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Abstract

These notes are for a master’s lecture titled Introduction to the Atiyah-Singer Index
Theorem given in the summer semester of 2025 at the University of Cologne.
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1 Introduction: Atiyah-Singer Index Theorem

The main goal of this lecture is to explain and prove the following theorem:

Theorem 1.1 (Atiyah-Singer, 1963).

Ind(D) = (A(TX)ch(E), [X]) = /X A(TX)ch(E) € Z. (1.1)

In the left-hand side, D is a (twisted) Dirac operator, and its index is defined via the kernel
space and cokernel space of D, which is mainly concerned with the analysis of the manifold X.
The right-hand side is a characteristic number given as the integral of characteristic classes on
X, which has a topological nature. Basically, the above theorem gives a bridge between the
analysis and the topology of a given manifold.

Let us precise the geometric setting for the index theorem as in Theorem [I.1]

e X is a compact smooth manifold.
e E F are two (complex or real) vector bundles over X.
o P:¢®(X,E) — (X, F) is an elliptic operator.

Theorem is only for the case of some Dirac operator P = D associated with certain vector
bundles E and F'

The ellipticity of P implies that P is Fredholm, meaning ker(P) and coker(P) are finite-
dimensional vector space.

Definition 1.2 (Analytical index of P).

Ind(P) = dimker(P) — dim coker(P) € Z.

The general index theorems state that Ind(P) can be expressed as a topological (cohomo-
logical) formula involving the characteristic classes of X and the symbol of P.

Proposition 1.3 (Stability of index). If { P, }tcr is a continuous family of elliptic operators
of a given order, then Ind(P;) is independent of t € R.

Historical remarks:

(1) Gel’fand’s question (late 1950s—around 1960).
Gel’fand noticed the homotopy invariance of the index and asked if there was a purely
topological formula for the index of certain linear partial differential operators. This
question became: Find a topological formula for Ind(P).

(2) A-genus by Atiyah—Hirzebruch (1961).
In the early 1960s, Borel-Hirzebruch and Atiyah-Hirzebruch had proved the integrality of
the A-genus (that is, the number given by (A(T'X),[X]) is an integer) of a spin manifold,
and Atiyah suggested that this integrality could be explained if it were the index of the
Dirac operator. By 1962, Atiyah and Singer attempted to provide a conceptual proof for
writing the A\-genus as the index of a certain elliptic operator.

(3) Dirac operator on spin manifolds by Atiyah—Singer (1963).
Atiyah and Singer constructed a first order geometric elliptic differential operator D on a



spin manifold X, called Dirac operator, which is a Riemannian version of Dirac’s operator
in physics, and established that

Ind(D) = (A(TX), [X]) = /X A(TX).

Atiyah and Singer announced their results and the sketched proof in 1963.

(4) The general statement and extensions by Atiyah—Singer (1963, 1968-1971).
Atiyah and Singer (1963) actually obtained the index theorem for general elliptic operators,
if

P:%¥®(X,E) — € (X,F)

is an elliptic operator on a compact manifold X, then
Ind(P) = A(TX)? ch(a(P)),
T*X

where o(P) is the principal symbol of P (seen as an element of K-theory on T*X), ch is
the Chern character. This became known as the Atiyah—Singer Index Theorem, uniting
ideas from algebraic topology, differential geometry, and functional analysis. In a series
of influential papers, Atiyah and Singer (1968-1971) gave a study on the index of elliptic
operators in terms of a K-theoretical formulation and its extensions to manifolds with
boundary, the equivariant setting, and the family version, etc.

2 Preliminaries on smooth manifolds, vector bundles, and differ-
ential operators

2.1 Manifold and partition of unity

Definition 2.1 (Smooth manifold). A topological space X is called a smooth manifold of
dimension m if:

(1) X is Hausdorff.
(2) X has a countable base (i.e. it is second-countable).

(3) X is locally Euclidean of dimension m: there is an open cover {Uy }aca of X and for
each a, a homeomorphism

Yo : Uy — Vo C R™

so that on overlaps U, NUp, the transition maps g0t 1 : 9o (UaNUg) — ¥5(UsNUp)
are smooth diffeomorphisms between open sets of R™.

The triplet (Uy, Va, 14 ) is called a local chart or a local coordinate system for X.

Definition 2.2 (Smooth Functions). If X is a smooth manifold, a function f: X — R (or
C) is smooth if for every local chart (Uy, Vi, %q), the composition

foqb;l:Va — R (or C)

is a smooth function on the open set V,, C R™ in the usual sense. We denote €*°(X,R or C)
the set of all smooth functions on X, and let €2°(X,R or C) C €°°(X, R or C) be the subset




consisting of smooth functions with compact support in X. In a similar way, we define the
smooth maps between any two smooth manifolds.

Example 2.3. e R™ is a smooth manifold of dimension m.
e The m-sphere S™ C R™*! is a smooth manifold.

e Any open subset U C R™ is also a smooth manifold.

Exercise 2.1 (Local charts for m-sphere). We consider the m-sphere

m+1
S™ = {(3?1,1‘2, s ,.%‘m+1) S Rm+1 : Z $? - 1} c R™H
j=1

Define the open sets
U :=S"\{(0,0,...,0,—1)}, Uy:=S"\{(0,0,...,0,1)}.

These sets cover S™ since every point on the sphere has z, 1 # 1 or x,4+1 # —1. We consider
the standard stereographic projections:

I T2 Iy,
w12U1—>Rm l,bll'l 1‘2...1’m+1): T —
) ( ) ) ) 1+xm+1’ 1+$m+17 ) 1+$m+1 )
T T2 Tm
?,DQZUQ—)Rm, ¢2(1’1,l‘2,...,1‘m+1):< s ,...,>.
l—zmp 1— 24 1 -z

Prove that ¥, and 9 are homeomorphisms, and write down explicit local charts for S™
using Uy and Us, and determine the corresponding transition function.

Remark 2.4. In these notes, manifolds are assumed to be smooth and have no boundary.

Definition 2.5. e An open cover {U, }qeca of X is called locally finite if for each x € X,
there exists open subset V, C X such that

x € Vg, #{lae A : UyNV, # 3} < 0.

e Given an open cover {Ua}aca of X, another open cover {Ug}pep of X is called a
refinement of {Uy, }aca if for each 8 € B, there exists a € A such that Ué C U,.

Definition 2.6 (Paracompactness). A topological space X is paracompact if every open
cover admits a locally finite refinement.

Exercise 2.2 (Paracompactness). Prove that if X is a topological space which is Hausdorff,
second-countable and locally compact, then X is paracompact. Therefore, every manifold
is paracompact.

The above exercise shows that every manifold is paracompact.



Proposition 2.7 (Partition of Unity). Let X be a smooth manifold and let {Uy}aca be an
open cover of X.

(a) If the open cover {Uy} is locally finite, then there exists a smooth partition of unity
{pataca subordinate to {U,}, i.e.,

supp(pa) C Uy, and Z pa(z) =1 forallze X.
acA

(b) In general (i.e. without assuming the cover is locally finite) there exists a collection
of smooth functions

with the property that
e For each B € B, there exists a € A such that supp(pg) C Uq;

e The sum Z pp(x) is locally finite and equals 1 for all x € X, that is
peB

> psla) =1.

BeB

Exercise 2.3. Prove the partition of unity in Proposition

Remark 2.8. The following result is useful: let X be a smooth manifold and let U C X be an
open subset, then

e for any = € U, there exists a smooth function f € €>°(X,R) (real smooth function with
compact support) such that supp(f) C U, and f > 0, f(z) > 0.

e (bump function) for any open subset W C U such that W C U is compact, there exists a
function f € €°(X,R) such that supp(f) C U, and 0 < f <1, flw = 1.

For a proof, we refer to [I, Lemma 1.2.3 and Theorem 1.4.1].

Remark 2.9. Partition of unity is crucial to globalize local constructions on a manifold. We
will see such techniques in the sequel, to define objects or prove properties in the local charts
(hence on an open subset of R™), and then apply the partition of unity to obtain the global
ones.

Definition 2.10 (Submanifold). Let X be a smooth manifold of dimension m, let Y be a
subset of X and let ¢ : Y — X denote the inclusion map.

e We call Y an immersed submanifold of X if Y itself is a smooth manifold of dimension
k (k < m ), and for each point y € Y, there exists a local chart (Uy, V, C R¥ ¢,) of Y
and a local chart (U,V C R™, ) of X near y such that the inclusion 7 is represented
by i:V, 3 (z1,...,25) = (21,...,24,0,...,0) € V. CR™

e We call Y an embedded submanifold of X if Y is a smooth manifold of dimension
k ( k < m ) such that for each point y € Y, there exists a local chart (U,V C R™ )
of X near y such that (U NY,V NR* 4|yny) is a local chart for Y near y, where we




| identify R* with a k-subspace of R™.

Remark 2.11. We can have a general definition for an immersed submanifold Y of X: if
Y = f(N) for a smooth immersion f : N — X. Here we do not require f to be injective,
this means we allow the self-intersection for Y. So the narrow definition in Definition
corresponds to injective immersions.

When Y is an (injective) immersed submanifold of X and the submanifold topology of Y
agrees with the induced topology of Y as a subspace of X, then Y becomes an embedded
submanifold.

For an example of an immersed submanifold which is not embedded, one can consider the
irrational lines inside a 2-torus.

Exercise 2.4 (Submanifolds). Let f : N — M be a smooth map between smooth manifolds.
We say that f is an immersion at a point p € N if the differential

dfp - TyN — Ty M

is injective. The map f is called an immersion if it is an immersion at every point p € N.
Now let f: N — M be a smooth injective immersion:

(a) Prove that the image f(NN) is an immersed submanifold of M.
Hint: Use the local immersion property of f and the constant rank theorem to show
that around each point of N, there exist coordinate charts in which f is given by an
inclusion.

(b) Suppose that f is a topological embedding (i.e. f is a homeomorphism onto its image).
Prove that in this case, f(N) is an embedded submanifold of M.
Hint: Show that the original topology on N and the subspace topology induced from
M agree via f, so that the local charts provided by part (a) actually define a smooth
structure on f(N) as a subset of M.

(c¢) Provide an example of a smooth immersion f : N — M that is not an embedding.
Explain why it is an immersion and point out which property fails for it to be an
embedding.

2.2 YVector bundle and Hermitian metric

Let X be a (smooth) manifold. Recall the general linear groups GL(r, C) and GL(r, R) are canon-
ically smooth manifolds, with the group structure, they are actually Lie groups.

Definition 2.12 (Complex vector bundle). Let 7 : E — X be a map between smooth
manifolds £ and X. We say E is a complex vector bundle of rank r € N>y over X if:

(1) E — X is a smooth surjection.

(2) There is an open cover {Uy}taeca of X such that for each @ € A we have a local
trivialization: a diffeomorphism G, : 771 (U,) — U, x C” such that the following




diagram holds

E>a YUy —S2— U, x C

S

X DU,

where pr; denotes the projection of the first factor.

(3) Moreover, if U, N Ug # @, we have smooth map, also called a transition function,
Gga : UoNUg — GL(r,C) (invertible matrices of size  x r) such that

U ﬂU/j

UamUﬁXCT GﬁoG;1 4 U ﬁUgX(CT

where G o G1 is given by Uy NUg x C" 3 (z,v) — (z,Gga(x) - v) € Uy NUg x C7,
and Gpq(x) acts on C" by matrix multiplication.

In this case, for each x € X, the fiber at x is a vector space

E, = nl(z) = C".

Remark 2.13 (Real vector bundle). We can define real vector bundles in a similar fashion by
using R” and transition functions valued in GL(r,R).

Remark 2.14. (1) Roughly speaking, a vector bundle £ = | | .y E; is a smooth family of
vector spaces.
(2) Note that G is the constant map given by the identity matrix Id, on Uy, and on U, N Ug,
we have

Gap = G/gal (matrix inverse). (2.1)

If Uy N"Ug N U, # @, then on this intersection.

Gap () Gpy () = Gay(2). (2.2)

For a system of transition functions {G.3 € €*°(Uy N Ug, GL(1,C))}apea, if (2.1) and (2.2)
hold, then we call that it verify the cocycle condition (cf. Cech cohomology theory).

Proposition 2.15 (Constructing E from cocycle). Given a system of transition functions
{Gapta,sea verifying the cocycle condition, define

E = | |(Uax ccr)/w

«

where (x,v) in Uy X C" is identified with (x,Gga(x) - v) in Ug x C" whenever x € Uy N Ug.
Then E is itself a smooth manifold of real dimension dim X + 27, and the projection m :
E — X s induced by (z,v) — = on each local piece gives a smooth vector bundle on X of
rank r.

Example 2.16. e (Trivial vector bundle) A trivial vector bundle of rank r is given by:

T: X xR = X, 7w(x,v) ==



or
T: X xC' =X, w(zr,v)==zx.

The transition functions are simply the identity: G5 = Id,.

(Tangent and cotangent bundles) Let X be a smooth manifold of dimension m. The
tangent bundle T'X assigns to each point x € X its tangent space T, X, and similarly T* X
is the cotangent bundle.

Given a local chart U, C X, with coordinates (x1,...,zy,) € V, C R™, we obtain a local

trivialization:
TX|y, 22Uy xR™, T*X|y, U, xR™,

where

— The tangent frame associated to the chart is given by:

9 9
Ory’" " 0z )

which forms a basis of tangent space at each point of U, .

— The cotangent frame is the dual frame:

which spans T* X over U, and satisfies:

0
dzx <8xj> 5J.

To see the transition functions for TX and T*X, let Ug be a local chart with local co-
ordinates (y1,...,ym) € Vg C R™ that intersects U,. The transition function g, maps
(1,...,Zm) to (Y1,...,Ym), that is, Ygae(x) = ye, for £ =1,...,m. Then we have

0 _ N~ 0o 0

aT:j_ézl oxj Oy’

and the transition function for T X is given as

0Y3a
G%%;l@):(‘”w) € GL(r,R).
i /4

It is easy to verify that {Gtﬁag}}aﬁ satisfies the cocycle condition so that it defines a real
vector bundle.

Analogously, we have
af =3 2t gy
—1 8$j
we obtain the transition functions for 7% X given by
G () = (G @) )T,

where ()T denote the matrix transpose.



Definition 2.17 (Constructing new vector bundles out of old). Let 7 : £ — X be a complex
vector bundle with local trivializations and transition functions {G.s : UsNUz — GL(r,C)}.
We can define new bundles via:

e Dual bundle: E* = | | .y E;

*, where E} := Homc(E,,C), has transition functions
E* _
G5 (@) = (Gap(@)™)T.

e Conjugate bundle: E = |_|x€X E,, where E, is the same as E, as real vector
spaces but the scalar multiplication by A € C is given by A, has transition functions

GB)(z) := Cup(@).

