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Abstract

The loop group Map(S!, G) has a central extension by the circle called the Kac-Moody
group. We use the techniques introduced in [29] to generalise this construction to higher
mapping groups such as Map(X, G) and construct the central extension

O'(Z,R) ——

1— D) — Map(X,G) — Map(2,G) — 1,

where Q'(X,R) is the space of all differentiable one-forms on a compact manifold %
and Q}(X) is the subspace of all closed one-forms with integral periods. An alternative
construction of Map(X, G) is given in [18].

In the case that Map(X, G) is 1-connected we can consider the topological problem
of when a Map(3, G)-bundle lifts to a I\Za\p(Z,G)—bundle. This was addressed in [27]
for the case ¥ = S!. We have investigated the general case using those same methods.
The geometric tool used to address this problem is the theory of bundle gerbes [25] and
particularly the notion of the lifting bundle gerbe. In the case of U(1), bundle gerbes on
a manifold M provide a realisation of H3(M,Z). The lifting bundle gerbe is an important
example of a bundle gerbe which is associated to a central extension such as the one
above.
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Chapter 1

Introduction

If a manifold M admits a spin structure then it is possible to define spinor fields and
the Dirac operator on M, and thus to discuss the physics of fermions on M. To obtain
a geometrical understanding of world-sheet anomalies in string theory we must replace
the finite dimensional geometry associated with spin structures by a suitable infinite
dimensional geometry involving loop spaces [6, 14].

We recall what it means for an orientable manifold to admit a spin structure. Let
M be an orientable n-dimensional manifold and P — M the principal SO(n)-bundle of
oriented frames on M. Recall that a manifold is orientable if its first Stiefel-Whitney class
wy (M) is equal to zero. The group SO(n) admits a central extension

1 — Zy — Spin(n) — SO(n) — 1. (1.1)

The manifold M admits a spin structure if P lifts to a principal Spin(n)-bundle
P — M via (1.1). There is a characteristic class of M which measures the obstruction to

the existence of such a lift; the lift P exists if and only if the second Stiefel-Whitney class
ws (M) vanishes [30].

We define the loop space of M to be the infinite dimensional manifold LM = Map(S!, M)
of all smooth maps 7y : S' — M. These are interesting objects as they are related to strings
moving around on a manifold. Given a compact Lie group G the loop space LG forms
a group under pointwise multiplication and is called the loop group. Given a principal
G-bundle P over a manifold M we can take loops to obtain a principal LG-bundle LP
over LM.

In the case of spin structures we had a principal SO(n)-bundle over M and we wished

1



2 Chapter 1. Introduction

to lift this to a principal Spin(n)-bundle on M. In this case LG is the analogue of SO(n)
and so we need to find an analogue for Spin(n). The loop group LG has a central extension
LG by the circle group S* called the Kac-Moody group. The obstruction to lifting the
principal LG-bundle LP — LM to a LG-bundle LP — LM is a class in H3*(LM,Z),
called the string class [14].

The loop group LG and its extensions also appear in quantum field theory because an
affine Lie algebra is the Lie algebra of non-abelian current densities in the one-dimensional
compactified space S* [22]. Similarly, Map(S?, G) is important in quantum field theory in
a 3+ 1 dimensional space-time. When going to dimension 3 or higher one has to deal with
extensions by infinite-dimensional abelian groups. Mickelsson [22] shows that although
LG is a nontrivial S'-bundle over LG ([j@ is not the direct product of LG and S'), the
group DG consisting of the smooth maps of the unit disk D to the group G has a central
extension DG which is topologically (but not algebraically) trivial. It is then shown that
LG is given by the quotient of DG by the group of maps which are equal to the identity
on the boundary S! of the disk.

In [29] Pressley and Segal construct LG in the following way. Let g be the Lie algebra
of G and Lg be the loop algebra of all loops in g. Then as a vector space Lg is given by
Lg @& R, with the bracket given by

[(X,a), (Y, 0)] = ([o, 8], w(ev, B))
for a, B € Lg, a,b € R and a Lie algebra 2-cocycle w : Lg x Lg — R given by

1

1 / " (a(6), B'(6))db.

w0, 8) = 5-

It is shown in [29] that w is a skew form on the tangent space to LG at the identity and
therefore defines a left-invariant 2-form on LG. It follows that if G is simply connected
the Lie algebra extension -

l1-R—Lg— Lg—1

defined by w corresponds to a group extension
158" LG - LG —1

if and only if the differential form w/27 represents an integral cohomology class on LG. Tt
is also outlined in [29] how this construction can be generalised to give a central extension
of the group Map(XZ, G) of smooth maps f: ¥ — G.

In [26] Murray and Stevenson used the theory of bundle gerbes to construct a central
extension of the loop group and give an explicit realisation of the string class using dif-
ferential forms. In this thesis we generalise these constructions to the case of groups of



maps and gauge groups. Using our general constructions from chapter 3 (in particular,
proposition 3.20) and proposition 4.5 we obtain the following theorem.

Theorem 1.1. Suppose ¥ is a compact manifold and G a Lie group and let Q) be a
G-bundle over X with a connection V. The gauge group

G=Aut(Q) ={f:Q— G| flag) =g " fla)g}
of Q has a central extension by A = Q' (X)/QL(X) characterised by a € Q' (G x G, Lie(A))
and R € Q*(G, Lie(A)) defined by

a((g91,92); (1X1, 92X3)) = %H(U(Xl(vzgz)gzl))

and

i
R(g;9X,9Y) = EH(tT(XVzY)),

where T1 is the projection map Q'(X) — Lie(A) = % and VyY € QYQ, g) is defined
by

VY (§) = dY (hE).

The Dixmier-Douady class of a lifting bundle gerbe is known to be the obstruction to
a principal G bundle lifting to a principal G bundle, where

15 A—-G—>G—1

is a central extension. In the case where A = U(1) and G is the loop group, the Dixmier-
Douady class of the lifting bundle gerbe is a class in H*(M, Z), the string class [27].

In this thesis we give an explicit formula for the de Rham representative of the Dixmier-
Douady class of the lifting bundle gerbe in the more general case of groups of maps.
Using our construction in chapter 5, in particular proposition 5.5 we obtain the following
theorem.

Theorem 1.2. Let P — M be a G = Map(X, G) bundle with connection A and Higgs
field® : P — QY3 g). The Dizmier-Douady class of the lifting bundle gerbe which is the
obstruction to lifting P to G is represented in de Rham cohomology by

w = —TI(tr(FD4®)) € H*(M, Lie(A)),
where F' = dA+ [A, A] and

Dy® =d® + [A, @] — dgA € QY(P, QY2 9)).
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In [18] central extensions of Map(X,G) and Aut(Q) are constructed using slightly
different techniques. Other more recent results in the area include the work of Maier and
Neeb [19] and Vizman [33].

This thesis consists of six chapters; including this introduction. The second chapter
presents background material on Lie groups, principal bundles and bundle gerbes. In
the third chapter central extensions of groups are discussed and an explicit method for
construction of central extension of groups is given using differential forms. In the fourth
chapter a central extension of the loop group of a compact, simple, simply connected Lie
group G is constructed; this construction is then generalised to a central extension of the
group Map(X, G) of smooth maps between a compact manifold ¥ and a simple Lie group
G and also Aut(Q), the gauge group of a principal bundle ) over a compact manifold.
The fifth chapter explains the connection between the lifting bundle gerbe and central
extensions of groups. The final chapter serves as a conclusion for the preceding chapters
and briefly explains some ideas for further research.



Chapter 2

Background

In this chapter we present some preliminary material about differential forms on manifolds,
Lie groups, principal bundles and bundle gerbes as well as gauge groups. The following
chapters will make use of these notions.

2.1 Differential forms

We recall some standard results on differential forms for later use. Readers can refer to
[32] for further details.

Let V' be a real vector space. We define a k-multilinear map to be a map
w:VF SR
that is linear in each factor. The map w is called antisymmetric if

W15+ ey Uy Vig1y e ooy Up) = —W(V1,« oy Vi1, Uiy« o+, Ug)

for all v1,...,vx € V and all 1 <17 < k. The set of all k-multilinear antisymmetric maps
on V forms a vector space under addition. This vector space is denoted A¥(V*) and its
elements are called k-forms on V.

Definition 2.1. Ifw € AP(V*) and p € AY(V*) we define w A p € APTI(V*) by

1
(WA P)(v1, .., Vpig) = ol Z sgn(m) W(Vr(1); - - -5 Vn(p)) P(Vn(pt1)s - - Un(pa))s

" mESp4q
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where Sy, is the set of all permutations on {1,2,...,p+q} and sgn(r) is the sign of the
permutation .

Definition 2.2. Let M be a manifold. A k-form on M is a function w that assigns to
each point p € M a k-linear map w, € A’“(T;M).

If wis a k-form on a manifold M and Xi,..., X, are vector fields on M, then
w(X7y, ..., X) is the function on M defined by

(W(X1s s X)) (p) = wp(Xi)ps - (Xi)p)-

Definition 2.3. A k-form on a manifold M is smooth if its components with respect to
the local coordinates on M are smooth. We denote the set of all smooth k-forms on M by
QF(M). We also define Q°(M) to be C*°(M), the set of all smooth functions on M. Note
that (M) has a natural structure as a vector space over R.

The usual derivative on functions defines a linear differential operator
d: QM) — Q' (M)

satisfying the Leibniz rule
d(fg) = (df)g + f(dg)

for smooth functions f,g: M — R.

Proposition 2.4. [32, section 19] Let M be an n dimensional manifold. Then there are
unique linear maps

d: QP (M) — QPTH(M)
forp=20,1,...,n — 1 satisfying

e d is the usual derivative of smooth functions if p =0,
o =0,

o Ifwe QP(M) and p € QUM) then d(w A p) = (dw) A p+ (—1)Pw A (dp).

This linear map d : QP(M) — QPTY(M) is called the exterior derivative on p-forms.
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Definition 2.5 ([32], §18). Let f : M — N be a smooth map and w € QF(N). We define
the pullback f*(w) € QF(M) by

frw)(@)(Xa, . Xi) = w(f (@) (T(f)(Xa), - Ta(f)( X))
where Xy, ..., Xy € T,M. It can be shown that f*(w) is a smooth k-form on M.

Proposition 2.6. If f: M — N is a smooth map and w and p are differential forms on
N then

o df*(w) = f*(dw),
o [fwAp)=[r(w)Af(p).

Later on we will be interested in computing the exterior derivative of differential forms.
A useful formula for the exterior derivative of 1-forms and 2-forms is given by the following
proposition.

Proposition 2.7 ([15], Proposition 3.11). Let M be a manifold and let w be a 1-form
and p a 2-form on M. Then
1
(dw)(X,Y) = SA{X (w(Y)) = Y(w(X)) - (X, Y])}
and
1
([dp) (XY, Z) = S {X (oY, 2)) + Y (5(Z, X)) + Z(p(X, V)
- p([X, Y]7Z> - p([Y, Z]’X) - p([Z, X],Y)},
where X, Y and Z are vector fields on M.

2.2 Lie groups

In this section we recall some basic definitions in the theory of Lie groups. Roughly
speaking, a Lie group is a blend of the notions of group and manifold. We will give some
examples of Lie groups which appear in later chapters.

Definition 2.8. A Lie group is a manifold G with a group structure such that the multi-
plication map
m:GxG— G, m(gi,92) = 9192
and the inverse map
i:G—=G, i(g)=g"'

are smooth.
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Let n be a positive integer and Mat(n, C) be the set of n by n matrices with complex
entries. We define the general linear group to be the set of all invertible n by n matrices
over the complex numbers with matrix multiplication as the group operation. This group
is denoted by

GL(n,C) = {4 € Mat(n,C) | det(A) # 0}.

The underlying set GL(n, C) = det™*(C \ {0}) is open in Mat, (C) ~ C" ~ R*” since
det : Mat(n,C) — C is continuous and C \ {0} is open in C. Furthermore, matrix
multiplication and inversion are smooth maps . So GL(n,C) is a Lie group.

We have the following result known as the closed subgroup theorem.

Theorem 2.9 ([32], Theorem 15.12). Let G be a Lie group and H a topologically closed
subgroup of G. Then H is a Lie subgroup of G.

Using the closed subgroup theorem we can deduce that the following are Lie groups.
e Special linear group: The set of matrices with determinant one with matrix

multiplication denoted by

SL(n,C) = {A € Mat(n,C) | det(A) = 1}.

e Orthogonal group: The group of orthogonal matrices

O(n) = {A € GL(n,R) | ATA =TI}

e Special orthogonal group:

SO(n) = O(n) N SL(n,C).

e Unitary group: The group of unitary matrices
U(n) = {A € GL(n,C) | A*A =1},
where A* = AT is the conjugate transpose of A.
e Special unitary group:

SU(n) = U(n) N SL(n, C).
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All the Lie groups so far have been finite dimensional. Below we introduce the loop
group, which is an infinite dimensional Lie group.

Let G be a compact Lie group. Then the loop group LG = Map(S?, G) of all smooth
maps from the circle to G forms a Lie group, with the group operation being given by
point-wise multiplication of functions

(7172)(0) = 71(6)72(0)

for all v1,72 € LG and 6 € S'. See [29] for a detailed discussion of loop groups and
Appendix A for infinite dimensional manifolds.

2.3 Principal bundles

Definition 2.10. Let G be a group and X a manifold. A smooth right action of G on X
is a smooth map X x G — X denoted by (x,g) — xg such that

o [fec G is the identity element then xe = x for every x € X.
e (xg)h = x(gh) for all g,h € G.

We call a subset of the form {zg | g € G} an orbit of G on X.

Let G be a Lie group and M a manifold. A principal G-bundle P is a projection map
m: P — M and a smooth right-action of G on P satisfying

e The action of G on P is free, meaning given g € G and p € P, if pg = p then g
must be the identity element of G.
e The fibres of 7 are exactly the orbits of G.

e P is locally trivial, meaning every m € M has a neighbourhood U C M for which
there exists a G-equivariant diffeomorphism ¢ : #=1(U) — U x G such that the
following diagram commutes.

