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Introduction

These lecture notes are a written version of prerequisite lectures aimed at students
attending summer schools in Villa de Leyva, Colombia (1999-2011) on geometric (and
topological) methods for quantum field theory as well as parts of some postgraduate
lectures delivered at the Université Blaise Pascal, in Clermont-Ferrand, France in
2008, the University of Los Andes, Bogot4 in 2011 and 2015, the Lebanese University
(Université libanaise) in Beyrouth, Lebanon in 2012. They are intended for gradu-
ate students in mathematics or physics who need some basic concepts in differential
geometry, global analysis, operator algebras and pseudodifferential operators in view



of understanding how these are used in quantum field theory.

Far from being complete, these notes offer a first guide for the layperson, suggesting
further references for the interested reader. The list of references at the beginning of
each section is also far from complete and is just meant to give the reader a first hint
of the (often huge) literature on the subject. I have mostly chosen to refer to text
books and survey type articles, in order to limit the number of references.

Due to lack of space, I unfortunately have had to leave out numerous examples that
illustrate the sometimes rather abstract concepts presented here. The last chapter
somewhat compensates for this lack of example by illustrating in Yang-Mills, Seiberg-
Witten and string theory how the various concepts introduced in the previous chapter
can come into play to investigate the structure of the configuration and moduli spaces.

For the sake of simplicity, I chose to introduce the concepts of manifold and vec-
tor bundle in the simplest infinite dimensional setting, namely the Hilbert setting,
leaving aside the more subtle concepts needed in the Fréchet setting. A more general
infinite dimensional setting is described in [KM].

The Hilbert setting offers various simplifications; we have the very useful implicit
function theorem at hand and any closed subspace of a Hilbert space splits the Hilbert
space as a direct sum of this subspace with its orthogonal complement. Also, a par-
tition of unity can be defined on a Hilbert manifold, which is not always the case on
Banach manifolds.

In fact the most appropriate setting for our needs is the I.L.H. setting, namely the
inverse limit of Hilbert spaces [O] which we shall only briefly mention in the applica-
tions at the end of these notes.

These notes start at a leisurely pace but the material gets denser as one moves
along in the chapters, relying on the fact that the reader who is acquainted with the
first chapters is familiar enough with the geometric concepts to be able to use them
rather loosely in the last chapters.

The present lecture notes are organised in ten chapters; the first four chapters are
dedicated to prerequisites in differential geometry (including infinite dimensional Ba-
nach structures), chapters 5 to 8 are dedicated to operators and operator algebras of
different types, including a few basic facts concerning pseudodifferential operators.
Chapter 9 offers a brief incursion into index theory and Chapter 10 is dedicated to
the geometry of configuration and moduli spaces one comes across in Yang-Mills,
Seiberg-Witten and string theory.
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1 Manifolds, Lie algebras and Lie groups

1.1 Banach vector spaces
Useful references are [B], [Bre], [L], [Ru], [W].

Recall that a Banach vector space (we shall say Banach space for short) is a vec-
tor space equipped with a norm for which it is closed.

Definition 1 Let E and F' be two Banach spaces and U an open subset of E. A
map [ : E — F s differentiable at a point xo of U provided there exists a continuous
linear map L : E — F and a map ¢ : U C E — F defined on a neighborhood U of
0 € E such that

f(wo+y) = f(xo) + L(y) + o(y)
o)l r

with limy o S = 0, where | - |z is the norm on E and || - |p the norm on F.
Then L is a uniquely defined map, called the differential at point xo and denoted by

D, f.

The space L(E, F) of continuous linear maps from F to F is also a Banach space
| Lullr
Mulls -

when equipped with the norm |||L|| := sup,, o

Definition 2 Let E and F be two Banach spaces and U an open subset of E. The
map f:U C E — F is of class C* on U provided f is differentiable at any point of
U and the map:

Df:U — L(E,F)
z — D.f

s continuous.

Indentifying £(L(E,L(E,---(E,F)---,F)F) —where E arises k times— with the
Banach space LF(E, F) of k-linear maps from E* to F, we can define the notion of
C* differentiability.

Definition 3 A differentiable map f : U C E — F is of class C* provided Df is of
class C*~1.

Let E and F be two Banach spaces and U, V two open subsets of E and F, respec-
tively. A differentiable map f: U — V is a diffeomorphism whenever it is one to one
and onto and its inverse map is differentiable. It is a C* diffeomorphism whenever
it is a diffeomorphism and both f and its inverse f~! are of class C*.

The following well-known results in Banach spaces will be used later in these notes.

Theorem 1 (Local inverse function theorem) Let E and F' be Banach spaces,
U an open subset of E and f: U — F a C* map for some k > 1. If for some point
xo € U the map Dy, f : E — F is an isomorphism then there exists a neighborhood W
of xg such that the restriction f|, : W — f(W) of f to W is a C* diffeomorphism.

Theorem 2 (Hahn-Banach theorem)Let F' C E be a linear subspace of E s.t.
F # E. Then there is a continuous linear form L on E such that L(u) #0 Yu € F.

Applying this result to the vector space F' = (ug) generated by some ug € E yields
the following;:



Corollary 1 Letug # 0 € E, where E is a Banach space. Then there is a continuous
linear form L on E such that L(ug) # 0.

Another fundamental result for the following is the

Theorem 3 (Open mapping theorem) Let E and F be two Banach spaces. A
continuous linear map L : E — F which is onto takes an open subset to an open
subset. If it is continuous and one to one, it is a homeomorphism.

Corollary 2 Let F' and G be two closed linear subspaces in E such that F®&G = E.
Then the map:

FxG — FE
(u,v) = u+wv

is an isomorphism of Banach spaces.

Restricting oneself to the Hilbert setting is convenient because of the existence of
orthogonal complements for closed subspaces. This property can be formulated as
follows.

Definition 4 A linear subspace F' of a Banach vector space E splits the space E if
it is closed and if there exists a closed linear subspace G of E such that E=F @ G.

In the finite dimensional setting, any subspace splits a vector space. In the Hilbert
setting, any closed subspace of a Hilbert space splits the space; the orthogonal com-
plement does the job and the above Corollary takes the following form.

Corollary 3 Let E be a Hilbert vector space and F a closed linear subspace of E
then the map:

FxFt — E
(u,v) = u+wv

is an isomorphism of Hilbert spaces.

1.2 Manifolds, submanifolds
Useful references are [Hul, [KN],[L], [M], [Wul.

Definition 5 A manifold M of class C*, k > 0 (or C*-manifold) modelled on a
Banach space E (called the model space) is a topological space equipped with a C*-
atlas i.e. a set of local charts {(U;, $;),i € I} satisfying the following requirements:

i) for any i € I the subset U; is open and M = J;c; Ui,

it) for any i € I, the map ¢; : U; — ¢;(U;) is a homomeorphism onto an open
subset of E,

iit) for anyi,j € I the maps
¢i0 ;" (U NU;) — ¢:(U; N ;)

are diffeomorphisms of class C* called transition maps.



It is of class C™ if it is of class C* for all k > 0.

An atlas is not unique and any C* (resp. C°°) atlas could do; one usually picks out
the maximal atlas, i.e. one that contains all the others.

A (real) finite dimensional manifold of dimension n is modelled on E = IR" and
local charts provide local coordinates:

¢ Ui — ¢i(Ui)
x = (x1,---,z,) € R".
Transition maps are elements of GL(n, IR).

Example 1 o The unit sphere in R™t! defined as:
n

Sn = {(.’130, e 7xn) S Bn+1a Z |xi|2 = 1}
i=0

is a smooth manifold of dimension n. Local charts are (Uy,¢1) and (Us, ¢2)
where Uy = S™ — {N} and Uz — {S}, N =(0,---,0,1) the south pole and S =

(0,---,0,—1) the south pole, ¢p1(xq, -, 2pn) = (%y“,%),@(m, e ) =
o Tn—1
(o 12,

e The n-th dimensional torus T™ = R™/ ~ where

n
e~z dn, e Zi=1---n, 21— 29 = E ni€e;
=1

where we have set e; = (0,---,0,1,0,---,0 € IR™ with 1 at the i-th place.
e The projective plane P,(R) = R"™ — {0}/ ~= S"/ ~ where z; ~ 2o < I\ €
R, 21 =Mz and 21 ~ 29 < 3N € {—1,1}, 21 = Az2. Local charts are given
by U; = {(xo,xl’...7xn) c Bn+l,$i £ O} and ¢z(x) = (%77%77i?>
where the” means we have deleted the variable.

e The Grassmann manifold G} (IR) of k-dimensional submanifolds of IR". Given
V C R", we can identify R" =V x VL. A neighborhood of V € G% is mapped
homeomorphically onto an open set in the vector space of linear maps V — V=+.
This makes G} a manifold of dimension k(n — k). The case k =1 yields back
the projective space P, (IR).

Definition 6 Let F' be a linear subspace of a Banach vector space E that splits E.
Given a C* manifold M modelled on E, a subset N of M is a submanifold of M
modelled on F provided there is a C*-atlas {(U;,¢;),i € I} on M that induces an
atlas on N, i.e. for any i € I there are open subsets V;, W; of E, F such that

¢i(U;) =V, & W;

and
o:;(U;NN) =V, & {0}.



In the case of an n-dimensional real manifold, the model space is R™ and a subspace
F of dimension k < n of IR" can be equipped with a basis which we complete to a
basis of IR". In this basis local coordinates on N will be of the form:

(0i) :UinN = ¢(U;)
z = (x1,--,2x,0,---,0) € R".

In what follows, using local charts, we carry out to manifolds the notion of differentia-
bility, C*-regularity, and the notion of diffeomorphism, to maps between manifolds.
Although the construction uses local charts, the concept thereby defined is shown to
be independent of the choice of local chart. All the manifolds involved are Banach
manifolds.

Definition 7 Let M, N be two Banach manifolds of class C*,C*, k,1 > 1 respectively
and modelled on E,F respectively. A map f : M — N is differentiable at a point
2o € M provided there is a local chart (U, ) of M containing xo, a local chart (V1))
containing f(xo) such that the map

wofo¢_1:¢(U) CE—-y(V)CF
is differentiable at point ¢(xo).

Definition 8 A tangent vector at a point x of a C*-Banach manifold M (k > 1)
modelled on E is an equivalence class & of triples (U, ¢,v) where (U, ¢) is a local chart
on M containing x and v a vector in the Banach space E, the equivalence relation
being defined by:

(U,Qb,’l]) ~ (Vﬂﬁvw) s w= Dqﬁ(r) (¢ o¢_1) (U)

In other words, v is the tangent vector £ read in the local chart (U, $) whereas w is
the tangent vector £ read in the local chart (V).

In the finite dimensional setting, say in dimension n, given a local system of coordi-

nates (1, -+, 2p), a tangent vector reads v := Y i, v; 5.
- K

The space T, M of tangent vectors at a point £ € M can be equipped with a vec-
tor space structure induced from that of the model space E. Since transition maps
are diffeomorphisms, the maps Dy, (w o gb_l) are isomorphisms of Banach spaces
and T, M can be equipped with a Banach structure induced from that on FE. Thus
T.M ~ FE is a Banach space.

Proposition 1 Let M and N be two Banach manifolds of class C*, C' respectively,
with k,1 > 1. Let f: M — N be a differentiable map, then Dy f : ToM — Ty N is
a linear map, called the differential of f at point x defined by:

Do f(§) =n v =Dy (o fod™")u

whenever u corresponds to £ read in a local chart (U,¢) containing x and v corre-
sponds to n read in a local chart (V, 1) containing f(x).



This definition is independent of the choice of local chart.

Given a manifold M of class C* modelled on a Banach space E, k > 1, the set
TM :=J,cp TeM can be equipped with a C*~1_ manifold structure; a local chart
at (x,8), £ € T, M reads (U x E, ¢ ® D¢) where (U, ¢) is a local chart on M at point
T.

Definition 9 Given manifolds M, N of class C*,C', k,1 > 1, a map f: M — N is
of class C?, with 1 < j < inf{k,l} provided it is differentiable and Df : TM — TN
is of class C7~1.

Submanifolds can be obtained via embeddings, a particular class of immersion. As
we saw in the first section, a subspace of a Banach space does not automatically split
the space F, so that we need to encode a “splitting” condition in the definition of
immersion:

Definition 10 A differentiable map f : M — N from a C*-manifold M, to a C'-
manifold N with k,l > 1 is an immersion (resp. submersion) provided D, f is in-
jective (resp. onto) and the range R(Dyf) (resp. the kernel Ker(D,f) splits Tym N
(resp. ToM) for any x € M.

Here again, the Hilbert setting offers a simplification:

A differentiable map f : M — N from a Hilbert manifold M to a Hilbert mani-
fold N is an immersion (resp. submersion) provided D, f is injective (resp. onto)
and R(D,f) is closed for any € M. (Note that the kernel is always closed when
the operator is closed).

An injective immersion is called an embedding. The following result which is a mani-
fold version of the global inverse map theorem will be very useful in the slice theorem.

Theorem 4 (Global inverse mapping theorem) An embedding f : M — N that
is a homeomorphism onto its range yields a submanifold f(M) of N and f(M) ~ M,
namely M is diffeomorphic to its range.

1.3 Partitions of unity
Useful references are [KM], [L].

Partitions of unity provided means of gluing together local objects in order to build
a globally defined one. It is therefore important to define conditions under which
partitions of unity with a certain degree of regularity exist.

Definition 11 A partition of unity of class C* of a C*-manifold M is given by a
locally finite covering (u;)icr of M and a family {1;,i € I} of maps of class CF:

such that:
1. 0y, Viel

2. The support of ¥; is contained in U;



3. Ziel Yi(p) = 1.

Such a partition of unity is said to be subordinated to an atlas (Wi, bi)ier on the
manifold if U; C Wi. A partition of unity is smooth whenever it is of class C* for
any k € IN.

Let us recall that a manifold is paracompact if from any cover of the manifold, one
can extract a locally finite sub-cover, i.e. a subcover such that every point of the
manifold admits a neighborhood which only intersects a finite number of the open
subsets of this covering.

The following topological lemma will be useful in the sequel:

Lemma 1 1) Any paracompact manifold is normal, i.e. two disjoint closed sub-
sets have dijoint neighborhoods.

2) (Urysohn’s Lemma) Given two closed disjoints subsets A and B of a topological
normal vector space E, there is a continuous map f : E — [0, 1] which vanishes
on A and is equal to 1 on B.

3) Given a locally finite covering (U;) of a paracompact topological vector space,
there is a locally finite subcovering (V;) such that V; C U;.

Proposition 2 Any paracompact topological manifold has a continuous partition of
unity.

Proof 1 Let U be an open set on a manifold modelled on some sparable space E and
let x € U. Let (U;,¢;) be an atlas and (Us,, ¢4,) be a local chart at point xo. ¢4,
can be composed with a map that sends an open ball of E onto E in such a way that
the resulting map (also denoted by ¢o) satisfies ¢;,(Us;,) = E. Since the manifold is
Banach, it is metrisable, since it is moreover separable, it is paracompact ([L], chap.
II, par. 8, Lemma 1). Thus one can extract from the above subcovering a locally
finite one. The third part of the above lemma then yields locally finite subcoverings
(Vi) and (W;) such that W; C V; C V; C U;. Since every V; is closed, given the way
the ¢; were chosen, so are ¢;(V;) and ¢;(W;) closed subsets in E. E being Banach
and separable, it is paracompact and hence normal. The second part of the above
lemma yields a continuous map ; : E — [0,1] which is 1 on W; and 0 outside V;.
Composing it with ¢; yields continuous maps ¥, : M — [0,1] which are 1 on W; and
that vanish outside V;. Setting & = ;—(p yields a partition of unity.

However, smooth partitions of unity do not always exist on smooth Banach mani-
folds. They do on smooth Hilbert manifolds as a consequence of the following result
which provides a smooth version of the Urysohn Lemma. It essentially relies on the
smoothness of the squared norm on a Hilbert space.

Lemma 2 (/L, Theorem 3.7]) Given two disjoint closed subets A and B of a separable
Hilbert space, there is a smooth map ¢ : H — [0, 1] which is 1 on A and which vanishes
on B.

Proof 2 (Idea of the proof) First of all, using the smoothness of the squared norm
II-1I? on the Hilbert space H, given any open ball B(z, R) in H centered at point x with
radius R, one can build a smooth function ¢ : H — [0, 1] which is positive on B(z, R)
and vanishes elsewhere. For this, one picks any smooth function n : IR — [0, 1] which
is positive for t < R and vanishes beyond R, and composes it with the squared norm

10



to build ¢ :=mno |- ||>. Using the separability and metrisability of H, one can build a
countable set of open balls {U; = B(x;,7;)} (with x; # x;) which cover A and do not
meet B. One can then inductively construct a locally finite refinement {V; C |, U;},
and correspondingly find smooth functions n; built as above, which are positive on
Vi and vanish outside V;. The sum n = ) _.mn;, which is finite at each point of W,
defines a smooth function that is positive on A and vanishes on B. Letting o be a
smooth function positive on the complement W€ of W and that vanishes on W, the
map ¢ = mia fulfills the requirements of the Lemma.

Proposition 3 (/L] Corollary 3.8) A paracompact manifold of class CP modelled on
a separable Hilbert space admits a partition of unity of class CP.

Proof 3 (Idea of the Proof) The proof goes as in the construction of a continuous
partition of unity. One transports an open covering (which by paracompactness is
locally finite) of the manifold by local charts to the model space and applies the above
lemma to the closure of the open subsets obtained this way. Carrying back the smooth
functions thus obtained to the manifold via the local charts yields a smooth partition
of unity on the manifold.

1.4 Vector fields
Useful references are [Hul, [KN], [L], [M], [Wu].

Let M be a C*-manifold and let j < k. A C’-vector field is a C/-map & : M — TM
such that &(z) € Ty M for all x € M. If M is smooth, a smooth vector field is one
that is of class C7 for any j > 0.

Let us denote by =(M) the vector space of smooth vector fields on M. If M is
n-dimensional, given a local system of coordinates (z1,---,x,) around a point z, a
vector field £ € E(M) reads £(z) == 1 &iz) 2.

Definition 12 The integral curve of a wvector field & on a manifold M is a curve
c: I — M (I an open interval in IR) with tangent vector £(c(t)) at point c(t) i.e.

such that: J
ac(t) ={(c(t)) Vtel.

From the theory of classical differential equations in Banach spaces we know, that
given some initial condition ¢(0) = x (we assume 0 € T), for some x € M, there exists
a neighborhood I of 0 and an integral curve uniquely defined on I. The union of
the domains of all integral curves with a given initial condition z is an open interval
which we denote by I, with end points ¢t; <t} (which could be +00 or —o0).
These integral curves are smooth w.r. to initial conditions namely, given an integral
curve ¢, starting at point x, there is an open neighborhood U, of x and a neigh-
borhood J; of 0 such that for for y € U, the integral curve c, starting at point y is
defined on J,. Furthermore the map:

JexU, — M
(ty) = cyt)

is smooth.

11



For some given vector field &, let D(£) denote the subset in IR x M consisting of
all points (¢,z) such that t; < ¢ < t}. The flow of £ is a map:

¢o:DE =M

such that the map ¢, (t) := ¢(t, x) defined on I, is a morphism and an integral curve
for £ with initial condition z. In particular it satisfies the differential equation:

dou .
= =0 g,

The flow ¢, is complete if it can be extended to I, = IR. Fixing the starting point
x € M and setting ¢ := ¢, (t) for any t € IR yields a one parameter semi-group:

¢t © ¢s = (z)tJrs Vt,s € R

As a consequence of the above property it follows that:

o' =y

so that ¢; so that {¢;,t € IR} defines a one parameter group of diffeomorphisms.

Given a diffeomorphism ¢ on M and a vector field £, we call the vector field de-
fined by:
¢:8((2)) = Dad(§()),

the push forward of £ and

the pull-back of &.

Definition 13 The Lie bracket of two vector fields £,€ on a smooth manifold M is
giwen by the variation of & along an integral curve ¢y of &:

N d .

£d=5 ©O=% (6-0.9).

Given a smooth map ¢ from a manifold N to a manifold M and &, & € 2(M), we
have:

If &1, &2, €3 are three vector fileds on a smooth manifold M and ¢, is a one parameter
group of local diffeomorphisms generated by &3, then differentiating the following
relation:

¢t* [517 62] = [(bt*gla ¢t*£2}
w.r. to t at t = 0 yields the Jacobi identity:

[[61, &2], &3] + [[€2, &3], &a] + [[€3, &), 2] = 0.

12



Vector fields can be identified with derivations on M and Lie brackets with op-
erator brackets of the derivations. By a derivation on M we mean a linear map
L:C>(M,R) — C*(M, IR) which obeys the Leibniz rule

L(fg) = L(f)g + fL(g) Vf,g € C™(M,IR).
The set Der(M) of derivations on M is a vector space over IR. To a given vector
field £ on M we associate the map:
Le: C*(M,R) — C*(M,R)
f= DfE)

which is clearly a derivation.

Let & # 0, then there is some = € M such that {(x) # 0. Let (U, ¢) be a local
chart around z and w a representative of £(x) in this chart. Since u # 0, by the
Hahn-Banach theorem there is some linear form L on the model space E such that
L(u) # 0. Thus LoD¢ = D(Lo¢) does not vanish on D¢~ (u) which can be identified
with &(x). Patching up the locally defined maps f := Lo ¢ : U — IR using a smooth
partition of unity on M (provided there is one) shows the existence of a function
f e C®(U, R) such that L¢f(x) = Df({(x)) # 0 so that Lg # 0. Thus, provided
there is a smooth partition of unity on M, there is a one to one correspondence:

E(M) — Der(M)
§ = Lg:f = Df(§).
The following identification holds:
Proposition 4 Given two vector fields &, & on a smooth manifold M and f € C>(M, R):

€,81f = [Le. Ll f
where the bracket on the r.h.s is an operator bracket.

This identification yields the antisymmetry of the bracket together with the Jacobi
identity which hold for the operator bracket.

1.5 Lie groups and Lie algebras
Useful references are [Ad1], [Br], [KN].

Definition 14 A Banach (resp. Hilbert) Lie group modelled on a Banach (resp.
Hilbert) space E is a C™-manifold modelled on E, equipped with a group structure
such that the multiplication and inverse maps

GxG — G

(9:h) = gh
and

G = G

g = g7
are smooth.
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In fact this second property follows from the former using the global inverse mapping
theorem (see Section 1.2).

A finite dimensional Lie group is one that has a finite dimensional manifold structure.
Examples of finite dimensional Lie groups are the group GL(n, IR) of invertible n x n
real matrices, the subgroup O(n) of orthogonal matrices both of which arise as struc-
ture groups of frame bundles, the unitary groups U(n) = {A € GL(n,C), AA* =1}
and the special unitary groups SU(n) = {A € U(n),detA = 1}, that play an impor-
tant role in gauge field theory.

Definition 15 Let H,G be two Lie groups and f : H — G an embedding which is
homomorphism of Lie groups and a homeomorphism onto f(H). Then f(H) is called
a Lie subgroup of H.

Remark: Notice that f : H — G being an immersion, D, f(T.H) splits T.G.

Definition 16 A Lie algebra A is a vector space equipped with an antisymmetric
bilinear map:

AxA — A
(a,b) — Ja,b]
that satisfies the Jacobi identity:
[la, b, c] + [[b; ], a] + [[¢,a],b] =0 Va,b,c € A.

A Banach, resp. Hilbert Lie algebra is a Banach, resp. Hilbert vector space equipped
with a continuous antisymmetric bilinear map which satisfies the Jacobi identity.

On the grounds of the above remark, we call Lie subalgebra of a Banach Lie algebra A
any closed linear subspace of A that splits A and that is stable under the Lie bracket,
ie.

a,b € B = [a,b] € B.
In particular, a Lie subalgebra of a Hilbert Lie algebra A is a closed linear subspace
of A stable under the Lie bracket of A.

Definition 17 A left- (resp. right-) action of a Lie group G on a smooth manifold
M is a map:

O:GxM — M
(9,7) — ©O(g,)

such that:
Oe,z)=a VYeeM
and
O(gh,x) =©(9,0(h,x)) Vg,h€G
(resp.

O(gh,z) =© (h,0(g,2)) Vg,h €G.)

Such an action is smooth if the map © is smooth.

14



It is convenient to denote a right action by ©(g,z) := z - ¢ and a left action by
O(g,x) =g .

A Lie group acts on itself by a right and a left action via the multiplication maps:
Ry(h) :==hg, Lg(h):=gh Vh,g€G.
It also acts on itself via the adjoint action:

GxG — G
((g, h) — Adg(h> = LgRg—lh = Rgfngh.

A right invariant field on G is a vector field £ such that:
§(hg) = DgR(&(h)) e Ry &=¢ Vhged
and a left invariant field on G is a vector field £ such that:
&(gh) = DgL(&(R)) ie. Lg &=¢& VYh,geG.
Let 21(G), resp. Eg(G) denotes the space of left, resp. right invariant vector fields

on G. For any u € T.G the vector field g — £L(g) := D.L,(u) is left invariant,
g ER(g) := D.Ry(u) is right invariant, and we can build two maps:

ELZTGG — EL(G) and ER:TGG — ER(G)
u = DcLg(u) u = D.Ry(u),

which are one to one and onto.

If the manifold M is a Lie group, given two left invariant vector fields ¢& and &€&
on G, their Lie bracket is also left invariant for we have:

[Ly,& Ly,&l =Ly, [€, "] YgeG

and a similar property holds for right invariant vector fields on G. Thus the Lie
bracket on vector fields induces two brackets on T, G:

[u,v]g, = [55,55], [u,v]R :=] 5,55] Vu,v € T.G.
The map:
J: G —» G
g = g!

satisfies gJ(g) = e, i.e. Ry (g) = e (or equivalently J(g)g = e ie. Ly(J(g)) = e
for any g € (). Differentiating this relation at point h € G yields DyR,-1u +
(Dhgfng) DpJu =0, and gives the expression for its differential map at h € G:
Dy J: ThG — ThG
v = —(Dpg1Ly) " DypRy1v=—Dyy 1Ry (DpLy) v
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since DL, commutes with DR,,. Hence D.J takes a left invariant vector field £Z(g) =
D.Ly(u) € T,G to aright invariant vector field Dy JEE (9) = —De Ry (DyLy) " €L(g) =

—&l(g71), so that:
DyJ(&) = ~&fod e J&T =€
Since J is a diffeomorphism, it follows that:

(6, €5 = [J.£8, e8] = J. [¢F,€F)

and hence

[u,v]p = [u,v]r =[5, E5)(e) = [€F, €X1(e).

The tangent space T.G equipped with this Lie bracket becomes a Lie algebra denoted
henceforth by Lie(G).

Every automorphism ¢ of the Lie group G induces an automorphism ¢, of its Lie
algebra Lie(G) for if £ is a left invariant vector field, then so is ¢.& and

[0+, DuE] = 9:[€, €]
In particular, for any g € G, the automorphism
Ad(g): G — G
h +— ghg™?!
induces an automorphism of Lie(G) also denoted by Ad,.

To the left invariant and right invariant vector fields ¢L and & built from an el-
ement u € Lie(G), we can associate two local flows ¢Z and ¢ defined by

dgy (t) dgyi(t)

L8 bk, L = eR6R).

Let us assume such a flow ¢, is defined up to time t;. For simplicity we drop the
superscript L and set g1 = ¢,(t1). Then £L being left invariant 1, (t) := g16u(t)
verifies:
d d .
Z%u®) = Do.yLo 7 Dou) = Dou(nyLgi & (dult))

and 1, (0) = g1. As before, 1, can be defined on an interval [0, ¢ thus extending
the flow ¢,, defined on [0,¢;[ to a flow on, [0, 2¢;1[. Iterating this procedure shows that
the flow can be extended to all IR. The same holds for the flow ¢Z*.

The left invariant and right invariant integral flows ¢= and ¢ of some vector u
in the Lie algebra of a Lie group are therefore complete.
Let us compare these two flows:

(7o db) ()

Qi DyryJ (65 (0E(1)))

= 8 (Jook(t))
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and hence
d
4 (6hw) = & (7o ok(-) = €2 (To 0k) (-1

so that ¢L(t) satisfies the same differential system as ¢Z(¢) with the same initial
conditions.

From the uniqueness of such a solution, we conclude that

6 (t) = 6 (t) = dult).
Definition 18 The map:
exp: Lie(G) — G
£ = ¢u(l)
is called the exponential map on the Lie group G.

Since D, exp = Id, by the local inverse mapping theorem recalled in section 1.1, it
induces a local diffeomorphism:

exp:U C Lie(G) -V CG

from an open neighborhood of 0 to an open neighborhood of e € G.
On GL(n, R) it coincides with the exponential map of matrices exp A =" kl, Ak,

Given a € Lie(G), we can define a one parameter family g; := exp(ta), t€ I C IR
where I is a (small enough open) interval containing 0, and define the adjoint action
of Lie(G) on itself by differentiating that of G on Lie(G):

ady : Lie(G) — Lie(G)

d
b — %‘tzoAdgt(b):[a,b}

thus recovering the Lie bracket of Lie(G).

The exponential map is not a morphism from the vector space (Lie(G),+) to the
group (G, -) as can be seen from the Lie Campbell-Hausdorff formula:

expa - expb = exp (Z C(k)(a, b))
k=0

using the Banach topology on Lie(G) and where C"(a,b) = a + b and for k > 1,
C®)(a,b) is a linear combination of Lie monomials of degree k in a and b given by:

C®)(a,b) = i 1)7+t Z (ada)®t (adb)?* - - (ad a)®i (ad b)Pib
J+1 A+ B)an! -l - B!

Jj=1

Here we have set ada(c) := [a,c] and the inner sum is over all j-tuples of pairs of
nonnegative integers (ay, 5;) with oy + 8 > 0and o +---a; + 1 +---8; +1 =k
(terms with 5; # 0 vanish).
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2 Vector bundles and tensor fields

2.1 Definition and first properties
Useful references are [HUs|, [KN], [Na], [S], [Ts], [Wu].

Definition 19 A fibre bundle of class C*  with typical fibre a C* Banach manifold
V' (we shall also say modelled on V' and call V' the model space) is a triple (F, B, )
often denoted by m : F' — B where

- F and B are differentiable manifolds of class C*, called total space and base
space respectively,

- m:F — B is a map of class C*, called canonical projection , such that there is
a set of local charts (Us, ¢;)icr covering B and C* diffeomorphisms

7o N (Uy) = ¢i(U) x V
satisfying the following requirements:

i) the fibre F, = 7=1(b) is a Banach manifold and

i) 7i(b) := Ti|, is a diffeomorphism from Fy to F.

A triple (U;, ¢4, 7;) is called a local trivialisation of the bundle.
Two local trivializations (U, ¢;, ;) and (Uj, ¢, 7;) give rise to maps 7;j == T; © Tj_l
called transition maps of the form:
Tij * gf)z(Ul N U]) xV — d)](Ul n U]) xV
() — (7))

where the 7;;(b) are diffeomorphisms of class CF of V.

Transition maps satisfy the following properties:

Tii(b) =idy Vb e U;
7i5(b) 0 Ti(b) = idy Vb€ U;NU;
Tij(b)OTjk(b)OTki(b):idv VbEUiﬂUjﬂUk,

The family {7;;} is called a cocycle associated to the trivialization {U;, ;i € I'}, and
the last relation mentioned above a cocycle relation. From a covering of a manifold B
together with a set of transition maps satisfying these relations one can reconstruct
the fibre bundle on B.

In the following we mainly consider smooth manifolds and smooth bundles as well as
smooth sections.

Definition 20 A morphism of C* fibre bundles 7 : F — B and 7' : F' — B’ is a
couple (fo, f) of C* morphisms fo: B — B’ and f : F — F' such that 7’ o f = foor
and the induced map on the fibres fo : 7 (x) — (7)) ' () is a morphism of the
fibres.
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In what follows we shall often take B = B’'.

