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Abstract

We describe a construction of fibrewise inner products on the cotangent
bundle of the smooth free loop space of a Riemannian manifold. Using
this inner product, we construct an operator over the loop space of a
string manifold which is directly analogous to the Dirac operator of a spin
manifold.
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1 Introduction

The problem addressed in this paper is that of constructing an inner product
on the cotangent bundle of the manifold of smooth unbased loops in a smooth
finite dimensional Riemannian manifold. The main motivation for this is the
problem of constructing for the loop space an analogue of the Dirac operator of
a finite dimensional spin manifold.

In this introduction we start with an overview of the construction of the
Dirac operator in finite dimensions, explain what can and cannot be generalised
to infinite dimensions, and show how an inner product on the cotangent bundle
solves the problems that occur. We follow this with a short discussion on the
connection between inner products and Hilbert completions and explain what
exactly we aim to construct in the paper. The main part of this introduction
finishes with an outline of the method of construction.

1.1 The Dirac Operator in Finite Dimensions

The construction of the Dirac operator is the main motivation for the construc-
tion of the inner product on the cotangent bundle of the loop space so we explain
this first. We start with the construction in finite dimensions. As this is laid
out in detail elsewhere we shall focus on the pieces that lead to the difficulties
in infinite dimensions. For more on the details of the construction in finite di-
mensions see [LM89]. For details of the spin representation in all dimensions
see [PR94].

There are two methods of constructing the Dirac operator in finite dimen-
sions. Both follow the same general outline and have the same initial data,
namely a spin manifold M. Part of what is meant by the statement that “M
is spin” is that M is a Riemannian manifold and so there is an inner product
on the tangent bundle. Since the Riemannian structure defines an isomorphism
of the tangent and cotangent bundles we can transfer this inner product to the
cotangent bundle.

The first step is to construct two finite dimensional unitary vector bundles
over M called the spinor bundles of M. What is relevant for our purposes is
that the construction starts from a vector bundle with an inner product. This
is where the two methods diverge: one starts with the tangent bundle, the
other with the cotangent bundle. We shall write Sif and S, for the bundles
constructed from the tangent bundle and S}l, St for those from the cotangent
bundle. When we wish to refer to something that holds for both methods, we
shall use the notation ST and S~ for the spinor bundles and 7" M for the correct
choice of tangent or cotangent bundle.

The key properties of these spinor bundles are the following: first, there is
an operation called Clifford multiplication which is a vector bundle map:

c:TM®S;—>S;, c:T*M@S}'*HS;*.

Second, there is a natural covariant differential operator V on S+ arising from
the Levi-Civita connection on M.
The Clifford multiplication map extends in the natural way to a linear map



on sections. Together with the differential operator, we therefore have maps:
I'(5+) —Y— T(L(TM, 5))
(1.1)

I(T°M ® St) —~— I'(S7).
Here L£(T'M,S*) means the bundle with fibres the linear maps between the
corresponding fibres of TM and ST. Note that the TM that appears here is
definitely TM and not T7M.

We wish to compose these maps to define the Dirac operator. In order to
do so we must find a vertical map to fill the gap. This is not difficult. First, we
observe that for finite dimensional spaces V and W the space of linear maps from
V to W, L(V, W), is naturally isomorphic to V*®@W where V* is the linear dual
of V. Therefore L(T'M,St) 2 T*M®S*. If we are using the cotangent method,
we can stop here as this is the domain of the Clifford multiplication map. If
we are using the tangent method we must use the inner product on the tangent
bundle to identify TM with T*M and thus TM ® ST with T*M ® ST. Thus
we obtain the Dirac operator @ : I'(ST) — I'(S™) as one of the compositions:

(cotangent:) T'(Sf.) — Y T(L(TM, Si)

I(T*M ® Sf.) —— T'(Sp.).

(tangent:) I'(S}) v, D(L(TM, ST))

y

I(T*M & S§)

y

N(TM ® Sf) —— T(S7).

The identification of the tangent and cotangent bundles via the inner product
on the tangent bundle defines an isomorphism of the spinor bundles and thus
the two methods lead to isomorphic operators.

At first sight it appears that the tangent method uses only the inner product
on the tangent bundle whilst the cotangent method uses only the inner prod-
uct on the cotangent bundle (ignoring, for the moment, the fact that the inner
product on the cotangent bundle was defined using the one on the tangent bun-
dle). The first part of that statement is not strictly true. The inner product on
the cotangent bundle appears surreptitiously in the identification of the tangent
and cotangent bundles. The inner product on the tangent bundle defines an
injective map TM — T*M which, for dimension reasons, is an isomorphism.
In the construction of the Dirac operator it is not this map which is used but
rather its inverse, T*M — T M. Whilst we can think of this as merely the
inverse to the above map, it is useful to think of it as the natural map coming
from the inner product on the cotangent bundle, T*M — T**M.

Therefore once the inner product has been transferred to the cotangent
bundle, the cotangent method only uses that inner product while the tangent
method uses both.



1.2 Generalising to Loop Spaces

We now consider what is known to generalise — prior to this paper — from
the finite dimensional construction of the Dirac operator to the case of loop
spaces. Essentially, everything generalises for the tangent method up to and
including diagram (1.1). Thus for a loop space which is spin there are bun-
dles S; ,S7 — LM — now unitary Hilbert bundles — together with a covariant
differential operator and a Clifford multiplication map as before (although the
differential operator is not as natural as the finite dimensional one). These bun-
dles are constructed from the tangent bundle with its natural inner product.

The cotangent method is dead in the water as it requires an inner product
as part of its initial data and — prior to this paper — such has not been defined.

The next step for the tangent method is to fill in the gap in the analogous
diagram to (1.1). This gap in finite dimensions was filled in by two maps.
The first of these came from the natural isomorphism, in finite dimensions, of
L(V,W) with V* @ W. The natural map is V* @ W — L(V,W), f @ w —
(v — f(v)w), and this map exists for any vector spaces. It is not generally an
isomorphism in infinite dimensions.

In the case that we are dealing with, V is a complete, nuclear, reflexive
space and W is a Hilbert space. It is a remarkable fact that for such spaces the
completion of V* ® W with respect to the projective tensor product topology
is isomorphic to L£(V,W) under the natural map above. Essentially, this is
because the completion of V* ® W is the space of all compact maps from V to
W and under the assumptions on V and W, all continuous maps are compact.
We prove this remarkable isomorphism in proposition 5.10.

The Clifford multiplication map extends over the corresponding completion
so we can complete all tensor products in this diagram with respect to the pro-
jective topology. Thus we can fill in half the gap. Here, however, the method
stalls. The inner product on the tangent bundle defines, as before, an injective
map TLM — T*LM but this is not — and cannot be made to be — an isomor-
phism. This is purely a linear question and is due to the fact that the model
spaces for the fibres are not isomorphic. Since we want the inverse of this map,
our construction of the Dirac operator by the tangent method falls here.

Both methods fail due to the same problem: a lack of an inner product on the
cotangent bundle. If we had such an object, we could resurrect the cotangent
method — providing some technical conditions are satisfied. Whereupon the gap
in (1.1) for the cotangent method can be filled by the remarkable isomorphism;
ergo: the cotangent method will yield a Dirac operator. We could also restart
the stalled tangent method since the inner product on the cotangent bundle
would define the injective map T* LM — T LM (the model space is reflexive so
T**LM = TLM just as in finite dimensions) which would fill in the last bit of
the gap. It wouldn’t be an isomorphism, but we have said that we can’t have
an isomorphism so this is the next best thing.

Thus both methods would lead to a Dirac operator. This raises two ques-
tions: are the Dirac operators isomorphic? and which is the best method? The
answers are: “yes” and “the cotangent method”. The first one comes from the
fact that the spinor bundles are constructed using completions of the tangent
and cotangent bundles with respect to the inner product topology, rather than
the bundles themselves, and these completions are isomorphic.

Since the operators are equivalent, it may seem surprising that we therefore



claim that one method is superior to the other. The reasoning is simple: the
tangent method uses the inner products on both the tangent and cotangent
bundles (the former in the construction, the latter in filling the gap) whereas
the cotangent method only uses the inner product on the cotangent bundle
(which is no longer induced by that on the tangent bundle). The two inner
products are now independent and therefore given a choice between using both
or using only one, we lean towards the simpler option.

Before proceeding, we note that one option when encountering problems of
this nature in loop spaces is to alter the type of loop used. Certainly, using
something like H'-Sobolev loops would define a Hilbert manifold of loops and
thus the inner product on the tangent bundle would identify the tangent and
cotangent bundles as in finite dimensions. However, the remarkable isomor-
phism would then fail and so we would be looking for a way to construct a map
which on fibres looks like: £(Hy, Hs) — H}®H,. It may not seem so, but this
is exactly the same type of problem as we have above: the space L(H;, Hz) is
isomorphic to the dual of Hf®H, and so we are looking for a map from a space
to its dual when we already have a map the other way around. Therefore we
gain nothing by altering the type of loop.

1.3 Inner Products and Hilbert Completions

In this section we pick up on a remark made above. In the previous section it was
stated that the two constructions of the Dirac operator in infinite dimensions
produce equivalent operators because the construction depends on the comple-
tions of the bundles with respect to the inner product topology, rather than the
bundles themselves. It is this property that gives a little more substance to the
study of inner products on infinite dimensional vector bundles.

The question of existence of an inner product on an infinite dimensional
vector bundle is solved in a similar manner to that in finite dimensions. We
need two conditions to be satisfied, one on the base space and one on the typical
fibre:

1. The base manifold is smoothly paracompact, in that it admits smooth
partitions of unity.

2. The typical fibre admits inner products’.

Providing these two are satisfied we can define an inner product exactly as in
finite dimensions by picking local inner products and summing them using a
partition of unity.

Thus mere existence is not a problem and one might feel that 50 pages is
a little long for a discussion as to why one particular inner product is better
than any other. The truth of the matter is that one wants more than just an
inner product. What is needed is that the fibrewise completions of the cotangent
bundle with respect to the inner product fit together to yield a bundle of Hilbert
spaces. If one starts with an arbitrary inner product there is no guarantee that
this will happen.

To make this specific, we recall the definition of equivalent inner products:

1This is not a trivial condition. The direct product of a countable number of copies of R
does not admit any inner products.



Definition 1.1 Let V be a locally convez topological vector space. Let (-,-)1 and
(-,-)2 be two inner products on V' with corresponding norms |-||; and |-||,. We
say that these inner products are equivalent if the norms are equivalent. That
is, there are constants a,b > 0 such that a ||v||; < ||v]ly < b|v||, for allv e V.

The following results are standard from Banach space theory:

Lemma 1.2 Let H; and Hy be the completions of V' with respect to ||-||, and
|||, respectively. Then (-,-)1 and (-,-)2 are equivalent if and only if the identity
map on V extends to an isomorphism Hy = Hs.

Let (-,-) be an inner product on V' with Hilbert completion H. Let g € GL(V).
Define (-, )4 by (u,v)y = (gu, gv). Then (-,-) is equivalent to (-, )4 if and only
if g extends to an operator in Gl(H).

From this it is clear that for the fibrewise Hilbert completions to form a bun-
dle then the equivalence class of the inner product must be constant. This leads
to four types of inner product which we define in terms of an associated principal
bundle. We think of a point in this principal bundle as being an isomorphism
from the corresponding fibre to the model space. In infinite dimensions it is
rare to use the full general linear group as this is either not a Lie group or is
contractible.

Definition 1.3 We classify the inner products on a vector bundle according to
how many of the following statements are satisfied.

1. The basic inner product: the vector bundle admits a smooth choice of
inner product on its fibres.

2. The completable inner product: the vector bundle admits a smooth choice
of inmer product on its fibres which map to a fixed equivalence class under
the action of the principal bundle.

3. The weakly locally trivial inner product: the vector bundle admits a com-
pletable inner product and the principal bundle can be altered by a homo-
topy so that the inner product is mapped to a fived inner product under its
action.

4. The locally trivial inner product: the vector bundle admits a completable
inner product which maps to a fixed inner product under the action of the
principal bundle.

Now that we have explicitly introduced a principal bundle, we can rephrase
these definitions in terms of the action of the group on the vector space. This will
make clearer what is meant by a “weakly locally trivial” inner product. Using
the fact that an inner product on a space is the same thing as an inclusion with
dense image into a Hilbert space with an inner product?, we can also phrase the
statements using Hilbert spaces rather than inner products.

Proposition 1.4 Let G be a Lie group acting on a vector space V. Let P — X
be a principal G-bundle over a manifold X (which we assume to be smoothly
paracompact). Let E := P xg V be the associated vector bundle. The following
four conditions are equivalent, in order, to the different types of inner product
given above:

2Unless otherwise stated, when equipping a Hilbert space with an inner product we shall
assume that it generates the given topology.



1. 'V admits an inner product; equivalently, there is an inclusion V. — H
with dense image of V' into a Hilbert space, H.

2. The action of G on V preserves an equivalence class of an inner product
on V; equivalently, G acts on the diagram V — H but not necessarily by
1sometries.

8. The action of G on V preserves an equivalence class of an inner product
on V' and there is a subgroup K of G homotopic to G with an action on
V' by isometries such that this action is homotopic to the action which
factors through G; equivalently, the induced action of K on the diagram
V — H can be altered by homotopy so that it acts by isometries.

4. The action of G on'V is by isometries with respect to a fixed inner product;
equivalently, the action of G on the diagram V — H is by isometries.

We can now state the main theorem of this paper:

Theorem 1.5 The cotangent bundle of the loop space of a smooth manifold
considered as a bundle with structure group L Gl,(R) admits a weakly locally
trivial inner product.

The cotangent bundle of the loop space of a Riemannian manifold considered
as a bundle with structure group LO,, does not admit a locally trivial inner
product.

Compare this with the well-known analogous theorem for the tangent bundle:

Theorem 1.6 The tangent bundle of the loop space of a smooth manifold con-
sidered as a bundle with structure group L Gl,(R) admits a weakly locally trivial
inner product.

The tangent bundle of the loop space of a Riemannian manifold considered
as a bundle with structure group LO,, admits a locally trivial inner product.

This inner product being given by the formula:

(@B, = [ (o050t

where we identify the tangent space of the loop space with the loop space of the
tangent space.

The use of principal bundles has a significant advantage over just writing
down formulae such as the one above. When writing down a formula one then
has to go to considerable lengths to prove any local triviality statements that
one may wish to use whereas the local triviality follows naturally if everything
is done using principal bundles.

This seems an appropriate point to mention one aspect of the theory that
influences the flavour of the discussion without introducing any change in the
mathematics. As part of our quest we shall have to pick a Hilbert completion
of (LR)*. Because all the spaces involved are reflexive, we can equally choose
a dense Hilbert subspace of LR. Since it is conceptually easier to visualise
subspaces of LR than superspaces of (LR)*, we tend to work in this dual picture.
Reflexivity ensures that we introduce no complications by doing so.



1.4 The Inner Product on the Cotangent Bundle - an
Overview

We shall now give an overview of the construction of the inner product on the
cotangent bundle. The method that we employ is to look at the structure group.