N U) L= UxG

~OF

U
Here G acts on the right of U x G by (z,h)g = (x, hg).
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2.3.1 Connections

In the next two sections we introduce the notion of connection and curvature for a principal
bundle and state some key results. A more detailed discussion along with the proofs can
be found in [15] chapter II.

Let P be a principal G-bundle over a manifold M. For each p € P let T,P be the
tangent space of P at p and V), the subspace of T),P consisting of vectors tangent to the
fibre through p. A connection I' on P is an assignment of a subspace H,, C T, P to each
p € P such that for all p € P

o T,P=V,® H,
e H,, = (R,).H, for all g € G, where R, : P — P is the map defined by R,(p) = py,

e If X is a smooth vector field on P, then the components of X € T,P in V,, and H,
define smooth vector fields.

We call V), the vertical subspace and H,, the horizontal subspace of T,,P. A vector field
X € T,P is called vertical if X € V,, and horizontal if X € H,. The components of X in
V, and H,, are called the vertical and horizontal components of X respectively.

Suppose M is a manifold and let G act smoothly on M on the right. Let g be the
Lie algebra of G and let A € g. The action of the one-parameter subgroup a; = exptA
on M induces a vector field on M, denoted by A* and called the fundamental vector field
corresponding to A. For each p € P we define w, : T,P — g which assigns to each
X € T,P the unique A € g such that (A*), is equal to the vertical component of X. This
defines a linear map

w:T(TP)—g

called the connection 1-form of the connection.

Proposition 2.11 ([15], Proposition 1.1). The connection form w € Q' (P, g) of a con-
nection satisfies the following conditions.

o w(X) =0 if and only if X is horizontal,
o w(A*) = A for every A € g,

o (R,)*w = ad(g~")w, where ad denotes the adjoint representation of G in g.
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Note, in the case of G = U(1) we have g = Lie(U(1)) = iR. So we can think of the
connection of a U(1)-bundle as a purely-imaginary valued one-form.

The horizontal lift of a vector field X on M with respect to a connection is the unique
vector field X on P which is horizontal and projects onto X, that is, W*(Xp) = Xy for
all p € P, where 7w : P — M is the principal bundle projection map. Given a connection
on P and a vector field X on M, there is a unique horizontal lift X of X.

Proposition 2.12 ([15], Proposition 1.3). Let X and Y be the horizontal lifts of X and
Y. Then

e X +VY is the horizontal lift of X +Y,
e [or every function f on M we have f*X = ?)\(, where f* = fom,

e The horizontal component of [X,Y] is the horizontal lift of [X,Y].

2.3.2 Curvature

In this section we introduce the notion of curvature of a principal bundle. We are following
chapter IT of [15].

Definition 2.13. We define the exterior covariant derivative of a Lie algebra valued r-
form ¢ to be the horizontal component of the exterior derivative of ¢ and denote it by
Dy

(Dp)(Xy,...,X,) =dp(hXy,...,hX,).

We can now define the notion of curvature for a principal bundle.

Definition 2.14. Let P be a principal G-bundle with a connection form w. We define
the curvature form of w to be the Lie algebra valued 2-form Dw.

We have the following important result, known as the “structure equation”.

Theorem 2.15 ([15], Theorem 5.2). Let P be a principal G-bundle with connection form
w and curvature form Q = Dw. Then for everyp € P and X,Y € T,P we have

1
Corollary 2.16 (Bianchi’s identity). Let P be a principal G-bundle with connection form

w and curvature form €2. Then DS) = 0.
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2.4 Principal U(1)-bundles

In this section we consider principal U(1)-bundles, which are important as they provide a
geometric realisation of H?(M,Z) via their chern class. That is, the isomorphism classes
of U(1) bundles are in a bijective correspondence with H?(M,Z). This suggests that the
set of U(1)-bundles has a product structure: given two U(1)-bundles P, and P, we can
form the tensor product Py ® P,. We have the notion of trivial U(1)-bundle (identity).
Also for each U(1)-bundle P there exists a dual bundle P* (inverse).

Recall from section 2.3.1 that a connection on a principal U(1)-bundle P over a man-
ifold M is an assignment of a subspace H,, C T,P to each p € P such that for all p € P
we have T,P = R@® H,. We can define an invariant 1-form A on P which assigns to each
X € T,P its vertical (real) component. Since dA vanishes on vertical vectors, there exists
a unique closed 2-form F' on M (the curvature) such that dA = 7*F.

Geometrically speaking, a connection lifts a path in M to a horizontal path in P
with a fixed starting point. The lift of a closed path in M to a horizontal path in P
is not closed in general. The gap between the end points of the lifted path is called
the holonomy around the path. The curvature of the connection measures the holonomy
around infinitesimally small closed paths [29].

Let P be a U(1)-bundle over a manifold M. We trivialise P using an open cover {U,}
on M with sections s, : U, — P and let A, = s} A. Then the curvature on U, is given
by dA, = F. The transition functions of the bundle are g,5 : U, N Uz — U(1) and

A,B = Aa + g;édgaﬁ.
Given a U(1)-bundle P over M with connection A and curvature F4 we have

1
— FAEZ,
271 »

for every closed surface ¥ in M [29]. The de Rham class of ﬁF 4 represents the image in
real cohomology of the chern class of P, ¢;(P) € H*(M,Z). The chern class can also be
represented in Cech cohomology [5] by the class of transition functions

[9ag] € H'(M,U(1)) ~ H*(M,Z).
We define the tensor product P ® P' of U(1)-bundles P and P’ to be the U(1)-

bundle whose fibre over m € M is (P,, ® P},)/C*, where the action of C* is given by
(p,p)z = (pz,p'z7'). Note for every p@p' € P® P’ and 2 € C* we have (pz) @ p/ =
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p® (pz) = (p®p)z. Suppose P and P’ have connections A and A’ with curvatures
F4 and F'j respectively. Then P ® P’ has an induced connection A ® A" with curvature
Fa+ F).

Given a U(1)-bundle P over M we define the dual bundle P* to be the same space P
but with the action p*g = (pg~1)*. It can be shown that P ® P* is trivial. Moreover, a
connection A on P induces a connection A* on P* which has curvature Fy« = —F4.

If Pis a U(1l)-bundle over M and f : N — M is a smooth map then there is a
U(1)-bundle f~*P over N defined by

fiP={(n,p) e N x P f(n) =n(p)}
with the projection map «’ : f~'P — N defined by 7'(n,p) = n.
We have f["H(P® P') = (f'P)® (f~'P') and fH(P*) = (fH(P))*".
Proposition 2.17. Let P and P be U(1)-bundles over M. Then

An important fact about U(1) bundles is that they are in a bijective correspondence
with hermitian line bundles. That is, given a principal U(1) bundle P over a manifold M,
we can construct a line bundle L by L = P Xy1) C, the quotient of the product P x C by
the diagonal action of U(1). We call L an associated line bundle to P. Conversely, given
a hermitian line bundle L over M we can construct a principal U(1) bundle by restricting
to the set of vectors of length one.

2.5 Bundle gerbes

In this section we introduce the notion of bundle gerbes, initially defined in [25]. As
discussed in the previous section, line bundles on a manifold M provide a geometric
realisation of H?(M,Z) via their chern class; that is, there is an isomorphism between the
isomorphism classes of line bundles on M and H?(M,Z). Analogously, bundle gerbes give
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a geometric realisation of H3(M,Z). Therefore bundle gerbes are like a higher dimensional
analogue of line bundles. We start this section by introducing the notion of bundle
gerbes as defined in [25], then generalise the notions of connection, curvature and their
characteristic class.

Definition 2.18 ([10]). Let M be a manifold. A surjective map 7 : Y — M is said to
be a submersion if for all y € Y there exist open subsets W C'Y, U C M and V' open in
some Fréchet space with y € W and 71(W) C U and a diffeomorphism ¢ : W — U x V
such that the following diagram commutes.

W S UxV
\ A
U
Remark 2.19. If Y is finite dimensional, then an equivalent definition for a surjective
map 7 :Y — M to be a submersion is that T,m is onto for ally € Y. As in the case of

bundle gerbes we are generally interested in the infinite dimensional case [26], we use the
alternative definition [10].

Theorem 2.20. Let w: Y — M be a surjective submersion and f : N — M a smooth
map between manifolds. Then f~(Y) = {(n,y) | f(n) = w(y)} C N XY is a submanifold
of N XY and the following diagram commutes.

)y
|,k
N —M

Moreover, f~Y(Y) — N is a surjective submersion.

Proof. For simplicity let us suppose ¥ = M x S. Sonm : M x S — M is the map
(m, s) — m. Moreover we have

YY) = {(nm,s) € N x M x S | fn) = m}.
We define the map p: N x S — f~1(Y) by
p(n,s) = (naf(n)’s)'

Its inverse is given by p~'(n,m,s) = (n,s). So f7Y(Y) ~ N x S. We will show that
f7YY) is a manifold by proving it is a submanifold of N x Y. We note that

FHY) = graph(f) x SC N x M x S
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Since M and N are finite dimensional, graph(f) is a submanifold of N x M. But graph(f)
is isomorphic to N by (n, f(n)) — n. Therefore f~1(Y) = N x S is a submanifold of
N x M x S, and thus a manifold.

In general given m € M and 7w(m) € Y we can find neighbourhoods V' C M of m and
W CY of w(m) such that W =V x S. Then apply the above constructions locally and
then patch them together.

]

Let M be a manifold and 7 : Y — M a surjective submersion. We define Y, = 7! (m)
to be the fibre of Y over m. Let the fibre product of Y with itself be

VB =¥V <,V ={(y1,10) €Y x Y | w(y1) = 7(v2)}.
Similarly, we define the p-fold fibre product of Y to be
YO ={(yr,. . 9p) €Y7 [ mlyn) = ... = 7(yp) ).

By theorem 2.20 we know Y is a manifold. Note there is an obvious surjection 7 :
Yl — M given by
(s Yp) = 7(Y1)-
We can now define what a bundle gerbe is.

Definition 2.21. A bundle gerbe (P,Y, M) over a manifold M is a surjective submersion
7:Y — M and a principal U(1)-bundle P — Y2 such that

e There is a bundle gerbe multiplication
m 73 (P)@m ' (P) — w3 (P)

which is a smooth isomorphism of U(1) bundles over YBl.  That is, for every
(Y1, y2,y3) € YBL the bundle gerbe multiplication defines an isomorphism

m: P(y17y2) ® P(yz,y3) — P(y1,y3)
where Py, 4,) is the fibre of P over (y1,y2).

o The bundle gerbe multiplication is associative. That is, for every (yi, y2, Y3, ya) € Y4
the following diagram commutes.

P(yl,yz) ® P(ymys) ® P(y3,y4) > Ly @ P(y37y4)

| |

Py, o) @ Plys,ya) Pysya)
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Remark 2.22. [t can be shown that the bundle gerbe multiplication
m 7y (P) @ {(P) = my ' (P)
induces a trivial U(1)-bundle
m: 1 H(P) ® 7y (P*) @ m3 H(P) — y Bl

We can define a section of this U(1)-bundle as follows. Let (y1,y2,ys3) € Y and choose
U € P,y and v € Py, ). Then m(u ®v) € Py, 4,) and

sy, y2,y3) = u@mu®@v)* .

It turns out the associativity of the bundle gerbe multiplication is equivalent to the condi-
tion
§(s)=mlsomn'sor'seor's =1

Here by 1 we mean the canonical trivialisation of the bundle 5*(P), with §(P) defined in
section 2.5.3.

Remark 2.23. Given an abelian Lie group A we can define an A-bundle gerbe (P,Y, M)
similar to definition 2.21 but by taking P — Y to be a principal A-bundle. The con-
struction in this section all extend to A-bundle gerbes.

2.5.1 Pullback, dual and product

We extend the notions of pullback, dual and product of line bundles to bundle gerbes,
following [25].

Let (P,Y, M) be a bundle gerbe and f : N — M be a map. We can pullback the
surjective submersion Y — M to

f7Y ={(n,y) e N xY | f(n) =n(y)} = N

with a map f: f7'Y = Y, defined by f(n,y) = f(y). This then induces the map
2 (1Y) — v defined by

fm((nl,yl), (n2,y2)) = (y1,2)

where ((n1, 1), (n2,y2)) € (f~'Y)2. We define the pullback of the bundle gerbe (P, Y, M)
by f to be X
[P = fTURY, M) = ((fP)7'P fT1Y,N).
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The dual P* of a bundle gerbe (P,Y, M) is defined to be (P*,Y, M), where P* — Y2
is the dual of the U(1)-bundle P — Y. We define the product of two bundle gerbes
(P, Y, M) and (Q, X, M) by

where P ® Q is taken as a U(1)-bundle over (Y x 3, X)I? defined by

(P ® Q)((y1.01).w222)) = Plyrya) ® Qay )

2.5.2 The Dixmier-Douady class

Let M be a manifold of dimension n. An open cover {U, }qes of M is called a good cover
if all non-empty finite intersections Uy, N --- N U,, are diffeomorphic to R".

Theorem 2.24 ([3], Theorem 5.1). Every manifold has a good cover. If the manifold is
compact, then the cover may be chosen to be finite.

Consider a bundle gerbe (P,Y, M) over a compact manifold M. We can take a finite
good cover U = {U, }aer of M with sections s, : U, — Y. Define (sS4, s3) : UoNUsz — Y@l

by

(80, 88)(2) = (sa(2), s5(2)),
for z € U, N Us. Let Pog = (Sa,55) ' P. As U, N Up is contractible, the bundle P,z is
trivial and hence we can choose sections o,5 : U, N Uz — P satistying

O-aﬁ(x> € P(sa,sg)(z)u

for x € U, NUg. For every o, 3,y € I and x € U, N Ug N U, we have

M(0ap(T), 05,(T)) = Gapy (T) 00y (T)

for maps gagy : Us N Uz N U, — U(1). By associativity of the bundle gerbe multiplication
we have

965 (2) oy (7) Gaps () Gy () = 1
for every a, 8,7, € I and x € U,NUgNU, NUs, showing that ¢ = {gasy }a,pyer is a U(1)
valued Cech 2-cocycle relative to Y. We define the Dizmier-Douady class of a bundle
gerbe (P,Y, M) to be

DD(P) = [gas,) € HA(M,U(1)) = H*(M, Z).