Two fibre bundles are isomorphic if there is a diffeomorphism from one to the other.
A trivial fibre bundle is a fibre bundle isomorphic to the bundle 7 : F' = BxV — V. It
can be shown (see [At], [1]) that a finite rank vector bundle V over a closed manifold
M can be completed to a trivial bundle i.e., that there exists a vector bundle W over
M such that V & W is trivial.

Definition 21 Let B’ — B be a C* morphism of Banach manifolds, and let F — B
be a C*-fibre bundle on B. The pull-back ¢*F of F by ¢ is a fibre bundle ¢*7 :
¢*F — B’ with total space:

¢*F :={(t,v(s(V)))) € B' x Fyuy}

where V is the model space of F and with fibres (¢*) " (') = 71 (¢(b')) at a point
b in B.

A (real or complex) vector bundle of class C* is a fibre bundle of class C* with typical
fibre a (real or complex) vector space V', and such that there is a local trivialization
inducing automorphisms 7;;(x) of the Banach vector space V, i.e. 7,; € GL(V).

When V = R? (resp. ©%), the vector bundle has rank d. If d = 1 it is called a
line bundle.

Example 2 The Grassmann bundle ;. over the Grassmann manifold G} is the vec-
tor bundle with fibre above the vector space V.C IR"™ given by the pairs (V,x) such
that x € V

Operations on linear spaces such as the direct sum carry out to vector bundles; the
direct sum of two vector bundles 1y — B and Es; — B over the same base space B
is a vector bundle E; & F; — B over B whose model space is the direct sum of the
model spaces of F; and Fs.

Definition 22 A C* section of a fibre bundle 7 : F — B is a map s : B — F of
class C* such that wo s = Idp. It is smooth when it is of class C* for all k € IN.

The set of C*-sections (resp. C-sections) of a vector bundle E forms a vector space
denoted by C*(E) (resp. C™(E)).

A real finite rank vector bundle is orientable provided it has a trivialization with
transition maps 7;;(b) with positive determinant. A manifold is orientable whenever
its tangent bundle is orientable.

Example 3 Given a manifold M of class C**1 (resp. of class C™) modelled on
a Banach space V, the tangent bundle TM is a C* (resp. O )-vector bundle with
fibres modelled on that same space V ; given a local trivialization (U, ¢;) on M, a
local trivialization (U;, ¢i, ;) on TM is given by (U;, ¢i, Do;) and D¢; o D(bj_l is of
class C*~1.

Vector fields on a smooth manifold M are smooth sections of the tangent vector
bundle so that the space E(M) is now viewed as the vector space of smooth sections
C(TM) of the tangent bundle TM.
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Definition 23 A morphism of C* vector bundles 7 : E — B and «' : E' — B’ is a
couple (fo, f) of C¥ morphisms fo: B— B’ and f : E — E’ such that 7'o f = foon
and the induced map on the fibres fo : 7 (z) — (7/) " () is a linear map.

An isomorphism of vector bundles clearly preserves the rank of the vector bundle.
The direct sum of vector bundles induces a direct sum of isomorphic classes of
vector bundles so that isomorphism classes of vector bundles form a semi-group.
Grothendieck suggested a ”symmetrisation” procedure similar to the one which yields
Z from IN x IN by as the set of equivalent classes (a,b) ~ (¢,d) & Je € IN, a+
d+e=c+b+e, to build the K-theory group K (B) from the semi-group of complex
vector spaces over B for the direct sum (see [At], [1]).

2.2 Tensor, dual and morphism bundles

We refer the reader to the same references as the previous section.
The (topological) tensor product of two Banach spaces is built from their algebraic
tensor product as follows.

Definition 24 Given two Banach vector spaces Vi and Vs, the tensor product Vi®@Va
is the unique Banach vector space V' such that the following map:

LOV,W) = B(Vi x Ve, W)
[ ((ur,u2) = fur ® uz))

is continuous for any Banach space W. Here B(Vy x Vo, W) denotes the set of con-
tinuous bilinear forms on Vi x Vo with values in W.

If || - ||; denotes the norm on V; for i = 1,2 then V;&V; coincides with the closure of
the tensor product for the norm on V; defined by:

o1 @va| = florl1 - vz ]l2-

If both V; and Vs are finite dimensional, then the tensor product & coincides with
the ordinary tensor product ®. In what follows we shall drop the explicit mention of
the completion "

Definition 25 Let 71 : E1 — B and w5 : Ey — B be two vector bundles of class C*
with fibres modelled on Vy and Vs respectively. The tensor product my ®mo : F1 Q@ Fy —
B is a vector bundle of class C* modelled on Vi @ Va with fibre 77 (b) @ w5 1 (b) above
b € B and the local trivializations of which are built from the tensor product of local
trivializations (Uy, ¢s, 1), (Us, i, 72) and (Ui, ¢, 7 @ 77).

Transition functions are given by tensor products Tilj ® Tigj where Tfj, k = 1,2 are
transition maps for the bundles Ey, k =1, 2.
Whenever F; and E5 have ranks d; and ds, their tensor product has rank d;ds.

Given a topological vector space V', the dual space V* is the space of continuous
linear forms on V.

Definition 26 Let 7 : E — B be a C* vector bundle with fibres modelled on a Banach
space V. The dual bundle 7 : E* — B is a vector bundle of class C* modelled on
V* with fibre (wil(b))* above b € B and local trivializations (Us, ¢4, (T;l)*) induced
by some local trivialization (U;, ¢;,7;) of E.
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The transition maps are given by (7'1;1)*, where the 7;; are transition maps for F.

Combining duals and tensor products yields different types of bundles which are
useful for geometric purposes. The homomorphism bundle is one of them:

Definition 27 Given two vector bundles E — B and F — B, we can build the
bundle Hom(E, F) := E* @ F of linear morphisms from E to F.

Also we shall use the notion of symmetrised and antisymmetrised tensor products of
vector bundles:

Given vector bundles E, - - -, Ej, based on some manifold B, we can build symmetric
sections of their tensor product from sections oq,---,0, of Ey,- -, Ey:

1
01 Qs 02 Qs -+ Qs O 1= T Z Oa(1) @ Oq2) @ & On(k),
T aEgny,
and similarly antisymmetric sections:
1 .
AUNGIA - Aapi= 2 D ()0 @ 0a(a) @ -+ @ Tagr
’ Q€Y

where sign(a) is the signature of the permutation. Another useful class of bundles
is that of tensor bundles on a manifold:

Definition 28 Given a Banach manifold X of class C* modelled on a Banach vector
space E then:

- The dual bundle T*X to the tangent bundle TX is a vector bundle called the
cotangent bundle. It is a vector bundle of class C*~1 based on B and with fibres
modelled on E*. Its sections are called cotangent vector fields.

- The tensor bundle TX9 := QITX, q € IN* is a vector bundle of class C*~1
based on B and with fibres modelled on QIE. Its sections are called contravari-
ant q-tensor fields.

- The tensor bundle (TX*)? := @PTX, p € IN* is a vector bundle of class C*~!
based on B and with fibres modelled on QPT*X . Its sections are called covariant
p-tensor fields. Antisymmetric sections are called p-forms.

- A (p,q) tensor field is a section of the bundle (R1TX) ® (RPT*X).

In finite dimensions, one often writes a (p, q) tensor T in local coordinates as Tfllfp 7
The exterior product a A § of a p-form « and a ¢g-form 3 is a p + ¢ form:

Oé/\/B = Z (71)|0’|a(1‘0’(1)7"'7xo’(1)) B(IU(P-‘rl)""vxo’(p-‘rq)a
o€Sh(p,q)

where Sh(p, q) is the subset of (p, ¢) shuffles, namely permutations of the set {1,...,p+
¢} such that o() < 0(2)--- <o(p) and o(p+1) < --- < a(p+ q).
Pull-backs can be extended to covariant tensor fields.

Given a morphism ¢ : X — Y between two C* manifolds X and Y, the pull-back by
¢ of a covariant p-tensor field T on Y is given by:

(¢*T)I(U17 Ty Up) = T¢(m)(DI¢(U1)7 e 7DI¢(UP)) VUl? T Up € T:I:X
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In particular, the pull-back of a p-form is also a p-form. It is easy to check that
(T @ Tz) = ¢ @ ¢* T
and that given two morphisms ¢, we have:
(PRY) =v*®¢"
If ¢ is a diffeomorphism, the pull-back can be extended to contravariant vector fields:

(G ® &) = (671 ® @ (¢7):q

2.3 Examples of tensors: metrics and almost complex struc-
tures

Important examples of covariant tensor fields are the Riemannian (resp. Hermitian)
metrics.

Definition 29 A weak (resp. strong) Riemannian metric on a smooth real vector
bundle with fibres modelled on a Banach space and based on a manifold B, is a
smooth section g of E* @ E* such that for any b € B, gy, induces a symmetric positive
definite form on each fibre By, producing a weaker topology than the Banach topology
on the fibre (respectively the same topology as the Banach topology on the fibre).

Definition 30 A weak (resp. strong) Hermitian metric on a smooth complexr vector
bundle with fibres modelled on a Banach space and based on a manifold B, is a smooth
section h of E* @ E* such that for any b € B, hy, induces a Hermitian positive definite
form on each fibre Ey, producing a weaker topology than the Banach topology on the
fibre (respectively the same topology as the Banach topology on the fibre).

In the following when there is no other explicit mention, we shall be thinking of strong
metrics.

A weak (resp. strong) Riemannian (Hermitian) metric on a Banach manifold is a
weak (resp. strong) Riemannian (Hermitian) metric on the tangent bundle T B.

If M is a manifold of dimension n, then weak and strong topologies coincide and
one only requires that g, (resp. h;) at a point © € M be a positive definite symmet-
ric (resp. Hermitian) form on the fibres, locally represented by an n x n matrix (g;;)
(resp. (hi;j(z)) whose inverse is denoted by (¢*/). In a local orthonormal system of
coordinates g;;(z) := g.(e;,e;) = d;;, i.e. the matrix representing g, in this coordi-
nate system is the identity matrix.

Given a diffeomorphism ¢ : N — M between two manifolds and a Riemannian
(resp. Hermitian) metric g (resp. h) on a vector bundle based on M, the pull-back
¢*g (resp. ¢*h) yields a Riemannian (resp. Hermitian) metric on the pull-back vector
bundle ¢*F based on N.
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In particular, if £ is a vector field on a Riemannian manifold (M, g) the local one pa-
rameter group of diffeomorphisms ¢; generated by & acts on the metric by pull-back
¢rg. A Killing vector field also called an infinitesimal isometry, is a vector field &
such that the Lie derivative of the metric in the direction £ vanishes, i.e.:

d
Leg:= | — Yg=0.
¢9 (dt>t_0 brg
If ¢, € are two Killing vector fields, then so is their bracket €, 5]

A vector bundle equipped with a (strong) Riemannian (resp. Hermitian) metric
is called a Riemannian (resp. Hermitian) vector bundle. A manifold M such that
TM is equipped with a (strong) Riemannian (resp. Hermitian) metric is called a
Riemannian (resp. Hermitian) manifold.

Notice that a Banach vector bundle equipped with a strong Riemannian metric be-
comes a Hilbert bundle since the fibres become Hilbert spaces when equipped with
the inner product induced by the metric. This is of course not the case anymore if
the Riemannian structure is weak.

Metrics do not always exist on a manifold; however, provided there is a smooth
partition of unity on the manifold, one can always build a Riemannian metric patch-
ing up locally defined positive definite forms. Also, if M is a Riemannian manifold,
tensor bundles over M can be equipped with a metric structure induced from that of
M.

The existence of a Riemannian metric on a manifold M provides explicit isomor-
phisms between the tangent and cotangent vector fields called musical isomorphisms:

.M — T:M
Vo= VP

defined by
V(W) = (V,W),, YW eT,M

where (-,), is the scalar product on the fibre T, M of the tangent bundle above
x € M induced by the Riemannian metric. Similarly, using the Riesz theorem, one
defines:

M — T.M
a — o

by
a(W) = (W), VYW €T, M.

Definition 31 An almost complex structure on an oriented Banach vector bundle
m: E — B is a smooth section J of E* ® E ~ End(FE) preserving orientation and
such that J* = —Id. An almost complex structure on an oriented manifold M is one
on the tangent bundle TM, i.e. it is a (1,1) tensor J inducing a morphism J on T M
which preserves orientation and satisfies J> = —Id.
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An almost complex structure J on a real vector bundle E extends linearly to its
complexification J ¢ p? 5 E¥ This complexified vector bundle splits EY =
EY0 @ E%L where EY0 is the vector bundle over B with fibre Ker(J(b) —i) := {uy €
Eljdj,J(b)(ub) = jup} above b € B, resp. E%! the vector bundle over B with fibre
Ker(J(b) + i) := {v, € EY, J(b)(v) = —ivs} above b € B.

Definition 32 Let M be a manifold equipped with an almost complex structure J

which induces a splitting TMY = TLON & TO1. If TYOM is stable under brackets
of vector fields, then J is said to be integrable.

Proposition 5 An almost complex structure J on M is integrable if and only if the
Nuijenhuis tensor field N : C°(TM) x C®°(TM) — C>*(TM) defined by

N(U,V) = [U,V] + JJU,V] + J[U, JV] — [JU, JV]
vanishes for any U € C*°(TM),V € C*(TM).

Proof 4 FEztending the Nuijenhuis tensor to complex vector fields, W = U +iV, Z =
X 4+ 1Y, we can write:

NW,Z)=NU,X)-NV,Y)+i(N(V,X)+ N{U,Y)).

Thus if N wvanishes on real vector fields, it also vanishes on complex vector fields.
Assume that W, Z € C®°(T*OM). Then JW = iW and JZ =iZ so that N(W, Z) =
2(W, Z]+iJ[W, Z]). Hence NW,Z) =0 = JW,Z| = —i[W,Z], i.e. [W,Z] €
C>(TYOM). It follows that J is integrable.

Conversely, let us write W = W +W™ and Z = Z+ + Z~ according to the splitting
C(TYM) = C=(TYOM) & C> (T M). Then

NW,Z)=NW*, Z") = NW~,Z7)+i(N(Z" ,WH + NW™*,Z7)).

Since JW+T = iW+, JW~ = —iW~, JZ+ =iZ*, JZ~— = —iZ~, it follows that
NW*T,Z7) = NW—,Z*) =0 and NWT,Z%) = NW~,Z7) = 0 so that N
finally vanishes on all complex tangent fields.

Definition 33 A complex manifold is a manifold M equipped with a complex struc-
ture i.e., with an atlas (U;, ¢;) with transition maps given by holomorphic maps.

A complex manifold inherits from the local charts an almost complex structure. Let
us comment on the finite dimensional case; if M has finite real dimension 2n then,
in a local chart (z1,---,@n, 41, -, Yn) the complex structure is given by

0 0 0 0
Je (a)‘ay J(ayk)—‘axk

at point z in M. This defines a (1, 1) tensor on M independently of the choice of local
coordinates. Indeed, given another system of local coordinates {z, := z}, + iy, k =
1,--+,n}, the Cauchy-Riemann equations

Ox; - 0y; Oz; o 0y;

da’ B oy;" oY N o
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lead to a similar expression

9 9 9 9
/(o) o (i) = o

so that we obtain an almost complex structure J on M. Conversely we have:

Theorem 5 (Newlander and Nirenberg) Let M be an (even dimensional) real man-
ifold equipped with an almost complex structure J. If J is integrable, it yields a
complex structure on the manifold with associated almost complex structure J.

If M and N are two complex manifolds, a map f : M — N is called holomor-
phic if it is holomorphic in any local chart, this requirement being independent of the
choice of local chart since the transition maps are holomorphic.

Let M be a real even dimensional manifold equipped with a complex structure c.
Given another real even dimensional manifold N, a diffeomorphism f: N — M in-
duces a complex structure f*c := {f~1(U;),¢; o f} on N called the pull-back of ¢ by
f- If N = M then f*cis a priori different from the initial complex structure ¢ in the
sense that the charts are not only different from the initial ones but also incompatible
with them. Yet (M, c) and (M, f*c) are holomorphically equivalent in the sense that
f:(M,c) — (M, f*c) is a holomorphic map and so is its inverse.

A Riemannian metric h on a complex manifold M with complex structure J is called
a Hermitian metric if J is isometric:

h(-;-) = h(J-, J-)

and the pair (M, h) is called a Hermitian manifold .
Given a h Hermitian manifold (M, h) with complex structure .J, we build a covariant
tensor

w(., ) = h(J., .),

called the Kdhler form of h. The two-form w is antisymmetric since J? = —Id and
invariant under J:

w I J)=hmJ* T =hJI> T ) =h(]-,) = w.

Remark 1 On a complex manifold of complex dimension n with complex structure
J, the form wA--- Aw (n-times) is nowhere vanishing since with the notation of the
above remark we have

WA ---w(er, Jer, ez, Jea, - e, Je,) = Z w(eoys Jes1)) - w(es(n) Jeo(n))
ocEYX,
= nlQ(er,Jer) - Qen, Je,) = nl.
It serves as a volume element on M, which is therefore orientable.
2.4 Bundle valued forms

Useful references are [BGV], [MT].
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Definition 34 Let w : E — B be a smooth fibre bundle. An E-valued p-form o on
B is a smooth section of the tensor product PT*B ® E such that:

a(Usays 1 Uspy)) = (=1 Da(Uy,---,U,) YU, U, €T,B Yo €3,
where (o) is the signature of o.

In particular, such an expression vanishes whenever two vectors U; and U; coincide
so that if the manifold B is n-dimensional, using the multilinearity property, one can
show that a p-form with p > n vanishes identically.

We denote by QP (E) the space of smooth E-valued p-forms and Q(E) := @, (E),
which becomes a finite sum when B is finite dimensional. For p = 0 we get back the
space of smooth sections of E. The degree of a p-form « is the integer p also denoted
by |a.

If F is the trivial vector bundle E = B x IR (or B x (') we set QP(B) := QP(E),
and Q(B) := ®QP(B) which is in fact a finite sum as soon as B is finite dimensional.
Given a local system of coordinates (z1, - - -, x,) around a point x of an n-dimensional
manifold, a one form a(z) reads a(z) ==Y ., a;(z)dz".

Whenever A is a fibration of algebras, the space €2(A) can be equipped with the
exterior product or wedge product which sends a € QP(A) and 8 € Q%(A) toa A B €
QPra(A):

(a/\B) (Ulv"'»Up7Up+17'"aUp+q)

1 sign(o
= gt Y DUy, Us) - BUspi1ys s Us(pta))-
0€Xp1q

In particular, for two one-forms « and S and two vector fields U,V we have a A
BU,V)=aU)-B(V)—a(V)-B(U). Here the dot denotes the product of sections
of A. Thus Q(A) becomes a graded algebra with the grading given by the degree on
forms. here are two important examples:

e Starting from the bundle F = B x K where K is a field, yields a graded algebra
structure on Q(B, K) using the product on K.

e Starting from a vector bundle E based on B, the bundle A = Hom(FE) yields
a fibration of algebras on B and Q(Hom(E)) can be equipped with a graded
algebra structure using the composition of homomorphisms.

We introduce two operators on forms which are useful to construct a Clifford multi-
plication on forms later in these notes.

e Given a Riemannian manifold M, the exterior multiplication (V) : Q*(M) —
Q**+1(M) is the operator defined by:

eWVa=V Aa (1)

where V' is the 1-form associated to the vector field V' by the musical isomor-
phisms.
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e Given a fibration of algebras A and a vector field V on B, the contraction
operator (V) : Q*(A) — Q*~1(A) is the unique operator such that:

t(V)a=a(V) Vaec Q'(A) (2)
extended to higher order forms by the Leibniz rule:

(V) (anB)=1(V)an B+ (=D)lan (V)3 VB e QA).

On a smooth oriented closed n-dimensional manifold M, any smooth n-form w can be
integrated to give a complex (or real) number | o w- Given a smooth map f: N — M
between two closed oriented n-dimensional smooth manifolds N and M, the pull-back
f*w by f of this form can be integrated on N and we have:

[ fro=desth)- [ w

where deg(f) is an integer called the degree of the map f. The bilinear map:
QP(M) x Q" P(M) — €
@p) = [ ans
M

will later yield a dual pairing between p-th and n — p-th cohomology groups. Notice
that when n = 2k, for two k-forms o and 8 we have [,, a A = (-1)2 JBAa,so
that this bilinear map yields a symmetric bilinear form on Q¥ (M )whenever k is even.

A Riemannian structure on a finite n-dimensional oriented manifold M yields a par-
ticular n-form, the volume form given in a local system of coordinates (x1,---,x,)
at a point = by:

dvol(x) = \/detgy dxy A -+ Ndxp, =€} A--- Nep

where detg,, is the positive determinant of the matrices representing the metric locally
at point x and where {e}(z), -, e’ (x)} is an orthonormal basis of T, M equipped
with the inner product induced by the Riemannian metric.

Given an n-dimensional Riemannian manifold (M, g), the Hodge star operator x is
defined pointwise by the linear operator

wg t APTXM — A"PTE M (3)
on a positively oriented orthonormal local basis {e],---, ek} of T*M by:
e, N Aep Axglef, Ao Aep ) = dvol(z)

for any 41 < --- < 4p. This definition is independent of the choice of oriented or-
thonormal basis and one can check that x> = (—1)P("=P) on APT*M. The Hodge *
operator induces a duality on forms QP (M) ~ Q" P(M) called Hodge duality. When
M is closed, the above bilinear form on differential forms yields the following bilinear
form on QP (M):

(@.8) = [ (@ Bdvol(@) = [ a(e) nxila).

M

27



When M is a complex manifold, just as T™MY = TYOM @ TO'M, the complexi-
fied space of forms Q" (M) @ € splits:

(M) @ =" Q"(M),
p+q

where QP9(M) is the space of smooth antisymmetric sections of the tensor bundle
q

((TLOM)*)@) ® ((TOJM)*)® .

A Hermitian metric h on M is a (1,1) covariant two tensor which, if M is n-
dimensional reads in local coordinates:

h(Z) = Z hjdej ® dZ.
1<j,k<n

Given a Hermitian manifold (M, h) with complex structure J, we build a covariant
tensor
w(., ) = h(J., .),

called the Kdhler form of h. The two form w is antisymmetric since J? =; d and
invariant under J:

w(JaJ) :h(Jz'a‘]') :h(JS'aJ2') :h(Jv) = w.

Remark 2 On a complex manifold of complex dimension n with complex structure
J, the form w A --- Aw (n-times) is nowhere vanishing since with the notation of the
above remark we have

WA Aw(er, Jer, ez, Jea, - en, Jen) = Zw(ea(l)ajeo(l))"'w(eU(n)v'Je(r(n))
gEX,

= nlQey, Jer) - Qen, Je,) = nl.

It serves as a volume element on M, which is therefore orientable.
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3 Differential forms and connections

The exterior differential Useful references are [BGV], [MT].

Exterior differentiation on forms on a given smooth manifold M is defined as fol-
lows:

Proposition 6 The derivation f — Df defined on the space of smooth functions on
a manifold M extends to a unique derivation map d: Q(M) — Q(M) such that

i) d sends QP (M) to QPTL(M).
it) (dod)(f)=0 VfeC>®M).
We set df = Df for f € C°(M) = Q°(M).

As a derivation map, exterior differentiation is linear and satisfies the (graded) Leibniz
rule, which reads here:

dlanB)=(da)AB+ (-D)¥andB Ya,B e QM).

On a form « € QP(M), and for smooth vector fields Uy, ---,U, on M, the exterior
differentiation reads:

p
daUo, -+, Up) = I (10 (a(Uo, -+, O+, 0y))
k=0
+ (_1)k+la([Uk;Ul]aUO7"'7U/€7"'7Ul7"'7Up)
1<k,l<p

where the “hat” above the vector fields means we have deleted them. It is important
to notice that the second requirement that d o d vanishes on functions in fact implies,
using the other two requirements, that it vanishes on all forms.

On a compact finite dimensional oriented Riemannian manifold, one can define the
adjoint d* of d setting:

(da, B) = (a,d*B) Va € QP(M), B € QPTH(M), 4)

so that we have:

,d* = d*

@dp) = [ ands

= /da/\*,é’
M
/d(a/\*ﬁ)—(—l)p/ aNdx*p
M M
= (=1)ptt d
(07t [ andes

< since/ dy = O>
M

_ (_1)p+1(_1)<n—p)<n—<n—p>>/ o nxxdx B
M
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= (=1)"PHl a N *(xd *
= [ anstd i)
= (=)™ o, xd * )

Thus on QP (M) we get:

d* = (=)™ xd«.
3.1 Connections and geodesics
Useful references are [GHL], [J], [K], [KN], [L].

Covariant derivatives extend the exterior differentiation to sections of vector bun-
dles.

Definition 35 Given a vector bundle m : E — B based on a manifold B, a covariant
derivative (also abusively called connection) on E is a differential operator:

V:C®E)—=C®(T*B®E)
which satisfies the Leibniz rule:
V(fo)=df ® o + fVo.

It extends in a unique way to the space Q(B, E) of E-valued forms on B in such a
way that:

V(aAl) :=daAi+(—1)Ya AVl VaeQ(B),0eC®E).
Notice that setting Vi := «(U) o V for U € C*°(T'M) we have:
VfUO' = fVUO'

and
Vyivo =Vyo+Vyo Yoe C®(E), feQB),UV cTB.

A covariant derivation V on a vector bundle F induces a dual connection V* on the
dual bundle E*, given by the Leibniz rule using the duality product (-, -) : C*°(E*) x
C®(E) = C>®(M):

d(p*,0) = (V*p*,0) + (p*, Vo), VYoe C®(E),peC°(E"),
and a connection VZ"? on the bundle End(E) ~ E* ® E defined by:
v = v el+10V.

On a trivial vector bundle F — B, a connection is given by an End E-valued one form
0 via the formula V = d 4 0. As a consequence, a connection on a general vector
bundle EndFE can locally be described by V = d+ 0y where now 0y is a End F-valued
one form on an open subset U € B over which we have trivialised the bundle. An-
other consequence is that two connections on 7 : E — B differ by a (globally defined)
EndFE-valued one form on B. An easy computation yields that if V = d 4+ 6y locally,
then V* = d — 0y and VF = d + [0y, ]
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A similar formula to that of the differentiation on ordinary forms holds for a co-
variant derivative on E-valued forms:

P
VCV(UO»" 7 Z ( U07 7Ui"“7Uk)>

-0
+ Z D (Vo U — Vo, U, Ug, -+, Uy -+, Uy -+, Up)

0<k<I<p

where UZ means that we have left out the vector field U;.

A connection V on a Riemannian (resp. Hermitian) bundle 7 : E — B based on
a manifold B is Riemannian provided it is compatible with the Riemannian (resp.
Hermitian) metric in the following sense:

d{o,p)p = (Vo,p)p + (0,Vp), Vo,pe C°(E) Vbe B

where (-, )y is the inner product on the fibre above b.

Given a connection V on a finite n-dimensional manifold M, and given a local system
of coordinates (z1,---,z,) at a point € M, we define the Christoffel symbols:
0 = 0
PR o R
Oy 8xj = - 8£Ck

These extend to the Banach setting as follows. Let m : E — B be a vector bundle
with base B modelled on a linear Banach space V and fibre modelled on a linear
Banach space V;. Let (U, ¢, ®) be a local trivialization of the bundle E over an open
subset U of B. A Christoffel coefficient corresponding to this trivialization is given
by a map:

I's : (I)(Tl'il(U)) — E(V X Vl,Vl)

with the following property. If (W, ), ¥) is another trivialization then
D(Wod Ny (¢.X,70) = D*((Fod 1) (¢ X, P0) +Tyo(D(pod )X, D(Tod )

where X is a vector at a point of UNW and o a section of F. Under this assumption,
it makes sense to define a connection V : C*®(E) — C*°(T*M ® E) in a local
trivialization (U, ¢, ®) using the Christoffel symbol T's by:

O(Vxo)=D(P0).0. X +Ta(0. X, Do)
since the latter definition is independent of the choice of local trivialization.

Definition 36 The torsion of a connection on the tangent bundle TM to a manifold
M is given by:

T(U,V):=VyV - VyU—[U, V] VU,V e€TM.

In a system of local coordinates (1, - - -, x,,) around a point z of a finite n-dimensional
manifold M, setting e; = ai we have T'(e;,ej) = V¢, e; — Ve, e; so that if the torsion
vanishes then V. e; = V. e;, i.e. the Christoffel symbols are symmetric Fk = Fk
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Remark 3 In the absence of torsion, i.e. when T = 0 the covariant derivative on
forms reads:

Ta(l.--- Vo (alth O 1)

+ k+l Uk7Ul} UOa"'vljka"'7017"'7U[))'

P

:0
<k<

Proposition 7 There is a unique connection on a Riemannian manifold which has

vanishing torsion and is compatible with the (strong) Riemannian metric; it is called
the Levi-Civita connection.

Proof 5 (Idea of the proof) We first write

as well as circular combinations of this expression. Using the fact that the torsion
vanishes yields the following expression of (NyV,W):

2AVyV. W) = ([UV],W)—([V.WLU) +(W,ULV)
+ UV, W)+ V(W,U) = W(U,V).

in terms of differentials of the inner product (U, V), (V,W) and (U, W). The existence
and uniqueness of ViV then follows from Riesz’s theorem.

A torsion free connection relates to the exterior differentation:

Proposition 8 If V is a torsion free connection on M then the exterior differential
coincides with € o V where € is the exterior multiplication. In particular, if V is the
Lewvi-Civita connection on a Riemannian manifold M, then d =eo V.

Proof 6 (Idea of the proof) Setting d = 0V one proves that d*f = —(T,df) for
any smooth function f on M where T is the torsion. Since the torsion vanishes
by assumption, this will prove that d>f = 0. One is then left to check the Leibniz
property forci and the fact that it coincides with the ordinary differentiation on smooth
functions in order to conclude that it coincides withg d on all differential forms.

A Hermitian complex manifold (M, h) can be equipped with a Riemannian metric
g(+,+) = h(-,J-) where J is the almost complex structure on M induced by the
complex structure.

Proposition 9 A Hermitian complex manifold M is Kahlerian provided the bundles
TYOM and TO'M are preserved by the Levi-Civita connection V, or equivalently
provided the Levi-Civita connection V is compatible with the complex structure J i.e.
[V,J]=0.

Proof 7 (Idea of proof) Recall that if M is a complex manifold with a Hermitian
metric h, the real part of h restricted to the tangent bundle TM is a Riemannian
metric g on M, while the imaginary part w restricted to TM is a two form on M.
For any two vector fields on M, we have g(U,V) = w(JU, V) where J is the almost
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complex structure on M. Letting (-,-) denote the Riemannian scalar product, we
have:

(Vu )V, W) (Vu(JV), W) +w(VyV, W)
—Uw(V, W) +w(VyV, W) + w(V, Vy W)

—(Vyw)(V, W).

Since V is torsion free, d = € o V where ¢ is the exterior product and dw(U,V,W) =
(Vo)w(V, W) = (Vy)W,U) + (Vw)(U, V), which vanishes as a consequence of the
condition VJ = 0. Hence VJ = dw = 0. On the other hand, the formula for the
Levi-Civita connection applied to the holomorphic coordinate system z; yields:

2<Vazj 0r,0,1) = 0
2<v821 8Zk 5 azz> = idw (6zk 5 621 5 35J)
2<V32J. Ok, 05) = idw(055,0,%,05),1

from which it follows that if dw = 0, then the Levi-Civita connection preserves TVOM.

Definition 37 A geodesic on a Banach Riemannian manifold M is a smooth curve
c: I — M on M solution of the second order differential equation:

where I is some open interval in IR.

Such a solution exists locally by the theory of differential equations on Banach
spaces and there is a unique solution ¢, ,, determined by the initial conditions ¢(0) =
x, ¢0)=wue T,M provided 0 € I.

Taking u in a small enough neighborhood of 0 ensures the existence of the geodesic
up to time 1 and we define the exponential map:

exp:UcCcT,M — M
u = cpa(l)

which yields, by the local inverse mapping theorem (see section 1.1), a local diffeo-
morphism from U onto its range.

