vector field V on T.

If we let J denote the almost complex structure on 7 induced by its complex structure, we
get an almost complex structure I on 7 x M defined by

(Ve X)=JVeLX, Ve X T, (T xM)

We can use this to give an alternative characterization of holomorphic families, given by the
following proposition from [5]

Proposition 2.12 ([5]). The family I is holomorphic if and only if I is integrable

Proof. We have to show that I is holomorphic if and only if the Nijenhuis tensor for I vanishes.
Since we know J is integrable, the Nijenhuis tensor will vanish when used on vector fields
tangent to 7. Similarly since I is a family of integrable almost complex structures, the
Nijenhuis tensor will vanish on vectors tangent to M. So we need to show it also vanishes in
mixed directions.

Let X be a vector field on M and V a vector field on 7. We know that [V, IX] = V[[]X.
We calculate the Nijenhuis tensor

N;(V',X) = [JV IX] - I[JV', X] - IV, IX] - [V', X]
=4[V, IX] - 0—I[V' IX] -0
=V'[I|X — IV'[I|X
= 27" V/[I]X.
Similarly we can show N;(V”, X) = —2ir"°V”[I]X. This means N; vanishes if and only if
" WINX =0 and 72°V[I]X =0

which proves the proposition. O
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Rigid families of Kéhler structures

To construct a Hitchin connection, which we want to do in the next chapter, we need the
notion of rigidity as introduced in [3].

Definition 2.13 (Rigid). A family of Kdhler structures is called rigid if
VxrG(V)=0
for all vector fields V on 7 and X on M
Note that if we have a rigid family of Kahler structures, and V is real, we also get that
Vx'GV)=0

for all vector fields V on 7 and X on M. We have that G(V) = G(V) + G(V) is real, that
means G(V) = G(V) = G(V) + G(V), so we get G(V) = G(V).

2.8 Construction of H*) and H®*)

Define a family of d-operators on £F at o € T by

1

vl = S(L+il)V.

g

For every o € T consider the subspace of C>° (M, £*) given by
HP = HO(M,, LF) = {s € C=(M, L") | VO's = 0}.

We will assume these subspaces of holomorphic sections form a smooth finite rank sub-bundle
H®) of the trivial bundle H*) = T x C>(M, LF).

Let V' denote the trivial connection in the trivial bundle #*). Let D(M, L*) denote the
vector space of differential operators acting on C°°(M, L£¥). For any smooth one form u in T
with values in D(M, £*) we have a connection V in H*) given by

VV = V%/ — U(V)

for any vector field V on T.
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Geometric quantization

The possible states of a quantum system are vectors in a Hilbert space called the state-space.
Each observable is represented by a self-adjoint linear operator acting on the state space. Most
quantum systems have a classical limit, and a way of relating the observables of the quantum
mechanical system and the classical system. However often the construction is the other way
around, one starts with a classical system, and wants to obtain a corresponding quantum
mechanical system, by some way of quantization.

From physics we know canonical quantization, which for examples as the hydrogen atom
matches observations. In mathematics, the general quest is to make a well defined quantization
scheme, that can be used on any phase space, and that reproduce canonical quantization on
(R, w).

Geometric quantization is an attempt at such a quantization scheme, which in its most
complete form involves metaplectic quantization. This quantization schemes however depends
on the choice of a so-called polarization, which in the case we will consider will simply be a
complex structure compatible with the given symplectic form. This quantization scheme, in its
current state of development, fails to establish the independence of the polarization in general.

3.1 Prequantization

Definition 3.1 (Prequantum line bundle). A prequantum line bundle (L, h, V) over a symplec-
tic manifold (M, w) is a complex line bundle £ with a Hermitian structure h and a compatible
connection V whose curvature satisfies

Fo(X,Y) = —iw(X,Y).

A Hermitian structure h is called compatible with V if for any vector field X and any two
sections s1, so of £ we have

X(51,52) = h(VX(Sl),SQ) + h(Sl, VX(SQ))

Definition 3.2 (Prequantizable). We call a symplectic manifold (M, w) prequantizable if there
exists a prequantum line bundle over it.

Note that the curvature of a connection V on £ — M is a 2-form Fy € Q?(End(£)), with
values in the Endomorphism bundle End(£) = £ ® £*. Since £ — M is a line bundle, we can
create a global section of End(£) — M by choosing the identity, hence End(£) is trivial.

End(£) ~ M x C

27
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which means the curvature can be seen as a 2-form on M with values in C.
A symplectic manifold (M, w) is prequantizable if and only if

2] e (20 2) » H(MR)),

see [48].
Hence for a symplectic manifold (M,w), prequantization assigns a line bundle £ with
curvature w. There is a prequantum operator f — f given by

f = (—ikVx, + f)s

for all s € C>(M, L).

Ezample 3.3. Let us take a look at the example R?" with coordinates (p’,q’), i = 1,...,n.
Then w = dp’ Adq’ is a symplectic form, and w = d(}, pidg;). Let a =}, pidg;. We can take
the trivial line bundle £ = R?" x C with connection V, = v + £V - @, as the prequantum line
bundle. Then 5

87(]2..

0
Xg = ap: and X, =—

We calculate Vx, and Vx

0 1 0 0
Vx,, = o, + 7 Op; 'zj:pjd(b = o

and B - 5 )
2 1
= o= ra idg; = —5— — = Di-
Vi, dq;  hog; Z:p 1 0q; n?

Hence

Gis = (—ihapi +qi)s

R . 0 ) .0

pis = (—ih(—5— — =pi) + pi)p = th—s

dg; h 9q;

for all s € C>(M, L).

Recall that in canonical quantization we consider wave functions 1) depending only on say the
g;-variables and the quantization of the coordinate functions are then given by p;i) = iha%iz/)
and ¢;v» = ¢;v. But notice that if we restrict to the subspace of s’s in prequantization
setup which are covariant constant along 0/0p;’s, we do actually perfectly recreate canonical
quantization, since such sections will be determined by their restriction to say the subspace
where p; vanish and thus the resulting functions only depend on the p;’s and the prequantum
operator reproduce the operators from canonical quantization perfectly. Requiring that
the sections are covariant constant along the 9/dp;’s can be generalized to the notion of a
polarization, which makes sense on any symplectic manifold. We will now briefly recall the
definition of a general complex polarization, referring the reader to [48] for further details.

Complex Polarizations and geometric quantization

Let (M,w) be a symplectic manifold. Assume that we have a prequantum line bundle (£, h, V)
on (M,w).
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A complex polarization of a symplectic manifold (M,w) is a complex distribution P on M
such that for each m € M, P,, C (T,,, M) is Lagrangian, the dimension of D = PN PNTM
is constant and P is integrable.

Given a polarization P we can considers the vector space of P-polarized sections

HY = {s e C®(M,LF) | Vzs =0, VZ € C®(M,P)}.

This is the quantum vector space which geometric quantization associated to (M, w) equipped
with the polarization P at level k € Z.

Example 3.4. For R?” with the standard symplectic structure we can in the coordinates

introduced in the previous section let P = span{d/dp1,...0/Ip,}. Then

Hp ={s€ C®(M,L)|V_o s=0}

op;

is precisely the subspace we considered to get canonical quantization.

As another example, let us first consider almost complex structures J which are compatible
with w, that is g;(X,Y) := w(X, JY) defines a Riemannian metric on M.
The almost complex structure J induces a splitting of the complexified tangent space

TMc=TM;®T"M;

into eigenspaces of J corresponding to the eigenvalues i and —i. Let
10_ 1 ,
Ty = §(Id —iJ),
1
nyt = S +id),

denote the projections. Then T'M; = Im(7 ;%) and T"M; = Tm(zy").

Hence we can define P = T’ M; and then P will be integrable if an only if J is integrable.
We observe that the condition on the dimension of D is trivially true since D = 0 in this case.
In fact, when D = 0 the sub-bundle P is always the i-eigenspace of some uniquely determined
J.

However, geometric quantization does actually not reproduce the correct quantization of
the harmonic oscillator, since the spectrum of the quantization of the Hamiltonian differs from
the correct one by a shift. Metaplectic quantization is modification of geometric quantization,
which does reproduce the canonical quantization of the harmonic oscillator.

3.2 Metaplectic quantization

Assume (M, w) is prequantizable and we have a parallel almost complex structure J, which
means we have a Kihler manifold. Fix a prequantum line bundle (£, h*, V¥). Then h* and
h‘} induces a Hermitian structure h; in Then £F ® §;. V£ and V‘SJ induces a hj-compatible
connection Vy; = VA @Id+1d® stj and V; has curvature —ikw + %p‘h which is of type (1,1)
SO V(}’l = wg’lv 7 defines a d operator in £LF ® 6§; making this a holomorphic line bundle over

M ;. Consider the space H(Jkg = C>(M, LF ® &) of smooth sections. Then VOJ’l gives rise to

a subspace H(gk} of holomorphic sections

1) = HOM;, L4 @85) = {s € C%(My, L& b)) ‘ vos =0},
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If one insists on wanting a Hilbert space, one can consider the Hermitian inner product

1

- h m
m ). J(81,82)w

(s1,82) =

and then restrict to the subspace of H(gf]), which consist of sections whose norm associated to
this inner product is finite and one then actually obtains a Hilbert space.

It is however not clear to us that this Hermitian inner product is the correct one to consider.
We are interested in constructing Hitchin connections, which in the first instance only preserves
the space of holomorphic sections, but which then provides for an identification of the quantum
vector spaces for the corresponding different polarizations induced from the family of J we
consider. It would then be natural to ask that this identification also preserved the Hermitian
inner products, which however in certain cases implies that this Hermitian inner product is
not the right one.
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Construction of the general Hitchin
connection

The main purpose of this chapter is to recall the construction of the Hitchin connection in
geometric quantization, as it is done in [3] and then to recall the construction of a Hitchin
connection in the setting of Metaplectic Quantization as it is done in [5].

4.1 The Hitchin connection in geometric quantization

Recall that we have a symplectic manifold (M,w), which we assume is prequantizable with
prequantum line bundle (£, h, V) and that we further assume that we are given a smooth
family

I:T — C*(M,End(TM))

of complex structures on M such that M, = (M, I,,w) is Kéhler for all o € 7. We then
consider the trivial C°° (M, £¥)-bundle over T, H %) and assume that the subspaces

H(M,,LF) c c*>=(M, L)

form a smooth subbundle H®) < H*),
Recall that a Hitchin connection is defined as follows.

Definition 4.1 (Hitchin connection). A connection in H*) over T of the form

V=Vi-u (4.1)
where V* is the trivial connection in H®*) and u is a one form on 7 with values in differential
operators acting on C> (M, L*) is called a Hitchin connection if it preserves the sub-bundle

H®.

Lemma 4.2 ([3]). A connection V of the form @) in H*) induces a connection in H®),
i.e. V is a Hitchin connection, if and only if

%V[I]Vl’os + VO (V)s =0 (4.2)
for all vector fields V. on T and all smooth sections s of H®).

31
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Proof. Let s be a smooth section of H® over T, then we know V%'s =0 for all o € 7. Let
V be a vector field over 7. Then Vy s is a section of H(¥). Now

1
0=V2s= 5(1 +il,)Vs.

By taking the derivative of this in the direction of V', remembering that V is independent of o
and using a Leibniz rule we get

0= %(V[IWS)C, + %(1 +115)V(V[s]s)
- %(vas)(, + VO (Vs],)

and since V%1s = 0 we can write

S VIV 85 + V2 (V]s],) = 0.

We can then compute

Vol (Vv (s)e) = Vo (Vi (s) — u(V)s)s)
= Vo' (Vsle) = Vo ((u(V)s),)
i
= =5 (VII[V*s)o = Vo ((u(V)s)o)
hence V preserves H®) if and only if Equation holds. O

By observing that V”[I]V!%s = 0, we can write the equation as
0= SV/[IIV s+ V" u(V)s
= %w G(V) - Vs + VO u(V)s

instead.
Let us now recall the following Theorem from [3] together with its proof.

Theorem 4.3 ([3]). Suppose there exists | € Q such that the first Chern class of (M,w) is
llw] € HX(M,Z), HY(M,R) = 0 and M is compact. There ezists a Hitchin connection V in
H*) | which preserves the sub-bundle H¥). It is for all V' smooth vector field on T given by

@V = @1{/ - U(V),
where @ﬁ/ is the trivial connection in H®), u(V) is the second order differential operator given
by

1 1
u(V) = 2% +1 (2AG(V)(S) + Veawyar(s) + QkV/[F]S)

where Ag(vy s a certain second order operator depending linearly and smoothly on V' defined
by Equation (4.3)). Further V' denotes the (1,0)-part of V. on T and F: T — C§(M) is
determined by F, € C®°(M) being the Ricci potential for (M,1,) for all o € T with zero
average.

We remark that in the proof the compactness assumption on M is only used to obtained a
smooth family of Ricci potentials F' (using Hodge theory) and that this assumption therefore
can be dropped if we are given a smooth family of Ricci potentials F' by some other means.
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Construction of Ag

We will now construct a u that solves equation under certain conditions.

The manifold (M, w) is a Kéhler manifold, so we have the Kéhler metric and the Levi-Civita
connection V. Let p, € QV1(M,) be the Ricci-form. By Hodge theory we have p, = p + da,
where p is the harmonic part of the Ricci-form. Let the Ricci-potential be

F, € C(M,R) := {f € C°(M,R) | /M fw™ = o},

that satisfies p, = pf + 2i0,0,F,. In this way we get a function o — F,
F: T — Cy°(M,R).

By Hodge-theory F' is smooth.
Let G € C~(M,S?*(T'M,)). We get a linear bundle map G: "M} — T'M,. We can
construct an operator Ag: C®(M, L¥) — C°°(M, L) in the following way

Ag: C°(M, £F) Y25 o (M, T/ M @ L)
GO, oo (M, T' M, @ L£F)
Y OUAMEV ST oo (v T M @ T M, @ £F)
2 0% (M, £). (4.3)

First we take the derivative in the (1,0) direction, resulting in an element in 7’M} ® L*.
Then we contract with G on the 7"M?* part and the identity on the other part, and end in
T'M, ® L*. On this we use the tensor product connection (in the (1,0) direction), and since
V50 preserves T'M, we end in T'M} @ T'M, ® L*. Now we use trace and end back in £*.

Let f be a smooth function on M. We have the projection from TM ~T'M, & T" M, to
T’ M,, which takes df to 0, f, so we can get a vector field Gdf € C*>(M,T,).

The existence of the Hitchin connection

We would now like to construct u(V) that satisfies equation (4.2) using Ag(yy. Assume the
family of Kahler structures is rigid. We will do the calculations in the following steps. First
we calculate Vo’lAg(V) and find

VP Agys = —2ikw - G(V) - Vs —ip- G(V) - Vs —ikw - §(G(V))s (4.4)

for any (local) holomorphic section s of L. So we see that Ag vy almost satisfies equation
(4.2), except for the last two terms.
Inspired by this, we let

1
V)= —+
uV) = gvan (
then we can show that u(V') exactly satisfies equation (4.2)). This is the last thing we need,

because when this is done we know from Lemma that V preserves the sub-bundle H*)
under the stated conditions, and we have obtained Theorem

Acy +2Vaw).ar + 4kV'[F])
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We are doing the calculations step by step. First take the derivative of Ag(v)
VO AGv)s = Var Vi GV Vs
= VuVar GV Vs + [V, V] GV Vs
= VGV Vs + Vi (Var G¥ V)V s
+ ([V, V]grw G¥ " VWV s + GV [V, V]arw Vi s
+ four terms that cancel out
= VG [V, Vg s + VG V'V Vans
+ Ry, GV s — ikwe, GY'V s
=V, G [V, V] s — RY .GV 8 — ikwa GV 8
= —1kV G"/”wav Q8 —TauG"'Vys — ikwa  GY' Vs
= —ikVo G way @ 8 — Jr4y JL, GV V s
— kW GV Vs
= —ik(V G )way ® 5 — ikG" " (Vo way) ® s
— ikG“/“wavvu/s — iJfrIu/G“/”/Vv/s — ikwauGulv/szs
= —ik(V G )wap @ 5 + 0 — kG Yway Vo s
— iJ;"rm/G“l”/VU/s — ikwauG“/”/VU/s
= —tkd(G) ' wap ® s — ikwavG“/”Vms — ipau/G”/”/Vv/s
— ikwaw G“,“/Vy/s
= —2ikweu G Vo5 — ikwayd(G) @ 8 — ipaw GV Vs
= —2ikw-G Vs —ikw-6(G)®@s—ip-G-Vs,
hence we have Equation . Next we want to prove that
VO (Agw)s + 2Vew).ars) =
—i(2k+ Nw - G(V) - Vs —ikwd(G(V))s — 2ikw - G(V) - dF s. (4.5)
We know that p = Aw + 2i00F, so
VO Agys = —i(2k + Nw - G(V) - Vs —ikw - §(G(V))s
+200F - G(V) - Vs.
So all we have to prove to get is
VO 2V vy.ars) = —2ikw - G(V) - dFs — 200F - G(V) - Vs.
We calculate
VO'Vewyars = VO (G(V) - dF)“V,s)
= VYUY G(V)-dF) - Vs+ (G(V)-dF)“(V"'V,s)
= (G(V)- V" dF) . Vs —ikw - G(V)-dFs
+(G(V) - dF)(V,V"1s)
= (G(V)-00F)-Vs —ikw-G(V)-dFs
=—90F -G(V)-Vs —ikw-G(V)-dFs

o~ o~
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using 99 + 90 = 0 and that G(V) is symmetric.
Now we can use Lemma [2.10] to prove

LIV'[F] = §(G(V)) - w + 2dF - G(V) - w (4.6)
We are doing this by taking the derivative of p = Aw + 2i00F = A\w + 2idOF along V.