It can be shown that this class is independent of all the choices we made. For more details
we refer to [25]. We have the following result about the Dixmier-Douady class.
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Proposition 2.25 ([25]). Let (P, Y, M) and (Q, X, M) be bundle gerbes and f : N — M
be a map. Then

o DD(f~'P) = f*(DD(P)),

e DD(P*) =—-DD(P),

e DD(P®Q) = DD(P)+ DD(Q).

2.5.3 Isomorphism, triviality and stable isomorphism

We define two bundle gerbes (P,Y, M) and (Q, X, M) to be isomorphic if there is an iso-
morphism Y — X covering the identity on M and a bundle isomorphism P — () covering
the induced map Y — X2 and commuting with the bundle gerbe multiplications.

Definition 2.26. Let R be a U(1)-bundle over YIP=1. We define m; : YIP+1 — YIPL py

~

Ti(Yts -3 Ypr1) = W13 Gis - Yps1)
and let SR=m 'R® (my 'R)* @ m 'R® ...

Definition 2.27. Let m: Y — M be a surjective submersion and R a U(1)-bundle over
Y. We define the trivial bundle gerbe to be

SR=7'R® (m,'R)*
with the bundle gerbe multiplication

(5R) (y1,y2) ® (5R>(y2,y3) - <5R)(y17y3)

given by
R, @R, ® R}, ® Ry — R, @ Ry,

defined by contracting tensors and using associativity. A bundle gerbe (P,Y, M) is said to
be trivial if there is a U(1)-bundle R — Y such that (P,Y, M) is isomorphic to (0R,Y, M).

We have the following important result.

Theorem 2.28 ([25]). A bundle gerbe (P,Y, M) is trivial if and only if DD(P) = 0.
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Proof. 1If P is trivial then without loss of generality we can assume
P=0R=7"R® (7, 'R)*

where R is a principal U(1) bundle. As 7w : Y — M is a surjective submersion, we can
find an open cover {U,}acr of M with smooth sections s, : U, — Y. Let Y, = 7= }(U,).
We define

(8a,88) : Us N U — Y

which enables us to construct sections of P over U, N U given by
Gas € D{(50:55) ' P)

as follows. If we choose sections r, : U, — s. R, then for every x € U, N Uz we define
sections 0,43 of P,g by

Tap(T) = 15(2)1ra" ().
This is well defined since
0as(T) € Plsa@)sp(@) = Rss(a) @ By, (0)-

Therefore we have

Taplpy =T8T TAT8"
=74y
= Oary,
implying DD(P) = 0. We now suppose that
DD(P)=0
for a bundle gerbe (P, Y, M). This means the maps 0,5 : U, N Uz — P satisfy

OafOay Oy = 1. (2.1)

Suppose y € Y. Let U, C M be an open subset containing m(y). Then y € Y, =
71 (Uy,). We define f : Y, — Y@ by f(y) = (y,84(7(y))). This gives the following
commuting diagram.

Ry:=fP—>P

o

Y, y2
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Therefore R, is a principal U(1)-bundle R, — Y, with fibres defined by

(Ra)y = Plysaxw)))-

We have

5(Ra)(yl,y2) = (Ra)m ® (Ra);
= Pl sam @) © Plys @)

(2.2)
= Ll saw@) @ Hsa(m(w) ve)
= Pyra)-
For y € Y, NY; we define the map (¢ag)y : (Ra)y = (Rg)y by
(#ap)y(u) = u - gap(7(y))
This then defines a map @as : R |v.nys;— Rg |vany,. We define a relation ~ by
(a,7 € Ry) ~ (B, pap(r) € Rp).
Since (2.1) holds, ~ is an equivalence relation. So we can define
R:(URJ/N.

It can be shown [25] that the isomorphism (2.2) induces a trivialisation P = 0 R. O

We now define a more useful notion of equivalence between bundle gerbes.

Definition 2.29 ([25]). Two bundle gerbes (P,Y, M) and (Q, X, M) are said to be stably
isomorphic if P ® Q* is trivial.

Proposition 2.30 ([25]). Two bundle gerbes (P,Y, M) and (Q, X, M) are stably isomor-
phic if and only if DD(P) = DD(Q).

Proof. We know that P and () being stably isomorphic is equivalent to P ® Q* being
trivial, meaning

DD(P ® Q*) = DD(P) + DD(Q*) = DD(P) — DD(Q) = 0.
Therefore DD(P) = DD(Q). O

So the Dixmier-Douady class defines a bijection between stable isomorphism classes
of bundle gerbes over M and H?*(M,Z).
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2.5.4 Connection, curving and curvature

Recall the p-fold fibre product of Y

YV = A{(yr,. . y) €Y7 | m(pn) = ... = m(y,)}.

We define the projection maps m; : Y — Y= for i =1,... p by

7Ti(yla"'ayp) :(ylw"vgia"'ayp)'

We then define for all p > 1

5 - Qq(y[pfl}) — QQ<Y[P])

for w € QI(YP=1). Tt can be shown that §2 = 0. Therefore there is a complex

QUY) S vy 5yl & (2.3)

It is shown in [25] that this complex has no cohomology.

A connection A on the U(1)-bundle P — Y2 is called a bundle gerbe connection if it
respects the bundle gerbe product [25]. That is if the section s of §(P) — Y satisfies
s*(6(A)) = 0 (see remark 2.22). Given an arbitrary connection A we have 6(s*(5(A))) =
8(s)*(6%(A)) = 0 as 6%(A) is a flat connection on the trivial bundle §2(P). As the complex
(2.3) has no cohomology, there is a 1-form ¢ on Y2 such that d(e) = s*(5(A)), implying
A —¢€is a bundle gerbe connection. Therefore bundle gerbe connections always exist. The
curvature Fy € Q*(YP) of a bundle gerbe connection A satisfies §(F4) = 0 and again
since the complex (2.3) has no cohomology, the curvature satisfies Fiy = d(f) for some
€ Q*Y). A choice of f is called a curving for the bundle gerbe connection. We have

5(df) = d(3(f)) = d(F) = 0.

Therefore df = m*(w) for some w € Q*(M), called the three-curvature of (A, f). We have
7*(dw) = dr*(w) = d*f = 0, hence w is closed. It is shown in [25] that ;7w is integral and
represents the image of the Dixmier-Douady class DD(P) in H*(M,R). We will compute
the connection and curvature of a class of bundle gerbes in chapter 6.
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2.6 Gauge groups

Suppose G is a compact Lie group and @ is a principal G-bundle over a compact manifold
Y. Let @, be a fibre of ) over a point m € X. An automorphism of Q) isamap ¢ : QQ — Q)
that takes fibres @), to themselves such that ¢(qg) = ¢(q)g for all ¢ € @Q and g € G. We
would like to realise automorphisms as sections of a bundle of groups called the adjoint

bundle of (). We define this by
x G
ad@) =45

where the action of GG is the adjoint one given by

(4, 9)h = (gh,h™"gh).
Note that the fibres of Ad(Q) — M are groups isomorphic to G.

Given ¢ € Aut(Q) we define ¢ : ¥ — Ad(Q) by ¢(m) = [q, 9], where ¢(q) = qg. If
o(m) =1[¢, ¢'] where p(¢') = ¢'g’ then ¢ = gh for some h € G and we have

©(q") = w(@)h = qgh

and also
v(q") =d'q = qhg'.
Therefore ¢ = h™'gh and [¢, ¢'] = [qgh, h"'gh] = [q, g], showing ¢ is well-defined.

The map ¢ — ¢ is in fact an isomorphism from the group of automorphisms of @,
Aut(Q) and the group of sections of Ad(Q) [1].

Definition 2.31. Let Q) be a principal G-bundle over a compact manifold 2. We define
the gauge group of Q to be the Fréchet Lie group of smooth sections of Ad(Q) given by

G=T(2Ad(Q) ={f:Q — G| flag) = g~ f(a)g},
with the group action being pointwise multiplication [1]. The Lie algebra of G is given by

Lie(G) =T (z, QX%“J’(G)) =T'(%,2d(Q)),

where ad(Q) is the bundle associated with Q) via the adjoint action of G on its tangent
space T,G [1].

Remark 2.32. If Q) is taken to be the trivial bundle ¥ x G then G = Map(3, G).
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Let @ be a principal G bundle over a compact manifold ¥. An r-form w on (@ is said
to be invariant if for all g € G
Ryw = w.

Such a form is called horizontal if w(X7,...,X,) = 0 whenever at least one of the tangent
vectors X; of P is vertical. An r-form w on @ is said to be ad-invariant if for all g € G

* . —1
Riw =adg™ w.
Proposition 2.33 ([15], Proposition 5.1). If w is an invariant and horizontal (r+1)-form
it descends to X . Furthermore if w is an ad-invariant r-form on @), then
1. dw is an ad-invariant (r + 1)-form,
2. The (r+ 1)-form Dw (as defined in section 2.3.2) is ad-invariant and horizontal,

3. In the case of special unitary group G = SU(n), tr(w) is invariant.
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Chapter 3

Constructing central extensions of
groups

In this chapter we introduce the notion of a central extension of a group. We then give
an explicit construction of central extensions of groups using differential forms. Our
discussion follows [27].

3.1 Central extensions of groups

Definition 3.1. Let G and N be groups. Then G is an extension of G by N if there is a
short exact sequence

1 NS5GB6 1.

This means that i and p are group homomorphisms such that
e ker(i) =1, so i is injective
e ker(p) = im(7)
e im(p) =G, so p is surjective.

Note this means N < ? and hence given N and Q\, we simply have G = §/J\f

Definition 3.2. An extension

15N —=>G—-G—1

25
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is called a central extension if N lies in Z(G), the centre of G defined by
Z(G)=1{2€G|zg=ygz Vge g}

Remark 3.3. In the case of central extensions, N is always abelian since N C Z(G).
From now on we denote this abelian group by A. We will often be interested in the case

A=U(1).
Example 3.4. Let G = U(n). Then
ZG)={M | xeUN)}=UQ1)={z€C||z| =1}
So we have the central extension
1—-U(l) > U(n) = PU(n) —1,

where PU(n) is the projective unitary group, defined to be the quotient U(n)/U(1).

We define the notion of isomorphism of central extensions as follows.

Definition 3.5. Let G be a group and let G and G' be central extensions of G by an
abelian group A. We call G and G’ isomorphic central extensions if there exists a group
isomorphism v : G — G' and a commuting diagram

1 A

G—G
BN
A—>=¢ 1

g

Note by using the Five Lemma, it suffices for v to be a group homomorphism [3].

Let A be an abelian group and G be any group. Then
12 A5 AxG LG —1

is a central extension, where ¢(z) = (z,¢e), m(z,g) = ¢ and the multiplication on A x G is

defined by
(20, 90) * (21, 91) = (2021, og1)-

We can deform the product on A x G by

(20, 90) * (21, 91) = (2021¢(90, 91), 9091)
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for some function ¢ : G x G — A. For * to be a product, we require some conditions on
c. Primarily for * to be associative we need

((20, 90) * (21,91)) * (22, 92) = (20, 90) * ((21, 91) * (22, 92))
-~ (2071¢(90, 91)5 90g1) * (22, 92) = (20, 9o) * (2122¢(g1, 92), 9192)
- (2021¢(go, 91)22¢(gog1, 92), G0g192) = (202122¢(91, 92)c(go, 9192), Jog192)

Therefore
(g0, 91)c(gogr, 92) = c(g1, 92)c(go, 9192)- (3.1)

Similarly, to obtain an identity and inverse we require c¢(e, g) = c¢(g,e) =1 for all g € G.
Definition 3.6. A function ¢ : G x G — A with
cle,g) =clg,e) =1, Vgeg

and satisfying (3.1) is called a group 2-cocycle on G with coefficients in A.

We denote by A x .G, the set A x G equipped with the product arising from the cocycle

Consider the central extension
1A A%x. G5 G o1

arising from a cocycle ¢. Define s : G — A x. G by s(g) = (1, g), where 1 is the identity
element in A. Then s is a right inverse or a section of 7 as

(mos)(g) =n(l,9) =g
More generally we have the following result.
Proposition 3.7. Let
15 AS5GHG—1
be a central extension admitting a (smooth) section s : G — QA Then we have é ~Ax.G
for some cocycle ¢ : G x G — A. In this case we say G is a twisted product.

We denote by Z%(G, A) the space of all cocycles arising from central extensions of G
by A, which forms a group under pointwise multiplication. Given a cocycle ¢, we can
construct a new cocycle

(g1, 92) = (g1, 92)x(91)x(92) X (g192) " (3.2)

for a function f : G — A. We define H*(G,A) = Z*(G, A)/~, where two cocycles are
cohomologous if they satisfy (3.2). We have the following result.
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Theorem 3.8 ([34], Theorem 6.6.3). There is a one-to-one correspondence between the

isomorphism classes of central extensions of G by A and the elements in H*(G, A).

Proposition 3.9. Given a central extension
1-A5G56 1
arising from a cocycle ¢ we have

Ax. G AxG

if and only if there exists a section s : G — G which is a homomorphism.

Proof. 1f ¢ is cohomologous to the identity then by (3.2) we have
c(g1:92) = x(91)x(g2)x(9192) "
Soifs: G — QAis a section

5(g192) = s5(g1)s(g2)c(9192)
s(g1)5(g2)x(g1)x (92)x (g192) "

Therefore
5(9192)x(9192) = s(g1)s(g2)x(91)x(g2)

showing sy is a homomorphism.

]

Note not every central extension admits a section. For example in the central extension

1—2Zy— SU(2) = SO3) =1

if there was a smooth section s : SO(3) — SU(2), then we would have a homeomor-
phism between the connected group SU(2) and the disconnected group Zs x SO(3), a

contradiction.

