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Introduction

The Atiyah-Singer index theorem proved by M. Atiyah and I.Singer in 1963 states that for
an elliptic differential operator on a compact manifold, the analytical index related to the
dimension of the space of solutions is equal to the topological index defined in terms of
some topological data. It includes many important theorems such as the Riemann-Roch
theorem and has applications in theoretical physics.

We describe two simple instances of the index theorem:

e The Euler characteristic of a compact oriented manifold is realised as the analytic
index of D = d + d* considered as a map from even to odd forms, with d the exterior
differential on forms.

e The Hirzebruch signature theorem relates the signature of a compact smooth manifold
of dimension 4k corresponding to the analytic index of a certain Dirac operator on
forms, with the L-genus of the manifold.

Since these lectures are intended for non experts, we do not aim at proving these theorems
but rather at providing the necessary geometric tools to understand their statement.

1 Vector bundles and tensor fields

1.1 Definition and first properties
Useful references are [Hus], [KN], [Na].

Definition 1 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.
In other words, it is a triple (E, B, ) often denoted by w : E — B where



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

- 7m:E — B is a map of class C*, called canonical projection, such that there is a set
of local charts (Us, ¢;)ic1 covering B and C* diffeomorphisms

Ti - 7T_1(Ui) — ¢1(U1) xV
satisfying the following requirements:

i) the fibre F, = m=1(b) is a vector space and

it) 7i(b) := Ti|, is an isomorphism from Fy to V.

A triple (U;, ¢i,74) is called a local trivialisation of the bundle.

Two local triviallisations (Ui, ¢;,7;) and (Uj, ¢;,74) give rise to maps T;; := T; 0 7';1 called
transition maps of the form:

Tij  (UiNU;) x Vo — (9i(Us) N ¢;(U;)) x V
(b,v) = (b, 7i5(b)(v))

where the 7;;(b) lie in GL(V).

When V. = R® (resp. ©%), the vector bundle has rank d. If d = 1 it is called a line
bundle.
The family {7;;} is called cocycle associated to the triviallisation {U;,7;,i € I}, and

Tij © Tjk O Tki = 1
a cocycle relation.

A C* section of a fibre bundle 7 : F — B is a map s : B — F of class C* such that
mos=1Idg. It is smooth when it is of class C* for all k € IN.

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

Remark 1 In the following we mainly consider smooth manifolds and smooth bundles as
well as smooth sections.

Remark 2 From a covering of a manifold B together with a set of transition maps satis-
fying these relations one can reconstruct the fibre bundle on B.

Example 1 Given a manifold M of class C**1 (resp. of class C>) modelled on a space
V, the tangent bundle TM is a C* (resp. C™ )-vector bundle with fibres modelled on that
same space V; given a local triviallisation (U;, ¢;) on M, a local triviallisation (U;, ¢i, ;)
on TM is given by (U, ¢;, Do;) and D¢; o Dgi)j_1 is of class C*~1.

Definition 2 A morphism of C* fibre vector bundles m : E — B and ©' : E' — B’ is a
couple (fo, f) of C* morphisms fo: B — B’ and f : E — E' such that ™' o f = fyom and
the induced map on the fibres f, : w1 (b) — (x') " (b) is a linear morphism of the fibres.



In what follows we shall often take B = B’.

Two vector bundles are isomorphic if there is a diffeomorphism from one to the other.
A trivial vector bundle is vector bundle isomorphic to the bundle 7 : E=B xV — V.

Definition 3 Let ¢ : B’ — B be a C* morphism of Banach manifolds, and let E — B be
a C* wector bundle over B. The pull-back ¢*E of E by ¢ is a fibre bundle ¢*7 : ¢*E — B’
with total space:

¢"E = {(t,0(¢('))) € B' X Eywy)}
where V' is the model space of E and with projection ¢*m(b) = w(¢(b)).

The set of C*-sections (resp. C*-sections) of a vector bundle E forms a vector space de-
noted by C*(E) (resp. C*®(E)).

Vector fields on a smooth manifold M are smooth sections of the tangent vector bun-
dle. When ¢ is a diffeomorphism, the pull-back ¢*¢ of a vector field is a section of the
pull-back ¢*T M of the tangent bundle to M and ¢*¢(p(m)) = Dp(E(m)).

1.2 Tensor, dual and morphism bundles

Definition 4 Let 7 : By — B and m : Es — B be two vector bundles of class C* with
fibres modelled on Vi and Vs respectively. The tensor product my @ mo : Fy ® Fo — B is a
vector bundle of class C* modelled on Vi ® Vy with fibre w; *(b) @ 75 1 (b) above b € B and
the local triviallisations of which are built from the tensor product of local triviallisations

(Ui7¢i7Til)7 (Uia(biaTz?) and (Ui7¢i77—il ® Tz2)

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

k = 1,2 are transition

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

Definition 5 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 (w‘l(b))* above b € B and local triviallisations (U, ¢;, (Tfl)*) induced by some local
triviallisation (U, ¢;,7;) of E. The transition maps are given by (Tigl)*, where the T;; are
transition maps for E.

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

Definition 6 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. When E = F we denote it by
End(E).

Also we shall use the notion of symmetrized and antisymmetrized tensor products of vector
bundles:



Definition 7 Given vector bundles E1,---, E based on some manifold B, we can build
symmetric sections of their tensor product from sections o1,---,0; of E1,-++, Ey:

1
01 Qs 02 Qs+ Qs O 1= E Z Oa(1) ®Uo¢(2) Y "'®Uoz(k)a
’ aEXy

and similarly antisymmetric sections:

1 .
OLNOL A Ny = o > (1PN, 1) @ @) @ ® oam
’ aEXy,

where sign(a) is the signature of the permutation.
Another useful class of bundles is that of tensor bundles on a manifold:
Definition 8 Given an n-dimensional manifold X of class C* then:

- The dual bundle T* X to the tangent bundle T X is a vector bundle called the cotangent
bundle. It is a vector bundle of class C*~1 over B = X of rank n. Its sections are
called cotangent vector fields.

- The tensor bundle TX? := ®ITX, q € IN* is a vector bundle of class C*~1 over
B = X of rank qn. Its sections are called contravariant q-tensor fields.

- The tensor bundle (TX*)" := @PTX, p € IN* is a vector bundle of class C*¥~1 over
B = X of rank gn. Its sections are called covariant p-tensor fields.

- A (p,q) tensor field is a section of the bundle (1T X) @ (RPT*X).
A p-form on M is an antisymmetric p-covariant tensor on M.

Remark 3 In finite dimensions, one often writes a (p,q) tensor T in local coordinates as
jl"'jq
i1

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 7" on Y is given by:

(0" T)x(Ur, -+, Up) 1= Ty(a)(Dap(Ur), - -+, Dep(Up)) YUy, -+, Up € T, X.
In particular, the pull-back of a p-form is also a p-form. It is easy to check that
¢ (T @Ty) = ¢"T1 @ ¢™T3
and that given two morphisms ¢, 1) we have:
(PR@Y)" =¢" @ ¢"
If ¢ is a diffeomorphism, the pull-back can be extended to contravariant vector fields:

PG @ &) = ()& ® - ® (67 1)uly



1.3 Riemannian metric

Useful references are [GHL], [K], [L].
An important example of covariant tensor fields is given by Riemannian (resp. Hermitian)
metrics.

Definition 9 A Riemannian metric on a smooth real finite rank vector bundle E over a
manifold B, is a smooth section g of E* @ E* such that for any b € B, g, induces a sym-
metric positive definite form on each fibre .

A Hermitian metric on a smooth complex vector bundle over 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 Fy.

A Riemannian (Hermitian) metric on a Banach manifold is a Riemannian (Hermitian)
metric on the tangent bundle T'B.

Given a metric on M of dimension n, a local orthonormal system of coordinates (x1, -+, xy,)
around a point z is such that setting e; := 8%1- we have g;;(x) := gz(es,e;) = d;j, i.e. the
matrix representing g, in this coordinate system is the identity matrix.

A vector bundle equipped with a Riemannian (resp. Hermitian) metric is called a Rieman-
nian (resp. Hermitian) vector bundle. A manifold M such that TM is equipped with a
Riemannian (resp. Hermitian) metric is called a Riemannian (resp. Hermitian) manifold.
If M is a Riemannian manifold, tensor bundles over M can be equipped with a metric
structure induced from that of M.

Using a smooth partition of unity on the manifold, one can build a metric patching up
locally defined positive definite forms.

Another way of equipping a manifold with a metric is by pull-back. Given a smooth map
¢ : 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 ¢*E based on N.