The Riemannian manifold is complete provided all geodesics are defined on IR, in
which case the exponential map is defined on the whole tangent bundle. A compact
Riemannian manifold is complete.

The exponential map defined on Lie groups can in some cases be described as an
exponential map built from geodesics, choosing an adapted left invariant metric on
the group, e.g. on GL(n,IR) the one given by the inner product (A, B) := tr(A*B)
on gl(n, IR).
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3.2 De Rham and Dolbeault cohomology

Combining the interior and exterior products on Q(M), where M is a Riemannian
manifold, yields a Clifford multiplication from which we shall later build a Dirac
operator using the Levi-Civita connection.

Proposition 10 1. ¢(v)* =(v) Ywe T, M,z e M,
2. ¢ =¢e — 1 acting on Q(M) satisfies the Clifford relations i.e.
c(v)e(w) + e(w)e(v) = =2(v,w),, Yov,w € T,M, (5)
where (-, -, ), is the inner product on T, M induced by the melric structure.
3. [V, =0.
4. d= Z?:l €<ej)v€j’

5. df = —Z;L:li(ej)vej,
where (e1,- -+, epn) is an orthonormal basis of T, M.

Proof 8 (Partial) To avoid technicalities, we prove the results on one forms only.

1. Givenv € T, M, f € Q°(M) and o € T} M we have:
(t(v)a, f(x))e = ((v), f(2))2 = a(v)f(z).
On the other hand
(@, e() f(@))e = (o, f(2)0") = (@), 0")o f(2) = a(v) f(x).
Hence e* =1 on 1-forms.
2. Let v,w e T, M. We first observe that
e(v)e(w) + tlw)e(v) = (v,w); Yv,w e T, M.
Here again, we check the property on a one-form c.
(e(v)e(w) 4 t(w)e(v)) a = a(w)v’+i(w) (¥’ Aa) = a(w)v’+0° (w)a—1’a(w) = v*(w)a = (v, w), o
As a consequence we have:
(v)e(w)+e(w)e(v) = £(v)e(w)+e(w)e o)+ ()u(w)+(w)i(v)—2 (@) + (w)ew) = -2, w),,
where we have used the fact that e(v)e(w) +e(w)e(v) = t(v)e(w) + t(w)e(v) = 0.
3. For any u,v € T,M,a € QY (M) we have
(Vue(v)) (a(@)) — c(Vuv)a = Vu(c(v)a) = c(v) (Vua)
= V, (vb Na— a(v)) - (vb AVyv— (V,pz)(v))
= ¢(Vyv)(a).
4. Letus setd=3", e(ej)Ve, and show that d satisfies the requirements i), ii),

iii) which define d uniquely:
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i) Since Ve, sends QP(M) to QP(M), and £(e;) increases the degree of the
form by 1, d sends QP(M) to QPT1(M).

i) dod(f) =0 Yfe C®M,C). We prove that d*f = —(T,df) where T
is the torsion. Since the torsion of the Levi-Civita connection vanishes

by definition, this will prove that 2 =0. To simplify notations we set
Vj:V%jZVej whereejzai

=

f = d(df)
= Y e(du;)Vi(9; fduy)
ij
Z Blajfdl‘z AN d$j + Z a(dxl)ﬁjfv,(dxj)

= Z e(dx;)0; fVi(dxj).

j

By Leibniz’s rule:
1o}
0= a—@(dxj,em = (V,dz;, ex) + (dz;, Vier)
so that

Jgf = —Z dxl fldx;, Vieg)day,

ijk

—Z oz, fldx;, Vier)q dz; A dxy,
ijk

= {df, Vier — Vies)a da; A day
i<k

- Z(df, T(es, ex))s dx; A dxy,
i<k

—(T,df).

iii) d is a derivation. Indeed, the Levi-Civita connection on the tangent bundle
TM extends to a connection on the exterior cotangent bundle AT*M and
satisfies the following rule:

Vx(aAB)=VxaAf+aAVxB Yo, € QM) VX € C*(TM).
Hence d = > . €(e;)Ve, satisfies a graded Leibniz rule:
dlanp)=daAB+(-1)Yands VYa,Be QM)
and therefore yields a (graded) derivation.

. Given a € QP(M) and B € QPTY(M) we want to check that (e(dx;)V;a, ) =
(a0, t(dz;)V;8). Differentiating the one form defined on v € T, M by a(v) =
(o, t(v)B) 2 and using Leibniz’s rule yields:

Z (e;afe;) — a(Vie;)) = (Viayu(e;) BYa+{a, Vit(e;) B)x = (e(e:)Via, B)p+{ayi(e;)V

%
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where we have used the fact that €* = i. On the other hand since the divergence
is given by d*a = —tr(Va) for a one form a, it follows from Stokes’ theorem
that tr(Va) := Y0 Va(e;, e;) = >, (e;ale;) — a(Vie;)) integrates to 0 on M,

i.e.
/ tr(Va) dvol = —/ d*a=0.
M M

(e(e;) Vi, BYs + (ayi(e;)Vi8) =0

Thus

so that d* = —1 0o V.

Combining d and d* yields the operator

Di=d+d =) c(e;)V., (6)
j=1

whose square is the Laplacian on forms given by
A=d"od+dod"

whose restriction to p-forms reads A, = dy o dy, +dp—1 o dy_; where d, : QP(M) —
QPFL(M).

Remark 4 The operator D yields an example of Dirac type operator introduced later
in these notes; it is of the form Z?:l c(ej)Ve, for some connection V (here the Levi-
Civita connection) which commutes [c, V] = 0 with the Clifford multiplication (here
¢ =¢e—1), a property characteristic of Clifford connections.

A form « is closed whenever da = 0, and ezact whenever there is a form 3 such that
o = df. Since d od = 0, exact forms are closed but closed forms are not expected
to be exact, they are only locally exact by the Poincaré lemma. The obstruction to
their global exactness is measured by the de Rham cohomology groups:

HP (M) = Ker(d|QP(M))/R(dlﬂ”‘l(M))

where R(d|qr-1(ar)) denotes the range of the map d|gy-1(ar). The theory of elliptic
operators on closed manifolds which we describe later in these notes shows that these
cohomology groups are finite dimensional, the dimension of H?(M) corresponds to
the Betti number of M introduce later in the notes.

When M is a complex manifold, the exterior differentiation splits d = 9 +  where
0 QPI(M) — QPFLI(M) and 9 : QP9I(M) — QP9+ (M) and it follows from the
relation dod = 0 that o0+ 000 =0, 9> =0, 9% = 0.

Since 02 = 0,a O-exact form « (i.e.« = 9f) is O-closed (i.e. da = 0) and there is an
associated complex

0= QYO(M) = QOH (M) = Q¥ (M) — -+,

called the Dolbeault complez. A O-closed form is however generally not d-exact and the
obstruction to the exactness of closed forms is measured by the Dolbeaut cohomology
groups:

HP4(M) := Ker(9ar.aar))/R(Oar.a-1(a1))
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where R(d|gp.a-1(ar)) denotes the range of the map 5|Qp,q_1(M). The Hodge decompo-
sitton theorem gives a relation between the de Rham and the Dolbeault cohomology
groups:

HY(M) = @y HPI(M).
Using the theory of elliptic operators on closed manifolds one can show that these

cohomology groups are finite dimensional; their dimensions are called the Hodge num-
bers h?9 := dimHP9(M).

From the Hodge decomposition theorem it follows that the Betti numbers relate
to the Hodge numbers as follows:

by, = Z hP,

p+q=k

Definition 38 A complex manifold (M, J) is Kdhler if and only if the Kdhler form
w s closed dw = 0.

Proposition 11 A complex Hermitian manifold (M, h) is Kdhler if and only if
VJ = 0 where V is the Levi-Civita connection on M and J the almost-complex
structure on TM i.e., if and only if the holomorphic and anti-holomorphic tangent
bundles are preserved by covariant differentiation.

Remark 5 Consequently (using the fact that the Levi-Civita connection is torsion
free) the Lie bracket preserves the holomorphic and anti-holomorphic tangent bundles
on a Kdhler manifold.

Proof 9 Letw = h(J-,) be the Kdhler form. For any three vector fields U,V and W
we have:
Uw(V,W) = (Vow)(V, W) + w(VyV, W) + w(V, Vo W).

Using the fact that the Levi-Civita connection is torsion free (i.e., VgV — VyU =
[U, V] for any tangent vector fields U and V') and the antisymmetry of w we write:
dw(U,V,W) = Uw(V,W)—=VwUW)+Ww(U,V)
— w(U,V],W) —w([V,W],U) + w([U,W],V)
= (Vyw)(V,W) 4+ w(VyV,W) 4+ w(V,VyW)
Vvw(U, W) —w(VyU, W) —w(U,VyW)
+ Vpw(U,V)+w(VwU,V)+w(lU,VyV)
w([U,V],W) —w([V,W],U) + w([U, W], V)

= (Vpw)(V,W) +w(VyV, W) +w(V,VyW)
(Vyw)(U,W) —w(VyU, W) —w(U, VyW)
+ (Vww) (U, V) —w(V,VwU) +w(U,VyV)

W([U, V], W) +w(U, [V,W]) = w(V, [U,W])
= Vw(U,V,W).

Hence dw = Vw. Furthermore, for any vector fields U,V and W we have

Vyw(V, W) Uw(V,W) —w(VyV, W) —w(V,VyW)
Uh(JV,W) — h(JVyV, W) — h(JV, VW)

WYy JV, W)
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and hence
Uw(V,W) = Vyw(V,W) =h(VyJV,W)

holds for any vector fields U, V,W. Consequently dw = 0 <= V.J = 0.

Example 4 The projective space P,(C') has a natural Kdhlerian metric called the
Fubini Study metric defined by:

* 1 a
mw = 5—-00log (I + 1P+ +1¢l)

where the ;i = 0,---,n are the coordinates on €' and where = : €"*1/{0} —
P, (@) is the canonical projection. Let z = (2—;, e %D) be the homogeneous coordi-

nates of the chart €™ C P,(C') then:
[Py 2
w = —0dlog(1+ |z|%).
2m

Using the Hodge decomposition theorem, on a closed kahler manifold M, one can
relate the de Rham cohomology groups to the Dolbeault cohomology groups by:

Hk(M> = @erq:ka’q(M)-

3.3 The curvature and characteristic classes

Useful references are [BGV], [LM], [MS], [Na], [S].

Definition 39 The curvature of a covariant derivation is given by the Hom(E)-
valued two form QF = (VE)2 € O*(B,Hom(E)):

QF(U,V) = [VE, V¥ = Vv, YU,V € C*(B,TB).

An easy computation shows that the curvature is a local operator, meaning by this that
QEU, V) f = fQE(U,V), although one could expect a priori from the above formula
that f might get differentiated.

It is clear from the definition of the curvature that the Bianchi identity
[VE,QF] =0 (7)

holds.
Writing the connection on a vector bundle in a trivialization over an open subset U
of the base manifold V¥ = d + 05, the curvature reads

QF = dof + of N of.

Lemma 3 Let E be a real Riemannian vector bundle equipped with a connection V¥
which is compatible with the metric. Its curvature QF is an so(E)-valued 2-form on
M where so(E) is the subbundle of Hom(E) of antisymmetric morphisms of E.

Proof 10 Let U,V be two vector fields on the base manifold:
0 = (UV -VU - [Ua V])<Uv p>
= U(Vvo,p)+U(o,Vvp)
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— V{Vyo,p) = V{(e,Vup)
Vivio.p) — (o, Vi)
,p) +(Vvo,Vup)
Vo, va> + (0, VuVyp)
) — (Vuo,Vvp)
) — (0, VvVup)
[U,V]0, p) — (o, v[U,V]P>
(U, V), p) + (0, Q2U,V)p)

2 <

so that (QF (U, V)a, p) = — (o, QF (U, V) p) which shows that QF (U, V) is antisymmet-

Tic.

Let now E = TM where M is a Riemannian manifold. We drop the upper index E
in the notation.

The Ricci tensor of a connection V on a Riemannian manifold M is defined by
R(X,Y,W,Z) = (X,Y)W, 2)

where X,Y, W, Z are vector fields on M and (-,-) the inner product induced by the
Riemannian structure. We have:

R(X,)YYW,Z)=—-R(Y,X,W,Z)=-R(X,Y,Z,W)
and

R(X,Y,W,Z)=R(W,Z,X,Y).

When M is finite dimensional, the Ricci curvature is given by the trace of the op-
erator (X, )Y, i.e. Rice(X,Y) := tr(Q(X,)Y). The scalar curvature is the trace
of the Ricci curvature s(x) = Y 1 Ricc(e;(2), e;(x)), where (e;(2))ic(1,....n} is any
local orthonormal frame of T, M.

A connection with vanishing curvature is called a flat connection. When the Ricci
curvature vanishes, the manifold is called Ricci flat.

The ordinary differentiation on sections of a trivial bundle is flat since d o d = 0.

Characteristic classes:

o Complex vector bundles: Recall that the trace tr : gl,(C') — € on matrices
has the following invariance property:

tr(C1AC) = tr(A) VC € Gl (@).
As a consequence it extends to a morphism of complex vector bundles:

tr: End(E) - B x €

39



where F is a complex vector bundle over B. It furthermore extends to a Zs-
graded (the grading is given by the parity of the forms) trace on End(FE)-valued
forms on B setting:

tr(a ® A) == atr(A) Va e Q(B),A e C*(End(F))
with the following (graded) cyclicity property:
tr(a®A,B@B])=0 Va,8€Q(B), VA, Be C*End(E)), (8)
using the graded brackets on endomorphism valued forms:
a®A,B® B]=(-1)*anB®[A D]

Remark 6 If E is Zs-graded, one equips End(E) with a Zs-graded super-trace
which then extends (see e.g. [BGV] Definition 1.82 and Paragraph 1.5) to a
Zs-graded super-trace on End(E)-valued forms on the base manifold.

Combining the cyclicity of the (graded) trace with the Bianchi identity, provides
closed forms.

Proposition 12 Let E — M be a finite rank complex vector bundle over a
closed finite dimensional manifold M equipped with a connection VE. For any

non negative integer k
re(VE)) = tr((QE)k>

defines a de Rham cohomology class which is independent of the choice of con-
nection V.

Remark 7 In the above formula, the product QF uses both the exterior product
and the composition in Hom(E) since Q is a Hom(FE)-valued form.

Proof 11 For convenience we drop the upper index E in the notation. The local
description V. = d + [0, -] of a connection on Hom(E) induced by a connection
V =d+ 6 on E combined with the cyclicity of the trace tr([A, B]) = 0 yields

tr ([V,Q7]) = tr (d()) + tr ([0,97]) = tr (d()) Vj € IN.
On the other hand, by the Bianchi identity (7) we have
[V, Q] => Qv Q07 =0 VjeN, Viel[lj].
i=1
Hence,

dtr(QF) = ktr(d QF) = ktr(QF1dQ) = k tr(Q* [V, Q) = 0.

Let now V, be a differentiable one-parameter family of connections on E, mean-
ing by this that in a local trivialising chart Vi = d + 0, where 0; is a differ-
entiable one parameter family of local one-forms. The differential V, = 0,
defines a family of globally defined one-forms on the manifold and we have
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%Qt =V;Vi+V,V; = [Vt,ét] where the bracket is now an anticommutator.
Similar arguments to the ones above then yield

d k _ d k
o tr(Q) = tr(@ Q)

. d
= kir(Q )
= k‘ f/f’(Qf_l [Vt, Ot])
= ktr([vt,ﬂf_lét])
= kdtr(QF16,).

This formula extends replacing the k-th power by any analytic function f so
that tr(f()) (which is in fact a polynomial expression in Q of degree [2], the
integer part of half the dimension of the manifold M) is closed in the de Rham
cohomology. Its cohomology class, called Chern-Weil cohomology class, is in-

dependent of the choice of connection.

Different Chern-Weil classes carry different names according to the choice of
the function f. As an example, the first Chern form is obtained from f(x) := z,

r1(V) = tr(Q),

—XT

the Chern character is obtained from f(z) :=e™7,
ch(V) := tr(e™?)

where we have set ) = V2 for the curvature. The exponential map involves
wedge products as well as composition of morphisms since €2 is a Hom/(FE)-
valued two-form. Notice that 71(V) = —[ch(V)][z, namely minus the part of
degree 2 of the form ch(V).

Choosing f(z) = %5 on a complex bundle E yields the Todd genus

Td() = o8 (55).

Real vector bundles: Since the trace vanishes on antisymmetric matrices, the
trace is not very useful to define characteristic classes from real vector bun-
dles for which the curvature is an antisymmetric tensor. We therefore use
another tool to define characteristic classes form real vector bundles, namely
the Pfaffian, which in turn is related to another very useful tool, namely Berezin
integration.

Let G = SO, (IR) and v = so,,(IR), there is a one to one correspondence:

A’R" <+  so0,(IR)

Aj5€; AN € < (aij)

where e;,i = 1,---,n is an orthonormal basis for the canonical scalar product
on R".
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Definition 40 Berezin integration on AIR™ is the linear map defined by:

T:AR" — R

a — el N---er(a)

where ef,i=1,---,n is the dual basis e} (e;) = J;;.

Notice that T vanishes on APIR"™ for any p < n so that for any v € IR" and
any a € AIR", T(1(v)a) = 0 where ¢(v) is the interior product. The fact that
T yields a linear map which vanishes on derivations justifies the terminology
"integral” (analogy with Stokes’ theorem).

Given a real oriented Riemannian vector bundle E of rank n based on a manifold
M, Berezin integration generalizes to a vector bundle morphism:

T:ANE — MxIR

*

a = e N-era)

where e}, = 1,---,n is now an orthonormal frame of E. T in turn induces a
map on sections (denoted by the same symbol) T': C*°(M,AE) — C>*(M, IR)
in an obvious way.

Definition 41 Under the above assumptions on E, the Pfaffian of A = (a;;) €
C>®(M,A*E ~ so(E)) is the real valued function on M defined by:

Pf(A) =T (6% > aijei/\e_j) - (ez?<j;i,j:1 aije,;/\ej) )

In some cases, the Pfaffian is identified to the top form Pf(A)e; A ---ey.
We state the following result without proof, leaving the proof as an exercise.

Lemma 4 Given A = (a;j) € C°(M,A*E ~ so(E)), if the rank n of E is
even, setting n = 2k we have:

(=1*
Pf(A) = ok Ll Z 5(0)(10(1)0(2) T Qogg_q02k

oEX,

and the Pfaffian vanishes if the rank of E is odd. Here (o) denotes the signature
of o.

Given a function with Taylor expansion at all orders at 0, namely f(z) =
(k) . .

kK:o fT(O)zk + 0(z%) VK € IN and an oriented metric real vector bun-

dle (E, VF) equipped with a connection compatible with the metric, similarly

to the construction of characteristic classes via the trace, here again, using

the Bianchi indentity and the properties of the Pfaffian, one can show that

P(Q) = Pf (f(QF)) defines a closed form with cohomology class independent
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of the choice of connection.

Choosing f(z) = —z yields the Fuler class
e(VP) = Pt(—QF) € QY (M) (9)

where N is the rank of E. The Euler class vanishes if IV is odd as a consequence
of the vanishing of the Pfaffian in odd dimensions. Moreover, as a consequence
of the multiplicativity of the Pfaffian on tensor products, this characteristic
class obeys the following property:

e(VEPE) = e(VE) A e(VF).

Remark 8 If M is an oriented Riemannian surface, and (E = TM,VTM) js
the tangent bundle equipped with the Levi-Civita connection, then

e(VT™M) = K dvol

where K is the Gaussian curvature (see (40)).
Choosing f(z) = % yields the A-genus
2

QE
A By 2

2

(1IN

and f(z) = & the L-genus
2

e &
() 0

2

As a consequence of the multiplicativity of the Pfaffian on tensor products,
these characteristic classes obey the following property:

A(VEERY = AVPYANAVE),  L(VE®F) = L(VE) A L(VT).
The Todd genus and A genus are cllosely related: for any oriented real vector bundle

FE we have: A
Td(E® €) = A(E)*.

43



4 Principal bundles

4.1 Classification of principal bundles
Useful references are [MM], [Gr], [S].

Definition 42 A (Banach) C*-principal G-bundle based on a C*-manifold B, where
G is a Banach Lie group is a (Banach ) C*-fibre bundle P based on B with typical
fibre G, such that if ® and ¥ are two trivialisations above some open subset U € B,
there exists a local map v : U C B — G verifying:

oW, ' =~(b) VbeB.
G is called the structure group of P.

If the group G acts on itself by left translation Ly : h — g - h and if (U, ¢, ®) and
(W, 4, ¥) are two local trivialization with b € U N W, then we have:

®y(py) = g+ Po(gn) = Yo(pp) = (v(b) ' gv(b)) ¥u(qw)

for any g € G, py, q» € Ep where E} is the fibre over b. Thus, a change of trivialization
induces an inner automorphism g +— ~y(b) ~*gy(b) of G.

Given a C*-morphism ¢ : B’ — B between two C*-manifolds, the pull-back ¢*P
to B’ of a C*-principal G-bundle on B is a C*-principal G-bundle on B’.

Let us now restrict ourselves to C%-bundles. One can show that two homotopic maps
¢:B"— B and ¢ : B — B give rise to equivalent principal G-bundles ¢* P ~ ¢*P.
One can therefore associate to the homotopy class [¢] € [B’, B] of amap ¢ : B' — B
the equivalence class of ¢*P. This leads to the following definition.

Definition 43 A classifying space for a Lie group G is a connected topological space
BG together with a principal G-bundle PG — BG, such that for any compact Haus-
dorff space X, there is a one to one correspondence between the homotopy classes
[¢] of maps ¢ : X — BG and equivalence classes of principal G-bundles on X. A
principal G-bundle PG on BG yields a pull-back bundle ¢* PG on X. The base space
BG is defined up to homotopy type and the bundle PG — BG is called the universal
principal G-bundle.

A principal G-bundle P — B with the property that the total space is contractible
yields a classifying space B for G. An important example is the Grassmannian
Gn(€®) = UF_,Gn(CV) which yields a classifying space for the unitary group
U(n) so that BU(n) = G, (C>).

Letting 7, (G) := [S™, G| denote the n-th homotopy group of G, the long exact
sequence of homotopy groups:

s = (P) = mp(B) = mp—1(G) = w1 (P) — - -
yields 7, (B) ~ m,—1(G), using the fact that m,(P) = {1}. Singular cohomology is
needed for further information on the principal bundle (we refer the reader to any

classical text on algebraic topology). A wuniversal characteristic class for a principal
G-bundle is a non zero class in the singular cohomology H*(BG, A) with coefficients
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in a ring A. Given a class ¢ € H*(BG, A), and any principal G-bundle P — B, there
is a map ¢ : B — BG such that P ~ ¢*PG and c¢(P) := ¢*(c) € H*(B, A) is the
c-characteristic class of P. In particular the cohomology ring H*(BU (n), Z) is a Z-
polynomial ring with canonical generators ¢, € H**(BU (n), Z), called the universal
k-th Chern class. Thus to any U(n)-principal bundle P — B, classified by a map
¢ : B — BU(n), one can associate the k-th Chern class ¢ (P) := ¢*(cx). The relation
to the Chern classes described at the end of the previous chapter will become clear
once we have set up a correspondence between vector bundles and principal bundles;
via this correspondence, the Chern class ¢ (P) can be seen as a Chern class on a
complex rank n vector bundle F.

4.2 From group actions to principal bundles

Useful references in view of the applications we have in mind for quantum field theory
are [AM], [Br], [E], [KR], [FU], [Tr]. Foundations for this type of slice theorem were
set up in [P].

4.3 The slice theorem in the Hilbert setting
Foundations for this type of slice theorem were set up in [P].

Definition 44 A C*-manifold (resp. C>-manifold) modelled on a topological (real)
vector space V is a Hausdorff topological space X together with a family of charts
Uy, o), € A, such that

1. U, are open subsets of X which cover X i.e., X CUqgca;
2. o : Uy = ¢ (Us) CV are homeomorphisms onto open sets ¢o(Uy), a0 € A
3. gpodyt: da(Us NUg) — ¢5(Us NUg) are C* (resp. C*) maps.

We recall that a locally convex vector space is said to be convenient [KM] if a curve
¢: IR — V is smooth whenever Aoc : IR — IR is smooth for any A € V* the topological
dual of V. Amap f:U C V — W from an open subset U of a convenient vector
space V' to another convenient vector space W is said to be smooth if foc: IR — W is
smooth for any smooth curve ¢ in U C V. For maps on Fréchet spaces this notion of
smoothness coincides with all other reasonable definitions and multilinear mappings
are smooth if and only if they are bounded.

Definition 45 If in the above definition, V is (in increasing level of generality) a
Banach, resp. Hilbert vector space, resp. Fréchet vector space, resp. convenient
locally convex vector space, then X is called a Banach, resp. Hilbert, resp. Fréchet,
resp. convenient locally convex manifold.

Remark 9 If V is finite-dimensional, V ~ IR" for some n € IN, we recover the
definition of a finite n-dimensional manifold.

Example 5 o CF diffeomorphisms of a closed manifold M
Diff* (M) = {f € C*(M, M), f bijective, f~* € C*(M, M)}

form a Banach manifold.
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o An important Fréchet manifold is the diffeomorphism group of a closed manifold
M:
Diff (M) = {f € C>®(M, M), fbijective, f~' € C°°(M,M)}.

Definition 46 A set G endowed with a group structure and a smooth Banach, resp.
Hilbert , resp. Fréchet, resp. convenient manifold structure, in such a way that these
two structures are compatible i.e., the mapping G x G > (g,h) — gh™! € G is
smooth, is called a Banach, resp. Hilbert , resp. Fréchet, resp. convenient
Lie group. If the manifold is finite dimensional, this concept coincides with the
usual concept of a Lie group.

Example 6 Diff (M) is a Fréchet Lie group yet Diff*(M) is a Banach topological
group but not a Banach Lie group, due to the lack of smoothness of the composition
map.

The tangent space of a Banach, resp. Hilbert , resp. Fréchet, resp. convenient
manifold is a Banach, resp. Hilbert , resp. Fréchet, resp. convenient vector space. A
strong Riemannian structure on a Hilbert manifold is a (smooth) choice of inner
products which induces a Hilbert space structure on each tangent space.

Definition 47 Let G be a Hilbert Lie group acting on the right on a Hilbert manifold
X wia a smooth action:

0:GxX — X
(9,2) = @.g9:=Ry(x)
i.e. Ry.y0 = Rgo Ry forg,g €G.
1. The action © is proper provided the map
E:GxX — XxX
(g,2) — (z-g,7)
is proper, i.e. preimages of compact sets have compact closure.

2. The action © is free provided it has no fized points:
Jre X, z-g=xz=g=e
3. If X equipped with a strong Riemannian metric, we say that the action is iso-

metric provided it leaves the metric (given by inner products (-, ), on the fibre
T.X) invariant:

(DRyU,DR;V)3.g = (U, V), VUV €T, X.
The metric is said to be compatible with the group action.

Remark 10 o The freedom of the action © corresponds to the injectivity of the
map 0,, that for any x € X sends an element of G to an element of the orbit
Oac = {‘T'agvg € G}



e [f G is a compact Lie group the action is proper. To see this, we show that one
can extract a convergent subsequence from any sequence (T, gn) € G X X such
that 2((zn, 9n)) = (Xn - gn, Tn) € K where K is a compact subset of X x X.
K being compact, so is its projection onto the second component and we can
extract from (x,,) a convergent subsequence (T4(ny). G being compact, there is
a subsequence of (ge(n)) which we denote by the same symbol for simplicity,
converging to some g € G. The subsequence (Ty(n),Jon)) therefore does the
job.

Theorem 6 (The slice theorem) Let G be a Hilbert Lie group acting on the right
on a (strong) Riemannian (Hilbert) manifold X via an isometric action:

O0:GxX—>X

which is smooth, free and proper.
If for any x € X the tangent map 7, := D.0, has a closed range, then

1) the orbits are closed submanifolds of X and 0, : G — O, is a diffeomorphism
of manifolds,

2) the quotient space X/G has a smooth Hilbert structure,

3) the projection w: X — X/G yields a principal fibre bundle.

Remark 11 In the finite dimensional case, there is no need for the splitting condition
(R(7) is closed) on T, which is automatically fulfilled. In the more general Hilbert
setting, a Fredholm operator T, fulfills the additional requirement that the range be
closed.

Proof 12 e We first check item 1).

i) © being proper, 0, is a closed mapping. Indeed, if 0,(g,) converges to y,
then (z, g, - x) converges to (x,y) and the properness of the action implies
the existence of a subsequence gy(n) converging to some g € G. The action
being continuous, 01(gpm)) = Gg(n) - © converges to y = g-x. It follows
that 0, (gn) converges to y = g-x. Thus 0, is a homeomorphism onto its
range Oy.

it) Let us check that Dy, is injective. Otherwise, there is some u # 0 € g
such that Dyf,(u-g) = 0. But since Dy, = DRy o1, 0 DR, this would
imply that T,u = 0. Then, for any ty € IR

i T tu i T tu tou
dt [t=t0 dt [t=0
d u
DRgo%lt:ox . et
= DRy (1.u)
0

where we have set gy := exptou. This would imply that 0,(gt) s constant
which contradicts the freedom of the action.
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iii)

Let us check that the range of the map D@, is closed. This follows from
R(Dy0,) = DRyR(7s) (see the second preliminary remark) combined with
the fact that 7, has closed range. Moreover, since Ry is an isometry, it
preserves orthogonality and
R(D,0,)* = DR, (R(72))" so that we have the following orthogonal split-
ting:

Ty X = R(D,0,) ® DR, (R(1,))" .

Thus 0 is an injective immersion which is also a homeomorphism onto its
image. The inverse mapping theorem for Hilbert manifoldss then implies
it is a diffeomorphism G ~ O, and the orbit O, is a submanifold of X.
The tangent space of Oy at point y = x - g is R(Dgbyq). This finishes the
proof of point 1) of the Theorem.

o Let us now check items 2) and 3).

i)

ii)

Let U, be an open neighborhood of x in R(7.)*, small enough to build
the submanifold S, = exp,(U) of X wusing the exponential map exp, :
U — V, C X at point x, where U is an open neighborhood of the zero
section of the tangent bundle TX and V, an open neighborhood of x € X.
Since the exponential map defines a local diffeomorphism, S, inherits a
manifold structure which by construction has tangent space at point x given
by N.(O.) := R(7,)* where N stands for normal, N,(O,) being the fibre
above x of the normal bundle to the orbit O,.

The action being continuous, free and proper, one can chose U small
enough so that

(Sz).gNS, #dp & g=ce. (11)

Indeed, otherwise, we could find a sequence (un) € Nz(O,) with norm
lun|l < % such that both (x,) and (z, - g,) converge to some x. But in
that case, the properness of the action yields the existence of a subsequence
(9g(n)) converging to some g € G. The continuity of the action then implies
that in the limit x - g = g. But the action being free, this implies in turn

that g = e.

It follows from (11) that the local slice S, is in one to one correspondence
with a subset Uz of the quotient space X/G := B. Equipping B with the
quotient topology turns the projection map w : X — B into a continuous
map and yields a homeomorphism w : S — Uz. The manifold structure on
Sy then yields a local chart over the neighborhood Uz of & € B. Patching
up such local trivializations yields a smooth atlas on B with transition
maps obtained from the exponential maps.

This quotient manifold inherits a metric structure from the G-invariant
structure on X. Given U,V € Tz B we set:

(U, V)z:= (U, V),
for any x in the fibre above T and any U,V € T, X such that Dw(U) =

U,Drn(V) = V. Since the metric is G-invariant, this is independent of the
choice of x and of U and V.
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v) The above local charts induce local trivializations for the projection 7 :
X — B so that we can equip X with a G-principal bundle structure over
B. Locally we have:

X\Ui ~ Sz x G.

