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The Gauss-Bonnet-Chern
Theorem on Riemannian
Manifolds

Yin Li

Abstract

This expository paper contains a detailed introduction to some

important works concerning the Gauss-Bonnet-Chern theorem. The
study of this theorem has a long history dating back to Gauss’s The-
orema Egregium (Latin: Remarkable Theorem) and culminated in
Chern’s groundbreaking work [14] in 1944, which is a deep and won-
derful application of Elie Cartan’s formalism. The idea and tools in
[14] have a great generalization and continue to produce important
results till today.
In this paper, we give four different proofs of the Gauss-Bonnet-Chern
theorem on Riemannian manifolds, namely Chern’s simple intrinsic
proof, a topological proof, Mathai-Quillen’s Thom form proof and
McKean-Singer-Patodi’s heat equation proof. These proofs are related
with remarkable developments in differential geometry such as the
Chern-Weil theory, theory of characteristic classes, Mathai-Quillen’s
formalism and the Atiyah-Singer index theorem. It is through these
brilliant achievements the great importance and influence of Chern’s
insights and ideas are shown. Our purpose here is to use the Gauss-
Bonnet-Chern theorem as a guide to expose the reader to some ad-
vanced topics in modern differential geometry.
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In Memory of Professor S.S.
Chern (1911-2004)

The master does his job and then stops.
He understands that the universe is forever out of
control,
and that trying to dominate events goes against the
current of the Tao.

Because he believes in himself,

he doesn’t try to convince others.

Because he is content with himself,

he doesn’t need others’ approval.
Because he accepts himself,

the whole world accepts him.
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1 Introduction

1.1 Two Viewpoints of the Gauss-Bonnet Theorem

Let M be a closed oriented Riemannian surface and K its Gaussian curvature,
P : FF — M a diffeomorphism of a polygon F' onto a subset of M, «; the
exterior angles of the vertices of P(F'), and k, the geodesic curvature of the
positively oriented curve dP. The classical Gauss-Bonnet theorem says that

([190):
/PKdAJr/aP/@gds+zi:ai:27r. (1)

Given a triangulation of M, it is then easy to deduce from ([]) that
| Kaa=xon) @)
M
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where x(M) denotes the Euler characteristic of M.

(@) and (2)) respectively give the two viewpoints of the Gauss-Bonnet theorem
in history.

In fact, let P be a geodesic triangle, then (II) becomes

3
/ KdA+> a; =2m, (3)
P i=1

so it reveals the relationship between the Gaussian curvature and the “an-
gular excess”, i.e., the sum of the interior angles of a geodesic triangle minus
the sum of the interior angles of a triangle in R2.

On the other hand, (2) gives the relatively modern viewpoint of the Gauss-
Bonnet theorem, which says that the most important topological invariant
of M, i.e., the Euler characteristic, is given by the so called “curvature in-
tegral”. For the fundamental role the Euler characteristic plays in topology
and geometry, I strongly recommend the reader to read [17].

Heinz Hopf proposed in the late 1920s the question of generalizing the Gauss-
Bonnet theorem (2) to all even dimensions. This problem was first solved by
Allendoerfer and Weil in 1943. In [4], they proved the following analogue of
(@) for all Riemannian manifolds:

1) (P) = [ ¥(z)dvol, U (¢, d€|OP;)dvole, 4
o = w30 [ e agoryno )

;1
24(3)!g

Z sgn a1 - g 02 Ry, (1)0) (202 (1)02(2) * * * Roy(d-1)o1 (D)o (d-1)oa(@), (D)

01,02€%

U(z) = (2m)~

d = dimr M, R;jj, is the Riemann curvature tensor with respect to the metric
Gij, g = det(gi;). Xq denotes the set of all the permutations of {1,-- -, d} and
sgn denotes the signature of a given permutation. dvol is the Riemannian
volume element, P is a differentiable Riemannian polyhedron, whose bound-
ary consists of Riemannian polyhedra 0P;, I'(¢) is a subset of the unit sphere
centering at ¢ which generalizes the exterior angle of P; at ( in the case of
a Riemannian surface, the term U((,d{|0P;) is a measure of the curvature
of P; which generalizes the geodesic curvature of a curve on a Riemannian
surface, and x’ is the interior Euler characteristic, which is the Euler charac-
teristic computed only on the interior faces of a triangulation.

Actually, ([B]) is the Gauss-Bonnet theorem for Riemannian manifolds with
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boundary. Using (3)), they then deduced the Gauss-Bonnet theorem for Rie-
mannian manifolds without boundary as follows, which is a generalization of

@:
/M ¥ (2)dvol. = x(M). (6)

However, the paper of Allendoerfer and Weil is very complicated and in-
volves equally complicated works of Allendoerfer ([3]), Fenchel ([21]) and
Weyl ([37]). Moreover, they used in their proof the local isometric embed-
ding of the Riemannian manifolds into the Eucildean spaces, which seems
unnatural for proving an intrinsic formula.

It was Chern who made the Gauss-Bonnet theorem ([6) widely known. His
simple intrinsic proof in 1944 not only gave a beautiful and profound proof
of the Gauss-Bonnet theorem, but also enlightened the whole field of global
differential geometry. In his 6-page paper [14], he invented the technique
now called transgression, introduced curvature to topology, and showed the
importance and usefulness of the concept of a fiber bundle in differential ge-
ometry.

It is the aim of this expository paper to review Chern’s great paper [14] to-
gether with some other important developments on the Gauss-Bonnet-Chern
theorem. As an undergraduate student interested in differential geometry,
the author write this paper to learn, and also to dedicate it to the memory of
Professor S.S. Chern on the occasion of his 100th birthday. I sincerely hope
that he would like it.

1.2 Arrangement of This Paper

I have endeavored to write this article in a self-contained way, only assume
the reader know elementary analysis, geometry and topology. The reader
who don’t familiar with these materials may refer to [12], [26] and [30]. We
shall work with real coefficients unless otherwise mentioned.

For clarity, we state two basic topological facts in §2, namely the elementary
singularity theory of a unit vector field and the Poincaré-Hopf index theorem.
They will be used in Chern’s intrinsic proof in §3.

§3 is devoted to Chern’s paper [14]. However, we will briefly mention the
Chern-Weil theory at the end of this section since it is a natural generaliza-
tion of the Gauss-Bonnet-Chern theorem under the general framework of the
Cartan formalism and gives enough motivations for the topological approach
to the Gauss-Bonnet-Chern theorem which we will discuss in §4. A brief ac-
count of Cartan’s method of moving frames is given at the beginning of this
section since most of the text books on Riemannian geometry are written in
the language of tensor analysis.



§4 contains two proofs of the Gauss-Bonnet-Chern theorem using the Euler
form and the Thom form respectively, in the spirit of the Chern-Weil the-
ory. The first proof is a new proof based on an explicit expression of the
Euler class by transition functions and generalizes the Gauss-Bonnet-Chern
theorem for a metric-compatible connection on oriented Riemannian vector
bundles. The second proof follows directly from Mathai and Quillen’s geo-
metric construction of the Thom form in [28]. We shall develop in detail the
topological backgrounds for understanding these proofs at the beginning of
64.

In §5 we present an analytic approach to the Gauss-Bonnet-Chern theorem,
namely by using the heat equations. Although this proof is a little lengthy, it
is a powerful method in mordern differential geometry. We will construct the
parametrix and the heat kernel in full detail and the McKean-Singer conjec-
ture will be raised in a natural way. The proof will be completed by using a
classical tensor calculus method developed by Patodi in his phD thesis [32],
since this gives the most self-contained proof.

Although this paper contains no new result, several proofs are new and some
simplifications have been made to original papers. Noteworthy is our treat-
ment for the Euler class in §4.1, which is different from other standard ref-
erences, it simplifies our exposition in many places.

2 Topological Preliminaries

References for this section are [1], [12], [27] and [30].

2.1 Singularities of A Unit Vector Field

Let S be an oriented sphere bundle over a differentiable manifold M. Al-
though in general S does not admit a global section, a well-known result in
differential topology says that there may be a section s over the complement
of an isolated set I C M, i.e., s € I'(M \ I,S). The points in I are called
singularities of s.

Theorem 2.1.1. Let 7 : S — M be a (d— 1)-sphere bundle over a closed
manifold M of dimension d. Suppose that the structure group of S can
be reduced to the orthogonal group O(d,R), then there exists a smooth map
s: M — S such that s € (M \ I,S5), where I is discrete.

REMARKS

e Under the assumption of Theorem 2.1.1, the sphere bundle S is induced
by a vector bundle E. Suppose s € I'(M \ I, S), then we can set s = ¢’
on M\ I and s =0 on I to produce an s € I'(M, E) with the zero set
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I. Thus Theorem 2.1.1 can be restated for vector bundles and zeros of
1ts sections.

e [t follows from the basic facts of the obstruction theory that the as-
sumption “the structure group of S can be reduced to O(d, R)” can be
removed. See [36].

2.2 Poincaré-Hopf Index Theorem

The Poincaré-Hopf index theorem plays a pivotal role in Chern’s proof of
the Gauss-Bonnet theorem in [14], since it localizes the global topological
information of the manifold using the zeros of a vector field. To state this
theorem, we need some basic concepts which give analytic descriptions of the
zeros of a vector field.

Definition 2.2.1. Let f : M — N be a smooth map between two closed ori-
ented manifolds of dimension d. Then f defines a pullback on de Rham coho-
mology f* : Hiz(N,R) — Hiz(M,R). Let w be the generator of Hjz (N, R),
then the mapping degree of f is defined to be fM ffw.

Suppose S is a sphere bundle over a closed oriented d-dimensional Rieman-

nian manifold M and s € F(U \ {z}, S). Suppose U is chosen small enough

so that U \ {z} ~ B\ {0} and S|z} = (U \ {SL’}) x S¥1 where ~ de-

notes the diffeomorphism and B? C R? is the standard Euclidean ball. Let
B, C M denote the preimage of rB? under the trivialization of M, then B, is
clearly oriented. Choose the orientation on S~! such that the diffeomorhism
S|p, ~ B, x S%! is orientation preserving, where B, x S ! is given the
product orientation.

Definition 2.2.2. The local degree of the section s € F(U \ {z}, S) at x is

defined to be the mapping degree of the composition
OB, % S|p, = B, x S¥1 & §i-1, (7)

where p is the projection and B, is the closure of B,.

Definition 2.2.3. Let X be a vector field with discrete zeros on M, then
the index of X at a zero x € I is defined to be the local degree at x of the
section ﬁ e '(M\I,SM), where SM denotes the projective sphere bundle
relative to some Riemannian metric of M.

Denote by indx (z) the index of the vector field X at z, we state the Poincaré-
Hopf index theorem as follows:

Theorem 2.2.4. (Poincaré-Hopf) Let the set I be defined as above and

suppose it is chosen to be discrete. M 1is a closed oriented manifold and X



1s a vector field on M, then

X(M) =" indx (). (8)

x, €1
REMARKS

e An analytic proof of this theorem was obtained by Witten in his famous
paper [38], see also [41] for an exposition of his proof. An alternative
analytic proof based on the idea of [2] was found in [40)].

e The Poincaré-Hopf index theorem is the simplest example of the local-
ization theorems which relate the characteristic numbers with zeros of
a vector field. The most famous example among these theorems is the
Bott residue formula [IT]. However, it turns out that the Bott residue
formula holds even when the zero set of a vector field is not discrete,
this amazing extension was made in [5]. See also [10], [18] and [41] for
expositions of these results.

e An extension of this theorem will be made in §4.2 as a byproduct of
the generalized Gauss-Bonnet-Chern theorem, see (I10).

3 A Simple Intrinsic Proof

3.1 Maurer-Cartan Equations

Here we recall briefly the method of moving frames and the corresponding
structure equations. Of course the standard references for these topics are
[13] and [19]. For a modern introduction to differential geometry via moving
frames, the reader may refer to [25] and [35].