Remark 3.10. Given a central extension

15 A—-G—>G—1

arising from a cocycle ¢ : G x G — A and a homomorphism ¢ : A — B we can construct

a central extension of G by B by the cocycle ¢ = ¢ o c.
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3.2 Relation to group cohomology

Let G be a Lie group and A be an abelian Lie group. Denote by Map(G, .A) the group of
smooth maps between G and A. For n > 1 define a homomorphism of abelian groups

§ : Map(G", A) — Map(G"t*, A)

by

6<f)(907 s 7gﬂ) = f(glv s 7gn)f<g0917927 s 7gn)71 s f(g()v s 7gﬂ*1)(71)n+1'

A simple calculation shows that 62 = 1. So we have a cochain complex
Map(G, A) LN Map(G?, A) LN Map(G®, A) LA

We define the cohomology groups

_ ker(d : Map(G?, A) — Map(Get!, A))
HY(G, A) = im(0 : Map(Ge—1, A) — Map(G9, A))

Note for f € Map(G?,.A) the condition §(f) = 1 is equivalent to the cocycle condition
(3.1) and therefore as previously mentioned we can identify the isomorphism classes of
central extensions of G by A by H?*(G, A).

3.3 Central extensions of Lie groups

Let G be a Lie group and A an abelian Lie group. A Lie group G is said to be a central
extension of G by A in the Lie group sense if there is a smooth homomorphism p: G — G
such that

o ker(p) = A,

e G has the structure of a principal A bundle over G with projection map p : G —G.

In this case, A is a normal subgroup of G and we have an underlying central extension
15 A>G—G—1

of the abstract groups. Note here a smooth section s : G — G exists if and only if the
principal bundle p : G — G is trivial. In the next chapter we look at central extensions of
Lie groups which are not trivial as a principal bundle. Therefore a smooth section does
not exist and the central extension cannot be identified by a cocycle. This leads us to the
next section.
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3.4 Contractible spaces

Definition 3.11. A manifold M is contractible if it can be smoothly deformed to a point.
That is, there exists a point mg € M and a smooth map F : [0,1] x M — M such that
for every m € M we have F(0,m) =m and F(1,m) = my.

N
/]\

Figure 3.1: A disk is contractible but a circle is not

Theorem 3.12 ([23], page 15). Let M be a contractible manifold. Then a fibre bundle
P 5 M over M is trivial.

Proof. As M is contractible there exists a smooth map F : [0,1] x M — M and some
mgo € M such that F(0,m) =m and F(1,m) = my for all m € M. We have the following
commutative diagram.

F7tp P

|,

0,1] x M £~ M

As F is smooth, we have the bundle isomorphism F~'P |royx > 1P |q130 ([13], part
I, chapter 4). But F~1P l{oyxm= P and F'p l(yxm= P |y XM is trivial. Thus P is
trivial. []

Corollary 3.13. Let
12 A->GLG—1

be a central extension of a Lie group G for which Q — G is a principal A-bundle. If G is
contractible then p admits a section s and therefore G ~ A x. G for some cocycle c.

Definition 3.14. Let G be a 1-connected Lie group; that is, G is connected and simply
connected. We define PG, the path space of G, to be the group of all smooth functions
v :[0,1] = G with v(0) =1 € G. We also define QG to be the subgroup of PG containing
all smooth functions v : [0,1] — G with v(0) =~(1) =1 € G.
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Note €2G is not the same as the loop group LG since an element v € QG does not need
to be smooth at v(0) = ~(1).

We have the short exact sequence
15065 PG=G—1

where ¢ is the inclusion map and ev denotes the evaluation map, that is, the map which
sends a path v € PG to its endpoint y(1). In particular, it follows that QG is a normal
subgroup and

PG
G="

Qg

Lemma 3.15. The path space PG of a Lie group G is contractible.

Proof. Define F': [0,1] x PG — PG by

F(t,7)(s) = (1 =t)s +1).

Clearly F' is smooth. Also F(0,v) =~ and F(1,v) = 1.

Let G be a l-connected Lie group. As PG is contractible, by corollary 3.13 every
central extension of PG is determined by a cocycle. For a cocycle ¢ : PG x PG — A, we
can construct a central extension

1l A—-Ax.PG— PG —1,

using the method in section 3.1. If we could take the quotient of A x. PG by QG we
would produce a central extension of G = PG/QG. So calculating G is reduced to finding
a cocycle ¢ and a homomorphism H : QG — A x. PG with image H({2G) a normal
subgroup of A x. PG; enabling us to take the quotient of A x. PG by QG.

The following calculations show that to define a homomorphism H, it is sufficient
to find a map h : QG — A satisfying h(g192) = h(g1)h(g2)c(g1,92); setting H(g) =
(h(g),t(g)) defines a homomorphism H : QG — A x. PG and the following diagram will
commute.
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OG l A x, PG

N

PG

Let g1, g2 € QG. We have

H(g192) = (h(9192) t(9192))

and

H(g1)H(g2) = (h(g1); (g1)) X (h(g2), (g2))
= (h(g1)h(g2)c(g1, 92), L(g192))-

So for H to be a homomorphism we need to show

h(g192) = h(g1)h(g2)c(91, 92)-

The following proposition finds a criterion for H(2G) to be normal.

Proposition 3.16. If h : QG — A satisfies

c(f. 9hlg)re(fg. f el f ) = h(faf )7L Vfe PG, ge Qg

then H : QG — A x. PG defined by H(g) = (h(g),t(g)) has normal image in A x. PG.

Note here f~! is defined by f~1(¢t) = f(t)~ "

Proof. A short calculation shows that if (z, f) € A x. PG then

(2, )7 = ETle(f ).

For every g € QG we want there to be some k € )G such that

(2, f) = (h(g),g) = (=" e(f, f7) 71 f71) = (h(k), k).
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Equating the second components of (3.3) yields fgf~' = k implying h(k) = h(fgf™).
Equating the first components of (3.3) then shows

zh(g)e(f,9)z" e(f, f ) e(fg. f71) = h(faf ™)

and hence

h(g)e(f, 9)e(f, [~ e(fg. f71) = h(fgf ™).

[
In summary, we need to construct a cocycle ¢ : PG x PG — A satisfying
c(90, 91)¢(g091, 92) = (91, 92)¢(90, 9192), V90, 91,92 € PG (3.4)
and a map h : QG — A satisfying
h(g192) = h(g1)h(g2)c(g1, 92), Va1, 92 € QG (3.5)
and
(. M)elfg. felf £ = hifaf ™), Vfe PG geg.  (36)

Then if G is 1-connected, the following diagram commutes.

1
1 A G G 1
1 A A x. PG PG 1
X
Qg
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|
Y\\/ Y
|9

and therefore the central extension of G is given by

= .Axch'
g = —H(Qg) (3.7)

The following proposition shows how the isomorphism class of the central extension G
depends on the cocycle ¢ and the homomorphism h.

Proposition 3.17. A choice of cohomologous cocycles ¢ and ¢ related by

(g1, 92) = (g1, 92)x(91)x(92)x (9192) "

and homomorphisms h and h' related by

h(g) = h(g)x(g)™"

where x : PG — A give rise to isomorphic central extensions.

Proof. Define ¢ : A x PG — A x PG by

d(z,9) = (2x(9)"", 9).
Then

O((21, 1) *c (22, 92)) = P(2122¢(g1, 92), 9192)

= (2122691, 92)X(9192) ", 9192)

= (2122 (g1, 92)x (1) ""x(92) ", 91.92)
(z1x(g1) " g1) *e (22x(92) 71, 92))

¢<217 91) *ef <Z5(Z27 92)-
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Also

P(H(g)) = &(h(9),9)
= (h(g)x(9)™",9)
= (M(9),9)
= H'(g).

Therefore ¢ induces an isomorphism

- Ax.PG _)AXCIPQ
- H(QG) H'(QG)

of central extensions.

3.5 A cocycle and a homomorphism

In this section we show how to construct a cocycle ¢ and a homomorphism h using
differential forms. We are following [26] and [27].

Defined; :GxGxG—GxgGfori=0,1,2,3 by

=8

0(90791,92) = (91,92)

1(90, 91, 92) = (9091, 92)
2(90, 91, 92) = (90, 9192)

d3(g0, 91, 92) = (90, 91)-

QU

Similarly we define d; : G x G — G for i =0,1,2 by

dO(g()?gl) =0
di(90, 91) = Goon
d2(90,91) = go-

Let p be a 1-form on G x G and n be a 2-form on G. We define

6(p) = dp(p) — di(p) + dy(p) — dz(p),
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a 1-form on G x G X G and

a 2-form on G x G.

Remark 3.18. We can use the maps d; : Gx G — G fori=0,1,2 andd; : GXGxG —
G x @G fori=0,1,2,3 to pullback bundles over G and G x G respectively. In particular if
P is a U(1)-bundle over G we can form the bundle 5(P) over G X G defined by

§(P)=dy'P@d'P*®@d,'P

analogous to the definition of §(R) in definition 2.26. We can also define the bundle 60(P)
and similarly to the case for bundle gerbes the bundle 60(P) has a canonical trivialisation.

Definition 3.19. Let G be a Lie group and A be an abelian Lie group. We define A =
ker(exp) where
exp : Lie(A) — A

is the exponential map ([15]) and call A the integer lattice of A. A 2-form R € Q*(G, Lie(A))
is said to be A-integral if for every f : S* — G we have

ffR € A.
S2

We denote the set of Lie(A) valued A-integral 2-forms on G by Q3% (G, Lie(A)).

Proposition 3.20. Let G be a 1-connected Lie group and A be an abelian Lie group. Let
R € 9%(G,Lie(A)) and a € QY(G x G, Lie(A)). We define

1
(g1, g2) = exp [/ (gl,gz)*a} , 91,92 € PG (3.8)
0

" h(g) = exp {— / g*R} | (39)

where g : S — G is an extension of g € Q(G) to the unit square S = [0,1] x [0,1] such
that

9(0,t) =g(t), g(s,1)=¢e, g(1,t)=e¢ and §(s,0) =e.
This definition is independent of the choice of extension § as R is A-integral. Note, if

A =U(1), then exp is the usual exponentiation and A = 2mwiZ. Therefore the condition
we need 18 ﬁR to be integral.

Suppose §(a) = 0 and §(R) = da. Then ¢ and h defined by (3.8) and (3.9) will satisfy
the requirements (3.4), (3.5) and (3.6).
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g(l,t)=e

(&
(&

(s,0)
N
(s,1)

Proof. We have
6(a) = dy(@) — dy(@) + dy(a) — d3(a) =0

in Q1(G?). Therefore, pulling back via the map (g1, g2, 93) : I — G we have

(92, 93)" (@) = (9192, 93)" (@) + (91, 9293)" () — (91, 92)" (@) = 0.

Rearranging this we have

(91, 92)" (@) + (9192, 93)" (@) = (g2, 93)" () + (91, g293)" ().

Integrating both sides over [0,1] yields

/01(91792)*(04) + /01(9192793)*(04) — /Ol(gz,gs)*(a) n /01(9179293)*(04)-

Finally by taking the exponential of both sides we have

c(g1, 92)c(9192, 93) = (92, 93)c(91, G293).

To show (3.5) we use the identity d(R) = da and Stokes’ theorem:

37
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h(g1)h(g2)c(g1, g2) = exp
= exp
= exp
= exp
= exp
= exp

= exp
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fo fi{
_—/SgH*R—/SgE*RJr/Ol(gth)*Oé}

1
- /S (61, Go)"d5R — /S (g1, G2)"d2 R + / (gl,gz)*a}
0

1
—/(§1>§2)*dTR—/(§1,§2)*da+/ (91792)*04}
L Js s 0

- [@arr- [ Gara+ [ (ool

oo
S

- h(ngZ)a

1
/(9~1,9N2)*Oé:/ (91792)*04,
a8 0

which is illustrated by the following figure.

noting that

- 1 1
—/9/1\/92*3_/ (91792)*044'/ (91792)*04}
L Js 0 0

s
I
N =,
O N8
[ I
L |= S = |12
ol w0
= =
9(0,t) = g(t)
I
Figure 3.2: An extension g of g to the unit square S
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To prove (3.6) we note

di(di(f,g, ) =di(fg, f) = faf "

So using the relation 6 R = da we have

h(faf™") = h(di(di(f 9, f")))

—ew |- [0 f*)*d*;d’;R}

—ow |- (10,5 EGR+dR- da)]

—oxp |- [ (gs ) didin - [

S

(.3, /)y didsR + /

S

<f,g,f1>*dtda] .

For the first integral note

dOdl(fagaf_l) = dO(fg7f_1) = f_la

a function of ¢ only. Therefore the pullback 2-form (f~!)* R vanishes, implying
ow (= [(asrddr) -1 (3.10)
S

For the second integral we have

d2d1(fagaf_1) - d2(f97f_1) = fg

So using 6(R) = da again we have
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/( V' didiR = /
—/S(f §)diR
=[g<f7§)*(d8R+d;R—da)
- [Garars [rarar / (£.5)"da
o fuo
Z/Sg R—/Sf,g da,

as f*R vanishes. Hence

exp (— / <f,g,f—1>*did;R) — h(g)exp { [ g)*da] .
But by Stoke’s theorem
[(raraa= [ (rara
= [aras [ ayas [aras [ e
= [Gara+ [eora- [era- [(eora

Here I, ..., I, are oriented intervals whose union is 95, as illustrated in figure 3.2. So

exp [ (f.0)"da = ex0 [ / (gyat / (e / (foeya- / 1<e,g>*a}

= c(f,9)c(e, g)e(f e)  e(e, g) !
=c(f,9),

since c(e, g) = ¢(f,e) = 1 by definition (see (3.8)). So we have

oo (= [(1a. 57 dsR) = ho)et ) (3.11)
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For the final integral we note that by Stoke’s theorem
[Gartydda= [ (ra.s7ydia= [ (5.0
S a8 as

Therefore, using the decomposition of dS as the union of I3,..., I (see figure 3.2) we
have

/6 U fya= / (o f Yot / .