From the point of view of algebraic topology the construction is very simple.
There is no equivalence class of inner product on the model space of the cotan-
gent bundle that is preserved by the action of L Gl,,(R), or even by LO,, but
the polynomial loop group, L0, preserves many equivalence classes. Since
the polynomial loop group is homotopic to the smooth loop group, see for ex-
ample [PS86], we choose a reduction of the structure group from the smooth
loop group to the polynomial loop group. There is a little work to show that
the action of the polynomial loop group can be altered through homotopies to
one by isometries with respect to some fixed inner product, but this is not hard.
Thus we have a weakly locally trivial inner product.

The purpose of the rest of the 50 pages of this paper is to reduce the number
of choices in that last paragraph to a minimum and to make them as global as
possible. Ultimately, we end up with one global choice which is essentially the
reference inner product on the model space of the cotangent bundle. Our input
to the machinery is a Riemannian manifold — which is the same input needed
to define the inner product on the tangent bundle. However, our method of
construction is somewhat more complicated.

We shall explain the method for the space of based loops, QM. This will
enable us to get to the central idea without too many details. We assume that
M is simply-connected so that its loop spaces are connected. This implies that
M is orientable.

The Riemannian structure on M defines the Levi-Civita connection. This
in turn defines the holonomy operator, h : QM — S0O,,. Now SO,, is the
classifying space of the group 250,, and the holonomy operator is a classifying
map for the principal Q250,,-bundle associated to the tangent bundle of QM —
and thus also to the cotangent bundle. The parallel transport operator defines
an explicit isomorphism from the (co)tangent bundle to the corresponding pull-
back bundle.

Since the polynomial loop group, 2,6150,, is homotopic to the smooth
loop group, Q250,,, the classifying spaces are the same. Thus there is a prin-
cipal ©,0150,-bundle over SO,, which includes into the natural QSO,-bundle.
Therefore, using the holonomy and parallel transport maps, we get a princi-
pal €,,50,-bundle over 2M which is a natural subbundle of the principal
QS0,-bundle associated to the tangent and cotangent bundles.

As stated above, the action of €,,50,, on the model space of the cotan-
gent preserves an equivalence class of an inner product, though does not act
by isometries. The choice of this equivalence class — for there are many — is
part of our one choice. We can therefore define the Hilbert completion of the
cotangent bundle. The action of £2,,50,, can be gently altered to one of isome-
tries whereupon we get an inner product. The choice of this inner product is
the other part of our one choice (we count these as one choice since the inner
product determines its equivalence class).

When considering the full loop space we use the fact that there is a locally
trivial fibration QM — LM — M and essentially repeat the above construction
fibre-by-fibre on LM — M.



We give an explicit construction of the Q,q50,-bundle over SO,, (actu-
ally, we construct an LyeSOy,-bundle) and show that it is locally trivial. Thus
although the homotopy equivalence Q,,50, — QSO,, is part of the back-
ground of the construction, we never actually use it. In fact, the bundle that
we construct shows that the homotopy groups of 250,, are a direct summand
of those of Q,,150,: the existence of this bundle means that there is a map
BQSO,, — BQya50,. Since the Q,,50,-bundle includes naturally in the
QS0,-bundle, the composition of the above map on classifying spaces with the
natural map B$,,50, — BQSO,, is homotopic to the identity. Ralph Cohen
has suggested that further study of this bundle might yield an alternative proof
of the homotopy equivalence of €,,150,, with QS0,,, however that is beyond
the scope of this paper.

1.5 Acknowledgements and History

The central idea of this paper — the construction of the polynomial loop bundle
— places this paper as the latest in a loosely defined series: [Mor01], [CS04], and
[Sta]. In the first of these, Morava attempted to construct an isomorphism for
an almost complex manifold M between the tangent bundle of the loop space,
LTM, and a bundle of the form e;TM ®¢ LC. Here, e; : LM — M is the map
which evaluates a loop at time 1 and every bundle is considered to be complex.
The argument broke down at one crucial step and the papers [CS04] and [Sta]
grew out of considering the question as to when that crucial step could be made
to work. This was found to be highly restrictive and implied, for example, that
the tangent bundle of the based loop space of M was trivial.

One consequence which would follow from the existence of an isomorphism
LTM = efTM ®c LC would be the existence of a sub-bundle modelled on the
polynomial loop space. In fact, for any class of loops there would be a bundle
with the appropriate fibre constructed as e;TM ®¢ L*C. Close examination of
[Mor01] reveals that Morava’s method was essentially to construct the polyno-
mial loop bundle fibrewise. His mistake was to assume that from this one could
globally pick-out a finite dimensional sub-bundle.

The point of view of this paper is that the polynomial loop bundle is as
far as one needs to go — as well as being as far as one can go. We proffer the
construction of the Dirac operator as evidence for this.

The author would like to thank Rafe Mazzeo, Ralph Cohen, and Eldar
Straume for helpful conversations and to acknowledge the encouragement of
Jack Morava.

1.6 Structure of the Paper

This paper is structured as follows:

Section 2: In this section we gather in one place all the non-standard or un-
usual notation that we shall use in this paper. This section is more than a
reference section in that notation defined here will not be formally defined
elsewhere.

Section 3: In this section we study the polynomial loop groups and construct
the universal polynomial loop bundles over the classifying spaces. For
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technical reasons — which are given — we concentrate on the cases U,,
SU,, and SO,,.

Section 4: In this section we use the work of section 3 to construct an inner
product on the dual of a loop bundle and the associated Hilbert bundle.
We also consider the properties of this construction and the relation of
loop bundles to twisted K-theory.

Section 5: In this section we construct a Dirac operator over the loop space
of a string manifold using the inner product on the cotangent bundle.
This section also contains a brief summary of the main results on infinite
dimensional spin.

Appendix: This contains some results that may be of interest about the gen-
eral problem of inner products on the space of distributions.
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2 Notation

This paper is somewhat heavy on notation. Therefore, we have included this
section here as a reference point for the bemused reader. Here we have collected
together the notation for all the reasonably standard objects that we use. The
following definitions have not been included here as they are the main subject
of study in various sections of this paper:

1. The polynomial loop groups: Q561G and LpqG. Section 3.1.
2. The periodic and polynomial path spaces: PG and PyqG. Section 3.2.

3. The periodic and polynomial vector bundles: Ppe,V and PpqV. Sec-
tion 3.3.

4. The polynomial loop bundles: Lo E, L@, and LpolQad. Section 4.1.

Also defined in section 4.1 are various spaces used in the construction of
the polynomial loop bundles. As these are not used elsewhere we shall not
list them here.

We have tried to choose notation that is as clear as possible by choosing
notation that is relatively bracket free. The issue is further complicated by the
fact that this topic mixes geometry and functional analysis. Notation that is
clear when geometrically viewed may not be so from the point of view of a
functional analysts. As the intended audience consists primarily of geometers,
we have gone for clarity in the geometrical viewpoint, with apologies to any
functional analysts that may be present.

2.1 The Circle

In this paper we have two views of the circle. One is as the domain of loops, the
other as a Lie group. We regard loops as periodic paths from R and thus wish
to identify the domain of loops with R/Z. When thinking of the circle as a Lie
group, we think of it as U sitting inside M;(C) = C. We shall use the notation
S1 for R/Z and T for U;. We shall write ¢ for the parameter in S* and z in T,
with relationship z = 2™,

2.2 Loop and Path Spaces of Fibre Bundles

Let M be a finite dimensional smooth manifold. We shall write LM for the
manifold of smooth maps S' — M and PM for the manifold of smooth maps
R — M. Since we are viewing a loop as a periodic path with period 1, LM is a
submanifold of PM. By regarding M as the space of constant paths, we view
M as a submanifold of LM, whence also of PM.

Let FF — X — M be a locally trivial fibre bundle which is either a vector
bundle, a principal bundle, or a bundle of Lie groups. The loop space of X is
a locally trivial fibre bundle over LM. If X is orientable — that is, trivialisable
over any loop — then the fibre is LF'; otherwise it will vary on the components
of LM. In the situations encountered in this paper the bundles will always be
orientable. In all cases, PX — PM is a locally trivial fibre bundle with fibre
PF.

12



We shall define various pull-backs of the bundles LX — LM and PX —
PM. The guide to our notation is that we shall label the pull-backs by adjoining
appropriate superscripts to the L or P. The convention will be to read from
left to right: that is, the leftmost label happened first. Thus L»*X denotes the
bundle LX pulled back via first a and then b.

We shall label the fibre of a bundle over a particular point by adjoining the
label of point as a subscript to the L or P. When the L or P is decorated by an
additional subscript, say abc, the fibre label will be to the right of this. Thus
LabeyX is the fibre of La, X over v € LM (the additional subscripts are pol
and per which will be defined in section 3).

We shall now describe the various pull-back bundles that we shall use:

1. PLX is the pull-back (or restriction) of PX to LM; thus for v € LM,
PEX = P,X. Note that LX is a sub-bundle of PLX.

2. PMX and LM X are the pull-backs of, respectively, PX and LX to M.
Again, PIfWX =P X.
Note that as p is here regarded as a constant path, the paths (resp. loops)
in P, X (resp. L,X) lie above a single point in M. Thus they lie in a single
fibre of X. Hence P,X = P(X,) (resp. L, X = L(X,)).

3. Fort € R, let e, : PM — M be the map which evaluates a path at time
t. Let X! — PM be the pull-back of X via e;. We shall use the same
notation for X? restricted to LM to avoid too many superscripts. Likewise,
let PM:tX and LM*X be the pull-backs of PM X and LM X, respectively,
via e;. Thus Xﬁ =X 1), Py’tX = P(X,)), and LQ/“‘X = L(Xy1))-
For each t € R, there are evaluation maps PX — X' which we denote
again by e;. Over LM, we have the identity: X+ = X*.

2.3 Function Spaces and Function Bundles

The function spaces that we shall use in this paper will be spaces of maps from
S! to some finite dimensional real or complex vector space. We shall base our
notation on that from differential geometry rather than functional analysis and
use a similar convention to that above. Thus a space of maps from S' will be
denoted by an L decorated in some fashion.

Since we are using L to denote maps from the circle into some vector space,
we shall use £(X,Y) for continuous linear maps from one topological vector
space to another. Where the target space is the same as the source, we shall
abbreviate this to £(X).

We shall now describe the various function spaces that we shall use in terms
of maps from the circle into C. For maps into C", we tensor with C": thus
LC™ = LC ® C™; for maps into R™, we take the underlying real space of the
maps into C”.

1. LC: smooth maps.

2. L2C: square-integrable maps.

3. LpoiC = C[z71, 2]: Laurent polynomials in C.
4. L*C: distributions — the dual of LC.
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5. L?*C: the dual of L2C.

6. L,.C, r > 1: smooth maps which extend holomorphically over an annulus
of outer radius 7 and inner radius ! and are smooth on the boundary.

7. L2C, r > 1: smooth maps which extend holomorphically over an annulus
of outer radius r and inner radius r~' and are square-integrable on the
boundary.

8. LyC, r > 1: smooth maps which extend holomorphically over an annu-
lus of outer radius r and inner radius »—! and are distributions on the
boundary.

9. L2*C, r > 1: the dual of L2C.

10. LgQ’*)(C, r > 1: smooth maps which extend holomorphically over an annu-
lus of outer radius 7 and inner radius r ! and are dual to square-integrable
on the boundary.

The last space is, of course, just L2C. However, we are viewing it as the
image in L?>*C of L2C under the conjugate linear isomorphism L?C — L?**C.

The penultimate space in the above list has an interesting interpretation.
Within the space of formal power series, C[z71, 2], one can consider those power
series that converge on a formal annulus of outer radius »—! and inner radius
r for some r > 1 and satisfy some condition on the boundary. It is not hard
to show that this space is (conjugate) dual to some space of the form L*C for
some appropriate boundary condition. Thus L2*C is conjugate dual to Lz,l(C.
One consequence of this interpretation is the following identity:

(L2*),C = (L2_,),C = L*T = L**C.

The crucial step here is the observation that the annuli of radii (r,r~!) and of
radii (r=1,7) cancel out.

Let E — M be a finite dimensional orientable vector bundle over a finite
dimensional smooth manifold. The loop space, LE, is an infinite dimensional
vector bundle over LM modelled on LF" for some n, where F is either R or C.
We shall consider various related bundles where we modify the fibre of LE from
LEF"™ to some other function space. We shall label these by decorating the L as
for the function spaces above.

The standard ones are L2E and L*E having fibre L?F” and L*F" respec-
tively. The bundle L*E is the dual of LE: a fibre, L’ F, is the space of contin-
uous linear maps L, E — F. The simplest way to define L?F is to observe that
the action on LF" of the structure group of LE, namely L Gl,(F), extends to
an action on L?F™. Thus L?FE is constructed from the principal bundle of LE
in the usual way. Fibrewise, it can be viewed as the Hilbert completion of LE
with respect to the inner product:

(@B = [ (@050,

where (-,-) is some smooth choice of inner product on the fibres of E. With
this approach, one needs to show that this fibrewise completion does result in a
locally trivial Hilbert bundle.
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The definitions of the bundles L?E, L*E, and the others is the core of
this paper. They will turn out to be locally trivial bundles modelled on the
corresponding function spaces.

Finally, it is a standard fact from the differential topology of loop spaces
that TLM = LTM but that T*LM # LT*M. For the second, observe that in
the case of R™, T*LR"™ = L*R™ x LR™ but LT*R"™ = LR™ x LR™. Thus T and
L commute whilst 7% and L do not. The notation we have introduced above
provides another way of writing the cotangent bundle, namely L*T'M. With
this notation, T" and L continue to behave well since T*LM = L*T M.

To continue into absurdity, note that L* and 7" do not commute even when
L*M makes sense (i.e. when M is R") since TL*R" = L*R™ x L*R"™ and
L*TR™ = L*R™ x LR"™. To break the bounds of absurdity and enter in to
the ridiculous, observe that T*L*R"™ = LR" x L*R™ = T*LR"™ = L*TR™. Thus
our identities are: TL = LT, T*L = L*T = T*L*, and TL* = (TL)*.
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3 The Polynomial Loop Group

In this section we consider the group of polynomial loops in a compact, con-
nected Lie group. This was studied extensively in [PS86] with some further
work appearing in [Seg89] in the case of U,,. We start with some general results
on polynomial loops before constructing the Ly, G-bundle over G for G each
of U,, SU,, and SO,,. We conclude by constructing the corresponding vector
bundles.

3.1 Polynomial Loops

The definition of the polynomial loop group appears in [PS86, §3.5]. We repeat
that definition here.

Definition 3.1 Let G be a compact, connected Lie group. Fix an embedding
of G as a subgroup of U, for some n. This exhibits G as a submanifold of
M, (C). The polynomial loop group of G, L,nG, is defined as the space of
those loops in G which when expanded as a Fourier series in M, (C) are finite
Laurent polynomials. The group of based loops, Q,01G, is the subgroup of L,oG
of loops v with v(0) = 1.

Remark 3.2 The following comments appear in [PS86, §3.5]:

1. The choice of the embedding of G in U,, is immaterial.

2. The space Lpo1G is the union of the subspaces Lyo1, nG consisting of those
loops with Fourier series of the form:

N
k
> mt
k=—N

These spaces are naturally compact. The topology on LG is the direct
limit topology of this union.