We begin with the general case when 7 : P — M is a principal G-bundle
over a d-dimensional differentiable manifold M. Let g denote the Lie algebra
of GG, then it can be identified with the tangent space T.G, where e is the
unit element of G. Suppose {U,} is an open cover of M on which P is trivial,
then there exist diffeomorphsims ¢, : 77 1(U,) — U, x G such that

Yaly) = (ﬂ(y),pa(y)),pa(g Y) =9 paly),Vg €G. 9)

The group formed by the transition functions {g.s} of P can be identified
with a subgroup of G, then we have in GG the relation

Pa(Y)9as = ps(y). (10)



Let R, be the right translation h — h - g, where g, h € G, and Ad(g) be the
adjoint action in g defined by

exp, (Ad(g)X> = g(exp, X)g ', g€ G,X € g, (11)

we now introduce the concept of a Cartan connection.
Definition 3.1.1. Let 7 : P — M be a principal G-bundle, a Cartan
connection VF on P is given by a g-valued 1-form 6, on every U, such that

bo = (Ry-1).1A(T;,,,G) + Ad(gas)s in Ua [ | Us, (12)

where 1d(7T}, ,G) denotes the identity endomorphism of T, ,G. Note that
(Rgfé)*ld(TgaBG) can be identified with a g-valued 1-form on U, (| Us.

Define O, € I'(U,, A*T*M) @ g by

On = dby — =[0a, 04, (13)

L
2
where [, -] denotes the Lie bracket for g-valued differential forms defined by

X@w,Y®=[X,Y|®wAb),X,Y € g,w,0c A"T*M. (14)

([[3) is called the Maurer-Cartan equations and {6,} are called Maurer-
Cartan forms. {©,} are by definition the curvature forms of the Cartan
geometry.

Now suppose the restriction P|y, is a Lie group, then one easily obtains (c.f.

[20]) )
A6 = 5 [0a ba)- (15)

This is the Maurer-Cartan equation for Lie groups. It shows that the cur-
vature forms of the Cartan geometry are complete local obstructions to P
being a Lie group. By (I2), we deduce the local transition formulas

On = Ad(gas)Os in Ua (| Us. (16)
Exterior differentiation of (I3]) gives the Bianchi identities
dO, = 04, Onl. (17)

We now apply the above method to Riemannian geometry.
Let M be a Riemannian manifold with dimension d. In this case, the principal



G-bundle P over M can be produced by moving an orthogonal frame over

M, ie., G =0(d,R). It follows that
o(d,R) = {X € gl(d,R) : (Xv,w) + (v, Xw) = 0 for all v, w € ]Rd}, (18)

where

gl(d,R) = {X : R — R? linear} (19)
denotes the Lie algebra of GL(d, R).
Therefore { gag(x)} can be identified with orthogonal matrices and (I2]) re-
duces to the matrix equation

Oo = dgapgns + Ad(gap)bs. (20)

This shows that in this case, a connection V¥ on P is given by a d x d matrix
of 1-forms w = (w;’) on each U,, where {U,} is an open covering of M which
trivializes P. We shall call w the connection matriz of VF. By ([IS), we get
in addition that w is skew-symmetric, i.e.:

w! +w;" = 0. (21)
Using (I4)), we write the Maurer-Cartan equations in this case as
Q7 = dw! —wr AW, (22)

where Q. are entries of the corresponding curvature matriz © = (). Here
and in the sequel, we shall adopt the Einstein summation convention.

1) and ([22) are known as the fundamental lemma of Riemannian geometry.
By (@3] and (21)), it follows that the curvature matrix is also skew-symmetric:

Q)+ =0. (23)
Similarly, the Bianchi identities now becomes

This is the Riemannian geometry via moving frames.
REMARKS

e When G = O(d,R), {pa(y)} in (@) can be identified with orthogonal

matrices. Denote by pl(y) the matrix formed by the first row of p,(y),
then (I0) restricts to the relation

Pa(¥)9as = P5(y).- (25)

10



It follows that we can construct a vector bundle F with { gag(:c)} as

its transition functions. F is called the associated vector bundle of P
and P will be referred to as the orthogonal frame bundle of E.

Combine (20) and (28) to get
(dpe, + Pafla)gos = dps + p30s. (26)

From (26)) it follows that every connection V¥ on the principal O(d, R)-
bundle P induces a connection V¥ on its associated vector bundle F,
and V¥ is uniquely determined by

VEp(lx = dp(lx + piﬁa. (27)

Moreover, by 1), V£ must be metric compatible. This restriction on
V¥ is essential for our proof of the Gauss-Bonnet-Chern theorem, as
we will see later.

It is a trivial fact that every metric connection V¥ on a vector bundle
E also induces uniquely a connection on its orthogonal frame bundle
P, therefore the equivalence between studying the metric connections
on a vector bundle and the method of moving frames has been showed.
More generally, for G = GL(d, C), every connection V¥ on the principal
GL(d, C)-bundle P can be identified with a unique connection V¥ on
the associated Hermitian vector bundle E, here V¥ may not be metric
compatible.

We now move the orthogonal frames in the tangent bundle 7'M and still
use w = (w;/) and © = (Q7) to denote the corresponding connection
and curvature matrices. As we have seen, this is equivalent to studying
a metric connection on T'M. Now let {O, ey, -+, e4} be our local frames
and O be the position vector of O. The connection of e; € I'(U,, T M)
is given by

de; = w/e;. (28)
Since O can be identified with a vector in the linear space span{ey, - -
-,eq}, we can take its exterior differential

dO = w'e;,w' € T(U,, T*M). (29)
It is easy to verify that if
dw' = w! A wji, (30)

then the connection VI induced by V¥, where P is the orthogonal
frame bundle of T'M, is torsion free and is therefore the Levi-Civita
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3.2

connection. We will see that the torsion freeness of VI is not required
in the proof of the Gauss-Bonnet-Chern theorem.
Now suppose that VI is the Levi-Civita connection, let w and © be
the corresponding connection and curvature matrices respectively. We
have the following simple relation between the curvature 2-forms and
the components of the Riemann curvature tensor:

Q/ = R/, dw* Adu. (31)

In fact, the deep relationship between differential forms and algebraic
topology makes the curvature forms more convenient than the curva-
ture tensor in global differential geometry, this is formalized in the
Chern-Weil theory in the late 1940s. Chern’s simple intrinsic proof of
the Gauss-Bonnet theorem is actually a perfect example of the Chern-
WEeil theory which shows that the Euler class can be expressed by the
Pfaffian of the curvature forms. These remarks will be made rigorously
in §3.3.

Chern’s Original Proof

Chern’s proof is very beautiful and conceptual. We shall first sketch out
the basic steps of his proof and then carry out the details step by step. We
assume here that M is a d-dimensional closed oriented Riemannian manifold,
here d is an even number.
SKETCH OF THE PROOF

Let I be as in §2.1, take an S € I'(M \ I, SM), i.e., a unit vector field
with possibly isolated singularities. The existence of such a section is
guaranteed by Theorem 2.1.1. We shall identify S with S(M \ I).

Extract small balls | J
defined on M \ |

+,c1 B(7i) about these singularities, so S is well-

x, €1

Define the Gauss-Bonnet integrand 2, i.e., an intrinsic d-form formed
by the curvature 2-forms. This is a generalization of the form KdA in
the surface case, see ().

Transgression. Use the projection 7 : SM — M to pull Q back to
SM and establish the transgression formula 7*€2 = dII, where II €
L(SM, A=YT*SM).

Use 7|s, which is the restriction of 7 : SM — M on S, to pull the
integral fM\U IWQ back to §. Make the radii of B(z;) tend to
T;€ z
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0, apply the Stokes theorem and the Poincaré-Hopf index theorem to
finish the proof.

THE GAUSS-BONNET INTEGRAND
Let 0 € ¥y, we construct a differential form Q, € I'(Uy, AYT*M) for every a
as follows:

o o(d
' Z sgn o - €2 @A Qa1 @, (32)

Lemma 3.2.1. The form €, constructed above is intrinsic and global.
Proof. Let A = (a;;) be an orthogonal transformation which changes {O, ey, --
eqt to {O,ef, - €5} in U,, then we have e; = E;l:l aije;. By (22) and
([28)), one easily obtains

d
Qij* = Z aikalekla (33)
k=1

where Q7" are curvature forms defined by [22) with respect to the frame
{0, €7, - -€e;}. Substitute ([B3) into (B32)), © remains invariant. This shows
that €, is intrinsic. By ([I6), Q, = Qs on U, [\ U, therefore the €2,s paste
together to define a global form €2 on M. O

REMARK

By the above lemma, it follows immediate that

Q= K(@)w A Awh K(z) € C®(M), (34)

where K (z) is a scalar invariant of the Riemannian manifold which is the gen-
eralization of the Gaussian curvature in the surface case. Therefore Lemma
3.2.1 should be viewed as a generalization of Gauss’s Theorema Egregium in
high dimensions.

With these preliminaries we state our main theorem as follows:

Theorem 3.2.2. (Gauss-Bonnet-Chern) Let M be a closed oriented Rie-
mannian manifold with an even dimension d, €2 is defined as above. Then
the following formula holds

/M Q = v (M). (35)

A TRANSGRESSION LEMMA

When a closed form on M is pulled back to a fiber bundle, it could happen
that it becomes an exact form, such a process is called transgression.

Let m : SM — M be the projective sphere bundle of M, then 7*Q) €

13



T(SM, A4T*SM).
Lemma 3.2.3. (Transgression) There exists a 11 € T'(SM, A2 1T*SM)
such that

Q) = dIL (36)

Proof. Suppose v € I'(U,, SM), then we have

(37)

Apply exterior differentiation to 7*v, by (28) we get

dr*v = n't*e;, n' = dn*v' + ﬂ*(vjw] ). (38)

A dimensional consideration shows that the 1-forms {n’} are not independent.
In fact, we can deduce from (B8) the important relation

d

Z ™'yt = 0. (39)

i=1
Take the exterior differential of 7’ in (B8)) and use [22) to get
dn' = 7*(dv Aw;") + 7* (v dw,")
= 7*(dv? A wji) + 7" (vj(jS + wjk A wkl))
=" (vaji) — (' Aw?). (40)
Following Chern, we construct the following two sets of differential forms

(I)k = Z sgn o - 77*1}0(1)770(2) A A 77U(df2l<;) A

geYy

* o(d—2k+2 * o(d
T Qa(d—2k+1) ( SN AT Qa(d_l) ( ), (41)

Uy, = Z sgn o - W*Qa(l)am AnTS A AtdmR) A
oEYy

* o(d—2k+2 * o(d
@ Qo(d72k+1) ( "N AT Qo(dfl) ( )v (42)

where 0 < k < % — 1. By a similar argument as in the proof of Lemma 3.2.1,
it is easy to check that the differential forms ®; and ¥; are intrinsic and

therefore global by (20).
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The main step for proving this lemma is to establish the following recurrent

relation:
d—2k+1

dd;, = U, _ B ————
k k-1 1 2(k+ 1) ks

(43)

where W_; is defined to be 0.
Now suppose ([43]) has been proved, then we can solve Wy, in terms of d®, - -
‘Y dq)k

d

m=0
In particular, we get
4|

2
where
2 —m-—-1)
M=r2) (~1)"——2 —— (46)
0 (d—2m — 1)122Tm~1
The proof is complete. O
Proof of (43))
Computation gives
ddy, = Z sgn o - 75 dv® A n"(Q) A A na(d—%) A
and
* o(d—2k+2) % o(d)
T Qo(d72k+1) ARERAVs Qa(dq)
+(d -2k +1) Z sgn o - w0 WdnT@ A oA oA A
and
* o(d—2k+2) % o(d)
T Qo(df%ﬂ) A- AT Qa(dq)
kS sgn o -y AL ApE)
and
* o(d—2k+2) % o(d)
™AL ) Ao AT Q)" (47)

If we substitute dv’, dn’ and d by their expressions in (B8), [@0) and 24,
the resulting expression for d®; will then consist of two kinds of terms, those
involving m*w,” and those not. We collect the terms not involving m*w,’,
which are

Uy + (d—2k+1) Y sgn -7 (" W7Q,7 @) A

oEYy

o o(d— * o(d—2k+2 * o(d
n (3)/\.../\7] (d 2k)A7TQa(d—2k+1) ( )/\.../\ﬂ- Qa(d—l) (). (48)
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These expressions are clearly intrinsic and therefore global, actually it is easy
to see that they are just d®;s.