Il IZ
. ~ r=1\x ~ r—1\*
/Ig(fg,f Fa /14(fg,f Fa

-/ (oo f Yt / (9.0

~[wrye- [wera

Therefore

exp /S (f.5. /) dida

—oo| [Unrva+ [wera [ ya e

= c(fg, fN)elg, e)e(f, £ e(g,e) !
=c(fg, [)elf, 77 (3.12)

Combining (3.10), (3.11) and (3.12) shows

h(faf™") = hg)e(f, 9)e(fg, fh)elf, f7H) 7
0

Let P be a principal bundle over G with connection p and curvature R. If s is a section
of P then there is a section d(s) of 6(P) and an induced connection 6(u) on §(P) with
curvature denoted by §(R).

Consider a (LiAe group) central extension G of a Lie group G by an abelian Lie group
A. Let u € QYG,Lie(A)) be a connection on G thought as an A-bundle over G with
curvature R € Q%(G, Lie(A)).
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Lemma 3.21. The curvature R as defined above is A-integral.

Proof. We prove this for the case of an A-bundle over S?. Write $? = 52 U S? where S?
and Si are the lower and the upper hemispheres separated by the equator E.

s

Then

showing R is A-integral. m

Recall the central extension
1 A=GBG 1.

There is a canonical trivialisation of §(G) over G x G induced by the product in G as
follows. Let g1,92 € G and choose g1, o € G such that p(g1) = g1 and p(g2) = g2. Then
there is a section s : GxG — G defined by s(g1, g2) = §1®(9192)* ®ga which is independent

A

of the choices of g1, go. This trivialisation s of 6(G) induces a trivialisation 0(s) of §6(G)

A~

which is equal to the canonical trivialisation of §6(G). See remark 3.18.
By letting o = s*(6(n)) € Q4G x G, Lie(A)) we have
0(a) = (0(s7))((r)) = (1)"(0(6(p))) = 0

and
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Let W(G, A) be the collection of all pairs (a, R) where a € QY(G x G,Lie(A)), R €
03(G, Lie(A)) and
d(a)=0, dR=0, and §(R) = d(a).

The computations above indicate a map from the equivalence classes of central extensions
onto ¥(G,.A). This map is constructed rigorously in [26] and [27]. We aim to construct
an inverse map and conclude that central extensions (up to isomorphism) of a group G
by A are precisely determined by pairs (a, R) in ¥(G, A).

3.6 Isomorphism of central extensions

Recall the definition of isomorphism of central extensions from section 3.1. In this sec-
tion we investigate the relationship between isomorphism of central extensions and the
associated R and .

Lemma 3.22. Suppose G is a Lie group and suppose there exist R € Q4 (G, Lie(A)) and
a € QNG x G, Lie(A)) which satisfy

e dR=0,
e /(a) =0 and
e )(R) = da.

Let n € QYG). If we define R' = R+ dn and o/ = a+ 6(n) then we have
dR' =0, 6(/)=0 and 6(R") =dd.

Moreover R' is A-integral.

Proof. We have
dR = d(R+ dn) = dR = 0,
as d’n = 0 and
6(a) = d(a+d(n)) = d(a) =0,
since §%(n) = 0. Moreover from R’ = R + dn we have 6(R') = §(R) + §(dn) and hence
using d(R) = da
O(R) = da +d(d(n)) = d(a + d(n)) = do’.
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Finally using Stokes’ theorem, for every f :S?* — G we have

Szf*R’:/92f*(R+dn):/S2f*ReA.

[
Proposition 3.23. Suppose a, o’ € QG x G, Lie(A)) and R, R’ € Q4(G, Lie(A)) satisfy
dR=0, 0(a) =0, §(R)=da

and
dR' =0, 6(c/)=0, 0(R)=dd.

Let G and G' and be central extensions of G defined by (a, R) and (o, R') respectively.
That 1is,

A_Axcpg A/_Axc’Pg
g_—H(Qg) and G = Hag)

where ¢ and H (respectively ¢ and H') are defined using 3.8 and 3.9 by a and R (respec-
tively o and R').

Suppose moreover that there exists a 1-form n € OYG) such that R = R+ dn and
o =a+4d6(n). Then G~ G’

Proof. By using proposition 3.17 we need to find some x : PG — A such that

(g1, 92) = g1, 92)x(91)x(92)x (9192) "

and

As in the proof of proposition 3.20 we define the cocycle ¢ : PG x PG — A for a
central extension of PG by

c(g1,92) = exp {/Ol(gl,gz)*a]
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and similarly define ¢’ for G'. We have

(g1, 92) = exp
= exp

= exp

:/01(91,92)*0/}

: / (g2 (ot 6<n>>}

:/01(91,92)*04} exp [/01(91,92)*5(77)]

= c(g1, 92) exp [/01(91,92)*5(77)]

= (91, g2) exp Uolgi‘n} exp Volgé‘nl exp {/01@192)*771

-1

Let x(g) = exp [fol g*n] . Then

(g1, 92) = c(91, 92)x(91)x(92) x(9192) " (3.13)
As in the proof of proposition 3.20 we can define h : QG — A by

h(g) = exp [—/SEJ*R] :

where g : S — G is some extension of g to the unit square S = [0, 1] x [0, 1] which agrees
with ¢ on the boundary and similarly define h’. Using Stokes’ theorem we have

h(g) =exp |~ /S é*R’}

—exp |- /S é*(Rern)]

= exp —/g*R] exp [—/g*dn]
s S

= h(g) exp - /S d(é*n)}
= h(g) exp :— /85 9*77}
= h(g) exp u /Olg*n}
~ h(g)x(g)™"
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Chapter 4

Examples of central extensions

We begin this chapter by constructing a central extension of the loop group of a compact,
simple, simply connected group G by an abelian Lie group A [27]. We then generalise
this construction to a central extension of the group Map(X, G) of smooth maps from a
compact manifold ¥ to a Lie group G. We conclude this chapter by constructing a central
extension of the gauge group Aut(Q) where @ is a principal G bundle over a compact
manifold Y. These central extensions are all constructed by the techniques we developed
in chapter 3.

For the case of loop groups we set A = U(1). For other cases we set A = Q'(2)/QL(2).
We explain in section 4.2 and 4.3 why this is a good choice for \A.

4.1 Loop groups

The central extension of the loop group by the circle, known as the Kac-Moody group
was first constructed in [29, 21] and later in [22]. In this section we give an explicit
construction of the Kac-Moody group in terms of differential forms using the results of
chapter 3 and following [24].

Let G be a compact, simple, simply connected Lie group and let
Gg=LG= C’OO(Sl, G).
Our aim in this section is to construct a central extension

1-5U(1)—=G—G—1.

47
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It will turn out that the Chern class of the bundle G — @G is non-vanishing and hence
the bundle G — G is non-trivial. So we apply the results from the previous chapter and
construct a central extension of the loop group using an R and «.

Proposition 4.1. Let G = C*(S',SU(n)) and define R € Q*(G) and o € QY (G x G) by

7
a((g1,92); (1 X1, 92X0)) = %/ tr (XIWQQ ) ds,
Sl

where g1, g2 € G and X1, Xy are vector fields on G and

i oY
R(g:9X.9Y) = 1~ /51 tr (X%) do,

where g € G and X,Y are vector fields on G.

Then we have (1) §(a) =0 and (2) §(R) = da. Moreover R is 2mi-integral.

Proof. For (1), by defining

_ 99 1

we can write
a((gbgz); (91X1>92X2)) = N(92>X1)- (4-2)

Using the definition of the maps d; : G X G x G — G x G (see section 3.5) we find that

(60)((915 925 93); (91:X1, 92 X2, 93.X3))

is equal to

a((92,93); (92X2, 93X3)) — a((9192, 93); (1. X192 + 9192X2, 93.X3))
+a((91, 9293); (91 X1, 92 X203 + 9293 X3)) — (91, 92); (91.X71, G2 X5))

which by using (4.2) is equal to

— (g3, 95 " X192) + p(g2gs, X1) — p(ga, X1).

Therefore by using (4.1) and invariance of trace

(60)((915 925 93); (91:X1, 92 X2, 93.X3))
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is equal to

K2 __ -1 993 9(9293) 1) 992 4
o Jor | ( X192~ 90 93 >+tr <X1 20 (g293) tr [ X 2% 95 do

i B g3 _ dgs B dga ., _
=5 | —tr (92 1)('1928—9393 1) + tr (Xlg2 20 —g5" 95 1) +tr (Xl 2 —= 0395 95 1)
g2 _
— tr (Xl, 862g2 1) :|d0

i _ 093 _ 093 1 _
5 . [ —tr (92 1X1928—;93 1) + tr (X192 20 95 ' 95 1) }d&

=0.

For (2), by using the definition of the maps d; : G X G — G (see section 3.5) and left
invariance of R we find that

(0R)((91,92); (91X1, 92X2), (91Y1, 92Y2))

is equal to

R(e; Xo,Y2) — R(e; (g5 ' X192 + X2), (95 Y192 + Y2)) + R(e; X1, Y1)
i 0Yy\ . A(gy 'Yigo + Ya) oY
_47'(‘ o |: (X2 89 ) tr ((92 Xlgg + XQ) 69 +t X1 69 de.

Differentiating both sides of g~'g = 1, using the product rule yields

(g™ 409 Adg™")  _,10g =
og It 5670 = T T 9 g9
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So we have

d(gy ' Yigs + Y2)>

tr (<g21Xlg2 + X5) 20

9(g2 1 0Y dgy  OY
= tr ((92_1X192 + XQ) ( (ge )}/1 g2 + 92 69192 + 92 Y age2 + 8_92))

~ 1992 1 0Y; dgy O
= tr ((92 X192 + Xa) < 92 age 92" Yig2 + 92" 5592+ 2 15”1% + 8—92))

0 Y]
= tr <_92_1X1%92_1}/192> +tr <92_1Xla_0192)
0go 0Y-
+t ( 89) +tr <92 X102 892)
1002 Y]
( X292 a0 92 1Y192> + tr <X29218_6192)
e (Xagy 1

0 Y5
X292_1Y1 g2> <X2 2)

, ' X1Ys

0 00
9ga _ oYy D92 oY
= tr (_X16_9292 13/1) + tr <X1 89) +t1"< 1X1}/1 89) +tl”( legQ 692)

1092 . 0Y] 1+, 0g Y-
+t ( X292 90 92 1Y192> + tr (X292 18_6192) + tr (X292 'y, 892) + tr (Xza—(;)

So

»J>|®

1092 _ _,0Y] 1., 0g
(ng ! 9292 1Y192> — tr <X292 13—9192) — tr (X292 v 892> }de
(’99 _ J  _
tr < (X4, Y] 89292 1) —tr (X2% {92 13/192})

( XngaYQ) ]da

0gs _ 09 _ Y-
/ {tr < 892‘(]2 1Y1> —tr ( X Y == 2 > —tr <92 1X1928_92)
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By integrating the second term in this expression by parts we have

) 0 0X
§(R) = ﬁ/{ﬂ [tr <—[X1,Y1] 690292_1) +tr( 60292—1}qu>

Y.
—tr (g ' X1go— ) |db.
< 192 90
On the other hand, using the formula for the exterior derivative of a 1-form (see theorem
2.7) we have

da((g1,92); (91 X1, 92X2),(91Y1, 92Y2))

1

:5{(91)(1, 92X2)a((g1, g2); (91Y1, 2Y2))

— (1Y1, 2Y2)a((91, 92); (91.X1, g2 X2))

~ al(g1, ), (91[ X1, Yi], ga[ X, Ya)) }

1 dgy _
2{(91X1792X2)27T/ ( 392 21> do
7 dgs _
— (915/1,925/2)% /Sl tr ( 89292 1) o

i 092 -1
—— [ tr{ Xy, Y] de ;.
2T g1 ' <[ b 1] 89 50 2 ) }
A calculation gives the following expressions for the Lie derivatives

(91X1,92X2)/ tr <Y 99> _1> do
1 00

ol [ (n R ) a

dS s=0
0Xs
= tr | Yj do
/S1 1"( 1928992)
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and

0
(915/17923/2)/ tr (Xlﬁggl) df
Sl

d 9(g2(1 + sY3)) 1
T B /51 tr (X1 50 (1 —5X5)g, | dO

Y5
— _— -1 .
/Sl tr ()(192 90 9o ) do

Therefore da((g1, g2); (g1X1, g2 X2), (1 Y1, g2Y2)) is equal to

i 00Xy _ oY, dg
E{ /31 [tr (1/1928—0292 1) —tr <X1926_9292 1) —tr ([Xl’yl]ﬁ_;% 1>} d@},

which is the expression we had for §(R). For the integrality condition on R we refer to
section 4.4 of [29]. O

Now that we have established R and « satisfy the required properties we can define
the cocycle ¢ and the homomorphism A by (3.8) and (3.9) (see section 3.5). Therefore the
central extension of the loop group by U(1) is given by (3.7) (see section 3.4).

4.2 Group of maps

In this section we aim to construct a central extension of the group G = Map(%, G) of
smooth maps from a compact manifold ¥ to a Lie group G. A method to construct such
central extensions was introduced in [29] by thinking of Map(X, G) as a generalisation of
the loop group Map(S?, G). An alternative construction can be found in [18]. Throughout
this section we assume the group G is 1-connected. If G is not 1-connected we believe
our approach extends to give a central extension of Gy, the universal cover of the identity
component of G. We intend to pursue this question in future research.
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Before beginning to construct a central extension of Map(X, G) by the abelian group
A= QY 2)/QL () we would like to discuss the topological properties of A. Recall the de
Rham complex of X

Q) L) LX) S
We define the codifferentials to be the linear maps ¢ : QP(X) — QP~1(X) defined by

Y

5 = (_1>n(p+1)+1 % d*

where * is the Hodge star operator x : QP(X) — Q" P(X) [7] and n = dim(X). The
Hodge decomposition theorem states that for every w € QP(X) there are unique forms
a € QP (), € QPT(E) and a harmonic form v € QP(X) such that

w=da+d8+7,
where by 7 being a harmonic form we mean (dd — dd)y = 0. In particular, we have
Q(2) = ker(d) @ im(0).
Therefore

~QY¥)  ker(d)

A= 0® ~ e PO

As im(J) is a vector space, it makes no contribution to the cohomology of A. To compute
the cohomology of ker(d)/2}(3) we note the inclusion

(%) ker d

Zh =
d0®) < a0 )

_ b1
=R"™,

where by is the first Betti number of ¥ [31]. Hence

ker(d) ~ @ — (Sl)b1
QL(T) ~ zh '

That is, A is the sum of a vector space and b; copies of S'. This shows that A has the
structure of an abelian Lie group. Note, if by = 0 then A-bundles over ¥ are trivial and
there is a smooth section s : G — G Therefore the central extension is topologically
trivial. However for the central extension to be algebraically trivial, s needs to be a
homomorphism (see proposition 3.9). Whether b; = 0 implies this is a question we wish
to address in future research.

