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INTRODUCTION

This book treats the Atiyah-Singer index theorem using heat equation
methods. The heat equation gives a local formula for the index of any
elliptic complex. We use invariance theory to identify the integrand of
the index theorem for the four classical elliptic complexes with the invari-
ants of the heat equation. Since the twisted signature complex provides
a sufficiently rich family of examples, this approach yields a proof of the
Atiyah-Singer theorem in complete generality. We also use heat equation
methods to discuss Lefschetz fixed point formulas, the Gauss-Bonnet the-
orem for a manifold with smooth boundary, and the twisted eta invariant.
We shall not include a discussion of the signature theorem for manifolds
with boundary.

The first chapter reviews results from analysis. Sections 1.1 through 1.7
represent standard elliptic material. Sections 1.8 through 1.10 contain the
material necessary to discuss Lefschetz fixed point formulas and other top-
ics.

Invariance theory and differential geometry provide the necessary link be-
tween the analytic formulation of the index theorem given by heat equation
methods and the topological formulation of the index theorem contained in
the Atiyah-Singer theorem. Sections 2.1 through 2.3 are a review of char-
acteristic classes from the point of view of differential forms. Section 2.4
gives an invariant-theoretic characterization of the Euler form which is used
to give a heat equation proof of the Gauss-Bonnet theorem. Sections 2.5
and 2.6 discuss the Pontrjagin forms of the tangent bundle and the Chern
forms of the coefficient bundle using invariance theory.

The third chapter combines the results of the first two chapters to prove
the Atiyah-Singer theorem for the four classical elliptic complexes. We first
present a heat equation proof of the Hirzebruch signature theorem. The
twisted spin complex provides a unified way of discussing the signature,
Dolbeault, and de Rham complexes. In sections 3.2-3.4, we discuss the
half-spin representations, the spin complex, and derive a formula for the
A genus. We then discuss the Riemann-Roch formula for an almost complex
manifold in section 3.5 using the SPIN. complex. In sections 3.6-3.7 we
give a second derivation of the Riemann-Roch formula for holomorphic
Kaehler manifods using a more direct approach. In the final two sections
we derive the Atiyah-Singer theorem in its full generality.
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The final chapter is devoted to more specialized topics. Sections 4.1-4.2
deal with elliptic boundary value problems and derive the Gauss-Bonnet
theorem for manifolds with boundary. In sections 4.3-4.4 we discuss the
twisted eta invariant on a manifold without boundary and we derive the
Atiyah-Patodi-Singer twisted index formula. Section 4.5 gives a brief dis-
cussion of Lefschetz fixed point formulas using heat equation methods. In
section 4.6 we use the eta invariant to calculate the K-theory of spherical
space forms. In section 4.7, we discuss Singer’s conjecture for the Euler
form and related questions. In section 4.8, we discuss the local formulas
for the invariants of the heat equation which have been derived by several
authors, and in section 4.9 we apply these results to questions of spectral
geometry.

The bibliography at the end of this book is not intended to be exhaustive
but rather to provide the reader with a list of a few of the basic papers
which have appeared. We refer the reader to the bibliography of Berger
and Berard for a more complete list of works on spectral geometry.

This book is organized into four chapters. Each chapter is divided into
a number of sections. Each Lemma or Theorem is indexed according to
this subdivision. Thus, for example, Lemma 1.2.3 is the third Lemma of
section 2 of Chapter 1.
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CHAPTER 1
PSEUDO-DIFFERENTIAL OPERATORS

Introduction

In the first chapter, we develop the analysis needed to define the index
of an elliptic operator and to compute the index using heat equation meth-
ods. Sections 1.1 and 1.2 are brief reviews of Sobolev spaces and pseudo-
differential operators on Euclidean spaces. In section 1.3, we transfer these
notions to compact Riemannian manifolds using partition of unity argu-
ments. In section 1.4 we review the facts concerning Fredholm operators
needed in section 1.5 to prove the Hodge decomposition theorem and to
discuss the spectral theory of self-adjoint elliptic operators. In section 1.6
we introduce the heat equation and in section 1.7 we derive the local for-
mula for the index of an elliptic operator using heat equation methods.
Section 1.8 generalizes the results of section 1.7 to find a local formula
for the Lefschetz number of an elliptic complex. In section 1.9, we dis-
cuss the index of an elliptic operator on a manifold with boundary and in
section 1.10, we discuss the zeta and eta invariants.

Sections 1.1 and 1.4 review basic facts we need, whereas sections 1.8
through 1.10 treat advanced topics which may be omitted from a first
reading. We have attempted to keep this chapter self-contained and to
assume nothing beyond a first course in analysis. An exception is the
de Rham theorem in section 1.5 which is used as an example.

A number of people have contributed to the mathematical ideas which
are contained in the first chapter. We were introduced to the analysis of
sections 1.1 through 1.7 by a course taught by L. Nirenberg. Much of the
organization in these sections is modeled on his course. The idea of using
the heat equation or the zeta function to compute the index of an elliptic
operator seems to be due to R. Bott. The functional calculus used in the
study of the heat equation contained in section 1.7 is due to R. Seeley as
are the analytic facts on the zeta and eta functions of section 1.10.

The approach to Lefschetz fixed point theorems contained in section 1.8
is due to T. Kotake for the case of isolated fixed points and to S. C. Lee
and the author in the general case. The analytic facts for boundary value
problems discussed in section 1.9 are due to P. Greiner and R. Seeley.



1.1. Fourier Transform, Schwartz Class,
And Sobolev Spaces.

The Sobolev spaces and Fourier transform provide the basic tools we
shall need in our study of elliptic partial differential operators. Let z =
(1,...,xm) € R™. If x,y € R™, we define:

coy=x21y1+ -+ Tpym  and x| = (z-x)Y?

as the Euclicean dot product and length. Let o = (avq, ..., uy,) be a multi-
index. The «; are non-negative integers. We define:
lal=a1+ -+ ap, al =aq!l. . ap!, ¢ =it o

Finally, we define:

o\ g\
a_ [ Y a _ (_Ala| ga
s <8x1 > e <—8xm > and D¢ = (—i)'dS

as a convenient notation for multiple partial differentiation. The extra
factors of (—i) defining D¢ are present to simplify later formulas. If f(x) is
a smooth complex valued function, then Taylor’s theorem takes the form:

= 3 a2 ) I O g,

la|<n

The Schwartz class S is the set of all smooth complex valued functions
f on R™ such that for all o, 3 there are constants C, g such that

2 DE f| < Cy .
This is equivalent to assuming there exist estimates of the form:
D] < Cp(L+ )™

for all (n, 3). The functions in S have all their derivatives decreasing faster
at oo than the inverse of any polynomial.

For the remainder of Chapter 1, we let dx, dy, d§, etc., denote Lebesgue
measure on R™ with an additional normalizing factor of (27)~™/2. With
this normalization, the integral of the Gaussian distribution becomes:

/e_%|m|2 dr = 1.

We absorb the normalizing constant into the measure in order to sim-
plify the formulas of the Fourier transform. If C§°(R™) denotes the set of
smooth functions of compact support on R™, then this is a subset of §.
Since Cp(R™) is dense in L?(R™), S is dense in L*(R™).

We define the convolution product of two elements of S by:

(f*g)(x /fx— dy—/f y)dy.

This defines an associative and commutative multiplication. Although
there is no identity, there do exist approximate identities:
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LemMA 1.1.1. Let f € S with [ f(z)dx = 1. Define f,(x) = u™™ ().
Then for any g € S, f, * g converges uniformly to g as u — 0.

PROOF: Choose C so [ [f(z)[dx < C and |g(x)| < C. Because the first
derivatives of ¢ are uniformly bounded, ¢ is uniformly continuous. Let
e > 0 and choose 6 > 0 so |z — y| < § implies |g(z) — g(y)| < . Because
[ fu(z)dz =1, we compute:

Fur ge) — glo)] = \ [ 1ot =) - o)}
< / () {g(x — y) — g(x)}| dy.

We decompose this integral into two pieces. If |y| < § we bound it by Ce.
The integral for |y| > ¢ can be bounded by:

2C w dy = 2C dy.
/M | fuly)| dy /M/u 1F ()] dy

This converges to zero as u — 0 so we can bound this by Ce if u < u(e).
This completes the proof.

A similar convolution smoothing can be applied to approximate any ele-
ment of LP arbitrarily well in the P norm by a smooth function of compact
support.

We define the Fourier transform f(£) by:

~

f(§) = /6_im'§f($) dx for f € S.

For the moment £ € R"; when we consider operators on manifolds, it will
be natural to regard £ as an element of the fiber of the cotangent space.
By integrating by parts and using Lebesgue dominated convergence, we
compute:

DEfE)} = (-DNaof}  and  €0f(6) = {Daf}.

This implies f € § so Fourier transform defines a map S — S.
We compute the Fourier transform of the Gaussian distribution. Let
fo(z) = exp(—3|z[?), then fy € S and [ fo(x) dz = 1. We compute:

R

— o~ 3lEP /e—(x+ia)-(x+i§)/2 de.
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We make a change of variables to replace x + i by = and to shift the
contour in C" back to the original contour R™. This shows the integral is
1 and fo(€) = exp (—31¢I?) so the function fo is its own Fourier transform.

In fact, the Fourier transform is bijective and the Fourier inversion for-
mula gives the inverse expressing f in terms of f by:

f(z) = / eiv€ () dé = f(—2).

We define T'(f) = f = [ et f ) d€ as a linear map from § — S. We
must show that T'(f) = f to prove the Fourier inversion formula.
Suppose first f(0) = 0. We expand:

():/ —{f ta)} dt = ij/ (tz) dt = ijgj

where the g; are smooth. Let ¢ € C§°(R™) be identically 1 near = 0.
Then we decompose:

Fl) = 6 (@) + Z$g¢gg+zxg{% =2

Since ¢g; has compact support, it is in §. Since ¢ is identically 1 near
x =0, zj(1—9¢)f/|z|* € S. Thus we can decompose f = Y w;h; for
h; € §. We Fourier transform this identity to conclude:

Since this is in divergence form, T'(f = [ f( f £)dé =0 = f(0).
More generally, let f € S be arbltrary We decompose f = f(0)fo +
(f = f(0)fo) for fo = exp(—3||?). Since fo = fo is an even function,

T(fo) = foso that T(f)(0) = f(0)fo(0)+T(f—f(0)fo) = f(0)fo(0) = f(0)
since (f — £(0)fo)(0) = 0. This shows T'(f)(0) = f(0) in general.

We use the linear structure on R™ to complete the proof of the Fourier
inversion formula. Let zp € R™ be fixed. We let g(x) = f(x + x¢) then:

f(w0) = g(0) = T(9)(0) = / e~ f(a + o) dar dé

= /e_m'£ '8 f () dw dé
= T'(f) (o)
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This shows the Fourier transform defines a bijective map & — §. If we
use the constants Cy 5 = sup,cgpm |[v*DE f| to define a Frechet structure
on §, then the Fourier transform is a homeomorphism of topological vector
spaces. It is not difficult to show C§°(R™) is a dense subset of S in this
topology. We can use either pointwise multiplication or convolution to
define a multiplication on § and make § into a ring. The Fourier transform
interchanges these two ring structures. We compute:

fa= / e~ f(x)e~WE g(y) du dy
= / eI (2 — y)eT W E g(y) d dy
- / e~ f(x — y)g(y) du dy.

The integral is absolutely convergent so we may interchange the order of
integration to compute f - f g = (f x g). If we replace f by f and g by ¢

we see (f - g)(—x) = (f * §) using the Fourier inversion formula. We now
take the Fourier transform and use the Four1er inversion formula to see

(- 9)(=€) = (f = )(~€) so that (f - g) = f * §.

The final property we shall need of the Fourier transform is related to
the L? inner product (f,g) =/ f(x)g(x) dx. We compute:

(f.9)= / f(a)e = 4g(€) da dé = / f(@)e ™ g(€) d da
— (f,4(—2)).

If we replace g by g then (f,§) = (f,g(—z)) = (f,g) so the Fourier trans-
form is an isometry with respect to the L? inner product. Since S is dense
in L?, it extends to a unitary map L?(R™) — L*(R™). We summarize
these properties of the Fourier transform as follows:

LEMMA 1.1.2. The Fourier transform is a homeomorphism & — S such
that:

(a) f(x fe” §F(€)de = fe"("”_y)'£ f(y) dyd¢ (Fourier inversion for-
mula)
(b) DS f fe”éfa f(&) d¢ and fo‘ fe‘”gDO‘f( x) dx;

(c) f - g—(f*g) and f+§=(f-9);
(d) The Fourier transform extends to a unitary map of L*(R™) — L?(R™)

such that (f,g) = (f, G). (Plancherel theorem).

We note that without the normalizing constant of (27)~™/2 in the defi-
nition of the measures dx and d§ there would be various normalizing con-
stants appearing in these identities. It is property (b) which will be of the
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most interest to us since it will enable us to interchange differentiation and
multiplication.

We define the Sobolev space Hs(R™) to measure L? derivatives. If s is
a real number and f € S, we define:

F? = / (1+ [€[2)°|f ()] de.

The Sobolev space Hs(R™) is the completion of S with respect to the norm
|s. The Plancherel theorem shows Hy(R™) is isomorphic to L? (R™). More
generally, H,(R™) is isomorphic to L? with the measure (1 + |£|?)%/2 d¢.
Replacing (1 + [£[?)® by (1 + |£])?* in the definition of |, gives rise to an
equivalent norm since there exist positive constants ¢; such that:

e (L41€7)° < 1+ €)% < e2(1+ 1€7)°.

In some sense, the subscript “s” counts the number of L? derivatives. If
s = n is a positive integer, there exist positive constants ¢, ¢y so:

a(L+E7)" < Y 1P < 21+ [€)"™

la|<n

This implies that we could define

2= /If“f|2d£= S /|D;;f|2dx

la|<n lal<n

as an equivalent norm for H,, (R™). With this interpretation in mind, it is
not surprising that when we extend D¢ to Hy, that |a| L? derivatives are
lost.

LEMMA 1.1.3. D extends to define a continuous map Dg: Hy — Hy_ .

ProoOF: Henceforth we will use C' to denote a generic constant. C' can
depend upon certain auxiliary parameters which will usually be supressed
in the interests of notational clarity. In this proof, for example, C' depends
on (s,«) but not of course upon f. The estimate:

€ P+ 1P <o+ (g
implies that:

DS fI?, = / € F )2 (1 + [€2)*~ el de < C|f|?

for f € S. Since Hy is the closure of S in the norm |4, this completes the
proof.
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We can also use the sup norm to measure derivatives. If k is a non-
negative integer, we define:

[flooe = sup > |DSf|  for  fe€S.

TER™ o<k

The completion of S with respect to this norm is a subset of C¥(R™)
(the continuous functions on R™ with continuous partial derivatives up
to order k). The next lemma relates the two norms |; and |« 5. It will
play an important role in showing the weak solutions we will construct to
differential equations are in fact smooth.

LEMMA 1.1.4. Let k be a non-negative integer and let s > k + 5. If
f € Hy, then f is C* and there is an estimate |f|sr < C|f|s. (Sobolev
Lemma).

PRrROOF: Suppose first £ =0 and f € S. We compute

fla) = / ¢ f(€) de
= / (e PO+ €122} - {(1 + |€[*)~*/?} de.

We apply the Cauchy-Schwarz inequality to estimate:
F@) < IfR / (1+[¢*) 7 de.

Since 2s > m, (1+£|%)™* is integrable so | f(x)| < C|f]s- We take the sup
over z € R™ to conclude |f|eo,0 < C|f|s for f € S. Elements of Hy are
the limits in the |; norm of elements of S. The uniform limit of continuous
functions is continuous so the elements of H, are continuous and the same
norm estimate extends to Hg. If £ > 0, we use the estimate:

D% floo,0 < CIDZ fls—ja] < C|fls for |a|§kands—k>%
to conclude |f|ook < C|f|s for f € S. A similar argument shows that the
elements of H, must be C* and that this estimate continues to hold.

If s > t, we can estimate (1 + |£]?)® > (1 + |¢|?)!. This implies that
|fls > |f|¢ so the identity map on S extends to define an injection of
Hy; — H,; which is norm non-increasing. The next lemma shows that this
injection is compact if we restrict the supports involved.
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LEMMA 1.1.5. Let {f,} € S be a sequence of functions with support in
a fixed compact set K. We suppose there is a constant C so |f,|s < C for
all n. Let s > t. There exists a subsequence f,, which converges in H;.
(Rellich lemma).

PRrROOF: Choose g € Cy(R™) which is identically 1 on a neighborhood of

K. Then gf, = fn so by Lemma 1.1.2(c) f, = § * fn. We let 0; = %
J
then 0;(g * fn) = 0;g * fn so that:

|@ﬁxohz/uam@—<»-ﬂ«mdc

We apply the Cauchy-Schwarz inequality to estimate:

R 1/2
|@m@ﬂsumy{/mm@—oﬁu+mﬁrﬂm} <Con(e)

where h is some continuous function of £&. A similar estimate holds for
|/2(€)]. This implies that the {f,} form a uniformly bounded equi-con-
tinuous family on compact £ subsets. We apply the Arzela-Ascoli theorem
to extract a subsequence we again label by f,, so that fn(f) converges
uniformly on compact subsets. We complete the proof by verifying that f,
converges in H; for s > t. We compute:

m—hﬁz/%—ﬁWH%W%6

We decompose this integral into two parts, || > r and [¢| < r. On [£| > r
we estimate (14 |€]?)! < (14 72)'=%(1 + |£|?)® so that:

/’|ﬁ—ﬁmrwwﬁ@sﬂ+ﬂfﬂ/m—ﬁmrwwf%
|E|>r

<20(1 +r?)i=s.

If £ > 0 is given, we choose 7 so that 2C(1 + r?)!=* < . The remaining
part of the integral is over || < r. The fj converge uniformly on compact
subsets so this integral can be bounded above by e if j, k > j(¢). This
completes the proof.

The hypothesis that the supports are uniformly bounded is essential. It
is easy to construct a sequence {f,} with |f,|s = 1 for all n and such that
the supports are pair-wise disjoint. In this case we can find € > 0 so that
|f; — fxle > € for all (j, k) so there is no convergent subsequence.



AND SOBOLEV SPACES 9

We fix ¢ € S and let ¢.(z) = ¢(ex). We suppose ¢(0) =1 and fix f € S.
We compute:

D2 (f — ¢ f) = (1 — ¢.) D2 f + terms of the form e/ D ¢(ex) D] f.

As ¢ — 0, these other terms go to zero in L?. Since ¢. — 1 pointwise,
(1—¢.)D,f goes to zero in L?. This implies ¢.f — f in H,, for any n > 0
as € — 0 and therefore ¢.f — f in Hy for any s. If we take ¢ € C§°(R™),
this implies C§°(R™) is dense in H, for any s.

Each H, space is a Hilbert space so it is isomorphic to its dual. Be-
cause there is no preferred norm for Hy, it is useful to obtain an invariant
alternative characterization of the dual space H:

LEMMA 1.1.6. The L? pairing which maps S x S — C extends to a map
of Hy x H_, — C which is a perfect pairing and which identifies H_4 with
H}. That is:

(a) |(fag)| S |f|5|g|—5 fOI‘ f?g S S:
(b) given f € S there exists g € S so (f,g) = |fls|lg|—s and we can define

e sy 109

g€S, g#£0 9]—s '

PRrROOF: This follows from the fact that H, is L? with the weight function
(1+]€]?)% and H_ is L? with the weight function (1+]£|?)~%. We compute:

ugw4lm=/f@u+mmﬂ%@u+mmﬂﬂ%

and apply the Cauchy-Schwartz inequality to prove (a).
(f,9)]

gES, g#0 9]—s

To prove part (b), we note |f|s >
defined by:

We take g to be

g=f+¢)es

and note that (f,g) = (f,9) = |f]? and that |g|2, = |f|? to see that
equality can occur in (a) which proves (b)

If s > t > u then we can estimate:
(14 €D <e(1+1€)* + Ce) (1 + [€))*

for any € > 0. This leads immediately to the useful estimate:
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LEMMA 1.1.7. Let s >t > u and let ¢ > 0 be given. Then

[fle < elfls + CE)] flu-

If V is a finite dimensional vector space, let C*° (V) be the space of
smooth complex valued maps of R"™ — V. We choose a fixed Hermitian
inner product on V' and define §(V') and Hs(V) as in the scalar case. If
dim(V) = k and if we choose a fixed orthonormal basis for V', then S(V)
and Hs (V) become isomorphic to the direct sum of &k copies of S and of
H,. Lemmas 1.1.1 through 1.1.7 extend in the obvious fashion.

We conclude this subsection with an extremely useful if elementary esti-
mate:

LEMMA 1.1.8. (PEETRE’S INEQUALITY). Let s be real and z,y € R™.
Then (1 + |z +yl)* < (14 |yl)* (1 + [o])*!.

Proor: We suppose first s > 0. We raise the triangle inequality:
1+ ]z +y|l <1+ [z[+ |y < T+ [y 1+ |z])

to the s*P power to deduce the desired inequality. We now suppose s < 0.
A similar inequality:

A+ly)™ <A+ le+y)"Q+|z)7°
yields immediately:
1+ |z +y))” < L+ [y L+ [z)

to complete the proof.



1.2. Pseudo-Differential Operators on R™.

A linear partial differential operator of order d is a polynomial expression
P =p(x,D) =}, 1<q @ (x)Dg where the aq(z) are smooth. The symbol
o P = p is defined by:

oP =p(x,§) = Z aq(z)€*

lo|<d

and is a polynomial of order d in the dual variable £. It is convenient to
regard the pair (x,§) as defining a point of the cotangent space T*(R™);
we will return to this point again when we discuss the effect of coordinate
transformations. The leading symbol o P is the highest order part:

oL P(w,6) = ) aa(2)E”

|a|=d

and is a homogeneous polynomial of order d in .
We can use the Fourier inversion formula to express:

Pf(z) = / ¢ Ep(x, €) (€) de = / =€ (. €) f(y) dydé

for f € §. We note that since the second integral does not converge abso-
lutely, we cannot interchange the dy and d¢ orders of integration. We use
this formalism to define the action of pseudo-differential operators (¥DO’s)
for a wider class of symbols p(z, £) than polynomials. We make the follow-
ing

DEFINITION. p(x,€) is a symbol of order d and we write p € S? if

(a) p(x,&) is smooth in (z,£) € R™ x R™ with compact x support,
(b) for all (cv, 3) there are constants Cy g such that

DS DY p(,8)] < Cap(1+]€))* 171,

For such a symbol p, we define the associated operator P(z, D) by:

P(x, D)(f)(z) = / e p(a, €) f(€) dE = / eV E (i, €) f(y) dy dé

as a linear operator mapping & — §.

A differential operator has as its order a positive integer. The order of
a pseudo-differential operator is not necessarily an integer. For example, if
f € C§°(R™), define:

p(x,€) = f(x)(1+ |€[))Y? € S for any d € R.
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This will be a symbol of order d. If p € S¢ for all d, then we say that
p € ST is infinitely smoothing. We adopt the notational convention
of letting p, ¢, r denote symbols and P, (), R denote the corresponding
UDO’s.

Because we shall be interested in problems on compact manifolds, we
have assumed the symbols have compact x support to avoid a number of
technical complications. The reader should note that there is a well defined
theory which does not require compact x support.

When we discuss the heat equation, we shall have to consider a wider
class of symbols which depend on a complex parameter. We postpone
discussion of this class until later to avoid unnecessarily complicating the
discussion at this stage. We shall phrase the theorems and proofs of this
section in such a manner that they will generalize easily to the wider class
of symbols.

Our first task is to extend the action of P from S to H,.

LeEMMA 1.2.1. Let p € S then |Pfls_q < C|f|s for f € S. P extends
to a continuous map P: Hy, — H,_4 for all s.

ProOF: We compute Pf(z fe”” Sp(a ﬁ)f(f) d¢ so that the Fourier
transform is given by:

Pf(¢) = / ¢ (€0 p(x, €) f(€) d€ da.

This integral is absolutely convergent since p has compact x support so we
may interchange the order of integration. If we define

q(¢,€) = / e~ Cp(x,€) du

as the Fourier transform in the x direction, then

Pf(¢) = / q(C — €,6)f(€) de.

P
By Lemma 1.1.6, |Pf|s—q = sup (P, 9)|

. We compute:
geS |g|d—s

(Pf,9) = / q(C — €6 F(€)3(C) de dc.

Define:
K(¢€)=q(C—&A+ )@+ (¢
then:

(Pf,g) /Kcz )1+ [€])°9(C) (1 + ¢ de dC.
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We apply the Cauchy-Schwarz inequality to estimate:
A 1/2
(Pr.o)l < { 1K@ onsera -+ deac)

x { / (GO GO (1 + ¢y dﬁdc}m .

We complete the proof by showing

/|K(<,£)|d£§0 and /IK(C,§)|d§§C

since then |(Pf, g)| < C|f[s|g]a—s-
By hypothesis, p has suppport in a compact set I and we have estimates:

ID&p(x,€)] < Co(1 + €)%

Therefore:
C¥q(¢,6)| = ‘ / eT D p(x, &) da| < Co(1+ [€])*vol(K).

Therefore, for any integer k, |q(¢,€)| < Cr(1+1€))4(1+|¢]|)~F vol(K) and:

[K(COI< Cel+ 1) (1L + )™ (1 + ¢ = £)7F vol(K).
We apply Lemma 1.1.8 with x + y = £ and y = ( to estimate:

K (C,8)| < Cr(l+ ¢ — &Nl=1=F vol(K).

If we choose k > 7 + |d — s|, then this will be integrable and complete the
proof.

Our next task is to show that the class of YDO’s forms an algebra under
the operations of composition and taking adjoint. Before doing that, we
study the situation with respect to differential operators to motivate the
formulas we shall derive. Let P = )" po(x)Dg and let Q = )" qo(x)Dg
be two differential operators. We assume p and ¢ have compact x support.
It is immediate that:

:ZDg‘pZ and PQ = Zpa x)D%qp(x) DB

are again differential operators in our class. Furthermore, using Leibnitz’s
rule

!
De(fg)= > Df(f)-DZ(g)-ﬂO;—#,
B+y=a

|

Y
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it is an easy combinatorial exercise to compute that:
o(P*)=>_d¢Dgp*/o!  and  o(PQ)=) dgp DIq/al.
« «

The perhaps surprising fact is that these formulas remain true in some
sense for YDO’s, only the sums will become infinite rather than finite.

We introduce an equivalence relation on the class of symbols by defining
p~qifp—qeS™°. We note that if p € S7°° then P: H;, — H,; for all
s and ¢ by Lemma 1.2.1. Consequently by Lemma 1.1.4, P: H;, — C§° for
all s so that P is infinitely smoothing in this case. Thus we mod out by
infinitely smoothing operators.

Given symbols p; € S% where d; — —oo, we write

oo
P~ D_p;
j=1

if for every d there is an integer k(d) such that & > k(d) implies that
p— Z?lej € S, We emphasize that this sum does not in fact need to
converge. The relation p ~ > p; simply means that the difference between
P and the partial sums of the P; is as smoothing as we like. It will turn out
that this is the appropriate sense in which we will generalize the formulas
for o(P*) and o(PQ) from differential to pseudo-differential operators.

Ultimately, we will be interested in operators which are defined on com-
pact manifolds. Consequently, it poses no difficulties to restrict the domain
and the range of our operators. Let U be a open subset of R™ with com-
pact closure. Let p(z, &) € S have 2 support in U. We restrict the domain
of the operator P to C§°(U) so P:C§°(U) — C3°(U). Let ¥4(U) denote
the space of all such operators. For d < d’, then ¥4(U) C ¥4 (U). We
define

V(U) = JVa(U) and  T_(U)=[)Ta(V)
d d

to be the set of all pseudo-differential operators on U and the set of infinitely
smoothing pseudo-differential operators on U.

More generally, let p(z, &) be a matrix valued symbol; we suppose the
components of p all belong to S¢. The corresponding operator P is given
by a matrix of pseudo-differential operators. P is a map from vector val-
ued functions with compact support in U to vector valued functions with
compact support in U. We shall not introduce separate notation for the
shape of p and shall continue to denote the collection of all such operators
by ¥,4(U). If p and ¢q are matrix valued and of the proper shape, we define
p-q and also the operator P-() by matrix product and by composition. We
also define p* and P* to be the matrix adjoint and the operator adjoint so
that (P*f,g) = (f, P*g) where f and g are vector valued and of compact
support. Before studying the algebra structure on ¥(U), we must enlarge
the class of symbols which we can admit:
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LEMMA 1.2.2. Let r(z,&,y) be a matrix valued symbol which is smooth
in (x,§,y). We suppose r has compact x support inside U and that there
are estimates:
d—
DY DEDYr| < Cay (14 1€)V

for all multi-indices («, 3,v). If f is vector valued with compact support
in U, we define:

Rf(x) = / ¢e=0E (3, €, y) f(y) dyde.

Then this operator is in ¥4(U) and the symbol is given by:

R(x,€) ~ {za: ng;r(x,g,y)/a!}

z=y
PROOF: We note that any symbol in S? belongs to this class of operators
if we define r(x,&,y) = p(x,&). We restricted to vector valued functions
with compact support in U. By multiplying r by a cut-off function in y

with compact support which is 1 over U, we may assume without loss of
generality the y support of r is compact as well. Define:

g(,€,¢) = / e (x, €, y) dy

to be the Fourier transform of r in the y variable. Using Lemma 1.1.2 we
see (rf) = 7% f. This implies that:

/e—iyfr(w,&y)f(y) dy = / g(z,€,6 = O)F(C) d¢.

The argument given in the proof of Lemma 1.2.1 gives estimates of the
form:

a(2,6, Q)1 < Cu@+ EN4L+ )™ and  |F(Q)] < Ch(1+[¢)7*

for any k. Consequently:

lq(2, 6,6 — O F(O)] < Cr(L+ [ENUL+ €= ¢DR+ ¢

We apply Lemma 1.1.8 to estimate:

(@, €,€ = OF ()] < Crl1 + [N =F (1 4 ¢+
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so this is absolutely integrable. We change the order of integration and
express:

Rf(x) = / ¢ q(x, €, € — ) f(¢) de dC.

We define:
p(@,¢) = / ¢ g(w, €, € — () de

and compute:

Rf(x) = / e <p(x, ¢) F(C) dC

is a pseudo-differential operator once it is verified that p(x, () is a symbol
in the correct form.
We change variables to express:

p(z,¢) = / ¢ g, &€+ ¢, €) de

and estimate:

lq(z, &+ ¢, < Cr(L+ €+ CNUL+ €))7
< Cr(L+ |¢))* (1 + [g)l=F.

This is integrable so [p(z,¢)| < C}(1 4 |¢])?. Similar estimates on |Dng
q(x, € + (,€)| which arise from the given estimates for » show that p € S¢
so that R is a pseudo-differential operator.

We use Taylor’s theorem on the middle variable of g(x, {+(, £) to expand:

3 d¢q(x, ¢, §)E”

Q(x7£+Ca§): al _'—qk(l‘aCaf)'

lo| <k

The remainder g decays to arbitrarily high order in (&, () and after inte-
gration gives rise to a symbol in S9~* which may therefore be ignored. We
integrate to conclude

p(x, ()= / e'®s Cq(xa—gji)i d¢ + remainder

|| <k
dg¢ Dyr(z, ¢, y)

+ a remainder
=y

=2 =

la|<k

using Lemma 1.1.2. This completes the proof of the lemma.

We use this technical lemma to show that the pseudo-differential opera-
tors form an algebra:
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LeEMMA 1.2.3. Let P € U4(U) and let QQ € V. (U). Then:

(a) If U’ is any open set with compact closure containing U, then P* €
Uy(U') and o(P*) ~ >_ , dg Dgp* /al.

(b) Assume that P and Q) have the proper shapes so P() and pq are defined.
Then PQ € W4y (U) and o(PQ) ~ >_, d¢p- Dyq/al.

PrOOF: The fact that P* lies in a larger space is only a slight bit of
technical bother; this fact plays an important role in considering boundary
value problems of course. Let (f,g) = f - g be the pointwise Hermitian
inner product. Fix ¢ € C§°(U’) to be identically 1 on U and compute:

(Pf,g)= / ¢ E (2, €)(y) f(y) - g(x) dy dE da
= / Fy) - e (2, €)ply)g () dy dE du

since the inner product is Hermitian. By approximating p*(z, ) by func-
tions with compact £ support, we can justify the use of Fubini’s theorem
to replace dy d¢ dx by dx d€ dy and express:

(Pf,9) / F(y) - =28 p* (2 )b (y)g (x) da: dE dy
= (f,P*g)

where we define:
Prg(y) = / e p* (2,6)6(y)g () dar d.
This is an operator of the form discussed in Lemma 1.2.2 so P* € U4(U’)

and we compute:
P*) ~ Y deDgp* /ol
«

since ¢ = 1 on the support of p. This completes the proof of (a). We note
that we can delete the factor of ¢ from the expression for P*g since it was
only needed to prove P* was a YDO.

We use (a) to prove (b). Since:

Q*gly) = / =€ g (1, €) g () dur dE

the Fourier inversion formula implies:

@)= [ @ Ole) do
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If ¢ is the symbol of Q*, then we interchange the roles of @ and Q* to see:

(Qg) = / e~ ¢ (2, €)g () da.
Therefore:

PQg@ﬁ=i/e”fp@a£Xé§X£ﬁﬁ
= / =9 p(a, €)§" (y, €)g(y) dy de

which is an operator of the form discussed in Lemma 1.2.2 if r(z,&,y) =
p(x,€)q*(y,&). This proves PQ is a pseudo-differential operator of the
correct order. We compute the symbol of PQ to be:

~ ng Dy (p 7" (y,£))/a! evaluated at x = y.

We use Leibnitz’s formula and expand this in the form:

de z,£) DﬁdvD’Y * /B

The sum over ~ yields the symbol of Q** = ) so we conclude finally
Zd ©,€)D]q(w,€)/p!

which completes the proof.

Let K (z,y) be a smooth matrix valued function with compact 2 support
in U. If f is vector valued with compact support in U, we define:

=/K@wﬂw@

LEMMA 1.2.4. Let K(z,y) be smooth with compact x support in U, then
P(K) e ¥_(U).

Proor: We let ¢(£) € C5°(R™) with [ ¢(£) d§ = 1. Define:
r(,€,y) = VTGO K (2, p)

then this is a symbol in S7°° of the sort discussed in Lemma 1.2.2. It
defines an infinitely smoothing operator. It is immediate that:

memwz/éww%@@wﬂw@@

Conversely, it can be shown that any infinitely smoothing map has a
smooth kernel. In general, of course, it is not possible to represent an ar-
bitrary pseudo-differential operator by a kernel. If P is smoothing enough,
however, we can prove:
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LEMMA 1.2.5. Let r satisfy the hypothesis of Lemma 1.2.2 where d <
—m — k. We define K(z,y) = fe"("”_y)'£ r(x,€,y)dé. Then K is C* in
(z,y) and Rf(x) = [ K(z,y)f(y) dy.

ProoF: If we can show K is well defined, then the representation of R in
terms of the kernel K will follow from Fubini’s theorem. We estimate:

D;‘DgK(:r,y) = Z &(_I)IBM

Yao! 34! 35!
=y b ol as! B! 5,!

B=pB1+02
% {/ei(m—y)~§ §a1+ﬁ1 D;czDgzr(w,ér,y) df} )

Since we can estimate:
6% D3 Dffr(, €, y)| < C(1L+ [el) 1o+

this will be integrable for |a|+|3| < k. Thus K is C* and the representation
of R follows immediately.

In Lemma 1.2.2 we computed the symbol of the pseudo-differential op-
erator defined by r(z,€,y) in terms of d¢ Dyr when x = y. This implies
the singular (i.e., the non-smoothing part) of R is concentrated near the
diagonal x = y. We make this more precise:

LEMMA 1.2.6. Let r(x,&,y) satisfy the hypothesis of Lemma 1.2.2. Sup-
pose the x support of r is disjoint from the y support of r, then R is infinitely
smoothing and is represented by a smooth kernel function K (z,y).

PrOOF: We would like to define K(x,y) = fe(m_y)'g r(z, & y)dé. Un-
fortunately, this integral need not converge in general. By hypothesis,

|z—y| > ¢ > 0 on the support of r. We define the Laplacian Ay =) Dgu i
Since Agel@=9)€ = |z —y|2e!(@=¥)€ we integrate by parts in a formal sense
k times to express:

Rf(z) = / S | — |7 AL (2, €, y) f(y) dydE.

This formal process may be justified by first approximating r by a function
with compact & support. We now define

K(z,y) = /ei(x_y)'g v — y| TP AEr (2, €, y) dE

for any k sufficiently large. Since A'gr decays to arbitrarily high order in
&, we use the same argument as that given in Lemma 1.2.5 to show that
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K(x,y) is arbitrarily smooth in (z,y) and hence is C°°. This completes
the proof.

We note that in general K (z,y) will become singular at x = y owing to
the presence of the terms |z — y|~2* if we do not assume the support of x
is disjoint from the support of y.

A differential operator P is local in the sense that if f = 0 on some open
subset of U, then Pf = 0 on that same subset since differentiation is a
purely local process. YDQO'’s are not local in general since they are defined
by the Fourier transform which smears out the support. Nevertheless, they
do have a somewhat weaker property, they do not smear out the singular
support of a distribution f. More precisely, let f € Hy. If ¢ € C5°(U),
we define the map f — ¢f. If we take r(x,§,y) = ¢(x) and apply Lemma
1.2.2, then we see that this is a pseudo-differential operator of order 0.
Therefore ¢f € H, as well. This gives a suitable notion of restriction. We
say that f is smooth on an open subset U’ of U if and only if ¢f € C* for
every such ¢. An operator P is said to be pseudo-local if f is smooth on
U’ implies Pf is smooth on U’.

LEMMA 1.2.7. Pseudo-differential operators are pseudo-local.

PRrOOF: Let P € Uy(U) and let f € Hy;. Fix v € U’ and choose ¢ €
C§°(U') to be identically 1 near x. Choose ¢ € C§°(U’) with support
contained in the set where ¢ is identically 1. We must verify that ¢ Pf is
smooth. We compute:

VPf=4yPof+vP(1—-9)f.

By hypothesis, ¢f is smooth so ¥ P¢f is smooth. The operator ¢ P(1 — ¢)
is represented by a kernel of the form ¢ (x)p(z,£)(1 — ¢(y)) which has
disjoint x and y support. Lemma 1.2.6 implies ¥ P(1 — ¢)f is smooth
which completes the proof.

In Lemmas 1.2.2 and 1.2.3 we expressed the symbol of an operator as a
infinite asymptotic series. We show that the algebra of symbols is complete
in a certain sense:

LEMMA 1.2.8. Let p; € S%(U) where d; — —oo. Then there exists
P~ Zj p; which is a symbol in our class. p is a unique modulo S~°.

PrROOF: We may assume without loss of generality that dy > dy > --- —

—00. We will construct p € S%. The uniqueness is clear so we must

prove existence. The p; all have support inside U; we will construct p with

support inside U’ where U’ is any open set containing the closure of U.
Fix a smooth function ¢ such that:

0<é<1, G =0forle|<l, () =1forle>2.
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We use ¢ to cut away the support near £ = 0. Let ¢; — 0 and define:

p(z,€) = Z o(t;&)pj (@, ).

For any fixed £, ¢(¢;&) = 0 for all but a finite number of j so this sum is
well defined and smooth in (x,§). For j > 1 we have

pj(2, )] < Ci1+ 1) = C3 (1 +[EN (1 + [¢)) .

If [£] is large enough, (1 + |£])%~% is as small as we like and therefore by
passing to a subsequence of the ¢; we can assume

|6(t;E)pj(x, &) <279 (1 — |¢)™ for j > 1.

This implies that |p(z,&)] < (Cy + 1)(1 + [£])%. We use a similar ar-
gument with the derivatives and use a diagonalization argument on the
resulting subsequences to conclude p € S¢. The supports of all the pj are
contained compactly in U so the support of p is contained in U which is
contained in U’.

We now apply exactly the same argument to pg, + --- to assume that
Pa, + -+ € S%. We continue in this fashion and use a diagonalization
argument on the resulting subsequences to conclude in the end that

> b(tOpj(a, ) € SF for k = dj,.

J=Jjo

Since p; — ¢(t;€)p; € S™°°, this implies p — Zi"zl p; € S¥ and completes
the proof.

If K(x,y) is smooth with compact x,y support in U, then P(K) €
U_ o (U) defines a continuous operator from H; — H; for any s,t. Let
|P|s,+ denote the operator norm so |Pf|; < |P|s|f|s for any f € S. It will
be convenient to be able to estimate | K| in terms of these norms:

LEMMA 1.2.9. Let K(x,y) be a smooth kernel with compact x,y support
in U. Let P = P(K) be the operator defined by K. If k is a non-negative
integer, then |K|o 1 < C(k)|P|—k k

PRrROOF: By arguing separately on each entry in the matrix K, we may
reduce ourselves to the scalar case. Suppose first & = 0. Choose ¢ €
C5°(R™) positive with [ ¢(z)dx = 1. Fix points (zo,y0) € U x U and
define:

fn(x) =n"¢(n(x —x0))  and  gn(y) =n"d(n(y - yo)).
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Then if n is large, f,, and g, have compact support in U. Then:

K (2o, y0) = lim / fa(@)K (2,y)ga(y) dy dz = T (fu, Pga)
by Lemma 1.1.1. We estimate

o

fn|0|gn|0 - |P

|(fn> Pgn)| < |Ploo 0,0

to complete the proof in this case.
If |a] <k, |B| <k then:

DEDIK(2,y) = lim [ fulw){DIDIK (2,y)}gn(y) dy do

n—>00
= lim [ (Dgfu) K (2,9)(Dygn(y)) dy do
= nli)rgo (Dgfna PDggn)-

We use Lemma 1.1.6 to estimate this by

DS ful k1P DY gl < | fulol Pk Dy gl -k
<\ fulolgnlolPl-kr = |Pl-kx|0l5

to complete the proof.



1.3. Ellipticity and Pseudo-Differential
Operators on Manifolds.

The norms we have given to define the spaces Hy; depend upon the Fourier
transform. In order to get a more invariant definition which can be used
to extend these notions to manifolds, we must consider elliptic pseudo-
differential operators.

Let p € S4U) be a square matrix and let U; be an open set with
U, C U. We say that p is elliptic on U, if there exists an open subset U,
with U; C Uy C Uy C U and if there exists ¢ € S~¢ such that pg—I € S~
and gp—1I € S~ over Uy. (To say that r € S~ over U, simply means the
estimates of section 1.2 hold over U,. Equivalently, we assume ¢r € S—°
for every ¢ € C§°(U;)). This constant technical fuss over domains will be
eliminated very shortly when we pass to considering compact manifolds;
the role of Uy is to ensure uniform estimates over Uj.

It is clear that p is elliptic over Uy if and only if there exists constants
Cp and Cy such that p(z,§) is invertible for |£] > C and

p(z, )7 <L+ [E)~"  for [¢] > Co, =€ Us.

We define g = ¢(&)p~t(x,€) where ¢(€) is a cut-off function identically 0
near £ = 0 and identically 1 near £ = co. We used similar cutoff functions
in the proof of Lemma 1.2.8. Furthermore, if py € S~!, then p is elliptic
if and only if p + pg is elliptic; adding lower order terms does not alter
the ellipticity. If p is a polynomial and P is a differential operator, then
p is elliptic if and only if the leading symbol o1 (p) = 3|, —q Pa(2)E* is
invertible for £ # 0.

There exist elliptic operators of all orders. Let ¢(x) € C§° and define
the symbol p(x, &) = ¢(x)(1 + |£]?)¥21, then this is an elliptic symbol of
order d whenever ¢(z) # 0.

LeEMMA 1.3.1. Let P € Y4(U) be elliptic over Uy then:

(a) There exists Q € V=%(U) such that PQ — I ~ 0 and QP — I ~ 0
over Uy (i.e., p(PQ — I) and ¢(QP — I) are infinitely smoothing for any
¢ € C5° (Uz)).

(b) P is hypo-elliptic over Uy, i.e., if f € Hy and if Pf is smooth over U;
then f is smooth over Uj.

(¢) There exists a constant C' such that |f|q < C(|flo + |Pflo) for f €
C§°(Ur). (Gérding’s inequality).

ProoF: We will define @ to have symbol g + ¢ + - - - where ¢; € S7977.
We try to solve the equation

o(PQ—1)~ dip-Dgq;/al—1~0.

a,j
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When we decompose this sum into elements of S~*, we conclude we must

solve
I k=0
A DYy o] —
2. dgp-Digj/of {0 if k # 0.
la|+j=Fk

We define ¢y = ¢ and then solve the equation inductively to define:

g =—q- Y d¢p-Dig;/al.
lal+i=k
Jj<k

This defines @ so o0(PQ —1I) ~ 0 over Us. Similarly we could solve o (Q; P —
I) ~ 0 over Uy. We now compute o(Q — Q1) = 0(Q — Q1 PQ) +0(Q1PQ —
Q1) =0((I-Q1P)Q)+c(Q1(QP —1I)) ~ 0 over Uy so that in fact @) and
()1 agree modulo infinitely smoothing operators. This proves (a).

Let f € Hg with Pf smooth over Uy, and choose ¢ € Cy(Uy). We
compute:

of =o(I —QP)f +¢QPf.

As ¢(I —QP) ~ 0, ¢(I —QP)f is smooth. Since Pf is smooth over Uy,
PQPf is smooth since () is pseudo-local. Thus ¢f is smooth which proves
(b).

Finally, we choose ¢ € C§°(Uz) to be identically 1 on U;. Then if
f S C(C))o(Ul)v

[fla =1¢fla =61 = QP)f + ¢QPfla < |¢(I — QP)fla+ |¢QP fla-

We estimate the first norm by C|f|o since ¢(I — QP) is an infinitely
smoothing operator. We estimate the second norm by C|Pf|y since ¢Q
is a bounded map from L? to H¢. This completes the proof.

We note (c) is immediate if d < 0 since |g < |o. If d > 0, |flo + |Pflo <
C(|f|a) so this gives a equivalent norm on H¢.

We now consider the effect of changes of coordinates on our class of
pseudo-differential operators. Let h:U — U be a diffeomorphism. We

define h*: C>°(U) — C>(U) by h* f(x) = f(h(x)). If P is a linear operator

on C*(U), we define h, P acting on C*®(U) by (h.P)f = (h=1)*P(h* f).
The fundamental lemma we shall need is the following:

LEMMA 1.3.2. Let h:U — U be a diffeomorphism. Then:

(a) If P € U4(U) then h,P € W*(U). Let p = o(P) and define h(z) = x;
and dh(z)'&; = €. Let py(x1, &) = p(x,€) then o(h,P) — py € S471,

(b) Let Uy be an open subset with U; C U. There exists a constant C' such
that |h* flq < C|fl|q for all f € C§°(h(Uy)). In other words, the Sobolev

spaces are invariant.

PROOF: The first step is to localize the problem. Let {¢;} be a partition
of unity and let P;; = ¢;P¢; so P = Z” P;;. If the support of ¢; is
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disjoint from the support of ¢;, then P;; is an infinitely smoothing operator
with a smooth kernel Kj;(x,y) by Lemma 1.2.6. Therefore h,P;; is also
given by a smooth kernel and is a pseudo-differential operator by Lemma
1.2.4. Consequently, we may restrict attention to pairs (4, 7) such that the
supports of ¢; and ¢; intersect. We assume henceforth P is defined by a
symbol p(x, &, y) where p has arbitrarily small support in (z,y).

We first suppose h is linear to motivate the constructions of the general
case. Let h(x) = ha where h is a constant matrix. We equate:

hx = xq, hy = y1, h'é =¢
and define
Pl(xlaﬁhyl) :p(%f,y)-

(In the above, h* denotes the matrix transpose of h). If f € C§°(U), we
compute:

(hP)f(z1) = / € (. €, y) f(hy) dy dE

= /eih_l(ml_yl)'gp(h_lxhfa h ) f(y)
x | det(h)|™! dy, dE.

We now use the identities h=! (2 —y1)-€ = (v —y1)-& and | det(h)] dé;, =
d¢ to write:

(haP) f (1) = /ei(ml_yl)')§1 p(h™ g, W&, b yn) f(yn) dyr déy
- /61‘(961_311).'51 p1(r1, &1, 91) f (Y1) dyy dEy.

This proves that (h.P) is a pseudo-differential operator on U. Since we
don’t need to localize in this case, we compute directly that

o(heP)(x1,&) = p(h™ 21, h'&y).

We regard (z,&) as giving coordinates for T*M when we expand any co-
vector in the form > ¢; dxz*. This is exactly the transformation for the
cotangent space so we may regard ¢P as being invariantly defined on
T*R™.

If h is not linear, the situation is somewhat more complicated. Let

v—y=h"tz)-ht(y) = A %{h_l(txl + (1 —t)y,)}dt

= A d(h™")(tey + (1 = )y1) - (21 —y1) dt = T(w1,y1) (w1 — 1)
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where T(x1,y1) is a square matrix. If 1 = yq, then T(zy,y1) = d(h™1)
is invertible since h is a diffeomorphism. We localize using a partition of
unity to suppose henceforth the supports are small enough so T'(x1,y;) is
invertible for all points of interest.

We set & = T'(x1,y1)'¢ and compute:

(B P)(f) (1) = / =€ (e €, y) f(hy) dy dé
= /6”(“”’1)(“_“){p(h_lxh&,h_lyl)f(yl)del d¢

= /ei(”“_yl)"51 pi(e, &, u1) f(y)
x J|det T(z1,y1)|”" dyy d&;

where J = |det(dh™1)| = |det T'(y1,y1)|- By Lemma 1.2.2, this defines a
pseudo-differential operator of order d such that o(h,P) = p; modulo S¢~!
which completes the proof of (a). Since |dh| is uniformly bounded on Uy,
|flo < Clh*flo and |h* flo < C|flo. If P is elliptic, then h, P is elliptic of
the same order. For d > 0, choose P elliptic of order d and compute:

1" fla < C([P" flo + |PR” flo) < C(|flo + [(heP) flo) < C|fla

which completes the proof of (b) if d > 0. The result for d < 0 follows by
duality using Lemma 1.1.6(b).

We introduce the spaces S?/S%=! and define o, (P) to be the element
defined by o(P) in this quotient. Let P and @ be pseudo-differential op-
erators of order dy and dy Then P(Q is a pseudo-differential operator of
order dy +dy and o, (PQ) = o1, (P)o(Q) since the remaining terms in the
asymptotic series are of lower order. Similarly o (P*) = or(P)*. If we
define (z, &) as coordinates for 7% (R™) by representing a cotangent vector
at a point  in the form 3 &;da?, then Lemma 1.3.2 implies o, (P) is invari-
antly defined on 7 (R™). If P =) _ poDJ is a differential operator there
is a natural identification of Z|a|:d Pa€® with the image of p in §¢/591
so this definition of the leading symbol agrees with that given earlier.

We now extend the results of section 1.2 to manifolds. Let M be a
smooth compact Riemannian manifold without boundary. Let m be the
dimension of M and let dvol or sometimes simply dx denote the Riemanian
measure on M. In Chapter 2, we will use the notation |dvol| to denote
this measure in order to distinguish between measures and m-forms, but
we shall not bother with this degree of formalism here. We restrict to
scalars first. Let C°° (M) be the space of smooth functions on M and let
P:C*> (M) — C*°(M) be a linear operator. We say that P is a pseudo-
differential operator of order d and write P € W4(M) if for every open chart
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U on M and for every ¢, € C§°(U), the localized operator pPy € ¥4(U).
We say that P is elliptic if ¢ P is elliptic where ¢ip(z) # 0. If Q € W4 (U),
we let P = ¢Q for ¢, € C§°(U). Lemma 1.3.2 implies P is a pseudo-
differential operator on M so there exists operators of all orders on M. We
define:

V(M) = JWa(M)  and  U_o(M)=[)Ta(M)
d d

to be the set of all pseudo-differential operators on M and the set of in-
finitely smoothing operators on M.

In any coordinate system, we define o(P) to the symbol of the operator
¢P¢ where ¢ = 1 near the point in question; this is unique modulo S—°°.
The leading symbol is invariantly defined on 7% M, but the total symbol
changes under the same complicated transformation that the total symbol
of a differential operator does under coordinate transformations. Since we
shall not need this transformaton law, we omit the statement; it is implicit
in the computations performed in Lemma 1.3.2.

We define L?(M) using the L? inner product

(f,9) = /M f@)g(x)de,  |f2=(f, /)

We let L2(M) be the completion of C* (M) in this norm. Let P: C> (M) —
C>(M). We let P* be defined by (Pf,g) = (f,P*g) if such a P* exists.
Lemmas 1.3.2 and 1.2.3 imply that:

LEMMA 1.3.3.

(a) If P € Wy(M), then P* € ¥y(M) and or,(P*) = or(P)*. In any coor-
dinate chart, o(P*) has a asymptotic expansion given by Lemma 1.2.3(a).
(b) If P € Ug(M) and Q € V (M), then PQ € V4i.(M) and o1, (PQ) =
o (P)or(Q). In any coordinate chart o(PQ) has an asymptotic expansion
given in Lemma 1.2.3(b).

We use a partition of unity to define the Sobolev spaces H(M). Cover M
by a finite number of coordinate charts U; with diffeomorphisms h;: O; —
U; where the O; are open subsets of R with compact closure. If f €
C§°(U;), we define:

IFI) = |B; £l

where we shall use the superscript () to denote the localized norm. Let
{#;} be a partition of unity subordinate to this cover and define:

fls = loaf|9.
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If 1p € C*° (M), we note that |¢Z-1/)f|§i) < C’|¢)if|gi) since multiplication by
Y defines a WDO of order 0. Suppose {U]’-,O;-, h;-, qﬁ;} is another possible
choice to define |,,. We estimate:

[0 £ <N 6 L),

Since ¢%¢; f € C§°(U; N Uj), we can use Lemma 1.3.2 (b) to estimate |/S(j)
by |£Z) SO
|05 19 <> CleheifI9 < Cloi I < Clfls

so that |f|, < C|f|s. Similarly |f|s < C|f]%.. This shows these two norms
are equivalent so Hs(M) is defined independent of the choices made.
We note that:

> ot < [F2 < CD {loif1P}?

so by using this equivalent norm we conclude the Hg(M) are topologically
Hilbert spaces. If {¢;} are given subordinate to the cover U; with ¢; > 0
and ¢ =Y. ¢; > 0, we let ¢; = 1); /1) and compute:

ZW I = le@ IO < CZ|¢Z £19 = Clfls
Z|¢z f1¥) —ZW L fIO < C’ZW) £1@

to see the norm defined by > . |¢; f |§” is equivalent to the norm |f|s as
well.

Lemma 1.1.5 implies that |f]; < |f|s if ¢ < s and that the inclusion of
Hs(M) — H,(M) is compact. Lemma 1.1.7 implies given s > ¢ > u and
e > 0 we can estimate:

[fle < elfls + C@E)[f |

We assume the coordinate charts U; are chosen so the union U; U U; is
also contained in a larger coordinate chart for all (i,7). We decompose
p € Wy(M)as P =3 P, for Pj =¢;P¢p;. By Lemma 1.2.1 we can
estimate:

|6: Po; fI( < C|¢’jf|gr)d

so |Pfls < C|f|s+a and P extends to a continuous map from Hgyq(M) —
Hy(M) for all s.
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We define: '
floos = 3 16: 1,

as a measure of the sup norm of the k' derivatives of f. This is independent
of particular choices made. Lemma 1.1.4 generalizes to:

| floo,e < C|fls fors>%+k.

Thus Hg(M) is a subset of C*(M) in this situation.
We choose 1; € C*(U;) with >, ¢? =1 then:

(f.9)| = |Z(wif, hig)| < Z (¥ f,i9)]

<O i f 1D gl < CIflslgl—s-

Thus the L? inner product gives a continuous map Hy(M)x H_,(M) — C.

LEMMA 1.3.4.

(a) The natural inclusion Hy — Hy is compact for s > t. Furthermore, if
s>t>wandife >0, then |f|y <e|fls + C(e)|fu-

(b) If s > k + 2 then H,(M) is contained in C*(M) and we can estimate
(¢) If P € Wy(M) then P: Hyyq(M) — Hg(M) is continuous for all s.

(d) The pairing Hy(M) x H_,(M) — C given by the L? inner product is
a perfect pairing.

PROOF: We have proved every assertion except the fact (d) that the pair-
ing is a perfect pairing. We postpone this proof briefly until after we have
discussed elliptic ¥DO’s.

The sum of two elliptic operators need not be elliptic. However, the
sum of two elliptic operators with positive symbols is elliptic. Let P; have
symbol (14]€;]2)%2 on U; and let ¢; be a partition of unity. P = > i Pidi;
this is an elliptic ¥DO of order d for any d, so elliptic operators exist.
We let P be an elliptic ¥DO of order d and let ¢; be identically 1 on
the support of ¢;. We use these functions to construct Q@ € ¥_,(M) so
PQ—-1e€V_(M)and QP —1 € ¥_,,(M). In each coordinate chart, let
P; = ¢; P1; then P; — P; € ¥_, on the support of ¢;¢;. We construct @);
as the formal inverse to P; on the support of ¢;, then @Q; — Q; € V_, on
the support of ¢;¢; since the formal inverse is unique. Modulo ¥V_,, we
have P =" ¢; P ~ ). ¢; P;. We define Q = Zj Qj¢; and note ) has the
desired properties.

It is worth noting we could also construct the formal inverse using a
Neumann series. By hypothesis, there exists ¢ so gp—I1 € S~ and pg—1 €
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S—L, where p = o (P). We construct Q1 using a partition of unity so
or(Q1) = q. We let Q" and Q' be defined by the formal series:

Q' = Ql{Z(—l)k(PQl - I)k}

k

Q= {Z(—l)’“(czlP— I)’“}Ql

k

to construct formal left and right inverses so Q = Q" = Q' modulo ¥_
Let P be elliptic of order d > 0. We estimate:

[fla <[(Q@P = 1) fla+[QPfla < Clflo+ ClPflo < C|fla

so we could define Hy using the norm |f|; = |f|o + |Pflo. We specialize
to the following case. Let @ be elliptic of order d/2 and let P = Q*Q + 1.
Then Q*(Q is self-adjoint and non-negative so we can estimate |f|o < |Pf|o
and we can define |f|q = |Pf]o in this case. Consequently:

fli=(Pf,Pf)=(f,P*Pf)=(f9),

for g = P*Pf. Since |P*Pf|_q < C|f|4, we conclude:

[fla=(Pf,P)/|fla < C(fi9)/lgl-a < Cs%p |(F, /1D -a.

Since the pairing of Hy; with H_; is continuous, this proves Hy = H* ;.
Topologically these are Hilbert spaces so we see dually that H = H_,.
This completes the proof of Lemma 1.3.4. We also note that we have
proved:

LeEMMA 1.3.5. Let P € U, be elliptic. Then there exists Q € V_; so
PQ—-1eV_ and QP — 1 € V_,. P is hypoelliptic. If d > 0, we can
define hy by using the norm |f|o + |Pf|o and define H_4 by duality.

If V is a vector bundle, we cover M by coordinate charts U; over which
V is trivial. We use this cover to define Hs(V') using a partition of unity.
We shall always assume V' has a given fiber metric so L(V) is invariantly
defined. P:C>(V) — C>(W) is a YDO of order d if ¢pP1 is given by
a matrix of d'" order WDO’s for ¢,¢ € C§°(U) for any coordinate chart
U over which V' and W are trivial. Lemmas 1.3.4 and 1.3.5 generalize
immediately to this situation.



1.4. Fredholm Operators and the
Index of a Fredholm Operator.

Elliptic ¥DO'’s are invertible modulo ¥_ .. Lemma 1.3.4 will imply that
elliptic ¥DQO'’s are invertible modulo compact operators and that such op-
erators are Fredholm. We briefly review the facts we shall need concerning
Fredholm and compact operators.

Let H be a Hilbert space and let END(H ) denote the space of all bounded
linear maps 7: H — H. There is a natural norm on END(H) defined by:

T
IT| = sup [Tz
ceH |7l

where the sup ranges over x # 0. END(H) becomes a Banach space under
this norm. The operations of addition, composition, and taking adjoint are
continuous. We let GL(H) be the subset of END(H) consisting of maps T’
which are 1-1 and onto. The inverse boundedness theorem shows that if
T € END(H) is 1-1 and onto, then there exists ¢ > 0 such that |Tx| > e|z|
so T~! is bounded as well. The Neuman series:

(1-2)""'= sz

k=0

converges for |z| < 1. If |[I —T| < 1, we may express T'=1— (I = T). If
we define -
S=> (-1
k=0

then this converges in END(H) to define an element S € END(H) so
ST =TS = I. Furthermore, this shows |T'|~* < (1 —|I = T])~! so GL(H)
contains an open neighborhood of I and the map 7" — T~! is continuous
there. Using the group operation on GL(H), we see that GL(H) is a open
subset of END(H) and is a topological group.

We say that T € END(H) is compact if T maps bounded sets to pre-
compact sets—i.e., if |z,| < C' is a bounded sequence, then there exists a
subsequence ,, so T'z,, — y for some y € H. We let COM(H) denote
the set of all compact maps.

LeEmMA 1.4.1. COM(H) is a closed 2-sided x-ideal of END(H ).

PROOF: It is clear the sum of two compact operators is compact. Let
T € END(H) and let C € COM(H). Let {z,} be a bounded sequence in
H then {Tz,} is also a bounded sequence. By passing to a subsequence,
we may assume Cz,, — y and CTx,, — z. Since T'C'z,, — Ty, this implies
CT and TC are compact so COM(H) is a ideal. Next let C;,, — C in
END(H), and let x,, be a bounded sequence in H. Choose a subsequence
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zl so Cizl — y'. We choose a subsequence of the zl so Cyz? — y2.

By continuing in this way and then using the diagonal subsequence, we
can find a subsequence we denote by z” so Cy(z?) — y* for all k. We
note |Cz]! — Cralt| < |C — Cgle. Since |C — Ck| — 0 this shows the
sequence Cz] is Cauchy so C' is compact and COM(H) is closed. Finally
let C € COM(H) and suppose C* ¢ COM(H). We choose |z,| < 1 so
|C*x,y, — C*xpy| > € > 0 for all n, m. We let y,, = C*xz,, be a bounded
sequence, then (Cy, — Cym, Tp — ) = |C* 2y, — C* 2y, |* > 2. Therefore
e? < |Cyp — Cyml|lTn — xm| < 2|Cyn — Cym| so Cy, has no convergent
subsequence. This contradicts the assumption C' € COM(H) and proves
C* € COM(H).

We shall assume henceforth that H is a separable infinite dimensional
space. Although any two such Hilbert spaces are isomorphic, it is conven-
ient to separate the domain and range. If E and F' are Hilbert spaces, we
define HOM(E, F') to be the Banach space of bounded linear maps from
E to F with the operator norm. We let ISO(FE, F') be the set of invert-
ible maps in HOM(E, F') and let COM(E, F) be the closed subspace of
HOM(E, F) of compact maps. If we choose a fixed isomorphism of F with
F, we may identify HOM(E,F) = END(E), ISO(E, F) = GL(E), and
COM(E, F) = COM(E). ISO(E,F) is a open subset of HOM(E, F) and
the operation of taking the inverse is a continuous map from ISO(E, F') to
ISO(F, E). If T € HOM(E, F), we define:

N(T)={ecE:T(E)=0} (the null space)
R(T)={feF:f=T(e) forsome e € F} (the range).

N(T') is always closed, but R(T") need not be. If L denotes the operation of
taking orthogonal complement, then R(T)+ = N(T*). We let FRED(E, F)
be the subset of HOM(E, F') consisting of operators invertible modulo com-
pact operators:

FRED(E, F) = { T € HOM(E, F) : 351, S, € HOM(F, E) so
ST — I € COM(E) and TS5 — I € COM(F) }.

We note this condition implies S1—S3 € COM(F, E) so we can assume S; =

Ss if we like. The following lemma provides another useful characterization

of FRED(E, F):

LEMMA 1.4.2. The following are equivalent:

(a) T € FRED(E, F);

(b) T'e END(E, F) has dimN(T") < oo, dimN(T™) < oo, R(T) is closed,
and R(T™) is closed.

ProoF: Let T € FRED(FE, F) and let x,, € N(T) with |z,,| = 1. Then
x, = (I —S1T)x, = Cx,. Since C is compact, there exists a convegent
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subsequence. This implies the unit sphere in N(7') is compact so N(T')
is finite dimensional. Next let y, = Tz, and y, — y. We may assume
without loss of generality that z,, € N(T)1. Suppose there exists a constant
C so |z,| < C. We have z,, = S1y, + (I — S1T)x,. Since S1y, — S1y
and since (I — S1T) is compact, we can find a convergent subsequence so
r, — x and hence y = lim,, y,, = lim,, Tx,, = Tx is in the range of T so
R(T') will be closed. Suppose instead |z, | — oco. If x}, = =, /|x,| we have
Tz! = yn/|xn] — 0. We apply the same argument to find a subsequence
x! — x with Tz = 0, |z| = 1, and 2 € N(T)+. Since this is impossible,
we conclude R(T) is closed (by passing to a subsequence, one of these two
possibilities must hold). Since T*S} — I = C} and S3T* — I = C5 we
conclude T* € FRED(F, E) so N(T™) is finite dimensional and R(T™) is
closed. This proves (a) implies (b).

Conversely, suppose N(7T') and N(7*) are finite dimensional and that
R(T) is closed. We decompose:

E=NT)eN(T)* F=NT*)@R(T)

where T:N(T)+ — R(T) is 1-1 and onto. Consequently, we can find a
bounded linear operator S so ST = I on N(T)+ and T'S = I on R(T). We
extend S to be zero on N(7™) and compute

ST—I:ﬂ'N(T) and TS—IZTFN(T*)

where 7 denotes orthogonal projection on the indicated subspace. Since
these two projections have finite dimensional range, they are compact which
proves T' € FRED(E, F).

If T e FRED(E, F) we shall say that T is Fredholm. There is a natural

law of composition:

LEMMA 1.4.3.
(a) If T € FRED(E, F) then T* € FRED(F, E).
(b) If Ty € FRED(E, F) and T, € FRED(F, G) then T2T; € FRED(E, G).

PROOF: (a) follows from Lemma 1.4.2. If S1T) —1 € C(F) and SoT>—1 €
C(F) then S1 81Ty —1 =5, (SQTQ —I)Tl + (SlTl — I) € C(E) Slmllarly
1511515 — I € C(E)

If T € FRED(FE, F), then we define:

index(7") = dim N(7") — dim N(T™).

We note that ISO(F, F') is contained in FRED(E, F') and that index(7") = 0
if T € ISO(E, F).
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LEMMA 1.4.4.
(a) index(T) = — index(T*).
(b) If T € FRED(E, F) and S € FRED(F,G) then

index(ST') = index(7") + index(S5).

(¢) FRED(E, F) is a open subset of HOM(FE, F).
(d) index: FRED(FE, F') — Z is continuous and locally constant.
PROOF: (a) is immediate from the definition. We compute
N(ST)
N(T*S*)

N(T) ® T~ (R(T) N N(S))
N(S*) @ (8*)"H(R(S™) N N(T™))
N(S*) @ (S*) M (R(T)* NN(S)*)

so that
index(ST) = dim N(7T') + dim(R(7") " N(S)) — dim N(S™)
— dim(R(T)* NN(S)+)
= dim N(T') + dim(R(T) N N(S)) + dim(R(T)* N N(S))
— dimN(S*) — dim(R(T)* NN(S)1)
— dim(R(T)* N N(S))
= dim N(T) + dimN(S) — dimN(S*) — dim(R(T)™")
=dim N(T') + dim N(S) — dim N(S*) — dim N(T™)
= index(S) + index(7")

We prove (¢) and (d) as follows. Fix T'€ FRED(E, F'). We decompose:
E=NT)@eN(T)* and F=N(T*)@R(T)

where T:N(T)+ — R(T) is 1-1 onto. We let 7: E — N(T') be orthog-
onal projection. We define Fy = N(T*) & F and F; = N(T) & F to
be Hilbert spaces by requiring the decompositon to be orthogonal. Let
S € HOM(E, F'), we define S; € HOM(E4, Fy) by:

Si(fode)=mi(e) D (fo+ Si(e)).

It is clear |S; — S| = |S — 5’| so the map S — S defines a continuous
map from HOM(E, F) — HOM(E4, F}). Let i;: E — E; be the natural
inclusion and let mo: F4 — F be the natural projection. Since N(7T') and
N(T*) are finite dimensional, these are Fredholm maps. It is immediate
from the definition that if S € HOM(E, F') then

S = 7T251i1.
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If we let T = S and decompose e = eg Pey and f = fo® f1 for eg € N(T))
and fo € N(T*), then:

Ti(foPeoder)=eo® fobTey

so that 77 € ISO(F1, F1). Since ISO(Ey, F}) is an open subset, there exists
e > 0so0|T—S| < ¢ implies S; € ISO(Ey, Fy). This implies Sy is Fredholm
so S = mySyiy is Fredholm and FRED(E, F') is open. Furthermore, we
can compute index(S) = index(ms) + index(S7) + index(i1) = index(my) +
index(i1) = dim N(7') —dim N(7™) = index(T") which proves index is locally
constant and hence continuous. This completes the proof of the lemma.

We present the following example of an operator with index 1. Let ¢,
be orthonormal basis for L? as n € Z. Define the one sided shift

Pn—1 if n >0
Tqbn:{() ifn=20
On ifn<0

then T is surjective so N(7T*) = {0}. Since N(T') is one dimensional,
index(7') = 1. Therefore index(7") = n and index((7*)") = —n. This
proves index: FRED(FE, F') — Z is surjective. In the next chapter, we will
give several examples of differential operators which have non-zero index.

If we specialize to the case E = F' then COM(FE) is a closed two-sided
ideal of END(FE) so we can pass to the quotient algebra END(E)/ COM(E).
If GL(END(F)/ COM(F)) denotes the group of invertible elements and if
m: END(F) — END(E)/ COM(FE) is the natural projection, then FRED(FE)
is 7! of the invertible elements. If C'is compact and T' Fredholm, T+tC is
Fredholm for any ¢. This implies index(T") = index(T+t¢C') so we can extend
index: GL(END(E)/ COM(E)) — Z as a surjective group homomorphism.

Let P:C*® (V) — C*°(W) be a elliptic ¥DO of order d. We construct
an elliptic ¥DO S of order —d with S: C*> (W) — C*°(V) so that SP — I
and PS — I are infinitely smoothing operators. Then

P:H,(V)— Hq_y (W)  and  S:Hy_ (W) — Hy(V)

are continuous. Since SP — I: Hy(V) — H; (V) is continuous for any ¢, it
is compact. Similarly PS — I is a compact operator so both P and S are
Fredholm. If f € N(P), then f is smooth by Lemma 1.3.5. Consequently,
N(P) and N(P*) are independent of the choice of s and index(P) is invari-
antly defined. Furthermore, if P, is a smooth 1-parameter family of such
operators, then index(P;) is independent of the parameter 7 by Lemma
1.4.4. In particular, index(P) only depends on the homotopy type of the
leading symbol of P. In Chapter 3, we will give a topological formula for
index(P) in terms of characteristic classes.
We summarize our conclusions about index(P) in the following
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LEMMA 1.4.5. Let P:C> (V) — C> (W) be an elliptic ¥DO of order d
over a compact manifold without boundary. Then:

(a) N(P) is a finite dimensional subset of C*°(V').

(b) P: Hs(V)) — Hs_q(W) is Fredholm. P has closed range. index(P) does
not depend on the particular s chosen.

(¢) index(P) only depends on the homotopy type of the leading symbol of
P within the class of elliptic VDQO’s of order d.



1.5. Elliptic Complexes,
The Hodge Decomposition Theorem,
And Poincaré Duality.

Let V be a graded vector bundle. V is a collection of vector bundles
{Vi};jez such that V; # {0} for only a finite number of indices j. We let
P be a graded ¥DO of order d. P is a collection of d'" order pseudo-
differential operators P;j: C>°(V;) — C*°(Vj41). We say that (P,V) is a
complex if Pj;1P; =0 and o1, Pj4101P; = 0 (the condition on the symbol
follows from P? = 0 for differential operators). We say that (P, V) is elliptic
if:

N(oLP)(,€) = RlorPoi)(,€)  for € 0

or equivalently if the complex is exact on the symbol level.
We define the cohomology of this complex by:

H(V, P) = N(P;)/ R(P;j-1).

We shall show later in this section that H’(V, P) is finite dimensional if
(P, V) is an elliptic complex. We then define

index(P) =Y "(~1)/ dim H (V, P)

as the Euler characteristic of this elliptic complex.

Choose a fixed Hermitian inner product on the fibers of V. We use that
inner product together with the Riemannian metric on M to define L*(V).
We define adjoints with respect to this structure. If (P, V) is an elliptic
complex, we construct the associated self-adjoint Laplacian:

Aj = (P*P); = Py Py + P_1 P C™(V;) = O (V).

If pj = o (P}), then o1, (A;) = p;pj + pj—1pj_;- We can also express the
condition of ellipticity in terms of A; :

LeEmMMA 1.5.1. Let (P,V) be a d*"® order partial differential complex.
Then (P,V) is elliptic if and only if A; is an elliptic operator of order 2d
for all j.

PRrROOF: We suppose that (P, V) is elliptic; we must check o, (A;) is non-
singular for £ # 0. Suppose (p;fpj +pj_1p;_1)(x,§)v = 0. If we dot this
equation with v, we see p;v-p;v +p;f_1v -p;‘f_lv = 0 so that pjv = p;‘f_lv =
0. Thus v € N(pj) so v € R(pj_1) so we can write v = p;_jw. Since
p;f_lpj_lw = 0, we dot this equation with w to see p;_jw - pj_1w = 0 so
v = pj_1w = 0 which proves A; is elliptic. Conversely, let o7,(A;) be non-
singular for £ # 0. Since (P,V) is a complex, R(p;_1) is a subset of N(p;).
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Conversely, let v € N(p;). Since or(A;) is non-singular, we can express
v = (p;fpj +pj_1p;f_1)w. We apply p; to conclude p;pip;w = 0. We dot
this equation with p;w to conclude pip;pjw - pjw = pipjw - p;pjw = 0 so
pjpjw = 0. This implies v = p;_1p;_;w € R(p;j—1) which completes the
proof.

We can now prove the following:

THEOREM 1.5.2 (HODGE DECOMPOSITION THEOREM). Let (P,V) be

a d*™ order WDO elliptic complex. Then

(a) We can decompose L*(V;) = N(A;)©R(Pj_1)®R(P}) as an orthogonal
direct sum.

(b) N(A;) is a finite dimensional vector space and there is a natural isomor-
phism of H?(P,V) ~ N(Aj). The elements of N(A;) are smooth sections
to Vj.

PROOF: We regard A;: Hoq(V;) — L?(V;). Since this is elliptic, it is Fred-
holm. This proves N(A;) is finite dimensional. Since A; is hypoelliptic,
N(A;) consists of smooth sections to V. Since A; is self adjoint and Fred-
holm, R(A;) is closed so we may decompose L?(V;) = N(A;)BR(A;). It is
clear R(A;) is contained in the span of R(P;_1) and R(P}). We compute
the L? inner product:

(P;f’Pj—lg) = (f,PjPj_19) =0

since P;Pj_1 = 0. This implies R(Pj_1) and R(P}) are orthogonal. Let
f € N(A;), we take the L? inner product with f to conclude

0:(Ajf’f):(ij7ij)+(P;<—1fap;<—1f)

so N(Aj) = N(£;) N N(P;_;). This implies R(A;) contains the span of
R(P;j_1) and R(P}). Since these two subspaces are orthogonal and R(A;)
is closed, R(Pj_1) and R(P}) are both closed and we have an orthogonal
direct sum:

L*(V;) = N(4;) ® R(Pj_1) @ R(P;).

This proves (a).

The natural inclusion of N(Aj;) into N(F;) defines a natural map of
N(A;) — H/(P,V) = N(P;)/R(Pj-1). Since R(Pj_1) is orthogonal to
N(A;), this map is injective. If f € C*°(V;) and P;f = 0, we can decom-
pose f = fo @ Ajfi for fo € N(Aj). Since f and f; are smooth, A;f; is
smooth so fl € COO(V}) P]f = ijo + PjAjfl =0 implies PjAjfl =0.
We dot this equation with P; f; to conclude:

0= (Pjf1, PP} Pif1 + PjP; 1 P;_y f1) = (P} P f1, P} Pj f1)
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SO ijijl =0 so Ajfl = Pj—IP;_lfl € R(Pj_l). This implies f and fo
represent the same element of H’ (P, V) so the map N(A;) — H/ (P, V) is
surjective. This completes the proof.

To illustrate these concepts, we discuss briefly the de Rham complex.
Let T*M be the cotangent space of M. The exterior algebra A(T*M) is
the universal algebra generated by T*M subject to the relation £ A& =0
for € € T*M. If {ey,...,e,} is a basis for T*M and if [ = {1 < iy <
iy < -+ < ip < m}, we define ey = e;; A---Ae;. The {er} form a basis
for A(T* M) which has dimension 2™. If we define |I| = p, then AP(T*M)
is the span of the {er}7=p; this is the bundle of p-forms. A section of
C>°(APT*M) is said to be a smooth p-form over M.

Let © = (x1,...,%,) be local coordinates on M and let {dxq,...,dx,}
be the corresponding frame for T*M. If f € C®°(M) = C®(A°(T*M)),
we define:

If y = (y1,-..,ym) is another system of local coordinates on M, the iden-
tity:
0y,
dy; = —L dx
ERR

means that d is well defined and is independent of the coordinate system
chosen. More generally, we define d(fdx;) = df Adz; so that, for example,

; o 0f;

d(ij dg:7> = Z {%j = 5o | 43 Nda
J i<k

Again this is well defined and independent of the coordinate system. Since

mixed partial derivatives commute, d?> = 0 so

d: O™ (AP(T* M) — C* (AP (T* M)

forms a complex.

Let £ € T*M and let ext(&): AP(T*M) — APTY(T*M) be defined by ex-
terior multiplication, i.e., ext(§)w = { Aw. If we decompose £ = )&, dx;
relative to a local coordinate frame, then df = >, 0f/0x;dx; implies
o(d) =i ext(£); the symbol of exterior differentiation is exterior multipli-
cation up to a factor of i. Fix £ # 0 and choose a basis {e1,...,e} for
T*M such that £ = e;. Then

. B 0 lfllzl
ex (6)61 - ey for J = {]_77:1,...,ip} lfll > 1.

From this it is clear that N(ext(£)) = R(ext(£)) so the de Rham complex
is an elliptic complex.
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A Riemannian metric on M defines fiber metrics on AP(T*M). If {e;} is
an orthonormal local frame for T'M we take the dual frame {e}} for T*M.
For notational simplicity, we will simply denote this frame again by {e;}.

The corresponding {e;} define an orthonormal local frame for A(T*M).
We define interior multiplication int(&): AP(T* M) — AP~ (T* M) to be the
dual of exterior multiplication. Then:

fOTJ:{iQ,...,ip} ldllzl

. . ej
nt(er)er = {0 if i, > 1

S0
int(eq) ext(e1) + ext(ey) int(ey) = I.

If |€]? denotes the length of the covector £, then more generally:

(i ext(€) — i int(€))* = [¢[°1.

If 6: C®°(AP(T*M)) — C®(AP~L(T*M)) is the adjoint of d, then 01,6 =
i int(€). We let 6d + dd = (d+ ) = A. oA = [€]? is elliptic. The
de Rham theorem gives a natural isomorphism from the cohomology of M
to H*(A, d):
HP(M;C) = N(dp)/ R(dp-1)

where we take closed modulo exact forms. The Hodge decomposition the-
orem implies these groups are naturally isomorphic to the harmonic p-
forms N(A,) which are finite dimensional. The Euler-Poincaré character-
istic x(M) is given by:

X(M) =Y (~1)Pdim H?(M;C) = > (~1)? dimN(4A,) = index(d)

is therefore the index of an elliptic complex.
If M is oriented, we let dvol be the oriented volume element. The Hodge
« operator x: AP(T*M) — A™~P(T*M) is defined by the identity:

wA*w = (w-w)dvol

where “” denotes the inner product defined by the metric. If {e;} is an
oriented local frame for T*M, then dvol =e; A--- A ey, and

*(61/\"'/\6p):€p+1 /\---/\em.
The following identities are immediate consequences of Stoke’s theorem:

Kk — (_l)p(m—p) and § = (_l)mp~|—m—|—1 wdx*.
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Since A = (d+4)? = dd+dd we compute *A = Ax 50 x: N(A,) = N(A,,_p)
is an isomorphism. We may regard * as an isomorphism *: H?(M;C) —
H™=P(M;C); in this description it is Poincaré duality.

The exterior algebra is not very suited to computations owing to the
large number of signs which enter in the discussion of *. When we discuss
the signature and spin complexes in the third chapter, we will introduce
Clifford algebras which make the discussion of Poincaré duality much easier.

It is possible to “roll up” the de Rham complex and define:

(d+0)e: C®(AN(T*M)) — C®(A°(T*M))
where

AT M) =P AT M) and  AX(T*M) = P AP (T M)

2k 2k+1

denote the differential forms of even and odd degrees. (d+ ) is an elliptic
operator since (d + 0)%(d + 0)e = A is elliptic since dim A® = dim A°. (In
this representation (d + d)e is not self-adjoint since the range and domain
are distinct, (d+60)} = (d+6),). It is clear index(d + 0), = dimN(A®) =
dimN(A°) = x(M). We can always “roll up” any elliptic complex to
form an elliptic complex of the same index with two terms. Of course,
the original elliptic complex does not depend upon the choice of a fiber
metric to define adjoints so there is some advantage in working with the
full complex occasionally as we shall see later.

We note finally that if m is even, we can always find a manifold with
X(M) arbitrary so there exist lots of elliptic operators with non-zero index.
We shall see that index(P) = 0 if m is odd (and one must consider pseudo-
differential operators to get a non-zero index in that case).

We summarize these computations for the de Rham complex in the fol-
lowing:

LEMMA 1.5.3. Let A(M) = A(T*M) be the complete exterior algebra.
(a) d: C®(AP(T*M)) — C®(APTL(T*M)) is an elliptic complex. The sym-
bol is o, (d)(z,&) = i ext(€).
(b) If 6 is the adjoint, then o, (d)(z, &) = —i int().
(c) If A, = (dé + 0d), is the associated Laplacian, then N(A,) is finite
dimensional and there are natural identifications:
N(A,) ~ N(d,)/R(dp—1) ~ H?(M; C).

(d) index(d) = x(M) is the Euler-Poincaré characteristic of M.
(e) If M is oriented, we let x be the Hodge operator. Then

o= (—1)P"P)and 5= (—1)™PH s d ik
Furthermore, *:N(A,) ~ N(A,,_,) gives Poincaré duality.

In the next chapter, we will discuss the Gauss-Bonnet theorem which
gives a formula for index(d) = x(M) in terms of curvature.



1.6. The Heat Equation.

Before proceeding with our discussion of the index of an elliptic operator,
we must discuss spectral theory. We restrict ourselves to the context of a
compact self-adjoint operator to avoid unnecessary technical details. Let
T € COM(H) be a self-adjoint compact operator on the Hilbert space H.
Let,

spec(T) = {Ae€ C: (T —\) ¢ GL(H)}.

Since GL(H) is open, spec(T) is a closed subset of C. If |A| > |T|, the
series

g =Y T A

converges to define an element of END(H). As (T'—A)g(\) = g(A\)(T—)\) =
—1I, X ¢ spec(T). This shows spec(T') is bounded.

Since T is self-adjoint, N(T' — A) = {0} if A ¢ R. This implies R(T — \)
is dense in H. Since Tx - x is always real, |(T — Nz - x| > im(\)]| [z]? so
that |(T'— A)z| > im(\)| |z|. This implies R(7" — A) is closed so T — X is
surjective. Since T — A is injective, A ¢ spec(T') if A € C — R so spec(T) is
a subset of R. If A € [—|T|,|T|], we define E(\) ={x € H:Tx = Az }.

LeEMMA 1.6.1. Let T € COM(H) be self-adjoint. Then
dim{E(—|T|) ® E(|T|)} > 0.

PrOOF: If |[T'| = 0 then 7' = 0 and the result is clear. Otherwise choose
|z, | =1 so that |Tx,| — |T|. We choose a subsequence so T'z,, — y. Let
A = |T|, we compute:

T2z, — Nx, > = |T%x,|* + | N2z, > — 2X°T?x, - 2,

<20 =203 T2, |2 — 0.