In fact, fix an O € M, we can choose a frame {O, ey, - -, e4} at O so that
w;” = 0. This is equivalent to using the Riemannian normal coordinates in
the tensor calculus context. Then it is obvious that (@8] is equal to d®;, at
O. Tt follows immediately they are identical because they are intrinsic.

In order to prove (43]), we use Wy to simplify the second term in ([48]). To do
this, we make the following abbreviations

Ak = Z Sgn o - ﬂ'* ((Ua(l))290(1)0(2)) /\ no—(g) /\ .« . /\ na(d_Qk) /\

oEYy

* o(d—2k+2 * o(d
T Qo(d72k+1) ( "N AT Qa(dq) ( )v (49)

Bk = Z Sgn o - ﬂ'*(fUU(l)UU(B)QU(g)O(z)) A\ T]U(B) /\ e /\ no(d72k) /\

gEYy

* o d—2k}+2 k o d
@ Qa(d—2k+1) ( "N AT Qo—(d_1) ( ), (50)

Ce=) sgno- W*((UO(?’))?QU(I)U@)) AP® A A gd=) A

oEYy
% o(d—2k+2) * o(d)
@ Qo(d72k+1) ARRRRAY( Qa(dq) ; (51)
therefore we can write
A0y, = Wy + (d — 2k — 1) (Ak 4 (d— 2k — 2)Bk>. (52)
By ([B7) we have
d
Ag=3 sguo - ((1 - Z<v“(“)2)ﬂa<n”(2)) AT A A g2
oEYy =2
* o(d—2k+2) * o(d)
AT Qo(d72k+1) N AT Qo(dfl)
=V, — Ay — (d — 2k — 2)Cy — 2k Ag. (53)

This gives the relation
Uy =2(k+ 1)Ag + (d — 2k — 2)C}. (54)
By (89), we have

d
By = Z sgn o - ﬁ*(v”(1)90(3)0(2)) A (— Zw*v”(i)n"(i)) A
i=1

[ SDIF}
o(4 o(d—2k * o(d—2k+2) * a(d)
WA A >A7rQU(d_2k+1) Ao AT
=Cy — (2k + 1) By. (55)
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Substitute (54]) and (B5)) into (52), we get (43). O

PrROOF OF THE GAUSS-BONNET-CHERN THEOREM
First note that S is a submanifold of SM, so we can use 7|s to pull the

integral | M\UziezmQ back to §. By the transgression lemma and the

Stokes’ theorem, we have
Q+/ 0
B(xs) Uz, er Blxi)

L=
M AI\LJziGI z;el
:/w|§Q+/ 0
N Uq,er B(xi)

z;€l

:/dﬂ|s+/ Q
S U B(z;)

z; €1

:/ o H+/ Q. (56)
7r‘«gl(uzielaB(”i)) Uz, er B(@i)

As the radii of the balls B(z;) tend to 0, the first term on the right hand
side of (B6) tends to x(M) [g,, 1T by the Poincaré-Hopf index theorem and
the second term vanishes, where SM, denotes the fiber of SM at x.

By (23), one easily calculates

d
2

4|
M= @% ®y = 1. (57)
SM, d12271 Jsm,

This completes the proof. O
REMARKS

e In Chern’s original proof, he assumed that VI is the Levi-Civita
connection. However, it is clear from the proof above that the Gauss-
Bonnet-Chern theorem holds as long as VI is metric compatible.

e Chern’s method of transgression can be modified to generalize the
Gauss-Bonnet-Chern theorem to odd dimensions, although the formula
in this case is somewhat trivial and not of much interest. This is done
by Chern himself in [I5]. In fact, define

[3(d—1)]

~ —1)¢ 1 ~
= # kzzo <_1)kk!1“<%(d 2% +1)) e 09
where
o), = Z sgn o - W*QJ(I)U@) A A W*QU(%A)U(%) A
o€N,
7r*wa(2k+1)a(d) ARRRNA 7T*Qa(d—na(d)- (59)
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Chern showed that dIl = W*ﬁ, where

=~ {Q d even,

=10 dodd (60)

Therefore, the Gauss-Bonnet-Chern theorem for every closed oriented
Riemannian manifold is given by

~ | x(M) deven,

/M = { 0 dodd (61)
Since x(M) = 0 if M is a closed manifold with an odd dimension,
we actually have [, Q = x(M) for every closed oriented Riemannian
manifold M. B B
With the forms IT and €, Chern obtained intrinsically in [15] the
Allendoerfer-Weil formula (c.f. () for a differentiable Riemannian
polyhedra P. Since JP is a submanifold of M, let 7 : PNOP [\ SM —
OP be the bundle of inner unit normal vectors over 0P, where PNOP is
the projectivized normal bundle, i.e., the quotient bundle of the normal

bundle NOP over 0P which treats {(x, Ay) :x € 0P,y € NOP,\ € R}

as a single point. Under these conventions the Allendoerfer-Weil for-
mula is given by

/P 0= /B E) Tileworna =X (). (62)

3.3 Chern-Weil Theory

After his excellent work on the Gauss-Bonnet theorem, Chern realized the
possibility of expressing certain topological invariants by combinations of
curvature forms. This leads to his fundamental paper [16] introducing the
Chern classes

det (1 + ge(v%) —1+a (@(vE)) e, (@(vE)), (63)

where [ is the identity matrix, F is a Hermitian vector bundle of rank r over
a differentiable manifold M, and ©(V¥) is the curvature matrix with respect
to a connection V¥ on E.

Chern showed in [I6] that the differential forms cl-<@(VE )),1 < i <7 are

actually independent of V¥ and determine cohomology classes [ci (@(VE ))}
in the de Rham cohomology groups. More precisely,

{Ci (@(vE))} € HA(M,C),1<i<r (64)
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This example, together with the top form € defined by (B2]) in the proof of
the Gauss-Bonnet-Chern theorem, give important examples of the Chern-
WEeil theory, which is a theory aimed at representing characteristic classes of
some principal bundle over a manifold by geometrically significant objects.
The above two examples due to Chern are unified in the Chern-Weil homo-
morphism, which is the main result of the Chern-Weil theory. To state this
theorem, we need some preliminaries in multilinear algebra.

Let K =R or C. G is a real or complex Lie group and g its Lie algebra.
We introduce a function v : g x - - - x g — K satisfying the following two
properties:

e 1 is k-linear and

V<XU(1)7"'7X0'(.I<;)> :V<X17"'7Xk>70-62k7 (65>

V(Ad(g)Xl, o Ad(g)Xk) = (X1, Xi),g € g (66)

It is a well-known fact that every such v can be identified with a homogeneous
polynomial of degree k defined by v(X) =v(X,---, X), X € g. We will call
v(X) an invariant polynomial. 1t is clear that all the invariant polynomials
form a ring, which we will denote by I(G). Note that the action of a v € I(QG)
can be extended to g-valued differential forms in the following manner:

('Y = euY;), € A'T*M,Y; € g. (67)

Theorem 3.3.1. (Chern-Weil Homomorphsim) For a d-dimensional
differentiable manifold M, let V¥ be a Cartan connection on a principal G-

bundle 7 : P — M, then V¥ is given by a set of g-valued 1-forms {HQ(VP)},
let {@a(vp)} be the corresponding curvature 2-forms. v € I(G). Then
y(@a(vp)) is intrinsic and thus global by (I6), we have

o y(w*@a(vp)> is a coboundary in P, i.e., there is a £ € T'(P, A*"YT* M)

such that V(W*@a(vp)> = d€ on P. This is a generalization of the
transgression lemma 3.2.3 proved above.

. V(@a(VP)> is closed in M, and [u(@a(vp))] € H%*(M,K) is inde-
pendent of V¥, therefore this defines a ring homomorphsim

W I(G) — Hig(M,K) (68)
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by taking v to {y(@a(vP))} W is called the Chern-Weil homomor-
phism.

For a proof of this theorem and a neat and profound introduction to the
theory of characteristic classes, we refer the reader to the appendix: Geometry
of Characteristic Classes of [I8]. See also [31] for a topological approach to
characteristic classes.

We now use this theorem to give another interpretation of the Gauss-Bonnet-
Chern theorem. This interpretation leads naturally to the topological proofs
in the next section.

Definition 3.3.2. Let A = (a;;) be a d x d skew-symmetric matrix, d even,
then the Pfaffian of A is defined by

d

Pf(A) = ! ' > (sgn J-Haa(mq)o(zz))- (69)
=1

d
22 (g) O'EEd

One is able to verify the following important relation:
Pf(A)? = det(A). (70)

Using this notation, we can write the Gauss-Bonnet integrand as
—1
0 = (5)fPE(e(vT™)), (71)
T

where VI denotes a metric connection on TM. Since Pf € [ (O(d, R)),

by the Chern-Weil homomorphsim, {Pf(@(VTM)ﬂ € Hiz(M,R) is inde-

pendent ?zf the metric connection V™ we choose, so we can simply write
Q= (;—;)EPf(@TM).

The d-form (g—;)%Pf(@TM ) is usually called the geometric Euler class. Then
the Gauss-Bonnet-Chern theorem asserts that the integration of the geomet-
ric Fuler class on a closed oriented Riemannian manifold gives the Euler
characteristic.

4 Topological Proofs

4.1 Thom Class and Euler Class

To make our exposition self-contained, we shall provide here a brief introduc-
tion to the topological backgrounds which will be assumed in our following
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proofs. Our main object in this subsection is to prove the following simple
but important result:

Proposition 4.1.1. The pullback of the Thom class of an even dimensional
oriented vector bundle via the zero section to the base manifold is the Fuler
class.

We present here a new approach to the Euler class inspired by [12] and [27],
as we shall see, this approach is very convenient for our purpose and doesn’t
seem to be too formal to hide the geometric motivation. Compare our expo-
sition here with [1], [12], [24], [27] and [31].

TuoM CLASS

As we know, there are two basic topological invariants for a manifold M,
namely the de Rham cohomology Hj;(M,R) and the compactly supported
cohomology H}(M,R). For a vector bundle 7 : E — M, there is a third one,
namely the cohomology with compact support in the vertical direction, we
use QF (E) to denote the corresponding complex.

Definition 4.1.2. A smooth k-form w € QF (E) if and only if for every
compact set K C M, 771(K) () Supp w is compact. The cohomology of the
complex 2 (F), denoted by HZ (E,R), is called the cohomology of E with
compact support in the vertical direction.

Just as the Poincaré duality which gives the relation between Hjz (M, R) and
H*(M,R), the Thom isomorphism relates H? (F,R) with Hjg (M, R).
Theorem 4.1.3. (Thom Isomorphism) Let E be an oriented vector bun-
dle over a manifold M with rank n, then

He (E,R) = Hyg"(M,R). (72)

The proof is based on the generalized Mayer-Vietoris argument and the
Poincaré lemma for compactly supported cohomology, details can be found
in [1], [12] and [27].

By this theorem 1 € Hiy(M,R) determines a cohomology class ¢(E) €
HX(E,R), we call t(E) the Thom class of the oriented vector bundle E.
There is a simple characterization of the Thom class:

Proposition 4.1.4. The Thom class t(E) on a rank n oriented vector bun-
dle E can be uniquely characterized as the cohomology class in HI (F,R)
which restricts to the generator of H'(E,,R) for every x € M.

Proof. By Definition 4.1.4, Supp t(E)|g, is compact. Since the pushforward
T, is given by integration along the fiber and m,.t(E) = 1, we see that ¢(EF)|g,
is a generator of H'(E,,R).