If F' is another complex vector bundle on X:

e Direct sum: £ & F = | |,y E; ® F, has transition functions G&g) @ Gg;).
e Tensor product: E® F = | |, .y E; ® F, has transition functions Gg? ® GS;).
e Homomorphism: Hom(E, F) = E* ® F has transition functions Ggf;) ® G((IFB).

e Tensor powers: E®F has transition functions Gap® ... ® Gag.

k times

e Symmetric powers: Sym”*(E) ( or S*F ) has transition functions Sym”*(G,s) in-
duced from the ones of E®*.

e Exterior powers: A¥(E) (or A*E ) has transition functions A¥(G,g) induced from
the ones of E®*,

e Pullback bundle: If f: Y — X is smooth, the pull-back bundle f*E on Y is given

as
fE = I_I Eyy)
yey

with the transition functions Gug o f over f=1(U, N Up).

We also have the definition of subbundle of a given vector bundle E.

Definition 2.18 (Subbundle). Let 7 : E' — X be (complex) vector bundle of rank r. A
subbundle F' C F is a subset satisfying:

1. F'is an embedded submanifold of
2. For each x € X, the fiber F, := F'N E, is a vector subspace of E,
3. The restriction 7|r : F' — X forms a vector bundle with the induced smooth structure

We call F' a subbundle of rank k if dim F, = k for all x € X.

An equivalent characterizations for a subbundle is as follows: for each x € X, there exists a
local neighbourhood U, where both E and F' can be trivialized such that

() M (Us) =25 7 (Us)

Bk

U, xCk — L sy xcCr



where I = (Idy,,4) with an injective linear map 4 : CF < C”.
Moreover, when we properly take an open cover of X, we can write the transition functions

{G(E)} of E as :
oo (Gog
of 0  Kap

ap
where Gg;) are k X k transition functions for F.

Exercise 2.5 (Quotient vector bundles). Let 7 : E — X be a vector bundle over a smooth
manifold X, and let ' C E be a subbundle. Work out a system of transition functions for
the quotient vector bundle E/F over X.

Definition 2.19. Given two vector bundles F, F' over X, a morphism of vector bundles
¢ : F — F is a smooth map satisfying:

e The diagram commutes:

E-*,F
lﬂ'E TR
X:X

e For each x € X, the restriction ¢, : £, — F, is linear

Example 2.20. e For any smooth map f : Y — X between manifolds, the tangent map
dfy : T,)Y — Ty X gives a morphism of tangent bundles.

e The inclusion i : F' < FE of a subbundle and the quotient map ¢ : E — E//F are canonical
bundle morphisms.

Remark 2.21. For a vector bundle homomorphism ¢ : £ — F,
e kerp :=| |, kerp, is a subbundle of E if rank ¢, is constant on X.

e Imy :=| |, Imyp, is a subbundle of F' under the same condition.

Definition 2.22. The space of (global) smooth sections is:
¢ (X,FE):={s: X — E smooth |[mos=1idx}

Sometimes, we also use the notation I'(E') for the €°°(X, E) when the manifold X is clear.
This forms a vector space under pointwise operations:

* (s+5)(z) = s(x) + 5'(x) € Eu;
o (fs)(x) = f(z)s(z) for f € T(X).

The support of a section s € I'(E) is:

supp(s) ={z € X : s(x) #0in E;} C X.

Let €°(X,E) C €°°(X, E) be the subspace consisting of smooth sections with compact
support.

10



Remark 2.23. Locally, sections correspond to tuples of smooth functions:
s € CF(X,E) < sq € €°(Uy,C") on trivializing charts U, of E,

such that Ggns0 = sg on U, N Upg.

Definition 2.24 (Hermitian metrics). A Hermitian metric 2” on E is a smooth section
of E* @ E" such that each hZ is a Hermitian inner product on E,. The pair (E,hF) is
called a Hermitian vector bundle.

Theorem 2.25. Fvery vector bundle admits a Hermitian metric.

Proof. Let {U,} be a locally finite open cover of X such that FE is trivial over each U,, with
trivializations
G, : W_I(Ua) - U, x C.

Define a Hermitian metric h, on E|y, by pulling back the standard Hermitian inner product on
C" via G,.

Choose a smooth partition of unity {p,} subordinate to the cover {U,}. Then define a global
Hermitian metric h¥ on E by:

hE (z)(v, w) = Zpa(:n)ha(:c)(v, w), for all v,w € E,.

This sum is finite at each z € X due to local finiteness. The function h¥ is smooth and defines
a Hermitian inner product on each fiber, as required. ]

Remark 2.26. When F is a real vector bundle, then we have the Euclidean metric ¢¥ on E.
In the case E = T'X, then I'(T'X) is the space of all smooth vector fields on X, and a Euclidean
metric g7X is called a Riemannian metric on X.

Proposition 2.27. Let E, F be vector bundles over X. Let D : €*°(X,E) — €>(X, F)
be a C-linear operator commuting with multiplication by functions, that is, for any s €
X (X,FE) and f € €°(X),

D, f]s := D(fs) — f(Ds) = 0.

Then D is given by a smooth section A € €°(X,Hom(E, F)), that is, for s € €>°(X, E),
we have

(Ds)(x) = A(s)s(x) € F.

Proof. The proof proceeds in three main steps:
Step 1: Locality of D or D is locally defined.

We prove that for any = € X, if two sections s1, s9 € €°°(X, F) agree on a neighborhood U,
of x, then Ds; and Dss agree on a possibly smaller neighborhood V,, C U,. In fact,

e Take a bump function f € €°(U,, R) with:

flv, =1 and supp(f) C U,.

e Since s1 = s on U,, we have fs; = fsy globally on X.

11



e By the commutation property:
fDsy = D(fs1) = D(fs2) = fDss.

e On V, where f =1, this implies Ds1l]y, = Dsaly,.

Step 2: Prove the conclusion on local charts.
On a trivializing chart U, where:

Ely, 22Uy xC" and F|y, = U, x C'?;

the operator restricts to:

D\y, : C*(Uy,C™) — C™°(U,, C™).
e For constant sections {e;} (standard basis of C™) and {v;} (dual basis for C?), define:
Aq(z) = (<D|Uaei,vj>)z.7j € Hom(C™,C")
e The commutation relation implies
(Dlv,s)(x) = Aa() - s(2).

Step 3: Global patching.
Let {pn} be a partition of unity subordinate to a trivializing cover {U,}, that is locally
finite.

e For any section s € €°(X, E), write:
s = Zpas.
(0%

e Apply D and use locality:

Ds = ZD(paS) = ZD|UQ(P¢13) = ZAa “(Pas).

67

e This defines a global section A € €°°(X,Hom(FE, F)) by:
Alz) == ZAa(x)pa(x)a

since each A, (x)pa(z) € €2°(Uy, Hom(E, F)) C €*°(X,Hom(E, F)) with (Ds)(z) =
A(z)s(z) as required.

O]

2.3 Differential forms and de Rham cohomology groups

Definition 2.28 (Differential forms). Let X be a smooth manifold of dimension m.

e The exterior algebra bundle:
AT*X = AT X with rank <m>
k
k=0
e Spaces of differential forms:
Q%(X) =F7(X,\°T*X),

OF(X) = €°(X, AFT* X).

12



In particular, we have Q°(X) = €°°(X,R). We will call elements in Q¥ (X) differential

k-forms or simply k-forms.

e The wedge product A : QF(X) x QY(X) — QF(X) is given as (a, ) — a A B.
Note that it satisfies:
aAB= (-1 Aa.

Definition 2.29. A differential k-form w € QF(X) has compact support if supp(w) C X is
compact. We denote this space by QF(X).

Remark 2.30. When X is compact, Q°(X) = Q2(X).

Proposition 2.31. There exists a unique R-linear operator d : QF(X) — QFFY(X) such
that:

1. For all f € €°(X,R) = QU(X), df € QY (X) is the classical differential of f.
2. dod=0 (ie., d>=0).
3. For all « € QF(X) and B € QY(X), the Leibniz rule holds:

dla A B) = (da) A B+ (=1)*a A dB.

Recall that the classical differential of a function f is defined as follows: for f € ¥*°(X,R)
and a local chart (Uy, Vi, ¥ ), the cotangent bundle 7% X is spanned by dx', ..., dz™. The local
representation of f is:

fo= flu, 0ot : Vo = R (smooth).

The differential df on U, is given by:

dfo = Ofa i,

o0x;
7 j

It is easy to verify that {df,} patches together to a global section df € Q(X).
For a general k-form s € QF(X), its restriction to U, can be written as:

slu, = Z fedat,

\I|=k
where f& € €°°(U,,R) and daz! = da™ A+ Ada™ and T = (iy < -+ < iy).

Proof of Proposition[2.31 Let {U,} be a locally finite open cover by coordinate charts, with
{pa} a subordinate partition of unity. For any differential form s € Q¥(X), we write locally on
Ug:
slu, = Z f&da!  (multi-index notation)
\I|=k

Uniqueness:
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The key diagram shows how properties 1-3 in the propostion determine d:

ds=d (Z pas)
= Zd (pa fo‘dxl)
a I
=D dlpaff) N dil +paff d(da')
7 ~—— ~~ —— N——
@4 property 1 Property 3 Property 2

—Z Z paf[)zj Ada!.

This computation shows d must have this form if it satisfies the properties 1-3 in the proposition.
Existence: Define d by the formula:

,_ ~off . ; I
(ds)|u, = IlZ::k ]Z:; 9z, da? | Ndx

On overlaps U, N Ug, the transition formulas for f& and dz! guarantee consistency
Axiom verification:

1. For f € C*°(X), reduces to classical differential.
2. d? = 0 follows from equality of mixed partials.

3. Leibniz rule holds via the construction.

Remark 2.32. The differential d is determined by d|qo and d|g1 through the Leibniz rule.

Exercise 2.6 (Exterior differential on manifold). Let X be a smooth manifold. Recall that
on a local chart (U, Vo C R™,4,) of X, for a 1-form

x) =Y Bj(w)da’, with 8; € €°(Va)
the action of differential d on f is defined as

dB =" "dB; Nda’.

j=1

Recall that for two (tangent) vector fields U,V € I'(T'X), the Lie bracket [U,V] € I'(T'X)
is the vector field such that for any f € €°(X),

(U V]f:=UWV(f) = VU(S)).
Prove that:

(a) For B € QY(X), the 2-form dB € Q?(X) satisfies that for U,V € TX,

@dB)(U, V) =U(B(V)) = V(BU)) = (U, V]).
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(b) In general, for # € QF(X), and Vy, Vi,..., Vi € TX, we have

j=0
+ Z (_1)j+66([v37‘/€]7%7"'7@)"'7‘/}@7"'7‘//6))7
0<j<t<m
where the notation 173 means that the vector V; is removed.

(c) Verify the Jacobi identity: for Vi, Vo, V3 € TX,

V1, [Va, V3]] + [Va, [V, Val] + [V3, [V4, V2] = 0.

(d) Prove that d = 0 using the formula in (b).

Proposition 2.33. Let f: X — Y be a smooth map between two manifolds, we define the
pull-back map f*: QF(Y) — QF(X) as follows: for a € QY (Y), z € X, v € T, X,

(ffa)z(vz) = ap(ey(dfzv).

Then we have
dXOf*:f*OdY.

The de Rham complex is the sequence:

d d

0— Q°(X) —2— Ql(x) Q™(X) = 0.
Since d? = 0, the above sequence forms a complex, in particular, we have

Imd|qr-1 C kerd|ge.

Similarly, the de Rham complex with compact support is defined as

d d

0— QX)) —%— Ql(X) Q™ (X) = 0.

Definition 2.34. The k-th de Rham cohomology is defined as the quotient vector space

ker d|Qk

HE (X)) = — &
dR( ) Imd|9k_1

The de Rham cohomology with compact support is defined as

ker d|x
Hé:R,C(X) = Imd’ kcl °
Q™

We will denote
Hig(X) = @kHc]fR(X)vHéR,c(X) = EBkH(licR,c(X)'

If we want to emphasize the number fields R or C, we will put the corresponding notation
inside.

A differential form a € Q°(X) is called closed or d-closed if da = 0. Any closed form o
defines a cohomological class [a] € Hiz(X). A differential form o € Q°(X) is called exact or
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d-exact if there exists a form g € Q°*(X) such that o = dfB. Two closed forms a and o are
called cohomologous if o — o is exact.

Remark 2.35. When X is compact, we always have

dim Hig (X) < oo.

Definition 2.36 (Orientability). (1) Let £ — X be a real vector bundle of rank r, then

E is called orientable if there is a collection of transition functions {G.3 € €*°(Uy N

Ug, GL(r,R))} 4,5 which defines E such that G, € GLT(r,R) (that is, det Gop(z) > 0).
(2) A manifold X is orientable if its tangent bundle 7'X is an orientable vector bundle.

Proposition 2.37. If X is a connected manifold of dimension m, then X is orientable if
and only if A™T*X is isomorphic to the trivial bundle R. An orientation o(X) is a choice
of a nonvanishing section of A"™T*X wup to multiplication of a function f > 0.

We call X an oriented manifold when X is orientable and an orientation o(X) is given
(implicitly). If we want to emphasise the orientation, we write (X, o(X)).
Let X be an oriented manifold. An oriented local charts (Uy,¥q) with ¢y : Uy — V, CR™
means that we have
Ya(dry A -+ Ndxy,) /we > 0,

where w, is the section of A™T™* X that represents the orientation o(X).
For s € Q™(X) and oriented chart (Uy, 94 ):

slu, = fadzi Ao ANdzp,
where dzy A -+ A dxy, is oriented according to o(X). Define:

/ s = faowa_ld:cl---dxm
« VO{

as a Lebesgue integral on R™.

Theorem 2.38 (Integration of m-forms). Let {Uy} be a locally finite oriented atlas and
{pa} a subordinate partition of unity. For s € QI"(X):

s

is independent of the choices of {Ua} and {pa}.

Proof. We just explain the key steps:

(a) Chart transition: On U, N Ug, the Jacobian Jyz, satisfies:
drP = Jipgadz®™  with Jig, > 0,

where dz?, dz® denote the Lebesgue measure on V3, Vi respectively. Thus:

/ fadz® = / fada®  since Jigafs = fa
UaﬂUB UaﬂUB
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(b) Partition independence: For another partition {ps}:
Z/paSZZ/paﬁBSZZ/ﬁﬁsv
a a,B B

where the sum is locally finite, so that we can exchange the order of summations.
O

Remark 2.39 (Orientation Reversal). For —X = (X, —o(X)) denoting X with opposite orien-

Remark 2.40. If f: Y — X is an orientation-preserving diffeomorphism:
/ ffs= / S.
Y X

Definition 2.41. We define the linear functional:

/X;Q;(X)—>R

by [ x 8= J x sm | where s denote the degree-m component of s.