Since Tx,, — vy, T?x, — Ty. Thus \%x,, — Ty. Since \? # 0, this
implies @, — x for x = Ty/\?. Furthermore |T?z — A*z| = 0. Since
(T? — X\2) = (T — X\)(T + \), either (T + N)x =0sox € E(-\) # {0} or
(T —X)(y1) =0 for y1 = (T + N)x # 0 so E(N) # {0}. This completes the
proof.

If A # 0, the equation Tx = Az implies the unit disk in F(A) is compact
and hence E()) is finite dimensional. E(A) is T-invariant. Since T is self-
adjoint, the orthogonal complement E(A) is also T-invariant. We take an
orthogonal decomposition H = E(|T|) & E(—|T|) & Hy. T respects this
decomposition; we let 77 be the restriction of T to Hy. Clearly |T1| < |T'].
If we have equality, then Lemma 1.6.1 implies there exists © # 0 in H;
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so Tyx = =£|T|x, which would be false. Thus |Ty| < |T|. We proceed
inductively to decompose:

H=EM)®E(-\)® - ®E\,)®E(=\,) & H,

where A\y > Ay > --- > A, and where |T},| < \,,. We also assume F(\,) ®
E(=\,) # {0}. We suppose that the A, do not converge to zero but
converge to € positive. For each n, we choose z,, so |z,| =1 and Tx,, =
+A, 2. Since T is self-adjoint, this is an orthogonal decomposition; |z; —
x| = V2. Since T is compact, we can choose a convergent subsequence
Any, — y. Since A, — € positive, this implies x,, — x. This is impossible
so therefore the A\, — 0. We define Hy = (), H,, as a closed subset of H.
Since |T'| < Ay, for all n on Hy, |T|=0s0 T =0 and Hy = E(0). This
defines a direct sum decomposition of the form:

1 = @ E(u) & B(0)

k

where the pu; € R are the non-zero subspace of the E()\,) and E(—\,).
We construct a complete orthonormal system {¢, }o%, for H with either
¢n € E(0) or ¢, € E(ug) for some k. Then T'¢, = \,d, so ¢, is an
eigenvector of T'. This proves the spectral decomposition for self-adjoint
compact operators:

LEMMA 1.6.2. LetT € COM(H) be self-adjoint. We can find a complete
orthonormal system for H consisting of eigenvectors of T'.

We remark that this need not be true if 7" is self-adjoint but not compact
or if T" is compact but not self-adjoint.
We can use this lemma to prove the following:

LEMMA 1.6.3. Let P:C*> (V) — C*° (V) be an elliptic self-adjoint DO
of order d > 0.

(a) We can find a complete orthonormal basis {¢,, }2_, for L?(V') of eigen-
vectors of P. P¢, = \,¢,.

(b) The eigenvectors ¢,, are smooth and lim,,_,, |\, | = occ.

(c) If we order the eigenvalues |A1| < |Az| < --- then there exists a constant
C > 0 and an exponent § > 0 such that |\,| > Cn? if n > ng is large.
Remark: The estimate (c) can be improved to show |\,| ~ n%™ but the
weaker estimate will suffice and is easier to prove.

PROOF: P: Hy(V) — L?(V) is Fredholm. P:N(P)L N Hy(M) — N(P)+n
L?(V) is 1-1 and onto; by Gérding’s inequality P¢ € L? implies ¢ € Hy.
We let S denote the inverse of this map and extend S to be zero on the
finite dimensional space N(P). Since the inclusion of Hy(M) into L2(V)
is compact, S is a compact self-adjoint operator. S is often referred to
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as the Greens operator. We find a complete orthonormal system {¢,,} of
eigenvectors of S. If S¢, = 0 then P¢, = 0 since N(S) = N(P). If
Son = pndn # 0 then Po, = A\, ¢, for A\, = u;l. Since the p,, — 0, the
|A\n| = oo. If k is an integer such that dk > 1, then P¥ — )\ is elliptic.
Since (P* — A\¥)¢,, = 0, this implies ¢,, € C°°(V). This completes the
proof of (a) and (b).

By replacing P with P* we replace A, by A¥. Since kd > 5 if k is large,
we may assume without loss of generality that d > % in the proof of (c).
We define:

[floco = sup [f(z)]  for f e C=(V).
zeM

We estimate:

|floo,0 S Clfla < C(Pflo+|flo)

Let F(a) be the space spanned by the ¢; where |A\;| < a and let n =
dim F'(a). We estimate n = n(a) as follows. We have

|floo,0 < C(1+a)|flo on F(a).

Suppose first V' = M x C is the trivial line bundle. Let ¢; be complex
constants, then this estimate shows:

If we take c¢; = ¢;(x) then this yields the estimate:

1/2
qu] 1)< C(l+a {quj } :

ie.,
Z ¢;(x ) < C?*(1+a)?
We integrate this estimate over M to conclude
n < C%(1 + a)?vol(M)

or equivalently
Ci(n—C)Y? <a=|\,|

from which the desired estimate follows.
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If dimV = k, we choose a local orthonormal frame for V' to decompose
¢; into components d)? for 1 < u < k. We estimate:

n

> g (x)

j=1

n 1/2
SC’(l+a){Z|c;|2} foru=1,... k.

j=1

If we let ¢} = q_%‘ (x), then summing over u yields:

1/2
< kC(1+a)

Z $jdj(x) Z ¢;b; ()

since each term on the left hand side of the previous inequality can be
estimated seperately by the right hand side of this inequality. This means
that the constants which arise in the estimate of (c) depend on k, but this
causes no difficulty. This completes the proof of (c).

The argument given above for (¢) was shown to us by Prof. B. Allard
(Duke University) and it is a clever argument to avoid the use of the
Schwarz kernel theorem.

Let P:C*°(V) — C*(V) be an elliptic ¥DO of order d > 0 which is
self-adjoint. We say P has positive definite leading symbol if there exists
p(x,&): T*M — END(V') such that p(x,§) is a positive definite Hermitian
matrix for £ # 0 and such that P — p € S%! in any coordinate system.
The spectrum of such a P is not necessarily non-negative, but it is bounded
from below as we shall show. We construct Qo with leading symbol ,/p
and let Q = Q;Qo. Then by hypothesis P — Q € S9!, We compute:

(Pf.f)=((P—-Q)f )+ (QF. )
(P =Q)f, )| < Clflas2l(P = Q) Flasz < Clflayel flaja—1
(QF.F)=(Qof,Qof)  and  |f]55 < CIfI5+ClQufI

We use this to estimate for any € > 0 that:

(P =Q)f, I < Clflaj2(|flaje—1) < €|f|?z/2 + C(e)|flas2lflo
< 2¢|f|5/, + C(e)|f15
< 2Ce|Qo f|5 + C ()15

Choose € so 2Ce < 1 and estimate:

(Pf, f) > (Qof,Qof) — (P =Q)f, ) = =Ce)If5-

This implies:
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LEMMA 1.6.4. Let P:C*>°(V) — C*(V) be an elliptic ¥DO of order
d > 0 which is self-adjoint with positive definite leading symbol. Then
spec(P) is contained in [—C, 00) for some constant C'.

We fix such a P henceforth. The heat equation is the partial differential
equation:

<;llt+P> flx,t)=0 for t > 0 with f(x,0) = f(z).

At least formally, this has the solution f(x,t) = e~tF f(x). We decompose

f(z) = > cndp(x) for ¢, = (f,¢,) in a generalized Fourier series. The
solution of the heat equation is given by:

Ze A o (

Proceeding formally, we define:

K(t,x,y) Ze P () @ G (y): Vy = Vi

so that:

et fx) = /M K (t,2,9)f(y) dvol(y)
=N e g, (z) /M f(y) - on(y) dvol(y).

We regard K (t,x,y) as an endomorphism from the fiber of V' over y to the
fiber of V over x.

We justify this purely formal procedure using Lemma 1.3.4. We estimate
that:

[bnlook < Clldnlo + [P o) = C(1+ [Aal?)  where jd >k + %

Only a finite number of eigenvalues of P are negative by Lemma 1.6.4.
These will not affect convergence questions, so we may assume A > 0.

Estimate: ‘ ‘

to compute:
K (2, ) |oo e <tTPC(R) D emAn/2,

n

Since |A| > Cn® for § > 0 and n large, the series can be bounded by

4 5/2
E:e tn

n>0



THE HEAT EQUATION 47

which converges. This shows K (t,x,y) is an infinitely smooth function
of (t,z,y) for t > 0 and justifies all the formal procedures involved. We
compute

Trp» et = Ze‘”‘" :/ Try, K(t, z,z) dvol(z).
M

We can use this formula to compute the index of @Q:

LEMMA 1.6.5. Let Q:C>(V) — C°°(W) be an elliptic ¥DO of order
d > 0. Then fort > 0, e Q" Q and e~ *QQ" are in U_,, with smooth kernel
functions and

index(Q) = Tre™ '@ @ — Tre71Q@" for any ¢ > 0.

PROOF: Since e *?@ @ and e~*?Q" have smooth kernel functions, they are
in ¥_, so we must only prove the identity on index(Q). We define Ey(\) =
{ope L2(V): Q*Qp = N\p} and E1(\) = {¢p € L2(W) : QQ*d = Ao }.
These are finite dimensional subspaces of smooth sections to V' and W.
Because Q(QQ) = (QQ*)Q and Q*(QQ") = (Q*Q)Q", Q and Q* define
maps:

Q: Ey(N\) = E1(N) and Q" : E1(A) = Eg(N).

If X #0, A\ = Q*Q:Ex(N\) — E1(\) — Ep(A) is an isomorphism so
dim Ey(A) = dim E4 (). We compute:

Tr e—tQ*Q — Tr e—tQQ* — Z e—t)\ {dlm Eo()\) — dim El()\)}
A
= e~ '9{dim Fy(0) — dim £ (0)}

= index(Q)

which completes the proof.

If (Q,V) is a elliptic complex, we use the same reasoning to conclude
e~'Ai is in W_,, with a smooth kernel function. We define E;(\) = {¢ €
L?(V;) : Ajp = MA@ }. Then Q;: E;(N\) — E;y1()\) defines an acyclic complex
(i.e., N(Q;) = R(Qi—1)) if A # 0 so that > (—1)*dim E;(\) = 0 for A # 0.

Therefore _
index(Q) = Y (—1)" Tr(e™"4")
and Lemma 1.6.5 generalizes to the case of elliptic complexes which are not
just two term complexes.
Let P be an elliptic DO of order d > 0 which is self-adjoint with positive

definite leading symbol. Then spec(P) is contained in [—C,oc0) for some
constant C. For X ¢ spec(P), (P —\)~! € END(L?(V)) satisfies:

(P — \) 71| = dist(\, spec(P)) ™" =inf [ — A\, |71
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The function |(P — A)~!| is a continuous function of A € C — spec(P). We
use the Riemann integral with values in the Banach space END(L?(V)) to
define:

1
etP / e~ (P — \)~Ld)
Y

PL

where 7 is the path about [—C, 0o) given by the union of the appropriate
pieces of the straight lines Re(A+C +1) = £ Im(\) pictured below. We let
R be the closed region of C consisting of v together with that component
of C — v which does not contain [-C, 00).

y-axis

f spectrum of P

T-axis

We wish to extend (P — A)~! to Hy. We note that
AN—ul~t<C for A € R, p € spec(P)
so that [(P — X)L flo < C|flo- We use Lemma 1.3.5 to estimate:

(P = X)) flea < C{UPHP =X Flo+ (P =X flo}
< C{P" " Flo+ (AP (P =X flo+ 1 flo}
< C{Iflka—a + MNP = A) 7" flra—al-

If k = 1, this implies [(P — A~ f]a < C(1 + |A])|flo- We now argue by
induction to estimate:

(P =) flea < CA+ D fled—a-
We now interpolate. If s > 0, choose k so kd > s > kd — d and estimate:

(P =X fls SCIP =N flra < CA+ A Flrded
SO+ AN F s
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Similarly, if s < 0, we use duality to estimate:

(P =N )l =1, (P =N ) < OO+ AN slgl-s

which by Lemma 1.3.4 shows
(P =X fls < CL+[ADH A

in this case as well.

LEMMA 1.6.6. Let P be a elliptic WDO of order d > 0 which is self-
adjoint. We suppose the leading symbol of P is positive definite. Then:
(a) Given s there exists k = k(s) and C' = C(s) so that

(P =) fls SO+ ADFIf1s

for all A € R.
(b) Given j there exists k = k(j,d) so (P* — X\)~! represents a smoothing
operator with C7 kernel function which is of trace class for any \ € R.

PROOF: (a) follows from the estimates previously. To prove (b) we let

Kk(x,y,A) = Z \E 1_ )\(bn(x) ® ¢n(y)

be the kernel of (P* — X\)~1. The region R was chosen so |A — A| > ¢|)|
for some ¢ > 0 and A € RT. Therefore |[(\F — X)|7! < g|\f[~1 < g=lp=hko
by Lemma 1.6.3. The convergence of the sum defining K} then follows
using the same arguments as given in the proof that e~** is a smoothing
operator.

This technical lemma will be used in the next subsection to estimate
various error terms which occur in the construction of a parametrix.



1.7. Local Formula for
The Index of an Elliptic Operator.

In this subsection, let P:C>° (V) — C*°(V) be a self-adjoint elliptic
partial differential operator of order d > 0. Decompose the symbol o(P) =
Pd + - - -+ po into homogeneous polymonials p; of order j in { € T*M. We
assume pg is a positive definite Hermitian matrix for £ # 0. Let the curve
~ and the region R be as defined previously.

The operator (P — A\)~! for A € R is not a pseudo-differential operator.
We will approximate (P — \)~! by a pseudo-differential operator R(\) and
then use that approximation to obtain properties of exp(—tP). Let U be
an open subset of R™ with compact closure. Fix d € Z. We make the
following definition to generalize that given in section 1.2:

DEFINITION. ¢(x,&,)\) € S*(\)(U) is a symbol of order k depending on

the complex parameter \ € R if

(a) q(z,&, A) is smooth in (z,&,A) € R™xR™ xR, has compact x-support
in U and is holomorphic in \.

(b) For all (a, 3,7) there exist constants Cy 3.~ Such that:

DD D3 q(w,6,7)| < Caypy (14 [€] + [A[/ 4101,
We say that ¢(z,&,y) is homogeneous of order £ in (&, A) if
q(a, 16, 40) = thq(x,&,7)  for t > 1.

We think of the parameter A\ as being of order d. It is clear if ¢ is ho-
mogeneous in (&, A), then it satisfies the decay conditions (b). Since the
pj are polynomials in £, they are regular at § = 0 and define elements of
SJ(A). If the p; were only pseudo-differential, we would have to smooth
out the singularity at & = 0 which would destroy the homogeneity in (&, A)
and they would not belong to S7(\); equivalently, dg¢'p; will not exhibit
decay in A for |a| > j if p; is not a polynomial. Thus the restriction to
differential operators is an essential one, although it is possible to discuss
some results in the pseudo-differential case by taking more care with the
estimates involved.

We also note that (pg — A)~t € S~¢()\) and that the spaces S*(\) form
a symbol class closed under differentiation and multiplication. They are
suitable generalizations of ordinary pseudo-differential operators discussed
earlier.

We let W (M) (U) be the set of all operators Q(A): C5°(U) — C§°(U) with
symbols q(x,¢,7) in S¥(\) having x-support in U; we let ¢ = ¢@Q. For any
fixed A, Q(X) € ¥, (U) is an ordinary pseudo-differential operator of order
k. The new features arise from the dependence on the parameter \. We
extend the definition of ~ given earlier to this wider class by:

g~ g
j



LocAL FORMULA FOR THE INDEX 51

if for every k > 0 there exists n(k) so n > n(k) implies ¢ — >, q; €
S=F(X). Lemmas 1.2.1, 1.2.3(b), and 1.3.2 generalize easily to yield the
following Lemma. We omit the proofs in the interests of brevity as they are
identical to those previously given with only minor technical modifications.

LEMMA 1.7.1.
(a) Let QQ; € ¥y, (AN)(U) with symbol ¢;. Then Q1Q2 € Vi, +k, (A)(U) has
symbol q where:

g~ d¢aDig/al.
«

(b) Given n > 0 there exists k(n) > 0 such that Q € V_y,)(\)(U) implies
Q()\) defines a continuous map from H_,, — H,, and we can estimate the
operator norm by:

QN < C(A+|ADT™

(¢c) If h: U — U is a diffeomorphism, then h,: ¥ (A\)(U) = ¥ (A\)(U) and
o(he P) — p(h™ 21, (dh~"(z1))'&1,A) € SF=L(A) (D).

As before, we let W(A)(U) = U, ¥n(A)(U) be the set of all pseudo-
differential operators depending on a complex parameter A € R defined
over U. This class depends on the order d chosen and also on the region R,
but we supress this dependence in the interests of notational clarity. There
is no analogue of the completeness of Lemma 1.2.8 for such symbols since
we require analyticity in A. Thus in constructing an approximation to the
parametrix, we will always restrict to a finite sum rather than an infinite
sum.

Using (c), we extend the class W(\) to compact manifolds using a par-
tition of unity argument. (a) and (b) generalize suitably. We now turn to
the question of ellipticity. We wish to solve the equation:

F(RO)(P = \)) — I ~0.

Inductively we define R()) with symbol rg + 71 + - - - where r; € S=477 ().
We define pi(x,&,A) = pj(x,§) for j < d and pj(,§,A) = pa(z,§) — A
Then o(P — ) = Z?:o p;. We note that p; € S7(A) and that pfi_l €
S=4(\) so that (P — ) is elliptic in a suitable sense. The essential feature
of this construction is that the parameter A is absorbed in the leading
symbol and not treated as a lower order perturbation.

The equation o(R(A)(P — \)) ~ I yields:

> dgr; - Dgpjjal~ 1.

a7j7k
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We decompose this series into terms homogeneous of order —n to write:

Z Z dgrj - Depl/al ~ I

n |a|+j+d—k=n

where 5,k > 0 and £ < d. There are no terms with n < 0, i.e., positive
order. If we investigate the term with n = 0, we arrive at the condition
roply = I so ro = (pg — A)~! and inductively:

T = —To E dgr;Dypy/al.
|la|+j+d—k=n
j<n

If k = d then || > 0 so D¢p;, = D%ps, in this sum. Therefore we may
replace pj, by pi and write

rn = —Tp Z dg‘ergpk/a!.
loo|+j +d—k=n
I<n

In a similar fashion, we can define R()\) so o((P — A)R(X) — I) ~ 0. This
implies o(R(A)—R(\)) ~ 0 so R()) provides a formal left and right inverse.

Since such an inverse is unique modulo lower order terms, R(\) is well
defined and unique modulo lower order terms in any coordinate system.
We define R(A) globally on M using a partition of unity argument. To
avoid convergence questions, we shall let R(A) have symbol g + - -+ + 7y,
where ng is chosen to be very large. R(A) is unique modulo U_,, _4(A).
For notational convenience, we supress the dependence of R(A) upon ng.

R()) gives a good approximation to (P — X)™! in the following sense:

LEMMA 1.7.2. Let k > 0 be given. We can choose ng = ng(k) so that
{(P =X =Rk < Ce(+A)TFIf|-r for AeR, fe (V).
Thus (P — \)~! is approximated arbitrarily well by the parametrix R(\)
in the operator norms as A — oo.
ProOOF: We compute:
{(P =X =Rk = [(P =X "HI = (P = MR}
< Ce(L4+ AT = (P = ANR(A)) fle

by Lemma 1.6.6. Since I — (P — A\)R(A) € S™™, we use Lemma 1.7.1 to
complete the proof.

We define E(t) = 5= I, e~ * R(A\) d\. We will show shortly that this has
a smooth kernel K'(t,z,y). Let K (t,z,y) be the smooth kernel of e7'F'. We
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will use Lemma 1.2.9 to estimate the difference between these two kernels.
We compute:

Et)—e P = — [ eT™R\) — (P —=X)"Hd\

We assume 0 < t < 1 and make a change of variables to replace tA by A.
We use Cauchy’s theorem to shift the resulting path ¢y inside R back to
the original path v where we have uniform estimates. This expresses:

1
Et)—e P = — [ e MREN) — (P —t="A\)tax
2mi |,

We estimate therefore:

IE(t) — e P |_pp < ck/ e (L+ LA * d)|
Y
< Opt”

provided ng is large enough. Lemma 1.2.9 implies

LEMMA 1.7.3. Let k be given. If ng is large enough, we can estimate:
K (t,2,y) — K'(t,2,9) ook < Crt” for 0 <t < 1.

This implies that K’ approximates K to arbitrarily high jets as t — 0.
We now study the operator E(t). We define

271

en(t,z,§) = i/e_w‘?"n(alc,é,/\) dA,
v

then E(t) is a DO with symbol eg + - - - + e, . If we integrate by parts in
A we see that we can express

11 o dF
en(taxaf) - % t_k/ye Wrn(xvé.v )‘) dA.

k
Ak
en(t,z,&) € S for any t > 0. Therefore we can apply Lemma 1.2.5 to

conclude E,, (t) which has symbol e, (t) is represented by a kernel function
defined by:

Since n 1s homogeneous of degree —d —n — kd in (£, \), we see that

K,(t,z,y) = /ei(””_y)'§ en(t,x, &) dE.
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We compute:
Kn(t,,x) = // e~ (2, €, \) d) dE.
7TZ

We make a change of variables to replace A by t~'X\ and & by t~/%¢ to
compute:

1
K, (t S A t 71N d\d
(t) =757 g [[ a7 470 dhdg
moqantd 1
e A e S // e (2, €, \) dA dE
2m ~
=t a7 e,(x)

where we let this integral define e, (x).
Since pq(x, £) is assumed to be positive definite, d must be even since py
is a polynomial in £. Inductively we express r, as a sum of terms of the

form:
.7k:

7"61 (]17%2 qo . 0
where the g are polynomials in (x,£). The sum of the degrees of the gy is
odd if n is odd and therefore r,(x, =&, \) = —r,(x, &, A). If we replace £

by —¢ in the integral defining e, (z), we conclude e, (x) = 0 if n is odd.

LEMMA 1.7.4. Let P be a self-adjoint elliptic partial differential operator
of order d > 0 such that the leading symbol of P is positive definite for
& #0. Then:

(a) If we choose a coordinate system for M near a point x € M and choose a
local frame for V', we can define e, (x) using the complicated combinatorial
recipe given above. e, (x) depends functorially on a finite number of jets
of the symbol p(z, ).

(b) If K (t,x,y) is the kernel of e~*" then

K(t,x,x) Ztndmen ast — 0t

i.e., given any integer k there exists n(k) such that:

< Otk for 0 <t < 1.

oo,k

ta::r

n<n(k)

(c) en(x) € END(V, V) is invariantly defined independent of the coordinate
system and local frame for V.
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(d) e, (x) =0 if n is odd.
PROOF: (a) is immediate. We computed that

no _
K'(t,z,x) = T e ()

n=0

so (b) follows from Lemma 1.7.3. Since K (¢, x,x) does not depend on the
coordinate system chosen, (c) follows from (b). We computed (d) earlier
to complete the proof.

We remark that this asymptotic representation of K(¢,x,x) exists for
a much wider class of operators P. We refer to the literature for further
details. We shall give explicit formulas for eq, es, and e4 in section 4.8 for
certain examples arising in geometry.

The invariants e, (z) = e, (z, P) are sections to the bundle of endomor-
phisms, END(V'). They have a number of functorial properties. We suma-
rize some of these below.

LEMMA 1.7.5.

(a) Let P;:C*>(V;) — C>(V;) be elliptic self-adjoint partial differential
operators of order d > 0 with positive definite leading symbol. We form
P =P & P:C®V; ®dVy) = C®°(Vy ®V,). Then P is an elliptic self-
adjoint partial differential operator of order d > 0 with positive definite
leading symbol and e, (x, Py & Ps) = e, (x, P1) ® e, (z, Py).

(b) Let P;:C*(V;) — C*(V;) be elliptic self-adjoint partial differential
operators of order d > 0 with positive definite leading symbol defined over
different manifolds M;. We let

P=P®14+1® P:C®(Vy @ V) = C®(V; ® V)

over M = My X Ms. Then P is an elliptic self-adjoint partial differential
operator of order d > 0 with positive definite leading symbol over M and

en(z, P) = Z ep(x1, P1) ® eq(x2, Py).

p+qg=n

(¢) Let P:C* (V) — C*°(V) be an elliptic self-adjoint partial differential
operator of order d > 0 with positive definite leading symbol. We decom-
pose the total symbol of P in the form:

P, ) = ) palx)E”.

|l <d

Fix a local frame for V and a system of local coordinates on M. We let
indices a, b index the local frame and let p, = pgabe give the components
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of the matrix p,. We introduce formal variables popa/3 = Dgpaba for
the jets of the symbol of P. Define ord(papa/) = |8] + d — |a|. Then
en(x, P) can be expressed as a sum of monomials in the {papa/3} variables
which are homogeneous of order n in the jets of the symbol as discussed
above and with coefficients which depend smoothly on the leading symbol
{paba}|a|:d'

(d) If the leading symbol of P is scalar, then the invariance theory can be
simplified. We do not need to introduce the components of the symbol ex-
plicitly and can compute e, (x, P) as a non-commutative polynomial which
is homogeneous of order n in the {p, 3} variables with coefficients which
depend smoothly upon the leading symbol.

Remark: The statement of this lemma is somewhat technical. It will be
convenient, however, to have these functorial properties precisely stated for
later reference. This result suffices to study the index theorem. We shall
give one more result which generalizes this one at the end of this section
useful in studying the eta invariant. The objects we are studying have a
bigrading; one grading comes from counting the number of derivatives in
the jets of the symbol, while the other measures the degree of homogeneity
in the (§, \) variables.

PROOF: (a) and (b) follow from the identities:

o HPLEP: —tPy gy o~ tPs

) — ¢
e HPI®IHIOP:) _ —tP1 o —tPs

so the kernels satisfy the identities:

K(t,z,x,P ® Py) = K(t,z,x,P,) ® K(t,z,x, Py)
K(t,l’,.%’,Pl@l—Fl@Pz):K(t,l'l,l'l,Pl)®K(t,$2,$2,P2).

We equate equal powers of ¢ in the asymptotic series:
D T en(w, Py Py)

NZt en:rPl @Zt en:rPg)

Y T en(r, P14+ 10 P)

{th_ o(x1, Py) } {Zt eq x2,P2)}

to complete the proof of (a) and (b). We note that the multiplicative prop-
erty (b) is a direct consequence of the identity e~*(@+0) = ¢=tae=tb: it was
for this reason we worked with the heat equation. Had we worked instead
with the zeta function to study Tr(P~*) the corresponding multiplicative
property would have been much more difficult to derive.
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We prove (c) as follows: expand p(z,§) = > _; pj(x,§) into homogeneous
polynomials where p;(z,§) = Z|a|:j Do ()€Y, Suppose for the moment

that pq(x,&) = pa(x, &) Iy is scalar so it commutes with every matrix. The
approximate resolvant is given by:

ro = (pa(e,§) = X)7"

rn = —T0 Z dgriDypr/al.
|| +j +d—k=n
I<n
Since pq is scalar, rq is scalar so it and all its derivatives commute with any
matrix. If we assume inductively r; is of order j in the jets of the symbol,
then dg'r; Dipy/a! is homogeneous of order j + |a| +d — k = n in the jets
of the symbol. We observe inductively we can decompose r, in the form:

e Y e
n=dj+d—||
la|<n

where the r,, ; o(x) are certain non-commutative polynomials in the jets of
the total symbol of P which are homogeneous of order n in the sense we
have defined.

The next step in the proof of Lemma 1.7.4 was to define:

1

en(t,z,§) = 5 e ey (2,6, 0) dA
v
1 o [ —ir
= 3 2 Tn,ja ()€ [ye A d)
7],

en () = ﬁ rn,j,a(a:)/ (/ e ] d)\> £ de.
J i

We note again that e, = 0 if n is odd since the resulting function of &
would be odd. The remaining coefficients of r,, ; o (z) depend smoothly on
the leading symbol pg. This completes the proof of the lemma.

If the leading symbol is not scalar, then the situation is more com-
plicated. Choose a local frame to represent the p, = pupe as matri-
ces. Let h(x,&,\) = det(pg(x,€) — A\)~'. By Cramer’s rule, we can ex-
press 7o = Toap = {(Pg — A) "' }ap as polynomials in the {h, \, &, papa ()}
variables. We noted previously that r, was a sum of terms of the form
roqoroqi - - - ToqrTo. The matrix components of such a product can in turn
be decomposed as a sum of terms h"q, where ¢, is a polynomial in the
(A&, Pabayp) variables. The same induction argument which was used in
the scalar case shows the ¢, will be homogeneous of order n in the jets of



58 1.7. LocAL FORMULA FOR THE INDEX

the symbol. The remainder of the argument is the same; performing the
d\ d€ integral yields a smooth function of the leading symbol as a coefficient
of such a term, but this function is not in general rational of course. The
scalar case is much simpler as we don’t need to introduce the components
of the matrices explicitly (although the frame dependence is still there of
course) since rg can be commuted. This is a technical point, but one often
useful in making specific calculations.
We define the scalar invariants

an(x, P) = Tre,(x, P)

where the trace is the fiber trace in V over the point x. These scalar
invariants a,, (z, P) inherit suitable functorial properties from the functorial
properties of the invariants e, (x, P). It is immediate that:

Trp e_tP:/ Try, K(t,x,z)dvol(x)
M

~ Z "7 [ ay(x, P)dvol(z).
n=0 M

~ ) 7T a,(P)
n=0

where a,(P) = [, an(z,P)dvol(z) is the integrated invariant. This is
a spectral invariant of P which can be computed from local information
about the symbol of P.

Let (P, V') be an elliptic complex of differential operators and let A; be
the associated Laplacians. We define:

an(x, P) = Z(—l)i Tre,(z, A;)

i

then Lemma 1.6.5 and the remark which follows this lemma imply

index(P) = Z(—l)i Tre 8 ~ Z tTa / an(x, P) dvol(zx).
n=0 M

i
Since the left hand side does not depend on the parameter ¢, we conclude:

THEOREM 1.7.6. Let (P,V) be a elliptic complex of differential opera-
tors.

(a) a,(x, P) can be computed in any coordinate system and relative to any
local frames as a complicated combinatorial expression in the jets of P and
of P* up to some finite order. a,, = 0 if n is odd.
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(b) _ _
[, ot Pravoltey = { B

We note as an immediate consequence that index(P) = 0 if m is odd.
The local nature of the invariants a,, will play a very important role in our
discussion of the index theorem. We will develop some of their functorial
properties at that point. We give one simple example to illustrate this fact.

Let m: My — M5 be a finite covering projection with fiber F. We can
choose the metric on My to be the pull-back of a metric on My so that 7
is an isometry. Let d be the operator of the de Rham complex. a,(x,d) =
an (mx,d) since a,, is locally defined. This implies:

(M) = /M am (1, d) dvol(z) = |F| /M am (1, d) dvol(z) = |F|x(Mb)

so the Euler-Poincare characteristic is multiplicative under finite coverings.
A similar argument shows the signature is multiplicative under orientation
preserving coverings and that the arithmetic genus is multiplicative under
holomorphic coverings. (We will discuss the signature and arithmetic genus
in more detail in Chapter 3).

We conclude this section with a minor generalization of Lemma 1.7.5
which will be useful in discussing the eta invariant in section 1.10:

LEMMA 1.7.7. Let P:C*(V) — C*° (V) be an elliptic self-adjoint partial
differential operator of order d > 0 with positive definite leading symbol
and let ) be an auxilary partial differential operator on C*° (V') of order
a > 0. Qe~'f is an infinitely smoothing operator with kernel QK (t,x,y).
There is an asymptotic expansion on the diagonal:

{QK(t?xay)Hm:y ~ Z t(n—m—a)/d en(IL‘,Q,P).
n=0

The e,, are smooth local invariants of the jets of the symbols of P and () and
e, =0 ifn+a is odd. If we let Q = qo DS, we define ord(q,) = a — |«|.
If the leading symbol of P is scalar, we can compute e,(z,Q,P) as a
non-commutative polynomial in the variables {qa,Pa/s} Which is homo-
geneous of order n in the jets with coefficients which depend smoothly on
the {pa }|a|=q variables. This expression is linear in the {q, } variables and
does not involve the higher jets of these variables. If the leading symbol
of P is not scalar, there is a similar expression for the matrix components
of e,, in the matrix components of these variables. e, (z,Q, P) is additive
and multiplicative in the sense of Lemma 1.7.5(a) and (b) with respect to
direct sums of operators and tensor products over product manifolds.

Remark: In fact it is not necessary to assume P is self-adjoint to define e~
and to define the asymptotic series. It is easy to generalize the techniques

tP
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we have developed to prove this lemma continues to hold true if we only
asume that det(pq(z,&) — A) # 0 for £ # 0 and Im(\) < 0. This implies
that the spectrum of P is pure point and contained in a cone about the
positive real axis. We omit the details.

PROOF: Qe ' has smooth kernel QK (¢, z,y) where Q acts as a differen-
tial operator on the x variables. One representative piece is:

G (@)D Kn(t, 2, y) = qa(SC)D?;/6““’)'g en(t,x,€) d§

| .
=4ale) 3 g [ Dien a6 ds.

Btr=a

a!
We define g, (z) = qq (x)ﬁ'—'y' where 3 + v = «, then a representative

term of this kernel has the fo.rrn:
45+ () / VEEB DY, (2, €) de

where g3, (2) is homogeneous of order a — |3| — || in the jets of the symbol
of Q.

We suppose the leading symbol is scalar to simplify the computations;
the general case is handled similarly using Cramer’s rule. We express

1

€, = —
2

/e_t)‘rn (z,€,)) d\

where r,, is a sum of terms of the form ry, ; ()& O‘rg. When we differentiate
such a term with respect to the x variables, we change the order in the jets of
the symbol, but do not change the (&, A) degree of homogeneity. Therefore
QK (t,x,y) is a sum of terms of the form:

g5~ () / { / el (2,6, ) dA} eEE PR () de

where:
Tn.j,5 is of order n + |y| in the jets of the symbol,

—d—n=—jd+]|.

We evaluate on the diagonal to set x = y. This expression is homogeneous
of order —d —n+ 3| in (£, A), so when we make the appropriate change of
variables we calculate this term becomes:

§=m=l8D/d (N7 () {/ {e (&, N ar} %€ dg} :
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This is of order n+|y|+a—|3|—|vy| = n+a—|B| = v in the jets of the symbol.
The exponent of t is (n—m—|3])/d = (v—a+|B|-m—|3])/d = (v—a—m)/d.
The asymptotic formula has the proper form if we index by the order in
the jets of the symbol v. It is linear in ¢ and vanishes if |3] + |6] is odd.
As d is even, we compute:

v+ta=n+a—|fl+a=jd—d—1|0|+2a— |6 =|0]+ |58 mod?2

so that this term vanishes if v + a is odd. This completes the proof.



1.8. Lefschetz Fixed Point Theorems.

Let T: M — M be a continuous map. 1™ defines a map on the cohomol-
ogy of M and the Lefschetz number of T is defined by:

L(T) = (-1)P Tx(T* on H?(M;C)).

This is always an integer. We present the following example to illustrate
the concepts involved. Let M = S' x S! be the two dimensional torus
which we realize as R? modulo the integer lattice Z2. We define T'(z,y) =
(n1x + noy, ngx + nay) where the n; are integers. Since this preserves the
integer lattice, this defines a map from M to itself. We compute:

1) =1, T*(dx A dy) = (ning — nang)dz A dy
dx) = ny dx + ns dy, T (dy) = n3 dx + nyg dy
L(T) =1+ (711714 — nzng) — (TLl + TL4).

Of course, there are many other interesting examples.

We computed L(T) in the above example using the de Rham isomor-
phism. We let T* = AP(dT): AP(T*M) — AP(T*M) to be the pull-back
operation. It is a map from the fiber over T'(x) to the fiber over x. Since
dI™* =T*d, T* induces a map on HP (M, C) = ker(d,)/image(dp_;). If T
is the identity map, then L(T) = x(M). The perhaps somewhat surprising
fact is that Lemma 1.6.5 can be generalized to compute L(T') in terms of
the heat equation.

Let A, = (d6 + dd),: C®°(APT*M) — C>°(APT*M) be the associated
Laplacian. We decompose L*(APT*M) = @, E,(A) into the eigenspaces
of A,. We let m(p, A) denote orthogonal projection on these subspaces, and
we define 7% (p, ) = 7(p, \)T*: E,(X) = Ep(\). It is immediate that:

Tr(T*e™'22) = e Te(T* (p, A)).

Since dT* = T*d and dm = wd, for X\ # 0 we get a chain map between the
exact sequences:
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Since this diagram commutes and since the two rows are long exact se-
quences of finite dimensional vector spaces, a standard result in homological
algebra implies:

> (1P Tx(T*(p,A) =0 for A #0.

p

It is easy to see the corresponding sum for A = 0 yields L(T'), so Lemma
1.6.5 generalizes to give a heat equation formula for L(T).

This computation was purely formal and did not depend on the fact that
we were dealing with the de Rham complex.

LEMMA 1.8.1. Let (P, V') be an elliptic complex over M and let T: M —
M be smooth. We assume given linear maps V;(T'): V;(Tx) — V;(z) so that
P;(Vi(T)) = Vi(T)P;. Then T induces a map on HP(P,V'). We define

L(T)p =Y (~1)P Tx(T on HP(P,V)).

Then we can compute L(T)p =}, Tr(V;(T)e='2r) where A, = (P*P +
PP*), is the associated Laplacian.

The V;(T) are a smooth linear action of T" on the bundles V;. They will
be given by the representations involved for the de Rham, signature, spin,
and Dolbeault complexes as we shall discuss in Chapter 4. We usually
denote V;(T') by T* unless it is necessary to specify the action involved.

This Lemma implies Lemma 1.6.5 if we take 7' = [ and V;(T) = I.
To generalize Lemma 1.7.4 and thereby get a local formula for L(T')p, we
must place some restrictions on the map 7. We assume the fixed point
set of T consists of the finite disjoint union of smooth submanifolds N;.
Let v(N;) = T(M)/T(N;) be the normal bundle over the submanifold N;.
Since dT preserves T'(N;), it induces a map dT, on the bundle v(N;). We
suppose det(l — dT,) # 0 as a non-degeneracy condition; there are no
normal directions left fixed infinitesimally by 7'.

If T is an isometry, this condition is automatic. We can construct a
non-example by defining T'(z) = z/(z + 1): S? — S2. The only fixed point
is at z = 0 and d7T'(0) = I, so this fixed point is degenerate.

If K is the kernel of e ' we pull back the kernel to define T*(K)(t, x,y)
= T*(x)K(t,Tx,y). It is immediate T*K is the kernel of T*e~!,

LEMMA 1.8.2. Let P be an elliptic partial differential operator of order
d > 0 which is self-adjoint and which has a positive definite leading symbol
for € # 0. Let T:M — M be a smooth non-degenerate map and let
T*:Vry — Vi be a smooth linear action. If K is the kernel of e P then
Tr(T*e ) = [ Tr(T* K)(¢, z, x) dvol(x). Furthermore:

(a) If T has no fixed points, | Te(T*e~tP)| < C\,t=™ as t — 0T for any n.
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(b) If the fixed point set of T consists of submanifolds N; of dimension m;,
we will construct scalar invariants a,, (x) which depend functorially upon a
finite number of jets of the symbol and of T. The a,(x) are defined over

Ni and
Tr(T*e tP) ~ Z Z ta / an(x) dvol;(z).
N

i n=0 i

dvol;(z) denotes the Riemannian measure on the submanifold.
It follows that if 7" has no fixed points, then L(T)p = 0.

ProoOF: Let {e,,r,, K,} be as defined in section 1.7. The estimates of
Lemma 1.7.3 show that [T*K — > _ “T"Ky ook < Ck)yt=% ast — 0t
for any k if ng = no(k). We may therefore replace K by K,, in proving (a)
and (b). We recall that:

1
altr,§) = gz [ Praln g N ax
Y

We use the homogeneity of r,, to express:

1
en(t,z, &) = %/e_Arn(x,&t_l)\)t_l d\
v
n 1
=t — ey (z, 7€, A) dA

v
= tgen(:r,tiﬁ)

where we define e, (z,£) = e, (1,x,£) € S™°. Then:
Ko (t,2,y) = / el e (83, €) dE

n—m . -1
=T [Tt e g de.

This shows that:
T K, (t,z,x) =t @ /T* (:r)ei(Tm_x)'t_l/d& en(Tx, &) dE.
We must study terms which have the form:
/ ei(Tz=a)t U Py(T* (2)e, (T, €)) dé du

where the integral is over the cotangent space T*(M). We use the method
of stationary phase on this highly oscillatory integral. We first bound
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|Tx — x| > ¢ > 0. Using the argument developed in Lemma 1.2.6, we
integrate by parts to bound this integral by C(n,k,¢)t* as t — 0 for any
k. If T has no fixed points, this proves (a). There is a slight amount of
notational sloppiness here since we really should introduce partitions of
unity and coordinate charts to define Tx — x, but we supress these details
in the interests of clarity.

We can localize the integral to an arbitrarily small neighborhood of the
fixed point set in proving (b). We shall assume for notational simplicity that
the fixed point set of T' consists of a single submanifold N of dimension m;.
The map d7),, on the normal bundle has no eigenvalue 1. We identify v with
the span of the generalized eigenvectors of dT on T'(M)|x which correspond
to eigenvalues not equal to 1. This gives a direct sum decomposition over
N:

T(M)=T(N)®v and dT' =1 o dT,.

We choose a Riemannian metric for M so this splitting is orthogonal. We
emphasize that these are bundles over N and not over the whole manifold
M.

We describe the geometry near the fixed manifold N using the nor-
mal bundle v. Let y = (y1,...,Ym,) be local coordinates on N and let
{51,...,8m—m, } be a local orthonormal frame for v. We use this local
orthonormal frame to introduce fiber coordinates z = (z1,..., Zym_m, ) for
v by decomposing any § € v in the form:

§=Y 25(y).

J

We let © = (y, z) be local coordinates for v. The geodesic flow identifies a
neighborhood of the zero section of the bundle v with a neighborhood of
N in M so we can also regard = = (y, z) as local coordinates on M.

We decompose

T(z) = (Ti(x), Tz(x))

into tangential and fiber coordinates. Because the Jacobian matrix has the

form:
I 0

we conclude that T4 () — y must vanish to second order in z along N.

We integrate Tr(T*K,,)(t,x, ) along a small neighborhood of the zero
section of v. We shall integrate along the fibers first to reduce this to
an integral along N. We decompose £ = (£1,£2) corresponding to the
decomposition of z = (y, z). Let

D) ={(y,2):|2] <1}
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be the unit disk bundle of the normal bundle. Let U = T*(D(v)) be the
cotangent bundle of the unit disk bundle of the normal bundle. We assume
the metric chosen so the geodesic flow embeds D(v) in M. We parametrize

U by {(y,2,&,6) : 2| <1}. Let s = ta. Modulo terms which vanish to
infinite order in s, we compute:

7 /M Tr(T*K,)(t, x, ) d

_ Sn—m/ et (T (y,2)—y)-E1s™! ei(T2(y,Z)—Z)'§2S_1
U

x Tr(T*(x)en(Tx, &1, 82)) d€y d€s dz dy.

The non-degeneracy assumption on 7" means the phase function w =
T5(y, z) — z defines a non-degenerate change of variables if we replace (y, 2)
by (y,w). This transforms the integral into the form:

IT=s""" €i(T1 (y@)—y)-&rs™" eiﬁ-ﬁzs_l
U
x | det(I —dTy) |~ Te(T* (y, W)en (T (y, W), £1, E2) déy déo dw dy,

where U is the image of U under this change. We now make another change
of coordinates to let w = s™1w. As s — 0, s~ U will converge to T*(v).
Since dw = s™~ "™ dw this transforms the integral I to the form:

I =s""m / S Tilysw)my) s piwe | qet (1 — dTy) ™| (y, sw)
s—IU
X TI‘(T* (yv sw)en(T(y, Sw)a 51) 52)) dgl d£2 dw dy

Since the phase function T} (y,w) — y vanishes to second order at w = 0,
the function (Ty(y, sw) — y)s~—! is regular at s = 0. Define:

¢ (y, w, €1, 9, 5) = MW= €70 qet (I — dTy)(y, sw)
X TI‘(T* (yv sw)en(T(ya Sw)a 51) 52))

This vanishes to infinite order in &1, £ at oo and is regular at s = 0. To
complete the proof of Lemma 1.8.2, we must evaluate:

s(n=m) / e (g w, &1, &, 8)eE dEy dey duw dy.
s—1U

We expand e}, in a Taylor series in s centered at s = 0. If we differentiate

el with respect to s a total of k£ times and evaluate at s = 0, then the

exponential term disappears and we are left with an expression which is
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polynomial in w and of degree at worst 2k. It still vanishes to infinite order
in (&1,&2). We decompose:

= Y Galn &)t + ey w6, 6,)
i<jo  |af<2j

where ¢ is the remainder term.
We first study a term of the form:

snHi—m / ¢i.aly, €1, E2)w™e™ 2™ dey dey dw dy.
|lw|<s—1

Since ¢; o vanishes to infinite order in £, the d¢ integral creates a function
which vanishes to infinite order in w. We can let s — 0 to replace the
domain of integration by the normal fiber. The error vanishes to infinite
order in s and gives a smooth function of y. The dw integral just yields the
inverse Fourier transform with appropriate terms and gives rise to asymp-
totics of the proper form. The error term in the Taylor series grows at
worst polynomially in w and can be bounded similarly. This completes the
proof. If there is more than one component of the fixed point set, we sum
over the components since each component makes a separate contibution
to the asymptotic series.

The case of isolated fixed points is of particular interest. Let d = 2 and
or(P) = |€]2Iy. We compute the first term at a fixed point:

ro(@,6,0) = (€2 =A™ eola, &, 1) = e HEP
/Tr(T*Ko)(t,x,a:) dvol(z) = /Tr(T* (z))e!Te=o)€ o=tlEl® ge g

We assume T7'(0) = 0 is an isolated non-degenerate fixed point. We let
y = Tx — x be a change of variables and compute the first term:

/ Te(T*(y))e™ | det(I — dT'(y))| " e I" de dy.

We make a change of variables ¢ — £&t~Y/2 and y — yt'/? to express the
first term:

/ Te(T* (yt'/?))e¥ € | det(I — dT (yt'/?)]e "¢ de dy.
The d¢ integral just gives e~19” so this becomes
/Tr(T*(yt1/2))| det(I — dT(yt"/2))|~Le~ 1" ay.
We expand this in a Taylor series at £ = 0 and evaluate to get

Tr7*(0) | det(I — dT(O))|*.

This proves:
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LEMMA 1.8.3. Let P be a second order elliptic partial differential op-
erator with leading symbol ||?I. Let T: M — M be smooth with non-
degenerate isolated fixed points. Then:

TrT*e™! ZTr ) | det(I — dT)|~* ()

summed over the fixed point set.

We combine Lemmas 1.8.1 and 1.8.2 to constuct a local formula for
L(T)p to generalize the local formula for index(P) given by Theorem 1.7.6;
we will discuss this further in the fourth chapter.

We can use Lemma 1.8.3 to prove the classical Lefschetz fixed point
formula for the de Rham complex. Let T:V — V be a linear map, then it
is easily computed that:

> (~1)P Te AP(T) = det(I — T).

We compute:
L(T) = Z(—l)p Tr(T*e t4)

_Z 1)? Tr(APdT) | det(I — dT)| ™ (x;)

= Zdet (I —dT) | det(I —dT)|~"(2;)
= Z signdet(I — dT')(z;)
summed over the fixed point set of 7". This proves:

THEOREM 1.8.4 (CrASSICAL LEFSCHETZ FIXED POINT FORMULA).
Let T: M — M be smooth with isolated non-degenerate fixed points. Then:

L(T) =) (~1)? Tx(T* on HP(M;C))
P
= signdet(I — dT)(x;)
summed over the fixed point set.

Remark: We can generalize Lemma 1.8.2 to study Tr(T*Qe~ ') where Q
is an auxilary differential operator of order a. Just as in lemma 1.7.7 we
may obtain an asymptotic series:

Tr(T*Qe™ ') ZZt(” mi=a)/d g (z,Q, P) dvol;(z).

i n=0
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We shall omit the details as the additional terms created by the operator
(@ are exactly the same as those given in the proof of Lemma 1.7.7. Each
term a,, is homogeneous of order n in the jets of the symbols of (@), P) and
of the map 7 in a suitable sense.



1.9. Elliptic Boundary Value Problems.

In section 1.7 we derived a local formula for the index of an elliptic
partial-differential complex using heat equation methods. This formula will
lead to a heat equation proof of the Atiyah-Singer index theorem which
we shall discuss later. Unfortunately, it is not known at present how to
give a heat equation proof of the Atiyah-Bott index theorem for manifolds
with boundary in full generality. We must adopt a much stronger notion
of ellipticity to deal with the analytic problems involved. This will yield
a heat equation proof of the Gauss-Bonnet theorem for manifolds with
boundary which we shall discuss in the fourth chapter.

Let M be a smooth compact manifold with smooth boundary dM and
let P:C>° (V) — C*°(V) be a partial differential operator of order d > 0.
We let p = o, (P) be the leading symbol of P. We assume henceforth that
p is self-adjoint and elliptic—i.e., det p(z, &) # 0 for £ # 0. Let Ry denote
the non-zero positive/negative real numbers. It is immediate that

det{p(z,§) = A} #0  for (§,A) #(0,0) € T"(M) x {C - Ry —R_},

since p is self-adjoint and elliptic.

We fix a fiber metric on V' and a volume element on M to define the
global inner product (-,-) on L*(V). We assume that P is formally self-
adjoint:

(Pf,9) = (f,Pg)
for f and g smooth section with supports disjoint from the boundary dM.
We must impose boundary conditions to make P self-adjoint. For example,
if P = —0?/0x? on the line segment [0, A], then P is formally self-adjoint
and elliptic, but we must impose Neumann or Dirichlet boundary condi-
tions to ensure that P is self-adjoint with discrete spectrum.

Near dM we let © = (y,r) where y = (y1,...,Ym—1) is a system of local
coordinates on dM and where r is the normal distance to the boundary. We
assume dM = {z : r(x) = 0} and that 0/0r is the inward unit normal. We
further normalize the choice of coordinate by requiring the curves z(r) =
(yo,r) for r € [0,9) are unit speed geodesics for any yo € dM. The inward
geodesic flow identifies a neighborhood of dM in M with the collar dM x
[0,9) for some § > 0. The collaring gives a splitting of T(M) = T'(dM) @
T(R) and a dual splitting 7% (M) = T*(dM) & T*(R). We let £ = ((, 2)
for ( € T*(dM) and z € T*(R) reflect this splitting.

It is convenient to discuss boundary conditions in the context of graded
vector bundles. A graded bundle U over M is a vector bundle U together
with a fixed decomposition

U=Uy® DUz

into sub-bundles U; where U; = {0} is permitted in this decomposition.
Welet W =V®1?=V®- -V restricted to dM be the bundle of
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Cauchy data. If W; = V|gar is the (j + 1) factor in this decomposition,
then this defines a natural grading on W; we identify W} with the bundle
of j ™ normal derivatives. The restriction map:

7O (V) = C=(W)
defined by:

V(f) = (fos-ees fama)  where f; = Dy flans = (=)’ %
" am

assigns to any smooth section its Cauchy data.

Let W’ be an auxiliary graded vector bundle over dM. We assume that
dimW =d-dimV is even and that 2dim W' = dim W. Let B:C>* (W) —
C>(W') be a tangential differential operator over dM. Decompose B =
Bij for

and assume that
OI‘d(BZ'j) Sj — 1.

It is natural to regard a section to C'*°(W;) as being of order i and to define
the graded leading symbol of B by:

TR VO i i

We then regard o,(B) as being of graded homogeneity 0.
We let Pp be the operator P restricted to those f € C°° (V) such that
B~f = 0. For example, let P = —9*/0x? on the interval [0, A]. To define

Dirichlet boundary conditions at = 0, we would set:
W =Co0 and Bgpo=1,Bi1=DBo1=DBio=0
while to define Neumann boundary conditions at x = 0, we would set:
W =0¢C and By =1, Byoo = Bo1 =Bio=0.

To define the notion of ellipticity we shall need, we consider the ordinary
differential equation:

p(y,0,(, D) f(r) = Af(r)  with lim f(r) =0

T—>00

where
(¢, A) # (0,0) € T*(dM) x C — R
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We say that (P, B) is elliptic with respect to C — R if det(p(x,&) —A) # 0
on the interior for all ({,\) # (0,0) € T*(M) x C — R4 and if on the
boundary there always exists a unique solution to this ordinary differential
equation such that o,(B)(y,()yf = f' for any prescribed f' € W'. In a
similar fashion, we define ellipticity with respect to C — R, — R_ if these
conditions hold for A€ C-Ry —R_.

Again, we illustrate these notions for the operator P = —9?/9z* and a
boundary condition at x = 0. Since dim M = 1, there is no dependence on
¢ and we must simply study the ordinary differential equation:

—f"=Xf with rli}rglof(r):() (A #£0).

If A\ € C—R, then we can express A = p? for Im(u) > 0. Solutions to the
equation —f” = Af are of the form f(r) = ae*” +be~**". The decay at oo
implies b = 0 so f(r) = ae’". Such a function is uniquely determined by
either its Dirichlet or Neumann data at » = 0 and hence P is elliptic with
respect to either Neumann or Dirichlet boundary conditions.

We assume henceforth that Pp is self-adjoint and that (P, B) is elliptic
with respect to either the cone C — R4 or the cone C - R, —R_. It is
beyond the scope of this book to develop the analysis required to discuss
elliptic boundary value problems; we shall simply quote the required results
and refer to the appropriate papers of Seeley and Greiner for further details.
Lemmas 1.6.3 and 1.6.4 generalize to yield:

LEMMA 1.9.1. Let P:C> (V) — C*° (V) be an elliptic partial differential
operator of order d > 0. Let B be a boundary condition. We assume (P, B)
is self-adjoint and elliptic with respect to C — R4, —R_.

(a) We can find a complete orthonormal system {¢,,}°2, for L*(V) with
Pon = Anon.

(b) ¢, € C>°(V) and satisfy the boundary condition B¢, = 0.

(¢) A\, € R and lim, o |\, | = co. If we order the A\, so [A\1| < [Ag]---
then there exists ng and 6 > 0 so that |\,| > n® for n > ny.

(d) If (P, B) is elliptic with respect to the cone C — R4, then the A, are
bounded from below and spec(Ppg) is contained in [—C, o) for some C.

82
Ox? -
tions, then the spectral resolution becomes {\/g sin(nx)} and the cor-

n=1

responding eigenvalues are n?.

If (P, B) is elliptic with respect to the cone C — R, then e~ "5 is a
smoothing operator with smooth kernel K (¢, z,x) defined by:

K(t,z,a") Ze_”‘"d)n ) ® bp ().

For example, if P = — on [0, 7] with Dirichlet boundary condi-

Lemma 1.7.4 generalizes to yield:
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LEMMA 1.9.2. Let (P, B) be elliptic with respect to the cone C — R,
and be of order d > 0.

(a) e7'FB is an infinitely smoothing operator with smooth kernel K (t, x, z').
(b) On the interior we define a,(x, P) = Tre,(x, P) be as in Lemma 1.7.4.
On the boundary we define a,,(y, P, B) using a complicated combinatorial
recipe which depends functorially on a finite number of jets of the symbols
of P and of B.

(¢) Ast — 0T we have an asymptotic expansion:

Tre—tFs — Ze—”\n :/ Tr K (t, x, x) dvol(x)
~ M

oo

~ t7 7 [ an(x, P)dvol(x)
M

n=0

> n—m-+1
+ Z t—d / an (y, P, B) dvol(y).
n=0 aM

(d) a,(x, P) and a,(y, P, B) are invariantly defined scalar valued functions
which do not depend on the coordinate system chosen nor on the local frame
chosen. a,(x,P) =0 if n is odd, but a,(y, P, B) is in general non-zero for
all values of n.

The interior term a,, (z, P) arises from the calculus described previously.
We first construct a parametrix on the interior. Since this parametrix will
not have the proper boundary values, it is necessary to add a boundary
correction term which gives rise to the additional boundary integrands

an(y, P, B). ,

To illustrate this asymptotic series, we let P = o0z e(z) on the in-
x

terval [0, A] where e(x) is a real potential. Let B be the modified Neumann
boundary conditions: f’(0)+ s(0)f(0) = f'(A) +s(A)f(A) = 0. This is el-
liptic and self-adjoint with respect to the cone C—R. It can be computed
that:

Tre~tPs

~ (4mt)~1/? /{1 +t-e(x) +t*- (" (x) + 3e(x)?) /6 + - -} da

+(£) " (0) = s()

t
+7 (e(0) + e(A) + 25%(0) + 25%(A)) + - --
The terms arising from the interior increase by integer powers of ¢ while
the terms from the boundary increase by powers of t'/2. In this integral,
dx is ordinary unnormalized Lebesgue measure.
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In practice, we shall be interested in first order operators which are
elliptic with respect to the cone C—R —R_ and which have both positive
and negative spectrum. An interesting measure of the spectral asymmetry
of such an operator is obtained by studying Tr(Pge~'F5) which will be
discussed in more detail in the next section. To study the index of an
elliptic operator, however, it suffices to study e~*¥ 1-%3; it is necessary to
work with P2 of course to ensure that the spectrum is positive so this
converges to define a smoothing operator. There are two approaches which
are available. The first is to work with the function e~ and integrate
over a path of the form:

—tPp directly using the functional calculus. The second approach

is to define e~tF5 using the operator P? with boundary conditions Byf =
B~yPf = 0. These two approaches both yield the same operator and give
an appropriate asymptotic expansion which generalizes Lemma 1.9.2.

We use the heat equation to construct a local formula for the index
of certain elliptic complexes. Let Q:C*(V;) — C°°(V3) be an elliptic
differential operator of order d > 0. Let Q*:C*°(V3) — C*°(V}) be the
formal adjoint. Let By: C*°(W7) — C*°(W7) be a boundary condition for
the operator (). We assume there exists a boundary condition By for Q*
of the same form so that

to define e

(QBl )* = (Q*)B2 :

We form:
P=QeQ" and B =B, ® B,

so P:C®(Vy @& Vy) — C°(V; & V,). Then Pg will be self-adjoint. We
assume that (P, B) is elliptic with respect to the cone C —R; — R_.

This is a very strong assmption which rules out many interesting cases,
but is necessary to treat the index theorem using heat equation methods.
We emphasize that the Atiyah-Bott theorem in its full generality does not
follow from these methods.
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Since P? = Q*Q + QQ*, it is clear that P2 decomposes as the sum
of two operators which preserve C*°(V7) and C*°(V32). We let S be the
endomorphism +1 on V; and —1 on V5 to take care of the signs; it is clear
PZS = SP}. The same cancellation lemma we have used previously yields:

index(Q1, By) = dimN(Qp, ) — dimN(Q}, ) = Tr(Se~t7s).

(The fact that this definition of the index agrees with the definition given

in the Atiyah-Bott paper follows from the fact that B: C*>°(W) — C°° (W)
is surjective). Consequently, the application of Lemma 1.9.2 yields:

THEOREM 1.9.3. Let Q:C* (V1) — C°(Va) be an elliptic differential
operator of order d > 0. Let Q*: C*°(V,) — C*° (V1) be the formal adjoint
and define P = Q& Q*:C* (V1@ V,) —» C®° (V1 & Vs,). Let B = By ® By be
a boundary condition such that (P, B) is elliptic with respect to the cone
C —-R; —R_ and so that Pg is self-adjoint. Define S = +1 on V; and —1
on V5 then:

(a) index(Qp, ) = Tr(Se~'F5) for all t.

(b) There exist local invariants a,(x, Q) and a,(y,Q, By) such that:

Te(Se™"5) ~ ; t72d /M an(, Q) dvol(x)

> n—m-+1
+ ) AM%(y,Q,Bl)dvol(y).
n=0

()

/M an(x, Q) dvol(z) + / _n-1(3,Q, B dvol(y)

_ | index(@Qp5,) ifn=m
10 if n # m.

This gives a local formula for the index; there is an analogue of Lemma
1.7.5 giving various functorial properties of these invariants we will discuss
in the fourth chapter where we shall discuss the de Rham complex and the
Gauss-Bonnet theorem for manifolds with boundary.

We now specialize henceforth to first order operators. We decompose

P, §) =) ej(@)§
J
and near the boundary express:

-1

p(y,0,¢,2) =eo(y) -z + ej(y)¢; = eo(y) - 2+ p(y,0,¢,0).
j=1

3
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We study the ordinary differential equation:

{Zpoa/ar + p(y7 0,¢, 0)}f(r) = /\f(?")

or equivalently:

—ipo{0/0r + ipy ' p(y,0,¢,0) —ipy " A)}f(r) = 0.

With this equation in mind, we define:

(4. ¢, A) = ipg ' (p(y,0,¢,0) = A).

LEMMA 1.9.4. Let p(x,&) be self-adjoint and elliptic. Then 7(y,(,A) has
no purely imaginary eigenvalues for (¢, A) # (0,0) € T*(dM) x (C— R4 —
R_).

PROOF: We suppose the contrary and set 7(y,(, \)v = izv where z is real
and v # 0. This implies that:

(p(y7 0, C7 0) - A)'U = PokV

or equivalently that:
p(y,0,(, —2)v = Av.

Since p is self-adjoint, this implies A = 0 so ¢ # 0 which contradicts the
ellipticity of p.

We define bundles I1 (1) over T*(dM) x {C—R; —R_}—(0,0) to be the
span of the generalized eigenvectors of 7 which correspond to eigenvalues
with positive/negative real part; I, ¢ II_ = V. The differential equation
has the form:

{0/or+T1}f=0

so the condition lim, ,~ f(r) = 0 implies that f(0) € 11 (7). Thus II; (1)
is the bundle of Cauchy data corresponding to solutions to this ODE. Since
d = 1, the boundary condition B is just an endomorphism:

B: Vv|dM — W’

and we conclude:

LEMMA 1.9.5. Let P be a first order formally self-adjoint elliptic differ-
ential operator. Let B be a 0'" order boundary condition. Define

7(y, ¢, \) = ipy ' (p(y,0,¢,0) — ).

Then 7 has no purely imaginary eigenvalues and we define Il (7) to be
bundles of generalized eigenvectors corresponding to eigenvalues with pos-
itive real and negative real parts. (P, B) is elliptic with respect to the cone
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C - Ry — R_ ifand only if B:11, (1) — W' is an isomorphism for all
(¢, A\) #(0,0) e T*(dM) x {C—R, —R_}. Pg is self-adjoint if and only
if po N(B) is perpendicular to N(B).

Proor: We have checked everything except the condition that Pp be self-
adjoint. Since P is formally self-adjoint, it is immediate that:

dM

(Pf,9) - (f,Pg) = / (—ipof, 9)-

We know that on the boundary, both f and g have values in N(B) since
they satisfy the boundary condition. Thus this vanishes identically if and
only if (pof,g) =0 for all f,g € N(B) which completes the proof.

We emphasize that these boundary conditions are much stronger than
those required in the Atiyah-Bott theorem to define the index. They are
much more rigid and avoid some of the pathologies which can occur other-
wise. Such boundary conditions do not necessarily exist in general as we
shall see later.

We shall discuss the general case in more detail in Chapter 4. We com-
plete this section by discussing the one-dimensional case case to illustrate
the ideas involved. We consider V' = [0,1] x C? and let P be the operator:

L0 [0 1
. 0 1
T(A)z—ZA(l 0).

Thus if Im(A) > 0 we have II1(7) = {(¢)} while if Im(X) < 0 we have
I, (r) = {(_a )} We let B be the boundary projection which projects

At the point 0, we have:

a
on the first factor—N(B) = {(2)}, we take the same boundary condition
82
ox?
with boundary conditions: Dirichlet boundary conditions on the first factor
and Neumann boundary conditions on the second factor. The index of the
problem is —1.

at x = 1 to define an elliptic self-adjoint operator Pg. Let P? =



1.10. Eta and Zeta Functions.

We have chosen to work with the heat equation for various technical
reasons. However, much of the development of the subject has centered
on the zeta function so we shall briefly indicate the relationship between
these two in this section. We shall also define the eta invariant which plays
an important role in the Atiyah-Singer index theorem for manifolds with
boundary.

Recall that I' is defined by:

F(s):/ ts= e tdt
0

for Re(s) > 0. We use the functional equation sI'(s) = I'(s + 1) to ex-
tend I' to a meromorphic function on C' with isolated simple poles at
s =0,-1,-2,.... Let P:C*®(V) — C°(V) be an elliptic self-adjoint
partial differential operator of order d > 0 with positive definite leading
symbol. We showed in section 1.6 that this implies spec(P) is contained
in [—C, 00) for some constant C. We now assume that P itself is positive
definite—i.e., spec(P) is contained in [e, 00) for some £ > 0.
Proceeding formally, we define P? by:

1
Pf=_— [ X(P—-)\)"tdA

2mi |,

where « is a suitable path in the half-plane Re(A) > 0. The estimates of
section 1.6 imply this is smoothing operator if Re(s) < 0 with a kernel
function given by:

L(s,z,y) = Z S b (1) @ b (y);

this converges to define a C* kernel if Re(s) < sq(k).
We use the Mellin transform to relate the zeta and heat kernels.

/ ts—le—”dt:xS/ (M)~ Le Md(At) = AT (s).
0 0

This implies that:

oo

T(s) Tr(P~) = / =L Tre~tP dt.
0

We define (s, P) = Tr(P~%); this is holomorphic for Re(s) > 0. We
decompose this integral into fol + [ 100. We have bounded the eigenvalues of
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P away from zero. Using the growth estimates of section 1.6 it is immediate
that:

oo

/ t*= Tre= " dt = r(s, P)
1

defines an entire function of s. If 0 < ¢t < 1 we use the results of section
1.7 to expand

Tre P = Z t¥an(P)+O<tn0d_m)

n<ng

an(P) = /M an(z, P) dvol(z)

where a,,(x, P) is a local scalar invariant of the jets of the total symbol of
P given by Lemma 1.7.4.
If we integrate the error term which is O (tw) from 0 to 1, we define

(n—m)

a holomorphic function of s for Re(s)+225™ > 0. We integrate t*~ ¢~ a
between 0 and 1 to conclude:

L(s) Te(P™*) =T(s)¢(s, P) = Y d(sd+n —m)  an(P)+ rp,

n<no

where 7, is holomorphic for Re(s) > —w. This proves I'(s)((s, P)
extends to a meromorphic function on C' with isolated simple poles. Fur-
thermore, the residue at these poles is given by a local formula. Since I
has isolated simple poles at s =0, —1, —2,... we conclude that:

LEMMA 1.10.1. Let P be a self-adjoint, positive, elliptic partial differ-
ential operator of order d > 0 with positive definite symbol. We define:

C(s,P)=Tr(P~%)=T(s)"! Aoo t5= L Tret dt.

This is well defined and holomorphic for Re(s) > 0. It has a meromor-
phic extension to C' with isolated simple poles at s = (m — n)/d for n =
0,1,2,.... The residue of ¢ at these local poles is a, (P)T'((m — n)/d)~".
If s = 0,—1,... is a non-positive integer, then ((s,P) is regular at this
value of s and its value is given by a,(P)Res;—(m—n)/qa I'(s). an(P) is
the invariant given in the asymptotic expansion of the heat equation.
an(P) = [y an(z, P)dvol(x) where ay(x, P) is a local invariant of the
jets of the total symbol of P. a,, vanishes if n is odd.

Remark: If A is an auxilary differential operator of order a, we can define

(s, A, P) = Tr(AP~%) = ['(s)~* [) e Tr(Ae='P) dt.
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We apply Lemma 1.7.7 to see this has a meromorphic extension to C with
isolated simple poles at s = (m 4+ a — n)/d. The residue at these poles is
given by the generalized invariants of the heat equation

an(A, P)
I{(m+a—mn)/d}

There is a similar theorem if dM # () and if B is an elliptic boundary
condition as discussed in section 1.9.

If P is only positive semi-definite so it has a finite dimensional space
corresponding to the eigenvalue 0, we define:

(s, P)= > A

An>0

and Lemma 1.10 extends to this case as well with suitable modifications.
For example, if M = S! is the unit circle and if P = —9?/06? is the
Laplacian, then:

((s,P)=2 Z n=2%

is essentially just the Riemann zeta function. This has a simple isolated
pole at s = 1/2.

If Q:C°(V1) — C*°(Va), then the cancellation lemma of section 1.6
implies that:

e index(Q) = ((5,Q"Q +¢) — ((5,QQ" +¢)

for any ¢ > 0 and for any s. ( is regular at s = 0 and its value is given
by a local formula. This gives a local formula for index(Q). Using Lemma
1.10.1 and some functorial properties of the heat equation, it is not difficult
to show this local formula is equivalent to the local formula given by the
heat equation so no new information has resulted. The asymptotics of the
heat equation are related to the values and residues of the zeta function by
Lemma 1.10.1.

If we do not assume that P is positive definite, it is possible to define
a more subtle invariant which measures the difference between positive
and negative spectrum. Let P be a self-adjoint elliptic partial differential
operator of order d > 0 which is not necessarily positive definite. We define
the eta invariant by:

n(sP)= D A7 =Y (=)0 = ) sign(An)[Aa] ™

Ap >0 An <0 An 70
= Tr(P - (P%)~(+TH/2),
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Again, this is absolutely convergent and defines a holomorphic function if
Re(s) > 0.

We can also discuss the eta invariant using the heat equation. The
identity:

/ tC=D/2 0e =N dt = T((s + 1)/2) sign(A)| A~
0
implies that:
(s, P)=T((s +1)/2)7" / te=0/2 Te(pe=tP Y dt.
0

Again, the asymptotic behavior at t = 0 is all that counts in producing poles
since this decays exponentially at oo assuming P has no zero eigenvector;
if dimN(P) > 0 a seperate argument must be made to take care of this
eigenspace. This can be done by replacing P by P + ¢ and letting ¢ — 0.
Lemma 1.7.7 shows that there is an asymptotic series of the form:

Te(Pe™"") ~ Y 47505, (P, P?)
n=0

for
an(P,Pz):/ an (x, P, P?) dvol(z).
M

This is a local invariant of the jets of the total symbol of P.
We substitute this asymptotic expansion into the expression for n to see:

n(s, P)T'((s+1)/2)~" Z ds+n— an (P, P?) + 1y,

n<ng

where r,, is holomorphic on a suitable half-plane. This proves n has a
suitable meromorphic extension to C with locally computable residues.
Unfortunately, while it was clear from the analysis that ¢ was regular at
s =0, it is not immediate that 7 is regular at s = 0 since I' does not have
a pole at 5 to cancel the pole which may be introduced when n = m. in
fact, if one works with the local invariants involved, a,,(z, P, P?) # 0 in
general so the local poles are in fact present at s = 0. However, it is a fact
which we shall discuss later that 7 is regular at s = 0 and we will define

n(p) = %{T}(O,p) +dimN(p)} mod Z

(we reduce modulo Z since n has jumps in 2Z as eigenvalues cross the
origin).
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We compute a specific example to illustrate the role of n in measuring
spectral asymmetry. Let P = —id/00 on C*°(S1), then the eigenvalues of
p are the integers so 7(s, p) = 0 since the spectrum is symmetric about the
origin. Let a € R and define:

P,=P—a, n(s, P,) = Zsign{n—a}|n—a|_s.
nez

We differentiate this with respect to the parameter a to conclude:

(s, Pla) = 3 sl(n - a)?) /2,

neZ

If we compare this with the Riemann zeta function, then

S ((n—a)?)~e+0r2

neZ
has a simple pole at s = 0 with residue 2 and therefore:
d
_n(svp(a)) = 2.
da a0
Since n vanishes when a = 0, we integrate this with respect to a to conclude:

1
n(0, P(a)) = 2a +1 mod 2Z and n(P(a)) =a+ 5

is non-trivial. (We must work modulo Z since spec P(a) is periodic with
period 1 in a).
We used the identity:

(s, Pa) = =5 Te(Pa(P2) (D12
in the previous computation; it in fact holds true in general:

LEMMA 1.10.2. Let P(a) be a smooth 1-parameter family of elliptic self-
adjoint partial differential operators of order d > 0. Assume P(a) has no
zero spectrum for a in the parameter range. Then if “” denotes differen-
tiation with respect to the parameter a,

(s, P(a)) = —s Tr(P(a)(P(a)?)~CFD/2),

If P(a) has zero spectrum, we regard n(s, P(a)) € C/Z.

PROOF: If we replace P by P* for an odd positive integer k, then (s, P¥)
= n(ks, P). This shows that it suffices to prove Lemma 1.10.2 for d > 0.
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By Lemma 1.6.6, (P — A\)~! is smoothing and hence of trace class for d
large. We can take trace inside the integral to compute:

1

n(s, P(a) = = { [ AT -0 i

© 2mi
- [y (=\) "% Tr((P(a) — \) ™ d)\}

where v; and 7, are paths about the positive/negative real axis which
are oriented suitably. We differentiate with respect to the parameter a to
express:

—((P(a) =N)™" = =(P(a) = )7 P(a)(P(a) = A) "

Since the operators involved are of Trace class,

Tr (%(P(a) _ )\)_1> — _Te(P(a)(Pla) — A)72).

We use this identity and bring trace back outside the integral to compute:

n(s, Pla)) = —— Tr(P(a)){/ A (P(a) — A)"2dA

271
+ /Y (=A\)~*(P(a) — )2 d)\}.

We now use the identity:

to integrate by parts in A in this expression. This leads immediately to the
desired formula.

We could also calculate using the heat equation. We proceed formally:

d

%(S,P(a)) =T{(s+1)/2}7! Aoo (5= /2 1y (%(P(a)e_tp(‘“)2 )> dt

o0 P 2
=I{(s+1)/2}"! / t=D/2 (Cfl—(l — 2tP%)e~tr > dt
0

a

o d dP 2
=T 1)/2}7! tG=D2 (1 42— ) Tr [ —e ) dt.
(e 2t ) T (e

We now integrate by parts to compute:



84 1.10. ETA AND ZETA FUNCTIONS

=T{(s+ 1)/2}—1/ —st=V/2 Ty (‘zl_f;’e—tw) dt
0

1
dP
N —SF{(S + 1)/2}—1 ZA t(s—l)/Zt(n—m—d)/Qdan <%7P2> dt

~ —sI{(s4+1)/2} 71 22/(8 + (n—m)/d)a, (%,]ﬂ) .

In particular, this shows that d—n is regular at s = 0 and the value
a

-1 dP
() (%,ﬁ)

is given by a local formula.

The interchange of order involved in using global trace is an essential
part of this argument. Tr(P(a)(P2?)~(+1/2) has a meromorphic extension
to C with isolated simple poles. The pole at s = —1/2 can be present, but
is cancelled off by the factor of —s which multiplies the expression. Thus

d
Ta Ress—o (s, P(a)) = 0. This shows the global residue is a homotopy
a

invariant; this fact will be used in Chapter 4 to show that in fact n is
regular at the origin. This argument does not go through locally, and in
fact it is possible to construct operators in any dimension m > 2 so that
the local eta function is not regular at s = 0.

We have assumed that P(a) has no zero spectrum. If we supress a
finite number of eigenvalues which may cross the origin, this makes no
contribution to the residue at s = 0. Furthermore, the value at s = 0
changes by jumps of an even integer as eigenvalues cross the origin. This
shows 7 is in fact smooth in the parameter a and proves:

LEmMmA 1.10.3.
(a) Let P be a self-adjoint elliptic partial differential operator of positive
order d. Define:

n(s, P) = Tr(P(P?)~6+tD/2) = Pf(s+1)/2} 7! AOO (=72 Ty(PetP) dt.

This admits a meromorphic extension to C with isolated simple poles at
s = (m — n)/d. The residue of n at such a pole is computed by:

ReSe—(m-ny/a = 20{(m +d — n)/2d}™" / an (z, P, P2) dvol(z)
M

where a,, (z, P, P?) is defined in Lemma 1.7.7; it is a local invariant in the
jets of the symbol of P.
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(b) Let P(a) be a smooth 1-parameter family of such operators. If we
assume eigenvalues do not cross the origin, then:

(s, (@) = s (5 (Pl )
dP

— 95T {(s + 1)/2}—1/ (=12 Ty (d_ .e—uﬂ) it.
0

a

Regardless of whether or not eigenvalues cross the origin, 17(P(a)) is smooth
in R mod Z in the parameter a and

L(P@) = -T() e (4, P)
)t /M am (x 2—5,1)2) dvol(z)

dpP
is the local invariant in the jets of the symbols of (d—,P2> given by
a
Lemma 1.7.7.

= —I(

N[

In the example on the circle, the operator P(a) is locally isomorphic to
P. Thus the value of n at the origin is not given by a local formula. This
is a global invariant of the operator; only the derivative is locally given.

It is not necessary to assume that P is a differential operator to define
the eta invariant. If P is an elliptic self-adjoint pseudo-differential operator
of order d > 0, then the sum defining 7(s, P) converges absolutely for s > 0
to define a holomorphic function. This admits a meromorphic extension
to the half-plane Re(s) > —d for some § > 0 and the results of Lemma
1.10.3 continue to apply. This requires much more delicate estimates than
we have developed and we shall omit details. The reader is referred to the
papers of Seeley for the proofs.

We also remark that it is not necessary to assume that P is self-adjoint;
it suffices to assume that det(p(z, ) —it) # 0 for (§,t) # (0,0) € T*M x R.
Under this ellipticity hypothesis, the spectrum of P is discrete and only a
finite number of eigenvalues lie on or near the imaginary axis. We define:

n(sP)= % (M7= > ()

Re()\i)>0 Re()\i)<0
1 1
n(P) = 3 {n(s, P) — = Ress— n(s, P) + dimN(iR)} mod Z
S s=0

where dim N(iR) is the dimension of the finite dimensional vector space of
generalized eigenvectors of P corresponding to purely imaginary eigenval-
ues.
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In section 4.3, we will discuss the eta invariant in further detail and use it
to define an index with coefficients in a locally flat bundle using secondary
characteristic classes.

If the leading symbol of P is positive definite, the asymptotics of Tr(e
as t — 07 are given by local formulas integrated over the manifold. Let
A(z) = apz®+ - - ~+a, and B(x) = box®+ - - -+by, be polynomials where by >
0. The operator A(P)e~tB(") is infinitely smoothing. The asymptotics of
Tr(A(P)e~tB(P)) are linear combinations of the invariants ax (P) giving
the asymptotics of Tr(e=*¥’). Thus there is no new information which
results by considering more general operators of heat equation type. If the
leading symbol of P is indefinite, one must consider both the zeta and eta
function or equivalently:

—tP)

Tr(e_tpz) and Tr(Pe_tPZ).

Then if by > 0 is even, we obtain enough invariants to calculate the asymp-
totics of Tr(A(P)e tB()), We refer to Fegan-Gilkey for further details.



CHAPTER 2
CHARACTERISTIC CLASSES

Introduction

In the second chapter, we develop the theory of characteristic classes. In
section 2.1, we discuss the Chern classes of a complex vector bundle and
in section 2.2 we discuss the Pontrjagin and Euler classes of a real vector
bundle. We shall define the Todd class, the Hirzebruch L-polynomial, and
the A-roof genus which will play a central role in our discussion of the index
theorem. We also discuss the total Chern and Pontrjagin classes as well as
the Chern character.

In section 2.3, we apply these ideas to the tangent space of a real mani-
fold and to the holomorphic tangent space of a holomorphic manifold. We
compute several examples defined by Clifford matrices and compute the
Chern classes of complex projective space. We show that suitable products
of projective spaces form a dual basis to the space of characteristic classes.
Such products will be used in chapter three to find the normalizing con-
stants which appear in the formula for the index theorem.

In section 2.4 and in the first part of section 2.5, we give a heat equa-
tion proof of the Gauss-Bonnet theorem. This is based on first giving an
abstract characterization of the Euler form in terms of invariance theory.
This permis us to identify the integrand of the heat equation with the Euler
integrand. This gives a more direct proof of Theorem 2.4.8 which was first
proved by Patodi using a complicated cancellation lemma. (The theorem
for dimension m = 2 is due to McKean and Singer).

In the remainder of section 2.5, we develop a similar characterization of
the Pontrjagin forms of the real tangent space. We shall wait until the third
chapter to apply these results to obtain the Hirzebruch signature theorem.
There are two different approaches to this result. We have presented both
our original approach and also one modeled on an approach due to Atiyah,
Patodi and Bott. This approach uses H. Weyl’s theorem on the invariants
of the orthogonal group and is not self-contained as it also uses facts about
geodesic normal coordinates we shall not develop. The other approach is
more combinatorial in flavor but is self-contained. It also generalizes to
deal with the holomorphic case for a Kaehler metric.

The signature complex with coefficients in a bundle V' gives rise to in-
variants which depend upon both the metric on the tangent space of M
and on the connection 1-form of V. In section 2.6, we extend the results of
section 2.5 to cover more general invariants of this type. We also construct
dual bases for these more general invariants similar to those constructed
in section 2.3 using products of projective spaces and suitable bundles over
these spaces.
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The material of sections 2.1 through 2.3 is standard and reviews the
theory of characteristic classes in the context we shall need. Sections 2.4
through 2.6 deal with less standard material. The chapter is entirely self-
contained with the exception of some material in section 2.5 as noted above.
We have postponed a discussion of similar material for the holomorphic
Kaehler case until sections 3.6 and 3.7 of chapter three since this material
is not needed to discuss the signature and spin complexes.



2.1. Characteristic Classes
Of a Complex Vector Bundle.

The characteristic classes are topological invariants of a vector bundle
which are represented by differential forms. They are defined in terms of
the curvature of a connection.

Let M be a smooth compact manifold and let V' be a smooth complex
vector bundle of dimension k over M. A connection V on V is a first order
partial differential operator V: C*° (V) — C*°(T*M ® V') such that:

V(fs)=df ®s+ fVs for f € C°(M) and s € C>® (V).

Let (s1,...,8k) be a local frame for V. We can decompose any section
s € C®°(V) locally in the form s(z) = f;i(z)s;(x) for f; € C°(M). We
adopt the convention of summing over repeated indices unless otherwise
specified in this subsection. We compute:

Vs =df; ©®s; + fiVs; = dfi ® s; + fiwij @ s where Vs; = w;j @ s;.
The connection 1-form w defined by
W = wij

is a matrix of 1-forms. The connection V is uniquely determined by the
derivation property and by the connection 1-form. If we specify w arbitrar-
ily locally, we can define V locally. The convex combination of connections
is again a connection, so using a partition of unity we can always construct
connections on a bundle V.

If we choose another frame for V', we can express s, = h;;s;. If hi_jls;- =
s; represents the inverse matrix, then we compute:

Vs; = wi; @ 85 = V(higsg) = dhig, @ g + hipwin @ 51
= (dhirhy; + higwrihy;') @ 8.
This shows w’ obeys the transformation law:
wij = dhirhi + hgwrihyt e, W' =dh- b7 4 hwhT!

in matrix notation. This is, of course, the manner in which the 0" order
symbol of a first order operator transforms.

We extend V to be a derivation mapping
C®(APT*M @ V) — C® (AP T*M @ V)

so that:
Vb, ®s)=db, s+ (—1)P0, A Vs.
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We compute that:
V2(fs) =V(df @5+ fVs) =d*f©@s— df A\Vs+ df A\Vs+ fV2:s = fV?s

so instead of being a second order operator, V2 is a 0*" order operator. We
may therefore express

VZ(5)(x0) = Q(x0)s(0)

where the curvature Q is a section to the bundle A?(T*M) @ END(V) is a
2-form valued endomorphism of V.
In local coordinates, we compute:

Q(SZ) = Qij & Sj = V(wij X Sj) = dwij X Sj - wij /\wjk X Sk

so that:
Qij = dwij — wik N wi; e, Q=dw—-wAw.

Since V2 is a 0'" order operator,  must transform like a tensor:
;= hirQuihy;' ie., Q' =hQh 1L

This can also be verified directly from the transition law for w’. The reader
should note that in some references, the curvature is defined by Q = dw +
w A w. This sign convention results from writing V' @ T*M instead of
T*M ® V and corresponds to studying left invariant rather than right
invariant vector fields on GL(k, C).

It is often convenient to normalize the choice of frame.

LEMMA 2.1.1. Let V be a connection on a vector bundle V. We can
always choose a frame s so that at a given point xo we have

w(xg) =0 and dQ(zp) = 0.

PRrROOF: We find a matrix h(x) defined near xo so that h(xg) = I and
dh(zo) = —w(wo). If s; = hy;s;, then it is immediate that w'(z9) = 0.
Similarly we compute dQ' () = d(dw’ — W' AW')(20) = W' (x0) A dw'(z0) —
dw'(xo) ANw'(xg) = 0.

We note that as the curvature is invariantly defined, we cannot in general
find a parallel frame s so w vanishes in a neighborhood of x( since this would
imply V? = 0 near zy which need not be true.