Conversely if t'(E) € HZ (E,R) restricts to a generator of H'(E,, R) on each
fiber, then one verifies directly the so-called projection formula:

e ((W*w) A t'(E)) =w At (F) =w. (73)
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Since it is another simple verification that the map T : w — (7*w) A t/(E)
defines the Thom isomorphism, it follows that ¢'(E) = T(1) defines the Thom
class. 0

Corollary 4.1.5. Suppose E; is an orientable vector bundle over M with
rank n and f: N — M is C*. Let Fy be a vector bundle over N such that
the following diagram

EQL)El

N — s M

is commutative, then Ey must be orientable. We have ft(Ey) = t(E,).
Proof. 1t is clear that f*t(E;) € H(Es). By the commutativity of the
diagram,

T fH(Ey) = frmt(By) = f*1=1. (74)

By Proposition 4.1.4, the proof is complete. O

EULER CLASS

We begin with the simplest case when F is an oriented Riemannian plane
bundle and {U,} is a coordinate open cover of M. Then the local coordinates
in E|y, can be written as 7*x1, - - -, 7%y, Ty, Vo, Where z1, - - -, z, is the local
coordinates on U, and every fiber of E' is endowed with the polar coordinates.
Since the structure group of E can be reduced to SO(2), we may assume that
on U, (Us, 1o = 15 while 9, and ¥ differ by a rotation. Define s, up to
a constant multiple of 27, as the angle of rotation in the counterclockwise
direction from the a-coordinate system to the -coordinate system:

Vg = Vo + T 0as, Pas : Ua ﬂ Us = R. (75)
By the definition of ¢,3, we have the simple relation
Pap + Py + Pay € 2T, (76)
it follows immediately that dy,g satisfies the cocycle condition
dpap + dpsy + dpay = 0. (77)

Iiet {p,} be a partition of unity subordinate to {U,}, and define &, =
35 2y PrdPary. By () we have

1
5 Pas = &5 — La (78)
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([78) shows that d&, agrees with d&z on U, [ Ugs, hence d§, piece together
to give a global 2-form e®(x) on M. Since e¥(z) is closed, it determines a
cohomology class e(E) in H3iz(M,R), which is by definition the Euler class
of the oriented plane bundle E. It is obvious that e(FE) does not depend on
the choice of &,.

A primary reason for considering the plane bundle case is that the Euler
class can be expressed explicitly by transition funcitons in this case. This
makes it easier for us to obtain the basic properties of the Euler class in the
plane bundle case. In fact, let gag : Uy [Us — SO(2) denote the transition
functions of F, then by the identification

( cost —sind ) et (79)

sin ¥ cos v

Jop may be thought of as complex-values functions. In this context, we can
write

— T Pap = Vo — Vg = —im"10g Gagp- (80)
By the injectivity of 7* we get
Pap = —1 1Og GaB- (81)
By (81) and the definition of &,,
1
ba=—5— ; p1d10g ga- (82)

Apply exterior differentiation to &, we finally get
1
eF(x) = 5 ;d(pvdloggw) on U,. (83)

Identify M with the image of the zero section of E. By (78] and (7¥), we
have on (E'\ M)|UamUﬁ

v, . ddy
ﬁ_ﬂ-ga_Qﬂ'_ﬂ-gﬁ. (84)

These forms then piece together to give a global 1-form ¥ (y) on £\ M.
One verifies easily that

AP (y) = —m*eP(2). (85)
Let p(r) € C§°(Ry J{0}) be a function which is identically —1 near r = 0.
Define

t(E) = [4(ptr) - ") (56)

An easy verification shows that t(E) satisfies the following properties
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o t(E) C Q% (E);
o .. t(E) =1, where ¢, : £, — E is the inclusion;
e t(F) € H (E,R) is independent of the choice of p(r).

By Proposition 4.1.4, we conclude that t(F) = t(F). Let sg : M — E be the
zero section of E, we have

sit(B) = [d(pm)) S (y) — plO)sgmeB(x) | = e(E).  (87)

Therefore we have proved Proposition 4.1.1 in the plane bundle case.

We now use the following result to extend the definition of the Euler class to
an arbitrary even-dimensional oriented vector bundle F.

Theorem 4.1.6. (Splitting Principle for Real Vector Bundles) Let
E be an oriented vector bundle over a manifold M with rank 2n. Then there
1s @ manifold N and a map J : N — M such that

o the homomorphism J* : Hiz(M,R) — H}z (N, R) is injective;
o J*E is a direct sum of orientable plane bundles: J*E = @}, P;.

A proof of this theorem can be found in [27] and [34], see also [6] for a general
version of the real splitting principle.

Definition 4.1.7. Let F be a 2n-dimensional oriented vector bundle over a
manifold M, the Euler class e(E) is defined by the following formula

Je(E) =e(P1) — - —e(Py), (88)

where — denotes the cup product.
This Euler class shall sometimes be referred to as the topological Euler class
to distinguish it from the geometric Euler class defined in §3.3 since it is
defined in a topological way.
REMARK
By now it is not clear whether the Euler class in the above definition is well-
defined, especially the existence of e(E) in (88]) needs to be proved. However,
we will show in the following proposition that sjt(E) satisfies (88)). Combined
with (87), it is easy to see that this will establish Proposition 4.1.1 and the
existence of e(F) simultaneously. Note that the injectivity of J* assures the
uniqueness of e(FE) as long as it exists.
Proposition 4.1.8.

T (s3)(B) = (sit) (T "E). (39)
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Proof. We have the following commutative diagram
JE L5 E

N L5 M
Let sg and 5 be the zero sections of ' and J*FE respectively, then we have
J 08y = so0J. By Corollary 4.1.5, the proof is complete. OJ
EULER NUMBER AND EULER CHARACTERISTIC
Let E be arank 2n oriented vector bundle over M. Since H3%(M,R) = R, the
Euler class may be identified with the number [, e(E), which is by definition
the Fuler number of E. The following result shows that the concept of the
Euler number is a generalization of the Euler characteristic.
Proposition 4.1.9. Suppose M is closed and oriented and dimg M = d, d
even. Then

| e =xon). (90)

Proof. Let {w;} be a basis of the vector space Hjz(M,R), {7;} be the dual
basis under the Poincaré duality. Let p; and p, be two projections from
M x M onto M. By the Kiinneth formula, Hjz (M x M,R) = Hiz (M,R) ®
Hix (M, R), it follows that {pjw; A pi7;} forms a basis of Hiz(M x M,R).
Suppose 7, is the Poincaré dual of the diagonal A € M x M, then we can
write

Na = ¢ plw; A pa7;, ¢ € R. (91)
Lemma 4.1.10.

M = (=1)%5“ piw; A pi;. (92)
Proof of Lemma 4.1.10
We compute | 4+ P17k A pawp in two ways. On one hand, use the map ¢ : M —
A C M x M to pull this integral back to M, we get

/p’{Tk A phw, = / PR N U phw; = / T N\ wy = (—l)deg Teedeg @iy (93)
A M M

On the other hand, by the definition of the Poincaré dual, we compute
/ PiTk N\ par = / P1Ti N Powi A Na
A MxM
:w/m PrTE A o N prsi A pT;
MxM

R WY AVIEYES
MxM
_ (_1)deg wg (deg T +deg wl)ckl. (94)
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Compare (@3) with (94), the proof is complete. O
A straightforward verification shows the following diagram commutes:

0 —— Ta — T((Mx M)|A) Na 0

H H

0 —— TM — TM&TM T™ 0,

it then follows that
NAXTM=Ta. (95)

It is a well-known fact that the Poincaré dual of a closed oriented submanifold
N is represented by the Thom class of a tubular neighborhood (which is
isomorphic to the normal bundle) of N (see [12] for detail). Use this we
calculate

/Am:/At(NA):/Ae(NA):/Ae(TA):/Me(TM), (96)

where Proposition 4.1.1 and (@5) have been used during the calculation.
On the other hand, by Lemma 4.1.10,

/m = (—l)deg”/p“{wi/\pén
A A

= (—1)dee s / L piwi A LS paT;
M

= 1yt [
M
d .
= S (—1)7 dim Hjy (M, R)
= x(M). (97)
Combine (@0) and ([@T), we get ([@0). O

4.2 A Generalized Gauss-Bonnet-Chern Theorem

It is clear from our interpretation of the Gauss-Bonnet-Chern theorem at
the end of §3.3 and Proposition 4.1.9 that to prove the Gauss-Bonnet-Chern
theorem, we only need to show the geometric Euler class and the topological

Euler class of TM coincide, i.e., [(;—;)ng(@TM)] =e(TM).
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It is an observation made by Denis Bell in [7] that it is essentially not more
difficult to prove the general fact:

—1

(5)EPHOR)| = e(E), (98)
27

where E is an oriented Riemannian vector bundle of an even rank d and ©F is

its curvature matrix induced by a metric connection V¥. By the Chern-Weil

homomorphism, [Pf(@E )] is independent of the V¥ we choose. Evidently,

([O8) generalizes the Gauss-Bonnet-Chern theorem.

Lemma 4.2.1. Suppose E is a Riemannian vector bundle over a manifold
d

M, then (5—;)5Pf(@E) satisfies the following two properties:

e When E=FE,®---® E,, then
—1. 4 E —1 a4 E —1 E
(5-)2PHO7) = (5 )= PHOT) A~ A ()= PHO™),  (99)

2w s 2w
where d; = rank E; and d =" d;.

o Let f: N — M be a C™ map between two manifolds, then
_1 d * _1 d
Y f*E _ Y FE
(5 EPEO1 ) = £+((5)2PHO")). (100)

Proof. Without loss of generality we can assume n = 2. Suppose (V1) and
0(VF2) are connection matrices for F; and E, respectively, then it is clear

that .
o) = (37 ey ) (101

defines a connection matrix for £y @& Fy. Moreover, if (V') and 6(VF2) are
skew-symmetric, so is (V).
Therefore the corresponding curvature matrix for Fy @ Es is given by

o [ dO(VE) — (V) AT 0
© —( 0 d@(VEQ)—Q(VEQ)/\Q(VEQ))
_ ( ?El %E2 ) . (102)

By Definition 3.3.2, this gives

(5 PHO") = (1) FPHO™) A (-

2T o

Y2 PHOP), (103)

27



Since it is obvious that the pullback of a skew-symmetric connection matrix
is still a skew-symmetric connection matrix on the pullback vector bundle,
(I00)) holds trivially. O

By this lemma, in order to prove (@8]), we only need to establish (@8]) in the
plane bundle case. The general case then follows from Definition 4.1.7 and
the above lemma. Therefore, the generalized Gauss-Bonnet-Chern theorem
reduces to the following proposition:

Proposition 4.2.2. Suppose m : P — M 1is an oriented Riemannian plane

bundle, then [— %Pf(@P)] — ¢(P).

Proof. First note that in this case, Pf(©F) is given by d(6,),” on U,, where
(A,),” is the connection 1-form for an arbitrary metric connection on P. This
fact is familiar to us when the connection V” is the Levi-Civita connection
on TM, where M is a Riemannian surface (cf. [19]). In the general case it
can be easily verified by a direct computation.