V'[p] = A\V'[w] + 2idV'[0]F + 2id0V'[F)
=0+ 2idV’[% + i%iJ]dF + 2idOV'[F]
= —dV'[J] - dF + 2id0V'[F]
= —dG(V)-w-dF + 2idOV'[F)
=d(dF -w-G(V) + 2i0V'[F)).

Using the Lemma we conclude that the one form
—6G(V) - w+2dF -w-G(V) + 4idV'[F)

is closed. Since H!(M,R) = 0 this one form is exact. The form is of type (0,1). Since
M is compact there exists non- constant holomorphic functions, and therefore non constant
anti-holomorphic functions. Since it is d-exact, it must be 0. Hence we have Equation (4.6]).

Putting together Equation (4.5) and Equation (4.6)) we get

VO (Agw)s +2Vev).ars) =
2k + Nw - G(V)Vs — 463V [F] @ s

Now we are able to calculate V!u(V)s for

1

u(V) = 5oy (Baw) +2Vaw).ar + 4RV'[F]).

We see that

VOlu(V)s (—i(2k + Nw - G(V) - Vs — 4kOV'[F] @ s

1
4k + 2
+ VO (4kV'[F]) @ 5)

—1

(2k + \w - G(V) - Vs

T 4k + 2
- —%w CG(V)- Vs = %v’m Vs
= %V’[J] V0

as we wanted. Which means we now have a Hitchin connection.
Andersen and Gammelgaard prove in [4] that the connection V is projectively flat when
there are no holomorphic sections.

Theorem 4.4 ([4]). The connection V defined in Theorem is projectively flat, provided
H°(M,,T,)=0 forallo € T.
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4.2 The Hitchin connection in metaplectic quantization

Let (M, w) be a symplectic manifold. Let £ be a prequantum line bundle over the manifold.
Let I: T — C°(M,End(TM)) be a smooth family of Kéhler structures parametrized by a
manifold 7, that is for every o € T I, defines a complex structure on M, turning this into
a Kéhler manifold M,. The K&hler metric is given by g,(X,Y) = w(X, I,Y). As always I,
induces a splitting of the complexified tangent bundle TM¢ = T'M, & T" M,,. For any vector
field X on M we write X, = 720X and X7 = 79! X. All of this is the same as in the case of
geometric quantization. Instead of assuming ¢; (M) and [w] are proportional, we assume that
the first Chern class is even, such that we can pick a metaplectic structure § on M. Then [
can be viewed as a smooth map
I: T xM— LTM.

Take the pullback of the metaplectic structure on M by I. For any o the restriction
b = 5‘{0}><M — M

is a square root of K, in M,. The Hermitian structure hg in §, gives rise to a Hermitian
structure h? on §. Let
myp: T XM — M

denote the projection. Define

L=y, L=TxL
with Hermitian metric 2¢ = 7%,h%. Then £ ® § becomes a smooth line bundle over T x M
with Hermitian metric h induced by h* and h°.

Consider
H) = (M, £F ©0),

where we have the connection Vi (denote this by V,). This connection gives rise to a
subspace

7 = BO(M,,£* @ 4,) = {s e H")

Vols = 0}.

We shall assume the spaces ’Hgka) form a smooth vector bundle ’Hgk) over 7. The aim of this

chapter is to construct a connection in ’Hgk) preserving the spaces Hé@

The reference connection

In standard geometric quantization we used the trivial connection as a reference point in
the space of connections. Then we found an appropriate one form with values in differential
operators, to add to the trivial connection, to construct a connection that preserves the
subspace of holomorphic sections over M.

When doing metaplectic quantization we are working in ’H((;k), where we do not have a trivial
connection available. So we must do something else to choose a good reference connection
instead.

Define a connection V£ in L. For a vector field X on 7 x M tangent to M and s a section
of L let

(V&) o) = (V&50)p,
For a vector field V on T x M tangent to T we have

(@65)(04)) = V[sp]m
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where Vs,], denotes the differentiation of s, at o along V. V£ can be seen to be compatible
with the Hermitian structure hZ.

We recall the definition of a connection VZ in T — T x M in the following way. For
directions tangent to M let

(VJT(Y)(U,p) = ((VZ)XYU);D’
where V7 is the connection induced by the Levi-Civita connection, Y a section of T and
X € T,M. For directions tangent to 7, let V' € T,,7 be any vector on 7T, define

(@5}/) (o,p) ‘= 7711770‘/ [Yp] o9

where V[Y)], is the differentiation of Y}, in the trivial bundle 7 x T, Mc and 72°: TxTM¢ — T,
is the projection.

Then V7 induces a connection VX in K = A™ T*, which induces a connection V4 in 6.
Which, with the help of V£, induces a connection V" in £F @ §

Definition 4.5 (Reference connection). The connection
V= (VA®* @ 1d + 1d @ V°

in £F @6 — T x M is called the reference connection.

The Hitchin connection

Let D(M, LF ® 6,) denote the space of differential operators on LF ® 6,. These form a bundle
D(M, L*®6,) over T. We seek a one form u® € Q' (T, D(M, L¥ ®6,)) such that V° = V +u°

preserves the subspaces H(g? inside each fiber ’H((sk;. Such a connection is called a Hitchin
connection.

Lemma 4.6 (J5] Lemma 5.1). The connection V° is a Hitchin connection if and only if the
one form u® satisfies

VOl (V)s + %w CG(V)- Vs + iw S(G(V))s =0

for any V wvector field on T, any o € T and any s € H((Tk).

For the general case we need a second order operator A, which is defined similarly
Ag: C=(M,, LF @ 6,) Y2 C(M,, TMg @ LF @ 6,)
GEEl, oM, T, © £F © 4,)
Na@id+HdeVa, coo(\p TE @ T, @ LF @ 6,)
I 0%(M, LF ©6,),

where @g is the Levi-Civita connection on M, induced by the metric on M,.
Again we have to assume the family of Kéhler structures is rigid. Now using rigidity and
much the same calculations as in proving Equation (4.4)) one can prove the following Lemma

Lemma 4.7 ([5] Lemma 5.4). At every point o € T the operator Ag (v satisfies
VO Agys = —2ikw - G(V) - Vs — ikw - 5(G(V))s + %5(,0 SG(V))s

for all vector fields V' on T and any local holomorphic sections s of the line bundle L& b, — M.
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This Lemma applies to all k, so also for £k = 0. In this case the Lemma yields
VO Agrys = %5(;) G(V))s.

Now apply the 9 operator on both sides, and we get

0=20(5(p-G(V))),

thus if we assume H%!(M) = 0 we see that §(p- G(V)) is exact with respect to the 9 operator
on M, and we have proven the following

Corollary 4.8 ([5] Cor. 5.5). Provided that H*'(M) = 0, we have that §(p - G(V)) is ezact
with respect to the O operator on M.

For any compact Kihler manifold with H'(M,R) = 0, Hodge decomposition will give
H%(M) = 0. Now by Corollary [4.8| there exists a smooth one form 3 € Q!(7,C°(M)) such
that

BB(V) = ~25(p- G(V)

for any vector field V on 7. We can now define u(V') satisfying the wanted equation

uw(V) = i(AG(V) +B(V))

Theorem 4.9 ([5] Theorem 1.2). Let (M,w) be a prequantizable symplectic manifold with
vanishing second Stiefel Whitney class. Let J be a rigid family of Kdhler structures on M
parametrized by a smooth manifold T, all satisfying H*'(M,) =0, o € T. Then there exists
a one form 3 € QYT,C>(M)) satisfying OB(V) = —%6(p- G(V)) and the connection

A 1
Vi =Vy + E(AG(V) +B(V))

. . . . k
is a Hitchin connection on ’Hg ) over T .

Note that the restrictions on M are a lot weaker than in the original setting with geometric
quantization. We do not need that the first Chern class is proportional to [w], now we just
have to know that it is even, since the second Stiefel Whitney class is equal to the first Chern
class modulo two.

It was proven by Gammelgaard in his thesis (Theorem 6.22), that

Theorem 4.10 (|25]). The connection v defined in Theorem is projectively flat, provided
H(M,,T,) =0 foralloc € T.



CHAPTER 5

Review of the moduli space of flat
connections on a compact surface

The main focus of this thesis is to construct a Hitchin connection in the case of a moduli space
of a surface with marked points. We will construct the moduli space and a prequantum line
bundle in that case. Before we do this, we will in this Chapter review the case of the closed
surface, since many of the ideas are similar to how we do it in the case of the surface with
marked points. The proofs will not be rigorous in this Chapter, since it is mainly here to serve
as inspiration of how to do in the case of the surface with marked points.

5.1 The moduli space of flat connections

Let X be a compact surface, p a fixed base-point, 71(2,p) the fundamental group of ¥ based
at p and let G be a compact connected Lie-group.

Definition 5.1. The representation variety of X is the set
MG = Hom(ﬂ-l(27p)7 G)/G
of G-valued representations of 71 (X%, p) modulo conjugation in G.

Let us now recall the gauge theoretic description of Mg thus realizing it as the moduli
space of flat G-connections on X.

Let P — X be a principal G-bundle. Let Ap denote the space of all connections in the
principal G-bundle. Let Fp denote the subset of Ap consisting of all the flat connections.
Define an equivalence relation on Fp by A ~ A’ if and only if they are gauge-equivalent. Then
we can define the moduli space of flat connections as

Mp = Fp/..

Definition 5.2 (Moduli space of flat connections). The moduli space of flat connections on a
principal G-bundle P — M is the space

Mp =Fp/Gp.

We will assume G to be simply connected, thus all principal G-bundles are trivializable,
thus hence M p is not dependent on P, and we will assume P =% x G, .

39
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Let us try to give a short explanation of the idea behind the proof of why these two
definitions are the same; let « be a loop, a(0) = a(1) = p. Then for py € 7~ !(p), we know
there exist a unique horizontal curve 3, with starting point py and 7o § = «. Since « is
assumed to be a loop, 5(0) and (1) are both in the fibre P, over p, so there exists a g such
that B(0) = B(1) - g. This g is called the holonomy of A along o with respect to pg, denoted
hol4 p, (o). This induces a well-defined map

hol: Mp — Hom(m (%, p),G)/G = Mg,

that sends [A] to [holy].

Conversely if p: 71(¥, p) — G is a given homomorphism, we consider the trivial G bundle
P = 3 x G over the universal covering space ¥ of ¥. We can get a right action of the
fundamental group on P by doing the following. Let v € (2, p) and (y,g) € P. Define
(y,9) v = (y-7,p(y)"tg), where y - v denotes the natural action of 71 (X, p) on the covering
space. This action is free. We can also see that P = ]5/ 7m1(X%, p) is a principal G bundle over
Y. We have a free right action, so all we need is that Pis locally trivializable. Let 7 be the
projection w: P — Y. We have to show that for all x € ¥ there exists a neighborhood U such
that m: 7=5(U) — U x G is an equivariant diffeomorphism, which covers the identity on U.
Let g € ¥. Let ¥ denote the universal covering of ¥. Let U be an open neighborhood of ¢
such that in X the open neighborhoods of each pre-image of ¢ are disjoint, this can be done
since it is the universal covering. Let U be one of these. P =3 x G is locally trivializable, so
Plz =U x G ~U x G. Hence P/m(%,p) is locally trivializable.

The trivial connection on P (the pullback of the Maurer-Cartan form on G) is invariant
under the action of 71(X,p), so it descends to a flat connection on P. Hence we have a
well-defined map

MG — MP.

5.2 Smooth structure

First we notice that in general the moduli space is not smooth, since it will have singular
points. A way to see this is the following. We know

m(2) = (a;, 85 | [[ley, 8] = 1).

j=1
Let ¢: G?9 — G denote the map

g
q(Al,Bl,... H
j=1

Then we see that we can identify Hom(m (), G) with ¢~ 1(e). This set is often singular, since
in general e € G is not a regular point of q.

Goldman proved that this problem can be handled by only considering the irreducible
representations. Define irreducible in the following way. A representation p is irreducible if
the commutator Z,(m (3, p)) is equal to the center of the group Z¢. In the case g > 2 it is
well known that the space Hom™ (7 (X), SU(n)) of irreducible representations is a dense and
open subset of Hom(7(X),SU(n)), and the quotient

M’ = Hom™ (71 (X),SU(n))/SU(n) € Msy(n)

is a smooth manifold. Note that this is in no way an easy result, but has been proven by
Goldman using explicit analysis of Hom™™ (7 (%), SU(n))/SU(n).
Let M, denote the smooth part of M.
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5.3 Tangent space

The following two sections are about the tangent space and the symplectic structure. The
statements and proofs in these sections are not going to be rigorous, since for instance the
space G is infinite dimensional. To do it correctly, one should use Sobolev spaces (as we are
doing in Chapter @, but since this chapter purely serves as inspiration for how to do it in
the case of the surface with marked points, we ignore in this chapter issues regarding infinite
dimensional manifolds.

The following theorem states that the tangent space T}4 My, at the gauge equivalence
class [A] of the moduli space of flat connections M/, is identified with the first (de Rahm)
cohomology group of ¥, with coefficients in the adjoint bundle Ad P and differential d 4 induced
by A.

Theorem 5.3. Let A be a flat connection in a principal G-bundle P — Y. Then
TiagMg ~ H(S,Ad P;dy).

We will give a sketch of the proof. First we will note that the tangent space of F is the
set of co-cycles Z1(3, Ad P;d,). Note that T4 A ~ Q(3, Ad P). We want to find out when
a € Q1(X, Ad P) is tangential to F. Take the derivative of F 4, = 0 with respect to t

d d 1
0= @FA+ta = %(d(A +ta) + 5[(A +ta) A (A +ta)])
d 1 1 1 1,
= @(dA+tda+§[AAA]+§t[AAa]+§t[aAA]+§t [a A a])
d 1
:&(FA+tda+t[A/\a]+§t2[a/\a])

=da+ [ANa]+tlaNna],

evaluate at t = 0 to get
0=da+[AANa]l =daa.

So we have the condition that a should be a closed one form with respect to d4, to be tangential
to F at A. That means

TaF = Z'(2,Ad P;da) C QY(Z,Ad P).

To show that T Mg ~ HY(X,AdP;d,) we need to show that the subspace tangent to the
action of the gauge group is
Ta(AG) ~ B (S,Ad P;da),

which can be done in the following way. Let ¢, be a 1-parameter family of gauge transformations
with ¢9 = id. Let g;: P — G be the associated family of G-equivariant maps (g(ph) =
h=lg(p)h) with gy = e. For a p € P g;(p) is a curve through e € G, so %|tzogt is a map
fi: P — g. Since g, is G-equivariant we see that f becomes G-equivariant.

fpg) = % _o9) = | g9:(p)g
= % _ (elg™) o 9)(®) = Ad(g™)(F(p).

So we get f € Q°(X, AdP).
It can be proven that
i (A) = Ad(g; ") o A+ g;0.
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We take the derivative of this and get

d d
L gy =2 A‘lA—‘ x
dt t:O(pt( ) dt =0 dlg ") +dt f,:ogta
d
=ad(—f)oA —‘ ;0.
ad(—f)o +dt oYt
Let a be a curve in P with a(0) =p and o/(0) = X € T, P.
d

gi(a(s)))

9:0(X) = 04, () (Dpge (X)) = 6( 5=0

ds
d
= Dy Lo (5| _ ()

= 2 @) aa@),

so by taking the derivative with respect to t we get

% t:Ong - % t:O% S:O(gt(p)fl -gi(a(s)))
d d .
T ds s:oﬁ‘tzo(gt(p) - ge(a(s)))
= %’s:o(‘f(p) + fla(s)))
= df (X).
Hence .
Tl PA) =[ANfl+df =daf.

So a vector tangent to the gauge group action in A is an exact one form in Q' (2, AdP;d,).
The other way around. Given an G-equivariant map f: P — g, then g:(p) = exp(tf(p)) will
define a 1-parameter family of gauge transformations, which induces the tangent vector d 4 in
A. Hence we have now seen

Ta(AG) = BY (S, AdP;d).

All together we have
T[A]MG ~ Hl(E, AdP; dA).

5.4 Symplectic structure

To define a symplectic structure, we assume the Lie algebra g admits a non-degenerate, bilinear
and symmetric form B: g x g — R, that is invariant under the adjoint action of G. For
G = SU(n) we have such a form B(X,Y) = tr(X*Y) for skew-hermitian and traceless matrices.
Note that for every lie-algebra g we have the Killing form which is bilinear and symmetric. If
g is semi-simple, then the Killing form is also non-degenerate.

Under this assumption Goldman proved that the smooth part of the moduli space over a
closed surface admits a symplectic structure. B induces a bundle map B,: AdP® AdP —
Y x R. Let ¢, € Q1(X,Ad P,d4) be two d4 closed one forms representing tangent vectors at
a point [A] in M{,. Then B, (¢ A ) is a 2-form on X, so we define

w([@]»[w]):/zB*(wM/))-

This can be proven to be a symplectic form on Mg,.
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5.5 The Chern-Simons line bundle

In the following we have our moduli space M = Fp/G C Ap/G. We would like to construct a
line bundle over M. We consider the trivial bundle

Fpx C——s Ap x C.

P

Fpe—— Ap

L

M—— Ap/G
G acts on Ap, and we are going to lift that action to an action on Ap x C, to get a line bundle

(Fp x C)/G.

To lift the action we will construct a co-cycle ©%: Ap x G — U(1), and show that it satisfies
the co-cycle condition. Then we can define the wanted action as

(Vsz) g = (V?47®k(vAvg) : Z)

Since ©F is a co-cycle, this will be an action of G on Ap x C, and hence on Fp x C, since
Fp C Ap and G preserves Fp. The only thing left to check is that p is equivariant

p((Va,z) g)=p(V%,0%(Va,g) 2) =V =p(Va,z)g.

Hence we have a line bundle (Fp x C)/G — M, if we can just construct the co-cycle ©F and
check that stabilizers act trivially.