Let A;; denote the components of a matrix in END(CF) and let P(A) =
P(A;j;) be a polynomial mapping END(C*) — C. We assume that P is
invariant—i.e., P(hAh~') = P(A) for any h € GL(k,C). We define P(Q)
as an even differential form on M by substitution. Since P is invariant



Or A COMPLEX VECTOR BUNDLE 91
and since the curvature transforms tensorially, P(£2) ot P(V) is defined
independently of the particular local frame which is chosen.

There are two examples which are of particular interest and which will

play an important role in the statement of the Atiyah-Singer index theorem.
We define:

c(A) = det (1 + %A)

m
=1+c1(A)+--+cr(A4) (the total Chern form)

. iA\?
ch(A) = Tr eiA/27 _ Z Tr <Z2—7r> /j! (the total Chern character)
J

The c¢;(A) represent the portion of ¢(A) which is homogeneous of order j.
¢;(V) € A% (M). In a similar fashion, we decompose ch(A4) = > chj(A)
for chj(A) = Tr (iA/27) /!

Strictly speaking, ch(A) is not a polynomial. However, when we sub-
stitute the components of the curvature tensor, this becomes a finite sum
since Tr(©7) = 0 if 25 > dim M. More generally, we can define P(Q) if
P(A) is an invariant formal power series by truncating the power series
appropriately.

As a differential form, P(V) depends on the connection chosen. We
show P(V) is always closed. As an element of de Rham cohomology, P(V)

is independent of the connection and defines a cohomology class we shall
denote by P(V).

LEMMA 2.1.2. Let P be an invariant polynomial.

(a) dP(V) =0 so P(V) is a closed differential form.

(b) Given two connections Vi and Vi, we can define a differential form
TP(Vo,vl) so that P(Vl) — P(Vo) = d{TP(Vl,VO)}

PRrOOF: By decomposing P as a sum of homogeneous polynomials, we may
assume without loss of generality that P is homogeneous of order k. Let
P(Aq,..., Ag) denote the complete polarization of P. We expand P(t; Ay +
-+ -+t Ag) as a polynomial in the variables {t;}. 1/k! times the coefficient
of t1 ...t is the polarization of P. P is a multi-linear symmetric function
of its arguments. For example, if P(A) = Tr(A4%), then the polarization is
given by % TF(A1A2A3 + A2A1A3) and P(A) = P(A, A, A)

Fix a point xg of M and choose a frame so w(xg) = dQ2(xg) = 0. Then

dP(Q)(x0) = dP(S, ..., Q)(x0) = kP(d,Q, ..., Q)(x0) = 0.

Since xg is arbitrary and since dP(2) is independent of the frame chosen
this proves dP(€2) = 0 which proves (a).
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Let V; =tV 4+ (1 — t)Vg have connection 1-form w; = wq + tf where
0 = w1 —wg. The transformation law for w implies relative to a new frame:

0 =w) —wh = (dh-h™' + hwh™) = (dh-h™ + hwoh™")
= h(wy —wo)h™' = hoh~!
so # transforms like a tensor. This is of course nothing but the fact that the
difference between two first order operators with the same leading symbol
is a 0" order operator.

Let €©; be the curvature of the connection V;. This is a matrix valued
2-form. Since 6 is a 1-form, it commutes with 2-forms and we can define

PO, ...,Q) € N2F=HT*M)

by substitution. Since P is invariant, its complete polarization is also in-
variant so P(h=10h, h=1Q.h, ..., h=1Q:h) = P(0,%y,...,Q;) is invariantly
defined independent of the choice of frame.

We compute that:

1 d 1
P(vl)—P(vo):A %P(Qt,...,gt)dt:kA P, Qy, ..., Q) dt.

We define: .
TP(Vl,VO):k/ PO, ..., Q) dt.
0

To complete the proof of the Lemma, it suffices to check
dP(g,Qt,...,Qt) = P(Q;,Qt,...,ﬂt).

Since both sides of the equation are invariantly defined, we can choose a
suitable local frame to simplify the computation. Let xy € M and fix tg.
We choose a frame so wy(xg,tg) = 0 and dQ(zo,to) = 0. We compute:

Q, = {dwo + tdf — wy Awi}
=df — w; N wp —wi A w;
Q) (xo,to) = db
and
dP(0,, ..., %) (xo,to) = P(dO,Qy, ..., 02)(x0,tp)
=P(Q, Y, ..., Q) (w0, o)
which completes the proof.

TP is called the transgression of P and will play an important role in our
discussion of secondary characteristic classes in Chapter 4 when we discuss
the eta invariant with coefficients in a locally flat bundle.
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We suppose that the matrix A = diag(Aq,..., ;) is diagonal. Then

modulo suitable normalizing constants (%)J, it is immediate that c;(A) is

the j ' elementary symmetric function of the \;’s since
det(T+ A) = JJ(A+ X)) =1+ 51(A) + - + s5(A).

If P(-) is any invariant polynomial, then P(A) is a symmetric function of
the A\;’s. The elementary symmetric functions form an algebra basis for
the symmetric polynomials so there is a unique polynomial @} so that

P(A)=Q(c1,--.,ck)(A)

i.e., we can decompose P as a polynomial in the ¢;’s for diagonal matrices.
Since P is invariant, this is true for diagonalizable matrices. Since the
diagonalizable matrices are dense and P is continuous, this is true for all
A. This proves:

LEMMA 2.1.3. Let P(A) be a invariant polynomial. There exists a unique
polynomial @) so that P = Q(c1(A),...,ck(A)).

It is clear that any polynomial in the ¢’s is invariant, so this completely
characterizes the ring of invariant polynomials; it is a free algebra in k
variables {¢1,...,ck}.

If P(A) is homogeneous of degree k and is defined on k x k matrices, we
shall see that if P(A) # 0 as a polynomial, then there exists a holomor-
phic manifold M so that if T,.(M) is the holomorphic tangent space, then
[or P(Te(M)) # 0 where dim M = 2k. This fact can be used to show that
in general if P(A) # 0 as a polynomial, then there exists a manifold M
and a bundle V' over M so P(V') # 0 in cohomology.

We can apply functorial constructions on connections. Define:

ViéVy on (C (V1 D VQ)
Vi®Vs on C®(V;®Vs)
Vi on C*°(V})

(V1®V3)(s1 @ s2) = (Visy) @ (Vasa)

with w = w; @ we and Q = Q2 B Qs
(Vi® Va)(s1 ®s2) = (Visi) ® (Vasa)

withw=w; ®1+1Rwyand =0 X1 +1® Qs
(Vis1,s7) + (51, Vis)) = d(s1, s7)

relative to the dual frame w = —w! and Q = —Qf.
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In a similar fashion we can define an induced connection on AP(V') (the
bundle of p-forms) and SP(V) (the bundle of symmetric p-tensors). If V'
has a given Hermitian fiber metric, the connection V is said to be unitary
or Riemannian if (Vsy,s9) + (s1, Vse) = d(s1, s2). If we identify V' with
V* using the metric, this simply means V = V'. This is equivalent to
the condition that w is a skew adjoint matrix of 1-forms relative to a local
orthonormal frame. We can always construct Riemannian connections lo-
cally by taking w = 0 relative to a local orthonormal frame and then using
a partition of unity to construct a global Riemannian connection.

If we restrict to Riemannian connections, then it is natural to consider
polynomials P(A) which are defined for skew-Hermitian matrices A+ A* =
0 and which are invariant under the action of the unitary group. Exactly
the same argument as that given in the proof of Lemma 2.1.3 shows that
we can express such a P in the form P(A) = Q(c1(A),...,ck(A)) so that
the GL(+,C) and the U(-) characteristic classes coincide. This is not true
in the real category as we shall see; the Euler form is a characteristic form
of the special orthogonal group which can not be defined as a characteristic
form using the general linear group GL(-, R).

The Chern form and the Chern character satisfy certain identities with
respect to functorial constructions.

LEMMA 2.1.4.

(a)
c(Vi @ Va) = c(Vi)e(Va)

(b)
Ch(V1 D ‘/2) = Ch(Vl) + Ch(‘fz)

Ch(Vl) ) ‘/2) = Ch(Vl)Ch(VQ)

PRrROOF: All the identities except the one involving ¢(V*) are immediate
from the definition if we use the direct sum and product connections. If we
fix a Hermitian structure on V', the identification of V' with V* is conjugate
linear. The curvature of V* is —Q! so we compute:

1 i
N=det ([ - —Q') =det (I - —Q
(V™) e < 5 > e < 5 >
which gives the desired identity.

If we choose a Riemannian connection on V, then Q + Qf = 0. This
immediately yields the identities:

ch(V) = ch(V) and c(V)y=r¢(V)
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so these are real cohomology classes. In fact the normalizing constants
were chosen so ¢ (V) is an integral cohomology class—i.e., if Ny is any
oriented submanifold of dimension 2k, then [y , cx(V) € Z. The chy(V)
are not integral for £ > 1, but they are rational cohomology classes. As we
shall not need this fact, we omit the proof.

The characteristic classes give cohomological invariants of a vector bun-
dle. We illustrate this by constructing certain examples over even dimen-
sional spheres; these examples will play an important role in our later
development of the Atiyah-Singer index theorem.

DEFINITION. A set of matrices {eg,..., ey} are Clifford matrices if the
e; are self-adjoint and satisfy the commutation relations e;e; + eje; = 204
where 0;; is the Kronecker symbol.

For example, if m = 2 we can take:

(1 0 (o1 (0 i
“=lo 1) T 1 o) 2T l-i oo

to be the Dirac matrices. More generally, we can take the e;’s to be given
by the spin representations. If x € R™t!, we define:

e(r) = inei so e(z)? = |z|*I.

Conversely let e(x) be a linear map from R™ to the set of self-adjoint
matrices with e(x) = |z|*I. If {vo,..., v} is any orthonormal basis for
R™, {e(vp),...,e(vy)} forms a set of Clifford matrices.

If v € S™, we let IIy(2) be the range of 1(1 + e(z)) = w4 (z). This
is the span of the +1 eigenvectors of e(x). If e(x) is a 2k x 2k matrix,
then dimIl4(x) = k. We have a decomposition S™ x C?¥ = IT, ¢ II_.
We project the flat connection on S™ x C?* to the two sub-bundles to
define connections Vi on ITx. If Y is a local frame for I14 (z(), we define
e+ (x) = mxe} as a frame in a neighborhood of zy. We compute

Viei = T+ dﬂ'iegz, Qiei Zﬂ'idﬂ'i dﬂ'ie?t.
Since €Y. = e (), this yields the identity:
Qi () = mx drg dmy(xp).

Since € is tensorial, this holds for all x.
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Let m = 2j be even. We wish to compute ch;. Suppose first g =
(1,0,...,0) is the north pole of the sphere. Then:

1
7T+(.T0) = 5(1 + 60)
1
dry (wo) = 3 Z dx;e;
i>1
Q+(.’L‘0) = 1 + €o ( Z dZL‘161>
1>1
Q+(x0)j = 1 + € < Z dx7,67,>
i>1
=27 b1 4 eg)(er ... em)(dzy A+ Adzy,).
The volume form at xg is dry A -+ A dx,,. Since e; anti-commutes with

the matrix eq ...e,,, this matrix has trace 0 so we compute:

chj(Q4)(z0) = (%) 27" m! Tr(eg - - - ey ) dvol(zg) /5! .

™

A similar computation shows this is true at any point xy of S so that:
0
/ ch;(Ily) = (2—> 27" ! Tr(eg . . . e ) vOI(s™) /5.
m 0
Since the volume of S™ is j!12m*T1 77 /m! we conclude:

LEMMA 2.1.5. Let e(x) be a linear map from R™™1 to the set of self-
adjoint matrices. We suppose e(z)? = |z|*I and define bundles 11y () over
S™ corresponding to the +£1 eigenvalues of e. Let m = 2j be even, then:

/ ChJ(H+) 22]2_‘7 ﬂ(@o...@m).

In particular, this is always an integer as we shall see later when we
consider the spin complex. If

(1 0 (o1 (0
=V —1) 27\ 1 o) 27\ o

then Tr(egerez) = —2i so [, chi(Il;) = 1 which shows in particular I1
is a non-trivial line bundle over S2.
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There are other characteristic classes arising in the index theorem. These
are most conveniently discussed using generating functions. Let

.Z'j:

X\
o2 7

be the normalized eigenvalues of the matrix A. We define:

C(A):H(ij) and  ch(A) =) e".

j=1

If P(x) is a symmetric polynomial, we express P(x) = Q(c1(z),...,cx(x))
to show P(A) is a polynomial in the components of A. More generally if
P is analytic, we first express P in a formal power series and then collect
homogeneous terms to define P(A). We define:

1(4) + (6 ea)(A) + rer (A)ea(A) 4+
The Todd class appears in the Riemann-Roch theorem. It is clear that it is
multiplicative with respect to direct sum—7d(V; & Vo) = Td(Vy) Td(Vs).
The Hirzebruch L-polynomial and the A polynomial will be discussed in
the next subsection. These are real characteristic classes which also are
defined by generating functions.

If V' is a bundle of dimension k, then V' @& 1 will be a bundle of dimension
k+1. Itis clear ¢(Ved1l) = ¢(V) and Td(V@1) = Td(V) so these are stable
characteristic classes. c¢h(V') on the other hand is not a stable characteristic
class since cho(V) = dim V' depends explicitly on the dimension of V' and
changes if we alter the dimension of V' by adding a trivial bundle.



2.2. Characteristic Classes of a Real Vector Bundle.
Pontrjagin and Euler Classes.

Let V be a real vector bundle of dimension k£ and let V. =V ® C denote
the complexification of V. We place a real fiber metric on V' to reduce
the structure group from GL(k, R) to the orthogonal group O(k). We re-
strict henceforth to Riemannian connections on V', and to local orthonor-
mal frames. Under these assumptions, the curvature is a skew-symmetric
matrix of 2-forms:

Q+Qt=0.

Since V. arises from a real vector bundle, the natural isomorphism of V'
with V* defined by the metric induces a complex linear isomorphism of V.
with V* so ¢;(V;) = 0 for j odd by Lemma 2.1.4. Expressed locally,

det <I + iA) — det <I 4 iAt> — det (1 _ iA)
2 2 2

if A+ A" =0 s0 ¢(A) is an even polynomial in A. To avoid factors of i we
define the Pontrjagin form:

p(A) = det <[+ %A) =1+4+pi1(A)+p2(A)+---

where p;(A) is homogeneous of order 2j in the components of A; the cor-
responding characteristic class p;(V) € H% (M;R). It is immediate that:

pi(V) = (=1) ez (Ve)

where the factor of (—1)7 comes form the missing factors of i.

The set of skew-symmetric matrices is the Lie algebra of O(k). Let P(A)
be an invariant polynomial under the action of O(k). We define P(2) for
V a Riemannian connection exactly as in the previous subsections. Then
the analogue of Lemma 2.1.3 is:

LemMA 2.2.1. Let P(A) be a polynomial in the components of a ma-
trix A. Suppose P(A) = P(gAg~"') for every skew-symmetric A and for
every g € O(k). Then there exists a polynomial Q(p1,...) so P(A) =
Q(p1(A),...) for every skew-symmetric A.

ProOOF: It is important to note that we are not asserting that we have
P(A) =Q(p1(A),...) for every matrix A, but only for skew-symmetric A.
For example, P(A) = Tr(A) vanishes for skew symmetric A but does not
vanish in general.
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It is not possible in general to diagonalize a skew-symmetric real matrix.
We can, however, put it in block diagonal form:

0 ~X 0 0 ... \
MO0 0 ..

A0 0 0 =X o
0 0 A 0 ...

If £ is odd, then the last block will be a 1 x 1 block with a zero in it.
We let 2; = —\;/27; the sign convention is chosen to make the Euler form
have the right sign. Then:

p(A) =] +23)

J

where the product ranges from 1 through [g]

If P(A) is any invariant polynomial, then P is a symmetric function in
the {z;}. By conjugating A by an element of O(k), we can replace any x;
by —xj so P is a symmetric function of the {x7}. The remainder of the
proof of Lemma 2.2.1 is the same; we simply express P(A) in terms of the
elementary symmetric functions of the {x7}.

Just as in the complex case, it is convenient to define additional charac-
teristic classes using generating functions. The functions:

z/ tanh z and z{2sinh(z/2)}
are both even functions of the parameter z. We define:

The Hirzebruch L-polynomial:

x .
L = J
(z) H tanh x;

1 1
=1+ = —(Tpy — D2) - --
+3p1+45(p2 p1)

The A (A-roof) genus:
_ Ly
Ale) = 1:[ 2sinh(x;/2)
1

1
=1- — —— (Tp? — 4
24p1+ 5760( py — 4p2) +

These characteristic classes appear in the formula for the signature and
spin complexes.
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For both the real and complex case, the characteristic ring is a pure
polynomial algebra without relations. Increasing the dimension & just adds
generators to the ring. In the complex case, the generators are the Chern
classes {1,c1,...,cx}. In the real case, the generators are the Pontrjagin
classes {1,p1,..., P 21} where [k/2] is the greatest integer in k/2. There
is one final structure group which will be of interest to us.

Let V' be a vector bundle of real dimension k. V' is orientable if we can
choose a fiber orientation consistently. This is equivalent to assuming that
the real line bundle A*(V) is trivial. We choose a fiber metric for V' and
an orientation for V' and restrict attention to oriented orthonormal frames.
This restricts the structure group from O(k) to the special orthogonal group
SO(k).

If k£ is odd, no new characteristic classes result from the restriction of the
fiber group. We use the final 1 x 1 block of 0 in the representation of A to
replace any A; by —\; by conjugation by an element of SO(k). If n is even,
however, we cannot do this as we would be conjugating by a orientation
reversing matrix.

Let P(A) be a polymonial in the components of A. Suppose P(A) =
P(gAg~1) for every skew-symmetric A and every g € SO(k). Let k = 2k
be even and let P(A) = P(xy,...,z;). Fix go € O(k) — SO(k) and define:

Po(4) = L(P(A) + Plgodgs™)) and Pi(4) = (P(4) ~ PlonAgs))

Both Py and P, are SO(k) invariant. Py is O(k) invariant while P; changes
sign under the action of an element of O(k) — SO(k).

We can replace 1 by —x; by conjugating by a suitable orientation re-
versing map. This shows:

Pl(.’)fl,lL‘Q,...) = —P(—.’El,ZL‘Q,...)

so that x; must divide every monomial of F. By symmetry, z; divides
every monomial of P; for 1 < 7 < k so we can express:

where P{(A) is now invariant under the action of O(k). Since Pj is poly-
nomial in the {#3}, we conclude that both Py and P can be represented
as polynomials in the Pontrjagin classes. We define:

J

e(A)=xy...x;,  so e(A)?=det(A) =pg(A) = Hgﬂ

and decompose:
P =Py+e(A)P].
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e(A) is a square root of the determinant of A.

It is not, of course, immediate that e(A) is a polynomial in the com-
ponents of A. Let {v;} be an oriented orthonormal basis for R¥. We let
Av; = Zj A;;v; and define

1
w(A) = % ZAijvi Nvj € AQ(Rk)
1<J

We let v; A - -+ A vy be the orientation class of RF and define:
e(A) = (w(A)F vy A= Avg) /!

where ( , ) denotes the natural inner product on A*R* ~ R. It is clear
from the definition that e(A) is invariant under the action of SO(k) since
w(A) is invariantly defined for skew-symmetric matrices A. It is clear that
e(A) is polynomial in the components of A. If we choose a block basis so
that:

A’Ul = /\11)2, AUZ = —/\1’01, A’Ug = /\21)4, AU4 = —/\2’03, .
then we compute:

w(A) == {—)\1’01 /\’02 - )\2’03 /\’U4...}/271'ZZL‘11)1 /\1)2 +ZE2U3 /\1)4"'
e(A)=mzia9 ...

This new characteristic class is called the Euler class. While the Pontrja-
gin classes can be computed from the curvature of an arbitrary connection,
the Euler class can only be computed from the curvature of a Riemannian
connection. If {;; are the matrix components of the curvature of V' relative
to some oriented orthomormal basis, then:

e(Q) = (—4m)F /K> " sign(p)Qp1yp(2) - - - Lpe-1)pr) € A (M)
p

for 2k = k = dim(V'). The sum ranges over all possible permutations p.

We define e(V') = 0 if dim(V) is odd. It is immediate that e(V; & V32) =
e(V1)e(Vs) if we give the natural orientation and fiber metric to the direct
sum and if we use the direct sum connection.

We illustrate this formula (and check that we have the correct normal-
izing constants) by studying the following simple example. Let m = 2 and
let M = S? be the unit sphere. We calculate e(T'S?). Parametrize M using
spherical coordinates f(u,v) = (cosusinwv,sinusinv,cosv) for 0 < u < 27
and 0 < v < 7. Define a local orthonormal frame for T'(R?) over S? by:

e1 = (sinv)~'9/0u = (—sinu, cosu, 0)
ey = d/0v = (cos u cos v, sinu cos v, —sinv)

e = N = (cosusin v, sinusin v, cos v).
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The Euclidean connection V is easily computed to be:

Ve,e1 = (sinv) ™' (= cosu, — sinu, 0) = —(cos v/ sinv)ey — e3
Ve, €2 = (cos v/ sinv)(—sinwu, cosu, 0) = (cos v/ sinv)ey
68261 =0

Ve, €2 = (— cosusin v, — sinusin v, — cosv) = —es.

Covariant differentiation V on the sphere is given by projecting back to
T(S?) so that:

Ve,e1 = (—cosv/sinv)esy Ve, e2 = (cosv/sinv)e;
Ve,e1 =0 Ve,e2 =0

and the connection 1-form is given by:

Ve, = (—cosv/sinv)e! @ ey so wyyp =0 and wig = —(cosv/sinv)e!
Vey = (cosv/sinv)e! @ eg S0 wes = 0 and wyy = (cosv/sinwv)el.
As du = el/sinv we compute wig = —cosvdu so 9 = sinvdv A du =

—e! Ae? and Q91 = el A e?. From this we calculate that:

1 el Ae?
6(9) = _E(le — 921) = o

and consequently [, Fa = vol(S?)/2m =2 = x(5?).

There is a natural relation between the Euler form and cz. Let V' be
a complex vector space of dimension k and let V, be the underlying real
vector space of dimention 2k = k. If V has a Hermitian inner product,
then V, inherits a natural real inner product. V, also inherits a natural
orientation from the complex structure on V. If {e;} is a unitary basis for
V', then {ey,ie1,eq,ie9,...} is an oriented orthonormal basis for V,.. Let A
be a skew-Hermitian matrix on V. The restriction of A to V;. defines a skew-
symmetric matrix A, on V.. We choose a basis {e;} for V so Ae; = i)je;.
Then:

r; =—\;j/2m and cr(A)=21...2%

defines the k'™ Chern class. If v; = e, vy = i€y, U3 = ey, Uy = i€y, ...
then:

Apvy = Mvg,  Apvg = —\vr,  Apuz = Aavg,  Apvg = —Aavs, ...

so that
€(A7~) = CE (A)

We summarize these results as follows:
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LEMMA 2.2.2. Let P(A) be a polynomial with P(A) = P(gAg™?!) for
every skew symmetric A and every g € SO(k).

(a) If k is odd, then P(A) is invariant under O(k) and is expressible in
terms of Pontrjagin classes.

(b) If k = 2k is even, then we can decompose P(A) = Py(A) + e(A)Py(A)
where P;(A) are O(k) invariant and are expressible in terms of Pontrjagin

classes.
(c) e(A) is defined by:

€(A) = (—471')_k Z SigH(P)Ap(1)p(2) .. -Ap(k—l)p(k) /k'
P

This satisfies the identity e(A)? = pg(A). (We define e(A) = 0 if k is odd).

This completely describes the characteristic ring. We emphasize the
conclusions are only applicable to skew-symmetric real matrices A. We
have proved that e(A) has the following functorial properties:

LEMMA 2.2.3.

(a) If we take the direct sum connection and metric, then e(Vy @ Va) =
e(Vi)e(Va).

(b) If we take the metric and connection of V,. obtained by forgetting the
complex structure on a complex bundle V' then e(V,) = c; (V).

This lemma establishes that the top dimensional Chern class cj, does not
really depend on having a complex structure but only depends on having
an orientation on the underlying real vector bundle. The choice of the sign
in computing det(A)'/? is, of course, motivated by this normalization.



2.3. Characteristic Classes of Complex Projective Space.

So far, we have only discussed covariant differentiation from the point
of view of the total covariant derivative. At this stage, it is convenient
to introduce covariant differentiation along a direction. Let X € T'(M)
be a tangent vector and let s € C°°(V') be a smooth section. We define
Vxs e C®(V) by:

Vxs=X-Vs

where “” denotes the natural pairing from T'(M) @ T*(M)®V — V. Let
[X,Y] = XY — Y X denote the Lie-bracket of vector fields. We define:

QX,Y)=VxVy —VyVx — Vix y]
and compute that:

QU X, Y)s = QX fY)s = Q(X,Y) fs = fQX,Y)s
for feC®(M), se C®(V), and X,Y € C*(TM).
If {e;} is a local frame for T'(M), let {e*} be the dual frame for T*(M).
It is immediate that: _
Vs = Zel ® Ve, (s)

so we can recover the total covariant derivative from the directional deriva-
tives. We can also recover the curvature:

Qs = Zei Ael @ Qe ef)s.
i<j

If V.= T(M), there is a special connection called the Levi-Civita con-
nection on T'(M). It is the unique Riemannian connection which is torsion
free—i.e.,

(VxY, Z)+ (Y,VxZ)=X(Y, Z) (Riemannian)
VxY —-Vy X -[X,Y]=0 (Torsion free).

Let x = (x1,..., %) be asystem of local coordinates on M and let {9/0x;}
be the coordinate frame for T'(M). The metric tensor is given by:

ds? = Zgij dz' @ da? for g;; = (0/0x;,0/0x;).

Y]

We introduce the Christoffel symbols Ffj and I';;5 by:
Voyow, 0/0x; =Y TF0/0w
k

(Vosoe, 0/0xj,0/0xk) = Lijp-
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They are related by the formula:
Lijk = ZFéjglka Iy = Zrijlglk
! !

where ¢g'* = (dwy, dwy) is the inverse of the matrix g;;. It is not difficult to
compute that:
Uijk = 5{95ki + Giksi — 9ij/n}
where we use the notation “/” to denote (multiple) partial differentiation.
The complete curvature tensor is defined by:

Q(0/0w;,0/0x;)0/0x, = Y Rij'0/0,
[

or equivalently if we lower indices:
(Q(E)/E):rz, 3/333])3/33%7 3/333() = Rijk,g.

The expression of the curvature tensor in terms of the derivatives of the
metric is very complicated in general. By making a linear change of coordi-
nates we can always normalize the metric so g;;(xo) = d;; is the Kronecker
symbol. Similarly, by making a quadratic change of coordinates, we can
further normalize the metric so g;;/x(x9) = 0. Relative to such a choice of
coordinates:

I (x0) = Tijr(zo) = 0

and

Rijkl(xo) = Rijkl(xo) = %{gjl/uc + Gik/1; — 9ik/it — gz’l/jk}(xo)'

At any other point, of course, the curvature tensor is not as simply ex-
pressed. In general it is linear in the second derivatives of the metric,
quadratic in the first derivatives of the metric with coefficients which de-
pend smoothly on the g;;’s.

We choose a local orthonormal frame {e;} for T*(M). Let m = 2m be
even and let orn = x - 1 = dvol be the oriented volume. Let

e = FE,(g)orn

be the Euler form. If we change the choice of the local orientation, then e
and orn both change signs so E,,(g) is scalar invariant of the metric. In
terms of the curvature, if 2m = m, then:

L

(m)!

Ey = c(m) ZSign(P) sign(7) R (1) p(2)r(1)7(2) - - - Bp(m—1)p(m)r(m—1)r(m)
p,T

c(m) = (=1)™(8m)™™"
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where the sum ranges over all permutations p, 7 of the integers 1 through
m. For example:

Ey = —(2m) "' Ri912

E, = 27‘1’ Z {Rzgznglkl + Rz]kllekl 4Rzglle3lk}/8
0,45kl

Let dvol be the Riemannian measure on M. If M is oriented, then

E,, dvol = e
M M

is independent of the orientation of M and of the metric. If M is not
orientable, we pass to the double cover to see [, Ep dvol is a topological
invariant of the manifold M. We shall prove later this integral is the Euler
characteristic x(M) but for the moment simply note it is not dependent
upon a choice of orientation of M and is in fact defined even if M is not
orientable.

It is worth computing an example. We let S? be the unit sphere in R3.
Since this is homogeneous, F» is constant on S2. We compute Ey at the
north pole (0,0, 1) and parametrize S? by (u,v, (1 — u? — v?)'/2). Then

d/0u = (1,0, —u/(1 — u2 v
g =1+u*/(1—u® —?)
922—1+v2/(1—u — %)

g1z = wv/(1 —u* — v?).

)1/2), 9/0v = (0,1, —v/(1 — u? — 02)1/2)

It is clear g;;(0) = &;; and g;;/,(0) = 0. Therefore at u = v = 0,

Ey = —(2m) "' Rig12 = —(27) " {g11/22 + 922711 — 2912/12}/2
=—27)"H{0+0-2}/2=(2m)"*

so that

Eydvol = (47)(2m) ™t =2 = x(S?).
5'2

More generally, we can let M = S? x .-+ x S? where we have m factors
and 2m = m. Since e(V; @ V) = e(V1)e(V2), when we take the product
metric we have E,, = (E3)™ = (27)~"™ for this example. Therefore:

/ B, dvol = 2™ = y(S2 x -++ x S?).
S2 S2

We will use this example later in this chapter to prove [, En, = x(M) in
general. The natural examples for studying the Euler class are products
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of two dimensional spheres. Unfortunately, the Pontrjagin classes vanish
identically on products of spheres so we must find other examples.

It is convenient at this point to discuss the holomorphic category. A
manifold M of real dimension m = 2m is said to be holomorphic if we have
local coordinate charts z = (z1,..., z5): M — C™ such that two charts are

related by holomorphic changes of coordinates. We expand z; = x; + iy;
and define:

0/0z; = 5(0/0x; —i0/0y;),  0/9%; = 5(0/dx; +i0/dy;)
de :dxj+idyj, déj :d.’E]—FZdy]

We complexify T'(M) and T*(M) and define:
T.(M) = span{0/0z;},

ALO(31) = spandz; ,
A% (M) = span{dz;}.

Then
AN (M) = ABO (M) @ A% (M)

T.(M)* = AYO(M).

As complex bundles, T, (M) ~ A% (M). Define:
O(f) =Y _0f 0z dz?: C® (M) — C=(AM0(M))
J

(f) = Zaf/azj dz7: O (M) — C>® (A% (M)

then the Cauchy-Riemann equations show f is holomorphic if and only if
df =0.

This decomposes d = 0 + 0 on functions. More generally, we define:

Ap,q — Span{dzil A - A dzip AN dZJI ANERRWA dgjq}

At= P A

p+qg=n
This spanning set of AP? is closed. We decompose d = 0 + 0 where
0: C®(AP7) — C™°(APT12) and 9: C™° (AP7) — O (AP9H!)

so that 00 = 00 = 00 + 90 = 0. These operators and bundles are all
invariantly defined independent of the particular holomorphic coordinate
system chosen.
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A bundle V' over M is said to be holomorphic if we can cover M by
holomorphic charts U, and find frames s, over each U, so that on U, NUg
the transition functions s, = fogss define holomorphic maps to GL(n, C).
For such a bundle, we say a local section s is holomorphic if s =) a% s/
for holomorphic functions a%. For example, T.(M) and AP:°(M) are holo-
morphic bundles over M; A%! is anti-holomorphic.

If V' is holomorphic, we use a partition of unity to construct a Hermitian
fiber metric h on V. Let hy, = (Sqa,Sq) define the metric locally; this
is a positive definite symmetric matrix which satisfies the transition rule
ho = faghg fag. We define a connection 1-form locally by:

Wa = Ohaht
and compute the transition rule:
wWa = H{faphsfastfashs fas-

Since fqp is holomorphic, ] fap = 0. This implies dfog = 0fo3 and 0 fag =
0 so that:

Wo = Ofapfog + fapOhphy' fo5 = dfapfog + fapwsfogs-

Since this is the transition rule for a connection, the {w,} patch together
to define a connection Vy,.
It is immediate from the definition that:

(ViSa,Sa) + (Sa, Visa) = waha + how), = Ohg + Oho = dhy,

so Vj is a unitary connection on V. Since Vjs, € C®(AY? @ V) we
conclude V}, vanishes on holomorphic sections when differentiated in anti-
holomorphic directions (i.e., V}, is a holomorphic connection). It is easily
verified that these two properties determine V.

We shall be particularly interested in holomorphic line bundles. If L is a
line bundle, then h,, is a positive function on U, with hq = |fas|?hg. The
curvature in this case is a 2-form defined by:

Qo = dwy — W Awe = d(Ohohyt) = 001og(hy) = —00 log(hy).

Therefore: )

is independent of the holomorphic frame chosen for evaluation. c¢;(L) €
C>(AYY(M)) and dey = dey = Ocy = 0 s0 ¢1(L) is closed in all possible
senses.
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Let CP, be the set of all lines through 0 in C**!. Let C* = C — 0 act
on C"*! — 0 by complex multiplication, then CP, = (C"*! —0)/C* and
we give CP, the quotient topology. Let L be the tautological line bundle
over CP,:

L={(z,2)eCP, xC""':z¢cux}.

Let L* be the dual bundle; this is called the hyperplane bundle.

Let (zq,...,2,) be the usual coordinates on C"*1. Let U; = {z: z; #
0}. Since U; is C* invariant, it projects to define an open set on CP, we
again shall denote by U;. We define

7 = /%

over U;. Since these functions are invariant under the action of C*, they

extend to continuous functions on U;. We let 27 = (zf,..., zj cey 2

where we have deleted zg = 1. This gives local coordinates on U; in CF,.
The transition relations are:
k)—l Zk:

which are holomorphic so CP, is a holomorphic manifold.

We let s = (2),...,2)) be a section to L over U;. Then s/ = (z;-“)_ls'C
transform holomorphically so L is a holomorphic line bundle over CF,,. The
coordinates z; on C"*! give linear functions on L and represent global
holomorphic sections to the dual bundle L*. There is a natural inner
product on the trivial bundle CP, x C**! which defines a fiber metric on
L. We define:

v =—c (L) = iaglog(l + |22

then this is a closed 2-form over CP,,.

U(n +1) acts on C™*1; this action induces a natural action on CP,, and
on L. Since the metric on L arises from the invariant metric on C*t!, the
2-form z is invariant under the action of U(n + 1).

LEMMA 2.3.1. Let x = —cy(L) over CP,,. Then:

(3) fop, <" = 1

(b) H*(CP,; C) is a polynomial ring with additive generators {1, x,...,z"}.
(¢) If i: CP,—1 — CP, is the natural inclusion map, then i*(z) = x.

PROOF: (c) is immediate from the naturality of the constructions involved.
Standard methods of algebraic topology give the additive structure of
H*(CP;C)=Cd0®C®0---® C. Since v € H?*(CP,;C) satisfies
x™ # 0, (a) will complete the proof of (b). We fix a coordinate chart Uj,.
Since CP,, — U,, = CP,,_1, it has measure zero. It suffices to check that:

" = 1.
Un
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We identify z € U, = C" with (z,1) € C""!. We imbed U(n) in
U(n + 1) as the isotropy group of the vector (0,...,0,1). Then U(n) acts
on (z,1) in C**! exactly the same way as U(n) acts on z in C". Let
dvol = dxy ANdyy N --- ANdz, A dy, be ordinary Lebesgue measure on C"
without any normalizing constants of 2. We parametrize C" in the form
(r,0) for 0 < r < 0 and 6 € S?"~1. We express 2" = f(r,0) dvol. Since x is
invariant under the action of U(n), f(r,0) = f(r) is spherically symmetric
and does not depend on the parameter 6.

We compute that:

1 _
T = —2—m.8810g (1+sz2j) = _2m (Zz’] dz; /(1 + |7| )>

= 27”{z:dzj/\dzj/(qur) székdzk/\déj/(qurQ)Q}.

J.k

We evaluate at the point z = (r,0,...,0) to compute:

o 2m{z dz;j dz; /( 147%) — 7“2dz1/\d21/(1+7~2)2}

1

= —%{dzl Nz /(L4122 43 dzy Adz /(1 + 7“2)}.

j>1
Consequently at this point,
1 n
[ <—2—> n!(1+ 7"2)_”_1 dzy NdzZy N -+~ Ndz, NdZ,
)

=1 "1+ 3" Vdey Adyy A - Ada, Ady,
=77"nl(1+7r*)"""!dvol,

We use the spherical symmetry to conclude this identitiy holds for all z.
We integrate over U,, = C™ and use spherical coordinates:

/x" =nla " /(1 + 7"2)_”_1 dvol=nlz"" /(1 + 2y 21 g dp
= nl 7 " vol(§* 1) 1 4 2y 2=l gy
0
1
= Sl vol(57" 1)/ (1+¢)~"" 11 gy,

We compute the volume of S?*~! using the identity /7 = ffooo S
Thus:

Tt = /6_7"2 dvol = Vol(Szn_l)/ r2n=Le=r" qp
0

1 * —1)!
= —vol(SQ"—l)/ et = D sy,
2 0 2
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We solve this for vol(S?*~1) and substitute to compute:

/x”:n/ (1+t)_”_1t”_1dt:(n—1)/ (1+4)""" "2 dt =
0 0

oo

:A (1+6)~2dt =1

which completes the proof.

x can also be used to define a U(n + 1) invariant metric on CP, called
the Fubini-Study metric. We shall discuss this in more detail in Chapter 3
as this gives a Kaehler metric for CP,.

There is a relation between L and A% (CP,) which it will be convenient
to exploit:

LEMMA 2.3.2. Let M = CP,.
(a) There is a short exact sequence of holomorphic bundles:

0— A (M) = Lo1"t -1 0.
(b) There is a natural isomorphism of complex bundles:

T.Myel~L*@1" =L -..a L*,
~—_——

n—+1 times

Proor: Rather than attempting to give a geometric proof of this fact, we
give a combinatorial argument. Over Uy we have functions zf which give
coordinates 0 < i < n for i # k. Furthermore, we have a section s* to
L. We let {s¥}1_, give a frame for L® 1"*! = L@ --- & L. We define
F: AV (M) — L® 1"*1 on Uy, by:

F(dzF) = sk — 2Fsh.

We note that zf = 1 and F(dzf) = 0 so this is well defined on Uy. On the
overlap, we have the relations zF = (27)~12/ and:

sy = (zk)_lsj and dzF = (zi)_1 dzg - (zi)_2zf dzi.

Thus if we compute in the coordinate system U; we have:

Fdh) = ()7 (s] — 2lsh) — ()72l (s — 2Ls])

J
3

:sk zf —Zz; sk+z] f— f—zksﬁ
which agrees with the definition of F' on the coordinate system Ujg. Thus
F' is invariantly defined. It is clear F' is holomorphic and injective. We let
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v = L ® 1" /image(F), and let m be the natural projection. It is clear
that s is never in the image of F' so ms¥ # 0. Since

F(dz;-“) = sé‘-’ — zfsﬁ = z?’(sg. — 5P

we conclude that 7T8§ = msk so s = wsk is a globally defined non-zero

section to v. This completes the proof of (a). We dualize to get a short
exact sequence:

0—=1—L*®1"" — T.(M) — 0.

These three bundles have natural fiber metrics. Any short exact sequence
of vector bundles splits (although the splitting is not holomorphic) and this
proves (b).

From assertion (b) it follows that the Chern class of T.(CP,) is given
by:

c(T)=c(T.®1) =c(L*® - @ L*) = c(L*)"™ = (14 z)"F.

For example, if m = 1, then ¢(T.) = (1 + x)? = 1 + 2z. In this case,
c1(Te) = e(T(S?)) and we computed [g, e(T(S)) = 2 50 [, x = 1 which
checks with Lemma 2.3.1.

If we forget the complex structure on T.(M) when M is holomorphic,
then we obtain the real tangent space T'(M). Consequently:

TM)yC=T.®Tr
and
¢(T(CP,) ® C) = ¢(T.(CP,) ® T (CP,))
— (1 + x)n-{—l (1 . x)n—{—l — (1 . :L.Q)n-{_l.

When we take into account the sign changes involved in defining the total
Pontrjagin form, we conclude:

LEMMA 2.3.3.
(a) If M = S? x ---x S? has dimension 2n, then [ar e(T(M)) = x(M) = 2".
(b) If M = CP,, has dimension 2n, then

c(T.(M)) = (14 z)" ! and  p(T(M))=(1+2*)"*t,

r € H*(CP,;C) is the generator given by v = c;(L*) = —¢1(L), L is
the tautological line bundle over CP,, and L* is the dual, the hyperplane
bundle.

The projective spaces form a dual basis to both the real and complex
characteristic classes. Let p be a partition of the positive integer £ in the
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form k =4y + -+ +4; where we choose the notation so iy > 13 > ---. We
let (k) denote the number of such partitions. For example, if £ = 4 then
7(4) =5 and the possible partitions are:

4=4, 4=3+1, 4=2+4+2 4=2+1+1, 4=1+1+1+1.
We define classifying manifolds:
M;=CP;, x ---x CP;, and M, = CPyj; x -+ x CPy,

to be real manifolds of dimension 2k and 4k.

LEMMA 2.3.4. Let k be a positive integer. Then:

(a) Let constants ¢(p) be given. There exists a unique polynomial P(A) of
degree k in the components of a k x k complex matrix which is GL(k, C)
invariant such that the characteristic class defined by P satisfies:

[y, P = e(p)

for every such partition p of k.

(b) Let constants c¢(p) be given. There exists a polynomial P(A) of degree
2k in the components of a 2k x 2k real matrix which is GL(2k, R) invariant
such that the characteristic class defined by P satisfies:

[y, P =0

for every such partition p of k. If P’ is another such polynomial, then
P(A) = P'(A) for every skew-symmetric matrix A.

In other words, the real and complex characteristic classes are completely
determined by their values on the appropriate classifying manifolds.

PROOF: We prove (a) first. Let P denote the set of all such polynomials
P(A). We define ¢, = ¢;, ...c;; € Py, then by Lemma 2.1.3 the {c,} form
a basis for Py, so dim(Py) = w(k). The {c,} are not a very convenient basis
to work with. We will define instead:

Hp:Chi1 ...Chij € Px

and show that the matrix:
a(p,7) = /M H,(T.(M?))

is a non-singular matrix. This will prove the H, also form a basis for P
and that the M€ are a dual basis. This will complete the proof.
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The advantage of working with the Chern character rather than with the
Chern class is that:

Chi(TC(Ml X MQ)) = Chi(Tch ) TCMZ) = Chi(Tch) + Chi(TCMZ).

Furthermore, ch; (T.M) = 0 if 2i > dim(M). We define the length ¢(p) = j
to be the number of elements in the partition p. Then the above remarks
imply:

a(p,7) =0 if £(1) > L(p).

Furthermore, if ¢(7) = ¢(p), then a(p,7) = 0 unless 7 = p. We define the
partial order 7 > p if £(7) > {(p) and extend this to a total order. Then
a(p,7) is a triangular matrix. To show it is invertible, it suffices to show
the diagonal elements are non-zero.

We first consider the case in which p = 7 = k. Using the identity
T.(CP;)®1=(L*® ---®dL*) (k+1 times), it is clear that chy(T.CPy) =
(k + 1)chy(L*). For a line bundle, chy(L*) = c1(L*)*/k!. If x = ¢ (L*) is
the generator of H?(CPy; C), then chy(T.CPy) = (k+ 1)z /k! which does
not integrate to zero. If p =7 = {iy,...,4;} then:

£(p)

alp.p) = ¢ [ ] aliv,iv)

where ¢ is a positive constant related to the multiplicity with which the ¢,
appear. This completes the proof of (a).
To prove (b) we replace Mg by Mg, = M} and H, by Hz,. We compute
Chai (T(M)) % chy; (T(M) © C) = chy; (T.M & T M)
= chy; (TCM) + choy; (TC*M)
= QChZZ’ (TCM)

Using this fact, the remainder of the proof of (b) is immediate from the
calculations performed in (a) and this completes the proof.

The Todd class and the Hirzebruch L-polynomial were defined using
generating functions. The generating functions were chosen so that they
would be particularly simple on the classifying examples:

LEMMA 2.3.5.
(a) Let x; = —\;/2mi be the normalized eigenvalues of a complex matrix
A. We define Td(A) = Td(x) = [[; z;/(1—e~"7) as the Todd class. Then:

Td(T.(My)) =1 for all p.
Mg
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(b) Let x; = \;/2m where the eigenvalues of the skew-symmetric real ma-
trix A are {£A1,...}. We define L(A) = L(z) = []; z;/tanhz; as the
Hirzebruch L-polynomial. Then [, L(T(M")) =1 for all p.

P

We will use this calculation to prove the integral of the Todd class gives
the arithmetic genus of a complex manifold and that the integral of the
Hirzebruch L-polynomial gives the signature of an oriented real manifold.
In each case, we only integrate the part of the total class which is of the
same degree as the dimension of the manifold.

ProoOF: Td is a multiplicative class:
Td(T.(My x My)) = Td(T.(M;y) & T.(Mz)) = Td(T.(My)) Td(T.(Ms)).

Similarly the Hirzebruch polynomial is multiplicative. This shows it suffices
to prove Lemma 2.3.5 in the case p =k so M = CP}, or CPsyy.

We use the decomposition T.(CP;) ®1 = L* @ ---® L* (k+ 1 times)
to compute Td(T.(CPy)) = [Td(z)]**! where = ¢ (L*) is the generator
of H?(CPy;R). Since z* integrates to 1, it suffices to show the coefficient
of ¥ in Td(x)**! is 1 or equivalently to show:

Resg—o 2~ F 1 [Td(2) '] = Resy— (1 — e~ %) F"1 = 1.

If £ =0, then:

1 -1 1
(1—€_$)_1:<{L‘—55L‘2—+—...> :$_1<1+§.’E+>

and the result follows. Similarly, if £ =1
l—e ™) ?=z2(14+2+--)
and the result follows. For larger values of k, proving this directly would be
a combinatorial nightmare so we use instead a standard trick from complex
variables. If g(x) is any meromorphic function, then Res,—y ¢'(z) = 0. We
apply this to the function g(x) = (1 —e~%)~* for k > 1 to conclude:
Resg=o(1 — e_””)_k_le_”C = 0.

This implies immediately that:

Resp—o(1 —e )" =Resp—o(1 —e )" 1 (1 —e™®)

= Resy—o(1 — e %)% =

by induction which completes the proof of assertion (a).
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We now assume k is even and study CPy. Again, using the decomposition
T.(CP,)®1=L*® ---® L* it follows that

xk—l—l

k
L(T(CPy)) = [L(x)]**! = NS
Since we are interested in the coefficient of 2¥, we must show:
Res,.—o tanh "l =1 if k is even
or equivalently

Res,—o tanh ™ F 2 =1 if k is odd.

We recall that

T T

tanhe — ¢
et +e %
tanh—l g 2T
23';_'_ ..

so the result is clear if K = 1. We now proceed by induction. We differen-
tiate tanh ™" z to compute:

(tanh™" )’ = —k(tanh ™" 2)(1 — tanh? z).
This implies
Res,.—o tanhFt! ¢ = Res,.—o tanh™F~!
for any integer k. Consequently Res,—g tanh™" 2 = 1 for any odd integer

k since these residues are periodic modulo 2. (The residue at k even is, of
course, zero). This completes the proof.



2.4. The Gauss-Bonnet Theorem.

Let P be a self-adjoint elliptic partial differential operator of order d > 0.
If the leading symbol of P is positive definite, we derived an asymptotic
expansion for Tr{e ="'} in section 1.7. This is too general a setting in which
to work so we shall restrict attention henceforth to operators with leading
symbol given by the metric tensor, as this is the natural category in which
to work.

Let P:C*° (V) — C*°(V) be a second order operator. We choose a local
frame for V. Let x = (z1,...,2,,) be a system of local coordinates. Let
ds® = Jij dz' dz’ be the metric tensor and let g%/ denote the inverse matrix;
dz® - dz? = g is the metric on the dual space T*(M). We assume P has
the form:

where we sum over repeated indices. The a; and b are sections to END(V).
We introduce formal variables for the derivatives of the symbol of P. Let

Gij/a = dggija Aj /o = dgajv b/a - dgb

We will also use the notation g;; k..., @j/ki..., and by, . for multiple partial
derivatives. We emphasize that these variables are not tensorial but depend
upon the choice of a coordinate system (and local frame for V).

There is a natural grading on these variables. We define:

ord(g;j /o) = |, ord(a;j/q) = 1+ |al, ord(b/q) = 2 + |al.
Let P be the non-commutative polynomial algebra in the variables of pos-

itive order. We always normalize the coordinate system so xy corresponds
to the point (0,...,0) and so that:

9ij (z0) = dij and gij/k(xo) =0.
Let K(t,z,z) be the kernel of e, Expand

K(t,x,x) ~ t°7 ey (z, P)
n>0

where e, (z, P) is given by Lemma 1.7.4. Lemma 1.7.5(c) implies:

LEMMA 2.4.1. e,(x,P) € P is a non-commutative polynomial in the
jets of the symbol of P which is homogeneous of order n. If ay(x,P) =
Tre,(z, P) is the fiber trace, then a,(x, P) is homogeneous of order n in
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the components (relative to some local frame) of the jets of the total symbol
of P.

We could also have proved Lemma 2.4.1 using dimensional analysis and
the local nature of the invariants e,, (x, P) instead of using the combinatorial
argument given in Chapter 1.

We specialize to the case where P = A, is the Laplacian on p-forms.
If p =0, then Ay = —¢719/0x;{gg"0/0x;}; g = det(gij)l/2 defines
the Riemannian volume dvol = gdxz. The leading symbol is given by the
metric tensor; the first order symbol is linear in the 1-jets of the metric
with coefficients which depend smoothly on the metric tensor. The 0!
order symbol is zero in this case. More generally:

LEMMA 2.4.2. Let x = (x1,...,%) be a system of local coordinates on
M. We use the dx! to provide a local frame for A(T*M). Relative to this
frame, we expand o(A,) = pa + p1 +po. p2 = |E|*1. py is linear in the
1-jets of the metric with coefficients which depend smoothly on the g;;’s.
po is the sum of a term which is linear in the 2-jets of the metric and a
term which is quadratic in the 1-jets of the metric with coefficients which
depend smoothly on the g;;’s.

Proor: We computed the leading symbol in the first chapter. The re-
mainder of the lemma follows from the decomposition A = dj + éd =
+dxd*+*dxd. In flat space, A = — 5. 9*/0x? as computed earlier.
If the metric is curved, we must also differentiate the matrix representing
the Hodge % operator. Each derivative applied to “x” reduces the order of
differentiation by one and increases the order in the jets of the metric by

one.
Let a,(z, P) = Tre,(x, P). Then:

Tre P ~ t¥/ an(x, P) dvol(zx).
n>0 M

For purposes of illustration, we give without proof the first few terms in
the asymptotic expansion of the Laplacian. We shall discuss such formulas
in more detail in the fourth chapter.

LEMMA 2.4.3.
(a) ao(z, Ap)
(b) az(x,Ao) = (4m)~ ' (= Rijij) /6.

(c)
0a(, Ag) = 1 —12Ryjijikk + SRijij Rper — 2RijirRijie + 2RijkiRijr
R yn 360 '

In this lemma, “;” denotes multiple covariant differentiation. ag, ao,
ay, and ag have been computed for A, for all p, but as the formulas are
extremely complicated, we shall not reproduce them here.

(47) =" dim(AP) = ()~ (™).
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We consider the algebra generated by the variables {g;;/a}ja>2- If
X is a coordinate system and G a metric and if P is a polynomial in
these variables, we define P(X,G)(xp) by evaluation. We always normal-
ize the choice of X so g;;(X,G)(x0) = d;; and g;5/,(X, G)(w0) = 0, and
we omit these variables from consideration. We say that P is invariant
if P(X,G)(xo) = P(Y,G)(xp) for any two normalized coordinate systems
X and Y. We denote the common value by P(G)(xg). For example, the
scalar curvature K = —%Riﬂj is invariant as are the a, (x, Ap).

We let P, denote the ring of all invariant polynomials in the derivatives
of the metric for a manifold of dimension m. We defined ord(g;; /o) = |a/;
let Py, be the subspace of invariant polynomials which are homogeneous
of order n. This is an algebraic characterization; it is also useful to have
the following coordinate free characterization:

LEMMA 2.4.4. Let P € Py, then P € P, ,, if and only if P(c*G)(x¢) =
¢ " P(G)(xg) for every ¢ # 0.

PRrROOF: Fix ¢ = 0 and let X be a normalized coordinate system for the
metric G at the point xg. We assume zo = (0,...,0) is the center of the
coordinate system X. Let Y = cX be a new coordinate system, then:

0/0y; = ¢ 10/0x; C2G(8/8yi,8/8yj) = G(0/0x;,0/0x;)
dy = cmllag 9ij1a(Y,*G) = C_|a|gij/a(X7 G).
This implies that if A is any monomial of P that:
A(Y7 CzG) (l’o) =c Ord(A)A(Xv G)(xO)

Since Y is normalized coordinate system for the metric ¢?G, P(c?G)(xq) =
P(Y,c*G)(xo) and P(G)(zo) = P(X,G)(xp). This proves the Lemma.

If P € P,, we can always decompose P = Py + ---+ P, into homoge-
neous polynomials. Lemma 2.4.4 implies the P; are all invariant separately.
Therefore P, has a direct sum decomposition Py, = Ppo @ Pyt © -+ @
P @ -+ and has the structure of a graded algebra. Using Taylor’s theo-
rem, we can always find a metric with the g;; (X, G)(20) = ¢4, arbitrary
constants for [a| > 2 and so that g;; (X, G)(xo) = 055, 9ij/k(X, G)(x0) = 0.
Consequently, if P € P, is non-zero as a polynomial, then we can always
find G so P(G)(zo) # 0 so P is non-zero as a formula. It is for this reason
we work with the algebra of jets. This is a pure polynomial algebra. If
we work instead with the algebra of covariant derivatives of the curvature
tensor, we must introduce additional relations which correspond to the
Bianchi identities as this algebra is not a pure polynomial algebra.

We note finally that Py, , is zero if n is odd since we may take ¢ = —1.
Later in this chapter, we will let Py, ,, be the space of p-form valued
invariants which are homogeneous of order n. A similar argument will
show Py, np is zero if n — p is odd.

Lemmas 2.4.1 and 2.4.2 imply:



120 2.4. THE GAUSS-BONNET THEOREM

LEMMA 2.4.5. a,(z,A,) defines an element of P, ,,.

This is such an important fact that we give another proof based on
Lemma 2.4.4 to illustrate the power of dimensional analysis embodied in
this lemma. Fix ¢ > 0 and let A,(c?G) = ¢?A,(G) be the Laplacian cor-
responding to the new metric. Since dvol(c?G) = ¢™ dvol(G), we conclude:

e—tAp(c2G’) _ 6—tc_2Ap(G’)
K(t,r,2,A,(c*G)) dvol(c*G) = K (¢ *t, x, z, Ap(G)) dvol(G)
K(t,z,2,A,(*G)) = ¢ K (¢t z, 7, A, (G))

Zt% an(r, Ap(*G)) ~ Zc‘mcmc_”t% an(x, Ap(G))
an (7, Ap(*G)) = ¢ "an (v, Ap(G)).

We expand a,,(z,A,(G)) = >, an,up + 7 in a finite Taylor series about
gij = 0;; in the g;;,, variables. Then if a, ,, is the portion which is
homogeneous of order v, we use this identity to show a, ,, = 0 for n # v
and to show the remainder in the Tayor series is zero. This shows a, is a
homogeneous polynomial of order n and completes the proof.

Since a,, (z, A,) = 0if n is odd, in many references the authors replace the
asymptotic series by t72 Y t"a,(x,A,), They renumber this sequence
ap, a1, ...rather than ag, 0, as, 0, aq,.... We shall not adopt this notational
convention as it makes dealing with boundary problems more cumbersome.

H. Weyl’s theorem on the invariants of the orthogonal group gives a
spanning set for the spaces Py, »:

LEMMA 2.4.6. We introduce formal variables R;, i,isi,:i5...i, for the mul-
tiple covariant derivatives of the curvature tensor. The order of such a
variable is k + 2. We consider the polynomial algebra in these variables
and contract on pairs of indices. Then all possible such expressions generate
P In particular:

{1} spans Pp, 0, {Riji;} spans Pp,
{Rijijikks Rijij Riirts RijinRijik, RijriRijri} spans P, 4.

This particular spanning set for Py, 4 is linearly independent and forms
a basis if m > 4. If m =3, dim(P34) = 3 while if m = 2, dim(Ps4) = 2
so there are relations imposed if the dimension is low. The study of these
additional relations is closely related to the Gauss-Bonnet theorem.

There is a natural restriction map

T Pm,n — Pm—l,n
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which is defined algebraically as follows. We let
degy,(9ij/a) = 0ik + 0,k + (k)

be the number of times an index k appears in the variable g;;,,. Let

oy _ S 9ijja € Pm—1 i degy,(9ij/0) =0
r(gijja) = {O if deg,,, (9ij/a) > 0.

We extend r: P,,, — Pp,_1 to be an algebra morphism; r(P) is a polynomial
in the derivatives of a metric on a manifold of dimension m — 1. It is clear
r preserves the degree of homogeneity.

r is the dual of a natural extension map. Let G’ be a metric on a
manifold M’ of dimension m — 1. We define i(G’) = G + df? on the
manifold M = M’ x S! where S! is the unit circle with natural parameter
0. If X' is a local coordinate system on M’, then i(X') = (z,0) is a local
coordinate system on M. It is clear that:

(rP)(X', G")(x5) = P(i(X"),i(G"))(x0, 00)

for any 0y € S'; what we have done by restricting to product manifolds
M’ x S' with product metrics G’ 4 df? is to introduce the relation which
says the metric is flat in the last coordinate. Restiction is simply the
dual of this natural extension; rP is invariant if P is invariant. Therefore
r: pm,n - Pm,n—l .

There is one final description of the restriction map which will be useful.
In discussing a H. Weyl spanning set, the indices range from 1 through
m. We define the restriction by letting the indices range from 1 through
m — 1. Thus R;;;; € Pp, 2 is its own restriction in a formal sense; of course
r(R;jij) = 0 if m = 2 since there are no non-trivial local invariants over a
circle.

THEOREM 2.4.7.

(a) 7 Ppn, — Pm—1,n is always surjective.

(b) r: Pryn — Pm—1,n Is bijective if n < m.

(¢) : Pm,m — Pm—1,m has I-dimensional kernel spanned by the Euler class
E,, if m is even. If m is odd, Ppy,.m = Pm—1,m = 0.

(¢) is an axiomatic characterization of the Euler form. It is an expression
of the fact that the Euler form is a unstable characteristic class as opposed
to the Pontrjagin forms which are stable characteristic classes.

PROOF: (a) is consequence of H. Weyl’s theorem. If we choose a H. Weyl
spanning set, we let the indices range from 1 to m instead of from 1 to
m — 1 to construct an element in the inverse image of r. The proof of
(b) and of (c¢) is more complicated and will be postponed until the next
subsection. Theorem 2.4.7 is properly a theorem in invariance theory, but
we have stated it at this time to illustrate how invariance theory can be
used to prove index theorems using heat equation methods:
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THEOREM 2.4.8. Let ay(x,d+6) = > (=1)Pan(x,A,) € Ppm be the
invariant of the de Rham complex. We showed in Lemma 1.7.6 that:

/M an (i, d + 8) dvol(x) = {0 if n £ m.

Then:

(a) an(z,d+ 0) =0 if either m is odd or if n < m.

(b) am(x,d+ 0) = Em is m is even so x(M) = [, Ey dvol(z) (Gauss-
Bonnet theorem).

Proor: We suppose first that m is odd. Locally we can always choose an
orientation for T'(M). We let * be the Hodge operator then *A, = £A,,_,*
locally. Since these operators are locally isomorphic, their local invariants
are equal so an,(z,A)) = a,(x,An—p). If m is odd, these terms cancel
in the alternating sum to give a,(x,d + 0) = 0. Next we suppose m is
even. Let M = M’ x S! with the product metric. We decompose any
w € A(T* M) uniquely in the form

w=wy +wyAdf for w; € A(T*M").

We define:
F(w) =wi ANdO + wy

and compute easily that FA = AF since the metric is flat in the S*!
direction. If we decompose A(M) = A®(M) ® A°(M) into the forms of
even and odd degree, then F' interchanges these two factors. Therefore,
an(z,Ar) = an(x,Ay) so an(x,d+ ) = 0 for such a product metric.
This implies 7(a,) = 0. Therefore a,, = 0 for n < m by Theorem 2.4.7.
Furthermore:

Ay, = CnEm

for some universal constant c,,. We show ¢,, = 1 by integrating over the
classifying manifold M = S2 x --- x S2. Let 2m = m, then

2" = x(M am (x,d+ §) dvol(x E,, dvol(x
M M

by Lemma 2.3.4. This completes the proof of the Gauss-Bonnet, theorem.



2.5. Invariance Theory and the
Pontrjagin Classes of the Tangent Bundle.

In the previous subsection, we gave in Theorem 2.4.7 an axiomatic char-
acterization of the Euler class in terms of functorial properties. In this
subsection we will complete the proof of Theorem 2.4.7. We will also give
a similar axiomatic characterization of the Pontrjagin classes which we will
use in our discussion of the signature complex in Chapter 3.

Let T:R™ — R™ be the germ of a diffeomorphism. We assume that:

T(0)=0 and  dT(x) =dT(0)+O(z*)  for dT(0) € O(k).

If X is any normalized coordinate system for a metric G, then T'X is another
normalized coordinate system for G. We define an action of the group of
germs of diffeomorphisms on the polynomial algebra in the {g;; /o }, [a] > 2
variables by defining the evaluation:

(T*P)(X, G)(zo) = P(TX,G)(x0).

Clearly P is invariant if and only if 7% P = P for every such diffeomorphism
T.

Let P be invariant and let A be a monomial. We let ¢(A, P) be the
coefficient of A in P; ¢(A, P) defines a linear functional on P for any
monomial A. We say A is a monomial of P if ¢c(A, P) # 0. Let T; be the
linear transformation:

) o -y Ifl{):]
Tﬂ(x’f)_{xk if k£ .

This is reflection in the hyperplane defined by x; = 0. Then

% . deg . (A
T; (4) = (~1)n () 4

for any monomial A. Since
;P =) (-1)%8Wc(4,P)A=P=> c(A,P)A,

we conclude deg;(A) must be even for any monomial A of P. If A has the
form:

A = giljl/al ot 'girjr/ar
we define the length of A to be:
L(A) =

It is clear 2¢(A) 4+ ord(A) = 3 _; deg;(A) so ord(A) is necessarily even if A
is a monomial of P. This provides another proof P,, , = 0 if n is odd.
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In addition to the hyperplane reflections, it is convenient to consider
coordinate permutations. If p is a permutation, then 7 (A) = A” is defined
by replacing each index i by p(i) in the variables g;; ... Since T (P) = P,
we conclude the form of P is invariant under coordinate permutations or
equivalently ¢(A, P) = ¢(AP, P) for every monomial A of P.

We can use these two remarks to begin the proof of Theorem 2.4.7.
Fix P # 0 with »(P) = 0 and P € Py, . Let A be a monomial of P.
Then r(P) = 0 implies deg,,(A) > 0 is even. Since P is invariant under
coordinate permutations, deg,(A) > 2 for 1 < k < m. We construct the
chain of inequalities:

2m <) deg;,(A) = 20(A) + ord(A)
=Y 2+ |aw]) <) 2lay] = 20rd(4) = 2n.

We have used the fact |a,| > 2 for 1 < v < {(A). This implies m < n so in
particular P = 0 if n < m which proves assertion (b) of Theorem 2.4.7. If
n = m, then all of the inequalities in this string must be equalities. This
implies 2¢(A) = m, deg, (A) = 2 for all k, and |, | = 2 for all v. Thus the
monomial A must have the form:

A=9iji ks - 9irj ke, for 2r=m

and in particular, P only involves the second derivatives of the metric.
In order to complete the proof of Theorem 2.4.7, we must use some
results involving invariance under circle actions:

LEMMA 2.5.1. Parametrize the circle SO(2) by z = (a,b) for a> +b* = 1.
Let T, be the coordinate transformation:

Y1 = axy + bxo, Yo = —bx1 + axs, Yk = Tk for k£ > 2.

Let P be a polynomial and assume TP = P for all z € S'. Then:

(a) If g12/q divides a monomial A of P for some «, then g1,/3 divides a
monomial B of P for some (3.

(b) If g o divides a monomial of A of P for some (i, j), then gy /3 divides
a monomial B of P for some 3 and some (k,l) where (1) = a(1) + «(2)
and (3(2) = 0.

Of course, the use of the indices 1 and 2 is for convenience only. This
lemma holds true for any pair of indices under the appropriate invariance
assumption.

We postpone the proof of this lemma for the moment and use it to
complete the proof of Theorem 2.4.7. Let P # 0 € Py, ,, with r(P) = 0.
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Let A be a monomial of P. We noted deg,(A) =2 for 1 <k <m and A
is a polynomial in the 2-jets of the metric. We decompose

A= i gy kity -+ Gijr kol for 2r = m.

By making a coordinate permutation we can choose A so ¢; = 1. If j; # 1,
we can make a coordinate permutation to assume j; = 2 and then apply
Lemma 2.5.1(a) to assume i; = j; = 1. We let P; = > ¢(A, P)A where
the sum ranges over A of the form:

A=gii/kity - Girjr kol

which are monomials of P. Then P; # 0 and P; is invariant under coor-
dinate transformations which fix the first coordinate. Since deg; (A) = 2,
the index 1 appears nowhere else in A. Thus kq is not 1 so we may make
a coordinate permutation to choose A so k4 = 2. If [y £ 2, then [; > 3 so
we may make a coordinate permutation to assume [; = 3. We then apply
Lemma 2.5.1(b) to choose A a monomial of P; of the form:

A= 911/2214/-

We have deg;(A) = degy(A) = 2 so deg;(A’) = degy(A") = 0 so these
indices do not appear in A’. We define P, = > ¢(A, P)A where the sum
ranges over those monomial A of P which are divisible by g11/92, then
Py #0.

We proceed inductively in this fashion to show finally that

Ao = g11/22933/44 - - - Sm—1,m—1/mm

is a monomial of P so ¢(Ap, P) # 0. The function ¢(Ap, P) is a separating
linear functional on the kernel of r in P, ,, and therefore

dim({P € Py :7(P)=0}) < 1.

We complete the proof of Theorem 2.4.7(c) by showing that r(E,,) = 0. If
E,, is the Euler form and M = M' x S, then:

Epn(M)=E,(M' xS*)=E,_(M)E(S*) =0

which completes the proof; dim N(r) = 1 and E,,, € N(r) spans.

Before we begin the proof of Lemma 2.5.1, it is helpful to consider a few
examples. If we take A = g1/, then it is immediate:

d0/0y1 = ad/dx1 + bd/0xs , 0/0ys = —b0/0x1 + ad/Ox2
d/dy, = 0/0xy, for k > 2.
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We compute T (A) by formally replacing each index 1 by al + b2 and each
index 2 by —b1 + a2 and expanding out the resulting expression. Thus, for
example:

Tz* (911/11) = Ja1+4b2,a1+4b2/a1+b2,a1+b2
= CL4911/11 + 26635911/12 + 26135912/11
+ CL2b2911/22 + CL2b2922/11 + 4a252912/12
+ 2Clb3912/22 + 2ab3922/12 + 54922/22-

We note that those terms involving a®b arose from changing exactly one
index to another index (1 — 2 or 2 — 1); the coefficient reflects the multi-
plicity. Thus in particular this polynomial is not invariant.

In computing invariance under the circle action, all other indices remain
fixed so

T (93411 + g3a/22) = (02934/11 + 52934/22 + 2abg34/12
+ CL2934/22 + 52934/11 — 2abgs4/12)
= (a® + b°)(g3a/11 + g34/22)

is invariant. Similarly, it is easy to compute:

T (g11/22 + 922711 — 2912/12) = (a* + 52)2(911/22 + 922/11 — 2912/12)

so this is invariant. We note this second example is homogeneous of degree
4 in the (a,b) variables since deg, (A) + deg,(A) = 4.

With these examples in mind, we begin the proof of Lemma 2.5.1. Let
P be invariant under the action of the circle acting on the first two coor-
dinates. We decompose P = Py + P; + - - - where each monomial A of P;
satisfies deg, (A) + degy(A) = j. If A is such a monomial, then T3 (A) is a
sum of similar monomials. Therefore each of the P; is invariant separately
so we may assume P = P, for some n. By setting a = b = —1, we see n
must be even. Decompose:

T (P) = a" PO 4 pgr—tp) 4 .4 prp(n)

where P = P(®), We use the assumption T} (P) = P and replace b by —b
to see:

0 =T, 4 (P) = Ty _y) (P) = 2ba" ' PV 4 26%" 2 PO .

We divide this equation by b and take the limit as b — 0 to show P(}) =0,
(In fact, it is easy to show P(iT1) =0 and P(?)) = ("J/.Z)P but as we shall

not need this fact, we omit the proof).
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We let Ay denote a variable monomial which will play the same role as
the generic constant C' of Chapter 1. We introduce additional notation
we shall find useful. If A is a monomial, we decompose T(*a b)A =a"A+

a”~'bAM) 4 ... If B is a monomial of AM") then deg,(B) = deg,(A4) £ 1
and B can be constructed from the monomial A by changing exactly one
index 1 — 2 or 2 — 1. If deg,(B) = deg,(A4) + 1, then B is obtained
from A by changing exactly one index 2 — 1; ¢(B,AM) is a negative
integer which reflects the multiplicity with which this change can be made.
If deg, (B) = deg,(A) — 1, then B is obtained from A by changing exactly
one index 1 — 2; ¢(B, AM) is a positive integer. We define:

Al —2) = ZC(B, AB summed over deg,(B) = deg;(A) — 1
A2 —1) = Z —c(B,AB  summed over deg, (B) = deg,(A) + 1
AL = A1 = 2) - A2 —1).

For example, if A = (g12/33)?g11/44 then n = 6 and:

A(1 = 2) = 2g12/33922/33911 /44 + 2(912/33)° 91244
A(2 = 1) = 2912/33911/33911 /44 -

It is immediate from the definition that:

> e(B,A(l = 2)) =deg,(A)  and > (B, A2 1)) = deg,(A).

Finally, it is clear that c(B, A(M)) # 0 if and only if ¢(4, B1) # 0, and
that these two coefficients will be opposite in sign, and not necessarily equal
in magnitude.

LEMMA 2.5.2. Let P be invariant under the action of SO(2) on the first
two coordinates and let A be a monomial of P. Let B be a monomial of
A®M) | Then there exists a monomial of Ay different from A so that

(B, AM)e(A, P)e(B, AY)e(Ay, P) < 0.
PRrOOF: We know P() = 0. We decompose

PW =3 "¢(A4, P)AN =) "¢(A, P)e(B,AM)B.
A B

Therefore ¢(B, P(V) = 0 implies

> (A, P)e(B,AM) =0
A
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for all monomials B. If we choose B so ¢(B, A()) # 0 then there must be
some other monomial A; of P which helps to cancel this contribution. The
signs must be opposite which proves the lemma.

This lemma is somewhat technical and formidable looking, but it is ex-
actly what we need about orthogonal invariance. We can now complete the
proof of Lemma 2.5.1. Suppose first that A = (g12/a)kA0 for £ > 0 where
912/ does not divide Ag. Assume c¢(A P) # 0. Let B = g11/4 (glz/a)k_le
then ¢(B,AM)) = —k # 0. Choose A; # A so ¢(A;,P) # 0. Then
c(Ay, BM) # 0. If ¢(A;, B(2 — 1)) # 0 then A; is constructed from B
by changing a 2 — 1 index so A; = gy1/5... has the desired form. If
c(A1, B(1 — 2)) # 0, we expand B(1 — 2) = A+ terms divisible by g11/3
for some 3. Since A; # A, again A; has the desired form which proves (a).

To prove (b), we choose g;; /o dividing some monomial of P. Let 3 be cho-
sen with 3(1)+3(2) = a(1)+«a(2) and B(k) = a(k) for k > 2 with a(1) max-
imal 5o g,,/s3 divides some monomial of P for some (u,v). Suppose 3(2) #
0, we argue for a contradiction. Set v = (5(1)+1, 8(2)—1,3(3),...,3(m)).
Expand A = (guv/g)kAo and define B = g,/ (guv/ﬁ)k_le where g,,/3
does not divide Ag. Then (B, AM) = —3(2)k # 0 so we may choose
Ay # Aso c(A, BM) £ 0. If ¢(A;, B(2 — 1)) # 0 then either A; is
divisible by gyryr /4 OF by gyy/ Where v/(1) = y(1) + 1, +'(2) = v(2) — 1,
and v'(j) = a(j) for j > 2. Either possibility contradicts the choice of 3
as maximal so ¢(Ay, B(1 — 2)) # 0. However, B(1 — 2) = (1) A+ terms
divisible by g,/ for some (u',v"). This again contradicts the maximal-
ity as A # A; and completes the proof of Lemma 2.5.1 and thereby of
Theorems 2.4.7 and 2.4.8.

IfI={1<i < - <i, <m},let |[I| =pand dx! = da;; A - A
dz;,. A p-form valued polynomial is a collection {P;} = P for |I| = p of
polynomials P; in the derivatives of the metric. We will also sometimes
write P =3 _, Pr da! as a formal sum to represent P. If all the {Pr} are
homogeneous of order n, we say P is homogeneous of order n. We define:

P(X,G)(wo) = > P(X,G)da" € AP(T* M)

to be the evaluation of such a polynomial. We say P is invariant if
P(X,G)(z9) = P(Y,G)(xo) for every normalized coordinate systems X
and Y'; as before we denote the common value by P(G)(xp). In analogy
with Lemma 2.4.4 we have:

LEMMA 2.5.3. Let P be p-form valued and invariant. Then P is homo-
geneous of order n if and only if P(c*G)(xg) = P~ P(G)(x) for every
c#0.

The proof is exactly the same as that given for Lemma 2.4.4. The only

new feature is that dy’ = ¢ do' which contributes the extra feature of ¢?
in this equation.
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We define P, ., to be the vector space of all p-form valued invariants
which are homogeneous of order n on a manifold of dimension m. If Py, .,
denotes the vector space of all p-form valued invariant polynomials, then
we have a direct sum decomposition P, .., = @,, Pm,n,p exactly as in the
scalar case p = 0.

We define deg, (I) to be 1 if k appears in I and 0 if £ does not appear
in [.

LEMMA 2.5.4. Let P € Py, with P # 0. Thenn —p is even. If A is a
monomial then A is a monomial of at most one Py. If ¢(A, Pr) # 0 then:

deg;, (A) + deg, (1) is always even.

PROOF: Let T be the coordinate transformation defined by T'(z) = —x
and T'(x;) = x; for j # k. Then

P=T*(P) = Z(_l)degk(AHdegk(I) c(A, Pp) da!
I,A

which implies deg, (A) + deg, (I) is even if ¢(A, Pr) # 0. Therefore

> " degy,(A) + degy, (1) = 20(A) + ord(A) + p = 20(A) + n + p

must be even. This shows n+p is even if P # 0. Furthermore, if ¢(A, Py) #
0 then I is simply the ordered collection of indices k so degy, (A) is odd which
shows A is a monomial of at most one P; and completes the proof.

We extend the Riemannian metric to a fiber metric on A(T*M) @ C. It
is clear that P - P =Y, PP since the {dz'} form an orthonormal basis
at xgp. P - P is a scalar invariant. We use Lemma 2.5.1 to prove:

LEMMA 2.5.5. Let P be p-form valued and invariant under the action of
O(m). Let A be a monomial of P. Then there is a monomial A; of P with
degy (A1) =0 for k > 2((A).

PrOOF: Let r = ((A) and let Pl = 7,5 _, c(B, Pr)dx! # 0. Since
this is invariant under the action of O(m), we may assume without loss
of generality P = P.. We construct a scalar invariant by taking the inner
product @ = (P, P). By applying Lemma 2.5.1(a) and making a coordinate
permutation if necessary, we can assume g;;/,, divides some monomial of
Q). We apply 2.5.1(b) to the indices > 1 to assume «aq(k) = 0 for k£ > 2.
911/a, must divide some monomial of P. Let

IS Z c(911/a, 40> Pr)911/0, Ao da’ # 0.
Ao, T
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This is invariant under the action of O(m—2) on the last m—2 coordinates.
We let Q1 = (P, P1) and let g;, , /o, divide some monomial of Q1. If both
12 and jo are < 2 we leave this alone. If i < 2 and j5 > 3 we perform a
coordinate permutation to assume jo = 3. In a similar fashion if iy > 3
and jo < 2, we choose this variable so 1o = 3. Finally, if both indices > 3,
we apply Lemma 2.5.1(a) to choose this variable so i5 = jo = 3. We apply
Lemma 2.5.1(b) to the variables k£ > 4 to choose this variable so ay(k) = 0
for k > 4. It Ay = g11/a, Yizjs/a, then:

deg,(A2) =0 for k£ > 4 and A, divides some monomial of P.
We continue inductively to construct A, = gi1/4, +--9i,j,/a, 50 that
deg,(A,) =0 for k > 2r and A, divides some monomial of P.

Since every monomial of P has length r, this implies A, itself is a monomial
of P and completes the proof.

Let Pj(G) = p;(TM) be the j*® Pontrjagin form computed relative to
the curvature tensor of the Levi-Civita connection. If we expand p; in
terms of the curvature tensor, then p; is homogeneous of order 2j in the
{Rijri} tensor so p; is homogeneous of order 45 in the jets of the metric. It
is clear p; is an invariantly defined 4j-form so p; € Py, 454;. The algebra
generated by the p; is called the algebra of the Pontrjagin forms. By
Lemma 2.2.2, this is also the algebra of real characteristic forms of T'(M).
If p is a partition of k =iy + ---+i; we define p, = p;, ...pi; € Py akak-
The {p,} form a basis of the Pontrjagin 4k forms. By Lemma 2.3.4, these
are linearly independent if m = 4k since the matrix |, Mr Do is non-singular.

By considering products of these manifolds with flat tori 7™ ** we can
easily show that the {p,} are linearly independent in Py, 41 45 if 4k < m.
We let 7(k) be the number of partitions of k; this is the dimension of the
Pontrjagin forms.

The axiomatic characterization of the real characteristic forms of the
tangent space which is the analogue of the axiomatic characterization of
the Euler class given in Theorem 2.4.7 is the following:

LEMMA 2.5.6.
(a) Pmpnp =0 ifn <p.
(b) Ppnn Is spanned by the Pontrjagin forms—i.e.,
Prn,n = 0 if n is not divisible by 4k,
P ak.ar = span{p,} for 4k < m has dimension 7 (k).

PrOOF: By decomposing P into its real and imaginary parts, it suffices to
prove this lemma for polynomials with real coefficients. Let 0 # P € Py, 1, p
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and let A be a monomial of P. Use Lemma 2.5.5 to find a monomial A; of
some Pr where I = {1 <iy < -+ <, < m} sodeg,(A4) =0 for k > 2((A).
Since deg; (A) is odd (and hence non-zero) and since 2((A) <3 [ay[=n
as A is a polynomial in the jets of order 2 and higher, we estimate:

p <i, <20(A) <n.

This proves P = 0 if n < p, which proves (a).

If n = p, then all of these inequalities must have been equalities. This
shows that the higher order jets of the metric do not appear in P so P is
a polynomial in the {g;;/x;} variables. Furthermore, i, = p and there is
some monomial A so that

deg,(A)=0for k>p and Adz! A ---AdzP appears in P.

There is a natural restriction map r:Pnnp — Pm—i,n,p defined in the
same way as the restriction map 7: Pn 0 — Pm—1,n,0 discussed earlier.
This argument shows r:Pp, n.n — Pp—1,n,n 1s injective for n < m since
r(Adxt A -~ AdaP) = Adxt A -+ AdxP appears in r(P). The Pontrjagin
forms have dimension w(k) for n = 4k. By induction, r™=": Py, ., —
Pr,nn is injective so dim Py, , ,, < dim Py, -

We shall prove Lemma 2.5.6(b) for the special case n = m. If n is
not divisible by 4k, then dim P, ,, = 0 which implies dim P, , = 0.
If n = 4k, then dim?P, ,, = (k) implies that 7(k) < dimP,, pnn <
dim Py, pn < 7(k) so dim Py, ,, n = 7(k). Since the Pontrjagin forms span
a subspace of exactly dimension 7(k) in Pp, 5, ,, this will complete the proof
of (b).

This lemma is at the heart of our discussion of the index theorem. We
shall give two proofs for the case n = m = p. The first is based on H. Weyl’s
theorem for the orthogonal group and follows the basic lines of the proof
given in Atiyah-Bott-Patodi. The second proof is purely combinatorial and
follows the basic lines of the original proof first given in our thesis. The
H. Weyl based proof has the advantage of being somewhat shorter but
relies upon a deep theorem we have not proved here while the second proof
although longer is entirely self-contained and has some additional features
which are useful in other applications.

We review H. Weyl’s theorem briefly. Let V' be a real vector space with
a fixed inner product. Let O(V') denote the group of linear maps of V- — V/
which preserve this inner product. Let ®"(V) =V ® ---® V denote the
k" tensor prodect of V. If g € O(V), we extend g to act orthogonally
on ®"(V). We let z — g(z) denote this action. Let f:®"(V) — R
be a multi-linear map, then we say f is O(V) invariant if f(g(z)) = f(z)
for every g € O(V). By letting ¢ = —1, it is easy to see there are no
O(V) invariant maps if £ is odd. We let k = 2j and construct a map
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fo i@ WM =WVeV)o(VeV)® - (VeV)— R using the metric
to map (V ® V) — R. More generally, if p is any permutation of the
integers 1 through k, we define z — 2, as a map from RF(V) = ®* (V)
and let f,(z) = fo(z,). This will be O(V') invariant for any permutation p.
H. Weyl’s theorem states that the maps {f,} define a spanning set for the
collection of O(V') invariant maps.

For example, let k = 4. Let {v;} be an orthonormal basis for V' and
express any z € ®4(V) in the form a;;v; ® v; ® v, ® v; summed over
repeated indices. Then after weeding out duplications, the spanning set is
given by:

fo(2) = aijj,  f1(2) = aijiz,  f2(2) = aijj
where we sum over repeated indices. fy corresponds to the identity permu-
tation; f; corresponds to the permutation which interchanges the second
and third factors; fo corresponds to the permutation which interchanges
the second and fourth factors. We note that these need not be linearly in-
dependent; if dim V' = 1 then dil’n(®4 V)=1and f; = fo = f3. However,
once dim V' is large enough these become linearly independent.

We are interested in p-form valued invariants. We take ®"(V) where
k — p is even. Again, there is a natural map we denote by

fP(2) = fo(z1) A A(z2)

where we decompose ®" (V) = Q"7 (V) @ ®”(V). We let fo act on the

first k — p factors and then use the natural map @” (V) Aar (V') on the
last p factors. If p is a permutation, we set f(z) = f?(z,). These maps are
equivariant in the sense that f?(gz) = gf%(z) where we extend g to act on
AP(V) as well. Again, these are a spanning set for the space of equivariant
multi-linear maps from ®"(V) to AP(V). If k = 4 and p = 2, then after
eliminating duplications this spanning set becomes:

f1(2) = @iijrvj Aok, f2(2) = aijirvi Ave,  f3(2) = aijrivi A v
f1(2) = ajiriv; Nk, f5(2) = aunvi Ao, fo(2) = ajrivy Aoy .
Again, these are linearly independent if dim V" is large, but there are re-
lations if dim V' is small. Generally speaking, to construct a map from
QX" (V) — AP(V)) we must alternate p indices (the indices j, k in this ex-
ample) and contract the remaining indices in pairs (there is only one pair

i, here).
THEOREM 2.5.7 (H. WEYL’S THEOREM ON THE INVARIANTS OF THE
ORTHOGONAL GROUP). The space of maps {f}} constructed above span

the space of equivariant multi-linear maps from ®k V — APV,

The proof of this theorem is beyond the scope of the book and will be
omitted. We shall use it to give a proof of Lemma 2.5.6 along the lines
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of the proof given by Atiyah, Bott, and Patodi. We will then give an
independent proof of Lemma 2.5.6 by other methods which does not rely
on H. Weyl’s theorem.