The proof will be finished as long as we can show (83)) and —%d(ea)f defines
the same cohomology class in H2; (M, R) for some metric connection V7.
Since P is oriented, we have g,5 € SO(2). By identifying SO(2) with S', we
can write gos = €'?28 for some @5 € (0,27]. By (8I), it is evident that this
©ap is identical to that defined in (7). We then substitute g, by € in

(R3], this gives

Pl = [~ 5 S dlprdlog,0)]

= [ - L Z d(pvg;o}dgva)}

271

= [ - % ZY: d(pydgow)] : (104)

We now associate to each fiber of P an orthogonal frame {O,r,,r}:} such

that {7*O, 7*r,, 7*r:} forms the Cartesian coordinate system of the fiber
and ||7*r,|| = ||7*r}|| = 1 (identify the tautological sections with vectors in
P). This is equivalent to considering the special orthogonal frame bundle F
of P. By (28]), the connection 1-forms of F are given by

dro = (0a),"rL. (105)

On the other hand, by (75]) we have

dr*r, = (ﬂ*dapw + W*(@V)f)w*ri. (106)
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By (I05) and the injectivity of 7*, we have on U, (U,:
(Ba),”> = dpra + (65),>. (107)
Substitute (I07)) into (I04]), we get

e(P)|y, = [_ % Zd(ﬂ«/((ea)12 - (07)12>)]
= [_ %dzpv(ea)f + %dzpy(e’y)12i|
ot s e

- [— %d(@a)f]. (108)

The last step in the above computation is because 5-d >, py(6,),% defines

an exact 2-form on M, and therefore a coboundary in the de Rham complex.
This proves that e(P) = [— in(@P)] € Hiz(M,R). O

In particular, we have the following version of the Gauss-Bonnet-Chern the-
orem:

Theorem 4.2.3. (Generalized Gauss-Bonnet-Chern Theorem) Sup-
pose E is a rank d oriented Riemannian vector bundle over a d-dimensional
closed oriented manifold M, d even. Then we have the following formula:

(;—;)%/MPf(@E):/Me(E). (109)

REMARKS

e Such a theorem was first appeared in [29] as a consequence of the
representation of the Pontrjagin classes by curvature forms. However,
since they didn’t make use of the real splitting principle, they restrict
themselves to the case when F is a direct sum of plane bundles. When
E =TM, a topological proof based on the relation between the Euler
class and the first Chern class can be found in [27]. The above version
of the Gauss-Bonnet-Chern theorem was first proved in [7], the idea is
to construct the Thom class of P geometrically. Our new proof above is
a direct approach, which I believe is the simplest proof for this theorem.

e Note that our approach to proving the Gauss-Bonnet-Chern theorem
actually shows the equivalence between the classical Gauss-Bonnet the-
orem on surfaces (2]) and the Gauss-Bonnet-Chern theorem for all even
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dimensions (35]). However, this does not diminish the importance of
Chern’s work [I4] since we may never come to realize this equivalence
without his contributions to the whole subject.

Theorem 4.2.3 enables us to generalize the classical Poincaré-Hopf index
theorem as follows:

Theorem 4.2.4. (Generalized Poincaré-Hopf Index Theorem) Let
E be an oriented rank d vector bundle over a closed oriented d-dimensional
manifold M, d even. S is the sphere bundle of E. & € T'(M\ I,S), where I
is chosen to be isolated. Denote by locdegg(x) the local degree of & at x € 1,
then the following formula holds:

> " locdegg () = /M e(E). (110)

x; €1

Proof. Tt is an easy observation that every step before (B6) in Chern’s proof
in §3.2 can actually be carried out on an arbitrary Riemannian vector bundle
E of rank d. Endow E with a Riemannian structure, by applying Chern’s
approach to E instead of T'M, we get

=

o

ol
ol

| per) = | P e R CEL
M 716" (Usyer 0BG 20" JU, e B
(111)

where IIg is the corresponding (d — 1)-form constructed on 7 : S — M such
that (521)27*Pf(©F) = dIl.

Now let the radii of B(z;) tend to 0, apply Theorem 4.2.3 to deduce (I10).
O

REMARK

For a different proof of this theorem, see [12]. Such a theorem actually holds
for every oriented sphere bundle with fiber S 1.

4.3 Berezin Integral and A Model of Construction

The reason for passing to the Thom class to carry out the required geomet-
ric construction lies in Proposition 4.1.4, i.e., since the Thom class is easily
characterized by its properties restricted on each fiber, we may hope that our
construction would be completed by some suitable modifications on a rela-
tively trivial construction for a single fiber. This is actually what we plan to
do in the following text.

As a preparation for the Thom form proof in the next subsection, we intro-
duce here the concept of a Berezin integral, which will be used as a technical
tool in our geometric construction of Mathai-Quillen’s Thom form. As an
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application of such a tool, we will use the Berezin integral to construct the
Thom form for the vector bundle over a point, this is a model of the general
case and provides enough motivation for the general construction. We follow
from [10], [39] and [41].

Definition 4.3.1. Let V be a real vector space. A nonzero linear map
B : A*V — R which vanishes on A*V for k < dimg V is called a Berezin
integral, by A*V we mean the exterior algebra of V.

To understand this definition, we restrict ourselves to the simplest case when

V' is an oriented Euclidean space with basis {ej,- - -,e,}. Then there is a
canonical Berezin integral given by projecting w € A*V onto e; A - - - A ey,
i.e.,
1 |I|=n
IN )
B(e') = { 0 otherwise, (112)

where I denotes the multi-index I = {ix|1 < k <n,i; <--- <1i,}. It follows
from the above definition that B(w) # 0 if and only if the component of
degree n of w € A*V is not 0.

Since the identity map Id : V' — V can be identified with an element of
[(V,A°V* @ V), we can take its exterior differential dz € T'(V, A'V* @ V).
Then the exponential e~ lies in I'(V, A*V* @ A*V). We extend the Berezin
integral to a map B : I'(V, A*V* @ A*V) — I'(V, A*V*) by

Blw®§€) =wB(€),w e T(V, A'V*), € € A'V. (113)

Consider V' as a vector bundle over a point, by Proposition 4.1.4, a Thom
form ¢tV (x) € t(V) is a compactly supported n-form on V with [, ¢V (z) = 1.
Set

u" (z) = (2%)’%e’%||x||2dxl A Nd". (114)

Then it is easy to verify that
/uV(:c) =1, (115)
v

which means «" (x) is a Thom form on V except that u" () is of exponential
decay instead of having a compact support, we will show how to remedy
this flaw in the next subsection. We now interpret u" (z) using the Berezin
integral.

Proposition 4.3.2.

W (2) = e(n)(27) 8 B(e " F ), (116)
where
-1 =



Proof. Let {e;} be the dual basis of da*, we have

n

B(e—i7) = B( [](1-ide* @ ek)>

- (—i)"B((d:cl ®e) A A(d" @ en)>

= (i)' ()"

This proves the proposition. O]

REMARK

One can imagine how to modify (I16) when the vector space V is replaced
by an oriented Riemannian vector bundle p : V — M. Since a metric
connection VY generalizes the exterior differential, we may replace dz by
VVa € T(V, A'T*V @ p*V), where p*V is a vector bundle over V and z is
treated as the tautological section of p*V. However, since VY may not be
flat, it seems that some further modifications on u" will be needed.

dz' A Ada". (118)

4.4 Mathai-Quillen’s Thom Form

Suppose £ is an oriented Riemannian vector bundle of rank n over the base
manifold M, then we can extend the Berezin intergal once again to a map

B :T(M, A*T*M @ A*E) — T(M, A*T*M) (119)

by an obvious fiberwise extension.

For convenience, we shall use here the language of covariant derivatives to
specify the notion of a connection on vector bundles. This enables us to work
with global geometric objects during our geometric construction of a global
Thom form.

Note that the covariant derivative V¢ : T'(M, &) — I'(M, T*M ® &) induces
in a natural way a covariant derivative on A*£, which we still denote by V<.
Proposition 4.4.1. Suppose V¢ is metric compatible, then for every n €
(M, A*T*M @ A*E), we have

dB(n) = B(Vn). (120)

Proof. By definition of the Berezin integral, B can be regarded as a section
B € T'(M, A"E*) paired to the sections of A"E. Suppose {e'} is a local frame
of £*, then B is locally given by e! A - - - A e™. The proposition follows from
the Leibniz rule since VEB = 0. U

We apply this proposition with M =V and £ = p*V, and with connection
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VPV = prVV. F(V, ATV ® A*(p*V)) is a bigraded algebra and admits the
following decomposition:

r(v, ATV @ A (p*V)> = é A (121)
ij=1
where
Ai = r(v, ATV @ A (p*V)). (122)

The covariant derivative defines a map VPV : A% — A1,
For w € T'(V, A*T*V), the contraction by s € T'(V, p*V) = A%! is defined by
J
al(s) (w@ (51 /\~~~/\Sj)) =D ()% s s )w @ (st A ASL A Asy),
k=1

(123)
where s, € T'(V,p*V). This defines a map a(s) : A% — A%~1 In the
following text, we shall identify the Lie algebra bundle so()) with AV, this
identification can be made explicitly by the following map

Ae EO(V) — Z<A6i, 6j>62‘ N €;. (124)

1<j

Since for any s € A®' and n € @};_; A, B(a(s)n) = 0, we have by
Proposition 4.4.1 the formula

dB(n) = B((VP*V - ia(s))n). (125)
Let us explain some objects needed in our geometric construction of Mathai-
Quillen’s Thom form:

e the tautological section x € A%!;
e the norm ||z||? € A%° and the covariant derivative VP"Vz € ALY,

e identifying the curavture form ©Y = (VV)? € F(M, A*T*M ® so(V))

with an element of T'(M, A?T*M @ A?V) and pulling it back to V using
the projection p, we obatain an element PV € A2,

Lemma 4.4.2.
o Let O = @ + iV 4+ 6erVc @ijl A% Then

(vp*V - ia(x)) Q=0 (126)
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o If pc C®(R), define p(Q) € B;;_; A™ by the formula

no k) (22
pQ =Y <,g.2 ) (V7Y + OV, (127)
k=0 )
then
(vp*" - z'a(x)) p(Q) = 0. (128)

Proof. By definition of the covariant derivative, we have Vp*v<||x||2) =

—2a(z)VP Vx. Applying the covariant derivative twice gives the curvature
VPV (VPVr) = a(x)OP"Y. While the Bianchi identity says that VP"VOPY =
0. Combining these facts we have

(V”*V - z'a(x)) Q = —a(x)VP YV +ia(2)0""Y + a(z) VP V2 — ia(x)0PY
=0, (129)

where we have used the obvious fact a(z)||z[|* = 0.

Since V"V —ia(xr) is a derivation of the algebra @;,_, A*/, ([I28) follows.

U

Since Q@ € @y AY, it follows that p(Q) € oo, A™F, therefore

B(p(Q)) e I'(V, A"T*V). By (I25)) and the above lemma, we get

B (p(Q)) - B((vp*" - ia(x))p(Q)) —0, (130)

this shows that B(p(Q)) is a closed n-form on V.
We are now at a point to define Mathai-Quillen’s Thom form on V), this is
done by choosing p to be (27)"2e(n)e™* in B(p(Q)):

2
|E4]

uw = (27r)7%g(n)3(679) = (2#)35(71)3(6( 2 +NP*V$+@”*V)>, (131)

1%

The following proposition shows that the form u” constructed above has the

same nature as its model u" constructed in §4.3.

Proposition 4.4.3.
/ u? = 1. (132)
V/M

Proof. To calculate the above integal, it suffices to consider the case in which
M 1is a point, but this is what Proposition 4.3.1 said. 0
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REMARK

Mathai-Quillen’s Thom form constructed above has rapid decay at infinity
instead of having compact supports on each fiber. However, using diffeomor-
phism from the interior of the unit ball bundle BY of V to V given by

Y

(1= lyl)

we can pull ©¥ back to obtain a Thom form v*uY with support in BV.
ApPPLY TO THE GAUSS-BONNET-CHERN THEOREM

We are now prepared to prove the Gauss-Bonnet-Chern theorem using our ge-
ometric construction (I31]). Assume V is an oriented rank n Riemannian vec-
tor bundle over an oriented n-dimensional closed manifold M, s € I'(M, V).
We have

vy — ) (133)

=

s*vtuY = (27T)_gs(n)B(e(HSQQHV‘;H@V)). (134)

In particular, when s is the zero section and n is even, by Proposition 4.1.1,
we get a geometric expression of the Euler class:

e(V) = (2m)" 2 B(e®"). (135)

REMARK

It follws from (I3%) that the diffeomorphsim v is superfluous, i.e., s*u¥ =
s*v*uY. This shows that the pullback by the zero section of a larger class than
the Thom class is the Euler class, or equivalently, the converse of Proposition
4.1.1 is not true. Therefore Mathai-Quillen’s Thom form should be viewed as
an extension of the classical Thom class with the pullback property preserved.
Lemma 4.4.4. For every A € A?V, where V is a vector space, we deonte by
exp A its exponential in A*V. Then we have the following identity:

Pf(A) = B(exp A). (136)

Proof. Under the identification (I24]), we have

B(exp A) = B(exp Z(Aei, eje; N ej). (137)

1<j

Using the definition of a Pfaffian, a direct computation yields

Pf(A) = B(exp Z(Aei, ej)e; N ej>. (138)

i<j
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This finishes the proof. O
By this lemma, (I35) becomes e(V) = (27) 2 Pf(©V). Integrate on M gives:

(2r)% /M PHOY) — /M (V). (139)

This is just the Gauss-Bonnet-Chern theorem we proved in §4.2.