3. The free polynomial loop group is the semi-direct product of the based
polynomial loop group and the constant loops.

4. The group LpoG does not have an associated Lie algebra, although the
Lie algebra L9 is often linked to it.

5. If G is semi-simple then L,,G is dense in LG.
6. In the case of the circle, Qpo1S* = Z and so Ly St = St x Z.

The following is [PS86, proposition 8.6.6]:

Proposition 3.3 The inclusion Q,,G — QG is a homotopy equivalence.

Since LpolG = QpoiGX G and LG = QG X G as spaces (although not generally
as groups), this holds for the unbased loops as well.

Although the definition of LG does not depend on the embedding of G in
U.,, it is useful to have such an embedding to investigate the structure of LG
in a little more detail. We consider loops of the form ¢ — exp(t£) for suitable
¢ € g. The main result is the following:

16



Proposition 3.4 Let G be a compact, connected Lie group, g its Lie algebra.
For ¢ € g, let ne : R — G denote the path ne(t) = exp(t§).

Let &1,&2 € g be such that exp(&1) = exp(§2). Then n_g ne, is a polynomial
loop in G.

As part of the proof of this, we shall prove the following useful result for the
unitary group:

Lemma 3.5 Let g € U,,. There exists ( € exp~*(g) C u, such that [(,£] =0
for all € € exp~1(g).

The proofs of these rely on the simple structure in U, of the centraliser of
any particular element. For g € U, define C(g) and Z(g) to be the centraliser
of g and its centre. That is, C(g) := {h € G : h™tgh = g} and Z(g) = Z(C(g)).
Clearly, g € Z(g).

Lemma 3.6 For any g € Uy,, Z(g) is a torus.

Proof. The group C(g) is a closed subgroup of U, hence its centre is a closed
abelian subgroup of U,,. In particular, it is compact. Therefore, it is a torus if
and only if it is connected.

Recall that two diagonalisable matrices commute if and only if they are
simultaneously diagonalisable. This condition does not rely on the eigenvalues
of either matrix but only on the eigenspaces.

Let h € Z(g). As h is unitary, it is orthogonally diagonalisable. Let
A1,...,A\; be the distinct eigenvalues of h with associated eigenspaces E1, ..., E;.
For each j, let s; € [—im,im) be such that e® = ;.

Define « : [0,1] — U, to be the path such that «(¢) has eigenvalues e'*i and
corresponding eigenspaces E;. Then «(0) = 1,, and a(l) = h so a is a path
from 1,, to h. By construction, «(t) for ¢ # 0 has the same eigenspaces as h and
therefore a(t) commutes with exactly the same elements of U,, that h commutes
with. Hence as h € Z(g), a(t) € Z(g). O

Proof of lemma 3.5. As Z(g) is a torus, it is a connected compact Lie group.
Therefore, the exponential map is surjective and so there is some ¢ € 3(g) C u,
with exp(¢) = g. As ( € 3(g), exp(t¢) € Z(g) for all t € R.

Let £ € u,, be such that exp(§) = g. Then for all ¢t € R, exp(t£) commutes
with g. Hence exp(t§) € C(g) for all ¢. Thus exp(t¢) and exp(t'¢) commute for
all t,t' € R. Hence [(,£] = 0. O

Using this we can prove proposition 3.4.

Proof of proposition 3.4. Firstly, note that it is sufficient to prove this in the
case of the unitary group. For if 1_¢ 7¢, is a loop in G which is a polynomial
loop when G is considered as a subgroup of U, then, by definition, n_¢ n¢, is a
polynomial loop in G.

Secondly, note that it is sufficient to consider the case where &, = 0. This
forces exp(&1) = 1,,. To deduce the general case from this simpler one, note
that by lemma 3.5 that there is some ¢ € u, with exp(¢) = exp(&1) (whence
also exp(§2)) such that [¢,§;] = 0. Then exp(§; — ¢) = 1, so, by assumption,
7(¢;—¢) 1s @ polynomial loop. The identity:

N-&1Mge = N=&M¢N—¢Ne2 = MN(—&1+0)M(¢—&2)-

demonstrates that this is a polynomial loop.
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Thus we need to show that 7. is a polynomial loop if exp(§) = 1. To show
this, we diagonalise £. If s is an eigenvalue of £ then e® is an eigenvalue of
exp(§) = 1. The eigenvalues of £ therefore lie in 27iZ. Hence there is a basis of
C" with respect to which 7, is the path:

g2mith 0 . 0
0 e?ﬂ'ith 0
P Ce.
0 0 ... emitkn
2mitk

for some k; € Z. Since e = 2 for k € Z, this is a polynomial loop (viewed
as a periodic path). O

Note that for a general group G, although the loop n¢,1—¢, lies in Qp,01G,
there may be no factorisation in G as 7¢, —¢7¢—¢, since in a general Lie group
there may not be any ( € g satisfying the required properties.

3.2 The Path Spaces

In the light of the homotopy equivalence, 2,61G ~ QG ~ Q.sG, the classifying
space of Q,,1G is (homotopy equivalent to) G itself. Since Q,,1G acts on LG,
there is a natural L,,G-principal bundle over G. In this section we shall give
an explicit construction of this bundle. We shall also construct a similar bundle
for the smooth loop group. These bundles will be denoted by Ppo1G and PperG
(the “per” stands for “periodic”).

To demonstrate that these are principal bundles with the appropriate fibre
we have to show two things: firstly, that the bundles are locally trivial; and
secondly, that the fibres have an action of the appropriate loop group which
identifies the fibre with that group. The second of these is straightforward, the
first is simple for the smooth case but is surprisingly difficult for the polynomial
loop group. We shall only consider the cases of U,, SU,, and SO,,.

Definition 3.7 Let G be a compact, connected Lie group, g its Lie algebra. We
define PperG and PpoG as follows:

1. PperG is the space of smooth paths o : R — G with the property that
a(t+1)a(t)~! is constant.

2. PpoiG C PperG consists of those paths of the form nevy for some £ € g and
vy E LpolG.

The projection map Ppe,G — G is given by o — a(1)a(0)~1. Notice that
when restricted to PpoiG, this maps ne7y to exp(§).

Recall from section 3.1 that for £ € g the path ne : R — G is defined as the
path t — exp(t§).

Observe that a path in P,e:G is completely determined by its values on the
interval [0, 1]. The motivation for the given definition of Ppe,G (and of P,oG)
is that of holonomy.

It will sometimes be useful to consider an element of P,..G to be a pair
(9,a) € G x PG such that a(t + 1) = ga(t). Here PG is all smooth paths
R — G. Although g is completely determined by «, this viewpoint makes it
more explicit.
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We shall now investigate the desired properties of these spaces. Neither is a
group (unlike the analogous continuous situation), but the group G acts in two
ways:

Lemma 3.8 The group G acts on Ppe,G by two actions:

grma=ga,  geoa=gag .
These actions restrict to actions on P,oG. For both actions, the action of G

on itself by conjugation makes the projection Ppe;G — G G-equivariant (hence
also for PpaG — G).

Proof. Let g € G and a € P,e;G. Both ga and gag™! are smooth paths in G so
we only need to check the periodicity condition. Let h = a(t + 1)a(t)~t. Then:

(ga)(t + 1) (go)(t) " = ga(t + De(t) " g~" = ghg™".
(gag ")t +1)(gag "))~ = ga(t+1)g 'ga(t) 'g~"
=ga(t+a(t)"tg~ = ghg™".

This also proves the statement about the induced action on G.

If oo € PyoiG then « is of the form ney for some € € g and v € Lpo1G. Let h
be either g=! or 1g. Then gnevh = N(ad, £)9Yh. As LG is closed under left
and right multiplication by G, this lies in PG as required. O

Proposition 3.9 Define an action of LG on Ppe,G by sending (o,7) € PperG %
LG to the path t — a(t)y(t). This action is well-defined and identifies the fibres
of PperG — G with LG. It restricts to an action of Lyo G on PpoiG and identifies
the fibres of PpoiG — G with LpsG.

Proof. The path ¢ — «(t)v(t) is a smooth path R — G (considering ~ as a
periodic path). We need merely check the periodicity condition. Since y(t+1) =
~(¢) for all t € R, we have:

()t + 1)(am) ()~

at+ 1)yt + D)yE)  tat) ™t
alt+a(t)t.

Hence oy € PoerG. This also shows that ay lies in the same fibre as a.

For an inverse, let o, 8 € Pye;G be such that a(1)a(0)~! = 8(1)3(0)~!. As
a and f lie in Ppe,G, this means that a(t + 1)a(t)™! = B(t + 1)8(t)~* for all
t € R. Rearranging this yields a(t + 1) 7!3(¢t + 1) = a(t)~!3(t). Thus the path
7 given by 7(t) = a(t) "1 3(t) is a loop. Moreover, it is smooth. Clearly oy = 3
so this is the inverse map which identifies a non-empty fibre of P,.,G — G with
LG.

In the polynomial case, if o € PG and v € LpoG then by definition,
a = n¢ [ for some polynomial loop 8. Therefore ary = ne(4v) and hence lies in
PyolG.

Conversely, suppose that a,8 € P, G lie in the same fibre. We need to
show that the loop ¢+ — a~!(¢)3(t) is a polynomial loop. Let o = n¢,@ and
B = ne, B\ where @ and B are polynomial loops. Since « and ( lie in the same
fibre, exp(&1) = exp(§2). Thus:

Y= a_ln*§1n§2ﬁ~
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By proposition 3.4, the two terms in the centre give a polynomial loop, hence v
is a polynomial loop.

To complete the proof of the proposition, we need to show that no fibre of
PyoiG — G is empty, whence also no fibre of PpeyG — G is empty. As G is a
compact, connected Lie group, for each g € G there is some £ € g such that
exp(§) = g. The path 7 lies in PyiG (and thus in Ppe;G) and is in the fibre
above g. Thus the fibres are non-empty. O

Proving that Py, G is locally trivial is relatively straightforward. The case
of P0G is harder. Therefore we deal with Pye,G quickly now before passing
to the — for this paper — more relevant case of the polynomial loops in the next
section.

Proposition 3.10 The space Ppe,G is locally trivial over G.

Proof. To prove this, we require local sections. Let g € G. Let £ € g be such that
exp(§) = g. Let p: [0,3] — [0, 3] be a smooth surjection which preserves the
endpoints and is constant in a neighbourhood of each endpoint. Let ¢ : V — U
be a chart for G with U a neighbourhood of g such that ¢—1(g) = 0.

For h € U, define a path «y, : [0,1] — G by:

onlt) = {exp@p@)s) teo,3]

)
— Nl

¢(2p(t —5) + )¢~ (h) t€[5,1]

By construction, «ay is continuous. Since «p is constant in a neighbourhood
of % and is smooth either side, it is smooth. Moreover, as it is constant in
neighbourhoods of 0 and 1, the concatenation apf(ap(1)ay) is smooth. Hence
«y, extends via the formulas:

)

N[

ap(t+mn) = ap(l)"an(t)

for t € [0,1) and n € Z, to a smooth path R — G such that ax(t +1) =
ap(Dap(t) for all t € R.

Clearly, ap(1) = h. Also, the assignment h — «j, is smooth. Therefore,
h — ay, is a local section of P,e:G in a neighbourhood of g. O]

3.2.1 The Polynomial Path Space

The case of the polynomial path space is harder. Regarding local sections, it
would appear from the definition that there are natural local sections, namely
g — me where exp(§) = g. However, except in the case of the unitary group,
there is in general no way to choose £ smoothly in g for all points g € G (it is
always possible to do so for an open dense subset, but this is not good enough).

In fact, we are not able to prove that P, G — G is locally trivial for all
compact, connected G at this time. The methods we employ work on a case-
by-case basis. This is sufficient for our needs as we are mainly interested in
ordinary vector bundles with inner products and thus in the structure groups
U, and SO,,. We shall prove that PG — G is locally trivial for these groups
and also for SU,,. There is no a priori reason why the argument for SO,, should
not extend to Sp,, using quaternionic structures in place of complex structures
but we feel that this case is outside the focus of this paper.

The following result will prove useful in examining the structure of PG in
terms of Poo1Up.
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Lemma 3.11 Let G be a compact, connected Lie group. Consider G as a
subgroup of Up,. Then PpoiG = PperG N PpoUy,.

Proof. Clearly PooiG C PperG N PpolUy,. For the converse, let v € PoerG' N
PyoiUy. Then o = nery for some § € u,, and v € Ly Uy, Now exp(§) =n¢(1) =
a(l) € G since a € Pye,G. Choose (¢ € g such that exp(¢) = exp(§). Then:

Q= T1¢N—¢nNe7-

By proposition 3.4, n_¢n¢ is a polynomial loop in U,,. Since o and n¢ both take
values in G, n_¢ney must also take values in G. It thus lies in LG N LpaUy
which is, by definition, L,oG. Therefore a is of the form 73 with { € g and
B € LpoiG. Hence o € PG O

3.2.2 The Unitary Group

In the case of U, there are local sections of the form g — 7¢ where exp(§) = g.
This will follow from lemma 3.5.

Proposition 3.12 The space PpoU, is locally trivial over U,.

Proof. Let s € iR. Let V; C U, be the open subset consisting of those operators
which do not have —e® as an eigenvalue. Let v, C u, be the open subset
consisting of those operators which have eigenvalue in the interval (s—im, s+im).
The exponential map restricts to a diffeomorphism exp : v, — V. Let log, :
Vi — v be its inverse.

For a direct construction, define the s-logarithm log, : T\ {—e*} — (s —
im, s +im) as the inverse of the exponential map on this domain (note that this
coincides with the above definition putting n = 1). Let g € V. Let E1®--- D E
be the orthogonal decomposition of C™ into the eigenspaces of g with eigenvalues
Aty...,A1. Then log, g is the operator which acts on F; by multiplication by
log, A;j.

It is a simple exercise to show that log, g € Z(g) for any g and s such that
log, g is defined, that log, g is locally constant in s, and that Viyor; = Vs and
Vstomi = Vs + 2mil,.

The local sections of PyoiU,, — U, are o, : Vs — PoolU, given by a4(g)(t) =
exp(tlog, g). O

3.2.3 The Special Unitary Group

The method of the previous section works in U,, because every point in U, is
exp-reqular; that is, is the image of a point in u,, such that the exponential map
is a diffeomorphism is a neighbourhood of that point. This is not true for a
general Lie group. It is straightforward to show that the preimage of —1 € SU,
under exp : sty — SUs is a countable number of copies of CP', hence —1 € SU,
is not exp-regular.

However, we can still prove that P, SU, — SU, is locally trivial. The
strategy is to use the fact that there is a point in u,, around which the exponen-
tial map is a local diffeomorphism, and then use the fact that SU,, — U,, — S?!
is split.

Proposition 3.13 The map P, SU,, — SU, is locally trivial.
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Proof. Choose a unit vector v € C™. Define the representation o : T — U, by
o(A\)v = v and o()) is the identity on (v)*.