4.4 From vector bundles to principal bundles and back
Useful references are [BGV], [KN].

To a smooth vector bundle £ — B based on a manifold B with typical fibre a
Banach space V, we associate a principal bundle GL(E) — B called the associated
frame bundle with structure group G := GL(V') and fibre above b € B given by:

GLy(E) :={Ly:V — Ep, continuous and one to one}.

(Recall from the open mapping theorem that it is a homeomorphism).
Letting

(6, ®@): B, — UxV
(b;u) = (6(b), Pyu)

be a local trivialization of E above an open subset U of B, a local trivialization (¢, ®)
of GL(E) above U is given by

GL(E), — UxGL(V)
(0, Ly) = (p(b), ®p(Lp) := Py o Ly) .

Given two local trivializations (¢, ®) and (¢, ¥) of £ and hence two induced trivial-
izations (¢, ®), (¢, ¥) of GL(E) we can build a map:

p:U — GLV)
b — \Ilboi)b_l:L%\Ilbo@b_loLb

A Banach vector bundle E of class C* (resp. C*) is trivial if and only if GL(E)
admits a global section of class C* (resp. C*). Indeed, a global a section of class
CF* (resp. C*) yields a diffeomorphism:

E — BxV
(byup) +— (b, a(b)(up)).

If £ is a rank n vector bundle, a global section of class C* (resp. C™) of the principal
bundle GL(E) corresponds to a family of frames (e1(b),- - -, e, (b)) of class C* (resp.
() parametrized by B and the section « yields the coordinates «;(b),i = 1,---,n
of the vector uy, in the basis (e1(b), -, e, (b)) of the fibre E} above b.

When E = TM, the tangent bundle to a manifold M of class C* (resp. C*°),
the existence of a global section of GL(FE) is a constraint on the manifold M and we
say that M is C*- (resp. C-) parallelizable. If we only require this section to be
continuous, it is a topological constraint. A Lie group is clearly C'°°-paralellizable
since left (or right) action Ly : h +— g - h (or Ry : h — h - g) of the group on itself
induces a smooth parallelization L, : Lie(G) — TyG (resp. R, : Lie(G) — T,G).

49



A result by Kuiper [K] tells us that given a C* (resp. smooth) Hilbert vector bundle
E — B, the associated frame bundle GL(FE) admits a global C° section. Thus any
Hilbert manifold is C%-parallelizable.

Conversely, given a principal bundle with structure group G and a representation
p: G — Dif f(V) on a Banach space V', we can build the associated vector bundle:

Px,V:=PxV/.,
where ~ is the equivalence relation defined by
(pv) ~ (V) 3geGp=p-g and v =p(gv

so that (p- g,v) and (p, p(g)v) get identified. Locally, above an open subset U of the
base manifold, we have:

Px,Vi,~(UxG)x,V~UxV.

In particular, a vector bundle E with typical fibre V is associated to its frame bundle
GL(FE) with structure group GL(V):

GL(E)x,V =E

where p is the natural the action of GL(V') on V.

4.5 Connections on a principal bundle

Useful references are [BGV], [KN], [MM], [Ts].

Given a principal bundle 7 : P — B with structure group G, and the induced
map Dn : TP — TB, we call a vector field ¢ vertical provided Dmw(§) = 0. Let us
denote by VTP the subbundle of vertical vector fields with fibre above p € P given

by
VT,P := {v € T,P, Dyr(v) = 0}.

Given a point p € P, the right action
0,:G — P
g — p-g
induces a map:
T, Lie(G) — T,P

d
u o g (e e(n),

which in turn gives rise to a vertical vector field:
p = E&(p) =ty == 1p(u),
called the canonical vector field associated to u. 7, : u — Up is an isomorphism of

Lie(G) onto VT,P.
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Definition 48 A connection on the principal bundle P with structure group G is a
smooth splitting
T,P:=VI,P® HI,P, VpeP

with an equivariance property HT,,P = DRy(HT,P) Vp € P,Vg € G. HTP
is called a horizontal distribution and HT,P the horizontal tangent space to P at
point p. A horizontal distribution HTP turns the map Dm : HTP — TB into an
ismorphism and we call £ the horizontal lift of a vector field £ on B.

Equivalently,

Definition 49 A connection on the principal bundle P is given by a Lie algebra
valued one form on P, w € QY(P, Lie(G)) such that:

(1) wp(ty) =u Yu € Lie(G)

(it) wp.qg = Riw, Vp € P where Ry : p — p- g corresponds to the action of G on
P.

The two formulations are equivalent. Indeed, given a smooth horizontal distribution
HTP, any tangent vector field ¢ splits in a unique way & = £ @ £" into a vertical
part £ := 7,u for some unique u € Lie(G), and a horizontal part £". w(§) := u
defines a unique Lie(G) valued one form w on P satisfying requirements (i) and (ii).
The curvature of the connection reads €2 := dw + w A w. it measures in how far the
splitting TP = VIT'P ® HTP does not respect the Lie algebra structure on vector
fields, Q(U,V) = [U,V] — [U, V] where U, V are the horizontal lifts of the vector
fields U and V.

Conversely, such a one form w defines a vector bundle HT'P := {£ € TP,w(§) = 0}
which has the required invariance property by property (ii).

There is a natural horizontal distribution HTP = (VTP): whenever there is a
(strong) Riemannian metric compatible with the action of the structure group G on
P.

There is a one to one correspondence between covariant derivations defined on vector
bundles E and connections defined on principal bundles in the following sense.

A connection w on the principal bundle # : P — B, seen as a horizontal distri-
bution on P, yields a covariant derivation on the associated vector bundle E. Let
X € TyB,b € B and let X be its horizontal lift. Letting p : G — Aut(V') be an action
of the gauge group G of P on a Banach vector space V, a section o of the associated
vector bundle P X V' can be seen locally as a map from an open subset of B to the
vector space V' so that it makes sense to set

Vxo:= (p,f(a) .

Notice that we implicitly have used the equivariance of the horizontal distribution
in this definition. V yields a connection on the associated vector bundle F := PxgV.

The covariant derivation V is compatible with the metric whenever the horizon-
tal distribution is given by the orthogonal supplement to the vertical bundle.
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Conversely, a covariant derivation V¥ on a vector bundle E with typical fibre V
yields a connection on the frame bundle GL(F) (recall that its structure group is
GL(V) with Lie algebra Lie(G) = Hom(V)). Let us set P = GL(FE), the canonical
projection 7 : P — B induces a map D,7 : T, B — T B so that given a tangent
vector X € T,,P, we can set:

w(X) =vpom,

where Vo(E) is the covariant derivation induced by V¥ on Hom(E). Here TGL(FE),
on which the form w is defined, is locally seen as U x Hom(V). Since Hom(E) is
also locally seen as U x Hom(V'), it makes sense to let the covariant derivation on
the r.h.s. act on a section of TGL(E).

4.6 Reducing and lifting principal bundles: spin and spin®
structures

Useful references are [H|, [LM], [Ma], [Mo].

Definition 50 Let H be a closed subgroup of a Banach Lie group G. A princi-
pal bundle P based on B with structure group G reduces to a principal bundle with
structure group H whenever there is an atlas of charts (U;, ®;) for P such that the
transition maps have values in the subgroup H. Let {1} - H — G — G — {1} be
an_ezact sequence of Banach Lie groups. A G-principal bundle P based on B lifts to
a G-principal bundle P whenever P reduces to P, where we view G as a subgroup of
G wia the isomorphism G ~ H x G.

A principal bundle reduces to a bundle with structure group H = {1} whenever the
bundle is trivial.

Reducing the structure group is a way to impose geometric constraints on the bundle.
In particular, a real (resp. complex) vector bundle ' — B with typical fibre V' can
be equipped with a (strong) Riemannian (resp. Hermitian) structure whenever the
associated frame bundle GL(E) with structure group GL(V, R) (resp. GL(V, ())
reduces to the orthonormal frame bundle, a principal bundle with structure group
O(V) :={g9 € GL(V,IR),g"g = I} (resp. U(V) :={g € GL(V,C),g"g = 1}). In par-
ticular, when F := TM where M is an n-dimensional real (resp. complex manifold),
then V = IR" (resp. V = ™) and M can be equipped with a Riemannian (resp. Her-
mitian) metric whenever the frame bundle GL(M) := GL(T M), with structure group
GL(n, IR) (resp. GL(n, (")), reduces to the orthonormal (resp. unitary) frame bundle
O(M) (resp. U(M)) with structure group O(n) (resp. U(n)). Furthermore a real
rank n Riemannian vector bundle E is orientable whenever its frame bundle GL(M)
reduces to a principal bundle with structure group SO(n) := {g € O(n), detg > 0}.

Lifting principal bundles is not always possible, as we shall see shortly, when try-
ing to define spin and spin® structures.

Definition 51 Let V' be a real Euclidean vector space. The algebra CU(V') over IR
generated by V with the relations:

veow+tw-v=—2(v,w)

where (-,-) denotes the inner product on 'V is called the Clifford algebra of V.
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The Clifford algebra of V' can also be seen as a quotient space C4(V) = T(V)/{v®
v 4 2|02} of the tensor algebra T (V) = @2, V®" by the relation v ® v = —2||v|.
The Z-grading on 7 (V) induces a natural Z, -grading on C4(V):

into even and odd (Clifford) products.
A linear map ¢ : V — Emd(W) for some vector space W extends to an algebra
morphism ¢ : C4(V) — End(W). whenever c¢(v)? = —1y.

Example 7 Given v € V, let ¢(v) act on the exterior algebra W := AV by
c(v)a :=e(v)a — (v)a

where e(v)a == v A « is the adjoint of the contraction operator 1(v)(u) = (u,v) for
any u € V extended to AV by the Leibniz rule:

L) (@A B) = 1(w)aA B+ (—D)¥anv)d Va,B e AV.
Since it satisfies the relation
c(v)e(w) + e(w)e(v) = —2(v, w)
it extends to an action of CU(V) on AV, which makes AV a CL(V)-module.
The symbol map o : CL(V) — AV is defined by:
o(a) :=c(a)l € AV.

These constructions can be extended fibrewise to vector bundles. Given a Riemannian
bundle E based on B with typical fibre V, one can define the bundle C¢(E) of Clifford
algebras based on B with typical fibre C¢(V') defined fibrewise by C¢(E,) where Ej
is the fibre above b € B equipped with the inner product induced by the Riemannian
structure.

Definition 52 A Clifford module on a Riemannian manifold M is a vector bundle
E — M with a Clifford action of CO(M) := CU(TM) on it:

C{(M)xE — FE
(v,0) +— ¢c(v)o.

Example 8 Take E := AT M, a vector field v € C*°(TM) acts on a form o € Q(M)
by the following Clifford action:

c(v)a :=e(v)a —(v)a,

which by Proposition 10 extends to an action of sections of the bundle CL(TM) on
Q(M). Thus E := AT*M the exterior bundle on M yields a Clifford module over M.
The symbol map sends a section a of CL(M) to c(a) € Q(M).

Going back to the algebraic setting, let us assume that V is finite dimensional. The
space CL2(V) := ¢(A%V) is a Lie subalgebra of C¢(V') with bracket given by the com-
mutator of C¢(V). The spin group Spin (V') is the group generated by elements in
Cly (V) with norm 1. It can also be seen as the group obtained by exponentiating the
Lie algebra C¢2(V) inside the Clifford algebra C¢(V). Letting V := IR", we simply
write C¥(n) := CY¢(IR") and Spin (n) := Spin(R").

Here is a very classical result which we do not prove here since it is purely alge-
braic and can be found in any text book on spin structures.
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Proposition 13 If dim V > 1, there is an exact sequence of groups:
1= Zy — Spin(V) = SO(V) — 1.

Spin(V) is therefore a double covering of SO(V).

Similarly, Spin®(V') is the subgroup of Cly(V) @k € generated by Spin(V') and the
unit circle of complex scalars. It yields a double covering of SO(V) x St and there
is an exact sequence of groups:

1 — Zy — Spin“(V) — SO(V) x S* — 1.

Spin(V') is then naturally identified with the subgroup Spin(V') X+, {1} of Spin°(V)
and
Spin®(V') =~ Spin(V) x+, St

Letting V := IR", we simply write Spin®(n) := Spin°(IR").

Definition 53 An oriented Riemannian rank n-bundle E — B admits a spin (resp.
spin®) structure whenever the bundle SO(FE) of oriented orthonormal frames lifts to a
principal bundle Pypin (E) (Papine (E)) with structure group Spin (n) (resp. Spin (n)).
In particular an n-dimensional oriented Riemannian manifold M is spin (resp. spin‘)
whenever its frame bundle GL(TM) admits a spin (resp. spin°) structure.

The obstruction to the existence of a spin structure on a vector bundle is measured by
the second Stiefel Whitney class in H?(M, Z>). The obstruction to the existence of
a spin® structure is weaker since such a structure exists whenever this second Stiefel-
Whitney class is a reduction modulo 2 of an integral class ¢ € H*(M, Z5), i.e. if its
third Stiefel-Withney class vanishes. In particular, any spin manifold is spin®.

Let us make a short comment on Stiefel-Whitney classes. To any rank n real Rie-
mannian vector bundle F — B classified by a map fg : B — BO(n), one can
associate the k-th Stiefel-Whitney class wi(E) = fh(wy) € H*(B, Z3) where wy, €
H*(BO(n), Z,) are the canonical generators of the Zs-polynomial ring H*(BO(n), Zs2).
The first Stiefel-Whitney class measures an obstruction to the orientability of a Rie-
mannian bundle, and the second Stiefel-Whitney class measures the obstruction to
the existence of a spin structure on an orientable Riemannian bundle.

Back again to the algebraic setting, let us set €'¢(n) := C¢(n) ® €. Then Spin(n) C
CY(n) C C¢(n) so that any complex representation of the complexified Clifford alge-
bra €'¢(n) on some vector space S reduces to a complex representation of Spin(n).
There are essentially two types of representations according to the parity of the man-
ifold which we briefly describe in the following proposition, referring the reader to
any classical text on spin structures for a proof.

Proposition 14 When n is odd all irreducible complezx representations Cl(n) —
Hom (S, S) restrict to a unique irreducible representation of Spin(n). When n is
even, a complex representation Cl(n) — Hom (S, S) yields a representation A,, of
Spin(n) which decomposes into a direct sum of two inequivalent irreducible complex
representations AT and A, on ST and S respectively. Such representations are
called spinor representations and the corresponding representation spaces S, S*,5~
are called spinor spaces.
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These spinor spaces give rise to spinor bundles:

S(B) := Papin(E) XSpin(m) S

+

+
S- (E) = Pspm(E> XSpin(n) S*,

where E — B is some vector bundle with a spin structure. In fact, any Clifford
module M based on a odd (resp. even) dimensional spin manifold B, i.e. any (resp.
Zs-graded) vector bundle M with an (graded) action of the bundle C4(B) of Clifford
algebras on it

C®(CUB)) x C®°(M) — C®°(M)
(a,s) — c(a)-s
is of the form:
M :=5(TB)W,
(resp. M= St (TB)@W)

where W is an exterior vector bundle based on B.

Any complex representation p : Spin(V) — GL4(W) extends in an unique way
to a representation p : Spin®(V) — GLg(W). In particular the complex representa-
tions Ay, A, A} uniquely extend to A,,, A, At on S, ST, S~. The corresponding

spinor spaces give rise to spinor bundles:

g(E) = Iz)spinC (E) XSpinC(n) S,

~t

~4 ”‘
S7(E) = Pupint (E) Xgpine () S

where E — B is some vector bundle with a spin® structure.
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5 Bounded and unbounded linear operators

5.1 Bounded linear operators

Useful references are [B], [Bre], [Mu], [KR], [RLL], [RS], [Ru], [We].

Let E and F be two complex Banach spaces with norm || - ||g and || - ||r respec-
tively.

Definition 54 The space of bounded linear operators from E to F

BE,F):={A:E—TF, 3C>0,|Aullr <Cllulp YueE}

equipped with the norm |||Al|| = supue]E@#O% is a Banach space.

When F = E we set B(E) := B(E, E) which is an example of Banach algebra, a notion
we briefly recall. Let us first give a useful example of bounded operator.

Example 9 The left shift operator L : ly — ly on the setly == {(un), D omeg|unl® <
oo} convergent sequences of complex numbers defined by

L((un)) := (vn),  ¥n = tin41
is a bounded linear operator.
Let = IR or = (. A -algebra A is a -vector space equipped with a bilinear map:

AxA — A
(a,b) — ab

such that a(bc) = (ab)e. Tt is a normed algebra whenever it can be equipped with
amap || -] : A — IR>¢ with the following submultiplicativity property

lad]| < llal - [bl  ¥(a,b) € A,

It is a unital algebra whenever it admits a unit 1,i.e. la=al=a Va € A.
A Banach algebra is a complete normed algebra.

A (C*-algebra is a Banach (C-algebra A ! equipped with a map * : A — A ful-
filling the following properties:

1. (conjugate linearity) (a + b)* = a* +b*; (Aa)* = Aa* for any A € € and
any (a,b) € A%

2. (involution) (a*)* = a for any a € A4;
3. (compatibility with the product) (ab)” = b* a* for any (a,b) € A?,

and such that

(C* — identity)||a*al| = ||a||* Va € A. (12)
1The real case = IR requires a special treatment; * is the identity operator so that only the
relation ||a2|| = ||a||?, one needs an extra assumption, namely 1+ a*a is invertible in .A.
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Example 10 The space Cy(U) of bounded continuous functions on an open subset U

of R" equipped with * : f — f and the supremum norm || f|vert = sup ¢y | f(2)], is
a C*-algebra.

Remark 12 Let A be a C*-algebra. We have

1. (compatibility with the norm) |a*|| = ||a|| Va € A. Indeed, using the
submultiplicativity, we have
lall* = |a* all < llall a*|| = llall < lla*[| < [[(a*)*]| = llall = lla* || = [la].
2. |la*al| = |a||||a*||Va € A. Indeed, the C*- identity reads ||a*al = |a||* =

llall la*|| as a consequence of the first item.

There is another characterisation of bounded operators on Hilbert spaces using the
Hermitian products. Letting H;,Hs be two Hilbert spaces equipped with the Her-
mitian products (-, )1, (-, )2, A an operator in B(Hji, Hs), for any v € H;,v € Hy we
have | < Au,v >2 | < ||| A|||||lu]]1]|v]|l2 by the Cauchy-Schwartz inequality so that the
following inequality holds

AN = $upjju ), = o)l ,=1] (Au, v)2].

To prove the equality, we observe that by the very definition of |||A|||, there is a
sequence (u,) in Hj such that |Ju,| = 1 and (||Au,l||) converges to |||Al]|. If A is
not identically zero, the sequence (Au,) in Hy does not identically vanish so that
(extracting a subsequence if necessary) we can assume that Au, # 0 for any integer

n. The sequence (v,) = (”fu%), whose general term has norm 1 is such that

[(Awy, vy)2] = || Auy||2 tends to ||| A||| so that
ANl = sup ), =jojo=1(Au, v)a]- (13)

5.2 Self-adjoint bounded operators

Given two Hilbert spaces (Hj, (-, -)1) and (Ho, (-, -)2) and an operator A € B(H;, Hs),
by the Riesz Lemma the relation

(Au,v)g = (u, A*v); Yu € Hy,v € Hy
uniquely defines an operator A* € B(Hy, H;) called the adjoint of A.

Example 11 In Example 12, it is easy to check that the adjoint L* of the left shift
operator corresponds to the right shift operator

R:1? — [?
(un) = R((un)) = (un-1)

where we have set u_1 = 0 by convention. Hence we have LL* = Id but L*L # Id..
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6 Bounded and unbounded linear operators

6.1 Bounded linear operators
Useful references are [B], [Bre], [Mu], [KR], [RLL], [RS], [Ru], [We].

Let E and F be two complex Banach spaces with norm || - ||g and || - ||r respec-
tively.

Definition 55 The space of bounded linear operators from E to F

BE,F):={A:E—TF, 3C>0,|Aullr <Cllulp YuecE}

equipped with the norm |||Al|| = supue]E,méO% is a Banach space.

When F = E we set B(E) := B(E, E) which is an example of Banach algebra, a notion
we briefly recall. Let us first give a useful example of bounded operator.

Example 12 The left shift operator L : {5 — U5 on the set by := {(uy), > oeglun|?> <
oo} convergent sequences of complex numbers defined by

L((un)) = (vn), vn = uny1
is a bounded linear operator.
An algebra A is a vector space equipped with a bilinear map:

AxA — A
(a,b) — ab

such that a(bc) = (ab)e. It is a normed algebra whenever it can be equipped with a
submultiplicative norm || - || with the following property:

lab]| < llall - |6 V(a,b) € A®.

It is a unital algebra whenever it admits a unit 1, i.e. la=al=a Va € A.
A Banach algebra is a complete normed (-algebra.

A C*-algebra is a Banach C-algebra A 2 equipped with an involution * : A — A
(i.e. * is a linear map satisfying 2> = I) such that |[a*a|| = ||a||* for any a € A.
Consequently, the involution is isometric, i.e. ||a*|| = |la|]| Va € A.

There is another characterisation of bounded operators on Hilbert spaces using the
Hermitian products. Letting H;, Hs be two Hilbert spaces equipped with the Her-
mitian products (-, )1, (-, )2, 4 an operator in B(H;, H,), for any v € H;,v € Hy we
have | < Au,v >2 | < ||| Al ||lu]]1]|v]|l2 by the Cauchy-Schwartz inequality so that the
following inequality holds

AN = supyuy, = jojp=11(Au, v)2].

2The real case requires a special treatment.
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To prove the equality, we observe that by the very definition of |||A]||, there is a
sequence (u,) in Hj such that |Ju,| = 1 and (||Au,l||) converges to |||Al|]|. If A is
not identically zero, the sequence (Au,) in Hy does not identically vanish so that
(extracting a subsequence if necessary) we can assume that Au, # 0 for any integer

n. The sequence (v,) = (”1&%), whose general term has norm 1 is such that
[(Awy,, vy)2] = || Auy||2 tends to ||| A||| so that
IA[[| = sup|ju, =jjo ), =1 [{(Au, v)2]. (14)

6.2 Self-adjoint bounded operators

Given two Hilbert spaces (Hjy, (-,-)1) and (Hp, (-,-)2) and an operator A € B(H;, Hy),
by the Riesz Lemma the relation

(Au,v)2 = (u, A*v)1 Yu € H;,v e Hy
uniquely defines an operator A* € B(Ha, H;) called the adjoint of A.

Example 13 In Example 12, it is easy to check that the adjoint L* of the left shift
operator corresponds to the right shift operator

R:1? — I?
(un) = R((“ﬂ)):(un—l)

where we have set u_1 = 0 by convention. Hence we have LL* = Id but L*L # Id..

Definition 56 Given a Hilbert space H, an operator A € B(H) is self-adjoint if
A= A"

Here is another characterisation (14) of the norm of a bounded operator when the
operator is self-adjoint.

Lemma 5 Let H be a Hilbert space equipped with a scalar product (-,-) and A € B(H)
a self-adjoint operator then

[IANl] = supju = of=1 /{1 Av)| = supjj, =1 [{u, Au)|.
Proof 13 Taking v = u in (14) we infer that
Al = Sup\|u|\=\|u|\=1|<U7AU>| 2 Sup\|u|\=1|<U7Au>|-

Conversely, let C' 1= sup),=1|(u, Au)| and let us assume that A is self-adjoint. We
want to show that sup|,=jjvj=1/(u, Av)| < C. From

(u+v, A(u+v)) — (u—v, A(u —v)) = 4Re(u, Av)
we infer that
c 2 2 c 2 2
lull = llvll = 1 = [Re(u, Av)| < = (u+ol* + [lu = v|*) < o (lul® + [lo]*) = C.

Choosing 0 such that the image Rou of u under the rotation of angle 6 gives rise to a
real number (Rgu, Av), and applying the above inequality to Rou instead of u we get

[ull = vl =1 = [{u, Av)| < C
and consequently the identity

ANl = Supju = jo)=1 /{1 AV)| = sup)j =1 [{u, Au)|.
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Here are a few useful spectral properties of self-adjoint operators.

Lemma 6 Let H be a Hilbert space and A € B(H) be a self-adjoint operator. The
following properties hold:

1. The eigenvalues of A are real.
2. The eigenspaces of A associated to different eigenvalues are orthogonal.
3. Any non-zero vector u such that

[{(Au, u)|

[

= [[1Alll

is an eigenvector of A with eigenvalue in {—|||A|ll, ||| All|}-

Proof 14 1. Let A € € be an eigenvalue of A and u an associated eigenvector,
then < Au,u >= X\ < u,u >=< u, Au >= X\ < u,u >. But since |lu| # 0, it
follows that A = X and X\ € IR.

2. Given two eigenvalues \;,i = 1,2, we have
A1 7é Ay = Ker(A — /\1[) 1 KQF(A — )\2[)

Indeed, if \1 # Ao are two eigenvalues associated with the eigenvectors u; and
U, then < Aui,us >= A\ < up,us >=< uy, Aus >= o < ug,us >, from
which it follows that < uy,us >= 0.

8. By the Cauchy-Schwartz inequality, we have

[(Au, w)| _ [[Au]| [Jul]

Al = <
[[ull? [l

< [l[Alll
and in particular
[(Au, u)| = [[Aul] [[ul].

This leads to the existence of a complex constant A such that Au = Au and
Al = [IAlll. The fact that this eigenvalue of A is real then follows from the first
item so that A € {—[[|A[l|, [[|A[l[}.

Proposition 15 Given a Hilbert space H, the algebra B(H) equipped with the adjoint
map A A* is a C*-algebra.

Proof 15 We shall take for granted the fact that B(H) defines a Banach space for
the topology induced by the operator norm.

1. The product of two operators A, B in B(H) satisfies the inequality

B AN <TIAI B

2. The product of two bounded operators is bounded as a consequence of the above
inequality and B(H) is a unital algebra since it contains the identity operator.
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3. Since

Al = SupHuH1:HUH2:1|<Au?U>2|
= SUD |y ol =1] {8 AT0)2]
= SUP|y |y = o=t (A"V; w2l
=A™,

the map A —— A* preserves the boundedness and defines an involution on
B(H).

4. Using Lemma 77, we have

A" Alll = SuP\|u|\:1|<A* Au, u)l
= SupHuH:lKAUﬂ Au>|
= [||A]*.

The Gelfand-Naimark theorem says that every abstract (resp. commutative) unital
C*-algebra is isometrically x-isomorphic to a || - ||-closed *-subalgebra of B(H) (resp.
to the space C(K) of continuous functions on some compact Hausdorff space K)
for some Hilbert space H. To prove the statement in the general (not necessarily
commutative) case, one uses the Gelfand-Naimark-Segal or GNS construction which
produces a representation from a state. To a state p on a C*-algebra A, i.e. a positive
linear functional p : A — € (p(a*a) > 0Va € A), one can associate a positive semi-
definite bilinear form (a,b) = p(b*a) with kernel N, = {a € A, p(a*a) = 0} which is
a subvector space of A and a left ideal in A. This bilinear form therefore induces a
positive definite form (-,-) on A/N, and hence a pre-Hilbert space structure on that
quotient space, which by completion gives rise to a Hilbert space H,. The left regular
representation

A — B(H),)
b — (ar ba)

is cyclic with cyclic vector z, := 14 + N, and p(a) = (7,(a)z,, z,) for any a € A.

6.3 Closed graph theorem

Useful references are [Br], [Rul.

The operators one comes across in geometry or in physics usually are unbounded
and only defined on a dense domain of the Banach space.

Definition 57 Let (E,| - ||g) and (F,|| -||r) be two Banach space. The graph of an
operator
A:D(A)CE—F

defined on a domain D(A) is the set:

Gr(A) .= {(u,Au) € E x F,u € D(A)}.
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It can be equipped with the (graph) norm

[(w, 0)|| = [lull& + [[v]l F-

Notice that whenever A is invertible and its inverse bounded, then the graph of A~!
is the symmetric of the graph of A w.r.to the diagonal axis.

Definition 58 The operator A is closed whenever its graph is closed for the graph
norm.

When E and F' are separable, there is another characterisation for closed operators.

Lemma 7 An operator A : D(A) C E — F is closed if, given any sequence (uy,)

converging to u € E such that Au,, converges in F', then the limit u lies in the domain
D(A) and Au,, — Au.

Proof 16 The graph of A is closed whenever for a sequence (u,, Auy) in Gr(A)
which converges in E x F to (u,v) we have that w € D(A) and v = Au i.e. Au,
converges to v = Au, which corresponds to the characterisation in the lemma.

We shall henceforth assume that the Banach spaces under consideration are separable.

Lemma 8 Any bounded linear operator defined on a closed domain is closed.
Furthermore, a closed linear operator A : D(A) C E — F defined on a dense domain
D(A) of E extends in an unique way to a bounded operator on E whenever there is a
constant C' > 0 such that | Aullr < C||ullg, Yu € D(A).

Example 14 Let F = C([0,1]) equipped with the norm || f|lec = sup,ejo17|f(z)| and
E = C'([0,1]) equipped with the norm || f|leo := |fllec + || f/llcc- The operator A :
f = fis defined on D(A) = C*°([0,1] which is dense in E and we have ||A(f)]|o <
I flloo,1 for any f € D(A). This yields back the well-known fact that A extends to a
bounded linear operator A :E — F.

Proof 17 e Let A be a bounded linear operator on a closed domain D(A). A
sequence (Un, Auy,) in Gr(A) which converges in E x F, therefore converges to
(u,v) € D(A) x F. It follows from the continuity of A that v = lim Au,, so that
the sequence (un, Au,) converges in Gr(A).

e To prove the second one, all we need is to define the image of any element
u € E by an extension of A. Since D(A) is dense in E, u can be seen as a
limit w = limy, o0 Uy, of a sequence (uy,) in D(A). Since (u,) is convergent it
is a Cauchy sequence, and hence so is the sequence (Auy) a Cauchy sequence
so that it converges to some v € F since F is complete. The operator A being
closed, this implies that u lies in the domain D(A) and Au = v. This extended
operator (also denoted by A) is clearly a bounded operator.

Moreover this extension does not depend on the choice of the sequence. For
if (ul) is another sequence tending to u, from the inequality || Au, — Au, | <
Cllun, — ul ||, it follows that Au,, — Au.

Proposition 16 (Open mapping Theorem) A surjective bounded linear operator
A : E — F between two Banach spaces is open i.e., it sends open subsets to open
subsets.

Consequently, if it is invertible, its inverse is continuous.
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Proof 18 It relies on the following result which we take for granted. Under the
assumptions of the proposition, the image A(Bg(0,7)) of an open non void ball in E
contains a non void ball Br(0,¢) in F.

Assuming this, we want to show that the range A(U) of an open subset U in E is
open i.e., that any y = A(x) in A(U) is the center of a ball Br(y,¢e) in A(U).

The subset U — x of E is open and contains 0 so it contains an open non void
ball Bg(0,7). Thus, A(U — z) = A(U) — y which contains A(Bg(0,r)) contains
a non void ball Br(0,e). This implies that A(U) contains the non void open ball
Br(y,e) = Br(0,¢) + y.

We have shown that a bounded linear operator is closed; the closed graph theorem
provides a converse statement.

Theorem 7 (Closed graph Theorem) Let A: E — F be a closed linear operator
with closed domain D(A). In particular, a closed linear operator with domain E lies
in A€ B(E,F), i.e. A is bounded on E.

Proof 19 e Since E and F are complete, the cartesian product E X E is complete.
Since D(A) is closed, its graph Gr(A) is closed in E x E and hence complete.

o The map P : Gr(A) — D(A) defined as P(x,y) = x is linear and bounded
since ||ullg < |[(u, Au)llaray. It is a bijection with inverse x —— (x, Ax).
The open mapping theorem implies that its inverse is continuous and hence
ulle+ | Aulle = [P~ (u)|lara) < C |lulle for some positive constant C (chosen
large enough). Thus || Aullr < (C —1) ||u|lg and A is bounded.

In the following, we assume the operators are closed and defined on a dense domain
D(A).

Proposition 17 The inverse of a bijective linear operator A : D(A) CE — F is a
bounded operator A~ : F — E.