The Chern-Simons line bundle on a closed surface

We will construct the Chern-Simons line bundle, as it is done in [§].

The moment map is given by the curvature of a connection, hence the level set that we
take the quotient of, consists exactly of the flat connections. We will like to lift the action of
G to the trivial bundle Ap x C. To do this define a co-cycle

where A and § are any extensions of A and ¢ to an arbitrary compact 3-manifold Y with
boundary ¥, and

1 2
A)=— | tt(ANdA+-ANANA).
CS()SFQ/Yr(/\ +3AA)
The action of G on A x C is given by
(Vsz) g = (vip@(k)(vAvg) : Z)a

where V¥ : = d+ Ad,-1 A+ ¢g*0 denotes the gauge group action, with § € Q*(G,g) the
Maurer-Cartan form. Note that the Maurer-Cartan form is defined as 6(v) = (Lg-1).v for
veT,G.

A calculation shows that ©(%) satisfies the co-cycle condition

0" (V4,9)0" (V4 h) = 0" (V 4, gh),

and G preserves flat connections. So we obtain the induced Chern-Simons line bundle E’és

over M.
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O satisfies the co-cycle condition

The proof of the co-cycle for ©*) is almost the same in the closed and the punctured case.
One can also see the calculations in [24] [§]. First one proves that ©*) is not dependent on the
extensions § and A of g and A. That this is true can be seen in the following way.

Let X and Y be 3-manifolds both with boundary . Let jx, gy, Ax and Ay be extensions
of g and A over X and Y. Let X U —Y denote the closed 3-manifold that occurs when X
and Y with switched orientation, are glued together along >. Together Ax and Ay form a
connection on X U =Y. Together gx and gy form a gauge-transformation on X U —Y. Now

(CS(A%Y) — CS(Ax)) — (CS(AY) — CS(Ay))
= (CS((Ax U Ay)IxU9v) — CS(Ax U Ay)) € Z

this is exactly an element of Z, which follows from the normalization of CS, when we are
looking at a closed 3-manifold (for more details see [24]). This means ©*) is independent of
the extensions, which is what we wanted to prove. For more details see [§].

Knowing ©*) is independent of choice of extension, we can show that it is indeed a co-cycle.
We will prove it for ©%)(V 4,9) = exp(f27rikCS[0,1]Xg(/i§)). Let h: [0,1] x © — G be an
extension of h from ¥ to [0,1] x %, such that £;(0,-) = h(:) and h1(1,-) = e(-) (the identity
gauge transformation). Define §; correspondingly. Define extensions ho and §o of h and g by

N NI

5 hy(2t, - for t <
hO(t7 *) = 1( ’ ) o=
m*e(2t —1,-) fort>

N D=

_ m*g(2t, ) for t <
gO(t7 =9 -
n(2t—1,) fort>

By calculations we see that ©(F) satisfies the co-cycle condition

2mikCS[o 1]z (A7)
2mikCS[g 15 (A%0))

o (Vmgh) = exp(—
-
XP(=2mik(CSip 11,5 (A7) + CSpy 1n(A%™)))
p(-
k)

exp

2k (CSj 11 (7 A)7)™ 4 CSjg 115 (A7)
(V9. h) - 08 (V 4, g).

ex

ol

Remark 5.4. We can construct the co-cycle without requiring the existence of a bounding
3-manifold for ¥. Every gauge-transformation is homotopic to the identity, so we may extend
g on X to g one the cylinder [0, 1] x ¥ using a homotopy such that go = ¢g and g, = e. For the
natural projection 7: [0,1] x X — ¥ extend V4 on ¥ to Va=m"Va=d+n*Aon[0,1] x ¥.
Then V¥ is an extension of VY to [0,1] x . Choose the standard orientation on [0,1] x .
Define

Q(k)(vmg) = eXP(—2WikCS[0,1]x2(A§))-

It can be shown that the two expressions agree. The latter is easier to generalize to a punctured
surface, since it does not require the existence of a well-defined bounding 3-manifold.



CHAPTER 6

The moduli spaces of parabolic bundles
and flat connections

In this chapter we will construct the moduli space of flat connections over a surface with
punctures. We will use the construction done by Andersen, Himpel, Jorgensen, Martens and
McLellan in [8], which follows the work of Daskalapoulos and Wentworth in [22], only they do
it for just one puncture, whereas [8] does it for any number of punctures.

This chapter is divided into six sections. We will define three moduli spaces over a surface
with marked points. These moduli spaces are diffeomorphic on their irreducible loci. First, we
define the moduli space of flat connections M(i,XL then in the second section, we define the
moduli space of parabolic bundles Mpar(ZmX). We will however need another construction of
the complex structure, which allows us to understand its variation with the complex structure
on the surface better and further is in our favor when we later need to identify to the pre-
quantum line bundle. To do this we use Sobolev completions of certain kinds of connections on
¥ to construct a moduli space M(E A, €)', whose irreducible locus is shown by Daskalapoulos
and Wentworth to be smooth and naturally an almost complex manifold in [22]. In Section
3.3 in [22] they prove that the almost complex structure coincides with the complex structure
from Mehta and Seshadri, Section 2.2, [35]. For small enough e the moduli space is again
homeomorphic (diffeomorphic on the irreducible locus) to M(Z, X),. In the fifth section, we
review four lemmas proven by Andersen in [I], which proves that every element of the tangent
space T; A]M(E A, €)’ has a unique d4-harmonic representation. In the last section we briefly
introduce the moduli stacks, that we will be using in the rest of the Chapters in this thesis.

6.1 Definition of M(%, )

Recall that we have a smooth surface ¥ (of genus g > 2) with marked points P = {p"), ... p(®}
and that we further use the notation ¥ = Y\P. Each of the marked points p(*) are labelled by

a A9 € A. We recall that CW) are the conjugacy classes of G = SU(n) determined by A,
that is

exp(i~t(AD)/k) e ¢®)

()0
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where we saw in the introduction that the matrix exp(i~*(A(*))/k) was given by

2mi oy (4) _ 1 (i)
ek AT w A 0 0
0 SEOP TN )

exp(fi (A1) =

0 OIS SCE PV

Suppose §() are the oriented boundary of small oriented embedded disjoint discs in ¥
centered in p(? as indicated in figure Then we can define the following character variety
description in complete analogy with the closed surface case

M(E,X) = {p € Hom(m (£),G) | p(6@) € ¢} }/G.

Figure 6.1: The surface ¥ with small embedded discs around each puncture

We recall that the subset of irreducible such connections (or equivalently representations)
is denoted M(3, \)" and it forms an open dense subset of M (3, \). As it is proved in [I7] the
moduli space M(X, \)’ is smooth manifold of real dimension

b
dim M(S,2) =2(g— 1)(n® — 1)+ >_dimC{}). (6.1)
=1

In Chapter [7| we will construct a symplectic form w, 5 on M(E,X)’ .

Example: The moduli space of flat SU(2)-connections over %

The moduli space of flat connections M(X, X) for SU(2) is particular simple to understand.
In the SU(2) case we have that
A={0,...,k}.

The conjugacy class associated to A € A is determined by

_im )
e F 0 (k)
< 0 eilzr’\)ec’\
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We observe that dim C/(\k) =21if A ¢ {0,k} else dim Cg\k) = 0. Let b; be the number of
points p(* where A®) ¢ {0,%}. Thus we see that
dim M(Z,\) = 6(g — 1) + 2b;;

Suppose now [p] € M(Z,X) — M(, N, which is the case if and only if there exists p € [f]
such that p(m (X)) € U(1) C SU(2).

Figure 6.2: ¥ with the curves 5O a1, B1, s, B2 and 8V, ..., 6™ in the case g=2.

Let 6(9 be the oriented boundary of an oriented embedded disc in ¥ which contains all
pY) in its interior and let ¥’ be the complement of this disc in ¥. Then we must have that
p(6©) = 1, since 6 represents the conjugacy class of a product of commutators in 7 (%).
Now let s() € {+1} be such that

5 o HEsDA® 0
p(d;) = 0 pimsA® |-

Thus we see that p(6(?) = 1 if and only if
b . .
> sOA € 2k7. (6.2)
i=1

Thus we see that M(2, X) # M(Z, \)" if and only if there exist s) € {41} such that (6.2) is
satisfied. Let S5 be the set of solutions (if A(¥ € {0, %} we don’t distinguish s(*) from —s®) to
(6.2) and S5 = S5/{=£1} where —1 acts by multiplying the s by —1. If all A € {0, k}, then

M(Z,X) = M(Z, XY

if and only if the number of p(*) where A\(V) = k is odd. If under the other hand this number is
even then H'(X',U(1))/{£1} embeds in M(3, \) as the strictly semi-stable locus by using

the natural inclusion U(1) C SU(2) combined with unique SU(2) elements from Ci’f,?)

M(Z,N) = HY(XZ, UQ)/{£1} u M(Z, N

If on the other hand there are A) ¢ {0,k}, then we get a copy of H'(X',U(1)), say
HY(X',U(1))s, in the strictly semi-stable locus of M(X, ) again by using the natural in-
clusion U(1) C SU(2) combined with the above assignments on the generators ¢; depending
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on s and hence 3 }
MEX) = | | BY(Z,U1)suM(SE, N

ey !’
sEST

We stress that there are many cases where SIX = (), in which case we get of course that

M(Z,X) = M(2,X) as mentioned above. If we for example consider the particular case where
MO =X i=1,...,bfor some A € {1,...,k— 1}, then if b is odd and b\ < 2k then it is not
possible to find s € {£1} such that is satisfied, so in this case M(X,X) = M(X, N)".

In general we see in this SU(2) case that if M(2,X) # M(Z, X)’ then its co-dimension is
equal to 4g — 6 + 2b; which is at least 4 unless g = 2, b; = 0 and further the number of points
p labeled by k is even, in which case the co-dimension is 6 — 4 = 2.

6.2 Lower bound on the co-dimension of the reducible locus of
M(E,N)

We now return to the general case of SU(n). We start with the following observation. Suppose

we have a compact connected semi-simple Lie group G. Then we have that the map

[,]:GxG—G

is surjective and there exists elements a,b € G such that the smallest Lie subgroup of G which
contains a and b is G it self. Let us then consider the moduli space of flat G connection
on ¥ with holonomy contained in G-conjugacy classes C*) around p¥. Let us denote this
moduli space Mg (%, C). We claim that the irreducible locus M (3, C)’ of this moduli space is
non-empty. The argument is very simple. We consider standard generators (a;, 8;), i =1,...g
and 69, i =1,...,bsuch that

g

H[O&i,ﬁi]é(l) “ee 5(b) =1
i=1

Now we pick any ¢(* Ggﬁz) and consider [a,b]gM) ... ¢(® € G. Then pick o/, € G such that

[, 0'][a,b]g™) ... ¢® = 1.

Now extend this to a G assignment on all the generators above, by assigning 1 € G to the
¢ — 2 remaining pairs («;, 8;) to get an irreducible representation of 71 (%) which is contained
in the above moduli space

By similar considerations as one finds in [26] we see thus that
Proposition 6.1. The dimension of Mg (X, C) is

b
dim M (2,C) =2(g — 1) dim G + Y _ dim C),

=1

By the analysis of the moduli space of parabolic bundles in the following section we see
that in order to estimate the co-dimension of the reducible locus of M we only need to consider
the following subgroups G c SU (n). Let Iy, ...ls be natural numbers such that their sum is n
and consider

G=SUly) x...xU(L)).
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Since finite group quotients of each of the moduli spaces Mé(f},é), where G varies through
the above groups and C) = G N C;lfi)), maps injectively into the reducible locus of M(E,X),
and union of their images covers the whole reducible locus, we just need to understand that
all the moduli spaces has dimension at most 4 less than that of M(E,X)’ to understand that
the reducible locus in M (32, X) has at least codimension 4.

We immediately observe that dim Zs = s — 1, since each U(l;) contributes a U(1), but
the determinant equal 1 condition reduced the dimension by exactly 1. Now we consider the
Lie group G = G/Z = PSU(l;) x ... x PSU(l,), which is clearly semi-simple. Let now T’ be
the string of conjugacy classes of G’ which C projects to. This allows us to see that modulo
finite group quotients, the moduli space fibers over Mg(i,él) with fibers H' (X', Z5). Thus
we conclude by Proposition [6.1] that

b
dim Mg (2,C) = 2(g — 1) dim G + 2dim Zg + »_ dim C. (6.3)
i=1
By an elementary counting argument we observe that the quantity dim G 4 dim Z¢ attains
its maximum when we consider G = S(U(n — 1) x U(1)) 2 U(n — 1), thus we have that

dim G + dim Zg < n? — 2n + 2.

Comparing the dimension formulae and (6-3)), we see that the difference dim M (3, X)' —
dim Mg (3, C)' must be bounded from below by 2(n?—1—(n?—2n+2))+2(g—2)(n?—(n—1)2) =
4n — 6 +2(g — 1)(2n — 1). Here we have used the simple estimate that dim C?) < dim Ci’f))
From this we see of course that if either n > 2 or if g > 2 then this is at least 4. If (g,n) = (2,2)
our estimates are simply to crude to obtain our conclusion. However, the more refined analysis
from the previous section (or an easy improvement on the argument in this section) gives the
result we want.

Proposition 6.2. The real codimension of the reducible locus in M(i,X) s at least 4 unless
we consider the very special case where (g,n) = (2,2) and b; = 0 as detailed in the above SU(2)
ezample in which case we have that if the number of points p(*) which is labeled by k is even,
then the real codimension of the reducible locus is 2.

6.3 Definition of the moduli space of parabolic bundles

We will define the moduli space Mpa (s, X) using the notion of parabolic bundles.
Recall from the introduction how we write A9 in a specific basis for i and obtain a flag
type k;z) < k;z) + kél) e < kgl) + -+ kﬁ” =n

Definition 6.3 (Quasi-parabolic structure). A quasi-parabolic structure on a holomorphic
vector bundle E — ¥ of rank n is a choice of a filtration of its fibers over each of the points in

P
Blyo = B 2 B 2 2 EY) , = {0},

@) _ g @) (i)
Its multiplicities are k; = dim(E;" /E; 7).
The tuple (kzgl), cee k%)) is said to be "che flag type at p?. If all multiplicities are 1, or
equivalently () = N, we say the flag at p(® is full.
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Definition 6.4 (Parabolic bundle). A parabolic bundle is a vector bundle E — ¥ with a
quasi-parabolic structure, that is further equipped with parabolic weights o = (a(l), ceey a(”))
for all flags. This is a choice of real numbers

al® = (agi), ce aff.()i)), 0< agi) < e < a(l()l) <1

Notice that given a weight A € A = {(0,Ag,... A\,) €Z" |0 < XA < ... < A, <k}, we get
a matrix
et (n 0 0
o 0 e Cemn B 0
exp(zi™(A) =
0 L EOMIT
The numbers 3; := +(\; — 237, \;) are contained in an interval of length one 1. We do

not change the matrix when we add m € Z to the ;’s. Hence we can make sure 8; > 0.
Now for some [ we might have 1 < 3; < 2 for ¢ > [. Hence We define a; = i, +m—1=
%(Al_}ri - % Zj Aj)+m—1 and ozn_H_z Bi +m = 7( nldi — Z Aj) +m. In this way we
can go back and forth between the a’s and the \’s.

Recall that for any such weight A\(9) there is a unique standard parabolic subgroup P,

Definition 6.5 (Parabolic degree and slope). The parabolic degree of E is pdeg(E) :=
deg(E) + Z” )\gl k( 2 , and its slope is

_ pdeg(E)

For E a parabolic bundle, any sub-bundle F' < F will inherit a canonical structure of a
parabolic bundle. The same is true for quotient bundles. Therefore it makes sense to state the
following definition

Definition 6.6 ((Semi-)stable). We say a parabolic bundle E is (semi-)stable if for every
sub-bundle F' of E we have that

For E a semi-stable (but not stable) parabolic bundle with degree 0. Let E; denote the
maximal stable subbundle of F, whose isomorphism class is uniquely determined by E. Then
E/E; is a semi-stable bundle of lower rank, but same slope. Let E2 be the maximal stable
subbundle of E/E, and so on. Then define gr(E) = @, E;. Define E and E’ to be S-equivalent
if gr(FE) is isomorphic to gr(E").

Hence given a weight \(¥) we get a flag-type, and can define the moduli space of S-
equivalence classes of semi-stable parabolic bundles with trivial determinant, which we will
denote by Mpar(Zs, A), this is exactly the moduli space M(%,, @) defined by [35]. By [35]
there is a homeomorphism between M. (X4, A) and M(Z, X), which is a diffeomorphism
between Mpa, (Zo, A)" and M(2, V).

6.4 Sobolev spaces

In each marked point there should be a chosen direction v(¥)

v € P(T,0 E) = (T, X\{0})/Ry.
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©)
~ ‘dg
©)

Figure 6.3: Surface with marked point and small embedded discs around each puncture, along
which we compute the holonomy around each puncture in the direction induced from the
orientation of the surface.

Recall that the punctured surface is denoted by 2. As before ¥, denotes 3 equipped with a
complex stucture. For each i we let 2(9: U — D denote a complex analytic isomorphism with
D C C the unit disk, such that p(¥ = (2(V)=1(0) and Dz (v)) € Ry (L) C P(TyD). We may
define new coordinates on (U®)* = (UM )\{p®}. Set w® := —log 2(), then w® maps (U®)*
analytically to the semi-infinite cylinder C*) = {(,60) |7 > 0,0 < 6 < 27}/(7,0) ~ (1,27).
Around each puncture, we find a neighborhood, conformally equivalent to the standard semi-
infinite straight cylinder S* x [0, o), see Figure and the direction v(*) corresponds to the
line (0,0) x [0,00) on the cylinder in polar coordinates.

Figure 6.4: Surface with semi-infinite cylinders

Fix a metric h on ¥ compatible with the complex structure X, such that it restricts to
the standard flat metric on the semi-infinite ends of ¥, Al o} = d(T)2 + d(9@))2.