1.4 Almost complex structure

Definition 10 An almost complex structure on an oriented vector bundle m : E — B is
a smooth section J of E* @ E which induces a morphism, also denoted by J, 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
TM which preserves orientation and satisfies J?> = —Id.

An almost complex structure J on a bundle E gives rise to two subbundles EY° and E%1
with fibre Ker(J(b) — I) := {up, J(up) = up}, resp. Ker(J(b) —I) := {vp, J(vp) = —wp}
above b € B.

If a manifold M is equipped with an almost complex structure such that TM'° is stable
under brackets of vector fields, then M can be equipped with an atlas (U, ¢;) with transi-
tion maps given by holomorphic maps and one calls such an atlas a complex structure on
M. Then we call M a complex manifold. Conversely, such a manifold inherits an almost
complez structure from the local charts.

If M and N are two complex manifolds, a map f : M — N is called holomorphic if it



s holomorphic in any local chart, this requirement being independent of the choice of local
chart since the transition maps are holomorphic.

Example 2 Letting {2z, := z + iy, k = 1,---,n} be a system of local coordinates on the
complex manifold M, we can set

()= a(L) -
Oxy, Oy Yk Oxy,
This defines a (1,1) tensor on M independently of the choice of local coordinates. Indeed,
giwen another system of local coordinates {z; = zj + iy, k = 1,---,n}, the Cauchy-
Riemann equations
Or;  0Oy;  Ox;  Oy;

ox' oy, oy, o

lead to a similar expression

0 0 0 0
J(a—x;)—a—yg J(a@)"a@

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

A Riemann surface is a real 2-dimensional manifold M equipped with a complex structure
c. Given a Riemann surface (M, c) and f : M — M a diffeomorphism, one can produce
a new complex structure f*c := {f~1(U;),¢; o f} called the pull-back of ¢ by f. It is
different from the initial one in the sense that the charts are not only different from the
initial ones but also incompatible with them. Yet (M, ¢) and (M, f*c) are holomorphically
equivalent in the sense that f : (M, ¢) — (M, f*c) is a holomorphic map and so is its inverse.

A Riemannian metric ¢ combined with an almost complex structure yields a Hermitian
metric:

h(a,p) := g(o, Jp).
2 Connections on vector bundles

Covariant derivatives extend the exterior differentiation to sections of vector bundles.

Definition 11 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:

V(aAb) :=daAb+(-1)Ya AVl YaeQB),[e B, E).



Remark 4 Notice that for any f € Q°(B),U,V € C*(TB) we have:
VfUU = fVUU

and
Vuvivo =Vyo+Vyo Vo e OOO(E)

A covariant derivation V on a vector bundle E induces a dual connection V* on the dual
bundle E*, given by the Leibniz rule using the duality product:

d{o, p) = (Vo,p) + (0,V*p), Yo,pe CF(E),
and a connection VZ"? on the bundle End(E) ~ E* ® E defined by:
VP =V ®1+10V.

For a trivial vector bundle E — B, any connection is given by an End(FE)-valued one form
0 via the formula V = d 4 0. As a consequence, a connection on a general vector bundle
can locally be described by V = d + 8y where now 6y is a End(E)-valued one form on
an open subset U € B over which we have trivialized the bundle. Another consequence is
that two connections on E differ by a (globally defined) End(E)-valued one form on B. An
easy computation yields that if V = d+ 6y locally, then V* = d— 0y and VF"d = d+ [0y, -]

A similar formula to that of the differentiation on ordinary forms holds for a covariant
derivative on F-valued forms:

Va (U07 ) i ( UO) 7U7"';Uk))
k=0
Z

+ k+l Ukal] UO;"'vﬁka"'vﬁla"'aUp)

k<l<
where U; 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)y Vo,pe C°(E) VbeB
where (-, -)p 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 (x1,- -, 2,) at a point € M, we define the Christoffel symbols:

n

le 817] Z gl 8xk

Definition 12 The torsion of a connection on the tangent bundle T M to a manifold M
18 given by:

TU,V):=VyV -VyU-[U,V] VUV eTM.
In a system of local coordinates (x1,---,xy) around a point x of a finite n-dimensional
manifold M, setting e; = 8%1- we have T(e;,e;) = Ve,e5 — Ve,ei so that if the torsion
vanishes then Ve,ej = Ve, ey, i.e. l"fj = I‘fz



Proposition 1 There is a unique connection on a Riemannian manifold which has van-
ishing torsion and is compatible with the (strong) Riemannian metric; it is called the Levi-
Clivita connection.

Idea of proof: Writing d(U,V)(W) = (VwU,V) + (U, Vw'V) as well as circular combi-
nations of this expression and using the fact that the torsion vanishes yields the expression
of (VwU, V) in terms of differentials of the inner product (U, V), (V,W) and (U, W). The
existence and uniqueness of ViU then follows from Riesz’s theorem. 0O

Definition 13 The curvature of a covariant derivation is given by the End(E)-valued two
form Q = V? € Q*(B,End(E)):

QU,V) = [Vu,Vv] - Vigy, YU,V € C¥(B,TB).

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

It is clear from the definition of the curvature that the Bianchi identity
V,Q]=0

holds.
The Ricci tensor of a connection V on a Riemannian manifold M is defined by

R(X,Y,W,Z) := (QUX,Y)W, Z)

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

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

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

When M is finite dimensional, the Ricci curvature is given by the trace of the operator
QX, )Y, ie. Rice(X,Y) := tr(Q(X,-)Y). The scalar curvature is the trace of the Ricci
curvature s(z) = Y, Ricc(e;(z), e;(x)), where (e;(z))ien is any local orthonormal frame
of T, M.

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

3 Exterior differentiation

A useful reference is [MT].
Exterior differentiation on forms on a given smooth manifold M is defined as follows.

Definition 14 The derivation f — Df defined on the space of smooth functions on a
manifold M extends to a unique linear map d : Q(M) — Q(M) such that



1. d sends QP(M) to QP (M),
2. (dod)f =0 VfeC>®M),
3. d is a derivation i.e. it satisfies the (graded) Leibniz rule:

daAB) = (da) A+ (-D)*ands Ya,B e QM).

Remark 5 The ordinary differentiation on sections of a trivial bundle is flat since dod = 0.
Writing the connection on a vector bundle in a triviallisation over an open subset U of the
base manifold V = d + 0y, the curvature reads

Q=dfy + 0y NOy.

From these formulas it follows that given a form a € QP(M), and given smooth vector

fields Uy, - -,Up on M, the exterior differentiation reads:
p A~
da(UOu ) Up) = Z(_l)kUi (a(U(Jv o Ukyeoe U;D))
k=0
+ (_1)k+la ([UkaUl]an)u'"7U/€7"'7Ul7"'7Up)
1<k,I<p

where the “hat” above the vector fields means we have deleted them.
A form « is closed whenever da = 0, and exact whenever there is a form 3 such that o = dg.
Since dod = 0, exact forms are closed and we can form the de Rham cohomology complex:

H?(B) := Ker(d|ar(p))/R(d|ar-1(5))

where R(d|qgr-1(p)) denotes the range of the map d|gr—1(p).

3.1 The Hodge star operator

Let M be a finite dimensional oriented Riemannian manifold. There is a natural pointwise
inner product on forms induced by the Riemannian structure on M. We first need to define
the Hodge star operator which yields a duality between p-forms and (n — p)-forms.

Recall that a Riemannian structure on a finite n-dimensional oriented manifold M yields
a particular form, the volume form given in a local system of coordinates (z1,---,z,) at a

point z by:
dvol(z) = y/detg, dxy A -+ Adxy,

where det g, is the positive determinant of the matrices representing the metric locally
at point . The Hodge star operator is a bundle morphism defined pointwise as the lin-
ear operator * : APT*M — A" PIT*M on a positively orthonormal local oriented basis
{e3, -+ e} of T M by:

e, N Nep Ax(ef, Aee-Aep ) =dvol(z) Vip <--- <y
This definition is independent of the choice of the oriented orthonormal basis and one can
check that 2 = (=1)P("=P) on APT*M.



Equivalently, the Hodge star operator x satisfies the following requirement:
(a, B)zdvol(z) = a(z) AN*B(z) Va,B € APT;M,

from which the symmetry property a A x3 = 3 A xa immediately follows. Notice that if f
is a smooth function then xf = fef A---Ae) where ef,i =1,---,n is an orthonormal basis
of T*M.