Proof 20 Since the graph of A is closed so is the graph of A~' and the result follows
from the closed graph theorem.

Definition 59 The resolvent of A is the set
p(A) = {Ae C,A— X is bijective }
= {Ne C,A— X is bijective and (A—\)~' € B(H)}.
The spectrum o(A) of A is the complement of the resolvent:

o(A) = C/p(A).
The point spectrum o,(A) is the set
op(A) :=={\ € C, Ker(A — \I) # {0}}.

In finite dimensions, o,(A) = o(A), which is not generally the case in infinite dimen-
sions.

Example 15 Letting H = [? be the space of 12 convergent sequences and let A : 12 —
12 be the operator sending a sequence (uy,) to a sequence (vy,) with vy = 0,v; = u;_1.
0 does not belong to o,(A) but 0 € o(A).
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6.4 Adjoint of an (unbounded) operator
Useful references are [Br], [RS].

Let H; and Hy be Hilbert spaces equipped with the Hermitian products (-,-); and
(-, )2 respectively. We extend here the notion of adjoint of an operator to unbounded
operators.

Definition 60 The adjoint of an operator A : D(A) C Hy — Hy defined on a dense
domain D(A) is an operator A* defined on

D(A*) :={v € Hy,3C(v) > 0,| < Au,v >2 | < C(v)||ulls VYu e D(A)}
by < Au,v >o=< u, A*v >; Yu € D(A),v € D(A*).

This defines A* in an unique way. For if v] et v are elements in H; such that
< Au,v >o=< u,vf >1,i = 1,2 for any u € D(A), then 0 =< u,v] —vj >y for any
u € D(A) dense in E, which implies v} = v3.

Remark 13 Provided R(A) C D(A*) we have Ker(A*A) = Ker(A). Indeed, clearly
the inclusion Ker(A) C Ker(A*A) holds. Conversely we have

A*Au =0 = (A"Au,u) =0 = ||Au|| =0 = Au =0,
so that Ker(A*A) C Ker(A).

Whenever F = F = H is a Hilbert space equipped with the inner product (-,-) :=
(,e = (-, )r, we say A is self-adjoint if A= A*, i.e

D(A)=D(A") and < Au,v>=<u,Av> VYu€ D(A).

The graph of the adjoint A* of an operator A is given by

(Gr'(=A")*" = Gr(4)

where “prime” means the symmetric set w.r.to the diagonal axis. This is an easy
consequence of the fact that

< (u, Au), (mA%v,v) >=< u,—A*v > + < Au,v >=0
for u € D(A), v € D(A*).

Proposition 18 The domain D(A*) of the adjoint A* of an operator A : D(A) C
H; — Hs is dense in Hy, and the adjoint is also closed.
(Recall that as before, D(A) is dense in Hy and that A is closed.)

Proof 21 Let us assume that the domain of A* is not dense in Hy. Then there
exists a non zero vector u € Hy such that < u,v >9= 0 for any v € D(A*). Using
the closedness of A, this would imply that

<Uv>o0=0 & <u,v>2+<0,—-A%>1=0
& (0,u) € (Gr' (=A%) = Gr(4)
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and hence A(0) = u # 0 which contradicts the linearity of A.
Let us check that A* is closed. Let (v, A*vy,) be a Cauchy sequence in D(A*) x H;
converging to (y,x) € Hy x Hy. For any u € D(A), we have
< Au,y >o= lim < Au,v, >o= lim <u, A%v, >1=<u,x >
n— oo n—oo
so that | < Au,y >o | < ||z|l1 - ||ull1 for any v € D(A), which implies y € D(A*) and
Ay = .

Let A: D(A) C H — H. When the space H,(A) spanned by the eigenvectors of
A coincides with the total Hilbert space H, letting {e,,n € IN} be an orthonormal
basis of eigenvectors of H, the operator has the following discrete resolution:

Au:Z)\n <u,en, > Yue€ D(A).

n

Given a map f : 0,(A) C € — C, using this spectral representation of A we can
define the map f(A) on the domain:

D(f(A) :={ue HY f(A)’ <u e, >>< o0}

by
FAu=>"f(\n) <t,en>e, for ucD(f(A)).

Example 16 When A has a discrete resolution with purely discrete spectrum and
positive eigenvalues outside a discrete set of eigenvalues, the function f(x) = e™** de-
fines a bounded operator e~ 4 called the heat-operator associated to A. Heat-operators
will be investigated more thoroughly in the sequel.

Let A: D(A) C Hy; — Hy be a closed operator defined on a dense domain D(A) of a
Hilbert space (Hy, (-, -)1) with values in (Ha, (-, -)2), then the domain D(A*) is dense
in Hy and we can define the adjoint A** of A* which coincides with A.

Let us first check that A C A**. Given x € D(A), | < z,A*y > | =| < Az,y > | <
Az |||ly|l for any y € D(A*) and hence x € D(A**). Since < z, A*y >=< Az,y >
the operators A and A** coincide on D(A). Since A** is closed as the adjoint of a
closed operator, so is its graph and we have Gr((4*)*) = (Gr'(—A*))* = Gr(A), for
Gr(A) is closed. This ends the proof of the identity A** = A.

Another useful property for A : D(A) C Hy — Hy is
RY(A) = Ker(A¥)

and hence
Ker(A*) ® R(A) = Hy,

which applied to A* yields:
RY(A*) = Ker(A)

and hence

Ker(A) @ R(A*) = H;.
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Indeed, we have R+(A) C KerA*. For if < y, Ax >= 0 Vo € D(A) then y € D(A*)
and < A*y,z >= 0Vz € D(A). But D(A) is dense in H so it follows that y € Ker A*.
Let us now check the other inclusion. Given x € KerA*, we have < A*x,y >= 0 for
any y € D(A) and hence < z, A**y >=< z, Ay >= 0 for any y € D(A) which shows
that = € R(A)*L.
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7 Compact and Fredholm operators

7.1 Compact operators

Useful references are [Bre|, [HL], [Mu]. We also used some notes by B. Driver [Dr].

We first recall equivalent characterisations of compactness.
Let (E,d) be a metric space. A subset S of E is compact if it satisfies one of the
following equivalent (Theorem of Heine Borel) assertions:

1. Any (infinite) sequence of points in S has a converging subsequence in S. In
other words any (infinite) sequence of points in S has an accumulation point

in S.
2. From any open covering of S we can extract a finite open covering.

Let us also recall that a compact subset of a metric space can be covered by a finite
number of balls of any given positive radius.

Any compact set is closed and bounded but if a normed space E contains a closed
and bounded subset which is compact, then it is finite dimensional.

Definition 61 A relatively compact subset of a metric space E is a subset whose
closure is compact. Equivalently, it is a set in which any infinite sequence of points
has a converging subsequence (whose limit does not necessarily lie in the set).

Example 17 The open unit ball B(0,1) in (IR", | - |leo) is relatively compact.

Let E,F be two Banach spaces.

Proposition 19 For an operator A € B(E,F), the following conditions are equiva-
lent

1. the range A(Bg(0,1)) of the unit ball B,o,1) of E is relatively compact.

2. given any bounded sequence (x,,) in E, one can extract from the sequence (Axy,)
a convergent sequence in F.

Such an operator A € B(E,F) is called compact.

Proof 22 The equivalence between the two properties follows from the equivalence of
the corresponding characterisations of compactness.

Coexample 1 The identity operator on E is compact if Bg(0,1) is compact which
implies that E is finite dimensional.

Sobolev inclusions on closed manifolds (see e.g. [Ad2], [Gi]) give rise to compact
operators.

Given a closed manifold M and a vector bundle F based on M, using a partition of
the unity, one can define for any s € IR, the H® Sobolev closure E := H*(F) of the
space C*°(E) of smooth sections of E (se e.g. [Gi]).

Example 18 For t < s, the inclusion i : H*(E) — H'(E) is a compact operator.
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An invertible operator A : E — E is not compact if E is infinite dimensional. Other-
wise, one could extract from any bounded sequence (u,), a converging subsequence
(Aug(n)) 0 that (ug(n)) = (A~ Aug(n)) would itself converge, contradicting the finite
dimensionality of E.

Finite rank operators (see e.g. [Bre|) form a subclass of compact operators.

Definition 62 A bounded operator A in B(E,E) has finite rank if its range is finite
dimensional. The dimension of the range is called the rank of the operator.

Finite rank projection operators are finite rank operators.

Example 19 Let (e;) be a complete orthonormal basis of a separable Hilbert space
H, the projection operator Py, defined by Pre; =e; if j < k, Pre; =0 otherwise, is a
finite rank operator since its range has dimension k.

Any finite rank operator is compact since the closure of the range A(B(0,1)) of the
unit ball by a finite rank operator A is compact as a closed and bounded subset of a
finite dimensional space.

Let K(E,F) denote the set of compact operators from E to F. When E = F we
set L(E) := K(E,E).

Lemma 9 K(E) is a two sided ideal in B(E).

Proof 23 For if A € K(E), B € B(E) and a bounded sequence (u,) in E, (Buy) is
also bounded. A being compact we can extract from (A Bu,) a convergent subsequence
(A Bug(y)) which shows that AB is compact. Similarly we show that the product B A
is compact. Indeed, A being compact, we can extract a subsequence (ug(n)) of (un)
such that (Augyy) converges and B being bounded, (B Aug(yy) therefore converges.
This shows that B A is compact.

Lemma 10 K(E) is closed in B(E) and hence a Banach algebra for the operator
norm || - ||.

Proof 24 Let A, be a sequence of compact operators converging to A. To show the
compactness of A(B(0,1)) and hence of A, it is sufficient to show we can cover the
image ball A(B(0,1)) by a finite number of balls with given radius. Let € > 0 and
n € IN such that |||A, — A|l| < §. Since A, is compact, we can cover A, (B(0,1))
by a finite number N of balls with radius /2, A,(B(0,1)) C Ufil B(h;,e/2). This
induces a covering of A(B(0,1)) by a finite number of balls of radius € and ends the
proof of the closedness of the set of compact operators.

Remark 14 Since any finite rank operator is compact, and the set of compact op-
erators being closed, the limit (in the operator norm topology) of a sequence of finite
rank operators is also compact.

Example 20 Any linear operator

AéQ(W) — EQ(W)
(un) — (Antn)
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with (M) a sequence of complex numbers converging to zero, is compact. Indeed,
A =limy_,o PvA in the operator norm, where Py denotes the projection onto the
N-dimensional space spanned by {e1,---,en} with e; the sequence whose entries all
vanish outside the i-th one. This convergence holds due to the convergence of the
sequence (Ay,) for

IA=PyA[l| = [[JAQ=Pn)[I| < supgps ny Aal [I[(A=P3)[I| < supgrs vy [An] —no0 0.

Lemma 11 When E = H is a Hilbert space, K(H) is a *-ideal i.e. A € K(H) =
A* e K(H).

Proof 25 Indeed, let A be compact and let us assume that A* is not compact. Then
there is a sequence (uy) in the unit ball B(0,1) such that ||A*u, — A*un|| > >0
for any n,m € IN. Let v, = A*u,,, then

< Avn - Avmaun — Ump >= ||A*un - fq*umH2 > 52
so that by the Cauchy-Schwartz inequality and using the fact that ||u,| < 1, we get
£2 < ||Avy, — Avp || 1tn — || < 2| Avy — Avy,||

in which case (Avy,) would not have a convergent subsequence. This would contradict
the compactness of A.

We sum up these properties in the following statement.

Theorem 8 K(H) is a C*-algebra.

7.2 Spectral decomposition for compact self-adjoint operators

We now investigate spectral properties of self-adjoint compact operators.

Lemma 12 Let H be a Hilbert space and A € B(H) be a self-adjoint compact opera-
tor. Either |||All| or —|||All| is an eigenvalue of A.

Proof 26 If A = 0 the statement is trivial, so that we can assume that A is not
identically zero. Since ||| All| = supj,=1/{u, Au)| there is a sequence (uy) in H such
that ||up] = 1 and |[(un, Au,)| converges to |||Al||. One can extract a subsequence
(ugp(n)) such that (ug(ny, Augn)) (it is real due to the self-adjointness), converges to
some X in {—|||Alll,|[|All|}. Using the compactness of A one can extract another sub-
sequence (Uyp(n)) such that (vy(n)) == (A(up(n))) converges. Relabeling the sequences
we simply assume that ((un,v,)) converges. Thus the expression

| Auy, — Mg || = [|Aun || = 2X (A, wn) + A% < A2 = 2X (A, uy) 4+ A2

tends to zero as n tends to infinity. Hence (u,) converges to u := % limy, oo Aty,.
By the continuity of A it follows that Au = Au.

We are now ready to give the spectral theorem which provides a spectral resolution
for compact self-adjoint operators.
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Theorem 9 A compact self-adjoint operator in a Hilbert space H has a compact and
at most countable (possibly finite) purely discrete real spectrum, with at most one
limit point zero. The sequence (A,) of non-zero eigenvalues can be arranged so that
[Anl > |Ans1] tends to zero as n tends to infinity unless A has finite rank, in which
case there is a finite set of eigenvalues. Moreover we have the following discrete
spectral resolution:

Au = Z An (U, up)uy,  Vu € H,
n=1

and the orthonormal sequence (u,) of eigenvectors associated with (\,) verifies H =

(up,n € IN) ®Ker(A). This spectral resolution is finite if the operator has finite rank

N in which case we have Au = 22;1 An (U, upyu,  Yu € H.

Proof 27 1. The compactness of the spectrum is a general property of bounded
operators; indeed it is closed as the complement of an open set and bounded as
a consequence of the boundedness of the operator. The fact that the eigenvalues
are real is due to the self-adjointness.

2. The non-zero eigenvalues A\, and the eigenvectors u, are built recursively using
the above lemma. Assuming that A # 0, let A\x € {=|||4|ll, |All|} and u;
an associated eigenvector as in the above proposition. Let H; = (uq) be the
subspace spanned by uy, then A(H;) C Hy. We easily check that A(Hi) C Hy-
and we can therefore restrict A to Hi: let Ay denote this restriction. If Ay is
identically zero, the statement holds. Otherwise Ay is a compact operator so
that as above, from Ai we build an operator As defined as the restriction of
Ay to the orthogonal complement of the space Hy := (ui,us) where uy € Hi
with norm 1 is such that Ajus = Aus = Aaug for some A2 € {—|||A1lll, |41}

We continue this procedure until we reach an operator A; which vanishes
identically, or otherwise we pursue indefinitely. This way, we build a sequence
(A\n) of eigenvalues and orthonormal associated eigenvectors (u,) such that

|| Aull
‘)‘nl = |HATL||| = Supue(ul,~~7un)L HU” .

3. The sequence (|A\y]) is decreasing by construction. Let us show that it converges
to zero as n tends to infinity; otherwise there would be a common positive lower
bound € for all the |\,|, in which case (v,) := (up A\,') would be a sequence
bounded by e~'. The compactness of A would then yield the existence of a sub-
sequence (Vg(n)) such that (ugn)) = (Avg(n)) is convergent, which is impossible
since the (uy,) form an orthonormal set. Indeed, were uy(y) to converge to some
limit € then we would have (uy(n), Ugnt1)) = 0= [[||* =0 =€ = 0, which
contradicts the fact that ug,) has norm 1.

4. Since {\n,n € IN} is a subset of the spectrum o(A) which is closed, it follows
that 0 lies in o(A) so that {\,,n € IN} U{0} C o(A). We need to show that
these two sets actually coincide.

Let Hy, := (up,n € IN) be the space spanned by the vectors u,,n € IN. Then

[[Au]|
1AL <A = SuPwe g o+ ol ~ [An| ¥R € IN
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vanishes since A\, tends to zero as n tends to infinity. Hence A|HL = 0 which

implies that H = (u,,n € IN) @ Ker(A).
Letting Py denote the orthogonal projection onto Ker(A) we write u = Pou +
Y ne v (s Un)Un, which yields Au =3 - Ap (U, Up )y, since Ao Py = 0.

5. Using this decomposition we can show that {\,,n € IN} U {0} = o(A). For
this, we need to show that any \ outside the set S := {\,,n € IN} U {0} does
not belong to o(A) or in other words, that (A — \I)~1 exists and is bounded.

6. For this purpose, we consider the distance d between \ and the set S, which
is positive since o(A) is closed and we have A — A\, > d which in the limit
yields |\| > d. We observe that the operator A — Xl is invertible since for u =
> e (U un)up+Pou € H we have (A—=XI) " tu =3 o (An—X) " (u, up Jup, —
A1 Pyu. Furthermore,

Poul? _ lu]l?
A— )\I —1 2 | U, U’TL || 0 <
I o= 3 ol L < 1

so that the operator (A — XI)~1 is bounded and X\ ¢ o(A).

The spectral theorem extends to any compact operator.

Corollary 4 (see e.g. [Dr], [Ruf) Let Hy and Hy be two Hilbert spaces. A compact
operator A : Hy — Hy has a compact and at most countable spectrum, with at most
one limit point zero. The sequence (u,) of non-zero eigenvectors of A*A is either
finite or tends to zero as n tends to infinity and we have the following discrete spectral
resolution.:

Au = Z Vi (U, up v,  Yu € Hy,
n=1

for some orthonormal subsets (uy,) (consisting of eigenvectors of A*A) inHy and (vy,)
inHy. If A has finite rank N this sum is finite and we have Au = 22;1 L, (U, Uy YU
H;.

The numbers (Ay) := (/lin) are called the singular values of A.

Proof 28 The proof uses the spectral decomposition of the self-adjoint compact op-
erator A*A:

A*Au = Z o (U, U Yty Yu € H,
n=1

where (un) is the sequence of (non-negative) eigenvalues of A*A and (u,,) the associ-
ated sequence of eigenvectors. Using this spectral resolution we define the square root

VA A by:
VA*Au = Z Vs (W, upu, Yu € H.

hn
tor” U such that A="U ||A| = U VA*A by

Notice that (vy,) :== (A“"> is an orthonormal set in Hs; we define the "phase opera-

Uv = Z(v,un) vy, Vo e Hs. (15)

n=1
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With this notation we have (v,) = (Uuy). Since Au = U VA*Au Vu € Hy, applying
(15) to v =V A* Au yields

Au = Z Vi (u, up) v, Yu € Hy.
n=1

Corollary 5 A bounded operator A : Hy — Hy is compact whenever it is the limit
of a sequence (possibly finite) of finite rank operators.

Proof 29 We know that a limit (in the operator norm of bounded operators) of a
sequence of finite rank operators is compact since the set of compact operators is
closed in the set of bounded operators.

Conversely, it follows from Corollary 4 (and with the notation of the corollary) that
any compact operator A € IC(Hy, Ha) can be written as the limit A = limy_,o0 AN of
a sequence of finite rank operators Ay defined by

N
Anu = Z Vi (u,up) v, Yu € Hy.

n=1

The density of finite rank operators in the set of compact operators actually extends
to a Banach setting.

Theorem 10 Let E and F be two Banach spaces. Any finite rank operator A €
B(E,F) is compact and any compact operator in A € B(E,F) is a limit in the bounded
operator norm, of finite rank operators.

Proof 30 We give an alternative proof to the one using the discrete spectral reso-
lution, which holds in the Banach setting. Let A be a compact operator; the closure
A(B(0,1)) of the range A(B(0,1)) of the unit ball is compact. Given € > 0, it can

therefore be covered by a finite number of balls B(h;, 5) centered at h; with given

radius € in such a way that A(B(0,1)) C UX,B(h;,5). Let F denote the subspace
generated by h;,i = 1,--- N and let Pr denote the orthogonal projection onto F.
Then A = PrA has finite rank. Let us check that |||Ac — All| < e. For h in B(0,1)

there is some ig € {1,---,N} such that ||Ah — h;,|| < 5. Since ||Pp| < 1, this

implies that ||[PeAh — Prh|| < § and hence ||PrAh — hy || < 5. It follows that
|PrAh — ARl < € for any h € B(0,1) and hence |||A: — A||| < &, which shows that
the compact operator A could be approzimated by finite rank ones A..

Here again, an example can be found on ls sequences.

Example 21 To a sequence (ay,) of real numbers converging to 0, we can associate
a compact operator

Ailz — s

(un) —  (apuy).
It is compact as the limit in B(lz) of operators of finite rank Ay, defined by

Ak((un)) = (Oé()’LLO, Tty akuk707 T 7O>
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7.3 Fredholm operators
Useful references are [Gi], [LM], [N], [RS].

If V is a finite dimensional space, a linear map A : V' — V is either non-injective
or it is bijective and the equation Au = v,v € V has unique solution. We want to
generalise this ”alternative” to operators of the type K — Al with K compact by
means of the concept of Fredholm operators.

Definition 63 Given two Banach spaces E and F, an operator A € B(E,F) is Fred-
holm whenever it is invertible “up to a compact operator”, i.e. whenever there are
operators B € B(F,E) and C € B(F,E) such that BA — Ig et AC — Ig are compact.

Remark 15 In Definition 63 one can equivalently require that B A—Ig and AC — Iy
have finite rank.

An invertible operator is clearly Fredholm. Any operator I — A with A compact, is
also Fredholm.
Here is an instructive example of Fredholm operator.

Example 22 Composing the right shift and left shift operator L : 12 — 12 introduced
in Ezample 12 yields RL((u,)) = (0,u1,ug, *,Upn,...) so that RL = I — my where
7o is the projection onto the one-dimensional subspace (ug,0,---,0,---) € [*> whereas
LR = 1. Since mg has finite rank and hence is compact, the operators L and R are
Fredholm.

If A € B(E,F) is Fredholm so is A+ K for any compact operator K € B(E,F). Indeed,
the existence of operators B € B(F,E) and C € B(F,E) such that AB—I and C A—1T
are compact implies that (A+K) B—I = AB—I+K Band C(A+K)—I = CA-I+K
are compact since compact operators form an ideal in the bounded operators.

If E and F are Hilbert spaces, since the adjoint of a compact operator is compact,
the adjoint of a Fredholm operator is Fredholm.

Proposition 20 Let H; and Hy be two Hilbert spaces and let A € B(H;,Hs). The
following conditions are equivalent:

i) A is Fredholm
ii) KerA and KerA* are finite dimensional and R(A) et R(A*) are closed.
iit) The kernels KerA et KerA* are finite dimensional and
H; = Ker(A) ® R(A"),
Hy = Ker(A*) & R(A)
where the sums are orthogonal.

Remark 16 In ii) it is sufficient to require that KerA and KerA* are finite dimen-
sional since the closedness of the ranges R(A) and R(A*) then follows (see e.g. [Sh]
Lemma 8.1 in [Sh] or Lemma 35.22 in [Dr]).
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Proof 31 (i) = (ii): We show that Ker(A) is finite dimensional by proving that

(ii)

(iii)

its unit ball is compact. Let (u,) be a sequence in the unit sphere of Ker(A)
so that |lu,|| = 1. By assumption A admits a left inverse B modulo a compact
so I — BA is compact, and from u, = (I — B A)u,, and since, we can extract
a convergent subsequence, which proves that the unit ball of Ker(A) is compact
and hence that KerA is finite dimensional.

Let us now check that the range of A is closed under the assumption that A
admits a left inverse B modulo a compact. Let (uy) be a sequence in Hy and
let us assume that vy, := Au, — v. We want to show the existence of u in Hy
such that v = Au. Without any restriction, we can also assume that (u,) lies
in the orthogonal complement Ker™ A to KerA.

Let us first assume that (u,) is bounded. Since u, = Buv, + (I — B A)u,,
I — B A being compact, we can extract a convergent subsequence (u¢(n)) such
that (I — B A)(ugn)) converges to some w. B being bounded, the sequence
(Bwvy) converges to Bu so that that (ug)) converges to some u = Bv + w.
Thus v = lim, v (n) = lim, Auge,) = Au lies in the range of A so that R(A) is
closed.

If now the sequence (u,) is unbounded, then ||u,|| tends to +o00 when n — +oo.
Applying the result obtained in the bounded case to ul, = HZ—ZH yields a subse-

quence (u:ﬁ(n)) € Kert A that converges to u' such that |[u/|| = 1 and Av' =
lim,, ﬁ = lim,, ”Z—"” = 0. Since A is closed KerA is also closed and v’ €

KerA which leads to a contradiction. Since the adjoint of a Fredholm operator
is Fredholm, KerA*, resp. R(A*) are finite dimensional, resp. closed.

= (111): Given a closed operator A and densely defined on Hy, we know that

KerA* + R(A) = Hy (16)

and

KerA™ + R(A*) =H, (17)
Since R(A) and R(A*) are closed it follows that

KerA* + R(A) = Ha

and
KerA + R(A*) =H,;.

= (i): A is bijective from Ker-A = R(A*) onto R(A) = Ker"(A*), so we
can find two operators C defined on R(A) and D defined on R(A*) such that
CA=1I/Ker"A and AD = I/Ker-A*. Let us denote by the same symbols
C resp. the extension of C by 0 on KerA*, resp. of D by 0 on KerA. They
are bounded operators by the closed graph theorem and by construction we have
I-CA=mgery and I —AD = g, .. where g, is the orthogonal projection
on the vector space Hy. Since these two projections have finite rank, it follows
that A is Fredholm.

Example 23 The left shift operator L : £2 — (2 introduced in Ezample 12 has one
dimensional kernel Ker L = {(uy,) € 2, wu, =0 Vn # 0} and range (%. Its adjoint
R = L* (see Example 13) has kernel Ker R = {0} and range {(u,) € ¢?, wug = 0}.
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We end this paragraph by the Fredholm alternative which generalises the finite
dimensional alternative quoted at the beginning of the section. Let K € IC(H), then
A := K — A is a Fredholm operator. If moreover K is self-adjoint, then either \ is
an eigenvalue of K or otherwise Ker (4) = {0} so that R(A) = H and the equation
Ku — Au = v has a unique solution u = (K — Au)~tv for any v € H. By the closed
graph theorem the operator (K — Au)~! is then bounded, in which case A lies in the
resolvent p(K) := € — o(K). This is another way to see that the spectrum of a
self-adjoint compact operator is purely discrete.

7.4 The index of a Fredholm operator

Given a Fredholm operator A : H; — Hs, the index of A is the positive integer given
by

ind(4) := dim Ker(A4) — dim Ker(A")
= dim Ker(A) — codim R(A) (18)
since the range of A and the kernel of A* are topological complements in Hs.
An invertible operator has vanishing index since both its kernel and cokernel have

dimension zero. Since ind(A*) = —ind(A), a self-adjoint operator also has vanishing
index.

Remark 17 A useful even if elementary observation is the implication
ind(A) #0 = (Ker(A4) # {0} or Ker(A4")#{0}).
The index is additive on products.

Proposition 21 Given two Fredholm operators A and B then their product A B is
Fredholm and
ind(A B) = ind(A) + ind(B).

Proof 32 (Partial) Let us show the index relation, leaving the proof of the Fredholm
property of the product as an exercise. We write

Ker(AB) = Ker(B) @ B™" (R(B) N Ker(A)) |kert ()

Ker(B*A*) = Ker(A*) @ (A*)"(R(A*) N KBT(B*))KerL(A*)
= Ker(A*) ® (A*)L (Kerl(A) N RL(B))KQTL(A*) .
Hence

ind(AB) = dim Ker(AB) — dim Ker(B*A")

= dim Ker(B) + dim (R(B) N Ker(A))

— dim Ker(A*) — dim (KerJ‘(A) N RJ‘(B))

= dim Ker(B) + dim Ker(A) since R*(B) = Ker(B*)
dim (Ker(B*) N Ker(A))

— dim Ker(A*) — dim (Ker(B*) N Ker* (A))
dim Ker (A) + dim Ker(B) — dim Ker(A*) — dim Ker(B™)
ind(A) + ind(B)

75



A fundamental property of the index is that it is locally constant.
Theorem 11 Given two Hilbert spaces Hy and Hs,
1. The set F(Hy,Hsy) of Fredholm operators in B(H;,Hs) is an open subset.

2. The index map ind : F(MHy,Hy) — Z is continuous and locally constant on
F(H,y, Hy).

Proof 33 Let A:H; — Hy be a fixed Fredholm operator then H; = Ker(A) & R(A*)
and Hy = Ker(A*) @ R(A). Let us consider the spaces H; = Ker(A*) & Hy and
Hy = Ker(A) @ Hy together with the map

Hom(H;,Hy) — Hom(Hy, Hy)

A A, A(u,h) =T epah ® u® Ah.
Ifh=ho®h € Ker(A) ® R(A*) then
A(u,h) = ho ® u® AR (19)

so that A lies in the set Iso(ﬁ;,ﬂ-ﬁ;) of isomorphisms of the Hilbert spaces ﬁ; and
H.

Using (19) we can express the Fredholm operator A in terms of the invertible operator
A. Let 11(A) : Hy — H, be the natural inclusion and (4): Hl, — Hy, be the natural
projection. We have m1(A) 0 i1(A) = Iu, and i1(A) o m(A) = Iz, — Tkera= so that
i1(A) and 71 (A) are Fredholm. The same holds for ia(A) and wa(A). It follows from

(19) that i
A= 7T2(A) All(A)

Given another operator B € B(H;,Hs) we set

B :=my(A) Bii(A). (20)

By (19) we have |||B — A||| = |||B — Al|| so that a small perturbation B of of A in the
space B(Hy, Hy) induces a small perturbation B of A. Since A is an isomorphism and
since Iso(fﬂl,]ﬁl;) S open in Hom(]ﬁl,[ﬁlvg), so is B an isomorphism. The operator
B being invertible and hence Fredholm, using the additivity of the index on products
it follows from (20) and the Fredholm property of ma(A) and i1(A), that B is also
Fredholm; thus F(Hy,Hs) is open in B(HHs). Since ind(B) = 0, by (21) we have

ind(B) = ind(i1(4
= ind(i1(A)
= dim(Ker(
= ind(A),

)) + ind(B) + ind (72 (A))
) + ind(m3(A4))
A)) — dim(Ker(A™))

which shows that the index is locally constant.

The notion of index is illustrated by Example 23 at the beginning of this chapter.

Example 24 The operator L has index 1. It is easy to check that the index of L™ is
n and the index of R™ is —n, which shows that the index is surjective onto Z .
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Corollary 6 Given an operator A € F(H;,Hs) and K € K(A,B) then A+ K €
K(A, B) and we have
ind(A + K) = ind(A4).

Proof 34 The fact that A + K is Fredholm was observed previously. The family

Ay := A+tK,t > 0 defines a continuous family in F(Hy, Hs); hence the map f(t) :=
ind(Ay) s locally constant and we have ind(A + K) = f(1) = f(0) = ind(A).
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,anoperatorAe B(H) is self-adjoint if A = A*.
Here is another characterisation (14) of the norm of a bounded operator when the
operator is self-adjoint.

Lemma 13 Let H be a Hilbert space equipped with a scalar product (-,-) and A €
B(H) a self-adjoint operator then

Al = SupHuH:H’UH:lKu’ Av)| = SUP\|u|\:1|<U7AU>|-
Proof 35 Taking v =u in (14) we infer that
H‘AH‘ = Sup“uH:HvH:lK“vAv>| > Sup\|u|\:1|<u7Au>|'

Conversely, let C' 1= sup),=1|(u, Au)| and let us assume that A is self-adjoint. We
want to show that sup|, =jjvj=1l(u, Av)| < C. From

(u+v, A(u+v)) — (u—v, A(u —v)) = 4Re(u, Av)
we infer that
¢
2

Choosing 0 such that the image Rou of u under the rotation of angle 6 gives rise to a
real number (Rgu, Av), and applying the above inequality to Rou instead of u we get

=~ Q

lull = llvll = 1 = [Re(u, Av)| < = (fu+v* +[lu—vl*) < < (Jull® + o)*) = C.

[ull = vl =1 = [(u, Av)| < C
and consequently the identity
1Al = SupHuH:HUH:1|<u7AU>I = Sup\|u|\:1|<U7Au>|-
Here are a few useful spectral properties of self-adjoint operators.