We apply H. Weyl’s theorem to our situation as follows. Let P € Py, , p,
then P is a polynomial in the 2-jets of the metric. If we let X be a system of
geodesic polar coordinates centered at xg, then the 2-jets of the the metric
are expressible in terms of the curvature tensor so we can express P as
a polynomial in the {R;;;} variables which is homogeneous of order n/2.
The curvature defines an element R € ®*(T(M)) since it has 4 indices.
There are, however, relations among the curvature variables:

Rk = Ry, Rijri = —Rjin, and Rijri + Rigij + Rijr = 0.

We let V' be the sub-bundle of ®"(T(M)) consisting of tensors satisfying
these 3 relations.

If n = 2, then P:V — A?(T(M)) is equivariant while more generally,
P: ®n/2(V) — A"(T'(M)) is equivariant under the action of O(T'(M)).
(We use the metric tensor to raise and lower indices and identify T'(M) =
T*(M)). Since these relations define an O(7'(M)) invariant subspace of
R*"(T(M)), we extend P to be zero on the orthogonal complement of

®n/2 (V) in @™ (T(M)) to extend P to an equivariant action on the whole
tensor algebra. Consequently, we can use H. Weyl’s theorem to span Py, ,, p
by expressions in which we alternate n indices and contract in pairs the
remaining n indices.

For example, we compute:

pr=0C"- Rz’jabRijcd dz® A dx® A dzt A dz?

for a suitable normalizing constant C' represents the first Pontrjagin form.
In general, we will use letters a, b, c,... for indices to alternate on and
indices i, j, k, ... for indices to contract on. We let P be such an element
given by H. Weyl’s theorem. There are some possibilities we can eliminate
on a priori grounds. The Bianchi identity states:

1
Riave dz® A da® A da© = g(Rmbc + Ripea + Ricap) dz® A dz® A dz€ = 0

so that three indices of alternation never appear in any R . variable. Since
there are n/2 R variables and n indices of alternation, this implies each R
variable contains exactly two indices of alternation. We use the Bianchi
identity again to express:

—_

Rz’ajb dz® A dl‘b = _(Riajb — Ribja) dz® A dl‘b

il N

= §(ijb + Ribaj) dz® A dx®

1 1
= _§Rijba dz® A dab = §Rijab dz® A da®.
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This together with the other curvature identities means we can express
P in terms of Rjjqpdz® A da® = Qg variables. Thus P = P(£;;) is a
polynomial in the components of the curvature matrix where we regard
Qi; € A*(T*M). (This differs by various factors of 2 from our previous
definitions, but this is irrelevant to the present argument). P(Q) is an
O(n) invariant polynomial and thus is a real characteristic form. This
completes the proof.

The remainder of this subsection is devoted to giving a combinatorial
proof of this lemma in the case n = m = p independent of H. Weyl’s
theorem. Since the Pontrjagin forms span a subspace of dimension 7 (k)
if n = 4k we must show P, ,, = 0 if n is not divisible by 4 and that
dim Py ar a1 < 7(k) since then equality must hold.

We showed n = 25 is even and any polynomial depends on the 2-jets of
the metric. We improve Lemma 2.5.1 as follows:

LEMMA 2.5.8. Let P satisfy the hypothesis of Lemma 2.5.1 and be a
polynomial in the 2-jets of the metric. Then:

(a) Let A = g12/4 Ao be a monomial of P. Either by interchanging 1 and
2 indices or by changing two 2 indices to 1 indices we can construct a
monomial Ay of the form Ay = gy1/3Af which is a monomial of P.

(b) Let A = g;j/1240 be a monomial of P. FEither by interchanging 1
and 2 indices or by changing two 2 indices to 1 indices we can construct a
monomial of Ay of the form Ay = g;i;: /11 Ay which is a monomial of P.
(¢) The monomial A; # A. Ifdeg,(A1) = deg,(A)+2 then ¢(A, P)c(Ay, P)
> 0. Otherwise deg; (A1) # deg,(A) and ¢(A, P)c(Ay, P) < 0.

ProOOF: We shall prove (a) as (b) is the same; we will also verify (c¢). Let
B = g11/a40 50 ¢(B, A(2 — 1)) #0. Then deg,(B) = deg,(A) + 1. Apply
Lemma 2.5.2 to find A; # A so c(B,Agl)) # 0. We noted earlier in the
proof of 2.5.1 that A; must have the desired form. If ¢(4;, B(2 — 1)) #0
then deg, (A1) = deg, (B)+1 = deg; (A)+2 so A; is constructed from A by
changing two 2 to 1 indices. Furthermore, ¢(B, Aﬁ”) > 0 and ¢(B,AM) <
0 implies ¢(A, P)c(Aq, P) > 0. If, on the other hand, ¢(A;, B(1 — 2)) # 0
then deg, (A1) = deg;(B) — 1 = deg,(A) and A changes to A; by inter-
changing a 2 and a 1 index. Furthermore, ¢(B, Agl)) < 0and¢(B,AM) <0
implies ¢(A, P)c(Aq, P) < 0 which completes the proof.

Let P € P,y and express P = P'dal A - Ada™. P = %P is a
scalar invariant which changes sign if the orientation of the local coordinate
system is reversed. We identify P with P’ for notational convenience and
henceforth regard P as a skew-invariant scalar polynomial. Thus deg;(A)
is odd for every k and every monomial A of P.

The indices with deg,(A) = 1 play a particularly important role in our
discussion. We say that an index ¢ touches an index j in the monomial A
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“won

if A is divisible by a variable g;;, or g _,; where indicate two indices

which are not of interest.

LEMMA 2.5.9. Let P € Py, ., with P # 0. Then there exists a monomial

A of P so

(a) degi(A) <3 all k.

(b) If deg;,(A) = 1 there exists an index j(k) which touches k in A. The
index j(k) also touches itself in A.

(c) Let deg; A + deg, A = 4. Suppose the index j touches itself and the
index k in A. There is a unique monomial A, different from A which can
be formed from A by interchanging a j and k index. deg; A;+deg, A1 =4
and the index j touches itself and the index k in Ay. ¢(A, P)+c(Ay, P) = 0.

PRrROOF: Choose A so the number of indices with deg;(A) = 1 is minimal.
Among all such choices, we choose A so the number of indices which touch
themselves is maximal. Let deg,(A) = 1 then k touches some index j =
j(k) # k in A. Suppose A has the form A = g;,, Ao as the other case
is similar. Suppose first that deg;(A4) > 5. Use lemma 2.5.8 to find A, =
grky.. Ao. Then deg; (A;) # degy(A) implies degy, (A1) = deg,(A4) +2 = 3.
Also deg;(A;) = deg;(A) —2 > 3 so Ay has one less index with degree
1 which contradicts the minimality of the choice of A. We suppose next
deg;(A) = 1. If T is the coordinate transformation interchanging x; and
wg, then T' reverses the orientation so 7P = —P. However deg;(A) =
deg; (A) = 1 implies T* A = A which contradicts the assumption that A is
a monomial of P. Thus deg;(A) = 3 which proves (a).

Suppose 7 does not touch itself in A. We use Lemma 2.5.8 to con-
struct Ay = ggry.. Ap. Then degy (A1) = degy(A) +2 = 3 and deg; (A1) =
deg;(A) —2 = 1. This is a monomial with the same number of indices of
degree 1 but which has one more index (namely k) which touches itself.
This contradicts the maximality of A and completes the proof of (b).

Finally, let A, = {k : deg,(A) = v} for v = 1, 3. The map k — j(k)
defines an injective map from .4; — Az since no index of degree 3 can touch
two indices of degree 1 as well as touching itself. The equalities:

n = card(A;) +card(As) and 2n = Z deg;, (A) = card(A;) +3 card(As)
k

imply 2card(As) = n. Thus card(A;) = card(As) = n/2 and the map
k — j(k) is bijective in this situation.

(c) follows from Lemma 2.5.8 where j = 1 and k = 2. Since deg(A) =1,
A1 cannot be formed by transforming two & indices to j indices so A; must
be the unique monomial different from A obtained by interchanging these
indices. For example, if A = g;;/a09jk/caAo, then Ay = gjr/a09;5/caAo-
The multiplicities involved are all 1 so we can conclude ¢(A, P)+c(Ay, P) =
0 and not just ¢(A, P)c(Ay, P) < 0.
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Before further normalizing the choice of the monomial A, we must prove
a lemma which relies on cubic changes of coordinates:

LEMMA 2.5.10. Let P be a polynomial in the 2-jets of the metric in-
variant under changes of coordinates of the form y; = x; + ¢jurjrR;.
Then:

(a) gi2/11 and g11/12 divide no monomial A of P.

(b) Let A = go3/11 Ao and B = g1 /23 Ao then A is a monomial of P if and
only if B is a monomial of P. Furthermore, ¢(A, P) and ¢(B, P) have the
same sign.

(c) Let A = g11/29A0 and B = ga5/11 Ao, then A is a monomial of P if and
only if B is a monomial of P. Furthermore, ¢(A, P) and ¢(B, P) have the
same sign.

Proor: We remark the use of the indices 1, 2, 3 is for notational con-
venience only and this lemma holds true for any triple of distinct indices.
Since g5 (X, G) = 6;; + O(x?), ¢" /1u(X, G)(20) = —gij /11 (X, G)(20). Fur-
thermore, under changes of this sort, dj(wo) = dg(wo) if |af = 1. We
consider the change of coordinates:

Y2 = x2 + cx:{’, yr = k;  otherwise
dys = dxry + 3035% dxq, dyr = dx) otherwise
with
P(Y,6) = ¢g"(X,G) + 3t + O,
g(Y,G) = ¢g"(X,G) + O(z*) otherwise
912/11 (Y G) (o) = g12/11 (X, G)(20) — bc
9i5 /1Y, G)(w0) = gij /11 (X, G)(x0) otherwise.
We decompose A = (g19/11)" Ao Ifv >0, T*(A) = A—6VC(912/11)V_1A0+
O(c?). Since T*(P) = P, and since there is no way to cancel this additional
contribution, A cannot be a monomial of P so g2/1; divides no monomial

of P.
Next we consider the change of coordinates:

Y1 =1 + cx%xg, Yr = x)  otherwise
dy, = dxy + 2cxixo dry + ca:% dxs, dyr = dxj, otherwise
with
gii/12 (Y7 G)(JZO) =Jg11/12 (X, G)(JUO)
912711 (Y, G)(x0) = g12/11 (X, G)(20) — 2¢
9ij 1 (Y, G)(w0) = 945 /1 (X, G) (20) otherwise.

We noted gy5/11 divides no monomial of P. If A = (g11/12)" Ao, then v >0
implies T*(A) = A — 4cv(g11/12)" " Ao + O(c?). Since there would be no
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way to cancel such a contribution, A cannot be a monomial of P which
completes the proof of (a).

Let Aj be a monomial not divisible by any of the variables gos/11, g12/13,
913/125 911723 and let A(p,q,r,s) = (923/11)p(912/13)%913/12)%911/23)51‘16-
We set ¢(p,q,r,s) = ¢(A(p,q,r,s), P) and prove (b) by establishing some
relations among these coefficients. We first consider the change of coordi-
nates,

Yo = X9 + CZL‘%ZL‘?,, Yyr = rp  otherwise
dys = dxy + 2cx1203 dr + cx% dxs, dyr = dxj, otherwise
with
912713 (Y, G)(x0) = g12/13(X, G)(20) — 2¢
923711 (Y, G)(20) = g23/11 (X, G)(20) — 2¢
9ij /11 (Y, G)(w0) = 945 /1 (X, G) (20) otherwise.

We compute that:

T (A(p, g, 1, 8))
= A(p, q,T, 8) + C{—QQA(p, q— 17 r, 3) - 2pA(p - 17 q,T, 3)} + O(Cz)'

Since T*(P) = P is invariant, we conclude
pe(p,q,rys)+ (g+ )e(p—1,g+1,7,5) = 0.

By interchanging the roles of 2 and 3 in the argument we also conclude:
pe(p,q,r,8) + (r+1)e(p—1,¢,7+1,5) = 0.

(We set ¢(p, q,r,s) =0 if any of these integers is negative.)
Next we consider the change of coordinates:

Y1 = x1 + cr1x913, Yyr = rp  otherwise

dy1 = dxy + cx1x9 drs + cx1x3 dry + croxs dry, dyr = dxp otherwise

with
911723 (Y, G)(x0) = 911723 (X, G) (o) — 2¢
912713 (Y, G)(x0) = g12/13(X, G)(x0) — ¢
g13/12 (Y, G) (o) = 913/12(Ya G)(xg) — ¢
so that

T* (A(p7 q,T, S)) = A(p7 q,7, 8) + C{_QSA(p7 q,7,S5 — 1)
- TA(p, q, T — 1? S) - qA(pa q— 1? r, 8)} + 0(02)'
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This yields the identities
(¢+ Delp,g+1,m,8 = 1)+ (r+ Le(p, g, r + 1,8 = 1) + 2sc(p, ¢, 7, 5) = 0.

Let p # 0 and let A = go3/1; Ay be a monomial of P. Then c¢(p—1,¢+1,7,5)
and ¢(p—1, q,r+1, s) are non-zero and have the opposite sign as ¢(p, ¢, 7, s).
Therefore (g + 1)e(p — 1,q+1,7,5) + (r + 1)e(p— 1,7+ 1,.5) is non-zero
which implies ¢(p—1,¢q,r,s+1)(s+1) is non-zero and has the same sign as
c(p,q,r,s). This shows gq1/23Af is a monomial of P. Conversely, if A is not
a monomial of P, the same argument shows g;1 /53 A is not a monomial of
P. This completes the proof of (b).

The proof of (c) is essentially the same. Let Aj, be a monomial not
divisible by the variables {g11/22,912/12,922/11 } and let

Alp,q,r) = (911/22)p(912/12)q(922/11)T-
Let ¢(p,q,r) = ¢(A(p,q,r), P). Consider the change of coordinates:

y1 = x1 + cxlxg, Yyr = rp  otherwise

dy, = dxy + cx% dxy 4+ 2cxixo dry, dyr = dry otherwise

with
g11/22 (ng)(wo) = 911/22( , G

912/12 (Y, G)(20) = g12/12(X, G
gij/kl(YaG)($0):gij/kl( ,G) () otherwise.

This yields the relation 2pc(p,q,7) + (¢ + 1)e(p — 1,q + 1,7) = 0. By
interchanging the roles of 1 and 2 we obtain the relation 2rc(p, q,r) + (¢ +
e(p,q+ 1,r — 1) = 0 from which (c) follows.

This step in the argument is functionally equivalent to the use made of
the {R;;xi} variables in the argument given previously which used H. Weyl’s
formula. It makes use in an essential way of the invariance of P under a
wider group than just first and second order transformations. For the
Euler form, by contrast, we only needed first and second order coordinate
transformations.

We can now construct classifying monomials using these lemmas. Fix
n = 2n; and let A be the monomial of P given by Lemma 2.5.9. By
making a coordinate permutation, we may assume deg;(A) = 3 for k < ny
and degy(A) = 1 for k > ny. Let z(i) = i + ny for 1 < i < np; we may
assume the index I touches itself and z(i) in A for i < nyg.

We further normalize the choice of A as follows. Either giy/;; or g;;/11
divides A. Since deg,(A) = 3 this term is not g;;/1; and by Lemma 2.5.10
it is Not g11/15(1) NOT G15(1)/11- By Lemma 2.5.10(b) or 2.5.10(c), we may
assume A = gy1/;5 ... for 4, j > 2. Since not both ¢ and j can have degree
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1 in A, by making a coordinate permutation if necessary we may assume
that ¢ = 2. If j = 2, we apply Lemma 2.5.9(c) to the indices 2 and x(2)
to perform an interchange and assume A = g;1/9,(2) Ao- The index 2 must
touch itself elsewhere in A. We apply the same considerations to choose A
in the form A = gy11/24(2)922/ij Ao. If i or j is 1, the cycle closes and we
express A= g11/2z(2) 911/12(1) AO where degk (Ao) =0 for k = 1, 2, 1+ ny,
2+ ny. If 4, 5 > 2 we continue this argument until the cycle closes. This
permits us to choose A to be a monomial of P in the form:

A= g11/22(2) 922/3x(3) - - -gj—1,j—1/jx(j)gjj/1x(1)A0

where deg; (4p) =0for 1 <k <jandn;+1<k<n;+j.
We wish to show that the length of the cycle involved is even. We apply
Lemma 2.5.10 to show

B = 92x(2)/11932(3)/22 - - - 91z(1)/jj Ao

satisfies ¢(A, P)e(B, P) > 0. We apply Lemma 2.5.9 a total of j times to
see

C= 922,1z(1) 933/2x(2) - - -gll/jx(j)AO
satisfies ¢(B, P)c(C, P)(—=1)7 > 0. We now consider the even permutation:

J

k—1, 2<k<j

k? j<k§n1
x(p(4)) for1 <j<m

p(1)
p(k)
(k(5))

p

to see that ¢(C,, P)c(C,P) > 0. However A = C, so c¢(4,P)*(-1)7 > 0
which shows j is necessarily even. (This step is formally equivalent to using
the skew symmetry of the curvature tensor to show that only polynomials
of even degree can appear to give non-zero real characteristic forms).

We decompose Ag into cycles to construct A inductively so that A has
the form:

A :{911/2::;(2) .- -gilil/lm(l)}

{gil +1,i1 +1/i1 +2,:13(i1 +2) A 'gil +i2,i1 +i2 /il,x(il) } cre

where we decompose A into cycles of length 41,45, ... with n; =414 ---+14;.
Since all the cycles must have even length, ¢(A) = n/2 is even so n is
divisible by 4.

We let n = 4k and let p be a partition of K = k1 + ---+k;. We let A, be
defined using the above equation where i1 = 2kq, 19 = 2ks, ... . By making
a coordinate permutation we can assume ¢ > 23 > ---. We have shown
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that if P = 0, then ¢(A,, P) = 0 for some p. Since there are exactly (k)
such partitions, we have constructed a family of m(k) linear functionals
on P, n which form a seperating family. This implies dimP,, ,, , < 7(k)
which completes the proof.

We conclude this subsection with a few remarks on the proofs we have
given of Theorem 2.4.7 and Lemma 2.5.6. We know of no other proof of
Theorem 2.4.7 other than the one we have given. H. Weyl’s theorem is only
used to prove the surjectivity of the restriction map r and is inessential in
the axiomatic characterization of the FEuler form. This theorem gives an
immediate proof of the Gauss-Bonnet theorem using heat equation meth-
ods. It is also an essential step in settling Singer’s conjecture for the Euler
form as we shall discuss in the fourth chapter. The fact that r(FE,,) = 0 is,
of course, just an invariant statement of the fact F,, is an unstable charac-
teristic class; this makes it difficult to get hold of axiomatically in contrast
to the Pontrjagin forms which are stable characteristic classes.

We have discussed both of the proofs of Lemma 2.5.6 which exist in
the literature. The proof based on H. Weyl’s theorem and on geodesic
normal coordinates is more elegant, but relies heavily on fairly sophisticated
theorems. The second is the original proof and is more combinatorial. It
is entirely self-contained and this is the proof which generalizes to Kaehler
geometry to yield an axiomatic characterization of the Chern forms of
T.(M) for a holomorphic Kaehler manifold. We shall discuss this case
in more detail in section 3.7.



2.6. Invariance Theory and
Mixed Characteristic Classes
of the Tangent Space and of a Coefficient Bundle.

In the previous subsection, we gave in Lemma 2.5.6 an axiomatic char-
acterization of the Pontrjagin forms in terms of functorial properties. In
discussing the Hirzebruch signature formula in the next chapter, it will
be convenient to have a generalization of this result to include invariants
which also depend on the derivatives of the connection form on an auxilary
bundle.

Let V' be a complex vector bundle. We assume V is equipped with a
Hermitian fiber metric and let V be a Riemannian or unitary connection
on V. We let § = (s1,...,5q4,-..,5,) be a local orthonormal frame for V'
and introduce variables wg;; for the connection 1-form;

V(sa) = Wabi dz’ @ sy, ie, Vi=w® 3.

We introduce variables wqp;/q = dg (wapi) for the partial derivatives of the
connection 1-form. We shall also use the notation wyp; ... We use indices
1 <a,b,--- < v to index the frame for V' and indices 1 < 4,7,k < m for
the tangent space variables. We define:

Ord(wabi/a) =1+ |a| and degk(wabi/a) = 5i,k + a(k)

We let. Q be the polynomial algebra in the {wqp;/q } variables for o > 1; if
@ € Q we define the evaluation Q(X, §, V)(zo). We normalize the choice of
frame § by requiring V(§)(xg) = 0. We also normalize the coordinate sys-
tem X as before so X(z9) =0, g;;(X,G)(x0) = 65, and g;;/1(X, G)(x0) =
0. We say @ is invariant if Q(X, 5, V)(z9) = Q(Y,5’,V)(x) for any nor-
malized frames 5, 5/ and normalized coordinate systems X, Y; we denote
this common value by Q(V) (although it also depends in principle on the
metric tensor and the 1-jets of the metric tensor through our normalization
of the coordinate system X). We let Q,, ,,,, denote the space of all invari-
ant p-form valued polynomials in the {w,;/o } variables for | > 1 defined
on a manifold of dimension m and for a vector bundle of complex fiber
dimension v. We let Q,, , , » denote the subspace of invariant polynomials
homogeneous of order n in the jets of the connection form. Exactly as was
done for the P, algebra in the jets of the metric, we can show there is a
direct sum decomposition

Qmpw = @ Qm,n,p,v and Qmm,po =0 for n — p odd.
n

Let Q(gAg—!) = Q(A) be an invariant polynomial of order ¢ in the
components of a vxv matrix. Then Q(£2) defines an element of Q,, 24 4., for
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any m > 2¢. By taking Q- Q we can define scalar valued invariants and by
taking §(Q)) we can define other form valued invariants in Q,; 2¢+1,29—1,v -
Thus there are a great many such form valued invariants.

In addition to this algebra, we let R, . denote the space of p-form
valued invariants which are homogeneous of order n in the {g;;/a,Wabk/3}
variables for |a| > 2 and |3]| > 1. The spaces Pp, . p and Qy, 5, p, are both
subspaces of Ry, pn,p,v. Furthermore wedge product gives a natural map
Prngp @ L' p' v — Rmntn ptp',o - We say that R € Ry, ppo 18 a char-
acteristic form if it is in the linear span of wedge products of Pontrjagin
forms of T'(M) and Chern forms of V. The characteristic forms are char-
acterized abstractly by the following Theorem. This is the generalization
of Lemma 2.5.6 which we shall need in discussing the signature and spin
complexes.

THEOREM 2.6.1.
(a) Rmnpo =0ifn <porifn=pandn is odd.
(b) If R € Ry non,v then R is a characteristic form.

PRrOOF: The proof of this fact relies heavily on Lemma 2.5.6 but is much
easier. We first need the following generalization of Lemma 2.5.1:

LEMMA 2.6.2. Using the notation of Lemma 2.5.1 we define T (R) if R
is a scalar invariant in the {g;; /q,wap;/3} variables.

(a) Let g1/ divide some monomial of R, then g ;g divides some other
monomial of R.

(b) Let g. o divide some monomial of R, then g ;3 divides some other
monomial of R where 3(1) = a(1) + «(2) and 3(2) = 0.

(c) Let wapi/o divide some monomial of R for i > 2, then wq; s divides
some other monomial of R where (1) = a(1) + «(2) and 3(2) = 0.

The proof of this is exactly the same as that given for Lemma 2.5.1 and
is therefore omitted.

The proof of Theorem 2.6.1 parallels the proof of Lemma 2.5.6 for a
while so we summarize the argument briefly. Let 0 # R € Ry, npo- The
same argument given in Lemma 2.5.3 shows an invariant polynomial is
homogeneous of order n if R(c*G,V) = =" R(G, V) which gives a invari-
ant definition of the order of a polynomial. The same argument as given
in Lemma 2.5.4 shows n — p must be even and that if A is a monomial
of R, A is a monomial of exactly one of the R;. If ¢(A, R;) = 0 then
deg; (A) + degy (1) is always even. We decompose A in the form:

A= Girji /e - 'giqjq/aqwalb1k1/51 - Wa, bk, /B — AJAY

and define ¢(A) = ¢ + r to the length of A. We argue using Lemma
2.6.2 to choose A so deg,(A9) = 0 for k£ > 2¢q. By making a coordinate
permutation we can assume that the £, < 2¢g+1r for 1 < v < r. We
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apply Lemma 2.6.2(c) a total of = times to choose the 3; so 1 (k) = 0 for
k>2q+r+1, Ba(k)=0for k >2q+r+2,..., B.(k) =0 for k > 2q+2r.
This chooses A so deg,(A) = 0 for k > 2¢(A). If A is a monomial of Rj
for I = {1 < iy < --- <ip < m} then deg; (A) is odd. We estimate
p<ip, <20(A) <> |a,|+> (|8, +1) =nso that Py, ppo = {0} ifn <p
or if n — p is odd which proves (a) of Theorem 2.6.1.

In the limiting case, we must have equalities so |, | = 2 and |3,] = 1.
Furthermore, i, = p so there is some monomial A so deg,(A) = 0 for
k>p=mnand Adz'A ---AdxP appears in R. There is a natural restriction
map

r: Rm,n,p,v — Rm—l,n,p,v

and our argument shows 7: Ry, n.n.0 — Rm—1,n,n,0 18 injective for n < m.
Since the restriction of a characteristic form is a characteristic form, it
suffices to prove (b) of Theorem 2.6.1 for the case m =n = p.

Let 0 # R € Rppnn, then R is a polynomial in the {g;; ki, Wapi/j}
variables. The restriction map r was defined by considering products M7 x
S! but there are other functorial constructions which give rise to useful
projections. Fix non-negative integers (s,t) so that n = s +¢. Let M,
be a Riemannian manifold of dimension s. Let My be the flat torus of
dimension t and let V5 be a vector bundle with connection Vg over M.
Let M = M; x M, with the product metric and let V' be the natural
extension of V5 to M which is flat in the M; variables. More exactly, if
mo: M — Ms> is a projection on the second factor, then (V,V) = 75(V3, Va)
is the pull back bundle with the pull back connection. We define

W(s,t) (R)(Gl,VQ) = R(G1 X 1,V)

Using the fact that P, ,, = 0 for s < p; or ny < p; and the fact
Qtnypok = 0 for £ < py or ny < po it follows that 7(, ;) defines a map

T(s,t)" Rn,n,v — Ps,s,s ® Qt t,tv-

IASRs)

More algebraically, let A = A9A“ be a monomial, then we define:

- (A):{O if deg, (A9) > 0 for k > s or deg) (A“) > 0 for k < s
(s:1) A otherwise.

The only additional relations imposed are to set g;;/x = 0 if any of these
indices exceeds s and to set wgy;/; = 0 if either 7 or j is less than or equal
to s.

We use these projections to reduce the proof of Theorem 2.6.1 to the
case in which R € Q;;4,. Let 0 # R € Ry nno and let A = AYAY be a
monomial of R. Let s = 20(A9) = ord(AY9) and let t =n — s = 2((AY) =
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ord(A%). We choose A so deg,(A9) =0 for k > s. Since deg;(A) > 1 must
be odd for each index k, we can estimate:

t <) deg(A) =) deg,(A¥) <) degy(A¥) = ord(4A¥) =1t.

k>s k>s k

As all these inequalities must be equalities, we conclude deg;(A¥) = 0
for £ < s and deg,(A“) = 1 for £ > s. This shows in particular that
T(s,¢) (1) # 0 for some (s,t) so that

@ 7T(s,t):7zn,n,n,v — @ Ps,s,s ® Qt,t,t,v
s+t=n s+t=n
is injective.

We shall prove that Q;;;, consists of characteristic forms of V. We
showed earlier that P; ; , consists of Pontrjagin forms of 7'(M). The char-
acteristic forms generated by the Pontrjagin forms of T'(M) and of V' are
elements of Ry, .0 and 7, 1) just decomposes such products. Thererfore
is surjective when restricted to the subspace of characteristic forms. This
proves 7 is bijective and also that R, , n. is the space of characteristic
forms. This will complete the proof of Theorem 2.6.1.

We have reduced the proof of Theorem 2.6.1 to showing Q; ;;, consists
of the characteristic forms of V. We noted that 0 # Q € Q.. is a
polynomial in the {w,s;/;} variables and that if A is a monomial of @,
then deg,(A) =1 for 1 < k < t. Since ord(A) = t is even, we conclude
Qt,t,t,v =0 if ¢ is odd.

The components of the curvature tensor are given by:

Qapij = Wabi/j — Wabi/j and Qap = Z Qapij dry A dx;

up to a possible sign convention and factor of % which play no role in this
discussion. If A is a monomial of P, we decompose:

A= Warbiiy Jia » - WYaybyic_1 /iy where 2u = t.

All the indices 1, are distinct. If p is a permutation of these indices, then
c(A, P) = sign(p)c(AP, P). This implies we can express P in terms of the
expressions:

A= (wa1b1i1 Jiz — Waybiis /iy ) s (waubuit—1/it - waubuit/it—l)
d.’L‘il A "'/\dZL‘it
= Qa1b1i1i2 . Qaubuit—lit dl’il A - A dl’it

Again, using the alternating nature of these expression, we can express P
in terms of expressions of the form:

Qajv, A ANQqb,
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so that @ = Q(2) is a polynomial in the components €2, of the curvature.
Since the value of @ is independent of the frame chosen, () is the invariant
under the action of U(v). Using the same argument as that given in the
proof of Lemma 2.1.3 we see that in fact @) is a characteristic form which
completes the proof.

We conclude this subsection with some uniqueness theorems regarding
the local formulas we have been considering. If M is a holomorphic man-
ifold of real dimension m and if V is a complex vector bundle of fiber
dimension v, we let Rﬁfj’m,pyv denote the space of p-form valued invariants
generated by the Chern forms of V' and of T.(M). There is a suitable ax-
iomatic characterization of these spaces using invariance theory for Kaehler
manifolds which we shall discuss in section 3.7. The uniqueness result we
shall need in proving the Hirzebruch signature theorem and the Riemann-

Roch theorem is the following:

LEMMA 2.6.3.

(a) Let 0 # R € Ry m m then there exists (M,V) so M is oriented and
[ R(G, V) #0.

(b) Let 0 # R € RS, then there exists (M, V) so M is a holomorphic
manifold and [, R(G,V) # 0.

ProOF: We prove (a) first. Let p = {1 < iy < --- < i,} be a partition
k(p) = i1+ ---+i, for 4k = s <m. Let {M]} be the collection of manifolds
of dimension s discussed in Lemma 2.3.4. Let P, be the corresponding real

characteristic form so
/ PAG) =6,.,.
Mg

The {P,} forms a basis for P,, s s for any s < m. We decompose

R = ZPpr for Q, € O 1t 1, where t + 5 = m.
p

This decomposition is, of course, nothing but the decomposition defined by
the projections 7(, ;) discussed in the proof of the previous lemma.

Since R # 0, at least one of the ), # 0. We choose p so k(p) is maximal
with @, # 0. We consider M = M} x My and (V,V) = 73(V2, Va)
where (15, V3) is a bundle over My which will be specified later. Then we
compute:

/M PH(G)Q-(V) =0

unless ord(Q),) < dim(My) since V is flat along M. This implies k(1) >
k(p) so if this integral is non-zero k(1) = k(p) by the maximality of p. This
implies

/M PH(G)Q(V) = /MT P (G) - /M2 Qr(V2) =0, /M2 Q:(V2).
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/M R(G,V) = /M2 Qp(V2)

and reduces the proof of this lemma to the special case Q € Qp, m.m.v-
Let A be a v x v complex matrix and let {x1,...,x,} be the normalized
eigenvalues of A. If 2k = m and if p is a partition of k£ we define

This shows that

T, :xill coxh
then x, is a monomial of Q(A) for some p. We let M = M; x --- x M,
with dim(M;) = 2¢; and let V =L @ ---® L, & 1V~" where the L; are

line bundles over M;. If ¢(z,, Q) is the coefﬁcient of  in ), then:

This is, of course, nothing but an application of the splitting principle.
This reduces the proof of this lemma to the special case Q € Q. mm,1-

If Q = cf we take M = S? x --- x S? to be the k-fold product of two
dimensional spheres. We let L; be a line bundle over the j ' factor of 52
and let L =L; ® ---® Ly. Then ¢, (L) = ¢1(L;) so

which reduces the proof to the case m = 2 and £k = 1. We gave an ex-
ample in Lemma 2.1.5 of a line bundle over S? so [g, c1(L) = 1. Al
ternatively, if we use the Gauss Bonnet theorem with L = T.(S?), then
f52 a1 (T, f52 eo (T = x(S?) = 2 # 0 completes the proof of

(a). The proof of (b) is the same Where we replace the real manifolds M} by
the corresponding manifolds M; and the real basis P, by the correspond-
ing basis Pg of characteristic forms of T¢.(M). The remainder of the proof
is the same and relies on Lemma 2.3.4 exactly as for (a) and is therefore
omitted in the interests of brevity.



CHAPTER 3
THE INDEX THEOREM

Introduction

In this the third chapter, we complete the proof of the index theorem for
the four classical elliptic complexes. We give a proof of the Aityah-Singer
theorem in general based on the Chern isomorphism between K-theory and
cohomology (which is not proved). Our approach is to use the results of the
first chapter to show there exists a suitable formula with the appropriate
functorial properties. The results of the second chapter imply it must be a
characteristic class. The normalizing constants are then determined using
the method of universal examples.

In section 3.1, we define the twisted signature complex and prove the
Hirzebruch signature theorem. We shall postpone until section 3.4 the
determination of all the normalizing constants if we take coefficients in an
auxilary bundle. In section 3.2, we introduce spinors as a means of connect-
ing the de Rham, signature and Dolbeault complexes. In section 3.3, we
discuss the obstruction to putting a spin structure on a real vector bundle
in terms of Stieffel-Whitney classes. We compute the characteristic classes
of spin bundles.

In section 3.4, we discuss the spin complex and the A genus. In sec-
tion 3.5, we use the spin complex together with the spin, representation
to discuss the Dolbeault complex and to prove the Riemann-Roch theo-
rem for almost complex manifolds. In sections 3.6 and 3.7 we give another
treatment of the Riemann-Roch theorem based on a direct approach for
Kaehler manifolds. For Kaehler manifolds, the integrands arising from the
heat equation can be studied directly using an invariant characterization
of the Chern forms similar to that obtained for the Euler form. These two
subsections may be deleted by a reader not interested in Kaehler geometry.

In section 3.8, we give the preliminaries we shall need to prove the Atiyah-
Singer index theorem in general. The only technical tool we will use which
we do not prove is the Chern isomorphism between rational cohomology and
K-theory. We give a discussion of Bott periodicity using Clifford algebras.
In section 3.9, we show that the index can be treated as a formula in rational
K-theory. We use constructions based on Clifford algebras to determine the
normalizing constants involved. For these two subsections, some familarity
with K-theory is helpful, but not essential.

Theorems 3.1.4 and 3.6.10 were also derived by V. K. Patodi using a
complicated cancellation argument as a replacement of the invariance the-
ory presented in Chapter 2. A similar although less detailed discussion
may also be found in the paper of Atiyah, Bott and Patodi.



3.1. The Hirzebruch Signature Formula.

The signature complex is best described using Clifford algebras as these
provide a unified framework in which to discuss (and avoid) many of the
+ signs which arise in dealing with the exterior algebra directly. The
reader will note that we are choosing the opposite sign convention for our
discussion of Clifford algebras from that adopted in the example of Lemma
2.1.5. This change in sign convention is caused by the \/—1 present in
discussing the symbol of a first order operator.

Let V be a real vector with a positive definite inner product. The Clifford
algebra CLIF(V') is the universal algebra generated by V' subject to the
relations

v*xv+ (v,v) =0 for v e V.

If the {e;} are an orthonormal basis for Vand if I = {1 <i; < --- <y <
dim(V)} then e; * e; + e; x e; = —20;; is the Kronecker symbol and

er = €5 * ke

is an element of the Clifford algebra. CLIF(V') inherits a natural inner
product from V' and the {e;} form an orthonormal basis for V.

If A(V) denotes the exterior algebra of V' and if END(A(V)) is the
algebra of linear endomorphisms of A(V'), there is a natural representa-
tion of CLIF(V) into END(A(V)) given by Clifford multiplication. Let
ext: V' — END(A(V)) be exterior multiplication on the left and let int(v)
be interior multiplication, the adjoint. For example:

egNe;. N ---Neg; ifey > 1
ext(el)(eil/\"'/\eip):{ol h T i

. €, N\ - Ne; ifi, =1
lnt(el)(eil ANEREWA eip) — {O’L2 p o 7:1 S 1.

We define
c(v) = ext(v) — int(v): V" — END(A(V)).

It is immediate from the definition that
c(v)? = —(ext(v) int(v) + int(v) ext(v)) = —|v|*I
so that ¢ extends to define an algebra morphism
c: CLIF(V) — END(A(V)).

Furthermore:
clef)l =e; A -+ Ney,
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so the map w — ¢(w)1 defines a vector space isomorphism (which is not, of
course an algebra morphism) between CLIF (V') and A(V'). Relative to an
orthonormal frame, we simply replace Clifford multiplication by exterior
multiplication.

Since these constructions are all independent of the basis chosen, they
extend to the case in which V is a real vector bundle over M with a
fiber metric which is positive definite. We define CLIF(V), A(V), and
c: CLIF(V) — END(A(V)) as above. Since we only want to deal with
complex bundles, we tensor with C at the end to enable us to view these
bundles as being complex. We emphasize, however, that the underlying
constructions are all real.

Clifford algebras provide a convenient way to describe both the de Rham
and the signature complexes. Let (d+ 0): C®(A(T*M)) — C°(A(T*M))
be exterior differentiation plus its adjoint as discussed earlier. The leading
symbol of (d+9) is v/—1(ext(£) —int(£)) = v/—1c(€). We use the following
diagram to define an operator A; let V be covariant differentiation. Then:

A:C®(AT*M)) 5 C®(T* M @ A(T*M)) S C (A(T*M)).

A is invariantly defined. If {e;} is a local orthonormal frame for 7™ (M)
which we identify with T'(M), then:

Aw) = (ext(e;) — int(e;)) Ve, (w).

i

Since the leading symbol of A is /—1c(£), these two operators have the
same leading symbol so (d+§) — A = Ay is an invariantly defined 0*" order
operator. Relative to a coordinate frame, we can express Ay as a linear
combination of the 1-jets of the metric with coefficients which are smooth
in the {g;;} variables. Given any point zo, we can always choose a frame
so the g;;/, variables vanish at x¢ so Ag(zo) = 0 so A9 = 0. This proves
A = (d+ ) is defined by this diagram which gives a convenient way of
describing the operator (d + J) in terms of Clifford multiplication.

This trick will be useful in what follows. If A and B are natural first
order differential operators with the same leading symbol, then A = B
since A — B is a 0" order operator which is linear in the 1-jets of the
metric. This trick does not work in the holomorphic category unless we
impose the additional hypothesis that M is Kaehler. This makes the study
of the Riemann-Roch theorem more complicated as we shall see later since
there are many natural operators with the same leading symbol.

We let o € END(A(T*M)) be defined by:

a(wp) = (—1)Pw, for w, € AP(T*M).
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It is immediate that
ext(§)a = —aext(§) and int(§)a = —aint(§)
so that —a(d+9d)a and (d+ ) have the same leading symbol. This implies
a(d+6) = —(d+9)a.

We decompose A(T*M) = A®(T* M) @ A°(T*M) into the differential forms
of even and odd degree. This decomposes A(T*M) into the +1 eigenspaces
of a. Since (d + 0) anti-commutes with «, we decompose

(d+460)eo: CC(AS(T*M)) = C(A>°(T*M))

where the adjoint of (d+6)e is (d40),. This is, of course, just the de Rham
complex, and the index of this elliptic operator is x(M).

If dim(M) = m is even and if M is oriented, there is another natural
endomorphism 7 € END(A(T*M)). It can be used to define an elliptic
complex over M called the signature complex in just the same way that
the de Rham complex was defined. Let dvol € A" (T*M) be the volume
form. If {e;} is an oriented local orthonormal frame for 7% M, then dvol =
er A -+ Aep. We can also regard dvol = ey % - - x e, € CLIF(T*M) and
we define

7= (V=1)"™2¢(dvol) = (V=1)""2c(e1) ... c(em)-

We compute:

7—2:(—1)’"/20(61* Ceek ey K EL K ek Cpy)

(_l)m/2(_1)m~|—(m—1)~|—---+1

(_1)(m+(m+1)m)/2 - 1.
Because m is even, ¢(§)T = —7¢(£) so T anti-commutes with the symbol of
(d+§). If we decompose A(T*M) = AT(T*M)® A~ (T*M) into the £1
eigenvalues of 7, then (d + ¢) decomposes to define:

(d+6)1: C®°(AE(T*M)) — C>®(AF(T*M))
where the adjoint of (d + )4 is (d+ d)_. We define:
signature(M) = index(d 4 §) +

to be the signature of M. (This is also often refered to as the index of
M, but we shall not use this notation as it might be a source of some
confusion).
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We decompose the Laplacian A = AT ® A~ so
signature(M) = dim N(AT) — dim N(A 7).

Let a¥ (z,orn) = a, (x, AT) —a,(x, A™) be the invariants of the heat equa-
tion; they depend on the orientation orn chosen. Although we have com-
plexified the bundles A(7T* M) and CLIF(T* M), the operator (d+4¢) is real.
If m = 2 (4), then 7 is pure imaginary. Complex conjugation defines an
isomorphism

AY(T*M) S A (T*M) and AT S A,

This implies signature(M) = 0 and af (z,orn) = 0 in this case. We can
get a non-zero index if m = 2 (4) if we take coefficients in some auxiliary
bundle as we shall discuss shortly.

If m =0 (4), then 7 is a real endomorphism. In general, we compute:

(V=1)"™2ey % - ep % €1 * ke,
- (,/_l)m/2(_1)p(p—1)/2 epr1 A o A em.

T(er A -+ Nep)

If “x” is the Hodge star operator discussed in the first sections, then

Ty = (\/__1)m/2+p(p—1) o
acting on p-forms. The spaces AP(T*M )& A™~P(T* M) are invariant under
7. If p #% m — p there is a natural isomorphism

AP(T*M) 5 (AP(T*M) @ AP (T*M))E by w, > 2w, £w,).

This induces a natural isomorphism from
A, = AT on (AP(T*M) @& A™P(T*M))*

so these terms all cancel off in the alternating sum and the only contribution
is made in the middle dimension p = m — p.

If m = 4k and p = 2k then 7 = . We decompose N(A,) = N(A}) @
N(A,) so signature(M) = dimN(A}) — dimN(A,). There is a natural
symmetric bilinear form on H?*(T*M;C) = N(A,) defined by

I(Oél,az): a1 N\ as.
M

If we use the de Rham isomorphism to identify de Rham and simplicial
cohomology, then this bilinear form is just the evaluation of the cup product
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of two cohomology classes on the top dimensional cycle. This shows I can
be defined in purely topological terms.

The index of a real quadratic form is just the number of 41 eigenvalues
minus the number of —1 eigenvalues when it is diagonalized over R. Since

I, ) = /M al (= /M(a, x3) dvol = («, %) 12,
we see

index(I) = dim{+1 eigenspace of * on H?}
— dim{—1 eigenspace of * on HP}
= dimN(A™1) — dim N(A™) = signature(M).
This gives a purely topological definition of the signature of M in terms

of cup product. We note that if we reverse the orientation of M, then the
signature changes sign.

Example: Let M = CPyy, be complex projective space. Let v € H*(M; C)
be the generator. Since x* is the generator of H?¥(M;C) and since z*¥ A
2% = 2?F is the generator of H**(M;C), we conclude that xz* = z*.
dlmN(A;k) =1 and dim N(A;, ) = 0 so signature(CPy) = 1.

An important tool in the study of the de Rham complex was its multi-
plicative properties under products. Let M; be oriented even dimensional
manifolds and let M = M; x My with the induced orientation. Decompose:

A(T* M) = A(T* M) @ A(T*My)
CLIF(T* M) = CLIF(T*M,) ® CLIF (T* M)

as graded non-commutative algebras—i.e.,
(w1 @ w2) o (wy ®wy) = (—1)9B24E (w0 W) ® (wy 0 wh)
for o = either A or x. Relative to this decomposition, we have:

T = 71 ® T where the 7; commute.

This implies that:

AT (M) =AT(T*My) @ AT (T*Ms) & A (T*M;) @ A~ (T* M)
A= (M)=A(T*My) @ AT (T*Ms) & AT(T*M;) @ A~ (T* M)
N(A*) = N(AH) @ N(A) @ N(AT) & N(A;)
N(AT) = N(AT) @ N(A}) @ N(A}) & N(A;)
signature(M) = signature(M;) signature(Ms).
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Example: Let p be a partition of k = iy + -+ +i; and M) = CPy;, X
- X CPy;;. Then signature(M;) = 1. Therefore if L, is the Hirzebruch
L-polynomial,

signature(M) = /MP L (T(M}))

by Lemma 2.3.5.

We can now begin the proof of the Hirzebruch signature theorem. We
shall use the same argument as we used to prove the Gauss-Bonnet theorem
with suitable modifications. Let m = 4k and let a® (z,orn) = a, (x,A") —
an(z, A7) be the invariants of the heat equation. By Lemma 1.7.6:

a; (x,orn) = 0 if n 7 m
/M nA | signature(M) ifn=m

so this gives a local formula for signature(M). We can express 7 functorially
in terms of the metric tensor. We can find functorial local frames for
AT relative to any oriented coordinate system in terms of the coordinate
frames for A(T*M). Relative to such a frame, we express the symbol of
A* functorially in terms of the metric. The leading symbol is |€]2]; the
first order symbol is linear in the 1-jets of the metric with coefficients
which depend smoothly on the {g;;} variables; the 0" order symbol is
linear in the 2-jets of the metric and quadratic in the 1-jets of the metric
with coefficients which depend smoothly on the {g;;} variables. By Lemma
2.4.2, we conclude af (x,orn) is homogeneous of order n in the jets of the
metric.

It is worth noting that if we replace the metric G by ¢?G for ¢ > 0, then
the spaces A* are not invariant. On AP we have:

T(*G)(wp) = 7 T(G) (wp).

However, in the middle dimension we have 7 is invariant as are the spaces
AF for 2p = m. Clearly AX(c*G) = ¢ ?AX(G). Since af(x,0rn) only
depends on the middle dimension, this provides another proof that a} is
homogeneous of order n in the derivatives of the metric since

a’ (z,orn)(c*G) = an(x, c_zA;) — ap(z, c_zAg)
=c¢ "an(2, A)) — ¢ "an(2,A)) = ¢ "a; (x, 0orn)(G).

If we reverse the orientation, we interchange the roles of A™ and A~ so a¥
changes sign if we reverse the orientation. This implies a; can be regarded
as an invariantly defined m-form; af () = a, (z, orn) dvol € Pp, » m -
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THEOREM 3.1.1. Let af = {a,(x,AT)—ay,(x, A7)} dvol € Py, 1.1 then:
(a) al = 0 if either m =2 (4) or if n < m.
(b) If m = 4k, then af,, = Ly, is the Hirzebruch polynomial so

signature(M) = [ L.
M

(Hirzebruch Signature Theorem).

PROOF: We already noted that AT is naturally isomorphic to A~ if m =
2 (4) so af = 0 in that case. Lemma 2.5.6 implies a} = 0 for n < m. If
m = 4k, then af, is a characteristic form of T'(M) by Lemma 2.5.6. We

know
a,, = signature(M]) =1 = Ly
My My

so Lemma 2.3.4 implies a;, = Ly. Since signature(M) = [, a5, for any
manifold M, we conclude signature(M) = [, Ly in general which com-
pletes the proof of (b).

If we A(T*M), we define [, w = [, wm of the top degree form. With
this notational convention, we can also express

signature(M) = [ L
M

which is a common form in which the Hirzebruch signature theorem ap-
pears.

It is worth making a few remarks about the proof of this result. Just as
in the case of the de Rham complex, the heat equation furnishes us with
the a priori local formula for the signature of M. The invariance theory of
the second chapter identifies this local formula as a characteristic class. We
evaluate this local formula on a sufficient number of classifying examples
to determine the normalizing constants to prove a;, = Lj.

There are a great many consequences of this theorem and of the Gauss-
Bonnet theorem. We present just a few to illustrate some of the applica-
tions:

CORROLARY 3.1.2.

(a) Let F — My — My be a finite covering projection. Then x(M;) =
X(My)|F|. If My is orientable, then M, is orientable and we give it the natu-
ral orientation inherited from M,. Then signature(M;)=signature(Ms)|F|.
(b) If My and My are manifolds of dimension m, we let My # My be the
connected sum. This is defined by punching out disks in both manifolds
and gluing along the common resulting boundaries. Then x(My # M) +
X(S™) = x(My) + x(Msz). If My and M, are oriented by some orientation
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on My # My then signature(M; # Ms) = signature(M;) + signature(Ms),
ifm=0(4).

PROOF: (a) is an immediate consequence of the fact we have local formulas
for the Euler characteristic and for the signature. To prove (b), we note
that the two disks we are punching out glue together to form a sphere. We
use the additivity of local formulas to prove the assertion about X. The
second assertion follows similarly if we note signature(S™) = 0.

This corollary has topological consequences. Again, we present just one
to illustrate the methods involved:

COROLLARY 3.1.3. Let F — CP,; — M be a finite covering. Then
|F| =1 andM:CPQj.

PROOF: x(CPyj) =2j+1so0as2j+1=|F|x(M), we conclude |F| must
be odd. Therefore, this covering projection is orientation preserving so M is
orientable. The identity 1 = signature(CP»;) = |F|signature(M) implies
|F'| = 1 and completes the proof.

If m = 2 (4), the signature complex does not give a non-trivial index.
We twist by taking coefficients in an auxiliary complex vector bundle V' to
get a non-trivial index problem in any even dimension m.

Let V be a smooth complex vector bundle of dimension v equipped with
a Riemannian connection V. We take the Levi-Civita connection on T (M)
and on A(T* M) and let V be the tensor product connection on A(T* M)V,
We define the operator (d+ 6)y on C*°(A(T*M) ® V) using the diagram:

(d+06)y:C®AMT* M) V) S C(T*M @ MT*M) 2 V)
S O (AT M) @ ).

We have already noted that if V' =1 is the trivial bundle with flat connec-
tion, then the resulting operator is (d + §).

We define 7y = 7 ® 1, then a similar argument to that given for the
signature complex shows 72 = 1 and 7y anti-commutes with (d+§)y. The
+1 eigenspaces of 7 are AT (T*M)®V and the twisted signature complex
is defined by the diagram:

(d+0)E:C®(AE(T* M) @ V) — CX(AF(T*M) 2 V)

where as before (d + §)y, is the adjoint of (d + d);,. We let AL be the
associated Laplacians and define:

signature(M, V) = index((d + §){7) = dim N(A{) — dimN(A7})
as (z,V) = {an(z,Al) — a,(x, A7)} dvol € A™

/ ay (z, V) = signature(M, V).
M
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The invariance of the index under homotopies shows signature(M, V) is
independent of the metric on M, of the fiber metric on V, and of the
Riemannian connection on V. If we do not choose a Riemannian connection
on V, we can still compute signature(M,V) = index((d + 6);), but then
(d+ 6)y is not the adjoint of (d+ §);> and a? is not an invariantly defined
m form.

Relative to a functorial coordinate frame for A%, the leading symbol of
A% is [¢]21. The first order symbol is linear in the l-jets of the metric
and the connection form on V. The 0*" order symbol is linear in the 2-jets
of the metric and the connection form and quadratic in the 1-jets of the
metric and the connection form. Thus af(X,V) € Ry nmp. Theorem
2.6.1 implies af = 0 for n < m while af, is a characteristic form of T'(M)
and of V.

If m =2 and if v = 1, then Ro 291 is one dimensional and is spanned
by the first Chern class ¢; (V) = ch(V) = 5=Q. Consequently aj = cc; in
this case. We shall show later that this normalizing constant ¢ = 2—i.e.,

LEMMA 3.1.4. Let m = 2 and let V be a line bundle over Ms. Then:
signature(M, V) = 2/ c1(L).
M

We postpone the proof of this lemma until later in this chapter.
With this normalizing constant established, we can compute a formula
for signature(M, V') in general:

THEOREM 3.1.5. Let L be the total L-polynomial and let ch(V') be the
Chern character. Then:

(a) as(z,V) =0 for n < m.

(b) aj, (2, V) =3 4 so1mm Ls(TM) A2'chi (V) so that:

signature(M, V) = Y / Ly(TM) A 2tchy (V).
4s+2t=m M

The factors of 2¢ are perhaps a bit mysterious at this point. They arise
from the normalizing constant of Lemma 3.1.4 and will be explained when
we discuss the spin and Dolbeault complexes.

PROOF: We have already proved (a). We know a?, (x, V) is a characteristic
form which integrates to signature(M, V') so it suffices to verify the formula
of (b). If V1 and V4 are bundles, we let V =V} & V5, with the direct sum
connection. Since A‘jﬁ = A‘jﬁl ® A‘i we conclude

signature(M, V; & V3) = signature(M, V) + signature(M, V53).
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Since the integrals are additive, we apply the uniqueness of Lemma 2.6.3
to conclude the local formulas must be additive. This also follows from
Lemma 1.7.5 so that:

a; (x, V4 & Vo) = a) (x,V1) + a (z, Va).

Let {P,}|,|=s be the basis for P, 45,45 and expand:

aﬁn(az, V) = Z Pp A Qm,t,v,p for Qm,t,v,p € Qm,Zt,Zt,U
4|p|+2t=m

a characteristic form of V. Then the additivity under direct sum implies:

Qm,t,v,p(vl % V2) = Qm,t,vl,p (Vl) + Qm,t,vz,p (‘/2)

If v =1, then Qp1.1, (V1) =c-c1(V)! since Qy, 9¢.9¢,1 1Is one dimensional.
If A is diagonal matrix, then the additivity implies:

Qb0 (A) = Quutwp(V) = ¢ YA = ¢ chy(A).
J

Since @ is determined by its values on diagonal matrices, we conclude:

Qm,t,v,p(v) = C(m7 t7 p)cht(v)

where the normalizing constant does not depend on the dimension v. There-
fore, we expand a?, in terms of chy (V') to express:

ag, (@, V)= > PnsA20ch(V)  for Py € Pomasas.

4ds+2t=m

We complete the proof of the theorem by identifying P,, ; = Ls; we have
reduced the proof of the theorem to the case v = 1.

We proceed by induction on m; Lemma 3.1.4 establishes this theorem if
m = 2. Suppose m = 0 (4). If we take V' to be the trivial bundle, then if
4k = m,

afn(x, 1) = Lk = Pm,lc

follows from Theorem 3.1.1. We may therefore assume 4s < m in comput-
ing P, 5. Let M = M, x S? and let V =V, ® V5 where V; is a line bundle
over M; and where V5 is a line bundle over S? so [s2 1 (V5) = 1. (We
constructed such a line bundle in section 2.1 using Clifford matrices). We
take the product connection on V; ® V5 and decompose:

-

_l’_

=
I

AT(V) @ AT (Va) @ A= (V1) @ A~ (V)
A(V)=A" (V)@ AT (VL) @ AT (V) @ A~ (V).
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A similar decomposition of the Laplacians yields:

signature(M, V') = signature(My, V1) signature(Ma, V3)
= 2signature(My, V1)

by Lemma 3.1.4. Since the signatures are multiplicative, the local formulas
are multiplicative by the uniqueness assertion of Lemma 2.6.3. This also
follows by using Lemma 1.7.5 that

ap, (2, V)= Y ab(wr,V1)a) (v, V)

p+qg=m

and the fact a, = 0 for p < m; and a, = 0 for ¢ < my. Thus we conclude:
afn (*Ta V) = awsm (*Tlv Vl)aan (332, V2)

where, of course, my = 2 and m; = m — 2.
We use the identity:

ch(V1 @ Vi) = ch(V7y)ch(V3)

to conclude therefore:
signature(Mq, V1)
1
=5 signature(M, V)

1
:5{ 3 / Pm75A2tcht(V1)}/ 2chy (V2)
4s4+2t=m—2 M; M,

= ) Pps A 2tchy (V7).
My

4s+4+2t=m—2

We apply the uniqueness assertion of Lemma 2.6.3 to conclude P, ; =
P,,—2 s for 4s < m — 2. Since by induction, P, _2 s = L, this completes
the proof of the theorem.

We note that the formula is non-zero, so Lemma 2.6.3 implies that in
any even dimension m, there always exist (M, V') so signature(M, V') # 0.

In fact, much more is true. Given any orientable manifold M, we can find
V over M so signature(M, V) # 0 if dim(M) is even. Since the proof of

this assertion relies on the fact ch: K(M) ® Q = H?*(M; Q) we postpone
a discussion of this fact until we discuss the index theorem in general.



3.2. Spinors and their Representations.

To define the signature complex, we needed to orient the manifold M.
For any Riemannian manifold, by restricting to local orthonormal frames,
we can always assume the transition functions of T'(M) are maps gop: Ugy N
Ug — O(m). If M is oriented, by restricting to local orthonormal frames,
we can choose the transition functions of T'(M) to lie in SO(m) and to
reduce the structure group from GL(m, R) to SO(m). The signature com-
plex results from the represntation A* of SO(m); it cannot be defined in
terms of GL(m, R) or O(m). By contrast, the de Rham complex results
from the representation A®° which is a representation of GL(m, R) so the
de Rham complex is defined for non-orientable manifolds.

To define the spin complex, which is in some sense a more fundamental
elliptic complex than is either the de Rham or signature complex, we will
have to lift the transition functions from SO(m) to SPIN(m). Just as every
manifold is not orientable, in a similar fashion there is an obstruction to
defining a spin structure.

If m > 3, then m(SO(m)) = Zs. Abstractly, we define SPIN(m) to
be the universal cover of SO(m). (If m = 2, then SO(2) = S! and we let
SPIN(2) = S! with the natural double cover Zy — SPIN(2) — SO(2) given
by 6 — 20). To discuss the representations of SPIN(m), it is convenient
to obtain a more concrete representation of SPIN(m) in terms of Clifford
algebras.

Let V' be a real vector space of dimension v = 0 (2). Let

RQV=RaoVaVaV)e o Va-..
be the complete tensor algebra of V. We assume V is equipped with a
symmetric positive definite bilinear form. Let I be the two-sided ideal
of @V generated by {v ® v + |[v|*},ev, then the real Clifford algebra
CLIF(V) = @V mod I. (Of course, we will always construct the corre-

sponding complex Clifford algebra by tensoring CLIF (V') with the complex
numbers). There is a natural transpose defined on @ V' by:

(@ @u) = ® - @uvy.

Since this preserves the ideal I, it extends to CLIF(V). If {ey,...,e,} are
the orthonormal basis for V, then e; x e; + €; * e; = —20;; and

(eil % ook eip)t — (_1)p(p—1)/2 €4, Kk e X eip_
If V' is oriented, we let {e;} be an oriented orthonormal basis and define:

7= (V=1)"%e; % - xe,.
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We already computed that:

T2:(—1)U/261* ceek @y K E] K ... Ey
:(—1)“(”_1)/261* Sk Y KK K ey
=epk -okey ke, k --okep = (—1)" =1,

We let SPIN(V') be the set of all w € CLIF(V) such that w can be
decomposed as a formal product w = vy * --- * vg; for some j where the
v; € V are elements of length 1. It is clear that w! is such an element and
that ww! = 1 so that SPIN(V) forms a group under Clifford multiplication.
We define

pw)r = wrw' for x € CLIF,w € CLIF(V).

For example, if v; = e; is the first element of our orthonormal basis, then:

creie —e€1 1=1
1€6;,€1 — .
¢ €; Z7é1

The natural inclusion of V' in @V induces an inclusion of V' in CLIF (V).
p(e1) preserves V and is reflection in the hyperplane defined by e;. If w €
SPIN(V), then p(w): V' — V' is a product of an even number of hyperplane
reflections. It is therefore in SO(V') so

p: SPIN(V) — SO(V)

is a group homomorphism. Since any orthogonal transformation of determi-
nant one can be decomposed as a product of an even number of hyperplane
reflections, p is subjective.

If w € CLIF(V) is such that

wow! =v allv € V and ww! =1

then wv = vw for all v € V' so w must be in the center of CLIF(V).

LEmMMA 3.2.1. If dimV = v is even, then the center of CLIF (V) is one
dimensional and consists of the scalars.

PRrROOF: Let {e;} be an orthonormal basis for V' and let {er} be the cor-
responding orthonormal basis for CLIF (V). We compute:

€k €j ¥ k€ ke =€) K ke forp>1,

if (a) p is even and ¢ is one of the i; or (b) p is odd and ¢ is not one
of the ;. Thus given I we can choose i so e; x e = —ey * ¢;. Thus
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e; * (D crer) = Y crer = e; for all ¢ implies ¢; = 0 for |I| > 0 which
completes the proof.

(We note that this lemma fails if dim V" is odd since the center in that case
consists of the elements a+bey * - - - ke, and the center is two dimensional).

If p(w) =1 and w € SPIN(V), this implies w is scalar so w = £1. By
considering the arc in SPIN(V) given by w(f) = ((cosf)es + (sinf)es) *
(—(cosB)er + (sinf)ez), we note w(0) = 1 and w(%F) = —1 so SPIN(V) is
connected. This proves we have an exact sequence of groups in the form:

Zy — SPIN(V) — SO(V)

and shows that SPIN(V') is the universal cover of SO(V) for v > 2.

We note that is it possible to define SPIN(V') using Clifford algebras
even if v is odd. Since the center of CLIF(V') is two dimensional for v odd,
more care must be used with the relevant signs which arise. As we shall
not need that case, we refer to Atiyah-Bott-Shapiro (see bibliography) for
further details.

SPIN(V') acts on CLIF (V') from the left. This is an orthogonal action.

LEMMA 3.2.2. Let dimV = 2vy. We complexify CLIF(V). As a left
SPIN(V') module, this is not irreducible. We can decompose CLIF (V) as a
direct sum of left SPIN(V') modules in the form

CLIF(V) = 2" A.

This representation is called the spin representation. It is not irreducible
but further decomposes in the form

A=ATdA™.

If we orient V' and let 7 be the orientation form discussed earlier, then left
multiplication by 7 is +1 on A% so these are inequivalent representations.
They are irreducible and act on a representation space of dimension 2+ ~!
and are called the half-spin representations.

PRrROOF: Fix an oriented orthonormal basis {e;} for V' and define:

ap =vV—leey, ap=v-leges, ..., oy =V-ley 16

as elements of CLIF(V'). It is immediate that 7 = a; ... «,, and:

1

2 _ v — vy
a; =1 and o = ;.

We let the {a;} act on CLIF(V) from the right and decompose CLIF (V)
into the 2¥* simultaneous eigenspaces of this action. Since right and left
multiplication commute, each eigenspace is invariant as a left SPIN(V)
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module. Each eigenspace corresponds to one of the 2t possible sequences
of + and — signs. Let € be such a string and let A, be the corresponding
representation space.

Since ey = —aqe; and ejq; = «jeq for ¢ > 1, multiplication on the
right by ey transforms A, — A, where ¢(1) = —¢’(1) and £(i) = ¢'(4) for
i > 1. Since this map commutes with left multiplication by SPIN(V"), we
see these two representations are isomorphic. A similar argument on the
other indices shows all the representation spaces A, are equivalent so we
may decompose CLIF(V) = 2" A as a direct sum of 2¥* equivalent repre-
sentation spaces A. Since dim(CLIF(V)) = 2V = 4"1, the representation
space A has dimension 2"'. We decompose A into +1 eigenspaces under
the action of 7 to define A*. Since ey * - - -* ¢, is in the center of SPIN(V),
these spaces are invariant under the left action of SPIN(V'). We note that
elements of V' anti-commute with 7 so Clifford multiplication on the left
defines a map:

c: Vo AT - AT

so both of the half-spin representations have the same dimension. They
are clearly inequivalent. We leave the proof that they are irreducible to
the reader as we shall not need this fact.

We shall use the notation A% to denote both the representations and
the corresponding representation spaces. Form the construction we gave,
it is clear the CLIF (V') acts on the left to preserve the space A so A is a
representation space for the left action by the whole Clifford algebra. Since
vt = —7v for v € V, Clifford multiplication on the left by an element of V/
interchanges A% and A~.

LEMMA 3.2.3. There is a natural map given by Clifford multiplication of
V @ A* — AT, This map induces a map on the representations involved:
p @ AT s AT, If this map is denoted by v * w then v * v * w = —|v|?w.

ProoFr: We already checked the map on the spaces. We check:

wth & wr — wthwx = wWuxr

to see that the map preserves the relevant representation. We emphasize
that A* are complex representations since we must complexify CLIF(V))
to define these representation spaces (ww! = 1 for w € SPIN).

There is a natural map p: SPIN(V) — SO(V'). There are natural repre-
sentations A, A, A®° of SO(V) on the subspaces of A(V) = CLIF(V). We
use p to extend these representations of SPIN(V') as well. They are related
to the half-spin representations as follows:

LEMMA 3.2.4.
(a) A =A®A.
(b) (AT — A7) = (AT — A7) ® (AT + A7).
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(c) (A° =A%) = (AT — A7) ® (AT — A7)(=1)"/2.
These identities are to be understood formally (in the sense of K-theory).
They are shorthand for the identities:

AT=(ATAT) @ (AT®AT) and AT =(A" @A) e (A" ®A)
and so forth.

ProOOF: If we let SPIN(V) act on CLIF(V') by right multiplication by

w? = w™!, then this representation is equivalent to left multiplication so

we get the same decomposition of CLIF(V') = 2" A as right spin modules.
Since p(w)z = wrw?, it is clear that A = A®A where one factor is viewed as
a left and the other as a right spin module. Since A% is the decomposition
of SPIN(V') under the action of 7 from the left, (b) is immediate. (c)
follows similarly once the appropriate signs are taken into consideration;
w € CLIF(V)eve™ if and only if

Twrt = (—1)”/2w

which proves (c).
It is helpful to illustrate this for the case dimV = 2. Let {e1,e2} be an
oriented orthonormal basis for V. We compute that:
((cosa)er + (sina)ez) ((cos B)er + (sin B)es)
= (— cos a.cos 3 — sinasinﬁ)

+ (Cos asin J — sin «a cos ﬁ) e1es
so elements of the form cos v+ (sin y)ejes belong to SPIN(V'). We compute:
(cosa + (sina)esez) (cos B + (sin B)eres) = cos(a+ () + sin(a + B)eren

so spin(V) is the set of all elements of this form and is naturally isomorphic
to the circle St = [0, 27] with the endpoints identified. We compute that
p(w)(e1) = (cosf + (sinB)eres)er (cos b + (sinb)eser )
= (cos® g — sin’ 0)e1 + 2(cos B sinB)e,
= cos(20)e; + sin(26)e;
p(w)(ez) = cos(20)es — sin(20)e;q
so the map p: S' — S! is the double cover 6 — 26.

We construct the one dimensional subspaces V; generated by the ele-
ments:

vp=147 wvo=1-7, wv3=(1+7)e;, vg4=(1-7)eq,
TU1 = V1, TU2 = —U2, TU3 = U3, TU4 = —V4,

T T =", VT = —U2, V3T = —U3, V4T = V4.
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When we decompose CLIF(V') under the left action of SPIN(V),
Vi Vg~ AT and Vo~ Vy~A™.

When we decompose CLIF(V) under the right action of SPIN(V), and
replace 7 by —7 = 7! acting on the right:

Vo~ Vg~ AT and Vi Vi~ AT,
From this it follows that as SO(V') modules we have:
Vi=AT©AT, VL =AT®AT, V3=AT0A", V,=A"®A”
from which it is immediate that:

A=VieVo=ATA™ & A AT
AN=VzaVi=ATR AT & AT A~
AT=V1 oV =AT®A™ & AT AT
AT=VoVi=ATAT o AT®A™.

If V is a one-dimensional complex vector space, we let V. be the under-
lying real vector space. This defines a natural inclusion of U(1) — SO(2).
If we let J : V — V be complex multiplication by /=1 then J(e;) = e
and J(ey) = —e; so J is equivalent to Clifford multiplication by ejes on
the left. We define a complex linear map from V to A~ ® A~ by:

Tw)=v—1iJ(v) €V}

by computing T'(e1) = (e1 — iez) = (1 —iejez)(e1) and T'(ez) = ey + e =
(i)(61 — i@z).
LEMMA 3.2.5. Let U(1) be identified with SO(2) in the usual manner. If

V' is the underlying complex 1-dimensional space corresponding to V,. then
V~A"®A™ and V* ~ AT @ AT as representation spaces of SPIN(2).

Proor: We have already verified the first assertion. The second follows
from the fact that V* was made into a complex space using the map —.J
instead of J on V,. This takes us into V3 instead of into Vj. It is also
clear that A~ = (A1)* if dimV = 2. Of course, all these statements are
to be interpreted as statements about representations since they are trivial
as statements about vector spaces (since any vector spaces of the same
dimension are isomorphic).



3.3. Spin Structures on Vector Bundles.

We wish to apply the constructions of 3.2 to vector bundles over mani-
folds. We first review some facts regarding principal bundles and Stieffel-
Whitney classes which we shall need.

Principal bundles are an extremely convenient bookkeeping device. If G
is a Lie group, a principal G-bundle is a fiber space n: P; — M with fiber
G such that the transition functions are elements of G acting on G by left
multiplication in the group. Since left and right multiplication commute,
we can define a right action of G on Pg which is fiber preserving. For
example, let SO(2k) and SPIN(2k) be the groups defined by R?* with the
cannonical inner product. Let V be an oriented Riemannian vector bundle
of dimension 2k over M and let Pso be the bundle of oriented frames
of V. Pso is an SO(2k) bundle and the natural action of SO(2k) from
the right which sends an oriented orthonormal frame s = (sy,..., S2) to
s-g=(s],...,5,,) is defined by:

/
S; =58191,i + *++ + S2k92k,i-

The fiber of Pso is SO(V,) where V, is the fiber of V' over the point x.
This isomorphism is not natural but depends upon the choice of a basis.

It is possible to define the theory of characteristic classes using principal
bundles rather than vector bundles. In this approach, a connection is a
splitting of T'(Pg) into vertical and horizontal subspaces in an equivariant
fashion. The curvature becomes a Lie algebra valued endomorphism of
T(P¢) which is equivariant under the right action of the group. We refer
to Euguchi, Gilkey, Hanson for further details.

Let {Uy} be a cover of M so V is trivial over U, and let §, be local
oriented orthonormal frames over U,. On the overlap, we express §, =
9apSp where go5: U, NUg — SO(2k). These satisfy the cocycle condition:

9apdpydya — I and Jaa = I.

The principal bundle Pso of oriented orthonormal frames has transition
functions g,p acting on SO(2k) from the left.

A spin structure on V' is a lifting of the transition functions to SPIN(2k)
preserving the cocyle condition. If the lifting is denoted by ¢’, then we
assume:

P(9ep) = Yas » 90954950 =1, and gL = 1.

This is equivalent to constructing a principal SPIN(2k) bundle Pspin to-
gether with a double covering map p: Pspin — Pso which preserves the
group action—i.e.,

p(z-g') = p(x)-plg")
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The transition functions of Pspin are just the g/, 5 acting on the left.

Attempting to find a spin structure on V' is equivalent to taking a square
root in a certain sense which we will make clear later. There is an ob-
struction to defining a spin structure which is similar to that to defining an
orientation on V. These obstructions are Zs characteristic classes called
the Stieffel-Whitney classes and are most easily defined in terms of Cech
cohomology. To understand these obstructions better, we review the con-
struction briefly.

We fix a Riemannian structure on T'(M) to define a notion of distance.
Geodesics on M are curves which locally minimize distance. A set U is
said to be geodesically convex if (a) given x,y € U there exists a unique
geodesic in M joining x to y with d(x,y) = length(y) and (b) if v is any
such geodesic then v is actually contained in U. It is immediate that the
intersection of geodesically convex sets is again geodesically convex and
that every geodesically convex set is contractible.

It is a basic theorem of Riemannian geometry that there exist open
covers of M by geodesically convex sets. A cover {U,} is said to be simple
if the intersection of any number of sets of the cover is either empty or is
contractible. A cover of M by open geodesically convex sets is a simple
cover.

We fix such a simple cover hence forth. Since U, is contractible, any
vector bundle over M is trivial over U,. Let Z, be the multiplicative
group {#1}. A Cech j-cochain is a function f(ao,...,qa;) € Zy defined
for j + 1-tuples of indices where Uy, N -+ N Uy, # () which is totally
symmetric—i.e.,

f(OzU(O),. vy Oég(j)) = f(ao, .. .,ozj)

for any permutation o. If C7(M;Z5) denotes the multiplicative group of
all such functions, the coboundary 6: C7 (M, Zy) — CITY(M; Zy) is defined
by:
Jj+1
(6 f) (o, s aj41) = H flag, ..., aiy o q1).

1=0

The multiplicative identity of C7(M;Z3) is the function 1 and it is an
easy combinatorial exercise that 2 f = 1. For example, if fo € CY(M; Z>)
and if f1 € C'(M;Z5), then:

6 (fo)(ao, 1) = f(a1)f(ao)
6(f1)(ao, a1, az) = f(ar, az) f(ao, a1) f (oo, az).

Z, is a particularly simple coefficient group to work with since every ele-
ment is its own inverse; in defining the Cech cohomology with coefficients
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in other abelian groups, more care must be taken with the signs which
arise.

Let H(M;Zy) = N(6;)/ R(d;-1) be the cohomology group; it is an easy
exercise to show these groups are independent of the particular simple cover
chosen. There is a ring structure on H*(M;Z5), but we shall only use the
“additive” group structure (which we shall write multiplicatively).

Let V' be a real vector bundle, not necessarily orientable. Since the U,
are contractible, V' is trivial over the U and we can find a local orthonormal
frame 5, for V over U,. We let 5, = go353 and define the 1-cochain:

f(aB) = det(gap) = *1.

This is well defined since U, N Up is contractible and hence connected.
Since f(a, 3) = f(B3, ), this defines an element of C'(M;Z,). Since the
{gap} satisty the cocycle condition, we compute:

0 f(a, B,7) = det(gapgsygya) = det(l) =1

so 0(f) = 1 and f defines an element of H'(M;Z,). If we replace 5, by
=/

§!, = ha5, the new transition functions become g’aﬁ = hagaghgl so if

o(a) = det(hy),

f'(a, B) = det(hagashy ') = det(ha) f(a, B) det(hg) = 6(fo) f

and f changes by a coboundary. This proves the element in cohomology
defined by f is independent of the particular frame chosen and we shall
denote this element by wy (V) € HY(M; Z5).

If V is orientable, we can choose frames so det(gns) = 1 and thus
w1 (V) = 1 represents the trivial element in cohomology. Conversely, if
wy (V) is trivial, then f = § fo. If we choose h, so det(hy) = fo(a), then
the new frames §7, = hq 5, will have transition functions with det(gg,5) = 1
and define an orientation of V. Thus V' is orientable if and only if wy (V') is
trivial and wy (V'), which is called the first Stieffel-Whitney class, measures
the obstruction to orientability.

If V' is orientable, we restrict henceforth to oriented frames. Let dim V'
= 2k be even and let go5 € SO(2k) be the transition functions. We choose
any lifting gz to SPIN(2k) so that:

P(gaﬁ) = Gap and gaﬁgﬁa = I;

since the U, are contractible such lifts always exist. We have g,395y9va
= 1 50 p(Gapdpydva) = I and hence Go39svGva = £1 = f(a, B,7)] where
fla, B,7v) € Zy. V admits a spin structure if and only if we can choose
the lifting so f(«, 3,7) = 1. It is an easy combinatorial exercise to show
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that f is symmetric and that § f = 0. Furthermore, if we change the choice
of the s, or change the choice of lifts, then f changes by a coboundary.
This implies f defines an element wy (V) € H?(M;Z5) independent of the
choices made. wy is called the second Stieffel-Whitney class and is trivial
if and only if V' admits a spin structure.

We suppose wq (V) = wy (V) = 1 are trivial so V' is orientable and admits
a spin structure. Just as there are two orientations which can be chosen
on V, there can be several possible inequivalent spin structures (i.e., sev-
eral non-isomorphic principal bundles Pspin). It is not difficult to see
that inequivalent spin structures are parametrized by representations of
the fundamental group 7 (M) — Zs just as inequivalent orientations are
parametrized by maps of the components of M into Zs.

To illustrate the existence and non-existence of spin structures on bun-
dles, we take M = S?. S§? = CP,; is the Riemann sphere. There is a
natural projection from C? — 0 to S? given by sending (r,w) — z/w; S?
is obtained by identifying (z,w) = (Az, Aw) for (z,w) # (0,0) and A # 0.
There are two natural charts for S?2:

Uy ={z:|z| <1} and Us ={z:|z] > 1} U {o0}
where w = 1/z gives coordinates on Us.

CP; is the set of lines in C?; we let L be the natural line bundle over
S2: this is also refered to as the tautological line bundle. We have natural
sections to L over U; defined by:

s1 = (z,1) over Uy and so = (1,w) over Us.
these are related by the transition function:
S1 = 289

so on U; N Uy we have g1o = €Y. The double cover SPIN(2) — SO(2) is
defined by 6 — 26 so this bundle does not have a spin structure since this
transition function cannot be lifted to SPIN(2).

This cover is not a simple cover of S? so we construct the cover given in
the following

Vi
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(where we should “fatten up” the picture to have an open cover). If we
have sections s; to L over V;, then we can choose the transition functions
SO §j = W5, for 1 <j <3and 35 =5 =55. Welet

0<6<27/3 parametrize Vi3 NV,
2w /3 <0 <4rmw/3 parametrize Vo NVy
Ar/3 <0 <27 parametrize V3 NV,

and define:

i0/2 i0/2
9

~ _ 7
gia = €

~ i0/2 ~
Goa =€ Gay=e

and all the g;; =1 for 1 < j, & < 3 then we compute:
G13G34G41 = €' = —1
so the cochain defining wy satisfies:
f(1,3,4)=—-1 with f(i,j,k)=1 ifiorj or k=2.
We compute this is non-trivial in cohomology as follows: suppose f =4 f;.

Then:

f(1,2,3) = f1(1,2) f1(
F(1,2,4) = f1(1,2) A1 (1,
f(2,3,4) = f1(2,3) /1(2,4) f1(3,4)
and multiplying together:

1
1
1

1= fl(lv 2)2f1(2?3)2f1(274)2f1(1?4)f1(17 3)f1(374)
= f1(1,4) f1(1,3)f1(3,4) = f(1,3,4) = —1

which is a contradiction. Thus we have computed combinatorially that
wy # 1 is non-trivial.

Next we let V' = T'(M) be the real tangent bundle. We identify U(1)
with SO(2) to identify T'(M) with Te:(M). Since w = 1/z we have:

d dw d o d
_——=—— = —Z JR—
dz  dz dw dw
so the transition function on the overlap is —e~2¥. The minus sign can be
- . d . d )
eliminated by using T instead of I 28 section over Us to make the
w w

transition function be e=2%. Since the double cover of SPIN(2) — SO(2)
is given by 6 +— 20, this transition function lifts and T'(M) has a spin
structure. Since S? is simply connected, the spin structure is unique. This
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also proves T (M) = L*®L* since the two bundles have the same transition
functions.

There is a natural inclusion of SPIN(V') and SPIN(W) into subgroups
of SPIN(V @ W) which commute. This induces a map from SPIN(V') x
SPIN(W) — SPIN(V & W). Using this map, it is easy to compute wy(V &
W) = wy(V)we(W). To define wy(V'), we needed to choose a fixed orien-
tation of V. It is not difficult to show that wo(V') is independent of the
orientation chosen and of the fiber metric on V. (Our definition does de-
pend upon the fact that V is orientable. Although it is possible to define
wy (V) more generally, the identity wq(V & W) = wq(V)we (W) fails if V
and W are not orientable in general). We summarize the properties of ws
we have derived:

LEMMA 3.3.1. Let V be a real oriented vector bundle and let wy (V') €
H?(M;Z3) be the second Stieffel-Whitney class. Then:

(a) wa(V) = 1 represents the trivial cohomology class if and only if V'
admits a spin structure.

(c) If L is the tautological bundle over S? then ws(L) is non-trivial.

We emphasize that (b) is written in multiplicative notation since we
have chosen the multiplicative version of Zs. ws is also functorial under
pull-backs, but as we have not defined the Cech cohomology as a functor,
we shall not discuss this property. We also note that the Stieffel-Whitney
classes can be defined in general; w(V) =1+ w (V) + --- € H*(M;Zs)
is defined for any real vector bundle and has many of the same properties
that the Chern class has for complex bundles.

We can use Lemma 3.3.1 to obtain some other results on the existence
of spin structures:

LEMMA 3.3.2.

(a) If M = S™ then any bundle over S™ admits a spin structure for m # 2.
(b) If M = CPy, and if L is the tautological bundle over M, then L does
not admit a spin structure.

(¢) If M = CPy, and if V.= T(M) is the tangent space, then V admits a
spin structure if and only if k is odd.

(d) If M = QP is quaternionic projective space, then any bundle over M
admits a spin structure.

PRrROOF: H?(M;Zy) = {1} in (a) and (d) so wy must represent the trivial
element. To prove (b), we suppose L admits a spin structure. S? is em-
bedded in CPy for k > 2 and the restriction of L to S? is the tautological
bundle over S?. This would imply L admits a spin structure over S? which
is false. Finally, we use the representation:

T.(CPj))®1=L"® ---dL"
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so that
T(CP)®1? = (L) ® - D (LF)

. v
v~

j+1 times

where LY denotes the real vector bundle obtained from L* by forgetting
the complex structure. Then wq(L%) = wa(L,) since these bundles are
isomorphic as real bundles. Furthermore:

wy(T(CFy)) = wa (L, )"t

and this is the trivial class if j + 1 is even (i.e., j is odd) while it is wo(L,)
and non-trivial if j + 1 is odd (i.e., j is even).

Let M be a manifold and let V be a real vector bundle over M. If
V' admits a spin structure, we shall say V is spin and not worry for the
moment about the lack of uniqueness of the spin structure. This will not
become important until we discuss Lefschetz fixed point formulas.

If V is spin, we define the bundles A* (V) to have transition functions
AT (gap) where we apply the representation AT to the lifted transition
functions. Alternatively, if Pspyn is the principal spin bundle defining the
spin structure, we define:

AE(V) = Pspiny @ax AT

where the tensor product across a representation is defined to be Pspin X
AT module the identification (p-g) x z = p x (A%(g)z) for p € Pspin,
g € Pspix (2k), z € AT. (The slight confusion of notation is caused by
our convention of using the same symbol for the representation and the
representation space.)

Let by be a fixed unitary frame for A%, If is a local oriented orthonor-
mal frame for V', we let §; be the two lifts of §€ Pso to Pspin. §1 = —S9
but there is no natural way to distinguish these lifts, although the pair is
cannonically defined. If V is a Riemannian connection on V, let Vz = w§
be the connection 1-form. w is a skew symmetric matrix of 1-forms and is
a 1-form valued element of the Lie algebra of SO(2k). Since the Lie alge-
bra of SO(2k) and SPIN(2k) coincide, we can also regard w as an element
which is 1-form valued of the Lie algebra of SPIN(2k) and let A*(w) act
on A*(V). We define bases 5; ® by for A (V) and define:

V(gz ® bi) =5 ® Ai(w)bi

to define a natural connection on A*(V). Since the same connection is
defined whether s; or S5 = —§; is chosen, the Z, ambiguity is irrelevant
and V is well defined.

Lemma 3.2.4 and 3.2.5 extend to:
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LEmMA 3.3.3. Let V' be a real oriented Riemannian vector bundle of
even fiber dimension v. Suppose V admits a spin structure and let A* (V)
be the half-spin bundles. Then:

(a) A(V) = A(V) @ A(V).

(b) (AT — A7) (V)= (AT — A7) @ (AT — A7)(V).

(c) (A® = A°)(V) = (=1)"2(AT — A7) @ (AT — A7)(V).

(d) If v =2 and if V is the underlying real bundle of a complex bundle V,
then V. ~ A~ @ A~ and VF ~ At @ At.

(e) If V is a Riemannian connection on V and if we extend V to A*(V),
then the isomorphisms given are unitary isomorphisms which preserve V.

Spinors are multiplicative with respect to products. It is immediate from
the definitions we have given that:

LEMMA 3.3.4. Let V; be real oriented Riemannian vector bundles of even
fiber dimensions v; with given spin structures. Let V; &V, have the natural
orientation and spin structure. Then:

(AT = A7)V @ V) = {(AT = AT)(V)} @ {(AT — A7) (V2)}.

If V,; are Riemannian connections on V; and if we define the natural in-
duced connections on these bundles, then the isomorphism is unitary and
preserves the connections.