When M is moreover compact, it yields an inner product on forms seen as sections:

(@, B)y = /M<a,5>zdvol<x> = [ atw) nxita). 1)

M
In local coordinates, writing o = aydwir, 8 = Bydxy where I = {i1,---,ip},JJ ={j1, -, Jp}
are two multiindices of length p, we have

<O‘7 ﬁ>q = gil)jl e 'gipjpO‘i17"'7ipﬁj17"'7jp'
Here g% is the (ij) — th coefficient of the inverse matrix of g;; and following Einstein’s
conventions, one sums over repeated indices.
Using the inner product on forms, one can define the (formal) adjoint d* : QPT1(M) —
QP(M) of the exterior differentiation d : QP (M) — QPT1(M) setting:
(da, B)g := (o, d*B) Va € QF(M),3 € QPTH(M).

3.2 Musical isomorphisms

The Riemannian metric on M also yields a duality correspondence often referred to as
"musical” isomorphisms. Given v € T, M, v° € T M is uniquely defined by

v (w) = (v, W)q.
In local coordinates, this corresponds to lowering indices:

LM — T'M
n n
v:(vla"'vvn) = vb:(zgljvjv"'vzgnjvj)
j=1 i=1

where (g;;) is the (locally defined) metric matrix. In a similar way, given o € T M,
af € T, M is uniquely defined by

a(w) = (af, w),
using the Riesz theorem. In local coordinates, this corresponds to raising indices:

T:M — T,M

n n
a:(ah...’an) — aﬁ:(zgljajv"'7zgnjaj)
Jj=1 j=1

where (g%) is the (locally defined) inverse metric matrix.

10



3.3 The interior and exterior products on forms

The interior product is a bundle morphism:

T, M x APT/M — AP7'TrM

(v,a) +—  iy(a) =a(v,- ).

It satisfies:

i()(aApB)=iv)(a) NG+ (=1)Pani(v)f,Yv e T,M,a € APT; M.

In a local coordinate chart (x1,---,2,) on M we have:
p .
i()(doy Ao Aday) =Y (=1 dai(v) day A Adig A dap, Yo € TeM,
i=1

Given a connection V¥ on a bundle E based on M, set V& := i(V) o V. Combining the
graded Leibniz rule for V¥ extended to E-valued forms with the graded Leibniz rule for
i(V) we get for any o, 8 € Q(M, E):

VE(@AB)=VEaAB+aAVES.
Let M be a Riemannian manifold, the ezterior product is a bundle morphism:

TM x APT*M — APHIT*)Mf

(v,0) — e)(a):=v"Aa.

It is easy to check that e(v)e(w) 4+ e(w)e(v) = 0 for all v,w € T, M, and that i(v)i(w) +
i(w)i(v) =0 for all v,w € Ty M.

4 Invariant polynomials

4.1 First definitions
Let G be a Lie group and g its Lie algebra. G acts on itself by conjugation:

GxG — G
(9.h) — g 'hyg

and induces the adjoint action on g:

Ad:Gxg — g

(gu) — Ady(u) = 2

= — h
dt‘p:ocg( t)

11



where h; = e'® is a local one parameter group generated by « € g. This in turn induces
a tangent action:

ad:gxg — ¢
d

(v,u) — ady(u):= o

Ady, (u)

tv

where g; = €' is a local one parameter group generated by v € g.

In the case where G = GL,(C) is the group on invertible n X n matrices with complex
coefficients and g = gl,,(IR) the algebra of all n x n matrices with complex coefficients we
have

ady(u) = [u,v], VYu,v € g.

Definition 15 An G- invariant polynomial on g is a smooth map P : g — K where K is
the base field of g such that
P(Adga) = P(a) Va € g.

Since the map t — P(ta) is smooth, it has a Taylor expansion at all orders:
(o £k
P(ta) = — P(ta) — + 0, (tF)
ot o K!
k=0

so that setting Py(a) := (‘9—kP(ta)) ’;—k, we have:

ot =0
K
P(ta) = Z Pi(a)t® + 0, (t5).
k=0
Lemma 1 o [If P is invariant, so is the polarized polynomial
1 0 0]
plar, s ak) = g g Pl + - tak)n=0, - =0
for any ay,---,ar € g. In particular, the homogeneous polynomial Py of degree k is
invariant.
o Given any a1, --,ar € ¢,
p(a’a(l)a"'vao(k)):p(a’la"'vak) Vo € Y.
e The map

is multilinear.

Proof

12



e Let g € G, then using the invariance of P under the adjoint action of G,

0 0
Elp(Adgay,- -, Adgay) = TR P(t1(Adgay) + - - -t (Adgar))e,—o,...t,=0
1 7%

0 0

— 5 B P (Adg (t1a1 + - ..tkak))tlzo)...7tk:0
0 0

_ 8151 cee 3_kP (tra1 + - tkak)n:o,...ytkzo

= p(al, 7a’k)'

1

e Let jr = (k) then setting p := o' we get:
| 0 0
E'p(agiy, s aom)) = o 8—%P(t1aa(1) + o (k) ) t,=0, -, t,=0
0
= 8_t1 T 8_tkp(tp(l)al + - 'tp(k)ak)tle,---,tk:O
0] 0
= Dt o) ot Pty a1 + -+ Lp(k) k)0 =0, =0
= k!p(a17"'7ak)7
where we have used the fact that the partial derivative % commute.
e We prove linearity for k = 2:
g 0
2p((a1 +b1),a2) = o, 0ty plaity + bity + bata)i,—0,t,—0
g 0 o 0
= Ity (9151 plaity + bits + b2t2)|t1:t2 0 %%p(altl + b1tz + b2t2)|t3:t2:0

= plai,az) + p(bi,az).

O

Corollary 1 Let b € g and g; := €' a one parameter local group of diffeomorphisms

generated by b, then

Zp(al, s ai-1,adp(aq), @i, ak) = 0.

Proof This follows from the invariance of the polarised polynomial which yields:

d
0 = alt Op(Adgtal,-- ~,Adgtak)

= ZP (a1, -, ady(ai), -, ax)

13



4.2

Examples of invariant polynomials

e The trace on matrices. Let G = GL,(C) and g = gl,,(C), then P(a) := tr(a*)

where the product is the product of matrices and the trace the ordinary trace on
matrices, defines an invariant polynomial for we have

tr(c tac) = tr(a) Ve € GL,(C),Ya € gl,(T).

The Pfaffian on antisymmetric matrices. Let G = SO,(R) and g = so,(R),
there is a one to one correspondance:

A’R™ —  so0,(R)

aei Nej —  (aij)

where e;,7 =1, - -+, n is an orthonormal basis for the canonical scalar product on R".

Berezin integration on AIR™ is the linear map defined by:

T:AR" — R

a — el N---era)

where ef,i = 1,---,n is the dual basis ef(e;) = d;;. T vanishes on APIR" for any
p < n so that for any v € R"™ and any o € AR", T(i(v)ar) = 0 where i(v) is the
interior product. The fact that T yields a linear map which vanishes on derivations
justifies the terminology ”integral” (analogy with Stoke’s theorem).

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

T:ANE — MxR

a +— e N--era)

where ef,i=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,R) in an obvious
way.

Definition 16 Under the above assumptions on E, the Pfaffian of A = (a;5) €
C®(M,A?E ~ so(E)) is the real valued function on M defined by:

Pf(A):=T (e% Y= aijei/\ej) -7 (ezzl<j;i,j:1 aijez’/\ej) )

In some cases, the Pfaffian is identified to the top form Pf(A)e; A ---ey.

14



Lemma 2 Given A = (a;;) € C°(M,A\’E
setting n = 2k we have:

(="
2k

Pf(A) =

Y )asmyore -

oceEYX,

~ so(F)), if the rank n of E is even,

Ao (2k—1)0(2k)

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

o.
Proof
Pf(4) = T (e% ST aijemj)
k
* " 1 n
= e N ey BY3R] Z a;je; Ne;j
ij=1
= GT N - (2kk| Z a/U(l 2)(]/0,(3)0(4) P
cES,
n(n 1)
= 1 Qkkl Z ) (1)0(2) Qo (3)0(4) ***
oES,

using the fact that ef A---el(ex A+ Ney) = (—1)%
Proposition 2 The Pfaffian satisfies the following properties.
GL,(R)

Pf(B'AB) = Pf(A)det(B),

i particular,
Pf(B~'AB) = Pf(A)
Moreover, PI(A® B) = Pf(A) x Pf(B) and

Pf(A)? = det(A).

Proof Let us first prove the first identity. Set f; = Be; where as before, ey, - -,

orthonormal basis of R". Then

1 3 3 1
e3 Lij=1 i fiNf; ez i

hence

Pf(BtAB) = T(e%zz‘jzlaijf’i/\fj)

15

Qo (2k—1)o(2k)€1 N\ - -

if BeSO.(R).