Now we use the results from section 4.1 to construct a central extension of Map(X, G)

by A = QL(2)/QL(Z).
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Let 31 and Y5 be compact manifolds and G a Lie group. Let As, = Q'(3;)/Q% (%)
and Gy, = Map(X;, G) for i = 1,2. Given a map f : 3y — X; we can pull back with f to
get homomorphisms f; : Gz, — Gs, defined by

(fen) (@) =~(f(2))
for v € Gy, and z € 3y and f} : Ay, = Ay, defined by

(faw(@))(X) = w(f (@) (T:f(X)),
for we Ay, x € ¥y and X € T, %,.

This gives us the following commuting diagram

As, é\zl Os, 1

T T

AEQ G\Eg gEz

where (j\zi is a central extension of Gy, by Ay, for i =1,2.

Proposition 4.2. The map égl — 522 1s a homomorphism.

Proof. Given fg: Gy, — Gs, and f} : Ay, — Ay, we can construct the maps
Pfé:ngl—>Pg22

and
Qf5 : QGs, — QGs,.

Then given cocycles ¢; and homomorphisms h; corresponding to the central extensions
Gy, we have

cao (PfG, PfG) = [fooa
and
hy o QU fg = fG o hy.

Therefore é\gl — Q\EQ is a homomorphism.
]

We now let ¥; = S! and use the results from 4.1 to construct a central extension for
an arbitrary ¥y = 3. By integrating 1-forms on S! we have

Agr = QY(SY/QL(SY) =R/Z = U(1)
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and

Gs1 = Map(S*,G) = LG.

Let ég be the central extension of Gy, by Ay, arising from the cocycle ¢ and homomorphism
h as outlined in proposition 4.2. Then the following diagram commutes.

1 U(1) LG LG 1

N

1 As, é\z Oy 1

In the loop group case, & and R were given by integrals. To generalise this to the case
Map(X, G)) we consider the commuting diagram

where IT : Q'(S1) — QY(S1)/dQ°(S') is the projection map. To construct a central
extension of G = Map(2, G) by A = Q}(X)/QL(X) we need to define o € Q1(Gx G, Lie(A))
and R € Q3 (G, Lie(A)) satisfying dR = 0, 6(«) = 0 and 6(R) = da.

Proposition 4.3. Let ¥ be a compact manifold and G a Lie group and define G =
1

Map(2, Q) and A = QY (X)/QL(X). Let I be the projection map Q(XL) — d%o((zz))~ Define

a € QNG x G, Lie(A)) and R € Q*(G, Lie(A)) by

1 _
a((g1,92); (1 X1, 92X0)) = %H(tT(deQQQQ D))

and

R(g:9X,gY) = {-TI{r(XdY)
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Note R is a 2-form as

Proof. For (1) let X,Y and Z be vector fields. Then

dR(X,Y,Z) = X.R(Y,Z) + Y.R(Z,X) + Z.R(X,Y)
- R([X7Y]>Z) - R(D/’ Z]aX) - R([Z,X],Y)
= _R([X> Y]’Z) - R(D/v Z]’X) - R([ZaXLY)

= — LI(((X, V)dZ) — - T(ix(Y, Z1dX)) — - TH(1x((Z, X]dY))
_ —ﬁﬂ(tr([X, Y]dZ + Y, ZJdX + [Z, X]dY))
= LM(x(XYdZ ~ Y XAZ + Y ZdX ~ Z2YdX + ZXdY — XZdY)
= — T(x(XYdZ + Y ZdX + ZXdY)
_ ﬁﬂ(tr(—YXdZ ~ ZYdX — XZdY))
_ _4LH(tr(XY(dZ) +(dX)YZ + X(dY)Z))

_ ﬁﬂ(ty(—(dZ)YX — ZY(dX) — Z(dY)X))
— _%H(tr(d(XYZ))) -~ %H(tr(—d(ZYX )))
_ —ﬁﬂ(tr(d(XYZ ~ 2V X))

_ _ﬁﬂ(d(tr(X(YZ - ZY))))

=0.
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For (2), we have

dy () = (dy)((g1, g2, 93); (91 X1, g2 X, 93X3))
= a((92, 93); (92X2, 93X3))

7
= %H(tr(Xnggggl))

d}‘(a) = (dia)((glag%g?)); (91X1,92X2,93X3))
= (9192, 93); (1X192 + 9192 X2, 93.X3))
= a((g192, 93); (95 ' X192 + X2, 93X3))

7

= o N(tr((g " Xug2 + Xa)dgags "))

7 _ _ 1 _
— %H(tr(gQ 1X1g2d93g3 1)) + %I_I(tr(ngggg3 1))

dsy(a) = (d§a>((91a92a93)§ (1 X1, 92X5, g3X3))
= a((91,9293); (91 X1, 92X295 + G293 X3))
= a((91, 9293); (91X, 93_1X293 + X3))

1 _
= %H(tr(de(gws)(gQgs) M)
1 g
= gﬂ(tr(Xl(dgggg + 92dg3) g5 ' 95 1))

) 1
= S (tr(Xadgogy 1)) + 5 -T(tr(X192dgs05 ' 95 1))

dy(a) = (d3a)((g1, 92, 93); (91 X1, g2 X2, 93.X3))
= a((g1, 92); (01 X1, g2 X2))

7
= %H(tr<X1d92951))-
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Therefore

0(a) = dy() — dj () + d3(a) — d3()
1 _ 1 _ B 1 _
= %H(tr(Xngsgg 1)) - %H(tr(gz 1X192d9393 1)) - gﬂ(tr(degggg 1))

7 _ 7 L ) _
+ %H(tr(XMgzgg M)+ gn(tf(Xlgﬂgzagg "o 1) — %H(tr(degwg )

=0.

For (3), we have

d(R) = do(R) — di(R) + d3(R)
= R(g2; X2,Y2) — R(9192; 91 X192 + 9192 X2, 1Y192 + g192Y2) + R(g1; X1, Y1)

= 4—H(tr(X2dY2)) — ER(e;gnglgg + Xo,05 ' Yige + Ya) + EH(tr(deYl))

™

= EH(U(XQCZYQ)) — EH(tr((gQ_legz + Xo)d(g; 'Yige 4+ Y2))) + EH(tI(de}/l))

= fﬂ(tr(xngz» - ﬁﬂﬁr((gz LX192)d(g5 Y192))) — ﬁnm(gzl X1g2dY5))

™

_ %H(tr(ng(glelgz))) — ﬁﬂ(tr(ngYQ)) + %H(tr(deYl))

) 3 - i B
= _En@r((% 1X192)d(92 1Y192))) - EH(tr(g2 ledeYQ))

- (g5 Yig))) + TH(x(X,d1))
- _ﬁn(tr((gngng)[d(ggl)Ylgz + 95 1d(Y1) g2 + g5 Y1d(g2)]))

- 4—H(tr(gz_1XngdY2)) — —I(tr(Xyd(g; 'Yig2))) + —(tr(X1dY1))
s 47 4
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; B B i B B
— - 1t (g 'X1g2d(g5 " )Y1g2)) — - (tr(g 'X19295 'd(Y1)g2))

7 7
— —TII(tr(g5 ' X19295 'Y1d(g2))) — —II(tr(g5 ' X192dY5))
A7 A7
7 7
- EH(tT(de(gglngz))) + - er(Xadh))
= —EH(U(XMM(QEI)}?)) — EH(tT(de(Yl))) - Eﬂ(tr(gilXﬂﬁd(gQ)))
- Eﬂ(tr(951X192d3/2)) - EH(tr(ng(glelgg))) + EH(tT(deYﬁ)
7 7
= ——(tr(X192d(g5 ")Y1)) — —I(tr(g; ' X1Yidgs))
47 47
7 7
- Eﬂ(tr(gnglgdez)) — Eﬂ(tr(de(giliﬁgz)))
7 7
= —4_H(tr(X192d<92_1)Y1)) — —II(tr(g; ' X1 Y1dg))
T 47
7 7
- EH(U(Q;XMMYQ)) + Eﬂ(tr(d()@)g;%gz))
7 7
= 4—H(t1"(X19292_1d(92)92_1Y1)) — —TI(tr(g; ' X1Y1dgo))
T 4

1 i
- EH(U(Q;X192@/§)) + EH(tr(d()Q)g;lYng))

= —%H(tr([Xh Yi]d(g2)g5 ")) — ﬁﬂ(tr(g;l)ﬁgzdyz)) + %H(tr(d(Xz)g; Yigo))

59



60

Chapter 4. Examples of central extensions

The exterior derivative of a 1-form w is given by proposition 2.7. So we have

do((g1,92):(1 X1, 92X2), (91Y1, 92Y2))
= %{(91X1792X2)(04(<91ag2); (11, 92Y2)))

— (1Y1, 92Y2) (a((g1, 92); (91.X1, 92.X2)))
—a((91, 92); (91[X1, V1], 92[ X2, Y2])) }

7
47
7

47

— —(I(tr([X1, Yi]dg2051)))

(91.X1, 92.X2) (T (tr(Yidgag, 1))

(1Y, 92Y2) (I (tr(X1dgags 1))

= 9 Mt (Vid(ga(1 + X)) (g2(1 + 1X2)) ™)) oo

- ﬁ%(ﬂ(tr()ﬁd(gz(l +tY5))(g2(1 + tY2)) ™)) |0

_ L(H(tr([Xl,K]dg2951)))

47

1
= Eﬂ(tr(ﬁd(fh)g;l + tY192d(X5)g5 ")) le=o

_ ﬁ(ﬂ(tr()ﬁd(gg)gzl + 1 X102d(Y2)g5 ™)) li=o

_ ﬁ(ﬂ(tr([Xl,K]dgM;l)))
_ ﬁm@rmggd(mg;»)
- %m(tr(md(mg;)»

_ ﬁ(n(tr([Xl,lﬂ]dgwgl)))

= §(R).
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We would also need R to be a A-integral 2-form in the sense that if we integrate over
a 2-surface in G, the result is in
W) )
dQO(X) — dQO(%)

Proposition 4.4. Given a map v : S' — G with the pullback ~v* : Q1(X) — QY(S') we
have

[ i® e 9i@.2),

Proof. Let (u,v) be coordinates on S? —{(0,0,1)} with domain D. For amap f: S* = G
we have

/ fu,v)*( / /fR@uavdudv
Sl 5’2 Sl

_/ v / trfds (7100 f) (7 0uf))dudv
wls™
=0 /51 /l;tl"[dsl((flauf) o N (f718,f) 0 7)]dudv.

Defining f : S x ¥ — G by f((u,v),z) = f(u,v)(x) this is equal to
[ [ a7t e (LauFo D 0 (19)8,(F o (1,)dude
/ / trlds (F7 o (1,1)0u(F o (LG 0 (1L7)9,(F o (1,7)))dudv
- /S (Fo (L) (B),

/Sl At /2(f o (1,7))"(R).

Since R as defined in section 4.1 for the loop group case is 2mwi-integral, we can deduce
that f*R gives us a A-integral 2-form for the case of Map(%, G).

Therefore

]
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4.3 Gauge group

Suppose ¥ is a compact manifold and G a Lie group and let () be a G-bundle over Y. As
previously introduced in section 2.6, the gauge group of @) is given by

G={/: Q=G| flag) =9 "f(a)g}

with Lie algebra

Lie(g) = {X : @ — Lie(G) | X(q9) = g~'X(q)g}-

We would like to construct a central extension of G by A = QY(X)/QL(X). Let II
be the projection map Q'(3) — Lie(A) = %- We define o € Q'(G x G, Lie(.A)) and
R € Q%(G,Lie(A)) by

al(g1,02)s (011, 92X2)) = - TH((X (V) ™)
and .
R(g;9X, gY) = ﬁﬂ(tr(XVzY)L

where Vy is a chosen connection on the G-bundle @ over ¥ and VsY € QYQ,g) is
defined by
VY (§) = dY (hS).

Therefore

I
2
(o
Q
L
~—
—
SN
~
~—
Q
—~
>
I
~—

So VyY is also ad-invariant and horizontal and hence by theorem 2.33, tr(XVyY) is
pullback of an element in Q(X). So IT maps it to an element of Lie(.A).

Proposition 4.5. For a, R and ¢ as defined above, we have
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(1) dR =0,
(2) 6(a) =0,
(3) 0(R) = da

(4) R is A-integral.

Proof. For (1) let X,Y and Z be vector fields. Then

dR(X,Y,Z) ={X.R(Y,Z)+ Y.R(Z, X) + Z.R(X,Y)
- R([Xv Y], Z) - R([Y, Z]vX) - R([Zv X]7Y)}
=—R([X,Y],Z2) — R(]Y, Z],X) — R(|Z, X],Y)

which up to a constant is equal to

H(tr([X, Y]Vs2)) + H(tx(]Y, Z]Vs X)) + H(tr([Z, X]VsY))

H(tr([X,Y]VsZ + [V, Z]Vs X + [Z, X]VsY))

N(tr(XYVsZ — YXVsZ +YZVsX — ZYVsX + ZXVsY — XZVsY))
(tr(

H(tr(XYVsZ + Y ZVeX + ZXVsY))
FT(tr (Y XV Z — ZYVsX — XZV5Y))
—TI(tr(XY (Vs Z) + (Ve X)Y Z + X (V5Y)Z))
FT(tr(—(Vs2)Y X — ZY (Vs X) — Z(VsY)X))
(tr(Vs (XY 2))) — H(tr(—Vs(ZY X))

H(tr(V(XYZ — ZY X))

(
( (
(Vs(tr(X(YZ — ZY))))
—II(Vsx(tr(X[Y, 2])))

=0.