We are going to construct a further moduli space denoted by M(Z, X, €),. To do this we
need the notion of Sobolev spaces, which we will introduce in the following section. We will
follow the construction of Andersen in [I] closely.

Recall that we have our surface ¥ with punctures P = {p(l), e ,p(b)}. Around each
puncture we have an open neighborhood U that we can map analytically to a semi-infinite
cylinder O ~ S x [1,00).

First we will take a look at the semi-infinite ends of the surface, C") = St x [0,00). Over
C% consider the trivial principal G-bundle Q¥ with connection Vo = d 4+ A®, where A®) is
a constant 1-form with values in g. in Q® over C'¥). Let d ) denote the covariant derivative
in the associated adjoint bundle of Q" AdQ.
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Define the * operator such that
a8 = {«a, 3)Vol

If we let (), 7()) be the coordinates on the cylinder, then we have Vol = d§) A dr(). By
defining ‘ ‘ ‘ .
%dfD = dr® | xdf® = —dp®

we see that 4 , ' _ 4 _
A9 A dr® = doW A xdf = (a9, d9D) Vol = Vol.

We can calculate *(d8) A dr(?)) by looking at o = 8 = df#® A dr().
(dOD A dr @Y A s(d8D A drD) = [d0D A dr® 2doD A dr)
#(d0D A dr) = 1.

We can now define d*

Yy = — *d o * and we get a commutative diagram

Q2(CD, Ad QW) — = QO(CH Ad QM) .
J{dlm J/dAm
QHCH, AdQW) <—— QY (C®, Ad QW)
We can combine the operators d ) and d% ;) to get an operator

Sar: QUCW AIQW) @ Q*(CD, Ad QW) = QY (CW, AdQW).

Weighted Sobolev spaces on C(9)

We are now going to construct some weighted Sobolev spaces on the cylinder C(). The ideas
used here will be the same, when we construct Sobolev spaces on the whole surface.
Let € € R and ¢ € Q7 (C®, AdQ®). We define a norm

W[2 ) = / T Ve (u, 0)) Pdudd.
CW o<k
Let szk(C(i),Ad QW) denote the completion of Q7 (C® Ad Q™) in the norm | - | 4.

Let NI(:()“ denote the kernel of % +[A® ]

i iy | 9 i
Nyl = {so € (5", Ad Q") ] o 1A el = 0}.

Fix a function p with support in (0,00) and constant 1 near co. For j = 0,2 define the
subspaces Qi\/(“ (CO,AdQW) C I (CW, Ad QW) given by

Ad)
ij(i()_) (€D, AdQW) = {(p e I (CD, AdQW) ‘ Jpoo € NG st 0 — pMDo € ,(CD, Ad Q<i>)}.
A k3

In the same way we define Q}V(i) (COD AAQW) C QY (CW, AdQW) as
AQ)
Qe (€D,AdQY) = {p € Q1(CY, AdQY) |3pw € N9, & NG,
A k2

st o —pWDpy € Qé(C(i),Ad Q)Y
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On these spaces we can consider the norm

PEhee = [ 3 IV pl00) = pon @) Fud + [ o (0) 0.

0<I<k

Let @, (C%, AdQ®) denote the completion of ng o (CD AdQW) in the norm | - |k co-

AQ)

Weighted Sobolev spaces on %

We will now define Sobolev spaces on %, which locally on the ends of & are equivalent to the
ones we have just defined on the semi-infinite cylinders C(*).

Let Q = ¥ x G be the trivial bundle. As in the beginning of Section |§| we have disk
neighborhoods U® of each puncture p(, i =1,...,b. Let A’ be a flat connection in Q over 3,
[A'] € M(Z,X). By Lemma 2.7 in [22] for each puncture p(*) there exists a gauge-equivalent
connection A via a gauge-transformation ¢, such that in the chosen trivialization A®
is given by £€Md#? | where ¢ € g. Note that £* does not depend on 7. Let S®) be a
circle around p inside U®. Let D denote the disk with boundary S®. On S® we have
g™ : 81 — G. We have assumed that G is simply connected, so we can use a homotopy from
g to the identity, to expand ¢(*) to a gauge transformation on the cylinder, that is ¢(* in one
end and the identity in the other. Now for each i we have a gauge transformation §(*), that is
the identity on all of S\U® and ¢ on D®. Since the U)’s are disjoint, we can compose all
the §()’s to get a gauge transformation g. Let A be the connection gauge equivalent to A’ via
g. Let S be a circle around p*) inside D).

Let A® := ¢(®dh and

; 0 )
Nao = {1 € 99(5', 40 @) | 255 + 49 =0},

Definition of the Sobolev spaces

We want to construct the Sobolev spaces as before, but since our surface is now more
complicated than a simple cylinder, we have to do it in a little more complicated way. Earlier
we had u that ran from 0 to co along the cylinder. Pick a Riemannian metric g on ¥, such
that it is equal to the standard metric on the cylinders. Now we pick a point q € ¥, and let d
be the function that measures the distance from any point p € ¥ to ¢. This d will now play
the role that u did before. Fix a function p on 3 with support on the cylinders and such that
p is 1 near the ends of the cylinders. Consider the spaces

Y oo(5AdQ) = {1 € 0, (£,44Q)

I € Ny x5 Nans. 30 [ Ve =l + /U Ml <o)

0<i<k
for j = 0,2. Similarly let
Qi,k,oo(ivAdQ) = {f € Qlleoc(i,AdQ)Efolo,fgo € NAl X X NAn:

LIvets ok + [ ke nr <o)
0<i<k .
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and

0 (8,AdQ) == {ape jSfm(i’AdQ)‘ 3 /E|Vl(eed(p)‘2 _ OO}_

0<i<k

Note that Qz’km(f}, AdQ) C Qik(f}, Ad @), since we can choose fo, = 0.

The operator ¢4

The flat connection A in Q gives us a covariant derivative in AdQ over ¥, and we get a
complex
0= Q%) (3,AdQ) = QL (5,AdQ) — Q2 (3,AdQ) =0

e,k,00 €,k,00

with d4 the boundary map. We will denote the first cohomology group of this complex by

= ker dA
H (2 = :
e,k( ’dA) Im dA

By using the Hodge-star operator associated to the metric g on 3 we can consider dy =
—xdgx on (X, Ad Q). As before we consider

SA : Qg,k+1,oo(i7 Ad Q) D Q?,k-{—l,oo(ia Ad Q) - Qi,k(ia Ad Q)

Similarly we can look at d4: Qi}k’oo(f), AdQ) — Qf’kil(f},Ad Q), and d as an operator
5 QL (3,AdQ) — ng_l(f}, Ad Q). Denote the sum of these two by d4 as in [I],

e,k,00

5ar Ly (S.AdQ) = 00, (5,AdQ) & 02, (8,AdQ).
It is shown in [I] that 64 and d4 are both Fredholm for e positive and sufficiently small. For e
sufficiently small and positive, the Qi,k—kernel and the Ly-kernel of §4 are the same, see [1] .

6.5 Construction of M(X, ), €),

To construct the final moduli space, we are going to use the Sobolev spaces just constructed
above, see [22] for more details. Let Vg denote the trivial connection in Ad @ ~ ¥ x g. Define
a space of connections modeled on the Sobolev spaces.

A ={Vo+A|A€Ql(3,AdQ)}.

Let Ap . denote the subspace of A, of flat connections, and Aj.y re the subspace of irreducible
flat connections.
Define

D= {p € L} 1o..(E, End(Ad Q)) | [ Vorlf? 5 < oo}

We define the map 7: D — [[; 1) by r(¢) = (rD(p),..., 71 (¢)), where IV is the space

of parallel sections with respect to V restricted to the circle S@) around p(® in D, see 8],
and 1) ()(6) = lim, -, cop((w @) 1(7,6)).
We can now give the definitions

Ge={peD|pp*=Idetp=1} and Go.:={p € Gc|r(p)=1I}.
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The two groups act on A, and they both preserve Ap. and Aiyr r.. Now denote

)o’ = AF,e/ge
):7 = -Airr,F,e/ge-

F(E,N€) :=Ap/Go. and M(X, N e
€)= A re/Go and M(Z, N e

F(Z,N€)
The moduli space M(Z, X, €), is the called irreducible locus of the moduli space M(i,x, €)o-
It is proven by Daskalapoulos and Wentworth in [22] that the Gauge group G . is connected
and path connected. ) 3
Daskalapoulos and Wentworth prove in [22] that F(2,X,€)’ and M(X, A, €), are both
smooth manifolds, and show that M(X, A, €), naturally has a structure of an almost complex
manifold. v ‘ ‘
Let N denote the centralizer of X" in SU(n), then N = S(U(K{") x -+ x U(kfl())))
Hence let d® be d®) := dim(SU(n)/N®) = dim C")

\(»- Then we can state the theorem from
[22):

Theorem 6.7 (Thm. 3.7 [22]). F(X,X,¢) and M(X, X, €). are both smooth manifolds of
dimensions (2(g — 1) + b)(n® — 1) and 2(g — 1)(n? — 1) + 3, d¥) respectively. M(3, X, €)!, has
naturally the structure of an almost complex manifold.

In Section 3.3 in [22] Daskalapoulos and Wentworth prove that the almost complex structure
coincides with the complex structure from Mehta and Seshadri, Section 2.2, [35]. For small
enough e the moduli space is again homeomorphic (diffeomorphic on the irreducible locus) to
M(Z,N).

6.6 Hodge theory

The following lemmas, all proven by Andersen in [1] allows us to use Hodge-theory to get a
model for the tangent space of M(3, A, €)”. The lemmas were proved in the setting with a
closed surface that is cut along a number of disjoint closed curves which are leaves of a Strebel

foliation. But none of the Lemmas or proofs use the original surface, they just use the surface
3.

Lemma 6.8 ([I]). Any element of Hflyk(i,dA) can be represented by a da-closed form on ¥
with compact support.

Lemma 6.9 ([I]). Any element of coker(d4) can be represented by an element of
Q1 (2 AdQ)© 0241 (3,AdQ)
with compact support.
With these two lemmas we can establish the wanted Hodge-theory
Lemma 6.10 (Lemma 5.3 in [I]). We have a natural isomorphism
HY (5, da) = Ker (34 QL (5,AdQ) = -)
Lemma 6.11 (Lemma 5.4 in [I]). We have a natural isomorphism

coker(d4) ~ ker (SA L0, (5,AdQ) @ 92, (5,AdQ) — )
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With these lemmas established, we get the structure of a manifold on the set M (2, X, €)’,
and the following cohomology description of the tangent space

T[A]M(E,X, 6):7 ~ Hék(i, dA),

where each of the elements has a unique d4-harmonic representative.

6.7 The moduli stack of parabolic bundles By, 5

As just described we are interested in looking at the moduli space of flat connections on
the marked surface ¥ with prescribed holonomy around each marked point, which can be
identified with the moduli space of semi-stable parabolic bundles. Occasionally we choose to
use moduli stacks to solve some of the problems, and then afterwards translate the solution to
a solution for the moduli space. This is a simplifying tool, since when looking at the moduli
stack of parabolic bundles, we can construct a map to the stack of bundles, that just forgets
the parabolic structure. The same thing is not possible when looking at the moduli spaces. If
attempt to constructed a map from Mpar(Ea,X) that forgets the parabolic structure, then
this map will typically only be well define on a Zariski open if we insist the map goes to the
moduli space with one less marked point.

The language of stacks is big and involved, and we will not go into the details of the precise
definition of a stack here. See Appendix [B]for a short note defining stacks.

Recall that we have a weight A(*) defining a flag type, for each marked point p(¥ on our
smooth surface ¥. Let P = (P(l), ey P(b)) denote the parabolic subgroups corresponding
to \, as defined earlier. A parabolic bundle on ¥ with marked points {p),... p®} is a
bundle € with parabolic structures at p(*), meaning a marking A(¥) and a reduction of structure
©Y; € gp(i)/P(i).

There is a morphism from the sub-stack of semi-stable bundles ‘BSES - to the moduli

space of semi-stable parabolic bundles ./\/lpar(Eg,X), which induces an injection on the level
of Picard groups [37]. Furthermore Pauly analyses in [37] precise which line bundles on the
stack descends to the moduli space, something will be will recall in Chapter [0 where we
also explicitly recall the structure of the Picard group for the stacks By, p and compute its
canonical bundle. ’



CHAPTER 7

The line bundle, the mapping class
group and the Teichmiiller space

7.1 The Chern-Simons line bundle

To construct a line bundler over /\/l(iXN, €),. we construct a co-cycle in terms of the Chern-
Simons action on the cylinder [0,1] x X. Recall Gy . is the gauge group, A, the space of
connections and A the subspace of flat connections, as defined in Chapter @ Let

Goe :==1{3: [0,1] x X = G|§(t,-) € Go.,Vt € [0,1],

and is continuous and piecewise smooth in t}.

By Proposition 3.3 in [22] Gy  is connected and path-connected, so every gauge transformation
g € Go,c is smoothly homotopic to the identity. Because of this we can extend g € Gy . to
g € Go, so that go = §(0,-) = g and §; = §(1,-) = e. Similarly we can use the natural
projection 7: [0,1] X Y 5 Ytoextend Va=Vo+AonX0toVy=nrVy=d+ A+ Ao,
where A+ Ag = 7*(A + Ap). Then 6?4 € A, is an extension of V¥ to [0,1] x ¥ and we can
define a co-cycle

—_ g
0%(V4,g) == exp <27rikCS[071]Xi <A + Ay >) )
Daskalapoulos and Wentworth define a different co-cycle ©F: L%E(T*i ®@gp) x Go,e = U(1),

_ i i B
O%(V4,g) == exp Z—/ tr (Ady—1(A+ Ag) A g~ 'dg) — Z—/ tr(g—1dg)® |,
4 J5 127 Jio1x s

where d = d + %. The two co-cycles are equal, see [8], Lemma 3.4. The later definition of the
co-cycle is independent of choice of path in Gy, see [22], Lemma 5.2. The action of Gy . on
A x C is given by

(VA,Z) T g = (vipgk(vfhg) Z) (71)
OF satisfies the co-cycle condition, see Lemma 3.5 [§]. So since ©F satisfies the co-cycle
condition and Gy . preserves flat connections, we obtain the induced Chern-Simons line bundle

over F.. To get the line bundle over M, we need some restrictions on the weights. The full
result is Theorem 3.6 in [§].

o7
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Theorem 7.1 (|8]). Suppose AV is contained in the interior of C* and that k>, NV is in
the co-root lattice of SU(n). Then the line bundle on F(3,\, €) constructed above descends to

M(S,X, €)... It comes naturally equipped with a connection, whose curvature is %w.

This Theorem gives us a symplectic form, which we will denote by w; 5. Remark that
as the notion implies this symplectic form does not depend on o, see [§]. Also note that
this means the Chern-Simons line bundle just constructed, is a prequantum line bundle, see
Definition Denote the line bundle by £, 5.

By the co-dimension estimates in Section [6.2] and since the reducible locus corresponds to
the strictly semi-stable locus, which is a complex sub-variety of M(E,X)G, we see that the
singularities of M(E,X)g is of at least complex co-dimension 2.

7.2 The mapping class group

On the moduli space over a closed surface, we define the mapping class group as I'(X) =
Diff (X) /Diffg(X), where Diff (X)) is the group of orientation-preserving diffeomorphisms on
and Diff(X) is the subgroup of diffeomorphisms isotopic to the identity.

In the case of the punctured surface, the diffeomorphisms of the mapping class group
should also preserve some information about the marked points. Let Diff (3, P, V, X) be the
diffeomorphisms of ¥ that preserve the (P, V). Thus we allow in particular diffeomorphism
which permute the marked points, but only if they do so in a way which preserved the labelling
by A. We define the mapping class group as

1_\(E,'P,V) = D1H+(Ev P7v7 X)/]DIHO (27 Pa V)a

the group Diffo(X, P, V) contains diffeomorphism which preserves each (p(?),v(¥) and which
is isotopic to the identity among such.

By [8] this mapping class group is isomorphic to a mapping class group, where a neigh-
borhood around each marked point is asked to be preserved. This is mapping class group is
defined in the following way.

Let Diff (f],?, ) be the diffeomorphisms of ¥ that preserve the chosen local coordinates
around each puncture, only permuting those with equal weights, so z2(9) = foz (") iff(p(i)) =pl),
In this way the direction v¥ in a marked point p(* is preserved.

Note that Diff, (X,%, \) acts by pullback on A, since by construction the weights used in
the Sobolev norms are preserved. We lift this action to the trivial line bundle A, x C by

f'(Va,2) = (f"Va,z2) (7.2)

for f € Diff { (X,%, \). Define a morphism W: Diff , (3,Z,\) — Aut(Go..) by ¥(f)(g) :=go f.
By Lemma 3.7 in [8] the two lifts and combine to an action of Gy . xg Diff { (X, 2, \)
on A, x C. This implies that the action of Diff { (X,Z, A) on A, x C descends to an action on
the Chern-Simons line bundle over F..

Let Diffo(X,%, \) be the diffeomorphisms in Diff, (X,%, \) that are isotopic to the identity,
through an isotopy that preserves the neighborhoods D(?. Then the mapping class group
defined as

T(s.pv) = Diff 4 (5,7, ) /Diffo (T, 2, A).

is isomorphic to I'(s; p vy, see [§].