-A €2k>

Ao (2k—1)0(2k)

*Qg(2k—1)0(2Kk)

(D).
Let A € so,(R),B €

en 1s an

n P .
i,j=1 Z k,l=1 briaij bl] ex ey

e% S im1 k=1 (B'AB)riexAe



1
r (W Z €(0) 00 (1)0(2) Ao (3)0(4) * * " Qo(2k—1)o(2k) J1 A A f2k>
oeYX,

1
det(B) - T <W Z €(0) a0 (1)0(2) Ao (3)0(4) * * * Qo (2k—1)o(2k) €1 A+ ++ A 62k>
cEX,

(—1)*
= det(B) - S Z €(0)e(1)0(2) 0o (3)0(4) * * * Go(2k—1)o (2k)
’ oEX,

= det(B) - Pf(A).

The second point in the proposition follows since B € SO,,(R) = detB =1, and B! =
B~L

The multiplicative property Pf(A ® B) = Pf(A) x Pf(B) is easy to check. Finally, the

last point clearly holds true for the matrix given by

0 —0
0 0

and hence for a tensor product of such matrices. Since any matrix A € so,(IR) is conjugate
to such a tensor product, there is a matrix B € SO, (IR) such that B~'AB is of this product
type. The result then follows from the invariance property of the Pfaffian we proved above.
O

Corollary 2 The Pfaffian

so(R™) — R
A — Pf(4)

defines an SO, (IR)-invariant polynomial on so,(IR).

5 From connections to Chern-Weil forms

Let E — M be a vector bundle equipped with a connection V¥. Recall that the corre-
sponding curvature is defined by QF = VEVF so that

QF(U,V) = [VE, V¥ = Vv, YU,V € C™(M, TM).
If L € Q(M,End(E)) then for any o € C*°(M, E),
VE(L(0)) = (VEMME) [)o 4+ (-1)FILVe

where | L| is the degree of the End(E) valued form L and VH™(%) the connection induced by
V¥ on End(E). As a consequence we have can write V*"4(F) [, = [VF L] where the bracket
is a graded bracket, i.e. [VF L] =VFL — LV¥ if L is even and [V L] = VFL + LV if
L is odd.

16



Lemma 3 Let G be the structure group of E, let P be a G-invariant polynomial and p the
associated polarized polynomial. Then, for any a; € Q(End(E)):

dp(alv T '7ap) = p([vaoﬂLQQa o 'aap) + e —|—p([0&1,0¢2, Ty [anaP])'

Prooof Write V¥ = d + 0F in a local triviallisation of E. For any a € Q(M,End(E)),
using the invariance, the symmetry and the multi-linearity of p we have:

dp(ah...’ap) — p(daha%...,ap) +p(al7da27...7ap) + ...+p(a1,...7dap)
= p(daha%..,%)+p([9E7a1]7a7...7ap)+...
+ ot plon,ag, e dap) + plog, oy, [07 ap))
= p([VF ai] a2, ) + - plan, az, -+, [VE ).

O
Lemma 4 o QF € Q?(M,End(E))

e If E is a real oriented vector bundle equipped with a metric (-,-) (in which case its
structure group reduces to G = SO(V') where V is the model space for E) and V¥ is
compatible with the metric i.e.

(-, ) = <VE'7 )+ <7VE>
then QF € O*(M, so(E)) where so(E) is the sub-bundle of antisymmetric morphisms
of E.
Proof

e Let us check that the curvature is tensorial from which it will follow that it is a
End(E)-valued two form on M. Let 0 € C°(M, E) and f € C*°(M,C), we have:

QFU,V)fo = [Vu,Vv]fo— Vv fo
= ([U.VIf)o = (Vv flo+ fQ5U,V)o
= fQFU,V)o.

e Let o,p e C°(M,E) and U,V € C>*°(M,TM), then
0 = (UV-=VU-[U,V]){o,p)
= U(V{o,p) + Ulo, Viip)
V(V{ia,p) = V(e Viip)

(Vg0 ) = (0, Vi vip)
<vava p) +(Vio,Vip)
(V§o,Viip) + (0, ViViip)

- <VvV Vip) — (0, Vi Vi)
(Vio, V p) = {0, ViVEp)
<V[UV 0. p) — <07V[EU,V]/)>
(QF(U,V)o, p) + (0, 2%(U,V)p)
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so that (QF(U,V)o, p) = — (0, QFU, Vp) which shows that QF (U, V) is antisymmetric.
O

Proposition 3 Let E — M be a vector bundle with structure group G equipped with a
connection V¥. Let P be a homogeneous polynomial of degree k on g, then

dP(QF) =0,
and if VE t € R is a smooth family ', then the following transgression formula holds:

d .

where VE is the derwvative of VE in the Fréchet topology, and QF the curvature of VF.
In particular, the de Rham class of P(2F) is independent of the choice of connection.

Proof To simplify notations, we momentarily drop the upper index E in the connection
and the curvature.

e Applying the above lemma to a; =Q Vi=1,---,n yields dP(2) = 0 by the Bianchi
identity.

e First observe that £V, € Q!(M, End(E)) and that

d d d d
EQt = Evtvt + vtavt = [V, %vt].
Hence,
iP(Q) = (iQ Q Q) +p(Q iQ Q)+ +p(Q2 iQ)
dt t = D dt ty S ity s S At p tudt ts s S At D3, ,dt t

d
- kp(EQhQuuQ)
d
= k'p([vtuﬁvt]ugtu"'aﬂt)

d
= k- dp(avtugtu e, Q)

where we applied the first lemma of this paragraph to a; = %Vt and «a; = () using
again the Bianchi identity.

O
An important property of invariant polynomials in view of what follows is their transfor-
mation property under diffeomorphisms. We have

P(f*a) = f*P(a)

for any diffeomorphism f: N — M of two smooth manifolds.
In particular, characteristic classes ¢(V¥) we are about to define given by de Rham class
P(QF) have a naturality property

c(fVITE) = fre(VF)

Lhere we are thinking of the space of smooth connections as a Fréchet space
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which follows from the transformation property of the invariant polynomials under diffeo-
morphisms. Here f : N — M is a diffeomorphisms, £ — M a vector bundle, f*E — N

its pull back to N, equipped respectively with a connection V¥ and its pull-back V/*F =
f*VE.

Example 3 Chern character and first Chern class. Given a function with Taylor ex-

pansion at all orders at 0, namely f(z) = kK:o %(O)zk +0(2%) VK € IN and a complex
vector bundle (E,VE) with connection, it follows from Proposition 3 that P(Q) = tr f(QF)
defines a closed form with cohomology class independent of the choice of connection. Choos-
ing f = Id yields the first Chern class

e (VF) == tr(QF).
Choosing f(z) = e~ * yields the Chern character
ch(VE) = tr(e=?").
It obeys the following properties
ch(VEPT) = ch(VF) + ch(VF),  ch(VFOF) = ch(VF) A ch(VF)
which justify the terminology ”character”.

Example 4 The Euler class, the A-genus, the L genus. Given a function with
Taylor expansion at all orders at 0, namely f(z) = kK:o %(O)Zk +0(z%) VK € N and
an oriented metric real vector bundle (E,VF) equipped with a connection compatible with
the metric, it follows from Proposition 3 that P(Q) = Pf (f(QE)) defines a closed form
with cohomology class independent of the choice of connection.

Choosing f(z) = —z yields the Euler class
e(VE) = PE(—QF) € QN (M)

where N is the rank of E. The Euler class vanishes if N is odd as a consequence of the van-
ishing 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(VERE) = ¢(VE) A e(VT).

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

e(VIM) =k dvol

where k is the Gaussian curvature.

ol

Choosing f(z) = &&= yields the A-genus

QE
A(vEY — 2
e[ )

sh73
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bl

and f(z) = & the L-genus

)

QF
L(VE) = Pf< hQE> :

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

A(VEREY = AVEYAN AT, L(VE®SF) = L(VE) A L(VT).

6 GeneralizedLaplacians

6.1 Differential operators on sections of vector bundles

The notion of differential operator we introduced on open subsets of IR" extends to mani-
folds.

Let K be R or C. Let o
80{

A= o 2

Z a 6:601 ()

la|<m
with a, € C*(U, M, 4(K)) be a differential operator on an open subset U of R" where
M, o(K) is the space of (p, ¢) matrices with coefficients in K. A diffeomorphism & = Z(x)
of U induces the following transformation on T'U:

Z 8Ik 8
8J:J * O iy,

As a consequence, in the new coordinates Z, the operator A reads

for some other (g,p) matrix @, of smooth K-valued functions on U. It follows that the
operator can be described in a similar way in these new coordinates. If we have aq(z) =0
for some |a| = m, then ag(z) = 0 for some || = m so that the order is conserved under a
change of coordinates.