63
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For (2), we have

dy(a) = (dya)((g1, 92, 93); (91X1, g2 X2, g3X3))
= a((92,93); (92X2, 93X3))

7
%H(tf(szzgsggl)),
di (o) = (dia)((g1, 92, 93); (91.X1, 92 X2, 93 X3))

= (9192, 93); (1 X192 + 9192 X2, 93X3))

= a((9192, 93); (95 ' X192 + X2, 93.X3))

[ _ _
= %H(tr((gz 1X192 + X2>v2g3g3 1))

; i
= %H(tr(951X192V2939§1)) + %H(tr(X2VZQ39§1)),
ds (o) = (d50)((g1, 92, 93); (91.X1, 92X, 93.X3))

= a((91,9293); (1.X1, 92X293 + 9293X3))
= a((g1,9293); (1 X1, 93_1X293 + X3))

= %H(tr(lez(gﬂzs)(9293)_1»

1 1 —
= %H(tI‘(Xl(VEgzggg + g2v293)g3 1g2 1))

) _ 7 1
= %H(tr(leggggQ ) + %H(tr(XngVEQSQ?, Yaah),

dy(a) = (dz3a)((g1, 92, 93); (91.X1, 92 X2, 93.X3))
= a((g1,92); (91.X1, 92X2))

1
= %H@I’(XlVEgggQ_l))

Therefore

d(a) = dy(a) — di(a) + d5(a) — d3(a)
= %H(tr(XQVEg?)g;l)) - %H(tr(gngngVE%Q:?l)) - %H(tf(szzgsgs_l))

7 _ 7 . ) _
+ %H(tr(lezgng )+ %H(tr(XngVzgggg 'gh)) — %H(tr(XNzgagQ )

=0.
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For (3), we have

6(R) = dy(R) — di(R) + d5(R)
= R(g2; X2,Y3) — R(g192; 91 X192 + §192X2, 1 Y192 + g192Y2) + R(g1; X1, Y1)
= (tr(XyVsYs)) — R(e; 95 " X192 + Xa, g5 'Yiga + Ya) + H(tr(X, VY1)

7 7
= EH(U(X2VEY2)) — EH(tr((gngng + X5)Vs (g5 'Yige + Y2)))

l

The middle term is equal to

7 7
- (r(92 " X192 V(92 Yig2))) + - T(x(g2 " X192V Y2))
7 7
- ZH(tf(Vz(Xﬂ(gz_lYlgz))) + —TII(tr(X,VsYs))
T 47
7 B _ B 1 _ _
= — (g 'X19295 'V (92)95 'Yigo)) + - (er(g, 'X19295 ' V5(Y1)g2))
7 7
+ EH(U(QEIX192951Y1V292)) + EH(U(QEIszVEYz))
7 7
- EH(tr(VE(XQ)gleng)) + -t (X VeY))
= —ZH(tY(lez(gz)gg_lyl)) + —II(tr(X,1VsYr)) + —(tr(g; ' X1Y1Vsgs))
T 4 4

+ En(tf(951X192V25/2)) - EH(tY(VE(Xz)!ElYle)) + (X2 Vel)).
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Therefore

(R) = - TI(r(X,V(g2)g5 V1) — - TH{tr(g5" X1¥i Vg2))

™

- ﬁﬂ(tr(gz_leﬁszQ)) + ﬁn(u(vz(){g)ggllﬁgg))
_ _ﬁn@rqxl,mvz@?)g;l))

7 7
- Eﬂ(tr(gz_leﬁvzyé)) + EH(tr(VE(ngleng)).

The exterior derivative of a 1-form w is given by proposition 2.7. Therefore
da((g1, 92);(91 X1, 92 Xa), (91Y1, 92Y2))
1
= 5{(91X1792X2)(04((91;g2); (91Y1, g2Y2)))
— (91Y1, g2Y2) (((91, 92); (91X1, 92X2)))

— (91, 92); (1[ X1, V1], 92[ X2, Y2])) }

7
= E(Qth 92 Xo)(I1(tr (Y1 V9205 1))

7 _
— E(Qﬂfh 92Y2) (I (tr(X1Vsg295 1))

_ ﬁ(ﬂ(tr([)ﬁ, Yi]Vsg205 1))

We have

(91X1, 92X2) (T (tr(Y1 V9295 1))

= %{H(tr(YNz(gg(l + X)) (g2(1 +tX2)) "N} |i=o

d
= a{H(tr(YlVE(gz)g;l + Y195V (X2)g5 )} li=o

= T(tr(Y19: Vs (X2)g3 ).
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Similarly

(11, 92Ya) (I1(tr(X1Vsg295 1)) = M(tr(X192Vs(Ya2)gs ).

Therefore
da((g1, 92); (91 X1, 92 X2), (1Y7, 92Y2))

l
= (Vi Va(X2)g, )
T
i
— 4—H(tr(X192Vz(Y2)92_1))
T
7 —
_ 4_(H(tr([X1, Y1|V50295 1)))
T
=J0(R).
To show the A-integrality of R we recall that given a smooth map v : ¥; — X5 between

manifolds and a G-bundle P over ¥, with connection Vs, there is a pullback bundle v~1P
over ; with connection v*Vy. This induces the maps

’}/* : QI(EQ) — 91(21)
and
v QZQ = F(Eg,AdP) — le = F(Zl,Ad(’y*P)).

Given jo € Gy, and R;VZ € Gs, we have
s Y PR
T (Ry, ™) =7 (Rg,?).

The construction in proposition 4.4 then applies for v : S' — X except that we have a
G-bundle over S* with a possibly non-trivial connection A. We can trivialise the bundle
but the connection may not be trivial. The 2-form R then takes the form

RA(X,Y) = i/s tr(XdaY),
1

where dAY = dY + [A,Y]. A calculation shows that this is cohomologous to Ry given by
i
— [ tr(XdY)

T S1

and is therefore integral.
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Remark 4.6. Notice that this demonstrates theorem 1.1 in the introduction.

Proposition 4.7. Let Vy, and V%, be connections on Q). Then the pairs (a, R) and (¢, R')
defined by Vs, and V& respectively construct isomorphic central extensions.

Proof. As Vy and V% are connections on @), their difference is given by
Vs — Vs =1
for a one-form p € Q'(3,adQ). Let ¢ € Q and & € T,Q. We have
(VsY)(€) = dY (h€) = dY (€ — 1,((£))).
S0

(VeY = ViY)(§) = dY (§ — 1g(w(§))) — dY (€ — 14(w'(€)))
= dY (14(w'(§)) — tg(w(§)))

d A
= Y (gexptr™p) leo

= Lt Y (@)1 + 1) oo

= —[Y, 7" p].

Therefore

R-R = %H(tr(XVgY)) - %H(tr(XV’EY))

_ %H(tr(X(VzY — V5Y)))
- _%H(tr(X[Y, T u)))

— _ﬁn(tr([x, Yr* ).

We also have
oO—a = %H(tr(Xl(Vzgzﬂb 1)) - %H(tr<X1(vzg2)92 1))

1 / —
= %H(tr(Xl (Vxg2 — V592)05 1))

1 « * =
= o (tr(Xa(n" = g2 g5 1))
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So by Proposition 3.23 we need n € Q! <Q @ () ) such that

) A0 (D)
i .
dn = —T1(ex([X, Y] 1)) (4.3)
T
and .
) . .
o = o T(te(Xa (7" — gam" gy 1)) (4.4)

We show that (g, X) = =II(tr(X7*u)) satisfies conditions (4.3) and (4.4). As 5 does

~ 4r
not depend on the first entry, we have

difg, X.¥) = S {X (g, Y)) = Y ({9, X)) ~ 0l [X. Y]}
- —ﬁﬂ(tr([){, Y]r ).
We also have

on((g1, 92);(X1, X2))
= (g2, X2) — (9192, 95 X192 + X2) + n(g1, X1)

7 . i B . ; )
- gﬂ(tr(Xzﬂ ©) — %H(tr((g2 X190 + Xo)7m* ) + %H(tr(Xlﬂ 1))

1
= gn(tr(—gnglgzﬂ*M + Xim'p)

i
= %H@r(_)ﬁgﬂ*/ﬁggl + X1 p))

) ¥ T
= %H(tr(Xl(ﬂ' M — goT [Lgs 1)))
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Chapter 5

The lifting bundle gerbe

This chapter introduces the notion of lift for principal bundles and bundle gerbes and
explains how this relates to the central extensions of groups [25] and [27]. The important
notion of the lifting bundle gerbe is used to construct a de Rham three-form obstructing
the lift of a G-bundle to a central extension G. The relation to reduced splittings [9] is
also discussed.

5.1 Bundle lifting

Let

1-ASG5G6—1 (5.1)
be a central extension of Lie groups and P — M be a principal G bundle over M. Then
P is said to lift to a G bundle if there exists a principal G bundle P over M and a bundle
map P — P which commutes with 7 : G — G. We can trivialise P by taking a good cover
{Uq }aer over M, choose sections s, : U, — G and present P by the transition funct10n§
9ap : UaNUg — G defined by s, = gapss. We can then lift g,s to maps gog : UsNUsg = G
such that 7(gas) = gas. These maps are transition functions for a lift P of P if they
satisfy the cocycle condition

gaﬁgﬂ’ygva = 1.

We define the maps €,3, : Uy N Uz NU, = A by

(€apy) = JapdpyGra-
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Let o, 8,7,6 € I. As A is central in G we have

gaﬁgﬁwg75 - gaweaﬁwg'yé
= Gar€apyrs
= ga'yﬁ'yéeaﬁfy

- ga(seavd €afy

and

gab’gb"yg'yﬁ = ga’yeaﬁ'yg'yé
= GapJB5€prs
= Jas€aBs€ays-

Therefore €,,5 €apy = €aps €py5 Which rearranges to give the cocycle condition (d€)qp,6 = 1.
Therefore € is a cocycle and defines a class [e] in HE_, (M,.A) which one can show is

independent of the choices made. This class measures the obstruction to lifting P to a G
bundle. That is, [¢] = 0 if and only if there is a lift of P.

We now describe an important example of a bundle gerbe associated to a principal
G-bundle P — M and a central extension such as (5.1). There is a map 7 : P2 — G
defined by p17(p1, p2) = po satisfying

7(p1, p2)7(p2, p3) = T(p1, p3)- (5.2)

~

It can be shown via (5.2) that 7*G — P has a natural product making (7*G, P, M) a
bundle gerbe. We depict this as

™G —G

||

P, g

N\

P

|s

M

We have the following important result.
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Proposition 5.1 ([27]). The lifting bundle gerbe has Dizmier-Douady class precisely the
obstruction to lifting the bundle P — M. So the lifting bundle gerbe is trivial if and only
if the G bundle P — M lifts to G.

Example 5.2. Let X be a compact manifold and G be a Lie group. Let G = Map(X, G).
If b1(X) = 0 then by the discussion in section 4.2 the central extension G is topologically
trivial. Therefore the lifting bundle gerbe is trivial and the G-bundle lifts to a G-bundle.

5.2 Connection and curvature

Let ¥ be a compact manifold and G a Lie group and define G = Map(%, G). Consider
the central extension )
l1-A—=-G—>G—1

of G by A= QYX)/Q}(X), as constructed in section 4.2.

dQo

G,Lie(A)) and R € Q3(G, Lie(A)) in section 4.2 to be

Let IT be the projection map Q'(X) — Lie(A) = &(EE)) Recall we defined a € Q'(G x

1 _
a((g1, 92); (91.X1, 92 X2)) = %H(tr(degg% )

and ,
R(g:gX,gY) = 7-l(tr(XdY)).
T

We think of Q as a principal A bundle over G and we let u be a left invariant connection.
It turns out the pullback connection 7*u is not a bundle gerbe connection as it does not
preserve the bundle gerbe multiplication. Consider the following commutative diagram

with s : G2 — §(G) defined in section 3.5. Let § = 7*a. We have

s*O(T*p) = s* (o)
=T7"5"(p)
- (a)
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where 7 : PBl — G2 is defined by

T(p1, D2, p3) = (T12(p1, P2, P3), To3(P1, P2, P3)) = (T(p1,D2), (P2, D3)).

So we have

i % * * —
B = %H(tr(TBA — ad(7)3) 73 A d7o3 7'231))7
with A being the connection 1-form on P — M. By letting gi1o = 7(p1, p2), it turns out

€((p1,p2), (X1, X2)) = a((1, g12), (A(X1,0)))

= ST (A(X)ds (12)9))

= - TI(un(r (A (12)9)
solves d(e) = . Therefore 71 — € is a bundle gerbe connection with curvature
R(1; A(Xy), A(X3)) — R(1; A(X1), A(XY)) + a((1, 912), (F(X1, X7),0))

= 0(R)((1, A); (X1, V1), (X2, Y2)) + a((1, g12), (F(X1, X7),0)).

We would like to write a((1, g12), (F(X1, X1),0)) = d(f) for some f € Q?(P, Q' (X)/dQ°(X)).

For this we would need to generalise the notion of a Higgs field, which was used for
the case of loop groups in [27] to the case of Map(X, G).

Definition 5.3. Let P be a principal G bundle over a manifold M. A map & : P —
OY(X, g) is said to be a Higgs field if

®(pg) = ad(g™")®(p) + g 'dsg
forallpe P and g € G.

Proposition 5.4. Higgs fields ezist.

Proof. Let P =Y. x G be a trivial G bundle over ¥.. We can define ® : P — Q' (3, ad(P))
by

®(m, g) = g 'dsg.
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Then for p = (m, g) € P we have
®(ph) = ©(mh, gh)

= (gh)~'ds(gh)
= h~'g  (gds(h) + ds(g)h)
= h7lds(h) + h™lg" ds(g)h
= h~Ydsh + adh~' (g dsg)
= h~Ydgh + adh~'®(m, g)
= adh™'®(p) + h~'dsh.