Suppose we have an isotopy f; given with fy = id and f; = f. The action of f; on
Va4 € A. can be understood as a gauge transformation, if we let ¢;(p) be the holonomy
of V4 along the path s — f(1_4)1-s(p). Since f € Diffo(3,z, ), it will preserve local
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coordinates around the punctures, so g; will be constant near punctures, hence g; € Gy . for all
t. This shows that Diffo(X,Z, X) acts trivially on M(2, X, €)’, which means we get an action
of Diff, (%,%, X)/Diffo(2, %z, X) on M(X, X, €),. Tt is proven in [8] that for V4 and g; as above,
we have ©%(V 4, go) = 1, which means Diff5(%, %, \) acts trivially on the Chern-Simons line
bundle, and hence the action of the mapping class group lifts to an action on the Chern-Simons
line bundle:

Proposition 7.2 ([8]). We have an induced action of the mapping class group T'(s; p vy on
M(Z, X, €), with a lift to L5

7.3 Kaihler structure parametrized by the Teichmiiller space

For a closed surface ¥ the Teichmiiller space is defined as 7(X) := C(X)/Diff(X), where C(X)
is the space of conformal structures on X. o
In general we define the Teichmiiller space for (X, P, V) as follows.

Definition 7.3 (Teichmiiller space). The Teichmiiller space is defined as
Tzp.v) = C(X)/Diffo (3, P, V).

By the above discussion we see that the Teichmiiller space parametrizes Kéhler structures
on the moduli space.

Lemma 7.4 ([8]). The Teichmiiller space Tis p,vy parametrizes Kdhler structures on M, XY
in a U'(s p v)-equivariant way.

Proof. Suppose § is a metric on 3 with the properties specified in Section which further
represents a point o in C(X). By the construction of the moduli space M(X, A, €)’. in Section
and the Hodge-theory in Section we get that the tangent space of M(E,X, €).. can be
identified with ker(d% +d4). Harmonicity is preserved by *, and *? = —1, so we get the wanted
almost complex structure on M(3, X, €)’. That this almost complex structure is integrable
comes from using Theorem 3.8 and Theorem 3.13 in [22], that says there is a diffeomorphism
between M(2, X, €), and Mopar(E5,A)', and that the almost complex structures are equivalent,
hence by Mehta-Seshadri, the almost complex structure is integrable. Using further the
identification

Mopar(Zo, N) = M(i,X)’,
we get a complex structure I, on M(f), )’ and by using Hodge-theory we see that the complex
structure I, is compatible with the symplectic structure w on M(X, A)’. Hence we get a map

I:C(%) = C®(M(Z,N), End(TM(X,N)))

such that (M, I, w) is Kihler for all ¢ € C(X). The group of diffeomorphisms Diff | (X, P, V, X)
acts on M(2, A, €),, via pullback, this induces an action on C*°(M(%, A, €),, End(TM(%, A, €),,)).

The map [ is equivariant with respect to this action. The group Diffo (X, P, V) acts trivially
on M(X,\)’, so we obtain a map

Tepv) = CO(M(E,X), End(TM(E, X)),

such that (M, I,,w) is Kéhler for all 0 € Tsp ), hence we finally see that 75 p v
parametrizes Kéhler structures on (M (f],X)’ ,w) in a I'(x p y)-equivariant way. O






CHAPTER 8

The first Chern class of the moduli
stack of bundles

Let ¥ be a smooth surface. Assume the genus of X is g > 2. Let G be a simple and simply
connected Lie group. Let Myx_ be the moduli stack of GC-bundles over ¥,. The aim of this
chapter is to calculate the first Chern class of Koy, . We know that ¢; (Ko, ) = —c1(T9Ms, ),
so the focus will be on calculating ¢;(T9s_). To do this we rely on the work of Teleman and
Woodward in [41].

Let L denote the determinant bundle over My, . Let E’ be a universal G®-bundle over
My, x L. E’ has the property that for any m € 9y the bundle E], — ¥ x {m} ~ ¥ satisfies
[E!.] = m. Now note that for any line bundle ' — My _ the bundle F' @ 7*F — ¥ x My, will
have the same universal property. The first Chern class of E’ is an element in H?(X x 9y, ), and
via the Kiinneth Formula we can see it as an element € HY(X)®@ H?(Myx, )& H?(X)@ HO(Myx,).
Let ¢} denote the part in H(X) ® H?(Myx, ) and ¢ the part in H(X) ® H°(Myx, ). Let F be
the dual line bundle to the line bundle with first Chern class ¢f. Then ¢/ (E' ® 7*F) = 0. Let
E:=F XxF.

For a GC-representation V' we denote the associated bundle E (V).

We are going to calculate the first Chern class of T91x_, using the Grothendieck-Riemann-
Roch Theorem, which we will now state.

Theorem 8.1 (The Grothendieck-Riemann-Roch theorem). Let X be a smooth quasi projective
scheme over the complex numbers. Let Ko(X) denote the Grothendieck group of X. We can
consider the Chern character as a functorial transformation

ch: Ko(X) —» H*(X,Q)

Let f: X =Y be a proper morphism. Then the Grothendieck-Riemann-Roch theorem relates
the push-forward map

A= (1)'R'f.: Ko(X) = Ko(Y)

with the push-forward
[t HY(X,Q) = H*(Y,Q),

by
ch(fiF*) = fo(ch(F*)Td(T}))

where Ty is the relative tangent sheaf.
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Teleman and Woodward (see [4I]) use this version of the Grothendieck-Riemann-Roch
Theorem on stacks, hence for a f: 9t — 91 between two stacks, the Theorem relates a
push-forward map fi, taking a vector bundle over 9t to a vector bundle over 9, with the
push-forward f.: H*(9MN) — H*(N), by

ch(fiF*) = fe(ch(F*)Td(Ty)),

where T is the relative tangent sheaf.
Using this we will prove the following:

Lemma 8.2 ([6] ). The first Chern class c1(TMyx) of the tangent bundle TMMyx. of the stack
of bundles is

a(TMs,) = 2hx,
where x := co(E) N [Y] is a generator of H?(Mx,) and h is the dual Cozeter number.
Note that this was also proven in [32], but the proof is very different.
Proof. Define the K-theory class
Q= R(mams, )«(E(g) ® K).

On the level of K-theory Q[1] is the cotangent bundle to My , see Andersen, Gukov and Pei

[6]. Using this we will calculate the first Chern class of €2, and hence find the first Chern class

of Tmz
Let T,

many, D€ the relative tangent sheaf along the projection mon, : My, X X — My, .

Let =* be the generator of H?(X) Poincare dual to a point x € ¥, so z* N [Y] = 1. To calculate
the Chern character of Q) we start by using the Grothendiek-Riemann-Roch theorem

ch(Q) = Ty, - (h(E() © K) UTA(Tr,, )
= ch(E(g) ® K) UTd(Try, ) N[5]
= ch(E(g)) U ch(K) U Td(Try,, ) N[5

We now use that for a line bundle ch(L) =" Cl(nL!)n and for a vector bundle the Todd class
is TA(L) =14 e (L) + ...

=ch(E(g)U(l+c(K))U(l+ 101

Z(T

Ty,

) N[E]
Using that ¢1(Tryy,,, ) = (2 — 2g)2" we see
1
— ch(E(g)) U (1 + cl(K)) U (1 +502- 29)96*) n[=l
and then we use that ¢;(K) = (2 — 2g)z* hence

yu (1+(2—2g ) (1+%(2—2g)x*) N[

h(E@) U (1+5(2 - 20)" + (2 - 200" + 52— 20)%(")?) ]3]
= ch(B(@) U (1+3(1 - g)a) N [3]
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Hence
ch(TMs,,) = —ch() = ch(E(g)) U (—1 = 3(1 — g)a*) N [3]

To find ¢1 (T, ) we write

ch(E(g)) = rk(E(g)) + c1(E(g)) + %(Cl (E(9))? — 2c2(E(g))) + . .-

To see what part of this product is in H?(My,_ ) we write H"(3 x My, ) as a sum using the
Kiinneth formula, then remember that H"(X) = 0 for n > 3, Uz*: H"(X) — H"?(32) and
N[Z]: H*(Z) — H" (). We have ¢;(E(g)) = ¢} + ¢/ where ¢} € H*(X) @ H*(Myx,) and
¢} € H(X) ® H?(9Ms, ). We note that all GE-bundles over ¥ are trivial since G is connected
and simply connected, which means ¢j = 0. Hence ¢;(E(g)) € H°(X) ® H?(Msx,). When
constructing F we also made sure that ¢/ = 0, so ¢;(E(g)) Uz* N [X] = 0. Hence the only
non-zero part of ch(T9My_ ) in H?(My, ) is

a1(TMs,) = c2(E(g)) N[X] € H*(Ms,)
From [14] we know that co(E) N [X] generates H?(IMyx,_ ). From Equation (8.3) in [7] we get
c2(E(g)) = 2hea(E),
where h is the dual Coxeter number. So we conclude

c1(TMs, ) = 2hea(E) N [X] = 2hy.






CHAPTER 9

The canonical bundle of the moduli
stack of parabolic bundles

Recall that ¥ is a surface with genus g > 2. It has marked points P = {p(l), e ,p(b)} each
with a weight A(¥ € A. Let My denote the moduli stack of bundles, let %ZU,F denote the
moduli stack of parabolic bundles with reduction of structure group to P, where P() is the
parabolic subgroup corresponding to A(?). We wish to describe the canonical bundle of %Eaf'

Let G be a semi-simple and simply connected compact group. In this chapter we will
only use the complexification G. Let M be a complex manifold. In Section we will find
the canonical bundle of Q/P, Q — M a holomorphic principal G®-bundle, and P ¢ G® a
parabolic subgroup of G€. We will prove that

KQ/pZ,C@?T*KM,

where L is a line bundle that depends on the parabolic subgroup P. We will use this to prove
that the canonical bundle of By, ,PIs the tensor product of a line bundle for each marked
point and the canonical bundle of Emg pull back to ‘BE Nz The idea is to see %2 7 as the
fibered product, and then remove the parabolic structure one marked pomt at a time.

To do this we need to prove Equation [J] which is done in Section [9.2 and to do so we need
some basic knowledge about Lie algebras and Lie groups, this can be found in Section In
Section we go through how to use Equation [J9]in the case of the moduli stack of parabolic
bundles. We then use this to conclude when the canonical bundle of the stack of parabolic
bundles has a square root. Finally we restrict to the case SL(n,C) in Section

9.1 Lie algebras and Lie groups

Let G© be a Lie group and g its Lie algebra. A torus in a complex Lie group G is a compact,
connected, abelian Lie subgroup of G€. We will let T denote a maximal torus of G€. Let
X(T) denote the character group of T. The Lie group G* acts on its Lie algebra g, hence we
can write g as a sum

9= Drex(m O,

where
gy :={zeg|te =A{t)x for all t € T}.

The character X is called a root of GC if X\ # 0 and gy # 0. The set of roots is denoted by R.
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Given a set of roots, one can always choose a set of positive roots, which we will denote by
R*. A set of positive roots R is a subset of R such that for each o € R exactly one of a and
—a is in the subset Rt C R, and if the sum of two elements o and 3 in R* is a root, then
a+ (3 is also in R*. Note that this can be chosen in many different ways. The other roots are
the negative roots, and will be denoted R~. A positive root that cannot be described as the
sum of two positive roots, is called a simple root. We will denote the simple roots by

II={ag,...,an}.

For each root we can define a corresponding co-root as

The co-roots also form a root system, which we will call the co-root system and denote by R.
If ag,. .., a, are the simple roots for R, then aq,...,d&, are the simple roots for R.

Fundamental weights
We define the weight lattice of the Lie group G€ to be
X = Hom,ig gp. (T,C*) ~ Z"
One can see that this is exactly the character group of the maximal torus 7. Hence
X =X(T).

Let Y := Homaig gp. (C*,T). When we assume GC is simply connected, the Z-span ZR of the
root system R is a proper subset of X. The Z-span ZR of the co-root system R is equal to Y.
This means there exists wq,...,w, € X such that

(Wi, &j) = dij

We call wy,...,w, the fundamental weights. Obviously these span X.
We can now write the Lie algebra as the sum

g:h@@ga
aER

where b is the called the Cartan sub-algebra, which is equal to gg.

The roots of parabolic subgroups

We are interested in looking at parabolic subgroups. The smallest parabolic subgroup of a Lie
group GC is called a Borel subgroup. It is defined as follows

Definition 9.1 (Borel subgroup). B C G€ is called a Borel subgroup if it is a maximal closed
and connected solvable subgroup.

A parabolic subgroup can then be defined as

Definition 9.2 (Parabolic subgroup). A subgroup P C G® containing B is called parabolic.
Hence the Borel subgroup is the smallest parabolic subgroup.
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For P a parabolic subgroup of G, P can be decomposed as
P=UxL

where U is unipotent and L is the Levi factor, see [30]. L is reductive, and hence we can
calculate the roots of L by making a decomposition

[=®rex(mh,

where we note that the maximal torus of L is the same as the maximal torus of GC. The
roots of L are also roots of G, and therefore spanned by a number of the simple roots of G,
I c{ay,...,a,}. We define the root system of P to be the roots of L, so

R(P)=R(L)=ZINR.

Sometimes we will write P; to emphasize the simple roots determining P.

The Lie algebras of parabolic subgroups

For a root o € R we have a map
Xo:C— G®

defined by
tXo(a)t ! = Xo(a(t)a) for all t € T.

It is well known that we can see the Borel group as a span of these maps X, for all the negative
roots a € R~ and the maximal torus 7. Then

b=Ho DaeRr-Ja-
Every parabolic subgroup Py is then spanned by B and the maps X, for @ € R(P), hence
p=0H&Dacr-UrRP)ba-

The roots of GC that are not roots of P is the set R\ R(P), we will denote this by R(g/p).
Hence we can write g/p as the sum of g,’s of all the as in R(g/p),

g/p = EBaGR(g/p)gov

We now know almost all we need about Lie groups and Lie algebras, before proving the
theorem about the canonical bundle of Q/P — M. But we need a simple result about the
fiber-wise tangent bundle. When we have a principal G bundle Q — M we have a short
exact sequence,

0—Tom —TQ — 7n*TM — 0,

where T/ is the fiber-wise tangent bundle. Equivalently one can look at the bundle
Q/P — M, and find the fiber-wise tangent bundle here

0— Tig/pym — T(Q/P) — m*TM — 0.

Lemma 9.3. Let Q — M be a principal GC-bundle for G a Lie group. Let P be a parabolic
subgroup of GE. Then the fiber-wise tangent bundle of Q/P — M is

Tiq/py/m = (Q x g/p)/P.
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Proof. We know that for a Lie group G the tangent bundle is TG® ~ G© x g. Equivalently we
see that for a principal G® bundle Q — M, the fiber-wise tangent bundle To/misTom ~ Qxg,

by the map g — X(Q), = — &(q) = %|t:0qgt-

We will construct a map from @ x g/p to T(Q/P), (¢, A) — &(gq, A) such that 7.(£(q, A))
is zero. And then prove that (¢, 4) - p = (¢ - p, Ad(p~!)A) is mapped to the same element of
T(Q/P). Afterwards we prove that the map from the quotient is injective. Hence we prove
that we have a short exact sequence

- (Qxg/p)/P —T(Q/P) — 7m*TM — 0.

Which means that by definition of the fiber-wise tangent bundle, we have
Tiq/pym = (@ x g/p)/P.

Define the map £: Q x g/p — T(Q/P) to be £(q, A) = %’tzo[qgtL where gy is a map in @
such that gg = e and %|t:09t = A, and [-] means we have an equivalence class in Q/P.
The element (g, A) - p is mapped to £((q, 4) - p) = %‘tzo[q - pgt), where we can use p~1g;p
as g; since %’t:op_lgtp = Ad(p~')A. Hence
(g, A) - p) = |, _ola-pp o) = £],_la- 9] = &(p, A).

We see that we have a well-defined map (Q x g/p)/P — T(Q/P). Now we want to prove
that this map is injective. Let (g, A), (G, A) € Q x g/p and assume £(q, A) = £(G, A). Then
TiqQ/P = Ti5Q/P so [q] = [q]. Hence there exists a p € P such that ¢ = ¢ - p.

d
L old g = Fl,_ola-p g = &|,_[a-p " Gupl,
hence
A dt|t Ogt dt‘t Op gtp] Ad(p_l)jzl

Which means the map (Q x g/p)/P — T(Q/P) is injective. Hence we have proven the
Lemma. 0

9.2 Canonical bundle of Q/P — M

We will prove the following theorem about the canonical bundle of B.

Theorem 9.4. Let GC be a semi simple and simply connected Lie group. Let R denote the set
of roots of GC. Let Pr C GC be a parabolic subgroup corresponding to the simple roots I C R.
Let Q@ — M be a principal GC-bundle. Let B = Q/P. Then

KB ~ S,g ® W*KM,
where £, is the element of the Picard group Pic(G®/P) with k = — 2 acR(g/p) &

Proof. From the principal G®-bundle Q — M we get a short exact sequence of bundles over
Q, where Ty denotes the fiber-wise tangent bundle

0= Tom —TQ — n*TM — 0.
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Modding out by P reveals a short exact sequence
0— T(Q/p)/]\/[ —TB — 7m*TM — 0.
It follows that the canonical bundle of B is

top top
Kp=\T"B=\Tigpym &7 K.
We saw in Lemma [0.3] that
Tiq/pym = (@ x g/p)/P.
From Equation [0.1] we know that
g/p = @Q€R(g/p)ga'
Let mg,p denote the projection map mg/p: @ — Q/P. Then

Q@ xg/p =p 7gpTiq/P) /M
Taking the top exterior power we get
top top

Q % \(@acr(g/pRa) 2p 750 \ Tia/p)/m-

We recognize this as the line bundle £, — Q/P where £ = =3 p @ € X(P) is an
element of the character group of P. Hence we have proven the theorem. O

Remark 9.5. Note the Picard group of G¢/P is isomorphic to the character group of P, see
[31] Corollary 3.3.
Pic(G®/P) ~ x(P).
We want to know when the line bundle has a square root. This is fairly simple, using
results which can be found in [30]. We prove the following Lemma

Lemma 9.6. Let £, be an element of Pic(GC/P). It corresponds to an element k in the
weight lattice X. Then £, has a square root in Pic(G®/P) when k is divisible by two in the
character group of P, denoted by X (Pr).