Let s € iR. Let V, C U,, and v, C u,, be as in the proof of proposition 3.12.
Let o : Vi — Pyo1U, be the local section defined in that proposition.

Define ﬂs : ‘/s N SUn - PperUn by:

Bal) (1) = () (1) o et (e (9)(~1) ).

Recall that det exp(¢) = €T ¢. Thus for g € Vg N SU,,:

det ag(g)(—t) = eTr(7t108:(9)) — gt Trlog.(g)

As g € SU,, e™198:(9) = det g = 1 so Trlog,(g) = 2mik for some k € Z. Thus
t — e tTrlogs(9) i the map t — 2%, Hence o(det as(g)(—t)) is a polynomial
loop in U,,. Thus (s(g)(t) € PyoiUn.

Then as detoo : T — T is the identity, det 85(g)(t) = 1 for all g,¢. Hence
Bs(g)(t) € SU, for all g,t. Thus by lemma 3.11, 8,5(9) € PperSUp N PooiU,, =
Poo1SU,. O

3.2.4 The Special Orthogonal Group

The situation for SO,, is more complicated still. The problem here is with
eigenvalue —1. It can be shown that g € SO, is exp-reqular if and only if its
—1-eigenspace has dimension at most 2. The solution comes from the theory of
unitary structures which we now describe.

Definition 3.14 Let E be a real vector space with an inner product. A unitary
structure on E is an orthogonal map J : E — E such that J?> = —1.

Proposition 3.15 Let E be a real even dimensional vector space with an inner
product. The properties of unitary structures that we shall need are:

1. E admits a unitary structure.
2. The set of unitary structures on E is O(E) No(E).
3. Let J be a unitary structure on E. Then exp(nJ) = —1g.

4. Let Ji,Ja be unitary structures on E. Then: n_rjnry, 15 a polynomial
loop in SO(E).

5. Let € € s0(E) be such that & does not have 0 as an eigenvalue. Then there
is a natural unitary structure Je on E which varies smoothly in . Con-
sidered as an element of so(E), J¢ satisfies [£, J¢] = 0. The assignment
§ — Je satisfies J; = J (here J is considered as an element of so(E)),
and Jeicg, = Je for ¢ > 0.

6. Let g € SO(E) be such that 1 is not an eigenvalue of g. Then logy(—g) is
of the form & — mwJe for some & € so(E) with exp(§) = g.

In the last property we use the inclusion SO(E) — U(F ® C) to define

log, : SO(E) N Vo — u(E). Since log, commutes with complex conjugation®,

the image of SO(E) NV, lies in so(E).

31t is the only one of the logarithms that we have defined with this property.
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Proof. Property 1 is a standard property of complex structures whilst 2 is a
simple deduction from the definition of a unitary structure. Therefore we start
with property 3.

3. As an element of o(E) = so(FE), J is diagonalisable over C. Since J? = —1,
its eigenvalues are +i. Thus wJ has eigenvalues +mi. Hence exp(w.J) has
sole eigenvalue —1. As exp(nJ) € SO(E), it is diagonalisable over C and
thus is —1g.

4. This is a corollary of proposition 3.4 together with the previous property.

5. Diagonalise £ over C. As £ is a real operator, its eigenvalues and corre-
sponding eigenspaces come in conjugate pairs. As ¢ is skew-adjoint, its
eigenvalues lie on the imaginary axis in C. Let W C E ® C be the sum
of the eigenspaces of £ corresponding to eigenvalues of the form is with
s> 0. Then W, resp. W+, is the sum of the eigenspaces of ¢ correspond-
ing to eigenvalues of the form is with s < 0, resp. s < 0. The assumption
on ¢ implies that W = W+. Define Je on ¥ ® C to be the operator with
eigenspaces W and W with respective eigenvalues i and —i. By construc-
tion, J2 = —1 and J*J = 1. As the eigenspaces and eigenvalues of J come
in conjugate pairs, J is a real operator and thus is a unitary structure.

Since Je¢ is defined from the eigenspaces of £, it varies smoothly in &.
Moreover, as the eigenspaces of J¢ decompose as eigenspaces of £, J¢ and
¢ are simultaneously diagonalisable over C. Hence [¢, J¢] = 0.

It is clear from the construction that if ¢ and £ can be simultaneously di-
agonalised and the eigenvalues of ¢ have the same parity on the imaginary
axis as the corresponding ones of ¢ then J: = J¢. In particular, J; = J
and Jeycg, = Je for ¢ > 0.

6. Let F' be the —1-eigenspace of g. Then E decomposes g-invariantly as
F @ F+. As g does not have 1 as an eigenvalue, logy(—g) is well-defined.
Since the decomposition of E is —g-invariant:

logy(—g) = logy(—glr) +logy(—glpr) = logy(—glpr)-

This last step is because —g|p= 1 so logy(—g|r) = Op.

Let &gy = logg(—g|p1). As —g does not have 1 as an eigenvalue on
FL, ¢ does not have 0 as an eigenvalue. Let Jp1 be the corresponding
unitary structure. As [{pi,Jpi] =0,

exp(§pe + mJps) = exp(pe)exp(mpr) = (—g)lps (—1ps) =glps .
As g € SO(FE), F must be of even dimension. Choose a unitary structure
Jp on F. Then exp(nJr) = —1p = g|p. Let £ = wJp + E{pr + Jp1.
Then:

exp(§) = exp(rJp) + exp(§pr +7Jp1) = —1p +glpi=g.
Then Je = Jp + Jpr so § — wJe = p1, whence £ — wJe =logy(—g). O

Theorem 3.16 The map PpoiSO, — SO, is locally trivial.
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Proof. We first describe a family of open sets which cover SO,,. These will be
the domains of the sections of P,0150,,. The family is indexed by the interval
[—1,1] and by elements of SO,,.

Let r € [-1,1]. Let W,. be the open subset of SO,, consisting of those g such
that no eigenvalue of g (over C) has real part r. For g € W, there is a g-invariant
orthogonal decomposition of R™ as E”,(g) ® E!(g) where the eigenvalues (over
C) of g on E"(g) have real part in the interval [—1,7] and on E}(g) in the
interval [r,1]. Note that g cannot have eigenvalue 1 on E"(g), even if r = 1,
so as g € SO,,, E"(g) must have even dimension.

Over each W, is a vector bundle with fibre E”,(g) at g (this will have
different dimension on the different components of W,.). Over most W,.’s this
bundle is not trivial. Therefore we find smaller open sets over which we can
trivialise it.

Let r € [-1,1] and g € W,. Define W,.(g) to be the open subset of SO,
consisting of those h € W, for which the orthogonal projection E”,(h) —
E”,(g) is an isomorphism.

Over W, (g), therefore, the aforementioned vector bundle is trivial and of
constant even dimension. Hence, we can choose a unitary structure .J;, on each
E",(h) which varies smoothly in h.

Extend Jj to a skew-adjoint operator on R™ by defining it to be zero on
E}(h). Let €(h) = hexp(—mJ,) € SO,,. Then €(h) agrees with h on E!(h) and
is —h on E"(h). Since h does not have eigenvalue —1 on E}(h) and does not
have eigenvalue 1 on E”,(h), e(h) does not have eigenvalue —1 on R™ and so
lies in the domain of log,. Also, as J, varies smoothly in h, h — €(h) is smooth.

Define 3,4 : Wi-(9) = PperSO,, by:

Br.g(h)(t) = exp (tlogy(e(h))) exp(tmJy).

This is a smooth path in SO, since both log,(e(h)) and Jj, lie in so,,. It varies
smoothly in h since both €(h) and Jj, are smooth in h. Since e(h) = hexp(—nJy),
Br,g(h)(1) = h so it is a path above h. We need to show that it lies in Pyo15O,.

Now €(h) respects the decomposition E”(h) & E}(h) of R", therefore so
does log,(e(h)). Accordingly, write logy(e(h)) = €7 + &L

Consider the situation on E” | (h). Since exp(£” ;) = e¢(h) = —h (all restricted
to E7 1 (h)), by property 6, {7 = (—nJ¢ for some ¢ € so(E”(h)) with exp(¢) =
h. Extend J; to R™ by defining it to be zero on E}!(h). Let £ = ¢ + &} Then
exp(§) = h, [€,Jc] =0, and log,(e(h)) = £ — mJ¢. Therefore:

Br.g(h)(t) = exp(t§) exp(—tmJ¢) exp(tmJp).

Since J¢ and Jp, are both extensions to R™ by zero of unitary structures on
E" ., (h), then by property 4, exp(—tmJ) exp(tnJy) is a polynomial loop in SO,,.
Hence 3, 4(h) lies in Ppo1SOy,. O

3.3 The Polynomial Vector Bundles

Now that we have principal bundles, given a representation we can construct
vector bundles. Let V be a finite dimensional vector space with an inner product,
either real or complex. Let LV be the space of smooth loops in V' and LyqV
the space of polynomial loops. If V is complex then LyoV = V[271,z]; if V is
real then LpolV = LV N Lpa(V @ C).
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Let G be a compact, connected Lie group which acts on V by isometries.
In the polynomial case, assume that G is one of U,, SU,, or SO,,. Then LG
acts on LV and Ly G acts on Ly V. Therefore we have vector bundles over G
together with a bundle inclusion:

Pp01V = PpolG XLPOIG LpolV — PperV = PperG XLa LV.

We shall now give an alternative view of these vector bundles which will be
more enlightening in terms of their structure.

Let PV be the full path space of V. Define 7 : PV — PV to be the
shift operator: (78)(t) = B(t + 1). Let D denote the differential operator:
(DP)(t) = %(t). There is a strong connection between these operators: D is
the infinitesimal generator of the group of translations on PV and exp(D) = 7.

The motivation for considering these operators is that they give simple de-
scriptions of LV and L1V inside PV. The loop space, LV, is the +1-eigenspace
of 7. The space of polynomial loops inside LV is the union of the finite dimen-
sional D-invariant subspaces of LV.

In the complex case, we can write this as the linear span of the eigenvectors
of D. This does not carry over to the real case, however, as the only eigenvectors
of D are the constant maps.

Theorem 3.17 Let g in G. The fibre of Ppe,V above g is the space of ¢ € PV
such that T¢ = go.

The fibre of PpoiV above g is the union of the finite dimensional D-invariant
subspaces of the fibre of Ppye,V above g.

Proof. An element of P,e,V in the fibre above g is represented by a pair (o, 3)
with o € PpeyG above g and § € LV. Any alternative representative is of the
form (ay,y~13) for some v € LG.

Thus the map ¢ : R — V defined by ¢ := a3 depends only on the element
of P,V and not on the choice of representative. This satisfies:

(To)(t) = o(t +1) = at + 1)B(t + 1) = ga(t) 5(t) = go(t).

Hence 7¢ = g¢.

Conversely, suppose that 7¢ = g¢. Choose some o € P,.,G above g and
define 3 := a~1¢. Then B(t+1) = a~1(t)g gh(t) = B(t) so 3 € LV. Changing
a to ay changes 3 to v~13. Hence the element in Py, V represented by (c, 3)
depends only on ¢.

Now we consider the polynomial path space. We need to show that the fibre
of PV above g is the union of the finite dimensional subspaces of the fibre of
P,V that are D-invariant.

Let £ € g be such that exp(§) = g. We consider two actions of £ on PV.
The first is the isomorphism o — n_ga which maps Pper gV onto LV. The
second is a — £a, extending the action of g on V to PV. As £ is a finite
dimensional operator, it has a minimum polynomial. This is true also of its
action on PV. Therefore any finite dimensional subspace of PV is contained
in a finite dimensional £-invariant subspace. Moreover, the action of £ on PV
commutes with that of D so any finite dimensional D-invariant subspace of
PV is contained in a finite dimensional subspace that is both D-invariant and
&-invariant.
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Hence as £ preserves both Pyer, ¢V and LV, when considering the union of
finite dimensional D-invariant subspaces in either, it is sufficient to consider
those that are in addition &-invariant.

We shall now show that W C LV is £ and D-invariant if and only if n:W is
& and D-invariant. This will establish the result.

The ¢-invariance is straightforward since { commutes with 7. Hence W C
LV is &-invariant if and only if neW C Pper oV is €-invariant.

If W is £ and D-invariant, then consider o € n4¢W (the £ allows us to
consider both directions at once). This is of the form 7. for some § € W.
Then:

Da = (Dnwe)B + n1e(DB) = nie(FE6 + DP) € naeW.
Hence ni¢W is D-invariant. O

An immediate corollary of this is that the fibres of Ppe;V and of P,V are
D-invariant. For P,V this follows from the fact that exp(D) = 7 so D and 7
commute. If we wish to emphasise the fibre, we shall refer to D as D,.

In the complex case, as Dy is skew-adjoint, any element of the fibre of Pyq1V'
above g is thus the sum of eigenvectors of D,.

When viewing a fibre of P,e:V or PpoV as a subspace of PV, the corre-
sponding element g € G is not uniquely determined by any one path (contrast
with the case of Poe;G or Pyo1G). Thus to keep track of the fibre, we shall often
use the notation (g, ¢).

There is an action of G on P,V and on PyqV given by the following
equivalent definitions:

[, 8] = [gov, B],

[, 8] = [gag™", 9],

(h,¢) = (ghg™", 99).

We put in both of the top two descriptions to show that the two actions of G on

PyerG (and thus on P,G) define the same action on Py, V' (and Pyo1V'). This
action preserves the sub-bundle P,V and sends the operator Dy to Dgpg-1.

g.
g.
g.
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4 Dual Loop Bundles

The goal of this section is to construct the inner product and the Hilbert com-
pletion of the dual of the vector bundle LE — LM, where E — M is a real or
complex vector bundle. The first part of this construction involves defining the
polynomial loop bundle, Ly — LM and proving that it is a locally trivial
vector bundle modelled on L,,F", for F one of R or C. Once this has been
defined, we thicken it to a Hilbert bundle which is a sub-bundle of LE. This
dualises to the required completion of L*FE. We show how to construct an inner
product on this bundle by finding an isomorphism of the completion of LE with
the completion of L*E.

In section 4.3 we discuss the basic properties of the polynomial loop bundle,
and thus of the Hilbert completion of L*E. In particular we consider the action
of the group of diffeomorphisms of the circle. The natural action on LE does
not preserve the polynomial sub-bundle but it can be modified to an action
which does.

The construction of the polynomial loop bundle relies on the holonomy oper-
ator coming from a connection. The holonomy map can be viewed as a variant
of a classifying map for the original loop bundle. In section 4.4 we examine this
idea.

4.1 Polynomial Loop Bundles

Let M be a smooth finite dimensional manifold without boundary. Let G be
one of U,, SU,, or SO,,. Let F be the corresponding field. Let Q@ — M be a
principal G-bundle. Let F = @ X F" be the corresponding vector bundle. As
G preserves the inner product on F”, E carries a fibrewise inner product. Let
V be a covariant differential operator on F coming from a connection on Q.

We think of a point in a fibre (), as being an isometry F* — E,. We shall
also use the adjoint bundle associated to @, Q*d := Q Xconj G Where G acts on
itself by conjugation. This is a bundle of groups. A point in a fibre di is an
isometry of I, to itself.