REMARK

This proof of the Gauss-Bonnet-Chern theorem first appeared in [28] as a
consequence of their elegant construction (I31]). Their proof made use of the
transgression of ©¥ and the Poincaré-Hopf index theorem, see also [39] and
[41] for expositions of their proof. Our exposition here is a simplification of
their proof.

5 A Heat Equation Approach

5.1 Prologue

Intuitively, the heat flow on a Riemannian manifold M is locally controlled
by the curvature tensor. That’s why the short time behavior of the heat
operator can be used to study the geometric structures of M. A treatise on
these applications is contained in [9]. On the other hand, when ¢ — oo, the
heat flows over the whole manifold and therefore provides global information
of the space, i.e., the topological invariants of M. The most important result
on the long time behavior of the heat operator is the well-known theorem
of Hodge concerning harmonic forms, see [23], [26], and [33]. Therefore it
is natural to expect that by forming certain time-independent combinations
of the local components of the heat kernel, one is able to link the geometric
information with the topological invariants, thus formulating a proof of the
Gauss-Bonnet-Chern theorem.

In this section, we shall give a heat equation proof of the Gauss-Bonnet-Chern
theorem. Although the proof here may not be as elegant as the intrinsic
argument which we discussed in §3, the heat equation method is of great
power and it can be developed to prove the Atiyah-Singer index theorem (see
[10] and [23] for expositions). Since this method has the feature of linking
the local information with the global information, it is nothing strange that
the proof here does not depend on the Poincaré-Hopf index theorem.

Our exposition here follows from [23], [32] and [33].
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5.2 Construction of the Heat Kernel

We introduce the basic notions and construct the heat kernel for differential
forms in this subsection. Throughout this section, (M, g) will be a closed
oriented Riemannian manifold with an even dimension d.

Definition 5.2.1. Let V be a vector bundle over M and C*(M, V') be the
space of its smooth global sections. Let P : C*°(M,V) — C*(M,V) be a
self-adjoint elliptic pseudodifferential operator with a positive definite leading
symbol. The heat equation is the following partial differential equation:

(% + P)f(t,x) =0,t >0, f(0,z) = f(x). (140)
REMARK

Since we want to prove here the Gauss-Bonnet-Chern Theorem 3.3.2; it is
therefore appropriate to restrict ourselves to the case of the heat operator for
the Laplacian on differential forms % + A. Here A denotes the geometers’
Laplacian given by dd + dd, ¢ being the adjoint of d.

Definition 5.2.2. A heat kernel is a double form e(t, z,y) € C*°(Ry x M X
M, A*T*M & A*T*M) satisfying the following conditions:

[ ]
0
<§ + Aye(t,z,y) =0, (141)
where A, means the Laplacian acts on y;
[ J
Pr% e(t,z,y) Axw(y) = w(z),Yw € L*(M, A*T*M), (142)
UM

where x denotes the Hodge star operator and L?*(M, A*T*M) is the
space of all L2-sections of the vector bundle A*T*M with respect to
the metric {(w,n) = x(w A *n), where n € L*(M, A*T*M).

REMARK
It is clear from the above definition that

w(t, ) = /Me(t,x,y) A *w(y) (143)

is the solution of (I40) with P replaced by A,. This shows that to construct
the heat kernel is equivalent to solving the heat equation. However, since a
variable y has been added to “decompose” (I40) into the above two equations
(I41) and (I42), it is more convenient for us to study the heat kernel since
it enables us to treat the equation and the initial condition separately on y
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and x.

An intermediate step for constructing the heat kernel this is to construct the
parametrix, which is characterized in the following definition.

Definition 5.2.3. A parametriz for the heat operator % + A, is a double
form H(t,z,y) € C*°(Ry x M x M, A*T*M & A*T*M) which satisfies the
following conditions:

° (% + Ay )H € C(RLJ{0} x M x M, A*T*M @ A*T*M);
o limy o [, H(t, 2, y) A xw(y) = w(z),w € C(U, AT*M).
For differential p-forms, let NV > g and define

d 2(% y)

N
th “P(x,y),d,p € Z, (2,y) €U x U, (144)

=0

HE (1, 2,y) = (4mt) Se

where r(x,y) is the geodesic distance between x and y, U x U is a sufficiently
small open neighborhood of the diagonal A C M x M and u*P(x,y) € C>(U x
U, "PT*M @ APT*M) are to be determined.

Note first that every u*P(z,y) can be naturally identified with an element
in Homg (APT; M, APT; M), the homomorphisms between the vector spaces
APTy M and APT; M. We claim that the following two conditions determine
the double forms u"?(z,y) uniquely, therefore HX(t,z,y) are well-defined
with these restrictions:

o u’P(z, ) =1d € Endg(APT; M), i.e., the identity endomorphsim of the
vector space APTM;

r2(z,y)
at

(5 + A0, ,) = (dmt) e

where the superscript p means the Laplacian acts on p-forms.

N7
yu p<x7y>7 (145)

PROOF OF THE CLAIM

Fix an z € M and introduce the Riemannian normal coordinates in the open
neighborhood U of z, then g;;(y) = 6;;+O(r*(z,y)). For h(r(z,y)) € C=(U)
and w € C*(U, APT*M) computation gives

0?h —10h 1 0gOh 20h

e — 99 — hAPw, (14
(6r2+ r 8r+2g8'r’87’)w r@vaw hiyw, - (146)

where g = det(g;;) and Vr Il is the covariant derivative induced by the Levi-

AP(hw) = —

r2(zy)
Civita connection with respect to T CLet h=e "4 in (I46) to get

2 2/ rr—=2d r Og
AP(e~ ) = — (( - —@E)w—gvr%w—AZw). (147)
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Therefore
0
(5t

N .
toor 09, i i NI
> ((;+4—gt§)tu’p(:c,y)+t 'V, o u(z,y) + ' Afu ’p(x7y>)- (148)

2

+ APYHE (t,2,y) = (4mt) "2e -

By (I45), the coefficient of (47t)~Ze~ ¢~ in (& + APYHY(t, 7, y) must be
0, it follows that

- 0
Vragu”’(x,y) + (i + %

LG y) =~ M) (149)

y
Now it is clear that to prove the claim, we only need to show that for every
n € APT* M, the differential equations

r dg

—=)u'P(n,y) = —APuP(n,y),0<i <N (150)

i,p P
V,au (n,y)+(2+4gar

have unique solutions with the initial condition u®?(n, z) = n, here we adopt
the convention u='?(z,y) = 0.

Since we will argue by induction, it is convenient to rewrite equation (I50)
in the following way:

i Lo i i i—
V,2 (T gtu ”’(n,y)> = —r'gi Aju'" P (n, y). (151)

Fix ay € U and let y(s),0 < s < r(x,y) be the geodesic from y to z. Use
ly(s) to denote the isomorphism APT>M = APT o(syM induced by the parallel

translation along the geodesic. Let u®?(n,y) = ¢~ (y), then u?(n, z) = n,
equation (I5I)) is satisfied for ¢+ = 0. Fix a & € N, and suppose that for
i < k we have determined the forms u®?(n, y) satisfying (I5I)), then we define
u™P(n,y) as

1

u™P(n,y) = —r(z,y) "g 1(y) -

/Or(x,y) (T(g;,y(s)»mlg%(?/@)) s (Agum‘1’p<n,y(8)>)d3- (152)

It is clear that u"™P(n,y) € C°(U, APT*M) and it can be checked that
u™P(n,y) satisfies the equation (IEI]) for ¢ = m. This proves the existence
part.

To prove the uniqueness, we derive from (I45]) the important relation

' (n, 2) = — (M=) ) (n, ) (153)
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Compared with ([I5]), it suffices to prove that any ( € C(U, APT*M) sat-
istying V. o ¢ =0 and ((z) = 0 must be a zero section. This is trivially true
because ( (yr) is just the parallel translation of ((z) along the geodesic for any
point y € U. O

We can now construct the parametrix from HY (¢, z,y). Let Wi x W and
Wy x Wy be open sets such that Wy x W, € Wy x Wy C U x U. Choose
o(x,y) € C°(M x M) such that ¢(z,y) = 1 in Wi x Wy and ¢(z,y) = 0
outside Wy x W,. We define

Gy (t,z,y) = oz, y) Hy(t, 2,y), (154)
and 5
Lemma 5.2.4. G (t,z,y) is a parametriz for differential p-forms when
N >4

Proof. We first show that (& + AP)GR(t,z,y) is continuous at ¢ = 0. Since
G% = 0on M x M\ Wy x Wy, we only need to consider the problem on
R+ X W2 X WQ.

On Ry x Wy x Wi, by ([4H) and the assumption N > &

.0 .0
lim(— + ADG (8 2, y) = lim (= + AN H (8, 2, y)

=0 Ot ot
r2 x,
= lim(47rt)’ge’ Elty)tNAZuN’p(a:, Y)
t—0
~0. (156)

Finally, on Wy x Wy \ Wy x Wy, use ([I46) we have

0
(57 + ADGN (2, y)

: (2 4 A7) (6 (1, .9))

=1l

t—0" Ot

¢ d—106 10906,
——(WJF " §+%EE)HN(L$7:U)
28¢V HE (¢ APH® (¢
_;E r% N(7x7y>_¢ y N(v'ray)

where 11,10y € C°(M x M). We can thus deduce from ([I57) that

0
1 — p P _
Eg(at + ANGR (t, x,y) = 0. (158)
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To show that G (¢, z,y) satisfies the second condition in Definition 5.2.3, we
may assume that there exists an € > 0 such that B.(x) C W;, where B.(x)
is the open ball centering at x with radius e. We then have

2

lim (47Tt)*g¢(x,y)e*%ui’p(x,y) A *w(y)

=0 Jar
=lim [ (47t) 2o(w, y)e” TuP(z,y) A xw(y)
t—0 BE(:B)
2
= lim (47‘('75)7%@5(1‘, y)e  wuP(x,y) Axw(y). (159)

Since r > ¢, the second integral above vanishes. To compute the first integral,
we use the exponential map exp, to pull the integral back to 7, M:

/B ( )<4m>%¢<x,y>e%ui’p<x,y> A xeo(y)

_7‘2(0,1))

-/ J(exp,)(4rt)~$6(z, y)eFL i (2, exp, v) A wolexp, v)
-(0)CTe M

_r2(0w)

- / J(exp,)(dmt) Sz, e 5w (@, exp, v) Aswlexp,v),  (160)
M

where exp,(v) = y, u*? are extended to be 0 outside B.(z) and J(exp,)
denotes the Jacobian of exp,.

r2
Since (47t)~2¢~ % is the ordinary heat kernel of R?, by Definition 5.2.2 we
have

7‘2 K .
lim J(expx)(47rt)’g o(z,y)e” % )u”’(x, exp, v) A *w(exp, v)
=0 J 1, Merd

= *(ui’p(:c,x) A *w(a:)) = <ui’p(:c,x),w(a:)>. (161)

Since u%?(x, ) = Id by our construction, we finally get

t—0 M

lim (47rt)’ge’g¢(a:, Y) ( Z thu"P(x, y)) A H*w(y) = w(z), (162)

since all the summands in (I62]) vanishes trivially except the first one. 0J
We now complete the construction of the heat kernel. For a metric (-, -), on
APT*M, there is a natural way to extend it to APT*M ® APT*M:

(n@) @ wi(2),Cy) ©un(2)) = (wi(2), () n@) @ Cly),  (163)

z
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where 7(x) @ w1(2),((y) ® wa(z2) € C°(M x M, APT*M @ APT*M). Using
this notation, we define

K°(t,z,y) = KX (t, z,y),
"t x,y) / ds/ Km Y(s, 2, 2), KR (t s,z,y)>dvolz,m > 1, (164)

and

ep(t,x,y) G (t,2,y)
m“/ ds/ Km (s,2,2), GR(t — s,z,y)>dvolz. (165)

m>0
Theorem 5.2.5. ¢P(t,z,y) defined above is the heat kernel for differential
p-forms.