Lemma 14 Let H be a Hilbert space and A € B(H) be a self-adjoint operator. The
following properties hold:

1. The eigenvalues of A are real.
2. The eigenspaces of A associated to different eigenvalues are orthogonal.

3. Any non-zero vector u such that

[(Au, u)|

TE Al

is an eigenvector of A with eigenvalue in {—|||A|l|, || A|l|}-

Proof 36 1. Let A € € be an eigenvalue of A and u an associated eigenvector,
then < Au,u >= X\ < u,u >=< u, Au >= X\ < u,u >. But since [lu| # 0, it
follows that A = X and X\ € IR.

2. Given two eigenvalues \;,i = 1,2, we have
A # A2 = Ker(A — MI) L Ker(A— o).

Indeed, if \1 # Ao are two eigenvalues associated with the eigenvectors u; and
U, then < Aui,us >= A\ < up,us >=< uy, Aus >= o < ui,us >, from
which it follows that < uy,us >= 0.
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3. By the Cauchy-Schwartz inequality, we have
[(Au, )| _ || Au]] [Jull
[ull> = flull?

Al = < [[Al

and in particular
[(Au, u)| = [[Aul| [[u].

This leads to the existence of a complex constant A such that Au = Mu and
I\l = ||| A|l|. The fact that this eigenvalue of A is real then follows from the first
item so that X € {—|||Alll, ||| A]l|}

Proposition 22 Given a Hilbert space H, the algebra B(H) equipped with the adjoint
map A— A* is a C*-algebra.

Proof 37 We shall take for granted the fact that B(H) defines a Banach space for
the topology induced by the operator norm.

1. The product of two operators A, B in B(H) satisfies the inequality
B A[l < [IIANIHIBI]-

2. The product of two bounded operators is bounded as a consequence of the above
inequality and B(H) is a unital algebra since it contains the identity operator.

3. Since
AN = supjy,=jjof,=1/{Au; v)2|
— SupHuH1:H’UH2:1|<u7A*U>2|

= SupHUHIZHUHQIIKA*Uau>2|

= (147,
the map A —— A* preserves the boundedness and defines an involution on
B(H).
4. Using Lemma 77, we have
IA® Al = supj, =1 [(A" Au, u)|
= Supj|=1/(Au, Au)|
= 1Al

The Gelfand-Naimark theorem says that every abstract C*-algebra with identity is
isometrically *-isomorphic to a C*-algebra of operators. To prove that result, one
uses the Gelfand-Naimark-Segal or GNS construction which produces a representation
from a state. To a state p on a C*-algebra A, i.e. a positive linear functional
p: A— € (pla*a > 0Va € A), one can associate a positive semi-definite bilinear
form (a, b) = p(b*a) with kernel N, = {a € A, p(a*a) = 0} which is a subvector space
of A and a left ideal in A. This bilinear form therefore induces a positive definite
form (-,-) on A/N, and hence a pre-Hilbert space structure on that quotient space,
which by completion gives rise to a Hilbert space H,. The left regular representation

A — B(H),)
b — (ar ba)

is cyclic with cyclic vector z, := 14 + N, and p(a) = (7,(a)z,, z,) for any a € A.
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7.5 Closed graph theorem

Useful references are [Br], [Rul.

The operators one comes across in geometry or in physics usually are unbounded
and only defined on a dense domain of the Banach space.

Definition 64 Let (E,| - ||g) and (F,|| -||r) be two Banach space. The graph of an
operator
A:D(A)CE—F

defined on a domain D(A) is the set:
Gr(A) .= {(u,Au) € E x F,u € D(A)}.
It can be equipped with the (graph) norm
[(w, ) || := Jlullz + [[v]le-

Notice that whenever A is invertible and its inverse bounded, then the graph of A~!
is the symmetric of the graph of A w.r.to the diagonal axis.

Definition 65 The operator A is closed whenever its graph is closed for the graph
norm.

When E and F' are separable, there is another characterisation for closed operators.

Lemma 15 An operator A : D(A) C E — F is closed if, given any sequence (uy,)
converging to u € E such that Au,, converges in F', then the limit u lies in the domain

D(A) and Au,, — Au.

Proof 38 The graph of A is closed whenever for a sequence (u,, Auy) in Gr(A)
which converges in E X F to (u,v) we have that w € D(A) and v = Au i.e. Au,
converges to v = Au, which corresponds to the characterisation in the lemma.

We shall henceforth assume that the Banach spaces under consideration are separable.

Lemma 16 Any bounded linear operator defined on a closed domain is closed.
Furthermore, a closed linear operator A: D(A) C E — F defined on a dense domain
D(A) of E extends in an unique way to a bounded operator on E whenever there is a
constant C' > 0 such that ||Aullp < Cllu||g,Vu € D(A).

Example 25 Let F = C([0,1]) equipped with the norm || f|lec = sup,ejo17|f(z)| and
E = C([0,1]) equipped with the norm || f|loo,1 := ||flloo + [[f'|loc- The operator A :
f = f"is defined on D(A) = C*°([0,1] which is dense in E and we have ||A(f)]|o <
I[fllco,1 for any f € D(A). This yields back the well-known fact that A extends to a
bounded linear operator A :E — F.

Proof 39 e Let A be a bounded linear operator on a closed domain D(A). A
sequence (Un, Auy) in Gr(A) which converges in E x F, therefore converges to
(u,v) € D(A) x F. It follows from the continuity of A that v = lim Au,, so that
the sequence (U, Au,) converges in Gr(A).
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e To prove the second one, all we need is to define the image of any element
u € E by an extension of A. Since D(A) is dense in E, u can be seen as a
limit u = limy, o0 Uy, of a sequence (uy,) in D(A). Since (u,) is convergent it
is a Cauchy sequence, and hence so is the sequence (Auy) a Cauchy sequence
so that it converges to some v € F since F is complete. The operator A being
closed, this implies that u lies in the domain D(A) and Au = v. This extended
operator (also denoted by A) is clearly a bounded operator.

Moreover this extension does not depend on the choice of the sequence. For
if (u)) is another sequence tending to u, from the inequality || Au, — Aul | <
Cllun, —ul ||, it follows that Au,, — Au.

n

Proposition 23 (Open mapping Theorem) A surjective bounded linear operator
A : E — F between two Banach spaces is open i.e., it sends open subsets to open
subsets.

Consequently, if it is invertible, its inverse is continuous.

Proof 40 It relies on the following result which we take for granted. Under the
assumptions of the proposition, the image A(Bg(0,7)) of an open non void ball in E
contains a non void ball Br(0,¢) in F.

Assuming this, we want to show that the range A(U) of an open subset U in E is
open i.e., that any y = A(x) in A(U) is the center of a ball Br(y,e) in A(U).

The subset U — x of E is open and contains 0 so it contains an open non void
ball Bg(0,r). Thus, A(U — z) = A(U) — y which contains A(Bg(0,7)) contains
a non void ball Br(0,e). This implies that A(U) contains the non void open ball
BF(%E) = B[F(O,Ef) +y.

We have shown that a bounded linear operator is closed; the closed graph theorem
provides a converse statement.

Theorem 12 (Closed graph Theorem) Let E and F be two Banach spaces. A
closed linear operator A : E — F with closed domain D(A) is bounded. In particular,
a closed linear operator with domain E is bounded.

Proof 41 o Since E and E are complete, the cartesian product E X E is complete.
Since D(A) is closed, its graph Gr(A) = is closed in E x E and hence complete.

e The map P : Gr(A) — D(A) defined as P(u,v) = u is linear and bounded
since ||ullg < ||(u, Au)llaray. It is a bijection with inverse u —— (u, Au).
The open mapping theorem implies that its inverse is continuous and hence
[ulle+ | Aulle = [P~ (w)|lara) < C |lulle for some positive constant C (chosen
large enough). Thus ||Aullr < (C —1) ||u|lg and A is bounded.

In the following, we assume the operators are closed and defined on a dense domain
D(A).

Proposition 24 The inverse of a bijective linear operator A : D(A) CE — F is a
bounded operator A7 : F = E.

Proof 42 Since the graph of A is closed so is the graph of A~' and the result follows
from the closed graph theorem.
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Definition 66 The resolvent of A is the set
p(A) = {Ne C,A— X is bijective }
{Ne ©,A— )\ s bijective and (A —\I)~' € B(H)}.

The spectrum o(A) of A is the complement of the resolvent:
o(A) = €/p(A).
The point spectrum o,(A) is the set
op(A) 1= {\ € €, Ker(A — \I) # {0}}.

In finite dimensions, o,(A) = 0(A), which is not generally the case in infinite dimen-
sions.

Example 26 Letting H = 12 be the space of 12 convergent sequences and let A : 12 —
12 be the operator sending a sequence (u,) to a sequence (vy) with vo = 0,v; = u;_1.
0 does not belong to o,(A) but 0 € o(A).

7.6 Adjoint of an (unbounded) operator

Useful references are [Br], [RS].

Let H; and Hs be Hilbert spaces equipped with the Hermitian products (-,-); and
(-, )2 respectively. We extend here the notion of adjoint of an operator to unbounded
operators.

Definition 67 The adjoint of an operator A : D(A) C Hy — Hy defined on a dense
domain D(A) is an operator A* defined on

D(A") :={v € Hy,3C(v) > 0,] < Au,v >2 | < C(v)|lullx VYu € D(A)}
by < Au,v >o9=< u, A*v >1 Yu € D(A),v € D(A*).

This defines A* in an unique way. For if v} et v5 are elements in H; such that
< Au,v >o=< u,vf >1,i = 1,2 for any u € D(A), then 0 =< u, v} — vj >; for any
u € D(A) dense in E, which implies v} = v3.

Remark 18 Provided R(A) C D(A*) we have Ker(A*A) = Ker(A). Indeed, clearly
the inclusion Ker(A) C Ker(A*A) holds. Conversely we have

A"Au=0= (A" Au,u) = 0 = ||Au|| = 0 = Au =0,
so that Ker(A*A) C Ker(A).

Whenever F = F = H is a Hilbert space equipped with the inner product (-,-) :=
(v = (-, )r, we say A is self-adjoint if A = A* i.e

D(A)=D(A*) and < Au,v>=<u,Av> VYu € D(A).

The graph of the adjoint A* of an operator A is given by

(Gr'(=A")* = Gr(4)
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where “prime” means the symmetric set w.r.to the diagonal axis. This is an easy
consequence of the fact that

< (u, Au), (—A%v,v) >=< u,—A*v > + < Au,v >=0
for u € D(A), v € D(A*).

Proposition 25 The domain D(A*) of the adjoint A* of a densely defined closed
operator A : D(A) C Hy — Hy is dense in Hy, and the adjoint is also closed.

Proof 43 Let us assume that the domain of A* is not dense in Hy. Then there
exists a non zero vector u € Hy such that < u,v >9= 0 for any v € D(A*). Using
the closedness of A, this would imply that

<uUv>0=0 & <u,v>y+<0,—A% >1=0
& (0,u) € (Gr'(—A%)" = Gr(A)

and hence A(0) = u # 0 which contradicts the linearity of A.
Let us check that A* is closed. Let (v, A*vy,) be a Cauchy sequence in D(A*) x H;
converging to (y,x) € Hy x Hy. For any u € D(A), we have

< Au,y >o= lim < Au,v, >o= lim < u, A"v, >1=< u,x >
n—oo n—00
so that | < Au,y >o | < ||z|l1 - ||ull1 for any v € D(A), which implies y € D(A*) and
A*y = z.

Let A: D(A) C H — H. When the space H,(A) spanned by the eigenvectors of
A coincides with the total Hilbert space H, letting {e,,n € IN} be an orthonormal
basis of eigenvectors of H, the operator has the following discrete resolution:

Au:Z)\n <u,en, > Yu € D(A).

Given a map f : 0,(4A) C € — C, using this spectral representation of A we can
define the map f(A) on the domain:

D(f(A) =={ue HY f(A)* <u,e, >*< oo}

by
FAu=>"f(An) <t,en>e, for ueD(f(A)).

Example 27 When A has a discrete resolution with purely discrete spectrum and
positive eigenvalues outside a discrete set of eigenvalues, the function f(x) = e~ '* de-
fines a bounded operator e~t4 called the heat-operator associated to A. Heat-operators
will be investigated more thoroughly in the sequel.

Let A: D(A) C Hy; — Hy be a closed operator defined on a dense domain D(A) of a
Hilbert space (Hy, (-, -)1) with values in (Hp, (-,-)2), then the domain D(A*) is dense
in Hs and we can define the adjoint A** of A* which coincides with A.

Let us first check that A C A**. Given x € D(A), | <z, A*y > |=| < Az,y > | <
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[|[Az||||y|| for any y € D(A*) and hence x € D(A**). Since < z, A*y >=< Ax,y >
the operators A and A** coincide on D(A). Since A** is closed as the adjoint of a
closed operator, so is its graph and we have Gr((A*)*) = (Gr'(—A*))* = Gr(A), for
Gr(A) is closed. This ends the proof of the identity A** = A.

A useful property for A: D(A) C H; — Hy is
RY(A) = Ker(A*). (21)

Indeed, we have R (A) C KerA*. For if < y, Az >= 0 Vz € D(A) then y € D(A*)
and < A*y,x >=0Vzx € D(A). But D(A) is dense in H so it follows that y € KerA*.
Let us now check the other inclusion. Given z € KerA*, we have < A*z,y >= 0 for
any y € D(A) and hence < x, A**y >=< z, Ay >= 0 for any y € D(A) which shows
that z € R(A)*.
It follows from (21) that -

Ker(A*) @ R(A) = Ha,

which applied to A* yields:
R (A*) = Ker(A)

and hence

Ker(A) ® R(A*) = Hj;.

The non-zero eigenvalues \,, and the eigenvectors wu,, are built recursively using
the previous proposition. Assuming that A # 0, let Ay € {—|||A]||,|||A]l|} and u; an
associated eigenvector as in the above proposition. Let H; = (u;) be the subspace
spanned by w1, then A(H;) C H;. We easily check that A(H{) C Hi and we can
therefore restrict A to Hi: let A; denote this restriction. If A; is identically zero, the
statement holds. Otherwise A; is a compact operator so that as above, from A; we
build an operator As defined as the restriction of A; to the orthogonal complement of
the space Hy := (uy, us) where up € Hi with norm 1 is such that Ajus = Aus = Aus
for some Ao € {—|||41]|l,[|A1]||} . We continue this procedure until we reach an
operator A; which vanishes identically, or otherwise we pursue indefinitely. This way,
we build a sequence (A,) of eigenvalues and orthonormal associated eigenvectors
(u,,) such that defined on the subspace h? := {(un)nenw, Y opeon?|un|?> < oo} of
[-sequences.

8 Differential and pseudo-differential operators

8.1 Differential operators

Useful references are [BGV], [F], [H], [LM], [R].

We need some notations:
For a multi index a = (ai,---,a,) € IN", let us set |a := Y7, ax and for

£ R, &> =€ ... £2n. We also set D2 := (—i)lel g‘;‘ with g:cl = 8_%?18."#/%".
With these notations we have F (D?f)(€) = £*f(€) for any Schwartz function
f € S(IR") where F also denoted by ~ denotes the Fourier transform f(€) :=
(2m)" 2 [ e @8 f(x)da.

In what follows, K := IR or K := (.
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A differential operator of non-negative integer order m on an open subset U of
IR™ is a linear map
A:CHU, KP) — C*™(U, KY)

of the form

A= > an(2)Dy (22)

lee| <m

where aq(z) is a (¢, p) matrix of smooth K-valued functions with a, # 0 for some «
and such that || :== Y. | a; = m (i.e. A differentiates m times).

Example 28 The Laplacian A :== — 3", 88,—; on U := IR" provides an example of
differential operator of order 2. '

A change of coordinates & = Z(z) on U gives for any j € {1,---,n}:
0 0@, 0

Da; 22 0, 02

As a consequence, in the new coordinates, the operator A reads

A= " n(z)DY
|| <m
for some other (g, p) matrix a, of smooth -valued functions on U, which shows that
the operator can be described in a similar way in these new coordinates. If we have
aq(z) = 0 for all |a| = m, then ag(&) = 0 for all |5| = m so that the order is con-
served under a change of coordinates.

Given a smooth manifold M of dimension n, it therefore makes sense to define a
differential operator A : C*°(M, R) — C*°(M, IR) of order m as a linear operator
which has the above description (22) in any local chart of M since another local chart
would give the same type of local description via a change of coordinates.

Let GL,() be the group of invertible K-valued r x r matrices. Given two maps
71:U — GL,() and 72 : U — GL4(K), 7oAy defines another differential operator or
order m on U since

lex]
ToAT = Z 7-20/0((33)7-12?7
loe|<m
is of the same type as (22). Letting 7 : E — M and np : F — M be two vector
bundles based on M of rank p, q respectively, this shows that the shape of the opera-
tor described in (22) is invariant under a change of trivialization 75 : U — GL,() on
FE and 77 : U — GL,4() on F.

It therefore makes sense to set the following

Definition 68 A differential operator of order m on a smooth manifold M is a linear
map A : C®(E) — C®(F), where E, F are two vector bundles based on M of rank
p,q over K respectively, such that each point x of M has a neighborhood U with
coordinates (x1,---,x,) over which there is a local trivialization E|, ~ UxP and
F, =~ Ux? in which the operator A reads

A= Z ao(z)DS.

la|<m
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Example 29 (The Laplace-Beltrami operator) Let (M,g) be a Riemannian
manifold with Riemannian metric g. Here we take E = F = M x €. In a local
chart, the metric reads g(x) = g;j(x)dx;dx;; let (g") denotes the inverse matriz of
(gij) and detg the determinant of (gi;). The Laplace-Beltrami operator is defined by

1 < 9 ;0
A, = —— —/detg g —
g Vdetg 732:21 Ox; 99 Ox;

n B 82
= - Z g + terms of lower order.
=1 8:6183:]

Setting g;; = J;;, the Kronecker symbol of {7, j} yields back the local expression of
the Laplacian on IR" introduced in Example 28.

The Fourier transform description of differential operators, called the momentum
space description, is often useful in physics. Given a point x € M and a local triv-
ialization on a subset U containing z, we identify T M with IR", x with a point in
IR™, and write a local section u of the trivialized bundle E over U:

| eoae

(2m)?

u(z) =

where (z,€) is the inner product on IR" induced by the Riemannian metric at point
x € X. Given a differential operator A : C*°(E) — C*®°(F) and u € C*>(FE) with
compact support in some trivialising neighborhood U of a point z € M, the Fourier
transform of Au reads:

Au(e) = i [0 o), (e)at =

1
(2m)?

/ =98 (2, €) u(y) dE dy,

o(A)(2,6) = ) aa(w)e®

la]<m

is the total symbol of A, which is only defined locally in a neighborhood of the point
z. Using Fourier transforms, one can check that the symbol of the product of two
differential operators A : C*°(F) — C*°(G) and B : C*°(E) — C*(F'), where E, F'
and G are three vector bundles over a closed manifold M is given by the star-product
of the two symbols o(A) and o(B):

—i)
o(A)xo(B) =3 TV 00(4) (2.6) - 010(B)(x.6). (23)

where - stands for the multiplication of matrices. This is a finite sum since o(A) is
polynomial in &.

In contrast the leading part of the symbol of an operator is globally defined. Indeed,
let  and & = Z(x) be two systems of coordinates on U. The Schwartz property by
which one can exchange partial differentiations yields for |a| = m:

glel 971% 9!l
e = 2 [axhaxﬁ
[Bl=m
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where [%} is the symmetrization of the m-th tensor product of the matrix (%).

Hence for any |«| = m, the matrices a, () transforms to:

()= Y aato) |57

|Bl=m

@
B

|l

Thus the expression 3, _, a(y(as)g? extends to a section of ®{,  , TM®@Hom(E, F).

Identifying the symmetrised tensor product S™ (V') := ®{,,,,V for some finite dimen-
sional vector space V' (via the evaluation map) with the space S (V*) of homogeneous
polynomials of degree m on V*, we identify this expression with the leading symbol

of A:
oL(A)(,€) == Y aa(x)E™.
lal=m
Example 30 The leading symbol of the Laplace-Beltrami operator reads or(Ag)(z, &) =
Y1 996 = lIENR.

For fixed x € M, it is a homogeneous polynomial of degree m in the variable & € T M.
It follows from (23) that the leading symbol behaves multiplicatively:

o,(AB) = o (A)oL(B) (24)

for two differential operators A : C®°(F) — C*(G) and B : C*(E) — C*™(F),
where F/, F' and G are three vector bundles over a closed manifold M. Whenever the
manifold M is Riemannian and the bundle F is Hermitian, for a differential operator
A: C®(E) — C*(FE) we have

or(A*) = o (A)*.
In particular, o (A*A)(z, &) = (op(A)(2,€))* (oL (A)(z,£)) is a non-negative matrix
for any (x,&) € TxM.

Given an invertible differential operator, its inverse is not differential any longer
hence the need to enlarge the class of differential operators to pseudo-differential
ones.

8.2 Pseudo-differential operators on manifolds
Useful references are [LM], [Sh], [T].

In what follows we shall only briefly sketch the definitions and properties which
can be of use to us later on.

A pseudo-differential operator on a closed smooth manifold M is a linear opera-
tor A : C®°(FE) — C*(F) where E, F are two vector bundles based on M of rank
p, q respectively, such that each point & of M has a neighborhood U with coordinates
(w1, -+, 2,) over which there are local trivialisations E|, ~ U x € and F, ~ U x €
in which for any section u of F with compact support in U, we have:

Au(€) = o(, €)i(z)
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for some p x g-matrix valued function o(z, &) (called the symbol of A) obeying the
following growth condition. There is a real constant r such that for any multiindices
o, B there is a constant C, g satisfying the following requirement:

IDSDfo(a,6)| < Cap(L+ il V(&) € TX.

Let Sym,, , denote the set of functions satisfying this requirement (for convenience,
we shall often drop the subscripts (p, q)).

Remark 19 A pseudo-differential operator A : C*°(E) — C*®(F) has a distribution
kernel K(x,y) with values in Fy ® E;, where F, resp. Ey is the fibre of I above z,
resp. of E above y:

Au(z) = /M K(z,y)u(y)dy Yue C®(E)

which is smooth outside the diagonal. Its singularities are concentrated on the diag-
onal M x M.

The product formula (23) for differential operators extends to properly supported
pseudo-differential operators.

Definition 69 Given two open subsets U,V of IR",

1. a distribution K € D'(U x V) is properly supported if the two canonical
projection maps U x V' D Supp(K) = U and U x V D Supp(K) — V mapping
(z,y) to x and y respectively are proper maps (i.e., the preimage of a compact
set is compact);

2. an operator A:D(U) — C*°(U) is properly supported if its Schwartz kernel
18.

Example 31 Differential operators are properly supported since their kernel has sup-
port contained in the diagonal.

Remark 20 [Sh, Proposition 3.1] A properly supported operator maps D(U) to D(U)

as a consequence of (??7). It moreover extends to a a continuous map E'(U) —
ENU).

Example 32 If A is a pseudodifferential operator on U, then for any x € D(U) and
X € D>®°(U) the operator x Ax is properly supported and its kernel x(x) K(z,y) x(y)
where K is the kernel of A, has compact support in U x U.

Example 33 If A is a pseudodifferential operator on U, then for any x € D(U) and
X € D>°(U) the operator x Ax is properly supported and its kernel x(x) K(z,y) x(y)
where K is the kernel of A, has compact support in U x U.

The formula for the symbol of a composition of properly supported pseudodifferential
operators, is derived from that proved for differential operators by replacing the
equality sign by an asymptotic expansion of the following type. For symbols ¢ and
0j,j € IN of decreasing order m;, we set

oo
ag ~ E 0j,
Jj=1
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if for each integer m there exists some integer K for which J—Zle oj € Sym™"™ Vk >
K. The symbol of the product of two pseudo-differential operators A : C*°(F) —
C*(G) and B : C*°(E) — C*(F), where E, F and G are three vector bundles over
a closed manifold M is given by the star-product of the two symbols o(A4) and o(B):

o(4)xo(B) ~ 3 T () (2.) - 010(B)(x.6). (25)

We single out a subclass of pseudo-differential operators, namely those whose symbol
is poly-homogeneous.

Definition 70 A symbol o on an open subset U of IR™ is classical or poly-homogeneous
of order a € € 3 whenever

o0

j=1

with oq—; positively homogeneous of degree a — j in § i.e.,
Caij(@,t8) =t o,_j(x,&) Vt>0 VY(z,8) € TU.

The polyhomogeneous property is preserved under a change of local trivialisation so
that we can set the following definition.

Definition 71 A pseudo-differential operator whose symbol in a given chart is clas-
sical, is called a classical pseudo-differential operator.

Example 34 1. Differential operators or order m are classical pseudo-differential
operators of order m.

2. The inverse of a differential operator of order m is a classical pseudo-differential
operator of order —m.

The leading symbol of a classical pseudo-differential operator of order a is given by
or(z,§) = 0a(x,§) V(,8) € T; M.

It is globally defined and multiplicative as a consequence of (25) so that formula (24)
extends to pseudo-differential operators.

A pseudo-differential operator A whose order is smaller than any negative integer is
called a smoothing operator.

Example 35 1. A finite rank pseudo-differential operator is smoothing.
2. A pseudo-differential operator whose kernel is smooth is a smoothing operator.

Let M be a closed Riemannian manifold and E be a Hermitian vector bundle over
M and let as before H*(E) denote the H®-Sobolev closure of the space C*°(E) of
smooth sections of some vector bundle E over M. We have the following fundamental
result.

Proposition 26 Let E — M and FF — M be two vector bundles over a closed
manifold M. A pseudo-differential operator A : C*®(E) — C*®(F) of real order a
extends to a bounded operator

A:H*(E)— H7%(F).

3The symbol o lies in Sym” where r is the real part of a.
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Proof 44 (see e.g. [Gi, Lemma 1.8.5 |, [LM, Proposition 3.2, chapter III ]).
We need to prove that

[(Au, v)| < Cllulls[[v]ls—a  Vu € H*(E),v € H*™(F).

Using a partition of unity on the base manifold M and localising the operator via
a local trivialisation, one can reduce the proof to the case of a pseudo-differential
operator A : CX(IR"™) — CX(IR™) whose symbol o(x,§) has compact support in x
where n is the dimension of M. We first observe that

EWn:/n(/néW&mdaaﬁ@mQdwz/”dn—aamaﬁ

where we have set 7(n,§) : fan et o(z,&)dx. Using the Plancherel formula, for
u,v in C(IR"™) we write

<A7.L, U> =

Au(n)o(n)dn
T - £, &) u(§)v(n)dEdn.

A
o

(&, n) =7 =&+ E) (L + [n))*™,
U€) :==a(§)(X+[£])° and V(n) = 0(n)(1+ |n])*~*. The Cauchy-Schwartz inequality

We set

yields

ual < [ [1wEnv©vmiden
fS(/HQQJW§WW>WW@%Y(/n<éJW§W%>WWWMY
< Clull oo

for some positive constant C, provided [, [V (&,n)|dn and [, [¥(&,n)|dE are finite.
Since |o(x,&)| < C'||E]|* for some constant C' and since the symbol o has compact
support in x, for any multiple index v we have

el < [ 1Dz olds < C1+ ¢l

for some constant C’,. Thus for any positive integer k, there is a positive constant
Cy, such that |7(n,€)| < Cx (L+ €N (L + In)~* from which it follows that

(U0, )1 < Cr(L+ lln = €ID7" L+ 1€ (1 + [lmll)*~

The triangle inequality yields (1 + ||€])" < (1 + ||n])" (1 + ||n — €D for any real
number r. When applied to r = a — s this gives

[W(n,&)] < Cr(L + [In —&[)l*—I=*

which is L' in each of the variables for large enough k.
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Corollary 7 A pseudo-differential operator A : C*®(E) — C*®(F) of negative order
extends to a compact operator

A:H*(E)— H*(F)
for any s € R. In particular, any smoothing operator is compact.

Proof 45 The assertion follows from the compactness of the inclusion i : H'(F) —
He(F) fort > s. Indeed, t := s — a with a the order of A is larger than s, hence
A: H*(E) = H* “(F) composed with the inclusion i is compact as the composition
of a bounded and a compact operator, which yields the compactness of A : H*(E) —
H?(F). The rest of the proposition easily follows.

This has straightforward consequences which yield a hint towards more general prop-
erties. Coupled with the spectral theorem for compact operators Corollary 7 yields
a discrete spectral decomposition for a class of pseudo-differential operators, namely
inverses of differential operators.

Corollary 8 Let E be a finite rank Hermitian vector bundle over a closed Rie-
mannian manifold M. An invertible pseudo-differential operator with positive order
A: C®(E) = C™(E), which is essentially self-adjoint:

(Au,v) = (u, Av) Vu,v € C*(E),

has an infinite set of (non-zero) real eigenvalues {\,,n € IN} such that |\,| tends to
infinity as n tends to infinity. It has the following discrete spectral resolution:

Au = Z An (U, uy up,  Yu € C®(E)., (26)
n=1

with a smooth orthonormal set {u,,n € IN} of eigenvectors.

Remark 21 Invertibility is not necessary; ellipticity is sufficient. However, we only
give the proof in the invertible case, which is rather straightforward.

Proof 46 Let a be the positive order of A. By Corollary 7 its inverse, which has
negative order —a is a compact operator B := A™' € K (L*(E)) (here we have
set s = 0). It is self-adjoint as the bounded inverse of an essentially self-adjoint
operator. By Theorem 9 the sequence (p,) of eigenvalues (which do not vanish in
view of the invertibility) of B tends to zero as n goes to infinity and the corresponding
orthonormal sequence of eigenvectors (u,) € L*(E) satisfies

o0
Ay = Z pin (U, V) U Yo € L2(E). (27)
n=1
Recall that A=' : H*(E) — H®VY%(E) is bounded for any real number s. Applied
to s = 0 this yields that u, lies in H*(E) since A Yy, = pyu,. When iteratively
applied to s = ka with k € IN, this procedure yields that u,, € H**(E) for any positive
integer k so that u, finally lies in C*°(E). Equation (27) applied to v = Au yields
w=> " (v,up)uy for any u in C*°(E) and hence, by continuity of A on C*(E)
Au = Z An (U, Up) Uy, Yu € CF(E).

n=1

Hence the discrete spectral resolution of A.
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8.3 Elliptic operators, their index and associated heat-operators

The ”discrete spectral resolution” proven above when assuming invertibility of the
whole operator also holds under the weaker assumption that the leading symbol
be invertible. As we shall see, the leading symbol governs many properties of the
operator.

Definition 72 Let E and F be two finite rank bundles over a closed manifold M. A
pseudo-differential operator A : C*°(E) — C*°(F), whose leading symbol o1, (A)(x, &)
is an invertible matrixz for any € # 0 and any x € M s called elliptic.

Example 36 1. The Laplace-Beltrami operator A, on a Riemannian manifold
(M, g) is elliptic for its leading symbol is or,(Ag)(x, &) = ||€||* is invertible for
any & # 0.

2. Any invertible pseudo-differential operator is elliptic for if A is invertible so is
or(A) by the multiplicativity property (24) of the leading symbol.

From the properties of the leading symbol, it follows that if A is elliptic then so is
A*, and hence so is A*A.

Remark 22 In fact the injectivity of the leading symbol of A is enough to have the el-
lipticity of A* A since or,(A)(z, &) injective implies that o (A*)(z,€) = (o (A)(z, &))"
is onto and hence that op(A*A) = (o.(A))" (o(A)) is bijective.

There are at least two ways to build a pseudo-differential operator whose leading
symbol is a given homogeneous symbol p € C* (T*M ® Hom(FE, F)); both use an
inverse Fourier transform. The first one uses a partition of unity patching up localised
pseudo-differential operators whose Fourier transform is p (see [Gi] par. 1.3.3), the
second one uses a Riemannian metric on the base manifold and a connection on the
bundle building the associated parallel transport into the inverse Fourier transform
(see [LM] formula (3.19)) of p. Let us denote by Op(o) the corresponding pseudo-
differential operator, where we have left out the explicit dependence on the various
choices, whether a partition of unity or a metric and connection; different choices
lead to operators which differ by a smoothing operator.