Given a smooth manifold M of dimension n, it therefore makes sense to define a dif-
ferential operator A : C*°(M,R) — C*°(M,R) of order m as a linear operator which has
the above description (2) 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,(K) be the group of invertible K-valued r x r matrices. Given two maps 7 :
U — GL,(K) and 75 : U — GL4(K), 7aA7i defines another differential operator or order

m on U since
Hled
ToAT = g Toaa ()11 gyt

la|<m
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which is of the same type as (2). Letting 7p : B — M and np : ' — M be two K-vector
bundles based on M of rank p, g respectively, this shows that the shape of the operator
described in (2) is invariant under a change of triviallisation 75 : U — GL,(K) on E and
TP : U — GLy(K) on F.

It therefore makes sense to set the following definition.

Definition 17 A differential operator of order m on a smooth n-dimensional manifold
M is a linear map A : C*°(M,E) — C*(M,F), where E,F are two K-vector bundles
based on M of rank p,q respectively, such that each point x of M has a neighborhood U
with coordinates (x1,---,xy,) over which there is a local triviallisation E), ~ U x KP? and
F, ~U x K9 in which the operator A reads

Given local trivialisations F|, ~ U x K?, F|, ~ U x K%, over an open subset U € M, one
can define the symbol o4(z,§) of a differential operator A : C*°(M,E) — C>*(M, F) as
the symbol of the corresponding operator A : C°(U, KP) — C>(U, K9) read in the local
triviallisation. However this symbol changes when the triviallisation changes; it is not even
invariant under changes of coordinates. Nevertheless, the leading symbol remains the same
under changes of local coordinates on M; it only changes under a change of triviallisation
of E and F by o;, — Dor,C where C' € GLy(K) and D € GL,(K). Since invertibility is
conserved under such a transformation, the notion of ellipticity carries out to differential
operators acting on sections of vector bundles.

Definition 18 An operator A : C°(M,E) — C®(M,F) is elliptic if in any local trivial-
lisation its leading symbol o, (A)(x,§) is invertible for any £ #0, x € M.

When E = F, we shall say that the leading symbol of an operator is scalar if or(x,§) =
a(x,§) - Id where a(z,€) is a scalar function.

Since the symbol of an operator acting on functions on an open set is obtained ”substi-
tuting” —i% by &; in the expression of the operator, in practice, the leading symbol of a
J

differential operator on a manifold is obtained ”substituting” i&; to % in the leading part
J
of the operator expressed in any local triviallisation.

6.2 Laplacians on vector bundles

Let (M, g) be a Riemannian manifold with Riemannian metric g. Here we take E = F =
M xC. In alocal chart, the metric in a local chart (z1, - -, z,) reads g(z) = g;j(x)dz; @dzx;
where g¢;; is an n x n matrix; let (¢/) denotes the inverse matrix of (g;;) and detg the
determinant of (g;;). The Laplace-Beltrami operator is defined by

1 < 0 0
— P
AV doig z-;l 8Ii\/detg 9 o

n B 82
= Z g” + terms of lower order.
— 8$18$J

1,j=1

21



As we will see later, this expression is independent of the choice of local chart. It has scalar
leading symbol given by

n

on(Dg) == > (—i)&&0:5 = |I€]1*.

1,j=1

It therefore defines an elliptic operator of order 2.

Notice that setting g;; = 0;; the Kronecker symbol of {7, j} yields back the local expression
of the Laplacian on IR".

Let E — M be a vector bundle based on a Riemannian manifold M and let it be equipped
with a connection V¥. The Levi-Civita connection V on M combined with V¥ yields a
connection V7" M®E on T*M @ E. Applied to a one form a € Q(M, E) this connection

reads VT*M®E VHom(TM o = V&a — a(Vyx). Composed with V¥ this yields an
operator VT M®EVE COO(M E) C*®(M, T*"M ®T*M ® E), or equivalently a bilinear
form on C°°(M,TM) with values in C*°(End(F)):
VITMeEGEs(XY) = Vi MEPV{s
= VEVY -VE yo VXY €C®(M,TM), Vo€ C*(M,E).

The trace of this bilinear form on T'M yields a second-order differential operator

AE — _tr(vT*M®EvE)

= -VIVI-Vg, .

where (€;)i=1,...,, is an orthonormal basis of TM. This operator, called a (generalized)
Laplacian on C*° (M, E), is independent of the choice of basis. When F := M xC, it yields
back the Laplace-Beltrami operator on C*°(M,C) and we have:

A, = —tr(Vdf) = — i (g” (2)0;0; — il“@t%)

i,j=1 k=1
where I‘k are the Christoffel symbols defined in a local system of coordinates (z1,- -+, xx)
by V_ i =3 Ffj 82 . The first of these equalities shows that A, is well-defined

mdependently of the choice of local chart.

In local coordinates, the generalized Laplacian AF reads:

_ Zn: g9 (x) (vE VE Zrk VE )

ij=1

where as before, the l"fj are the Christoffel symbols. Notice that since locally, we have
VE = 6 -+ 9(82 ) where 6 is Hom(E)-valued a one form, the top order part of AF

commdes w1th the top order part of the Laplace-Beltrami operator. The leading symbol of
a generalized Laplacian is therefore also given by:

ar(AF) = ar(Ag) = €)%
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Definition 19 A generalized Laplacian on a vector bundle E — M is a second order
differential operator with scalar leading symbol given by ||€||%. It is therefore an elliptic
differential operator.

The Laplace-Beltrami operator on a Riemannian manifold and Laplacians on bundles pro-
vide examples of generalized Laplacians.

7 Dirac operators

Useful references are [BGV], [F], [LM].

7.1 The Dirac operator as a ”root” of a generalized Laplacian
Definition 20 A Dirac operator D on a (Zz-graded) vector bundle E (E = ET & E~)

is a first order differential operator (of odd parity, i.e. D(C®(M,ET)) C C*(M,E™),
D(C>(M,E™)) C C>®(M, E")) such that D? is a generalized Laplacian.

In particular, since the leading symbol is multiplicative i.e. or,(AB) = o1 (A)oL(B), its
leading symbol should satisfy:
o (D)*(z,€) = ||&]|.
Looking for a differential operator D = """ , cia%i whose square is the Laplacian A =

>, 82—; on IR" lead Dirac to the following constraints on the coefficients ¢;:

CiCy + CiCi = _25ij- (3)

These relations correspond to the Clifford relations for the euclidean structure on IR™ and
generate the Clifford algebra on IR"™ which we are about to define.

Let K be R or C. Let V be a K- vector space and g a quadratic form on V.

Definition 21 o The Clifford algebra on (V,q) is the algebra over K generated by V
with relations
vowtw-v=-2q¢v,w) Yo,weV

(or equivalently v-v = —q(v) Yv € V.) Equivalently, is is the quotient of the tensor
algebra T(V) = Y., V& generated by V by the ideal I(V,q) generated by the set
{v-w+w-v+2qv,w), v,weV}.

e A Cl(V,q) - module (called a Clifford module when not specifiying which Clifford al-
gebra) is a K -vector space E together with a representation ¢ : Cl(V,q) — Homg (E),
so that we have:

c(v)e(w) + e(w)e(v) = —2¢(v,w)Idg, Yv,w e V. 4)

Example 5 Let V = R™® wth Q((x1,++,an)) = 22 + 22 — a2, | — - 22, and set

Cl, s(R) := Cl(V,q) then Cl, s(R) is generated by a g-orthonormal basis e1,-- -, er1s Sub-
ject to the relations:

€;€j + €€ = _25ij if i< T, €i€j + €€ = —25” if i>r.
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When r = n,s = 0 we denote the corresponding Clifford algebra by Cl,(R). The relations
which define Cl,(IR) therefore correspond to equation (3). Notice that the action of the
orthonormal group O, (R) on R"™ extends to one on CL,(R) since the relations that define
the Clifford algebra are invariant under this action.

The following universal property is very useful:
Lemma 5 A is a K-algebra and c¢: (V,q) — A a map verifying
c()e(w) + c(w)e(v) = —2q(v,w)la, Yv,w €V,

(such a map is called a Clifford map) then there is a unique extension of ¢ to a map
¢:C(V,q) — A.
In practice, it is therefore often sufficient to define the Clifford map ¢ on the vector space

V only.