Therefore ® is a Higgs field. If P is nontrivial, we can choose an open cover U = {U, }ic;
of ¥ which trivialises P. So by the previous calculations there exists a Higgs field ®; on
U; for every i € I. By choosing a partition of unity {p; };c; subordinate to &/ and defining

O(p) = pi®i(p)
el
we have

®(pg) = > _ pi®i(pg)

el

= piladg ™' ®i(p) + g 'dxg)

el

=Y adg  (pi®i(p) + Y (pig dxg)

el el

=adg™" Y (p®i(p) + 9 'dug Y i

iel iel
= adg™'®(p) + g~ 'dzg.
Therefore ® is a Higgs field on . O]

We now choose a Higgs field ® : P — Q(%, g) such that

®(pg) = ad(g~")®(p) + g 'dsg.
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Proposition 5.5. If
= %H(tr(AdgA)) _ I(te(FO)),
then the 3-curvature is given by df = —I1(tr(FDs®P)) for
D® = dd + [A, ] — dsA € QHP,QYZ, g)).

Proof. Using the identities F' = dA + [A, A] and dF = [F, A] we have

df = d <%H(tr(Ad2A)) - H(tr(Fcp)))

=1II{(tr <%dAd2A — %AddgA —dFP — qu)))

1 1
I ( tr <§dAdgA + 5dAdsA — [, AJ® - Fd(b))

I (tr (dAds A — F[A, ®] — Fd®))
I (

tr (FdsA — [A, Aldy A — F[A, ®] — Fd®))

But
M(tx([A, Alds ) = 11 (b ([ACX), AV dn(A(2)
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_ ln(tr( — du(A(X))A(Y)A(Z) — A(X)ds(A(Y))A(Z

~—

3
T de(A(Y)A(X)A(Z) + A(Y)dn(A(X)A(Z)
— du(A(Y)A(Z)A(X) — A(Y)ds(A(2)A(X)
T du(A(Z) AY)ACX) + A(Z)d5 (AY) A(X)
— du(A(Z) AX)A(Y) = A(Z)ds(A(X)A(Y)

= —gﬂ(tf(dz(A(X))[A(Y), A(Z)] + ds(A(Y))[A(Z), A(X)] + ds(A(2))[A(X), A(Y)]))

= —2tr([A, AldsA).
Therefore tr([A, AldsA) = 0, implying the 3-curvature is given by

df =11 (tr (Fds A — [A, Alds A — F[A, @] — Fd®))
— 11 (tr (Fds A — F[A, ®] — Fd®))

= _TI(tr(FD4®)).

Remark 5.6. The calculations above establish theorem 1.2 in the introduction. Further-
more, it generalises to the G = Aut(Q) case by defining a Higgs field ® : P — QY(3,ad Q)
and

Da® = dd + [A, @] — Vs A.
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5.3 The loop group case

Suppose G is a compact, simple, simply connected Lie group with Lie algebra g and let
G = LG = C>(S',G). Let P be a principal G bundle over a manifold M with connection
A € Q'(P, Lie(G)) and curvature F € Q(P,Lie(G)). We have F = dA+1[A, A]. It can be
shown [27] that out the curvature of the bundle gerbe connection is 7*R — de € Q?(P2),
where R € Q2(G) and e € Q'(P?). This can be expressed as

l l

5 (E /SI(A,agA)dG) - %/SIWS(F),T*(Z)MH

where z : G — Lie(G) is defined by z(k) = (0pk)k~!. We seek f satisfying

o
o

5(f) / (w3 (), 7 ()b,

Let & : P — Pg = C*([0,27],g) and suppose

0
®(pg) = adg—'®(p) + g‘la—g-

We have ad(7)(m*®) = m*(®) + 7*(2). So

2" (@) (p1,p2) = @(p1)
= O(por 1)

91
=adr®(py) + 7 ;9

=ad(7)m P + 7'7"1&7’1

00
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Therefore
— (F). 7* = — DX (F), 75 d - — (F (D
= [ ()00 = o [ (P, m@)an = o [ () (@)

L mE) myds — [ (F) ot (@) dd

N 27 g1 ™ Js1

o (i /SI<F, <I>>d0) o (% /SI(F, @)d@)
:5(%/S1(F,<I>)d0).

So the curvature of the lifting bundle gerbe connection for the loop group case is
i 1
ol — —(A,0pA) — (F,®) | db | .
(2 [inan-se]o)

5.4 Reduced splitting

In this section we recall the notion of reduced splitting due to Gomi [9] and use it to find
an expression for the curvature of a bundle gerbe connection.

Let ¥ be a compact manifold and G a Lie group and define G = Map(3, G). Consider
the central extension R
l1-A—-G—-G—1

of G by A = QYX)/QL(X) as constructed in section 4.2. Let II be the projection map

QLX) — dfgo((zz))‘ Recall from section 4.2, a € QY(G x G, Lie(A)) and R € Q*(G, Lie(A))
defined by

a((g1,92); (1. X1, 92X5)) = (tr(X1d5gag; ')
and
R(g;9X,gY) = II(tr(XdxY)).

Let Y — M be a principal bundle with an associated lifting bundle gerbe P — Y. Let
i be a left invariant connection on G, thought as a principal A bundle over G. From
section 5.2 we know 7*p — € is a bundle gerbe connection with curvature

(1; A(X2), A(X3)) — R(1; A(X4), A(XT)) + a((L, g12), (F(X1, X1),0))
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= 0(R)((1,A); (X1, V1), (X2, Y2)) + a((1, g12), (F(X1, X7),0)).
We would like to write a((1, g12), (F(X1, X}),0)) = §(f) for some f € Q*(P,Q(X2)/dQ°(%)).

Definition 5.7 ([9], Definition 3.10). Let 3 be a compact manifold and G a Lie group
and define G = Map(X, G). We define the group cocycle Z : G x Lie(G) — Lie(A) by

Z(9.X) = Adg(X) — Adg(X).
Proposition 5.8 (cf. [27]). The group cocycle Z : G x Lie(G) — Lie(.A) satisfies
Z(g7" X) = —a((1,9):(X,0)) = ~I(tr(Xdsgg ™).

Definition 5.9 ([9], Definition 3.12). A reduced splitting for a principal G bundle P — M
is a map £ : P x Lie(G) — Lie(A) which is linear in the second factor and satisfies

U(p, X) = Upg, Ad(g~")(X)) + Z(g~", X).

Recall from section 4.3 that for a compact manifold ¥ a Lie group G and a G-bundle
@ over X, the gauge group of () is given by

G={f:Q—G]| flag) =9 "'fla)g}

Then the central extension of G by A = QL(X) is constructed by a € Q1(G x G, Lie(A))
and R € Q%(G, Lie(A)) given by

a((g1, 92); (1.X1, 92X2)) = H(tr(X1(Vsga)ga ')

and

R(g;9X,gY) =II(tr(XVsY)),

where Vy is a chosen connection on the G-bundle @ over ¥ and VsY € QYQ,g) is
defined by
VY (§) = dY(h).

Here we give an explicit formula for the reduced splitting associated with this central
extension via the Higgs field.

Proposition 5.10. Let ® : Y — QY(X, g) be a Higgs field such that
®(pg) = Ad(g~")@(p) + 9~ Vsg.
Then the map ¢ : P x Lie(G) — Lie(A) defined by
(p,€) = (tr(2(p)S))

15 a reduced splitting.
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Proof. We have
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Chapter 6

Conclusion

6.1 The topology of X

As mentioned earlier if b;(X) = 0 then there must be a section s : G = Map(2,G) — G
and therefore the central extension Q is topologically trivial. To know whether Q is
algebraically trivial a possible approach would be to seek a 1-form p such that R = dp
and a = 0(p), where R and « are the differential forms used to construct G (see section
3.5). Then theorem 3.23 implies that G is algebraically trivial.

6.2 The topology of G

Throughout this thesis we assumed G to be 1-connected and constructed its central ex-
tension based on this assumption. If G is not connected then we can take the identity
component Gy of G. As Gy is connected it has a universal covering space Gy and we have
the following short exact sequence

1—>7T1(QO)—>Q~01>QO—>1:

where 71(Gp) is the first fundamental group of Gy. Suppose a € Q' (Gy x Gy, Lie(A)) and
R € Q%(Gy, Lie(A)) satisfy
d(a) =0, dR=0, and §(R) = d(«).

As G is 1-connected, we believe our constructions apply to give a central extension

1%A—>Q~0—>§0%1
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determined by the differential forms R = 7*(R) and @ = 7*(a). This is an interesting
problem for further research.

6.3 The caloron correspondence

In [8], [11] and [27] a correspondence between LG-bundles over a manifold M and G-
bundles over M x S was introduced.

P Q
7r1J/LG WQJ/G
M M x S?

We review this result here and explain how it relates to our results. Suppose G is a

l-connected, compact Lie group and M a compact manifold and consider a principal
LG-bundle P =5 M. Let Q = P x G x S'. We can define a map

LG xQ—Q
by
h(p, g,0) — (ph™", h(8)g,0).
For hq, hy € LG we have
hl(hQ(p7 g, 0)) — h1<ph;1> h2(9)ga 9)
= (phy*hit, hi(0)ha()g, 0)
= (p(hiha2) ™", (h1h2)(0)g,0)
= (hihs)(p, g.,90).

Therefore this defines a left action on Q by LG. We define Q = Q /LG and denote the
equivalence class of (p,g,0) € Q by [p,g,0] € Q. We define a right action

RQxG—=Q

by
(Ip, 9,0], k) = [p, gh, 6).
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Define m : Q — M x S! by
Wz([p,gﬁ]) = (Wl(p)79)

The fibres of this map are given by

7y (m,0) = {[p,g.0] | m(p) = m}
= {[ph,9,0] | h € G}
= {[p,hg,0] | h € G}
={lp,g,0lh | h € G}
~ (.

Therefore @ is a G-bundle over M x S'. We now start with a principal G-bundle Q) over
M x S*. For every m € M, define

Py, = F(Q ’{m}xsl)
={s:{m} xS' - Q |mos=1d}
={s5:5"' = Q |promos=1d},

where py : M x S' — S' is the projection map ps(m,6) = 6. This is acted on by LG,
meaning we have constructed an LG-bundle P — M.

By similar computations [11] a more general correspondence can be found; let @ be a
principal G-bundle over a manifold ¥ and define G = Aut(Q). Assuming G is 1-connected
we have the following caloron correspondence.

P P=(PxQ)/G
Wng ngG
M M x X

The G-bundle P corresponds to a bundle gerbe over M with an associated Dixmier-Douady
class in H*(M,Q'(32)/Q4(X)). Considerations similar to those in section 4.2 suggest this
can be mapped to H*(M,Z) ® H'(X,7Z). The G bundle P on the other hand gives rise
to a class in H*(M x %, Z). By the Kunneth formula for cohomology we have

H* (M x%,7) = H'(M,Z) ® H"X,Z) + H'(M,7Z) @ H*(%,7Z)
+ H*(M,Z) ® H*(S,Z) + H*(M,Z) @ H (%, Z)
+ HYM,Z) ® H'(Z, 7).
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The first term on the right hand side corresponds to the Pontryagin class of (). The
second last term should arise from the Dixmier-Douady class of P. The last term is the
Pontryagin class of the fibres P |Mx{z} Of P over M x {z} ~ M. Further research is
required to determine a geometric interpretation of the other two terms.



Appendix A

Infinite-dimensional manifolds

Most manifolds studied throughout this thesis (loop group, smooth maps from a manifold
to a Lie group, etc) are infinite-dimensional. These manifolds belong to a larger family of
spaces, namely Fréchet manifolds. Here we briefly discuss these manifolds as introduced
in [10].

A.1 Fréchet spaces

Definition A.1. A seminorm on a real vector space V is a map || - | : V — R such that

e |[v|| >0 forallveV,
o |lv+w| < vl + ||wl| for allv,w €V,

e |lav|| = |a] - ||v|| for allv € V and a € R.

Definition A.2. A locally convex topological vector space is a vector space with a topology
which arises from some collection of seminorms {|| - |; }ier-

A locally convex topological vector space is Hausdorff if and only if v = 0 is equivalent
to ||v]|; = 0 for all ¢ € I. The topology is metrisable if and only if it may be defined by a
countable collection of seminorms. The space V' is complete if every Cauchy sequence v;
converges.

Definition A.3. A Fréchet space is a complete Hausdorff metrisable locally convex topo-
logical vector space.
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Example A.4. Let a,b € R with a < b. Then the space Map([a,b],R) of smooth maps
on [a,b] equipped with seminorms

n

1l =3 sup

i—0 T€lab]

dxt

o)
1s a Fréchet space.

Let F be a Fréchet space and G C F' a closed subset of F'. Then G and F/G are both
Fréchet spaces. The direct sum F} @ F, of two Fréchet spaces F; and F5 is also a Fréchet
space.

A.2 Differentiation

Definition A.5. Let F and G be Fréchet spaces, U C F an open subset of F and
P : U — G a continuous nonlinear map. The derivative of P at f € U in the direction
h € F is defined by

t—0 t
Furthermore, P is said to be continuously differentiable (or C') on U if the above limit
exists for all (f,h) € U x F and if DP : U x F — G is continuous.

The directional derivative on Fréchet spaces behaves in the usual way with the sum,
product or composition of functions.

We can define the higher derivatives recursively: for F' and G be Fréchet spaces, U C F
open and P : U — G a continuous nonlinear map, the nth derivative of P at f € U in
the direction {hs,...,h,} € F™ is denoted by D"P(f){hi,...,h,} and is defined to be

lim anlp(f + thn){hl, ceey hn—l} — anlp(f){hl, ey h'n—l} '
t—0 t
Similar to the previous case P is said to be C™ on U if the D"P : U x " — (G exists and

is continuous. We say a map is smooth or C'*° if it is C™ for all n.

A.3 Fréchet manifolds

Definition A.6. A Fréchet manifold is a Hausdorff topological space with an atlas of
coordinate charts taking their value in Fréchet spaces, such that the coordinate transition
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functions are all smooth maps between Fréchet spaces.

Example A.7. Let X and Y be manifolds with X compact. The space Map(X,Y") of all
smooth maps of X into'Y forms a Fréchet manifold.
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