Such a construction yields an ”inverse up to a smoothing operator” Op(op(A)~1!)
(called parametrix) of an elliptic operator A under the mere invertibility of the leading
symbol, which is clearly a weaker assumption than the invertibility of the operators
since the latter implies the former:

Proposition 27 (/LM] Theorem 4.3, [Gi] Lemma 1.4.5) Let E and F be two Her-
mitian vector bundles over a closed Riemannian manifold M. Any elliptic pseudo-
differential operator A : C*°(E) — C*=(F) has a parametriz, i.e. an inverse map
up to a smoothing (and hence compact) operator. In other words, there is a pseudo-
differential operator B : C°(F) — C*(E) such that AB and BA differ from the
identity map on C*°(E), resp. C°(F) by a smoothing operator.

If it is of real order a, it extends to a Fredholm operator (denoted here by the same
letter A):

A:H°(FE)— H”%F).

More precisely,

o Ker A and KerA* are finite dimensional vector subspaces of C*°(E) and C*(F)
respectively.
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e Decomposition theorem
H*(E) =Ker(A) d R(A") Vse R,

H*(F) =Ker(A") @R(A) Vse R,

where the sums are orthogonal w.r.to the H*-inner product,
C*(E) =Ker(A) ® R(A"),

C>®(F) =Ker(A*) @ R(A4)
where the sums are orthogonal w.r.to the L?-inner product.

In view of property (18) we can define the index of an elliptic pseudo-differential
operator A : C®°(E) — C>®(F), where E — M and F — M are two finite rank
Hermitian vector bundles over a closed closed manifold M:

ind(A) = dimKer(A) — dimR(A4). (28)

Given two operators Ag and A; with the same leading symbol as A, their convex sum
A(e) := A1 + (1 — €)Ap has the same leading symbol for any € € [0,1] and defines
a continuous one-parameter family of elliptic operators. Since the index is locally
constant, ind(Ag) = ind(A;) so that the index only depends on the leading symbol.

Similar arguments to the one used in Corollary 8 further yield a discrete spectral
resolution, under the weaker ellipticity assumption. The inverstibility of the opera-
tor assumed in Corollary 8 is replaced hre by the inverstibility of its leading symbol.

Theorem 13 [Gi] (Lemma 1.6.3 and Lemma 1.12.6) Let E — M be a Hermitian
vector bundle over a closed Riemannian manifold M. Any essentially self-adjoint
elliptic differential operator A : C*°(E) — C>=(F) of positive order ord(A) admits a
discrete spectral resolution

Au = Z An (U, up) U, Yu € C°(E),
n=1

where (\,) is the sequence of eigenvalues, which tends to infinity as n tends to in-
finity, and (u,) is an orthonormal set in C°°(E) for the L? product induced by the
Riemannian metric on M and the Hermitian product on E.
Ordering the eigenvalues such that |A\1] < |A2| < -+ we have

Let E — M be a Hermitian vector bundle over a closed Riemannian manifold M.
A (formally) self-adjoint elliptic differential operator A : C*°(F) — C*(E) with
positive leading symbol satisfies the following condition ([Gi] Lemma 1.6.4)

3C >0, (Au,u) > —Clul* Yu e C®(E).

Thus, the positivity of the leading symbol implies the existence of a lower bound of
the whole operator, and hence of its spectrum.
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Since the spectrum is purely discrete, it only contains a finite number of non-positive
eigenvalues, in which case we have the following asymptotic behaviour:

ord(A)
Ap ~ Cn@md

The heat equation, associated with a (formally) self-adjoint elliptic differential oper-
ator A : C®°(E) — C*™(F) of positive order ord(A) with positive leading symbol is a
system of equations:

(O + A)u(xz,t) = 0 (evolution equation)
}in% u(z,t) = w(z) (initial condition). (29)
—

Remark 23 When A = A, is the laplace-Beltrami operator on a Riemannian man-
ifold, this equation allegedly governs the diffusion of heat from an initial distribution
u(z) = u(0,z) on the manifold under consideration.

The spectral resolution of a self-adjoint differential operator given by Theorem 13
yields the existence and uniqueness of the solution.

Proposition 28 Let E and F' be two Hermitian vector bundles over a closed Rieman-
nian manifold M. The heat-equation (29) associated with a (formally) self-adjoint
elliptic differential operator A : C*°(E) — C™(F) of positive order ord(A) with
positive leading symbol admits a unique solution:

(eitAu) (z,t) = Z e tAn (u, up) up, = /M Ki(z,y)uly) dy
n=1

where Au = >_°°

g An (Un,u) un  Yu € C(E) is the discrete resolution of A and
where

o
Kiw,y) = 3 e un(2) @ uwl(y) € Fy @ B,
n=1

is a smooth kernel function for t > 0, called the heat-kernel of A.

Proof 47 We refer the reader to [Gi] Lemma 1.6.5; we nevertheless observe that
since the eigenvalues are positive up to a finite number, the smoothness of the heat-

kernel follows from the convergence of ZZO=1 e e=An for any non-negative integer
k.

Example 37 The Laplacian Ag1 on the unit circle St associated with the canonical
metric on S induced from that on IR and acting on

C=(SY) ={fec=(0,2a]), fH0)=r"(2r) VYne Zso}

has purely discrete spectrum {n?,n € Z} and the solution to the associated heat-
operator equation reads:

u(t,@) — Z 67"2t<u, ein0> einﬁ
neZ

with the scalar product given by (u,v) := 5= fo% u(6) v() db.
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The heat-operator associated with an essentially self-adjoint elliptic differential op-
erator A has a well-defined trace

o0
tr (e*tA) = Z e tn
n=1

with the above notations. In particular the trace of the heat operator e~"~9 associated
with the Laplace-Beltrami on a manifold equipped with a Riemannian metric g played
an important historical role insofar that its asymptotic expansion as ¢ tends to zero
contains information on the manifold.

tA

Example 38 In the case of the Laplacian on the circle we have [R] Theorem 1.12,
a result which dates back to Jacobi (ca. 1870):

tr (eimsl) = Z et ~t0

neZ

2
47t

)

where the numerator 2w is to be interpreted as the length of the unit circle.

This one-dimensional example generalises to the Laplace-Beltrami operator Ay on a
closed n-dimensional Riemannian manifold (M, g) for which we have

tr (e 749 ~yyo VOI(M) 2. (30)

The issue as to how much geometric information on the manifold one can get from
the spectral information contained in this asymptotic expansion has been nicely for-
mulated in the title ” Can you hear the shape of a drum?’ of a famous article by Kac
[Kac].

Remark 24 (see e.g. [R] Corollary 3.25) In particular, isospectral closed Rieman-
nian manifolds i.e., such that the associated Laplace-Beltrami operators have the same

eigenvalues counted with multiplicity, have the same dimension n and the same vol-
ume Vol(M).

8.4 From heat-kernel expansions to zeta functions

The Mellin transform relates complex powers to exponentials. The Gamma function

F(s):/ tsle tat
0

is holomorphic on the half-plane Re(s) > 0 and extends to a meromorphic function
on the plane with simple poles at negative integers. A change of variable ¢ := Au
yields the Mellin transform

1

A8 = —/ 57 le P dt VA > 0. 31
F(S) 0 (81

With the same notations as (26) we define the complex power (A’)™* of the restriction
A’ of the operator A to the orthogonal subspace to its (finite dimensional) kernel, via
its spectral resolution by:

(A P u= Z AP (up, uyu,  Yu € CF(E), (32)
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where for negative eigenvalues, we use some determination of the logarithmic which
we omit to explicit here. Since the eigenvalues A, of A behave asymptotically as
An ~ Cnn the complex power (A’)”" of the operator (-function has a well-defined
trace on the half-plane Re(s) > 2 called the (-function associated with A.

Cals) ;:tr<(A’)*S) = Y (33)

NEIN,Ap#£0

Replacing e~* in (31) by tr (e’“‘,) =Y e, 20€ O we get

Ca(s) = ﬁ /000 5 tr (e_tAl) dt. (34)

The asymptotic behaviour (30) of the heat-operator for the Laplace-Beltrami oper-
ator generalises to any self-adjoint elliptic differential operator with positive lead-
ing symbol A acting on a space of smooth sections of a hermitian vector bun-
dle E over a closed Riemannian manifold M. Indeed, there are some constants
o = [y oj(x)de,j € Z>o such that (see [Gi] Lemma 1.8.2)

J - B
tr(e) =3t o(tT), VJeN, (35)
j=0

where n is the dimension of the manifold M and a the order of A, which we assume
to be positive.

Proposition 29 Let A be a self-adjoint elliptic differential operator with positive
leading symbol A acting on a space of smooth sections of a hermitian vector bundle E
over a closed Riemannian manifold M. Its (-function —which is holomorphic on the
half-plane Re(s) > %~ extends to a meromorphic function on the plane with simple
poles which is holomorphic at zero and we have

1. T(s)Ca(s) =255 Sf‘@ - dimKSer(A) + R;(s), where Ry is a holomorphic map

on Re(s) > =7

a )

€a(0) = fp,_otr (e*m) = Q. (36)

Proof 48 We split T'(s)Ca(s) in a holomorphic part [t~ tr (e’tA,) dt and a
meromorphic part fol 5 tr (e*tAl) dt in which we insert the asymptotic expansion

of tr (e—tA’) = tr (e~*) — dimKer(A) induced by (35). The result then follows from

the asymptotic expansion T'(s) ~g s~1.
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9 A brief incursion into index theory

Let f: E — F be a linear map between two finite dimensional vector spaces E and
F. Then
dimKer(f) — dimCoker(f) = dim(E) — dim(F)

since f induces an isomorphism under any complementary subspace of Ker(f) to a
Im(f). Although the dimensions of the kernel and the range of f depend on f, this
formula shows that their difference does not.

If now A : C®°(E) — C(F) is an elliptic operator acting on smooth sections of a
Hermitian vector bundle F over a closed Riemannian manifold M to smooth sections
of a Hermitian vector bundle F' over M, by Proposition 27 it has finite dimensional
kernel and cokernel so that

ind(A) = dimKer(A) — dimCoker(A)

is well-defined in spite of the infinite dimensionality of the source and the target
spaces of A. Both the the dimensions of the kernel and the cokernel of A depend
on A but by Theorem 11, their difference is insensitive to "small” (i.e. compact)
variations of A. The index problem for elliptic differential operators was posed by
Israel Gel’'fand [Ge] in 1960; in view of the homotopy invariance of the index he asked
for a formula involving topological invariants.

9.1 From the Gauss-Bonnet to the Atiyah-Singer theorem

The answer to Gelfands question was announced by M.F. Atiyah and .M. Singer
(1963) and later proved together with various generalisations in a series of papers by
the two authors.

Let M be an even dimensional spin manifold and let £ = S®W be the tensor product
of the spinor bundle S of M and some exterior bundle W. Since S = ST @ S~ is
Zsy-graded, sois E = ET®E~. Let D' : C*°(E') — C*(E™) be the corresponding
Dirac operator. The Atiyah-Singer index theorem (see e.g. [BGV], [LM]) expresses
the index of DT in terms of topological invariants, namely as the integral over the
base manifold of some Chern-Weil forms, namely the A—genus on M and the Chern
character on W described at the end of chapter 2:

ind(D*) = % / A(V) A ch(VY).
(2im)= Jur

There have since then been various proofs of the Atiyah-Singer theorem, among
which one by E. Getzler (1985) which is a purely analytic proof (based on ideas of E.
Witten and Alvarez-Gaume) involving the asymptotic expansion of the heat-kernel of
the square of the Dirac operator combined with a clever algebraic calculation of the
top order of the asymptotic expansion since then called ”Getzler rescaling” [BGV].
A proof of the Atiyah-Singer index theorem using K-theory combined with the heat-
kernel asymptotic expansion can be found in [Gi].

An important ingredient in the various proofs is the Mac-Kean and Singer formula.
Given a graded hermitian vector bundle E = E* @& E~ on a closed Riemannian
manifold M. An elliptic operator D : C*®(ET) — C*(E~) together with its

formal) adjoint D~ give rise to a self-adjoint operator D = 0 A , whose
Dt 0

97



square reads A = AT @ A~ := D™Dt @ DT D~. The operator D being self-adjoint
and elliptic has a discrete resolution and it is easy to check that

Spec(A™) \ {0} = Spec(A™) \ {0}. (37)

On the other hand, from the asymptotic behaviour of the eigenvalues {\;\,n € IN}
of A™ and of the eigenvalues {\,,n € IN} of A~ we know that for any positive &

tr <€7€A+) — tr (67€A7>
S e e

nelN nelN

str (efsA)

By (37) the terms involving non-zero eigenvalues cancel and we have the Mac-Kean
Singer equation:
str (e7°%) = ind(D™). (38)

Combined with (39) this yields
ind(D") = fp,_gstr (e =) = s¢a(0), (39)
where sCa := (a+ — (aA--

Index theorems go back to Gauss. Let S be an oriented smooth surface embedded in
IR®. We consider the corresponding Gauss map

N:S — §?
r — N,

that takes a point on the surface to the unit normal vector N, at point z pointing
outwards. The end point of the vector N,, which is identified with the vector, lies
on the 2-dimensional unit sphere S2. Since | N,||? = 1, the tangent vector T, N, at
the end point N, is orthogonal to N, so that the tangent spaces T, S? and TS
are isomorphic. We can therefore consider the tangent map T, N : T,S — TN(I)S2
to the Gauss map as an endomorphism of T,,S. The Gaussian curvature K(x) at a
point z in S — which measures the deformation of an infinitesimal area on S around
x under the Gauss map (see e.g. [R] Chapter 2, paragraph 2.1) — corresponds to its
determinant:

K(z) := det(Ny). (40)

Example 39 The curvature of the standard 2-sphere of radius r is given by r—2.

As shown by Gauss in his famous Theorema Egregium, in spite of its apparent de-
pendence on the embedding of S in IR?, the Gaussian curvature K can be defined
intrinsically in terms of the Christoffel symbols. As the following theorem shows, the
Gaussian curvature has an influence on the topology of the surfacec.

Theorem 14 (Gauss-Bonnet theorem) For a closed oriented surface S of genus
. 3
pin IR

X(M) = /SKdA (41)

where x(S) := 2 — 2p is the Euler characteristic of S and dA the infinitesimal area
element induced by the metric on IR>.
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In view of higher dimensional generalisations, it is useful to recognise (49) as an
index theorem; for this we interpret the topological invariant given by the Euler
chracteristic in terms of the index of a Dirac-type operator of forms. We shall then
very modestly state two index theorems for Dirac-type operators on forms, leaving
out the proofs which would lead us out of the scope of these notes.

9.2 Generalised Laplacians and generalised Dirac operators

Generalised Laplacians and generalised Dirac operators are useful examples of elliptic
operators.

Definition 73 A generalised Laplacian on a vector bundle E over a closed Rieman-
nian manifold M is a second order differential operator A such that o (A)(z,£) =
€112, where || - || is the norm induced by the metric.

Example 40 The Laplace-Beltrami operator on a Riemannian manifold is a gener-
alised Laplacian.

A generalised Laplacian A is elliptic since or,(A)(z,¢) = ||€||? is invertible whenever

£#0.

Let E — M be a vector bundle based on a Riemannian manifold M and let E
be equipped with a connection V¥. The Levi-Civita connection V on M yields
a connection V™M on T*M which, when combined with V¥, yields a connection
VITMeE — yT'M @ 1 + 1@ VP on T*M ® E. Composed with V¥, this yields
an operator VI M@EGE . 0 (E) - C®°(T*M @ T*M ® E). Using the metric on
C>®(TM ® TM), by contraction, one can build its trace to obtain a second-order
differential operator
AP = —tr(VTMBEGE),

which defines a generalised Laplacian on C*°(FE).

Example 41 When E := M x K, and VP =V, the Levi-Civita connection on M,
it yields back the Laplace-Beltrami operator and we have:

Ay=—divoV=V"V,
where div denotes the divergence defined by:
—(divU, f) = (U,Vf) ¥f € C®(M),U € C=(TM),

and where V* stands for the adjoint (in the operator sense) of the connection V. In-

deed, in local coordinates the divergence reads divU = ﬁ%(Uj V9), which combined

with the local formula (Vf)j = ZZ]':1 g0, f yields the first identity.

Example 42 More generally, take E = AT*M equipped with the connection VF
induced by the Levi-Civita connection on M, then

AAT*M — _tr(vT*I\J@AT*MvAT*M) _ V*v

where we have set for short V = VAT M and V* its adjoint.
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The operator AF is non-negative in the following sense:
(APu,u) = (VPu, VE0) >0 Vu,v € C°(E).

Following Dirac, we now look for a differential operator D¥ whose square is a Lapla-
cian AF. When E is the trivial bundle £ = R™ x €, AP is the ordinary Laplacian
A=-3", 82 on IR". Looking for an operator D = Y7 | ¢; 5> 3 - such that D? = A
leads to the Clifford relations of section 3. 5, namely:

CiCj + CiCy = —2(5”

D= Zz 1Cipe 8 then yields a first order differential operator which provides a square
root of the Lapla(nan.

This extends to manifolds and bundles up to the fact that one does not generally
get an exact identification of the square of the Dirac operator with the canonical
Laplacian anymore due to extra terms involving the geometry of the manifold and
the bundle. However such an identification still holds ”"up to lower order operators”
i.e., on the level of leading symbols, hence the following definition.

Definition 74 A generalised Dirac operator is a first order differential operator D
whose square is a generalised Laplacian i.e., whose leading symbol o(D)(x, &) satisfies

or(D?)(w,8) = &l V(=€) € T;M.

Remark 25 Locally, a solution of the equation (o0(D)(z,€))* = ||€|I2 V(z,€) €
TiM is given by o(D)(x,&) = >, ¢; & where the ¢; satisfy the Clifford relations.

Extending Dirac’s construction to build a ”square root” of a Laplacian AF "up to
lower order terms” acting on sections of a vector bundle E, requires the use of a
Clifford connection. We use here the notations of section 3.5.

Let M be a Riemannian manifold and let £ — M be a Clifford module based on
M. A connection V¥ on E is called a Clifford connection if it commutes with the
Clifford multiplication on E:

[VZ c(a)] = ¢(Va) VYa € C®(C(M)),

where C(M) is the bundle of Clifford algebras on M. Here V is the Levi-Civita

connection on M.

Example 43 e The exterior power of the cotangent bundle: Let F =
AT*M be equipped with the connection V¥ induced by the Levi-Civita connec-
tion on M. Then V¥ is a Clifford connection for the Clifford action c(v) =
e(v) —i(v) Yv e C®(TM) on AT*M seen as a Clifford module.

e Spinor bundles: Let E = S ®@ W where S is the spinor bundle on M. The
Clifford module acts on E via a Clifford multiplication c. Since Spin(V) is a
finite covering of SO(V'), we can lift the Levi-Civita connection on SO(TM) to
a connection on the spinor bundle S. Combined with a connection VW on W,
it yields a Clifford connection V€W on S @ W.

e Spin® bundles: Let M be a Spin®-manifold, so that the orthonormal frame
bundle SO(TM) — M lifts to some Spin®(V')-bundle where V is the model
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space for M. Since Spin°(V) — SO(V) is not a finite covering, the Levi-
Civita connection on M does not automatically lift to a connection on Spin®(V').
We need additional information, mnamely a connection on the SO(V) x S'-
bundle obtained from the quotient of Spin®(V) by *, which lifts to a connection
on Spin°(V'). This connection V is obtained from combining the Levi-Civita
connection on M with a connection on the U(1) bundle obtained from Spin°(V)
by dividing out by Spin(V).

Using a Clifford connection VF we consider a first order differential operator
n
DY .= Z c(e’)vg
i=1

called a Dirac operator.

Example 44 e A Dirac operator associated to the de Rham operator:
By Proposition 10 ¢ := € — i defines a Clifford multiplication on Q(M) =
C™®(AT*M) and by means of the Levi-Civita connection V, the operator d+ d*
can be interpreted as a Dirac operator acting on sections of the Clifford module
AT*M (compare with (6):

n
DT M= "e(e")VE =d+d. (42)

i=1

e The twisted Dirac operator: When M is a spin manifold, S the spinor
bundle and W an exterior vector bundle based on M with connection VW, the

operator
n

DSOW ._ Zc(ei)vi®w
i=1
is called a twisted Dirac operator. In the absence of exterior bundle W, i.e.
when E = S, it is often denoted by D and simply called the Dirac operator
on M. When the dimension of M is odd, D3®W is an essentially self-adjoint
Dirac operator (on the adequate domain), when the dimension is even, E =

ETOE =STQW®S™ ®@W is Zy-graded and D is odd for this grading, i.e.

Dsw:(( 0 (DS®W)>,

DS®W)"" 0
e Dirac operators for Spin‘-structures: 7o a connection V on a Spin°-
bundle, there is also an associated Dirac operator :

D= Zc(ei)@ei.
=1
9.3 The Bochner-Weitzenbock and Lichnerowicz formulae

In general, the square of a Dirac operator D¥ only coincides with the Laplacian AF
up to a zero-order differential operator as we shall see from the Lichnerowicz and
Bochner-Weitzenbock formulae below.

The square of DAT™M gives rise to the Hodge Laplacian

A=d"d+dd"
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acting on forms on a smooth manifold M. Here d is the exterior differential on forms
and d* its adjoint for the natural L?-product on form.s This operator relates to the
Bochner Laplacian AN M by a Bochner- Weizenbéck relation:

Proposition 30

(d+d*)? = AMM LN " e(da)e(da;) Qe e)

1<j

where Q(u,v) := [V, Vo] = Vi s the curvature tensor on AT*M equipped with
the connection induced by the Levi-Civita connection.

Proof 49 Since the operators involved in the equality to be proven are differential
operators and since the curvature operator is tensorial, the proof can be carried out
choosing an orthornormal tangent frames (e1(x),---,e,(x)) at a given point x and
does not depend on the way we extend it to a field of orthonormal frames in a neigh-
borhood of x. We choose to extend it to a field of orthonormal frames (e1,- -, ey)
such that (Ve;)y =0 at point v € M.

n

(d+d*)*a = Z c(dz;)V;(c(dz)V )
1,7=1

= Z c(dz;)e(dz;)Vi(V; )
ij=1

= -V Z ViV a+ Z c(dz;)e(dx;) (ViV; — V,;V;)a
i=1 i<j

= AMMg_ Z c(dz;)e(dz;) e, ).

i<j

In order to relate the square of the twisted Dirac operator D°®W on a spin manifold
with AS®W we need the notion of twisting curvature. Let us set £ = S @ W
equipped with the Clifford connection V¥ := V¥ ® 1® 1 ® VW which combines the
spin-connection V* induced by the Riemannian connection on M and the connection
VW on the exterior bundle.

We first observe that the curvature QF of V¥ decomposes under the isomorphism
End(E) ~ C(M) ® Endc (E) as follows

(VE)? = R+ FP/$

where R is a C(M)- valued 2-form M given by the formula

™ (Qfeirey)en e)e(e)e(e))

k,i=1

»-lkﬁ—‘

R(e;, e;)

where €2 is the Riemannian curvature on M and e;,i = 1,---,n is an orthonormal
frame of the tangent bundle TM and €’,i = 1,---,n the dual frame. The remaining
two form FE/5 is called the twisting curvature, which in this case coincides with the
curvature Q" on the exterior bundle W.
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The square of a Dirac operator DF differs from the Laplacian AF by a term involv-
ing the scalar curvature of M and the twisting curvature of the Clifford connection
VE as can be seen from the Lichnerowicz formula (see e.g. Theorem 3.52 of [BGV])
or equivalently the general Bochner identity (see Theorem 8.2 of [LM]), which re-
lates the square (Dg)? of the twisted Dirac operator D := Sy c(e;)VE with the
Laplace-Beltrami operator

AE tr (VT*]VIQ@E‘VE)

_ Z (VT*M®EVE)

- > (vEvE-vE,) (43)

€i,€4

associated with the superconnection V¥ on E, where VT M®F is the connection

induced on the tensor product bundle 7* M ® E by the Levi-Civita connection on M
and the connection V¥ on E. Here {e;,i = 1,---,n} is a local orthonormal tangent
frame.

Proposition 31

(DF)” = AP + R = A" + RY + 2, (44)

where ry; stands for the scalar curvature on M and
2 2
R .= Zc(ei)c(ej) (VE) (eive;); RW = Zc(ei) c(ej) (VW) (es,e5).  (45)
1<j i<j
In particular, for a flat auzillary bundle we have:
s

where Ay is the Laplace-Beltrami operator on the Riemannian manifold M .

Proof 50 We choose a local orthonormal tangent frame {e;,i = 1,---,n} at point
x € M such that (VfL)I =0 for alli € {1,---,n}. Since DX =37  c(e;) VE, at
that point x we have:

(D®)* = 3 ele) VE cle;) VE

IM§

1

V)

Il Il
RiNG

(e ele;) [(VF)" (esne)) + VE, . ]

IS
<

(V5)" (esnei) + Y clei) eles) [(V)* (enves) = (VE) (e )]

i=1 i<j

= APy Zc(ei) c(ej) (VE)2 (ei,€5)
i<y

= AF 4+ RE.
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The curvature term (VE)2 € Q?(End(FE)) decomposes as (VE)2 = (VS)2 ®1+1®
(VW)2 so that RF = >icyclei) cleg) (VS)2 (e;,e;)+RW. A careful computation (see
e.g. the proof of Theorem 3.52 in [BGV]) shows that 3, ; c(e;) c(e;) (VS)2 (€i,e5) =
3

9.4 The Hodge de Rham decomposition theorem

From the Bochner-Weitzenbock formula, we know that the Hodge Laplacian A =
(d+ d*)2 differs from the Laplacian AM™M by a zeroth-order differential operator.
They therefore have the same leading symbol; since we know that AA ™M ig elliptic,
so is A. As a consequence of Proposition 27 applied to the restriction A, of A to
p-forms, the space of p-harmonic forms given by:

Hpy(M) :={a € QP(M),Ap,a =0}
is finite dimensional. Its dimension is called the p-th Betti number and is denoted by
Bp(M). Since Ker(A,) = Ker (dmp(M)) we have
Bp(M) = dim(HP(M)).

On the other hand, the decomposition theorem for Fredholm operators yields a Hodge
decomposition theorem:

(M) = Hy(M) & R(d +d) 0y = Hp(M) & R (dy, )& R (d] ).

|QP+1(M)

the direct sums corresponding to orthogonal sums w.r.to the inner product on forms.
As a consequence, we have:

Bp(M) = dim (M, (M) .
The Hodge star isomorphism between p-forms and n—p-forms yields the isomorphism:
HP(M) ~ H" P(M)

and hence

5p(M) = ﬂn—p(M)~

The Fuler characteristic which is given by the alternating sum of the Betti numbers
defines a topological invariant of the manifold:

E(M) = Bp(M). (46)
p=0

There is another possible interpretation of the Euler characteristic as the index of
the zero section in the tangent bundle TM. Let f : M — N be a smooth map
from a closed oriented smooth m-dimensional manifold M to another closed oriented
smooth n-submanifold N of an oriented manifold W of dimension m + n such that
f is transverse to N. A point z € f~!(IV) has positive or negative type according to
whether the composition:

Mo = Wiwy = W) /Ny
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preserves or reverses orientation. Here the first map is the tangent map T, f to f at
point x. Accordingly we set i, (f, N) =1 or i,(f, N) = —1. The intersection number
of (f,N) is the integer:

Z(faN> = Z Za:(f’N)

z€f=1(N)

It is invariant under homotopies of the map f.

Now if sg : M — T'M is the zero section of the tangent bundle of M, we have:
§(M) = i(s0, M).

As a consequence, since any section s of the tangent bundle is homotopic to the zero
section by the map (¢, ) — ts(z), if the tangent bundle to M has a section which is
nowhere zero then (M) = 0. Since £(S?") = 2, every vector field on S?" vanishes
somewhere. In other words, a ”hairy ball cannot be combed”.

We shall also need so split the space of harmonic forms as the sum
HP (M) = HP*U(M) @ HP**4 (M)
of the space of self-dual harmonic p-forms
HP (M) = {a € HP (M), *a = o}
and of the space of anti self-dual harmonic p-forms
HP (M) = {a € HP(M), % = —a}

which are both trivially finite dimensional since the space of harmonic p-forms is. We
set
B (M) == dim (HP*4(M)), B, (M) := dim (HP**%(M)) .

Clearly we have:

Bp(M) = B (M) + B, (M).

9.5 Three index theorems on forms

To give a flavour of index theory, we state here (without proof) three index theorems
of forms.

We saw that the operator D = d+d* gives rise to a Dirac operator D acting on forms
on a closed manifold M. Two different gradings on Q(M) give rise to two different
chiral Dirac operators.

9.6 The Chern-Gauss-Bonnet index theorem on forms
Let us first equip Q(M) with the Zs-grading given by the parity of the form
QM) = Q% (M) @ Q°%(M)

where Q¢’(M) = Ker(I — P) is the algebra of forms of even degree and Q°% =
Ker(I + P) the space of forms of odd degree. Here P denotes the parity operator
which is 1 on even forms and —1 on odd forms. The index of the Dirac operator

Df = (d+d¥) can be expressed in terms of the Euler characteristic defined
in (46):

|Ker(1—P)
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Lemma 17
ind(D}h) = x(M).

Proof.

ind(D}) dimKer(D},) — dimKer(D5)

= dimKer((1 — P)D) — dimKer((1 + P)D)

= Z dimKer(D|02p(M>) - Z dimKer(thsz(M))
p p

= Y (-1)PdimKer(Dy,,,,)
p=0

= > (-1)PdimHP (M)
p=0

— S 0P8 (M)
p=0

= x(M).

The Chern-Gauss-Bonnet index theorem (which we do not prove here) provides a
local expression of the index:

Theorem 15

ind(Df) = x(M) = 2m) " [ e(9)
M
where V is the Levi-Civita connection on M, e(V) the Euler class of M equipped with

V introduced in (9).

9.7 The Hirzebruch signature index theorem

Let us now introduce another Zs-grading on (M) using the chirality operator de-
fined on p forms by:

T = (—1)prt "ok

where x is the Hodge star defined in formula (3). We have set k(n) := & if n is even
and k(n) := ”T'H if n is odd. Since I'> = I , the space of forms splits:

QM) =Q (M) ®Q (M)
where we have set Q1 (M) = Ker(I' —I) and Q~ (M) := Ker(I' + I). If the dimension

n is even, then D = d + d* anti-commutes with I', i.e. I'D = —DI',| so that the
operator D" := (d + d*) acts from the space QT (M) to the space Q7 (M).

[Ker(1—T)

We henceforth specialise to the case n = 2k = 4l is a multiple of 4, for which I'
coincides with the Hodge star operator on k-forms. In particular we have:

H (M) = {a € QF(M),Ta = a}

and
HEA(M) = {a € QF(M),Ta = —a}

that are finite dimensional spaces with dimensions 5,‘:(M ) and 3, (M) respectively.
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Proposition 32 In dimension n = 2k = 41, the bilinear form
o QF (M) x Q8 (M) — R
@8 = o@d=[ ans
M

induces a non degenerate symmetric bilinear form on H*(M). Its signature, called
the signature of M, is given by

o(M) :=sign(o) = ﬁ;(M) — B, (M).

Proof 51 We saw previously that fM anB = (-1)F fM BAa on k-forms so that if k
is even, it yields a symmetric bilinear form. Given two closed forms « and 3, o(«, 3)
only depends on the cohomology class of a and 3; indeed

/M(a+d'y)/\5 /Ma/\5+/Md7/\ﬁ
[ ans+ [ awnm~[ vnas
o

where we have used Stokes’ theorem to set the middle integral to zero and the fact
that B is closed to set the last integral to zero.

The form o is non degenerate; indeed, let us assume that fM a/Ap =0 for any closed
k-form B and let us show that o = 0. Pick a harmonic k-form a as representative of
a cohomology class in H*(M). Then

(d+d)a=0=da=da=0=d(*xa) =0.