There is a natural Zs-grading on Cl(V,q) = CI*(V,q) ® Cl~(V,q) given by the natu-
ral grading on 7 (V) = Y_;2 VO @ 302  VO2RHL Tt is clear that V C CL=(V, q).

Definition 22 A Zs-graded Clifford module is a Clifford module with a superspace struc-
ture E = ET @ E~ such that the Clifford action is even with respect to this Zso-grading on
E:

CIt(V,q)ET c EY; CIt(V,q)E~ c E~;Cl~(V,q)Et c E~;Cl~(V,q)E~ C E*.

7.2 From a Clifford connection to a Dirac operator

Useful references are [F], [LM].

If M is a Riemannian manifold, at each point x € M, we have an inner product ¢, := (-, ")z
on the cotangent space T M. Following the above construction we can build the Clifford
algebra Cl(TxM,q;). A Clifford bundle is a smooth family of such Clifford algebras.

Definition 23 o [f M is a Riemannian manifold, the Clifford bundle Cl(M) is the bun-
dle of Clifford algebras on M whose fibre at € M is the Clifford algebra Cl, (M) :=
ClUTIM,q,), with g, the quadratic form given by the Riemannian structure on M.

o Equivalently, it is an associated bundle to the orthonormal frame bundle:
Cl(M) = O(M) ®@o(n) Cln(R).
Remark 6 Notice that in local coordinates (x1,---,xy,) on M:
c(dzi)e(dz;) + c(dxj)e(dz;) = —2g45(x).
In particular, if & € T M ,then
£-E=c(6)} = % <Z§z‘0(d$z‘)> A D gelday) | == D7 gii@)& - & =~
i=1 =1 ij=1

where we use the fact that (dx;,dz;) = 0;;.
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The Levi-Civita connection V on M induces one on O(M) and therefore a connection (also
denoted by V) on CI(M) which is compatible with the Clifford product:

V(ab) = (Va)b + a(Vb), Va,be C=(M,CI(M)).

Definition 24 o A (graded) Clifford module E on a manifold M is a (Zz-graded)
vector bundle E — M based on M with a (graded) action of the Clifford bundle
Cl(M) on it:

¢:Cl(M) — End(E)

e A Clifford connection on a Clifford module E is a connection VE on E which is
compatible with the Clifford action:

[VE, c(a)] = ¢(Va), Va e C®(M,CI(M)).

Proposition 4 Let M be a Riemannian manifold and E a Clifford module on M (with
Clifford multiplication c) equipped with a Clifford connection V¥. The first order differ-
ential operator D : C*(M, E) — Ci(M, E) defined by D = co V¥ or in local coordinates

(Ila' 7xn)

D =

%

c(dz;)VE,

1 D,

n

has leading symbol
or(D)(x,§) = i€.
It is therefore a Dirac operator, i.e its square D? is a generalized Laplacian.

Proof The leading symbol of D is obtained replacing % by i¢;,

n

oL(D)(,8) =iy cldey)é; =iy du;é; =ik,

j=1 j=1

Hence
or(D)?(x,&) = —£- & = ||€]1?

where - stands for the Clifford multiplication and where we have used the Clifford relations
for the last equality. O

8 d+ d* as a Dirac operator on the Clifford module of
differential forms

Useful references are [BGV], [G], [LM].

8.1 A Clifford multiplication on forms

As the following lemma shows, combining the interior and exterior products on Q(M),
where M is a Riemannian manifold, yields a Clifford multiplication from which one can
build a Dirac operator using the Levi-Civita connection.

Lemma 6 o c(v)* =i(v) YweT,M,xeM,
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o ¢ =¢—1i defines a Clifford multiplication on Q(M), i.e.
c(v)e(w) + c(w)e(v) = =2(v,w)y, Yv,w € TpyM
where (-, -, ), is the inner product on Ty M induced by the metric structure.
o d=311¢€(e;)Ve,,
o d" =" 1 i(e;)Ve,, where (e1, -, ey) is an orthonormal basis of T, M.
(Partial) Proof To avoid technicalities, we prove the results on one forms only.
e Givenv € T, M, f € Q°(M) and a € T M we have:
(i(v)a, f(2))e = (a(v), f(2))e = a(v) f(2).
On the other hand
(o, @) f (@) = (o, F@0") = (a(@),0")af (2) = alv) ().
Hence €* =i on 1-forms.
o Let v,w € T, M. First observe that
e()i(w) +i(w)e(v) = (v, w), Yo,w € Tp,M.
Here again, we check the property on one a 1-form a.
(e(v)i(w) + i(w)e(v)) a = a(w)v’ +i(w)(v° Aar) = a(w)v’ +0° (w)a—v’ a(w) = vh(w)a = (v, w), .
As a consequence we have:
e(v)e(w)+e(w)e(®) = e(v)e(w)-+He(w)e(v)+i(v)i(w)+i(w)i(v)~2 (e(v)i(w) + i(w)e(v)) = —2(v, W)
where we have used the fact that e(v)e(w) + e(w)e(v) = i(v)i(w) + i(w)i(v) = 0.

o Let usset d = Y1, €(ej)Ve,; and show that d satisfies the requirements i), i), iii)
which define d uniquely:

i) Since V., sends QP(M) to QP(M), and €(e;) increases the degree of the form by
1, d sends QP (M) to QPH1(M).

ii) dod(f) =0 Vf e C®(M,T). 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 d> = 0. To simplify notations we set V; = V% = Vg,

r J
8£Ej :
f = d(df)
ij

1] 1]

where e; =

= > e(dz;)0; fVi(da;).

ij
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By Leibniz’s rule:

0
0= —<d$j, €k> = <Vid1'j, 6k> + <d$€'j, vi€k>

8:@»
so that
&Ef = —Z dxl fldxz;, Viep)dxy,

ijk

= —Za fldz;, Vieg)y dz; A dxy,
ijk

= - Z df,Ver — Vk€i>z dz; N\ dxp,
i<k

- Z<df7 T(ei7 ek})>;1; d(Ei AN d(Ek
i<k

—(T,df).

iii) d is a derivation. Indeed, the Levi-Civita connection on the tangent bundle 7'M
extends to a connection on the exterior cotangent bundle AT*M and satisfies
the following rule:

Vx(aAB)=VxaAf+aAVxs Va,Be€QM),VX € C°(M, TM).
Hence d = > €(ef)Ve, satisfies a graded Leibniz rule:
dlanB)=daAB+(-)Yandd Va,Be QM)
and therefore yields a (graded) derivation.

e Given a@ € QP(M) and B € QPF(M) we want to check that (e(dz;)V;a, 3) =
(o, i(dx;)V;3). Differentiating the one form defined on v € T, M by a(v) = {(«, i(v)[)
and using Leibniz’s rule yields:

Z (e;a(e;) — a(Vie;)) = (Viayi(e;)B)s+{a, Vii(e;) ) e = (e(ei)Via, B)z+{c,i(e;) Vi)

i

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 «, it follows from Stokes’s theorem that
tr(Va) := > 1", Val(e;, e;) =Y, (e;a(e;) — a(Vie;)) integrates to 0 on M, i.e.

/ tr(Va) dvol = —/ d*a = 0.
M M

(e(e))Via, B)e + (a,i(e;) Vi) =0

Thus

so that d* = —io V.
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8.2 A Dirac operator on forms

Proposition 5 The operator D :=d+d* = Z?:l c(dxj)v% 1s a Dirac operator and has

leading symbol given by o (D)(z, &) = i&. In particular, its square (d+d*)? is a generalized
Laplacian.

Remark 7 We leave it to the reader to check that this definition is independent of the
chosen local coordinate chart (x1,---, ).

Proof This follows from the above lemma combined with Proposition 4.

The following proposition relates the Hodge Laplacian A := (d + d*)? with the general-
ized Laplacian AM™M thus providing another proof that it is a generalized Laplacian.
O

Proposition 6 Let o € Q(M) then

(d+d)*(a) = AN My 4 Z c(dz;)e(dz;)R(e;, e5) ()
i<j
where R(u,v) := [V, Vy] = V[, is the curvature tensor.

Proof First notice that if as before V denotes the Levi-Civita connection on T'M with
Christoffel coefficients give by Ffj then the induced dual connection V* on T*M reads

Vidr; = —T7, dry, for we have
d d
Vidz;,—) = —(dz;,V,—
< 1 Ij,d$k> <IJ5 dl’k>
d
= —<deaF§kd—$l> = —Tiy(dz;, d_gcl>
= _ng'

(In the following, we drop the x in V*). It follows that

(d+d)a = Zc(dwi)vi(c(dxj)vja)

=

&
Il
a

= Z c(dz;)e(Vidz;)Via + Z c(dz;)e(dz;)Vi(Vja)

i,7=1 i,7=1

- Z V:iVia + Z c(dx;)e(dz;) (ViV; — V;Vi) a
i=1 1<j

= - Z c(d:vi)c(dxk)vpjk%a

4,j=1
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- ZVVOH—Z (dx;)e(dzj)R(e;, ej)cn.