Proof. We first show that e”(¢,x,y) is well defined, i.e., the right hand side
of ([I65]) converges everywhere to a smooth double form.

We do some localization to make the coordinates available in our estimate.
Since M is compact, there is a finite family of open sets {W;}?_; such that
M = U, W; and W; C U;, where {U;}!, is the coordinate chart of M.
Let {¢;}, be a partition of unity relative to the covering {W;}* ,, and let
{Ai}2, be C*-functions with supports in U; which are identically 1 on W;.
For any &(z,y) € C°(M x M, APT*M ® APT*M), we define the localized
form &, j(z,y) € C°(U; x U;, APT*M @ APT*M) as

&ij(@,y) = N(@)A; ()& (2, ). (166)
As a consequence, any pu(z,y) € C®(U; x Uj, APT*M & APT*M) can be
expressed by

pwa,y) = ars(z,y)da’ ® dy’, (167)
where [ = {ig|]l <k <p,iy <---<iytand J = {jp|l <k <p,j1 <--- <Jp}
are multi-indices and a;;(z,y) € C*(U; x U;). To begin our estimate, it is
natural to introduce the following norm:

=) sup ’au(aﬁ,y), (168)

i,J 1,7 zcU;,yeU;

It is clear that to bound the right hand side of (I65]), we only need to bound
K™ i.e., to bound the norm | K555 By (I45), there exists a constant C

)u(x,y)

such that [|K);li; < C1tV=2. We can then proceed by induction to obtain
a bound for || 7l Suppose that we have
I™(N—-4+1
|kt < (Ceqympmer-tin N=5+1) (169)

0. T(m(N — g) + m)
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for some constant Cy. By the definition of K", we have

K%t @, y) =
/o ds/M Z% VK™ (s, 2, 2), \i(y) KR (t — s,z,y)>dvolz. (170)

It follows easily that

S C3C1(CC)™

t
/ s EmL g g5, (171)
0

where Cj is a constant independent of m. Since we may assume that Cy > Cj

and C7 > 1, we obtain
r<<m+1)<N—g>+m+1)'

(172)
This shows that the right hand side of (I63]) converges uniformly to a smooth
double p-form. Since

(N — 4 4+1)

d

(CQCl)melt(mel)(Nfi)er

0
P\ P
G+ ape ey
- Z (K2 y) + K™ 2,y) ) + K (2, )

and

lim [ eP(t,z,y) A xw(y)
t=0 s

_11m</ GY (t,z,y) A *w(y) +

t—0

goo: m+1/ ds/ </ (K™(s,2,2), GR ¢ — s, y)>dvolz) A*w(y)>

by Lemma 5.2.4 and the estimate (I72), e”(¢, x,y) is the heat kernel by Def-
inition 5.2.2. U
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We finish this subsection by expressing eP(¢, z,y) with respect to a basis of
L*(M, APT*M @ APT*M). This expression will lead to an integral expression
of the trace of the heat operator, which will be used in our discussion in the
next section.

Proposition 5.2.6. Let {"?};cz, be an orthonormal basis of L*(M, APT*M)
satisfying APB"P = N?B%P. Then we have the pointwise convergence

et w,y) =Y e NEP (@) @ B (y). (174)
i=0
Proof. Since eP(t,z,y) € L>(R, x M x M, APT*M ® APT*M), we have
lt,a.y) = (. 2)F7(9). (t.w) = (Pt ay) AFP)). (175)

Then by the self-adjoint property of AL:

500 = By ()

= — % (Apep(t z,y) A */S”’(y)>

= (ep(t z,y) A *Apﬁlp(y»
(

= =N * (6”(75 ,y) A BT y))
= —Me"P(t, x). (176)
Solving the differential equation (I76) to get e’ (t,z) = ¢ (x)e M.

For an arbitrary w = ;%7 € L*(APT*M) with a; € R, we have by Definition
5.2.2 that

w(z) = hm*(ep(t z,y) A *w(y))

— hm*(i e )‘ptc” )BP () A *ajﬁj’p(y))
=0

t—0
o 1: )\ t
—15%' 3 & (x ZO T)a;, (177)

which implies ¢(z) = 8%?(x). Then (IT5) becomes

P(t,x,y) Ze NtEP () @ B (y) € L2 (Ry X M x M, APT*M @ APT*M).
(178)
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As a result, there exists a subsequence of the right hand side of (I74]) which
converges a.e. to eP(t,z,y) on M.
By Parseval’s equality

t t - Pt i, i,
(@G o2 Gua) =X Erwesy.  am)
This shows that the right hand side of (I74]) converges everywhere to a con-
tinuous limit, and the limit must be e (¢, x, y) by the discussions above. 0]
Corollary 5.2.7.

= 0

Ze_/\ft =Tr(=— + AP) = / trpef(t, z, x)dvol,, (180)
— ot M

where Tr denotes the trace of an operator and tr, denotes the trace of €P(t,y, x)
at y = x.

Proof. By the above proposition,

trpeP(t, x, x)dvol, :/ try, e_/\ftﬁi’p z) ® B4 (z) ) dvol,
| et [ (e p) @ 57(a)

=0

_ if;e—xft /M tr, (ﬁ‘vp(x) ® B”’(x))dvolm
- iw’% (a), 67(2)).

=0
oo

= e N ="Tr(< 0 o7 T A (181)
=0

The proof is complete. O

REMARK

This corollary justifies the abbreviation e=*4" = % + AP, We will assume

this convention in the following discussions.

5.3 Supertrace and the McKean-Singer Conjecture

To describe the McKean-Singer conjecture we need the asymptotic expansion
of the trace of e~*4”.

Definition 5.3.1. For ¢t € R, we say that the formal power series Z;’im a;t!
is the asymptotic expansion of A(t) € C*°(R) and write A(t) ~ > 7, at* if
for all N > ig, we have

— 0. (182)



Proposition 5.3.2. Suppose {\I'} is the spectrum of AP, then

(e o]

Zez ~amt>o(f

=0 M

tr,u’?(z, v)dvol, ) (183)
Proof. Tt is straightforward from (I44)) and (I65) that
eP(t,x, ) ~ (4rt) 3 Zu”’ x,x)t (184)

By Corollary 5.2.7, we have

Z e Nt = / tr e’ (t, x, z)dvol, ~ (47r15)’g / Zui’p(x,aj)tidvolm

wwﬁi( /M trput?(z, :c)dvolm>t’ (185)

This finishes the proof. U

We begin with the following crucial observation of McKean and Singer ([29)]):
Lemma 5.3.3. Let AP be the Laplacian on p-forms. For A € Ry, let EY be
the A-eigenspace of AP. Then we have the following exact sequence:

0—-E S S B 0. (186)

Proof. First note that the sequence is well defined, since if w € E¥, then
AP dw = dAPw = \dw.
If w € EY has dw = 0, then

d(%éw) = %pr — §5dw = %pr = w, (187)

this finishes the proof. 0
Corollary 5.3.4.

d
> (—1)Pdimg E} = 0,1 > 0. (188)

p=0

d
Proof. By the above lemma, d 4+ ¢ defines an isomorphism @7Z_, E3* —

d_
@,5201 E2FL ] then (I88) follows directly. O
Recall that the spectrum of the Laplacian on a compact manifold must be
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discrete, then we have the following important corollary:
Corollary 5.3.5. Let {\;} be the spectrum of AP. Then

d (3] d
Z(—l)pZe_/\ﬁ = ZdimR ker AP. (189)
p=0 =0 p=0

Proof. By the above corollary, we have

d 0o d d
DD e =N (=1 Y e =D dimgker AP, (190)
p=0 1=0 p=0 i,AP=0 p=0

This proves the corollary. U

This leads naturally to the following definition.

Definition 5.3.6. Let V' be a vector bundle over M and V* its dual bundle.
For every A € Endg(A*V*), we define the supertrace Tr((—l)FA> of A as

the trace of A on even forms minus the trace of A on odd forms.

Using this definition, Corollary 5.3.5 reads Tr ((—1)F e*m) = Zzzo dimp ker AP.
It leads directly to the following surprising result:

Theorem 5.3.7.

N Q0L

,dim M even

(191)
Proof. First note that Tr((—l)F e*m> is independent of ¢ by Corollary 5.3.5.
By the Hodge theorem, we have

d .
(47T)_g/MZ(—l)ptl"xuivp(x,x)dde :{ ?((M) zi

d d
X(M) = Z(_l)p dlm]R HgR(M, R) - Z dlmR ker AP
p=0 p=0
d
= Tr((—l)Fe’tA> = Z(—l)p/ trpef(t, x, z)dvol,, (192)
M

p=0

Using Proposition 5.3.2, we get the asymptotic expansion of x(M):

(M) ~ (zm)ii ( /M i(—l)ptrxui’p(x,:c)dvolx>ti. (193)

Since x(M) is independent of ¢, only the constant term on the right hand
side of (I93]) can be nonzero. O
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Compare this theorem with the Gauss-Bonnet-Chern theorem (61l), it is rea-
sonable to make the following conjecture.
Conjecture 5.3.8. (McKean-Singer) For every even d,

d
Z(—l)ptrgcu%’p(x, x)dvol,, (194)

p=1

[V][~%

Q= 4mr)”

where §Q is the Gauss-Bonnet integrand defined by (B32).
REMARKS

e The conjecture is trivial for d = 2, since it is well-known that u*°(z, z) =
%Rﬁ, where R! is the scalar curvature. This leads to a proof of the clas-
sical Gauss-Bonnet theorem on surfaces. In [29], McKean and Singer
also proved their conjecture for d = 4 by expressing u*°(z, z) in terms
of curvature tensors. Although it is known that for any i > 0, u"%(z, z)
is a sum of universal polynomials of curvature tensors, the computa-
tion for i > 3 seems hopelessly complicated. The interested reader may
refer to [6], [23] and [33] for these results.

e Note that by combining the local property (asymptotic expansion of the
heat kernel) with the global property (spectral theory of the Laplacian),
we have successfully related curvature with the topological invariant

X(M).

5.4 Proof of the McKean-Singer Conjecture

It is obvious that to complete our proof of the Gauss-Bonnet-Chern theorem,
one only need to prove the McKean-Singer conjecture. This is first done by
Patodi in [32], using classical tensor calculus. We will present his proof here
since this is the most direct and self-contained approach. Another proof using
invariance theory can be found in [23]. A third proof using fermion calculus
is contained in [33]. A fourth proof using calculus of Clifford algebras was
discovered in [22].

Since our proof is based on tensor calculus, we restate our main result in this
section as follows:

Theorem 5.4.1. (McKean-Singer-Patodi) The following formula holds:

d
(4m) 75 Y (1) trus (2, ) =
p=0
Ca Y, s8N 01880 02 R, (1)0,2)a(1)02(@) * B (- t)ordyos(a-1)ostay, (195)
01,02€38,
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d

(=12
(3m) (D)
As we shall see, the proof of the McKean-Singer conjecture is a process of
canceling terms. The remarkable cancelation lemma proved by Patodi in [32]
actually provides much more than Theorem 5.4.1 requires. To prove Patodi’s
cancelation lemma, a series of technical lemmas will be needed, and we will
establish them in the sequel. We first introduce two useful operators which
will appear frequently in our computations.
Let V be a vector bundle over M of rank d, V* its dual. Then we can form
the exterior product APV. An operator A € Endg(V') extends naturally to
an element of APV in the following two ways:

where ¢g =

ANPAvL A Awvp) = Avg A= - AN Avy, v, € V1 <0 < p; (196)
p

DPAI A== Avy) =D 01 A Avisg AA Avig A Ay, (197)
=1

where we have adopted the convention that A°A = Id € End(R) and D°A =
0 € End(R).

The following three lemmas are purely algebraic and do not include covariant
derivatives, they can be regarded as a baby version of Patodi’s cancelation
lemma and its applications.