Theorem 2.42. If X is an oriented compact manifold, then for all s € Q*(X),

/ds:().
X

/X  H*(X) > R.

Then it induces a linear functional

2.4 Differential operator and principal symbol

Definition 2.43 (Differential Operator). Let E, F' be vector bundles over X of ranks ry, 7
respectively. A linear operator:

P:€¢*(X,E) — € (X, F)
is a differential operator of order k if locally on trivializing charts U, where
Ely, 2 U, x C™, Fly, ~ Uy x C™

we have the local expression of P as

P, = |IZ§k al (z) <§x)] (2.3)
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where al, € C*(U,, Hom(C™,C"?)), and our multi-index notation in (2.3) is given as: for
. . I i .
I=(i1,...,im) € N, we put (8%) =17, (%) cand [I] =30 dp.

In particular, if s = {sq}a € (X, E), then {P,s.}a patches together as a global
section of F'.

Example 2.44. e Any P € °(X,Hom(E, F)) is a differential operator of order zero.
e A vector field V € I'(T'X) acting on €°°(X) is a first-order differential operator.
e The exterior differential d : Q®(X) — Q*T(X) is a first-order differential operator.

The following proposition is an extension of Proposition[2.27)to differential operators.

Proposition 2.45. Let P be a differential operator on X. If for f € €*(X), [P, f] =
Pf — fP is a differential operator of order k — 1, then P is a differential operator of order
k.

One key step to prove the above proposition is show that P is locally defined: for any x € X,
if s1, 89 € T'(E) coincide in an open neighbourhood U, of x, then Ps; and Pss also coincide in
a possibly smaller open neighbourhood V, of x. To see this, we may take any V, € U,, and
a bump function p € €>°(U,,[0,1]) such that p|y, = 1, then ps; = psy on whole X by our
assumption, we get

pPs1 = P(ps1) — [P, p]s1 = P(psz) — [P, p|s1 = pPsy + [P, p|sa — [P, p]s1.

Now we need to compare [P, p]sy and [P, p]s1, while [P, p] is a differential operator of order k—1,
so we can apply the induction on the orders.

Exercise 2.7 (Differential operators). Let X be a smooth manifold and let E, F' be two
vector bundles over X. Consider a differential operator

P:¢*(X,E) - ¢°(X,F).
Prove the following assertions:

(a) If P is a differential operator of order k, then for any smooth function f € ¢°°(X),
the commutator

[P, f]:s = P(fs) = f P(s)

is a differential operator of order k — 1.
(b) Prove that every differential operator is locally defined.

(¢) In the case where X is an open subset U of R™ and F, F' are trivial vector bundles,
prove the following assertion: if P is a differential operator on U such that for any
fe&>U), [P, f] is a differential operator of order k—1 on U, then P is a differential
operator of order k.

(d) Use a partition of unity to extend the above assertion to the general case.

Definition 2.46 (Local total symbol). On local chart U,, we can define the total symbol
of P as
Utotal(Pa)(xag) = Z aé(x)( \ _15)1 € Hom(Ex, Fz)

<k
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So that ciotal(Pa) € €°°(Ua, PolySF(T*X) @ Hom(FE, F)), where Poly=*(T*X) denotes
the bundle of polynomials functions along the fiber of T*X of degree < k. In general,
{0total(Pa) }o does not give a global section on X.

Note that, by the (fibrewise) duality between T'X and T*X, as a vector bundle,
Poly=F(T*X) ~ S<H(TX) := @%_S/(T'X).

Remark 2.47. Note if we write { = ¢jdx?, then the notation (v—1¢)! with I = (iy, ..., iymeans
From the differential operator to its symbol, it is roughly replacing % by +/—1&;, this can be
explained by the Fourier transform on R™.

Theorem 2.48 (Definition of principal symbol). If P is differential operator of order k,
the local principal symbol o (P,) on chart Uy is given by the highest-order terms:

ok(Pa)(z,€) = ) al(x)(V-16)".

I|=k

Then {o(P.)} defines a global section o(P) € €=(X,S*(TX) ® Hom(E, F)), which is
called the principal symbol of P. Moreover, it is determined by the following limit:

1
ox(P)(z,€) = lim —e V™1 PeV=1 ¢ Hom(E,, F,),

t—+oo t

where f € €°(X,R) and df (z) = £ € T;X. Sometimes, we denote the principal symbol
simply by o(P).

Proof. On the local chart Uy, by (2.3)) , we compute

I
e VT PoeY T = eV N al (a) ((98> o
X

1<k

=k Z al (z) (\/—1df)I + terms in lower power of ¢.
[I|<k

O

Let DiffS*(E, F) (or Diﬂ“)%k(E, F)) denote the space of differential operators on X from E
to F' of order < k. By definition, we have

Diff’(E, F) = ¢°°(X,Hom(E, F)).

Proposition 2.49 (Symbol sequence). There is an exact sequence for differential operators:

0 — Diff<h—L(B, F) ' Diffk(B, F) —% (X, S¥(T'X) @ Hom(E, F)) — 0
where:

e | denotes the natural inclusion, and o extracts the principal symbol.

e Im(i) = keroy.

® 0y 1S surjective.
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Exercise 2.8. Prove Proposition [2.49] To prove that oy is surjective, construct it on local
charts and then patch them together using a partition of unity.

Definition 2.50 (Elliptic operator). A differential operator P of order k is elliptic if for
all z € X and £ e Tj X \ {0}:

op(P)(z,€) : E; — F, is invertible

This definition implies that rank(E) = rank(F).

Example 2.51. The Laplacians are elliptic. On R™, we consider
m
82
A=2 g
Jj=1 J

Its principal symbol is: o2(A)(z, &) = —|€]|2.

Remark 2.52. Here the principal symbol of a differential operator is always homogeneous
polynomial functions along the cotangent space 17X, that is why we regard it as elements in
S*(TX). In general, we can define the principal symbol o (P) € €>°(T*X,n* Hom(E, F))
where 7 : T*X — X. This way, we can consider the non-polynomial symbols, that correspond
to the pseudodifferential operators.

2.5 Atiyah—Singer index theorem and its applications

With the above preliminaries, we can give more explanations for the Atiyah—Singer index theo-
rem.

Theorem 2.53 (Atiyah—Singer, 1963). Let X be a compact manifold of dimension m, and
let E, F be two complex vector bundles on X. Let P : T'(E) — T'(F) be an elliptic differential
operator. Then

e ker(P) and coker(P) are finite dimensional, then
Ind(P) := dim ker(P) — dim coker(P) € Z
1s well-defined.
e If m is odd, then we have Ind(P) = 0.
e Ifm is even, then

Ind(P) = / . ™ (A(TX)?) ch(o(P)), (2.4)

where m : T*X — X, the manifold T*X s canonically oriented, and E(TX) =
1+ €Q%X) is a closed form, and ch(o(P)) € Q*(T*X) is a closed form that is
integrable (in fact, every component is integrable on the non-compact manifold T*X ).

Roughly speaking, an approach to prove the above general theorem is: at first, construct
a Dirac operator D, a certain first-order differential operator, on a new manifold, such that

Ind(P) = Ind(D); then prove (2.4) for D, that is (1.1)) . In this Lecture, we focus on (1.1]) and

we will cover the following topics:
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(a) Define the characteristic classes and characteristic forms, in particular, define /T(TX ) and
ch(a(P)).

(b) Dirac operator D and spin manifold.
(c) Heat kernel approach for Atiyah—Singer index theorem: local index theorem.
(d) Geometric applications of Atiyah—Singer index theorem.

Let’s mention three important geometric applications of the Atiyah—Singer index theorem,
specially the formula ((1.1)) for Dirac operator. They were proven by different methods before
the Atiyah—Singer index theorem (1963) was established, but now we can treat them uniformly.

(i) (Gauss-Bonnet-Chern theorem) For an even-dimensional oriented compact manifold, we

have i x |
u = —1)7 dim HY, =/ e
B(X) = 3 (-1 iy () | etrx),

where Eul(X) = Z?i:rr(l)x(—l)j dim HéR(X) is the Euler number of X, and e(TX) €
H{mX(X) is the Euler class of X.

(ii) (Hirzebruch signature theorem) If X is an oriented compact manifold of dimension m = 4k.
We can define a symmetric bilinear form

0+ Hig(X) x Hig(X) — R
by
was) = [ anp.
X
By Poincaré duality, we know that 7 is a non-degenerate bilinear form. The signature of n

equals the number of positive eigenvalues of 1 minus the number of negative eigenvalues.
Then Hirzebruch signature theorem says that

sign(n) = /X L(TX),

where L(TX) € Hi%(X) is the L-class of X.

(iii) (Riemann-Roch-Hirzebruch theorem) Let X be a compact complex manifold (that is, local
charts are given by open subsets of C™ and the transition functions are holomorphic), we
assume that X is Kéhler, then we have

dim¢e X

> (-1 dim HY(X, Ox) = / Td(TX),
=0 X

where Td(7,X) € H3%(X) is the Todd class for the holomorphic tangent bundle 7}, X, and
HI(X, Ox) is the j-th sheaf chomology group of the structure sheaf &x (of holomorphic
functions). Here we can replace H7 (X, Ox) by the Dolbeault cohomology group H%/(X).

Exercise 2.9 (Wedge products of cohomological classes). Let X be a manifold of dimension
m. Prove the following results:

(a) If « and f are closed forms, then o A (3 is also closed.

(b) If « is closed and f is exact, then a A 3 is exact.
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(c) Assume X to be compact and oriented: for any k € {0, ..., m}, the bilinear form
M Hp (X)) x HEEH(X) - R
by
nk(aHB) = / a/\/B
X
is well-defined.

(d) For any smooth map f : Y — X between manifolds, the pull-back map f* on differ-
ential forms induces a linear map

f* i Hig(X) = Hig(Y)

which preserves the degrees.

3 Connection, characteristic class, and Chern—Weil theory

3.1 Connection and curvature

We recall the definitions of connection and curvature, which play the central role in the con-
struction of characteristic classes and Chern—Weil theory. We will often use the notation

O*(X,E) = €%(X, A (T*X) @ E)

for a vector bundle £ — X.

3.1.1 Connection

Definition 3.1 (Connection). Let E — X be a vector bundle. A connection V¥ is a
linear operator:

VP €®(X,E) - QYX,E) =€¢°(X,T*X ® F)

satisfying the Leibniz rule:

VE(fs)=df @ s+ fVEs Vfe€>®(X),s e €°(X,E).

Remark 3.2. The definition of V¥ is equivalent to say that V¥ is a first order differential
operator from € (X, E) to Q' (X, E) with principal symbol o(VF)(z, &) = /—1¢A.

Proposition 3.3 (Existence and affine structure). The space of connections A(E) of E is:
e non-empty, and

e affine: For V1,Vy € A(E), their difference Vi — Vy € QY(X,End(E)), and we can
write A(E) = V + QY(X,End(E)) for any connection V.

Proof. (1) By Proposition for the section v/—16A € €°(X, TX @ Hom(E, T*X ® E)) ( to
make it clear, we take a local frame {e;} of TX and the dual frame {e¢’} of T*X, then we write
V—IEA = V=13 ¢ ® (¢/ @ 1dg) ), there always exists V € DiffS1(E, T*X ® E) such that
(V) = V—1EA.

(2) The difference A := V1 — Vg satisfies A(f s) = f A(s) for all f, s, so by Propositionm
A € QY(X,End(E)). Moreover, adding A € Q'(X,End(FE)) to any connection V preserves the
Leibniz rule. O

22



On a trivializing chart U of X for E where E|y ~ U x C"™:
VEy =d+TF, TF e (U End(C)),

where d is the classical differential on functions. A local section s € ¥°°(U, E)) now becomes
(fi,---, fr)" with each f; € €, then

h df h
VAo | )= s ]+
Jr dfy fr
Remark 3.4. Given a connection V¥ on E. For V € T'(TX) a smooth vector field on X, and for

s € €°(X, E), the covariant derivative of s along V is defined as Vgs =1y Vs € €°(X, E),
where ¢, means that we pair V pointwisely with the (7*X)-factor of V¥s.

Definition 3.5 (Induced connections). Given (E,VF) and (F, VF), we have induced con-
nections on:

e Dual Bundle E*: For s* € (X, E*), s € ¢°(X,E):
(VE s* s) = d(s*, s) — (s*,VEs).
Locally: V¥ |y =d— (TF)T

e Conjugate Bundle E: For s € € (X, E),

vEs = VEs,
Locally: VE|y =d+T".
e Tensor Product £ ® F":
VESF (51 ® 59) = (VEs1) @ 59 + 51 @ (VEs0).

Locally: VE®F |, = d+ TP @ Idp +1dg ®I'F.

e Similarly for E¥*, S*E, A*E, and Home(E, F).

Proposition 3.6. Given a vector bundle (E,VF) on X and a smooth map f:Y — X: for
the pullback bundle f*E, we have an induced connection VI F which is defined locally by

VI'E = d+ fTF.
It is the unique connection on f*E —'Y such that for s € €°(X,E), v € T,)Y,

(VI (s 0 )W) = (Vi )5 (f®)) € Egy).

Definition 3.7 (Adjoint connection). For a Hermitian bundle (E, h%), for a connection V¥
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the adjoint connection (V#)* of V¥ with respect to h¥ is the unique connection satisfying

d(s1,s2)pE = ((VE)*81,82>hE e <51,VE82>hE, Vsi,80 € €C°(X,E).

Definition 3.8 (Metric connection or Hermitian connection). For a Hermitian bundle
(E,hF), V¥ is metric (or Hermitian ) if:

d<81,82>h1§ = <VE81, 82>hE + <31,VE82>hE.

Equivalently, V¥ = (VF)* (self-adjoint w.r.t. h¥). In this case, we also say V¥ preserves
the metric h”.

Proposition 3.9. Every Hermitian bundle admits a metric connection.

Proof. Given any Hermitian vector bundle (E, hF), let V¥ be any connection on E. At first,
we take the adjoint connection (V¥)* of V¥ with respect to h”, then we put

1
VU= (VP4 (VP)),
it is clear that V" € A(FE) preserves the metric h”. O]

3.1.2 Curvature

Any connection V¥ extends uniquely to a first-order differential operator V¥ : QF(X E) —
QF1(X, E) by the rule
VE(a@®s)=da@s+ (~1)FanVEs,

for a € QF(X),s € €< (X, E).

Definition 3.10 (Curvature). Given a connection V¥, we define its curvature as:

RE .= (VE)2. ¢*(X,E) - Q*(X,E).