A spin structure always exists locally since the obstruction to a spin
structure is global. Given any real oriented Riemannian bundle V' of even
fiber dimension with a fixed Riemannian connection V, we define A(V') and
A(V) = AT (V) d A~ (V). With the natural metrics and connections, we
relate the connection 1-forms and curvatures of these 3 bundles:

LemMA 3.3.5. Let {e;} be a local oriented orthonormal frame for V. We

let Ve; = wjsy represent the connection 1-form and Sde; = ;e be the
curvature matrix for Qj, = dw;r — wji A wyg. Let Ae and Ae denote the
natural orthonormal frames on A(V') and A(V'). Relative to these frames

we compute the connection 1-forms and curvature matrices of A(V') and
A(V) by:

(a) wa = wjj ext(e) int(e;) Qp = Qjp ext(ey) int(e;)

1 1
(b) WA = ijkej * €L QA = Zijej * L.

PROOF: We sum over repeated indices in these expressions. We note (a)
is true by definition on A*(V) = V. Since both w and  extend to act as
derivations on the exterior algebra, this implies (a) is true on forms of all
degree.

Let so(n) = {4 € nxn real matrices with A+ A" = 0} be the Lie algebra
of SO(n). This is also the Lie algebra of SPIN(n) so we must identify this
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with an appropriate subset of the Clifford algebra in order to prove (b).
We choose a representative element of so(n) and define

Aey = ey, Aey=—e;, Ae; =0 for y > 2;
i.e.,

A12 = 1, A21 = —1, Ajk: =0 otherwise.
If we let g(t) € SO(n) be defined by

g(t)er = (cost)e; + (sint)es,
g(t)ea = (cost)ey — (sint)ey,
g(ej=ej  J>2
then g(0) = I and ¢'(0) = A. We must lift g(¢) from SO(n) to SPIN(n).
Define:
h(t) = (cos(t/4)er + sin(t/4)es) (— cos(t/4)er + sin(t/4)es)
= cos(t/2) + sin(t/2)e1eo € SPIN(n)

Then p(h) € SO(n) is defined by:
p(h)e; = (cos(t/2) + sin(t/2)eres)e; (cos(t/2) — sin(t/2)eres)
so that p(h)e; = e; for j > 2. We compute:

= (cos(t/2)er + Sln(t/2)e ) (cos(t/2) — sin(t/2)eqe2)
( (t/2))er + 2sin(t/2) cos(t/2)es

p(h)ea = (cos(t/2)es — sin(t/2)er) (cos(t/2) — sin(t/2)eres)
= (cos?(t/2) — sin®*(t/2))e2 — 2sin(t/2) cos(t/2)er

so that p(h) = g. This gives the desired lift from SO(n) to SPIN(n). We
differentiate to get

h/(O) = %6162 = iAjkej * €L
This gives the lift of a matrix in this particular form. Since the whole
Lie algebra is generated by elements of this form, it proves that the lift of
Ajp in general is given by §Ajke; = ey, Since SPIN(n) acts on the Clifford
algebra by Clifford multiplication on the left, this gives the action of the
curvature and connection 1-form on the spin representations and completes
the proof.
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We can define ch(A*(V)) as SO characteristic forms. They can be ex-
pressed in terms of the Pontrjagin and Euler forms. We could use the
explicit representation given by Lemma 3.3.5 to compute these forms; it
is most easy, however, to compute in terms of generating functions. We
introduce formal variables {z;} for 1 < j < (dimV’)/2 so that

p(V)=][(1+23)  and e(V):ij.

J

All these computations are really induced from the corresponding matrix

identities and the {z;} arise from putting a skew-symmetric matrix A in
block form.

LEMMA 3.3.6. Let V be an oriented real Riemannian vector bundle of
dimension n = 0 (2). Let ch(A%(V)) be a real characteristic form; these
are well defined even if V' does not admit a global spin structure. Then:

(a) ch(AT(V)) + ch(A™ (V) = ch(A(V)) = [[{e/? + e7/2}.
(b)

(=)™ {ch(AT(V)) = ch(A™(V))} = H{e“”/2 —e "%

=e(V)(1 + higher order terms).

ProoF: This is an identity among invariant polynomials in the Lie algebra
so(n). We may therefore restrict to elements of the Lie algebra which
split in block diagonal form. Using the multiplicative properties of the
Chern character and Lemma 3.3.4, it suffices to prove this lemma for the
special case that n = 2 so AT (V) are complex line bundles. Let V. be
a complex line bundle and let V' be the underlying real bundle. Then
x1 =x =c1(Ve) = e(V). Since:

V.=A"®A" and VS=AT®At
we conclude:
x=2c1(A7) and —x=2c(AT)

which shows (a) and the first part of (b). We expand:

1
x/2 —m/2: - .3
e e x+243: +

to see ch(A7) — ch(AT) = e(V)(1 4 53p1(V) + - ) to complete the proof
of (b).
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There is one final calculation in characteristic classes which will prove
helpful. We defined L and A by the generating functions:

_ Lj
L(x)—H tanh x;
e¥i e %
_H JemJ —e %

A l‘ - l‘ -
Ag)=T]-— 10— i
() 1:[ sinh(z;/2) 1;[ e%il2 — e=%;/2

LEMMA 3.3.7. Let V be an oriented Riemannian real vector bundle of
dimension n = 2ng. If we compute the component of the differential form
which is in A™(T* M) then:

{LOVD} = {eh(AV)) A AV )}

ProOF: It suffices to compute the component of the corresponding sym-
metric functions which are homogeneous of order ng. If we replace x; by
xj/2 then:

{L(xj)}no = {27 L(x;/2) }n,
= {H T tanh(:rj/2)}
em/Z _'_e—ac/Z

= €T,
H Jemj/Q_e—mj/Q
J

no

= {ch(A(V)) A A(V) g

no

which completes the proof.



3.4. The Spin Complex.

We shall use the spin complex chiefly as a formal construction to link the
de Rham, signature, and Dolbeault complexes. Let M be a Riemannian
manifold of even dimension m. Let T'(M) be the real tangent space. We
assume that M is orientable and that T'(M) admits a spin structure. We
let AT (M) be the half-spin representations. There is a natural map given
by Lemma 3.2.3 from the representations of

T* (M) — HOM(A® (M), AT (M))

which we will call ¢(§) (since it is essentially Clifford multiplication) such
that c(€)? = —|€]?I. We extend the Levi-Civita connection to act naturally
on these bundles and define the spin complex by the diagram:

AE C®(AT(M)) 5 C°(T*M @ AX(M)) S C™ (AT (M)

to be the operator with leading symbol ¢. (A+)* = A~ and A% is elliptic
since ¢(£)? = —|¢|*I; this operator is called the Dirac operator.

Let V be a complex bundle with a Riemannian connection V. We define
the spin complex with coefficients in V by using the diagram:

AL C®(AT(M)@ V) = C®(T*M @ AT (M) 2 V)

L (AT (M) 2 V).

This is completely analogous to the signature complex with coefficients in
V. We define:
index(V, spin) = index(A{});

a priori this depends on the particular spin structure chosen on V', but we
shall show shortly that it does not depend on the particular spin structure,
although it does depend on the orientation. We let

" (2,V)

denote the invariants of the heat equation. If we reverse the orientation of
M, we interchange the roles of AT and of A~ so aSP™™ changes sign. This
implies a’P" can be regarded as an invariantly defined m-form since the
scalar invariant changes sign if we reverse the orientation.

Let X be an oriented coordinate system. We apply the Gramm-Schmidt
process to the coordinate frame to construct a functorial orthonormal frame
§(X) for T(M) = T*(M). We lift this to define two local sections &;(X)
to the principal bundle Pspiy with §;(X) = —8§5(X). There is, of course,
no cannonical way to prefer one over the other, but the pair is invariantly
defined. Let b* be fixed bases for the representation space A% and let
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bE(X) = §(X) ® b provide local frames for A*(M). If we fix i = 1
or ¢ = 2, the symbol of the spin complex with coefficients in V' can be
functorially expressed in terms of the 1-jets of the metric on M and in
terms of the connection 1-form on V. The leading symbol is given by
Clifford multiplication; the 0*" order term is linear in the 1-jets of the
metric on M and in the connection 1-form on V' with coefficients which are
smooth functions of the metric on M. If we replace b by b = —bT then
the local representation of the symbol is unchanged since multiplication by
—1 commutes with differential operators. Thus we may regard a$P™" (z, V) €
Ron,n,m,dim v as an invariantly defined polynomial which is homogeneous
of order n in the jets of the metric and of the connection form on V' which
is m-form valued.

This interpretation defines a$P™™ (z,V) even if the base manifold M is
not spin. We can always define the spin complex locally as the Z, indeter-
minacy in the choice of a spin structure will not affect the symbol of the
operator. Of course, [, aPin (z, V') can only be given the interpretation of
index(V, spin) if M admits a spin structure. In particular, if this integral
is not an integer, M cannot admit a spin structure.

asP" (z,V) is a local invariant which is not affected by the particular
global spin structure chosen. Thus index(V,spin) is independent of the
particular spin structure chosen.

We use exactly the same arguments based on the theorem of the second
chapter and the multiplicative nature of the twisted spin complex as were
used to prove the Hirzebruch signature theorem to establish:

LEMMA 3.4.1.

(a) aSP™ = 0 if n < m and a$P™™ is a characteristic form of T(M) and of V.
(b) [ asP (2, V) = index(V, spin).

(¢) There exists a characteristic form A’ of T(M) in the form:

A =1+A+---

which does not depend on the dimension of M together with a universal
constant c such that

asPin — Z AL A cen(V),.

4s+2t=m

We use the notation A’ since we have not yet shown it is the A-roof
genus defined earlier. In proving the formula splits into this form, we do
not rely on the uniqueness property of the second chapter, but rather on the
multiplicative properties of the invariants of the heat equation discussed in
the first chapter.

The spin complex has an intimate relation with both the de Rham and
signature complexes:
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LEMMA 3.4.2. Let U be an open contractible subset of M. Over U, we
define the signature, de Rham, and spin complexes. Then:

(a) (A =A%) @V ~ (=1)"2(AT — AT )@ (AT —A")a V.

(b)) (AT A7)V (AT -AT)@ (AT + A7) V.

(¢) These two isomorphisms preserve the unitary structures and the con-
nections. They also commute with Clifford multiplication on the left.

(d) The natural operators on these complexes agree under this isomor-
phism.

PRrROOF: (a)—(c) follow from previous results. The natural operators on
these complexes have the same leading symbol and therefore must be the
same since they are natural first order operators. This proves (d).

We apply this lemma in dimension m = 2 with V' = the trivial bundle
and M = S?:

x(S?) = 2 = index(d + 6) = index(A™ — AT spin)
= [ ete@) —a@n)
S2
= c/ e(TM) = 2c
S2

by Lemmas 2.3.1, 3.3.5, and 3.3.4. This establishes that the normalizing
constant of Lemma 3.4.1 must be 1 so that:

asPin = Z A" A chy (V).
4s+2t=m

We apply this lemma to the twisted signature complex in dimension m = 2
with V' a non-trivial line bundle over S? to conclude:

signature(S?, V) = index((AT & A7) @ V, spin)
= / ch(AT & A7) R V) = / 21 (V).
2 2

This shows that the normalizing constant of Lemma 3.1.4 for the twisted

signature complex is 2 and completes the proof of Lemma 3.1.4. This there-

fore completes the proof of the Hirzebruch signature theorem in general.
The de Rham complex with coeffiecients in V' is defined by the diagram:

C® (A (M) @ V) S 0% (T M 0 A% (M) @ V) <25 0= (A% (M) & V)

and we shall denote the operator by (d + ¢)f,. The relations given by
Lemma 3.4.2 give rise to relations among the local formulas:

an(z, (d+90)y) = an(z, A?_—l)M/Z(A'F—A*)@V )

an (2, (d + 5)¢) = an (7, A?_A+—A—)®V)
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where (d + d)7 is the operator of the twisted signature complex. These
relations are well defined regardless of whether or not M admits a spin
structrue on T'(M).

We deal first with the de Rham complex. Using Lemma 3.4.1 and the
fact that the normalizing constant c is 1, we conclude:

an (, (d+6)%) = A" A ch((—=1)™2(A+ — A7) A ch(V).

Since ch((—1)™/2(A*t —A7)) = e(M) is already a top dimensional form by
Lemma 3.3.5(b), we conclude a,,(z, (d+6)5,) = (dim V)e(M). This proves:

THEOREM 3.4.3. Let (d+0){, be the de Rham complex with coefficients
in the bundle V' and let a,(x,(d+0)$,) be the invariants of the heat equa-
tion. Then:
(a) ap(z, (d+0)},) =0 ifn <m.
(b) am,(z, (d+0)5,) = (dim V')e(M) where e(M) is the Euler form of T'(M).
(¢)

index((d + 6)%) = (dim V)x (M) = / (dim V)e(M).

This shows that no information about V' (except its dimension) is ob-
tained by considering the de Rham complex with coefficients in V' and it
is for this reason we did not introduce this complex earlier. This gives a
second proof of the Gauss-Bonnet theorem independent of the proof we
gave earlier.

Next, we study the signature complex in order to compute A. Using
Lemma 3.4.1 with the bundle V = 1, we conclude for m = 4k,

(2, (d 4 0)77) = {A" A ch(A)},n.
Using Theorem 3.1.1 and Lemma 3.3.6, we compute therefore:
Ly = {ch(A) A fl}m = {ch(A) A fl’}m = ap(x, (d+ 5);5)

so as the Chern character is formally invertible; A = A’ is given by the
generating function z;/sinh(z;/2) by Lemma 3.3.7. We can now improve
Lemma 3.4.1 and determine all the relevant normalizing constants.

THEOREM 3.4.4. Let T(M) admit a spin structure, then:
(a) aSP™ =0 if n < m.

(b) a;™ (z, V) = Z4s+2t:m As A chy (V).

(¢) index(V, spin) = [}, asPin (z, V).



3.5. The Riemann-Roch Theorem
For Almost Complex Manifolds.

So far, we have discussed three of the four classical elliptic complexes,
the de Rham, the signature, and the spin complexes. In this subsection, we
define the Dolbeault complex for an almost complex manifold and relate it
to the spin complex.

Let M be a Riemannian manifold of dimension m = 2n. An almost
complex structure on M is a linear map J:T(M) — T(M) with J? =
—1. The Riemannian metric G is unitary if G(X,Y) = G(JX, JY) for all
X,Y € T(M); we can always construct unitary metrics by averaging over
the action of .J. Henceforth we assume G is unitary. We extend G to be
Hermitian on T'(M) ® C, T*(M) ® C, and A(M) ® C.

Since J? = —1, we decompose T(M) @ C = T'(M) & T"(M) into the
+i eigenspaces of J. This direct sum is orthogonal with respect to the
metric G. Let ALY (M) and A% (M) be the dual spaces in T*(M) ® C to
T" and T"”. We choose a local frame {e;} for T'(M) so that J(e;) = €j4n
for 1 <i < n. Let {e/} be the corresponding dual frame for T*(M). Then:

T'(M) = spang{e; —i€jin}i— T"(M) = spanc{e; + iejyn}tj—y
AV (M) = spang {e/ + iel T Fiea A% (M) = spang{e/ — iej+”}?:1.

These four vector bundles are all complex vector bundles over M. The
metric gives rise to natural isomorphisms T'(M) ~ A®Y (M) and T" (M) =
A9 (M). We will use this isomorphism to identify e; with e/ for much of
what follows.

If we forget the complex structure on 7”(M), then the underlying real
vector bundle is naturally isomorphic to T'(M ). Complex multiplication by
ion T'(M) is equivalent to the endomorphism .J under this identification.
Thus we may regard J as giving a complex structure to T'(M).

The decomposition:

T*(M)® C = A0 (M) @ A% (M)
gives rise to a decomposition:
A(T*M) @ C = P AP (M)
P.q

for
API(M) = AP(AMO (M) @ AT (M)).

Each of the bundles AP'? is a complex bundle over M and this decomposi-
tion of A(T*M)® C is orthogonal. Henceforth we will denote these bundles
by T', T, and AP>? when no confusion will arise.
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If M is a holomorphic manifold, we let z = (z1,..., 2z,) be a local holo-
morphic coordinate chart. We expand z; = x; + iy; and define:

i_l 9 9N 9 _1f9 9
0z; N 0w 8y] 0%z; 2 ox; y;

de = d:l','j + zdyj, dij = dl‘j — zdy]
We define:
of ~ of ,_

The Cauchy-Riemann equations imply that a function f is holomorphic
if and only if O(f) = 0. If w = (wy,...,w,) is another holomorphic
coordinate system, then:

0z 0z,
Z ow; 8zk Z ow; 8zk
ow; 8w
dwj = Z 821: dzp, dlf)j = % dzy.
We define:
o\" a "
T'(M) :Span{ } , T" (M) :span{—}
0z; J._, 0z, j=1
AMO(M) = span{dz; Yz A% (M) = span{dz; Fiea

then these complex bundles are invariantly defined independent of the
choice of the coordinate system. We also note

0:C™® (M) — C®(AM(M))  and  9:C®°(M) — C=(A*1(M))

are invariantly defined and decompose d = 9 + 0.

There is a natural isomorphism of T"(M) with T (M) as real bundles
in this example and we let J be complex multiplication by ¢ under this
isomorphism. Equivalently:

0 0 0 0
J(a@) = (a—y) and (a—y) = o,

T' (M) = T.(M) is the complex tangent bundle in this example; we shall
reserve the notation T.(M) for the holomorphic case.

Not every almost complex structure arises from a complex structure;
there is an integrability condition. If .J is an almost complex structure, we
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decompose the action of exterior differentiation d on C°°(A) with respect
to the bigrading (p, q) to define:

0: C*° (A1) — C™ (Ap+1’q) and 0: C'™ (APT) — C° (Ap,q—|—1).

THEOREM 3.5.1 (NIRENBERG-NEULANDER). The following are equiv-
alent and define the notion of an integrable almost complex structure:

a e almost complex structure J arises from a holomorphic structure
The al t I truct J arises fi hol hic struct
on M.

(b) d =0+ 0.

(c) 900 = 0.

(d) T'(M) is integrable—i.e., given X,Y € C°(T'(M)), then the Lie
bracket [X,Y] € C*°(T'(M)) where we extend | , ] to complex vector

fields in the obvious fashion.

ProoOF: This is a fairly deep result and we shall not give complete details.
It is worth, however, giving a partial proof of some of the implications
to illustrate the concepts we will be working with. Suppose first M is
holomorphic and let {z;} be local holomorphic coordinates on M. Define:

dz' =dz, A ---Ndz,  and  d2 =dz, A - AN dz,

then the collection {dz! Adz’} gives a local frame for AP*¢ which is closed.
If w € C®(AP9), we decompose w = Y fr s dz! A dz’7 and compute:

dw:d{ZfLszI/\dzJ} = dfrs ndz" NdE

On functions, we decompose d = 0 + 9. Thus dw € C® (AP @ API+L)
has no other components. Therefore dw = dw + dw so (a) implies (b).

We use the identity d? = 0 to compute (9 + 0)? = (0?) + (00 + 00) +
(0?) = 0. Using the bigrading and decomposing this we conclude (0?) =
(00 + 00) = (0?) = 0 so (b) implies (c). Conversely, suppose that 09 = 0
on C*°(M). We must show d: C®(AP7) — C®(APTH g AP4T1) has no
other components. Let {e;} be a local frame for A"? and let {&;} be the
corresponding local frame for A%!. We decompose:

dej = 8€j + 56]’ + Aj for Aj € A0’2
déj = 553' + 3éj + /ij for /_1]' € A9,

Then we compute:
d(Z fje]-> = df; Nej + fide;
= Z{()fj Nej+ 5fj Nej+ fj0e; + fjgej + fjAj}

= 3(2 fj€j> + 5(2 fj€j> +> fi4;
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Similarly

d(z fjéj> = 8(2 fjéj> + 5(2 fjéj> +)fid;

If A and A denote the 0" order operators mapping AM% — A%2 and A®! —
A?Y then we compute:

O(w) + Aw for w € C=(A1?)
O(@)+Aw  for @ € C® (A%,

Let f € C°°(M) and compute:
0=d?f=d(Of +0f) = (0 + Ad)f + (00 + 00)f + (0° + AD)f

where we have decomposed the sum using the bigrading. This implies that
(02 +A0)f = 0s0 ADf = 0. Since {9f} spans A%, this implies A = A =0
since A is a 0" order operator. Thus de; = Oe; +5ej and de; = Oe; +5éj.
We compute d(e! A e”) has only (p+1,¢q) and (p,q + 1) components so
d =0+ 9. Thus (b) and (c) are equivalent.

It is immediate from the definition that X € T'(M) if and only if w(X) =
0 for all w € A%, If X,V € C°(T*M), then Cartan’s identity implies:

dw(X,Y) = X(wY) — V(wX) — w([X,Y]) = —w([X,Y]).

If (b) is true then dw has no component in A*? so dw(X,Y) = 0 which
implies w([X,Y]) = 0 which implies [X,Y] € C*° (7' M) which implies (d).
Conversly, if (d) is true, then dw(X,Y) = 0 so dw has no component in
A%0 sod =0+ 0 on A®!. By taking conjugates, d = 9+ 0 on A" as well
which implies as noted above that d = 9 + 0 in general which implies (c).

We have proved that (b)—(d) are equivalent and that (a) implies (b). The
hard part of the theorem is showing (b) implies (a). We shall not give this
proof as it is quite lengthy and as we shall not need this implication of the
theorem.

As part of the previous proof, we computed that d—(9+9) is a 0 order
operator (which vanishes if and only if M is holomorphic). We now compute
the symbol of both 9 and 9. We use the metric to identify T'(M) = T*(M).
Let {e;} be a local orthonormal frame for T'(M) such that J(e;) = ejyp
for 1 < 5 < n. We extend ext and int to be complex linear maps from
T*(M)® C — END(A(T*M) ® C).

LEMMA 3.5.2. Let @ and O be defined as before and let 6’ and 6" be the
formal adjoints. Then:
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(a)
0: €™ (AP7) — C°° (AP+10)

and o, (9)(@,€) = 5 D (& — i) extle; + iej1n)
J<n

0: C™° (AP1) — O (APIH1)

and 0(3)(x,6) = 5 3 (& + i€y n) extle; — ien)

jsn

5 C%° (APT) — C°° (AP=1:9)

and o1, (8)(2,6) = —5 D (& + i&j4n) int(e; —iejn)
jsn
6" O (AP1) — O (API~1)
and 07, (0")(2,€) = =5 Y (& — i&4n) nt(e; +iejin).
j<n
(b) If A", = (0+6")% and A = (0 + 6")? then these are elliptic on A with
oL (Ay) = (A7) = 5l¢°1.

PROOF: We know o (d)(x,§) =i _; §;ext(e;). We define

A©) = 5 X (Erm extle; + iy 1)

j<n

then A(£): AP? — APTL4 and A(€): AP9 — AP9FL Since 1A(E) +iA(E) =
o1,(d), we conclude that iA and iA represent the decomposition of o, (d)
under the bigrading and thus define the symbols of @ and 0. The symbol
of the adjoint is the adjoint of the symbol and this proves (a). (b) is an
immediate consequence of (a).

If M is holomorphic, the Dolbeault complex is the complex {9, A%?} and
the index of this complex is called the arithmetic genus of M. If M is not
holomorphic, but only has an almost complex structure, then 9> # 0 so
we can not define the arithmetic genus in this way. Instead, we use a trick
called “rolling up” the complex. We define:

AT =AY and  AOT =HAOH
q q

to define a Z, grading on the Dolbeault bundles. (These are also often
denoted by A%even and A%°dd in the literature). We consider the two term
elliptic complex:

(0 +6")1:C°(ADF) = C>=(A"F)
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and define the arithmetic genus of M to be the index of (0 + 6”),. The
adjoint of (9 + 6”), is (0 + 6”)_ and the associated Laplacian is just
A" restricted to A%T so this is an elliptic complex. If M is holomorphic,
then the index of this elliptic complex is equal to the index of the complex
(0,A%%) by the Hodge decomposition theorem.

We define:

¢ =w2! Z{(ﬁj + 1€ +n) ext(e; — iejyn)

j<n
—(§ — 1&j4n) int(e; +iej4n)}
then it is immediate that:
dE)E) =~1¢* and  o,(d+6") =i (€)/V2.

Let V be a connection on A%* then we define the operator A*(V) by the
diagram:

c'/\/§
AE(V): C2(A%F) T 0°(T" M @ A%F) — 0= (A%T)

This will have the same leading symbol as (0 + 6”)1. There exists a
unique connection so A*(V) = (0 + §”)+ but as the index is constant
under lower order perturbations, we shall not need this fact as the index of
A*(V) = index(9 + 6") 4 for any V. We shall return to this point in the
next subsection.

We now let V' be an arbitrary coefficient bundle with a connection V and
define the Dolbeault complex with coefficients in V' using the diagram:

c’/ﬁ@l
AR C®P(NE @ V) 50X M @A™ @ V) ——— (A" F o V)

and we define index(V, Dolbeault) to be the index of this elliptic complex.
The index is independent of the connections chosen, of the fiber metrics
chosen, and is constant under perturbations of the almost complex struc-
ture.

If M is holomorphic and if V' is a holomorphic vector bundle, then we
can extend 9: C®° (A% @ V) — O (A% @ V) with 90 = 0. Exactly as
was true for the arithmetic genus, the index of this elliptic complex is equal
to the index of the rolled up elliptic complex so our definitions generalize
the usual definitions from the holomorphic category to the almost complex
category.

We will compute a formula for index(V, Dolbeault) using the spin com-
plex. There is a natural inclusion from U(%) = U(n) into SO(m), but
this does not lift in general to SPIN(m). We saw earlier that T'(CPy)



186 3.5. THE RIEMANN-ROCH THEOREM

does not admit a spin structure if k£ is even, even though it does admit
a unitary structure. We define SPIN.(m) = SPIN(m) x S!/Zs where we
choose the Z, identification (g,A) = (—g,—A). There is a natural map
pe: SPIN.(m) — SO(m) x S! induced by the map which sends (g, \) —
(p(g),A?). This map is a Zo double cover and is a group homomorphism.

There is a natural map of U(Z) into SO(m) x S* defined by sending
g — (g,det(g)). The interesting thing is that this inclusion does lift; we
can define f:U(%) — SPIN.(m) so the following diagram commutes:

SPIN,(m)

pe=p X A\?

1 x det
U(%) — SO(m) x St

We define the lifting as follows. For U € U(%}), we choose a unitary
basis {e;}7_; so that U(e;) = Aje;. We define e;4,, = ie; so {e; }]2.11 is an
orthogonal basis for R™ = C™. Express \; = %7 and define:

F(U) = [J{cos(8;/2) +sin(0;/2)ejej4n} x [ %/ € SPIN.(m).

j=1 j=1

We note first that ejej4, is an invariant of the one-dimensional complex
subspace spanned by e; and does not change if we replace e; by ze; for
|z| = 1. Since all the factors commute, the order in which the eigenvalues
is taken does not affect the product. If there is a multiple eigenvalue, this
product is independent of the particular basis which is chosen. Finally,
if we replace 0; by 0; + 27 then both the first product and the second
product change sign. Since (g, A) = (—g,—A) in SPIN.(m), this element is
invariantly defined. It is clear that f(I) = I and that f is continuous. It is
easily verified that p.f(U) = i(U) x det(U) where i(U) denotes the matrix
U viewed as an element of SO(m) where we have forgotten the complex
structure on C™. This proves that f is a group homomorphism near the
identity and consequently f is a group homomorphism in general. p. is a
covering projection.
The cannonical bundle K is given by:

K =A"" = A"(T"M)*
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so K* = A"(T'M) is the bundle with transition functions det(U,p) where
the U,p are the transitions for 7/M. If we have a spin structure on M, we
can split:
Pspin, = PspiN X Ps1 /Zy

where Pg:1 represents a line bundle Ly over M. From this description, it
is clear K* = L1 ® Li. Conversely, if we can take the square root of K
(or equivalently of K*), then M admits a spin structure so the obstruction
to constructing a spin structure on an almost complex manifold is the
obstruction to finding a square root of the cannonical bundle.

Let V = C® = R™ with the natural structures. We extend A* to
representations A* of SPIN.(m) in the natural way. We relate this repre-
sentation to the Dolbeault representation as follows:

LEMMA 3.5.3. There is a natural isomorphism between A%* and AF
which defines an equivalence of these two representations of U(% ). Under
this isomorphism, the action of V' by Clifford multiplication on the left is
preserved.

PROOF: Let {e;} be an orthonormal basis for R™ with Je; = ey, for
1 < j < n. Define:

oy = i6j6j+n, ﬁj =£€j + i6j+n, ﬁj =€ — i€j+n for 1 S] <n.
We compute:
Bjoj = =B and  Bjap = o f; for k # 5.

We define v = 3 ... 3, then v spans A™" and ya; = —y, 1< j <n. We
define:

AP =A™ and  AMT =AM = A"y,
q q
Since dim(A%*) = 2", we conclude that A%*~ is the simultaneous —1
eigenspace for all the o; and that therefore:
A, = AO’*’y
as a left representation space for SPIN(m). Again, we compute:
ajfj = Bj, B =—=0j, a;jfk=PBrey, bk =0ka;  forj #k
so that if z € A9y then since 7 = o ..., we have Tx = (—1)z so that

AT = AOFy,
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We now study the induced representation of U(n). Let
g = (cos(0/2) +sin(0/2)e1 Jey ) - /2 € SPIN,(m).
We compute:
g1 = {cos(0/2) —isin(0/2)}e?/?3, = 3,
gB1 = {cos(0/2) +isin(0/2)}e?/23, = €3,
9Bk =Brg and  gBk = Brg for k> 1.

Consequently:

- B if 51 > 1
9057 = {ewﬁj’y if 5, =1.

A similar computation goes for all the other indices and thus we compute
that if Ue; = e e;j is unitary that:

FU)Byy = e .. e,y

which is of course the natural represenation of U(n) on A%9.

Finally we compare the two actions of V' by Clifford multiplication. We
assume without loss of generality that £ = (1,0,...,0) so we must study
Clifford multiplication by e; on A, and

{ext(e; —iei4n) — int(eg +ie14n )}/ V2 = (e1)
on A%*. We compute:

e1f1 = —1 +ieres = (e1 —ie)(er +iez)/2 = B151/2,
e1161 = =204,

613k = —Bkel for k > 1.

From this it follows immediately that:
- 3 Bsv/2  if g > 1
_(_pyad BB/ J1
ey =(=1) {23,,,7 where J' = {Ja, ..., jq} if j1 = L.

Similarly, we compute:
- 3187 /V2 if j1 > 1
d (e :{ﬁlﬁ‘]é\/_ J1 . Dy e
(e1)Bs —V23 for J' = {j2,..., ¢} if 51 = 1.

From these equations, it is immediate that if we define T(3;) = 8,7,
then 7" will not preserve Clifford multiplication. We let a(q) be a sequence
of non-zero constants and define T: A>* — AT by:

T(8s) = a(l7)Bs-
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Since the spaces A%? are U(n) invariant, this defines an equivalence between
these two representations of U(n). T will induce an equivalence between
Clifford multiplication if and only if we have the relations:

(—D%l(g)/2=alg+1)/V2 and  V2a(¢—1) = (-1)7-2-a(q).
These give rise to the inductive relations:
a(g+1) = (-1)%(q)/V2  and  a(q) = (-1)"""a(g - 1)/V2.

These relations are consistent and we set a(q) = (v/2)~9(—=1)9a=1/2 to
define the equivalence T" and complete the proof of the Lemma.

From this lemma, we conclude:

LEMMA 3.5.4. There is a natural isomorphism of elliptic complexes
(AT —A7)®V ~ (A%F — A%7) ® V which takes the operator of the
SPIN. complex to an operator which has the same leading symbol as the
Dolbeault complex (and thus has the same index). Furthermore, we can
represent the SPIN,. complex locally in terms of the SPIN complex in the
form: (AT —A7)@V = (AT — A7)® L1 ® V where L, is a local square
root of A™(T'M).

We use this sequence of isomorphisms to define an operator on the Dol-
beault complex with the same leading symbol as the operator (0 + 0")
which is locally isomorphic to the natural operator of the SPIN complex.
The Z, ambiguity in the definition of L does not affect this construction.
(This is equivalent to choosing an appropriate connection called the spin
connection on A%*.) We can compute index(V, Dolbeault) using this op-
erator. The local invariants of the heat equation for this operator are the
local invariants of the twisted spin complex and therefore arguing exactly
as we did for the signature complex, we compute:

index(V, Dolbeault) = / A(TM) A ch(Ly) A ch(V)
M
where ch(Ly) is to be understood as a complex characteristic class of

T'(M).
THEOREM 3.5.5 (RIEMANN-ROCH). Let T'd(T'M) be the Todd class
defined earlier by the generating function Td(A) =[], x, /(1—e~"). Then
index(V, Dolbeault) = / Td(T' M) A ch(V).
M

PRrROOF: We must simply identify A(TM) A ch(L,) with Td(T'M). We
perform a computation in characteristic classes using the splitting principal.
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We formally decompose T'M = Ly & --- @ L, as the direct sum of line
bundles. Then A"(T'M) = Ly ® -+ ® Ly, so ¢, (A"T'M) = ¢i(Ly) +

-4 cl(f}n) =21+ -+ x,. Since L1 ® L1 = A"T'M, we conclude
c1(Ly) = 3(x1 + -+ + x,) so that:

ch(Ly) = Hex”/Q.

v

Therefore:
xV/Z

A(M) A ch(Ly) H%emu/z et /2

=] —5 =Td(T' M).
1= e‘xv

Of course, this procedure is only valid if the given bundle does in fact
split as the direct sum of line bundles. We can make this procedure a
correct way of calculating characteristic classes by using flag manifolds or
by actually calculating on the group representaton and using the fact that
the diagonizable matrices are dense.

It is worth giving another proof of the Riemann-Roch formula to ensure
that we have not made a mistake of sign somewhere in all our calculations.
Using exactly the same multiplicative considerations as we used earlier and
using the qualitative form of the formala for index(V, Dolbeault) given by
the SPIN. complex, it is immediate that there is some formula of the form:

index(V, Dolbeault) = / N Td(T'M) A cehy (V)

Afs+¢:n

where ¢ is some universal constant to be determined and where T'd’, is some
characteristic form of T"M.

If M = CPj, then we shall show in Lemma 3.6.8 that the arithmetic
genus of CP; is 1. Using the multiplicative property of the Dolbeault
complex, we conclude the arithmetic genus of CP; x --- x CP;, is 1 as
well. If MJ are the manifolds of Lemma 2.3.4 then if we take V' =1 we
conclude:

1 = index(1, Dolbeault) = arithmetic genus of CP;j, x -+ x CP.

Jk
= Td/ T'M
MC

We verified in Lemma 2.3.5 that Td(7"M) also has this property so by
the uniqueness assertion of Lemma 2.3.4 we conclude T'd = T'd’. We take
m = 2 and decompose:

Ap @)A? 1\00 @)A} 1 and A} ::Z\lﬁ @)Ap’l
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so that
A® — A° = (AO’O o AO,I) ® (AO’O o AI,O)-

In dimension 2 (and more generally if M is Kaehler), it is an easy exercise
to compute that A = 2(96” + §”0) so that the harmonic spaces are the
same therefore:

x(M) = index(A%°, Dolbeault) — index(A"?, Dolbeault)

= —¢ ch,Alo y=c chT' y=c¢
M M

The Gauss-Bonnet theorem (or the normalization of Lemma 2.3.3) implies
that the normalizing constant ¢ = 1 and gives another equivalent proof of
the Riemann-Roch formula.

There are many applications of the Riemann-Roch theorem. We present
a few in dimension 4 to illustrate some of the techniques involved. If
dim M = 4, then we showed earlier that:

co(T'M) = eo(TM) and (2co — E)T'M) = p (T'M).

The Riemann-Roch formula expresses the arithmetic genus of M in terms
of ¢3 and c}. Consequently, there is a formula:

arithmetic genus :al/ ez(TM)+a2/ p1(TM)/3
M M

= a1 x(M) + aq signature(M )

where a7 and as are universal constants. If we consider the manifolds
S? x S? and CP, we derive the equations:

l=a1-44as-0 and l=a1-34+as-1

so that a; = ag = 1/4 which proves:

LEMMA 3.5.6. If M is an almost complex manifold of real dimension 4,
then:

arithmetic genus(M) = {x(M) + signature(M )} /4.

Since the arithmetic genus is always an integer, we can use this result to
obtain some non-integrability results:

COROLLARY 3.5.7. The following manifolds do not admit almost com-
plex structures:

(a) S* (the four dimensional sphere).

(b) CP, with the reversed orientation.
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(¢) My # My where the M; are 4-dimensional manifolds admitting almost
complex structures (# denotes connected sum).

ProOOF: We assume the contrary in each of these cases and attempt to
compute the arithmetic genus:

a.g.(S") =1(2+0)=1
a.g.(-Ch)=3(3-1)=3
a.g.(My # Ms) = +(x(My # dMy) + sign(My # M>)
= 1 (X(M1) + x(M>) — 2 + sign(M) + sign(Ms))
= a.g.(My) + a.g.(Msy) — 5.

In none of these examples is the arithmetic genus an integer which shows
the impossibility of constructing the desired almost complex structure.
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In the previous subsection, we proved the Riemann-Roch theorem using
the SPIN. complex. This was an essential step in the proof even if the
manifold was holomorphic.

Let M be holomorphic and let the coefficient bundle V' be holomorphic
(i.e., the transition functions are holomorphic). We can define the Dol-
beault complex directly by defining:

Ov:C®A 1 RV) = COAY T @ V) by dy(w®s)=0w®s

where s is a local holomorphic section to V. It is immediate Oy 9y = 0 and
that this is an elliptic complex; the index of this elliptic complex is just
index(V, Dolbeault) as defined previously.

We let a,,(x,V,Dolbeault) be the invariant of the heat equation for this
elliptic complex; we use the notation a;(x, Dolbeault) when V' is the trivial
bundle. Then:

REMARK 3.6.1. Let m = 2n > 2. Then there exists a unitary Rieman-
nian metric on the m-torus (with its usual complex structure) and a point
x such that:

(a) a;(x,Dolbeault) # 0 for j even and j > n,

(b) ap,(z,Dolbeault) # Td,, where both are viewed as scalar invariants.

The proof of this is quite long and combinatorial and is explained else-
where; we simply present the result to demonstrate that it is not in general
possible to prove the Riemann-Roch theorem directly by heat equation
methods.

The difficulty is that the metric and the complex structure do not fit
together properly. Choose local holomorphic coordinates z = (21, ..., 2,)
and extend the metric G' to be Hermitian on T'(M) ® C so that 7" and T
are orthogonal. We define:

951 = G(9/0zj,0/02)

then the matrix gz is a positive definite Hermitian matrix which deter-
mines the original metric on T'(M):

ds? =2 Zgj,;dzj -dzF
ik
G(9/0xj,0/0xy) = G(0/0y;,0/0yr) = (9,5 + 9rs)
1
G(0/0xj,0/0yx) = —G(0/0y;,0/0rk) = ~(9;% — 9kz)
We use this tensor to define the Kaehler 2-form:

Q= iZgj,—cdzj A dzF.
3k
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This is a real 2-form which is defined by the identity:
QX,Y]=-G(X,JY).

(This is a slightly different sign convention from that sometimes followed.)

The manifold M is said to be Kaehler if Q2 is closed and the heat equation

gives a direct proof of the Riemann-Roch theorem for Kaehler manifolds.
We introduce variables:

9k and  gipg

for the jets of the metric. On a Riemannian manifold, we can always find
a coordinate system in which all the 1-jets of the metric vanish at a point;
this concept generalizes as follows:

LEMMA 3.6.2. Let M be a holomorphic manifold and let G be a unitary
metric on M. The following statements are equivalent:

(a) The metric is Kaeher (i.e., dQ2 =0).

(b) For every zy € M there is a holomorphic coordinate system Z centred
at Zo SO that ng(Z7 G)(Zo) = (Sjk: and gjl;:/l(Z? G)(Z()) =0.

(¢) For every zy € M there is a holomorphic coordinate system Z centred
at zo 50 g;7(Z,G)(20) = dj, and so that all the 1-jets of the metric vanish
at zq-

ProOF: We suppose first the metric is Kaehler and compute:
dQ =1 {g;ppdz' Nd2d NdZF + g dZ A deT A dEFY
i,k
Thus Kaehler is equivalent to the conditions:
95kt~ Yk = 951 — 9jik = 0-

By making a linear change of coordinates, we can assume that the holo-
morphic coordinate system is chosen to be orthogonal at the center zy. We
let

r j i
Z; = zj + Zczlzkzl (where ¢}, = ¢,)

and compute therefore:

dz;- =dz; +2 Zcilzldzk
0/0z; = 0/0z; — 2 Zc?lzla/azk + 0(2%)
g;% = 95 — QZcflzl + terms in Z + O(|z|?)

k
9;'15/1 = 9,5 — 2¢5; at 2.
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We define c;?l = % 9k and observe that the Kaehler condition shows this
is symmetric in the indices (j,1) so (a) implies (b). To show (b) implies (c)
we simply note that g;z,7 = gk;/1 = 0 at zo. To prove (¢) implies (a) we
observe d€Q(zp) = 0 so since zy was arbitrary, d{2 = 0.

If M is Kaehler, then §€2 is linear in the 1-jets of the metric when we
compute with respect to a holomorphic coordinate system. This implies
that 6Q = 0 so Q is harmonic. We compute that QF is also harmonic for
1 <k < n and that Q™ = ¢ - dvol is a multiple of the volume form (and in
particular is non-zero). This implies that if z is the element in H?(M;C)
defined by €2 using the Hodge decomposition theorem, then 1,z,..., 2"
all represent non-zero elements in the cohomology ring of M. This can
be used to show that there are topological obstructions to constructing
Kaehler metrics:

REMARK 3.6.3. If M = S' x S™ 1 for m even and m > 4 then this
admits a holomorphic structure. No holomorphic structure on M admits
a Kaehler metric.

PROOF: Since H?(M;C) = 0 it is clear M cannot admit a Kaehler metric.
We construct holomorphic structures on M as follows: let A € C with
Al > 1 and let My = {C" — 0}/\ (where we identify z and w if 2 = \Fw
for some k € Z). The M, are all topologically St x S™~1; for example if
A € R and we introduce spherical coordinates (r,) on C™ = R™ then we
are identifying (r, §) and (A\*r,0). If we let t = log r, then we are identifying
t with t + k log A so the manifold is just [1,log A] x S™~! where we identify
the endpoints of the interval. The topological identification of M) for other
A is similar.

We now turn to the problem of constructing a Kaehler metric on CF,.
Let L be the tautological line bundle over CP, and let x = —cy(L) €
ALY (CP,) be the generator of H?(CP,;Z) discussed earlier. We expand
x in local coordinates in the form:

i .

— ] sk

z=o- gk 9;5dz’ Ndz
3,

and define G(9/0zk,0/0z1) = g;5. This gives an invariantly defined form
called the Fubini-Study metric on T.(CP,). We will show G is positive
definite and defines a unitary metric on the real tangent space. Since the
Kaehler form of G, Q2 = 27z, is a multiple of x, we conclude df2 = 0 so GG
will be a Kaehler metric.

The 2-form x is invariant under the action of U(n+1). Since U(n+1) acts
transitively on CP,, it suffices to show G is positive definite and symmetric
at a single point. Using the notation of section 2.3, let U, = {z € CP, :
Zn+1(2) # 0}. We identify U,, with C™ by identifying z € C™ with the line
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in C"*! through the point (z,1). Then:
v = 99 log(1+ |2 2)
27
so at the center z = 0 we compute that:

=57

Bl

x:iZdzj/\de so that g,
j

If G’ is any other unitary metric on CP, which is invariant under the
action of U(n + 1), then G’ is determined by its value on T.(CP,) at a
single point. Since U(n) preserves the origin of U, = C™, we conclude
G' = ¢G for some ¢ > 0. This proves:

LEMMA 3.6.4.

(a) There exists a unitary metric G on CP,, which is invariant under the
action of U(n + 1) such that the Kaehler form of G is given by Q = 2mx
where x = —cy (L) (L is the tautological bundle over CP,). G is a Kaehler
metric.

(b) [ep, " =1.

(¢) If G' is any other unitary metric on CP,, which is invariant under the
action of U(n + 1) then G' = ¢G for some constant ¢ > 0.

A holomorphic manifold M is said to be Hodge if it admits a Kaehler
metric G such that the Kaehler form 2 has the form Q = ¢;(L) for some
holomorphic line bundle L over M. Lemma 3.6.4 shows CP, is a Hodge
manifold. Any submanifold of a Hodge manifold is again Hodge where
the metric is just the restriction of the given Hodge metric. Thus every
algebraic variety is Hodge. The somewhat amazing fact is that the converse
is true:

REMARK 3.6.5. A holomorphic manifold M is an algebraic variety (i.e.,
is holomorphically equivalent to a manifold defined by algebraic equations
in CP,, for some n) if and only if it admits a Hodge metric.

We shall not prove this remark but simply include it for the sake of com-
pleteness. We also note in passing that there are many Kaehler manifolds
which are not Hodge. The Riemann period relations give obstructions on
complex tori to those tori being algebraic.

We now return to our study of Kaehler geometry. We wish to relate the
0 cohomology of M to the ordinary cohomology. Define:

HP9(M)=kerd/im0 in bi-degree (p,q).

Since the Dolbeault complex is elliptic, these groups are finite dimensional
using the Hodge decomposition theorem.
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LEMMA 3.6.6. Let M be Kaehler and let Q) = iZgj,;dzj A dz* be the

Kaehler form. Let d = 0 + 0 and let § = 6’ + 6"”. Then we have the
identities:

(a) 0int(2) — int(Q)0 = id’.

(b) 36" +6'0 = 36" +6"0 = 0.

(c) dd + 6d = 2(06" + 6'0) = 2(08" + 6"9).

(d) We can decompose the de Rham cohomology in terms of the Dolbeault
cohomology:

H™"(M;C)= € HM(M;C).
ptq=n

(e) There are isomorphisms HP?1 ~ H9P ~ "~ P"=9 ~ "= On—P,

PRrOOF: We first prove (a). We define:
A= 0int(Q) — int(Q)d — i’

If we can show that A is a 0" order operator, then A will be a functori-
ally defined endomorphism linear in the 1-jets of the metric. This implies
A = 0 by Lemma 3.6.2. Thus we must check o7 (A) = 0. We choose an
orthonormal basis {e;} for T(M) =T*(M) so Je; = ej4n, 1 <j <n. By
Lemma 3.5.2, it suffices to show that:

ext(e; —iejyp)int(Q) — int(Q) ext(e; — ieji,) = —i - int(e; —iejyy)
for 1 < j <mn. Since g;; = %53'127 Q is given by
Q=3 Z(ey +iejn) N (€5 —iejin) = Zej N€jin.
j j
The commutation relations:
int(ex) ext(e;) + ext(e;) int(ex) = O

imply that int(ey A extn) = —int(ex) int(exyrn) commutes with ext(e; —
i€jyn) for k # j so these terms disappear from the commutator. We must
show:

ext(e; —iejyn)int(e; Aejyn) —int(e; Aejyn)ext(e; —iejyn)

= —i-int(e; — iejqn).

This is an immediate consequence of the previous commutation relations
for int and ext together with the identity int(e;) int(ej)+int(ey) int(e;) = 0.
This proves (a).
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From (a) we compute:
96" +6'0 = i(—01int(Q)0) + (9 int(2)9) = 0
and by taking complex conjugates 99" + 6”0 = 0. This shows (b). Thus
A= (d+0)> =dé+05d = {06’ +6'0} +{06" +6"0} = {0+ }2+{0+6"}?
since all the cross terms cancel. We apply (a) again to compute:

00 int(Q) — int(Q)0 = s’
0 int(2)0 — int(Q)00 = 6’0

which yields the identity:
i(08" 4+ 6'9) = 00 int(Q) — Aint ()0 + 9 int ()0 — int(2)I0.

Since €2 is real, we take complex conjugate to conclude:

—i(96" + 6"9) = 09int(Q) — 0 int(Q)d + Jint(Q)d — int ()9
= —i(06' + 6'0).

This shows (06" + 6"9) = (06" + §'0) so A = 2(d6" + 6"0) which proves
().

H™(M;C) denotes the de Rham cohomology groups of M. The Hodge
decomposition theorem identifies these groups with the null-space of (d+4).
Since N(d + d) = N(9 + 6”), this proves (d). Finally, taking complex
conjugate and applying * induces the isomorphisms:

HPY ~ P ~ =8N —P ~ [n—Pm—q

In particular dim H'(M; C) is even if M admits a Kaehler metric. This
gives another proof that S' x S2"~1 does not admit a Kaehler metric for
n > 1.

The duality operations of (e) can be extended to the Dolbeault com-
plex with coefficients in a holomorphic bundle V. If V' is holomorphic,
the transition functions are holomorphic and hence commute with 9. We
define:

D:C®(APT @ V) — (AP V)

by defining 0(w ® s) = dw @ s relative to any local holomorphic frame for
V. This complex is equivalent to the one defined in section 3.5 and defines
cohomology classes:

HP1(V) =ker d/im 0 on C* (AP ® V).
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It is immediate from the definition that:
(V) = H* (AP @ V).
We define
index(V,d) = index(V, Dolbeault) = Y ~(—1)7 dim H>(V))

to be the index of this elliptic complex.

There is a natural duality (called Serre duality) which is conjugate linear
x: HP1(V) — H" P"=2(V*), where V* is the dual bundle. We put a
unitary fiber metric on V' and define:

T(Sl)(SQ) = S9-851

so T:V — V* is conjugate linear. If x: A¥ — A™* is the ordinary Hodge
operator, then it extends to define x: AP? — A™"~%"~P_ The complex con-
jugate operator defines *: AP? — A"~P"=9_ We extend this to have coeffi-
cients in V' by defining:

*(w®s)=*xw®Ts

so x: APT @V — A"7P"79 @ V* is conjugate linear. Then:

LEMMA3.6.7. Let 0{> be the adjoint of dy on C*(AP* @ V') with respect
to a unitary metric on M and a Hermitian metric on V. Then

(a) 6" = —%0y %.

(b) x induces a conjugate linear isomorphism between the groups HP*%(V')
and H"~P"=1(V*).

ProOF: It is important to note that this lemma, unlike the previous one,
does not depend upon having a Kaehler metric. We suppose first V is
holomorphically trivial and the metric on V is flat. Then A® V = A ® 1¥
for some k£ and we may suppose k = 1 for the sake of simplicity. We noted

0 = — xdk = —xdx
in section 1.5. This decomposes
§=08"+6" = —x0% — x0*.

Since #: AP? — A""P"=% we conclude ¢’ = —%0% and §” = —%0%. This
completes the proof if V is trivial. More generally, we define

A =0y + #0%.
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This must be linear in the 1-jets of the metric on V. We can always
normalize the choice of local holomorphic frame so the 1-jets vanish at
a basepoint zp and thus A = 0 in general which proves (a). We identify
HP4 (V) with N(dy )NN(d{") using the Hodge decomposition theorem. Thus
¥: HP4(V) — H"™Pn=4(V*), Since ¥ = %1, this completes the proof.
We defined x = —cy(L) € AY1(CP,) for the standard metric on the
tautological line bundle over CPF,. In section 2.3 we showed that x was
harmonic and generates the cohomology ring of CP,. Since x defines a
Kaehler metric, called the Fubini-Study metric, Lemma 3.6.6 lets us de-
compose H"(CP,;C) =P HP(CP,). Since ¥ € H** this shows:

LEMMA 3.6.8. Let CP, be given the Fubini-Study metric. Let x =
—c1(L). Then H**(M) ~ C is generated by z* for 1 < k <n. HPY(M) =
0 for p # q. Thus in particular,

pt+q=n

index(0) = arithmetic genus = Z(—l)k dim H>* =1 for CP,.

Since the arithmetic genus is multiplicative with respect to products,

index(0) =1 for CP,, x ---x CP,,.

We used this fact in the previous subsection to derive the normalizing
constants in the Riemann-Roch formula.

We can now present another proof of the Riemann-Roch theorem for
Kaehler manifolds which is based directly on the Dolbeault complex and
not on the SPIN,. complex. Let Z be a holomorphic coordinate system and
let

gus = G(0/0z,,0/0z,)

represent the components of the metric tensor. We introduce additional
variables:

guq’)/aﬁ = d?dg.QUTJ

for 1 <u,v<n,a=(ay,...,a,), and 8= (0,...,0).

These variables represent the formal derivatives of the metric.

We must also consider the Dolbeault complex with coefficients in a holo-
morphic vector bundle V. We choose a local fiber metric H for V. If
s =(s1,...,5k) is a local holomorphic frame for V', we introduce variables:

hp.g = H(sp, Sq), hparas = d?dghpq for 1 <p,q<k=dimV.
If Z is a holomorphic coordinate system centered at zy and if s is a local
holomorphic frame, we normalize the choice so that:

9us(Z,G)(20) = Ou and hpg(s, H)(20) = 0p 4.
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The coordinate frame {0/0z,} and the holomorphic frame {s,} for V" are
orthogonal at zy. Let R be the polynomial algebra in these variables. If
P € R we can evaluate P(Z,G, s, H)(zp) once a holomorphic frame Z is
chosen and a holomorphic frame s is chosen. We say P is invariant if
P(Z,G,s,H)(z0) = P(G,H)(z) is independent of the particular (Z,s)
chosen; let R, , denote the sub-algebra of all invariant polynomials. As
before, we define:

ord(gu,ﬁ/a/g) = ord(qu/ag) = |a| + |3].

We need only consider those variables of positive order as g, 3 = 0;5 and
Spg = Opq at zo. If RS , . denotes the subspace of invariant polynomials
homogenous of order v in the jets of the metrics (G, H), then there is a

direct sum decomposition:
c _ c
n,k — @ Rn,u,k :

In the real case in studying the Euler form, we considered the restriction
map from manifolds of dimension m to manifolds of dimension m — 1. In
the complex case, there is a natural restriction map

. Cc c
r. Rn,u,k — Rn—l,u,k

which lowers the complex dimension by one (and the real dimension by
two). Algebraically, r is defined as follows: let

degy (9us/ap) = Oku +alk)  degr(9yp/az) = Ok + B(K)

degy,(hpg/ap) = (k) degr(hygrap) = BLK).
We define:
o Guvjes 1 deg, (9uy/ap) + 4685 (940 /05) =0
T(guﬁ/aﬁ) - { 0 if degn(gm—,/ag) + degﬁ(gm‘;/a,é) >0
h ift degy, (hyz/0p) + degn (hyz/03) =0

T(h ~ 7) — pQ/aB .
pq/ap 0 if degn(hpq/ag) + degn(hpq/aﬁ) > 0.

This defines a map r: R,, — R,,_1 which is an algebra morphism; we simply
set to zero those variables which do not belong to R, _;. It is immediate
that r preserves both invariance and the order of a polynomial. Geometri-
cally, we are considering manifolds of the form M™ = M"~! x T, where
T5 is the flat two torus, just as in the real case we considered manifolds
M™ =M™t x St

Let Rff}p,k be the space of p-forms generated by the Chern forms of
T.(M) and by the Chern forms of V. We take the holomorphic connection
defined by the metrics G and H on T,(M) and on V. If P € R¢" . then
xP is a scalar invariant. Since P vanishes on product metrics of the form
M"™=1 x Ty which are flat in one holomorphic direction, r(*P) = 0. This
is the axiomatic characterization of the Chern forms which we shall need.
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THEOREM 3.6.9. Let the complex dimension of M be n and let the fiber
dimension of V' be k. Let P € Ry, . and suppose r(P) = 0. Then:

(a) If v < 2n then P(G, H) = 0 for all Kaehler metrics G.

(b) If v = 2n then there exists a unique Q € Rfjfmyk so P(G,H) =
xQ (G, H) for all Kaehler metrics G.

As the proof of this theorem is somewhat technical, we shall postpone the
proof until section 3.7. This theorem is false if we don’t restrict to Kaehler
metrics. There is a suitable generalization to form valued invariants. We
can apply Theorem 3.6.9 to give a second proof of the Riemann-Roch the-
orem:

THEOREM 3.6.10. Let V' be a holomorphic bundle over M with fiber
metric H and let G be a Kaehler metric on M. Let 0y :C® (A% @ V) —
C>° (A%t @ V) denote the Dolbeault complex with coefficients in V' and
let a, (z,0yv) be the invariants of the heat equation. a, € RS, x and

~ [0 it v # 2n
/M Qa, (.T, av) dVOl(SIZ’) = { index(gv) if v =2n.

Then
(a) a,(x,0v) = 0 for v < 2n.
(b) agn(x,0v) = «{ Td(T. M) N ch(V)} .

Proor: We note this implies the Riemann-Roch formula. By remark
3.6.1, we note this theorem is false in general if the metric is not assumed to
be Kaehler. The first assertions of the theorem (including the homogene-
ity) follow from the results of Chapter 1, so it suffices to prove (a) and (b).
The Dolbeault complex is multiplicative under products M = M"~! x T;.
If we take the product metric and assume V' is the pull-back of a bundle
over M,,_1 then the natural decomposition:

AO,q ® V ~ AO,q(Mn—l) ® vV D AO,q—l(Mn—l) ® v

shows that r(a,) = 0. By Theorem 3.6.9, this shows a, = 0 for v < 2n
proving (a).

In the limiting case v = 2n, we conclude *as, is a characteristic 2n
form. We first suppose m = 1. Any one dimensional complex manifold is
Kaehler. Then

index(dy ) = a1 /M c1 (T (M)) + as /M c1(V)

where a7 and ay are universal constants to be determined. Lemma 3.6.6 im-
plies that dim H%? = dim H° =1 = dim H? = dim H"! while dim H'° =
dim H%' = g where g is the genus of the manifold. Consequently:

X(M) =2 —2g = 2index(0).
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We specialize to the case M = S? and V = 1 is the trivial bundle. Then
g =0 and

1 = index(dy) = a; / c1(To(M)) = 2a,
M
SO a3 = % We now take the line bundle V = A%0 5o

index(@v):g—1:—1:1+a2/ a(TF)=1-2as
M

so that as = 1. Thus the Riemann-Roch formula in dimension 1 becomes:

M

index(dy ) = % / e (Tu(M)) + /M o (V).

We now use the additive nature of the Dolbeault complex with respect

to V' and the multiplicative nature with respect to products M; x M; to
conclude that the characteristic m-form xa,, must have the form:

{T4(TeM) A ch(V)}

where we use the fact the normalizing constant for ¢; (V) is 1 if m = 1.
We now use Lemma 2.3.5(a) together with the fact that index(dy ) = 1 for
products of complex projective spaces to show Td' = Td. This completes
the proof.



3.7. An Axiomatic Characterization
Of the Characteristic Forms for
Holomorphic Manifolds with Kaehler Metrics.

In subsection 3.6 we gave a proof of the Riemann-Roch formula for
Kaehler manifolds based on Theorem 3.6.9 which gave an axiomatic char-
acterization of the Chern forms. This subsection will be devoted to giving
the proof of Theorem 3.6.9. The proof is somewhat long and technical so
we break it up into a number of steps to describe the various ideas which
are involved.

We introduce the notation:

guovo/u1 LU VL. U

for the jets of the metric on M. Indices (u, v, w) will refer to T.(M) and will

run from 1 thru n = 5. We use (u, v, w) for anti-holomorphic indices. The
symbol “x” will refer to indices which are not of interest in some particular
argument. We let Ay denote a generic monomial. The Kaehler condition

is simply the identity:

Jut/w = Jws/u and Juv /o = Juw/v-

We introduce new variables:

g(u()? . '7“’_7; 1_)07 .. '71_)](7) = guovo/ul...ujf)l...f)k .

If we differentiate the Kaehler identity, then we conclude g(;¥) is sym-
metric in @ = (up,...,u;) and ¥ = (v, ...,v;). Consequently, we may also

use the multi-index notation g(«a; 3) to denote these variables. We define:

ord(g(e; 3)) = o] + 8] — 2, deg, g(o; B) = a(u), degz g(es 3) = B(u).

We already noted in Lemma 3.6.2 that it was possible to normalize the
coordinates so gyz/.w(20) = gus/w(20) = 0. The next lemma will permit us
to normalize coordinates to arbitrarily high order modulo the action of the
unitary group:

LEMMA 3.7.1. Let G be a Kaehler metric and let zo € M. Let v > 2 be
given. Then there exists a holomorphic coordinate system Z centered at
zo So that

(a) gus(Z, G)(20) = duo-

(b) 9us/a(Z,G)(20) = Guv/a(Z,G)(20) =0 for 1 < |a| <v—1.

(¢) Z is unique modulo the action of the unitary group U(n) and modulo
coordinate transformations of order v + 1 in z.

PROOF: We proceed by induction. It is clear U(n) preserves such coor-
dinate systems. The case v = 2 is just Lemma 3.6.2 and the unique-
ness is clear. We now consider W given which satisfies (a) and (b) for
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1 < |Ja| € v — 2 and define a new coordinate system Z by setting:

(04
Wy = Zy + g Cu,a?

where the constants C', , remain to be determined. Since this is the identity
transformation up to order v, the v — 2 jets of the metric are unchanged
so conditions (a) and (b) are preserved for |3| < v — 1. We compute:

0 0 0
3zu 3wu + Z Co.acr(u)2” 3wv

v, |al=v

where «, is the multi-index defined by the identity z, 2%+ = 2% (and which
is undefined if a(u) = 0.) This implies immediately that:

9us (Z,G) = gus (W, G) + Z Cyac(u)z® + terms in z + O(z"11).

lae|=n
The 0/0z, and 0/0w, agree to first order. Consequently:
Juv/an(Z,G) = gupja, W,G) + ! Cy o + O(2,2).
Therefore the symmetric derivatives are given by:
9(a;0)(Z,G)(20) = g(a; 0)(W,G)(20) + ! Cy

The identity g(«;0)(Z,G)(z0) = 0 determines the C, , uniquely. We take
complex conjugate to conclude g(v,@)(Z,G)(z9) = 0 as well.

This permits us to choose the coordinate system so all the purely holo-
morphic and anti-holomorphic derivatives vanish at a single point. We
restrict henceforth to variables g(a; 3) so that |a| > 2,|3] > 2.

We introduced the notation h
auxilary coefficient bundle V.

Y for the jets of the metric H on the

LEMMA 3.7.2. Let H be a fiber metric on a holomorphic bundle V. Then
given v > 1 there exists a holomorphic frame s near zy for V so that:

(a) hpq(s, H)(20) = dpq-

(b) hpg/a(s, H)(20) = hpg/a(s, H)(z0) = 0 for 1 < |af < v.

(¢) The choice of s is unique modulo the action of the unitary group U(k)

(where k is the fiber dimension of V') and modulo transformations of order
v+ 1.

PRrROOF: If v = 0, we make a linear change to assume (a). We proceed by
induction assuming s’ chosen for v — 1. We define:

—s + Z C’yasz

q, |a|_l/
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We adopt the notational conventions that indices (p, ¢) run from 1 through
k and index a frame for V. We compute:

hpg(s, H) = hpg(s', H) + Z Coaz”

|a|=v
+ terms in zZ+ terms vanishing to order v + 1
hpgja(@, H)(20) = hpga(s', H)(20) + !Cqa for |af =v

and derivatives of lower order are not disturbed. This determines the
Cy,o uniquely so hy,z/q (s, H)(29) = 0 and taking complex conjugate yields
hqp/a(s, H)(20) = 0 which completes the proof of the lemma.

Using these two normalizing lemmas, we restrict henceforth to polyno-
mials in the variables {g(c; 3), Rpajan gy b Where [af > 2, [B] > 2, |aq| > 1,
|B1] > 1. We also restrict to unitary transformations of the coordinate
system and of the fiber of V.

If P is a polynomial in these variables and if A is a monomial, let ¢(A, P)
be the coefficient of A in P. A is a monomial of P if ¢(A4, P) # 0. Lemma
2.5.1 exploited invariance under the group SO(2) and was central to our
axiomatic characterization of real Pontrjagin forms. The natural groups
to study here are U(1), SU(2) and the coordinate permutations. If we set
d/0wy = ad/dz1, /0w, = ad/0z; for aa = 1 and if we leave the other
indices unchanged, then we compute:

AW, %) = a1 (D gdesr(D 4(7 «).

If A is a monomial of an invariant polynomial P, then deg, (A) = degj(A)
follows from this identity and consequently deg,(A) = deg;(A) for all
1<u<n.

This is the only conclusion which follows from U(1) invariance so we now
study the group SU(2). We consider the coordinate transformation:

3/3101 = a@/@zl + b@/@zg, 8/8102 = —63/321 + 68/822,

0/0w, = ad/dz; + bd/0zs, 0/0wy = —b0d/0z + ad/ 0z,
/0w, = 0/0z, for u > 2,
/0w, = 0/0z, for u > 2,

aa + bb = 1.
We let j = deg,(A) + deg,(A) = deg7(A) + degz(A) and expand
AW, )= d’a A(Z, %) + a '@’ bA(1 — 2 or 2 — 1)(Z, %)

+a’a? 7'hA(2 = 1or 1 — 2)(Z, %)

+ other terms.
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The notation “A(1 — 2 or 2 — 1)” indicates all the monomials (with mul-
tiplicity) of this polynomial constructed by either changing a single index
1 — 2 or a single index 2 — 1. This plays the same role as the polyno-
mial A of section 2.5 where we must now also consider holomorphic and
anti-holomorphic indices.

Let P be U(2) invariant. Without loss of generality, we may assume
deg,(A) + degy(A) = j is constant for all monomials A of P since this
condition is U(2) invariant. (Of course, the use of the indices 1 and 2 is
for notational convenience only as similar statements will hold true for any
pairs of indices). We expand:

P(W,*) =a’a’ P(Z,*) +a’ '@’ bP(1 — 2 or 2 — 1)
+a’a? P2 = 1 or T — 2) + O(b,b)%.

Since P is invariant, we conclude:
P(l—=2o0r2—1)=P2—1lorl—2)=0.

We can now study these relations. Let B be an arbitrary monomial and
expand:

B(1—2)=coAo+ -+ cpAg B(2—1)=—(doAf + -+ -+ dpA})

where the ¢’s and d’s are positive integers with > ¢, = deg,(B) and ) d, =
degy(B). Then it is immediate that the {4;} and the {A”} denote disjoint
collections of monomials since deg, (A), = deg,(B) — 1 while deg, (A4), =
deg,(B). We compute:

A, (2 — 1) = —c, B+ other terms Al (1 — 2) = d!,B + other terms

where again the ¢’s and d’s are positive integers (related to certain multi-
plicities). Since P(2 — 1 or 1 — 2) is zero, if P is invariant, we conclude
an identity:

¢(B,P2—1lorl—2))= Z—CZ,C(AV,P) + Zdi,c(Ai,,P) = 0.

v

By varying the creating monomial B (and also interchanging the indices
1 and 2), we can construct many linear equations among the coefficients.
We note that in practice B will never be a monomial of P since deg,(B) #
deg7(B). We use this principle to prove the following generalization of
Lemmas 2.5.1 and 2.5.5:
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LEMMA 3.7.3. Let P be invariant under the action of U(2) and let A be
a monomial of P.

(a) If A = g(a; B)A}, then by changing only 1 and 2 indices and 1 and
2 indices we can construct a new monomial A, of P which has the form
Ay = g(aq; B1) Al where (1) + a(2) = a;(1) and where a;(2) = 0.

(b) If A = h,q,,540 then by changing only 1 and 2 indices and 1 and
2 indices we can construct a new monomial Ay of P which has the form

Av = hyq/a,5, Ao where (1) + «(2) = a1 (1) and where a1 (2) = 0.

PRrROOF: We prove (a) as the proof of (b) is the same. Choose A of this
form so a(1) is maximal. If «(2) is zero, we are done. Suppose the contrary.
Let B = g(ay; B)Ay where a; = (a(1) +1,a(2) — 1,a(3),...,a(n)). We
expand:

B(1 = 2) = a1 (1)A + monomials divisible by g(ay; 3)
B(2 — 1) = monomials divisible by g(ay; 3;1) for some 3.

Since A is a monomial of P, we use the principle described previously to
conclude there is some monomial of P divisible by g(«q; /1) for some [;.
This contradicts the maximality of o and shows «(2) = 0 completing the
proof.

We now begin the proof of Theorem 3.6.9. Let 0 # P € Ry be a
scalar valued invariant homogeneous of order v with r(P) = 0. Let A be a

monomial of P. Decompose

A= g(al; Bl) o 'g(ar; Br)hplql/ar-i—lfér-i—l Tt hpsfis/ar+s5r+s :

Let ¢(A) = r + s be the length of A. We show ¢(A) > n as follows.
Without changing (r, s, ||, |3,|) we can choose A in the same form so
that aq(u) =0 for u > 1. We now fix the index 1 and apply Lemma 3.7.3
to the remaining indices to choose A so as(u) = 0 for v > 2. We continue
in this fashion to construct such an A so that deg,(A) = 0 for u > r + s.
Since deg,, (A) = deg;(A) > 0, we conclude therefore that r + s > n. We
estimate:

v = ord(P) :Z{|Ozu|+|ﬂu|—2}+ Z {lova| + [8ul}
pu<r r<p<r+s
>2r+2s>2n=m

since ord(g(c, 8)) > 2 and ord(h,g/,3) > 2. This proves v > m > 2.
Consequently, if v < m we conclude P = 0 which proves the first assertion
of Theorem 3.6.

We assume henceforth that we are in the limiting case v = m. In this
case, all the inequalities must have been equalities. This implies r + s =n
and

lay| +|Bul =4 forp<r and |au|+|[Bu =2 forr<pu<s+r.
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This holds true for every monomial of P since the construction of Ay from
A involved the use of Lemma 3.7.3 and does not change any of the orders
involved. By Lemma 3.7.1 and 3.7.2 we assumed all the purely holomorphic
and purely anti-holomorphic derivatives vanished at zy and consequently:

lay| =18yl =2 forp<r and J|o,|=|8 =1 forr<p<s+r.

Consequently, P is a polynomial in the {g(i1i2; J1J2)hpg/i7} variables; it
only involves the mixed 2-jets involved.

We wish to choose a monomial of P in normal form to begin counting
the number of possible such P. We begin this process with:

LEMMA 3.7.4. Let P satisfy the hypothesis of Theorem 3.6.8(b). Then
there exists a monomial A of P which has the form:

A=gQLnn) - 9@t 7T hp gy i+ 1,50er - - - Popsge ymogin
where t + s = n.

PrOOF: We let x denote indices which are otherwise unspecified and let
Ap be a generic monomial. We have deg,, (4) > 0 for every monomial A
of P so deg,(A4) > 0 for every index u as well. We apply Lemma 3.7.3 to
choose A of the form:

A = g(11; 7171) Ao.

Suppose r > 1. If A = g(11;*)g(11 : %) Ap, then we could argue as before
using Lemma 3.7.3 that we could choose a monomial A of P so deg,(A) =0
for k > 1+ ¢(Ap) =r+s—1=mn—1 which would be false. Thus A =
g(11;%)g(jk; ) Ag where not both j and k are 1. We may apply a coordinate
permutation to choose A in the form A = g(11;%)g(2j;%)Ao. If j > 2
we can apply Lemma 3.7.3 to choose A = ¢(11;%)g(22;%)Ag. Otherwise
we suppose A = g(11;%)g(12;%)Ag. We let B = g(11;%)g(22; %) Ao and
compute:

B(2 - 1) = A+ terms divisible by g(11;x)g(22; *)
B(1 — 2) = terms divisible by g(11;%)g(22; *)

so that we conclude in any event we can choose A = g(11;x)g(22;*)Ao. We
continue this argument with the remaining indices to construct:

A=g(11;%)g(22; %) ... g(tt; ) hy, 4, Juron -+ Mg, Juass -

We have deg, (A) # 0 for all u. Consequently, the indices {t +1,...,t+ s}
must appear among the indices {uq,...,us}. Since these two sets have
s elements, they must coincide. Thus by rearranging the indices we can
assume u, = v + t which completes the proof. We note deg, (A) = 2 for
u < t and deg,(A) =1 for u > t.

This lemma does not control the anti-holomorphic indices, we further
normalize the choice of A in the following:
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LEMMA 3.7.5. Let P satisfy the hypothesis of Theorem 3.6.8(b). Then
there exists a monomial A of P which has the form:

A= g(llﬁjlj{) e 'g(tt;jtﬂ)hplql/t—i—l,t—l——l Ut hPs‘jS/nﬁ

for
1 <ju,d, <t

PrOOF: If A has this form, then deg;(A) = 1 for j > t. Therefore
deg;(A) = 1 for j > ¢ which implies 1 < j,,j, < t automatically. We
say that 7 touches itself in A if A is divisible by g(*;j7) for some *. We
say that j touches 7 in A if A is divisible by hy,,/;; for some (p, g). Choose
A of the form given in Lemma 3.7.4 so the number of indices j > t which
touch 7 in A is maximal. Among all such A, choose A so the number of
7 < t which touch themselves in A is maximal. Suppose A does not sat-
isfy the conditions of the Lemma. Thus A must be divisible by hg/.s for
u # v and u > t. We suppose first v > ¢. Since deg;(A) = deg,(4) =1,
v does not touch v in A. Welet A = h Agand B = h Ap then
deg;(B) = 0. We compute:

P/ u Pq/ut

Blu—v)=A+A4,; and B(v —u) = Ay

where A; is defined by interchanging # and v and where A is defined by
replacing both v and ¥ by u and @ in A. Thus deg, (A4)2 = 0 so Ay is not
a monomial of A. Thus Ay = hy,z/4z Ay must be a monomial of P. One
more index (namely u) touches its holomorphic conjugate in A; than in A.
This contradicts the maximality of A and consequently A = hy,q/,5Ap for
u > t, v < t. (This shows Ay, g0 /ues, does not divide A for any ug # vo
and vy > t.) We have deg,(A) = 1 so the anti-holomorphic index u must
appear somewhere in A. It cannot appear in a h variable and consequently
A has the form A = g(*;uw)h Af. We define B = g(x; ww)hpg/us Ay
and compute:

Ppq/uv

B(w — u) = A+ terms divisible by g(x;ww)

B(u — w) = g(*; W0)hyg/4wsAp-

Since g(*; WW)hpg/.5 A does not have the index u, it cannot be a monomial
of P. Thus terms divisible by g(*; ww) must appear in P. We construct
these terms by interchanging a w and @ index in P so the maximality of
indices ug touching ug for ug > t is unchanged. Since w does not touch w in
A, we are adding one additional index of this form which again contradicts
the maximality of A. This final contradiction completes the proof.

This constructs a monomial A of P which has the form

deg, (Ap) = deg, (Ag) =0, u > t,

A=Ay for { deg, (A1) = deg; (A1) =0, u < t.
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Ap involves only the derivatives of the metric ¢ and Ay involves only the
derivatives of h. We use this splitting in exactly the same way we used
a similar splitting in the proof of Theorem 2.6.1 to reduce the proof of
Theorem 3.6.9 to the following assertions:

LEMMA 3.7.6. Let P satisfy the hypothesis of Theorem 3.6.9(b).

(a) If P is a polynomial in the {h } variables, then P = xQ for Q a
Chern m form of V.

(b) If P is a polynomial in the {g(ujuq;0102)} variables, then P = x(Q for
@ a Chern m form of T.M .

PROOF: (a). If A is a monomial of P, then deg, (A) = deg,(A4) = 1 for all
U SO We can express

Ppq/uv

A=h ..h

p1q1/lay - Dndn/Nin

where the {u,} are a permutation of the indices ¢ through n. We let
A= hyia, hijoa, Ap and B = hy, j1q, hyjog, Ap. Then:

B(ﬂl — 1_1,2) =A+ Al for Al = h*/1a2 h*/2u1 A6
B(uz — uy) = Ay for deg,,(A2) = 0.

Therefore A9 is not a monomial of P. Thus A4; is a monomial of P and
furthermore ¢(A, P) + ¢(A;, P) = 0. This implies when we interchange u,
and wuy that we change the sign of the coefficient involved. This implies
immediately we can express P is terms of expressions:

*(91‘7/1(?1 A A anqn) = Z*(h’pl(ﬁ/ulﬁl dul N dﬁl e

- —

a,U

= !> sign(p)hp, g, /151) - Ao ) +
P

where p is a permutation. This implies * P can be expressed as an invariant
polynomial in terms of curvature which implies it must be a Chern form
as previously computed.

The remainder of this section is devoted to the proof of (b).

LEMMA 3.7.7. Let P satisfy the hypothesis of Lemma 3.7.6(b). Then we
can choose a monomial A of P which has the form:

A=g(l;uyay)...g(nn;u,a,).

This gives a normal form for a monomial. Before proving Lemma 3.7.7,
we use this lemma to complete the proof of Lemma 3.7.6(b). By making a
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coordinate permutation if necessary we can assume A has either the form
g(11;11) A} or g(11;22)Af. In the latter case, we continue inductively to
express A = ¢(11;22)g(22;33)...g(u — 1,u — 1;uu)g(uu; 11) A, until the
cycle closes. If we permit v = 1 in this decomposition, we can also include
the first case. Since the indices 1 through w appear exactly twice in A
they do not appear in Aj. Thus we can continue to play the same game
to decompose A into cycles. Clearly A is determined by the length of
the cycles involved (up to coordinate permutations); the number of such
classifying monomials is 7(n), the number of partitions of n. This shows
that the dimension of the space of polynomials P satisfying the hypothesis
of Lemma 3.7.6(b) is < w(n). Since there are exactly m(n) Chern forms
the dimension must be exactly m(n) and every such P must be a Chern m
form as claimed.

We give an indirect proof to complete the proof of Lemma 3.7.7. Choose
A of the form given by Lemma 3.7.5 so the number of anti-holomorphic
indices which touch themselves is maximal. If every anti-holomorphic index
touches itself, then A has the form of Lemma 3.7.7 and we are done. We
suppose the contrary. Since every index appears exactly twice, every anti-
holomorphic index which does not touch itself touches another index which
also does not touch itself. Every holomorphic index touches only itself. We
may choose the notation so A = g(*;12) Af,. Suppose first 1 does not touch
2 in Aj. Then we can assume A has the form:

A = g(x12)g(+; 13)g(x; 2k) Ag

where possibly £ = 3 in this expression. The index 1 touches itself in A.
The generic case will be:

A = g(11;%)g(x; 12)g(x; 13)g (+; 2k) Ap.

The other cases in which perhaps A = ¢(11;12)... or g(11,13)... or
g(11;2k) ... are handled similarly. The holomorphic and anti-holomorphic
indices do not interact. In exactly which variable they appear does not
matter. This can also be expressed as a lemma in tensor algebras.

We suppose k # 3; we will never let the 2 and 3 variables interact so the
case in which k = 3 is exactly analogous. Thus A has the form:

A= g(11;%)g(x; 12)g(x; 13)g (+; 2k) g (+; 37) Ay

where possibly j = k. Set B = (11;%)g(x;22)g(x; 13)g(x; 2k)g(x; 37) Al
then: -
B(2—1) =24+ A"

B(1 — 2) = 24,
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for _ _
A" = g(11;%)g(%;22)g(*; 13)g(*; 1k) g (*; 37) Ap

A = g(12;%)g(%;22) g (%; 13)g (+; 2k) g (; 37) Ap.-
A" is also a monomial of the form given by Lemma 3.7.5. Since one more
anti-holomorphic index touches itself in A” then does in A, the maximality

of A shows A” is not a monomial of P. Consequently A; is a monomial of
P. Set By = g(12;%)g(*; 22)g(*; 33)g(x; 2k)g(*; 37) Aj then:

Bl(g — I) = 2A1 + A2
Bi(1—3) = A"

for L o _ _
Ay = g(12;5%)g(%; 22)g(%; 33) g (x; 2k) g (*; 17) Ag
A" = g(32;%)g(x; 22)g(x; 33) g (x; 2k) g (*; 37) Aj.

However, deg;(A”") = 0. Since r(P) = 0, A”" cannot be a monomial of P
so A is a monomial of P. Finally we set

By = g(11;%)g(*; 22)g(*; 33) g (x; 2k) g (+; 17) Af

SO
B2(1 — 2) = A2

BQ(? — 1) = A3 —|—2A4

for

A = g(11;%)g(*; 22)g(*; 33)g(+; 1k)g (+; 17) Aj

Ay = g(11;%)g(+; 12)g(*; 33) g (; 2k)g (+; 17) Aj.
This implies either Az or A4 is monomial of P. Both these have every holo-
morphic index touching itself. Furthermore, one more anti-holomorphic
index (namely 3) touches itself. This contradicts the maximality of A.

In this argument it was very important that 2 # 3 as we let the index 1

interact with each of these indices separately. Thus the final case we must
consider is the case in which A has the form:

A = g(11;%)g(22; %) g(x; 12)g(x; 12) Ap.

So far we have not had to take into account multiplicities or signs in com-
puting A(1 — 2) etc; we have been content to conclude certain coefficients
are non-zero. In studying this case, we must be more careful in our analysis
as the signs involved are crucial. We clear the previous notation and define:

Ay = g(125%)g(22; )9 (%5 12) g (*; 22) Ag
Ay = g(12;%)g(22; %) g(*; 22)g(x; 12) Ag
Az = g(11;%)g(22; %) g(*; 11)g(x; 22) Ag
Ay = g(22;%)g(22; %) g(*; 22)g(x; 22) Ao.
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We note that Az is not a monomial of P by the maximality of A. Ay
is not a monomial of P as deg;(A44) = 0 and r(P) = 0. We let B =
g(11;%)g(22; %)g(; 12)g(x; 22) Ap. Then

so that Ay must be a monomial of P since A is a monomial of P and A4 is
not. We now pay more careful attention to the multiplicities and signs:

A1—=2)=B+--- and A(2—=1)=B+--

However 1 — 2 introduces a b while 2 — 1 introduces a —b so using the
argument discussed earlier we conclude not only c¢(A;, P) # 0 but that
c¢(A,P) — ¢(A1,P) = 0 so ¢(A1,P) = ¢(A,P). Ay behaves similarly so
the analogous argument using By = g(11;%)g(22; %)g(x;22)g(x;12) shows
c(Az, P) = c¢(A,P). We now study By = g(12;%)g(22;%)g(*,22)g(x; 22)
and compute:

Bg(l—>2):A4 B2(§—>i):2A1+2A2

Ay is not a monomial of P as noted above. We again pay careful attention
to the signs:

Al(i%?) =By and Ag(i —>?) =By

This implies ¢(Ay, P) + ¢(Ag, P) = 0. Since ¢(Ay, P) = ¢(As, P) = ¢(A, P)
this implies 2¢(A, P) = 0 so A was not a monomial of P. This final con-
tradiction completes the proof.

This proof was long and technical. However, it is not a theorem based
on unitary invariance alone as the restriction axiom plays an important
role in the development. We know of no proof of Theorem 3.6.9 which
is based only on H. Weyl’s theorem; in the real case, the corresponding
characterization of the Pontrjagin classes was based only on orthogonal
invariance and we gave a proof based on H. Weyl’s theorem in that case.



3.8. The Chern Isomorphism and Bott Periodicity.

In section 3.9 we shall discuss the Atiyah-Singer index theorem in general
using the results of section 3.1. The index theorem gives a topological
formula for the index of an arbitrary elliptic operator. Before begining
the proof of that theorem, we must first review briefly the Bott periodicity
theorem from the point of Clifford modules. We continue our consideration
of the bundles over S™ constructed in the second chapter. Let

GL(k,C)={A: Aisak x k complex matrix with det(A) # 0}
GL'(k,C) = { A € GL(k,C) : det(A —it) #0 for all t € R}
U(k) = {AeGL(kC): A-A* =1}
S(k)={A€GL(k,C): A> =T and A= A*}
So(k) ={AeS(k): Tr(4) =0}

We note that So(k) is empty if & is odd. U(k) is compact and is a
deformation retract of GL(k, C); S(k) is compact and is a deformation
retract of GL'(k, C). Sp(k) is one of the components of S(k).

Let X be a finite simplicial complex. The suspension XX is defined by
identifying X x {5} to a single point N and X x {—F} to single point S in
the product X x [—%, g] Let Dy (X) denote the northern and southern
“hemispheres” in the suspension; the intersection D4 (X)N D_(X) = X.

[Reprinter’s note: A figure depicting the suspension of X belongs here.]

We note both D4 (X) and D_(X) are contractible. 3(X) is a finite sim-
plicial complex. If S™ is the unit sphere in R"!, then X(S™) = 7+,
Finally, if W is a vector bundle over some base space Y, then we choose a
fiber metric on W and let S(W) be the unit sphere bundle. (W) is the
fiberwise suspension of S(W) over Y. This can be identified with S(W &1).