It is a standard result that the loop and path spaces of E form vector bundles
over, respectively, the loop and path spaces of M with frame bundles the loop
and path spaces of Q and adjoint bundles the loop and path spaces of Q1.

Recall from section 2.2 that for X each of E, @, and Q*, the fibre of the
bundle PMX above p € M is P(X,,). Thus:

PME = E® C*(R,F), ILME =E® LF,
=Q xg C*(R,F"), =Q xg LF",
PMQ =Q xg PG, LMQ =Q x¢ LG,
PMQ* = Q X conj PG, LM Q™ = Q Xconj LG.

As with M inside LM and PM, G sits inside LG and PG as the constant loops.
In the middle line, the action is as a subgroup, in the third line the action is via
conjugation.
Since G acts on Ppe;G, PoolG, PperF", and PpoiF", we can define corre-
sponding bundles over M. For abc each of per or pol, let:
PN E = Q xg PucF",

abc
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P Q :=Q xg PG,
sz\l{cQad = Q X conj PG

In the middle line, we use the left action of G on P,,.G. In the last line, we use
the conjugation action. As each of the model spaces for these bundles is itself a
bundle over GG and the actions on the total spaces induce the conjugation action
on the base, for X each of E, @, and Q*d, PM X is a fibre bundle over Q4

abc
with fibre L., Y, where Y is either F™ or G as appropriate.
The covariant differential operator defines a parallel transport operator. This
defines three compatible families of bundle maps 9% : X* — PX, for X each of

E, @, and Q1. The properties of these maps are:
Ui (pgw) = bou(P)Vo(@w,  pe @M, g€ Ql, weF" C PF".  (4.1)
Q
Piek = vk, (4.2)
es1 it = estl, over LM. (4.3)

For the second, note that e;1)% is a map from X* to X*. This compatibility
relation is the statement that if one parallel transports from time s to time
t and then on from time ¢ to some-when else, it is the same as transporting
straight from s to ones final time. For the last, over LM then X'*! = X* so
the domains and codomains of these maps are the same. This property is then
an application of the fact that the parallel transport operator is intrinsic to M,
therefore the parallel transport from X* to X® is the same as that from X!*+!
to X*t1,
These operators extend to bundle equivalences:

vl PMIX s PX, (4.4)

with the property that es(U4 a) = (es’)(a(s)). Note that these equivalences
have been chosen such that (U4 «)(s) always lies in X* no matter which ¢ was
the starting point.

Recall that, for X each of E, Q, or Q*, LX sits inside PLX. It is straight-
forward to recognise this submanifold: LX consists of those paths f € PLX
which are themselves periodic. Note that for any path 3 in PLX then B(t + 1)
and ((t) both lie in the same fibre of X — M.

Thus in the right-hand side of (4.4) (restricted to LM), it is straightfor-
ward to recognise the sub-bundles consisting of the loops. We wish to transfer
this recognition principle to the left-hand side of (4.4). We do this using the
holonomy operator.

Definition 4.1 On LM, define the fibrewise operators hx : X° — XO° by
hX = 61’(/)9(.

Over PM, e19% is a map X° — X!, Over LM then X° = X' so hy is as
defined. The fibres of Q*1 act on each of E, @, and Q*%: on E the action is by
definition, on @ and on Q*? by composition.

Lemma 4.2 The operator hg is a section of Q**°. The operators hg, hg, and
hqei satisfy: hgea(p)he = hep, and hq(q) = hgq. Thus hg determines both
hg and hgaa.

Proof. Since €9} is a fibrewise isometry E° — E°) it is a section of Q0.
Then from (4.1), for p € Q*4°, ¢ € Q°, v € E°, and w € F* C PF™:

(hep)v = (e19gp)v
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= e1 (Y (pv))
= e1(gyea (D) (v)) by (4.1)
= (e10gaa) (p) (e1y) (v)
= hgaa(p)hE(v).
(heq)w = (e19ppq)w
= e1 (Y (qu))
= 61@/’%(‘1)“’)
= (e19d)(q)w
= hg(q)w. O

by (4.1)

Lemma 4.3 e 119% = eipShx.

Proof.
ey = err1xerdy by (4.2)
= etwg(em% by (4.3)
= e )% hx. O

Corollary 4.4 Under the bundle isomorphism of (4.4), the sub-bundle LX of
PLX corresponds to:

{a(t) € PMOX : hya(t + 1) = a(t)).

Proof. An element o« € PM-0X is mapped to a loop in PLX if and only if
(U8 a)(t+1) = (¥ a)(t) for all t € R. The left-hand side of this simplifies to:

eri1(Pxa) = (er19%)(alt +1)) = (ertk) (hxalt +1))

whilst the right-hand side simplifies to:
el(Txa) = (e)k)(a(t)).

Since ;9% : X° — X' is an isomorphism, this implies that ¥$-« is a loop
if and only if Axa(t +1) = a(t) for all t € R. O

A section y : LM — Q30 is the same thing as a map x : LM — Q! which
covers the map e : LM — M. For such a section, X each of @, Q*, or E, and
abc each of pol or per, let Lﬁg’CO’XX — LM be the pull-back of Paj\ch — Q¥
via the map y : LM — Q?d.

Corollary 4.5 For X each of Q, Q*, and E, ¥% restricts to a bundle iso-

morphism L%’To’h;le — LX.

Definition 4.6 The polynomial loop bundles, L,,X, for X each of Q, Q,

and E are defined to be the images in LX of L;\/[o’lo’h;X under the map W5 .
The following is immediate:

Proposition 4.7 The polynomial loop bundles are locally trivial with L,,Q
a LyoiG-principal bundle, LpolQad a bundle of groups modelled on LynG, and
Lol a vector bundle modelled on Ly, F™. Moreover:

LpolQad = LpolQ X cong LpolG7
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LypotE = LpoiQ X 1,,6 LpolF",
LQ = LpoQ x1,,6 LG,
LQ" = LyoiQ X conj LG,
LE = LyoiQ %1, LF".

The bundle L, E has a more concrete description in terms of the connection
on E. For any path v : R — M, the connection on E defines a covariant
differential operator D : Ir(y*E) — I'r(y*E); that is, D, : P\E — P,E. As
the map WY was constructed using parallel transport, it (rather, its inverse)
takes D, to the operator % acting on PM:OF. If v happens to be a loop,
D, restricts to an operator on L,E. As WY identifies L,E with the fibre of
Pper E — Q240 above hlgl(v), it takes D., to the operator Dhgl(,y).

Hence L1~ E can be constructed from the action of D, on L. E in the same
fashion as Pyl g™ from Pper o™, namely as the union of the finite dimensional
D, -invariant subspaces of L, E. In the complex case, L1~ is the span of the

eigenvalues in L, E of D,.

4.2 The Completion of the Cotangent Bundle

The Hilbert completion of the cotangent bundle is now straightforward. We
merely need to select a Hilbert space that lies between L,oR"” and LR™. The
group Lpa1 SO, will act on this Hilbert space and thus we can construct a locally
trivial bundle over the loop space LM with fibre a Hilbert space which sits
naturally between L, 7'M and LTM. Dualising this will yield a Hilbert space
sitting naturally between L*T'M and Lg,TM. On fibres, this will be a Hilbert
completion of T*LM = L*TM.

There are many Hilbert spaces between L,oR™ and LR™. We choose LZR™.
The choice of e is dictated by the desire not to have unnecessary constants at
a later stage. It is not overly significant. There is an obvious inner product on
L2R™ but as it is not preserved under the action of L0150, we shall not spend
any time discussing it.

Lemma 4.8 Let G be one of SO,,, SU,,, orU,. LetF be R or C as appropriate.
Then LpoG acts continuously on LEF”.

Proof. It is sufficient to show that L,oU, acts on L2C" since Ly01SU, and
L6180, are subgroups of L,oU, and the action of L,,1S0,, on L2R™ is well-
defined if and only if its action on L2C™ is well-defined.

To show that LUy, acts on L2C", it is sufficient to show that LM, (C)
acts. This is straightforward since it is generated as an algebra by M, (C) and
z which both act on L2C". O

Thus given a vector bundle £ — M with structure bundle Q we obtain a
Hilbert bundle L?E — LM as Lpa@Q X1, .G L2F"™. There are maps LyaE —
L?E — LF which locally look like Ly F" — L2F"™ — LF". Dualising this
bundle yields the required completion of L*F.

As remarked above, the natural inner product on L2F" is not preserved by
the action of L, G. It is a simple matter to show that when the circle action
is taken into account, the only Hilbert completion of L,iF"™ on which LG
can act unitarily is L2F". Therefore, we shall have to find another route to an
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inner product on L2E (and thus its dual). The route we choose is to construct
an isomorphism of Hilbert bundles L2E — L2E. This will allow us to pull-back
the inner product on L?E to L2E.

Proposition 4.9 There is a well-defined bundle map LyoiEE — LpoE given by:
a — (cos Dy)a
where: -
cos D, = ;) @D?ﬂ.
This extends to an isomorphism of Hilbert bundles L2E — L*E.

Proof. We start with the fibrewise situation. The fibre of Lo E above a loop
7 is the union of D,-invariant finite dimensional subspaces of L,E. On any
finite dimensional space, the power series denoted by cos A converges for any
operator A. Therefore, cos D, is well-defined on each finite dimensional D.-
invariant subspace of L, E and hence on L, E.

When considering the Hilbert completions of Ly, F, it is sufficient to as-
sume that £ is complex. In this case, there is a basis for L1 ,E of eigenvectors
of D.,. We can choose this basis to have the following properties:

1. There are n eigenvectors v1,...,v, € L,E such that the corresponding
eigenvalues are of the form isy,...,is, with each s; € [0, 2mi).

2. The other eigenvectors are of the form z*v; for some k € Z.

The eigenvalue of z*v; is is; + 2mik. Therefore, (cos D,)zFv; = cosh(s; +
2rk)zkv;.

We wish to describe the sequences (ai)kez,jzl,_“m such that (ai cosh(s; +
27k)) is square-summable. It is sufficient to consider each j in turn so we
consider (ag)gez such that (ay cosh(s + 27k)) is square-summable for some s €
[0, 27).

Now elementary analysis shows that for all x € R:

cosh(z + s)

cosh(s) >
e‘$|

> —min{e®, e "}

1
2
Therefore, (aj, cosh(s + 27k)) is square-summable if and only if (aze?™*l) is
square-summable. This is precisely the condition that the loop corresponding
to (ay) extend analytically over an annulus of radii e and e~! and be square-
summable on the boundaries. O

Therefore, although we cannot transfer the standard inner product on L2F"
to the fibres of L2E, we can use the operator D, to define an inner product on
the fibres of L2FE which is equivalent to the standard inner product on LZF™.
This inner product is defined by:

(a, B) = ((cos D)av, (cos D) 3)

where (-,-) is the inner product on L2E. Thus o — (cos D,)a is an isometry
from LﬁﬁE to L%E.
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Since an inner product on a Hilbert space defines a (conjugate-linear) iso-
morphism with its dual, we can extend the inclusion L*E — L2*FE to a triple
L*E — L?>*FE = L?F — LE. This mirrors the standard triple LE — L?E =
L?>*E — L*E coming from the standard inner product on LE. Putting these
together (and suppressing the isomorphisms) yields a non-commuting square:

LE —— L°E

| l

L’E «—— L*FE.

As mentioned above, the group LG does not act on L2F™ by isometries
but does so act on L?F". Therefore the isomorphism L?E — L?FE can be
viewed as a careful alteration of the structure group of L2E to one which acts
by isometries. We can do the same with L*E.

We have constructed a chain of bundle maps which on fibres looks like:

L2F" — LF" — L°F" & L>*F" — L*F" — L2*F".

The isometry L2E = L?F takes this chain to one which ends in L?*E. On
fibres this chain is obtained from the one above by adding a subscript e to each
space. Using the identities (L2).F" = L2,F" and (L2*).F" = L**F", the fibres
of the vector bundles in this new chain are:

L2%F" — L™ — L2F" = LEHF" — L'F" — L>*F".

In this picture, we have identified L*E with the sub-bundle L} E of LE and
then taken the inner product and completion of L*E to be L>*E. Since the
action of LyqG on L}E is by isometries, this identification of L*E with L;F
can be viewed as a careful alteration of the structure group of L*FE to one that
acts by isometries.

In the appendix we shall consider this alteration of the structure group in
more detail.

4.3 Properties of the Polynomial Bundle

The construction of the polynomial loop bundle started from a connection on the
original bundle over M. However, it only actually used the map ¢% : X° — PX
defined by the parallel transport operator. Thus as far as the polynomial loop
bundle is concerned, having a connection is overkill. The connection is useful,
though, as it implies that the polynomial loop bundle came from structure
on the original manifold M and thus one can hope for more structure on the
polynomial loop bundle than has yet been described. In this section, we shall
investigate this. In the next, we shall give an interpretation of the maps % in
terms of classifying maps and twisted K-theory.

Before examining the interesting properties of the polynomial loop bundle,
we list some basic ones that are fairly obvious:

Proposition 4.10 Let M be a finite dimensional smooth manifold, E1, Eo —
M finite dimensional vector bundles over the same field with inner products and
connections compatible with the inner products.
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1. Let E = E1® E5 orthogonally and equip E with the direct sum connection.
Then LpolE = LpolEl D LpolEg.

2. Suppose that Ey is real, then Ly (E1 ® C) = (LyoE1) @ C.
3. Suppose that Ey is complex, then Lyo(E1r) = (LpoiE1)R-

4. Let 1 : F1 — FEs be a bundle isomorphism which preserves the inner prod-
ucts and connections. Then i) defines an isomorphism Lpop) @ LpoiEn —
LpoiEs.

5. Suppose that Ey with its inner product is a sub-bundle of Es and that the
covariant differential operator on Ey is of the form pV where p: Fs — F4
is the orthogonal projection and V is the covariant differential operator on
Es. Then it is not necessarily the case that Lyoll1 = Lpoilio N LE).

Proof. Only the last of these is not immediate from the construction. Let Es
be the bundle S' x C2? and E; the bundle S! x C!. Include E; in Es via the
map (¢,1) — (¢, %(1,@2’”’5)).

The loop space of E; is LS x LC and of Ey is LS! x LC?. The polynomial
loop space of Fs is LS x Lpol(CQ. The inclusion LE, — LE, is given by:

1 o
L B) = (v, —(B, 2™ g)).
(.8) = (1, 758,670 3)
Therefore LE; N Lo Eo consists of those loops # such that both 3 and €™ 3
are polynomials. We can choose 7 such that whenever § is polynomial then
e?™7 3 is not. Hence there is some ~ such that above v the fibres of LE; and
Lyo1 25 intersect trivially. O

The advantage of having the polynomial structure defined using a connection
on the original bundle is the relationship with the diffeomorphism group of the
circle. For o : S — S! smooth (not necessarily a diffeomorphism), v : S* — M,
and o € L E, the following is a simple application of the chain rule:

Dyos(aoo) = ((Dya)oo)d, (4.5)

where ¢/ : S' — R is such that do (%) =o' 4.
From this formula, two results can be derived:

Proposition 4.11 1. The action of Diff(S') on LE does not preserve the
sub-bundle Lo E. The subgroup of Diff (S') which does preserve the sub-
bundle LyoE is S x Z./2 where the non-trivial element in the Z/2-factor
is the diffeomorphism t — —t.