Note that since V¥ is first-order, a priori, RF € DiffS?(E, A>(T*X)® E), a direct calculation
shows that oo(RF) = —€ A€ =0, hence RF € DiffSY(E,A*(T*X) ® E).

Proposition 3.11. R” is a zeroth-order differential operator, that is RE € Q?(X,End(E)).
Proof. For f € C*(X), s € C*°(X, E):
RE(fs) =VEf Ns+ fVEs) =ddf As—df NVEs+df AVEs+ f(VE)2s = fREs

Thus [R”, f] = 0, then we apply Proposition m O

Proposition 3.12. For any two vector fields U,V € T'(TX), we have

RP(U,V) = VEVE - VEVE - Vi (3.1)
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Proof. Let {e;}7., be a local frame for TX with dual basis {e’} of T*X. Then we can write
E _ j E
VY = Z e/ ANV .
J
Therefore
Zdej /\VE + Ze /\eJVEVE

For vector fields U, V', we can write
U= Zej(U)ej, V= Zej(V e
J J

We also have
de/ (U, V) =Uel (V) - Vel (U) — e ([U, V]).

Then
(VE)2(U7 V) :Zdej(m V)véz; + Z (ek(U)ej(V) o ek(V) (U)) VE vfj
J gk

=> (ve(v) vE+Z V)VEVE
J

> | vew) VE+Ze UWVEVE | = Vi

=VEVE - VEVE - V[UW

The following result is important and clear by the definition of R .

Proposition 3.13 (Bianchi identity). We have

Proposition 3.14. For metric connection VE on a Hermitian vector bundle (E,h¥), the
curvature is skew-adjoint, that is

RE ¢ Q*(X,End™"(E)),

where the fibers of Endanti(E) are the anti-hermitian endomorphism of E with respect to
hE.

Proof. For si,s9 € €°(X, E), then we have

d(s1, s2)pm)

VEs1,80) e + (51, Vs2) )

VEsl, 32>hE) +d (<81, VE82>hE)

= (<RE S1, 82>hE - <VE81, VE32>hE) + (<VE81, VE82>hE + <81, RE82>hE)
(

REsl, 82>hE + <81, RE82>hE.

0= d2<81,82>h1§ =
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3.1.3 Parallel transport

Definition 3.15. Given a smooth curve v : [0,1] — X and vector bundle (F,V¥) — X, a
section s € €>°([0,1],7*E) is called parallel along v with respect to V¥ if:

which is also denoted simply by

where ¥ is the speed vector of the curve.

Proposition 3.16 (Existence & uniqueness of parallel transport). For any v € E, (), there
exists a unique parallel section s with s(0) = v. This defines the parallel transport:

TtO g E'y(O) — E,y(t), v s(t)
which is a linear isomorphism and satisfies Ttt21 o Ttol = Tt02 fort; < ts.
Proof. Let Uy be a local chart of X where v(0) € Uy and E|y, ~ Uy x C", moreover, we write
Ve, =d+TF.

The the equation for a parallel section becomes a first-order ordinary differential equation:

B L TR ((1)s(t) = 0;
5(0) =v € By = C".

t—1

By the existence and uniqueness of the solution of the ODE, we get a parallel section s for
t € [0, t1] whenever v([0,t1]) C Up.

Now, as showed in the picture below, we take a sequence of local charts U; to cover -, since
v([0,1]) is compact, we only need finite number of them, say (k + 1) local charts:

k
([0,1)) ¢ [J U;
§=0

We then repeat the above arguments of ODEs on each chart consecutively, obtaining a sequence
of parallel sections: s|(g 4,1, 8|t t5] - - -




Finally, by considering the parallel sections on the intersections of these local charts, we
conclude that they patch together smoothly as a parallel section s along whole ~, which is
uniquely determined by s(0) € E.(0)- The rest part of this proposition is clear. ]

Note that we can use the parallel transport to get a canonical local trivialization of a

vector bundle. Let
X = UUcw U, ~ B(0,1) c R™,
o

where B(0,1) denote the unit open ball. Given a vector bundle 7 : E — X with a connection
V¥, we can define the following identification of vector bundles

7Y U,) ~ B(0,1) x Ey,
(2, 70) ¢ (z,v),

where Ey ~ C" is the fiber of E at the center point of U,, and 70v denotes the parallel transport
of v to the point = along the path ¢ — ¢tz in B(0,1) with respect to the connection V¥.

Ua

Example 3.17. Let S! = R/Z, with coordinate ¢, and define the bundle E = S' x C to be the
trivial bundle.
Let VF be the connection defined by

0
VE = dtn = t) dt
8t+a() ,

where o € €>°(S!, C) is a smooth function. A parallel section S along the path R > ¢ +— () =
t € S'is a map
oS (t
S:R— C, such that (‘)E) +a(t)S(t) = 0.

The solution is: .
S(t) = S(0) - exp <— /0 a(s) ds> .

Going from t = 0 to t = 1, the path is exactly one round of the circle - a primitive loop, we
see that the holonomy for this loop is given by

exp ( /Ola(s) d5> eCr

If o is purely imaginary, then exp (— fol a(s) ds> e U(1). If fol a(s)ds € 2m\/—1Z, then the

holonomy is trivial.

3.2 First Chern form and first Chern class of complex line bundles
Let (L, V¥) be a complex line bundle on X with connection (rank L = 1). The curvature is
RL = (V)% € 02(X,End(L)) = Q*(X,C),

where we have the canonical identification End(L) ~TL—% C.
r
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Definition 3.18. The first Chern form of (L, V') is defined as

V=1
a(L,VE) = ?RL € 0%(X,C)

Proposition 3.19. We have the following properties:
1) e1(L, V1) is closed, that is dcy (L, V¥) = 0.
2) For two connections V¥ — VE = A € QY(X,C):

V—1
ci(L, VP = e (L, VE) + ?dA

Thus the cohomology class [c1(L, VT)] € H3z (X, C) is well-defined and independent of the
connection V.

Proof. 1) Locally on a trivializing chart U, we have V¥ = d + I'. Since L is a line bundle, so
I' e QY(U,C) and T' AT = 0. Then locally, R" = dI', so dR" = ddI" = 0.
2) Locally, we write V]L =d+ Ty

RV —RL =dl'y —dl'y =d(I'y —Ty) = dA
O

Remark 3.20. If we have two complex line bundles L; and Lo on X that are isomorphic as
vector bundles, then we can verify

[e1(Ly, V)] = [e1(La, VF2)] € Hig (X, C).

Definition 3.21. For any complex line bundle L — X, the first Chern class ¢;(L) €
H?:(X,C) is defined as the cohomological class [c1(L, VF)] for any connection V. This
way, we get a map

¢1 : {Complex line bundles on X}/N — H2z(X,C)
[L] b Cl(L)a

where ~ means the equivalence relation given by isomorphisms of complex line bundles.

Exercise 3.1 (First Chern class). Let L — X be a complex line bundle on a smooth
manifold:

e For any k € N, prove that L®* is a complex line bundle on X.

e Prove the identity of first Chern class

c1(L®%) = key (L) € H3g (X, C).

e Show that L* ® L is a trivial line bundle on X, and first Chern class of a trivial line
bundle is zero.
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e Let L' be another complex line bundle on X, we have

a(L® L) =ci(L)+ca(l) € Hig(X,C).

e Show that we always have the isomorphism L = L*, and
c1(L) = ¢1(L*) = —¢1 (L) € Hiz(X,C).

e For any smooth map f:Y — X, we have

frei(L) = ci(f*L) € Hip(Y,C).

Proposition 3.22. For a metric connection V¥ on (L,h"), we have
a (L, VE) € *(X,R),
therefore, we always have c¢1(L) € Hiz (X, R).

Proof. Locally on a trivializing chart, we have V¥ = d+/—1I', where ' € Q! (U, R) is real since
V% is a metric connection. Then locally

1
L,VY)|y = ——dr
ci(L, VO)|y = —5_dl,
which is clearly a real-valued differential form. O
Remark 3.23. If V¥ is any connection on L, we can write
c1(L, VH) = ef*(L, VF) + V=1 (L, VF),

where cl*¢(L, VE) and (L, VL) are real forms. Then by Proposition we can conclude
c1(L) = [cRe(L, V)] and ™ (L, VF) is an exact form.

Exercise 3.2 (Complex line bundles on Riemann sphere). Let CP! 2 $? be the Riemann
sphere, or called 1-dimensional complex projective space, with two standard charts:

e The north pole chart Uy = C with coordinate z =z + /—1y € C

e The south pole chart Ug = C with coordinate w = 1/z

Let O(—1) — CP! denote the tautological line bundle, i.e., O(—1) = {([z], A\z) € CP! x
C?,\ € C}.

(a) Prove that O(—1) — CP! is a well-defined complex line bundle.

(b) Prove that CP! is orientable, and we can take the orientation on CP! induced by C
through the chart Uy, Ug.

(¢c) On Uy, we define a 1-form
 zdz
14 2]

where dz = dz + /—1dy. Define a Hermitian connection V = d 4+ A on O(—1)|y,
using the local frame ey (z) = (1, 2) of O(—1). Show that V can extend to a global
connection V on O(—1) — CPL.
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(d) Compute on local charts Uy and Usg the curvature form R = V2, and then give a
formula for the first Chern form of ¢;(O(—1), V).

(e) Prove that for any connection V on O(—1), we have

/ c1(0(-1),V) =—1.
Cp?

O(-1)2*k  for k€ Zand k <0

A , show that for any
(O(-1)")®% forkeZand k>0

Set the line bundle O(k) = {
ke,

/ c1(O(k), VF) = k.
Cp!

To conclude this section, we give a different point-view of the first Chern classes for the
complex line bundles. Recall that for a general topological space X, we have several cohomology
theories:

e by considering the injective resolution of an abelian sheaf 7 on X, we can define the sheaf
cohomology groups H*(X, F).

e by considering the open covers of X together with a sheaf F, we have the Cech cohomology
groups H*(X, F).

If X is a manifold (which is always Hausdorff and paracompact), then we always have
H*(X,F)~ H*(X,F).

Hence here it is not necessary to distinguish them.

Proposition 3.24. A complex line bundle L over X is completely determined by its tran-
sition functions {gap} with:

® gop € € (U, NUB,C*)
e Cocycle condition: goggpy = gary on Ua NUgNU,

This data defines a cohomology class [L] € HY(X, €)= HY(X,€%"") where €5 is the
sheaf of mon-vanishing smooth complex-valued functions.

Now we consider the exponential sheaf sequence on X,

exp(2my/—1e)

07— 6% Cx =0
where:
e 7 is the constant sheaf of integers on X;

e 6% is the sheaf of smooth C-valued functions.

The above sheaf sequence is exact on X, therefore it induces a long exact sequence in sheaf
cohomology:

- —— HYX,Z) —— HYX,¢y) —— HY(X,Cy ")

e

H?*(X,Z) —— H*(X,€¢¥) ——— -
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Since €y is a soft sheaf, then HP(X,%¢%°) = 0 for p > 1. Therefore, the connecting map
§: HY(X,6y") —— H*(X,Z) is an isomorphism, so that we define a topological version
of first Chern class
(L) = 6([L) € HX(X,Z).

For smooth manifolds, we have isomorphisms:
H*(X,Z)® C~ H*(X,C) ~ Hiz(X,C)

Then we have the following correspondence, which says that the topological version of first Chern
class agrees with the one defined by the first Chern forms:

(L] € HY(X,63") —2— i°P°(L) € H%(X,Z)

\ l@@ ;

[Cl (L7 VL)] S HgR(X’ (C)

where we can replace C by R for the de Rham cohomology.

Exercise 3.3 (Poincaré Lemma and injective resolution). Let X be a smooth m-dimensional
manifold. We study the relationship between closed differential forms and sheaf cohomology
via the de Rham complex.

Prove that

(a) (Poincaré lemma for closed forms) Let U C X be a contractible open set (e.g., dif-
feomorphic to R™). For any closed k-form w € Q¥(U) (i.e., dw = 0), show that there
exists € Q¥~1(U) such that w = dn.

(b) Find a closed 1-form w on X = R?\ {0} that is not exact.

Assume X to be connected. Let R denote the constant sheaf of R on X, that means,
for each open subset U C X,

R(U) := {locally constant real functions on U}.
For k > 0, define the sheaf QF as
QF(U) := {real-valued smooth k forms on U}.

For each z € X, let R, Q'; denote the stalks at x, which are the germs of functions or
forms.
Consider the de Rham complex as a resolution:

05RL5QLar S .. Lam o,
where ¢ is given by the inclusion R(U) C Q°(U), and d is given by the exterior differential.
(c) (Exactness of sequence) For each z € X, we have the sequence of spaces of germs:
0-R, 50050l 4. . 4 om

Verify exactness at each QF for k& > 0, and show ¢ is injective. This means that the
de Rham complex gives an injective resolution for the constant sheaf R.
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This way, we identify the sheaf cohomology of R on X with the de Rham cohomology of X.

In subsequent sections, we will use the abbreviated notation:
H*(X):= H%: (X,C) ~ H*(X,C) ~ A*(X,C).

When working with smooth real-valued forms, we use H*(X,R). We are not going to distinguish
different cohomology theories, since they are canonically isomorphic to each other.

3.3 Characteristic classes of vector bundles (topological version)

Based on the first Chern class class of complex line bundles, we will define several typical
characteristic classes for vector bundles, more precisely, we are going to define

Chern class
e for complex vector bundles: ¢ Chern character
Todd class

Pontrjagin class
e for real vector bundles: { A-class

L-class
e for oriented real vector bundles: Euler class.

Constructing the characteristic classes of vector bundles means to associate the cohomological
classes in H®(X) to those vector bundles that satisfy the functoriality property.

To get the constructions of these characteristic classes, we admit the Splitting Principle
for the vector bundles.

Theorem 3.25 (Splitting principle). For complex vector bundle E — X of rank r, there
exists a manifold M and a smooth proper submersion w: M — X such that:

TEXL1&---® L,

with complex line bundles Lj — M, and the induced map 7 : H*(X) — H*(M) is injective.
In this case, we will call M a split manifold for E.

Remark 3.26. The smooth map 7 : M — X is called a proper submersion if
e (submersion) for all p € M, the tangent map dm, : TyM — T,y X is surjective;

e (properness) for each x € X, the preimage m—!(z) is compact subset of M.

Exercise 3.4 (Projectivization, universal line bundle, and splitting principle). Given a
complex vector bundle £ — X of rank r > 2 over a smooth manifold X, let P(F) denote
its projectivisation and 7 : P(E) — X the natural projection. Specifically, for each x € X,
7 Yz) = P(E,) ~ CP"! via E, ~ C".