It is beyond the scope of this book to develop in detail the theory of
vector bundles so we shall simply state relevant facts as needed. We let
Vect, (X)) denote the set of isomorphism classes of complex vector bundles
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over X of fiber dimension k. We let Vect(X) = |J, Vecty(X) be the set of
isomorphism classes of complex vector bundles over X of all fiber dimen-
sions. We assume X is connected so that the dimension of a vector bundle
over X is constant.

There is a natural inclusion map Vecty(X) — Vecty41(X) defined by
sending V +— V & 1 where 1 denotes the trivial line bundle over X.

LEMMA 3.8.1. If2k > dim X then the map Vect(X) — Vectyy1(X) is
bijective.

We let F'(Vect(X)) be the free abelian group on these generators. We
shall let (V') denote the element of K (X) defined by V' € Vect(X). K(X) is
the quotient modulo the relation (VW) = (V)+ (W) for V,W € Vect(X).
K(X) is an abelian group. The natural map dim: Vect(X) — Z* extends
to dim: K(X) — Z; K(X) is the kernel of this map. We shall say that

an element of K(X) is a virtual bundle; K (X) is the subgroup of virtual
bundles of virtual dimension zero.
It is possible to define a kind of inverse in Vect(X):

LEMMA 3.8.2. GivenV € Vect(X), there exists W € Vect(X) so VAW =
17 is isomorphic to a trivial bundle of dimension j = dimV + dim W.

We combine these two lemmas to give a group structure to Vecty(X) for
2k > dim X. Given V, W € Vecty(X), then VEW € Vecty, (X). By Lemma
3.8.1, the map Vecty(X) — Vectar (X) defined by sending U — U @ 1¥ is
bijective. Thus there is a unique element we shall denote by V + W €
Vecty(X) so that (V + W) @ 1% = V @ W. It is immediate that this is
an associative and commutative operation and that the trivial bundle 1*
functions as the unit. We use Lemma 3.8.2 to construct an inverse. Given
V' € Vecty(X) there exists j and W € Vect;(X) so V& W = 197+ We
assume without loss of generality that 7 > k. By Lemma 3.8.1, we choose
W € Vecty (X) so that VoW @19 =% = VW = 197%, Then the bijectivity
implies V@& W = 12% so W is the inverse of V. This shows Vecty(X) is a
group under this operation. N

There is a natural map Vecty(X) — K(X) defined by sending V' +—
(V) — (1%). Tt is immediate that:

(V+W) =1 =V +W)+ (1% - 1%) = (V+ W) @ 1F) — (12F)
= (Vo W) - (1%%)
=(V)+ (W)= (1) = (V) - 1%+ (W) - (1%)

so the map is a group homomorphism. K (X) is generated by elements of
the form (V) — (W) for V,W € Vect; X for some j. If we choose W so
W @& W =17 then (V) — (W) = (V& W) — (1¥) so K(X) is generated
by elements of the form (V) — (17) for V' € Vect,(X). Again, by adding
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trivial factors, we may assume v > k so by Lemma 3.8.1 V = V; @ 177+
and (V) — (1) = (Vi) — (1%) for Vi € Vecty(X). This implies the map
Vecty,(X) — K(X) is subjective. Finally, we note that that in fact K(X)
is generated by Vecty(X) subject to the relation (V) + (W)= (Ve W) =
(V + W) + (1%) so that this map is injective and we may identify K(X) =
Vect,(X) and K(X) = Z & K(X) = Z & Vect,(X) for any k such that
2k > dim X.

Tensor product defines a ring structure on K (X). We define (V)@ (W) =
(VoW) for V,W € Vect(X). Since (Vi & Vo)@ (W)= (V1oWa Ve W),
this extends from F'(Vect(X)) to define a ring structure on K (X) in which

the trivial line bundle 1 functions as a multiplicative identity. K(X) is an
ideal of K (X).
K (X) is a Z-module. It is convenient to change the coefficient group and
define:
K(X;C)=K(X)®zC

to permit complex coefficients. K (X;C) is the free C-vector space gen-
erated by Vect(X) subject to the relations V& W = V + W. By using
complex coefficients, we eliminate torsion which makes calculations much
simpler. The Chern character is a morphism:

ch: Vect(X) — H" (X;C) = @ H*(X; C).
q

We define ch using characteristic classes in the second section if X is a
smooth manifold; it is possible to extend this definition using topological
methods to more general topological settings. The identities:

ch(Ve W)= ch(V)+ ch(W) and ch(V @ W) = ch(V) ch(IW)
imply that we can extend:
ch: K(X) — H**" (X; C)
to be a ring homomorphism. We tensor this Z-linear map with C to get
ch: K(X;C) - H®*" (X; C).

LEMMA 3.8.3 (CHERN ISOMORPHISM). ch: K(X;C) — H*"(X;C) is
a ring isomorphism.

If o (X;C) = @,
homology, then ch:[?(X; C) — Heven (X;C) is a ring isomorphism. For
this reason, K (X) is often refered to as reduced K-theory. We emphasize
that in this isomorphism we are ignoring torsion and that torsion is crucial

H?7(X;C) is the reduced even dimensional co-
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to understanding K-theory in general. Fortunately, the index is Z-valued
and we can ignore torsion in K-theory for an understanding of the index
theorem.

We now return to studying the relation between K (X) and K(XX). We
shall let [X,Y] denote the set of homotopy classes of maps from X to
Y. We shall always assume that X and Y are equipped with base points
and that all maps are basepoint preserving. We fix 2k > dim X and let
f: X — Sp(2k). Since f(z) is self-adjoint, and f(x)? = I, the eigenvalues of
f(x) are £1. Since Tr f(z) = 0, each eigenvalue appears with multiplicity
k. We let 111 (f) be the bundles over X which are sub-bundles of X x 1%
so that the fiber of I (f) at x is just the +1 eigenspace of f(x). If we
define 71 (f)(z) = (1 & f(x)) then these are projections of constant rank
k with range I1L(f). If f and f; are homotopic maps, then they determine
isomorphic vector bundles. Thus the assignment f — II, (f) € Vectg(X)
defines a map I1:[X, So(2k)] — Vect(X).

LEMMA 3.8.4. The natural map [X, So(2k)] — Vecty(X) is bijective for
2k > dim X.

PROOF: Given V € Vecty(X) we choose W € Vecty(X) so V& W = 12F,
We choose fiber metrics on V' and on W and make this sum orthogonal.
By applying the Gram-Schmidt process to the given global frame, we can
assume that there is an orthonormal global frame and consequently that
V @ W = 12! is an orthogonal direct sum. We let 7, (x) be orthogonal
projection on the fiber V,, of 1?* and f(x) = 27, (x) — I. Then it is
immediate that f: X — Sy(2k) and 7 (f) = V. This proves the map is
subjective. The injectivity comes from the same sorts of considerations as
were used to prove Lemma 3.8.1 and is therefore omitted.

If f: X — GL/(k,C), we can extend the definition to let Iy (f)(x) be
the span of the generalized eigenvectors of f corresponding to eigenval-
ues with positive/negative real part. Since there are no purely imaginary
eigenvalues, I11 (f) has constant rank and gives a vector bundle over X.

In a similar fashion, we can classify Vect, ¥ X = [X, U(k)]. Since U(k) is
a deformation retract of GL(k, C), we identify [X,U(k)] = [X, GL(k, C)].
If g: X — GL(k, C), we use g as a clutching function to define a bundle over
YX. Over D4 (X), we take the bundles D1 (X) x Ck. D, (X)ND_(X) =
X. On the overlap, we identify (z,z)y = (z,2')_ if z- g(z) = 2. If we let
st and s~ be the usual frames for C* over D then Y zjgijsj =) .2 5,
so that we identify the frames using the identity

s = gs+.
We denote this bundle by V,. Homotopic maps define isomorphic bundles
so we have a map [X, GL(k,C)] — Vect, X X. Conversely, given a vector
bundle V' over ¥ X we can always choose local trivializations for V' over
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D (X) since these spaces are contractible. The transition function s~ =
gsT gives a map g: X — GL(k,C). It is convenient to assume X has
a base point xo and to choose s~ = st at xy. Thus g(xg) = I. This
shows the map [X, GL(k, C)] — Vecty XX is surjective. If we had chosen
different trivializations s = hTsT and 5~ = h~ s~ then we would have
obtained a new clutching function § = h~g(h*)~!. Since h* are defined
on contractible sets, they are null homotopic so g is homotopic to g. This
proves:

LEMMA 3.8.5. The map [X,GL(k, C)] = [X, U(k)] — Vect,(XX), given
by associating to a map g the bundle defined by the clutching function g,
is bijective.

It is always somewhat confusing to try to work directly with this defini-
tion. It is always a temptation to confuse the roles of g and of its inverse
as well as the transposes involved. There is another definition which avoids
this difficulty and which will be very useful in computing specific examples.
If g: X — GL(k,C), we shall let g(z)z denote matrix multiplication. We
shall regard CF as consisting of column vectors and let g act as a matrix
from the left. This is, of course, the opposite convention from that used
previously.

Let 0 € [-F, 5] be the suspension parameter. We define:

S: [X, GL(k, C)] — [EX, GL(2k, C)]
S: [X, GL (k, C)] — [SX, GL(k, C)]

_( GO (cos0)g*(x)
Vg (. 0) = (( O)g(x)  —(sin)I; )

Yf(x,0) = (cos)f(x) —i(sin@)I.

We check that ¥ has the desired ranges as follows. If g: X — GL(k, C),
then it is immediate that g is self-adjoint. We compute:

9 (sin® 0) Iy, + (cos? 0)g*g 0
(Eg) = i .2 2 * |
0 (sin” @) I + (cos® B)gg

This is non-singular since g is invertible. Therefore g is invertible. If

I
0 _?) is independent of z. If g is unitary, ¥g €

So(2k). If f € GL'(k,C), then f has no purely imaginary eigenvalues so
3 f is non-singular.

0 = 7/2, then ¥g =
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LEMMA 3.8.6. Let g: X — GL(k,C) and construct the bundle 11, (Xg)
over X X. Then this bundle is defined by the clutching function g.

Proor: We may replace g by a homotopic map without changing the
isomorphism class of the bundle I1; (Xg). Consequently, we may assume
without loss of generality that g: X — U(k) so g*¢g = gg* = I. Conse-
quently (Xg)? = Ly, and 74 (Xg) = 1 (Iox + Sg). If z € CF, then:

4 (Sg)(, 0) (3) = % <(Zc:)Ls (es)i;(i);) '

This projection from CF to I1, (Xg) is non-singular away from the south
pole S and can be used to give a trivialization of I, (¥g) on ¥X — S.

From this description, it is clear that I (Xg) is spanned by vectors of
the form L (1+ (sin))z
(cosB)g(x)z

5 > away from the south pole. At the south pole,
0

I, (Xg) consists of all vectors of the form < > Consequently, projection
w

a

b
north pole N and gives a trivialization of I11 (¥¢g) on XX —N. We restrict to
the equator X and compute the composite of these two maps to determine
the clutching function:

<g> ” %<g(;)2> ” %<g(2)2>'

The function g(x)/2 is homotopic to g which completes the proof.

0
on the second factor 7 (S): ( > — (b) is non-singular away from the

This is a very concrete description of the bundle defined by the clutching
function g. In the examples we shall be considering, it will come equipped
with a natural connection which will make computing characteristic classes
much easier.

We now compute the double suspension. Fix f: X — S¢(2k) and g: X —
GL(k, C).

X2 f(x,0,9)
B sin ¢ cos ¢p{(cos Q) f* +isinf}
| cos@{(cosO)f(x) —isinf} — sin ¢
2%g(x,0,0)

( cos ¢sinf) — isin ¢ cos ¢ cos Og*(x) )

cos ¢ cos 0g(x) —cos¢cosh — ising
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We let U(co) be the direct limit of the inclusions U(k) — U(k+1)--- and
So(c0) be the direct limit of the inclusions So(2k) — So(2k +2) — ---.
Then we have identified:

K(X)=[X,Sy(c0)] and K(ZX)=[EX,Sy(0)] =[S, U(0)]

We can now state:

THEOREM 3.8.7 (BOoTT PERIODICITY). The map

2% K(X) = [X,S0(00)] = K(X2X) = [£2X, Sy (o0)]
induces a ring isomorphism. Similarly, the map

2 K(2X) = [X,U(0)] = K(22X) = [22X, U(c0)]

is a ring isomorphism.

We note that [X, U(oco)] inherits a natural additive structure from the
group structure on U(co) by letting g & ¢g" be the direct sum of these two
maps. This group structure is compatible with the additive structure on
K (XX) since the clutching function of the direct sum is the direct sum of
the clutching functions. Similarly, we can put a ring structure on [X, U(c0)]
using tensor products to be compatible with the ring structure on K (XX).

The Chern character identifies K (X;C) with H®¥*(X;C). We may
identify ¥2X with a certain quotient of X x S2. Bott periodicity in this
context becomes the assertion K (X x S?) = K(X) ® K(S?) which is the
Kunneth formula in cohomology.

We now consider the case of a sphere X = S™. The unitary group U(2)
decomposes as U(2) = U(1) x SU(2) = S x S? topologically so w1 (U(2)) =
Z, m(U(2)) = 0 and 75(U(2)) = Z. This implies K(S!) = K(S53) = 0
and K (S2) = K(S*) = Z. Using Bott periodicity, we know more generally
that:

LEMMA 3.8.8 (BOTT PERIODICITY). Ifn is odd, then
K(58™) ~ mp_1(U(c<)) = 0.

If n is even, then
K(S") ~m,—1(U(0)) = Z.

It is useful to construct explicit generators of these groups. Let x =
(ro,..-,2,) € S™, let y = (z,2p41) € S™ and let 2 = (y,wp12) €
Snt2 If f: 8" — GL/(k,C) and ¢g: X — GL(k,C) we extend these to
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be homogeneous of degree 1 with values in the k& x k& matrices. Then we
compute:

Xf(y) = f(@) —iwpga
sz(z) o Tn+2 f* (ZL‘) + ixn—i—l )

f(fl;) — 41 —Ln+2

9(33) —Tn+1

229(2,) Tn4+1 — i$n+2 g*(l‘) )
g(x) —Tn41 — ixn—i—Z

If we suppose that f is self-adjoint, then we can express:

We can now construct generators for m,_; U(co) and K (S™) using Clif-
ford algebras. Let g(xo, 1) = xo — ix1 generate m1(S1) = Z then

Yg(xo,x1,T2) = Toeo + T1€1 + To€2

0 1 0 i 1 0
=11 0) 70 =i o) 27\ lo 1)

The {e; } satisfy the relations ejer+ere; = 20, and egejes = —ily. 11 (Xg)

for

is a line bundle over S? which generates K (5%). We compute:
Y2g(wo, w1, 4, 3) = To€o + T1€1 + o€y — w3l

If we introduce z; = xg + tx; and z9 = xo + ix3 then

29 Z1
»? = :
9(21722) (Zl —Z2>

Consequently Y?g generates m3(U(co)). We suspend once to construct:

239(360,361,962,363,364)
:ZEO€0®60—|—.’E160®61—|—.’E260®62 +$361®I+ZL‘462®I.

The bundle 11, (23g) is a 2-plane bundle over $* which generates K (S*).

We express Y39 = woed + -+ + x4€ then these matrices satisfy the com-

: : 4.4 | 44 _ o5 4.4,4,4 4 _
mutation relations e;e; + epe; =20, and egejeseze; = —1.



AND BoTT PERIODICITY 223

We proceed inductively to define matrices e?k for 0 < 5 < 2k so that

eiej +eje; = 26;; and e3F ... e2¥ = (—i)*I. These are matrics of shape

2F x 2k such that ©2~1(g)(z) = Z:rjeik. In Lemma 2.1.5 we computed
that:

/g% ch (I 221 g) = iP27F Tr(e2k ... e28) = 1.

These bundles generate K (52*) and %2*(g) generates map41 (U(c0)). We
summarize these calculations as follows:

LEMMA 3.8.9. Let {eg,..., e} be a collection of self-adjoint matrices of
shape 2% x 2% such that e;ej+eje; = 26;; and such that eg ... eq, = (—i)*1.
We define e(x) = xoeo+ - - ~+xopesy forx € S2k. Let 1 (e) be the bundle of
+1 eigenvectors of e over 2. Then I1, (e) generates K (S2%) ~ Z. Se(y) =
e(x) — irgk41 generates mapt1 (U(o0)) = Z. [ou che(V): K(S?%) — Z is
an isomorphism and [qa, chy, (ITye) =1.

PrROOF: We note that [g.. chy (V') is the index of the spin complex with
coefficients in V' since all the Pontrjagin forms of T'(S?*) vanish except for
po. Thus this integral, called the topological charge, is always an integer.
We have checked that the integral is 1 on a generator and hence the map
is surjective. Since K(S2¥) = Z, it must be bijective.

It was extremely convenient to have the bundle with clutching function

»2k=2 g 50 concretely given so that we could apply Lemma 2.1.5 to compute
the topological charge. This will also be important in the next chapter.



3.9. The Atiyah-Singer Index Theorem.

In this section, we shall discuss the Atiyah-Singer theorem for a general
elliptic complex by interpreting the index as a map in K-theory. Let M
be smooth, compact, and without boundary. For the moment we make
no assumptions regarding the parity of the dimension m. We do not as-
sume M is orientable. Let P:C*(V;) — C*°(V3) be an elliptic complex
with leading symbol p(x,£): S(T*M) — HOM(V1, V). We let X(T* M) be
the fiberwise suspension of the unit sphere bundle S(7*M). We identify
Y(T*M) = S(T*M & 1). We generalize the construction of section 3.8 to
define ¥p: X(T*M) — END(V; & V3) by:

B (sin@)Iy, (cos0)p*(x, &)
p(e,¢,0) = ((cos O)p(x,&)  — (sinh)Iy, ) '

This is a self-adjoint invertible endomorphism. We let I11 (Xp) be the sub-
bundle of V; & V5 over X(T* M) corresponding to the span of the eigenvec-
tors of ¥p with positive/negative eigenvalues. If we have given connections
on V7 and V5, we can project these connections to define natural connec-
tions on IIi(Xp). The clutching function of I, (Xp) is p in a sense we
explain as follows:

We form the disk bundles Dy (M) over M corresponding to the north-
ern and southern hemispheres of the fiber spheres of X(7T*M). Lemma
3.8.6 generalizes immediately to let us identify IT; (¥p) with the bundle
V" UV, over the disjoint union Dy (M) U D_(M) attached using the
clutching function p over their common boundary S(7*M). If dimV; = k,
then IT; (Xp) € Vecty(X2(T*M)). Conversely, we suppose given a bundle
V € Vect(S(T*M)). Let N:M — S(T*M) and S: M — X(T*M) be
the natural sections mapping M to the northern and southern poles of the
fiber spheres; N(z) = (2,0,1) and S(x) = (2,0,—1) in S(T*M @& 1). N
and S are the centers of the disk bundles Dy (M). We let N*(V) = 1}
and S*(V) =V, be the induced vector bundles over M. D (M) deforma-
tion retracts to M x {N} and M x {S}. Thus V restricted to Dy (M)
is cannonically isomorphic to the pull back of V4 and V5. On the in-
tersection S(T*M) = Dy (M) N D_(M) we have a clutching or glueing
function relating the two decompositions of V. This gives rise to a map
p: S(T*M) — HOM(V1, Va) which is non-singular. The same argument as
that given in the proof of Lemma 3.8.5 shows that V' is completely deter-
mined by the isomorphism class of V; and of V5 together with the homotopy
class of the map p: S(T*M) — HOM(V, V).

Given an order v we can recover the leading symbol p by extending p
from S(T*M) to T*M to be homogeneous of order v. We use this to
define an elliptic operator P,: C*° (V) — C°°(V4) with leading symbol p,,.
If @, is another operator with the same leading symbol, then we define
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P,(t) =tP, + (1 —t)Q,. This is a l-parameter family of such operators
with the same leading symbol. Consequently by Lemma 1.4.4 index(P,) =
index(Q,). Similarly, if we replace p by a homotopic symbol, then the
index is unchanged. Finally, suppose we give two orders of homgeneity
v1 > vo. We can choose a self-adjoint pseudo-differential operator R on
C>°(Va) with leading symbol |£|"*~*2 I, . Then we can let P,, = RP,, so
index(P,, ) = index(R)+index(P,,). Since R is self-adjoint, its index is zero
so index(P,, ) = index(P,,). This shows that the index only depends on
the homotopy class of the clutching map over S(7*M) and is independent
of the order of homogeneity and the extension and the particular operator
chosen. Consequently, we can regard index: Vect(X(T*M)) — Z so that
index(II4 (¥p)) = index(P) if P is an elliptic operator. (We can always “roll
up” an elliptic complex to give a 2-term elliptic complex in computing the
index so it suffices to consider this case).

It is clear from our definition that X(p @ ¢) = X(p) & X(¢) and therefore
I (S(p®q)) =L (2(p) & 4 (2(q)). Since index(P & Q) = index(P) +
index(Q) we conclude:

index(V @ W) = index (V') + index(W) for V,W € Vect(X(T*M)).

This permits us to extend index: K(X(T*M)) — Z to be Z-linear. We
tensor with the complex numbers to extend index: K(X(T*M);C) — C,
so that:

LEMMA 3.9.1. There is a natural map index: K (X(T*M); C) — C which
is linear so that index(P) = index(Il;(Xp)) if P:C*®V, — C*V; is an
elliptic complex over M with symbol p.

There is a natural projection map m: X(T*M) — M. This gives a natural
map 7*: K(M;C) — K(X(T*M); C). If N denotes the north pole section,
then 7N = 157 so N*7* = 1 and consequently 7* is injective. This permits
us to regard K (M; C) as a subspace of K(X(T*M);C). If V = 7n*V3, then
the clutching function defining V' is just the identity map. Consequently,
the corresponding elliptic operator P can be taken to be a self-adjoint
operator on C'*° (V') which has index zero. This proves:

LeEmMA 3.9.2. If V € K(X(T*M);C) can be written as n*Vy for V; €
K (M;C) then index(V') = 0. Thus index: K (X(T*M);C)/K(M;C) — C.

These two lemmas show that all the information contained in an elliptic
complex from the point of view of computing its index is contained in the
corresponding description in K-theory. The Chern character gives an iso-
morphism of K (X; C) to the even dimensional cohomology. We will exploit
this isomorphism to give a formula for the index in terms of cohomology.

In addition to the additive structure on K (X;C), there is also a ring
structure. This ring structure also has its analogue with respect to elliptic
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operators as we have discussed previously. The multiplicative nature of the
four classical elliptic complexes played a fundamental role in determining
the normalizing constants in the formula for their index.

We give X(T*M) the simplectic orientation. If x = (x1,...,2,) is a
system of local coordinates on M, let £ = (&1,...,&,,) be the fiber coordi-
nates on T*M. Let u be the additional fiber coordinate on T*M & 1. We
orient T*M & 1 using the form:

Wom+1 = d:li‘l Ad§1 VAN /\d.’L‘m /\dé.m A du.

Let N be the outward normal on S (T* M 1) and define wa, on S(T*M&1)
by:
Wom+1 :N/\u)zm = Wam A N.

This gives the orientation of Stokes theorem.

LEMMA 3.9.3.
(a) Let P:C*(Vy) — C*(V:2) be an elliptic complex over My and let
Q:C>®(Wy) — C>*(W3) be an elliptic complex over My. We assume P

and Q) are partial differential operators of the same order and we let M =
My x My and define over M

R=(Po1+12Q)s (P 0l1-12Q"):C*(VioW, & Ve W)
— Coo(‘/z QW eV ® Wz)
Then R is elliptic and index(R) = index(P) - index(Q).
(b) The four classical elliptic complexes discussed earlier can be decom-

posed in this fashion over product manifolds.
(¢) Let p and q be arbitrary elliptic symbols over My and My and define

1 -1 *
r= P *®q over M = M7 x M.
1®qg p"®1

Let 0; € H®V*™ (M;; C) for i = 1,2, then:
/ 01 A O A ch(ILy (Sr))
S(T* M)
= / 01 A ch(IL (Sp)) - / 02 A ch(IL (q)).
S(T*My) (I Mz)

(d) Let q be an elliptic symbol over M, and let p be a self-adjoint elliptic
symbol over My. Over M = M; x My define the self-adjoint elliptic symbol

r by:
l®p ¢ ®1
r= .
g1 —1®p
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Let 6, € A°(My) and 02 € A°(Ms) be closed differential forms. Give
S(T*M), X(T*My) and S(T*Ms) the orientations induced from the sim-
plectic orientations. Then:

/ 01 A Oy A ch(ILr)
S(T* M)

= / 01 A ch(ILy (Xq)) - / 01 A ch(ILy (p)).
S(T*My) S(T'*Mz)

Remark: We will use (d) to discuss the eta invariant in Chapter 4; we
include this integral at this point since the proof is similar to that of (c).

PrROOF: We let (p, q,r) be the symbols of the operators involved. Then:

p®1l —1®qg" « prel 1®q¢"
r = T _=
1®qg pr®l —-1®q p®1

so that:

. P'pR1+1®q%q 0
rIr=
0 pp* @1+ 1®qq*
« pp* @14+ 1®q*q 0
T = . . |-
0 p'pR1+1®qq

r*r and rr* are positive self-adjoint matrices if (¢',£2?) # (0,0). This
verifies the ellipticity. We note that if (P, (Q)) are pseudo-differential, R will
still be formally elliptic, but the symbol will not in general be smooth at
¢! =0 or €2 = 0 and hence R will not be a pseudo-differential operator in
that case. We compute:

pep_ [PPO1+12Q7Q 0

- 0 PP*®1+1®QQ*
ppe_ [PPTO1+10Q°Q 0

B 0 PP®1+10QQ"

N(R*R) =N(P*P) ® N(Q*Q) & N(PP*) ® N(QQ")
N(RR*) =N(PP") @ N(Q"Q) & N(P"P)®N(QQ")
index(R) = {dim N(P*P) — dim N(PP*)}
x {dimN(Q"Q) — dim N(QQ")}
= index(P) index(Q)

which completes the proof of (a).
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We verify (b) on the symbol level. First consider the de Rham complex
and decompose:

AT*M) = AS @ A, A(T*Ms) = AS @ AS,
AT M)=(AS®AS & AS®AS) & (AS@AS @ AS ® AY).

Under this decomposition:

I (C(éligi@?) c(;;gi(£2)> .

¢(+) denotes Clifford multiplication. This verifies the de Rham complex
decomposes properly.
The signature complex is more complicated. We decompose

AE(T* M) = AF° @ AF°
to decompose the signature complex into two complexes:

(d+0): C™(AT") = C®(AT°)
(d+6):C®(A]°) = C®°(A°).

Under this decomposition, the signature complex of M decomposes into
four complexes. If, for example, we consider the complex:

(d+0):C®AT* @ AT @ AT°@A°) =
C(AT° @ AT & AT ®A°)

then the same argument as that given for the de Rham complex applies to
show the symbol is:

e @1 —1®¢(€?)
L@c(?) o) @1 '

If we consider the complex:

(d+6):C®(AT° @ AJ® @ AT @ AS°)
= C¥(AT @A © AT ©A°)

then we conclude the symbol is

c(€H)®1 1®c(€?)
-1® (%) cEhH) @1
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which isn’t right. We can adjust the sign problem for 2 either by changing
one of the identifications with AT (M) or by changing the sign of @ (which
won’t affect the index). The remaining two cases are similar. The spin and
Dolbeault complexes are also similar. If we take coefficients in an auxilary
bundle V', the symbols involved are unchanged and the same arguments
hold. This proves (b).

The proof of (c) is more complicated. We assume without loss of gener-
ality that p and ¢ are homogeneous of degree 1. Let (£1, €2, u) parametrize
the fibers of T*M © 1. At ¢' = (1/v/2,0,...,0), €2 = (1//2,0,...,0),
u = 0 the orientation is given by:

—dxy NdET Ndxy NdEg A -
ANdxy, ANdEY Ndxi Adxy AdE A --- Ndad, AdEL, A du.

We have omitted d¢5 (and changed the sign) since it points outward at this
point of the sphere to get the orientation on X (77 M).
In matrix form we have on (V1 @ W1) @ (Vo @Wa) @& (Va@W1) & (Vi @ Wy)

that:
" 1 0 prel 1®q*
0 1 -1®q p®l
p®1l —1®q* u 1 0
l®q p®l 0 1

This is not a very convenient form to work with. We define

_ (1t 0 _ [0 p B
71—<0 _1) and a_<p 0) on ViglVy,=V

_ (1 0 _ (0 ¢ B
72—<0 _1> and B-(q O) on Wi oWy =W

and compute that Xr = uy; @ 2 + a ® Iy + 71 ® 3. We replace p and ¢
by homotopic symbols so that:

pp= "1y, pp* =1, ¢q=I|81PIw,, qq" = Iw,.

Since {71 ® 72, ® Iy, vy1 ® [} all anti-commute and are self-adjoint,
(Er)? = (W + €' +[E) on VoW
We parametrize X(T*M) by S(T*M;) x [0,Z] x S(T*M>) in the form:

(51 cosf,£2sinf, usin 9).
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We compute the orientation by studying # = Z, ¢! = (1,0,...,0), £ =
(1,0,...,0), u = 0. Since déi = —sinf df, the orientation is given by:

dri AdO A day AdEY A -
Adx), ANdE) Adai Aday AdES A -+ Ndad, ) AdER, A du.
If we identify S(T*M;) x [0, Z] with D4 (T*M;) then this orientation is:

1

w2m1

A w%mQ
so the orientations are compatible.

In this parametrization, we compute Yr(&1, 0,62 u) = (sin @)y, @ (uys +
B(E?)) + (cosO)a(El) @ Iyy. Since Yq = uyy + B(€2) satisfies (Xq)? =
1€2]? + u3 on W, we may decompose W = 11, (Xq) & I1_(Xq). Then:

Yr = {(sin@)y; + (cos) (N} @ I = Ep(c,0) @ I on V ® I (Xq)
Yr = {sin(—=0)y; + (cos@)a(¢)} @ I =3p(E', —0) @1 onV @II_(2q).

Consequently:

4 (5r) = {114 (Sp)(€1,0) © 1Ly (Sq)} @ {T1, (Sp)(€", —0) & T1_(Sq) }
over (D+M1) X E(T*Mg)

If we replace —6 by 0 in the second factor, we may replace I1, (Xp)(£t, —0)®
II_(Xq) by I, (Xp)(£t,0) ® I1_(Xq). Since we have changed the orienta-
tion, we must change the sign. Therefore:

/ 01 A Oy A ch(ILy (Sr))
S(T* M)
= / 01 A ch(IL (Sp)) - / 02 A ch(IL; (Sq))
D+M1 E(T*MZ)
—/ 01 A ch(ILy (Zp)) / 0 A ch(II_(Zq)).
D_ DM, 3(T*Ms)

ch(Ily (Xq)) + ch(I1_(Xq)) = ch(V2) does not involve the fiber coordinates
of ¥(T*Ms) and thus

92 N Ch(VQ) =0.
3X(T* My)

We may therefore replace —ch(I1_(3q)) by ch(I1;+(Xq)) in evaluating the
integral over D_ (M) x (1™ M;) to complete the proof of (c).
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We prove (d) in a similar fashion. We suppose without loss of generality
that p and ¢ are homogeneous of degree 1. We parameterize S(T*M) =
S(T*M;y) x [0, %] x S(T*My) in the form (&' cos,£? sin@). Then

[ sino 0 2 0 (cos 0)q*(€*)
"o ( 0 —sinH) ®pE5+ ((6089)q(§1) 0 ) '

Again we decompose Vo =114 (p) @ I1_(p) so that

Yr = ((sinf)y1 + (cos@)a' (€1)) on V @ Il (p)
Sr = (sin(~0)7 + (cosO)a' (€))  on V@I (p)

_10 al_Oq*
=10 -1 “\q¢ o]

The remainder of the argument is exactly as before (with the appropriate
change in notation from (c)) and is therefore omitted.

where

We now check a specific example to verify some normalizing constants:
LEMMA 3.9.4. Let M = S' be the unit circle. Define P:C>® (M) —
C> (M) by:

. i(n—1)0 f >0
P inb — ne. orn ~
(™) { ne'n? forn <0

then P is an elliptic pseudo-differential operator with index(P) = 1. Fur-
thermore:

/ ch(I1;(Sp)) = —1.
S(T*S1)

PROOF: Let Py = —i0/00 and let Py = {—0?/00%}/2. Py is a differential
operator while P; is a pseudo-differential operator by the results of section
1.10. Tt is immediate that:

or(Po) =¢, Po(el:ng) :nem'e
or(P1) =[],  Pi(e™?) = |nle?.

We define: |
QO = 56_19(P0+P1)
_Jge  £>0
oQo = {0 £ <0
: i(n—1)0 >0
nd\ __ ne n -~
Qo(e™) = {0 n<0
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and )
Qu= 5Py~ Py)
_]0 £E>0
O-LQl - {5 6 S 0
Q1 (™) = {nemg n < 0.
Consequently, P = Qo + @1 is a pseudo-differential operator and
o P =p= Ee 0 £E>0
'3 £ <0.

It is clear P is surjective so N(P*) = 0. Since N(P) is the space of constant
functions, N(P) is one dimensional so index(P) = 1. We compute:

(&Ze 56j> if € >0

(é ft) if € < 0.

Since Y¥p does not depend on f for £ < 0, we may restrict to the region
¢ > 0 in computing the integral. (We must smooth out the symbol to be
smooth where & = 0 but suppress these details to avoid undue technical
complications).

It is convenient to introduce the parameters:

¥p(0,&,t) =

u=t, v =E&cosb, w=¢Esinf for u? +v2 +w? =1
then this parametrizes the region of X(T*S!) where £ > 0 in a 1-1 fashion

except where ¢ = 0. Since du A dv A dw = —&df A dé A dt, S? inherits the
reversed orientation from its natural one. Let

(1 o0 (o1 (0
“=\lo —1) T 1t o) 2T \-io0
so Xp(u, v, w) = ueg + vey + wes. Then by Lemma 2.1.5 we have
1
- [ s = (- () Teveres) =
52

which completes the proof.

We can now state the Atiyah-Singer index theorem:
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THEOREM 3.9.5 (THE INDEX THEOREM). Let P:C*(Vy) — C*(V3)
be an elliptic pseudo-differential operator. Let Td,(M) = Td(TM @ C) be
the Todd class of the complexification of the real tangent bundle. Then:

index(P) = (—1)dim M e Td,.(M) A ch(Il, (Ep)).

We remark that the additional factor of (—1)4™ M could have been avoided
if we changed the orientation of (7™ M).

We begin the proof by reducing to the case dim M = m even and M
orientable. Suppose first that m is odd. We take Q: C>®°(S') — C>~(S1)
to be the operator defined in Lemma 3.9.4 with index +1. We then form
the operator R with index(R) = index(P)index(Q) = index(P) defined
in Lemma 3.9.3. Although R is not a pseudo-differential operator, it can
be uniformly approximated by pseudo-differential operators in the natural
Fredholm topology (once the order of @ is adjusted suitably). (This process
does not work when discussing the twisted eta invariant and will involve
us in additional technical complications in the next chapter). Therefore:

(—1)m+! / Td, (M x SY) A ch(ILy(Er))
S(T*(MxS1))

= (=™ Td, (M)A ch(Il4(Xp)) - (—1 ch(1l4 (X
O [y T QDA L (Ep) - (1) [ eh(IL(Da))

= (-1)™ /E(T*M) Td. (M) A ch(IT (Ep)).

To show the last integral gives index(P) it suffices to show the top integral
gives index(R) and therefore reduces the proof of Theorem 3.9.3 to the case
dim M = m even.

If M is not orientable, we let M’ be the orientable double cover of M.
It is clear the formula on the right hand side of the equation multiplies
by two. More careful attention to the methods of the heat equation for
pseudo-differential operators gives a local formula for the index even in
this case as the left hand side is also multiplied by two under this double
cover.

This reduces the proof of Theorem 3.9.3 to the case dim M = m even
and M orientable. We fix an orientation on M henceforth.

LEMMA 3.9.6. Let P:C*>° (A1) — C°°(A™) be the operator of the signa-
ture complex. Let w = chy, /o (114 (Xp)) € H™(X(T*M); C). Then if wyy
is the orientation class of M

(a) wyr A w gives the orientation of X(T*M).
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(b) If S™ is a fiber sphere of ©(T* M), then [g,, w = 2™/2.

PROOF: Let (z1,...,2,,) be an oriented local coordinate system on M so
that the {dx;} are orthonormal at xg € M. If £ = (&, ...,&,,) are the dual
fiber coordinates for 7% M), then:

p(&) =Y i&i(e(dey)) = Y i€;(ext(day) — int(&;))

J J

gives the symbol of (d+ 0); ¢(-) denotes Clifford multiplication as defined
previously. We let e; = ic(dz;); these are self-adjoint matrices such that
ejer + epej = 205,. The orientation class is defined by:

eo =™ %e(dxy) ... c(depy) = (—)™ %61 .. .em.

The bundles A* are defined as the +1 eigenspaces of ey. Consequently,

Sp(é,t) =teo + Y _&je;

Therefore by Lemma 2.1.5 when S§™ is given its natural orientation,

/ Cho o i (Xp) = im/29=m/2 Tr(eper . ..em)

= i"™/297/2 Tr(eqi™ 2 eq)
- (_I)M/Qz—mﬂ Tr(I) = (_l)m/22—m/22m
— (_l)m/22m/2

However, S™ is in fact given the orientation induced from the orientation
on X(T*M) and on M. At the point (z,0,...,0,1) in 7* M @R the natural
orientations are:

of X: dxi N\ --- Ndx,,,
of X(T*M): dey NdEy A -+~ Ndxpy, N dEy,
= (=)™ 2dxy A -+ Ndxy, NdELA - AN dEy,
of S™:  (=1)™2dgy A - AN dEp,.

Thus with the induced orientation, the integral becomes 27/2 and the
lemma is proved.

Consequently, w provides a cohomology extension and:
LEMMA 3.9.7. Let p:X(T*M) — M where M is orientable and even

dimensional. Then
(a) p*: H*(M;C) — H*(X(T*M); C) is injective.
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(b) If w is as defined in Lemma 3.9.6, then we can express any a €
H*(X(T*M); C) uniquely as a = p*aq + p*as Aw for a; € H*(M; C).

Since p* is injective, we shall drop it henceforth and regard H*(M; C)
as being a subspace of H*(X(T*M); C).

The Chern character gives an isomorphism K (X;C) ~ H®(X;C). When
we interpret Lemma 3.9.7 in K-theory, we conclude that we can decom-
pose K(X(T*M);C) = K(M;C) & K(M;C)® I, (Xp); ch(V) generates
H¢(M;C) as V ranges over K (M; C). Therefore K(X(T*M); C)/K(M;C)
is generated as an additive module by the twisted signature complex with
coefficients in bundles over M. I1; (Xpy) = V&IL; (Xp) if py is the symbol
of the signature complex with coefficients in V.

In Lemma 3.9.2, we interpreted the index as a map in K-theory. Since
it is linear, it suffices to compute on the generators given by the signature
complex with coefficients in V. This proves:

LEMMA 3.9.8. Assume M is orientable and of even dimension m. Let Py
be the operator of the signature complex with coefficients in V. The bun-
dles {111 (Xp)v }veveet vy generate K(X(T*M); C)/K(M;C) additively.
It suffices to prove Theorem 3.9.5 in general by checking it on the special
case of the operators Py .

We will integrate out the fiber coordinates to reduce the integral of The-
orem 3.9.5 from X(T*M) to M. We proceed as follows. Let W be an
oriented real vector bundle of fiber dimension k£ + 1 over M equipped
with a Riemannian inner product. Let S(W) be the unit sphere bundle
of W. Let p: S(W) — M be the natural projection map. We define a map
Z:C>®(A(S(W))) = C°°(A(M)) which is a C*°(A(M)) module homomor-
phism and which commutes with integration—i.e., if a € C*°(A(S(W)))
and # € C°(A(M)), we require the map a +— Z(«) to be linear so that
Z(p*BNAa)=FANT(a)and Jsowy@= [or ().

We construct Z as follows. Choose a local orthonormal frame for W to
define fiber coordinates u = (ug,...,ux) on W. This gives a local rep-
resentation of S(W) = V x S* over the coordinate patch & on M. If
a € C*(A(S(W))) has support over V, we can decompose v = ) B, Ay,
for 3, € C°(AU)) and o, € C®(A(S*)). We permit the o, to have
coefficients which depend upon x € U. This expression is, of course, not
unique. Then 7 («) is necessarily defined by:

I(a)(@) =Y By /S ay (x).

It is clear this is independent of the particular way we have decomposed a.
If we can show 7 is independent of the frame chosen, then this will define
7 in general using a partition of unity argument.
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Let u; = a;;(x)u; be a change of fiber coordinates. Then we compute:
du; = a;j(x) duj + da;j(z)u;.
Clearly if @ is a constant matrix, we are just reparamatrizing S* so the
integral is unchanged. We fix ¢ and suppose a(xzg) = I. Then over x,

duy = dvy + Z cr.g Nduy where ¢ ; EA'IH‘]'(M).
[11<]J]
To integrate and get an answer different from 0 over S¥, we must have
|I| = k so these error terms integrate to zero and Z is invariantly defined.
We specialize to the case W = T*M @ 1. The orientation of M induces a
natural orientation of 7*M & 1 as a bundle in such a way as to agree with
the orientation of T* M @ 1 as a topological space. Let v = ch(I14(Xp)), so
T (a) € C®°(A(M)). If we reverse the orientation of M, then we interchange
the roles of AT and of A=. This has the effect of replacing the parameter
u by —u which is equivalent to reversing the orientation of 7*M & 1 as a
topological space. Since both orientations have been reversed, the orien-
tation of the fiber is unchanged so Z («) is invariantly defined independent
of any local orientation of M. It is clear from the definition that Z («) is a
polynomial in the jets of the metric and is invariant under changes of the
metric by a constant factor. Therefore Theorems 2.5.6 and Lemma 2.5.3
imply 7 («) is a real characteristic form. By Lemma 3.9.6, we can expand
7 (o) —om/2 L ...,
We solve the equation:
{Z (ch(Iy(Ep))) A Todd(m)}y_ss = 20m"4)/2 L

recursively to define a real characteristic class we shall call Todd(m) for
the moment. It is clear Todd(m) = 1 + ---. In this equation, Ly is the
Hirzebruch genus.

LEMMA 3.9.9. Let Todd(m) be the real characteristic class defined above.
Then if P is any elliptic pseudo-differential operator,

index(P) = /E _— Todd(m) A ch(IL (Sp)).

PrROOF: By Lemma 3.9.8 it suffices to prove this identity if P is the oper-
ator of the twisted signature complex. By Theorem 3.1.5,

index(Peisnature y — /M > chy(V)2I AL
2t+4s=m

- /M ch(V) AT (ch(I14(Sp))) A Todd(m)

— />: _— ch(V) A ch(I14 (Sp)) A Todd(m)

= /E(T*M) Todd(m) A ch(I14(Xpv)).
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It is clear Todd(m) is uniquely determined by Lemma 3.9.9. Both the
index of an elliptic operator and the formula of Lemma 3.9.9 are multi-
plicative with respect to products by Lemma 3.9.3 so Todd(m) is a multi-
plicative characteristic form. We may therefore drop the dependence upon
the dimension m and simply refer to Todd. We complete the proof of the
Atiyah-Singer index theorem by identifying this characteristic form with
the real Todd polynomial of T'(M).

We work with the Dolbeault complex instead of with the signature com-
plex since the representations involved are simpler. Let m be even, then
(=1)™ = 1. Let M be a holomorphic manifold with the natural orienta-
tion. We orient the fibers of 7% M using the natural orientation which arises
from the complex structure on the fibers. If £ are the fiber coordinates,
this gives the orientation:

deiy Ndyy N - Ndxy Ndy, ANdéy N --- ANdE, where m = 2n.

This gives the total space T*M an orientation which is (—1)" times the
simplectic orientation. Let S™ denote a fiber sphere of X(T*M) with this
orientation and let ¢ be the symbol of the Dolbeault complex. Then:

index(9) = / Todd A ch(I1, $q) = (—1)" / Todd AT (ch(ILL Xq)).
S(T* M) M

We define the complex characteristic form

8 = (—1)™21 (ch(IL;.(Sq)))
then the Riemann-Roch formula implies that:

S A Todd(m) = Todd(T.M).

It is convenient to extend the definition of the characteristic form S to
arbitrary complex vector bundles V. Let W = A*(V) and let ¢(v):V —
END(W) be defined by Lemma 3.5.2(a) to be the symbol of 9 + 6" if
V = T.(M). We let ext: V' — HOM(W, W) be exterior multiplication.
This is complex linear and we let int be the dual of ext; int(Av) = Aint(v)
for A € C. ext is invariantly defined while int requires the choice of a fiber
matric. We let ¢ = ext(v) —int(v) (where we have deleted the factor of i/2
which appears in Lemma 3.5.2 for the sake of simplicity).

We regard ¢ as a section to the bundle HOM(V, HOM(W,W)). Fix a
Riemannian connection on V' and covariantly differentiate ¢ to compute
Vg € C®°(T*M@HOM(V,HOM(W,W))). Since the connection is Rieman-
nian, Vq = 0; this is not true in general for non-Riemannian connections.

If V' is trivial with flat connection, the bundles II1 (Xq) have curvature
mydridry as computed in Lemma 2.1.5. If V' is not flat, the curvature of
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V' enters into this expression. The connection and fiber metric on V' define
a natural metric on T*V. We use the splitting defined by the connection
to decompose T*V into horizontal and vertical components. These compo-
nents are orthogonal with respect to the natural metric on V. Over V, ¢
becomes a section to the bundle HOM(V, V). We let VY denote covariant
differentiation over V, then V"¢ has only vertical components in 7%V and
has no horizontal components.

The calculation performed in Lemma 2.1.5 shows that in this more gen-
eral setting that the curvatures of Vi are given by:

Q:t = T4 (VV7T_|_ A\ vV7T_|_ + p*QW)

If we choose a frame for V and W which is covariant constant at a point
xo, then VY7, = dr, has only vertical components while p*Qy has only
horizontal components. If Qy is the curvature of V', then Qp = A(Qy).

Instead of computing & on the form level, we work with the corresponding
invariant polynomial.

LEMMA 3.9.10. Let A be an n x n complex skew-adjoint matrix. Let
B = A(A) acting on A(C") = C?". Define:

S(A) = Zy:(—nn (i) % /9 Te{(rydrydry + B) ).

If x; = i)\; /27 are the normalized eigenvectors of A, then

s =1] v -1

; €;
j J

Proor: If V. =V, & V5 and if A = Ay @& Ay, then the Dolbeault com-
plex decomposes as a tensor product by Lemma 3.9.3. The calculations of
Lemma 3.9.3 using the decomposition of the bundles II1 shows S(A) is a
multiplicative characteristic class. To compute the generating function, it

suffices to consider the case n = 1.
0

0
0 A
1@ V. If ©x + iy give the usual coordinates on V' = C, then:

() =x<(j é) +y(2 ‘0>

by Lemma 3.5.2 which gives the symbol of the Dolbeault complex. There-
fore:

@y =o O M ey T wul V) = e+ per +

Ifn=1,A= \sothat B = , if we decompose W = AY0pAQL =



THE ATIYAH-SINGER THEOREM 239

We compute:
{1 O ?
eperey =1 and Tydrydny = 3™+ dvol.

Since n =1, (—1)" = —1 and:

S(A):Z—% <§>J ! /Tr (74 dvol 474 B)Y)

3 _% (%)J ﬁ /T‘r(w+B)j_1 dvol.

B—l 14+u z—1y 0 0 _1 0 *
T ety 1-uw Jlo A) T2 0 @-wA
(r By~ = 2N (1 - ! (8 T)

where “x” indicates a term we are not interested in. We use this identity

and re-index the sum to express:

1 /ia\' 1 . .
S(A):ZE(§> —2 7/2(1—u)]dvol.
i>0

VR

We introduce the integrating factor of e~ to compute:

w2k e dr dydu=m uke=v" qy
R3 R

:/ p2kt2 o= dr-/ u?* dvol

0 2

= (2k + 1)/2/ r2ke= dr - / u?* dvol
0 2

so that:
/ u? dvol = 4/ (2k + 1).

The terms of odd order integrate to zero so:

ﬁ2(1—u)jdv01:47r2<2jk> T /Z( >t2kdt

:27r/1(1+t)j+(1—t)jdt

(1+t)+ — (1 —¢t)iH+!
Jj+1

1
=27

2J

=47 - - .
J+1
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We substitute this to conclude:

=% () 5o

J20

If we introduce x = i\/27 then

xl e —1
S(x):z:(j+1)!: :c

Jj=0

which gives the generating function for §. This completes the proof of the
lemma.

We can now compute Todd. The generating function of Todd(T,) is
z/(1 —e %) so that Todd = S™! - Todd(T,) will have generating function:

T T T -
1—e% e -1 1—e 1 —¢e%

which is, of course, the generating function for the real Todd class. This
completes the proof. We have gone into some detail to illustrate that it is
not particularly difficult to evaluate the integrals which arise in applying
the index theorem. If we had dealt with the signature complex instead of
the Dolbeault complex, the integrals to be evaluated would have been over
S* instead of S? but the computation would have been similar.



CHAPTER 4

GENERALIZED
INDEX THEOREMS
AND SPECIAL TOPICS

Introduction

This chapter is less detailed than the previous three as several lengthy
calculations are omitted in the interests of brevity. In sections 4.1 through
4.6, we sketch the interrelations between the Atiyah-Patodi-Singer twisted
index theorem, the Atiyah-Patodi-Singer index theorem for manifolds with
boundary, and the Lefschetz fixed point formulas.

In section 4.1, we discuss the absolute and relative boundary condi-
tions for the de Rham complex if the boundary is non-empty. We discuss
Poincaré duality and the Hodge decomposition theorem in this context.
The spin, signature, and Dolbeault complexes do not admit such local
boundary conditions and the index theorem in this context looks quite dif-
ferent. In section 4.2, we prove the Gauss-Bonnet theorem for manifolds
with boundary and identify the invariants arising from the heat equation
with these integrands.

In section 4.3, we introduce the eta invariant as a measure of spectral
asymmetry and establish the regularity at s = 0. We discuss without proof
the Atiyah-Patodi-Singer index theorem for manifolds with boundary. The
eta invariant enters as a new non-local ingredient which was missing in the
Gauss-Bonnet theorem. In section 4.4, we review secondary characteristic
classes and sketch the proof of the Atiyah-Patodi-Singer twisted index the-
orem with coefficients in a locally flat bundle. We discuss in some detail
explicit examples on a 3-dimensional lens space.

In section 4.5, we turn to the Lefschetz fixed point formulas. We treat
the case of isolated fixed points in complete detail in regard to the four
classical elliptic complexes. We also return to the 3-dimensional examples
discussed in section 4.4 to relate the Lefschetz fixed point formulas to the
twisted index theorem using results of Donnelly. We discuss in some detail
the Lefschetz fixed point formulas for the de Rham complex if the fixed
point set is higher dimensional. There are similar results for both the
spin and signature complexes which we have omitted for reasons of space.
In section 4.6 we use these formulas for the eta invariant to compute the
K-theory of spherical space forms.
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In section 4.7, we turn to a completely new topic. In a lecture at M.I.T.,
Singer posed the question:

Suppose P(G) is a scalar valued invariant of the metric so that P(M) =
[ P(G) dvol is independent of the metric. Then is there a universal
constant ¢ so P(M) = cx(M)?

The answer to this question (and to related questions involving form val-
ued invariants) is yes. This leads immediately to information regarding the
higher order terms in the expansion of the heat equation. In section 4.8,
we use the functorial properties of the invariants to compute a,(x, P) for
an arbitrary second order elliptic parital differential operator with lead-
ing symbol given by the metric tensor for n = 0,2,4. We list (without
proof) the corresponding formula if n = 6. This leads to Patodi’s for-
mula for a,(z, A}') discussed in Theorem 4.8.18. In section 4.9 we discuss
some results of Tkeda to give examples of spherical space forms which are
isospectral but not diffeomorphic. We use the eta invariant to show these
examples are not even equivariant cobordant.

The historical development of these ideas is quite complicated and in
particular the material on Lefschetz fixed point formulas is due to a number
of authors. We have included a brief historical survey at the beginning of
section 4.6 to discuss this material.



4.1. The de Rham Complex for Manifolds with Boundary.

In section 1.9, we derived a formula for the index of a strongly elliptic
boundary value problem. The de Rham complex admits suitable boundary
conditions leading to the relative and absolute cohomolgy groups. It turns
out that the other 3 classical elliptic complexes do not admit even a weaker
condition of ellipticity.

Let (d+ 6):C®(A(M)) — C>°(A(M)) be the de Rham complex. In
the third chapter we assumed the dimension m of M to be even, but we
place no such restriction on the parity here. M is assumed to be compact
with smooth boundary dM. Near the boundary, we introduce coordinates
(y,r) where y = (y1,...,ym—1) give local coordinates for dM and such that
M = {z :r(x) > 0}. We further normalize the coordinates by assuming
the curves x(r) = (yo,r) are unit speed geodesics perpendicular to dM for
r€0,0).

Near dM, we decompose any differential form 6 € A(M) as

0 =06, +0,Ndr where 0; € A(dM)
are tangential differential forms. We use this decomposition to define:
C((H) = 91 —92 Adr.

a is self-adjoint and a? = 1. We define the absolute and relative boundary
conditions

Ba(g) = 92 and BT(Q) = 91.

We let B denote either B, or B,, then B: A(M)|4 — A(dM). We note
that B, can be identified with orthogonal projection on the —1 eigenspace
of a while B, can be identified with orthogonal projection on the +1
eigenspace of c. There is a natural inclusion map i: dM — M and B,.(0) =
i*(0) is just the pull-back of 8. The boundary condition B, does not de-
pend on the Riemannian metric chosen, while the boundary condition B,
does depend on the metric.

LEmMMA 4.1.1. Let B = B, or B,, then (d + 0, B) is self-adjoint and
elliptic with respect to the cone C— Ry — R_.

PrROOF: We choose a local orthonormal frame {eg,...,en—1} for T*M
near dM so that eg = dr. Let

pj = Zej

act on A(M) by Clifford multiplication. The p; are self-adjoint and satisfy
the commutation relation:

PPk + Prpj = 20jk.
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The symbol of (d + 0) is given by:

m—1

P, ) =zpo+ > (pj-

j=1

As in Lemma 1.9.5, we define:
m—1

7(y,(, A) = ipo (Z §jpj—/\>, (¢,A) #(0,0) e T*(dM)x{C-R;—R_}.
j=1

We define the new matrices:
qo = Po and q; = 1pop; for1<j<m-1

so that:

m—1

T(y, ¢, N) = —idgo + Y ;-

j=1

The {g¢;} are self-adjoint and satisfy the commutation relations g¢;q; +
qrq; = 20;1. Consequently:

(. ¢, ) = (I = A*)1.

We have (|¢]? — A?) € C — R_ — 0 so we can choose u? = (|¢]? — \?) with
Re(p) > 0. Then 7 is diagonalizable with eigenvalues +x and Vi (7) is the
span of the eigenvectors of 7 corresponding to the eigenvalue +u. (We set
V = A(M) = A(T*M) to agree with the notation of section 9.1).

We defined a(6; + 02 A dr) = 6y — 65 A dr. Since Clifford multiplication
by e; for 1 < j < m — 1 preserves A(dM), the corresponding p; commute
with «. Since Clifford multiplication by dr interchanges the factors of
A(dM) & A(dM) A dr, « anti-commutes with pg. This implies a anti-
commutes with all the ¢; and consequently anti-commutes with 7. Thus
the only common eigenvectors must belong to the eigenvalue 0. Since 0 is
not an eigenvalue,

Vi(a) NVe(r) = {0}

Since B, and B, are just orthogonal projection on the F1 eigenspaces of
a, N(B,) and N(B,) are just the 1 eigenspaces of a. Thus

B:Vi(1) — A(dM)

is injective. Since dim(Vi(7)) = dimA(dM) = 2™~ this must be an
isomorphism which proves the ellipticity. Since py anti-commutes with «,

po: Vi(a) = Ve (a)
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so (d+ 9) is self-adjoint with respect to either B, or B, by Lemma 1.9.5.

By Lemma 1.9.1, there is a spectral resolution for the operator (d +4d)p
in the form {\,,¢,}52, where (d + 6)¢, = A\, ¢, and B¢, = 0. The
¢, € C°(A(M)) and |\, | — co. Weset A = (d+6)? = dd +dd and define:

N((d+0)g)={pe C®(A(M)): Bp=(d+)p=0}

N({(d+9d)p)j={p € C*N(M)): Bp=(d+0)p =0}
N(Ag)={p e C®(A(M)): B¢ =B(d+08)p=Ap=0}
N(Ag);j ={p € C®(A(M)): B¢ =B(d+0)p=Ap=0}.

o)

LEMMA 4.1.2. Let B denote either the relative or the absolute boundary
conditions. Then

(a) N((d+6)p) = N(Ap).

(b) N((d+0)p); = N(Ag);-

(¢) N((d+0)p) = @; N((d+6)5);.

PROOF: Let By = B(d+ §)¢ = A¢p = 0. Since (d + 0)p is self-adjoint
with respect to the boundary condition B, we can compute that A¢ - ¢ =
(d+d)p-(d+0)p=0s0 (d+d)p =0. This shows N(Ag) C N((d+0)p)
and N(Ap); C N((d+9)p);. The reverse inclusions are immediate which
proves (a) and (b). It is also clear that N((d+6)p); C N((d+6)p) for each
j. Conversely, let § € N((d + d)p). We decompose 0 = 6y + --- + 6, into
homogeneous pieces. Then Af = Zj Af; = 0 implies Af; = 0 for each j.
Therefore we must check Bf; = B(d+ 6)0; = 0 since then #; € N(Ag); =
N((d +9)p); which will complete the proof.

Since B preserves the grading, B6; = 0. Suppose B = B, is the relative
boundary conditions so B(aj +ag Adr) = a4y - Then Bd = dB so B(d+
0)0 = dB(0) + B§(0) = Bi(0#) = 0. Since B preserves the homogeneity,
this implies Bd6; = 0 for each j. We observed Bdf = dB0 = 0 so Bdf; = 0
for each 5 as well. This completes the proof in this case. If B = B, is the
absolute boundary condition, use a similar argument based on the identity
By =0B.

We illustrate this for m = 1 by considering M = [0, 1]. We decompose
0 = fo + f1dx to decompose C®°(A(M)) = C®°(M) & C®°(M)dx. It is
immediate that:

(d+0)(fo, f1) = (=1, fo)

so (d+0)0 = 0 implies 6 is constant. B, corresponds to Dirichlet boundary
conditions on f; while B, corresponds to Dirichlet boundary conditions on
fo- Therefore:

Hy([0,1;C)=C  H,([0,1;C) =0
HY([0,1);C) =0 H!([0,1);C) = C.

r
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A priori, the dimensions of the vector spaces H(M;C) and H/(M;C)
depend on the metric. It is possible, however, to get a more invariant
definition which shows in fact they are independent of the metric. Lemma
1.9.1 shows these spaces are finite dimensional.

Let d: C®° (A7) — C*°(A’*1) be the de Rham complex. The relative
boundary conditions are independent of the metric and are d-invariant.
Let C°(AP) = {6 € C>®AP : B.§ = 0}. There is a chain complex
d: C°(AP) — C°(APH) — ... We define HP(M;C) = (ker d/imaged),,
on C2°(AP) to be the cohomology of this chain complex. The de Rham the-
orem for manifolds without boundary generalizes to identify these groups
with the relative simplicial cohomology H? (M, dM; C). If# € N((d+9) g, )
then df = B,§ = 0so 0; € HP(M,dM; C). The Hodge decomposition the-
orem discussed in section 1.5 for manifolds without boundary generalizes
to identify HP(M;C) = N(Ap, ),. If we use absolute boundary conditions
and the operator ¢, then we can define H?(M; C) = N(Ap, ), = HP(M;C).
We summarize these results as follows:

LeEMMA 4.1.3. (HODGE DECOMPOSITION THEOREM). There are nat-
ural isomorphisms between the harmonic cohomology with absolute and
relative boundary conditions and the simplicial cohomology groups of M :

HE(M;C) = N((d+0)s,); ~ H"(M;C)

and
HE(M; C) = N((d +8),); = HP (M, dM; C).

If M is oriented, we let x be the Hodge operator x: AP — A™~P. Since x
interchanges the decomposition A(T*dM)SA(T*dM )Adr, it anti-commutes
with « and therefore B,(f) = 0 if and only if B,(x0) = 0. Since df = 0
if and only if § * = 0 and similarly 60 = 0 if and only if d x § = 0, we
conclude:

LEMMA 4.1.4. Let M be oriented and let * be the Hodge operator. Then
x induces a map, called Poincaré duality,

«: HP(M;C) ~ HP(M;C) = H™P(M,C) ~ H™ P(M,dM:;C).
We define the Euler-Poincaré characteristics by:
X(M) =Y (=1)?dim H?(M; C)
x(dM) =" (1) dim H” (dM; C)
X(M,dM) = (~1)" dim H?(M,dM; C).
The long exact sequence in cohomology:

-+« HP(dM; C) <~ H?(M;C) + HP(M,dM;C) < HP~'(dM;C)---
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shows that:
X(M) = x(dM) + x(M,dM).

If m is even, then x(dM) = 0 as dM is an odd dimensional manifold
without boundary so x(M) = x (M, dM). If m is odd and if M is orientable,
then x(M) = —x(M,dM) by Poincaré duality. x(M) is the index of the
de Rham complex with absolute boundary conditions; x(M,dM) is the
index of the de Rham complex with relative boundary conditions. By
Lemma 1.9.3, there is a local formula for the Euler-Poincaré characteristic.
Since x(M) = —x(M,dM) if m is odd and M is orientable, by passing to
the double cover if necessary we see x(M) = —x(M,dM) in general if m is
odd. This proves:

LEmmA 4.1.5.
(a) If m is even, x(M) = x(M,dM) and x(dM) = 0.
(b) If m is odd, x(M) = —x(M,dM) = $x(dM).

In contrast to the situation of manifolds without boundary, if we pass
to the category of manifolds with boundary, there exist non-zero index
problems in all dimensions m.

In the next subsection, we will discuss the Gauss-Bonnet formula for
manifolds with boundary. We conclude this subsection with a brief dis-
cussion of the more general ellipticity conditions considered by Atiyah and
Bott. Let Q: C*° (V1) — C*(V2) be an elliptic differential operator of or-
der d > 0 on the interior—i.e., if ¢(z, &) is the leading symbol of @, then
q(x,&): V4 — V4 is an isomorphism for £ # 0. Let W; = V; ® 1d‘dM be
the bundle of Cauchy data. We assume dim W7 is even and let W7 be a
bundle over dM of dimension 4 (dimWy). Let B: C>(W;) — C>(W{) be
a tangential pseudo-differential operator. We consider the ODE

q(y,0,(, Dy)f =0, lim f(r) =0
and let Vi (7)(¢) be the bundle of Cauchy data of solutions to this equation.
We say that (@, B) is elliptic with respect to the cone {0} if for all ¢ # 0,
the map:
00 (B) (5, C): Vi (1)(C) = W]

is an isomorphism (i.e., we can find a unique solution to the ODE such that
o4(B)(y,C)yf = f' is pre-assigned in W7{). Vi (7) is a sub-bundle of W,
and is the span of the generalized eigenvectors corresponding to eigenvalues
with positive real parts for a suitable endomorphism 7(¢) just as in the first
order case. o, is the graded leading symbol as discussed in section 1.9.

This is a much weaker condition than the one we have been considering
since the only complex value involved is A = 0. We study the pair

(@, B): C* (Vi) = C=(Va) & O (W).



248 4.1. THE DE RHAM COMPLEX

Under the assumption of elliptic with respect to the cone {0}, this operator
is Fredholm in a suitable sense with closed range, finite dimensional null-
space and cokernel. We let index(Q, B) be the index of this problem. The
Atiyah-Bott theorem gives a formula for the index of this problem.

There exist elliptic complexes which do not admit boundary conditions
satisfying even this weaker notion of ellipticity. Let g(x, &) be a first order
symbol and expand

m—1

0(y,0,6,2) = qoz + Y _ ¢;¢

j=1

As in Lemma 1.9.5 we define
m—1
T=igy " Y 4G
j=1

the ellipticity condition on the interior shows 7 has no purely imaginary
eigenvalues for ¢ # 0. We let VL (7)(C) be the sub-bundle of V' corresponding
to the span of the generalized eigenvectors of 7 corresponding to eigenvalues
with positive/negative real part. Then (Q, B) is elliptic if and only if

0q(B)(Q): Vi (7)(C) = Wy

is an isomorphism for all ¢ # 0.

Let S(T*(dM)) = {¢ € T*(dM) : |¢|*> = 1} be the unit sphere bundle
over dM. Vi(7) define sub-bundles of V' over S(T*(dM)). The existence
of an elliptic boundary condition implies these sub-bundles are trivial over
the fiber spheres. We study the case in which ¢*¢ = |¢|*I. In this case,
qo_1 = qp. If we set p; = iqo_lqj, then these are self-adjoint and satisfy
PPk + PrPj = 20j;. If m is even, then the fiber spheres have dimension
m — 2 which will be even. The bundles Vi (7) were discussed in Lemma
2.1.5 and in particular are non-trivial if

T‘r(plr"apm—l) 7£ 0.

For the spin, signature, and Dolbeault complexes, the symbol is given by
Clifford multiplication and pq, ..., p,—1 is multiplication by the orientation
form (modulo some normalizing factor of 7). Since the bundles involved
were defined by the action of the orientation form being +1, this proves:

LEMMA 4.1.6. Let Q:C*° (V1) — C*°(V;) denote either the signature,
the spin, or the Dolbeault complex. Then there does not exist a boundary
condition B so that (Q, B) is elliptic with respect to the cone {0}.

The difficulty comes, of course, in not permitting the target bundle W’
to depend upon the variable (. In the first order case, there is a natural
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pseudo-differential operator B({) with leading symbol given by projection
on V4 (7)(¢). This operator corresponds to global (as opposed to local)
boundary conditions and leads to a well posed boundry value problem for
the other three classical elliptic complexes. Because the boundary value
problem is non-local, there is an additional non-local term which arises in
the index theorem for these complexes. This is the eta invariant we will
discuss later.



4.2. The Gauss-Bonnet Theorem
For Manifolds with Boundary.

Let B denote either the absolute or relative boundary conditions for
the operator (d + 0) discussed previously. We let x(M)p be either x (M)
or x(M,dM) be the index of the de Rham complex with these bound-
ary conditions. Let A% and A% be the Laplacian on even/odd forms
with the boundary conditions B = B(d + §)0 = 0. Let a,(z,d + §) =
an (2, A®V") — a, (x, A°d) be the invariants of the heat equation defined
in the interior of M which were discussed in Lemma 1.7.4. On the bound-
ary dM, let a,(y,d + 6, B) = a,(y, AS®™) — a,(y, A%Y) be the invariants
of the heat equation defined in Lemma 1.9.2. Then Lemma 1.9.3 implies:

X(M)p = Tr{exp(~tAF™")} — Trexp{(~tA%'")}

~ Z t(n=m)/2 an(x,d+ ) dvol(x)
n=0 M

+ Z t(n—m+1)/2 / an(y,d+ 9, B) dvol(y).
dM

n=0

The interior invariants a,, (x, d+¢) do not depend on the boundary condition
so we can apply Lemma 2.4.8 to conclude:

an(z,d+9)=0 if n < m orif m is odd

am(x,d+ ) = Ep, is the Euler intergrand if m is even.

In this subsection we will prove the Gauss-Bonnet theorem for manifolds
with boundary and identify the boundary integrands a,(y,d + 6, B) for
n<m-—1.

We let P be the algebra generated by the {g;; o} variables for |a| # 0.
We always normalize the coordinate system so g;; (X, G)(xg) = d;;. We
normalize the coordinate system = = (y,r) near the boundary as discussed
in section 4.1; this introduces some additional relations on the g;;,, vari-
ables we shall discuss shortly. We let P(Y,G)(yo) be the evaluation of
P € P on a metric G and relative to the given coordinate system Y on
dM. We say that P is invariant if P(Y,G)(yo) = P(Y,G)(yo) for any two
such coordinate systems Y and Y. We introduce the same notion of homo-
geneity as that discussed in the second chapter and let Pﬁw be the finite
dimensional vector space of invariant polynomials which are homogeneous
of order n on a manifold M of dimension m. The “b” stands for boundary
and emphasizes that these are invariants only defined on dM; there is a
natural inclusion P, , — Pﬁw; by restricting the admissible coordinate
transformations we increase the space of invariants.
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LEMMA 4.2.1. If B denotes either absolute or relative boundary condi-
tions, then a,(y,d + &, B) defines an element of P?, ..

PROOF: By Lemma 1.9.2, a,(y,d + §, B) is given by a local formula in
the jets of the metric which is invariant. Either by examining the analytic
proof of Lemma 1.9.2 in a way similar to that used to prove Lemma 1.7.5
and 2.4.1 or by using dimensional analysis as was done in the proof of
Lemma 2.4.4, we can show that a,, must be homogeneous of order n and
polynomial in the jets of the metric.

Our normalizations impose some additional relations on the g;;,, vari-
ables. By hypothesis, the curves (yo,r) are unit speed geodesics perpen-
dicular to dM at r = 0. This is equivalent to assuming:

VNN =0 and 9im (Y, 0) = 6jm

where N = 0/0r is the inward unit normal. The computation of the
Christoffel symbols of section 2.3 shows this is equivalent to assuming:

mej - %(gmj/m _'—gmj/m - gmm/]) = 0.

If we take j = m, this implies g,/ = 0. Since grmm (y,0) = 1, we con-
clude gmm =150 gmm/a = 0. Thus Ui = gmj/m = 0. AS g1 (y,0) =
dmj we conclude gp,; = 0, and therefore g,/ = 0, 1 < j < m.
We can further normalize the coordinate system Y on dM by assuming
gikn(Y,G)(yo) = 0 for 1 < 4, k,1 < m — 1. We eliminate all these vari-
ables from the algebra defining P ; the remaining variables are algebraically
independent.

The only 1-jets of the metric which are left are the {g;/m } variables for
1 < j,k <m — 1. The first step in Chapter 2 was to choose a coordinate
system in which all the 1-jets of the metric vanish; this proved to be the
critical obstruction to studying non-Kaehler holomorphic manifolds. It
turns out that the {g;x/n} variables cannot be normalized to zero. They
are tensorial and give essentially the components of the second fundamental
form or shape operator.

Let {e1,ea} be vector fields on M which are tangent to dM along dM.
We define the shape operator:

5(61,62) == (Veleg,N)
along dM. It is clear this expression is tensorial in e;. We compute:
(v81627 N) - (vezelv N) = ([617 62]7 N)

Since e; and ez are tangent to dM along dM, [e1,es] is tangent to dM
along dM and thus ([e1,ez2], N) = 0 along dM. This implies S(e1,es) =
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S(e2,eq1) is tensorial in eo. The shape operator defines a bilinear map from
T(dM) x T(dM) — R. We compute

(Voyoy; 0/04k, N) = Tjem = 5(Gjm/e + Gkm/i — Gik/m) = —59jk/m-

We can construct a number of invariants as follows: let {e;} be a local
orthonormal frame for T'(M) such that e,, = N = 0/0r. Define:

Ve; = Z Wjkek for wjr € T*M and wjj + wij =0

1<k<m
and
ij:dwjk— E Wiy N Wyk-
1<v<m
. . —1

The wj, variables are tensorial as wj, = > 4 S(ej,ex) - €*. We define:

Qrum = ham Y (it ime1) iy Ao A Qg i,

m—1
N Wiskq1,m N AWy, om € A

for

Chm = Tpkiok+r 1.3 (2p—2k—1) oo PT 9l

The sum defining Q) is taken over all permutations of m — 1 indices and
defines an m — 1 form over M. If m is even, we define:

—1)P . .
En = %Zg(zlw'wlmx}iﬂé AN /\Qim—lim

as the Euler form discussed in Chapter 2.
Qk,m and E,, are the SO-invariant forms on M. E,, is defined on all of
M while Qg is only defined near the boundary. Chern noted that if m

is even,
Em = _d<z Qk,m) .
k

This can also be interpreted in terms of the transgression of Chapter 2. Let
V1 and V5 be two Riemannian connections on T'M. We defined an m — 1
form TE,,(V1,V2) so that

ATE,,(V1,V3) = Ep(V1) = En(Vs).

Near dM, we split T (M) = T'(dM)®1 as the orthogonal complement of the
unit normal. We project the Levi-Civita connection on this decomposition,



For MANIFOLDS WITH BOUNDARY 253

and let Vo be the projected connection. Vy is just the sum of the Levi-
Civita connection of T'(dM) and the trivial connection on 1 and is flat in
the normal direction. As Vs, is a direct sum connection, E,,(Vs) = 0.
Vi — V3 is essentially just the shape operator. TE,, = —> Qkm, and
dTE,, = E,,, (V1) = Ep,. It is an easy exercise to work out the Qg ., using
the methods of section 2 and thereby compute the normalizing constants
given by Chern.

The Chern-Gauss-Bonnet theorem for manifolds with boundary in the
oriented category becomes:

X(M):/MEm+/1 > Q-

My

In the unoriented category, we regard E,, dvol(z) as a measure on M and
[ Qk,m dvol(y) as a measure on dM. If m is odd, of course, x(M) =
sx(dM) = %fdM E,,—1 so there is no difficulty with the Chern-Gauss-
Bonnet theorem in this case.

We derive the Chern-Gauss-Bonnet theorem for manifolds with boundary
from the theorem for manifolds without boundary. Suppose m is even
and that the metric is product near the boundary. Let M be the double
of M then (M) = i Em = 2 [y, Em = 2x(M) — x(dM) = 2x(M)
so x(M) = [y; Em. If the metric is not product near the boundary, let
M' = dM x [-1,0] U M be the manifold M with a collar sewed on. Let
Go be the restriction of the metric on M to the boundary and let G{, be
the product metric on the collar dM x [—1,0]. Using a partition of unity,
extend the original metric on M to a new metric which agrees with Gf,
near dM x {—1} which is the boundary of M’. Then:

KON =) = [ B [ / d@czk,m)
,0]
Z/MEm+[1M§k:Qk,m

by Stoke’s theorem; since the @ vanish identically near dM x {—1} there
is no contribution from this component of the boundary of the collar (we
change the sign since the orientation of dM as the boundary of M and as
the boundary of dM x [—1,0] are opposite).

We now study the invariants of the heat equation. We impose no restric-
tions on the dimension m. If M = S x M; and if € is the usual periodic
parameter on S1, then there is a natural involution on A(T*M) given by
interchanging ¢ with df A ¢ for ¢» € A(M;). This involution preserves the
boundary conditions and the associated Laplacians, but changes the parity
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of the factors involved. This shows a,(y,d + ¢, B) = 0 for such a product
metric. We define:

T P?’?L,n — Pnl;_l,n

to be the dual of the map M; — S! x M;. Then algebraically:

(0 if degy(gij/a) # 0
T(gij/a) - { * if deg1(9z’j/a) =0

where “x” is simply a renumbering to shift all the indices down one. (At this
stage, it is inconvenient, to have used the last index to indicate the normal
direction so that the first index must be used to denote the flat index;
denoting the normal direction by the last index is sufficiently cannonical
that we have not attempted to adopt a different convention despite the
conflict with the notation of Chapter 2). This proves:

LEmMMA 4.2.2. Let B denote either the relative or absolute boundary
conditions. Then ay(y,d+ 6,B) € P} . Furthermore, r(a,) = 0 where
T Pﬁw — Pnbz—1,n is the restriction map.

We can now begin to identify a,,(y,d + 0, B) using the same techniques
of invariance theory applied in the second chapter.

LEMMA 4.2.3.. Let P € P}, . Suppose that r(P) = 0. Then:

(a) P=0ifn<m—1.

(b) If n = m — 1, then P is a polynomial in the variables {g;; /m, gi; i1} for
1 <i,j,k,l <m — 1. Furthermore, deg;(A) = 2 for any monomial A of P
and for 1 <j <m —1.

PROOF: As in the proof of Theorem 2.4.7, we shall count indices. Let
P # 0 and let A be a monomial of P. Decompose A in the form:

A= gulvl/al e -gukvk/akgiljl/m . 'gi,,jr/m for |au| Z 2.
(We have chosen our coordinate systems so the only non-zero 1-jets are

the g;; /m variables.) Since r(P) = 0, deg,(A) # 0. Since P is invariant,
deg; (A) > 0 is even for 1 < j < m — 1. This yields the inequalities:

2m —2 < Z deg; (A) and r < deg,, (A).

j<m—1
From this it follows that:

2m—2+r§Zdegj(A):2r+2k+2|a,,|+r:2r+2k+n.
i v



For MANIFOLDS WITH BOUNDARY 255

Since |a,, | > 2 we conclude
2k§Z|a,,| =n-—r.
v

We combine these inequalities to conclude 2m—2+r < 2n-+rson > m—1.
This shows P = 0 if n < m — 1 which proves (a). If n = m — 1, all these
inequalities must be equalities. |o, | = 2, deg,,(A) = r, and deg;(A4) = 2
for 1 < j < m — 1. Since the index m only appears in A in the g;;/p,
variables where 1 <, j < m — 1, this completes the proof of (b).

Lemma 2.5.1 only used invariance under the group SO(2). Since P is
invariant under the action of SO(m — 1), we apply the argument used in
the proof of Theorem 2.4.7 to choose a monomial A of P of the form:

A= g11/22 - - - 92k—1,2k—1/kk Fk+1,k+1/m - - - Gm—1,m—1/m

where if £ = 0 the terms of the first kind do not appear and if £k =m — 1,
the terms of the second kind do not appear. Since m — 1 = 2k + r, it is
clear that » = m — 1 mod 2. We denote such a monomial by Aj. Since
P # 0 implies ¢(Ag, P) # 0 for some k, we conclude the dimension of the
space of such P is at most the cardinality of {Az} = [Z4L]. This proves:

LEMMA 4.2.4. Let T:P%m_l — PnIZL—l,m—l be the restriction map de-
fined earlier. Then dimN(r) < [ZL].

We can now show:

LEMMA 4.2.5. Let P e Pt | with r(P) = 0. Let i:dM — M be the
inclusion map and i*: A"~ (T*M) — A™1(T*(dM)) be the dual map.
Let #,,,_1 be the Hodge operator on the boundary so ,, _1: A"~ (T*(dM))
— A%(T*(dM)). Let Qk,m = %1 (1*Qx,m ). Then the {ka} form a basis
for N(r) so we can express P as a linear combination of the Q. .

PROOF: 1t is clear 7(Qy ;) = 0 and that these elements are linearly inde-
pendent. We have [(m 4+ 1)/2] such elements so by Lemma 4.2.4 they must
be a basis for the kernel of . (If we reverse the orientation we change both
the sign of * and @ so Q is a scalar invariant.)

We note that if m is odd, then Q-1 ;m =Y e(l1, ..oy im—1)Qi i, A A
Qi i, , is not the Euler form on the boundary since we are using the
Levi-Civita connection on M and not the Levi-Civita connection on dM.
However, E,,_1 can be expressed in terms of the ka in this situation.

Before proceeding to discuss the heat equation, we need a uniqueness
theorem:
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LEMMA 4.2.6. Let P = ), axQk,m be a linear combination of the
{Qk.m}. Suppose that P # 0. Then there exists a manifold M and a
metric G so [, P(G)(y) # 0.

PrOOF: By assumption not all the ay = 0. Choose k£ maximal so ay # 0.
Let n = m — 2k and let M = S2F x D™~2F with the standard metric. (If
m — 2k = 1, we let M = D™ and choose a metric which is product near
S™m=1) We let indices 1 < i < 2k index a frame for 7%(S?*) and indices
2k+1 < u < m index a frame for T*(D™~2F). Since the metric is product,
Q;y, = wiy, = 0 in this situation. Therefore ); ., = 0if j < k. Since a; =0
for j > k by assumption, we conclude [, P(G) = ak [,3; Qk,m(G), so it
suffices to show this integral is non-zero. This is immediate if n = 1 as
Qm-1,m = Eyn_1 and m — 1 is even.

Let n > 2. We have Qi (G) = Ea(G1) - Qo,m—2k (G2), since the metric
is product. Since

/ Bop = x(S%) =240
S2k

we must only show [, Qo,n is non-zero for all n > 1. Let 0 be a system
of local coordinates on the unit sphere S”~! and let r be the usual radial
parameter. If ds? is the Euclidean metric and dsg is the spherical metric,
then

ds? = r? dsy + dr - dr.

From the description of the shape operator given previously we conclude
that S = —dsj. Let {e1,...,e,_1} be a local oriented orthonormal frame
for T(S™), then w;, = —e' and therefore g, = c-dvol,_; where ¢ is a
non-zero constant. This completes the proof.

We combine these results in the following Theorem:

THEOREM 4.2.7. (GAUSS-BONNET FORMULA FOR MANIFOLDS WITH
BOUNDARY).

(a) Let the dimension m be even and let B denote either the relative or
the absolute boundary conditions. Let

Qk,m = Cr,m E €01y oy lme1) i is N AN Qg ok

/\ wi2k+1 ,m /\ T /\ wim717m

for cm = (—1)k/(7™/2 - kL 2k+4m/2 1.3 (m — 2k — 1)). Let Qp.m =
#(Qp.m|dM) € Pfl,m_l. Then:
(i) ap(z,d+d) =0 for n < m and a,(y,d+ 6,B) =0 for n <m — 1,
i) am(x,d+d) = E,, is the Euler integrand,
(iii) am—l(yv d + 5?3) = Zk Qk,m: _
) X(M) = x(M,dM) = [, Em dvol(z) + > [, Qk,m dvol(y).
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(b) Let the dimension m be odd and let B, be the relative and B, the
absolute boundary conditions. Then:
(i) an(x,d+6) =0 for all n and a,(y,d + 0, B,) = an(y,d+ 6,B,) =0
forn <m —1,
(i) am—1(y,d+0,B,) = 3Em_1 and am_1(y,d+6,B,) = —3Ep,_1,
(ii) x(M) = —x(M,dM) = 5 [,\; Em—1 dvol(y) = 5x(dM).

This follows immediately from our previous computations, and Lem-
mas 4.2.5 and 4.2.6.

The Atayah-Bott theorem gives a generalization of the Atiyah-Singer in-
dex theorem for index problems on manifolds with boundary. This theorem
includes the Gauss-Bonnet theorem as a special case, but does not include
the Atiyah-Patodi-Singer index theorem since the signature, spin, and Dol-
beault complexes do not admit local boundary conditions of the form we
have been discussing. We will discuss this in more detail in subsection 4.5.



4.3. The Regularity at s =0 of the Eta Invariant.

In this section, we consider the eta invariant defined in section 1.10.
This section will be devoted to proving eta is regular at s = 0. In the next
section we will use this result to discuss the twisted index theorem using
coefficients in a locally flat bundle. This invariant appears as a boundary
correction term in the index theorem for manifolds with boundary.

We shall assume P:C®(V) — C*°(V) is a self-adjoint elliptic pseudo-
differential operator of order d > 0. We define

n(s,P)=> (M)"= > (=\)""  for Re(s)>0

A >0 A <0

and use Theorem 1.10.3 to extend 1 meromorphically to the complex plane
with isolated simple poles on the real axis. We define

R(P) =d - Ress=o (s, P).

We will show R(P) =0 so n is regular at s = 0. The first step is to show:

LEMMA 4.3.1. Let P and Q@ be self-adjoint elliptic pseudo-differential
operators of order d > 0.

(a) P-(P?) is a self-adjoint elliptic pseudo-differential operator for any v
and if 2v+1> 0, R(P) = R(P - (P?)).

(b) R(P® Q) = R(P) + R(Q).

(¢) There is a local formula a(x, P) in the jets of the symbol of P up to
order d so that R(P) = [,, a(z, P)|dvol(z)|.

(d) If P, is a smooth 1-parameter family of such operators, then R(P;) is
independent of the parameter t.

(e) If P is positive definite, then R(P) = 0.

(f) R(=P) = —R(P).

PRrROOF: We have the formal identity: n(s, P - (P?)?) = n((2v + 1)s, P).
Since we normalized the residue by multiplying by the order of the opera-
tor, (a) holds. The fact that P-(P?)? is again a pseudo-differential operator
follows from the work of Seeley. (b) is an immediate consequence of the
definition. (c¢) and (d) were proved in Lemma 1.10.2 for differential opera-
tors. The extension to pseudo-differential operators again follows Seeley’s
work. If P is positive definite, then the zeta function and the eta function
coincide. Since zeta is regular at the origin, (e) follows by Lemma 1.10.1.
(f) is immediate from the definition.

We note this lemma continues to be true if we assume the weaker condi-
tion det(p(x, &) —it) # 0 for (&,t) # (0,0) € T*M x R.