Note that this means (k, ) has to be even for all simple roots, and has to be zero for the
simple roots in I.

Proof. To prove the Lemma we need the remark and that the character group is
X(Pr)~{Ae X(T)|(\a&)=0Vae T},

where T is the maximal torus in P, but since B C P this is the same as the maximal torus of
G©, see [30] on page 169. In conclusion we have

Pic(G®/P) ~ {\ € X(T) | (\,@) =0Va € I}.

The character group of P, where « lives, is a subset of the weight lattice X', which is spanned
by the fundamental weights w,...,wy, hence there exists aq,...,a, such that

K=aiwi + -+ apwn,.

Then k is even in X when all the a;s are even. If x is even in X', one wants to know wether
#+ which we will denote by v := %w; + - -+ + %w, is still an element of X'(P). If this is true,
then  is even in the character group X' (P) and hence the line bundle £,; has a square root in
the Picard group Pic(G®/P). In conclusion  is even in X (P) if (k, ) is even for all simple
roots a and zero for all simple roots in I. Hence we have proven the Lemma. O
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As an example we can look at the case, where P is the smallest parabolic subgroup, the
Borel subgroup.

Ezample 9.7 (The Borel subgroup). When looking at the Borel subgroup Pic(G®/B) ~ X (B)
and k = Y g+ a. The Weyl weight p is defined as the sum of the fundamental weights, so it
is an element of the weight lattice X' (B) ~ Pic(G/B). It can be proven that the Weyl vector
equals half the sum of the positive roots %ZaeR+ a. So we can conclude that ) . «ais
even in the weight lattice, and hence the line bundle £,, where k = ) .+ a has a square
root, namely the line bundle £,.

Since this is very useful, we write the result as a corollary.

Corollary 9.8. Let GC be a semi-simple and simply connected Lie group. Let R denote the
set of roots of GC. Let B C G© be the Borel subgroup. Let Q — M be a principal GC-bundle.
LetY = Q/B. Assume K); has a square root. Let k = —2p, where p is the Weyl vector. Then
Ky ~ £, @n* Ky and furthermore Ky has a square root.

As another example we can look at the case where P is the maximal parabolic subgroup in
type A.

Ezample 9.9 (Maximal parabolic subgroup in type A). We get a maximal parabolic subgroup,
when we just take away the last root. So I = {aq,...,ap—1} and R(Pr) = Z{«a1,...,an_1}NR.
We see that R(g/p) = {a1+- -4, a2+ - 40ap,...;an}. Thenk = =3, . i+ 4oy, =
~2p+ > cicjen @i + -+ a;. To check whether this is even, we have to calculate (k, dy)
and see if this is even for all 5. Since

we get
( Z o+ Faj,dp) =2fork<n
1<i<j<n
( Y aitotajan)= Y —l=—(n-1),
1<i<j<n 1<i<n
so kK = —(n — 1)wy,. For n odd this is even, so now we just have to check that "T_lwn e{pe

X(T)|{u,&) =0Va € I} for n odd. This is true, since (w;,d;) = d;; and I = {oq,...,an_1}.
We see that A is even in X (P) if and only if n is odd.

9.3 The canonical bundle of the moduli stack of parabolic bundles

Recall that ¥ is a surface with marked points p(*), ... p(® each with a weight A € A. Let
My, denote the moduli stack of bundles, let By, 5 denote the moduli stack of parabolic
bundles, where P denote the

We will prove the following
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Theorem 9.10. The canonical bundle Ko, _ has the form

Ky = ®§:1£,§(i) & W*Kfng .

26, P
where KV € X(PW) is the element k¥ = — 2 aeR(a/p@) O

Proof. Let
E—X¥x Sﬁzg
denote the universal bundle. Let E() = E|{p(i)}xmzu — My, denote E restricted to
{p"} x My, C ¥ x My, . Then we have a fibered product presentation of By B
By p= EM/pM Xomg, ©*° Xons, E® /p®),

We have proven Theorem that states that for G® a semi simple and simply connected
Lie group, @ — M a principal G®-bundle, and P C G® a parabolic subgroup of G, the
canonical bundle of Q/P is

KQ/p ~ L. 7 Ky,

where £, is the element of the Picard group Pic(G®/P) with k = — > acR(g/p) @ We will use
this to prove that the canonical bundle of By, p is the tensor product of a line bundle for
each marked point and the canonical bundle of My, pull back to By, p. The idea is to see
By, 5 as the fibered product, and then remove the parabolic structure one marked point at a
time. To see how this is done we write the pull back diagram

E(l)/p(l) Xty * X E(b—l)/p(b—l) X oty E® ___ g®)

1 I

E(l)/p(l) Xomg, *** Xy, E(bfl)/P(bfl) —_— My,

and see that
EM/pM Xoms, © Xy, E®-D/p-1) Xons, E® ~ 1 (E®)
hence
By p=ED/PY xou, -+ xomy, B® /PO~ i (E) /PO
Now we have the setup we wanted, since 7 (E®) — EM /P xop - xoq,  BO-D/pl-)

is a principal G€ bundle, that we want to mod out by a parabolic subgroup P(*). Hence we
can use Theorem to get the canonical bundle of By, 7 as the product of a line bundle and

the canonical bundle of EM /P xon -+ xgn, B¢/ pE-1;
Ky, »~L.n® WZ(KEOVP(UXMEG Xy E®-1) /p-1))-

Doing exactly the same, we can remove the parabolic structure from p(®=1) to get

KE(I)/P(I)XWEU“'X‘ME E(b 1)/P(b 1) —;C,i(b 1) ®7Tb 1(KE(1)/P(1>><UIE XgﬂEaE(b—2)/P(b72)).
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Hence starting from b and removing the parabolic structure one point at a time, each time
getting a line bundle, we get that

~ *
K%ZUF ~ L. @ (KE(U/P(UXWIE(, Xy E(b—l)/P(b—l))
~ * *
~L.w Q@ (L1 ® Wb,l(KE(l)/pu) Xomy, Xy, E(b72)/p<bz)))

~ Loy @ (Lo-1 @1 (Lyv-2 @ Th_o(. .. Koy, ))),

and so forth. By abuse of notation, seeing all the line bundles as bundles over By p we get

b
K%Eo,? =®;1 L) ® W*szg .

O

The Picard group of the stack By, 5 is Z direct sum the character group of each PO see
18-

Theorem 9.11. The Picard group of By, 5 is

b
Pic(By, p) =Z& P x(PY).

i=1

where _ _
X(PDY={peW|{ua)=0¥aeID}

and the generator of the Z factor of Pic(%zmﬁ) is m*x, where x € Pic(My_).

Proof. From [§] we have that the Picard group of the moduli stack of quasi parabolic bundles
%ZU,F is
Pic(By, p) =Z& P X(PY),

where X (P®) denotes the character group of P(*). From [30] we know that the character
group of P() is ‘ 4
X(PDYy={peW|{ua)=0Yaec IV}

where I; are the simple roots determining the parabolic subgroup P9, O

As remarked in Chapter [6] there is a morphism from the sub-stack of semi-stable bundles
%SZS - to the moduli space of semi-stable parabolic bundles M., (X5, A), which induces an

T

injection on the level of Picard groups. As it is argued in [37] we get the following proposition

Proposition 9.12 ([37]). The line bundle Ly associated to (k,fi) € Z @ @?:1 x(PW)
descends to Mpar(So, ) if and only if exp(>"; p¥) acts trivial on the center of SU(n)

E.g. the line bundle descends to Mpar(Eq, A) if 3, u(¥ € R. Which means that when we
write each () in the Z-basis L; of W, then the total sum of all coefficients must be divisible
by n.

Using this description for the Picard group, and that we have found the first Chern class
of Koy, in Chapter 8] Lemma[8.2] we get the following corollary to Theorem

Theorem 9.13. The canonical bundle Ke . correspond to the element

Ku, o~ (=2h,s", .. ") € Pic(Bg, p)

25, P
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We get an immediate use of Theorem [0.10] by looking at Example 9.7 We can us this
Example to conclude that if all the parabolic groups were the Borel subgroup, then the line
bundles £, ) each have a square root. And since Koy, always has a square root, this will
mean that K By has a square root, when all the parabolic subgroups are the Borel subgroup.

Corollary 9.14. Assume the weights N9 in each marked point are such that the parabolic
subgroup P9 C G associated to the marked point p™*) is the Borel subgroup of G. Then the
canonical bundle Key, . , of Bs, p B has the first Chern class

C1 (K‘BEU.P.B) = (_277’7 _2p7 _2p7 (RS} _Qp)7

where p is the Weyl vector. Hence K, , , has a square root.

9.4 Restricting to SU(n)

We will restrict to the case of SU(n) bundles, hence the parabolic subgroups will be subgroups
of the complexification SL(n, C).

The Lie algebra sl(n)

The Lie algebra sl(n,C) consists of all the traceless n X n complex matrices. The Cartan
algebra h is the subspace of diagonal traceless matrices, each of which we identify with an
n-tuple (ai,...,a,) with >, a; = 0. Let L;: h — C be defined by L;(a1,...,a,) = a;, then
the dual to the Cartan algebra is

b =C(Ly,...,Lp)/{L1+ -+ Lyp).

Define for i # j, E;; € sl(n,C) to be the matrix which has a 1 in the (7,j)-entry and
zeros otherwise. Then F;; is an eigenvector for h under the adjoint action with eigenvalue
L; — L;. The weight lattice is W = Z(L,...,Ly)/(L1 + --- + L) and the root lattice is
R = spany{L; — L; | i < j}. Note that we have an isomorphism W/R = Z/nZ given by
Y oL — > o € Z/nZ. We can define a set of positive roots by R* = {L; — L; | i > j}.
Then the simple roots are Il = {L;11 — L; | i = 1,...,n — 1}. The positive Weyl chamber
isCt={Y,a;L; a1 <--- <a,}. We define the positive weights to be W =WNC*t. In
general, when we have a positive weight A € W, we get an n-tuple [A1,..., \,] of integers
such that \; < --- < \,. We observe that § = L,, — L1, thus we see that

A={(0,Xa,... A) EZ" [0< Ay < ... < A\, < k).

Some of the entries in this n-vector might be equal, hence we get a reduced vector consisting
of r different numbers, which we will denote A,

A== g
)‘k1+1 = = )‘k1+k2
>\k1+...+kr_1+1 = ... = )\n

Let A= [Ary, -, Ak, k]. This specifies a flag-type (k1, ..., k), where 3, k; = n.

r—17
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The sum of the roots of SL(n,C) that are not roots of P

We will rewrite Theorem assuming G¢ = SL(n,C). Hence we need to find the sum
of the roots of SL(n,C) that are not roots of the parabolic subgroup P, since the first
Chern class of the canonical line bundle Keg_  has the form (—2h,/$(1), e ﬁ(b)), where

k) = — > acR(g/p:) @ Hence we are interested in finding all the roots of g = sl(n) that are
not roots of p.

We know that elements of P have the matrix form

k1 ko k3 e ko,

hence the roots of P that are not roots of sl(n) are the elements E; — E;, where P;; = 0. So
to take this sum, we start by calculating the sum over the first column, then we can calculate
it over the first block, and then take a sum of all the blocks.

The first column has zeros from i = k1 + 1 to n, hence

n

Z (—El =+ Ez) = —(TI, — kl)El + zn: E‘z

i=kr+1 i=k1+1

Then first block is then F;; for k1 <4 <nand 1 < j < k;. Hence when we sum over these
entries we get

—(n—kl)El—F Z E,L'

i=k1+1

— (n — kl)EQ + Z E;
i=k1+1

k n
= —(n—/ﬁ)i:Ei—Hﬂ > E
=1

i=k1+1
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When we look at all the blocks we get

nfkl ZE +k1 Z E

1=k1+1
k1+k2 n
— (n— (k1 + k2)) Z E; + ko Z E;
i=k1+1 i=ki1+ka+1
+...
kit-tkr_1 n
—(n—(k1+- -+ k1)) Z Ei —kr— Z E;
i=ki+-+kr_2+1 i=ki+-+kr_1+1
k1
—(n — kl) Z Ez
i=1
k1+ka
—(n— @2k +k)) Y, Ei
i=k1+1

O

—(n— (2ky + -+ 2k, 5 + kr_1)) > E;
i=ki+tkp_a+1

n

+(kit-tkeo) Y B
i=ki+-+kr_1+1

Hence

K= 1o )]
= [n—kl,n— (2]61 —|—k2),n— (2]€1 +2k2+k3),...,
n— 2k +-42kr_o+ k1), (k1 + - + ko)),

up to adding the same integer to all entries.
Using this we can rewrite Theorem to the following.

Corollary 9.15. The canonical bundle Ko, . correspond to the element

K‘B ~ (_2h’ /ﬁ:(i)a ety H(b)) € Pic(%zavf)

S5 ,P

where h is the dual Cozeter number, which for SU(n) is n and for G = SU(n) and the above
specified parabolic sub-groups P, we have that

KO = [(n—kD), (n— 26 + kD)), (= 2B+ 2k, kD)), — (R kD))

When will K MEXY have a square root

We already know that ci(Kwy_ 5 ) is even when all the parabolic subgroups are the Borel
subgroup. This can easily be verified now. For the Borel subgroup k; =1 and » = n. Hence

we get ‘
/f(’):[n—17n—3,n—5,...,—n—|—1]:[n7n—2,...,—n+2]
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so this can always be even, hence the canonical bundle of the moduli stack of parabolic bundles
always has a square root, when the parabolic subgroups are the Borel subgroup.
We know the canonical bundle Ky has a square root when the numbers

n— k" n— @k + k), o= 2R+ 26, D) (R kD)
have the same parity for each i. Let us assume this and then in this case we let b,(P) be the
number of points p() where these numbers are odd. Then we can prove when this line bundle
descends to a line bundle over M (X, X)/.

]@ ’s have the same parity for each i, M(Z,\)",
has a unique square root of its canonical bundle if and only if b,(P) is even.

Proposition 9.16. In the case where the k

Proof. Assume for i = 1,...,b that
I{(l) = [/{gz), ey KENZ()Z)]
= [(n =k, (n— 2k +E)), (n — @k + 2687 + B, ..
(n— 2k + o 2, 4 kD)), =D B )
all have the same parity for each 1.

Assume ng)’ e /fo()i) are all even. Then we have the sum

ij%lij = klé(nf ]{31) +k2%(n7 (2]{31 +k}2)) —+ .- +k7«_1%(n7 (2]{31 + .- +2:l€7-_2 +kr_1)
J
ko )

r—1
— %(n(kl + -+ k) —nk, — ijkm —ky(n — kr))
im
r—1
= %(n2 =S ki — 2k — kf)
J,m

T

L (02 = 3" kkm) = 0.
J,m

Assume Iigi), cee /—17("1()) are all odd. Then since A € W, we can add 1 to each entry, and still

represent the same A\. Now all entries are even. Hence we have the sum
Zk’j%(ﬁj + 1) = klé(n — k1 + 1) + k‘g%(ﬂ — (2k1 + k‘g) + 1) —+ ...
J

+heo1i(n— (k14 + 2k o+ ko +1) — ki (ki + ko 1)
= ij%lij +1in
j

:§n

)

's were
initially odd. Hence the line bundle K %/22 _ will descend to a line bundle over M (3, X)! when

o

When we add up over all points we get %n for each marked point, where the Ii;i
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(@)
J
bundle K . that has a square root, then bo(P) of the marked points will have /1;1) odd.

we have an even amount of marked points where the ’’s are odd. If we have a canonical

Hence we end up with the sum 1b,(P)n, which is only 0 modulo n, if b,(P) is even. O

From this we immediately get

Corollary 9.17. In the case where kj(-i) =1forallj=1,....,7D, i =1,...b, the moduli

space M(i,X); has a unique square root of its canonical bundle if n is even or if n is odd, we
need b even.

As described in the introduction, this is enough for us. Since we can always arrange that
the number of marked points, b, is even, by propagation of vacua as described in [42] [T1].

9.5 Example: Surface with genus 0 and b punctures

We have now calculated the first chern class of the moduli space for a surface with genus
greater than or equal to 2. We have also calculated the first Chern class for genus 0 in the
case of SU(2).

The surface we are going to study in this example is the surface with genus 0 and b punctures,
denoted by ¥. The weights on the punctures will be the representations A, ..., A(?). We want
to find the first Chern class of the moduli space of flat SU(2)-connections M (X, X) and the
class of symplectic form wgy 2y of that moduli space. These both live in the second cohomology
group H? (M(iX), Z), so first and foremost this is the group we will try to understand.

Each weight A(*) is an element of the dual of the Cartan algebra, and hence and element
of su(2)*. Let Oy = SU(2) - A denote the coadjoint orbit, which is a Ké#hler manifold
(CP,k-wps), where k is such that A becomes the k + 1 dimensional irreducible representation
of SU(2). We have the Fubini-study symplectic form wpg = %%, which corresponds to
1 € H*(CP, 7).

When we take the product of all the Oy s we get a new Kéhler manifold, which we will
denote by X,

X = O)\(l) X oo X 0/\(17).

There is a SU(2) action on each, which is just rotation on CP!. Let u be the map

w: X — su(2)”
(M, .. 2®) HZ:U(“.

We will denote the Kéhler quotient by Xguy(2), then

Xsu) = X//SU(2) = 1 (0)/SU2).