Hence x« is also a closed k-form and we can take 8 = . This yields a N xa =
lal|> = 0 so that a = 0 which ends the proof of the non degeneracy.

Let us now compute this bilinear form in different cases. For a € HF4(M), B €
HES5A(M), we have

ola, B) = /Ma/\ﬁ:/Ma/\*B: (o, BY,
if a € HP3(M), B € HEsd(M)
wa.)= [ ans= [ anss=—(n)
and if o € H**H(M), B € HF*s(M)
ola, fB) = /M*oz/\ﬁ = (—l)k/MB/\*a = (o, ) = /M*oz/\*ﬁz —o(a, B) = 0.

As a consequence, o is diagonal on H**¢(M) @ H¥*4(M) with eigenvalues 41, —1
with multiplicity B,‘: (M) and B, (M). The bilinear form o therefore has signature

sign(o) = dimH**4(M) — dimH***4(M) = B (M) — B, (M).
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The following Lemma relates the index of le to the signature of the manifold:

Lemma 18
ind(fo) =o(M).

PI_'oof 52 We first observe that if a;,i = 1,---,8;(M) is an orthonormal basis of
HI(M) with j < k then of = a; +*aj,a] = a; —xay, i = 1,---,3;(M) yield an
orthonormal basis of H? @H" 7, where x is the Hodge star operator. Since the oz?' are

self-dual and the o are anti self-dual, they yield an orthonormal basis respectively
of HI(M) @ H3%4(M) and HI**4(M) @ H"5s4(M). As a consequence,

BF(M) + B, (M) = dim (H/**(M) @& H"**(M))
= dim (M (M) @ H PN M) = B (M) + B,_;(M).

Hence we have,

ind(Df") = dimKer(Dj) — dimKer(Dy)

= dimKer(D|Qsd(M)) — dimKer(D|Qan(M))

I

dim (H*4(M)) = dim (H**4(M))
Jj=0

7=0
= S sn - 8 ()
j=0 j=0
k—1 k—1
= D (B M)+ B(M)) =D (85 (M) + B, _;(M)) + B (M) — b (M)
j=0 j=0
= By (M) —b; (M)
= o(M).

The Hirzebruch signature index theorem (which we do not prove here) gives a local
expression of the index as an integral of the L-genus introduced in (10):

Theorem 16 Let M be an oriented closed n = 41 Riemannian dimensional manifold.

oy (21
ind(Df) = ~—; L(V)
T M
where as before, V is the Levi-Civita connection.

9.8 The Riemann-Roch theorem

Let M be a Hermitian almost-complex manifold. Following a similar procedure as
for the de Rham operator, we first recognise 0 + 8 as a Dirac operator on complex
forms.

The Clifford map ¢ = € — ¢ on the vector bundle of differential forms described above
induces a Clifford action on the vector bundle of anti-holomorphic differential forms
A (T%M)" in the following way:

a=a'? + ! S Ql(M) - c(a) = \/5 (g(al’o) — L(aovl)) .
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Since a0 = a%1, the operator c¢(a) is skew-adjoint
(e()" = * (@) — i* (@) = (%) — e(a1) = —c(a).

If the manifold is Kéhler, we saw that V J = 0, hence V preserves the holomorphic
and anti-holomorphic tangent bundles. Since the Levi-Civita V commutes with € —¢,
it therefore follows that V commutes with the above Clifford connection.

We further saw that d = ¢ o V, hence for a local frame (e?);—1 .., of (TLOM)* dual
to the tangent frame (e;)i=1,... » We have

yeeey

d=¢e(e")V,, +(€")Vs = 0 = e(e") Vg,.

A computation of the adjoint shows that

Hence o, ‘
0+0 =(—1)(e")Ve =coV

corresponds to a Dirac operator on complex forms.

Similarly to the Lichnerowicz formula, the Bochner-Kodaira formula relates (54—5*)2
to the generalized Laplacian A% := — 7. (V2 V5 — Vz, Z;) up to curvature terms.
In particular, the operator 0 + 9" seen as a differential operator acting on anti-
holomorphic differential forms is elliptic.

We equip A (T%'M)" with the Z>-grading induced by the natural Z-grading on
forms so as to split D = 9+ into two odd differential operators D and D~ acting
respectively on even and odd anti-holomorphic differential forms. Since D is elliptic,
the operator DT has a well-defined index which coincides with the alternating sum
of the Hodge numbers:

ind (DV) = "(~1)'dimg H*' (M) =Y _(~1)'h%"
called the arithmetic genus of M. The Riemann-Roch theorem (which do not prove

here) states that
1

d (D) = G /M Td(M).
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10 Configuration and moduli spaces

This chapter offers an illustration of how the various tools from geometry and operator
theory presented in the previous chapters can come into play in quantum field theory.
A short description of spaces of (inequivalent) configurations arising in Yang-Mills,
Seiberg-Witten and string theory is given here.

10.1 The geometric setting

A classical field theory with symmetries typically leads to the following geometric
setting. A gauge group G (a group of symmetries) acts on an (infinite dimensional)
space of configurations X, and one is interested in the moduli space of inequivalent
configurations M = X/G.

The space of inequivalent configurations can play a role to study solutions of the
classical field equations —namely the Euler-Lagrange equations minimizing the clas-
sical action— (Yang-Mills equation in Yang-Mills theory and the Seiberg -Witten
equations in Seiberg-Witten theory) or to investigate the quantized theory from a
path integration point of view (in string theory). In both cases the non-compactness
of the moduli space can come into the way; Seiberg-Witten theory offers the advan-
tage over Yang-Mills theory that the moduli space of classical solutions is compact
and Seiberg-Witten invariants are built up from integrals on the moduli space of in-
equivalent solutions to the Seiberg-Witten equations. In the path integral approach
to quantization, when the moduli space is a finite dimensional manifold (for string
theory, the Teichmiiller space of inequivalent conformal structures on a Riemann
surfaces is a smooth finite dimensional manifold), one can reduce path integrals on
infinite dimensional configuration spaces to ordinary integrals on the moduli space.

If the action is not free, the moduli space might not be a Hausdorff space; to cure
this problem, one can either reduce the group of gauge transformations or reduce the
configuration space in order to get a free action and a manifold structure on the quo-
tient space. For this reason, in Yang-Mills and Seiberg-Witten theory one restricts
to irreducible configurations, whereas in string theory, one restricts the gauge group,
considering only the connected component of the identity of the group of diffeomor-
phisms of a surface.

Recall from the (slice) theorem of section 3.2, that given a Hilbert Lie group G, act-
ing L2-isometrically on a smooth Hilbert manifold X via a smooth, free and proper
action, provided the tangent map 7, := D.0, (see notations of section 3.2) has a
closed range, then the quotient space X/G is a smooth Hilbert manifold. In practice,
one typically comes across the following situation:

- G is modelled on some space H*T*(E) of Sobolev sections of some vector bundle
E based on a closed manifold M of dimension n (k > 0, s is usually chosen

n

large enough s > % so that Sobolev sections are continuous),

- X is modelled on some space H*(F') of Sobolev sections of another vector bundle
F based on M,

- forz e X, 1, : C°(E) — C*(F) is a differential operator of order k > 0 with
injective symbol.
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The last proposition in section 4.8 then tells us that if 7,, were elliptic, it would extend
to a Fredholm operator 7, : H**¥(E) — H*(F) and hence have a closed range (see
section 3). Yet the mere injectivity of the symbol of 7, which implies that 77, is
elliptic, which is sufficient since it yields the closedness of the range of 7, and as a
consequence, the L?- orthogonal splitting:

R(7,) @ Ker(1)) = C*(F).

Remark 26 The stronger assumption that 1, be elliptic would require that its leading
symbol be an isomorphism for non vanishing &, but this in turn implies that E and F
should have the same rank, which is not always the case in practice. However, under
the weaker requirement that the leading symbol be injective for non vanishing & This
splitting actually holds in the H?® topology.

We have:

Theorem 17 Let G be a Hilbert Lie group modelled on some space HTF(E) of
Sobolev sections of some Hermitian vector bundle E based on a closed manifold M
of dimension n (with s > %, k > 0) acting on a Hilbert manifold X modelled on
some space H*(F) of Sobolev sections of another Hermitian vector bundle F based
on M. We assume that the action is L?-isometric for the L? Riemannian metric on
X built from inner products on the model space obtained by integrating along M the
inner products on the fibres. If the action is free, proper and smooth and if moreover,
for any x € X, 1, : C°(E) — C>(F) is a differential operator of order k > 0 with
injective symbol, then the moduli space X/G is a smooth manifold.

In applications, an additional difficulty occurs; because one restricts oneself to some
Sobolev setting, the differential operator 7,, may have non smooth coefficients lying in
some Sobolev space so that one then needs to adapt the classical results on differen-
tial operators with smooth coefficients (notice that a differential operator of order a
with H¥-coefficients takes smooth sections to H*~2 sections unlike an operator with
smooth coefficients which takes smooth sections to smooth sections). We shall elude
this difficulty here, referring the reader to [KRo, Theorem 3.1.10] for a discussion on
this point.

10.2 Inverse limit of Hilbert manifolds

We want to extend the slice theorem beyond Hilbert spaces, to spaces of smooth
sections C*°(M, E) of some bundle E on a closed manifold M, which are Fréchet
spaces and intersections C* (M, E) = Ngen H*(M, E) of Hilbert spaces H*(M, E)
of H* sections of E. The group Diff(M), should it be equipped with a suitable Lie
group structure, its Lie algebra is expected to be the space C°(M,TM) of smooth
of the tangent bundle T'M. This calls for the set up of inverse limits of Hilbert
manifolds.

If {X,,n € IN} is a countable family of topological spaces with continuous in-
clusions X,,_1 < X,, then the intersection X := ﬂn X,, can be endowed with the
projective topology which corresponds to the weakest topology on X that makes the
inclusions X — X, continuous. We denote the resulting topological space, called the
inverse limit of the X, by (X; X,,,n € IN).

If for every n € IN, the space X, is a linear Hilbert space and the inclusion maps are
linear, the resulting inverse limit (X; X,,n € IN) is a linear space called an inverse
limit of Hilbert spaces or an I.L.H. vector space for short.
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Definition 75 A C*- L.L.H. manifold (resp. C*=- I.L.H. manifold) modelled on an
LL.H. linear space (E;En,n € IN) is an ILL.H. topological space (X;X,,n € IN)
such that

- X, is a C*-Banach manifold (resp. C™-Banach manifold) modelled on E,,,

- For each x € X, for any n € IN, there is an open neighborhood U, (x) of = in
X,, and homeomorphisms:

o, :Uy(z) >V, CE,
which yield C* (resp. C>) coordinate systems around x € X,, and satisfy:

Un-‘rl (JJ) - Un(x) and (I)nlUn+1(Z) = q)n—i-lv

- U(z) ==, Un(z) is an open neighborhood of x in (X;X,,n € IN).

We have included the last condition in the definition of an I.L.H. manifold which
makes it a strong I.L.H. manifold according to the usual convention, so that I.L.H.
manifolds considered here are in fact strong I.L.H. manifolds.

Definition 76 A map ¢ : X — Y between two C*-I.L.H. manifolds is C*-I.L.H.
differentiable if it is the inductive limit of C*-differentiable maps ¢y, : KXmmn) = Ya
for some m(n) such that ¢n, . Gm(n+1)- 1t is smooth if it is C* forallk € IN.

Remark 27 There are examples for which one can choose m(n) = n (e.g. the
multiplication in the Weyl group, see below), but allowing m(n) # n is necessary
if we want to put an I.L.H. Lie group structure on the group of diffeomorphisms we
need in the context of string theory.

Definition 77 An I.L.H. topological group is called an I.L.H. Lie group if it is a
smooth I.L.H. manifold with the group operations given by smooth I.L.H. maps.

Example 45 The group of smooth diffeomorphisms on a closed manifold can be
equipped with an I.L.H. Lie group structure [O], [AM] even though the group of dif-
feomorphisms of a fixed Sobolev class is not a Banach Lie group (due to the lack of
smoothness of the left multiplication), hence the relevence of the concept of I.L.H.
space.

10.3 A slice theorem in the Fréchet setting

The results of this paragraph are based on [KRo]. Let P, B be smooth I.L.H. mani-
folds, 7 : P — B a smooth LL.H. map and G an L.L.H. Lie group. Then (P, B,G, )
is an I.L.H. principal bundle if and only if the transition maps are smooth I.L.H. maps.

We are now ready to state an extension of the above slice theorem to an I.L.H.
manifold modelled on a space of smooth sections. The notion of properness extends
to the I.LL.H. setting in a straightforward way.

Theorem 18 Let G be an I.L.H. Lie group acting transitively on the right on a
smooth I.L.H. manifold X :

O:gxX —= X
(g,z) = x-g.
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Let us assume that the I.L.H. manifolds X, resp. G are modelled on the I.L.H. spaces
C®(M,E) = NpewH¥ (M, E), resp. C°(M,F) = NgenwH*(M, F) where E — M
and F — M are two Hermitian vector bundles based on some closed Riemannian
manifold M. The manifold X is equipped with a (weak) L? Riemannian structure
built from inner products on their model spaces obtained by integrating along M the
inner product on the fibres.

Under the following assumptions:

- The action of G on X is smooth I.L.H., L*-isometric, free and proper,
- Setting 0, := O(-,x) for any x € X, the map:

w9 — T,X
u = D.O.(u)

is an injective differential operator with injective symbol (so that 7, is ellip-
tic),

then the quotient is a smooth I.L.H. manifold equipped with the induced L?-structure
and the canonical projection m: X — X/G yields an I.L.H. principal fibre bundle.

Remark 28 This can be compared with [H, Theorem 2.5.1] established in the tame
Fréchet setup. Tame Fréchet spaces are special classes of graded Fréchet spaces, where
by graded we mean a Fréchet space equipped with a fized collection of seminorms
{II - lln,n € IN} increasing in strength, |- |lo < | |1 < -+ <|-|ln < -+ and which
induce the locally convex topology on the space. The space C*°(M,E) of smooth
sections of a vector bundle E — M owver a closed manifold is a tame Fréchet space.

Let us now turn to three examples in quantum field theory; Yang-Mills, Seiberg-
Witten and string theory which use the above theorem.

10.4 Configurations in Yang-Mills gauge theory
Useful references are [CT], [FU], [KRo], [MM], [N], [Ts].

G denotes a fixed compact connected Lie group.

Let P be be a smooth principal bundle based on a closed manifold M with structure
group G. Let adP := P X Lie(G) be the the vector bundle based on M with typical
fibre given by the Lie algebra Lie(G) of G associated to the adjoint action of G on
Lie(G). Let us set E := adP and F :=T*M ® adP, a vector bundle the sections of
which are 1-forms on M with values in adP.

The space of configurations: Let C(P) (resp. C*(P)) denote the space of smooth
(resp. H?®) connections on P. Since a connection on P is a G-equivariant Lie(G)-
valued one form w on P such that w(X) = X VX € Lie(G) (X is the canonical
vector field generated by X), two connections differ by a horizontal one form on P
and hence an adP valued one form on M. C(P) (resp. C*(P)) is an affine I.L.H.

(resp. Hilbert) space with tangent vector space C*°(F') (resp. H*(E)).

The gauge group: Let FEg := P Xg G where G acts on itself by the adjoint ac-
tion, then the set C*°(Eq) (resp. H*(Eg)) of smooth (resp. H®-Sobolev) sections
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of E¢ is an I.LL.H. (resp. Hilbert) Lie group modelled on C*(E) (resp. H*(E)). It
corresponds to the group of automorphisms of P that cover the identity map on M.

The space of irreducible configurations: A connection A on P induces a covariant
derivation V4 on adP from which one can define a differential operator of order 1:

da:Q°(M,E)=C>®(E) — QYM,E)=C>(F)
o —~ (X —-Vg(0)

which extends to the exterior differential d : Q*(M, E) — Q*T1(M, E). The oper-
ator d4 is generally not injective so that we need to restrict ourselves to irreducible
connections, namely those for which d4 is one to one. Notice that when A is re-
ducible, an element u € Kerd4 generates gauge transformations g; := e** that leaves
A fixed. The space C(P) (resp. C*(P)) of irreducible smooth (resp. H®) connections
on P) is also an I.LL.H. (resp. Hilbert) manifold modelled on C*°(F) (resp. H*(F)).

An L?-structure on the configuration space: Since G is compact, its Lie algebra Lie(G)
can be equipped with a positive definite inner product which is invariant under the
adjoint action. The bundle E = adP thus inherits an inner product which, combined
with the Riemannian metric on M yields an inner product on F' = T*M ® adP.
Hence, the configuration space C(P) which is modelled on C*°(F') can be equipped
with an L2-metric obtained by integrating along M the inner product on F. This
metric is invariant under the action ©.

The gauge group action: The L.L.H. Lie group C*(Eg) acts smoothly on the I.L.H.
space C(P) of smooth connections on P:

©:C®(Eg) xC(P) — C(P)
(9,A) — A-g:=A+g 'dag.

The action © is L2-isometric and it induces a smooth, free and proper action on the
I.L.H. space of irreducible configurations:

©:0%(Eg)/Z x C(P)

- C(P)
(g,4) — a

cg:=A+ g_ldAg.

Here Z is the center of C*°(E¢) and corresponds to C°(P x g Z(G)) where Z(G) is
the center of G.

The tangent operator 7,: It is the tangent operator at identity to 4 := O(:, A) and
therefore corresponds to the first order differential operator d4 : C*(E) — C(F)
which has injective symbol.

The moduli space of inequivalent connections: Applying the slice theorem to the
LL.H. gauge group quotiented by its center G := C*°(Eg)/Z acting on the I.L.H.
manifolds of irreducible configurations X := C(P) shows that the moduli space X/G
of inequivalent irreducible connections on P is a smooth I.L.H. manifold.
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10.5 Configurations in Seiberg-Witten theory

Classical references are [Ma], [Mo].

The setting is similar in spirit to the Yang-Mills setting. Here M is a closed 4-
dimensional Spin manifold and P the lift of the orthonormal frame bundle SO(T M)
to a principal Spin® bundle based on M. Let E := M xR and F := T*MQIR®S™ (]5)
where S"‘(P) is the spinor bundle associated to the Spin® structure on M.

The space of configurations: Let C(L) (resp. C*(L)) be the I.L.H. (resp. Hilbert)
space of U(1) smooth (resp. H® ) connections on £, the determinant line bundle £
associated to P. The space of smooth (resp. H®) configurations is given by:

C(P) :=C(L) x C™(ST(P))
resp. 3 }

C*(P) :=C*(L) x H*(ST(P)).
It is a smooth I.L.H. (resp. Hilbert) manifold.

The gauge group: The group of smooth (resp. H?®) automorphisms of P that cover
the identity on the frame bundle of M is an I.L.H. (resp. Hilbert) Lie group which
coincides with the group of smooth (resp. H*) maps C*°(M, S') (resp. H*(M,S')).

The gauge group action: An element g of C°°(M, S') induces a bundle map detg
on the determinant bundle £ and a bundle map S*(g) on the spinor bundle S*(P).
It acts on the space of configurations by:

0:0%(M,S*) xC(P) — C(P)
(97 (A7¢)) = (A7/(/)) “g = (detg*A, S+(9_1)¢)~
Irreducible configurations: Let C(P) := {(A,1) € C(P),¢ # 0} (resp. (C*(P) :=

{(A,) € C*(P),% # 0}) denote the space of irreducible configurations. It is a sub-
manifold of C(P) (resp. C*(P)) as an open subset of that I.L.H. (Hilbert ) manifold.
The above action is free when restricted to irreducible configurations:

0:C®(M,S") xC(P) — C(P)
(9, (A0) = (A1) g:= (detg”A, ST (g7 )v).
The action © 4 is smooth, free and proper.
An L?-isometric action: The Riemannian metric on M induces a Hermitian product

on the spinor bundle S"‘(P) and hence one on the bundle F'. Integrating this inner
product on M, yields an L?-metric on C*(P) which is invariant under the © action.

The tangent operator 7,.: The tangent operator at Id to the map 04 ) 1= O(-, (A, 1))
is the first order differential operator

T(A,w)ZCOO(E) — COO(F)
fo= @df,—f-v)

which has injective symbol.
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The moduli space of irreducible configurations: We can apply the slice theorem to
the gauge group G := C>(M, S'), the space of irreducible configurations X := C(P)
and conclude that the moduli space X/G of inequivalent irreducible configurations is
a smooth I.L.H. manifold.

10.6 The Teichmiiller space in string theory

The geometric setting for string theory is also that of Teichmiiller theory. Useful
references are [AJPS], [D], [DHP], [Tr] and many references therein.

Here M is a closed Riemann surface of genus p (which we shall assume here is larger
than 1), E := R®TM and F := T*M ®; T*M the symmetrized product of the
cotangent bundle, where ®, denotes the symmetrized tensor product.

In what follows, s will be assumed large enough for the sections of the different bun-
dles to be continuous.

The configuration space: Let M(M) := {g € C®(T*M ®, T*M),detg > 0} (resp.
MP(M) :={g € H(T*M ®; T*M),detg > 0}) be the space of smooth (resp. H?)
Riemannian metrics on M; it is an I.L.H. (resp. Hilbert) manifold modelled on
C(T*M @, T*M) (vesp. H*(T*M ®, T*M)).

The gauge group: Let W(M) := {e®,¢ € C°(M,IR)} (resp. W*(M) := {e?,¢ €
H?(M,IR)}) be the group of smooth (resp. H?®) Weyl transformations, D(M) :=
{f € C®*(M,M),f~t € C*(M,M)} (resp. D*(M) = {f € H*(M,M), f~! €
H#®(M,M)}) the group of smooth (resp. H*®) diffeomorphisms of M. W(M), D(M)
are L.L.H. Lie groups modelled on C*° (M, IR), C*° (T M) respectively. For fixed large
enough s, W?*(M) is a Hilbert Lie group, but D*(M) is not; it is a Hilbert manifold
modelled on H*(T'M) which is only a topological group. The I.L.H. setting is there-
fore useful to put a Lie group structure on diffeomorphisms.

Let Do(M) denote the connected component of the identity map in D(M) and let
G :=Do(M) © W(M)

where ® stands for the semi-direct product, namely the product with a twisted prod-

uct law (f,¢) © (f,¢") :==(fo f oo f +¢).

Group actions: The Weyl group W(M) acts on the configuration space M(M) by
pointwise multiplication:

WM) x M(M) —  M(M)
(6,9) = €%g

and this I.LL.H. action is smooth, free and proper. The set
Conf(M) :={[g] :={e” - g,e” e W(M)}, g€ M(M)}

is an I.L.H. manifold, the manifold of conformal structures. 1t is diffeomorphic to the
I.L.H. manifold

J(M):={J € C®(TM @T*M), J preserves orientation and J?=—TI}

116



of smooth almost complex structures on M .

Because the genus is assumed to be larger than 1, in each conformal class [g] of
g € M?*(M), there is an smooth metric with curvature —1. Let us set M_;(M) :=
{g € M(M),sq = —1} where s, is the scalar curvature of g.

There is a diffeomorphism of I.L.H. manifolds [Tr]:

M_1 (M) ~TF(M) ~Conf(M).

The gauge group G of interest to us acts on M(M) by:
Do(M)oW(M) x M(M) — M(M)
((f,9),9) = [e%g

and the action is smooth, free and proper (using here again the fact that the manifold
has genus larger than 1).

An L?-metric on the configuration space: In order to understand the quotient space,
we use a splitting of the tangent space to the manifold of metrics. It is isomorphic
to the space of covariant two tensors and splits into pure trace and traceless two
covariant tensors:

T,M(M) =~ C(T*M @, T*M) = C®(M, R) - g & C5%,(T* M @, T* M)

where C5% (T*M@,T*M) := {h € C®(T*M®,T*M), try(h) := g*®ha, = 0}. This
splitting is orthogonal w.r.to the inner product induced by the metric g on M on the
space of smooth covariant two tensors. This inner product on T, M (M) induces an
L?-metric on M(M) which is only invariant under D(M ) but not under W(M). As we
saw above, the action of the Weyl group on M (M) being a straightforward pointwise
multiplication, the fact that it is not L?- isometric is not a major obstruction to
apply the slice theorem when taking the quotient. It is however a serious obstacle
from the path integration point of view and this non invariance of the metric under
Weyl transformations is a source of conformal anomaly.

10.7 Conformal covariant operators

We view the Laplace-Beltrami operator A, associated with a Riemannian metric g
as an example of a more general class of conformally covariant operators.

Given a vector bundle F over a closed n-dimensional manifold M, let us consider
maps

Met(M) — ClUM,E)
g — Ag,

where Met(M) denotes the space of Riemannian metrics on M.

Definition 78 The operator A, € CI(M,E) associated to a Riemannian metric g
is conformally covariant of bidegree (a,b) if the pointwise scaling of the metric
g=e3lg, for f € C>(M) yields

Ay =e P AgetS =D Al for Al = e Ay e, (47)

for constants a,b € IR.
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Remark 29 If A, is of bidegree (a,b), then its (formal)adjoint A} is of bidegree
(=b,—a).

Here are some known conformally covariant differential operators; more details
are in Chang [?].
Differential operators of order 1. (Hitchin [Hit]) For M spin, the Dirac operator
D, :=~"- VY is a conformally covariant operator of bidegree ("7*1, ”7“)
Differential operators of order 2. If dim(M) = 2, the Laplace-Beltrami operator
Ay is conformally covariant of bidegree (0, 2). It is well known that in dimension two

Ry =e 2T (R, +2A,f), (48)

where Ry is the scalar curvature, and by the Gauss-Bonnet theorem (compare with
Theorem 14)

/ R, dA, = 27X (M), (49)
M

with the Euler characteristic x(M) a topological and hence a conformal invariant.
Here dA, is the area element (intrinsically) defined by the metric g.
On a Riemannian manifold of dimension n, the Yamabe operator, also called the
conformal Laplacian,
Ly := Ay +c, Ry,

n—2 n+2
2 0 2

is a conformally covariant operator of bidegree ( ), where ¢, :=

For u € C*°(TM),

1)

1
Pyu:=Vju— Etrg(Vgu) - g,

corresponds to the traceless part of Vyu. The operator Py P, is a generalised Lapla-
cian on vector fields, which is conformally covariant of bidegree (—2,2).

10.8 Conformal anomalies

This subsection based on [?] and [AJPS] derives the conformal anomaly of the zeta
determinant of a conformally covariant operator.

Let M be a closed Riemannian manifold and Met(M) denote the space of Riemannian
metrics on M. The space Met(M) is trivially a Fréchet manifold as the open cone
of positive definite symmetric (covariant) two-tensors inside the Fréchet space

Co°(T*M ®, T*M) i= {h € C*(T*M & T*M) : hap = hpq}

of all smooth symmetric two-tensors. The Weyl group W(M) := {e/ : f € C>(M)}
acts smoothly on Met(M) by Weyl transformations

Wi(g,f)=g:=eyg,

and given a reference metric g in Met(M), a functional F : Met(M) — € induces a
map

Fg=FoW(g,):C*(M) — C,
— F(ezfg).
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Definition 79 A functional F on Met(M) is conformally invariant for a reference
metric g if F4 is constant on a conformal class, i.e.

F(e*lg)=F(g) VfeC™(M).

A functional F on Met(M) is conformally invariant if it is conformally invariant
for all reference metrics. A functional F : Met(M) x M — € is called a pointwise
conformal covariant of weight w if

F(e*g,z) =w- f(x)F(g,2) Vfe€COC®(M), Vre M.
A functional F : Met(M) — € which is Fréchet differentiable has a differential
dF(g) : T,Met(M) = C*(T*M &, T*M) — C,

d F(g+th)— F(g)

dt li=o t '

For such a functional F, the differentiability of the Weyl map implies that the compo-
sition Fy : C>°(M) — € is differentiable at 0 with differential dF,(0) : ToC'* (M) =
C>®(M)— C.

dF(g).h =

Definition 80 The conformal anomaly for the reference metric g of a differ-
entiable functional F on Met(M) is dF,(0). In physics notation, the conformal
anomaly in the direction f € C®(M) is

8¢ Fg = dF40).f =dF(g9).2fg
Flg+2tfg)—F d
= lim (9 + tftg) (9) _ =1 F(e2 g).

Remark 30 F is conformally invariant if and only if dF4(0).f = 0 for all g €
Met(M), f € C(M).

For a fixed Riemannian metric g = (gap), we equip C* (M) with the L? metric

We define an L? metric on Met(M) by

(k) = /M 3°(2) " () hap () koa(w) dvoly (z) = /N () begla) vl (@) (50)
with (g%°) = (gap) ! and h®(x) = ¢%°(x)g*¥(z) heq(z). The L? metric induces a
weak L2-topology on Met(M), and L?(T* M ®,T*M), the L?-closure of C*°(T* M ®
T*M) with respect to (, )g, is independent of the choice of g modulo Hilbert space
isomorphism. The choice of a reference metric yields the inner product (50) on the
tangent space TyMet(M) = C®(T*M @5 T*M), giving the weak L? Riemannian
metric on Met(M), and forming the completion of each tangent space.

The various inner products are related as follows:

Lemma 19 For g in Met(M),h in C°(T*M @;T*M) and f in C°(M), show that
(h, [ g)g = (trg(h), f)g

where we have set: try(h) := hl = g%®hgy,.
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Definition 81 If the differential dF(g) : C*(T*M s T*M) — € extends to a
continuous functional dF(g) : L*(T*M @ T*M) — @, then by Riesz’s lemma there
is a unique two-tensor Tg(F) with

dF(g) - h = (h,T,(F)), Vhe L*(T*M®,T*M).
T,(F) is precisely the L? gradient of F at g.

Proposition 33 Let F be a functional on Met(M) which is differentiable at the
metric g and whose differential dF(g) extends to a continuous functional dF(g) :
L*(T*M ®s T*M) — €. Then the differential dF,(0) also extends to a continuous

functional dF,(0) : L*(M) — €. Identifying the conformal anomaly at g with a
function in L*(M), we have

dF4(0) = 2try (Ty(F)).

In particular, the functional F is conformally invariant iff try (T,(F)) = 0 for all
metrics g.

Proof 53 The differential d(F,)o extends to a continuous functional because

dFy(0) - [ = dF(9)(2fg) = dFy(0) - f = dF(9)(2f9)

By Ezercise 77,

dFy(0) - f =dF(g) - (2fg) = (Ty(F).2f g)g = 2(trg(Tg(]:)),f)g,

as desired.

Definition 82 Under the assumptions of the Proposition, the function
x> 8, Fy 1= 2try (Ty(F)) (x)
is called the local anomaly of the functional F at the reference metric g.

This is taken from bosonic string theory.
Let (M, g) be a closed Riemann surface and X : M — IR? a smooth map. Let

1
A, = —761‘\/(1613 18
7 Vdetg 99i4%

(where as before det g stands for the determinant of the metric matrix (g;;) and (g*)
its inverse) denote the Laplace-Beltrami operator on M. The classical Polyakov
action [?] (see also [AJPS] and references therein for a review) for bosonic string
reads

A(X, g) = (Ag X, X),. (51)

1. Show that it yields a conformal invariant action depending on X.
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2. For any h € C°(M,T*M ®, T*M), show that
dA(X,)(g) - h = (h,T4(x))g

where T} is the two-covariant tensor Tj; := 0; X" 0; X* — %trg(aiX“an“)g
called the energy-momentum tensor.

3. Check that try(T,) = 0 as a consequence of the conformal invariance of A(X,-).

The Teichmaller space: Up to the fact that the action is isometric only for Dy(M),
a discrepancy we argued is only a minor difficulty when applying the above theorem
because the action of the Weyl group is rather straightforward, we can apply the slice
theorem. The quotient space, called the Teichmiiller space

T(M) := M(M)/G(M)

is a smooth finite dimensional manifold (its dimension over IR is 6p — 6) and we have
the following diffeomorphisms of finite dimensional manifolds [AJPS], [Tr]:

T(M) = J(M)/Do(M) = Conf(M)/Do(M).
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