1<J
= — Z (dzi)e(dzy) + e(dxy)e(dz;))V M, 2 Z c(dx;)? 0
i<j =1
- ZV Vi a—i—z (dzi)c(dxj)R(e;, e5)
1<J
= AMMgy 4 Z c(dz;)e(dz;)R(e;, e4)a.
i<j

a

We give another expression of the Hodge Laplacian on p-forms in terms of d and the
Hodge star operator #* introduced previously.

Lemma 7 The formal adjoint d* : QP(M) — QP~1(M) of d is given by
d* = (=1)"P % dx.

Proof

(a,d*B) = /Ma ANd* B

/Mda/\*ﬂ
/Md(a/\*ﬁ)—(—l)p/Moz/\d*ﬂ
= (-1)?*1/ aNdxf3

M

( since/ dy = O)
M

— (_1)10“(—1)<”*P><"*<”*P>>/ aAxxdx 3
M

= (=1)pt! a N *(xd %
— (- /M A x(xd % B)
= (=1)"" o, *d x B)

O
The following proposition follows in a straightforward way from the above lemma.

Proposition 7 On QP (M) we have:

A= (=)D g xod + (1) d xd x .
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9 Two index theorems

We give two index theorems for the Dirac operator D = d 4+ d* where d is the exterior
differential on forms on some closed Riemannian manifold M. In both cases the Dirac
operator is acting on (M) but the Zs-grading on that space changes. In the first case,
the space splits into even and odd forms thus leading to the following index theorem:

ind(D) = y(M e(VIY),

)= 75 h

where x (M) is the Euler characteristic. In the second case, the Za-grading is induced by
the chirality operator, thus leading to the following index theorem when the dimension of
M is a multiple of 4:

(=1)’

ind(D) = o(M) = /M L(VTM),

2l
where o (M) is the signature operator, and n = 41 is the dimension of the manifold.
The space of forms Q(M) splits Q(M) = QT (M) @ Q= (M) in two ways,

e letting Q7 (M) be the space of even degree forms, and Q™ (M) be the set of odd degree
forms,

e letting Q1 (M) be the space of self-dual forms and Q~ (M) the space of anti self-dual
forms.

9.1 A first chiral Dirac operator on Q(M)

Let us describe the first splitting. Given a vector space V, we define a parity operator on
AV by:

P: AV — AV

a — (=D

which satisfies P? = I. It induces a bundle morphism on AT*M defined on a fibre above
x € M by:

P.:AT;M — AT;M
a(@) = (=Dl @la(z).

The operator P induces the following splitting of the space of forms:
Q(M) = Q°(M) @ Q°¥(M)
where we have set:
QM) :={a e QM),|a| € 2N} = Ker(P — I)
and

QM) = {a € QM),|a| € 2N + 1} = Ker(P + I).
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Since D = d + d* increases or decreases the degree by 1, it anti-commutes with P and
therefore sends Q°(M) to Q°% (M) and vice versa. This gives rise to a chiral Dirac
operator:

DY =Dy 2 QM) — QM.

In order to describe the second splitting, we first introduce introduce the chirality operator
I' which will play the role of the parity operator P in the above. Proving that it anti-
commutes with D will take us a while.

9.2 The chirality operator

Let (V,q) be an euclidean space, and let CI(V) @ € denote the associated complexified
Clifford algebra. Given an orthonormal basis {ej,---,e,} of V, the chirality operator
I'e C(V) ®C is defined by:

T .= i’f(n)61 ceg--ep

where the multiplication is the Clifford multiplication and k(n) = % if n is even, k(n) = %

2
if n is odd.

It acts on AV® where V¥ is the complexification of V.

Lemma 8 o I' does not depend on the chosen orthonormal basis,
o I2=1.

Proof We only prove the second point, leaving the first point as an exercise.

2
2 — (ik(n)) €1 -€pn-€1---en

(_1)k(n)+n*161 T S
— (_1)k<n>+z;?;fje§ g2
(—1)km+== qyn
1 if n=2k or n=2k+1.

O

As a consequence of this lemma, if M has even dimension, I' provides a grading of the
(complex) Clifford module Qg (M) := C>°(M,AT*M @C) = Qff (M) & Qg (M) where

O (M) :={a € (M),I'(a) = a} = Ker(I' — I)
and
O (M) :={a e W(M),I'a) =—a} =Ker(I' + I).
Proposition 8 Given a Riemannian manifold (M, g), the chiral operator defined fibrewise
by
T, : APTM QC — AV PTIM QC
a(@) — W e(ef()) - clep(@)a(x)

n
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where e} (x) is an orthonormal basis of T M does not depend on the choice of orthonormal
basis. T satisfies the following properties:

e On any smooth function f € Q°(M),
Lf=if™fer A ned
so that T'f = &) f.

e For any one form o € QY(M)

()l = (—=1)"Ti(e) (5)
o Given o € QP(M), 3 € QP (M),
[ ants= (et [ a5, dvol(a) (6)
M M
e On QP (M) we have:
T = (—1)pt " k), (7)

e The (formal) adjoint d* of d reads:
d* = (—1)"*'1dr.

e In even dimensions, d + d* anti commutes with I':

T(d+d)=—(d+d)T.

Proof
er-ep'f = cley)---clen)f
= cle]) - (e(en_1) —ilen_1))e(en) f
= cle]) - (en_1Nepf—0)
= felA---Ner_{Nep

so that T'f = k(™) fet...ex.

o It is sufficient to prove the result for & = e}. On one hand, we have, for any v € T, M,
aeTiM:

e)e(v)a = e)(e(v) —i(v))a
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On the other hand, for v # w € T, M,« € T, M, we have:
ele(w)a = ev)(e(w) —i(w))a
= e)(wAa-—a(w))
vAwAa— alw)v
—wAvAa+ev)a(w)
—(e(w) —i(w))e(v)a

= —c(w)e(v)a.

It follows that

e(en)c(er) - clen) = (—1)"e(er) -+ clen—1)e(en)e(en) = (—1)"c(er) -+~ c(en—1)i(en)-
Hence €(e,)T" = (—i)"Ti(en).

e The third point follows by induction. The formula holds for functions as we saw
earlier in this proof. Assume it holds for p-forms and let a € QP(M), 3 € QPFL(M),
e € QY(M), then:

anNeATS = aAnele)lp
(—D)"aATi(e)8 wusing (5)
= (-1 netpne+BEEL k() (ayi(e)B)er A-+- Aep, by assumption
(=
(=
(=

)
)
1™ (p+1)+ 227 M (e(e)a, Bler A - ANe, since e(v)* =i(v)
)
)

1) (p+1)+ 2271 U“’Zk(") (aNe,Bler A+ Ney,

1)p+1) )+ 2 k() (aNe,B)er N+ Aep.

e On OP(M), T is characterised by

P(P 1) k(

aATB=(=1)"+ ")< , B)zdvol(z)

whereas * is characterised by

a AxB = {(a, B)dvol(z)

so that I and x are related by:

T = (= 1P k) o
e To check that d* = (—1)"*1T'dl", we use Stokes formula:
(o, dB), = / (o, d* B)advol(z)
M
/ (da, B) pdvol(x)
M

(—1) DR k() / da AT
M
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_ _(_1)p+(p+1)n+%i—k(n)/ aAdTB
M

= —(-1)" /M<a,rdm>dvol(x)
= (a,(=1)"*'Tdrps),

e Thus, in even dimensions,

I(d+d*) =T(d—Tdl) = —(d — TdT)T = —(d + d*)T.
O

As a consequence of this proposition, the Dirac operator D = d + d* anti-commutes with
. It therefore sends O (M) to €} (M) and vice versa. We can therefore define a chiral
Dirac operator, called the signature operator:

Df =D, O (M) — Qg (M).

o ()

9.3 The Euler characteristic as an index

Let M be a Riemannian closed (i.e. compact and boundaryless) manifold. As a consequence
of the theory of elliptic operators on a compact manifold, for any p € IN, the cohomology
group HP(M) is a finite dimensional space and its dimension coincides with that of the space
of harmonic p-forms H?(M) := Ker (A‘m) (M)). Since HP(M) ~ HY, (M) ~ Hz=»(M)
where Hgng(M ) is the singular cohomology group and H;impl(M ) is the simplicial homology
group, these have same dimension called the p-th Betti number and often denoted by

Bp(M) := dimH? (M) = dimH?