Let X := 1~ (0). We have a projection p: Xo — Xsu(2), which makes this a SU(2)-bundle.
Xsu(2) is a symplectic manifold, denote the symplectic form by wy. Let w denote the symplectic
form on X. Then

pr(wp) = i (w)-

From Jeffrey we know that
M(Z, )\) ~ XSU(Z)'
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From Kirwan we get that taking the GIT quotient is the same as taking the K&hler quotient,
hence
X//S"SLy(C) =~ Xsu(a),

and ¢: X — X//C"TSLy(C) ~ Xgy2) is a SLo(C)-bundle. We write the first page of the
Serre spectral sequence for SLy(C) — X — Xgy(2), where we use that H*(SLy(C)) = H*(S5%)

3] Z HY(Xsup) H*(Xsuw)

0| Z HY(Xsup) H*(Xsuw)

0 1 2

We see that it converges, hence
H2(XSU(2)a Z) — HQ(Xv 7).
We know the cohomology of X
H*(X,Z) = &, Z,

so we can use this as a coordinate system on H? (Xsu(2), Z).
Since X is a fibre bundle, the tangent bundle will be

TX =q"(TXsu) ®TF,

where TF ~ X x s((2,C) is trivial.
By a few calculations we see that the first Chern class of T'X is the push forward of the
first Chern class of T'Xgy(2), which is what we are interested in

ca(TX) =c1(¢" (T Xsu()) - co(TF) + co(q" (T Xsu(z)) - e1(T'F)
=c1(¢"(TXsu(2))) + 1 (TF)
= q*cl (TXSU(2)) + O

Since ¢1(CPt) = 2 we get that ¢1(TX) = (2,...,2). We saw that ¢* is an isomorphism, so we
have found the Chern class we were looking for:

el (M) =(2,...,2).

To calculate the class of the symplectic form wsy(,) on Xgu(a), we use the fact that we
know the class of the symplectic form w on X, since this is [w] = (K1), ..., k®). By the same
argument as before and the fact that ¢*([wsy(2)]) = [w], we see that the symplectic form is

¢*lwsu] = R, ED).

This all means, that if all the weights are the same, k(1) = ... = k(®  then the first Chern
class will be {w] for some | € Q, which is what we wanted. Note also that if the weights are
not the same, the first Chern class can never be [ times the class of the symplectic form.
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The Hitchin connection on the moduli
space of parabolic bundles when we
have a Fano type condition

We would now like to use Andersen’s general construction of the Hitchin connection, Theorem

to construct a Hitchin connection in Vgc). Recall that we assume the genus of the marked
surface X is g > 2.

Theorem 10.1. Assume there exists | € Q such that the first Chern class of the canonical
bundle of M(X, ), is lw,, 5] and that the weights X are contained in the interior of the Weyl

Chamber. Then we can use Theorem to construct a Hitchin connection in the bundle Vék).

Proof. From Theorem we know that the Chern-Simons line bundle is a prequantum line
bundle since the weights A are contained in the interior of the Weyl Chamber. From [§] we
know that the moduli space is simply connected. To prove G(V') is holomorphic, and hence
the family of K&hler structures is rigid, one can follow exactly what Hitchin did in [29] his
proof of Lemma 2.13 and the remark following. The only things used is that

T[A]M(E,X, 6)’0 ~ Hlk(i, dA),

where each of the elements has a unique ds-harmonic representative, which we know from
Section In the construction of the Hitchin connection we need a Ricci potential, e.g. a
map F': Tis p vy — CF°(M(E,N),R) that satisfies the equation

P = 2nw; 5 + 2id0F,,

Zograf and Takhtajan has constructed such an F' in [40], so we use this Ricci potential F'.
Now we have seen that all the required assumptions of Theorem are met, except that

the first Chern class is l[w, x]. When we assume that the first Chern class is in fact on the

form l[w, 5], then we can construct the wanted Hitchin connection. O

We remember from Section that for the stack By, 5 of parabolic SL(n, C)-bundles,
there is a morphism from the sub-stack of semi-stable parabolic bundles %;S + to the moduli

space of semi-stable parabolic bundles M., (25, ), which induces an injection on the level of
the Picard groups.
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80 a Fano type condition

We just concluded that we can use Andersen’s general construction of the Hitchin connection,
Theorem (I31), and the projective flatness proved by Andersen and Gammelgaard ([4]) to

construct a projectively flat Hitchin connection in the bundle V;k) when the first Chern class

of the moduli space M(Z, X) is lwy, 5] for some [ € Q. We know from [§] that the class of w;, 5
is given by
(B, A0, A0 e Z o @ X (PW) ~ Pic(By,_ ),

From Corollary @ we know the first Chern class of Ky as

K% ~ (_21713 Hz(i)a cety ‘%(b)) € Pic(%zaaﬁ)

6, P
where
k=W, ... k"]

= [(n — kl), (TL — (2k1 + k’z)), (n — (2k1 + 2]{32 + kg)), ey
(’I’L — (Zkil + oo+ 2k o + ]43,«_1)), —(kl + -4 kr—l)]-

Hence we can work out when the first Chern class of the canonical bundle Ky _ and the
class of the symplectic form w), 5 are proportional for the stack of parabolic bundles. When

they are indeed proportional, they will also be so the for moduli space M(i, ). We conclude
Theorem 10.2. If for alli=1,...,b there exists an | € Q such that

—2h-l=k
AD = kD = —(n - k)

AD =g = O 4 gD

Theorem to construct a Hitchin connection in Vék), which is unique up to projective

up to adding an integer mY € 7 to each equation. Then we can apply Theorem@ and
i (=,p,v)-invariant and projectively flat.

equivalence,
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The Hitchin connection on the moduli
space of parabolic bundles

In this final chapter we will prove the main result of this thesis. The aim is to construct a
quantization of the moduli space defined in Chapter [6} and find a Hitchin connection in this
setting, without having any assumptions on the weights, like we had in Theorem This is
done using metaplectic quantization and the Hitchin connection constructed in this setting
from [5] by Andersen, Gammelgaard and Roed. We wish to construct a Hitchin connection in

the bundle V¥ over Ts,p,v). We can use Theorem to construct such a Hitchin connection,
when the canonical bundle Ky . has a square root, and there exists a pre-quantum line

bundle fq such that K/lxﬁi % ® E’X,a ~ ﬁki as holomorphic line bundles for all o € T(s p,v).

Recall ¥ is a closed oriented 2-manifold with marked points P = {p(l)l. R p(b)}7 each with
a direction v(¥ € P(T},,¥) and a weight A() € A. As in earlier chapters > = % — P.

— ~—~"

%
o
G

Figure 11.1: Punctured surface

In Chapter @ we constructed the moduli space M(iX), which is the moduli space of flat
connections whose holonomy around p(® lie in Cy«). By a result of Metha and Seshadri [35],
this moduli space is homeomorphic (diffeomorphic on the smooth locus) to the moduli space
Mopar(E4, A) of semi-stable parabolic bundles with trivial determinant and weights determined
by the A(®’s. Using Sobolev spaces we constructed a moduli space M(i,x, €)o in Section
The smooth part M (X, X, €)!. was shown by Daskalapoulos and Wentworth to be naturally an
almost complex manifold in [22]. For small enough e the moduli space is again diffeomorphic
to M(Z, ).

In Section we recall how the Hitchin connection can be constructed, when using
metaplectic correction. It is Theorem [£.9]that we wish to use to construct a Hitchin connection
in this case. In this theorem we do not need the first Chern class to be I[w], but we do still
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Figure 11.2: Surface with semi-infinite cylinders

need it to be even. When looking at the moduli space, we do not know in general that the
first Chern class is even (for example see Example , so we need another way of using
metaplectic quantization. The idea is to look at a bigger moduli space, where the first Chern
is in fact even, and then use this to construct a quantization of the original moduli space via a
projection from the bigger moduli space to the original moduli space.

Let p denote the Weyl vector and p = (p,...,p). Given the weight A we define a new
weight N = A+ 7. Observe that the weights X are in the interior of the positive Weyl chamber.
Then M(XNI,X/) and L, j3 are the moduli space and the prequantum line bundle associated
to X as described in Chapter |§| and Chapter |7} The following two results about the moduli
space M(i, X/)’ are needed in order to prove the main Theorem, that the bundle Vék) supports
a projectively flat Hitchin connection.

Proposition 11.1.
HOY (M(EX)) = 0.

Proof. Using Serre spectral sequences for the projection 7: %EU 5 — Ms, we see that

H 1(%207?, 0) =0 (see Appendix . Using that the complex co-dimension of the reducible

locus of M(i,x/); is > 2 argument, to go from By, » to M(f],x/)f,, we get
HOYM(E,X),) = HY (M(E,X),,0) ~ H By, 5,0).

Hence HOM(M(S, X)) = 0. O

Proposition 11.2. The moduli space M(E,X/)g has no holomorphic vector fields.

Proof. The proof of this theorem is completely parallel to Hitchin’s original proof of the
same fact for the moduli spaces of semi-stable bundles, using his integrable system on the
corresponding Higgs bundle moduli space. Let MHiggS’y(Eg) denote the moduli space of N
semi-stable parabolic Higgs bundles of rank n and with trivial determinant. On this moduli
space we an integrable system by the means of the Hitchin map. Given a vector bundle E on
Yo, any invariant homogeneous degree i polynomial naturally defines a map

HY(%,,Endy(F) ® K(P)) = HY(Z,, K(P)").
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Take the elementary symmetric polynomials (of degree at least 2) as a homogeneous basis
of polynomials on sl(n) invariant under the adjoint action of SL(n), then the corresponding
maps a; combine to give the Hitchin map

hxl : MHiggs,X/ (Eo-) — H,
where
H=H%,,K(P)*)® H(S,, K(P)*) @ --- @& H(X,, K(P)").
The components of h, are defined as follows. For any parabolic Higgs bundle (E, ®) and any
x € Xy, let k € K(P)|;. Then we have
det(kIdg, — @) = k" 4+ as(®)(2)k" % + - + an_1(®)(2)k + a, (@) (2),

and hq(F, ®) is given by (az(®P),...,a,(P)). Since the Hitchin map is proper it follows that
the holomorphic functions on MHiggs v (Xo) must all be pull backs of holomorphic functions
on the Hitchin base H. But now we recall that 7* M (%, )/ embeds in M

because cotangent vectors to M(EJ); are precisely the Higgs fields

Higas X (2,), simply

T M(E,N); = HO(S,, Endy(E) ® K(P)).

Thus if we assume that we have a holomorphic tangent field on M(2,X),, then this will
dually induce a holomorphic function on T*M(E,X);, which by Hartog’s theorem, again
using complex co-dimension at least 2 will extend to a holomorphic function on MHiggs,X’ (35).
Now this function will be homogenous of degree 1 with respect to the C* action there is on
MHiggs,X’ (3,) induced by multiplication of scalars on the Higgs field. This however contradicts
the above description of the space of holomorphic functions on this Higgs bundle moduli space,

since they all have degree at least two with respect to the C* action. O

Theorem 11.3. The bundle Vék) supports a projectively flat Hitchin connection which is
mapping class group invariant and unique up to projective equivalence.

Proof. First of all, note that the new weights N are in the interior of the positive Weyl
Chamber, and hence the line bundle £, »
P = (P(l)/, ey P(b)/) be the parabolic subgroups associated to the weight . Note that for
N we have all kj(-z)’s equal to one, since all components of X are in the interior of the Weyl

chamber, and thus P’ will be b copies of the Borel subgroup. Hence by Corollary the
moduli space M(XLX/)’ has a square root of its canonical bundle KM(E Xy

+ is a prequantum line bundle on M i,X' . Let
by

Let figf) to be the bundle over T(s; p ) whose fiber at o € T(x p v is

(k) _ 70 SV 1/2
Voo = HOME NG Ly @ K g5, )
We observe that pulling back over the natural fibration
7 %EGF' - By p
gives us
()L, s=L, ;v @K/
kX k+hX MENY

and induces a natural isomorphism of bundles

(x')* - V) p®), (11.1)
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. . 0 v 1/2
This follows since H°(M(X,\ )5, Ly 55 @ KM(E,X');,)
corresponding bundle over the sub-stack of stable parabolic bundles. As we saw in Chapter [}
the complex co-dimension of the strictly semi-stable locus is at least two (for g > 2), hence by

Hartog’s extension Theorem we have

is the same as taking H? of the

0 SV 1/2 ~ 770 1/2
HY(MEN)o Ly @ K g5, ) = H By p Ly iy @ Ky )

Since 7’ is a proper morphism, we have

(') H(By, 5.L,5) == H' By 5. Loy @ Kd” ).

k)+il,x So, P!

Using the same co-dimension > 2 argument for By, p we get

HO(%Emfvﬁk,X) = HO(M(E,X)/ ‘Ck,x)’

hence (7')* : f)gf) — Vék) is an isomorphism.
Since we know that H 0’1(/\/((277);) = 0 by Proposition we conclude that Theorem
applies to provide a Hitchin connection on ﬁgf)

From Proposition we know that the moduli space M(E,X/); has no holomorphic
vector fields, hence we can apply Theorem (proven in [25]) to conclude this projection is
projectively flat.

Now combine this with the isomorphism to reach the same conclusion for Vék).

Uniqueness follows since any other second order Hitchin connection needs to have the same
symbol as the one constructed here. But then the difference is of first order, and since there is
no holomorphic vector fields of degree 1, it is actually of order zero. The invariance of this
connection under the action of I's, p ) now follows by this uniqueness or directly by the
naturality of the construction.

Thus we have proven the theorem. O

This allows us to now give the gauge theory definition of the quantum representations
of the mapping class group at least projectively, simply as the action of the mapping class
group on the space of projectively covariant constant sections. The next step would then we
to understand that the Pauly isomorphism is a projectively flat isomorphism (in analogy with
Laszlo’s result in the case of no marked points [33]) between V;k) with the projectively flat
connection constructed in this thesis and then the bundle of sheaf of vacua for the weights
X together with the TUY-connection in this bundle constructed in [42]. Once this has been
done one would by combining with the work of Andersen and Ueno [I0], 1Tl 12} 13] have the
gauge theory construction of the WRT-modular function discussed in the beginning of this
introduction. The flatness of Pauly’s isomorphism however goes beyond the scope of this work.



APPENDIX A

Cohomology of a fibration

Let G be a simple and simply connected compact Lie group. Let ¥ be a smooth algebraic
curve over the complex numbers. Let M be the moduli space of semi-stable holomorphic
GC-bundles on ¥. Let 9 be the corresponding stack. Let {z1,...,2,,} be marked points
on ¥. Fix the divisor D = >, z;. Let B — ¥ be a parabolic G-bundle with reduction of
structure group to a parabolic subgroup P; over each parabolic point x;. Let G; = P, N G.
Assign integral dominant weights A\ = (A1, ..., \,,) such that G; preserves );. Let ads(B) be
the adjoint bundle of B with reduction of structure group corresponding to P; over ;.
Let (B, ®) be a Higgs bundle, with B as before and

® € H(Z,ad,(B) ® K(D))

Let B (By) denote the moduli space of semi-stable parabolic G®-bundles (Higgs bundles). Let
B (B ) denote the corresponding stacks. We are interested in calculating

c1(T*B) € H*(B).

For each marked point z; the parabolic structures correspond to G€/P;. Since we have
this for each marked point we get a fibration

GE/Py x---xG/P, — B — M.

To ease notation we will denote G€ x --- x G® by F and P; x - - - x P, by P. Then the fibration
will look like

F/P—%B —M

We have that 901 is the stack of holomorphic GC-bundles, so every ¢ in 9 is an isomorphism
class of principal GC-bundles. There is a principal G-bundle E — 9t x ¥ such that E, —
{q} x ¥ is a principal bundle over a copy of ¥ which is isomorphic to g. Now take this bundle
E and restrict it to 9 x {p;} for each marked point p; € . We can take the fiberwise product
of these to get a bundle over 9.

GCX”'XGC—)El Xm”'XmEn—)m‘

Again to make notation easier we will denote E7 Xgy - - X9n F,, simply by E. Then we have
the fibration

F—FE— M.

85



86 Appendix A. Cohomology of a fibration

Lemma A.1. The induced map H\(OM) — H'(E) is injective

Proof. We write the spectral sequence for F' — E — m, using the assumption that ﬁl(F) =0
for i < 2.

3, H3(F)
2 0 0 0
1 0 0 0 0

0 7 HYM) H*M) H3(M)

0 1 2 3

We see that no d can hit H3(91), so the map is injective. O
We have P =P x --- x P, C G€ x --- x G, if we mod out by this we get a fibration
F/P — E\/P; xoy -+ o Ep /Py, — 0.

We have that B ~ E1 /Py Xy -+ Xon En/Py.
We also have a fibration

F/P - (F/P)xE — E
If we mod out by F' we get maps
p1: (F/P) x (E) — (F/P) x (E)/JF ~E/P ~%B
and
Ppa: E— E/F ~ M.

For CP* we know that for any o € H?(X) there exists a map X — CP* such that « is
the pullback of ¢; (CP>) € H?(CP>). We do this for 9. We have that co(E) N [X] generates
H?(M), so let f: MM — CP> be the map such that co(E) N [Z] € H2(IM) is the pullback
¢1(CP>). We have now described all of the following maps, such that we get a commutative
diagram of fibrations

F/P——>F/PxE——>E

N

F/P B m
pt cpx 4 . cp

We wish to prove the following by the use of spectral sequences



87

Theorem A.2. For a fibration
F/P—%—->M

with T (M) = 1, H>(M) = Z, H*(F/P) = 0 for n odd and F/P and 9 connected, the
sequence

0 — H?*(M) — H*(B) — H*(F/P) — 0
18 exact.
Proof. We begin to write the spectral sequence for the fibration F/P — B — 9.
2 _ . .
E,,=H'(M; HY(F/P;Z)).
For ¢ odd we notice that
2 _ 0) —
E, .= H"(MM;0) = 0.
And for p = 1 we similarly have
Ef,=0.