2. Let V* and V° be two different connections on E. The two polynomial
bundles so defined are different.

Proof. We shall consider the complex case so that we may talk about eigenvec-
tors and eigenvalues of D.,. The real case may be deduced from this.

1. For this, consider the situation over a constant loop. There, LE, resp.
Lo B, is E® LC, resp. E® LpoC. The action of Diff(S1) on LE is given
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by its action on LC. Thus if o € Diff(S') preserves L, E then it must
preserve L, C within LC.

The map t — > lies in LyoC. It is also the identification of S* with
T. Under o this transforms to t — €*™“(®)_ As ¢ is a diffeomorphism
of S', this map must still be an identification of S' with T. The only
polynomials which do this are those of the form t — ve®*? for v € T.
Hence if o € Diff (S') preserves Lo E within LE then o € S' x Z/2.

The converse is direct from the equation 4.5 since if ¢ € S x Z/2 then
o' = =1 so:
Dyos(aoo) =£(Dya)oo.

Hence o maps eigenvectors of D, to eigenvectors of D.., and thus pre-
serves LyolE.

2. As V* and V? are different, there will be some loop 7 such that DS and
DY differ. The difference will be a section @ of the bundle u(y*E) — S*,
in other words an element of L,u(E).

If Lo B = Lp ~E then both are preserved under Df and Db hence
under thelr dlfference Thus ® must be an element of Lyou(E).

By examining equation 4.5, we see that under the action of a smooth self-
map o of the circle, ® transforms to (® o o)o’. It is then a simple matter
to find o such that this is no longer a polynomial. Hence even if we were
unlucky enough initially to choose a loop v with Ly, B = Lgol +E then
we can find some other loop v o o over which the ﬁbres of the polynomial
bundles differ. O

It is straightforward to show that the result about the action of Diff (S!) on
Ly E generalises to the statement that the subgroup of Diff (S') which preserves
L’E is Diff(S') N L?C where the “?” represents some class of regularity of loop.

In the light of this result, it is perhaps surprising that there is an action
of Diff(S') on LyoE which covers the standard action of Diff(S*) on LM.
This comes about because the Diff (S!)-action preserves the parallel transport
operator. Since all else was derived from that, we can make Diff(S') act on
Lo E.

We start with the group Diffd (S) of orientation and basepoint preserving
diffeomorphisms. Since the whole diffeomorphism group is the semi-direct prod-
uct of this with S! xZ/2, an action of this group together with the above action
of S! x Z/2 will give an action of the whole diffeomorphism group.

An element of Diff§ (S?) lifts canonically to an element of Difff (R). The
image consists of those diffeomorphisms of R which satisfy o(t + 1) = o(¢) + 1.
This allows Diff{ (S') to act on paths as well as loops.

Let o € Difff (S*). Recall that the bundle PM-YE — LM has fibre P)0F =
P(E,(p). Thus as 7o 0(0) = 7(0), the bundles PM°E and o*(P™FE) are
genuinely the same bundle. The bundle PYE, meanwhile, has fibre PVLE =
I'(y*E). Thus there is a natural isomorphism P*E — o*(PLE) given by a —
aoo.
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With these two isomorphisms, the square:

pMop _YE , pLE

pMop e, pLE

does not commute. To make it commute, we need to transfer one action of o
from one side to the other. Clearly, the action of ¢ on PFE restricts to the
standard action on LE which we know does not preserve Lo E.

It is also true that the action of ¢ on PMOFE preserves LMk B and
LMOhs" Thus is because the holonomy operator hg is equivariant under the
action of Diff§ (S'). Therefore, the action of ¢ on PM:E when transferred to
PLE also restricts to an action on LE and on Lpol E.

In formulee, the two actions of Diff{ (S') are as follows: any element of P, F
can be written as > fI%v; where {v1,...,v,} is a basis for E. (. The usual
action is:

J

o | g | =D oouh;
J

and the new action is:
o | D P | = P
J J

One way to make the distinction between the two actions is to have two
views of the bundle LE — LM. In one, a fibre L, E is inextricably linked to the
points of v(S1). In the other, the fibre L. E is linked only to the map ~. In the
former, reparametrising the loop « does not change v(S*) and so the fibres L, F
and Lo, E are closely related. Any reasonable — in this view — group action
must preserve this relationship. In the latter view, reparametrising the loop
changes it and so there is no intrinsic relationship between the fibres L, E and
LosE. Therefore there is no special relationship for a reasonable group action
to preserve.

4.4 Loop Bundles and Twisted K-Theory

As mentioned in the previous section, the construction of the polynomial loop
bundle started from a connection on the original bundle over M but a connection

provides rather more structure than is needed. The vital piece was the section

of the bundle hg of @240 — LM and the isomorphism of LE with Lae " E.

Thus any pair (x, ¥) where y is a section of Q*° — LM and ¥ is a bundle
isomorphism of L{)Vé;O’XE with LE will do. However, if one wants x and ¥ to
come from structure on M, a connection is the simplest starting point. This
ensures that the fibres of the polynomial loop bundle are related to the points
on M over which they lie.

The section hg (rather, hgl) can be thought of as a type of classifying map of
the bundle LE. It is not, strictly speaking, a classifying map as it does not land

in BLG. Rather it classifies LE “up to constant loops”. The basic idea of this
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viewpoint is that when considering infinite dimensional geometry, anything finite
dimensional is relatively uninteresting or already well-understood. Therefore,
saying that a bundle is trivial “up to constant loops” is saying that it is really
a finite dimensional object that has been enhanced in some trivial way to make
it appear infinite dimensional and therefore is of little interest. For example,
with polynomial loops, the “polynomial” part is really defined for based loops.
To get the free polynomial loops, one simply includes the constant loops in an
appropriate way.

To make this slightly more mathematical, recall that the free loop group,
LG, is the semi-direct product of the based loop group and the constant loops.
That is, there is a split short exact sequence:

QG — LG <« G.

Thus within the class of LG-objects are those which come from G-objects via
the inclusion G — LG. For example, within the class of vector bundles over
a space Y with fibre LC" lie the vector bundles of the form F ® LC for some
n-dimensional vector bundle F — Y.

There is a similar sequence of classifying spaces. A particular choice of
classifying spaces, used for example in [CS04], is:

G — EG Xonj G — BG.

Given a classifying map Y — BG we can thus pull-back the G-bundle (which
is not a principal bundle but rather a bundle of groups) over Y. We interpret
this as a bundle over Y with fibre BQQG. Thus a section of this bundle defines
a twisted principal QG-bundle over Y. A section of the BQG-bundle is also a
map from Y to EG Xconj G = BLG and thus classifies a principal LG-bundle.

Conversely, given a classifying map Y — BLG = EG XconjG, we can project
down onto BG and pull-back the G-bundle as above. The original classifying
map then defines a section of this G-bundle and so a twisted principal Q2G-bundle
over Y.

Hence a principal LG-bundle can be interpreted as a principal QG-bundle
twisted by a principal G-bundle. The G-bundle that defines the twisting is the
pull-back of the principal G-bundle from BG. The BQG-bundle used above is
the adjoint bundle of this principal G-bundle.

This is actually an unstable phenomenon, at least in the case of U,,. There is
a group homomorphism LU,, — U,, X Gryes(H) which is a homotopy equivalence
in the stable range. Thus EUs Xconj Uss ™~ BUs X Us. In fact, by choosing
appropriate models for Uy, and BU,, we can make this a homeomorphism. Let
H be a complex, separable infinite dimensional Hilbert space. Let U(H) be the
unitary operators on H. Let Ux be the unitary operators on H of the form
14 T for some compact operator T. Then by [Kui65] and [Pal65], U(H) is
contractible and Uk ~ Us. The maps U(H) Xconj Ux < BUx x Uk are:

[9,0) = ([, apa™ "), ([q),p) — [g,q "pal,

where we use the fact that Ux is normal in U(H). Thus the twisting of an
QUso-bundle by a Uy-bundle is trivial.

We end by noting in passing that the splitting of BLU, is related to the
fact that LU, is its own (based) loop space and hence its own classifying space.
Thus, for example, it defines a ring spectrum and hence a generalised cohomol-
ogy theory of period 1. It is not a very interesting theory as it is just K04+ K 1.
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5 The Dirac Operator on the Loop Space

In this section we construct the Dirac operator on the loop space of an appropri-
ate manifold. We start with a review of the theory of spin in infinite dimensions
and its links to loop groups. We then turn to the question of what structure on
the original manifold gives rise to a spin structure on the loop space. Finally,
we construct the Dirac operator.

5.1 Spin Structures and Polarisations

In this section we shall review the essential details of the construction of the spin
representation in infinite dimensions, also referred to as the Fock representation.
This is gleaned mostly from [PR94] with the application to loop spaces coming
from [PS86].

Let V be an infinite dimensional real vector space with a continuous inner
product, (-,-). Let J be a choice of unitary structure on V; that is, J is an
orthogonal transformation on V' such that J? = —1. Let V; denote V with this
complex structure and let (-, -) be the hermitian inner product on V; defined by
(u,v) = (u,v) +1i (u, Jv).

Let H; be the Hilbert space completion of A*V, the exterior power of Vj,
with respect to the inner product:

0 14k

Ao Aug, v A A =
(u Uk, U1 v {det((ui,vj» I— k.

Recall that £(H;) is the Banach space of (complex) continuous linear maps
from H to itself. Define operators ¢: V — L(H;) and a : V — L(H) by:

c()ur A Aug =vAup A Aug
k
a(v)ul/\"'/\’luc:Z(—l)j71<ui,u>ul/\.../\@/\.../\uk'
j=1

Let m: V — L(Hj) be the operator ¢ + a.

Proposition 5.1 The operator c is complex linear and a is conjugate linear,
regarding V as Vj, and they satisfy the canonical anti-commutation relations:

{e(w), a(v)} = (u,v)
{e(w), e(v)} = {a(u),a(v)} =0

where for operators X, Y, {X, Y} = XY +YX.
Hence 7 is real linear and satisfies w(v)? = (v,v) 1.

The map = is called Clifford multiplication. The space H; decomposes as
H:'} @ H; with H}' the completion of A"V and H; of A°9Y; . With respect
to this grading, Clifford multiplication is of odd degree. That is, it interchanges
the factors.

It is fairly obvious, and is described in [PR94, theorem 1.2.7], that the con-
struction of the Fock representation factors through the Hilbert completion of
V defined by the inner product. Thus if V is a subspace of V', possibly with a
finer topology, that is dense in V' with the inner product topology and such that
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J restricts to a unitary structure on V then the Fock representations of (V| J)
and (V,.J) are the same.

The implementation question is the following: let O(V') be the orthogonal
group of V. For which g € O(V) is there some U, € U(H) such that 7(gv) =
Ugm(v)U; 7 Tt is answered by:

Theorem 5.2 ([PR94, ch 3]) For g € O(V) there is some U, € U(Hj)
such that w(gv) = Uym(v)U; Y if and only if [g,J] is a Hilbert-Schmidt operator.
Moreover, if U, and Uy, both implement g then U, = AU, for some \ € St

An operator T : H; — H, between Hilbert spaces is said to be Hilbert-
Schmidt if for some, and hence every, orthogonal basis {e;} of Hy then (||Te;]|)
is square summable. The subgroup of O(V) consisting of g such that [g, J] is
Hilbert-Schmidt is written O (V') in [PR94].

An intimately related problem is that of equivalence: given unitary struc-
tures J and K on V, what condition is equivalent to there being a unitary
transformation T : H; — Hp such that m;(v) = Trg(v)T~1? The answer is
given by:

Theorem 5.3 ([PR94, ch 3]) Let J and K be unitary structures on V.. The
Fock representations Hy and Hy are unitarily equivalent if and only if J — K
is Hilbert-Schmidt.

Thus one could define a Fock structure on V to be an equivalence class of
unitary structures. The Fock representation would then only depend on this
class, rather than the explicit choice of unitary structure. This idea provides a
neat sequé from the theory of Fock representations to that of polarisations.

There are various equivalent definitions of a polarisation, we choose the one
that is closest to the theory of unitary structures. The theory of polarisations
and the relationship with loop groups is the subject of [PS86]. The following
definitions are equivalent to those from [PS86, ch 6] although we have used
notation similar to that of [PR94] for better comparison with the theory of
unitary structures.

Definition 5.4 Let H be a complex Hilbert space. A polarising operator on H
is an operator J € L(H) such that J*> + I is trace class and J £l are not finite
rank.

A polarisation on H is an equivalence class of polarising operators under the
relation J; ~ Jo if and only if J, — Jo is Hilbert-Schmidt.

Let J be a polarisation on H. The restricted general linear group of H with
respect to J, Gly(H), is defined as the subgroup of GI(H) consisting of those
A for which [A, J] is Hilbert-Schmidt for one, and hence all, J € J.

In [PS86], the notation used is Glyes(H). The notation Gly(H) emphasises
the dependence on the polarisation J. The operator used in the above definition
is slightly different from the operator J used in [PS86, ch 6]. To get from the
one to the other, multiply by —i.

Clearly a polarising operator J defines a polarisation by taking the equiva-
lence class of J. Thus a unitary structure J on a real Hilbert space H gives rise
to a polarisation on the complexification H¢ by taking the equivalence class of J,
extended to the complexification by linearity. With respect to this polarisation,
it is evident that O;(H) = Gl7(Hc) N O(H).

There are three equivalent definitions of a unitary structure given in [PR94,
ch 2.1]. Using these correspondences, a careful examination of [PS86, ch 12]
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reveals that the standard unitary structure on L?(S!,R?") is defined in the
following way: Let {ex} be the standard basis for R?". Let Jy : R?" — R?" be
the complex structure Jpeop = ear—1, Joeak—1 = —eai. The unitary structure
on L2(S1,R?") is defined by the operator J which satisfies:

J(vcosk®) = vsin kd
J(vsink#) = —v cos k0
J(’U) = Jo(’U).

Here we identify R?" with the subspace of constant loops in L?(S!, R?").
The standard polarisation operator J on L?(S!,C™) satisfies the identity:

J(v2F) = —(—1)58nF) gy 2k,

Proposition 5.5 The standard polarisation on L?(S*,C?") is that defined by
the standard unitary structure on L*(S*,R*"). If m is odd, the standard polar-
isation on L?(S1,C™) does not contain a unitary structure for L?>(S*,R™).

Proof. To distinguish the operators, let Jr denote the unitary structure on
L?(S*,R?") and also its extension to L?(S',C?"). Let Jc be the polarising
operator on L?(S*,C™). The first part of the proposition follows from the
observation that Jg and Jc agree on the subspace of L%(S!, C?") consisting
of loops orthogonal to the constant loops. This has finite codimension and
so Jo — Jg is finite rank. Thus Jg and J¢ define the same polarisation on

L2(Sl7(c2n)_
Let m be odd. Let {ex} be the standard basis for R™. Let Jp : R™ — R™
be the map Joear = ean—1, Joe2k—1 = —e€ax, Joem = 0. Let Jr be the map on

L?(S*,R™) defined using Jy as for the even dimensional case. This restricts to
a unitary structure on the subspace (em>L. As before, Jg and Jc agree on the
subspace of loops orthogonal to the constant loops and thus define the same
polarisation on L?(S1,C™).