We use Lemma 4.3.1 to interpret R(P) as a map in K-theory. Let
S(T*M) be the unit sphere bundle in T*M. Let V be a smooth vector
bundle over M equipped with a fiber inner product. Let p: S(T*M) —
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END(V) be self-adjoint and elliptic; we assume p(z,£) = p*(z,€) and
det p(z,€) # 0 for (x,§) € S(T*M). We fix the order of homogeneity
d > 0 and let py(x, &) be the extension of p to T*M which is homogeneous
of degree d. (In general, we must smooth out the extension near & = 0
to obtain a C*° extension, but we suppress such details in the interests of
notational clarity.)

LEMMA 4.3.2. Let p: S(T*M) — END(V) be self-adjoint and elliptic.
Let d > 0 and let P:C*®(V) — C°°(V) have leading symbol p,;. Then

R(P) depends only on p and not on the order d nor the particular operator
P.

PROOF: Let P’ have order d with the same leading symbol p;. We form the
elliptic family P, = tP’ + (1 —t)P. By Lemma 4.3.1, R(P;) is independent
of t so R(P") = R(P). Given two different orders, let (1 + 2v)d = d'.
Let @ = P(P?)" then R(Q) = R(P) by Lemma 4.3.1(a). The leading
symbol of Q is p(p?)?. p? is positive definite and elliptic. We construct
the homotopy of symbols q;(x,&) = p(x, &) (tp*(x,€) + (1 — t)[£|?). This
shows the symbol of @ restricted to S(T*M) is homotopic to the symbol
of P restricted to S(T*M) where the homotopy remains within the class
of self-adjoint elliptic symbols. Lemma 4.3.1 completes the proof.

We let r(p) = R(P) for such an operator P. Lemma 4.3.1(d) shows r(p)
is a homotopy invariant of p. Let I11(p) be the subspaces of V' spanned by
the eigenvectors of p(x, ) corresponding to positive/negative eigenvalues.
These bundles have constant rank and define smooth vector bundles over
S(T*M) so Iy & II_ = V. In section 3.9, an essential step in proving
the Atayah-Singer index theorem was to interpret the index as a map in
K-theory. To show R(P) = 0, we must first interpret it as a map in K-
theory. The natural space in which to work is K(S(T*M);Q) and not
K(X(T"M); Q).

LEMMA 4.3.3. Let G be an abelian group and let R(P) € G be defined

for any self-adjoint elliptic pseudodifferential operator. Assume R satisfies

properties (a), (b), (d), (e) and (f) [but not necessarily (c)] of Lemma 4.3.1.

Then there exists a Z-linear map r: K(S(T*M)) — G so that:

(a) R(P) = r(Il;(p)),

(b) If 7: S(T*M) — M is the natural projection, then r(7*V') = 0 for all
V € K(M) so that

ri K(S(T*M))/K (M) — G.

Remark: We shall apply this lemma in several contexts later, so state it in
somewhat greater generality than is needed here. If G = R, we can extend
r to a Q linear map

rK(S(T*"M); Q) — R.
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PROOF: Let p: S(T*M) — END(V) be self-adjoint and elliptic. We de-
fine the bundles 114 (p) and let w4 (x,&) denote orthogonal projection on
Iy (p)(x,&). We let pg = 74 — m— and define p, = tp + (1 — t)py as a
homotopy joining p and pg. It is clear that the p, are self-adjoint. Fix
(x,€) and let {\;,v;} be a spectral resolution of the matrix p(z,&). Then:

p(x, ) (Z cm> = Niciv;
po(z,§) (Z Cﬂh‘) = Z sign(A;)c;v;.

Consequently

P (Z cm> = (tXi + (1 — t)sign(\;))e;v;.

Since tA\; + (1 — t)sign(\;) # 0 for ¢t € [0,1], the family p; is elliptic.
We therefore assume henceforth that p(z,£)? = I on S(T*M) and 74 =
3(L£p).

We let k& be large and choose V' € Vecty(S(T*M)). Choose W €
Vecty (S(T*M)) so V& W ~ 125, We may choose the metric on 12* so
this direct sum is orthogonal and we define 71 to be orthogonal projection
on Vand W. Welet p=n4 —m_so Il =V and II_ = W. We define
r(V) = r(p). We must show this is well defined on Vecty,. W is unique up
to isomorphism but the isomorphism V @& W = 12* is non-canonical. Let
w:V — V and v: W — W be isomorphisms where we regard V and W as
orthogonal complements of 12* (perhaps with another trivialization). We
must show r(p) = r(p). For t € [0, 1] we let

V(t) =span(t-vd (1 —1t) -u(v))vev
CVeWaVaeW=1"*a1?=1%

This is a smooth 1-parameter family of bundles connecting V@0 to 0@V
in 1%, This gives a smooth 1-parameter family of symbols p(t) connecting
p®(—12x) to (=12k)®p. Thus r(p) = r(pd—1ax) = r(p(t)) = r(—12x®p) =
r(p) so this is in fact a well defined map r: Vecty(S(T*M)) — G. If V is
the trivial bundle, then W is the trivial bundle so p decomposes as the
direct sum of two self-adjoint matrices. The first is positive definite and
the second negative definite so r(p) = 0 by Lemma 4.3.1(f). It is clear
that r(V1 @ Va) = (V1) +r(V2) by Lemma 4.3.1(b) and consequently since
r(1) = 0 we conclude r extends to an additive map from K (S(T*M)) — G.
We extend r to be zero on trivial bundles and thus r: K (S(T*M)) — G.
Suppose V = 7V, for Vi € Vecty(M). We choose Wy € Vect, (M)
so Vo ® Wy ~ 12¢. Then p = p, @ p_ for py:S(T*M) — END(Vp, Vo)
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and p_: S(T*M) — END(Wy, Wy). By Lemma 4.3.1, we conclude r(p) =
r(p4+)+r(p—). Since p, is positive definite, 7(p4) = 0. Since p_ is negative
definite, r(p—) = 0. Thus r(p) = 0 and r(7*Vp) = 0.

This establishes the existence of the map r: K(S(T*M)) — G with the
desired properties. We must now check r(p) = r(II;) for general p. This
follows by definition if V' is a trivial bundle. For more general V, we
first choose W so V& W =1 over M. Welet ¢q =pd1on VW,
then r(¢) = r(p) + r(1) = r(p). However, ¢ acts on a trivial bundle so
r(q) = r(Ill1(q)) = r(ly(p) & T*W) = r(lli(p) + r(7*W) = r(Il4(p))
which completes the proof.

Of course, the bundles I14(p) just measure the infinitesimal spectral
asymmetry of P so it is not surprising that the bundles they represent in
K-theory are related to the eta invariant. This construction is completely
analogous to the construction given in section 3.9 which interpreted the
index as a map in K-theory. We will return to this construction again in
discussing the twisted index with coefficients in a locally flat bundle.

Such operators arise naturally from considering boundary value prob-
lems. Let M be a compact oriented Riemannian manifold of dimension
m =2k —1and let N = M x [0,1); we let n € [0,1) denote the normal
parameter. Let

(d+8)4: C° (AT (T*N)) = C® (A~ (T*N))

be the operator of the signature complex. The leading symbol is given by
Clifford multiplication. We can use ¢(dn), where ¢ is Clifford multiplication,
to identify these two bundles over N. We express:

(d+9d)+ = c(dn)(0/On + A).

The operator A is a tangential differential operator on C° (AT (T*N)); it
is called the tangential operator of the signature complex. Since we have
c(dn) * ¢(dn) = —1, the symbol of A is —ic(dn)c(§) for € € T*(M). It is
immediate that the leading symbol is self-adjoint and elliptic; since A is
natural this implies A is a self-adjoint elliptic partial differential operator
on M.

Let {e1,...,en} be alocal oriented orthonormal frame for 7% M. Define:
W =i%e; % -~ xey,  and Wi :ik(—dn)*el X ok ey, = —dn k ayy,

as the local orientations of M and N. wy, is a central element of CLIF(M);
wl =wr  =1.If $ € A(M) define 74 (¢) = ¢+ c(wpy41)¢. This gives an

m
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isomorphism 74: A(M) — AT (N). We compute:

(r) " {=c(dn)c(§)} 46
= (1) H{=c(dn)e(€)¢ — c(dn)c(§)e(—dn)c(wm ) o}
= (1) H{=cldn)c(wm)e(wm)e(€) + clwm)e(€)d}
= (1) H{(c(wmr1) + De(wm)e(€) o}
= c(wm)e(€)9-

If we use 74 to regard A as an operator on C°°(A(M)) then this shows that
A is given by the diagram:

C>(A(M)) Y, oo (T* (M @ A(M)) = C°(A(M)) = O (A(M))

where w = w,,,. This commutes with the operator (d+9); A =w(d+ 9).

Both w and (d+9) reverse the parity so we could decompose A = A®V*" &
Acdd acting on smooth forms of even and odd degree. We let p = o7 (A) =
ic(w* &) = >2.&f;- The {f;} are self-adjoint matrices satisfying the
commutation relation

fife + fruf; = 2054

We calculate:
firoo fm=i"c(W™xep % - - xep) =i Fe(w™ xw) = ™ Fe(1)

so that if we integrate over a fiber sphere with the natural (not simplectic)
orientation,

Sy @) = T2 R )

— ik—121—kim—k2m o ik_121_kik_122k_1

= (=1)k1 . 2k,

In particular, this is non-zero, so this cohomology class provides a coho-
mology extension to the fiber.

As a H*(M; Q) module, we can decompose H*(S(M); Q) = H*(M; Q)&
xH*(M; Q) where x = ch(Il,(p)). If we twist the operator A by taking
coefficients in an auxilary bundle V, then we generate xH*(M;Q). The
same argument as that given in the proof of Lemma 3.9.8 permits us to
interpret this in K-theory:
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LEMMA 4.3.4. Let M be a compact oriented Riemannian manifold of
dimension m = 2k — 1. Let A be the tangential operator of the signature
complex on M x [0,1). If {e;} is an oriented local orthonormal basis for
T(M), let w = i*ey % -+- x e, be the orientation form acting by Clifford
multiplication on the exterior algebra. A = w(d+§) on C*°(A(M)). If the
symbol of A is p,

/ ch(IT4 (p)) = 25 (~1)F 1.
Smfl

The natural map K(M;Q) — K(S(T*(M); Q) is injective and the group
K(S(T*M);Q)/K(M; Q) is generated by the bundles {11, (Ay )} as V runs
over K(M).

Remark: This operator can also be represented in terms of the Hodge
operator. On C'™(A?P) for example it is given by i*(—1)P*!(xd — dx). We
are using the entire tangential operator (and not just the part acting on
even or odd forms). This will produce certain factors of 2 differing from
the formulas of Atiyah-Patodi-Singer. If M admits a SPIN, structure, one
can replace A by the tangential operator of the SPIN,. complex; in this case
the corresponding integrand just becomes (—1)*~!.

We can use this representation to prove:

LEMMA 4.3.5. Let dim M be odd and let P: C*> (V) — C*°(V') be a self-
adjoint elliptic pseudo-differential operator of order d > 0. Then R(P) =
0—i.e., n(s, P) is regular at s = 0.

Proor: We first suppose M is orientable. By Lemma 4.3.4, it suffices to
prove R(Ay) = 0 since r is defined in K-theory and would then vanish
on the generators. However, by Lemma 4.3.1(c), the residue is given by a
local formula. The same analysis as that done for the heat equation shows
this formula must be homogeneous of order m in the jets of the metric
and of the connection on V. Therefore, it must be expressible in terms of
Pontrjagin forms of TM and Chern forms of V' by Theorem 2.6.1. As m
is odd, this local formula vanishes and R(Ay ) = 0. If M is not orientable,
we pass to the oriented double cover. If P:C*°(V) — C*° (V) over M, we
let P':C>° (V') — C*°(V’) be the lift to the oriented double cover. Then
R(P) = $R(P'). But R(P') = 0 since the double cover is oriented and
thus R(P) = 0. This completes the proof.

This result is due to Atayah, Patodi, and Singer. The trick used in
section 3.9 to change the parity of the dimension by taking products with
a problem over the circle does not go through without change as we shall
see. Before considering the even dimensional case, we must first prove a
product formula.
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LEMMA 4.3.6. Let My and My be smooth manifolds. Let P:C*(Vy) —
C*>(V3) be an elliptic complex over My. Let Q:C> (V) — C>(V) be a
self-adjoint elliptic operator over My. We assume P and () are differential
operators of the same order and form:

P*
R:(g _Q> on C=(Vi @V alheV),

then n(s, R) = index(P) - n(s, Q).

PRroor: This lemma gives the relationship between the index and the eta
invariant which we will exploit henceforth. We perform a formal computa-
tion. Let {A,, ¢, }52 1 be a spectral resolution of the operator @ on C*° (V).
We let A = P*P and decompose C* (V1) = N(A) + R(A). We let {p;,0;}
be a spectral resolution of A restricted to N(A)+ = R(A). The y; are pos-
itive real numbers; {u;, P0;/,/pi; } form a spectral resolution of A" = PP*
on N(A")+ = R(A’) = R(P).

We decompose L2(V1@V) = N(A)@L?*(V) & R(A)®L?*(V) and L? (Vo®
V)=NANRL*(V) ® RA)QL*(V). InR(A)®L?*(V) & R(A)QL*(V)
we study the two-dimensional subspace that is spanned by the elements:
{0; ® ¢y, PO;/\/lij @ ¢ }. The direct sum of these subspaces as j, v vary
is R(A) @ L?(V) @ R(A') ® L?(V). Each subspace is invariant under the
operator R. If we decompose R relative to this basis, it is represented by

the 2 X 2 matrix:
)\,, A /,U,j
NIV

This matrix has two eigenvalues with opposite signs: /A2 + p;. Since
A, > 0 these eigenvalues are distinct and cancel in the sum defining eta.
Therefore the only contribution to eta comes from N(A) @ L*(V) and
N(A’") @ L*(V). On the first subspace, R is 1 ® Q. Each eigenvalue of @Q is
repeated dimN(A) times so the contribution to eta is dimN(A)n(s, Q).
On the second subspace, R is 1 ® —@Q and the contribution to eta is
—dimN(A)n(s,Q). When we sum all these contributions, we conclude
that:

n(s, R) = dimN(A)n(s, Q) — dim N(A")n(s, Q) = index(P)n(s, Q).

Although this formal cancellation makes sense even if P and @) are not
differential operators, R will not be a pseudo-differential operator if P and
(@ are pseudo-differential operators in general. This did not matter when
we studied the index since the index was constant under approximations.
The eta invariant is a more delicate invariant, however, so we cannot use
the same trick. Since the index of any differential operator on the circle is
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zero, we cannot use Lemmas 4.3.5 and 4.3.6 directly to conclude R(P) =0
if m is even.

We recall the construction of the operator on C*°(S1) having index 1.
We fix a € R as a real constant and fix a positive order d € Z. We define:

Qo = —10/00, Q1(a) = (Q24 + o)1/
Q2(a) = £(e7(Qo + Q1) + Qo — Q1)
Q(a) = Q2(a) - (Q1(a))*".

The same argument as that given in the proof of Lemma 3.9.4 shows these
are pseudo-differential operators on C*(S1). @Q2(a) and Q(a) are elliptic
families. If @ = 0, then @Q2(0) agrees with the operator of Lemma 3.9.4
so index @2(0) = 1. Since the index is continuous under perturbation,
index @Q2(a) = 1 for all values of a. (Qi(a) is self-adjoint so its index is
zero. Consequently index Q(a) = index Q2(a) + index Q1 (a) = 1 for all a.

We let P: C° (V) — C°° (V) be an elliptic self-adjoint partial differential
operator of order d > 0 over a manifold M. On M x S' we define the
operators:

Qo = —i0/09, Q= (Q3 + P2)1/2d
QZ = %(6_7;9(QO+Q1)+Q0—Q1), Q:Q2 (11_1

on C*®(V). These are pseudo-differential operators over M x S! since
Q3% + P? has positive definite leading order symbol. We define R by:

R= (g _Q;): OV VY = C(V @ V).

This is a pseudo-differential operator of order d which is self-adjoint. We

compute:
g (PPreQ 0
0 P2 +QQ*

SO

2 _ [ p(©)? +a*al§, 2) .
onL(R7)(§ 2) = ( 0 p(€)2+QQ*(5’Z)>

for £ € T*M and z € T*S!. Suppose R is not elliptic so o7, (R)(, z)v =0
for some vector v € V @& V. Then {o(R)(&,2)}?v = 0. We decompose
v = v1 P ve. We conclude:

(P(€)* + q*q(&, 2))v1 = (p(€)* + qq™(§, 2))v2 = 0.
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Using the condition of self-adjointness this implies:

p(§)vr = q(&, 2)v1 = p(§)ve = ¢" (&, z)v2 = 0.

We suppose v # 0 so not both vy and vy are zero. Since P is elliptic,
this implies & = 0. However, for £ = 0, the operators (1 and Q2 agree
with the operators of Lemma 3.9.4 and are elliptic. Therefore ¢(¢, z)vy =
q* (&, z)va = 0 implies z = 0. Therefore the operator R is elliptic.

Lemma 4.3.6 generalizes in this situation to become:

LEmMMA 4.3.7. Let P, @, R be defined as above, then n(s, R) = n(s, P).

PrOOF: We let {\,, ¢, } be a spectral resolution of P on C*° (V') over M.
This gives an orthogonal direct sum decomposition:

L*(V) over M x S' =@ L*(S") ® ¢,

Each of these spaces is invariant under both P and R. If R, denotes the
restriction of R to this subspace, then

77(3? R) = Zn(sv RV)'

On L?%(¢,), P is just multiplication by the real eigenvalue \,. If we
replace P by A, we replace @ by Q(A,), so R, becomes:

)\u Q*()\IJ)
RV - (Q()‘u) - )\u ) ’

We now apply the argument given to prove Lemma 4.3.6 to conclude:
n(s, R,) = sign(A,) A, | 7% index(Q(Ay)).

Since index Q(A,) = 1, this shows n(s, R) = sign(\,)|A\,|~° and completes
the proof.

We can now generalize Lemma 4.3.5 to all dimensions:

THEOREM 4.3.8. Let P:C*(V) — C*(V) be a self-adjoint elliptic
pseudo-differential operator of order d > 0. Then R(P) = 0—i.e., n(s, P)
is regular at s = 0.

PROOF: This result follows from Lemma 4.3.5 if dim M = m is odd. If
dim M = m is even and if P is a differential operator, then we form the
pseudo-differential operator P over M x S' with n(s, R) = n(s, P). Then
n(s, R) is regular at s = 0 implies 7(s, P) is regular at s = 0. This proves
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Theorem 4.3.8 for differential operators. Of course, if P is only pseudo-
differential, then R need not be pseudo-differential so this construction does
not work. We complete the proof of Theorem 4.3.8 by showing the partial
differential operators of even order generate K(S(T*M); Q)/K(M;Q) if
m is even. (We already know the operators of odd order generate if m is
odd and if M is oriented).

Consider the involution £ — —¢ of the tangent space. This gives a nat-
ural Zy action on S(T*M). Let m: S(T*M) — S(T*M)/Z, = RP(T*M)
be the natural projection on the quotient projective bundle. Since m is
even, m—1 is odd and 7* defines an isomorphism between the cohomology
of two fibers

™ H*RP" Q) =QaQ— H(S" 1, Q) =QaQ.

The Kunneth formula and an appropriate Meyer-Vietoris sequence imply
that
™ H*(RP(T"M); Q) — H*(S(T"M); Q)

is an isomorphism in cohomology for the total spaces. We now use the
Chern isomorphism between cohomology and K-theory to conclude there
is an isomorphism in K-theory

™ K(RP(T*M); Q) ~ K(S(T*M); Q).

Let So(k) be the set of all k x k self-adjoint matrices A such that
A? = 1 and Tr(A) = 0. We noted in section 3.8 that if k is large,
K(X) = [X,S0(2k)]. Thus K(S(T*M);Q) = K(RP(T*M);Q) is gen-
erated by maps p: S(T*M) — So(2k) such that p(z,&) = p(z,—£). We
can approximate any even map by an even polynomial using the Stone-
Weierstrass theorem. Thus we may suppose p has the form:

P, )= Y pa(®) 500y

la|<n
|| even

where the po: M — So(2k) and where n is large. As « is even, we can
replace £ by £|¢[in~1e1}/2 and still have a polynomial with the same
values on S(T*M). We may therefore assume that p is a homogeneous
even polynomial; this is the symbol of a partial differential operator which
completes the proof.

If m is odd and if M is orientable, we constructed specific examples of
operators generating K (S(T*M);Q)/K(M;Q) using the tangential oper-
ator of the signature complex with coefficients in an arbitrary coefficient
bundle. If m is even, it is possible to construct explicit second order opra-
tors generating this K-theory group. One can then prove directly that
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eta is regular at s = 0 for these operators as they are all “natural” in a
certain suitable sense. This approach gives more information by explcitly
exhibiting the generators; as the consturction is quite long and technical
we have chosen to give an alternate argument based on K-theory and refer
to (Gilkey, The residue of the global eta function at the origin) for details.

We have given a global proof of Theorem 4.3.8. In fact such a treatment
is necessary since in general the local formulas giving the residue at s =0
are non-zero. Let P:C°(V) — C*°(V) be self-adjoint and elliptic. If
{Av, ¢, } is a spectral resolution of P, we define:

(s, P, ) ngn A5 (D, 00 ) ()

so that:

n(s, P) = /M n(s, P,z)dvol(x).

Thus Ress—o 1(s, P,x) = a(P, z) is given by a local formula.

We present the following example (Gilkey, The residue of the local eta
function at the origin) to show this local formula need not vanish identically
in general.

Example 4.3.9. Let

o[t o (o1 U
=10 -1/ 27\1 o)’ 57\ =i 0

be Clifford matrices acting on C2. Let 7™ be the m-dimensional torus
with periodic parameters 0 < z; <2 for 1 <j < m.

(a) Let v = 3 and let b(x) be a real scalar. Let P =i}, e;0/0v; +b(x)l.
Then P is self-adjoint and elliptic and a(z, P) = ¢Ab where ¢ # 0 is some
universal constant.

(b) Let m = 2 and let by and by be imaginary scalar functions. Let P =
€10? /013 + e90? /0x3 + 2e30?% /0x10w9 +b1e1 +baes. Then P is self-adjoint
and elliptic and a(z, P) = ¢/(0by/0xy — Oby/0x1) where ¢’ # 0 is some
universal constant.

(¢) By twisting this example with a non-trivial index problem and using
Lemma 4.3.6, we can construct examples on T}, so that a(x, P) does not
vanish identically for any dimension m > 2.

The value of eta at the origin plays a central role in the Atiyah-Patodi-
Singer index theorem for manifolds with boundary. In section 2, we dis-
cussed the transgression briefly. Let V; be two connections on T'(N). We
defined T'Lj(V1,V2) so that dTLi(V1,Va) = Li(V1) — Lg(Va); this is
a secondary characteristic class. Let ¥V be the Levi-Civita connection of
N and near M = dN let V, be the product connection arising from the
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product metric. As L;(V2) = 0 we see dT'L(V1,V3) = 0. This is the
analogous term which appeared in the Gauss-Bonnet theorem; it can be

computed in terms of the first and second fundamental forms. For example,
if dimN =4

—1

L _ -t
1(R) 24 -8 - 72

Tr(R A R) TLi(R,w) Tr(R A w)

22
where R is the curvature 2-form and w is the second fundamental form.

THEOREM 4.3.10 (ATIYAH-PATODI-SINGER INDEX THEOREM FOR
MANIFOLDS WITH BOUNDARY). Let N be a 4k dimensional oriented com-
pact Riemannian manifold with boundary M. Then:

signature(N) = [ Ly — [ TLy — in(0,A)
N M

where A is the tangential operator of the signature complex discussed in
Lemma 4.3.4.

In fact, the eta invariant more generally is the boundary correction term
in the index theorem for manifolds with boundary. Let N be a compact
Riemannian manifold with boundary M and let P: C*°(V;) — C*°(V3) be
an elliptic first order differential complex over N. We take a metric which
is product near the boundary and identify a neighborhood of M in N with
M % [0,1). We suppose P decomposes in the form P = o(dn)(d/0n + A)
on this collared neighborhood where A is a self-adjoint elliptic first order
operator over M. This is in fact the case for the signature, Dolbeault,
or spin compexes. Let B be the spectral projection on the non-negative
eigenvalues of A. Then:

THEOREM 4.3.11. (THE ATIYAH-PATODI-SINGER INDEX THEOREM)
Adopt the notation above. P with boundary condition B is an elliptic
problem and

index(P, B) = [V {an(z, P*P) — ay (2, PP*)} — L{n(0, A) + dim N(A)}.

In this expression, n = dim N and the invariants a,, are the invariants of
the heat equation discussed previously.

Remark: If M is empty then this is nothing but the formula for index(P)
discussed previously. If the symbol does not decompose in this product
structure near the boundary of IV, there are corresponding local boundary
correction terms similar to the ones discussed previously. If one takes P
to be the operator of the signature complex, then Theorem 4.3.10 can be
derived from this more general result by suitably interpreting index(P, B) =
signature(N) — £ dim N(A).



4.4. The Eta Invariant with Coefficients
In a Locally Flat Bundle.

The eta invariant plays a crucial role in the index theorem for manifolds
with boundary. It is also possible to study the eta invariant with coefficients
in a locally flat bundle to get a generalization of the Atiyah-Singer theorem.

Let p:mi (M) — U(k) be a unitary representation of the fundamental
group. Let M be the universal cover of M and let m — gm for m € M
and g € (M) be the acion of the deck group. We define the bundle V,
over M by the identification:

V, =M x C* mod (m, z) = (g7, p(g)2).

The transition functions of V, are locally constant and V), inherits a natural
unitary structure and connection V, with zero curvature. The holonomy
of V, is just the representation p. Conversely, given a unitary bundle with
locally constant transition functions, we can construct the connection V
to be unitary with zero curvature and recover p as the holonomy of the
connection. We assume p is unitary to work with self-adjoint operators,
but all the constructions can be generalized to arbitrary representations in
GL(k, C).

Let P:C*> (V) — C* (V). Since the transition functions of V,, are locally
constant, we can define P, on C*°(V ® V,,) uniquely using a partition of
unity if P is a differential operator. If P is only pseudo-differential, P, is
well defined modulo infinitely smoothing terms. We define:

i(P) = 3
ind(p, P) =1

{n(P )+d1mN( )} mod Z
(P,) —kn(P) mod Z.

LEMMA 4.4.1. ind(p, P) is a homotopy invariant of P. If we fix p, we
can interpret this as a map

ind(p,*): K(S(T*M))/K(M) — R mod Z

such that ind(p, P) = ind(p, Iy (o1 (P))).
PROOF: We noted previously that 77 was well defined in R mod Z. Let P(t)

d
be a smooth 1-parameter family of such operators and let P'(t) = %P(t).

In Theorem 1.10.2, we proved:
d /
—ij(Py) = / a(w, P(t), P'(t)) dvol(x)
dt M

was given by a local formula. Let P, = P ® 1*¥ acting on V ® 1*. This
corresponds to the trivial representation of 71 (M) in U(k). The operators
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P, and Py, are locally isomorphic modulo co smoothing terms which don’t
affect the local invariant. Thus a(z, Py(t), P;(t)) — a(z, P,(t), Py(t)) = 0.

d
This implies 7 ind(p, P;) = 0 and completes the proof of homotopy invari-

ance. If the leading symbol of P is definite, then the value 1(0, P) is given
by a local formula so ind(p,*) = 0 in this case, as the two local formulas
cancel. This verifies properties (d) and (e) of Lemma 4.3.1; properties (a),
(b) and (f) are immediate. We therefore apply Lemma 4.3.3 to regard

ind(p, ¥): K (S(T*M))/K (M) — R mod Z

which completes the proof.

In sections 4.5 and 4.6 we will adopt a slightly different notation for this
invariant. Let G be a group and let R(G) be the group representation ring
generated by the unitary representations of G. Let Ry(G) be the ideal of
representations of virtual dimension 0. We extend 7: R(G) — R mod Z to
be a Z-linear map. We let ind(p, P) denote the restriction to Ro(G). If
p is a representation of dimension j, then ind(p, P) = ind(p—j-1,P) =
n(P,) — jn(P). It is convenient to use both notations and the context
determines whether we are thinking of virtual representations of dimension
0 or the projection of an actual representation to Ro(G). ind(p, P) is not
topological in p, as the following example shows. We will discuss K-theory
invariants arising from the p dependence in Lemma 4.6.5.

Example 4.4.2: Let M = S! be the circle with periodic parameter 0 < 6 <
2m. Let g(0) = €% be the generator of 7 (M) ~ Z. We let ¢ belong to R
and define:

2mie

p=(g) =e

as a unitary representation of m;(M). The locally flat bundle V, is topo-
logically trivial since any complex bundle over S! is trivial. If we define a
locally flat section to S' x C by:

5(0) = &'
then the holonomy defined by § gives the representation p. since
5(27) = ¥ 5(0).
We let P = —id/00 on C*°(S!). Then
P.=P, =epe7f = p ¢,

The spectrum of P is {n},ecz so the spectrum of P. is {n —c},cz. There-
fore:

n(s, P-) = Z sign(n —e)jn —e| 7%,
n—e#0
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We differentiate with respect to € to get:

d —s—1
(5, P) = > -

n—e#0

We evaluate at s = 0. Since the sum defining this shifted zeta function
ranges over all integers, the pole at s = 0 has residue 2 so we conclude:

d 1 :
—i(P)=2-5=1 and  ind(p.,P) = / lde =e.
0

We note that if we replace € by ¢ + j for j € Z, then the representation is
unchanged and the spectrum of the operator P- is unchanged. Thus reduc-
tion mod Z is essential in making ind(p., P) well defined in this context.

If V, is locally flat, then the curvature of V,, is zero so ¢h(V,) = 0. This
implies V), is a torsion element in K-theory so V, ® 1" ~ 1¥" for some
integer n. We illustrate this with

Example 4.4.3: Let M = RP; = S3/Zy = SO(3) be real projective space
in dimension 3 so m (M) = Zs. Let p:Z; — U(1l) be the non-trivial
representation with p(g) = —1 where g is the generator. Let L = S3 x C
and identify (z,z) = (—x,—2) to define a line bundle L, over RP3 with
holonomy p. We show L, is non-trivial. Suppose the contrary, then L,
is trivial over RP, as well. This shows there is a map f:S? — S! with
—f(=x) = f(x). If we restrict f to the upper hemisphere of S?, then
f:D3 — St satisfies f(z) = —f(—x) on the boundary. Therefore f has
odd degree. Since f extends to D,, f must have zero degree. This
contradiction establishes no such f exists and L, is non-trivial.

The bundle L, & L, is S* x C modulo the relation (z,z) = (—z, —z).
We let g(x): S® — SU(2) be the identity map:

To +ir1  — T2 + i3
g(x) =

€9 —f—l.’E3 o —i.’El

then g(—x) = —g(x). Thus g descends to give a global frame on L, ® L, so
this bundle is topologically trivial and L, represents a Z» torsion class in
K(RPs). Since L, is a line bundle and is not topologically trivial, L, — 1
is a non-zero element of K (RP;). This construction generalizes to define
L, over RP,. We use the map g: S™ — U(2*) defined by Clifford algebras
so g(z) = —g(—x) to show 28L, — 2k =0 in K(RP,) where k = [n/2]; we
refer to Lemma 3.8.9 for details.

We suppose henceforth in this section that the bundle V, is topologically
trivial and let 5§ be a global frame for V,. (In section 4.9 we will study the
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more general case). We can take P, = P ® 1 relative to the frame § so
that both Py and P, are defined on the same bundle with the same leading
symbol. We form the 1-parameter family tP, + (1 —t)P, = P(t, p,§) and

define:
1

ind(p, P, §) = A ; (P(t, p, 7)) dt = /M a(z, p, P, §) dvol(x)

where )

a(z, p, P, 3) = / a(z, Pt, p,3), P'(t, p, ) dt.
0

The choice of a global frame permits us to lift ind from R mod Z to
R. If we take the operator and representation of example 4.4.2, then
ind(pe, P, §) = ¢ and thus in particular the lift depends on the global frame
chosen (or equivalently on the particular presentation of the representation
p on a trivial bundle). This also permits us to construct non-trivial real
valued invariants even on simply connected manifolds by choosing suitable
inequivalent global trivializations of V,.

LEMMA 4.4. 4

(a) ind(p, P, §) = [, a(z, p, P, §) dvol(z) is given by a local formula which
depends on the connection 1-form of V, relative to the global frame § and
on the symbol of the operator P.

(b) If 5, is a smooth 1-parameter family of global sections, then ind(p, P, §;)
is independent of the parameter t.

PROOF: The first assertion follows from the definition of a(zx, p, P, §') given
above and from the results of the first chapter. This shows ind(p, P, §;)
varies continuously with ¢. Since its mod Z reduction is ind(p, P), this
mod Z reduction is constant. This implies ind(p, P, §;) itself is constant.

We can use ind(p, P, §) to detect inequivalent trivializations of a bundle
and thereby study the homotopy [M, U(k)] even if M is simply connected.
This is related to spectral flow.

The secondary characteristic classes are cohomological invariants of the
representation p. They are normally R mod Z classes, but can be lifted
to R and expressed in terms of local invariants if the bundle V), is given
a fixed trivialization. We first recall the definition of the Chern character.
Let W be a smooth vector bundle with connection V. Relative to some
local frame, we let w be the connection 1-form and 2 = dw — w A w be
the curvature. The Chern character is given by chy (V) = (ﬁ)k & Tr(QF).
This is a closed 2k form independent of the frame § chosen. If V; are two
connections for ¢ = 0,1, we form V; =tV + (1 —¢)Vy. If 6 = w; — wy,
then 0 transforms like a tensor. If €2; is the curvature of the connection
V¢, then:

Chk(vl) — Chk(vo) = A % Chk(vt) dt = d( Tchk(Vl, VQ))
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where the transgression Tchy is defined by:

. k 1
1
Tehiy(Vi, Vo) = (i) G5y Tr{ﬁ eﬂf—ldt}.

We refer to the second chapter for further details on this construction.

We apply this construction to the case in which both V; and V{ have
zero curvature. We choose a local frame so wyg = 0. Then w; = 6 and
Q) =df — 0 N6 =0. Consequently:

wy=t0 and  Q =tdf —t?0N0 = (t —t>)ONO

so that:
1

Tehy(Ve, Vo) = (%)k ﬁﬁ (t — 2)5 =L gt - Te(921).

We integrate by parts to evaluate this coefficient:

1

1 1
k—1
t—tHrtat= [ tF - tdt="——— [ th(1—-t)F2at
0 0 k 0
1

_ (k —1)! 2k—2
_k-(k+1)---(2k—2)A B2 e
(k= 1) (k- 1)!

o (2k—1)!

Therefore

. k
Tchk(vl,vo) = <i> % . Tr(92k—1).

We illustrate the use of secondary characteristic classes by giving another
version of the Atiyah-Singer index theorem. Let Q: C*°(1%) — C>°(1*) be
an elliptic complex. Let §4 be global frames on I1; (Xq) over D4 (T*M) so
that §_ = ¢"(2,£)8 on D (T*M)ND_(T*M) = S(T*M). (The clutching
function is ¢; to agree with the notation adopted in the third section we
express 5_ = ¢'5, as we think of ¢ being a matrix acting on column vectors
of C*. The action on the frame is therefore the transpose action). We
choose connections Vi on I1; (3¢q) so Vi (51) =0 on Dy (T*M). Then:

index(Q) = (—1)™ [; _— Todd(M) A ch(V_)

= (—1)mﬁ) - Todd (M) A ch(V_).
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However, on D} we have Q, = 0 so we can replace ch(V_) by ch(V_) —
ch(V4) without changing the value of the integral. ch(V_) — ch(Vy) =
d Tch(V _, V) so an application of Stokes theorem (together with a careful
consideration of the orientations involved) yields:

index(Q) = (—1)™ /S _— Todd(M) A Tch(V_, V).

Both connections have zero curvature near the equator S(7*M). The fibers
over D, are glued to the fibers over D_ using the clutching function gq.
With the notational conventions we have established, if fi is a smooth
section relative to the frame s, then the corresponding representation is
qfs relative to the frame §_ . Therefore V_(fy) = ¢ tdq - f+ + dfy and
consequently

V_—-Vi=0=qdq.

(In obtaining the Maurer-Cartan form one must be careful which conven-
tion one uses—right versus left—and we confess to having used both con-
ventions in the course of this book.) We use this to compute:

Tchk V_,V+ ZCkTI‘ 1dq Zh— 1)

Let § = g~1dg be the Maurer-Cartan form and let Tch = >_ ¢, Tr(62%71).
k

for

This defines an element of the odd cohomology of GL(-,C) such that
Tch(V_,Vi)=q"(Tch). We summarize these computations as follows:

LEMMA 4.4.5. Let § = g~ 'dg be the Maurer-Cartan form on the general
linear group. Define:

_ i \" (k-1 2k—1
Tch_;<§> m-Tr(e )

as an element of the odd cohomology. If ): C*>°(1') — C(1") is an elliptic
complex defined on the trivial bundle, let ¢ be the symbol so q: S(T*M) —

GL(-,C). Then index(Q) = (—1)™ Jscran Todd(M) A q*(Tch).

We compute explicitly the first few terms in the expansion:

Tech = = Tr(60)

3
27 24m (0 )

Tr(6°
9607r3 x(67) +
In this version, the Atiyah-Singer theorem generalizes to the case of dM # ()
as the Atiyah-Bott theorem. We shall discuss this in section 4.5.

We can now state the Atiyah-Patodi-Singer twisted index theorem:
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THEOREM 4.4.6. Let P:C*°(V) — C*°(V) be an elliptic self-adjoint
pseudo-differential operator of order d > 0. Let p:m (M) — U(k) be a
unitary representation of the fundamental group and assume the associated
bundle V,, is toplogically trivial. Let § be a global frame for V, and let
Vo(5) = 0 define the connection V. Let V, be the connection defined by
the representation p and let § = V ,(5) so that:

Then:

ind(p, P, ) = (—1)m/ Todd(M) A ch(TLyp) A Teh(V,, Vo).
S(T* M)

S(T* M) is given the orientation induced by the simplectic orientation dz1 A\
d&y N\ - Ndxy, NdEy, on T* M where we use the outward pointing normal
so N A Wom—1 — Wom, .

We postpone the proof of Theorem 4.4.6 for the moment to return to the
examples considered previously. In example 4.4.2, we let p = 2™ on the
generator of mS1 ~ Z. We let “1” denote the usual trivialization of the
bundle S x C so that:

V(1) = —iedd and Tch(V,, Vo) =edf/2m.

The unit sphere bundle decomposes S(T*M) = S! x {1} U ST x {-1}.
The symbol of the operator P is multiplication by the dual variable £ so
ch(Ilyp) =1 on St x {1} and ch(IlLp) = 0 on S x {—1}. The induced
orientation on S x {1} is —d#f. Since (—1)™ = —1, we compute:

27

—/ Todd(M) A ch(ILyp) A Teh(V,, Vo) = / edfd/2m =e.
S(T*M) 0

This also gives an example in which Tchy is non-trivial.

In example 4.4.3, we took the non-trivial representation p of m (RPs) =
Z; to define a non-trivial complex line bundle V, such that V, & V, = 12,
The appropriate generalization of this example is to 3-dimensional lens
spaces and provides another application of Theorem 4.4.6:

Example 4.4.7: Let m = 3 and let n and ¢ be relatively prime positive
integers. Let A = €?™"/" be a primitive n'® root of unity and let v =
diag(\, A?) generate a cyclic subgroup I' of U(2) of order n. If ps(v) = A%,
then {p,}o<s<n parametrize the irreducible representations of I'. T' acts
without fixed points on the unit sphere S3. Let L(n,q) = S3/T be the
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quotient manifold. As m1(S?) = 0, we conclude 7 (L(n,q)) =I'. Let V; be
the line bundle corresponding to the representation ps. It is defined from
S3 x C by the equivalence relation (21, 22, w) = (Az1, A29, A*w).

Exactly the same arguments (working mod n rather than mod 2) used to
show V; is non-trivial over RP3 show Vi is non-trivial for 0 < s < n. In fact
K(L(n,q)) = Z,, as we shall see later in Corollary 4.6.10 and the bundle
(V4 — 1) generates the reduced K-theory group. A bundle Vi, & ---® Vj,
is topologically trivial if and only if s1 + ---+ s; =0 (n).

The bundle Vs & V_; is topologically trivial. We define:

21 qu, !
g(z1,22) = o . where ¢¢' =1 (n).
Z9 —<
It is immediate that:
A5 2§ /\Szgq,
g(Az1, N2p) = ' = v9(21, 22)
A5z ATz

so we can regard g as an equivariant frame to V; @ V_,. If {V, ® V_,}
denotes the connection induced by the locally flat structure and if V@V
denotes the connection defined by the new frame, then:

0 = {Vs @V_s} — {Vo @VO} = dg-g_l.

Suppose first s = ¢ = ¢ = 1 s0 g: 5% — SU(2) is the identity map.
Tr(0?) is a right invariant 3-form and is therefore a constant multiple of
the volume element of SU(2). We calculate at z = (1,0) in C%. Let

(1 0 (i o (o1 (0
O= Vo —1) T o i) 2T 1t o) BT\ oo0

so that g(z) = g(x) = xpep + r1€1 + x2e9 + x3e3. At (1,0) we have:
(dg-g~1)* = {(erdxy + ez dxy + e3dws)eg ).
eo commutes with e; and anti-commutes with e and e3 so that, as e3 = 1,

(dg-g~1)* = (ey dxy + ey dxy + e3dws)(ey dry — ey dry — e3dws) X
(e1 dxy + ey dxg + deg dxs)eq
= (—ejeze3 + erezes — ezejeg — ezezer + ezeren + ezeser) X
eodri Ndxo N dxs

= —b6ejeqezeq - dvol = —6 <(1) ?) dvol
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so that Tr(63) = —12 - dvol. Therefore:

12 .
ﬁg Tchg(Vl & V_l, VO D VO) = m . volume(S ) =1.

We can study other values of (s, q) by composing with the map (zy, z2) —
(25,257)/|(25, 237 |. This gives a map homotopic to the original map and
doesn’t change the integral. This is an s%¢’-to-one holomorophic map so

the corresponding integral becomes s2¢’. If instead of integrating over S?
we integrate over L(n,q), we must divide the integral by n so that:

2,/

/ Tchy(Vy &V _y, Vo @ Vo) =
L(n,q)

Let P be the tangential operator of the signature complex. By Lemma
4.3.2, we have:

/ ch(IL(P)) = —4.

S3 is parallelizable. The orientation of S(T*S3) is dxy A dxs A déx Adxs A
dés = —dxy A dxy A drg A déy A dés so S(T*S?) = —S3 x S? given the
usual orientation. Thus

(—1)3/ Tehs(Vy @ V_y, Vo & Vo) A ch(ILP)
S(T*S3)
= (-1)(=1)(=1) -4-s*¢'/n = —45°¢' /n.
Consequently by Theorem 4.4.6, we conclude, since Todd(S?) =1,
ind(ps + p—s, po + po, P) = —4s*¢' /n

using the given framing.

The operator P splits into an operator on even and odd forms with equal
eta invariants and a corresponding calculation shows that ind(ps + p_s,
po + po, Poven) = —252¢’/n. There is an orientation preserving isometry
T:L(p,q) — L(p,q) defined by T(z1,22) = (Z1,22). It is clear T inter-
changes the roles of ps and p_g so that as R mod Z-valued invariants,
ind(ps, Peven ) = ind(p_s, Peven ) SO that:

ind(ps, P) =2 ind(ps, Peven) = ind(p57 Peven) + iﬂd(ﬂ—s, Peven)
= —25%¢/n.

This gives a formula in R mod Z for the index of a representation which
need not be topologically trivial. We will return to this formula to dis-
cuss generalizations in Lemma 4.6.3 when discussing ind(x, %) for general
spherical space forms in section 4.6.
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We sketch the proof of Theorem 4.4.6. We shall omit many of the details
in the interests of brevity. We refer to the papers of Atiyah, Patodi, and
Singer for complete details. An elementary proof is contained in (Gilkey,

The eta invariant and the secondary characteristic classes of locally flat
bundles). Define:

ind; (p, P, s) = (—1)7”/ Todd (M) A ch(IT4p) A Teh(V ,, Vo)
S(T* M)

then Lemmas 4.3.6 and 4.3.7 generalize immediately to:

LEMMA 4.4.8.

(a) Let My and My be smooth manifolds. Let P:C*(V;) — C*°(V3) be
an elliptic complex over My. Let Q:C*>° (V) — C* (V') be a self-adjoint
elliptic operator over My. We assume P and () are differential operators of
Q P
P —Q
a representation of m(Msy). Decompose w1 (M) = w1 (My) & 71 (Ms) and
extend p to act trivially on i (M;). Then we can identify V, over M with
the pull-back of V,, over Ms. Let s be a global trivialization of V,, then:

the same order and form R = over M = My x Ms. Let p be

ind(p, R, §) = index(P) ind(p, Q, §)
ind; (p, R, §) = index(P) ind; (p, Q, §).

(b) Let My = S be the circle and let (R, Q) be as defined in Lemma 4.3.7,
then:
ind(p, R,§) =ind(p, P, )
indy (p, R, §) =indy(p, P, §).

PRrROOF: The assertions about ind follow directly from Lemmas 4.3.6 and
4.3.7. The assertions about ind; follow from Lemma 3.9.3(d) and from the
Atiyah-Singer index theorem.

Lemma 4.4.8(c) lets us reduce the proof of Theorem 4.4.6 to the case
dim M odd. Since both ind and ind; are given by local formulas, we may
assume without loss of generality that M is also orientable. Using the same
arguments as those given in subsection 4.3, we can interpret both ind and
ind; as maps in K-theory once the representation p and the global frame
§ are fixed. Consequently, the same arguments as those given for the proof
of Theorem 4.3.8 permit us to reduce the proof of Theorem 4.4.6 to the
case in which P = Ay is the operator discussed in Lemma 4.3.4.

ind(p, P,§) is given by a local formula. If we express everything with
respect to the global frame 5, then P, = P ® 1 and P, is functorially
expressible in terms of P and in terms of the connection 1-form w = V 5}

ind(p, P, §) :/ a(x,G,w) dvol(x).
M
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The same arguments as those given in discussing the signature complex
show a(x,G,w) is homogeneous of order n in the jets of the metric and of
the connection 1-form. The local invariant changes sign if the orientation
is reversed and thus a(x,G,w) dvol(x) should be regarded as an m-form
not as a measure. The additivity of n with respect to direct sums shows
a(x,G,w1 @ we) = a(x,G,w1) + a(z,G,w2) when we take the direct sum
of representations. Arguments similar to those given in the second chapter
(and which are worked out elsewhere) prove:

LeEMMA 4.4.9. Let a(x,G,w) be an m-form valued invariant which is
defined on Riemannian metrics and on 1-form valued tensors w so that
dw —w Aw = 0. Suppose a is homogeneous of order m in the jets of the
metric and the tensor w and suppose that a(z, G w1 G ws) = a(x,G,wy) +
a(x,G,wy). Then we can decompose:

a(x,G,w) =Y f,(G) A Tch,(w) =Y f,(G) Acy, Tr(w™ ")

where f,(G) are real characteristic forms of T (M) of order m + 1 — 2v.

We use the same argument as that given in the proof of the Atiyah-Singer
index theorem to show there must exist a local formula for ind(p, P, s) which
has the form:

ind(p, P, s) =

> Td},, (M) A chj(ILip) A Tchy(V,, Vo).
S(T% ary Ait2i+2k=mtl

When the existence of such a formula is coupled with the product formula
given in Lemma 4.4.8(a) and with the Atiyah-Singer index theorem, we
deduce that the formula must actually have the form:

ind(p, P, s) =

Y (Todd(M) A ch(Ilyp)); Aclk) Tehi(V,, Vo)
S (1% M) j+2k=m+1

where ¢(k) is some universal constant which remains to be determined.

If we take an Abelian representation, all the Tchj vanish for k£ > 1. We
already verified that the constant ¢(1) = 1 by checking the operator of
example 4.4.2 on the circle. The fact that the other normalizing constants
are also 1 follows from a detailed consideration of the asymptotics of the
heat equation which arise; we refer to (Gilkey, The eta invariant and the
secondary characteristic classes of locally flat bundles) for further details
regarding this verification. Alternatively, the Atiyah-Patodi-Singer index
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theorem for manifolds with boundary can be used to check these normal-
izing constants; we refer to (Atiyah, Patodi, Singer: Spectral asymmetry
and Riemannian geometry I-IIT) for details.

The Atiyah-Singer index theorem is a formula on K(X(T*M)). The
Atiyah-Patodi-Singer twisted index theorem can be regarded as a formula
on K(S(T*M)) = KYX(T*M)). These two formulas are to be regarded
as suspensions of each other and are linked by Bott periodicity in a purely
formal sense which we shall not make explicit.

If V, is not topologically trivial, there is no local formula for ind(p, P)
in general. It is possible to calculate this using the Lefschetz fixed point
formulas as we will discuss later.

We conclude this section by discussing the generalization of Theorem
4.4.6 to the case of manifolds with boundary. It is a fairly straightforward
computation using the methods of section 3.9 to show:

LEMMA 4.4.9. We adopt the notation of Theorem 4.4.6. Then for any
k>0,

ind(p, P,5) = (—-1)™ / Todd (M)A ch(IL (2% (p))) A Tch(V ,, Vo).
Remark: This shows that we can stabilize by suspending as often as we
please. The index can be computed as an integral over L2**1 (T* M) while
the twisted index is an integral over X2%(T*M). These two formulas are
at least formally speaking the suspensions of each other.

It turns out that the formula of Theorem 4.4.6 does not generalize
directly to the case of manifolds with boundary, while the formula of
Lemma 4.4.9 with £ = 1 does generalize. Let M be a compact manifold
with boundary dM. We choose a Riemannian metric on M which is prod-
uct near dM. Let P:C* (V) — C* (V) be a first order partial differential
operator with leading symbol p which is formally self-adjoint. We suppose
p(x, €)% = [€]? - 1y so that p is defined by Clifford matrices. If we decom-
pose p(x, &) = Zj p;(z)&; relative to a local orthonormal frame for 7 (M),
then the p; are self-adjoint and satisfy the relations p;pi + prp; = 20;4.

Near the boundary we decompose T (M) = T*(dM) @ 1 into tangential
and normal directions. We let & = ((,z) for ( € T*(dM) reflect this
decomposition. Decompose p(x,&) = > cicp,_1 Pj(¥)€) + pmz. Let t be
a real parameter and define:

T(‘T7C7t):i'pm{ Z pj(l')Cj —Zt}
1<j<m—1
as the endomorphism defined in Chapter 1. We suppose given a self-adjoint
endomorphism ¢ of V' which anti-commutes with 7. Let B denote the
orthogonal projection %(1 + ¢) on the +1 eigenspace of q. (P, B) is a self-
adjoint elliptic boundary value problem. The results proved for manifolds
without boundary extend to this case to become:
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THEOREM 4.4.10. Let (P, B) be an elliptic first order boundary value
problem. We assume P is self-adjoint and o, (p)? = |£|* - [y. We assume

B = l(14—q) where q anti-commutes with 7 = i-p,, <Zl<j<m L PG — it).
Let {\,}52, denote the spectrum of the operator Pg. Define:

n(s, P, B) ngn RIS

(a) n(s, P, B) is well defined and holomorphic for Re(s) > 0.

(b) n(s, P, B) admits a meromorphic extension to C with isolated simple
poles at s = (n —m)/2 for n = 0,1,2, ... . The residue of n at such a
simple pole is given by integrating a local formula a,,(x, P) over M and a
local formula a,,_4 (z, P, B) over dM.

(¢) The value s = 0 is a regular value.

(d) If (P,, B,) is a smooth 1-parameter family of such operators, then the

derivative d—n(O, P,, B,) is given by a local formula.
u

Remark: This theorem holds in much greater generality than we are stating
it; we restrict to operators and boundary conditions given by Clifford ma-
trices to simplify the discussion. The reader should consult (Gilkey-Smith)
for details on the general case.

Such boundary conditions always exist if M is orientable and m is even;
they may not exist if m is odd. For m even and M orientable, we can
take ¢ = p1...pm—1. If m is odd, the obstruction is Tr(py...pm,) as
discussed earlier. This theorem permits us to define ind(p, P, B) if p is a
unitary representation of 71 (M) just as in the case where dM is empty.
In Rmod Z, it is a homotopy invariant of (P, B). If the bundle V, is
topologically trivial, we can define

ind(p, P, B, §)

as a real-valued invariant which is given by a local formula integrated over
M and dM.

The boundary condition can be used to define a homotopy of ¥p to an
elliptic symbol which doesn’t depend upon the tangential fiber coordinates.

Homotopy 4.4.11: Let (P, B) be as in Theorem 4.4.10 with symbols given
by Clifford matrices. Let u be an auxilary parameter and define:

7(x,(,t,u) = cos (g u) 7(x,(,t) + sin (g u) q for u € [—1,0].

It is immediate that 7(x, (,t,0) = 7(z,(,t) and 7(x,(,t,—1) = —q. As 7 and
q are self-adjoint and anti-commute, this is a homotopy through self-adjoint

matrices with eigenvalues = {cos? (% - u) (|¢|? +¢2) +sin® (Z - u) }1/2.
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Therefore 7(x,(,t,u) — iz is a non-singular elliptic symbol for ({,t,z) #
(0,0,0). We have

Yp(x, ¢, z,t) = p(x,(, z) —it = ipy, - {7(x,(,t) — iz}
so we define the homotopy
Sp(a, €, 20t 4) = ipm - {7(0, G, tyw) — iz} for ue [—1,0],

We identifiy a neighborhood of dM in M with dM x [0,d). We sew on a
collared neighborhood dM x [—1,0] to define M. We use the homotopy

just defined to define an elliptic symbol (Xp)p on X(7™ M) which does not
depend upon the tangential fiber coordinates ( on the boundary dM X
{—1}. We use the collaring to construct a diffeomorophism of M and M
to regard (Xp)p on X(T*M) where this elliptic symbol is independent of
the tangential fiber coordinates on the boundary. We call this construction
Homotopy 4.4.11.

We can now state the generalization of Theorem 4.4.6 to manifolds with
boundary:

THEOREM 4.4.12. We adopt the notation of Theorem 4.4.10 and let
(P, B) be an elliptic self-adjoint first order boundary value problem with
the symbols given by Clifford matrices. Let p be a representation of w1 (M ).
Suppose V,, is topologically trivial and let § be a global frame. Then

ind(p, P, B,5) =
(—1)™ /Ezk(T*M) Todd(M) A ch(TL4 (S22 ((Sp)p))) A Teh(V,, Vo),

for any k > 1. Here (Xp)p is the symbol on ¥(T*M) defined by Homo-
topy 4.4.11 so that it is an elliptic symbol independent of the tangential
fiber variables ¢ on the boundary.

Remark: This theorem is in fact true in much greater generality. It is
true under the much weaker assumption that P is a first order formally
self-adjoint elliptic differential operator and that (P, B) is self-adjoint and
strongly elliptic in the sense discussed in Chapter 1. The relevant homotopy
is more complicated to discuss and we refer to (Gilkey-Smith) for both
details on this generalization and also for the proof of this theorem.

We conclude by stating the Atiyah-Bott formula in this framework. Let
P:C*>(Vy) — C°°(V3) be a first order elliptic operator and let B be an
elliptic boundary value problem. The boundary value problem gives a
homotopy of ¥p through self-adjoint elliptic symbols to a symbol indepen-
dent of the tangential fiber variables. We call the new symbol {Xp} 5. The
Atiyah-Bott formula is

index(P, B) = (—1)™ /E(T*M) Todd(M) A ch(TL. ((Sp) 5)).



4.5. Lefschetz Fixed Point Formulas.

In section 1.8, we discussed the Lefschetz fixed point formulas using heat
equation methods. In this section, we shall derive the classical Lefschetz
fixed point formulas for a non-degenerate smooth map with isolated fixed
points for the four classical elliptic complexes. We shall also discuss the
case of higher dimensional fixed point sets for the de Rham complex. The
corresponding analysis for the signature and spin complexes is much more
difficult and is beyond the scope of this book, and we refer to (Gilkey,
Lefschetz fixed point formulas and the heat equation) for further details.
We will conclude by discussing the theorem of Donnelly relating Lefschetz
fixed point formulas to the eta invariant.

A number of authors have worked on proving these formulas. Kotake in
1969 discussed the case of isolated fixed points. In 1975, Lee extended the
results of Seeley to yield the results of section 1.8 giving a heat equation
approach to the Lefschetz fixed point formulas in general. We also derived
these results independently not being aware of Lee’s work. Donnelly in
1976 derived some of the results concerning the existence of the asymptotic
expansion if the map concerned was an isometry. In 1978 he extended his
results to manifolds with boundary.

During the period 1970 to 1976, Patodi had been working on generalizing
his results concerning the index theorem to Lefschetz fixed point formulas,
but his illness and untimely death in December 1976 prevented him from
publishing the details of his work on the G-signature theorem. Donnelly
completed Patodi’s work and joint papers by Patodi and Donnelly contain
these results. In 1976, Kawasaki gave a proof of the G-signature theorem
in his thesis on V-manifolds. We also derived all the results of this section
independently at the same time. In a sense, the Lefschetz fixed point
formulas should have been derived by heat equation methods at the same
time as the index theorem was proved by heat equation methods in 1972
and it remains a historical accident that this was not done. The problem
was long over-due for solution and it is not surprising that it was solved
simultaneously by a number of people.

We first assume 7: M — M is an isometry.

LEMMA 4.5.1. IfT is an isometry, then the fixed point set of T' consists
of the disjoint union of a finite number of totally geodesic submanifolds
Ny,.... If N is one component of the fixed point set, the normal bundle
v is the orthogonal complement of T(N) in T'(M)|y. v is invariant under
dT and det(I —dT,) > 0 so T is non-degenerate.

PROOF: Let a > 0 be the injectivity radius of M so that if dist(z,y) < a,
then there exists a unique shortest geodesic « joining x to y in M. If
T(zx) = x and T(y) = y, then T is another shortest geodesic joining z
to y so Ty = v is fixed pointwise and v is contained in the fixed point
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set. This shows the fixed point set is totally geodesic. Fix T'(z) = = and
decompose T'(M ), = Vi @v where Vi = {v € T(M), : dT(x)v = v }. Since
dT'(z) is orthogonal, both V7 and v are invariant subspaces and dT,, is an
orthogonal matrix with no eigenvalue 1. Therefore det(I — dT,) > 0. Let
v be a geodesic starting at x so 7/(0) € V1. Then Ty is a geodesic starting
at « with T'(0) = dT'(z)+'(0) = 4/(0) so Ty =  pointwise and exp, (V1)
parametrizes the fixed point set near x. This completes the proof.

We let M be oriented and of even dimension m = 2n. Let (d+4§): C°(A™T)
— C°(A™) be the operator of the signature complex. We let H*(M;C) =
N(AL1) on C*®(A¥) so that signature(M) = dim H* —dim H~. If T is an
orientation preserving isometry, then 7*d = d1™* and T = «T™* where “x”
denotes the Hodge operator. Therefore T* induces maps T+ on H* (M; C).
We define:

L(T)signature = Tr(TF) —Tr(T7).

Let A =dT € SO(m) at an isolated fixed point. Define

defect (A, signature) = {Tr(A1(A)) — Tr(A~(A))}/ det(I — A)
as the contribution from Lemma 1.8.3. We wish to calculate this charac-
teristic polynomial. If m = 2, let {e1, e2} be an oriented orthonormal basis
for T(M) = T*(M) such that

Aeq = (cosf)ey + (sinf)es and Aeg = (cosB@)es — (sinf)e.

The representation spaces are defined by:
AT = span{l +iejes, e +iea} and A~ =span{l —iejeq, €1 — iea}
so that:
Tr(AT(A) =1+e ¥, Tr(A=(A)=1-e"", det(I—A)=2—2cosf
and consequently:

defect (A, signature) = (—2icosf)/(2 — 2cos) = —icot(0/2).
More generally let m = 2n and decompose A = dT into a product of mutu-
ally orthogonal and commuting rotations through angles 0; corresponding
to complex eigenvalues \; = e%i for 1 < j < n. The multiplicative nature

of the signature complex then yields the defect formula:

defect (A, signature) = —icot(6;/2)} = .
efect(A, signature) ]1;[1{ icot(0;/2)} ]1;[1)\]'_1
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This is well defined since the condition that the fixed point be isolated is
just 0 < 0; < 2w or equivalently \; # 1.

There are similar characteristic polynomials for the other classical el-
liptic complexes. For the de Rham complex, we noted in Chapter 1 the
corresponding contribution to be +1 = sign(det(I — A)). If M is spin, let
A: C*®(AT) — C*°(A7) be the spin complex. If T is an isometry which
can be lifted to a spin isometry, we can define L(T")spin to be the Lefschetz
number of 7' relative to the spin complex. This lifts A from SO(m) to
SPIN(m). We define:

defect(A, spin) = {Tr(A* (4) — Tr(A~ (A))}/ det(I — A)
and use Lemma 3.2.5 to caleulate if m = 2 that:
defect (A, spin) = (e7%/2 — ¢¥/2) /(2 — 2 cos 0)
— isin(0/2)/(1 — cos ) = —% cosec(6/2)
={Vi-Via}/@-a -0 =v/0-).

Using the multiplicative nature we get a similar product formula in general.

Finally, let M be a holomorphic manifold and let 7: M — M be a
holomorphic map. Then T and 0 commute. We let L(T)polbeaurs =
> (1) Tr(T* on H%%) be the Lefschetz number of the Dolbeault com-
plex. Just because T has isolated fixed points does not imply that it is
non-degenerate; the map z — z + 1 defines a map on the Riemann sphere
S? which has a single isolated degenerate fixed point at co. We suppose
A= L(T) € U(%) is in fact non-degenerate and define

defect (A, Dolbeault) = {Tr(A%*v*" (A4)) — Tr(A%° (A))} det(I — Arear)-
If m = 2, it is easy to calculate

defect (A, Dolbeault) = (1 — ) /(2 — 2cosf) = (1 — A)/(2— A=)
— M- 1)

with a similar multiplicative formula for m > 2. We combine these result
with Lemma 1.8.3 to derive the classical Lefschetz fixed point formulas:

THEOREM 4.5.2. LetT: M — M be a non-degenerate smooth map with
isolated fixed points at F(T) = {x1,...,2,}. Then

(a) L(T)de Rham = ) _; sign(det(! — dT'))(x;).

(b) Suppose T is an orientation preserving isometry. Define:

)\j—f—l
Ai—17
j J

defect(A, signature) = H{—z -cotf;} =
J
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then L(T)signature = )_; defect(dT'(x;), signature).
(¢) Suppose T is an isometry preserving a spin structure. Define:

defect(A, spin) = H {—% cosec(f;/2) } H y 1

J

then L(T)spin = )_; defect(dT'(z;), spin).
(d) Suppose T is holomorphic. Define:

defect(A, Dolbeault) = H

then L(T)polbeauts = Y_; defect(dT'(x;), Dolbeault).

We proved (a) in Chapter 1. (b)—(d) follow from the calculations we have
just given together with Lemma 1.8.3. In defining the defect, the rotation
angles of A are {f;} so Ae; = (cosf)e; + (sinf)es and Aes = (—sinf)e; +
(cosf)es. The corresponding complex eigenvalues are {)\; = e} where
1 < j <m/2. The formula in (a) does not depend on the orientation. The
formula in (b) depends on the orientation, but not on a unitary structure.
The formula in (c¢) depends on the particular lift of A to spin. The formula
in (d) depends on the unitary structure. The formulas (b)—(d) are all
for even dimensional manifolds while (a) does not depend on the parity
of the dimension. There is an elliptic complex called the PIN. complex
defined over non-orientable odd dimensional manifolds which also has an
interesting Lefschetz number relative to an orientation reversing isometry.

Using Lemmas 1.8.1 and 1.8.2 it is possible to get a local formula for the
Lefschetz number concentrated on the fixed pont set even if 7" has higher
dimensional fixed point sets. A careful analysis of this situation leads to the
G-signature theorem in full generality. We refer to the appropriate papers
of (Gilkey, Kawasaki, and Donnelly) for details regarding the signature and
spin complexes. We shall discuss the case of the de Rham complex in some
detail.

The interesting thing about the Dolbeault complex is that Theorem 4.5.2
does not generalize to yield a corresponding formula in the case of higher
dimensional fixed point sets in terms of characteristic classes. So far, it
has not proven possible to identify the invariants of the heat equation
with generalized cohomology classes in this case. The Atiyah-Singer index
theorem in its full generality also does not yield such a formula. If one
assumes that 7' is an isometry of a Kaehler metric, then the desired result
follows by passing first to the SPIN. complex as was done in Chapter 3.
However, in the general case, no heat equation proof of a suitable general-
ization is yet known. We remark that Toledo and Tong do have a formula
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for L(T)polbeaurt in this case in terms of characteristic classes, but their
method of proof is quite different.

Before proceeding to discuss the de Rham complex in some detail, we
pause to give another example:

Example 4.5.3: Let T, be the 2-dimensional torus S!' x S! with usual
periodic parameters 0 < x,y < 1. Let T(x,y) = (—y,x) be a rotation
through 90°. Then

(a) L(T)de Rham = 2.
( ) (T)mgnature = 2.

(c) (Ts n—QZ/\/_

)
( ) ( )Dolbeault =1-—2q.

ProoOF: We use Theorem 4.5.2 and notice that there are two fixed points
at (0,0) and (1/2,1/2). We could also compute directly using the indi-
cated action on the cohomology groups. This shows that although the
signature of a manifold is always zero if m = 2 (4), there do exist non-
trivial L(T)signature in these dimensions. Of course, there are many other
examples.

We now consider the Lefschetz fixed point formula for the de Rham com-
plex if the fixed point set is higher dimensional. Let T: M — M be smooth
and non-degenerate. We assume for the sake of simplicity for the moment
that the fixed point set of 7" has only a single component N of dimension
n. The general case will be derived by summing over the components of
the fixed point set. Let v be the sub-bundle of T'(M )|y spanned by the
generalized eigenvectors of dT' corresponding to eigenvalues other than 1.
We choose the metric on M so the decomposition T'(M )|y = T(N) @ v is
orthogonal. We further normalize the choice of metric by assuming that N
is a totally goedesic submanifold.

Let ay(xz,T,A,) denote the invariants of the heat equation discussed in
Lemma 1.8.1 so that

Tr(T*e™'4P) Z tk=n)/2 / a(z, T, A,) dvol(z).
Let ag (2, T)de Rham = »_(—1)Pax(x,T,Ap), then Lemma 1.8.2 implies:

L(T)de Rham ~ Z t(k=m)/2 / ar (2, T)de Rham dvol(z).
k=0 N

Thus:

(0 if k # dim N
ZV ak(ﬂfa T)de Rham dVOl(.’E) - { L(T)de Rham if k= dimN.
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We choose coordinates © = (x1,...,2,) on N. We extend these co-
ordinates to a system of coordinates z = (x,y) for M near N where
y=(y1,---,Ym—n). We adopt the notational convention:

indices 1 <4,7,k <m index a frame for T'(M)|n
1<a,b,c<n index a frame for T'(IV)

n<u,v,w<m index a frame for v.

If « is a multi-index, we deompose o = (ay, v, ) into tangential and normal
components.

We let g;; /o denote the jets of the metric tensor. Let T' = (T1,...,Ty,)
denote the components of the map T relative to the coordinate system Z.
Let T;j,5 denote the jets of the map T’ the T;/; variables are tensorial and
are just the components of the Jacobian. Define:

ord(gij/a) = |, ord(T/5) = |B] — 1, deg, (Ti/p) = 0iw + B(v)-

Let 7 be the polynomial algebra in the formal variables {g;; /o, T; g} for
la| > 0, |8] > 1 with coefficients ¢(g;5,T;/;)|det(I — dT,)|~" where the
c(9ij,T;/;) are smooth in the g;; and T;,; variables. The results of section
1.8 imply ag(x,T)de Rham € T. If Z is a coordinate system, if G is a
metric, and if 7" is the germ of a non-degenerate smooth map we can
evaluate p(Z,T,G)(z) for p € T and x € N. p is said to be invariant if
p(Z,T,G)(z) =p(Z',T,G)(x) for any two coordinate systems Z, Z' of this
form. We let 7y, , be the sub-algebra of 7 of all invariant polynomials
and we let 7, . be the sub-space of all invariant polynomials which are
homogeneous of degree k using the grading defined above. It is not difficult
to show there is a direct sum decomposition 7, , = @k T,k as a graded
algebra.

LEMMA 4.5.4. ak(:L‘,T)de Rham € Tm,n,k:-

PRroOOF: The polynomial dependence upon the jets involved together with
the form of the coefficients follows from Lemma 1.8.1. Since ag(x, T)de Rham
does not depend upon the coordinate system chosen, it is invariant. We
check the homogeneity using dimensional analysis as per usual. If we re-
place the metric by a new metric ¢?G, then a;, becomes ¢~*aj. We replace
the coordinate system Z by Z’ = c¢Z to replace g;;/, by c"o"gij/a and T; 5
by ¢8I+ T, /- This completes the proof. The only feature different from
the analysis of section 2.4 is the transformation rule for the variables T; /3.

The invariants a; are multiplicative.

LEMMA 4.5.5. Let T': M" — M’ be non-degenerate with fixed subman-
ifold N'. Define M = S' x M', N = S' x N, and T = I x T'. Then
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T:M — M is non-degenerate with fixed submanifold N. We give M the
product metric. Then ag(x,T)de Rham = 0.

Proor: We may decompose
AP(M) = A°(SH @ AP(M') @ AN(SH @ APH (M) ~ AP(M') @ AP~H(M).

This decomposition is preserved by the map 7. Under this decomposition,
the Laplacian Aéw splits into A}, & A7. The natural bundle isomorphism
identifies A = A7 . Since ay(z, T, Ag/[). = ap(z, T, A.]’D) +ay(x, T, A)) =
ag(z, T, A;,) +ag(x, T, A;,_l), the alternating sum defining ax(x, T)de Rham
yields zero in this example which completes the proof.

We normalize the coordinate system Z by requiring that g;;(xo) = 6.
There are further normalizations we shall discuss shortly. There is a natural
restriction map r: T, .k — Tm—1,n—1,k defined algebraically by:

i/ géj/a if degl(gij/a) =0
0 if deg,(T5/) # 0
T, ) = .
r(Tisp) {T;/B if deg, (Ty/5) = 0.

In this expression, we let ¢’ and T’ denote the renumbered indices to refer
to a manifold of one lower dimension. (It is inconvenient to have used the
last m —n indices for the normal bundle at this point, but again this is the
cannonical convention which we have chosen not to change). In particular
we note that Lemma 4.5.5 implies r(ax (2, T)de Rham ) = 0. Theorem 2.4.7
generalizes to this setting as:

LEMMA 4.5.6. Let p € Tpyn i be such that r(p) = 0.

(a) If k is odd or if k < n then p = 0.

(b) If k = n is even we let E, be the Euler form of the metric on N.
Then a,(x,T)de Rham = |det(I —dT,)|~1 f(dT,)E, for some GL(m — n)
invariant smooth function f(x).

We postpone the proof of this lemma for the moment to complete our
discussion of the Lefschetz fixed point formula for the de Rham complex.

THEOREM 4.5.7. Let T: M — M be non-degenerate with fixed point
set consisting of the disjoint union of the submanifolds Ny, Na, ..., N,.
Let N denote one component of the fixed point set of dimension n and let
ak(x,T)de Rham be the invariant of the heat equation. Then:

(a) ax(x,T)de Rham = 0 for k < n or if k is odd.

(b) If k = n is even, then a,(x,T)d4e Rham = sign(det(I — dT,))E,.

(¢) L(T)de Rham = ), sign(det(I — dT))x(N,) (Classical Lefschetz fixed
point formula).

PRrROOF: (a) follows directly from Lemmas 4.5.4-4.5.7. We also conclude
that if £ = n is even, then a,,(x,T)de Rham = h(dT,)E, for some invariant
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function h. We know h(dT,) = sign(det(I — dT)) if n = m by Theorem
1.8.4. The multiplicative nature of the de Rham complex with respect to
products establishes this formula in general which proves (b). Since

L(T)de Rham = Y_ sign(det(I — dT,)) / E,, dvol(z,,)
Iz N

by Theorem 1.8.2, (¢) follows from the Gauss-Bonnet theorem already es-
tablished. This completes the proof of Theorem 4.5.7.

Before beginning the proof of Lemma 4.5.6, we must further normalize
the coordinates being considered. We have assumed that the metric cho-
sen makes N a totally geodesic submanifold. (In fact, this assumption is
inessential, and the theorem is true in greater generality. The proof, how-
ever, is more complicated in this case). This implies that we can normalize
the coordinate system chosen so that g;; /(7o) = 0 for 1 <4, j,k < m. (If
the submanifold is not totally geodesic, then the second fundamental form
enters in exactly the same manner as it did for the Gauss-Bonnet theorem
for manifolds with boundary).

By hypothesis, we decomposed T(M )|y = T(N) @ v and decomposed
dT = I & dT,. This implies that the Jacobian matrix T;,; satisfies:

Taspy = 0a/bs Toju =Tyuja =0 along N.
Consequently:
Tojpnp, =0for |8, <2 and  T,/5,5, =0 for |3, = 0.

Consequently, for the non-zero Tj,5 variables:

Y deg,(Typ) < ord(Tiyp) = || — 1.

a<ln

Let p satisfy the hypothesis of Lemma 4.5.6. Let p # 0 and let A be a
monomial of p. We decompose:

= A= Girji/enr = - Yivgr/or for |a, | > 2
A—f(de/)-Al-Az where {A2:Ak1//81"'Aks/ﬁs for |/6y|22

Since r(p) = 0, deg; A # 0. Since p is invariant under orientation reversing
changes of coordinates on N, deg; A must be even. Since p is invariant
under coordinate permutations on N, deg, A > 2 for 1 < a < n. We now
count indices:

2n < Z dega(A): Z dega(Al)_'_ Z dega(AQ)

1<a<n 1<a<n 1<a<n
< 2r+ord(A;) +ord(Az) < 2ord(Ay) + 2o0rd(Az) = 2ord(A).
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This shows p = 0 if ord(A) < n.

We now study the limiting case ord(A) = n. All these inequalities must
have been equalities. This implies in particular that ord(Ay) = 2 ord(As) so
ord(A3) = 0 and Ay does not appear. Furthermore, 4r = ord(A;) implies
Ay is a polynomial in the 2-jets of the metric. Finally, >, ., ., deg,(A1) =
4r implies that A; only depends upon the {gup/cq} variables. Since p # 0
implies n = 2r, we conclude p = 0 if £ = n is odd. This completes the
proof of (a).

To prove (b), we know that p is a polynomial in the {gqs/.q} variables
with coefficients which depend on the {7}, } = dT), variables. Exactly the
same arguments as used in section 2.5 to prove Theorem 2.4.7 now show
that p has the desired form. This completes the proof; the normal and
tangential indices decouple completely.

The Lefschetz fixed point formulas have been generalized by (Donnelly,
The eta invariant of G-spaces) to the case of manifolds with boundary. We
briefly summarize his work. Let N be a compact Riemannian manifold
with boundary M. We assume the metric is product near the boundary so
a neighborhood of M in N has the form M x [0,¢). Let n be the normal
parameter. Let G be a finite group acting on N by isometries; G must
preserve M as a set. We suppose GG has no fixed points on M and only
isolated fixed points in the interior of N for g # I. Let F(g) denote the
set of fixed points for g # I. Let M = M/G be the resulting quotient
manifold. It bounds a V-manifold in the sense of Kawasaki, but does not
necessarily bound a smooth manifold as N/G need not be a manifold.

Let P:C*° (V1) — C°°(V3) be an elliptic first order differential complex
over N. Near the boundary, we assume P has the form P = p(dn)(0/dn +
A) where A is a self-adjoint elliptic first order differential operator over
M whose coefficients are independent of the normal parameter. We also
assume the G action on N extends to an action on this elliptic complex.
Then gA = Ag for all g € G. Decompose L?(Vi|y) = @, E()) into the
finite dimensional eigenspaces of A. Then g induces a representation on
each E()\) and we define:

(s,A,9) ngn A 7F Tr(g on E(X))

as the equivariant version of the eta invariant. This series converges abso-
lutely for Re(s) > 0 and has a meromorphic extension to C. It is easy to
see using the methods previously developed that this extension is regular
for all values of s since g has no fixed points on M for g # I. If g = I, this
is just the eta invariant previously defined.

Let B be orthonormal projection on the non-negative spectrum of A.
This defines a non-local elliptic boundary value problem for the operator
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P. Since g commutes with the operator A, it commutes with the bound-
ary conditions. Let L(P, B, g) be the Lefschetz number of this problem.
Theorems 4.3.11 and 1.8.3 generalize to this setting to become:

THEOREM 4.5.8 (DONNELLY). Let N be a compact Riemannian man-
ifold with boundary M. Let the metric on N be product near M. Let
P:C>* (V) — C*=(V,) be a first order elliptic differential complex over
N. Assume near M that P has the form P = p(dn)(0/0n + A) where A
is a self-adjoint elliptic tangential operator on C*(Vy) over the boundary
M. Let L*(Vi|m) = @, E(N) be a spectral resolution of A and let B be
orthonormal projection on the non-negative spectrum of A. (P, B) is an
elliptic boundary value problem. Assume given an isometry g:N — N
with isolated fixed points x1,...,x, in the interior of N. Assume given an
action g on V; so gP = Pg. Then gA = Ag as well. Define:

(s, A, q) Zs1gn JA|7F - Tr(g on E(X)).

This converges for Re(s) > 0 and extends to an entire function of s. Let
L(P, B, g) denote the Lefschetz number of g on this elliptic complex and
let

defect(P, g)(z;) = {(Tr(g on V1) — Tr(g on V3))/det(I — dT)}(z;)

then:
L(P,B,g) {Z defect(P, G)(x;) } — %{U(O,A,g) + Tr(g on N(4))}.

Remark: Donnelly’s theorem holds in greater generality as one does not
need to assume the fixed points are isolated and we refer to (Donnelly, The
eta invariant of G-spaces) for details.

We use this theorem to compute the eta invariant on the quotient mani-
fold M = M/G. Equivariant eigensections for A over M correspond to the
eigensections of A over M. Then:

i(4) = 3 (1(0, 4) + dimN(A)
1

_ @ : % : Z{U(O,A,g) + Tr(g on N(A))}

gea

+—Z Z defect(P, g)(x).

QEG' z€F(g)
g#1
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The first sum over the group gives the equivariant index of P with the
given boundary condition. This is an integer and vanishes in R mod Z.
The second contribution arises from Theorem 4.3.11 for ¢ = I. The final
contribution arises from Theorem 4.5.8 for g # I and we sum over the fixed
points of g (which may be different for different group elements).

If we suppose dim M is even, then dim N is odd so a,(x, P*P) —
an(x, PP*) = 0. This gives a formula for n(A) over M in terms of the
fixed point data on N. By replacing V; by V; ® 1% and letting G’ act by a
representation p of G in U(k), we obtain a formula for n(A4,).

If dimM is odd and dim N is even, the local interior formula for
index(P, B) given by the heat equation need not vanish identically. If
we twist by a virtual representation p, we alter the defect formulas by
multiplying by Tr(p(g)). The contribution from Theorem 4.3.11 is mul-
tiplied by Tr(p(1)) = dimp. Consequently this term disappears if p is a
representation of virtual dimension 0. This proves:

THEOREM 4.5.9. Let N be a compact Riemannian manifold with bound-
ary M. Let the metric on N be product near M. Let P: C*®(Vy) — C*°(V3)
be a first order elliptic differential complex over N. Assume near M that P
has the form P = p(dn)(0/0+A) where A is a self-adjoint elliptic tangential
operator on C*°(Vy) over M. Let G be a finite group acting by isometries
on N. Assume for g # I that g has only isolated fixed points in the interior
of N, and let F(g) denote the fixed point set. Assume given an action on
Vi so gP = Pg and gA = Ag. Let M = M/G be the quotient manifold
and A the induced self-adjoint elliptic operator on C*(Vy = V1 /G) over
M. Let p € R(G) be a virtual representation. If dim M is odd, we assume
dim p = 0. Then:

i(A,) = ﬁ 2 Z(:)Tr(p(g))defect(P,g)(x) mod Z
Zi[ seF (g

for
defect(P, g)(z) = {(Tr(g on V1) — Tr(g on V2))/det(I — dg)}(x).

We shall use this result in the next section and also in section 4.9 to
discuss the eta invariant for sherical space forms.



4.6. The Eta Invariant and the K-Theory of
Spherical Space Forms.

So far, we have used K-theory as a tool to prove theorems in analysis.
K-theory and the Chern isomorphism have played an important role in our
discussion of both the index and the twisted index theorems as well as in
the regularity of eta at the origin. We now reverse the process and will use
analysis as a tool to compute K-theory. We shall discuss the K-theory of
spherical space forms using the eta invariant to detect the relevant torsion.

In section 4.5, Corollary 4.5.9, we discussed the equivariant computation
of the eta invariant. We apply this to spherical space forms as follows. Let
G be a finite group and let 7: G — U(l) be a fixed point free representation.
We suppose det(I—7(g)) # 0 for g # I. Such a representation is necessarily
faithful; the existence of such a representation places severe restrictions on
the group G'. In particular, all the Sylow subgroups for odd primes must be
cyclic and the Sylow subgroup for the prime 2 is either cyclic or generalized
quaternionic. These groups have all been classified by (Wolf, Spaces of
Constant Curvature) and we refer to this work for further details on the
subject.

7(G) acts without fixed points on the unit sphere S%~1 in C!. Let M =
M(7) = S%=1/7(G). We suppose | > 1 so, since SZ~1 is simply connected,
7 induces an isomorphism between G and 71 (M). M inherits a natural
orientation and Riemannian metric. It also inherits a natural Cauchy-
Riemann and SPIN. structure. (M is not necessarily a spin manifold). The
metric has constant positive sectional curvature. Such a manifold is called
a spherical space form; all odd dimensional compact manifolds without
boundary admitting metrics of constant positive sectional curvature arise
in this way. The only even dimensional spherical space forms are the sphere
S2! and the projective space RP?'. We concentrate for the moment on the
odd dimensional case; we will return to consider RP? later in this section.

We have the geometrical argument:

T(S* M) o1 =T[R")|gur = 5% xR* = 527! x C'

is the trivial complex bundle of dimension [. The defining representation
T is unitary and acts naturally on this bundle. If V. is the locally flat
complex bundle over M (7) defined by the representation of m (M (7)) = G,
then this argument shows

(Ve)reat = T(M (7)) & 1;

this is, of course, the Cauchy-Riemann structure refered to previously. In
particular V. admits a nowhere vanishing section so we can split V, = V; 1
where V; is an orthogonal complement of the trivial bundle corresponding
to the invariant normal section of T'(R?)|g2i—1. Therefore

D (DAY (V) =) (DAY (Viel) = Y (1) {AY (Vi)eAr T ()} =0

v v v
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in K(M). This bundle corresponds to the virtual representation o =
>, (=1)YA¥(7) € Ro(G). This proves:

LEMMA 4.6.1. Let 7 be a fixed point free representation of a finite group
G in U(l) and let M (1) = S*71/7(G). Let a = (—1)"A”(7) € Ro(G).
Then:

T(M(T)@&1=Vi)wea  and  Vy =0in K(M(7)).

The sphere bounds a disk D% in C!. The metric is not product near
the boundary of course. By making a radial change of metric, we can put
a metric on D?' agreeing with the standard metric at the origin and with
a product metric near the boundary so that the action of O(2l) continues
to be an action by isometries. The transition functions of V, are unitary
so T (M (7)) inherits a natural SPIN, structure. Let % = signature or Dol-
beault and let A, be the tangential operator of the appropriate elliptic
complex over the disk. 7(G) acts on D?' and the action extends to an ac-
tion on both the signature and Dolbeault complexes. There is a single fixed
point at the origin of the disk. Let defect(7(g),*) denote the appropriate
term from the Lefschetz fixed point formulas. Let {\,} denote the com-
plex eigenvalues of 7(g), and let 7(g), denote the corresponding element of
SO(21). It follows from section 4.5 that:

Ay +1

defect(7(g), signature) = SO

defect(7(g), Dolbeault) = % _ H /\V/\i o

We apply Corollary 4.5.9 to this situation to compute:

4.6.2. Let 7:G — U(l) be a fixed point free representation of a finite

group. Let M (1) = S?=!/7(G) be a spherical space form. Let x = signa-
ture or Dolbeault and let A, be the tangential operator of the appropriate
elliptic complex. Let p € Ro(G) be a virtual representation of dimension
0. Then:

n((As),) = ﬁ Z Tr(p(g)) defect(7(g), *) in R mod Z.

geG
g#1

Remark: A priori, this identity is in R mod Z. It is not difficult to show
that this generalized Dedekind sum is always Q mod Z valued and that
|G|'} € Z so one has good control on the denominators involved.