To calculate E3 , = H?*(9%; HY(F/P)) we use universal coefficient theorem twice. We have
H?(9M) = Z, so if there is no torsion in Hy(M) we get Ho(9M) = Z by UCT. Again using UCT
we get the exact sequence

0 — Ext(Hy (9R), HY(F/P)) — H*(% HY(F/P)) — Hom(Hs(9R), H(F/P)) — 0.
Using what we have just found we get
0—0— H?*(O; HY(F/P)) — Hom(Z, H1(F/P)) — 0,
which tells us that H2(9%; HI(F/P)) ~ HI(F/P).
Since we have 9 is connected a similar argument reveals E§, = H°(9; HY(F/P)) ~

HY(F/P). (using Poincare duality)
The lower corner of the page E? will look like the following

2| H2F/P) 0 H2F/P)

1 0 0 0 0
0 Z 0 zZ H3(M)
0 i 2 3

We notice that do = 0, so the page E® will be the same. Using the main theorem for
spectral sequences, we can get an exact sequence containing H?(8). The theorem states that
there exists subgroups

0C Fj C F} C F? = H*(*B)



88 Appendix A. Cohomology of a fibration

such that
E%0 ~ F? EL' ~ F2/F} and E%? ~ F2/F?.
So we have the following

7= E%" ~ F}
0=FEL!' ~ F2/F} = F2/7Z
ker(ds) = E%? ~ F2/F? = H*(B)/F2.

From (2.21) we get the short exact sequence
0—7Z— F!—0-—0,

so we conclude F? = Z. From (2.22) we get the short exact sequence

0 — F2 — H?*(B) — ker(ds) — 0,
which then becomes

0 — Z — H*(B) — ker(d3) — 0.
So we get an exact sequence

0 — Z — H*(B) — H*(F/P) =% H3(M).
Since we have a commuting diagram

F/P—>F/P><E4>T .
F/P B m

]

pt ——=Cpx 9 cp>

we can calculate the spectral sequence of F/P — F/P x E — E and prove that dj = 0. We
can then use this to conclude d3 = 0 in our original spectral sequence.

We have the map f: 91 — CP™ such that the generator co(E) N [X] € H(M) is the
pullback of ¢;(CP*>) € H?(CP*>). Since H*(M) ~ Z and H?(CP>) ~ Z we have that f

induces an isomorphism
H?(CP™) == H*(M).

By universal coefficient theorem H?(9M) =~ Hy(9M) and H?(CP>) ~ Hy(CP>). By Hurewicz
Theorem we get isomorphisms mo(9) ~ Ho (M) and 7o (CP>?) ~ Hy(CP>), since M and
CP®> are simply connected. So by putting all of this together we see that f induces an
isomorphism

7r2(9ﬁ) — WQ((CPOO)
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We can then write the long exact sequence for homotopy

cr = ma(E) = (M) -7 m(CP*) — m(F) — 0.

So we can find 7 (F)

71 (E) = m3(CP>) /ker (1o (CP®) — 71 (E))
= 9 (CP*>)/Im(ma(B) — ma(CP>))
= WQ((CPOO)/TFQ((CPOO) =0.

We write F}:

2| H2F/P) 0

1 0 0 0 0
0 Z 0 H*E) HE)
0 1 2 3

As before we can get an exact sequence from the spectral sequence
0 — H?*(E) — H*(E x F/P) — H*(F/P) =% H*(E).
From Kunneth formula we get

H?*(E x F/P) = H°(F) ® H*(F/P)® HY(E)® H'(F/P) ® H*(E) ® H°(F/P)
= H*(F/P) @ H*(E).

So
ker(ds: H*(F/P) — H*(E)) = Im(H*(F/P) ® H*(E) — H*(F/P)) = H*(F/P).

And then df = 0.
We now use the maps between the fibrations

—  H2(F/P) - H3(m) ——
— >~ H*(F/P) Y~ H3(E) —

Since we proved in Lemma that H3(90t) — H3(E) is injective, d3 = 0. Then we get the exact
sequence

0— Z— H*(B) - H*(F/P) — 0.
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Remark A.3. We have
F/P —"B —J 9.

Take the tangentbundles and we get a commuting diagram

T(F/P) 2 T% —2 T

T

F/P B M.

Construct a map f: T8 — j*T9M = {(v,b)|mv = j(b)} C TM x B by f(w) :=
(Ju(w), m1(w)) € F*TM, where f(w) € j*TM since m2(j.(w)) = j(m1(w)) since the diagram
commutes. Using this we get

ker(f) = TB — j*TIN.

Remark A.4. Note that we can use the same arguments as in the proof of Theorem A.2 to
prove the sheaf cohomology group H 1(%20’5, 0)=0.
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A brief introduction to stacks

In 1959 Grothendieck introduced the notion of stacks, when he saw that one cannot construct
a good moduli space when automorphisms exist. Often when this is the problem, one can still
define a moduli stack. Stacks were defined by Giraud in 1966 and was given the name stack
by Deligne and Mumford in 1969.

The theory of stacks is big and complicated, even the definition is hard to understand. But
using stacks, many moduli problems become easier to write, understand and solve, therefore
stacks seems to be the natural language to solve these questions in.

So in this chapter, we are trying to give an overview of the definition and some useful
theorems concerning stacks. It will not be concise or precise, but should give the idea of what
stacks are and how to use them when working with moduli problems. This chapter is written
after reading [28] and [23], where the proofs of the mentioned lemmas can be found.

Before defining a stack we need the definition of a scheme and a sheaf. Loosely defined a
scheme is a structure that enlarges the notion of an algebraic variety. A Scheme is a topological
space together with commutative rings for all of its open subsets, which arises from gluing
together spaces of prime ideals of commutative rings along their open subsets. So it is a locally
ringed space, which is locally a spectrum of a commutative ring.

Definition B.1 (Affine scheme). An affine scheme is a locally ringed space isomorphic to
the spectrum Spec(A) of a commutative ring A.

On can think of a scheme as being covered by coordinate charts of affine schemes

Definition B.2 (Scheme). A scheme is a locally ringed space X admitting a covering by
open sets U, such that the restriction of the structure sheaf Ox to each U; is an affine scheme.

Definition B.3 (Presheaf). Let X be a topological space, let C be a category. A presheaf F
on X is a contravariant functor Open(X) to C, where Open(X) has the objects open subsets
of X and morphisms inclusions.

Definition B.4 (Sheaf). A sheaf is a presheaf with values in the category of sets that satisfies

Locality If (U;) is an open covering of an open set U, and if s,t € F(U) are such that s
for each set U; of the covering, then s =t

Ui:tUi

Gluing If (U;) is an open covering of an open set U, and for each i we have a section s; € F(U;)
such that for each pair U;, U; of the covering sets, the restrictions of s; and s; agree on
U; NUj, then there is a section s € F(U) such that s|y, = s; for all 4.

91
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As a reason to inventing stacks we can look at the following problem. It would be nice to
describe a classifying space for vector bundles of rank n. So we want a space BGL,, such that
for any scheme T’

Mor(T, BGL,,) = Cat(Vector bundles of rank n on T")/isomorphisms,

but such a space cannot exist, since every vector bundle on £ on T is locally trivial, so the
map T — BGL,, corresponding to £ is locally constant, so £ will be globally trivial. So
we cannot make this definition, even though it would have been nice, since in topology we
do have a classifying space BGL,, such that for any space T, the homotopy classes of maps
f: T — BGL, correspond to isomorphism classes of vector bundles on T". The problem is
that we do not have a good algebraic replacement for homotopy classes of maps. To solve
this problem we can choose not to pass to isomorphism classes, and this is what is done when
defining stacks.

Remark B.5. Any scheme X is determined by its functor of points. So X is determined by
the functor

Mor(+, X): Schemes — Sets

sending a scheme T to the set Mor(7', X'). This functor is a sheaf, in the sense that a morphism
T — can be obtained from glueing morphisms on a covering of T

To define a stack we use this idea. We define a stack to be given by its functor of points.
For example for BGL,, we define BGL,,(T) for a scheme T to be the category of vector bundles
of rank n on T.

Definition B.6 (Stack). A stack is a sheaf of groupoids
M Schemes — Groupoids C Categories.
By this we mean that a stack is the following assignment
e For any scheme T" we assign a category M(T') in which all morphisms are isomorphisms
e For any morphism f: T — S between schemes we assign a functor f*: M(S) — M(T)

e For any pair of composable morphisms R —f S —9 T we assign a natural transformation
0rg: ffog* — (go f)*. These transformations should be associative for composition.
If f or g is the identity, then ¢y 4 should be the identity.

The assignment should satisfy that objects glue and morphisms glue. In other words

e By objects gluing we mean, given a covering U; — T of a scheme T, objects &; € M(U;)
and isomorphisms ¢;;: &lv,nu; — &jlu,nu; that satisfy a cocycle condition on 3-fold
intersections, there exists an object £ € M(T), which is unique up to isomorphisms, and
isomorphisms ¢;: &y, — & such that ¢;; = ¢, o wi_l.

e By morphisms glueing we mean, given a covering U; — T, object £, F € M(T) and
morphisms ¢;: €|y, — Fly, such that ¢; v:nU; = $jluinu;, then there is a unique
morphism ¢: & — F such that |y, = ¢;.

We can now give some simple examples of stacks
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Ezample B.7 (|28] ). [Bun,] Let C be a smooth projective curve. Let Bun,, be the stack given
by
Bun, (T") := Cat(Vector bundles of rank n on C' x T).

The morphisms in the category are isomorphisms of vector bundles and the functors f* are
given by the pull back of bundles. The gluing condition are satisfied by descent for vector
bundles.

Ezample B.8 ([28] ). For schemes S and T' let Mor (7, .S) denote the category of morphisms
from T to S, in which the only morphisms of the category, are the identities. Let the pull
back functors f* for f: S — T be given by composition with f. Then given scheme S5,
S(T) := Mor(T, S) defines a stack.

Lemma B.9 ([28] ). Let M be a stack. Then for any scheme T there is a natural equivalence
of categories

Morstacks(za M) = M(T)
So using this lemma we see that one can choose to write T instead of T
Definition B.10 (Algebraic Stack). A stack M is called algebraic if

1. For all schemes X — M and Y — M the fibre product X x Y is representable. Note
a functor F is called representable if there exists an object such that F is the functor of
points for this object.

2. There exists a scheme u: U — M such that for all schemes X — M the projection
X Xapm U — X is a smooth projection.

3. The forgetfull map Isom(u,v) = U xap U — U x U is quasi compact and separated.

An algebraic stack M is called smooth (respectively normal/ locally noetherian) if there
exists an atlas u: U — M with U being smooth (respectively normal/ locally noetherian).
Ezample B.11 (|28] , Bun,,). Bun, is a smooth stack. In [28] Example 1.14 they construct an

atlas for Bun,, and argue that this can be shown to be smooth.

Lemma B.12 (|28] Cor. 3.4). Let M be a smooth, noetherian algebraic stack and Y C M an
open substack. Let Ly be a line bundle on U, then there exists a line bundle L on M such
that £|u >~ Eu.

Ezample B.13 ([28] , Bun,,). There is a universal vector bundle &,,;y on C' x Bun,, because
any morphism 7" — Bun,, defines a bundle on C x T.

To give a line bundle on Bun,, is the same as a functorial assignment of a line bundle to
any family of vector bundles.

Definition B.14 (Coarse moduli space). Let M be a algebraic stack. An algebraic space M
together with a map p: M — M is called a coarse moduli space for M if

e For all schemes T' and morphisms g: M — T there exists a unique morphism M — T

making the diagram commutative

M

M T
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e For all algebraicaly closed fields K we have M(K)/isomorphism = M (K).

Ezample B.15 (28] ). In [28] they argue that if we let Bun®™"'® be the moduli stack for stable
bundles on a curve. Then the coarse moduli space of stable bundles M5%Ple constructed by
geometric invariant theory is a coarse moduli space for Bunf;“able.

A Poincare family is a vector bundle on C' x M®stable gych that the fibre over every point
of Md*t2PIe Jies in the isomorphism class of bundles defined by this point. So such a bundle is

the same as a section of the map Bun®stePle _y pydsstable

Theorem B.16 ([28] Cor. 3.12). Let C be a curve with genus bigger than 1.

e If (n,d) =1 then there ecists a Poincare family on the coarse moduli space M5t of
stable vector bundles on C

e If (n,d) # 1 then there is no open subset U C M&stable (U £ ()) such that there exists a
Poincare family on C x U.
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Fibre bundles

Of course the notion of fibre bundles is well known, but in calculations throughout this thesis,
we need some basic results about fibre bundles, for example how to get a line bundle from a
cocycle or when a principal G-bundle is trivializable. In this appendix these things are written
out.

A fibre bundle is a space, that locally is a product, but might look different globally.

Definition C.1 (Fibre bundle). A fibre bundle is a (E, B, F,7) where E, B and F are
topological spaces and 7: E — B is a continuous surjection such that for all z € B there
exists a neighborhood U, of x and a homeomorphism ¢, : 7T_1(Uz) — U, x F such that the
following diagram commutes:

7Y Uy) ——=U, x F
\ lprl
U,

We call B the base space, F the total space, F' the fibre and 7 the projection. The set of all
{(Us,¢z) | x € B} is called a trivialization.

When we have a fibre bundle £ — B, we can look at the set of trivializations, and from
them define the notion of a transition function.

hap = oy s (UaNUg) X F — (Ua NUg) X F.

For pairs Uy, Ug such that U, NUg # 0, and triplets U,, Ug, U, such that U, NUg N U, # 0,
these map satisfies

hao(z) =1dp , hop(z) = hg;(m) and hap o hgy(x) = hay(2).
The last equation is called the cocycle condition.

Definition C.2 (Section). A section of a fibre bundle is a continuous map s: B — F such
that m o s = idx. Note that not all fibre bundles have globally defined sections.

Important examples of fibre bundles are the trivial bundle and line bundles.

Definition C.3 (Trivial bundle). Let E = B X F', let m be the projection onto the first factor.
Then E — B is a fibre bundle called the trivial bundle.

95
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A special case of fibre bundles are vector bundles, which are those bundles whose fibers are
vector spaces.

Definition C.4 (Line bundle). A line bundle is a vector bundle, where all fibers have dimension
1.

Sometimes it is useful to know, that if we have a cocycle, we can construct a line bundle, by
seeing the cocycle as the transition functions. The construction is the following. Let (U, )aca
be a covering of a space X. Let go 3: Usg — GL(1) be the cocycle, that is gaggsy = gar-
Then we get a line bundle by setting

MocalUa x R/ (z,t) ~ (2, gap(z)t) for z € Uyp

FEzample C.5 (Endomorphism bundle). From a vector bundle E — X we can construct a new
vector bundles called the Endomorphism bundle End(E) — X, where the total space now
consists of all the endomorphisms £ — E.

The next lemma gives us a way to check if a vector bundle is trivial

Lemma C.6. Let E — X be a rank n vector bundle. Then E is trivial if and only if m admits
n sections si,. .., 8, such that s1(x),...,sp(x) form a basis of E, for any x € X.

Proof. To see this we assume E is trivial. Then E ~% X x R™. Define s;(x) = ¢! o ¢;, where
ei: X = X x R" sends z to (,0,...,0,1,0,...,0) with 1 on the i’th place. Conversely if F
admits n such sections, define a map £ — X x R"™ by s;(z) — (x,0,...,0,1,0,...,0), again
with 1 on the ¢’th place and extend linearly. O

Definition C.7 (Principal G-bundle). Let M be a manifold and G a Lie-group. A Principal
G-bundle over M consists of a smooth manifold P that satisfies

e There is a free right action of G on P, such that M is the quotient space under this
action and the projection 7: P — P/G = M is smooth.

e P is locally trivializable, that is for every point in M there exists a neighborhood U
with an equivariant diffeomorphism 7=1(U) — U x G covering the identity on M.

Several times we are going to need, that if G is a simply connected group, and X is a
surface, then any principal G-bundle P — ¥ is trivializable, i.e. P ~ ¥ x G.

Lemma C.8. Let G be a simply connected Lie-group, and % a surface. Then any principal
G-bundle P is trivializable

Proof. Let G be a simply connected Lie-group and ¥ a oriented surface. Let P — ¥ be a
principal G-bundle. As in [36] define

EG = {(tlgl, o tkgks ) € (0,1] x )Y ’ Zti =1 and t; = 0 for all but finitely many z}

Let BG = EG/G. Then it is proven in [36] that there exists f: ¥ — BG such that f*(BG) ~ P.
So if we can prove f is homotopic to the identity, then P ~ ¥ x G, as we wanted.

BG is a connected CW-complex, so mo(BG) = 0. From [36] we have that m;(BG) ~
mi—1(G). Since G is assumed to be simply connected we have my(G) = m(G) = 0, so
m1(BG) = mo(BG) = 0. This means there exists a CW-complex homotopy equivalent to BG
consisting of cells of dimension greater than or equal to 3. Since ¥ is a surface, the cells of this
CW-complex will be of dimension less than or equal to 2. Hence f has to be null-homotopic.
Which means we have proven our lemma. O
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Definition C.9 (Adjoint bundle). Let P be a principal G-bundle, for G a Lie-group with
Lie-algebra g.

Let U: G — Aut(G) be the map that sends g € G to W , where W (h) = ghg™'. Let
Ad: G — Aut(g) be the map that sends g € G to Ad,, where Ady, = d(¥,).: g — 9.

Then we can define the adjoint bundle as

Ad(P) =P xg/[p-g,x] ~ [p,Adg-1(s)] = P Xaa g

Definition C.10. A connection on a principal G-bundle P — M is a g-valued one form A
on P such that

o A(X*) = X for all X € g. By X* we mean the vector field on P associated to X by
differentiating the G action on P.

e A is G-equivariant in the sense that for all g € G: r;(A) = Ad;1 A, where ry: P — P
denote the map r4(p) =p-g.

Definition C.11. A principal bundle homomorphism between two principal G-bundles P and
P’ is a G-equivariant bundle homomorphism. If P = P’ it is called a gauge transformation.
Denote by Gp the group of all gauge transformations P — P.

Remark C.12. Let u: P — G be a G-equivariant map, p — u,. We can associate a gauge
transformation ®: P — P by letting ®(p) = p - up.
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