Let K be a unitary structure on L?(S*,R™). The space L?(S1,C™) decom-
poses orthogonally according to the eigenspaces of Jg and of K. Corresponding
to Jg we have L?(S',C™) = V, ®V_@C as +i-eigenspaces and the 0-eigenspace.
Corresponding to K we have L?(S!,C™) = W, @ W_. Let ¥ denote the op-
eration of complex conjugation on L?(S',C™). Then SWy = W, XV, = Vg,
and XC = C.

The identity map decomposes as the matrix:

a b c

Here a : V; — W, is the inclusion of Vi followed by the projection onto
W, and similarly for the other entries. Since the identity map commutes with
complex conjugation, d = X203, e = YaX, and f = 3.

Now assume that Jg — K is Hilbert-Schmidt.

The operator b : V. — W, can be written as (I — iK)(I + iJg)P where
P:VioV_@C — Vi & V_ is the orthogonal projection. This expands to
1T+ KJg+i(Jr— K))P. As K* = —I, I + KJg = K(Jr — K) and therefore b
is Hilbert-Schmidt. Similarly, d is Hilbert-Schmidt. Since ¢ and f have domain
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C, they are finite rank. Thus the operator a + e differs from the identity by a
compact operator so is Fredholm of index zero.

Since a and e start from orthogonal subspaces and end in orthogonal sub-
spaces, the fact that a 4+ e is Fredholm implies that both a and e are also
Fredholm. The identity e = YaX then implies that Indexa = Indexe. The
matrix form of a + e is:

a 0 O
[O e O]

from which it is evident that the index of a + e is Indexa + Indexe + 1. This
is incompatible with Indexa = Indexe and so we deduce that Jg — K cannot
be Hilbert-Schmidt. Hence there is no unitary structure for L?(S*, R™) in the
standard polarisation of L?(St, C™). O

For the record, we note the following properties of the groups associated to
the standard polarisation on L?(S*,C?"*) and the standard unitary structure on
L2(St, R?™).

Lemma 5.6 Let H = L?(S',R?*") and let J be the standard unitary struc-
ture on H. Let Hc = L*(S',C?") be the complexification and J the standard
polarisation on Hc.

1. 0y(H) = Gl (He) N O(H);
2. let Us(He) = Gly(He) NU(He), then Uy (He) — Gly(He) is a defor-

mation retract;

3. let Gl;(H) = Gly(He) NGI(H), then Oy(H) — Gl;(H) is a deformation
retract; and

4. Uz(Hg) ~QU, O, (H) ~ QO.

In [PS86, ch 6], it is shown that the natural action of LUs,, on Hc defines
an inclusion LUy, — Uy (Hc). Since LOsqy, = LUs, NO(H), it follows that the
natural action of LOs,, on H defines an inclusion LOs,, — O;(H).

The action of O;(H) on H; is projective. That is, there is a central S*-
extension of O;(H), usually written Pinj(H) (the identity component being
Spin ;(H)), which acts unitarily on H ;. This central extension is classified by a
generator of H?(O;(H),Z), which is isomorphic to Z.

Examining LOs,, we see that it has four components. The identity compo-
nent is the semi-direct product SOz, X2 Spin,,, which has double cover L Spin,,,.
The central extension of O ;(H) pulls back to a central S'-extension of L Spin,,,
written ZSpinzn. This is classified by a generator of H?(L Spin,,,, Z), which is
also isomorphic to Z. Note also that the transgression map 7 : H®(Spin,,,, Z) —
H*~1(L Spin,,, Z) is an isomorphism from degree 3 to degree 2.

The two components of Pin; can be easily distinguished. Recall that H;
decomposes as ]HI.J]r ® H;. The identity component of Pin;(H), whence also
L Spin,,,, preserves this decomposition. The other component swaps the factors.

Finally, the circle action on L?(S*,R?*") lies in O;(H) and has a canonical
lift to Piny(H). This defines a circle action on H ;. The circle action on L Spin,,,
therefore lifts to L Spin,,, and the action of L Spin,,, on H is circle equivariant.
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5.2 String Manifolds and Spin Connections

In this section we explain how a string structure on a manifold defines a connec-
tion on the spin bundle of the loop space. Let M be an oriented, Riemannian
manifold of even dimension d. Let R — M be the principal SO4-bundle deter-
mined by the metric and the orientation. Let w : TR — so4 be the Levi-Civita
connection on M.

The group Spin, is the connected double cover of SO4, universal if d > 2.
A spin structure on M is a principal Sping-bundle ¢ — M such that @ is a
double covering of R and the following diagram commutes:

Sping XQ —— @

l l

SOdXR — R.

The manifold M admits a spin structure if and only if we(M) = 0; the
set of isomorphism classes of spin structures is in bijective correspondence with
HY(M;Zs).

In order that the loop space, LM, admit a spin structure the structure
group of LM must lift from L Spin, to L Spin,;. We would also like this to be
Sl-equivariant. The L Spin -principal bundle on LM is LQ. Thus we are asking
for an S'-bundle, equivalently a line bundle, over L@ with certain properties.
The primary property is that on fibres it must pull-back to the fibration S L
L Spin; — L Spin,.

As explained in [Bry93, ch VI], line bundles on loop spaces are closely re-
lated to gerbes on the original manifold. In particular, the central extension
L Spin, of L Spin, corresponds to the gerbe of Spin, classified by the generator
of H3(Spiny;Z) (recall that as a simply connected, simple Lie group, there is
a canonical isomorphism of H?(Spin,;Z) with Z and hence a canonical genera-
tor). Rather than asking for a line bundle over L) we therefore ask for a gerbe
over (). This has the considerable advantage that the line bundle defined by the
gerbe will be Diff *(S!)-equivariant.

We have to answer the following question: what is the obstruction to con-
structing a gerbe on ) which on fibres pulls-back to the fundamental gerbe on
Spin,;? We can rephrase this question in cohomological terms where it becomes:
when can we find an element a € H3(Q;Z) such that if i : Spin; — Q is the
inclusion of a fibre then i*a is the generator of H?3(Spin,;Z)?

To answer this we examine the Serre spectral sequence of the fibration
Sping — @ — M. The first part of the Ea-term is:

3 H?3(Sping; Z)

2 0 0 0

1 0 0 0 0

0 HO(M;Z) HY(M;Z) H*M;Z) H3(M;Z) H(M;Z)
| 0 1 2 3 4

This contains all the possible contributions to H?(Q;Z). The only part
that might not persist to the E.-term is H3(Sping;Z) in the (0,3) position.
This persists until the Ej-term where the differential is dy : H3(Sping; Z) —
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H*(M;Z). Let A\ € H*(M;Z) denote the image of the canonical generator of
H3(Sping; Z) under dy4. If A\ = 0 then H3(Q;Z) = H3(M;Z) ® H?(Sping; Z)
and the inclusion of a fibre induces the projection H*(M;Z) & H?(Sping; Z) —
H3(Sping; Z). If X\ # 0 then H?(Q;Z) = H3(M;Z) and the inclusion of a fibre
is the zero map on H3. The class \ is known to satisfy 2\ = p; (M) which has
led to it being written as p;(M)/2. This notation is somewhat misleading as A
depends on the choice of spin structure on M.

Definition 5.7 A manifold M is a string manifold if it is an oriented, Rieman-
nian, spin manifold such that A = 0 together with a choice of string structure.
That is, a choice of gerbe, G, over the spin structure Q — M which on fibres is
the fundamental gerbe on Spin,.

Once we have a string structure, there is a natural notion of a string con-
nection.

Definition 5.8 A string connection on a string manifold with string manifold
with string structure G consists of the Levi-Civita connection on @ and a Sping,-
equivariant connective structure on the gerbe G.

Theorem 5.9 A string connection on M defines a Diff*(S1)-equivariant spin
connection on LM .

Compare this result with that of [Man02].

Proof. The Levi-Civita connection on M is a map w : TR — so04. As Spin; —
SOy is a covering map, it is a local diffeomorphism and so sping; = so4. Thus the
Levi-Civita connection lifts to a connection on Q via w’ : TQ — TR <5 soq =
spin,. The loop of this is a Diff T (S')-equivariant map Lw’ : TLQ — Lspin,,.
This is also a connection.

The gerbe with its connective structure defines a Diff " (S!)-equivariant S*-
bundle EQ — L@ with a connection « : TZQ — R. As the gerbe on M
pulls back to the fundamental gerbe on fibres, so also LQ — LQ pulls back to
L Spin,; — L Spin, on fibres. Also, the connection is L Spin;-equivariant. Hence
Lo ®a:TLQ — Lspin; ® R is a connection on LQ. O

5.3 The Dirac Operator

We can now construct the Dirac operator. Let M be a finite dimensional,
simply connected, string manifold. The loop space LM thus has a spin structure
with spin connection. The Levi-Civita connection on the tangent bundle of M
defines the polynomial loop bundle, LyoT'M, and thus the Hilbert completion
of T*"LM = L*TM.

The spinor bundles, ST, S~, of LM are constructed from L?TM. As L>*TM
is a real Hilbert bundle, it is canonically isomorphic to its dual, L>*T M. Thus
we can view the spinor bundle as being constructed from either L2TM or
L2*TM as seems appropriate. The point of having the two approaches is to
distinguish between L?>TM as the completion of LT M and of L*TM and thus
determine which of the finite dimensional constructions we are generalising.

The spin connection on LM defines a covariant differential operator:

V:T(ST) = I(L(TLM,ST)).

By taking the spinor bundles from L?*TM, we are considering this to be
the completion of L*TM = T*LM. Thus we consider Clifford multiplication to
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be a fibrewise map L*T'M — L(S). The following proposition is essentially the
remarkable isomorphism and will enable us to compose this with the covariant
differential operator to define the Dirac operator.

Proposition 5.10 Let V' be a complete nuclear reflexive space with a continuous
inner product. Let J be a unitary structure on V. The map © : V — L(H)
defines a continuous linear map m: L(V* Hy) — Hj.

Before proving this, we show how this leads to the definition of the Dirac
operator. We are considering ST and S~ to be constructed from the cotangent
bundle, T* LM . Therefore, we take V in the statement of the proposition to be
L*R™ which is a complete nuclear reflexive space. Since its dual is LR™, Clifford
multiplication defines a fibrewise linear map:

7 L(LTM,ST) — S™.

Definition 5.11 The Dirac operator, @ : T'(ST) — I'(S™), on LM is the com-
position:
§:T(ST) L D(L(TLM,ST)) S T(S7).

Since every piece of structure that went into its construction is equivariant
under rotations of the circle, the Dirac operator is similarly equivariant.
We conclude with the proof of proposition 5.10:

Proof of proposition 5.10. Let H denote the Hilbert space completion of V' with
respect to the inner product topology defined by the inner product on V. From
[PR94, ch 2.4], we know that 7 : V — L(Hj) extends to an isometric inclusion
m: H — L(Hy). The map H x H; — Hy, (z,£) — 7w(x)¢, is therefore con-
tinuous. From [Sch71, ch III, §6], it extends to a continuous linear map with
domain the projective tensor product HQH.

The inclusion V' — H induces a continuous linear map VRH,; — HRH,.
From [Sch71, ch TV, §9.4], as V is a complete nuclear space then the space V®H ;
is isomorphic to L(V,H); where this denotes the space of linear maps from
V* to H;. The topology on V* is the Mackay topology and the topology on the
space of maps is that of uniform convergence on equicontinuous sets.

From [Sch71, ch TV, §5] we deduce that as V is reflexive, the Mackay topol-
ogy on the dual agrees with the strong topology. Also as V is reflexive, it is
barrelled and so equicontinuous sets in V* are the same as bounded sets. Hence
L (VF¥Hy) =LV Hy). O
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Appendix: Inner Products on the Space of Dis-
tributions

In this appendix we examine inner products on L*R"™. The goal is to classify the
inner products on L*R"™ which have the following properties: the inner product is
invariant under the circle action, the involution of reversing loops is orthogonal,
and the operations of multiplication by cosf and sin 8 are continuous.

We shall actually work with &*, the dual of the space of rapidly decreasing,
complex-valued, Z-indexed sequences. As a sequence space, this is particularly
simple to describe and therefore to work with. Taking Fourier coefficients defines
an isomorphism LC — & which allows us to transfer information from S* to
L*C. Using the description of LC™ as LC @ C™, we can extend the description
to the dual of LC™, and thence to the dual of the underlying real space LR".

As a preliminary, we shall prove a negative result. We shall show that there
is no “natural” inner product on L*C. That is, if LC* = L(C*) denotes the
space of never-zero smooth loops in C then there is no inner product on L*C
such that the group LC* acts continuously with respect to the inner product
topology. This is in stark contrast to the situation for LC where LC* does act
continuously with respect to the standard inner product.

Theorem A.12 Let L.C be a class of loops in C with the following properties:

1. there are continuous inclusions C — L.C — LY>®C, where C corresponds
to the constant loops and L1*>°C is the space of continuously differentiable
loops;

2. the class of loops is preserved under products; thus L.C* acts on L.C and
hence, via the adjoint map, on L:C;

3. L.C is reflexive;
4. L.C cannot be given the structure of a Hilbert space;

then for any inner product on L:C there is some a € L.C* which acts unbound-
edly on L:C with respect to the inner product topology.

Proof. Let (-,-) be a continuous inner product on L:C. Let H denote the Hilbert
space completion of L*C with respect to (-,-). The dual of the inclusion of L*C
in H isamap H* — L¥*C = L.C.

Suppose that L.C* acts continuously on L'C with respect to the inner
product topology. This implies that H* is preserved in L.C by L.C*. Suppose
that H* N L.C* # (). Because L.C* is a group, this implies that L.C* C H*.
The linear span of L.C* is L.C so H* = L.C. However, this implies that
H* — L.C is a continuous, linear bijection from a Hilbert space onto L.C
which contradicts the fourth assumption.

Thus we need to show that the other assumptions imply that H*NL.C* # ().
In other words, we need to show that there is an element in H* which is never
zero. To do this, we shall use the Banach-Steinhaus theorem as stated in [Sch71,
IT1, §4.6]. As L.C is reflexive, it is the dual of L:C. We shall write the evaluation
of € L.C on a € L:C as a(«) rather than a(a) to avoid confusion with the
notation a(\) for the evaluation of a on A € St.

From the corollary to [Sch71, IV, §2.3], as the inclusion L3C — H is injective
with weakly dense image, the map H* — L}C is also injective with weakly dense
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image. Thus there is a sequence (a,) in H* which converges weakly to 1. That
is, for all a € LC, (a(ay,)) converges in C to a(1). The space L:C is reflexive,
hence barrelled, and so the Banach-Steinhaus theorem applies. This states that
() converges to 1 uniformly on each compact subset of L*C. We shall find a
particularly convenient compact subset of L}C.