The perhaps somewhat surprising fact is that this invariant is polyno-
mial. Suppose G = Z,, is cyclic. Let = (x1,...,x;) be a collection of
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indeterminates. Let Td and L be the Todd and Hirzebruch polynomials
discussed previously. We define:

Tdo(2) = 1 Lo(f) = 1

le ZIE‘J Ll(f) =0

Tdy () = 12{Zwk+<z )2} Lo(@) = 3 34

i<k

where we have renumbered the L polynomials to be homogeneous of degree
k. Let s be another parameter which represents the first Chern class of a
line bundle. The integrands of the index formula are given by:

P,(s; ; signature) = Z s/ Ly, (%)27 /5!
J+k=l

P,(s; Z; Dolbeault) Z s’ Tdy(%)/5! .
Jt+k=l

Let u(l) denote the least common denominator of these rational polynomi-
als.

We identify Z, with the group of n'® roots of unity in C. Let p,(\) =
A? for 0 < s < n parameterize the irreducible representations. If ¢ =
(q1,---,q) is a collection of integers coprime to n, let 7= pg, & --- D py,
so 7(A) = diag(A%, ..., A\?). This is a fixed pont free representation; up to
unitary equivalence any fixed point free representation has this form. Let
L(n; @) = M(7) = S?~1/7(Z,) be the corresponding spherical space form;
this is called a lens space.

LEMMA 4.6.3. Let M = L(n;q’) be a lens space of dimension 2l — 1. Let
e € Z satisty eqy ...q = 1 mod n-pu(l). Let * = signature or Dolbeault and
let A, be the tangential operator of the corresponding elliptic complex. Let
P,(s; x; %) denote the corresponding rational polynomial as defined above.
Then

ind(ps — po, As) = —%{Pg(s;n,cj’; x) — P (0;m, q; *)} mod Z.

Remark: If M admits a spin structure, there is a corresponding formula
for the tangential operator of the spin complex. This illustrates the close
relationship between the Lefschetz fixed point formulas, the Atiyah-Singer
index theorem, and the eta invariant, as it ties together all these elements.
Ifl=2s0 M = L(n;1,q) then

3 q
lnd(ps — Po, Asignature) =——" (28)2 .
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which is the formula obatined previously in section 4.4.

ProOF: We refer to (Gilkey, The eta invariant and the K-theory of odd
dimensional spherical space forms) for the proof; it is a simple residue
calculation using the results of Hirzebruch-Zagier.

This is a very computable invariant and can be calculated using a com-
puter from either Lemma 4.6.2 or Lemma 4.6.3. Although Lemma 4.6.3 at
first sight only applies to cyclic groups, it is not difficult to use the Brauer
induction formula and some elementary results concerning these groups to
obtain similar formulas for arbitrary finite groups admitting fixed point
free representations.

Let M be a compact manifold without boundary with fundamental group
G. If p is a unitary representation of G and if P is a self-adjoint elliptic
differential operator, we have defined the invariant 77(F,) as an R mod Z
valued invariant. (In fact this invariant can be defined for arbitrary repre-
sentations and for elliptic pseudo-differential operators with leading symbol
having no purely imaginary eigenvalues on S(7*M) and most of what we
will say will go over to this more general case. As we are only interested in
finite groups it suffices to work in this more restricted category).

Let R(G) be the group representation ring of unitary virtual representa-
tions of G and let Ry(G) be the ideal of virtual representations of virtual
dimension 0. The map p — V, defines a ring homomorphism from R(G) to
K(M) and Ry(G) to K(M). We shall denote the images by Kgaq (M) and
Kila (M); these are the rings generated by virtual bundles admitting locally
flat structures, or equivalently by virtual bundles with constant transition
functions. Let P be a self-adjoint and elliptic differential oprator. The
map p — 7(A,) is additive with respect to direct sums and extends to a
map R(G) — R mod Z as already noted. We let ind(p, P) be the map
form Ryp(G) to R mod Z. This involves a slight change of notation from
section 4.4; if p is a representation of GG, then

ind(p — dim(p) - 1, P)

denotes the invariant previously defined by ind(p, P). This invariant is con-
stant under deformations of P within this class; the Atiyah-Patodi-Singer
index theorem for manifolds with boundary (Theorem 4.3.11) implies it is
also an equivariant cobordism invariant. We summarize its relevant prop-
erties:

LEMMA 4.6.4. Let M be a compact smooth manifold without boundary.
Let P be a self-adjoint elliptic differential operator over M and let p €
Ro(m(M)).

(a) Let P(a) be a smooth I-parameter family of such operators, then
ind(p, P(a)) is independent of a in R mod Z. If G is finite, this is Q mod Z
valued.
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(b) Let P be a first order operator. Suppose there exists a compact mani-
fold N with dN = M. Suppose there is an elliptic complex Q: C* (V) —
C>°(V3) over N so P is the tangential part of Q. Suppose the virtual bundle
V, can be extended as a locally flat bundle over N. Then ind(p, P) = 0.

PRrROOF: The first assertion of (a) follows from Lemma 4.4.1. The locally
flat bundle V, is rationally trivial so by multipying by a suitable integer
we can actually assume V), corresponds to a flat structure on the difference
of trivial bundles. The index is therefore given by a local formula. If we
lift to the universal cover, we multiply this local formula by |G|. On the
universal cover, the index vanishes identically as m; = 0. Thus an integer
multiple of the index is 0 in R/Z so the index is in Q/Z which proves
(a). To prove (b) we take the operator () with coefficients in V,,. The
local formula of the heat equation is just multiplied by the scaling constant,
dim(p) = 0 since V, is locally flat over N. Therefore Theorem 4.3.11
yields the identity index(Q, B, coeff in V,,) = 0 —ind(p, P). As the index is
always an integer, this proves (b). We will use (b) in section 4.9 to discuss
isospectral manifolds which are not diffeomorphic.

Examle 4.4.2 shows the index is not an invariant in K-theory. We get
K-theory invariants as follows:

LEMMA 4.6.5. Let M be a compact manifold without boundary. Let P
be an elliptic self-adjoint pseudo-differential operator. Let p, € Ro(m1(M))
and define the associative symmetric bilinear form on Ry ® Ry by:

ind(p1, p2, P) = ind(p1 ® p2, P).

This takes values in Q mod Z and extends to an associative symmetric
bilinear form ind(x, %, P): Kqat (M) ® Kaat (M) — Q mod Z. If we consider
the dependence upon P, then we get a trilinear map

ind: Koy (M) ® Kgag (M) @ K (S(T*M))/K (M) — Q mod Z.

PRrOOF: The interpretation of the dependence in P as a map in K-theory
follows from 4.3.3 and is therefore omitted. Any virtual bundle admitting
a locally flat structure has vanishing rational Chern character and must
be a torsion class. Once we have proved the map extends to K-theory, it
will follow it must be Q mod Z valued. We suppose given representations
p1, p1, p2 and a bundle isomorphism V,, = V; . Let j = dim(p;) and
k = dim(ps). If we can show

ind((p1 — §) ® (p2 — k), P) = ind((p1 — §) © (p2 — k), P)

then the form will extend to Kgqag (M) ® Kt (M) and the lemma will be
proved.
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We calculate that:
ind((p1 = j) © (p2 — k), P)
= ﬁ(Ppl®P2) +J- kﬁ(P) —J 'ﬁ(sz) _k'ﬁ(Ppl)
= ﬁ{(Pm)Pz} — k- TNI(Pm) -7 {ﬁ(sz) — k- ﬁ(P)}
= ind(pQ?Ppl) —J- ind(p27P)'
By hypothesis the bundles defined by p; and p; are isomorphic. Thus
the two operators P, and P; are homotopic since they have the same
leading symbol. Therefore ind(ps, P,, ) = ind(p2, Ps, ) which completes the
proof. We remark that this bilinear form is also associative with respect to
multiplication by R(G) and Kgat (M).
We will use this lemma to study the K-theory of spherical space forms.

LEMMA 4.6.6. Let 7 be a fixed point free representation of a finite group
G'. Define

ind,(p1, p2) = ﬁ > Tr(py @ pz)(g)%'
geG
g#1

Leta=)" (—1)"A"(1) € Ry(G). Let p1 € Ry(G) and suppose ind,(p1, p2)
=0 in Qmod Z for all ps € Ry(G). Then ps € aR(G).

PRrOOF: The virtual representation « is given by the defining relation that
Tr(a(g)) = det(I — 7(g)). det(r) defines a 1-dimensional representation
of G; as this is an invertible element of R(G) we see that the hypothesis
implies
1

el > Tr(pr @ p2)/det(I—7(g)) €Z  for all py € Ro(G).

geG
g#1

If f and f are any two class functions on G, we define the symmetric inner
product (f, f) = ﬁ dea f(g)f(g). The orthogonality relations show that
f is a virtual character if and only if (f, Tr(p)) € Z for all p € R(Z). We

define:
f(g) =Tr(p1(g))/ det(I —7(g9))  for g #1
flg) ==Y Tr(pi(h))/det(I—7(h)) ifg=1I

hea
h#I

Then (f,1) = 0 by definition. As (f, p2) € Z by hypothesis for p, € Ry(G)
we see (f,p2) € Z for all po € R(G) so f is a virtual character. We let
Tr(p)(g) = f(g). The defining equation implies:

Tr(p @ a)(g) = Tr(p1(g))  forallg e G.
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This implies p1 = p ® a and completes the proof.

We can now compute the K-theory of odd dimensional spherical space
forms.

THEOREM 4.6.7. Let 7: G — U(l) be a fixed point free representation of a
finite group G. Let M (1) = S*=1/7(G) be a spherical space form. Suppose
[>1. Let a=) (—=1)"A"(7) € Ro(G). Then Kga (M) = Ro(G)/aR(G)
and

ind(*v *, ADolbeault ): I?ﬂat (M) Y kﬂat (M) — Q mod Z

is a non-singular bilinear form.

Remark: Tt is a well known topological fact that for such spaces K=K flat
so we are actually computing the reduced K-theory of odd dimensional
spherical space forms (which was first computed by Atiyah). This particu-
lar proof gives much more information than just the isomorphism and we
will draw some corollaries of the proof.

PROOF: We have a surjective map Ro(G) — Kgai (M). By Lemma 4.6.1
we have a — 0 so aR(G) is in the kernel of the natural map. Conversely,
suppose V, = 0 in K. By Lemma 4.6.5 we have ind(p, p1, Apolbeaurt ) = 0 for
all p1 € Ro(G). Lemma 4.6.2 lets us identify this invariant with ind,(p, p1).
Lemma 4.6.6 lets us conclude p € aR(G). This shows the kernel of this
map is precisely aR(G) which gives the desired isomorphism. Furthermore,
p € ker(ind.(p,*)) if and only if p € aR(G) if and only if V, = 0 so the
bilinear form is non-singular on K.

It is possible to prove a number of other results about the K-theory ring
using purely group theoretic methods; the existence of such a non-singular
associative symmetric Q mod Z form is an essential ingredient.

COROLLARY 4.6.8. Adopt the notation of Theorem 4.6.7.

(a) K(M) only depends on (G,1) as a ring and not upon the particular T
chosen.

(b) The index of nilpotency for this ring is at most [—i.e., if p, € Ry(G)
then [[,,<, pv € aRo(G) so the product of | virtual bundles of K (M)
always gives 0 in K (M).

(c) Let V€ K(M). Then V = 0 if and only if 7*(V)) = 0 for all possible
covering projections m: L(n;q) — M by lens spaces.

There is, of course, a great deal known concerning these rings and we refer
to (N. Mahammed, K-theorie des formes spheriques) for further details.

If G = Z,, then the resulting space is RP?~! which is projective space.
There are two inequivalent unitary irreducible representations pg, p1 of
G. Let x = p; — po generate Ry(Zs) = Z; the ring structure is given by
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x? = —2x. Let A be the tangential operator of the Dolbeault complex:

ind(z, A) = % Tr(z(=1)) - det(— 1)/ det((=I); — T,)

——

using Lemma 4.6.2. Therefore ind(x,z, A) = 27*! which implies that
K(RP?-') = Z/2'='Z. TLet L = V,, be the tautological bundle over
RP? =1, It is 27! x C modulo the relation(z,z) = (—x,—z). Using
Clifford matrices we can construct a map e: S?'=! — U(2!71) such that
e(—z) = —e(z). This gives an equivariant trivialization of $2/~1 x €2~
which descends to give a trivialization of 2= - L. This shows explicitly
that 2'=1(L — 1) = 0 in K(RP?~!); the eta invariant is used to show no

lower power suffices. This proves:

COROLLARY 4.6.9. Let M = RP?~! then K(M) ~ Z/2'"'Z where the
ring structure is > = —2u.

Let [ =2 and let G = Z,, be cyclic. Lemma 4.6.3 shows

_q/ 82

5

ind(ps — po, AbDolbeault ) =

Let & = p1 — po 50 2% = py — po — 2(p1 — po) and

—q" 4-2

2

ind(!E, Z, ADolbeault ) =

is a generator of Z[+] mod Z. As 2> =0 in K and as z - R(G) = Ro(G) we
see:

COROLLARY 4.6.10. Let M = L(n;1,q) be a lens space of dimension 3.
K(M) = Z,, with trivial ring structure.

We have computed the K-theory for the odd dimensional spherical space
forms. K (S%) = Z and we gave a generator in terms of Clifford algebras
in Chapter 3. To complete the discussion, it suffices to consider even di-
mensional real projective space M = RP?. As Heven (M;Q) =0, K is
pure torsion by the Chern isomorphism. Again, it is known that the flat
and regular K-theory coincide. Let x = L —1 =V, — V, . This is the
restriction of an element of I?(RPQZH) so 2!z = 0 by Corollary 4.6.9. It
is immediate that 22 = —2z. We show K(RP2+1) = Z/2!Z by giving a
surjective map to a group of order 2'.

We construct an elliptic complex Q over the disk D2+, Let {eq,..., e}
be a collection of 2! x 2! skew-adjoint matrices so ejex+ege; = —20;5,. Up to
unitary equivalence, the only invariant of such a collection is Tr(eq .. .eq;) =
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+(2i)!. There are two inequivalent collections; the other is obtained by
taking {—eq,..., —eg}. Let @ be the operator Zj e;0/0x; acting to map
Q: C> (V1) — (V) where V; are trivial bundles of dimension 2! over
the disk. Let g(x) = —z be the antipodal map. Let g act by +1 on Vj
and by —1 on V5, then g@) = Qg so this is an equivariant action. Let A
be the tangential operator of this complex on S% and A the corresponding
operator on S /Zy = M. A is a self-adjoint elliptic first order operator on

C’oo(lzl ). If we replace @@ by —@, the tangential operator is unchanged so
A is invariantly defined independent of the choice of the {e;}. (In fact, 4
is the tangential operator of the PIN, complex.)

The dimension is even so we can apply Corollary 4.5.9 to conclude

() = 5 - det(Tr — (~Tan)) ™ (2!~ (-2)) =27,

If we interchange the roles of V; and V5, we change the sign of the eta
invariant. This is equivalent to taking coefficients in the bundle L =V, .
Let x = L — 1 then ind(p; — pg, A) = =277t —27I=1 = 271,

The even dimensional rational cohomology of S(T*M) is generated by
HO and thus K (S(T*M))/K(M)® Q = 0. Suppose 2= -2 = 0 in K (M).
Then there would exist a local formula for 2!~ ind(p; — po, *) so we could
lift this invariant from Q mod Z to Q. As this invariant is defined on the
torsion group K (S(T*M))/K (M) it would have to vanish. As 2'~!ind(p; —
po, A) = —% does not vanish, we conclude 2!~! - x is non-zero in K-theory
as desired. This proves:

COROLLARY 4.6.11. K(RP?) ~ Z/2'Z. If &+ = L — 1 is the generator,
then x? = —2z.

We can squeeze a bit more out of this construction to compute the
K-theory of the unit sphere bundle K(S(7T*M)) where M is a spherical
space form. First suppose dim M = 21 —1is odd so M = S?'~! /7(G) where
T is a unitary representation. Then M has a Cauchy-Riemann structure
and we can decompose T* (M) = 16V where V admits a complex structure;
T(M)®1= (V;)rear- Thus S(T*M) has a non-vanishing section and the
exact sequence 0 — K(M) — K(S(T*M)) - K(S(T*M))/K(M) — 0
splits. The usual clutching function construction permits us to identify
K(S(T*M))/K(M) with K(V). As V admits a complex structure, the
Thom isomorphism identifies K (V') = - K(M) where z is the Thom class.
This gives the structure K(S(T*M)) = K(M) @ xK(M). The bundle z
over S(T*M) can be taken to be II; (p) where p is the symbol of the tan-
gential operator of the Dolbeault complex. The index form can be regarded
as a pairing K (M) ® x - K(M) — Q mod Z which is non-degenerate.

It is more difficult to analyse the even dimensional case. We wish to
compute K(S(T*RP?)). 2'ind(p; — po,*) is given by a local formula
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since 2!z = 0. Thus this invariant must be zero as K(S(T*M))/K(M) is
torsion. We have constructed an operator A so ind(p; — po, A) = —27" and
thus ind(p1 — po, *): K(S(T*M))/K(M) — Z[27']/Z is surjective with the
given range. This is a cyclic group of order 2! so equivalently

ind(py — po, *): K(S(T*M))/K (M) — Z/2'Z — 0.

Victor Snaith (private communication) has shown us that the existence of
such a sequence together with the Hirzebruch spectral sequence in K-theory
shows

0— K(M)— K(S(T*M)) is exact and |K(S(T*M))/K(M)|=2!
so that index(p; — po, *) becomes part of a short exact sequence:
0— K(M)— K(S(T*M)) = Z/2'Z — 0.

To compute the structure of K(S(T*M)) = Z & K(S(T*M)), we must
determine the group extension.

Let x = L —1 =V, —V, generate K(M). Let y = Il (o, A)) —
2!=1 .1, then this exact sequence together with the computation ind(pg —
p1, A) = 27! shows K (S(T*M)) is generated by 2 and y. We know 2/a =
0 and that |K(S(T*M))| = 4'; to determine the additive structure of
the group, we must find the order of y. Consider the de Rham complex
(d+0): C®(A°v°R (D)) — C*(A°44(D)) over the disk. The antipodal map
acts by +1 on A® and by —1 on A°. Let A; be the tangential operator
of this complex. We decompose (d + 6) into 2! operators each of which
is isomorphic to +¢). This indeterminacy does not affect the tangential
operator and thus A; = 2! A.

The symbol of A; on A®°(D) is —ic(dn)c(¢) for ¢ € T*(M). Let
T{Oeven +Bodd } = Oeven +¢(dn)Boqq provide an isomorphism between A(M)
and A®¥°"(D|yr). We may regard A; as an operator on C*(A(M)) with
symbol a; given by:

a1 (2, ¢)(Beven + Ooaa) = {7~ - —ic(dn)c(C) - TH{Oeven + Ooaa }
= {771 —ic(dn)c(O) Heyen + c(dn)boqq }
= 77 —ic(dn)e(C)Beven — ic(C)0oaa }
= —ic(¢){feven + Oodd }

so that Al = —(d + (5) on COO(A(M)) Let E(eodd) = Oodd — iC(C)Hodd
provide an isomorphism between A°d4 (M) and I1 (@;). This shows:

2l Yy = AOdd(M) o 22[—1 1.
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Let v(W) = W — dim(WW) - 1 be the natural projection of K (M) on
K(M). We wish to compute 7(A°34(M)). As complex vector bundles we
have T*(M) @ 1 = (2 + 1) - L so that we have the relation A7(T*M) @
A =N (T M) = (*'F1) - L7, This yields the identities:

Y(AI(T* M) + (N~ HT*M)) =0 if j is even

: 21 + 1
(AT (T*M)) + (AT ~H(T* M) ( Lt > if j is odd.

Thus (A (T*M)) = y(M72(T*M)) + (*F1)~(L) if j is odd. This leads
to the identity:

YATH ) = { (G + G + o+ (T | D)

AT M) = (1) + =D+ GED (D).
We complete this calculation by evaluating this coefficient. Let

()= %((t +1)2F — (¢ — 1))
— 2 (2l—1{—1) 4 212 (21;1) g2 @ii}) Y
f'(t) = %(QZ +D(E+ D) — (1))

_ 20—1 2041 203 20+1 2041
—2-{t (Y 4t -(l—l)-(3)+---+t-1-(2l_1)}.
We evaluate at ¢t = 1 to conclude:

() + =D + -+ G5
=1f(1) =12 +1)2% = (20 + 1)4""".

Therefore:
2oy =20 +1)-471(L - 1).

If [ = 1, this gives the relation 2y = 3x = x so IN((S(T*M)) = Z,.
In fact, S(T*M) = S3/Z, is a lens space so this calculation agrees with
Corollary 4.6.10. If [ > 1, then 2! |4'~1 so 2! .y = 0. From this it follows
K(S(T*M)) = Z/2'Z.&Z/2'Z and the short exact sequence actually splits
in this case. This proves:

THEOREM 4.6.12 (V. SNAITH). Let X = S(T*(RP?)) be the unit
tangent bundle over even dimenional real projective space. If | = 1 then
K(X) = Z ® Zy4. Otherwise K(X) = Z ® Z/2'Z ® Z/2'Z. The map
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ind(x, x) gives a perfect pairing K(RP?*)® K(X)/K(RP?) - Q mod Z.
The generators of K (X) are {1,x,y} forx = L — 1 and y = ~I1, (a).
Remark: This gives the additive structure. We have 22 = —2x. We can
calculate x - y geometrically. Let p(u) =) v -e;. We regard p:1¥ — LY
for v = 2/ over RPyl. Let a;, = a® I on LY. Then parp = aj so
Iy (a) ® L =Ix(a). Therefore:

(L-1)® (H+(a) . 12"1) = —9=(L - 1)+ (L ® 1L, (@) — IL, (a))
=2"NL-1)+1_(a) - I, (a)
=21 (L - 1)+ Ty (a) +T1_(a) — 211, (a)
=2t . p — 2y

so that o -y = 2/=1 . 2 — 2y. This gives at least part of the ring structure;
we do not know a similar simple geometric argument to compute y - y.



4.7. Singer’s Conjecture for the Euler Form.

In this section, we will study a partial converse to the Gauss-Bonnet
theorem as well as other index theorems. This will lead to information
regarding the higher order terms which appear in the heat equation. In a
lecture at M.I.T., I. M. Singer proposed the following question:

Suppose that P(G) is a scalar valued invariant of the metric such that
P(M) = [,, P(G)dvol is independent of the metric. Then is there
some universal constant ¢ so that P(M) = cx(M)?

Put another way, the Gauss-Bonnet theorem gives a local formula for a
topological invariant (the Euler characteristic). Is this the only theorem
of its kind? The answer to this question is yes and the result is due to
E. Miller who settled the conjecture using topological means. We also
settled the question in the affirmative using local geometry independently
and we would like to present at least some the the ideas involved. If the
invariant is allowed to depend upon the orientation of the manifold, then
the characteristic numbers also enter as we shall see later.

We let P(g;;/) be a polynomial invariant of the metric; real analytic
or smooth invariants can be handled similarly. We suppose P(M) =
[ P(G) dvol is independent of the particular metric chosen on M.

LEMMA 4.7.1. Let P be a polynomial invariant of the metric tensor with
coefficients which depend smoothly on the g;; variables. Suppose P(M) is
independent of the metric chosen. We decompose P = P, for P, € Py, p,
homogeneous of order n in the metric. Then P, (M) is independent of the
metric chosen separately for each n; P,(M) = 0 for n # m.

PRroOOF: This lets us reduce the questions involved to the homogeneous
case. If we replace the metric G by ¢*G then P,(c*G) = ¢ "P,(G)
by Lemma 2.4.4. Therefore [,, P(c*G)dvol(c*G) = Y7, ™™™ [y, Pu(G).
Since this is independent of the constant ¢, P, (M) = 0 for n < m and
P, (M) = P(M) which completes the proof.

If @ is 1-form valued, we let P = div () be scalar valued. It is clear that
[ divQ(G) dvol(G) = 0 so P(M) = 0 in this case. The following gives a
partial converse:

LEMMA 4.7.2. Let P € Py, for n # m satisfy P(M) = [, P(G)dvol
is independent of the metric G. Then there exists Q € Py, n—1,1 so that
P =divQ.

PROOF: Since n # m, P(M) = 0. Let f(x) be a real valued function
on M and let Gy be the metric e!/(*)G. If n = 0, then P is constant so
P = 0 and the lemma is immediate. We assume n > 0 henceforth. We let
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P(t) = P(et’®) G) and compute:

% (P @) dvol(e ™) @) = % (P @)e!™I@)/2) dvol(G)
= Q(G, f) dvol(G).

Q(f,G) is a certain expression which is linear in the derivatives of the

scaling function f. We let f.;, . ;, denote the multiple covariant derivatives
of f and let f.;, ;, denote the symmetrized covariant derivatives of f. We

can express
= Z Qi iy i iy

where the sum ranges over symmetric tensors of length less than n. We
formally integrate by parts to express:

Q(f.G) =divR(f,G)+ Y (=1)"Qi, .ipeir i, |-

By integrating over the structure group O(m) we can ensure that this
process is invariantly defined. If S(G) = > (=1)PQi,. i, ...i, then the

identity: ’
0= Q(f,G)dvol(G G) f dvol(G)
M M

is true for every real valued function f. This implies S(G) = 0so Q(f,G) =
div R(f,G). We set f = 1. Since

etm/2P(€tG) — e(m—n)t/2 P(G),

we conclude Q(1,G) = 252 P(G) so P(G) = —%-div R(1,G) which com-
pletes the proof.

There is a corresponding lemma for form valued invariants. The proof is
somewhat more complicated and we refer to (Gilkey, Smooth invariants of
a Riemannian manifold) for further details:

LEMMA 4.7.3.

(a) Let P € Py pyp. We assume n # p and dP = 0. If p = m, we
assume [, P(G) is independent of G for every G on M. Then there exists
Q € Pmpn—1,p—1 so that dQ = P.

(b) Let P € Ppynp. We assume n # m —p and 6P = 0. If p = 0 we
assume [, P(G)dvol is independent of G for every G in M. Then there
exists QQ € Py n—1,p+1 SO that 60Q) = P.

Remark: (a) and (b) are in a sense dual if one works with SO(m) invariance
and not just O(m) invariance. We can use this Lemma together with the
results of Chapter 2 to answer the generalized Singer’s conjecture:
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THEOREM 4.7.4.

(a) Let P be a scalar valued invariant so that P(M) = [, P(G)dvol is
independent of the particular metric chosen. Then we can decompose P =
¢ F,, +divQ where FE,, is the Euler form and where () is a 1-form valued
invariant. This implies P(M) = cx(M).

(b) Let P be a p-form valued invariant so that dP = 0. If p = m, we
assume P(M) = [, P(G) is independent of the particular metric chosen.
Then we can decompose P = R+ dQ. (@ isp — 1 form valued and R is a
Pontrjagin form.

PROOF: We decompose P = ) P; into terms which are homogeneous of

order j. Then each P; satisfies the hypothesis of Theorem 4.7.4 separately
so we may assume without loss of generality that P is homogeneous of order

n. Let P be as in (a). If n # m, then P = div @ be Lemma 4.7.2. If n = m,

we let Pr = r(P) € Pp-1,m. It is immediate [, P1(G1)dvol(G1) =
% fSlle P(1 x G) is independent of the metric Gy so P; satisfies the

hypothesis of (a) as well. Since m — 1 # m we conclude P; = div(@Q; for

Q1 € Pm—1,m—1,1- Since r is surjective, we can choose @} € Ppym—1,1 50O
r(Q) = Q1. Therefore r(P—divQ) = P; —divQ; = 0 so by Theorem 2.4.7,

P —divQ = cE,, for some constant ¢ which completes the proof. (The fact

that r : Poynp — Pm—1n,p — 0 is, of course, a consequence of H. Weyl’s
theorem so we are using the full force of this theorem at this point for the

first time).

If P is p-form valued, the proof is even easier. We decompose P into ho-
mogeneous terms and observe each term satisfies the hypothesis separately.
If P is homogeneous of degree n # p then P = d() be Lemma 4.7.3. If P
is homogeneous of degree n = p, then P is a Pontrjagin form by Lemma
2.5.6 which completes the proof in this case.

The situation in the complex catagory is not as satisfactory.

THEOREM 4.7.5. Let M be a holomorphic manifold and let P be a scalar
valued invariant of the metric. Assume P(M)= [, P(G)dvol is indepen-
dent of the metric G. Then we can express P = R+ divQ +&. Q@ is a
1-form valued invariant and P = *R' where R’ is a Chern form. The ad-
ditional error term & satisfies the conditions: r(£) =0 and & vanishes for
Kaehler metric. Therefore P(M) is a characteristic number if M admits a
Kaehler metric.

The additional error term arises because the axiomatic characterization
of the Chern forms given in Chapter 3 were only valid for Kaehler metrics.
& in general involves the torsion of the holomorphic connection and to show
divQ’ = &€ for some (' is an open problem. Using the work of E. Miller,
it does follow that [&dvol = 0 but the situation is not yet completely
resolved.
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We can use these results to obtain further information regarding the
higher terms in the heat expansion:

THEOREM 4.7.6.
(a) Let ay,(x,d + §) denote the invariants of the heat equation for the
de Rham complex. Then

(i) ap(z,d+ ) =0 if m or n is odd or if n < m,

(ii) ap(x,d+ ) = E,, is the Euler form,

(iii) If m is even and if n > m, then a,(x,d + 0) # 0 in general. However,
there does exist a 1-form valued invariant qp, , SO an = div ¢, , and
7(gm,n) = 0.

(b) Let aS#® (x, V) be the invariants of the heat equation for the signature

complex with coefficients in a bundle V. Then

(i) asi8" (2, V) =0 for n < m or n odd,
(ii) a$ie"(x,V) is the integrand of the Atiyah-Singer index theorem,
(iii) aSie" (x,V) = 0 for n even and n < m. However, there exists an m — 1

form valued invariant 3% (x, V') so that a38" = d(q38n).

A similar result holds for the invariants of the spin complex.

(c) Let aPoeavlt (3 V) denote the invariants of the heat equation for the
Dolbeault complex with coefficients in V. We do not assume that the
metric in question is Kaehler. Then:

(i) aletbeadlt (3 V) = div Qy,.n, where Qu,.p, is a 1-form valued invariant
for n # m,

(ii) aDetbeault (3 V) = div Q,, ,,+ the integrand of the Riemann-Roch the-
orem.

The proof of all these results relies heavily on Lemma 4.7.3 and 4.7.2
and will be omitted. The results for the Dolbeault complex are somewhat
more difficult to obtain and involve a use of the SPIN,. complex.

We return to the study of the de Rham complex. These arguments are
due to L. Willis. Let m = 2n and let a,, 42 (z,d+0) be the next term above
the Euler form. Then a,,42 = div Q41 where Qpy1 € Prym+1,1 satisfies
r(Qm+1) = 0. We wish to compute a,,42. The first step is:

LEMMA 4.7.7. Let m be even and let Q € Py, m+1,1 be 1-form valued.
Suppose r(Q)) = 0. Then Q is a linear combination of dE,, and ®,,, defined

by:

B, = Y sign(p) sign(7) - {(—87r)m/2 (% - 1)!}

k,p,T

—1

(2 1
X Ro(1)p@r (ki Ro(3)p@)r(3)r(4) - - Rp(m—1)p(m)r(m=1)r(m) € ) € A

where {el,... e™} are a local orthonormal frame for T* M .
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PRrROOF: We let Ae* be a monomial of P. We express A in the form:

A= Givji/ar - Givjr)ar-

By Lemma 2.5.5, we could choose a monomial B of P with deg,(B) = 0
for £ > 2¢(A) = 2r. Since r(Q) = 0, we conclude 2r > m. On the other
hand, 2r <3 |a,| =m + 1 so we see

m<2r<m-+ 1.

Since m is even, we conclude 2r = m. This implies one of the |, | = 3 while
all the other |a, | = 2. We choose the notation so |a1| = 3 and |, | = 2 for
v > 1. By Lemma 2.5.1, we may choose A in the form:

A= 9557111962 [kals - - - irijr /el

We first suppose deg;(A) = 3. This implies A appears in the expression
Ae' in P so deg;(A) > 2 is even for j > 1. We estimate 2m + 1 =
Ar+1 =) deg;(A) =3+ ;. deg;(4) > 3+2(m—1) =2m+1 to
show deg;(A) = 2 for j > 1. If m = 2, then A = gg3/111 which shows
dimN(r) = 1 and @ is a multiple of dF5. We therefore assume m > 2.
Since degj(A) = 2 for j > 1, we can apply the arguments used to prove
Theorem 2.4.7 to the indices 7 > 1 to show that

922/111933/44 + - - Im—1/mm e!

is a monomial of P.

Next we suppose deg;(A) > 3. If deg; (A) is odd, then deg;(A4) > 2 is
even for j > 2 implies 2m+1 = 4r+1 = 3. deg;(4) > 5+2(m—1) = 2m+3
which is false. Therefore deg;(A) is even. We choose the notation in this
case so Ae” appears in P and therefore deg, (A) is odd and deg;(A) > 2 for
j > 2. This implies 2m +1=4r+1=deg;(4) > 4+1+ >, ,deg;(4) >
54 2(m —2) = 2m + 1. Since all the inequalities must be equalities we
conclude

deg,(A) =4, degy(A) =1, degs(A)=2forj>2.

We apply the arguments of the second chapter to choose A of this form
so that every index j > 2 which does not touch either the index 1 or the
index 2 touches itself. We choose A so the number of indices which touch
themselves in A is maximal. Suppose the index 2 touches some other index
than the index 1. If the index 2 touches the index 3, then the index 3
cannot touch itself in A. An argument using the fact deg,(A) = 1 and
using the arguments of the second chapter shows this would contradict the
maximality of A and thus the index 1 must touch the index 2 in A. We use
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non-linear changes of coordinates to show gi5/11; cannot divide A. Using
non-linear changes of coordinates to raplace g44/12 by g12/44 if necessary,
we conclude A has the form

A= 933/111912/44955/66 - - - 9m—1,m—1/mm. -

This shows that if m > 4, then dAimN(r: Ppymt1,1 = Pr—tm1,1) < 2.
Since these two invariants are linearly independent for m > 4 this completes
the proof of the lemma.

We apply the lemma and decompose
mt2(x,d+9) = c1(m)(Ep) kk + c2(m) div @y,

The ¢1(m) and co(m) are universal constants defending only on the dimen-
sion m. We consider a product manifold of the form M = S% x M™2 to
define a map:

r@2): 7Dm,n,O — @ 7Dm—2,q,0 .

q<n

This restriction map does not preserve the grading since by throwing deriva-
tives to the metric over S?, we can lower the order of the invariant involved.

Let z; € S? and o € M™~2. The multiplicative nature of the de Rham
complex implies:

an(x,d+6) = Z aj(xl,cH— 0)sz ag(xa,d~+ &) ppm—2.
jt+k=m

However, a;(z1,d+ d) is a constant since S? is a homogeneous space. The
relations [g, aj(w1,d +§) = 2; 2 implies therefore

1
an(x,d+6) = %an_Q(IL‘Q,d_‘_ J)

so that

1
m o m—2
T(2) Ao = %am

Since 72y (Em ) ki = %(Em_z);kk and r(gy div ®,, = % div ®,,,_», we con-

clude that in fact the universal constants ¢; and ¢y do not depend upon m.
(If m = 2, these two invariants are not linearly independent so we adjust
c1(2) = ¢1 and ¢2(2) = ¢9). It is not difficult to use Theorem 4.8.16 which
will be discussed in the next section to compute that if m = 4, then:

1 1
aﬁ(x,d+5) = E(Em);kk — gdiV(I)m-

We omit the details of the verification. This proves:
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THEOREM 4.7.8. Let m be even and let a,,y2(x,d + &) denote the in-
variant of the Heat equation for the de Rham complex. Then:

1 1
_(Em);k:k: - 6 div (I)m.

Am+2 = 12

We gave a different proof of this result in (Gilkey, Curvature and the heat
equation for the de Rham complex). This proof, due to Willis, is somewhat
simpler in that it uses Singer’s conjecture to simplify the invariance theory
involved.

There are many other results concerning the invariants which appear in
the heat equation for the de Rham complex. Gunther and Schimming have
given various shuffle formulas which generalize the alternating sum defined
previously. The combinatorial complexities are somewhat involved so we
shall simply give an example of the formulas which can be derived.

THEOREM 4.7.9. Let m be odd. Then
m 0 ifn<m-—1
S0 - pante A7) = {

E,_4 ifn=m-—1.

Proor: We remark that there are similar formulas giving the various

Killing curvatures Ej, for £ < m in all dimensions. Since 7: Py, n = Prm—1.n
for n < m is an isomorphism, it suffices to prove this formula under restric-
tion. Since r(an(x, AJ')) = an(z, A1) + an(z, A]T__ll) we must study

D (1P (m = p)(an(z, AP~Y) + an(z, AJSY) = (=1)Pan(z, AT

and apply Theorem 2.4.8.

We remark that all the shuffle formulas of Gunther and Schimming (in-
cluding Theorem 4.7.9) have natural analogues for the Dolbeault complex
for a Kaehler metric and the proofs are essentially the same and rely on
Theorem 3.6.9 and 3.4.10.



4.8. Local Formulas for the Invariants
Of the Heat Equation.

In this subsection, we will compute a, (z, A;*) for n = 0,1,2. In princi-
ple, the combinatorial formulas from the first chapter could be used in this
calculation. In practice, however, these formulas rapidly become much too
complicated for practical use so we shall use instead some of the functorial
properties of the invariants involved.

Let P: C*° (V) — C*° (V) be a second order elliptic operator with leading
symbol given by the metric tensor. This means we can express:

P=— (Z gijaz/axiaxj + ZAka/axk + B)

1,7 k

where the A, B are endomorphisms of the bundle V' and where the lead-
ing term is scalar. This category of differential operators includes all the
Laplacians we have been considering previously. Our first task is to get a
more invariant formulation for such an operator.

Let V be a connection on V' and let E € C°°(END(V')) be an endomor-
phism of V. We use the Levi-Civita connection on M and the connection
V on V to extend V to tensors of all orders. We define the differential
operator Py by the diagram:

Po:C®(V) % C®(T* M @ V) S C¥(T* M o T* M & V) ——s 0 (V).
Relative to a local orthonormal frame for 7% M, we can express
Po(f)=—f it
so this is the trace of second covariant differentiation. We define
P(V,E)=Py - FE

and our first result is:

LEMMA 4.8.1. Let P:C*>(V) — C>(V) be a second order operator
with leading symbol given by the metric tensor. There exists a unique
connection on V and a unique endomorphism so P = P(V, E).

ProOF: We let indices i, j, k index a coordinate frame for T'(M). We
shall not introduce indices to index a frame for V' but shall always use
matrix notation. The Christoffel symbols Fijk =TI, ; of the Levi-Civita
connection are given by:

L= %gkl(gil/j + 95175 — 9ij 1)
Vosow; (0/0x;) =Ti;*(0/0x)
Vosou, (dxj) = Tk (dzy)
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where we sum over repeated indices. We let § be a local frame for V' and
let w; be the components of the connection 1-form w so that:

V(f-§) =da' @ (0f /0w + wi(f)) - 5.
With this notational convention, the curvature is given by:
Qij =wji —wiyj Twiwj —wjw;  (Q=dw+wAw).
We now compute:
Vi(f-5) =do! @ de'@(d*f)0x;0n; + w;0f |0x; + T;*,0f /0wy
+wi0f /0xj + w;/i f +wjwi f + U;Fwef) -5
from which it follows that:
Py(f-53)=—{g"0f/0x;01; + (29" w; — ¢’ T ;1")0f | Ox;
+ (97 wis; + g7 wiw; — g T wr) f} - §
We use this identity to compute:
(P = Po)(f5) = —{(Ai — 29"w; + ¢"*Tj1")0f [Ox; + (+) f} - §

where we have omitted the 0*® order terms. Therefore (P — Py) is a 0!
order operator if and only if

A — 2gijw]~ + gijjki =0 or equivalently w; = %(gijAj + gijgklrklj).

This shows that the {w;} are uniquely determined by the condition that
(P — Py) is a 0" order operator and specificies the connection V uniquely.

We define:
E=Py—P so E=DB-—g9w; — g9wuw; + g7w,T;;".

We fix this connection V and endomorphism E determined by P. We
summarize these formulas as follows:
COROLLARY 4.8.2. If (V, E) are determined by the second order opera-
tor P = —(g"0*f/0x;0x; + A;0j /0x; + Bf) - 5, then

w; = L(9ijA; + 99" Tt

E =D - gijwi/j - gijwiwj + gijkaijk.

We digress briefly to express the Laplacian A, in this form. If V is the
Levi-Civita connection acting on p-forms, it is clear that A, — Py is a first
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order operator whose leading symbol is linear in the 1-jets of the metric.
Since it is invariant, the leading symbol vanishes so A, — Py is a 0'! order
and the Levi-Civita connection is in fact the connection determined by the
operator A,. We must now compute the curvature term. The operator
(d+ 9) is defined by Clifford multiplication:

(d + 8): C° (A(T*M)) — C(T*M ® A(T* M))

Clifford multiplication

s O (A(T*M)).

If we expand § = f; dovy and VO = dx; @ (0f;/0x; + Tir? fr) doy then it is
immediate that if “x” denotes Clifford multiplication,

(d—|— (5)(f[ d:(,'[) = (f[/i dx; * dl‘[) + (fIFiIJ dx; * d.TJ)
A(frdxr) = (frij doj * dog x dxp) + (f1Tirg5 dej « dog s dey) + - -

where we have omitted terms involving the 1-jets of the metric. Similary,
we compute:

Py (frdxr) = —g" fryi; der — g9 Tip5y5 frday + -+

We now fix a point xg of M and let X be a system of geodesic polar
coordinates centered at xg. Then I';;7/; =0 and U'sz5/; = %Rjiu gives the
curvature tensor at xp. Using the identities dx; * dv; + dx; * dov; = —20;;
we see f7/;; drj x dv; = — fr/;; and consequently:

(Pv—A)(f[ dl‘[) = —%Rijljf[ dl‘l*dl'] *dl‘J = ZRZ'j[Jf[ dl‘j *dl’l*d.TJ
1<j

This identity holds true at zg in geodesic polar coordinates. Since both

sides are tensorial, it holds in general which proves:

LEMMA 4.8.3. Let A, be the Laplacian acting on p-forms and let R;;ry
be the curvature tensor of the Levi-Civita connection. Then

(PV — Ap)(f[ dl‘[) = ZRij]Jf[ dl‘j * dl‘l * d:(,'J.
i<j
We now return to the problem of computing the invariants a, (z, P).

LEMMA 4.8.4. Let P be an operator as in Lemma 4.8.1. Then ag(x, P) =
(4m)~™/2 dim V.

ProOOF: We first consider the operator P = —9?/00% on the unit circle
[0,27]. The eigenvalues of P are {n?},cz. Since a¢ is homogeneous of
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order 0 in the jets of the symbol, ag(0, P) = ao(P)/vol(M) is constant.
We compute:

S et 2 / ao(0, P)do = t='/2(21)ae (0, P).
- M
However, the Riemann sums approximating the integral show that
_ oo _tx2 _ . _(ﬁn)Q
Nz /_oo e dx th_{% Xn: e Vit

from which it follows immediately that ao(f, P) = /x/(27) = (4mw)~ /2.
More generally, by taking the direct sum of these operators acting on
C>(S' x CF) we conclude ag(f, P) = (47)~ 2 dimV which completes
the proof if m = 1.

More generally, ag(z, P) is homogeneous of order 0 in the jets of the
symbol so ag(z, P) is a constant which only depends on the dimension of
the manifold and the dimension of the vector bundle. Using the additivity
of Lemma 1.7.5, we conclude ag(x, P) must have the form:

ap(xz, P) =c(m) - dim V.

We now let M = St x ---x S, the flat m-torus, and let A = — " 9%/962.
The product formula of Lemma 1.7.5(b) implies that:

ao(z,A) = [[ ao(6,, —9?/062) = (4m)~™/?

which completes the proof of the lemma.

The functorial properties of Lemma 1.7.5 were essential to the proof of
Lemma 4.8.4. We will continue to exploit this functoriality in computing
as and ay4. (In principal one could also compute ag in this way, but the
calculations become of formidable difficulty and will be omitted).

It is convenient to work with more tensorial objects than with the jets
of the symbol of P. We let dimV = k£ and dim M = m. We introduce
formal variables { R; iyizis;...» $2iyin;..., B, } for the covariant derivatives
of the curvature tensor of the Levi-Civita connection, of the curvature
tensor of V, and of the covariant derivatives of the endomorphism F.
We let & be the non-commutative algebra generated by these variables.
Since there are relations among these variables, S isn’'t free. If S € S
and if e is a local orthonormal frame for T*(M), we define S(P)(e)(x) =
S(G,V,E)(e)(x)(END(V)) by evaluation. We say S is invariant if S(P
S(P)(a) is independent of the orthonormal frame e chosen for T'(M).
define:

) =
We
ord(Riyiyigigsis...ix ) =k + 2
Ord(ﬂiliz;ig...ik) = k
ord(Ey, 4,) =k +2
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to be the degree of homogeneity in the jets of the symbol of P, and let
Smon,k be the finite dimensional subspace of S consisting of the invariant
polynomials which are homogeneous of order n.

If we apply H. Weyl’s theorem to this situation and apply the symmetries
involved, it is not difficult to show:

LEMMA 4.8.5.
(a) Spm,2,k is spanned by the two polynomials R;j;;1, E.
(b) Sp.ak is spanned by the eight polynomials

Rijijenl, RijijRil, RijikRiikl, RijriRijril,
E?, Ei, Riji; B, 45 €2;.

We omit the proof in the interests of brevity; the corresponding spanning
set for Sy, 6,1 involves 46 polynomials.

The spaces S,k are related to the invariants a,, (z, P) of the heat equa-
tion as follows:

LEMMA 4.8.6. Let (m,n,k) be given and let P satisfy the hypothesis
of Lemma 4.8.1. Then there exists Sy, nx € Smmn,k SO that a,(z,P) =
TI‘(Sm,nyk).

Proor: We fix a point xyp € M. We choose geodesic polar coordinates
centred at xg. In such a coordinate system, all the jets of the metric
at o can be computed in terms of the R; ;,i,4,,... variables. We fix a
frame sg for the fiber V over xy and extend sg by parallel translation
along all the geodesic rays from xy to get a frame near xy. Then all the
derivatives of the connection 1-form at xy can be expressed in terms of the
R and €2 variables at xg. We can solve the relations of Corollary 4.8.2
to express the jets of the symbol of P in terms of the jets of the metric,
the jets of the connection 1-form, and the jets of the endomorphism FE.
These jets can all be expressed in terms of the variables in § at xy so
any invariant endomorphism which is homogeneous of order n belongs to
Smon.k- In Lemma 1.7.5, we showed that a,(z, P) = Tr(e,(z, P)) was the
trace of an invariant endomorphism and this completes the proof; we set
Smnk = en(x, P).

We use Lemmas 4.8.5 and 4.8.6 to expand a,,(x, P). We regard scalar in-
variants of the metric as acting on V' by scalar multiplication; alternatively,
such an invariant I2;;;; could be replaced by R;;;;lv .

LEmMMA 4.8.7. Let m = dim M and let k = dim V. Then there exist
universal constants c¢;(m, k) so that if P is as in Lemma 4.8.1,

(a) ay(x, P) = (47T)_m/2 Tr(c1(m, k)Rijij + c2(m, k)E),
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(b)
as(x, P) = (47)~™/2 Tr(cs(m, E)Rijij.ir + ca(m, k)Rijij R
+ c5(m, k) RijinRijik + c(m, k) RijriRijki
+ c7(m, k)Em + cg(m, k)E2
+ co(m, k)ER;ji; + cio(m, k)24;€5).

This is an important simplification because it shows in particular that terms
such as Tr(E)? do not appear in ay.

The first observation we shall need is the following:

LEMMA 4.8.8. The constants c¢;(m, k) of Lemma 4.8.7 can be chosen to
be independent of the dimension m and the fiber dimension k.

PRrROOF: The leading symbol of P is scalar. The analysis of Chapter 1 in
this case immediately leads to a combinatorial formula for the coefficients in
terms of certain trignometric integrals [ ¢ ap—lel’ d¢ and the fiber dimension
does not enter. Alternatively, we could use the additivity of e, (z, Py®Py) =
en(x, P1)®ey, (z, P2) of Lemma 1.7.5 to conclude the formulas involved must
be independent of the dimension k. We may therefore write ¢;(m, k) =
ci(m).

There is a natural restriction map 7: Sy, nx — Sm—1,n,,k defined by re-
stricting to operators of the form P = P, @ 1 + Iy ® (—9?/96%) over
M = M, x S'. Algebraically, we simply set to zero any variables involving
the last index. The multiplicative property of Lemma 1.7.5 implies

T(Sm,n,k) = Z Sm—l,p,k: (P1) Y 81,(171(—82/392).
ptg=n
Since all the jets of the symbol of —9?/90? vanish for ¢ > 0, S;,1 =0
for ¢ > 0 and ag = (47)~"/? by Lemma 4.8.4. Therefore

r(Smnk) = (47T)_1/2 Sm—1,nk-

Since we have included the normalizing constant (47)~™/2 in our definition,

the constants are independent of the dimension m for m > 4. If m =1, 2, 3,
then the invariants of Lemma 4.8.6 are not linearly independent so we
choose the constants to agree with ¢;(m, k) in these cases.

We remark that if P is a higher order operator with leading symbol given
by a power of the metric tensor, then there a similar theory expressing
a, in terms of invariant tensorial expressions. However, in this case, the
coefficients depend upon the dimension m in a much more fundamental
way than simply (47)~™/2? and we refer to (Gilkey, the spectral geometry
of the higher order Laplacian) for further details.

Since the coefficients do not depend on (m, k), we drop the somewhat
cumbersome notation Sy, , r and return to the notation e, (z, P) discussed
in the first chapter so Tr(e,(z, P)) = ay(x, P). We use the properties of
the exponential function to compute:
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LEMMA 4.8.9. Using the notation of Lemma 4.8.7,
C2 = 1, 08_2a Co = Cq.

PRrROOF: Let P be as in Lemma 4.8.1 and let a be a real constant. We con-
struct the operator P, = P —a. The metric and connection are unchanged;
we must replace E by E + a. Since e~ P9 = ¢=tPele we conclude:

en(x, P —a) = Z ep(x, P)al/q!

p+q=n

by comparing terms in the asymptotic expansion. We shall ignore factors
of (4)~™/2 henceforth for notational convenience. Then:

eo(x, P —a) = eg(x, P) 4+ coa = ex(x, P) + eo(z, P)a = es(x, P) + a.
This implies that co = 1 as claimed. Next, we have

eq(x, P — a) = eq(x, P) + cga® + 2cgal + coaR;jij
= e4(x, P) + ex(x, P)a+ eq(x, P)a*/2
= 64(.1', P) + (ClRijq;j + CQE)a + a2/2

which implies ¢g = 1/2 and ¢; = ¢9 as claimed.

We now use some recursion relations derived in (Gilkey, Recursion rela-
tions and the asymptotic behavior of the eigenvalues of the Laplacian). To
illustrate these, we first suppose m = 1. We consider two operators:

A=0/0x+0b, A*=-0/0x+0D
where b is a real scalar function. This gives rise to operators:

Py = A*A = —(0%/02% + (b — b?))
Py = AA* = —(0%/02* + (—b' — b?))

acting on C*°(S1). The metric and connection defined by these operators
is flat. E(P1) =0 —b? and E(P) = b’ — b2,

LEMMA 4.8.10.
(n—1)(en(z, P1) — en(x, P2)) = 0/0x{0/0x + 2b}ey, s (, Py).

ProoF: Let {\,,0,} be a complete spectral resolution of P;. We ignore
any possible zero spectrum since it won’t contribute to the series we shall
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be constructing. Then {\,, Af,/v/A, } is a complete spectral resolution of
P,. We compute:

%{K(t, v, w, Pr) — K(t,x,0, Py)}
=3 e {=A0,0, + A0, 40, }
=S e {=Py0, -6, + A0, 46, }
=" e {019, + (U — b%)02 + 0,6, + 2600, + b262}
= e (30/0x) (0/0x + 2b){6;}
= 20/0x(0/0x + 2b)K (t, x, x, ).

We equate terms in the asymptotic expansions

n—1
Zt(n—3)/2 5 (en(z, P1) — ey (x, Pr))

N % S 00129 /05(9 /03 + 2b)en (, Py)

to complete the proof of the lemma.

We apply this lemma to compute the coefficient c7. If n = 4, then we
conclude:

ea(x, Py) = c7(b) — b*)" + cg(b' — b?)? = c7b"" + lower order terms
eq(x, Py) = c7(=b' — b*)" + cg(—b' — b*)? = —c7b"” + lower order terms

62(:1?,]31) = b/ - b2
so that:

3(ea(z, P1) — eq(x, Py)) = 6c7b"" + lower order terms

0/0x(0/0x + 2b)(b' — b?) = b"" + lower order terms

from which it follows that ¢; = 1/6. It is also convenient at this stage to
obtain information about eg. If we let eg = cE"""+ lower order terms then
we express:

es(x, P1) — eg(x, Py) = 2¢b®
8/0x(0/0x + 2b)(e4) = c7b®

from which it follows that the constant ¢ is (47)~1/2-¢7/10 = (47)~ /2 /60.
We summarize these results as follows:
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LEMMA 4.8.11. We can expand a,, in the form:
(a) as(w, P) = (4m)~™/2 Tr(c1 Rijij + E).
(b)
ay(z, P) = (4m)~™/? Tr(csRijijskk + caRijijRiiet + ¢ RijinRijie
+ ceRijriRijrr + B /6 + E?/2
+ c1Riji; E 4 c102i;€5).

(c)
aﬁ(x, P) = (47T)_m/2 TI‘(E;kk”/fSO

+ c11 Rijijskku + lower order terms).

PrOOF: (a) and (b) follow immediately from the computations previ-
ously performed. To prove (c) we argue as in the proof of 4.8.7 to show
ag(z, P) = (4m)~™/? Tr(cE ki + c11Rijij;ke+ lower order terms) and then
use the evaluation of ¢ given above.

We can use a similar recursion relation if m = 2 to obtain further in-

formation regarding these coefficients. We consider the de Rham complex,
then:

LEMMA 4.8.12. If m = 2 and A, is the Laplacian on C*(AP(T*M)),
then:

(n—2)
2

{an(x,Ao) — an(x, A1) + an(x, A2)} = an—2(z, Ao) kk-

PrOOF: This recursion relationship is due to McKean and Singer. Since
the invariants are local, we may assume M is orientable and a, (z,Ag) =
an(x,Ag). Let {\,,0,} be a spectral resolution for the non-zero spectrum
of Ay then {A,,*0,} is a spectral resolution for the non-zero spectrum of

Ay and {A,,df,//\,,0%0,/+/A,} is a spectral resolution for the non-zero
spectrum of A;. Therefore:

%(K(tvxvxv AO) o K(t,x,x, AI) + K(t,ZL‘,IL‘, AQ))

= e (=20,0,0, + db, - dO, + 6 %0, -5 +0,)
= e (=240, - 0, +2d6, - db),) = K (t, 2,2, M)k

from which the desired identity follows.

Before using this identity, we must obtain some additional information
about Aj.
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LEMMA 4.8.13. Let m be arbitrary and let p;; = —R;j;; be the Ricci
tensor. Then A = —0.. + p(0) for 0 € C>°(A') and where p(0); = pi;0;.
Thus E(Ay) = —p.

Proor: We apply Lemma 4.8.3 to conclude

1
E(Q) = §Rabijei€b * €q ¥ €;

from which the desired result follows using the Bianchi identities.

We can now check at least some of these formulas. If m = 2, then
E(Al) = R1212[ and E(Ao) = E(AQ) = 0. Therefore:

CLQ(ZL‘, Ao) — CLQ(.’L‘, Al) + CLQ(.’L‘, Ag) == (471')_1{(1 -2 + l)clRijij - 2R1212}
= —Rio12/2m

which is, in fact, the integrand of the Gauss-Bonnet theorem. Next, we
compute, supressing the factor of (47)~1:

as(z, Do) — as(z, A1) + as(z, Ag)
= (e3Rijijikk + caRijij Rk + csRijin Rijik
+ c6RijriRijri)(1 —2+ 1)
1 2

+ 6(_2)(R1212;kk) — §R1212R1212
—dcy Rig12 Rig1o — 10 Tr(Q5€:5)
1
= —g(R1212;kk) — (14 4cy — 4eip)(Ry212)?

as(z, Ao).kk = 2¢1 R1212:kk
so that Lemma 4.2.11 applied to the case n = 4 implies:
asg(x, Do) — ag(x, A1) + as(z, Ag) = az(x, Ao);kk

from which we derive the identities:

1
01:—6 and 1+4c; —4c10=0

from which it follows that ¢;9p = 1/12. We also consider ag and Lemma
4.8.11(c)

2

ag(®, Do) — ag(x, A1) + as(v, Ag) = c11 Rijijrru(1 — 2+ 1) 60

Ri212:kk0

+ lower order terms

as(z, No).kk = 2c3R1212;5jkk + lower order terms
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so Lemma 4.2.12 implies that 2(—2/60) = 2¢3 so that ¢3 = —1/30.

This leaves only the constants c4, ¢5, and ¢g undetermined. We let
M = M; x My be the product manifold with Ay = A} + AZ. Then the
product formulas of Lemma 1.7.5 imply:

as (Ao, x) = as(Ag, z1) + as(AF, 12) + az(Ag, 1) az (AF, x2).

The only term in the expression for a4 giving rise to cross terms involving
derivatives of both metrics is ¢4 ;i Rpixi. Consequently, 2c4 = c? =1/36
so ¢4 = 1/72. We summarize these computations as follows:

LEMMA 4.8.14. We can expand o, in the form:
(a) ay(z, P) = (47T)_m/2 TI“(—Rkjkj +6E)/6.
(b)

(47r)—m/2
as(z,P) = —0—

+ CGRijklRijkl — 60ER7;jZ'j + 180E2 + GOE;kk + SOQ”QU)

Tr(—12R;jij.kk + 5Rijij Rkt + cs Rijik Rijie

We have changed the notation slightly to introduce the common denomi-
nator 360.

We must compute the universal constants c; and cg to complete our
determination of the formula ay. We generalize the recursion relations of
Lemmas 4.8.10 and 4.8.12 to arbitrary dimensions as follows. Let M = T,,
be the m-dimensional torus with usual periodic parameters 0 < x; < 2 for
i=1,...,m. Welet {e;} be a collection of Clifford matrices so e;e; +e;e; =
20;;. Let h(z) be a real-valued function on T}, and let the metric be given
by:

ds®> = e "M(dx? + ---+dax?), dvol=e "/ 2dx, .. dz,,.

We let the operator A and A* be defined by:
m 8 —m
A — gmh/4 Zeﬂ'%je@ Yh/4

* m § : 0 -m
A — e(2+ )h/4 ej%je h/4
and define:
82
_ A* A — _ (24m)h/4 (2—m)h/4
=A%A = —¢ E —83:]2- e

82 1 0

* m 3 —-m
Py = AA™ = h/4ZeJ -€ Zeka—e h/4
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LEMMA 4.8.15. With the notation given above,

82
(n — m){an(z, P1) — an(z, P} = e"™/? a?eh@—m)/ ?ap_z(z, P).
k

Proor: We let P, be the scalar operator

82
_ _(24m)h/4 Y (2—-m)h/4
e Z el .

If the representation space on which the e; act has dimension w, then
P, = Fy®I,. We let vy be a basis for this representation space. Let
{A,,0,} be a spectral resolution for the operator Py then {)\,,0, ® vs} is
a spectral resolution of P;. We compute:

d
pr (Tr K(t,x,z,Py) — Tr(t, z, x, P2)>

=Y e {—(P10, @ us, 0, @ u,) + (A, @ ug, A, @ u,)}

v,s

where (1, ) denotes the natural inner product (us,us) = 65, . The e; are
self-adjoint matrices. We use the identity (ejus, exus) = 655 to compute:

1 1
= Zv . 6—t)\u @h{H,j/kkH,, + 5(2 - m)h/kQ,,/kQ,, + 1(2 - m)h/kk9y9,,

1 1
+ 1—6(2 — m)2h/kh/k9y9y + 9y/k9y/k + 5(2 - m)h/kgy/kgy

1
i m)zh/kh/wyeu}

16

— m 1 82 —-m
:Zv-e v gh ﬂﬁZW@h@ )/2(6,0,)
;7

v

L hmy2 0 h(2—m)/2
= — — Tr K(t,z,x, Pp).
5¢ Z 922 € v K(t,z,x, P)
j J
We compare coefficients of ¢ in the two asymptotic expansions to complete
the proof of the lemma.
We apply Lemma 4.8.15 to the special case n = m = 6. This implies
that
82 2h P
—e “Tay(x, = 0.
Dy a(, Py)
] J
Since ay(z, Py) is a formal polynomial in the jets of h with coefficients
which are smooth functions of h, and since a4 is homogeneous of order 4,
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this identity for all h implies a4(z, P;) = 0. This implies aq4(z, Py) =

%CL4(ZL‘,P1) = 0.
Using the formulas of lemmas 4.8.1 and 4.8.2 it is an easy exercise to
calculate R;jr; = 0 if all 4 indices are distinct. The non-zero curvatures

are given by:

Riji* = —2(2hj5+ hyjhyg) if 5 #k (don’t sum over 17)
Riji’ = —%(2h); + 2Ry 55 — Z hyihy (don’t sum over i, j)
k#i,k#j
Qij =0

E(Py) =" (=hype + hyihyi).
k

When we contract the curvature tensor to form scalar invariants, we must
include the metric tensor since it is not diagonal. This implies:

T=> g"Rij =" (=Bhypk +5hhyi) = 5E(Py)
X P

which implies the helpful identities:
1274k + 60E4, =0  and  5RjjijRpkr — 60R;;;; FE + 180E? = 5E*
so that we conclude:
5E? + csRijik Rijik + co RijriRijrer = 0.
We expand:

RijinRijie = €*" (2h/11h/11 + 8hy12hy12 + other terms)
RijriRijre = € (5hy11hj11 + 8hj1ahy 12 + other terms)
E? = ¢?h (h/uh/u +0-h/i2h/12 + other terms)

so we conclude finally:
15¢5 +10cg + 10 =0 and c5 +cg = 0.
We solve these equations to conclude ¢; = —2 and ¢g = 2 which proves

finally:

THEOREM 4.8.16. Let P be a second order differential operator with
leading symbol given by the metric tensor. Let P = Py —FE be decomposed
as in 4.8.1. Let a,(x, P) be the invariants of the heat equation discussed
in Chapter 1.
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(a) ag(z, P) = (4m)~™/2 Tr(I).
(b) GQ(CL',P) = (47T)_m/2 T‘I‘(_Rijij + 6E)/6

(c)
(4m)—m/2
P)="7
aa(w, P) 360
Tr(—=12R;jij.kk + 5Rijij Rikt — 2RijinRijik + 2RijkiRijn
— 60R;ji; E + 180E? + 60,1, + 302;;%;).
(d)
ag(x, P) = (47T)_m/2><

| =

, (—18Ryjijikku + 1TR;jij sk Rutuise — 2Rijikg Rujuki

o

=

— 4R ik Rujuisk + IR kust Rijkust + 28 Riji5 Riukusi
— 8RijikRujuksu + 24R;jik Rujuiskt + 12R;j ki Rijkizun )

1
+ 557 (—35R4jij Rirt Rpgpg + 42Riji Ritip Ratgp

9.-7!
- 42Rijinklquklpq + 208RijikRjuluRkplp
— 192RijikRuplpRjukl + 48RijikRjulkaulp
— 4R kuRijip Riutp — 80Rij 0 Ritkp Rjrup)
1
+ %(mw%;k + 2045 Qg + 12945 Qe — 129245951
— 6RijleZ’ijl + 4Rijiijlel — 5Rijiijlel)
1
+ 355 (6E,;;j; + 60EE.; + 30E,;E,; + 60E” + 30E€;;Q;;

= 10R;ji; By, — 4Rijik Bk — 12Rijij By — 30R;ji, B
— 12Rijij;kkE + 5RijinklklE

— 2Rk Rijru b + 2RijklRijklE)-}

PrROOF: We have derived (a)—(c) explicitly. We refer to (Gilkey, The
spectral geometry of a Riemannian manifold) for the proof of (d) as it
is quite long and complicated. We remark that our sign convention is that
Ri212 = —1 on the sphere of radius 1 in R3.

We now begin our computation of a, (z, AJ") for n = 0,2,4.
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LEMMA 4.8.17. Let m = 4, and let A, be the Laplacian on p-forms.
Decompose

as(z,Ap)
as(z,Ap)

(47)7% - co(p) - Rijij /6
(47)~*{c1(p) Rijijkk + c2(p) Rijij Reiki
c3(p)RijikRijik + ca(p) RijriRijri}/360.

Then the ¢; are given by the following table:

Co C1 Co C3 C4
p=0 -1 —12 5) -2 2
p=1 2 12 —40 172 =22
p=2 6 48 90 —-372 132
p=3 2 12 —40 172 —22
p=4 -1 —12 5) -2 2

Y (=1)P 0 0 180 —720 180

PRrOOF: By Poincare duality, a,(z,A,) = a,(x, Ay—p) so we need only
check the first three rows as the corresponding formulas for Az and Ay will
follow. In dimension 4 the formula for the Euler form is (47) ™2 (R;j:; Ryikr —
4R;jikRijik+ RijriRijri)/2 so that the last line follows from Theorem 2.4.8.
If p=0, then £ = Q = 0 so the first line follows from Theorem 4.8.15.
If p =1, then ' = —p;; = R;; is the Ricci tensor by Lemma 4.8.13.
Therefore:
Tr(—=12R;jijkk + 60E k) = —48Rijij.kk + 60Riji5.kk
= 12R;jij .k
Tr(5R;jij Rkt — 60R;j:; E) = 20R;5: Riirr — 60R;;45 Riinr
= —40R;ji5 Rk
Tr(—2Rijik Rigar + 180E?) = —8R;jix Rijir + 180R; ;i1 Rijux
= 172R;j:: Ry
Tr(2RijkiRijk + 30825;) = 8RijriRijri — 30R;j i Rijri
= —22R;j iRk
which completes the proof of the second line. Thus the only unknown is
¢k (2). This is computed from the alternating sum and completes the proof.

More generally, we let m > 4. Let M = My x T,,,_4 be a product
manifold, then this defines a restriction map rp,—4: Pm,n — P, which is
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an isomorphism for n < 4. Using the multiplication properties given in
Lemma 1.7.5, it follows:

an(az,A;”): Z ai(x,Agl)aj(x,Ag_‘l).
i+j=n
p1+p2=p

On the flat torus, all the invariants vanish for j > 0. By Lemma 4.8.4
ao (@, A=) = (4m)~m/? (”2;4) so that:

an(x, Ad) = Z (47)(m—4)/2 (m B 4) an(z, Ad) forn <4

v
u+v=p

where a,,(z, A}) is given by Lemma 4.8.16. If we expand this as a polyno-
mial in m for small values of u we conclude:

my (dm)~m/2
az(z, AT") = T(G —m)Rijij
my (dm)~m/2
as(z, AT") = 50 {(60 — 12m) Rijij kk + (5m — 60) Rijij Rk

+ (180 - 2m)Rijileﬂk + (2m - 30)RiijRijkl}

and similarly for aq(z, AD*) and a4(z, AJ"). In this form, the formulas also
hold true for m = 2,3. We summarize our conclusions in the following
theorem:

THEOREM 4.8.18. Let A7 denote the Laplacian acting on the space of
smooth p-forms on an m-dimensional manifold. We let R;ji; denote the
curvature tensor with the sign convention that Ryi512 = —1 on the sphere
of radius 1 in R?. Then:
(@) ao, A = (n) (),
m (47r)—m 2 m—2 m—2 m—2

(b) az(w, Aj) = ——— {(p_z) +(")7) —4(p_1)} (—Rijij)-
(c) Let

4qr)—m/?

as(z, A7) = % (c1(m, p)Rijijr + c2(m, p)Rijij Rkl
+ c3(m, p)RijirRujui + ca(m, p)RijriRiji)-

Then for m > 4 the coefficients are:

en(mop) = =12 [(" ) + ()] + 12 [ + (] + ()
emp) = 5[(") (] = a0 [T+ ()] + 0(n)
cslm,p) = =2 (") + (02| +172 [ (32 + (5] = 372(073)
calmp) = 2[(") + (2] = 2| (o) + ()| + 182055,
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(d)

ap(z, A7) = (47r)_m/2
(4m)—m/2

az(z, Ay') = T(—Rim)

(4m)—m/2

(—12Rjjij.kk + ORijij Riiet — 2RijinRiji
+ 2Rij 1 Rijki)
(e)

ao(z, AT") = (4m)~™/?

my _ (4m)"m/2
az(2, AY") = (6 = m) Ryjy;
(42
a4(3:, Al ) = 360 {(60 — 12m)RZ~jij;kk + (5m — GO)Rijinklkl
+ (180 - 2m)Rijilejgk
+ (2m — 30)RijrmRijri)}
(f)
4gr)—m/2
ap(x, AT') = %m(m -1)
4 —m/2
a9 (l’, Agn) = %(—mZ + 13m — 24)R”Z]
4 —m/2
a4(x, Agn) = %{(—127712 + 108m — 144)leljk,kk

+ (5m2 — 115m + 560)Rijinklkl
+ (—2m?® + 358m — 2144) Ry Rijux
+ (2m2 — 58m + 464)RijklRijkl}

These results are, of course, not new. They were first derived by Patodi.
We could apply similar calculations to determine ag, as, and a4 for any op-
erator which is natural in the sense of Epstein and Stredder. In particular,

the Dirac operator can be handled in this way.

In principal, we could also use these formulas to compute ag, but the
lower order terms become extremely complicated. It is not too terribly
difficult, however, to use these formulas to compute the terms in ag which
involve the 6 jets of the metric and which are bilinear in the 4 and 2 jets
of the metric. This would complete the proof of the result concerning ag if

m = 4 discussed in section 4.7.



4.9. Spectral Geometry.

Let M be a compact Riemannian manifold without boundary and let
spec(M, A) denote the spectrum of the scalar Laplacian where each eigen-
value is repeated according to its multiplicity. Two manifolds M and M
are said to be isospectral if spec(M, A) = spec(M, A). The leading term in
the asymptotic expansion of the heat equation is (47)~"/2.vol(M)-t~™/?
so that if M and M are isospectral,

dim M =dimM  and volume(M) = volume(M)

so these two quantitites are spectral invariants. If P € P, ,, o is an invariant
polynomial, we define P(M) = [, P(G)[dvol|. (This depends on the
metric in general.) Theorem 4.8.18 then implies that R;;;; (M) is a spectral
invasriant since this appears with a non-zero coefficient in the asymptotic
expansion of the heat equation.

The scalar Laplacian is not the only natural differential operator to study.
(We use the word “natural” in the technical sense of Epstein and Stredder
in this context.) Two Riemannian manifolds M and M are said to be
strongly isospectral if spec(M, P) = spec(M, P) for all natural operators
P. Many of the global geometry properties of the manifold are reflected
by their spectral geometry. Patodi, for example, proved:

THEOREM 4.9.1 (Patopi). Let spec(M,A,) = spec(M,A,) for p =
0,1,2. Then:

(a)

dim M = dim M, volume(M) = volume(M),
Rijij (M) = Ryji; (M), Rijij Rkt (M) = Ryji Riur (M),
RijinRijie(M) = RijinRijie(M), RijriRijri(M) = RijpuRijr(M).

(b) If M has constant scalar curvature c, then so does M.
(c) If M is Einstein, then so is M.
(d) If M has constant sectional curvature ¢, then so does M.

PROOF: The first three identities of (a) have already been derived. If
m > 4, the remaining 3 integral invariants are independent. We know:

a4(Ay") = ca(m, p) Rijij Riawr + c3(m, p) Rigir Rijun (M)
+ ca(m, p)RijriRijrei (M).

As p = 0,1, 2 the coefficients form a 3 x 3 matrix. If we can show the
matrix has rank 3, we can solve for the integral invariants in terms of the
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spectral invariants to prove (a). Let v = m — 4 and ¢ = (47)~"/2. then
our computations in section 4.8 show

¢j(m,0) =c-¢;(4,0)
ci(m,1)=c-v-¢;j(4,0)+c-c;(4,1)
cim,2)=c-v-(v—1)/2-¢j(4,0)+c-v-cj(4,1)+c-c;(4,2)

so that the matrix for m > 4 is obtained from the matrix for m = 4 by
elementary row operations. Thus it suffices to consider the case m = 4.
By 4.8.17, the matrix there (modulo a non-zero normalizing constant) is:

[ 5 2 2)
—40 172 =22 .

k 90 —-372 132 }
The determinant of this matrix is non-zero from which (a) follows. The
case m = 2 and m = 3 can be checked directly using 4.8.18.

To prove (b), we note that M has constant scalar curvature ¢ if and only

if (2¢ 4+ Rjjij)*(M) = 0 which by (a) is a spectral invariant. (c) and (d)
are similar.

From (d) follows immediately the corollary:

COROLLARY 4.9.2. Let M and M be strongly isospectral. If M is iso-
metric to the standard sphere of radius r, then so is M.

Proor: If M is a compact manifold with sectional curvature 1/r, then
the universal cover of M is the sphere of radius r. If vol(M) and vol(S(r))
agree, then M and the sphere are isometric.

There are a number of results which link the spectral and the global
geometry of a manifold. We list two of these results below:

THEOREM 4.9.3. Let M and M be strongly isospectral manifolds. Then:
(a) If M is a local symmetric space (i.e., VR = 0), then so is M.

(b) If the Ricci tensor of M is parallel (i.e., Vp = 0), then the Ricci tensor
of M is parallel. In this instance, the eigenvalues of p do not depend upon
the particular point of the manifold and they are the same for M and M.

Although we have chosen to work in the real category, there are also
isospectral results available in the holomorphic category:

THEOREM 4.9.4. Let M and M be holomorphic manifolds and suppose
spec(M, A, ,) = spec(M, A, ,) for all (p,q).

(a) If M is Kaehler, then so is M.

(b) If M is CP,, then so is M.

At this stage, the natural question to ask is whether or not the spectral
geometry completely determines M. This question was phrased by Kac in
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the form: Can you hear the shape of a drum? 1t is clear that if there ex-
ists an isometry between two manifolds, then they are strongly isospectral.
That the converse need not hold was shown by Milnor, who gave exam-
ples of isospectral tori which were not isometric. In 1978 Vigneras gave
examples of isospectral manifolds of constant negative curvature which are
not isometric. (One doesn’t know yet if they are strongly isospectral.) If
the dimension is at least 3, then the manifolds have different fundamental
groups, so are not homotopic. The fundamental groups in question are all
infinite and the calculations involve some fairly deep results in quaternion
algebras.

In 1983 Ikeda constructed examples of spherical space forms which were
strongly isospectral but not isometric. As de Rham had shown that diffeo-
morphic spherical space forms are isometric, these examples are not diffeo-
morphic. Unlike Vigneras’ examples, Ikeda’s examples involve finite fun-
damental groups and are rather easily studied. In the remainder of this
section, we will present an example in dimension 9 due to Ikeda illustrat-
ing this phenomenon. These examples occur much more generally, but this
example is particularly easy to study. We refer to (Gilkey, On spherical
space forms with meta-cyclic fundamental group which are isospectral but
not equivariant cobordant) for more details.

Let G be the group of order 275 generated by two elements A, B subject
to the relations:

Al = B» =1 and BAB~ ! = A3,

We note that 3° = 1 mod 11. This group is the semi-direct product
Zi1 o Zss. The center of G is generated by B® and the subgroup generated
by A is a normal subgroup. We have short exact sequences:

0—=Z11 -G —Zoys =0 and 0—>Zs5; -G — Z5 — 0.

We can obtain an explicit realization of G as a subgroup of U(5) as follows.
Let o« = 2™/ and 8 = €2™/25 he primitive roots of unity. Let {e;} be
the standard basis for C® and let ¢ € U(5) be the permutation matrix
o(e;) = ej_1 where the index j is regarded as defined mod 5. Define a
representation:

me(A) = diag(a, o®,a?, %, a?) and m(B) =" 0.

It is immediate that 7 (A)!! = 7 (B)?® = 1 and it is an easy computation
that mp(B)m,(A)m(B)~! = mx(A4)3 so this extends to a representation
of G for k = 1,2,3,4. (If H is the subgroup generated by {4, B®}, we
let p(A) = a and p(B®) = °* be a unitary representation of H. The
representation 7, = p is the induced representation.)

In fact these representations are fixed point free:
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LEMMA 4.9.5. Let G be the group of order 275 generated by {A, B}
with the relations At = B* =1 and BAB™! = A3. The center of G is
generated by B®; the subgroup generated by A is normal. Let o = e2™%/11
and (3 = e2™/25 be primitive roots of unity. Define representations of G in
U(5) for 1 < k <4 by: m(A) = diag(a, a3, 0%, o, at) and n(B) = 3% - o
where o is the permutation matrix defined by o(e;) = e;_1.

(a) Enumerate the elements of G in the form A*B® for 0 < a < 11 and
0<b<25 If (5,b) = 1, then A*B" is conjugate to B°.

(b) The representations 7y, are fixed point free.

(c) The eigenvalues of 7y (A*B®) and w1 (A®B*?) are the same so these two
matrices are conjugate in U(5).

PROOF: A=IBYAJ = A1 =D B If (5,b) = 1, then 3% — 1 is coprime to
11 so we can solve the congruence j(3° — 1) = a mod 11 to prove (a).
Suppose (5,b) = 1 so the eigenvalues of 7 (A*B%) and 7 (B®) coincide.
Let {e1,...,e5} be the 5" roots of unity; these are the eigenvalues of o
and of o®. Thus the eigenvalues of 74 (B®) are {8*’¢,..., 35} and are
primitive 25" roots of unity. Thus det(w(B®) — I) # 0 and 71(B%) has
the same eigenvalues as w1 (B*"). To complete the proof, we conside an ele-
ment A*B°°. m; is diagonal with eigenvalues 3°%°{a?, a3%, o, a%, o*},
If (a,11) = 1 and (b,5) = 1 these are all primitive 55" roots of unity;
if (a,11) = 1 and (b,5) = 5 these are all primitive 11*® roots of unity;
if (a,11) = 11 and (b,5) = 1 these are all primitive 5" roots of unity.
This shows 71, (A%B®?) is fixed point free and has the same eigenvalues as
71 (A% BP**) which completes the proof.

We form the manifolds My = S%/m,(G) with fundamental group G.
These are all spherical space forms which inherit a natural orientation and
metric from S? as discussed previously.

LEMMA 4.9.6. Adopt the notation of Lemma 4.9.5. Let M = S? /7 (G)
be spherical space forms. Then My, Ms, Mz and M, are all strongly
isospectral.

PROOF: Let P be a self-adjoint elliptic differential operator which is nat-
ural in the category of oriented Riemannian manifolds. Let P, denote this
operator on S?, and let P, denote the corresponding operator on M. (For
example, we could take P to be the Laplacian on p-forms or to be the
tangential operator of the signature complex). Let A € R and let Ep())
and Fji(\) denote the eigenspaces of Py and P,. We must show dim Ej ()
is independent of k for 1 < k < 4. The unitary group acts on S by orien-
tation preserving isometries. The assumption of naturality lets us extend
this to an action we shall denote by eq(A) on Ey(A). Again, the assumption
of naturality implies the eigenspace Ej(A) is just the subspace of Ey(A) in-
variant under the action of ey (M) (7, (G)). We can calculate the dimension



SPECTRAL GEOMETRY 335

of this invariant subspace by:

dim ey (A Z Tr{eo(\)(mk(9)}

gEG’

=7 Z Tr{eg(\)(mx(A*BY)}.

We apply Lemma 4.9.5 to conclude m(A%BP®) is conjugate to m(A%B*?)
in U(5) so the two traces are the same and

dimeg(A) = — Z Tr{eo(A)m (A" B")}

since we are just reparameterizing the group. This completes the proof.

Let p € Ro(Z5). We regard p € Ry(G) by defining p(A*B®) = p(b). This
is nothing but the pull-back of p using the natural map 0 — Zs5 - G —
Z5 — 0.

LEMMA 4.9.7. Let p € Ro(Zs5) and let G be as in Lemma 4.9.5. Let
: G — G be a group automorphism. Then p -1 = p so this representation
of G is independent of the marking chosen.

PROOF: The Sylow 11-subgroup is normal and hence unique. Thus 1 (A)
= A° for some (a,11) = 1 as A generates the Sylow 11-subgroup. Let
Y (B) = A°B? and compute:

B(A%) = A% = P(B)Y(A)p(B) T = A°BIABTIATC = A%

Since (a,11) = 1, 3% = 1 (11). This implies d = 1 (5). Therefore
Y(AYBY) = A*B% so that py(A*BY) = p(dv) = p(v) as p € Ro(Zs)
which completes the proof.

These representations are canonical; they do not depend on the marking
of the fundamental group. This defines a virtual locally flat bundle V,
over each of the M. Let P be the tangential operator of the signature
complex; ind(p, signature, My) is an oriented diffemorphism of M. In fact
more is true. There is a canonical Zs bundle over M} corresponding to
the sequence G — Zs — 0 which by Lemma 4.9.7 is independent of the
particular isomorphism of 7y (M}) with G chosen. Lemma 4.6.4(b) shows

this is a Zs-cobordism invariant. We apply Lemma 4.6.3 and calculate for
p < RO(Z5) that:

ind(p, signature, M) = 275 Z Tr(p(b)) - defect (mrj,(A* B), signature).
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S~" denotes the sum over 0 < a < 11, 0 < b < 25, (a,b) # (0,0). Since this
is an element of Ro(Z5), we may suppose (5,b) = 1. As A?B" is conjugate
to B® by 4.9.4, we can group the 11 equal terms together to see

ind(p, signature, M) = 25 Z Tr(p(b)) - defect(m), (BP), signature)

where we sum over 0 < b < 25 and (5,b) = 1.
If (5,b) = 1, then the eigenvalues of 7 (B°) are {3%¢y,..., 3%e5}. Thus

bk
,+1
defect (7, (B?), signature) = H gbki j 1
/85bk _'_ 1
= 350k 1

since the product ranges over the primitive 5" roots of unity. Let v =
(3% = e2™/5  then we conclude

ind(p, signature, M) = % Z Tr(p v
1 Y +1
= g ' Z Tr(p(b)) ’ka—l,

if we group equal terms together.
We now calculate for the specific example p = p; — po:

4
1 Ryl
ind(p; — po, signature, M) = s 5 (v —1) - i

b=1 7 -1

LN~k P’ +1
=2 07—

S

if we let kk = 1 (5). We perform the indicated division; (2% —1)/(z — 1) =
F=1 4 ... 41 so we obtain

4
éZ(’ka_b + ,ka—Zb + ot 1)(,Yb + 1)'
This expression is well defined even if b = 0. If we sum over the entire
group, we get an integer by the orthogonality relations. The value at 0 is
+2k /5 and therefore ind(p; — po, signature, My) = —2k/5 mod Z.

We choose the orientation arising from the given orientation on S9. If
we reverse the orientation, we change the sign of the tangential operator
of the signature complex which changes the sign of this invariant.
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THEOREM 4.9.8. Let My, = S? /7 (G) with the notation of Lemma 4.9.5.
These four manifolds are all strongly isospectral for k = 1,2,3,4. There
is a natural Zs bundle over each My, ind(p; — po, signature, M) = —2k/5
mod Z where kk = 1 (5). As these 5 values are all different, these 4
manifolds are not Zs oriented equivariant cobordant. Thus in particular
there is no orientation preserving diffeomorphism between any two of these
manifolds. M, = —M, and My = —Msz. There is no diffeomorphism
between M, and M, so these are different topological types.

PROOF: If we replace 3 by 3 we replace 7, by 75_j up to unitary equiv-
alence. The map z ~ Z reverses the orientation of C® and thus M =
—M5_y as oriented Riemannian manifolds. This change just alters the sign
of ind(*, signature, ). Thus the given calculation shows M; # +M,. The
statement about oriented equivariant cobordism follows from section 4.6.
(In particular, these manifolds are not oriented G-cobordant either.) This
gives an example of strongly isospectral manifolds which are of different
topological types.

Remark: These examples, of course, generalize; we have chosen to work
with a particular example in dimension 9 to simplify the calculations in-
volved.
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