I T simpl
sing(M) = dimH ;""" (M).
The Euler characteristic is the alternating sum of the Betti numbers:

n

X(M) =Y (=1)PB,(M).

p=0

Example 6 x(S™) =14 (—1)" so that S™ has Fuler characteristic equal to 2 if n is even
and O otherwise.

The index of the Dirac operator Df := (1 — P)(d 4+ d*) where P is the parity operator
which is 1 on even forms and —1 on odd forms, can be expressed in terms of the Euler
characteristic:

Lemma 9
ind(D) = x(M).
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Proof As before we set D = d + d*.

ind(D}) = dimKer(D}) — dimKer(Dp)
= dim (Ker((1 — P)D)) — dim (Ker((1 + P)D))

= Z dim (Ker(D|Q2p(M))) — Z dim (Ker(D\92p+1(M)))
p P

= 3 (-1)Pdim (Ker(D‘Qp(m))
p=0

— Z(—l)pdime(M)
p=0

s,
p=0

= x(M).

O
The Atiyah-Singer index theorem (which we do not prove here) gives a local expression of
the index:

Theorem 1

ind(D}) = x(M) = \/;_Wn /M (V)

vTM

where is the Levi-Civita connection.

There is another possible interpretation of the Fuler characteristic as the index of the zero
section in the tangent bundle TM. Let f : M — W be a smooth map from a closed oriented
smooth m-dimensional manifold M to an oriented manifold W of dimension m + n such
that f is transverse to another closed oriented smooth n-submanifold N of M. A point
x € f~1(N) has positive or negative type according to whether the composition:

ToM — W@y = W) /Ny

preserves or reverses orientation, where the first map is the tangent map to f. Accordingly
we set i, (f, N) =1 or i,(f, N) = —1. The intersection number of (f, N) is the integer:

l(va) = Z Zw(va)
z€f~H(N)

It is finite and invariant under homotopies of the map f.

Now if 59 : M — T'M is the zero section of the tangent bundle of M, we have:
§(M) = i(so, M).

As a consequence, since any section s of the tangent bundle is homotopic to the zero
section by the map (t,z) — ts(z), if the tangent bundle to M has a section which is
nowhere zero then £(M) = 0. If £(M) # 0, every vector field on M vanishes somewhere
and the corresponding ”hairy” manifold ”cannot be combed”. When n is even, this is the
case of the n-dimensional sphere S™ which has Euler characteristic x(S™) = 2 so that a
hairy even dimensional ball cannot be combed.
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9.4 The signature as an index
Let M be an even dimensional closed manifold with dimM = n = 2k. The map
QM) x Q*(M) — R
@p) = s = [ ang

yields a bilinear form. Since [,, a A3 = (=1)* [,, B A, it is symmetric whenever k = 21
is even. We now work in this setting so that n = 41.

Lemma 10 In dimension n = 41, the chirality operator T' and the Hodge star operator
coincide on k = 2l-forms:

F|nk(M) = *‘Qk(lw)'

Proof Setting p = 2] and n = 4l in formula ( 7):

D = (1)t H5 kO

yields the the result of the proposition.
Corollary 3 Ifn =2k =4l,1 € N the space
QFs (M) == {a € Q¥ (M), *a = a}
of self-dual forms coincides with Q%+ (M) = Ker(T' — I) N Q*(M) and the space
Qbasd(p) = {a € Q¥ (M), xa = —a}
of antiself-dual forms coincides with Q%= (M) = Ker(I' + I) N QF(M).

Since the space of harmonic k-forms is finite dimensional, so are the spaces H**%(M) of self-
dual harmonic k-forms and H* (M) of anti self-dual harmonic k-forms with dimensions
denoted by 8 (M) := dimH**¢(M) and 8, (M) := H*24(M) respectively. They coincide
with the k-th de Rham cohomology spaces of self-dual, respectively anti-self dual forms.

Proposition 9 In dimension n = 2k = 41, o induces a non degenerate symmetric bilinear
form on H®(M). Its signature is given by

o(M) := sign(o) = dimH**¢(M) — dimH***4(M) = g7 (M) — B, (M)

where H*3%(M) is the (finite dimensional) space of self-dual harmonic k-forms and H*5¢ (M)
is the (finite dimensional) space of antiself-dual harmonic k-forms.

Proof Given two closed forms a and 3, o(a, 3) only depends on the cohomology class of
« and 3; indeed

/M(oz—l—d’y)/\ﬁ = /Moz/\ﬂ—F/Md"y/\ﬁ
| ans+ [ azas - [ snas
o
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where we have used Stoke’s theorem to set the middle integral to zero and the fact that 3
is closed to set the last integral to zero.

The form o is non degenerate; indeed, let us assume that | w @A B =0 for any closed
k-form B and let us show that @ = 0. Pick a harmonic k-form « as representative of a
cohomology class in H¥(M). Then

(d+d)a=0=da=da=0=dxa) =0.

Hence xa is also a closed k-form and we can take 3 = xa. This yields a A xa = ||af|> =0
so that @ = 0 which ends the proof of the non degeneracy.

To show that o is diagonal on H**4(M) @ H**4(M), let us compute o(a, 3) for vari-
ous types of forms a and 3. If a € H¥*4(M), B € H*¥34(M)

wto.8) = [ anp= [ anss=(an)

if a € HRasd(M), 3 € HF-asd (M)

o(a, B) :/Ma/\ﬁz/Ma/\*ﬁ:—<a,ﬁ>

and if a € H**4(M), B € HF54 (M)
U(a,ﬁ):/M*oz/\ﬁz(—l)k/Mﬂ/\*a:(a,ﬁ}:/M*a/\*ﬂz—a(oz,ﬁ):O.

As a consequence, o is diagonal on H**¢(M) @ H**¢(M) with eigenvalues +1, —1 with
multiplicity b: and b, . It therefore has signature

sign(e) = dimH**(M) — dimH** (M) = G (M) - G (M).
O
Lemma 11 For a manifold M of dimension n = 4l,
X(M) =bgy mod2.

Proof Setting k = 2] we have (dropping the M for the moment)

n

X(M) = Y (=1)PB,

p=0
= Do+ D (“DPB+ D ()PP
0<p<k 0<p<k
= (D" +2 > (-1)"B,
0<p<k
= [ mod2

where we have used Poincaré duality H"P(M) ~ HP(M) to identify 8,(M) and 3,,—,(M).

37



Proposition 10

Proof
o(M) = B (M)- B (M)
— B (M) + By (M) mod2
= [r(M) mod2
= x(M) mod2.
O

The index of the signature operator

Dft = (d+d*)

[Ker(r—1)
coincides with the signature of M. O
Lemma 12

ind(Df") = o(M).

Proof We first observe that if a;,4 = 1,---, 3;(M) is an orthonormal basis of H’ (M) with
j < k then o = a; +*aj,a] = a; —*a;, i=1,---,3;(M) yield an orthonormal basis
of H7 @ H"~7, where % is the Hodge star operator. Since the a; are self-dual and the «;
are anti self-dual, they yield an orthonormal basis respectively of H7**4(M) @ H" =54 (M)
and H5e5d(M) @ H"7254(M). As a consequence,

B (M) + B,_;(M)

dim (Hj’Sd(M) ® anjysd(M))
= dim (H**Y(M) @ H" M) = ;7 (M) + 3,_;(M).

Hence we have,
ind(Df") = dimKer(D}) — dimKer(Dy)

. (I(er(l?‘asd(bl))) — dim (I(er(ljlnasd<D4)))

I
=
=

dimKerH/*(M) -~ dimKerH? (M)

I

J=0 =0
= Y BI(M) =B (M)
j=0 j=0
k—1 k—1
= > B+ (M) = (87 (M) + 8, (M) + B (M) = B (M)
j=0 j=0
= B (M) — B (M)
= o(M).

O
The Atiyah-Singer index theorem (which we do not prove here) gives a local expression of
the index as an integral of the L genus:
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Theorem 2 Let M be an oriented Riemannian closed n = 4l dimensional manifold.

1\
ind(DfE):a(M):( D) /ML(VTM)

2l

vTM

where as before, is the Levi-Clivita connection.

On a 4-dimensional manifold i.e | = 1, using the Taylor expansion of the L-genus, L(VM) =
14+ Htr(QTM AQTM) 4 ... we find that

(M) = /M fr(QTM A QTM).

- 24n2
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