The norm on L>°C is 1711100 = sup{|v(N)], [/ (N[} For A € St there is
an element ey of L1'>C which evaluates a loop at time A. If v € LV*°C with
[I7]l; o < 1 then « is Lipschitz with constant K < 1. Therefore |ex(y) — ex ()]
is less than or equal to the smaller angle between A and \'. Hence A — ¢, is a
continuous map from S* to L1*>°"C. Composing this with the dual of the map
L.C — LY*°C defines a continuous map S* — L*C. Its image is thus compact
and therefore (cv,) — 1 uniformly on {ey : A € S}.

Hence there is some N such that for n > N, |ex(an) —ex(1)] < 1 for all
A € St Thus |an(A) — 1] < 1s0 ay(A) # 0 for all A € S*. Hence H* contains

an element which is never zero. O

A.1 Inner Products on Distribution Space

In this section we investigate those inner products on S* which, under the
isomorphism §* = L*C, are invariant under the circle action and the involution
of reversing loops, and such that multiplication by z is continuous in the inner
product topology. In this investigation, we use S* because it is a sequence space
and so we have a good presentation of elements of S* and of operators acting
on it. We start by transferring the aforementioned operators from L*C to S§*.

Definition A.13 Define the operators Ry for A € S', 1, and z on S to be the
operators corresponding under the Fourier isomorphism & = LC to rotation by
A, reversal of the circle, and multiplication by z, respectively. We shall use the
same notation for their adjoints which act on §*.

The maps A — Ry € L(S) and A — Ry € L(S*) define an action of the
circle on § and §* respectively. We shall refer to ¢ as the natural involution on
S and S*.

For p € Z, let e? € S and e, € &* both denote the sequence with a 1 in
the pth place and zero elsewhere. The sets {eP} and {e,} are topologically free
bases for S and S* respectively.

Lemma A.14 In terms of the bases {e’} and {e,}, the operators Ry, ¢, and z
are given by the formule:

RyeP = \PeP e =e™P 2eP = ePt!

—\P — —
Rye, = A"Pe, tep =e_p zep = €p_1

Definition A.15 Let C denote the cone of positive semi-definite, sesquilinear
forms on 8* which are invariant under the action of the circle and under the
action of the natural involution. Let C* C C denote the sub-cone consisting of
positive definite forms.

Let T denote the cone of positive, rapidly decreasing sequences (ap) such
that a, = a_p for all p € Z. Let T denote the sub-cone of strictly positive
sequences.

Theorem A.16 The map (-,-) — ((ep,ep)) defines a bijection of cones from C
to T such that CT is carried onto T+.
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Proof. As the set {e, : p € Z} is a basis for S*, any sesquilinear form, (-,-),
on 8* is completely determined by the Z x Z-indexed set of numbers {(e,,eq)}.
We shall refer to this as the double sequence associated to (-, -).

Suppose that (-,-) is a sesquilinear form on &* invariant under the action of
R, for some A € S! not of finite order. Then for all p,q € Z, (Rxep, Raeq) =
(ep, eq). Using the formula from lemma A.14, the left-hand side of this equation
is X977 (ep, €q). As A is not of finite order, this implies that (ep, eq) = 0 for p # q.
Thus the double sequence associated to (-, ) is zero off the main diagonal.

Conversely, suppose that (-,-) is a sesquilinear form on &* such that the
associated double sequence is zero off the main diagonal. For a = (a?) € S§*, the
number (a,a) is given by the formula > |a®| (ep, ep). Thus as Rya = (A"Pa?),
(Raa, Rya) = (a,a) for any A € S1. Hence (-,-) is invariant under the circle
action.

If, in addition, the natural involution acts unitarily — that is, the sesquilinear
form is invariant under the action of the natural involution — then lemma A.14
shows that (ep, e,) = (e—p,e—p). The converse is immediate.

Let (-, -) be a sesquilinear form which is invariant under the circle action and
under the natural involution. Let a, = (ep,e,) for p € Z. The form (-,-) is
continuous and therefore defines a conjugate linear map S* — S** = S. Under
this map, an element b € S* is taken to the sequence ((e;, b)). Let I € S* denote
the sequence consisting completely of 1s. Under the map §* — S defined by
the form, this element is taken to ((ep, 1)) = (ap). Hence the sequence (a,) is
rapidly decreasing and thus the map in the statement of the theorem is well-
defined.

Thus a sesquilinear form which is invariant under the circle action and under
the natural involution is completely determined by the sequence ((ep,e;)). It is
simple to see that the sequence is positive if and only if the sesquilinear form
is positive semi-definite, and that the sequence is strictly positive if and only if
the sesquilinear form is positive definite. Thus the sequence is an element of 7°
and is in 7T if and only if the original sesquilinear form were positive definite.
Whence the map C — 7 is well-defined and injective. A simple check shows
that this is a map of cones.

To show that the map is surjective, and hence a bijection, let (a,) € 7. Let
b= (b?) and ¢ = (cP) be elements of S*. There exist integers m,n > 0 such that
(p~™bP) and (p~"cP) are bounded. As (a,) is rapidly decreasing, the sequence
(p"T™*2a,) is bounded and hence (p"T™a,) is summable. Hence (b’cPay) is a
summable sequence and thus the formula:

(b,e) — Z bPcPay,
pEZ

is well-defined as a sesquilinear map §* x §* — C. It is evidently positive
semi-definite. To show continuity, it is sufficient to show that it is continuous
when restricted to each space {(zP) : (p~"a?) is bounded}. Continuity of this
restriction follows from the estimate:

Z bPera,| < sup{’p_”b”’} sup{’p_”c”‘} Z |p2"ap| )

PEL PEZL

Thus the sequence (a,) defines a sesquilinear form on S§*. It is clear that the
associated double sequence for this form is zero off the main diagonal and on
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the main diagonal is (ap). Thus it is invariant under the circle action and the
natural involution and so is an element of C. It is the preimage of (a,) under
the map C — 7 showing that the map is a bijection. O

Any continuous inner product on S§* defines a Hilbert space completion,
but the map from inner products to Hilbert space completions is not injective.
Two inner products define the same Hilbert space completion if and only if the
identity map on &* extends to an isomorphism between the completions. This
condition can be stated elegantly in terms of the sequences in 7' associated to
the given inner products:

Lemma A.17 Let (ay),(b,) € TT. The Hilbert space completions defined by
the inner products associated to (ap) and (by) are equivalent if and only if the
sequences (a,/b,) and (by/ap) are bounded.

We now turn to the operator z and determine the answer to the following
question: for which inner products on S&* is the operator z continuous with
respect to the inner product topology?

Proposition A.18 Let (a,) € TT. Let (-,-) be the associated inner product on
S*. The operator z is continuous with respect to the inner product topology if
and only if the sequence of ratios (ap/ap+1) is bounded.

In this case, ||z||* = sup{ap/ap+1}-

Notice that as a, = a_,, the sequence (a,/ap—1) is just (ap/ap+1) in reverse
order. Moreover, we cannot have z acting unitarily as this would imply that
(ap) is constant, contradicting the fact that it is rapidly decreasing.

Proof. Let ||-|| be the norm defined by the inner product. Suppose that z is
continuous with respect to the inner product topology on &*. In particular,
lzept1ll < ||2]l llep+1|l for all p. From lemma A.14, ze,+1 = e,. Thus for p € Z,
Vap < ||z|l \/apy1. Hence the sequence (ay,/ap+1) is bounded above by [|2]%.

Conversely, suppose that (a,/a,11) is bounded above by, say, M. Let b =
(bP) € S*, then:

120 = > [P ap < D[0P Magir = M |p]*.

Thus z is continuous with respect to ||-|| and so extends to a continuous linear
operator on H. Moreover, ||z||> < M.

Combining the two relationships for ||z|| shows that ||z]|*> = sup{ap/apt1 :
p € Z} when either side exists. O

Corollary A.19 Let (ap) € T be such that (ap/apt1) is bounded. For each
q € Z, the operator 29 is continuous with respect to the inner product topology
and ”ZqH2 = sup{a,/ap+q}-

Corollary A.20 Let C, be the subset of C consisting of those inner products for
which the operation of multiplication by z is continuous, T, the corresponding
sub-cone of T. Then C, is a non-empty sub-cone of CT.

Proof. The set T, consists of those sequences (a,) € 7+ for which (a,/ap41) is
bounded. This is non-empty as the sequence (27/71) lies in 7.

Clearly, if (ap) € 7. then for any t > 0, (tap) € T.. If (a,),(bp) € T,
then there exist M, N > 0 such that a,/apy1 < M and b,/b,11 < N for all
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p. Equivalently, a, < Mapyq and b, < Nbpyi. Let R = max{M, N}, then
ap+ by, < R(apt1 +bps1) so ((ap + bp)/(ap+1 + bpt1)) is bounded, hence lies in
T..

Therefore 7, is a sub-cone of 77 and so C, is a sub-cone of CT. O

These inner products transfer to L*C via the isomorphism L*C — S*. We
can find a formula which is more natural on LC.

Proposition A.21 Let (-,-) € C. Let (ap) € T be the associated sequence.
Thinking of T as a subset of S, let v, € LC be the image of (ap) under the
isomorphism S = LC.

Under the isomorphism 8* = L*C, the form (-,-) is given by the formula
(b,¢) — b(¢ov,) where coy, € LC is the map A — ¢(Ry-17a)-

Proof. The map S x S* — C defined by (\, 1) — 7a(A"1p) is the composition
of smooth maps hence is smooth. Therefore by the exponential law for smooth
maps, [KM97, 1.3], its adjoint, A — Ry-17,, is a smooth map S* — LC. The
element ¢ € L*C is a continuous linear map LC — C, hence is smooth, so the
map A — ¢(Ry-17,) is a smooth map S' — C. Thus the formula (b,c) —
b(c o v,) makes sense. It is also evident that the map ¢ — c ¢+, is continuous
and so (b,¢) — b(¢oy,) is at least separately continuous and thus completely
determined by its effect on a basis.

Using the isomorphisms LC =2 S and L*C = §*, we transfer these operators
to S and S8*. Under these isomorphisms, Ry-17, becomes the sequence (A Pa,)
and so eq(Ryx-17,) = A" %aq. Thus e ¢, is the sequence corresponding to the
function A — A7 %a, which is age™9. Therefore, Xe,(eq ©va) = e—p(age™?) =

aqod.
Hence the sesquilinear form on L*C, (b,¢) — b(¢ ¢ ~,), corresponds to the
original sesquilinear form on S*, ((b), (¢?)) — > bPcPa,. O

The inner products we consider on §* and L*C arise as inner products on
the underlying real spaces and therefore give a classification of inner products
on L*R which are invariant under the circle action and the natural involution,
and also of those for which the operations of multiplication by cos# and by sin ¢
are continuous.

Proposition A.22 The sesquilinear forms on 8* and L*C considered above
are the complexifications of sesquilinear forms on the underlying real spaces of
both §* and L*C.

Proof. For 8*, this is evident from the formula. For L*C, it follows from the
invariance under ¢ together with the fact that + intertwines the complex conjuga-
tion operators arising from §* and L*C (note that the isomorphism L*C — S&*
does not induce an isomorphism of real structures and thus the complex conju-
gation operators differ). O

A.2 Polarisations

In this section we examine how the theory of polarisations, and thus of unitary
structures, interacts with these inner products on the space of distributions.
We examine an inner product on L*C™ determined by a sequence in 7,. To
pass from an inner product on L*C to one on L*C", we use the isomorphism
L*C™ 2 L*C ® C™ together with the the standard inner product on C”.
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Lemma A.23 Let J be the operator on S* defined by Je, = —(—1)5i9”(”)i6p,
Let (-,-) € CT be an inner product on 8* and let H be the corresponding Hilbert
space completion. Then the operator J defines a polarisation of H.

This extends in a natural way to a polarisation of the Hilbert completion of
L=Cn.

Proof. Let (ap) € T be the sequence corresponding to the inner product. For
b= (b") € S§*, it follows straight from the formula for J that (Jb, Jb) = (b,b)
and therefore J extends to a unitary operator on H. It satisfies J? = —1 and
J il are not finite rank. Therefore, it defines a polarisation on H.

To extend this to the Hilbert completion of L*C™, we observe that this
completion is naturally isomorphic to H ® C™. The polarising operator J on H
defines one on H ® C™ by taking J ® I,,. O

Definition A.24 The polarisation J so defined on the completion of L*C™ is
called the standard polarisation.

Proposition A.25 Let (a,) € 7.. Let H be the associated Hilbert space com-
pletion of L*C™. The polynomial loop group LpoU, acts continuously on H and
preserves the polarisation.

Proof. Let J be the polarising operator on H as defined in lemma A.23. Let
L7(H) be the set of all bounded linear operators A on H such that [A, J] is
Hilbert-Schmidt. It is clear that Gl7(H) = GI(H) N L7(H). The norm of an
element A € L7(H) is the sum of the operator norm of of A and the Hilbert-
Schmidt norm of [A, J].

There is an isometry M, (C) — L(H) given by A(a ® v) = a ® Av, thinking
of H as the completion of L*C ® C™. This maps continuously into £z (H) since
A € M,(C) commutes with .J.

The operator z acts continuously on H and [J, 2] is finite rank. It therefore
lies in £7(H). Thus the image of L, M,,(C) in L(H) lies in L7(H). Thus the
image of LyoiU, lies in Gl (H). O

Proposition A.26 The inclusion Ly U, — Gl (H) is homotopic to the stan-
dard inclusion which factors through LU, .

Proof. Let T : H — L**C" be the isometry which takes e, to ,/aye,. This iden-
tifies Gl (H) with Gl7(L?*C") and so defines the map LyoiU, — Gl7(L?*C").

Let ¢; : L?*C™ — L**C™ be the map defined by (;(e,,) = (ap—1/a,)%e,—1.
As a, is positive for all p, the formula makes sense. Since (ap) lies in 7,
(ap—1/ap) is bounded above and below so (; is an isomorphism of Hilbert spaces.

The map (o is the (adjoint of the) map z. The map ¢; is the map T2T~!.
Therefore the two inclusions of L,qU, in Gl7(H) are > 294, — > (JA, and
> 274, — >" (] A,. The required homotopy is F(>_ z94,,t) = > (1 A,. O

This homotopy equivalence is closely related to the deformation retract
GI(H) — U(H). This retract uses the polar decomposition: any invertible
linear operator on H can be written in the form A = @ |A| where |A] is a
self-adjoint operator with strictly positive eigenvalues and @ is a unitary oper-
ator. The retraction maps A to @ and the homotopy equivalence is given by
contracting the eigenvalues of |A]| to 1.

49



This retract and homotopy equivalence restricts to give retracts and homo-
topy equivalences of the various standard subgroups of G1(H) onto their unitary
counterparts. Writing Hg for an underlying real Hilbert space of H, the map
GIl(H) — U(H) also maps:

Gl(Hgr) — O(Hg),
Gly(H) = Us(H),
Gl]( ]R) — OJ(H]R)

((C) - Una
Gl (R) —

The relation with the homotopy equivalence above comes about because in the
polar decomposition of {7, the unitary operator is z. The homotopy (; is the
homotopy which contracts the positive part to the identity.
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