(a) Prove that P(E) is a smooth manifold, in particular, to describe the local charts and
transition functions for P(F) based on the local charts of E and X.

(b) Prove that 7 : P(E) — X is a smooth proper submersion.

(c) Show that the pull-back map: 7* : Q*(X) — Q°*(P(E)) is injective.
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(d) Define the tautological line bundle Op(g)(—1) on P(E) whose fibre over [v] € P(E,)
is the line Cv C E,. Show that Op(gy(—1) C 7*E is a subbundle of rank one.

(e) Based on the above results, show that there exists a proper submersion 7 : M — X
such that 7*E ~ L1 @ ... L, with each L; being a complex line bundle on M.

Theorem 3.27 (Chern class). There erists a unique map

¢ : {complex vector bundles on X} — H*® = @, H*(X)
E (up to isomorphisms) +—  ¢(FE)

for all smooth manifold X, such that
a) c(B)=14+ci(E)+ ...+ cx(E) +--- with cx(E) € H*(X).

b) (Whitneg); sum) c(E@® F) = c(E)c(F) (= c(E) Ne(F) = c(F) AN c(E) since the degrees

¢) (Functoriality) For any smooth map f:Y — X, we have

c(f*E) = f*c(E) € H*(Y).

d) For a complex line bundle L — X, ¢(L) = 1+ ¢1(L), where c¢1(L) is the first Chern
class given by first Chern form c1(L, V¥).

This map c is called Chern class, and c;(E) is called j-th Chern class of E.

Proof. Uniqueness:

Suppose such map c exists. For any FF — X, we can take a split manifold M of E such that
form: M — X, we get 7*E ~ L1 @ ... D L,. Then by properties a) — d), we have

T
me(E) = [[(1+ eu(Ly)) € H*(M). (3.2)
j=1

This determines ¢(E) uniquely since 7 is injective.

Existence: We sketch the idea. We can define ¢(FE) by considering a split manifold M for
E and then take the definition . Consider the curvature

;r;lﬁ = diag(RLl, ol RLT),

which corresponds to the direct sum of the connections on each L;. So that we can rewrite (3.2)

as
v—1_ .
mre(E) := det (IdW*E + T ;rpﬁ%) e H**(M), (3.3)
T
where we can use the properties of the elementary symmetric polynomials to understand
each ¢;(E).

If we have two split manifolds M; and M for E' (with the submersions 7 and o respectively
), then we can define M := M; x x My, which is a again a split manifold of E, this way, we can
identify 7ic(E) and 75c(E) on M. So that is independent of the choice of split manifolds.

Recall that 7* : H*(X) — H®(M) is injective, then to get a well-defined ¢(F) € H*(X)
from , it is enough to verify that

T

H(l + Cl(Lj)) € Im 7*.
j=1
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Let us explain it in a conceptual way. We will see from the Chern-Weil theory that this class
is independent of the choices of the connections or curvatures on 7*E, therefore, if we take any
connection V¥ on E with curvature R, then

V-1 V-1
m*c(F) = det (Idﬂ*E + 27r*RE) = 7* det (IdW*E - 2RE) :
T m

for the class det (Id,r* B+ %RE) e H?*(X). 0

Remark 3.28. The collection {c1(L;)}}_; is called the Chern roots of E. So each Chern class
¢;(E) is a symmetric polynomials in terms of these Chern roots.

(1). For complex vector bundles

Definition 3.29 (Multiplicative class). For f: R — R an analytic function with f(0) = 1.
The multiplicative class f,(E) € H?*(X) for the complex vector bundle F — X is defined

by
m* fu(BE) = [ [ flen(Ly) =[] <Z li!f(k)(o)(Q(Lj))k) ;
j=1 k=0

for any split manifold 7 : M — X, and due to the degree’s reason, each sum in the above
is a finite sum.

Example 3.30. e f(z) =1+ x, we obtain Chern class ¢(E)
e f(x) = —%=, then it is called Todd class Td(FE)

l—e—%7

Definition 3.31 (Additive class). For f: R — R real analytic, the additive class f,(E) €
H?*(X) is defined by

™ falB) = 3 fler(Ly)).
j=1

Example 3.32. If f(z) = €”, fa(E) is called Chern character of E.

(2). For real vector bundles
At first, we need the following real version of the splitting principle. For real bundle F' — X
of rank r, then there exists a smooth submersion 7 : M — X such that

Li®Li® - &L, ® Ly r =2k,

— . (3.4)
LieolLi® - @LydLydC r=2k+1,

T (FerC) = {

Note that in the above splitting, we can not distinguish L; with its conjugate L;.
Lemma 3.33. For any complex line bundle L — X, then
ci(L) = —c1 (L) € H*(X).

Proof. See also Exercise We give a local proof. Fix a Hermitian metric h* and a metric
connection V¥, in a local trivializing chart of L, we can write

V =d+ /—1T,

where I' is a real-valued 1-form. B B
Then V = d — /=1 defines a connection on L. Locally, we have ¢;(L) = —[2dl'] =

—C1 (L) O
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Definition 3.34 (Multiplicative class). For f : R — R a real even analytic function (f(x) =
f(—2)) with f(0) = 1. The multiplicative class f,(F) € H**(X) for a real vector bundle
F — X is defined by

7 f(F) = [] £(er(L3) = [[ (Z (;Wf(2k)(0)(61(Lj))2k> ,

j=1 7j=1 \k=0

for any split manifold 7 : M — X, and due to the degree’s reason, each sum in the above

is a finite sum.

Example 3.35. e f(r) =1+ 22, we obtain Pontrjagin class p(F).

o f(x)= Sinai'l/i/2’ then it is called A-class A(F).

o f(x)= %, then it is called L-class L(F).

(3). Euler Class for oriented real vector bundle
When F' is an oriented real vector bundle of rank r» = 2k, the given orientation of F' allows
us to distinguish L; and L; in (3.4)). In fact, we have a split manifold 7 : M — X such that

TFEFG...0F,
with F} a real vector bundle on M of rank 2. Moreover, we have

FjorC=L; @ L.

Definition 3.36. For an oriented real bundle F' of rank 2k, the Euler class

k
e(F) =[] a(L;) € H*(X,R).
j=1

Exercise 3.5 (Complex structure on real vector space). Denote V = R?" a real vector
space of real dimension 2n. Let ey, eo, ..., ea,_1, €9, denote the canonical basis of V' such
that the vector v = (x1,x2,...,Top—1,T2,) = 2521 zje;. Define an endomorphism J of V'
as follows, for j =1,2,...,n,

Jegj_1 = ey,

Jegj = —egj_l.
Let gTRQ" denote the standard Euclidean inner product on V', equivalently, we can write
2n
2n
g™R™" = dej ® dx;j.
j=1
a) We have the following identity:
J? = Idy, g™ (T T = g™ ).
b) Consider the action of complex number a + by/—1 € C(a,b € R ) on v € V via

(a+bvV—1)v:=av+bJveV.
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This way, we make (V,J) a complex vector space of dimension n with a C-basis given
by {61; €3,.-+, eanl}-

For j =1,...,n, set z; = x9j_1 + V—1x9; € C, then (z1,...,2,) € C™ denotes the
standard complex coordinate system on (V,.J). More precisely, we have the following
identification

n
C"3 (21, 2n) — szegj,1 eV
j=1

c) Set Vg := V ®r C and Jc := J ®g Idc € End(V¢). Here C acts on V¢ via the
second tensor factor C. Then J¢ has exactly two eigenvalues v/—1 and —y/—1. The
corresponding eigenspaces are given as follows:

yLo.— Span(c{egj_l —V—legj;j=1,... ,n},
yol .= Spanc{ezj—1 +V—ley;; j=1,...,n}.

In particular, we have Vg = V10 @ V01,

d) Using the complex coordinates (z1,. .., z,) for (V,J), set
N
w = TZCZZJ‘ /\dgj.
j=1

Then w is a (1,1)-form on V. Prove that w = @ (that is w is a real differential form),
moreover, we have

w = Zdl’gj_l A dxzj € Qz(V)
j=1

e) We have the following relation between gTR2n and w: for v,v’ € V, we have
w(v,v') = gTRQn(Jv,v’).
In particular, for any 0 # v € V, w(v, Jv) > 0 (that is, w is positive).

f) gTRQn extends C-linearly on as an bilinear form on Vg, for W, W’ € V19, set RV"? (W, W)
gTRQn(W, W), then hV'" defines a hermitian metric on V19 an orthonormal basis is

given as follows:
1 .
fj = ﬁ(egj_l —V —162j),j = 1, oo,

A similar result holds for V91,

3.4 Characteristic forms by Chern—Weil theory

At first, we introduce the supersymmetric convention for the Chern—Weil theory. In fact, it is
not necessary to use the supersymmetric formulation from beginning, but it is more convenient
when we deal with the superconnection, Dirac operators and index theorem in later sections.

3.4.1 Supersymmetric formulation

Definition 3.37. A superspace is a Zs-graded vector space E = E* @ E~, where Zo =
Z]27 = {£}.
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A superalgebra is an associative Zo-graded algebra with unit such that o/ = &/ ® .o/~
as a superspace with 1 € &/ and

AV~ A AT CA, A AT, AT C AT

A usual vector space F is a superspace as E = E @ 0, that is E = ET. A usual associative
algebra with unit is a superalgebra as & = &+ @ 0.

Example 3.38. e A vector F has a Z-grading if we can write it as a direct sum
E= @jeZEj,
then we have the induced superspace
E=E"®E"
with Bt = B = ¢,z E% | B~ = E°Y = @, E¥L.

e The differential forms Q°(X) = Q°*"(X) @ Q°d(X) form a superalgebra with wedge
product.

e Let E = ET @& E~ be a superspace, and then End(F) is naturally a superalgebra with
End™(E) = {f € End(E) : f preserves the splitting E™ & E~} = End(E™) @ End(E~),

and
End™ (E) = Hom(E',E™) @ Hom(E~, E™).

In the block matrix form, we can write
A B\ (A 0 0 B 4 _
<C’ D>_<O D>+<O 0)EE B

Definition 3.39. Let &/ = &/ @ &/~ be a superalgebra. The supercommutator or super-
bracket is defined as:

[a, bl := ab — (—1)lelPlpq,

where |a| denotes the parity of a, that is 1 for a € &~ and is 0 for & *. If [a, b]s = 0 for all
a,b € o, then the superalgebra is said to be supercommutative, or simply, commutative.
In the most case, we will omit the subscript s and denote it as [a,b]. Then we uniform the
notation for the usual algebra and superalgebra.

Remark 3.40. (i) For a,b,c € A, the super-Jacobi identity holds:

[a, [b, )} = [[a, 8], ] + (=1)*""I[b, [a, ]].

(ii) Q°*(X) is commutative.

Exercise 3.6. Prove the results in Remark [3.40!

Definition 3.41 (Supertrace). Let &/ = &/t @ &/~ be a superalgebra. A C-linear map
a: o/ — C is called supertrace if for all a,b € &

a(la,b]) = 0.
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Proposition 3.42. Let E = ET @ E~ be a superspace (of finite dimension). The super-
trace Trs : End(E) — C is defined by:

Tr, Ké g)] = TrF [A] - TP [D].

Then we have
Trg [[M,N]]=0 VM,N € End(E),

which makes Trs a supertrace on the superalgebra End(E).

Proof. Note that:

A 0 A0 AAT— A’A 0
wl[(5 5) (6 o)l = (M0 op )] =0
A 0 0 B 0 =
w5 n) (e 0] = [C o)) =0
The last case is that

w[[(58).(8 PV =P 00 )]

= TvF" [BC' + B'C] - TvF [CB' + C'B] = 0.

IdE+ 0

, then for any M € End(E), we have
0 —Idg

Remark 3.43. Take 7 = (

Trg[M] = TeE[r M],

where Tr¥ denote the usual trace on E without Zo-grading.

Definition 3.44. Let &7, # be two superalgebras, then the super tensor product /@2 is
a superalgebra defined as the space o/ ® % with the Zs-grading

[ARBT =A QBT DA QB , [IIB =ATRB DA QBT
The product is given as follows: for a,a’ € o, b,b’ € B,
(a®b)(@'8Y) = (=11 P (aa) B (B).

We also write a ® b if there is no confusion. If @~ =0 or &~ = 0, then it is the same as
the usual tensor product.

Definition 3.45. Let 27 be a superalgebra over C, and let £ = ET @& E~ be a superspace,

then we define a supertrace
Trs : &/® End(E) — o
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Trs[a ® M| = aTrs[M], for a € &/, M € End(E).

Proposition 3.46. Let o be a commutative superalgebra and E be a superspace. For
A,B € AREnd(E),
Trs [[4, B]] =0

Proof. Write A =a ® My, B=0b® M, where a,b € A and M;, My € End(FE). Then:
[A, B] = (—1)PHMilgp o My, My,

since A is supercommutative.
Note that Trg vanishes on supercommutators in End(FE), the result follows. O

3.4.2 Chern—Weil theory for characteristic forms

In this subsection, we consider a usual vector bundle ¥ = E @ 0 on a smooth manifold X,
we always use our supersymmetric convention on the differential forms on X. The analogous
constructions and proofs presented in this subsection always hold for a superbundle £ = ET®E~
(that means, fiberwisely a superspace, see next section).

Let X be a manifold and £ — X a vector bundle. For each z € X, A*T} X be a commutative
superalgebra. By taking the (usual) trace on End(E,) = End(FE),, we have

Tr: A*T; X @ End(E,) — AT, X,

which vanishes on the commutators. Based on this pointwise version, we have the global versions:
we have commutative superalgebra Q°®(X), a superspace Q°(X, E) := €°(X,A*(T*X) ® E),
and an associated superalgebra Q°®(X, End(F)), where the Zs-gradings are induced from the one
of A*(T*X).

We also have the trace map

Tr: Q*(X,End(F)) — Q*(X)
given by the pointwise trace map on X. Moreover,

e (connection) V¥ : Q*(X, E) — Q*T1(X, E) is an odd operator (which exchanges the +-
components of a superspace);

e (curvature) RY = (VF)2 = 1[VF VF] is an even operator (preserving the £-components
of a superspace).

Proposition 3.47. For any A € Q*(X,End(F)), we have

dTr[A] = Tr[[VE, A]] € Q*(X).

Proof. Consider a local trivializing chart U of E, the connection V¥ = d+T'¥ is an odd operator.
Then on U,
[VF, A] = [d, A] + [I'7, A],

and thus:
Tr[[VE,A]] = Tr[[d, A]] + Tr[[FE, A,

where we always have Tr[[['F, A]] = 0.
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For A € €*°(X,End(F)), and on U, End(F) is identified with the square matrices, then
[d, A] = dA, and:
Tr[dA] = d(Tr[A]).