Lemma 5.4.2. Let Ay,  A; € Endg(V), k < d. When k = d, suppose
that det(z1 A1 + -+ + 24 Ag) = a12d + -+ - + agrl + - + ayg.qr1 - - Tg for
some coefficients ay,- - -, aq,- - -, a12..q € R. Then we have

0 k<d

(—1)d(l12...d k=d <198>

Tr((—1)1“ﬁ[)m1 0.0 D”Ak> — {
the notation Tr((—l)FDpAl o---0 Dp.Ak> is justified by the identification

between V and V*.
Proof. Elementary linear algebra yields

det(I — e 41 - oAy = Tr((~ 1) AP - o))
= Tr((-)FenP A (190)

The proof will be completed by comparing the coefficients of x; - - - 23 in the
above equality. O

The next lemma needs some explanation of the notations. Recall that the
tensor product V* ® V can be identified with Endg(V'), therefore we can

introduce the map p, : C* (U, (V*eV)x (V'® V)) — Endg(APV') by
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pp(A,B) = DP Ao DPB. This is a bilinear map and will therefore induce a
linear map p, : C*(U, V*@VV*®@V) — Endg(APV). For A € C*(U,V*®
V @ V*® V), we shall identify D” A with p,(DPA).

Lemma 5.4.3. Let | € Z such that | < £, 0 € 4. Ay, -+, A € C®(U,V*®
VeV ®V). Then

Te((~1)F D2 Ay 00 DAy ) = 0. (200)

Proof. This is an easy corollary of Lemma 5.4.2. U

Let {eq, - -, eq4} be smooth sections of V' which form a local frame on U, and

{e},- - ey} its fiberwise dual, then A € C®(U,V*®@ V ® V* ® V) has the

form A = a*e; @ e; ® e} ® ¢, where a*! € R.

Lemma 5.4.4. With the abbreviation (D’A)% = D’ Ao -- -0 DPA, we have
Tr((—1)F(DpA)%) -
Z Sgn Ulsgn 0_2a01(1)01(2)0'2(1)02(2) .. aUl(d*I)Ul (d)o’g(dfl)og(d). (201)

01,0268

Proof. By Lemma 5.4.2 we have
Te((—1)F (DrA)?)
_ Tr<<_1>Fai1j1i2j2 gl aidaDP (eF @ eg) 0 DP(el, ® ejQ)) o
Tt 0 Dp(efd_l ® ejd_l)Dp(efd ® ejd)
_ Z qirizigz L. gld—1Ja-11djd
iq

J1ydd
coefficients of ' - - - 2¢ in det(xke;k ® ej,)

— Z Sgn Ulsgn 0_2a0'1(1)0'1(2)0'2(1)0'2(2) . aol(dfl)()'l(d)o’g(dfl)O'Q(d). (202)

01,02€%X4

The proof is complete. 0

From now on we shall work with V' = T™ M to obtain some lemmas concerning
the commutation of the covariant derivatives.

Lemma 5.4.5. Suppose X1, X, € C°(U,TM), A€ C(U,TMRRXT*M),
then we have the following relation:

leO'~~OVXmODpA:DpAOVX1O"~OVXm
I S DI (anm oo ng(k)(A)> °
k=1

Uezm
o(l)<--<o(k)
o(k+1)<---<o(m)
...0 VX

Vx (203)

o(k+1) o

o(m) "’

90



Proof. We will argue by induction. For m = 1, (203)) reads
Vx, o DPAw =D’ Ao Vx,w+ DP(Vx, Aw,w € C(U, APT*M). (204)

We verify (204]) by induction on p. For p = 1, (204]) holds by the definition of
a covariant derivative. Since the operators D’ 4 and Vy, satisfy the axioms
of a derivation, one verifies easily that if (204]) holds for w, € C*(U, APT*M)
and wy € C™(U, AT*M), then it also holds for w; A wy. This finishes the
verification.

Suppose i € Z, and the lemma holds for m < ¢, by hypothesis we have

VX1O"'Oin+1
:vxlO"'OVXDPAOVXZ+1+VX1o"'OinODp<VXi+1A)
:DpAOle s OVX

i+1

(Z Z DP(VXUM 6.0 VXol<k>(A))

01€Y5;
o1(1)<--<o1(k)
o1(k+1)<--<o1(3)

OvXal(k+l) ©r--0 VXal(i)) © VX¢+1

+ zZ: > b’ (vxmn 10 VX (A)>

o2(1)< - <;72(k)
o2(k+1)<---<o2(3)

OVXoyern © 7 0 VX
=DPAoVyx 0---0Vx
i+1

Z Z D? (VXau) 0---0 ng(k)(.A)>

oc€Xit1
o(1)<---<o(k)
o(k+1)<--<o(i+1)

OVX 'OVX

i+1

(205)

o(k+1) © o(i+1)"

This proves the lemma. O

The following result is just an anologue of Lemma 5.4.5 under the notation
convention which we have explained above.

Lemma 5.4.6. Suppose A € C¥(U,TMQT*MQTMQT*M), X;,1 <i<
m are as above, then (203) holds.

Proof. Without loss of generality, we can assume that A = B ® C with
B,C € C*(U,TM @ T*M). Then by Lemma 5.4.5, one easily verifies that
([203) holds for m = 1. The whole lemma follows by an induction argument
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on m, which is similar with the proof of Lemma 5.4.5, and we shall omit the
details. O

Recall that the Riemann curvature tensor R is of type (1,3), therefore it can
be identified with a tensor of type (2,2) via the Riemannian metric. Also,
it is evident that R(X,Y) € C°(U,TM @ T*M) with X,Y € C>(U,TM).
Thus both D’R and D? (R(X , Y)) are well defined.

Lemma 5.4.7. Suppose X € C*(U,TM), X;,1 <i < m are as above, then

VXlO"'OVXmOVX:VXOVXIo...oVXm+

m—1
> o (VXou) 00 Vi, RIX, XU(J+1>)>

7=0 oEYm

o(1)<--<o(j+1)

o(j+2)<---<o(m)
OVXyi1 OO Vi T
» Vx,0---0Vx, ,0Vix,xj0Vx,, 0 -0Vy,, (206)
i=1

where |-, -] is the Lie bracket.

Proof. For m = 1 and p = 1, (206)) is just the definition of R. Then the
lemma follows by first applying induction on p, then arguing inductively on
m. Since the proof is similar with that of Lemma 5.4.5, we shall omit the
details. OJ

These commutation lemmas enables us to generalize Lemma 5.4.2 and 5.4.3
to obtain a cancelation lemma which is powerful enough to prove Theorem
5.4.1.

Lemma 5.4.8. (Patodi’s Cancelation Lemma) Suppose l,ls, 13,1 € N
satisfying one of the following two conditions:

° l3>0, l1+2l2+l3+22§d,
o [ + 2+ 13+ 2i < d.

Let 0 € 2l1+l27 J1,J1s € {1, . ',d}, A, - '7~Al1 S COO<U, TM@T*M), and
Aty A s, € C2(U, TM @ T*M @ TM @ T*M). Then

d
Z(_l)ptraﬁ <Dp~Aa(1)O"'ODp-AJ(h-HQ)OVayL_O"'OVBL_ (ui,p(l,’ y))) (l‘, {L‘) =0,
=0 71 Yiig

(207)
where all the operators act on y.
Proof. We shall argue by induction on ¢ and l3. For ¢ = [3 = 0, (207)) holds by

Lemma 5.4.2 and Lemma 5.4.3. Therefore we can suppose the lemma holds
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for i = s — 1 for some s € Z, let’s consider the case when i = s.
We first make the following abbreviation:

.Ap:Dp.Ag(l)O---ODPAU(ZI_HQ)OVLO---OVL. (208)

9y, aijS

By (I49) and the well-known formula
Ay =—=¢"Yy)V_ o oV o + ¢y (y)V_a, — DRy, (209)
9y

where R, means the curvature homomorphism acts on y, we are able to get
an equation which is suitable for induction:

rdg

5P S,P —
V,2u(z,y) + (s + 17 S (e, y) =

(gj’“(y)V% oV_o — g (y)T;(y)V o + D”Ry)us’l’p(:c,y)- (210)
Ay oyl 9y

We derive from (I49) the important fact V, o uP (x,y) = 0, by first applying
AP and then taking the trace on each side of (2I0]) we get

si—l)pm (Ap(uw(x,y))) (2,2)

+ zd:(—l)ptrx (Ap o DR, <us—1,P(;p, y))) (x, ). (211)

p=0

Since the right hand side of (2I1]) vanishes by the induction hypothesis, we

have
d

Z(—l)ptrm (Ap <V,,%us’p(:c, y))) (x,z) =0. (212)
p=0

Now suppose t € Z, and the lemma holds for [3 <t — 1. To make Lemma
5.4.7 available, we shall make use of the fact [aiyiv r%] = aiyiv
verified by direct computation.

We finish the proof by first applying A? to (2I0) and then taking the trace.
Keeping this goal in mind, we carry out this operation term by term in (210).

which can be
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The first term on the left hand side
We derive from (212)) the fact that Vrag oV s 0---0V_o (us’p(x, y)) =0,

ayJ1 ay“i’»

by applying Lemma 5.4.7 and the induction hypothesis to (212]), we have

S, (409, (1)) ) )

p=0
d

— 13 (~ 1), (AP (u&p(x, y))) (z, 7). (213)

p=0

The second term on the left hand side
Direct computation gives

A (s + %%)W(x,y)) - ((s + %%w (u”’(x,y))) +
s r dg
> X (Ve oVt na)

k=1 EEE[S
e(l)<---<e(k)
e(k+1)<---<e(l3)

DPAsyo- - o DPAs )0V _0_0---0V_o (us’p(aj, y)). (214)

oy elk+1) 8yje(13)
We then take the trace and use the induction hypothesis to obtain

d

Sy (4 (s L)) )

=0

_ si(—l)ptrx (AP (u&p(x,y))) (z, 7). (215)

hS]

Terms on the right hand side

The first two terms on the right hand side can be treated similarly as the
second term on the left hand side, i.e., by direct computation and using the
induction hypothesis. We easily get

D

p

iz, (Ap o WY s, 0V o (459, y))) (o) =0, (216)

>

d -
(17t (Ao W g, (@) ) =0, (1)

d
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For the third term, we use Lemma 5.4.6 and the induction hypothesis to get

d
Z(—l)ptrgg (Ap oDPR, (us_l’p(x, y))) (r,z)=0. (218)
Since t + s > 0, we have Z o(=1)Ptr, <A”<u57p(:p,y)>)(x,x) = 0, which

finishes the proof. O

PROOF OF THEOREM 5.4.1

By Lemma 5.4.8, E o(=D)Ptryu’(z, x) = 0 for i < £, we then use ([2I0) to
(

compute Zzzo( 1)ptrmug P(z,x). Apply Lemma 5.4.8 twice to get

zi)gﬂc@i i (D R, 09 5, 0¥ o (w2200.0)) ) .0

k ayJ

= D ) Y1 (Va0 ) ) )

_ zd:(—l)ptrx <DpRy o D'R, (u%‘“’(x, y))) (2, ). (219)

n(n —1) —

By Lemma 5.4.8, the first two terms on the right hand side again vanish,
therefore we get

d
Z(—l)ptrmu%’p(az, )
p=0

b
n(n —1)

]
Il &
o
—~

“1)tr, <DpRy o D'R, (u%_Q’p(:p, y))) (z,2).  (220)

Proceeding like this we finally get

i 1)Ptr, us P(z, 1) n' Z ( (DR,) %(UO,p(LyD)(;p,x). (221)

Combine Lemma 5.4.4 and the first Bianchi indentity, the proof is complete.
O
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REMARK
In [29], McKean and Singer gave their formula for the index of the Dirac
operators (see also [10]):

ind (D) = Tr((—1)Fe*tD2), (222)

where ind4 denotes the analytic index, and D denotes a Dirac operator.
Substitute D by d+ 4 in (222)), the Gauss-Bonnet-Chern theorem then follows
as a corollary of the local index theorem.

Actually, based on (222), the McKean-Singer conjecture can be raised for all
Dirac operators, and a proof of the generalized McKean-Singer conjecture
yields the local Atiyah-Singer index theorem. We refer the reader to [10] and
[22] for more details.
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