If A=a A B with a € Q*(X), B € €°°(X,End(F)), then:
[d,A] = dA = da A B+ (—1)*a A dB,

Tr[[d, A]] = da A Tr[B] + fdTr[B] = d(Tr[A]).

The proof is complete. ]

Definition 3.48. Let (E,V¥) — X be a complex vector bundle with connection. Let
f iR — R be an analytic function. Then define:

F(B, V) = Tl f (L RE)] € 0°(X),

2T

where f (gRE ) is defined by Taylor series of f. Such forms are called additive character-
istic forms associated to f and E, the word additive is used in the sense

fa(E® F,VE @ V) = fo(E,VE) + fo(F,VF).

Theorem 3.49 (Chern—Weil theory). Let f be as in the above definition. Then
a) fa(E,VE) is a closed form on X.

b) If Vo, V1 are two connections on E, then:
fa(Ey VO) - fa(E7 vl) =dn
for some differential form n € Q*(X). That is, the difference is exact.

¢) The cohomological class [fa(E,VE)] € H*(X) is independent of the choice of connec-
tion VE.

d) We have [fo(E,VE)] = fu(E) defined by the splitting principle (the topological ver-
sion).

Proof. a). This is a consequence of the Bianchi identity and Proposition
)
27
V-l
27

dfa(E,V) = dTe[f(

=Tx[[V®, (5 —R")]| =0

b). Let V; = (1 — ¢)Vo + tV; be a smooth one-parameter family of connections for ¢ € R.
Denote the corresponding curvature forms by R; € Q?(X,, End(E)).

Now we set X’ = X x R and the projection p; : X’ — X. We consider the vector bundle
piE on X', and set a connection on X’

« ad
nE _ —
vh dt/\at+vt'
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Then the curvature
RPIP € 0%(X,p} End(E)),

and we write
RPE — qt A oy —{—p”{Rh

where o, := 2V, € Q}(X,End(E)).
Take the differential form on X',

Trpr[f(‘/Qpr’fE)] = dt A By + py Tr[f( \éth)]v

where ; € Q°(X) that depends smoothly on ¢ € R. By a), we know TrpTE[f(ngTE)] is a
closed form on X'.
Using the fact dX' = dt A % + dX Hence:

(0 2 %)t B+ S R = 0

ot
Then 5 I
5 Tl (G5 —Ro))) = d* By,
As a consequence, we obtain
—1 —1 !
(G R - T R = o [ e (%),

so we just take n = fol B¢ to complete the proof of b).
c). Result c) is a consequence of a) and b).
d). Let m: M — X be a split manifold for £ so that

TE~I[1®...0L,.
Then
7 fo(E,VP) = fo(r*E, m*VE)
= fa(Ll D...H LT,W*VE)
~fulli® ... oL, Ve . e V)

FLERDY 0 0

0 VIRLyy 0

= Tr . f( 27r- ) . .
0 0 oo F(YLREY)

r

= fa(L;, v5) = 7 fu(B),
j=1

where ~ means cohomologous, and the last equation is in the cohomology group H®(X). This
way, we obtain 7*[f.(F, VF)] = 7*f.(E), and the result d) follows from that 7* : H*(X) —
H*®(M) is injective.

O
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Proposition 3.50. Let VE be a metric connection on a Hermitian vector bundle (E,h¥).
For any real analytic function f: Ry — R, define the form

/T

RE QOeven( Y R).

fal(B, V) := Te[f(

Proof. Note that since the connection V¥ is metric, by Proposition we have RF ¢
O2(X, End*™(E)).

We define an endomorphism
*: Q%(X,End(F)) — Q*(X,End(E)),

as follows, if
A= N...qp Qu

with o, j =1,...,k, are 1-forms on X, and u € End(E), we define
A = (o) A A (o) @ Ut

where u* denotes the adjoint of u with respect to h”.
We have the following properties:

e For any A, B € Q*(X,End(E)), we have (A*)* = A, and (A A B)* = B* A A*.
e For any A € QF(X,End(E)),

E(k+1) ———

T A"] = (-1) " A,

When RF is in Q?(X, End®™(E)), we have
(R")* = R”.

Then for any k£ € N,
Tr[(RP)*] = Tr[((RP)")*] = (=1)*Tx[(RE)H],

therefore

Tr[(V=1R")"] = Tr[(v~1RF)].

By the fact that the function f is real, then this implies

fa(E,VE) = f.(E,VE) € Q*(X,R).

The following lemma is useful.

Lemma 3.51. Let f(x) =} ;5 arx® be a formal power series. Then:
f . Qeven(X) — Qeven(X)
1s well-defined by the formula

fla) = aro¥, a € Q™(X).

k>0

Moreover, if dao = 0, then d(f(a)) = 0.
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Definition 3.52 (Characteristic forms). Let (E,V¥) be a complex vector bundle with
connection V¥:

e Chern character form:

ch(E,VE) :=Tr [exp(\g?RE)] € 0% (X).

e Total Chern form:

¢(E,V) = det <1 + MRE> = exp (Tr [log(l + \/QfRE)] >

2m
where we use the Taylor series of log(1 + z) at x = 0.

e Todd form:

Td(E, VZ) := det ( VLY )

1 — exp(—v/—1RE /27)

They are closed forms on X, if they are real forms if V¥ is metric.

Definition 3.53. Let (F, V¥) be a real vector bundle and f : R — R an even real analytic
function with f(0) = 1. Then define

fu(E,VE) :=det g [f <\/2?RE>] v = exp (; Tr [mgf (éfRE)D € Q¥*(X,R),

where we use the Taylor series of log(f(x)) at z =

Proposition 3.54. For a real vector bundle (E, VE) with connection, and the function f
as above with f(0) = 1. Then

(1) fu(E,VE) is closed form on X,
(2) The class [fu(E, V)] is independent of the choice of connection V¥,

(3) [fm(E,VE)] = fu(E) € H*(X,C), where fn(E) denotes the characteristic class
defined by the splitting principle.

Proof. (1) and (2) follows from the same arguments as for f,(E, VF).
For (3): Asin (3.4), we take a split manifold 7 : M — X for £ — X, that is,

LeLi® - ®L,® Ly r =2k,

_ _ 3.5
Lieli® L ®dLidC r=2k+1. (3.5)

7*(E @ C) = {
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Then we compute
7 fu(E,VE) = fu(n*E, 7*VE)
1/2
)
=det g [f < RE>]

27
~ det 1E‘/(§)R(C f gRLl
fle(Lq)) 0 0
0 f(=c1(Ln)) 0
1/2
= det E/®R(C :
0 0 *

= H;?:lf(cl([/j)) = W*fm(E)a

where the equivalence ~ means cohomologuous relation by (2), and we also used the facts that
c1(L) = —c1(L) and f is an even function. In the last line, the symbol x means f(c1(C)) for the
case 1 = 2k + 1, then we have f(c1(C)) = f(0) =1 by the definition, so that it does not change

the computation result for the square root of the det(...). t

Definition 3.55. Following the above constructions, we have

. (fT—form)

R “{RE /4r 1/2
A(E,VE) := det <sinlr\1/(;1—£;R/ ; /47r)> € Q**(X).

o (L-form)

1/2
V—1RF /4r )> € i*(X).

L(E, VE) := det (tanh(\/leE/4ﬂ

3.4.3 Euler form
Let (V,(-,-)) be a Euclidean space (over R).

Definition 3.56. Let A € so(V) be an anti-symmetric endomorphism of V. We define
n(A) € A2V* by
1 Sy
n(A) := 22;<ej,Aeg>eJ Ne,
gy

where {e;}; is an orthonormal basis of (V, (-,)), and {e’}; is the dual basis of V*.

Definition 3.57 (Pfaffian). Let (V, (-,-)) be an oriented Euclidean space of real dimension
n. We also fix an orthonormal basis {e;}; of V such that el A... Ae" is the unit element
of A"V™* representing the orientation of V.
Let A € so(V) be an anti-symmetric endomorphism of V', we define its Pfaffian Pf[A] €
R by
exp(n(A)) = Pf[A] - el A--- A e + lower degree terms,
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Then Pf(A) is independent of the choice of oriented orthonormal basis of V', however it
depends on the orientation of V.

Example 3.58. We consider the case V = R?, we take A = <09 g) with 8 € R. Then

n(A) = (e1, Aeg)e! Ne? = el A 2.
So that exp(n(A4)) = 1 + fe! A e? and Pf[A] = 6. Note that det A = 6.

Remark 3.59. If dimg V' is odd, then we always have Pf[A] = 0.

Proposition 3.60. The function so(V') 5 A — Pf[A] is a polynomial in the coefficients of
A, moreover , we have

Pf[A)* = det A.

Proof. By the definition, n(A) is a polynomial in A, hence so is Pf[A].

If dimV is odd, for A anti-symmetric, then Pf[A] = det A = 0.

Now we assume dim V' = 2k. Given an anti-symmetric A, we can always find an oriented
orthonormal basis e, e, . . ., €911, €9 such that under this basis, we can rewrite A as the matrix

0 6
(58 0

Then we have N
n(A) = Zﬁjer_l Ae2
j=1
and
Pf[A] =TIF_,0; .

Therefore
det A = TI%_, 07 = Pf[A]>.

Definition 3.61 (Euler form). Let £ — X be an oriented real vector bundle of rank r
with a Euclidean metric g¥, and let V¥ be a Euclidean (or metric) connection of (E, g¥),

then we define .

e(E, g%, VE) = Pf[%} c Q"(X,R), (3.6)

where the Pf[] is defined pointwisely for the anti-symmetric endomorphism of (E,, g%).

Remark 3.62. If rkE = r = is odd, then e(E, g%, V¥) = 0.
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Theorem 3.63. 1) e(E, g, VF) is a closed form.

2) Its de Rham cohomological class [e(E, g¥, V)] is independent of the choices of the pair
(g%, V).

3) [e(E,g",VFE)] = e(E) € H*(X,R), where e(E) denote the Euler class defined via the
splitting principle.

Proof. Note that Pfaffian is no longer defined as a trace or supertrace of the endomorphisms
in terms of curvatures, so the previous arguments for Chern-Weil theorem does not apply here
without necessary modifications.

1) Let {e;}7_; denote an (oriented) orthonormal frame of £, g%, and let ¢/ denote the dual
basis of £*. Then we can write

1 . )
n(RE) = Z §<ei,REej>gEe’ Ael € Q(X,A2EY).
i3

Claim 1: The Eulidean metric defines an isomorphism of real bundles ¢¥ : E — E* (since
it is real) by a ~ (g%a)(b) = g¥(a,b). Then [VF, gF] := VE gF — gFVF = 0 where VF" is the
induced connection by V¥,

This claim follows from that V¥ is metric connection. Indeed, Ya,b € E |

(V¥ g%a,0) = dg”(a,b) — (9%a)(V*D)
= ¢"(VPa,b) + 9" (a, VE0) = (9"0)(V"D)
= (9"VFa)(b).
Claim 2: VA'F"(n(RF)) = 0. This follows from Claim 1 and the Bianchi identity
[VE, RE] = 0. See Exercise

Claim 3: We have VAP (el A... A€") = 0.
In fact, since e! A ... Ae" is the top degree element in A®E*, then for U € T X, we have

T
VE (A A€ = Z(Vg*ej,ej)el A...Ne"
j=1

T
=— Z(Vgej,ej)gEel AN...Ne" =0.
j=1

Now we combine the above three claims: by the definition of Pf,
exp(n(RF)) = Pf[RE]e! A ... A e + lower terms.
Using Claim 3 and compute the top degree, we get
(dPE[REDe! A ... Ae" + PEREIVAE (el AL A e") = (dPE[RF])e! A ... Ae" =0,

which means exactly d Pf[R¥] = 0.
2) To prove this part, we consider two pairs:

V¥ metric connection w.r.t. the metric g&
V¥ metric connection w.r.t. the metric g¥’

Claim: There exists a smooth (or piecewise smooth) family of pairs (g, V¥) (metric con-
nection) with (g%, V¥) at t = 0 and (¢¥,VF) at t = 1.
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Let us give one construction. At first, let g7, ¢t € [0,1], be a smooth family of Euclidean
metrics on F connecting géE and gf. Let (V{)E ); be the adjoint connection of V¥ on E with
respect to g¥. Define

- 1 .
VE = LV + (V5
So VE = VE and the path [0,1] 3 t — (gF, VE) connects (¢&, VE) with (¢F, VE).
Then we consider for t € [1,2],
VE=@-t)VP+@t-1)VF
and
gF =gF forte|l1,2].

We put these two parts together, we obtain [0,2] 3 t — (gZ, VE) connects (g, VE) with
(91, V).

In the sequel, we rescale the parameter ¢ € [0,2] to ¢t € [0, 1], and we may assume that the
path (gF, VFE) is smooth in t. Consider the canonical projection

m X x[0,1] = X.

On the bundle 7% E, we consider the Euclidean metric g™ defined as
Ian) = o

Set Vi = VE 4+ L(dt A2 + (dt A %);E), where (dt A %);E) denotes the adjoint connection
t t

of dt N % along [0, 1] with respect to gF. Then V™1 ¥ is a Euclidean connection for g™ .
Note that

1 0 0 0
- — —)e) = — A
SN (dEA )5p) = dEA o+ dEA(R),
for some smooth section A € €*°(X x [0,1], End(F)). In fact, we have A = %(gf)_l%.

Let R™1¥ be the curvature of V™1 ¥ on X x [0, 1], so that we can write R™1¥ = 7f RF +dt A By,
where RE = (VF)? and ; are differential forms on X valued in End(F) that depends smoothly
on t.

Let e(miE, g™, V™) be the Euler form on X x [0,1], then as the formula of R™1 ¥ we
write B

e(miE, g™ E VP = e(E, gF, VE) + dt A ay

By the first assertion that e(rfE, g™ V™) is a closed form on X x [0, 1], that is,
a * *
(d* + dt A a)e(w;‘E,gﬂE, vty =o.

It implies that
0

ae(E,gf, Vf) = d¥ .

Then .
e(E,gf,Vf) — e(E,g[J)E,VéE) = dX/ o dt.
0

3) We sketch the idea: using the split manifold = : M — X for E — X, that is, when r is
even and F is oriented,
™E~E & @ E,

where each E; is real vector bundle of rank 2 and oriented. Then

71'*6(E,gE7 VE) =e(m"E, g”*E, V”*E),
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by the second assertion, it is cohomologuous to

e(@5E;, ®,9", V") = [ [ e(B;, 9", V™) = [[ e1(Ly) = 7e(E).
i j

Here we use the oriented Ej; has the splitting £; g C = L; @ Ej. Now we explain this

splitting for the model case
Ej ~ Rz

with the orientation given as the ordered standard basis (e1, e2).
The complex structure J : ey — eg, ea — —eq induces

(R?,J) ~C
which means J < /—1.
Note that
J(61 — —162) =ey+vV-—-1le; =V —1(61 — —162),

then we have the splitting according to the eigenspaces of J
R?@rC~CoC,
where the first factor C ~ C(e; — v/—1lea) is the v/—1-eigenspace of J. If

5 (0 6
w5 0)

acts on Ej ~ R? then it acts as (—v/—160,v/—10) on C® C = L; & L. Therefore,
Rbi = —\/—16

and

We finish the whole proof. O

Exercise 3.7 (Vanishing by connection action). Let (E, g¥) be a real vector bundle on X of
rank r and with Euclidean metric ¢¥, and let V¥ be a metric connection with curvature R”.
Recall that n(RF) € Q?(X,A2E*) is defined as follows: let {ej}i—; be a local orthonormal
frame of (E,g%), and let {ej}’]"-zl be its dual frame of E*, then

r

1 .
U(RE) = 5 Z <€j, RE€g>gE€J Ael
JE=1

Show that we have
VA‘E*,’,](RE) — 0,

where VA*F" is induced by VF.

4 Quillen’s superconnection and Chern character

Chern—WEeil theory shows that we can always compute explicitly a characteristic form using the
local geometric data of the connections on a given vector bundle. However, the analytical index
of an elliptic differential operator is more difficult to compute directly by its definition. Now we
would like to provide a different point-of-view to explain that the analytical index Ind(P) can
be treated as a characteristic form via Quillen’s superconnection.
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4.1 Quillen’s superconnection on superbundles

Definition 4.1. A superbundle F on X is £ = ET & E~ where E*, E~ are vector
bundles on X such that for all z € X, E, = E}f & E, is a super vector space.

For E=Et @ E~,
Q°(X,E) = C®°(X,\*T*X®E)

which is Z/2Z-graded (a superspace).

Definition 4.2. A C-linear map A : Q*(X, E) — Q°(X, E) is called a superconnection
if:

1. A is an odd operator (exchanging the Z/2Z-grading).

2. AlaAs) =da s+ (—Dla A A(s) for a € Q*(X), s € Q*(X, E).

Remark 4.3. A superconnection A can equivalently be defined as a first-order differential
operator
A:T(FE)— QX,E)

of odd parity satisfying the principal symbol o(A)(z,&) = V—1EA. For any a € Q(X), s €
Q°*(X, E), we define
Ala As) =da s+ (=)o n As).

Proposition 4.4. Any superconnection A can be decomposed as
A=A+ VP + A+ As+- + An

where A; € V(X,End"(E)) for odd j, A; € Q/(X,End™ (E)) for even j, and V¥ =

+ = ) )
VE" & VE™ is a classical connection on E.

Definition 4.5. The curvature of A is defined as F = A2.

Remark 4.6. For f € ¥°(X) and s € Q*(X, E),
A%(fs) = A(df ANs+ fAs) = —df N As +df N As + fA%s = fA%s.

Thus, F = A? € Q°*"(X,End"(F)) @ Q°4(X, End™ (E)).

Proposition 4.7 (Bianchi Identity). [A, F] = 0.

Definition 4.8. (1) The number operator N : Q°(X) — Q°(X) acts by Nlgrx) = k1d.
(2) Define the normalization map

1
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Theorem 4.9 (Chern-Weil theorem for superconnections). Let E = ET @& E™ be a complex
superbundle on X, A a superconnection on E, and f(x) = aja;j an analytic function with
aj € C. Then

¢ Trs [f(—A4%)] € QM (X)

is closed. Its cohomology class is independent of A, and

[pTxs [f(=A)]]4g = falE) — fa(E7) € HY(X).

Proof. We sketch the proof based on the proofs of Proposition [3.47] and Theorem [3.49]
Since A = Ag + V¥ 4 -, we have

d TI‘S[OZ] = Trs[[Aa Oé]],

for any o € Q°*(X,End(F)), where [-, -] is the supercommutator.
Thus,
dTrs[f (=A%) = Trs[A, f(=A%)] = 0.

Independence of A follows analogously to the proof of Theorem [3:49] by considering a smooth
path A(t) of superconnections from A(0) to A(1) and working on the extended space X x R.
Note that a classical connection VE = VE" @ VE™ is always a superconnection, and it defines
fa(ET) and fo(E™), so that

[0 T [f<_A2)HdR = ¢ Trg {f (‘(RE+ ¥ RE?))}

f(=RE")
f(=RE™)

— e [ R)] -m [ R )]

= ¢ Trg

™

= fa(E+) - fa(E_)~

Exercise 4.1 (Chern—Weil theorem for superconnections). Give a detailed proof of Theorem
4,91

Remark 4.10. If we take f(z) = e”, then ¢ Trs [exp(—A4%)] € Q%°"(X) defines the Chern
character (form) of superbundle F in terms of the superconnection A, which is cohomologuous
to the Chern character defined by a usual Zs-graded connection on E.

4.2 Baby case: index theorem for X = pt

Now we consider the case X = pt, so that the (super) vector bundles ¥ = E* @& E~ on
X = pt reduces to (super) vector spaces, and the differential operators reduces to linear operators
between vector spaces, including the superconnections.

Let E = E* @ E~ be a Zy-graded vector space, D : E* — E~ a linear operator. Given
Hermitian metrics hEi, define D* : E= — E™, the adjoint operator of D, via

KZ(D*b,a) = hP™ (b, Da),

forac ET,bec E~.
The superconnection is



which is self-adjoint. Its curvature is

D*D 0
2 __
A= ( 0 DD*> ’
The Chern character is

ch(E, A) = Tr, [e—AQ} € Q°(pt) = HO(pt) = R.
By Theorem we consider the smooth family of superconnections
A = VA, t e R.
Then the function R > ¢ — ch(F, A;) remains constant. As ¢t — 400,
ch(FE, A¢) — dim Ker D — dim Coker D = Ind(D).

As t — 0, we have

ch(E,A;) - dim ET —dim E~ = /t(ch(E+) —ch(E7)).

Therefore, we can write the index theorem for this baby case X = pt as follows,

Ind(D) = / t(ch(E+) —ch(E7)).

Exercise 4.2 (Chern character for a linear map). Let D : E — F be a linear map between
two finite-dimensional vector spaces. Let h¥, hf be Hermitian inner products on E, F
respectively. Show the following results:

e There exists a unique linear operator D* : F' — FE such that for a € E, b € I, we have
hE(D*b,a) = hT (b, Da).
The operator D* is called the adjoint of D with respect to h¥ and A"
e Give a natural isomorphism between Ker D* and Coker D := F/Image(D).
e Prove that

lim Trf[eP"P] = dimKer D, lim Trf[e7*PP"] = dim Coker D.
t——+o0 t——+o00

4.3 Chern character ch(c(P))

Now we consider the higher dimensional manifold X, and let (E, h%), (F, h) be two Hermitian
vector bundles on X. Put 7 : T*X — X.

Let P : C®(X,E) — C*®(X,F) be an elliptic differential operator of order k > 1, re-
call that we always have rank E = rank . Now we consider the principal symbol o(P) €
€¢>*(X,S*(TX)®Hom(E, F)), that is, for x € X, £ € T} X, o(P)(z,€) € Hom(E,, F,), we can
view o(P) € €°(T*X,7* Hom(E, F)).

Using the Hermitian metric h* and h¥', let o(P)*(x,¢) € Hom(F,, E,) be adjoint operator
of o(P)(z, &) with respect to h” and ht".

We take 7*E @ 7*F as a superbundle on T*X, where 7*E (resp. 7*F’) as the + (resp. —)
part. We define the superconnection .2/ on this superbundle:

o (0_83 | "(5)*) e
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Definition 4.11. The Chern character is

ch(o(P)) = ¢ Trs [exp(—2/?)] € Q" (T*X).

Let us give a remark on ch(o(P)). We have

2= o(P)*o(P) 0 nilpotent terms
o —< 0 O'(P)O'(P)*>+ Ipotent t .

Since o(P) is invertible with degree k£ > 1 in £ for || > 0, so that we have

[0 mpaey )|~ e

As a consequence, we conclude that Trg [exp(—;zf 2)] decays at exponentially with the speed at
least exp(—c||¢]|?) along & € T¥X. When X is compact, then for any a € Q*(X),

/ | la(P) Ara

is well-defined.

Remark 4.12. The superconnection theory is not needed for the proof of Atiyah-Singer index
theory, but it helps us to understand it, and it points out a potential approach to the family
index theory.

Following the baby case explained in previous subsection, we would like to ask the follow-
ing questions: Assume (X, ¢”%X) to be compact Riemannian manifold, let P : €*°(X,E) —
¢ (X, F) be an elliptic differential operator of order £ > 1, and let P* be its (formal) adjoint
with respect to the L?-inner products on the sections,

1. Is Tr P 0

o 2
exp (—t <0 P > )] well-defined (infinite-dimensional supertrace) for all ¢ > 07

2. If it is well-defined, is the supertrace independent of ¢t > 07

exp (—t <g %>2>] — nd(P)?

o 2
exp <—t (O P ) )] exist as the integral of some differential

3. Can we have

lim Trg
t—o00

4. Does the limit lim;_,o+ Trg P 0

forms (characteristic forms or classes) on T*X?

If the above four questions have positive answers, then it will give us a proof of the general
statements of Atiyah-Singer index theorem (Theorem . However, we now have the rough
answers to them: the first three questions always have positive answers due to the properties
of heat operators, and for the fourth question, the local limit as ¢ — 0 as the integrals of
characteristic forms exists only for P = Dirac operators.

5 Clifford algebra, spin group and spinors

5.1 Clifford algebra

52



Definition 5.1 (Clifford algebra). Let (V, (-, -)) be a Euclidean space over R. The Clifford
algebra CI(V) is the real unital associative algebra generated by R and V with the relation:

vw + wv = —2(v,w) for all v,w € V.

We also have an explicit construction for C1(V'). Let T(V) denote the tensor algebra of V,
that is (by convention, V&Y = R),

T(V) = a2 Vo,
where the algebra structure is given by the tensor product. Then we have
CI(V) :=T(V)/I(V),
where I(V') denotes the two-sided ideal of T'(V') generated by vw +wv +2(v, w) for all v,w € V.
Proposition 5.2. The Clifford algebra is the pair (CL(V),c) where ¢ : V. — CI(V) is a
linear map such that c(v)? + ||v]|?> = 0 and CI(V) is the unique unital associative R-algebra

with the following universal property: if A is a unital associative R-algebra, and ¢ : V — A
is a linear map such that

p(v)p(w) + p(w)p(v) = —2(v,w) in A,

then there exists a unique homomorphism of R-algebras ¢ : CI(V) — A extending ¢ with
the property @ o c = .

Proof. The existence is clear by the construction CI(V) = T(V)/I(V), and the uniqueness is
given by the universal property. O

Proposition 5.3. We have a natural homomorphism of Lie groups:
O(V) — Aut(Cl(V))
induced by the orthogonal action on V.

Proof. Note that O(V') acts on T'(V') as automorphisms. So it is enough to verify that the action
of O(V') preserves I(V).
For A € O(V), the action of A on V preserves the inner product (-, -), then for v,w € V,

(Av, Aw) = (v, w),
so that

A(vw + wv + 2(v, w))
= (Av)(Aw) + (Aw)(Av) + 2(v,w) = (Av)(Aw) + (Aw)(Av) + 2({Av, Aw) € I(V).

Hence, A acts on Cl(V) as an automorphism. O

Definition 5.4. Let 7 € Aut(Cl(V)) be the element induced by —Idy € O(V), so that
7'2 = Id01(v).
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Proposition 5.5. The Clifford algebra CI(V) = CIT(V) @ C1™ (V) is a superalgebra with
CI*(V) being the +£1-eigenspace of 7 on CL(V'). Moreover, we have

CIT (V) = Spang{c(v1) . .. c(vy,

) : k even and vy,...,vp € V}
=Im (T*"V — CI(V)

)

)

)
Cl™ (V) = Spang{c(v1) ... c(vg

zlm(T““V-+CMV>

: k odd and vy,...,v, €V}
Proof. Tt is enough to verify that

CI+(V)CIT(V), CI= (V)CL= (V) © CIF(V),
CI*(V)CI (V), CI= (V)CIH(V) € CI=(V),

which follows from the definition of C1*(V).
Example 5.6. We consider the examples for V = R™ with m = 1, 2.
1. Let V = R with basis e and (e, e) = 1. Then e? = —1 in CI(R), this gives CI(R) ~ C.
2. For V = R?, with standard orthonormal basis eg, s, we get
el =e5=—1, ejes=—esey,

then
CIT(R?) =R @ Rejes, ClI7(R?) = Re; @ Res.
Therefore C1(R?) =2 H (the quaternions).

Exercise 5.1 (Clifford algebra and quaternion number field). Recall that the quaternion
number field

H =R o Ri®Rj ® Rk

with i2 = j2 = k> = —1 and k = ij = —ji. Verify that the Clifford algebra C(R?) is
canonically isomorphic to the quaternion number field.

Proposition 5.7. Let V,W be Euclidean spaces. Then the linear map
f:Vaew - Cl(V)RC(W)
extends to an isomorphism of superalgebras
CIV @& W) = CL(V)RCLW).
Proof. It is enough to verify the relation for v € V,w € W,
Flv,w)? + {(v,w), (v,w)) = 0.
Indeed, we have

f(v,w)? = (vVR1 4 1&®w)(vR1 + 1Rw)
= 0231 + v@w — VAW + 1Rw?
= —(v,v) — (w,w)

= _<(U’ w)v (U, w)>

o4



Then it extends uniquely a morphism f:CUV & W) — CL(V)RCLW).
Now we need to explain that f is an isomorphism. Let i1 : V -V W, i : W =V O W
be the canonical embeddings, then we have the morphisms of Clifford algebras

i CUV) — CUV & W),
is : CW) — CLUV @ W).

Then we have a morphism (i; ® i) o f of Cl(V @ W) such that it is Idygw when restricting
onto the subspace V @ W. This shows that f is a bijective map. O

As consequence of the above result, by taking R™ = Re; @ ... Re,,, we obtain
CI(R™) ~ Cl(Re1)® . .. ®C1L(Reyy,),

which implies that
dimg CI(R™) = 2™.

Remark 5.8. We can also construct a different isomorphism
CI(R™?) @k C ~ (CI(R™) ®g C) ® (CL(R?) @ C)

defined as follows, if e1,...,€m,em+1,€ms2 are the canonical basis of R™*2, then the above
isomorphism sends e; to e; ® v/ —lemt1emy2 for j < m, and sends €,,4j to 1 ®@ ey, for j =1,2.
Note that the above tensor product is the usual tensor instead of the Zg-graded tensor product.

For k € Ny, set '
CF(V) := Im(®,<,V® — CI(V))  CI(V).

Then we obtain a filtration
R=Cl%V)cC*(V)c---cC¥V)cC---

such that ' ‘
CV(V)CIY(V) c CVH (V).

The Z-graded algebra associated with the above filtration of C1(V') is
Gr*(CL(V)) = @ Gr¥(C1(V))

with
Gri(Cl(V)) == CI*(V)/CI* 1 (V).

Then we have

CGr¥(C1(V)) Gr¥(C(V)) c Gr* (V).

Proposition 5.9. We have the identification of Z-graded algebras
Gr*(Cl(V)) ~ A*V.

Proof. The exterior algebra A®*V is generated by R and V' with the relations vw—+wwv for v,w € V.
By definition Gr(C1(V)) = CI°(V) = R = A°V. Note that ¢ : V — CL(V) is an injective
map since ¢(v)? = —||v[|?. Then
(V) =VaR

so that Gr'(C1(V)) ~ V = A'V.
Then Gr*(Cl(V)) is generated by R and Gr'(Cl(V)) ~ V with the relation

c(v)e(w) + c(w)e(v) = —2(v,w) = 0 € Gr=2(C(V)).
This relation in Gr®(Cl(V')) just means that vw 4+ wv = 0. We obtain this proposition. O
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Definition 5.10. A Zs-graded Clifford module over C1(V) is a C1(V)-module E = E* &
E~ which has a Zs-grading such that the action of v € V maps E* — ET. In the sequel,
we call F/ simply a Clifford module.

When E = ET @ E~ is a (Zy-graded) Clifford module, then for any nonzero v € V, ¢(v)
defines an isomorphism between E+ and E~ so that we always have dim E+ = dim £~

Proposition 5.11. Let A*V* denote the exterior algebra of V* (which is a superspace).
Define the action forv € V:
c(v) =v* A —u(v),

where v* := (v, -) denote the metric dual of v € V' and (v) is contraction (or inner product).

Then A®V™ is a Zo-graded Clifford module.

Proof. The action of ¢(v) on A®*V* gives a linear map
c¢:V — End™ (A*V7).

Moreover, it is easy to verify c(v)? = —[v*A,t(v)] = —(v,v), then the universal property of
CL(V) allows us to extend uniquely the above ¢ to a morphism

c:Cl(V) — End(A°V™).
Therefore, this makes A*V* a Clifford module. O

Definition 5.12. The symbol map o : CI(V) — A®*V* is defined as
Cl(V)sawc(a) 1€ AV,

where 1 € R = AV* is the unit of real number.

Proposition 5.13. The symbol map o : CI(V)) — A*V* is an isomorphism of vector spaces.

Proof. The dimensions of both CI(V)) and A*V* are 2™ with m = dimg V. Let {e;}]2; be
an orthonormal basis of V| so we only need to prove that ¢ is surjective. For any ordered
multi-index [ = (i1 < ... <ig) (1 < k,i; <m ), we have

o(cles --ei,)) = cleq) - -cleg )l = et A--- Aetv € ARV,
[

We can also give an explicit formula for the inverse of o, which is called the quantization
map.

Proposition 5.14. The inverse of o, denoted by o=t : A°V* — CI(V), is given for a €
AFV*,
o Ha) = Z alei, ... e )cley) - clei),

1< <. <1 <m

where {e;}7", is an orthonormal basis of V.

Proof. 1t follows directly from that
= Z aleiyy . e )et A Aett € ARV

1<i1 <. <1y <m
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5.2 Spin group and spinors

In this subsection, we need the basic of Lie groups. Let us recall the definition and some classical
examples.

Definition 5.15 (Lie group). A Lie group G is a (topological) group G together with a
smooth structure on G, by which G becomes a smooth manifold, such that both the maps

GxG—=G, (g,h)— gh

and

G— @G, g»—>gi1

are smooth.

For a better understanding about Lie groups, we mention the following typical examples:
(1) General linear groups GL(n,R) or GL(n,C).

(2) Orthogonal group O(n) = {4 € GL(n,R) : AT = A~'}, and the special orthogonal group
SO(n) ={A € O(n) : det A = 1}. Both are compact Lie groups. Note that O(n) preserves
the inner product structure on R", and SO(n) preserves also the orientation of R".

(3) Unitary group U(m) = {A € GL(m,C) : A* = A7}, and special unitary groups SU(m) =
{A€U(m):det A=1}.

(4) Lie algebra of a Lie group G, denoted g, defined as:

e space of left-invariant vector fields on G,

e or equivalently, tangent space at identity: g = T1G.

For left-invariant vector fields U, V' € g, the Lie bracket [U, V] € g is the standard bracket
of vector fields on G. This way, we define the Lie bracket on g.

(5) O(m) and SO(m) share the same Lie algebra: so(m) = {A € M,,(R) : AT = —A}. In
this case, Lie bracket for matrices is given as usual: for n x n matrices A, B, we have

[A,B] = AB — BA.

Exercise 5.2 (Lie algebras of linear groups). For n > 2, consider the special orthogonal

group
SO(n) :={AeM(n,R) : A" = A7 detA=1}.

Show that

e SO(n) is a compact Lie group.

e Set B € M(n,R) with BT = —B, then for any ¢ € R,
X Ul
t'B
exp(tB) = € SO(n).
(=0

For any A € SO(n), there exists B € M(n,R) with BT = —B such that A = exp(B).
As a consequence, SO(n) is path-connected.

The Lie algebra so(n) of SO(n) is defined as the vector space of all left-invariant vector
field on SO(n) together with the Lie bracket of vector fields. Then the Lie algebra
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so(n) is isomorphic to
so(n) = {B € M(n,R) : B" = -B}

with Lie bracket
[Bl, B2] = B1By — ByB; € SO(TL),

where B B> is the matrix multiplication of By and Bs.

e Show that dimg SO(n) = n(";l).

Definition 5.16 (Spin group). For a real vector space V' with inner product, the spin group
Spin(V') is defined as

Spin(V) = {v1---vg | v; € V,||vj|| =1, k even} C CI(V)

where Cl(V) is the Clifford algebra. The Clifford multiplication induces the group structure
on Spin(V') and make it a compact Lie group with respect to the induced smooth structure
from Cl(V'). Define Spin(m) = Spin(R™).

Note that for v € V with [jv| =1, v? = —1 in CI(V).

Proposition 5.17. For any a € Spin(m), the map
R™ 5 v+ ava™! € R™

defines an element p(a) € SO(m). Thus p : Spin(m) — SO(m) is a Lie group homomor-
phism.

Proof. For a € V with |la|| =1, a~! = —a. Then:

—ava™! = ava = (—2(a,v) — va)a

= —va® — 2(a,v)a

=v—2(v,a)a

This shows p(a)v = —ava~! acts on R™ as reflection across a™, so p(a) € O(m). The composition

of even number of such p(a) gives an element in SO(m). O

Theorem 5.18. Form > 2, the map p : Spin(m) — SO(m) is a double covering of compact
Lie groups.

Proof. Tt is enough to establish the following three properties:
1. P is surjective.
2. ker P = {£1}.
3. Spin(m) is connected.

(1) Every element in SO(m) is a composition of an even number of reflections. Since p maps
products of even reflections to SO(m), p(Spin(m)) = SO(m).
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(2) Consider z € CI(R™). Then zv = vz for all v € R™ if and only if

r €R if m even
reR®Rey---e, ifmodd

It is clear that the above z satisfies xv = vz with all v € R™. Now we assume z € CI(R™)
to have this property.
Fixing the canonical basis {e1,...,en} of R™, and we can use the combinations of e; to give

a basis of CI(R™). We write
T =x9+ 21

with 29 € CIT(R™) and 27 € C17(R™). So that for any v € R™,
oV = VTxp, T1V = V1.

We write 29 = ag + e1by such that ag € C1T(R™) does not contain the Clifford variable e; and
by € C1I(R™) does not contain ej. Since zge; = e1xg, we get

2
apel + erbie] = ejag + elbo.

Then by = —b; and this implies by = 0. As a consequence, Tg = ag does not contain e;. We
repeat the same arguments with es, ..., e,,, so that xo does not contain any of them, so that
zg € R.

Let us turn to x1. We write 21 = a1 + e1bg with a; € C17(R™) and by € CIT(R™) do not
contain the Clifford variable e;. Then e;z1 = z1e; implies a; = 0. So we obtain 1 = ejby. This
way, we obtain

x1 = ceres...e, € CIT(R™)

with ¢ € R. Only in the case odd dimension m, the coefficient ¢ can be nonzero.

(3) For connectedness: To show Spin(m) being connected, it is enough to find a path in
Spin(m) to connect £1 in ker p.

Since m > 2, take v; L vy with [|v1|| = [Jv2]| =1 in R™. Then:

(vlvg)Q = V1UVIV2 = —v%v% = —1.

Define a path v : [0, 7] — CI(R™) by:

~(t) = exp(tvivy) = cost + sint vy ve
Note that

cost + sintvive = (cos(t/2)v1 + sin(t/2)va)(— cos(t/2)v1 + sin(t/2)ve) € Spin(m).
Then v(0) =1, y(7) = —1, connecting £1 in Spin(m). O
Since 71 (SO(m)) = Zg for m > 3, then we obtain

Corollary 5.19. For m > 3, Spin(m) is a simply connected compact Lie group.

Example 5.20. We have the following concrete spin group in low dimensions:

I

Spin(3) = SU(2) = §°
Spin(4) = Spin(3) x Spin(3)
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Exercise 5.3 (Spin group Spin(3)). Let SU(2) denote the group of 2 x 2 complex unitary
matrices with determinant 1. Let su(2) be the Lie algebra of SU(2) which is the space of
traceless skew-Hermitian matrices.

(a) Prove that the Lie algebra su(2) has real dimension 3. For u,v € su(2), consider the
bilinear form (-,-) on V

Vx V3 (u,v)— (u,v) = —%FR(Tr(C2 [wv]) € R,
where R(-) denotes the real part. Then (-,-) defines a Euclidean metric on su(2).
(b) Show that SU(2) acts on R? via the adjoint representation:
¢(9)(X) = gXg~', for X €su(2) =R’
and this action preserves the Euclidean metric (-, ).

(c) Prove that this action induces a homomorphism ¢ : SU(2) — SO(3). Then show that

Spin(3) ~ SU(2).

Lemma 5.21. The Lie algebra spin(m) of Spin(m) is:
spin(m) = spang{e;e; 1 i # j} C CI3(V)

which is also identified with A’V* as a vector space. The differential of p : Spin(m) — SO(m)
1s the Lie algebra isomorphism:

p : spin(m) — so(m), aw |a,-]
where for v € R™ and a € spin(m):
pla)v = [a,v] = av —va

Proof. Recall that that
y(t) = e’ € Spin(m)
which implies that e;e; € spin(m). The rest follows from Proposition O
Remark 5.22. Note that in Definition for A € s0(V), we define n(A) € A2V* by
1 .
n(A) = 3 Z(ej,Aeg>e] Aeb.

j?ﬁ

In Proposition we have a quantization map o~ : A2V* — CI*(V). Then we can verify
directly that

5.3 Spinors (even-dimensional case)

Let V be a real Euclidean space of dimension m = 2k.

Definition 5.23. A complex structure J is an element in O(V) such that J? = —Idy .
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Complexify V to Vo =V ®@r C. Then J decomposes V:
W={veVe:Jv=+v-1v}
W={veVc:Jv=—/-1v}

For v € V, we write v =w 4w with w € W, w € W.
Set S = A*W", and define the action of v € V by
c(v) = V2 (w* A —u)

where w* € W is the metric dual satisfying (w*, f) = (w, f) for f € W. Here we use that the
R-bilinear metric (-,-) induces a C-bilinear form on V¢. This way, we obtain the Hermitian inner
products AW, AW on W, W respectively. Note that forv=w+w eV

Ve=Wa@W, where {

ol = 2(w, @) = 21" (w, w).

Proposition 5.24. The superspace S = A*W— is a Zo-graded Clifford module and we have
the isomorphism of algebra

Cl(V) ®gr C = End(S)
Moreover, any complex Zo-graded Clifford module E decomposes as E = S®F where:

F = Homgyv) (S, E)

Definition 5.25 (Spinor). The Zs-graded Clifford module S, which is uniquely determined
(up to a shift of Zs-grading) by

Cl(V) ®g C 2 End(S),

is called the spinor space associated to (V, (-,)). The elements in S are called spinors.

Proposition 5.26. If (E, h%) is a CI(V)-module such that for v € V, c(v) is skew-adjoint
with respect to h®. Then (E,h¥) is a unitary representation of Spin(V').

Theorem 5.27 (Spin represenation). Under the assumption that dimgr C = m is even,
the action of Spin(m) on S = ST @ S~ preserving the Zo-grading. Moreover, both ST are
irreducible unitary representations of Spin(m).

6 Dirac operator, spin manifold and Lichnerowicz formula

6.1 Riemannian geometry and Dirac operator: Lecture 11
6.2 Spin structure on manifold and connection on spinors: Lecture 12

6.3 Lichnerowicz formula: Lecture 13
References

[1] L. Hérmander. The analysis of linear partial differential operators. I. Classics
in Mathematics. Springer-Verlag, Berlin, 2003. Distribution theory and Fourier

61



analysis, Reprint of the second (1990) edition [Springer, Berlin; MR1065993
(91m:35001a)).

62



	Introduction: Atiyah-Singer Index Theorem 
	Preliminaries on smooth manifolds, vector bundles, and differential operators
	Manifold and partition of unity
	Vector bundle and Hermitian metric
	Differential forms and de Rham cohomology groups
	Differential operator and principal symbol
	Atiyah–Singer index theorem and its applications

	Connection, characteristic class, and Chern–Weil theory
	Connection and curvature
	Connection
	Curvature
	Parallel transport

	First Chern form and first Chern class of complex line bundles
	Characteristic classes of vector bundles (topological version)
	Characteristic forms by Chern–Weil theory
	Supersymmetric formulation
	Chern–Weil theory for characteristic forms
	Euler form


	Quillen's superconnection and Chern character
	Quillen's superconnection on superbundles
	Baby case: index theorem for X=pt 
	Chern character ch((P))

	Clifford algebra, spin group and spinors
	Clifford algebra 
	Spin group and spinors
	Spinors (even-dimensional case)

	Dirac operator, spin manifold and Lichnerowicz formula
	Riemannian geometry and Dirac operator: Lecture 11
	Spin structure on manifold and connection on spinors: Lecture 12
	Lichnerowicz formula: Lecture 13


